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I. INTRODUCTION

High performance gas turbine engine designs inherently depend
on high strength, lightweight materials. In the past, major
advances in engine technology have been associated with the
widespread applications of nickal and cobalt base superalloys
and the conventional alpha-beta titanium alloys. Recently,
intensive development programs have been directed toward the
application of both metal and resin matrix composite materials
in compressor structure. Significant programs are also being
conducted to déveiop the basic matcrials arnd design technology
necessary to apply ceramics to the highest temperature turbine
blades and vanes. This latter effort is important in that it
depends on changes in design philosophy and capability as a
result of the brittle nature of ceramic materials, as well as
advarcement of material capability itself.

A third area of new materials technology has been identified
with the potential to work profound changes in engine weight
and performance. This is the development and application of
intermetallic compounds or ordered alloys. In general, these
materials exhibit properties which lie between conventional
metallic alloys and ceramics in that they have limited duc-
tility and attractive high temperature strength. Two such
compounds of interest for high temperature use have been
identified in the titanium-aluminum system, the Ti3A1 (az)
phase and the TiAl (y) phase. The former titanium aluminide
has been extensively studied in the USSR,(l’z)and at least
one Soviet alloy is reported to be based on Ti3Al with a use
temperature to 1500°F. Some preliminary work on the TiAl
type materials in the United States had indicated a potential
use temperature up to 1800°F in a non-coated condition; inter-

nal work at Pratt & Whitney Aircraft in 1972-73 had verified
the properties and potential of both of these ordered materials.




Based on this preliminary evaluation, design analysis and
payoff studies were conducted which indicate significant
weight savings in a wide range of engine applications, such
as an advanced transport engine (ATE), an advanced tactical
fighter engine (ATF), or an advanced supersonic transport
engine (AST). Turbine rotor weight savings from 30 to 40%
(3 to 5% of engine weight) could be achieved with widespread
application of the titanium aluminides in rotating hardware,
or engine weight savings of up to 16% by application of these
materials in static structures such as vanes, cases and
bearing supports.

Another major area of benefit in application of these materials
relates to the growing problem of availability of strategic
materials. The majority of current known reserves of the
elements necessary for superalloys are controlled by €creign
sources. Although the supply of nickel itself seems stable,
U.S. reserves are projected to be less than 500,000 tons of
the 45,000,000 world reserves. The supply of chromium,
which is a critical requirement in conventional superalloys,
depends heavily on sources such as the USSR and Turkey.
Mainland China possesses the majority of the world supply of
tungsten. The successful use of titanium aluminides would
reduce United States dependence on superalloy constituent
elements, and would potentially reduce high temperature
material costs at the same time.

Current U.S. supply of titanium is largely dependent on
Australia and Canada; however, of the estimated world titanium
reserves of 123,000,000 tons, over 33,000,000 tons exist
within the U.S., and 30,000,000 tons within Canada. The
majority of the United States supply of titanium occurs as
ilmenite (FeTiO3), and though it is slightly more expensive

to process than rutile (Tioz). it represents an enormous




domestic reserve of this critical metal.

Thus it was clear that the technical advantages of applying
aluminide alloys coupled with the materjal conservation con-
siderations fully justified a program. A necessary requi-e-
ment before initiating such a program was a clear definition
of anticipated problems coupled with a techrnical approach to
overcome such problems.

The two major areas of concern were the lack of ductility at
low temperatures and the Processing characteristics of this
class of alloys about which little was known. Improved duc-
tility was deemed hecessary not only from the standpoint of
adequate performance of the materials under service conditions,
but also to facilitate component assembly under shop conditions.
The development of processing methods tor aluminides was
obviocusly necessary in order to pProduce components and to
inceroorate sections into a gas turbine engine. Various

L aspects of the approach, definition and performance of a

| program aimed at a solution to these problems are describeu

in this report, which covers work on Contract F33615-C-75-
1167. However, it should be emphasized that this effort

is but one element of an integrated Program being performed

by the Air Force, through both internal and contractually
sponsored work.

This interim Summary covers work performed on TiJAl or a, type
alloys from February, 1975 to April, 1977. The effort can be
divided into three parts:

® Alloy Development

® Alloy Scale-Up and Characterization
® Processing and Manufacturing Methods




This report will cover each of these areas separately although
some overlap exists. It should also be emphasized that work
continues on the pProject; the results obtained in future work
could modify some of the conclusions drawn in this report.




II. ALLOY DEVEULOPMENT

1. Introduction

The first analyses of the titarium aluminum system showed a wide
range of solid solution stabili;j of pure alpha Ti up to the in-
termetallic phase TiAl (y). The existence of an intervening
phase or phases was recoqgnized §y the mid to late fifties and

the next decade was spent in, often acrimonious, discussion of
the structure, composition and stability field of these phases.“' 3)
1t is generally agreed that only one phase occurs, with a compo-
sition based on Ti3Al (often denoted alpha two, °2)' Cc~ troversy
continues over the stability range c¢f this phase and its struc-
ture although for all practical purposes a hexagonal superlattice
with a Do19 structure is an accurate description. Several of

the vhysical and mechanical properties of this Ti3Al pnase have
been determined, although data are rather sparse for non-stoi-
chiometric compositions. 1In general, the physical properties
measurements indicate that bonding tends to be metallic in this
alloy although evidence of some'covalency has been obtained.

The compound shows extensive plaéticigy at high temperatures,

but little or no ductility is observed in tension at room
temperature.

Thus, the most significant problem in the development of the
titanium aluminide materials is the potential consequences

of their limited low temperature ductility on other important
design properties. Low ductility in itself is not normally
directly related to component failure in conventional metallic
components; however, it can function as a secondary cause of
failure. For example, the low cycle fatigue behavior of
materials is partially a function of ductility as well as
microstructure, surface stress state, residual dislocation
structure and other factors. 1In addition, foreign object
damage capability of airfoils is also partially a function
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of ductility, as well as factors such as fracture initiaticn
energy and fracture toughness.

Ductility can be related to thermal fatigue life although
other factors such as modulus of elasticity and thermal coeffi -
cient of expansion are also important. Ductility can also
dramatically affect load transfer from areas with strong
nocch concentrations to adjacent areas. Such load transfer
i3 particularly important in dovetail or fir tree turbine
blade root design to avoid notched stress rupture failure.
The general etfects of low temperature ductility on component
behavior must be considered in relation to specific component
maximum load-temperature sequencing during an engine cycle.
For example, it is rare for ‘urbine engine components to
achieve maximum locad and minimum temperature at the same
iistant in tima. ‘the basic problem in avaluation of rew
materials is to develop sufficient specific property data
under engine related temperature and load conditions to iden-
tify the full design capability, as well as to identify
specific problem areas where material and design capability
improvement is required. Defirnition of basic environmental
effects such as oxidation rates can also be critical in
material application; the oxidation testing being cnnducted
by the Air Force is covering this area of characterization.

2. Program Goals

As the program has evolved, the property goals defined for
aluminide alloys have both changed and broadened. Early in
the program the two major alloy requirements were as follows:

® Ductility of 2-3% tensile elongation at 500°F--which
corresponds approximately to the idle temperature in
many turbine engines.
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® Stress rupture capability equal to the nickel-Lase

alloy INCO 713 (comparison to be made on a density-
corrected basis).

3. Background

In designing the ulloy development program several factors
had to be consicered, including the previous work performed
on Ti3Al type alioys. The following paragrapks cover aspects
of the known characteristics of Ti3Al at the outset of this
program which were deemed useful in defining an approach to
alloy development.

Alloving Behavior - In cons.idering the basic alloying charac-
teristics of Ti3Al, both the extent of solubility and <he
hature of phase mixtures formed when the solubility is exceeded
have to be considered. These features are shown schematically
in the phase diagrams in Figures 1(a) and (b), which are
constructed for intermediate temperatures (1200-1600°F) -~-the
potential application temperature range for Ti3A; type alloys.
Examples of the bounding phases for the addition of a beta
stabilizing element such as niobium are shown in Figure 1l(a).

The direction and extent of the single phase (Ti Al) field
modification is dictated by both the solubility of an element
and the atomic site on which substitution occurs in the T13A1
lattice. Figure l(b) illustrates the direction in which the
phase field will move for the cases of elements that reglace
aluminum, titanium and both elements in the Ti3Al lattice,

respectively.

Elements that replace aluminum in Ti3A1 are found in groups
IIIN to VA and these elements, coupled with the known sdlu-
bilities (atomic %), are as follows:




Atomic % Aituiiaum

1 Al
@+ oy
"2
Ti Sn Ti Nb Ti X
Aluminum Replaced Titanium Renlared Either Replaced
Eg Sn Eg Nb

Figure 1. Ternary Schematics




Ga (50-100%) Ge (>1%) As (?)
In (High) Sn (100%) Sb (>1%)
Ti (?) Pb (High) Bi (>1l%)

Flements known to replace titanium are found in the B sub-
groups of the periodic table as follows:

Sc (~.5%) Hf (>5%) Mo (v1%) (Probably >1%)
Y (<1l%) vV (>1%) W (>1%)

La (?) Nb (v6%) Mn, Fe, Co, Ni, Cu (>1%)
Ti Ta (>19%) Ag (<1l%)

Zr (50%) Cr (<1l%)

Elements that are of finite solubility but do not fali into
the above classification include:

Be (v8%) Carbon, Boron, Silicon, Oxygen and Nitrogen

Structural parameters that may be changed by the additicn of
solute elements within the single phase regions are the
ordering kinetics and critical temperature, Tc. In stoichi-
ometric Ti3Al. it is impossible to suppress ordering by con-
ventional quenching techniques although a very fine domain
size is produced by water quenching. However, on annealing
at intermediate temperature, e.g., 1475°F, rapid domain growth
occurs and virtually complete elimination of anti-phase
domain boundaries (APB's) occurs, resulting in a high degree
of long ranqge order.(s) This is also true in alloys with
quite wide deviations from stoichiometry. The influence of
specific elements on ordering kinetics has not been studied
in any detail. However, niobium additions certainly retard
the ordering rate, and quite small domain sizes are retained
after quite long aging tteatments.(7) Similar effects have
been observed in some hafnium containing alloys.
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The bounding phases that can cccur when the solid solubility
limit of a given elemeat i3 exceeded will obviocusly be strongly
dependent upon several factors, including composition and
temperature. Figure l(a) is a schematic of bounding phases

for an element that replaces titanium, such as Nb, Mo, etc.

An additional complication in these systems is the tendency

of the 3-phase to order to a B2 type structure. Elements

from the later transition series, such as Fe, Ni, Co, etc.,
tend to form'intefmetallic phases of the form TiX or Tizx.

With the aluminum replacing elements, the situation tends to
be relatively straightforward at substoichiometric compnsi-
tions, in that solid solutions (a) and a two-phase reginn

(a + az) will occur. However, in alumi.um-cich alloys, com=-
plexities can arise with higher chases frocm the TiX system;
for example, at the compositicn Ti3 ‘Alo.SGao.S)' tre phase
TiZGa is formed within an a, matrix.(e) The number of other
possible phases in many of these cystems could further compli-
cate potential phase equilibria in these regions of a ternary
phase diagram.

Another possibility, which will be developed in more detail
later, is to produce mixtures of Ti3Al + x3A1 phases in which
the x3A1 has an ordered face centered cubic structure. This
type of structure can occur in the Ti-Al-2r system.

Structural Modifications - The above paragraphs detail the
possitle phase structures that could form at intermediate
temperatures in systems based on Tishl. At high temperatures
the B-phase is stable in all dilute systems and in many more
conventional alloys.

Cooling from the region of g-phase stability will result in
transformation; in most of the systems of interest, rapid

10
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cooling will lead to a martensitic structure and slower cooling
+0 an acicular structure formed by nucleation and arowth. The
essential peint is that morphologically similar structures to
t':0se in convent:onal titanium alloys can also be produced in
these alpha two base systems.

Since we are dealing with a hexagonal structure, a second
structural modification, controlled texture, may be possible
in these alloys. Solid state processing methods would have

to be employed to produce a specific texture, since the lack
0f suitable mold materials would appear to preclude controlled
solidification methods. The advent of successful sheet pro-
cussing methods could allow the analvsis and perhaps exploita-
tion of such effects.

flow and Fracture - Considering the dearth cf mechanical

nvooerty data (at least in tension;, the flow and fracture
characteristics of Ti3A1 are reasonably well documerced. It
has been shown that, at least in compression, a type dislo-

(8) Both basal and

cations are mobile at room temperature.
crism slip systems can be activated and there is a distinct
tendency for rather sharp planar dislocation grouping to
occur. The basic problem would therefore ..ppear to be the
operation of slip or possibly twinning systems capable of
~roducing displacements normal to the c-axis of the hexagonal
structure. One such possibility is the ¢ + a type dislocation
which is apparently readily formed in the ductile alloys from
the Ti-Al-Ga system. Apparently, fracture occurs at ambient
terperatures by cleavage failure, on the same strange plane

of separation observed in stress corrosion failures of con-
ventional alpha-phase titanium alloys. The influence of
microstructure and grain size has not been studied. The basic
sonclusions that can be drawn from the observations to date

are that the low temperature brittleness of Ti3A1 seems to
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be related to the absence of slip modes capabie of broducing
displacements normal to the wuasal plane. Heat treatment and
grain size control may be possible methods of controlling
flow and fracture properties, but no clear-cut directions can
be accurately defined at this point. ' L

Lipsitt(g) has measured the tensile propertiés of TiaAl,
manufactured by powder metallurgy methods, over a range of
temperatures. It was shown that finite ductility occurs
above ~1200 F, although specimen yielding occurred below
this temperature. This is the only information that quan-
titatively defines the ductility problem and ailows an
assessment to be made of ductility changes produced by

alloying additions.

Ti-Al-Ga - Early measurements in this sysctem by Hoch and

Gegel( ) showed that alloys near the compositicn Ti3(A10.;Gao 5
had guite high tensile ductility at room temperature. Wiiiiam;
and Blackburn(e) suggested that this occurred due o a particle
ductilizing effect of the Tizca phase that occurs in this alloy.
Zodden and Roberts‘ll) confirmed that ductility occurs in this
system (although over a narrow compositional range) and found
that maximum ductility occurred in a single phase (ay) alloy.
The cost of gallium precludes its use in engineering materials,
at least at high concentrations. Thus, one of the objectives
of any alloy development program is to duplicate this ducti-
lizing effect with more economic alloying additions.

)

(12) (13)

Ti-Al-Nb - Both Germ.n and Russian work has shown
that this system appears an attractive base on which to build
an alloy development program. It has been shown that in
specific alloy compositions over 4% elongation is observed
below 1000°F.

12




Ti-Al-Mo - Weissmann and coworkers(l4) have recently evalu-
ated alloys from the a + a, + 8 phase field in this system.
By carefully controlling the microstructure, ductilities of
several percents have been obtained at room temperature.
However, the specific heat treatments employed would seem
incompatible with subsequent use of material at high tempera-
tures; this emphasizes one of the difficulties inherent in
this type of system--thermal stability.

Creep Properties - The exact composition of the Russian alloy
STS is unknown, but assuming it is virtually pure Ti

3Al, a con-
venient baseline for comparison of creep properties is offered.
It has been shown that the creep properties of the alpha two
phase and its alloys are considerably better than those of
conventional alloys. Alloys from the follcwing systems have
been shown to exhibit impreved properties over the base
compound:

Ti-Al-Nb
Ti-Al-Sn
Ti-Al-Hf
Ti=-Al-W

Ti-Al-Mo

In summary, the alloying characteristics of alloys based on
Ti3Al are known in sufficient detail to identify both the
elements that are soluble and the phase mixtures that bound
the single-phase region. The effect of single component
additions on properties, especially in tension, are less well
documented; however, at least two systems are known that show
some promise for room temperature ductility.

13



4. Alloyv Formulation

Although some definition of useful alloy development direc-
tions could be derived from the above discussion, the large
number of compositional effects available for study had to be
restricted to a smaller number of specific directions. 1In
addition, a methodology had to be established which allowed
an assessment of the mechanical property capability of a
large number of alloys. The following sections cover the
selection and evaluation of alloys studied in the current
program.

The alloys selected for evaluation fall into five general
groups which are listed below, together with the reasons for
choosing the systems.

e Single (substitutional) element additions - tc provide
some basic solubility and propertv data and identify
useful ternary phase systems.

e Two (or more) substitutional element additions (one
element Nb or 2r) - to investigate the potential of
modifying properties by two substitutional element
additions.

e Two element additions - one substitutional, one inter-
stitial - to study the possibility of amplifying
creep resistance by dynamic strain aging processes.

e Additions to produce two-phase structures of the a, +
B type - to control the ordering reaction in the beta
phase and then extend the study to modification of the
a, component of the system.

e Additions to promote a two-phase mixture of ordered
hexagonal (D°19) and face centered cubic (L12) phases -
it was hypothesized that in a two-phase mixture, a
ductile component, le-phase, may produce some overall
ductility in the whole system.

14




It is inevitable that some overlap between these areas occur.
The first three areas may be combined as all relate to the
single phase Ti3Al region and will be discussed as a general
group.

Single-Phase Alloys - The additionc selected for study included

both elements for which no previous information was available
(e.g., W, Ta) and also additional studies on systems for which
some results had been generated.

The studies of two (or more) additions were confinedu to
systems in which some indication of property improvement for
any given three elements had been shown. For example, the
Ti-Al-Nb ternary system appeared a useful base upon which to
build.

The third gioup of alloys examined the usefulness of inter-
action between interstitial and substitutional elements in a

Ti3Al solid solution. It was anticipated that by analogy

with conventional titanium alloys containing silicon additions,
a dynamic strain aging process may occur and thus improve
Ccreep and stress rupture characteristics. Previous explora-
tory work at P&WA had demonstrated some promise for Hf-C
additions.

Alpha Two Plus Beta Systems - The basic problem with the use
of the beta phase as a potential ductilizing phase in an

a, + B type alloy is the tendency to ordering in this phase.
The product phase, often denoted B2, has an ordered B2
lattice or possibly Heusler structure (Lzl). The formation
tendency is accentuated by high aluminum content;: in fact,

it was first detected in Ti-Al-Mo alloys near the composition
TizAlMo.(ls) This ordering reaction tends to embrittle the
beta phase and thus, it has to be eliminated or controlled if

15




practical use is to be made of the structure. There is the

rather remote possibility that a phase similar in nature to
NiTi could be produced. NiTi, although nossessing the B2
structure, exhipits considerable plasticity at ambient tem-
peratures.(ls) The first effort was aimed at controlling the
ordering reaction in the beta phase and then attempting to
modify the alpha two component of the system. The background
for such as approach was rather sparse; it was known that

the Ti-Al-Mo and Ti-Al-Nb systems exhibit ordered B2 beta
phases. The influence of vanadium and chromium on structure
was not as well documented, but Russian and early USA work

had not shown much promise in these systems. Addition of the

later transition elements, at least as single element additions,

tends to produce a, + 8 + compound or ay + compound type
structures; again, these alloys show little evidence of low
temperature ductility, although in the case cf iron, high
temperature ductility is enhanced. The major effort :n this
segment of the work was on alloys from the Ti-Al-Nb system.

ordered Hexagonal and (Face Centered) Cubic Mixtures - The
basic philosophy behind the study of such a system is that in
a two-phase mixture, a ductile component may yield some over-
all ductility to the whole system. It should be noted that
compounds that have an ordered face centered cubic structure

(le class), as a group include more examples of ductile
intermetallics than any other class of intermetallics.

Specifically, Zr3A1 is the only intermetallic of Group IV
element based compounds which exhibit >10% elongation at
room temperature.(l7) Recent P&WA studies of the Ti-Al-2r
system have shown that, contrary to earlier Russian work, the
mixed L12:DO19 structure does not occur until the zirconium
content is approximately S0%. This large concentration,
coupled with the rather low Leta-transus, would seem to
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exclude this system from active consideration for the
development of useful ongineering materials. However, it
may be possible to perturb the phase equilibria based on
the crystal chemistry of the early transition elements, as
outlined below. The essenti. aim would be to btring the
mixed structure closer tc the TiJAl composition.

If we examine th» allcyiru behavior of the early transition
elements with Group III and IVA elements, Figure 2 can be
constructed for AB3 compourds. It can be seen that four

3¢ AlS
and systems which do not form AB3 compounds. 3Both yttrium
and cerium aluminides exist in both the DO19 and L]z struc-
tural forms. These aid in positioning the boundaries. As
usual, the only theoretical treatment that has been attempted
for predicting the relative stability of the le and AlS
structures dces not work rfor these compounds. Macklin(g)
calculates that Zr3Al should have an Al5 structure and Nb3Al
should have an le structure, when in fact, the reverse is
true.

phase stability regions may be delineated, 0019, L

The specific alloy systems studied in the present program
were selected from thc Ti-Al-2r system with addition of In,
La, etc.

5. Experimental Methods

The basic problem in conducting any meaningful evaluation of
alloys, such as those under consideration here, is to measure
properties on a restricted amount of material. It is obvious
that to melt large amounts of material, process and conduct

a screening evaluation program for all alloy compositions

was impossible within the confines of the nrogram. Thus,

the following sequence of stages was used in the alloy
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development program.

1) Formulate allovs.
2) Melt 100 gram butt:c:: by a non-consumable arc method.
High purity materials were used to prepare alloys; for

a
example, electrolytiz titanium with an oxygen content

of 0.03%. Allcys wore melted at least five times to
ensure homogene. .=y,

Evaluate the structurs ot “he cast alloys and measure
hardness. As a chrecik cf the flow and fracture charac=-
teristics of the ¢'lov, the hardness impressions in
unetched sections w.r2 ¢xamined by optical microscopy.
The tendency rfor the matzrial to crack and the intensity
of slip markings around the impressions were recorded.
Homogenize buttons iy thermal treatments at 1300-2000°F
for periods of un 0 cre week. Chansecs in structure and
hardness were evaluatod atter this treatment.
Isothermally forge suttsns o produce thin pancakes.
Investigate the struac:ure ind hardness produced by this
operation.

Cut bend specimens frzr she rorged section and measure
strength and bena .-tiiity over the temperature range of
room temperature to (:i50°7. A three point bend rig and
an Instron Test aachi~e were used for these tests.
Conduct heat treatren: aad structural studies on the
remainder of the U:.~in: and evaluate bend ductility of
material after scloect-: neat treatments.

If, at the cc-pletion cf this screening study, an alloy
showed promise, it wa= 3:1led up to a two-pound size. Alloys
werc melted in a non-consumakle arc furnace and drop cast
into a copper mold arproxirately 1.5" in diameter. A number
of these castings were x-rayed, which revealed the presence
of shrinkage porosity. 'n mosr cases this porosity did not
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influence subsequent forging operations, but a small number

of defects were detected after forging (usually in locations
in which little flow occurred). Thus, many of the latter
ingots were HIP'ed at 2250°F for four hours at 15 ksi, which
served to heal shrinkage Porosity and also increased the

alloy homogeneity. Forging of ingots was performed on
isothermal TZM dies. Usually the ingot was split into two
pieces which yielded Pancakes four inches in diameter and
three-tenths of an inch thick. This was a sufficient size

to produce a&bout four specimen blanks. As in many cases

where more than one heat treatment was studied, these specimen
blanks were heat treated individually. Specimens, shown in
Figure 3, were then Prepared fram the heat treated sections
and used to measure the tensile and creep rupture properties
of the material. Remaining pieces of the forging blank were
used for additional heat treatment and bend property deter-
minations. The microstructure and hardness of every alloy

was vecorded at each stage of the cycle. 1In a small number

of cases more sophisticated techniques, such as X-ray analysis,
transmissicn electron microscopy, etc., were used to elucidate
Phase structure and flow and fracture processes.

I-—:::—T-:::j1 = -

Figure 3. Tensile and Creep Rupture Specimen

s
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A flow chart illus*ri.1an the secuence of evaluation steps
is shown in Fiuure 1.

’

(a) Single Phase .'n.. (b », Plus (¢) Mixed Hexagonal
Interaczion Stucics Befa Svstems and Cubic Systems
[ 1 == |
Single Two Elemunt| {"teracction] [Ti=Al-Nb It 41
Elcment Intevacticn| -, 7, tNICu) (SiGa) Ir o
Additions | ITi-Al-Nb-ial y2z-3i, seeod [(Zry ¥ $
. . 1 1
Ta, W Etc. PN |
(Group IIA)
| s

|
Butzon Melcs (50 Gramg) =-- Cast Structure, Hardness

Homogenize === Structure, Hardness
|
furze ~== Structure, Bend Specimens,
, Heat Treatment

3t dviluation
Seale .ty I-3 'h, Drop Castings
Melt and Cast

B3yt
)

Kt ge === Eight Specimens
'

Jreep and Tensile Tests

Micrustraceure, Derformation Mudels, Etc.

Test Evaluation

Scale Fp to 20 Lb, Castings
|
Malt
|
HIP

Forge

Mecranical Tests

Figure 4. Alloy Development
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6. Results and Discussion

In tnis section the rather extensive results obtained in the
Alloy Development part of the program are reviewed. The large
amount of information makes detailed discussion of each alloy
impossible 2nd thus we shall attempt to give a general sum-
mary with emphasis on the more positive aspects. Documen-
tation of microstructures is also a problem as it would take
about three thousand micrographs to illustrate all features
of each alloy at the various stages of processing. Therefore,
again, micrographs typicel of groups of alloys or a specific
processing or heat treatment will be given. It was noted in
the introduction to this section that a logical scale-up
seéquence had been defined for studying alloys. To aid in

the continuity of the story, we shall combine the results
chtained on bnth button and the larger drop castings, f=r <he
initial evaliuation sequence was the same for both product
forms. In some cases alloys have been produced on both forms.
Finally, it should be noted that emphasis has shifted several
times during the course of the study. To give one example,

in early 1976 it appezred that the Ti-Al-Zr system offered

the best alloy base for further study, but by the end of the
year the Ti-Al-Nb system had supplanted this system. Such
factors explain why emphasis may have been placed on a specific
alloy at a given point in time which, in retrospect, could be
considered nct worthy of analysis.

Table 1 lists all alloys melted in the study, compositions

are given in both weight and atomic percent; in subsequent
discussions, atomic percent will be used to describe alloys.
The alloys are arranged in the groupings defined in Section

4, although in some cases overlap occurs. The results of

the evaluation of alloys, in both the as-cast and homogenized
conditions, are given in Table 2. Assessment of the propensity
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Alloy Compesitions Melted

Allgy Wo. w/0 Af0o
awanl TLe15.7 AL T4-25A1 T43A1
T1-20 Tiel5.3 AL T1-25A1 T43A
Single Element Additic::.

1.8 Tie %, dAlel.1Sc Ti=25A1-15¢

T1-9 T1.15.GA%-3.32¢ T4-25A1-55¢

=10 Tl pnad 50 T1-25A1=1Cu

T1-1 el 57300 T1«25A1~5Cu

N.l2 Y -.5 Siaed bt T1-25A2-0M1

13 Leli LAlel BN T1-25A1-5NL

Mlb r:-.'.s A1, TCe T1-25A1-1Ce

.15 T4e17, LA, 300 T1-25A1-5Ce

T-31 r‘.-;s Eide2, 5A T1a25Al-1A5

Tl-32 elhl el ».s‘ Ti=25A1=5A8

733 ", %5 e, TBL Ti=25A1=1B1

7136 =t -L- 20-20,ck4 Ti=25A1-584

T35 TredS . 52,825 T4225A1=15)

36 Tield i 3ha=t3.15D T1=25A1-55b

s28 TLelf daces.Fe Tie25A1-1Fe

#20 el "-'- S T4=2%5A1-3Cu

435 v 1=25A1-14

¥% T4-25A1-1Te

10 Tieln.lalel.-Pe T1<25.0A1-2.0Be

mol) JOSCIN-T NS 5™ T1=2%5.0A1-5.0Be

142 Mol TALeL. 30 T1222,.5A1-5.0Be

T1.53 SRSTRNIARST 95 T4=25A1-8Mb

0 TlalH L el iy T43CA1=T27

5] el T haein. T4=30A)=14lr

Twe oF RoTe elezex? addi~iva

I Tlel®, ALk, 20 -3.2Ca T4a25Al <2 =2Ga

T1-3 .--1u.7k.-10 1Xh-7.6Ca T1-25A1-5Nb=5Ga

TS, (#34) ™4-15.CA%-10.38b-1.301 T1=25Al-5M=1N1

n-6é Teaih,24010,2%02. 3R T1-25A1-5Nb-1Pd

-7,(#33) Tiely,CAlel0, 3MDel. kCu Ti=25A1-5b=1Cu

. T1-8.271-12.08a+7.3Ge Ti-15A1-550=5Ce

1.25 Mall, S50 . M =3,68u T1-23.75A1=3.75Ma=1.2550

T1-28 Tiald EAL el bv-6,.18u Tia22,.5A1-7.5W=2.550

.37 il +6AL=10. 13, 9KF Ti{=25A1«5Nb=1HT

.38 ek, EALel0,0M0=3, P T1.25A1=5Nb=1W

-39 T4e17.9A1~10, M4 . OF T1=30A1=5M1W

kb P12k, EA1.10,2M0.1. 3N 2. 10 T325A1-5Nb-1N4~1M0

#29 Pielf .OA2=10.08-1,.0Fe T4a26,.kAlb, 8»-0 8re

#33 ™M215.CA110.3%e1.4Cu Ti=2%5A1-5M=1Cu

'z T4e19.0/2210.3¥=1.3%¢ T4-25A1-5Nb=1N81

3 P1el4,6A1«10.0M=3. 90 Ti=25A1-5K>=1Rf

5 Tledt,2A1-15.6M0=2,6W T4=25A1=81b=1W

T1-55 Tell LAle15.9N0=2. 1M0 T4 =25A1 -5Nb=1M0

.5 T1-14.242<15.6Nb=3,8Ta Ti=25A1=8=1Ta

757 Tialk 2115 ,6%-3,3H T1a25A1 SN0 10!

T1-58 Ledic ,6A%226,0Ma1.1V 11.25A1 =81V
ell . AAlel5 . ONbel.2Fe T4-25A18ib1Fe

gé Tlain 0AN=16.0M=1.0F ¢ u-zsu-em.o 6Fe

wllh.?41a15. "D .
T1=47 ;L i)’ 1 J.Qi- la 3 3% -i :%1 =1.1lV gti%;b Nb-‘v
NS o ell, 21-10,000a1,381-L.OW 71-2 1Ng-)
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TABLE 1 (Cont'd)

Alloy No. W/0 A/o

7 T1=14.2A1=15.6)0<3.0Ta T4=25A1=Eidb-1Ts

8 Tie14.2A1-15.6N03. 81! TL=25AL B =1KS

59 P41l .6A1-16.0Mb=1.17 T1=25A1 =0lib=1V

=c5 T1214,5A1+10.0N0 =0, THi =k .OW T4=C5A1=5N0+0, 5ki-1w

Intersction Effects

Tl-l T1-13.8A1-18,2Hf..17C T2-28A1-5HL=0,7C

T-30 T4=12,0Ale3b bZre..CB 74223.1A1-18.7Cr-k .68

31 Ti-15.0A1-18.0M T1=25.5A =3

%32 T1-15.0A1-18.0Mb=1,5He=0.5551 T1226A1=9, b0, bR =0.851

) ?1-13 8A1-5,5M0 <9, 4Zr<b.150-0, 1..1 TL-25A1=5Nb=52r-2.550=0,2554

71-50 T4213,5A1-21.4Nbe0,65Cr=0.1551 Ti<2uAlallDa0.5Cu=0,.2554

T1-51 ':'1.-13. SAL2) . LiNb=0.65N1=0.155L r'.-zuu-m.b-o. 5Nie0.2554

11e52 Tiel3.5A1-2) . bNb <O, 6F€=0.1552 Tie2bAlelllb=0, SFe=0,.2554

T3=59 Ti-14.2A1-15.7M=3,.8lf=0.1C T1a25A1Nb=1HE <0 . kC

7160 Tie1k,7A2-16.2=0.28 T1-25A1=Nbel 2

101 Teld.5A1=15. AD=O.9BL T1-25A% <3N0 ., .04

m( TLe13.6A202.LN0<0. 30D Tia2L.2A1-11,0Nt <0, 18

-5 Teel3,0A1.21, b0, AL ek ,2A1-11.0M5 0,132

L Ti-1;.CAi=21.LND=0.1554 Ti2UAl-11Nb<0,2554
Alpka *vo plus Beta Systams

2 T4e13.5A1-21.4 TiuAlellN

Tiehls Tiellk,3A1=19,TM-1.2RC T1=25.2A1-10.1Nb=0, 3HS

L8 Ti-1k4.3A1<19.TNb=1,204 TLa25A1-10M=1N1

7 T1-13.6A1-25.2M T125A1-185"%

Mixed Hexagonal + Cubic Systeams

71-17 T1a2.0A-51,L2r=25.810 T4-6,25A156,252r-12.751n 25:75/T13AL:2r3In
T1-18 Ti-h.8A1<k3,92re20,5I0 T1-12.5A1-37.5Zr-12.5 In  50:50/T43Al: ..;3m
T119 - T1-9.0A1-30.42r-12,8In T4-18.75A1-18.752r<£.25In 75:25/T13Al:2r3Ia
T1-21 T1-8.0A1-92.02r T-22.8A1-77.22r Al

T1-22 T1-9.3A1-77.T2r T1-23.5A1-58.02r 253 7s/rx3A.1 Zr3A.1
T1-23 (#1) T4-10.8A2-59.32r T1-24.0A1.38.82r so 150/T43A1

T1-24 (#22) 71-12.9A1-34 . 72r T4-24,5A1-19.52r :25/74 AJ. zryu
T1-26 . T1-14.1A147,52r-3,350  T4-23.75A1-3.75Zr-1.25Sa 95 :5/T43k1:2ro8n

T1-12,.6A1214.27r«6.18n T1-22.5A1-7.52Zr=2.550 90:10/713A2:2r38a
T1.12.8A134.32r-0.96¢ T1-24.2A1e19.22Zr-1Sc 75:25/T43A1:Zr3A1+1%¢

T1-27
T1-29 (#23)
el T4-13.2A1-32.72r=1.8Y T1-25A1-18.32r-1Y '75:25/T43AL:2r3A2+ 27

ws T4213.1A1-32,42r-2.71a T4-25A1-18.32r-la 75:25/T13AL: ol
#h ) T1-9.7A1-31.02r-10.7S0 T4-25A1-18.82r.%Sa 75:25/T13AL:2rh1¢ 580
T143 . T4+9.8A1-3L12r-10.31n  T1=20,0A1-18.82r-5.0mm 75: 25/n3u Z3A1+5D0
#22 T1-12,9A-34. 727 P1-24,5A1-19.52r 75:25/74

w9 T4a1b 4AL18,32r PLa25A1-9.382r 87.5:12, /'u zrw.
T1-k9 T4-13.4A133.22r<0.28  T1-25A1-18.25Zr-1B  75:25/TijAl:ZrjAlels

NOTE: Number desigmation e.g., #28 identifies drop casting; letter plus
aumber designation e.g., Tl-k6 identifies butten
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of a given alloy to flow and fracture was made by analyzing
individual hardness impressions. Figure 5 gives examples

of such evaluations with varying tendency to cracking. Figure
5(a) shows an alloy which exhibits no cracking; Figure 5(b)
shows an example of moderate cracking which is often diffi-
cult to distinguish from coarse slip lines: Figure 5(c) shows
more extensive cracks; and Figure 5(d) illustrates a cracked
section of an alloy not associated with a hardness indentation.
Obviously alloys which exhibited such spontaneous cracking
were eliminated from the program. The shape of hardness
impressions also varied in certain alloys, in some cases

very distorted shapes being formed as shown in Figure 6.

Such anisotrophy may reflect the influence of crystallo-
graphic orientation on flow and fracture characteristics.

Many of the alloys exhibited high hardness in “he as-cast
condition and a iow zendency tc crack around hardaess impres-
sions. Homogenization treatments resulted in reduction in
hardness and an increased tendency to crack. These changes
can be correlated with structural modifications. 1In the as-
cast condition, alloys usually exhibited an acicular structure
not unlike beta transformed structures in conventional
titanium alloys. The degree of acicularity has been found

to depend on alloy composition. The base Ti3Al and dilute
alloys exhibit irregular plate-like structures, shown in
Figure 7, not unlike the massive-type martensite formed in
pure titanium. Alloys containing transition elements tend

tc consist of must finer plates, as illustrated in Figure 8.
During homogenization treatments, multiphase alloys retain

acicular structure although some coarsening may occur, Fiqure
L

In single-phase alloys high temperature exposure results in
recrystallized structures of the type shown in Figugze 10.
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50:50/7T1
(T1-18) gs-cas

Ti-25A1-1Ge A/O
As-cast

Figure 5.

Al:2r,In 200X Ti-25A1-5Ge A/O 200X
As-cast

200X Ti-25A1-5Bi A/O 50X
(T1-34) As-cast

Photomicrographs of Hardness Impressions in Ti
Base Alloys

3
(a) No Cracking (b) Slight Cracking
(c) Extensive Cracking (d) Spontaneoug Cracking

Al
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e

- d&. >, .‘m -
200X
Figure 6. An Example of a Distorted Hardness Impression

Observed in Some Alpha Two Base Alloys (Ti-25Al-
SNb-52r-2.5Sn-0.25S8i, As-Cast)

Figure 7. Coarse Acicular (Colony) Structure Found in Alpha

Two Alloys With Low Solute Contenks in the As-Cast
Condition (Ti-25Al1-1Fe)
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Figure 8. The Fine Acicular (Widmanstatten) Structures
Observed in Alpha Two Alloys with an Inter-
mediatc Concentration of Transition Elements in
the As-Cast Condition (Ti=26.4Al-4.8Nb-0.8Fe)

" VTR R e :*.ﬂ-e*w . e .rr:m
L i A N g Sy T = . i
F r‘f" .:'I.?l-ﬂ'r h _:'-?l':_h-‘. .:..'"-I —"-q.r‘f_"':"‘ﬂ';-"& = el X ‘:g

e

Figure 9. The Coarsened Acicular Structure in the Alloy
Ti-24A1-11Nb After Homogenization at 1830°F
for 96 Hours
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Figure 10. The Equiaxed Alpha Two Structure Formed in the
Ti-28Al-5Nb Alloy Aifter Homogenization at 1830°F
for 3¢& Hours

We shall return to a more detailed discussion of the phase
and structural relationships in these alloys in a later
section.

If the characteristics of individual or groups of alloys are
examined, the following trends emerge:

® Most alloys in the Single Element Group appear to
offer only a hardness increase over the base Ti3A1
compound. Copper and iron may increase crack resis-
tance. Niobium additions are also beneficial; a
point to be expanded upon below. Alloys containing
scandium are of interest from both a hardness ard
Phase structure viewpoint. It can be seen that the
Ti-25A1-1Sc alloy exhibits the lowest hardness of

any alloy in Table 2, after homogenizaticn. If the
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scandium content is increased to 5%, cxide particles
can be observed which have been shown by microprcbe
analysis to be scandia. Other elements from Group
IIIB show similar behavior (see Alloys #24 and $25).
It is possible that the low hardness results from aa
oxygen scavenginc action of scandium. as has been
found that oxvqen content has a marked effect on
ductility of some alpha two alloys, the additions of
small amounts of Group IIIB elements could be an
effective method of reducing the bulk oxXygen content
of such alloys.

All alloys from the Multi-Addition Group contain
either niobium or zirconium as the third element.
Examination of the slip/cracking relationships for
this series indicates more promising trends in that
the cracking tendency, even in the homogen:ized con-
dition, 1is reduced. A tendency to imprcve charac-
teristics as the niobium content increases can also
be detected, a trend which carries into the alpha two
plus beta systenr discussed below.

The majority of alloys in the Interactions Group are
also based on Ti-Al-Nb base alloys. In several cases
the solubility limit of the interstitial elements
were exceeded in the alloys leading to the formation
of quite large precipitates, which are probanly
deleterious to mechanical properties. Examination of
these results, and assuming the solubility of the
interstitial elements is not strongly dependent on
composition, can set the solubility ranges for silicon
and carbon, kasea on the criterion of precipitate
detectability in optical micrographs, at between 0.4
and 0.7% carbon and between 0.25 and 0.4% for silicon.
The alpha two plus beta group contains several alloys

with attractive characteristics and as we shall discuss
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several alloys in considerably more detail below.

It appears from these and other Ti-Al-Nb allcys that
the limit of stability of alpha two at intermediate
temperatures (v1700°F) along the (Ti-Nb)3A1 composi-
tional line is about 10 atomic percent niobium.

e The alloys produced to stucdy the mixed cubic plus
hexagonal structures also contain several compositions
with attractive characteristics. It can be seen from
Table 2 that in the as-cast condition in virtually
all al;oys, high hardness values are combined with
little or no tendency to crack. Upon homogenization,
which was usually accompanied by recrystallization
to an approximately equiaxed structure, the majority
of alloys soften and show an increased propensity to
cracking. It may also be noted that the alloys con-
taining Group IIIB elements contair oxide particles
and only very low concentrations cf these elements
are present in the matrix. Figure 1l illustrates
this point for these alloys.

A. Forging

In order to increase the homogeneity and produce structural
refinement, a large number of alloys were forged on isothermal
dies. This process also served to increase the structurel
integrity of the material and produced shapes compatible
with the sectioning of mechanical property specimens from
the forged sections. As an additional step, many of the
alloys produced in the form of two-pound drcp castings were
hot isostatically pressed (HIP'ed) before forging. It has
been found that the process increases the material yield to
virtually 100% after forging. Nearly all alloys were forged
at 2000°F (1090°C), which in some alloys is above the beta
transus but in most lies in the two phase alpha (two) plus
beta phase field. The forging operation coupled with a

34




relatively slow cooling rate can give rather coarse structures.

-~ .
Al
« N

(8.
L)

¢ o

¥
-~

....
L}
. 0%

Figure ll1. Oxide Particles (Scandia) Formed in the Ti-25Al-
18.32Zr-1Sc Alloy (As=-Cast)

Over eighty alloys have been forged and an assessment of the
forging characteristics together with structural information
anéd hardness values are given in Table 3. It can be seen
that a very large number of allnys were forged with no
problem, or.ly five alloys showing pronounced cracking ten-
dencies. The latter group included the base compound Ti3A1,
although a second ingot forged with only minor difficulty,
alloys containing high concentrations of bismuth and germanium
(#T1-34, 15) and an alloy from the Ti3Al-Zr3Al series con-
taining yttrium (#24). Forging redaction of >70 percent

in height were achieved in most alloys.

The structure of alloys tended to be refined by the forging
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operation; even in 1lloys frraed aLove the beta transus, a
much finer beta grain size was cvident compared with the as-
cast structure. Ia most cases, however, no major improvement
in slip/crackina characteristics were observed in as-forged
material; the results tending to lie between as-cast and the
homogenized evaluation cited above (Table 4)., This result

is not surprising in vicw of the structure/property relation-
ships found in this :l2ss of alloys--a point that we shall
elaborate on bolow,

B. Bend Test Resul:ts

Sections were nrepar.: frcm tne forged sections and three
point bend tests rer:ormed over a range of temperatures in
order to provide a more direct assessment of the mechanical
property capability «{ *he alloys. Befcre proceeding to the
results obtained, scme general aspects of these tests will
be described. In thc onr!y tests performed, the total bend
ductility was revor=ed which includes both the elastic and
plastic components; rather than change in the middle of the
program, this »roceu.re has bLeen retaired. As we shall see
the total bend derlectinn corresponds reasonably well to
the plastic strain obtained in a tensile test. However, in
alloys with a hiah yieid stress, the elastic deflection can
be a large component i the total value cited. The maximum
strain that can be a.hicved 1n the bend rig is 4 to 63}
depending on specimen jcoretry at this point the specimen
intersects the lovwer piate of the fixture thus preventing
further displacement. This condition is represented by the
designation "plastic" in the following tables. The correla-
tion of the yield strcss measured in these bend tests and
values obtained in subscquent tensile tests was not as good
as the ductility values, .lthougn trends were faithfully
reproduced. This is no doubt related to the complex strain
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TABLE. 4

Forged Plus Heat Treatment Results for ay Alloy Compositions

0 « None
S e Slight
M = Modarste
Porged + 1650°F tueged o 2200°F E o Ixtensive
Composition Alloy 3 Hr., A.C. Sup/ 1 Hr. A.C. Siip/
(a/0) Mo, HY-10 Cracking HV-10 Tracking
T13A0 - 26 EM - 5
Single Llement Additions
T1-25A1-1Fe 28 247 MM 3L MM
T1-25A1-8%0 71.53 - - «73 3/v8
T1-30A1-72r $0 - - 09 M/8
74-30A1-142r 51 - - 58 s/vs
Tvo or aore Elemeat additions
T1-25A1-5Mb-1Cu 33 258 MM 2% s/s
TL-25A1<5ND-1NL 3 an M/S-M ko MM
T1-23A1-5Nb-1H8¢ L3 215 LM/ 335 M/S
TLe26.kAleb. AD-0.8Fe 29 278 N 19 MM
T{-25A1 -2 1W T1-54 - - 0/o
T4-25A1-2=1M0 T1-5% - - u8s §/0
T1-25A1-0Nb-1Ta T1-5% - - Ll vs/0
TL-25A1-ENb-1HS T1-57 - - u56 $/VS
T1-25A1-ANb-1V T1-58 - - e S/VS
TL-25A1-8b-1F¢ 53 - - 2¢8 3/8
T1-25A1-AM-0, e Sk . - 00 s/vs
T1-2. 1-8W-1d 56 - . +B1 S/VS
71-2%A1-80-1Ta 57 - - w2 £/0-Vs
TL=25A1-8Mb- UL e - - 398 S/VS
f.}ﬁwﬁﬁ’-’.‘{m-w é?’ £ H i3 ),
DRl R bl 5 290 s/ 3% W
T4-25A1-5Mb-52r-2.550-.2554 L6 07 SN 129 MM
T1-26A1-9, 1Mb-0, UKT -0, 854 32 2%6 s/s 3n M/S
T4-20A1-11Nb- . 5Cu-,2554 T1-50 - - L6k 0/0
T1e2vAl-11¥b~,5N1-.2554 T1-51 - - Loe 8/s
T4-2bAl-11Nb., SFe-,2554 Ti-52 - - L87 s/s
T1-25A1-8M-1Rf-, 4C T1-59 - - k(o] s/vs
T1.25A1-8M-13 7160 - - 306 8/0
T4-25A1-8%- 284 171-6) - - vTT s/o
1-24.2A0-1100-0, 15b 60 - - 483 S-M/VS

HRUENE D Dt 82

Alpha Two Plus Beta Systems

[
(K]
&

Sp/o-ve

T1-2LA1-11KD a2 218 8/8 18 8/8
T1=25A1-1500 L7 - -/ aou o&o
Mixed Nexagooal and Cubic Systems

75:25/T13A1: Zr3A) 2 293 n/s L23 u/s
75:25/T13A1:ZrqAle LA 25 257 B;I - -/
75:25/T13AL: +5Sn 26 L2 s/8 362 sM
87.9:12.5/T13A1:Zr3AL k9 . . 393 M/s
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aradients present in a bend bar compared with the homogeneous
strain in a tensile *test. Typically, values of yield strength
mnrasured in the bend tosts were about :$ifty percent higher
than tensile yield strenath.

In the initial staaes of this progiam it had been intended
to use the Ti3Al base zompound as the reference point in
order to assess rolative chanaes in such factors as the ductile:

brittle transition -uincratu:e. iHowever, the first Ti.Al

ingot fabricated cracked during forging and thus sound3
material was not availcble for testing. Thus, instead, the
alloy used in the characterization program (Section III),
Ti-25A1-5Nb (Ti-16Al-.0Nb weight 3), was used to provide
the baseline. As a substant:al tensile data base was accu-

muiated on this alloy, it formed a useful comparison point.

A data compilation for all alloys tested is given in Table 3.
Nearly all of the initial “esting was performed on material
in the as-forged conditicn, 2s little or nothing was known
about the influence or heat trecatment. As our state of
understanding has improved, rmaterial subjected to various
thermal cycles has beon tested and these results are also
included in Table 5.

Turning to the results obtained, it can be seen that the
Ti-25A1~5Nb alloy exnibits a reduction in ductility as the
test temperature decreases, the values falling below 1% at
temperatures <800°F. The alloy shows "plastic" behavior at
1200°F. Thus many tests were conducted in the temperature
range 800-1200°F for comparison purposes. Most single
element additions prnduced little or no change in bend pro-
perties in this temrerature region. However, increasing the
niobium content to 8? rusulted in the achievement of plastic
behavior at 800°F, about a 400 degree improvement with
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respect to the baseline alloy. 1In the two (or more) element
additions group, nickel results in a slight improvement in
properties with respect to the baseline, but most other modi-
fications tend to produce a wider and flatter ductility
transition zone. For example, the addition of one atomic
percent tungsten (Ti-28) results in an equivalent ductility
value at 400°F to the baseline alloy at 800°F although
"plastic" values are ubserved at nearly the same temperature.
By increasing the base niobium contents to 8% in this class
of alloys, considerable improvements are evident. For example,
alloys Ti-54 through 58, containing a fourth transition
element, show bend ductilities at room temperature equal to
those at 800°F for the baseline alloy. Scaling up these
alloys to the two-pound ingot level led to some reduction

in properties in the as-forged condition, but these could

be restored by heat treatment (again these differences can

be traced to Secticn Size/Heat Treatment/Structure Effects
discussed in more detaii below).

Results from the Interactions Group, which contains examples
of the higher niobium content alloys discussed in more detail
below, conform in general to comparable alloys without
additions of silicon, carbon, etc. As the aim of these
additions was to modify creep rupture kehavior, the retention
of bend properties can be taken as an encouraging preliminary
result.

Alloys from the third subdivision, Alpha Two Plus Beta Alloys,
show the best bend ductility. For example, the Ti-24Al-11Nb
alloys show bend values at room temperature equivalent to the
baseline alloy at 1000°F. It would appear that the onset of
qood low temperature plasticity occurs between § and 11% Nb
and these attractive characteristics are maintained up to

15% Nb. Further, the addition of small amounts of bismuth,
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antimony or silicon do not change the ductility values at
room temperature. Irdeed the alloy containing antimony (#60)
was the first example of an allov with >4% bend ductility

at ambient temperature. We shall deal with the effect of
heat treatmeunt on structure and tensile properties in the
next section; it is sufficient at this stage to note that
results in Table 5 indicate a strong effect. A summary of
the improved ductility characteristics produced by increasing
niobium content is gi:ven in graphical form in Figure 12.

BEND DUCTILITY M)

| 1 1 | |
250 $00 150 1000 1250

TEMPERATURE °F

Figure 12. Bend Ductility as a Function of Temperature in
Ti-Al-Nb Alloys

The last group of alloys, mixed cubic plus hexagonal type,

were evaluated before the alpha two plus beta systems dis-
cussed above. 1Initial results were encouraging in that the
model system, Ti3Al-Zr3In, showed plastic behavior over the
entire range of temperatures tested. Further, the results
obtained on the Ti3A1:2r3A1 base alloy (#22, (Ti°.752r°_25)3A1)
showed good bend properties compared with the baseline alloy.
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Evidence of plastic behavior at room temperature in the heat
treated condition was obtained. However, it was noted that
the quite high zirconium content of the alloys tended to
compromise the oxidation characteristics of the base alloy,
for evidence of rapid oxidation at temperatures as low as
800°F was obtained. Reducing the zirconium content (e.g.,
alloy #49) improved the oxidation characteristics but bend
ductility was reduced. Another discouraging featurs was that

0.75%%0.25) 3AL
base alloy by additions of a fourth element were unsuccessful.

all attempts to modify the properties of the (Ti

Indium, tin or lanthanum containing alloys showed lower
ductility and the several heat treatments applied to these
alloys did not produce any improvement. Thus, we have tended
to de-emphasize these alloys in more recent studies.

C. Heat Treatrment and Structure

AS the program has proceeded, it has become increasingly
clear that the structural modifications that can occur in
various alloys have a critical 2£ffoct on material properties.
It should be noted at the outset that manv of the kinetic
and structural details of transformation in these allovs

are imperfectly known. Much needed analysis by TEM and other
techniques is in progress at the present time at Carnegie-
Mellon University and the University of Florida. However,
the general characieristics of transformation are krown and
especially in the Ti~Al-Nb system show many similarities
with most dilute alloy systems.

A schematic phase section along the composition line Ti.Al-

3
(TiNb)3Al is shown in Figure 12, which also includes the
approximate position of the martensitic transformation that
occurs on quenching from the beta phase field. The charac-

teristics of the martensite formed in Ti-Al-Nb alloys
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Figure 13. Schematic Phase Section Along the Composition
Line (TiNb)3Al
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(although with slightly different compositions) were studied

by Williams and Blackburn.(7)

It was shown that the trans-
formation in the base Ti3A1 and dilute alloys was similar

to that observed in pure titanium; large rather ragged plates
of the alpha two phase forming on quenching. Althouglh the
ordering reaction could not L2 suppressed the domain size
can ke very small in quenched structures. At higher niobium
contents (V10%) very fine martensitic structures are formed
and at yet greater concentrations the beta phase is retained
on quenching. Tempering of the quenched structures can lead
to rather éompiéx structures; there is a tendency in both
the single and two-phase regions for a recrystallization
type reaction to uccur at the grain boundaries. An example
is shown in Figure 14(a). Such transformations, if taken

to completion, can convert a fine acicular structure to a
ccarse almost equiaxed condition, see Figure 14(b). As the
nisbium coatent increcases the cendency to this recrystalli-
zation tends to diminish. The tempering reactions in the
beta phase have not been studied in great detail to date,
but it appears that the anticipated precipitation of the
alpha two phase occurs in the form of fine lathes.

As we shall see, very rapid quenching of these alloys from

the beta phase field is not a practical heat treatment method
as it results in strong and rather brittle structures; further
these structures may be unstable on tempering. The tendency
to form cracks on quenching is another reason for avoiding
such treatments.

Structures formed by less severe cooling rates are therefore
of more interest from a practical standpoint. Here again
the parallel with conventional titanium alloys is quite
striking, including the dependence on initial structure. If
a conventional alpha-beta alloy is worked in the two-phase
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(a) Initiation of reaction at grain boundaries in Ti-25Al-
2.5Fe water juenched from 2050°F and tempered for one
hour at 1400°F.

(b) Completion of the reaction to form an equiaxed struc-
ture in Ti-25A1-S5Nb water quenched from 2200°F and
tempered for 87 hours at 1500°F.

Figure 14. "Recrystallization" Reaction Produced by Tempering
Some Martensitic Structures in Alpha Two Alloys




region, an equiaxed mixture of the two phases is formed and
the beta phase may transform on subsequent cooling. Similar
structures can be formed in alpha two alloys. examples are
shown in Figure 15(a) and (b). Heat treatment or forging
above the beta transus will result in acicular structures.
In alpha two type alloys, these may range from a virtually
unresolvable structure after quenching, Figure 16(a), to a
coarse colony (groups or packets of plates with similar
orientation) structure, Figure 16(b). Intermediate cooling
rates produce a Widmanstatten arrangement of much smaller
alpha two plates; an example is shown in Figqure 1l6(c).

Compositional modification of a Ti-Al-Nb base alloy can change
the phase equilibria, however, the evidence seems to indicate
that these changes are reasonably straightforward. Transi-
tion elements tend to act as beta stabilizers, and it appears
that the higher the group numter, the greater 1s this tenaency.
Thus the addition of 1% of nickel can stabilize the beta

phase in a Ti-25A1-5Nb alloy; this element may also influence
the ordering tendency in the beta phase, but additional
informaticon is needed to prove this. It is possible that
additional phases may be found as more is learned; for
example, iron additions could lead to the formation of TizFe
identified in Ti-Al-Fe alloys.

The Ti-Al-2r system and related alloys have not been as exten-
sively evaluated in the present study. The anticipated lowering
of the beta transus by increasing zirconiur. content was confirmed.
Two-phase mixtures of the DO19 and le phases were found in the
Ti-Al-Zr-In alloys and produced rather photogenic structures, an
example is shown in Figure 17, and it appears that a rather

small amount of le structure can form in the (Ti°.752r0.25)3A1
alloy. 1In modifications of the latter alloy the phase struc-

ture becomes very complex and is not fully understdéod.
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(a) Ti-24A1-11Nb-0.5Ni-0.25Si forged near the beta transus
showing equiaxed primary alpha two in a coarse trans-
formed beta matrix.
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(b) Ti-25A1-5Nb~1Ni worked low in the alpha-beta phase field
showing predominantly equiaxed alpha two and grain
boundary transformed beta.

Figure 15. The Influence of Alpha-Beta Working on Alpha Two
Alloy Structure
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Figure 17. Transmission Electron Micrograph Illustrating the
Heavily Faulted Dolg:Llf Phase Mixture Observed 1n
.22r~-

Alloy Ti-12.5Al1-37 2.5In, (TLBAl)O.S(ZrBIn)O_S



7. Mechanical Properties
A. Hardness

As can be seen from the above sections, a large nyiber of
hardness determinations have been performed durizg the course
of these studies. 1In cases.in which tensile properties have
been measured subsequently, it has been found that the hard-
ness (VDN) can be correlated ‘with the room temperature yield
strength (oy) through the foilowing relationship.

-VDN
oy = =%

Use of this equation has proved a quick and inexpensive
method for assessing the mechanical property capability of
the alpha two type alloys a‘ter heat treatment.

B. Tensile Testing

A much smaller number of alloys were selected for tensile
testing and it must be noted that many tests remain to be
completed. Table 6 lists the results obtained up to April,
1977. Again, a useful point of comparison are the tensile
data obtained for the Ti-25A175Nb alloy presented in Section
III. In nearly all cases, specimen blanks were heat treated
prior to machining; the heat treatments éelected were derived
in part from the beni results cited above and also by an
iterative process. it must also be noted at this point that
oxygen content of this class aof alloys may prove to have a
dominant effect on ductility. As noted in IT.4., these
materials were prepared with a very low oxygen content in
the 0.04 to 0.05% range.
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TABLE

Tensile Results for gy

Com-
positico

{777 S W

TiaAl
Ti-2SA2-5Nt-10y

T1a25A2-5N0  SNie LW

T1-25A=5Nb-1Ni-1¢

T4-26.UALek, 80, 8Fe

T-25A- 22T,
T4-25A1-Nt-.BFe

TieR 6A1-9. 1N~ bis-
8s4

Ti-2kA1-1100

Ti-24A1-118b-,2584

T1-25A1-15N

Alloy Compositions

(key) _(_P;_‘.Al_&t& in Ares

0.2¢
Test rffset Ultimate ¢
H=at Tecper- Y.eld Tensile Elong-
Alloy Trea:- ature Strengt!. Streastk ation
No, ment feF) (ksi)
2  18%0/i/Ac  RT . go.k -
T 80.6 80.6 0rk2
800 68,8 %.3 2.
33 220C/1/AC AT .5 37.8 1.k
500 73.2 1R.6 2.L
20 68.8 8s.1 Sk
5& 2:20/1/a8 RT 106.8 uc.6 C.b4
20 35.0 109.% 3.2
g 11 20.¢ -
- [ vl.6 e
us 2000/1/AC az 131.1 1Lk, 0 (53]
KT 23,8 1L0.9 0.91
500 n8.e 162.0 k.8
1200 67.% 3.1 3.6
1200 €.l £9.2 L6
29  2000/1/AC T 87.0 0.30
$00 75.2 83.8 0.63
3 2200/i/a% o9 8.9 9.9 0.b
5 e 8s.0 2]
300 RS 102.5 3.8
20 62.9 ™., She
54 2206/1/4% oT 100.0 109.0 0.6
500 81.1 121.7 L4
%00 65.9 m.2 8.3
1200 7.9 1¢7.¢ 9.2
2 200/1/AC RT 140.6 1.0 0.43
500 127.2 1%1.2 1.9
1200 106.2 127.7 2.1
k2 As-Forged ¢4 66.2 5.0 0.90
K 60.2 .G 1.8
1200 35.9 57.2  12.6
200/1/AC g i‘sr;z 11237 1.0
5 .0 0.73
2200/1/rC RT 10.3 140.1 L.9
1978/1/AC rT 67.5 8.2 1.68
2 2200/1/¥C RT 66.4 86.5% 3.1
1200 L2.2 66.8 14.9
2000/1/2/a¢ R T8.2 105.8 3.1
2000/1/AC RT 92.5 119.6 3.2
k7 2200/ r b 128.6 3.9
i £00 8.1 123.8 9.3
1200 79.1 103.3 L.0
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TABLE 6 (Cont'd)

0.2%
Lest Of foet
Ca teat Tempe: - Yield
position Allcy Treat- ature Strezgth
{8/c) Ik, ment KCiEe) (ksi)
42543 5N0 38 22w0/1/AC a7 60.L
bS TR PV TIR 2 -THLY S 2us0/4/SConn o/ RT 8.7
AC
Tie28AL-NTelTr 57 200" "V /AL PT 127.0
Tie25A15 T 0T §3 .7 2050/1/s¢ RT 130.4
3 Min/Ac
T1-25A1- BT -1V ‘%9 2000/1/AC  RT 1%0.3
Ti-8=.2Al-11%t-, 1St 60 2000/1/AC x 18.9
T4=2%,245-11Nb-, 184 61 2000/1/AC RT 154.0

2.7, - Slovw Coc)
$.3. = Salt Quench

® .« Eroke 12 Crip

¢ <DBroke in Ixtenscmeter Ridge
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Ultimate

Tensile

Strength

guu ) (Plastic)

67.2
18.1

130.2

149.9

1] 3
Llong- Reduction
ation in
Ares
0.2 2.8
Q.95 -
0.3 -
(«0.2) -®
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The alloys based on Ti-25Al-5Nb with ternary and quarternary
additions show limited ductility at room temperature, although
the copper modification (#35) does show over li elongation

and 2% reduction in area. Alloys containing nickel and tung-

sten ippear to have improved ductility at intermediate tempera-

tures compared to the baseline alloy. Likewise, the modifi-

cations ofi the 8Nb base alloy show improved intermediate

temperature characteristics. However, it can be seen that

major improvements are available at higher niobium contents.

In the Ti-24Al-11Nb alloy, the ductility and strength can be
related to the structure as is done in Figure 18. A rapid

cooling rate results in a partially transformed structure with

a high yield strength and finite but not large ductility.

Intermediate cooling rates result in a fine wWidmanstatten

structure with good ductility and a strength level >100 ksi.

Slow cnoling rates give a colony type structure with asso-

ciated low strength and ductility. Similar ssrength resultes

were obtained for the same alloy modified with silicon but

the du -ility values showed less variation.

C. Creep Rupture

Testing to date has been performed at 1200°F/55 ksi for the
majority of alloys. As a point of reference, the alloy Ti-
25A1-5Nb (Ti~16A1-10Nb weight %) exhibited a life of 90
hours under these conditions which on a density corrected

basis is equal to INCO 713C. Data for alloys tested to
date in this program are given in Table 7, and it can be seen

that large variations in creep capability are observed. In
Ti-25A1-5Nb base alloys, both copper and nickel additions
reduce creep rupture life; comparison of the lives of alloy
#55 and #45 show that the lower the nickel content, the better
the lives. On the other hand, iron additions may have much
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less influence on life; ia alloy #29, however, the aluminum
content is slightly higher and this in itself may contribute
to the excellent life of >340 hours. As the niobium content
of the alloys is increased to 8% and in the presence of iron
(#53 and #54), the creep rupture capability is close to the
goal. Again in a similar base alloy with 3lightly higher
aluminum content and small additions of hafnium and silicon,
a threefold increase in life is obtained.

Further increases in niobium level into the range in which
ambient temperature tensile ductility is achieved produces

a marked change. The Ti-24A1-11Nb alloy shows very poor
life in the as-forged condition, which it should be remembered
exhibits low strength. Even in the heat treated condition,
however, the life capability is still about an order of
magnitude less than the goal level. The addition of silicon
(#52) improves the situation considerably bringing the liife
values back to about two-thirds of the required level. Sur-
prisingly, the rupture life improves again in the Ti-25)1~
15Nb alloy, indicating that low temperature ductility can be
combined with adequate stress rupture properties.

In most of the alloys tested stress rupture ductility was
adequate; if we take the nickel base alloy INCO 713C as the
guideline about 5% elongation would indicate a useful goal.
A slight trend to lower ductility can be detected for alloys
with aluminum contents >25%. The other point of interest is
the outstanding ductilities of the iron-containing alloys
tested at 1500°F, although the rupture lives are poor.
Earlier work at P&WA had indicated the beneficial effect of

ron on ductility although the effect seems confined to the
higher temperature range.

The one test performed on a Ti-Al-Zr type alloy resulted in
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a very low life which could serve to reinforce the ccnclusion
that this base system :3 not u good base for further alloy
development.

Testing cn the Ti-Al-HI-C alloy (Tl-1! was conducted in the
early stayes of the study and the results demonstrated fcr the
first time the superiority of beta processed structure. The
test result at 1200°F znowec a lifte improvement of five over
goal properties, but this advantage was not maintained at
higher temperatﬁres.

8. Summary and Conclusions

From an initial "broad brush" attack on the problem of
ductility in alpha two tvoe 1lloys, the search fcr attractive
alloys is narrowing to the T:-Al-Mb gsystem. &©ven within the
Ti-Al-Nb system, some property compromises are evident, for
the achievement of ductility is accompanied by reductions

in stiress rupture capabilit,. The situation can be repre- '
sented schematically on a tcrnary diagram.as shown in Figure’
19, which incluaes both rupture lives and also indicates
alloys in which ductility hns been observed at room tempera-
ture. It can be seen that improved ductility and creep
rupture properties can be achieved in alloys with high niobium
contents (e.g., Ti-2541-15Nb) which is an undesirable
direction because the c¢ansity increases. Another direction
is to increase the aluminum content, a more desirable modi-
fication from a densityv veiwpoint, but indications are that
tensile ductility tends to be reduced by such modifications.
A more complete study of the influence of Nb:Al ratio in '
these alloys is clearl warranted and will be undertaken in
the third year of this urogram.

An alternative method of improving stress rupture properties,
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without compromising :.ictility, is tne addition of elements

capable of introduciaz uynamic strain aging at high ¢<empera-
tures. One experimcntal alloy containing silicon has been
tested and the results indicate that an improvement in creep
rupture life has beer achizved. It is probable that other
elements or combinaticns may be necessary tc produce improve-
ments at higher temucratures (V1400°F, but, at present, this
is speculation. This aporoach is derived directly from con-
ventional high tempurazuve titanium alloy practice; it will
be interesting to see :ow far the parallels between these
and the alpha two svst:ms extend. For example, would zir-
conium be an effective iddition to a silicon alloy modifi-
cation?

Another direction of ...cv development that is being actively
pursued is the repoluc-ument of some of the niobium in Ti-al=-Nb
alloys by other trursi-wisn clements. Depending con which
element is selected, »~iurticons 1n density could be accom-
plished by such modifi:azioss. ‘There are indications that
the strength levels c¢.: Lo marXedly changed by the addition
of the early transit:cn elements, as the results from the
Ti-25A1-8Nb series inc.cate. The latter transition elements,
such as copper, ircn a:nd nickel, may produce some changes in
ductility, but appcar .o reduce both elevated temperature
tensile strength and :..:uss rupture capability. The only
problem with evaluat:in.: those potential effects are the

large number of variaki:s or compositional modifications that
can be produced. Comzletion of the test program currently in
progress may indicate some of the more promising directions.

one difference between the Ti-Al-Nb base alpha two alloys
and conventional titanium 2lloys is in the influence cf

structure on propertics. Beta processing of conventional
alloys tends to proun~e both lower strength and ductility
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while the reverse seems true in alpha two alloys. There are
certain parallels in achieving creep rupcture resistance ba-
tween both alloys, but even in this case the details seem to
differ somewhat. Thus a fine Widmanstatten structure appears
to produce the best creep rupture rroperties in alpha two
alloys, whereas coarser colony acicular structures are superior
in conventional alloys. One of the most challenging aspects
of the successful development of alpha two alloys is defining
the optimum heat treatment. The efforts to do so have been
discussed above and some progress can he claimed, however,
thermal stability and other factors still need elucidation.
The achievement of the desired structures in material of
various section sizes is not a trivial problem and will be
discussed in more detail in Section III.

The cther alloys that have been studied, althsugh cffering
some advantage in at least ductility over the base compound,
do not seem to be as attractive as the Ti-Al-Nb base alloys
discussed above. Although some of the model systems based

on the Ti-Al-2Zr system show attractive ductility characteris-
tics, the alloys are impractical. Further attempts to per-
turb the D019>Ll2 reaction towards the Ti3A1 composition have
not been successful and this approach has been abandoned for
at least the present. No other candidate ternary system has
emerged from the studies,

Thus we conclude that the Ti-al-Nb system appears to offer
the best systems for achieving the goal properties in TiaAl
base systems. Ductility at room temperature can be produced
coupled with useful tensile strength levels. Heat treatment/
structural control are a critical element of controlling pro-
perties. The results obtained to date are promising and can
be used to point the way to additional alloy development.
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III. ALLOY SOALE-U™ AND CHAPACTERIZATION
1. Introduction

The objectives of this seument of the program were to produce
sufficient quantitics <f hiuh quality wrought product to con-
duct a detailed property evaluation. The mechanical property
evaluations were per:iormed usinhg test technigues and conditions
pertinent to the reuuitements of hign temperature engine com-
ponents.

In the first yeaf of the program, cne alloy was selected for
evaluation. Althouun iittle background information was
available at that point ir time, it was decided to choose an
alloy from the Ti=Al-'" svstom; specifically, the alloy
Mi=loAl=luNb® (T1-25.0-340) . Fuartaer a vowder notalliurgical
approach to alloy <amr.ic.:tion was selected based con the
success of this methcd oo TIAL ailoys at the Air Force and
the Government Prouducts Divisicn of Pratt & Whitney Aircraft.
The powder was consolid:red by HID and subsequentiy forgeZd.
After a screenina ;rcur m Lo determine the process cycle
which gave the best combinaticn of properties, this procedure
was aoplied to section:s uf{ the forginas. A comprehensive
mechanical and phy:ical proterty evaluation was performed on
this material.

Alloy selection for thc second year effort was based on the
results of the Alloy Doveloupment program described in Section
IT. Three alloys were chosen all based on the Ti-Al-Nb system

* In this section tie alloy compositions will be siven in
weight percent; the composition in atomic percent will be
given in brackets the first time an alloy is cited.
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as follows:

Ti-13.5A1-21.5Nb {Ti=-24Al-11Nb)
Ti-13.5A1-21.5Nb-0.1Si (Ti-24A1-11Nb-0.258i)
Ti-15A1-16Nb~-3.8Hf (Ti~-25A1-8Nb-1Hf)

Ingots of these alloyvs were prepared by czcnventional con-
sumable arc melting, conditioned and forged. A more limited
mechanical propecty test program is in progress on material
from these forgings. Emphasis is Placed on the determination
of tensile and cféep rupture properties over a range of
temperatures and a fatigue evaluation at 800°F.

2. Experimental Techniques and Results

First Year Program - The alloy selected fcr study in the

first year's program was Ti-16A1-10Nb (Ti~-2SA1-5Nb atomic %).

The planned characterization pProgram is represented in Figures

20 and 21. Task I effort centered on the screening of process
conditions to define the parameters for Task II characterization.

A. Material Procurement and Consolidation

Eighty-~five (85) pounds of nominal Ti-16Al-10Nb rotating
electrode powder produced by Nuclear Metals Corporation was
supplied by the Air Force. Starting ingot for this powder
was produced by Teledyne Titanium. The analysis of ingot
and powder materials is shown in Tables 8 and 9.

Ddowder consolidation was performed by hot isostatic pressing
using the following procedure. Four powder containers welded
from 0.065" thick Ti-5Al-2.5Sn sheet stock, with the con-
figuration shown in Fiqure 22, were fabricated. Net cylinder
length prior to consolidation was approximately 9" with a
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TABLE 8

Chemical Composition of Titanium Aluminide Alloy

Heat 398 - Ti-15.8A1-10Cb

Powder Fowder
Element Spec. Max, Cast Bar {Nuclear Metals) (PEWA "
T Bal. Bal. 3al.
AL 16.3 16.25 16.46 15.5
b 9.94 10.25 1.3
H .01 .0089 L0041 .C019
N .01 .0086 .0012 Jog
0 .10 12 .0839 .03
Za .01 <.01 <.0L <.01
o .02 .010 .0070 .006
Cu .02 .025 .01 (.01
Fe .05 .065 .06 Ok
s .05 .025 <.002
W .05 €.05 <01 (.01
Ni .01 .035 <.01 .01
Mg 01 <.001 <.01 <.o1
Mn .01 <.o01 <.o1 .002
Mo .02 <.001 <.o1 .1
Sn .02 (.00l .0k .0l
st .015 .1
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TABLE 9

Nuclear Metals Reported
REP Titanium Aluminide Powder Size Distributaion

HEAT 398 - Ti-15.8A1-1CCb

Percent Retained on Scraen:

Mesh Size Percent

35 v

L5 0.1

60 5.4

8o k9.5
120 23.1
170 13.3
230 5.8
325 2.2
Pan 0.5

Average particle eize: 185 microns
Apparent density : 2.67 gnfem3
Top density : 2.83 gn/em3
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Figure 22.
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diameter of 5.75". All welds were produced by standazd inert
gas tungsten electrode techniques. Each contairer was checked
with a helium leak detector to verify its integricy prior to

filling. Powder was outgassed in a vacuum chamber at room
temperature for 16 hours to a pressure of 2 x 10-5 nn Hg,
followed by hot tumbling in vacuum for 4.5 hours at a ten-
perature of 400°F to a pressure of 2 x ].0-5 mm Hg prior to
filling. Approximately 17.5 pounds of powder was loadec¢ into
each evacuated container and the fill tubes were crimped and
TIG weld sealed while maintaining full vacuum conditions.

dot isostatic pressing was conducted at Industrial Materials
Technology Incorporated (IMT), Woburn, Massachusetts, under
conditions of 2250°F (1232°C)/15,000 psi argon pressura for
three hours. Containers were supported by a bed of C.25"
diameter r‘slzo3 halls during i1sostatic pressing. A consoli-
dared rvowder biliet is shown in Figure 21. Thermally induced
porosity (TIP) tests were conducted on micro sections cut
frorm the fill tube for each container. This test ..orsists

of micro-examination of the consolidated powder after high
temperature-ambient pressure exposure and is designed to
determine the general effectiveness of argon outgassing. If
argon outgassing is unsatisfactory cr =f minor leaks occur
during cold argon pressurization prior to hot isostatic
pressing, argon "bubbles" occur at powser particle interfaces
during the thermal exposure. TIP samples for each of tte
four consolidated containers were exposed to 2250°F tor four
hours. Microexamination showed nc thermally induced porosity
in any consolidation. Typical photomic:;ographs afte: this
test are shown in Figure 24.

Since all consolicdation were sound ané free from porosity,

one container was selected at rancom and sectionad iato thres
pieces for forging process evaluat:on. A on2=iach thick
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Figure 23.

PR | o -
N sk A, et e ¢
-

r/

AL lar

3
0

Y DN

AR R

Photo Showing HIP Container After Hot Isostatic

Press at 225C°F/3 Hours/l15 ksi s

83

)



L
o
0 , o0
"o o, "
- .
a 2
\, K . - e .o
o
1Y o ’
v
; : 3
.
[}
‘ .
ot -l'.',u_.
. - -’ -
."v,’).'.
)
D ‘3
' 5 -
VAR ' -
| g
w Q.'- \\T..\'
o
7. .
e L
" -
' A
.
. 5

50X

[

Figure 24. Microstructure of Matgrial Exposed to 22571%F/4
Hours Thermally Induce\, Porosity Test

84




circular section was retained for "as-HIP" evaluation and

two sections, approximately 2%" thick, were used to produce
simple upset forgings.

B. Forging

The beta transus of the consolidated powder billet was deter-
mined by micro-examination of thermocoupled samples which
wére thermally exposed nver a range of temperatures and water
éuencﬁed. The beta transus temperature was determined to be
in the range of 2150°F to 2175°F (l176°C to 1190°C). Figure

25 shows the microstructure of samples used for this deter-
mination.

Based on this information, a beta forging temperature of 2200F
(1215°C) and alpha two plus beta forging temperature of 2050°F
(1120°C) were selected. One upset hot die forging was pro-
duced for each of these conditions and the resultant forgings
are shown in Figure 26. The forgings were completed on sub-
scale GatorizingTM equipment in a chamber evacuated to 5 x 10-5
mm Hg and at a controlled strain rate of 0.05 inch/inch/minute.
Billet sections were spray coated with boron nitride lubricant
prior to pump down. The thermocoupled dies and work piece

were equilibrated at. the selected forging temperature with
if.duction heating coils for one hour prior to deformation.

C. Screening Program

The completed forgings were sectioned and heat treated according
to the schedule shown in Table 10. (Description of the specimen
configuration and preparation procedures are given below.)

Three tensile and two creep rupture specimens were machined

for each processing condition. Standard tensile tests were
performed at room temperature, 1200°F (649°C) and 1400°F
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(760°C) at a strain rate of 0.005 inch/inch/minute. Rupture
tests were performed in conventional lever cperated load
frames at 1200°F/55 ksi and 1400°F/40 ksi. In each elevated
temperature test, temperature was equilibrated for one hour
prior to loading.

The microstructures of material given the various treatment
cycles are given in Figures 27(a)-(f). In the as-oil quenched
condition, an extremely fine martensite is produced which is
extremely unstable upon subsequent aging at temperatures as
low as 1200°F, Figures 28 and 29. As a result of this in-
stability, the beta soiution treated quenched and stabilized
condition 2a (Figure 27), exhibits large apparent clpha two
grains near prior beta grain boundaries and occasional large
grain patches dispersed through the structure.

The mechanical property data for “ie screened structurai
conditions are given in Table 10 and it can be seen that only
two treatments result in adequate tensile and stress rupture
properties, conditions 2 and 3.

The tensile strength and stress ruptire properties of the

0il quenched and tempered condition are similar or slightly
superior to those of the air-cooled condition 3, however, the
tensile ductility of quenched material is significantly lower
than that of air-cooled material. Because of the generally
low tensile strengths at 1200 and 1400°F, all. othe: conditions
exhibited poor stress rupture properties at these temperatures
(Table 10). 1In fact, the ultimate tensile strengths were

near to, cr slightly lower than, the selected screening
stresses for stress rupture testing. Tensile and stress
rupture tests vere conducted concurrently as a result of
schedule limitations so no readiustment of rupture test
stresses was possible for the screening effort.
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Figure 29. Microstructure of Ti-16Al-10Nb Alloy, Reta Forged
+ 2200°F/1 Hour,/O0Q + 1500°F/87 Hours/AC 5howing
Instability of Quenched Martensitic Phase

D. Tes3t Program

Based on the results of the screening program, conditions
were selected for the fcrging and heat treatment of the HIP'ed
billets. Prior to forging the ends of three HIP'ed billets
(the fourth billet was used in the process screening portion
of the prcgram), they were sectioned and the billet ends
were machined flat and parallel. Protective tantalum sheets
were spot welded to the end of each ingot to prevent bille%/
die diffusion tonding. 1Isothermal forging was conducted at
Ladish Company, Cudahy, Wisconsin, under the supervision of
Fratt & Whitney Aircraft personnel. Forging was completed
in their Production Gatorizing equipment on TZM molybdenum
alloy tooling. 1Ingot sections and die surfaces were spray
coated with boron nitride lubricant prior to pump down.
Forging was conducted in vacuum at a pressure of 10"3 mm Hg




and at a controlled strain rate of 0.1 inch/inch/minute.

The beta transus temperature was previously determined to be
in the 2150°F to 2175°F (1176°C to 1190°C) temperature range.
Based upon this information, an alpha two plus beta forging
temperature of 2050°R to 2075°F (1120°C to 1135°C) was
selected for processing in crder to obtain a fine prior

beta grain size in the resulting forging.

All billets were preneated in an attached vacuum furnace
prior to being mechanically transferred, via air locks, to
the Gatorizing chamber. The thermocouples dies and work
piece were equilibrated at the forging temperature with
induction heating coils for one-half hour prior to defor-
mation. Subsequent to each forging run, the die surfaces
were spray coated w:ith coron nitride lubricant. Forgings
were air sooled off the dies in all cases by means of air
locks.

Table 11 summarizes the forying results for the three trials
and Figur2 30 shows a typical forged pancake. The processing
sequence yielded a heavily worked cquiared microstructure

as shown in Figure 31.

Based on the processing screening effort, a beta phase field
solution heat treatment (2200°F) was selected for the alloy
char.cterization effort. In an effort to maintain the smallest
possible prior beta grain size, an experiment was conducted

to determine the grain size resulting from heating to 2200°F

as a function ol time betwecen 15 minutes and 2 hours.
Examination of polished micro-scctions for all conditions
showed a beta grain size of approximately 0.7 mm, indicating

very rapid grain grcwth at a temperature only slightly above
the beta transus.
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Figure 31. As-Forged Microstructure of Ti-16A1-10Nb Pancake
Forging
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Based on these results a solution treatment of 2200°F for

one hour was selected to acunieve uniformity in the full
forging sections. The rapid beta grain growth charac-
teristic during heat treatment obliterates the alpha-beta
forging grain siz-~,

The completed forgings were given a 2200°F/1 hour/:an air
cool solution treatment followed by a 1650°F/8 hours/air
cool stabilization treatment. It was found that a fan air
cool was necessary to produce an acicular microstructure
throughou:'thesapproximately one-inch thick forgiag; an
as-heat treated microstructure is shown in Figure 32.
Subsequent to heat treatment, the forgings were sectioned
for machining. Table 12 lists the specimens utilized in

the characterization program. In most cases test specimens
were prepared for the physical and mechanical property
evaluaticn using convantional machining techniques for
brittle materials, electrochemical machining (ECM), electro-
discharge machining (EDM) and electrochemical grinding (ECG)
were possible. Threaded specimens were eliminated also
based on the restricted low temperature ductility of the
material. Mechanical test specimens prepared by conven-
tional machining techniques (notch rupture, trermal fatigue,
FCHR, HCF, notched LCF and, in some cases, impact (toughness))
were g.ven a vacuum stress relief at 1650°F for four hours.
This stress relief treatment produced no observable effect
on microstructure. After machining each specimen was
examined by zyglo inspection techniques to reveal any
surface cracks or imperfections. All subsequent mechanical
tests were performed in s.>-.

1) Tensile Testing

The specimen used for tensile property evaluations is shown

98
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in Figure 3. ‘ensile data for Ti-15A1-10Nb :n the range

of room temperature to 8QQ°F (427°C) to 1506°F (815°C;) are
shown in Takle 12 and Figure 33. Considerable scatter in
these data i3 aprarent for test conditions where ductilicy
is limited. Plastic deformaticn sufficient to define a
vield strength is not consistertly observed in this alloy
vntil temperatures of 1000°F and above. The static modulus
of elasticity determined from strain gaged tensile speci-
mens was 19.5 x 106 Psi at room temperature. Two 800°F
tensile tests were conducted for beta anneal (2200°F (l1204°C)/
1 hour/air =ool) heat treatments without the addition of

the 1650°F/8 hour stabilization originally selected as base-
line for the characterization task. An increase in ultimate
tensile strength was observed with the elimination of the
stabilization step; however, there was no increase in
ductility (Tabie 13).

2) Charpy lmpact

Conventional Charpy impact tests were performed over the
range from room temperature to 1600°F (871°C). The data
are shown in Table 14 ana Figure 34. Impact fracture energy
increases significantly between 800°F (427°C) and 1200°F
(649°C). This is the same apparent transition range ob-
served for tensile ductility. This result is considered
promising since it might have been expected that the
general strain rate sensitivity of the material would cause
the impact transition to occur at a significantly higher
temperature than the tensile ductility transition. Impact
toughness in the projected operating temperature range of
1200-1500°F is generally equivalent %o advanced nickel-base
allcy materials.
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o commpo -

Test Type
Modulus

Thermal Exp. Cosf.
Specific Haat
Thermal Cond.

Tenule
Creep Rupture

Notch Rupture
Thermal Fatigus
Impact Toughness
PR
HCF
Smooth
Notched
LCF

Smooth
Notched

TABLE 12

Summary of Phase I, Task II -
Characterization Prcperty Testing

Button Head with
Extcnsometer Ridges

Button Head wmith
Extensometer Ridges

MDL 2362
NGTE Disk MDL 4694
MDL 2317
MDL 6197

Westinghouss MDL 2331
Westinghouse MDL 2332

AML 42268
(MERL ¢) Ky

Test ‘:‘e.nguamn :::ndk: of Mashining
D mens Technique
/] 4 %©e
70 - 1500 | Crzventionsl
70 - 1500 U Coaventiczal
70 - 1500 1 Conventional
and EM
0 > ool
1000 - i500°F 20 =
1000 - ISOO'F 10 convers.ional
Cyclic 1500° = 70°F 14 Comventiona®
IT. 300. l:m 6 (‘uv.n'_ tonal
800, 1200 2 Comventicnsl
and IDM
300, 1400 12 Conventional
$00, 1400 12 Conventional
800, 1200 12 G
0, 1200 12 Coaventional
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TABLE '3
Tensile Properties for Ti-16A1-i(Nb

00“
Test Yield Vltimate Reduction
Yeat T-:nwt Strength Sirength Elongation in Ares
Ireavenoe e 3 $
220°7, L Hr, AC, ¢ | ¢ - 58.2 - -
165¢c’r, & Hr, ALC,
| 2 hd ’309 0-0’ -
AT O 3“00 - -
“ - "7-1 - -
Soc - 9.6 0.15 -
800 «4.b $8.9 0.58 2.
1000 %i.6 8.b 1.6 3.3
1200 .S 66.5 3.1 L.2
1400 3.0 62.0 5.2 9.0
1500 43,8 5.9 32 5.3
2200, LHr. AN, 80n - 8.5 - -
<0%0°T, 1 Yr, A.C, 920 47.9 €3.8 0.90 -

*Specimens stress relieved: 650°7, & irs,, Vecum
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TABLE 14
Charpy Impact Toughness of Ti-16Al1-10Nb

Test Charpy Lapact
'l‘eap.;nture ) 'r::x;mi;:
RT 1.03
RT 1.03
RT* 0.69
“0o* .32
gov | 2.1
800 1.7
- 8oo* : 1.7
1200 : 4.9
1500% . 8.8

*Specimens stress relieved: 1650°F, 4 Hr, Vacuum
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J) Creep Rupture

Specimens used for the creep rupture evaluation are shown

in Figure 3. Smooth section creep rupture testing was
conducted over the temperatur2 range 1100-18J00°F (593-982°C).
Jata are shown in Table 15 and Figure 35. Both 1% creep

and stress rupture capability exceed original predictions

by a significant margin. The data are rcunsistent with a
potential extension of the useful application temperature
beyond the original estimate of 1500°F.

The notched Kt 3.8 stress rupture capabiiity for Ti-1l6Al-
10Nb is in.icated in Tabie 16 and Figure 35. The alloy

is generally not notch sensitive in the 1200 to 1500°F
(648 to 815°C) temperature range at this notch acuity.
Tha:e is a large roticeable tendency for nctch stress
rupture life to exceed smooth life by a larger margin as
temperature increases. At lower temparatures (“1100°F),
notch and smooth capability are about equal. Although an
extended operating temperature range could be predicted
from these results, the limit could be set by another
criterion such as surface stability. Microstructural
analysis of creep rupture test specimens showed interesting
behavior related to long-time air exposure at elevated
temperature. During exposure at 1200°F (649°C) and above,
a thin oxygen enriched layer (alpha case) is formed on
specimen surfaces which grows very slowly with time. At
exposure times of 100 hours, this diffusion layer is less
than 0.6 mils (1.5 x 10"3 cm) for test temperatures of 1200,
1300 or 1400°F (649, 704 or 760°C). As a result of the
large creep strains occurring during stress rupture, small
surface cracks are formed which extend to the deptia of the
alpha case (Figure 36). The cracks stop at this interface
and only extend as the alpha case grows. At creep strains
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TABLE 15
Creep Rupture Properties for Ti-16Al1-10Nb

i:;-nmo Stress g‘;r::p i;?uu‘: Elongatica

o 2 (279 Er, LT ]
1100 60.0 k3.0 235.3 0.3
1200 $0.0 k.5 i19.6 T
1200 55.0 3.5 R.2 ERY
1300 35.0 126.0 803.5 9.3
1305 40,0 41,0 pre 3
1300 5.0 8.3 8.2 3.1
L, ) 2c.0 1 L9 Disc, 3.
1400 3.0 3.0 335.1 2,9
1400 “0,0 - 2.3 1c.7
1500 10,0 2ud 306,3 Mse. i
1500 15.0 7.0 1554,8 6.7
1500 25.0 17.6 138.5 18.%
1500 3.0 5.0 .9 15.3
1600 10.0 3.5 5264 Disc. 2.9
1600 15.0 13,0 %4.3 %.6
1600 20,0 9.0 81.0 2.3
1700 5.0 3,5 1030 (Munaing;
1700 10,0 5.0 .6 L7.0
1800 1.0 3.0 208.3 97.9
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TABLE 16

Notched Stress Rupture Properties for Ti-16A1-10%Db

Test
Teaperature

1200

EEEEEE

1200

1400
1500
1500
1500
1500

[
©
~
L]

-
-

s
&0
50
0
20
k
“0
5¢
59
T0
s
3
10
o

1
5.

w =
. 2
w

Time to Failure

Time to for Ssooth

Failure Speciaen (Equivalent Coediticn)
i 4,

163.7 Runaing

6.2 379.6

24,3 Uploaded

23.7 Uploaded

23.9 Uploaded

24,0 Uploaded

T3.7 Uploaded 379.6

22.5 Uploaded

2.0 Apture 8.0 (rroa Larsoa Miller Curve)

522.3 8,2
1200 Munaing 5.1

336.8 ploaded 306.3 dtac.

b, 7 .9
1670 Nasaiag 1654.8

£03.4 Uploaded
1250 hunaing (1575 Fros larsom Miller Curve)
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of less than 1%, .these cracks apparently dc not form at all.
At higher temperatures and longer times the diffusion layers
are somewhat deeper so that after 1505°F (816°C)/1655 hour
exposure, the layer is approximately 2 mils (5 x 10"3 cm)
thick. The ;urfaqe cracking phenomena is again observed at
very large creep strains, but the cracking is contained
within the diffusion layer at high temperatures also

(Fiéure 3.

4) High Cycle Fatigue (HCF)

High cycle fatigue tests at both 800°F (427°C) and 120¢C°F
(649°7) were conducted for both smooth, Kt 1 and notched,
Kt 3.8 specimens after 1650°F (899°C) /4 hours/vacuum stress
relief. The low stress electrochemical grinding technique
used for the majority of the other specimen configurations
could aot be used for the high cycle fatique specimens
since tooling was not available.

Conventionally machined notched HCF specimens were inspected
by fluorescent penetrant which indicated that several

' specimens contained grinding cracks. In order to aileviate
high residual grinding stresses, the specimens were stress
relieved and'specimens were again inspected by fluorescent
‘penetrant; although no cracks were detected after this
procedure, Some specimens were found to contain very small
tight craze cracks during post-HCF test microexamination.
(Since these cracks were apparent in the grip area which
has a very low appli:d -tress during the fatigue test,

they are assumed to have been present prior to testing.)
Data from these potentially pre-cracked specimens were not
used in estimating 107 cycle fatigue capability,

The data for all HCF testing is shown in Table 17 and plotted
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Tese

Temperature

EEEsses858588¢8¢8

BREEERRE

X
1.0
1.0
1.0
1.0
.0
1.0
1.0
2.0
L0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
3.8
3.8
3.8
3.3
3.8
3.8
1.9

Irequency
B

1600
1600

1800
1800

EEEEEEEEEEEEEG

1800
1800

TABLE 17
Westinghouse High Cycle Fat.igue Data for Ti-l6Al-10Nb

Stress

—Sai

30.0
Lo,0
50.0
.0
J .o
45.0
50.0
50,9
55.0
60.0
bo.o
k0,0
Ls.0
50.0
55.0
60,0
15.0
20,0
23.0

10.0
15.0
20.0

T &9

Cycles to Fs{iure

1.0 x 107 Cisc. and Uploaded
1.0 x 107 Disc. and Uploaded
1.0 x 107 Disc. and Uploaded
1.5 x 106

1.0 x 107

1.0 x 105 Poteatial Crack
7.0 x 1P

9.5 x 105

2.2 x 100

1.3 x 105

1.3 x 16 Potential Crack
1.5 x 195 Potential Crack
6.5 x 1P

6.0 x 16

2.2 x 105

3.0 x 105

1.0 x 107 Dise.

1.0 x 107 Dise.

1.0 x 107 Dise.

1.0 x 107

1.0 x 207 Disc.

1.0 x 107 Disc.

1.7 x 10°




in Figure 38. The smooth (Kt 1) HCF stress capability for

107 cycle life for Ti-16Al-10Nb is estimated to be 45 to 50

ksi at 800°F and 40 to 45 ksi at 120C°F. Only runout (>107
cycle life) data are available for Kt 3.8 specimens at 800°F,
reflecting apparently unjustified conservatism in planning
the first tests; however, a runout stress of 25 to 30 ksi
was clearly evident. Limited K, 3.8 testing at 1200°F
suggests a runout stress of 15 ksi.

5) Strain Con;:ol;gd Low Cvcle Fatigue (LCF)

Strain controlled low cycle fatigue tests were performed

at 800°F (426°C) and 1200°F (650°C) on specimens shown in
Figure 39. The test results are given in Table 18 and
Figure 40. The 1200°F tests show very little scatter and
are fully ccmparable with bghavics expected for nickz)-base
alloys such as WaspaloyR and INCO 7i8 in tnis temperature
range. Data for the 800°F condition show considerably more
variability which is probably related to the limited tensile
plasticity of the material at this temperature.

In spite of the limited plasticity at 800°F, there was
evidence of some work hardening during the tests as shown
by the load range versus cycle plot for the longer life
tests (Figure 41). At 1200°F the work hardening behavior
of the material was quite marked (Figure 42). An improved
alloy composition with a lower ductile brittle transition
temperature should markedly improve LCF characteristics
for applications where very high tensile loads can occur
at relatively low temperatures. Exanination of overload
surfaces showed considerable evidence of cleavage inter-
mixed with local areas of ductile tearing (Figure d3(a)).
Fatigue striations, similar to those observed in conventional
materials, were clearly observed in the cyclic fracture
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TABLE 15

Smooth Low Cycie Fatigue Properties
Strain Controlled

Test
T

5§ EE MMMH

of Ti-16A1-10Nb ,

Longitudinal
Straia

0.0030
0.0035
0.003%
0.0040
0.0040
0.20%0

.0035
0.0060
0.0073
0.0100

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Irequesey, o
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region as shown in Figure 43(b).
6) Notched (Kt 2.0) Low Cycle Fatigue

Notched (Kt 2.0) low cycle fatigue tests were performed at
800°F (427°C) and 1200°F (650°C) for stress relieved (1650°F/
4 hours) specimens machined by conventional lathe turning
techniques. The stress relief procedure was adopted based

on fluorescent penetrant evidence of local cracking in the
lathe turned notches of some specimens and the previous
cracking observed in HCF specimens which were also not
produced by low stress ECG techniques.

Data accumulated for these tests are shown in Table 19 and
Figure 44. As with the notched HCF testing, considerable
conservatism was used in planning the initial tests and as
a result a serics of long life cests were croauced. An
uploading procecure was adopted to determine the range of
proper test stresses. To date, it has been determined that
stresses in the range of 40-45 ksi are appropriate for the
800°F tests and that the 1200°F stress should be in che
range cf 37.5 to 42.5 ksi for less than 100,0C0 cycle life.
These stresses are considerably digher than might be ex-
pected for the material based on its limited plasticity at
low temperatures.

Micro-examination of the notch area of the 800 and 1200°F
load controlled specimens shows an equiaxed recrystallized
layer, approximately 2 mils (5 x 10-3 cm) thick at the
specimen surface (Figure 45). This condition was not
present on the Ke 1 specimens used for the strain controlled
tests and apparently resulted from the rather severe con-
ventional lathe turning operation used to produce the speci-
men notches. The recrystallized layer may have produced
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TABLE 19
Notched Low Cycle Fatigue Properties of Ti-16Al1-i0Nb

:E;el £o ?ulgt
35,323 Jisc,
106,51C disc,

T,563 Disc. and Uplosded
109,760 Jisc. and Uploaded

101,212 Sisc. and Uploaded

500
800
800
don
600
200

20,29 Feiled

134,320 D1s2,

104,757 disc.

9,213 s,

67,51 Jisc. and Upl:aded
5,50% failed

100,000 Disc. and Uplosded
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the contrasting 800 and 1200°F beiavior for smooth and
notched conditions. In any case, it is not clear whether
the recrystallized layer improved the 800°F nctched life orc
reduced the 1200°F notched life.

7) Crack Growth Rate Testing

Crack growth testing was performed at both 800°F and 1200°F
for precracked center notched panels, illustrated in Figure
46, which were machined from the original pancake forgings
by conventional grinding techniques. Considerable surface
cracking was observed on these panels prior to test similar
to that found in the conventionally ground HCF specimens.
Since limited material availability precluded replacing the
specimens, it was decided to perform tha tests noting that
propagation of the surfac' .racks could affect the data.
Some surfaze crack propagation and link up were observed
during both 890°F and 1200°F tests, however, the data
obtained (Figure 47) appear to plot in a generally consis-
tent manner. Aecause of the machining crack phenomena,
these data should he consilered as only preliminary indica-
tions of crack growth rate. An indication of material
toughness was obtained from crack length and load at onset
of unstable fracture. At 800°F, a K, value of 15.7 ksi/inch
was obtained. At 1200°F, the KQ was 21.3. These data also
may be influenced by the presence of surface cracks.

8) Physical Properties

The thermal and electrical resistivity of Ti-16Al-10Nb in
the range from room temperature to 1500°F are shown in
Table 20 and specific heat is shown in Table 21. Table 22
gives data for the coefficient of linear thermal expansion.
These data are slightly higher than the coefficients of
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TABLE 20

Thermal and Electrical Resistivity
of Ti-16A1-10Nb

: Fy 3 atetric ]

S Sk ——Ea

25 s 73

200 IR 185

koo 792 168

600 112 187

20 T2 187

(4
TABLE 21
Specific Heat (f Ti-16A1-10Nb

iemperature —Specific Heat
e J kg™ degi”- Btu 1b < degF-I
25 ™ 560 0.134
200 3 610 0.146
boo 752 660 0.158
600 112 700 , 0.167

800 1472 40 ' 0.177




Coefficxent of Linear Thermal Expansion

TABLE 22

of Ti-16Al1-10Nb

' - l IDPIMTVRE COCYTICIINT OF |
c | Guteset g z 10%esct | 10%0er!
20 “ - 5 - - -
100 u2 7.6 20 - 100 - 9.3 5.3
200 m | 1 20 - 200 “ - n 9.6 5.3
300 3 w0 | 20-300 - m 10.0 5.6
400 132 3.8 20 - 400 “ -2 10.2 5.7
300 12 | e 20 - %00 - 932 0.4 sl ||
€00 2 | e 20 - 600 68 1112 10.6 .9 |
700 1292 | M | i0-700 “ -9 10.8 o |
800 un .8 20 - 400 6 -1472 u.1 02 |
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expansion of conventional titanium alloys such as Ti-6Al-2Sn-

4Z2r-2Mo, but are considerably lower than nickel-base alloys
such as INCO 713C and WaspaloyR, Figure 48. The relatively
low thermal expansion coefiicient for Ti-16A1-10Nb should
favorably impact the thermal fatigue resistance of the alloy.

9) Thermal Fatigue

A series of thermal futigue tests were completed using
standard NGTE disks with 0.020 and 0.040" edge radii. <Zlon-
siderable difficulty was encountered with machining cracks
resulting from the conventional grinding operations used to
produce these specimens as discussed in the previous section.
An attempt was made to remove the machining cracks by a
combination o2 electro-polishing and mechanical golishing
prior to test, however, this was generzlly unsuccessful
without modifying specimen edge geometry beyond acceptable
limits. As a result, it was decided to perform the tests,
even though small metallographically visible pre-cracks
were present in all specimens, in order to determine the
general tendency for cracks to propagate in thermal fatigue.
The resulting test data are shown in Table 23.

The grinding cracks extended to the approximate 5 mil (1.3

X 10"2 cm) size, normally detected by fluorescent penetrant
inspection as a pinpoin% crack, within 50 to 100 cycles from
1500°F to rocm temperature for both 0.020 and 0.040" edge
radius specimens. Growth to a 3/16" crack generally occurred
after 200 to 450 cycles with the high stress 0.020" radius
specimen and in greater than 700 cycles for the lower stress
0.040" edge radius specimen.

Second Year Program - The second series of alloys chosen®™

for more complete mechanical property characterization were
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selectea frdm the results of the Alloy Development Program
described in Section II. Ingots prepared from the chosen
alloys, forged to pancakes and heat treated prior %o speci-
men preparation. A more limited test program was performed
on these specimens, emphasis being placed on tensile and
creep rupture property characterization together with a
limited fatigue evaluation. To date, Lhree alloys have
been melted and forged, with aim compcsition as given below:

Ti-13.5A1-21.5Nb
Ti-13.5A1-21.5Nb-0.15i
Ti-14.5A1-16Nb-3.8HE

Mechanical property testing is complete for the first alloy
but is still in progress on the last two and results will
be presented in later reports.

A. rharacterization of Ti-13.5A1-21.5Nb Alloy

Based on the -esults of the subscale ingot program, an
iaitial chemistry--Alloy #42, Ti-24Al-11Nb a/o, Ti-13.5Al-
21.4Nb w/o--was selected for the scale-up evaluation. A
20-pound ingot was triple consumable melted by Titanium
Metals Corporation of America (TMCA), Henderson, Nevacda.

In order to insure homogen-city, a Ti-Nb master alloy was
used as starting stock for the 20-pound melt. The chemical
analysis of the ingct is shown in Table 24.

visual inspection of the cast product revealed the ingot

to be sound and free of macroscopi: cracking. The ingot
top was also sound and no surface connected shrinkage
porosity was observed. To improve product yield and
integrity, hot isostatic pressing (HIP'ing) was conducted
in the Pratt & Whitney Aircraft, East Hartford, Connecticut,
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TABLE 24

Chemical Composition of Titanium Aluminide Alloy
TMCA Heat V5301, Ti-13.5A1-21.4Nb

PEWA

Element TMCA® Top Rottom Afm
Ty Balance Balance Balance Balance
Al 13.3 14.7 13.7 13.5

Nb 18.6 20.8 19.9 21.4

Fe 0.16 0.09 0.10 -

0 0.19 -

N 0.024 =

* Average of top and botto=u chemistry.
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HIP unit under conditions of 2250°F (1232°C)/15,000 psi
argon pressure for three hours. Subsequent to the HIP
treatment, the ingot was x-rayed using an in-house facility
to evaluate material integrity. Radiogra'’ ‘c analysis
revealed a completely sound ingot which was free of any
observable internal porosity.

Prior to foraing, the ends of the ingot were machined flat
and parallel and the ingot OD was turned smooth. Protective
tantalum sheets were spot welded to the end faces of the
ingot. The ingot was isothermally processed at 2000°F
(1090°C) and 0.05 inch/inch/minute to 1" thick plate con-
figuration. The isothermally forged pancake was furnace
cooled subsequent to deformation. Forging results are
summarized in Table 25 and the pancake configuration is
shown in figure 22, The prcceessing secuence yielded a €ine,
ASTM 2-15, eau:zxed alcha and intergranciar seta merphology,
typical of a structure forqged low in the alpha-peta field,
illustrated in Fiqure S50(a), with an as-forged Vickers
hardness of 257. The beta transus was determined to be 2175-
2000°F (1190-1204°C). This transus tcmperature 1s higher
than anticipated based on the 1975-2000°F (1079-1093°C)
transus determined for Alloy #42 (T:i-13.5A1-21.4Nb w/0).
liowever, the increase can probably be traced to the much
higher oxygen content of the ingot material (0.19%) com=
pared with the drop casting (0.03%). For future ingots, the
oxygen level was controlled at <0.10%.

Several preliminary heat treatment trials werc conducted
on sections of the forging. As noted in the Alloy
Development Sectinn, the properties of the alloy are a
function of the heat treatment and structure. It was
found that the incrcased size of the inaot slices resulted
in a different response (and structure) when cooled from
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TABLE 25
Isothermal Forging Results

Material Nominal Ti-24Al1-11¥b a/o
Temperacture 2000°F

3crain Rate, in/in/min. 0.05

Inieial Heighe, in. 5.0

Final Height, in. 1.0

Percent Reduction 80%

Final Flow Stress, Ksi 4.75




Figure 49. Pancake Forgqing Confiquration Produced for the
20-Pound Ti-13.5A1=21.%%L Alloy
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the beta phase field compared with earlier experience on
smaller sections. Screening studies showed that air cooling
rom a solution treatment temperature of 2200°F (1200°C)
gave the required fine Widmanstatten 3tructure, illustraced
in Figure 50(b), and a hardness value of 35§ VDN. The
majority of tests were cc.aducted on material in this condi-
tion, although this is one of a total of five heat treat-
ment variations evaluated. Specimens used for the tests
were the same as used in the first year program, shown in
Figure 3. Tensile test results are presented in Table 26.
The as-forged tensile values indicate a ductile-brittle
transition temperﬁture of about 500°F (260°C). As~-forged
strengths appear at least equivalent to the first year
program alloy, Ti-16Al-10Nb, up to the 1200°F (650°C)

test temperature. Subsequent to beta furnace cooling,
strengths are somewhat increased and the ductile-brittle
transition temperature appears to be lowered to RT.

The 0.2% yield strength, ultimate tensile strength and
percent elongation versus temperature are illustrated in
Figure 51 for the beta air cooled material. Examination

of these results indicates additional improvements in
strength and ductility values compared to the as-forged or
furnace cooled material with RT yield strengths of approxi-
mately 110 ksi, ultimate tensile strengths of about 117 ksi
and ambient temperature ductilities of approximately 0.65%.
This is an improvement in the ductile-brittle transition
temperature of about 800-900°F compared to the Ti-16A1-10Nb
alloy. From Figure 51, it can be seen that the yield
strength of the beta air cooled material drops off markedly
between RT and about S00°F (260°C). At temperatures between
500°F (260°C) and 1000°F (540°C), yield strength is nearly
constant, while above approximately 1000°F (540°C), yield
strengths once again decrease. In contrast, ultimate
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TABLE 26

Tensilc Results for the Nominal Ti-13.5A1-21.5Nb
20-Pound Ingot
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tensile strengths remain fairly constant between RT and
about 800°F (425°C); above 800°F (425°C) ultimate strenqths
also decrease with increasing temperature. Although it is
apparen: that the data are rather variable, ductility levels
can be seen to increase from a value of 0.65% at RT with
incr:asing temperature. Considering the beta air cooled
plus stabilized material, a deccease in botn strength and
ductility values is observed in the RT to 1200°F (650°C)
temperature range compared to the unstabilized material.

It can Le noted that the furnace cooled and beta air cooled
plus stabilized RT tensile results are quite comparable.

Creep rubture test results are presented in Table 27. As
in the tensile evaluation, material has been screened in
four heat treatment conditions. As-forged material was
tested ander conditions of 1309°F (700°C)/40 ksi and exhi-
bited a poor rupture iife of 0.4 hours, probably due :n
part to the luw elevated strength of the material. The
beta furnace cooled specimen exhibited a 1.3 hour rupture
life under conditions of 1200°F(650°C)/55 ksi. This low
value may also be attributed to a decline in the elevated
temperature strength capability of the furance cooled
structure, although no data exists to substantiate this at
the present time. The creep rupture capability of the ingot
material appeared significantly improved subsequent to a
2200°F (1200°C)/1 hour/AC treatment. Material creep tested
in this condition revealed a 1100°F (590°C)/60 ksi rupture
life of 233.9 hours and a 1200°F (650°C)/55 ksi life of
44.7 hours. The former value is comparable to the Ti-16Al-
10Nb alloy which exhibited a 1100°F (590°C)/60 ksi creep
life of 235 hours, while the latter value is inferior to the
first year program alloy which revealed a 92.2 hour creep
life under condition of 1200°F (650°C)/S5 ksi. These
results may be rationalized by the fact that the strength
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TABLE 27 _
Creep Results for the Nominal Ti-13.5A1-21.S5Nb 20-Pound .ngot

Tine

Heat To Tine .
Trestmect/ Test bt 3 To
sonditicn Temper- Stress Creep Pupture Llomgation Reducticn «.n-Aree
C(F)L ir, sture C‘T) (ke1)  (drs.) (4rs.) e, { S i
AseForged 700(2300!} Lo 0.03 0.4 .6 1..3
1200(2200)/1,'7C 640(1200) 5 0.0 L3 0.0 1.6
1200(2200)/3/AC $90(1100) 60 25.26 2239 7.0 -

630(2200) b)) 2.9 w7 k.5 .3
1200(2200) /1/ACe £90(210C) 30 2355 60%.9 1.6 b2
am(ueocjx /A 650(1200) 55 0.4  23.1 9.0 2
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values of the Ti-13.5A1-21.5Nb 20-pound ingo:c decrease rapidly
above 1000°F (540°C), as discussed above, in contrast to the
rather flat strength curves (at least up to about 815°C)
observed for the Ti-16A1-10%b alloy, as may be seen from
Figure 33. Specimens were also creep tested subsequent to

a beta air cool stabilization treatment. An excellent

rupture life of 605.9 hours was revealed under conditions

of 1100°F (590°C)/60 ksi arnd a life of 23.1 hours was
exhibited under condi*ions of 1200°F (650°C) /55 ksi.

The high cycl ‘atigue characteristics of the alloy were
determined at 800°F (425°C). Smooth (Kt 1) Westinghouse
HCF specimens were tested in a reverse bend (R = =1) high
cycle fatigue machine with test frequency maintained at 7200
cpm. Specimens were run until rupture or discontinued at
107 cycles with the results presented in Table 28 and
illustrated ia Fiqure 52. Material was solution treated
at 2200°F followed by an air cool. The fatigue results
indicate a runout stress (107 cycles) of 50 ksi. These
properties are slightly superior to the Ti-16A1-10Nb alloy
studied during the first year of this contracet.

B. Additional Heat Treatment Studies

It has become clear during this investigation that micro-
structural control is a key to obtaining a balance of
mechanical properties. In order to produce the required
structures in a production situation more stringent control
of cooling rate will be needed than available in air or
furnace cooling. Therefore, a series of trials are in
progress to evaluate the effectiveness of salt quenching

in producing the necessary structures without any tendency

to quench cracking. To d.te, three trials have been ccn-
ducted and the resultant structures analyzed. The conditions
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TABLE

28

High Cycle Fitigue Results for the Nominal Ti-13.5A1-21.5Nb

Test
Tl:pc;lturo
425(2%0)
425(800)
«25(200)
L25(200)
425(800)
425(300)
«<25(800)
425(%00}

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

20-Pound Ingot

Cycls Rate

R EREE

T200

146

Stress

{kst)

%0

53
-l

Cyeclss to Fallure

1.0 x 107

Ruaout
1.0 x 107 Runout
l.0x 107 Ruaout
2.9 = 1°
k.9 x 10
1.9«z 1P
8.6 x 100

5.2 x 105
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were as follcws:

1 2225°F Solution Treatment, quench into salt at
1400°F, hold for 15 minutes

2 2225°F Solution Treatment, quench into salt at
1000°F, hold fcr 15 minutes

3 217S°F Solution Treatment, quench into salt at
1400°F, hold for 15 minutes

Treatment 1 produced structures very similar to those ob-
served in material forged above tha beta transus. This
indicates that the salt temperature must be decreased in
order to prcduce the aim structure. Treatment 2 gave a
structure virtually the same as that formed on air cooling
from the beta phase field. Treatment 3, which was solution
treated in the alpha plus beta phase field contains 2
vniform distributicn of primary alpha in a relatively fine
transformed becta structure.

3. Discussion

The program conducted on the Ti-16Al-10Nb alloy in the first
year of this effort established process methods for handling
reasonably large volumes of an aluminide alloy and generated
extensive property data. The program demonstrated that
powder metallurgical methods were applicable to this class
of materials; consolidation by direct hot isostatic pressing
yielded a sound product which was forged with no difficulty.
Subsequent processing through heat treatment and the fabri-
cation of a variety of specimens was also accomplished
readily. However, ¢loser examination of specimen surfaces
prepared by conventional grinding and turning did reveal
shallow surface cracks indicating that, at least in this
alloy, not all finishing techniques could be used. 1In
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addition, machining techniques that resulted in the retention
of residual stresses in the material surtace resulted in
thermally induced instabilities. Thus, during exposure to
elevated temperature, such as during a test, the surface
layers tended to recrystallize resulting in a structural
change from an acicular to an equiaxed grain configuration.
Results of a more detailed study on such surface instabj-
lities will be found in Section IIT which also indicates

that the phenomenon is alloy dependent.

With the above two reservations, it is clear that this study
showed that alpha two aluminicde alloys can be processed

and finished using many of the techniques used for zonven-
tional titanium alloys. This in turn means that the fabri-
cation of components should be possible without the develop~-
ment of radically new mecheds.

Analysis of the mechanical and physical property data
acquired indicates that the alloy investigaied in the first
vear .. the program, namely Ti-16Al1-10Nb, is superior in
clevated temperature capability to current conventional
titanium alloy, such as Ti-6Al-2Sn-42Zr-2Mo, by 300 to 400°F
and is fully competitive with nickel-base superalloys on a
strength to density basis. The fatique properties of the
material are generally excellent over the investigated
temperature range of 800 to 1200°F, although indication of
increased scatter was found for lower temperature LCF; this
was probably zelated to the limited low temperature duc-
tility for this alloy as cbserved by tensile tests. The
high cycle fatigue results for the material generally do
not show a debit at the lower temperatures possibly because
of the more limited strain exposure inherent in the high
cycle fatigue results as compared to that of low c%gle
fatique tests. Evidence of strain hardening behavior was
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observed in the low cycle fatigue tests av both 300 and
1200°F, although it was more pronounced at the hicher
temperature. The Charpy impact data for this alioy are
relatively low at room temperature, but a censideraktle
increase in ductility observed above this temperature. At
the potential operating temperature for most titanium
aluminide gas turbine applications (1200-1600°F), the
material is competitive with alternrate nickel-base alloys
such as INCO 713cC.

The second year.proqram scaled-up alloys chosen trom the
Alloy Development Program and cenerated mechanical oroperty
data. Conventional titanium alloy melting oractice was

used to produce 20-pound ingots of the selected material

and ingots of good quality were produced. HIP consolidaticn
cf the 1ngots was shown to be an ~ffantive methcd of

sealing porusity and improving preduct yrzld in the forging
step of the process cycle. This methodology was used for
two ingots, tho third was forged in the as-cast condition
and no difficulty was encountered. Thus, in addition to the
P/M methodology demonstrated in the first year of the pro-
gram, it has also been shown that consumable arc melting
technoloqy is a viable method for aluminide production.

Mechanical property testing has been completed for the
Ti-13.5A1-21.5Nb alloy and is in progress for the other
two alloys. The alloy showed a ductility improvement over
the first year alloy, useful plasticity was measured ai
temperatures above S00°F and small but finite ductility
occurs below that temperature. However, it is clear that
the rcsults are inferior to those obtained on laboratory
size inqgots; the diffcrences may be due to cither scale-up
fact~rs and/or compositional deviations. Another obvious
ditfcrence between the two materials are in the oxygen




content which is ~0.05% in the laboratory material and
v0.2% in the 20-pound ingot. Further analysis is needed to
vin down the reasons for the changes in plasticity observed.

The improved tensile ductility . is accompanied by a reduction
in the stress rupture capability of the material. Compari-
son of the present results with'the first year alloy shows
that the differences are slight at lower temperatuies
(~1100°F) but are quite marked ?t higher temperatures
(v1506°F). It should be noted that a considerable advantage
over conventiondl alloys is still apparent.,

The improved ductility of the alloy leads to less scatter
in HCF test results at 800°F and may also be responsible
for the slight increase in runout stress value. It could
be noted that the fatigue properties cbtained at 800°F are
racher similar to ccaventional high temperature titanium
alloys, such as Ti-SAl-?Sn-er-ZMo, and thus couid ke
assumed to show no advantage. However, the critical point
is that in these lower ductility materials, the pbroperties
dt intermediate temperatures could act as a barrier to the
nmaterial's use. Thus the fatigue results may be taken as
a positive indication in the effort to apply these ﬁate-
rials in gas turbine engines.

In summary, at this Stage of the proqram the processing
Charactcristics and the properties measured for alpha two
type alloys can be consicdered ¢ticouraging. Scale-up to
larger ingot sizes and continued evaluation of promising
alloy compositions are Planned for the future. '




IV. MANUFACTURING FEAS1BILITY STUDIES

l. Introduction

Broad acceptance of a new engineeirng material requires that
it not only have attractive properties but that manufac-
turing techniques are available to produce a range of pro-
duct forms. T{or the titanium aluminides in gas turbine
engines, potential applications include components ranging
from relatively small airfoils weighing less than a pound
up to complex static structures, such as cases, which may
weight over 100 pounds. Most components can be manufac-
tured by alternative techniques; however, the cost anc
component capability resulting from various approaches are
never equal. It is consequently highly desirable that a
material's compatibility with a range of metal forming
cresations te understood.

vith each material system, a unigue set of properties can
dramatically affect the ease or complexity of a given
manufacturing approach. For example, it was well known thac
the aluminides were subiect to severe cracking during con-
ventional forging operations when they were first evaluated
durinqg the 1950's. At that time, forging appecared nearly
horeless as a result of the material's limited plasticity
and its relative strain rate sensitivity. With the develop-
ment of isothermal techniques which allow excellent strain
rate control, complex precision forgings were produced at
Pratt & Whitney Aircraft with relative ease (Figure 513).

The characteristics of this new manufacturing procedure allow
even small pieces of metal to be maintained at high tem-
peratures and within the plastic ranae of the aluminides,
for the relatively long periods of time necessary to com-
plete a forging at low strain rates. "
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The property characteristics of the material now fit the
capability of the forging technique, and forging can be con-
sidered an acceptable metalworking approach. This new
technique has overcome a manufacturing difficulty, but it
has done so at considerable added cost as a result of in-
creased equipment complexity and much slower forging cycle
time. The forgings which have been produced to date have
been done by procedures which work; however, much remains

to be done to determine the feasibility of reducing their
cost and improving their properties. Cost is in part a
function of production rate or cycle time, and if it were
feasible to increase strain rate by selecting a different
forging temperature, cost could be reduced. Selection of
new forging parameters can also affect properties since
microstructure can be changed by both temperature and strain
rate.

The feasibility of manufacture by other techniques, about
which even less is known. also requires evaluation. Small
high temperature comporents, such as low pressure turbine
blades, are one of the most important areas where aluminides
can be used since the lightweight strongly impacts inherent
body stresses in rotating components. As a result, the
payoff for the use of these materials in rotating structures
as a percent of component weight is much higher than fer
static structures. In addition, the lightweight of aluminide
turbine blades reduces the required weight of the supporting
disk structure and of the associated static structures, such
as struts, bearing supports and cases. if the aluminides
are used to produce static structures, a large total weight
savings as a percent of engine weight is possible but this
results from the large number and great weight of static
components.
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Application of these materials in low turbine blades and
static structures may require greatly different manufac-
turing procedures. For example, in the past, turbine blades
have classically been produced by casting techniques since
great precision is possible by investment casting and this
minimizes high machining cost on complex curved airfoil
surfaces. In addition, the important mechanical properties
of creep and stress rupture are superior for current tur-
bine blade materials in the cast, as compared to the forged
condition. Preliminary evaluation of the Ti3Al base alu-
minide (Ti-16Al1-10Nb) characterized in the first year of
this Air Force sponsored program at Pratt & Whitney Aircraft
has indicated that this material exhibits superior creep
rapture properties with the high temperature beta annealed
microstructure. This type of structure is present for the
cast material and, consequently, both cost ind groparty
considerations suggest that casting cacabilii:tv may te im-
ocrtant for scme aluminide materials.

In static structures such as cases, the large component size
makes it desirable to have available joining techniques to
asscumbly a complete structure using smaller cast or foraea
saections. The type of joining required may depend on local
joint stresses and properties of the joint area, but, in
addition, the cost of the joining operation is critically
important. Classically, welding is widely used in such
operations; however, rastriction of geometrical access or
property requirements can dictate the use of diffusion
bonding to achieve high microstructural nomogeneity, or the
use of brazing in restricted access areas to reduce cost.
The widest possible latitude in such manufacturing processes
will result in optimum capability, and it is consequently
important that the feasibility of a range of joining opera-
tions bc defined.
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Casting of titanium aluminides can be expected to differ
considerably from casting oZ other materials since the
primary elerments present are highly reactive; this can
affect the choice of casting environment {air, inert gas

or vacuum) as well as the choice of mold material. 1In this
area, some information is applicable from ~onventional
titanium alloy casting experience, but the higrer aluminum
content may be expected to affect mold reactivity such that
advanced low reactivity mold systems could be required.

Beyond these basic metal forging, casting and joining operations,
it is critically important that the applicability of various
metal finishing operations, such as machining, be defined.
Virtually all components require some form of machining
operation in areas where very critical dimensions must be
maintained. The surface oropertice resulting from machining
oneraticns are ~fiten critical to satisfactory component
grerformance in gas turbine engines. In the TizAl alloy
characterization phase of the first year of the Air Force
program, it became apparent that the aluminides could be
_extremely sensitive to surface condition. Several specimens
produced by conventional turning or grinding operations were
found to have surface craze cracks in the as-machined
condition, and this surface condition was found to decrease
"fatique strength. Even when actual cracking was not pre-
sent, tensile residual stresses reduced fatigue life so that
stress relief improved specimen capability.

The aluminides are not basically different from conventional
titanium base alloys in their surface sensitivity, although
effects may vary in degree. Titanium base alloys, in
general, have for some time required careful control of
machining procedures to achieve satisfactory property
capability. Parameters such as tool or grinding wheel
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speed, depth of cut, type of lubricant and flow rate nave
all been defined for conventional t:itanium alloy and
reproducible production results are achieved on a normal
basis. Similar investigation of machining technique feasi-
bility and definition of parameters were considered recessary
for the titanium aluminides.

The various program elements described below were undertaken
to provide some of the basic information and process develop-
ment needed to fabricate titanjum aluminide alloys. Much

of the work was conducted witn the allcy Ti-16A1-10Nb as a
reasonably large amount of high quality material had been
produced in the first year of this program. More recently,
additional studies have been performed on the Ti-13.5Al1-
21.5Nb alloy.

2. Joining studies
A. Brazing

Brazing feasibility was studied by producing approximately
one-inch square joints using a range of selected filler
materials., Braze alloys, such as aluminum, Ti-Cu-Ni and
Ti-Zr-Be, were examined metallographically to determine
wettability and filler flow; similar evaluations were
conducted after long time éxposure at 1650-1800°F (899-982°C)
to determine base alloy/filler metal interaction, struc-
tural stability and oxidation effects.

The base-metal sanples, which consisted of two sections
(nominally 3/8" and 3/4" diameter x 1/4" thick), were
centerless ground to rod configurations and sections on a
precision cut-off wheel. The specimen faces weie polished
flat and parallel through 400 grit silicon-carbide paper
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and vapor blasted. The Au-Ni, Al-Si, pure Al and Ti-Cu-Ni
braze materials were ottained in the form of 2 mil thick
sheet and cut to sections approximately 20 to 30 miis
larger in diameter than the titanium aluminide disks. Tha
Au-Ni and Al-Si braze materials were of eutectic ccmposition,
nominally 82Au-18Ni and 88Al-12Si, by weight. The Al sheet
was C.P. Grade at least 95% pure. The Ti-2r-Be-Al braze
was obtained in the form of -120/+4325 (10% maximum -325)
powder. Prior to each brazing trial, the Ti-16Al-10kb
materials and braze filler to be evaluated were degreased
and cleaned in a methyl alcohol solution. The braze
material was assembled tetween two titanium aluminide sec-
tions and placed in a tantalum element, resistance heated,
vacuum furnace equipped with a tungsten-rhenium thermo-

couple in ~iose proximity to the sdupie.

The Al S1 braze trial (=4} and the pire Al trial (#5) were
conducted with a local oxygen protective getter of Mg pow-
der in an attempt to improve the wetting characteristics of
these two braze materials. A pure Mg powder was cmployed
as a getiering agent and applied to the upper surface of
the bottom disk adjacent to the circumference of the joint.

An c-ryloid cement was used as a binder for the Ti-Zr-Be-Al
powder. The braze was applied in the form of paste only to
the periphery of the joiat. To maintain proper specimen
spacing, four small 1 to 2 mil thick C.P. titanium spacers
were placed at 90° intervals under the circumference of the
top section. This technique maintained proper specimen
spacing and allowed the braze material to flow into the
joint at temperature. The previous trials were conducted
between 1100°F to 1825°F from 7 to 10 minutes at 107> Torr.
Both the Ti-Zr-Be-Al and Ti-Cu-Ni trials were condugted at
1750°F for 10 minutes at 10> Torr (Table 29).
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Following visual inspection rf the braze product %o es=-ab-
lish bond integrity, general reactivity and degree of wetting,
the joint was inspected by means of fluorescent penctrant.

The product was then sectioned longitudinally, wi glated to
maintain edge definition, mounted and polished. Examinaticn
of the polished and etched (Kroll's reagent) cross section

by means of optical microscopy revealed the degree of braze
wetting, braze-base interaction, erosion and porosity in

the joint.

A total of seven brazing trials were carried out as listed
in Table 29. Macro-analysis of the Au-Ni brazed product
revealed extensive wetting of both the upper and lower
titanium aluminide sections. Examination by meaas of
fluorescent penetrant revealed an apparent small crack

in the jein: area. Microezamination <f 3 iohairudinal

Sross secticza confirmed the extensive wetting, as :llustrated
in the optical micrograph, Figure 54(a). It can also be
seer in Figure 54(a) that approximately 1.5 mils o€ :pe

base material has been eroded by braze. Examination of the
joint at 500X also revealed a number of sigrnificant features.
Three intermediate phases can be observed subsequent to
brazing with a dark etching "needle-like” phase revealed

in the braze/base metal interface. Voids and oxide par-
ticles are also observed in the center of the joint, as

shown in Figure 54 (b); the former the result of the exte.a-
sive affinity of the braze alloy for the base material while
the latter caused by oxides being "washed®” from the mate-
rial surface.

The results for the Al-Si trial and pure Al trial are tabu-
lated in Table 29. 1In both cases, the upper and lower
specimens were joined, however, macro-analysis indicated
that the Al-Si filler did not flow well and revealed
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NICKEL PLATE 7

Figure 54. (a) Au-Ni Brazed Ti-16Al-10Nb Joint Showing
Wettino and Erosion of Base Metal
(b) Micrograph of Joint Showing Phases Formed
During Brazing
Note Porosity and Oxides in Joint
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extremely poor wetting, Figure 55(a). The pure Al material
exhibited only irreqgular adhesion to the base aluminide as
illustrated in Figure 55(b). Mic.oe:amination of lonai-
tudinal sections confirmed the poor sdhesion for- both
trials and only minor interaction was cbserved in either
case. The poor brazing characteristics of the Al besed
materials could result frcem the formation of a strong ad-
herent oxide film preventing filler/base wetting.

Thus, additional Al-Si braze and pure Al trials were con-
ducted with a local oxygen protective Mg wetter in an
attempt to improve wetting characteristics. Macro-
examination of the gettered Al-Si trial (#4) revealed no
apparent improvement in wetting characteristics compared
tc the ungettered trial (#2). However, the pure Al trial
run with Mg powder adjacent te the braze exhibited a some-
what improved wertiny apgearance. Unfortunately. nicrc-
examination orf the longitudinal cross sections revealed no
significant improvement in base metal/braze interaction for
either of the above twe trials.

Macro-analysis of the Ti-15Cu-15Ni brazed prcduct, Figure
56(a), revealed extensive wetting of both the upper and
lower titanium aluminide sections. Examination by means of
fluorescent penetrant reveaied an apparent crack-frae joint
area. Microexamination of a longitudinal cross-section
confirmed the extensive wetting, as illustreated in the
optical micrograph, Figure 57(a). Note that the brazed
specimen was nickel plated prior to sectioning, mounting and
polishing to maintain eidge definition. The criginal braze
foil thickness (1.5 to 2 mils) is discernible in Fig're 37(a)
between an nrosion zone of approximately 1 mil per sida.
Examination of the joint a- 500X did not reveal the presence
of voids, however, a phasc was observed, which may be seen
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Figure 56. Results of Ti-16Al-10Nb brazing Trials
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Ori{ginal
Braze
thickness

Erosion
Zone

Fiqure 57.

(A) 100X

(L) 50X

(a) Ti=-15Cu-15N% Braze:d Ti-16Al-10NDb
(b) Ti=47Zr-5Be-5A1 Brazed Ti-16A1-10NDb
Notc Both Brazed Trials Ceonducted at 1750°F




in Figure 57(a), in the approximate center of the braze.

Macro-analysis of the Ti-47Zr-5Be-5al braze trial revealed
satisfactory wetting, Figure 56 (b), although it is clear
that an excess of braze material was applied. 1Inspection
by means of fluorescent penetrant revealed a few pinpoint
indications or voids in the joint region, however, it is
felt that these voids are more related to the fact that the
braze was applied as a Paste as opposed to a chemical
reaction. In contrast to the Ti-Cu-Ni braze trial, a dif-
fusior zone (rather than erosion zone) slightly in excess
of 1 mil may be observed in Figure 57(b), which were not
observed in the braze at 500X: however, a number of phases
were clearly revealed.

It was concluded cn tha basis of these “rials that either
the Ti-Cu-Ni or Ti-2v-Be-Al braze ailloys may be satisfactory
for producing alumiride joints for use at low Lenperature.
However, the interdiffusion and erosion characteristics
indicate that either or both of the following methods would
be preferred for use in high temperature structures.

B. Diffusion Bonding

The parameters for diffusion bonding the Ti-16A1-10Nb alloy
were established on a laboratory scale. Sections of the
alloy were prepared pending trials conducted in a vacuum
press. Bonding variables studied were time, temperature
and pressure. The bonded sections were evaluated by radi-
ography and optical metallography to determine the extent
of bonding and level of residual bond line porosity.

Specimens used for the diffusion trials were centerlé%s
ground to 0.4" diameter cylinders and sectioned to 0.25"
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thick wafers on a precision cut-off wheel. Specimen faces
were lapped flat and parallel in an alumina slurry to within
0.001". Final polishing was with 0.3 micron alumina powder
on a felt cloth. Bonding experiments were carried out in a
vacuum hot press equipped with an alumina die to maintain
alignment ¢ cpecimens; temperature was monitored with a Pt
versus Pt . 10% rhodium thermocouple. Immediately prior to
a diffusion bond trial, specimen faces to be bonded were
etched (Kroll's reagent) and cleaned with a solution of
methyl alcohol. The cylinders were diffusicn bonded under
vacuum of better than 10-5 mm Hg and under various pressure
and time parameter conditions as presented in Table 30.
Subsequent .. each run, the joined samples were sec.ioned
longitudinally, mounted and polished. Any microporosity in
the bond line was established metallographically.

Figyhe di1ffusion bornding trials were run as listed in Table
30. A longitudinal cross section of the bond run at 1800°F/
240 minutes/1,000 psi is shown in Figure 58(a), and indi-
cates incomplete closure of bond surfaces with bond line
forosity revealed, although a limited number of areas

appear to be well bonded. 7The second bonding trial was run
at 1300°F/240 minutes/3,000 psi. A Jongitudinal eross
section of this bonded specimen appears in Figure 58(b).

For these parameters it appears that complete closure of

the bond surfaces has taken place and ro microporos:ty was
observed. Also of interest in this figure is the recrystal-
lized layer of grains at the prior bond line.

Lonaitudinal cross sections of subsaauent bond trials were
examined metallographically for microporosity in the bond
line. The specimen bonded at 1900°F/240 minutes/l,000 psi
exhibited a bond line containing 20% voids. Each of sthe
two bonds run at 1700°F also exhibited a degree of
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(a) 1800°F/240 minutes/1,000 psi 100X

(b) 1900°F/240 minutes/3,000 psi

Figure 58. Longitudinal Crcss Section of Diffusion Bopded
Ti-16Al-10NL Specimens - Note Bond Lien in
(a) and Recrystallized Layer of Grains in (b)
at Prior Bond Line
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microporosity in the bond line as indicatéd in Table 30.

It can be seen from Table 30 that in order to acnieve a
complete bond, a temperature of 1900°F and a- pressure of

3 ksi applied for four hours is required.' Reducing any of
the time, temperature, pressure parameters results in inade-
quate bonding, although high pressures and long times at
1700~-1800°F probably could produce dense'ﬁonds. It would
seem that the most effective approach would be to increase
the bond temperature to 2000-2100°F, at which temperatures
the flow stress is considerably reduced (see Forging results).
In this temperature range, the time and pressure require-
ments could probably be reduced to relatively small values.
However, these gains would be offset, from a oractical
viewpoint, by tooling and contamination problems.

C. Weldment Evaluation

Freliminary attempts to weld Ti3Al based alloys condgcted
at P&WA indicated susceptibility to weld and heat-affected
zone cracking. The cracks observed were somewhét similar
in appearance to those observed in many nickel and iron
based alloys. While the cause of thias cracking behavior
has been fairiy well established for nickel base allays,
the knowledge was generally lacking for Tijhl. The only
information that has been obtained to date is that cracking
can be prevented, at least under conditions of low heat
input and low restraint, by preheating the’ sections to 500~
900°F {260-482°C). Further studies were initiated in the
program to investigate the weldability of Ti3A1 base alioys,
specifically Ti-16A1-10Nb.

Titanium aluminide panels were prepared by the collowing

two methods: (1) one sheet was rolled directly ifrom an
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as-cast ingot section and (2) two sheets were rolled from
HIP'ed pcwder. Gas tungsten arc (GTA) butt welding was the
first method used in an effort to join these Ti-16Al-10Nb
panels. Narrow strips cut from the panels were used as
filler material.

Weldments were produced at preheat temperatures of 70, 300,
500 and 700°F, as shown in the following schedule.

Preheat
Sheet Ambient 300°F 500°F 700°F
Ingot X X
HIP %1 X X X X
HIP #2 X

Prior to welding, thermocouples were atu:-~hed to the sheets

to measure preheat temperature. Preheatinc was acccmplished
by feathering the welding arc on the panels until the selected
temperatures were attained. Energy input was kept to a
miniram but varied with the amount of preheat. One EB weld
was run to join HIP #2 sheet panels. For this trial the
panels were not preheated.

Large cracks were observed in all specimens except the HI?
#2 speciman preheated to 700°F. This weld is illustrated
in Figure 59(a). 1In all other samples, cracking occurred
perpendicular to the weld and the appeararice was typical of
hot cracks, as shown in Figure 59(b). Apparently, HIP
process parameters varied because a diffcrence in weld-
ability was observed between the two sheets produced from
HIP'ed preforms. All HIP #l1 specimens exhibited excessive
weldment porosity, illustrated in Figure 59(c). kadiography
revealed extensive networks of porosity throughout the weld
beads. Porosity was not discovered in any of the other
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(a) HIP'ed sheet, preheat temperature - 700°F.
" o \ ) A3 < |
\ )

1.25X
(b) HIP'ed sheet, preheat temperature - 500°F, showing
typical crack;nq pattern.

RV LAP Y I

(c) Longitudinal cross section of (b) showing porosity rim
in weld bead.

Figure 59. Results of Ti-16A1-10Nb Welding Trials
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specimens (e.yg., hIP !2 or ingot).

More cracks were observed in the EB weld than in any of the
GTA welds; however, the cracks were smaller, but the total
length of cracks was about equal to that of the GTA welds.

The above experience may be attributable in part to the
structure present in the sheet which was not optimum.
Additional trials utilizing sections of the same thickness
cut from forged and heat treated material did not show
cracking after welding with a 700°F preheat temperature,
examples are shown in Figure 53.

It is not clear if higher niobium content will make welding
easier or more difficult., TImproved ductility could luad to

a reducticn in cracking tendency and also in preheat re-
gquired. However, the higher niobium content may increase

the welding difficulty--at least by analogy with conventional
titanium alloys in which high ®=ta stabilizing element con-
tent usually results in poor welding characteristics.

D. Forging Studies

Forging of the Ti3Al base titanium aluminide materials had
not received a systematic evaluation, although it is obvious
from previous sections that an empirical body of forging
parameters exists. Prior in-house expericnce had shown
isothermal forging to be a tra ikle approach to forming
this class of materials. Therefore, the hct die, or more
correctly, isothermal *-chnique was studied in order to
d:finc the important process variables and explore their
impact on subs- juent flow stress, microstructure and vro-
perties. This aspect of the procram investicated such

rar Iphlies: A& Sowmino SENedRasune, serEcn Hate BEe s8leoiom
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ratios for titanium aluminide pancake forgings,

A 20-pound cast ingot of nominal Ti-16A1-10Nb, double
consumably melted by Titanium Metals Corporation of Amer.ica
(TMCA) , Henderson, Nevada, was bProcured for the forging
evaluation. The chemical analysis of the ingot s given in
Table 31. The ingot was hot isostatically Pressed (41p‘'ed)
under conditions of 2200°F/15,000 Psi argon Pressure for
three hours in order to close internal pPorosity. Subse-
quent to “he HIP treatment, forging blanks nominally 1*
diameter were EDM'ed from the ingot. The Preforms were
sections to about 2" lengths And the ends were machined

Forging trials were conducted in the Pswa "Mini'Gator"
isothermal forging press equipped with T2M molybdenum alloy
tooling in vacnum and at controlled rates. The thermo-
coupied dies ang billets were equilibrated at the forging
temperature with induction heating coils for one-half hour
Erior to deformation., Also, prior to each forging run, the

and recorded during deformaticn, Forged pancakes were
furnace ccoled subsequent to deformation,

pancake forgings are Presented in Figure 60. Final foraing
thickness in each case wags approximately 0.4", ecuivalent

to about §0s reduction jn heizht. The flew Stress-reductien
in height rela:ionsn:;s fer the vari~.e STRillicre yre
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Figure 60. Ti-16Al1-10Nb Forging Trials (Left to Right)
Top: 1900°F, 0.01 inch/inch/minute;
1900°F, 0.05 inch/inch/minute

Middle: 2000°F,

Botton: 2200°F,
2200°P,

0
2000°F, 0.

0

0
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shown in Figure 61. It is clear that a considerable reduc-
tion in flow stress is obrserved with increasing deformation
temperature. Additionally, slower strain rates also

result in flow stress reduction, particularly at lower
forging temperatures. At the highest forging temperature
(2200°F), a change in strain rate results in only a small
effect on flow stress.

Visual examination indicated good results for forgings
produced at 2200°F (above the beta transus of 2150-2175°F)
for both low, 0.1 inch/inch/minute, and high, 0.5 inch/inch/
minute, strain rates. Similar results were also obtained

at 2100°F for low, 0.05 inch/inch/minute, intermediate,

0.1 inch/inch/minute, and high, 0.5 inch/inch/minute, strain
rates. Good forgeability was obtained at 2050°F for both
intermediate, 0.1 inch/inch/minute, and high, 0.5 inch/inch/
minute strain rates, while the forging produced at 2000°F
and a strain rate of 0.05 inch/inch/minute exhibited very
slight cracking as can be seen in Figure 60.

Forgings produced at 1900°F exhibited considerable cracking
while the billet run at 2000°F and 0.1 inch/inch/minute
exhibited slight cracking compared to the extensively
cracked pancake deformed at 2000°F and 0.5 inch/inch/minute.
It is clear, at least at the 2000°F forging temperature,
that the cracking tended to be more severe with increasing
strain rate.

The Vickers hardness values and resulting microstructures
for the twelve subscale forged products appear in Table 32.
In almost every case, increasing strain rates tended to
produce increased hardness values for a given forging tem-
perature. The forgings produced at 2050°F appear to be the
one exception to this trend. Additiunally, increasing
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forging temperatures, in general, yielded decreased hardness
values; this trend is more obvious when the results for a

specific strain rate are examined for a range of temperatures.
Forgings produced at 1900°F yielded a fine equiaxed alpha

two microstructure, while those produced at 2000°F and 2050°F

yielded equiaxed alpha two plus interaranular beta (which 0
transforms on cooling to room temperature) morphologies.

Plate-iike alpha two microstructures were observed for

forging temperatures of 2100 and 2200°F (beta transus of

approximately 2150°F) with an extremely coarse structure

noted for the latter forging temperature.

Two tensile tests were perfocrmed for each of the forging
trials produced at 800 and 1200°F with the results pre-
sented in Table 33. Although the data are limited, it can
be seen that the trends d.scussed in the preceding para-
grapns pertaining tn hardness values are also cbserved in
the tensile results. Increasing strain rates generally
result in increased yield strengths for a given forging
temperature. Low strength (and hardness values) are ob- i
served for forgings produced at temperatures above the beta §
transus, and .1 general, increasing foraing temperatures
resulted in reduced yield strength values for a given strain
rate. Ductility values tend to be rather rariable and

show no clear-cut trend. From a practical viewpoint, a
forging temperature in the alpha-beta phase field would
seem the best selection as it will allow maximum flexi-
bility and contrnl in the selection of a subsequent heat
treatment cycle.

E. Machining Studies

In spite of the extensive number of aluminide specimens
produced to date, machining this class of materials continues
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to be based primarily on experience; machining variables
have not been explored in detail. This effort attempts to
examine in detail the impact of limited low temperature
ductility on a number of processes currently employed in
the machining of aluminide materials. Specifically, such
processes as conventional grinding, single point tool
machining (turning) and electrochemical grinding (ECG)
were studies in terms of speeds and coolants on subsequent
surface finish, surface stress state, material soundness
(as determined by metallographic and mechanical property
examination) and the economics of each approach.

The HCF specimen was selected to evaluate material for the
machining program because of (1) the range of techniques
which mav be employed to produce the desired configuration
and (2) +<he high sensitivity to small surface imperfec-
tions in this type of test. A total of ten MDL 2329

(Figure 62) Westinghouse High Cycle Fatigue (HCF) specimens
were machined for evaluation. Table 34 summarizes the
various machining parameters used in this program. One
specimen (#1) was machined using single point tool tech-
niques (lathe turned) at a cutting speed of 200 rpm. A
tungsten carbide tool was employed with an oil-based
coolant. Two specimens (#2 and 3) were prepared by con-
ventional grinding techniques, with one machined at 6,000
surface feet per minute (SFPM) and the second at 3,000 SFPM.
A water soluble coolant was used in the grinding operation.
Several specimens were machined by the electrochemical
grinding technique (ECG) with five specimens polished
through 600 grit silicon-carbide paper after grinding.

A sodium nitrate:sodium chloride water-based solution was
used as the electrolyte with a copperdyne (Cu-Al
rotating 1,750 rpm.

203) wheel
Total ECG time was about 10 minutes

per specimen.
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Figure 62.

b 758 _.I
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Smooth High Cycle Fatigue Specimen Used in
Machining Studies Program (MDL 2329)
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Subsequent to machining, all specimens were nondestruc-
tively inspected by means of zyglo fluorescent penetrant.
In cases where zyglo indications were found, specimens

were replicated to determine the exact nature of the
indications.

Ancillary characterization tests were performed to deter-
mine the effect of peening the surface microstructure and
subsequent high cycle fatique life of Ti-16Al1-10Nb.

The basis of these experiments arose from the observation
during the previous alloy characterizaticn program of an
equiaxed recrystallized layer approximately 2 mils thick
in the notch of failed load controlled (cycled ac 800°F
and 1200°F) low cycle fatigue specimens. This condition
was not present on Kt 1.0 specimens used for the strain
coi.troiled tests and apparently resulted from the rather

severe conventional lathe turning operation used to pro-
duce the specimen notches.

In an effort to run a controlled experiment, circumferential
sections of a Ti-16A1-10Nb rod were peened to known inten-
sities. A section of the rod was left in the as-ground
condition as a baselina. A total of four peening inten-
sities were employed as follows--10N, 1SN, 18N and 33N.

The former two intensities were applied by means of glass
bead peen while the latter two were applied by means of

shot peening. Each of the peened sections (including the
as-ground section) were divided into a number of sections

by means of a precision cut-off wheel. Samples from each
condition were thermally exposed at temperatures of 800 and
1200°F for 24 hours. Subsequent to treatment, the as-peened
and peened plus exposed specimens were nickel plated to
maintain edge definition and metallographically examined.

185

. A e MW R

— N - i a— PR PR PR PRI PR




Typical as-peened (lON, 15N, 18N and 33N)'surfaces are
tllustrated in Fiqure 63. Of significance in this figure

is that for increasing peening intensities, the depth and
concentration of slip bands appear to be increased. Also
stronger peening has been observed to result in a deformed
specimen surface and in occasional microcracking, Figure 63.

Figure 64 illustfated the effect of elevated temperature
exposure (1200°?/24 hours) on the microstructure of peened
(10N and 33N) Ti-lGAl-lO&b For each of the two

examples illustrated, a recrystallized layer is revealed

on the specimen surfaces. Of interest is the increased
depth of the recrystallized zone as a function of increased
peening intensity.

Based ¢cn the results ¢f the Feening and elevated temrerature
eXxpesure study, it was decided to fabricate and test smooth
Westinghouse high éycle fatigue (HCF) specimens employing
three different fabrication techniques in order to deter-
mine the effect of surface condition on HCF properties.

A total of ten smooth HCF Specimens were prepared by the
electrochemical grinding (ECG) technique. Six of the icn
specimens were selec;ed at random for glass bead peening to
an approximately 13N intensity. Three of fhe peened speci-
ments were then given aﬁ elevated temperature exposure of
1200°F/24 hours to pProduce a recrystallized layer of fine
equiaxed grains cn the specimea surface. The four remaining
specimens were eva{uated in the as-ECG'ed condition.

The ten smooth HCF samples were cycled at a temperature of
B00°F. A reverse bend (R = =1) high cycle fatigue machine
was used with test frequency maintained at 1,800 cpm; a
stress of 55 ksi was employed for all tests. Specimens were
run until rupture or discontinued at 107 cycles. The
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results are presented in Table 35 and plotted in Figure 65,
with the HCF results from the alloy characterization program.
These rasults parallel the Previous results (conventionally
ground plus stress relieved) quite closely.

Fluorescent penetrant examination of as-machined trial

specimens produced by various techniques revealed the fol-
lowing:

1) The lathe turned specimen exhibited an indication in the
gage section which replication revealed to be a crack
originating from a machining mark.

2) The specimen ground at 6,000 SFPM revealed a small
indication in the gage section while the gage section
of the specimen prepared at 3,000 SFPM appeared clean.
The indication in the former specimen was apparently
related to a deep grinding mark.

3) One specimen examined in the as~ECG'ed condition (#%9)
revealed pinpoint zyglo indications in the gage section.
Replication of this specimen revealed what appeared to
be "pits" as opposed *o cracks. All other specimens
showed no indications of surface flaws.

Evaluation of failed low cycle fatigue specimen microstruc-
ture (#4) showed indications of surface recrystallization

on lathe turned samples which could be correlated with vari-
ations in low cycle fatigue behavior at 800 and 1200°F.

The recrystallization on lathe turned surfaces was postu-
lated to occur as a result of the severe local deformation
during the machining operation and exposure to elevated
temperature, either as a direct result of machining during
the stress relief treatment or during subsequent specimen
test.
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The results of the ten Westinghouse HCF results are pre-
sented in Table 36. Although a significant amount of

scatter is present in the data, it appears that the as-ECG'ed
samples, taken as a group, may be slightly superior in 1
comparison to the ECG + peened (13N) or ECG, peened (1l3N)
plus thermally exposed (1200°F/24 hours) specimens. How-
ever, it is readily apparent that no significant differences
exist between each of the three groupings.

Additional studies to more fully characterize turning charac-
teristics of aluminide alloys have been performed. A set

of Ti-16Al-1CNb bars fabricated by single point tool machining
techniques were examined in both the as-machined and machinred
plus exposed for 24 hours at 1200°F conditions. All machi-
ning conditions examined revealed some degree nf surface
cracking. The best results appeared tc bes achieved using a
small uiametez rool, rotaticnal speeds of 150-200 rpm and
taking relatively heavy cuts. In several cases, the cracking
present after machining was accentuated by the elevated
temperature exposure. In no case did the exposure cause
recrystallization, as had been previously observed in

ground and peened surfaces.

Bars of Ti-13.5A1-21Nb and Ti-13.5A1-21Nb-0.15Si have been
machined by single point turning using the parameters pre-
viously studied on the Ti-16A1-10Nb alloy. Ti-13.5A1-0.1Nb
was machined with a rotational speed of 225 rpm and a 0.003"
per pass feed, while Ti-24Al1-11Nb-0.25Si was machined with
a rotational speed of 357 rpm and the same feed. The sur-
faces of these two alloys were compared with the surface of
Ti-16A1-10Nb which was machined under the same conditions.
The Ti-13.5A1-21Nb and Ti-13.5A1-21Nb-0.1Si bars were
inspected by zyglo and in metallographic sections.
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No crack indications have been found in either alloy, demon-
strating a dramatic improvement in machinability over previous
alloys such as Ti-16Al1-10Nb, as illustrated in Figure 66.
Sections of the machined bars vere exposed at 1200°F to deter-
mine surface stability characteristics. The surface of the
bars exposed at 1200°F exhibited essentialily the same struc-
ture as the interior of the specimens and no crac:s were
formed as a result of exposure.

F. Casting Studies

Experiments designed to determine alpha two titanium aluminide
casting fluidity relationships and metal-mold surface inter-
action have been performed. The fluidity experiments were
conducted using a Leybold-Hereaws electron Leam furnace with

a vented, center pour spiral Fraphice nmold maintained at

room temperature. Length of pour imto the spiral cavity w

was used as a measure of fluidity. The initial trial 2mployed
a Ti-6Al-4V aliloy as a baseline in order tc compare results
with two subsequent Ti-16A1-10Nb runs. For comparison of

cast structures and surface reactivity, melts were prepared

in alumina and zirconia molds and sectioned.

Three melting trials have been run employing Ti-6Al-4V as a
baseline trial and Ti-16A1-10Nb for the following two runs.
The spirals for the three casting trials are illustrated in
Figure 67. Chemical analysis of the solidified product for
aluminum content gave the following results:

Material Weight of Aluminum
Ti-6Al-4V 3.3
Ti-16A1-10Nb 13.9
Ti-16Al-10Nb (Increased £B Power) 7.5
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Ti-13.5A1-21.5Nb-0.1Si
357 rpm - 0.003" Feed

(c)

225 rpm -~ 0.003" Feed

(b) Ti-13.5A1-21.5Nb

357 rpm - 0.0035" Feed

Ti-16A1-10Nb

a)

(

Surface Condition After Machining of Alloys

Figure 66.
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The casting conditions for the Ti-6Al-4V casting and Ti-
16A1-10Nb (a) were the same--the degree of superheat being
controlled by the EB gun power setting and assessed by the
temperature of the exit cooling water from the crucible.
Increasing the power setting, as was done in the third
trial, Figure 67, did not increase the penetration of the
molten charge. 1In fact, the length of the spiral is vir-
tually independent of alloy and EB gun power setting. Of
more importance is the compositions of the castings.
Problems with melting alloys with high aluminum content can
arise due to the high vapor pressure of this element in the
hard vacuum environment used for melting. It is of some
importance, therefore, that using a low EB power setting
results in the loss of only 2% alumimum, a value for which
may be possible to compensate by using melt chemistries with
a higher starting aluminum content.

Preliminary results of a surface evaluation of castings
produced in vdarious mold indicate that reaction is slight
in both oxide and graphite molds. Alumina appears to be a
superior mold material compared to zirconia (Figure 68).

3. Summary and Conclusions

This series of investigations of manufacturing techniques
reflects clearly some of the problems in processing low
ductility materials. The welding, machining and to some
extent the forging results, all indicate cracking problems
are associated with the processing of the Ti-16Al-10Nb
alloy. There are indications that alloys with improved
low temperature ductility can alleviate many of the un-
desirable characteristics. Conclusions that can be drawn
at this stage of the investigation are as follows:
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e Only electro-chemical methods are capable of pro-

ducing a sound and stable conditiorn in the alloy

o g 60 g

Ti-16A1-10Nb. More severe machiniang or finishing
operations not only produce surface cracking but may
also pruduce surface structural instaktilities on
exposure to elevated temperatures. Improved machin-
ability and possibly surface stability are exhibiced
by alloys with improved ductility at low temperatures.

e Welding of the alloy Ti-16Al1-10Nb is possible if
sections are preheated to ~ 700°F. The starting
structure of the material may also be critical.

e Castability of aluminide alloys appears to be simi-
lar to conventional titanium alloys. Electron beam
melting only vffers minor advantages over conven-
tional melting methods, low superheat i3 mancdated
by the loss of aluminum from melts.

e Although successful brazing methods have been estab-
lished, it is considered that joining by diffusion
bonding or welding are preferable joining methods,
if the joint is to be exposed to elevated temperatures.
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