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FOREWORD 

This final technical report describes the work per
formed between November 30, 1976 and June 30, 1978 for 
the National Aeronautics and Space Administration Lewis 
Research Center Wlder Contract No. NAS 3-20383, "Evalua
tion of an Advanced Directionally Solidified y/y'-aMo 
Eutectic Alloy." The report was prepared by the Metal
lurgy Laboratory of the General Electric Company's 
Research and Development Center in Schenectady, New York • 
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Section 1 

SUMMARY 

The purpose of this program was to improve - - through changes in com
position -;,. the Mo-fiber reinforced directionally solidified eutectic y /Y '-a 
alloy (AG-60*) containing by weight 5.7 percent AI, 32.3 percent Mo, and 
the balance Ni, previously identified in contract NAS 3-19711. Since the 
scope of the properties important to blade design is too large to evaluate for 
a number of alloys, the program was planned to screen a large number of 
alloys on the basis of rupture resistance alone, select a few alloys for fur
ther evaluation, and then choose one alloy for fuller characterization. 

Thirty-six alloys were chosen to consider the response of the Ni-AI-Mo 
system to alloy modification. Additions of Ta, Ta+Cr, V, V+Cr, Re, Re+Cr, 
V+Re, V+W, Ta+Ti, Re+Ti, and Ta+V+Re+Ti were considered. Of this group, 
7 alloys were superior to AG-60 in rupture at 850oC, 12 alloys at 1100oC, 
and 4 alloys at both conditions. 

't Based on these results, 3 of the alloys plus 3 new alloys were chosen 

" 

for further evaluation. The most potent strengthening element in the first 
36 alloys was V; therefore, all 6 alloys contained at least 2 atom percent V, 
and one contained 4 atom percent V. Other concepts pursued in this further 
evaluation included V+W, V+Re, V+Ta+Re+Ti and V+Ta+Re+Ti+Cr. These 
alloys were tested in longitudinal and transverse tension and in longitudinal 
rupture, with and without prior cyclic temperature exposure. The most 
heavily alloyed material could not be fully aligned at a solidification rate of 
1 em/h. Three of the alloys were nearly equivalent (V, V+Re, and 
V+Ta+Re+Ti) in terms of a balance of the measured behavior. 

Alloy 38 (AG-170) was given the most extensive evaluation. This alloy 
contains by weight percent, 5.88 AI, 29.74 Mo, 1.65 V and 1.20 Re, and 
the balance Ni. It presents no major problem in solidification. Its demon
strated solidification rate (1 cm/h) at blade processing temperature gradi
ents is somewhat less than for AG-60, but greater than for either NiTaC-13 
or y /Y '-0. No reactivity of the liquid alloy with 3 different mold materials 
was observed. The alloy is processible to hollow blade shapes using cur
rently available mold and core ceramics. 

Alloy 38 has greater longitudinal tensile strength at high temperatures 
than most conventional sugeralloys, but is weaker than the directionally 
solidified eutectics NiTaC *-13 and y /Y '-0 over most of the temperature 

*AG is a General Electric Corporate Research and Development alloy 
designation. 

**Ni TaC is a generic designation for nickel based eutectic alloys reinforced 
with monocarbide whiskers. 

1 
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range. In the transverse direction, its tensile strength equals that of AG-60 
and Ni TaC-13, while its elongation shares with that of AG-60 a significant 
advantage over that of other eutectic systems. The tensile shear strength 
of alloy 38 is intermediate between AG-60 and NiTaC-13 and substantially 
better than y /y '- 0 • 

The stress rupture strength of alloy 38 in the longitudinal direction was 
generally greater than AG-60 at low stress, high-temperature rupture con
ditions; and its low-temperature rupture strength could be improved beyond 
that of AG-60 by the proper choice of the coating process cycle. The alloy 
in the coated plus coating heat-treated condition is more resistant to stress 
rupture than the base AG-60 at all stresses. It is also within 1 Larson
Miller (T = 1. 8 K) parameter of NiTaC-13 at 800 MPa, and is 2 parameters 
above NiTaC-13 at 100 MPa. In transverse stress rupture, uncoated alloy 
38 is comparable to AG-60, providing a Significant strength advantage over 
other eutectics at high stresses. Cyclic and isothermal exposure up to 
1000 hours at 7500 C prior to testing at that temperature appeared to have 
no effect on the rupture strength. However, exposure up to 1000 hours at 
11000 C decreased the rupture life between one-third and one-half; a com
parable exposure of NiTaC-13 produces a rupture life decrease by two
thirds. Since in actual blade service only a small fraction of the design life 
is spent at 11000 C for any portion of the turbine blade, the observed degra
dation is small. Compared to conventional superalloys exposed to 10000 C, 
alloy 38 cycled to 11000 C offers improved stability to rupture life loss dur
ing service exposure. 

Dynamic modulus behavior was similar to current aircraft blade alloys, 
but the thermal expansion coefficients were Significantly smaller than for 
current alloys. This may be beneficial in reducing thermal strains result
ing from temperature gradients in turbine airfoils. At the same time, the 
low expansion behavior may require different coating compositional concepts 
to achieve a compatible alloy/coating system. The alloy may need· a coating 
on the internal cooling passage surfaces as well as on the outer blade surface 
to prevent excessive oxidation. 

Based on the results obtained in this program, alloy 38 (AG-170) repre
sents an improvement beyond alloy AG-60. Both of these alloys, as well as 
possibly others in the y /y '-a (Mo) eutectic system, may be considered as 
potential alternate or superior blade materials to those of the Ni TaC and 
y /y '- 0 eutectic systems. 
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Section 2 

iNTRODUCTION 

Throughout its entire history, advances in turbine blade materials tech
nology have been fundamental to the evolution of the jet engine. The contin
uous need for better materials has resulted in an increase in metal capability 
of 50 to 100C per year. Since the 1950's, growth has depended on new 
gamma-prime-strengthened nickel superalloys which, in turn, have required 
the development of vacuum processes for melting the increasingly complex 
alloys. Further improvements have been made through directional solidifi
cation. Directionally solidified alloys have better rupture and thermal 
fatigue lives because of the virtual elimination of weakening grain boundaries 
normal to the major stress axis and the low elastic modulus of the grains 
along the major stress axis. Because ductility is increased in directionally 
solidified superalloys, they have been heavily alloyed to increase their 
strength, while maintaining adequate ductility for blade applications. How
ever, it now appears that further dramatic advances in directionally solidified 
superalloys cannot be readily achieved • 

Better turbine blade materials are being sought in many laboratories 
through various approaches, including: synthesized composites using strong 
filamentary reinforcements, directional eutectics (in situ composites), oxide
dispersion-strengthened alloys, single crystals, and ceramics. Of these, 
the most promising candidates are judged by General Electric to be the di
rectional eutectics. In the early 1960's, it was recognized that directional 
solidification of eutectics was a feasible method for producing composites. 
Although aligned eutectic composites lacked the flexibility in reinforcement/ 
matrix combinations of the synthesized composites, they offered solutions to 
many of the problems confronting the latter type in high-temperature appli
cations. SpeCifically, eutectic composites offered two major potential ad
vantages: 1) high-temperature chemical compatibility of phases and 2) fabri
cation simplification. There was also the possibility of whisker-like, high 
strength in one phase from crystal perfection and the desired strong bond be
tween the phases through interphase diffusion at the solidification temperature. 
These materials are far along the path for use in engines. 

The successful use of eutectics in jet-engine, high-pressure turbine 
blade applications requires the development of many new or improved tech
nologies, including: 

• Development of an alloy to meet some preset property goals 

• Development of internal and external coatings for the higher eutectic 
blade temperature capability 

• Early assessment of eutectic blade manufacture and demonstration 
of performance in component bench and engine tests 

3 
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• Establishment of a cost-effective manufacturing method for casting 
complex, cooled, high-pressure turbine blades 

• Demonstration of eutectic, high-pressure turbine blade performance 
in bench and engine tests 

• Development of industry capability (including involvement of vendors) 
to manufacture cost-effective eutectic blades 

• Acquisition of design data and development of design practices 

For the NiTaC eutectic systems, such a full evaluation has been under
way at General Electric for a number of years. However, another eutectic 
system, Y /Y '-aMo, is receiving attention as a blade material. This system 
was identified in a recent NASA-sponsored program [ref. 1] which had as 
its objective the production of at least one new directionally solidified 
eutectic alloy from among 6 systems studied for potential use in jet aircraft 
engine turbine blades. The property goals (Table I) for the new alloy were 
superior to those of the eutectic alloys already undergoing extensive study. 
These goals were, at least in part, met by the Y /Y '_a Mo system. A devel
opmental program of other Y /Y '-aMo eutectics is being performed under 
NA V AIR sponsorship [refs. 2 through 5] in addition to the present p-rogram. 

TABLE I. - PROPERTY GOALS FOR EUTECTIC ALLOY DEVELOPMENT 

1. Longitudinal tensile strength at 7500 C of 1050 lVlN/m2 (150 000 psi) and 
at 11000 C of 700 lVlN /m2 (100 000 psi) 

2. Elongation of at least 5 percent in longitudinal tensile tests at all 
temperatures 

3. A 1000-hour longitudinal rupture life at 7500 C under 700 lVlN /m2 

(100 000 psi) stress and at 11000 C under 140 lVlN /m2 (20 000 psi) stress 

4. Ability to withstand 500 hours (at 1 cycle/h) of cycling between 4250 C 
or less and 11500 C with less than a 10 percent decrease in stress 
rupture resistance 

5. Longitudinal shear strength of not less than 35 percent of the longitu
dinal tensile strength 

6. Oxidation resistance equal to that of Hastelloy-X at 7500 C and 11000 C 

7. Aligned structure when solidified at a rate of 2 cm/h or gr~ater for a 
thermal gradient of 100oC/cm or less with a 1. 25-cm-diameter bar 

8. A melting point of not less than 12500 C 

9. A density of not over 9. 15 g/cm3 (0.330 Ib/in3) 

10. A transverse tensile elongation of > 1 percent at room temperature 
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\Vork in the literature on the Ni-AI-Mo eutectic was very limited prior 
to the NASA program. Tnompson and Lemkey [ref. 6] reported on a 
NiaAI-Mo eutectic with 26 v /0 fibers, a melting point of 1306~C, a density 
of 8.18 gm/cm3, a Young's modulus of 138 G~/m2 (190 7x 10 psi) and room
temperature tensile properties of 1120 MN/m (160 ksi), ultimate strength 
with 21 percent elongation. The composition reported by Ashbrook [ref. 7] 
was Ni-8 w/o AI-27 w/o Mo. Henry [ref. 8] later showed that there is no 
Y'-o' eutectic in the Ni-AI-Mo system. Rather, the alloys solidify as y -a, 
with subsequent precipitation of y , from the y matrix. For sufficiently high 
Al contents, the y can be completely consumed by y' precipitation. 

In contractNAS3-19711 [ref. 1], the alloy AG-60, Ni-13.2 a/o (5.7 w/o) 
Al and 21 a/o (32.3 w/o) Mo, was found to have an excellent balance of 
strength an.d ductility_ The exceptional properties of this alloy make it an 
excellent choice to serve as a base composition for development of an alloy 
for aircraft turbine blade applications. The microstruct ure consists of 
regular and continuous rods of O'Mo in a matrix of aNi-rich y that contains 
the Ni3A I y' phase as precipitates. The strength properties of the alloy 
are in the same rang~ as the more mature eutectic~, NiTaC-13 and 
y /y '-0. The density of the material is 8.65 g/cm. Directional solidifica
tion at 2 cm/h results in a well aligned structure; higher rates may be pos
sible. An advantage of the y /y '-a Mo eutectic system over these other 
eutectics is the good ductility of both the matrix and the reinforcement. The 
solidification temperature of the AG-60 alloy is approximately 13000 C. The 
cyclic oxidation resistance of the simple three-element Ni-A I-Mo alloys is 
essentially equivalent to NiTaC-13 and y /Y'-O, indicating that coatings 
will be critical to the use of this alloy as a blade material; the system is 
more processable than either NiTaC-13 or y /yf_O. Mold systems based 
on A1203/Si02 will probably be adequate, but cores other than Si02 will be 
needed. 

To evaluate the y /y '-a Mo system, a number of properties must be 
characterized, since turbine blade design encompasses a wide spectrum of 
material properties. The airfoil operates in a very high-temperature en
vironment under both centrifugal stres s and stresses generated by the gas 
loads, the temperature distribution, and the pressure fluctuations. The 
modulus of elasticity determines the thermal stress and the blade natural 
frequencies; the coefficient of expansion contributes to both the thermal 
stress levels and the blade growth; the thermal conductivity affects the ther
mal gradients and the transient airfoil temperature profiles. The combined 
centrifugal, thermal, and gas bending stresses can be evaluated on a modi
fied Goodman diagram to find the airfoil life limit due to stress rupture and 
high cycle fatigue. Other potential sources of airfoil failure include thermal 
fatigue, oxidative metal loss or alloy depletion, hot corrOSion, foreign 
object damage, and creep instability due to unusual overtemperature conditions. 

5 
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Attachment of the blade to the disk requires a different approach in de
sign and in required material properties. A single or multiple tang dovetail 
supports the entire centrifugal load of the airfoil, the platform and the 
shank, transmitting the blade loads to the supporting disk at the tang pres
sure faces. The operating temperature of the attachment area is usually 
kept below 6500 C in order to take maximum advantage of the disk material 
yield strength. Ductility and low cycle fatigue capability are critical in 
dovetail design. The blade material must be able to yield locally and re
distribute the load so that an averaging effect of the working stress level is 
achieved after the first few cycles. Without good ductility, notch sensitivity 
would be higher and overall cyclic life would be less. 

A special consideration for eutectics is the directionality of the proper
ties. Both longitudinal and transverse mechanical/physical properties are 
required to fully engineer the alloy and the design into a solid working pack
age. 

The purpose of the present program was to improve .- through changes 
in composition - the y /y '-a Mo alloy, AG-60, previously identified in con
tract NAS3-19711. Since the scope of the properties important to blade de
sign is too large to evaluate for a number of alloys, the program was planned 
to screen a large number of alloys on the basis of rupture resistance alone, 
select a few alloys for further evaluation, and then choose one alloy for fuller 
characterization. 

In the first task, 36 alloys were evaluated microstructurally at two 
growth rates, and their aligned structures were tested in stress rupture at 
8500 C and 11000 C. For improved stress rupture resistance over the range 
of turbine blade service temperatures, the simple ternary y /y '-a system 
offers compositional flexibility to influence the y, y', and a phases sepa
rately or in combination. For the y phase, the elements W, Re, and V are 
known to provide strengthening by solid solution hardening. The elements 
Ta and Ti, as well as V, are potent in strengthening Ni3A I • For Mo, all 
of these elements exhibit appreCiable to complete solid solubility; some, 
such as Ta, increase the lattice parameter of Mo; and others, such as V, 
decrease the lattice parameter. Additions of Cr can also be considered for 
improved oxidation resistance. The partitioning of Cr will be predominantly 
in the y and a phases. 

Based on the rupture behavior of these alloys, 6 compositions were 
chosen for evaluation in Task II. Again, structural evaluations were per
formed, and the alloys were tested in rupture at 7500 C and 11000 C. Bars 
were also thermally cycled to 11000 C for 150 hours and rupture tested at 
1100oC. The tensile strength and ductility of each alloy was evaluated at 
7500 C and 11000 C in both the longitudinal and transverse orientations. 
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Finally, a single alloy was chosen for testing in Task III. This involved: 
microstructural evaluation; creep rupture at 750°C and 1100oC; stress rup
ture at 750°C, 8500C, 950°C, and 1100oC; transverse stress rupture at 
7500C and 950°C; thermal cycling to 11000C followed by rupture at 750°C and 
1100oC; 1000 hours exposure at 7500C and 11000C followed by rU8.ture at the 
exposure temperature; tensile tests at 230C, 600°C, 7500C, 850 C, 950oC, 
and 1100oC; transverse tensile tests at 750°C and 950°C; and longitudinal 
shear tests at 750°C and 1100oC. A number of coated specimens were 
tested in ru8.ture at 750°C, 950°C, and 1100oC; and in tension at 230C, 600°C, 
750°C, 950 C, and 1100oC. Uncoated specimens were heat treated to simu
late the coating cycle and then ruptured at 750°C and 1100oC. The incipient 
melting temperature was also determined for the coated alloy. Dynamic 
modulus and coefficient of thermal expansion were determined, and the 
cyclic oxidation behavior of the alloy at 7500C and 11000C was measured. 
The reactivity of the liquid alloy was measured in three mold materials and 
two core materials. 
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Seetion 3 

MATERIALS AND PROCEDURES 

MELTING 

Raw metal charges were melted in alumina crucibles in an argon atmo
sphere using a motor-generator induction heater at approximately 10 kHz. 
Elements such as A 1 were added after initial melting. The melts were 
superheated about 300oC, cooled to measure a thermal arrest temperature, 
remelted, and poured into copper chill molds. Typical material purities 
were: 

Maximum 
total impurities Major nonvolatile 

Element percent impurity 

Al 0.01 60 ppm Si 

Cr 0.5 0.35% Fe 

Mo 0.3 0.04% Fe 

Ni 0.02 0.01% C 

Re 0.02 100 ppm W 

Ta 0.02 40 ppm W 

Ti 0.3 0.03% Fe 

V 0.2 0.15% Si 

W 0.5 0.05% Mo, Si 

DIRECTIONAL SOLIDIFICATION 

Directional solidification was performed in modified Bridgman fur
naces. The smaller ingots were directionally solidified by in situ melting 
2-cm-diameter melt stock in 2-cm-diameter recrystallizedAI2'03 cruci
bles in an argon atmosphere. The furnace had a graphite susceptor that was 
inductively heated by a radio frequency (apprOXimately 450 kHz) induction 
power supply. The ingot sat on a water-cooled copper side chill during 
directional SOlidification; temperature gradients were approximately 
100oC/cm. The smaller 2-cm-diameter ingots were generally 9- to ll-cm 
long. 

The larger ingots were produced by melting the alloy master melt in an 
upper melting chamber with a motor-generator set and pouring the molten 
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charge into 4-cm-diameter recrystallized A1203 crucibles. The heat 
source in this apparatus was a resistance-heated, wire-wound furnace tube; 
temperature gradients were approximately 130oC/cm. Turbine blade shapes 
were directionally solidified in this same apparatus. 

STRUCTURE EVALUATION AND SECTIONING 

Initial evaluation of the structure of the directionally solidified ingots in 
all of the tasks was performed by grinding a longitudinal flat along the entire 
length of the ingot and polishing it to a metallographic finish for microscopic 
examination as-polished. The Task-I ingots were then documented for 
lengths of chill-cast structure, hyper- or hypoeutectic structure, aligned 
structure, and/or cellular structure. From this evaluation, the ingot was 
scheduled for machining into test specimens or a modification was performed 
on the chemistry or solidification rate. The ingot sectioning schedules used 
in Task I are shown in Figure 1. The cut between pieces Nos. 2 and 3 was 
selected to be approximately 1. 25 cm above the top of the sort-out zone, if 
present. Piece No. 3 was used as test bars. Piece Nos. 2 and 4 were 
checked for density, and the top of piece No. 2 and the bottom of piece No. 4 
were polished for transverse microstructural evaluation. 

TOP 

5 

4 

f 

3 

2 

I 

BOTTOM 

D ENSITIES FOR No.2 AND No.4 

1 

j 

I 
I 

EST BARS FROM No.3 
"'1.25 em ABOVE SORT-OUT) 

RANSVERSE METALLOGRAPHY 
OR THE TOP OF No.2 AND THE 
OTTOM OF No. 4 

TRANSVERSE VIEW 
OF NO.3 SHOWING 
TEST BAR LOCATION 

Figure 1. - Schematic Sectioning Diagram for "Directionally Solidified Ingots. 

Alloys in the y/y'-aMo system exhibit a wide range of microstructures. 
Visual standards set for the transverse cross sections were used for all of 
the tasks, while those set for the longitudinal cross sections were used in 
Tasks IT and ITI. 
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Visual sta.l1dards were set for classification of the structures from 
longitudinal views, for Task-u and -III alloys, in a fashion anaiogous to the 
transverse standards reported. On the longitudinal sections, it was ex
tremely difficult to distinguish between those structures rated as 4 and 5 
on the transverse. Therefore, the visual standards for longitudinal classifi
cation were: 

Longitudinal 
rating 

Corresponding transverse 
rating 

A 

B 

C 

D 

1 

2 

3 

4 and 5 

Visual standards used for classification of the longitudinal sections are 
shown in Figure 2. 

Figure 2. 

o. b. 

c. d. 

- Visual Standards for Degree of Alignment in Y /Y '-0. Mo 
Longitudinal Sections 0 a) Rating = A, b) Rating = B, 
c) Rating = C, d) Rating = Do 
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Visual standards used for classification of the transverse sections of 
the ingots scheduled for testing are shown in Figure 3. The structures are 
rated as 1 through 5 in progression from aligned to cellular: 

Rating Classification 

1 Aligned; possibly some plates at grain boundaries 

2 Bimodal distribution of fiber sizes in a nonsymmetric 
cell-like pattern 

3 Incipient cells with a breakdown to plates at the cell 
boundaries 

4 Large, irregular cells 

5 Small, symmetric cells 

For directional castings (4-cm diameter) from Tasks II and ill, micro
structures on the polished longitudinal flats were classified according to the 
longitudinal visual standards. Transverse classifications were more reli
able because of the presence of a rim or edge effect for some compositions. 
Rims of structure different from the bulk of the ingot center were observed 
to vary in thickness from composition to composition 0 In no case did the 
gauge of a mechanical test specimen contain any microstructure not typical 
of the bulk of the ingot. A 5. 2-cm length was then cut from the Task-IT in
gots for longitudinal and transverse mechanical test specimens. The ends 
of this 5. 2-cm section were metallographically polished, and the structure 
at each end was classified according to the transverse visual standards. For 
the Task-ill ingots, two sections were cut for specimens. A 4. 2-cm length 
was taken from the. bottom of each ingot for creep longitudinal rupture, ther
mal expansion, dynamic modulus and cyclic oxidation specimens. A section 
either 4. 2 cm or 5. 2 cm in length was taken from the top for longitudinal 
and transverse tensile, transverse rupture, creep, thermal expansion, and 
longitudinal shear test specimens. Sections from the bottom and the top of 
the ingots were taken for transverse microstructure classification and 
fluorescence chemical analysis. 

DENSITY DETERMINATION 

Densities were determined on coupons from the aligned sections of the 
directionally solidified ingots. The density was calculated from weights 
of the coupons in air and in glycol. 

TENSILE TESTS 

The specimen design used for the longitudinal and transverse tensile 
tests is shown in Figure 4. The specimens were tested in split grips in a 
screw-driven Instron tensile machine. The specimens were tested in air at 
room temperature, and in a capsule at approximately a 5-/lm Hg pressure 
vacuum level at other temperatures 0 The crosshead rate used was O. ~ 
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Figure 3. - Visual Standards for Degree of Alignment in y / y! - nMo 
Transverse Sections. a) Rating = 1, b) Rating = 2, 
c) Rating = 3, d) Rating = 4, e) Rating = 5. 
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" 

2.57 DIA 
2.54 

5. I (MAX) 

7.0 [ DIA 

f 6.35R 
+ + 

15.9 9.52~ 

12.7 15.88 

41.3 

DIMENSIONS IN mm " 

TENSILE AND RUPTURE SPECIMEN 
'Ii 

Figure 4. - Specimen Used for Tensile and Creep Rupture Tests. 

0.25 R , t 
7.0 DIA 2.54 DIA 

t J 

6.oL,6.0J r- 0.76 

DIMENSIONS IN mm 
LONGITUDI NAL SHEAR SPECIMEN 

(. 

Figure 5. - Specimen Used for Longitudinal Shear Tests. 
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cm/min. The effective gaug~ length was taken as 1.14 cm, yielding a plas
tic strain rate of 0.044 min- 1

• Load vs. time was recorded, from which 
was extracted O. 2 percent yield strength, ultimate tensile strength, strain
to-maximum load, and strain to failure. Reduction in area was measured 
on each test bar. 

LONGITUDINAL SHEAR TESTS 

For longitudinal shear strength, a specimen was designed with a shear 
area equal to the minimum area perpendicular to the principal stress. The 
specimen design is shown in Figure 5. The specimen consisted of a uniform 
section having a diameter of 0.41 cm and a one-button head 0.10 cm in 
length. The shear area is then 1f x 0.41 x 0.10 or approximately 0.13 cm2. 
The specimens were tested in split grips at a crosshead rate of 0.05 
cm/min, and the load vs. time was recorded. 

This test, while not a pure shear test, was a good evaluation of the 
in-service loading conditions. 

CREEP AND STRESS RUPTURE TESTS 

The specimen design used for the longitudinal and transverse stress 
rupture and longitudinal creep tests was the same as that used for the ten
sile tests (see Figure 4) 0 The tests were run as constant load tests in 
135 kPa (abs) argon. Specimen elongation was monitored in the creep tests 
to determine time to 0.02, 0.05, 0.2, 0.5, and 1 percent creep strain. 

THERMAL CYCLING AND ISOTHERMAL EXPOSURES ' 

Specimen blanks 0.7 cm in diameter by 4.4 cm in length were used for 
the thermal cycling and isothermal exposures. The specimen blanks were 
cycled or exposed isothermally in evacuated quartz tubes in a static air, 
resistance-wound furnace tube. Isothermal treatments were at 7500 C and 
11000 C. The thermal cycle consisted of a one-hour period, with 50 minutes 
in the furnace and 10 minutes outside the furnace, which was automated for 
continuous operation. A thermocouple recorded the temperature on a strip
chart recorder. The specimens cooled to apprOXimately 2000 C and spent 
approximately 45 minutes at the furnace temperature of 11000 C during each 
cycle. The furnace te mperature was maintained through the use of a 
thermocouple and a continuously monitoring proportional controller. 

Mter thermal cycling or isothermal exposure, a short piece was cut 
off the end of each blank for metallographic examination. The remainder 
was machined into a stress rupture specimen. 
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CYCLIC OXIDATION 

The apparatus and cycle used for the static air, cyclic oxidation tests 
were the same as those used for the thermal cycling. The test specimens 
were 0.25 cm in diameter by 4-cm in length. Maximum temperatures of 
11000 C, 10000 C, and 7500 C were used, as designated. Periodic weight 
change measurements were made. 

CERAMIC/METAL REACTIVITY 

A ceramic/metal reactivity test was performed to evaluate the re
activity of the c.andidate shell mold and core materials for directional 
solidification of turbine blades. The blade castings were grown with a 
superheat of approximately 2500 C in a Bridgman apparatus having an upper 
pouring chamber. Reactivity was determined by metallographic examina
tion. 

THERMAL EXPANSION 

Bars 0.64 cm in diameter and 4.2 cm in length were used to determine 
the coefficients of linear thermal expansion on heating and cooling between 
room temperature and 11000 C. A standard Si02 bar was used for continuous 
differential length measurements as the furnace was heated at a rate of 
50 C/min and cooled at a rate of 50 C/min. Tests were performed in the 
laboratories of Theta, Inc., Port Washington, New York. 

DYNAMIC MODULUS 

Bars 0.25 cm in diameter and 4.2 cm in length were used to determine 
the dynamic modulus. The specimens were welded to a Ni-W alloy rod and 
placed in a resistance-wound furnace in an argon atmosphere. An ultra
sonic pulse was initiated in the specimen and the echo pulse frequency was 
matched to a signal of known frequency, f. Knowing the specimen length, i, 
and density, p, the modulus was calculated from E = Kp (if)2, where K 
was a dimensional constant. Determinations were made at 250 C and at 
1000 C intervals on heating to and cooling from 12250 C. 

FLUORESCENCE CHEMICAL ANALYSIS 

Intensities of characteristic x-ray lines for Ni, AI, Mo, V, and Re 
generated with a Cr x-ray tube were measured on several Task-ill ingot 
chill-cast sections and an aligned region. Data were collected using 
2.2-cm-diameter masks, and three separate runs were performed to check 
repeatability. An arithmetic average of the characteristic intensities for 
three chill-cast sections was made for each element; these averages were 

... 

l> 

then used to calculate the chemical compositions, assuming the average l 

characteristic intensities were representative of the nominal Task-ill alloy 
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composition. The calculation was made using Cicciarelli's "QUAt~n 
program [ref. 9]. 

COATING 

Standard test bars (Figure 4) and O. 25-cm-diameter pins of the Task-ill 
alloy were grit blasted and coated with 1N-671 (Ni-50 Cr with a small volume 
fraction of TiC) powder in a low-pressure/high-velocity plasma-spray sys
tem. Coatings of 75 to 100-Jlm thickness were deposited on only the gauge 
length for the test bars and over 'the entire surface for the pins. The pins 
were used to determine, by metallographic observation, incipient melting 
conditions for the coated, Task-ill alloy after one-hour exposures at several 
temperatures. Based on these observations, the coated test bars were heat 
treated for one hour at 12600 C (+0, -50 C) to accomplish diffusion bonding. 
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Section .4 

RESULiS 

PRELIMINARY EVALUATION OF ALLOY CONCEPTS 

In Task I of this program, 36 alloys were selected for evaluation and 
approved by the NASA Project Manager. These alloys examined several 
concepts for additions to the simple Ni-AI-Mo system. The following con-
cepts were examined: . 

System Alloys 

Ni-Al-Mo + Ta (1-4) 

+ Ta + Cr (5-6) 

+V (7 -15) 

+ V + Cr (16-17) 

+ Re (18-23) 

+ Re + Cr (24-25) 

+ V+ Re (26-27) 

+V+W (28-29) 

+ Ta + Ti (30-31) 

+ Re + Ti (32-33) 

+ Ta + V + Re + Ti (34-36) 

The chemistries of these Task-I alloys are given in Tables II and III. 

Structure of Task I Alloys 

Each alloy was directionally solidified at 2 cm/h and 1 cm/h in a ther
mal gradient of approximately 100oC/cm. A test plan was formulated to 
perform stress rupture testing in argon at 8500 C /485 MPa and at 
1100oC/ll0 MPa for all of the 1 cm/h bars, those bars at 2 cm/h which ex
hibited aligned structure, and some selected nonaligned 2 cm/h bars. Evalu
ation of the longitudinal microstructures of the Task-I alloys and the trans
verse microstructures of those alloys scheduled for test are listed in Table 
IV. The average measured density of the aligned structures and the thermal 
arrest temperatures for the nominal melt chemistries are also listed. The 
total range for the arrest temperature is only 31oC, and there is little evi
dence for a systematic variation in the arrest temperature with composition, 
except for a slight tendency for increased temperature with increased A 1 
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Alloy 

-
1 
2 

3 

4 

5 

6 
7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

16A 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

TABLE II. - COMPOSITION OF TASK-I ALLOYS 

IN ATOMIC PERCENT 

AGNo. Ni Al Mo Ta V Re W Ti 

60 65.8 13.2 21.0 
105 64.5 13.0 21.5 1.0 
106 64.5 11.0 23.5 1.0 
108 64.5 12.0 21.5 2.0 
109 64.5 10.0 23.5 2.0 
107 62.5 13.0 20.5 1.0 
110 62.5 10.0 22.5 2.0 
111 64.5 12.0 21.5 2.0 
112 64.5 10.0 23.5 2.0 
114 64.5 10.0 21.5 4.0 
115 64.5 8.0 23.5 4.0 
130 63.75 10.0 22.25 4.0 
131 63.75 8.0 24.25 4.0 
132 64.0 12.0 21.0 3.0 
133 64.0 11.0 22.0 3.0 
134 64.0 9.0 24.0 3.0 
113 62.5 12.0 20.5 2.0 
113A 62.0 12.0 21.0 2.0 
116 62.5 8.0 22.5 4.0 
117 64.9 14.0 20.7 0.4 
118 64.9 12.0 22.7 0.4 
120 65.3 13.0 20.9 0.8 
121 65.3 11.0 22.9 0.8 
135 64.9 12.0 22.5 0.6 
136 64.9 14.0 20.5 0.6 
119 62.9 14.0 19.7 0.4 
122 63.3 11.0 21.9 0.8 
123 64.9 12.5 20.2 2.0 0.4 
124 64.9 11.0 21. 7 2.0 0.4 
125 64.9 12.5 20.2 2.0 0.4 
126 64.9 11.0 21.7 2.0 0.4 
127 65.0 12.0 21.0 1.0 1.0 
128 65.0 10.0 23.0 1.0 1.0 
140 65.2 11.0 22.4 0.4 1.0 
141 65.2 - 13.0 20.4 0.4 1.0 
137 64.55 9.0 23.15 0.5 2.0 0.3 0.5 
138 64.55 11.0 21.15 0.5 2.0 0.3 0.5 
139 64.55 13.0 19.15 0.5 2.0 0.3 0.5 

20 

Cr 

3.0 

3.0 

3.0 
,,-

3.0 

3.0 

3.0 

3.0 
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T ABLE III. - COMPOSITION OF T ASK-I ALLOYS 

IN WEIGHT PERCENT 

Alloy AGNo. Ni Al Mo Ta V Re W Ti 

- 60 62.0 5.7 32.3 

1 105 59.3 5.5 32.3 2.9 

2 106 58.0 4.6 34.6 2.8 

3 108 57.9 5.0 31. 6 5.5 

4 109 56.8 4.0 33.8 5.4 

5 107 58.0 5.6 31.1 2.8 

6 110 55.5 4.1 32.6 5.4 

7 111 60.3 5.2 32.9 1.6 

8 112 59.0 4.2 35.2 1.6 

9 114 59.9 4.3 32.6 3.2 

10 115 58.6 3.3 34.9 3.2 

11 130 58.9 4.3 33.6 3.2 

12 131 57.7 3.3 35.9 3.1 

13 132 60.1 5.2 32.2 2.5 

14 133 59.5 4.7 33.4 2.4 

15 134 58.2 3.8 35.6 2.4 

16 113 59.0 5.2 31. 7 1.6 

16A 113A 58.4 5.2 32.3 1.6 

17 116 57.3 3.4 33.7 3.2 

18 117 61.0 6.0 31.8 1.2 

19 118 59.6 5.1 34.1 1.2 

20 120 60.5 5.5 31.6 2.4 

21 121 59.2 4.6 33.9 2.3 

22 135 59.5 5.1 33.7 1.7 

23 136 60.8 6.0 31.4 1.8 

24 119 59.7 6.1 30.5 1.2 

25 122 57.9 4.6 32.8 2.3 

26 123 60.9 5.4 30.9 1.6 1.2 

27 124 59.8 4.7 32.7 1.6 1.2 

28 125 60.9 5.4 30.9 1.6 1.2 

29 126 59.9 4.6 32.7 1.6 1.2 

30 127 59.8 5.1 31. 5 2.8 0.8 

31 128 58.5 4.1 33.8 2.8 0.8 

32 140 59.8 4.6 33.6 1.2 0.8 

33 141 61.2 5.6 31.2 1.2 0.8 

34 137 57.2 3.7 34.1 1.4 2.3 0.9 0.4 

35 138 58.5 4.6 31.8 1.4 2.4 0.9 0.4 

36 139 59.8 5.6 29.4 1.4 2.5 0.9 0.4 

21 

Cr 

2.5 

2.4 

2.5 

2.5 

2.4 

2.5 

2.4 
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TABLE IV. - STRUCTURES OF TASK-I ALLOYS 

'Ifreeze 
Alloy AGNo. (oC) 

1 105 1297 

1 105 1297 

2 106 1287 

2 106 1287 

3 108 1297 

3 108 1297 

4 109 1291 

4 109 1291 

5 107 1292 

5 107 1292 

6 110 1291 

6 110 1291 

7 III 1292 

7 111 1292 

8 112 1292 

8 112 1292 

9 114 1282 

9 114 1282 

10 115 1297 

10 115 1297 

11 130 1307 

11 130 1307 

12 131 1299 

12 131 1299 

13 132 1302 

13 132 1302 

14 133 1300 

14 133 1300 

15 134 1300 

15 134 1300 

16 113 1287 

16 113 1287 

16A U3A 1296 

16A 113A 1296 

17 116 1292 

17 116 1292 

18 117 1303 

18 117 1303 

19 118 1300 

19 118 1300 

20 120 1295 

20 120 1295 

21 121 1296 

21 121 1296 

22 135 1304 

22 135 1304 

23 136 1313 

23 136 1313 

24 119 1287 

24 119 1287 

25 122 1288 

25 122 1288 

26 123 1303 

26 123 1303 

27 124 1308 

27 124 1308 

28 125 1302 

28 125 1302 

29 126 1305 

29 126 1305 

30 127 1301 

30 127 1301 

31 128 1286 

31 128 1287 

32 140 1300 

32 140 1300 

33 141 1304 

33 141 1304 

34 137 1298 

34 137 1298 

35 138 1306 

35 138 1306 

36 139 1304 

36 139 1304 
.- -

*CC Chill cast 
FSO Mo sort-out 
MOO Matrix sort-out 

Density 

(g/cm3
) 

8.80 

8.78 

--
8.96 

8.97 

8.95 

--
9.08 

--
8.73 

--
9.0 

8.67 

8.67 

8.83 

8.82 

8.76 

8.75 

--
8.91 

8.70 

8.73 

8.89 

8.89 

8.65 

8.83 

8.71 

8.71 

--
8.84 

8.61 

8.64 

--
8.60 

8.82 

8.81 

8.62 

8.64 

8.82 

8.81 

8.80 

8.77 

--
8.91 

--
8.85 

--
8.87 

--
8.55 

--
8.85 

8.70 

8.69 

8.84 

8.84 

8.70 

8.68 

8.80 

8.79 

8.80 

8.83 

8.92 

8.95 

--
8.97 

--
8.71 

--
8.89 

--
8.83 

--
8.62 

D8 rate 
DSNo. (cm/hr) Longitudinal structure* 

2867 2 7 nun eG/9 rom FSO/114 mm C 

2950 1 10 mm CC/20 mm FSO/32 mm IC/45 rom C 

2862 2 10 mm Cell mm FSO/126 mm C 

2915 1 12 mm CC/4 rom FSO/54 mm Ie/56 mm C 

2866 2 9 mm Ce/13 mm FSO/110 mm C 

2922 1 11 mm CC/14 mm FSO/I07 rom C 

2869 2 9 mm ee/7 mm FSO/I04 mm C 

2952 1 8 rom cell! rom FSO/121 mm C 

2864 2 7 mm ce/l2 mm FSO/U5 rom C 

2920 1 8 mm Ce/16 mm FSO/55 rom A/37 mm C 

2870 2 12 mm CellS mm FSO/I04 mm C 

2925 1 15 mm CC/26 mm FSO/85 mm C 

2871 2 10 mm eG/3 mm FSO/70 mm A/40 mm C 

2926 1 5 nun eGI6 rom FSO/15 mm Ie/35 mm A/60 mm IC 

2873 1.8 10 mm CC/2 mm FSO/113 mm C 

2827 1 16 mm CC/1 mm Foo/8 mm C/45 mm A/60 mm C 

2877 2.3 13 mm CC/<l mm FSO/8 mm IC/101 mm C 

2934 1 7 rum CC/<l mm FSO/90 mm A/30 mm C 

2879 1.8 9 mm CC/<l mm FSO/8 mm C/102 mm MD 

2936 1 6 mm CC/<l mm MSO 26 mm C/46 mm IC/38 mm C 

2993 2 13 mm CC/6 mm FSO/12 mm IC + S/50 mm A/30 mm C 

2995 1 7 rum CC/ll mm FSO/78 mm A/29 mm C 

3007 2 10 mm CC/3 mm FSO/97 mm C/19 mm MD 

3023 1 10 mm CC/5 mm FSO/51 mm IC/79 mm C 

3011 2 11 mm CC/5 mm FSO/23 mm IC + S/28 mm IC/75 mm C 

3025 1 14 mm CC/6 mm FSO/70 mm A/52 mm C 

3013 2 14 mm CC/3 mm FSO/4 mm C + S/110 mm C/7 mm MD 

3027 1 15 mm CC/S mm FSO/85 mm A/35 mm C 

3015 2 1 mm CC/<l mm FSO/20 mm IC/75 mm C/25 mm MD 

3029 1 12 mm CC/1 mm FSO/10 mm C/40 mm A/65 mm C 

2918 2 11 mm CC/4 mm FSO/42 mm IC/80 mm C 

2931 1 8 mm CC/2 mm FSO/43 mm A/62 mm C 

2902 2 7 mm CC/8 mm FSO/122 mm C 

2930 1 11 mm CC/16 mm FSO/75 mm A/24 mm C 

2881 2.23 12 mm CC/<l mm FSO/115 mm C 

2938 1 10 mm CC/<l mm FSO/10 mm C/18 mm IC/74 mm C/3 mm MD 

2888 2 12 mm CC/6 mm FSO/17 mm IC/41 mm A/55 mID C 

2941 1 11 mm C/16 mm FSO/17 mm !C/80 mm A/15 mm C 

2890 2 7 mm CC/2 mm FSO/35 mm IC/83 mm C/2 mm MD 

2944 1 11 mm CC/3 mm FSO/10 mm IC/75 mm A/20 mm IC/20 mm 

2896 2 10 mm Ce/6 mm FSO/120 mm C 

2954 1 9 mm CC/8 mm FSO/14 mm IC/19 mm A/70 mm IC 

2898 2 9 mm CC/<l mm FSO/75 mm C/37 mm FD/l mm MD 

2978 1 12mm eC/<l mm FSO/13 mm C/26 mm IC/85 mm e 

3016 2 10 mm ec/o mm FSO/109 mm C/10 mm MD 

3031 1 13 mm CC/3 mm FSO/63 mm A/57 mm C 

3017 2 14 mm eC/7 mm FSO/116 rom C 

3033 1 13 mm CC/7 mm FSO/10 mm IC + S/80 mm A/3D mm C 

2894 2 9 mm CC/IO mm FSO/100 mm C 

2947 1 11 mm Ce/30 mm FSO/66 mm A/26 mm C 

2900 2 10mm ee/<l mm FSO/130 mm C 

2960 1 9 mm CC/7 mm FSO/89 mm Ie 

2904 2 12 mm ee/1 mm FSO/116 mm C 

2962 1 6 mm eC/3 mm FSO/14 mm C/35 mm IC/65 mm e 

2906 2 9 mm CC/<1 mm FSO/41 mm C/65 mm FD + MD 

2964 1 5 mm eC/2 mm MD/3 mm C/13 mm IC/34 mm A/22 mm IC/25 mm C 

2910 2 10 mm CC/2 mm FSO/55 mm IC/65 mm C 

2968 1 10 mm CC/5 mm FSO/7 rom C/65 mm A/50 mm C 

2911 2 8 mm CC/1 mm FSO/120 mm C/6 mm FD + MD 

2970 1 10mm CC/<l mm FSO/10 mm C/<l rom FSO/17 mm IC/97 mm C 

2912 2 9 mm CC/26 mm FSO/91 mm C 

2972 1 8 mm CC/22 mm FSO/65 mm Ic 

2916 2 8 mm eC/2. 5 mm FSO/115 mm C 

2990 1 14 mm CC/6 mm FSO/6 mm C/44 mm IC/38 mm C 

3019 2 15 mm CC/1 mm FSO/5 mm IC/115 mm C 

3037 1 10 mm CC/6 mm FSO/64 mm A/28 mm C 

3021 2 7 mm eC/6 mm FSO/92 mm C 

3039 1 12 mm CC/7 mm FSO/32 mm A/54 mm C 

3096 2 15 mm CC/1 mm FSO/113 mm C 

3071 1 12 mm cc/3 mm FSO/55 mm A+C/41 mm C 

3098 2 13 mm ce/9 mm FSO/107 rom C 

3077 1 10 mm CC/8 mm FSO/52 mm A+C/30 mm C 

3100 2 12 mm CC/28 mm FSO/79 mm C 

3083 1 8 mm CC/28 rom FSO/58 mm A/31 mm C -
A Aligned FD Mo dendritic 
IC InCipient cellular MD Matrix dendritic 
C Cellular S Mo star-like particles 

**Structures classified as in Figure 3, plus S ::: Mo star-like particles. 

tMetallography on top of Section 2, bottom of Section 4 in Figure 1. 
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content. The densities are essentially proportional to the density calculated 
by assuming atom fraction contributions on an elemental density basis. 

Most of the alloys showed good alignment at 1 cm/h, but many could 
not be fully aligned over any length at 2 em/h. Structural alignment tended 
to decrease as A I was decreased or as Cr was added. Of the three single 
element additions, V had the least detrimental effect on alignment, and Re 
and Ta were about equivalent in reducing alignment, on an atomic percent 
addition basis. 

Longitudinal classifications of a flat ground on an ingot are not as reli
able as transverse classifications for interpretation of mechanical specimen 
data, because the ingots sometimes exhibited an outer rim where, as de
termined in the transverse view, the structure was different tha..'11 in the 
center of the 22-mm diameter cross section. These rims ranged from very 
shallow, 0.02 mm (0.001 inch), to very deep, 2.5 mm (0.1 inch). The depth 
of the longitudinal stripes measured on several randomly selected ingots 
ranged from 0.20 mm (0.008 inch) to 0.58 mm (0.023 inch), with an average 
value of 0.33 mm (0.013 inch). For those ingots with a rim effect, the lon
gitudinal stripe could penetrate or lie completely within the rim. However, 
for the current specimen design, the gauge section material could never be 
closer than 2.5 mm (0.1 inch) to the edge. 

Stress Rupture Properties of Task-I Alloys 

Results of rupture testing at 8500 C and 11000 C are given in Table V. 
Since several nonaligned ingots were tested intentionally, the data are pre
sented graphically in Figure 6 together with information on alloy chemistry 
and ingot microstructure. A poorly aligned structure tends to result in 
shorter lives, especially at the high test temperature. 

A comparison of the Task-I alloys against AG-60 is shown in Table VI. 
This scorecard is quite impressive. Improvements in rupture life due to 
chemistry modifications were obtained at 8500 C in 64 percent of the alloys, 
at 11000 C in 47 percent of the alloys, and at both temperatures in 31 percent 
of the alloys. 

From the table and the figure, it appears that additions of 1 to 2 a/o Ta 
or Ta + Ti to the Y /Y '-aMo system generally lower rupture resistance at 
11000C, and increase it at 8500 C; additions of 3 a/o Cr to any of the alloys 
tends to be very slightly detrimental; Ti added to Re-containing alloys has a 
possible neutral/negative effect. The most potent alloy addition, singly or 
in combination with other elements, was V. For rupture at both 8500 C and 
11000 C, V was the only element that was conSistently beneficial. Additions 
of Re were beneficial at 11000 C, but had little effect at 8500 C. 

23 



GEN ERAL. ELECTRIC 

TABLE V. - STRESS RUPTURE RESULTS ON TASK-I ALLOYS 

(In argon atmosphere) 

8~~~~i4W:'~ Stress rupture 
11000 e/110 MPa 

DS rate Life Elongation R.A. Life Elongation R.A. 
Alloy AGNo. (em/h) (h) (%) (%) (h) (%) (%) 

-- 60 2 102 -- -- 155 -- --
-- 60 1 43 -- -- 131 -- --
I 105 2 90 25 33 145 33 70 

1 105 1 54 30 45 158 27 68 

2 106 1 48 33 52 92 23 77 

3 108 2 40 31 53 34 29 24 

3 108 1 29 25 40 25 23 35 

.4 109 1 91 23 50 87 22 75 

5 107 1 67 31 47 67 31 47 

6 110 1 69 32 58 42 19 73 

7 111 2 246 28 43 228 22 64 

7 111 1 65 32 54 162 18 44 

8 112 2 112 20 44 75 27 76 

8 112 1 37 34 47 70 13 41 

9 114 2 189 24 . 31 100 18 47 

9 114 1 68 21 32 73 26 80 

10 115 1 27 18 21 45 26 84 

11 130 2 100 22 40 154 20 69 

11 130 1 61 32 39 134 12 62 

12 131 1 33 27 32 36 31 61 

13 132 2 132 29 45 178 12 28 

13 132 1 74 32 44 134 20 65 

14 133 1 59 30 40 139 20 66 

15 134 1 51 20 40 51 20 75 

16 113 2 120 30 50 169 11 36 

16 113 1 57 31 54 167 17 64 

16A 113A 1 81 36 57 153 10 41 

17 116 2 43 34 43 13 20 76 

17 116 1 24 33 61 12 9 19 

18 117 2 16 42 65 233 21 68 

18 117 1 9 42 68 250 20 80 

19 118 2 247 31 54 112 13 41 

19 118 1 51 45 66 147 13 59 

20 120 2 29 26 43 15 27 37 

20 120 1 31 37 65 196 11 51 

21 121 1 26 13 57 5 13 69 

22 135 1 46 34 68 149 19 68 

23 136 1 37 13 22 229 25 75 

24 119 1 25 39 67 186 22 62 

25 122 1 36 43 72 64 22 60 

26 123 2 40 37 41 21 14 47 

26 123 1 66 32 58 219 12 58 

27 124 2 12 20 36 3 30 80 

27 124 1 73 30 I 54 117 17 71 

28 125 2 109 22 37 170 16 45 

28 125 1 55 32 53 219 14 64 

29 126 2 11 25 47 3 34 71 

29 126 1 56 39 49 178 13 58 

30 127 2 93 18 24 145 24 53 

30 127 1 79 16 23 24 4 6 

31 128 2 24 29 46 6 26 73 

31 128 1 60 27 48 102 24 81 

32 140 1 37 38 63 82 22 77 

33 141 1 49 27 28 120 20 48 

34 137 1 51 31 36 43 20 80 

35 138 1 70 24 42 128 23 69 

36 139 1 17 31 60 317 23 68 
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Figure 6. - Bar Chart of Task-I Stress Rupture Lives. 
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TABLE VL - COMPARISON OF 36 TASK-I ALLOYS 

AND BASE ALLOY AG-60 IN 

STRESS RUPTURE RESISTANCE IN VACUUM 

Number 
of Alloys 

Comparing alloys grown at 1 cm/h 
with AG-60 grown at 1 cm/h: 

Alloys with improved 850°C resistance 23 
Alloys with improved 11000 C resistance 17 
Alloys with improved resistance at both 11 

Comparing alloys grown at 2 cm/h 
with AG-60 grown at 2 cm/h: 

Alloys with improved 850°C resistance 7 
Alloys with improved 11000 C resistance 5 
Alloys with improved resistance at both 4 

Comparing alloys grown at 1 or 2 cm/h 
with AG-60 grown at 2 cm/h: 

Alloys with improved 850°C resistance 7 
Alloys with improved 11000 C resistance 12 
Alloys with improved resistance at both 4 

REFINEMENT OF ALLOY CONCEPTS 

The results of the Task-I testing were used to select 6 compositions for 
inclusion in Task II. Three of these were Task-I alloys, and three were 
modifications of the Task-I alloys. The selected alloys and their growth 
rates are listed in Table VIT. The growth rates were chosen based on the 
Task-I structural evaluation. Alloy 37 was grown at both 1 and 2 cm/h in 
order to enable evaluation of the growth rate effect in this alloy. 

Of the alloying concepts listed in section "Preliminary Evaluation of Alloy 
Concepts" (page 19), the most promising were V, Re, V + Re, V + W, and 
Ta + V + Re + W. The addition of Re alone did not offer low-temperature 
rupture resistance, consequently that concept was abandoned. For the V 
concept, two alloys were chosen: alloy 7, the best balanced alloy from 
Task I; and a new alloy 37, with 4 V at a higher Al content than was con
sidered in Task I, combining the features of alloys 11 and 13. For the V + Re 
concept, a new alloy 38 was chosen; it is based on alloy 26, but with added 
A 1 • For the V + W concept, alloy 28 was chosen. For the Ta + V + Re + W 
concept, alloy 36 was chosen. This alloy had the highest measured lifetime 
in 11000 C stress-rupture. The 8500 C rupture life was surprisingly low, 
based on the contents of Ta, Ti, and V and the effects of those elements in "" 
the other alloys. To further evaluate the concept of a complex multielement 
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TABLE VIT. - TASK-II ALLOY COMPOSITIONS AND GROWTH RATES 

Atomic Percent 
-

Growth rate 
Alloy AGNo. Ni Al Mo Ta V Re W Ti Cr em/h 

7 111 64.5 12 21. 5 2 2 

28 125 64.9 12.5 20.2 2 0.4 1 

36 139 64.55 13 19.15 0.5 2 0.3 0.5 1 

37 142 64.0 12 20.0 4 1, 2 

38 170 64.9 13.5 19.2 2 0.4 1 

39 171 62.55 13 18.15 0.5 2 0.3 0.5 3 1 

Weight Percent 

7 111 60.3 5.2 32.9 1.6 2 

28 125 60.9 5.4 31. 0 1.6 1.2 1 

36 139 59.8 5.6 29.4 1.4 1.6 0.9 0.4 1 

37 142 60.6 5.2 30.9 3.3 2 

38 170 61.6 5.9 29.7 1.6 1.2 1 

39 171 59.3 5.7 28.1 1.5 1.6 0.9 0.4 2.5 1 
~ _____ L....--

Y /Y'-aMo alloy, a variation was made to alloy 36 by adding 3 a/o Cr; alloy 
36 then became alloy 39. 

As noted in Table VI, four alloys showed net gains over the best AG-60 
properties at both 8500 C and 1100oC. Alloys 7 and 28 were carried into 
Task IT, and alloy 13 was modified to the new alloy 37. Only alloy 16, simi
lar to alloy 7 but containing Cr, was not pursued further. 

Structure of Task-IT Alloys 

Results of the longitudinal and transverse metallographic examinations 
are listed in Table VID. Since the bottom cut of DS No. LDB*-289 was made 
at the transition from "C" structure to "A-B" structure on the longitudinal 
stripe, the transverse rating on that plane is probably worse than and not 
representative of ~he structure slightly further up the ingot .. 

The first ingot attempted for alloy 7 (DS No. LB*-302 at 2 cm/h) had an 
anomalous solidification behavior. Transverse sectioning revealed the 
presence of a large, irregular-shaped region near the center of the bar with 

*LB anaLDB are General Electric Corporate Research and Development 
ingot number deSignations for 4-cm-diameter ingots. 
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TABLE VIII. - STRUCTURE OF TASK-II INGOTS 

(4-cm diameter) 

Rate Tfreeze 
Alloy AGNo. (em/h) DS No. (oC) 

7 111 2 LDB-303 1304 

28 125 1 LDB-296 1310 

36 139 1 LOB-297 1303 

37 142 1 LDB-289 1305 

37 142 2 LOB-300 1303 

38 170 1 LDB-298 1310 

39 171 1 LDB-299 1299 

*See Figures 2 and 3 for classification. 
**S = Mo star-lil<e particles. 

Total 
length 
(em) 

16.8 

17.5 

15.5 

17.8 

18.0 

19.0 

18.2 

Chill- Mo 
east sort-out 

length length Longitudinal 
(em) (em) structure rating* 

2.3 0.1 11.0 em A/B, 3.4 em C/D 

2.2 0.1 1 em C, 13.2 emA, 1 em C 

1.8 2.4 7.6 em A + S, 3.7 em C!D , 
0.9 0.5 2 em C, 10.2 em A/B, 4.2 em D 

2.0 0.2 12. 7 em A, 3. 1 em D 

2.3 0.3 15.3 em A, 1.1 em C!D 
2.4 3.5 9.1 em A/C, 3. 2 em D 

Transverse 
structure rating** 
of 5. 2-em section 
Bottom Top 

2 2 

1-2 1-2 

l-S 1-3 

3-4 1-2 

2 2 

1 1 

3-S 4-5 

cellular structure. The structure outside that region, on the same trans
verse plane, was essentially aligned. This ingot then had sufficient thermal 
gradient to give aligned structure, but simultaneously had aligned and non
aligned structure growing. This is different from the "rim effect" reported 
previously. Work sponsored by NAV AIR has noted similar effects in other 
y /y '-aMo alloys, where the structure has been named a "cat's eye" [ref. 5]. 
This seems to be a new type of growth defect not previously observed in other 
eutectics. 

Figures 7 and 8 show typical structures from aligned and cellular ingots, 
respectively. Figure 7 shows the typical structure from alloy 38 grown at 
1 cm/h (DS No. LDB-298) which was classified as aligned. Figure 8 shows 
the typical structure from alloy 39 grown at 1 cm/h (DS No. LDB-299), which 
was classified as cellular 0 

Tensile Properties of Task-II Alloys 

Two longitudinal and two transverse tensile tests were performed for 
each alloy, one each at 7500 C and 11000 C in vacuum at a nominal strain rate 
of 0.044 min-1. The results are given in Table IX for the 750°C tests and 
in Table X for the 11000 C tests. 

The 7500 C tensile results are excellent. The 750°C longitudinal tensile 
strengths range from 0.94 to 1. 09 of the tensile strength goal established 
under NASA contract NAS 3-19711 for this temperature. The 750°C trans
verse tensile strengths are excellent and range from 0.89 to 0.98 of the 
longitudinal value. The 750°C transverse minimum percent elongation to 
failure was 5.0, far better than the NiTaC-13 or Y /Y '-0 eutectics. 
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'" 

' •. 

Figure 7. - Photomicrograph of Transverse Section 
of DS No. LDB-298 (Alloy 38) at 1 em/h. 

Figure 80 - Photomicrograph of Transverse Section 
of DS Noo LDB-299 (Alloy 39) at 1 cm/ho 
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TABLE IX. - TASK-II TENSILE RESULTS AT 750°C 

(0.044 min:
1 

in vacuum) 

0.2% 
offset Ultimate 

DS yield tensile Elongation Elongation 
rate strength strength to maximum load to failure R.A. 

Alloy AGNo. (em/h) (MPa) (MPa) (%) (%) (%) 
--

Longitudinal 

-- 60 2 965-986 1083-1110 -- 15-18 27-34 

7 111 2 979 1089 9.5 29 35 

28 125 1 938 1041 9.1 22 36 

36 139 1 931 1007 7.3 19 40 

37 142 2 1041 1145 15.0 40 40 

37 142 1 924 1014 6.8 16 36 

38 170 1 910 986 9.9 18 34 

39 171 1 979 1034 5.1 15 52 
--

Transverse 

-- 60 2 889 924 -- 5.4 17 

7 111 2 903 986 5.8 6.2 16 

28 125 1 883 938 6.7 8.0 26 

36 139 1 752 938 9.5 9.5 12 

37 142 2 917 1020 4.4 6.4 14 

37 142 1 889 993 9.3 12.0 13 

38 170 1 848 896 5.0 5.0 20 

39 171 1 821 934 6.4 8.4 18 

TABLE X. - TASK-II TENSILE RESULTS AT 11000 C 

(0.044 min: 1 in vacuum) 

0.2% 
offset Ultimate 

DS yield tensile Elongation Elongation 
rate strength strength to maximum load to failure R.A. 

Alloy AGNo. (em/h) (MPa) (MPa) (%) (-Yo) (%) 

Longitudinal 

-- 60 2 432-449 441-457 -- 40-41 87 

7 111 2 396 427 0.9 50 83 

28 125 1 343 364 1.0 60 97 

36 139 1 427 444 0.9 60 92 

37 142 2 452 467 0.7 56 75 

37 142 1 365 391 1.0 54 97 

38 170 1 418 430 0.8 57 82 

39 171 1 408 421 0.8 41 84 
-- ----

Transverse 

-- 60 2 266 281 -- 61 <><80 

7 111 2 250 267 0.7 33 75 

28 125 1 280 296 0.8 28 22 

36 139 1 296 311 1.1 52 99 

37 142 2 285 303 0.7 23 9.3 

37 142 1 276 289 0.8 15 13 

38 170 1 312 325 0.7 16 6 

39 171 1 188 208 1.2 41 85 
-- --- - "----------
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The 11000 C tensile results show that the Task-II alloys are very similar 
to AG-60 in terms of both strength and ductility. For all of the Task-ll 
alloys except one, the 11000 C transverse strengths range from 0.63 to 0.81 
of the longitudinal strengths; for AG-60 this value is about O. 63. The one 
alloy showing anomalous behavior is alloy 39, which has a transverse/longi= 
tudinal strength ratio of O. 49. Alloy 39 was the ingot with cellular micro
structure. In all cases, the transverse ductility is far in excess of the goal 
of NASA contract NAS 3-19711. For both longitudinal and transverse orien
tations, alloy 37 was slightly stronger for the 2 cm/h structure, both at 7500 C 
and 11000 C. 

Stress Rupture Properties of Task-II Alloys 

For the Task-IT alloys, the stress-rupture test conditions selected were 
7500 C/775 MPa (13820 F /112.4 ksi) and 11000 C/125 MPa (2120 F /18.1 ksi). 
For alloys 7, 28, and 36 these tests complement the Task-I stress rupture 
testing at 8500 C/485 MPa (15620 F /70.3 ksi) and 11000 C/II0 MPa 
(20120 F /16.0 ksi). The Task-IT stress-rupture results are given in Table 
XI. A smooth curve drawn through the data for the base alloy, AG-60, at 
2 cm/h was used to calculate the lives for the Task-IT rupture conditions. 
Only alloy 7 is superior to AG-60 at the 7500 C test condition. However, for 
the 11000 C test condition, both alloys 7 and 37 grown at 2 cm/h are better 
than AG-60. For the alloys grown at 1 cm/h, three of the five alloys show 
longer rupture lives than 2 cm/h AG-60. Alloy 37 was stronger at 7500 C in 
the 2 cm/h structure, compared to the 1 cm/h structure. There was no 
difference in the 11000 C rupture testing. 

Thermal Cyclical Effects on Stress Rupture Properties of Task-II Alloys 

For each of the Task-II alloys, longitudinal slugs previously cycled 
150 hours between 2000 C and 11000 C were machined into stress-rupture 
specimens. The results of rupture testing at 11000 C/125 MPa are listed in 
Table XII. All of the alloys except alloy 28 showed a decrease in rupture 
life after cycling. The alloy with cellular microstructure (alloy 39) showed 
the largest decrease, losing 79 percent of the as-solidified rupture life. 
Alloys 36, 37 (2 cm/h and 1 cm/h) and 38 are roughly equivalent in rupture 
life in the as-cycled condition. Of these three, alloy 36 showed the great
est loss after cycling, and alloy 38 the least. Alloy 28 showed a marked 
increase in life after cycling, but it is believed that the as-directionally 
solidified life is anomalously low. A comparison with the Task-I 11000 C 
rupture test suggests a longer life is expected. 

In an attempt to determine if a correlation exists between microstruc
tural changes and rupture strength degradation, each of the Task-II alloys 
was examined metallographically after thermal cycling. Comparisons of 
typical microstructures as directionally solidified and after 150 cycles to 
11000 C are shown in Figure 9 for alloy 36 and in Figure 10 for alloy 28. 
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Alloy 

--
7 

28 

36 

37 

37 

38 

39 

TABLE XI. - TASK-II STRESS RUPTURE RESULTS 

(In argon atmosphere) 

DS 750oC/775 MPa 1100oC/125 MPa 
rate Life Elongation R.A. Life Elongation R.A. 

AG No. (em/h) (h) (%) (%) (h) (%) (%) 

60* 2 130 -- -- 50 -- --
111 2 140 20 39 62 23 64 

125 1 84 20 50 31 29 86 

139 1 51 22 46 175 39 86 

142 2 89 25 32 128 23 61 

142 1 26 20 33 123 21 59 

170 1 52 23 37 116 28 74 

171 1 34 24 39 43 16 58 

"'Lives calculated from rupture curve. 

Alloy 

7 

28 

36 

37 

37 

38 

39 

TABLE XII. - TASK-II THERMAL CYCLING RESULTS 

(Cycled in evacuated quartz tubes) 

DS 1100oC/125 MPa 
rate Life Elongation R.A. 

t 1 d/t . . AG No. (cm/h) (h) (%) (%) cyc e vlrgm 

111 2 28 18 47 0.45 

125 1 70 37 69 2.26 

139 1 118 47 78 0.67 

142 2 88 27 65 0.69 

142 1 92 31 84 0.75 

170 1 106 35 78 0.91 

171 1 9 20 71 0.21 
-

Note: All specimens cycled 150 times at one hour per cycle between 
11000 C and less than 300°C prior to stress-rupture testing. 

32 

.i 



GENERAl(. HHTRIC 

." 

Q 

,~ 

b 

Figure 9. - Transverse Microstructure of Alloy 36: 
a) As Directionally Solidified 
b) After 150 Thermal Cycles to 11000 C. 
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a 

b 

Figure 10. - Transverse Microstructure of Alloy 28: 
a) As Directionally Solidified 
b) After 150 Thermal Cycles to 1100oC. 

<: 
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These two alloys show a markedly different ruptlJ.re strength response to 
cycling. However, the differences in microstru.ct-ural response to cycling 
appear to be insignificant. All six alloys showed some agglomeration of 
the Y -phase network, but no apparent effect on the Mo fiber morphology. 
Microstructural changes are much less than seen in 11500 C cycling for 
alloy 1 in NASA Contract NAS 3-19711 [ref. 1]. At this point, there seems 
to be no correlation between microstructural and rupture strength responses 
to eyclical exposure. 

SELECTION AND EVALUATION OF ADVANCED y/yf-a MO ALLOY 

The information available after Task-IT testing was used to select the 
alloy for detailed evaluation in Task ill. Alloy 39 was eliminated from fur
ther consideration because its structure was cellular at a 1 cm/h solidifica
tion rate, and this cellularity resulted in poor tensile and rupture proper
ties. The remaining five alloys were nearly equal in both longitudinal and 
transverse tensile properties. Strength and ductility of each alloy is excel
lent, both at 7500 C and 11000 C. 

In structural evaluation, alloy 38 at 1 cm/h had the best aligned micro
structure on both longitudinal and transverse rating. Alloy 36 was not cel
lular, but it was not well aligned. Property data for alloy 37 at 2 cm/h and 
1 cm/h left doubt as to the optimum rate for this alloy. Alignment for alloy 
28 at 1 cm/h and alloy 7 at 2 cm/h was adequate, but not nearly as good as 
alloy 38 at 1 cm/h. 

Stress rupture properties at 11000 C were best for alloy 36, followed 
closely by alloy 38 and by alloy 37 at each growth rate. For 7500 C, all of 
the alloys have low rupture strength, so that selection should be made based 
on the 11000 C properties. Alloys 36, 37, and 38 have the best rupture lives 
after thermal cycling, and alloy 38 shows the least degradation of the three. 

Based on the above comparisons, alloy 38 grown at 1 cm/h was chosen 
for further evaluation in Task ill. Its properties showed the best balance of 
strength, cyclical stability, and ease of processing. Higher solidification 
rates may be possible for this alloy. Of the six alloys in Task II, alloy 38 
had the highest A I content, and may be expected to have better environmen
tal reSistance than the others. 

Testing in Task ill was planned to cover more of the properties impor
tant to alloy selection for aircraft jet engine application. Testing involved 
microstructural evaluation; creep rupture at 7500 C and 1100oC; stress rup
ture at 750oC, 850oC, 9500 C, and 11000 C; transverse stress rupture at 
7500 C and 950oC; thermal cycling to 11000 C followed by rupture at 7500 C 
000 and 1100 C; 1000 hours exposure at 750 C and 1100 C followed by rupture 

at the exposure temperature; tensile tests at 230 C, 600oC, 750oC, 8500 C, 
950oC, and 1100oC; transverse tensile tests at 7500 C and 950oC; and 
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longitudinal shear tests at 7500 C and 1100oC. A number of coated specimens 
were tested in rupture at 750oC, 950oC, and 11000 C and in tension at 230 C, 
600oC, 750oC, 950oC, and 1100oC. Uncoated specimens were heat treated 
tn simulate the coating cycle and then ruptured at 7500 C and 1100oC. The 
incipient melting temperature was also determined for the coated alloy. 
Dynamic modulus and coefficient of thermal expansion were determined, and 
the cyclical oxidation behavior of alloy 38 at 7500 C and 11000 C was measured. 
The reactivity of the liquid alloy was measured in three mold materials and 
two core materials. 

Stru.cture and Chemistry of Alloy 38 

Four ingots of alloy 38 were directionally solidified at 1 cm/h. The in
gots were 4 cm in diameter by 16.5 to 18.8 cm in length. The top half of 
the alloy 38 ingot that was used in Task II (LDB-298) was also used in Task 
ID. It was decided to use four large ingots for Task lIT to allow some analy
sis of ingot-to-ingot variations. The Task ITI material also represented two 
master melts. 

After directional solidification each ingot was evaluated for microstruc
ture. The microstructural ratings for the Task-ITI ingots, using the visual 
standards of Figure 2, are given in Table XID. Ingots LDB-335 and LDB-341 
had a short perturbation just above the Mo sort-out zone, but had good struc
ture above that. Ingot LDB-342, on the basis of the longitudinal stripes, 
would be rated as the ingot with the least controlled microstructure. The 
stripe on that ingot was rated as A/B. 

TABLE XIIT. - STRUCTURE OF TASK-III INGOTS OF ALLOY 38 (AG-170) 

AT 1 cm/h, 4-cm DIAMETER 

Total Mo 
length Chill cast sort-out 

DS No. (em) (em) (em) Structure on longitudinal stripe* 

LDB-298 19.0 2.3 0.3 15.3 em A, 1.1 em C/D 

LDB-327 18.4 1.3 0.1 15.8 em A, 1.1 em C/D 

LDB-335 18.8 1.2 0.1 0.3 em A, 0.4 em C/D, 
13.3 em A, 3.5 em B/D 

LDB-341 16.5 2.7 0.2 0.6 em A, 0.1 em D, 8.0 em A, 
1.1 em B, 0.8 em C, 3.0 em D 

LDB-342 16.8 2.4 0.3 11. 5 em A/B, 0.7 em C, 1. 9 em D 

*See Figure 2 for structure ratings. 

Chemical analysis was performed using x-ray fluorescence. Analysis 
was performed on transverse sections from the chill-cast zones of ingots 
LDB-298, LDB-327, and LDB-335 from this contract; a transverse section 
of the chill-cast zone of a General Electric ingot LDB-332; and a transverse 
section through the aligned region of LDB-298 at a distance of 1. 4 cm above 
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the top of the Mo zone (which corresponds to a fraction solidified of approxi
mately O. 10). Analysis of the raw data from the chill-cast sections showed 
that LDB-327, LDB-332, and LDB-335 were approximately the same com
position; while LDB-298 was slightly different, particularly in Ni and Mo 
content. As a result of this, it was decided to use the arithmetic average of 
the LDB-327, LDB-332, and LDB-335 chill-cast sections as the standard 
for x-ray fluorescence. Data were collected using 2. 2-cm-diameter masks, 
and three separate runs were performed to check repeatability. The analy
ses of the composition are presented in Table XIV. The table gives the 
average, the minimum, and the maximum of the three runs. The repeata
bility is excellent. The absolute value of the analysis is, of course, only as 
good as the standard used. The analysis of the aligned section at a fraction 
SOlidified, g, of O. 10 would indicate rhenium segregates to the solid and 
aluminum segregates to the liquid. 

Sample 

Chill-cast 
LDB-298 

Chill-cast 
LDB-327 

Chill-cast 
LDB-332 

Chill-cast 
LDB-335 

Aligned (g = O. 10) 
LDB-298 

Alloy 38 Nominal 

TABLE XIV. - X-RAY FLUORESCENCE RESULTS 

FOR ALLOY 38 INGOTS (AG-170) 

Weight percent 

Ni Al Mo V 

Avg/Min/Max Avg/Min/Max Avg/Min/Max Avg/Min/Max 

62.88/62.79/63.00 5.98/5.95/6.02 28.37/28.22/28.50 1. 64/1. 64/1. 65 

61.40/61.34/61.44 5.82/5.78/5.88 29.92/29.92/29.92 1. 65/1. 64/1. 66 

61.63/61.52/61.71 5.96/5.96/5.97 29.59/29.51/29.69 1.65/1.64/1.65 

61.56/61.52/61.63 5.86/5.80/5.89 29.71/29.61/29.79 1.66/1.65/1.66 

61.41/61.27/61.56 5.69/5.69/5.70 29.71/29.54/29.82 1. 66/1. 65/1. 66 

61. 53 5.88 29.74 1.65 

Tensile and Shear Properties of Alloy 38 

Re 

Avg/Min/Max 

1.22/1.20/1.23 

1. 21/1. 20/1. 21 

1.19/1.18/1.19 

1. 21/1. 20/1. 21 

1.54/1.50/1.58 

1.20 

Results of vacuum testing at a nominal strain rate of 0.044 min -1 are 
shown in Table XV for longitudinal and transverse tensile tests. Room tem
perature tests were performed in air. The yield stress increases to a maxi
mum at about 8500 C, while the ultimate strength apparently decreases mono
tonically with temperature. At temperatures above 7500 C, there is very 
little strain hardening, and maximum loads occur at less than 1 percent 
plastic strain. Transverse strengths at 7500 C and 9500 C are almost as high 
as longitudinal strengths, and transverse ductilities are good, meeting the 
goals of NASA contract NAS 3-19711. 

Results of longitudinal shear tests in vacuum are given in Table XVI. 
Failure occurred by shear at 50 to 65 percent of the longitudinal and trans
verse ultimate tensile strengths Q 
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TABLE XV. - TENSILE RESULTS FOR ALLOY 38 (AG-170) 

AT 1 cm/h 

(0.044 min: 1 in vacuum, except in air at 25°C) 

0.2% Strain 
offset Ultimate to Strain 
yield tensile maximum to 

Specimen Temperature strength strength load failure R.A. 
No. DSNo. (DC) (MPa) (MPa) (%) (%) (%) 

--------- L _______ 

Longitudinal 

T-233 LDB-298-T (1 25 703 1489 17. 17. 18. 

T-247 LDB-342-B 25 745 1503 19. 20. 24. 

T-243 LDB-341-T 600 869 1110 13. 18. 37. 

T-248 LDB-342-T 600 848 1110 18. 21. 22. 

T-229 LDB-298-T 750 958 1034 8.1 19. 42. 

T-230 LDB-298-T 750 938 1020 8.1 18. 44. 

T-244 LDB-341-T 850 1020 1062 0.89 9.6 17. 

T-249 LDB-342-T 850 976 976 0.2 33. 59. 

T-245 LDB-341-T 950 632 632 0.20 34. 67. 

T-250 LDB-342-T 950 634 634 0.2 34. 64. 

T-231 LDB-298-T 1100 430 438 0.82 60. 86. 

T-232 LDB-298-T 1100 441 450 0.78 84.2 77. 

Transverse 

T-239 LDB-341-T 750 834 924 6.7 9.5 19. 

T-240 LDB-341-T 750 808 896 4.7 5.7 6.0 

T-241 LDB-341-T 950 512 590 2.9 6.9 15. 

T-242 LDB-341-T 950 542 604 2.8 6.0 6.3 
- - ------ ---------

1) T = top, B = bottom of aligned structure 

2) Double necking. 

3) Failure may be fillet initiated. 

TABLE XVI. - LONGITUDINAL SHEAR STRENGTH OF ALLOY 38 

(AG-170) AT 1 cm/h 

(Tested in vacuum at 0.044 min-:- 1) 

Specimen Temperature Failure stress 
0' FlO' Long. 0' FlO' Trans No-. (oC) (0" F) 

T-257 750 537 0.52 0.59 

T-258 750 537 0.52 0.59 

T-259 950 357 0.56 0.60 

T-260 950 381 0.60 0.64 
---- ~ 
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Stress Rupture and Creep Properties of Alloy 38 

The results of longitudinal and transverse rupture testing in argon are 
listed in Table XVII. The range of lifetimes for duplicate rupture tests is 
narrower than for conventional superalloys. Four longitudinal creep rup
ture tests were performed on alloy 38. The data are listed in Table XVIII. 
The test conditions were chosen to yield failure in 1000 hours. The 
7500 C/630 MPa test was too severe; the second 7500 C test was performed 
with a stress of 550 MPa. Two tests were run at 11000 C/90 MPa. There 
is a large difference in time to a given strain between the two 11000 C tests; 
the second creep test at 11000 C was terminated at 1000 hours, with the 
sample having crept less than 2 percent. 

Effects of Prior Exposure on Stress Rupture Properties of Alloy 38 

The results for rupture testing in argon of previously exposed samples of 
alloy 38 are listed in Table XIX. Machined bars were made from cylinders 
of the alloy which had been vacuum encapsulated in quartz prior to cyclical 
or isothermal furnace exposures. Cyclical exposures were one-hour long. 
Rupture properties for the unexposed alloy are included in the table. 

Fgr material cycled or isothermally exposed to a maximum temperature 
of 750 C, there is little effect on rupture resistance at 7500 C. The 150- and 
510-hour exposure specimens showed identical rupture lives with a possible 
0.2 to 0.5 decrease in the Larson-Miller parameter (C=20, 1. 8 x K) from 
the unexposed life. This is well within the normal scatter for directionally 
solidified eutectics; thus, it may represent no degradation at all. For the 
isothermally exposed specimens, one bar was equivalent to the best unex
posed test, while the second bar was O. 4 to O. 7 parameters below the unex
posed tests. Rather than representing decreased rupture reSistance, the 
spread of a 0.7 parameter probably defines the normal scatter of direction- . 
ally solidified strength. No microstructural changes were noted after 7500 C 
cyclical or isothermal exposure. 

The microstructures for the 11000 C cyclical and isothermal exposures 
to long times showed the same behavior as reported in section "Thermal 
Cyclical Effects on Stress Rupture Properties of Task-II Alloys" (page 31); 
some y and y' agglomeration was noted, but no alteration of the Mo fibers 
was seen. In the 11000 C rupture testing, the material cycled 150 times had 
lifetimes lower than reported in section "Thermal Cyclical Effects on Stress
Rupture Properties of Task-II Alloys", 54 and 92 hours compared to the 
previous result of 106 hours. These values were 0.9 parameter or less be
low the best unexposed life, and one test was superior to one of the two un
exposed bars. The results for the bars cycled 510 times were essentially 
identical to those cycled 150 times. An isothermal exposure for 1000 hours 
resulted in a O. 3 to O. 9 parameter degradation relative to the unexposed 
material. . 

39 



GENERAL" ELECTRIC 

TABLE XVII. - STRESS RUPTURE RESULTS FOR ALLOY 38 

(AG-170) AT 1 cm/h 

(In argon atmosphere) 

Time 
to 

Specimen Temperature Stress failure Elongation R.A. 
(oC) No. DS No. (MPa) (h) (%) (%) 

__ ...... ~A"' __ ......... ""' ... 

1824 LDB-335-B* 750 775 44 32 37 

1838 LDB-341-B 750 775 34 25 30 

1840 LDB-341-B 850 485 18 30 62 

1842 LDB-341-B 850 485 14 48 66 

1825 LDB-335-B 950 275 119 53 70 

1841 LDB-341-B 950 275 139 32 64 

1826 LDB-335-B 1100 125 127 25 73 

1839 LDB-341-B 1100 125 70 22 67 

Transverse 

1819 LDB-327-T 750 550 37 4.7 2.0 

1830 LDB-335-T 750 550 82 6.0 2.4 

1820 LDB-327-T 950 110 88 4.0 1.2 

1831 LDB-335-T 950 110 356 6.7 11. 6 
--------------

*B and T designate specimens taken from bottom or top of aligned 
structure of ingot. 

TABLE XVIII. - TASK-ill CREEP TESTS OF ALLOY 38 (AG-170) 

AT 1 cm/h (DS No. LDB-327-B) 

(In argon atmosphere) 

Elongation 
Temperature Stress Time (hours) to specified strain Time to failure at rupture 

(OC) (MPa) 0.02% 0"05% 0.2% 0.5% 1. 0% (h) (%) 

750 630 <1 <1 7 12 21 184 28 

750 550 <1 5 33 91 161 675 25 

1100 90 <1 <1 1.5 31 220 756 23 

1100 90 <1 <1 10 314 830 >1000 unfailed 
- -
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TABLE XIX. - LONGITUDTNAL STRESS RUPTURE RESULTS 

FOR ALLOY 38 (AG-170) AT 1 cm/h AFTER PRIOR EXPOSURE 

(In argon atmosphere) 

Prior Exposure 

Cycle Cycle Ingot 
Specimen temperature time temperature Stress 

No. DS No. (oC) (h) tC) (MPa) 

1845 LDB-335-B(1 750 150 750 775 

1855 LDB-335-B 750 510 750 775 

1851 LDB-327-B 750(2 1000(2 750 775 

1852 LDB-327-B 750(2 1000(2 750 775 

1824 LDB-335-B --- --- 750 775 

1838 LDB-341-B --- --- 750 775 

1835 LDB-335-B 1100 150 750 775 

1818 LDB-327-B 1100 500 750 775 

1836 LDB-335-B 1100 150 1100 125 

1837 LDB-335-B 1100 150 1100 125 

1816 LDB-327-B 1100 510 1100 125 

1817 LDB-327-B 1100 510 1100 125 

1843 LDB-327-B 1100(2 1000(2 1100 125 

1844 LDB-327-B 1100(2 1000(2 1100 125 

1826 LDB-335-B --- --- 1100 125 

1839 LDB-341-B --- --- 1100 125 

1) B = bottom, T = top of aligned structure. 

2) Isothermal exposure, aU others were given cyclic exposures with each cycle 
consisting of 1 hour at temperatures with intervening cooling to below 300oC. 

Time to 
failure Elo~ation 

(h) 0) 

24 22 

26 34 

41 26 

18 34 

44 32 

34 25 

28 24 

7 28 

92 28 

54 22 

43 44 

87 35 

54 25 

54. 25 

127 25 

70 22 

R.A. 
(70) 

42 

57 

48 

51 

37 

30 

23 

64 

66 

77 

83 

76 

71 

55 

73 

67 

Material cycled to 11000 C and tested at 7500 C showed the largest effect 
on rupture life. After 150 hours of cycling, a loss of O. 1 to O. 4 parameters 
was noted, while after 500 hours of cycling the loss was 1.2 to 1. 5 param
eters, compared to the two unexposed test bars. The microstructural 
changes may account for this loss in rupture resistance. 

Evaluation of Properties of Coated Alloy 38 

Coatings O.013-cm thick of IN-671 (Ni-50 Cr with small amounts of Ti 
and C) were deposited on pins and test bars of alloy 38 using the low pressure/ 
high velocity plasma spray-coating technique. Incipient melting studies were 
performed between 12500 C and 12900 C at 100 C increments, with the temper
ature being held to +0, -50 C. Argon atmospheres were used for the one-
hour exposure, and the specimens were helium quenched. As shown in 
Figure 11, incipient melting occurred in the 12900 C test, but not in any 
test at 12800 C or below. Due to the temperature tolerances, the incipient 
temperature is> 12750 C, < 12910 C. 
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Figure 11. - Microstructures of IN-671-coated Alloy 38 After One-hour 
Exposures in Argon at a) 12800 C and b) and c) 1290oC. 
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A diffusion heat treatment was performed on all of the coated test bars: 
one hour in argon at 12600 C, helium quenched. This heat treatment was 
chosen to take advantage of the dramatic effect of solution treatment dis
covered by Henry [ref. 10]. The results of the tensile testing are listed in 
Table XX. A significant reduction in elongation was noted, especially at the 
lower test temperatures. Rupture of the coated test bars is listed in Table 
XXI. Included for comparison are rupture results for uncoated bars ~iven 
a heat treatment similar to the coated test bars. The 7500 C and 1100 C un
coated bars were heat treated at 12750 C, and the 9500 C test bar was heat 
treated at 1260oC. 

Thermal Expansion and Dynamic Modulus of Alloy 38 

Thermal expansion measurements were performed on a longitudinal pin 
of alloy 38 machined from ingdt DB-335-T which was directionally solidified 
at 1 cm/h. The test was run from room temperature to 11000C. The re
sults, showing 6.L/L and average coefficient of thermal expansion, are given 
in Table XXII. 

Dynamic modulus measurements were performed on a longitudinal pin 
of alloy 38 machined from ingot DB-342-B which was directionally solidified 
at 1 cm/h. Measurements were made at room temperature and lOOoC in
crements to 12250C. The results are shown in Table XXIII. For comparison 
[refs. 11-13], moduli in the < 100> direction at 230 C are 125 GPa for Ni, 
99 GPa for Ni3Al, and 357 GPa for Mo. 

Cyclical Oxidation Resistance of Alloy 38 

The results of cyclical oxidation testing in static air furnaces are pre
sented in Table XXIV. The cycles were one hour in duration, with 50 minutes 
in the hot zone of a furnace at 7500C, 10000C, or 11000C. Repeatability from 
specimen to specimen was excellent at all temperatures. For reference, a 
weight loss of 8. 6 mg/cm2 is approximately equivalent to a 10-l.Lm loss in 
thickness from all of the surfaces. Heavy yellow growths were present on 
the 10000C- and 11000C-exposed samples. The growth flaked on cooling re
vealing a black, adherent oxide. A light growth, also yellow, formed on the 
7500C-exposed samples, and this layer was more adherent. Metallographic 
examination of all six specimens indicated there was no preferential oxida
tion of the matrix or the fiber. The y -y t structure of the matrix continued 
to the interface with the OXide, indicating no significant Al denudation due to 
protective Al 203 formation. 

Casting and Reactivity Studies of Alloy 38 

Five casting trials (listed in Table XXV) were run using alloy 38 in vari
ous core and mold combinations. Three molds were used: silica bonded
alumina; silica bonded-alumina in an Ar-CO atmosphere, which yielded an 
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TABLE XX. - LONGITUDINAL TENSILE RESULTS 

FOR ALLOY 38 (AG-170) AT 1 cm/h 

(Coated with IN-671 and Heat Treated*; tests in vacuum, except in air at 250 C) 

0.2%** Strain 
offset Ultimate to 
yield tensile maximum 

Specimen Temperature strength strength** load 
No. DS No. (OC) (MPa) (MPa) (%) 

T-265 LDB-342-T 25 1241/1545 1400/1782 2.1 

T-266 LDB-342-T 600 1165/1440 1200/1475 2.4 

T-267 LDB-342-T 756 1324/1615 1365/1668 0.8 

T-268 LDB-342-T 950 731/904 731/904 0.3 

T-269 LDB-342-T 1100 443/536 457/553 0.8 

*Heat treatment was 1 hour at 12600C in argon, helium quench. 

**A/B: "A" calculated from coated diameter, "B" from bare diameter. 

tCalculated from coated diameter. 

Strain 
to 

failure 
(%) 

2.1 

2.4 

8.0 

19. 

22. 

TABLE XXI. - LONGITUDINAL STRESS RUPTURE RESULTS 

FOR ALLOY 38 (AG-170) AT 1 cm/h 

R.A. 
(%) 

3.0 

5.3 

18. 

52. 

61. 

(Coated with IN-671 and Heat Treated*; tests in argon atmosphere) 

Time to 
Specimen Temperature Stress failure Elongation R.A. 

No. DS No. (oC) (MPa) (h) (%) (%) 

1853** LDB-342-B 750 880 554 5.6 3.0 
(near fillet) 

1867** LDB-342-B 950 300 147 29. 58. 

1854** LDB-342-B 1100 125 426 12. 33. 

1871 t LDB-342-B 750 880 410 10. 22. 

1872t LDB-342-B 950 300 136 39. 62. 

1873 t LDB-342-B 1100 125 199 13. 37. 

t 

__ L-. ___ -- --

*Heat treatment was 1 hour at 12600 C in argon, helium quench. Two of 
the uncoated bars (Nos. 1853 and 1854) were treated at 12750 C. 

**Uncoated, included to document the effect of the coating heat treatment 
cycle. 

tstress calculated using original uncoated diameter. 
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~I ~- - -j * 
Temperature i ~L/L', am 

(OC) I (10-6) (10-6 oC-l) 

20 

200 

400 

600 

800 

1000 

1100 

o 
1,650 

3,651 

-5,790 

8,001 

10,656 

11,769 

9. 17 

9.61 

9.98 

10.26 

10.87 

10.90 

*0' is average thermal expansion co
elRcient between room temperature 
and the temperature of interest 

Temperature 
(OC) 

25 

208 

290 

384 

437 

500 

565 

631 

712 

816 

866 

915 

975 

1074 

1128 

1210 

Egd 
(GPa) 

174 

177 

175 

171 

165 

165 

161 

161 

160 

159 

148 

143 

141 

130 

131 

112 

Egd 
(106 psi) 

25.2 

25.6 

25.4 

24.8 

24.0 

23.9 

23.4 

23.3 

23.2 

23.0 

21.5 

20.7 

20.5 

18.8 

19.0 

16.3 
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TABLE XXII. 

LONGITUDINAL THERMAL 

EXPANSION DATA FOR 

ALLOY 38 (AG-170) 

AT 1 cm/h 

TABLE XXIII. 

LONGITUDINAL DYNAMIC 

(SONIC) MODULUS FOR 

ALLOY 38 (AG-170) AT 

1 cm/h (DS No. LDB-342-B) 
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TABLE XXIV. - CYCLICAL OXIDATION RESISTANCE 

OF ALLOY 38 (AG-170; DS.No. LDB-342-T) 

(1 h cycles in static air furnace, two samples for each test) 

DS No. 

LB-379 

LB-385 

LB-381 

LB-388 

LB-386 

Cyclical time Weight change I Weight change 
(h) (mg/cm2) (mg/cm2) 

750° C Exposure 

22 -0.07 -0.04 

92 +0.54 +0.52 

188 +0.83 +0,85 

258 -0.34 -0.10 

354 -0.66 -0.13 

447 -1. 93 -0.97 

517 -2.25 -1.07 

636 -3.13 -1. 34 

10000C Exposure LL-S

o

95 -10.91 

44 -55.87 -52.83 

69 --- -91.40 

1l000C Exposure 

25 

I 
-76.55 

I 
-60.38 

34 -79.58 -73.70 

TABLE XXV. - CASTING AND REACTIVITY STUDIES 

OF ALLOY 38 (AG-170) 

Maximum 
metal Casting 

Casting Mold Core temperature rate 
shape material material (oC) (cm/h) 

High-pressure A1
2
0

3
-Si0

2 1700 1 turbine blade ---
High-pressure 

A1
2
0

3
-Si0

2 1700 1 turbine blade ---
High-pressure 

ZrSi0
4 
-Si0

2 1550 1 turbine blade ---
High-pressure 

A1
2
0

3
-Si02 Si02 1550 1 turbine blade 

22mm 
Al 203 Al 203 1700 1 

cylinder 
----- ----------
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all-alumi..'1a protective layer at the met aI-mold i..'1terface (U. S. Patent 
3, 972, 367); and silica bonded-zircon. Two cores were used: silica, and a 
porous alumina core formulation. For the silica core casting trial and for 
the zircon mold casting trial, the maximum metal temperature was held to 
15500 C. For the other casting trials, the maximum metal temperature was 
17000 C. 

The castings were sectioned and examined for microstructural alignment 
and for signs of metal-ceramic reaction. The castings were aligned, except 
for the edge of the platform, in the blade castings, with no signs of a metal
ceramic reaction for any ceramic combination. Figure 12 shows the uncored 
alumina silica mold casting, LB-379. 

It is concluded that alloy 38 can be grown in turbine blade shapes, at the 
rate at which the alloy was developed in the laboratory apparatus; and that 
there is low potential for any metal-ceramic reactions. 
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a 

b 

I 
1 QID . 

Figure 12. - Alloy 38 Casting DS No 0 LB-379 Silica 
Bonded-alumina Mold: a) External Blade; 
b) As-cast Transverse Section of Metal
mold Interface. 
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$ .a4l">IiAft 5 .... ~ .. -.. 
DISCUSSION OF RESULTS 

On the basis of the results of the Tasks I and II testing programs, alloy 
38 was chosen for fuller evaluation. It was judged to be the best on balance 
of all of the alloys studied. However, it should be remembered that several 
of the alloys were judged to be nearly equivalent to alloy 38. The likelihood 
is that a wide range of compositions may be suitable for further development 
for turbine blade applications. Based on previous results [ref. 1] and the 
results of Task ill, it is believed that much of the behavior of alloy 38 is 
actually generic to the entire Y /Y '-aMo eutectic system. The discussion 
which follows, relating to the suitability of alloy 38 as an advanced blade 
material, should be considered in terms of the general suitability of the 
Y /Y '-a Mo composites for blade applications. 

PHYSICAL BEHAVIOR 

In Section 2, "Introduction," the properties important in blade design were 
discussed briefly. Some of the physical properties critical to optimum use 
of an alloy were moduli of elasticity, coefficients of thermal expansion, and 
thermal conductivity. These properties determine the thermal strains gen
erated across and along the airfoil. The thermal conductivity of y /Y '-aMo 
eutectics is expected to be similar to present generation materials and was 
not measured in this preliminary evaluation program. However, before 
such an alloy could be used, this property would have to be documented. 
The thermal expansion and elastic moduli were expected to be significantly 
different from currently used materials; therefore, they were measured. 

The longitudinal thermal expansion of y /y '-a Mo eutectics is constrained 
, by the Mo fibers, with the result that the expansion is about 30 percent less 

than conventional alloys over the service temperature range. This longi
tudinal expansion behavior will tend to produce lower thermal strains in the 
temperature gradients present in an operating turbine blade. The low ther
mal expansion coefficients may be beneficial in decreasing the low-tempera
ture rupture-strength requirement, since the thermal strains are reduced. 

The longitudinal elastic modulus measurements show that y /Y '-aMo 
eutectics are similar to conventionally cast superalloys, rather than low 
modulus, directionally solidified alloys. This is largely due to the <100> 
growth direction being that for the maximum modulus for Mo, but a minimum 
for y and y' [refS. 11-13] •. Compared to conventional superalloys, there 
will be almost no change in the thermal strains due to modulus; but compared 
to directionally solidified superalloys, the higher longitudinal modulus may 
tend to increase thermal strains, partially off-setting the gains from reduced 
thermal expansion. 
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The expansion and modulus properties of the y /y '-0' Mo eutectic will be 
beneficial in thermal strain reduction in airfoil applications, relative to 
conventional superalloys. Compared to directionally solidified superalloys 
and NiTaC eutectics, the net gains may be smaller due to the greater 
longitudinal modulus. 

MECHANICAL PROPERTIES 

A large number of mechanical properties are important in designing the 
airfoil and the dovetail of a turbine blade (see Section 2), and only some of 
these properties have been addressed in the present evaluation. For many 
of these properties, alloy 38 has a clear advantage over conventional alloys; 
and for some properties, especially for transverse loading, there is a dra
matic advantage over the y /y '-0 and NiTaC eutectic systems. There 
are some properties, however, where the system is at a disadvantage. 
Alloy development will be a critical step in overcoming these deficienCies, 
if the y /y '~O'Mo system is to find service as a blade material. 

Longitudinal and transverse tensile strengths are shown as a function 
of temperature for NiTaC-13, y /y '-0, AG-60, and alloy 38 in Figure 13. 
Although the longitudinal strength of alloy 38 is greater than most conven
tional superalloys, it is weaker over most of the temperature range when 
compared to the other eutectic alloys. In transverse testing, it is compar
able to the base AG-60 and to NiTaC-13. The alloy has the same signifi
cant advantage as AG-60 in tensile elongation for the transverse orientation 
relative to the other eutectic systems. This advantage in transverse ductil
ity for the y /y '-0' Mo eutectics may be important for resistance to transverse 
fatigue loading. 

A comparison of longitudinal tensile shear strength for the different 
eutectics is shown in Figure 14. The properties of alloy 38 are intermediate 
between AG-60 and NiTaC-13 and substantially better than y /y '-0. Longi
tudinal tensile shear at high strain rates is not viewed as a problem for the 
y /y '-0' Mo system. However, recent work on shear of this system at creep 
strain rates (refs. 14, 15) suggests the alloy may be substantially weaker 
than NiTaC-13, and comparable in strength to y /y '-6. 

The rupture behavior of alloy 38 is compared to the other eutectics in 
Figure 15. The alloy in the coated plus coating heat treated condition is 
more resistant to longitudinal stress rupture than the base AG-60 at all 
stresses. It is also within ,.... 1 parameter of NiTaC-13 at 800 MPa, and is 
..., 2 parameters above NiTaC-13 at 100 MPa. In transverse stress rupture, 
uncoated alloy 38 is comparable to AG-60, providing a Significant strength 
advantage at high stresses • 

. Exposure of alloy 38 prior to testing appears to produce very small 
effects on rupture strength. For the 7500 C cyclical and isothermal expo-
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Figure 13. - Tensile Strength of Alloy 38 Compared to Other 
Eutectics for a) Longitudinal and b) Transverse 
Orientations. 
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sures, there appears to be no effect; while for the 11000 C exposures, one
third to one-half of the rupture life may be lost due to exposure. This is a 
smaller effect than for NiTaC-13 [ref. 16], where two-thirds of the life 
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E 
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Figure 14. - Longitudinal Shear Strength of Alloy 38 
Compared to Other Eutectics. 

was lost during comparable 11000 C exposure. The loss is also substantially 
less than that observed for 11500 C cycling of AG-60. Since in actual blade 
service only a small fraction of the design life is spent at 11000 C for any 
portion of the turbine blade, the degradation is small. Compared to conven
tional superalloys exposed to 10000 C, alloy 38 cycled to 11000 C offers im
proved stability to rupture life loss during service exposure. 

The measurements of resistance to creep deformation for alloy 38 in
dicate the alloy, and most likely the Y /Y '-aMo system, behaves quite dif
ferently from conventional superalloys as well as other directionally solidi
fied eutectics. Their application in turbine blades will require a somewhat 
different design approach. The alloy NiTaC-13 creeps to 1 percent elonga
tion in about 50 percent of its rupture lifetime, about the same as for con
ventional superalloys; while for alloy 38 this elongation may occur in as little 
as 10 percent of its life. This behavior is more like a directionally solidi
fied superalloy than like NiTaC-13 Y /Y '-0. This behavior can be included 
in blade design and is not likely to limit the applicability of the y /y '-a Mo 
system. 

PROCESSING 

As'~ 'true with the Y /Y '-aMo base alloy AG-60, alloy 38 (AG-170) 
prese .~U major problems for producing complex, hollow airfoil shapes. 
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The optimum solidification rate at the blade processing temperature gradi
ents appears to be somewhat less than AG-60, but is greater than both 
NiTaC-13 and y /y '_0. It should be mentioned that the approach in this 
program has been to optimize compositions and growth rates at the blade 
processing gradients so that the properties attained during alloy development 
can be achieved in the blade shapes. There is a danger that optimization at 
unrealistically high laboratory gradients may indicate a preference for com
positions that cannot be aligned at the blade processing gradients. 

Interactions between liquid metal and the ceramic core and mold materi
als does not present a problem. There appears to be a number of ceramics 
that will serve as nonreactive materials. As a class of alloys, Y /Y '-a Mo 
eutectics are less tolerant to compositional variation about the nominal than 
are the NiTaC alloys. Although it is difficult to qu~tify ~rom the limited 
experience thus far, closer control on the balance of molybdenum and 
aluminum must be maintained. Since the sorting-out process is less effi
cient than in the NiTaC alloys, care must be taken to be near the eutectic 
trough with the melt composition. 

The possibility of a fully aligned structure and a cellular structure both 
growing in parallel from one solid-liquid interface is cause for some con
cern. Structures with a rating of 4 to 5 on the transverse sections have 
greatly reduced 11000 C rupture strength. Nondestructive evaluation tech
niques will be needed to insure the absence of cellular regions in turbine 
blade airfoils, since metallographic evaluation of polished airfoil surfaces 
may miss internal regions of cellularity. . 

The processing of Y /Y '-aMo eutectics necessarily includes a protective 
coating deposition. Coatings O. 013-cm thick of IN-671 were deposited on 
alloy 38 using the low-pressure/high-velocity, plasma spray coating tech
nique. This coating composition was chosen because of the excellent match
ing of the thermal expansion behavior with that of the substrate. Conventional 
MCrAlY coatings have higher values of a. For low maximum temperature 
operation, this coating might have adequate oxidation resistance. However, 
for high maximum temperature operation envisioned for eutectics, this com
position might better serve as an inter layer for an overlaying of a more 
oxidation-resistant coating, forming a gradation in thermal expansion be
havior by appropriate diffuSion heat treatments. 

InCipient melting between the coating and the substrate can be a severe 
problem, if it occurs at a temperature within the operating range of the blade. 
Porosity developed during melting and resolidification can lead to coating 
spallation very early in blade life. To document whether this might be a 
problem for alloy 38 and the IN-671 coating, coated pins were subjected to 
one-hour heat treatments in argon and then helium quenched. This was per
formed for temperatures of 12500 C to 12900 C, at 100 C increments. The 
temperature was held to nominal + OOC, - 50 C. Because of the tolerances 
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held on the temperature, the incipient meltLTlg paint must be greater than 
12750 C and less than 1290oC. This represents a smail decrease from the 
13000 C eutectic temperature and is safely outside the expected operating 
range for eutectic turbine blades. 

A diffusion heat treatment is usually specified for plasma sprayed coat
ings to produce a metallurgical bond across the interface. For this program, 
the coating heat treatment was chosen to take maximum benefit of the rupture 
and tensile strength improvements due to heat treatment as discovered by 
Henry [ref. 10]. The heat treatment chosen was one hour at 12600 C, in 
order to avoid incipient melting while maximizing the rupture improvement. 

The reduction in tensile elongation' because .of coating and heat-treating 
the alloy is substantial at low temperature, and less so at high temperature. 
Heat treatment alone may account for some of this reduction, but the coating 
is responsible for much of the loss. The eutectic Y /Y '-a Mo fails with only a 
a uniform reduction in cross section (no necking) at low temperatures 0 If a 
coated bar develops surface cracks at low strains due to the coating, the 
Y /Y '-aMo substrate has little resistance to propagation of these cracks. 
This appears to be a problem only at low temperatures, and the effect pos
sibly may be minimized by optimization of the coating/alloy system. The 
Ni-50 Cr-50 coatings were uncracked prior to testing. 

In rupture testing, it was noted that substantial life improvement 
occurred for uncoated bars, as a result of the choice of the coating heat
treatment cycle. This behavior was essentially maintained in the coated 
and heat-treated material. 

Finally, the high rate of attack during 10000 C cyclical oxidation must 
be addressed. Since the cooling passage surfaces may approach 10000 C 
under certain blade missions, protective coatings may also be required on 
these internal surfaces. 
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Section 6 

CONCLUDING REMARKS 

The present program had as its purpose to improve - through changes 
in composition - the Y /Y '-aMo alloy AG-60 previously identified as a poten
tial jet engine turbine blade material in NASA contract NAS3-19711. Since 
the scope of the properties important to blade design is too large to evaluate 
for a number of alloys, the program was planned to screen a large number 
of alloys on the basis of rupture resistance alone, select a few alloys for 
further evaluation, and then choose one alloy for fuller characterization. 
Properties determined in this characterization included: 

e Structure and chemistry 

• Longitudinal and transverse tensile behavior 

• Longitudinal shear behavior 

• Longitudinal stress-rupture and creep resistance 

• Transverse stress-rupture resistance 

• Effects of prior exposure on stress-rupture 

• Tensile and rupture properties after coating deposition 

• Thermal expansion 

• DynamiC modulus 

• Cyclical oxidation resistance 

• Liquid metal/mold and core ceramic reactivity 

The alloy chosen for this evaluation from among 39 alloys studied was 
alloy 38 (AG-170), Ni-5.88 AI-29.74 Mo-1.65 V-l.20 Re (weight percent). 
It was stronger than AG-60 at low stress, high-temperature rupture condi
tions; and its low temperature rupture strength could be improved beyond 
that of AG-60 by the proper choice of the coating process cycle. In most of 
the other mechanical properties evaluated, the alloy was approximately 
equivalent to or slightly inferior to AG-60. Exposure in the service temper
ature range had a minimal effect on rupture properties. However, tensile 
ductility was reduced by the presence of a coating which cracked at low 
strains during tensile testing. DynamiC modulus behavior was similar to 
current aircraft blade alloys, but thermal expansion coefficients were sig
nificantly smaller than current alloys. This may be beneficial in reducing 
thermal strains resulting from temperature gradients in turbine airfoils. 
At the same time, the low expansion behavior may require different coating 
compositional concepts to achieve a compatible alloy/coating system. The 
alloy may need a coating on internal cooling passage surfaces as well as on 
the outer blade surface. The alloy is processable to hollow blade shapes 
using currently available mold and core ceramics. 
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On balance, alloy 38 (AG-170) represents an improvement beyond AG-60. 
Eutectics in the y /y '-a Mo system should be considered further as possible 
alternate or superior blade materials in comparison to the NiTaC and y /y '-0 
eutectic systems. Alloy development is needed to address the problems dis
cussed here, as well as other problem areas such as thermal fatigue and 
shear rupture. A critical area for study is coating/substrate system develop
ment for both internal and external surface environments. 
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