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h quaternary additions of Ti and W to a high volume fraction
y ’bas.

This study showed that it is possible to produce a highly
directionally recrystallized structure in these high volume
fraction (90—97%) r~ alloys . However , the best structure and
hence the highest str ength was obtained in the lower (90% vs.

r I  97%) volume fraction ~ alloy . Titanium was found to be 
Vdetr imental to the structural response of quaternary Ni-Cr—Al -

- 
Ti ODS alloys . Tung sten additions resulted in significantly
improved high temperature strengths . On a density corrected

- - basis the 1000 hour specific rupture strength of a Ni-Cr-Al-li
- -  ODS alloy surpassed that of DS Mar M—200 ( above 1530’?) and V

[H certain current DS r/y~—u eutectic alloys (above 1630’?).Tensile, intermediate temperature stress rupture, and corrosion
resistant properties were also determined.

An attempt to produce S phase precipitation hardened ODS
Ni-Cr-Al alloys by mechanical alloying was unsucc essful .
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I. INTRODUCTION

Today , several distinct type s of directional structures
offer potential for increased operating temperatures (100—
350°F ) for gas turbine vanes and blades . Among these are
the oxide dispersion strengthened CODS ) alloys(1-3) produc ed
by mechanical alloying (4). The ODS + y~ nickel-base super-
alloys which have been produced to date offer substantial
increases in temperature capability as shown in Figure 1.

In these previous ODS alloy investigations, alloys with
low incipient melting points , conventional volume fractions
of ‘y~ (30—70%), and low y solvus temperatures were studied . V

At intermediate temperatures (1400°F) the ODS + y~ alloys
enjoy a significant strength increment over their y~ free
counterparts; e.g., TD-Ni and TD-Ni-Cr . As the use temper-
atu res are raised and the y ’ solvus is approached , the y~ =volume fractions decrease significantly and the y strength—
ening increment decreases to zero . This occurs at approxi—
mately 1600—1800°F for present ODS + y alloys . In this
research program alloys were developed with very high volume
fractions of y at the intended use temperature of 2000°F.
The expected y strengthening increment combining with the
ODS effect should result in higher 2000°F strength.

V 

This report describes work done under NAVAL AIR SYSTEMS
COMMAND Contract No. N00019-75—C-0313 to develop ODS nickel-
base superalloys with 80-90% y ’ for turbine blades operable
at 2000°F and higher. The work was planned and carried out

H in two phases. In Phase I, the feasibili ty of producing
high volume % y~ Ni-Cr-Al ODS alloys by mechanical alloying
was determined . Phase II was planned to explore ternary Ni—
Cr—Al alloys in the -,‘/5, y~/$ and ~/-~~/8 phase fields. In
addition several quaternary alloys of the Ni-Cr-Al-Ti and V

Ni-Cr-A1-W systems were studied .

c 
-
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II. EXPERIMENTAL PROCEDURES

2.1 Alloy Selection

Two ternary Ni—Cr-Al alloys were selected for investi-
gation in Phase I. The compositions given in Table I car-
respond to 20 and 17.5 atomic % Al , 10 atomic % Cr, N i—Cr—Al
alloys, respectively.

•~: As shown in the 2100°F ternary diagram of Figure 2 ,
alloy 1 lies within the y/y” phase field at this temper—
attire, while alloy 2 lies in the y field. Thus, alloy 1
should retain significantly more y at 2100°F. These
alloys were selected in an attempt to determine the ef—
fectiveness of y strengthening in these ODS alloys at high
temperature.

In Phase II five ternary alloy compositions were
selected from the y/y /B, y~/5 and y/5 phase fields of the
Ni-Cr—Al system. The objective of Phase II was to determine
the feasibility of producing B phase precipitation hardening
in a simple ODS + y~ alloy. In addition, four high volume %
y ODS alloys, with quaternary additions of Ti or W, were
produced in Phase II. These alloy compositions are also
given in Table I.

2.2 Attritor Processing

The following powders were used for mechanical alloy-
ing:

Nickel Powder Type 123
Elemental Chromium
Elemental Tungsten
Ni—46A1 Master Alloy
Ni—28Ti—17A1 Master Alloy
Y203 (Calcined Yttrium Oxalate)

Powder batches of the selected compositions were
mechanically alloyed in attrition mills under controlled
conditions which were established by Inco outside the scope
of this contract. The resultant mechanically alloyed
powder was characterized using chemical analysis for 0, N, C
and Fe, screen analysis, and metallographic examination .
The criteria for accepting powder as well processed are

- 
- - outlined in Reference 4. Basically one looks for a corn-

pletely homogeneous processed powder when examined metal-
lographically. Experience has taught that a coarse powder - 

-

size distribution, and normal oxygen (~ .5-.8 wt. %) and iron
(.5-.8 wt. %) levels are indicative of well processed powder.



~~~~~~~~~~~~~~~~~~~ 
- - -

~~~~~
—-V - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V V • • ~~~ .~~~~~~V_V - - - - VV - V--———~~

2.3 Extrusion

After screening to remove the coarse +12 mesh particles,
powder batches of each composition were cone blended for two
hours and packed into 3.5 inch OD steel extrusion cans.
Between six and nine cans were prepared for each of the six
compositions investigated in this program. The extrusion
cans were sealed in air prior to extrusion.

Extrus ions were made after preheating the bille ts two
hours to temperatures ranging from 1750 to 2200°F. Round
extrusion dies were used yielding ratios ranging from 12 to
55:1. Conical dies having an included angle of 90° were
employed. Lubrication was provided by a glass pad on the
die face with oil in the extrusion chamber and a glass wrap
on the billet.

All extrusions were performed on a 750 ton Loewy Hydro—
press at throttle settings of 30 or 100%. Ram speed and
pressure were continuously recorded during each extrusion.
Occasional recorder malfunction resulted in no record for
three of the fifty extrusions made in this work.

2.4 Heat Treatment

The objective of the extrusion studies was to determine
the conditions required to yield a coarse elongated grain
structure in each alloy , upon heat treatment . The necessity
of obtaining this structure to achieve maximum high temper-
attire strength in ODS alloys is well documented (5 ,6 ) .

The recrystallization response of an extruded bar was
determined by selected isothermal or stationary gradient
annealing heat treatments. In Phase I isothermal anneals at
2250, 2300, 2350 and 2400°F for 1/2 hour were used to de-
termine the recrystallization response of alloy 1 and 2
extrusions. These samples were sectioned parallel to the
extrus ion direction to reveal the longitudinal nature of the
recrystallized grains, etched, and examined metallographically.

In Phase II stationary gradient anneals were used to
determine the recrystallization behavior as a function of
annealing temperature. Four inch long extruded bar samples
were individually annealed in a gradient furnace having the
thermal profile shown in Figure 3. Total annealing time was
1/2 hour. After heat treatment these bars were surface
ground parallel to the extrusion direction to reveal the
recrystallized grain structure as a function of position
along the gradient . This is a simple method for determining
the temperature range over which recrystallization to a
coarse grain structure will take place. It also pinpoints
the critical heat treatment temperature at which the best
coarse elongated grain structure is achieved .

- - 

— 3 —
- -- - - -_~~~~~- - -- - -- --~~~~~ . - :  - - - -~~~~~-~~~~~~~~~-~~~~~~~~~



~~~~~i~~~~~~~
”Vrr ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I
—
I

Zone annealing can be an effective way of increasing
the grain aspect ratio , and hence the high temperature
strength, of ODS superalloys (1,7). Generally, extruded bar
which shows a coarse grain structure (elongated or equiaxed)
on isothermal. or static gradient annealing, will respond
favorably to zone annealing. Selected bars were zone an—
nealed in the same gradient furnace (Figure 3) at 5.3 inches
per hour and maximum zone temperatures ranging from 2260 to
2400°F . Specimens were cut from these zone annealed bars

• and sectioned to reveal the grain aspect ratio achieved .

A heat treatment study was conducted to determine the
volume % y in the Ni-Cr—Al alloys 1 and 2 and in the Ni—Cr—
Al—W alloys 7 and 8.

2.5 Mechanical Testing

: 1 Specimens for mechanical testing were ground f rom round
heat treated bars with their tensile axis oriented parallel
to the extrusion direction . In all cases this corresponded
to the direction of structural elongation . Stress rupture
tests were performed at 1400 , 2000 , and 2100°F in air .
Initially 24 hour/2 ksi step loading was used to determine
the capability of the material . Constant load tests at
1400 , 2000 and 2 100°F and at several different loads were
used to determine the stress/temperature/life capability of
alloys 1, 2 , 7 and 8 material wi~:h the best grain structure
achieved in this program . These tests were performed in
accordance with the appropriate ASTM specification on speci-
mens with .125 inch gauge diameter , gauge length of 1 inch ,
and .25 inch -2ONC threaded ends . Elongation and reduction
of area were measured from the fractured specimens .

Creep tests were run on alloy 2 specimens at 1400 and
2000°F in air . Extensometer arms were attached to the
threaded ends of the test specimens . These tests were run
on specimens identical in dimension and method of manu-
facture to those used for stress rupture testing. Extension
across the threaded ends was measured throughout the test.
Elongation and reduction of area were measured on the
fractured specimen .

Tensile testing on selected alloy bars was performed at
room temperature and 1400°F in air . Again the test speci-
mens were identical in dimension , orientation, and method of
manufacture to those used for stress rupture and creep
testing. Only specimens of alloy 2 were tensile tested .
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2.6 Physical and Chemical Testing
- 

V Density measurements were made by simple calculations
based on the dimensions and weight of cylindrical oxidation
test specimen . This method is accurate to within 1%.

Oxidation tests were performed at 2000°F for 504 hours.
The test was cyclic in nature with the specimens being cooled
rapidly to room temperature and weighed daily . The en-
vironment was low velocity air + 5% H20 . After final weight
measurements the samples were descaled by a light A 12O,
grit blast and final weight loss was measured .

Burner rig gulf idation tests were conducted at 1700°F
9 for 168 hours . The rig used corresponds to the G.E . Lynn

low velocity burner r ig(8) . This test ran on a one hour
cycle , 58 minutes rotating in the flame , two minutes in air
blast. The flame conditions were a 30:1 air + 5 ppm sea-
water (ASTM Spec . D114 1—52) to fuel ( .3% sulfur JP—5) ratio
at low velocity. The specimens were weighed each 24 hours
and standard diametric (cross section ) metal loss and grain

• boundary penetration measurements were made at the end of
the test. Descaled weight loss was also determined.

A (1001 texture in directional structures is known to
provide a definite advantage in thermal fatigue resistance.
A low elastic modulus was observed on one alloy 2 extruded
and zone annealed bar. X-ray diffraction texture analysis
was used to determine preferred orientations of the di—
rectional structure observed in alloy 2 bars with high and
low elastic moduli.

— 5 —
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III. RESULTS AND DISCUSSION
- 3.1 Mechanically Alloyed Powder Production

In Phase I, alloy 1 powders were initially mechanically
alloyed in a small attritor mill producing 9.35 lbs. of
powder per batch. Nine batches were produced in this mill.
Batches Vi, V2 and V3 were preliminary runs used to adjust

V attritor processing conditions. When well processed powder
-

~~ 

was achieved, six additional heats were produced. Char—
• acterization of these first nine batches of alloy 1 powder

- is given in Table II. Metallographic examination showed
• that batches Vl and V2 were grossly underprocessed (shown in

- Figure 4). The remaining batches were essentially well
- 

- processed but with minor inhomogeneities. This is illus- —

trated in Figure 5 for batch V4.~

• Because of the processing experience with alloy 1,
alloy 2 was processed in a larger attritor yielding 18.7
lbs. of powder per batch. A wash batch and four additional

-
~ batches were produced. All showed excellent processing as

shown for batch V12 in Figure 6. Powder characterization

-~ 

for these alloy 2 batches is also given in Table II.

Additional powder batches were produced of alloy 1 in
I the larger attritor. As with alloy 2, a wash heat and four

- 1 powder batches were produced. All showed excellent pro—
cessing as given in Table II and Figure 7. This second

-
~ 

• series was produced primarily due to the poor extrusion
response demonstrated by the initial powder produced in the
smaller attritor.

In Phase II three composition series were produced.
-i The first of these included alloys 3 and 4 of Table I.

Alloy 3 is a Ni—Cr-Al alloy whose composition lies within
the y + B phase field of Figure 2. Alloy 4 lies within the
y + y + B phase field. Four attempts were made to produce
these alloys by mechanical alloying. The character of the
powder produced is shown in Table III. In all cases the
powder showed no signs of ~elding and coarsening as isdesirable. Due to the extreme grinding regime encountered,
these powders suffered from high iron pickup (from the mill-
ing medium). In addition several o1 the powder batches were

-

- 
pyrophoric and picked up high oxygen levels when exposed to
air. Because of the difficulty encountered in producing the
B phase containing Ni-Cr-Al alloys the work was redirected
toward more profitable alloy development work. Two additional

- series of alloys were made, alloys 5 and 6 were made with Ti
- additions and alloys 7 and 8 with W additions to a Ni-Cr-Al

base.

- 
Three powder batches were made of each alloy 5, 6, 7

~~~
. ç and 8 in the larger attritor mill. In each case a wash 

_  

- 6 -
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batch was produced and discarded followed by two additional
batches of each composition . Powder characterization data
on these last four alloys are given in Table IV. In all
cases excellent powder processing was achieved. Figures 8 - 

-

to 11 show powder micros for each alloy .

3.2 Extrusion

Alloy 1 powder batches V4 through V9 were cone blended
and the resultant powder batch was designated Via. This
powder was packed into nine mild steel cans and extruded at
the conditions shown in Table V. Also shown in Table V are
the extrusion conditions for the second alloy 1 powder batch
V22 (blend of Vl7-V20) and alloy 2 powder batch V2l (blend
of V12-V15) . In the extrusion work on the alloy 1 and 2
powders the throttle setting was fixed at 100% with extrusion
speeds ranging from 2.0 to 9.4 in/sec.

Six cans each were extruded of alloys 5, 6, 7 and 8
powders. The extrusion conditions and recorded extrusion
speeds are given in Table VI. For these alloys an attempt
was made to include extrusion speed as a controlled variable
by varying the extrusion press throttle setting. In this
case speed variations from 2.0 to 14.9 in/sec were obtained.

3.3 Heat Treatment - Recrystallization Response

The objective of the extrusion work was to determine
the conditions required to yield a coarse elongated grain
structure in these materials, upon heat treatment. The
necessity of obtaining this highly directional structure to
achieve maximum high temperature strength in ODS alloys is
well known . The nature of the recrystallization response is
generally described in terms of transverse grain diameter
(fine .l—l~im , medium l—50~im and coarse 50—250 pm) , and grain
aspect ratio ( length/diameter) . For optimum high temper—

- ‘ I ature strength , a coarse grain size with a grain aspect -

ratio (GAR) of about 10 is required.

The isothermal annealing recrystallization response of
alloys 1 and 2 extruded bar samples is described in Table
VII. As can be seen the first series of alloy 1 extrusions,
V1OA-V1OI did not respond favorably. The second series of
alloy 1 extrusions V22A-V22R showed a more favorable re-

- 

- crystallization response, however , the ideal coarse elongated
- grain structure was not achieved. Alloy 2 responded better,

with high grain aspect ratios achieved for several extrusion
conditions. Typical grain structures achieved from alloy 1,
V22 extrusion and alloy 2, V2l extrusions are shown in
Figures 12 and 13, respectively. A map of isothermal re-
crystallization response vs. extrusion conditions are shown
in Figures 14 and 15 for alloys 1 and 2 respectively. These
maps show that both alloys exhibit better recrystallization
response at high extrusion temperature and ratio.
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Based on their favorable isothermal recrystallization
- response most of the alloy 2 extrusions and three of the

alloy 1 extrusions were zone annealed to improve grain
- aspect ratio. As—extruded 12.5 in. long rods were zone

annealed at maximum zone temperatures of approximately
2350°F at a speed of 5.3 in/hr. The response of these bars
to zone annealing is shown in Table VII. A more elongated
grain structure was achieved in several cases. Although
grain aspect ratios greater than 10:1 were achieved in one

- alloy 2 bar, the best GAR achieved in alloy 1 was 6.5:1. An
example of the dramatic effect that can be achieved through
zone annealing is shown in Figure 16.

• 
- The recrystallization response of the alloy 5—8 ex-

truded bars was studied using static gradient annealing. As
described earlier 4 in. long rods from each extruded bar
were individually annealed in a gradient ranging from about
2400°F down to 1550°F. In all cases the temperature profile
along the rod was approximately the same as that shown in
Figure 3.

The gradient annealing results for the Ti-containing
alloys 5 and 6 are shown in Figures 17 and 18 respectively.
These figures show macrographs of gradient annealed specimens

- from alloy 5 extrusions V31A-F and alloy 6 extrusions V33A-
F. These results show that recrystallization was incomplete

— 
- in all cases.

The gradient annealing results for the W—containing
alloys 7 and 8 are shown in Figures 19 and 20 respectively.
In both cases a coarse elongated grain structure was achieved
at two or three extrusion conditions.

- Based on the gradient annealing response one alloy 7
- bar, V35D, and two alloy 8 bars, V37D and V37-F were zone

annealed using maximum zone temperatures of 2280°F and a
zone speed of 5.3 in/hr. Figures 21-23 show the zone an—
nealed grain structure achieved with these three bars.

3.4 y Volume Fraction

A heat treatment study was conducted to determine the
- 

volume % y in alloys 1 and 2. The y determinations were
made using replica electron microscopy at 4,900 and ll,500X
followed by quantitative metallography. The heat treatments
used and volume % y observed are given in Table VIII.

t Figures 24 and 25 showed the y
~ size, shape and distributionin alloys 1 and 2. Note that at 2100°F both alloys retain a

-~~ 
significant volume fraction of ‘

~~~~~~
.

H

H — 8 —
-- I 1

—•—

~ 
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Figures 26 and 27 show the y size, shape and dis-
H tribution in alloys 7 and 8 after furnace cooling to room

-~ - temperature when zone annealing. Table VIII shows the
volume % y in these alloys as determined using quantitative
metallography. Note that in these alloys the y volume %
decreases as W is substituted for Ni in the alloy 2 base.

3.5 Stress Rupture and Creep Rupture

The 2000°F stress rupture properties of alloy 1 ex—
truded and heat treated bar was determined by step loading
or constant loading tests. The results of thse tests on
conventionally heat treated bar and zone annealed bar from
alloy 1 extrusions V22A-D are given in Table IX. None of
the alloy 1 bars showed good 2000°F properties despite the
achievement of reasonably good grain aspect ratios. Since
extruded bars V22E-H did not show further structural im-
provements no testing was done on those bars.

Results of 2000°F stress rupture tests on conventionally
- annealed alloy 2 extruded bars are given in Table X. These

properties are consistently better than those achieved in
- alloy 1. Zone annealing of select alloy 2 bars resulted in

significant improvements in GAR and 2000°F stress rupture
properties. These are given in Table XI.

Figure 28 shows a 2000°F rupture stress vs. rupture
life plot for alloy 1 bar V22D and alloy 2 bar V21G compared
with an earlier Inco development alloy, MA 755E. This plot
shows that alloy 2 bar with the desired coarse elongated

• grain structure has 2000°F strength slightly better than MA
— 755E. Since this grain structure was not achieved in the

alloy 1 bars, the high temperature strength was considerably
lower. For this reason no further mechanical testing was
done on the alloy 1 material.

Zone annealed bars of alloy 2 were tested at 1400, 2000
• and 2100°F in stress rupture to obtain sufficient data to

generate a stress vs. temperature plot for comparison with
competitive alloys. Results of these tests are given in
Table XII. In addition several heat treatments were applied
to zone annealed bar from extrusion V21G to determine

-
: whether improvements in 1400°F creep behavior were possible.

The results of these 1400°F creep tests are given in Table
XIII and creep curves are plotted in Figure 29. Significant
improvements in 1400°F rupture life and creep ductility were
observed. A creep test was also conducted at 2000°F and is
shown in Figure 30. Properly heat treated alloy 2 shows
excellent creep behavior at both 1400 and 2000°F. The
excellent ductility achieved in the simple alloy is very
encouraging.

~
-
~
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Alloys 7 and 8 were tested in stress rupture at 1400 ,
2000 and 2100°F. Results of the 1400°F tests are given in
Table XIV and the high temperature test results are combined V

in Table XV. At 1400°F alloy 7 (3.4 wt. % W) bar V35D is 
V

slightly stronger at 100 hours than alloy 8 (6.7 wt. % W)
bar V37D. This is illustrated in Figure 31. However, this
difference may be attributed to a slightly finer grain

• diameter for bar V35D.. At 2000 and 2100°F, alloy 8 bar
V37F is demonstrably stronger than alloy 7 bar V35D. This
is illustrated in Figure 32. Both bars have extremely
elongated grain structures. Therefore, the strength in-
crement achieved may be attributed to the effect of solid
solution strengthening at these temperatures. When the
alloy 7 and 8 results are compared to alloy 2 a significant —

increase in high temperature strength has been achieved.

The high temperature strength capability of the high
volume % y’ ODS alloys developed in this work is summarized
in Figure 33. This figure is a density corrected specific
stress rupture strength vs. T °F plot for 1000 hours for
alloy 8 compared to two competitive alloy systems. Because - -

the density of a material exerts a strong influence on the
tensile stress in a rotating turbine blade, the stress
rupture strength of these alloys have been normalized with 

- 
-

respect to alloy density to the first power. Density data
for these alloys is given in Table XVI. Note there is only
a small density increase for alloy 7.

Figure 33 compares the simple Ni-Cr-Al-W ODS alloy 8
with a directionally solidified conventional nickel-base
superalloy and a current directionally solidified y/y -c~
eutectic alloy (9). This figure shows that the 1000 hour
density corrected specific rupture strength capability of
alloy 8 surpasses DS Mar M—200 + Hf above 1530°F and a
current DS y/y~ -cz eutectic alloy above 1630°F. Below these
crossover temperatures the ODS alloy is not as strong as the
DS alloys.

4
3.6 Tensile Testing

- Alloy 2 bars were tested in tension at room temperature
and 1400°F after various heat treatments. The results of

- - these tests are given in Table XVII. For comparison tensile —

test data for the conventional cast alloy Mar M—200 is
-~ included. These results show that given an appropriate heat

treatment alloy 2 has tensile properties equivalent to the
widely used cast nickel—base superalloys; e.g., IN—lOO ,

• Mar M—200, and IN—792.

An interesting observation was made concerning the room
temperature modulus of alloy 2 bar V21G. The extremely low
elastic modulus observed, ‘~21 x 106 psi, indicated that this V

— 1 0 —
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H bar had recrystallized to a (100] texture. This was con-
firmed by x—ray texture analysis. The [100] texture is S

- 

- desirable for turbine blade and vane alloys where thermal V

- :  expansion and thermal fatigue problems may be reduced .
- Alloy 2 bar V21H did not show the low modulus and x-ray

analysis revealed a (112] texture was present in this bar .
I These results show that although alloy 2 is capable of

yielding a (100] texture, the extrusion and possibly the
heat treatment conditions are critical variables.

3.7 Hot Corrosion and Oxidation

Due to time limitation on this work only alloys 1 and 2
-

- were tested for hot corrosion and oxidation resistance. Hot
corrosion tests were conducted in a low velocity burner rig
of the GE-Lynn type. Both alloys were tested and compared
with conventional superalloys and MA 755E. The burner rig
tests were conducted at 1700°F over 168 hours with hourly
cycles to room temperature. The flame composition is pro-
duced by burning JP-5 fuel (.3% sulfur) at a fuel-to—air
ratio of 30:1. The air is injected with 5 ppm seawater
(ASTM Spec. Dll4l—52). The results of this test are given

i in Table XVIII. The alloy 2 sample was essentially des-
troyed after 168 hours. Although the alloy has suif idation
resistance superior to alloy 713C and IN—lOO it is not
adequate when compared with IN-738 and MA 755E. The higher

- 
- Al-containing alloy 1 does show improved hot corrosion
- resistance. However , increasing the aluminum content for

improved sulfidation cannot be seriously considered due to
processing limitations.

-~~ High temperature cyclic oxidation tests were conducted
on duplicate samples of alloy 2. These were performed at
2012°F for 504 hours with daily cycles to room temperature.

- The atmosphere was air-5% water vapor at low velocity
H (15 in3/min). Results of these tests given in Table XIX,

show that this alloy has excellent oxidation resistance.
-~~ The descaled weight loss for this alloy is less than ob-
1 served for IN-100 and far less than that observed for alloy

7l3C, IN-738 and MA 755F.. The extremely high oxidation
1 resistance exhibited by the Ni-lOCr-9A1-l.lY2O, alloy 2

makes it ideally suited for high temperature turbine blade
applications.
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IV. CONCLUSION

This work has shown that it is possible to produce
oxide dispersion strengthened high volume fraction y (90-

V 97%) Ni—Cr—Al alloys by mechanical alloying. However, it
was found that at the highest y level thermomechanical
processing and recrystallization response decreased. Be-
cause a more elongated grain structure was obtained in the

- 

- alloy with the lower (90%) y~ volume fraction significantlybetter high temperature strength was achieved. For this
reason it was not possible to directly measure the effect of
y volume fraction on the high temperature rupture strength
in these alloys.

Through quaternary alloy additions of tungsten to the
alloy 2 base composition further improvements in high temper-
ature strength were achieved. Despite a small increase in
density the high tungsten alloy 8 showed superior 1000 hour
density corrected specific rupture strength when compared to
DS Mar M—200 (above 1530°F) and a current DS y/y —cz eutectic
alloy (above 1630°F) .

An investigation of quaternary titanium additions to
the alloy 2 base composition showed that this element is
detrimental to thermomechanical processing and recrystal—
lization response. At a level of 2.8 wt. % only limited
recrystallization was observed. Therefore, except in small

~1 quantities (<2.5 wt. %), titanium cannot be used as a y
strengthener in these alloys.

In addition to excellent high temperature properties
the simple ODS high volume fraction y alloys developed in
this work show a promising range of other important me-
chanical and physical properties. Alloys 2, 7 and 8 show

— 1400°F/b OO hour rupture strength >713C. Alloy 2 has tensile
- properties equivalent to cast Mar M-200 and greater than
V 

- IN—lOO . In addition it has been determined that it is
possible to achieve a (100] texture in alloy 2 bar although
control of thermomechanical processing variables is critical.

In view of the significant improvements in properties
achieved by modest quaternary tungsten additions, further
alloy developments should be pursued.
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TABLE I Ii

COMPOSITIONS OF TERNARY AND QUATERNARY ALLOYS

Composition, Wt. % Applicable
Alloy No. Ni Cr Al Ti W Y20, Phase Fields*

1 79.5 10.1 10.4 —— —— 1.1 y + y
V 2 81.1 9.9 9.0 —— —— 1.1 y

3 79.8 6.2 14.0 —— —— 1.1 8 + y ~ 
I,

4 78.6 8.3 13.1 —— —— 1.1 8 + y + y

5 80.8 9.7 6.8 2 .8 —— 1.1 y + y

6 79.8 9.6 5.2 5.3 —— 1.1 y + p
~

7 78.1 9.7 8.8 —— 3.4 1.1

8 75.3 9.5 8.6 —— 6.7 1.1

• 
*At 2100°F (1150°C)
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TABLE V

EXTRUSION CONDITIONS FOR ALLOY 1, BLENDED BATCH
V10; ALWY~ 2, BLENDED BATCH V21; AND

ALLOY 1, BLENDED BATCH V22

lillet No. Timp., °F(°C) Ratio ~Speed , in/sec (cm/sec ) 
V

V1OA 1850(1010) 12 5.9(15.0)
V103 1850(1010) 16 4.9(12.4)

1850(1010) 22 3.7 (9.4)
V1OD 1950(1065) 12 7.6(19.3)
V10E 1950(1065) 16 6.9(17.5)
Vl0F 1950(1065) - 22 5.0(12.7)
V1OG 2050(1120) 12 8.2(20.8)

- Vl0H 2050(1120) 16 7.5( 19.1)
ViOl 2050(1120) 22 5.4(13.7)

V21A 1750 (955) 26 2.0 (5.1)
V213 1950(1065) 30 4.7(11.9)
V21C 2150 (1175) 36 NR*
V21D 2150(1175) 26 HR S

V21E 2150(1175) 18 NB
H V2lF 1900(1040) 18 4.4( 11.2)

V21G 20 50(1120) 30 4.2( 10.7)
V2lH 2150(1175) 50 3.2 (8S1)
V211 2200(1205) 50 7.4( 18.8)

V22A 1900(1040) 18 3.8 (9.7)
V22B 2150(1175) 50 5.9( 15.0)
V22C 2150(1-175) 36 7.1(18.0)
V22D 2150(1175) 18 8.3(18.0)
V22E 2000(1095) 50 8.3(21.1)
V22F 2200(1205) 18 9.4(23.9)
V22G 2050(1120) 36 4.9( 12.4)
V22H 2200( 1205) 50 5.8( 14.7)

j *No Record

+100% Throttle
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TABLE VI

EXTRUSION CONDITIONS FOR
• ALLOYS 5, 6, 7. MID 8 EXTRUSIONS

Alloy Billet S Speed in/sec
No. No. Temp. °F ( °C) Ratio Throttle (cin/sec)

5 V3l—A 2150(1175) 55 100 8 .9(22 .6)
5 V3l-B 2150(1175) 22 100 12.5(31.8)
5 V3i—C 2050(1120) 55 100 4.4(11.2)
5 V3l—D 2050(1120) 22 100 12.1(30.7)
5 V31—E 2150(1175) 20 30 3.8 (9.7)
5 V31—F 2050(1120) 20 30 3.2 (8.1)

H 6 V33—A 2150(1175) 55 100 6.9( 1715)
6 V33—B 2150(1175) 22 100 14.9(37.8)
6 V33—C 2050(1120) 55 100 8.1(20.6)
6 V33—D 2050(1120) 21 100 12.9(32.8)

V 6 V33—E 2150(1175) 20 30 3.6 (9.1)
6 V33—F 2150(1175) 20 30 3.8 (9.7)

7 V35—A 2150(1175) 55 100 5.9(15.0)
7 V35—B 2150(1175) 20 100 14.5(36.8)
7 V35—C 2050 (1120) 55 100 3.2 (8.1)
7 V35—D 2050(1120) 20 100 10.5(26.7)
7 V35—E 2150(1175) 20 30 3.8 (9.7)
7 V35—F 2050(1120) 20 30 3.6 (9.1)

8 V37—A 2150(1175) 55 30 2.0 (5.1)
8 V37—B 2150(1175) 20 30 4.0(10.2)
8 V37—C 2050(1120) 55 100 3.0 (7.6)
8 V37—D 2050(1120) 20 100 12.1(30.7)
8 V37—E 2150(1175) 30 - 100 11.7(29.7)
8 V37—F 2050(1120) 20 30 3.2 (8.1)
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TABLE VIII

VOLUME FRACTIONS OF y IN ALLOYS 1 AND 2

Alloy Sample No. Heat Treatment, °F(°C) % y~

1 V22B—36 2350( 1290)/ 1/2 hr/PC 97

1 V22B—35 2350 (12 90)11/2 hr/AC 95

1 1 V22B—34 2350( 1290)/ 1/2 hr/WQ 0

1 V22B—33 2100(1150)/ 1/2 hr/WQ 80

1 V22B— 32 2000( 1095)/ 1/2 hr/WQ 90
I

2 V21C—43 2350(1290)/1/2 hr/FC 90

2 V2 1C—42 2350( 1290)/ 1/2 hr/AC 85

2 V21C—4 1 2350( 1290)/ 1/2 hr/WQ 0

2 V2 1C—40 2100(1150)/ 1/2 hr/WQ 50

N 
2 V21C—39 2000( 1095)/ 1/2 hr/WQ 60

I

PC = Furnace Cool

AC = Air Cool

WQ Water Quench

-
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TABLE X

2000°F( 1095°C) STRESS RUPTURE RESULTS FOR
CONVENTIONAL ANNEALED* ALLOY 2 BARS

Stress , ksi
Bar No. GAR (MPa) Life, hrs % El % RA

V2 1A 1 14(96.5) 3.4 1.3 2.9

V21B 2.7 14(96.5) 0.8 2.5 3.0
1 2 ( 8 2 . 7)  2.9 1.3 2.9
10(69.0) 0.6 1.3 1.4

V21C 4.5 14(96.5) 0.0 1.3 nil
12(82.7) 1.1 2.5 4.3
10(69.0) 0.2 1.3 1.4

V21D 2.0 14(96.5) 0.1 1.3 nil
12(82.7) 1.1 1.3 2.9
10(69.0) 0.0 2.5 1.5

V21E 3.4 14(96.5) 15.9 1.3 nil
12 (82.7) 24.0 STEP LOAD
14 (96.5) 24 .0  STEP LOAD
16(110) 6. 9 2.5 2.9
10(69.0)  297.0 1.3 1.4

V21F 2.6 14(96.5)  3.2 1.3 1.4
12 ( 82 .7)  24.0  STEP LOAD
14(96.5) 12.0 nil nil
10(69.0) 41.2 5.0 3.0

V21G 3.8 14( 96.5) 6.1 1.3 nil
10(69.0) 158.2 2.5 nil

V21H 6.1 14(96.5) 6.0 1.3 3.0
10(69.0) 114.2 nil nil

+V2l1 7.3 14(96.5) 0.3 nil nil
12(82.7) 24.0 STEP LOAD
14(96.5) 0.1 2.5 nil

* 2350°F(1290°C)/l/2 hr/AC

+ 2400°F(1315°C)/1/2 hr/AC (Probable Incipient melting)
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TABLE XI

2000°F(l095°C) STRESS RUPTURE TEST RESULTS
FOR ZONE ANNEALED* ALLOY 2 BARS

Stress , ksi
Bar No. GAR (MPa) Life, hrs % El % RA

V21B 2.6 14 (96.5) 3.0 nil nil

V21C 4.6 14 (96.5) 0.4 2.5 4.3

V21D 1.9 14 (96.5) 0.1 1.3 2.9

V21E 4.0 14 (96.5) 25.4 1.3 2.9

V21F 2. 0 14 (96.5 )  1.4 1.3 2.9
- 

S 

V21G >10 14 (96.5) 24.0 STEP LOAD
> 10 16(110) 24 .0
> 10 18(124) 1.6 1.3 2.9

V21G >10 16(110) 61.0 2.5 5.8

+V2IG >10 15(103) 44.7 2.5 8.5

V21G >10 14 (96.5) 769.4 2.5 4.3

V2 1H 8.4 14 (96.5 )  24.0 STEP LOAD
8.4 16(110) 4.8 7.5 11.1

V2lE 8.4 14 (96.5) 8.6 1.3 1.9

V21I 8.0 14 (96.5 )  8.0 2.5 2.9

V2l1 8. 0 14 (96.5) 24.0 STEP LOAD
8.0 16(110) 19.1 3.8 8.6

V2l1 8.0 14 (96.5) 97.4 1.3 7.2

* Zone annealed at approximately 2395°F( 13 12°C)/5.3 iph(13.5 cmph)

+ Creep test. See Figure 30.
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1 TABLE XII

4 
- 

ALLOY 2 ZONE ANNEALED* STRESS RUPTURE PROPERTIES

Stress, ksi
Bar No. Temp., °P(°C) (MPa) Life, hrs % El % RA

V211 1400 (760) 85(586) 20.]. 2.5 4.3
- V211 1400 (760) 70(482) 156.7 3.8 7.2

• V21G 2000 (1095) 18 ( 124) 1.6 1.3 2 .9
- V21G+ 2000( 1095) 16(110) 61.0 2.5 5.8

V21G+ 2000( 1095) 15(103) 44 .7  2.5 8.5
V21G 2000( 1095) 14 (96.5) 769.4 2 .5 

- 
4.3

V21G 2100(1150) 12 (82.7) 53.4 5.0 8.5
V21G 2100(1150) 10 (69.0) 1005.7 3.8 8.7

* Tested as annealed 4
+ Tested ZA + 2350°P(1290°C)/l/2 hr/AC

H
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TABLE XIV

- 

1400°F(760°C) STRESS RUPTURE
RESULTS FOR ALLOY 7 AND 8 BARS

Stress, ksi
V 

Alloy No. Bar No. * GAR (MPa) Liie, hrs % E l  % R A  V

h 7 V35—D >10:1 70(482 ) 24.0 STEP LOAD
75(517) 24.0 5 N

80(552) 24.0 5

V 85 (586) 26.9 3.8 6.1

7 V35—D >10:1 75(517) 190.0 2.5 2.7

8 V37—F 5:1 70(482) 24.0 STEP LOAD
75(517) 24.0 N N

80(5 52) 7.5 2.5 2.9

8 V37—F 5:1 75(517) 90.6 1.3 1.4

I5 
* Bars Zone Annealed at 2275°F( 1247 C)/5.3 iph(13.5 caph)

I

5 
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TABLE XV
-~~ I

2000 F( 1095°C) AND 2100 F(1]50’C) STRESS
RUPTURE RESULTS FOR ALLOYS 7 AND 8 BARS

Stress, ksi
Alloy No. Bar No. 0 GAB Tamp., ‘P( C) (MPa) Life, hrs 951 % R A

7 V35—D >10:1 2000(1095) 14 (96.5) 24.0 STEP LOAD
U U 16(110) 24.0

18(124) 24.0
U U 20(138) 24.0

• 22(152) 6.1 3.8 2.9

7 V35—D >10:1 2000(1095) 18(124) 204.1 1.3 1.5

7 V3S—D >10:1 2100(1150) 14 (96.5) 90.3 3.8 4.3

7 V35—D >10:1 2100(1150) 16(110) 13.6 2.5 2.9

B 737—F >10:1 2000(1095) 14 (96.5) 24.2 STEP LOAD
U U U U 16(110) 24.0
U S U 18(124) 24.0 U
U U U 20(138) 20.2 2.5 3.0

- ‘ 8 737—F >10:1 2000(1095) 18(124) 612.5 1.3 1.5

8 V37—F >10:1 2100(1150) 14 (96.5) 222.3 1.3 2.9

S V37—~ >10:1 2100(1150) 16(110) 25.2 2.5 2.9

Vi

* Bars Zone Annealed 2275 F (1247 C)/5.3 iph(13.5 ~~ph)

— 2 8 —

I
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TABLE XVI

DENSITY OF ALLOYS 2, 7 AND 8

Composition, Wt.%
Alloy No. Ni Cr Al W YpO~ p, lbs/in (qin/cm3)

2 81.1 9.9 9.0 — 1.1 .275(7.60)

7 78.1 9.7 8.8 3.4 1.1 .277(7.66)

8 75.3 9.5 8.6 6.7 1.1 .295(8.17)

I
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TABLE XIX -

20 12°F(l100°C) CYCLIC OXIDATION -

TEST RESULTS* FOR ALLOY 2

t~W, und.sc. t~W, deac. 
-

Test Duration —10— ’ lb/in2 —10 ’ lb/jn2
Alloy hrs (..q/~~

2) (.~~~/~~~2) 
-

V21G— 1 504 0.016 (1.15) 0.035 (2.47) -

V2LG—2 504 0.014 (1.00) 0.033 (2.30)

1)1—100 504 0.042 (2.99) 0.10 (7.27)

Alloy 713C 504 0.28 (19.42) 0.30 (21.05)

1)1—738 504 0.87 (61.46) 1.02 (71.91) -

NA755E 504 0.21 (14.51) 0.26 (18.03) 
-

* CONDITIONS: Air-St H00 flowing at 15 in’/min(250 c c/ mm ) .  
-

V Samples cycled to room t.mperature every 24 u r .  
-

— 32 —
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Alloy 1, V22 Extrusions
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Figure 13 - Microstructures of Typical
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Figure 18 - Macrographs of Alloy 6 Extruded
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Figure 19 - Macrographa of Alloy 7 Extruded
and Gradient Annealed Bars

Etchant: 45:45:10 HC1:H20:H202
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Figure 20 - Macrographs of Alloy 8 Extruded
and Gradient Annealed Bars

Etchant : 45:45:10 HC 1:H20 :H2 02
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Figure 22 - Microstructure of Zone An-
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Figure 2 3 - Microstructure of Zone An-
nealed Alloy 8, Bar V37F
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1/2 hr/Furnace Cool

Figure 24 - Micrographs of y VS Size
and Morphology of Alloys
1 and 2 at Near Equilibrium
Conditions.

Etchant: Glyceregia
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Figure 25 - Micrographs of y Size
and Morphology of Alloys
1 and 2 at 2100°F (1150°C)

Etchant: Glyceregia
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Figure 27 - Alloy 8 y Size and
Morphology after Furnace
Cooling from 2275°F
(1247°C)
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