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GENERAL 1.04

This nickel-base alloy, containing large additions of
aluminum and titanium, achieves very high strength at 1.05
elevated temperature. It has thus received considerable 1.051
attention for application in components of high performance
jet engines such as turbine blades, vanes and nozzles, and 1.052
even integral turbine wheels.

Because of the large quantities of strengthening elements
included in the composition, the alloy is not hot worked,
and is therefore used in the as-cast condition. Recently, 1.053
however, there has been considerable development of a
powder metallurgy product which permits working of the
alloy. At high temperatures the powder-consolidated prod¬
uct becomes superplastlc, thus opening many possibilities
in fabrication-to-shape of wrought complex components.

Also, because of the high content of gamma prime precipit¬
ate that constitutes one of the strengthening components of
the alloy, the equilibrium solution temperature approaches
the solldus, so the material is usually used in the as-cast
condition, without heat treatment. However, it is subjected
to heat treatment during the deposition of protective coat¬
ings. The powder metallurgy product is heat treated to
achieve desirable properties.

The low oxidation and corrosion resistance of the alloy at
the high temperatures where the strength of the alloy is
most advantageously used, introduces the need for protect¬
ive systems. A large number of coating types have been
studied, and most have been found to provide sufficient
protection to extend the useful life of the alloy, commen¬
surate with its strength.

1.06
1.061
1.062
1.063

Exposure to high temperature and stress for long periods
of time may also result in embrittlement due to
precipitation of sigma phase. The alloy has been exten- ÿ
sively studied to determine how to avoid such embrittle¬
ment. Maintaining a low content of aluminum plus
titanium has been found effective, and the most recent

specifications require bounds to the titanium content 1-09
(in accordance with electron vacancy density calculations) * ÿ 091
to insure that no deleterious precipitates develop.
Because of the Interest in its potential use in advanced jet
engine components, the alloy (especially the powder product)
has also been extensively studied in relation to its fatigue
characteristics, particularly fatigue crack growth during
cyclic loading.

Commercial Designation

IN-100

Alternate Designations

<17)p 122,(I8)p 36, Austenal 100, AMS 5397 IN-100, 1.092
Udimet IN-100, Haynes Alloy IN-100, All-vac IN-100,
Vertex IN-100.
Special designations of modifications of basic compositions
to achieve freedom from sigma phase proneness.

International Nickel Co. , -INCO 731X
General Electric Co., -Rene1 100

Specifications

AMS5397. Investment cast
G.E. (original spec.) C50T77A.
G.E. (Rene1 100 modification) CS0T77C.

G. E. Spec. C50T77C specifies that the electron vacancy
number Nv be calculated by the Pha Cong) concept, using
the procedure of Woodyatt - Sims - Beattie (15). A maxi¬
mum value of 2.47 is allowed for each heat.
AMS 5397 specifies minimum values as follows:

e(percent in 1inor 4D)-5 percent

AMS 5397 Spec, for creep rupture test at 1800F, 29 ksi,
rupture time minimum of 23 hrs, and elongation, (in 4D)
after rupture shall be 4 percent minimum.

Composition

Table 1.04

Heat Treatment (see also 3. 023)
Commonly used in as-cast condition with no further heat
treatment.
Heating for 2 - 4 hr at 1900 to 2000F can re-soluiion sigma
phase precipitated by creep exposure at lower temperature,

and also makes alloy more resistant to sigma phase
precipitation upon subsequent exposure to long-time creep
conditions at lower temperatures (12).
Coating applications may expose alloy to temperatures 1600
- 2000F for periods up to 25 hrs (10, p. 9). INCO recom¬
mends that if the coating is to be diffused at 1900-1950F, toe
alloy should receive a preliminary high temperature
solutioning at 2100-2150F, followed by aging at 1500-1600F.

This should provide the alloy with a capability of maintain¬
ing a consistently high level of mechanical properties.
For the powder metallurgy product, Pratt and Whitney
Aircraft (Ref. 19, p 6) recommends solutioning at2050F,
stabilization at 1600 and 1800F. and precipitation hardening
at 2200 and 1400F. Typical heat treatment used (see
Table 3.023) 2215F. 4 hrs + 2000F, 4 hrs + 1550F, 16 hrs.

Hardness
AMS specifies Hardness RC 30-44 or equivalent.
Effect of temperature on hardness. Fig. 1.062
Effect of test temperature on Brinell Hardness, as
determined by mutual indentation, for air melted and cast
alloy and for vacuum melted and cast alloy. Fig. 1.063.

Forms and Conditions Available
Investment Castings
Gatorizcd (Trade Mark, Pratt & Whitney Aircraft for
creep-formed powder product hydrostatically pressed at

elevated temperature) turbine disks and other shapes.

Melting and Casting Practice
Vacuum melted and cast

Special Considerations
Because of the low chromium content, as well as the
presence of Vanadium, oxidation resistance is no: adequate
at the high temperatures where the strength of the alloy
assumes special advantage. The problem is usually
overcome by the use of aluminum or aluminum-base
coatings. Many of these are proprietary, and the
compositions as well as heat-treatments are not revealed.
Information provided by the coating producers show
beneficial effects of coatings as protection against

oxidation and sulfidation. and improvement of thermal
shock resistance. These benefits are apparently
obtained without impairing toe tensile and creep properties
at high temperature, (5) (6)(7)(10)(41) to (45).
The high hardener content of the alloy makes it particu¬
larly prone to the precipitation of embrittling phases, such

as sigma. upon prolonged exposure to high temperature.
especially if stress is simultaneously applied. Special
compositions , low to titanium content have been found
advantageous for avoiding such embrittlement. The
International Nickel Company, original developers of
IN 100, has developed a modification designated as
IN731X, (13) and the General Electric Company has
developed Rene' 100 for this purpose, (13), Both use

Pha Comp techniques (whereto electron vacancy of the
remaining matrix after toe major hardening precipitates
have formed, is used as a basis for toe determination of
whether sigma will form). Every heat requires a separ¬

ate computation to determine sigma-proneness because
of the large variations permitted to the chemistry of
individual heats; however, in general, the revised
composition limits with lower titanium contents, are
usually sigma-free within toe specified limits of the other
elements. The tendency toward sigma-proneness was
first reported to reference (11) to be a result of exposure
to high temperatures for long times, expecially at stress.

Reference (14) demonstrates more extensively the effects
of exposure to temperature, and simultaneous exposure
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to stress and temperature. Reference (12) reveals that
life in creep-rupture at 1500F could be reduced by factors
as high as 4 to S when Sigma phase precipitates as
compared to extrapolated values for Sigma free material.
Itwas also shown in reference (12) that Sigma formed at
1650F could be solutioned at 1900 - 2000F, in 2 - 4 hrs

and that a 2000F, 2 hour heat treatment delayed sigma
formation. This heat treatment was observed to delay
sigma formation whether applied to an as-cast bar or
whether applied to a bar previously exposed to 1650F,
containing sigma. This observation points to the possi¬
bility of beneficial effects of heat treatment, in contrast to
the normally used as-cast structure. It also points to the
possibility of removing creep damage by re-heat treat¬
ment for this alloy. The question of sigma phase
precipitation has been extensively studied (Kef. 22 to 24),
and effect on properties determined in detail.
The alloy in the powder metallurgy form has been
extensively studied (Refs. (19)(20)(33) (34) (35)(36) both
in regard to mechanical properties of fabricated products
and especially in regard to crack growth.
High pressure hydrogen reduces tensile ductility,
particularly at RT (see Table 3.03171).

PHYSICAL AND CHEMICAL PROPERTIES

Thermal Properties

Melting range 2305 - 2435F (3), p 7.
Phase changes. Structure consists of intragranular as
well as eutectic or primary Nig(Al,Ti), Ti(C, N) and

M2B, also possibly perovskite carbide within Ni3(Al,Ti)
islands. On aging precipitation of perovskite-like phase
(Nig (Al, Ti)C) occurs at 1400F, and continues at 1600F
where, after about 100 hr. an acicular sigma phase also
begins to nucleate at grain and phase boundaries.
The formation of sigma phase appears to be promoted by
stress to 1S0OF. In the absence of stress, solution of
Ti(C. N) and Nig (Al, Ti)C and the resultant precipitation
of MjgCg are the main structural changes at 1800F, (11).
The tendency toward the formation of sigma phase can
be eliminated by keeping the electron vacancy number
Nv below 2.47.
Effect of aging time and temperature on minor phase
concentration, Fig. 2.0120.
Effect of exposure for 5000 hours at various temperatures
on minor phase concentration, Fig. 2.0121.
Transformation to Sigma phase for as-cast and forged alloy
for two levels of electron vacancy concentration. Fig.
2.0122.
Time-temperature relation for the onset of sigma phase
precipitation for medium and high electron vacancy
concentration (Nv) compositions, and in finepr coarse
grain size structure. Fig. 2. 0123.
Thermal conductivity, Fig. 2.013.
Coefficient of thermal expansion, Fig. 2.014.
Specific heat. Fig. 2.015
Thermal diffusivity.

Other Physical Properties

Density 0.230 lb per cu in, 7.75 gm per cu cm (4) p 2
Electrical Properties
143.0 microhm - cm at RT (4, p 2)
Magnetic Properties

Chemical Properties

Because of the lower chromium content of this alloy
compared to other high temperature, high strength nickel
base alloys, oxidation resistance is somewhat reduced.
However, since it retains strength at high temperature.
its intended use range is above that of many other nickel
base alloys. Thus, where an oxidizing or sulfidizing
environment is present as in turbojet applications, a
protective coating is usually applied. Common coatings
are of the aluminum and aluminum base types. These
car. substantially improve the sulfidation resistance,
oxidation resistance and thermal shock characteristics.
While only limited data are available at present, it
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appears that these coatings do not reduce the creep
rupture strength, rupture elongation, or room tempera¬
ture fatigue strength of the as-cast alloy. The oxidation
characteristics in a high velocity gas stream containing
oxygen is very complex, particularly if steady' load and
thermal shock cycles are superimposed. Depending on
temperature, a weight gain or weight loss may occur
under the same velocity conditions, (see Figure 2.034).
An uncoated material may first gain weight and
subsequently lose weight in the same test, due to the fact
that heavy build-up of oxide (weight gain) may be followed
by spalling (weight loss), as shown in Figure 2.035.
Coating may reduce oxidation and thus prevent spalling,
as also shown in Figure 2.035. Surface effects may also
be important, Figure 2.036. At present the process is
regarded as too complex to be predictable from thermo¬
dynamic principles. This complexity' is the result of the
interplay among heterogeneous oxide growth, oxide
interactions,oxide vaporization, and spalling, especially
in the presence of creep strain and cyclic plastic strain
due to thermal shock (6) p 3, Caution is advised against
extrapolating behavior from one set of conditions to
another. Rather, it is suggested that tests be conducted
under conditions closely simulating operation.
Summary of main stages of oxidation, Figure 2.032.
Typical plot of weight gain versus time in static oxidation
Figure 2.033.
Dynamic oxidation tests at 1600 and 1800F indicating
complexity of process. Weight gain occurs at 160OF,
loss at 2000F, Figure 2. 034.
Cyclic oxidation behavior with and without protective
aluminum base diffusion coating, Figure 2. 035.

Platinum-Aluminum coatings.
"typical weight change pattern for coated alloy cycled for
one hour intervals at 2000F, followed by cooling to RT in
3 minutes. Figure shows data for Pt-Al alloy, with
summary of results for several other alloys, Fig.2.03121
Corrosion.
Effect of corrosive environment on weight change inbare
and coated condition. Table 2.03131.
Relative corrosion of various superalloys for two fuels
of different sulfur content and two salt/air ratio contents,
Fig. 2.03132.
Correlation showing that low corrosion resistance of
alloy is related to its low chromium content, Fig. 2.03133.
Correlation showing that the low threshold temperature
for corrosion is principally related to its low chromium
content. Fig. 2.03134.
Corrosion (as measured by depth of attack) for alloy in
700 FPS velocity gas jet using low sulfur fuel (JP4) with
4ppm and 8 ppm sea salt in inlet air, Fig. 2.03135.
Corrosion (as measured by depth of attack) for alloy in
700 FPS velocity gas jet using high sulfur fuel (JP-4R)
with 4 ppm and 8 ppm sea salt in inlet air, Fig. 2.03136.
Hot corrosion resistance of thinwall alloy with two
proprietary coatings in 1900F cyclic temperature test,
Table 2.03137.
Comparison of hot-corrosion behavior in a marine tur¬
bine simulator with other nickel - and cobalt-base alloys,
Fig. 2.0313S.

Dynamic oxidation at 1S00F of alloy in two conditions of
surface finish. Rougher surface promotes more rapid
oxidation. Fig. 2.036.
Slurry coatings.
Cyclic furnace oxidation in 20 hour cycles at 2000F of
FeAl -J- Fc-Cr-Al aluminized slurry of average compo¬
sition Fe-25Cr-Al, and comparison with oxidation of alloy
protected by cladding of Fe-25Cr-4Al-lY, Fig. 2.0371.

Cyclic furnace oxidation in 20 hour cycles at 2000F of
NiAl slurry coated alloy with comparison to oxidation of
commercial conversion coating. Fig. 2.0372.
Oxidation of NiAl aluminized slurry coating in Mach 1jet
at 2000F, with comparison to commercial aluminide
coating, Fig. 2.0373.
Metallided coatings.

High gas velocity oxidation and thermal fatigue cracking at

1900F of alloy coated by an electrolytic fused salt process
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{metallided}. and comparison with oxidation of bare alloy
and pack aluminum coated alloy, Fig. 2.0381.

2. 03S2 High velocity oxidation and thermal fatigue cracking at
2000F of alloy coated by an electrolytic fused salt process
(metallided), and comparison with bare alloy and pack
aluminum coated alloy, Fig. 2.0382.

2.0363 Static oxidation at 2000 and 2100F of alloy coated by
electrolytic fused salt process (metalliding), Fig. 2.0383.

2. 03S4 Comparison of static oxidation with oxidation in high
velocity jet {Mach 1) at 2100F for metallided coating,
Fig. 2.0384.

2. 039 Claddings
2.0391 Effect of cladding thickness on cyclic oxidation of Fe-25Cr-

4A1-1Y clad alloy at 1900 and 2000F, Fig. 2.0391.
2. 0392 Effect of cladding thickness on cyclic oxidation of Nl-20Cr-

4A1-1. 2Si clad alloy at 1900 and 2000F, Fig, 2.0392.
2. 0393 Effect of cladding thickness on cyclic oxidation of Ni-30Cr-

1.4Si at 1900 and 2000F, Fig. 2.0393.
2.0310 Vapor deposited coatings.
2.03101 Weight change and thermal fatigue cracking tendencies of

alloy with vapor deposited CoCrAlY coating, and compar¬
ison with performance of alloy coated by commercial pack
aluminide process. Fig. 2.03101.

2.0311 Embedded alumina particle coatings.
2,03111 Weight change and thermal fatigue cracking tendencies of *

alloy with EAPA {embedded alumina-particle aluminide)
subjected to 1hour cycles at 2000F in Mach 1jet burner,
and comparison with performance of bare alloy and other
types of coatings, Fig. 2.03111.

2. 04 Nuclear Properties

3. MECHANICAL PROPERTIES

3. 01 Specified Mechanical Properties
See 1.032 and 1.033.

3.02 Mechanical Properties at Room Temperature

See also 3. 03.
3.021 Room temperature tensile properties of as cast alloy in

three levels of electron vacancy concentration, and at
two levels of grain size, Table 3.021.

3.022 Mechanical properties at room temperature of forged
alloy in three conditions of proneness to sigma phase
precipitation. Properties shown after normal heat treat¬
ment and after heat treatment followed by exposure to
elevated temperature, Table 3.022.

3. 023 Effect of thermal exposure subsequent to heat treatment
on room temperature tensile properties for forged alloy
with three levels of A1 + Ti content {electron vacancy
concentration, Sv, relating to propensity toward sigma
formation). Table 3. 023.

3.024 Effect of exposure at 1550F for 250 hour and for 2500 hour
on room temperature tensile properties of alloy with
Al-Ti composition varied to achieve 3 levels of electron
vacancy concentration, £v. Fig. 3.024.

3.025 Room temperature tensile properties and hardness of
powder metallurgy product prepared from powders of
various compositions and grain size and consolidated by
several processes. Table 3. 025.

3.020 Tensile properties of superplastically formed pancake
forging used in fatigue crack growth studies, Table 3.026.

3.027 Comparison of tensile properties of alloy with Nl-20Cr-
4A1-1. 2Si cladding alloy before and after oxidation,
rig. 3.027.

3.02S Stress strain curves. See Fig. 3.03111
3.029 Impact
3.0291 Unnotched charpy impact strength at room tenÿerature

after hold for 500 or 1000 hours at elevated temperature.
Fig. 3.0291.

3.03 Mechanical Properties at Various Temperatures

3.031 Tension
3.0311 Stress strain curves
3,03111 Stress-strain curves for as cast alloy at rooom and

elcvated temperatures. Fig. 3.03111
3.03112 Stress-strain curves for JoCbated alloy at room and

elevated temperatures, Fig. 3,03111.

3.0312 Tensile properties
3.03121 Effect of test temperature on mechanical properties as

cited by alloy developer, Fig. 3.03121.
3.03122 Tensile properties of as cast bar at room and elevated

temperatures, Fig. 3.03122.
3. 03123 Tensile properties of JoCoated bar at room and elevated

temperatures, Fig. 3.03123.
3.0313 Heat treatment effects
3.03131 Effect of several solution heat treatments on the tensile

properties at 1300F, Table 3.03131.
3.0314 Coating and coating repair effects.
3.03141 Tensile properties at room and elevated temperatures of

thinwall alloy coated with two proprietary coatings,
Table 3.03141.

3.03142 Effect of coating, high temperature exposure, and several
repair processes on tensile and yield strength at 1800F
compared to as cast uncoated base material, Fig. 3.03142

3.03143 Effect of coating, high temperature exposure, and several
repair processes on elongation at 1800F compared to as
cast uncoated base material, Fig. 3.03143.

3.0315 Powder metallurgy product.
3.03151 Effect of reduction practice and heat treatment on the

tensile properties at RT and 1200F of powder metallurgy
alloy, Table 3.03151.

3.03152 Tensile properties of specimen from powder alloy pan¬
cake at RT and 1300F, with comparison to Pratt t
Whitney specifications for alloy, Fig. 3.03152.

3.03153 Flow characteristics in the range at low strain rates and
temperatures where superplasticity can be achieved,
Fig. 3.03153.

3.03154 Relation between stress and high deformation rate at 1900
to 2100F for alloy directly extruded from powder, Fig.
3.03154.

3.03155 High strain rate effect on elongation at fracture at 1900
to 21OOF for alloy directly extruded from powder, Fig.
3.03155.

3.03156 Superplasticity exhibited by powder metallurgy alloy,
Fig. 3.03156.

3.0317 High pressure gas effects.
3. 03171 Tensile properties at RT and 1250F in 5000 pslg helium

and hydrogen, Table 3.03171.
3.032 Compression
3.0321 Effect of test temperature on compression yield strength

for air melted and cast alloy and for vacuum melted and
cast alloy, Fig. 3.0321.

3.033 Impact
3.0331 Effect of temperature on Charpy V Impact energy, Fig.

3.0331.
3.034 Bending
3.035 Torsion and shear
3.036 Bearing
3.037 Stress concentration, {see. also 3.05)
3.0371 Notch properties
3.0372 Fracture toughness
3. 038 Combined properties
3. 04 Creep and creep rupture properties, (see also 3.054)
3.041 Creep curves at various temperatures.

3.0411 Creep curves of as cast alloy at 1S62F, Fig. 3.0411.
3.0412 Creep curves for JoCoated alloy at 1562F, Fig. 3.0412.
3.0413 Creep curves of as cast alloy at 1697F, Fig. 3.0413.
3.0414 Creep curves for JoCoated alloy at 1697F. Fig. 3.0414.
3.0415 Creep curves of as cast alloy at 1832F, Fig. 3.0415.
3.0416 Creep curves for JoCoated alloy at 1832F, Fig. 3.0416.
3.0417 Alloy developer's suggested design curves for creep strain

and creep rupture at 13S0F, Fig. 3.0417.
3.041Q Alloy developer's suggested design curves for creep

strain and creep rupture at 1500F, Fig. 3.0416.

3.0419 Alloy developer's suggested design curves for creep
strain and creep rupture at 1700F, Fig. 3.0419.

3.04110 Alloy developer's suggested design curves for creep
strain and creep rupture at 1800F, Fig. 3.04110,

3.04111 Alloy developer's suggested design curves for creep
strain and creep rupture at 1900F, Fig. 3.04111.

3.04112 Minimum creep rate curves for temperatures from 1350
to 1900F, Fig. 3.04112.

3.042 Creep of superplastically formed product.
3.0421 Creep and creep rupture properties of superplastically

formed pancake forging used in fatigue crack growth
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3.047
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3.0513

3.0514
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studies, Table 3. 0421.
Relation of creep to creep rupture.
Relation among start of third stage creep, time to 1%
creep, and rupture time for as cast alloy. Fig. 3.0431.
Relation among time of third stage creep, time to 1%
creep, and rupture time for JoCoated alloy. Fig. 3.0432.
Effects of repair coatings on creep and creep rupture.

Creep and rupture properties of alloy after repair of
oxidation and mechanical damage effects, Fig. 3.0441.
Creep rupture, general.
Typical creep rupture properties in life range from 10 to

10,000 hours at temperatures from 1300 to 2000F,
Fig. 3.0451.
Creep rupture curves for as cast alloy at 1562F, 1697F,
and 1832F, Fig. 3.0452.
Creep rupture data for as cast alloy as determined by
developer, Fig. 3.0453.
Creep rupture, heat treatment effects.
Effect of several solution heat treatments on the creep-
rupture life at 1800F, 29 ksi, Table 3.0461.
Creep rupture, coating effects.
Effect of coating on creep rupture properties at stresses
and temperatures yielding creep rupture lives in the
range of 50 to 200 hours, Table 3.0471 .
Creep rupture curves for JoCoated alloy at 1562F, 1697F
and 1832F, Fig. 3.0472.
Correlation between ductility and rupture time at 1562F,
1697F, and 1832F for JoCoated alloy. Fig. 3.0473.
Creep rupture lives and elongations at 1450F and 1800F
for thinwall alloy coated with two proprietary coatings,
Table 3.0474.
Creep rupture, Sigma phase instability effects.
Beneficial effects on creep rupture behavior achieved by
avoiding sigma phase precipitation. Table 3. 0481.

Creep rupture properties of forged alloy in three con¬
ditions of proneness to sigma phase precipitation,
Table 3.04S2.
Creep rupture curves for fine grain alloy of composition
sufficiently low in Al and Ti to avoid sigma precipitation,
Fig. 3.0483.
Creep rupture curves at 40ksi for alloy in three levels of
electron vacancy concentration achieved by additions of
Al-Ti to a single heat, tested in as cast condition or after
exposure at 1550F for 250 and 2500 hours. Fig. 3.0484.
Creep rupture curves for fine grain alloys of low, medium
and high electron vacancy concentration <Nv), represent¬
ing progressively increasing tendency toward sigma phase
precipitation. Curves show that strong tendency for
sigma precipitation results in reduction of creep rupture
strengths, Fig. 3.04S5.
Creep rupture, powder metallurgy product.
Creep rupture properties in very short time range at 1900
to 2100F for extruded alloy prepared from two iots of
powder. Fig. 3.0491.
Creep rupture curves at 1300F for cast alloy of various
grain sizes and for alloy extruded from powders.
Fig. 3.0492.
Creep rupture in special environments.
Creep rupture of alloy in helium, hydrogen, and hydrogen/
water vapor at 1250F and 5000 psig pressure,
Fig. 3.04101.
Fatigue properties
Mechanically induced fatigue
Effect of aluminum base coating on rotating bending
fatigue properties at room temperature, Table 3.0511.
Low cycle fatigue characteristics of smooth hollow
specimen with one-inch gage length of uniform cross
section at temperatures from 1000 to 2000F in strain-
controlled cycling, Fig. 3.0512.
Low cycle fatigue characteristics at 17OOF of hollow
specimen with two sets of diagonal holes. Fig. 3.0513.
Strainrange partitioning life relationships.for cast alloy
at 1700F, Fig. 3.0514
Axial fatigue at 1650F of simulated hollow airfoils coated
with proprietary coatings. Fig. 3.0515.
Thermally induced fatigue
Thermal shock fatigue characteristics of airfoil shape
with and without aluminum base coating. Table 3.0521.
Thermal fatigue resistance of square plate rapidly heated

3.0526

3.0527

3.0528

3.053
3.0531

and cooled at periphery of central hole, and comparison
with thermal fatigue resistance of other commonly used
cast alloys, Fig. 3.0522.

3.0523 Thermal fatigue crack initiation of as cast or direction-
ally solidified alloy with and without JoCcat tested in
alternate Duidized beds at 1990 and 600F, Fig. 3.0523.

3.0524 Thermal fatigue crack initiation of as cast or direction-
ally solidified alloy with and without JoCoat tested in
alternate fluidized beds at two sets of temperatures.
Fig. 3.0524.

3.0525 Effect of cycle time on thermal fatigue cracking of coated
and uncoated wedges alternately immersed in fluidized
beds at 600 and 1990F, Fig. 3.0525.
Effect of maximum cycle temperature on thermal fatigue
cracking of coated and uncoated airfoils simulating tur¬

bine blades subjected to Mach 1gas flow followed by
rapid air jet cooling. Fig. 3.0526.
Relation between crack growth rate and resistance to
initial cracking In thermal cycling. Fig. 3.0527.
Thermal fatigue of thinwall alloy with two proprietary
coatings subjected to 10.5 ksi tensile mean stress and to

temperature cycling from 2050F, Table 3.0528.
Correlation of time to initiate thermal cracking with
weight gain slope parameter for alloy coated in various
ways, Fig. 3.0529.
Mechanical loading of powder metallurgy* product.
Stress range variation during low cycle fatigue tests at

120OF of powder metallurgy bars prepared by Pratt fc
Whitney Aircraft CatorizmgTvprocess, Fig. 3.0531.

3.0532 Low cycle fatigue at 1200F oi powder metallurgy bars
prepared by Pratt and Whitney GatorizingTyprocess. Data
points represent cycles to complete fracture, Fig. 3. 0532

3.0533 Low cycle fatigue at 1200F of powder metallurgy bars
prepared by Pratt and Whitney Aircraft GatorizingTV>
process. Data points represent cycles to 5 percent load
drop. Fig. 3.0533.

3.0534 Low cycle fatigue at 1200F of specimen from powder
metallurgy compressor disk. Fig. 3.0534.

3.054 Crack growth in steady loading or continuous cycling.
3.0541 Basic crack growth curves at RT, 1200F and 1350F for

constant amplitude loading of WOL specimen.
Fig. 3.0541.

3.0542 Effect of net section stress on crack growth rate at
1200F, Fig. 3.0542.

3.0543 Effect of temperature and specimen thickness on
sustained load crack propagation rate, Fig. 3.0543.

3.0544 Effect of specimen thickness on crack growth rate at RT,
Fig. 3.0544

3.0545 Effect of frequency on crack growth rate In continuous
cycling at 1200F. Fig. 3.0545.

3.0546 Effect of temperature on crack growth rate at lOcpm,
R = 0. 1. Fig. 3.0546.

3.0547 Effect of stress ratio on crack growth rate at 1200F,
lOcpm, Fig. 3.0547.

3.0548 Effect of stress ratio on crack growth rate at 1200F,
20cps, Fig. 3.054S.

3.0549 Effect of specimen thickness on crack growth rate at
1200F. continuous cycling at lOcpm. Fig. 3.0549.

3.055 Crack growth-overload effects.
3.0S51 Crack growth at 1200F under continuous cycling and with

50 percent overload every 5. 20, or 40 cycles,
Fig. 3.0551.

3,0552 Crack growth at 120OF under continuous cycling and with
25 percent or 50 percent overloads every 21 eveies,
Fig. 3.0552.

3.0553 Crack growth at 1200F under sustained load and with
25 percent or 50 percent overloads every 2 minutes,
Fig. 3.0553.

3. 056 Crack growth-dwell periods.
3.0561 Effect of net section stress on crack growth rate for 2

minute dwell at peak stress at 1200F, Fig. 3.0561.
3.0562 Effect of specimen thickness on crack growth rate at

1200F. Two minute dwell at max load, lOcpm during
variable stress period. Fig. 3.0562.
Effect of dwell time at peak stress on crack growth rate
atl200F, R = 0.1. Fig. 3.0563.

3.0564 Crack growth at 13S0F under continuous cycling, or with
25 and 50 percent overload, or with 2 minute dwell at the

cope 4212
PAGE 4



NiCo
REVISED: DECEMBER 1978 NONFERROUS ALLOYS

50 percent overload condition. Fig. 3.0564.
3.0565 Interaction of low cycle fatigue with dwell periods at max

load for tests atl200F, R=0.1, Fig. 3.0565.
3. 056G Interaction of low cycle fatigue with dwell periods at max

load for tests at 1350F, R=0.1. Fig. 3.0566,

3.057 Crack growth-delay effects due to overloads.
3.0571 Delay cycles prior to resumption of basic crack growth

after single cycle of overload. Baseline Kmax =
23.2 ksi Fig. 3.0571.

3.0572 Delay cycles prior to resumption of basic crack growth
after single cycle of overload. Baseline Kmax =
35.2 ksi -"TiT Fig.'3.0572.

3.058 Helium and hydrogen effects at high pressure.
3. 0581 Low cycle fatigue at 1250F in high pressure hydrogen

and helium. Fig. 3.0581.
3.0582 High cycle axial fatigue In high pressure hydrogen and

helium at 1250F, Fig. 3.0582.
3.05141 Inelastic strain range vs. low-cycle fatigue life for each

pardoned strain range component for as-cast thinwall
tubing at 1700F. Fig. 3. 05141.

3.05142 Strainrange partioning life relationships at 1652F and
1832F for as-cast aluminum-coated alloy, Fig. 3.05142.

3.05143 Inelastic strainrange vs. low-cycle fatigue life for each
partitioned strainrange component at 1400F. Specimens
from creep-formed (CatorizedT!li ) turbine disk. Fig. 3.05*143.

3.05144 Total strain range vs. low-cycle fatigue life at 1200F of
powder metallurgy bars prepared by Pratt £: Whitney
GatorizingTMprocess and tested under rapid strain
cycling, tensile stress-hold, and tensile strain-hold,
Fig. 3.05144.

3.05145 Inelastic strainrange vs. low cycle fatigue life at 1200F
of powder metallurgy bars prepared by Pratt and Whitney
GatorizingTMprocess and tested under rapid strain cycling,
tensile stress-hold, and tensile strain-hold, Fm. 3.05145.

3.06 Elastic properties
3.061 Poisson's ratio, 0.298
3.062 Dynamic modulus of elasticity, Fig. 3.062.
3.063 Modulus of rigidity

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

4.0 FABRICATION

4.1 Strength of shaped parts
4.11 Mechanical properties from RT to 1300F of specimens

from the 10-12th stage compressor of F100/F401 engine,
Fig. 4.11.

4. 12 Room temperature tensile strength of fir tree simulating
turbine blade attachment. Table 4.12.

4.13 Creep rupture at 1400F of fir tree simulating turbine
blade attachment, Fig, 4.13.

4. 14 Fatigue at RT under combined static and vibratory stress
of turbine blade fir tree fastening, Table 4.14.

4.2 Welding and joining
4.21 Weidments
4.221 Room temperature tensile strength of weldment to

Waspaloy, Table 4.211.
4. 212 Creep rupture at 1400F of electron beam weldment to

Waspaloy, Tabic 4.212.
4. 213 Fatigue at RT under combined static and vibratory stress

of electron beam weldment to Waspaloy, Table 4.213.
4. 22 Brazed joints

4. 221 Room temperature tensile strength of brazed attachment
to Waspaloy, Table 4.221.

4.222 Fatigue at RT under combined static and vibratory stress

of brazed joint simulating turbine blade fastening to

Waspaloy, Table 4.222.
4.23 TLP bonding
4.231 Tensile properties at 1400F for TLP bond between cast

alloy and wrought Udimet 700. Table 4.231.
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Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

AUOV Ni-15Co-10Cr-5.5A1-4. 7TI-3MO-0.95V
Condition As Cast

Original Inco New Inco GE Rene' 100
Source spec. (1960- spec. spec

1965) also also C50T77C
GE spec C50T AMS5397

77A
Percent Percent Percent

Min Max Min Max Min Max
Cobalt 13 17 13 17 14 16
Chromium 8 11 8 11 9 10
Aluminum S 6 • 5 6 5.3 5.7
Titanium 4. 5 5.5 4.5 5.0 4.0 4.4
Aluminum + Titanium - - 10 11

_ -
Molybdenum 2 4 2 4 2.7 3.3
Iron 0 1 0 1 0 1
Vanadium .7 1.2 .7 1.2 .9 1.1
Boron .01 .02 .01 .02 .01 .02
Carbon .15 .20 .15 .20 .15 .20
Manganese - - - .10 - -
Sulfur - - - .015

_ -
Silicon - - - .15 - -
Nickel Balance

i
Balance

t
Bala.. nee

Ni-15Co-10Cr-5.5Al-4.7Ti-3Mo-0.95V
AS CAST(MELTED AND CAST INAIR OR IN
VACUUM. AS INDICATED)
HARDNESS DETERMINED BY MUTUAL
INDENTATION

TABLE 1.04 COMPOSITION

= 10
o

Ni-15Cc
AS CAS

-10Cr-5.
r

5A1-4.7TL-3MO-0.95V

O-
kxP

RC HARDNE5>S

VACUUM MELTED
AND CAST

S 300
AIR MELTED x

AND CAST

10 1400 1600 1S00
TEMP - F

FIG. 1.063 EFFECT OF TEST TEMPERATURE ON BRINELL
HARDNESS, AS DETERMINED BY MUTUAL INDEN¬
TATION, FOR AIR MELTED AND CAST ALLOY AND
FOR VACUUM MELTED AND CAST ALLOY

(32, FIGS. 1,2)

400 S00 1200 1600 2000
TEMP - F

FIG. 1.062 EFFECT OF TEMPERATURE ON HARDNESS
(4, p. 11)

COD E 4212
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Ni-15Co-10Cr-5.5Al--i.75Ti-3Mo-0.95V
AS CAST *ACE AS INDICATED

14.00F
DGHR

VR - VERY RARE
R - RARE
M - MEDIUM
A - ABUNDANT

VA - VERY ABUNDANT

VRJ »

1900F 2000F
SHR

2100F
6HR

2200FI600F 1700F
3GHR

1S00F
24HR4SI1R 16HR

1500F
72KR

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

AGING TIME AND TEMPERATURE

.0120 EFFECT OF AGING TIME AND TEMPERATURE ON MINOR PHASE CONCENTRATION
{2, FIG. 1)

Ni-15Co-lOCr-5.5A1-4.75Ti-3iMo-0.95V
AS CAST. Nv = 2. GO (AV ELECTRON VACANCY

DENSITY)

EXPOSED 5000 HR AT TEMP INDICATED

VR - VERY RARE
M - MEDIUM
VA - VERY ABUNDANT
R - RARE
A - ABUNDANT

M23cG

SIGMA

1600 ISOO
EXPOSURE TEMP - F

2000

FIG. 2. 0121 EFFECT OF EXPOSURE FOR 5000 HR AT
VARIOUS TEMPERATURES ON MINOR
PHASE CONCENTRATION (21.pp. S2.S4)
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Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

1800

Nl-15Co-10Cr-5.5AI-4.75Ti-3Mo-Q.95V (NOMINAL)
ACTUAL COMPOSITION FOR 2 LEVELS OF Nv

MED Nv (2.49):Ni-l3.3Co-10.14Cr-5.5A1-4.29Ti-
3.55MO-0.96V
HIGH Nv (2.65):Ni-13.3Co-10.12Cr-5.6A1-4. 69Ti-
3.51MO-0.97V

ALL ALLOYS MADE FROM SAME MASTER HEAT.
ADDITIONS OF A1 AND Ti MADE DURING CASTING
TO ACHIEVE DESIREDLEVEL OF ELECTRON
VACANCY CONCENTRATION (Nv)
TESTED AS CAST OR FORGED TO PANCAKE IN
FOLLOWING STEPS:

1. EXTRUSION AT 2050F FROM 5 0* DIA INGOT
TO 3 1/8 IN STEEL PIPE

2. FLATTENED AT 2050F TO 13/4 IN DIA PAN¬
CAKE

3. FLATTENEDAT 2050F TO 1IN DIA PANCAKE
4. FLATTENED AT 205OF TO 5/8 INDIA PAN¬

CAKE
TEST SPECIMEN 1/4 INDIA BAR x 11/4 IN GAGE
LENGTH EXPOSED WITHOUT STRESS FOR TIMES
AND TEMP SHOWN

-AS CAST, FINE GRAIN ----FORGED

NO0-
NOTE: Nv FOR
FORGED ALLOY
- 2.49

MED Nv

NKOo

1 10 102 103 104
EXPOSURE TIME - HR

.0122 TRANSFORMATION TO SIGMA PHASE FOR AS
CAST AND FORGED ALLOY FOR TWO LEVELS
OF ELECTRON VACANCY CONCENTRATION

(22,pp.14.19,23)

1800

1700

t. 1600
t

& 1500

¥> 1400

1300

Ni-l5Co-10Cr-5.5A1-4. 7Ti-3>!o-0. 95V(NOMINAL)
ACTUAL COMPOSITION FOR TWO LEVELS
OF Nv

MEDIUM Nv(2.49): Ni-13.3Co-10.14Cr-
5.5Al-4.29Ti-3.55Mo-0.96V
HIGH Nv(2.65): Ni-13.3Co-10.12Cr-5.6Al-

4. 69Ti-3.51Mo-Q.97V
ALL ALLOYS MADE FROM SAME MASTER
HEAT. ADDITIONS OF Al&Ti MADE DURING
CASTING TO ACHIEVE DESIRED LEVEL OF
ELECTRON VACANCY CONCENTRATION £v
COARSE GRAIN ALLOYS PREPARED BY
NORMAL INVESTMENT CASTING PROCE¬
DURES; FINE GRAIN ALLOYS PREPARED
BY MOLD INNOCULATION

TEST SPECIMEN 1/4 IN DLA X 11/4 IN
GAGE LENGTH
EXPOSED WITHOUT STRESS FOR TIMES
AND TEMPERATURES INDICATED

HIGH Nv
MEDIUM Nv

20 100 1000 10,000
TIME - HR

FIG. 2.0123 TIME-TEMPERATURE REU\TION FOR THE
ONSET OF SIGMA PHASE PRECIPITATION
FOR MEDIUM AND HIGH ELECTRON VACANCY
(Kv) COMPOSITIONS, AND IN FINE AND COARSE
GRAIN SIZE STRUCTURE. (23.pp. 3.7.S)

g 1G0

140

Ni-15C0-L0Cr-5.5A

AS C
l-4.75Ti-3
AST

Mo-0.95V,

/
/'

i
/

/ THE

CONDU
LMA L
CTIVITY

/
1000 1200 1400 1600 1S00 2000

TEMP-F

FIG. 2.013 THERMAL CONDUCTIVITY (llp.C-15)
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NiCo

Ni-l5Co-l0Cr-5.5Al-4.75Ti-3Mo-0.95V
REF 3

/
ÿEF 1

meancoeff of thermal
EXPANSION FROM ROOM
TEMP TO TEMP INDICATED

500 1200

TEMP-F

2000 2400

FIG. 2.014 COEFFICIENT OF THERMAL EXPANSION

(l,p.C-14)(3tp.10)

0.14

CjO.13

0.12

Ni-]

AS C
5Co-lOCr
AST

-5.5A1—1..75Ti-3Mo-< .95V
/

/
/

/
/

f

SPECIFIC HE AT

1000 1200 1400 1600 1800 2000 2200

TEMP-F

FIG. 2.015 SPECIFIC HEAT (l)p.C-lS

c-
p 1800

1600

1400

FIG. 2.032 SUMMARY OF MAIN STAGES OF OXIDATION (6)p.98

Ni-l5Co-lOCr-5.5Al-4.75Ti-3Mo-0.95V
AS CAST

NUMERATOR = PHASES PRESENT IN SCALE
DENOMINATOR = PHASES PRESENT IN SUBSCALE

NiCr2Q4+NiO+Ni T1 03-t-NlAl$04+Al203 .
Ti 02 * TiN

f---b
NlO+NiCr2Q4 + NiTiOs

A 1o 0*j + Ti O?

N
N

JO .
4

NiO + Ti02 _sfNi,Co)0(NiCo)Cr204+J!iTi03

ÿ AI2O3 + T1O2 + TiN

\

10- 103 iff5
TIME - MIN

10s

code 4212
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Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

2- 1.0
CO

IN-100

Ni-15Co-lO
AS CAST

Cr-5.5Al-4.75Ti-3Mo-0.9:V

21O0F

2000Fjji8ooErcr2
1600F

ÿa'l400F OXID4TION

102 103
TIME - MDC

104 105

FIG. 2.033 TYPICAL PLOT OF WEIGHT GAIN VS TIME INSTATIC
OXIDATION (6. p. 38) Ni-15Co-l0Cr-5.5A1-4.75T1-3MO-0.95V

AS CAST
TESTED INCYCLIC OXIDATION:
55 MIN @ 2000F IN OXYACETYLENE FLAME + 5 MIN
COOL TO 750F + REPEAT TEST EACH HOUR

CEMENTATION WITH NC-101, AN ALUMINUM BASE
DIFFUSION COATING(SYLCOR DIV. SYLVANIA
ELECTRIC PRODUCTS, HICKSVILLE, N.Y.)

O UNCOATED

• COATED EY
PACKo o

200 300
HOURS OR CYCLES

no. 2.035 CYCLIC OXIDATION BEHAVIOR WITH AND WITH¬
OUT PROTECTIVE ALUMINUN BASE DIFFUSION
COATING (7, pp. 33)(S)(9)

-1-1-1-1—
Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.95V
AS CAST

> GAS

TESTED IN HIGH VELOCITY
STREAM OF NATURAL GAS
COMBUSTION PRODUCTS

DYNAMIC OXIDATION

LOSS OF METAL THICKNESS,.002 IN PER SIDE AFTER 1000
HOUR EXPOSURE

400 600
TIME - HR

FIG. 2.034 DYNAMIC OXIDATION TESTS AT 1600F AND
1S00F INDICATING COMPLEXITY OF PROCESS.
WEIGHT GAIN OCCURS AT 1600F, LOSS AT
2000 F (6, pp.131, 132)

CODE 4212
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NiCo

Ni-15Co-lOCr-5.SAl-4.75Ti-3Mo-0.95V
AS CAST

HIGH VELOCITY NATURAL GAS COMBUSTlOl<
PRODUCTS AT 1800F

1.0

GRIT BLASTED
<55*-?- 10 RMS)

FINE GROUND
(5* + 2 RMS)

TIME - HR

FIG. 2.036 DYNAMIC OXIDATION AT 1600F OF ALLOY
INTWO CONDITIONS OF SURFACE FINISH.
ROUGHER SURFACE PROMOTES MORE
RAPID OXIDATION (6, p. 102)

Ni-l5Co-10Cr-5.5Al-4.7Ti-3Mo-0.95V
0.1xl x 2 CASTINGS
Fe-25Cr-20Al- COATING APPLIED IN TWO
STAGES:

a) Fe-Cr- SLURRY SPRAYED ONTOSURFACE,
COLD ISOSTATICALLY PRESSED AT 70KSI
PRESSURE,AND SINTERED AT 10*2 TORR,
2000 F, 4 HR

b) SURFACE THEN PACK ALUMINIZED IN
FLOWING ARGON(. 018 FT3 PER MIN) AT
2000F IN PACK OF 98 PERCENT Al203
(-100 MESH POWDER), 1PERCENT Al
(-100 MESH POWDER), AND 1PERCENT
NaCI ACTIVATOR FOR 9 HR. IN THIS WAY
10 Us/cm2 WAS DEPOSITED TO PRODUCE
A FeAl + Fe-Cr-Al COATING OF AVERAGE
COMPOSITION Fe-25Cr-20 Al, AVERAGE
COATING THICKNESS 3 MILS

TESTED INSTATIC FURNACE AT 2000 F FOR
15 CYCLES OF 20 HRS. AIRFLOW THROUGH
FURNACE .018 FT3 PER MIN, INSPECTED
AND SIGHED AFTER EACH CYCLE

Fe-25Cr-4Al-lY CLADDING FOR REFERENCE
SEE ALSO FIG. 2.0391

TESTED AT
2000 F

1Fc-25Cr-4Al-lY CLAD

reAl+Fe-Cr-Al ALUMINIZED SLURRY
COATING

O

$

5 1

0 100 200 300
EXPOSURE TIME - HR

FIG. 2.0371 CYCLIC FURNACE OXIDATION EN 20 HR
CYCLES AT 2000 F OF FeAl+Fe-Cr-Al
ALUMINIZED SLURRY OF AVERAGE
COMPOSITION Fe-25Cr-Al, AND COMPAR¬
ISON WITH OXIDATION OF ALLOY PRO¬
TECTED BY CLADDING OF Fc-25Cr-4Al-lY

(41, pp. 3,4,18)

O

X

Ni-15Co-10Cr-5.5A1-4.7TI-3MO-0.95V
0.1x 1x 2 CASTINGS
NiAl SLURRY COATED INTWO STAGES:

(a) NiPOWDER SPRAYED, ONTO
SURFACE, COLD EOSTATICALLY
PRESSED AT 70 KSI PRESSURE,
AND SINTERED AT 10"2 TORR,
2000F. 4 HR

(b) SURFACE WAS THEN PACK ALU¬
MINIZED IN FLOWING ARGON
(.018 FT3 PER MIN) AT 2000F IN
PACK OF 98 PERCENT Al203(-100
MESH POWDER), 1PERCENT Al
(-100 MESH POWDER), AND 1PER¬
CENT NaCI ACTIVATOR FOR 18 HR,

IN THIS MANNER 13 mg/cm2 Al WAS
DEPOSITED TO CONVERT THE Ni
TO NIA1

TESTED INSTATIC FURNACE AT 20G0F
FOR 15 CYCLES OF 20 HR.AIRFLOW
THROUGH FURNACE .018 ft2 PER MIN.
INSPECTED AND WEIGHED AFTER EACH
CYCLE
COMMERCIAL COATING IS WIDELY USED
ALUMINIZED CONVERSION PROPRIETARY
COATING
COATING THICKNESS OF NiAl 1.6 MILS +
DIFFUSION ZONE OF 1.6 MILS

COMMERCLAL ALUMINIDEAT 2Q00F

NiAl SLURRY COATING

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

100 200
EXPOSURE TIME -

CYCLIC FURNACE OXIDATION IN 20 HR
CYCLES AT 2000F OF NiAl SLURRY COATED .
ALLOY WITH COMPARISON TO OXIDATION
OF COMMERCIAL CONVERSION COATING

(41, pp. 3,4,14)
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Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

1N-100

' -50

Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.95V
SIMULATED AIRFOIL SPECIMEN? SEE FIG. 2.03111
COATED WITH NiAl SLURRY COATING APPLIED IN
TWO STAGES:

a) Ni POWDER SPRAYED ONTO SURFACE, COLD
ISOSTATICALLY PRESSED AT 70 KSI PRESSURE
AND SINTERED AT 10"2 TORR, 2000 F, 4 HR

b) SURFACE THEN PACK ALUMXKIZED IN FLOW¬
ING ARGON (.01S FT3 PER MXN) AT 2000F IN
PACK OF 93 PERCENT Al203(-100 MESH POW¬
DER},1PERCENT A1 (-100 MESH POWDER),
AND 1PERCENT NaCl ACTIVATOR FOR IS HR.
IN THIS MANNER 13 Mg PER Cm2 A! WAS
DEPOSITED TO CONVERT Ni TO NI Al. AVER¬
AGE COATING THICKNESS 1.6 MILS + DIF¬
FUSION ZONE OF 1.6 MILS

TESTED IN HIGH VELOCITY (MACH I) JET AT 2000 F
IN CYCLES OF 1HR AT TEMP +3 MXN COOLING
IN AIR JET. SEE FIG 2.03111 FOR DETAILS

COMMERCIAL COATING SHOWN FOR COMPARISON
IS WIDELY USED PROPRIETARY ALUMINIZED
CONVERSION COATING

COMMERCIAL A LUMINIDE COATING

NtAlSLURRY COATING .
1HR CYCLES HEAT 1HR
MACH 1, 2000 F COOL 3 MIN

1
_

!
_

100 200 300
EXPOSURE TIME - HR

FIG. 2. 0373 OXIDATION OF NiAl SLURRY COATING
EN MACH 1JET AT 2000F WITH COM¬
PARISON TO COMMERCIAL ALUMINtDE
COATING (41, pp. 3,4,20)

Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.95V
AS CAST WEDGE SPECIMEN AS SHOWN IN FIG.
2.03111 BARE OR COATED BY ELECTROLYTIC
FUSED SALT(EFSP) PROCESS WHICH METAELIDES
ALUMINUM DIRECTLY INTO SURFACE. PRO¬
DUCING AN ALUMINUM-RICH NtAl LAYER. OR
COATED BY COMMERCIAL A LUMINIDE COATING.

TESTED EN MACH 1JET AT 1D00F USING CYCLE
OF 1HR FOLLOWED BY AIR COOLING TO RT LX
3 MINUTES
SEE FIG.2. 03111FOR SKETCH OF SPECIMEN
AND TEST DETAILS

FUSED SALT
A LUMINIDE COATING .

__4-NC crack at
END OF TEST

POINT OF
THERMAL
FATIGUE
CRACK X

NO CRACK ON PACK Al COAT
AT END OF TESTPACK

A LUMINIDE
COATING 19Q0F

\ BARE ALLOY
J - 1

160 240 320 400
EXPOSURE TIME - HR

FIG. 2.03SI HIGH GAS VELOCITY OXIDATION AND THERMAL
FATIGUE CRACKING AT 10Q0F OF ALLOY COATED
BY AN ELECTROLYTIC FUSED SALT PROCESS
(METALUDED), AND COMPARISON WITH OXIDATION
OF BARE ALLOY AND PACK ALUMINUM COATED
ALI/JY. (43, pp.2.3.20)

CODE 4212
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30

Nt-15Co-lOCr-5.5A1-4.7Ti-3Mo-0.95V
AS CAST WEDGE SPECIMEN AS SHOWN IN FIG.
2.03111 BARE, COATED BY COMMERCIAL
ALUMENTDE COATING, OR COATED ELECTRO¬
LYTIC FUSED SALT PROCESS(EFSP) WHICH
METALLEDES ALUMINUM DIRECTLY INTO
SURFACE PRODUCING AN ALUMINUM-RICH
NiAl LAYER

TESTED IN MACH 1JET AT 20Q0F USING
CYCLE OF ONE HOUR FOLLOWED BY AIR
COOLING TO RT IN 3 MINUTES

SEE FIG. 2.03111 FOR SKETCH OF SPECIMEN
AND TEST DETAILS

-j-1--
POINT OF I

.THERMAL FATIGUE CRACK— «l-y~-PACK ALUMINIZED

NO CRACK:0 CRACK

FUSED SALT
ALUMINIDE COATING

I I

" POINT OF THERMAL "

FATIGUE CRACK

\|BARE i

Ni
15 Co
10 Cr
5.5 A I
4.7 Ti
3 Mo
0.95 V

IN-100

0 SO 160 240 320
EXPOSURE TIME - HR

FIG. 2.0382 HIGH VELOCITY OXIDATION AND THERMAL
FATIGUE CRACKING AT 2000F OF ALLOY
COATED BY AN ELECTROLYTIC FUSED
SALT PROCESS(METALLIDED), AND COM¬
PARISON WITH BARE ALLOY AND PACK
ALUMINUM COATED ALLOY.(43, pp.2,3,21)

Nl-15Co-lOCr-5.5Al-4.7Ti-3Mo-0.95V
1x 2 x 0.1INSPECIMENS
COATED BY ELECTROLYTIC FUSED SALT PROCESS

WHICH METALLtDES ALUMINUM DIRECTLY INTO
SURFACE PRODUCING AN ALUMINUM - RICH
NICKEL LAYER

TESTED IN FURNACE STATIC AIR AT 2000F OR
2100F EITHER IN 99 PERCENT PURE ALUMINA
BOATS OR BY SUSPENSION BY WIRES OF
PLATINUM/PLATINUM - 13 PERCENT RHODIUMO

$

3
5 -2

0 80 160 240 320 400 440
EXPOSURE TIME - HR

FIG 2.0383 STATIC OXIDATION AT 2000 AND 2100E OF ALLOY
COATED BY ELECTROLYTIC FUSED SALT PROCESS
(METALLEDENG) (43,pp.2,22)

2100 F

2000 F

2000 F

M1.2
us

Ni-15Co-10Cr-5.5AI-4.7Ti-3Mo-0.95V
AS CAST WEDGE SPECIMEN AS SHOWN IN FIG 2.03111
COATED WITH ELECTROLTIC FUSED SALT PROCESS
WHICH METALLIDES ALUMINUM DIRECTLY INTO
SURFACE PRODUCING AN ALUMINUM-RICH NICKEL
LAYER

TESTED IN EITHER STATIC FURNACE OR EN HIGH
VELOCITY JET AT MACH I. SEE FIGURES 2.03111
AND 2.0391

SPECIMEN FOR STATIC TESTS 1x2x0.1PLATES
SPECIMEN FOR HIGH VELOCITY JET TESTS WEDGES
AS SHOWN IN FIG 2.03111

(2 HR CYCLE)

1HR CYCLE I

HIGH VELOCITY
(MACH I) JET

-STATIC (FURNACE), REMOVED AFTER EACH
2 OR 20 HR CYCLES FOR INSPECTION
20 HR CYCLE i_j_|

0 80 160 240 320 400 480

EXPOSURE TIME - HR
2.0384 COMPARISON OF STATIC OXIDATION WITH

OXIDATION IN HIGH VELOCITY JET (MACH I) AT
2100 F FOR METALLIDED COATING

(43,pp.2 ,22)
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IN-100

Ni-15Co-10Cr-5.5A1-4. 7Ti-3Mo-0.95V
COUPONS 2 x 1x 0.1IN
CLAD WITH FOILS OF Fe-25Cr~4Al-lY OF THICK¬
NESS .005 AND .01 IN USING FACE SHEETS AND
EDGE STRIPS. PRESSURE BONDED 2 HR AT
2000 F, 15 KSI PRESSURE

TESTED IN FURNACE AT 1900 FAND 2000 F
USING 1HR OR 20 HR EXPOSURES. AFTER EACH
EXPOSURE SPECIMENS WERE COOLED TO 212 F
IN 10 MIN BEFORE REINSERTION INTO FURNACE

TESTS ALSO CONDUCTED ON CLAD SPECIMENS
OF CLADDING ALLOY

.005 IN CLAD

ÿCLAD CLADDING ALLOl
.01 EN

1900 F

ALL DATA 20 HR CYCLE EXCEPT AS NOTED

.005 EN

4

CLAD-s

CLAD CLADDL
(SUBSTRATE SAIV
AS CLAD)

NG ALLOY
IE ALLOY

Lÿpare
2000 F

I
0 SO 160 240 320 400

TIME - HR
2.0391 EFFECT OF CLADDING THICKNESS ON CYCLIC

OXIDATION OF Fc-25Cr-4Al-lY CLAD ALLOY
AT 1900 AND 2000 F (42, pp. 2,3,29)

O

X

o
<
5 o

Ni-lSCo-lOCr-5.5A1-4. 7Ti-3Mo-0.95V
COUPONS 2 x 1x 0.1IN-
CLAD WITH FOILS OF Ni-20Cr-4Al-1.2Si OF
THICKNESS .002, .005, AND .01INCH USING
FACE SHEETS AND EDGE STRIPS. PRESSURE
BONDED 2 HR AT 2000F, 15 KSI PRESSURE

TESTED IN FURNACE AT 1900F AND 2Q00F
USING 1HR AND 20 HR EXPOSURE. AFTER
EACH EXPOSURE SPECIMENS WERE
COOLED TO 212F IN 10 MIN BEFORE
REINSERTION INTO FURNACE

A BARE 1HR CYCLE
0 .01CLAD 1HR
o .005 1HR
ÿ .002 1HR
ÿ .01CLAD 20 HR

• .005 20 HR
ÿ .002 CLAD 20 HR

1900F

4r
so 160 240

TIME - HR

FIG. 2.0392 EFFECT OF CLADDING THICKNESS ON
CYCLIC OXIDATION OF Ni-20Cr-4Al-1.2Si
CLAD ALLOY AT 1900F AND 2000F

<42,pp.2, 3, 25)

CODE 4212
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NiCo

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

002 CLAD

f701CLAD
CLAD ON CLADDING
ALLOY

BARE ALLOY-

005 CLAt>
.01i

BARE ALLOY

Ni-15Co-10Cr-5.5A1-4. 7T1-3MO-0. 95V
COUPONS 2x1x0.1 IN
CLAD WITH FOILS OF Ni-30Cr-1.4Si OF THICK¬
NESS .002, .005 AND .01IN USING FACE SHEETS
AND EDGE STRIPS. PRESSURE BONDED 2 HR
AT 2000 F, 15 KSI

TESTED IN FURNACE AT 1900 AND 2000 F USING
20 HR EXPOSURES. AFTER EACH EXPOSURE
SPECIMENS WERE COOLED TO 212 F IN10 M1N
BEFORE REINSERTION INTO FURNACE

TESTS ALSO CONDUCTED ON CLAD SPECIMENS
OF CLADDING ALLOY

2000 F

SO 160 240 320 400
TIME - HR

EFFECT OF CLADDING THICKNESS ON CYC LIC
OXIDATION OF Ni-30Cr-1.4Si AT 1900 AND
2000F (42,pp.2.3,33)

FIG. 2.0393

ALL CYCLES 20 HR
.005

CLAD

CLAD ON CLADDING
ALLOY{SUBSTRATE
SAME ALLOY AS CLAD)

code 4212
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NiCo
NONFERROUS ALLOYS REVISED: DECEMBER 1978

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

br
J2

U
o
21
s
o

5
5

30 160 240 320
EXPOSURE TIME - HR
WEIGHT CHANGE AND THERMAL FATIGUE CRACKING TENDENCIES
OF ALLOY WITH VAPOR DEPOSITED CoCrAlY COATING AND
COMPARISON WITH PERFORMANCE OF ALLOY COATED BY
COMMERCIAL PACK ALUMINIDE PROCESS (44,pp.3,IS,26)

code 4212
PAGE 16

Ni-lSCo-10Cr-5.5A1-4.7Ti-3Mo-0.95V
AS CAST ALLOY MACHINED TO WEDGE BAR AS SHOWN IN FIG. 2.03111

COATED WITH CoCrAlY BY ELECTRON-BEAM-HEAT-SOURCE, PHYSICAL-
VAPOR DEPOSITION PROCESS. NOMINAL COMPOSITION OF COATING
Co-22Cr-14Al-0.1Y

TESTED IN MACH 1JET AT 2000 F IN HEATING CYCLES OF 1HR,
FOLLOWED BY COOLING TO RT IN3 MIN

TYPE OF COATING
TOTAL THICKNESS

OF COATING
IN

THICKNESS OF
OUTER LAYER

IN
O CoCrAlY

COMMERCIAL PACK ALUMINIDE

OJNO PARTICLE EMBEDMENT

.0045 TO .0055

.0033

.0017

.004 TO .004S

.0017

.0012

C-POINT OF APPEARANCE OF
THERMAL FATIGUE CRACK
NC-NO CRACK DURING TEST PERIOD

SEE FIG. 2.03111 FOR
DESCRIPTION OF TEST
SPECIMEN

SPECIMEN EXPOSED TO
CYCLE CONSISTING OF
1HR IN MACH 1JET AT
2000 F * 3 MIN COOLING
TO RT

0

FIG. 2.03101



NiCo
REVISED1 DECEMBER 1978 NONFERROUS ALLOYS

-80

-240

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Ni-15Co-10Cr-5.5A1-4. 7Ti-3M©-0.95V
AS CAST ALLOY MACHINED TO WEDGE BAR, AS SHOWN
EAPA(EMBEDDED ALUMNA-PARTICLE ALUMIMDE) COATING
APPLIED BY DUAL CYCLE, MODIFIED-PACK-CEMENTATION,
ALUMINIZING PROCESS. APPROX 15 V/O OF 2 MICROMETER
ALUMINA PARTICLES ENTRAPPED IN COATING
TESTED IN 20QQF, MACH 1JET, HEAT 1HR, COOL 3 MIN

TYPE OF COATING
THICKNESS OF
COATING - IN

THICKNESS OF OUTER
NiAl LAYER - IN

jmm NO COATING
O EMBEDDED ALUMINA-PARTICLE

ALUMINIDE
O FUSED SALT, ALUMINIZED
A\ COMMERCIAL PACK ALUMINIDE.
VJ NO PARTICLE EMBEDMENT

.0005 TO .0015

.0025

.0033

.0017

.0002 TO .0007

.0015

.0017

.0012

C

NC

V C

K
i

c

1/4—

C - POINT OF APPEARANCE
OF THERMAL FATIGUE
CRACK

NC - NO CRACK DURING
TEST PERIOD

R ~ 0.3

«sOC]<

A
ÿ0

SPECIMEN
EXPOSED TO
CYCLE CON¬
SISTING OF 1
HR IN JET ÿ+

COOLING TO
RT IN3 MIN

SPECIMEN IN2000F JET
AT MACH 1VELOCITY

200 400
EXPOSURE TIME - HR

FIG. 2.03111 WEIGHT CHANGE AND THERMAL FATIGUE CRACKING TENDENCIES
OF ALLOY WITH EAPA(EMBEDDED ALUMINA-PARTICLE ALUMIMDE)

SUBJECTED TO 1HR CYCLES AT 2000F IN MACH 1JET BURNER, AND
COMPARISON WITH PERFORMANCE OF BARE ALLOY AND OTHER
TYPES OF COATINGS (44, pp. 2,18,22)

cope 4212
PAGE 17



NiCo
NONFERROUS ALLOYS revised* DECEMBER 1978

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100
Ni-15 Co-lOCr-5.5A1-4.7Ti-3Mo-0.95V
AS CAST ALLOY MACHINED TO WEDGE BAR AS SHOWN IN FIG. 2.031X1
COATED WITH Pt-Al BY APPLYING A .0003 LAYER OF Pt BY ELECTROPLATING
AND ALUMINIZING BY PACK PROCESS.
FINAL COATING THICKNESS APPROX. .003 IN

CERMET (1)
CERMET (2)
CERMET (3)

FeCrAlY:

NiCrAl (1)
NiCrAl (2)
CoCrAlY

;Ni-Cr-Si ALLOY CONTAINING TiBg AND TiN PARTICLES
:Ni-Cr-ALLOY CONTAINING TiSi2 PARTICLES
: CERMET (1) + ALUMINIZING PACK TREATMENT - (PACK; 2A1-

2NaCl-96Al203,2000F, 15 HR)
PLASMA SPRAYED Fe-25Cr-13AI-0.6Y. FOLLOWED BY OVER-
SPRAY WITH Al POWDER + (1100) F, 6 HR INARGON, THICKNESS
(.018) IN
PROPRIETARY ALLOY CONTAINING NO ADDED OXIDES
PROPRIETARY ALLOY CONTAINING Y2O3 PARTICLES
PHYSICAL VAPOR DEPOSITED

SEE FIG. 2.03111 FOR SKETCH OF SPECIMEN

TRAILING EDGE
CRACK

uNCOATED
CERMET (1)
CERMET (2)
CERMET (3)

T=2000F
MACHI
1HR AT TEMP
+ 3 MIN COOL
TO RT

LEADING ALUMINIDE

CRACK FeCrAlY
NiCrAl (1)
NiCrAl (2)

ALLOY
WITH Pt-
Al COAT
ING

CoCrAlY U1UA
222ZZZZZZZ2C3Pt-Al

TIME

4 DESIGNATES
POINT OF
THERMAL
CRACK

0 400 800
TIME IN MACHIBURNER AT_2000 F, 1HR CYCLES

400 800
EXPOSURE TIME - HR

FIG. 2.03121 TYPICAL WEIGHT CHANGE PATTERN FOR COATED ALLOY CYCLED FOR
ONE HR INTERVALS AT 2000 F. FOLLOWED BY COOLING TO RT IN3 RUN

FIGURE SHOWS DATA FOR Pt-Al ALLOY WITH SUMMARY OF RESULTS
FOR SEVERAL OTHER ALLOYS (45,pp.2,3,13.14)

code 4212
PAGE 18



NiCo
REVISED: DECEMBER 1978 NONFERROUS ALLOYS

Allov Ni-15Co-lOCr-5.5A1-4. 7Ti-3Mo-0.95V
Source Haynes (10) p. 6
Condition As Cast, Corrosion Tested (a)

Wt. Change (a)
2

Mg per Cm (Loss)
Bare
Coating C - 3
Coating C - 9
(a) Exposed 1 h

NaCl at 165

71.3
9.5
9.4

r in Na2S04 •ÿ•0.5 percent.

2F.

TABLE 2.03131 EFFECT OF CORROSIVE ENVIRONMENT
ON WEIGHT CHANGE IN BARE AMD
COATED CONDITION

Z

or

z
g
w
3
X
oo
J
<

I

Ni-15Co~10Cr-5.5A1-4.7Ti-3Mo-0.95V
SIMULATED AIRFOIL SECTIONS IN CHORD,2 IN SPAN,
APPROX 1/8 IN THICKNESS AT LEADING EDGE
AS CAST
TESTED IN HIGH VELOCITY GAS RIG(700 FPS)

SEE FIG. 2.03135 FOR ADDITIONAL DETAILS OF
TEST AND MEASUREMENT PROCEDURES

• 8 PPM SALT/AIR
O 4 PPM SALT/AIR

TOTAL CORROSION DEFINED
AS AREA UNDER CURVE OF
DEPTH OF PENETRATION VS
TEMP. SEE FIG. 2.03135 AND

B1900

MAR M 200

• IN 100
2.03136

MAR M 2 [NCO 713 LC

B1910
PDRL 161

/IN 728
PDRL 161

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

10 12 14 16

WEIGHT PERCENT CHROMIUM

10

w s

I6

I4
V

< 2

Ni-15Co-10Cr-5.5A1-4. 7Tl-3Mo-0.95V
SIMULATED AIRFOIL SECTION 1IN CHORD,
2 IN SPAN, APPROX 1/8 IN THICKNESS AT
LEADING EDGE
AS CAST
TESTED IN HIGH VELOCITY GAS RIG (700 fps)
SEE FIG. 2.03135 FOR TEST DETAILS

ESSSS JP-4R(0.16S) - 8ppm SALT/AIR
HUPP JP-4R(0. 16S) - 4ppm SALT/AIR

JP-4(.02S) - Sppm SALT/AIR
JP-4 (.02S) - 4ppm SALT/AIR

TOTAL CORROSION DEFINED AS AREA
UNDER DEPTH OF PENETRATION VS
TEMP CURVE, SEE FIG.2.03135 AND

FIG.2.03136

<d)(a) (b) (c)

(a) B 1900
(b) DC 100
(c) MAR-M 200
(d) B 1910

(e) (f) (g) (h)

(e) INCO 713C
(f) INCO 713LC
(g) PDRL 161
<h) PDRL 162

U) U) 00 (I)

(i) U 700
(j) TRW 1S00
<k) IN 728X
(1) X - 40

FIG. 2.03133 CORRELATION SHOWING THAT LOW CORROSION RESISTANCE
OF ALLOY IS RELATED TO ITS LOW CHROMIUM CONTENT

(27, p.132)

H
a
j
o

Nl-15Co-10Cr-5.5A1-4.7TI-3MO-0.95V
SIMULATED AIRFOIL SECTION,1IN CHORD,
2 IN SPAN, APPROX l/S IN THICKNESS AT
LEADING EDGE
AS CAST
TESTED IN HIGH VELOCITY GAS RIG(700 FPS)
SEE FIG. 2.03135 FOR
ADDITIONAL DETAILS
OF TEST AND MEASURE-
-MENT PROCEDURES U 700

U 700

B 19100

OIN 728

FUEL
O 0.02$S (JP-4)
ÿ 0.16$S (JP-4R)

I TRW

IN 100\PDRL
lOOtD TRW 1800

| ODD INCO 713C

> PDRL
161

a PDRL -
161

{ MM 200

INCO
713LC

12 16
WEIGHT PERCENT CHROMIUM

FIG. 2.03132 RELATIVE CORROSION OF VARIOUS SUPER-
ALLOYS FOR TWO FUELS OF DIFFERENT
SULFUR CONTENT AND TWO SALT/AIR RATIO
CONTENTS (27, p.131)

FIG. 2.03134 CORRELATION SHOWING THAT THE LOW
THESHOLD TEMPERATURE FOR CORROSION
IS PRINCIPALLY RELATED TO ITS LOW
CHROMIUM CONTENT (27, p. 33)

CODE 4212
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NiCo
NONFERROUS ALLOYS revised: December 1978

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

3 3

*O<
<
u.
o

Ni-15Co-lOCr-5.5A1-4.75Ti-3Mo-0.95V
SIMULATED AIRFOIL SECTION,IIN CHORD,
2 INSPAN, APPROX 1/8 INTHICK AT LEAD¬
ING EDGE
TESTED IN HIGH VELOCITY GAS RIG(700 FPS)
USING LOW SULPHUR FUEL(JP4 WITH .02S)
SYNTHETIC SEA WATER ADDITION TO COM¬
BUSTION GAS PRODUCED 4 & 8 PPM SOLID
SEA SALT AT INLET TEMP. MEASURED BY
.030 DIA HARDNESS PLUGS IN CONTROL
SPEC, CHECKED BY THERMOCOUPLES.
CYCLE: 1MIN TO MAX TEMP +10 MIN
AT TEMP +1MIN AIR COOLING TO REACH
1000F OR BELOW. TOTAL TEST TIME 120
HOURS
DEPTH OF ATTACK MEASUREMENTS MADE
BY METALLOGRAPHIC AND OPTICAL OBSER
VATIONS ON SECTIONS 1/4, 1, AND 11/2 IN
FROM TIP OF AIRFOIL

O • PEAK METAL TEMP 1600F
A A PEAK METAL TEMP 1750F

TWO TESTS AT EACH TEMP

THRESHOLD-v,

-kWx
4 PPM SALT

THRESHOLD
FOR

CORROSION

PPM SALT

1500 1600
METAL TEMP - F

<
Ea
O

Ni-15Co-l0Cr-5.5A1-4.75Ti-3Mo-0.95V
SIMULATED AIRFOIL SECTIONS IN CHORD, 2
INSPAN, APPROXIMATELY 1/8 IN THICK AT
LEADING EDGE
TESTED IN HIGH VELOCITY GAS RIG (700 FPS)

USING HIGH SULPHUR CONTENT FUEL (JP-4R
WITH 0.16S)
SEE FIG. 2.03135 FOR ADDITIONAL DETAILS
OF TEST PROCEDURES AND MEASUREMENT
TECHNIQUE

O • PEAK METAL TEMP 1600F
A A PEAK METAL TEMP 1750F

TWO TESTS AT EACH TEMP

THRESHOLD
FOR

-CORROSION

S PPM

1500 1600
METAL TEMP - F

FIG. 2.03136 CORROSION (AS MEASURED BY DEPTH OF
ATTACK) FOR ALLOY IN 700 FPS VELOCITY
GAS JET USING HIGH SULPHUR FUEL (JP-4R)
WITH 4 PPM AND 8PPM SEA SALT IN INLET
AIR (27,pp.1-6,100,112)

FIG. 2.03135 CORROSION (AS MEASURED BY DEPTH OF
ATTACK) FOR ALLOY IN 700 FPS VELOCITY
GAS JET USING LOW SULPHUR FUEL (JP4)
WITH 4 PPM AND 8 PPM SEA SALT ININLET AIR

(27, pp. 1-6, 76, 88)

Source_(46) pp 2, 3, 7. 16, IS_
Alloy_Ni-15Co-10Cr-5.5A1-4. 7Ti-3Mo-0.95_

Coating Al-Cr-Mn: 1900F, 1.5 hr + 3 hr cool from pack'V "

Condition 1600F" 50 hr-
Coating AEP No.32 : RT application + 2080F, 2 hr + 1G00F,_50 hr._

Specimen Standard T56-A-9 solid turbine blades_
Heat blades rotating at 1800 rpm in city gas-
fired furnace to 1900F. Spray with aspirated solution of

Test deionized water and 1.4 percent water soluble sodium sulfate.
Condition 1.5 min heat + 0. 5 min spray, observe everv 100 cycles-

Remove when total corrosion area of .01IN
(0.1INon each side)_
Av. No. cycles to hot corrosion failure (6 specimens)
Coated with Al-Cr-Mn - 713
Coated with AEP No.32- 541

TABLE 2. 03137 HOT CORROSION RESISTANCE OF THINWALL ALLOY
WITH TWO PROPRIETARY COATINGS IN 1900F CYCLIC
TEMPERATURE TEST

code 4212
PAGE 20
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Ni-15Co-IOCr-5. 5A1-4.7Ti-3Mo-0.95V
1/4 DIA PIKS, 11/8 IN LONG
AS CAST

TESTED IN A TURBINE SIMULATOR TYPICAL OF MARINE SERVICE
USING COMPLEX TEMPERATURE AND VELOCITY PATTERN ( SEE REF 29)

TEMPERATURES INCLUDE PERIODS AT 1000, 1600, 1800 AND 2000 F
VELOCITIES RANGE FROM 163 TO 275 FT PER SEC. SULFUR IN FUEL
APPROX 400 PPM

MEAN WEIGHT
OF SCALE
MG/CM2

NICKEL BASE
SUPERALLOYS

COBALT
BASE

SURFACE SCALE
REMOVED AFTER
TEST. SCALE
WEIGHTS
CALCULATED
FROM WEIGHT
MEASUREMENTS
BEFORE AND
AFTER SCALE
REMOVAL.

Ni
15 Co
10 Cr
5.5 Al

.4.7 Ti
3 Mo
0.95 V

IN-100

FIG. 2.0313S COMPARISON OF HOT-CORROSION BEHAVIOR INA MARINE TURBINE

SIMULATOR WITH OTHER NICKEL-AND COBALT-BASE ALLOYS (29. pp. 1-17)

Alloy

Test specimen & test condition £ ÿ G- L.tested at RTÿ

Level of electron vacancy concen¬
tration, Nv, and grain size

Low Nv, Fine Grain Size
Medium l7v, Fine Grain Size
High Nv, Fine Grain Size
Low Nv, Coarse Grain Size
Medium Nv, Coarse Grain Size
High Nv, Coarse Grain Size
Min required by AMS 5397_

Nominal: Ni-15Co-10Cr-5.5A1-4. 7Ti-3Mo-0.95V
For actual compositions see Fig. 3.024_

141.9
153.2
142.6
142.2
128.7
128.3
115.0

ksi

As Cast, Various Compositions
_and Grain Sizes Noted

101.9
112.5

(3) 96,7
102.6
99.9

106.2
95.0

ksi

9.5
9.0
9.0
7.0

5.0

Percent

RA

6.0

Source (23) p 9

(1) Three alloys with minor variations in composition, achieved by
additions of A1 & Ti to same master heat. Several levels of electron
vacancy concentration, Nv, designating tendency to form sigma
precipitate, as defined in Figures.

(2) All values shown average of two tests except as designated.
(3) One test only.

TABLE 3.021 ROOM TEMPERATURE TENSILE PROPERTIES OF AS

CAST ALLOY IN THREE LEVELS OF ELECTRON
VACANCY CONCENTRATION. AND AT TWO LEVELS
OF GRAIN SIZE

code 4212
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NiCo
NONFERROUS ALLOYS REVISED: DECEMBER ÿ97S

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Source (24) pp 3, 4, 6, 8

Alloy Ni-15Co-10Cr-5.5Al-4.7Ti-3Mo-0.95V (nominal), *3>

Condition Forced1'1) and Heat Treatedÿ as Indicated
Heat Treated HT+ 1350F, 1000 hr HT+ 1550F, 250 hr

Ti + Al Content (3)

Low Med High Low Med High Low Med High

"(ksi) 185.5 183.5 175 179 187 164 179.5 176.5 151.5

- (ksi) 139.5 140.5 141 144 142.5 140.5 124 123 120.5

e (1.25 IN) - percent 19 17.5 12.5 12.5 18 5 22.5 20.5 3.5

RA - percent 15 14.5 11.0 12.5 17.5 8 21 18.5 4.5

{1) 5 in dia casting.extruded to 3.lodia @ 2050F. Flattened at 2Q50F to 13/4 thick pancake, then to

1in thick pancake, then to 5/S in thick pancake. Machined to 1/4 in dia specimens x 1.25 in
gage length specimens.

(2) 2215F, 4 hrs + 2000F, 4 hrs + 15S0F, 16 hrs + 1400F, 24 hrs.
(3) All three alloys from same master heat. Additions of Ti & A1 to form alloys of varying degree

of proneness to sigma phase precipitation, by controlling average electron vacancy concentration,

Nv:
Low Nv = 2.29 : Ni-13.73CO-10.26Cr-4.95A1-4. 0STi-3.<>6Mo-. 96V
Med Nv = 2.40 : Ni-13.41CO-10. 15Cr-5.36A1-4.09Ti-3.SSMo-.96V
High Nv = 2. 59 : Ni-13.42CO-10.13Cr-5.46A1-4. 63Ti-3.58Mo-l.01V

TABLE 3.022 MECHANICAL PROPERTIES AT ROOM TEMPERATURE OF FORGED ALLOY IN
THREE CONDITIONS OF PRONENESS TO SIGMA PHASE PRECIPITATION,
PROPERTIES SHOWN AFTER NORMAL HEAT TREATMENT AND AFTER HEAT
TREATMENT FOLLOWED BY EXPOSURE TO ELEVATED TEMPERATURE.

Allov Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0. 95V
Source (24) p 8

Condition Forged + HT (2215F, 4 hrs + 2000F, 4 hrs + 1550F, 16 hrs
+ 1400F, 24 hrs + Exposure as indicated)

Thermal
Exposure

Al + Ti
Content

Ffutksi)*4) Fÿ.(ksi)*4) e(1.25inf4) RA %*4>
Low*1) 185.5 139.5 19 15
Medium*2) 163.5 140.5 17.5 14.5
High*3) 175 141 12.5 11

Exposed Low*1) 179 144 12.5 12.5
1000 hr f Medium *-) 187 142.5 16 17.5
1350F High(3> 164 140.5 5 8
Exposed Low*1) 179.5 124 22.5 21
250 hrs Medium*-) 176.5 123 20.5 18.5
@ 1550F High*3) 151.5 120.5 3.5 4. 5
(l) Sigma free
(2) Moderately sigma prone
(3) Very sigma prone, see Table 3,022 for actual compositions
{4) Average of 2 tests

TABLE 3.023 EFFECT OF THERMAL EXPOSURE SUBSEQUENT
TO HEAT TREATMENT ON ROOM TEMPERATURE
TENSILE PROPERTIES FOR FORGED ALLOY WITH
THREE LEVELS OF Al + Ti CONTENT (ELECTRON
VACANCY CONCENTRATION. Nv. RELATING TO
PROPENSITY TOWARD SIGMA FORMATION)

code 4212
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NiCo

160

140

ll20
100

80

Ni-15Co-10Cr-5.5A1-4.75Ti-3Mo-0.95V (NOMINAL)
ACTUAL COMPOSITION
LOW Nv (2.29): Ni-13.5Co-10.2Cr-5Al-4.16Tl-3.55Mo-.98V
MED Nv (2.49): Ni-13.3Co-10.14Cr-5.SAl-4.29Ti-3.55Mo-.96V
HIGH Nv (2.65): Ni-13.3Co-10.12Cr-5.6Al-L69Tl-3.51Mo-.97V
ALL CASTINGS FROM SAME MASTER HEAT. ADDITIONS

OP A1 AND Ti MADE DURING CASTING TO ACHIEVE
DESIRED LEVEL OF ELECTRON VACANCY DENSITY
(Nv)

AS CAST + EXPOSURE TO 1550 F FOR TIMES INDICATED

TEST SPECIMEN 1/4 IN DIA BAR x 11/4 IN GAGE LENGTH

M 10
g £ £

m.
<5 O
m o
n m

<
CO a ~
al

LOW MED HIGH LOW MED HIGH

ELECTRON VACANCY DENSITY - Nv

FIG. 3.024 EFFECT OF EXPOSURE AT 1550 F FOR 250 HR AND FOR
2500 HR ON ROOM TEMPERATURE TENSILE PROPERTIES
OF ALLOY WITH Al-Ti COMPOSITION VARIED TO ACHIEVE
THREE LEVELS OF ELECTRON VACANCY CONCENTRATION,
Nv (22,pp.1-3,10)

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Source_(26) pp ?, 4. 5.7_
Alloy_Ni-13Co-I0Cr-5.5A1-4.75Ti-3Mo-0.95V (Nominal, see actual below)_

As Cast: Nirl5.4Co-10.5Cr-5.55Al-4.72Ti-3.02Mo-l.05V
FM Powder: Ni-13.97Co-9.54Cr-5.65A1-4. 82Ti-3.70MO-158 ppm 02Composition
Hm Powder: Ni-15.4Co-10.5Cr-5.55A1-4.72Ti-3.02MO-1. 05V-53 ppm 02_NM Powder: Ni-15.18Co-9.4Cr-5. 81A1-4. 82Ti-3.OSMo-. 99V-79 ppm Og_
FM Powder -250 to 44 microns

Powder Size HM Powder -707 to 74 microns_NM Powder -500 to 44 microns_
HIP FM Powder; Pressed at 2320F. 25.000 psi for 1hr to strip 1x1.5x20 IN
HIP HM Powder; Extruded to 3/4 IN Dia Rod, Pressed at 23O0F,15,OO0psi 1hr,

Powder Consolidation Extruded at 20OOF with 12;1 Reduction
Direct Extruded FM & NM Powders; Extruded at 2150F with 20:1 Reduction to_'_1/2 IN Dia Bar x 7 Ft_

Specimen Size _ _3/8 IN Dia Threaded Tensile Bar

As Cast HM Powder
As HIP + Extr

FM
As HIP

FM
As Extr

NM
As Extr

NM{1)
As Grain

Coarsened
143 - 163 244 235 188

Fn,k£i 136 - 137 175 171 137

0(1 IN) 4 - 8 20 21 14

RA, PERCENT 8 - 10 16 17 7

Hardness RC 32 42 49 43 43 33

(1) Exposed 2270F, 24 hours. Average grain si2e 100// m, some grains as large as 200// m

TABLE 3- 025 ROOM TEMPERATURE TENSILE PROPERTIES AND HARDNESS OF POWDER
METALLURGY PRODUCT PREPARED FROM POWDERS OF VARIOUS COMPOSITIONS
AND GRAIN SIZE AND CONSOLIDATED BY SEVERAL PROCESSES

code 4212
PAGE 23



NiCo

NONFERROUS ALLOYS REVISED- DECEMBER 1978

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Alloy Ni-15Co-10Cr-S.5Al-4.7Ti-3Mo-0.9SV
Source
Condition

_a9) DP 6. 7. 10_
Superplastically Forged#), ASTM Grain Size 12-14

Heat
Treatment

Solutionized at 2050F, Stabilized at 1600F and 1S00F ÿ

Precipitation Hardened at 1200F and 14OOF
Disk 1(499 - A2A) Disk 2 (499 - A2B)

RT 1300F RT 1300F
232.4 177.0 232.0 179.1

F,y<ksi> 164.5 152.7 164.9 156.0

e percent 22.0 14.0 22.0 14.7

RA percent 22.2 22.3 21.5 16.4

(1) Typical composition: Ni-18.SCo-12.4Cr-4. 98A1-4.32Ti-
3.2MO-0.78V-.07C-.06Zr-.02B

(2) By patented Gatorlzing Process

TABLE 3.026 TENSILE PROPERTIES OF SUPERPLASTICALLY
FORMED PANCAKE FORGING USED IN FATIGUE
CRACK GROWTH STUDIES

Ni-lSCo-IOCr-5.5A1-4.7Ti-3Mo-0.95V
AS CAST
UNNOTCHED CHARPY IMPACT SPECIMENS

5 SO

TESTED AT RT
AFTER HOLD AT TEMP
FOR TIME INDICATED

O ÿ GRAIN SIZE <1/16
• ÿ GRAIN SIZE ÿ1/4
O • 500 KR HOLD AT TEMP
D ÿ 1000 HR HOLD AT TEMP

400 $00 1200
HOLD TEMP- F

2000

FIG. 3.0291 UNNOTCHED CHARPY IMPACT STRENGTH
AT ROOM TEMPERATURE AFTER HOLD FOR
500 OR 1000 HR AT ELEVATED TEMPERATURE

(4.p.11)

- 30
3

Ni-15CO-10Cr-5.5A1-4. 7T1-3MO-0, 95V
TENSILE SPECIMEN 0.1 IN THICK x 0.1
WIDE X 1IN GAGE LENGTH

COVERED ON MAJOR SURFACES (NOT EDGES)
WITH .005 IN CLADDING OF Ni-20Cr-4Al-l.5Si
PRESSURE BONDED 2 HR AT 2000 F, 15 KSI
PRESSURE

TESTED IN THE AS-CLAD CONDITION WITHOUT
OXIDIZING, WITH EXPOSURE TO TEMP CYCLE
INARGON TO AVOID OXIDATION, AND IN
FURNACE OXIDATION

THERMALLY TREATED BARE
77777777J alloy (one 2 hr cycleat
r ////// /I 2000 F + ONE 400 HR CYCLE AT

1900 F IN ARGON)

C AS CLAD, NON-OXIDIZED

|\\\\\ÿ AS OXIDIZED IN FURNACE (400
. HR CYCLES AT 1900 F)

Ftu

40 "z

5
30 ?

20 2
o"

10

Ni-15Ca-10Cr-5.5A1-4. 7Ti-3Mo-0.95V
AS CAST

1562F

1C97F

TY e(l IN)

FIG. 3.027 COMPARISON OF TENSILE PROPERTIES
OF ALLOY WITH Ni-20Cr-4Al-1.2Si
CLADDING ALLOY BEFORE AND AFTER
OXIDATION (42, pp.2,3,20,29)

STRAIN

FIG. 3.03111 STRESS-STRALN CURVES FOR AS-CAST ALLOY
AT ROOM AND ELEVATED TEMPERATURES

(16 pp. 7,10,115 REVISED BY PERSON¬
AL COMMUNICATION, METCUT TO
MPDC 6-13-7S)
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REVISED: DECEMBER 197B NONFERROUS ALLOYS

NiCo

Ni-15Co-10Cr-5.5A1-4.7T1-3MO-0.95V
CAST TO 1/4 IN DIA BAB SPECIMEN x 2 IN.GAGE LENGTI
JO COATED BY TRW WITH PWA A47 COATING PLUS
1975F, 4 HRS IN VAC, + RAPID ARGON QUENCH

1562F

1832F

H.004 H
J_l_

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

STRAIN

FIG. 3.03112 STRESS-STRAIN CURVES FOR JO COATED ALLOY
AT ROOM AND ELEVATED TEMPERATURES

(16.pp. 7,10,123)

Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.95V
CAST TO 1/4 INDIA SPECIMEN x 2 IN GAGE LENGTH
AS CAST

TEMP - F FIG. 3.03122 TENSILE PROPERTIES OF AS CAST BAR AT ROOM
FIG. 3.03121 EFFECT OF TEST TEMPERATURE ON AICD ELEVATED TEMPERATURES(16,pp. 13,112,114)

MECHANICAL PROPERTIES AS CITED
BY ALLOY DEVELOPER (4. p.5)

Ni-15Co-10Cr-5.5A1-4. 7T1-3MO-0. 95V
AS CAST

I

TEMP - F
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NiCo
NONFERROUS ALLOYS revised December 1978

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

. so

Ni-15Co-10Cr-S.5Al-4.7Ti-3.0Mo-0.95V
CAST TO 1/4 IN DIA BAR SPECIMEN x 2 IN GAGE
LENGTH
JOCOATED BY TRW WITH PWA A47 COATING PLUS

1975 F, 4 HRS IN VAC + RAPID ARGON
QUENCH

EZfeZZZ

Source (46) pp 2. 3 7, 63. 69
Alloy Ni-15Co-10Cr-5. 5A1-4.7Ti-3Mo-0.95V

As Cast + Coated with Two Proprietary Coatings:
Condition Al-Cr-Mn or AEP No. 32

See Fig 3.0515 for Coating Conditions
Specimen TVpe Simulated Airfoil, See Fig 3.0515

AEP No. 32 Coating Al-Cr-Mn Coating

RT 1400F 1S00F RT 1400F 1800F

FÿU
(1) (1)

114 125.8 67. S 101.0 110.3 68.4

Fÿfksl, 10S.9 101.9 55.3 96.7 108.4 49.9

e (In)
percent

3.7 3.7 3.2 1.7 - 5.3

(l) Average of two tests

TABLE 3.03141 TENSILE PROPERTIES AT ROOM AND ELEVATED
TEMPERATURES OF THINWALL ALLOY COATED
WITH TWO PROPRIETARY COATINGS

0 100 1500 1G00 1700 1800 1900
TEMP - F

FIG. 3.03123 TENSILE PROPERTIES OF JOCOATED &4.R AT ROOM
AND ELEVATED TEMPERATURES (10 pp.13,121.122)

Source (3S> p 95
Allov Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.9SV

2150F 2 hr 2050F 24 hr 1900F 24 hr
Condition As Cast Rapid Air Cool Rapid Air Cool Rapid Air Cool

(1)

Tested at 1300F
rÿfcsi) 156 138 129.3 135.7

FjyfrSi) 124.3 119 114.7 119.3

e percent S.S 6.0 4. 5 3.7

RA percent 14.3 7.0 5.1 S.S
(1) All values average of 3 tests.

TABLE 3.03131 EFFECT OF SEVERAL SOLUTION HEAT
TREATMENTS ON THE TENSILE PROPERTIES
AT 1300F

O 120
U
St
=> 110

O 100

£ 90

1 50

- 70

Ni-15Co-10Cr-5.5AI-4.75Ti-3Mo-0.95V
2 x 1/4x .040 IN SHEET
AS CAST + CODEP C-2 COATING (APPROX.
2 MILS) PARTIAL STRIP BY LOCALIZED GRIT
BLAST;COMPLETE STRIP BY IMMERSION IN
SOLUTION OF 30 V/O HNO3 + 1V/O TURCO
4104 FOR 1HR.
RECOATING WITH VACUUM FIRED SLURRY
SLIP PACK OF 56 Cr-44 Al
OXIDIZED 150 HRS. 1750F
TESTED AT 1800F

FtuOF UNCOATED ALLOY AT 1800F - 56.3 KSI
Fxy OF UNCOATED ALLOY AT 1300F - 41.2 KSI
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FIG. 3.03142 EFFECT OF COATING, HIGH TEMPER¬
ATURE EXPOSURE.AND SEVERAL
REPAIR PROCESSES ON TENSILE AND
YIELD STRENGTH AT 1S00F COMPARED
TO AS CAST UNCOATED BASE MATERIAL

(25.pp.36.115,116)
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REVISED: DECEMBER 1978 NONFERROUS ALLOYS
NiCo
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Ni-15Co-10Cr-S.5Al-4.75Ti-3Mo-0.95V
2 x 1/4x .040 IN SHEET
AS CAST * CODEP C-2 COATING(APPROX.
2 MLS)
PARTIAL STRIP BY LOCALIZED GRIT BLAST

COMPLETE STRIP BY IMMERSION INSOLU¬
TION OF 30V/O HNO3 +1V/0 TURCO 4104
FOR 1HOUR. RECOATING WITH VACUUM-
FIRED SLURRY SUP PACK OF 56 Cr-44 AI

OXIDIZED 150 HRS, 1750F
TESTED AT 1800F
ELONGATION OF UNCOATED ALLOY AT
1800F -5.6 PERCENT
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Ni
15 Co
10 Cr
5.5 AI
4.7 Ti
3 Mo
0.95 V

IN-100

FIG. 3.03143 EFFECT OF COATING, HIGH TEMPERATURE
EXPOSURE, AND SEVERAL REPAIR PROCESSES
ON ELONGATION AT 1800F COMPARED TO AS
CAST UNCOATED BASE MATERIAL(25, pp.36,115.118)

W P
Alloy Ni-lSCo-10Cr-5.5A1-4.7Ti-3Mo-0.95V

Powder Metallurgy product, deformed and heat treated as shown

Extruded 10.6 to 1at 2000F,
Rolled 3 to 1at 2000F

Extruded 10.$ to iat 2000F,
Rolled 3 to 1at 2000F +
2150F, 4 hr, oil quench +
1200F, 22 hr, air cool +
1400F, 8 hr air cool

Extruded 10.6 to 1at 20001
+ SuperplasticaJly deform¬
ed 100% in tension at 2000F
+ 2275F, 56 hr, air cool

e percent

RA percent

1200F

Fw (ksi)

e percent

RA percent

310

295.8

12
8

257.4

241. S

10

16

254.6

177.8
27

25

204.8 .
180.6

15

12

170.7

129.4

10

15

163.6

125.2

8

10

TABLE 3.03151 EFFECT OF REDUCTION PRACTICE AND HEAT TREATMENT ON THE TENSILE
PROPERTIES AT RT AND 1200F OF POWDER METALLURGY ALLOY
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NiCo
NONFERROUS ALLOYS REVISED: DECEMBER 197B

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

~~I-i-I-i-
Ni-15Co-10Cr-5.5AI-4. ?STi-3Mo-.95V

(Nominal)
1/2 IN DLA BAR
AS EXTRUDED
SEE TABLE J.025 FOR DETAILS OF POWER
COMPOSITION, CONSOLIDATION
PARAMETERS, AND R.T. PROPERTIES OF
ALLOY

IN-100

2 220

- 200

P

O
Z 10

Ni-15Co-10Cr-5.5A1-4. 7Ti-3Mo-0.95V
5 IN DLA PANCAKE FORGED FROM 13/4 DLA BARSTOCK
PREPARED BY -ALL INERT" P & W PROCESS
HEAT TREATED BY MODIFICATION TO PWA 102S
SPECIFICATIONS

FTU

Fxy

SPECIFIED MINIMUM PROPERTIES;
BY PfirW FOR IN 100( PWA 102S)

O DATA FROM "GATORIZED-
PANCAKE

FM AND NM POWDERS
AS EXTRUDED

1900 F

1SQ0 F

2100 F
—2000 F;

STRAIN RATE-MIN*1
FIG. 3.03153 FLOW CHARACTERISTICS DC THE RANGE

AT LOW STRAIN RATES AND TEMPERA¬
TURES WHERE SUPERPLASTICITY CAN
BE ACHIEVED (25 p.Z-24)

400 SOO
TEMP - F

1200

FIG. 3.03152 TENSILE PROPERTIES OF SPECIMEN FROM POWDER
ALLOY PANCAKE AT RT AND 1300F. WITH COMPARISON
TO PRATT 1- WHITNEY SPECIFICATIONS FOR ALLOY

(35, FIGS. 1,2)

100

Ni-15 Co-10Cr-5. 5 Al-4. 1
1/2 INCH DIA BAR
AS EXTRUDED

5TI-3MO-0.95(NOMINAL)

SEE TABLE 3.02;> FOR DETAILS OF POWDER

COMPOSITION. CONSOLIDATION PARAMETERS
AND RT PROPERTIES OF ALLOY

O FM POWDER

ÿ NM POWDER
AS EXTRUDED

I

-O—0—ÿ

I_I

1900F-200OF
'

ÿ21OOF

DEFORMATION RATE - SEC"

FIG. 3.03154 RELATION BETWEEN STRESS AND HIGH
DEFORMATION RATE AT 1900 TO 21OOF
FOR ALLOY EXTRUDED DIRECTLY FROM
POWDER. (2S, p. 7,-22)
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NiCo
REVISEDÿ DECEMBER 1978 NONFERROUS ALLOYS

Ni-15Co-10Cr-5,5A1-4.75Ti-3Mo-0.95Y(Nominal)

1/2 INDIA BAR
AS EXTRUDED
SEE TABLE 3,025 FOR DETAILS OF POWDER
COMPOSITION, CONSOLIDATION PARAMETERS

AND R.T. PROPERTIES OF ALLOY

1900F

2100F -3ÿ5=°=
0
10"3

FM & NM POWDERS
AS EXTRUDED

.eQ-m.

10"2 10"1 1 10
STRAIN RATE - PERCENT

Source (26) p vm - 10
Alloy Ni-15Co-10Cr-5. 5Al-4.75Ti-3Mo-0.95V
Condition As Cast + 1600F, 4 hrs, AC
Test Condition 5000 psig

Helium Hydrogen
RT 1250F RT 1250F

Ftufksl) 118.5 103.2 107.5, 87.5 99.0, 114.0

Fty(ksi) 99.8 101.8 106.5, 87.5 99.0, 106.1

e(l in), percent 9.5 2.0 3.0, 2.5 1.5, 2.0

RA percent 14.7 6.7 3.3, 5.5 2.0, 7.1

TABLE 3. 03171 TENSILE PROPERTIES AT RT AND 1250F IN
5000 psig HELIUM AND HYDROGEN

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

FIG. 3.3155 HIGH STRAIN RATE EFFECT ON ELON¬
GATION AT FRACTURE AT 1900 TO
21OOF FOR ALLOY DIRECTLY EXTRUDED
FROM POWDER (28,p.2-22)

NI-15Co-10Cr-5.5A1-4. 7Ti-3Mo-0. 95V
TENSILE SPECIMENS CUT FROM 2 1/4 IN DIA
OR 4 3/4 INDIA BILLETS,AS INDICATED

PREPARED FROM POWDER PARTICLES BY "ALL
INERT" POWDER METALLURGY PROCESS OF
PRATT & WHITNEY AIRCRAFT

2 1/4 INBILLET EXTRUDED FROM 5 IN DIA
COMPACT

43/4 IN BILLET EXTRUDED FROM 10 1/2 IN
DIA COMPACT

2 1/4 IN

DIA BILLET (33)

1900 2000 2100

TEMP - F

FIG. 3.03156 SUPERPLAST1CITY EXHIBITED BY POWDER
METALLURGY ALLOY (33, FIG. 3), (34, FIG. 3)

Ni~15Co~10Cr-5. SA1-4.7Ti-3Mo-0.95V
AS CAST (MELTED AND CAST EN AIR OR IN
VACUUM, AS INDICATED)

120
VAC MELT
v. AND CAST

AIR MELT
AND CAST

100

tc
¥

b.

20

1400 1500 1600 1700 1800
TEMP - F

FIG. 3.0321 EFFECT OF TEST TEMPERATURE ON
COMPRESSION YIELD STRENGTH FOR AIR
MELTED AND CAST ALLOY AND FOR VACUUM
MELTED AND CAST ALLOY (32, FIG 4. 5}
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NiCo
NONFERROUS ALLOYS REVISED: DECEMBER 1978

NTi-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.95V
AS CAST
CHARPY V SPECIMEN

COARSE GRAIN
( > 1/4 IN)

ÿ 10

FINE GRAIN

« 1/16 IN)

CHARPY V NOTCH

SOO 1200
TEMP - F

FIG. 3.0331 EFFECT OF TEMPERATURE ON CHARPY
V IMPACT ENERGY (4, p.12)

Ni-15Co-lOCr-5.5A1-4.7Ti-3Mo-0.95V
CAST TO 1/4 IN DIA EAR SPECIMEN x 2 IN GAGE
LENGTH
JO COATED BY TRW WITH PWA A47 COATING
PLUS 1975F, 4 HRS IN VAC + RAPID ARGON QUENCH

TESTED AT 1562F

GZ KSI

57 KSI
46 KSI

(AV OF 2 TESTS)

42.5 KSI

e{2 IN)

400 600

TIME - HR

FIG. 3.0412 CREEP CURVES FOR JO COATED ALLOY AT 1562F.
(16.pp. 13,121.124,125,)

-i-1-1-i-i-
Ni-15Co-10Cr-5.5A1-4.7Ti-3MO-0.95V I
CAST TO 1/4 DC DIA BAR SPECIMEN X 2 DC
GAGE LENGTH AS CAST

TESTED AT 1562 F

43KSI

53KSI 54KSI 4S KSI

41.5K5I

400 600

TIME - HR
FIG. 3.0411 CREEP CURVES OF AS CAST ALLOY

AT 1562F (16, pp.13,112,114,117)

Ni-15Co-10Cr-5.5Al-4.7Ti-3Mo-0.95V
CAST TO 1/4 DC DIA BAR SPECIMEN X 2 IN
GAGE LENGTH
AS CAST
TESTED AT 1697F

3S KSI

25 KSI

27 KSI

23 KSI

400 600

TIME - HR

FIG. 3.0413 CREEP CURVES OF AS CAST ALLOY
AT 1697F (16, pp. 13,112.114,11S)
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NiCo
REVISED: DECEMBER 1978 NONFERROUS ALLOYS

Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.95V I
CAST TO 1/4 IN DIA BAR SPECIMEN X 2 IN GAGE
LENGTH,JOCOATED BY TRW WITH PWA A47 COATING
PLUS 1975F, 4 HRS IN VAC + RAPID ARGON QUENCH

TESTEDAT 1697 F

32 KSI

26 KSI

-36 KSI

24.5 KSI

e(2 IN)

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

400 600
TIME - HR

1000

FIG. 3.0414 CREEP CURVES FOR JOCOATED ALLOY AT 1697F
(16 pp.13,121,124,126)

Ni-15Co-10Cr-5.5A1-4. 7T1-3MO-0. 9SV
CAST TO 1/4 IN DIA BAR SPECIMEN x 2 IN GAGE
LENGTH JO COATED BY TRW WITH PWA A47
COATING PLUS 1975F, 4 HRS IN VAC + RAPID
ARGON QUENCH
TESTED AT 1832F

W 9
u **

o

Ni-15Co-10Cr-5.5A1
CAST TO 1/4 IN DIA
LENGTH AS CAST
TESTED AT 1832F

-4.?Ti-3Mo
BAR SPECI

-0.95V
MEN X 2IN GAGE

22 KSI 17 KSI

1
/ 15

14 K.
<SI f

51

u e(2 IN)

18.5 KSI

13.5 KSI16 KSI

14.5 KSI21 KSI

e(2 IN)

400 600
TIME - HR

FIG. 3. 0416 CREEP CURVES FOR JO COATED ALLOY AT 1832F
(16 ,pp. 13. 121, 124,127)

400 600
TIME - HRS

FIG. 3.0415 CREEP CURVES OF AS CAST ALLOY AT 1832F.
(16,pp. 13, 112,114,119)
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NiCo
NONFERROUS ALLOYS REVISED: DECEMBER 1978

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Ni-l5Co-l0Cr-5.5AM.75Ti-3Mo-0.95V

RUPTURE AS CAST
L PERCENT

CREEP0.5 PERCENT
CREEP

.2 PERCENT
CREEP

0.1 PERCENT
CREEP

CREEP STRAIN AND CREEP RUPTURE
1350F

' i i_i
_I

100 200 400 600

TIME - HR

FIG. 3.041? ALLOY DEVELOPER'S SUGGESTED DESIGN CURVES FOR CREEP STRAIN AND CREEP
RUPTURE AT 1350F (4)

90

Ni-15Co-10Cr-5.5AM.75T1-3MO-0. 05V

AS CAST

SO

1PERCENT
\CREEP RUPTURE0.5 PERCENT

CREEP

70

0.2 PERCENT_ CREEP

60

0.1PERCENT
CREEP

50
X \

CREEP STRAIN AND CREEP RUPTURE
1500F

40
2000 4000100 200 400 10004010

FIG. 3.041S ALLOY DEVELOPER'S SUGGESTED DESIGN CURVES FOR CREEP STRAIN AND CREEP RUPTURE

AT 1500F (4)
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NiCo
REVISED: DECEMBER 1978 NONFERROUS ALLOYS

Ni-15Co-10Cr-5.5A1-4.75Ti-3Mo-0.95V

AS CASTRUPTURE
IPERCENT'

CREEP

PERCENT

0.1 PERCENT
CREEP

CREEP STRAIN AND CREEP RUPTURE
1700F

I_I_1_1_I

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

60 100 200

TIME - HR

FIG. 3.0419 ALLOY DEVELOPER'S SUGGESTED DESIGN CURVES FOR CREEP STRAIN AND CREEP
RUPTURE AT 1700F (4)

Ni-15Co-10Cr-5.5Al-4.75Ti-3Mo-0.95V

AS CAST

1PERCENT
| —*—ÿÿCREEP

£.5 PERCENT

0. 1PERCENT CREEP

0.2 PERCENT
CREEP

CREEP STRAIN AND CREEP RUPTURE
1S00F

I_1
40 60 100 200 400 600 1000 2000 4000

TIME - HR

FIG. 3. 04110 ALLOY DEVELOPER'S SUGGESTED DESIGN CURVES FOR CREEP STRAIN AND CREEP RUPTURE AT 1S00F
(4)
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NiCo
NONFERROUS ALLOYS REVISEDÿ DECEMBER 1OTB

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100
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Ni-l5Co-10Cr-5.5Al-l.75Ti-3Mo-0.95V
AS CAST

RUPTURE

CREEP STRAIN AND CREEP RUPTURE
1900F

CO

5 PERCENT CREEP

1 PERCENT CREEP

2000400 600 100060 100 2004010

TIME - HR

FIG. 3.04111 ALLOY DEVELOPER'S SUGGESTED DESIGN CURVES FOR CREEP STRAIN AND CREEP
RUPTURE AT 1900F (4)

Ni-15Co-10Cr-5.5AM.75Ti-3Mo-0.95V
AS CAST

200

1500F

17OOF

1900F
MINIMUM CREEP RATE

-4

MINIMUM CREEP RATE - PERCENT PER HOUR

FIG. 3.04112 MINIMUM CREEP RATE CURVES FOR TEMPERATURES FROM 1350 TO
1900F (5)



REVISED: DECEMBER 1978 NONFERROUS ALLOYS

NiCo

Alloy Ni-15Co-10Cr-5.5A1-4. 7T1-3MO-0.95V(a)
Source (19) pp 6, 7, 10

Condition Superplastically Forged
ASTM Grain Si2e 12-14

Solutionized at 2050F, Stabilized at
Heat Treatment: 1600F and 1800F, + Precipitation

Hardened at 1200F and 1400F .
Disk 1(499-A2A) Disk 2 (499-A2B)
1300F 1350F 1300F 1350F
80 ksi 95 ksi 80 ksi 95 ksi

Time to 0.1 Percent Creep, hr - - 114.5 -
Time to 0.2 Percent Creep, br 175.5 - 142.5 -
Time to Rupture, hr >233.2 28.0 >143.2 18.9
e at Fracture. Percent - 10.6 - 7.6
RA at Fracture, Percent - 15.9 - 12.2
(a) Typical composition: Ni-18.SCo-l2.4Cr-4.98A1-4. 32Ti-3.2Mo-

0.78V-. 07C-.06Zr-.02B
(b) By patented GATORIZING PROCESS

TABLE 3.0421 CREEP AND CREEP RUPTURE PROPERTIES OF
SUPERPLASTICALLY FORMED PANCAKE FORGING
USED IN FATIGUE CRACK GROWTH STUDIES

-UPTURE

1G97F-
1PER-
CENT CREEP
START 3rd STAGE

Ni-15C©-lOCr-5.5A1-4.7Ti-3Mo-0.95V
CAST TO 1/4 INDIA SPECIMEN X 2 IN
GAGE LENGTH
AS CAST

START
3rd
CREEP

RUPTURE

50 100 200 500 1000 2000
TIME - HR

CREEP_

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

FIG. 3.0431 RELATION AMONG START OF THIRD
STAGE CREEP, TIME TO 1PERCENT
CREEP, AND RUPTURE TIME FOR AS
CAST ALLOY (16,p.ll6)

Ni-15Co-10Cr-5.5Al-4.7Ti-3Mo-0.95V
CAST TO 1/4 IN DIA BAR SPECIMEN x 2 IN
GAGE LENGTH JOCOATED BY TRW WITH PWA A47
COATING PLUS 1975F, 4 HRS IN VAC ÿ RAPID
ARGON QUENCH

RUPTURE

CENT

START
U
CREEP

3rd STAGE

1PERCENT CREEP
1562 FRUPTURE

START
3rd STAGE

CREEP'
1PERCENT CREEP

O-ÿRUPTURE 1697 F

START
3rd STAGE CREEP

1832 F

100 200
TIME - HRS

1000

FIG. 3.0432 RELATION AMONG TIME OF THIRD STAGE
CREEP. TIME TO 1PERCENT CREEP AND
RUPTURE TIME FOR JOCOATED ALLOY

(16,p.124)
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NiCo
NONFERROUS ALLOYS revised: December 1978

Ni
15 Co
10 Cr
5.5 AI
4.7 Ti
3 Mo
0.95 V

IN-100

Ni-15Co-10Cr-5.5A1-4.75Ti-3Mo-0,95V
2 x 1/4 x .040 IN SHEET

AS CAST + CODEP C-2 COATING (APPROX 2 MIL)
PARTIAL STRIP BY LOCALIZED GRIT BLAST
COMPLETE STRIP BY IMMERSION IN SOLUTION
OF 30V/O HN03 +1V/O TURCO 4X04 FOR 1HR.

REPAIRED BY RECOATING WITH VACUUM
FIRED SLURRY SUP PACK OF 56 Cr-44 AI

OXIDIZED 150 HRS, 1750F
TESTED AT 1800F, 20 KSI

FtuOF UNCOATED ALLOY AT 1S00F - 56.3 KSI
Fty OF UNCOATED ALLOY AT 1S00F - 41.2 KSI
c(2 DC) OF UNCOATED ALLOY AT 1S00F -
5.6 PERCENT

X Is- < ÿ

B9-.SSg
iimiOrÿOj

o

oP* ÿzCR2<-

,c<cu>-n<

TIME TOtime to
1PERCENT CREEP

RUPTURE
ELONGATION

PER CENT

FIG. 3.0441 CREEP AND RUPTURE PROPERTIES OF ALLOY
AFTER REPAIR OF OXIDATION DAMAGE AND
MECHANICAL DAMAGE EFFECTS (25,pp. 36,130)
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REVISEDÿ DECEMBER 1978 NONFERROUS ALLOYS
NiCo

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

100
100 HR

Ni-15Co-10Cr-5.5A1-4.75Ti-3Mo-0,95V
AS CAST

__
1000 HR 10 HR.

10,000 HR
70

RUPTURE

40

10

1300 1400 1500 1600 1700 1800 1900 2000
TEMP - F

FIG. 3.0451 TYPICAL CREEP RUPTURE PROPERTIES IN LIFE RANGE FROM
10 TO 10,000 HRS AT TEMPERATURES FROM 1300 TO 2000 F (4)
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NiCo
NONFERROUS ALLOYS REVISED- DECEMBER 1978

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Ni-lSCo-10Cr-5.5A1-4.7TI-3MO-0.95V
CAST TO 1/4 IN DIA BAR SPECIMEN x 2 IN
GAGE LENGTH
AS CAST

L832F

200 300 500
RUPTURE TIME - HR

1000 1500

FIC. 3.0452 CREEP RUPTURE CURVES FOR AS CAST ALLOY
AT 1562F, 1697F, AND 1832F (16, pp.13, 116 120)

Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-.95V
AS CAST

O FINE GRAIN(<n/16 IN)

• COARSE GRAINOl/8 IN)

• _~1500F""

L

__
1700F

-
ÿ 1800F
1900F

i i ' 1 > "

FIG. 3.0453 CREEP RUPTURE DATA FOR AS
CAST ALLOY AS DETERMINED BY
DEVELOPER (4, p.6)

Source (38) p 95
Alloy Nl-15Co-10Cr-5.5A1-4. 7Ti-3Mo-0,95V

Condition 2150F, 2 Hr 1900F, 24 Hr 2050F. 24 Hr
As Cast Rapid Air Cool Rapid Air Cool Rapid Air Cool

Tested at*1*
1S00F, 29 ksi
Life, hrs 31. S 32 2S.3 25.9
e, percent

RA. percent
6.9
8.8

6.8
10.7

8.5
11.5

7.13
9.3

(1) All values average of 3 tests

TABLE 3. 0461 EFFECT OF SEVERAL SOLUTION HEAT TREAT¬
MENTS ON THE CREEP-RUPTURE LIFE AT 1S00F,

29 KSI
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NiCo
REVISED1 DECEMBER 1978 NONFERROUS ALLOYS

Alloy Ni-l5Co-10Cr-5.5Al-4.7Ti-3Mo-0.95V
Source Havnes (10 p 13)

Condition As Cast (Bare or Coated As Indicated)
34 ksi 22 ksi 17 ksi 13 ksi
1700F 1800F 1850F 1900F

Bare
(a)

Coated Bare Coated
ÿ

Bare Coated
ÿ

Bare
(a)

Coated
Creep Rupture
Life, Hours 68.4 53.7 122 129 224 170 180 210

e(2in),
percent

5.2 5.8 8.4 6.2 6.5 10 5.1 9.0

(a) Haynes C-9 coating

TABLE 3.0471 EFFECT OF COATING ON CREEP RUPTURE PROPERTIES AT STRESSES AND
TEMPERATURES YIELDING CREEP RUPTURE LIVES IN THE RANGE OF 50 TO 200 HOURS

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Ni-15Co-10Cr-5.SAl-4.7Ti-3Mo-0.95V

CAST TO * IN BAR SPECIMEN x 2 INGAGE LENGTH
JO COATED BY TRW WITH PWA A47 COATING +
1975F, 4 HRS INVAC + RAPID ARGON QUENCH

Ni-15Cr-lOCo-5.5A1-4.7Ti-3Mo-0.95V
CAST TO 1/4 IN DL4 BAR SPECIMEN x 2 IN
GAGE LENGTH
JO COATED BY TRW WITH PWA A47 COAT¬
ING PLUS 1975F, 4 HRS INVAC + RAPID
ARGON QUENCH

1562F

1697F

100 200 300 500
RUPTURE TIME - HR

L697F

A ÿ 1697F

e(2 IN)

200
RUPTURE TIME - HR

FIG. 3.0472 CREEP RUPTURE CURVES FOR JO COATED
ALLOY AT 1562F, 1697F, AND1B32F

(16.pp. 13,121,125)

FIG.3.0473 CORRELATION BETWEEN DUCTILITY AND RUPTURE
TIME AT 1562F, 1697F, AND 1832F FOR JO COATED
ALLOY <16, PP.13, 124)
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NiCo
NONFERROUS ALLOYS REVISED: DECEMBER 1978

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Source (46) pp 2. 3. 7, 64
Alloy Ni-15Co-10Cr-5.5A1-4. 7T1-3MO-0.95V

Condition
As Cast Coated With Two Proprietary Coatings

Al-Cr-Mn and AEP No. 32 {see Fig. 3.0515)

Specimen Type Simulated Airfoil, (see Fig 3.0515)

AEPNo. 32 Coating Al-Cr-Mn Coating

1800F, 20 ksi 1450F, 65 ksi 1800F, 20 ksi 1450F, 65 ksi 1450F, 50 ksi
Creep Rupture

Life, Hrs.
Spec No.

1 61.6 166.9 27.9 27.9 401.7

2
3

53.4
21.0

141.3
31.5

19.8
7.1

401.6

4 17.9
5 13.7
6 10.0

Average (1) 23.5 90.6 15.8 27.9 401.7

e(lin)
Percent

Spec No.
1 3.8 5.2 3.6 5.9 3.0

2 3.2 3.3 4.2 3.7

3 1.2 1.3 7.1
4 3.3
5 3.2
6 3.0

Average 3.0 3.3 5.0 5.9 3.4
(1) Based on Log1(j of Life (Averages of Log Life)

TABLE 3.0474 CREEP RUPTURE LIVES AND ELONGATIONS AT 1450F AND 1800F FOR THINWALL
ALLOY COATED WITH TWO PROPRIETARY COATINGS

Alloy Ni-15Co-10Cr-5.5A1-4.7Ti-3MO-0.95V

Source General Electric. (12)

Condition As Cast
1500F

40 ksi 50 ksi
Life with sigma 967 469
formation, hrs.

Estimated life, no
sigma formation, 8000 2000
hrs.

TABLE 3.0481 BENEFICIAL EFFECTS ON CREEP RUPTURE
BEHAVIOR ACHIEVED BY AVOIDING SIGMA
PHASE PRECIPITATION

Source (24) pp 3. 4. 6, 14

Alloy si-lSCo-10Cr-5.5A1-4.7Ti-3MO-0.95V (Nominalÿ1)
Condition Forged and Heat Treated (1)

Low Sv =2.29 Medium Nv = 2 40 Hi?;h Nv = 2. 59
Test Temp Time to Time to Time to

& Stress Rupture e(1.25lN) RA Rupture e(1.25!K) RA Rupture e(l.251N) RA
f2) Hrs Percent Percent Hrs Percent Percent Hrs Percent Percent

1200F, 150 ksi 27 15 13 - - - - - -
1200F, 95 ksi 14.005 2 2.5 12,027 3 2.5 3.303 l 0
1300F, 95 ksi 705 2.5 1.5 S77.5 5 5 639 5.5 7
1425F. 95 ksi 19.1 3.5 2.5 30.1 7 6 19.4 9.5 11
155QF, 40 ksi 1,337 5 4 1,307 5.5 5 310.6 11 12.5
1625F, 40 ksi 203 - 4 234 6 4.5 145 S 6.5
1800F, 20 ksi 129 - 10.5 122 5 5 122 9 9.5

(1) See Table 3.022 for actual compositions, forging parameters and heat treatment
(2) Average of 2 tests in most cases

TABLE 3.04S2 CREEP RUPTURE PROPERTIES OF FORGED ALLOY IN THREE CONDITIONS OF
PRONENESS TO SIGMA PHASE PRECIPITATION
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NiCo
REVISED1 DECEMBER 1978 NONFERROUS ALLOYS

Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.95V<nominal
ACTUAL: Ni-l3.53Co-10.2Cr-4.99Al-4.16Ti-

3.55MO-0.99V
AV ELECTRON VACANCY CONCENTRATION,
Nv :2.29
CRITICAL VALUE OF Sv FOR SIGMA FORMA -

TION, ACCORDING TO METHOD OF
WOODYATT, SIMS, AND BEATTIE :2.32
ACCORDINGLY, ALLOY OF THIS COMPOS¬
ITIONIS NOT EXPECTED TO FORM SIGMA.
FINE GRAIN ALLOY PREPARED BY MOLD
INNOCULATION
TEST SPECIMEN 1/4 IN DIA x 11/4 IN GAGE
LENGTH TESTED AS CAST

30 KSI

1400 1600 1S00 2000
TEMP - F

FIG. 3.0483 CREEP RUPTURE CURVES FOR FINE GRAIN
ALLOY OF COMPOSITION SUFFICIENTLY LOW
INA1 AND Ti TO AVOID SIGMA PRECIPITATION

<23, pp.3,5,12)

10,000

Nl-15Co-10Cr- 5.5AI-4.75Ti-3MO-0.95V(N0MINAL)
ACTUAL COMPOSITION FOR 3 LEVELS OF Sv

LOW Nv{2.29): Ni-13.5Co-l0.2Cr-5Al-4.16Ti-3,55Mo-0. 98V
MEDIUM Nv(2.49): Ni-13,3Co-10.14Cr-5.5A1-4.20Ti-3.55MO-0. 96V
HIGH Nv(2.65): Ni-13.3CO-10.12Cr-5.6A1-4.69Ti-3.51Mo-0.97V

ALL CASTINGS FROM SAME MASTER HEAT, ADDITIONS OF Al AND
Ti MADE DURING CASTING TO ACHIEVE DESIRED LEVEL OF ELEC -
TRON VACANCY CONCENTRATION(Nv)

AS CAST OR EXPOSED AS SHOWN PRIOR TO TEST
TEST SPECIMEN £ IN DIA BAR x l£ IN GAGE LENGTH
EXPOSED 1550F FOR TIMES SHOWN, TESTED AT 40 KSI AT TEMP
INDICATED

-AS CAST---AGED 250 HR----AGED 2500 HR

LOW Nv(2.29) MEDIUM Nv(2.49) HIGH Nv(2.65)

1
1500

\
40 KSI

V

\
40 KSI

N
V

\
N.

V

40 KSI

1700 1500 1600 1700 1500 1600
TEMP - F

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

FIG. 3. 0484 CREEP RUPTURE CURVES AT 40 KSI FOR ALLOY IN THREE
LEVELS OF ELECTRON VACANCY CONCENTRATION
ACHIEVED BY ADDITIONS OF Al-Ti TO A SINGLE HEAT.
TESTED IN AS CAST CONDITION OR AFTER EXPOSURE
AT 1SS0F FOR 250 AND 2500 HRS. (22,pp.l-3,I5)
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NiCo

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

NONFERROUS ALLOYS REVISED: DECEMBER 1978

Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.95V (NOMINAL)
SEE FIGURE 3.04S4 FOR ACTUAL COMPOSITIONS OF ALLOYS OF LOW,
MEDIUM, AND HIGH ELECTRON VACANCY CONCENTRATION, ACHIEVED
BY VARIATIONS OF Al AND Ti.

SEE ALSO TABLE 3.021 FOR OTHER DETAILS OF ALLOY PREPARATION,
AND SPECIMEN DIMENSIONS. RESULTS SHOWN HERE REFER TO FINE
GRAIN ALLOY STRUCTURES.

DATA POINTS SHOWN ARE FOR ALLOYS OF MEDIUM AND HIGH ELECTRON
VACANCY CONCENTRATION. DOTTED CURVES ARE FOR REFERENCE
FROM THE LOW flv ALLOY WHEREIN NO SIGMA FORMS IN THE TIMES
SHOWN. ACTUAL DATA ARE SHOWN IN FIGURE 3.0483

CURVES FOR ONSET OF SIGMA PRECIPITATION ARE BASED ON FIG 2.0123
BUT CORRECTED BY ESTIMATION TO ACCOUNT FOR EFFECT OF STRESS

ÿ rr I 1
MEDIUM Nv(DATA SHOWN)
LOW Nv(SEE FIG. 3.0433)

I _f i 1
HIGH Nv(DATA SHOWN)---LOW ffvfSEE FIG. 3.0483)

30
\
\40KSI

* ONSET OF
SIGMA (EST
MATED)

05 KSI

OONSET OF
SIGMAfESTIMATEDJKSi

I-!-1
1400 1600 1SOO

TEMP - F
1400 1600 1300

TEMP - F

FIG. 3.04S5 CREEP RUPTURE CURVES FOR FINE GRAIN ALLOYS OF LOW, MEDIUM,
AND HIGH ELECTRON VACANCY CONCENTRATIONÿ*),REPRESENTING
PROGRESSIVELY INCREASING TENDENCY TOWARD SIGMA PHASE PRE¬
CIPITATION. CURVES SHOW THAT STRONG TENDENCY FOR SIGMA
PRECIPITATION RESULTS IN REDUCTION OF CREEP RUPTURE STRENGTHS.

(23, pp. 3,7.8,12,13)
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NiCo

REVISED: DECEMBER 1978 NONFERROUS ALLOYS

Ni-15Co-10Cr-5.5AI-4.75Ti-3Mo-0.95V(NOMINAL)
Ni-13.97CO-9. 54Cr-5.65A1-4. 82T1-3. 70MO-.17C-.014B-1QSppm O2(ACTUAL FM)
Ni-15.lSCo-9.40Cr-5. 81A1-4.82TI-3. OSMo-. 99V-.178C-- 016B-.06Zr-74ppm O2 (ACTUAL NM)
FM POWDER PARTICLE SIZE: -250 TO +14
NM POWDER PARTICLE SIZE: -500 TO +44

EXTRUDED AT 2150F WITH 20:lREDUCTION TO
BAR 1/2 IN DLA x 7 FT

SEE TABLE 3.025 FOR RT TENSILE PROPERTIES
OF ALLOYS

AS EXTRUDED
O FM POWDER
D NM POWDER

- 1900F

2000F
21ME

10-3 10-2 10-1 1 10 100
TIME TO RUPTURE - SEC

120

100

40
FIG. 3.0491 CREEP RUPTURE PROPERTIES IN VERY SHORT

TIME RANGE AT 1900 TO 2100F FOR EXTRUDED
ALLOY PREPARED FROM TWO LOTS OF POWDER

(2S, pp.Z-4 TO Z-7, Z-21)

Ni-l5Co-10Cr-5.5AI-4.75Ti-3Mo~0.95V
AS CAST +1600F, 12 HR, AC

0.200 DIA SECTION(CONSTANT CROSS SECTION) x
1INGAGE LENGTH

O HELIUM

• HYDROGEN
A HYDROGEN/WATER VAPOR

1250F
5000PSIG

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

10
TIME - HR

102 103

FIG. 3.04101 CREEP RUPTURE OF ALLOY IN HELIUM,HYDROGEN,
AND HYDROGEN/WATER VAPOR AT 1250F AND 5000

PSIG PRESSURE (26, pp.m-13,VII- 13 )

Ni-15Co-lOCr-5.5A1-4.75Ti-3Mo-0.95V(NOM.)
1/2 IN DLA BAR x 1INGAGE LENGTH
CAST OR EXTRUDED AS INDICATED
SEE TABLE 3.025 FOR DETAILS OF POWDER,
COMPOSITION, CONSOLIDATION PARAMETERS
AND RT PROPERTIES OF ALLOY

O CAST: COARSE GRAIN(>3000 MICRON)

•CAST: FINE GRAIN«1500 MICRON)
ÿ GRAIN - COARSENED NM POWDER(100

MICRON)

A EXTRUDED - OVERAGED NM POWDER
(S MICRON)

V EXTRUDED - OVERAGED FM POWDER
(3 MICRON)

1SO0F

10*1 10 102 103 104
TIME TO RUPTURE - HR

Alloy Ni-15Co-10Cr-5.SAM.7T1-3MO-0. 95V
Source Havnes

Condition As Cast, Tested at RT. R.R. Moore*
Number of Cycles To Failure

at + 25 ksi, 7OF

Bare

C - 9 Coating

* Bending, R =

19.2 x 106
31. 6 x 10® (av of 5 tests)

1

FIG. 3.0492 CREEP RUPTURE CURVES AT 1800F FOR CAST
ALLOY OF VARIOUS GRAIN SIZE, AND FOR
ALLOY EXTRUDED FROM POWDERS(28, p.Z-25)

TABLE 3. 0511 EFFECT OF ALUMINUM BASE COATING
ON ROTATING BENDING FATIGUE
PROPERTIES AT ROOM TEMPERATURE
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NiCo
NONFERROUS ALLOYS REVISEDÿ DECEMBER 1978

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

10

4.0

2.0

1.0

i- 0.4

|o,
2 o.i

o

<
t-
c 10

4.0

2.0

1.0

0.4

0.2

0.1

Ni-15Co-10Cr-5.5A1-4. 75Ti-3Mo-Q.95V
AS CAST -*ÿ COATED WITH PWA 47-14L COATING,
COATING HEAT TREAT: 1975F, 20MIN +1975F, 4 HR(H2)
+ AGED 1600F, 12 HR

1000F

L INGAGEJ
LENGTH OF UNIFORM SECTION

1700F

• FAILURE
FIRST CRACK AXLAL R=-1 —

2000F

10,000
CYCLES

. 3.0512 LOW CYCLE FATIGUE CHARACTERISTICS OF SMOOTH
HOLLOW SPECIMEN WITH ONE INCH GAGE LENGTH OF
UNIFORM CROSS SECTION AT TEMPERATURES FROM
1000 TO 2000F IN STRAIN-CONTROLLED CYCLING

(1, p. C-S, C-12)

2 °*4

S 0.2

2 oa
<
S

CYCLES
TO ÿ

FIRST CRACK
CYCLES TO FAILURE

1700 F

-1 --1-
Ni-15Co-10Cr-5.5Al-4.7Tl-3MO-0.95V
AS CAST + COATED WITH PWA 47-14L
COATING, COATING HEAT TREATMENT:
1975F, 20 MXN + 1975F. 4 HR (H2) +
AGED 1600F, 12 HR

1IN GAGE
LENGTH OF

UNIFORM
SECTION

~ÿoo°

diameter diameter

TWO GROUPS ISO0 APART OF 6 HOLES EACH. HOLES
0.030 INCH DIAMETER SPACED 0.120 INCH APART

I I

1 10 100 1000 10,000
CYCLES

FIG. 3.0S13 LOW CYCLE FATIGUE CHARACTERISTICS AT 1700F OF
HOLLOW' SPECIMEN WITH TWO SETS OF DIAGONAL
HOLES (l.p.CS,C12)
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NiCo
REVISED: DECEMBER 1978 NONFERROUS ALLOYS

Ni-15Co-10Cr-5.5A1-4. 7Ti-3Mo-0.9SV
AS CAST HOLLOW TUBULAR SPECIMEN

INTERNALLY HEATED BY GLOBAR HEAT¬
ING ELEMENT.

TESTED AT 1700F

Npp, Nec, NCp

1700F

10 102 103
CYCLES TO FAILURE

FIG. 3.0514 STRA1NRANGE PARTITIONING LIFE
RELATIONSHIPS FOR CAST ALLOY
AT 1700F (49, p.23)

_
40

c/>
X

m 30

£20
X
<s 10

Ni-15Co-lOCr-5.5A1-4.7Ti-3Mo-0.95V
SIMULATED AIRFOIL AS SHOWN
COATED WIYH PROPRIETARY COATINGS AS INDICATED

_L 1/4

.025 - .040

AXIAL LOADING 1650F, A = 0.6?

Al-Cr-Mn COATING, lSOOFÿ
1.5 HR +3 HR COOL FROM
PACK + 1600F, 50 HR
--O-O-

AEP NO. 32 COATING,RT
APPUCATION +20SOF, _
2 HR * 1600F, 50 HR

O,

Allov Ni-15Co-10Cr-5.5A1-4,7Ti-3Mo. 0. 95V
Source Haynes (10) p. 10
Condition As Cast, Tested in Thermal Shock (b)

Number of Cycl
1850F

es to Cracking
2100F

Bare

Coating C - 9
Coating C-3

(a) Two tests,
(b) Airfoil sha

at test tem

500
400

> 500 (a)

stopped at 500 cycles
pe alternated for 60 s
perature, then 90 sec

200
200

. no cracking
econds in furnace
ands in water spray

Ni
15 Co
10 Cr
5.5 At
4.7 Ti
3 Mo
0.95 V

TABLE 3.0521 THERMAL SHOCK FATIGUE
CHARACTERISTICS OF AIRFOIL
SHAPE WITH AND WITHOUT
ALUMINUM BASE COATING

IN-100

2
2
hs
b
§
SC
O
g
o
o

£3
o

-Ni-15Co-l0Cr=575Al=4T7Ti=3Mo=0795V-
SPECIMEN SQUARE PLATE 3 x 3 x .060 DC WITH
CENTRAL HOLE 1/2 EN DIA

HOLE PERIPHERY HEATED BY NATURAL
GAS-AIR BURNER TO 1700F, 2 MIN; COOLED
BY AIR BLAST, 2 MIN.

[22 CM

O
I

O m
CO

50 31 FIG. 3.0522 THERMAL FATIGUE RESISTANCE OF SQUARE- PLATE RAPIDLY HEATED AND COOLED AT
' PERIPHERY OF CENTRAL HOLE. AND COM-

40 g PARSON WITH THERMAL FATIGUE RESISTANCE
g OF OTHER COMMONLY USED CAST ALLOYS

30 m (30, p. 15)

103 2 5 104 10'
CYCLES TO FAILURE

FIG. 3.0515 AXIAL FATIGUE AT 1650F OF SIMULATED HOLLOW
AIRFOILS COATED WITH PROPRIETARY COATINGS

(46. pp. 7,S3, S4)
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NiCo
NONFERROUS ALLOYS REVISED: OECEMBER 1978

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V
IN-100

Xi-l5Co-10Cr-5. 5A1-4.7Ti-3Mo-0.95V
CAST + JOCOAT{ALUMTNlDE COATING) 2100F, 2 HR+
1700 F, 16 HR
OR DIRECTIONALLY SOIJDIFIED(D-S) OR DS-tJOCOAT
(21OOF, 2 HR+1700F, 16 HR)
6 JON CYCLES IN FLUIDIZED BEDS,
3 MEN AT 1990F
3 M3N AT GOOF

NASA TAZ-SA DS+RT-XP COAT
MAR M200 DS+NiCrAlY OVERLAY
NASA TA2 -SA DS+NiCrAlY OVERLAY
NX 1SS DS+RT-1A COAT
NASA TAZ-SA PS

MAR-M 200 DS
DC 100 DS+JOCOAT

NASA WAZ-20 DS-MOCQAT
B 1900+Hf-hJOCOAT
B 1900-rJQCQAT
NASA TAZ-SA
NX 15S+RT-1A COAT

DC 100+JQCOAT
TP NlCr

N.ASA WAZ-20
RENE $0

DC 73S

DC 100

ÿÿ•JOCOAT

zr

A
rr .024 DC RAD

T
4

_L

SEE FIGS. 3.03122 AND
3.03123 FOR PROPERTIES
OF AS CAST ALLOY

MAR-M 200 I-tfOCOAT
MAR - M 200
U 700 WROUGHT

100 1000 10,000
CYCLES TO FIRST CRACK

100,000

FIG. 3.0S23 THERMAL FATIGUE CRACK INITIATION OF AS CAST
OR DIREC710NALLY SOLIDIFIED ALLOY WITH AND
WITHOUT JOCOAT TESTED INALTERNATE FLUIDIZED
BEDS AT 1990 AND 600F. (31, pp. 17,19,24)

FIG. 3.0524 THERMAL FATIGUE CRACK DCTTLATION OF
AS CAST OR DIRECTIONALLY SOLIDIFIED
ALLOY WITH AND WITHOUT JOCOAT TESTED
IN ALTERNATE FLUIDIZED BEDS AT TWO
SETS OF TEMPERATURES(31,pp. 17-19,25)

Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.95V
WEDGE BAR AS SHOWN
AS CAST, UNCOATED OR COATED WITH PRO¬
PRIETARY JOCOAT ALUMINTDE COATING
ALTERNATE IMMERSION IN FLUIDIZED BEDS
AT 600F AND 1990F FOR EQUAL TIMES (1/2
CYCLE TIME SHOWN)

11/4

024 RAD.

SEE ALSO FIG
3.0523

UNCOATED

4 6 S 10
CYCLE TIME - MIN

FIG. 3.0525 EFFECT OF CYCLE TIME ON THERMAL FATIGUE
CRACKING OF COATED AND UNCOATED WEDGES
ALTERNATELY IMMERSED IN FLUIDIZED BEDS
AT 600F AND 1990F (4S, p. 654)

COO E 4212
PAGE 46

NX 188 DS+RT-1A COAT

MAR-M 200 DS
IN 100 DS-tJOCOAT,

NASA WAZ-20 E6-MOCOAT,
B1900+Kf-*JOCQAT
NASA TAZ SA„
NX 188-«T-1A COAT,

IN1OO-fJQCOAT.

MAR-M 509

NASA VI-A.

RENE 60

200+JOCOAT

10 100 1000
CYCLES TO FIRST CRACK

Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.95V
CAST +JOCOAT(ALUMINTDE COATING) OR
DIRECTIONALLY SOLIDIFIED(DS)- OR DS
ÿÿJOCOAT

2100F, 2 HR+1700F,16HR
TESTED IN FLUIDIZED BEDS
3 MINAT 190OF FOLLOWED BY 3 MIN AT 600F
OR 3 MINAT 2065F, FOLLOWED BY 3 MIN AT
675F
SEE FIG. 3.0523 FOR SPECIMEN SKETCH

10,000

r BED TEMP - F
I 11990 AND 600

=2066 AND 676

JNASA WA2-20+JOCOAT



NiCo
REVISED: DECEMBER 1978 NONFERROUS ALLOYS

,
i i : t

Ni-15Co-10Cr-5.5AI-4.7Ti-3Mo-0.95V
AS CAST OR COATED WITH PROPRIETARY ALUMTNIDE
CAMBERED AIRFOIL AS SHOWN {LEADING EDGE RADIUS

.05 IN)
HEATED LN MACHIBURNER TO TEMP INDICATED FOR

3 MEN, RAPID AIR COOLED TO 167 F

MACHIJET FOR 3 MIN
FOLLOWED BY COLD AIR
JET TO 167 F

(46) pp 2, 3, 42, 44
Alloy Ni-lSCo-10Cr-5.5A1-4. 7Ti-3Mo-0. 95V

Condition

Specimen Type

Coated with Al-Cr-Mn or AEP No. 32,
Fig. 3.0515 for Coating Treatment
Cast simulated hollow airfoil, see Fig. 3.0515-

Test
Conditions

Specimen

Mean tensile stress of 10.5 ksi. 40 sec. at
2050F + 40 sec. cooling with RT air.Specimen inspect-
ed with Fluorescent Penetrant after every 100 cycles

Cycles to Fatigue Crack

Coating

Number

Av. based on
Log.-cycles-to

TABLE 3.0528

UNCOATED

Al-Cr-Mn

4808
3080
1930
1640
1547
1405

685

-1834-

AEP No. 32

Best
AEP No. 32 on

NASA VI-A
4090
3545
1979
1977
1360
983
831

Comparison with best and

worst alloys tested_

9556
8130
SI30
7918
7043
6250
2010

-$406-

Worst
JoCoat on
U-700

Ni
15 Co
10 Cr
5.5 At
4.7 Ti
3 Mo
0.95 V

628
440
340
260
230
210
170

"296"

IN-100

THERMAL FATIGUE OF THINWALL ALLOY
WITH TWO PROPRIETARY COATINGS
SUBJECTED TO 10.5 KSI TENSILE MEAN
STRESS AND TO TEMPERATURE CYCLING
FROM 205OF.

1600 1700 1800 1900 2000 2100
MAX TEMP - F

. 3,0526 EFFECT OF MAXIMUM CYCLE TEMPERATURE ON
THERMAL FATIGUE CRACKING OF COATED AND
UNCOATED AIRFOILS .SIMULATING TURBINE BLADES
SUBJECTED TO MACH IGAS FLOW FOLLOWED BY
RAPID AIR JET COOLING (48, p. 655)

Ni-l5Co-10Cr-5.5A1-4. 7Ti-3Mo-0.95V
CAST WEDGE SPECIMEN, SEE FIG. 3.0525
CAST +2100F. 2 HRS +1700F, 16 HRS.
AS HT OR COATED WITH COMMERCIAL
COATING (JO COAT) TESTED IN FLUID-
IZED BEDS, 3 MIN AT 600F, 3 MIN AT 1990F

CRACK GROWTH RATE REFERS TO AREA GROWTH
AT EDGE OF WEDGE HAVING INITIAL RADIUS OF
.024 IN
SEE FIG. 3.0523

\
•\

\o
\

\

< 1000

Ni-15Co-10Cr-5.5Al-4.7Ti-3Mo-0.95V
AS CAST ALLOY MACHINED TO WEDGE BAR
AS SHOWN IN FIG. 3.0525
COATED WITH ALLOYS SHOWN IN FIG. 2. 03121
TESTED IN MACH1JET AT 200QF FOR CYCLES
CONSISTING OF 1HR AT TEMP +COOL TO RT
IN 3 MIN.

THERMAL CRACKING OBSERVED IN COATING
AFTER TIMES SHOWN IN HG. 2.03121
CORRELATION OF POINTS OF THERMAL
CRACKING WITH SLOPE PARAMETER DEFINED
IN SKETCH BELOW

POINT OF MAX WEIGHT GAIN

THERMAL FATIGUE
CRACK OBSERVED

POINT OF RETURN
TIME, tl. t2 X* TO ORIGINAL

HR WEIGHT t2?si2t
SLOPE PARAMETER"SLOPE OF AB
= MAX WEIGHT GAIN AT POINT A

ti - t2 MG/HR

ALLOY

SEE FIG. 2.03121
FOR ACTUAL PTS
OF THERMAL CRACK

I
_

i

SCATTERBAND
OF CORRELATION
INCLUDING RESULTS
OF ANOTHER ALLOY

' (NASA - TRW VIA)
BARE ALLOY

-.10 -1.0 -10 -100
SLOPE PARAMETER - MG PER HR

FIG. 3.0529 CORRELATION OF TIME TO INITIATE THERMAL
CRACKING WITH WEIGHT GAIN SLOPE PARAMETER
FOR ALLOY COATED IN VARIOUS \VAYS(45,pp. 14,15)

10 102 1Q3 104
CYCLES TO FIRST CRACK IN UNCOATED ALLOY

FIG. 3.0527 RELATION BETWEEN CRACK GROWTH RATE .AND
RESISTANCE TO INITIAL CRACKING EN THERMAL
CYCLING (50, TABLED, FIG. 9)

COD E 4212
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Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Ni-lSCo-lOCr-5.5A1-4.7Ti-3Mo-0.95V
WROUGHT BARS PREPARED FROM PREALLOYED
POWDERS
SOLUTIONED AT 2050F, STABILIZED AT 1600F AND
1S00F, PRECIPITATION HARDENED AT 1200F AND HOOF

AT 1200F FtU -230 KSI
Fty = 142 KSI
c = 24 PERCENT
RA a 25 PERCENT |

1200F
0.33 Hz

CONTINUOUS CYCLING,"
ZERO MEAN STRAIN

£ 1.25
PERCENT

1.0
PERCENT

10* 2 5 103 2
CYCLES

, 2.0

Ni-l5Co-l0Cr-5.5Al-4.7Ti-3Mo-0.95V
WROUGHT BARS PREPARED FROM PRE¬
ALLOYED POWDERS
SOLUTIONED AT 2050F, STABILIZED AT
1G00F AND 1S00F, PRECIPITATION HARD¬
ENED AT 12OOF AND 1400F

AT 1200F FTU = 230 KSI

FxY - 142 KSI
c = 24 PERCENT_s

_
RA = 25 PERCENT _

SEE FIG. 3.0534 FOR PATTERN OF STRESS
VARIATION DURING TEST AT EACH

STRAINRANGE 1IS
15 MIN DWELL"
AT MAX STRAIN

i »

CONTINUOUS CYCLING .

102 2
J_L

103 3 5 104 2 5 103
CYCLES TO LOAD DROP

FIG. 3.0533 LOW CYCLE FATIGUE AT 1200F OF POWDER
METALLURGY BARS PREPARED BY PRATT AND
WHITNEY AIRCRAFT GATORIZING,.PROCESS
DATA POINTS REPRESENT CYCLES TO 3
PERCENT LOAD DROP (37, FIG, 14)

FIG. 3.0531 STRESS RANGE VARIATION DURING LOW CYCLE
FATIGUE TESTS AT 1200F OF POWDER METALLURGY
BARS PREPARED BY PRATT AND WHITNEY GATOR-
1ZINC PROCESS (37, FIG. 6)

Z 2.0
5

G 1.2

<
y_ O.S

<

I0-4

Ni-lSC©-10Cr-S.5A1-4.7Ti-3Mo-0.95V
WROUGHT BARS PREPARED FROM PRE¬
ALLOYED POWDERS
SOLUTIONED AT 2050F, STABILIZED AT
1600F AND 1S00F, PRECIPITATION HARD¬
ENED AT 12OOF AND 1400F

AT 12OOF FtU= 230 KSI
Fty = 142 KSI

e =24 PERCENT
RA = 25 PERCENT

CONTINUOUS CYCLING
0.33 Hz

15 MIN DWELL
AT MAX STRAIN

L200F
I I I I

102 2 5 103 104 105
CYCLES TO FAILURE

G. 3.0532 LOW CYCLE FATIGUE AT 1200F OF POWDER
METALLURGY BARS PREPARED BY PRATTAND
WHITNEY GATORIZINGt„PROCESS.DATA POINTS
REPRESENT CYCLES TO COMPLETE FRACTURE

(37. FIG. 15)

Ni-l5Co-10Cr-5.5A1-4.7Ti-3Mo-0. 95V
COMPRESSOR DISK FROM 10 - 12th STAGE OF
F100/F 401 ENGINE, APPROX 17 IN DIA
PRODUCED FROM "ALL-INERT" POWDER BY
PRATT AND WHITNEY AIRCRAFT GATORIZING
PROCESS
HEAT TREATED BY MODIFICATION OF PWA
102S SPECIFICATIONS
SEE HG. 4.11 FOR TENSILE PROPERTIES OF
ALLOY FROM COMPRESSOR DISK

1200F CYCLING FROM ZERO TO MAX STRAIN
CONTINUOUS CYCLING, FREQUENCY NOT
SPECIFIED

STRAIN

STRAIN RANGE
I_«_I

CYCLES TO FAILURE

HG. 3.0534 LOW CYCLE FATIGUE AT 1200F OF SPECIMEN
FROM POWDER METALLURGY COMPRESSOR DISK

(36. FIG. 3)

cope 4212
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NiCo

Ni-15Co-10Cr-5.5A1-4.7TI-3Mo-0.95V
POWDER METALLURGY TURBINE DISK AND
FLAT DISK FORGING PRODUCED BY PWA
GATORIZING FORGING PROCESS, WITH THE
FOLLOWING TENSILE PROPERTIES:
RT: FTU = 230 KSI, FxY = 141KSI, e = 24

PERCENT, RA =24 PERCENT
1200F: FtU= 185 KSI, FtY » 142 KSI, e =

24 PERCENT, RA = 25 PERCENT
1350F; Ftu c I60 KSI. *TY " 137.KSI, e =

19 PERCENT, RA= 23 PERCENT

TESTED USING WOL SPECIMEN AS SHOWN

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

135OF-/

12OOF

1,24

1.10

THICKNESS e 0. SO _

5 10 20 50 100

kMAX " KSI-s/lN

FIG. 3.0541 BASIC CRACK GROWTH CURVES AT RT, 1200F,
1350F, FOR CONSTANT AMPLITUDE LOADING
OF WOL SPECIMEN (40, TABLE 1, FIGS.l 3)

10"3

5

2

10-4

5

0-6

Ni-l5Co-I0Cr-S.5A1-4.7Ti-3Mo-0.95V
SCATTERBAND SHOWN FROM COMPACT
SPEC., FIG. 3.0541. NET SECTION STRESS
APPROX 20 KSI. SELECTED DATA POINTS
(NOT ALL SHOWN, BUT ALL FALL WITHIN
SCATTERBAND) FROM CENTER CRACK
SPEC. , SHOWN BELOW, HAVING APPROX
106 KSI NET SECTION STRESS

c NET « 100 KSI

1200F
R = 0.1_ f = 10 CPM

.125 IN
THICKNESS

-SCATTER BAND OF
DATA FOR COMPACT

r TENSILE SPECIMEN
' (FIG. 3.0541) WITH

' LOW NET SECTION
STRESS

— ODATA POINTS FOR CENTER CRACK
SPEC. OF HIGH NET SECTION STRESS
(105.7 KSI) ABOVE Gy AT 12Q0F

I I j_L i
10 2 5 100
AK - KSIvfN

FIG. 3.0542 EFFECT OF NET SECTION STRESS ON
CRACK GROWTH RATE AT 1200F

(20, pp.4,5,6.8.17)

code 4212
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Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

i

5

2

10_1

5

2

10-2

5

- 2
e
td

I10~3
5

2

10"4

5

2

10-5

Nl-15Co-10Cr
MODIFIED CO
IN FIG. 3.054
THICKNESS A

-5.5AI-4.7Ti-3
MPACT SPECII

S INDICATED

Mo-0.95V
IENAS SHOWN

-
1350F

(0.5 TO /
0.75 IN) / I

- / 1

/ / ((
2OOF
>.5 TO 0.9 IN)

- 1-
1 / 12OOF
/ / (o.os ro o.io in)

I I 1 1 1 »
1 2 5 10 2 5 100 2 5 1000

K - KSIt/dT

FIG. 3.0543 EFFECT OF TEMPERATURE AND SPECIMEN
THICKNESS ON SUSTAINED LOAD CRACK
PROPAGATION RATE. (20, pp.4,8,13)

Ni-lSCo-l0Cr-5.5A1-4.7T1-3MO-0.95V
MODIFIED COMPACT TENSION SPECIMEN
AS SHOWN IN FIG. 3.0541
VARIOUS THICKNESSES AS INDICATED

O .502 IN
£> .122 IN
ÿ .100 IN

143 KSIstfN

R = 0.1
75 F

AK - KSl/lN

FIG. 3.0544 EFFECT OF SPECIMEN THICKNESS ON
CRACK GROWTH RATE AT RT.(20, pp.4. 3,9)

COOE 4212
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Ni-15Co-10Cr-5.5AI-4. 7H-3MO-0.95V
COMPACT TENSION SPECIMEN, SEE FIG.
3.0541
VARIOUS THICKNESSES

10'

2 MDJ DWELI
AT PEAK
STRESS

1200F
R = 0.1

ÿ 10 CPM

0.5 CPM

20 CPM

10"

,-7
100010 100

AK - KSIÿIN

FIG. 3.0545 EFFECT OF FREQUENCY ON CRACK GROWTH
RATE IN CONTINUOUS CYCLING AT 12OOF

(20,pp. 4,5,6, S,25)

NiCo
ALLOYS

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.95V
COMPACT TENSION SPECIMEN, SEE
FIG. 3.0541
VARIOUS THICKNESSES

1200F
1350F

10 CPM
R «=• 0.1

1000F

w
a
7L

4115

10"'
1000100

FIG. 3.054S EFFECT OF TEMPERATURE ON CRACK
GROWTH RATE AT 10 CPM, R = 0.1

(20, pp.4.5, G, $,2S)

code 4212
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Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

*|2

10-3

5

2

10-4

5

2

io-6

Ni-15Cr-10Cc
COMPACT TI
3.0541
VARIOUS THI

-5.5A1-4.7Ti-3
:nsion spechvi;

CKNESSES

MO-0.9SV
EN, SEE FIG.

— 12OOF
10 CPM

R' e 0.8

1/-
/f

: !\
1 1 1 1 I ,

ÿSI?

10 * &

AK - KSl/tN

Ni-15Co-10Cr-5.5Al-4.7TI-3MO-0.95V

MODIFIED COMPACT TENSION SPEC.
FIG. 2.0341. SEVERAL THICKNESS AS
INDICATED

1200 F
R « 0.1
10 CPM

THICKNESS
A 0.060 IN

0.500

0.501

10 2 _
© K - KSI IN

100 2

FIG. 3.0547 EFFECT OF STRESS RATIO ON CRACK
GROWTH RATE AT 12OOF, 10 CPM

(20, pp. 4,5,6,6,26)

FIG. 3.0549 EFFECT OF SPECIMEN THICKNESS ON CRACK
GROWTH RATE AT 1200 F. CONTINUOUS
CYCLING AT 10 CPM (20. pp.4.S.11)

10-4

5

O 10'

lO-6

5

Ni-lSCo-lOC
COMPACT T
HG. 3.0541
VARIOUS TH3

r-5.5A1-4.7T1-3
ENSION SPECB

CKNESSES

Mo-0.95V
[EN, SEE

- 1200F
20 CPS ff~ R = 0.1

R = 0.8—/
- 0.5

1 1 1 1 I 1

2

10-1

K 10"

1 2 5 10 2 5 100 2 5 1000
AK - KSlvlN

FIG. 3.054S EFFECT OF STRESS RATIO ON CRACK
GROWTH RATE AT 12OOF, 20 CPS.

(20, pp.4,5,6,5.27)

Ni-15Co-10Cr-5.5A1-4. 7Ti-3Mo-0.05V
COMPACT TENSION SPECIMEN. SEE FIG.
3.0541

-1 MISSION

J

1
A *\ / l a

/ / <?

— 5,20. OR

40 CYCLES

1200F

NO
-OVERLOADS

BASELINE

j

20 CYCLES

40 CYCLES

-5 CYCLES

CONTINUOUS CYCLING
% 10 CPM. R - 0.1
WITH 50 PERCENT
OVERLOADS AFTER
CYCLE BLOCKS AS
INDICATED . .

—1-1-ÿ - ..1— -
10 2 5 100 - 5 1000
AK - KSI ylx

FIC. 3.0051 CRACK GROWTH AT 1200F UNDER CONTINUOUS
CYCLING AND WITH 30 PERCENT OVERLOAD
EVERY 3, 20, OR 40 CYCLES(20. pp.4,5, 45)

CODE 4212
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31?

Ni-15Co-10Cr-S.5A1-4.7T1-3MO-0.95V

COMPACT TENSION SPECIMEN. SEE FIG.
3.0541. THICKNESS 0.250 INITIAL CRACK
LENGTH 0.80 IN

*1MISSION-

—20 CYCLES <

mm
ifeja_.11.

fcj m O
ÿ rt U! y
O H H CO

1200 F
CONTINUOUS CYCLING

.10_CEMt_R=0.1-WITH
OVERLOADS AS
INDICATED EVERY 21ST
CYCLE 50 PERCENT

OVERLOAD

25 PERCENT
OVERLOAD— NOOVERLOAD

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Ni-15Co-lOCr-5. 5A1-4. 7Ti-3Mo-0.95V
COMPACT TENSION SPECIMEN, SEE FIG.
3.0541
THICKNESS 0.252 IN
INITIAL CRACK LENGTH 0.936 DC

OK - KSI'EN

FIG. 3.0552 CRACK GROWTH AT 12OOF UNDER CONTINUOUS
CYCLING AND WITH 25 PERCENT OR 50 PERCENT
OVERLOADS EVERY 21 CYCLES (20,pp.4,5,6,47)

2 MIN

ONE
MISSION

1200F

50 PERCENT
OVERLOAD

OVERLOAD OVERLOAD

SUSTAINED LOAD
+ OVERLOAD AS
SHOWN EVERY 2
MIN.

K - KSIv/lN
1000

FIG. 3.0553 CRACK GROWTH AT 1200F UNDER SUSTAINED
LOAD AND WITH 25 PERCENT OR 50 PERCENT
OVERLOADS EVERY 2 RHNUTES{20, pp.4,5,41,43)
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Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Ni-15Co~10Cr-5.5A1-4. 7Ti-3Mo-0.95V
I III III I

COMPACT TENSION SPEC, SEE FIG. 3. 0541

-CENTER CRACKED SPEC, SEE FIG.3.0S42
THICKNESS 0.125 IN, CRACK LENGTH
0.12 IN NET SECT STRESS»101KSI

1200 F
-2 MIN DWELL AT PEAK

STRESS
R ÿ 0.1

2

10-5

O CENTER CRACKED SPEC. , HIGH NET .
SECT STRESS ! | |

A COMPACT TENSION SPEC. , LOW NET
SECT STRESS I

—-1-1-
Ni-15Co-10Cr-5.5A1-4.7Ti~3Mo-0.95V

_ COMPACT TENSION SPECIMEN, SEE

FIG. 3.0541 ALL SPECIMENS
APPROX 1/4 IN THICK

100 10001 2 5 10 2 5

OK - KSIÿ

FIG. 3.0561 EFFECT OF NET SECTION STRESS ON CRACK
GROWTH RATE FOR 2 MINUTE DWELL AT
PEAK STRESS AT 1200 F (20.pp.4,5,6,8,18)

Ni-15Co-10Cr-5.SAl-4.7Ti-3M©-0.9SV
MODIFIED COMPACT TENSION SPEC, FIG.
3.0541 SEVERAL THICKNESSES, AS
INDICATED

H 10"3

:\Z 10'

10"

THICKNESS

•.064 IN
a.124
£.250
0.44

1200F
R = 0.1

20 MIN DWELL

1, 2, 5 MIN
DWELL
PERIODS

10 * * 100
AK - KSI >/5S

FIG. 3.0563 EFFECT OF DWELL TIME AT PEAK
STRESS ON CRACK GROWTH RATE
AT 1200F, R c 0.1.

(20, pp. 4,5,6.8,32)

NOTE; .064 INSPEC PROPAGATED
IN MIXED MODES (I & IU)

12 5 10 i ÿ 100 " 9 1000

A K - KSIÿlN

FIG. 3.0562 EFFECT OF SPECIMEN THICKNESS ON CRACK
GROWTH RATE AT 1200 F. 2 MIN DWELL AT
MAX LOAD, 10 CPM DURING VARIABLE STRESS
PERIOD (20;pp.4,8,l2)
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NiCo

Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0. 95V
COMPACT TENSION SPECIMEN, SEE FIG.
3.0541
THICKNESS 0.23 IN
INITIAL CRACK LENGTH APPROX .84 IN

WELL
40 CYCLES

2 MIN DWELL
50 PERCENT
OVERLOAD

50 PERCENT
OVERLOAD

25 PERCENT
OVERLOAD

CONTINUOUS CYCLING
NO OVERLOADS

1350F

CONTINUOUS CYCLING @

20 CPS, R = 0.8 WITH 25
PERCENT OR 50 PERCENT
OVERLOAD EACH 41 CYCLES
OR WITH 2 MEN DWELL AT,
THE 50 PERCENT OVERLOAD
!_i
_I_!_1_1

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Ni-15Co-lOCr-5,5A1-4. 7TI-3MO-0.95V
COMPACT TENSION SPECIMEN, SEE FIG.
3.0541

AK - KSI*IN

FIG. 3.0564 CRACK GROWTH AT 1350F AT CONTINUOUS
CYCLING, OR WITH 25 AND 50 PERCENT
OVERLOAD, OR WITH 2 MIN DWELL AT THE
50 PERCENT OVERLOAD CONDITION

(20, pp.4,5,54,55)

1MISSION CYCLE

N CYCLES — 2 MINDWELL

20 CYCLES®
10 CPM +
2 MIN DWELL

10 CYCLES
10 CPM
2 MQC DWELL

40 CYCLES
10 CPM +

2 MIN DWEL

L200F
R = 0.1

BASELINE
10 CPM
NO DWELL

AK - KSIvÿIN

FIG. 3.0565 INTERACTION OF LOW CYCLE FATIGUE
WITH DWELL PERIODS AT MAX LOAD FOR
TESTS AT 1200F, R = 0.1 (20,pp. 4,6,7,33,34)
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Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V
IN-100

Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.95V

COMPACT TENSION SPECIMEN, SEE
FIG. 3.0541

1JiuSSION CYCLE
N CYCLES—1 I2 MINDWELL

20 CYCLES
10 CPM +

2 MIN DWELL

40 CYCLES
10 CPM +

2 MIN DWELL

1350F
R » 0.1

10 CYCLES
% 10 CPM
2 MIN DWELL

BASELINE
10 CPM
NO DWELL

Ni-15Co-10Cr-o.5Al-4.7Ti-3Mo-0.95V
POWDER METALLURGY WOL SPECIMEN
FROM TURBINE DISK AS DESCRIBED IN
FIG. 3.0541

£K - KSlVlX

FIG. 3.0566 INTERACTION OF LOW CYCLE FATIGUE
WITH DWELL PERIODS AT MAX LOAD FOR
TE5TS AT 1350F, R = 0.1(20,pp.4, 6. 7,33,35)

-K.OI (b

A/WWfe
Kol (SINGLE OVERLOAD)

Kmin /~ . / RESUMPTIONF / LJU »V* * .I*
|>DEIAY CYCLES'!/ÿ QF CRACK

/ÿOVERLOAD GROWTH

/INITIAL CRACK GROWTH PRIOR

TO OVERLOAD

12OOF

13bOF

Km3x c 23. 2 KSl/lN

I 1 i

FIG. 3.0571 DELAY CYCLES PRIOR TO RESUMPTION OF
BASIC CRACK GROWTH AFTER SINGLE CYCLE
OF OVERLOAD. BASELINE Kmax = 23.2 KSIÿIN

(40. FIGS.2.4)
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NiCo

Nl-15Cr-10Co-5.5AI-4.7T1-3MO-0.95V
POWDER METALLURGY WOL SPECIMEN
FROM TURBINE DISK AS DESCRIBED EN FIG.
3.0541

ÿKot (SINGLE CYCLE OVER-

!max LOAD)

!KminWUSS.--RESUMPTION 01
l-DELAY CYCLESÿ/ CRACK GROWTH

/ÿ= —
/- D
/_p

-"OVfcKLOAD
INITIAL CRACK GROWTH
PRIOR TO OVERLOAD CYCLES

12OOF

1350F

Kmax =35.2 KSlvTN

1.6 2,0

Kol/Kmax

160

120

100

80

60

Ni-15Co-10Cr-5.5A1-4. 75Ti-3Mo-0.95V
AS CAST +1G00F, 12 HR, AC
0.180 IN DIA MINSECTION, AS SHOWN

R=1

AXIAL
R = 0.1
T = 1250F

O HELIUM

•HYDROGEN

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

102 103 104 ioÿ

CYCLES TO FAILURE

FIG. 3.0582 HIGH CYCLE AXIAL FATIGUE IN HIGH
PRESSURE HYDROGEN AND HELIUM
AT 1250F (26, pp.m-10, IV-4, 9)

FIG. 3.0572 DELAY CYCLES PRIOR TO RESUMPTION OF
BASIC CRACK GROWTH AFTER SINGLE CYCLE
OVERLOA&BASELINE Kmax = 35.2 KSI vfN

(40,FIGS. 2,3)

a:
o

Ni-15Co-lQCr-5.5A1-4. 75Ti~3Mo-0.95V
AS CAST + 1600F, 12 HR, AC
0.211 DIA SPEC AS SHOWN

AXIAL LOADING
R = 0.1

T = 1250F

f 1.75R
0.211DIA

O HELIUM

•HYDROGEN

10 102 103 104
CYCLES TO FAILURE

105

FIG. 3.0581 LOW CYCLE FATIGUE AT 1250F IN
HIGH PRESSURE HYDROGEN AND
HELIUM (26, pp.m-9,V-9,17)

10"1

10"2

2 10"3

3 10'4
H 10-1
EC

O
P 10-2
03

i10"3

Ni-15Co-5.5A1-4.75Ti-3Mo-0.D5V
AS CAST HOLLOW TUBULAR SPECIMENS

APPROX. 0.45 IN OD, 0.39 IN ID
INTERNALLY HEATED BY GLOBAR HEATING

ELEMENT

TESTED AT 1700F

Oipp=0-0o3 (Npp)- aEpc=0. 053(Npp)

10'1-4

Ncp

o2cp=0.40(Ncp)_
!
_

I
_£_

ÿEcc=0.033(Ncc)

1 10 102 103 104 1 10 102 103 104
CYCLES TO FAILURE

FIG. 3.05141 INELASTIC STRAIN RANGE VS. LOW-CYCLE
FATIGUE LIFE FOR EACH PARTIONED STRAIN
RANGE COMPONENT FOR AS-CAST THINWALL
TUBING AT 1700F

(49,p.23), (53,p.4 & FIG. S)
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Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

10"2

8.10"

UN

go
5

10

10-4
10

Ni-15Co-5.SA1-4. 75Ti-3Mo-0.95V
SOLID TUBULAR SPECIMEN APPROX 1/4IN DIA
AS CAST +VAPOR PHASE ALUMINIZED COATING,
ALUMINIZED AT 2100F, 3 HR + ARGON COOLED

\
£2cp=.0

Ncp

\

207<Ncp)"( :* \ÿEpc=.10'

k'
KNpcj--67
l
PC

\ \
-

- \
ÿIpp=.06(

'V
7<Npp)'-5'

1652F "

1832F

ÿ ÿec=.0293(1Jec)-°-5

NA
V

Nc

1

\
i

\ -

Ni-15Co-10Cr-5.5A1-4.7T1-3MO-0.95V
WROUGHT BARS PREPARED FROM
PREALLOYED POWDERS
SOLUTIONED AT 2050F, STABILIZED AT 1600F
AND 1QQ0F, PRECIPITATION HARDENED AT
1200 AND 1400F

AT 12OOF FTU°200 KSI
Fty = 159.5 KSI
e - 22 PERCENT
RA = 25 PERCENT

STRESS FOR
CREEP-RUPTURE
LIFE:

100HR-147.9 KSI
1000HR=3L27. 6 KSI

102 104 106,1 102 104 106
CYCLES TO FAILURE

FIG. 3.05142 STRAINRANGE PARTIONING LIFE RELATIONSHIPS
AT 1652FAND 1S32F FOR AS-CAST ALUMINUM-
COATED ALLOY <54,pp.4-10)

10"1

\ 10"2

: 10"3

Ni-l5Co-5.5A1-4 - 75Ti-3Mo-0.95V
HOUR-GLASS SPECIMEN 0.20 INDIA AT MIN

SECT, 1.6 IN HOUR-GLASS RAD, 3 IN LENGTH
CUT FROM CREEP-FORMED (GATORIZED )

DISK
SOLUTIONED AT 2050F, STABILIZED AT 1600F

AND 1S00F, PRECIPITATION HARDENED AT
1200F AND 1400F

TESTED AT 1400F

-T-
oZppÿOÿTGtNpp) '

Npp

-1-1-1-r
dEpc=0.140(Npc)"* 87

ÿ2cp=0.029(Ncp)~• 43

I I I I
TENSILE STRESS-HOLD

1200F

— TOTAL STRAIN RANGE

TENSILE STRAIN-HOLD

1200F

TOTAL STRAIN RANGE

HIGH RATE STRAIN
CYCLING— TOTAL

0.05 TO
0.5 HZ

10"

-1-T-1 I
OECC=0.084(NCC)"-W

_1_

5 io3 2 5 104 2

CYCLES TO FAILURE

FIG. 3.05144 TOTAL STRAIN RANGE V5 LOW-CYCLE
FATIGUE LIFE AT 1200F OF POWDER
METALLURGY BARS PREPARED BY
PRATT & WHITNEY GATORIZINGtm
PROCESS AND TESTED UNDER RAPID
STRAIN CYCLING, TENSILE STRESS-
HOLD, AND TENSILE STRAIN-HOLD.

<52)

10 103 104 1 10 lOÿ 103 104
CYCLES TO FAILURE

FIG. 3.05143 INELASTIC STRAINRANGE VS LOW-CYCLE
FATIGUE LIFE FOR EACH PARTITIONED
STRAINRANGE COMPONENT AT 1400F.
SPECIMENS FROM CREEP-FORMED (GATOR-
IZED—j) TURBINE DISK (53,p.4 & FIG.S)
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NiCo

Ni-15Co-10Cr-5.5A1-4.7TI-3MO-0.95V
WROUGHT BARS PREPARED FROM
PREALLOYED POWDERS

SEE FIG. 3.05144 FOR DETAILS OF HEAT
treatment and resulting tensile and
CREEP PROPERTIES

12OOF

- O ----RAPID STRAIN CYCLING
ÿ---TENSILE STRAIN-HOLD

- A-TENSILE STRESS-HOLD

10-3 _1_ _L j—

102 2 5 103 2

CYCLES TO FAILURE

i y I

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

FIG. 3.05145 INELASTIC STRAINRANGE VS LOW CYCLE
FATIGUE LIFE AT 1200F OF POWDER
METALLURGY BARS PREPARED BY PRATT
AND WHITNEY GATOREINGÿPROCESS AND
TESTED UNDER RAPID STRAIN CYCLING,
TENSILE STRESS-HOLD, AND TENSILE
STRAIN-HOLD. (52)

30 X
Nl-15Co-l0Cr-5.5Al-4.

AS CAST
75Ti-3Mo-0.95V

X
\

\ \x x

\ \ REF

nYNAM1C

\\STATIC
REF 16' X

\\
\ \ R

\ V
!F1
s

MOD
OF ELA

ULUS
5TICITY

V
%

0 400 800 1200 1600 2000 2400

TEMP-F

FIG. 3.062 DYNAMIC MODULUS OF ELASTICITY (3,p:S,l,p.C-7)

(16,p.114)

code 4212
PAGE 59



NiCo
NONFERROUS ALLOYS revisedÿ oecember 197b

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Ni-15Co-lOCr-5.SAW.7Ti-3Mo-0.95V
COMPRESSOR DISK FROM 10 - 12th STAGE OF
F100/F401 ENGINE APPROX 17 IN DIA
PRODUCED FROM "ALL INERT" PONDER BY
PRATT AND WHITNEY GATORIZINGtwPROCESS
HEAT TREATED BY MODIFICATION OF PWA
1025 SPECIFICATIONS

w 200

400 SOO 1200 1600
TEMP - F

FIG. 4.11 MECHANICAL PROPERTIES FROM RT TO 1300F
OF SPECIMENS FROM THE 10 - 12th STAGE
COMPRESSOR OF F100/F401 ENGINE

(36, Fig.2)

Source (47) pp 30, 83
Alloy Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0. 95V
Condition As Cast and Machined To Fir Tree Specimen As Shown
Test Temperature RT

Specimen

LOADING —
AXIS

[ o.ic

Fir Tree Attachment Loaded with Mating
Waspalloy Female Fixture. Failure in
IN 100 Across O.IC IN Dimension As
Shown. Depth 0.61 IN

__ Fÿ of Alloy 115 K5I

FAILURE SECTION

Specimen No. Nominal Stress At Failure.KSI

l
2

13S.5
130.9

TABLE 4.12 ROOM TEMPERATURE TENSILE STRENGTH OF FIR TREE SIMULATING
TURBINE BLADE ATTACHMENT
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Ni-15Co-10Cr-5.5A1-4.7Ti-3Mo-0.95V
AS CAST + MACHINED TO FIR TREE SHAPE
AS SHOW
LOADED IN TENSION BY MATING WASPALOY
FIXTURE

FAILURE SECTION

ALL STRESSES CALCULATED FROM LOAD
AND FAILURE SECTION, NO STRESS CON¬
CENTRATION FACTOR APPLIED.

h
O
a
x 100

20

10

TESTED AT
1400F

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

10 100
LIFE - HRS

1000

CREEP RUPTURE AT 1400F OF FIR TREE
SIMULATING TURBINE BLADE ATTACHMENT

(47,pp. 31,107)
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Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

Source (47) pp 32, 63
Alloy Ni-15Co-lOCr-5.5A1-4. 7T1-3MO-0.95V
Condition As Cast and Machined To Fir Tree Specimen As Shown
Test Temperature RT

Specimen Loaded In Tension + Vibratory Bending
Moment. Stresses shown are nominal stresses
across failure section (no correction for stress
concentration) + bending stress at outer fibers
of failure section,0.1G

ÿ '"A -Vtv
/ I

FAILURE SECTION

Static Stress, ksi Alternating Stress, ksi Cycles to Failure*1*
20 15 3.1 x 106
20

20

30
5 for 1Q6 cycles + 10 for 106 cycles

+ 15 to failure

8.7 x 105
3.8 x 106

25
5 for 106 cycles + 10 for 106 cycles

+ 15 to failure 2.04 x 106
15 15 9.6xl06

if necessary. If failure still did not occur in 10ÿ, alternating stress was again increased. Failure
cycles shown are at the last alternating stress shown.

TABLE 4.14 FATIGUE AT RT UNDER COMBINED STATIC AND VIBRATORY STRESS OF TURBINE
BLADE FIR TREE FASTENING

Source (47) pp 25, 26, 33, 87, 94
Alloy Ni-15Co-lOCr-5.5A1-4.7Ti-3Mo-0. 95V

Test
Specimen

4 x 1.5 x 0.5 Bar Electron Beam Welded to Similar
Waspalqy Bar. After Heat Treat .Machined to Specimen
Described Below

Condition
As Cast + Welded + Heat Treat (to restrengthen Waspaloy):
1850F, 1Hour + 1550F, 4 Hour + 1400F, 16 Hour +
Machined to Approximately 0. 3 x 0. 3 At Test Section

Test
Temperature

RT

Basic Strength
of Welded Alloys

Min Fm, IN 100

Min Fÿ, Waspaloy

115 KSI . _
ieo ksi At R

Condition Determined
by X-Ray Prior to Test

Failure Strength KSI Location of Failure

Good 112 Weld

Weld Cracks ' 89.2 Weld

(1) Caused by loss of ductility in IN100 as result of change in
microstrueture during welding.

TABLE 4.211 ROOM TEMPERATURE TENSILE STRENGTH OF
WELDMENT TO WASPALOY
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(47) pp 25, 26. 34, 67, 94
Alloy Nl-15Co-10Cr-5.5A1-4. 7Ti-3Mo-0.95V
Test Specimens 4 x 1.5 x 0- 5 Bar.Electron Beam Welded to Similar Waspaloy Bar. After Heat Treat,

Machined to Specimens described below.
A6 Cast + Welded + Heat Treat (to rcstrengthen Waspaloy): 1850F, 1Hr + 1550F,
4 Hr + 1400F, 16 Hr + Machine To Approximately Q. 3 x 0. 3 at Test Section_

Test Temperature

Condition Determined by
X-Ray Prior to Test

Stress at Failure
Location,(Ksi)

Life
(Hr)

Location of Failure

Weld Cracks

Weld Cracks
Good

Weld Cracks
Weld Cracks

91

56.5

54.6

45. 5

60.2

0.1

31

>224.6<2)

76.5

l.B

Weld

Weld
Waspaloy

Weld

Weld
(1) Caused by loss of ductility in IN 100 as result of change in microstructure during welding.
(2) Failure In Waspaloy, weld still intact._
TABLE 4. 212 CHEEP RUPTURE AT 1400F OF ELECTRON BEAMWELDMENT TO WASPALOY

(47) pp 25. 26. 33, 87
Alloy Nl-15Co-10Cr-5.5Al-4.7Ti-3Mo-0.95V
Test Specimen 4 x 1.5 x 0.5 Bar Electron Beam Welded to Similar Waspaloy Bar *

Heat Treatment as Shown Below + Machined to Specimen Shape Shown

ÿvLx"
o Steady Load Applied Axially, Vibratory Load

Applied Normal To Plane of Specimen

Approximately 0. 12 x .095 Thick At Minimum Section

Condition As Cast + Welded + Heat Treat (to restrengthen Waspaloy); 1850F, 1Hr +
1550F, 4 Hr - 1400F, 16 Hr

Min F. IN 100 - 115 KSI
At RT

Min Waspaloy - 180 KSI

Test Temperature RT

Cycles* *To Failure

Condition as Determined
by X-Ray Prior to Test

Static Stress
KSI

Vibratory Stress
± KSI

Weld Cracte(4)

Weld Craeks(21
Good

Good

'62.2

62.2
62.2

62.2

9.8

4.9

4.9

9.8

1.75 x 10°
>107

3.67 x 106
(1) All failures in weld
(2) Caused by loss of ductility in IN 100 as result of change in microstructure during welding

TABLE 4. 213 FATIGUE AT RT UNDER COMBINED STATIC AND VIBRATORY STRESS OF
ELECTRON BEAM WELDMENT TO WASPALOY

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100
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Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

(47) pp 27. 28. 38. 91. 110
Alloy Ni-l5Co-30Cr-5.5A1-4. 7T1-3MO-0.95V

Test Specimen and Brazing

A1

WASALO

—•{ 0.42
APPROX

tNXOO

Faces A and A1 and C and C1 Mate. Double
Fingers B Fit Into Hollow B1. Prior to Brazing
.0005 Ni Plate Deposited on Tines + 900F, 30 Min
To Bond. For Brazing Clearances .002 to .004 In
Maintained.

Brazed In Hg At 2000F, 20 Min. Diffusion of Braze 1800F, 6Hr + 1900F, 8 Hr + 1950F, 56 Hr.

Following Braze HT to Restrengthen Waspaloy: Fast Cool From 1950F to 1000F At 40F Per Min +
1550F, 4 Hr * Cool to 1000F 1400F, 16 Hr_
Test Temperature RT

Min Fÿ IN100 115 KSI

Min Fm Waspaloy ISO KSI

Braze Area
Percent

90
90

Stress
KSI
112
100

Location of Failure

Blade Radius
IN 100
Point F in Sketch Above

TABLE 4.221 ROOM TEMPERATURE TENSILE STRENGTH OF BRAZED ATTACHMENT
TO WASPALOY

Source (47) pp 25, 23, 39. 91. 110
Alloy Ni-15Co-10Cr-5.5A1-4. 7T1-3MO-0.95V

Depth At Test Section Approximately 0.35 IN
Test
Specimen

WASPALOY FAILURE

I
. v s

.75
I
1

O--97-— 1.04

IN 100
See Table 4.221 For Details of
Geometry of Braze Surfaces and
Brazing Procedure

Axial Load Applied For Steady Stress
Alternating Stress Applied By Resonant vibration

Test Temperature

Cycles To Failure*1)Static Stress

KSI_ Alternating Stress_KSI
29.8

14.9

37.3

22.4

20.4
10.2 for 106 cycles + 13. G for 10 cycles

+ 17 to failure
6.9 for 106 cycles -? 10.2 for 106 cycles
4 13.6 for 10® cycles + 17 for 10® cycles

+ 20. 4 to failure
6.9 for 10® cycles + 10.2 for 10® cycles

+ 13.6 to failure

13.6

5 x 10a

6.2 x 10°

9.2 x 10v

107
(1) All failures at base cross section of IN 100 g
(2) If failure did not occur in 10® cycles, alternating stress was increased for an additional 10 cycles

if necessary at the next higher Stress level shown. Failure cycles shown are for last value of
alternating stress listed.

TABLE 4.222 FATIGUE AT RT UNDER COMBINED STATIC AND VIBRATORY STRESS OF BRAZED
JOINT SIMULATING TURBINE BLADE FASTENING TO WASPALOY
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Source (51) P 208

Alloy Ni-l5Co-lOCr-5.5AI-4.7Ti-3Mo-0.95V
Condition Cast and Bonded To U700 by TLP Process W
Test Temperature HOOF
Base Metal .
Requirements at HOOF

IN 100, Min KSI 115, 95

U-700 Min KSI 135, Fÿ 105

Bonding
Condition (KSI) <K$)

e RA Failure
Location

2000F, 4 Hrs
2000F, 4 Hrs
2000F, 4 Hrs

137.3
141.5
140.4

128.1
127
127

2.3
5.2
4.0

0.6
10.3
6.4

IN 100
" IN 100

Bond Region

2100F, 4 Hrs
2100F, 4 Hrs
21OOF, 4 Hrs
2100F, 4 Hrs

136.1
134.2
142.0
134.8

124.4
128.1
129.4
121.8

4.2
1.7
8.6
3.8

10.3
2.3
9.5

10.3

IN 100
IN 100
IN 100
IN 100

(1) TLP is Pratt and Whitney Aircraft Trade Name for Transition-Liquid-Phase Bond by adding thin
layer between surfaces to be bonded and exposing to temperature near melting point in vacuum.
Melting temperature depressant (Boron) is added to bonding alloy. Some alloying_elements_of_base_
composition (i.e. Al, Ti, C) are restricted to prevent formation of stable interface phases.

Ni
15 Co
10 Cr
5.5 Al
4.7 Ti
3 Mo
0.95 V

IN-100

TABLE 4. 231 TENSILE PROPERTIES AT HOOF FOR TLP BOND BETWEEN CAST ALLOY AND
WROUGHT UDIMET 700
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