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1. General
InconelAlloy MA 6000 (MA 6000), an advanced
nickel-base alloy producedby mechanical alloying,
exhibits exceptional mechanical properties over a
broad temperature range. It is the oxide-dispersion-
strengthened (ODS) counterpart of the superalloy IN-
738. MA 6000 combines solution strengthening by
tungsten and molybdenum,precipitate strengthening
by coherent gamma-prime Ni3Al,and dispersion
strengtheningby yttria. Precipitate hardening en¬
hances strength at intermediate temperatures, inthe
range of 1400F,while dispersion hardening, com¬
binedwith a large, elongated grain structure is effec¬
tive at 2000F and higher. The high temperature
strength capabilities of MA 6000 are generally supe¬
rior to those exhibited by single crystal alloys. High
temperature creep rupture properties are not de¬
graded by thermal cycling or long-time stressed expo¬
sure beyond the extent attributable to normal
coarsening of the gamma-prime phase. The alloy has
good high- and low-cycle fatigue resistance and ther¬
mal fatigue resistance. Oxidation resistance is im¬
partedby aluminum and chromium, while
aluminum, titanium, tantalum, chromium, and tung¬
sten contribute to sulfidation resistance. Coatings are
frequently employed to further improve the high tem¬
perature oxidation/corrosion resistance. MA 6000 is
thermo-mechanically processed and annealed to pro¬
duce a coarse,highly elongated grain structure which
iscritical to the development of highstrength atTiigh"
temperatures. The grain aspect ratio (GAR) is typi¬
cally greater than 10:1. MA 6000 was developed pri¬
marily as an airfoil material for use in advanced gas
turbine engines. It is also finding application in land-
based gas turbine engines (Refs. 1-7).

1.1 Commercial Designation
Inconel Alloy MA 6000.

1.2 Alternate Designations
Inconel MA 6000, MA 6000.

1.3 Specifications

1.4 Composition
1.4.1 [Table]Nominal composition.

1.5 Heat Treatment
Standard heat treatment consists of zone annealing to
produce the large, elongated grain structure necessary
for high temperature strength, followed by solution
annealing and double aging to dissolve and
reprecipitate the gamma-prime phase. The zone an¬
neal consists of passing the workpiece through a con-

trolled-atmosphere high-frequency furnace at 1to 12
in./hr at a temperature of 2250 to 2350F. The gamma-
prime heat treatment consists of solution annealing at
2250F, 0.5 hr,air cool, plus double aging at 1750F,
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2 hr,air cool, plus 1550F,24 hr,
air cool (Some references in
this report did not report the
metallurgical condition of the
starting material.For those ci¬
tations where processing in¬
formation is either absent or
indicated to be unavailable, it
is assumed that the material
was processed according to
the standard heat treatment.)
(Refs. 1,4, 8).

The development of a large-
grained structure is critical in
the fabrication of mechanically
alloyed materialssuch as MA
6000 inorder to obtain the de¬
sired high temperature me¬
chanical strength in the final
product.

Inthe extruded plus hot-rolled condition, MA 6000 is
fine-grained with an average grain diameter of ap¬
proximately 0.2 micron. The dislocation density is
low, indicating that primary recrystallization occurs
during fabrication. On annealing below the gamma-
prime solvus temperature {about 2120F), hot worked
material exhibits normal grain growth characteristics.
However, this fine-grained microstructure is unsuit¬
able for high temperature service because of low
strengthproperties(Refr9).

The required highly elongated, large-grained micro-
structure is achieved by zone annealing of hot-worked
material. The sharp temperature gradient inthe hot
zone promotes exaggerated grain growth through sec¬

ondary recrystallization,with the maximum zone

temperature held inthe rather narrow range above
the gamma-prime solvus andbelow the liquidus tem¬

perature (2365F). The desired microstructure is
achieved when the rate of travel of the material
through the hot zone is equal to or less than the rate of
grain boundary movement at the maximum hot zone
temperature. This condition suppresses the nucleation
of new grains and promotes growth of existing grains
(Ref. 10). At higher speeds, grain nucleation occurs in
preference to grain growth and the resulting micro-
structure is equiaxed rather than elongated. The tran¬
sition from elongated to equiaxed macrograins occurs
at higher material travel speeds as the peak tempera¬
ture in the annealing zone is increased (Ref. 11). Dur¬
ing secondary recrystallization, the transformation to
a large columnar grained structure occurs rapidly,
with grain size increasingby four orders of magni¬
tude within two to five minutes. The large grains re¬

sulting from zone annealing are elongated inthe
direction of travel through the hot zone, which is usu¬
ally the direction of primary working. This
directionally recrystallized microstructure is largely a
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result of annealing ina temperature gradient with
only a minor contribution from anisotropic grain
growth associated with non-uniform distribution of
grain-boundary-pinning oxide particles (Refs. 12, 13).

The effects of annealing temperature on grain size of
warm extruded, fine grained alloy are shown inFig¬
ure 1.5.1.Although these data were obtained by iso¬
thermal annealing, the same principles apply to zone
annealing with regard to temperature. There is a well-
defined minimum temperature near the gamma-
prime solvus temperature which must be exceeded
for secondary recrystallization to occur, with the larg¬
est grain sizes beingobserved after annealing just
above this temperature. The grain sizes decrease with
further increases in temperature, reflecting an in¬
crease ingrain boundary unpinningrates relative to
grain growth rates. This behavior, typical for second¬
ary recrystallization, is incontrast to the increase in
grain size with increasing annealing temperature usu¬
ally observed duringprimary recrystallization. It is
noteworthy that the grain aspect ratios obtained dur¬
ing isothermal annealing do not exceed about two,
whereas ratios of ten and higher are obtainable by
zone annealing under appropriate conditions. The on¬
set of secondary recrystallizationwith increasing an¬
nealing temperature is accompanied by a sharp drop
inhardness, shown inFigure 1.6.1.

Additional warm prestrainingof the hot-worked
starting material affects both the grain size and the
grain aspect ratio obtained after subsequent zone an¬
nealing,as shown inFigure 1.5.2. At strains up to
about 0.8, little effect is observed and the desirable
large grain sizes and high aspect ratios are achieved.
However, for prestrains of about 1.4, the subsequent
grain size and grainaspect ratio are considerably re¬
duced. This behavior is attributed to a reduction in
the driving force for secondary recrystallization
caused by increased amounts of primary recrystalliza¬
tion with increasing prestrain (Ref. 14).

Directional recrystallization of extruded material
gives a <110> texture along the longitudinal axis. This
is attributed to the lower energy of <110> tilt bound¬
aries (Ref. 15).This texture is less desirable than a
<100> texture from the standpoint of thermal fatigue
resistance and intermediate temperature creep
strength (Refs. 10,16).

1.5.1 [Figure]Effects of annealing temperature on grain size
and grain aspect ratio.

1.5.2 [Figure] Effects of prestraining on grain size and grain
aspect ratio after zone annealing.

1.6 Hardness
1.6.1 [Figure] Effect of annealing temperature on hardness.

1.7 Forms and Conditions Available
Bar and small forgings (Ref. 17).

1.8 Meltingand Casting Practice
MA 6000 isconsolidated by mechanical alloying. This
process was developed during the 1970's and reached
commercial status during the 1980's. It is essentially a
method for producing composite metal powders with
a controlled microstructure from elements which are

normally difficult or impossible to combine by con¬
ventional melting techniques. In the case of MA 6000,
mechanical alloying allows the incorporation of fine,
insoluble yttria particles into a gamma-prime
strengthened superalloy matrix. The processconsists
essentially of repeated fracturing and rewelding of a
mixtureof powder particles, at least one of which
must be ductile, ina dry,highenergy ball milloper¬
ated at or slightly above room temperature. Industrial
ball mills for mechanical alloying are of large diam¬
eter and are rotated at highspeed. Duringeach colli¬
sion of the grinding balls,many powder particles are
trapped and plastically deformed. Sufficient deforma¬
tion occurs to rupture any absorbed surface contami¬
nant film and expose clean metal surface. Cold welds
are formed where metal particles overlay, producing
composite metal particles. At the same time, other
work-hardened particles are fractured. The cold weld¬
ing,which tends to increase the size of the particles
involved, and the fracturing, which tends to reduce
particle size, reach a steady state balance leading ulti¬
mately to a relatively coarse but stable overall particle
size. These competing processes of cold welding and

. fracture occur repeatedly throughout the milling,
gradually kneading the particles so that their struc¬
ture is continually refined and homogenized. The par¬
ticles become microcomposites,with the composition
of each particle converging to that of the starting
blend (Refs. 13, 17-19).

Mechanicalalloying should be distinguished from
conventional ballmilling,which is simply mixingon
a fine scale. Monitoringof the mechanical alloying
process by x-ray diffraction has confirmed that true
alloying occurs. This alloying results from interdiffu-
sion of the constituents caused by heating from the ki¬
netic energy of the balls during mechanical alloying
and the very small diffusion distances associated with
fine mixingof the constituents (Refs. 10,18).

A typical starting powder mixture for MA 6000 con¬
sists of fine (4-7 micron) nickel powder,75-150 micron
chromium, minus 45 micron molybdenum and tanta¬
lum,minus 11micron tungsten, and minus 150 mi¬
cron nickel-base master alloys containing aluminum,
titanium, boron, and zirconium. About 2.5 volume
percent of very fine yttria (250 to 400 angstroms) is
also added to form the dispersoid. After completion
of the powder millinga uniform interparticle spacing
of about 0.5 micron is achieved. At this point the dis¬
persoid has reacted with aluminum inthe matrix to
form a mixedoxide of YjOj-AIjOj (Refs. 10,20).

Code 4122
Page 2



April 1994 Aerospace Structural Metals Handbook Nickel Base Alloys • Ni 4100
MA 6000

The highly cold-worked state of mechanically alloyed
powders precludes cold pressing, requiring consoli¬
dation by a combination of high temperature and
pressure. Usual commercial practice includes simulta¬
neous consolidation and primary fabrication by en¬

capsulating the mechanically alloyed powder charge
ina mildsteel can and extruding to bar at 1850 to
1950Fat an extrusion ratio of about 13:1.Other meth¬
ods which have been used with some success include:
hot compaction followed by hot extrusion; and hot
isostatic pressing (Refs. 4, 18, 19).

1.9 Special Considerations

1.9.1 High temperature strength properties are critically
dependent on the attainment of a large,highly elon¬
gated grain structure. This structure is developed,
first, by close control of thermomechanical processing
steps to assure the retention of adequate work in the
microstructure. Secondly, the properly worked mate¬
rial must be zone annealed under correct conditions
of maximum temperature and rate of passage of the
workpiece through the hot zone. Good strength at in¬
termediate temperatures and exceptional strength at

high temperatures are attainable in properly pro¬
cessed material (See Sections 1.5,3.3, 3.4, and 4.1).

1.9.2 Long time mechanical properties are anisotropic be¬
cause of the highly oriented grain structure. Although
short term tensile properties are little affected, longer
term creep rupture strengths are higher inthe longi¬
tudinal than in the.transverse direction.-The-directionÿ

ality of strength properties increases with increasing
temperature (See Sections 3.3 and 3.4).

1.9.3 MA 6000 has good oxidation resistance to tempera¬
tures of about 2000F, but protective coatings are
needed for long time service at higher temperatures
inoxidizing environments (See Section 2.3.4).

1.9.4 Special care is required injoining. Best joint strengths
are obtained by diffusion welding using isostatic
pressing or hot pressing techniques. Brazing is suit¬
able for use at temperatures to 1800F. Fusionwelds
are subject to crackingand agglomeration of disper-
soids (See Section 4.3).

2. Physical Properties and Environmental
Effects

2.1 Thermal Properties
2.1.1 MeltingRange: 2365-2507F (Ref. 1).

2.1.2 PhaseChanges.

2.1.2.1 Time-temperature-transformation diagrams.
Although the dispersoid initially added to the
MA 6000 powder mix isyttrium oxide, YjOj,
the particles in extruded MA 6000 actually
consist of mixed Al-Y oxides. These mixed

oxides are: yttrium aluminum garnet,

Y3A15012 (YAG);yttriumaluminum
perovskite, YA103 (YAP);yttrium aluminum
monoclinic,Y4A1209 (YAM);and yttrium alu¬
minum hexagonal, YA103 (YAH). These com¬
pounds also contain up to 13 percent
zirconium metal ions randomly substituted
for yttrium and aluminum metal ions inthe
oxide lattice. The dispersoid inhot rolled ma¬
terial is similar to that inextruded material,
both consisting of about 50 percent YAH
phase and the remainder being YAG, YAP,
and YAM phases in roughly equal propor¬
tions. However,after zone annealing, the
YAM phase isno longer present. Inthis con¬

dition, the YAH phase constitutes about 90
percent of the dispersoid, and the YAG and
YAP phases are present inabout equal
amounts (Ref. 21).

The average particle diameter increases from
about 170 angstroms in the hot rolled mate¬
rial to about 230 angstroms after zone anneal¬
ing.Very little oxide coarsening occurs
during exposure at 1382 to 1400F,but signifi¬
cant growth is observed at 1742 to 2012F, as
shown inFigure 2.1.2.1.1. Coarsening is
thought to follow a parabolic relationship.
This type of time dependency would indicate
that an interface reaction is rate-controlling,
such as transfer.of atoms across the precipi¬
tate/matrix interface (Ref. 21).

It isnot yet clear whether the increase in dis¬
persoid diameter is due to dissolution of
small dispersoids ("Ostwald ripening") or to
interaction of yttria particles with aluminum
dissolved in the matrix. The former would in¬
crease the average dispersoid spacing and
thereby degrade the strength of the alloy, but
the latter would not. Available data suggest
that the composition of the mixedyttria-
alumnia dispersoid can change duringhigh
temperature exposure, favoring the latter re¬
action (Ref. 10).

Coarser particles are occasionally found in
the microstructure. These particles have been
identified as titanium carbonitrides and alu¬
minum oxide and are present inthe form of
stringers aligned parallel to the extrusion di¬
rection (Ref. 10).

The gamma-prime phase, which constitutes
about 50 percent of the structure, exhibits a

duplex size distribution; the majority of this
phase is present as blocky particles of similar
size as the matrix grains with the remainder
present as a fine dispersion (Ref 9). The
gamma-prime phase loses coherency with the
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matrix and coarsens rapidly at 1800F, as
shown inFigure 2.1.2.1.2 (Refs. 5,22).

The gamma-prime solvus temperature is
about 2120F (Ref. 4).

2.1.2.1.1 [Figure] Effects of exposure time on
yttria dispersoid particle size at
1382 to 2012F.

2.1.2.1.2 [Figure]Effects of exposure time on
gamma-prime particle size at 1400
to 1800F.

2.1.3 Thermal Conductivity.

2.1.3.1 [Figure]Thermal conductivity.

2.1.4 Thermal Expansion.
2.1.4.1 [Figure] Mean coefficient of linear thermal ex¬

pansion.

2.1.5 Specific Heat.

2.1.5.1 [Figure]Specific heat.

2.1.6 Thermal Diffusivity.

2.2 Other Physical Properties
2.2.1 Density: 0.293 lb/cuin.,8.11 g/cc (Ref. 1,p.2).

2.2.2 Electrical Properties.

2.2.3 Magnetic Properties.
2.2.4 Emittance.

2.2.5 DampingCapacity.

2.3 Chemical Environments
2.3.1 General Corrosion. MA 6000 has good resistance to

corrosion ina wide variety of environments (Ref. 7).

2.3.2 Stress Corrosion.

2.3.3 HydrogenEffects.

2.3.4 Oxidation. MA 6000 has excellent oxidation resistance
inair and can be used in the uncoated condition in
vane applications ingas turbine aircraft engines at
temperatures up to 2012F. As shown in Figure 2.3.4.1,
exposure at 1832F results inslight weight gains, indi¬
cating the formation of a protective scale. Some flak¬
ingoccurs at 2012F, giving weight losses. Minimal
internal attack occurs at these temperatures. How¬
ever, significant metal losses are observed at 2192F,
and additional protection is needed for continuous
service at this temperature. MA 6000 forms an alpha-
alumina-rich scale (Ref. 23). The cyclic oxidation resis¬
tance of uncoated MA 6000 inair at 2012F is superior
to that of IN-713LC and IN-738 but less than that of
IN-100,as shown inTable 2.3.4.2.

Overlay coatings such as applied by plasma spraying
or physical vapor deposition are promising for oxida¬
tion protectionat high temperatures (Ref. 24).

UncoatedMA 6000 performs well inburner rig test¬
ing. At 1700F, the oxidation/corrosion resistance of

MA 6000 is superior to that of LN-100 and IN-713LC,
but less than that of IN-738, MA 956, and MA 754, as
shown inFigure 2.3.4.3 and Table 2.3.4.4. Additional
data, shown inTable 2.3.4.5, indicate that MA 6000 is
comparable to bothMA 754 and Mar-M 509 at 1700F
but superior at 2000F. Although a protective alumina
scale forms at the surface, internal sulfidation is ob¬
served inuncoatedMA 6000 to a depth of 2 mils after
rig testing at 1700F and to a depth of 3 mils after test¬
ingat 2000F for 312 hours (included in "Maximum
Attack" data, Table 2.3.4.5). A plasma-sprayed nickel-
base coating protected MA 6000 from oxidation and
sulfidation for 312 hours at both 1700 and 2000F,but
developed some interfacial voiding after rig testing
for 500 hours at 2000F. A second nickel-base
underlayer provided additional protection from oxi¬
dation and sulfidation for 500 hours at 2000F and
eliminated interfacialvoid formation (Refs. 7, 23, 25,
26).

A NiCoCrAlY coating is used commercially to extend
the life of first-stage MA 6000 turbine blades ina sta¬
tionary gas-turbine engine to 25,000 design service
hours at a turbine inlet temperature of 2075F (Ref, 6).

The resistance to ignitionby friction inoxygen isan
important consideration insome aerospace applica¬
tions. The data inTable 2.3.4.6 indicate the MA 6000
has intermediate resistance to frictional ignition in
comparison with a number of other aerospace alloys.
This listingalso indicates that resistance to frictional
ignitiongenerally increases with increasing nickel
content (Ref. 27).

2.3.4.1 [Figure] Oxidation weight change behavior in
air at elevated temperatures.

2.3.4.2 [Table] Cyclic oxidation resistance at 2012F of
MA 6000 comparedwith three other superal-
loys.

2.3.4.3 [Figure] Metal loss and maximum attack after
burner rig testing for 500 hours at 1700F for
MA 6000 and three other superalloys.

2.3.4.4 [Table] Burner rigoxidation resistance at
1700Fof MA 6000 and three other superal¬
loys.

2.3.4.5 [Table] Burner rigoxidation resistance at 1700
and 2000F.

2.3.4.6 [Table] Frictional ignitionof MA 6000 and
other aerospace alloys.

2.4 Nuclear Environments

3. Mechanical Properties

3.1 Specified Mechanical Properties

3.2 Mechanical Properties at RoomTemperature
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3.2.1 Tension Stress-Strain Diagrams and Tensile Proper¬
ties.

3.2.2 Compression Stress-Strain Diagrams and Compres¬
sion Properties.

3.2.3 Impact.

3.2.4 Bending.

3.2.5 Torsion and Shear.

3.2.6 Bearing.

3.2.7 Stress Concentration.

3.2.7.1 Notchproperties.
3.2.7.1.1 ITable] Effects of notches on room

temperature tensile properties in
helium and inhydrogen.

3.2.7.2 Fracture toughness.

3.2.8 Combined Loading.

3.3 Mechanical Properties at Various Tempera¬
tures

3.3.1 Tension Stress-Strain Diagrams and Tensile Proper¬
ties. Representative stress-strain diagrams for coarse-
and fine-grained materials are shown inFigures
3.3.1.1 and 3.3.1.2, respectively (See also Figure
3.5.2.4).

Large-grainedMA 6000 exhibits slightly higher ten¬
sile strength inthe longitudinal than in the transverse
direction, as shown inFigures 3.3.1.3 and 3.3.1.4. Low
ductilities are observed at all temperatures inthe
transverse directionbut longitudinal material shows a
modest increase inductility at temperatures greater
than 1400F.

Tensile strength varies with imposed strain rate inan

equivalent manner to the variation of creep ratewith
imposed creep stress, as shown inFigure 3.3.1.5.
Here, the tensile strength isdefined as the maximum
true stress during tensile deformation and the creep
rate is that observed during steady state creep. The
similarity inbehavior over several orders of magni¬
tude variation indeformation rates indicates similar¬
ity indeformation mechanisms inboth creep and
tensile at equivalent deformation rates (Ref. 29).

A decrease intensile strengthwith decreasing strain
rate is also shown by the data inFigure 3.3.1.6. Mate¬
rial fabricated by a combination of extrusion and hot
rolling is slightly stronger than material fabricated
only by extrusion. Noclear trend is apparent with re¬

gard to material orientation (Ref. 28).

Inthe as-rolled, fine-grained condition,MA 6000, like
other mechanically alloyed materials, is considerably
weaker than in the standard, large-grained condition.
This is seen by comparison of flow stresses for the
fine-grained material inFigure 3.3.1.7 with creep
stresses for coarse-grained alloy at similar deforma¬

tion rates, shown later inFigures 3.4.6 and 3.4.9.
MA 6000 is considered superplastic, exhibiting an
elongation of 308 percent and a strain rate sensitivity
of 0.47 at 1832F,as shown inFigure 3,3.1.8. The defor¬
mation process of fine-grained MA 6000 is described
as a combination of power law creep and diffusional
(Coble) creep, with threshold stress caused by the
presence of gamma-primeparticles affecting only the
diffusional creep process. Intricatelyshaped parts of
MA 6000 canbe hot-formed inthe fine-grained condi¬
tion and subsequently annealed to obtain the coarse¬

grained creep-resistant structure (Ref. 30).

3.3.1.1 [Figure] Effect of strain rate on tensile stress-
strain diagrams for coarse-grained alloy at
1400F.

3.3.1.2 [Figure]Tensile stress-strain diagram for fine¬
grained alloy at 2012F.

3.3.1.3 [Figure] Effects of temperature on longitudi¬
nal tensile properties of annealed bar.

3.3.1.4 [Figure] Effects of temperature on transverse
tensile properties of annealed bar.

3.3.1.5 [Figure] Variation of strength with strain rate
or creep rate at 1400F.

3.3.1.6 [Figure] Effects of strain rate, orientation, and
fabrication method on tensile strength at
1400F.

3.3.1.7 [Figure] Effects of strain rate and temperature
on flow stress of fine grained alloy.

3.3.1.8 [Figure] Effects of strain rate on tensile strain
rate sensitivity and ductility for fine-grained
alloy at 1832F.

3.3.2 Compression Stress-Strain Diagrams and Compres¬
sion Properties. Compressive stress-strain diagrams
from room temperature to 2192F are shown inFigure
3.3.2.1. At low temperatures, ductility is low and frac¬
ture occurs after only slight amountsof work harden¬
ing. At 1472F and above, ductility ishigher and
deformation proceeds at a fairly constant flow stress
(Ref. 31).

MA 6000 has highcompressive yield strength which
exhibits only slight temperature dependency up to
about 1300F. Above this temperature, the yield
strength decreases strongly with increasing tempera¬
ture, as shown in Figure 3.3.2.2. The steady state flow
data at 1562F,shown inFigure 3.3.2.3, follow the
creep (flow) equation:

e = Kan
where e = steady creep (or flow) rate

O = applied stress

n= observed stress exponent

K = proportionality constant
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The observed stress exponent approximates 13.6 in
the linear region of these data, compared to usual val¬
ues of 3 to 5 for particle-free alloys. This highvalue
for the stress exponent suggests that the observed
high strength of MA 6000 includes substantial contri¬
butions from the dispersoid and the gamma-prime
phase. The strength increments due to the yttria dis¬
persoid and the gamma-prime second phase are esti¬
mated from these data as 30 to 44 ksiand 36 to 49 ksi,
respectively,at 1562F (Ref. 31).

The effects of orientation on compressive steady state
flow behavior at 1600 to 2000F are shown inFigure
3.3.2.4. The short transverse orientation is slightly
stronger than the longitudinal or long transverse, in
contrast to tensile behavior where the transverse ori¬
entation is slightly weaker than longitudinal.This dif¬
ference between tensile and compressive flow
strengths is attributed to the inability of grain bound¬
aries to support high tensile stresses, leading to ten¬
sile failures which originate at the grain boundaries.
Under high temperature compressive conditions, fail¬
ure occurs by concentrated slip along several crystal-
lographic planes of the large grained material (Ref.
32).

3.3.2.1 [Figure] Compressive stress-strain diagrams
at room temperature to 2192F.

i«i «ÿ* «ÿ» rr.1.......1r«. _ r
_____

- •
_____

(nÿwfcj cueuus ui iciiipeidiuit;uit cumpieb-
sive 0.2-percent yield strength.

3.3.2.3 [Figure] Effectsof strain rate on compressive
steady state flow stress at 1562F.

3.3.2.4 [Figure]Effects of orientation and tempera¬
ture on compressive steady state flow stress.

3.3.3 Impact.

3.3.4 Bending.

3.3.5 Torsion and Shear. The shear strength at 1400F is 41.4
ksi in tension (average of three tests) and 99.0 ksi in
compression (average of two tests) (Ref. 33).

3.3.6 Bearing.
3.3.7 Stress Concentration.

3.3.7.1 Notchproperties.
3.3.7.2 Fracture toughness.

3.3.8 Combined Loading.

3.4 Creep and Creep Rupture Properties
Several creep strengthening concepts are successfully
incorporated inMA 6000. At intermediate tempera¬
tures, creep strength is controlled by the high volume
fraction of gamma-prime precipitate with only a small
strength contribution from the yttria dispersion.
However, at higher temperatures, the creep strength
is derived primarily from the inert oxide dispersion.
The creep strength of MA 6000 is compared to those
of conventional and single crystal superalloys inFig¬

ure 3.4.1. MA 6000 is stronger than the single crystal
alloy at high temperatures and low stresses but
weaker at intermediate temperatures and high
stresses. The lesser strength of MA 6000 at intermedi¬
ated temperatures reflects the fact that it isnot pos¬
sible to obtain the same gamma-prime strengthening
incolumnar grains as insingle crystals (Ref. 16).

Creep and rupture data from several sources are sum¬
marized inFigures 3.4.2, 3.4.3, and 3.4.4 and Table
3,4.5. The alloy is weaker inthe transverse direction
that inthe longitudinaldirection, especially at higher
temperatures, as seen by comparison of the data in
Figures 3.4.3 and 3.4.4. Fracture is transgranular and
crystallographic cracking is observed. The elongation
to failure is low and decreases with increasing tem¬

perature (Ref. 34).

Steady creep rates and rupture lives for heat treated,
large grained materialat 1400 and 2000F are shown in
Figures 3.4.6 and 3.4.7, respectively.The observed
stress dependence nof steady creep (see flow equa¬
tion inParagraph 3.3.2) is high for MA 6000 (and
other ODS alloys), varying inthe present data from 24
at 1400F to 48 at 2000F. This unusual creep behavior
has been rationalizedby describing the stress depen¬
dence of the creep rate interms of an effective stress
rather than simply interms of the applied stress. The
effective stress is the applied stress minus a tempera¬
ture-dependent threshold stress related to pinningof
dislocation by second phase (gamma-prime or yttria)
particles. This behavior reflects particle and precipi¬
tate strengthening inaddition to solution strengthen¬
ingof the matrix (Ref. 34).

The grain aspect ratio (GAR) is influential indeter¬
mining the high temperature creep strength of MA
6000, as shownby the data inFigure 3.4.8. A GAR of
20 or above is needed to take full advantage of disper¬
sion strengthening. Above this minimumGAR, long
rupture lives are observed and the fracture mode is
transgranular. However,as the GAR decreases to be¬
low 10,the creep fracture mode changes to inter-
granular and rupture lives axe dramatically
decreased. The deterioration of creep life and change
from transgranular to intergranular fracture with de¬
creasing GAR are caused by the growth of creep cavi¬
ties on transverse grain boundaries. The higher
frequency of these boundaries in low-GAR material
leads to shorter rupture life. It is further noted that
creep failure even inhigh-GAR material usually ini¬
tiates in fine-grained "defect" regions,which'have a
higher proportionof transverse grain boundaries, em¬
phasizing the creep-deleterious nature of transverse
grain boundaries (Refs. 35, 36).

Another important result of the vulnerability of trans¬
verse grain boundaries is the pronounced anisotropy
of tensile creep properties. While short-term tensile
and compressive strength are relatively insensitive to
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loadingdirection with respect to the extrusion axis,
tensile creep strength is substantially reducedin the
transverse direction, as noted above and shown in
Figure3.4.9. The reason is again the occurrence of pre¬
mature intergranular fracture at the longitudinal
grain boundaries,with an accompanying severe re¬
duction inductility. Compressive strength inthe long
transverse direction is greater than that of long trans¬
verse tensile but less than that of longitudinal tensile,
particularly at low creep rates. Ithasbeen suggested
that tensile and compressive weakness in the long
transverse directionmay result from diffusional creep
at stresses below the threshold stress for dislocation
creep inthe longitudinaldirection (Refs. 37, 38).

The shear rupture strength of MA 6000 at 1400F ap¬
proximates 0.45 of the tensile rupture strength, as
shown inFigure 3.4.10. Shear failure surfaces are rela¬
tively brittle,with very little indicationof ductile ac¬
commodation (Ref. 39).

Crack growth rates under static load are clearly af¬
fected by orientation at 1832F,as shown inFigure
3.4.11. Inthe T-L orientation, the growth rate in¬
creases normallywith increasing stress intensity.
However, in the L-Torientation, secondary cracking
alters the crack growth behavior and the growth rate

decreases with increasing stress intensity. This
anomalous rate reduction of the primary crack is due
to the development of perpendicular secondary
cracks along planes of aligned coarse particle string¬
ers (Ref. 40).

The creep rate at HOOF is substantially reduced under
cyclic creep conditions as compaired to creep under
static conditions. This behavior is shown in Figure
3.4.12 as the ratio of net cyclic creep rate (based on
time under load) to the static creep rate under the
same maximumload as a function of frequency. The
reduced cyclic creep strength is attributed to partial
recovery of creep strain and of the accompanying
backstress during the off-load period, resulting inan
increase inthe effective stress as a fraction of the ap¬
pliedstress (Ref. 41).

3.4.1 [Figure] Effects of temperature on 100-hour rupture
strength of MA 6000, MA 754, and three non-ODS su-

peralloys.

3.4.2 [Figure]Creep rupture behavior at 1292 to 2100F.

3.4.3 [Figure] Longitudinal creep rupture behavior of
annealed bar at 1300 to 2100F.

3.4.4 [Figure]Transverse creep rupture behavior of
annealed bar at 1400to 2000F.

3.4.5 [Table] Creep rupture properties of annealed bar at
1400 and 2000F.

3.4.6 [Figure] Creep rate behavior of annealed bar at 1400
and 20OOF.

3.4.7 [Figure] Rupture lifebehavior of annealed bar at 1400
and 2000F.

3.4.8 [Figure] Effects of grain aspect ratio on rupture life at
1742F and 33.4 ksi.

3.4,9 [Figure] Effects of orientation on tensile and compres¬
sive creep ratebehavior at 1922F.

3.4.10[Figure]Shear and tensile creep rupturebehavior.

3.4.11[Figure] Effect of orientation on creep crack growth
rates invacuum at 1832F.

3A.12 [Figure]Effects of load cycling on creep rate of
annealed bar at 1400F and maximum stress of 77 ksi.

3.5 Fatigue Properties
3.5.1 Conventional High-Cycle Fatigue.The high-cycle fa¬

tigue behavior of MA 6000 is shown inFigure 3.5.1.1.
MA 6000 has very good high-cycle fatigue strength,
higher than those of other conventional wrought or
cast superalloys. The high-cycle fatigue resistance of
MA 6000 is also superior to that of its non-ODScoun¬
terpart IN-738 (Ref. 3). Additionally, the endurance
ratio (ratio of fatigue strength at 107cycles to ultimate
tensile strength) at ambient temperature ishigh at
0.52. Typical values for endurance ratios for conven¬
tional superalloys range from 0.2 to 0.4. High-cycle fa¬
tigue failure occurs by transgranular crack
propagation,similar to the behavior exhibited during
low-cycle fatigue (Ref. 42).

Thehiglvcycle.fatigue.strength.of.longitudinalspeci¬
mens issignificantly greater than that of transverse

specimens at 1562F,as shown in Figure 3.5.1.2. Fa¬
tigue fractures initiate at inclusion defects and propa¬
gate transgranularly for both specimen orientations.
The fracture surfaces are smooth for longitudinal
specimens. Incontrast, fracture surfaces for transverse
specimens contain rough regions which reflect crack
branching alonggrain boundaries (Ref. 43).

3.5.1.1 [Figure]High-Cycle fatigue behavior at room
and elevated temperatures.

3.5.1.2 [Figure]Effect of orientation on high-cycle fa¬
tigue behavior at 1562F.

3.5.2 Low-Cycle Fatigue. Cyclic stress-strain curves exhibit
the expected softening with increasing temperature
and with decreasing strain rate, as shown inFigures
3.5.1.1 and 3.5.1.2. Incomparison with monotonic
stress-strain curves, the cyclic curves are slightly
softer at low strains and slightly harder at higher
strains, shown inFigure 3.5.2.3 (Refs. 44, 45).

The low-cycle fatigue resistance at room temperature
and 1400F is the same for lives less than about 103
cycles, as shown inFigure 3.5.2.4. For lives greater
than this, the room temperature fatigue resistance ap¬
pears to be somewhat greater than that at 1400F. Fa¬
tigue fracture occurs ina transgranular mode at both
temperatures. At roomtemperature, the individual
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fatigue curves (not shown) exhibit an initialperiod of
cyclic strainhardening, followed by strain softening.
Incontrast, only strain softening is observed during
fatigue at 1400F (Ref. 42).

Increasing temperature above 1400F resultsingener¬
ally decreasing low-cycle fatigue life,as shown in Fig¬
ure3.5.2.5. This behavior isparticularly apparent at
lower strain amplitudes and longer fatigue lives. At
1562F, decreasing the imposed strain rate from lxlO"2
sec'1 to 2xl0"5 sec"1 has little effect on fatigue life,as
shown inFigure 3.5.2.6. However,at 1922F, this same
reduction instrain rate results ina considerable de¬
crease in fatigue life,probably associated with the in¬
creasing micTostructural degradation from processes
such as creep or oxidation. Fatigue fracture is
transgranular at 1562Fbut becomes mixed with inter-
granular/transgranular at 1922F (Refs. 44, 46).

Inair, the resistance to low-cycle fatigue decreases
with increasing temperature, as noted above and
shown inFigure 3.5.2.7. However, invacuum at the
same temperatures, the fatigue resistance isslightly
greater than that inair and does not decrease with in¬
creasing temperature, showninFigure 3.5.2.8. The
deleterious effect of air on fatigue resistance is attrib¬
uted to oxidation (Ref 47).

Failure under creep-fatigue loading conditions occurs

more rapidly than under pure fatigue loadingcondi¬
tions. This is shown in Figure 3.5.2.9, where the fail¬
ure life at 1562F under slow-fast loading (tension
strain rate lxlO"5 sec"1/compression strain rate lxlO"2
sec"1) is shorter than that under symmetrical fast-fast
loading (strain rate lxlO"2sec"1) by a factor of about
10.Somewhat less damagingare the slow-slow cycle
(strain rate lxlO"5 sec"1) with a factor of 5 reduction
and the tensile-hold cycle, with a factor of 4 reduc¬
tion. The slow-fast fatigue lives at 1922F are also con¬
siderably shorter than those at 1562F. Unsymmetrical
loading is thought to affect fatigue behavior by accel¬
erating or inhibitingdiffusional growth of grain
boundary cavities which subsequently coalesce and
lead to crack initiation. Creep cavities inMA 6000
nucleate primarily at recrystallization defects in the
form of pockets of small grains, which comprise about
5 percent of the total volume. These cavities grow by
stress-directed diffusion of vacancies from the grain
boundaries to the void surfaces (Refs. 48, 49).

The life of MA 6000 under low-cycle fatigue and
creep-fatigue conditions is comparable to that exhib¬
itedby itsnon-ODS counterpart IN-738. The lack of
improvement inMA 6000 may be attributed to the in¬
creasing effect of time-dependent damage with de¬
creasing loading frequency, to which grain structure
defects inODS alloys are particularly susceptible
(Ref. 3).

3.5.2.1 [Figure] Effect of temperature on cyclic stress-
strain curves at 1400 to 1922F.

3.5.2.2 [Figure] Effects of strain rate on cyclic stress-
straincurves at 1562 and 1922F.

3.5.2.3 [Figure]Cyclic and monotonic stress-strain
curves at 1562 to 1922F.

3.5.2.4 [Figure] Low-cycle fatigue behavior at room

temperature and 1400F.

3.5.2.5 [Figure] Effect of temperature on low-cycle
fatigue behavior at 1400 to 1922F.

3.5.2.6 [Figure] Effects of strain rate on low-cycle
fatigue behavior at 1562and 1922F.

3.5.2.7 [Figure] Low-cycle fatigue behavior at
elevated temperatures inair.

3.5.2.8 [Figure] Low-cycle fatigue behavior at
elevated temperatures invacuum.

3.5.2.9 [Figure] Effects of strain rate and loading
asymmetry on low-cycle fatigue behavior at
1562 and 1922F.

3.5.3 Fatigue Crack Propagation. The fatigue crack growth
rates generally increase with increasing temperature,
as shown inFigures 3.5.3.1 to 3.5.3.3. However, the
scatter indata is such that some observed high tem¬

perature rates are about equal to or less than rates at
lower temperatures. Frequency and stress intensity
factor range may also affect the temperature depen-
dency of crack growth, ratos At room tomporatnro,
the fatigue cracks propagate by crystallographic
shearing of gamma-prime, but at higher temperatures
the mechanism changes. At 1562F, cracks are highly
sensitive to microstructural inhomogeniety,with sub¬
sidiary grain boundary cracking associated with the
oxidationof the agglomerated gamma-prime phase
(Refs. 50-52).

Fatigue crack growthrates tend to increase with de¬
creasing frequency, but the effect is less strong than
that of temperature and is sometimes obscured by
data scatter. At 1202F, the crack propagation rates ex¬
hibit a slight increase with decreasing frequency, as
shown inFigure 3.5.3.4. Mixed trends are observed at
1562F, as shown inFigures 3.5.3.5 and 3.5.3.6. How¬
ever, a clear trend of increasing crack growth rate
with decreasing frequency is seen inthe T-L orienta¬
tion at 1652F, Figure 3.5.3.7. The frequency effect of
crack propagation may result from the retarding ef¬
fect of crack branching along grain boundaries at low
frequencies (Refs. 2, 50, 51).

Although fatigue crack propagation behavior inMA
6000 is considered to be orientation-dependent, the
nature of this dependence is inconsistent and may in
turn be influencedby one or more other factors, such
as frequency and/or crack branching. At room tem¬

perature and 1562F, crack propagation transversely to
the extrusion direction (L-T orientation) is faster then
parallel to the extrusion direction (T-L orientation), as
shown inFigures 3.5.3.8 and 3.5.3.9. The difference in
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rates for the two orientations is greatest at low delta-K
values, with the rates tending to converge as delta-K
increases to greater than 20 ksi (in.)05 (Refs. 43, 50).
However,at a muchlower frequency (0.17 Hz versus
10 or 40 Hz), opposite behavior occurs, as shown in
Figure 3.5.3.10. Here, the crack growth rates are
higher for the T-L orientation than for the L-T orienta¬
tion (Ref. 40). Aside from possibly the lower fre¬
quency, the reason for this difference isnot obvious. It
is suggested that cautionbe exercised indrawing con¬
clusions regarding orientation effects on fatigue crack
growth rates.

The crack propagationrates invacuum are greater
than those inair at 1562F at frequencies of 0.01and 10
Hz,as shown inFigure 3.5.3.11. This behavior is at¬
tributed to oxide blocking effects which can lead to a
reduction inthe effective delta-K at the crack tip, thus
reducing the crack growth rates inair (Ref. 53).

3.5.3.1 [Figure] Effect of temperature on fatigue crack
growth rates at room temperature to 1562F.

3.5.3.2 [Figure] Effect of temperature on fatigue crack
growth ratesat room temperature to 1742F.

3.5.3.3 [Figure]Effect of temperature on fatigue crack
growth rates at room temperature and 1832F.

3.5.3.4 [Figure] Effect of frequency on fatigue crack
growth ratesat 1202F.

3.5.3.5 [Figure] Effect of frequency on fatigue crack
growth rates at 1562Fusing compact tension
specimens.

3.5.3.6 [Figure] Effect of frequency on fatigue crack
growth rates at 1562F using edge notch ten¬
sile specimens.

3.5.3.7 [Figure] Effects of temperature and frequency
on fatigue crack growth rates.

3.5.3.8 [Figure] Effect of specimen orientation on
fatigue crack growth rates at room

temperature.

3.5.3.9 [Figure] Effect of specimenorientation on
fatigue crack growth rates at 1562F.

3.5.3.10 [Figure] Effects of temperature and orienta¬
tion on fatigue crack growth rates.

3.5.3.11 [Figure] Effects of environment and two dif¬
ferent frequencies on fatigue crack growth
rates at 1562F.

3.5.4 Thermal Fatigue. MA 6000 has excellent thermal fa¬
tigue resistance as compared to other nickel-base and
cobalt-base alloys, as shown inTable 3.5.4.1. Cycles to
first crack are over 10,000 for bothbareand coated
MA 6000. Typically, conventionally cast superalloys
crack within 500 cycles, while several thousand cycles
are required before cracks initiate indirectionally so¬
lidifiedalloys (Ref. 42).

3.5.4.1 [Table] Thermal fatigue behavior of MA 6000
compared with several other superalloys.

3.6 Elastic Properties
3.6.1 Poisson's Ratio.

3.6.2 Modulus of Elasticity.

3.6.2.1 [Figure]Modulus of elasticity.

3.6.3 Modulusof Rigidity.

3.6.4 Tangent Modulus.

3.6.5 Secant Modulus.

4. Fabrication

4.1 Forming
Extrusionof mechanically alloyed powder is con¬
ducted at 1850 to 1950F,with recrystallizationoccur¬
ringduring extrusion to produce a fine equiaxed
grain structure. Hot rolling is performed in the same
temperature range with the extrusion can inplace in
order to minimize cracking. Hot rollingat 1850F tends
to cause edge cracking, but not at temperatures above
1875F. Reductions of about 20 percent per pass are
employed with total thickness reductions ranging up
to 90 percent (Refs. 4, 54). Precise control of the over¬
all thermomechanical working sequence, including
total rolling reduction,rolling temperature, and speed
and number of passes, isnecessary so that the opti¬
mum amount of stored mechanical energy is retained
inthe material for subsequent directional recrystalli¬
zation during zone annealing. A minimum thickness
reduction of 40 to 60 percent is required to produce
the exaggerated grain growth response (Refs.4, 7, 20).

MA 6000 cannot be forged in the recrystallized condi¬
tion because of its low ductility but hot working in
the fine-grained as-extruded condition ispossible.
Careful control of the forging conditions is necessary
to avoid cracking which tends to occur at lower strain
rates and loss of driving force for recrystallization
which occurs at higher deformation rates (Refs. 10,55).

Both isothermal and conventional forging are attrac¬
tive for MA 6000. Isothermal forging, which combines
preheating of dies and workpiece to the same tem¬
perature with low deformation rates, utilizes super-
plasticity to produce near-net-shape bladeswith
minimum material input. The conventional forging
approach is less expensive but uses more material,
gives oversize forgings, and has less control over
shape due to the presence of the thermal barrier layer
which is required to prevent chilling (Refs. 5, 56). The
preferred forging route is dependent on the size and
complexity of the final product. Conventional forging
is likely more applicable to small pieces, while the
more expensive isothermal process may be more ad¬
vantageous costwise for larger pieces (Refs. 5, 20, 57).
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Care mustbe exercised during conventional hot forg¬
ingbecause of the die chilling problem. An adherent
cladding, either the original extrusion can or a thick
plating, is required to prevent cracking of the
workpiece. The temperature range inorder to pro¬
duce the proper grain structure after recrystallization
is 1850 to 1950F,with 1900Fbeingoptimum. Defor¬
mation levels up to 70 percent do not adversely affect
subsequent recrystallization. However,sharp transi¬
tions intooling designs should be avoided because of
the potential for introducing grain structure
discontinuities in the workpiece. Elevated tempera¬
ture stress-rupture properties of forged blades are
somewhat degraded as compared to those for stan¬
dard hot-rolled bar, as shown in Figure4.1.1 (Ref. 58).

4.1.1 [Figure] Effects of temperature and orientation on rup¬
ture life at several locationson forged and annealed
blade and comparison with annealed bar.

4.2 Machiningand Grinding
MA 6000 canbe machined readily by conventional
procedures for highnickel alloys. The machineability
of MA 6000 issimilar to that of Udimet 700 and better
than that of IN-713 and IN-738.The alloy should be
machined inthe recrystallized condition (Ref. 7). MA
6000 is also amenable to electrical-discharge (EDM)
and electrochemical machining (ECM) (Refs. 6,8, 10).

4.3 Joining
MA 6000 is similar to other dispersion-strengthened
materials inthat fusion joining methods cause ag¬
glomeration of the dispersoids and consequent reduc¬
tion of stress-rupture strength. MA 6000 also tends to
crack during fusion welding (Refs. 7, 8).

MA 6000 can be readily brazed using nickel- and co¬
balt-basedbrazingalloys (Refs. 10,59). MA 6000
joined by vacuum brazingwith B93 braze alloy (Ni-
14Cr-9.5Co-4.5Si-4W-4Mo-3Al-0.7B), for example, is
suitable for service at temperatures up to 1800F. Since
the brazing temperature for this braze alloy (2200F) is
near the solution heat treatment temperature (2250F),
brazing should be followed by double aging (1750F,2
hr,AC plus 1550F,24 hr,AC) to ensure good high
temperature strength (Ref. 8).

MA 6000 can be joined most successfully by hot press
or hot isostatic press diffusion welding.

The hot press method consists of pressing the faying
surfaces together invacuum at 1832 or 2192F for 1.25
hours. Best joints are produced when unrecrystallized
fine grained material is joined to similar material.
Joints between recrystallized and unrecrystallized
materialproduced joints with lower rupture
strengths, as shown inFigure4.3.1. It is considered
that plastic flow during hot pressing is required to
produce the strongest joints. This is possible when us¬

ingunrecrystallized alloy because of its low strength

and relatively good ductility at high temperatures.
However, the highstrength and limitedductility of
zone recrystallized material tend to cause cracking
when stresses highenough to produce flow are ap¬
pliedby hot pressing. When diffusion welding is con¬
ducted in the unrecrystallized condition, welding
must be followed by the usual double age heat treat¬
ment (Refs. 10,60).

Hot-isostatic-pressing (HIP) can also be employed to
produce sound diffusion welded joints inMA 6000.
Although details of the HIP procedure are not avail¬
able, it is reported advantageous as compared to

uniaxial hot pressingbecause pressures exceeding the
compressive yield strength can be employed without
causing cracking. Good joints can be made by HIP
welding with recrystallized as well as
unrecrystallized alloy.The short-time tensile strength
of HIP-weldedjoints is comparable to that of com¬
mercialrecrystallized alloy up to 1742F, as shown in
Figure4.3.2. However, the longer time rupture
strengths are less than those of the base alloy, similar
to the relationship shown for hot-press diffusion
welded joints above inFigure 4.3.2 (Ref. 61).

4.3,1 [Figure] Effects of recrystallization and welding
parameters on rupture strength of hot press diffusion
welded joints at 1832F.

* n rr:-----7t---21--<
____

lL ,
t.J.2. 1C1L5UC ÿUCllgUl U1 uunu-

sion welded joints at room and elevated tempera¬
tures.

4.4 Surface Treating
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Table 1.4.1Nominal composition (Ref. 1)

Alloy MA 6000

Component Percent

Chromium 15

Tungsten 4.0

Molybdenum 2.0

Aluminum 4.5

Titanium 2.5

Tantalum 2.0

Carbon 0.05

Boron 0.01

Zirconium 0.15

Yttrium Oxide (Y2O3) 1.1

Nickel balance

1200

£
s 800

400

0
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2

1

0
E
a

MA 80
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Fig. 1.5.1 Effects of annealing temperature on
grainsize and grain aspect ratio (Ref. 14)

MA 6000, Bar j j
Extruded 20:1 at 1760F+ prestrained in

transverse compression at 1562 to 2102F +
zone annealed at maximum temperature _
of 2192F

O Longitudinal
ÿ Transverse

GAR = 23

GAR = 2.3
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Fig. 1.5.2 Effects of prestraining on grain size and
grain aspect ratioafter zone annealing (Ref. 14)
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Annealing Temperature (F)

Fig. 1.6.1 Effect of annealing temperature on
hardness (Ref. 14)
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Fig. 2.1.2.1.1 Effects of exposure time on yttria dispersoid
particle size at 1382to 2012F (Refs. 21, 22)
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Fig.2.1.2.1.2 Effects of exposure time on gamma-prime
particle size at 1400 to 1800F (Ref. 22)
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Fig.2.1.4.1 Meancoefficient of linear thermal
expansion (Ref. 1)
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Fig. 2.1.5.1 Specific heat (Ref. 1)
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Fig. 2.3.4.1 Oxidation weight change behavior inair at elevated
temperatures (Ref. 25)

Table 2.3.4.2 Cyclic oxidation resistance3 at 2012F of
MA 6000 compared with three other superalloys (Ref. 1)

Material Condition
Weight Change

(mg/cm2)

MA 6000 Extruded + heat treated1* -14.1

IN 100 As cast -7.3

IN 713LC As cast -22.1

IN 738 Heat treated0 -49.5

Exposed for 504 hours at 2012F in air with 5 percent H2O,
thermal cycled by rapid cool to room temperature every 24 hours.
Weight changes determined after descaling.

b 2250F, 0.5 hr, AC + 1750F, 2 hr, AC + 1550F, 24 hr, AC.
c 2050F, 0.5 hr+ 1550F, 24 hr.

i 3

MA 6000

Air-to-fuel ratio 21:1 to 27:1
JP-5 fuel contained 0.3% S
Cooled for 3 min. after each hrat 1700F

I I Metal loss (loss in diameter due to
sudace scaling)

I- 1 Maximum attack (metal loss plus
loss in diameter due to intergranular
attack)

(IN-100 sample destroyed ÿ

iri 50 hrs)

lAL

y

\Nw
MA 956 MA 754 MA 6000 IN-100

Fig. 2.3.4.3 Metal loss and maximum attack after burner
rig testing for 500 hours at 1700F for MA 6000 and three
other superalloys (Refs. 17,26)
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Table 2.3.4.4 Burner rigoxidation resistance3 at 1700F of MA 6000 and three other superalloys (Ref. 1)

Material Condition Test Time (fir) Weight Change (mg/cm2)

MA 6000 Extruded + heat treated13 312 -11.1

IN 100 As cast 48 -367

IN 713LC As cast 168 -489

IN 738 Heat treated0 312 -9.7

3 Tested in JP-5 fuel with 0.3 percent sulfur and 5 ppm sea water with air-to-fuel ratio 30:1, thermal cycled by rapid cool to room temperature
every 60 minutes. Weight changes determined after descaling.

b 2250F, 0.5 hr, AC + 1750F, 2 hr, AC + 1550F, 24 hr. AC.
c 2050F, 0.5 hr + 1550F, 24 hr.

Table 2.3.4.5 Burner rigoxidation resistance3 at 1700 and 2000F (Ref. 25)

Material

Tested at 1700F, 312 hr Tested at 2000F, 312 hr Tested at 2000F, 500 hr

Metal Loss b (mil)
Maximum

Attack c

(mil)

Metal Lass
(mil)

Maximum Attack
(mil)

Metal Loss
(mil)

Maximum Attack
(mil)

Coaled MA6000d 1.6 2.0 4.2 4.7 7.6 8.4

Coated MA6000e — — 0.4f 0.4f 6.9 6.9

MA 6000 (uncoated) 1.9f 2.2 3.6 14.1 — —
MA 754 (uncoated) 0.6f 1.7 12.7 18.5 — —

Mar-M 509 (uncoated) 0,7f 2.9 80.3 83.5 — —
a Alloys tested inJP-5 fuel with 850 ppm sulfur and 5 ppm sea water, air-to-fuel ratio 30:1, thermal cycled by rapid cool to room temperature

every 60 minutes.

b Metal loss is loss of diameter due to oxide and sulfide scale formation.
c Maximum attack is metal loss due to scaling plus depth of intergranular oxidation and sulfidation.

b Low pressure plasma sprayed coating of Ni-23Co-20Cr-8.5AI-0.6Y-4Ta, 7.5 mils thick.
e Underlayer of Ni-20Cr-5AI-5.5Ta between substrate and outer coating as in lootnote "d".
f Diameter increased during exposure due to adherent scale.
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Table 2.3.4.6 Frictional ignitionof MA 6000 and other

aerospace alloys3 (Ref. 27)

Material
Average Mechanical Energy

Required for Ignition'1
(W/in.2x10'1z)

MA 754 >26.5c

Inconel 600 16.1

MA 6000 14.7

Waspaloy 13.1

Monel K-500 9.7

Hastelloy X 7.7

Inconel 718 7.2

Incoloy 909 6.9

Type 304 Stainless Steel 6.7

Inconel 706 6.5

MA 956 4.4

Type 440C Stainless Steel 4.0

a Pairs of hollow cylinders pressed together with one cylinder fixed
and the other rotating at 17,000 rpm in 1000 psig oxygen.

b Mechanical energy equals Pv product, where P = contact
pressure (psi) and v = linear surface velocity (ips).

c No ignition.
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Table 3.2.7.1.1 Effects of notches on room temperature tensile properties inheliumand inhydrogen (Ref. 1)

Alloy MA 6000

Form Thermo-mechanically Processed Bar

Processing Annealed 2250F, 0.5 hr, AC + 1750F. 2 hr, AC + 1550F, 24 hr, AC

Specimen Surface Atmosphere3 Orientation Fty
(ksi)

Ffu
(la")

Elongation
(percent)

RA
(percent)

H2/He Strength
Ratio

He L 169.2 169.3 0.75 2.0 —
Smooth T 171.8 171.9 0 3.9 —

h2
L 165.8 165.9 0.6 3.9 0.98

T 175.0 175.0 1.4 2.0 0.98

He L — 157.4 — 0.8 —

Notchedb T — 122.4 — 0 —

h2 L — 134.6 — 1.2 0.86

T — 122.4 — — 0.92

3 Gas pressure 5000 psi.

15 Notch dimensions not reported.

MA 6000, Bar I
Annealed |
Coarse, elongated grain structure
Longitudinal

o Stress at failure, compensated tor
necking

2x10 sec

2 x 10 J sec

1 x 10° see

0 0.04 0.08 0.12 0.16 0.20

True Strain

MA 6000
As hot rot
Average g
Strain ratt
Calculator

ed
rain diame
about 2.0
assuming

ter 0.26 m
sec"1
uniform r

cron

eformatio

r

0 0.2 0.4 0.6 0.8 1.0

True Strain

Fig. 3.3.1.2 Tensile stress-strain diagram for fine¬
grained alloy at 2012F (Ref. 30)

Fig. 3.3.1.1 Effect of strain rate on tensile stress-
strain diagrams for coarse-grained alloy at 1400F
(Ref. 28)
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Extruded + hot rolled + zone annealed +

2250F, 0.5 hr, AC + 1750F, 2 hr. AC +
1550F, 24 hr, AC
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"T **
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Temperature (F)

Fig. 3.3.1.3 Effects of temperature on longitudinal tensile
properties of annealed bar (Ref. 1)

200

150

f 100
«
£ 80
CO

60

40

MA 6000, Bar
Annealed
Course, elongated g

o Tensile
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Fig.3.3.1.5 Variation of strength with strain rate or creep rate at
1400F (Ref. 28)
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Extruded + hot rolte

2250F, 0.5 hr, AC
1550F, 24 hr, AC
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+ 1750F,

mealed +
2 hr, AC +

rransverc B

\l
rw_ e

RA | V -—ÿ

400 800 1200 1600

Temperature (F)

2000

Fig.3.3.1.4 Effects of temperature on transverse
tensile properties of annealed bar (Ref. 1)
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to bar at 1900F + annealed
Both materials gradient annealed
at 2250F + 2430F, 0.S hr+ 1750F,
2 hr + 1550F, 24 hr
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Fig.3.3.1.6 Effects of strain rate,orientation,and
fabrication method on tensile strength at 1400F
(Ref. 29)
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MA 6000!

MA 6000, Bar j j
As hot rolled
Average grain diameter 0.26 micron

60
1652F

40
1832F

20

2012F
10
8
6

4

2

1
10"

Strain Rate (pct/tir)

Fig. 3.3.1.7 Effects of strain rate and temperature on flow stress of fine-grained
alloy (Ref. 30)
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10b

\"/0
/ o

_ m =
d log a r\s

-<

10'

Fig.3.3.1.8 Effects of strain rateon tensile strain rate sens¬
itivity and ductility of fine-grained alloy at 1832F(Ref. 30)

MA 6000, Bar I ~
Annealed 1832F, 1 hr, AC in Ar - 10% H2
Grain aspect ratio = 17:1
Initial strain rate 1.5 x 10"4 sec'1

•U79P

0.05 0.10

True Strain

0.15

Fig. 3.3.2.1 Compressive stress-strain diagrams at room temp¬
erature to 2192F (Ref. 31)
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MA 6000, Bar
Annealed 1832F, 1 hr, in Ar-WHg
Cylindrical specimens 0.16-in. diameter, 0.24-in. long
Strain rate 1.5x10"4 sec"1
Average longitudinal grain intercept 4700 micron
Average transverse grain intercept 280 micron
Average grain aspect ratio 17:1

160
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to

s
= 100

MA 6000, Bar
Annealed 1832F, 1 hr, in Ar - 10% H2
Cylindrical specimens 0.16-in. diameter, 0.24-in. long
Deformed at constant strain rate
Average longitudinal grain intercept 4700 micron
Average transverse grain intercept 280 micron
Average grain aspect ratio 17:1
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lte13.6

10u to1 10* 103

Strain Rate (pct/ttr)

10

Fig.3.3.2.3 Effects of strain rateon compressive steady
state flow stress at 1562F(Ref. 31)
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Temperature (F)

2000 2400

Fig. 3.3.2.2 Effects of temperature on compressive
0.2-percert yield strength (Ref. 31)

2

»
s

Strain Rate (sec"1)

Fig.3.3.2.4 Effects of orientation and temper¬
ature on compressive steady state flow stress
(Ref. 32)
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Fig.3.4.1 Effects of temperature on 100-hour rupture
strength of MA 6000, MA 754, and three non-ODS
superalloys (Ref. 62)
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MA6000I

MA 6000 |
Processing conditions not reported

1400F

Rupture Life (hr)

Fig.3.4.2 Creep rupturebehavior at 1292 to 2100F (Ref. 63)
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Fig. 3.4.3 Longitudinalcreep rupture behavior of annealed
bar at 1300 to 2100F (Ref. 1)
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Fig:3.4.4 Transverse creep rupturebehavior of annealed
bar at 1400 to 2000F (Ref. 1)
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Table 3.4.5 Creep rupture properties of annealed bar at 1400 and 2000F (Ref. 1)

Alloy MA 6000

Form Bar, Extruded + Hot-rolled

Heat Treatment Zone Annealed + 2250F, 0.5 hr, AC + 1750F, 2 hr, AC + 1550F, 24 hr, AC

Temperature
(F)

Stress
(ksl)

Steady Creep
Rate

(pct/hr)

Time (hr) for Total CrBep Strain ot: Rupture Lite
(hr)

Elongation
(percent)

Reduction
in Area

(percent)

0.1 percent 0.2 percent 0.5 percent 1.0 percent

1400

74 4.14 x 10"3 15.0 40.0 108.0 184.0 293,3 4.0 6.3

78 1.34 x 10 1.5 4.0 25.0 60.0 154.8 4.1 5.2

80 1.15x10"2 2.0 7.0 32.5 75.5 132.4 3.3 3.2

82 2.07X10"2 1.5 5.0 16.5 43.0 98.1 3.5 3,6

2000 22 2.00 x 10"3 10.0 25.0 320.0 575.0 589.7 1.3 9,4

23 6.95 x 10 "3 3.5 7.8 27.0 78.5 96.5 2.6 7.0

66

62

MA 6000, Bar
Recrystallized + annealeo

AC + 1750F, 2 hr, AC +
Grain aspect ratio 10:1

2250F, 0.5 hr,
1550F, 24 hr, AC

O 1400F
ÿ 2000F /O

Steady Creep Rate (pct/hr)

Fig. 3.4.6 Creep rate behavior of annealed bar at
1400and 2000F (Refs. 34, 62)

82

MA 6000, Bar
Recrystallized + annealed

AC + 1750F, 2 hr,AC +
Grain aspect ratio 10:1

2250F, 0.5 hr.
1550F, 24 hr, AC

X O 1400F
ÿ 20QQF

°x
X

100

Rupture Life (hr)

1000

Fig.3.4.7 Rupture life behavior of annealed bar
at 1400and 2000F (Refs. 34, 62)
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MA 6000, Bar I I I
Zone annealed under varying conditions
Longitudinal I I I

I I I
GAR = average grain length/avera

O Transgranular fracture

• Intergranular fracture
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Fig. 3.4.8 Effects of grain aspect ratio on rupture
life at 1742Fand 33.4 ksi (Refs. 35, 37)

MA 6000, Bar I I
Annealed 2250F, 0.5 hr + 1750F, 2 hr + 1550F

I I
Stress Direction
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, 24 hr

<> 5 Ten
3 Corr

sile
pressive

10'5 10"4 10'3 10'2 10"' 10° 101

Minimum Creep Rate (pct/hr)

Fig.3.4.9 Effects of orientation on tensile and compressive creep rate behavior at

1922F (Refs. 37, 38)
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Fig.3.4.10 Shear and tensile creep rupturebehavior
(Refs. 39, 63)
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MA 6000, Bar T
Annealed 2250F, 0.5 hr, AC + 1750F, 2 hr,

AC + 1550F, 24 hr.AC
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Vacuum 1x 10"6 torr or better
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Fig.3.4.11 Effect of orientation on creep crack
growth rates in vacuum at 1832F (Ref.40)
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Fig.3.4.12 Effects of load cycling on creep rate of annealed
bar at 1400F and maximum stress of 77 ksi (Ref. 41)

MA 6000, Bar i ] i
Extruded + zone annealed + 2250F, 0.5 hr, AC + 1750F,

2 hr, AC + 1550F, 24 fir, AC I
Coarse, elongated grain structure I
Rotating bending fatigue tests (R. R. Moore type)
Frequency 100 - 133 H2

10° 10'

Cycles to Failure

Fig. 3.5.1.1 High-cycle fatigue behavior at roomand elev¬
ated temperatures (Ref. 42)

MA 6000, Bar I I
Large grained, heal treatment not reported
Threaded-end specimens with reduced section 0.24-in. long x 0.12-in. diameter
R = -1, f = 180 Hz I

O Longitudinal
ÿ Transverse

10°

Cycles to Failure

Fig.3.5.1.2 Effect of orientation on high-cycle fatigue behavior at 1562F
(Ref. 43)
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Fig.3.5.2.1 Effect of temperature on cyclic stress-
strain curves at 1400 to 1922F(Ref. 44)
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MA 6000, Bar I ! I
Annealed 2250F, 1hr, AC + 1750F, 2 hr, AC

+ 1550F,24hr, AC
Specimen design not reported
R = -1. |

Temperature. (F) I
1562 1922 Strain Rate (sec'1)

0 0.2 0.4 0.6 0.6 1.0

Strain (pet)

Fig. 3.5.2.2 Effects of strain rate on cyclic stress-
stTain curves at 1562to 1922F (Ref. 44)

MA 6000, Bar I I I
Annealed 2250F, 0.5 hr. AC + 1750F, 2 hr,

AC + 1550F, 24 hr,AC

-Cyclic, R = -1, £ = 10"2sec"1-----Monotonic, strain rate not reported
120

" " 1562F
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M
<9

• 1922F«

0 0.6 1.2 1.6 2.00.4

Strain (pet)

Fig. 3.5.2.3 Cyclic and monotonic stress-strain
curves at 1562to 1922F (Ref. 45)
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Extruded + zone annealed + 2250F, 0.5 hr, AC +

1750F,2 hr, AC + 1550F, 24 hr, AC
Course, elongated grain structure
Hour-glass-shaped specimens
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O RT
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Cycles to Failure

Fig.3.5.2.4 Low-cycle fatigue behavior at room temper¬
ature and 1400F (Ref. 42)
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Fig. 3.5.2.5 Effect of temperature on low-cycle fatigue behavior at 1400 to 1922F
(Ref. 44)
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Fig.3.5.2.6 Effects of strain rate on low-cycle fatigue behavior at 1562 and 1922F
(Ref. 44)
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Fig.3.5.2.7 Low-cycle fatigue behavior at elevated temp¬
eratures in air (Ref.47)
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Fig.3.5.2.8 Low-cycle fatigue behavior at elevated temp¬
eratures invacuum (Ref. 47)
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Fig.3.5.2.9 Effects of strain rate and loadingasymmetry
on low-cycle fatigue behavior at 1562and 1922F (Refs. 3, 49)
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Fig. 3.5 3.1 Effect of temperature on fatigue crack
growth rates at room temperature to 1562F (Ref. 50)
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Fig. 3.5.3.2 Effect of temperature on fatigue crack
growth rates at room temperature to 1742F (Ref. 51)
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Fig.3.5.3.3 Effect of temperature on fatigue crack
growth rates at room temperature and 1832F
(Ref. 52)
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Fig.3.5.3.4 Effect of frequency on fatigue crack
growth rates at 1202F (Ref. 50)
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Fig. 3.5.3.5 Effect of frequency on fatigue crack
growth rates at 1562Fusingcompact tension
specimens (Ref. 50)
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Fig. 3.5.3.6 Effect of frequency on fatigue crack
growth rates at 1562Fusing edge notch tensile
specimens (Ref. 51)
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Fig.3.5.3.7 Effects of temperature and frequency on fatigue
crack growth rates (Ref. 2)
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Fig. 3.5.3.8 Effect of specimen orientation on
fatigue crack growth rates at room temperature
(Ref. 50)
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Fig. 3.5.3.9 Effect of specimen orientation on
fatigue crack growth rates at 1562F (Ref. 43)
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Fig.3.5.3.10 Effects of temperature and orientation
on fatigue crack growth rates (Ref. 40)

Fig. 3.5.3.11 Effects of environment and two
different frequencies on fatigue CTack growth
rates at 1562F (Ref. 53)
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Table 3.5.4.1Thermal fatigue behavior of MA 6000
compared with several other superalloys (Refs. 1,42)

Material Cycles to First Crack

MA 6000a 10,250

MA 6000, coated ÿ 12,750

DS IN 100 c 2,400

B 1900 400

Mar-M 509 238

IN 738 100

Note: Fluidized bed cycling in air between 600 and 1990F with 3-
minute hold at each temperature. Double wedge specimens with
wedge radii of 0.039 and 0.28 in.

a Bar, extruded + hot rolled + zone annealed + 2250F, 0.5 hr, AC
+ 1750F, 2 hr, AC + 1550F, 24 hr, AC.

ÿ NiCrAlY coating.

c Directionally solidified.
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Fig.3.6.2.1 Modulusof elasticity (Ref. 1)
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MA 6000, Blade I I
Forged + zone annealed + 2250F, 0,5 hr, AC +

1750F, 2 hr,AC + 1550F, 24 hr,AC
Location Orientation Location Orientation

0 Root Longitudinal • Platform Longitudinal
v Root Transverse ÿ Platform Transverse
O Airfoil Longitudinal ± Platform Short transverse
ÿ Airfoil Transverse

1200F
O 0

O--. t
"--o *

1400F ÿ o

20

2000F

©o o o

_-Bar, Long----Bar, Trans
tudinaO
verse j(Re1'1)
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1000

Fig.4.1.1 Effectsof temperature and orientation on rupture
lifeat several locations on forged and annealed blade and
comparison with annealed bar (Refs. 1,58)
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MA 6000

MA 6000, Bar | | |
Welded by hot pressing in vacuum tor 1.25 hrs

Deformation, %

° during welding at 1B32F

° during welding at 2192F

Base alloy at 1800F (from Fig. 3.4.2)

Unrx/Umx weld joint

Rx/Unrx weld joint

1Q1 102

Rupture Life (fir)

Fig. 4.3.1 Effects of recrystallization and welding param¬
eters on rupture strength of hot press diffusion welded
joints at 1832F (Ref. 60)
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Fig.4.3.2 Tensile strength of hot-isostatic-press diffusion
welded joints at room and elevated temperatures (Ref. 61)
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