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1. General
Rene 41, introducedin1960,iswidely used as a high
temperature turbine alloy. It is a heat treatable nickel-
base alloy,highinchromium,cobalt, and molybde¬
num. Itshighstrength is derived from the precipitation
of a gamma-prime phase of NLj(Al,Ti),and from the
solid solution effects of cobalt andmolybdenum. The
cobalt addition also retards recrysfalliration,promotes
improvedhot corrosion resistance,and reduces tita¬
niumand aluminumsolubilities in the gamma matrix,
thereby increasinggamma-prime precipitation and
strength. Heat treatment usually consists of solution
annealing at 1950 to 2150F followed by water quench¬
ingand aging at 1400 to 1800Fto precipitate the coher¬
ent ordered face-centered-cubic gamma-prime phase.
The mechanicalproperties of Rene 41 can be custom
tailored to some extent for specific applications by
usingvarious combinations of solution treating and
aging. Highsolution treating and aging temperatures
producebetter stress-rupture properties,while lower
heat treating temperatures increase short-time tensile
properties. The alloy is forgeable, formable, andweld-
able following recommendedprocedures. Oxidation
resistance is good up to about 1800F.Ren641has been
usedsuccessfully for critical aircraft andspacecraft
components subjected to hightemperatures, suchas
after-burner parts,nozzlepartitions, turbine blades
and wheels, torque rings,combustion chamber liners,
and structuralhardware (Rets. 111-113).

1.1 Commercial Designation
Ren641.

1.2 Alternate Designations
R41,J1610, AISI 683, UNSN07041.

13 Specifications
13.1 [Table] AMS specifications.

1.4 Composition
1.4.1 [Table] AMS specified compositions.

1.5 Heat Treatment
The standard heat treatment consists of solution an¬

nealingat 1975Ffollowed by a water quench or rapid
air cool. The material is then aged at 1400F for 16hours
and air cooled. Recommendedheatingand quenching
times for various thicknesses are giveninTable 1.5.1.

1.5.1 [Table] Time recommendations for heating and
quenching various thicknesses of Rene41.

For optimum stress rupture strength, the alloy can be
solution treated at 2050F and aged at 1650F.

For maximumtensile and yield strength at tempera¬
tures up to 1800F,solution treat for 4 hoursat 1950F
and age for 16hours at 1400F (see Figures 33.13 and
33.1.5 for effects of solutionannealing and aging con¬
ditions on tensile properties).
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Weld strain-age crackingcan
beminimizedby solution
annealing at 1975Fwith a 40F
per minutecool to 1200Fprior
to welding (Ref. 78).
The typical heat treatment for
cast Rene41is 1950Ffor 3hours,
air cool,plus2050F for 05hour,
air cool,plus 1650Ffor 4hours,
air cool (Ref. 114).

Rene 41, likeother nickel-base
alloys, issubject to intergranu-
lar attack when heated inthe
presence of sulfur or sulfur
compounds. Exposure to
sulfurous atmospheres at
elevated temperatures must be avoided. Parts must be
free of all sulfur-base cuttingoils or lubricantsprior to
welding or heat treatment (Refe. Ill,144).

Carbide distribution isaffectedby the solution anneal¬
ing temperature. Heat treatment at 2150F causes
solutioningof the M6C phase. Subsequent exposure in
the temperature range 1400 to 1600Fproduces a grain
boundary film of with deleterious effects on
mechanicalproperties. A lower solution treatment
temperature of about 1970Fcam beused to preserve the
fine-grained as-worked structure withwell dispersed
MgC and avoid subsequent reprecipitationas MÿCg
(Refe. 115,145).

1.6 Hardness

1.6.1 [Figure] Effectof solution treating temperature and
cooling methodonhardness of bar.

1.63 [Figure] Effect of delay before quenching onhardness
of sheet.

1.6.3 [Figure] Effect of high temperature exposure onroom
temperature hardness.

1.6.4 [Figure] Hardness at roomand elevated temperatures
for various exposure times.

1.6.5 [Figure] Relationbetweenhardness and tensile or yield
strengthat roomtemperature after high temperature
exposure.

1.7 Forms andConditions Available
The alloy is available inthe full commercial range of
sizes for sheet, strip, plate,bar, forgjngs, rings,wire,
and investment castings (Refe. 5, 111,146).

1.8 Meltingand Casting Practice
The alloy isproducedby vacuum inductionmelting
plus either vacuum arc consumable electrode remelting
or electroslag remelting.

1.9 Special Considerations
1.9.1 Rene41issubject to strain-age crackingduringheat

treatment after fusion welding. This problemcan be
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alleviatedby solution annealingwith a rapidheat-up
after welding or by usingstarting alloy in the solution
annealed or solution annealed plusoveraged condi¬
tion (see Section4.3.1).

1.9.2 Rene 41 should be cooled rapidly or quenched after
solutionannealing to prevent embrittlement, probably
due to precipitationof the gamma-prime phase (see
Sections 32.3 and 3.3.3 and Figure3.4.7).

1.9.3 The solution annealing temperature should be kept
below 2000F to prevent formation of an embrittling
network of MjjCgphase during subsequent longtime
exposure at lower temperatures (see Sections 1.5,2.1.2,
and 4.3.1).

1.9.4 Long time thermal exposures at 1400Fandhigher
cause strength reductions (see Figures32.1.11,
32.1.12,3.3.120,3.3.121,3.32.3, 3.3.5.1, and 3.3.6.4).

1.9.5 Ren6 41, like other nickel-based alloys, isembrittled
by exposure to highpressure hydrogenat roomand
elevated temperatures. The embrittlement is accentu¬
ated inthe presence of notches (see Sections 2.32 and
32.7.1).

1.9.6 Ren641 issensitive to sharp notches inthe solution
annealed plus aged, solution annealed pluscold rolled
plus aged,and cold rolledplus aged conditions (see
Sections 32.7.1and 3.3.7.1 and Figures 3.4.9 and 3.5.1.3
to 3.5.1.6).

1.9.7 The tensile propertiesof Rene 41 are degraded by ther¬
malexposure inair after being coated with salt (see
Section 22.1).

1.9.8 Sulfur contaminatedwork surfaces and sulfur-bearing
furnace atmospheres cause intergranular attack and
shouldbe avoided (see Section 1.5.1).

2. Physical Properties and Environmental
Effects

2.1 Thermal Properties
2.1.1 MeltingRange.2250 to 2535F (Refs. Ill,115).

2.12 Phase Changes.

Time-temperature-transformation diagrams. The
gamma-prime solvus temperature is 1950+/- 50F
(Ref. 116).

Carbide phases which havebeen identified inRene 41
includeMC,M6C,and MÿCg.Ren4 41can be solution
heat treated to generate MCand MgC initially,as
shown inFigure2.12.1. A typical formula for MgC is
(Ni,Co)3MoÿC.The MgC carbide phase is important as
a grainboundary precipitate for controllinggrain size
during processingof wrought material. The MC and
MgC carbides are not stable at all temperatures, but
decompose slowly inthe temperature range 1400 to
1900Fto form MÿCg,as shown inFigure2122.The
metal radical inMÿCgisprimarily chromiumwith

small amounts of molybdenumor tungsten. This
phase may form as discrete particles alonggrain
boundarieswith a beneficial effect on stress-rupture
life,or as continuous films, aticular particles, or as a
cellular precipitate,all of which may cause
embrittlement The conditions determining the form
of this precipitate havenot been reported for Rene41
(Refs. 61, 109, 115, 117).

2.12.1 [Figure] Minor phase concentration for alloy
after heating for various times and tempera¬
tures.

2.1.2.2 [Figure] Minor phase concentration for alloy
after 5000 hour exposure at 1400 to 22OOF.

The carbide-forming tendency insuperalloys such as
Ren£ 41isdetermined by the relativeamounts of chro¬
mium,molybdenum,and tungsten. Rene41 tends to
formMgC (as well as lesser amounts of MCand
MÿjCg),as shown inFigure 2.12.3.

2.12.3 [Figure] Complex carbide-forming tendency
innickel-base alloys.

Ren641 isborderlinewith regard to formation of
embrittling intermetallic compounds suchas muand
sigma. Sigma phase has beenobserved to form in
some heats after long-time exposure at 1600F (see
Figures 212.1and2.122) (Ref. 118).
The temperature dependence of hydrogendiffusivity
isexpressed by an Arrhenius-type equation as:

D= D0 exp (-Qd/RT)
where D0is the frequency factor and QD is the activa¬
tion energy of diffusion. Values of De andQDhave
been determined as 0.39 cm2/sec and 8,668 cal/g.
atom, respectively, for the diffusivity of hydrogenin
Ren641over the temperature range 77 to 302F
(Ref. 119).

2.1.3 Thermal Conductivity.

2.1.3.1 [Figure] Thermal conductivity.
2.1.4 Thermal Expansion.

2.1.4.1 [Figure] Meancoefficient of linear thermal ex¬
pansion.

2.1.5 Specific Heat.

2.1.5.1 [Figure] Specific heat.

2.1.6 Thermal Diffusivity.

22 Other Physical Properties
22.1 Density,0298 lb/cuinch,8.19 g/ce (Ref. 6).

222 ElectricalProperties.
222.1 [Figure] Low temperature resistivity.

2222 [Table] Effectof heat treatment on electrical
resistivity.

22.3 Magnetic Properties. Relativemagnetic permeability is
less than 1.002at 200 oersteds at roomtemperature
(Ref. 18).
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22.4 Emittance. Oxidized Rene 41 has a substantially
higher emittance than cleanalloy, as shown inFigure
2.2.4.1. The moderately higher emittance values for
oxidized alloy inFigure2.2.42 may reflect experimen¬
tal scatter or differences inexperimented technique.

2.2.4.1 [Figure] Total hemispherical emittance of
clean and oxidized Rene 41.

22.42 [Figure] Total hemispherical emittance of
oxidized Rene 41.

22.5 Damping Capacity.

Z3 Chemical Environments

23.1 General Corrosion.Welded Rene41has excellent
resistance to' corrosionby seawater. Experiments
showed that after a 1-year exposure, all specimens
were stillbrightand showed original machining
marks.Nostress-corrosion failures were observed
(Ref. 113).
The tensile properties of Rene41are severely de¬
gradedby thermal exposure inair after beingcoated
with salt Such conditions would bepertinent to a
space vehicle which hadbeenexposed to sea air or
sea salt conditions prior to launch. As shown in
Tables 23.1.1and2.3.12, thermal exposure alone for
48 hoursat 1400or 1600Fhas very littleeffect on
tensile propertiesof material initially inthe solution
annealed plusaged condition. However,salted speci¬
mens show greatly reduced tensile strength and duc¬
tility after exposure at 1600Fand moderately reduced
properties after exposure at 1400F as compared to the
exposed conditions without salt. Salt has only a minor
effect on the tensile propertiesof material exposed at
1100 and 800F. Stress loadingduring 1600Fexposure
with or without salt has little effect on residualprop¬
erties, indicating that the degradation isdue to so¬
diumchloride exposure rather than to stress-corrosion
cracking (Refs. 120,121).

2.3.1.1 [Table] Effects of salt and thermal exposure
on tensile properties.

23.12 [table] Effect of salt onpost-exposure tensile
properties at room temperature.

Rene41exhibits a high corrosion rate inmoltenNad
at 1508F.The weight loss ratewhen exposed ina

quartz crucible is 253 mg/dm2/day,while that ina

platinumcrucible is4760 mg/dm2/day. The latter
rate ishigher because of the effect of galvanic cou¬
plingwith a morenoblemetal (platinum). The corro¬
sion product consists of NiO,spinels, and FejOj-type
oxides. Additional results on several other superal-
loys indicate that the corrosion rates of superalloys in
moltenNadat 1508Farehighly dependent on oxy¬
gen pressure and to some extent on water content of
tire melt Alloy compositionhas littleeffect on corro¬
sion rates (Ref. 122).

Rend41 is resistant to degradation of properties when
exposed to decomposition products of hydrazine,
which isof interest as a storable fuel for air-borne and
spacecraft auxiliary power units.Both tensile and fa¬
tigue properties are little affected inan NIÿ/Nj/Hj
environment, as showninTable 2.3.13 andFigure
2.3.1.4 (Ref. 123). Ammonia, which also effectively
simulates the hydrazine decomposition environment,
has beendetermined to benomore severe than high
temperature air incausing sustained load crack
growth inRend41 (Ref. 124).

2.3.1.3 [Table] Effectsof hydrazinedecomposition
productson tensile properties at 1450F.

23.1.4 [Figure] Effects of hydrazinedecomposition
productson low-cycle fatigue properties at
1450F.

Rend41has moderately good resistance to cavitation
damage inliquidsodium at 800F, as shown inFigures
2.3.1.5 and 2.3.1.6.

23.1.5 [Figure] Comparison of cavitation damage re¬
sistance with other high temperature alloys in
liquidsodium at 800F.

2.3.1.6 [Figure] Surface damage due to high fre¬
quency vibration insodium at 800F, and com¬
parisonwith results for other alloys.

232 Stress Corrosion. Rene 41isnot susceptible to stress
corrosionduring exposure to seawater, based on an
extensive investigationof cold rolled and aged mate¬
rial (20percent cold rolledplus 1400F,16hours) in
aqueous salt solutions.
Materialsstudiedincludedparent metal,GTA welds,
and parent metalgivensimulated braze heat treat¬
ments.Smooth specimens were subjected to sea atmo¬
sphere exposures (80-ft lot at Kure Beach),5 percent
NaQ spray andalternate immersion insynthetic sea
water for 1000hours at stresses up to 90 percent of
yield. Inaddition, fatigue cracked specimens were
subjected to alternate immersioninsynthetic sea wa¬
ter for 500 hours at 80 percent of their crack strength
inair. No failures were encountered inany of these
salt stress corrosion tests, and the tensile properties
were essentially unaffected (Refs. 66, 79). Corrosion
fatigue tests insynthetic sea water usingboth smooth
and mildly notched specimens inaxial loadingalso
showed no effect of the environment (Ref. 66).
Inanother investigation (Ref. 68), the susceptibility to

hot (650F) solidsalt corrosion was determined for ma¬
terial stressed at 70 percent of ultimate.Bendductility
was unaffectedby exposure under these conditions.

23.3 HydrogenEffects. Rene41is embrittled by highpres¬
sure hydrogenat roomtemperature. Alongwith high-
strength steels and other high-strengthnickelbase
alloys, Rene41 exhibits a large decrease innotched
strengthand a moderate decrease inunnotched
strength when tested inhydrogen,as shown inTable
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23.3.1. Substantial decreases inelongation and reduc¬
tion inarea also occur inhydrogen (Ref. 125).

23.3.1 [Table] Embrittlement of Rent;41and other
selected alloys by hydrogenat room tempera¬
ture.

Rene 41 isalso embrittled by exposure to hydrogenat
1200F.The degree of embrittlement (loss inelongation)
varies with the initialcondition and heat treatment of
die alloy as reflected inthe average particle size of the
gamma-prime precipitate. As shown inTable 23.32,
the ductility loss after exposure for 1000hours inhy¬
drogen is least for heat treatment no. 1,with a gamma-
primeparticle size of 0.005 micron, and greatest for
heat treatment no.3,with a particle size of 03micron.
Itis suggested that the gamma-prime particles act as a
sink for hydrogen,with the finest particle size being
most effective and the largest size the least effective in
trapping andremovinghydrogenfrom the matrix
lattice. The untrapped hydrogen,which is diffusible in
the matrix, is that which is responsible for
embrittlement The effects are consistent with die
mechanismtermed Internal ReversibleHydrogen
Embritdement (Ref. 126).

2.3.33 [Table] Effectsof heat treatment and exposure
at 1200Finair or hydrogen on roomtempera¬
ture tensile properties.

23.4 Oxidation.Ren£ 41has good oxidation resistance inair
at temperatures up to about 1800Fbut issusceptible to
internaloxidation (Ref. 111).

The oxidationweight gainbehavior of sheet instatic
air is linear at short times butparabolic at longer times,
as shown inFigure23.4.1.The parabolic weight gain
relationship indicates formation of an adherent, pro¬
tective scale. As shown inFigure 23.43, the surface
scale consists of alumina,chromia, and a mixedalu¬
mina-chromia oxide. The internaloxide is alumina.
Nickel and titanium also enter into the reaction prod¬
ucts at longer times and higher temperatures, as indi¬
cated.

23.4.1 [Figure] Oxidationbehavior of sheet at 1600 to
2000F.

23.43 [Figure] Major reactionproducts after air oxi¬
dationat 1600 to 2000F.

The oxidation behavior of fine wire at 1500 to 2000F is
also parabolic,as shown inFigure2.3.43. However,
oxidationof sheet at 2000F under dynamic flow condi¬
tions results inoxide flaking and weight losses, seen in
Figure 2.3.4.4.

23.4.3 [Figure] Weight gainduring furnace oxidation
of wire at 1500to 2000F.

23.4.4 [Figure] Weight change duringdynamic oxi¬
dationof sheet at 1600and 2000F.

The depth of internaloxidation isdiffusioncontrolled
and increases parabolically with time during exposure
at 1600to 2000F, as shown inFigure 23.43.

23.4.5 [Figure] Internaloxidationof sheet at 1600 to
2000F.

Rene 41has good to excellent long term oxidation re¬
sistance at 1500F.As shown inFigure 23.4.6, Ren6 41
shows a metal consumptionby oxidation of about
5 mg/cm2 after 10,000hours cyclic exposure inair at
1500F,comparable to the metal consumption amounts
for other oxidation-resistant superalloys. The scales are
quite adherent and protective for alloys suchas Rene41
which show metalconsumptions of less than 7mg/cm2
inFigure2.3.4.6 (Ref. 127).

2.3.4.6 [Figure] Metal loss due to oxidationafter
10,000hours exposure inair at 1500Ffor Rene
41and other nickel-base superalloys.

Oxidevolatilization occurs during exposure of Ren6 41
inair at 2192F. Analyses of condenseddeposits indicated
that chromium and titanium are lost from the alloy by
oxide volatilization during the first few 8-hour expo¬
sure cycles,but the amount of these elements lost de¬
creases sharply with continuing exposure. Incontrast,
the amount of molybdenuminthe condensed deposit
increaseswith increasing exposure cycles, indicating
that the molybdenum loss rateby oxide volatization
increases with time. The oxidized specimen also exhib¬
itedsubsurface porosity to a depth of 0.02 inchand
considerable graingrowthafter exposure for five
8-hour cycles at 2192F. These data indicate a significant
effect of oxidevolatilizationon the oxidationbehavior
of Ren641at elevated temperatures. The retained scale
after air exposure at 2192F consisted primarily of Cr203
with smaller amounts of spinel andrutile (Ref. 128).
Ceramic coatings are attractive for extending the lifeof
turbine components by reducingmetal temperature.
However,frequent temperature cyclingof zirconia-
yttria thermal barrier coatings over NiCrAlY on Ren6
41 from 1900F to roomtemperature sharply reduces
coating lifeas compared to that observed for sustained
operation at constant temperature (Ref. 129).

Rene41suffers oxidation duringexposures inlow
pressureair such as would be experienced bya thermal
protectionsystem duringShuttle reentry or hypersonic
flight The effective thickness loss,which includes
metal reacted or degradedby surface oxidation, inter¬
naloxidation, or diffusional loss of strengthening pre¬
cipitates, isshown inFigure2.3.4.7 for exposures in
8 torr air at 1400and 1800F.Sheet of 10mils thickness
is satisfactory for service up to 5000 hoursat 1400Fbut
iscompletely degraded inless than 3500 hoursat
1800F.For applications requiring low pressure oxida¬
tion resistance for long times at 1800F,Rene41is less
attractive than other superalloys such as Haynes 188or
TDNiCr(Ref. 130).

23.4.7 [Figure] Effect of oxidation exposure inlow
pressure air on effective thickness loss on thin-
gage alloy at 1400 and 1800F.

2.4 Nuclear Environments
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3. Mechanical Properties

3.1 Specified Mechanical Properties
3.1.1 [Table} AMS specified properties for castings, bars,

forgings, and rings.

3.1.2 [Table] AMS specified properties for sheet, strip, and
plate.

32 Mechanical Properties at RoomTemperature
32.1 Tension Stress-strainDiagramsandTensile Properties.

Carboncontent has littleeffect on the yield strength
of solution annealed and aged alloy, as shown in
Figure32.1.1. Tensile elongation,however,decreases
with decreasing carbon below about 0.08 percent C.
Specified carbon content for Rene41is 0.12 percent
maximum.

32.1.1 [Figure] Effect of carbon content onroom
temperature yield strength and elongation.

Tensile strength inthe solutionannealed condition
decreases and ductility increasesas the annealing
temperature is increasedinthe rage 1900to 2150F for
bothwire and sheet, as shown inFigures 32.12 and
32.13, respectively. Aging to precipitate the strength¬
ening gamma-prime phase causes a substantial
increase inyield strength of sheet but also reduces
ductility, shown inFigure32.1.3. Similar effects are
noted for cast alloy, shown inTable 32.1.4. The yield
strength of solution annealedand aged sheet is highly
dependent onaging time and temperature, as shown
inFigure 32.1.5. Highest yield strength is obtained
after aging for 16hoursat 1400F.Aging also increases
the strength and hardness of melt spunfibers, as seen
inFigure 32.1.6.

32.12 [Figure] Effect of annealing temperature on
roomtemperature tensile properties for
0.002-inch diameter fiber.

32.1.3 [Figure] Effect of solutionanneal time and
temperature with and without double age on
tensile properties of sheet at roomtempera¬
ture.

32.1.4 [Table] Effectof heat treatment on tensile
propertiesof casting.

32.1.5 [Figure] Effect of aging time and temperature
on roomtemperature yield strengthof sheet.

32.1.6 [Figure] Effects of aging time inheliumat
1436F on tensile strength andmicrohardness
of melt spun Rene41 fibers.

The yield and ultimate tensile strengths of solution
annealed sheet are increased significantly and ductil¬
ity isdecreased by cold reduction,as shown inFigure
32.1.7. Aging after cold reductionhas a minor,incon¬
sistent effect on strength. However,solution anneal¬
ingand aging essentially erases the effects of prior
cold reduction.

32.1.7 [Figure] Effect of cold reductionby shear
forming on roomtemperature tensile proper¬
ties.

The strength properties of wire andbar are also
increasedby cold work, shown inFigure32.1.8 and
Table 32.1.9, respectively.

32.1.8 [Figure] Effect of cold reductionon ultimate
and yield strength of fiber initially 0.002-inch
diameter.

32.1.9 [Table] Effect of cold reductionby fluid extru¬
sion on tensile propertiesof bar tested under
normalatmospheric temperature and pres¬
sure.

Exposure of heat treated sheet for up to 30,000 hours
at 550 or 650F under various conditions of stress had
nosignificant effect onsubsequent tensile properties,
as showninFigure32.1.10. However,exposure of
sheet or wire for times of several minutes to 100hours
at temperatures of 1500 to 2000F resultedinreduced
tensile properties,as shown inFigure32.1.11and
32.1.12, respectively.

32.1.10 [Figure] Effect of exposure time and tempera¬
ture simulating supersonic transport condi¬
tions on roomtemperature tensile properties.

32.1.11 [Figure] Effect of high temperature exposure
on roomtemperature tensile properties.

32.1.12 [Figure] Effect of temperature and exposure
time on tensile strength and ductility of 1-mil
wire.

322 CompressionStress-strain Diagramsand Compres¬
sion Properties.

32.3 Impact. Impact energy is substantially higher for
material water quenched after solution annealing
than for material cooled at lower rates. Materialswith
carbon contents of 0.08 and0.12 percent have higher
impact energies than material with a carbon content
of 0.02 percent,as shown inFigure 32.3.1

322.1 [Figure] Effect of cooling rate after solution
treatment on roomtemperature impact en¬
ergy for three heats of differingcarbon con¬
tent.

32.4 Bending.
32.5 Torsion and Shear. Thermal exposure for 10 to 1000

hours at temperatures of 1400 to 1900Freduces shear
strength, as shown inFigure 32.5.1. Cold reductions
up to 60 percent either before or after solution anneal¬
inghave littleeffect on shear strength, seen inFigure
32.52.

32.5.1 [Figure] Effectof time and temperature of ex¬

posure on shear strength of sheet at room
temperature.

32.52 [Figure] Effectof cold reductionby shear
forming onroomtemperature shear strength.
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32.6 Bearing. Thermal exposure for 10to 1000hours at
1200 to 1800Freduces bearing strength, as shown in
Figure 3.2.6.1.

32.6.1 [Figure] Effect of time and temperature of
exposure on bearing strength of sheet at
roomtemperature.

32.7 Stress Concentration.

32.7.1 Notchproperties.The notchstrength ratios
and ductilities for 20 percent and 35 percent
cold rolledsheet are reducedmoderately on
heat treating at 1400F,as shown inFigures
32.7.1.1 and 32.7.12. The notchstrength
properties are greatly reducedon testing in
10ksihydrogenbutnot inhydrogen-con¬
taminatedhelium,shown inFigure 32.7.1.3.

32.7.1.1 [Figure] Effect of heat treatment on
roomtemperature smooth and
sharp notchtensilepropertiesof 20
percent cold rolledsheet.

32.7.12 [Figure] Effect of heat treatment on
room temperature smooth and
sharp notchtensile propertiesof 35
percent cold rolledsheet.

32.7.13 [Table] Effect of highpressure hy¬
drogen and of hydrogen-contami¬
natedheliumonembrittlement of
smooth andnotchedbars.

32.72 Fracture toughness.

32.8 Combined Loading.

33 MechanicalProperties at Various Tempera¬
tures

33.1 Tension Stress-strain DiagramsandTensile Proper¬
ties.
Tensile stress-strain diagrams for solution annealed
and aged alloy are largely independent of strain rate
at temperatures of 12OOF andbelowbutbecome
increasingly rate-dependent with increasing tempera¬
ture above 1200F.Noyield points are exhibited at
temperatures from -423 to 2000F, as showninFigures
33.1.1and 3.3.12

33.1.1 [Figure] Stress-strain curves of bar at room
and low temperatures.

33.12 [Figure] Stress-strain curves at roomand
elevated temperatures for various sheet
thicknesses and strain rates.

The tensile properties of solution annealed and aged
sheet andplate as determined at several different
laboratories are shown inFigures33.1.3 and 33.1.4.
The strength properties are essentially identicalup to
2000F for aging temperatures of 1400and 1650F. A
ductility minimum exists at 1400 to 1600Ffor the
1400F-agedmaterial. The lack of any apparent effect

of aging temperature is attributed to data scatter.
More detailed data from a single study presented
earlier (Figure 32.1.5) indicated rather strongly that
1400Faging produces material with higher strength
properties than 1650F.

33.1.3 [Figure] Tensile properties from -420 to 2000F
of sheet and plate aged at 1400Fafter solution
treatment, showing scatterband for numerous
lots tested at several laboratories.

3.3.1.4 [Figure] Tensile properties from 70 to 2200F
of sheet and plateaged at 1650Fafter solution
treatment, showing scatterband for numerous
lots tested at several laboratories.

The low temperature longitudinal and transverse
tensile properties of solutionannealed and solution
annealed plus aged sheet horn several different stud¬
ies are presented inFigures3.3.1.5 through33.1.11.
Strengthvalues increase continuously andsubstan¬
tially with reductionintest temperature. Elongations
and reductioninarea decrease particularly at tem¬
peratures below -100F. Ultimatestrengths are higher
andyield strengths are lower for the longitudinal
than for the transverse direction for bothheat treat
conditions. Ductilities are similar inboth directions.
(Results presented later inFigure3.3.1.19 indicate that
boththe tensile andyield strengths are higher inthe
longitudinal than inthe transverse direction, slightly
different from foe data presentedhere.)

33.13 [Figure] Effect of low test temperature on
longitudinal tensile strength of sheet andbar.

33.1.6 [Figure] Effect of low test temperature on
longitudinal yield strength of sheet andbar.

33.1.7 [Figure] Effect of low test temperature on
longitudinal elongationof sheet andbar.

3.3.1.8 [Figure] Effect of low test temperature on
reductioninarea of bar.

3.3.1.9 [Figure] Effect of low test temperature on
transverse tensile strength of sheet

33.1.10 [Figure] Effect of low test temperature on
transverse yieldstrength of sheet.

33.1.11 [Figure] Effect of low test temperature on
transverse elongation of sheet

The yield strength of aged material increases with
increasingprior cold work at roomtemperature but
not at 1400F. Solution annealingandaging subse¬
quent to cold rolling eliminates the effects of cold
rolling,as shown inFigure33.1.12 (Similar effects at
roomtemperature are shown inFigure 321.8.)

33.1.12 [Figure] Effect of cold work and heat treat¬
menton tensile propertiesof sheet at room
temperature and 1400F.

The tensileproperties of form-rolled material infoe
as-rolled conditionat temperatures up to 1650F,
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shown inFigure3.3.1.13, are similar to those observed
insolution annealed and aged material,shown in
Figures 3.3.1.3 and 3.3.1.4.

3.3.1.13 [Figure] Tensile properties from room tem¬
perature to 1700Fof specimens from form-
rolled T-section.

The strength levelof cast alloy at 1200F,showninFig¬
ure3.3.1.14, isat the lower edge of the scatter band or
less than that of solutionannealed and aged material,
seen inFigures 3.3.1.3 and 3.3.1.4, and decreases with
increasinggrain size.
Ductilitiesare also lower for cast alloy than for
wrought heat treated alloy.

3.3.1.14 [Figure] Effect of grain size on tensile proper¬
ties of as-cast alloy at 1200F.

Sheet fabricated frompowder metallurgy bar has
good tensile strengthproperties at roomtemperature
and 1400F,shown inTable 3.3.1.15. These strengths
are comparable to or higher than those shown inFig¬
ures 3.3.1.3 and 33.1.4 for melted and wrought alloy.

33.1.15 [Table] Properties at roomtemperature and
1400Fof sheet producedfrom powder bar.

The effect of strain rate on tensile propertiesof heat
treated alloy at temperatures up to 2000F is shown in
Figure 3.3.1.16. Noeffect of strain rate is apparent at

temperatures below 1400 to 1600F. Above this tem¬

perature range,strength decreases with decreasing
strain rate as temperature-dependent deformation
processes become rate-controlling. A minimumin
ductility is apparent at 1600F,as also noted above in
Figure 3.3.1.3.

33.1.16 [Figure] Effect of strainrateand test tempera¬
ture on tensile properties of sheet

Prior thermal exposure at temperatures up to 1500F
has no significant effect on tensile properties,but ex¬
posure at higher temperatures isweakening. For cold
rolledand annealed sheet, exposures for times as long
as 30,000hours at 550 or 650F undervarious stress

conditions hasnosignificant effect on tensile proper¬
ties at the exposure temperature, as shown inFigures
3.3.1.17 and 33.1.18. Similarly,no significant effect of
1000-hour exposures at 650 or 1000Fisapparent on
tensile propertiesat temperatures up to 1200F,seen in
Figure 33.1.19. Short-time exposures of up to 8 min¬
utesat 1500Fhave noeffect on tensile strength of wire
at that temperature,but similar exposures at 1800and
2000F significantly reduce the subsequent tensile
strengths, shown inFigure3.3.1.20. Stressed cyclic ex¬
posures at 1600and 1800Funder conditions simulat¬
ing Shuttle operating conditions reduce the tensile
strengths at temperatures from room temperature to
1800F,as shown inFigure 33.131.

33.1.17 [Figure] Tensile propertiesat 550F after expo¬
sure to stress and temperature or to tempera¬
ture alone at 550F.

33.1.18 [Figure] Tensile properties at 650F after expo¬
sure to stress and temperature or to tempera¬
ture alone at 650F.

33.1.19 [Figure] Effect of test temperature on tensile
properties of cold worked and aged sheet
with andwithout prior exposure to stress and
temperature.

33.130 [Figure] Effect of exposure time prior to load¬
ingon tensile strength and elongationof 0.5-
and 1-milwire at 1500to 2000F.

3.3.1.21 [Figure] Effect of exposure to 100 cycles at
simulated space shuttle conditions on tensile
strength at temperatures to 1800F.

333 Compression Stress-strainDiagrams and Compres¬
sion Properties.Strain rate affects the compressive
stress-strain diagrams, shown inFigure 3.33.1for heat
treated alloy, insimilar manner as for tensile stress-
strain diagrams (Figure 3.3.1.2). Strain rate has little
effect at 1200Fandbelow. However,at 1600 to 2000F,
the flow stress decreases with decreasing strain rate.
Compressive yield stresses, shown inFigure3.333,
vary similarly with strain rate and temperature.

333.1 [Figure] Compressive stress-strain curves at
roomand elevated temperatures at several
strain rates.

3333 [Figure] Effect of strain rateon compressive
yield strength of sheet at roomand elevated
temperatures.

Prior exposure at 1400 or 1600Freduces the compres¬
sive yield strength of heat treated alloy at the same
temperature, as shown inFigure 3.33.3. However,no
effect of prior exposure at the test temperature is
noted at roomtemperature to 1200F.

333.3 [Figure] Effect of exposure time at test tem¬
perature on compressive yield strength at
roomand elevated temperatures.

33.3 Impact.The data shown inFigures 3.3.3.1 and 3.3.33
indicate a substantial difference inimpact energy at
the common test temperature of 70F. This difference
may reflect variations inheat treatment conditions or
inspecimen configuration (V-notchCharpy versus
pre-cracked Charpy). A maximum inimpact energy is
observed at about 1000F.

33.3.1 [Figure] Effect of low test temperature on
Charpy-V impact energy of bar.

3.333 [Figure] Effect of cooling rate from solution
temperature on impact energy at room and
elevated temperatures.

33.4 Bending.

333 Torsion and Shear. Insimilar fashion to the compres¬
sive yield strength (Figure 3.33.3), the shear strength
at roomtemperature to 1200Fis essentially unaffected
by prior exposure at the test temperature. However,
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at test temperatures of 1400and 1600F,prior expo¬
sures of 0.5 to 1000hours progressively decrease the
shear strength,as shown inFigure 3.3.5.1.

33.5.1 [Figure] Effect of exposure time at test tem¬
peratureon shear strength of sheet at room
and elevated temperature.

33.6 Bearing. The bearing strength of heat treated alloy
sheet decreases gradually with increasing tempera¬
ture up to about 1400Fbut more rapidly at higher
temperatures, as shown in Figures 3.3.6.1and 3.3.63.
Test orientation with respect to rollingdirection has
nosignificant effect on bearing strength. Similar ef¬
fects of test temperature are observed for heat treated
plate,as shown inFigure3.3.63.

33.6.1 [Figure] Effect of test temperature and test
directiononbearingstrength of 0.040-inch
sheet for e/D = 13.

33.6-2 [Figure] Effect of test temperature and test
directiononbearingstrength of 0.040-inch
sheet for e/D =2.0.

3.3.63 [Figure] Effect of test temperature on bearing
strength of plate for e/D = 1.5 and 2.0.

Prior exposure for 0.5 to 1000hours at the test
temperature decreases bearingyield and ultimate
strengths of sheet at temperatures above 1200F,as
shown inFigure 33.6.4.Thisbehavior is similar to
that shown above for compressive strength(Figure
3.3.2.3) and shear strength (Figure 3.3.5.1).

33.6.4 [Figure] Effect of test temperature and expo¬
sure time at test temperature on bearing
strength of 0.040-inchsheet

3.3.7 Stress Concentration.

3.3.7.1 Notchproperties.The notchstrength of Rene
41 is highly dependent onnotch acuity. The
notchstrength is also affected bybut less de¬
pendent on temperature, strain rate,and met¬
allurgical conditionof the material.As shown
inFigure33.7.1.1, the notchstrength ratio for
cold rolledand aged sheet tends to increase
slightly as the stress concentration factor is
increased to about 3 but decreases signifi¬
cantly with further increases innotch sharp¬
ness. This behavior occurs from at least room
temperature to lOOOF. Fully heat treated bar
exhibits somewhat different behavior,with
notch strength ratios at 1000F of well above
unity for stress concentration factors of about
3 and6, as shown inFigure33.7.13. How¬
ever,sharply notched sheet inthe fully heat
treated conditionhasa notch strength ratioof
muchless than 1,indicatedby the low notch
strength compared to the ultimatestrength in
Figure 33.7.13.

33.7.1.1 [Figure] Effect of notchacuity on
notchstrength ratio of cold rolled
and aged sheet at roomand
elevated temperatures.

33.7.1.2 [Figure] Effect of stress concentra¬
tion onnotchstrength ratio at 1000F
for forged bar.

33.7.1.3 [Figure] Effectof elevated test tem¬
peratures on sharp notchstrength
of sheet.

At low temperatures, strain rate has little ef¬
fect on notchstrengthat stress concentration
factors of less than about 3,as shown inFig¬
ure3.3.7.1.4. However, the notch strength is
significantly reducedat a fast loadingrate of
8 ipmfor more sharply notchedconfigura¬
tions.

33.7.1.4 [Figure] Effect of low temperatures,
loadingratesand stress concentra¬
tion factors onnotchstrengthof
0.062-inchsheet in fully heat treated
condition.

Prior exposure of notched sheet with a K,of
3.1has little effect onthe notch strength ratio,
as shown inFigure 3.3.7.13. However,
sharply notchedmaterial (Kÿ > 20) is moder¬
ately degraded by prior 1000-hour exposures
at 650 and 1000F,as shown inFigure33.7.1.6.

3.3.7.1.5 [Figure] Effect of elevated tempera¬
tures and exposure time at test tem¬
peratureon tensile strength and
notchstrength ratio of 0.05-inch
sheet infully heat treated condition.

33.7.1.6 [Figure] Effect of elevated tempera¬
ture onnotchstrengthandnotch
strength ratioof coldworked and
aged sheet with and without expo¬
sure to stress andtemperature.

The crack strengthof center-cracked sheet
decreases faster with increasingratio of crack
length to sheet width at -109F thanat 550F,
suggesting greater embrittlement at low tem¬
peratures,as shown inFigure 3.3.7.1.7. The
crack strength is equal to or greater than that
yield strength at roomtemperature to 1600F
for solution annealed and aged sheet, as
shown inFigure 3.3.7.1.8. However,for cold
rolled and aged sheet, the crack strength is
much lower than the yield strengthup to
1200F,as shown inFigure3.3.7.1.9. This com¬
parisonmay indicateda greater crack sensi¬
tivity inthe cold-rolled-plus-aged condition
or may reflect the difference inspecimen size.
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3.3.7.1.7 [Figure] Crack strength of solution
treated andaged sheet at -109, 70
and 550F.

3.3.7.1.8 [Figure] Effect of elevated tempera¬
tures oncrack strength of fully heat
treated 0.082-inch sheet

3.3.7.1.9 [Figure] Effect of test temperature
on crack strength and yield strength
of 0.025-inch sheet incold rolled
and aged condition.

33.72 Fracture toughness.

33.8 Combined Loading.

3.4 Creep and Creep Rupture Properties
The creep ruptureproperties at 1200 to 1800F for solu¬
tion annealed and aged sheet, bar,and forgings are
shown inFigures3.4.1, 3.4.2, and 3.4.3, respectively.
These data show relatively good agreement for the
rupturebehavior among the various product forms,
particularly considering that several different labora¬
tories are represented.

3.4.1 [Figure] Creep ruptureproperties from 1200 to 1800F
of a wide range of thicknesses of sheet and plate,
tested at several laboratories.

3.4.2 [Figure] Creep ruptureproperties for bar from 1200 to
1650F.

3.4.3 [Figure] Creep ruptureproperties from 1000 to 1800F
of bars, forgings, and billet tested at several laborato¬
ries.
The creep rate and rupture lifebehavior of sheet at
800 to 1200F,shown inFigures3.4.4,3.4.5, and 3.4.6,
indicates a modest strength advantage for the solu¬
tion treated pluscold rolledplus aged conditionover
the solution treated plusaged conditionat 800 and
1000Fbutnotat 1200F.

3.4.4 [Figure] Effects of stress and temperature onmini¬
mumcreep rate of cold rolled and aged sheet.

3.4.5 [Figure] Effectsof stress and temperature on mini¬
mum creep rateof fully heat treated sheet.

3.4.6 [Figure] Creep rupturecurves at 1000and 1200 for
sheet intwo conditions.
Cooling rate after solution annealing affects the short
time rupture strength of solution annealed and aged
plate,as shown inFigure 3.4.7. A highcooling rate of
150F/minute results inhigher rupture strength at

1400F than slower cooling rates of 20 or 75F/minute.

3.4.7 [Figure] Effectof cooling rate from solution treatment
temperature on creep rupturepropertiesof plate at
1400F.
A size effect isobserved inthe short time rupture be¬
havior of wire at 1500to 2000F, as showninFigure
3.4.8. Higher rupturestrengths are obtained with
larger wire diameters inthe range 0.5 to 10mil.

3.4.8 [Figure] Short time creep rupturecurves of 0.5- to
10-milwire from 1500 to 2000F.
The rupturestrength at 1000 and 1200Fis less for
sharp notched sheet, shown inFigure3.4.9, than for
smooth sheet, shown above inFigure3.4.6.

3.4.9 [Figure] Creep-rupture curves for sharp notched
sheet inannealed and incold rolledand aged condi¬
tions.

3.5 Fatigue Properties
33.1 Conventional High-cycle Fatigue. The axial high-cycle

fatigue (HCF) behavior of sheet at room temperature
to 1600F and rotatingbeamfatigue behavior of bar at
roomtemperature are shown inFigures3.5.1.1and
35.1.2.

35.1.1 [Figure] Axial fatigue behavior of sheet at
roomandelevated temperatures.

3.5.12 [Figure] Rotatingbeambending fatigue
behavior of bar at room temperature.

The effects of R ratio and notch acuity on axial HCF at
roomtemperature, 1200,and 1600F are shown in
Figures35.1.3, 3.5.1.4, and 3.5.15,respectively. The
fatigue strength decreases with decreasing R ratio
(from1/3 to -1) andwith increasingnotchacuity
(K,from 1to 5) at all 3 temperatures. The fatigue
Strength for a givennotchsharpness and R ratio also
decreases with increasingtemperature insimilar
manner as shown above for unnotched sheet inFig¬
ure 35.1.1. Data from another study also illustrate the
decrease in fatigue strengthwith increasingnotch
acuity at roomtemperature, seen inFigure35.1.6.

35.1.3 [Figure] Effects of notches and R ratioon
axial fatigue behavior of bar at roomtem¬
perature.

35.1.4 [Figure] Effectsof notches and R ratio on
axial fatigue behavior of bar at 1200F.

35.1.5 [Figure] Effects of notches and R ratioon
axial fatigue behavior of bar at 1600F.

35.1.6 [Figure] Effect of stress concentration factor
on fatigue limit at 107cycles for forged tur¬
bine wheel specimen at 1000F.

The rotatingbeam HCFbehavior of electroslag re-
meltedalloy isshown inFigures 35.1.7 and 3.5.1.8.

35.1.7 [Figure] Rotatingbeam fatigue behavior at

roomandelevated temperatures of plate fab¬
ricated from a DC electroslag remelted ingot.

35.1.8 [Figure] Rotatingbeam fatigue behavior at
1400F of plate fabricated from anAC
electroslag remeltedingot.

Improvingsurface smoothness by chemical millingor
electropolishing affects a modest increase inHCF
strength, as shown inFigures 3.5.1.9 and 3.5.1.10.
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3.5.1.9 [Figure] Effects of chemical millingonaxial
fatigue behavior of sheet at roomtempera¬
ture.

3.5.1.10 [Figure] Effect of electro-discharge machining
and electropolishing on axial fatigue behavior
of smooth and notchedbar at roomtempera¬
ture.

Reductioninthe HCFstrength isobserved for sheet
when spot-welded as seen inFigure 3.5.1.11, and for
foil when exposed to cyclic oxidation at 1800 and
2000F as shown inFigure3.5.1.12.

3.5.1.11 [Figure] Effect of spot welds simulatingweld-
able strain gages on axial fatigue behavior of
sheet at 70 and 1500F.

3.5.1.12 [Figure] Axial fatigue properties of foil at
roomtemperature after exposure to oxidation
at 1800or 2000F.

Strain range diagrams for axial fatigue of sheet and
bar are shown inFigures 3.5.1.13 and 3.5.1.14, respec¬
tively.

3.5.1.13 [Figure] Stress range diagram for axial fatigue
of sheet at roomtemperature and 1400F.

3.5.1.14 [Figure] Stress range diagrams for axial fatigue
of bar at roomand elevated temperatures.

Increases of as muchas 50 percent inendurance limit
(stress limit for fatigue lifeof at least 107,cycles) can
beproducedby grinding,milling,or turning opera¬
tions under conditions which introducea highsurface
compressive stress inthe material (e.g., gentle grind¬
ing). Incontrast, operations under conditionswhich
cause a surface tensile stress (e.g.,abusive grinding)
produce lower endurance limits (Ref. 131).

3.5.2 Low-cycle Fatigue.Holdtimes of 1to 24 minutesat
the maximumstrainprogressively decrease the low-
cycle fatigue lifeat1400F,as shown inFigure3.5.2.1

3.5.2.1 [Figure] Effect of hold-time at peakstrainon
low-cycle fatigue behavior at 1400F.

3.5.3 FatigueCrack Propagation. Fatiguecrack propagation
ratesat roomtemperature and llOOF are drown in
Figure 3.53.1. The rates at llOOF are two-foldor more
greater than those at roomtemperature. Increasing
the stress ratioR also increases the crack growth rates,
but frequency effects are not significant inthe range
1to25 hertz (Ref. 124).

33.3.1 [Figure] Effects of temperature, stress ratio,
and frequency on low-cycle fatigue crack
growth rates of forged alloy inair.

3.6 Elastic Properties
3.6.1 Poisson's Ratio,031(Ref. 6).

3.63 Modulus of Elasticity.

3.63.1 [Figure] Tensile modulusof elasticity at room
and elevated temperatures.

3.63.2 [Figure] Compressive modulus of elasticity at
roomand elevated temperatures.

3.6.3 Modulusof Rigidity.

3.6.3.1 [Figure] Modulusof rigidity at roomand
elevated temperatures.

3.6.4 Tangent Modulus.

3.6.4.1 [Figure] Tangent moduluscurves incompres¬
sion for various test temperatures and expo¬
sure times.

3.6.5 Secant Modulus.

4. Fabrication

4.1 Forming
Rene41canbe forged with some difficulty using
starting temperatures of 2125 to2150F (maximum)
and finishing at 1850to 1950F.The alloy canbe
formed readily inthe solution heated and rapid
cooled condition (1950 to HOOF in4 seconds or less).
Slow coolingafter solution treating results insome
age hardening,which adversely affects formability
(Ref. 111). Highrolling temperatures (2150F) with
lightreductions (2 to 3 percent) can cause deleterious
carbideprecipitation and reduced formability. Rolling
temperatures shouldbekept at 2100F or lower,with
final reductions of at least 10to 15percent (Ref. 145).

43 Machiningand Grinding
Rene41isdifficult to machine. Low speeds and mod¬
erate to heavy depths of cut shouldbe used.Material
to bemachinedshouldbeinthe solution treated and
fully aged condition (Ref. 111).Sawing and drilling
are moredifficult than Inconel 718 due to the high
work-hardening rateof the material.However,grind¬
ingdoes not appear to be exceptionally difficult
(Ref. 113).

43 Joining
43.1 Fusionwelding. A primary probleminthe weld fabri¬

cationof Rene41hardware is cracking inthe heat
affected zone andbase metalduringpost-weldheat
treatment. Cracks ranging insize from microscopic to
several inches inlength can develop during this heat
treatment, which usually consists of a solution anneal
followed by aging. This phenomenon iscommonly
referred to as strain-age cracking (SAC) and is related
to precipitation of the gamma-prime phase.The pre¬
cipitationreaction, which occurs at 1400 to 1650F,
strengthens the matrix but reduces the overall ductil¬
ity.Maximumthermal stresses also occur inthis tem¬
perature range. These factors can combine to result in
severe crackingwhen residualwelding stresses are
also present (Refs. 113,132).
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The susceptibility to weld cracking ingamma-prime
strengthened superalloys is related to the combined
titanium plus aluminum content, the elements which
form the gamma-prime phase,as indicated inFigure
43.1.1. Alloys with low titanium plus aluminum con¬
tent, shownbelow the dashed line,are readily weld-
able. However,as the combined titanium plus
aluminumis increased,welding becomes more diffi¬
cult. Rene41 isseen to be borderline;it can bejoined
by fusion weldingwith relatively littledifficulty but
sometimes cracks duringpost-weldheat treatment
(Ref. 133).

4.3.1.1 [Figure] Weldability of gamma-prime
strengthened superalloys.

Differentheatsof Rene41vary intheir susceptibility
to SAC,probably due to minor chemistry differences
(Refs. 75, 76, 78). A statistical study of cracking based
onanalyses of 30heats indicated that silicon pro¬
motes SAC susceptibility,while carbon and, to a
lesser extent,boronreduce SAC (Ref. 134).
Inaddition to chemistry,SAC isaffected by the
amount of weld restraint. Highly restrainedwelds are
more likely to crack than unrestrainedwelds. For this
reason, the use of Rene 41 is generally avoided in
large,welded, highly restrained components.
Post-weldmechanical properties and the susceptibil¬
ity to SAC are affected by heat treatment prior to
welding. As shown inFigures4.3.13 and4.3.1.3, sheet
which hadbeensolution annealed only prior to GTA
welding has lower strengthbut substantially better
ductility than GTA-weldedsheet which hadbeenpre¬
viously solution annealed plus aged. The former con¬
dition is better suited for welding, since the higher
ductility reduces the possibility of SAC (Refs. 60, 111).

43.1.2 (Figure) Tensile propertiesat roomand low
temperature of solution treated sheet with
and without GTA weld.

43.1.3 [Figure] Tensile properties at roomand low
temperature of solution treated and aged
sheet with and without GTA weld.

Strain-age cracking in Rene41 ishighly dependent on
the rateof heating through the temperature range
1100to 1800Fduringpost-weldheattreatment Gamma-
primeprecipitationand associated cracking are pro¬
motedby slow heating rates.The time-temperature
relationshipsfor SAC as determinedby heat treatment
of circular weld patches inRene 41 are shown in
Figure 4.3.1.4. These high-restraint welds showed
cracking inas short as 4 minutes for heats sensitive to
SAC and as longas 45 minutes for crack-resistant
heats (Ref. 133).

43.1.4 [Figure] Time-temperature relationships for
isothermalstrain-age weld cracking incrack-
sensitive and crack-resistant heats of Rene41.

Another effective means of reducingweld cracking is
to overage after solution annealing before welding.
This treatment alsoproduces a ductile base material
which isbetter able to absorb the residualwelding
stresses than standard solution annealed plusaged
material.The overaging heat treatment consists of an¬
nealing at 1975Ffor 0.5 hour followed by slow cooling
and holding for 4 hoursat 1800and 1600Fand 16
hours at 1400F. This treatment shifts the nose of the
"C" curve inFigure43.1.4 (see discussion above)
from about 4 to greater than 500 minutes
(Refs. 133, 135).

Strain-age cracking can also bealleviatedby a re-solu¬
tion anneal followed by aging rather as opposed to
only aging after welding. However,post-weldsolu¬
tion annealing temperatures should bekept below
2000F to prevent subsequent formation of a MÿCg
carbide network which also reduces ductility
(Ref. 145).

Other factors which are beneficial inreducingSAC of
Rene41include thorough cleaning before welding
and exclusion of oxygen from the heat treatingatmo¬
sphere. However,except under marginal restraint
conditions, the use of an oxygen-free furnace atmo¬
sphere isnotby itself sufficient for completely elimi¬
natingpost-weldheat treat cracking (Ref. 136).The
weld area should also bekept cool bymeans of cop¬
per back-up bars or water cooled fixtures (Ref. 111).
Followingthe torch with a water spray reduces the
hardness and produces maximumductility in the
weld andweld affected zones. Nopreheat is used for
welding.
A second problem, termed microfissuring,can also
occur during welding of Rene 41. Microfissuring is
due to partial liquefaction of the alloy duringwelding
and occurs mainly at the weld rootwhere shrinkage
stresses are encountered. This problemcan be
avoided by using a moreductile material, such as
Hastelloy W, for the root passes when joining the
alloy with itself or other age hardenable nickel base
alloys (Refs. 33,34,113).
Rene41 canbe successfully welded inheavy sections
by electron beam welding (Ref. 74).

433 Brazing. Brazingisa feasible method for fabrication
of Rene 41 intocomplex structures such as light¬
weight honeycomb sandwichs for space transporta¬
tion systems andadvancedhighspeed aircraft A
modifiedbraze alloy based onAMI930 (Ni-22.5Mn -
7.5Si - 53Cu- 0.01A1) canbe brazedwhile solution
treating and aging Rene41. Good mechanical proper¬
ties are obtained inboth the base and braze materials
(Refs. 137,138).

Several Rene 41/braze alloy combinations have excel¬
lent resistance to thermal fatigue. Brazes of AM1-100
(Ni - 19Cr - lOSi - 3Fe - 03Co - 0.5Mn- 0.15Q,AMI-
300 (Ni- 193Cr- 9.5Si - 9.5Mn- 23Fe - 0.10Q,and
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Palniro 1(50Au- 25Ni - 25Pd) were applied as over¬
lays onto the radius of single-edge-wedge thermal
fatigue specimens and survived 7,000 cycles (4minute
heating influidized bedat 1364Fplus4 minutecool¬
inginfluidized bedat 77F) with nocracking. Similar
specimens with Rene 41 foil brazedonto the radii sur¬
vived 11,000 cycles with no cracking.Specimens butt-
brazed together at mid-sectionsurvived 11,000cycles
when brazedwith AMI-100 or Palniro 1,but failed by
separation after 3,000 cycles when brazed with AMI-
300 (Ref. 139).

Other suitable alloys for vacuum brazinginclude
Ni- 33Cr - 24Pd - 4Si and Ni- Mn- Si -Cu-Misch
meted. Bothof these alloys provideexcellent wetting
and flow characteristics on Ren£ 41and can join 0.015-
inchthick materialwithout erosion or embrittling
efferts. The optimumbrazing temperatures are 2150F
for Ni- Cr - Pd- Si and 1975F for tire Mischmetal
braze alloy (Ref. 140).

43.3 Resistance welding. Rene 41canbejoined by resis¬
tance welding (Ref. Ill)

4.4 Surface Treating
Rene41 isnot subject to embrittlement by hydrogen
from cleaning,pickling,or electroplating treatments
(Ref. 95).

Table 1.3.1 AMS specifications (Refs. 1-4, 77)

a ST— Solution treated at 1975F.
STA — Solution treated at 1975F + aged at 1400Ffor 16 hours.

Alloy RenS41

AMS Specification Product Form3

5399C Investment castings

5545C Sheet, strip, plate (ST)

5712F Bars, forglngs, rings (ST)

5713F Bars, forgings, rings (STA)

MOOD Welding wire
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Table 1.4.1 AMS specified compositions (Refs. 1-4, 77)

AQoy Ren£41

AMS Specification 53998 5545C 5712F, 5713F 5800D

Element
Percent Percent Percent Percent

Mir Max Min Max Mln Max Mln Max

Chtnvn 18.00 20.00 18.00 20.00 18.00 20.00 18.00 20.00

Cobalt 10.00 12.00 10.00 12.00 10.00 12.00 10.00 12.00

Molybdenum 9.00 1050 9.00 1050 9.00 1050 9.00 1050

lion — 5.00 — 5.00 — 5.00 — 5.00

Tilanium 3.00 3.30 3.00 3.30 3.00 3.30 3.00 3.30.

ntlTtUTI 1.40 1.80 1.40 1.60 1.40 1.80 1.40 1.60

Carbon o.os 0.12 — 0.12 — 0.12 — 0.12

Boron 0.003 0.010 0.003 0.010 0.003 0.010 0.003 0.010

Sfficon — 0.50 — 0.50 — 0.50 — 0.50

Manganese
_

0.50 — 0.10 — 0.10 — 0.10

Sulfur — 0.015 — 0.015 — 0.015 — 0.015

Phosphorus — 0.015 — — — — — —
Copper - — — 0.50 — — — —

I 1 — — — — — 0.0005 — —
Brsnutti — — — — — 0.00003 — —

Selenium — — — — — 0.0003 — —
Mctel balance balance balance balance
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Table 1.5.1 Time recommendations for heating and
quenching various thicknesses of Rene 41 (Refs. 47, 49)

Form All forms, thicknesses as Mealed

MaterialThickness
(In.)

HeldTime
(mln.)

Maximum
Quench Delay

(see.)

Annealing 2025 ±25F,WQ

£0.039 4±1 5

0.040 - 0.099 6±1 5

0.100 - 0249 1212 5

0.250 - 0.499 20±4 7

0.500 - 0.749 30±5 7

0.750-1.000 40± 5 7

Solution Treatment 1975± 25F, WQ

£0.059 10±2 5

0.060 - 0.249 15±3 5

0.250 - 0.449 20 ±4 7

0.500 - 0.999 30±5 7

1.0-1.99 50±5 7

2.0 - 3.0 7015 7
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- 25

8
m
U

5 20
CO
c
"E

I15

i
u

S 10

Rene 41, St
0.07-in. fliit
1975F.WQ

teel .
•kness

a
D
E
ÿe

40

30

20

I10

Ren6 41, Bar
0.25-in. slices

O A v ST

• a ÿ ST + 1400F, 16 hr

• O WQ
A A OQ

ÿ

A

T V
ft

AC

"——— ft
ÿ— i

c

1950 2000 2050 2100 2150

Solution Treat Temperature (F)

Fig. 1.6.1 Effect of solution treating temperature
and cooling methodonhardness of bar (Ref. 3)

s
£

Rene 41. Sheet
0.040-in. thickness
1975F, 0,5 hr, WQ + 1400F, 16 hr

Exposure temperature

0.2 0.5 1.0 5 10 50 100

Exposure Time (hr)

Fig. 1.63 Effect of high temperature exposure on room
temperature hardness (Ref. 62)

5 10 15 20

Time Osier Before Water Quenching (sec)

25

Fig.1.63 Effect of delay before quenching on hard¬
ness of sheet (Ref. 47)
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48

S 40

S 32

24

16

Rend 41, Sheet
0.05-in. thickness
ST 1950F, 30 min., AC

I -
Exposure
0 average of 0.5

• 0.5 hr
a 10 hr
ÿ 100 hr
ÿ 1000 hr

age 14001

:o 1000 hr

.16 hr, AC

400 800 1200

Temperature (F)

1600

Fig. 1.6.4 Hardness at roomand elevated
temperatures for various exposure times
(Refs. 29, 85-69)
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35
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25
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5 hr, WC

5

+ 1400F 16 hr

I t I I I
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A A 1600F 1; 100 hr
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ÿ bob 1700F 0-2; 1; 10; 100 hr
x 1750F 1hr
04> O ÿ 1800F 0.2; 1; 3; 24 hr

-—"(5
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c Ptu
>

o o

nari,(W s<fiK l

%
-p

100 120 140 160 180

Ylald, F(jor Tensile, Fte Strength (kxl) at Roam Temperature

200 220

Fig.1.6.5 Relationbetween hardness and tensile or yield strength at roomtemperature after
hightemperature exposure (Ref. 62)
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X

Heating Eiposure

Fig.2.12.1 Minor phase concentration for alloy after
heating for various times and temperatures (Ref. 61)

Rene 41 I I I I I
2150F, 2 hr + aged 5000 hr at temperature indicated
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• Mu
V MgC
V MgjCg
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Veiy
Abundant

Abundant
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Very
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1300 1400 1500 1600 1700 1800 1900 2000 2100

Aging Temperature (F)

Fig.2.1.2.2 Minor phase concentration for alloy after
5000 hour exposure at 1400 to 2200F (Ref. 109)
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Fig.2.12.3 Complex carbide-forming tendency
innickel-base alloys (Ref. 52)
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Fig.2.1.3.1 Thermal conductivity (Refs. 5, 8, 19)
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Fig.2.1.4.1 Mean coefficient of linear thermal expansion
(Refs.9, 19,55, 141)
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&
0.16
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0.08

Rend 41
Specific heat

(19)

•(8)
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Temperature (F)

Fig.2.1-5.1 Specific heat (Refs. 8, 19)

RenS 41 | |
Solution treated to hardness of Rc 40 and

average grain size of 0.022 mm

-500 -400 -300 -200 -100 0 100

Temperature (F)

Fig.2.2.2.1 Low temperature resistivity (Ref. 106)

Table 2.2.2.2 Effect of heat treatment on electrical
resistivity (Ref. 18)

ADoy Rend41

Forni Sheet

Thickness (in.) 0.075

Condition Micrahm-in. at RT

Solution treat 515

Solution treat + 1950F,4 hr, AC 49.2

1400F, 16 hr, AC 49.9

2150F, 30 min., AC 52.6

16S0F, 4 hr, AC 52.8
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Fig. 2.2.4.2 Total hemispherical emittance of oxidized
Ren641(Ref. 143)

Rent 41
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" o Oxid

rgent dea
ized 1500
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F, 12hr in

surface)
air (heavih oxidized surface)

oirrrr
0 c

A

Rent 41, Tube
Heavily oxidized

I
O Sa
a Sa

imple 1
imple 2

c 0

Fig.2.2.4.1 Total hemispherical emittance of clean and oxidized
Ren£ 41(Ref. 142)

Table 2.3.1.1 Effects of salt and thermal exposure on tensile properties (Ref. 120)

Alloy Rend 41

Initial

Condition8

Exposure Conditions Tensile Properties

Thermal
Sail

(nrg/em2)
Fty
(ksl)

ha
(ksl)

e
(percent)

Loss In Ft„
(percent)

SA none none 63 137 47.5 —
SA + A none none 150 207 22.5 —

SA 1400F, 48 hr none 150 209 21.0 —
SA + A 1400F, 48 hr none 168 224 17.5 —
SA + A 1400F, 48 hr 0.17 155 192 9.3 14

SA + A 11OOF, 48 hr 0.15 156 210 20.3 6

SA + A 8OOF, 48 hr 0.08 154 214 24.8 4

a SA — Solution annealed at 1950F.
A — Aged 1400F, 16 hours.
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Table 2.3.1.2 Effect of salt on post-exposure tensile properties at room temperature (Ref. 121)

Alloy Rene 413

Exposure Conditions Tensile Properties

Salt" Stress (ksl) Time (Itr) Temperature (F)c Fty(ksl) Ftulksi) e (percent)

— — — unexposed 92 160 23

no 3 48 1600 132 149 10

no 0 48 1600 128 155 23

yes 3 48 1600 70 95 2

yes 0 48 1600 66 90 3

a Heat treated 2150F, 2 hours, AC plus 1650F, 4 hours, AC.
ÿ Slurry coated to thickness of 0.015-inch (equivalent to 150 mg/cmÿ of salt).
c Exposed in air.

Table 23.1.3 Effects of hydrazine decomposition products
on tensile properties at 1450F (Ref. 123)

Alloy Ren6 41

Test
Environment

Hold Time
Prior to Test

(l»)

Tensile Properties

Fty
(ksi)

ÿhl
(ksl)

e
(percent)

Reduction
In Area

(percent)

Argon 0 112.8 162.9 21.6 222

NH3/N2/H2 0 129.7 175.7 15.7 20.7

NH3/N2/H2 2 122.4 168.5 15.5 19.5

1,6 -
14 -

c
o
tf

1.2 -
<D 1.0 -
e
c 0.8 -
tc
c

£
0.6 -

eo

0.4

Rene 41, Tube I
Processing conditions rot reported
Tubular specimens internally pressurized with

test atmosphere to 700 psi
Compressive, sawtooth cycle
R = 0.02 to 0.60, 1= 0,5 Hz

O Argon
a NHy7Jj/H2

-O A

102 103 104

Cycles to 40 Percent Load Decrease

Fig.23.1.4 Effects of hydrazine decomposition
productson low-cycle fatigue properties at
1450F (Ref. 123)
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Rene 41

Rend 41, Bar
5/B-in. diameter I
Machined to specimen shown
1975F. rapid quench

Polished surface immersed f/8-in. below surface of
liquidsodium and vibrated 0.00175-in. peak-to-peak
displacement at 25.000 cps to induce cavitation

16
1/2

Vibration
0.5631/4

tnconel 600

HasteiloyX
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Time (hr)
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197
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641
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Fig. 2.

hr, ra
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1
r quench
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|

Sicnbmo S M

TT

AISI 318

Rene 41

StEltrtB 6B

Time (mm.)

Fig.2.3.1.6 Surface damage due to highfrequency
vibration insodium at 8OOF, and comparisonwith results
for other alloys (Ref. 97)

Fig.2.3.1.5 Comparison of cavitation damage resistance
with other hightemperature alloys inliquidsodium at 800F
(Ref. 91)
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Table 2.3.3.1 Embrittlementof Rene 41andother selected alloys by hydrogenat room temperature4 (Ref. 125)

Alloy Rend41

Alloy

Strength Ratio H2/He Unnotched Ductility

Notched11 Unnotched
Elongation (percent) Reduction in Area (percent)

Hb h2 He "2

18 Ni Maraging (250 Grade) 0.12 0.68 8.2 0.2 55 2.5

Type 410 Stairless 022 0.79 15 13 60 12

17-7 PH 023 0.92 17 1.7 45 2.5

9NI-4CO 0.24 0.86 15 0.5 67 15

H-11 0.25 0.57 8.8 0 30 0

Rend41 0.27 0.84 21 4.3 29 11

4140 0.40 0.96 14 2.8 48 9

InconeiTIS 0.46 0.93 17 15 26 1

T1 - 6AI - 4V (STA) 0.58 — — — — —

Ti - 6AI - 4V (Annealed) 0.79 — — — — —
Ti • 5AI - 2.5Sn (ELI) 021 — — — 45 39

Type 304 ELC Stainless 0.87 — — 78 71

Type 305 Stainless 0.69 — — — 78 75

Type 310 Stainless 0.93 — — — 64 62

A286 0.97 — — — 44 43

7075-T73 A! alloy 0.98 — — — 37 35

Type 316 Stainless 1.00 — — — 72 75

6061-T8 A! alloy 1.10 — — — 61 66

a Tested in high purity 10,000psi hydrogenor helium.

b Kt = 8.4.
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Rene 41 1

Table 2.3.3.2 Effects of heat treatment and exposure at 1200F in air or hydrogen on room temperature tensile properties
(Ref. 126)

Alloy Rene 41

Post-exposure Tensile Properties

InitialCondition a Exposure Time (hr) Exposed inAir Exposed inHydrogen b

Ftu (Itsi) e (percent) Ftu (ksi) e (percent)

0 152 34 — —
Cold Rolled 20 168 12 151 7

1000 174 7 171 3

0 131 50 — —
HealTreatment No. 1 20 167 35 156 25

1000 176 24 173 18

0 187 21 — —
Heat Treatment No.2 20 193 18 185 12

1000 186 16 187 9

0 181 20 — —
HeatTreatment No. 3 20 184 18 178 14

1000 174 13 170 2

a Heat treatment No. 1:1950F,0.5 hour,WQ (average gamma-prime partide size 0.005 micron). Heat treatment No.2: 1350F, 0.5 hour, WQ plus
1400F, 16 hours, WO (average gamma-prime particle size 0.02 micron). Heat treatment No.3: 1950F, 0.5 hour, FC plus 14O0F, 16hour,AC
(average gamma-prime partide size 02 micron).

b Hydrogen pressure was 15 psi. Minimum purity of hydrogen vras 99.0 percent
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0.032-in. thickness
Oxidized in static air furnace
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Fig.2.3.4.1 Oxidationbehavior of sheet at 1600 to 2000F (Ref. 105)
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Fig. 2.3.4.3 Weight gainduring furnace oxidation
of wire at 1500 to 2000F (Ref. 83)

Fig.23.47 Major reactionproductsafter air oxidation
at 1600to 2000F (Ref. 105)

Code 4205
Page 23



NiCo-4200 • Nickel Base Alloys Aerospace Structural Metals Handbook August 1994 (revision)

Rene 41
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Fig.2.3.4.4 Weight change during dynamic oxi¬
dation of sheet at 1600 and 2000F (Ref. 72)
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Fig. 2.3.4.6 Metal loss by oxidation after 10/100 hours
exposure inair at 1500Ffor Rene 41 and other nickel-base
superalloys (Ref. 127)
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Table 3.1.1 AMS specified properties for castings, bars, forgings, and rings (Refs. 2, 3, 77)

Alloy Ren6 41

AMS
Specifi¬
cations

Form
Heat

Treatment3

Tensile Properties Rupture Properties Hardness

Temperature
<F)

Fty
min
(Itsl)

Ftu
min
(ksi)

e, min
(percent)6

RA, min
(percent)

Temperature
(F)

Stress
(ksi)

Rupture
Life, min

(hi)

e, min
(percent)

min max

53998 Casting SHT + PHT 1200 90 110 3 5 1650 25 25 5 30 HRC —

5712F,
5713F

Bars,
forgings
and rings

SHT ' — — — — — — — — — — 363 HB

SHT + PHT RT 130 170 6 10 1350 87.5 23 — — —
1400 105 135 5 10 — — — — 311 HB

Note: The original AMS documents should be consulted lor complete specification details.
3 SHT — Solution heat treatment of 1950F, 0.5 hour, RAC (casting) or 1975F, time commensurate with thickness, suitable quench (bars, forgings,

rings).
PHT — Precipitation heat treatment of 14O0F, 16 hours, AC.

h Elongation in 4D.
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Rene 41 1

Table 3.1.2 AMS specified properties for sheet, strip, and plate (Ref. 1)

Alloy Ren6 41

Tensile Properties Hardness Bend
AMS

Specifications
Condition3 Thickness

(in.)
Temperature

(F)
Fjy, mln

(ksl)
Fju, mln

(ksl)
e, min

(percent)11 mln max
Diameter,

min (t)

S 0.015 100 170 20 — — —
> 0.015 £ 0.115 100 170 30

' — — —
> 0.115S 0.187 115 180 30 — — —

>0.187 140 195 30 — — —
SHT

£0.040 RT — — — — 75HR15N —
> 0.040 £ 0.070 — — — — 64HRA —
> 0.070 £ 0.187 — — — — 30 HRC —

5545C £ 0.062 — — — — — 2

> 0.062 s; 0.125 — — — — — 2.5

>0.125 £0.187 — — — — — 3

2 0.020 RT
120 160 6 — — —

>0.020 130 170 10 — — —
SHT + PHT £ 0.020 110 130 3 — — —

>0.020 1400 110 140 3 — — —
all — — — 35HRC — —

Note: The original AMS documents should be consulted tor complete specification details.
a SHT — Solution heat treatment ot 1975F, 1 hour per inch of thickness, RAC or faster.

PHT — Precipitation heat treatment of 1400F, 16 hours, AC.
ÿ Elongation in 2 inch or 4D.
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Fig.32.1.1 Effectof carbon content onroom
temperature yield strength and elongation
(Ref. 46)

Rend41 | |
20% cold rolled sheet prior to solution anneal
Heat treat as indicated

1 1650F, 1hr+ 1400F, 10 hr I
I Solution treated 10 min--60 min

60

60
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I
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Solution Anneal Temperature (F)
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Fig. 3.2.1.3 Effect of solution anneal time and temper¬
ature with and without double age on tensile properties
of sheet at roomtemperature (Refs. 47,49)
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0.002-in. diameter
Solution annealed as in

L
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>»

1900 2000 2100

SolutionAnneal Temperature (F)

Fig. 3.2.1.2 Effectof annealing temperature
on roomtemperature tensile properties for
0.002-inch diameter fiber (Ref. 82)

Table 3.2.1.4 Effect of heat treatment on tensile properties
of casting (Ref. 100)

ADoy Rend41

Form Casting

Condition As Cast
1950F,4 hr,

AC
2150F,2ltr,

AC

1950F,4 hr,
AC + 14O0F,

16 hr,AC

f=tu C®) 124-128 106-112 126-130 112-114

Ffy (l<Si) 78-80 82-84 82 38 - 1C1

e, 2-in.
(percent)

16 11-17 33 3-5

RA (percent) 19-23 16-19 30-32 8-9
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Fig.3.2.1.5 Effectof aging time and temperature anroom

temperature yield strength of sheet (Refs. 47, 49)
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Fig.3.2.1.6 Effectsof aging time inheliumat 1436F on
tensile strength and microhardness of melt spun Rene41
fibers (Ref. 87)
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Fig.32.1.8 Effect of cold reduction on
ultimate andyield strength of fiber initially
0.002-inch diameter (Ref. 82)
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Table 32.1.9 Effect of cold reductionby fluid extrusion on
tensile properties of bar tested under normal atmospheric
temperature and pressure (Ref. 96)

Alloy Ren041

Form Bar

Condition As Heat Treated
Heat treat +50 percent cold reduction

by fluid extrusion ÿ re-age 8

Fty (ksi) 1338 243.0

RA (percent) 12 11

Ren6 41, Sheet |
0.015-in. thickness

• ST 1950 to 2000F, RAC +
raid reduction I

A Cold reduction* age 1375to 1425F,
16 hr. AC j |

ÿ Cold reduction + ST 1950to 2000F,
- RAC + age 1375 to 1425F, 16 hr, AC

8 Ruid extrusion at 15.8 kilobars.

10 20 30 40 50

Cold Reduction (percent)

Fig. 32.1.7 Effect of cold reductionby shear forming
onroom temperature tensile properties (Ref. 32)
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30,000

intermittent Conditions
a) Heat to tEst temperature in 10 minutes
b) Apply load, hold load and temperature tor 2.5 hours
c) Remove load, cool to RT in 20 minutes
d) Stresses for creep loading as shown below

Exp
Time 1000 hr 2000 hr 10,000 hr 30,000 hr

Temp 550F 650F 550F 650F 550F 650F 550F 650F

ksi 138.5 124 110 100 70 70 40 40

rrÿ-r-'sA-i--\A
Ren6 41. Sheet
0.025-in. thickness
ST + CR 20% + 1400F, 16 hr

Condition Irrtermrttant Steady
Heat alone at 550F
Creep loaded at 550F
Heat alone at 650F
Creep loaded at 650F

-
V
o

FThtirireTime (hr)

Exposure

O 1hr
A 10 hr
O 100 hr

80
1500 1600 1700 1800 1900

Exposure Temperature (F)

Fig.3.2.1.11 Effect of high temperature exposure on room
temperature tensile properties (Ref. 62)

Exposure Temperature

Rene 41, Sheet |
0.040-in. thickness I
1975F.0.5 hr, WQ + 1400F, 16 hr

Rend 41, Wire
1-milthickness
As drawn

Fig.3.2.1.10 Effect of exposure time and temperature simulating
supersonic transport conditionsonroomtemperature tensile properties
(Refs. 62-65)
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Fig.32.6.1 Effect of time and temperature of exposure
on bearingstrength of sheet at roomtemperature (Ref. 43)

Fig.3.2.5.2 Effect of cold reductionby shear forming
on roomtemperature shear strength (Ref. 32)
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HeelTreatment

Fig.3.2.7.1.1 Effect of heat treatment on roomtemperature
smooth andsharp notch tensile properties of 20 percent cold
rolledsheet (Ref. 71)

RenM1, Sheet
0.025-in. thickness
CR 20% + HT as indicated

Fig.3.2.7.12 Effect of heat treatment on roomtemperature
smooth and sharp notchtensile properties of 35 percent cold
rolledsheet (Ref. 71)
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0.025-in. thickness I
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Table 3.2.7.1.3 Effect of high pressure hydrogen and of hydrogen-contaminated helium on embrittlement of smooth and
notched bars (Ref. 94)

Alloy Ren£ 41

Form Bar

Condition 1975F, 1 hr, WQ + 1400F, 16 hr, AC

Shape Smooth
D = 0.250 Inch

Notched —K,= 8.4 \60y

B6L_jr
-R = 0.00095

Test
Environment Air 10ksi H2 Air He 10 ksi H2

10ksi He +
44 ppm H2

Fty (ksi) — 163 — — — —

Ftu (tail) 196 165 280 270 77 270

e (percent) 21 4.3 — — — —
RA (percent) 29 11 3.4 2.0 0.2 2.0
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Ren641,
0.750-in
1975F, 4

Bar
diameter
hr, WQ + HOOF, 16 tr,AC -423Fÿ,

-320F

-11OF

__
70F

0 0.04 0.08 0.12 0.16 0.20 0.24 0.28

Strain (ln./in.)

Fig.3.3.1.1 Stress-strain curves of bar at roomand low
temperatures {Refs. 55, 56) Fig.3.3.1.2 Stress-strain curves at roomand elevated tem¬

peratures for various sheet thicknesses and strain rates
(Refs. 24, 25)
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Fig.3.3.1.3 Tensile properties from -420 to 2000F of
sheet and plate aged at 1400F after solution treatment,
showing scatterband for numerous lots tested at several
laboratories (Ref.80)
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Fig.33.1.4 Tensile properties from 70 to 2200F of
sheet and plate aged at 1650Fafter solution treatment,

showing scatterband for numerous lots tested at several
laboratories (Ref. 80)
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Fig. 3.3.1.6 Effect of low test temperature on long¬
itudinal yield strength of sheet andbar (Refs. 55-59)
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Fig.33.1.8 Effect of low test temperature on reduction
inarea of bar (Refs. 55, 56)

Fig.3.3.1.7 Effect of low test temperature on long¬
itudinalelongationof sheet andbar (Refs. 55-59)
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Fig. 3.3.1.11 Effect of low test temperature on trans¬
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Fig. 3.3.1.14 Effect of grain size on tensile
properties of as-cast alloy at 1200F (Refs, 44, 45)

Table 3.3.1.15 Properties at room temperature and 1400F
of sheet produced from powder bar (Ref. 108)

Alloy Ren6 41

Form Sheet

Thickness (in.) 0.064

Condition3 1975F,25min.,WQ
1975F, 25 min., WQ +

HOOF, 16 hr

Ftu (ksi) at RT 154 23B

Fty (ksi) at RT 109 182

e (percent)
at RT 30 14.5

Ftu (ksi) at HOOF — 159

Fÿ (ksi) at 1400F — 136

e (percent)
at HOOF — 16

Rupture life (hr)c — 37b

Rupture e, 1-in.
(percent) — 9

a All tesl results shown are averages of four tests, except footnote b.

15 Average of 3 tests.

c Tested at 63 ksi, HOOF.
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Fig.3.3.1.16 Effect of strain rateand test temperature
on tensile propertiesof sheet (Ref. 36)
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Fig. 33.1.17 Tensile properties at 550F after exposure to stress and
temperature or to temperature alone at 550F (Ref. 63)
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Fig.3.3.1.19 Effect of test temperature on tensile
properties of cold worked and aged sheet with and
without prior exposure to stress and temperature
(Ref. 54)
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Fig. 33.1.18 Tensile properties at 650F after exposure to stress and
temperature or to temperature alone at 650F (Ref. 63)
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Fig.3.32.1 Compressive stress-strain curves at roomandelevated temperatures at
several strain rates (Ref. 36)
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Fig.3.3.2.2 Effect of strain rate on compressive
yield strengthof sheet at roomand elevated tem¬

peratures (Ref. 36)
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temperature on compressive yield strength
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Fig.33.6.1 Effect of test temperature and test directionon
bearingstrength of 0.040-inch sheet for e/D = 13(Ref. 43)
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Fig.3.3.7.1.7 Crack strength of solution treated andaged sheet at -109, 70 and 550F
(Ref. 42)
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Fig. 3,3.7.1.8 Effect of elevated temper¬
atures oncrack strength of fully heat treated
0.082-inch sheet (Ref. 28)
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Fig.33.7.1.9 Effect of test temperature on crack strength
andyield strength of 0.025-inch sheet incold rolledand
aged condition (Ref. 5)
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Fig. 3.4.1 Creep ruptureproperties from 1200to 1800Fof a wide
rangeof thicknesses of sheet andplate tested at several laboratories
(Ref. 80)
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Rupture Time (hr) Fig. 3.43 Creep rupture properties from 1000 to 1800F
of bars, forgings, and billet tested at several laboratories
(Ref. 80)

Fig.3.42 Creep ruptureproperties for bar from 1200 to 1650F
(Ref. 73)
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Fig.3.4.4 Effectof stress and temperature onminimumcreep rate of cold rolled andaged sheet
(Ref. 69)
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Fig. 3.4.5 Effects of stress and temperature onminimumcreep rateof
fully heat treated sheet (Ref. 69)
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Fig.3.4.7 Effect of cooling ratefrom solution treat¬
ment temperature on creep rupture properties of plate
at 1400F (Ref. 75)
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Fig.3.4.8 Short time creep rupture curves
of 0.5- to 10-milwire from 1500to 2000F
(Ref. 83)
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Fig.3.4.9 Creep-rupture curves for sharp notchedsheet inannealed and
incold rolledand aged conditions (Ref. 69)
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Fig.35.1.1 Axial fatigue behavior of sheet at roomand
elevated temperatures (Ref. 43)

Fig. 35.12 Rotatingbeambending fatigue behavior of
bar at roomtemperature (Ref. 64)
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Fig.3.5.1.3 Effectsof notches and R ratioonaxial fatigue
behavior of bar at roomtemperature (Ref. 81)
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fatigue limit at 107cycles for forged turbine wheel
specimen (Ref. 89)

Fig.3.5.1.5 Effects of notches and R ratio on axial fatigue
behavior of bar at 1600F (Ref. 81)

Rend41, Plate [
Specimen machined from 1-in. thick plate
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Fig.35.1.7 Rotatingbeam fatigue behavior at room
and elevated temperatures of plate fabricated from a DC
electroslag remelted ingot (Ref. 104)

Fig.3.5.1.8 Rotatingbeam fatigue behavior at 1400F of
plate fabricated from an AC electroslag remelted ingot
(Ref. 104)
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Fig.3.5.1.9 Effectsof chemical millingonaxial fatigue
behavior of sheet at roomtemperature (Ref.85)
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Fig.3.5.1.10 Effect of electro-discharge machining and
electro-polishing onaxial fatigue behavior of smooth and
notched bar at roomtemperature (Ref. 89)

Fig.3-5.1.11 Effect of spot welds simulatingweldable
strain gages on axial fatigue behavior of sheet at 70 and
1500F (Ref. 110)
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Fig.33.1.12 Axial fatigue propertiesof foil at room
temperature after exposure to oxidationat 1800or 2000F
(Ref.86)
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Fig.3.5.1.13 Stress range diagramfor axial fatigue
of sheet at roomtemperature and 1400F(Ref. 43)
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Fig.3.5.1.14 Stress range diagrams for axial fatigue of bar
at roomand elevated temperatures (Ref. 8)
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Fig.3.5.2.1 Effect of hold-timeat peak strainon low cycle
fatigue behavior at 1400F (Ref. 88)
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Fig.3.5.3.1 Effects of temperature, stress ratio,
and frequency on low-cycle fatigue crack growth
ratesof forged alloy inair (Ref. 124)
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.Fig. 3.6.2.1 Tensile modulusof elasticity at room
and elevated temperatures (Refe. 24,29, 30)
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Fig.3.6.2.2 Compressivemodulusof elasticity
at roomand elevated temperatures (Ref. 29)
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Fig.43.1.4 Time-temperature relationships for iso¬
thermal strain-age weld crackingincrack-sensitive
and crack-resistant heats of Rene' 41 (Ref. 133)
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without GTA weld (Ref. 49)
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