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General

René 41, introduced in 1960, is widely used as a high
temperature turbine alloy. It is a heat treatable nickel-

. base alloy, high in chromium, cobalt, and molybde-

num. Its high strength is derived from the precipitation
of a gamma-prime phase of Ni,(Al,Ti), and from the
solid solution effects of cobalt and molybdenum. The
cobalt addition also retards recrystallization, promotes
improved hot corrosion resistance, and reduces tita-
nium and aluminum solubilities in the gamma matrix,
thereby increasing gamma-prime precipitation and
strength. Heat treatment usually consists of solution
annealing at 1950 to 2150F followed by water quench-
ing and aging at 1400 to 1800F to precipitate the coher-
ent ordered face-centered-cubic gamma-prime phase.
The mechanical properties of René 41 can be custom
tailored to some extent for specific applications by
using various combinations of solution treating and
aging. High solution treating and aging temperatures
produce better stress-rupture properties, while lower
heat treating temperatures increase short-time tensile
properties. The alloy is forgeable, formable, and weld-
able following recommended procedures. Oxidation
resistance is good up to about 1800F. René 41 has been
used successfully for critical aircraft and spacecraft
components subjected to high temperatures, such as
after-burner parts, nozzle partitions, turbine blades
and wheels, torque rings, combustion chamber liners,
and structural hardware (Refs. 111-113).

Commercial Designation
René 41.

Alternate Designations
R41, J1610, AISI 683, UNS N07041.

Specifications
[Table] AMS specifications.

Composition
[Table] AMS specified compositions.

Heat Treatment

The standard heat treatment consists of solution an-
nealing at 1975F followed by a water quench or rapid
air cool. The material is then aged at 1400F for 16 hours
and air cooled. Recommended heating and quenching
times for various thicknesses are givenin Table 1.5.1.

{Table] Time recommendations for heating and
quenching various thicknesses of René 41.

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

For maximum tensile and yield strength at tempera-
tures up to 1800F, solution treat for 4 hours at 1950F
and age for 16 hours at 1400F (see Figures 3.2.1.3 and
3.2.1.5 for effects of solution annealing and aging con-
ditions on tensile properties).
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Weld strain-age cracking can

Ni

19 Cr
11 Co
9.8 Mo

- 3.2Ti

annealing at 1975F with a 40F
per minute cool to 1200F prior
to welding (Ref. 78).

The typical heat treatinent for
cast René 41 is 1950F for 3 hours,
air cool, plus 2050F for 0.5 hour,
air cool, plus 1650F for 4 hours,
air cool (Ref. 114).

René 41, like other nickel-base
alloys, is subject to intergranu- 1.5 Al
lar attack when heated in the
presence of sulfur or sulfur

compounds. Exposure to 0'006 B
sulfurous atmospheres at

elevated temperatures must be avoided. Parts must be
free of all sulfur-base cutting oils or lubricants prior to
welding or heat treatment (Refs. 111, 144),

Carbide distribution is affected by the solution anneal-
ing temperature. Heat treatment at 2150F causes
solutioning of the M C phase. Subsequent exposure in
the temperature range 1400 to 1600F produces a grain
boundary film of M,,C,, with deleterious effects on
mechanical properties. A lower solution treatment
temperature of about 1970F can be used to preserve the
fine-grained as-worked structure with well dispersed
M,C and avoid subsequent reprecipitation as My,C,
{Refs. 115, 145).

Hardness

[Figure] Effect of solution treating temperature and
cooling method on hardness of bar.

[Figure] Effect of delay before quenching on hardness
of sheet.

{Figure] Effect of high temperature exposure on room
temperature hardness.

{Figure] Hardness at room and elevated temperatures
for various exposure times.

{Figure] Relation between hardness and tensile or yield
strength at room temperature after high temperature
exposure.

Forms and Conditions Available

The alloy is available in the full commercial range of
sizes for sheet, strip, plate, bar, forgings, rings, wire,
and investment castings (Refs. 5, 111, 146). -

Melting and Casting Practice

The alloy is produced by vacuum induction melting
plus either vacuum arc consumable electrode remelting
or electroslag remelting.

Special Considerations

René 41 is subject to strain-age cracking during heat
treatment after fusion welding. This problem can be
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alleviated by solution annealing with a rapid heat-up
after welding or by using starting alloy in the solution
annealed or solution annealed plus overaged condi-
tion (see Section 4.3.1).

René 41 should be cooled rapidly or quenched after
solution annealing to prevent embrittlement, probably
due to precipitation of the gamma-prime phase (see
Sections 3.2.3 and 3.3.3 and Figure 3.4.7).

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

Long time thermal exposures at 1400F and higher
cause reductions (see Figures 3.2.1.11,
32.1.12,33.1.20,3.3.121, 3.32.3,33.51, and 3.3.6.4).
René 41, like other nickel-based alloys, is embrittled

by exposure to high pressure hydrogen at room and
elevated temperatures. The embrittlement is accentu-
ated in the presence of notches (see Sections 2.3.3 and
32.7.1).

René 41 is sensitive to sharp notches in the solution
annealed plus aged, solution annealed plus cold rolled
plus aged, and cold rolled plus aged conditions (see
Sections 3.2.7.1 and 3.3.7.1 and Figures 3.4.9 and 3.5.1.3
t0 3.5.1.6).

The tensile properties of René 41 are degraded by ther-
mal exposure in air after being coated with salt (see
Section 2.3.1).

Sulfur contaminated work surfaces and sulfur-bearing
furnace atmospheres cause intergranular attack and
should be avoided (see Section 1.5.1).

Physical Properties and Environmental
Effects

Thermal Properties
Melting Range. 2250 to 2535F (Refs. 111, 115).
Phase Changes.

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

(Ref. 116).

Carbide phases which have been identified in René 41
include MC, M,C, and M,,C,. René 41 can be solution
heat treated to generate MC and MC initially, as
shown in Figure 2.12.1. A typical formula for M,C is
(Ni,Co);Mo,C. The M,C carbide phase is important as
a grain boundary precipitate for controlling grain size
during processing of wrought material. The MC and
M,C carbides are not stable at all temperatures, but
decompose slowly in the temperature range 1400 to
1900F to form M,,C,, as shown in Figure 2.12.2. The
metal radical in M,,C, is primarily chromium with
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small amounts of molybdenum or tungsten. This

phase may form as discrete particies along grain

boundaries with a beneficial effect on stress-rupture
life, or as continuous films, acicular particles, or asa
cellular precipitate, all of which may cause

embrittlement. The conditions determining the form

of this precipitate have not been reported for René 41

(Refs. 61, 109, 115, 117).

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

2.1.22 [Figure] Minor phase concentration for alloy
after 53000 hour exposure at 1400 to 2200F.

The carbide-forming tendency in superalloys such as

René 41 is determined by the relative amounts of chro-

mium, molybdenum, and tungsten. René 41 tends to

form M,C (as well as lesser amounts of MC and

M,,C,), as shown in Figure 2.1.2.3.

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

René 41 is borderline with regard to formation of

embrittling intermetallic compounds such as mu and

sigma. Sigma phase has been observed to form in
some heats after long-time exposure at 1600F (see

Figures 2.1.2.1 and 2.1.2.2) (Ref. 118).

The temperature dependence of hydrogen diffusivity

is expressed by an Arrhenius-type equation as:

D =D, exp (-Qp/RT)

where D, is the frequency factor and Qp, is the activa-

tion energy of diffusion. Values of D, and Qp, have

been determined as 0.39 an?/sec and 8,668 cal/g.
atom, respectively, for the diffusivity of hydrogen in

René 41 over the temperature range 77 to 302F

(Ref. 119).

Thermal Conductivity.

2.13.1 [Figure] Thermal conductivity.

Thermal Expansion.

2141 [Figure] Mean coefficient of linear thermal ex-
pansion.

Specific Heat.

2151 [Figure] Specific heat.

Thermal Diffusivity.

Other Physical Properties

Density, 0.298 1b/cu inch, 8.19 g/ cc (Ref, 6).

Electrical Properties.

2221 [Figure] Low temperature resistivity.

2222 [Table] Effect of heat treatment on electrical
resistivity.

Magnetic Properties. Relative magnetic permeability is

less than 1.002 at 200 oersteds at room temperature

(Ref. 18).
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2.2.4 Emittance. Oxidized René 41 has a substantially

225

2.3
231

higher emittance than clean alloy, as shown in Figure

2.2.4.1. The moderately higher emittance values for

oxidized alloy in Figure 2.2.4.2 may reflect experimen-

tal scatter or differences in experimental technique.

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

2.2.42 [Figure] Total hemispherical emittance of
oxidized René 41.
Damping Capacity.

Chemical Environments

General Corrosion. Welded René 41 has excellent
resistance to corrosion by seawater. Experiments
showed that after a 1-year exposure, all specimens
were still bright and showed original machining
marks. No stress-corrosion failures were observed
(Ref. 113}.
The tensile properties of René 41 are severely de-
graded by thermal exposure in air after being coated
with salt. Such conditions would be pertinent to a
space vehicle which had been exposed to sea air or
sea salt conditions prior to launch. As shown in
Tables 2.3.1.1 and 2.3.1.2, thermal exposure alone for
48 hours at 1400 or 1600F has very little effect on
tensile properties of material initially in the solution
annealed plus aged condition. However, salted speci-
mens show greatly reduced tensile strength and duc-
tility after exposure at 1600F and moderately reduced
properties after exposure at 1400F as compared to the
exposed conditions without salt. Salt has only a minor
effect on the tensile properties of material exposed at
1100 and 800F. Stress loading during 1600F exposure
with or without salt has little effect on residual prop-
erties, indicating that the degradation is due to so-
dium chloride exposure rather than to stress-corrosion
cracking (Refs. 120, 121).
23.1.1 [Table] Effects of salt and thermal exposure
on tensile properties.
2.3.12 [Table] Effect of salt on post-exposure tensile
properties at room temperature.
René 41 exhibits a high corrosion rate in molten NaCl
at 1508F. The weight loss rate when exposed in a
quartz crucible is 253 mg/dm?/day, while that in a
platinum crucible is 4760 mg/dm?/day. The latter
rate is higher because of the effect of galvanic cou-
pling with a more noble metal (platinum). The corro-
sion product consists of NiO, spinels, and Fe,O,-type
oxides. Additional results on several other superal-
loys indicate that the corrosion rates of superalloys in
molten NaCl at 1508F are highly dependent on oxy-
gen pressure and to some extent on water content of
the melt. Alloy composition has little effect on corro-
sion rates (Ref. 122).
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René 41 is resistant to degradation of properties when
exposed to decomposition products of hydrazine,
which is of interest as a storable fuel for air-borne and
spacecraft auxiliary power units. Both tensile and fa-
tigue properties are little affected in an NH,/N,/H,
environment, as shown in Table 2.3.1.3 and Figure
2.3.14 (Ref. 123). Ammonia, which also effectively
simulates the hydrazine decomposition environment,
has been determined to be no more severe than high
temperature air in causing sustained load crack
growth in René 41 (Ref. 124).

2.3.1.3 [Table] Effects of hydrazine decomposition
products on tensile properties at 1450F.

2.3.14 [Figure] Effects of hydrazine decomposition
products on low-cycle fatigue properties at
1450F.

René 41 has moderately good resistance to cavitation

damage in liquid sodium at 800F, as shown in Figures

23.1.5and 23.16.

'23.1.5 [Figure] Comparison of cavitation damage re-

sistance with other high temperature alloys in
liquid sodium at 800F.

2.3.1.6 [Figure] Surface damage due to high fre-
quency vibration in sodium at 800F, and com-
parison with results for other alloys.

Stress Corrosion. René 41 is not susceptible to stress -
corrosion during exposure to seawater, based on an
extensive investigation of cold rolled and aged mate-
rial (20 percent cold rolled plus 1400F, 16 hours) in
aqueous salt solutions.

Materials studied included parent metal, GTA welds,
and parent metal given simulated braze heat treat-
ments. Smooth specimens were subjected to sea atmo-

'sphere exposures (80-ft lot at Kure Beach), 5 percent

NaC(l spray and alternate immersion in synthetic sea
water for 1000 hours at stresses up to 90 percent of
yield. In addition, fatigue cracked specimens were
subjected to alternate immersion in synthetic sea wa-
ter for 500 hours at 80 percent of their crack strength
in air. No failures were encountered in any of these
salt stress corrosion tests, and the tensile properties
were essentially unaffected (Refs. 66, 79). Corrosion
fatigue tests in synthetic sea water using both smooth
and mildly notched specimens in axial loading also
showed no effect of the environment (Ref. 66).

In another investigation (Ref. 68), the susceptibility to
hot (650F) solid salt corrosion was determined for ma-
terial stressed at 70 percent of ultimate. Bend ductility
was unaffected by exposure under these conditions.

Hydrogen Effects. René 41 is embrittled by high pres-
sure hydrogen at room temperature. Along with high-
strength steels and other high-strength nickel base
alloys, René 41 exhibits a large decrease in notched
strength and a moderate decrease in unnotched
strength when tested in hydrogen, as shown in Table

Code 4205
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2.3.3.1. Substantial decreases in elongation and reduc-
tion in area also occur in hydrogen (Ref. 125).

233.1 [Table] Embrittlement of René 41 and other
selected alloys by hydrogen at room tempera-
ture. '

René 41 is also embrittled by exposure to hydrogen at

1200F. The degree of embrittlement (loss in elongation)

varies with the initial condition and heat treatment of
the alloy as reflected in the average particle size of the
gamma-prime precipitate. As shown in Table 2.3.3.2,
the ductility loss after exposure for 1000 hours in hy-
drogen is least for heat treatment no. 1, with a gamma-
prime particle size of 0.005 micron, and greatest for
heat treatment no. 3, with a particle size of 0.2 micron.

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 and removing hydrogen from the matrix
lattice. The untrapped hydrogen, which is diffusible in
the matrix, is that which is responsible for
embrittlement. The effects are consistent with the
mechanism termed Internal Reversible Hydrogen

Embrittlement (Ref. 126).

2332 ([Table] Effects of heat treatment and exposure
at 1200F in air or hydrogen on room tempera-
ture tensile properties.

Oxidation. René 41 has good oxidation resistance in air

at temperatures up to about 1800F but is susceptible to

internal oxidation (Ref. 111).

The oxidation weight gain behavior of sheet in static

air is linear at short times but parabolic at longer times,

as shown in Figure 2.3.4.1. The parabolic weight gain
relationship indicates formation of an adherent, pro-
tective scale. As shown in Figure 2.3.4.2, the surface
scale consists of alumina, chromia, and a mixed alu-
mina-chromia oxide. The internal oxide is alumina.

Nickel and titanium aiso enter into the reaction prod-

ucts at longer times and higher temperatures, as indi-

cated.

2.3.4.1 [Figure] Oxidation behavior of sheet at 1600 to
2000F.

2.34.2 [Figure] Major reaction products after air oxi-
dation at 1600 to 2000F.

The oxidation behavior of fine wire at 1500 to 2000F is

also parabolic, as shown in Figure 2.3.43. However,

oxidation of sheet at 2000F under dynamic flow condi-

tions results in oxide flaking and weight losses, seen in

Figure 2.3.44.

2.3.43 [Figure] Weight gain during furnace oxidation
of wire at 1500 to 2000F.

23.44 [Figure] Weight change during dynamic oxi-
dation of sheet at 1600 and 2000F.

The depth of internal oxidation is diffusion controlied

and increases parabolically with time during exposure

at 1600 to 2000F, as shown in Figure 2.3.4.5.
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2345 [Figure] Internal oxidation of sheet at 1600 to
2000F.

René 41 has good to excellent long term oxidation re-
sistantce at 1500F. As shown in Figure 2.3.4.6, René 41
shows a metal consumption by oxidation of about
5 mg/cm? after 10,000 hours cyclic exposure in air at
1500F, comparable to the metal consumption amounts
for other oxidation-resistant superalloys. The scales are
quite adherent and protective for alloys such as René 41
which show metal consumptions of less than 7 mg/am?
in Figure 2.3.4.6 (Ref. 127).
23.46 [Figure] Metal loss due to oxidation after
10,000 hours exposure in air at 1500F for René
41 and other nickel-base superalloys.

Oxide volatilization oceurs during exposure of Renté 41
in air at 2192F. Analyses of condensed deposits 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. In contrast,
the amount of molybdenum in the condensed deposit
increases with increasing exposure cycles, indicating
that the molybdenum loss rate by oxide volatization
increases with time. The oxidized specimen also exhib-
ited subsurface porosity to a depth of 0.02 inch and
considerable grain growth after exposure for five
&hour cycles at 2192F. These data indicate a significant
effect of oxide volatilization on the oxidation behavior
of René 41 at elevated temperatures. The retained scale
after air exposure at 2192F consisted primarily of Cr,O,
with smaller amounts of spinel and rutile (Ref. 128).
Ceramic coatings are attractive for extending the life of
turbine components by reducing metal temperature.
However, frequent temperature cycling of zirconia-
yttria thermal barrier coatings over NiCrAlY on René
41 from 1900F to room temperature sharply reduces
coating life as compared to that observed for sustained
operation at constant temperature (Ref. 129).
René 41 suffers oxidation during in low
pressure air such as would be experienced by a thermal
protection system during Shuttle reentry or hypersonic
flight. The effective thickness loss, which includes
metal reacted or degraded by surface oxidation, inter-
nal oxidation, or diffusional loss of strengthening pre-
cipitates, is shown in Figure 2.3.4.7 for exposures in
8 torr air at 1400 and 1800F. Sheet of 10 mils thickness
is satisfactory for service up to 5000 hours at 1400F but
is completely degraded in less than 3500 hours at
1800F. For applications requiring low pressure oxida-
tion resistance for long times at 1800F, René 41 is less
attractive than other superalloys such as Haynes 188 or
TD NiCr (Ref. 130).
23.47 [Figure] Effect of oxidation expostire in low
pressure air on effective thickness loss on thin-
gage alloy at 1400 and 1800F.

Nuclear Environments
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Mechanical Properties

Specified Mechanical Properties

[Table] AMS specified properties for castings, bars,
forgings, and rings.

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

Mechanical Properties at Room Temperature
Tension Stress-strain Diagrams and Tensile Properties.
Carbon content has little effect on the yield strength
of solution annealed and aged alloy, as shown in
Figure 3.2.1.1. Tensile elongation, however, decreases
with decreasing carbon below about (.08 percent C.
Specified carbon content for René 41 is 0.12 percent
maximurn.
32.1.1 [Figure] Effect of carbon content on room
temperature yield strength and elongation.
Tensile strength in the solution annealed condition
decreases and ductility increases as the annealing
temperature is increased in the rage 1900 to 2150F for
both wire and sheet, as shown in Figures 32.1.2 and
3.2.1.3, respectively. Aging to precipitate the strength-
ening gamma-prime phase causes a substantial
increase in yield strength of sheet but also reduces
ductility, shown in Figure 3.2.1.3. Similar effects are
noted for cast alloy, shown in Table 3.2.1.4. The yield
strength of solution annealed and aged sheet is highly
dependent on aging time and temperature, as shown
in Figure 3.2.1.5. Highest yield strength is obtained
after aging for 16 hours at 1400F. Aging alsc increases
the strength and hardness of melt spun fibers, as seen
in Figure 3.2.1.6.

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

[Figure] Effect of solution anneal time and
temperature with and without double age on
tensile properties of sheet at room tempera-
ture. :

[Table] Effect of heat treatment on tensile
properties of casting.

[Figure] Effect of aging time and temperature
on room temperature yield strength of sheet.
[Figure] Effects of aging time in helium at
1436F on tensile strength and microhardness
of melt spun René 41 fibers.

The yield and ultimate tensile strengths of solution
annealed sheet are increased significantly and ductil-
ity is decreased by cold reduction, as shown in Figure
3.2.1.7. Aging after cold reduction has a minor, incon-
sistent effect on strength. However, solution anneal-
ing and aging essentially erases the effects of prior
cold reduction.

3213

3214

3215

3216

322

32.3

324
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3.2.1.7 [Figure] Effect of cold reduction by shear
forming on room temperature tensile proper-
ties.

The strength properties of wire and bar are also

increased by cold work, shown in Figure 3.2.1.8 and

Table 3.2.1.9, respectively.

32.1.8 [Figure] Effect of cold reduction on ultimate
and yield strength of fiber initially 0.002-inch
diameter,
[Table] Effect of cold reduction by fluid extru-
sion on tensile properties of bar tested under
normal atmospheric 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
no significant effect on subsequent tensile properties,
as shown in Figure 3.2.1.10. However, exposure of
sheet or wire for times of several minutes to 100 hours
at temperatures of 1500 to 2000F resulted in reduced
tensile properties, as shown in Figure 3.2.1.11 and
3.2.1.12, respectively.
3.2.1.10 {Figure] Effect of exposure time and tempera-
ture simulating supersonic transport condi-
tions on room temperature tensile properties.
3.2.1.11 [Figure] Effect of high temperature exposure
on room temperature tensile properties.

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

3219

Compression Stress-strain Diagrams and Compres-

sion Properties. .

Impact. Impact energy is substantially higher for

material water quenched after solution annealing

than for material cooled at lower rates. Materials with

carbon contents of 0.08 and 0.12 percent have higher

impact energies than material with a carbon content

of 0.02 percent, as shown in Figure 32.3.1

32.3.1 [Figure] Effect of cooking rate after solution
treatment on room temperature impact en-
ergy for three heats of differing carbon con-
tent.

Bending.

Torsion and Shear. Thermal exposure for 10 to 1000

hours at temperatures of 1400 to 1900F reduces shear

strength, as shown in Figure 3.2.5.1. Cold reductions

up to 60 percent either before or after solution anneal-

ing have little effect on shear strength, seen in Figure

3252

3251 [Figure] Effect of time and temperature of ex-
posure on shear strength of sheet at room
temperature.

3252 [Figure] Effect of cold reduction by shear
forming on room temperature shear strength.
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32.6 Bearing. Thermal exposure for 10 to 1000 hours at
1200 to 1800F reduces bearing strength, as shown in
Figure 3.2.6.1.

32.6.1 [Figure] Effect of ime and temperature of

exposure on bearing strength of sheet at
room temperature.

32.7 Stress Concentration.

32.71 Notch properties. The notch strength ratios
and ductilities for 20 percent and 35 percent
cold rolled sheet are reduced moderately on
heat treating at 1400F, as shown in Figures
3.2.7.1.1 and 3.2.7.1.2. The notch strength
properties are greatly reduced on testing in
10 ksi hydrogen but not in hydrogen-con-
taminated helium, shown in Figure 3.2.7.1.3.

32711 [Figure] Effect of heat treatment on
room temperature smooth and
sharp notch tensile properties of 20
percent cold rolled sheet.

327.12 [Figure] Effect of heat treatment on
room temperature smooth and
sharp notch tensile properties of 35

_ pexcent cold rolled sheet.

3.2.7.1.3 [Tabie] Effect of high pressure hy-
drogen and of hydrogen-contami-
nated helium on embrittlement of
smooth and notched bars.

3272 Fracture toughness.
32.8 Combined Loading.

3.3 Mechanical Propetties at Various Tempera-
tures

3.3.1 Tension Stress-strain Diagrams and Tensile Proper-
ties.
Tensile stress-strain diagrams for solution annealed
and aged alloy are largely independent of strain rate
at temperatures of 1200F and below but become
increasingly rate-dependent with increasing tempera-
ture above 1200F. No yield points are exhibited at
temperatures from 423 to 2000F, as shown in Figures
33.11and 33.12.

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

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

The tensile properties of solution annealed and aged

sheet and plate as determined at several different

laboratories are shown in Figures 3.3.1.3 and 3.3.1.4.

The strength properties are essentially identical up to

2000F for aging temperatures of 1400 and 1650F. A

ductility minimum exists at 1400 to 1600F for the

1400F-aged material. The lack of any apparent effect
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of aging temperature is attributed to data scatter.
More detailed data from a single study presented
earlier (Figure 3.2.1.5) indicated rather strongly that
1400F aging produces material with higher strength
properties than 1650F.

33.1.3 [Figure] 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.

3.3.14 [Figure] Tensile properties from 70 to 2200F
of sheet and plate aged at 1650F after solution
treatment, showing scatterband for numerous
lots tested at several laboratories.

The low temperature longitudinal and transverse
tensile properties of solution annealed and solution
annealed plus aged sheet from several different stud-
ies are presented in Figures 3.3.1.5 through 3.3.1.11.
Strength values increase continuously and substan-
tially with reduction in test temperature. Elongations
and reduction in area decrease particularly at tem-
peratures below -100F. Ultimate strengths are higher
and yield strengths are lower for the longitudinal
than for the transverse direction for both heat treat
conditions. Ductilities are similar in both directions.
(Results presented later in Figure 3.3.1.19 indicate that
both the tensile and yield strengths are higher in the
longitudinal than in the transverse direction, slightly
different from the data presented here.)
33.1.5 [Figure] Effect of low test temperature on
longitudinal tensile strength of sheet and bar.

3.3.1.6 [Figure] Effect of low test temperature on
longitudinal yield strength of sheet and bar.

3.3.1.7 [Figure]l Effect of low test temperature on
longitudinal elongation of sheet and bar.

3.3.1.8 [Figure] Effect of low test temperature on
reduction in area of bar.

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

3.3.1.10 [Figure] Effect of low test temperature on
fransverse vield strength of sheet.

3.3.1.11 [Figure] Effect of low test temperature on
transverse elongation of sheet.
The yield strength of aged material increases with
increasing prior cold work at room temperature but
not at 1400F. Solution annealing and aging subse-
quent to cold rolling eliminates the effects of cold
rolling, as shown in Figure 3.3.1.12. (Similar effects at
room temperature are shown in Figure 32.1.8.)
3.3.1.12 [Figure] Effect of cold work and heat treat-
ment on tensile properties of sheet at room
temperature and 1400F.

The tensile properties of form-rolled material in the
as-rolled condition at temperatures up to 1650F,
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shown in Figure 3.3.1.13, are similar to those observed
in solution 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 1700F of specimens from form-
rolled T-section.

The strength level of cast alloy at 1200F, shown in Fig-

ure 3.3.1.14, is at the lower edge of the scatter band or

less than that of solution annealed and aged material,

seen in Figures 3.3.1.3 and 3.3.14, and decreases with

increasing grain size.

Ductilities are 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 from powder metallurgy bar has

good tensile strength properties at room temperature

and 1400F, shown in Table 3.3.1.15. These strengths

are comparable to or higher than those shown in Fig-

ures 3.3.1.3 and 3.3.1.4 for melted and wrought alloy.

3.3.1.15 [Table] Properties at room temperature and

1400F of sheet produced from powder bar.
The effect of strain rate on tensile properties of heat
treated alloy at temperatures up to 2000F is shown in
Figure 3.3.1.16. No effect 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 minimum in
ductility is apparent at 1600F, as also noted above in
Figure 3.3.1.3.

3.3.1.16 [Figure] Effect of strain rate and 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 is weakening. For cold
rolled and annealed sheet, exposures for times as long
as 30,000 hours at 550 or 650F under various stress
conditions has no significant effect on tensile proper-
ties at the exposure temperature, as shown in Figures
3.3.1.17 and 3.3.1.18. Similarly, no significant effect of
1000-hour exposures at 650 or 1000F is apparent on
tensile properties at temperatures up to 1200F, seen in
Figure 3.3.1.19. Short-time exposures of up to 8 min-
utes at 1500F have no effect on tensile strength of wire
at that temperature, but similar exposures at 1800 and
2000F significantly reduce the subsequent tensile
strengths, shown in Figure 3.3.1.20. Stressed cyclic ex-
posures at 1600 and 1800F under conditions simulat-
ing Shuttle operating conditions reduce the tensile
strengths at temperatures from room temperature to
1800F, as shown in Figure 3.3.1.21.

3.3.1.17 [Figure] Tensile properties at 550F after expo-
sure to stress and temperature or to tempera-
ture alone at 550F.

332

333

334
335

Aerospace Structural Metals Handbook  Nickel Base Alloys » Ni_Co-4200

(René 41

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

3.3.1.19 [Figure] Effect of test temperature on tensile
properties of cold worked and aged sheet
with and without prior exposure to stress and
temperature.

3.3.1.20 [Figure] Effect of exposure time prior to load-
ing on tensile strength and elongation of 0.5
and 1-mil wire at 1500 to 2000F.

3.3.1.21 [Figure] Effect of exposure to 100 cycles at
simulated space shuttle conditions on tensile
strength at temperatures to I800F.
Compression Stress-strain Diagrams and Compres-
sion Properties. Strain rate affects the compressive
stress-strain diagrams, shown in Figure 3.3.2.1 for heat
treated alloy, in similar manner as for tensile stress-
strain diagrams (Figure 3.3.1.2). Strain rate has little
effect at 1200F and below. However, at 1600 to 2000F,
the flow stress decreases with decreasing strain rate.
Compressive yield stresses, shown in Figure 3.3.2.2,
vary similarly with strain rate and temperature.
3.3.2.1 [Figure] Compressive stress-strain curves at
room and elevated temperatures at several
strain rates.

33.22 [Figure] Effect of strain rate on compressive
yield strength of sheet at room and elevated
temnperatures. '

Prior exposure at 1400 or 1600F reduces the compres-

sive yield strength of heat treated alloy at the same

temperature, as shown in Figure 3.3.2.3. However, no
effect of prior exposure at the test temperature is
noted at room temperature to 1200F.

3323 [Figure] Effect of exposure time at test tern-
perature on compressive yield strength at
room and elevated temperatures.

Impact. The data shown in Figures 3.3.3.1 and 3.3.3.2

indicate a substantial difference in impact energy at

the common test temperature of 70F. This difference
may reflect variations in heat treatment conditions or
in specimen configuration (V-notch Charpy versus
pre-cracked Charpy). A maximum in impact energy is
observed at about 1000F.

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

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

Bending,.

Torsion and Shear. In sirnilar fashion to the compres-

sive yield strength (Figure 3.3.2.3), the shear strength

at room temperature to 1200F is essentially unaffected
by prior exposure at the test temperature. However,
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at test temperatures of 1400 and 1600F, prior expo-
sures of 0.5 to 1000 hours progressively decrease the
shear strength, as shown in Figure 3.3.5.1.

33.5.1 [Figure] Effect of exposure time at test tem-
perature on shear strength of sheet at room
and elevated temperature.

Bearing. The bearing strength of heat treated alloy
sheet decreases gradually with increasing tempera-
ture up to about 1400F but more rapidly at higher
temperatures, as shown in Figures 3.3.6.1 and 3.3.6.2.
Test crientation with respect to rolling direction has
no significant effect on bearing strength. Similar ef-
fects of test temperature are observed for heat treated
plate, as shown in Figure 3.3.6.3.

33.6.1 (Figure] Effect of test temperature and test
direction on bearing strength of 0.040-inch
sheet for e/D=15.

33.62 [Figure] Effect of test temperature and test
direction on bearing strength of 0.040-inch
sheet for e/D =2.0.

3.36.3 [Figure] Effectof test temperature on bearing
strength of plate for e/D = 1.5 and 2.0.
Prior exposure for 0.5 to 1000 hours at the test
temperature decreases bearing yield and ultimate
strengths of sheet at temperatures above 1200F, as
shown in Figure 3.3.6.4. This behavior is similar to
that shown above for compressive strength (Figure
3.3.2.3) and shear strength (Figure 3.3.5.1).

3.3.6.4 [Figure] Effect of test temperature and expo-
sure time at test temperature on bearing
strength of 0.040-inch sheet.

Stress Concentration.

3.3.7.1 Notch properties. The notch strength of René
41 is highly dependent on notch acuity. The
notch strength is also affected by but less de-
pendent on temperature, strain rate, and met-
allurgical condition of the material. As shown
in Figure 3.3.7.1.1, the notch strength ratio for
cold rolled and aged sheet tends to increase
slightly as the stress concentration factor is
increased to about 3 but decreases signifi-
cantly with further increases in notch sharp-
ness. This behavior occurs from at least room
temperature to 1000F. 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 and 6, as shown in Figure 3.3.7.1.2. How-
ever, sharply notched sheet in the fully heat
treated condition has a notch strength ratio of
much less than 1, indicated by the low notch
strength compared to the ultimate strength in
Figure 3.3.7.13.
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33711 [Figure] Effect of notch acuity on
notch strength ratio of cold rolled
and aged sheet at room and
elevated temperatures.

3.3.7.1.2 [Figure] Effectof stress concentra-
tion on notch strength ratio at 1000F
for forged bar.

3.3.7.1.3 [Figure] Effect of elevated test temn-
peratures on sharp notch strength
of sheet.

At low temperatures, strain rate has little ef-
fect on notch strength at stress concentration
factors of less than about 3, as shown in Fig-
ure 3.3.7.1.4. However, the notch strength is
significantly reduced at a fast loading rate of
8 ipm for more sharply notched configura-
tions.
3.3.7.14 [Figure] Effect of low temperatures,
loading rates and stress concentra-
tion factors on notch strength of
0.062-inch sheet in fully heat treated
condition.
Prior exposure of notched sheet with a K, of
3.1 has little effect on the notch strength ratio,
as shown in Figure 3.3.7.1.5. However,
sharply notched material (K, > 20) is moder-
ately degraded by prior 1000-hour exposures
at 650 and 1000F, as shown in Figure 3.3.7.1.6.

3.3.7.1.5 [Figure] Effect of elevated tempera-
tures and exposure time at test tem-
perature on tensile strength and
notch strength ratio of 0.05-inch
sheet in fully heat treated conditior.

3.3.7.1.6 [Figure] Effect of elevated tempera-
ture on notch strength and notch
strength ratio of cold worked and
aged sheet with and without expo-
sure to siress and temperature.

The crack strength of center-~cracked sheet
decreases faster with increasing ratio of crack
length to sheet width at -109F than at 550F,
suggesting greater embrittlement at low tem-
peratures, as shown in Figure 3.3.7.1.7. The
crack strength is equal to or greater than that
yield strength at room temperature to 1600F
for solution annealed and aged sheet, as
shown in Figure 3.3.7.1.8. However, for cold
rolled and aged sheet, the crack strength is
much lower than the yield strength up to
1200F, as shown in Figure 3.3.7.1.9. This com-
parison may indicated a greater crack sensi-
tivity in the cold-rolled-plus-aged condition
or may reflect the difference in specimen size.
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3.3.7.1.7 [Figure] Crack strength of solution
treated and aged sheet at -109, 70
and 550F.

[Figure] Effect of elevated tempera-
tures on crack strength of fully heat
treated 0.082-inch sheet.

{Figure] Effect of test temperature
on crack strength and yield strength
of 0.025-inch sheet in cold rolled
and aged condition.

3.3.72 Fracture toughness.
Combined Loading.

Creep and Creep Rupture Properties

The creep rupture properties at 1200 to 180CF for solu-
tion annealed and aged sheet, bar, and forgings are
shown in Figures 3.4.1, 3.4.2, and 3.4.3, respectively.
These data show relatively good agreement for the
rupture behavior among the various product forms,
particularly considering that several different labora-
tories are represented.

{Figure] Creep rupture properties from 1200 to 1800F
of a wide range of thicknesses of sheet and plate,
tested at several laboratories.

[Figure] Creep rupture properties for bar from 1200 to
1650F.

[Figure] Creep rupture properties from 1000 to 1800F
of bars, forgings, and billet tested at several laborato-
nes.

The creep rate and rupture life behavior of sheet at
800 to 1200F, shown in Figures 3.4.4, 3.4.5, and 3.4.6,
indicates a modest strength advantage for the solu-
tion treated plus cold rolled plus aged conditicn over
the solution treated plus aged condition at 800 and
1000F but not at 1200F.

[Figure] Effects of stress and temperature on mini-
mum creep rate of cold rolled and aged sheet.

[Figure] Effects of stress and temperature on mini-
mum creep rate of fully heat treated sheet.

[Figure] Creeprupture curves at 1000 and 1200 for
sheet in two conditions.

Cooling rate after solution annealing affects the short
time rupture strength of solution annealed and aged
plate, as shown in Figure 3.4.7. A high cooling rate of
150F/minute results in higher rupture strength at
1400F than slower cooling rates of 20 or 75F/minute.
[Figure] Effect of cooling rate from solution treatment
temperature on creep rupture properties of plate at
1400F.

A size effect is observed in the short time rupture be-
havior of wire at 1500 to 2000F, as shown in Figure
3.4.8. Higher rupture strengths are obtained with
larger wire diameters in the range 0.5 to 10 mil.

33718
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[Figure] Short time creep rupture curves of 0.5- to
10-mil wire from 1500 to 2000F.

The rupture strength at 1000 and 1200F is less for
sharp notched sheet, shown in Figure 3.4.9, than for
smooth sheet, shown above in Figure 3.4.6.

[Figure] Creep-rupture curves for sharp notched
sheet n annealed and in cold rolled and aged condi-
tions.

Fatigue Properties

Conventional High-cycle Fatigue. The axdal high-cycle
fatigue (HCF) behavior of sheet at room temperature
to 1600F and rotating beam fatigue behavior of bar at
room temperature are shown in Figures 3.5.1.1 and
3512

35.1.1 [Figure] Axial fatigue behavior of sheet at
room and elevated temperatures,

3512 [Figure] Rotating beam bending fatigue
behavior of bar at room temperature.
The effects of R ratio and notch acuity on axdal HCF at
room temperature, 1200, and 1600F are shown in
Figures 3.5.1.3, 3.5.1.4, and 3.5.1.5, respectively. The
fatigue strength decreases with decreasing R ratio
{from 1/3 to -1) and with increasing notch acuity
(K, from 1 to 5) at all 3 temperatures. The fatigue
strength for a given notch sharpness and R ratio also
decreases with increasing temperature in similar
manner as shown above for unnotched sheet in Fig-
ure 3.5.1.1. Data from anather study also illustrate the
decrease in fatigue strength with increasing notch
acuity at room temperature, seen in Figure 3.5.1.6.
3.5.1.3 [Figure] Effects of notches and R ratio on
axial fatigue behavior of bar at room tem-
perature.

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

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

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

The rotating beam HCF behavior of electroslag re-
melted alloy is shown in Figures 3.5.1.7 and 3.5.1.8.

3.5.1.7 - [Figure] Rotating beam fatigue behavior at
room and elevated temperatures of plate fab-
ricated from a DC electroslag remelted ingot.

3.5.1.8 [Figure] Rotating beam fatigue behavior at
1400F of plate fabricated from an AC
electroslag remeited ingot.

Improving surface smoothness by chemical milling or

electropolishing affects a modest increase in HCF

strength, as shown in Figures 3.5.1.9 and 3.5.1.10.

3514

3515

35.1.6
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3.5.1.9 [Figure] Effects of chemical milling on axial
fatigue behavior of sheet at room tempera-
ture.

3.5.1.10 [Figure] Effect of electro-discharge machining
and electropolishing on aial fatigue behavior
of smooth and notched bar at room tempera-
ture,

Reduction in the HCF strength is observed for sheet

when spot-welded as seen in Figure 3.5.1.11, and for

foil when exposed to cyclic oxidation at 1800 and

2000F as shown in Figure 3.5.1.12.

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

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

Strain range diagrams for axial fatigue of sheet and

bar are shown in Figures 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 room temperature and 1400F.

3.5.1.14 [Figure] Stress range diagrams for axial fatigue

of bar at room and elevated temperatures.
Increases of as much as 50 percent in endurance limit
(stress limit for fatigue life of at least 107.cycles) can
be produced by grinding, milling, or turning opera-
tions under conditions which introduce a high surface
compressive stress in the material (e.g., gentle grind-
ing). In contrast, operations under conditions which
cause a surface tensile stress (e.g., abusive grinding}
produce lower endurance limits (Ref. 131).

Low-cycle Fatigue. Hold times of 1 to 24 minutes at
the maximum strain progressively decrease the low-
cycle fatigue life-at 1400F, as shown in Figure 3.5.2.1

3.52.1 [Figure] Effect of hold-time at peak strain on
low-cycle fatigue behavior at 1400F.

Fatigue Crack Propagation. Fatigue crack propagation

1ates at room temperature and 1100F are shown in

Figure 3.5.3.1. The rates at 1100F are two-fold or more

greater than those at room temperature. Increasing

the stress ratio R also increases the crack growth rates,

but frequency effects are not significant in the range

1 to 25 hertz (Ref. 124).

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

Elastic Properties

Poisson’s Ratio, 0.31 (Ref. 6).

Modulus of Elasticity.

3.62.1 [Figure] Tensile modulus of elasticity at room
and elevated temperatures.

Code 4205

Page 10

363

364

36.5

41

43.1

August 1994 (revision)

36.22 [Figure] Compressive modulus of elasticity at
room and elevated temperatures.

Modulus of Rigidity.
3.6.3.1 [Figure] Modulus of rigidity at room and
elevated temperatures.

Tangent Modulus.

3.6.4.1 [Figure] Tangent modulus curves in compres-
sion for various test temperatures and expo-
sure times.

Secant Modulus.

Fabrication

Forming

René 41 can be forged with some difficulty using
starting temperatures of 2125 to 2150F (maximum)
and finishing at 1850 to 1950F. The alloy can be
formed readily in the solution heated and rapid
cooled condition (1950 to 1200F in 4 seconds or less).
Slow cooling after solution treating results in some
age hardening, which adversely affects formability
(Ref. 111). High rolling temperatures (2150F) with
light reductions (2 to 3 percent) can cause deleterious
carbide precipitation and reduced formability. Rolling
temperatures should be kept at 2100F or lower, with
final reductions of at least 10 to 15 percent (Ref. 145).

Machining and Grinding

René 41 is difficult to machine. Low speeds and mod-
erate to heavy depths of cut should be used. Material
to be machined should be in the solution treated and
fully aged condition (Ref. 111). Sawing and drilling
are more difficult than Inconel 718 due to the high
work-hardening rate of the material. However, grind-
ing does not appear to be exceptionally difficult

(Ref. 113).

Joining

Fusion welding. A primary problem in the weld fabri-
cation of René 41 hardware is cracking in the heat
affected zone and base metal during post-weld heat
treatment. Cracks ranging in size from microscopic to
several inches in length can develop during this heat
treatment, which usually consists of a solution anneal
followed by aging. This phenomenon is commonly
referred to as strain-age cracking (SAC) and is related
to precipitation of the gamma-prime phase. The pre-
cipitation reaction, which occurs at 1400 to 1650F,
strengthens the matrix but reduces the overall ductil-
ity. Maximum thermal stresses also occur in this tem-
perature range. These factors can combine to result in
severe cracking when residual welding stresses are
alse present (Refs. 113, 132).
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The susceptibility to weld cracking in gamma-prime
strengthened superalloys is related to the combined
titanium plus aluminum content, the elements which
form the gamma-prime phase, as indicated in Figure
4.3.1.1. Alloys with low titanium plus aluminum con-
tent, shown below the dashed line, are readily weld-
able. However, as the combined titanium plus
aluminum is increased, welding becomes more diffi-
cult. René 41 is seen to be borderline; it can be joined
by fusion welding with relatively little difficulty but
sometimes cracks during post-weld heat treatment
(Ref. 133).

4.3.1.1 [Figure] Weldability of gamma-prime
strengthened superalloys.
Different heats of René 41 vary in their susceptibility
to SAC, probably due to minor chemistry differences
(Refs. 75, 76, 78). A statistical study of cracking based
on analyses of 30 heats indicated that silicon pro-
motes SAC susceptibility, while carbonand, to a
lesser extent, boron reduce SAC (Ref. 134).
In addition to chemistry, SAC is affected by the
amount of weld restraint. Highly restrained welds are
more likely to crack than unrestrained welds. For this
reason, the use of René 41 is generally avoided in
large, welded, highly restrained components.
Post-weld mechanical properties and the susceptibil-
ity to SAC are affected by heat treatment prior to
welding. As shown in Figures 4.3.1.2 and 4.3.1.3, sheet
which had been solution annealed only prior to GTA
welding has lower strength but substantially better -
ductility than GTA-welded sheet which had been pre-
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 properties at room and low
temperature of solution treated sheet with
and without GTA weld.

4.3.1.3 [Figure] Tensile properties at room and low
temperature of solution treated and aged
sheet with and without GTA weld.
Strain-age cracking in René 41 is highly dependent on
the rate of heating through the temperature range
1100 to 1800F during post-weld heat treatment. Gamma-
prime precipitation and associated cracking are pro-
moted by slow heating rates. The time-temperature
relationships for SAC as determined by heat treatment
of circular weld patches in René 41 are shown in
Figure 4.3.1.4. These high-restraint welds showed
cracking in as short as 4 minutes for heats sensitive to
SAC and as long as 45 minutes for crack-resistant
heats (Ref. 133).
4.3.14 ([Figure] Time-temperature reiationships for
isothermal strain-age weld cracking in crack-
sensitive and crack-resistant heats of René 41.

4.3.2
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Another effective means of reducing weld cracking is
to overage after solution annealing before welding.
This treatment also produces a ductile base material
which is better able to absorb the residual welding
stresses than standard solution annealed plus aged
material. The overaging heat treatment consists of an-
nealing at 1975F for 0.5 hour followed by slow cooling
and holding for 4 hours at 1800 and 1600F and 16
hours at 1400F. This treatment shifts the nose of the
“C" curve in Figure 4.3.1.4 (see discussion above)
from about 4 to greater than 500 minutes

(Refs. 133, 135).

Strain-age cracking can also be alleviated by a re-solu-
tion anneal followed by aging rather as opposed to
only aging after welding, However, post-weld solu-
tion annealing temperatures should be kept below
2000F to prevent subsequent formation of a M,C,
carbide network which also reduces ductility

(Ref. 145).

Other factors which are beneficial in reducing SAC of
René 41 include thorough cleaning before welding
and exciusion of oxygen from the heat treating atmo-
sphere. However, except under marginal restraint
conditions, the use of an oxygen-free furnace atmo-
sphere is not by itself sufficient for completely elimi-
nating post-weld heat treat cracking (Ref. 136). The
weld area should also be kept cool by means of cop-
per back-up bars or water cooled fixtures (Ref. 111).
Following the torch with a water spray reduces the
hardness and produces maximum ductility in the
weld and weld affected zones. No preheat is used for
welding.

A second problem, termed microfissuring, can also
occur during welding of René 41. Microfissuring is
due to partial liquefaction of the alloy during welding
and occurs mainly at the weld root where shrinkage
stresses are encountered. This problem can be
avoided by using a more ductile material, such as
Hastelloy W, for the root passes when joining the
alloy with itself or other age hardenable nicke] base
alloys (Refs. 33,34, 113).

René 41 can be successfully welded in heavy sections
by electron beam welding (Ref. 74).

Brazing. Brazing is a feasible method for fabrication
of René 41 into complex structures such as light-
weight honeycomb sandwichs for space transporta-
tion systems and advanced high speed aircraft. A
modified braze alloy based on AMI 930 (Ni - 22.5Mn -
7.55i - 5.2Cu - 0.01Al) can be brazed while solution
treating and aging René 41, Good mechanical proper-
ties are obtained in both the base and braze materials
(Refs. 137, 138).

Several René 41 /braze alloy combinations have excel-
lent resistance to thermal fatigue. Brazes of AMI-100
(Ni - 19Cr - 105i - 3Fe - 0.5Co - 0.5Mn - 0.15C), AMI-
300 (Ni - 19.5Cr - 9.55i - 9.5Mn - 2.3Fe - 0.10C), 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 (4 minute
heating in fluidized bed at 1364F plus 4 minute cool-
ing in fluidized bed at 77F) with no cracking. Similar
specimens with René 41 foil brazed onto the radii sur-
vived 11,000 cycles with no cracking. Specimens butt-
brazed together at mid-section survived 11,000 cycles
when brazed with 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 brazing indude

Ni - 33Cr - 24Pd - 45i and Ni - Mn - 5j - Cu - Misch
metal. Both of these alloys provide excellent wetting
and flow characteristics on René 41 and can join 0.015-
inch thick material without erosion or embrittling
effects. The optimum brazing temperatures are 2150F
for Ni - Cr - Pd - 5i and 1975F for the Misch metal
braze alloy (Ref. 140).

Resistance welding. René 41 can be joined by resis-
tance welding (Ref. 111)

Surface Treating

René 41 is not subject to embritlement by hydrogen
from cleaning, pickling, or electroplating treatments
(Ref. 95).
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Table 1.3.1 AMS specifications (Refs. 14, 77)

Alloy René 41
AMS Specification Product Form@
5399C Investment castings
5545C Sheet, strip, plate (ST)
S57T12F Bars, torgings, rings (ST)
v5713F Bars, forgings, rings (STA)
5800D Weiding wire

4 ST — Solution treated at 1975F,
STA —- Solution treated at 1975F + aged at 1400F for 16 hours.
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Table 1.4.1 AMS specified compositions (Refs. 1-4, 77)
Aoy René 41
AMS Spacification 53998 5545C ST12F, 5713F 58000
Element Percent Partent Percent Percent
Min Max Min Max Min Max Min Max
Chvormim 18.00 20,00 1800 20.00 18.00 20.00 18,00 20.00
Cobatt 1000 12.00 10.00 12.00 1000 12.00 1000 1200
Molybrerum 9.00 10.50 9.00 1050 9.00 1050 .00 1050
tron — 5.00 — 5.00 - 5.00 — 5.00
Titanium 3.00 3.30 3.00 3.30 3.00 330 3.00 330,
Austium 1.40 1.80 1.40 160 1.40 1.80 1.40 160
Carbon 0.06 0.12 — 012 - 0.12 — 0.12
Boron 0.003. 0.010 0.003 0.010 0,003 0.010 0.003 0010
Siicon — 050 — 050 —~ 0.50 - 050
Manganess - 0.50 - 010 — 010 - 0.10
Sulfur - 0.015 — 0.015 — 0015 - 0.015
Phosphonss — 0.015 - — - — — —
Copper — - - 650 -_ - — —
Lead — - — - - 0.0005 - -
Bismuth - — - — - 0.00003 - -
Seleriun - — — - — 0.0003 - -
Nicke! balance batance balance batance
Code 4205
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René 41

Table 1.5.1 Time

recommendations for heating and

quenching various thicknesses of René 41 (Refs. 47, 49)

Form All forms, thicknesses as indicated
Maximum
Mmdal(::;ﬂness H"{"‘r'[ IT)W Cuench Dslay
{sec.)
Annealing 2025 + 25F, WQ

<0.039 411 5
0.040 - 0.099 6+1 5
0.100 - 0.249 1222 3
'0.250 - 0.499 20zx4 7
0.500 - 0.749 30+5 7
0.750 - 1.000 405 7

Salution Treatment 1975 + 25F, WQ -

0,059 102 3
0.060 - D.249 1513 5
0.250 - 0.449 0x4 7
0.500 - 0.999 3045 7

10-19 S0&5 ’

20-30 7045 7

René 41, Sheet .
0.07-in. thickness
1975F, WQ
30
£ Thf =
= %
g f
[x)
O
2
E c{
: 15
g 1 Seog
5
0 5 10 15 2 %

Time Detay Betors Water Quenching (sec)

Fig.1.62 Effect of delay before quenching on hard-
ness of sheet (Ref. 47)
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René 41, Bar ,
0.25-in. slices
ocav ST
® A ¥ ST+ 1400F, 16 hr
s0O WO
A A OO
vv AC
»
l\ v
40
\ —— b
J ""-..\__: \’
_ \ \F\l
§ 30 \ ?
2 q \n
8 \
£ n [
: ~ \
i T
\
é 10 <3
0

1950 2000 2050 2180 2150
Solotion Treat Temperature (F)

Fig. 1.6.1 Effect of solution treating temperature
and cooling method on hardness of bar (Ref. 3)

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

42

Exposure temperature
.

|
-(I\ 1600F
T~ \\%

0

Rockwall Hardnesa {C 8eals)
8
[/
4
g_

KLMF . \

[ —
32 ‘1850': --\

0.2 035 1.0 100

o
-
=]
g

Exposure Time (hr)

Fig. 1.6.3 Effect of high temperature exposure on room
temperature hardness (Ref. 62)
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René 41, Sheet

Exposure

0.05-in. thickness
ST 1950F, 30 min., AG + age 1400F, 16 hr, AC
B

O average of 0.5 to 1000 hr
e 05hr
4 10hr
8 100hr
v 1000 he

O

\K

Rockwell Hardnass (C Szals)
o

24

0 400

800 1200

Temperatura (F)

Fig. 1.6.4 Hardness at room and elevated
temperatures for various exposure times

(Refs. 29, 85-89)

René 41, Sheet | I T { \ |

0.040-in. thickness ce 1500F 70; 100 hr

1975F, 0.5 hr, WQ + 1400F, 16 hr AA 1600F 1;100 hr

vy 1650F 1;10hr
UE O W1700F 02;1;10; 100 hr

_ X 1750F 1hr
E CC O ®4800F 0213 24hr
£ o0 + 1800F 1hr
a
E
=45
g Fiy ) [o) Fur o o)
: 40 //.A A e
= @L—"" e;’ﬂ-j
e 35 ] gﬂnﬁ& % Pl
g '/ &
g e oD % 3&
i | |
s 25
= 100 120 140 160 180 200

Fig.1.6.5 Relation between hardness and tensile or yield strength at room temperature after
high temperature exposure (Ref. 62)

Yiald, Fyy or Tensile, Fy, Strength {iel) at Ream Temperature

220

[René 41]
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René 41

René 41
As-cast
o MC
® Mu
v &C
v
very 2% ded
Abundant / \
|5 Abundant /
B
= ¢
§ Medizm
£
e
= Rare
= (4 /[ /
'/r e e —" .
Very
Rare \

1400F 1500F 1600F 1700F 180OF 1800F 2000F 2100F 2200F
86 hr 72hr 48hr 36hr 24hr 16hr Bhr Hhr  2hr

Heating Exposure

Fig. 2.1.2.1 Minor phase concentration for alloy after
heating for various times and temperatures (Ref. 61)

24
20 /F'L H1
u-7c0
£ 15 o /
g
g
= O] AF-210
E ]l —
A INgDO
g
E 8 y o B-1900
5 /
4
O Forms MyCg
0 Forms MgC
1900F
0 |
0 2 4 1} 8 10

Maolybdenum + 0.5 Tungsten (stomic parcent}

Fig. 2.1.2.3 Complex carbide-forming tendency
-in nickel-base alloys (Ref. 52)
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René 41 | | | I I

2150F, 2 hr + aged 5000 hr at temnperture indicated
© MC
® Mu
v Mgt
v MasCg
» Sigma
vy | |
Abundant [~ W WA
\
5 Abundant H
E 1
] 1
[ N |
S Meadium
2
= 1
= y|Y ‘7
§ Rare > t 1
i |
M ‘L /
very L L4 PN N
Rare I N
[ ] [T
1300 1400 1500 1600 1700 180D 19G0 2000 2100
Aping Temperature (F)
Fig. 2122 Minor phase concentration for alloy after
5000 hour exposure at 1400 to 2200F (Ref. 109)
18 René 41
{19}
16 £
- e
3 @ 1
= 7
=M 1
g nd
a s 5}
z A 4
_E 12 " e
b= s
8 I./ /
= raa
B 10 +# >
E S
8 ./‘,
* A
//
6
0 400 800 1200 1600 2000 2400
Temperzature (F)

Fig. 2.1.3.1 Thermal conductivity (Refs. 5, 8, 19)
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René 41
- 024 -
Rent 41 . Reng 47 |
. S::ciﬁc heat 019)
E 10 ’,4" o 0.20
GE' Between 77F and temperature indicated {19) / § /
g o ; £
g 7 / B 016 =
S 8 =
= @ / & o1 v
5 eV oo
g 7 T 7 /
5 6 {55) A A 008 0 400 800 1200 1600 2000 2400
LE / /// Temperature (F)
£ /
e 5
8 { a1 {’ / Fig.2.15.1 Specific heat (Refs. 8, 19)
3

400 0 400 800 1200 1600 2000 2400
Temperature (F}

Fig.2.14.1 Mean coefficient of linear thermal expansion
(Refs. 9,19, 55, 141)

Table 2.2.2.2 Effect of heat treatment on electrical

René 41 | | e
Solution treated to hardness of Re 40 and resistivity (Ref. 18)
50 | average grain size of 0.022 mm /3
/ Aoy Reng 41
=
E® 4 Form Sheet
=
E a8 Thickness {in.) 0.075
E 4 P Condition Microhm-in. at RT
&£ 0,.0"/
45 ) Solution treat 515
-500  -400  -300 200  -100 0 100
Solution treat + 1850F, 4 hr, AC 49,2
Temperature (F)
1400F, 16 hr, AC 48.9
Fig.22.2.1 Low temperature resistivity (Ref. 106)
2150F, 30 min., AC 526
1650F, 4 hr, AC 52.8
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Fig.224.1 Total hemispherical emjttance of clean and oxidized

René 41 (Ref. 142)

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

René 41
René 41 I ] l René 41, Tube
Heavily axidized
0m |2 Detergent cleaned (clean surfage} 1 |
) © Oxidized 1500F, 12 hr in air (heavily oxidized surface) -0 © Sample 1
& Sample 2
0.80 e 0.95
L3571 ‘
° ,———‘@'c 1 _______:____.-4
070 £ 090 |—=—— - <
] & o
é 0.60 0.85
E
ol
050 0.80
1500 1600 1700 1800 1900 2000 2100
0.40 Temperature (F)
— | Fig. 2242 Total hemispherical emittance of oxidized
030 Ren (Ref
400 600 800 1000 1200 1400 1600 1800 2000 ¢41 -143)
Temperature (F)

Alloy René 41
inHtizl Expasure Gonditions Tensila Proparties
2
pomten Thormal (m:;';z) (:?n (Ei) (pu:arlt] L(Ons:rll:::!t)u

SA none none 137 475 —
SA+ A none none 150 207 225 -

SA 1400F, 48 hr none 150 209 210 —
SA+A 1400F, 48 hr none 168 224 175 —
SA+A 1400F, 48 hr 0.17 155 192 93 14
SA+A 1100F, 48 hr 0.15 156 210 203 6
SA+A BOOF, 48 hr 0.08 154 214 248 4

2 SA — Solution annealed at 1950F.
A = Aged 1400F, 16 hours.
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Table 2.3.12 Effect of salt on post-exposure tensile properties at room temperature (Ref. 121)

[René 41]

Allgy René 412
Exposure Conditions Tensile Properties
saltd Stress (ksh) Time (hr) Temperature (F)°® Fey (ksl) Fry (ksi) e (percent)
—_ —_ — unexpased g2 160 23
no 3 43 1600 132 149 10
no 0 48 1600 128 155 23
yes 3 48 1600 70 a5 2
yes 0 48 1600 66 90 3
2 Heat treatec 2150F, 2 hours, AC plus 1650F, 4 hours, AC.
b Slurry coated to thickness of 0.015-inch {equivalent to 150 mglt:m2 of salt).
¢ Exposed in air.
Table 2.3.1.3 Effects of hydrazine decomposition products René a1, Tube T
on tensile properties at 1450F (Ref. 123) Processing conditions not reported
Tubular specimens intemally pressurized with
test atmosphere to 700 psi
Alloy René 41 Compressive, sawtoath cycle
R=0.02t0 0.60,1=05Hz A
o] an
Hold Time Tensile Properties . N':amz""z
Test Prior to Test Reduction - 1: G b
Environmenm () Fh?l Fk‘:l (pe::em In Area £ 12 o
(i) | (=) {percent) E 10 \‘B'
Argon 0 128 | 1628 | 218 22 08 \\gg" =
< 06
NHa/MNo/Hy 0 1297 | 1757 | 157 20.7 E
04
NHa/Nofts 2 1224 | 168.5 155 19.5 ) o 0t
Cycles to 40 Percent Load Decrease

Fig. 2.3.1.4 Effects of hydrazine decomposition
products on low-cycle fatigue properties at
1450F (Ref. 123)
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René 41

16—

René 41, Bar |
S/B-in. dizmeter

Machined to specimen shown
1975F, rapid quench
!

Polished surface immersed 1/8-in. below surface of

liquid sodium and vibrated 0.00175-in. peak-to-peak

dispiacement at 25,000 cps to induce cavitation
' 1

|

12

|

T
174
t

0563

o I\ﬁbraﬁun

12

Inconel 600

Volume Lozs (mm¥)
[--]

-
-
-

Rent 41

Fig. 23.1.5 Comparison of cavitation damage resistance
.with other high temperature alloys in liquid sodium at 800F

(Ref. 91)

Code 4205

Page 20

Time (hr)
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Renédl | | | |

1975F, 0.5 hr, raptd air quench
See Fig. 2.3.1.5 for test conditions
10.0

S
875 == I

o

~
n

Surface Rouphneas (micran)

™

/
p—"

0 40 80 120 160 200 240

——
—

|~

A
\

Tima {min.)

Fig.2.3.1.6 Surface damage due to high frequency
vibration in sodium at 800F, and comparison with results
for other alloys (Ref. 97)
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[René 41]

Table 2.3.3.1 Embrittlement of René 41 and other selected alloys by hydrogen at room temperature? (Ref. 125)

Alloy Rent 41
Strength Ratio Hp/He Unnotched Dustility
Alloy Notched Unnotehed Elonpation (percent) Reduction in Area (percent)
He Hz He Hz
18 Ni Maraging (250 Grade) 012 0.68 8.2 0.2 55 25
Type 410 Stainless 0.22 0.78 15 13 60 12
17-7PH 023 0.92 17 17 45 25
9Ni - 4Co 024 0.86 % 0.5 67 15
H11 0.25 0.57 B8 0 30 0
René 41 0.27 0.84 bl 4.3 29 1
4140 0.40 0.96 14 286 48 9
Inconel 18 0.46 0.93 7 15 26 1
Ti - 6Al - 4V (STA) 0.58 — - - — —
Ti - 6Al - 4V {Annealed) 0.79 - — - — —
Ti - Al - 2.58n {ELI) 081 — - — 45 %
Type 304 ELC Stainless 0.87 - — — 78 n
Type 305 Stainless 0.89 . — — — 78 75
Type 310 Staintess 0.93 - _ — 64 62
286 0.97 - - - 44 3
7075-T73 Al alloy 0.98 - — - 37 35
Type 316 Stainless 1.00 — — - 72 75
6061-T6 Al allpy 110 - — — 61 66
& Tested in high purity 10,000 psi hydrogen or helium.
b Ki=84.
Code 4205
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René 41 |

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

Aoy René 41
Post-exposure Tensile Properties
Initial Condition 2 Exposure Time {hr) Exposed in Air Exposed in Hydrogen b
Fry (ksi) e (percent) Ry (ksi) € (percent)
0 1582 34 - —
Cold Rolled 20 168 12 151 7
1000 174 7 ! 3
0 131 50 — —
Heat Treatment No. 1 2 167 35 156 25
1000 176 24 173 18
o 187 2 - —
Heat Treztment No. 2 20 ' 123 18 185 2
1000 186 16 187 9
0 181 20 - —_—
Heat Treatment No. 3 20 184 18 178 14
1000 174 13 170 2

2 Heat treatment No. 1: 1950F, 0.5 hour, WQ (average gammia-prime partiele size 0.005 micron). Heat treatment No. 2: 1950F, 0.5 hour, WQ plus
1400F, 16 hours, WQ (average gamma-prime particie size 0.02 micron). Heat treatment No. 3: 1850F, 0.5 hour, FC plus 1400F, 16 hour, AG
(average gamma-prime particle size 0.2 micron).

b Hydrogen pressure was 15 psi. Minimum purity of fiydrogen was 99.0 percent.
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[René 41]

René 41, Sheet 2000F

0.032-in. thickness

Oxidized in static air fumace 20

‘ 1800F
© 2150F, 0.5 hr, + 1600F, 4 hr
0.3 — @ 2150F, 0.5 hr ~ -
& 16
& 3 I
5 S 1800 //
g 0 E
- % 12
-—§ 0.2 .
= 1800F o ® £
= s 08
2 e /
1700F 1700
01 ) e
/ 1606F | o O 04 e
o] Lo~ - / 1600F
/ -~ --'“‘T'H
1] o~ > 0 -0-—0—1—‘0'—
1} 40 80 120 160 0 400 800 1200 1600
Time (min.) Time (min.}

a. Times iess than 2.5 hours showing
linear rate in early stages

rate at ater times

Fig.2.3.4.1 Oxidation behavior of sheet at 1600 to 2000F (Ref. 105)

2000

8

Tamparaiure (F)

1600

Fig.23.4.2 Major reaction products after air oxidation

b. Times to 25 hours showing parabelic

René 41, Sheet | René 41, Wire
0.032- and 0.062-in. thickness 1-mil diameter
2150F, 0.5 hr + 1600F, 4 hr As drawn
Exposed 1 to 10,1000 min. at templerature from ‘160|0 to 2000F 0.40
| — Oxidation products measured in surface scale {shown as —— .
numerator below), and in subsurface products of intemal 2000F | O
oxidation (shown as denominator) 0.30
! 3
(D Linear axidation rate T P
(@ 2nd (T) Parabolic oxidation rate =4
A ® £ . 1800F | et
3 £ 020 e
Grz0 N ! é
=23 N Cra0g+ NiCr,04 + TiOp £ |
-~ ) N AlOg+ TIN =
T~ s ¥ 10 4
. ~ e
) I\ @ A 500F
~ ~ i
o (Cra A0 . o ¥ —
N Ay \ 0 —
(@) \ \ 0 2 4 6 8 10
A \
AlyDg + Gra0y \ 1 Time {min.)
E— y
I
‘ Y \ Fig. 2.3.4.3 Weight gain during furnace oxidation
1 10 100 1000 10,000 of wire at 1500 to 2000F (Ref. 83)
Exposure Time (min.}

at 1600 to 2000F (Ref. 105)
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[René 41]

René 41, Sheet !
0.070-in_ thickness

1975F, 0.5 hr + 1400F, 16 hr, AC
Dynamic oxidation in high velocity products of natural

combustion gas
20
1800F
1.0 o) O
0 o I
0

SOOUF
20

Walght Change {mg/cm?2)

-60
0 200 400 600 800 1000

Time (hr)

Fig.2.34.4 Weight change during dynamic oxi-
dation of sheet at 1600 and 2000F (Ref. 72)

René 41, Sheet
Specimens ¢ooled to AT after each 1000 hr of expesure
Metal loss calculated from weight change da

—y
(=]

Metal Loss (mp/em?)

|
1

a1l

o

Inconel Haslzlloy INGO1 Inconel Inconel René  IN-X750
706 617 41

Fig. 2.34.6 Metal loss by oxidation after 10,000 hours
exposure in air at 1500F for Ren¢ 41 and other nickel-base

superalloys (Ref. 127)
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Rend 41, Shest [
0.,070-in. thickness
1975F, 0.5 br + 1400F, 18 hr, A

2000F
12

10

L/
/

N | =l
:/é //
e

Internal Dxidatian ({mil/slde)?)

;7
1600F R
L "

i
L

0 200 400 600 800 1000
Time (hr)

Fig.2.3.4.5 Internal oxidation of sheet at 1600
to 2000F (Ref. 72)

René 41, Sheet

0.01-in. thickness

Exposed continuously in air at pressure of & torr

Effective thicknzss loss includes surface oxidation, intemal
oxidation, and loss of strengthening precipitates

10
1800F

:E: /C’/‘c"
-]
] ‘o/o/(
E
5
E 1400F
-]
3
g (&)
["T]

0.1 !

10t [ 109 10t
Expoture Time (hr)}

Fig.2.34.7 Effect of oxidation exposure in low
pressure air on effective thickness loss of thin-gage
alloy at 1400 and 1800F (Ref. 130)



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

[René 41]

Table 3.1.1 AMS specified properties for castings, bars, foergings, and rings (Refs. 2, 3, 77)

Alloy René 41

AMS Tensile Properties Rupture Properties Hardnass
Speckfl- Heat
cations FOmR | reatment Temperature ::I: nFatll:1 e, min b RA, min | Temperature | Stress L?t:nt:lnrfn e,mn | min | max

ercent "
] osi) | (isi) [ F | (percent) ) (i) | o) {percant)
53398 | Casting |SHT + PHT 1200 80 | 110 3 5 1650 25 25 5 30HRC| —
Bars, SHT - -1~ - - - - - — — |363HB
5712F, { forgings _ _ _
S713F [and rings | SHT + PHT AT 130 | 70 8 10 1350 87.5 23
1400 105 | 135 5 10 - - — — |311HB

Note: The original AMS documents should be bonsuned for complete specification detaits.

3 SHT — Solution heat treatment of 1950F, 0.5 hour, RAC (casting) or 1975F, time commensurate with thickness, suitable guench (bars, forgings,
rings).
PHT — Precipitation heat treatment of +400F, 16 hours, AC.

b Elangation in 4D.
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René 41

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

Alloy René 41
Tenslie Properties Hardness Bend
snetﬁ:::tluns Conditon? Tm:ilr‘l[-[lass Tlmm(;z)“1It|lrls Ft{l:srll;m Fufl':s"ll)m (pz}c'::)" min max "m’(ﬁ"
£0,015 100 170 20 - - —
> 00150315 100 170 30 C— - —_
>0.115<50.187 115 180 30 —_ _ —
>0.187 140 195 30 - - _
SHT £0.040 RT -_ — - — 75 HR15N -
> 0.040 < 0.070 - - — - 64 HRA -
>0.070 £ 0.187 — — - — 30 HRC -—
5545C 50,062 — — - — — 2
>0.062 50125 - — _— - — 25
>0.125 < 0.187 _ —_ — — —_ 3
£0.020 AT 120 160 6 —_ _ _
> 0.020 130 170 10 ~ — —_
SHT + PHT <0.020 110 130 - 3 — —_ —_
>0.020 1400 10 140 3 —_ -— —
al - — — 35 HRC - -

Note: The original AMS documents should be consulted for complete specification details.

8 §HT — Solution heat treatment of 1975F, 1 hour per inch of thickness, RAC or faster.
PHT — Precipitation heat treatment of 1400F, 16 hours, AC.

b Elongation in 2 inch or 4D.
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René41 | |
Hammer forged to 1-in. square bar,

—_ rolted te 0.5-in. round bar
] 1975F, 1 hr, WQ + 1400F, 16 hr, AC
o 150 —
-_E' . —
g
»
=
= 130

20
£
o
=2
g /
s 10
s
2
=]
n

0
0 0.1 0.2 9.3
Carbon (percent}

Fig.3.2.1.1 Effect of carbon content on room
temperature yield strength and elongation

(Ref. 46)

René 41 I

BB 1650F, 14

160 — Solution treated

r + 1400F, 10 hr

20% cold rolled sheet prior to solution anneal
Heat treat as indicmd

— 10 min
- = E0min

i 140

£

£ ,
E <

=

E &0 %ﬁ"b‘_

40
80

e : i

g WW

£ ]

E

E

=

1950 2000

2100

Solution Annea! Temperature {F)

Fig.3.2.1.3 Effect of solution anneal time and temper-
ature with and without double age on tensile properties

of sheet at room temperature (Refs. 47, 49}

2200

Strength (ksf)

Elongation, 10-In. {percant)

260

220

g

140

100

40

20

René 41

René 41, Fiber
| 0.002-in. diameter

Solution annealed as

indicated

~

|:)--—""""-'.c

el

1800

2000

2100

Soluticn Anneal Temperature (F)

Fig. 32.12 Effect of annealing temperature
on room temperature 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)

Ay René 41
Form Casting
1950F, 4 br,
Condition | As Cast 195“:': hr, 215“':\': M. | Ac + 1400F,
16 hr, AC
Fry (ki) 124-128 106-112 126-130 112-114
Fry (ksi) 78-80 62-84 88-101
g, 24n. ) }
(percent) 1% 1-17 3-5
RA (percent) | 19-23 16-19 8-9
Code 4205
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René 41

René 41, Sheet René 41, Fiber { ( ' ‘ l
0.040-in. thickness = 0.0018-in. diameter
1975F + age as indicated g Melt 5pun + aged in helium as indicated
160 = Tested at room temperature
1400F £E 1m0
L—=="% 1650F, 1 hr + 1400F 2.2
=71 " - [~ 1650F, 2 hr + 1400F o
.. 150 a2 fo! 5
i - E 120 (5]
= o |= = =11700F, 1 hr + 1400F = &
g 14 *55;F As spun
% 0 g f - 80 range|
= N\, \1suuF g X
> 130 N aZ 60
N g= 400
=
120 1650F E As 2 4 6 8 10 12 14 16 18 20 22 24 26
0 4 8 12 1% 18 20 2 Spun

Time {hr)

Aying Tima ()
Fig.32.1.6 Effects of aging time in helium at 1436F on

tensile strength and microhardness of melt spun René 41

Fig. 32.1.5 Effect of aging time and temperature on room fibers (Ref. 87)

temperature yield strength of sheet (Refs. 47, 49)
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Rans 41, Shest |
L 0.015-in. thickness

@& ST 1950 to 2000F, RAC +

| cold reduction

A Gold reduction + age 1375 to 1425F,
16 hr, AC |

| Cold reduction + ST 1850 to 2000F,

280 RAC + aga 1375 to 1425F, 16 hr, AC

L
240 ’A\/

320

200

Ultimate Tansile Strength, Fy, (ks))

v

120
280

240

Yiald Strangih, Fyy (ki)
8
(

Elongation, 2-In. {percent)

i} !
0 10 20 30 40 50 60

Cold Reduction (parcant)

Fig.32.1.7 Effect of cold reduction by shear forming
on room temperature tensile properties (Ref. 32)
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[René 41]

René 41, Fiber
0.002-in. diameter
360 I Drawn as indicated
Annaaled
40 bk
>
—

Strengih (kei)

320 i
Fy

o]

300

280

20 40 60 80
Reduction of Area (percent)

Fig.3.2.1.8 Effect of cold reduction on
ultimate and yield strength of fiber initially
0.002-inch diameter (Ref. 82)

Table 3.2.1.9 Effect of cold reduction by fluid extrusion on
tensile properties of bar tested under normal atmospheric
temperature and pressure (Ref. 96) '

Alloy Rent 41
Form _ Bar
Haat treat + 50 percent cold reduction

Conditton | As Heat Treated a
by finid extrusion + re-age

Fry (ksi) 1338 243.0

AA (percent} 12 n

2 Fuid extrusion at 15.8 kilobars.
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René 41

T A René 41, Sheet ‘ |
René 41, Sheet 0.040-in. thickness
0.025-in. thickness 1975F, 0.5 hr, WQ + 1400F, 16 hr Exposure
ST + GR 20% + 1400F, 16 hr o inr
A 10hr
Condition intemittant Steady O 100k
Heat alone at 550F ————teee 200
Creep loaded at 550F | —————— cI
Heat 2lone at 650F —_———— o A [~ 2 Fu
Creep loaded at650F | = = w o= — - >3 T —
! | = 160
Imtermittent Conditions 8 * [s]
2) Heat to test temperature in 10 minutes g — S
b) Apply load, hold load and temperature for 2.5 hours B ™o ~ -~ - a F
¢) Remove load, cool to RT in 20 minutes 3 120 —t MY
d) Stresses for creep loading as shown below “« AL :AL -
. ~ -
22 | to00hr | 2000h | 10.000hr | 30,000 hr %
Temp | 550F | 650F | 550F | 650F |550F | 650F | 550F [650F 8o -
1500 1600 1700 1800 1900
ksi |138512¢ {110 (10 70 | 70 | 40 | 40
Exposure Temperature (F)

Fig.32.1.11 Effect of high temperature exposure on room
temperature tensile properties (Ref. 62)
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[ e ——

.%i %"" B — :'_‘:‘:—_':ﬂ-—‘.‘___'_-q - .

22w S René 41, Wire |

; Y 1-mif thickness

£ As drawn Exposure Temperature
E 20

| ____{ 1500F
) /I'/ il

120 | 2000F ——=

Yiald $trength,
Fyy (kel)

~
8

Uliimate Tanaile Strangth, Fy, (kel}
2

$ 8 L T - e “..(}\\
FH <] St TG L e
% E :—: 47 _.-.'_""'-- &
B2 2 == N
40
Y A VA 20
0 PP
3 £
EE 5 20
E E 20 ] e —T &.'
2P mIE SR N
« g 1w — o | 1500F
‘ -
0 1000 A 2V 10,000 , s
Expusure Time (i & sudll 1800F
re Ttme (hr) 0 VN e e SO o
0 2 4 6 8 10
Fig.32.1.10 Effect of exposure time and temperature simulating - l
supersonic transport conditions on room temperature tensile properties Exposore Thms (min.)
(Refs. 62-65) .
Fig.3.2.1.12 Effect of temperature and exposure time
on tensile strength and ductility of 1-mil wire (Ref. 83)
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'—4 T

René 41, Plate
.225-in. thickness
1975F, 0.5 hr, cool at

.

Precracked Charpy impact

«’

rate indicated + 1408F, 16 hr, AC

- |-

Shear Strangth, Fy, (ksl)

&

pry
[
(=]

8

|René 41

René 41, Sheet
0.040-in. thickness
1975F, WQ + 1975F, 0.5 hr, AG + 14005, 16 hr, AC
| 7;—\_
Exposed
| 10m
100 hr—= ~
500 hr—/| /
1|000 ] g—
0 400 €00 1200 1600 2000
Expogure Temparature (F)

Carbon % Fig.325.1 Effect of time and temperature of
0.08 exposure on shear strength of sheet at room temper-
o , / ature (Ref. 43)
75— | | 77012
\ P "
\ :
\ . 002 René 41, Sheet | | J
- - ) 0.040-in. thickness
ol > - rd 1975F, WQ + 1975F, 0.5 hr, AG + 1400F, 16 hr, AC
= = > £ =15
. . - g -
‘% 320
A A— =25 L] Bxposed (hr)
wa @ 150 75 a0 20 5 "
= B N
Costing Rate (F/min.} 2 20 RN
s NN
Fig.3.2.3.1 Effect of cooling rate after solution = \
treatment on room temperature impact energy 160 100
for three heats of differing carbon content (Ref. 75) . 30
- &=
2
E_
1 ]
René 41, Sheet~— b < 240
0.015-in. thickness 8
| £
—®—— 5T 1950 to 2000F, RAC + cold reduction ]
——a—— Cold reduction + ST 1950 to 2000F, RAC © 160
+age 137510 1475F.|16 hr, AC 0 400 800 1200 1500 2000
160 Exposure Temperatore {F)
'—-\0
.—%‘Kl————-‘
g 120 Fig.3.2.6.1 Effect of time and temperature of exposure
£ on bearing strength of sheet at room temperature (Ref. 43)
% 80
&
40
0 10 20 30 40 50 60

Cold Reduction (percent)

Fig.3.2.5.2 Effect of cold reduction by shear forming
on room temperature shear strength (Ref. 32)

Code 4205
Page 31




NiC0-4200 - nickel Base Altoys Aerospace Structural Metals Handbook

René 41

August 1994 {revision)

Ren 41, Sheet René 41, Sheet I
0.025-in, thickness 0.025-in. thickness
240 | CR 20% + HT as ndicated g5 |.SP 35% + HT as indicated

I |
220 m 240

thm:h-L
? Fy-L
¥ Fy-T
220

Strength
(al)

Notch Strength Ratlo

Elengation, 2-In.

200
Fiy-T €=
. £=
180 ® 200
_ Notch - T \
Ty-L
160 { 180
140 160
Ll Netch-T

o 00 — ooy s %
& ( —1 (2 10 € o8 L A7 .
g 1z i £& T 7

08 CR<oo0r H £ 0. *10 7

20 3
s £ 08 v s 0007
T —1 >

20 /!L'— = ’ 4>20
g % \ L . = 16 T
s \. /V/ G 12 /_,\7
5 12 ¥ ‘__:E L

T £8 8 —
8 EE £
Nome  1400F  1400F 1500F 160OF  1650F 1
2hr 16hr  2hr 2hr 4hr i}
Hezt Treatment None 1400F 1400F 1500F 1600F 1650F
2hr 16 hr 2hr 2hr 4nhr
Heat Treatmeny

Fig.3.2.7.1.1 Effect of heat treattnent on room temperature
smooth and sharp notch tensile properties of 20 percent cold

rolled sheet (Ref. 71) Fig.32.7.12 Effect of heat treatment on room temperature

smooth and sharp notch tensile properties of 35 percent cold
rolled sheet (Ref. 71)
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Table 3.2.7.1.3 Effect of high pressure hydrogen and of hydrogen-contaminated helium on embrittlement of smocth and

notched bars (Ref. 94}

Alloy René 41
Form Bar
Condition 1875F, 1 hr, WQ + 1400F, 16 hr, AG
MNotched
Smooth -2t S0 7
Shape Moo \
g D = 0.250 inch 42230 250
LR = 0.00035
Test 10 ksi He +
Environment Air 10ksi Hp Air ‘He 10ksi Hp 44 ppm Hp
Fy (ks) - 163 — - - —
Fyy {ksi) 196 165 280 270 77 270
¢ (percent) 21 4.3 - — — —
RA (percent) 20 11 34 2.0 0.2 2.0
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L reryTa l
0.750-in. dizmeter 423F
1975F, 4 hr, WQ + 1400F, 16 hr, AG 3 e

240 A// -320F

/ // sl

o]

I
%ﬁ"""‘d 0F]
160 A/
E /
H
B
&
120
|
80
40
0
0 004 008 012 016 020 024
" Strain (In./in.)

Fig. 3.3.1.1 Stress-strain curves of bar at room and low

temperatures {Refs. 55, 56)
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René 41, Shest |
ST 1950F, 30 min., RAC
Age 1400F, 16 hr, AC
0.050-in. ~~ RT 0,050-in. ) ~ RT
thickness / BOOF thickness / 800F
= . 1200F
A /ﬁ—- 1400F
fed ) Lo
/i 000060 in.fn.fin. W~
7
1600F )
S Strain rate
/// A 0.060 inJin./min.
s 1800F
. 1800F
4 o 2000F
0.050-in. ™ RT 0.125n, RT
thickness | 800F | | thickness / 1000F
= 1200F 1200F
7= 1400F—
/ — 1600F
/ / 1600F
| T 1800F Strain rate
/ 0.005 infin./min.
— 2000F 1800F
Strain rate
GinJin/min.
o 0.004 0.008 0 0.004 0008 0.0012
Strein (in.fin.)

Fig. 3.3.1.2 Stress-strain curves at room and elevated tem-
peratures for various sheet thicknesses and strain rates

(Refs. 24, 25)
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René 41, Sheet and Plats Rent 41, Sheet and Piate ’ |
0.010- to 0.125-in, thickness 0.005- to 0.312-In. thickness
1850 to 1975F, 15 min. to 1 hr, AC + 1400F, 16 hr, AC 1675 to 21507, 20 min. to 4 hr + 18507, 4 hr, AC

240

~
Py
o

Y FPII I

N
P

e,

160 Ll

Ultimata Tensile Strength
Fiy (81}
N
Witmate TensHe Strangth, Fy, (ksl)
s

&

3

160 v

§_w ZZ’R S £ A1
g2 N s - < /s v ss
§"? 8 bk g 3 L
0 Q/> £ 52
&0 2 o
2% [x ;
EE 40 / - A TA/‘_, Fa
E§ | e ] ___./ - 15 fay
22 5 /,r/ YA WA ot / E r% T =
e w2\l I B
0w o 400 800 1200 1600 2000 s 8 A ?
Tempsrature (F) . % o ?
. . . 0 400 800 1200 1600 2000
Fig. 3.3.1.3 Tensile properties from -420 to 2000F of
Temperzture {F)

sheet and plate aged at 1400F after solution treatment,
showing scatterband for numerous lots tested at several
laboratories (Ref. 80) Fig. 3314 Tensile properties from 70 to 2200F of
sheet and plate aged at 1650F after solution treatment,
showing scatterband for numerous lots tested at several
laboratories (Ref. 80)
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René 41

Ultimate Tens(le Strangth, Fy, (ksl)

260

240

200

180

140

120

René 41, Bar and Sheet | René 41, Bar and Sheet
Solution treat or solution treat + age | Solution treat or solution treat + age
Q | \
0.75n, diameter Bar \
N _Solution treat + age (56) 60
N N T ] N N— 0.062-in. Sheet
0.020-in, Sheet ~ Soluti
Solution treat + age (57) ™~ olution treat + age
} KQ uuslz' Sheeti_"‘“'- 180 \\\ : ‘I
. a1
\ Salution treat + age (59} - \\ 58) 59
= (SN\ \
\\ e —— \ I:é 140 l 7 \" LS-SLL
v — = 0.75—§n. diameter Bar
\ < 0.620+in. Sheet < E’ Sohutontreat +age | gopnin s |
futi ]
Solution treat + age (58) \ 8 1y \ . Solution treat + age
~N b= k
\ =
{58)
/ - 100
\ \ 0.020-in, Sheet
0.020-in. Sheet [ ———] Solution treat
Salution treat (58) \ 7
P, 80 o
\ \
-400 -300 -200 =100 0 100
-400 -300 -200 -100 0 100 Temperature (F)

Temperature (F) Fig. 3.3.1.6 Effect of low test ternperature on long-

itudinal yield strength of sheet and bar (Refs. 55-59)

Fig. 3.3.1.5 - Effect of low test temperature on long-
itudinal tensile strength of sheet and bar (Refs. 55-59)

Elongation, 2-in, (percent)

60

10

René 41, Bar and Sheet | René 41, Bar
Solution treat or solution treat + age 0.75in. thickness
=3 © 1975F, 4 hr, WQ + 1400F, 4 hr, AC
—— &
T | \oozinster |~ E
- Solution treat (58} E
30 e
=
g L
| 0.75in. Bar = p—
#| Solution treat + age (56) -§ 2
— -
A j\\ 400 300 200  -100 0 100
0.020~in. Sheet
| . Solution treat + age {! Tomperatare (F)
0.062-in. Sheet {
bt — .
" \’ i/ ig. 3.3.1. of low test perature on uction
Soitiontregt»age (9) A ] Fig.33.1.8 Effect of L tem reducti
= e in area of bar (Refs. 55, 56)
| e
] \\ 0.020-4n. Sheet
Solution treat + age (58)
] ]
400  -300 200  -100 0 100

Temperatore {F)

Fig. 3.3.1.7 Effect of low test temperature on long-
itudinal elongation of sheet and bar (Refs. 55-59)
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René 41, Sheet | |
0.020- and 0.062-in. thickness
ST or ST + age
240
AN \
220 >~\\-. 0.082-in. Shest ——
0.020-in. Sheet \\ ST + age (59)
ST +ag
= {57)
2 oo N \\\‘{\
5 180 S
= \ 0.020- in, Sheet
2 160 h, ST (58
E
g \
140 ~
120 L
<400 -300 200 -100 0 100
Temperature (F)

Fig. 3.3.19 Effect of low test temperature on trans-
verse tensile strength of sheet (Refs. 55, 57-59)

René' 41, Shest |

0.020- and 0.062-in. thickness

ST or ST + age

0.020-in. Shest
ST (56) /

30

Etorgaticn (percent)

0.020-In. Sheet
ST+\age 57)

0.062+in. Sheet
ST + age (59)

20

10

‘ /

/

.--—‘—/"

-300

200

Temperature (F)

-100

100

Fig. 3.3.1.11 Effect of low test temperature on trans-
verse elongation of sheet (Refs. 55, 57-59)

René 41, Sheet |
0.020- and 0.062-in. thickness
200 <
180 \\
N \ 0.062-in. Shest
160 ~ N ST + age (59)
e /
_ |0.020n Sheet % \\_h_
] ST+ age § S
Z 140 \\\.\E{)
._E- T —
5 =7
& 120
=
= 0.020-in. Sheet
5/1'(58)
100 7
80 \\
6 .
400 300 -200 100 0 100
Tomperature {F)

Fig. 3.3.1.10 Effect of low test temperature on trans-
verse yield strength of sheet (Refs. 55, 57-59)
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René 41

Rend 41, Sheet Renf41 | ! | [
0.040+in. thickness 0.040-in, x 1.23 spec machined from legs of T shape
Cold workedl+ aged as in?icated Form-relled at RT, as rolled
200 + +
——— 1650F. 1 i + 1400F. 10 hr _ o2 4 1&?
= = «1975F, 10 min. + 1650F, 1 hr » 07 I?I-—
+ 1400F, 10 hr / 200 -ai_ns -~ n.’os

g
N

—_ Tensile specimen 1.25 GL x 0.040
-] E Cut from T-section
s 160 |[o— =
= 160 -~
) / 70F =
] | - - £ Fey
= . T £ & —
E 140 Pv Pe—— 8
“

- 80
120 e — \
Il S—— 1400F
_——d e =L _ @
100 g > P
30 g 4 W
=
- o ; --/
E lL="_._ 70F = s T
& =T £ w0 :
£ - B 0 400 800 1200 1600 2000
& - B Tamperaturs (F)
5 o 1007 ] =
E 10 " =
13 ™ - - . . .
2 Balid Rl Fig. 3.3.1.13 Tensile properties from room temper-
ature to 1700F of specimens from form-rolled T-section
0 (Ref. 84)
0 5 10 15 20 25 '
Cold Work (parcent)

Fig. 3.3.1.12 Effect of cold work and heat treatment
on tensile properties of sheet at room temperature and
1400F (Refs. 47, 49)
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René 41
= As-cast
£ Tested at 1200F
&_. 10 -
25 O Grain size as indicated
S 0 Mixed grain size 1/ to 3/8
S f\ A Mixed grain size 3/16 to 7116
3
E
S

100

Yiatd Strength,
Fyy (kel)
g

8 e
35 43;\
A
0
1116 1/8 lal ] 1/4 8/16
Graln Size (in.)}

Fig. 3.3.1.14 Effect of grain size on tensile
properties of as-cast alloy at 1200F (Refs. 44, 45)
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René 41

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

Alloy René 41
Form Sheet
Thickness (in.) 0.064
Condition | 1975F, 25 min., way | "0 ‘505':"‘:%“ wa+
Fyy {ksi) at RT 154 .
Fry (ks) at AT 108 @
) (pair;m) 30 145
Fry {ksi) at 1400F _ -
Fry (ksi) at 1400F _ -
& (percent) _ .
at 1400F
Rupture life {hr) € - a7b
Rupture ¢, 1-n. _ .
(percent)

2 All test results shown are averages of four tests, except footnote b.

b Average of 3 tests.

€ Tested at 53 ksi, 1400F.
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René 41

- —A -A
René 41, Sheet | } René 41, Sheet
0.051+inch thickness 0.025-in. thickness
1975F, 0.5 hr, WQ + 1400F, 16 hr, AG Solution treated + cold rolled 20% + 1400F, 16 hr
Strainrate | | I | Bxposed at 550F |
1071, 163, and 105 per second to Fyy, Tested at S50F
200 then 10-2 and 10-1 per second to rupture See Fig. 3.2.1.10 for creep loading conditions ——— agpa;ﬂdﬂd
- Strain rate _ one
T ———— tu per second 2%
160 TS " g % 20 P ~
— F i =4 e e e e . ————
g 120 - P 4 E g T -
et N 10! EE 20 ~——
s 103 \ /0- EE
E & )\ “
o 10N Q\
NN - .
10—5 /\E g: 20 T e ——
0 g 5 e __"-—‘——_—-:E
_ @ 15
g /| & =
g 30
e 8
S W g P
-_E-I " \\ / : g L"-:.‘ S /
& 10 —~— g8 4 o -
g £e <~ -
= o 5 T
()
200 400 600 80D 1000 1200 1400 1600 1800 2000 0
Temperatare {F) « D
o
<=
Fig.3.3.1.16 Effectof strain rate and test temperature £ 2 2 L
on tensile properties of sheet (Ref. 36) T2 NE- = oo e—emeE————— 7
2
0 -/ JA A
01000 5000 10,000 30,000
Exposure Time (hr)

Fig.3.3.1.17 Tensile properties at 550F after exposure to stress and
temperature or to temperature alone at 550F (Ref. 63)
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— S\ Iy
René 41, Sheet
0.025-in. thickness
Solution treated + cold rolled 20% + 1400F, 18 hr
Exposed at 650F J
Tested at 650F
See Fig. 3.2.1.10 for creep loading conditions =——= Creep loaded
Heat alone
2% 20
B
.2 |.|.B T e
== T ————
_E E 220 S ___:——-_‘__f:’E
55 I
: mo . —L
s = o3
=& T —— o
;; = ———— ]
£ 200
8
£
~N o= e e o
5. E \ e /’AB
SE 4= = e
g2 |- -F
E‘ - \/
d
0
40
2
2 _
S
58 2 b e e e p———— =
2 fme——— ————
E :_'- <\> T ) -
H
=
0 Y. iy M
01000 5000 10,000 30,000
Exposure Time (hr)

Fig. 33.1.18 Tensile properties at 650F after exposure to stress and
temperature or to temperature alone at 650F (Ref. 63)

Ultimate Tansile Strangth,

Yistd Strength,

Elangallon, 2-In.

[René 41]

Rene 41, Sheet ]
0.030-in. thickness
Cold rolled 35% + 1500F, 2 hr
L 7! I
O @ Ng exposure prior to test
& A Exposed 650F, 40 ksi, 100 hr
O B Exposed 100GF, 40 ksi, 1000 hr
260
- \
B A (o]
= %0 %\ A
S~ ]
20 =2 _T_ -
200
260
240 ;.:\%\
-g- 220 \g\\o-. —
200
180
160
12
b
_ t—-%___ o]
2 - [ ]
“ S/

-200 0 200 400 600 8O0 100D 1200
Temgaraturs {F)

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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René 41

René 41, Wire
0.5- and 1-mil
140 |As drawn
1.mil |
o L} {1
1500F
120
- 100
a
o
£ ®
15 [ s @) imil
5 |
=2 \
E 50 ® _ S 1800F
s e Y
E o5mil [T~ ~
S5
fa— 0.5and 1 mil
2 2006F
~——]
T
0
15
@ at 1500F a at 1500
36% 34%, e at 1500F
- I Tk
= 10 T
£
H L 3 2000F 1 mil
% 1800F ~ }7
£ 5 QN
= -
5 R 0.5 mil
= ™ - -~ . _ ;Z I
= - - - -— -
g ) ZDDDF/‘ "b-.____/___._
w 0 2 4 6 8 10

Exposure Time at Test Temparature Prior $o Loading {min.)

Fig.3.3.1.20 Effect of exposure time prior to loading
on tensile strength and elongation of 0.5- and 1-mil

wire at 1500 to 2000F (Ref. 83)
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René 41, Sheet

G.008-in. thickness

1 x 4 test section

2050F, 0.5 hr+ 1650F, 4 hr

Temp and stress rzised linearly to test value in 600 sec.

Held at test conditions to 2100 sec. and decreased linearty to RT and
zero stress at 3600 sec.

Tested in longitudinal direction

Pressure variation,
102 ! per cycle i
100- I |
5 | -
02—
1040 : L L ]
800 1600 2400 3200
Time (sec.}
o | |
N 0.5 hr at temp.
120 No prior exposure
: After 100 cycles, AN
% o |l tE0FBSk | N
“ After 100 cycles, ~
s 1B0OFZ2ksi _ | _ | _ \
E &0 = B
: N
fo S
= W
=
8 40 N
£ BN
2w N
0 )
g 400 800 1200 1600
Test Temperatore (F)

Fig. 3.3.1.21 Effect of exposure to 100 cycles at simulated
space shuttle conditions on tensile strength at temperatures
to 1800F (Ref. 93)
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René 41, Sheet l

0.050-in. thickness 1
1975F, 0.5 hr, WQ + 1400F,
16 br, AC ’
160 £ = 5 infin/min €=0.6 inJfin/min. €= 0.0006 in./in/min,
/:"/ o > gﬁ ./H‘LSOOF
800F [ — o
e | s
120 V"’"" — P = o 7= 12007 |

ST %/ il 7
= a

Strass (kei)
3

1800F . 1800F
I L.
P 2000F 2000F . 1800F
0 20007
1} 0.004 0.008 0 0.004 0.008 0 0.004 0.008

Strain {In.fin.)

Fig. 3.32.1 Compressive stress-strain curves at room and elevated temperatures at
several strain rates (Ref. 36)

: René 4%, Sheet
41, Sheet .
»:au?r::-m'. g‘lieckness 0.05-in. thickmess | |
1875F, 0.5 hr, WQ + 1400F, 16 br, AC ST 18507, 30 min., AC age 1400F, 16 hr, AC
Heid at test temperature 2 to 30 min. Exposure
= ® 05hr
140 F o0 |—
= — £ A& 10Hr
£ R 5 = 100hr
uF \ Strain £ ¥ 1000 hr
£ 100 o — € 160
B \ (persec.) £
B = i —
[-]
3 60 \ T 2
] [
H 101 =
£ 103 AP i
(=9
g g
a 20 S B0
g w2 N “ T 00 800 1200 1600
0 400 800 1200 1600 2000 Temperature (F)
Temperature (F)

Fig. 3.3.2.3 Effect of exposure time at test
temperature on compressive yield strength

F?g. 3.3.2.2 Effect of strain rate on compressive at room and elevated tempera (Ref. 29)
yield strength of sheet at room and elevated tem-

peratures (Ref. 36)
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René 41]

N jo
Reré 47, Bar | | René 41, Plate , ‘
0.750-in. diameter 0.225-in. thigkness
Subsize Charpy V 200 [ 1975F, 0.5 h, cool at rate indicated
1975F, 4 hr, WO + 1400F, 4 hr, AC per min. + 1400F, 16 kr, AG
' N 0.08% carbon heat | °
% 45 0.354 Precracked Charpy impact
£ .
R T TD "o
=2 216 - o7 S 5 45 / 0D e
g 112 size Charpy ¥ £ /
e E )
g 15 Lo £ Gooling Rate {F/min.) [ ) J
g oL —1 3 20
=9 [-9
10 —r— | 100 L o
A / / w u
]
5 / \3\
-400 -300 -200 -100 ¢ 100 E/
Temperature {F} E E 150
50
Fig. 3.3.3.1 Effect of low test temperature on Charpy-V 7 400 600 800 1000 1200 1400
impact energy of bar (Refs. 55, 56) Test Tamperaturs (F)
Fig. 3.3.32 Effect of cooling rate from solution temperature
on impact energy at room and elevated temperatures (Ref. 75)
René 41, Sheet ' René 41, Sheet j l
0.05-In. thickness Spoare 0.040-in. thickness
ST 1950F, 30 min., AC A 10hr 1G75F, WQ + 1975F, 0.5 hr, AC + 1400F, 16 hr, AC
+Age 1400F, 16h,AC @ 1ggmr D =15,
Exposed 0.5 hr
120 ¥ 10004hr 220
F
% 100 ‘;\ Lht\:u.\':‘
. 240 | Fory T
= = ™
: g '
w 80 = b
2 £ 3
o= o L
w E 160 LY
60 g W
0 400 800 1200 1600 & 3
m
Temperature (F) 80 i \
Fig. 3.3.5.1 Effect of exposure time at test
temperature on shear strength of sheet at
0
toom and elevated temperature (Ref. 29) 0 200 300 1200 2500 2000
Test Tamparaturs (F)

Fig.3.3.6.1 Effect of test temperature and test direction on
bearing strength of 0.040-inch sheet for e/D = 1.5 (Ref. 43)
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René 41, Sheet J ‘
0.040-in. thitkness

1975F, WQ + 1975F, 0.5 hr, AC + 1400F, 16 hr, AC
eD=20 |
400 |Exposed 0.5 hr

240 A\

180

Baaring Stranglh (ksl)

0 400 800 1200 1600 2000
Test Temperature (F)

Fig. 3.3.6.2 Effect of test temperature and test direction on
bearing strength of 0.040-inch sheet for e/D = 2.0 (Ref. 43)

[René 41]

René 41, Plate
0.375-in. thickness
1975F, 2 hr, WQ + 1400F, 16 hr, AC
400 |
e/D=15
Fory -—— gB=20
. 320
= F
2 bry
= 240
E
E
]
2
g 160
5.
80
0 .
0 400 800 1200 1600 2000

Test Temperature {F)

Fig. 3.3.6.3 Effect of test temperature on bearing strength of
plate for /D = 1.5 and 2.0 (Ref. 43)
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Fig. 3.3.6.4 Effect of test temperature and
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(Ref. 43)

Code 4205

Page 46

August 1994 (revision)
E%‘}_%ﬁ"ﬁ{‘-”k}, | T T T0T T
, In. thickness .
CR 35% + 1500F, 2 hr @
oL A 1:!-0
A L I3
T LR
Ki{15 {21 |31 | 86 94 »20
R [0.25] 0.10{ 0.04| 0.0044| 0.0036| <0.0007
A|05 |05 |05 |05 0.5 07
12 ]
RT
gt
10 . \\\\

I

‘§\ 850F
08 \b\
: N
S o6
[ “\\ BOOF

. ~

N
M
08 <
N
aY
o NG h
\t}
1 2 s 6 810 20

Stress Concentration Factor, K

Fig.3.3.7.1.1 Effect of notch acuity on notch
strength ratio of cold rolled and aged sheet at
room and elevated temperatures (Ref. 65)
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 Rent 41, Forged Bar

Specimen notched as shown
1975F, 2 hr, oil quenched +
1425F, 16 hr, AC

1.1

Notch Skranglh Ratio

100
1 3 5 7

Stress Concentration Factor, K

Fig. 3.3.7.12 Effect of stress concentration
on notch strength ratio at 1000F for forged
bar (Ref. 89)
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[René 41]

René 41, Sheet
0.025-in. thickness
ST + 1400F, 16 hr oo K“’ZT”
I i
0 0.705 1.005
i i 1
o= | r=0.0007
g™ ===
= -
H &l Notchstrength
@ 160 ==
L e .
120
-200 o 200 400 600 800
Temperature (F)

Fig.3.3.7.1.3 Effect of elevated test temperatures
on sharp notch strength of sheet (Ref. 27)

René 41, Sheet I
0.062-in. thickness
1975F, 30 min., AG + ev)
1400F, 16 hr, AC I T
06 10
r{in) K 1 L. i
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= 0050 295
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Fig. 3.3.7.14 Effect of low temperatures, loading
rates and stress concentration factors on notch
strength of 0.062-inch sheet in fully heat treated
condition (Ref. 35}
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IRené 41|

Reng 41, Shest T
0.05-in, thickness
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Fig.33.7.1.5 Effect of elevated temper-
atures and exposure time at test termper-
ature on tensile strength and notch strength
ratio of 0.05-inch sheet in fully heat treated
condition (Ref. 29)
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CR 35% + 1500F,
LT

René 41, Sheet |
0.030-in. thickness

Z2hr

O @ No exposure prior to test
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Fig.3.3.7.1.6 Effect of elevated temperature on notch
strength and notch strength ratio of cold worked and
aged sheet with and without exposure to stress and

temperature (Ref. 54)
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René 41, Sheat l e
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Fig. 3.3.7.1.7 Crack strength of solution treated and aged sheet at -109, 70 and 550F

(Ref. 42)

Rand 41, Shaet | |
0.082-in. thickness
ST 1950F in. argon, 30 min., AQ + age 1400F,
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[
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Fig.3.3.7.1.8 Effect of elevated temper-
atures on crack strength of fully heat treated
0.082-inch sheet (Ref. 28)
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Fig. 3.3.7.1.9 Effect of test temperature on crack strength
and vield strength of 0.025-inch sheet in cold rolled and

aged condition (Ref. 5)
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René 41, Sheet and Plate I l
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Fig. 34.1 Creep rupture properties from 1200 to 1800F of a wide
range of thicknesses of sheet and plate tested at several laboratories

(Ref. 80)
René 41, Bar | Rend 41, Bars, Forgings, and Billet |
1975F, 4 hr + 1460F, 16 hr, AC 1850 to 1875F, 110 4 hr + 1400F, 16 br, AC
200
— 200
100 F—F=— O 120 —— 5 O~ 1000F
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] — O T E
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0 [~ @ 1800F 1 2 5 10 20 50 100 200 500 1000 2000 5000
8 1650F 3
3050 100 200 500 1600 2000 5000 10,000 20,000 Rupturs Time (hr)
Roptare Time (i) Fig. 3.4.3 Creep rupture properties from 1000 to 1800F
of bars, forgings, and billet tested at several laboratories
(Ref. 80
Fig. 342 Creep rupture properties for bar from'1200 to 1650F )
(Ref. 73)
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Rend 41, Shegt | oL
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Fig. 3.4.4 Effect of stress and temperature on minimum creep rate of cold rolled and aged sheet

(Ref. 69)
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2 1975F, 0.5 hr + 1400F, 16 hr, AC
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Fig.3.4.5 Effects of stress and temperature on minimum creep rate of
fully heat treated sheet (Ref. 69}
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Fig. 3.4.6 Creep rupture curves at 1000 and 1200F for sheet in two
conditions (Ref. 69)
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Fig. 3.4.7 Effect of cooling rate from solution treat-

ment temperature on creep rupture properties of plate
at 1400F (Ref. 75}
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Fig. 34.8 Short time creep rupture curves
of 0.5- to 10-mil wire from 1500 to 2000F
(Ref. 83)
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René 41, Sheet
0.030-in. thickness
ST+ CR 35% + 1500F, 2 hr
L1
1000F O O
1200 AV
—-_— o L
7S E 1000F —
o ——
A s . 0
1200F e 1000F
T 1
0.7 13;3 Solution anneated + aged condition
1 1975F, 0.5 hr + 1400F, 16 hr, AC
r = < 0.0007 Ses Fig 3.4.6 for smooth sheet properties
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Fig.3.49 Creep-rupture curves for sharp notched sheet in annealed and
in cold rolled and aged conditions {Ref. 69)
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Fig.3.5.1.1 Axdal fatigue behavior of sheet at room and
elevated temperatures (Ref. 43)
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Fig. 3.5.12 Rotating beam bending fatigue behavior of

bar at room temperature (Ref. 64)
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René 41]

René 41, Bar | l | | ‘ I I [ René 41, Bar | | || | | | |
0.25-in diameter (smaoth} or 0.7-in. diameter (notched) 0.25-in. diameter (smooth) or 0.7-in. diameter (notched)
Machined from 0.75-in. bar in ST + aged condition Machined from 0.75-in. bar in ST + aged condition
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Fig. 3.5.1.4 Effects of notches and R ratio on axial fatigue

Fig. 3.5.1.3 Effects of notches and R ratio on axial fatigue behavior of bar at 1200F (Ref. 81)

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

Rens 41, Plate | |

Spec machined from 1-in, thick plate directly hot rofled from
a7-in. dia DC straight polarity electrosiag remelted ingot
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Fig.3.5.1.7 Retating beam fatigue behavior at room
and elevated temperatures of plate fabricated from a DC
electroslag remelted ingot (Ref. 104)
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René 41 | , *
Specimen from forged turbine wheel
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Fig. 3.5.1.6 Effect of stress concentration factor on
fatigue limit at 107 cycles for forged turbine wheel
specimen (Ref. 89)
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Fig. 3.5.1.8 Rotating beam fatigue behavior at 1400F of
plate fabricated from an AC electroslag remelted ingot
(Ref. 104)
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1400F, 16 hr, AC | |
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Fig. 3.5.1.9 Effects of chemical milling on axial fatigue
behavior of sheet at room temperature (Ref. 85)
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Fig. 3.5.1.11 Effect of spot welds simulating weldable
strain gages on axial fatigue behavior of sheet at 70 and
1500F (Ref. 110)
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Fig.3.5.1.10 Effect of electro-discharge machining and
electro-polishing on axial fatigue behavior of smooth and
notched bar at room temperature (Ref. 89)
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René 41, Foil | René 41, ShBBfT
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Fig.3.5.1.14 Stress range diagrams for axial fatigue of bar
at room and elevated temperatures (Ref. 8}
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fatigue behavior at 1400F (Ref. 88)
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.Fig.3.6.2.1 Tensile modulus of elasticity at room
and elevated temperatures (Refs. 24, 29, 30)
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Fig.3.5.3.1 Effects of temperature, stress ratio,
and frequency on low-cycle fatigue crack growth
rates of forged alloy in air (Ref. 124)
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Fig. 3.6.2.2 Compressive modulus of elasticity
at room and elevated temperatures (Ref. 29)
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