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GENERAL
L-605 is a high temperature cobalt-base superalloy
originally introduced in the early 1950s. It combines
solution strengthening by tungsten with second phase
strengthening by precipitated carbides. It exhibits
high strength up to 1500 F and good oxidation
resistance to 2000 F. The alloy is also fabricable,
weldable, and machinable. L-605 is sensitive to

silicon, which promotes the formation of CojW
Laves phase during exposure at 1400 to 1700 F and
subsequent reduced ductility at room temperature.
Major applications for L-605 are in the hot sections
of aircraft gas turbine engines and include combustor
liners (wrought sheet), vanes (cast), and other parts
requiring moderate strength and good oxidation
resistance at high temperatures. L-605 is also used as
a seal in the space shuttle main engine and has been
evaluated for re-entry heat shield applications. It is
available in a large range of forms including sheet,
plate, bar, wire, forgings, and investment castings
(59,60).

Commercial Designation
L-605.

Unitemp L-605, AISI
Alternate Designations
Haynes Alloy No. 25, WF-11,
670, UNS R30605.

Specifications
Specifications, Table 1.031.

Composition
Composition, Table 1.041.
High silicon content results in reduced hot
forgeability (61), reduced tensile ductility after long¬
time aging, and reduced resistance to oxidation. Iron
content has relatively small effect on post aging
ductility. Manganese content also affects oxidation
resistance (see Figures 2.0329 and 2.03210).
Effect of silicon content on ductility of sheet at room
temperature after exposure at 1600 F for 1000 hours,
Figure 1.042.

Heat Treatment
Recommended solution annealing treatments are:

Bar stock and forgings, 2250 F plus water quench:
Plate, 2200 F and water quench; and
Sheet and strip, 2150 to 2200 F and water quench
or rapid air cool.

Time at temperature should be approximately 1 hour
per inch of thickness but at least 15 minutes (62).
Rivets should be solution heat treated at 2125 to

2175 F for 10 to 20 minutes followed by water

quench or rapid cool (52).
A moderate amount of cold work followed by aging
increases the creep rupture strength at temperatures
up to 1800; F. The recommended procedure consists
of cold working solution annealed material followed
by aging at 900 to 1200 F for 4 to 16 hours,
preferably at 1100 F for 4 hours. Appropriate cold
reductions are 15 to 45 percent. Higher cold
reductions reduce subsequent ductility and are not

recommended.

1.06 Hardness
1.061 The alloy is primarily hardened by cold work, the

effects of which are retained to relatively high
temperatures. Solution treating and rapid cooling
before cold working leads to an additional moderate
increase in strength on aging. The properties in these
conditions vary with the carbon content (6).

1.062 Effect of cold reduction and subsequent aging on
hardness of sheet, Figure 1.062.

1.063 Effect of cold reduction on hardness of wire, Figure
1.063.

1.064 Effect of cold rolling and aging on hardness of sheet,
Figure 1.064.

1.065 Effect of temperature on hot hardness of sheet in
cold worked and in cold-worked and aged conditions,
Figure 1.065.

1.066 Effect of temperature on hot hardness of bar stock,
Figure 1.066.

1.067 Relation between room temperature tensile strength
and DPH hardness of sheet. Figure 1.067.

1.07 Forms and Conditions Available
1.071 The alloy is available in sheet and plate from 0.025

to 1-inch thickness, in wire and bar from 1/16 to

3-1/2-inch diameter, and in forgings up to 8 inches
in diameter (5).

1.072 Wrought products are available in the hot-worked,
annealed and cold-worked conditions.

1.073 Precision investment castings are also available.

1.08 Melting and Casting Practice
1.081 Standard commercial practice is air induction melt

followed by consumable electrode vacuum arc
temelt.

1.082 L-605 can also be produced by electroslag remelting
(HSR) to comparable cleanliness, compositional
uniformity, macrostnicture. and mechanical
properties as that produced by vacuum arc remelting.
The smooth ingot surface and fine grain structure of
ESR material allow improved workability and higher
ingot-to-billet yield than usually achieved with
vacuum-arc-remelt alloy (63).

1.09 Special Considerations
1.091 This alloy has been found to embrittle due to the

precipitation of Co2W Laves phase during long-time
elevated temperature exposure. This tendency can be
reduced by keeping the silicon content below 0.4
percent (24) (in accordance with AMS specifications)
or by cold working prior to heat treatment (51). A
low temperature age of 10 hours at 700 F after cold
working provides a strength increase with minimum
sacrifice in elongation (see Figure 3.021S) (61).

1.092 Improvement in oxidation resistance can be achieved
by maintaining low manganese content. The higher
the silicon content, the lower the manganese content

should be to achieve good oxidation resistance. For
silicon content from 0.1 to 0.4 percent the preferred
range of manganese is between 1.3 and 1.7 percent.
See Reference 23 and Figure 2.03210.

1.093 Severe intergranular cracking can occur during fusion
welding as a result of inadvertent copper contamina¬
tion of the surface from contact with copper welding
fixtures. The presence of as tittle as 0.003 mil of
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copper on the surface of high-cobalt alloys such as
L-605 causes liquid metal embrittlement when the
local temperature is increased to the melting point of
copper, 1981 F. The hot cracks propagate at high
velocities once a critical amount of plastic strain is
introduced in the weld heat affected zone. Cracks are
oriented perpendicular to the principal stress direc¬
tion. This weld-cracking problem can be alleviated
by the use of chromium-plated copper welding fix¬
tures to prevent contact of the workpiece with
copper. An alternative solution is to construct

welding fixtures of Cu-12A1 or Cu-30Ni, which
alloys have been shown to not result in copper con¬
tamination cracking of L-605 (64, 65, 66).

1.094 L-605 is subject to nitrogen embrittlement during
long-time exposure at elevated temperatures in
hydrazine or ammonia atmospheres (see Section
2.035).

2 PHYSICAL PROPERTIES AND
ENVIRONMENTAL EFFECTS

2.01 Thermal Properties
2.011 Melting range, 2425 to 2570 F (5).
2.012 Phase changes.
2.0121 A number of carbide and intermetallic phases have

been shown to precipitate in L-605 during aging.
These include M7C,, M«,C<, M«C, alpha-Co,W,
beta-Co,W, Laves-COjW, and mu-OÿWj. The rates

of precipitation vary considerably with exposure
temperature, as summarized in Figure 2.0121. The
order of precipitation at 1470 F is considered to be:
(M,Cj), M„Q, M4C, Laves-Co2W, and mu-Co,Wt.
At 1290 F, the order is considered to be: (M7C3),
Mjj.Q, M5C, (alpha-Co,W), beta-Co,W, and Laves-
Co2W. The parenthesized phases appear metastable.
These two distinctly different orders of precipitation
produce difTereing age-hardening characteristics and
also differing properties. Age-hardening at 1470 F
and higher is attributed primarily to precipitation of
M12C6, M4C, and Laves-Co2W. In contrast, the
precipitation of alpha-Co,W (ordered fee), which is
coherent with the matrix and transforms to beta-
Co,W (ordered hep) after long-time aging, is
important in strengthening the alloy at temperatures
below 1290 F. Aging of cold-worked alloy at 1290 F
or lower causes preferential precipitation of carbides
and beta-Co,W on stacking faults and on an epsilon
phase (hep, stoichiometry not reported) introduced
during cold working. This preferential precipitation
causes considerable subsequent age hardening. At
higher temperatures (above about 1470 F),
disappearance of stacking faults and recrystallization
of the matrix result in softening of the alloy (67).

2.0122 Time-temperature-transformation diagram. Figure
2.0122.

2.013 Thermal conductivity. Figure 2.0123.
2.014 Thermal expansion. Figure 2.0214.
2.015 Specific heat 0.092 Btu/lb F (5), 0.090 Btu/ib F

(62).
2.016 Thermal diffusivity.

2.02 Other Physical Properties
2.021 Density, 0.330 Ib/cu' in., 9.13 grams/cm5 at room

temperature (5).

2.0211 Effect of test temperature on density, Figure 2.0211.

2.022 Electrical properties.
2.0221 Electrical resistivity, 34.9 microhm-inch (5).
2.0222 Electrical resistivity of cold-worked L-605 at low

temperatures. Figure 2.0222.
2.023 Magnetic properties. Alloy is nonmagnetic.
2.024 Emittance, Figure 2.024.
2.025 Damping capacity.

2.03 Chemical Environments
2.031 Corrosion.
2.0311 Corrosion rates in severe aqueous media. Table

2.0311.
2.032 Oxidation.
2.0321 L-605 forms a protective oxide scale during exposure

to air at elevated temperatures. The oxidation weight
gain kinetics in still air are approximately parabolic
with time, as shown in Figure 2.0322. Minor
deviations from linearity in these log-log plots are
attributed to the heterogeneous nature of the
oxidation process. At 2200 F, catastrophic oxidation
occurs with the formation of a low-melting-point
scale containing CoWO«, CoO, and CoCr204. A
summary of the external and internal oxides which
form during air oxidation of L-605 is shown in
Figure 2.0323. The effects of internal oxidation are
at least as severe as those caused by conversion of
metal to oxide at the surface. Significant subsurface
intergranular oxidation occurs which, along with
depletion of strengthening constituents such as
tungsten and physical reduction in thickness due to

external oxidation, also reduces the load-carrying
ability of the substrate. As seen in Table 2.0324, the
total depth of metal affected increases slowly with
time up to 10,000 hours at 1830 F.

Thermal cycling and increased air velocity over the
specimens (as encountered in burner rig tests and in
service) both act to increase the extern of surface
oxidation through spalling, as shown in Figures
2.0325 and 2.0326. However, the total depth of
metal affected is relatively unchanged by these
variables, as seen by comparison of the data in
Figure 2.0327 and Table 2.0324. The depth of metal
affected has been observed to be less at an air
pressure of 0.16 psi (8 torr) (Figure 2.0328), than at

atmospheric pressure (Table 2.0324).

Fatigue properties ai room temperature and 1400 F
are reduced by prior air exposure (oxidation) at 1800
to 2100 F as shown in Figures 3.053 and 3.054.

2.0322 Oxidation weight gain as a function of time for
L-605 in still air at 1400 to 2200 F, Figure 2.0322.

2.0323 Schematic summary of L-605 oxidation process,
Figure 2.0323.

2.0324 Long-time oxidation in still air. Table 2.0324.
2.0325 Oxidation weight changes during cyclic furnace and

burner rig exposures at 2000 F for L-605, Figure
2.0325.

2.0326 Calculated metal losses after cyclic furnace and
burner rig oxidation exposures at 1900 to 2100 F for
L-605, Haynes Alloy No. 188, and Hastelloy X,
Figure 2.0326.

2.0327 Dynamic oxidation of L-605 after 100 hours at 1600
to 1900 F, Figure 2.0327.

2.0328 Oxidation behavior at 1800 F and air pressure of
0.16 psi (8 tore). Figure 2.0328.
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2.0329 Effect of silicon and manganese content on oxidation
of sheet in air at 1832 F. Figure 2.0329.

2.03210 Effect of silicon and manganese content on oxidation
resistance and post-aging ductility, Figure 2.03210.

2.033 Hot corrosion.
2.0331 The presence of salt in the combustion air and sulfur

contaminant in the fuel causes accelerated oxidation
at elevated temperatures, termed hot corrosion. The
hot corrosion resistance of L-605 as compared to

other cobalt-base alloys is shown in Figure 2.0332.
L-605 is superior to WI-52. but less corrosion
resistant than the cast alloys MAR-M-509, MAR-
M-302, and X40. All of these alloys exhibit internal
sulfidation below the oxide/metal interface. The
sulfides are of the general form CrS,, where x varies
from 1 to 1.5 depending on the alloy and the test

parameters (68). The hot corrosion resistance of
L-605 is inferior to that of other sheet superalloys as
shown in Figure 2.0333, possibly attributable to the
high tungsten content (15 percent) of L-605 (69).

2.0332 Dynamic hot corrosion of L-605 and four other
cobalt-base alloys at 1600 to 1900 F, Figure 2.0332.

2.0333 Dynamic hot corrosion of L-605 and other sheet
superalloys after 200 hours at 1650 F, Figure
2.0333.

2.034 Hydrogen embrittlement.
2.0341 L-605 is embrittled by hydrogen exposure at 1200 F

in the cold-worked condition but not in the solution
annealed condition. As shown in Table 2.0342, expo¬
sure of 25 percent cold-worked alloy for 100 or 1000
hours in hydrogen at 1200 F causes premature brittle
failure on subsequent tensile testing at room
temperature. In contrast, solution annealed material
exhibits similar ductility after both hydrogen
exposure and air exposure at 1200 F (70). [The
relatively low ductility of this solution annealed and
aged material is attributed to its high silicon content

(see Figure 1.042)].
2.0342 Effect of hydrogen exposure at 1200 F on room

temperature strength and ductility, Table 2.0342.
2.035 Nitrogen embrittlement.
2.0351 L-605 is subject to nitrogen embrittlement in

monopropellant hydrazine (N2H.) thrusters to the
extent that it is useful only for limited times as a
catalyst bed containment screen material. L-605
screens become embrittled and crack, typically after
about 105 pulses at a maximum catalyst bed temper¬

ature of 1800 F, compared to a desired lifetime of
106 pulses. The failure mechanism is believed to be
progressive growth of thermal fatigue cracks formed
in the brittle nitrided surface layer (71).

2.0352 The effects of exposure to ammonia (a hydrazine
decomposition product) at 1800 F on the tensile
properties of L-605 have been evaluated in order to

assess the compatability of L-605 with hydrazine
monopropellant for space shuttle applications.
Ammonia exposures for 10 or 100 hours at 1800 F
increase the strength but reduce ductility of L-605 at

1800 F, as shown in Figure 3.03120. Subsurface
hardening indicated that internal nitriding was
responsible for the change in tensile properties (72).

Based on these data, L-605 is not attractive for long¬
time applications involving hydrazine at 1800 F.

2.036 Liquid metal corrosion.
2.0361 The rate of corrosion of L-605 by mercury, shown

in Figure 2.0362, is high compared to rates
determined for refractory metal alloys (not shown).

2.0362

3.01
3.011

3.012

3.013

3.014

3.02
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3.023
3.0231

3.0232

3.0233

3.024
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3.026
3.027
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L-605 is thus relatively unattractive for use in
mercury-containing heat transfer loops.
Maximum penetration rate of mercury in thermal
convection, two-phase loops. Figure 2.0362.

MECHANICAL PROPERTIES

Specified Mechanical Properties
Specified mechanical properties at room temperature,
Table 3.011.
AMS 5537 specifies that sheet up to and including
0.050-inch thickness shall be capable of bending 180°
over a bend radius 1.5 times nominal thickness, and
sheet exceeding 0.050-inch thickness shall be capable
of bending 120° over a bend radius 2 times nominal
thickness, without cracking.
AMS 5759 specifies that hardness should not be
greater than 248 BHN for forgings, not greater than
275 BHN for bars, and not greater than 302 BHN
for flash welded rings.
AMS 5537 and 5759 specify that rupture life at

1500 F and 24 ksi shall not be less than 24 hours
with elongation not less than 10 percent.

Mechanical Properties at Room Temperature
Tension—stress-strain diagrams—tension properties.
Effect of cold reduction on tensile properties of
0.125-inch wire, Figure 3.0211.
Effects of cold rolling and cold rolling plus 900 F
aging on tensile properties at room temperature,
Figure 3.0212.
Cold working prior to exposure at 1600 F reduces
preferential grain boundary precipitation of hardening
phases and promotes more uniform precipitation by
providing a greater number of nucleation sites. This
more uniform precipitation results in a modest
increase in room temperature tensile ductility (see

Figure 3.0214) (73).

Effect of cold reduction on tensile properties after
prior exposure to 1600 F. Figure 3.0214.
Effects of aging or annealing on room temperature
tensile properties of cold rolled bar. Figure 3.0215
[(a) cold rolled 25 percent, (b) cold rolled 40
percent].
Compression—stress-strain diagrams—compression
properties.
Impact.
Effects of aging at elevated temperatures on notch-
impact energy at room temperature, Figure 3.0231.
Aging time-temperature curves for 25, 50. and 75
percent reductions in notch-impact energy at room
temperature. Figure 2.0232.
Dimple, spall, and performation characteristics of
thin sheet, which are of interest for space power
system radiator shielding from hypervelocity
meteoroid impact, are discussed for L-605 and other
candidate materials in Reference 74.
Bending.
Effect of aging time and temperature on
embrittlement of sheet as determined by a 1.5 T
bend test, Figure 3.0241.
Torsion and shear.
Bearing.
Stress concentration.
Notch properties.
Notched tensile strength of cold worked and cold
worked plus aged bar at room temperature. Table
3.02711.
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Fracture toughness.
Combined properties.

Mechanical Properties at Various Temperatures
Tension—stress-strain diagrams—tension properties.
L-605 exhibits a pronounced tensile ductility
minimum in the vicinity of 1400 F. This ductility
minimum is attributed to a change in crack
propagation mode with increasing temperature from
transgranular to intergianular. At temperatures below
the ductility minimum, deformation and crack
propagation are transgranular and total elongation
to fracture is high. However, as the ductility
minimum is approached temperature-wise,
transgranular deformation is interrupted by
intergranular cracking. Wedge-shaped voids produced
at triple junctions by grain boundary shear grow
unhindered, leading to intergranular failure and a

drastic reduction in total elongation at the ductility
minimum. At temperatures above the ductility
minimum, fracture still occurs by transgranular
deformation and grain boundary shear, but thermal
recovery causes blunting of crack lips and results in
greatly improved ductility (see Figure 3.0314).

After long-time aging at 1500 F [e.g., 11,000 hours
(see Figure 3.0318)], copius precipitate (measured as
high as 14.7 weight percent), predominantly Co2W
Laves phase, forms at grain and twin boundaries and
as well-distributed bulky particles and platelets within
the grains. At low temperatures, grain boundary
precipitates induce early intergranular fracture of the
aged material, causing low tensile ductility. How¬
ever, at about 1400 to 1500 F, corresponding to the
ductility minimum for solution annealed material,

high elongation is observed in aged material. The
fracture mode changes to transgranular. This ductility
increase is attributed to several factors: (1) trans¬

granular deformation is enhanced and crack tips
blunted by a more plastic matrix softened by solute
depletion; (2) brittle precipitate phases become
tougher and more resistant to cracking with increas¬
ing temperature; and (3) intragranular precipitate

. particles dispersed near the grain boundaries reduce
grain boundary shear and inhibit intergranular crack
propagation (75).
Stress-strain curves for 0.063-inch sheet at room and
elevated temperatures at several strain rates. Figure
3.0312.
Stress-strain curves for 0.109 and 0.040-inch sheet at

room and elevated temperatures at several strain
rates. Figure 3.0313.
Effect of test temperatures on tensile properties of
bar and sheet. Figure 3.0314.
Effect of test temperature and strain rate on tensile
and yield strength of sheet. Figure 3.0315.
Typical effects of test temperature and strain rate on
tensile properties of sheet, Figure 3.0316.
Effect of test temperature on tensile properties of
cast bar in solution treated condition, Figure
3.0317.
Effect of test temperature on tensile properties of
sheet after 11.000-hour exposure at 1500 F. Figure
3.0318.
Effect of low test temperatures on tensile and yield
strength of sheet. Figure 3.0319.
Effect of low temperature on tensile elongation of
sheet. Figure 3.03110.

3.03111 Effect of test temperature and strain rate on tensile
properties of 20 percent cold-worked sheet, Figure
3.03111.

3.03112 Effect of test temperature and strain rate on tensile
properties of 10 percent cold-worked and aged sheet,
Figure 3.03112.

3.03113 Effects of cold rolling and cold rolling plus 1450 F
aging on tensile properties at 1450 F, Figure
3.03113.

3.03114 Effect of test temperature on tensile properties of as-
cold-worked sheet, Figure 3.03114.

3.03115 Effect of test temperature on tensile properties of
cold-worked and aged sheet, Figure 3.03115.

3.03116 Effect of test temperature on tensile properties of
cold-worked and shot-peened sheet. Figure 3.03116.

3.03117 Effect of test temperature on tensile properties of
cold-worked, shot-peened and aged sheet, Figure
3.03117.

3.03118 Effect of test temperature on tensile properties of
cast bar when solution treated, stress relieved and
aged, Figure 3.03118.

3.03119 Effect of aging time and temperature on elevated
temperature tensile properties of vacuum arc-melted
bar, Figure 3.03119.

3.03120 Tensile properties of L-605 at 1800 F after exposure
to partially dissociated ammonia at 180O F, Figure
3.03120.

3.032 Compression—stress-strain diagrams—compression
properties.

3.0321 Stress-strain curves in compression for sheet at room
and elevated temperatures at several strain rates,

Figure 3.0321.
3.0322 Typical effects of test temperature and strain rate on

compressive yield strength. Figure 3.0322.
3.033 Impact.
3.0331 Effect of test temperature on impact strength of

plate, Figure 3.0331.
3.0332 Effect of low temperature on impact strength of

solution treated or solution treated and cold rolled
plate. Figure 3.0332.

3.0333 Effects of aging at elevated temperatures on notch-
impact energy at 570 F, Figure 3.0333.

3.034 Bending.
3.035 Torsion and shear.
3.0351 Effect of test temperature on shear strength of sheet,

Figure 3.0351.
3.0352 Effect of test temperature on shear strength of plate

and forging. Figure 3.0352.
3.036 Bearings.
3.0361 Effect of test temperature on bearing ultimate and

yield strengths. Figure 3.0361.
3.037 Stress concentration.
3.071 Notch properties.
3.0372 Fracture toughness.
3.038 Combined properties.

3.04 Creep and Creep-Rupture Properties
3.041 Creep-rupture curves for bar at temperatures from

1200 to 1800 F for times up to 40,000 hours, Figure
3.041.

3.042 Stress required to produce total plastic strains of 0.5
and 1.0 percent at 1200 and 1500 F. Figure 3.042.

3.043 Weibull distribution of creep-rupture life for bar and
forgings at 1500 F and 24 ksi. Figure 3.043.

3.044 Creep-rupture strength at elevated temperatures,

Figure 3.044.
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Minimum creep-rate curves for bar at 1200 and
1500 F, Figure 3.045.
Creep strength at elevated temperatures, Figure
3.046.
Very long time creep curves for bar at 1200 and
1500 F. Figure 3.047.
The creep behavior of seamless tubes of L-605 has
been evaluated. Tubes measuring 0.375-inch outside
diameter by 0.025-inch wall were internally pressur¬
ized with 600 to 1800 psi helium and tested in air at

1518 to 1700 F. Rupture lives varied from 385 to

4609 hours for tubes from one heat of material and
144 to 1308 hours for tubes from a second heat. The
creep rupture life data from the stronger (first) heat
of material correlated well with published data on
uniaxial creep of L-605, while the data from the
second heat indicated strengths which were 20 to 40
percent lower. The lower strength of the second heat
was attributed to the presence of longitudinal string¬
ers (observed metallographically). It was concluded
that the creep properties of tubes can be calculated
accurately from uniaxial creep data, but preferably
using data from the same heat of material since creep
properties can vary from heat to heat (76).
Creep crack growth in L-605 occurs over a limited
temperature range of about 1200 to 1400 F, with
rates as shown in Figure 3.0410. The rate of growth
at 1400 F is about five-fold greater than that at

1200 F. At 1600 F (not shown), crack tip blunting
and stress relaxation occur faster than nucleation and
growth of grain boundary microcracks. Under these
conditions, time-dependent crack growth does not

occur. At temperatures below 1200 F, creep rates are
sufficiently slow so as to minimize the grain bound¬
ary damage process that is a prerequisite for creep
crack growth. Creep crack growth is proposed to

occur by the nucleation and growth of wedge-type
cracks at triple point junctions due to grain boundary
sliding or by the formation and growth of cavities at

the boundaries (77).
Creep crack growth at elevated temperatures. Figure
3.0410.
Torsional stress relaxation at elevated temperatures,
Table 3.0411.
Stress relaxation of wire at 600 F, Figure 3.0412.

Fatigue
Room temperature fatigue of sheet and bar in axial
loading. Figure 3.051.
Reversed strain cycling fatigue of hollow tube at

1000 and 1200 F, Figure 3.052.
Fatigue of thin sheet at room temperature after
100-hour cyclic air exposures at 1800 to 2100 F,
Figure 3.053.
Fatigue of thin sheet at 1400 F after 100-hour cyclic
air exposures at 1800 and 2000 F, Figure 3-054.
Low cycle fatigue crack growth at elevated
temperatures, Figure 3.055.
L-605 has superior fatigue crack-growth properties as
compared to Inconel X-750, Inconel 718, and
Incoloy 800 at 800 to 1300 F, as shown in Figure
3.057.
Stress intensity factor range as a function of
temperature for fatigue crack growth in L-605 and
three other high temperature alloys, Figure 3.057,

Elastic Properties
Poisson's ratio. Figure 3.061.

3.062 Modulus of elasticity.
3.0621 Modulus of elasticity in tension, Figure 3.0621.
3.0622 Modulus of elasticity of sheet in compression. Figure

3.0622.
3.0623 Dynamic modulus at room and elevated

temperatures, Figure 3.0623.
3.063 Modulus of rigidity, Figure 3.063.
3.064 Tangent modulus.
3.065 Secant modulus.

4 FABRICATION

4.01 Forming
4.011 General. Although this alloy has excellent ductility in

the annealed condition, the power requirements for
cold forming are high and frequent intermediate
anneals are needed during severe forming because of
the high rate of strain hardening (7). Heating to a
temperature of 450 F can be used advantageously for
forming sheet and other products. Detailed
information on formability limits for different
processes can be found in (42, 43, 44).

4.012 Uniform elongation and total elongation for 8 inches
gage length of sheet deformed in tension to simulate
forming operation at room temperature and 450 F,
Figure 4.012.

4.013 Erichsen cup test data for cold-reduced L-605, Table
4.013.

4.014 The use of a glass lubricant can significantly reduce
power requirements during warm rolling. Heated
rolls of a stiff alloy such as IN-100 also reduce roll
separating force (see Table 4.015) (78).

4.015 Warm rolling with heated rolls or with lubricant,
Table 4.015.

4.016 The forging starting temperature should be no greater
than 2200 F and finishing temperature no less than
1800 F. The forging temperature should be high
enough to minimize grain boundary carbides and low
enough for grain size control. The optimum forging
temperature is approximately 2150 F. Silicon content

should be held to a maximum of 0.25 percent for
optimum fabricability. The minimum temperature is
dependent upon the nature and degree of working. In
forging use light rapid blows until the cast structure

is refined. Do not attempt to change the general
shape of an ingot, as from square to round, during
the initial stages of forming to avoid comer cracks;
forging can be cooled at any desired rate (5,7).
Neutral or slightly oxidizing atmosphere should be
used for preheating. Soaking time should be about
1 hour per inch of thickness prior to hot working
(62).

4.02 Machining and Grinding
4.021 General. Machinabiltiy of this alloy is best in the

annealed condition, with a hardness of about 225
BHN or 20 HRC, although cold worked material
with hardnesses up to 50 HRC are also machinable.
The same techniques used for austenitic stainless
steels are suitable. Very sharp tools, preferably
cemented carbide tools, positive cuts, slow feeds and
speeds, and rigid equipment should be used. A good
commercial soluble oil is satisfactory as coolant and
lubricant (5).

4.022 Finish of the part is improved by using high speeds
and slow feeds. The finish attainable with cold-
worked materia] is superior to that with annealed
material.
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4.033

4.034

4.035

Joining
General. The alloy can be joined by most fusion and
resistance welding methods and by brazing.
Fusion welding can be performed manually or
automatically by the inert gas arc welding method
with a minimum of heat input using either tungsten
or consumable L-605 electrodes. For manual arc
welding coated L-605 electrodes are available. The
Sigma method is also suitable. Submerged welding is
not recommended because this procedure is
characterized by high heat input to the base metal
and slow cooling of the weld and may result in large
grains and embrittlement. It is advisable to fusion
weld in the solution annealed condition rather than
the cold-worked condition.

Careful edge preparation is required to assure good
welds. Machining of edges is best to obtain correct
fits, although hand grinding is satisfactory. Thermal
cutting, except by Heliare, is not recommended.
Restraint during welding should be kept at a
minimum and welding from both sides is
recommended wherever possible. When this is not

practical, the joint spacing should be increased and a
copper backing bar used (see precautions with regard
to use of copper in Section 1.093). Currents slightly
higher than normal are then used to obtain complete
penetration. Direct current with reversed polarity
produces the best mechanical properties. Whenever
possible, welding should be done in the flat position.
Rapid cooling after welding is recommended, as well
as post-weld annealing, to prevent or eliminate any
embrittlement which may have occurred between
1400 and 1800 F (5,8).
Effect of test temperature on tensile properties of
unwelded and butt-welded sheet. Figure 4.033 .
Effect of low test temperature on tensile strength of
GTA welded sheet, Figure 4.034.
Tensile strength of brazed T-joints at room and
elevated temperatures, Table 4.035.
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4.04 Surface Treating
4.041 The tightly adhering oxide scale which forms during

air annealing can be removed by blasting with
abrasive or by treatment in molten caustic followed
by acid pickling. A suitable procedure for
caustic/acid pickling is as follows:

1. Dip in sodium hydride (caustic) at 700 F for
15 minutes;

2. Dip in sulfuric acid (8 to 12 percent) at 140 to

160 F for 10 to 15 minutes: and
3. Dip in mixture of nitric acid (12 to IS

percent) plus hydrofluoric acid (1 to 3 percent)
at 125 to 160 F for 15 minutes.

The material should be thoroughly rinsed in water

after each operation (62).
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L-605
Form AMS Military

Sheet 5537D
Bar, Forging, Ring 5759F
Welding Wire 5796A M1L-R-5031. C 13
Welding Electrode, Covered 5797A MIL-E-6844, C 14
Rivets 7236C

TABLE 1.031. SPECIFICATIONS (1,2,3,4,52)

L-605
Minimum, Maximum,

Element percent percent

Chromium 19.00 21.00
Tungsten 14.00 16.00
Nickel 9.00 11.00
Iron - 3.00
Manganese 1.00 2.00
Silicon - 0.40(a)
Carbon 0.05 0.15
Phosphorus - 0.04
Sulfur - 0.03
Cobalt Baitince

(a) 1.00 maximum silicon in welding
wire (3) and welding electrodes (4).

TABLE 1.041. COMPOSITION
(1,2,3,4,52)
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FIGURE 1.062. EFFECT OF COLD REDUCTION AND SUB¬
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SHEET (26,57)
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L-605
Corrosion

Concentration, Rate,

Medium weight percent Temperature mis/year

Acetic Acid 10 Boiling 0.1
99 Boiling Nil

Hydrochloric 10 Room 0.2
Acid 5 Boiling >1000

10 Boiling >1000
Nitric Acid 10 Boiling 0.8

65 Boiling 53
Phosphoric 10 Boiling 2
Acid 55 Boiling 4

85 Boiling 144
Sulfuric Acid 10 (vol) Boiling 140

96 (vol) Boiling 76
Sulfuric Acid 50 (vol) + 4.2 Boiling 26
Plus Ferric
Sulfate

Co
20 Cr
15 W
10 Ni

L-605

TABLE 2.0311. CORROSION RATES INSEVERE
AQUEOUS MEDIA (81)

E
U

"S
£

5 0.1

I I I

L-605

2200 F

2000

1700 F
1600 F

1400 F
QOI

IOO 1,000
Exposure Time, minutes

10,000

FIGURE 2.0322. OXIDATION WEIGHT GAIN AS A FUNC¬
TION OF TIME FOR L-605 IN STILL
AIR AT 1400 TO 2200 F (68)
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Co
2400

20 Cr 2300
15 W
10 Ni 2200

L-605
u. 2I00
<33w
3

2 2000
<D
a
E
£ 1900

1800

1700

1600

L-605

Oxide Identification= External Oxides
Internal Oxides

CoCr
Linear

7O4 + CoO + C0WO4 + CotOa »ÿ Kinetics
Si02 + CrgOg + CoCr204 s

ÿ

_ Cr203j_CoCr204
SiOj \

- Mixed ÿ

Kinetics

\
-X

\

"CoO + CrjrO.t + CoCryO/j ~

I0" 10°

- Parabolic-
Kinetics

CoCryOa + CryOa

-Si02 + Cÿ2ÿ3 + CoCr204 ÿ

\

\
V

I01 I02
Time, minutes

I03 I04 10s

FIGURE 2.0323. SCHEMATIC SUMMARY OF L-605 OXIDA¬
TION PROCESS (82)

L-605
Exposure Conditions Zone Thickness, mils/side

Temperature,
F

Time,
hours(a)

Surface
Scale

Intergranular
Penetration

Alloy
Depletion Total(b)

1560 SOO 0.2 0.3 0.3 03
1740 500 0.4 0.8 1.5 1.9
1830 500 1.0 1.0 2.2 3.2

1,000 0.7 3.6 3.6 4.3
5,000 2.0 4.0 4.0 6.0

10,000 2.0(2.0)(c) 4.0 4.0 8.0
2100 500 1.6 13 3.0 4.6

3000 - - - 175

(a) 500-hour and 3000-hour test specimens were cylindrical, 0.25 to 03-inch dia¬
meter. Remaining test specimens were sheet. 0.06 to 0.08 inch thick.

(b) Total is surface scale plusgreater of either intergranular penetration or alloy
depletion.

(c) Number in parentheses is thickness of scale that spalled.

TABLE 2.0324. LONG-TIME OXIDATION INSTILL AIR (83)
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CM
E

2000 F Mach 0.3 Combustion Products and
3 min in Mach 0.7 Cold Air Blast

Furnace
Burner

Rig

till
L-605. Wedge-Shaped Specimens Machined From

0.5-in. Dia Bar Stock
Furnace Testing Consisted of 3 min in Still Air

at 2000 F Plus Min of 3 min Air Cool for a
Total of 2000 Cycles (100 hr at Temperature);

Burner Rig Testing Consisted of Rotating
Specimens at 1000 rpm Alternately for 3 min in

FIGURE 2.0326. CALCULATED METAL LOSSES AFTER
CYCLIC FURNACE AND BURNER RIG
OXIDATION EXPOSURES AT 1900 TO
2100 F FOR L-605, HAYNES ALLOY
NO.188,AND HASTELLOY X (84)

FIGURE 2.0325. OXIDATION WEIGHT CHANGES DURING
CYCLIC FURNACE AND BURNER RIG
EXPOSURES AT 2000 F FOR L-605 (84)

Time, hr

L-605 Wedge-Shaped Specimens Machined From
Bar Stock

Furnace Testing Consisted of 1hr in Still Air at
Indicated Temperature Plus Min of 40 min Air

Cool for Total of 100 Cycles; Burner Rig Testing
Consisted of Rotating Specimens at 1000 rpm

Alternately for 1hr at Indicated Temperature in
Mach 0.3 Combustion Products and 3 min in
Mach 0.7 Cold Air Blast, Metal Losses Were
Calculated From Measured Weight Changes

.Burner Rig

. Furnace

o
o
o>

L-605 Haynes Alloy
No. 188

Hastelloy X

-I-1-1-1-
L-605 Annealed Sheet Oxidation Tested in
Burner Rig With Combustion Gas Velocity

200-280 fps, Air-to-Fuel Ratio 45:1 to 55:1,
Specimens Rotated at 30 rpm During Test and
Cycled From Test Temperature to Less Than

500 F Each 30 min with Cold Air Blast

Metal Loss = Metal Converted to Oxide at

4|_ Surface _
Metal Affected = Metal Loss Plux Maximum

Internal Oxide Penetration

-o
'3>

E

S
6
SIo
-j

I

0.8

Q6

°'1500

Metal
Affected

Metal
Loss

I600 1700 1800
Temperature, F

I900 2000

FIGURE 2.0327. DYNAMIC OXIDATION OF L-605 AFTER
100 HOURS AT 1600 TO 1900 F (85)
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L-605 0.01C
Annealed, Stat

I 1 1 f
1 arid 0.020-in. Sh
ic Exposure in He

1 1 1 1
eet Solution
>t-WaII Furnace

o

I III 1 III 1 111
I02 I03 I04

Time, hr

FIGURE 2.0328. OXIDATION BEHAVIOR AT 1800 F AND
AIR PRESSURE OF 0.16 PSI (8 TORR) 186)

c
2

FIGURE 2.0329. EFFECT OF SILICON AND MANGANESE
CONTENT ON OXIDATION OF SHEET
IN AIR AT 1832 F (23)

FIGURE 2.03210. EFFECT OF SILICON AND MANGANESE
CONTENT ON OXIDATION RESISTANCE
AND POST-AGING DUCTILITY (23)

100
80
60

CD
o 40
in

'i 20
o
eg

10
G
V

8
Q. b
E
3
E 4
X

2 2

L-60
Die:

Cont

-
5, Specimen D
el Oil Contain
ained 5 ppm S

R

-1-
intensions Not Reported,
ed 1percent Sulfur, Air
ea Salt, GE-Lynn Burner
ig Data —

1

//A tMAR-M-509
kMAR-M-302

' X-40

U-* ÿ
Iyy

Sheet Alloys, Annealed
Hot Corrosion Tested in Burner RigWith

Combustion Gas Velocity of 13 fps
5 or 50 ppm Sea Salt in Combustion Air

No. 2 Fuel Oil With 0.3 to 0.45 percent Sulfur
Air-to-Fuel Ratio 30:1

Specimens Rotated During Test and Cycled
From 1650 F to Less Than 500 F Each hr in

Cold Air Blast
Metal Loss = Metal Converted to Oxide at Surface

Metal Affected = Metal Loss Plus Maximum
Internal Oxide Penetration

Data are Averages of 5 and 50 ppm Salt
Exposures

ÿMetal Loss

I

.Metal Loss „ Metal Affected

Haynes Alloy No.188

Hastelloy X

Hastelloy S

| Rene' 41

[ Waspaloy

I Inconol 625

Inconel 601

| Inconel X-750

l~l L-605

I I I _L

1600 F
500 hr

1750 F
1000 hr

-J.1
1900 F
1000 hr

0.4 Q6Q8 1.0 2 4 6 8 10 20
Metal Loss or Metal Affected, mils/side

40
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FIGURE 2.0332. DYNAMIC HOT CORROSION OF L-605
AND FOUR OTHER COBALT-BASE
ALLOYS AT 1600TO 1900 F (68)

FIGURE 2.0333. DYNAMIC HOT CORROSION OF L-605
AND OTHER SHEET SUPERALLOYS
AFTER 200 HOURS AT 1650 F (69)

Region

Bounds for Good
s—Oxidation Resistance

Si, percent

I I
L-605, T « 1800 F

of Good
Resistance—and Post-Aging

Ductility

Bounds
for Good
Post-Aging
Ductility

Mn, Si,
percent percent

1.10 0.12
1.72 0.15
1.52 0.23
1.44 0.31
1.64 0.51
1.52 0.55
1.11 1.00

Time1/ÿ

i l
L-605 0.040-in, Sheet, 2240 F, RAC
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L-605W
Exposure Conditions Post-Exposure

Metallurgical Time. Phi- Elongation, Hydrogen
Condition hours Atmosphere ksi percent(D Content, ppm

CR<b> 100 Air 209 2 3.0
100 Hydrogen 188 (c) 3.0

1,000 Air 206 3 -
1.000 Hydrogen - (0 35

SAW) 100 Air 86 12(e) -
100 Hydrogen 88 12(e) 25

1,000 Air 99 3 -
1.000 Hydrogen 84 3(e) 3.0

Co
20 Cr
15 W
10 Ni

L-605

(a) 0.65 percent Si.
(b) Cold-rolled 25 percent.

(c) Broke ingrip.
(d) Solution annealed 1hour at 2250 F,AC.
(e) Numerous edge cracks during tensile testing.
(f) Gage section 1.2 by 0.37 by 0.025 inch.

TABLE 2.0342. EFFECT OF HYDROGEN EXPOSURE AT 1200 F ON ROOM
TEMPERATURE STRENGTH AND DUCTILITY (70)

10

1.0

Q3

i-

L-605 Tin.— Fabrication +

-1-
rubing, 2250
2250 F in Dn

-1-
F, 15 min
H2 Prior

—n.FC +
to Te:

1

rt —

I I i |
400 600

Temperature, F
800 1000 1200

FIGURE 2.0362. MAXIMUM PENETRATION RATE OF
MECURY INTHERMAL CONVEC¬
TION, TWO-PHASE LOOPS (48)

L-605
Product AMS Thickness, >,ksi F(U!ks' Elongation,

percent. Min(a)Form Spec. inch Min Max Min
Sheet 5537 <0.020 55 80 130 30

>0.020-0.032 55 80 130 35
>0.032-0.043 55 80 130 40

>0.043 55 80 130 45
Bars, Forgings, 5759 (Not specified) 45 - 125 30
and Rings

(a) Elongation in 2 in. for sheet, 4D for bars, forgings, and rings.

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

TABLE 3.011. SPECIFIED MECHANICAL PROPERTIES AT ROOM
TEMPERATURE (1,2)
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Co
20 Cr
15 W
10 Ni

L-605

J
5

Cold Rolled Reduction, percent

-1-1-]-
L-605 0.125-in. Dia Wire Cold Rolled as Indicated

FIGURE 3.0211. EFFECT OF COLD REDUCTION ON TEN¬
SILE PROPERTIES OF 0.125-INCH
WIRE (29,571

ÿo
e ...ra w

C CD
® c
b ®
O) b
s V>
S5
E.®

3

220

180

140

100

60

i-1
L-605 0.050-in. Sheet

? 20

O Cold Rolled
ÿ Cold Rolled Plus 4 hr at 900 F,AC

5 10 15 20 25 30
Cold Reduction, percent

FIGURE 3.0212. EFFECTS OF COLD ROLLING AND COLD
ROLLING PLUS 900 F AGING ON
TENSILE PROPERTIES AT ROOM
TEMPERATURE (62)
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Oi
ÿo

>-
ÿo

u,

£

E
55

©
UJ

i-i-1-1-r
L-605 0.048 in.Sheet, 2250 F, Rapid Air

Cool + Cold Work + Exposure

Cold Reduction, percent

1000-hr Exposure at 1600 F- 200-hr Exposure at 1600 F

Co
20 Cr
15 W
10 Ni

L-605

-1-1-1-1-1—
L-605 (0.02 to 0.22 percent Si). Hot Forged Bar,

Solution Annealed 1hr at 2150 F,WQ, Cold
Rolled Plus Aged or Annealed, Strain Rate
0.005 min"' to Yield, Then 0.05 min"ÿ to

Fracture, Average Data From 5 Heats

220

FIGURE 3.0214. EFFECT OF COLO REDUCTION ON TEN¬
SILE PROPERTIES AFTER PRIOR EXPO¬
SURE TO 1600 F (51)

CX ÿ£
c a>
® c
£ ®
</) ~e CO

E.2

O

c
a
a
®
a

e
o
Ui

1-hr
Anneal, WQ10-hr Age

L

"As 400 800 1200 1600 2000 2400
e<ÿ

Aging or Annealing Temperature, F

(al Cnlrt Rolled 75 oareant

FIGURE 3.0215. EFFECTS OF AGING OR ANNEALING ON
ROOM TEMPERATURE TENSILE
PROPERTIES OF COLD ROLLED BAR (61)
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Co
20 Cr
15 W
10 Ni

L-605

L-605
1hr

10-hr Age Anneal. WQ
1 I

.?E 140

100

L
e (5D|

—V-1-1-1-
L-605 (0.23 percent Si). 0.5-in. Plate, Charpy

V-Notch, ASTM E23ÿ6,Annealed 1hr at
2100 F in Argon and Cooled Rapidly

> 60

e
U)

a
E

1200 F

1290 F

I02
Aging Time, hr

FIGURE 3.0231. EFFECTS OF AGING AT ELEVATED TEM¬
PERATURES ON NOTCH-IMPACT ENERGY
AT ROOM TEMPERATURE (87)

As
Rol led

400 800 1200 1600 2000
Aging or Annealing Temperature, F

2400
a.
E

(b) Cold Rolled 40 percent

FIGURE 3.0215. (Continued)

L-605 (0.23 percent Si) 0.5-in. Plate,Charpy
V-Notch, ASTM E23-66. Annealed 1hr at

2100 F in Argon and Cooled Rapidly

1300

1200

I02
Aging Time, hr

FIGURE 3.0232. AGING TIME-TEMPERATURE CURVES
FOR 25. 50, AND 75 PERCENT REDUC¬
TIONS IN NOTCH-IMPACT ENERGY
AT ROOM TEMPERATURES (87)

a
E

1.5T Bend Test

<i i i I
L-605 0.063-in. Sheet, 2250 F, 1/2 hr +

Aged as Indicated

Bend Angle

at
Room Temperature

1

2400

2000

1600

5 10 50 100 500 1000
Aging Time, hr

CODE 4302
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FIGURE 3.0241. EFFECT OF AGING TIME AND TEMPER¬
ATURE ON EMBRITTLEMENT OF
SHEET AS DETERMINED BY A 1.5 T
BEND TEST (46)
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L-605
ProcessinB

Intermediate Secondary
Initial Cold Solution Cold Final Tensile Strength!*")

Reduction.(a) Anneal. Reduction, Age. FNtu-le> Ftu- Ratio,
percent hours/F(b) percent hours/F ksi ksi fNtu/Ftu

25 - - - 326.8 185.9 1.76
25 1/2250 25 - 294.6 214.4 1.37
25 1/2150 25 - 299.2 223.5 1.32
25 1/2150 25 10/700 324.4 244.3 1.33
25 1/2150 25 1/1200 240.1 247.7 0.97
40 - - - 306.5 258.5 1.19
40 1/2250 40 - 253.4 251.4 1.01
40 1/2150 40 - 236.6 255.3 0.93
40 1/2150 40 10/700 267.4 249.1 1.07
40 1/21SO 40 1/1200 166.7 296.7 0.56

Co
20 Cr
15 W
10 Ni

L-605

(a) Starting material was hot forged bar stock, solution annealed Ihour at 2 1SO F.WQ.
(b) Plus WQ,
(c) Kt = 7-8, specimen gage length 0.19-iitch diameter by 1.0 inch long.
(d) Average of duplicate tests from several heats.

TABLE 3.02711. NOTCHED TENSILE STRENGTH OF COLD WORKED AND COLD
WORKED PLUS AGED BAR AT ROOM TEMPERATURE (61)

S
©

L-605 0.063-in.Sheet Solution Treated at
2250 F, RAC

RT I 1
ÿ>»— -0.001 in./in./sec--O.

RT

TensionResistance Heated

0.1 injinjsee

0 0.002 Q004 0.0060 Q002 0.004 0 Q002 0.004
Strain, inVin.

FIGURE 3.0312. STRESS-STRAIN CURVES IN TENSION FOR 0.063-INCH SHEET AT ROOM
AND ELEVATED TEMPERATURES AT SEVERAL STRAIN RATES (30)
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Co
20 Cr
15 W
10 Ni

L-605

L-605 0.109-in. Sheet
Solution Treated at
2200 F, RAC (5)

RT

L-605 0.040-in. Sheet
Solution Treated at

2200 F,AC (9)
I I

Strain Rate
60 inVinVmin— 0.003 in./in./min
Average of 10 sec and
1/2hr Holding Time

- 0.0025 in7in./min

400 F

600 F
800 F

1000 F
1200 F 1600 F
1600 F

2000 F

2250 F

2000 F

Tension 2250 F

0 0.002 0.004 0 0.002 0.004 0.006
Strain, in./in.

FIGURE 3.0313. STRESS-STRAIN CURVES FOR 0.109 AND
0.040-INCH SHEET AT ROOM AND ELE¬
VATED TEMPERATURES AT SEVERAL
STRAIN RATES (5,9)

-i-1 i"
L-605, 2200 to 2250 F for 10 minutes

1-inch Bar, WQ
0.040-in. Sheet RAC
0.109-in. Sheet, RAC
0.062-in. Sheet, AC

120 2 2" 120

•oai5)
V (10)

800 1200 (600

Temperature, F
2000 2400

-1-1-1-1-1-
L-605 0.040-in. Sheet, Solution Treat. Heated

to Test Temperature in 10 seconds. Held at Test
Temperature 10to 1800 seconds

far

Strain Rate
"AA--5 x 10"5 per second---10*2 per second
O#-1per second

400 800 1200 1600
Test Temperature, F

2000 2400

FIGURE 3.0314. EFFECT OF TEST TEMPERATURE ON
TENSILE PROPERTIES OF BAR AND
SHEET (5,10)

FIGURE 3.0315. EFFECT OF TEST TEMPERATURE AND
STRAIN RATE ON TENSILE AND
YIELD STRENGTH OF SHEET (39,40,41,57)
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ÿ»
c

_

E.2
~>
5

1 60

120

80

40

0

sol

40

L-605 0.063-in. Sheet, Solution Treated at_ 2250 F, RAC
I I

Strain Rate, in./in./sec
(2-in. Gage Length)

Strain Rate: 10*1, io-3 ancj iq-5 jn./in./sec
to Yield, Then 10*1and 10*2 to Rupture

e |2 in.) Average for All Tests

400 800 1200 1600
Temperature, F

2000

FIGURE 3.0316. TYPICAL EFFECTS OF TEST TEMPERA¬
TURE AND STRAIN RATE ON TENSILE
PROPERTIES OF SHEET (30)

120

100

3 .
uT £ 80

£§ 60
o »

E.2

D 40

20
f

*

40

30

20

10

0,

£ c_
fflffl t,

j; °< a
£ c
c.S
•2S

" c
£ o

Co
20 Cr
15 W
10 Ni

L-605

L-i

O

>05 Cast E
2225
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o

\l
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'ÿV \ )

1 ...ÿ8
s

e (2 in.)

r

a
RA CItr-n I

A SPb
400 800 1200

Temperature, F
1600 2000

FIGURE 3.0317. EFFECT OF TEST TEMPERATURE ON
TENSILE PROPERTIES OF CAST BAR
IN SOLUTION TREATED CONDITION (27)
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Co
20 Cr
15 W
10 Ni

L-605 I40

£ 120

uT I00
•C
s> 80
w

« 60

|

D

40

20

0

60

40

20
/ÿ

f

80

60

40

20

0

' L-605

A Typical Data for Solution Annealed
0.109-in.Sheet ÿ nnj ÿÿ nnnh,

0 0.36 percent Si, 0.060-in. Sheet! St
Q 0.01 percent Si, 0.065-in. Sheet! 150ÿF
-a -

s
y\

\\
Vi

Tensite Strain Rate 0.05/min V,.
*

&
/w

:--1 k
*j 4

(W

a"
-

\ ÿ

e (1 in.) o__
tr t

0 400 800 1200 1600 2000
Temperature, F

FIGURE 3.0318. EFFECT OF TEST TEMPERATURE ON
TENSILE PROPERTIES OF SHEET
AFTER 11,000-HOUR EXPOSURE AT
1500 F (88I

-1-1-1-1—--1-
L-605 Sheet, Annealed or Annealed + CR

, -0.008-in. Sheet, 40 percent CR (20)
500r---0.020-in. Sheet, 20 percent CR (20)

- Annealed, 0.076-in. Sheet (17)

.uT 300

0>« 200 L&T

L&T

-400 -300 -200 -100
Temperature, F

FIGURE 3.0319. EFFECT OF LOW TEST TEMPERATURE
ON TENSILE AND YIELD STRENGTH
OF SHEET (17,20)

50

c 40
oy
©
a

§ 30
CO
o>

I20
D

'55c
H 10

0

-1-1-1-1-1—
L-605 Sheet, Annealed or Annealed ÿ

Cold Rolled

-0.008-in. Sheet, 40 percent CR (20)— — — 0.020-in. Sheet, 20 percent CR (20)
ÿÿ ÿ - - Annealed, 0.076-in. Sheet (17)

-T

L -
.T

L

7ÿ

ÿ e (2 in.) -

-400 -300 -200 -I00
Temperature, F

I00

FIGURE 3.03110. EFFECT OF LOW TEST TEMPERATURE
ON TENSILE ELONGATION OF
SHEET (17)
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-1-1-1-1-1-
L-605 0.085-in. Sheet. Cold Worked 20

percent + 1100 F for 2 hr.Soaked at Test
Temperature for 15 minutes
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0
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5

-Strain Rate per sec.
To To

Yield Rupture
0»--0.0001 0.01
ÿÿ--0.001 0.01

•AA-0.01 0.1

GA

P
7e (2 in.)

0 400 800 1200 1600 2000 2400
Temperature, F

FIGURE 3.03111. EFFECT OF TEST TEMPERATURE AND
STRAIN RATE ON TENSILE PROPER¬
TIES OF 20 PERCENT COLD-WORKED
SHEET (38,57)
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FIGURE 3.03112. EFFECT OF TEST TEMPERATURE AND
STRAIN RATE ON TENSILE PROPER¬
TIES OF 10 PERCENT COLD-WORKED
AND AGED SHEET (38,57)
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Co
20 Cr
15 W
10 Ni

L-605

O
LLl

L-605 Sheet

O Cold Rolled
A Cold Rolled Plus

100 hr/1450 F

I-1-1-1 i-r-
L-605 0.062-in. As-Cold-Worked Sheet

5 JO 15 20
Cold Reduction, percent

160

V)

•o

o
o
a

.Cold Work

__
~ £tu

percent ÿ2 in.)

U. A. -

All Points Average of
3 Tests

0 200 400 600 800 I000 1200 1400
Test Temperature, F

FIGURE 3.03113. EFFECTS OF COLD ROLLING AND
COLD ROLLING PLUS 1450 F
AGING ON TENSILE PROPERTIES
AT 1450 F 162)

FIGURE 3.03114. EFFECT OF TEST TEMPERATURE ON
TENSILE PROPERTIES OF AS-COLO-
WORKED SHEET (27)

-1-1-1-1-1 I-
L-605 0.062-in. Sheet, Cold Worked + Aged

at 1300 F for 10hr

I I I I I I
L-605 0.062-in. Sheet, Cold Worked + Shot
Peened (S-110 Shot, 90 psi, 3 min/in.2 of

Specimen Area)

200 •*. Cold WorkCold Work
percent

25
percent

e {2 in.) e (2 in.)

160 €

120 <2

a.
c

Room-Temperature Values are Avg of 3 Tests
||_ High-Temperature Values are Avg of 2 Tests

Room-Temperature Values are Avg of 3 Tests;
High-Temperature Values are Avg of 2 Tests

200 400 600 800 IOOO 1200 I400
Temperature, F

0 200 400 600 800 IOOO 1200 1400
Temperature. F
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FIGURE 3.03115. EFFECT OF TEST TEMPERATURE ON
TENSILE PROPERTIES OF COLD-
WORKED AND AGED SHEET (27)

FIGURE 3.03116. EFFECT OF TEST TEMPERATURE ON
TENSILE PROPERTIES OF COLD-
WORKED AND SHOT-PEENEO
SHEET (27)
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-1-1 i-1-1-1-
L-605 0.062-in. Sheet.Cold Worked + Shot
Peened (S-110 Shot. 90 psi,3 min/in.2 of_ Specimen Area) + Aged at 1300 F for 10hr _
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FIGURE 3.03118. EFFECT OF TEST TEMPERATURE ON
TENSILE PROPERTIES OF CAST BAR
WHEN SOLUTION TREATED, STRESS
RELIEVED.AND AGED (27)

FIGURE 3.03117. EFFECT OF TEST TEMPERATURE ON
TENSILE PROPERTIES OF COLD-
WORKED. SHOT-PEENED. AND
AGED SHEET (27)
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L-605 Vacuum Arc-Melted Bar (Actual Comp:

Co-18.2Cr-14.2W-9.48Ni-0.48Fe-0.41Si-0.06Mn
0.04C-0.022P-0.012S-0.0080-<0.025N)

I-1
Aged at Test Temperature and
Tested at 0.0005 in./in./min

A No Age
A 120 hr Age
A 350 hr Age

All Data Points are the
Average of 2 Tests

e (2 in.)

1500 1600 1700 1800 1900
Age and Test Temperature, F

2000

FIGURE 3.03119. EFFECT OF AGING TIME AND TEMPER
ATURE ON ELEVATED TEMPERATURE
TENSILE PROPERTIES OF VACUUM
ARC-MELTED BAR (35,37)
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Co
20 Cr
15 W
10 Ni

L-605

Exposure Time, hr

L-605. Material Condition and Specimen
Dimensions Not Reported, Dissociation of
NH3 Estimated at 60 percent. Total Gas

Pressure 1atmosphere

FIGURE 3.03120. TENSILE PROPERTIES OF L-605 AT
1800 F AFTER EXPOSURE TO PAR¬
TIALLY DISSOCIATED AMMONIA
AT 1800 F (72)

L-605 0.063-in. Sheet. 2250 F and RAC
CompressionResistance Heated

0.1 in./inysec 0.00001 in./in7sec0.001 in7in./sec

Q0O4 0.008 0 Q004 O008 0
Strain, in./in.

Q0O4 0.008

FIGURE 3.0321. STRESS-STRAIN CURVES IN COMPRESSION FOR SHEET AT ROOM AND
ELEVATED TEMPERATURES AT SEVERAL STRAIN RATES (30)
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i I i
L-605 0.063-in. Sheet, Solution Treated at

2250 F and RAC

Strain Rate, in./in./sec
12 in. Gage Length)

Heated to Test Temperature
at 200 F/sec

2 min Hold Time at
Temperature
30 min

Co
20 Cr
15 W
10 Ni

L-605

800 1200 1600
Test Temperature, F

FIGURE 3.0322. TYPICAL EFFECT OF TEST TEMPERA
TURE AND STRAIN RATE ON COM¬
PRESSIVE YIELD STRENGTH (30)

L-605 Plate, 2225 F and WQ

IE Charpy V

400 800 1200 1600 2000
Temperature, F

FIGURE 3.0331. EFFECT OF TEST TEMPERATURE ON
IMPACT STRENGTH OF PLATE |5)

a
E

Solution Treated +
26 percent Cold
Rolled (22)

-1-1-1-1-1-
L-605 Plate,Solution Treated or Cold Rolled

v I I I
L-605 (0.23 percent Si), 0.5-in. Plate, Charpy

V-Notch, ASTM E23-66, Annealed 1 hr at
2100 F in Argon and Pooled Rapidly

1560 F

1200 F

IE Charpy V

I03 I04
Aging Time, hr

2225 F, WQ (5)~

Temperature, F

FIGURE 3.0332. EFFECT OF LOW TEST TEMPERATURE FIGURE 3.0333. EFFECTS OF AGING AT ELEVATED TEM-
ON IMPACT STRENGTH OF SOLUTION PERATURES ON NOTCH-IMPACT
TREATED OR SOLUTION TREATED ENERGY AT 570 F (87)
AND COLD ROLLED PLATE (5.17.21,22)
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FIGURE 3.0351. EFFECT OF TEST TEMPERATURE ON
SHEAR STRENGTH OF SHEET (47)

FIGURE 3.0352. EFFECT OF TEST TEMPERATURE ON
SHEAR STRENGTH OF PLATE AND
FORGING (47)

c ._
CO <A- X.
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e»W
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00 a03
® C
CO 'hi
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0.5 hr at Test
Temperature
Prior to Loading

Test Temperature, F

-1 I-1-1-
L-605 1/4-in. Diameter Bar, 2250 F and WO

Rupture Life, hr

FIGURE 3.0361. EFFECT OF TEST TEMPERATURE ON FIGURE 3.041. CREEP-RUPTURE CURVES FOR BAR AT
BEARING ULTIMATE AND YIELD TEMPERATURES FROM 1200 TO 1800 F
STRENGTH (47) FOR TIMES UP TO 40,000 HOURS (49,50)
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FIGURE 3.042. STRESS REQUIRED TO PRODUCE TOTAL
PLASTIC STRAINS OF O.S AND 1.0
PERCENT AT 1200 AND 1500 F (49)
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FIGURE 3.043. WEIBULL DISTRIBUTION OF CREEP-
RUPTURE LIFE FOR BAR AND
FORGINGS AT 1500 F AND 24 KSI (89)

FIGURE 3.044. CREEP-RUPTURE STRENGTH AT ELE¬
VATED TEMPERATURES (62)
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I 1 I I 1 I I I I I I
L-605 1/4-in. Diameter Bar, 2250 F and WQ

1200 F

1500 F

I0"4 I0"3 10-2
Minimum flreeo Rate Dereent/hr

FIGURE 3.045. MINIMUM CREEP-RATE CURVES FOR
BAR AT 1200 AND 1500 F (49)
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Co
20 Cr
15 W
10 Ni

L-605

L-605 Sheet

0.0001 percent/hr

0.00001 percent/hr

I400 1500 1600 1700
Temperature. F

FIGURE 3.046. CREEP STRENGTH AT ELEVATED
TEMPERATURES (62)
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FIGURE 3.047. VERY LONG TIME CREEP CURVES FOR
BAR AT 1200 AND 1500 F (49)

FIGURE 3.0410. CREEP CRACK GROWTH AT ELEVATED
TEMPERATURES (77)
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L-605

Condition

Test
Temperature,

F

Initial
Stress,

ksi

Residual Stress, ksi. After:
1

Hour
10

Hours
SO

Hours
100

Hours
SAW 1050 70.0 - - - 42.0

1200 45.0 - - - 19.4
1350 25.0 - - - 14.0

hrO>) 1100 30.0 - - - 28.0
CW(c) 1400 80.3 32.5 23.7 13.9 -

(a) Hot-rolled 0.875-inch-dia bar, solution annealed at 2280 F and WQ.
(b) Hot-rolled 1.063-inch-dia bar.
(c) Solution annealed 30 min at 2225 F,WQ, cold extruded 30 percent

and cold formed into bolt,0.25-inch-dia by 1-562 inch long.

TABLE 3.0411. TORSIONAL STRESS RELAXATION AT ELEVATED
TEMPERATURES (90)

Co
20 Cr
15 W
10 Ni

L-605
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i I i i

L-605 Wire, 30 percent Cold Rolled +
for 16 hr

.
300 F

O F
ÿ F

elaxatio
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n After
n After

5-20 hr
50-140 hr

)i
/

/ I
/ A

/
/7

</
Iv

I
600 F
l

20 40 60 80 100 120
InitialStress, ksi

FIGURE 3.0412. STRESS RELAXATION OF WIRE AT
600 F (29)
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FIGURE 3.051. ROOM TEMPERATURE FATIGUE OF
SHEET AND 8AR INAXIAL
LOADING (47)

10' I02 I05 I04 I05
Cycles to Failure

FIGURE 3.052. REVERSED STRAIN CYCLING FATIGUE
OF HOLLOW TUBE AT 1000 AND
1200 F (56)
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Co
20 Cr
15 W
10 Ni

L-605

i i i i i n i i i
L-605 0.010-in. Sheet, Annealed at 2250 F,
Oxidation Exposure was 100 1-hr Cycles at

Indicated Temperature and Pressure,
Fatigue Tested in Transverse Direction,

Frequency - 1020 epm, R = 0.15

Unexposed
1800 F/1atmosphere
2000 F/1atmosphere
2100 F/1atmosphere
2000 F/2.4 x 10"4 atmosphere (0.18 Torrl

U_I_I_LU_I III

—i-1-1—I—i—I-1-1—r
L-605 0.010-in. Sheet, Annealed at 2250 F,
Oxidation Exposure was 100 1-hr Cycles at

Indicated Temperature and Pressure,
Fatigue Tested in Transverse Direction,

Frequency = 3000 epm, R = 0.15

105 10s
Cycles to Failure

I07
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E

S 40 —
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O Unexposed
A 1800 F/1 atmosphere
O 2000 F/1 atmosphere
V 2000 F/2AX10-4 atmosphere (0.18 Torr)
I I I __I
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lO4 I05

Cycles to Failure
I06

FIGURE 3.053. FATIGUE OF THIN SHEET AT ROOM TEM¬
PERATURE AFTER 100-HOUR CYCLIC
AIR EXPOSURES AT 1800 TO 2100 F (91)

FIGURE 3.054. FATIGUE OF THIN SHEET AT 1400 F
AFTER 10O-HOUR CYCLIC AIR
EXPOSURES AT 1800AND 2000 F (91)
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L-605 Hot Rolled Plate,Single Edge Notch

Cantilever Bend Specimens, LT Crack Growth
Orientation, Frequency 10 epm, Zero-to-Tension

Loading,Sawtooth Wave Pattern
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L-605 Hot Rolled Plate,Single-Edge-Notch

Cantilever Bend Specimens, LT Orientation,
Frequency 10 epm, Zero-to-Tension Loading,

Sawtooth Wave Pattern

I I I I I I
Crack Growth Rate (da/dn) = 4 x 10"5 in./cycle

—See Figure 3.055 for Specimen Dimensions
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Inconel X-750
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ncone 718

Incoloy 800
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Temperature, F
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FIGURE 3.055. LOW CYCLE FATIGUE CRACK GROWTH
AT ELEVATED TEMPERATURES (92)

FIGURE 3.057. STRESS INTENSITY FACTOR RANGE AS
A FUNCTION OF TEMPERATURE FOR
FATIGUE CRACK GROWTH IN L-605
AND THREE OTHER HIGH-
TEMPERATURE ALLOYS (92)
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FIGURE 3,0622. MODULUS OF ELASTICITY OF SHEET
IN COMPRESSION (30)

FIGURE 3.0623. DYNAMIC MODULUS AT ROOM AND
ELEVATED TEMPERATURES (26,31,321
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Co
20 Cr
15 W
10 Ni

L-605

L-605

FIGURE 4.012. UNIFORM ELONGATION AND TOTAL
ELONGATION FOR 8-INCH GAGE
LENGTH OF SHEET DEFORMED IN
TENSION TO SIMULATE FORMING
OPERATION AT ROOM TEMPERA¬
TURE AND 450 F (37,57)

800 1200 1600 2000
Temperature, F

FIGURE 3.063. MODULUS OF RIGIDITY (62)

L-605
Sheet Cold

Thickness, Reduction, Cup Depth,
inch percent mm

0.020-0.023 10 8.4
15 6.8
20 5.9

0.050-0.057 10 8.2
15 6.7
20 5.5

TABLE 4.013. ER1CHSEN CUP TEST
DATA FOR COLD-
REDUCED L-605 (94)

L-605(a)

Roll Roll Surface One-Pass RoD
Sleeve

Material
Temperature,

F
Strip

Lubricant
Reduction,
percentO>)

Separating
Force, lb

Waspaloy 70 (None) 29.0 106.000
70
70

(None)
GL-100(C)

31.6
41.0

114,000
70,000

70 GL-100 44.4 62,000
1500 (None) 30.8 104,000
1500 (None) 31.6 104.000

1N-100 1500 (None) 30B 80,000
1500 (None) 32.5 78,000
1500 (None) 34.2 80,000

(a) 1-inch-wide by 0.117-inch-thick strip.
(b) L-605 strip preheated to 1750 F. Roll speed 100 fpm. All test

specimens fabricable with no edge or surface cracking.
(c) GL-100 is a phosphate glass.

TABLE 4.015. WARM ROLLINGWITH HEATED ROLLS OR
WITH LUBRICANT (78)

FIGURE 4.033. EFFECT OF TEST TEMPERATURE ON
TENSILE PROPERTIES OF
UNWELDED AND BUTT-WELDED
SHEET (32.57)
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L-605 0.010 to 0.125-in. Sheet

8 in. Gage Length

Oft Uniform Elongation —
A A Total Elongation

0.08 0.10 0.12 O.I4
Sheet Thickness, in.

Resistance Heated '

100 F/sec, Held at
Test Temperature
.3 min

400 800 1200 1600
Temperature, F

2000 2400

T T T
L-605 0.050-in. Sheet

Butt Weld i

_ i 10-50" ?

e (2 in.)

All Points are the Average
of Three Tests

O ÿ A Base Metal
ft ÿ A Butt Weld

Strain Rate
0.012/min
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Temperature, F
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L-605 Sheet. Auto GTA Welded

0.008-in.Sheet,
40 percent Cold Rolled,
GTA Welded, No Filler +

Planished, (20)

0.076-in. Sheet
Annealed + GTA
L-605 Rod as Welded

.0.020-in.Sheet,
Annealed + 20 percent Cold Rolled
+ GTA Welded, No Filler+ Rolled
Planished (20)

Co
20 Cr
15 W
10 Ni

L-605

FIGURE 4.034. EFFECT OF LOW TEST TEMPERATURE
ON TENSILE STRENGTH OF GTA
WELDED SHEET (17,20)

L-605(a

Test Ultimate
Temperature, Braze Strength, Failure Joint

F Alloy ksi LocationO*) Efficiency(c)

70 (None) ISO - -
J8400 109.5 B 73
J8100 74.7 B 50
CM52 78.9 B 53
J8600 132.0 B 88

1800 (None) 25.7 - -
J8400 21.5 P 84
J8400 19.3(d) B 75
J8100 22.0 P 86
J8100 19.8(d) B 75
CM52 20.1 P 78
J8600 0.6 B 2

2000 (None) 12.8 - -
J8400 12.9 P 101
J8400 12.0(d) P 94

(a) 0-010-inch sheet, solution heat treated.
(b) B =braze joint; P = parent metal.
(c) Joint efficiency = (F|U, brazejoint)/(F(U, parent metal).
(d) After air exposure for 100 1-hour cycles to test temperature,

16-hour total exposure time at test temperature.

TABLE 4.035. TENSILE STRENGTH OF BRAZED T-JOINTS
AT ROOM AND ELEVATED
TEMPERATURES (95)
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