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ABSTRACT OF THE DISCLOSURE 

Directed to a nickel-base alloy particularly useful in 
the form of castings such as in the form of turbine blades 
and the like and characterized by an improved resistance 
to corrosion due to the combined effects of chlorides and 
sulfur while retaining high creep strength at elevated 
temperatures. A preferred alloy contains about 16% chr0 
mium, about 10% cobalt, about 2% molybdenum, about 
2.5% tungsten, about 1% columbium, about 1.25% tan. 
talum, about 4% aluminum, about 3% titanium, about 
0.18% carbon, about 0.02% boron, about 0.1% zirco 
nium, and the balance essentially nickel. 

The present invention is a continuation-in-part of our 
copending US. application Ser. No. 468,154, ?led June 29, 
1965, now abandoned. 
The present invention is directed to a nickel-base cast 

ing alloy which develops high strength at elevated tem 
peratures and is characterized by improved corrosion 
resistance and good castability, and, more particularly, 
to a nickel-base casting alloy especially useful for the 
production of vacuum melted and vacuum cast aircraft 
gas turbine blades for use in engines wherein corrosive 
attack due to oxidation and sul?dation is encountered. 
The gas turbine industry has now become ?rmly estab 

lished and is capable of producing gas turbine engines 
for use in aircraft, automotive, marine and stationary 
applications which are characterized by long life and re 
liability. The requirements imposed upon gas turbine 
engines by actual and prospective users has placed greater 
and greater demands upon the builders of gas turbines. 
In turn, the requirements for parts to be used in gas tur 
bine engines has continually been based upon higher and 
higher performance standards. A particularly sensitive 
part in the gas turbine mechanical structure is the turbine 
blading. It has been found that the temperature require 
ments imposed upon turbine blading materials is always 
being raised to a higher level. Furthermore, as perform 
ance standards imposed upon the gas turbine engine and 
the constituent parts thereof are raised to higher levels, 
it is found that other problems are encountered which 
must be solved. Corrosion of the blading materials due 
to oxidation, sul?dation and other effects due to the ambi 
ent atmosphere encountered in engine service is one of 
these. Accordingly, the engine builders have come to 
expect that the blading materials will not only possess 
very high strength at temperatures on the order of 1800° 
F. and higher but will be resistant to the corrosive effects 
encountered in service, particularly during the long ex 
posure times in service now being achieved. 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

One alloy which has been widely employed with good - 
results as a cast turbine blade material for service in gas 
turbine engines is the alloy manufactured under speci? 
cation AMS 5391. This alloy nominally contains about 
12.5% chromium, about 4.2% molybdenum, about 2.2% 
columbium, about 6.1% ‘aluminum, about 0.8% titanium, 
about 0.12% carbon, about 0.012% boron, about 0.1% 
zirconium, and the balance essentially nickel. This alloy 
is characterized by excellent castability, by high resistance 
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to oxidation and thermal fatigue, and by good structural 
stability when exposed to the effects of temperature and 
stress for extended periods of time. The alloy has been 
used to manufacture cast turbine blades which have per 
formed satisfactorily in many hundreds of gas turbine 
engines. An alloy described in US. application Ser. No. 
336,458, now Patent No. 3,301,670, and nominally con 
taining about 10% chromium, about 4% molybdenum, 
about 1% columbium, about 2% tungsten, about 2% tan 
talum, about 6.5% aluminum, about 1% titanium, about 
0.12% carbon, about 0.02% boron, about 0.1% zirco 
nium, and the balance essentially nickel, offers materially 
improved strength properties at temperatures of about 
1800° F. than the alloy sold under speci?cation AMS 
5391. It is found, however, that the aforementioned 
alloys have not met more stringent requirements in 
regard to corrosion resistance such as sul?dation resist 
ance as more recently imposed by the aircraft gas turbine 
manufacturers. It has long been postulated that chro 
mium is an element which could usefully be employed 
in increased amounts for the purpose of improving cor 
rosion resistance, e.g., sul?dation resistance, of nickel 
base high temperature alloys. However, it is found that 
when an attempt is made to improve the sul?dation re 
sistance of alloys ‘such as those described hereinbefore 
merely by increasing the chromium content thereof that 
other wholly undesirable effects are encountered. These 
effects include materially reduced elevated temperature 
strength, increased susceptibility to the formation of un 
desirable phases during long time exposure to elevated 
temperature, reduced ductility, etc. For example, when 
the chromium content of an alloy as described in US. 
application Ser. No. 336,458, now Patent No. 3,301,670, 
and having the nominal composition set forth herein 
before is increased from about 10% to about 17%, the 
life to rupture at 1800° F. and 22,000 pounds per square 
inch (p.s.i.) is reduced from about 200 hours to about 
23 hours. Such a result is wholly unsatisfactory and is 
not acceptable, particularly when it is borne in mind that 
the AMS 5391 alloy described hereinbefore is required to 
have a rupture life of 30‘ hours at 1800° F. and 22,000 
p.s.i. and regularly provides a rupture life of about 50 
hours at 1800° F. and 22,000 p.s.i. Accordingly, the art 
has been presented with the problem of providing a 
nickel-base casting alloy which would have materially 
improved corrosion resistance, e.g., sul?dation resistance, 
as compared to the AMS 5391 alloy but which would still 
retain essentially the rupture properties developed in the 
AMS 5391 alloy. 
We have now discovered a nickel-base casting alloy 

having substantial rupture strength at temperatures of the 
order of up to about 11800“ F. and having improved corro 
sion resistance, e.g., sul?dation resistance, as compared to 
prior nickel-base alloys employed for the production of 
cast gas turbine blades. 

It is an object of the present invention to provide a 
nickel-base casting alloy having improved corrosion resist 
ance, e.g., sul?dation resistance. 

It is a further object of the invention to provide a nickel— 
base casting alloy characterized by highly useful stress 
rupture properties at temperatures of the order of up to 
about 1800° F. and having improved corrosion resistance, 
e.g., sul?dation resistance, as compared to prior nickel 
base casting alloys when employed for gas turbine blading 
purposes. 

Other objects and advantages of the invention will be 
come apparent from the following description. 

Broadly stated, the present invention comprises a nickel 
base alloy having high stress-rupture properties and hav 
ing improved corrosion resistance, e.g., sul?dation resist 
ance, at elevated temperatures, when produced as castings 
in the vacuum melted and vacuum cast form which con 
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tains about 15%, e.g., 15.5% or 16%, to about 18% chro 
mium, about 0.5% to about 2.5% molybdenum, about 
0.5% to about 2%\ columbium, about 1% to about 3% 
tungsten, about 1% to about 3% tantalum, about 6% or 
6.5 % to about 7.5% or about 8% of aluminum plus tita 
nium, up to about 10% or 15% cobalt, about 0.025% to 
about 0.25% carbon, about 0.01% to about 0.04% or 
0.05 % boron, about 0.01% to about 0.2%‘; zirconium, and 
the balance essentially nickel. 
An essentially cobalt-free alloy contains, by weight, 

about 16% or 16.5% to about 17.5% chromium, about 
1% to about 2% molybdenum, about 0.75% to about 
1.25% columbium, about 1.5% to about 2.5% tungsten, 
about 1.5% to about 2.5% tantalum, about 5.5% or 6% 
to about 6.5% aluminum, up to about 0.5% titanium, 
about 0.03% to about 0.07% or 0.08% carbon, about 
0.015% to about 0.025% boron, about 0.05% to about 
0.15% zirconium, up to about 1% cobalt, and the balance 
essentially nickel. Such alloys are characterized by a rup 
ture life at 1800° F. and 22,000 p.s.i. of at least about 30 
hours or more in combination with improved corrosion 
resistance, e.g., sul?dation resistance, at elevated tem 
peratures. 

It is important that the alloys provided in accordance 
with the invention be produced using the purest materials 
commensurate with reasonable cost. Thus, the contents of 
subversive impurities such as lead, bismuth, tellurium, sul 
fur, selenium, phosphorus, oxygen, nitrogen, hydrogen, 
arsenic, antimony, tin and thallium should be as low as 
possible. Cobalt may be present in the alloy in amounts 
up to about 10% or about 15%, e.g., about 4% to 12%, 
as this element appears to contribute to the sul?dation 
resistance of the alloy, although cobalt increases cost. Iron 
may be present in impurity amounts, e.g., up to about 
1%, as iron decreases the ability of the alloy to resist 
microstructural changes after long exposure to elevated 
temperature. Silicon and manganese are detrimental ele 
ments and should not be present in amounts exceeding 
about 0.3% or, more advantageously, about 0.2% or about 
0.1%, of each. 

It is found that cobalt-containing alloys, i.e., alloys con 
taining about 4% to about 12% cobalt, display improved 
properties from the standpoints of strength and corrosion 
resistance. These alloys more advantageously contain re 
duced proportions of aluminum, e.g., 3% or 3.5% or 
more of aluminum, increased proportions of carbon, e.g., 
up to about 0.25% carbon, and increased proportions of 
titanium such that the titanium content is at least about 
six times the carbon content and is up to about 4% or 
4.5%. In such alloys, the chromium content may be re 
duced to as low as about 15% with concomitant increase 
in high temperature properties. Such alloys are strong at 
1800° F., have improved stress-rupture strength at lower 
temperatures, e.g., 1350° F. to 1500" F., and have good 
room temperature ductility, even when cast using currently 
common “?ne-grain” casting techniques which involve the 
use of inoculated molds. In addition, the alloys retain the 
long-time structural stability which characterizes the 
aforementioned essentially cobalt-free alloys. These alloys 
accordingly contain about 15% to about 18% chromium, 
about 4% to about 12% cobalt, about 0.75% to about 
2.2% molybdenum, about 1% to about 3% tungsten, 
about 0.5% to about 2% columbium, about 1% to about 
3% tantalum, about 3% to about 6% or 7% aluminum, 
titanium in amounts at least six times the carbon content 
up to about 4%, about 0.1% to about 0.2% carbon, about 
0.01%} to about 0.04% or 0.05% boron, about 0.01% to 
about 0.2% zirconium, and the balance essentially nickel. 
Usually, the total content of aluminum and titanium in 
the alloys does not exceed about 7% or 7.5 %. For alloys 
containing about 10% cobalt, a preferred range comprises 
about 15.5 % to about 17% chromium, about 8% to about 
11% cobalt, about 0.75% to about 2.2% molybdenum, 
about 1.8% to about 3% tungsten, about 0.75% to about 
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4 
about 3% to about 4% aluminum, about 3% to about 4% 
titanium, about 0.14% to about 0.2% carbon, about 
0.01% to about 0.05% boron, about 0.05% to about 
0.15 % zirconium, and the balance essentially nickel. For 
alloys containing about 5% cobalt, a preferred range com 
prises about 15.5% to about 17% chromium, about 4% 
to about 6% cobalt, about 0.75 % to about 2.2% molyb 
denum, about 1.8% to about 3% tungsten, about 0.75% 
to about 1.25% columbium, about 1% to about 2% tan 
talum, about 3% to about 4% aluminum, about 3% to 
about 4% titanium, about 0.14%‘; to about 0.2% carbon, 
about 0.01 % to about 0.03% boron, about 0.05 % to about 
0.15% zirconium, and the balance essentially nickel. 
The aforementioned cobalt-containing alloys, when 

properly heat treated, will have a stress-rupture life of at 
least about 30 hours at 1800“ F. and 22,000 p.s.i. stress 
and of at least about 100 hours at 1350° F. and 90,000 
p.s.i. stress. More advantageous alloys containing nomi 
nally 4% aluminum and 3% titanium will have stress 
rupture lives of at least about 50 hours and at least about 
200 hours under the respective test conditions. 

In the alloy provided in accordance with the invention, 
chromium and molybdenum are carefully controlled in 
amount to enable obtaining improved corrosion resistance 
at temperature and satisfactory stress-rupture properties 
as contemplated in accordance With the invention. Thus, 
chromium is desirably about 16% to about 18% and 
molybdenum is about 1% but does not exceed about 
2.5 %. In some instances, chromium may be increased up 
to about 19% or 20% with improvement in corrosion 
resistance, e.g., sul?dation resistance, in instances wherein 
microstructural stability during long periods of exposure 
to elevated temperatures are of reduced importance. It 
is important from the standpoint of stress-rupture life 
that as chromium is increased from 15% to about 20%, 
the molybdenum be reduced ‘from about 2.5 % to about 
1% or about 0.5%. The elements columbium, tantalum, 
tungsten and aluminum all contribute in the controlled 
amounts employed to obtaining the high strength devel 
oped in the alloy provided in accordance with the inven 
tion. When any of these elements is employed in amounts 
either great or lesser than those given hereinbefore, less 
satisfactory results from the standpoints of strength or 
ductility or both are obtained. Boron and zirconium are 
bene?cial elements having reference to the stress~rupture 
properties. It is found that carbon is an important element 
in regard to the development of satisfactory stress-rupture 
properties in the alloys. For example, in one instance, an 
essentially cobalt-free alloy otherwise in accordance with 
the invention but containing ony 0.01% carbon devel 
oped an unacceptable stress-rupture life of only 10 hours 
at 1800° F. and 22,000 p.s.i. whereas a similar essentially 
cobalt-free alloy containing 0.03% carbon developed a 
satisfactory stress-rupture life of 40 hours at 1800° F. and 
22,000 p.s.i. On the other hand, when carbon exceeds 
about 0.08%, the stress-rupture properties of the alloys 
are again detrimentally affected, unless the appropriate 
adjustments in composition, particularly with regard to 
cobalt, aluminum and titanium noted hereinbefore, are 
made. Titanium may be employed in amounts not exceed~ 
ing about 0.75 % or, more advantageously, not more than 
0.5% or even 0.25%, in the special essentially cobalt 
free alloys which contain not more than about 0.08% 
carbon described hereinbefore. However, the aforemen 
tioned cobalt-containing alloys also having increased con 
tents of titanium, e.g., up to about 3.5% or 4% titanium, 
with reduced aluminum contents such that the total con 
tent of aluminum plus titanium is about 6.5 % to about 
7.5 % advantageously contain substantially increased car 
bon contents, e.g., about 0.14% to about 0.18% or about 
0.2%. Such alloys also advantageously contain about 2% 
molybdenum for increased strength, particularly at 1350“ 
F., while maintaining freedom from the formation of 
brittle phases, e.g., sigma phase, on long-time heating. 
The following Table 1 includes the composition of 
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In addition, the tensile tests conducted upon cast-to-size 

test bars at room temperature have indicated a yield 
strength (0.2% offset) of about 120,000 p.s.i. along with 

TABLE I ' 

Percent 

Mo Cb Co Cr’ 

eighteen alloys produced in ‘accordance with the inven 
tion by‘ vacuum melting and vacuum casting. The balance 
of the alloy in each case is essentially nickel. 

Alloy No. 

elongations of the order of 3% or 5% or more for alloys 
within the invention. 

In order to demonstrate the improved ‘corrosion resist 
ance achieved in accordance with the invention, a num 
ber of corrosion tests were conducted wherein a specimen 
of the test alloy ‘was heated in contact with a molten mix 
ture of 90% sodium sulfate and 10% sodium chloride in 

30 an air atmosphere to a temperature of about 1700° F. for 
a period of about four hours. It was found that the speci 
mens of AMS S391 alloy were destroyed in the course of 
the test whereas specimens made of the alloy of the present 
invention were not attacked. The aforementioned cobalt 

taining alloys withstand the severe molten salt corro 
sion test when subjected thereto for eight hours or even 
sixteen hours. Alloy No. 16 withstood this severe test for 
a period of 50 hours without attack but started to show 
slight evidence of corrosion after 200 hours. However, 

40 Alloy No. 18 still showed no evidence of corrosion after 
200 hours in the test. This alloy was strong in all condi 
tions of testing as shown in Table III and was microstruc 
turally stable after long-time elevated temperature expo 
sure, i.e., the alloy did not develop a brittle phase such as 
sigma phase. In another test conducted at 1450” F. in an 
oxidizing gas atmosphere containing sulfur dioxide using 
specimens coated with a mixture in equal parts of sodium 
sulfate and magnesium sulfate, it was found that the cor 
rosion resistance of the alloys provided in accordance with 
the invention was on the order of ten to ?fty times better 
than that of the AMS 5391 alloy. The alloys also exhibit 
improved elevated temperature sul?dation resistance under 
alternating reducing and oxidizing conditions. 

Castings produced in accordance with the invention 
55 may be employed in the as-cast condition with good 

results. Heat treatment of the castings may be employed 
for the purpose of improving certain properties. For ex 
ample, when it is desired to improve stress-rupture life of 
the aforementioned cobalt-free alloys, the castings may 
be subjected to a solution heat treatment comprising a 
heating at about 2100° F. to about 2200° F., e.g., 2150° 
F., for a time of about one to about ten hours, e.g., about 

, two hours. The solution heat treatment may be followed 
by an aging treatment at about 1600° F. to about 1700° 
F., e.g., about 1650” F., for about ten hours to about fifty 
hours, e.g., twenty-four hours. The aforementioned co 
balt-containing alloys are heat treated by solution heat 
ing in the temperature range of about 1925 ° F. to about 
2075° F., e.g., about 1975“ F. to about 2050° F., for a 
time of about one to about ten hours, e.g., about two to 
about six hours. The solution treatment may be followed 
by an aging treatment at about 1500° F. or 1550° F. to 
about 1650“ F. for about 24 to about 16 hours. An ad 
vantageous heat treatment comprises two beatings within 

75 the temperature range of about 1925° F. to about 2075° 
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F., e.g., about 1975 ° F. to about 2050° F. for about two 
to about six hours, with the ?rst heating being at a higher 
temperature, followed by an aging treatment. For ex 
ample, a four hour heating at 2050“ F., followed by a 
four hour heating at 1975“ F., followed by an aging» 
treatment has been used with good results. 

Castings produced from the alloys provided in accord 
ance with the invention may be employed not only in ' 
cast aircraft, industrial, marine and automotive gas tur 
bine blades but also in cast stationary gas turbine com 
ponents such as guide vanes, nozzle partitions and other 
cast gas turbine components which are subjected to cor 
rosive environments at elevated temperatures. Sulfur com 
pounds are normally present in fuels used for gas tur 
bines. It is found that when gas turbine engines also 
ingest salt, as is the case in marine service of various 
types, that attack upon the hot surfaces of the engines 
is vastly accelerated. The invention is particularly useful 
for the production of parts which must operate in the 
presence of salt, e.g., sodium chloride, as encountered in 
gas turbines operated at sea, including marine and air 
craft gas turbines. 

Castings may be produced from the alloys provided in 
accordance with the invention using commercial vacuum 
melting and vacuum casting equipment and employing 
investment molds, static casting, etc. The alloys should 
be prepared by vacuum melting. It is also desirable to 
vacuum cast the alloys. In commercial practice, it is per 
missible to prepare remelt stock by vacuum melting and 
then remelt and cast under an argon atmosphere. 
We claim: 
1. An alloy having an improved combination of ele 

vated temperature stress-rupture strength and corrosion 
resistance consisting essentially of about 15% to about 
18% chromium, about 8% to about 11% cobalt, about 
0.75% to about 2.2% molybdenum, about 1.8% to about 
3% tungsten, about 0.5% to about 2% columbium, about 
1% to about 3% tantalum, about 3% to about 4% alu 
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“minum, about 0.1% to about 0.2% carbon, about 3% to 
about 4% titanium with the total content of aluminum 
and titanium not exceeding about 7.5%, about 0.01% to 
about 0.05% boron, about 0.01% to about 0.2% zir 
conium, and the balance essentially nickel. 

2. An alloy in accordance with claim 1 wherein the 
total content of aluminumv and titanium is at least about 
6.5%. 

3. An alloy according to claim 1 wherein the total con 
tent of aluminum and titanium does not exceed about 
7%. ' ' 

4. An alloy according to claim 1 wherein the carbon 
content is about 0.14% to about 0.2%. 

5. A corrosion resistant alloy having high elevated 
temperature rupture strength consisting essentially of 
about 16% chromium, about 10%,cobalt, about 2% 
molybdenum, about 2.5% tungsten, about 1% colum 
bium, about 1.25% tantalum, about 4% aluminum, about 
3% titanium, about 0.18% carbon, about ‘0.02% boron, 
about 01% zirconium, and the balance essentially nickel. 

6. A corrosion resistant alloy having high elevated 
temperature rupture strength consisting essentially of 
about 16% chromium, about 10% cobalt, about 2% 
molybdenum, about 2.5% tungsten, about 1% colum 
bium, about 1.25% tantalum, about 3% aluminum, 

' about 4%, titanium, about 0.18% carbon, about 0.02% 

30 

35 

boron, about 0.1% zirconium, and the balance essentially 
nickel. 
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