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1 .
This invention relates to alloys, and in particu-
lar to alloys having high strength and corrosion

resistance at room and elevated temperatures, -

(CL 75—171)
2
in conjunction with the accompanying drawing,
in which: ) '

At the present time there are a number of al-

loys available which are known to the trade as
heat resistant alloys. The known alloys, how-
ever, usually have one or more disadvantages in
that the strength at elevated temperatures is
. Insufficient for many modern applications or the
oxidation resistance is poor or the-alloy cannot
be readily forged. Among the known heat re-
sistant alloys, the iron-nickel-chromium alloys
have been generally considered as superior alloys,
the chromium imparting oxidation . resistance
while the nickel tends to maintain  the alloys
austenitie, that is, having a face-centered-cubic
crystal structure. Although superior to the fer-
ritic iron-chromium alloys, nevertheless, the
strength of the austenitic iron-nickel-chromium
alloys diminishes quite rapidly with an increase
in temperature, it being found, for example, that
alloys of the iron base type containing 25% chro-
mijum and 20% nickel have only half the strength
at 650° C. that they have at room temperature.
Further, the available alloys are also relatively
weak at room temperature, the specific 25-20 al-
loy referred to hereinbefore having a tensile
strength of only 82,000 pounds per square inch at
room temperature.

Certain alloys have been produced in which
the elements- such as beryllium, titanium and
aluminum have been utilized to impart precipi-
tation hardening characteristics. These elements
however are not satisfactory since alloys contain-
ing and depending only upon.such precipitation
hardening elements for their hardness do not
have the characteristic of permanently retaining
such hardness when subjected to extendeq heat-
Ing ‘at elevated temperatures, such as are con-
templated as the working temperatures for the
alloy of this invention.

It is an object of this invention to provide an
alloy having oxidation resistance and high
strength at elevated temperatures.

Another object of this invention is to provide
an alloy capable of substantial precipitation
hardening and having oxidation resistance and
high strength at elevated temperatures,

A further object is to provide an austenitic
alloy having high strength at room temperature.

A more specific object of the invention is to
provide an austenitic alloy containing nickel,
chromium, molybdenum and manganese which
can be forged and precipitation hardened.

Another object of this invention is to provide
a precipitation hardened alloy having the char-
acteristic of retaining its high temperature prop-
erties after prolonged or repeated exposure to
elevated temperatures. .

. Other objects of this invention will become ap-
parent from the following description when taken
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Figure 1 illustrates the maximum hardness ob- ..
tained by heat treatment in alloys of this inven-
tion with respect to the molybdenum content.

Fig. 2 is a graph, the curve of which illustrates
the maximum hardness of the alloys of this in-
vention in terms of a relation between the alloy-
ing constituents. :

Fig. 3 is a graph, the curves of which illustrate
the hardness obtained in terms of the relation of
the constituents of the aloys of this invention
after different heat treatments, and .

Fig. 4 is a graph, the curves of which illustrate
the hardness obtained on a particular alloy of .
this invention as heat treated for different periods
of time,

We have found that alloys of the heat resistant
type can be produced having - higher strength .
and good corrosion and oxidation resistance at
both room and elevated temperatures, the higher
strength being imparted to the alloys by precipi- .
tation hardening treatment. In general this ap-
plication is directed to. alloys containing pri-
marily chromium, nickel, molybdenum and man-
ganese which are precipitation hardened by
quenching them from a high temperature and
thereafter aging them at a somewhat lower tem-
perature to give the alloys high strength at room
and elevated temperatures.

In particular, the heat treatment which has
been found suitable for developing the desired
characteristics in the alloy of this invention com-
prises quenching the alloy from a temperature
between 1000° C. and 1300° C. and aging it at a
temperature between 700° C. and 1000° C,, the
aging temperature usually being at least 200°
below the quenching temperature. Preferably
the heat treatment comprises quenching from a
temperature between 1040° C. and 1260° C. and
aging the quenched alloy at a temperature be-
tween 750° C. and 950° C.

For some types of service however, where the
creep rate at operating temperatures must be
very low, the alloys of this invention may be-uti-
lized in either the “as quenched” or “under aged”
state. By “under aged” is meant the aging to
less than maximum hardness for the aging time
interval chosen. ‘'We have found that in this
incompletely.aged condition the rate of creep is
lower than as aged to maximum hardness prior
to service.

Generally the period of time of aging the glloy
depends upon the aging temperature, Practi-

-cally, however, the aging temperature for any

particular alloy is usually selected to produced
maximum hardness in a particular time, Thus,
a time of 20 hours has been selected as a com-
mercially practical aging time and the aging
temperature is adjusted accordingly. However,
as will be apparent from Figure 4 of the draw-
ing, referred to hereinafter, higher hardness can .
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be cbiained on any of the alloys if they are aged
or lJonger periods of time at lower temperatures.
The proportions of the constituenis of the
ﬂloymaybevarledoverwldermgslnapref
determined manner a8 will be explained more
fully hereinafter but in order that the resulting
alloy may be forgeable, it is essential that the
molybdenum content should be maintained at
not more than 20%. In general, the alloy com-
position may range from 16% to 28% chromium,
from 20% to 80% mnickel, from 4% to 20% of
‘molybdenum, from traces up to 3% of manganese
with the balance iron and not more than 1% of
impurities such as carbon and the deoxidizers,
silicon, vanadium, iltanium and/or alaminum.
The manganese is included to improve work-
ability. - . : ' ] :
In the alloy of this invention, the molyb-
denum content is maintained at not less than 4%
in order to insure precipitation hardening char-
scteristics, it being found that molybdenum in
the range 4% to 20% is a very active precipi-
tation hardening agent in the alloy. While
molybdenum is employed as the precipitation
hardening agent the other alloying elements have
an effect on the characteristics of the alloy and
the relation of the alloying constituents in the
alloy mmust be carefully controlled as will be
explained hereinafier. ' ) . :
It is preferred to maintain the carbon content
of the nlloy at less than 0.2%. This is because
it has been found that carbon in amounts above
029 is harmful in that it forms carbides with
chrominm and molybdenum, thereby lowering
both oxidation resistance and response to precipi-
tation hardening treatment. - ) :
The minimum nickel content is given as 20%
in order that the resulting alloy will have an
entirely anstenitic structure. Alloys having lower
nickel contenis and containing chromium and
molybdenum in yarying effective amounts may
contain the ferritic or sigma phases after having
been subjected to precipitation hardening heat
treatment whereas the alloys of this invention are
free of the sigma phase. Although the upper

¢5 to or is greater than [27—02 (% NDI.

inbefore as 60%, because of metallurgical econ-
omlies it is preferred to utilize 52% as the upper
limit of nickel where the chromium and molyb-
denum are introduced into the alloy in the form

of ferro-alloys, This, however, is not a limiting -

factor as it may be desirable to form the alloys
of this invention from pure chromium and mo-
Iybdenum. '

The chromium is primarily ufilized for im-

10 parting corrosion and oxidation resistance to the

alloy, it being found that not less than 16%
chromium is necessary in the present -alloy for
giving the required corrosion and oxidation re-
sistance to the alloys which will permit its use

15 at temperatures up to 870° C. (1600° F.). The

upper: limit of 28% 1is established for the chro-
mium content since it has been found that no
advantage in tensile strength and other desir-
able characteristics can be obtained by increas-

$0 Ing the chromium content beyond this point. In

.general, from our investigation it can be said

that the chromium content required for impart-

ing a high degree of corrosion and oxidation
_ resistance to the alloy of this invention is equal
The
actual chromium content needed for a particular
application will depend, in addition to the nickel,
on the service temperature and the life desired
at that temperature. ’

30 The chromium and molybdenum are readily

introduced into the melt in forming the alloy by
utilizing & 70% ferro-molybdenum and a 70%
- ferro-chromium alloy. Such alloys are available
and are a more economical medium for obtaining

385 a given molybdenum and chromium content than

by the addition of pure metals. Where such
ferro alloys are used as the addition agents for
molybdenum and chromium, the associated iron
content is 43 (% Mo+ % Cr). As will be ap-

40 parent the cost of the alloy is decreased as the

iron content is increased. However, it has been
found that the best physical properties are ob-
tained with a low iron content.

As representative of alloys within the broad

45 range given hereinbefore, reference may be had

1imit of the nickel range has been given here- to. the following table: #
‘ Table I -
, Composition; weight percent Hnrdn:aﬁold M“'” mhudm.t_ ! Chare.
Alloy No. o om temp., [Forgeability
M | or | Mo | Mn | 1N°C. | gy, | s C. ~
205} 194 6.0 1.5 160 200 900 | Good.
W8] 22| 148 1.3 233 258 900 Do.
21| 17.4] 154 0.7 256 340 29 820 | Fair.
00] 250 15.0 1% PR (U VORI R No good.
| 25| 254| 103 0.7 268 347 | EoT 870 | Fair.
200| 20| 150]. 0.7 Poor,
39| 18B0)] 179 0.8 240 357 an 925 | Good.
458 250 18.0 0.7 - _-| No good.
5] 252] 138 0.7 240 337 300 900 | Fair,
35| B0l 102 0.7 22 £y 23 945 | Good.
10.7 0.7 210 280 240 900 Do.
8.9 0.7 200 200 235 90|  Do.
7.1 0.7 247 a3 85 950 | Fair,
7.6 0.7 178 280 255 960 | Good.
7.6 0.7 198 - 312 295 .95}  De.
4.0 0.7 175 260 25 950 Do.
6.0 0.7 194 04 280 950 Do.
59| 07 24| - 3% 315 950 Do.
6.2 2.5 12| a9 07 Do.
6.0 1.1 171 263 Do.
13.0 0.7 2%6 3 --| Fair,
110 0.7 245 340 Good.
3 0.7 250 325 Do.
0.6 %07 338 Do.
0.7 255 335 Fair,
0.7 173 200 Good.
2.1 209 Do.
21 25 ‘ Do.
2.0 21 Do.
2.0 214 Do.
0.7 225 325 290 960 Do.




2,408,128

5 .

In the foregoing table each of the alloys listed
contain about 0.4% silicon and about 0.1% car-
bon with the balance of the alloying constituent
being iron with negligible amounts of the de-
oxidizers and other impurities. The heat treat-
ment applied is indicated as comprising quench-
ing the:alloys from 1150° C. and subjecting them
to different aging treatments consisting of aging
them at 850° C. and at 950° C. -

Referring to Fig. 4 of the drawing, there is il-
lustrated typical hardness curves for a repre-
sentative alloy of this invention. These curves
are based on alloy #4111 given in Table I and
which has been quenched from 1150° C:, curves
i1, 13 and 15 representing the hardness of the
alloy as aged at 850° C., 900° C. and 950° C. re-
spectively for different periods of time. As illus-
trated the maximum hardness for this particular
alloy as aged at 950° C. is obtained after 20 hours
of aging.

In aging the alloys an accurate record was kept
of the aging temperature at which maximum
hardness is reached in 20 hours and this tem-
perature is listed in the table as the character-
istic temperature. Such characteristic tempera-
ture indicates the relative thermai stability of the
group of alloys as a whole and also measures the
relative stability of the individual alloys.

As is evident, the variable nickel, chromium,
molybdenum constituents have an effect on the
hardness of the resulting alloys. In order to re-
late these elements with respect to the hardness,
an empirical formula has been derived, the terms
of which must be satisfied in producing the alloy
of this invention having the desired degree of
precipitation hardening and required forging
characteristics. In this formula, the respective
contributions of molybdenum, chromjum, man-
ganese and nickel to the precipitation hardening
are evaluated quantitatively, and from it a num-
ber, called for convenience, the percent effective
molybdenum content, is caleulated. This for-
mula is

% effective molybdenum=1% {9% Mo + 0.8 (% Cr) +0.75
(% Mn)—0.25 (% Ni)—1.5]

From the formula, it is evident that the elements
chromium and manganese act to increase the
molybdenum hardening effect while nickel de-
creases such effect. _ ‘

The following Table II gives the percent ef-
fective molybdenum content found in accordance
with the foregoihg formula for the alloys of Ta-
ble 1.

Table I1

Forgeability
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Referring to Pig. 1 of the drawing, there is
plotted the actual hardness of the alloys ag listed
in Table I as aged at 850° C. against the actual
molybdenum content of the different alloys. Itis
apparent that there is no consistent relation be-

tween hardness as aged and actual molybdenum:

content, the scatter being the result of the effects
of the variable nickel, chromium and manganese
contents' on the precipitation hardening. How-
ever, by utilizing the empirical formula given for
the effective molybdenum content a well defined
relation between maximum hardness and the ef-
fective molybdenum content is obtained -as il-
lustrated by curve 0 of Fig. 2.

Similar results: are found when the effective
molybdenum content is also plotted against the
hardness of the alloys as quenched from 1150° C.
and as quenched and then aged at 950° C, Rep-
resentative curves of such relations are given in
Fig. 3 in which curve 12 represents the hardness
in terms of the effective molybdenum content
of the alloy as quenched from 1150° C., curve {4
represents the hardness in terms of the effective

. molybdenum content for the alloys as quenched

from 1150° C. and aged at 850° C. and curve 18
represents the hardness in terms of the effective
molybdenum content for the alloy as quenched

- from 1150° C. and aged at 950° C. From these
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curves it is seen that the precipitation hardening
effect commences at an effective molybdenum
content of about 6% and does not become ap-
preciable until the effective molybdenum content
reaches 8%. It is therefore preferred to main-
tain the lower limit of effective molybdenum con-
tent at not less than 8%. . ;

In Table II, the alloys of Table I are listed in
order of decreasing effective molybdenum con-
tent so as to illustrate the relation between forge-
ability and effective molybdenum content. We
have found that a definite line of division in
terms of the effective molybdenum content can be
drawn between the alloys having poor and fair
forging characteristics at an effective molybde-
num content of 11.5%. However, for the purpose
of this invention it is preferred to limit the upper
limit of the effective molybdenum content to 119
because alloys with an effective molybdenum con-
tent -greater than 11% contain an excessive
amount of undissolved hardening constituent in
the “as quenched” condition. As may be seen by
referring to Fig. 3, the “as quenched” hardness
increases rapidly above 11% effective molybde-
hum content to a value which greatly reduces
machinability and hence impairs the utility of
the alloy. For the reasons stated it is, therefore,
desired to maintain the effective molybdenum
content between 8% and 11% as given in the for-
mula hereinbefore. :

While all the alloys within the range given
hereinbefore and which satisfy the terms of the

requation for the effective molybdenum content -

have good corrosion resistance and high strength,
it is found that certain of the alloys have an ex- °
ceptional high strength in excess of 29.000 1bs.
per square inch at an elevated temperature of
about 870° C. Through numerous experiments it
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has been established that these alloys have com-
positions which fall within the more specific
range of 30% to 60% nickel, 16% to 28% chro-
mium, 8% to 20% molybdenum and from traces
up to 3% of manganese with carbon less than
0.2% and the balance iron and incidental im-
purities and that such alloys satisfy the relation
of the formula for the effective molybdenum
content given hereinbefore. Results of tensile
tests made at 870° C. with a strain rate of 0.017

10

inch per inch per minute on a number of alloys -

including  the more specific range given herein-
before are given in the following table:

Table IIT

Composition, wt. percent ggg Pensile | Percent
A&lgy - S |strength, | elonga-
"I Ni' | or | Mo | Mn | Mo | #sd.in-) tion

..15639]|180¢17.9] 0.8} 89 36, 900 54

4111 __|31.5123.0110.2} 0.7} 9.9 29, 100 42

4135.._140.9 | 26.2| 7.6¢{ 0.7] 8.3 28, 600 30
4161...| 30.4 | 4.7} 40| 0.7} 7.5 24, 000 15 20
4162._.130.51 2461 6.0 0.7 85 28,200 9 12
4165...130.4 | 24.7| 6.2) 25| 9.4 23, 800 34 58
4189...1 40.5 | 25.3 | 6.0 1.1 | 7.7 27, 200 14 14
4209_..1 47.6 | 25.0 1.13.0 | 0.7 ] 10.0 31, 500 26 40
4210.__| 40.8 | 25.0 | 11.0 | 0.7 9.9 31,100 15 18
4211...|1 35901 24.5} 9.9 0.7 | 9.8 30, 600 13 14
4218 _.139.7|21.713.2}1 0.6 9.8 31, 600 18 27
M-156.1 48.4 | 19.9 { 14.8| 0.7 | 8.8 35, 300 7 8

. The alloys were heat treated to produce maxi-
mum hardness in an aging period of 20 hours and
then stabilized for 20 hours at a temperature of
870° C. (1600° F.) prior to the testing. By re-
ferring to Table III, it is apparent that a number

of the alloys in the specific composition range did -

not have the required strength of 29,000 pounds
per square inch at 870° C. even though they sat-
isfy the requirement of the formula for effective
molybdenum content. .

We have found that the tensile strength a

15 .

26

by the solid solution molybdenum formula and
the tensile strength at 870° C. are set forth, it is
evident that only those alloys having a relation
of the constituents thereof to give a solid solu-
tion content equal to or greater than 6 will have
the required strength.

Table IV |
Approximate|. Tensile
ercent stmngth
Alloy No. molybdenum| at 870° C.,

in soli pounds

solution per sq. in,
........... 15.0 36, 900
M-156. - - 12.0 35, 300
9.4 31, 600
9.0 31, 500
7.1 31,100
6.3 , 100
6.1 30, 620
8.3 , 600
4.3 27,200
3.5 28, 200
281 23, 800
2.4 24,000

From this table it is apparent that the amount of

. ‘molybdenum in solid solution in the alloy has a

direct relation to the tensile strength of the al-
loy at such elevated temperatures. It is, there-
fore, essential that the alloy which is to be em-

. ployed at temperatures up to 870° CG. have the

30

relation between its constituents which will sat-
isfy both of the formulae for the effective molyb-
denum content and for the solid solution molyb-

~ denum content in order to have the required

36

40

these elevated temperatures depends chiefly on

the molybdenum content of the solid solution
matrix, the precipitation hardening being effec-
tive at the lower temperatures. In the “as
quenched” condition, the molybdenum content of
the solid solution nearly equals the total molyb-
denum content of the alloy and during aging it
decreases by the amount of molybdenum which is
precipitated. If the aging were carried to a com-
plete equilibrium condition, the solid solution
would be depleted to the molybdenum content
equivalent to 6% effective molybdenum. Prac-
tically, however, aging is carried only to the state
of maximum hardness, at which point, an esti-
mated 50% of the molybdenum has been precipi-
tated. Hence,, as aged to maximum hardness
the molybdenum content in solid solution can be
calculated from the eguation:

% Moin S. S. ‘ S

=% Mo— Y% (% Mo available for precipitation)
or’ : ]
% Mo in S. S.=% Mo—(% eff. Mo—6)

If in the latter formula, the formula for the
effective mclybdenum is substituted, then

% Moin S. S.=% [% Mo—0.8 (% Cr) —
0.75 (% Mn) 4-0.25 (% Ni) +13.5]

When the percent molybdenum in solid solu-
tion calculated from the foregoing formula is
greater than 6% for the alloys of this invention,
then the tensile strength of the alloys at 870° C.
will be in excess of 29,000 pounds per square inch.

By referring to the following Table IV, in which
the relation between the constituents as found

45

65

70
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strength and good forgeability.

The alloys in this group which satisfy both the
effective molybdenum and solid solution molyb-
denum formulae have g high resistance to creep.
As a specific example, reference may be had to
the alloy identified as M-156 in Table III which
‘has a minimum creep rate of 2.4 10~ inch/inch/
hour at 650° C. under a stress of 40,000 pounds
per square inch. o ‘

~ Where consideration must be given to the cost
of the alloy and the requirements of service are
such that the alloy will be subjected to tempera-
tures below 800° C., then the composition is pref-
erably within the range of 20% to.40% nickel, -
16% to 28% chromium, 4% to 10% molybdenum,
from traces up to 3% manganese and the balance
iron and not more than 1% of incidental impuri-
ties, In these more economical alloys, the com-
position must also have a relation between its
alloying  constituents to satisfy the formula for
the effective molybdenum content as in the pre-
vious examples in order to maintain forgeability
and have good strength at temperatures up to
800° C. As representative of alloys within this
classification, reference may be had to the fol--
lowing Table V:

Table V
Composition, wt. Per-
Alloy percent cent| T.S., |Percent| P 52’1"“"‘
No. eff. | #/sq.in. | elong. | I
. Mo ares
Ni | Cr | Mo|Mn

4162...| 30.5 ] 24.6 6.0 0.7 | 8.5 55,100 § 8 10
4163._.1 30.6 ) 27.315.9{0.7| 9.5 61, 500 5 7
41651 30.4 | 24.716.2] 25| 9.4 48, 900 15 17
4374..1 25,1} 228 (8.0 | 2.1 | 10.0 56, 900 20 30
4375.__1 30.0; 242} 7.9 2.1) 10.0 56, 200 i1 15

The tensile strength given in the foregoing
table is that obtained at 760° C. (1400° F.) and.
with a strain rate of 0.017 inch per inch per min-
ute on the alloys as aged to maximum hardness
in 20 hours, and stablized for 20 hours at 760° C.
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Silicon and titanium additions within low lim-
its act to increase the precipitation hardening of
the alloy. This is because, qualitatively, these
elements reduce the solid solubility of molybde-
num and serve to increase the amount of molyb-
denum which is precipitated. Through numerous
experiments it has been found that additions of
silicon and/or titanium in amounts greater than
those employed for deoxidizing purposes and pref-
erably up to 2.5% silicon and/or 3% titanium in
the resulting alloy, have an effect on the pre-
cipitation hardening which is additive to the ef-
fect of the chromium and manganese additions.
It is therefore necessary to modify the formula
for the effective molybdenum content given here-
inbefore where the alloy contains either or both
silicon and titanium as essential alloying ele-
ments to maintain the effective molybdenum
content within the limits of 8% to 11% as estab-
lished hereinbefore. This modified formula is as
follows:

% eff. Mo=12[% Mo+0.8(% Cr) 40.75(% Mn) +
’ 1.6(% Ti)+41.2(% Si) —0.25(% Ni—21

In the following table a number of representative
alloys containing either or both silicon and
titanium are listed together with some of the
properties of the alloys, it being understood that
the balance of the alloying composition is iron
and not more than 1% of impurities,

10

15

20

28

30

10 -
replace a larger amount of the molybdenum,
thereby giving a more economical alloy with little
or no loss in tensile strength at temperatures
of 650° C.

Where expense is no criterion, then an alloy
composed of 59% nickel, 20% chromium, 20%
molybdenum, 0.6% manganese and the balance
deoxidizers plus impurities, can be advanta-
geously employed, it being found that such an
alloy can be cast and precipitation hardened by
the treatment given hereinbefore to a hardness
in excess of 300 DPH. If it is desired to achieve
maximum strength at 870° C, in forgeable alloys
then a composition such as alloy No. 4545 listed
in Table I can be used. In both of these alloys
iron is present only as an impurity. In this type
of alloy it is preferred to maintain the compo-
sition within the ranges of 52% to 60% nickel,
16% to 28% chromium, 8% to 20% molybdenum,
from traces up to 3% manganese with less than
1% of impurities including iron, with the al-
loying components having the relation satisfying
the equations for the percent effective molybde-
num and percent molybdenum in solid solution.

In all of the alloys referred to hereinbefore,

.manganese is present in order to improve work-

‘ability of the alloy. Further, although the nickel
content is given within certain specific ranges,
the actual nickel content of the specific alloys
listed includes incidental cobalt, it being found

Table V1 “
Composition, weight percent Max. ;
pos » welght pe Percent Hardness as hardness Tensile Percent | Percent
eff. Mo - kgueﬁcﬁlagdc as aged at s#t/tsel;lgth, el. R. A.
Ni [ Cr | Mo |Mn| si | Ti ™ ‘| 880° C - 1.

30.018.0| 10013 | 0.5} 28 10.6 263 .

30.4118.9110.1)0.7]1.1(20 10.3 232 ~
"1 30.41223(110.3[]0.7[06]|10 10.7 2656

30.4)24.81 6.2(07]106]0.5 9.2 194

31.6 | 2471 56{0.7]19|..__ 9.1 225

30.81250| 6.2]07]09]09 9.7 238

30.2125.5| 61121 |1.2¢ ... 10.0 205

26.3 1228 41 121}22]|.____ 2.0 198

211 21.2) 63120} 1.5 [..._ 9.6 240

2511 23.0 6.0|20)20{..... 10.0 224

30,0241 6.1 |21 21 .. 10.0 221

20.2 11761 6.0}20]20 . ... 851- 174

25.2119.8| 81§21 )20 ____ 9.8 212

30.2[22.0] 80|21 ]20(..___ 10.0 234

20.8125.3} 6.1§0.7{0.6]0.3 9.3 200 |-

42212511161 1.7|16)|..___ 10.1 247

In the table the effective molybdenum as cal-
culated by the formula for the alloys containing
silicon and/or titanium is given. It is of course
apparent that where titanium is not present, that
the titanium factor in the formula becomes zero
and can be ignored. By utilizing the formula
the optimum compositions can be selected from
the infinite number which it is possible to form
in the broad ranges given for the different al-
loying elements, thereby reducing the possible
combinations to include a relatively small num-
ber of correctly balanced compositions.

The tensile strength recorded is that obtained
at 650° C. (1200° F.) with a strain rate of 0.017
inch per inch per minute. The precipitation
hardened alloys containing silicon and/or titani-
um within the ranges given are particularly use-
ful at temperatures in the neighborhood of 650°
C., where the effects of the precipitation harden-
ing predominate as opposed to those alloys which
are to be employed at the higher temperatures
in the neighborhood of 870° C. where the amount
of molybdenum in solid solution is of primary
importance. In these austenitic alloys the rela-
tively small amounts of silicon and/or titanium
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that the nickel metal contained about 1% cobalt
as is usual in the nickel supplied to the trade,
The alloys of this invention are austenitic, that
is, they have a face-centered-cubic crystal struc-
ture and have exceptional corrosion resistance
and high strength at elevated témperatures, the
composition of the alloy being determined by the
temperature to which the alloy will be subjected
in industry and the cost that the application can
absorb. The alloy having the higher nicke] con-
tent and illustrated by certain specific compo-
sitions in Table III and whose alloying constitu-
ents have a relation' which will satisfy the for-
mulae for the effective molybdenum content and
the solid solution molybdenum content are par-
ticularly applicable for use in gas turbines where
it is necessary to employ an alloy having relatively
high tensile strength and a high degree of oxi-
dation resistance. Further, these alloys are par-
ticularly adapted for use as parts of turbines
where the temperature gradients range from the
maximum down to as low as room temperature
and where the turbine parts may be subjected
to stresses which vary inversely with the tem-
perature. These particular alloys have adequate



: 11

strength at all temperatures up to 870° C. ( 1000‘
" F.) with the advantage over previous known al-
loys increasing as the temperature approaches
870° C.

All of the alloys of this invention have an un-

usual thermal stability at the operating temper-
atures at which they are to be employed as dis-
closed hereinbefore, giving a particularly long
life in industrial applications.

Although this invention has been described

with reference to a particular embodiment
thereof, it is, of course, not to be limited thereto
except insofar as is necessitated by the scope of
the appended claims.

We claim as our invention:

1. A mechanical element which is to be sub-
jected to a temperature of at least 650° C. and

a,ms,xas
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5. A mechanical element which is to be sub-

. Jected to a temperature of at Ieast 650° C. and

considerable stress in normal use consisting of &

heat resistant alloy comprising 20% to 60%
nickel, 16% to 28% chromium, 4% to 20% molyb-
denum, less than 0.20% carbon, from traces up to
3% manganese, and the balance iron except the
usual econtaminants in common amounts, the
alioy being precipitation hardened and having the
relation among the alloying components that -
Y% 1% Mo+06.8 (% Cr) 49775 (% Mn)—
.25 (% Ni)—1.51=8% {0 11%

2. A mechanical eleinent which is to be sub-
jected to a temperature of at least 650° C. and
considerable stress in normal use consisting of a
hesat resistant alloy containing 20% to 52% nickel,
16% to 289% chromium, 4% o 209 molybdenum,
from traces up to 3% manganese, less than 0.20%
earbon, and the balance iron except for the usual
contaminants in common smounts, the alloy
being @ precipifation hardened austenitic slioy
and having {he relation emong its alloying com-
ponents that

Y% 1% Mo+0.8 (% Cr)490.75 (% Mn) —
0.25 (% M —1.51=8% to 11%

3. A mechanica] element which is to be sub-
jected to a temperature of at least 650° C. and
considerable stress in normal use consisting of an
age hardened alloy comprising 20% to 529% nickel,
16% to 28% chromium, 4% to 20% molybdenum,
from traces up to 3% manganese, less than 0.20%
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carbon, and the balance iron except from the

usual contaminanis in common amounts, which
has been quenched from a temperature between
1040° C. and 1260° C. and aged at a temperature
between 750° C. and 950° C. the alloy having the
relation among its alloying components that

Y% 1% Mo+0.8 (% Cr)+0.75 (% Mn) —
0.25 (% NI —1.51=8% to 11%

and belng austenitic.

4. A mechanical element which is to be sub-
jected to a temperature of at least 650° C. and
considerable stress in normal use consisting of a
heat resistant alloy comprising  30% to 60%
nickel, 16% {0 28% chromium, 8% to 20% molyb-
denum, from traces up to 3% manganese, less
than 0.20% carbon, and the palance iron with not
more than 1% of impurities, the alloy being pre-
cipitation hardened and having the relation
among - its alloying components that the chroml-
. um js greater than 27—0.2 (% Ni), :

% % Mo0+-0.8 (% Cr)-10.75 (% Mn) —
a - 0.25 (% Ni)—-1.5]1=8% to 11%
an

% 1% no;-o.s (% Cr)—0.75 (% Mn) +
S 0.25 (% Ni)4+135]
is greater than 6%. . :
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. considerable stress in normal use consisting of a

heat resistant alloy comprising 30% to 60%

" nickel, 16% to 28% chromium, 8% to 20% molyb~

denum, from traces up to 3% manganese, less
than 0.20% carbon, and the balance iron with no
more than 1% of impurities, which has been
quenched from a temperature between 1040° C. .
and 1260° C. and aged at a temperature between
750° C. and 850° C., the alloy having the relation
among its alloying components {haf the chro-
mium is greater than 27—0.2 (% Ni),

12 1% Mo-+0.8 (% Cr) +0.75 (% Mn) —
0.25 (% Ni) —1.51=8% to 11%
and

’é [% M0—0.8 (% Cr) —0.75 (% Mn) +

0.25 (% Ni) +13.5)
is greazer than 6%.

8. A mechanical element which is to be sub-
jected to a temperature of at least 650° C. and
considerable stress in normal use consisting of a
precipitation hardened austenific alloy compris-
ing 20% toc 48% nickel, 16% to 28% chromium,
49, to 109% molybdenum, from traces up to 3%
mangenese, less than 0.20% carbon, and the bal-
gnece iron and incidenfal impurities ,the alloy
having the relation among its alloying compo-
nents that

% 1% »Mo-+0.8 (% Cr) +0.75 (% Mn) —
0.25 (% ND —1.51=8% t0 11%

7. A mechsanica]l element which is to be sub-
jected o a temperature of af least 650°-C. and
consigerable stress in normal use consisting of an
age hardened alloy comprising 206% to 46% nickel,
16% to 28% chromium, 4% to 10% molybdenum,

~from {races up {0 3% manganese, less than 0.20%

carbon, and the balance iron with not more than
1% of impurities, the alloy having the relation
among iis alloying components that the chro-
mium is greater than 27—0.2 (% Ni), and

12 1% M0+0.8 (% Cr>+4-0.75 (% Mn)—
0.25 (% Ni) —1.51=89% to 11%

8. A mechanical element which is to be sub-
Jected to & temperature of at least 650° C. and
considerable stress in normal use consisting of a
heat resistant alloy consisting of 20% to 60%
nickel, 16% to 28% chromium, 4% to 20% melyb-
denum, from traces up to a 3% manganese, from
traces up to 2.5% silicon, less than ¢.20% carbon,
and the balance iron with net more than 1% of
impurities, the alloy being precipitation hardened
and having the relation among its aHoying com-
ponents that

¥% [% Mo10.8 (% CrY+0.75 (% Mn) |
12¢ % 81 —0.25 (% Ny —21=8% to 11%

9. A mechanical element which is fo be sub-

" Jected to a temperature of at least 650° C. and
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considerable stress in normal use consisting of a
heat resistant alloy comsisting of 209 teo 60%
nickel, 16% {0 28% chromium, £% te 20% molyh-
denum, from iraces up to 3% manganese, from
traces up to 2.5% silicon, from traces up to 3%
titanium, less than 0.20% carbon, and the balance
iron with not more than 1% of impurities, the
alloy being a precipitation hardemed austenitic
alloy and having the relation ameng its alloy~
ing componeni: that

% % H0+0.8 (% Cr}+0.75 (% Mn) -
16 (% TH4-12 (% Sil— :
025 (% Ni) —21=8% to11%
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10. A mechanical element which is to be sub-
jected to a temperature of at least 650° C. and
considerable stress in normal use consisting of a
heat resistant alloy consisting of 20% to 60%
nickel, 16% to 28% chromium, 4% to 20% molyb-~
denum, from traces up to 3% manganese, from
traces up to 2.5% silicon, from traces up to 3%
titanium, less than 0.20% carbon, and the balance
iron with not more than 1% of impurities, which
has been quenched from a temperature between
1040° C. and 1260° C. and aged at a temperature
between 750° C. and 950° C., the alloy being auste-
nitic and having the relation among its alloying
components that the chromium is greater than
27—0.2 (% Ni), and that

Y2 [% M0+-0.8 (% Cr)+4-0.75 (% Mn) -+
1.6 (% T)+1.2 (% Si) —
0.25 (% Ni) —21=8% to 11%

5
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11. A mechanical element which is to be sub-
jected to a temperature of at least 650° C. and
considerable stress in normal use consisting of a
heat resistant alloy consisting of 529% to 60%
nickel, 16% to 28% chromium, 8% to 20% molyb-
denum, from traces up to 3% manganese, less
than 0.20% carbon, and less than 1% of impuri-
ties including iron, the alloy being precipitation
hardened and having the relation among its al-
loying components that )

Y2 [% M0+0.8 (% Cr)+0.75 (% Mn) —
0.25 (% Ni) —1.51=8% to 11%
and

Y2 [% M0—0.8 (% Cr)—0.75 (% Mh) +
0.25 (% Ni) +13.5]
is greater than 6%, :
HOWARD SCOTT.
ROBERT B. GORDON.



