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This invention relates to an austenitic nickel base alloy
which is age hardenable and more particularly to such an
alloy having high strength at elevated. temperatures.

Hitherto, for use where high strength at elevated tem-
perature had been required austenitic nickel base -alloys
were provided having a composition balanced so as to re-
spond to an aging or precipitation hardening treatment.
More particularly such alloys were balanced so that upon
aging they underwent a precipitation hardeping and
strengthening mechanism such that a precipitate ‘was
formed having a lattice structure the same as that of the
alloy matrix in which it is formed and also having a lattice
parameter which is close to but yet constitutes a misfit
with the lattice parameter of the matrix.

The present invention is particularly concerned with
improving those nickel base austenitic precipitation
hardening alloys which harden during aging by a mecha~
nism ‘involving the formation of a face centered cubic
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precipitate known as “gamma prime.” The usefulness of

such alloys has been limited by the fact that the gamma
prime precipitate transformed during use at elevated tem-
perature after a relatively short time so that the composi-
tion Jost its'strength. ~ This transformation results from
the fact that the gamma prime, face centered cubic struc-
ture formed in the original aging treatment underwent
a further transformation to a hexagonal close packed
structure, known as “eta phase.” The extent of the trans-
formation depends upon the duration of the exposure to
temperatures between about 1100° F. to 1700° F. and
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the degree of stress to which the part formed of the alloy -

is subjected, the transformation proceeding more rapidly
as the temperature or the stress is increased.

It is therefore a principal object of the present inven-
tion to provide an age hardening austenitic nickel base
alloy characterized by high strength, high stress rupture
ductility and longer useful life under stress at elevated
temperatures up to about 1400° to 1600° F. by means of
the formation of a gamma prime precipitate with an opti-
mum lattice parameter relative to the matrix and which
has enhanced stability against transformation to the un-
desired eta phase. .

The alloy of the present invention is particularly well
suited for use in forming such parts as wheels and rings
for use in jet engines. Thus, the alloy of the present in-
vention is not only characterized by high strength and
stress rupture ductility at elevated temperatures but also
is characterized by good resistance to oxidation and cor-
rosion at such temperatures.

A more ‘specific object of the present invention is to’

provide such an alloy which may be readily. melted and
cast into ingots that may be economically hot worked. and
formed into parts.

We have discovered that the foregoing objects can be
achieved with an austenitic alloy having the following
analysis in percent by weight within the tolerances of good
commercial melting practices;
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Vanadium oo ____ Upto 1.0%.
Titanium —— cen 2.75% 10 3.75%.
Aluminum._________.___ Lemee 5% 10 2.0%.
Boron - 003% 10.025%.

the balance consisting essentially of iron except for inci-
dental impurities such as phosphorus, sulfur, nitrogen,
oxygen and the like.

The ‘proper balance of the alloying elements of this
composition is highly critical and must be carefully main-
tained if sound steel having ‘the required properties at
temperatures as high as 1600° F. is to be obtained suit-
able for such use as in the fabrication of jet engine parts.

In this alloy, the maximum carbon content must not v
-exceed about .10% and is preferably maintained at a
much lower level below about .07% maximum, Vanadium

- may be included in this composition in amounts ranging up

to about 1% when desired to tie up the carbon and reduce
the formation of a titanium carbide, Manganese may be
present in amounts up to about 2% but is preferably
limited to no more than .25%. )

When large commercial ingots are melted, silicon, when
present in more than very small amounts, results in the -
formation of a nickel-titanium-silicide segregate, believed
to be Ni,3TigSig identified as G phase in forged billets.
For.many purposes such segregate areas in the billets are
considered unsound and, to avoid their formation, silicon
is limited to no more than about .25%.

Small additions of boron work to improve the rupture
strength of our alloy at elevated temperatures. For this
purpose, from about .003% to .025% boron provides
good results. When present in amounts above 025%,
boron tends to form borides, particularly with nickel, and
this has a detrimental effect upon the forgeability and
mechanical properties of the alloy. Preferably, lower
amounts ‘below .013% boron are utilized to provide op-
timum results. _ )

Chromium from about 12% to 20% provides the re-
quired degree of oxidation and ‘corrosion resistance. - Be-
cause chromium does not enhance the high temperature
strength of our alloy and because it tonds to form an
embrittling carbide, we preferably use the smaller amounts

-of chromium, from about 12.5%.to 15%.

Nickel also provides oxidation and corrosion resistance,
but more importantly nickel takes part in the aging mech- .
anism by which our alloy is strengthened. A minimum -
of about 35% nickel is required for this purpose.. When
nickel is.present in amounts above about 55%, insuffi-

- cient advantage is derived therefrom to justify the addi-
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_amounts of titanfum than about 3.75%
‘the hot workability of the composition.
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Carbon .o _______ Up to.10% maximum, -
Manganese ——____.____.________. Upto2%.

Silicon ___________________ -- Up to 1% maximum.
Chromium»__~.__-____-__..__-_., 12% t0 20%.

Nickel oo 35% t055%.
Molybdenum __._____________. 3% t07%.

Cobalt - e

1.5% to 7%.

tional cost. Best results are achieved when nickel is pres-
ent in amounts ranging from about 40% t0 45%.

Molybdenum is included because it'improves the high
temperature strength of the alloy. . For this purposs,
molybdenum is included in an amount ranging from about
3% to 7%. : o

Titanium largely contributes to the rupture strength
and the tensile strength of the alloy and for this purpose
about 2.75% to 3.75% titanium is utilized. When ti-
tanium is present in an amount less than about 2.75%,
both the high room temperatire tensile strength and the.
high rupture strength at elevated temperatures charac-
teristic of our alloy. are not attainable. Best results are
achieved with a minimum of about 3% titanfjum. Larger
tend to impair
( Titanium, in
the absence of at least about .75% aluminum reacts with _
nickel during aging to provide a meta stable face cen-

-tered cubic phase which in turn transforms to the unde-

sired hexagonal close-packed eta phase at the elevated
temperature at' which parts formed from the alloy are
intended to be used. ' o :

When aluminum is present in our alloy in amounts



3,183,084

3

varying from about .75% to 2.0%, the more stable
gamma prime phase is formed on aging identified as
Ni3(Ti, Al), most consistent results being attained when
aluminum is present in an amount varying from about
1% to 1.5%. Larger amounts of aluminum not only
detract from the high temperature strength of our alloy
but also work with the titanium to make hot working of
the alloy increasingly difficult.

With the elements balanced as already described here-
inabove and with critically controlled additions of cobalt
as now to be described, our alloy has outstanding strength
at high temperature. In fact, though our preferred alloy
contains as much as about 25% to 35% iron, neverthe-
less its strength at elevated temperatures up to 1600° F.
is essentially equivalent to the high temperature strength
at corresponding temperatures of much more expensive
precipitation hardenable nickel base alloys containing as
little as 0.5% iron.

Our experiments have shown that the unique high tem-
perature strength of our alloy results from a definite but
small degree of misfit between the lattice parameter of
the matrix and the lattice parameter of the gamma prime
phase formed by aging, that is, the face centered cubic
Ni3(Al, Ti). By maintaining the cobalt content between
about 1.5% and 7%, the lattice parameters are kept so
close to each other that the percent misfit characteristic
of our alloy is uniquely small. When smaller or larger
amounts of cobalt than the amount specified is present,
then the required low percent misfit between the lattice
parameters and the high temperature strerigth character-
istic of our alloy are not attained. Best results are
achieved when the cobalt content ranges from about 3%
to 5%. ‘

Thus, the alloy which we have produced with preferred
results has the following composition in percent by weight
within the tolerances of good commercial melting prac-
tice:

Carbon ... - Up to .07% maximum.
Manganese _—— Up t0.25% maximum.
Silicon - Upt0.25% maximum.
Chromium . __________. 12.5% to 15%.
Nickel 40% to 45%.
Molybdenum -— 4% t0 6%.

Cobalt 3% t05%.

Titanium - ___ 3% 103.5%.
Aluminum —— 1% to 1.5%.

Boron _ . .003% to .013%.
Vanadium Upto 1%.

the balance consisting essentially of iron except for inci-
dental impurities.

Our alloy is readily prepared and worked in accordance
with good standard commercial practice. Our alloy may
be prepared with a high degree of purity in commercial
quantities using conventional vacuum-induction or con-
sumable-electrode melting techniques. No special heat
treatment is required. Solution treatment is about 180°
F to 2050° F. followed by a single or double aging or pre-
cipitation hardening treatment in the range of about 1200°
F. to 1600° F, provides good results,

As a specific example of our alloy, an ingot was melted
and cast containing, in percent by weight:

Percent
Carbon oo e 0.04
Manganese «ococoooe. 0.10
SiCOn e e 0.15
Phosphorus oL, 0.014
Sulfur - 0.004
Chromium ... - 12.9
Nickel 429
Molybdenum - 5.75
Titanium . 3
Aluminum .o ___ 1.10
Cobalt e 3.75
BOron o i 0.009
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and the balance all iron except for incidental impurities.
The ingot was hot worked into' 3 inch bars, then solu-
tion treated and aged. In this instance, the solution
treatment was carried out at 2000° F. for two hours fol-
lowed by water quenching. Aging was carried out by
holding the solution treated alloy for two-hours at 1525°
F., air cooling and then holding for twenty-four hours at
1400° F. and air cooling. .

The aged bars were machined to form standard com-
bination smooth-notch stress rupture specimens having
a smooth section 0.178 inch in diameter and a gauge
length of 0.712 inch merging with a thicker section 0.250
inch in diameter in which a circular notch was formed
having a 0.178 inch diameter at the root of the notch, a
root radius of 0.005 inch and a notch angle of 60°, there-
by providing a stress concentration factor of 3.8. At
1400° F., a stress load of 39,000 p.s.i. was sustained for
573 hours before rupture with a-10.5% elongation and
23.3% reduction in area. The failure occurred in the
smooth portion of the test specimens and not at the notch,
indicating that the alloy has good stress rupture ductility.

Thus, highly beneficial results are attained when our
alloy is prepared having the following composition in per-
cent by weight within the tolerances of good commercial

melting practice: :
Carbon o . Up t0.06% maximum.
Manganese Up to .25% maximum,
Silicon Up to .25% maximum.
Chromium 12.5% to 13.5%.
Nickel 42.5% to 43.5%.
Molybdenum oo __. 5.0% to 6.0%.

Cobalt 3.5% to 4.5%.
Titanium 2.8% 10 3.3%.
Aluminum 1.0% to 1.4%.

Boron .008% to .01%.

the balance consisting essentially of iron except for inci-
dental impurities.

On the other hand, tests carried out with similarly pre-
pared specimens having essentially the same analysis but
not containing cobalt were characterized by significantly
poorer stress rupture strength. For example, an alloy
containing, in percent by weight:

Percent
Carbon ._ 0.048
Manganese 0.15
Silicon 0.16
Phosphorus 0.003
Sulfur 0.005
Chromium 12.47
Nickel 42.99
Molybdenum 575
.Titanium 293
Aluminum 1.04
Boron ..o.__ 0.009

no cobalt, and the balance iron except for incidental im-
purities, was prepared as was described in connection with
the alloy of the present invention and formed into a
standard smooth stress rupture test specimen having a
0.178 inch gauge diameter and a 0.712 inch gauge length,
When subjected to a stress load of 39,000 p.s.i. at 1400°
F., rupture occurred in 436 hours with 16.9% elongation -
and 26.1% reduction in area.

The terms and expressions which have been employed
are used as terms of description and not of limitation, and
there is no intention, in the use of such terms and ex-
pressions of excluding any equivalents of the features
shown and described or portions thereof, but it is recog-
nized that various modifications are possible within the
scope of the invention claimed.

We claim:

1.- An age hardening austenitic nickel base alloy which
in its hardened condition has good strength and ductility .
at temperatures up to about 1600° F. and which within -
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the tolerances of good melting practices consists essen-
tially pf:

Percent
Carbon - Upto.10
Manganese . Upto2
Silicon - Uptol
Chromium 12t0 20
Nickel oweme 35t0 55
Molybdenum - 3to?
Cobalt 15t07
Vanadiml e Upto1l
Titanium "ol 2.75t03.75
Aluminum . 75t02
Boron e 003 t0 .025

the balance consisting essentially of iron and in which

6

4. An article subjected in use to severe stress at elevated

" temperatures up to about 1600° F. and formed of an age

hardened austenitic nickel base alloy which within the

" tolerances of good melting practices consists essentially

the aluminum- serves to stabilize the gamma prime phase

formed by age hardening against transformation to an eta
phase at elevated temperature and under stress, and in
which the amount of cobalt provides substantially mini-
mum misfit between the lattice parameters of the matrix
of the alloy and of the gamma prime phase when the
aged alloy is exposed to stress at high temperature over
a long time.

2. An age hardening austenitic nickel base alloy which
in its hardened condition bas good strength and ductility
at temperatures up to about 1600° F. and which within
the tolerances of good melting practices consists essen-
tially of:

Percent
Carbon e Up to .07
Manganese ... Upto .25
Silicon ——e____ ——— Upto .25
Chromium — 125t0 15
Nickel oo 40 to 45
Molybdenum - 4t06
Cobalt 3to5
Titanium 3to3.5
Alaminom . 1to 1.5
Boron oo i .003 to .013
Vanadium - oo Uptol

the balance consisting essentially of iron and in which
the aluminum serves to stabilize the gamima prime phase
formed by age hardening against transformation to an

eta phase at elevated temperature and under. stress, and |

in which the amount of cobalt provides ‘substantially
minimum misfit' between the lattice parameters of the
matrix of the alloy and of the gamma prime phase when
the aged alloy is exposed to stress at high temperature
over a long time.

3. An age hardening austenitic nickel base alloy which
in its hardened condition has good strength and ductility
at temperatures up to about 1600° F. and which within
the tolerances of good melting practices consists essen-
tially of: :

Carbon oo . Up to .06% maximum.
Manganese wecceocvcacimio Up to .25% maximum,
Silicon - . Up to .25% maximum.
Chromium —eeemo oo 12:5% to 13.5%.
Nickel - . 42.5% t0 43.5%.
Molybdenum, oo 5.0% t0 6.0%.
Cobalt e 3.5% t04.5%.
Titanium — oo 2.8%'103.3%.
AlUMINUM e "1.0% to 1.4%.

_ Boron 008/ to .01%.

the balance consisting essentially of iron and in which
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the aluminum serves to stabilize the gamma prime phase

formed by age hardening against transformation to an
eta phase at elevated temperature and under stress, and
in which the-amount of cobalt provides substantially
minimum misfit between the lattice parameters of the
matrix of the alloy and of the gamma prime phase when

~ the aged alloy is exposed to stress at high temperature
over a long time.
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of;
Percent

Carbon Upto.10
Manganese Upto2
Silicon Uptol
Chromium 12t020
Nickel 35t055

~ Molybdenum 3to7
Cobalt 15t07 .
Vanadium 2 Uptol
Titanium 2.75t03.75
Aluminum J5t02
Boron 003 to .025

the balance consisting essentially of iron and in which the
aluminum serves to stabilize the gamma prime phase
formed by age hardening against transformation to an eta
phase at elevated temperature and under stress, and in
which the amount of cobalt provides substantially mini-
mum misfit between the lattice parameters of the matrix
of the alloy and of the gamma prime phase when the aged
alloy is exposed to stress at -high temperature over a long
ﬁme- . .

5. An article subjected in use to severe stress at elevated

temperatures up to ‘about 1600° F. and formed of an
-age hardened austenitic nickel base alloy which within

the tolerances of good melting practices consists essen~’
tially of: . .

- Percent
Carbon Up to .07
Manganese Up to .25~
Silicon ... Up to .25
Chromium 12.5 to 15
Nickel 40 to 45
Molybdenum —— 4106
Cobalt 3t05
Titanium 3t35
Aluminum 1to 15
-Boron -~ .003 to .013
Vanadium ... Upto 1

the balance consisting essentially of iron and in which
the aluminum serves to stabilize the gamma prime phase
formed by age hardening against transformation to an
eta phase at ¢levated temperature and under stress, and
in which the amount of cobalt provides substantially mini-
mum misfit between the lattice parameters of the matrix
of the alloy and of the gamma prime phase when the
aged alloy is exposed to stress at high temperature over
a long time.

6. An article subjected in use to severe stress at elevated
temperatures up to about 1600° F. and formed of an age

-hardened austenitic nickel base alloy which within the

tolerances of ‘good:melting- practices consists essentially
of: S )

Carbon Up to .06% maximum.
Manganese —...._._________. Up to .25% maximum.
Silicon i Up to .25% maximum.
Chromium —. e ceeeeo oo 12.5% to 13.5%.
Nickel - 42.5% to 43.5%.
Molybdenum oo oo 5.0% to 6.0%.

Cobalt . 3.5% t04.5%.
Titanium 2.8% to 3.3%.
Alminum e aeeceee 1.0% to 1.4%.

Boron 008% to .01%.

the balance consisting essentially of iron and in which
the aluminum serves to stabilize the gamma prime phase .
formed by age hardening against transformation to an eta '
‘phase at elevated temperature and under stress, and in
which the amount of cobalt provides substantially mini- -

mum misfit between the lattice parameters of the matrix .
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of the alloy and of the gamma prime phase when the
aged alloy is exposed to stress at high temperature over
a long time.

7. An age hardening austenitic nickel base alloy which
in its hardened condition has good strength and ductility
at temperatures up to about 1600° F. and which within
the tolerance of good melting practice consists essential-
ly of:

Percent
Carbon o __ Up to .07
Manganese ——— - Up to .25
Silicon -~ Up to .25
Chromium - 12t0 15
Nickel - - - 40 to 45
Molybdenum o ___ 4 to 7
Cobalt ... -— - About 4.5
Titanium oo ___ 28 to 3.5
Aluminum o _____. 1to 1.5
Boron e 003 to .01
Vanadium oo Upto1l

the balance consisting essentially of iron.
8. An article subjected in use to severe stress at ele-

vated temperatures up to about 1600° F, and formed of

8

an age hardened austenitic nickel base alloy which within
tolerances of good melting practices consists essentially

of:
Percent
5 Carbon . . Up to .07
Manganese -~ Up to .25
Silicon Up to .25
Chromium 12 to 15
Nickel 40 to 45
10 Molybdenum - 4to07
Cobalt ______ About 4.5
Titanium 2.8 to 3.5
Aluminum _________ . ___________ . 1tol.5
: Boron o _ 003 to .01
16 Vanadium .. ___________________ Upto1l
the balance consisting essentially of iron.
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