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The present invention relates to hot working and, more
particularly, to a process for hot working age-hardenable
nickel-chromium alloys of the kind that contain alumi-
num with or without titanium. Such alloys, as is now
well known, contain small amounts, for example, up to
0.5%, of carbon, and may also contain additional ele-
ments, for example, molybdenum, tungsten, niobium and
vanadium, introduced to improve their high-temperature
properties. In addition, part of the nickel may be re-
placed by cobalt, for example, up to 30%, or by iron,
for example up to 20%, provided the total content of
nickel and cobalt is at least 50%. One or both of the
elements boron and zirconium may also be present.

Alloys of this kind are generally not given any special
heat treatment before they are hot worked, the work
piece merely being heated to the hot-working temperature
after any preparation necessary to remove internal or
surface defects, for example, cropping or surface ma-
chining. The hot-working temperature differs for dif-
ferent alloys, being selected in any particular case to be
high enough to ensure that all precipitable phases are
in solution but not so high that incipient melting occurs
during working as a result of local increases in tempera-
ture caused by the working operation. Within the range
thus defined, the ease of working gemerally increases
with the temperature, but attempts to work an alloy at
either too high or too low a temperature lead to crack-
ing of the work piece. The increase in temperature is
greater during hot rolling than during forging so rather
lower temperatures must be used for hot rolling than for
forging.

It is sometimes possible to hot work an alloy by ex-
trusion at a temperature at which it would crack during
hot rolling or forging since the greater constraint of the
billet during extrusion inhibits crack formation. The
same general considerations as to hot-working tempera-
tures, however, apply to exirusion as to other methods
of hot working.

As the total content of titanium and aluminum in
the alloys is increased, so is the lowest temperature at
which they can be hot worked, and this temperature
approaches more and more closely to the incipient melt-
ing point. The alloys, therefore, become increasingly
difficult to hot work successfully, and even if severe
cracking is avoided, the yield becomes very low. Hot
working is particularly difficult when the total content of
aluminum and titanium exceeds 6% or 7%.

It has now been discovered that by employing a special
heat treatment prior to conducting a forging or other
hot working operation, nickel-chromium alloys contain-
ing at least about 6% aluminum and/or titanium can
be readily hot worked. .

It is an object of the present invention to provide a
novel hot-working process for age-hardenable nickel-
chromium alloys.

Another object of the invention is to provide a novel
process for hot working nickel-chromium alloys contain-
ing at least about 6% titanium and/or aluminum.

Cther objects and advantages will become apparent
from the following description.

The increase in the temperature needed for hot work-
ing is believed to be largely due to the persistence at
the grain boundaries, up to increasingly high tempera-
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tures, of an embrittling carbide phase that is not taken
into solution in any practical soaking time. This accords
with the fact that microstructural investigations of
nickel-chromium alloys containing aluminum and tita-
nium have shown that such a carbide phase generally has
a higher solubility temperature than the 4’ phase, usually
represented as Niz(Ti, Al).

This invention is based on the discovery that in certain
nickel-chromium alloys having a high total content of
aluminum and titanium the precipitable phase having
the higher solubility temperature is the 4* phase, while
the carbide phase has a lower solubility temperature. Tt
is further based on the discovery that by means of a suit-
able heat treatment the formation of a grain-boundary
carbide phase in such alloys can be suppressed. For
any given alloy the solubility temperatures of the two
phases in question may be determined by the usual method
of heating samples of the alloy to different tempera-
tures for long enough to reach effective equilibrium,
quenching them, and examining their microstructures to
ascertain what phases are present.

Generally speaking, the present invention contemplates
a novel process of hot working an age-hardenable nickel-
chromium alloy that contains aluminum with or without
titanium and .is such that the solubility temperature of
the 4" phass is higher than that of the carbide phase,
comprising the steps of solution heating the alloy at a
temperature above the solubility temperature of the 4’
phase, cooling it to a temperature in the range between
the solubility temperature of the ~' phase and that of
the carbide phase, maintaining it within this temperature
range until a precipitate of y* phase has formed at the
grain boundaries, and then hot working it.

The temperature range between the solubility tempera-
ture of the 4" phase and that of the carbide phase will
for convenience be referred to hereinafter as the ' pre-
cipitation range. It will, however, be understood that
further precipitation of this phase will usually occur at
lower temperatures and that at these lower temperatures
carbide may also be precipitated.

The purpose of the solution heating is to cause sub-
stantially all the precipitable phases to go into solution;
and to ensure that this occurs in a reasonable time, the
temperature employed is advantageously at least 20° C.,
and preferably at least 60° C., above the solubility tem-
perature of the v’ phase. To avoid melting, the alloy
must, of couse, not be heated above its solidus tempera-
ture.

In one way of carrying out the invention, the alloy,
affer the solution heating, is cooled slowly from the
solution-heating temperature to a temperature below the
7" solubility temperature at such a rate that its temperature
remains within the v’ precipitation range long enough for
the desired + precipitate to form at the grain boundaries.
The slow cooling is conveniently performed by allowing
the alloy to cool in the furnace. The rate of cooling pref-
erably does not exceed 4° C. per minute and will generally
be slower, e.g., 1° C. to 2° C. per minute. In another
way_of carrying out the invention, the alloy is cooled -at
any suitable rate from the solution-heating temperature to
a temperature within the o precipitation range and is then
maintained at that temperature for the necessary length
of time. Whichever course is adopted, the length of time
during which the temperature of the alloy should remain
in the o’ precipitation range will depend on the tempera-
ture employed. At temperatures very close to the 4’ solu-
bility temperature the rate of formation of the 4’ phase
will be very slow, becoming faster as the temperature is
reduced. In any event the temperature of the alloy pref-
erably remains within the v precipitation range for at least
15 minutes. )

After the desired grain-boundary precipitate = has
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formed, the alloy may be allowed to cool to rcom tem-
perature at any suitable rate, e.g., in air, and subsequently
reheated to the hot-working temperature and hot worked.
If this is to be done, the slow furnace cooling referred to
above may be the most suitable method of causing the v’
precipitate to form. Advantageously, however, the tem-
pedature of the alloy is not allowed to fall before the
carbide solubility temperature before the hot working;
and it is, accordingly, preferred to cause the 4’ precipitate
to form at a constant temperature as described above and
to hot work the alloy substantially at that temperature.
Care should, of course, be taken in this case to ensure
that the temperature of the work piece is substantially uni-
form throughout its section before hot working is com-
menced. It may, therefore, be necessary to maintain the
alloy at the temperature in question for longer than is
required merely for the formation of the 4’ precipitate.

It will be understood that the temperature of the work
piece will fall during the hot-working operation and that
re-heating to the working temperature will be required
from time to time in accordance with ordinary practice.
Generally speaking, the hot-working temperature will be
with the 4" precipitation range, but some benefit is ob-
tained from the heat treatment when hot-working temper-
atures below this range are used. The upper limit is
imposed by the risk of local incipient melting during
working.

The grain-boundary precipitate of the 4’ phase is still
present during hot working within the ~’ precipitation
range, and even above the 4" solubility temperature it is
only slowly redissolved. Surprisingly, however, this does
not impair the hot workability of the alloys. The o'
precipitate at the grain boundaries. prevents carbide sep-
arating in a harmful form when the temperature falls
below the carbide solubility temperature either before the
hot working or on cooling between successive stages of hot-
working. Any carbide precipitate that does form is large-
ly redissolved on reheating above the carbide solubility
temperature. Prolonged heating of the alloy below the
carbide solubility temperature may, however, lead to the
formation of a carbide precipitate at the grain boundaries
and should be avoided. Such a precipitate is also formed
if the step of forming the grain-boundary 4’ precipitate
is omitted, for example, by air cooling the alloy from the
solution-heating temperature to below the carbide solu-
bility temperature.

Whatever the mechanism by which formation of a
grain-boundary carbide precipitate is suppressed by the
heat treatment according to the invention, it is found as
a result that the hot working of the alloys is made con-
siderably easier.

As has already been pointed out, it is in general more
difficult to hot work a difficultly workable alloy by forging
or hot rolling than by extrusion; and it will, therefore,
be appreciated that it may be possible to work any given
alloy by extrusion without the use of the heat treatment
of the invention, whereas successful forging or hot rolling
can only be achieved with its use.

It is known that forging and hot rolling may be made
somewhat easier if the cast structure of the alloy is first
broken down by extrusion, and it is also advantageous
to do this in carrying out the present invention.

Nickel-chromium alloys that are difficult to hot work by
ordinary procedures but exhibit the special relationship
of the v and carbide solubility temperatures explained
above include those having a total aluminum and titanium
content of from about 7.75% to about 9.5% and which
contain from about 14% to about 16% chromium, from
about 14% to about 25% cobalt, from about 3% to about
5.5% molybdenum, from about 3% to about 4.6% tita-
nium, from about 4% to about 5.4% aluminum, from
about 0.01% to about 0.2% carbon, from about 0.01%
to about 0.2% zirconium, and from about 0.003% to
about 0.1% boron, the balance, apart from impuritics,
being nickel. The amounts of silicon, manganese and
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iron present as impurities should be as low as possible,
the silicon and manganese contents not exceeding 0.5%
each and the iron content not exceeding 1%. Within this
composition range the alloys may, for example, have a
chromium content of 14.2% to 15.8%, a cobalt content
of 14% to 16%, a molybdenum content of 3.0% to 4.5%,
a titanium content of 3% to 4.1%, an aluminum content
of 4% to 5.1%, and a zirconium content of 0.02% to
0.1%. A suitable heat treatment for alloys of this latter
composition comprises solution heating at 1190° C. for
1.5 hours and cooling to 1000° C. at about 1° C. per
minute, after which they may be hot worked at 1120° C.

The improvement in hot workability obtained by means
of the invention is illustrated by the following results that
were obtained with an alloy (Alloy A) of the composition:
carbon 0.17%, silicon 0.31%, iron 0.38%, manganese
0.03%, chromium 14.9%, titanium 3.98%, aluminum
5.07%, cobalt 15.1%, molybdenum 3.39%, boron
0.0085%, zirconium 0.06%, nickel balance. The solu-
bility temperature of the 4’ phase in this alloy was found
to be 1125° C. and that of the carbide phase 1070° C.,
and its solidus temperature was 1200° C. Twenty three
1.443-inch diameter rods of this alloy, made by extruding
as-cast ingots and machining the resulting extruded bar to
size, were solution heated for 1.5 hours at 1190° C., fur-
nace cooled from this temperature to 1000° C. at the
rate of 1° C. per minute, and then air cooled to room tem-

erature. Subsequently, these twenty three rods were re-
heated to 1120° C. and all were hammer forged success-
fully to 1.125 inch diameter. Twelve similar rods that
were merely heated to the forging temperature of 1120°
C. without any preliminary heat treatment all ruptured
on forging. During the forging operation each of the rods
was reheated nine times to the forging temperature,
about fifty blows being delivered after each heating.

Round bars of the same alloy were also found to forge
down satisfactorily to 0.75 inch square after heating to
1190° C. for 1.5 hours, furnace cooling at the rate of 2°
C. per minute to the forging temperature of 1120° C,
and holding at that temperature for one-half hour before
forging. Similar bars that were only heated to 1120°
C. for one-half hour before forging without preliminary
heat treatment cracked during forging.

To demonstrate that it is essential to maintain the
alloy within the 4" precipitation range for long enough for
formation of the 4 phase to occur, an attempt was made
to forge extruded round bars of the same alloy from 1.788
inch diameter to 1.25 inch square after soluticn heat treat-
ment at 1190° C. for 1.5 hours followed by air cooling
to room temperature and reheating to the forging tem-
perature of 1120° C. In every case the attempt failed
owing to cracking of the bars.

In a further experiment, ingots of an alloy of closely
similar composition to Alloy A were extruded to rods
which were machined to 3142 inch diameter. The rods
were solution heated for 1.5 hours at 1190 C., furnace
cooled to 1000° C. at 1° C./minute, and then air cooled
to room temperature. Ninety rods were then reheated
to 1080° C.-1090° C. for 45 minutes and then hot rolled
to 2345 inch diameter (a 35% reduction in area) in 15
passes, with intermediate reheats to 1080° C.~-11060° C.
when required. One rod split during rolling but the re-
maining 89 were successfully rolled without cracking.

When the hot working and any further shaping of the
alloy to its final form, for example, to rotor blades or
discs or other parts of gas-turbine engines, have been
completed, the article or part will generally need to be
given a further solution and ageing heat treatment to de-
velop the full creep-resisting properties of the alloy.

Although the present invention has been described in
conjunction with preferred embodiments, it is to be under-
stood that modifications and variations may be resorted
to without departing from the spirit and scope of the in-
vention, as those skilled in the art will readily under-
stand. Such modifications and variations are considered
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to be within the purview and scope of the invention and
appended claims.

I claim:

1. A process of hot working an age-hardenable nickel-
chromium alloy having a total aluminum and titanium
content from about 7.75% to about 9.5% and which con-
sists essentially of about 14% to tabout 16% chromium,
about 14% to about 25% cobalt, about 3% to about
5.5% molybdenum, about 3% to about 4.6% titanium,
about 4% to about 5.4% aluminum, about 0.01% to
about 0.2% carbon, about 0.01% to about 0.2% zir-
conium, and about 0.003% to about 0.1% boron, the
balance, apart from impurities, being nickel, said alloy
being such that the solubility temperature of the 4’ phase
is higher than that of the carbide phase, comprising the
steps of solution heating the alloy at a temperature above
the solubility temperature of the v’ phase, cooling it to
a temperature in the range between the solubility tem-
perature of the 4" phase and that of the carbide phase,
maintaining jt within this temperature range until a pre-
cipitate of +' phase has formed at the grain boundaries,
and then hot working it.

2. A process of hot working an age-hardenable nickel-
chromium alloy having the composition 0.01% to 0.2%
carbon, from 14.2% to 15.8% chromium, from 14% to
16% cobalt, from 3.0% to 4.5% molybdenum, from 3%
to 4.1% titanium, from 4% to 5.1% aluminum, the sum
of the titanium and aluminum contents being from 7.75%
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to 9.2%, from 0.003% to 0.1% boron, from 0.02% to
0.1% zirconium, the balance, apart from impurities, being
nickel, which comprises the steps of solution heating the
alloy at 1190° C., cooling it to 1000° C. at the rate of 1°
C. per minute, and subsequently hot working it at 1120°

3. A process for producing a hot worked, age-harden-
able, aluminum-containing, nickel-chromium alloy con-
sisting essentially of about 14% to about 16% chromium,
about 14% to about 25% cobalt, about 3% to about
5.5% molybdenum, aluminum with optional additions of
titanium such that the total amount of aluminum plus
titanium is at least about 6% and up to 9.5%, about
0.01% to about 0.2% carbon, about 0.01% to about
0.2% zirconium, about 0.003% to about 0.1% boron, and
the balance, apart from impurities, being nickel, said alloy
being such that the solubility temperature of the 4’ phase
is higher than that of the carbide phase, which comprises
the steps of solution heating the alloy at a temperature
above the solubility temperature of the v’ phase, cooling
it to a temperature in the range between the solubility
temperature of the 4" phase and that of the carbide phase,
maintaining it within this temperature range until a pre-
cipitate of " phase is formed at the grain boundaries, and

25 thereafter hot working the said alloy.

No references cited.
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