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TITLE

Method for Producing Large Diameter Ingots of Nickel Base Alloys

TECHNICAL FIELD AND INDUSTRIAL
APPLICABILITY OF THE INVENTION

The present invention relates to an improved method for producing large
diameter, premium quality ingots of nickel base superalloys. The present
invention more particularly relates to a method for producing ingots of nickel base
superalloys, including Alloy 718 (UNS NO7718) and other nickel base superalloys
experiencing significant segregation during casting, and wherein the ingots have a
diameter greater than 30 inches (762 mm) and are substantially free of negative
segregation, are free of freckles, and are free of other positive segregation. The
present invention also is
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directed to ingots of Alloy 718 having diameters greater than 30 inches (762
mm), as well as to any ingots, regardless of diameter, formed using the
method of the invention. The method of the present invention may be applied
In, for example, the manufacture of large diameter, premium quality ingots of
O  nickel base superalloys that are fabricated into rotating parts for power
generation. Such parts include, for example, wheels and épacers for land-

based turbines and rotating components for aeronautical turbines.

DESCRIPTION OF THE INVENTION BACKGROUND

10 In certain critical applicg}ions, components must be
manufactured from nickel base superalloys in the form of large diameter
ingots that lack significant segregation. Such ingots must be substantially free
of positive and negative segregation, and should be completely free of the
manifestation of positive segregation known as “freckles”. Freckles are the

15 most common manifestation of positive segregation and are dark etching
regions enriched in solute elements. Freckles result from the flow of solute-
rich interdendritic liquid in the mushy zone of the ingot during solidification.
Freckles in Alloy 718, for example, are enriched in niobium compared to the
matrix, have a high density of carbides, and usually contain Laves phase.

20  "White spots” are the major type of negative segregation. These light etching
regions, which are depleted in hardener solute elements, such as niobium,
typically are classified into dendritic, discrete, and solidification white spots.

While there can be some tolerance for dendritic and solidification white spots,
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discrete white spots are of major concern because they frequently are
associated with a cluster of oxides and nitrides that can act as a crack
initiafor.

Ingots substantially lacking positive and negative segregation
and that are also free of freckles are referred to herein as “premium quality”
Ingots. Premium quality nickel base superalloy ingots are required in certain
critical applications including, for example, rotating components in
aeronautical or land-based power generation turbines and in other
applications in which segregation-related metallurgical defects may result in
catastrophic failure of the component. As used herein, an ingot “substantially
lacks” positive and negative segregation when such types of segregation are
wholly absent or are present only to an extent that does not make the ingot
unsuitable for use In critical applications, such as use for fabrication into
rotating components for aeronaufical and. land-based turbine applications.

Nickel base superalloys subject to significant positive and
negative segregation during casting include, for example, Alloy 718 and Alloy
706. In order to minimize segregation when casting these alloys for use in
critical applications, and also to better ensure that the cast alloy is free of
deleterious non-metallic inclusions, the molten metallic material is
appropriately refined before being finally cast. Alloy 718, as well as certain
other segregation-prone nickel base superalloys such as Alloy 706 (UNS
NQ9706), are typically refined by a “triple melt” technique which combines,

sequentially, vacuum induction melting (VIM), electroslag remelting (ESR),
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and vacuum arc remelting (VAR). Premium quality ingots of these
segregation-prone materials; however, are difficult to produce in large
diameters by VAR melting, the last step in the triple melt sequence. In some
cases, large diameter ingots are fabricated into single components, so areas

O of unacceptable segregation in VAR-cast ingots cannot be selectively
removed prior to component fabrication. Consequently, the entire ingot or a
portion of the ingot may need to be scrapped.

VAR ingots of Alloy 718, Alloy 706, énd other nickel base
superalloys such as Alloy 600, Alloy 625, Alloy 720, and Waspaloy, are

10 increasingly required in larger weights, and correspondingly larger diameters,
for emerging applications. Such applications include, for example, rotating -
components for larger land-based and aeronautical turbines under
development. Larger ingots are needed not only to achieve the final
component weight economically, but also to facilitate sufficient

15 thermomechanical working to adequately break down the ingot structure and
achieve all of the final mechanical and structural requirements.

The melting of large superalloy ingots accentuates a number of
basic metallurgical and processing related issues. Heat extraction during
melting becomes more difficult with increasing ingot diameter, resulting in

20 longer solidification times and deeper molten pools. This increases the
tendency towards positive and negative segregation. Larger ingots and
electrodes can also generate higher thermal stresses during heating and

cooling. While ingots of the size contemplated by this invention have been
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successfully produced in several nickel base alloys (for example, Alloys 600,
625, 706, and Waspaloy) Alloy 718 is particularly prone to these problems.
To allow for the production of large diameter VAR ingots of acceptable
metallurgical quality from Alloy 718 and certain other segregation-prone nickel
base superalloys, specialized melting and heat treatment sequences have
been developed. Despite these efforts, the largest commercially available
premium quality VAR ingots of Alloy 718, for example, are currently 20 inches
(508 mm) in diameter, with limited material produced at up to 28-inch (711
mm) diameters. Attempts at casting larger diameter VAR ingots of Alloy 718
material have been unsuccessful due the occurrence of thermal cracking and
undesirable segregation. Due to length restrictions, 28-inch VAR ingots of
Alloy 718 weigh no more than about 21,500 |bs (9772 kg). Thus, Alloy 718
VAR ingots in the largest commercially available diameters fall far short of the
weights needed in emerging applications requiring premium quality nickel
base superalloy material.

Accordingly, there is a need for an improved method of
producing premium quality, large diameter VAR ingots of Alloy 718. There
also is a need for an improved method of producing ingots of other
segregation-prone nickel base superalloys that are substantially free of
negative segregation, are free of freckles, and substantially lack other positive

segregation.
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BRIEF SUMMARY OF THE INVENTION
In order to address the above-described needs, the present

invention provides a novel method of producing a nickel base superalloy. The

method may be used to cast VAR ingots of premium quality from Alloy 718 in
O diameters greater than 30 inches (762 mm) and having weights in excess of

21,500 Ibs (9772 kg). It is believed that the method of the present invention

also may be applied in the production of large diameter VAR ingots from other

nickel base superalloys subject to significant segregation during casting, such

as, for example, Alloy 706.

10 The method of the present invention includes the initial step of
casting a nickel base superalloy within a casting mold. This may be
accomplished by VIM, argon oxygen decarburization (AOD), vacuum oxygen
decarburization (VOD), or any other suitable primary melting and casting
technique. The cast ingot is subsequently annealed and overaged by heating

15 the alloy at a furnace temperature of at least 1200°F (649°C) for at least 10

hours. (As used herein, “subsequent” and “subsequently” refer to method
steps or events that occur immediately one after another, but also refer to
method steps or other events that are separated in time and/or by intervening
method steps or other events.) In a subsequent step, the ingot is applied as

20 an ESR electrode and is electroslag remelted at a melt rate of at least 8
Ibs/min. (3.63 kg/min.). The ESR ingot is transferred
to a heating furnace within 4 hours of complete solidification, and is

subsequently subjected to a post-ESR heat treatment. The heat treatment
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includes the steps of holding the alloy at a first furnace temperature of 600°F -

(316°C) to 1800°F (982°C) for at least 10 hours, and then increasing the
furnace temperature, in either a single stage or in multiple stages, from the

first furnace temperature to a second furnace temperature of at least 2125°F

(1163°C) in a manner that inhibits thermal stresses within the ingot. The ingot

Is held at the second temperature for at least 10 hours to provide the ingot
with a homogenized structure and with minimal Laves phase.

In some instances, the ESR ingot may be cast with a diameter
that is larger than the desired diameter of the VAR electrode to be used in a
subsequent step of the method. Therefore, the method of the present
iInvention may include, subsequent to holding the ESR ingot at the second
furnace temperature, and prior vacuum arc remelting, mechanically working
the ESR ingot at elevated temperature to alter dimensions of the ingot and to
provide a VAR electrode of the desired diameter. Thus, after the ESR ingot
has been held at the second furnace temperature, it may be further processed
in one of several ways, including cooling to a suitable mechanical working
temperature or cooling to about room temperature and subsequently
reheating to a suitable mechanical working temperature. Alternatively, if
adjustment of ingot diameter is unnecessary, the ingot may be directly cooled
to room temperature and subsequently processed by vacuum arc remelting
without the step of mechanical working. All steps of cooling and reheating the

ESR ingot subsequent to holding the ESR ingot at the second temperature
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are carried out in a manner that inhibits thermal stresses and that will not
result in thermal cracking of the ingot.

In a subsequent step of the present method, the ESR ingot is
vacuum arc remelted at a melt rate of 8 to 11 Ibs/minute (3.63 to 5 kg/minute)
to provide a VAR ingot. The VAR melt rate is preferably 9 to 10.25 Ibs/minute
(4.09 to 4.66 kg/min), and is more preferably 9.25 to 10.2 Ibs/minute (4.20 to
4.63 kg/minute). The VAR ingot preferably has a diameter greater than 30
inches (762 mm), and more preferably has a diameter of at least 36 inches
(914 mm).

The present invention is further directed to a method of
producing a nickel base superalloy that is substantially free of positive and
negative segregation and that includes the step of casting in a casting mold
an alloy selected from Alloy 718 and other nickel base superalloys subject to
significant segregation during casting. The cast ingot is subsequently

annealed and overaged by heating at a furnace temperature of at least
1990°F (843°C) for at least 10 hours. The annealed ingot is subsequently

electroslag remelted at a melt rate of at least about 10 Ibs/min. (4.54 kg/min.),
and the ESR ingot is then transferred to a heating furnace within 4 hours of
complete solidification. |In subsequent steps, the ESR Ingot is subjected to a

multi-stage post-ESR heat treatment by holding the ingot at a first furnace

temperature of 900°F (482°C) to 1800°F (982°C) for at least 10 hours. The

furnace temperature is subsequently increased by no more than 100°F/hour
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(95.6°C/hour) to an intermediate furnace temperature, and is subsequently
further increased by no more than 200°F/hour (111°C/hour) to a second

furnace temperature of at least 2125°F (1163°C). The ingot is held at the

second turnace temperature for at least 10 hours. The ESR ingot may be
converted to a VAR electrode of appropriate dimensions, if necessary, and is
subsequently vacuum arc remelted at a melt rate of 8 to 11 rlbs/minute (3.63 to
5 kg/minute) to provide a VAR ingot. If desired, the VAR ingot may be further
processed, such as by a homogenization and/or suitable mechanical

conversion to desired dimensions.

The present invention also is directed to VAR ingots produced
according to the method of the invention. In addition, the present invention is
directed tQ VAR ingots of Alloy 718 which have a diameter greater than 30
inches, and is further directed to premium quality Alloy 718 ingots having a
diameter greater than 30 inches and which are produced by VAR or by any
other melting and casting technique.

The present invention also encompasses articles of manufacture
produced by fabricating the articles from ingots within the present invention.
Representative articles of manufacture that may be fabricated from the ingots
of the present invention include, for example, wheels and spacers for use in
land-based turbines and rotating components for use in aeronautical turbines.

The reader will appreciate the foregoing details and advantages

of the present invention, as well as others, upon consideration of the following
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detailed description of embodiments of the invention. The reader also may
comprehend such additional advantages and details of the present invention
upon carrying out or using the invention.

In one aspect, the present invention provides a method of producing a
nickel base superalloy that is substantially free of positive and negative
segregation, the method comprising: casting an alloy that is a nickel base
superalloy within a casting mold; annealing and overaging the alloy by heating
the alloy at at least 1200°F (649°C) for at least 10 hours: electrosliag remeiting
the alloy at a melt rate of at least 8 Ibs/min. (3.63 kg/min.); transferring the
alloy to a heating furance within 4 hours of complete solidification: holding the
alloy within the heating furnace at a first temperature of 600°F (316°C) to
1800°F (982°C) for at least 10 hours; increasing the furnace temperature from
the first temperature to a second temperature of at least 2125°F (1163°C) in a
manner to inhibit thermal stresses within the alloy; holding at the second
temperature for at least 10 hours; vacuum arc remelting a VAR electrode of the
alloy at a melt rate of 8 to 11 Ibs/minute (3.63 to 5 kg/minute) to provide a VAR
Ingot.

In another aspect, the present invention provides a method of producing
a nickel base alloy that is substantially free of positive and negative segregation,
the method comprising: casting a nickel base alloy in a casting mold, wherein
the nickel base supperalloy is Alloy 718; annealing and overaging the alloy by
heating the alloy at at least 1550°F (843°C) for at least 10 hours; electroslag
remelting the alloy at a melt rate of at least 10 Ibs/min. (4.54 kg/min.);
transferring the alloy to a heating furnace within 4 hours of complete
solidification after electroslag remelting; holding the alloy within the heating
furnace at a first furnace temperature of 900°F (482°C) to 1800°F (982°C) for at
least 10 hours; increasing the furnace temperature by no greater than
100°F/hour (55.6°C/hour) to an intermediate furnace temperature; and further
Increasing the furnace temperature by no greater than 200°F/hour ( 111°C/hour)
from the intermediate furnace temperature to a second furnace temperature of
at least 2125°F (1163°C), and holding at the second temperature for at least 10

10
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hours; and vacuum arc remelting a VAR electrode of the alloy at a melt rate of 9
to 10.25lbs/minute (4.09 to 4.66 kg/min) to provide a VAR ingot.

In another aspect, the present invention provides a VAR ingot of a nickel
base alloy comprising: about 50.0 to about 55.0 weight percent nickel: about 17
to 21.0 weight percent chromium; O up to about 0.08 weight percent carbon: 0
up to about 0.35 weight percent manganese; 0 up to about 0.35 weight percent
silicon; about 2.8 up to about 3.3 weight percent molybdenum: at least one of
niobium and tantalum wherein the sum of niobium and tantalum is about 4.75
up to about 5.5 weight percent; about 0.65 up to about 1.15 weight percent
titanium; about 0.20 up to about 0.8 weight percent aluminum; O up to about
0.006 weight percent boron; and iron and incidental impurities, wherein the
ingot has a diameter greater than 30 inches.

In a further aspect, the present invention provides an ingot of a nickel
base alloy comprising: about 50.0 to about 55.0 weight percent nickel: about 17
to about 21.0 weight percent chromium; 0 up to about 0.08 weight percent
carbon; 0 up to about 0.35 weight percent manganese; 0 up to about 0.35
weight percent silicon; about 2.8 up to about 3.3 weight percent molybdenum:
at least one of niobium and tantalum wherein the sum of niobium and tantalum
Is about 4.75 up to about 5.5 weight percent; about 0.65 up to about 1.15
weight percent titanium; about 0.20 up to about 0.8 weight percent aluminum: 0
up to about 0.006 weight percent boron; and iron and incidental impurities:
wherein the ingot has a diameter greater than 30 inches and is substantially free
of negative segregation and is free of freckles and substantially free of other
positive segregation.

In yet another aspect, the present invention provides a VAR ingot of Alloy

/18, wherein the ingot has a diameter greater than 30 inches and weighs more
than 21,500 Ibs.

BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the present invention may be better

understood by reference to the accompanying drawings in which:

10a
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Figure 1 is a diagram generally illustrating of one embodiment of the
method of the present invention, wherein the ESR ingot has a 40-inch diameter
and is converted to a 32-inch diameter VAR electrode prior to vacuum arc
remelting;

Figure 2 is a diagram generally illustrating a second embodiment of the
method of the present invention, wherein the ESR ingot has a 36-inch diameter
and is converted to a 32-inch diameter VAR electrode prior to vacuum arc
remelting; and

Figure 3 is a diagram of a third embodiment of the method of the present
Invention, wherein a 33-inch diameter ESR ingot is cast and is suitable without

mechanical conversion for use as the VAR electrode.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION
The method of the present invention allows for the production of
premium quality, large diameter ingots from Alloy 718, a nickel base superalloy

that is prone to segregation on casting. Previous to the

10b
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development of the present method, the heaviest commercially available
Ingots of Alloy 718 were limited to about 28 inches (711 mm) in diameter, with
maximum weights of about 21,500 Ibs (9773 kg) because of length/diameter
limitations. The inventors have successfully produced premium quality ingots
o0 of Alloy 718 with diameters greater than 30 inches (762 mm) and at least 36

iInches (914 mm) by the present method. These ingots weighed as much as
36,000 Ibs (16,363 kg), well in excess of the previous maximum weight for
premium quality 71.8 Alloy VAR ingots. The inventors believe that the method
of the present invention may be used to produce VAR ingots of other nickel

10 base superalloys that typically experience significant segregation during
casting. Such other alloys include, for example, Alloy 706.

The method of the present invention includes the step of casting

a nickel base superalloy within a casting mold. As noted, the nickel base alloy
may be, for example, Alloy 718. Alloy 718 has the following broad

15 composition, all in weight percentages: about 50.0 to about 55.0 nickel: about
17 to about 21.0 chromium; O up to about 0.08 carbon; 0 up to about 0.35
manganese; 0 up to about 0.35 silicon; about 2.8 up to about 3.3
molybdenum; at least one of niobium and tantalum, wherein the sum of
niobium and tantalum is about 4.75 up t{o about 5.5; about 0.65 up to about

20  1.15 titanium; about 0.20 up to about 0.8 aluminum; O up to about 0.006
boron; and iron and incidental impurities. Alloy 718 is available under the
trademark Allvac 718 from the Allvac division of Allegheny Technologies

Incorporated, Pittsburgh, Pennsylvania. Allvac 718 has the following nominal

11
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composition (in weight percentages) when cast in larger VAR ingot diameters:
54.0 nickel; 0.5 aluminum; 0.01 carbon; 5.0 niobium; 18.0 chromium; 3.0
molybdenum,; 0.9 titanium; and iron and incidental impurities.

Any suitable technique may be used to melt and cast the alloy
within a casting mold. Suitable techniques inclu'de, for example, VIM, AOD,
and VOD. The choice of melting and casting technique is often dictated by a
combination of cost and technical issues. Electric arc furnace/AOD melting
facilitates the use of low cost raw materials, but tends to be lower in yield than
VIM melting, particularly if bottom pouring is used. As the cost of raw
materials increases, the higher yield from VIM melting may make this a more
economical approach. Alloys containing higher levels of reactive elements
may require VIM melting to ensure adequate recovery. The need for low
gaseous residual contents, particularly nitrogen, also may dictate the use of
VIM melting to reach the desired levels.

After the alloy has been cast, it may be held within the mold for
a certain period to ensure sufficient solidification so that it may be stripped
safely from the casting mold. Those of ordinary skill in the art may readily
determine-a sufficient time, if any, to hold the cast ingot within mold. That
time will depend on, for example, the size and dimensions of the ingot, the
parameters of the casting operation, and the composition of the ingot.

Subsequent to removing the cast ingot from casting mold, it is

placed in a heating furnace and is annealed and overaged by heating at a

furnace temperature of least 1200°F (649°C) for at least 10 hours.

12
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Preferably, the ingot is heated at a furnace temperature of at least 1200°F
(649°C) for at least 18 hours. A more preferable heating temperature is at

least 1550°F (843°C). The annealing and overaging heat treatment is

intended to remove residual stresses within the ingot created during
solidification. As ingot diameter increases, residual stresses become more of
a concern because of increased tHermal gradients within the ingot and the
degree of microsegregation and macrosegregation increases, raising the
sensitivity to thermal cracking. When residual stresses become excessive,
thermal cracks can initiate. Some thermal cracks may be catastrophic,
resulting in the need to scrap the product. Cracking may also be more subtle
and result in melting irregularities and subsequent unacceptable segregation.
One type of melting irregularity known as a “melt rate cycle” is caused by
thermal cracks introduced into the ESR and VAR electrode that interrupt heat
conduction along the electrode from the tip that is melting. This concentrates

the heat below the crack, which causes the melt rate to increase as the

‘melting interface approaches the crack. When the crack is reached, the end

of the electrode is relatively cold, making the melting process suddenly
slower. As the crack region melts, the melt rate gradually increases until a
steady state temperature gradient is reestablished in the electrode and the
nominal melt rate is reached.

In a subsequent step, the ingot is used as an ESR electrode to

form an ESR ingot. The inventors have determined that an ESR melt rate of

13
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at least about 8 Ibs/minute (3.63 kg/minute), and more preferably at least 10
lbs/minute (4.54 kg/minute) should be used to provide an ESR ingot suitable
for further processing to a large diameter VAR ingot. Any suitable flux and
flux feed rate may be used, and those having ordinary skill in the art may

O readily determine suitable fluxes and feed rates for a given ESR process. To
some extent, the suitable melting rate will depend on the desired ESR ingot
diameter and should be selected to provide an ESR ingot of a solid
construction (/.e., substantially lacking voids and cracks), having reasonably
good surface quality, and lacking excessive residual stresses to inhibit

10 thermal cracking. The general operation of ESR equipment and the general
manner of conducting the remelting operation are well known to those of
ordinary skill in the art. Such persons may readily electroslag remelt an ESR
électrode of a nickel base superalloy, such as Alloy 718, at the melt rate
specified in the present method without further instruction.

15 Once the electroslag remelting operation has been completed,
the ESR ingot may be allowed to cool in the crucible to better ensure that all
molten metal has solidified. The minimum suitable cool time will largely
depend on ingot diameter. Once removed from the crucible, the ingot is
transferred to a heating furnace so that it may be subjected to a novel post-

20 ESR heat treatment according to the present invention and as follows.

The inventors have discovered that in the production of large
diameter ingots of Alloy 718, it is important that the ESR ingot is hot

transferred into the heating furnace and that the post-ESR heat treatment be
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initiated within 4 hours from the complete solidification of the ESR ingot.
Once the ESR ingot has been transférred to the heating furnace, the post-

ESR heat treatment is initiated by holding the ingot at a first furnace
temperature in the range of at least 600°F (316°C) up to 1800°F (982°C) for at
least 10 hours. More preferably, the furnace temperature range is least 900°F

(482°C) up to 1800°F (982°C). It also is preferred that the heating time at the
selected furnace temperature is at least 20 hours.

After the step of holding the furnace temperature for at least 10

hours, the heating furnace temperature is increased from the first furnace

temperature up to a second furnace temperature of at least 2125°F (1163°C),

and preferably at least 2175°F (1191°C), in a manner that inhibits the

generation of thermal stresses within the ESR ingot. The increase in furnace
temperature up to the second furnace temperature may be performed in a
single stage or és a multiple-stage operation including two or more heating
stages. The inventors have determined that a particularly satisfactory
sequence of increasing temperature from the first to the second furnace

temperatures is a two-stage sequence including: increasing furnace
temperature from the first temperature by no greater than 100°/hour
(55.6°C/hour), and preferably about 25°F/hour (13.9°C/hour), to an

intermediate temperature; and then further increasing furnace temperature

from the intermediate temperature by no greater than 200°F/hour

(111°C/hour), and preferably about 50°F/hour (27.8°C/hour), to the second
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furnace temperature. Preferably, the intermediate temperature is at least

1000°F (583°C), and more preferably is at least 1400°F (760°C).

The ESR ingot is held at the second furnace temperature for at
least 10 hours. The inventors have determined that after being held at the
second furnace temperature, the ingot should exhibit a homogenized structure
and include only minimal Laves phase. In order to bétter ensure that that
desired structure and the desired degree of annealing is achieved, the ESR
ingot is preferably held at the second furnace temperature for at least 24
hours, and Is more preferably held at the second furnace temperature for
about 32 hours.

After the ESR ingot has been held at the second furnace
temperature for the spéciﬁed period, it may be further processed in one of
several ways. If the ESR ingot will not be mechanically worked, it may be
cooled from the second furnace temperature to room temperature in a manner
that inhibits thermal cracking. [f the ESR ingot has a diameter that is greater
than the desired diameter of the VAR electrode, the ESR ingot may be
mechanically worked such as by, for example, hot forging. The ESR ingot
may be cooled from the second furnace temperature to a suitable mechanical
working temperature in a manner selected to inhibit thermal cracking. If,
however, the ESR ingot has been cooled below a suitable working
temperature, it may be reheated to the working temperature in a fashion that

inhibits thermal cracking and may then be worked to the desired dimensions.
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The inventors have determined that when cooling the ESR ingot

from the second furnace temperature, it is desirable to do so in a controlled
manner by reducing furnace temperature from the second furnace
temperature while the ingot remains in the heating furnace. A preferred
cooling sequence that has been shown to prevent thermal cracking includes:

reducing the furnace temperature from the second furnace temperature at a

rate no greater than 200°F/hour (111°C/hour), and preferably at about
100°F/hour (55.6°C/hour), to a first intermediate temperature not greater than

1750°F (954°C), and preferably not greater than 1600°F (871°C); holding at

the first intermediate temperature for at least 10 hours, and preferably at least

18 hours; further reducing the furnace temperature from the first intermediate

temperature at a rate not greater than 150°F/hour (83.3°C/hour), and
preferably about 75°F/hour (41.7°C/hour), to a second intermediate
temperature not greater than 1400°F (760°C), and preferably not greater than

1150°F (621°C); holding at the second intermediate temperature for at least 5

hours, and preferably at least 7 hours; and subsequently air cooling the ingot
to room temperature. Once cooled to room temperature, the ingot should
exhibit an overaged structure of delta phase precipitates.

If the ESR ingot is cooled from the second furnace temperature
to a temperature at which mechanical working will be carried out, then the
relevant portion of the cooling sequence just described may be used to

achieve the working temperature. For example, if the ESR ingot is being

17



CA 02439423 2003-08-26
WO 02/072897 PCT/US02/05510

heated in a heating furnace at a second furnace temperature of 2175°F

(1191°C) and is to be hot forged at a forging temperature of 2025°F (1107°C),
the ESR ingot may be cooled by reducing the furnace temperature from the

second furnace temperature at a rate no greater than 200°F/hour

o  (111°C/hour), and preferably at about 100°F/hour, to the forging temperature.

The inventors have determined that if the ESR ingot has been

cooled from the second furnace temperature to a temperature at or near room

temperature, then heating the ingot back to a suitable mechanical working
temperature may be conducted using the following sequence in order to

10 inhibit thermal cracking: charge the ingot to a heating furnace and heat the

ingot at a furnace temperature less than 1000°F (556°C) for at least 2 hours:
increase the furnace temperature at less than 40°F/hour (22.2°C/hour) to less
than 1500°F (816°C); further increase the furnace temperature at less than

S50°F/hour (27.8°C/hour) to a suitable hot working temperature less than

15 2100°F (1149°C); and hold the ingot at the working temperature for at least 4

hours. In an alternate heating sequence developed by the inventors, the ESR

Ingot Is placed in a heating furnace and the following heating sequence is

followed: the Ingot is heated at a furnace temperature of at least 500°F

(260°C), and preferably at 500-1000°F (277-556°C), for at least 2 hours; the
20  furnace temperature is increased by about 20-40°F/hour (11.1-22.2°C/hour) to

at least 800°F (427°C); the furnace temperature is further increased by about

30-50°F/hour (16.7-27.8°C/hour) o at least 1200°F (649°C); the furnace

18
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temperature is further increased by about 40-60°F/hour (22.2-33.3°C/hour) to

a hot working temperature less than 2100°F (1149°C); and the ingot is held at

the hot working temperature until the ingot achieves a substantially uniform
temperature throughout.

If the ESR ingot has been cooled or heated to a desired
mechanical working temperature, it is then worked in any suitable manner,

such as by press forging, to provide a VAR electrode having a predetermined

diameter. Reductions in diameter may be necessitated by, for example,
limitations on available equipment. As an example, it may be necessary to
mechanically work an ESR ingot having a diameter of about 34 to about 40
inches (about 864 to about 1016 mm) to a diameter of 34 inches (about 864
mm) or less so that it may suitably be used as the VAR electrode on available
VAR equipment.

To this point, the ESR ingot will have been subjected to the
post-ESR heat tfreatment. It also has assumed, either as cast on the ESR
apparatus or after mechanical working, a suitable diameter for use as the
VAR electrode. The ESR ingot may then be conditioned and cropped to
adjust its shape to that suitable for use as a VAR electrode, as is known in the
art. The VAR electrode is subsequently vacuum arc remelted at a rate of 8 to
11 Ibs/minute (3.63 to 5 kg/minute) in a manner known to those of ordinary

skill in the art to provide a VAR ingot of the desired diameter. The VAR melt
rate is preferably 9 to 10.25 Ibs/minute (4.09 to 4.66 kg/min), and is even

more preferably 9.25 to 10.2 Ibs/minute (4.20 to 4.63 kg/minute). The
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iInventors have determined that the VAR melt rate is critical to achieving
premium quality VAR ingots of Alloy 718 material.

" The cast VAR ingot may be further processed, if desired. For
example, the VAR ingot may be homogenized and overaged using techniques
conventional in the production of commercially available larger diameter nickel
base superalloy VAR ingots.

Nickel base superalloy ingots produced by the method of the
present invention may be fabricated into articles of manufactureﬂ by known
manufacturing techniques. Such articles would naturally include certain
rotating components adapted for use in aeronautical and land-based power

generation turbines.

Examples of the method of the present invention follow.

Example 1

Figure 1 is a diagram generally depicting an embodiment of the
method of the present invention adapted for producing premium quality ingots
of Alloy 718 with diameters greater than 30 inches. It will be apparent that the
embodiment of the present method shown in Figure 1 is, in general, a triple-
melt process including steps of VIM, ESR, and VAR. As indicated in Figure 1,
a heat of Alloy 718 was prepared by VIM and cast to a 36-inch diameter VIM
electrode suitable for use as an ESR electrode in a subsequent step. The
VIM ingot was allowed to remain in the casting mold for 6 to 8 hours after

casting. The ingot was then stripped from the mold and transferred hot to a
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furnace, where it was annealed and overaged at 1550°F (843°F) for 18 hours

minimum.

After the anneal/overage step, the ingot surface was ground to

remove scale. The ingot was then transferred hot to an ESR apparatus,
where it was used as the ESR consumable electrode and was electroslag
remelted to form a 40-inch ESR ingot. As is well known, an ESR apparatus
iIncludes an electric power supply that is in electrical contact with the
consumable electrode. The electrode is in contact with a slag disposed in a
water-cooled vessel, typically constructed of copper. The electric power
supply, which is typically AC, provides a high amperage, low voltage current
to a circuit that includes the electrode, the slag, and the vessel. As current
passes through the circuit, electrical resistance heating of the slag increases
its temperature to a level sufficient to melt the end of the electrode in contact
with the slag. As the electrode begins to melt, droplets of molten material
form, and an electrode feed mechanism advances the electrode into the slag
to provide the desired melt rate. The molten material droplets pass through
the heated slag, which removes oxide inclusions and other impurities.
Determining the proper melt rate is crucial to provide an ingot that is
substantially homogenous and free of voids, and that has a reasonably good
quality surface. Here, the inventors determined through experimentation that

a melt rate of 14 Ibs/min. provided a suitably homogenous and defect-free

ESR ingot.
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Atter the 40-inch ESR ingot was cast, it was allowed to cool
within the mold for 2 hours and then subjected to the following post-ESR heat

treatment. The heat treatment prevented thermal cracking in the ingot in

subsequent processing. The ESR ingot was removed from the mold and hot

O ftransferred to a heating furnace where it was maintained at about 900°F

(482°C) for 20 hours. Furnace temperature was then increased by about

25°F/hour (13.9°C/hour) to about 1400°F (760°C). Furnace temperature was
then further increased at a rate of about 50°F/hour (27.8°C/hour) to about

2175°F (1191°C), and the ingot was held at 2175°F (1191°C) for at least 32
10 hours. The ingot was then cooled by reducing furnace temperature about
100°F/hour (55.6°C/hour) to about 1600°F (871°C). That temperature was
maintained for at least 18 hours. The ingot was then further cooled by
reducing the furnace temperature about 75°F/hour (41.7°C/hour) to about
1150°F, and the temperature was held there for about 7 hours. The ingot was

15 removed from the furnace and allowed to air cool.

The 40-inch diameter of che ESR ingot was too large to be vacuum
arc remelted using the available VAR apparatus. Therefore, the ingot was
press forged to a 32-inch diameter suitable for use on the VAR apparatus.
Before forging, the ingot was heated in a furnace to a suitable press forging

20  temperature by a heating sequence developed by the present inventors to

prevent thermal cracking. The ingot was first heated at 500°F (260°C) for 2

hours. Furnace temperature was then ramped up at 20°F/hour (11.1°C/hour)
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to 800°F (427°C), increased by 30°F/hour (16.7°C/hour) to 1200°F (649°C),

and then further increased by 40°F/hour (22.2°C/hour) to 2025°F (1107°C),

where it was maintained for about 8 hours. The ingot was then press forged

to a 32-inch diameter, reheating to forging temperature as needed. The 32-

Inch VAR electrode was maintained at about 1600°F (871°C) for a minimum

of 20 hours and then conditioned and bandsaw cropped to flatten its ends.
The inventors have discovered that only a narrow and specific VAR
melting range will produce a substantially‘ segregation-free VAR ingot, and
that VAR control is especially critical during start-up to avoid
macrosegregation. The 32-inch VAR electrode was vacuum arc remelted to a
36-inch VAR ingot at a melt rate of about 9.75 Ibs/min., which must be
controlled within a narrow window. The \;AR iIngot was then homogenized

using a standard furnace homogenization heating cycle, and was then
overaged at 1600°F (871°C) for 20 hours minimum.

The weight of the 36-inch VAR ingot was significantly in excess of
the 21,500 Ib (9772 kg) weight of commercially available 28-inch diameter
Alloy 718 ingots. Product from the 36-inch ingot was ultrasonically and macro
slice inspected, and was found to be free of freckles, and was substantially
free of cracks, voids, negative segregation, and other positive segregation.
The ESR ingot was considered to be premium quality énd suitable for
fabrication into parts used in critical applications, sucﬁ as rotating parts for

land-based and aeronautical power generation turbines.
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Example 2

In the above example, the ESR ingot had a diameter in excess of

that which could be used on the available VAR apparatus, which
accommodated a VAR electrode of up to about 34 inches ((863 mm). This

O necessitated that the diameter of the ESR ingot be adjusted by mechanical

working. This, in turn, required that the inventors develop a suitable ESR
ingot heating sequence to heat the ESR ingot to forging temperature while
preventing the occurrence of thermal cracking during forging. If the diameter
of the ESR ingot were to more closely approximate the maximum diameter
10 usable on the available VAR apparatus, then the ESR ingot would be less
prone to thermal cracking. Press forging or other mechanical working of the
ESR ingot may be wholly unnecessary if the size of the ESR ingot were
suitable for use directly on the available VAR apparatus. In such case, the

ESR ingot could be delivered to the VAR apparatus immediately after the

15  post-ESR heat treatment steps.

Figure 2 is a diagram generally depicting a prophetic embodiment
of a triple-melt process according to the present invention wherein the ESR
apparatus may be used to cast a 36-inch ESR ingot. Because the ESR ingot
has a diameter that is less than the 40-inch diameter of the ESR ingot cast in

20  Example 1, there would be less risk of ingot cracking or other working-induced
imperfections. [n addition, the reduced diameter and greater length of the
ESR ingot would reduce the likelihood that the ESR ingot would crack or

suffer from significant segregation once cast.
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As indicated in Figure 2, the VIM electrode is cast to a 33-inch
diameter ingot. The VIM ingot is then hot transferred and may be annealed
and overaged as described in Example 1. In particular, the VIM ingot is
allowed to remain in the casting mold for 6 to 8 hours before being stripped
and loaded into the heat-treating furnace. It is believed that the hold time in
the casting mold could be reduced for smaller diameter VIM ingots. The 33-
Inch VIM ingot is then electroslag remelted by the process generalIS/ described
In Example 1. The ingot is then hot transferred and subjected to a post-ESR
heat treatment as described above in Example 1. Subsequent to the post-
ESR heat treatment, the ESR ingot is ramped up to forging temperature and
press forged to 32-inch diameter as generally described in Example 1. The
32-inch forging is overaged and then vacuum arc remelted to a 36-inch VAR
ingot as generally described in Example 1. The VAR ingot may then be
homogenized by standard homogenization treatments, or may be suitably
processed in other ways. It is believed that a premium quality Alloy 718 VAR

ingot, comparable to the ingot produced by the method of Example 1, would

result.

Example 3

Figure 3 is a diagram an alternative prophetic embodiment of a
triple-melt process within the present invention wherein the 30-inch diameter
of the as-cast ESR ingot is directly suitable for use with the ESR apparatus. A

30-inch VIM electrode is electroslag remelted to a 33-inch ESR ingot. The
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ESR ingot is hot transferred and heat treated as described in Example 1, and
s then vacuum arc remelted, without reduction in diameter, to a 36-inch
diameter VAR ingot. The VAR ingot may then be homogenized and further
processed as described in Example 1. The process depicted in Figure 3
differs from that of Figure 1 only in that the diameters of the VIM electrode
and ESR ingot differ from those of Example 1, and no press forging operation

or ramped heat-up to forging temperature are needed. A premium quality 36-

iInch diameter Alloy 718 ingot would result.

Example 4

Several VAR ingots of Allvac 718 material having diameters
greater than 30 inches were prepared by the method of the present invention
and inspected. Parameters of the several runs are set forth in the following
chart. In several of the runs, various VAR melt rates were evaluated to

determine the effects on quality of the resulting VAR ingot.
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Evaluation of the VAR ingots was conducted on 10-inch diameter
billet produced by draw forging the VAR ingots, followed by GFM forging to final
diameter. The forged billets were peeled and polished to remove surface
irregularities after which they were ultrasonic inspected for internal cracks and
voids that are usually associated with areas of negative segregation. Transverse
slices cut from several locations along the length of the billets representing all
melt rates were then chemically etched to reveal areas of negative and positive
segregation. The absence of sonic indications and segregation defects was
sufficient to classify the mateﬁal as being of premium quality.

It is to be understood that the present description illustrates those
aspects of the invention relevant to a clear understanding of the invention.
Certain aspects of the invention that would be apparent to those of ordinary skill
in the art and that, therefore, would not facilitate a better understanding of the
iInvention have not been presented in order to simplify the present description.
Although the present invention has been described in connection with certain
embodiments, those of ordinary skill in the art will, upon considering the
foregoing description, recognize that many modifications and variations of the
iInvention may be employed. All such variations and modifications of the
invention are intended to be covered by the foregoing description and the

following claims.
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What is claimed is:

1. A method of producing a nickel base superalloy that is substantially free
of positive and negative segregation, the method comprising:

casting an alloy that is a nickel base superalloy within a casting mold;

annealing and overaging the alloy by heating the alloy at at least 1200°F
(649°C) for at least 10 hours;

electrosiag remelting the alloy at a melt rate of at least 8 Ibs/min. (3.63
kg/min.);

transferring the alloy to a heating furnace within 4 hours of complete

solidification;

holding the alloy within the heating furnace at a first temperature of

600°F (316°C) to 1800°F (982°C) for at least 10 hours;
increasing the furnace temperature from the first temperature to a

second temperature of at least 2125°F (1163°C) in a manner to inhibit thermal

stresses within the alloy;

holding at the second temperature for at least 10 hours; and
vacuum arc remeiting a VAR electrode of the alloy at a melt rate of 8 to

11 Ibs/minute (3.63 to 5 kg/minute) to provide a VAR ingot.

2. The method of claim 1, wherein the VAR ingot has a diameter greater

than 30 inches (762 mm).

3. The method of claim 1, wherein the VAR ingot has a diameter of at least

36 inches (914 mm).

4, The method of claim 1, wherein the weight of the VAR ingot is greater
than 21,500 lbs (9772 kq).

30



CA 02439423 2010-06-11

5. The method of claim 1, wherein the nickel base alloy is one of Alloy 718

and Alloy 706.

. The method of claim 1, wherein the nickel base alloy comprises:
50.0 to 55.0 weight percent nickel;
17 to 21.0 weight percent chromium;
0 up to 0.08 weight percent carbon;
0 up to 0.35 weight percent manganese;
0 up to 0.35 weight percent silicon;
2.8 up to 3.3 weight percent molybdenum;
at least one of niobium and tantalum wherein the sum of niobium and
tantalum is 4.75 up to 5.5 weight percent;
0.65 up to 1.15 weight percent titanium;
0.20 up to 0.8 weight percent aluminum;
up to 0.006 weight percent boron; and

iron and incidental impurities.

/. The method of claim 1, wherein the nickel base alloy consists essentially
of:

about 54.0 weight percent nickel,

about 0.5 weight percent aluminum;

about 0.01 weight percent carbon;

about 5.0 weight percent niobium;

about 18.0 weight percent chromium;

about 3.0 weight percent molybdenum;

about 0.9 weight percent titanium; and

iron and incidental impurities.
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8. The method of claim 1, wherein casting the nickel base alloy comprises
melting and optionally refining the alloy by at least one of vacuum induction

melting, argon oxygen decarburization, and vacuum oxygen decarburization.

9. The method of claim 1, wherein annealing and overaging the alloy

comprises heating the alloy at at least 1200°F (649°C) for at least 18 hours.

10. The method of claim 1, wherein annealing and overaging the alloy

comprises heating the alloy at at least 1550°F (843°C) for at least 10 hours.

11. The method of claim 1, wherein electroslag remelting the alloy comprises

electroslag remelting at a melt rate of at least 10 Ibs/minute (4.54 kg/minute).

12. The method of claim 1, wherein holding the alloy within the heating
furnace comprises holding the alloy at a furnace temperature of at least 600°F

(316°C) up to 1800°F (982°C) for at least 20 hours.

13. The method of claim 1, wherein holding the alloy within the heating
furnace comprises holding the alloy at a furnace temperature of at least 900°F

(482°C) up to 1800°F (982°C) for at least 10 hours.

14. The method of claim 1, wherein increasing the furnace temperature
comprises increasing the furnace temperature from the first temperature to the

second temperature in a multi-stage manner comprising:
increasing the furnace temperature from the first temperature by no
greater than 100°F/hour (55.6°C/hour) to an intermediate temperature; and
further increasing the furnace temperature by no greater than 200°F/hour

(111°C/hour) from the intermediate temperature to the second temperature.
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15. The method of claim 14, wherein the first temperature is less than

1000°F (583°C) and the intermediate temperature is at least 1000°F (583°C).

16. The methoa of claim 1, wherein the first temperature is less than 1400°F

(760°C) and the intermediate temperature is at least 1400°F (760°C).

17.  The method of claim 1, wherein the second temperature is at least

2175°F (1191°C).

18. The method of claim 1, wherein the alloy is held at the second

temperature for at least 24 hours.

19. The method of claim 1, wherein electroslag remelting the alloy provides
an ESR ingot having a diameter that is greater than a desired diameter of the
VAR electrode, the method further comprising, subsequent to holding at the
second temperature:

mechanically working the ESR ingot to alter dimensions of the ingot and

to provide a VAR electrode with the desired diameter.

20.  The method of claim 19, further comprising, subsequent to holding the
alloy at the second temperature and prior to mechanically working the ESR
ingot:

cooling the alloy to a mechanical working temperature at a cooling rate

not greater than 200°F/hour (111°C/hour).

21.  The method of claim 1, further comprising, subsequent to holding the

alloy at the second temperature and prior to vacuum arc remelting the VAR

electrode:
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cooling the alloy from the second temperature to room temperature by a
cooling process comprising reducing the furnace temperature at a rate not

greater than 200°F/hour (111°C/hour) from the second temperature to a
first intermediate temperature not greater than 1750°F (982°C), and holding at

the first intermediate temperature for at least 10 hours.

22. The method of claim 21, wherein cooling the alloy further comprises:
reducing the furnace temperature at a rate not greater than 150°F/hour

(83.3°C/hour) from the first intermediate temperature to a second intermediate

temperature not greater than 1400°F (760°C), and holding at the second

intermediate temperature for at least 5 hours.

23.  The method of claim 22, wherein subsequent to holding at the second

intermediate temperature, the alloy is cooled in air to about room temperature.

24.  The method of claim 19, further comprising, subsequent to holding at the
second temperature and prior to mechanically working the ESR ingot:

cooling the alloy from the second temperature to about room
temperature in a manner that inhibits thermal stresses in the alloy;

and

heating the alloy to a suitable mechanical working temperature in a

manner that inhibits thermal stresses in the alloy.

25. The method of claim 24, wherein heating the alloy to a suitable
mechanical working temperature comprises:

heating the alloy within a heating furnace at a furnace temperature of at

least 500°F (260°C) for at least 2 hours;

34



CA 02439423 2010-06-11

increasing the furnace temperature by at least 20°F/hour (11.1°C/hour)

to at least 800°F (427°C);

further increasing the furnace temperature by at least
30°F/hour (16.7°C/hour) to at least 1200°F (649°C); and

further increasing the furnace temperature by at least 40°F/hour
(22.2°C/hour) to a temperature of at least 2025°F (1107°C), and holding at the

temperature until the alloy achieves a substantially uniform temperature

throughout.

26. The method of claim 19, wherein the ESR ingot has a diameter of 34

inches (864 mm) to 40 inches (1016 mm) and the VAR electrode has a smaller

diameter no greater than 34 inches (864 mm).

27. A VAR ingot of a nickel base alloy produced by the method as defined in

claim 1.
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