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(67)  Methods of casting a component including one
or more surface cooling channels. The method including
casting (160) a ceramic core into a flexible mold of a core
section and casting (162) a ceramic shell in at least two
sections into respective flexible molds of a first shell sec-
tion and a second shell section. A ceramic casting vessel
is subsequently formed by assembling (164) the ceramic
core within the ceramic shell sections. A metal substrate
material is cast into the ceramic casting vessel (166).
Removal (168) of the ceramic casting vessel reveals a
substrate of the component having defined therein the
interior passageway, the one or more cooling passages
in fluidic communication with the interior passageway
and one or more surface grooves in fluidic communica-
tion with the one or more cooling passages.
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Description
BACKGROUND

[0001] The subject matter disclosed herein relates
generally to turbine systems, such as gas turbine sys-
tems, and more particularly to micro-channel cooling
therein.

[0002] In gas turbine engines, air is pressurized in a
compressor and mixed with fuel in a combustor for gen-
erating hot combustion gases. Energy is extracted from
the gases in a high pressure turbine (HPT), which powers
the compressor, and in a low pressure turbine (LPT),
which powers a fan in a turbofan aircraft engine applica-
tion, or powers an external shaft for marine and industrial
applications.

[0003] During operation of gas turbine engines, the
temperatures of combustion gases may exceed 3,000°F,
considerably higher than the melting temperatures of the
metal parts of the engine which are in contact with these
gases. Operation of these engines at gas temperatures
that are above the metal part melting temperatures is a
well-established art, and depends in part on supplying a
cooling airto the outer surfaces of the metal parts through
various methods. The metal parts of these engines that
are particularly subject to high temperatures, and thus
require particular attention with respect to cooling, are
the metal parts forming combustors and parts located aft
of the combustor.

[0004] Engine efficiency increases with temperature of
combustion gases. However, the combustion gases heat
the various components along their flow path, which in
turn requires cooling thereof to achieve a long engine
lifetime. Typically, the hot gas path components are
cooled by bleeding air from the compressor. This cooling
process reduces engine efficiency, as the bled air is not
used in the combustion process.

[0005] Gas turbine engine cooling art is mature and
includes numerous patents for various aspects of cooling
circuits and features in the various hot gas path compo-
nents. Forexample, the combustorincludes radially outer
and inner liners, which require cooling during operation.
Turbine nozzles include hollow vanes supported be-
tween outer and inner bands, which also require cooling.
Turbine rotor blades are hollow and typically include cool-
ing circuits therein, with the blades being surrounded by
turbine shrouds, which also require cooling. The hotcom-
bustion gases are discharged through an exhaust which
may also be lined, and suitably cooled.

[0006] In all of these exemplary gas turbine engines
components, thin metal walls of high strength superalloy
metals are typically used for enhanced durability while
minimizing the need for cooling thereof. Various cooling
circuits and features are tailored for these individual com-
ponents in their corresponding environments in the en-
gine. For example, a series of internal cooling passages,
or serpentines, may be formed in a hot gas path compo-
nent. A cooling fluid may be provided to the serpentines
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from a plenum, and the cooling fluid may flow through
the passages, cooling the hot gas path component sub-
strate and coatings. However, this cooling strategy typi-
cally results in comparatively low heat transfer rates and
non-uniform component temperature profiles.

[0007] Employing micro-channel cooling techniques
has the potential to significantly reduce cooling require-
ments. Micro-channel cooling places the cooling as close
as possible to the heat zone, thus reducing the temper-
ature difference between the hot side and cold side of
the load bearing substrate material for a given heat trans-
fer rate. However, current techniques for forming micro-
channels typically require the use of post-casting ma-
chining to form the micro-channels and coolant feed
holes. Post-casting machining involves potentially dam-
aging processes and typically requires long times.
[0008] It would therefore be desirable to provide a
method for forming cooling channels in hot gas path com-
ponents that eliminates the need for the post-casting ma-
chining.

BRIEF DESCRIPTION

[0009] Inoneaspect, the inventionresidesin a method
of casting a component including one or more surface
cooling channels. The method includes casting a ceramic
core from a flexible mold of one or more core sections
and casting a ceramic shell in at least two sections into
respective flexible molds of a first shell section and a
second shell section. Next, a ceramic casting vessel is
formed by assembling the ceramic core within the ce-
ramic shell sections. A metal substrate material is cast
into the ceramic casting vessel. Subsequently, the ce-
ramic casting vessel is removed. Removal of the ceramic
casting vessel reveals a substrate of the component hav-
ing defined therein an interior passageway, one or more
cooling passages in fluidic communication with the inte-
rior passageway and one or more surface grooves in
fluidic communication with the one or more cooling pas-
sages.

[0010] In another aspect, the invention resides in a
method of casting a component including one or more
surface cooling channels. The method includes providing
a model of a desired ceramic casting vessel defining a
geometry of the component and including an interior pas-
sageway, one or more cooling passages in fluidic com-
munication with the interior passageway and one or more
surface grooves in fluidic communication with the one or
more cooling passages. The model is digitally divided
into a plurality of sections and each of the plurality of
sections is translated into a master tool wherein the plu-
rality of sections include a one or more precision metal
inserts to define the geometry of the componentincluding
the interior passageway, the one or more cooling pas-
sages and the one or more surface grooves and one or
more alignment features. A flexible mold is next cast from
each mastertool. A ceramic core is castfrom arespective
flexible mold. A ceramic shell is cast in at least two sec-
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tions from a respective flexible mold. A ceramic casting
vessel is formed by assembling the ceramic core within
the ceramic shell sections. Next, a metal is cast into the
ceramic casting vessel. The ceramic casting vessel is
subsequently removed to reveal a substrate of the com-
ponent having the interior passageway, the one or more
cooling passages in fluidic communication with the inte-
rior passageway and one or more surface grooves in
fluidic communication with the one or more cooling pas-
sages.

[0011] In yet another aspect, the invention resides in
a method of casting a component including one or more
surface cooling channels is disclosed. The method in-
cludes providing a model of a desired ceramic casting
vessel defining a geometry of the component and includ-
ing an interior passageway, one or more cooling passag-
es in fluidic communication with the interior passageway
and one or more surface grooves in fluidic communica-
tion with the one or more cooling passages and digitally
dividing the modelinto a plurality of sections. The plurality
of sections defines one or more core sections and atleast
two shell sections. Each of the plurality of sections is next
translated into a master tool. One or more precision metal
inserts is disposed into one or more of the plurality of
sections to define the geometry of the componentinclud-
ing the interior passageway, the one or more cooling pas-
sages, the one or more surface grooves and one or more
alignment features. Next, a flexible mold if cast from each
master tool. The respective flexible molds are assembled
to define a cavity therebetween. A ceramic core is cast
from a respective flexible mold and a ceramic shell in at
leasttwo sections is casts from arespective flexible mold.
A ceramic casting vessel is formed by assembling the
ceramic core within the ceramic shell sections utilizing
the one or more alignment features. A metal is then cast
into the ceramic casting vessel. Subsequent removal of
the ceramic casting vessel reveals a substrate of the
component having the interior passageway, the one or
more cooling passages in fluidic communication with the
interior passageway and one or more surface grooves in
fluidic communication with the one or more cooling pas-
sages. Finally, a coating is disposed over at least a por-
tion of a surface of the substrate, wherein the one or more
surface grooves and the coating define the one or more
surface cooling channels for cooling the component.
[0012] These and additional features provided by the
embodiments discussed herein will be more fully under-
stood in view of the following detailed description, in con-
junction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The embodiments set forth in the drawings are
illustrative and exemplary in nature and not intended to
limit the embodiments defined by the claims. The follow-
ing detailed description of the illustrative embodiments
can be understood when read in conjunction with the
following drawings, where like structure is indicated with
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like reference numerals and in which:

FIG. 1 is a schematic illustration of a gas turbine
system including a component with surface cooling
channels according to one or more embodiments
shown or described herein;

FIG. 2 is a schematic cross-section of an exemplary
airfoil configuration including surface cooling chan-
nels according to one or more embodiments shown
or described herein;

FIG. 3 is a cross-section of a step in a method of
making a component including surface cooling chan-
nels according to one or more embodiments shown
or described herein;

FIG. 4 is a cross-section of a step in a method of
making a component including surface cooling chan-
nels according to one or more embodiments shown
or described herein;

FIG. 5 is a cross-section of a step in a method of
making a component including surface cooling chan-
nels according to one or more embodiments shown
or described herein;

FIG. 6 is a cross-section of a step in a method of
making a component including surface cooling chan-
nels according to one or more embodiments shown
or described herein;

FIG. 7 is a cross-section of a step in a method of
making a component including surface cooling chan-
nels according to one or more embodiments shown
or described herein;

FIG. 8 is a cross-section of a step in a method of
making a component including surface cooling chan-
nels according to one or more embodiments shown
or described herein;

FIG. 9 is a cross-section of a step in a method of
making a component including surface cooling chan-
nels according to one or more embodiments shown
or described herein;

FIG. 10 is a cross-section of a step in a method of
making a componentincluding surface cooling chan-
nels according to one or more embodiments shown
or described herein;

FIG. 11 is a cross-section of a step in a method of
making a componentincluding surface cooling chan-
nels according to one or more embodiments shown
or described herein;

FIG. 12 is a cross-section of a step in a method of
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making a componentincluding surface cooling chan-
nels according to one or more embodiments shown
or described herein;

FIG. 13 is a cross-section of a step in a method of
making a componentincluding surface cooling chan-
nels according to one or more embodiments shown
or described herein;

FIG. 14 is a cross-section of a step in a method of
making a componentincluding surface cooling chan-
nels according to one or more embodiments shown
or described herein;

FIG. 15 is a cross-section of a step in a method of
making a componentincluding surface cooling chan-
nels according to one or more embodiments shown
or described herein; and

FIG. 16 is a flow chart depicting one implementation
of a method of making a component including sur-
face cooling channels according to one or more em-
bodiments shown or described herein.

DETAILED DESCRIPTION

[0014] One or more specific embodiments of the
present disclosure will be described below. In an effort
to provide a concise description of these embodiments,
all features of an actual implementation may not be de-
scribed in the specification. It should be appreciated that
in the development of any such actual implementation,
as in any engineering or design project, numerous im-
plementation-specific decisions must be made to
achieve the developers’ specific goals, such as compli-
ance with system-related and business-related con-
straints, which may vary from one implementation to an-
other. Moreover, it should be appreciated that such a
development effort might be complex and time consum-
ing, but would nevertheless be a routine undertaking of
design, fabrication, and manufacture for those of ordinary
skill having the benefit of this disclosure.

[0015] When introducing elements of various embod-
iments of the present disclosure, the components "a,"
"an," "the," and "said" are intended to mean that there
are one or more of the elements. The terms "comprising,"
"including," and "having" are intended to be inclusive and
mean that there may be additional elements other than
the listed elements.

[0016] Disclosed is a method of manufacturing surface
cooling channels in a high-performance product, such an
airfoil, made from metals, ceramics, polymers and/or
composite material systems. The method enables the
manufacture of an airfoil design with improved cooling
characteristics that eliminates the need for the post-cast-
ing machining of the surface cooling channels. In an em-
bodiment, coolant exit features may be placed in the ap-
plied coating after deposition of the coating, orthe surface

10

15

20

25

30

35

40

45

50

55

cooling channels may be oriented to exit off the edges
of the part.

[0017] The method of manufacture utilizes a novel
molding or casting process based on the use of lithogra-
phy and lithographic machining techniques to create a
three-dimensional model of the finished airfoil. The meth-
od will be described in more detail herein.

[0018] FIG. 1 is a schematic diagram of a gas turbine
system 10. The system 10 may include one or more com-
pressors 12, combustors 14, turbines 16, and fuel noz-
zles 20. The compressor 12 and turbine 16 may be cou-
pled by one or more shaft 18. The shaft 18 may be a
single shaft or multiple shaft segments coupled together
to form shaft 18.

[0019] The gas turbine system 10 may include a
number of hot gas path components. A hot gas path com-
ponent is any component of the system 10 that is at least
partially exposed to a high temperature flow of gas
through the system 10. For example, bucket assemblies
(also known as blades or blade assemblies), nozzle as-
semblies (also known as vanes or vane assemblies),
shroud assemblies, transition pieces, retaining rings, and
compressor exhaust components are all hot gas path
components. However, it should be understood that the
hot gas path component of the present disclosure is not
limited to the above examples, but may be any compo-
nent that is at least partially exposed to a high tempera-
ture flow of gas. Further, it should be understood that the
hot gas path component of the present disclosure is not
limited to components in gas turbine systems 10, but may
be any piece of machinery or component thereof that
may be exposed to high temperature flows.

[0020] When a hot gas path component is exposed to
a hot gas flow, the hot gas path component is heated by
the hot gas flow and may reach a temperature at which
the hot gas path component fails. Thus, in order to allow
system 10 to operate with hot gas flow at a high temper-
ature, increasing the efficiency and performance of the
system 10, a cooling system for the hot gas path com-
ponent is required.

[0021] In general, the cooling system of the present
disclosure includes a series of small cooling channels,
or microchannels, formed in the surface of the hot gas
path component. The hot gas path component may in-
clude one or more grooves and a coating to bridge there
over the grooves, and form the micro-channels. A cooling
fluid may be provided to the micro-channels from a ple-
num, and the cooling fluid may flow through the micro-
channels, cooling the coating and the substrate.

[0022] Referring now to FIG. 2, illustrated is an exam-
ple of a hot gas component 30 having an airfoil configu-
ration. As indicated, the component 30 comprises a sub-
strate 32 with an outer surface 34 and an inner surface
36. The inner surface 36 of the substrate 32 defines at
least one hollow, interior space 38. In an alternate em-
bodiment, in lieu of a hollow interior space, the hot gas
component 30 may include a supply cavity. The outer
surface 34 of the substrate 32 defines a number of sur-
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face cooling channels 40. Each of the surface cooling
channels 40 extends at least partially along the outer
surface 34 of the substrate 32 and in fluidic communica-
tion via one or more cooling passages 41 with the at least
one hollow, interior space 38. A coating 42 is disposed
over at least a portion of the outer surface 34 of the sub-
strate 32, and more particularly over one or more grooves
44 formed in the outer surface 34 of the substrate 32,
that in combination with the coating 42 form the surface
cooling channels 40. In an embodiment, the hot gas com-
ponent 30 may include multiple coatings 42, and the sur-
face cooling channels 40 may be formed in the substrate
32 or partially in the substrate 32 and the one or more of
the coatings 42.

[0023] As described below, the method disclosed
herein includes lithography and lithographic machining
techniques to create a three-dimensional model of the
finished component, and more particularly the airfoil, in-
cluding a plurality of surface cooling channels. Initially, a
digital model of a component, such as an airfoil, is formed
using a computerized design system, the use of which
is well known in the art. The digital model is thereafter
divided into a plurality of parts for castings. The plurality
of castings are ultimately assembled into a casting vessel
into which an alloy is cast. Ultimate removal of the casting
vesselreveals a coolable structure having an interior pas-
sageway and one or more cooling passages in fluidic
communication with the interior passageway and one or
more open surface cooling channels. The method results
in a component that requires no post casting machining
to form the open surface cooling channels.

[0024] As previously indicated, an exemplary embod-
iment fabricated according to the method disclosed here-
in is the fabrication of a gas turbine airfoil, including an
interior hollow passageway in fluidic communication with
a plurality of surface cooling channels.

[0025] Referring more particularly to FIGs. 3-16, dis-
closed are steps in amethod of fabricating the component
30. More particularly, disclosed are steps in a method for
manufacturing a ceramic core 52 and a ceramic shell 54
of a ceramic casting vessel 56 that will define therein an
interior passageway, one or more cooling passages, and
one or more surface cooling channels of the component
30.

[0026] As indicated, the method provides for forming
(as best illustrated in FIG. 2) the one or more surface
channels, or grooves, 44 in the outer surface 34 of the
hot gas component 30 in fluidic communication with the
interior passageway 38. For the illustrated examples,
multiple grooves 44 are formed in the outer surface 34.
Each of the grooves 44 extends at least partially along
the surface 34 of the component 30. In an embodiment,
as shown, for example, in FIG. 3, initially a model 50 is
provided of a desired ceramic casting vessel 56 defining
the component 30 and including a plurality of inserts (de-
scribed presently) to define the interior passageway 38
(FIG. 2) the one or more cooling passages 41 (FIG. 2)
and the one or more grooves 44 (FIG. 2). The model is
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digitally divided, as illustrated in FIG. 4, into a plurality of
sections. More specifically, the model is digitally divided
to define one or more core sections, of which a single
core section 60 is illustrated, and at least two shell sec-
tions 62 and 64. It is noted that in the illustrated embod-
iment, core section 60, although illustrated as defined by
a single section, may be too complex to form as a single
section, and alternatively formed as a plurality of core
sections. In an embodiment, dividing each of the core
and shell into more than one section may ease the fab-
rication and allow for more precision details to be includ-
ed.

[0027] Referring now to FIG. 5, next each of the plu-
rality of sections, and more specifically the core section
60 and the plurality of shell sections 62 and 64 is trans-
lated into a master tool 66. Each of the master tools 66
is produced from the digital model 50 using well known
machining processes to translate each section 60, 62,
64 to a respective master tool 66. At least one of the
plurality of sections 60, 62 and 64 includes a plurality of
precision metal inserts 70 to define the geometry of the
component 30 including the one or more cooling passag-
es 41 and the one or more surface grooves 44. Keeping
in mind the three-dimensionality of such parts rather than
just the two-dimensional cross sections shown in the fig-
ures, in an embodiment the metal inserts 70 may be
formed of multiple layers themselves, such as etched
copper sheets that are then stacked or locked into posi-
tion. In addition, one or more precision metal inserts 70
may beincluded to define one or more alignment features
72. More specifically, as illustrated in FIG. 5, the core
section 60 is translated into two cooperating master tools
67 and 69 that will ultimately form the ceramic core 52
of the ceramic casting vessel 56. Each of the master tools
66 is formed of any soft stable metal or metal alloy ca-
pable of being machined. In a preferred embodiment, the
master tools 66 are formed of an aluminum material due
to the advantages of cost and machining ease. Each of
the master tools 66 and more particularly master tools
67 and 69, incorporate a machined surface 68, the pre-
cision metal inserts 70 and the alignment features 72 and
reflects the intended shape of the component to be cast.
In a preferred embodiment, the precision metal inserts
70 are formed of etched copper and are reflective of the
geometry of the final one or more cooling passages 41
(FIG. 2) and the one or more surface grooves 44. Copper
is the preferred material for the precision metal inserts
70 in that it is easily worked by etching or lithographic
techniques, but any metal or alloy that is amenable to
these techniques will work. As shown, for example, in
FIG. 3, a final geometry of each of the grooves 44 has a
base 46 and a top 48, where the base 46 is wider than
the top 48, such that each of the grooves 44 comprises
are-entrantshaped groove 44. As indicated, forexample,
in FIG. 3, the method further includes forming the one or
more cooling passages 56 coupled to the base 46 of a
respective one of the grooves 44, to provide fluid com-
munication between the grooves 44 and the one hollow
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interior space(s) 38. The one or more cooling passages
56 are typically circular or oval in cross-section. The one
or more cooling passages 56 may be normal to the base
46 of the respective grooves 44 (as shown in FIG. 3) or,
more generally, may be formed at angles in a range of
20-90 degrees relative to the base 46 of the groove 44.
Although the grooves 44 are described herein as re-en-
trant type grooves, fabrication of the grooves 44 as open
format grooves is anticipated herein. The resultant over-
all surface geometry 74 of the master tool 66 is a com-
bination of the machined surface 68 and the precision
metal inserts 70 and indicative of the final shape of the
ceramic core 52.

[0028] Referring now to FIG. 6, a plurality of flexible
molds 80 are next cast from the master tools 66, and
more particularly master tools 67 and 69. The flexible
molds 80 will enable replication of the resultant surface
geometry 74 of each of the master tools 66, and more
particularly, the machined surface 68 and the precision
metal inserts 70 of each of the master tools 67 and 69.
[0029] As bestillustrated in FIG. 7, subsequent to cur-
ing, the master tools 67 and 69 are removed to reveal
the flexible molds 80. The flexible molds 80 are positioned
and aligned relative to one another to define therebe-
tween a cavity 82. The cavity 82 is indicative of the shape
of the ceramic core 52. In an embodiment, alignment
inserts 84 are utilized in the formed alignment features
72 to aid in proper alignment of each half of the flexible
molds 80 relative to one another.

[0030] Referring now to FIG. 8, subsequent to align-
ment of the two halves of the flexible molds 80, the cavity
82isfilled with a ceramic casting material 86. After curing,
the flexible molds 80 are removed to reveal the ceramic
core 52 including precision features that will form the one
or more cooling passages 41 and one or more surface
grooves 44, that will ultimately form the one or more sur-
face cooling channels 40.

[0031] In addition to fabrication of the ceramic core 52,
the ceramic casting vessel 56 further includes the ceram-
ic shell 54. Accordingly, the ceramic shell 54 is next cast
in at least two sections 62 and 64 which are then joined
together and in combination with the ceramic core 52
enable fabrication of the component 30 including one or
more surface grooves 44. As previously detailed, in a
preferred embodiment of fabrication an airfoil, such as
airfoil 30 of FIG. 2, the shell sections 62 and 64 are fab-
ricated based on a digital model 50 of the ceramic shell
54 (FIGs. 3 and 5). In a preferred embodiment the digital
model 50, and more particularly the ceramic casting ves-
sel 56, is divided into a suction side and a pressure side.
It is acknowledged that alternative locations for the split
of the ceramic casting vessel 56 are anticipated herein,
and dependent upon design parameters including shape
and ease in fabrication in which some parts may require
more than two shell sections.

[0032] Referring now to FIGs. 9 and 11, a master tool
is fabricated for each of the shell sections 62 and 64 that
comprise the ceramic shell 54 of the ceramic casting ves-
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sel 56. More particularly, as illustrated, a first master tool
90 and second master tool 92 are fabricated for each
shell section 62 and 64 in the same general manner as
previously described for the core section 60. FIG. 9 illus-
trates the first master tool 90 of an exterior side 94 of
shell section 62 being fabricated for subsequent casting
of aflexible mold of the exterior side 94. FIG. 11 illustrates
the second master tool 92 of an interior side 96 of shell
section 62 being fabricated for subsequent casting of a
flexible mold of the interior side 96. Although not illustrat-
ed, additional master tools are fabricated in the same
manner for shell section 64 depicting both an interior side
and an exterior side of the shell section 64. In an embod-
iment, the master tools 90 and 92 are formed of a soft
metal material, or metal allow, such as aluminum. As
previously detailed, in an instance where precision tool-
ing is required, a precision metal insert (not shown), sim-
ilar to the precision metal inserts 70 of FIGs. 3-8, may be
inserted into the master tools 90 and 92. In addition, in
an embodiment cooperating alignment features 98 may
be included in each master tool 90 and 92 to facilitate
alignment of the master tools 90 and 92 during a subse-
quent flexible mold fabrication step.

[0033] A flexible mold is next fabricated for each mas-
tertool 90 and 92. More specifically, asillustrated in FIGs.
10 and 12, a flexible mold 100 is formed from the master
tool 90, and a flexible mold 102 is formed from the master
tool 92. The flexible molds 100 and 102 are formed in a
manner generally described above with respect to the
flexible mold 80 of the core section 60. In addition, addi-
tional flexible molds are fabricated in the same manner
for shell section 64 depicting both an interior side and an
exterior side of the shell section 64.

[0034] Next, as best illustrated in FIG. 13, the flexible
molds 100 and 102 fabricated for the shell section 62 are
positioned and aligned to define therebetween a cavity
82. In the illustrated embodiment, the cavity 104 is indic-
ative of a portion of the shape of the final ceramic shell
54. Alignment inserts 106 may be utilized in the formed
alignment features 98 to aid in proper alignment of each
half of the flexible molds 100 and 102 relative to one
another. Subsequent to alignment of the two halves of
the flexible molds 100 and 102, the cavity 104 is filled
with a ceramic casting material 108. After curing the flex-
ible molds 100 and 102 are removed to reveal a portion
of the ceramic casting vessel 56 and more particularly,
one half of the ceramic shell 54. The process is repeated
to fabricate the remaining one-half of the ceramic shell
54 of the ceramic casting vessel 56.

[0035] Referring now to FIG. 14, the ceramic casting
vessel 56 is next formed by assembling the ceramic core
52 within the two ceramic shells 54 and thereby defining
acomplete mold of the component 30. The ceramic cast-
ing vessel 56 has defined therein a plurality of cavities
112. In an embodiment, locating features may be present
in the at least two shell sections 62 and 64, and therefore
in the resultant two ceramic shells 54, that line up with
and insert with a top opening location in the one or more
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core sections 60, and thus the resultant ceramic core 52.
These locating features allow for "locking" in both the
cores and shells, and therefore the surface channels to
remain open, and keep the molten metal from bridging a
web between the ceramic core 52 and the ceramic shells
54.

[0036] The ceramiccasting vessel 56 subsequently re-
ceives a molten metal 110 into the ceramic casting vessel
56, and more particularly into the cavities 112 defined
therein, using well known processes known in the art, to
form the cast gas turbine blade 30 including a plurality
of surface grooves 44. In a preferred embodiment, the
molten metal 110, as discussed in US Patent No.
5,626,462, Melvin R. Jackson et al.,"Double-wall airfoil "
which is incorporated herein in its entirety, may include
any suitable metal material. Depending on the intended
application for component 30, this could include Ni-base,
Co-base and Fe-base superalloys. The Ni-base super-
alloys may be those containing both y and y’ phases,
particularly those Ni-base superalloys containing both y
andy’ phases wherein the y’ phase occupies atleast 40%
by volume of the superalloy. Such alloys are known to
be advantageous because of a combination of desirable
properties including high temperature strength and high
temperature creep resistance. The metal material 110
may also comprise a NiAl intermetallic alloy, as these
alloys are also known to possess a combination of su-
perior properties including high-temperature strength
and high temperature creep resistance that are advan-
tageous for use in turbine engine applications used for
aircraft. In the case of Nb-base alloys, coated Nb-base
alloys having superior oxidation resistance will be pre-
ferred, particularly those alloys  comprising
Nb-(27-40)Ti-(4.5-10.5)Al-(4.5-7.9)Cr-(1.5-5.5)Hf-(0-6)
V, where the composition ranges are in atom per cent.
The metal material may also comprise a Nb-base alloy
that contains at least one secondary phase, such as a
Nb-containing intermetallic compound comprising a sili-
cide, carbide or boride. Such alloys are composites of a
ductile phase (i.e., the Nb-base alloy) and a strengthen-
ing phase (i.e., a Nb-containing intermetallic compound).
For other arrangements, the metal material comprises a
molybdenum based alloy, such as alloys based on mo-
lybdenum (solid solution) with MosSiB, and/or Mo3Si
second phases. For other configurations, the metal ma-
terial comprises a ceramic matrix composite (CMC), such
as a silicon carbide (SiC) matrix reinforced with SiC fib-
ers. For other configurations the metal material compris-
es a TiAl-based intermetallic compound.

[0037] The ceramic casting vessel 56 is next removed
to reveal the component 30 having the interior passage-
way 38, the one or more cooling passages 41 in fluidic
communication with the interior passageway 38 and one
or more surface grooves 44 in fluidic communication with
the one or more cooling passages 41, a portion of which
isillustrated in FIG. 15. As indicated, for example, in FIG.
15, the method further includes disposing a coating
42over atleast a portion of the surface 34 of the substrate
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32 of the component 30. More particularly, in an embod-
iment the coating 42 is deposited over at least a portion
of the surface 34 of the substrate 32 directly over open
ones of the one or more grooves 44. As used here, "open"
means that the grooves 44 are empty, i.e. they are not
filled with a sacrificial filler. As shown in FIG. 15, for ex-
ample, the grooves 44 and the coating 42 define a
number of re-entrant shaped channels 40 for cooling the
component 30. The substrate 32 and coating 42 may
further define a plurality of exit film holes (not shown).
Example coatings 42 are provided in US Patent No.
5,640,767 and US Patent No. 5,626,462, which are in-
corporated by reference herein in their entirety. As dis-
cussed in US Patent No. 5,626,426, the coatings 42 are
bonded to portions of the surface 34 of the substrate 32.
[0038] Beneficially, by forming re-entrant grooves 44,
itis not necessary to use a sacrificial filler (not shown) to
apply coating 42 to the substrate 32. This eliminates the
need for afilling process and for the more difficult removal
process. By forming reentrant shaped grooves with nar-
row openings 48 (tops), for example with openings 48 in
the range of about 10-12 mils wide, the openings 48 can
be bridged by the coating 42 withoutthe use of a sacrificial
filler, thereby eliminating additional processing steps (fill-
ing and leaching) beyond the eliminated post-machining
step previously described, for conventional channel
forming techniques. For the example configuration illus-
trated in FIG. 15, the coating 42 completely bridges the
respective grooves 44, such that the coating 42 seals the
respective surface cooling channels 40. In addition, in an
embodiment, at least one coolant exit 45 may be defined
through the coating 42.

[0039] Referring now to FIG. 16, illustrated is a flow
chart depicting one implementation of a method 150 of
making a component 30 including surface cooling chan-
nels 40 according to one or more embodiments shown
or described herein. The method 150 includes casting
the component 30 to ultimately include one or more sur-
face cooling channels 40 by initially providing a model of
adesired ceramic casting vessel defining the component
30, in a step 152. The model including an interior pas-
sageway, one or more cooling passages in fluidic com-
munication with the interior passageway and one or more
surface grooves in fluidic communication with the one or
more cooling passages. Next, in a step 154, the model
is digitally dividing into a plurality of sections, including a
core section and a plurality of shell sections. Each of the
plurality of sections is translated into a metal master tool,
at step 156. The plurality of sections may include a plu-
rality of precision metal inserts to define the geometry of
the component including the interior passageway, the
one or more cooling passages, the one or more surface
grooves and one or more alignment features. The master
tools are next aligned to cast a flexible mold from each
metal master tool, in a step 158. Subsequent to curing
of the flexible molds, the master tools are removed to
reveal the flexible molds that are subsequently aligned
and utilized to cast a ceramic core, at step 160 and a
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ceramic shell, at step 162, from respective flexible molds.
The ceramic casting vessel is next assembled, at step
164, by assembling the ceramic core within the ceramic
shell sections, wherein the assembling may include uti-
lizing the one or more alignment features. A metal ma-
terial is subsequently cast, at step 166, into the ceramic
casting vessel. After cooling, the ceramic casting vessel
it removed, at step 168, to reveal the component having
the interior passageway, the one or more cooling pas-
sages in fluidic communication with the interior passage-
way and one or more surface grooves in fluidic commu-
nication with the one or more cooling passages.

[0040] Whilethe disclosed method has beendescribed
in detail in connection with only a limited number of em-
bodiments, it should be readily understood that the dis-
closed method is not limited to such disclosed embodi-
ments. Rather, the method can be modified to incorpo-
rate any number of variations, alterations, substitutions
orequivalentarrangements not heretofore described, but
which are commensurate with the spirit and scope of the
disclosure. Additionally, while various embodiments of
the method have been described, it is to be understood
that aspects of the method may include only some of the
described embodiments. Accordingly, the disclosed
method is not to be seen as limited by the foregoing de-
scription, but is only limited by the scope of the appended
claims.

Claims

1. A method of casting a component (30) including one
or more surface cooling channels (40), the method
comprising:

casting (160) a ceramic core (52) from a flexible
mold (80) of one or more core sections (60);
casting (162) a ceramic shell (54) in at least two
sections into respective flexible molds (100,
102) of at least two shell sections (62, 64);
forming (164) a ceramic casting vessel (56) by
assembling the ceramic core (52) within the ce-
ramic shell sections (54);

casting (166) a metal substrate material (110)
into the ceramic casting vessel (56); and
removing (168) the ceramic casting vessel (56)
to reveal a substrate (32) of the component (30)
having defined therein an interior passageway
(38), one or more cooling passages (41) influidic
communication with the interior passageway
(38) and one or more surface grooves (44) in
fluidic communication with the one or more cool-
ing passages (41).

2. The method of Claim 1, further comprising:

providing (152) a model of a desired ceramic
casting vessel (56) defining a geometry of the
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10.

1.

component (30) and including the interior pas-
sageway (38), the one or more cooling passages
(41) in fluidic communication with the interior
passageway (38) and the one or more surface
grooves (44) in fluidic communication with the
one or more cooling passages (41);

digitally dividing (154) the model into a plurality
of sections defining the core section (52), the
first shell section (62) and the second shell sec-
tion (64);

translating (156) each of the plurality of sections
(52, 62, 64) into a master tool (66, 69, 90, 92)
wherein the plurality of sections (52, 62, 64) in-
clude a one or more precision metal inserts (70)
to define the geometry of the component (30)
including the interior passageway (38), the one
or more cooling passages (41) and the one or
more surface grooves (44); and

casting (158) the flexible molds (80, 100, 102)
from each master tool (66, 69, 90, 92).

The method of Claim 1 or 2, further including dispos-
ing a coating (42) over at least a portion of a surface
(34) of the substrate (32), wherein the one or more
cooling passages (41), the one or more surface
grooves (44) and the coating (42) define the one or
more surface cooling channels (40) for cooling the
component (30).

The method of Claim 3, further including defining at
least one coolant exit (45) through the coating (42).

The method of any of Claims 1 to 4, wherein the one
or more surface grooves (41) are re-entrant shaped
grooves.

The method of any of Claims 2 to 5, wherein each
of the master tools (67, 69, 90, 92) is formed of a
metal material.

The method of any of Claims 2 to 6, wherein the
plurality of sections (60, 62, 64) define one or more
core sections (62) and at least two shell sections (62,
64).

The method of any of Claims 3 to 7, wherein the
coating (42) completely bridges the respective one
or more surface grooves (44) such that the coating
(42) seals the respective one or more surface cooling
channels (40).

The method of Claim 6, wherein the metal material
is aluminum.

The method of Claim 6, wherein the precision inserts
(70) are formed of a metal material.

The method of Claim 10, wherein the metal material
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is etched copper.

The method of any of Claims 2 to 11, wherein the
one or more precision metal inserts (70) further de-
fine one or more alignmentfeatures (72) and wherein
forming the ceramic casting vessel (56) by assem-
bling the ceramic core (52) within the ceramic shell
sections (62,64) further includes utilizing the one or
more alignment features (72).
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152
120 PROVIDING A MODEL OF A DESIRED CERAMIC CASTNG |
VESSEL DEFINING A COMPONENT AND INCLUDING AN
INTERIOR PASSAGEWAY, ONE OR MORE COOLING PASSAGES
AND ONE OR MORE SURFACE GROOVES
' 154
DIGITALLY DIVIDING THE MODEL INTO A PLURALITY OF SECTIONS
: 156

TRANSLATING EACH OF THE PLURALITY OF SECTIONS INTO A MASTER TOOL WHEREIN
THE PLURALITY OF SECTIONS MAY INCLUDE A PLURALITY OF PRESCISION METAL
INSERTS TO DEFINE THE GEOMETRY OF THE COMPONENT

Y
| 158
CASTING A FLEXIBLE MOLD FROM EACH MASTER TOOL
+ 160
CASTING A CERAMIC CORE FROM A RESPECTVE FLEXIBLE MOLD [~
+ 162
CASTING A CERAMIC SHELL IN AT LEAST TWO SECTIONS FROM [/
RESPECTVE FLEXIBLE MOLDS

I /1 64

FORMING A CERAMIC CASTING VESSEL BY ASSEMBLING THE CERAMIC CORE WITHIN
THE CERAMIC SHELL SECTIONS, WHEREIN THE ASSEMBLING MAY INCLUDE UTILIZING
THE ONE OR MORE ALIGNMENT FEATURES

v
[ 166
CASTING A METAL INTO THE CERAMIC CASTING VESSEL
; (68

REMOVING THE CERAMIC CASTING VESSEL TO REVEAL THE COMPONENT HAVING

THE INTERIOR PASSAGEWAY, THE ONE OR MORE COOLING PASSAGES IN FLUIDIC

COMMUNICATION WITH THE INTERIOR PASSAGEWAY AND ONE OR MORE SURFACE
GROQVES IN FLUIDIC COMMUNICATION WITH THE ONE OR MORE COOLING PASSAGES

FIG.16

15
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