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(54) WAXLESS PRECISION CASTING PROCESS

(57) Alloy products are produced with a waxless cast-
ing process. A model of a ceramic casting vessel (34)
defining a desired product shape is digitally divided into
sections (10, 40, 42). Each section is translated into a
soft alloy mater tool (14) including precision inserts (20)
where needed for fine detail. A flexible mold (24) is cast
from each master tool, and a section of the ceramic cast-

ing vessel is cast from the respective flexible mold. The
vessel sections are assembled by aligning cooperating
precision features (58, 60) cast directly into each section
and the alloy part is cast therein. No wax or wax pattern
tooling is needed to produce the cast alloy product. En-
gineered surface features (54) may be included on both
the interior and exterior surfaces of the shell sections.
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Description

[0001] This application claims benefit of the 08 December 2009 filing date of United States provisional patent application
number 61/287,717, the entire disclosure of which is incorporated by reference herein.

FIELD OF THE INVENTION

[0002] This invention relates to the field of investment casting.

BACKGROUND OF THE INVENTION

[0003] Investment casting is one of the oldest known alloy-forming processes, dating back thousands of years to when
it was first used to produce detailed artwork from alloys such as copper, bronze and gold. Industrial investment castings
became more common in the 1940’s when World War II increased the demand for precisely dimensioned parts formed
of specialized alloy alloys. Today, investment casting is used in the aerospace and power industries to produce gas
turbine components such as blades having complex airfoil shapes and internal cooling passage geometries.
[0004] The production of a gas turbine blade using the prior art investment casting process (also called lost-wax
casting) involves producing a ceramic casting vessel having an outer ceramic shell, corresponding to the airfoil shape
of the blade, and one or more ceramic cores positioned within the outer ceramic shell, corresponding to interior cooling
passages to be formed within the blade. Molten high temperature alloy is introduced into the ceramic casting vessel
using high pressure injection and is then allowed to cool and to harden. The outer ceramic shell and ceramic core(s)
are then removed by mechanical or chemical means to reveal the cast blade having the external airfoil shape and hollow
interior cooling passages in the shape of the ceramic core(s).
[0005] The ceramic core(s) for this process is manufactured by first precision machining the desired core shape into
mating core mold halves formed of high strength hardened machine steel, then joining the mold halves to define an
injection volume corresponding to the desired core shape, and vacuum injecting a ceramic molding material into the
injection volume. The molding material is a mixture of ceramic powder and binder material. Once the ceramic molding
material has hardened to a green state, the mold halves are separated to release the green state ceramic core. The
fragile green state core is then thermally processed to remove the binder and to sinter the ceramic powder together to
develop the strength necessary for the core to survive further handling and subsequent use during the investment casting
process.
[0006] The complete ceramic casting vessel is formed by positioning the ceramic core within the two joined halves of
another precision machined hardened steel mold (referred to as the wax mold or wax pattern tooling) which defines an
injection volume that corresponds to the desired airfoil shape of the blade, and then vacuum injecting melted wax into
the wax mold around the ceramic core. Once the wax has hardened, the wax mold halves are separated and removed
to reveal the wax pattern, which includes the ceramic core encased inside the wax, with the wax pattern outer surface
now- corresponding to the airfoil shape. The outer surface of the wax pattern is then coated with a ceramic mold material,
such as by a dipping process, to form the ceramic shell around the wax pattern. Upon hardening of the shell and removal
of the wax by melting or other means, the completed ceramic casting vessel is available to receive molten steel alloy in
the investment casting process, as described above.
[0007] The known lost-wax investment casting process is expensive and time consuming, with the development of
casting molds for a new blade design typically taking many months and hundreds of thousands of dollars to complete.
Furthermore, gas turbine blade design choices are restricted by process limitations in the production of ceramic cores
because of their fragility and an inability to achieve acceptable yield rates for cores having fine features or large sizes.
The alloys forming industry has recognized these limitations and has developed at least some incremental improvements,
such as the improved process for casting airfoil trailing edge cooling channels described in United States patent 7,438,527.
As the market demands ever higher efficiency and power output from gas turbine engines, the limitations of existing
investment casting processes become ever more problematic.

SUMMARY OF THE INVENTION

[0008] While incremental improvements have been presented in the field of investment casting technology, the present
inventors have recognized that the industry is faced with fundamental limitations that will significantly inhibit component
designs for the next generation of gas turbine engines. For example, gas turbine firing temperatures continue to be
increased in order to improve the efficiency of combustion, and component sizes continue to increase as power levels
are raised, so there is now a need to design an infernally cooled 4th stage gas turbine blade in excess of a meter in
length. No such blade has heretofore been produced, nor is it believed that such a blade can be produced economically
with existing technology. In prior art turbines, there was no need for internal cooling of the 4th stage due to the high
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temperature capability of available superalloys and the use of externally applied ceramic thermal barrier coatings. Due
to increased firing temperatures, the next generation 4th stage turbine blades will exceed the operating limits of known
steels and coatings and will require active internal cooling passages to protect the integrity of the component. However,
due to the projected size of these new blades and the intricacy of the desired cooling passages, the ceramic cores that
would be necessary for investment casting of such cooling passages are beyond the commercially practical capabilities
of existing investment casting processes.
[0009] As a result, the present inventors have developed an entirely new regiment for precision component casting.
This new regiment not only extends and refines existing capabilities, but it also provides new and previously unavailable
design practicalities for the component designer. Furthermore, this new regiment eliminates the need for the time con-
suming and costly wax pattern injection process. As a result, the waxless process disclosed herein enables the timely
and cost efficient production of cast alloy alloy components having feature geometries that may be larger or smaller than
currently available geometries, may be more complex or shapes that could never before have been cast, and may have
feature aspect ratios that were previously unattainable but that are now needed for the very long and thin cooling passages
in a 4th stage internally cooled gas turbine blade. The present invention moves casting technology beyond foreseeable
needs, and it removes the casting process from being a design limitation, thereby allowing designers again to extend
designs to the limits of the material properties of the cast alloys and the externally applied thermal barrier coatings.
[0010] The casting regiment described herein incorporates new and improved processes at multiple steps in the casting
process. Specific aspects of the new regiment are described and claimed in greater detail below; however, the following
summary is provided to familiarize the reader with the overall process so that the benefit of the individual steps and
synergies there between may be appreciated.
[0011] An exemplary casting process according to a regiment described herein may start with the manufacturing of a
ceramic core for a casting vessel by using a master mold which is machined from a relatively soft, easily machined, and
inexpensive material, when compared to the currently used high strength machine steel. Examples of such soft alloys
are aluminum and mild steels. Two master mold halves are formed, one corresponding to each of two opposed sides
of a desired ceramic core shape. Into each master mold a flexible mold material is cast to form two cooperating flexible
mold halves, which when joined together define an interior volume corresponding to the desired ceramic core shape.
Ceramic mold material is then cast into the flexible mold and allowed to cure to a green state.
[0012] The cost and time to produce the master molds is minimized by the use of materials that are easily machined.
However, advanced design features for the next generation of gas turbine engines may not translate well using standard
machining processes in such materials. Accordingly, at least a portion of the master mold halves may be designed to
receive a precision formed insert, and the insert may be formed using a Tomo process, as described in United States
patents 7,141 ,812 and 7,410,606 and 7,41 1 ,204, all assigned to Mikro Systems, Inc. of Charlottesville, Virginia, and
incorporated by reference herein. This technology is commonly referred to as Tomo Lithographic Molding Technology
(hereinafter referred to as the "Tomo process"), and it involves the use of a metallic foil stack lamination mold to produce
a flexible derived mold, which in turn is then used to cast a component part. In this manner, portions of the ceramic core
which have a relatively low level of detail, such as long smooth channel sections, may be translated into the master mold
using inexpensive standard machining processes in the soft alloy mold, while other portions of the ceramic core having
a relatively high level of detail, such as micro-sized surface turbulators or complex passage shapes, may be translated
into the master mold using a Tomo-derived mold insert. Furthermore, for cooling channel designs requiring the use of
multiple cores, the Tomo process mold inserts may be used to define precision cooperating joining geometries in each
of the multiple cores so that when the multiple cores are jointly positioned within a ceramic casting vessel, the joining
geometries of the respective cores will mechanically interlock such that the multiple cores function as a single core
during the subsequent alloy injection process.
[0013] Another enabling technology that is exploited in the present casting regiment is described in pending Interna-
tional Patent Application PCT/US2009/58220 also assigned to Mikro Systems, Inc. of Charlottesville, Virginia, and
incorporated by reference herein. That application describes a ceramic molding composition that mimics existing ceramic
core molding materials in its slurry and fully sintered condition, but that provides significantly improved green body
strength when compared to the existing materials. Incorporating such an improved molding composition into the present
casting regiment facilitates the production of core geometries that would not previously have survived handling in their
green state without an unacceptably high failure rate. Improved green state strength is particularly important during the
removal of a ceramic core from a flexible mold when the shape of a core feature is such that the mold must be deformed
around the cast material in order to remove the core from the mold.
[0014] With prior art processes, the ceramic core produced as described above might then be positioned within a wax
pattern mold to produce a core/wax pattern by injecting melted wax into the wax pattern mold around the ceramic core.
The wax pattern would then be dipped into ceramic slurry to produce a ceramic shell around the wax to define the
ceramic casting vessel. However, the waxless casting process described and claimed herein completely eliminates the
use of wax and wax pattern tooling. In its place, the ceramic shell is formed directly using processes similar to those
described above for the production of the ceramic core, and the ceramic shell and ceramic core are then joined together
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using cooperating alignment features to form the ceramic casting vessel without the need for any wax pattern. It is well
known that the wax pattern production and wax injection processes are expensive and time consuming, and that yield
rates are adversely affected by damage to the ceramic core associated with the wax injection process. By eliminating
the use of wax completely, the present waxless casting process offers the potential for cost, schedule and yield rate
improvements when compared to traditional lost-wax investment casting techniques. Furthermore, a ceramic casting
vessel produced by the present method can be designed to have engineered exterior geometric features that enhance
its functionality when compared to the featureless blob shape produced by the prior art dipping process. Details of the
waxless precision casting process and other advantages over the prior art are disclosed below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The invention is explained in detail in the following description in view of the drawings that show:

FIGs. 1A - 1F illustrate steps for manufacturing a ceramic core for an investment casting process.
FIGs. 2A - 2I illustrate steps of a waxless precision casting process.
FIG. 3 illustrates cooperating engineered surface features on two adjoining ceramic casting vessels.
Fig. 4 illustrates the joining of three pieces of a sectioned ceramic casting vessel.
FIG. 5 is a first patterned surface generated from Tomo-process flexible tooling.
FIG. 6 is a second patterned surface generated from Tomo-process flexible tooling.
FIG. 7 is a patterned surface with a protruding surface pattern.
FIGs. 8A - 8C show surfaces derived from a single master tool subjected to progressive grit blasting.
FIG. 9 illustrates a ceramic casting vessel containing exterior features used during a subsequent dipping process.
FIG. 10 illustrates a ceramic casting vessel defining a non-linear cooling channel.
FIG. 11 is a comb-shaped insert defining the shape of a plurality of non-linear cooling channels.

DETAILED DESCRIPTION OF THE INVENTION

Exemplary Casting Process

[0016] The waxless precision casting process disclosed herein includes the use of relatively inexpensive master tools
made from easily machined soft alloy material, such as aluminum, with optional high precision feature inserts. The master
tools are used to cast intermediate flexible molds, which in turn are used to cast respective sections of a ceramic casting
vessel. The vessel sections are then assembled to form a complete ceramic casting vessel, with precise alignment of
the sections facilitated by cooperating alignment features.
[0017] An exemplary embodiment of the invention discussed herein is the fabrication of a gas turbine blade, which is
a hollow alloy component having interior cooling passages; however, one will appreciate that the invention is not so
limited and may be used for the fabrication of various hollow and solid components. The present waxless casting process
is first described in part under this subheading with reference made to the fabrication of a ceramic core portion of a
ceramic casting vessel for a gas turbine blade. Similar steps are then used to fabricate the other sections of the ceramic
casting vessel and the sections are then joined together, as is discussed in more detail under additional subheadings
below.
[0018] FIG. 1A-1F illustrates steps of a process for manufacturing a ceramic core section of a ceramic casting vessel
for a waxless casting process. A digital model of a part such as a ceramic core 10 having a desired shape, as shown in
FIG. 1A, is formed using any known computerized design system 12 as in FIG. 1B. That model is digitally divided into
at least two parts, usually in half, and alignment features may be added to the digital model for subsequent joining of
the two halves. Master tooling 14 is produced from the digital models using traditional machining processes and a
relatively low cost and
easy to machine soft alloy material such as aluminum or soft steel. The master tooling incorporates the alignment features
18 and its surface 18 reflects the shape of the part, if a desired surface feature of the master tool has a relatively high
precision requirement with dimensional tolerances smaller than those achievable with the traditional machining proc-
esses, a precision formed insert 20 may be installed into the master tool to incorporate the desired surface feature 22.
The insert may be formed using a Tomo process, stereo lithography, direct alloy fabrication or other high precision
process capable of maintaining dimensional tolerances smaller than those achievable with traditional machining proc-
esses such as milling or grinding. The overall tool surface is then a hybrid of the machined surface and the insert surface,
as shown in FIG. 1C where each half of the master tooling contains a precision formed insert. Flexible molds 24 are
then cast from the master tools, as shown in FIG. 1D, and both the low precision and high precision features are replicated
into the flexible molds. The flexible molds are then co-aligned and drawn together to define a cavity 26 corresponding
to the desired core shape, as shown in FSG. 1E. The cavity is filled with a slurry of ceramic casting material 28, as
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shown in FIG. 1F. The flexible molds are separated once the ceramic casting material has cured to a green state to
reveal the ceramic core. The ceramic core replicates surface features that were first produced in the precision mold
inserts, such as a complex surface topography or a precision formed joint geometry, for example a dovetail joint, useful
for mechanical joining with a corresponding geometry formed in a mating core segment. The ceramic material cast into
the flexible mold has adequate green body strength to allow such cast features to be removed from the mold even when
they contain protruding undercuts or non-parallel pull plane features requiring some bending of the flexible mold during
removal of the green body ceramic core. Master fool inserts may also be useful for rapid prototype testing of alternative
design schemes during development testing where the majority of a core remains the same but alternative designs are
being tested for one portion of the core. In lieu of manufacturing a completely new master tool for each alternative design,
only a new insert need be formed.
[0019] Prior art investment casting processes require the use of high cost, difficult to machine, hard, tool steel material
for the master tool because multiple ceramic cores are cast directly from a single master tool using a high pressure
injection process. In contrast, the present invention uses the master tool only for low pressure or vacuum assisted casting
of flexible (e.g. rubber) mold material, as described in the above-cited United States patents 7,141,812 and 7,410,806
and 7,411,204. Thus, low strength, relatively soft, easy to machine soft alloy materials may be used for the master tool,
for example, a series 7000 aluminum alloy in one embodiment. This results in a significant time and cost savings when
compared to prior art processes.
[0020] A ceramic casting material such as described in the above-cited International Patent Application
PCT/US2009/58220 exhibits a lower viscosity than prior art ceramic core casting materials, thereby allowing the step
of FIG. 1F to be performed at low pressure, such as at 10-15 psi. In contrast, prior art ceramic core material injection is
typically performed at pressures an order of magnitude higher. The present inventors have found that a vibration assisted
injection of the ceramic casting material is helpful to ensure smooth flow of the material and an even distribution of the
ceramic particles of the material throughout the mold cavity. The flexibility of the molds facilitates imparting vibration into
the flowing casting material. Vibration of the flexible mold may also be effective to displace air entrapped by a protruding
surface of the flexible mold with the ceramic casting material slurry. In one embodiment, one or more small mechanical
vibrators 30 as are known in the art are embedded into the flexible mold 24 during production of the molds in the step
of FIG. 1D. The vibrator(s) may then be activated during the FIG. 1F injection of the ceramic casting material in a pattern
that improves the flow of the slurry and the distribution of the ceramic particles of the slurry throughout the mold. In
addition to or in lieu of the vibrators, other types of active devices 32 may be embedded into the flexible mold, for example
any type of sensor (such as a pressure or temperature sensor), a source of heat or a source of cooling, and/or telemetry
circuitry.
[0021] In one embodiment, the epoxy content of the ceramic casting material could range from 28 weight % in a silica
based slurry to as low as 3 weight %. The silicone resin may be a commercially available material such as sold under
the names Momentive SR355 or Dow 255. This content could range from 3 weight % to as high as 30 weight %. The
mix may use 200 mesh silica or even more coarse grains. Solvent content generally goes up as other resins decrease
to allow for a castable slurry. The solvent is used to dissolve the silicon resin and blend with the epoxy without a lot of
temperature. The Modulus of Rupture (MOR) of the sintered material is on the norm for fired silica, typically 1500-1800
psi with 10% cristobalite on a 3-point test rig. The sintered material MOR is tightly correlated to the cristobalite content,
with more cristobalite yielding weaker room temperature strength. The green state MOR depends on the temperature
used to cure the epoxy, as it is a high temperature thermo cure system. The curing temperature may be selected to
allow for some thermo-forming, i.e. reheating the green state material to above a reversion temperature of the epoxy to
soften the material, then bending it from its as-cast shape to a different shape desired for subsequent use. The reheated
material may be placed into a setting die within a vacuum bag such that the part is drawn into conformance with the
setting die upon drawing a vacuum in the bag. Alignment features may be cast into the core shape for precise alignment
with the setting die. The green body casting material exhibits adequate strength for it to undergo standard machining
operations that may be used to add or reshape features to the green body either before or after reshaping in a setting
die. Following such thermo- forming or in the absence of it, additional curing may be used to add strength. In one
embodiment the Modulus of Rupture achieved was:

MOR cured at 110 °C for 3 hours = 4000 psi
MOR cured as above and then at 120 °C for 1 hour = 8000 psi.

[0022] A 10% as-fired cristobalite content may be targeted. This may be altered by the mineralizers present and the
firing schedule. The 10% initial cristobalite content may be used to create a crystalline seed structure throughout the
part to assure that most of the rest of the silica converts to cristobalite in a timely fashion when the core is heated prior
to pouring molten alloy into the ceramic mold. It also keeps the silica from continuing to sinter into itself as it heats up again.
[0023] Another parameter of concern in the investment casting business is porosity. Prior art ceramic casting material
typically has about 35% porosity.
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[0024] The material described above typically runs around 28% porosity. The danger of a low porosity is that the cast
alloy cannot crush the ceramic core as it shrinks and cools, thereby creating alloy crystalline damage that is referred to
in the art as "hot tear". The material described above has never caused such a problem in any casting trial.
[0025] The above described regiment for producing investment casting ceramic cores compares favorably with known
prior art processes, as summarized in the following Table 1.

TABLE 1

Prior Art 
Characteristic

Invention Characteristic Prior ArtCapability Invention Capability

Hard Precision 
Tooling (high 
hardness machine 
tool steel)

Soft Precision Tooling 
(aluminum master, flexible 
derived mold)

Single pull plane per 
section necessitating 
multiple tool sections.

Multiple pull plane capability 
reduces tool sections, increases 
design freedom

Linear extraction only Curvilinear extraction capability

Single cross section pull 
plane

Multiple cross section pull 
planes.

Rigid, durable wear 
resistant casting cavity for 
HP and IP injection 
processes

Flexible casting cavity for low 
pressure, vibration assisted 
molding

Low green body 
strength

High green body strength Limited aspect ratio Substantially enhanced aspect 
ratio capability

Yield losses related to low 
green strength

Green strength losses 
eliminated

Limited joinability of core 
sub assemblies (butt 
joints only).

Joinability of subassemblies 
enhanced through structural 
joint designs.

High viscosity of 
core material slurry

Low viscosity of core material 
slurry

Requires pressurized 
injection, prone to 
segregation (section 
thickness sensitive)

Low pressure injection (vacuum 
assisted), promotes particle size 
homogeneity throughout 
structure, section thickness 
insensitive

Promotes nonuniform 
shrinkage during thermal 
processing

Promotes uniform shrinkage 
during thermal processing

Dimensional tolerance of 
fired parts tailored to 
process limitations

Potentially improves 
dimensional tolerance of fired 
parts

No Green body 
flexibility

Thermo-formable after green 
body formation

None Green body can be adjusted/
modified using simple form tools

Precision 
machined tool steel 
die to form mold 
cavity

Aluminum master tool with 
high definition inserts used to 
generated flexible mold which 
is then used to form mold 
cavity

Very high cost and long 
lead time

Low cost and short lead time

Inflexible tool set, high 
cost to modify.

Low cost modular modifications/
alterations allowed

Rigid mold cavity good for 
high pressure injection

Flexible mold cavity for low 
pressure and vibration assisted 
injection.
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[0026] The multi-step casting process described above with respect to the fabrication of the ceramic core section of
a ceramic casting vessel is then further applied to the fabrication of all sections of the vessel to enable a totally waxless
precision casting process, as more fully described below.

Waxless Casting Process Overview

[0027] In a process containing steps similar to those of FIGs. 1A-1F, an entire ceramic casting vessel is produced in
sections which are then joined together for casting of the alloy alloy. For a hollow component such as a gas turbine
blade, the casting vessel includes a ceramic core and a shell. FIG. 2A-2G illustrates steps in an exemplary method of
waxless precision casting of a gas turbine blade. FIG. 2A is a cross-sectional representation of a computerized digital
model of a ceramic casting vessel 34 showing an outer shell 36 having an inner surface 38 defining the desired exterior
shape of a gas turbine blade and an inner core 10 defining the shape of a hollow center cooling channel of the blade.
That digital model can be sectioned as appropriate to facilitate the fabrication of a like-shaped ceramic casting vessel,
such as by digitally splitting the shell into suction side 40 and pressure side 42 halves as shown in FIG. 2B. It will be
appreciated that the location of the splits in the digital model may vary for any particular design, and may be determined by
considering factors such as component stress levels, ease of fabrication and assembly of the subsections, the effect of
joint lines at a particular location, the ability to design special joint features at a particular location such as reinforcing
interlocking joints, etc.
[0028] Because the ceramic material utilized to cast the ceramic casting vessel may allow for thermal reshaping after
it has reached the green body state, as discussed above, portions of the digital model optionally may be flattened in
order to facilitate the fabrication of certain designs, such is as shown in FIG. 2C where the shell halves 40, 42 have been
digitally flattened. The flattened model is used to create a flattened ceramic part which is then returned to the desired
curvature during an optional thermal shaping process. This effect may be exaggerated to form a wrap-around tab style
locking feature which can be deformed to interface with a cooperating feature to reinforce a joint, for example.
[0029] A master tool is then fabricated in the shape of each of the digital model sections 10, 40, 42 of FIG. 2C. As
discussed above, the master tool may be fabricated from low cost, easily machined, relatively soft alloy material, such
as aluminum. In regions of a tool where a precision geometric detail is desired which can not be effectively produced
with standard machining processes, a precision insert 20 may be created and inserted into the low cost aluminum tool,
as shown in FIG. 2D1, which is a side view of the suction side 40 shell wail of FIG. 2B or 2C. Alternatively, the entire
master tool 44 may be created using a precision process such as a Tomo process, as shown in FIG. 2D2, which is an
alternative embodiment of a side view of a suction side shell wall of FIG. 2B or 2C.
[0030] Flexible molds 24 are then derived from each of the master tools as described above with respect to the
fabrication of the ceramic core. FIG. 2E1 illustrates an exterior side of the suction side shell wall master tool 40 being
used to cast an exterior section 24’ of a flexible mold, and FIG. 2E2 illustrates an interior side of the suction side shell
wall master tool 40 being used to cast an interior section 24" of the flexible mold. Cooperating alignment features 18 are
formed into each of the flexible mold sections to facilitate subsequent assembly of the flexible mold. One may appreciate
that in lieu of a two-sided master tool, two one-sided master tools may be used in an alternative
embodiment. FIG. 2F shows the two sections of the flexible mold being joined together to define the casting cavity 26
ready for low pressure injection of the ceramic casting material to form the suction side shell wall. As described above
with regard to the casting of the ceramic core, an epoxy-based ceramic casting material having a degree of green body
strength may be cast into the flexible mold to allow for the formation of precision complex features on the surfaces of
the shell wall. The green body suction side shell wall is then removed from the flexible mold and is joined to its counterpart
pressure side shell wall (similarly formed in a separate process) and with the separately formed ceramic core to form
the ceramic casting vessel 34, as shown in FIG. 2G. Co-pending International Patent Application PCT/US2009/58220
describes techniques that may be used for forming interlocking mechanical geometries into each shell half to facilitate
the joining of the separately cast sections. Alternatively, or in combination with a mechanical interlock, a ceramic adhesive
and/or sintering of the adjoining surfaces may be used to form the joints. The casting vessel is then used to receive
molten alloy alloy 46 according to processes known in the art as shown in FIG. 2H to form the cast alloy gas turbine
blade 48 of FIG. 21.
[0031] The above-described waxless precision casting process produces a ceramic casting vessel for a gas turbine

(continued)

Prior Art 
Characteristic

Invention Characteristic Prior ArtCapability Invention Capability

Extraction requires 
enhanced tooling

Versatile extraction due to 
flexible mold
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or other component without the need for manufacturing a wax pattern tool, and it therefore eliminates all of the cost and
problems associated with wax injection.

Precision Cast Shell

[0032] Prior art lost-wax investment casting processes utilize a dipping process to form the ceramic shell around a
wax pattern containing a ceramic core. The dipping process requires repeated dipping of the wax pattern into ceramic
slurry, then drying of the thin layer of the slurry that is retained on the dipped structure. This process may take several
days to complete. The interior surface of the dried slurry shell replicates the form of the wax pattern, and on its exterior
surface it creates an amorphous blob shape.
[0033] Unlike the prior art process, the precision cast shell created for the waxless casting process described herein
allows for the fabrication of engineered shapes/features on either or both of the interior and exterior
surfaces of the shell. It also allows the thickness of the shell to be controlled and varied along its length. For example,
FIG. 3 illustrates side-by-side portions of two different ceramic casting vessels 34a, 34b - the suction side shell wall 50
of a first gas turbine blade vessel and the pressure side shell wail 52 of a second gas turbine blade. The two shell
sections may each have regions of greater or lesser wall thicknesses, such as may be useful for heat transfer consid-
erations or stress management. Furthermore, precision engineered features 54 may be formed on any surface, such
as the cooperating pin and slot features shown in FIG. 3 which provide a mechanical interlock between the two adjacent
ceramic casting vessels, such as may be advantageous to provide mechanical support there between during a multi-
component casting operation. The exterior surface may include a robotic handling connection for automated casting
applications, or the shell may have a notch or other engineered weakness areas which facilitate the breaking away of
the vessel for removal of the cast alloy part (not shown).
[0034] Advantageously, the engineered shapes/features may have any desired degree of precision, including simple
structures as illustrated in FIG. 3 which may be formed in the master tool using standard machining operations, or more
complex features that may be located into the master tool via a precision formed insert. The casting process used for
forming the shell herein allows for vacuum injection of the ceramic molding material and vibration of the flexible mold to
ensure that no air is entrained in the cast part, as described above, thereby facilitating the fabrication of such features.
Prior art dipping processes are more prone to entraining air within a precision feature and are not capable of retaining
the fidelity of an engineered surface. The shell of the present invention may also be formed to include features 58 which
increase its strength in particular areas, such as by adding additional material thickness or a honeycomb shape at desired
locations or by embedding a reinforcing material such as an oxide-based woven ceramic fabric or alloy mesh or foil
during the casting of the shell.
[0035] Through wall cooling holes are in gas turbine blades are typically formed by a material removal process such
as EDM or drilling after the alloy blade is cast without such holes. The present process allows for such holes to be cast
directly into the alloy part by including the shape of such holes as
protrusions extending from either the ceramic core or the shell or both. The geometry and/or path of such holes is not
restricted to a circular cross-section or a linear form, since the shape can be formed into the master mold via a Tomo
process. Advantageously, the ceramic casting material disclosed in the above-cited International Patent Application
PCT/US2009/58220 exhibits enough green body strength to allow such features to be extracted from a flexible mold
and to be handled during the assembly of the ceramic casting vessel. A protrusion 58 extending from a first of the shell
or core (illustrated as extending from the core in FIG. 2G) may be designed to abut or to be inserted into an indentation
60 formed in a second of the shell or core (illustrated as formed into the shell in FIG. 2G) to provide mechanical support
for the protrusion during the subsequent molten alloy injection process. The resultant cooling hole 82 is illustrated in
FIG. 21.
[0036] FIG. 10 illustrates a ceramic casting vessel 92 including a precision formed insert 94 defining the geometry of
a non-linear cooling channel to be formed in a hollow gas turbine airfoil component. Advantageously, the insert includes
a portion 96 running generally parallel to a surface of the component, thereby increasing the effectiveness of the cooling
channel. This type of geometry is not obtainable with standard post-casting machining processes. Each insert may define
a single cooling channel, or alternatively, a plurality of cooling channels may be defined by an insert 98 formed with a
comb design, as illustrated in FIG. 11. Such inserts may be formed to be integral to the core or the shell section, and/or
may have an end that fits into a mating groove in a core or shell section. The insert may also be made of a higher strength
leachable material, such as silica, in a separate process and incorporated into the casting vessel accordingly.

Assembly of the Ceramic Casting Vessel

[0037] Prior art lost-wax investment casting processes create an opportunity for misalignment between the ceramic
core and the wax pattern tool during the wax injection process, which is particularly problematic in the trailing edge core
print area of a turbine blade where the cross-section of the airfoil is particularly thin and the cooling passage geometry
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defined by the core is complex. Prior art processes may utilize alloy alignment pins projecting from
the wax pattern tool to bear against the core to ensure proper positioning. Unfortunately, such hard pins sometimes
damage the fragile ceramic core if there is any misalignment during assembly of the wax pattern tooling, and damage
to the core or misalignment of the core within the wax pattern tooling can only be detected with a non-destructive test
such as X-ray, or when a defective cast alloy part is removed from the casting vessel.
[0038] The waxless precision casting process described herein allows for precise alignment of the core within the shell
without the use of such pins, and it also allows for a visual confirmation of that alignment prior to molten alloy injection.
FIG. 4 illustrates a three-piece ceramic casting vessel 34 produced as described above during assembly of the three
pieces to form the ceramic casting vessel. A bottom half 64 of the shell of the ceramic casting vessel may be conveniently
laid on a work area and the ceramic core section 10 is then laid into that shell half. Cooperating precision mechanical
alignment features 66 formed in the two pieces allow for the core to be located at the precise location desired, with a
literal snap fit being possible if desired. A visual inspection can then be conducted to confirm that the core is properly
located prior to lowering the top half section 68 of the shell onto the assembled bottom half shell and core assembly.
Should any misalignment be detected, there is opportunity to reshape the parts, such as by removing some material
with a simple filing process. Once proper alignment is confirmed, the top shell section may be positioned onto the bottom
shell/core assembly and received into precision alignment features formed into the bottom shell section and/or core,
perhaps with a snap fit, to ensure proper alignment of all three sections. This procedure eliminates the need for a separate
X-ray inspection step and it greatly reduces or eliminates the opportunity for misaligned or damaged cores and any
consequentially defective cast parts.
[0039] The present invention also affords the opportunity to fire the various casting vessel sections together or sepa-
rately. For example, the three vessel sections shown in FIG. 4 may be assembled in their green state, or one or more
of the sections may be partially or fully sintered prior to assembly. Any combination of green state, partially sintered or
fully fired for each of the sections may be used as selected by the designer to control shrinkage and co-sintering of the
adjoining surfaces.
[0040] It will be appreciated that the joining of the two shell sections of FIG. 4 produces a part line between the shell
halves that may allow for the infiltration of some molten alloy during the alloy casting step. Any such part line may be
removed from the cast alloy part by simple grinding or machining operation. Alternatively, the part line may be reduced
or eliminated by tightening the joint between the shall halves, such as by closely controlling the geometry of the adjoining
surfaces, creating a labyrinth type joint that tends to block the flow of the molten alloy, and/or applying a ceramic adhesive
between the adjoined surfaces and/or sintering them together to form a seamless joint. It is also possible to apply a
ceramic coating to fill the joint after the two shell halves are joined, such as via a dipping process.

Further advantages of waxless casting

[0041] A further advantage of the precision waxless casting process described herein is the ability to use the same
casting material for all portions of a ceramic casting vessel. Prior art lost-wax investment casting processes use one
type of ceramic material for casting the ceramic core and a different type of ceramic material for dip-forming the ceramic
shell, since the dipping process necessitates special material properties. The use of two different materials presents a
potential for thermal expansion or sintering shrinkage mismatches. The dip-formed material may also contain less porosity
than is desirable and is achieved for the core material. In contrast, the present invention permits the use of the same
ceramic casting material for the entire ceramic casting vessel. Alternatively, engineered material properties can be
achieved in the shell material or any section of the ceramic casting vessel, such as a specifically targeted porosity.
[0042] Yet another advantage of the waxless casting process is the avoidance of exposure of the ceramic casting
vessel material to molten wax. Removal of the wax from the ceramic casting vessel is a messy and time consuming
process. For a hollow component, the ceramic core material is purposefully porous, and it is necessary to seal the surface
of the core prior to wax injection in order to keep the wax from infiltrating the pores of the ceramic core material. If wax
penetrates the pores of the ceramic material, it is very difficult to remove and causes defects in the subsequently cast
alloy part as
the wax volatizes during molten alloy injection and creates voids in the alloy. To avoid this problem, it is necessary to
seal the ceramic core surface with a sealant material which keeps the wax out of the material pores but is, itself, easily
removed from the ceramic core material during the wax removal step. The waxless process described herein completely
eliminates any exposure of the core material to wax and it eliminates the need for an extra step to seal the core material
pores.
[0043] It is also possible with the waxless precision casting process to embed sensors or other type of active device
70 into the shell during casting. Such devices may be used to monitor or to control the subsequent alloy casting process.
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Engineered surface features

[0044] The present waxless precision casting process may be used to imparting a desired engineered surface texture
into a cast alloy part. Prior art wax pattern fools are typically formed of hard steel having smooth surfaces which produce
smooth surfaces on the cast part. The cast alloy parts are then subjected to a surface roughening process, such as grit
blasting or shot peening, prior to the application of a protective coating. This creates a degree of variation in the surface
texture of different parts and of different areas of a single part because each part is individually roughened, and such
processes are inherently imprecise. Rather than requiring post-casting processing of the part, the present process allows
the part to be cast directly with a desired surface finish. In one embodiment, the master tooling of FIG. 2E1 or 2E2 may
be grit blasted, shot peened or otherwise roughened prior to the casting of the flexible mold. The roughness imparted
to the master mold surface will be replicated into the flexible mold, then into the surface of the shell, and ultimately into
the cast part. The master tooling may be used to produce multiple duplicate copies of the flexible mold, and every part
produced from the master mold and derived flexible molds will have an identical surface topography, in another embod-
iment, the topography produced by the grit blasting or shot peening of the master mold may not be adequate, and a
more precise form of surface finish may be desired, at least on selected surfaces of the part. In this embodiment, a
precision engineered surface topography may
be formed into the master tool or into an Insert to the master tool. That engineered surface topography is then replicated
through the investment casting process onto the cast alloy part surface.
[0045] The flexible molds of FIG. 2F may be derived directly from a Tomo process master mold, as described in the
cited United States patents 7,141,812 and 7,410,606 and 7,411,204, or from a low cost aluminum mold having a precision
insert formed via a Tomo process. Alternatively, a Tomo process mold or other precision master mold may be used to
form one or more intermediate molds (not shown), with the intermediate mold(s) being subjected to a further process
step which modifies and further enhances the surface topography. In one embodiment an alloy foil master Tomo process
mold is used to cast a first flexible mold, and the first flexible mold is used to cast a fibrous material intermediate mold.
The intermediate mold is then grit blasted to expose some of the fibers at the surface of the mold. A second flexible
mold is then cast into the intermediate mold, and the second flexible mold will replicate the shape of the exposed fibers
as part of the surface topography. The second flexible mold is then used to cast the shell in FIG. 2F.
[0046] In its simplest form, the flexible tooling is used to generate robust features in the surface of the ceramic shell.
Typically, these would be relatively low angled and of shallow profile with the objective of creating high angle steps at
the edge to create an interlock geometry and to increase the surface area of the interface with an overlying coating. A
hexagonal type structure or honeycomb structure may be used. FIG. 5 shows one such surface 72. Such surfaces
produce translatable honeycomb-like surfaces in investment castings resulting in a periodically rough surface (in the
macro range) that creates a high degree of interlock and increased surface area for bond integrity with an overlying
coating layer. An additional benefit may also be gained from increased intermittent coating thickness across the surface.
[0047] Additional surface engineering can result in even greater surface area increase and interlock, such as seen in
FIG. 6, where the edges of a hex shape form are rounded out to form gear-cog type layers 74. Typical surface feature
depths have been produced and shown to be effective at both 0.38 mm and 0.66 mm, but these depths do not represent
optimization and are not
meant to be limiting. In areas of high surface angularity (e.g. leading edge or trailing edge sections of an airfoil or the
airfoil/platform intersection), pattern protrusions from the surface may be beneficial. Such protrusions can be produced
from second generation flexible molds (i.e. flexible mold replication from flexible mold masters). FIG. 7 shows an example
of a protruded surface pattern 78 produced by such a mold technique. Protruding molds can be engineered to produce
undercuts in the surface, thereby increasing the degree of mechanical interlock with the coating. This is particularly
useful in highly stressed areas of coatings. St is noted that undercuts can also be generated in depressed surface
features, but effective coating becomes more challenging due to the significant effect of shadowing during the coating
step. Protruding surface patterns have the additional benefit of producing a larger aggregate coating thickness when
considering the peak height as the nominal coating thickness.
[0048] The master tooling can be further modified by non-Tomo surface modifying techniques such as grit blasting or
sanding, producing laser-derived micro pot marks on the surface, or the addition of a second phase material bonded to
the surface of the master tool. Such materials may include, without limitation, silicon carbide particles or chopped fibers.
The surface modifying technique or the second phase material produces a random surface array on the surface of the
fool which can be used to define the surface of the flexible mold tool and potentially be duplicated from a second
generation flexible mold tool. FIGs. 8A - 8C show surfaces 78, 80, 82 produced from a master tool that was progressively
modified with varying degrees of hybridized surfaces to produce unique micro surface features. In this case, the master
tool was progressively grit blasted, and the basic Tomo process shape is progressively eroded, resulting in an ever more
rounded structure but still retaining the basic shape of the Tomo process feature. This hybridization, combined with the
capability of the Tomo process to produce either recessed or protruding engineered surfaces, shows the substantial
flexibility of the process to produce a wide variety of engineered surfaces in an as-cast part. Advantageously, the present
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process allows for the duplication of a grit blasted surface without the need for additional actual grit blasting, thus ensuring
exact part to part replication. The process effectively becomes
insensitive to surface modification process variation once the master tool has been produced because ail resulting
surfaces that are generated from the master tool are identical.
[0049] As discussed above, the improved ceramic material described in pending International Patent Application
PCT/US2009/58220 provides for post-casting thermal forming. This feature may advantageously be applied to achieve
unique surface topographies by forming the insert in one shape, such as generally flat, and then thermally forming it to
a second shape, such as a curved shape. One will appreciate that the spacing between any protruding features of a flat
surface will be pushed together (tightened) when that surface is curved inwardly on itself to form a concave shape.
[0050] FIG. 9 illustrates a ceramic casting vessel 84 formed in accordance with an embodiment of the invention to
include a relatively thin outer shell 88 that will be subsequently reinforced with a secondary shell structure (not shown).
The secondary shell structure may be a pre-formed structure, with the outer surface of the shell and an inner surface of
the pre-formed structure being cooperatively shaped. Alternatively, the secondary shell structure may be formed directly
onto the outer shell using a dipping process as is known in the art. The outer shell may include one or more handling
structures 88 that may be used to support the vessel during the dipping process. It may also include one or more dipping
structures 90 that advantageously impact the flow of the ceramic slurry over the surface and the retention of the slurry
on the structure during the dipping process.

Business model for the casting industry

[0051] The above-described waxless precision casting process facilitates a new business model for the casting industry.
The prior art business model utilizes a single set of very expensive, long lead time, rugged master tooling to produce
multiple disposable ceramic casting vessels (and subsequently cast alloy parts) with rapid injection and curing times. In
contrast, the new regiment disclosed herein utilizes a less expensive, more rapidly produced, less rugged master tool
and an intermediate flexible mold derived from the master tool to produce the ceramic casting vessel with much slower
injection and curing times. Thus, the new casting regiment can be advantageously
applied for rapid prototyping and development testing applications because it enables the creation of a first-of-a-kind
ceramic casting vessel (and subsequently produced cast alloy part) much faster and cheaper than with the prior art
methods. Furthermore, the new regiment may be applied effectively in high volume production applications because
multiple identical intermediate flexible molds may be cast from a single master tool, thereby allowing multiple identical
ceramic casting vessels (and subsequently cast alloy parts) to be produced in parallel to match or exceed the production
capability of the prior art methods while still maintaining a significant cost advantage over the prior art. Furthermore,
each flexible mold may be reused multiple times to produce multiple identical ceramic casting vessel sections. The time
and cost savings of the present regiment include not only the reduced cost and effort of producing the master tool and
the elimination of all of the wax injection equipment and tooling, but also the elimination of certain post-alloy casting
steps that are necessary in the prior art to produce certain design features, such as trailing edge cooling holes or surface
roughness, since such features can be cast directly into the alloy part using the new regiment disclosed herein whereas
they require post-casting processing in the prior art. The present regiment provides these cost and production advantages
while at the same time enabling the casting of design features that heretofore have not been within the capability of the
prior art techniques, thereby for the first time allowing component designers to produce the hardware features that are
necessary to achieve next generation gas turbine design goals.
[0052] While various embodiments of the present invention have been shown and described herein, it will be obvious
that such embodiments are provided by way of example only. Numerous variations, changes and substitutions may be
made without departing from the invention herein.

Claims

1. A casting process for an alloy component comprising;
forming master tooling defining each of a plurality of sections of a ceramic casting vessel shape, the sections each
comprising at least one alignment feature shaped for cooperative alignment with an alignment feature of another of
the sections for assembly of the ceramic casting vessel shape;
casting a plurality of identical sets of flexible molds in the master tooling, each flexible mold replicating a respective
section of the ceramic casting vessel shape, the master tooling being reused for casting multiple identical sets of
flexible molds;
casting a plurality of sets of identical ceramic casting vessel sections in the plurality of sets of identical flexible molds;
assembling a plurality of identical ceramic casting vessels by assembling the respective plurality of sets of ceramic
casting vessel sections while aligning the respective cooperative alignment features;
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casting the plurality of identical alloy components in the plurality of identical ceramic casting vessels; and
removing the ceramic casting vessels to reveal the plurality of identical alloy components.

2. The casting process of claim 1, further comprising:

forming the master tooling to comprise a first region comprising relatively low precision features;
incorporating a mold insert into the master tooling to define a second region comprising relatively high precision
features having dimensional tolerances smaller than those of the relatively low precision features.

3. The casting process of claim 1, wherein the step of casting a plurality of sets of identical ceramic casting vessel
sections comprises vibrating the respective flexible mold while introducing a ceramic material slurry into the respective
flexible mold, the vibrating step effective to displace air entrapped by a protruding surface of the respective flexible
mold with the slurry.

4. The casting process of claim 1, further comprising positioning an active device into at least one of the flexible molds
or ceramic casting vessel sections for operation during a subsequent casting step.

5. The casting process of claim 1, further comprising firing the ceramic shell sections to respective different degrees
of a fully sintered condition to control shrinkage and co-sintering of adjoining surfaces prior to a final sintering step
and prior to the step of casting the plurality of identical alloy components.

6. The casting process of claim 1, further comprising:

texturing a surface of the master tooling to achieve a desired topography; and
replicating the desired topography into the plurality of identical alloy components through the respective flexible
molds and ceramic casting vessels, optionally wherein the step of texturing comprises subjecting the master
tooling surface to one of grit blasting, sanding, laser-derived pot marking, or additional of a second phase material.

7. The casting process of claim 1, further comprising forming the master tooling to define shapes of a core and at least
two shell sections including respective alignment features which when assembled together, with respective alignment
features in cooperative alignment, form the ceramic casting vessel shape.

8. The casting process of claim 1, further comprising forming a tab on at least one of the ceramic casting vessel sections
and subjecting the fab to a thermal reshaping process after it has reached a green body state but before it is fully fired.

9. A casting process for an alloy component comprising;
defining a ceramic casting vessel in a digital model;
dividing the digital model into a plurality of vessel sections comprising cooperating alignment features;
fabricating master tooling representing each of the vessel sections; casting flexible molds for each of the vessel
sections in the master tooling;
casting ceramic casting vessel sections in the flexible molds;
assembling the ceramic casting vessel sections into a ceramic casting vessel while aligning the cooperating alignment
features;
casting an alloy component in the ceramic casting vessel; and removing the ceramic casting vessel to reveal the
alloy component.

10. The casting process of claim 9, further comprising;
using the master tooling to cast a plurality of sets of identical flexible molds for each of the respective vessel sections;
and
using the plurality of sets of identical flexible molds to produce in parallel a respective plurality of alloy components
in accordance with the steps of claim 8.

11. The casting process of claim 9, further comprising:

forming the master tooling to define a first region comprising relatively low precision features;
incorporating a mold insert into the master mold to define a second region comprising relatively high precision
features having dimensional tolerances smaller than those of the relatively low precision features.
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12. The casting process of claim 9, wherein the step of casting ceramic casting vessel sections comprises vibrating the
respective flexible mold while introducing a ceramic material slurry into the respective flexible mold, the vibrating
step effective to displace air entrapped by a protruding surface of the respective flexible mold with the slurry.

13. The casting process of claim 9, further comprising positioning an active device into at least one of the flexible molds
or ceramic casting vessel sections for operation during a subsequent casting step.

14. The casting process of claim 9, further comprising firing the ceramic shell sections to respective different degrees
of a fully sintered condition to control shrinkage and co-sintering of adjoining surfaces prior to a final sintering step
and prior to the step of casting the alloy component.

15. The casting process of claim 9, further comprising:

texturing a surface of the master fooling to achieve a desired topography; and
replicating the desired topography into the alloy component through the respective flexible mold and ceramic
casting vessel, optionally wherein the step of texturing comprises subjecting the master tooling surface to one
of grit blasting, sanding, laser-derived pot marking, or additional of a second phase material.

16. The casting process of claim 9, further comprising:
forming the master tooling to define shapes of a core and at least two shell sections including respective alignment
features which when assembled together, with the respective alignment features in cooperative alignment, form the
ceramic casting vessel shape.

17. The casting process of claim 9, further comprising forming a tab on at least one of the ceramic casting vessel sections
and subjecting the tab to a thermal reshaping process after it has reached a green body state but before it is fully fired.

18. The casting process of claim 9, further comprising;
forming an intermediate mold comprising a fibrous material from the master tooling;
grit blasting a surface of the intermediate mold to achieve a desired topography; and
casting at least one of the flexible molds into the intermediate mold to replicate the desired topography;
whereby the desired topography is then replicated into a surface of the alloy component.

19. The casting process of claim 9, further comprising subjecting at least one of the ceramic casting vessel sections to
a thermal reshaping process after it has reached a green body state but before it is fully fired.

20. The casting process of claim 9, further comprising forming the master tooling to define an engineered feature on
an exterior surface of the ceramic casting vessel.

21. The casting process of claim 9, further comprising embedding a reinforcing material into at least one of the ceramic
casting vessel sections.
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