wo 2015/041795 A1 [N 0000 R0 Y O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

26 March 2015 (26.03.2015)

WIPOIPCT

(10) International Publication Number

WO 2015/041795 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

International Patent Classification:

B22C 1/00 (2006.01) B22C 9/24 (2006.01)
B22C 9/04 (2006.01) B22C 21/14 (2006.01)
B22C 9/10 (2006.01) B22C 1/06 (2006.01)

International Application Number:
PCT/US2014/051993

International Filing Date:
21 August 2014 (21.08.2014)

Filing Language: English
Publication Language: English
Priority Data:

14/030,005 18 September 2013 (18.09.2013) US

Applicant: GENERAL ELECTRIC COMPANY
[US/US]; 1 River Road, Schenectady, NY 12345 (US).

Inventors: BEWLAY, Bernard, Patrick; One Research
Circle, Niskayuna, NY 12309 (US). MCKIEVER, Joan;
One Research Circle, Niskayuna, NY 12309 (US). ELLIS,
Brian, Michael; One Research Circle, Niskayuna, NY
12309 (US). MCLASKY, Nicholas, Vincent; One Re-
search Circle, Niskayuna, NY 12309 (US).

Agents: ANDES, William, Scott et al.; General Electric
Company, Global Patent Operation, 3135 Easton Turnpike,
Fairfield, CT 06828 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

(84)

DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: CERAMIC CORE COMPOSITIONS, METHODS FOR MAKING CORES, METHODS FOR CASTING HOLLOW TI-
TANIUM-CONTAINIG ARTICLES, AND HOLLOW TITANIUM-CONTAINING ARTICLES

.

A)
Cleaned

Cut

FIG. 1

(57) Abstract: The disclosure relates generally to core compositions and methods of molding and the articles so molded. More spe -
cifically, the disclosure relates to core compositions and methods for casting hollow titanium-containing articles, and the hollow ti -
tanium-containing articles so molded.



WO 2015/041795 PCT/US2014/051993

CERAMIC CORE COMPOSITIONS, METHODS FOR MAKING CORES,
METHODS FOR CASTING HOLLOW TITANIUM-CONTAINING
ARTICLES, AND HOLLOW TITANIUM-CONTAINING ARTICLES

BACKGROUND

[001] Modern gas or combustion turbines must satisfy the highest demands with
respect to reliability, weight, power, economy, and operating service life. In the
development of such turbines, the material selection, the search for new suitable
materials, as well as the search for new production methods, among other things, play

a role in meeting standards and satisfying the demand.

[002] The materials used for gas turbines may include titanium alloys, nickel alloys
(also called super alloys) and high strength steels. For aircraft engines, titanium
alloys are generally used for compressor parts, nickel alloys are suitable for the hot
parts of the aircraft engine, and the high strength steels are used, for example, for
compressor housings and turbine housings. The highly loaded or stressed gas turbine
components, such as components for a compressor for example, are typically forged
parts. Components for a turbine, on the other hand, are typically embodied as

investment cast parts.

[003] Although investment casting is not a new process, the investment casting
market continues to grow as the demand for more intricate and complicated parts
increase. Because of the great demand for high quality, precision castings, there
continuously remains a need to develop new ways to make investment castings more

quickly, efficiently, cheaply and of higher quality.
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[004] Conventional investment mold compounds that consist of fused silica,
cristobalite, gypsum, or the like, that are used in casting jewelry and dental prostheses
industries are generally not suitable for casting reactive alloys, such as titanium
alloys. One reason is because there is a reaction between molten titanium and the

investment mold.

[005] There is a need for a simple investment mold that does not react significantly
with titantum and titanium aluminide alloys. Approaches have been adopted
previously with ceramic shell molds for titanium alloy castings. In the prior
examples, in order to reduce the limitations of the conventional investment mold
compounds, several additional mold materials have been developed. For example, an
investment compound was developed of an oxidation-expansion type in which
magnesium oxide or zirconia was used as a main component and metallic zirconium
was added to the main constituent to compensate for the shrinkage due to
solidification of the cast metal. There is thus also a need for simple and reliable
investment casting methods which allow easy extraction of near-net-shape metal or
metal alloys from an investment mold that does not react significantly with the metal

or metal alloy.

[006] Prior Art non-metallic composite turbine blades are, in general, of the
un-cooled solid type. See for example U.S. Pat. No. 5,018,271 to Bailey et al (1991).
The high thermal conductivities of this class of material requires complicated
solutions to heat transferred from the flow path around the blade into the supporting
blade rotor and disc structure. These design solutions are complex and add additional

weight to the blade and supporting disc structure. In addition to the aforementioned,
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compared to current metallic blade designs, cool-able, lighter-in-weight blades are

desirable to overcome the above prior art shortcomings.

SUMMARY

[007] One object of the present disclosure is to provide improvements to a blade of a

gas turbine engine.

[008] Aspects of the present disclosure provide casting mold compositions, methods
of casting, and cast articles that overcome the limitations of the conventional
techniques. Though some aspect of the disclosure may be directed toward the
fabrication of components for the aerospace industry, for example, engine turbine
blades, aspects of the present disclosure may be employed in the fabrication of any
component in any industry, in particular, those components containing titanium and/or

titanium alloys.

[009] One aspect of the present disclosure is directed to a ceramic core composition
comprising calcium aluminate particles and one or more large scale particles. In one
embodiment, the composition comprises fine scale calcium aluminate and wherein
said large particles are hollow. In another embodiment, the calcium aluminate
particles comprise particles of calcium monoaluminate, calcium dialuminate, and
mayenite. The composition further comprises, in one example, of calcium aluminate

with a particle size of less than about 50 microns.

[0010] In one embodiment, the large scale particles comprise hollow oxide

particles. In another embodiment, the large scale particles are hollow and they
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comprise aluminum oxide particles, magnesium oxide particles, calcium oxide
particles, zirconium oxide particles, titanium oxide particles, or combinations thereof.
In another embodiment, the large scale particles comprise a ceramic, such as calcium
aluminate, calcium hexaluminate, zirconia, or combinations therecof. In one

embodiment, the hollow oxide particles comprise hollow alumina spheres or bubbles.

[0011] The particular size of the particles is a feature of the present disclosure.
In particular, the large scale particles of the composition comprise particles that are
more than about 70 microns in outside dimension. In one embodiment, the large scale
particles comprise particles of about 70 microns to about 1000 microns in outside
dimension. In one embodiment, at least 50% of the calcium aluminate particles are
less than about 10 microns in outside dimension. In another embodiment, the calcium
aluminate particles comprise particles of up to about 50 microns in outside dimension,
and the large scale particles comprise particles of from about 70 to about 1000

microns in outside dimension.

[0012] One aspect of the present disclosure is directed to a casting core
formed from a ceramic core composition comprising calcium aluminate particles and
one or more large scale particles. Another aspect of the present disclosure is directed
to a hollow titanium aluminide-containing article formed using a casting core formed
from a ceramic core composition comprising calcium aluminate particles and one or
more large scale particles. In one embodiment, the hollow titanium aluminide-

containing article comprises a hollow titanium aluminide turbine blade.

[0013] In one embodiment, the weight fraction of the calcium aluminate
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particles is greater than about 20 % and less than about 80 %. In another
embodiment, the weight fraction of the large scale particles is from about 20 % to

about 65 %.

[0014] In one embodiment, the density of the core is from about 0.8g/cc to
about 3 g/cc. In another embodiment, the core composition does not shrink more than
about one percent upon firing at about 700 to 1400 degrees Celsius for about one
hour. In one embodiment, after the ceramic core composition is sintered, the ceramic
core is substantially free of silica. In one embodiment, before sintering of the core
composition the ceramic core comprises hollow alumina particles, and after sintering,
the core comprises no more than about 0.5% by weight (based on the total weight of

the core) of silica.

[0015] One aspect of the present disclosure is directed to a sintered ceramic
core for use in casting a titanium-containing article, said core comprising calcium
aluminate particles and large scale particles. In one embodiment, the core comprises
small scale calcium aluminate particles and large scale hollow particles. In one
embodiment, the calcium aluminate particles comprise particles of calcium
monoaluminate, calcium dialuminate, and mayenite. In one embodiment, after
sintering, the core is substantially free of silica. In another embodiment, before
sintering the ceramic core comprises hollow alumina particles, and after sintering the
core comprises no more than about 0.5% by weight (based on the total weight of the

core) of free silica.

[0016] In one embodiment, the weight fraction of the calcium aluminate
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particles of the ceramic core is greater than about 20 % and less than about 80 %. In
another embodiment, the weight fraction of the large scale particles in the ceramic
core is from about 20 % to about 65 %. In onc embodiment, at lecast 50% of the
calcium aluminate particles in the ceramic core are less than about 10 microns in
outside dimension. In another embodiment, the calcium aluminate particles in the
ceramic core comprise particles of up to about 50 microns in outside dimension, and
the large scale particles in the ceramic core comprise particles of from about 70 to

about 1000 microns in outside dimension.

[0017] One aspect of the present disclosure is a sintered ceramic core,
comprising calcium aluminate particles and large scale particles. In one embodiment,
the ceramic core is encompassed within the mold and has a different composition to
the mold. In one embodiment, the core is used to form a hollow titanium aluminide-
containing article. In one embodiment, more than one core is present in the casting
mold. In one embodiment, the casting mold has two, three or four different cavity
locations in which each has a core within it. In one embodiment where more than one
core is used, the cores may be connected to each other through a channel connecting
two or more cavities housing the cores. In one embodiment where more than one core
is used, the cores are separate, each within a defined location and not in contact with
any other core. In another embodiment where more than one core is used, the
composition of each of the cores may be different. In another embodiment where

more than one core is used, all the cores have the same composition as each other.

[0018] One aspect of the present disclosure is a sintered ceramic core

comprising calcium aluminate particles and hollow large scale particles, wherein the
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ceramic core is used to form a hollow titanium aluminide-containing article. Another
aspect of the present disclosure is a hollow titanium aluminide-containing article
comprising a calcium aluminate ceramic core, wherein the ceramic core comprises
calcium aluminate particles and one or more large scale particles used to form the

hollow titanium aluminide-containing article.

[0019] In one embodiment, the density of the core is from about 0.8g/cc to
about 3 g/cc. In another embodiement, the core composition does not shrink more
than about one percent upon firing at about 700 to 1400 degrees Celsius for about one
hour. One aspect of the present disclosure is a mold composition for casting a hollow
titanilum-containing article, comprising calcium aluminate particles comprising
calcium monoaluminate, calcium dialuminate, and mayenite; and the ceramic core as
taught herein. In one embodiment, the calcium aluminate particles comprise particles
of calcium monoaluminate. In another embodiment, the calcium aluminate particles

comprise particles of calcium monoaluminate, and calcium dialuminate.

[0020] In one aspect, the present disclosure is a casting mold comprising a
ceramic core within a cavity of the mold, wherein the ceramic core comprises calcium
aluminate particles and large scale particles. In one embodiment, the large scale particles
are hollow and the core and the casting mold have different compositions. In another
embodiment, one or more ceramic cores may be present within separate cavities of the
casting mold, and the ceramic cores comprise calcium aluminate particles and hollow
large scale particles. In another embodiment, the mold with the core is used to form a

hollow titanium aluminide-containing article.
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[0021] Another aspect of the present disclosure is a method for making a
casting mold for casting a hollow titanium-containing article. The method comprises
combining calcium aluminate particles, large scale particles and a liquid to produce a
slurry of calcium aluminate particles and large scale particles in the liquid,;
introducing the slurry into a vessel that contains a fugitive pattern, the internal
dimensions of the vessel define the external dimensions of the mold; and allowing the
slurry to cure in the vessel to form a mold for casting a titanium-containing article. In
one embodiment, fine scale calcium aluminate particles are used, along with large

scale particles that are substantially hollow.

[0022] In another embodiment, the method further comprises introducing
oxide particles to the slurry before introducing the slurry into a vessel for making a
mold. The oxide particles that are used in the presently taught method comprise
aluminum oxide particles, magnesium oxide particles, calcium oxide particles,
zirconium oxide particles, titanium oxide particles, or combinations thereof. In one
embodiment, the oxide particles used in the presently taught method comprise hollow
oxide particles. In a particular example, the oxide particles comprise hollow alumina

spheres.

[0023] The size of the particles used in the presently taught method is a
feature of the presently taught method. As such, in one embodiment, at least 50% of
the calcium aluminate particles used in the presently taught method are less than
about 10 microns in outside dimension. In one embodiment of the presently taught
method, the calcium aluminate particles comprise particles of up to about 50 microns

in outside dimension, and the large scale particles comprise particles of from about 70
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to about 1000 microns in outside dimension.

[0024] One aspect of the present disclosure is a method for making a casting
mold for casting a hollow titanium-containing article as presently taught, wherein the
casting mold comprises an investment casting mold for casting near-net-shape

titanium aluminide articles.

[0025] One aspect of the present disclosure is a method for making a casting
core for use in a casting mold for casting a hollow titanium-containing article as
presently taught, wherein the casting mold comprises an investment casting mold for

casting near-net-shape titanium aluminide articles.

[0026] One aspect of the present disclosure is a casting method for hollow
titanium and titanium alloys. The method comprises obtaining an investment casting
mold composition comprising calcium aluminate particles and large scale particles;
pouring said investment casting mold composition into a vessel containing a fugitive
pattern; curing said investment casting mold composition; removing said fugitive
pattern from the mold; preheating the mold to a mold casting temperature; pouring
molten titanium or titanium alloy into the heated mold; solidifying the molten
titanium or titanium alloy and forming a solidified hollow titanium or titanium alloy
casting; and removing the solidified hollow titanium or titanium alloy casting from

the mold.

[0027] In one embodiment of the casting method, fine scale calcium aluminate

particles are used, along with large scale particles that are substantially hollow. In
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another embodiment of the casting method, after removing said fugitive pattern from
the mold and preheating the mold to a mold casting temperature, heating said mold to
a temperature of about 450 degrees Celsius to about 1400 degrees Celsius, and then
allowing said mold to cool to about room temperature. In one embodiment, the
removing of the fugitive pattern comprises at least one of melting, dissolution,
ignition, oven dewaxing, furnace dewaxing, steam autoclave dewaxing, or microwave
dewaxing. After removing the solidified titanium or titanium alloy casting from the

mold, in one example, the casting is inspected with X-ray radiography.

[0028] Another aspect of the present disclosure is a titanium or titanium alloy
article made by the casting method as taught herein. The article, in one example,

comprises a titanium aluminide-containing turbine blade.

[0029] One aspect of the present disclosure is a method of making a ceramic
core, comprising combining calcium aluminate particles with large scale particles and
a liquid to form a slurry; introducing the slurry into a die to produce a green product
of an article-shaped body; and heating the green product under conditions sufficient to
form a ceramic core. For making the ceramic core, in one embodiment, fine scale
calcium aluminate particles are used along with large scale particles that are

substantially hollow.

[0030] The method of making the ceramic core, in one example, comprises
introducing oxide particles to the slurry before introducing the slurry into a die to
produce an article-shaped body. These oxide particles comprise, in one example,

hollow oxide particles. In one embodiment, the ceramic core is made using hollow

10
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oxide particles which comprise hollow alumina spheres.

[0031] In another embodiment, the core is made using calcium aluminate
particles, wherein at least 50% of the calcium aluminate particles are less than about
10 microns in outside dimension. In a particular embodiment, the core is made using
calcium aluminate particles which comprise particles of up to about 50 microns in
outside dimension, and large scale particles which comprise particles of from about

70 to about 1000 microns in outside dimension.

[0032] One aspect of the present disclosure is a method for casting a hollow
turbine component, comprising: (i) making a ceramic core by: a) combining calcium
aluminate particles with large scale particles and a liquid to form a slurry; b)
introducing the slurry into a die to produce a green product of an article-shaped body;
and c¢) heating the green product under conditions sufficient to form a sintered
ceramic core; (i1) disposing the ceramic core in a pre-selected position within a mold;
(iii) introducing a molten titanium or titanium alloy-containing material into the mold;
(iv) cooling the molten material, to form the turbine component within the mold; (v)
separating the mold from the turbine component; and (vi) removing the core from the
turbine component, so as to form a hollow turbine component. In one embodiment,

the turbine component being cast is a turbine blade.

[0033] These and other aspects, features, and advantages of this disclosure
will become apparent from the following detailed description of the various aspects of

the disclosure taken in conjunction with the accompanying drawings.

11
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BRIEF DESCRIPTION OF THE FIGURES

[0034] The subject matter, which is regarded as the invention, is particularly
pointed out and distinctly claimed in the claims at the conclusion of the specification.
The foregoing and other features and advantages of the disclosure will be readily
understood from the following detailed description of aspects of the invention taken in

conjunction with the accompanying drawings in which:

[0035] Figure 1 shows a typical slab casting that was used to develop the core
composition of the present disclosure. The slab is a simple geometry with a pour cup
and a riser to allow for solidification shrinkage. Figure 1 shows both cleaned and cut
slab castings produced, as indicated. The figure shows a typical slab casting that was
cut to examine the transverse section to investigate the extent of any reaction between

the core and the titanium alloy casting.

[0036] Figure 2 shows a cavity in the casting and part of the arrangement of
the platinum pins. The casting was cut and the core in the casting was partially
removed to examine the condition of the inner surface of the casting; the remainder of
the core can also be seen inside the casting. The platinum pins can be seen crossing
the cavity in the photo. The platinum pins hold the core in place during casting.

After casting, the platinum pins become embedded in the casting.

[0037] Figures 3 shows the cavity in a casting and part of the arrangement of
the platinum pins. In the region where the core has been removed, the platinum pins

can be seen across the cavity in the attached photos.

12
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[0038] Figure 4 shows the preparation of a wax for making a slab with a core
positioned inside the resulting slab for development of the present core technology.
In order to make the cored slab, a conventional slab wax was generated and a section
of the wax at the end of the slab was removed. The end surfaces of the slab were then
reconstructed using sheet wax that was joined to the end of the slab leaving the end
surface of the slab wax exposed. Platinum pins were then inserted perpendicular to
the sides of the slab through the sheet wax and across the cavity. The platinum pins
were arranged so that they penetrated both sides of the slab wax and they were
supported in the cavity by the sheet wax on each side. The red wax on the top of the
slab wax is a riser that is employed to accommodate solidification shrinkage in the

slab casting.

[0039] Figure 5 and 6 show drawings of the arrangement of the wax and the

disposition of the cavity for the core in the wax. See Figure 4 for additional details.

[0040] Figures 7a and 7b show the cut surface of the transverse section of a
titanium aluminde alloy casting that contains a calcium aluminate-containing core. It
can be seen in Figure 7a that there is essentially no reaction between the casting and

the calcium aluminate-containing core. The core has been partially removed.

[0041] Figure 8 shows a titanium alloy (titanium aluminide) slab casting that
was produced using the mold with the core within the mold. It shows the sliced core
slab, showing transverse sections that allow the calcium aluminate containing core to
be observed directly. The core was partially removed by grit blasting, and the internal

surface of the casting can be observed. A region of the casting with the core partially

13



WO 2015/041795 PCT/US2014/051993

removed can be seen. The internal surface of the casting that was generated by the
core can be seen to be of high quality. The surface is smooth (it had a surface
roughness of an Ra value of less than 100), and shows minimal if any evidence of

reaction with the core material during the casting operation.

[0042] The partially removed core can be seen at higher magnification, and
the internal surface of the casting can be observed in greater detail. It is also possible
to see one of the platinum pins that we used to support the core in the mold. The
platinum pins were not completely removed during casting. The casting is being
observed in the as-cast condition; it has not been subjected to any heat treatment. The
condition of the internal surface of the casting that has been generated by the calcium
aluminate-containing core is excellent. Various sections of the core and casting show
both the integrity of the core and the very low, if any, reaction between the core and

the casting for this specific core formulation.

[0043] Figures 9-12 show photographs of the transverse slice from the cored
section of the casting. The transverse slice was cut along the sides and the slice
separated into two halves. This allowed the residual core to be removed and the
internal surface of the hollow casting to be examined. The internal surface of the
casting shows regions where the core was completely removed and grit blasted; the
surface finish was excellent. The images of the internal surface of the casting also
show regions where the core was not completely removed; this allows one to assess
the level of interaction between the core and the casting. There is only a very thin
scale of the calcium aluminate containing core on the casting, and this scale can be

very casily removed by grit blasting, wire brushing, citrus washing, chemical

14
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cleaning, or other means well known in the art. These evaluations indicate that
calcium aluminate containing core is a suitable technology for casting hollow titanium

alloy and titanium aluminide alloy components.

[0044] Figure 13 shows bore scope pictures of a slab mold that contains a core

with platinum pins holding the core suspended in the mold.

[0045] Figure 14 shows a platinum pin supporting a calcium aluminate-
containing core in a casting mold. The figure shows borescope pictures of a slab

mold that contains a core with platinum pins holding the core suspended in the mold.

[0046] Figure 15 shows a braided platinum pin supporting a calcium
aluminate-containing core in a casting mold. The braided pin was formed, for
example, by winding two smaller wires together. The figure shows bore scope
pictures of a slab mold that contains a core with braided platinum pins holding the

core suspended in the mold.

[0047] Figure 16 shows a blade that has been produced with a calcium

aluminate-containing core in it.

[0048] Figure 17a shows a flow chart, in accordance with aspects of the
disclosure, illustrating a method for making a casting mold for casting a hollow
titanium-containing article. Figure 17b shows a flow chart, in accordance with
aspects of the disclosure, illustrating a casting method for hollow titanium and

titanium alloys.

15
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[0049] Figure 18a shows a flow chart, in accordance with aspects of the
disclosure, illustrating a method of making a ceramic core. Figure 18b shows a flow
chart, in accordance with aspects of the disclosure, illustrating a method for casting a

hollow turbine component.

DETAILED DESCRIPTION

[0050] The use of the terms “a” and “an” and “the” and similar references in
the context of describing the invention (especially in the context of the following
claims) are to be construed to cover both the singular and the plural, unless otherwise
indicated herein or clearly contradicted by context. The modifier “about” used in
connection with a quantity is inclusive of the stated value and has the meaning
dictated by the context (e.g., it includes the degree of error associated with
measurement of the particular quantity). All ranges disclosed herein are inclusive of

the endpoints, and the endpoints are independently combinable with each other.

[0051] The present disclosure relates generally to ceramic core compositions,
casting cores and methods of making cores and related cast articles, and, more
specifically, to core compositions, molds containing the core, and methods for casting
hollow titanium-containing articles, and hollow titanium-containing articles so

molded.

[0052] The manufacture of titanium based components by investment casting
of titanium and its alloys in investment shell molds poses problems from the

standpoint that the castings should be cast to “near-net-shape.” That is, the

16
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components may be cast to substantially the final desired dimensions of the
component, and require little or no final treatment or machining. For example, some
conventional castings may require only a chemical milling operation to remove any
surface contamination, such as alpha case, present on the casting. However, any sub-
surface ceramic inclusions located below the alpha case in the casting are typically
not removed by the chemical milling operation and may be formed due to the reaction
between the mold and any reactive metal in the mold, for example, reactive titanium

aluminide.

[0053] The present disclosure provides a new approach for casting near-net-
shape hollow titanium and titanium aluminide components, such as, hollow turbine
blades or airfoils. Embodiments of the present disclosure provide ceramic core
compositions and casting methods that provide hollow titanium and titanium alloy
components for example, for use in the acrospace, industrial and marine industry. In
some aspects, the composition provides a mold that provides improved mold strength
during mold making and/or increased resistance to reaction with the casting metal
during casting. The molds and cores according to aspects of the disclosure may be
capable of casting at high pressure, which is desirable for near-net-shape casting
methods. Mold and core compositions, for example, containing calcium aluminate
particles and alumina particles, and preferred constituent phases, have been identified

that provide castings with improved properties.

[0054] In one aspect, the inventors discovered that calcium aluminate particles
coupled with large scale particles can provide for a ceramic core composition used for

making a casting mold for casting a hollow titanium-containing article, and related

17
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casting methods. The constituent phases of the core composition comprise calcium
monoaluminate (CaAl;O4). The present inventors found calcium monoaluminate
desirable for at least two reasons. First, it is understood by the inventors that calcium
monoaluminate promotes hydraulic bond formation between the particles during the
initial stages of mold making, and this hydraulic bonding is believed to provide mold
strength during mold construction. Second, it is understood by the inventors that
calcium monoaluminate experiences a very low rate of reaction with titanium and
titanium aluminide based alloys. In a certain embodiment, calcium monoaluminate is
provided to the core composition of the present disclosure in the form of calcium
aluminate particles. In one aspect, the core composition comprises a mixture of

calcium aluminate particles and alumina, for example, hollow aluminum oxide.

[0055] In one aspect of the disclosure, the core composition provides
minimum reaction with the alloy during casting, and the mold provides hollow
castings with the required component properties. External properties of the casting
include features such as shape, geometry, and surface finish. Internal properties of the
casting include mechanical properties, microstructure, defects (such as pores and

inclusions) below a specified size and within allowable limits.

[0056] The percentage of solids in the initial calcium aluminate (liquid
particle mixture) and the solids in the final calcium aluminate are a feature of the
present disclosure. In one example, the percentage of solids in the initial calcium
aluminate — liquid particle mix is from about 65% to about 80 %. In one example, the
percentage of solids in the initial calcium aluminate — liquid partical mix is from

about 70% to about 80%. In another example, the solids in the final calcium
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aluminate - liquid particle mix that is calcium aluminate particles with less than about
50 microns in outside dimension and large scale alumina particles that are larger than
about 70 microns - is from about 75% to about 90%. The initial calcium aluminate
particles are fine scale, in one example about 5 microns to about 50 microns, and
alumina particles of greater than about 70 microns are mixed with water to provide a
uniform and homogeneous slurry. In some cases, the final mix is formed by adding
progressively larger scale alumina particles, for example 70 microns at first and then
150 microns, to the initial slurry and mixing for between 2 and 15 minutes to achieve

a uniform mix.

[0057] The composition of one aspect of the present disclosure provides for
low-cost casting of hollow titanium aluminide (TiAl) turbine blades, for example,
TiAl low pressure turbine blades. The composition may provide the ability to cast
near-net-shape parts that require less machining and/or treatment than parts made
using conventional shell molds and gravity casting. As used herein, the expression
“near-net-shape” implies that the initial production of an article is close to the final
(net) shape of the article, reducing the need for further treatment, such as, extensive
machining and surface finishing. As used herein, the term “turbine blade” refers to

both steam turbine blades and gas turbine blades.

[0058] The inventors of the instant application have discovered technology for
producing hollow titanium alloy and titanium aluminide alloy castings. The present
disclosure provides, inter alia, a composition of matter for producing cores for
investment casting molds for titanium alloys, and a casting process that can provide

hollow components of titanium and titanium alloys. One of the technical advantages
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of this disclosure is that, in one aspect, the disclosure may improve the structural
integrity of net shape casting that can be generated, for example, from calcium
aluminate particles and alumina investment molds and such molds containing cores.
The higher strength, for example, higher fatigue strength, allows lighter hollow
components to be fabricated. In addition, components having higher fatigue strength

can last longer, and thus have lower life-cycle costs.

[0059] The present disclosure provides a core composition for investment
casting molds for titanium alloys, methods for making the cores, casting molds
containing the cores, and methods for casting hollow titanium alloy components,
including turbine blades, using the cores. The core composition comprises, in one
example, calcium aluminate and alumina particles, for example hollow alumina
particles. The calcium aluminate particles provide the core with the ability to

withstand reaction of the ceramic with the molten titanium alloy.

[0060] The hollow alumina particles provide the core with compliance and
crushability; these are desired properties because it is necessary that the core does not
impose excessive tensile stress on the casting during post solidification cooling.
Typically the core material has a lower thermal expansion coefficient than the metal,
and the metal cools more quickly than the ceramic. If the core is too strong, the core
will impose tensile stress on the part because the part shrinks more quickly than the
core during post solidification cooling. Hence, a feature of the present disclosure is a
core that is crushed during cooling, such that it does not impose excessive tensile
stress on the part and generate tensile tears, cracks, and defects. The results show a

slab mold that contains a core with platinum pins holding the core suspended in the
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mold (see Figures 13-15).

[0061] Wax is first prepared for making a slab with a core positioned inside
the resulting slab wax. In order to make the cored slab for evaluation tests, a
conventional slab wax was generated and a section of the wax at the end of the slab
was removed. The end surfaces of the slab were then reconstructed using sheet wax
that was joined to the end of the slab leaving the end surface of the slab wax exposed.
The red wax on the top of the slab wax is a riser that is employed to accommodate

solidification shrinkage in the slab casting.

[0062] Platinum pins were then inserted perpendicular to the sides of the slab
through the sheet wax and across the cavity. The platinum pins were arranged so that
they penetrated both sides of the slab wax and they were supported in the cavity by
the sheet wax on each side. The cavity and the arrangement of the platinum pins are
shown for example in figures 2, 5 and 6. In one example, the platinum pins can be
seen crossing the cavity. The calcium aluminate containing core material was then
added to the cavity and cured. The platinum pins hold the core in place during

casting. After casting, the platinum pins become embedded in the casting.

[0063] After the wax pattern was prepared, a casting mold was made. The
casting molds were cured for a period of approximately 24 hours. After curing, the
wax was removed. After the mold was cured and the wax was removed, the core in
the slab was left suspended in the mold cavity and supported by the platinum pins.
The green mold with the core was then fired at a temperature above 600 degrees

Celsius for a time period in excess of 1 hour, in one example 2 to 6 hours, to develop
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sufficient core and mold strength for casting and to remove any undesirable residual
impurities in the core and mold. In one example, the firing temperature is 600
degrees Celsius and the period of time is about four hours. In one embodiment, the
core is fired separately and can then be assembled with the wax for the mold, and then

the mold can be invested using the ceramic mix formulation.

[0064] Figure 1 shows the resulting titanium alloy (titanium aluminide) slab
casting that was produced using the mold with the core within the mold. A region of
the casting with the core partially removed can be seen in Figures 2 and 3. The
internal surface of the casting that was generated by the core can be seen in Figure 3.
This internal surface of the casting was shown to be of high quality; that is, the
surface of the internal surface is smooth (it had a surface roughness of a Ra value of
less than 100), and showed little evidence of aggressive reaction with the core
material during the casting operation. The platinum pins used to support the core
during mold making and casting can also be seen in several pictures (see Figures 2, 5
and 13). Figures 7 and 8 show the casting after it has been cut in a transverse
direction relative to the longitudinal axis of the blade. Blades have also been
produced with a calcium aluminate-containing core in them. An example of a

titanium aluminde blade casting is shown in Figure 16.

[0065] The diameter of the platinum pins that are supporting the core is one
feature of the present disclosure. The inventors of the instant application have
discovered that if the diameter of the pins is too small (less than about 2mm need to
correct this) and the unsupported length is too long, the pins will deform during firing

and the position of the core in the mold will not be retained. If the core position
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moves in the mold, the dimensions of the hollow cavity within the cast component
will not be controlled correctly and the part will be rejected. In certain embodiments,

the diameter of the platinum pins can range from about 0.1mm to about 4 mm.

[0066] On the other hand, if the diameter of the pins is too large (greater than
about 2mm), they will remain as defects in the final casting after heat treatment and
they reduce the fatigue-resistant properties of the component. The inventors of the
present disclosure discovered that platinum pins, or platinum alloy pins, are preferred
to stabilize the core in the mold prior to casting and during mold filling. Platinum is
preferred for its strength and oxidation resistance. After casting and heat treatment,
the pins are homogenized into the structure such that the mechanical property
requirements are maintained or improved. The platinum pins are, therefore, in one
example about 2mm in diameter. In one example, the inventors secured the mold
with one 20mm long platinum pin (see Figure 14). In another example, the inventors
twisted two 13mm long platinum pins together and used this to secure the mold (see
Figure 15). As such, in one example, platinum or platinum alloy pins are used that
are about 10 to about 30 mm in length and are about 2 mm in diameter. One or more
platinum pins may be used. In another example, the platinum pins are placed in order
to maximize the security of the core in the mold, for example placing platinum pins in

varying configurations of for example, crossing or parallel configurations.

[0067] The weight fraction of calcium aluminate particles in the core is a
feature of the present disclosure. In one embodiment, the weight fraction of calcium
aluminate particles is from about 20 % to about 80 %. In one embodiment, the

weight fraction of calcium aluminate particles is from about 20 % to about 60 %. In
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one embodiment, the weight fraction of calcium aluminate particles is from about 20
% to about 40 %. In one embodiment, the weight fraction of calcium aluminate
particles is from about 40 % to about 60 %. In one embodiment, the weight fraction

of calcium aluminate particles is from about 55 % to about 65 %.

[0068] In one embodiment, the weight fraction of calcium aluminate particles
is about 40 %. In one embodiment, the weight fraction of calcium aluminate particles
is about 50 %. In one embodiment, the weight fraction of calcium aluminate particles
is about 60 %. In one embodiment, the weight fraction of calcium aluminate particles
is about 70 %. In one embodiment, the weight fraction of calcium aluminate particles

18 about 80 %.

[0069] The particle size of the calcium aluminate particles used in the core
formulation is yet another feature of the present disclosure because this has a
significant effect on the surface finish of the internal surfaces of the hollow casting
and the strength of the core. In one example, the particle size of the calcium
aluminate particles is less than about 50 microns. In another example, the mean
particle size of the calcium aluminate particles is less than about 10 microns. In one
embodiment, the particle size is measured as the outside dimension of the particle.
The calcium aluminate particles can be from about 5 microns to about 50 microns in

outside dimension.

[0070] The inventors of the instant disclosure have discovered that a core
composition can be made with beneficial properties and that combination of fine scale

calcium aluminate particles with large scale hollow particles for the core provide for
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improved results. These fine scale particles of calcium aluminate can be from about 2
microns to about 40 microns in outside dimension. In one example, the calcium
aluminate particles used in the core composition can be from about 10 microns to
about 30 microns. In another example, the calcium aluminate particles are from about
20 microns to about 40 microns in outside dimension. In one embodiment, the
calcium aluminate particles are about 5 microns in outside dimension. In one
embodiment, the calcium aluminate particles are about 10 microns in outside
dimension. In one embodiment, the calcium aluminate particles are about 20 microns
in outside dimension. In one embodiment, the calcium aluminate particles are about
30 microns in outside dimension. In one embodiment, the calcium aluminate particles
arc about 40 microns in outside dimension. In one embodiment, the calcium

aluminate particles are about 50 microns in outside dimension.

[0071] A calcium aluminate particle size of less than about 50 microns is
preferred for the core for three reasons: first, the fine particle size is believed to
promote the formation of hydraulic bonds during curing; second, the fine particle size
is understood to promote inter-particle sintering during firing, and this can increase
the mold strength; and third, the fine particle size is believed to improve the surface
finish of the cast article produced in the mold. The calcium aluminate particles may
be provided as powder, and can be used either in its intrinsic powder form, or in an
agglomerated form, such as, as spray dried agglomerates. The calcium aluminate
particles can, in one example, also be pre-blended with large-scale (for, example,
more than about 70 micron in size) alumina. The alumina is believed to provide an

increase in strength due to sintering during high-temperature firing. In certain
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instances, fine-scale alumina (that is, less than 50 microns in size) may also be added
with or without the large-scale alumina. In one embodiment, the calcium aluminate

particles are of high purity and also contain up to 70% alumina.

[0072] The calcium aluminate particles are designed and processed to have a
minimum quantity of impurities, such as, minimum amounts of silica, sodium and
other alkali, and iron oxide. In one aspect, the target level for the calcium aluminate
particles is that the sum of the Na,O, SiO,, Fe;0s, and TiO; is less than about 2
weight percent. In one embodiment, the sum of the Na,O, SiO,, Fe,03, and TiO; is

less than about 0.05 weight percent.

[0073] In one aspect, the mold composition, for example the investment mold
composition, or the core composition, may comprise a mixture of fine scale calcium
aluminate particles and large scale hollow alumina particles. The calcium aluminate
particles may function as a binder, for example, the calcium aluminate particles may
provide the main skeletal structure of the mold and core structure. The calcium
aluminate particles may comprise a continuous phase in the mold and core and
provide strength during curing, and casting. The core composition may consist of fine
scale calcium aluminate particles and large scale hollow alumina particles, that is,
calcium aluminate and large scale alumina particles may comprise substantially the

only components of the core composition, with little or no other components.

[0074] The weight fraction of the large particles, for example alumina bubble
(or hollow alumina particles), in the core is another feature of the present disclosure,

as this determines compliance and crushability. In one embodiment, the weight
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fraction of large scale particles is at least 20 %. In another embodiment, the weight
fraction of large scale particles is about 20 % to about 65 %. These large scale
particles can be hollow, for example hollow alumina particles of greater than 70
microns in outside dimension. Alternatively, the weight fraction of the large scale
particles is from about 20% to about 45%. In one embodiment, the weight fraction of
the large scale particles is from about 20% to about 35%. In one embodiment, the
weight fraction of the large scale particles is from about 20% to about 30%. In one
embodiment, the weight fraction of the large scale particles is from about 30% to
about 50%. The weight fraction of the large scale particles is, in another example,
about 20%. In one embodiment, the weight fraction of the large scale particles is
about 30%. In one embodiment, the weight fraction of the large scale particles is
about 40%. In one embodiment, the weight fraction of the large scale particles is
about 50%. In one embodiment, the weight fraction of the large scale particles is
about 60%. The large scale particles used in the present disclosure are, in one

example, hollow particles of alumina.

[0075] The particle size of the large scale particles used in the core
formulation is yet another feature of the present disclosure. In one example, the
particle size of large scale particles is about 70 microns to about 1000 microns in
outside dimension. In another example, the mean particle size of the large scale
particles is more than 70 microns. In one embodiment, the particle size is measured
as the outside dimension of the particle. The large scale particles can be from about
70 microns to about 200 microns in outside dimension. The inventors of the instant

disclosure have discovered that a core composition can be made with beneficial
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properties and that the combination of fine scale calcium aluminate particles with

large scale hollow particles provide for superior results.

[0076] These large scale particles can be from about 70 microns to about 150
microns in outside dimension. In one example, the large scale particles used in the
core composition can be from about 100 microns to about 200 microns. In another
example, the large scale particles are from about 150 microns to about 1000 microns
in outside dimension. In one embodiment, the large scale particles are about 100
microns in outside dimension. In one embodiment, the large scale particles are about
150 microns in outside dimension. In one embodiment, the large scale particles are
about 200 microns in outside dimension. In one embodiment, the large scale particles

are about 1000 microns in outside dimension.

[0077] These large scale particles may comprise hollow oxide particles. The
large scale particles may comprise aluminum oxide particles, magnesium oxide
particles, calcium oxide particles, zirconium oxide particles, titanium oxide particles,
or combinations thereof. The large scale particles can be a ceramic, such as calcium
aluminate, calcium hexaluminate, zirconia, or combinations therecof. In one
embodiment, the oxide particles may be a combination of one or more different oxide
particles. In a particular example, the large scale particles are hollow oxide particles,
and in a related example these large scale particles comprise hollow aluminum oxide
spheres or bubbles. In one embodiment, the present disclosure comprises a hollow
titanium-containing article casting-mold composition comprising calcium aluminate.
In another embodiment, the casting-mold composition further comprises oxide

particles, for example, hollow oxide particles.
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[0078] In certain embodiments, the hollow oxide particles may comprise
hollow alumina spheres (in one example, greater than 100 microns in diameter, for
example, about 1000 microns). The hollow alumina spheres may be incorporated into
the casting-mold or core composition, and the hollow spheres may have a range of
geometries, such as, round particles, or irregular aggregates. In certain embodiments,
the alumina may include both round particles and hollow spheres. In one aspect,
these geometries were found to increase the fluidity of the investment mold mixture.
The enhanced fluidity may typically improve the surface finish and fidelity or

accuracy of the surface features of the final casting produced from the mold.

[0079] The core composition can further include aluminum oxide, for
example, in the form of hollow particles. In one example, these particles have a
hollow core or a substantially hollow core substantially surrounded by an oxide.
These hollow aluminum oxide particles may comprise about 99 % of aluminum oxide
and have about 10 millimeter [mm] or less in outside dimension, such as, width or
diameter. In one embodiment, the hollow aluminum oxide particles have about 1
millimeter [mm] or less in outside dimension, such as, width or diameter. In another
embodiment, the aluminum oxide comprises particles that may have outside
dimensions that range from about 70 microns [um] to about 10,000 microns. In
another embodiment, the aluminum oxide comprises particles that may have outside

dimensions that range from about 70 microns [um] to about 1000 microns.

[0080] The particular size of the particles is a feature of the present disclosure.
The combination of fine or small scale particles of calcium aluminate and hollow

large scale particles is one feature of the present disclosure. The calcium aluminate
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particles may comprise particles of up to about 50 microns in outside dimension, and
these fine scale particles are combined with the large scale particles comprising
particles of from about 70 to about 1000 microns in outside dimension. At least 50%
of the calcium aluminate particles are, in one example, less than about 10 microns in
outside dimension. In one example, at least 50% of the calcium aluminate particles

are less than about 25 microns in outside dimension.

[0081] The particle size distributions of both the calcium aluminate particles
and large scale particles, for example alumina bubble/large particles, are one feature
of the present disclosure and play a role in controlling the linear shrinkage on firing.
In addition, factors including characteristics of calcium aluminate particles and large
scale particles, e.g. alumina particles, and the firing cycle (e.g., the temperature, time,

humidity) are also features of the present disclosure.

[0082] The density of the core is a feature of the present disclosure. The
density affects the strength/crushability of the core, and the ability of the core to be
removed from the hollow casting by methods, such as leaching, and specifically
preferential leaching. Preferential leaching involves removal of the ceramic core from
the casting without removal of the casting itself. In one embodiment, the density of
the core is from about 0.8g/cc to about 3g/cc. In one embodiment, the density of the
core is about 1.5g/cc. The inventors discovered that if the core density is too low, the
core does not have sufficient strength to withstand the stresses during mold making

and casting. If the core density is too high, the core removal from the casting is

difficult.
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[0083] The shrinkage of the core on firing plays a role in controlling core
dimensions. With the selected ratios of the weight fractions of fine-scale calcium
aluminate particles and large scale particles, such as alumina particles, the core
shrinkage can be reduced to less than about 1.0% in some embodiments. With
improved formulations, the shrinkage of the core on firing can be reduced to less than
about 0.75 %, with the use of a weight percentage of large scale particles of more than

about 30%, due to the low sintering characteristics of the large scale particles.

[0084] The instant disclosure also teaches a method of making a ceramic core.
The cores can be made by a range of molding methods including dry pressing
(followed by sintering, injection molding (with a binder such as a wax or polymer)),
gel casting, or slurry casting. In one example, the present disclosure provides for
three ways by which to make the core: First, mix powder of fine-scale calcium
aluminate and large scale alumina and dry press the powder mix using a compaction
die and sinter. Second, injection molding a mix powder of fine-scale calcium
aluminate and large scale alumina with a wax as a binder/lubricant. Third, pouring a
slurry of the fine-scale calcium aluminate and large scale alumina into a die, as

described in more detail below.

[0085] The ceramic core is made by combining calcium aluminate particles
with large scale particles and a liquid to form a slurry and then introducing this slurry
into a die to produce a green product of an article-shaped body. Subsequently, the
green product is heated to make the ceramic core. For making the ceramic core, fine
scale calcium aluminate particles may be used along with large scale particles that are

substantially hollow, for example large scale hollow particles of aluminum oxide that
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are more than about 70 microns in outside dimension.

[0086] The method of making the ceramic core may include introducing oxide
particles to the slurry before introducing the slurry into an article-shaped body. These
oxide particles comprise, in one example, hollow oxide particles. The ceramic core
can be made using hollow oxide particles and/or hollow alumina spheres. These large

scale particles may be hollow or substantially hollow.

[0087] The initial slurry is mixed to have a viscosity of between 50 and 150
centipoise. In one embodiment, viscosity range is between 80 and 120 centipoise. If
the viscosity is too low, the slurry will not maintain all the solids in suspension, and
settling of the heavier particles will occur and lead to segregation during curing. If
the viscosity is too high, the calcium aluminate particles cannot partition to the
fugitive pattern. The final slurry with the calcium aluminate particles and the hollow
large scale particles (for example, hollow alumina particles) is mixed to have a
viscosity of between approximately 2000 and 8000 centipoise. In one embodiment,
this final slurry viscosity range is between 3000 and 6000 centipoise. If the final
slurry/mix viscosity is too high, the final slurry mix will not flow around the fugitive
pattern, and the internal cavity of the mold will not be suitable for casting the final
required part. If the final slurry mix viscosity is too low, settling of the heavier
particles will occur during curing, and the mold will not have the required uniform
composition throughout the core, and the quality of the resulting casting will be

compromised.

[0088] The solids loading of the initial slurry and the solids loading of the
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final mold mix have effects on the core structure. The percentage of solids loading is
defined as the total solids in the mix divided by the total mass of the liquid and solids
in the mix, described as a percentage. In one embodiment, the percentage of solids in

the initial calcium aluminate-liquid mix is about 71 percent to 78 percent.

[0089] If the solids loading in the initial calcium aluminate slurry is less than
about 70 percent, then the particles will not remain in suspension and during curing of
the mold the particles will separate from the water and the composition will not be
uniform throughout the mold. In contrast, if the solids loading is too high in the
cement (for example greater than about 78 percent), the viscosity of the final mix with
the large-scale alumina will be too high (for example greater than about 85%,
depending on the amount, size, and morphology of the large-scale alumina particles
that are added), and the calcium aluminate particles in the mix will not be able to

partition to the fugitive pattern within the mold.

[0090] In one embodiment, the percentage of solids in the final calcium
aluminate-liquid mix with the large-scale (meaning greater than about 70 microns)
alumina particles is about 75 percent to about 90 percent. In one embodiment, the
percentage of solids in the final calcium aluminate-liquid mix with the large-scale
alumina particles is about 78 percent to about 88 percent. In another embodiment, the
percentage of solids in the final calcium aluminate-liquid mix with the large-scale
alumina particles is about 78 percent to about 84 percent. In a particular embodiment,
the percentage of solids in the final calcium aluminate-liquid mix with the large-scale

alumina particles is about 80 percent.
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[0091] The alumina can be incorporated as alumina particles, for example
hollow alumina particles. The particles can have a range of geometries, such as round
particles, or irregular aggregates. The alumina particle size can be as small as 10
microns and as large as 10mm. In one embodiment, the alumina consists of both
round particles and hollow particles, since these geometries increase the fluidity of the

investment mold mixture.

[0092] The fluidity impacts the manner in which the calcium aluminate
particles partition to the fugitive pattern (such as a wax) during pouring and setting of
the investment mold mix around the fugitive pattern. The fluidity affects the surface

finish and fidelity of the surface features of the final casting produced from the mold.

[0093] By hollow, it is contemplated that these large scale particles are
particles that have space or pockets of air within the particle(s) such that the particle is
not a complete, packed dense particle. The degree of this space / air varies and
hollow particles include particles where at least 20 % of the volume of the particle is
air. In one example, hollow particles are particles where about 5 % to about 75 % of
the volume of the particle is made up of empty space or air. In another example,
hollow particles are particles where about 10 % to about 80 % of the volume of the
particle is made up of empty space or air. In yet another example, hollow particles are
particles where about 20 % to about 70 % of the volume of the particle is made up of
empty space or air. In another example, hollow particles are particles where about 30
% to about 60 % of the volume of the particle is made up of empty space or air. In
another example, hollow particles are particles where about 40 % to about 50 % of the

volume of the particle is made up of empty space or air.
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[0094] In another example, hollow particles are particles where about 10% of
the volume of the particle is made up of empty space or air. In one example, hollow
particles are particles where about 20% of the volume of the particle is made up of
empty space or air. In one example, hollow particles are particles where about 30%
of the volume of the particle is made up of empty space or air. In one example,
hollow particles are particles where about 40% of the volume of the particle is made
up of empty space or air. In one example, hollow particles are particles where about
50% of the volume of the particle is made up of empty space or air. In one example,
hollow particles are particles where about 60% of the volume of the particle is made
up of empty space or air. In one example, hollow particles are particles where about
70% of the volume of the particle is made up of empty space or air. In one example,
hollow particles are particles where about 80% of the volume of the particle is made
up of empty space or air. In one example, hollow particles are particles where about

90% of the volume of the particle is made up of empty space or air.

[0095] The hollow particles, for example hollow large scale alumina particles,
serve at least two functions: [1] they reduce the density and the weight of the core,
with minimal reduction in strength; strength levels of approximately 500psi and above
are obtained, with densities of approximately 2g/cc and less; and [2] they reduce the
elastic modulus of the mold and help to provide compliance during cool down of the
mold and the component after casting. The increased compliance and crushability of

the mold may reduce the tensile stresses on the component.

[0096] Figures 2, 3, 7 and 8 show sections of the slab casting. The sections

allow the calcium aluminate containing core to be observed directly; a range of
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difference sections of the casting and the core can be seen. The cores can be made by
a range of molding methods including dry pressing (followed by sintering, injection

molding (with a binder such as a wax or polymer)), gel casting, or slurry casting.

[0097] The inventors here also teach a sintered ceramic core for use in casting
a titanium-containing article. The core comprises calcium aluminate particles and
large scale particles. The calcium aluminate particles are small scale and the large
scale particles may be hollow. The core is substantially free of silica after it is
sintered. Before sintering, in one example, the ceramic core comprises hollow
alumina particles, and after sintering the core comprises no more than about 0.5% by

weight (based on the total weight of the core) of free silica.

[0098] In Figure 8, the core was partially removed by grit blasting, and the
internal surface of the casting can be observed. In Figure 7a, the partially removed
core can be seen at higher magnification, and the internal surface of the casting can be
observed in greater detail. It is also possible to see one of the platinum pins that was
used to support the core in the mold. The platinum pins were not completely removed
during casting. The casting is being observed in the as-cast condition; it has not been

subjected to any heat treatment.

[0099] The condition of the internal surface of the casting that has been
generated by the calcium aluminate-containing core was shown to be acceptable. In
the grit blasted condition, the Ra value was from about 10 to about 50, without further
conditioning. Figures 7 and 8 show various sections of the core and casting; the

integrity of the core was maintained with little to no reaction between the core and the
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casting.

[00100] Surface roughness is one of the indices representing the surface
integrity of cast and machined parts. Surface roughness is characterized by the
centerline average roughness value “Ra”, as well as the average peak-to-valley
distance “Rz” in a designated area as measured by optical profilometry. A roughness
value can either be calculated on a profile or on a surface. The profile roughness
parameter (Ra, Rq,...) are more common. Each of the roughness parameters is

calculated using a formula for describing the surface. There are many different
roughness parameters in use, but R, is by far the most common. As known in the art,

surface roughness is correlated with tool wear. Typically, the surface-finishing
process though grinding and honing yields surfaces with Ra in a range of 0.1 mm to
1.6 mm. The surface roughness Ra value of the final coating depends upon the

desired function of the coating or coated article.

[00101] The average roughness, Ra, is expressed in units of height. In the
Imperial (English) system, 1 Ra is typically expressed in “millionths” of an inch. This
is also referred to as “microinches”. The Ra values indicated herein refer to
microinches. An Ra value of 70 corresponds to approximately 2 microns; and an Ra
value of 35 corresponds to approximately 1 micron. It is typically required that the
surface of high performance articles, such as turbine blades, turbine vanes/nozzles,
turbochargers, reciprocating engine valves, pistons, and the like, have an Ra of about
20 or less. One aspect of the present disclosure is a turbine blade comprising titanium

or titanium alloy and having an average roughness, Ra, of less than 20 across at least a
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portion of its surface area.

[00102] As the molten metals are heated higher and higher, they tend to
become more and more reactive (e.g., undergoing unwanted reactions with the mold
surface). Such reactions lead to the formation of impurities that contaminate the
metal parts, which result in various detrimental consequences. The presence of
impurities shifts the composition of the metal such that it may not meet the desired
standard, thereby disallowing the use of the cast piece for the intended application.
Moreover, the presence of the impurities can detrimentally affect the mechanical

properties of the metallic material (e.g., lowering the strength of the material).

[00103] Furthermore, such reactions can lead to surface texturing, which results
in substantial, undesirable roughness on the surface of the cast piece. For example,
using the surface roughness value Ra, as known in the art for characterizing surface
roughness, cast pieces utilizing stainless steel alloys and/or titanium alloys typically
exhibit an Ra value between about 100 and 200 under good working conditions.
These detrimental effects drive one to use lower temperatures for filling molds.
However, if the temperature of the molten metal is not heated enough, the casting

material can cool too quickly, leading to incomplete filling of the cast mold.

[00104] The disclosure is also directed to a mold composition for casting a
hollow titanium-containing article, comprising calcium aluminate particles; and the
ceramic core as taught herein. The calcium aluminate particles of the core
composition comprise three phases: calcium monoaluminate (CaAl,0,4), calcium

dialuminate (CaAl4O7), and mayenite (Ca;pAl14033). The calcium monoaluminate in
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the calcium aluminate particles in the core composition has three advantages over
other calcium aluminate phases: 1) the calcium monoaluminate is incorporated in the
core because it has a fast setting response (although not as fast as mayenite) and it is
believed to provide the core with strength during the early stages of curing. The rapid
generation of core strength provides dimensional stability of the casting core, and this
feature improves the dimensional consistency of the final cast component. 2) The
calcium monoaluminate is chemically stable with regard to the titanium and titanium
aluminide alloys that are being cast. The calcium monoaluminate is preferred relative
to the calcium dialuminate, and other calcium aluminate phases with higher alumina
activity; these phases are more reactive with titanium and titanium aluminide alloys
that are being cast. 3) The calcium monoaluminate and calcium dialuminate are low
expansion phases and are understood to prevent the formation of high levels of stress
in the mold and the core during curing, dewaxing, and subsequent casting. The

thermal expansion behavior of calcium monoaluminate is a close match with alumina.

[00105] Furthermore, the present disclosure also teaches a method for making a
casting mold and a casting core for casting a hollow titanium-containing article. The
method comprises combining calcium aluminate particles, large scale particles and a
liquid to produce a slurry, introducing this slurry into a vessel for making the mold
that contains a fugitive pattern, and allowing it to cure in the vessel. In one
embodiment, platinum pins are positioned to span the wax that generates the mold
cavity such that the mold cavity has platinum crossing the mold cavity. After curing
and removal of the fugitive pattern, a mold is formed of a titanium- containing article

(see Figure 17a). Fine scale calcium aluminate particles are used in one example,
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along with large scale particles that are substantially hollow.

[00106] The method may further comprise introducing oxide particles to the
slurry before introducing the slurry into a vessel for making a mold. The oxide
particles that are used in the presently taught method comprise aluminum oxide
particles, magnesium oxide particles, calcium oxide particles, zirconium oxide
particles, titanium oxide particles, or combinations thercof. The oxide particles used
in the presently taught method may comprise hollow oxide particles. In a particular

example, the oxide particles comprise hollow aluminum oxide (alumina) spheres.

[00107] Figures 9-12 show the transverse slice from the cored section of the
casting. The transverse slice was cut along the sides and the slice separated into two
halves. This allowed the residual core to be removed and the internal surface of the
hollow casting to be examined. The figures of the internal surface of the casting show
regions where the core was completely removed and grit blasted; the surface finish

was shown to be acceptable.

[00108] The images of the internal surface of the casting also show regions
where the core was not completely removed; this allows one to gauge the level of
interaction between the core and the casting. As was seen, there was only a very thin
scale of the calcium aluminate containing core on the casting, and this scale can be
casily removed by grit blasting, wire brushing, citrus washing, chemical cleaning, or
other means well known in the art. The inventors of the instant disclosure were able
to conceive using the results of these investigations that a fine scale calcium

aluminate and large scale hollow particle - containing core is a suitable technology for
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casting hollow titanium alloy and titanium aluminide alloy components.

[00109] The details of the disclosure pertaining to the mold making, including
incorporation of the core in the mold, and the casting processes are further elaborated
upon below. The core is typically set in the wax pattern at a suitable position in the
wax so as to provide the subsequent casting with hollow sections in the required
regions of the casting to a specific level of accuracy. These techniques can provide a
positional accuracy for the hollow cavity within less than 0.4mm of the position
typically required by the specification for the component. Typically, the position of
the hollow cavity in a casting is controlled to tolerances of less than 0.4mm; the
tolerance on the hollow cavity position is controlled by the control of the position of
the core in the wax; the use of the suitably designed tooling and consumable or non-
consumable core supports, such as platinum pins is also another feature of the present

disclosure.

[00110] One aspect of the present disclosure is a method for forming a casting
mold for casting a hollow titanium-containing article, the method comprising:
combining calcium aluminate with a liquid to produce a slurry of calcium aluminate,
wherein the percentage of solids in the initial calcium aluminate / liquid mixture is
about 70% to about 80% and the viscosity of the slurry is about 50 to about 150
centipoise; adding large scale hollow oxide particles into the slurry such that the
solids in the final calcium aluminate / liquid mixture with the large-scale (greater than
about 70 microns and less than about 1000 microns) oxide particles is about 75% to
about 90%; introducing the slurry into a vessel for making a mold that contains a

fugitive pattern; and allowing the slurry to cure in the vessel for making a mold to
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form a mold for casting a hollow titanium-containing article.

[00111] An investment mold was formed by formulating the investment mix of
the ceramic components, and pouring the mix into a vessel that contains a fugitive
pattern. The investment mold was formed on the wax pattern and it was allowed to
cure thoroughly to form a so-called green mold. In one embodiment, the curing step
is conducted for one hour to about 48 hours, at a temperature of, for example, below

about 30 degrees Celsius.

[00112] The fugitive pattern was then selectively removed from the green mold
by melting, dissolution, ignition, oven dewaxing, furnace dewaxing, steam autoclave
dewaxing, or microwave dewaxing, or other known pattern removal technique.
Typical methods for wax pattern removal include oven dewax (less than 150°C),
furnace dewax (greater than 150°C), steam autoclave dewax, and microwave
dewaxing. The result was a mold with a core positioned within the mold cavity at the

correct position for the subsequent casting.

[00113] Although the present disclosure teaches the use of a single core in the
casting mold cavity, it is possible to use multiple cores of different geometries to
generate different cavities as required at different locations in the casting mold. For
example, in one embodiment, the casting mold has two, three or four different cavity
locations in which each has a core within it. In one embodiment where more than one
core is used, the cores may be connected to each other through a channel connecting
two or more cavities housing the cores. In one embodiment where more than one core

is used, the cores are separate, each within a defined location and not in contact with
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any other core. In another embodiment where more than one core is used, the
composition of each of the cores may be different. Properties such as core strength,
core compliance, and core crushability may be adjusted according to the casting
requirements for specific locations of the mold. In another embodiment where more

than one core is used, all the cores have the same composition as each other.

[00114] The treatment of the core and the mold from room temperature to the
final firing temperature is also one feature of the present disclosure, specifically the
thermal conditions and the humidity profile. The heating rate to the firing
temperature and the cooling rate after firing are other features of the present
disclosure. The firing process removes the water from the mold and converts the
mayenite in the calcium aluminate particles to calcium aluminate. Another purpose of
the mold firing procedure is to minimize any free silica that remains in the core and
mold prior to casting. Other purposes are to remove the water, increase the high
temperature strength, and increase the amount of calcium monoaluminate and calcium

dialuminate.

[00115] For casting hollow titanium or titanium alloy-containing components,
the green mold is fired at a temperature above 600 degrees Celsius, for example 600
to 1400 degrees Celsius, for a time period in excess of 1 hour, preferably 2 to 10
hours, to develop mold strength for casting and to remove any undesirable residual
impurities in the mold, such as metallic species (Fe, Ni, Cr), and carbon-containing
species. In one example, the firing temperature is at least 950 degrees Celsius. The
atmosphere of firing the mold is typically ambient air, although inert gas or a reducing

gas atmosphere can be used.
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[00116] The mold with the core in it is heated from room temperature to the
final firing temperature, specifically the thermal history is controlled. The heating
rate to the firing temperature, and the cooling rate after firing are typically regulated.
If the mold is heated too quickly, it can crack internally or externally, or both; mold
cracking prior to casting is highly undesirable. In addition, if the mold is heated too
quickly, the internal surface of the mold can crack and spall off. This can lead to
undesirable inclusions in the final casting, and poor surface finish, even if there are no
inclusions. In addition, if the mold and core assembly is heated too quickly, the core
can crack and the subsequent cast component will not possess the designed hollow
cavity within it. Similarly, if the mold is cooled too quickly after reaching the

maximum temperature, the mold can also crack internally or externally, or both.

[00117] The present disclosure also teaches a method for making a casting
mold for casting a hollow titanium-containing article. The casting mold comprises an
investment casting mold for casting near-net-shape titanium aluminide articles. In
certain embodiments, the casting-mold composition of the present disclosure
comprises an investment casting-mold composition comprising a core. The
investment casting-mold composition comprising the core comprises a near-net-
shape, titanium-containing metal, investment casting mold composition. In one
embodiment, the investment casting-mold composition comprises an investment
casting-mold composition for casting near-net-shape titanium aluminide articles. The
near-net-shape titanium aluminide articles comprise, for example, near-net-shape
titanium aluminide turbine blades. This near-net-shape, titantum aluminide turbine

blade may require little or no material removal prior to installation.
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[00118] Net shape casting approaches as provided for in the present disclosure
allow parts that can be inspected with non destructive methods, such as x-ray,
ultrasound, or eddy current, in greater detail and at lower costs. The difficulties
associated with attenuation and scattering of the inspection radiation in oversized
thick sections is reduced. Smaller defects can potentially be resolved, and this can

provide parts with improved mechanical performance.

[00119] Moreover, the present disclosure also teaches a casting method for
hollow titanium and titanium alloys. The method comprises obtaining an investment
casting mold composition comprising calcium aluminate particles and large scale
particles, pouring this composition into a vessel containing a fugitive pattern, curing
it, removing the fugitive pattern from the mold, and preheating the mold to a mold
casting temperature. Subsequently, molten titanium or titanium alloy is poured into
the heated mold and allowed to solidify to form a solidified hollow titanium or

titanium alloy casting (see figure 17b).

[00120] The solidified hollow titanium or titanium alloy casting is then
removed from the mold. In one embodiment, after removing of the titanium or
titanium alloy from the mold, the casting may be finished with grit blasting or
polishing. In one embodiment, after the solidified casting is removed from the mold,
it is inspected by X-ray radiography. The disclosure also teaches titanium or titanium

alloy articles, e.g. a turbine blade, made by the casting method as taught herein.

[00121] The solidified casting is subjected to surface inspection and X-ray

radiography after casting and finishing to detect any sub-surface inclusion particles at
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any location within the casting. X-ray radiography is employed to find inclusions that
are not detectable by visual inspection of the exterior surface of the casting. The
titanium aluminide casting is subjected to X-ray radiography (film or digital) using
conventional X-ray equipment to provide an X-ray radiograph that then is inspected
or analyzed to determine if any sub-surface inclusions are present within the titanium

aluminide casting.

[00122] Another aspect of the present disclosure is a method for forming a
casting mold for casting a hollow titanium-containing article. The formed mold may
be a green mold, and the method may further comprise firing the green mold. In one
embodiment, the casting mold comprises an investment casting mold, for example, for
casting a hollow titanium-containing article. In one embodiment, the investment
casting-mold composition comprises an investment casting-mold composition for
casting near-net-shape titanium aluminide articles. The near-net-shape titanium
aluminide articles may comprise near-net-shape titanium aluminide turbine blades. In
one embodiment, the disclosure is directed to a mold formed from a hollow titanium-
containing article casting-mold composition, as taught herein. Another aspect of the

present disclosure is directed to a hollow article formed in the aforementioned mold.

[00123] The new core composition described in the present disclosure is
particularly suitable for titanium and titanium aluminide alloys. The present
disclosure is directed, inter alia, to a ceramic core composition comprising calcium
aluminate particles and one or more large scale particles. The composition comprises
fine scale calcium aluminate and said large particles. The large scale particles can be

hollow. The calcium aluminate particles may comprise particles of calcium
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monoaluminate, calcium dialuminate, and mayenite. The calcium aluminate particles
may comprise particles of calcium monoaluminate and calcium dialuminate. The
present disclosure also teaches a casting core formed from a ceramic core composition
comprising calcium aluminate particles and one or more large scale particles. The
instant disclosure is also directed to hollow titanium aluminide-containing articles
formed using a casting core formed from a ceramic core composition comprising
calcium aluminate particles and one or more large scale particles. An example of a
hollow titanium aluminide-containing article is a hollow titanium aluminide turbine

blade.

[00124] The core and the mold composition after firing and before casting are
features of the present disclosure, particularly with regard to the constituent phases.
For casting purposes, a relatively high weight fraction of calcium monoaluminate in
the core and the mold is preferred (at least 25 weight percent of the total mold
weight). In addition, for casting purposes, it is desirable to minimize the volume
fraction of the mayenite in the mold because mayenite is water sensitive and it can
provide problems with water release and gas generation during casting. Further

details are provided in Table 1.
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Table 1. Weight percent ranges of the calcium monoaluminate,

calcium dialuminate, and mayenite in the fine-scale calcium aluminate cement that is

used in the mold and core.

Range of calcium | Range of Range of
monoaluminate calcium mayenite
dialuminate
Fine-scale 5%-95% 5%-80% 1%-30%
Calcium
aluminate in
Mold
Fine-scale 10%-90% 5%-80% 0.1%-5%
Calcium

aluminate in
Core

[00126]

In addition, it is desirable to minimize the volume fraction of the

mayenite in the core; lower levels of mayenite have to be maintained in the core than

in the mold, as described in the attached table. After firing, the mold and the core can

also contain small weight fractions of aluminosilicates and calcium aluminosilicates;

it is desirable that the sum of the weight fraction of aluminosilicates and calcium

aluminosilicates is kept to less than about 5% in the mold and in the core, in order to

minimize reaction of the mold with the casting.

In one example, the sum of the

weight fraction of aluminosilicates and calcium aluminosilicates is less than about 3%

in the mold and in the core. In another example, the sum of the weight fraction of

aluminosilicates and calcium aluminosilicates is less than about 1% in the mold and

in the core.

48



WO 2015/041795 PCT/US2014/051993

[00127] Table 2: Mold and core ranges of weight percent of the fine-scale
calcium aluminate cement and range of weight percent of the large-scale particles.
Also included are the preferred limit for the weight percent of silica, and the preferred

limit for the combination of aluminosilicates and calcium aluminosilicates.

Range of Range of weight Range of Range of weight
weight percent | percent of the weight percent | percent of sum of
of the fine- large-scale of silica aluminosilicates
scale calcium particles and calcium
aluminate aluminosilicates
cement

Mold More than 30% | 20% to 70% <2% <5%

Core 20% to 80% 20 % to 65 % <0.5% <5%

[00128] The selection of the correct calcium aluminate particle chemistry and

alumina formulation are features of the present disclosure. They are determinants of

the performance of the mold during casting.

[00129] The calcium aluminate particles used in aspects of the disclosure
typically comprises three phases or components of calcium and aluminum: calcium
monoaluminate (CaAl,04), calcium dialuminate (CaAl4O;), and mayenite
(CajpAl4053).  Calcium monoaluminate’s hydration contributes to the high early
strength of the investment mold. Mayenite is desirable because it provides strength
during the early stages of mold curing due to the fast formation of hydraulic bonds.
The mayenite is, however, typically removed during heat treatment of the mold prior

to casting.

[00130] The mayenite is incorporated in the mold in both the mold and core
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because it is a fast setting calcium aluminate and it is believed to provide the mold
with strength during the early stages of curing. Curing may be performed at low
temperatures, for example, temperatures between 15 degrees Celsius and 40 degrees
Celsius because the fugitive wax pattern is temperature sensitive and loses its shape
and properties on thermal exposure above about 35 degrees Celsius. It is preferred to

cure the mold at temperatures below 30 degrees Celsius.

[00131] The selection of the correct calcium aluminate particle chemistry and
alumina formulation are factors in the performance of the core during casting. In one
embodiment, the casting mold composition further comprises calcium oxide. In
another embodiment, the casting core composition further comprises calcium oxide.
In terms of the calcium aluminate particles, it may be necessary to minimize the
amount of free calcium oxide in order to minimize reaction with the titanium alloy. If
the calcium oxide concentration is less than about 10% by weight, the alloy reacts
with the mold and core because the alumina concentration is too high, and the
reaction generates undesirable oxygen concentration levels in the casting, gas bubbles,
and a poor surface finish in the cast component. Free silica is less desirable in the
mold and the core material because it can react aggressively with titanium and
titanium aluminide alloys. It is also desirable to minimize the amount of free alumina

that is in contact with the molten alloy after the molten alloy is poured into the mold.

[00132] The final mold typically may have a density of less than 2 grams/cubic
centimeter and strength of greater than 500 pounds per square inch [psi]. The final
core typically may have a density of less than 3.5 grams/cubic centimeter and strength

of greater than 150 pounds per square inch [psi].
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[00133] The casting mold composition and the core composition may differ.
For example, the calcium monoaluminate in the mold comprises a weight fraction of
about 0.05 to 0.95, and the calcium monoaluminate in the core is about 0.1 to 0.90. In
another embodiment, the calcium dialuminate in the mold comprises a weight fraction
of about 0.05 to about 0.80, and the calcium dialuminate in the core is about 0.05 to
0.90. In yet another embodiment, the mayenite in the mold composition comprises a
weight fraction of about 0.01 to about 0.30, and the mayenite in the core is about

0.001 to 0.05, as shown in Table 1.

[00134] In one embodiment, the weight fractions of these phases that are
suitable in the mold are 0.05 to 0.95 of calcium monoaluminate, 0.05 to 0.80 of
calcium dialuminate, and 0.01 to 0.30 of mayenite. Whereas, in one example, the
weight fractions of these phases in the core composition are 0.1 to 0.90 of calcium
monoaluminate, 0.05 to 0.90 of calcium dialuminate, and 0.001 to 0.05 of mayenite.
In another embodiment, the weight fraction of calcium monoaluminate in the core is
more than about 0.6, and the weight fraction of mayenite is less than about 0.1. In
one embodiment, the weight fraction of calcium monoaluminate in the mold is more

than about 0.5, and weight fraction of mayenite is less than about 0.15.

[00135] Prior to casting a molten metal or alloy, the investment mold and core
may be preheated to a mold casting temperature that is dependent on the particular
component geometry or alloy to be cast. For example, a mold and core preheat
temperature is 600 degrees Celsius. In one embodiment, the mold and core
temperature ranges from about 450 degrees Celsius to about 1200 degrees Celsius. In

another example, this range is from about 450 degrees Celsius to about 750 degrees
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Celsius. In a particular embodiment, the mold temperature ranges from about 500

degrees Celsius to about 650 degrees Celsius.

[00136] The molten metal or alloy is poured into the mold that contains the
core using conventional techniques which can include gravity, countergravity,
pressure, centrifugal, and other casting techniques known to those skilled in the art.
Vacuum or inert gas atmospheres can be used. For complex shaped thin wall
geometries, techniques that use high pressure are preferred. After the solidified
titanium aluminide or alloy casting is cooled to less than 650 degrees Celsius
(typically to room temperature), it is removed from the mold and finished using
conventional techniques, such as grit blasting, water jet blasting, and polishing. The

core can also be removed by preferential leaching techniques.

[00137] In particular, the present disclosure also teaches, in one example, a
method for casting a hollow turbine component. As shown in Figure 18b, the method
comprises making a ceramic core, 1822, by combining calcium aluminate particles
with large scale particles and a liquid to form a slurry, introducing the slurry into a die
to produce a green product of an article-shaped body, and heating the green product
under conditions sufficient to form a sintered ceramic core. Having made the ceramic
core 1822, the ceramic core is then disposed in a pre-selected position within a mold,
1824. Molten titanium or titanium alloy-containing material is then introduced into
the mold, 1826, and cooled to form the turbine component within the mold, 1828.
The mold is then separated from the turbine component, 1830, and the core is
removed from the turbine component, 1832, so as to form a hollow turbine

component. The turbine component being cast can be a turbine blade.
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[00138] The core composition, in one example, does not shrink more than
about one percent upon firing at about 700 to about 1400 degrees Celsius for about
one hour. The core composition, in another example, does not shrink more than about
five percent upon firing at about 700 to about 1400 degrees Celsius for about one
hour. The core composition may be sintered and after the ceramic core composition
is sintered, the ceramic core that is formed is substantially free of silica. The ceramic
core may comprise hollow alumina particles before sintering, and after sintering the
core comprises, in one example, no more than about 0.5% by weight (based on the

total weight of the core) of free silica.

[00139] For the casting method, fine scale calcium aluminate particles may be
used, along with large scale particles that are substantially hollow. After removing
the fugitive pattern from the mold and preheating the mold to a mold casting
temperature, in one example, the mold is heated to a temperature of about 450 degrees
Celsius to about 1400 degrees Celsius and then allowed to cool to about room
temperature. The fugitive pattern may be removed by at least one of melting,
dissolution, ignition, oven dewaxing, furnace dewaxing, stcam autoclave dewaxing, or
microwave dewaxing. After removing the solidified titanium or titanium alloy casting

from the mold, the casting may be inspected with X-ray radiography.

[00140] In particular, the solidified casting is also subjected to surface
inspection and x-ray radiography after casting and finishing in order to detect any
sub-surface ceramic inclusion particles at any location within the casting. The
titanium aluminide alloy casting can be subjected to x-ray radiography (film or

digital) using conventional x-ray equipment to provide an x-ray radiograph that then

53



WO 2015/041795 PCT/US2014/051993

is inspected or analyzed to determine if any sub-surface inclusions are present within

the titanium aluminide alloy casting.

[00141] The calcium aluminate particles provide the core with the ability to
withstand reaction of the ceramic core with the molten titanium alloy. The hollow
alumina particles provide the core with compliance and crushability; these are
features of the present disclosure because it is necessary that the core does not impose
excessive tensile stress on the casting during post solidification cooling. The core
may have a lower thermal expansion coefficient than the metal, and the metal cools

more quickly than the ceramic.

[00142] The strength of the core is determined in that if the core is too strong,
the core will impose tensile stress on the part because the part shrinks more quickly
than the core during post solidification cooling. The inventors of the instant
application conceived of a core that crushes during cooling, such that it does not
impose excessive tensile stress on the part and generate tensile tears, cracks, and

defects.

[00143] The crushability of the core is designed such that the tensile stresses do
not generate a crack that is larger than 1 mm in the casting. The crushability is
affected by, for example, adjusting the weight fraction of the large scale particles, for
example large scale hollow alumina particles, and the density of the core. Cores that
have lower density have higher crushability and they impose lower stresses on the
casting. The lower density can be affected by a higher weight fraction of large scale

hollow alumina particles or more porosity in the core.
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[00144] The crushability of the core is designed such that the tensile stresses do
not generate a crack that is larger than 1 mm in the casting. The crushability of the
core is designed, in one example, such that the tensile stresses do not generate a crack
that is larger than 0.5 mm in the casting. In one example, the crushability of the core
is designed such that the tensile stresses do not generate a crack that is larger than 0.1

mm in the casting.

[00145] The diameter, length, and positions of the platinum pins are selected so
as to minimize the movement of the casting core during mold processing and casting.
It is preferred that the casting core does not move more than 125 microns from the
preferred position of the core in the final casting prior to removal of the core from the
casting. It is preferred that the casting core does not move more than 75 microns from
the preferred position of the core in the final casting prior to removal of the core from
the casting. In one example, the casting core does not move more than 25 microns
from the preferred position of the core in the final casting prior to removal of the core

from the casting.

[00146] The present disclosure provides a core and a mold that can provide a
net shape hollow casting that can be inspected with non destructive methods, such as
x-ray, ultrasound, or eddy current, in greater detail and at lower costs. The difficulties
associated with attenuation and scattering of the inspection radiation in oversized
thick sections is reduced due to the net shape casting. Smaller defects can potentially

be resolved, and this can provide parts with improved mechanical performance.

[00147] The mold composition for casting a hollow titanium-containing article
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may comprise calcium aluminate particles and a ceramic core as described herein.
The ceramic core composition described in the present disclosure is particularly
suitable for hollow titanium and titanium aluminide alloys. The mold and core
composition after firing and before casting can influence the mold properties,
particularly with regard to the constituent phases. In one embodiment, for casting
purposes, a high weight fraction of calcium monoaluminate in the mold is preferred,
for example, a weight fraction of 0.15 to 0.8. In addition, for casting purposes, it is
desirable to minimize the weight fraction of the mayenite, for example, using a weight
fraction of 0.01 to 0.2, because mayenite is water sensitive and it can provide

problems with water release and gas generation during casting.

[00148] After firing, the mold and the core can also contain small weight
fractions of aluminosilicates and calcium aluminosilicates. The sum of the weight
fraction of aluminosilicates and calcium aluminosilicates may typically be kept to less
than 5% in the mold, in order to minimize reaction of the mold with the casting. The
sum of the weight fraction of aluminosilicates and calcium aluminosilicates may
typically be kept to less than 5% in the core, in order to minimize reaction of the core

with the casting.

[00149] The present disclosure provides a casting mold composition and a
casting process that can provide improved components of titanium and titanium
alloys, in particular hollow titanium turbine blades. External properties of the casting
include features such as shape, geometry, and surface finish. Internal properties of the
casting include mechanical properties, microstructure, and defects (such as pores and

inclusions) below a particular size.
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EXAMPLES

[00150] The disclosure, having been generally described, may be more readily
understood by reference to the following examples, which are included merely for
purposes of illustration of certain aspects and embodiments of the present disclosure,

and are not intended to limit the disclosure in any way.

[00151] Aspects of the present disclosure provide ceramic core compositions,
methods of casting, and cast articles that overcome the limitations of the conventional
techniques. Though some aspect of the disclosure may be directed toward the
fabrication of components for the aerospace industry, for example, engine turbine
blades, aspects of the present disclosure may be employed in the fabrication of any
component in any industry, in particular, those components containing titanium and/or

titanium alloys.

[00152] Fine scale calcium aluminate particles were mixed with large scale
alumina, in one example large scale hollow alumina particles, to generate an
investment mold mix, and a range of investment mold chemistries were tested. The
investment mixture in one example consisted of calcium aluminate particles with 80%

alumina and 20% calcia, alumina particles, water, and colloidal silica.

[00153] Furthermore, the present disclosure also teaches a method for making a
casting mold for casting a hollow titanium-containing article. As shown in Figure
17a, the method comprises combining calcium aluminate particles, large scale

particles and a liquid to produce a slurry, 1705. This slurry containing calcium
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aluminate particles and large scale particles in the liquid is then introduced into a
vessel for making a mold that contains a fugitive pattern, 1707, and allowed to cure in
the vessel for making a mold to form a mold of a titanium- containing article, 1709.
Fine scale calcium aluminate particles are used in one example, along with large scale
particles that are substantially hollow. In a particular example, the percentage of
solids in the initial fine scale calcium aluminate and liquid mixture was about 60% to
about 80% and the viscosity of the slurry is about 30 to about 150 centipoise. The
oxide particles are, in one example, added into the slurry 1705 such that the solids in
the final calcium aluminate and the large scale oxide particle (greater than 70
microns) liquid mixture is about 75% to about 90%. The calcium aluminate slurry is
introduced into a vessel for making a mold that contains a fugitive pattern 1707, and
allowed to cure in the vessel for making a mold to form a mold of a titanium or

titanium-containing article 1709.

[00154] In another example, the present disclosure teaches a casting method for
hollow titanium and titanium alloys. As shown in Figure 17b, the method comprises
obtaining an investment casting mold composition comprising calcium aluminate
particles and large scale particles, 1722. The casting method also comprises a
ceramic core. In one example, the calcium aluminate is combined with a liquid to
produce a slurry of calcium aluminate, wherein the solids in the final calcium

aluminate/liquid mixture with a large scale alumina is about 75% to about 90%.

[00155] This investment casting mold composition is then poured, 1724, into a
vessel containing a fugitive pattern and cured, 1726. The vessel controls the external

dimensions of the resulting mold. The fugitive pattern is then removed from the
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mold, 1728, and the mold is preheated to a mold casting temperature, 1730.
Subsequently, molten titanium or titanium alloy is poured into the heated mold, 1732,
and allowed to solidify to form a solidified hollow titanium or titanium alloy casting,
1734. The solidified hollow titanium or titanium alloy casting is then removed from
the mold, 1736. The disclosure also teaches titanium or titanium alloy articles made
by the casting method as taught herein. The article may be a titanium aluminide-

containing turbine blade.

[00156] Applicants also herein disclose a method of making a ceramic core.
As shown in Figure 18a, the method includes combining calcium aluminate particles
with large scale particles and a liquid to form a slurry, 1805. This slurry is then
introduced into a die to produce a green product of an article-shaped body 1807, and
the green product is then heated under conditions sufficient to form a ceramic core,
1809. For making the ceramic core, fine scale calcium aluminate particles may be

used along with large scale particles that are substantially hollow.

[00157] The present disclosure also teaches a method for casting a hollow
turbine component. As shown in Figure 18b, the method comprises making a
ceramic core, 1822, by combining calcium aluminate particles with large scale
particles and a liquid to form a slurry, introducing the slurry into a die of an article-
shaped body, and heating the green product under conditions sufficient to form a
sintered ceramic core. Having made the ceramic core 1822, the ceramic core is then
disposed in a pre-selected position within a mold, 1824. Molten titanium or titanium
alloy-containing material is then introduced into the mold, 1826, and cooled to form

the turbine component within the mold, 1828. The mold is then separated from the
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turbine component, 1830, and the core is removed from the turbine component, 1832,
so as to form a hollow turbine component. The turbine component being cast can be a

turbine blade.

[00158] In one example, before introducing the slurry into the die to produce
the green product of an article-shaped body, the calcium aluminate is combined with a
liquid and large scale particles to produce a slurry of calcium aluminate and hollow
large scale, wherein the solids in the mixture is about 75% to about 90%. Additional
methods for making the core include injection molding. For example, the method
comprises making a ceramic core, 1822, by combining calcium aluminate particles
with large scale particles and an wax to form an injection molding formulation,
introducing the formulation into a die that represents the shape of an article-shaped
body of the core that is required. The formulation is injected into the die at
temperatures in the range of 60 to 120 degrees Celsius and then cooled before
removal from the die. The core is then heated under conditions sufficient to remove
the wax and form a sintered ceramic core. Having made the ceramic core, the

ceramic core is then disposed in a pre-selected position within a mold for casting.

[00159] In another example a hollow slab casting was produced in order to test
a core formulation that consisted of 65 weight per cent of a calcium aluminate cement
and 35 weight per cent of a hollow alumina bubble. Figure 4 shows the preparation of
a wax for making a slab with a core positioned inside the resulting slab for
development of the present core technology.  Platinum pins were inserted
perpendicular to the sides of the slab through the sheet wax and across the cavity.

The platinum pins were arranged so that they penetrated both sides of the slab wax
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and they were supported in the cavity by the sheet wax on each side. The core was
set in the end of the slab wax as shown. The platinum pins were used to stabilize the

position of the core in the wax and subsequent mold.

[00160] In order to produce the mold around the slab wax, a slurry mixture for
making an investment mold consisted of 5416g of a commercially blended 80%
calcium aluminate cement. The calcium aluminate cement nominally consists of a
70% calcium aluminate cement blended with alumina to adjust the composition to
80% alumina. A cement slurry was produced using 1641g of deionized water, and
181g of colloidal silica. When the slurry was mixed to an acceptable viscosity, 2943g
of substantially hollow alumina (bubble) of a size range of less than 0.85mm and
greater than 0.5mm in outside dimension was added to the slurry. The solids loading
of the mix was greater than 70%. After mixing, the investment mold mix was poured
in a controlled manner into a molding vessel. The solids loading of the final mold
mix was approximately 83%. The mold mix poured well with satisfactory viscosity

and rheology.

[00161] After curing, the molded part was of good strength and uniform
composition. The mold was fired at a temperature of 1000°C for 4 hours. This
formulation produced a mold that was approximately 120mm diameter and 400mm
long. The mold formulation was designed so that there was less than 1 percent linear
shrinkage of the mold, and the mold, on firing. The mold that was produced had a

density of less than about 2 grams per cubic centimeter.

[00162] After firing, the mold was used to cast a slab with a hollow section at
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the end of the slab produced by the calcium aluminate containing core. Figure 1
shows a typical slab casting that was used to develop the core composition of the
present disclosure. The slab is a simple geometry with a pour cup and a riser to allow
for solidification shrinkage. Figure 8 shows a titanium alloy (titanium aluminide) slab
casting that was produced using the mold with the core within the mold. It shows the
sliced core slab, showing transverse sections that allow the calcium aluminate
containing core to be observed directly. The core was partially removed by grit
blasting, and the internal surface of the casting can be observed. A region of the
casting with the core partially removed can be seen. The internal surface of the
casting that was generated by the core can be seen to be of high quality. The surface

finish of the hollow section produced by the core was approximately 100 Ra.

[00163] The mold mix was prepared by mixing the calcium aluminate
particles, water, and colloidal silica in a container. A high-shear form mixing was
used. If not mixed thoroughly, the particles can gel, and the fluidity is reduced so that
the mold mix will not cover the fugitive pattern uniformly. When the fine scale
calcium aluminate particles are in full suspension, the hollow large scale alumina
particles are added. In some instances, progressively larger sized hollow alumina
particles were added, from about 70 microns to about 100 microns over a period of
about two hours. When the large-scale alumina particles were fully mixed with the
fine scale calcium aluminate particles, the larger-sized (for example, 300 to 1000
microns) alumina particles were added and mixed with the fine scale calcium

aluminate — hollow alumina formulation.

[00164] The viscosity of the final mix is another factor for the core
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composition, as it must not be too low or too high. Another factor of the present
disclosure is the solids loading of the particle mix and the amount of water. After
mixing, the investment mix was poured in a controlled manner into a vessel that
contains the fugitive wax pattern. The dimensions of the vessel control the external
dimensions of resulting mold. The vessel provides the external geometry of the mold,
and the fugitive pattern generates the internal geometry. The correct pour speed is a
further feature, if it is too fast air can be entrapped in the mold, if it is too slow
separation of the cement and the alumina particulate can occur. Suitable pour speed
range from about 1 to about 20 liters per minute. In one embodiment, the pour speed
is about 2 to about 6 liters per minute. In a specific embodiment, the pour speed is

about 4 liters per minute.

[00165] The solids loading of the final mold mix was more than 80 percent,
where the solids loading is defined as the total solids in the mix normalized with

respect to the total mass of the liquid and solids in the mix, expressed as a percentage.

[00166] The mold formulation was designed so that there was less than 1
percent linear shrinkage of both the facecoat of the mold, and the mold, on firing.
The lightweight fused alumina hollow particles incorporated in the mix provides low

thermal conductivity.

[00167] The alumina hollow particles provide a core composition with a
reduced density compared to fully dense alumina and lower thermal conductivity
compared to fully dense alumina. In this example, the core has 35% weight percent

of hollow alumina particles.
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[00168] This formulation produced a core composition and a mold that was
approximately 120mm diameter and 400 mm long. The mold was then cured and
fired at high temperature. The composition was used for casting titanium aluminide-
containing articles, such as turbine blades, with a good surface finish. The roughness
(Ra) value was less than 100, and with an oxygen content of less than 2000 ppm.
This formulation produced a mold that had a density of less than 1.8 grams per cubic
centimeter. The thermal conductivity of the core is substantially less than that of
alumina at all temperatures. The thermal conductivity was measured using hot wire

platinum resistance thermometer technique (ASTM test C-1113).

[00169] In another example, a low pressure turbine blade was produced with a
calcium aluminate core inside it. The core was made of a formulation that consisted
of 540g of calcium aluminate cement, 292g of large scale alumina particles, 164g of
deionized water, and 181g of colloidal silica. A cement slurry was produced using
the calcium aluminate cement, the deionized water, and the colloidal silica. When the
slurry was mixed to an acceptable viscosity, 294g of alumina particles of a size range
of less than 0.85mm and greater than 0.5mm in outside dimension was added to the
slurry. The slurry was then poured into a cavity that was the inverse of the shape of

the hollow cavity that was required in the final cast component.

[00170] The core was cured in the cavity for 24 hours at a temperature of 21
degrees Celsius and at a humidity level of 20%. The core was cured and it was set in
position in a turbine airfoil wax with platinum pins. The platinum pin diameter was
0.5mm and there was a maximum spacing of 35mm between the platinum pins. The

pins and their configuration with respect to the core were used to control the position
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of the ceramic core during mold curing, mold dewax, mold firing, and casting. The
core formulation that was used consisted of 65 weight per cent of a calcium aluminate
cement and 35 weight per cent of alumina particles. The core formulation experienced

less than 1% linear shrinkage on firing.

[00171] In this example, a hollow casting was produced in order to test a core
formulation that consisted of 65 weight per cent of a calcium aluminate cement and

35 weight per cent of a hollow alumina bubble.

[00172] In order to produce the mold around the airfoil wax, a slurry mixture
for making an investment mold that consisted of 5416g of a commercially blended
80% calcium aluminate cement and 2943g of alumina was used. A cement slurry was
produced using 5416g of cement, 1641g of deionized water, and 181g of colloidal
silica. When the slurry was mixed to an acceptable viscosity, 2943g of hollow
alumina (bubble) of a size range of less than 0.85mm and greater than 0.5mm in

outside dimension was added to the slurry.

[00173] The turbine airfoil blade wax with the core set in it was then positioned
in a vessel to generate the mold around the blade wax. After mixing, the investment
mold mix was poured in a controlled manner into a vessel to produce the mold. The
solids loading of the final mold mix was approximately 83%. The mold was fired at a
temperature of 1000°C for 4 hours. The mold and core were fired together. This
formulation produced a mold that was approximately 120mm diameter and 400mm
long. The mold formulation was designed so that there was less than 1 percent linear

shrinkage of the mold, and the bulk of the mold, on firing. After firing, the mold was
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used to cast a turbine airfoil with a hollow section that was generated by the use of the

calcium aluminate-containing core.

[00174] The weight per cent of silica in the mold was less than 2 percent and
weight per cent of silica in the core was less than 0.5% weight percent. High
concentrations of silica in the mix can lead to residual crystalline silica, and silicates,
such as calcium aluminosilicate and aluminosilicate in the final fired mold and core.
High silica contents of the mold and the core can provide two limitations for casting
molds and cores. First, shrinkage can occur on firing and this leads to problems, such
as cracking. Second, the high silica content can cause reaction with the molten
titanium and titanium aluminide alloys when the mold, and mold plus core assembly,
is filled during casting; this reaction leads to unacceptable casting quality. The silica
level of the core is lower than the silica level in the mold to prevent reaction and
provide improved control of the dimensions of the internal cavity within the cast

airfoil.

[00175] In a particular example, Duralum AB alumina hollow particles may be
used. In certain aspects, the disclosure teaches core compositions formed with a low
silica content. The low silica content of the core provides a mold that is preferred for
casting titanium and titanium aluminide alloys. In one example, the weight
percentage of alumina hollow particles in the mold was about 35 percent, and the

mold experienced less than 1 percent linear shrinkage on firing.

[00176] If the working time of the investment mold mix is too long and the

calcium aluminate particles do not cure sufficiently quickly, separation of the fine-
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scale particles and the large scale alumina can occur and this can lead to a segregated
mold in which the formulation varies and the resulting mold properties are not

uniform.

[00177] The constituent phases in the calcium aluminate particles that provides
the binder for the mold and the core are features of the present disclosure. The three
phases of the calcium aluminate particles comprise calcium monoaluminate
(CaAL,O4), calcium dialuminate (CaAl4O7), and mayenite (Caj;2Ali4033). The
inventors made this selection to achieve several purposes. First, the phases must
dissolve or partially dissolve and form a suspension that can support all the aggregate
phases in the subsequent investment mold making slurry. Second, the phases must
promote setting or curing of the mold after pouring. Third, the phases must provide
strength to the mold during and after casting. Fourth, the phases must exhibit
minimum reaction with the titanium alloys that is cast in the mold. Fifth, the mold
must have a suitable thermal expansion match with the titanium alloy casting in order
to minimize the thermal stress on the part that is generated during post-solidification

cooling.

[00178] The mayenite is incorporated in the mold and core because it is a fast
setting calcium aluminate and it provides the mold with strength during the early
stages of curing. Curing must be performed at low temperatures, because the fugitive
wax pattern is temperature sensitive and loses its shape and properties on thermal
exposure above ~35 degrees Celsius. In one example, the mold is cured at
temperatures below 30 degrees Celsius. In one embodiment, there is no mayenite

present in the core.
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[00179] It is to be understood that the above description is intended to be
illustrative, and not restrictive. For example, the above-described embodiments
(and/or aspects thereof) may be used in combination with each other. In addition,
many modifications may be made to adapt a particular situation or material to the
teachings of the various embodiments without departing from their scope. While the
dimensions and types of materials described herein are intended to define the
parameters of the various embodiments, they are by no means limiting and are merely
exemplary. Many other embodiments will be apparent to those of skill in the art upon

reviewing the above description.

[00180] The scope of the various embodiments should, therefore, be
determined with reference to the appended claims, along with the full scope of
equivalents to which such claims are entitled. In the appended claims, the terms
“including” and “in which” are used as the plain-English equivalents of the respective
terms “comprising” and “wherein.” Moreover, in the following claims, the terms
“first,” “second,” and “third,” etc. are used merely as labels, and are not intended to
impose numerical requirements on their objects. Further, the limitations of the
following claims are not written in means-plus-function format and are not intended
to be interpreted based on 35 U.S.C. § 112, sixth paragraph, unless and until such
claim limitations expressly use the phrase “means for” followed by a statement of
function void of further structure. It is to be understood that not necessarily all such
objects or advantages described above may be achieved in accordance with any
particular embodiment. Thus, for example, those skilled in the art will recognize that

the systems and techniques described herein may be embodied or carried out in a
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manner that achieves or optimizes one advantage or group of advantages as taught
herein without necessarily achieving other objects or advantages as may be taught or

suggested herein.

[00181] While the disclosure has been described in detail in connection with
only a limited number of embodiments, it should be readily understood that the
disclosure is not limited to such disclosed embodiments. Rather, the invention can be
modified to incorporate any number of variations, alterations, substitutions or
equivalent arrangements not heretofore described, but which are commensurate with
the spirit and scope of the invention. Additionally, while various embodiments of the
invention have been described, it is to be understood that aspects of the disclosure
may include only some of the described embodiments. Accordingly, the invention is
not to be seen as limited by the foregoing description, but is only limited by the scope

of the appended claims.

[00182] This written description uses examples to disclose the invention,
including the best mode, and also to enable any person skilled in the art to practice the
invention, including making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention is defined by the claims,
and may include other examples that occur to those skilled in the art. Such other
examples are intended to be within the scope of the claims if they have structural
elements that do not differ from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences from the literal language

of the claims.
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CLAIMS
1. A method for making a casting mold for casting a hollow titanium-containing
article, said method comprising:
a) combining calcium aluminate particles, large scale particles and a

liquid to produce a slurry of calcium aluminate particles and large scale
particles in the liquid;

b) introducing the slurry into a mold cavity that contains a fugitive
pattern; and

c) allowing the slurry to cure in the mold cavity to form a mold of a

titanium- containing article.

2. The method as recited in claim 1, wherein fine scale calcium aluminate

particles are used, along with large scale particles that are substantially hollow.

3. The method as recited in claim 1, wherein the method further comprises
introducing oxide particles to the slurry before introducing the slurry into a mold

cavity.

4. The method as recited in claim 3, wherein said oxide particles comprise
aluminum oxide particles, magnesium oxide particles, calcium oxide particles,

zirconium oxide particles, titanium oxide particles, or combinations thereof.

5. The method as recited in claim 3, wherein said oxide particles comprise

hollow oxide particles.
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6. The method as recited in claim 3, wherein said oxide particles comprise

hollow alumina spheres.

7. The method as recited in claim 1, wherein the mold cavity has platinum pins

crossing the cavity.

8. The method as recited in claim 1, wherein at least 50% of the calcium

aluminate particles are less than about 10 microns in outside dimension.

9. The method as recited in claim 1, wherein the calcium aluminate particles
comprise particles of up to about 50 microns in outside dimension, and the large scale
particles comprise particles of from about 70 to about 300 microns in outside

dimension.

10. The method as recited in claim 1, wherein said casting mold comprises an

investment casting mold for casting near-net-shape titanium aluminide articles.

11. A casting method for hollow titanium and titanium alloys comprising;:
a) obtaining an investment casting mold composition comprising calcium
aluminate particles and large scale particles;
b) pouring said investment casting mold composition into a vessel

containing a fugitive pattern;

c) curing said investment casting mold composition;

d) removing said fugitive pattern from the mold;

e) preheating the mold to a mold casting temperature;

f) pouring molten titanium or titanium alloy into the heated mold;
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g) solidifying the molten titanium or titanium alloy and forming a
solidified hollow titanium or titanium alloy casting; and
h) removing the solidified hollow titanium or titanium alloy casting from

the mold.

12.  The casting method as recited in claim 11, wherein fine scale calcium
aluminate particles are used, along with large scale particles that are substantially

hollow.

13.  The casting method as recited in claim 11, wherein, between removing said
fugitive pattern from the mold and preheating the mold to a mold casting temperature,
heating said mold to a temperature of about 450 degrees Celsius to about 900 degrees

Celsius, and then allowing said mold to cool to about room temperature.

14.  The casting method as recited in claim 11, wherein the removing of the
fugitive pattern comprises at least one of melting, dissolution, ignition, oven

dewaxing, furnace dewaxing, steam autoclave dewaxing, or microwave dewaxing.

15.  The casting method as recited in claim 11, wherein after removing the
solidified titanium or titanium alloy casting from the mold, the casting is inspected

with one or both of X-ray radiography and Neutron radiography.

16. A titanium or titanium alloy article made by the casting method as recited in
claim 11.
17. A method of making a ceramic core, comprising;:
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a) combining calcium aluminate particles with large scale particles and a
liquid to form a slurry;
b) introducing the slurry into a die to produce a green product of an

article-shaped body; and

c) heating the green product under conditions sufficient to form a ceramic
core.
18.  The method of claim 17, wherein fine scale calcium aluminate particles are

used, along with large scale particles which are substantially hollow.

19. The method as recited in claim 17, wherein the method further comprises
introducing oxide particles to the slurry before introducing the slurry into an article-

shaped body.

20. The method as recited in claim 17, wherein said oxide particles comprise

hollow oxide particles.

21. The method as recited in claim 17, wherein said hollow oxide particles

comprise hollow alumina spheres.

22. The method as recited in claim 17, wherein at least 50% of the calcium

aluminate particles are less than about 10 microns in outside dimension.

23.  The method as recited in claim 17, wherein the calcium aluminate particles
comprise particles of up to about 50 microns in outside dimension, and the large scale

particles comprise particles of from about 70 to about 300 microns in outside
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dimension.

24. A method for casting a hollow turbine component, comprising;:
(1) making a ceramic core by:
a) combining calcium aluminate particles with large scale
particles and a liquid to form a slurry;
b) introducing the slurry into a die to produce a green product of
an article-shaped body; and
c) heating the green product under conditions sufficient to
form a sintered ceramic core;
(i1) disposing the ceramic core in a pre-selected position within a mold;
(iii) introducing a molten titanium or titanium alloy-containing material into
the mold;
(iv) cooling the molten material, to form the turbine component within the
mold;
(v) separating the shell mold from the turbine component; and
(vi) removing the core from the turbine component, so as to form a hollow

turbine component.

25.  The method of claim 24, wherein the turbine component being cast is a turbine

blade.

75



PCT/US2014/051993

WO 2015/041795

19

8L/l

D
(g

paues|)
(v



PCT/US2014/051993

WO 2015

< 'O

812



PCT/US2014/051993

WO 2015/041795

€'Old
{(uonoess ou 01 1IN
pue ysiuy 92e4ns poos
SMOUYS 2403 UM
10BIUOD Uf 30B4NS) 2103 aplisul
doe4INs 1587 2107 Uld wnunejd

8L/€



4/18

WO 2015/041795 PCT/US2014/051993

W

Cored Slab Wax
Pins

FIG. 4

S
<
5 5 S
e
o) -8 3
T =2 0
> b O =
[40] CU___O
2 T g <
c &
-(--‘.Cm ~
D O SO op
CD"SWN:;
H
G €Y O
T % T L
o ©°C @+
Q Qg © Q W
8T B O <
o< o

notch cut from end

Slab with 6x3.5 cm



PCT/US2014/051993

WO 2015/041795

/N

S 'Did
AYIARD XBMA
XeM
MBIA JUO0J4 sulg
)
v v
[ xm\</ ®
XEM JO U0I310d
, MoOj|oH
Mmaip dog

8L/9




6/18

WO 2015/041795

Top View

Metal

Front View

PCT/US2014/051993

FIG. 6

Metal

Cored Metal Portion

Solid Metal

\ Pins /y



PCT/US2014/051993

WO 2015/041795

340D

2l10)

(ystuyy 9oe4ins pood
SMOYS 3402 Ylm
1023U0 Ul 338JINS)
2JJINS 15D

L'Old

8L/L

uld wnure|d



/////////////////




YSIUL} IBLINS 1UD||9IXD Uk sey |yl ay3 ‘Sunise|q 148 JaYy .
mumtsm_mc‘_m“c_mmogxmo;__mc%:u,_mco_u:umu__mmﬂm%cm#.

V1L paise|q D 6 °9Hd V1L pa1se|q 19




10/18

WO 2015/041795

)
£l
Sl wn
W=
ol &

1 5
2| 8
»n O

A\

Area not grit
blasted, residual
core on surface

\\\\\\ ‘
\Q\\\\.\'\ \\§‘\\
: 5 %\\{\:;- o

PCT/US2014/051993

FIG. 10
After grit blasting, the TiAl has an excellent surface finish

Surface finish Ra of < 50 observed after grit blasting

®
®

<
l,....
©
48]
o}
(%]
0
Ko
feod
| -
&



11/18

WO 2015/041795

Grit blasted TiAl

Area not grit

Cored Slab
Castin

blasted, residual

N
Q\\\\

%ﬁ:

N
N
N

core on surface

PCT/US2014/051993

FIG. 11

Grit blasted TiAl

After grit blasting, the TiAl has an excellent surface finish

[ 4



PCT/US2014/051993

WO 2015/041795

Suise|q 148 J91je PIAISSHO OG > JO BY YSIUL S0BJNS
USIUl} 9IBLINS JUD||D0X3 Uk Sey [yIL 8yl ‘Sunse|q 18 Jayy .

<1 'Old

2402 |enpisal

Jo junowe
\

\ Joujw ‘paise|q

\x\\ 1148 10U ealy

sunse)

qejs paio)
wioJ} adi|s

gLzl



13/18

WO 2015/041795

PCT/US2014/051993

FIG. 13



/////////////////




PCT/US2014/051993

WO 2015/041795

ST 94

uoi041p
siy3 Ut dno unod

8L/GL




PCT/US2014/051993

WO 2015/041795

91 'Old

.
. \\\

=

ape|q apiuiwn|y wniuej

8L/91



PCT/US2014/051993

WO 2015/041795

9tLT

YeELT

CELT
0eLT

8ULT
9tL1

veLl

(448}

60L1

LOLT

S0LT

7O 3HL
NOHd ONILESVD AOTTVY WNINV.LIL HO IWNINVLLL MOTIOH 431411108 3HL ONIAOWTY

ONILSVO AOTIV NNINVLIL HO WNINVLLL MOTTIOH
A0S V ONINHOL ANV AOTTY WNINVLLL O WNINYLL NILTOW IHL ONIADIGNIOS

10N d3.LV3H FHL CLINI AOTIV WNINVLIL HO WNINYLLL N3LTOW ONI-NOd

FANLVYHIANTL ONLLSYD GTOW vV OL ATOW IHL ONILYIHIHd

QTON FHL WOHd NdFLLVd IALLIONS AIVS ONIAOWIY

NOILISOdNOD ATOW ONILSYO LNIWLSIANI AIVS ONIEND

NI LLVd JALLIONG V ONINIVINOD
13SSIA VYV OLNI NOLLISOdWNOD ATOW ONILSYO LNIWLSIANI AIVS ONI-NOd

STV FTvOS FOHYT ANV SFT0ULEVd JLVNINNTY
WNIDTYD ONISIHINOD NOILISOJdWOO TT0W ONILSYD LNIWLSIANI NV ONINIVLEO

9.1 'O

FT0ILHV ONINIVLINOD -NNINVLIL
Vv 40 Q10N ¥V NHO4 OL ALIAYO T3SS3IA FHL NI 34N0 OL AHAN1S FHL ONIMOTIV

‘NY3L1vd
ALIONA ¥ SNIVLNOD LYHL ALIAVOTISSIA ¥V OLNI AdHENTS FHL ONIONTAOHLNI

AHHNTIS ¥V 30NA0Hd OL
diNoI1 vV ANV S3T01LYVd 3TVOS 39uVT 'S3T101LHVd FLYNIANTY WNISTVYD ONINIGWOD

L1 'Ol

8L/ILL




PCT/US2014/051993

WO 2015/041795

e81

0e8T

8¢8T

981

441"

st

6081

LO8T

5081

LNINOJINOD INIFHNL IHL WOHA 400 FHL DNIAOWTY

INIANOJNOD ANIGENL IHL WO dTOW FHL ONILVEVd4ES

aion
FHL NIHLIM LNINOJWOD INIGHNL FHL WHO4 OL "VIMILVIA NILTOW IHL ONITO0D

oW 3HL
OINI TWIAILYIN ONINIVINODO-AQTIV WNINVLIL JO WIHNVLLL NFLTOW V ONIODNTOXYLNI

10N V¥ NIHLIM NOILISOd d3103713S-3dd ¥V NI 3400 JIANVHIO IHL ONISOJ4SId

FHOD DINVHIO ¥V ONIMVYIN

q81 "Oid

FHOD DINVEIO
VYV NHO4 Ol IN3IDIH4NS SNOLLIONOCD "IANM 1ONA0Hd NIFHO FH.L ONILVIH

AQOd d3dVHS-II0MLHY NV 4O 10NJ0xd NIFHO V OLNI AHHNTS FHL ONIONAOHLNI

ARHNTS YV WHOL OL aIiNOi
YV NV S3101LuVd 3TVOS FOHVTHLUM SFT101LUVd JLYNINOTY NNISTVO ONINIGNOD

e8T "Old

8L/81




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/051993

A. CLASSIFICATION OF SUBJECT MATTER

INV. B22C1/00 B22C9/04
B22C1/06

B22C9/10 B22C9/24 B22C21/14

ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

B22C

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X WO 2013/081701 A2 (GEN ELECTRIC [US]; 1-25
BEWLAY BERNARD PATRICK [US]; WEIMER
MICHAEL [US]; M) 6 June 2013 (2013-06-06)
paragraph [0007] - paragraph [0102]
figures 1-9
X WO 2010/034765 A2 (RENKEL MANFRED [DE]) 1,3,4,
1 April 2010 (2010-04-01) 8-11,14,
16,17,
19,22-25
page 1, line 27 - page 9, line 4
examples 1,2
A DE 20 2008 013345 U1l (SIEMENS AG [DE]) 7
24 December 2008 (2008-12-24)
paragraph [0002]
- / -

See patent family annex.

Further documents are listed in the continuation of Box C.

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance

"E" earlier application or patent but published on or after the international

- "X" document of particular relevance; the claimed invention cannot be
filing date

considered novel or cannot be considered to involve an inventive

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

5 February 2015

Date of mailing of the international search report

18/02/2015

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Zimmermann, Frank

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/051993
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A GB 2 281 238 A (ROLLS ROYCE PLC [GB]) 7
1 March 1995 (1995-03-01)
page 2

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2014/051993
Patent document Publication Patent family Publication
cited in search report date member(s) date

WO 2013081701 A2 06-06-2013 CA 2848863 Al 06-06-2013
CN 103842111 A 04-06-2014
EP 2760606 A2 06-08-2014
JP 2014531983 A 04-12-2014
US 2013081773 Al 04-04-2013
US 2014076512 Al 20-03-2014
WO 2013081701 A2 06-06-2013
WO 2010034765 A2 01-04-2010 DE 102008042375 Al 15-04-2010
EP 2340136 A2 06-07-2011
JP 2012503553 A 09-02-2012
US 2011203761 Al 25-08-2011
WO 2010034765 A2 01-04-2010
DE 202008013345 Ul 24-12-2008 DE 202008013345 Ul 24-12-2008
WO 2010040746 Al 15-04-2010
GB 2281238 A 01-03-1995 GB 2281238 A 01-03-1995
US 5505250 A 09-04-1996

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - claims
	Page 73 - claims
	Page 74 - claims
	Page 75 - claims
	Page 76 - claims
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - drawings
	Page 94 - drawings
	Page 95 - wo-search-report
	Page 96 - wo-search-report
	Page 97 - wo-search-report

