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Description
BACKGROUND OF THE INVENTION

[0001] This invention relates generally to metal casting. More specifically, it relates to shell molds used in the casting
of metal components, e.g., components made from superalloys.

[0002] The casting of metals is carried out by various techniques, such as investment casting. Ceramic shell molds
are used during investment-casting, to contain and shape the metal in its molten state. The strength and integrity of
the mold are very important factors in ensuring that the metal part has the proper dimensions. These shell mold char-
acteristics are especially critical for manufacturing high performance components, such as superalloy parts used in
the aerospace industry.

[0003] Investment casting techniques often require very high temperatures, e.g., in the range of about 1450°C to
1750°C. Many conventional shell molds do not exhibit sufficient strength at those temperatures. The molds become
susceptible to bulging and cracking when they are filled with the molten metal. (Bulging can also occur when very large
parts are being cast - even at lower temperatures). Bulging can alter the dimensions of the mold, thereby causing
undesirable variation in the component being cast. Cracking could result in failure of the mold as the molten material
runs out of it.

[0004] Clearly, greater strength and dimensional stability are required for shell molds used at very high casting tem-
peratures, or for those used to cast very large parts. The problem is addressed by J. Lane etal in U.S. Patent 4,998,581.
In that disclosure, shell molds are strengthened by wrapping a fibrous reinforcing material around the shell mold as it
is being made. In preferred embodiments, the reinforcing material is said to be an alumina-based or mullite-based
ceramic composition having a specific, minimum tensile strength. The reinforcing material is apparently wrapped in
spiral fashion around the shell mold with a tension sufficient to keep it in place as ceramic layers are applied to the
mold to build it up to its desired thickness.

[0005] The Lane patent appears to provide answers to some of the problems described above. However, there
appear to be some considerable disadvantages in practicing the invention disclosed in that patent. For example, mullite-
based materials are difficult to produce without second phase inclusions of either silica- or alumina-containing com-
pounds. These inclusions can degrade the physical properties of the mold. In addition, many of the reinforcing materials
employed in U.S. Patent 4,998,581 have thermal expansions much less than the mold. These large thermal expansion
differences will make fabrication of a crack-free mold more difficult.

[0006] Itshould thus be apparent that furtherimprovements in the properties of shell molds used under the conditions
described above would be welcome in the art. The shell molds should have the strength to withstand high metal-casting
temperatures, and should be suitable for casting large parts. The molds should also be dimensionally stable at elevated
temperatures, and throughout various heating/cooling cycles. Moreover, if the molds are to be improved by the use of
reinforcing materials, such materials should be flexible enough, before being fired, to satisfy the shape requirements
for the mold, especially when intricate metal components are being cast. Finally, the preparation of improved shell
molds should be economically feasible, e.g., not requiring the use of a significant amount of additional equipment. The
use of the new molds should not result in undesirable increases in the cost for manufacturing metal parts in the invest-
ment casting process.

[0007] JP-A-55064945 discloses a mold for precision casting which does not produce any cracking, obtained with
good efficiency by depositing ceramic reinforcing materials between or on the outside of multilayers of refractory layers
on the surface of the extinction pattern. The ceramic reinforcing materials are in fiberous or mesh-form.

SUMMARY OF THE INVENTION

[0008] The desired improvements discussed above have been obtained by way of the discoveries upon which the
present invention is based. In one aspect, the invention is a ceramic casting shell mold having a pre-selected shape,
and comprising repeating layers of a ceramic material which define the thickness and shape of the mold, and a ceramic-
based mat disposed in the layers of ceramic material. The mat substantially conforms to the shape of the mold, providing
the mold with structural reinforcement. In many embodiments, the casting shell comprises:

(a) alternate, repeating layers of a ceramic coating material and a ceramic stucco, defining a total thickness of the
shell mold; and

(b) a ceramic-based mat of reinforcing material disposed in the alternate, repeating layers of coating material and
stucco at an intermediate thickness.

[0009] The reinforcing material for the mat is usually a silicon carbide-based material, or an alumina- or aluminate-
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based material. Mixtures of any of these materials can also be used. In preferred embodiments, the reinforcement mat
comprises fibers having a bi-directional orientation. Moreover, the mat is preferably placed within about 10% to about
40% of the thickness from the inner wall of the mold, or within about 10% to about 25% of the thickness from the outer
wall of the mold.

[0010] Furthermore, openings within the surface of the mat are large enough to allow the passage of ceramic particles
when the mat is prepared from the coating material and the stucco. Moreover, in preferred embodiments, the coefficient
of thermal expansion (CTE) of the mat is within about 50% of the CTE of the shell mold layers in which it will be inserted.
[0011] A method for making a ceramic casting shell mold is also described, comprising the steps of:

(1) applying a ceramic-based reinforcement mat to a ceramic layer-surface of a partial shell mold, e.g., one being
made by an investment casting process;

(Il) completing the shell mold by applying additional ceramic layers over the reinforcement mat; and then
(M) firing the shell mold at an elevated temperature.

[0012] Shell molds prepared by the method of the present invention exhibit substantial improvements in strength
and dimensional stability at high temperatures, as compared to many of the shell molds of the prior art. Many metals
or metal alloys can efficiently be cast in such shell molds, such as nickel-based superalloys.

DETAILED DESCRIPTION OF THE INVENTION

[0013] The ceramic shell molds which are reinforced according to the present invention are known in the art. More-
over, information related to shell molds for investment casting is widely available. Exemplary sources of useful infor-
mation are as follows: Kirk-Othmer Encyclopedia of Chemical Technology, 3rd Edition, Vol. 7, p. 798 et seq.; Modern
Metalworking, by J. R. Walker, The Goodheart-Willcox Co., Inc., 1965; Shell Molding and Shell Mold Castings, by T.
C. DuMond, Reinhold Publishing Corp., 1954; and Casting and Forming Processes in Manufacturing, by J. S. Campbell,
Jr., McGraw-Hill Book Company, Inc., 1950.

[0014] Shell molds are usually composed of refractory particles (e.g., refractory oxide particles) bonded together by
a silica or phosphate gel. Examples of the typical refractory particles are alumina-based materials, aluminate-based
materials (such as yttrium aluminate), or mixtures of these materials. Various patents describe many aspects of con-
ventional shell-molding processes. The following are exemplary, and are all incorporated herein by reference: U.S.
Patents 4,998,581 (Lane et al); 4,097,292 (Huseby et al); 4,086,311 (Huseby et al); 4,031,945 (Gigliotti, Jr. et al);
4,026,344 (Greskovich); 3,972,367 (Gigliotti, Jr. et al); and 3,955,616 (Gigliotti, Jr. et al).

[0015] One investment casting technique which is especially suitable for the present invention is the "lost wax" proc-
ess. In one version of this technique, a wax pattern (i.e., a replica of the part being cast) is immersed repeatedly in a
liquid slurry of refractory oxide particles in a silica- or phosphate-bearing binder. Usually, the slurry is highly loaded
with the ceramic solids, e.g., at least about 40 volume percent, with the remainder being deionized water, an organic
solvent, or a mixture thereof. Sufficient time is provided between immersions to allow the slurry coat to partially or
completely dry on the wax. After a sufficient thickness of ceramic has built up on the wax, the wax is removed by various
techniques, as discussed below. The completed mold is then fired, providing it with enough strength to withstand the
casting process.

[0016] In some preferred embodiments of this invention, the wax pattern is first dipped into the slurry, and then the
excess material is allowed to drain from the pattern. Immediately after the wax pattern is wetted, but before it dries,
the pattern is "rained" upon with additional ceramic materials, e.g., ceramic oxides. This deposition is often carried out
in a standard fluidized bed chamber, and the applied layer is sometimes referred to as a "ceramic stucco". The sequence
of dipping and raining ceramic materials on the pattern is repeated until the desired thickness has been achieved. The
other steps are conventional, e.g., wax removal and firing.

[0017] Animportant feature of the present invention is the presence of at least one ceramic-based mat situated within
the shell mold, i.e., within the wall of the shell mold. The mat can be made from a variety of materials. Non-limiting
examples include alumina-based materials, aluminate-based materials, silicon carbide-based materials, and mixtures
of any of these materials. As used herein, the term "based" refers to the presence of the relevant material at a level of
greater than about 50% by weight. Thus, these materials often contain other constituents as well, e.g., other ceramic
oxides such as silicon dioxide, boric oxide, and the like.

[0018] The composition of the reinforcement mat is determined in part by the coefficient of thermal expansion (CTE)
of the materials used to make the mat. At use temperatures in the range of about 1500°C to about 1750°C, the mat
material (when inserted into the shell mold layers and bonded thereto, as discussed below) should typically exhibit a
CTE which is within about 50% of the CTE of the shell mold layers in which it will be inserted. In preferred embodiments,
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the CTE is within about 30% of the CTE of the shell mold layers.

[0019] The matis usually made from ceramic fibers of the materials described above. In some instances, the fibers
are prepared by twisting together a number of strands of the ceramic materials. (For the purpose of this disclosure,
"strands" are the lengths of materials that are used to form a single "fiber".) Commercial examples of strands which
can be used to form the mats are the Nextel® materials, e.g., Nextel® 440 (70% aluminum oxide, 28% silicon dioxide,
2% boric oxide, by weight), Nextel® 550 (73% aluminum oxide and 27 % silicon dioxide, by weight); Nextel® 610(greater
than 99% aluminum oxide, 0.2-0.3% silicon dioxide, 0.4-0.7 iron oxide, by weight), and Nextel® 720 (85% aluminum
oxide and 15% silicon dioxide, by weight). These materials are available from 3M Company, and have a diameter of
about 10-12 microns. They are described, for example, in Ceramic Oxide Fibers: Building Blocks for New Applications,
by T.L. Tompkins, reprint from Ceramic Industry, April 1995, which is incorporated herein by reference.

[0020] The fibers usually have a diameter in the range of about 25 microns to about 2000 microns. In preferred
embodiments, the diameter is in the range of about 250 microns to about 1000 microns. Thus, as an example, about
25 strands of one of the Nextel materials can be twisted together to form a fiber of the desired diameter. (It should be
understood that strands having smaller or larger diameters than the Nextel materials could be employed.) While the
fibers could be twisted manually, mechanical techniques for twisting the strands to form the fiber are well-known in
various fields related to textiles and cordage, e.g., as described in the Encyclopedia Americana, Americana Corpora-
tion, Vol. 7, pp. 681-685b (1964), which is incorporated herein by reference.

[0021] The fibers which are used for the mat have a bi-directional orientation. In other words, fibers are generally
situated cross-wise to each other. They are also usually interwoven. Woven fabrics are often described in terms of
their warp (vertical fibers) and their weft (horizontal fibers). In the present instance, the vertical and horizontal fibers
are usually oriented at about 90° relative to each other, since manufacturing processes usually provide such an orien-
tation. However, the degree of orientation can vary somewhat.

[0022] The mat can be made by weaving the fibers, using machinery well-known in the textile arts. Information re-
garding weaving, textile machinery, and woven fabrics can be found, for example, in the Encyclopedia Americana,
Americana Corporation, Vol. 26, pp. 467b-481 (1964); and Vol. 29, pp. 651-652 (1964), both texts being incorporated
herein by reference. Manual weaving of the fibers is also possible. The mat usually has a thickness of about 25 microns
to about 2000 microns, and preferably, in the range of about 250 microns to about 1000 microns.

[0023] The present inventors discovered that a mat formed from ceramic fibers with a bi-directional orientation pro-
vides significantly greater strength to the shell mold, as compared to other types of fibrous reinforcement. As an ex-
ample, the mold was found to be stronger than a shell mold prepared according to the teachings of U.S. Patent
4,998,581 (J. Lane et al). The Lane patent describes the use of a continuous fiber wrapped around a portion of a shell
mold in a single direction.

[0024] As mentioned above, the fibers in the mat are usually arranged in the form of a warp and a weft. Usually, the
warp and the weft are formed, independently, by fibers which are positioned (usually parallel to each other) at a fre-
quency in the range of about 5 fibers per meter to about 100 fibers per meter. In some preferred embodiments, the
frequency is in the range of about 10 fibers per meter to about 50 fibers per meter.

[0025] One factor in determining the character of the warp and the weft involves the openings between the inter-
secting fibers. These openings should be large enough to allow the passage of the refractory particles present in the
slurry during preparation of the shell mold. In the case of alumina, the slurry particles are usually disc-shaped (i.e.,
tabular alumina) or sphere-shaped, and have an average diameter in the range of about 40 microns to about 75 microns.
Particles made from other ceramic materials may have different shapes, but will usually have approximately the same
diameter as the alumina particles. The average area of the openings between the warp and weft is usually at least
about 108 square microns, and preferably, at least about 4 X 1010 square microns.

[0026] Any investment casting technique may be used for the present invention. In preferred embodiments, the "lost
wax" process is carried out in some form. The ceramic materials used in the preparation of shell molds are often similar
or identical to those described for preparing the reinforcement mat. Alumina-based materials, aluminate-based mate-
rials (such as yttrium aluminate), or mixtures of any of these materials, are often preferred. A slurry is prepared from
the ceramic material and a suitable binder, such as silica or colloidal silica. The slurry may further include wetting
agents, defoaming agents, or other appropriate additives, some of which are described in the Greskovich patent ref-
erenced previously, U.S. 4,026,344. Those of ordinary skill in the art are familiar with the conventional parameters
which require attention when forming slurries of this type. lllustrative parameters include mixing speeds and viscosity,
as well as the temperature and humidity of the mixture and of the ambient environment.

[0027] As mentioned previously, construction of the shell mold is usually carried out by applying a layer of the slurry
to the wax pattern, followed by applying a layer of a stucco aggregate (e.g., made from commercially-available fused
alumina) to the slurry layer, and then repeating the process a number of times. (The initial sequence of layers are those
which will ultimately be closest to the mold cavity). A typical chemical composition for a suitable slurry coat, after drying
(and ignoring the stucco composition), includes about 80% to about 100% by weight of the alumina-based material,
and about 20% to about 0% by weight of the binder material. Small amounts of other components are sometimes
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present, such as zircon.

[0028] The number of times the layer-sequence is repeated will of course depend on the desired thickness of the
mold. Usually, about 4 to about 20 total ceramic slurry layer/stucco layer pairs are used for the shell mold. For some
end uses, about 10 to about 18 layer pairs are applied. At one or more stages within the sequence of applying slurry
and stucco aggregate layers, the layer-application is temporarily stopped, and the reinforcement mat is incorporated
into the partial shell mold, as described below.

[0029] As a more specific illustration, a wax pattern of a metal component (such as a turbine blade or nozzle) can
be immersed in the slurry, and then withdrawn and drained, as taught in U.S. Patent 4,026,344. The wet surface of
the slurry-coated pattern can then be sprinkled with the stucco aggregate in a fluidized bed, and then air-dried. The
process is then repeated as many times as is necessary to produce a desired thickness of successive slurry-ceramic
layers with a stucco layer in between mutually adjacent layers.

[0030] Usually, the ceramic particles in the first ceramic slurry layer/stucco layer pair, and possibly the second layer
pair, have a size less than the particles in successive layers. As an example, the average ceramic particle size of
stucco in the first pair of layers is preferably less than about 200 microns. The average particle size of stucco in suc-
cessive layers is usually in the range of about 200 microns to about 800 microns. The larger particle size in the suc-
cessive layers permits mold thickness to be increased rapidly. Larger particle sizes are also sometimes used to control
the shrinkage of the mold.

[0031] Particles from the slurry layers and/or stucco layers adjacent to the reinforcement mat tend to flow through
the openings in the mat, as additional layers of slurry and stucco are applied to complete the mold. This movement of
particles through the openings is important for some embodiments of the present invention, because it provides further
strength and stiffness to the mat when the completed shell mold is fired.

[0032] As mentioned previously, the ceramic-based reinforcement mat is usually incorporated into the partially-
formed shell mold (i.e., its wall) at a pre-selected, intermediate thickness. The exact "depth" of the mat within the mold
is dependent on various factors, such as mat thickness, the composition of the mold layers, the types of fibers used
to form the mat, and the shape of the mold. For simplicity herein, the mold will be considered to have an "inner wall"
which forms the cavity into which molten metal is poured to produce a shaped casting. The "outer wall" is opposite the
inner wall, i.e., it is the wall farthest away from the cavity.

[0033] Itis often preferable to place the reinforcement mat at a position off-center of the wall-thickness of the mold,
since the present inventors have discovered that such a position appears to result in enhanced mold strength. In
especially preferred embodiments, the mat is placed at a wall thickness as close as possible to the inner wall of the
mold, without adversely affecting the cavity surface (e.g., without causing surface roughness). For example, the mat
is preferably placed within about 10% to about 40% of the thickness from the inner wall of the mold, and most preferably,
within about 10% to about 25% of the thickness from the inner wall of the mold. In other preferred embodiments, the
mat is placed at a thickness as close as possible to the outer wall of the mold, e.g., within about 10% to about 25% of
the thickness from the outer wall. (Placement of the mat too close to the outer wall may not provide the desired strength
to the interior regions of the mold). In determining the most appropriate position for the mat, those skilled in the art can
vary its position and then evaluate the resulting physical properties of the mold, based on the teachings herein.
[0034] More than one reinforcement mat could be used in the shell mold. As an example, a first mat could be disposed
within about 10% to about 40% of the inner wall of the mold, and a second mat could be disposed within about 10%
to about 25% of the outer wall. Two mats can be used in situations where a very high degree of mold strength is required.
[0035] A face of the reinforcement mat is applied against the substantially-parallel face of the outermost layer of the
partial shell mold. Usually, there is some natural adherence which keeps the mat in place while subsequent slurry/
stucco layers are applied; or the mat can be kept in place in the same manner that the other layers are usually kept in
place during the mold-building process. After insertion of the reinforcement mat, the deposition of subsequent ceramic
slurry/stucco aggregate layers can be continued as before, until the appropriate mold thickness is obtained. Usually,
the mold, once fired, has a total wall thickness (i.e., from the inner wall to the outer wall) in the range of about 0.50 cm
to about 2.50 cm, and preferably, about 0.50 cm to about 1.25 cm.

[0036] Insomeinstances, cores are incorporated into shell molds being fabricated according to the present invention.
The cores are often used to provide holes or cavities within the mold, and they may be formed by using inserts of
vitreous silica, alumina, aluminates, or any combination of such materials, for example. The core material is removed
from the final casting by conventional techniques. Many references describe the use of cores, e.g., Modern Metalwork-
ing; Casting and Forming Processes in Manufacturing; and U.S. Patents 4,097,292, and 4,086,311, all mentioned
above. The reinforcement mat of this invention assists in maintaining the proper metal thickness around cores within
the mold - especially when the mold would normally be susceptible to creep and distortion at high temperature. Precise
control over the size of cavities within the mold is often critical when forming metal parts which have intricate shapes,
and/or which have very rigorous dimensional requirements.

[0037] After the shell mold has been completed, the wax is removed by any conventional technique. For example,
flash-dewaxing can be carried out by plunging the mold into a steam autoclave, operating at a temperature of about
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100°C - 200°C under steam pressure (about 620-827 kPa (90-120 psi)), for about 10-20 minutes. The mold is then
usually pre-fired. A typical pre-firing procedure involves heating the mold at about 950°C to about 1150°C, for about
60 minutes to about 120 minutes.

[0038] The shell mold can then be fired according to conventional techniques. The required regimen of temperature
and time for the firing stage will of course depend on factors such as wall thickness, mold composition, and the like.
Typically, firing is carried out at a temperature in the range of about 1350°C to about 1750°C, for about 5 minutes to
about 60 minutes. As the mold is fired, the fibers in the reinforcement mat (or mats) react with the ceramic material in
the shell mold. This reaction bonds the fibers to the shell mold, providing greater strength and creep resistance to the
mold.

[0039] Metal can immediately be poured into the mold at this time, to carry out a desired casting operation. Alterna-
tively, the mold can be allowed to cool to room temperature. Further steps which are conventional to mold fabrication
may also be undertaken. These steps are well-known in the field of shell molds. Examples include techniques for
repairing and smoothing the surfaces of the mold.

[0040] It should be apparent from this discussion that another embodiment of this invention is directed to a method
for making a ceramic casting shell mold, comprising the following general steps:

(1) applying a ceramic-based reinforcement mat to a ceramic layer-surface of a partial shell mold formed by applying
successive ceramic layers over one another;

(Il) completing the shell mold by applying additional ceramic layers over the reinforcement mat; and then

(1) firing the shell mold at an elevated temperature.
[0041] Various other details regarding the processes of the presentinvention are provided herein, e.g., in the following
examples.
[0042] Shell molds like those of the present invention are used for casting a wide variety of metals or metal alloys,
such as titanium and nickel-based superalloys. Thus, components made from such materials with the reinforced shell
mold are also within the scope of this invention.
[0043] The following examples are merely illustrative, and should not be construed to be any sort of limitation on the
scope of the claimed invention.

EXAMPLE 1

[0044] Sample molds were prepared, using conventional shell mold technology. The steps were as follows (with mold
reinforcement being carried out within the sequence of steps, as described below):

(1) A wax pattern is dipped into a slurry of 40um (-325 mesh) tabular alumina and silica binder;

(2) The coated pattern is drained;

(3) The coated pattern is then placed in a rain machine with 80-grit fused alumina, for about 15-20 seconds;

(4) The pattern is air-dried;

(5) Steps 1-4 are repeated;

(6) The pattern is dipped in a suspension of 60um (-240 mesh) and 40um (-325 mesh) alumina, with a silica binder;

(7) The pattern is dipped in a fluidized bed of 250um (-54 mesh) alumina;

(8) The pattern is then air-dried; and

(9) Steps 6-8 are repeated 8 times.
[0045] For the purpose of this description, the "primary coat" is defined as the first two layers applied in steps 1-4,
while the "secondary coats" are defined as the layers applied in steps 6-9. Rectangular wax patterns were used to

prepare the molds. After fabrication, two opposing walls of the mold were scraped away to leave two flat bars. The
bars (20.32 cm long and 2.54 cm wide) were then fired at 1000°C in air, to develop additional handling strength. The
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molds were then fired at about 1550°C, prior to evaluation. The bars were uncracked after being fired.

[0046] The mat was made by first twisting together a number of strands of Nextel® 440 material, to form fibers for
the warp and the weft. The fibers had an average diameter of about 1000 microns. The fibers were then manually
woven in a substantially square pattern, with parallel fibers being spaced about 10 mm from each other. This provided
openings in the mat of about 10,000 microns by about 10,000 microns.

[0047] For the sample based on the present invention, the mat was inserted into the partial shell mold, between
applications of the 3rd and 4th secondary coats. This position represented the completion of about 30% of the shell
mold. (It should be noted that the midpoint of individual layers of ceramic coating and ceramic stucco does not always
correspond to the center of the wall thickness of the mold. This is due in part to variation in the thickness of the individual
layers, e.g., because of variations in ceramic particle size, as discussed above.)

[0048] Three sets of samples were prepared for testing. (Each set usually included about 3 samples, and the results
were provided as a range of values). Set 1 was a comparative shell mold prepared as described above, with no rein-
forcement of the mold. The shell molds of set 2 were prepared in the same manner, but with unidirectional reinforcement.
This reinforcement was achieved by winding a ceramic fiber (the same type used for the mat described above in this
example) after the mold was about 30% complete. Winding of the fiber as the mold was built up was carried out in a
manner similar to that set forth in the Lane patent, U.S. 4,998,581. The average distance between the windings was
about 10 mm. Set 3 was based on the present invention, and included the mat described above, for bi-directional
reinforcement.

[0049] For testing purposes, bars were machined from the molds described in the table, after the molds had been
sintered. Only the exterior of the mold was machined, to provide a thickness of 0.79 cm. The width of the bars after
machining was 2.3 cm. The primary coats were left intact during the machining operation.

[0050] A 3-point modulus-of-rupture test on a 4 cm span was performed on each bar at 1550°C. For this test, each
sample was loaded until it fractured into two pieces. The strength (in megapascals) of each bar after testing is shown
in the table:

Table 1

Comparison of Shell Mold Strength

Set No. Type of Reinforcement Strength (MPa)*

1 No Reinforcement 17.7-19.5
2% Unidirectional 18.3-18.5
3 Bi-directional 21.6-22.2

* Strength at 1550°C, expressed in megapascals. Sinter temperature for each sample was 1550°C.
** Comparative samples.
*** Samples of present invention, with "cross-ply" reinforcement.

[0051] It can readily be seen from the data that at high temperatures, there is a substantial improvement in strength
for shell molds reinforced according to the present invention.

[0052] Moreover, the shell molds of the present invention appeared to exhibit substantially less dimensional change
at 1550°C, as compared to shell molds which did not contain any reinforcement.

EXAMPLE 2

[0053] Two sets of test bars were prepared for comparative testing: set A outside the scope of the present invention,
and set B within the scope of the present invention. Each test bar was 6 inches (15.2 cm) in length; 0.75 inch (1.91
cm) in width, and 0.25 inch (0.64 cm) in thickness. The set A bars were prepared as in Example 1, without using any
type of reinforcement mat. The set B bars included a hand-made web of ceramic fibers, prepared from twisted strands
of Nextel® 440 material, applied to a partial shell mold. The web was prepared by interweaving spaced horizontal
fibers (1 cm apart from each other) with spaced vertical fibers (also 1 cm apart). The shell mold for the set B samples
was then completed by the use of the secondary coats of slurry and binder, as in Example 1, so that the web was
positioned within about 30% of the inner wall of the mold. After the shell molds were sintered, the test bars were
machined to the dimensions set forth above.

[0054] Each sample was individually placed across a span, i.e., a "sag fixture", in which the two supports were 1.5
inches (3.8 cm) high, and 4.5 inches (11.4 cm) from each other. This structure permitted the center of the sample to
move without restriction if it were to sag. Each sample was then heated to 1600°C and held at that temperature for 1
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hour, followed by furnace-cooling.

[0055] The samples from set A (without any reinforcement) sagged to a greater extent than the samples of set B.
[0056] The results of these sag tests demonstrate that reinforcement of the shell mold according to this invention
results in greater sag-resistance at high temperatures. The modulus-of-rupture tests described in Example 1 further
demonstrate greater strength for the reinforced mold. These properties will result in less distortion of the mold when it
is being heated prior to metal casting, and when it is slowly cooled, after pouring (but prior to solidification).

Claims

1.

10.

1.

12,

A ceramic casting shell mold having a pre-selected shape, and comprising:

(a) alternate, repeating layers of a ceramic coating material and a ceramic stucco, defining a total thickness
of the shell mold; and

(b) a ceramic-based mat of reinforcing material disposed in the alternate, repeating layers of coating material
and stucco wherein the ceramic-based mat comprises a plurality of interwoven fibers having a bi-directional
patterned orientation in which the plurality of interwoven fibers are positioned with respect to each other in a
frequency in the range of 5 fibers to 100 fibers per metre.

The shell mold of claim 1, wherein the reinforcing material is selected from the group consisting of alumina-based
materials, aluminate-based materials, silicon carbide-based materials, and mixtures of any of the foregoing ma-
terials.

The shell mold of claim 1, wherein the ceramic-based mat comprises fibers having a bi-directional orientation.

The shell mold of claim 1, wherein the fibers in the mat are arranged in the form of a warp and a weft, and wherein
the mat comprises openings.

The shell mold of claim 1, wherein the coefficient of thermal expansion (CTE) of the mat is within 50% of the CTE
of the shell mold layers in which it will be inserted.

The shell mold of claim 1, comprising an inner wall adjacent a mold cavity, and an outer wall opposite the inner
wall, said walls being separated by the total thickness of the shell mold, wherein the mat is positioned within 10%
to 40% of the thickness from the inner wall.

The shell mold of claim 1, comprising an inner wall adjacent a mold cavity, and an outer wall opposite the inner
wall, said walls being separated by the total thickness of the shell mold, wherein the mat is positioned within 10%
to 25% of the thickness from the outer wall.

The shell mold of claim 1, comprising at least two of the ceramic-based mats, wherein each mat is disposed in a
different set of the alternate, repeating layers of coating material and stucco.

The shell mold of claim 1, wherein the ceramic-based mat has a thickness of 25 microns to 200 microns.

The shell mold of claim 1, wherein the alternate, repeating layers of ceramic coating material and ceramic stucco
comprise a first layer of coating material and stucco, and then successive layers of coating material and stucco,
and wherein the average size of ceramic particles within the first layer of ceramic stucco is less than 200 microns.

A ceramic casting shell mold having a pre-selected shape, comprising repeating layers of a ceramic material which
define the thickness and shape of the mold, and a ceramic-based mat disposed in the layers of ceramic material,
said mat also conforming to the shape of the mold and providing structural reinforcement thereto, wherein the
ceramic-based mat comprises a plurality of interwoven fibers having a bi-directional patterned orientation in which
the plurality of interwoven fibers are positioned with respect to each other in a frequency in the range of 5 fibers
to 100 fibers per metre.

The shell mold of claim 11, wherein the ceramic material of the repeating layers and of the mat comprises alumina.



10

15

20

25

30

35

45

50

55

13.

14.

EP 1 098 724 B1

The shell mold of claim 11, wherein the ceramic-based mat is disposed at a position off-center of the wall-thickness
of the mold.

The shell mold of claim 11, having a total wall thickness in the range of 0.50 cm to 2.50 cm.

15. A method for making a ceramic casting shell mold, comprising the steps of:

() applying a ceramic-based reinforcement mat to a ceramic layer-surface of a partial shell mold formed by
applying successive ceramic layers over one another; wherein the ceramic-based mat comprises a plurality
of interwoven fibers having a bi-directional patterned orientation in which the plurality of interwoven fibers are
positioned with respect to each other in a frequency in the range of 5 fibers to 100 fibers per metre.

(Il) completing the shell mold by applying additional ceramic layers over the reinforcement mat; and then

() firing the shell mold at an elevated temperature.

16. A method for making a ceramic investment casting shell mold, comprising the steps of:

(i) preparing a slurry of a ceramic material;

(ii) applying a layer of the ceramic slurry to a wax pattern of a pre-selected shape of a metal to be cast into
the mold;

(iii) applying a layer of a ceramic-based stucco aggregate on the layer of the slurry;

(iv) repeating steps (ii) and (iii) as often as necessary to provide a partial shell mold having a pre-selected,
thickness;

(v) applying a ceramic-based mat to the exterior surface of the partial shell mold, said mat substantially con-
forming thereto; wherein the ceramic-based mat comprises a plurality of interwoven fibers having a bi-direc-
tional patterned orientation in which the plurality of interwoven fibers are positioned with respect to each other
in a frequency in the range of 5 fibers to 100 fibers per metre.

(vi) building up the partial shell mold to the desired thickness of a full shell mold by repeating steps (ii) and (iii)
over the ceramic-based mat; and

(vii) removing the wax and firing the shell mold to provide it with a desired level of tensile strength.

Patentanspriiche

1.

Eine keramische GieR3schalenform mit einer vorgewahlten Form und aufweisend:

(a) alternierende sich wiederholende Schichten aus einem keramischen Schichtmaterial und einem kerami-
schen Stuck, welche die Gesamtdicke der Schalenform definieren; und

(b) eine auf Keramik basierende Matte aus verstarkendem Material, welche in den alternierenden sich wie-
derholenden Schichten aus Schichtmaterial und Stuck angeordnetist, wobei die auf Keramik basierende Matte
eine Vielzahl von miteinander verwobenen Fasern aufweist, welche eine bidirektional gemusterte Orientierung
haben, in welcher die Vielzahl der miteinander verwobenen Fasern im Bezug aufeinander in einer Dichte im
Bereich von 5 Fasern bis 100 Fasern pro Meter angeordnet sind.

Die Schalenform nach Anspruch 1, wobei das verstarkende Material ausgewahlt ist aus der Gruppe bestehend
aus aluminiumoxid-basierenden Materialien, aluminatbasierenden Materialien, siliziumcarbid-basierenden Mate-
rialien und Mischungen von jedem der vorstehenden Materialien.

Die Schalenform nach Anspruch 1, wobei die keramik-basierende Matte Fasern umfasst, die eine bidirektionale
Orientierung haben.
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Die Schalenform nach Anspruch 1, dadurch gekennzeichnet, dass die Fasern in der Matte in der Form von Kette
und Schuss angeordnet sind und wobei die Matte Offnungen aufweist.

Die Schalenform nach Anspruch 1, wobei der Warmeausdehnungs-Koeffizient (coefficient of thermal expansion,
CTE) der Matte innerhalb von 50 % des CTE der Schalenformschichten liegt, in welche sie eingefugt wird.

Die Schalenform nach Anspruch 1, aufweisend eine innere Wand angrenzend an einen Formhohlraum und eine
aullere Wand gegenuber der inneren Wand, wobei die Wande durch die Gesamtdicke der Schalenform von ein-
ander getrennt sind, wobei die Matte innerhalb von 10 bis 40 % der Dicke von der inneren Wand positioniert ist.

Schalenform nach Anspruch 1, umfassend eine innere Wand angrenzend an einen Formhohlraum und eine duf3ere
Wand gegeniber der inneren Wand, wobei die Wande durch die Gesamtdicke der Schalenform von einander
separiert sind, wobei die Matte innerhalb von 10 % bis 25 % der Dicke von der duReren Wand angeordnet ist.

Schalenform nach Anspruch 1, aufweisend wenigstens zwei der keramik-basierenden Matten, wobei jede Matte
in einem verschiedenen Satz der alternierenden sich wiederholenden Schichten von Schichtmaterial und Stuck
angeordnet ist.

Schalenform nach Anspruch 1, wobei die keramik-basierende Matte eine Dicke von 25 Mikron bis 200 Mikron hat.

Schalenform nach Anspruch 1, wobei die alternierenden sich wiederholenden Schichten von keramischem
Schichtmaterial und keramischem Stuck eine erste Schicht aus Schichtmaterial und Stuck umfassen und dann
nachfolgende Schichten von Schichtmaterial und Stuck und wobei die DurchschnittsgréRe der Keramikpartikel
innerhalb der ersten Schicht des Keramikstucks kleiner als 200 Mikron ist.

Eine keramische Gie3schalenform mit einer vorgewahlten Form aufweisend sich wiederholende Schichten aus
einem keramischen Material, welche die Dicke und Gestalt der Form definieren und eine keramik-basierende
Matte, die in den Schichten aus keramischem Material angeordnet ist, wobei die Matte auch der Gestalt der Form
angepasst ist und ihr eine strukturelle Verstarkung schafft, wobei die keramik-basierende Matte eine Vielzahl von
miteinander verwobenen Fasern umfasst, die eine bidirektionale gemusterte Orientierung haben, in welcher die
Vielzahl der miteinander verwobenen Fasern in Bezug aufeinander in einer Dichte im Bereich von 5 Fasern bis
100 Fasern pro Meter angeordnet sind.

Die Schalenform nach Anspruch 11, wobei das keramische Material der sich wiederholenden Schichten und der
Matte Aluminiumoxid umfasst.

Die Schalenform nach Anspruch 11, worin die keramik-basierende Matte in einer auBermittigen Position von der
Wandstarke der Form angeordnet ist.

Die Schalenform nach Anspruch 11, welche eine Gesamtwandstarke im Bereich von 0,50 cm bis 2,50 cm hat.
Verfahren zur Herstellung einer keramischen GieR3schalenform, welches die Schritte aufweist, dass man:
(I) eine keramik-basierende Verstarkungsmatte auf eine Keramikschichtoberflache einer partiellen Schalen-
form aufbringt, die durch aufeinanderfolgendes Aufbringen keramischer Schichten Gbereinander gebildet wird;
wobei die keramik-basierende Matte eine Vielzahl von miteinander verwobenen Fasern umfasst, die eine
bidirektional gemusterte Orientierung haben, in welcher die Vielzahl der miteinander verwobenen Fasern in

Bezug zu einander in einer Dichte im Bereich von 5 Fasern bis 100 Fasern pro Meter angeordnet sind.

(1) die Schalenform durch zusétzliche keramische Schichten auf die Verstarkungsmatte vervollstéandigt; und
dann

(1) die Schalenform bei einer erhéhten Temperatur brennt.
Verfahren zur Herstellung einer keramischen Feingussschalenform, bei welchem man:

(i) eine Aufschlemmung aus einem keramischen Material zubereitet;

10



10

15

20

25

30

35

40

45

50

55

EP 1 098 724 B1

(ii) eine Schicht aus der keramischen Aufschlemmung auf ein Wachsmuster von einer vorgewahlten Form
eines Metalls, welches in die Form zu gief3en ist, aufbringt;

(iii) eine Schicht aus keramik-basierendem Stuckaggregat auf der Schicht aus der Aufschlemmung aufbringt;

(iv) die Schritte (ii) und (iii) so oft als ndtig wiederholt, um eine partielle Schalenform bereit zu stellen, die eine
vorgewahlte Dicke hat;

(v) eine keramik-basierende Matte auf die duRere Oberflache der partiellen Schalenform aufbringt, wobei die
Matte sich im Wesentlichen daran anpasst; wobei die keramik-basierende Matte eine Vielzahl von mit einander
verwobenen Fasern aufweist, welche eine bidirektionale gemusterte Orientierung haben, in welcher die Viel-
zahl der miteinander verwobenen Fasern in Bezug auf einander in einer Dichte im Bereich von 5 Fasern bis
100 Fasern pro Meter angeordnet sind.

(vi) die partielle Schalenform auf die erwlinschte Dicke einer Vollschalenform durch Wiederholung der Schritte
(i) und (iii) auf der keramik-basierenden Matte aufbaut; und

(vii) das Wachs entfernt und die Schalenform brennt, um sie mit dem erwilinschten Grad an Bruchfestigkeit
zu versehen.

Revendications

Moule en coque de coulée en céramique, de forme déterminée au préalable, qui comporte :

a) des couches, disposées en alternance de fagon répétitive, d'un matériau de revétement céramique et d'un
platre céramique, qui déterminent I'épaisseur totale du moule en coque,

b) et un mat de matériau de renfort a base de céramique, disposé parmiles couches de matériau de revétement
et de platre disposées en alternance de fagon répétitive, lequel mat a base de céramique comprend de mul-
tiples fibres entrecroisées et orientées selon un schéma bidirectionnel, lesquelles multiples fibres entrecroi-
sées sont placées les unes par rapport aux autres en une fréquence de 5 a 100 fibres par métre.

Moule en coque conforme a la revendication 1, dans lequel le matériau de renfort est choisi dans I'ensemble
constitué par les matériaux a base d'alumine, les matériaux a base d'aluminate, les matériaux a base de carbure
de silicium et les mélanges de n'importe lesquels de ces matériaux.

Moule en coque conforme a la revendication 1, dans lequel le mat a base de céramique comprend des fibres
orientées dans deux directions.

Moule en coque conforme a la revendication 1, dans lequel les fibres du mat se trouvent disposées a la fagon
d'une chaine et d'une trame, et dans lequel le mat comporte des ouvertures.

Moule en coque conforme a la revendication 1, dans lequel le coefficient de dilatation thermique du mat est égal
a 50 % prés au coefficient de dilatation thermique des couches du moule en coque entre lesquelles le mat estinséré.

Moule en coque conforme a la revendication 1, qui comporte une paroi interne, adjacente a la cavité de moule, et
une paroi externe, a I'opposé de la paroi interne, ces parois étant séparées I'une de I'autre par toute I'épaisseur
du moule en coque, et dans lequel le mat est placé, par rapport a la paroi interne, a une distance représentant 10
a 40 % de I'épaisseur.

Moule en coque conforme a la revendication 1, qui comporte une paroi interne, adjacente a la cavité de moule, et
une paroi externe, a I'opposé de la paroi interne, ces parois étant séparées I'une de I'autre par toute I'épaisseur
du moule en coque, et dans lequel le mat est placé, par rapport a la paroi interne, a une distance représentant 10
a 25 % de l'épaisseur.

Moule en coque conforme a la revendication 1, qui comporte au moins deux mats a base de céramique, chacun

de ces mats étant disposé dans un ensemble différent des couches, disposées en alternance de fagon répétitive,
de matériau de revétement et de platre.

11



10

15

20

25

30

40

45

50

55

10.

1.

12,

13.

14.

15.

16.

EP 1 098 724 B1
Moule en coque conforme a la revendication 1, dans lequel le mat a base de céramique est épais de 25 a 200 um.

Moule en coque conforme a la revendication 1, dans lequel les couches, disposées en alternance de fagon répé-
titive, de matériau de revétement céramique et de platre céramique comportent une premiére couche de matériau
de revétement et une premiére couche de platre, puis des couches successives de matériau de revétement et de
platre, et dans lequel la taille moyenne des particules de céramique au sein de la premiére couche de platre
céramique est inférieure a 200 um.

Moule en coque de coulée en céramique, de forme déterminée au préalable, comportant des couches d'un ma-
tériau céramique, qui sont disposées de fagon répétitive et qui déterminent I'épaisseur et la forme du moule, et
un mat a base de céramique disposé parmi les couches de matériau céramique, lequel mat épouse lui aussi la
forme du moule et renforce la structure de celui-ci, et lequel mat a base de céramique comprend de multiples
fibres entrecroisées et orientées selon un schéma bidirectionnel, lesquelles multiples fibres entrecroisées sont
placées les unes par rapport aux autres en une frequence de 5 a 100 fibres par métre.

Moule en coque conforme a la revendication 11, dans lequel le matériau céramique des couches répétées et du
mat comporte une alumine.

Moule en coque conforme a la revendication 11, dans lequel le mat a base de céramique est placé en position
excentrée dans I'épaisseur de la paroi du moule.

Moule en coque conforme a la revendication 11, dont la paroi présente une épaisseur totale de 0,50 a 2,50 cm.
Procédé de fabrication d'un moule en coque de coulée en céramique, comportant les étapes suivantes :

1) appliquer un mat de renfort a base de céramique sur la surface d'une couche de céramique d'une partie de
moule en coque, formée par application les unes sur les autres de couches successives en céramique, lequel
mat a base de céramique comprend de multiples fibres entrecroisées et orientées selon un schéma bidirec-
tionnel, lesquelles multiples fibres entrecroisées sont placées les unes par rapport aux autres en une fréquence
de 5 a 100 fibres par métre ;

II) compléter le moule en coque en appliquant des couches de céramique supplémentaires par-dessus le mat
de renfort ;

1) et cuire le moule en coque a température élevée.

Procédé de fabrication d'un moule en coque de coulée a modele perdu en céramique, comportant les étapes
suivantes :

a) préparer une suspension épaisse de matériau céramique ;

b) appliquer une couche de cette suspension de céramique sur un modéle en cire d'une piece métallique, de
forme choisie au préalable, que I'on veut mouler dans le moule ;

c) appliquer, par-dessus cette couche de suspension, une couche d'agrégat de platre a base de céramique ;
d) répéter les étapes (b) et (c) le nombre de fois nécessaire pour obtenir une partie de moule en coque pré-
sentant une épaisseur choisie au préalable ;

e) appliquer, sur la surface externe de la partie de moule en coque, un mat a base de céramique de maniére
a ce qu'il en épouse sensiblement la forme, lequel mat a base de céramique comprend de multiples fibres
entrecroisées et orientées selon un schéma bidirectionnel, lesquelles multiples fibres entrecroisées sont pla-
cées les unes par rapport aux autres en une fréquence de 5 a 100 fibres par métre ;

f) compléter le moule en coque a partir de la partie de moule en coque, en répétant les étapes (b) et (c), par-
dessus le mat a base de céramique, jusqu'a parvenir a I'épaisseur voulue pour le moule en coque complet ;
g) et enlever la cire et cuire le moule en coque de maniére a lui conférer le niveau voulu de résistance a la
traction.
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