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(100). Ceramic particles of two different sizes with a difference in size of a factor of 100 are impregnated into the plurality of fiber layers.



10

15

20

25

30

WO 2020/023021 PCT/US2018/043476

CERAMIC MATRIX COMPOSITE MATERIALS HAVING REDUCED
ANISOTROPIC SINTERING SHRINKAGE

FIELD

The present disclosures relates to high temperature ceramic matrix
composite materials, and more particularly to ceramic matrix composite
(CMC) materials which reduce a shrinkage differential (A) in an in-plane vs.
through thickness direction (anisotropic sintering shrinkage) therein, and to

methods for making the same.

BACKGROUND

Gas turbines comprise a casing or cylinder for housing a compressor
section, a combustion section, and a turbine section. A supply of air is
compressed in the compressor section and directed into the combustion
section. The compressed air enters the combustion inlet and is mixed with
fuel. The air/fuel mixture is then combusted to produce high temperature and
high pressure (working) gas. This working gas then travels past the
combustor transition piece and into the turbine section of the turbine.

Generally, the turbine section comprises rows of vanes which direct the
working gas to the airfoil portions of the turbine blades. The working gas
travels through the turbine section, causing the turbine blades to rotate,
thereby turning the rotor. The rotor is also attached to the compressor
section, thereby turning the compressor and an electrical generator for
producing electricity. High efficiency of a combustion turbine is achieved by
heating the gas flowing through the combustion section to as high a
temperature as is practical. The hot gas, however, may degrade the various
metal turbine components, such as the combustor, transition ducts, vanes,
ring segments, and turbine blades that it passes when flowing through the
turbine.

For this reason, strategies have been developed to protect turbine

components from extreme temperatures, such as the development and
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selection of high temperature materials adapted to withstand these extreme
temperatures and cooling strategies to keep the components adequately
cooled during operation. State of the art superalloys with additional protective
coatings are commonly used for hot gas path components of gas turbines. In
view of the substantial and longstanding development in the area of
superalloys, however, it figures to be extremely difficult to further increase the
temperature capability of superalloys.

Accordingly, ceramic matrix composite (CMC) materials have been
developed with greater temperature resistance relative to superalloys. Such
CMC materials include a ceramic or a ceramic matrix material, either of which
hosts a plurality of reinforcing fibers. Typically, the ceramic or ceramic matrix
material is impregnated or otherwise infiltrated into an existing reinforcing fiber
matrix (e.g., a woven matrix or the like) and is sintered (heat treated) at a
temperature effective to ensure flow of the ceramic/ceramic matrix material
into the fiber material and dry/stabilize the resulting ceramic matrix composite
material. The ceramic/ceramic matrix and fibers are typically formed from
either an oxide or non-oxide material (e.g., carbides, nitrides). When both the
matrix and fibers both comprise oxide materials, they are typically referred to
as “oxide-oxide” materials.

In the manufacture of the ceramic matrix composite, the matrix will
shrink, primarily in a through thickness direction. In contrast, however, the
fibers of the reinforcing fiber matrix are already fully sintered prior to CMC
processing and thus have very little shrinkage during sintering. Typically, the
ceramic or ceramic matrix shrinkage is at least ten times that of the fibers. As
a result, there is a significant differential between in plane shrinkage vs. the
through thickness shrinkage for standard CMC materials. This differential
(also referred to as “anisotropic sintering shrinkage” leads to defects (e.g.,
voids and cracks) in the CMC material and even poorer interlaminar strength
upon being subjected to the high temperatures associated with gas turbine
operation. This is especially of concern since CMC materials are already

known to have poor interlaminar strength.
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For components having a relatively flat profile (e.g., plates), high
anisotropic sintering shrinkage results in matrix cracking oriented
perpendicular to the orientation of the fiber material. For complex shapes,
such as at airfoil leading and trailing edges, while the anisotropic sintering
shrinkage may be less in the perpendicular orientation, such anisotropic
sintering shrinkage results in interlaminar defects parallel to fabric plane. An
example of a turbine component having interlaminar cracking as a result of
such differential shrinkage is in FIG. 7. These defects further weaken the
already low interlaminar properties of the CMC and severely limit design
capabilities.

Several solutions have been proposed in the art to eliminate defects
caused by anisotropic sintering shrinkage. For example, particles (e.g.,
mullite) that result in less anisotropic sintering shrinkage have been proposed.
However, CMC materials resulting from such particles have been found to
have further reduced matrix and CMC interlaminar strengths. In another
proposed solution, high local compaction pressures are applied to the CMC
structure during drying, particularly with stacked laminates or fillets that make
up the airfoil. This may be done utilizing hard tooling or the like. The effect is
that matrix rich zones are reduced in size and therefore limit the size of
defects from sintering shrinkage. However, this approach is difficult to carry
out with complex shapes and reproducibility is challenging. Moreover, such
processes are inconsistent with high volume production methods such as
autoclaving, which displace high cost hard tooling. Accordingly, there is a
need for processes and materials that reduce anisotropic sintering shrinkage

and the effects thereof in CMC materials.

SUMMARY

Aspects of the present invention are directed to CMC components and
methods of making the same that reduce anisotropic sintering shrinkage via
optimization of the particles utilized to prepare the matrix portion of the CMC

material. By the terms “matrix or matrix portion,” it is meant the materials
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(ceramic or ceramic matrix material) constituting the portion of the CMC
material aside from the reinforcing fiber material. In accordance with an
aspect, anisotropic sintering shrinkage is reduced or eliminated herein via the
presence and use of ceramic particles which provide a through thickness
shrinkage that more closely approaches an in plane shrinkage for the subject
CMC material.

Thus, in accordance with one aspect, there is provided a process for
making a ceramic matrix composite structure. The process comprises:

impregnating a fiber material comprising a plurality of layers of ceramic
fibers with a medium comprising a plurality of ceramic particles to form an
impregnated fiber material, wherein the particles comprise at least first
ceramic particles and second ceramic particles, the second ceramic particles
having an average diameter less than an average diameter of the first ceramic
particles;

sintering the impregnated fiber material to produce the ceramic matrix
composite structure;

wherein the process comprises utilizing first ceramic particles and
second ceramic particles of an average particle size in the impregnating step
effective to provide a through thickness shrinkage of 1.0 % (0.01) or less for
the impregnated fiber material during the sintering step, wherein the through
thickness shrinkage is determined according to the formula:

S=tR

wherein R = the average diameter of the first ceramic particles;

wherein S = the through thickness shrinkage of the impregnated fiber
material; and

wherein t = the average diameter of the second ceramic particles.

In accordance with another aspect, there is provided another process
for making a ceramic matrix composite structure. The process comprises:

impregnating a fiber material comprising a plurality of layers of ceramic
fibers with a medium comprising a plurality of ceramic particles, wherein the

particles comprise at least first ceramic particles and second ceramic
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particles, the second ceramic particles having an average diameter less than
an average diameter of the first ceramic particles;

sintering the impregnated fiber material to produce the ceramic matrix
composite structure;

wherein the process comprises utilizing first ceramic particles and
second ceramic particles of an average particle size in the impregnating step
effective to provide a through thickness shrinkage during the sintering which is
at least (within) 50% of an in plane shrinkage for the ceramic matrix
composite structure upon the sintering.

In accordance with another yet aspect, there is provided a ceramic
matrix composite structure. The structure comprises:

a fiber material comprising plurality of layers of ceramic fibers;

an impregnated fiber material comprising a fiber material impregnated
with a medium comprising a plurality of ceramic particles;

wherein the ceramic particles comprise at least first ceramic particles
and second ceramic particles, the second ceramic particles having an
average diameter less than an average diameter of the first ceramic particles;
and

wherein an average diameter of the first ceramic particles and the
second ceramic particles is effective to provide a through thickness shrinkage
which is at least (within) 50% of an in plane shrinkage for the impregnated

fiber material upon sintering of the impregnated fiber material.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is explained in the following description in view of the
drawings that show:

FIG. 1 illustrates a gas turbine in accordance with an aspect of the
present invention.

FIG. 2 illustrates a ceramic matrix composite structure in accordance

with an aspect of the present invention.
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FIG. 3 illustrates an impregnated fiber material in accordance with an
aspect of the present invention.

FIG. 4 illustrates a trimodal distribution of ceramic particles in
accordance with an aspect of the present invention.

FIG. 5 illustrates a process for forming a ceramic matrix composite
structure in accordance with an aspect of the present invention.

FIG. 6 illustrates another process for forming a ceramic matrix
composite structure in accordance with an aspect of the present invention.

FIG. 7 illustrates an example of a prior art turbine component having
interlaminar cracking as a result of such anisotropic shrinkage.

FIG. 8 illustrates an example of a turbine component having optimized
in-plane vs. through thickness shrinkage in accordance with an aspect of the

present invention.

DETAILED DESCRIPTION

Now referring to the figures, FIG. 1 illustrates a gas turbine engine 2
include one or more components formed from a ceramic matrix composite
material as described herein. The gas turbine engine 2 includes a
compressor section 4, a combustor section 6, and a turbine section 8. In the
turbine section 8, there are alternating rows of stationary airfoils 18
(commonly referred to as "vanes") and rotating airfoils 16 (commonly referred
to as "blades"). Each row of blades 16 is formed by a circular array of airfoils
connected to an attachment disc 14 disposed on a rotor 10 having a rotor axis
12. The blades 16 extend radially outward from the rotor 10 and terminate in
blades tips. The vanes 18 extend radially inward from an inner surface of
vane carriers 22, 24 which are attached to an outer casing 26 of the engine 2.

Between the rows of vanes 18 a ring seal 20 is attached to the inner
surface of the vane carrier 22. The ring seal 20 is a stationary component
that acts as a hot gas path guide between the rows of vanes 18 at the
locations of the rotating blades 16. The ring seal 20 is commonly formed by a

plurality of ring segments (not shown) that are attached either directly to the

PCT/US2018/043476
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vane carriers 22, 24 or indirectly such as by attachment to metal isolation
rings (not shown) attached to the vane carriers 22, 24. During engine
operation, high-temperature/high-velocity gases 28 flow primarily axially with
respect to the rotor axis 12 through the rows of vanes 18 and blades 16 in the
turbine section 8.

In accordance with an aspect of the present invention and referring to
FIG. 2, there is shown a portion of a ceramic matrix composite (CMC)
structure 100 having a composition as described herein. In an embodiment,
the CMC structure 100 comprises at least a portion of a component of the gas
turbine 2 shown in FIG. 1, such as a portion of a blade 16, vane 18, or ring
segment thereof. For example, in an embodiment, the CMC structure
(material) 100 may comprise at least an airfoil portion of the blade 16 or vane
18. As shown in FIG. 2, the CMC structure 100 comprises a matrix 102 of a
ceramic material (ceramic matrix 104) which is reinforced with a fiber material
106. It is understood that the structure 100 of FIG. 2 represents a fully
sintered ceramic matrix composite material, and thus the distinction between
the fiber material 106 and the matrix 102 may not be so evident in the actual
structure but is differentiated here for ease of illustration.

In the CMC structure 100, the fiber material 106 comprises any suitable
material formed from fibers which will provide a degree of reinforcement to the
matrix 102. In an embodiment and as shown in FIG. 2, the fiber material 106
comprises a plurality of successive layers of ceramic fibers. For example, in
the embodiment shown in FIG. 2, the fiber material 106 comprises a plurality
of plies 108 of the fiber material 106. Within each layer, the fibers may be
continuous or long discontinuous fibers, and may be oriented in a direction
generally parallel, perpendicular, or otherwise disposed relative to a major
length of the fiber material 106. In addition, the fibers of each layer may be
provided in various forms, such as a woven fabric, blankets, unidirectional
tapes, and mats.

Further, the fiber material 106 may be formed from any suitable

material such as an oxide or non-oxide material. In an embodiment, the fiber
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material 106 comprises an oxide material. Exemplary oxide fiber materials for
use herein include Al203, Al203—SiO2, mullite, YAG or Al,03-YAG eutectics,
for example. Further exemplary fiber materials are available from the
Minnesota Mining and Manufacturing Company (3M) under the trademark
NEXTEL, including NEXTEL 720 (alumino-silicate), NEXTEL 610 (alumina)
and NEXTEL 650 (alumina and zirconia). The fibers may be wrapped in a dry
state or may be pre-impregnated with a matrix precursor (e.g., matrix particles
as explained below) such as particles of alumina, mullite, or alumino-silicate,
for example.

To provide the ceramic matrix composite structure 100, the fiber
material 106 is impregnated or otherwise provided with a medium (e.g., slurry)
comprising ceramic or ceramic precursor particles (hereinafter “ceramic
particles 110”) (see FIG. 3) to form an impregnated fiber material 107.
Following sintering of the impregnated fiber material 107 shown in FIG. 3, the
ceramic matrix composite structure 100 is formed (FIG. 2). In certain
embodiments, a medium comprising the ceramic particles 110 is pre-
impregnated into individual layers of the fiber material 106, and is thus
provided in a “pre-preg” form as is known in the art. Thereafter, the individual
layers (which may be in a pre-preg form) are stacked on one another to form
a desired component thickness and shape, and thereafter are subjected to a
heat treatment process, e.g., a sintering protocol, to provide the CMC
structure 100.

In other embodiments, individual layers of the fiber material 106 are not
pre-impregnated with the ceramic particles 110, but instead a plurality of
layers, e.g., plies 108, of the fiber material 106 are stacked on one another in
a desired fashion, and then are impregnated with a medium carrying the
ceramic particles 110. In any case, during sintering, the ceramic particles
melt into the fiber material 106 and the impregnated fiber material 106 is
sintered to form the structure 100. Exemplary techniques for introducing the
ceramic particles 110 into one or more layers the fiber material 106 include

gas deposition, melt infiltration, chemical vapor infiltration, slurry infiltration,
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preceramic polymer pyrolysis, chemical reactions, sintering, or electrophoretic
deposition of ceramic powders, thereby creating the CMC structure 100 with a
fiber reinforced ceramic matrix. Further processes for forming a ceramic
matrix composite structure (material) are also described in U.S. Patent Nos.
8,058,191 7,745,022, 7,153,096; 7,093,359; and 6,733,907, the entirety of
each of which is hereby incorporated by reference.

It is appreciated that the ceramic particles 110 may be in any suitable
form such as a powder. The powder may comprise any suitable oxide or non-
oxide material, such as alumina, mullite, aluminosilicate, yttria alumina garnet,
silicon carbide, silicon nitride, silicon carbonitride, and the like, or a precursor
thereof. In particular embodiments, the ceramic particles 110 comprise an
oxide material. As mentioned, the ceramic particles 110 may be incorporated
into the fiber material 106 within a suitable medium for carrying the particles.
In some instances, the medium assists in the formation of the desired matrix
102. In an embodiment, for example, the ceramic particles 110 may comprise
an oxide (e.g., alumina) powder within a medium, such as tetra-ethyl-
orthosilicate (as an Si donor) and aluminum-butylate (as an Al donor). In
other embodiments, sol-gel chemistry is utilized to carry the ceramic particles
110 into the fiber material 106.

Whether by pre-preg or following lay up, once the fiber material 106 is
laid down in its desired thickness and orientation and includes the ceramic
particles 110, the impregnated fiber material 107 is then subjected to a
sintering process in order to provide the final ceramic matrix composite
structure 100. As is known in the art, the sintering process may be done at a
temperature and for a duration effective to ensure flow of the medium
comprising the ceramic particles 110 into or about the fiber material 106 and
suitable drying to form the desired ceramic matrix composite structure 100.

In an embodiment, the sintering is done at a temperature of from 500 to 1300°
C, isocratic or with a gradient, for a duration of from 1 to 24 hours.
In accordance with an aspect of the present invention, the present

inventors have recognized in conventional processes that the through
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thickness shrinkage (shown as arrow 112 in FIG. 3) during sintering is
substantially greater than the in plane shrinkage (shown as arrow 114 in FIG.
3). As mentioned, this is due in part to the fact that the fiber material 106 is
typically already sintered prior to impregnation with the ceramic particles, and
thus is substantially less prone to shrinkage in the in plane direction. When
left unaddressed as is conventional, this differential shrinkage or anisotropic
sintering shrinkage will lead to defects (e.g., voids and cracks) in the CMC
structure 100, and even poorer interlaminar strength of the CMC material
upon being subjected to the high temperatures typical of gas turbine
operation. As used herein, "in-plane" means parallel to the main plane of the
fibers (e.g., parallel to the individual plies 108) of the CMC structure, and
"through-plane" or “through thickness” means vertically through the fibers
(e.g., vertically through plies 108) or transverse thereto.

Accordingly, aspects of the present invention address anisotropic
sintering shrinkage by disclosing processes and structures that utilize ceramic
particles 110 of a mixture of sizes (e.g., average diameter size) which
substantially reduce anisotropic sintering shrinkage. Referring to FIGS. 2-3
and 5, there is shown a first step of a process 200 for forming a ceramic
matrix composite structure 100 and reducing anisotropic shrinkage. The
process comprises step 202 of impregnating the fiber material 106 with at
least first ceramic particles 116 and second ceramic particles 118 in a suitable
medium to form an impregnated fiber material 107. The second particles 118
have a smaller average diameter relative to the first ceramic particles 116.
Following impregnation of the first and second ceramic particles 116, 118 into
the fiber material 106, the process 200 comprises step 204 of sintering the
impregnated fiber material 107 to produce the ceramic matrix composite
structure;

In accordance with one aspect, the process 200 utilizes first ceramic
particles 116 and second ceramic particles 118 of an average particle size in
the impregnating step 202 effective to provide a through thickness shrinkage

of 1.0 percent (0.01) or less for the impregnated fiber material 107 during the
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sintering step 204. In this way, the size (e.g., average diameter) of the first
ceramic particles 116 and the second ceramic particles 118 minimize
anisotropic sintering shrinkage of the impregnated fiber material 106 during
sintering. In an embodiment of the process 200, the present inventors have
found that the anisotropic sintering shrinkage is sufficiently reduced if the
through thickness shrinkage is kept below a value of 1.0 % (0.01) or less
according to formula (I) below:

(1) S=tR

wherein R = the average diameter of the first ceramic particles 116;

wherein S = the through thickness shrinkage of the impregnated fiber
material 107; and

wherein t = the average diameter of the second ceramic particles 118.

In another embodiment, the through thickness shrinkage is 0.5 percent
(.005) or less, and in a particular embodiment the through thickness shrinkage
is 0.1 percent (.001) or less. The lower the through thickness shrinkage, the
more likely the through thickness shrinkage will match the in plane shrinkage,
which again is generally expected to be relatively low due to the presence of
pre-sintered fibers.

In certain embodiments, at least two of the parameters in formula (1)
above are known and at least one parameter is solved for. For example, in an
embodiment, the desired through thickness shrinkage is known and the
average diameter of the second ceramic particles 118 is known. In this
embodiment, the first ceramic particles 116 for the impregnating step have an
average diameter according to the formula:

()  R=tS:

wherein R = the average diameter of the first ceramic particles 116;

wherein S = the through thickness shrinkage of the impregnated fiber
material 107; and

wherein t = the average diameter of the second ceramic particles 118.

By way of example, if the desired through thickness shrinkage is 0.5%

(or 0.005) and the second ceramic particles 11 have an average diameter of
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0.1 micron, the average diameter for the first particles 116 can be selected
according to formula (Il). In this instance, R = /S or 0.1/0.005 = 20 micron.
Accordingly, first ceramic particles 116 of an average diameter of 20 micron
and second ceramic particles 118 of an average diameter of 0.1 can be
utilized to bring about the desired through thickness shrinkage of 0.005 (0.5
percent) or less, thereby reducing anisotropic sintering shrinkage.

In another embodiment, the desired through thickness shrinkage is
known and the average diameter of first ceramic particles 116 is known, and
the process 200 may thus further comprise utilizing second ceramic particles
118 for the impregnating step having an average diameter according to the
formula:

() t=SR:

wherein R = the average diameter of the first ceramic particles 116;

wherein S = the through thickness shrinkage of the impregnated fiber
material 107; and

wherein t = the average diameter of the second ceramic particles 118.

Thus, by way of example again, if the desired through thickness
shrinkage is 0.4 % (.004) or less and the first ceramic particles 116 have an
average diameter size of 35 micron, then the second ceramic particles 118
may be selected for use in the impregnating step having an average diameter
size of t = 0.004 x 35 = 0.14 micron.

In any embodiment described herein, the through thickness shrinkage
value (S) may be one which at least a predetermined percentage of a known
in plane shrinkage value for the impregnated fiber material 107. In an
embodiment, the predetermined percentage is at least (within) 50% of an in
plane shrinkage of the impregnated fiber material 107, and in another
embodiment at least (within) 75% of the in plane shrinkage, and in a particular
embodiment at least (within) 95% of the in plane shrinkage. Thus, “within 50,
75, or 95 percent or the like” as used herein means a through thickness value

that is at least 50, 75, 95, or the like of a value for the in plane shrinkage.
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It is appreciated that the ceramic particles 110 may comprise two or
more distinct average diameter sizes. The above embodiment illustrated
ceramic particles 110 as comprising first ceramic particles 116 and second
ceramic particles 118 having two distinct average diameter sizes. In
accordance with another aspect and as shown in FIG. 4, the ceramic particles
110, however, may comprise three or more particles sizes. For example, FIG.
4 illustrates ceramic particles 110 as comprising first ceramic particles 116,
second ceramic particles 118, and third ceramic particles 120, wherein the
third ceramic particles 120 have an average diameter that is between that of
the first ceramic particles 116 and the second ceramic particles 118.

When the third ceramic particles 120 are present, the third ceramic
particles 120 may have an average diameter according to the formula:

(IV) t=SR:

wherein R = the average diameter of the first ceramic particles 116;

wherein S = the through thickness shrinkage of the impregnated fiber
material 107; and

wherein t = the average diameter of the third ceramic particles 120.

Thus, the size of the third ceramic particles 120 can be selected
according to the same formula utilized to select the second ceramic particles
118 in order to reduce anisotropic sintering shrinkage during formation of the
ceramic matrix composite structure 100.

In accordance with another aspect, there is disclosed another
embodiment of a process 300 for forming a ceramic matrix composite
structure 100. As shown in FIGS. 2-3 and 6, the process 300 also includes
step 302 of impregnating a fiber material 106 comprising a plurality of layers
of ceramic fibers with a medium comprising a plurality of ceramic particles 110
to form an impregnated fiber material 107, wherein the particles 110 comprise
at least first ceramic particles 116 and second ceramic particles 118. The
second ceramic particles 118 have an average diameter which is less than an

average diameter of the first ceramic particles 116. In addition, the process
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300 includes step 302 of sintering the impregnated fiber material 107 to
produce the ceramic matrix composite structure 100.

In the process 300, the average diameter of the first and second
ceramic particles 116, 118 for the impregnating step 302 provide a through
thickness shrinkage during the sintering which is at least 50% of an in plane
shrinkage for the impregnated fiber material 107. In another embodiment, the
predetermined percentage is at least 75% of an in plane shrinkage of the
impregnated fiber material 107, and in another embodiment at least 95% of
the in plane shrinkage.

In an embodiment, in the process 300, the first ceramic particles 116
and second ceramic particles 118 have an average diameter such that they
provide a desired through thickness shrinkage (at least 50% of the in plane
shrinkage) according to the formula (1) as was described above, wherein:

(1) S=tR

wherein R = the average diameter of the first ceramic particles 116;

wherein S = the through thickness shrinkage of the impregnated fiber
material 107; and

wherein t = the average diameter of the second ceramic particles 118.

In an embodiment, the through thickness shrinkage is 1.0 percent (.01)
or less, and in another embodiment is 0.5 percent (.005) or less, and in a
particular embodiment is 0.1 percent (.001) or less.

In an embodiment for the process 300, when two of the three
parameters are known (such as the desired through thickness shrinkage and
an average diameter of one of the first and second particles), the average
diameter of the first ceramic particles 116 and the second ceramic particles
118 can be similarly determined as described above in process 200 according
to formulas (ll) and (ll1).

In still other embodiments for the process 300, third ceramic particles
120 may be provided and the third ceramic particles 120 for the impregnating
step may have an average diameter according to the formula:

(IV) t=SR:
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wherein R = the average diameter of the first ceramic particles 116;

wherein S = the through thickness shrinkage of the impregnated fiber
material 107; and

wherein t = the average diameter of the second ceramic particles 118.

In this way, the size of the third ceramic particles 120 can be selected
according to the same formula utilized to select the second ceramic particles
118 in order to reduce anisotropic sintering shrinkage in forming the ceramic
matrix composite structure 100.

In accordance with an aspect of the present invention, there is provided
a ceramic matrix composite structure 100 formed by the processes described
herein. Referring again to FIG. 3, the structure 100 comprises an
impregnated fiber material 107 comprising a medium (e.g., a slurry)
comprising a plurality of ceramic particles 110 impregnated into a fiber
material 106 comprising plurality of layers of ceramic fibers. The ceramic
particles 110 comprise at least first ceramic particles 116 and second ceramic
particles 118. The second ceramic particles comprise an average diameter
which is less than an average diameter of the first ceramic particles. In
addition, the first ceramic particles 116 and second ceramic particles 118 are
effective to provide a through thickness shrinkage which is at least (within)
50% of an in plane shrinkage upon sintering of the impregnated fiber material
107. In another embodiment, the through thickness shrinkage is at least
(within) 75% of the in plane shrinkage, and in a particular embodiment is at
least (within) 95% of the in plane shrinkage.

In one embodiment, the average diameter of the first ceramic particles
116 and the second particles 118 provides a through thickness shrinkage for
the ceramic matrix composite structure 100 of 1.0 percent (.01) or less upon
sintering of the impregnated fiber material 107 according to the formula:

(1) S=tR
wherein R = the average diameter of the first ceramic particles 116;
wherein S = the through thickness shrinkage of the impregnated fiber

material 107; and
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wherein t = the average diameter of the second ceramic particles 118.

In another embodiment, the through thickness shrinkage is 0.5 percent
(.005) or less, and in a particular embodiment is 0.1 percent (.001) or less. In
addition, in certain embodiments, the average diameter of the first ceramic
particles 116 and the second particles 118 may also provide a through
thickness shrinkage for the ceramic matrix composite structure 100 that is at
least 50% of an in plane shrinkage of the impregnated fiber material 107 upon
sintering, the through thickness shrinkage provided according to the formula:

(1) S=tR

wherein R = the average diameter of the first ceramic particles 116;

wherein S = the through thickness shrinkage of the impregnated fiber
material 107; and

wherein t = the average diameter of the second ceramic particles 118.

In any of the processes 200, 300 and structures 100 described herein,
the average diameter of the first ceramic particles 116 utilized in the
impregnating step may be from 0.1 to 50 microns, and in a particular
embodiment from 0.1 to 20 microns. In addition, the average diameter of the
second ceramic particles 118 utilized in the impregnating step may be from
0.01 to 0.2 microns. Further, in certain embodiments and when present, the
average diameter of the third ceramic particles 118 utilized in the
impregnating step may be from 0.1 to 0.4 microns. As described herein,
these values may be determined according to the formulas described herein
or selected as a starting point (known value) in the formulas.

In certain embodiments, in any of the processes 200, 300 and
structures described herein, the average diameter of the first ceramic particles
116 is such that the first ceramic particles 116 fit in between the various fiber
layers constituting the fiber material 106. In addition, in such embodiments,
the second ceramic particles 118 (and any additional sized ceramic particles,
e.g., third ceramic particles 120) may comprise an average diameter such that
these particles (118, 120) infiltrate the fibers of the fiber material 106, and are

thus disposed within the fiber material 106. So doing may further reduce the
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through thickness shrinkage during sintering of the impregnated fiber material
107.

Further, in any of the processes 200, 300 and structures 100 described
herein, a ratio of an average diameter of the first ceramic particles 116 to the
second ceramic particles 118 may be provided to optimize packing of the
particles 116, 118. So doing may further enhance reduction of the through
thickness shrinkage for the ceramic matrix composite structure 100, e.g., by
providing a smaller delta through to which the particles may cause shrinkage
during sintering. By way of example, the average size of the particles 116,
118 may be such that a second ceramic particle 118 fits within a gap formed
by three or more of the first ceramic particles 116. In another aspect, the
present inventors have found that a particle size ratio (R = Drirst / Dsecona) Of @n
average diameter of the first ceramic particles 116 to an average diameter of
the second ceramic particles 118 of at least 7:1 promotes the tight packing of
the particles 38 to a packing density of at least 80%. In accordance with an
aspect, the particle size ratio is from 7:1 to 10:1.

Further, in any of the processes and structures described herein, the
anisotropic sintering shrinkage may be further reduced by optimizing a volume
ratio of the first ceramic particles 116 to the second ceramic particles 118
(hereinafter “volume ratio (VR).” In an embodiment, the volume ratio
comprises at least 60%, wherein the volume ratio is defined by the formula:

(/ll)  Volume ratio (VR) = Volumesist / (Volumerirst + Vsecond)

In a particular embodiment, the volume ratio is from 70 to 80 %. A
volume ratio of 60% or more is believed to provide sufficient first particles 116
to allow for second particles 118 to fit therebetween.

The above-described components and systems describe novel and
inventive components and processes for making CMC structures with minimal
to no anisotropic sintering strain. In addition, the processes described herein
may be utilized to build any suitable CMC structure, including but not limited
to any component of the gas turbine engine 2 shown in FIG. 1, including but

not limited to blades, vanes, ring segments, or the like. The resulting CMC
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structures show markedly improved structural integrity as a result of reduced
anisotropic sintering strain as described herein. Contrasted with previous
FIG. 7 showing interlaminar cracking as a result of mismatched in plane and
through thickness shrinkage, FIG. 8 illustrates an example of a component
manufactured according to the processes described herein having a
microstructure with more closely matched in-plane and through thickness
shrinkage rates as provided by aspects of the present invention. Thus, the
manufactured component is not only produced with minimal structural defects
at the outset, but is also less prone to cracking over a service life of the
component as fewer defects/cracks exist from which propagation may take
place.

While various embodiments of the present invention have been shown
and described herein, it will be obvious that such embodiments are provided
by way of example only. Numerous variations, changes and substitutions
may be made without departing from the invention herein. Accordingly, it is
intended that the invention be limited only by the spirit and scope of the

appended claims.
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CLAIMS
What we claim is:
1. A process for making a ceramic matrix composite structure (100)

comprising:

impregnating a fiber material (106) comprising a plurality of layers of
ceramic fibers with a medium comprising a plurality of ceramic particles (110)
to form an impregnated fiber material (107), wherein the particles (110)
comprise at least first ceramic particles (116) and second ceramic particles
(118), the second ceramic particles (118) having an average diameter less
than an average diameter of the first ceramic particles (116);

sintering the impregnated fiber material (107) to produce the ceramic
matrix composite structure (100);

wherein the process comprises utilizing first ceramic particles (116)
and second ceramic particles (118) of an average particle size in the
impregnating step effective to provide a through thickness shrinkage of 1.0
percent or less for the impregnated fiber material (107) during the sintering,
wherein the through thickness shrinkage is determined according to the
formula:

S=tR

wherein R = the average diameter of the first ceramic particles (116);

wherein S = the through thickness shrinkage of the impregnated fiber
material (107); and

wherein t = the average diameter of the second ceramic particles (118).

2. The process of claim 1, wherein the average diameter of the first
ceramic particles (116) and the second ceramic particles (118) provides a
through thickness shrinkage for the ceramic matrix composite structure (100)

of 0.5 percent or less.
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3. The process of claim 1, wherein the average diameter of the first
ceramic particles (116) and the second ceramic particles (118) provides a
through thickness shrinkage for the ceramic matrix composite structure (100)

of 0.1 percent or less.

4. The process of claim 1, wherein the through thickness shrinkage
and the average diameter of second ceramic particles (118) are known, and
wherein the first ceramic particles (116) utilized in the impregnating step have
an average diameter according to the formula:

R=1tS:

wherein R = the average diameter of the first ceramic particles (116);

wherein S = the through thickness shrinkage of the impregnated fiber
material (107); and

wherein t = the average diameter of the second ceramic particles (118).

. The process of claim 1, wherein the through thickness shrinkage
and the average diameter of first ceramic particles (116) are known, and
wherein the second ceramic particles (118) utilized in the impregnating step
have an average diameter according to the formula:

t=SR:

wherein R = the average diameter of the first ceramic particles (116);

wherein S = the through thickness shrinkage of the impregnated fiber
material (107); and

wherein t = the average diameter of the second ceramic particles (118).
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6. The process of claim 1, wherein the ceramic particles (110)
further comprise third ceramic particles (120 having an average diameter
between that of the first ceramic particles (116) and the second ceramic
particles (118), and wherein the third ceramic particles (120) utilized in the
impregnating step have an average diameter according to the formula:

t=SR:

wherein R = the average diameter of the first ceramic particles (116);

wherein S = the through thickness shrinkage of the impregnated fiber
material (107); and

wherein t = the average diameter of the third ceramic particles (120).

7. The process of claim 1, wherein the average diameter of the first

ceramic particles (116) is from 0.1 to 50 microns.

8. The process of claim 1, wherein the average diameter of the

second ceramic particles (118) is from 0.01 to 0.2 microns.

9. The process of claim 1, wherein the average diameter of the first
ceramic particles (116) and the second ceramic particles (118) provides a
through thickness shrinkage during the sintering which is at least 50% of an in

plane shrinkage for the ceramic matrix composite structure (100).

10.  The process of claim 1, wherein the average diameter of the first
ceramic particles (116) and the second ceramic particles (118) provides a
through thickness shrinkage during the sintering which is at least 75% of an in

plane shrinkage for the ceramic matrix composite structure (100).
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11.  The process of claim 1, wherein the average diameter of the first
ceramic particles (116) and the second ceramic particles (118) s a through
thickness shrinkage during the sintering which is at least 95% of an in plane

shrinkage for the ceramic matrix composite structure (100).

12.  The process of claim 1, wherein the first ceramic particles (116)
are disposed between adjacent layers of the fiber material (106) and the

second ceramic particles (118) are infiltrated within the fiber material (106).

13.  The process of claim 1, wherein a particle size ratio (R) of an
average diameter of the first ceramic particles (116) to an average diameter of
the second ceramic particles (118) is at least 7:1 according to the formula: R =

Dfirst / Dsecond-

14.  The process of claim 13, wherein the particle size ratio is from
7:11t010:1.

15.  The process of claim 1, wherein a volume ratio of the first
ceramic particles (116) to the second ceramic particles (118) is at least 60%,
and wherein the volume ratio is defined by the formula (VR) = Volumesist /

(Volumecoarse + Viine).
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16. A process for making a ceramic matrix composite structure
comprising:

impregnating a fiber material (106) comprising a plurality of layers of
ceramic fibers with a medium comprising a plurality of ceramic particles (110)
to form an impregnated fiber material (107), wherein the particles (110)
comprise at least first ceramic particles (116) and second ceramic particles
(118), the second ceramic particles (118) having an average diameter less
than an average diameter of the first ceramic particles (116); and

sintering the impregnated fiber material (107) to produce the ceramic
matrix composite structure (100);

wherein the average diameters of the first ceramic particles (116) and
the second ceramic particles (118) provide a through thickness shrinkage
during the sintering which is at least 50% of an in plane shrinkage for the

impregnated fiber material (107) upon sintering.

17.  The process of claim 16, wherein the average diameter of the
first ceramic particles (116) and the second ceramic particles (118) provide a
through thickness shrinkage during the sintering which is at least 75% of an in

plane shrinkage for the ceramic matrix composite structure (100).

18.  The process of claim 16, wherein the average diameter of the
first ceramic particles (116) and the second ceramic particles (118) provide a
through thickness shrinkage during the sintering which is at least 95% of an in

plane shrinkage for the ceramic matrix composite structure (100).



WO 2020/023021 PCT/US2018/043476

24

19.  The process of claim 16, wherein the process comprises utilizing
first ceramic particles (116) and second ceramic particles (118) of an average
particle size in the impregnating step effective to provide a through thickness
shrinkage of 1.0 percent or less for the impregnated fiber material (107)

5  during the sintering, wherein the through thickness shrinkage is determined
according to the formula:

S=tR

wherein R = the average diameter of the first ceramic particles (116);

wherein S = the through thickness shrinkage of the impregnated fiber

10  material (107); and

wherein t = the average diameter of the second ceramic particles (118).

20.  The process of claim 16, wherein the average diameters of the
first ceramic particles (116) and the second ceramic particles (118) provide a
15  through thickness shrinkage for the ceramic matrix composite structure (100)

of 0.5 percent or less.

21.  The process of claim 16, wherein the average diameters of the
first ceramic particles (116) and the second ceramic particles (118) provide a
20  through thickness shrinkage for the ceramic matrix composite structure (100)

of 0.1 percent or less.
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22.  The process of claim 16, wherein the process comprises utilizing
first ceramic particles (116) and second ceramic particles (118) of an average
particle size in the impregnating step effective to provide a through thickness
shrinkage of 1.0 percent or less for the impregnated fiber material (107)

5  during the sintering, wherein the through thickness shrinkage is determined
according to the formula:

S=tR

wherein R = the average diameter of the first ceramic particles (116);

wherein S = the through thickness shrinkage of the impregnated fiber

10  material (107); and

wherein t = the average diameter of the second ceramic particles (118).

23.  The process of claim 22, wherein the through thickness
shrinkage and the average diameter of second ceramic particles (118) are
15  known, and wherein the process further comprises first ceramic particles
(116) have an average diameter for the impregnating step according to the
formula:
R=1tS:
wherein R = the average diameter of the first ceramic particles (116);
20 wherein S = the through thickness shrinkage of the impregnated fiber
material (107); and

wherein t = the average diameter of the second ceramic particles (118).
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24.  The process of claim 22, wherein the through thickness
shrinkage and the average diameter of first ceramic particles (116) is known,
and wherein the second ceramic particles (118) have an average particle size
for the impregnating step according to the formula:

t=SR:

wherein R = the average diameter of the first ceramic particles (116);

wherein S = the through thickness shrinkage of the impregnated fiber
material (107); and

wherein t = the average diameter of the second ceramic particles (118).

25.  The process of claim 22, wherein the ceramic particles (110)
further comprise third ceramic particles (120 having an average diameter
between that of the first ceramic particles (116) and the second ceramic
particles (118), and wherein the method further comprises utilizing the third
ceramic particles (120) in the impregnating step having an average diameter
according to the formula:

t=SR:

wherein R = the average diameter of the first ceramic particles (116);

wherein S = the through thickness shrinkage of the impregnated fiber
material (107); and

wherein t = the average diameter of the third ceramic particles (120).

26. The process of claim 16, wherein the average diameter of the

first ceramic particles (116) is from 0.1 to 50 microns.

27.  The process of claim 16, wherein the average diameter of the

second ceramic particles (118) is from 0.01 to 0.2 microns.
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28.  The process of claim 16, wherein the first ceramic particles
(116) are disposed between adjacent layers of the fiber material (106) and the

second ceramic particles (118) are infiltrated within the fiber material (106).

29. The process of claim 16, wherein a particle size ratio (R) of an
average diameter of the first ceramic particles (116) to an average diameter of
the second ceramic particles (118) is at least 7:1 according to the formula: R =

Dfirst / Dsecond-

30.  The process of claim 29, wherein the particle size ratio is from
7:11t010:1.

31.  The process of claim 16, wherein a volume ratio of the first
ceramic particles (116) to the second ceramic particles (118) is at least 60%,
and wherein the volume ratio is defined by the formula (VR) = Volumesist /

(Volumecoarse + Viine).

32. A ceramic matrix composite structure (100) comprising:

a fiber material (106) comprising plurality of layers of ceramic fibers;

an impregnated fiber material (107) comprising a fiber material (106)
impregnated with a medium comprising a plurality of ceramic particles (110);

wherein the ceramic particles (100) comprise at least first ceramic
particles (116) and second ceramic particles (118), the second ceramic
particles (118) having an average diameter less than an average diameter of
the first ceramic particles (116); and

wherein an average diameter of the first ceramic particles (116) and
the second ceramic particles (118) is effective to provide a through thickness
shrinkage which is at least 50% of an in plane shrinkage for the impregnated

fiber material (107) upon sintering of the impregnated fiber material (107).
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33.  The ceramic matrix composite structure (100) of claim 32,
wherein the average diameter of the first ceramic particles (116) and the
second ceramic particles (118) is effective to provide a through thickness
shrinkage upon sintering which is at least 75% of an in plane shrinkage for the

ceramic matrix composite structure (100).

34.  The process of claim 32, wherein the average diameter of the
first ceramic particles (116) and the second ceramic particles (118) is effective
to provide a through thickness shrinkage upon sintering which is within 95% of

an in plane shrinkage for the ceramic matrix composite structure (100).

35.  The ceramic matrix composite structure (100) of claim 32,
wherein the average diameter of the first ceramic particles (116) and second
ceramic particles (118) of are effective to provide a through thickness
shrinkage of 1.0 percent or less for the impregnated fiber material (107) upon
sintering, wherein the through thickness shrinkage is determined according to
the formula:

S=tR

wherein R = the average diameter of the first ceramic particles (116);

wherein S = the through thickness shrinkage of the impregnated fiber
material (107); and

wherein t = the average diameter of the second ceramic particles (118).

36.  The ceramic matrix composite structure (100) of claim 32,
wherein the ceramic particles (110) further comprise third ceramic particles
(120 having an average diameter between that of the first ceramic particles

(116) and the second ceramic particles (118).

37.  The ceramic matrix composite structure (100) of claim 32,
wherein the average diameter of the first ceramic particles (116) is from 0.1 to

50 microns.
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38.  The ceramic matrix composite structure (100) of claim 32,
wherein the average diameter of the second ceramic particles (118) is from

0.01 to 0.2 microns.

39.  The ceramic matrix composite structure (100) of claim 32,
wherein the first ceramic particles (116) are disposed between adjacent layers
of the fiber material (106) and the second ceramic particles (118) are
infiltrated within the fiber material (1086).

40.  The ceramic matrix composite structure (100) of claim 32,
wherein a particle size ratio (R) of an average diameter of the first ceramic
particles (116) to an average diameter of the second ceramic particles (118) is

at least 7:1 according to the formula: R = Drirst / Dsecond.

41.  The ceramic matrix composite structure (100) of claim 32,
wherein a volume ratio of the first ceramic particles (116) to the second
ceramic particles (118) is at least 60%, and wherein the volume ratio is

defined by the formula (VR) = Volumesist / (Volumecoarse + Viine).
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