
CMAS-RESISTANT THERMAL BARRIER COATINGS TECHNICAL FIELD [0001] The present
disclosure generally relates to thermal barrier coatings for high-temperature mechanical systems, such
as gas turbine engines, and more particularly to thermal barrier coatings including rare earth oxides.
BACKGROUND 100021 The components of high-temperature mechanical systems, such as, for
example, gas-turbine engines, must operate in severe environments. For example, the high-pressure
turbine blades and vanes exposed to hot gases in commercial aeronautical engines typically
experience metal surface temperatures of about 1000C, with short-term peaks as high as 1100C.
Typical components of high-temperature mechanical systems include a Ni or Co-based superalloy
substrate. In an attempt to reduce the temperatures experienced by the substrate, the substrate can
be coated with a thermal barrier coating (TBC). The thermal barrier coating may include a thermally
insulative ceramic topcoat and is bonded to the substrate by an underlying metallic bond coat. The
TBC, usually applied either by air plasma spraying or electron beam physical vapor deposition, is most
often a layer of yttria-stabilized zirconia (YSZ) with a thickness of about 100-500 um. The properties of
YSZ include low thermal conductivity, high oxygen permeability, and a relatively high coefficient of
thermal expansion. The YSZ TBC is also typically made "strain tolerant" and the thermal conductivity
further lowered by depositing a structure that contains numerous pores and/or pathways. (0003]
Economic and environmental concerns, i.e., the desire for improved efficiency and reduced emissions,
continue to drive the development of advanced gas turbine engines with higher inlet temperatures. As
the turbine inlet temperature continues to increase, there is a demand for a TBC with lower thermal
conductivity and higher temperature stability to minimize the increase in, maintain, or even lower the
temperatures experienced by substrate.  SUMMARY 100041 In general, the invention is directed to a
TBC or EBC topcoat having enhanced CMAS-resistance compared to conventional YSZ topcoats.
CMAS is a calciamagnesia-alumina-silicate deposit resulting from the ingestion of siliceous minerals
(dust, sand, volcanic ashes, runway debris, and the like) with the intake of air in gas turbine engines. 



[0005] In one aspect, the disclosure is directed to a coaling with a CMAS-resistant layer including a
rare earth oxide and alumina, wherein the CMAS-resistant layer is essentially free of zirconia and
hafnia. [0006] In another aspect the disclosure is directed to a coating with a CMAS-resistant layer
including a rare earth oxide and alumina, and a second layer The second layer includes a compound
selected from a MCrAlY alloy. wherein M is selected from Ni, Co, and NiCo; a /3 -NiAl alloy; a y -Ni +
rf-Ni3A1 alloy; rare earth oxide-stabilized zirconia, rare earth oxide-stabilized hafnia, mullite, silicon,
barium strontium aluminosilicate, calcium aluminosilicate, cordierite, lithium aluminosilicate, rare earth
silicates, and combinations thereof The CMAS-resistant layer is adjacent the second layer. 100071 In
yet another aspect, the disclosure is directed to an article with a substrate and a CivIAS-resistant layer
including a rare earth oxide and alumina, wherein the first layer is essentially free of zireonia and
halnia. [0008] The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and advantages of the
invention will be apparent from the description and drawings, and from the claims. BRIEF
DESCRIPTION OF DRAWINGS [0009] FIGS. IA and I B are cross-sectional diagrams of a substrate
coated with a bond coat and a thermal or environmental barrier coating including a CMAS-resistant
layer. [0010] FIG. 2 is a cross-sectional diagram of an alternative embodiment of a substrate coated
with a bond coat and a thermal or environmental barrier coating including a transition layer and a
CMAS-resistant layer.  [00111 FIG. 3 is a cross-sectional diagram of a substrate coated with a bond
coat and a thermal or environmental barrier coating including a transition layer and a CMAS-resistant
layer. [0012] FIGS. 4A, 4B, and 4C are cross-sectional diagrams illustrating transitional layers between
a thermal barrier coating and a CMAS-resistant layer. 



[0013] FIG. 5 is a cross-sectional diagram of a substrate coated with a bond coat and a
CMAS-rcsistant layer. [0014] FIGS. 6A and 6B are cross-sectional photographs of an ytterbium silicate
(Yb2Si207) layer in contact with a CMAS layer and a reaction layer formed at the interface. [0015]
FIGS. 7A and 7B are cross-sectional photographs of an ytterbium silicate (Yb2Si207) layer in contact
with a CMAS layer and a reaction layer fowled at the interface. (00161 FIGS. 8A and 8B are
cross-sectional photographs of an ytterbium silicate (Yb2Si05) layer in contact with a CMAS layer and
a reaction layer formed at the interface. [0017] FIG. 9 is a cross-sectional photograph of an ytterbium
silicate (Yb2Si05) layer in contact with two CMAS layers and reaction layers formed at the interfaces of
the ytterbium silicate layer and the CMAS layers. [0018] FIG. 10 is a cross-sectional photograph of an
ytterbium silicate (Yb2Si207) layer bonded to a CMC substrate by a Si bond coat layer. DETAILED
DESCRIPTION [0019] In general, the disclosure is directed to thermal barrier coating (TBC)
compositions that possess increased CMAS (calcia-magnesia-alumina-silicate) degradation resistance
compared to conventional yttria-stabilized zirconia (YSZ) TBCs, and articles coated with such TBCs.
More specifically, the disclosure is directed to a thenital barrier coating including a CMAS-resistant
layer that reacts with CMAS leading to increased CMAS degradation resistance compared to
conventional YSZ TBCs. 100201 As turbine inlet temperatures continue to increase, new theal barrier 



coatings are require d with better high temperature perfolluance. As described  briefly above, TBCs
are typically deposited as a porous structure, which increases the stress tolerance and reduces the
thermal conductivity of the TBC. Flowe,ver, this porous structure is susceptible to damage. Higher
turbine inlet temperatures may lead to damage of the TBC when CMAS, a
calcia-magnesia-alumina-silicate deposit, is formed from the ingestion of siliceous minerals (dust,
sand; volcanic ashes, runway debris, and the like) with the intake of air in gas turbine engines. Typical
CMAS deposits have a melting temperature of about 1200C to about 1250C (about 2200F to about
2300F. As advanced engines run at TBC surface temperatures above the CMAS melting temperature,
the molten CMAS may infiltrate the pores of the TBC. When the component is cooled below the CMAS
melting temperature, the CMAS solidifies, which exerts a strain on the TBC and may reduce its useful
life. The filling of the pores of the TBC with molten CMAS may also increase the thermal conductivity
of the TBC, which is detrimental to the TBC performance and causes higher thermal stress on the
component substrate. [0021] Additionally, the molten CAA S may dissolve the YSZ TBC, The YSZ
TBC dissolves preferentially along grain boundaries, and depending on the melt chemistry, zircon ia
with lower ythia content may precipitate out of the molten solution, thus decreasing the effectiveness of
the TBC. [00221 FIGS. IA and 18 show cross-sectional views of an exemplary article 10 used in a
high-temperature mechanical system. The article 10 includes a coating 14 applied to a substrate 12.
The coating 14 includes a bond coat 1] applied to substrate 12, a thermal barrier coating (TBC) or
environmental barrier coating (EBC) 13 applied to the bond coat 11, and a CMAS-resistant layer 15
applied to the TBC/EBC 13. The choice of including a TBC or an EBC may depend on the substrate,
as will be described in more detail below. [0023] The substrate 12 may be a component of a high
temperature mechanical system, such as, for example, a gas turbine engine or the like. Typical
superalloy substrates 12 include alloys based on Ni, Co, Ni/Fe, and the like. The superalloy substrate
12 may include other additive elements to alter its mechanical properties, such as toughness,
hardness, temperature stability, corrosion resistance, oxidation resistance, and the like, as is well
known in the art. Any useful superalloy substrate 12 may be utilized, including, for example, those
available from Martin-,  Marietta Corp., Bethesda, MD, under the trade designation MAR-M247; those
available from Cannon-Muskegon Corn., Muskegon, MI, under the trade designations CMSX-4 and
CMSX-10; and the like. [0024] The substrate 12 may also include a ceramic matrix composite (CIVIC).
The CMC may include any useful ceramic matrix material, including, for example, silicon carbide,
silicon nitride, alumina, silica, and the like. The CMC may further include any desired filler material,
and the filler material may include a continuous reinforcement or a discontinuous reinforcement. For
example, the filler material may include discontinuous whiskers, platelets, or particulates. As another
example, the filler material may include a continuous monofilament or multifilament weave. 



[00251 The filler composition, shape, size, and the like may be selected to provide the desired
properties to the CMC. For example, in some embodiments, the filler material may be chosen to
increase the toughness of a brittle ceramic matrix. In other embodiments, the filler may be chosen to
provide a desired property to the CMC, such as thermal conductivity, electrical conductivity, thermal
expansion, hardness, or the like. [00261 In some embodiments, the filler composition may be the
same as the ceramic matrix material. For example, a silicon carbide matrix may surround silicon
carbide whiskers. In other embodiments, the filler material may include a different composition than the
ceramic matrix, such as mullite fibers in an alumina matrix, or the like. One preferred CMC includes
silicon carbide continuous fibers embedded in a silicon carbide matrix. [00271 The article 10 may
include a bond coat 11 adjacent to or overlying substrate 12. The bond coat 11 may improve adhesion
between the TBC/EBC 13 and the substrate 12. The bond coat 11 may include any useful alloy, such
as a conventional MCrAlY alloy (where M is Ni, Co, or NiCo), a 13-NiAl nickel aluminide alloy (either
unmodified or modified by Pt, Cr, Hf, Zr, Y, Si, and combinations thereof), a ry-Ni + y-Ni3A1 nickel
aluminide alloy (either unmodified or modified by Pt, Cr, Hf, Zr, Y, Si, and combination thereof), or the
like. [0028] The bond coat 11 may also include ceramics or other materials that are compatible with a
CMC substrate 12. For example, the bond coat 11 may include  mullitc, silicon, or the like. The bond
coat 11 may further include other elements, such as silicates of rare earth elements including lutetium,
ytterbium, erbium, dysprosium, gadolinium, europium, samarium, neodymium, cerium, lanthanum,
scandium, yttrium, or the like. Some preferred bond coat 11 compositions for overlying a CMC
substrate 12 include silicon, mullite, yttrium silicates and ytterbium silicates. 100291 The bond coat 11
may be selected based on a number of considerations, including the chemical composition and phase
constitution of the IBGEBC 13 and the substrate 12. For example, when the substrate 12 includes a
superalloy with 7- Ni + 7'-Ni3A1 phase constitution, the bond coat 11 preferably includes a 7-Ni +
Ni3A1 phase constitution to better match the coefficient of thermal expansion of the superalloy
substrate 12, and therefore increase the mechanical stability (adhesion) of the bond coat 11 to the
substrate 12. Alternatively, when the substrate 12 includes a CMC, the bond coat 11 is preferably
silicon or a ceramic, such as, for example, mullitc. 100301 In some embodiments, a bond coat 11
including a single layer may not fulfill all the functions desired of a bond coat 11. Thus, in some cases,
the bond coat 11 may include multiple layers. For example, in some embodiments where the substrate
12 is a CMC comprising silicon carbide, a bond coat including a layer of silicon followed by a layer of
mullite (aluminum silicate, AkSi2013), a rare earth silicate, or a mullitetrare earth silicate dual layer is
deposited on the CMC substrate 12. A bond coat 11 comprising multiple layers may be desirable on a
CMC substrate 12 to accomplish the desired functions of the bond coat 11, such as, for example,
adhesion of the substrate 12 to the TBC/EBC 13, chemical compatibility of the bond coat 11 with each
of the substrate 12 and the TBC/EBC 13, a desirable CTE match between adjacent layers, and the
like. [0031] In yet other embodiments, the article 10 may not include a bond coat 11. For example, in
some embodiments, the TBC/EBC 13 may be applied directly to the substrate 12. A bond coat 11 may
not be required or desired when the TBC/EBC 13 and the substrate 12 are chemically and/or
mechanically compatible. For example, in embodiments where the TBC/EBC 13 and substrate 12
adhere sufficiently strongly to each other, a bond coat II may not be necessary. 



Additionally, in embodiments where the coefficients of thermal expansion of the substrate 12 and
TBC/EBC 13 are sufficiently similar, a bond coat 11 may not be necessary. In this way, TBC/EBC 13
may be either adjacent to or overlie bond coat 11 or be adjacent to or overlie substrate 12. [0032]
TBCIEBC 13 may be selected to provide a desired type of protection to substrate 12. For example,
when a substrate 12 including a superalloy is utilized, a thermal barrier coating may be desired to
provide temperature resistance to substrate 12. A TBC, then, may pmvide thermal insulation to
substrate 12 to lower the temperature experienced by substrate 12. On the other hand, when a
substrate 12 including a CMC is utilized, an EBC or an EBOTBC bilayer or multilayer coating may be
desired to provide resistance to oxidation, water vapor attack, or the like. 100331 A TBC; may include
any useful insulative layer. Common TBCs include ceramic layers comprising zirconia or hafnia. The
zirconia or haffiia TBC may include other elements or compounds to modify a desired characteristic of
the TBc, such as, for example, phase stability, thermal conductivity, or the like. Exemplary additive
elements or compounds include, for example, rare earth oxides. The TBC may be applied by any
useful technique, including, for example, plasma spraying, electron beam physical vapor deposition,
chemical vapor deposition, and the like. [0034] An EBC may include any useful layer which prevents
environmental attack of the substrate. For example, the EBC may include materials that are resistant
to oxidation or water vapor attack. Exemplary EBCs include mullite; glass ceramics such as barium
strontium aluminosilicate (Ba0-SrO-Al203-2Si02), calcium aluminosilicate (CaAl2Si208), cordierite
(magnesium aluminosilicate), and lithium aluminosilicate; and rare earth silicates. The EBC may be
applied by any useful technique, such as plasma spraying, electron beam physical vapor deposition,
chemical vapor deposition and the like. [0035] Regardless of whether coating 14 includes an EBC or a
TBC, a CMASresistant layer 15 may be provided adjacent to or overlying TBCIEBC 13 to protect the
TBC/EBC 13 from infiltration of CMAS into the pores of the TBC/EBC 13. The CMAS-resistant layer 15
may react with any CMAS present on the coating 14  and form a reaction layer 16, as shown in FIG.
1B. The CIvIAS-resistant layer 15 and reaction layer 16 may form a barrier to reduce or prevent the
infiltration of CMAS into the pores of the porous TBC/EBC 13. [0036] In some embodiments, the
CIVIAS-resistant layer 15 may be a distinct layer, separate from TBC/EBC 13, as shown in FIGS. lA
and 1.B. The CMAS-resistant layer 15 may be applied to the TBC/EBC 13 using any useful method
including, for example, plasma spraying, electron beam vapor deposition, chemical vapor deposition
and the like. 



[0037] The CMAS-resistant layer 15 may include any element that reacts with CMAS to form a solid or
a highly-viscous reaction product (i.e., a reaction product that is a solid or highly viscous at the
temperatures experienced by the article 10). The reaction product may have a melting temperature
significantly higher than CMAS (e.g., higher than about 1200-1250C). A solid or highly viscous reaction
product is desired because the CMAS-resistant layer 15 is consumed as it reacts with CMAS to form
reaction layer 16. If, for example, the reaction product of CMAS-resistant layer 15 and CMAS was a
relatively low viscosity liquid, the low viscosity liquid would infiltrate the porous EBUTBC 13 once the
CMAS-resistant layer 15 is consumed by the reaction, which is the very occurrence the CMASresistant
layer 15 is designed to prevent. [0038] If the reaction product is a solid or highly viscous, however, a
reaction layer 16 will form on the surface of C:MAS-resistant layer 15, which will lower the reaction rate
of the CIVIAS with the CMAS-resistant layer 15. Thai is, once a solid or highly viscous reaction layer
16 forms on the surface of the CMAS-resistant layer 15, the reaction between the CMAS-resistant
layer 15 and CMAS will slow, because any further reaction will require the diffusion of CMAS through
the reaction layer 16 to encounter the CMAS-resistant layer 15, or diffusion of a component of the
CMAS-resistant layer 15 through the reaction layer 16 to encounter the CMAS. In either case, the
diffusion of either CMAS or the component of the CMAS-resistant layer 15 is expected to be the
limiting step in the reaction once a solid reaction layer 16 is formed on the surface of ClvIASresistant
layer 15, because diffusion will be the slowest process.  [00391 The CMAS-resistant layer 15 includes
at least one rare earth oxide. Useful rare earth oxides include oxides of rare earth elements, including,
for example, Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and combinations
thereof. In some embodiments, the CMAS-resistant layer 15 is essentially free of zirconia and hafnia.
That is, in these embodiments, the coating includes at most trace amounts of zirconia and hafnia, such
as, for example, the amounts present in commercially-available rare earth oxides. [0040] The
CMAS-resistant layer 15 may also include alumina and/or silica in addition to the at least one rare
earth oxide. For example, the CMAS-resistant layer 15 may include alumina and at least one rare
earth oxide, silica and at least one rare earth oxide, or alumina, silica, and at least one rare earth
oxide. Alumina and/or silica may be added to the CMAS-resistant layer 15 to tailor one or more
properties of the CMAS-resistant layer 15, such as, for example, the chemical reactivity of the layer 15
with CMAS, the viscosity of the reaction products, the coefficient of thermal expansion, the chemical
compatibility of the layer 15 with the EBC/TBC 13, and the like. [0041] Further, in some embodiments,
the CMAS-resistant layer 15 may optionally include other additive components, such as, for example,
Ta205, HfSiO4, alkali oxides, alkali earth oxides, or mixtures thereof The additive components may be
added to the CMAS-resistant layer 15 to modify one or more desired properties of the layer 15. For
example, the additive components may increase or decrease the reaction rate of the CMAS-resistant
layer 15 with CMAS, may modify the viscosity of the reaction product from the reaction of CMAS and
the CMASresistant layer 15, may increase adhesion of the CMAS-resistant layer 15 to the TBC/EBC
13, may increase or decrease the chemical stability of the CMASresistant layer 15, or the like. 100421
The CMAS-resistant layer 15 may include from about 1 inol. % to about 100 mol. 'Ye of the at least
one rare earth oxide,  1 mol.%. In some embodiments, the CMAS-resistant layer 15 may also include
up to about 99 mol. % of at least one of alumina, silica and combinations thereof,  1 mol.%, with a total
of 100 mol.%. 



[0043] In some preferred embodiments, the CMAS-resistant layer 15 may include about 10 mol. % to
about 90 mol. % of at least one rare earth oxide, and about 10 mol. % to about 90 mol. A of at least
one of alumina, silica, and combinations thereof and, optionally, about 0.1 mol. % to about 50 mol. %
of the additive components. In other preferred embodiments, the CMAS-resistant layer 15 may include
about 20 mol. A to about 80 mol. % of at least one rare earth oxide and about 20 mol. % to about 80
mol. % of at least one of alumina, silica, and combinations thereof and, optionally, about 1 mol. % to
about 30 mol. % of the additive components. 100441 The thickness of the CMAS-resistant layer 15
may vary widely depending on the conditions under which article 10 is to be used. For example, if
CMAS deposits are expected to be extensive, CMAS-resistant layer 15 may be thicker. Additionally, if
CMAS-resistant layer 15 is to replace TBC/EBC 13, as will be described in further detail below, the
thickness of CMAS-resistant layer 15 may be determined by the thermal conditions to which article 10
is exposed. The thickness depending on the intended application may range from about 0.1 mils (I mil
= 0.001 inch) to about 60 mils,  0.1 mil. In some embodiments, the thickness of CMAS-resistant layer
15 may range from about 0.1 mils to about 30 mils. In other embodiments, the thickness of
CMAS-resistant layer 15 may range from about 0.5 mils to about 15 mils. [0045] It may also be
preferred that the coefficient of thermal expansion of the CMAS-resistant layer is similar to the
coefficient of thermal expansion of the TBC/EBC 13. Thus, the coefficient of thermal expansion of the
component or components comprising the CMAS-resistant layer 15 may be an important consideration
when designing the CMAS-resistant layer 15. Table 1 shows some exemplary rare earth silicates (e.g.,
a rare earth oxide mixed with silica (Si02)) and their corresponding coefficients of thermal expansion.
Table 1: Coefficients of Thermal Expansion for Various Rare Earth Oxides Rare Earth Silicate 
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10.1 8.5 8 7.9 5.2  10046] The exemplary rare earth silicates have coefficients of thermal expansion
that differ by as much as a factor of two (e.g., Gd2Si05 (Gd203 + Si02) and Yb2Si202 (Yb203 +
2Si00). This permits a fairly wide range of tailoring of the coefficient of thermal expansion of
CMAS-resistant layer 15 to be similar to the TBC/EBC 13. For example, a TBC including
yttria-stabilized z-irconia has a coefficient of thermal expansion of about 10 x 104/C. Thus, either
neodymium silicate (Nd2Si05)-based or gadolinium silicate (Gd2SiO5)-based compositions may be
particularly desirable for including in a CMAS-resistant layer 15, along with any desired additive
components. As a second example, a CMC substrate may have a coefficient of thermal expansion of
about 4 x 10-6PC to about 5 x 10-6/C. In embodiments where the CMAS-resistant layer 15 is applied
directly to a CMC substrate 12 or to a bond coat 11 attached to a CMC substrate 12 (as wilt be
described in further detail below), ytterbium silicate (Yb2Si202)-based compositions may be a
desirable choice to include in the CMAS-resistant layer 15, along with any other desired additive
components. 100471 Other coating geometries may also be used to reduce the stress placed on the
interface of CMAS-resistant layer 15 and TBCIEBC 13 during thermal cycles due to different
coefficients of thermal expansion. For example, as shown in FIG. 2, another article 20 may include a
substrate 22 and a coating 24. The coating 24 may include a bond coat 21, a 03C/EBC 23, and a
CMAS-resistant layer 25, as in FIG. 1. However, unlike the embodiment shown in FIG. 1, the coating
24 shown in FIG. 2 further includes a transitional layer 28 between the CMAS-resistant layer 25 and
the TBCfEBC 23. The transitional layer 28 may include components of both the CMAS-resistant layer
25 and the TBC/EBC 23. For example, when a TBC/EBC 23 includes a TBC comprising zirconia and
the CI AS-resistant layer 25 includes ytterbium silicate, the transitional layer 28 may include a mixture
of zirconia and ytterbium silicate. The mixture may include an approximately equal 



11  amount of the components of the CMAS-rcsistant layer 25 and TBCIEBC 23, or may include any
other desired mixture or proportion of components from the CMAS-resistant layer 25 and TBC/EBC
23. [0048] The transitional layer 28 may be applied as a separate layer from the CMAS-resistant layer
25 and the TBC/EBC 23. For example, the TBC/EBC 23 may be applied first by plasma spraying. The
desired mixture of TBC/EBC 23 components and CMAS-resistant layer 25 components may then be
mixed and applied to the TBC/EBC 23 by plasma spraying, followed by application of pure
CMAS-resistant layer 25 on the transitional layer 28. [0049] Additionally, as shown in FIG. 3, the
transitional layer 38 may also include more than one sub-layer. In this embodiment, the transitional
layer 38 includes three sub-layers 38a, 38b, 38e. However, the transitional layer (e.g., transitional
layer 38) may include as many or as few sub-layers as is desired. For example, transitional layer 38
may include one layer, up to three layers, three layers, or more than three layers. [00501 Sub-layer
38a is preferably compositionally most similar to TBC/EBC 33, e.g., sub-layer 38a may include more
than 50 % (by weight, volume, moles, or the like) of components that form TBC/EBC 33. For example,
sub-layer 38a may include about 90 % (by weight, volume, moles, or the like) TBC/EBC 33
components, and about 10 % (by weight, volume, moles, or the like) CMASresistant layer 35
components. Sub-layer 38b, then, may include an approximately equal amount of components from
TBC/EBC 33 and CMAS-resistant layer 35, or approximately 50 % (by weight, volume, moles, or the
like) TBC/EBC 33 components, and about 50 % (by weight, volume, moles, or the like) CMA
S-resistant layer 35 components. Finally, sub-layer 38e may be more compositionally similar to the
CMAS-resistant layer. For example, sub-layer 38c may include more than 50 ,/0 (by weight, volume,
moles, or the like) of CMASresistant layer 35 components. In one embodiment, sub-layer 38c may
include about 90 % (by weight, volume, moles, or the like) CMAS-resistant layer 35 components and
about 10 % (by weight, volume, moles, or the like) TBC/EBC 33 components.   [0051] The inclusion of
the transitional layer 28, 38 may reduce the coefficient of thermal expansion gradient, or in other
words, make the compositional transition from the TBC/EBC 23, 33 to the CMAS-resistant layer 25, 35
more gradual, thus making the change of coefficients of thermal expansion more gradual. FIGS. 4A,
4B, and 4C illustrate simple examples of the reduced forces exerted on the interface of adjacent layers
as the number of transitional layers is increased. In the following examples, it is assumed that the
CMAS-resistant layers have a greater coefficient of thermal expansion than the TBC/EBC layers.
While in practice this may or may not be true, it is convenient for the sake of these simple examples.
Additionally, expansion is shown as occurring in only the horizontal direction of FIGS. 4A-C, which
may or may not be true in real systems. In real systems, the expansion may occur equally in all
directions, may occur in a greater amount in one or more direction than in another direction, or may
occur in inconsistent amounts throughout the material, depending on the temperature profile in the
material and the isotropy or anisotropy of the material, for Lxample. 10052.1 As one example, FIG 4A
shows a CMAS-resistant layer 451 located immediately adjacent TBC/EBC 431. Upon heating
(indicated by arrow 401), the CMAS-resistant layer 451 expands laterally further than TBC/BBC 431
expands. Line 491 in FIG. 4A indicates a vertical slice of the TBCTEBC 431 and CMASresistant layer
451. As the theiinal expansion progresses, line 491 symbolically 



breaks into two sections 491a and 491b corresponding to CMAS-resistant layer 451 and TBC/EBC
431, respectively. Additionally, this expansion is indicated by gap 4a, the distance between line
sections 491a and 49 lb. The difference in rates or extent of expansion, then, causes a stress at the
interface of TBC/EBC 431 and CMAS-resistant layer 451. [0053] FIG. 4B, then, includes a transitional
layer 482 between the CMASresistant layer 452 and TBC/EBC 432. As the article is heated (indicated
by arrow 402), the transitional layer 492 expands an intermediate amount, more than the TBC/EBC
432 but less than CMAS-resistant layer 452. This reduces the strain excited on interface 408 between
the TBC/EBC 432 and the transitional layer 482 and on interface 409 between the transitional layer
482 and CMAS-resistant layer 452. As indicated by gap 41), the difference in expansion of the
transitional layer  482 and the CMAS-resistant layer 452, also shown as the distance between line
492a and line 492b, is lower in FIG. 4B than in 4A, while the expansion of the CMAS-resistant layers
452 and 451 and TBC/EBCs 431 and 432, respectively, are the same.  [0054] As a final example, FIG.
4C shows a transitional layer 483 that is compositionally graded. That is, each of sub-layers 483a,
483b, 483c is a different composition, with sub-layer 483a being compositionally most similar to
TBC/EBC 133, sub-layer 483c being compositionally most similar to CMAS-resistant layer 453, and
sub-layer 483b being compositionally intermediate. This construction further reduces the strain on the
article due to thermal expansion caused by heat (represented by arrow 402). The difference in thermal
expansion between each adjacent layer, which is represented by gap 4c, is smaller than either of gaps
4a or 4b, which indicated lower thermal expansion differences, and thus lower stresses on the
interfaces between the layers. [0055] It may be understood that the more sub-layers included in the
transitional layer, the lower the interfacial stresses due to mismatches of coefficients of thermal
expansion. The number of sub-layers in the transitional layer need not be limited, but may be chosen
according to the desired properties of the article and the time and expense involved in producing the
article. [00561 The article may also include a transition layer that is not divided into sub-layers, but
which includes a continuously graded composition. For example, the transition layer may be
compositionally most similar to the TBC/EBC at the TBC/EBC-transitional layer interface, and most
similar to the CMAS-resistant layer at the CMAS-resistant layer-transitional layer interface, with a
composition that continuously transitions from the TBC/EBC composition to the CMASresistant layer
composition along the depth of the transitional layer. [0057] As shown in FIG. 5, the CMAS-resistant
layer 55 may also replace the TBC or EBC in some embodiments. Replacing the TBC or EBC with a
CMAS-resistant layer 55 may allow better matching of the properties of the substrate 52 and the
CMAS-resistant layer 55 than substrate 52 and a TBC or EBC (e.g., the coefficient of thermal
expansion). The CMAS-resistant layer 55 may provide one or more of the above-described benefits,
including, for example, CM AS resistance, coefficient  



of thermal expansion matching, and the like, while still providing low thermal conductivity similar to or
better than conventional TBCs.  [0058] The article 50 may include a CMAS-resistant layer 55 applied
to a bond coat 51, as shown in FIG 5, or the CMAS-resistant layer 55 may be applied directly to the
substrate 52. The CMAS-resistant layer may again include at least one rare earth oxide. Useful rare
earth oxides include oxides of rare earth elements, including, for example, Sc, Y, La, Cc, Pr, Nd, Pm,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and combinations thereof. In some embodiments, the
CMASresistant layer 55 may be essentially free of zirconia and hafnia. That is, in these embodiments,
the coating includes at most trace amounts of zirconia and hafnia, such as, for example, the amounts
present in commercially-available rare earth oxides. [0059] When CMAS-resistant layer 55 replaces
the TBC or EEC, the CMASresistant layer 55 may also include alumina, silica, or a mixture of alumina
and silica. [0060] In some embodiments, the CMAS-resistant layer 55 may optionally include up to
about 50 mol. % additive components, such as, for example, Ta205, HfSiO4, alkali oxides, alkali earth
oxide, or mixtures thereof The additive components may be added to the CMAS-resistant layer 55 to
modify one or more desired properties. For example, the additive components may increase or
decrease the reaction rate of the CMAS-resistant layer 55 with CMAS, may modify the viscosity of the
reaction product from the reaction of CMAS and the CMASresistant layer 55, may increase adhesion
of the CMAS-resistant layer 55 to the bond coat 51 or substrate 52, may increase or decrease the
chemical stability of the CMAS-resistant layer 55, or the like. 100611 In some preferred embodiments,
the CMAS-resistant layer 55 may include about 10 mol. % to about 90 mol. % of at least one rare earth
oxide and about 10 mol. % to about 90 mol. % of at least one of alumina, silica, and combinations
thereof, and optionally, about 0.1 mol. % to about 50 mol. % of the additive components, In other
preferred embodiments, the CMAS-resistant layer 15 may include about 20 mol. % to about 80 mol. %
of at least one rare earth oxide and about 20 rnol. % to about 80 mol. % of at least one of alumina,
silica, and  combinations thereof,and optionally, about 1 mol. % to about 30 mol. % of the additive
components. All measurements are  1 mol.% [00621 The CMAS-resistant layer may be applied to the
bond coat 51 or substrate 52 using any useful technique, including, for example, electron beam
physical vapor deposition, plasma spraying, chemical vapor deposition, and the like. EXAMPLES 



Example 1 [1:1063] FIGS. 6A and 6B show two cross-sectional photographs of an article 60 including
an ytterbium silicate (Yb2Si207 or Yb203-2Si02) layer 62 adjacent a CMAS layer 64. The article 60
has been exposed to a temperature of 1250C for 4 hours prior to the photograph. The CMAS and
ytterbia silicate have reacted at the interface to form a thin (about 5 attm thick) reaction layer 66. A
portion 68 of the article 60, which shows the reaction layer 66 more clearly, is shown in FIG. 6B.
Example 2  00641 FIGS. 7A and 7B show two cross-sectional photographs of an article 70 including
an ytterbium silicate (Yb2Si207 or Yb203-2Si02) layer 72 adjacent a CMAS layer 74. The article 70
has been exposed to a temperature of 1350C for 4 hours prior to the photograph. The CMAS and
ytterbium silicate have reacted at the interface to form a reaction layer 76. A portion 78 of the article 70
is shown in FIG. 7B. Example 3 10065] FIGS. 8A and 8B show two cross-sectional photographs of an
article 80 after exposure to a temperature of 1350C for 4 hours. The article includes a layer 82 of a
second type of ytterbium silicate (Yb2Si05 or Yb203-Si02) adjacent a CMAS layer 84. The CMAS and
ytterbia silicate have again reacted at the interface and formed a reaction layer 86 that is about 10 um
thick. Additionally, FIG. 8A shows cracks 88, 89 in the ytterbium silicate layer 82. CIVIAS has not
infiltrated the cracks 88, 89, which indicate that the reaction layer 86 quickly  formed an effective
barrier to molten CA/1AS. A portion 88 of the article 80, which shows the reaction layer 86 more
clearly, is shown in FIG. 8B. Example 4 



[0066] FIG. 9 shows an ytterbium silicate (Yb2Si05 or Yb201-Si02) layer 92 contacting CMAS layers
94, 95 on both surfaces of the layer 92 after exposure to a temperature of 1450C for 4 hours. Reaction
layers 96, 97 have formed on both surfaces of the ytterbium silicate layer 92. Example 5 [0067] FIG.
10 shows an article 100 including a CMC substrate 101, a silicon bond coat 103 applied to substrate
101, and an ytterbium silicate (Yb2Si207 or Yb203- 2,8i02) layer 102 applied to the bond coat 103.
The article was exposed to one hundred 1 hour thermal cycles at 1300C (2372F) and 90 % water
vapor in oxygen, which mimics the conditions of a combustion section of a gas turbine engine. After
the thermal cycling, the ytterbium silicate layer remains well. adhered to the CMC substrate 101, and
the substrate 101 shows no evidence of damage. [0068] Various embodiments of the invention have
been described. These and other embodiments are within the scope of the following claims.
WIGSLLP WHAT TS CLAIMED IS: 1.An article comprising a CMAS-resistant layer comprising a rare
earth oxide and alumina, wherein the CMAS-resistant layer is essentially free of zirconia and hafnia. 



The article of claim 1, wherein the CMAS-resistant layer further comprises silica.    3. The article of
claim 1 or 2, wherein the CMAS-resistant layer comprises 10 mot. 10% to 90 mol. % of the rare earth
oxide, and 10 mol. A to 90 mol. % of alumina, silica or a combination thereof, with a total of 100 mol.%.
4. The article of claim 3, wherein the CMAS-resistant layer further comprises 0.1 mol. % to 50 mol. %
of an additive component selected from Ta205, HfSiO4, alkali 15oxides, alkali earth oxides, and
combinations thereof, with a total of 100 mol. %.. 5,The article of claim 1 or 2, wherein the
CMAS-resistant layer comprises 20 trial. % to 80 mot. % of the rare earth oxide and 20 mol. A to 80
mol. % of at least one of alumina, silica and combinations thereof, with a total of 100 mol. %. 20 



6.The article of claim 5, wherein the CMAS-resistant layer further comprises 1 mol. A to 30 mot % of
an additive component selected from Ta205, HfSiO4, alkali oxides, alkali earth oxides, and
combinations thereof, with a total of 100 mot. %.. 25.The article of any of claims 1 to 6, wherein the
rare earth oxide is selected from the group consisting of oxides of scandium, yttrium, lanthanum,
cerium, praseodymium,  MCS1.15 neodymium, promethium, samarium, europium, gadolinium,
terbium, dysprosium, holmium, erbium, thulium, ytterbium, lutetium, and combinations thereof.  8. The
article of claim 1, wherein the CMAS-resistant layer is between 0.00254 5millimeters (mm) and 1.524
mm thick. 



9. The article of claim 8, wherein the CMAS-resistant layer is between 0.0127 millimeters (mm) and
0.381 mm thick. 1010.The article of any of claims 1. to 9, wherein the coating further comprises a
second layer comprising at least one of: a MCrAlY alloy, wherein M is selected from Ni, Co, and NiCo;
a # -NiAl alloy; a y-Ni + y '-NitAl alloy; rare earth oxide-stabilized zirconia, rare earth oxide-stabilized
hafnia, mullite, silicon, barium strontium aluminosilicate, calcium aluminosilicate, cordierite, lithium
aluminosilicate, a rare earth 15silicate, and combinations thereof, wherein the CMAS-resistant layer is
adjacent the second layer.    11. The article of claim 10, further comprising a transitional layer, wherein
the transitional layer is adjacent the second layer and wherein the CMAS-resistant layer is 70adjacent
the transitional layer.    12. The article of any of claims 1 to 11, further comprising a substrate.    13.
The article of claim 12, wherein the substrate comprises a ceramicmatrix 



25composite or a ceramic.  MCSLLP 14.The article of claim 10, wherein the second layer is adjacent
the substrate, and wherein the CMAS-resistant layer is adjacent the second layer. 




