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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 

0002 The components of high-temperature mechanical 
systems, such as, for example, gas-turbine engines, must 
operate in severe environments. For example, the high-pres 
Sure turbine blades and Vanes exposed to hot gases in com 
mercial aeronautical engines typically experience metal Sur 
face temperatures of about 1000°C., with short-term peaks as 
high as 1100° C. Typical components of high-temperature 
mechanical systems include a Ni or Co-based Superalloy 
Substrate. In an attempt to reduce the temperatures experi 
enced 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 
electronbeam 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 YSZTBC is also typi 
cally made “strain tolerant' and the thermal conductivity 
further lowered by depositing a structure that contains numer 
ous pores and/or pathways. 
0003 Economic and environmental concerns, i.e., the 
desire for improved efficiency and reduced emissions, con 
tinue 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 

0004. In general, the invention is directed to a TBC or EBC 
topcoat having enhanced CMAS-resistance compared to con 
ventional YSZ topcoats. CMAS is a calcia-magnesia-alu 
mina-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 coating 
with a CMAS-resistant layer including a rare earth oxide, 
wherein the CMAS-resistant layer is essentially free of Zir 
conia and hafnia. 

0006. In another aspect the disclosure is directed to a coat 
ing with a CMAS-resistant layer including a rare earth oxide 
and a second layer. The second layer includes a compound 
selected from a MCrATY alloy, wherein M is selected from 
Ni, Co, and NiCo.; a B-NiAl alloy; a Y-Ni--y-NiAl 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. 
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0007. In yet another aspect, the disclosure is directed to an 
article with a substrate and a CMAS-resistant layer including 
a rare earth oxide, wherein the first layer is essentially free of 
Zirconia and hafnia. 
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 draw 
ings, and from the claims. 

BRIEF DESCRIPTION OF DRAWINGS 

0009 FIGS. 1A and 1B are cross-sectional diagrams of a 
substrate coated with a bond coat and a thermal or environ 
mental 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 transi 
tion layer and a CMAS-resistant layer. 
0011 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 coat 
ing and a CMAS-resistant layer. 
0013 FIG. 5 is a cross-sectional diagram of a substrate 
coated with a bond coat and a CMAS-resistant layer. 
0014 FIGS. 6A and 6B are cross-sectional photographs of 
an ytterbium silicate (Yb SiO7) 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 (Yb SiO2) layer in contact with a 
CMAS layer and a reaction layer formed at the interface. 
0016 FIGS. 8A and 8B are cross-sectional photographs of 
anytterbium silicate (Yb SiO) layer in contact with a CMAS 
layer and a reaction layer formed at the interface. 
0017 FIG. 9 is a cross-sectional photograph of anytter 
bium silicate (Yb SiO) 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 anytter 
bium silicate (Yb2SiO7) layer bonded to a CMC substrate by 
a Sibond coat layer. 

DETAILED DESCRIPTION 

0019. In general, the disclosure is directed to thermal bar 
rier coating (TBC) compositions that possess increased 
CMAS (calcia-magnesia-alumina-silicate) degradation resis 
tance compared to conventional yttria-Stabilized Zirconia 
(YSZ) TBCs, and articles coated with such TBCs. More spe 
cifically, the disclosure is directed to a thermal barrier coating 
including a CMAS-resistant layer that reacts with CMAS 
leading to increased CMAS degradation resistance compared 
to conventional YSZTBCs. 
0020. As turbine inlet temperatures continue to increase, 
new thermal barrier coatings are required with better high 
temperature performance. 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. However, this porous structure is susceptible to 
damage. Higher turbine inlet temperatures may lead to dam 
age of the TBC when CMAS, a calcia-magnesia-alumina 
silicate deposit, is formed from the ingestion of siliceous 
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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 1200° C. 
to about 1250° C. (about 2200° F to about 2300 F). 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 detri 
mental to the TBC performance and causes higher thermal 
stress on the component Substrate. 
0021 Additionally, the molten CMAS may dissolve the 
YSZTBC. The YSZTBC dissolves preferentially along grain 
boundaries, and depending on the melt chemistry, Zirconia 
with lower yttria content may precipitate out of the molten 
solution, thus decreasing the effectiveness of the TBC. 
0022 FIGS. 1A and 1B 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 11 applied 
to substrate 12, a thermal barrier coating (TBC) or environ 
mental 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, hard 
ness, 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 Corp., Muskegon, 
Mich., under the trade designations CMSX-4 and CMSX-10; 
and the like. 

0024. The substrate 12 may also include a ceramic matrix 
composite (CMC). The CMC may include any useful ceramic 
matrix material, including, for example, silicon carbide, sili 
con nitride, alumina, silica, and the like. The CMC may 
further include any desired filler material, and the filler mate 
rial may include a continuous reinforcement or a discontinu 
ous 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. 
0025. 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. 
0026. 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 dif 
ferent composition than the ceramic matrix, such as mullite 
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fibers in an alumina matrix, or the like. One preferred CMC 
includes silicon carbide continuous fibers embedded in a 
silicon carbide matrix. 
0027. 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 conven 
tional MCrATY alloy (where M is Ni, Co, or NiCo), a B-NiAl 
nickel aluminide alloy (either unmodified or modified by Pt. 
Cr, Hf, Zr, Y. Si, and combinations thereof), a Y-Ni+y'-Ni. Al 
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 mullite, 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 composi 
tions for overlying a CMC substrate 12 include silicon, mul 
lite, yttrium silicates and ytterbium silicates. 
0029. The bond coat 11 may be selected based on a num 
ber of considerations, including the chemical composition 
and phase constitution of the TBC/EBC 13 and the substrate 
12. For example, when the substrate 12 includes a superalloy 
with Y-Ni--y-Ni. Alphase constitution, the bond coat 11 pref 
erably includes a Y-Ni--y-NiA1 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. Alterna 
tively, when the substrate 12 includes a CMC, the bond coat 
11 is preferably silicon or a ceramic, such as, for example, 
mullite. 
0030. 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, AlSiO), a rare earth silicate, or a 
mullite/rare 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 compatibil 
ity of the bond coat 11 with each of the substrate 12 and the 
TBC/EBC 13, a desirable CTE match between adjacent lay 
ers, 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 11 may not be necessary. 
Additionally, in embodiments where the coefficients of ther 
mal 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 TBC/EBC 13 may be selected to provide a desired 
type of protection to substrate 12. For example, when a sub 
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strate 12 including a Superalloy is utilized, a thermal barrier 
coating may be desired to provide temperature resistance to 
substrate 12. ATBC, then, may provide thermal insulation to 
substrate 12 to lower the temperature experienced by sub 
strate 12. On the other hand, when a substrate 12 including a 
CMC is utilized, an EBC or an EBC/TBC bilayer or multi 
layer coating may be desired to provide resistance to oxida 
tion, water vapor attack, or the like. 
0033 A TBC may include any useful insulative layer. 
Common TBCs include ceramic layers comprising Zirconia 
or hafnia. The zirconia or hafnia TBC may include other 
elements or compounds to modify a desired characteristic of 
the TBC, such as, for example, phase stability, thermal con 
ductivity, or the like. Exemplary additive elements or com 
pounds 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 pre 
vents 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 (BaO— 
SrO—Al-O-2SiO2), calcium aluminosilicate (CaAl2Si2Os), 
cordierite (magnesium aluminosilicate), and lithium alumi 
nosilicate; 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 CMAS-resistant layer 15 may be provided adja 
cent to or overlying TBC/EBC 13 to protect the TBC/EBC 13 
from infiltration of CMAS into the pores of the TBC/EBC13. 
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 CMAS-resistant layer 15 and reaction 
layer 16 may form a barrier to reduce or prevent the infiltra 
tion of CMAS into the pores of the porous TBC/EBC 13. 
0036. In some embodiments, the CMAS-resistant layer 15 
may be a distinct layer, separate from TBC/EBC 13, as shown 
in FIGS. 1A and 1B. The CMAS-resistant layer 15 may be 
applied to the TBC/EBC 13 using any useful method includ 
ing, for example, plasma spraying, electronbeam vapor depo 
sition, chemical vapor deposition and the like. 
0037. The CMAS-resistant layer 15 may include any ele 
ment 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 tempera 
ture significantly higher than CMAS (e.g., higher than about 
1200-1250° C.). 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 EBC/TBC13 once 
the CMAS-resistant layer 15 is consumed by the reaction, 
which is the very occurrence the CMAS-resistant 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 
CMAS-resistant layer 15, which will lower the reaction rate 
of the CMAS with the CMAS-resistant layer 15. That is, once 
a solid or highly viscous reaction layer 16 forms on the 
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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-resis 
tant 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 CMAS-resistant layer 15, because 
diffusion will be the slowest process. 
0039. 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 alu 
mina 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, Ta-Os. HfsiO, 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 CMAS-resistant layer 15, may increase adhe 
sion of the CMAS-resistant layer 15 to the TBC/EBC 13, may 
increase or decrease the chemical stability of the CMAS 
resistant layer 15, or the like. 
0042. The CMAS-resistant layer 15 may include from 
about 1 mol.% to about 100 mol.% of the at least one rare 
earth oxide, it 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, it 1 
mol.%, with a total of 100 mol.%. 
0043. In some preferred embodiments, the CMAS-resis 
tant 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.% 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 
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. 
0044) The thickness of the CMAS-resistant layer 15 may 
vary widely depending on the conditions under which article 
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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 (1 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 ther 
mal 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-resis 
tant layer 15. Table 1 shows some exemplary rare earth sili 
cates (e.g., a rare earth oxide mixed with silica (SiO2)) and 
their corresponding coefficients of thermal expansion. 

TABLE 1 

Coefficients of Thermal Expansion for Various Rare Earth Oxides 

Rare Earth Silicate 

Nd2SiO5, Gd2SiOs Dy2SiOs Yb2SiOs 

CTE (10-6/o C.) 9.9 10.1 8.5 8 7.9 

0046. The exemplary rare earth silicates have coefficients 
of thermal expansion that differ by as much as a factor of two 
(e.g., GdaSiO5(Gd2O+SiO) and Yb SiO,(YbO+ 
2SiO4)). 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/EBC13. For example, a TBC includ 
ing yttria-Stabilized Zirconia has a coefficient of thermal 
expansion of about 10x10/°C. Thus, either neodymium 
silicate (NdSiO)-based or gadolinium silicate (Gd2SiO4)- 
based compositions may be particularly desirable for includ 
ing 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 4x10 
6/°C. to about 5x10/°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 will be 
described in further detail below), ytterbium silicate 
(Yb SiO)-based compositions may be a desirable choice to 
include in the CMAS-resistant layer 15, along with any other 
desired additive components. 
0047. Other coating geometries may also be used to 
reduce the stress placed on the interface of CMAS-resistant 
layer 15 and TBC/EBC 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 TBC/EBC 23, and a CMAS-resistant layer 25, as in FIG. 1. 
However, unlike the embodiment shown in FIG. 1, the coat 
ing 24 shown in FIG. 2 further includes a transitional layer 28 
between the CMAS-resistant layer 25 and the TBC/EBC 23. 
The transitional layer 28 may include components of both the 
CMAS-resistant layer 25 and the TBC/EBC23. For example, 
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when a TBC/EBC23 includes a TBC comprising zirconia and 
the CMAS-resistant layer 25 includes ytterbium silicate, the 
transitional layer 28 may include a mixture of Zirconia and 
ytterbium silicate. The mixture may include an approxi 
mately equal amount of the components of the CMAS-resis 
tant layer 25 and TBC/EBC 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 sepa 
rate 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, 38c. However, the transitional layer (e.g., 
transitional layer 38) may include as many or as few Sub 

5.2 

layers as is desired. For example, transitional layer 38 may 
include one layer, up to three layers, three layers, or more than 
three layers. 
0050. Sub-layer 38a is preferably compositionally most 
similar to TBC/EBC33, e.g., sub-layer38a may include more 
than 50% (by weight, volume, moles, or the like) of compo 
nents 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) CMAS-resistant layer 35 compo 
nents. Sub-layer 38b, then, may include an approximately 
equal amount of components from TBC/EBC33 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) CMAS-resistant layer 
35 components. Finally, sub-layer 38c may be more compo 
sitionally similar to the CMAS-resistant layer. For example, 
sub-layer 38c may include more than 50% (by weight, vol 
ume, moles, or the like) of CMAS-resistant layer 35 compo 
nents. 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 inter 
face of adjacent layers as the number of transitional layers is 
increased. In the following examples, it is assumed that the 
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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 occur 
ring 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 direc 
tion, 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 example. 
0052. As one example, FIG. 4A shows a CMAS-resistant 
layer 451 located immediately adjacent TBC/EBC431. Upon 
heating (indicated by arrow 401), the CMAS-resistant layer 
451 expands laterally further than TBC/EBC 431 expands. 
Line 491 in FIG. 4A indicates a vertical slice of the TBC/EBC 
431 and CMAS-resistant layer 451. As the thermal expansion 
progresses, line 491 symbolically breaks into two sections 
491a and 491 b corresponding to CMAS-resistant layer 451 
and TBC/EBC431, respectively. Additionally, this expansion 
is indicated by gap 4a, the distance between line sections 
491a and 491b. 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 CMAS-resistant layer 452 and TBC/EBC 432. 
As the article is heated (indicated by arrow 402), the transi 
tional layer 492 expands an intermediate amount, more than 
the TBC/EBC 432 but less than CMAS-resistant layer 452. 
This reduces the strain exerted 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 4b, 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 com 
positionally 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 expan 
sion. 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. 
0056. The article may also include a transition layer that is 
not divided into sub-layers, but which includes a continu 
ously 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-transi 
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tional layer interface, with a composition that continuously 
transitions from the TBC/EBC composition to the CMAS 
resistant 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, CMAS 
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 sub 
strate 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, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, 
and combinations thereof. In some embodiments, the CMAS 
resistant 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 
EBC, the CMAS-resistant 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 com 
ponents, such as, for example, Ta-Os. HfSiO, alkali oxides. 
alkali earth oxide, or mixtures thereof. The additive compo 
nents 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 vis 
cosity of the reaction product from the reaction of CMAS and 
the CMAS-resistant 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. 
0061. In some preferred embodiments, the CMAS-resis 
tant 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 
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. All measure 
ments are +1 mol.% 
0062. 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 depo 
sition, plasma spraying, chemical vapor deposition, and the 
like. 

EXAMPLES 

Example 1 
0063 FIGS. 6A and 6B show two cross-sectional photo 
graphs of an article 60 including an ytterbium silicate 
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(Yb SiO, orYbO-2SiO) layer 62 adjacenta CMAS layer 
64. The article 60 has been exposed to a temperature of 1250° 
C. for 4 hours prior to the photograph. The CMAS and ytter 
biasilicate have reacted at the interface to form a thin (about 
5um 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 

0064 FIGS. 7A and 7B show two cross-sectional photo 
graphs of an article 70 including an ytterbium silicate 
(Yb SiO, orYbO-2SiO) layer 72 adjacenta CMAS layer 
74. The article 70 has been exposed to a temperature of 1350° 
C. for 4 hours prior to the photograph. The CMAS and ytter 
bium 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 

0065 FIGS. 8A and 8B show two cross-sectional photo 
graphs of an article 80 after exposure to a temperature of 
1350° C. for 4 hours. The article includes a layer 82 of a 
second type of ytterbium silicate (Yb SiOs orYbO, SiO) 
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 Lum thick. Additionally, FIG. 8A shows 
cracks 88,89 in the ytterbium silicate layer 82. CMAS has not 
infiltrated the cracks 88, 89, which indicate that the reaction 
layer 86 quickly formed an effective barrier to molten CMAS. 
A portion 88 of the article 80, which shows the reaction layer 
86 more clearly, is shown in FIG. 8B. 

Example 4 

0.066 FIG. 9 shows an ytterbium silicate (Yb SiO, or 
YbO, SiO) layer 92 contacting CMAS layers 94, 95 on 
both surfaces of the layer 92 after exposure to a temperature 
of 1450° C. 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 sub 
strate 101, a silicon bond coat 103 applied to substrate 101, 
and anytterbium silicate (Yb SiO, or YbO,-2SiO) layer 
102 applied to the bond coat 103. The article was exposed to 
one hundred 1 hourthermal cycles at 1300° C. (2372°F) and 
90% water vapor in oxygen, which mimics the conditions of 
a combustion section of a gas turbine engine. After the ther 
mal cycling, the ytterbium silicate layer remains well-ad 
hered 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. 

1-44. (canceled) 
45. A coating comprising a CMAS-resistant layer compris 

ing a rare earth oxide and alumina, wherein the CMAS 
resistant layer is essentially free of Zirconia and hafnia. 

46. The coating of claim 45, wherein the CMAS-resistant 
layer further comprises silica. 

47. The coating of claim 46, wherein the CMAS-resistant 
layer comprises 1 mol.% to 100 mol.% of at least one rare 
earth oxide and up to 99 mol.% of at least one of alumina, 
silica and combinations thereof, with a total of 100 mol.%. 
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48. The coating of claim 47, wherein the CMAS-resistant 
layer further comprises 0.1 mol.% to 50 mol.% of an additive 
component selected from Ta-Os, HfSiO, alkali oxides, alkali 
earth oxides, and combinations thereof. 

49. The coating of claim 46, wherein the CMAS-resistant 
layer comprises 10 mol.% to 90 mol.% of at least one rare 
earth oxide, and 10 mol. 96 to 90 mol.% of at least one of 
alumina, silica and combinations thereof, with a total of 100 
mol.%. 

50. The coating of claim 49, wherein the CMAS-resistant 
layer further comprises 0.1 mol.% to 50 mol.% of an additive 
component selected from Ta-Os, HfSiO, alkali oxides, alkali 
earth oxides, and combinations thereof. 

51. The coating of claim 46, wherein the CMAS-resistant 
layer comprises 20 mol.% to 80 mol.% of at least one rare 
earth oxide and 20 mol. 96 to 80 mol.% of at least one of 
alumina, silica and combinations thereof, with a total of 100 
mol.%. 

52. The coating of claim 51, wherein the CMAS-resistant 
layer further comprises 1 mol.% to 30 mol.% of an additive 
component selected from Ta-Os, HfSiO, alkali oxides, alkali 
earth oxides, and combinations thereof. 

53. The coating of claim 45, wherein the rare earth oxide is 
selected from the group consisting of oxides of Scandium, 
yttrium, lanthanum, cerium, praseodymium, neodymium, 
promethium, Samarium, europium, gadolinium, terbium, 
dysprosium, holmium, erbium, thulium, ytterbium, lutetium, 
and combinations thereof. 

54. The coating of claim 45, wherein the CMAS-resistant 
layer is about 0.1 mill to about 60 mil thick. 

55. The coating of claim 45, wherein the CMAS-resistant 
layer is about 0.5 mill to about 15 mil thick. 

56. The coating of claim 45, wherein the coating further 
comprises a second layer comprising at least one of a 
MCrAIY alloy, wherein M is selected from Ni, Co, and NiCo: 
a B-NiAl alloy; a Y-Ni--y-NiAl alloy; rare earth oxide-stabi 
lized zirconia, rare earth oxide-stabilized hafnia, mullite, sili 
con, barium strontium aluminosilicate, calcium aluminosili 
cate, cordierite, lithium aluminosilicate, rare earth silicates, 
and combinations thereof, wherein the CMAS-resistant layer 
is adjacent the second layer. 

57. The coating of claim 56, wherein the B-NiAl alloy 
further comprises at least one of Pt, Cr, Hf, Zr, Y. Si, and 
combinations thereof. 

58. The coating of claim 56, wherein the Y-Ni+y'-NiAl 
alloy further comprises at least one of Pt, Cr, Hf, Zr, Y. Si, and 
combinations thereof. 

59. The coating of claim 56, further comprising a transi 
tional layer, wherein the transitional layer is adjacent the 
second layer and wherein the CMAS-resistant layer is adja 
cent the transitional layer. 

60. A coating comprising: 
a CMAS-resistant layer comprising a rare earth oxide; and 
an environmental barrier coating (EBC), wherein the 

CMAS-resistant layer is adjacent the EBC. 
61. The coating of claim 60, wherein the CMAS-resistant 

layer further comprises at least one of alumina, silica, and 
combinations thereof. 

62. The coating of claim 60, wherein the rare earth oxide is 
selected from Scandia, yttria, lanthana, ceria, praseodymia, 
neodymia, promethia, Samaria, europia, gadolinia, terbia, 
dysprosia, holmia, erbia, thulia, ytterbia, lutetia, and combi 
nations thereof. 
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63. The coating of claim 60, wherein the CMAS-resistant 
layer is about 0.1 mill to about 60 mil thick. 

64. The coating of claim 60, further comprising a transi 
tional layer, wherein the transitional layer is adjacent the EBC 
and wherein the CMAS-resistant layer is adjacent the transi 
tional layer. 

65. The coating of claim 61, wherein the CMAS-resistant 
layer comprises 1 mol.% to 100 mol.% of at least one rare 
earth oxide and up to 99 mol.% of at least one of alumina, 
silica and combinations thereof, with a total of 100 mol.%. 

66. The coating of claim 65, wherein the CMAS-resistant 
layer further comprises 0.1 mol.% to 50 mol.% of an additive 
component selected from Ta-Os, HfSiO, alkali oxides, alkali 
earth oxides, and combinations thereof. 

67. The coating of claim 61, wherein the CMAS-resistant 
layer comprises 10 mol.% to 90 mol.% of at least one rare 
earth oxide, and 10 mol. 96 to 90 mol.% of at least one of 
alumina, silica and combinations thereof, with a total of 100 
mol.%. 

68. The coating of claim 67, wherein the CMAS-resistant 
layer further comprises 0.1 mol.% to 50 mol.% of an additive 
component selected from Ta-Os, HfSiO, alkali oxides, alkali 
earth oxides, and combinations thereof. 

69. The coating of claim 61, wherein the CMAS-resistant 
layer comprises 20 mol.% to 80 mol.% of at least one rare 
earth oxide and 20 mol. 96 to 80 mol.% of at least one of 
alumina, silica and combinations thereof, with a total of 100 
mol.%. 

70. The coating of claim 69, wherein the CMAS-resistant 
layer further comprises 1 mol.% to 30 mol.% of an additive 
component selected from Ta-Os, HfSiO, alkali oxides, alkali 
earth oxides, and combinations thereof. 

71. An article comprising: 
a Substrate; and 
a CMAS-resistant layer comprising a rare earth oxide and 

alumina, wherein the CMAS-resistant layer is essen 
tially free of zirconia and hafnia. 

72. The article of claim 71, wherein the CMAS-resistant 
layer further comprises silica. 

73. The article of claim 72, wherein the CMAS-resistant 
layer comprises 1 mol.% to 100 mol.% of at least one rare 
earth oxide and up to 99 mol.% of at least one of alumina, 
silica and combinations thereof, with a total of 100 mol.%. 

74. The article of claim 73, wherein the CMAS-resistant 
layer further comprises 0.1 mol.% to 50 mol.% of an additive 
component selected from Ta-Os, HfSiO, alkali oxides, alkali 
earth oxides, and combinations thereof. 

75. The article of claim 71, wherein the rare earth oxide is 
selected from Scandia, yttria, lanthana, ceria, praseodymia, 
neodymia, promethia, Samaria, europia, gadolinia, terbia, 
dysprosia, holmia, erbia, thulia, ytterbia, lutetia, and combi 
nations thereof. 

76. The article of claim 71, wherein the CMAS-resistant 
layer overlies at least a portion of the substrate, wherein the 
CMAS-resistant layer comprises a first surface adjacent the 
Substrate and a second Surface opposite the Substrate, and 
wherein the CMAS-resistant layer reacts with CMAS to form 
a reaction product layer on the second surface of the CMAS 
resistant layer. 

77. The article of claim 71, wherein the article further 
comprises a bond coat, and wherein the bond coat is adjacent 
the substrate and the CMAS-resistant layer is adjacent the 
bond coat. 
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78. The article of claim 71, wherein the article further 
comprises an environmental barrier coating (EBC), and 
wherein the EBC is adjacent the substrate and the CMAS 
resistant layer is adjacent the EBC. 

79. The article of claim 71, wherein the article further 
comprises an environmental barrier coating (EBC) and a 
bond coat, and wherein the bond coat is adjacent the Substrate, 
the EBC is adjacent the bond coat, and the CMAS-resistant 
layer is adjacent the EBC. 

80. The article of claim 79, wherein the article further 
comprises a transitional layer, wherein the transitional layer 
is adjacent the EBC and the CMAS-resistant layer is adjacent 
the transitional layer, and wherein the transitional layer com 
prises a mixture of components of the EBC and components 
of the CMAS-resistant layer. 

81. The article of claim 71, wherein the article further 
comprises a thermal barrier coating (TBC), and wherein the 
TBC is adjacent the substrate and the CMAS-resistant layer is 
adjacent the TBC. 

82. The article of claim 81, wherein the article further 
comprises a transitional layer wherein the transitional layer is 
adjacent the TBC and the CMAS-resistant layer is adjacent 
the transitional layer, and wherein the transitional layer com 
prises a mixture of components of the TBC and components 
of the CMAS-resistant layer. 

83. The article of claim 71, wherein the article further 
comprises a thermal barrier coating (TBC) and a bond coat, 
and wherein the bond coat is adjacent the substrate, the TBC 
is adjacent the bond coat, and the CMAS-resistant layer is 
adjacent the TBC. 

84. The article of claim 83, wherein the article further 
comprises a transitional layer, wherein the transitional layer 
is adjacent the TBC and the CMAS-resistant layer is adjacent 
the transitional layer, and wherein the transitional layer com 
prises a mixture of components of the TBC and components 
of the CMAS-resistant layer. 

85. An article comprising: 
a Substrate; 
a bond coat on the Substrate; and 
a CMAS-resistant layer on the bond coat, wherein the 

CMAS-resistant layer comprises a rare earth oxide and 
is essentially free of Zirconia and hafnia. 

86. The article of claim 85, wherein the CMAS-resistant 
layer further comprises at least one of alumina, silica, and 
combinations thereof. 

87. The article of claim 86, wherein the CMAS-resistant 
layer comprises 1 mol.% to 100 mol.% of at least one rare 
earth oxide and up to 99 mol.% of at least one of alumina, 
silica and combinations thereof, with a total of 100 mol.%. 

88. The article of claim 87, wherein the CMAS-resistant 
layer further comprises 0.1 mol.% to 50 mol.% of an additive 
component selected from Ta-Os, HfSiO, alkali oxides, alkali 
earth oxides, and combinations thereof. 

89. The article of claim 86, wherein the CMAS-resistant 
layer comprises 10 mol.% to 90 mol.% of at least one rare 
earth oxide, and 10 mol. 96 to 90 mol.% of at least one of 
alumina, silica and combinations thereof, with a total of 100 
mol.%. 

90. The article of claim 89, wherein the CMAS-resistant 
layer further comprises 0.1 mol.% to 50 mol.% of an additive 
component selected from Ta-Os, HfSiO, alkali oxides, alkali 
earth oxides, and combinations thereof. 

91. The article of claim 86, wherein the CMAS-resistant 
layer comprises 20 mol.% to 80 mol.% of at least one rare 
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earth oxide and 20 mol. 96 to 80 mol.% of at least one of 
alumina, silica and combinations thereof, with a total of 100 
mol.%. 

92. The article of claim 91, wherein the CMAS-resistant 
layer further comprises 1 mol.% to 30 mol.% of an additive 
component selected from Ta-Os, HfSiO, alkali oxides, alkali 
earth oxides, and combinations thereof. 

93. The article of claim 85, wherein the rare earth oxide is 
selected from the group consisting of oxides of Scandium, 
yttrium, lanthanum, cerium, praseodymium, neodymium, 
promethium, Samarium, europium, gadolinium, terbium, 
dysprosium, holmium, erbium, thulium, ytterbium, lutetium, 
and combinations thereof. 

94. The article of claim 85, wherein the bond coat com 
prises at least one of: a MCrATY alloy, wherein M is selected 
from Ni, Co, and NiCo.; a B-NiAlalloy; a Y-Ni-y-NiAlalloy; 
mullite, silicon, and combinations thereof. 

95. The article of claim 94, wherein the B-NiAl alloy fur 
ther comprises at least one of Pt, Cr, Hf, Zr, Y. Si, and com 
binations thereof. 

96. The coating of claim 94, wherein the Y-Ni+y'-Ni3Al 
alloy further comprises at least one of Pt, Cr, Hf, Zr, Y. Si, and 
combinations thereof. 

97. The article of claim 85, wherein the substrate comprises 
at least one of a Superalloy or a ceramic matrix composite 
(CMC). 

98. An article comprising: 
a Substrate comprising a ceramic matrix composite or a 

ceramic; and 
a coating comprising a CMAS-resistant layer comprising a 

rare earth oxide, wherein the CMAS-resistant layer is 
essentially free of Zirconia and hafnia. 

99. The article of claim 98, wherein the CMAS-resistant 
layer further comprises at least one of silica or alumina. 

100. The article of claim 99, wherein the CMAS-resistant 
layer comprises silica, and wherein at least some of the silica 
and at least some of the rare earth oxide format least one of a 
rare earth monosilicate or a rare earth disilicate. 

101. The article of claim 99, wherein the CMAS-resistant 
layer comprises 1 mol.% to 100 mol.% of at least one rare 
earth oxide and up to 99 mol.% of at least one of alumina or 
silica. 

102. The article of claim 101, wherein the CMAS-resistant 
layer further comprises 0.1 mol.% to 50 mol.% of an additive 
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component selected from Ta-Os, HfSiO, alkali oxides, alkali 
earth oxides, and combinations thereof. 

103. The article of claim 99, wherein the CMAS-resistant 
layer comprises 10 mol.% to 90 mol.% of at least one rare 
earth oxide and 10 mol. 96 to 90 mol.% of at least one of 
alumina or silica. 

104. The article of claim 103, wherein the CMAS-resistant 
layer comprises 0.1 mol. 96 to 50 mol. 9% of an additive 
component selected from Ta-Os, HfSiO, alkali oxides, alkali 
earth oxides, and combinations thereof. 

105. The article of claim 99, wherein the CMAS-resistant 
layer comprises 20 mol.% to 80 mol.% of at least one rare 
earth oxide and 20 mol. 96 to 80 mol.% of at least one of 
alumina or silica. 

106. The article of claim 105, wherein the CMAS-resistant 
layer further comprises 1 mol.% to 30 mol.% of an additive 
component selected from Ta-Os, HfSiO, alkali oxides, alkali 
earth oxides, and combinations thereof. 

107. The article of claim 98, wherein the rare earth oxide is 
selected from the group consisting of oxides of Scandium, 
yttrium, lanthanum, cerium, praseodymium, neodymium, 
promethium, Samarium, europium, gadolinium, terbium, 
dysprosium, holmium, erbium, thulium, ytterbium, lutetium, 
and combinations thereof. 

108. The article of claim 98, wherein the CMAS-resistant 
layer comprises a thickness of about 0.1 mill to about 60 mil. 

109. The article of claim 98, wherein the CMAS-resistant 
layer comprises a thickness of about 0.5 mill to about 15 mil. 

110. The article of claim 98, wherein the coating further 
comprises a second layer comprising at least one of mullite, 
silicon, barium strontium aluminosilicate, calcium alumino 
silicate, cordierite, lithium aluminosilicate, or a rare earth 
silicate, wherein the CMAS-resistant layer is adjacent to the 
second layer. 

111. The article of claim 110, wherein the second layer 
comprises silicon. 

112. The article of claim 111, wherein the CMAS-resistant 
layer comprises a rare earth silicate. 

113. The article of claim 110, further comprising a transi 
tional layer, wherein the transitional layer is adjacent to the 
second layer and wherein the CMAS-resistant layer is adja 
cent to the transitional layer. 
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