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57 ABSTRACT

A multilayer article comprises a substrate comprising a
ceramic or a silicon-containing metal alloy. The ceramic is
a Si-containing ceramic or an oxide ceramic with or without
silicon. An outer layer overlies the substrate and at lcast one
intermediate layer is localed between the outer layer and the
substrate. An optional bond layer is disposcd between the at
least one intermediate layer and the substrate. The at least
one intermediate layer may comprisc an oplional chemical
barrier layer adjacent the outer layer, a mullite-containing
layer and an optional chemical barricr layer adjacent 1o the
bond layer or substrate. The outer layer compriscs a com-
pound having a low coefficicnt of thermal expansion
sclected from one of the following systems: rarc carth (RE)
silicates; at lcast onc of hafnia and hafnia-containing com-
posilc oxides; zirconia-containing composilc oxides and
combinations thercof.
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MULTILAYER ARTICLE CHARACTERIZED
BY LOW COEFFICIENT OF THERMAL
EXPANSION OUTER LAYER

ORIGIN OF THE INVENTION

The invention described herein was made in the perfor-
mance of work under a NASA contract and is subject to the
provisions of Section 305 of the National Aeronautics and
Space Act of 1958, Public Law 85-568 (72 Stat. 435; 42
U.S.C. §2457).

FIELD OF THE INVENTION

The present invention is directed to 2 multilayer system
for protecting components exposed 10 severe environmental
and thermal conditions such as the hostile environment
present in gas turbine engines.

BACKGROUND OF THE INVENTION

A major limitation in the efficiency and emission of
current gas turbines is the temperature capability (strength
and durability) of metallic structural components (blades,
nozzles and combustor liners) in the engine hot section.
Although ceramic thermal barrier coatings are used o
insulate metallic components, thereby allowing the use of
higher gas temperatures, the metallic component remains a
weak link. Such components must allow for the possibility
of coating loss from spallation or erosion.

Silicon-containing ceramics are ideal materials for high
temperature structural applications such as heat exchangers,
advanced gas turbine engines, and advanced internal com-
bustion engines. They have excellent oxidation resistance in
clean oxidizing environments due to the formation of a
slow-growing silica (§i0,) scale. Reduced durability in high
temperature environments containing molten salts, water
vapor or a reducing atmosphere can limit their effectiveness.
Molten salts react with silica scale to form liquid silicates.
Oxygen readily diffuses through liquid silicates and rapidly
oxidizes the substrate. High water vapor levels lead to
hydrated silica species (Si(OH)x) and subsequent evapora-
tion of protective scale. Complex combustion atmospheres
containing oxidizing and reducing gases form SiO, and then
reduce it to SiO(g). In situations with low partial pressure of
oxidant, dircct formation of SiO(g) occurs. All of these
reactions can potcntially limit the formation of a protective
silica scalc and lead 1o accelerated or catastrophic degrada-
tion.

Examples of silicon-containing ceramics are SiC fiber-
reinforced SiC ceramic matrix composites (SiC/SiC CMCs),
SiC fiber-reinforced Si;N, matrix composites (SiC/SizN,
CMCs), carbon fiber reinforced SiC ceramic matrix com-
posites (C/SiC CMCs), and monolithic silicon carbide or
silicon nitride. A primary problem Si-containing ceramics
face is rapid recession in combustion environments due o
the volatilization of silica scale via reaction with water
vapor, a major product of combustion. Therefore, use of
silicon-containing ceramic components in the hot section of
advanced gas turbine engines requires development of a
reliable method to protect the ceramic from environmental
attack. One approach in overcoming these potential envi-
ronmental limitations is to apply a barrier coating which is
environmentally stable in molten salts, water vapor and/or
reducing atmosphere.

An early environmental barrier coating system (EBC)
consisted of two layers, a mullite (3A1,0,.28i0,) coat and
a yttria-stabilized zirconia (YSZ) top coat. The mullite coat
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provided bonding, while the YSZ top coat provided protec-
tion from water vapor. Mullite has a good coefficient of
thermal expansion match and chemical compatibility with
Si-based ceramics. However, the relatively high silica activ-
ity of mullite and the resulting selective volatilization of
silica cause its rapid recession in water vapor. This EBC
provided protection from water vapor for a few hundred
hours at 1300° C. During longer exposures, however, water
vapor penetrated through cracks in the mullite and attacked
the Si-containing substrate, leading to coating delamination.
Another EBC with improved performance was developed
as part of a NASA High Speed Rescarch-Enabling Propul-
sion Materials (HSR-EPM) Program in joint rescarch by
NASA, GE, and Pratt and Whitney. The EBC consisted of
three layers: a silicon bond coat, an inicrmediatc coat
consisting of mullite or mullite and barium strontium alu-
minosilicate (BSAS), and a BSAS top coat. The mullitc,
mullite and BSAS, and BSAS layers were applicd by a
modified plasma spray process devcloped at the NASA
Glenn Research Center as disclosed in U.S. Pat. No. 5,391,
404, which is incorporated by reference herein in its catirety.
The EBC was applied to SiC/SiC CMC combustor lincrs
used in three Solar Turbine Centaur 50s gas turbinc engines.
The combined operation of the three engines resulted in the
accumulation of tens of thousands of hours without failure
at a maximum combustor liner temperaturc of about 1250°
C. A drawback of this BSAS-top coat EBC is that when
applied 1o the solar turbine SiC/SiC liners it suffcred from
substantial BSAS recession after engine lesting.

Protective layers for Si-containing ceramic substratcs, and
for other substrate materials which may also bc subject to
degradation under the harsh hot section enginc componcnt
type of environment, including silicon/mcial alloys and
oxide ceramics, are needed which improve upon the perfor-
mance of current systems by having a longer lifc or capa-
bility to withstand higher operating tcmperatures without
failure.

SUMMARY OF THE INVENTION

The present invention is directed to a multilayer anticle
which includes a substrate comprising a compound sclected
from the group consisting of a ceramic compound. a
Si-containing metal alloy and combinations thercof. In
particular, the ceramic compound may bc a Si-containing
ccramic or an oxide ccramic with or without Si. Onc
preferred oxide ceramic is a mullitc (3A1,0,28i0,)-
containing ceramic. The multilayer article also includes an
outer layer and at Icast one intcrmcdiatc laycr located
between the outer layer and the substratc. The outer layer
compriscs onc of the following compounds having a low
cocflicient of thermal cxpansion: rarc carth (RE) silicales; at
lease one of a) hafnia (HfO,) and b) hafnia (HfO,)-
containing composile oxides; and zirconia (ZrO,)-
containing compositc oxides. Components of gas turbinc
engines, internal combustion engines and heat cxchangers
may be comprised of the multilayer article of the present
invention.

Although the outer layer may be referred to as a top coat,
it need not be a coating per se. Also, other layers may be
placed on top of the outer layer (i.e., further from the
substrate than the outer layer). It should be understood that
terms such as upper, lower, top, bottom and the like are used
in this disclosure for purposes of illustration and should not
be used to limit the invention, since these relative terms
depend upon the orientation of the substrate. The interme-
diate layer is typically a layer that is applied to the substrate
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or to a layer(s) on the article. However, some substrate
materials, such as mullite-containing materials, inherently
form an intermediate layer (e.g., mullite). Whether applied
or inherent, both constitute intermediate layers as these
terms are used in this disclosure. Also, the term composite
oxide used herein means a compound or a mixture contain-
ing at least two oxides.

In one embodiment of the invention the outer layer
comprises a low CTE rare earth silicate having a formula
selected from the group consisting of (1) RE,0,.Si0,, (2)
2RE,0,.38i0,, (3) RE,0,.28i0, and combinations thereof.
RE is a rare earth element selected from the group consisting
of Sc, Dy, Ho, Er, Tm, Yb, Lu, Eu, Gd, Tb and combinations
thereof. Exemplary rare earth oxides are Sc,SiOs, Er,Si0s,
Yb,SiO4 and combinations thereof. One preferred rare earth
silicate has the formula RE,0,.Si0,, characterized by a low
CTE X2 phase, where RE is Sc, Dy, Ho, Er, Tm, Yb, Lu and
combinations thercof Another preferred rare earth silicate
has the formula RE,0,.Si0,, characterized by a low CTE
X1 phase, where RE is Eu, Gd, Tb and combinations thereof.
The rare carth silicate-containing ouler layer is not used on
a C/C ccramic substratc (carbon fiber-reinforced carbon
matrix composilc). A preferable substrate on which the rare
carth silicate outer layer is used comprises a Si-containing
ceramic compound.

in a second cmbodiment of the invention the outer layer
comprises at least onc of a) hafnia and b) a hafnia-containing
composite oxide comprising hafnia and a compound
selected from the group consisting of mullite, barium stron-
tium aluminosilicate, calcium aluminosilicate, magnesium
aluminosilicate, rarc earth silicate, alumnina, tantalum oxide,
niobium oxide, silica, titania and combinations thereof. In
particular, the hafnia-containing composite oxide comprises
a compound seclected from the group consisting of
HfO,.8i0,, HfO,.TiO,, xH[0,.Ta,05 (where 5=x=7, x
being preferably 6), and combinations thereof In another
aspect of the invention, the outer layer comprises a mixture
of HfO, and an oxide sclected from the group consisting of
mullite, barium strontium aluminosilicate, calcium
aluminosilicate, magnesium aluminosilicate, rare earth
silicate, Al,0,, Ta,0,, Nb,Os and combinations thereof.

In a third embodiment of the invention the outer layer
comprises a zirconia-containing compositc oxide compris-
ing zirconia and a compound sciccted from the group
consisting of silica, titania, tantalum oxide and combinations
thercof In particular, the zirconia-containing composite
oxide comprises a compound sclected from the group con-
sisting of Zr0,.8i0,, Zr0,.TiO,, xZr0,.Ta,05, where
5£x=7, x being preferably 6, and combinations thereof.
This outer layer is preferably uscd on a substrate which is
susceptible to recession resulting from volatilization upon
exposure o water vapor. A preferred substrate on which the
zirconia-compositc oxidc outer layer is used comprises a
Si-containing ceramic compound.

The intermediate layer can comprise a single layer or
multiple layers and is defined herein as being located
between the outer layer and a bond layer on the substrate or,
if no bond layer is used, between the outer layer and the
substrate. A mullite-containing intermediate layer comprises
a compound selected from one of (1) mullite
(3A1,0,.28i0,) and (2) mullite and a compound selected
from the group consisting of barium strontium aluminosili-
cate or BSAS (x BaO.(1-x) SrO.Al,0,.28i0,) where
0=x=1, calcium aluminosilicate or CAS
(Ca0.A1,0,.25i0,), magnesium aluminosilicate or MAS
(2Mg0.2A1,0,.58i0,) and combinations thereof. An espe-
cially suitable intermediate layer used in combination with
any of the outer layers comprises mullite and BSAS.
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The intermediate layer may include a chemical barrier
layer comprising a compound selected from the group
consisting of mullite, hafnia (HfO,), hafnia silicate (e.g.,
HfSi0,), rare earth silicate (e.g., RE,SiO5 where RE is Sc or
Yb), and combinations thereof. The chemical barrier layer is
preferably located between an intermediate layer and the
outer layer, more particularly, is in contact with the outer
layer and even more particularly is between and contiguous
with the outer layer and the mullite-containing layer.
Another mullite chemical barrier layer may be disposed
adjacent to the bond layer or substrate.

Assilicon-containing bond coat comprised, for example, of
silicon (8i) or silicides, such as molybdenum-silicon alloys
and niobium-silicon alloys, can be disposed in contact with
the substrate.

The substrate comprises one of the following compounds:
a Si-containing ceramic, such as silicon carbide (SiC),
silicon nitride (Si;N,), composites having a SiC or Si;N,
matrix, silicon oxynitride, and silicon aluminum oxynitridc;
a Si-containing mectal alloy, such as molybdenum-silicon
alloys (e.g., MoSi,) and niobium-silicon alloys (c.g.,
NbSi,); and an oxide ceramic such as mullite-containing
ceramics (e.g., a mullite matrix with ceramic fibers, such as
alumina fibers, dispersed in the matrix). The substratc may
comprise a matrix reinforced with ceramic fibers, whiskers,
platelets, and chopped or continuous fibers.

Other features, details and advantages of the invention
will be apparent from the attached drawings and detailed
description that follows.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of a multilayer article of
the present invention, it being understood that the geometry
of the article may vary according to the shape of the
component it comprises such as components of hcat
exchangers, gas turbine engines and internal combustion
engines;

FIG. 2 are SEM micrographs showing the cross-scction of
an inventive multilayer article comprising a silicon bond
coat, a mullite and BSAS intermediate coat and a Sc,SiOq
top coat;

FIGS. 3a and 3b arc SEM micrographs showing the
cross-scction of an inventive multilayer anicle comprising a
silicon bond coat, a mullite and BSAS inicrmediate coat and
an Er,SiO; top coat under diffcrent heating conditions;

FIGS. 4a and 4b arc SEM micrographs showing the
cross-scctions of inventive multilayer articles, onc (FIG. 4a)
comprising a silicon bond coat, a mullitc and BSAS intcr-
mediate coat and an HfSiO, top coat and the other (FIG. 4b)
comprising a silicon bond coat, a mullitc and BSAS inter-
mediate coat and an 6H{O,.Ta,04 top coat;

FIG. § are SEM micrographs comparing the cross-section
of an inventive muliilayer article comprising a silicon bond
coat, a mullite and BSAS intermediate coat and an HfiO,
top coat under different heating conditions;

FIG. 6 are SEM micrographs comparing the cross-section
of an inventive article comprising a silicon bond coat, a
mullite and BSAS intermediate coat, a mullite chemical
barrier layer and an HfFiO, top coat under different heating
conditions;

FIGS. 7a and 7b are SEM micrographs showing the
cross-sections of two inventive multilayer articles, one (FIG.
7a) comprising a silicon bond coat, a mullite and BSAS
intermediate coat and a 6Zr0,.Ta,O, top coat and the other
(F1G. 7b) comprising a silicon bond coat, a mullite and
BSAS intermediate coat and a ZrTiO, top coat; and
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FIG. 8 shows the cross-section of an inventive article
comprising a silicon bond coat, a mullite and BSAS inter-
mediate coat and an HfO, and mullite top coat.

DETAILED DESCRIPTION

The present invention is directed to a multilayer article
which can resist a harsh high temperature, water vapor
environment. The inventive articles are especially suited as
hot section structural components of heat engines and heat
exchanger tubes for industrial furnaces. When uncoated, the
substrates suffer from rapid recession in heat engine envi-
ronments due to the volatilization of silica by water vapor.
The inventive multilayer articles resist degradation in vari-
ous environments, but particularly in high temperature,
waler vapor-containing combustion environments, by being
tailored to possess water vapor resistance, coefficient of
thermal expansion malich with the substrate, phase stability
and chemical compatibility among the layers and substraic.

Referring to FIG. 1, the inventive multilayer article A
compriscs a substrate 10 comprising a ceramic or a silicon-
containing metal alloy. The ceramic is a Si-containing
ccramic or an oxide ceramic with or without silicon. In
particular, a suitable oxide ceramic substrale material is a
mullitc-containing material, such as alumina fiber reinforced
mullite matrix composites. An outer layer 12 overlies the
substrate and at least one intermediate layer 14 is located
between the outer layer and the substrate. An optional bond
layer 16 is disposed between the at least one intermediate
layer 14 and the substrate 10. The at least one intermediate
layer 14 comprises an optional chemical barrier layer 18
(selected from the group consisting of mullite, rare earth
silicate (e.g., RE,SiO, where RE is Sc or Yb), HfO,, HfSiO,
and combinations thereof), a mullite-containing layer 20 and
an optional mullite chemical barrier layer 22. The interme-
diate Jayers 14 may comprise the mullite-containing layer 20
plus optional chemical barrier layers 18 and 22.

The outer layer comprises a compound having a low
cocflicient of thermal expansion selected from one of the
following sysiems: rare earth (RE) silicates; at least one of
hafnia and hafnia-containing composite oxides; zirconia-
containing composite oxides and combinations thereof. As
uscd in this disclosure, the terms low coefficient of thermal
cxpansion mean having a cocfficient of thermal expansion
less than 8x107°/° C. and, preferably about 6x107%° C. or
less.

Although cach layer of the inventive coating system may
havc various functions, a principal function of the multilayer
sysicm is 1o prolect substrates which are susceptible to
recession resulting from volatilization upon exposure 10
water vapor. This is cspecially true of Si-containing
matcrials, which are the preferred substrate materials of the
inventive articles. The inventive system provides an envi-
ronmental barrier which inhibits formation of gaseous spe-
cics of Si, particularly Si(OH)x, when the substrate is
exposed to a high temperature environment containing water
vapor. Any combinations (mechanical or chemical mixtures,
multiple layers or compositional grading) of the above outer
layer may be used. By compositional grading is meant
combining two or more materials in successive layers using
increasing amounts of one component and decreasing
amounts of another to match the coefficient of thermal
expansion between materials, such as between the top coat
and substrate or between an intermediate layer and outer
layer. A purpose of the low CTE oxide outer layer materials
is to provide environmental protection, in particular from
water vapor, and thermal protection by generating a tem-
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perature gradient due to their low thermal conductivity.
Although the multiple layers used in the present invention
may be referred to as an environmental barrier coating
(EBC), the term EBC should not be used to limit the present
invention. Each of the layers on the substrate may have at
least chemical resistant and/or temperature resistant func-
tions.

The inventive multilayer system includes two types of
optional bond layers and at least one intermediate layer to
improve bonding of the low CTE outer layer to the substrate,
A silicon bond layer (e.g., bond coat) is preferred when the
temperature at the bond layer is below the melting point of
silicon. Alternatively, a bond layer which comprises a
silicon-containing metal alloy having a melting point above
the melting point of silicon may be used, such as Mo—Si
alloy and Nb—Si alloy. Suitable bond layer compositions
would be apparent to those skilled in the art in view of this
disclosure.

The intermediate layer 20 is a mullite-containing layer
comprising onc of (1) mullitc and (2) mullitc and atkaline
carth metal aluminosilicatc. The alkaline carth metal alumi-
nosilicate is preferably BSAS (xBaO.(1-x)
Sr0.Al,0,.28i0,) where 0=x=1, calcium aluminosilicate
or CAS (Ca0.Al,0,.28i0,), or magnesium aluminosilicate
or MAS (2Mg0.2A1,0,.558i0,). The intermediate layer 20
is preferably comprised of mullite and BSAS due to its
excellent crack resistance. This results in better durability
compared to EBCs having a mullite intermediate layer. The
mullite and glass ceramic (e.g., BSAS, CAS, or MAS) tend
to form low melting glasses at relatively high temperatures
(above about 1300° C.). Mullite alone can be used as an
intermediate layer to eliminate glass formation, especially in
higher temperature applications.

At least one of the multilayers is an optional chemical
barrier layer. Reference to chemical barrier layer should not
be used to limit the present invention as it is intended 10
characterize a predominant feature of this layer, not to
exclude other features such as thermal resistance. Some
ouler layer materials can react with the mullitc and glass
ceramic intermediate layer 20 at high tempceratures, forming
low meclting reaction products. A low mcling rcaction
product should be avoided since it not only reduces the life
of the article but also incrcascs thermal conductivity of the
layers. Thercfore, the chemical barricr layer 18 can be
applicd between the mullite and glass cecramic intermediate
layer 20 and the low CTE oxide outer layer 12 if the mullite
and glass ccramic intcrmediate layer chemical reaction
produccs a low melting product. Suitable chemical barrier
compounds 18 include mullite, HfO,, HfSiO,, and a rarc
carth silicate (c.g., RE,SiOg where RE is Sc or Yb).

Another option is to apply a mullite chemical barricr layer
22 between the mullite-and-glass ceramic intermediate layer
20 and the silicon bond layer 16 (or silicon-containing
substrate 10 when no bond layer is used) to prevent detri-
mental glass ceramic-silica reaction.

Rare Earth Silicate-Containing Outer Layer

Turning now to a discussion of the low CTE oxide outer
layer compounds (e.g., top coats) of the present invention, in
one embodiment of the invention the low CTE oxide outer
layer 12 comprises low CTE rare earth silicate having a
formula selected from the group consisting of (1)
RE,0,.8i0,, (2) 2RE,0,.35i0,, (3) RE,0,.25i0, and com-
binations thereof. RE is a rare earth element selected from
the group consisting of Sc, Dy, Ho, Er, Tm, Yb, Lu, Eu, Gd,
Tb and combinations thereof Exemplary rare earth oxides
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are Sc,Si0s, Er,SiO;, Yb,SiOs and combinations thereof
One preferred rare earth silicate has the formula
RE,0,.8i0,, characterized by a low CTE X2 phase, where
RE is selected from the group consisting of Sc, Dy, Ho, Er,
Tm, Yb, Lu and combinations thereof Another preferred rare
earth silicate has the formula RE,0,.5i0,, characterized by
a low CTE X1 phase, where RE is selected from the group
consisting of Eu, Gd, Tb and combinations thereof The rare
earth silicate-containing outer layer is not used on a C/C
ceramic substrate (carbon fiber-reinforced carbon matrix
composite). A preferable substrate on which the rare earth
silicate outer layer is used comprises a Si-containing
ceramic compound.

Silicates of one group of rare earth elements (RE,05.8i0,
where RE is La, Ce, Pr, Nd, Pm Sm) are undesirable in that
they are present in the high CTE X1 phase. For example, the
CTE of Sm,SiO; is about 9x107%° C. (Y. Ogura et al.,
“Y,SiOs as Oxidation Resistant Coating for C/C
Composites,” Proc. 10th International Conf. on Composite
Materials, 767-774, Whistler, Canada, 1995). Silicates hav-
ing rarc earth clements with a greater ionic radius than Sm
(Pm, Nd, Pr, Ce and La) are undesirable in that they are
belicved to have a CTE greater than that of Sm,SiOs
because CTE increases with increasing ionic radius. The rare
earth silicate, Y,SiOs, is undesirablc in that it undergoes a
polymorphic phase transformation from the low temperature
(X1) phase to high tempecrature (X2) phase under thermal
cycling. This transformation is accompanied by a volume
change, which leads to cracking when applied as a coating.

The rare earth silicates RE,05.Si0, of the present inven-
tion in which RE is Sc, Dy, Ho, Er, Tm, Yb, Lu, Eu, Gd, Tb
maintain the low CTE phase at all temperatures. For a
discussion and definition of the X1 and X2 phases, refer to
the article, Liddell, K. and Thompson, P., “X-Ray Diffrac-
tion Data for Yttrium Silicates,” Br. Ceram. Trans. J. 85,
17-22 (1986), which is incorporated herein by reference in
its entirety. The CTE of rare earth silicates is proportional to
the ionic radius of rare earth clements. Thus, the
RE,0,.8i0, silicates are believed to have a CTE in the
range between about 4x107%/° C. and 8x107%/° C. The phase
stability and low CTE make the RE,0,.Si0, rare earth
silicatc of the present invention a suitable compound for
EBCs employing silicon-containing ccramics such as those
comprising SiC, Si,N,, Mo—Si alloys, Nb—Si alloys, and
combinations thereof.

The other rarc carth silicates of the present invention,
2RE,0,.38i0, and RE,0,.28i0,, arc also suitablc EBC
compounds. These silicates arc advantagcous in that they
have chemical and/or physical propertics similar to that of
the RE,0,.8i0, rarc carth silicate, except for a slightly
lower melting point.

Hafnia and Hafnia-Containing Composite Oxide
Outer Layer

In the second embodiment of the invention the low CTE
outer layer comprises at least one of a) hafnia and b) a
hafnia-containing oxide selected from the group consisting
of HfO,.Si0, (HfSi0,), HfO,.TiO, (Hfi0,), xHfU,.Ta,0s,
where 5Ex=7, x being preferably 6, and combinations
thereof. Hafnia and the hafnia compounds are suitable outer
layer compounds because hafnia has a low CTE and phase
stability. Hafnia has a thermal expansion of about 6x10-6/°
C. and a phase stability up to 1650° C. (3000° F.). The
hafnia-containing oxides are also suitable outer layers due to
the high melting point of hafnia (about 2758° C.).

In another aspect of the invention the composite oxide
comprises hafnia and a component selected from the group
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consisting of mullite, BSAS, CAS, MAS, rare earth silicate,
Al,O,, Ta,0s4, Nb,Os and combinations thereof. This takes
advantage of the high melting, low CTE behavior of hafnia
in admixture with the other low CTE oxides. The hafnia-low
CTE oxide mixture is expected to possess the benefits of
lower thermal conductivity due to phonon scattering at the
phase boundary and toughening due to composite effects
(one key mechanism of which is that cracks in composites
are deflected or stopped at the boundary between the two
materials). An additional benefit is improved strain tolerance
due to the improved compliance with the addition of a low
modulus second phase oxide such as glass ccramics
(alkaline earth metal aluminosilicates: BSAS, CAS, a
MAS).

Zirconia-Containing Compositc Oxide Outcr Layer

In the third embodiment of the invention the low CTE
oxide outer layer comprises a zirconia-containing composiic
oxide sclected from the group consisting of Zr0,.Si0O,
(ZrSi0,), Zr0,.TiO, (ZrTiO,), xZr0,.Ta,04, wherc
5=x=7, x being preferably 6, and combinations thereof The
inventive zirconia-containing compounds arc suitablc outer
layer materials since they possess a high mclting point (the
melting point of zirconia being about 2715° C.) and low
CTE.

EXPERIMENTAL PROCEDURE

The following experimental procedure was uscd o pre-
pare and evaluate the performance of the samples discussed
in the following examples.

The EBCs were applied by plasma spraying onto sinicred,
monolithic SiC (Hexaloy™, Carborundum, Niagara Falls,
N.Y.) and melt infiltrated (MI) SiC/SiC compositcs (GE
Power Systems Composites, Newark, N.J.) by atmospheric
pressure plasma spraying as generally described in the U.S.
Pat. No. 5,391,404 patent. The specific plasma spray con-
ditions are shown in the following Table 1.

TABLE 1

Plasma spray conditions

Powder particle size —62/+20 pm

Gun power 40 kw

Plasma Gas 14.4 SLPM* Ar, 9.6 SL.LPM Hc
Carricr Gas 2-6 SLPM Ar

Powder feed rate 15 gm/min

Standoff 15 cm

Traverse specd 30 cmfscc

*Standard liters per minute

Only one face of the test coupons (2.5 cmx0.6 cmx0.15
cm) was coated. Silicon powder was obtaincd from Atlantic
Equipment Engineers, mullite was obtained from Cerac,
Inc., BSAS was obtained from H.C. Starck Inc, and the other
powders were specially processed at Praxair Specialty
Ceramics. We prepared the powder mixturcs simply by
mixing the constituent powders.

The thickness of the bond coat ranged from 0.4 to 10 mils.
The thickness of each intermediate layer ranged from 0.4to
20 mils. The thickness of the top coat ranged from 0.4 to 20
mils.

The test conditions are shown in the following Table II.
Tests were conducted in air and steam (90% H.,O-balance
0,). The steam environment was generated by pumping
water into a cyclic rig using a peristaltic pump. The cyclic
rig consists of a high purity alumina tube (99.8% purity) and
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a vertical tube cycling fumace. The pumped water was
rapidly vaporized by passing through quartz wool at T>300°
C. in flowing oxygen. The progress of degradation was
determined by visual observation and cross-sectional exami-
nation using scanning electron microscopy (SEM). Phases
were determined by X-ray diffraction.

TABLE II
Test Conditions
Cycle Total
Temperature Frequency Pressure  pH,O  Gas Velocity

Test Type cC) ) (atm) (atm) (cm/sec)
Air 1400-1500 20 or 1 ambient  stagnani
Furnace isothermal air
H,0 13001400 1 or2 1 09 22
Furnace

Multilayer arnticles of the present invention prepared and
cvaluated by this experimental procedure are described in
the following examples which arc provided for the purpose
of illustration and are not intended to limit the claimed
invention as defined by the appended claims.

EXAMPLE 1

FIG. 2 compares the cross-section of a multilayer article
comprising a silicon bond coat 16, a mullite and BSAS
intermediate coat 20 and a Sc,SiO4 top coat 12 (the refer-
ence numbers of the examples being shown in FIG. 1) after
heating for 1000 hours at 1300° C., with heating for 300
hours at 1400° C. (1 hour cycles at 90% H,O-balanced O,).
The EBC showed excellent durability at both temperatures,
maintaining suitable adherence and minimal oxidation.

EXAMPLE 2

FIGS. 3a and 3b compare the cross-section of multilayer
articles comprising a silicon bond coat 16, a mullitc and
BSAS intermediate coat 20 and an Er,SiOs top coat 12 after
heating for 1000 hours at 1300° C., with heating for 100
hours at 1400° C. (1 hour cycles at 90% H,O-balanced O,).
The inventive multilayer article showed excellent durability
at 1300° C. (FIG. 3a), maintaining suitable adherence and
minimal oxidation. Massive glasses and pores were
obscrved at 1400° C. (FIG. 3b) which, while not wanting to
be bound by thceory, are belicved to be due to the Er,SiOy/
mullitc and BSAS rcaction. According to the Y,0,—
Al,0,—S8i0, phasc diagram (Phasc Equilibria Diagrams,
CD-ROM Database Version 2.1, The American Ceramic
Socicty (1998)), thc ternary sysiem is capable of forming
products having a melting point as low as about 1400° C.
The presence of BaO and SrO will further reduce the melting
point of reaction products in the lernary system.

Considering that Er is in the same group as Y, similar
reactions are expected to occur in the Er,0,—A1,0,—Si0,
system. The molten reaction product moved to the Er,SiOq
surface. Therefore, the silicon/mullite and BSAS/Er,SiO;
coated article would use a chemical barrier layer between
the mullite-and-BSAS intermediate layer 20 and Er,SiOg
top coat 12 to prevent the chemical reaction in higher
temperature applications. Sc,SiO;, Yb,SiO;, HfO,, and
HfSi0,, are suitable chemical barrier layers because of their
chemical compatibility with Er,SiO; as well as with mullite
and BSAS.

Among the three silicates, Sc,5i0,, Er,SiOg and
Yb,SiOs, the EBC comprising a Sc,S8iO; top coat 12 and a
mullite and BSAS intermediate coat 20 exhibited the best
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chemical stability without the formation of a molten product
at temperatures up to 1482° C. (2700° F.), while the EBC
comprising a Yb,SiO; top coat 12 and a mullite and BSAS
intermediate coat 20 showed intermediate stability, forming
a glass product at about 1440° C.

The silicates with higher SiO, content (2RE,0,.35i0,,
and RE,0,.28i0,) are believed to be suitable outer layer
materials because their physical and chemical properties are
similar to that of RE,0,.5i0,, except for their lower melting

point.
EXAMPLE 3

Hafnia is advantageous due to a low (about 6x107°/° C.)
thermal expansion and phase stability up to 1650° C. (3000°
F.). FIG. 4a shows the cross-section of a multilayer anicle
comprising a silicon bond coat 16, a mullite and BSAS
intermediate coat 20 and an HfSiO, top coat 12 after heating
for 300 hours at 1400° C. FIG. 4b shows the cross-scction
of a multilayer article comprising a silicon bond coat 16, a
mullite and BSAS intermediate coat 20 and an 6HfO,.Ta,04
top coat 12 after heating for 100 hours at 1300° C. (1 hour
cycles at 90% H,0-balanced O,) Both EBCs showed suit-
able durability, maintaining excellent adhcrence and mini-
mal oxidation.

EXAMPLE 4

FIG. 5§ compares the cross-section of a multilayer article
comprising a silicon bond coat 16, a mullite and BSAS
intermediate coat 20 and an HfTiO, top coat 12 heated for
500 h at 1300° C. with heating for 100 hours at 1400° C. (1
hour cycles at 90% H,O-balance O2). The multilayer article
showed good durability at 1300° C., maintaining suitable
adherence and minimal oxidation. Massive glasses and
pores were observed at 1400° C. which, while not wanting
to be bound by theory, are believed to be due to the
HT{TiO,/mullite+BSAS reaction. This behavior is very
similar 10 that of the silicon/mullite and BSAS/Er,SiOy
coated article.

The ternary TiO,—Si0,—BaO system can form low
melting compounds, such as BaTiSi,0, (mp about 1250° C.)
and BaTiSiO; (mp about 1400° C.). The formation of
glasses and pores is attributed to low melting silicates.
Therefore, the EBC comprising the silicon bond coat 16, the
mullitc and BSAS intermediate coat 20 and the HITO, top
coat 12 would usc a chcmical barricr between the mullite
and BSAS intcrmediate layer 20 and the HfiO, top coat 12
to prevent the chemical reaction in higher temperature
applications. Mullite, Sc,Si0,, Yb,8iO,, HO,, and HfSiO,
arc suitablc chemical barrier matcerials because of their
chemical compatibility with HfTiO, as well as with mullite
and BSAS.

EXAMPLES 5

FIG. 6 compares the cross-section of a multilayer article
comprising a silicon bond coat 16, a mullite and BSAS
intermediate coat 20, a mullite chemical barrier layer 18 and
an HATIO, top coat 12 heated for 1000 hours at 1300° C,,
with heating for 300 hours at 1400° C. (1 hour cycles at 90%
H,O-balance O,). Note the improved durability at 1400° C.
with the addition of a mullite chemical barrier layer, without
forming glasses or pores. This demonstrates the usefulness
of a chemical barrier layer between layers in the inventive
multilayered article 1o prevent detrimental chemical reac-
tions.

EXAMPLE 6

FIG. 7 shows the cross-section of two inventive multi-
layer articles, one (FIG. 7a) comprising a silicon bond coat
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16, a mullite and BSAS intermediate coat 20 and a
6710,.Ta,05 top coat 12. The other (FIG. 7b) comprises a
silicon bond coat 16, a mullite and BSAS intermediate coat
20 and a ZrTiO, top coat 12. Both were heated for 100 hours
at 1300° C. (1 hour cycles at 90% H,O-balance O,). Both
multilayered articles showed good durability, maintaining
suitable adherence and minimal oxidation.

EXAMPLE 7

FIG. 8 shows the cross-section of an inventive article
comprising a silicon bond coat 16, a mullite and BSAS
intermediate coat 20 and an HfD, and mullite top coat 12,
after the article was heated for 300 hours at 1400° C. (1 hour
cycles at 90% H,O-balance O,). The coated article showed
good durability, maintaining suitable adherence and minimal
oxidation.

Although the present invention has been described with
reference to the cxamples and with some degrec of particu-
larity in the detailed description, it should be understood that
various modifications and variations can be made by those
skilled in the ant without departing from the spirit and scope
of the invention as set forth hereafier in the appended claims.

What is claimed is:

1. A multilayer article comprising:

a substrate comprising a compound selected from the
group consisting of a ceramic compound, a
Si-containing metal alloy and combinations thereof,
with the proviso that said substrate excludes C/C com-
posites;

an outer layer; and

at least one intcrmediate layer located between said outer
layer and said substrate comprising a first intermediate
layer and a chemical barrier layer, said chemical barrier
layer being located between said first intermediate layer
and said outer layer,

wherein said outer layer comprises a rare earth silicate
having a low coefficient of thermal expansion less than
8x10—6/° C. and a formula sclected from the group
consisting of
(a) RE,0,.5i0,,

(b) 2RE,0,.38i0,,

(c) RE,0,.28i0,, and combinations thereof, where RE
is a rarc earth element selected from the group
consisting of Sc, Dy, Ho, Er, Tm, Yb, Lu, Eu, Gd, Th
and combinations thercof,

wherein said first intermediate layer comprises a com-
pound sclccted from onc of (1) mullite and (2) mullite
and a compound sclected from the group consisting of
barium strontium aluminosilicate, calcium
aluminosilicate, magnesium aluminosilicate and com-
binations thereof, and

whercin said chemical barrier layer comprises a com-
pound sclected from the group consisting of mullite,
hafnia, hafnium silicate, scandium silicate, ytterbium
silicate and combinations thereof.

2. The multilayer article of claim 1 wherein said rare earth
element is selected from the group consisting of So, Er, Yb
and combinations thereof.

3. The multilayer article of claim 1 wherein said rare earth
silicate has the formula RE,0,.Si0,, characterized by an X2
phase having the low coefficient of thermal expansion,
where RE is selected from the group consisting of Sc, Dy,
Ho, Er, Tm, Tb, Lu and combinations thereof.

4. The multilayer article of claim 1 wherein said ceramic
compound is selecied from the group consisting of a
Si-containing compound, an oxide ceramic and combina-
tions thereof.
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5. The multilayer article of claim 4 wherein said
Si-containing compound is selected from the group consist-
ing of silicon carbide, silicon nitride, composites having a
silicon carbide or silicon nitride matrix, silicon oxynitride,
silicon aluminum oxynitride and combinations thereof, said
oxide ceramic comprises oxide and oxide fiber/oxide matrix
composites with or without silicon and said Si-containing
metal alloy is selected from the group consisting of a
molybdenum-silicon alloy, a niobium-silicon alloy and com-
binations thereof.

6. The multilayer article of claim 1 wherein said outer
layer is an outermost layer of said multilayer article.

7. The multilayer article of claim 1 further comprising a
mullitc chemical barrier layer disposed between the at least
one said intermediate layer and said substrate.

8. A component of one of a gas turbine engine, an internal
combustion engine and a heat exchanger, comprised of the
multilayer article of claim 1.

9. The multilayer article of claim 1 wherein said outer
layer has a coeflicient of thermal expansion not greater than
6x10-6/° C.

10. A multilayer article comprising:

a substrate comprising a compound selected from the
group consisting of a ceramic compound, a
Si-containing metal alloy and combinations thereof,
with the proviso that said substrate excludes C/C com-
posites;

an outer layer; and

at least one intermediate layer located between said outer
layer and said substrate, wherein said outer layer com-
prises a rare earth silicate having a low coefficient of
thermal expansion less than 8x10—6/° C. and formula
RE,0;.—S8i0,, where RE is a rare earth element
selected from the group consisting of Sc, Dy, Ho, Er,
Tm, Yb, Lu, Eu, Gd, Tb and combinations thereof,

wherein said rare earth silicate, is characterized by an X1
phase having the low coefficient of thermal expansion,
where RE is selected from the group consisting of Eu,
Gd, Tb and combinations thereof.

11. A multilayer article comprising:

a substratc comprising a compound sclected from the
group consisting of a ceramic compound, a
Si-containing mctal alloy and combinations thercof,
with the proviso that said substrate excludes C/C com-
posiles;

an ouler layer; and

at lcast onc intermcdiate layer located between said outer
layer and said substratc,

whercein said outer layer comprises a rare carth silicate
having a low coeflicient of thermal expansion less than
8x10-6/° C. and a formula sclected from the group
consisting of .

(a) RE,0,.5i0,,
(b) 2RE,0,.35i0,,

(c) RE,0,.28i0,, and combinations thereof, where RE is
a rare earth element selected from the group consisting
of Sc, Dy, Ho, Er, Tm, Yb, Lu, Eu, Gd, Tb and
combinations thereof,

comprising a silicon-containing layer comprising at least
one of Si and a Si-containing alloy located between the
at least one said intermediate layer and said substrate.

12. A multilayer article comprising:

a substrate comprising a compound selected from the
group consisting of a ceramic compound, a
Si-containing metal alloy and combinations thereof;
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an outer layer; and

at least one intermediate layer located between said outer
layer and said substrate,

wherein said outer layer comprises a hafnia-containing
composite oxide comprising hafnia and a compound
selected from the group consisting of barium strontium
aluminosilicate, calcium aluminosilicate, magnesium
aluminosilicate, rare earth silicate, niobium oxide, tita-
nia and combinations thereof.

13. The multilayer article of claim 12 wherein said hafnia
containing composite oxide is selected from the group
consisting of Hf0,.Si0,, HfO,.Ti0,, xHfO,.Ta,0,, where
5=x=7, and combinations thereof.

14. The multilayer anticle of claim 12 wherein said
hafnia-containing composite oxide comprises HfO, and a
compound sclected from the group consisting of barium
strontium aluminosilicate, calcium aluminosilicale, magne-
sium aluminosilicate, rare earth silicaic, Nb,O4 and combi-
nations thereof.

15. The multilayer anticle of claim comprising a silicon
conlaining layer comprising at lcast one of Si and a
Si-containing alloy located between the at least one said
intermediate layer and said substrate.

16. The multilayer article of claim 12 wherein said
ceramic compound is selected from the group consisting of
a Si-containing compound, an oxide ceramic and combina-
tions thereof.

17. The multilayer article of claim 16 wherein said Si
containing compound is selected from the group consisting
of silicon carbide, silicon nitride, composites having a
silicon carbide or silicon nitride matrix, silicon oxynitride,
silicon aluminum oxynitride and combinations thereof, said
oxide ceramic comprises one of oxide and oxide fiber/oxide
matrix composites and said Si-containing metal alloy is
sclected from the group consisting of a molybdenum-silicon
alloy, a niobium-silicon alloy and combinations thereof.

18. The multilayer article of claim 12 wherein said outer
layer is an outermost layer of said multilayer article.

19. A component of one of a gas turbine engine, an
internal combustion engine and a heat exchanger, comprised
of the muliilayer anticle of claim 12.

20. The multilayer article of claim 12 wherein said outer
layer has a cocfficicnt of thermal cxpansion not greater than
6x10-°/° C.

21. A muttilayer anicle comprising:

a substraic comprising a compound sclected from the
group consisting of a ccramic compound, a
Si-containing metal alloy and combinations thercof;

an ouler layer; and

at lcast onc intermediate layer located between said outer
layer and said substrate,

wherein the at least one said intermediate layer comprises
a compound selected from one of (1) mullite and (2)
mullite and a compound selected from the group con-
sisting of barium strontium aluminosilicate, calcium
aluminosilicate, magnesium aluminosilicate and com-
binations thereof, and

wherein said outer layer comprises at least one of a)
hafnia and b) a hafnia-containing composite oxide
comprising hafnia and a compound selected from the
group consisting of mullite, barium strontium
aluminosilicate, calcium aluminosilicate, magnesium
aluminosilicate, rare earth silicate, alumina, tantalum
oxide, niobium oxide, silica, titania and combinations
thereof.
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22. A multilayer article comprising:

a Substrate comprising a compound selected from the
group consisting of a ceramic compound, a
Si-containing metal alloy and combinations thereof;

an outer layer, and

at least one intermediate layer located between said outer
layer and said substrate,

wherein the at least one said intermediate layer comprises
a chemical barrier layer located near said outer layer,
said chemical barrier layer comprising a compound
selected from the group consisting of mullite, hafnia,
hafnium silicate, scandium silicate, ytierbium silicaic
and combinations thereof, and

wherein said outer layer comprises ai lcast one of a)
hafnia and b) a hafnia-containing composite oxide
comprising hafnia and a compound sclected from the
group consisting of mullite, barium strontium
aluminosilicale, calcium aluminosilicate, magnesium
aluminosilicate, rare carth silicate, alumina, tanlalum
oxide, niobium oxide, silica, titania and combinations
thereof.

23. A multilayer anticle comprising:

a substrate comprising a compound sclected from the
group consisting of a ceramic compound, a
Si-containing metal alloy and combinations thereof;

an outer layer; and

at least one intermediate layer located between said outer
layer and said substrate,

wherein said outer layer comprises at least one of a)
hafnia and b) a hafnia-containing composite oxide
comprising hafnia and a compound selected from the
group consisting of mullite, barium strontium
aluminosilicate, calcium aluminosilicate, magnesium
aluminosilicate, rare earth silicate, alumina, tantalum
oxide, niobium oxide, silica, titania and combinations
thereof, and

further comprising a mullite chemical barrier layer dis-
posed between the at least onc said intermediate layer
and said substrate.

24. A multilayer anticle comprising:

a substrate comprising a compound sclecicd from the
group consisting of a ccramic compound, a
Si-containing metal alloy and combinations thercof;

an oulcr layer comprising: a zirconia-containing oxidc
comprising zirconia and a compound sclected from the
group consisting of silica, titania, tantalum oxidc and
combinations thereof; and

al lcast onc intermediate layer located between said outer
layer and said substrate,

wherein the at Icast one said intermediate layer comprises
a compound sclected from one of (1) mullite and (2)
mullite and a compound selected from the group con-
sisting of barium strontium aluminosilicate, calcium
aluminosilicate, magnesium aluminosilicate and com-
binations thereof.

25. A multilayer article comprising:

a substrate comprising a compound selected from the
group consisting of a ceramic compound, a
Si-containing metal alloy and combinations thereof;

an outer layer comprising: a zirconia-containing oxide
comprising zirconia and a compound selected from the
group consisting of silica, titania, tantalum oxide and
combinations thereof; and

at least one intermediate layer located between said outer
layer and said substrate,
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wherein the at least one said intermediate layer comprises
a chemical barrier layer located near said outer layer,
said chemical barrier layer comprising a compound
selected from the group consisting of mullite, hafnia,
hafnium silicate, scandium silicate, ytterbium silicate
and combinations thereof.

26. A multilayer article comprising:

a substrate comprising a compound selected from the
group consisting of a ceramic compound, a
Si-containing metal alloy and combinations thereof;

an outer layer; and

at least one intermediate layer located between said outer
layer and said substrate,

wherein said outer layer comprises a zirconia-containing
oxide comprising zirconia and a compound selected
from the group consisting of silica, titania, tantalum
oxide and combinations thereof,

whercin said outer layer has a coefficient of thermal
cxpansion of not greater than 6x10-6/° C. and said
outer layer and said intermediate layer are effective to
inhibit penetration of water vapor to said substrate at a
temperature of at least 1300° C., and

a mullite chemical barrier layer disposcd between the at
least one said intermediate layer and said substrate.

27. A multilayer article comprising:

a substrate comprising a compound selected from the
group consisting of a ceramic compound, a
Si-containing metal alloy and combinations thereof;

an outer layer; and
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at least one intermediate layer located between said outer
layer and said substrate,

wherein said outer layer consists of a zirconia-containing
oxide comprising zirconia and a compound selected
from the group consisting of silica, titania, tantalum
oxide and combinations thereof.

28. A multilayer article comprising:

a substrate comprising a compound selected from the
group consisting of a ceramic compound, a
Si-containing metal alloy and combinations thereof;

an ouler layer comprising: a zirconia-containing oxide
comprising zirconia and a compound selected from the
group consisting of silica, titania, tantalum oxide and
combinations thereof; and

at least one intermediate layer located between said outer
layer and said substrate,

whercin the at least one said Intermediate layer com-
prises:

a compound selected from one of (1) mullite and (2)
mullite and a compound selected from the group
consisting of barium strontium aluminosilicate, cal-
cium aluminosilicate, magnesium aluminosilicatc
and combinations thereof; and

a chemical barrier layer located near said outer layer, said
chemical barrier layer comprising a compound selected
from the group consisting of mullite, hafnia, hafnium
silicate, scandium silicate, ytterbium silicate and com-
binations thereof.
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