ARTICLE INCLUDING ENVIRONMENTAL BARRIER COATING SYSTEM
CROSS-REFERENCE TO RELATED APPLICATIONS The present
application claims the benefit of United States Patent Application Nos.
60/775,206, 60/775,209 and 60/775,208 filed February 20, 2006, which
are each incorporated herein by reference. GOVERNMENT RIGHTS

This invention was made with United States Government
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has certain rights in this invention. BACKGROUND Embodiments of
the present invention relate generally to an environmental barrier coating
system for protecting components ex %%)t % nvironmental and
thermal @&E&ﬁ%ﬁ&%ﬁ@fﬁ}ﬁs@ﬁﬁﬁi or%ﬁ%ﬁ%&,@m gas turbine
engines. While the present invention were developed for application in gas
turbine engines, utilization in other devices is contemplated herein.
Designers of gas turbine engines recognize that a limitation to the
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capability of metallic components (example Ig}ut rbot]jjmitcla:d to blades, ,
Ap;q}%g,n %QQ{gﬁg‘g@) H/ﬁ.fe‘i(g.(;gqﬁld 60/7 75,208 filed February 20, 2006, which

are each incorporated herein by reference.

GOVERNMENT RIGHTS CLAUSE

This invention was made with United States Government support under
Contract NCC3-853 awarded by NASA; the Government has certain rights in this
invention.

BACKGROUND

Embodiments of the present invention relate generally {o an environmental
barrier coating system for protecting components exposed to severe environmental
and thermal conditions such as the hostile environment present in gas turbine engines.
While the present invention were developed for application in gas turbine engines,
utilization in other devices is contemplated herein.

Designers of gas turbine engines recognize that a limitation 1o the efficiency and

emissions of many gas turbine engines is the temperature capability of metallic

components (example, but not limited to blades, vanes, combustor liners) in the engine



hot section. Although thermal barrier coatings are used to protect metallic
components, thereby allowing the use of higher gas temperatures the
metallic components remain a weak link. Silicon-based ceramics,
such as SiC/SiC composites and Si3N4 ceramics, are prime candidates
for hot section components of gas turbine engines. One benefit of
silicon-based ceramic engine components is their excellent high
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increased fuel efficiency. However, silicon based ceramic materials
suf?er rom rapid recession in combustion environments due to the
volaljization-ghlieshale byyalenraras Jpis e aniicant Bk are
in the utilization of silicon-based ceramics in gas turbine enginés. '
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volatilization of silicon-based ceramics in engine operating environments.
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provide the environmental protection for silicon-based ceramics. Current
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substrate and a topcoat that provides the environmental protection.

opdeatb adinigvds fehtherptasantiaventiemprogide autitrietangerobyiebsponents.
environmental barrier coating system. SUMMARY In accordance with

Highdirsragpe opef alioptesyeratuentionsthieeis psiyidedatyneitioded emission
comprising: forming a bond coat including mullite on a silicon containing

(podubetrhrndonningsedilival fikicityt least a portion of the substrate;
introducing at least one of an alkali metal oxide and an alkali earth metal
oxiddAN Ry Bhesdifen Saned shipMe FeRisradasunermE igilaegasaiondne
of an alkali metal oxide and an alkali earth metal oxide come from the o
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creating gaps In the continuous network structure of the silica sc
envithiRrRintaRiheraatingingl des dhsraiedNmliomalhRoamalkal srsiation for
oxide and an alkali earth metal oxide into the silica scale.
silicon-based ceramics. Current EBCs comprise a bond coat that provides the
adherence onto the substrate and a topcoat that provides the environmental protection.

Embodiments of the present invention provide a novel and unobvious environmental

barrier coating system.



In accordance with a third aspect of the present invention, there is
provided an apparatus comprising: a silicon containing substrate having a
surface; and a mullite bond coat doped with an alkali material or an alkali
earth material and applied over at least a portion of said surface, wherein
the content in the dopant in the bond coat is more than zero wt. % and
less than 10 wt.%. In accordand&IMARY fourth aspect of the present
invention, there is provided an apparatus comprising: a silicon containing
substrate having a surface; and a composite mullite bond coat including a
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the content of the second phase oxide is within the range of O wt. % to 50
mettcbicdmadetrgaiace initheasfifth aspedt of e praséint ionentiicothermisining
provided an apparatus comprising; a silicon containin% substrate havinga
sulssifrles fartiacarmiieaicameffe Bdradoarinditaing B AL sHdgnofiepaucing
distinct second phase oxide applied over said.surface, wherein the band ...
ot G S R B W D oUhEL SR e DALt 0 e S RBIRe siica
scAl¥idend whikt&RGArdance et Rishihasnaskal HiRRieaRniikaVeRtian; oxide and

there is provided an apparatus comprising: a substrate having a surface;
an afichA eartipasitzulliie toned doat iffctubing BSAS:ar dvdmothetidistinatent of
second phase oxidgé%gflied over said surface, wherein the bond coat is
{
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In.one embhodiment of.the present lication, a,unique environmental

co Qé?r%wrocrga .ﬁ{:} %gﬁ?ov\ﬁde% %5’ Or?%%ca;ﬁ% SH:u g‘r"gfeﬁomer embodiments
include unique apparatus, methods, devices, and systems to provide
environmental barrier coating protection for a substrate. Further
embodicentsa fossitfeatsresndspeees;t isdibfits esrhbduwantigos tbitisels
present application shall become apparent from the description and

profilRePoNvIRRE FRARIIBI INRS DIBEHS0R BEH5E FRISIDEW stipssERte coated

with a bond coat including mullite to an environment suitable to cause a silica
scale to form on the substrate; and creating gaps in the continucus network
structure of the silica scale, wherein said creating includes the introduction of both

an alkali metal oxide and an alkali earth metal oxide into the silica scale.

in accordance with a third aspect of the present invention, there is provided
an apparatus comprising: a silicon containing substrate having a surface; and a
muliite bond coat doped with an alkali material or an alkali earth material and
applied over at ieast a portion of said surface, wherein the content in the dopant in

the bond coat is more than zero wt. % and less than 10 wt. %.

in accordance with a fourth aspect of the present invention, there is
provided an apparatus comprising: a silicon containing substrate having a surface;
and a composite mullite bond coat including a second phase oxide other than

BSAS applied over said surface, wherein the content of the second phase oxide is

within the range of 0 wt. % to 50 wt. %.



BRIEF DESCRIPTION OF THE FIGURES Fig. 1 is an illustrative

cross sectional view of one embodiment of an environmental barrier

coating of the present invention on a substrate. Fig. 2 is a cross

sectional view of one embodiment of a silicon / mullite+Ta205- coated SiC

substrate. Fig. 3 is a cross sectional view of one embodiment of a
in sibootehorliithcofftidSigstbbtraareserignveidiorrdseredetiisaidashan

of one embodiment of a silicon / mullite+Ta205- coated SIC substrate after .
apPEERHL GRIREFH G RIS ACPABINY SUBRIra'SNavIBd HFHPSHcARY @ composite

ullite+BS -C i i ili i ;

e B B RS,  A B RAER  Bied over

saidbarsliconhenelite s NaZ0)b65628326 vHed03hcoatad Bl G substiede and an

after 400 hours at 1316C with one hour cycles in a simulated combustion
alka@neirdghrmerie(902le.H20-balance 02.)

In accordance with a sixth aspect of the present invention, there is provided an
apparatus comprising: a substrate having a surface; and a composite mullite bond coat
including BSAS and another distinct second phase oxide applied over said surface,

wherein the bond coat is doped with both an alkali metal oxide and an alkali earth metai

oxide.

in one embodiment of the present application, a unique environmental barrier
coating is provided to protect a substrate. Other embodiments include unique apparatus,
methods, devices, and systems fo provide environmental barrier coating protection for a
substrate. Further embodiments, forms, features, aspects, benefits, and advantages of the
present application shall become apparent from the description and figures provided

herewith.
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WO 2007/098152PCT/US2007/004355 Fig. 7 is a cross section of a
silicon / (mullite + Na20) / (Sc2Si207+3c203) coated SiC substrate,
Fig. 8 is a cross section of a silicon / mullite / (5¢25i207+Sc203) coated

SIC substrate. Fig. 9 is a chart illustrating various components of i
BAVIPBHIERtal barrier coatings.  Fig. 10 illustrates variousPC1/U52007/004355

embodiments incorporating a chemical barrier into multilayer
environmental barrier coating systems. Fig. 11 illustrates one
embodiment of a single, discreet HfSiO4 chemical barrier between the
mullite bond coat and the Yb2S105 top coat. Fig. 12 illustrates one
embodiment incorporating HfSiO4 in the bond coat (mullite + Si) via
mechanical mixing.

BRIEF DESCRIPTION OF THE FIGURES

Fig. 1 is an illustrative cross sectional view of one embodiment of an

environmental barrier coating of the present invention on a substrate.

Fig. 2 s a cross sectional view of one embodiment of a silicon / mullite+Ta,0s-

coated SiC substrate.

Fig. 3 is a cross sectional view of one embodiment of a silicon / mulite-coated

SiC substrate.

Fig. 4 is & cross sectional view of one embodiment of a silicon / mullite+Ta0s-

coated SiC subsirate after 300D hours with 1 hr cycles at 1400°C.

Fig. 5 is a view of the silicon / (mullite+BSAS)/BEAS-coated SiC in which

BSAS/silica reaction produced low melting glasses after 300 hours at 1400°C.

Fig. 6 is a cress-section of a silicon / (mullite + Na0} / (ScSi;0.+5¢203) coated
SiC substrate after 400 hours at 1318°C with one hour cycles in a simulated

combustion environment (80% H,O-balance O3)



WO 2007/098152PCT/US2007/004355 DETAILED DESCRIPTION OF
REPRESENTATIVE EMBODIMENTS For the purposes of promoting
an understanding of the principles of the invention, reference will now be
made to the embodiments illustrated in the drawings and specific
PERILGEENI be used to describe the same. It will neverthele€sTEs2007/004355
understood that no limitation of the scope of the invention is thereby
intended. Any alterations and further modifications in the described
embodiments, and any further applications of the principles of the
invention as described herein are contemplated as would normally occur
to one skilled in the art to which the invention relates. The present
invention is directed to an article/component which can withstand an

operating environment associated with, byt not limited tg, the. hot section
of Bl AT B CE o Bt R, o R, YRR IS Eoiiad byehfoete?
sics gnvirf(rggt@ental barrier coating that in one form resists degradation in
vg%us environments including a high temperature water-vapor containing
combustion environment and/or an environment containing molten salts or
CMAS (calcium magnesium aluminum silicate). The present application
diseloses mankinnasdnebcingd nollimteedlo Snprvingdedurabi:
of mullite'bond coats by enhancing crack resistance ‘and/or improving
suhsdhgrence. With reference to Fig. 1, there is illustrated an illustrative
cross sectional view of an article 10a including one embodiment of an
environment barrier coating 11, The article 10a may be any type of
component/part/structure but is preferably a gas turbine engine
Cofigob ek atitiel Buchatisgeoishe stomiines it de cvaime navchialdste deack,
The WO 2007/098152PCT/US2007/004355 article 10a includes substrate
coatt@and preferably the substrate 10 is a silicon containing substrate.
However, the present application also contemplates non-silicon containing
substrates. The silicon-containing substrate 10 may be any
silicon-containing ceramic material such as silicon carbide, silicon nitride,
silftién taAbsrAIBTIEE 4Rico ATBRGAITAB BISdABETHR BHIBR A 6V RRTilRS into
The silicon-containing ceramic substrate could also be silicon containing
MUY S h R R S B REEE R e SYHEfitRers, whiskers, platelets, and
chopped or continuous fibers, The silicon-containing substrate may also
be silicon-containing metal alloy such as molybdenum-silicon alloys,
n'%%g%%“@&%f Iggﬁ’eanggég%.sﬁfc&%%'é‘% a f%%?é%ﬁf%@f HRIG Y harvier
also®ve carbon Tiber reinforced silicon carbide matrix (C/SIC) composites,

bemggﬁ%e??ﬁ?ﬂiﬂs HBﬁ[E)r&U%ft"éﬁﬁqr@ rsmat (SIG/C) composites, carbon

Iber reinforced carbon matrix (C/C) composites, and oxide fiber reinforced
oxide matrix (oxide/oxide) composites.

Fig. 12 illustrates one embodiment incorporating MfSiO4 in the bond coat (mullite

+ 8i) via mechanical mixing.



In one form of the present invention a bond coat 16 is located between the

substrate 10 and a topcoat 22. The bond coat 16 and the top coat 22 are

included within the environmental barrier coating 11. The present

inventions contemplate an optional bond coat (not illustrated) between the

Hp&r2tE85%nd the bond coat 16. The optional bond coat mB§HES3MEEAL35S

metal silicides or combinations thereof. In one form the content of the

silicon is within the range of 1 wt.% to 30 wt.% and in another form in the

range of 10 wt. % to 30 wt.%. However, other quantities of the optional

bond coat are contemplated herein. The present invention contemplates

embodiments wherein other layer(s)/coating(s) may be utilized with the

bond coat 16 and the top coat WO 2007/098152PCT/US2007/004355 22.

The environmental barrier coatings contemplated herein may be applied

by any conventional method, such as plasma spraying, EB-PVD,

slurny:isseid pro eSS ER IEVIDNPY P Fete iFatails Teyardi B appiicatien

of the coating(s) to the substrate are believed generally known to one of

ordinary skill in the art and will not be set forth herein. Known bond

coats include mullite (i.e. US patents 5,391,404 and 5,496,644), / mullite +

anfaikalingraivaliinge ehfttvmetagaunindsititandispel HeeharivnpsE artiven
~aluminosilicate (E3SAS) (i.e. US patents 6,485,848, 6,387,456 and
inveptipfo redsRMaINd k3 osdespihedsmpsui e BsKsiechin the drawings

Ba0-Sr0-Al203-Si02 compound with celsian structure. Mullite has a close
and spefitelRnerirs il Bxpsesidn AraeiPaibeseaenticndimrwgtheless be
compatibility with silicon-based ceramics; the close thermal expansion
md?ﬁ%‘&%@éﬁaf&%h%%tm;; P BPeSHOS CuRARIMS fiesabyratepdraTHany

bond coa em comprising silicon and a. mixture of mullite and BSA
e R LI PP AL S P EPS O PSR R P ) Torher

- |]ite t, ullite has the tendency to develo
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exposures in combustion environments, the water vapor rrom

cowﬁmﬁomc@awwmﬁxmﬁ%wwa gracks, Brrause fthstand an

the lack of chemical adherence, the water vapor attacks the interface,

operaéingingerhanestexdatiesanghprmatierfadyre ohbe soatifen WQ gas

2007/098152PCT/ US2007/004355 '
turbine engine and/or heat exchanger. The articie is coated by an environmental barrier
coating that in one form resists degradaticn in various envirbnmen%s including a high
termperature water-vapor containing combustion environment and/or an environment
containing molten salts or CMAS (calcium magnesium aluminum silicate). The present
application discloses many things including, but not limited to improving the durability of
mullite bond coats by enhancing crack resistance and/or improving adherence.

With reference to Fig. 1, there is illustrated an illustrative cross sectional view of

an articie 10a including one emboediment of an environment barrier coating 11, The

article 10a may be any type of component/part/struciure but is preferably a gas turbine

engine component/article such as a combustor finer, blade, vane, and biade track, The
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Mullite+BSAS has superior crack resistance compared to mullite,
however, BSAS reacts with the silica scale that forms on the surface of
the silicon-based ceramics. This reaction produces low-melting reaction
roducts, which have detrimental effects on the environmental barrier -
‘ggﬁ?ﬂaﬂaﬁ}ﬁblhty Firstly, the low-melting products cause the'deVEfRBHERSS
of pores and weaken the interfacial adherence, leading to the spallation of
environmental barrier coating. Secondly, the low-melting products readily
seep into pores and open spaces in the environmental barrier coating,
deteriorating the thermal insulation capability of the environmental barrier
coating. Thirdly, the low melting reaction products react with the topcoat,
leading to the deterioration of the topcoat Another durability issue with the
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rs) at temperatures over 1 e mat rlalst chnology progresses,

mateniPaSed LerAMmIcS Withde mpeatuig capahilinnoves 1 800G AredRiRg oxynitride,

developed. Therefore, the present inventions address a need for a bon

and §REsAWIBRIS AHeMPRIAIEIes 0\ gitake dbesfdib adyantiage-alid also be

advanced high temperature Si-based ceramics. In one form ‘the
silicoPresattinpglisatiendsedifagtedria it avingtherdiurabiily, ofiihehengiemadts, and
by improving crack resistance. Equation (1) shows coating thermal stress
chopifed coatetiBiCudiberdingie stivetian(idikégfactetstiataifedsthiee silicon-
coating thermal WO 2007/098152PCT/U52007/004355 stress are thermal
contarpansietehabmyatehh am pitldsien tempiicatu@!ieyelingbum-¥dong'slloys, and
modulus of the coating. Therefore, coating thermal stress can be
othemihirmmiething rmiakaizifethetsoertcieryct Brehkm arex@an bR Aifdaiaechsilicon

and the Young's modulus of coating. a rhermal = (aaaTc (1- vc o
carbide matrix (C/SIC) composites, silicon carbide fiber reinforced carbon matrix (SiC/C)

composites, carbon fiber reinforced carbon matrix (C/C) composites, and oxide fiber
reinforced oxide matrix (oxide/oxide) composites,

in one form of the present invention a bond coat 16 is iocated between the
substrate 10 and a topcoat 22. The bond coat 16 and the top coat 22 are included
within the environmental barrier coating 11. The present inventions contempiate an
optional bond coat (not illustrated) between the substrate 10 and the bond coat 16,
The optional bond coat may be silicon, metal silicides or combinations thereof. in one
form the content of the silicon is within the range of 1 wt. % 10 30 wt. % and in another
form in the range of 10 wi. % to 30 wt. %. However, other quantities of the optionai
hond coat are contemplated herein. The present invention contemplates embodiments

wherein other layer(s)/coating(s) may be utiiized with the bond coat 16 and the top coat



(1) Where Dc = thermal expansion coefficient of coating Dsz = thermal
expansion coefficient of substrate OT = temperature difference between
hot cycle and cold cycle E5= Young's modulus of coating Oc = Poisson's
ratio of coating Since crack resistance of coatings is dire, I -
Wﬁ)ez%{gg{?ﬁlgb%hermal stress, it is noted that the crackgresistam(]!:'gé8 %/5%1%%%68335
coatings can be improved by reducing the coefficient of thermal expansion
mismatch and/or Young's modulus of coating. It is proposed that the
improved crack resistance of mullite+BSAS coating compared to mullite
coating is the result of reduced Young's modulus, due to the addition of
low modulus BSAS. In one form, a low modulus oxide, such as Ta205,
was added in the mullite coating on SiC, and was exposed to one-hour

22, (e Her cobigs dB A RHRIE S SR B Wb DR By
conventional me*thc:)d1 such as plasma spraying, EB-PVD, slurry-based processes,
CVD, PVD, etc. Details regarding the application of the coating(s) to the substrate are
believed generally knéwn to one of ordinary skill in the art and will not be set forth
herein.

Known bond coats include mullite {i.e. US patents 5,351,404 and 5 408 644), /
mullite + an alkaline/akaline earth metal aluminosilicate such as barium strontium
aluminosilicate (BSAS) (i.e. US patents 8,485 848, 8,387 456 and 6,410,148). Mulite is
a 3AL02-28i0; compound and BSAS is a BaO-5r0-Al;03-S10; compound with celsian
structure. Mullite has a close coefficient of thermal expansion match and excellent
chemical compatibility with silicon-based ceramics; the close thermal expansion match
and chemical compatibility are ideal conditions for a bond coat. The bond coat system
comprising silicon and a mixture of mullite and BSAS has been deveioped that has
superior crack resistance and durability compared to mullite bond coat.

Mullite has the tendency to develop through-thickness cracks under thermal
exposure and lacks the chemical adherence onto silicon-based ceramics. As a result,
in long-term exposures in combustion environments, the water vapor from the
combustion environment readily fravels through the cracks., Because of the lack of
chemical adherence, the water vapor attacks the inferface, causing enhanced oxidation

and premature failure of the coating.



With reference to Figs, 2 and 3, there is illustrated the comparison of the
cross-section of silicon / mullite+Ta205-coated SIC and silicon /
mullite-coated SiC after 1000 WO 2007/098152PCT/1352007/004355 hrs

and 690 hrs, respectively, with 1 hr cycles at 1316C. The silicon! )
LIPS 3H5- coated SIC (Fig. 2) maintained excellent oxidatioR32007/004355

resistance, chemical stability and adherence as evidenced by the intact
silicon bond coat, the absence of silica scale, and the lack of chemical
reaction. On the other hand, the silicon / mullite-coated SiC (Fig. 3)
showed poor oxidation resistance as evidenced by the loss of the silicon
bond coat and the formation of thick porous silica scale With reference
to Fig. 4, there is illustrated a cross-section of silicon / '
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asses in the environmental barrier Coatings having {mullite+BSAS) bond
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over 1300C. The present application contemplates the bond coat 16 may
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thereof. For the readers assistance RE symbolizes the rare earth
seepeiRlebied 86 brleh, % cENirERd-tm Ry nTE Gl dariSmo Mgl akteriorating the

Although not as dramatic as Ta205, significant improvement in coating
therntiradsiliytivas:absetitgdititb treseclditiontaf tydo28i@®ating. Thirdly, the low
meling reaction products react with the topcoat, leading to the deterioration of the
topcoat. Another durability issue with the mullite+BSAS bond coat is the chemical
reactivity between BSAS and topcoat. These chemical reactions gradually change the
physical and chemical characteristics of the muliite+BSAS bond coat. The degeneration
of mullite+BSAS bond coat accelerates with increasing temperature, becoming a
significant durability issue for long-term applications (> 1000 hrs) at temperatures over
1300°C. As the materials technology progresses, Si-based ceramics with temperature
capability over 1300°C are being developed. Therefore, the present inventions address
a need for a bond coat durabie at temperatures over 1300°C to take the full advantage
of advanced high temperature Si-based ceramics.

in one form the present application is directed to improving the durability of the

bond coat by improving crack resistance. Equation (1) shows coating thermal stress in

a coated SiC. According to equation (1) key factors that affect the coating thermal



WO 2007/098152PCT/US2007/004355 The modulus of Ta205 is
between -110 GPa and -130 GPa which is lower than that of mullite (-150
GPa), however, the modulus of rare earth silicate (RE2Si05, RE2Si207) is
close to that of mullite. This suggests that some factors besides the )
FOUNE Ty be contributing to the improved durability of mdftite hda3ss
by adding a second phase oxide. One possibility is that the coating simply
becomes tougher with the addition of a second phase. The present
application includes a durable crack-resistant mullite coating modified by
adding a second phase oxide ("composite mullite coating"), preferably low
modulus oxides. The second phase oxides include oxides, doped oxides
and oxide compounds of transition metals and rare earth elements.
{ Preferréed oxides incg[y@deﬂIEaZO%c%nd Ta_ﬁ% <9 %%;%ineqr ag!}éiz%es, RZO%WOW o
5 {esﬁbaiﬁg- %%?a%’fﬁgﬂox@es, Vo35 -contalnlng%mdes, TG End g

mod R B e R T e R R 1554 o
: miné@mgﬁgg %%%%@@H%ﬂé!%é’ﬂ&%% FRLe-RAH ?H@%ﬁ%ﬁgszrﬁmd ulus of

ceramics, and combinations thereof. SI may be added In t
Cogﬁ%{:ond phase to further increase the bonding. The content of the second
phase oxide is more than zero wt.% and less than 100 wt.% In one form
the content of the second phase oxide is within a range of 0 wt.% - 50
wt%. In another form the_content gf)me_s_éggnd phase oxide is within a
range of 1 wt% - 30" %. The sécond frass oxide may be any
combination of oxides listed above. Further, in one form of the present
invention the second phase oxide is not defined by BSAS, and in another
form of the present application the combination of second phase WO
2007/098152PCT/US2007/004355 oxides includes at least one second
phé&ewxide in addition to BSAS. The "composite mullite coating” may be
combined@witkhere e Gifleasim srefdglied eeating by doping with alkali
and alkaflearfhthsemanloxicas 89 seprifgiant WiSUPEA%onal Patent
Applicati6i éntrieasspkEFT EKRIGPERAMARBBPONIHE Bopeadanefent
Mullite Coafint .?Fflgfﬂw‘m"@é{%‘i?sorfei?ﬁmgg the mullite coating doped with
alkali an@ kPSSR TP SHiBREAR provided below. The “composite

mullite coating” may be applied on the silicon-based substrate by any
sugatle eethodsicindingblasteyspsayirgtiechlgues: the coating thermal

(1)

stress, it is noted that the crack resistance of the coatings can be improved by reducing
the coefficient of thermal expansion mismatch and/or Young's modulus of coaling. itis
proposed that the improved crack resistance of muliite+BSAS coating compared to
mullite coating is the result of reduced Young's modulus, due to the addition of low
modulus BSAS. In one form, a low modulus oxide, such as Tax0s, was added in the
rullite coating on SIiC, and was exposed to one-hour thermal cycling at 1316°C —
1400°C in a simulated combustion environment (80% H20-10% Os).

With reference to Figs. 2 and 3, there is illusirated the comparison of the cross-

section of silicon / mullite+Ta,0s-coated SiC and silicon / muliite-coated SiC after 1000
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In one form, the present invention provides for substantially higher
temperature capability due to the elimination of BSAS second phase from
mullite bond coat. With reference to Figs 1 and 6-8, there will be
described aspects of the present invention directed to improying.the
W&&?ﬁ%ﬂﬂ%%?mullite bond coat by improving the adherence. f@é9 ‘m@é"%‘ﬁé" 3355
improve the adherence of a coating is by creating an interphase between
the coating and the substrate that bond well onto both the coating and the
substrate. When mullite-coated silicon-based ceramics are exposed to
high temperatures, silica scale grows on the silicon-based ceramics,
forming an interphase between the mullite and the substrate. The
formation of pure silica scale, however, is detrimental to mullite adherence
bec it does nat bond ellh nto .mulli ides-the r gd cer ;
7S ST SN CLAIE, Which I8 HE e Br s vy | 220
tr oyms tQ crist ite. Thi frapsfarooation is nanied by,a
| ,acfgcé?ﬂﬂ@eﬂ | nd
wat%ﬂg%%e{ﬁg‘;%p@ﬁﬁg%ﬁ%é%a f%?gg 't‘%%%%lgﬁg of t%ge scale and the %

adhe?&ﬁ%%%@%%%ggef purabilitys WQ RO0T/0981RZPSTAMB2Q0HR0435 e, and

ntroduction ot alkali metal or alkali earth metal oxides into silica creates

the |98PSIBRG CANILIQHS NeIWOR SHvSIHE-N Siicaiithis/changesdaed SiC (Fig.

properties of silica such as reduction in viscosity. A low viscosity silica

3) sheRie eaR AsklikeisralueAnddbus Wpfevesthendherenceiahthsimeditend coat
bond coat. In one form of the present invention, the viscosity of silica scale

and Wasoeeuced i1 sieanitobed siarnerdy doping the mullite bond coat with
an alkali or alkali earth metal oxide, which went into the silica scale. As

diswlyssetepreviotsiyighe, presei dpplicitidm iy sometinplafedidopihg

the bond coats discussed above and in reference to Figs. 2-5 and other
mulliteenic gDatsoated Sighefranbodinmens avitiulify byeiecahl hRE Bopberitithhg

small amount of Li20 or Na20 (less than 50 wt. %). The doped -
coatinputieinisited Sicsipmh ordativsuess RIS § 196 MY, atrsrRece.

significantly improved durability when exposed to a simulated combustion

This iniirepitiast (900 I8 Po%lanelitsLorM Gy Ging W Hs0 tha dueiterrating severely
inv izes th h of Li20 or Na20 | [i ing i
e AR NS TN BB AL R Ee AP WA B A b i Foure
| , ' f d -
SOV ARl SHREIN P a BEDELTAt oS Copa e b oot
reactd t%@gx? ra@(ﬁf&%ﬁﬂ? té%%&é%&ﬁé%o%%kh‘?& amue! aaRARliSnelting
dired A higher temperature

requir g S because viscosity decreases with

lirmit RE@Bvironmenta! barrier coating life at temperatures over 1300°C. The present |
application contemplates the bond coat 16 may include Si, muliite, BSAS, RE;810s,
RE,Si:07, REZ03, and combinations thereof. For the readers assistance RE
symbolizes the rare earth elements (Sc, Y, Lu, Yb, Tm, Er, Ho, Dy, Tb, Gd, Eu, Sm, Nd,

La). Aithough not as dramatic as TazOs, significant improvement in coating durability

was observed with the addition of YbSi0s.
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of 0.1 wt.% - 5 wt.%. WO 2007/098152PCT/US2007/004355 Since all
alkali and alkali earth metal oxides are network-modifying oxides they all
have similar effect in reducing the viscosity of silica. Therefore, all
common alkali and alkali metal oxides, i.e., Li20, Be0O, Na20, M%/O, K20,

¥H@ 38820, and combinations thereof are contemplated &5 HopaH #4333

the present invention. In one form, the dopant may be incorporated in
metallic from, i.e., Li, Be, Na, Mg, K, Ca, Sr, and Ba. In another form, Si
may be added in the doped mullite bond coat to further increase the
bonding. A silicon bond coat may be applied between the
silicon-based substrate and mullite bond coat. Overlay coatings may be
applied on top of the doped mullite coating. The doped mullite coating

e A RSOl L R S e
e R M S R S B
ST L T e o

mcdmﬁé%;{ s %Hgﬁsg%ge%%ﬁg%ﬁhgwmﬁm%%aag%ga&%%ogaadmg 2

chemical reaction. er e Si ite/Sc2S1207+Sc203

secdRAlRSlG shawed exfensiveoxidationef 3R Frak Atterdhr Sa8 her with

exposure. Figs. 7 and 8 compare the cross-section of silicon / (mullite™+

the RGN dPE%aLeRd HRE3E3T ReaiRSiCapd-atiMulia/Red 2 raBe8dck-

coated SIC after 300 at 1400 C with one hour cycles in a simulated
resisSEMOHENEN QMiFYMeNiiéa0% H2dnbalarce P prhgaibxitie Stisomdsite mullite

(mullite + Na20) / (Sc2Si207+Sc203) coated SiC (Fig. WO
coat?0Y/pe8e RO IS2001E0043E5. The second phase oxides include oxides,
doped oxides and oxide compounds of transition metals and rare earth elemenis.
Freferred oxides include Ta:0s and Ta0s-containing oxides, NbO5 and NbOs-
containing oxides, VO, and VOz-containing oxides, TiO, and TiOz-containing oxides,
2r0; and Zr0Oz-containing oxides, HfO; and HfO,-containing oxides, rare earth oxides
(including 8c¢,05 and Y;0;) and rare ear‘tﬁ oxide-containing oxides (including rare earth
silicates), NZP family ceramics, and combinations thereof. Si may be added in the
second phase to further increase the bonding. The content of the second phase oxide
is more than zero wt.% and less than 100 wt.%. inone form the content of the second
phase oxide is within a range of 0 wt.% - 50 wi.%. In another foerm the content of the
second phase oxide is within & range of 1 wt.% - 30 wi.%.

The second phase oxide may be any combination of oxides listed above,

Further, in one form of the present invention the second phase oxide is not defined by

BSAS, and in another form of the present application the combination of second phase

12



7) maintained excellent oxidation resistance, chemical stability and
adherence as evidenced by the intact silicon bond coat, the absence of
silica scale and the lack of chemical reaction. This is in contrast to the
silicon / mullite / (Sc2Si207+Sc20) coated SiC (Fig. B) which,shawed nook:-
Vo it5i8H Hsistance as evidenced by the loss of the silicon bond coat and
the formation of thick porous scale. This data demonstrates the effect of
doping with an Alkali and Alkali Earth metal oxide. Chemical reactions
occur at the bond coat/top coat interface in long-term exposures and/or at
very high temperatures (>1400C). Chemical reactions may alter the
chemistry of the bond coat and the top coat, which leads to deleterious
physical and mechanical changes of environmental barrier coating layers,

| uxidess,u@%ﬁgé%%é%%ﬁ% &QX&%%&%%W@%%&R@% BXpansi9fs “‘composite

coefficient, erefore, 1t Is esirable to limit the deleterious

mull h&é@%ﬁ@; %ﬁ%‘ﬁg%&?mﬁ@a {he aversdemparinizedhe |ovirermamaby doping

arrie e. As discussed previously the environmental barrier

with £8aling\mavheconsidersddadasludedanaicnats lopraeaisneko theent

material coats/layers utilized to protect the substrate. For example, some

AppliFde-patkpddeRampenenisisughrasytiione keystahitzertaridititniaoating.
and hafnia) readily react with mullite forming a low melting (<1400C)

Furtpeedhaessic Wiiehdoan $ignifidhrtiycaliertiercahtiny phopefesaie sruttemetal
the life. Many current environmental barrier coatings having stabilized

oxideiresnmonidefrialdevdlop Srgestefficidis ef atisghaiaxparssiehed on the
mismatch strain, limiting the T/EBC life by causing cracking and )

silicodetavinatiorstratoby( 207/098IEe PEToSPIiH T BEs Ma SERERgVRehniques.
chemical compatibility studies at 1500C showed that HfSiO4 has excellent
cHerarmfeompaaBIRy ST YRMIE) BEXderiY eyhpianialie highetigmperature
oxide-stabilized zirconia, and rare earth oxide-stabilized r‘;ﬁggag Some rare

capadiith iR dRe RIS H RESSERACRE ENFRE (P8 E RB, o8t

R T
, th emical tibility, HfS104,. RE2S105. i ,
R o T
d sl Si3 ' | i !
SRR R arlen s el o

. %ﬁtergﬁ welhslaxingithe-cosfficient of dnaimalRxRRasIIh MisaNadab SN e Goating
|ﬁustrates various components of environmental barrier coatings. The

and 199 SOdieaR RS ARuIELAOhHRREZRGE, ceramics are exposed to high

temperatures, silica scale grows on the silicon-based ceramics, forming an interphase

betwesn the mullite and the subsirate. The formation of pure silica scale, however, is

detrimental to muliite adherence because it does not bond well onto muilite. Besides

the poor adherence onto mullite, silica scale, which is initially amorphous, eventually

transforms to cristobalite. This phase transformation is accompanied by a volumetric

expansion, leading to cracking of the scale and the deterioration of coating durability.
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RE2S1207, RE203, RE203-Zr02, RE203-Hf02, and combinations thereof,
where RE = Sc, Y, Lu, Yb, Tm, Er, Ho, Dy, Tb, Gd, Eu, Sm, Nd, La. The
present application further contemplates the combination of the RE
materials. In one form the total content of RE203 in RE203-§£%§ o
WREHE15102 is more than 1 mol% and less than 20 mol%. In a preferre
form the content of RE203 in RE203-Zr02 and RE203-H102 is 4 mol% -
10 m01%. The chemical barrier can be incorporated as a discreet
layer, a graded layer, a mechanical mixture with the bond coat and/or the
top coat, altemating multilayers with the bond coat and/or the top coat, or
combinations thereof. Fig -0 shows various examples of incorporating the
chemical barrier into multilayerenvironmental barrier coating systems. The

ded layer and alternafing | | 4 |
U098 C A FIC300 DA SEL SISt ST e S Sigh s 9P I
the o B S o, A o s Shs et iy cn a2

radu%ﬁ%ﬂ?ﬁ%%@gsﬁ@yi RMANRIRAlrgncoannR Ryuareating a samnerielayphorove

ows‘an example of a single, discreet HfSiO4 chemical barrier

the aQﬁé‘?@%@ﬁH&%ﬂﬁl Rongd-oat anththe b0k tep meabanavEigick? the
S

ows an example of incorporating HfSiO4 in the bond coat (mullite + Si)
visco¥id Deshanicakmisingretheanvirendentakbariemesatingomaintamedi iite bond
excellent environmental, chemical and mechanical durability in simulated
coat RRMBHSHRBIEAVHIRAMENS (Rigaldidd50Gich rerydies thOGia scale. As
90%H20-bal. 02: Fig. 12: 1430C, 1 hr cycles, 100 hr, 9V/oH20-bal. 02).
discuEbedoensfiis of theeohemica paiiietimnthdiyecoxdenmbter d eriollowdand coats
the case of Fig. 11, the chemical barrier makes the coating more robust by
discugeeveatingechrmitat femctivriafider ddianihatinl Beisks@pioat/bond
coat interface in very high temperature exposures (1450C). In the case o{ '
Fity a0e erbsoantempaierR B Famswhs Berad il ARl R0
between mullite and the additives (rare earth oxidesgﬁi;l Si3N4. The mullite
or NagShtlessat saaiydelamil A 8 IBToTH-HE FHeTBY 2lmPofep Without an

additional silicon bond coat, showed significantly improved durability when exposed (o a

simulated combustion environment (80% H;O-balance O, 1 hir cycling, 1300 ~1400°C).
The inventor recognizes that too much of Li;O or NazQ in the mullite coating is
detrimental to the durability because silica scale with too low viscosity wili cause
accelerated oxygen transport, formation of pores and premature coating spallation.

The upper limit of the dopant concentration depends on the temperature and the type of
dopant. Smaller amount of dopant is required at higher temperatures because viscosity
decreases with increasing temperature. The content of the dopant is more than zero
wt.% and less than 10 wt.%. in one form the content of the dopant is within the range

of 0.1 wit.% - 5 wiL%.
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One form of the present application contemplates an apparatus
comprising: a silicon based ceramic substrate; and, a composite mullite
coating applied over at least a portion of the ceramic substrate. Another
aspect of the present application contemplates the composite coatin

W RIGEeRShe and Ta205. Another aspect of the present apﬁﬁﬁ%ﬁw’mms
contemplates the composite coating includes a second phase WO
2007/098152PCT/US2007/004355 oxide. Yet another aspect of the
present application contemplates the oxide includes at least one of Ta205
and Ta205-containing oxides, Nb205 and Nb205-containing oxides, V02
and V02-containing oxides, TiO2 and TiOrcontaining oxides, Zr02 and
Zr02- containing oxides, Hf02 and Hf02-containing oxides, rare earth

o, S41ae ot e conaing e (1ChDg (EEAID. ey
ot nETIREIS 805 e, S0 CSPEneRl, OISNG. S FUER s
t] f said structure f f] h Hizat) f said [

uns SERTRALELIS [oPysuRO puplalenton ol ey

com a@%g\ r%%“ﬁqg%’é%?r?é”g&%@%\@gﬁimg%&%ﬂmi&%% me?g@ﬂ@%ﬂ&}ﬂ!it% one form,

coat doped with an a metal or alkall eart oxide applied

the og::ﬁa%rn?% HAiROsHoR-2fRpid cRIBIMCRICe| ; pANMhRIJorN®L the and Ba.

esent application contemplates an apparatus comprising: a silicon

in aRESe] GRFRAMICAQPEnR¥:ANd HaHdlieibangeost dopestwith.depaMcrease the

means for reducing the viscosity of silica. Another aspect of the present
bondiRplication contemplates the dopant means is defined by an alkali metal

or alkali earth metal oxide. Yet another aspect of the present application

contgimplatesritesiapaat means ie dletineddytaccoilitiinataredfsatkstiate and

metal and/or alkali earth metal oxides. Yet another aspect of the present .
muliispplicatimrat dbventgp)ates thgsauditioe epalisiticon tpref tuatapplistdliaccating.

least a portion of the ceramic structure, and the mullite bond coat is
Thealgpléstrovistssait Siligonayorrl wodt as an intermediate coating,

With reference to Fig. 8, there is illustrated the cross-section of silicon / (mulfite +
Naz0) 7 (86:8107+8¢;03) after 400 hours at 1316°C with one hour cycles in &
simulated combustion environment {80% H.O-balance Oy). The silicon / (muilite +
Naz0) / (Sc:8i07+8¢;03) coated SIC maintained excellent oxidation resistance,
chemically stability and adherence as evidenced by the intact silicon bond coat, the
absence of silica scale, and the lack of chemical reaction. On the other hand, the
SiMuliite/Sc,Sh0++5c,05 coated SIiC showed extensive oxidation of Si bond coat after
the same exposure. Figs. 7 and 8 compare the cross-section of silicon / (mullite +
Nagz0) / (8¢,2810:+8c,04) coated SIC and SifMullite/Sc,Si07+8¢;04 coated SIC after

300 at 1400° C with one hour cycles in a simulated combustion environment (80% Hz0-

balance O;). Again, the silicon / (mullite + Na;0} / {5¢:8i,07+5¢;03) coated SiC (Fig.
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WO 2007/098152PCT/US2007/004355 Another form of the present
application contemplates an apparatus comprising: a silicon based
ceramic body; a mullite bond coat applied over a portion of said ceramic
body; a chemical barrier applied over said mullite bond coat; and a
WptUa*iptied over said chemical barrier. Another fornt 6f tH*007/004355
present application contemplates an apparatus comprising: a silicon
based ceramic substrate; a mullite bond coat; a low modulus chemical
barrier applied over said bond coat; and a topcoat applied over said
chemical barrier. Another form of the present application
contemplates an apparatus comprising: a silicon based ceramic body; a
mullite bond coat applied over a portion of said ceramic body; a topcoat;
and barrier means applied over said mullite bond coat and beneath said

7) mapiaetor SRR R aHamIERI TER o AIETOIGR LR AuhadRpgnce as
. topcoat/bond coat interface. nother, form of the present application
iR RS e GHB CBAEH R, AR BBt LA RRIE AR TR o
on siliﬁc N cantainin sub?iﬁn '%eri aﬁilicg cazl tn ,t@gggéna
Che‘%ﬁ%ﬁa&%ﬁ% ﬁsﬁaﬁa?%%%%%ﬁ?%au%ﬁggaﬁﬂza‘“@ e Ssn vy coated
. i | kali . -
s BRI AL RS e e el e et e

smcéfﬁ%%rtﬁgeg%&n%m%@'%geﬂsés&%igﬁﬁeg @&Mﬁ%thﬁﬁt@'ﬁéiesrﬁeﬂms the

rom coat. Another aspect of the present application

effe SN EHRRGHINSCRMANE RS kAT toash ana afanalkall metal oxide and

an alkali earth metal oxide in the bond coat is more than zero wt. % and

lessHba4084- 40 Aeethen aspeeief thatntgsepsrippicationm long-term

contemplates that the content of the at least one of an alkali metal oxide

expodivearnalial gavinmeidl @ddeiattheend 0O isTithindiesaotenel @zl alter
wt. % to 5 wt. A. Another aspect of the present application contemplates

the dhatribebohitheoathin custesna depéoy toat wetalhiddars todiSeterious physical and
2007/098152PCT/US2007/004355
mechanical changes of environmental barrier coating layers, such as thermal
conducﬁvity, density, modulus, thermal expansion coefficient, etc. Therefore, it is often
desirable to limit fhe deleterious chemical reactions between the layers to maximize the
environmental barrier coating life. As discussed previously the environmental barrier
coating may be considered {o include bond coat, top coat and other material
coats/layers utilized to protect the substrate. For example, some rare earth oxide
components such as yiiria (one key stabilizer for zirconia and hafnia) readily react with
mullite forming & low melting (<1400°C) products, which can significantly alter the
coating properties and shorten the life. Many current environmental barrier coatings

having stabilized zirconia or hafnia develop a large coefficient of thermal expansion

mismatch strain, limiting the T/EBC iife by causing cracking and delamination.
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wherein the dopant is selected from the group consisting of Li, Be, Na,
Mg, K, Ca, Sr, and Ba and combinations thereof. Another aspect of the
present application contemplates that in said introducing the at least one
alkali metal oxide and an alkali earth metal oxide is selected from the

Bidaly ubtidting of Li20, Be0, Na20, MgO, K20, CaO, Sr0, BEBTAmH007/004355
combinations thereof. Another aspect of the present application
contemplates forming a second bond coat between the substrate and the
bond coat, wherein the second bond coat is selected from the group
consisting of silicon, metal suicides and combinations thereof. , Another
aspect of the present application contemplates forming gaps in the
continuous network structure of the silica. Another aspect of the present
application contemplates adher,'wg the bond coat fo the substrate, %r} ther

aspett P pRESEAt SRRIREHINESHIBK Eids Ubpiying WD Eat s Nas

exe R o R D B ovee-
Hf02, RE2Si05, RE2Si207, RE203 035 rOYZ.R%ZOB-HfOZ an
n% c?e«s%go@ dzha Hia. Som

Stab&igf% i%llg_ Ponﬁaé’t erergf;eABnagmeorxéspec %ﬁe present appﬁcrg I%I?iaa silicates

) . Ly i bairi t t 1] ;
eSS PN e D SRS

muli&éé 2@%%'@19%# arrier i aelegtad;fram fhe groun-consisting: pfbdialiabiized

SI05, and RE2S1207 and combinations thereof. Another aspect of the
hafrCERalARRlcALREHAeRIRBRIBMED iR theiehe RIS bRIMAIIRE Hiserelave good

layer. Another aspect of the present application contemplates that the
coeBRRMGAItRaIHRN ipdnsiehanisaliisaviiniiie bosstosatcAnetheid SiC or

aspect of the present application contemplates that the chemical barrier is
SishNa snechancahaixtuteatite tbeltop coatiidatethiir aispeticofitte paesanta low

application contemplates that at least one of an alkali metal oxide and an
modalkalicearthical étalr@xiderisfeontardpRantayehehord cgakivgbtheadpeent of

of the present application contemplates that the dopant has an initial
theroeherrasfsipeanstsienostaint gkt ilvstatemvEDious Znmpotssinsbect

of the present application contemplates that the dopant has an initial

envigginaitiaf ppEiReEHRARTR 1 ePRPRISSThER/BPEGUAT IO B oD A MTEEIOs,
aspect of the gresent a&glication contemplates that at least one of an

REgiRan WoGotmeds £52rCHRISeht ProeissermBtar bk anE an Wielr RE = Sc,
th met ide | ted f h isti f Li20,; Na2
v, YD L odcled o e ot cqIsng o0 N0,
conteSRLY %“Soz“‘neé"%ga%%t&‘#%“e“’ﬁ%frtr'%‘e_tesr'i“‘f&; WHICH THRCHINGMEPS ntent of
SPBIViNG a top coat Gver the bon COAt, Whetein the at ledst 6né of an

e A1), 94 e, SRl A LA 0P IR 09 SRR 8o 1

dnd coAt Anotier aspect of the present application contemp
a pr&eRaRt as aeosr AfarRaes Ihame bk e addess ihanieneauakiaie, - 10
5.0wt. %. Another aspect of the present application contemplates that the
molggilicon containing substrate is selected from the group consisting of silicon
containing ceramic, reinforced silicon containing ceramic matrix
cofrgositesicsilicorecoataini e oteted licy: antiscariicnyiiber pewdfaitadr, a
silicon carbide matrix composite. Another form of the present

meCH SR AT SOMIBr AR PR ARSLPE STR BRI B ffgyrs vith the bone
cos SRTINDGSBSale ESRteR i A AN spaiosludna muliisloan o

environment suitable fo cause a silica scale to form on the subst
incorBEeRAtNOISARS:IA therepRtinieUs DelVrk RiFdaiuse: o heisHicr g Sy stems. The
Another aspect of the present application contemplates adhering the bond

gradedakiethe:susiaianAnorbes aspert oétherpeaseniagpplication
contemplates the introduction of at least one of an alkali metal oxide and
an alkali earth metal oxide into the silita scale. Another aspect of the
present application contemplates the introduction of both an alkali metal
oxide and an alkali earth metal oxide into the silica scale. Another aspect
of the present application contemplates doping the bond coat with a
dopant having a content greater than 0,0 wt % and less than 10 wt. %.

Another aspect of the present application contemplates that the dopant is
caelectad from the arnoirin concictina nf allkali metal nvide allkali earth metal



WO 2007/098152PCT/US2007/004355 includes applying a top coat over
the bond coat. Another aspect of the present application contemplates
forming a chemical barrier between the bond coat and the top coat.
Another aspect of the present application contemplates tha;ét} emjcal __
HAMEV €8 ected from the group consisting of HfSiO4, RE |§é§ QZ%I%}/%&%S
RE2Si207 and combinations thereof. Another aspect of the present
application contemplates that the silicon containing substrate is defined by
a silicon containing ceramic: Another aspect of the present application
contemplates that the silicon containing substrate is defined by a
reinforced silicon containing ceramic matrix. Another aspect of the present
application contemplates that the silicon containing substrate is defined by
silicon, containing metal alloy. ther. of the icatl
- f
co g ST E N LR AT DD e ey S ©
fier yeinforged il e af fompasiien Aok ashrrt iR ers
zhempa}ees:é?ﬁ%%%ﬁ% |oér§ %{;ﬁ%@}o atgér?aﬁering the bong coattot substﬁkegte;

shDuqueer(?'%ﬁ%ﬁ%&@gﬂgﬁwgﬁﬁ%QFF[Q@&%%?HEQ%@%ec%%%b%éaﬂéyer.

metal oxi earth metal oxide into the silica scale; which

furifier inghudes dopinghe BeRd:rRR WikkA:doPROINAYRGRB0PERAEr between
greater than 0.0 wt A and less than 10 wt. %, wherein the alkali metal

the nMige w5 ikaleand metaboxide indhe silisaseate teigiwlenihadepant
Another form of the present application contemplates a method
incoreranRGINg Suhjecting wositicarscantaining Shhstratecoaira wititiagnilize
bond coat doped with an at least one of an alkali metal and an alkali earth
enviroretaric s erhai e rsaittieetoe grolwint eansitiwanseale! wittegéps #mthe
structure of the silica scale. Another aspect of the present application
mechzoTitehletbiimdheimg dechorn i envisuseate:(Weefkin theldeparit!
is within a range between 0.0 wt. % and 10.0 wt. %; and which further
cyclemclGddy iMPBaiigingalt Radtiend%r Ml metdirowiais antPAmaIRRYEthbal. O2).
metal oxide into the silica scale; Another form of the present

The beRisaRS R ARERNEIREEIPE ShRIRIRCRBMBIRS Rie 2SilRiSottdnaRpse of

Fi. et P AFPARAN BE A AR AP AR GV A PRALE EpONOR B2

id 0O 2007/098152PCT/US2007/004355 f Anoth f
reactiih APALY PR IRR SN BN e e R e R I T gane P
tempn}SE%EQéiQEGQUFe%h%?H%EE?WH matesial isranalkalisariaatal Oxidehent

nother aspect of the present application contemplates that the content in

preval& IRESMAING, DR CRal IRmareh BRRVERIR Wi e 3 I8%s ABaRVEY Ware earth

%. Another aspect of the present application contemplates that the
oxideSOHent i, the, danaman thel bead eaatisauithinibecanaedel ¢k Wisirs to
5 wt. 0/(c) Another aspect of the present application contemplates a silica
comp@aton at least a portion of the surface; and wherein the silica scale
includes gaps in the continuous network structure of the silica scale.
Adptbésmspdchofteapnésentiapipitatotecopimrpiatcptiumeitd cast g a
an alkali metal oxide and an alkali earth metal oxide pass into the silica
silicosdmesAnetaeniaspbstiatehe plesammpplitafiontormeativaeering tver at ieast
bond coat is adhered to the substrate; which further includes a top coat
a porioprahie®caPEEYaS RITBIALE: 2ApetTIRRST R gheRFRat gpplication
contemplates that the top coat is selected &om t‘g§£m p consi%tin% of 1
contempaed ie£OMRRS IREPSHTE REYSDUTRED 3.7H2iner aspect of he
RE203-Hf02, and combinations thereof., Another aspect of the presen
Dres el ARl TR ARG Cr At oAk e BoR LB S
top coat and the bond coat. Another aspect of the present application
contemplates that the chemical barrier is selected from the group
consisting of HfSiO4, RE2Si05, and RE2Si207 and combinations thereof.
Another aspect of the present application contemplates that the silicon
containing substrate is selected from the group consisting of silicon
containing ceramic, reinforced silicon containing ceramic matrix
composites, silicon containing metal alloy and carbon fiber reinforced

silicon carbide matrix composite. Another aspect of the present application
crontemnlatace that the crontent in the donant in the bond cnat ic more than



WO 2007/098152PCT/US2007/004355 Another form of the present
application contemplates an apparatus comprising: a silicon containing
substrate having a surface; and a composite mullite bond coat including a
con e oxide other than BSAS applied over said surf -
Vgépze?: %%gltﬁg present application contemplates that the seco?ii%%?c!) a§é%54335
oxide is a low modulus oxide. Another aspect of the present application
contemplates that the content of the second phase oxide is within the
range of 0 wt. % to 50 wt. %. Another aspect of the present application
contemplates that the content of the second phase oxide is within the
range of 1 wt. % to 30 wt. %. Another aspect of the present application
contemplates that the second phase oxide is selected from the group
.. consisting,of oxide . i ide.c f ition.
o0 B e R B L e g =

least GHUGTRIAIES MI%E%QEBH%W%%}@E lcselected ﬁg@&%ﬁ%@%g oxides,

consisting of 1a205 and Ta205- containing oxides, Nb205 an

vo, NeR0BcontaningLxidess VAS padivVESceptainingsuddes TR and 20,
Ti02-containing oxides, Zr02 and Zr02-containing oxides, Hf02 and Hf02-

contfAMaIRIng-exides, e aanhexdasitincluding $6703:an00%203) and rare sarth
earth oxide-containing oxides (including rare earth silicates), NZP family
oxideCOMRIREN QRGIEeMPHTALENAG thesenirAniiberasieP afdhenresent
application contemplates that the bond coat is doped with at least one of
arhalkalbnfetah okitle anskantalkalicednth cwetaoxldes/mpthduaspect mfine
the present application contemplates including a silica scale having gaps
compnrbetcontmrtiison etaibdosirasttcofamicsiicapsesiet; Andtheriiyp ot ars
the present application contemplates that the bond coat is adhered to the
appligdinsteatat ixnstivepadpsctioialvespredent ApphcamicdMempriiizatempigald
a second bond coat between the substrate and the bond coat, wherein the
cerargec6RMBBAE0at is selected from the group consisting of silicon, metal
silicides and combinations thereof. Another aspect of the present

AP BT R RERS A TOBRRUSEH0E AP BBIRITH AL, ARRAMEMAGRERErsiNg: @
oo SaE RS e A e R A R R S e e o
J -Z2r02, R - Hf an inati h : f
S A L G
€9 @?W%'P%S%@%P!X@g@&ﬁ%&ﬁ!ﬁ(éﬁ%&ﬁ{@éﬁs%@AH%B%%DQ Beprising: a
pect of t

bond coat. Another a e present application contemplates that

slicol 8 £0eMicAl PATHEHS Seieeiad draring o IR RS IsBRI LISt means
RE2S105, and RE2Si207 and combinations thereof. Another aspect of the

for reBiRSBHUABRIISAEAR, GadmBPIains tHhnt sapdand weatissadharedidatibe
substrate:which further includes a top coat over said bond coat; and
contaksEREs the cypient okt Secwiceh aseaoxitealsrmathirothekengeriof hetal oxide.
% to 30 wt. %. Another form of the present application contemplates
Yet amcdippassnectoipeasinesensiippiicatntarnintesulisteatéhhaldngrd swdases
and a composite mullite bond coat applied over said surface, said bond
definegdnirkckriyetensridisplseatzida dird abgt @withraatalkaideaterial snother
an alkali earth material, Another aspect of the present application
aspeghptdifpRiRSEHARRPCAPPRRRIEIE R3S D REURGIAE TaifBhaprd coat

S0rIBA G L Ao ERL I LU WA S GrOUI eGSR o BT Rt

_Iiger, blade, vane agd blade {rack.
appliec over said silicon bond coat.
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Another form of the present application contemplates an apparatus
comprising: a silicon containing substrate having a surface; and a
composite mullite bond coat including BSAS and another distinct second
ase ox de applied over said surface. Another aspect of th

‘ggpﬁ?:g |3]'n “Contemplates that the another second phase ox%e!9 @%@58{%‘} 355
from the group consisting of oxides, doped oxides and oxide compounds
of transition metals and rare earth elements. Another aspect of the
present application contemplates that the another second phase oxide is
selected from the group consisting of Ta205 and Ta205-containing oxides,
Nb205 and Nb205-containing oxides, V02 and V02-containing oxides,
TiO2 and Ti02-containing oxides, Zr02 and Zr02- containing oxides, Hf02

Y%a% Zégfé’é%?i‘?%gé’ﬁ?ﬁeox. A R R A A e o s

| P f
RS R R U b
bcdyl r&%ﬁ%@%@é#é&%%&%&%@&%%k@@dﬁ@é@k QXGfed over

an a arth oxide. Another aspect of the present application
aid &%ﬁﬁ @é that the bond coat is doped with both an alkali metal oxide
and an alkall earth metal oxide. Another aspect of the present application
coniemplalem Ibelndine: sclanapeat aver saiddnpdeeal Agibetasresti®ising: a
the present application contemplates that the top coat is selected from the -
silicofSaiR6QRSIENYRHBEAS; Hftild bio2, BELSidy RIC28I20 CHRERAB barrier
RE203-Zr02, RE303-HfO2, and combinations thereof. Another aspect of
appli¢herpeesend appbicadian zonte mpltes agpilyihgvachathidat artidrasaveen
the top coat and the bond coat. Another aspect of the present application
cameinplidreithbtthe wranicipsainnseeienpaRsmnidbppsalys comprising. a
consisting of HfSiO4, RE2S105, and RE2Si207 and combinations thereof.
silicop hagrst 6rATHE ROl esEnip iR cRaicHaNas R aPapirhAlsaid ceramic

comprising: a substrate having a surface; and a composite mullite bond

body ca AR RESRIAEEINS A ARSARP G R SUB M ia RoBRiBRH FifAeneath
over said surface, Another aspect of the present application ¢ at
said mﬁq%f%wa\e%aw FSBEI AP AF IR O o S R R gy bond
kali earth metal oxide. Another aspect of the present application
coat ’8 gﬁﬁjlates that the bond coat is doped with both an alkali metal oxide

%”%g“ earn, g@ gﬁ&daepneg %%fg@&gﬁﬁé{@&&% A0l .L..qn

Hiemplates inclu op coat over s coat. Another aspect of

formrw@sémcmpm@bzmw&m@at@ﬂwann@rt@%aﬁmétﬁe@mﬁaﬁes*ilca

scate%%@ |%%§§§tﬁaﬂﬂ&fn3§/€f% @402 RESRIS; BERSH2MHe BEADBIkal
03-Zr02, RE203-Hf02, and combinations thereof. Angther aspect of

mata{ﬁé'ﬁ%@%?&p@ﬁéﬁtmﬁ?é@% EHIIRG! iCarRsRiRaf DRMEr BERRELR the
preséﬁ@a‘w|§Qﬁé@&dﬁhﬁ?ﬁﬂﬁ@§®ﬁe%ﬁhwamm&tﬁdh@ presertapplicatisian

alkaliggﬁéqgé%(?te“ att chem Ibatrrl%réllsgéeﬁlgncﬂtegrfro%thgcg{gLr%?hereo?mer

Combinatio
aspedindtiner foemeof H;:@l}m&k@ﬂt@pﬁ@@ﬁ@hSzb’memplaté@aﬂﬂamé@aais)ﬂe of an

aikalz?ﬂg?gf' ek 3 5v BRI FAYRE & SHTACRARC L CURAARIE @%‘HHF’@QRQH zero wt.

oat appfled over salcf%ur ace said bond coat including a second phase
% aﬂ@)&ﬁé Hrnddped \%th%ﬁ%’f@lﬁﬁ%@h@ﬁ ‘Oearesral aep W%gféﬁgntemplates that

the content of the at least one of an alkall metal oxide and an alkali earth metal oxide in
the bond coat is within the range of 0.1 wt. % to 5 wi. %. Another aspect of the present
application contemplates that the bond coat includes a dopant in a metallic form,
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WO 2007/098152PCTATS2007/004355 Another form of the present
application contemplates an apparatus comprising: a substrate having a
surface; and a muliite bond coat doped with an alkali material or an alkali
earth material and applied over at least a portion of said surface,
RRSHEP¥EY of the present application contemplates an app%%
comprising; a substrate having a surface; and a composite mullite bond
coat including a second phase oxide other than BSAS applied over said
surface. While the invention has been illustrated and described in detail in
the drawings and foregoing description, the same is to be considered
illustrative and not restrictive in character, it being understood that only
selected embodiments have been shown and described and that all
changes, equivalents ications that c ithin,the sc

Whe R oG RSB HERLIIPER HER HERh oy S0 Tt sk e

and %Mprmmwﬁg emenme%mtw;mehtﬁltegmest application

con s R e e Y el L SR AP

eammmmnms@ommméﬁrwm@ummﬁﬁmcafftdg@réﬁf& Brobf, o0, K20,
caofindihosiaied hersil s neantie usthel erhangejundersiandiagesh Bissication

present invention and is not intended to limit the present invention in an

contGap BERSURIN TS Ay S RFEEKEPRSIA PRI H6GH BF G AGY IH ReBiigEoal,
whelb® oRImScHerds syl ASs 3aicattd Rideast orRoupnd raldeasbadbanetal

are not intended to limit the claims to only one |t€m unless specmcall

siicidps @ FHBRCRARS ReRREr, MRENTHhEIRAGLALE e SR £PBIFHC"
cemt@ﬁdﬂ@fe"@ﬂ@@ﬁlﬁg"@ﬁpﬁ%@@@%msmmmwﬁ@ q:mmcn’f am:léﬂircmeAnother

entr item unl e eC| caII tedt the élt!rrer t?ér?@tce 11 thedsubstrate
men

aspeélrg Qﬁcﬁ{eﬁ,ﬁ 6%3 PBat%rﬁ |sPed IS Incorporat

Anoltimeasprensténhﬂepjes{éhmmﬁlcatlon eoniempiates applying & t_op coat over the
bond coat. Another aspect of the present application contemplates that the top coat is
selecied from the group consisting of BSAS, HfTiO4, HfOg, RE25I0s5, RERS1:0,, RERDs,
RE,0:-Zr03, RE,05-HfO;, and combinations thereof. Another aspect of the present

B07/6G4355

application contempiates applying a chemical barrier between the fop coat and the
bond coat. Another aspect of the present application contempilates that the chemical
barrier is selected from the group consisting of HfSiO4, RE;Si0s, and RE,5i,07 and
combinations thereof. Another aspect of the present application contemplates that the
chemical barrier is a discrete layer. Another aspect of the present application
contemplates that the chemical barrier is a mechanical mixture with the bond coat.
Another aspect of the present application contemplates that the chemical barrier is a
mechanical mixture with the top coat. Another aspect of the present application
contemplates that at least one of an alkali metal oxide and an alkali earth metal oxide is
from a dopant in the bond coat. Another aspect of the present application
conterrplates that the dopant has an initial content of greater than 0.0 wt % and less
than 10 wt. %. Anocther aspeet of the present application contemplates that the dopant
has an initial content of greater than 0.1 wt % and less than/or equal to 5.0wl, %.
Another aspect of the present application contemplates that at least one of an alkali
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1. A method comprising: forming a bond coat including mullite on a silicon
containing substrate; forming a silica scale on at least a portion of the
substrate; introducing at least one of an alkali metal oxide and an

alkali earth metal oxide into the silica scale; and wherein | ' e
Wr%%ﬁf@?ﬁbﬁhe at least one of an alkali metal oxide and an ;}@ﬁggpt /804333
metal oxide come from the bond coat and wherein the content of the at
least one of an alkali metal oxide and an alkali earth metal oxide in the

bond coat is more than zero wt. % and less than 10 wt. %. 2. The method
of claim 1, wherein the content of the at least one of an alkali metal oxide
and an alkali earth metal oxide in the bond coat is within the range of 0.1

wt. % to 5 wt. %. 3. The method of claim 1, which further includes

e L e
and Bitigdn Ametat saigides et eonisiritiors tidmotoniemplates forming gaps in the
continuous network structure of the silica; which further includes applying & top coat
over the bond coat: wherein the at least one of an alkali metal oxide and an alkali 2arth
metal oxide is from & dopant in the bond coat.- Another aspect of the present
application contemplaies that the dopant has a content of greater than 0.1 wt % and
less than/or egual fo 5.0wt. %. Another aspect of the present appiication contemplates
that the silicon containing subsirate is selected from the group consisting of silicon
containing ceramic, reinforced silicon containing ceramic matrix composites, siticon
containing metal alloy and carbon fiber reinforced silicon carbide matrix composite.
Ancther form of the present application contemplates a method comprising:
subjecting a sificon containing substrate coated with a bond coat incluging muilite fo an
environment suitable to cause a silica scale to form on the substrate; and creating
gaps in the continuous network structure of the silica scale. Another aspect of the
present appiication contemplates adhering the bond coat to the substrate. Another
aspect of the present application contemplates the introduction of at least one of an
alkali metal oxide and an alkali earth metal oxide into the silica scale. Another aspect
of the present application contemplates the introduction of both an alkali metal pxide
and an alkali earth metal oxide into the silica scale. Another aspect of the present
application contemplates doping the bond coat with a dopant having a content greater
than 0.0 wt % and less than 10 wt. %. Another aspect of the present application
contemnplates that the dopant is selected from the group consisting of alkali metal oxide,
alkali earth meta! oxide, Li, Be, Na, Mg, K, Ca, Sr, and Ba. Ancther aspect of the
present application contemplates that the dopant is selected from the group consisting
of Lix0, BeD, Na,0, MgO, K0, Ca0, 5r0, BaO and combinations thereof. Another
aspect of the present application contemplates forming a second bond coat between
the substrate and the bond coat, wherein the second bond coat is selected from the
group consisting of sificon, metal silicides and combinations thereof; and which further
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4. The method of claim 1, which further includes forming gaps in the
continuous network structure of the silica. 5. The method of claim 1,
wherein said forming adhering the bond coat to the substrate. 6. The
method of claim 1, which further includes applying a top co ss
HRAYLBEES*. The method of claim 6, whergﬁ\%hg top foat %@%ﬁe%%’ /004353
from the group consisting of BSAS, HfTiO4, Hf02, RE2SiO5, RE2Si207,
RE203, RE203-Zr02, RE203- Hf02, and combinations thereof. The
method of claim 6, which further includes applying a chemical barrier
between the top coat and the bond coat. 9.The method of claim 8, wherein
the chemical barrier is selected from the group consisting of HfSiO4,
REZ2Si05, and RE2S1207 and combinations thereof. 10.The method of

claim 8, wherein the chemical ier | '
includes appiy\%g & 1op coa% cver%ge%%rrg 5t %%%teer lg ;?é‘ct of the present

application contemplates forming a chemical barrier between the bond coat and the top
coat. Another aspect of the present application contemplates that the chemical barrier
is selected from the group consisting of HfSi04, RE2S8I0s, and RE2Si:0; and
combinations thereof. Ancther aspect of the present application contemplates that the
silicon containing substrate is defined by a silicon containing ceramic, Another aspect
of the present application contemplates that the silicon containing substrate is defined
by a reinforced silicon containing ceramic mairix. Another aspect of the present
application conternplates that ihe sificon containing substrate is defined by a silicon
containing metal alicy. Another aspect of the present application contemplates that the
sificon containing substrate is defined by a carbon fiber reinforced silicon carbide
mairix composite. Another aspect of the present application contemplates adhering the
bond coat to the substrate: wherein said creating includes the introduction of at least
one of an alkali meta! oxide and an alkali earth metal oxide into the silica scale; which
further includas doping the bond coat with a dopant having a content greater than 0.0
wt % and less than 10 wt. %, wherein the alkali metal oxide or alkali earth metal oxide
in the silica scale being from the dopant.

Another form of the present application contemplates a method comprising
subjecting a silicon containing substraie coated with a muliite bond coat doped with an
at least one of an alkali metal and an alkali sarth metal to an environment suitable for
growing a silica scale with gaps in the structure of the silica scale. Another aspect of
the present application contemplates adhering the bond coat to the substrate; wherein
the dopant is within a range between 0.0 wt. % and 10.0 wt. %; and which further
includes introducing at least one of alkali metal oxide and an alkali earth metal oxide
into the silica scale;

Another form of the present application contemplates an apparatus comprising:
a silicon containing substrate having a surface; and a mullite bond coat doped with an

alkali material or an alkall earth material and applied over at ieast a portion of said
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bond coat. 12. The method of claim 8, wherein the chemical barrier is a
mechanical mixture with the top coat 13. The method of claim 1, wherein
the at least one of an alkali metal oxide and an alkali earth metal oxide is

&8%&%&%@? in the bond coat. 14. The method of claim 13, \%herein the
i &

dopant has an initial content of greater than 0.0 wt % and lesEthan 20/ W5

%. 15. The method of claim 13, wherein the dopant has an initial content
of greater than 0.1 wt % and less than/or equal to 5.0wt. %. 16. The
method of claim 1, wherein the at least one of an alkali metal oxide and an
alkali earth metal oxide is selected from the group consisting of Li20 and
Na20. 17. The method of claim 1, which further includes forming gaps in
the continuous network structure of the silica;

surface. Another aspect of the present application contemplates that the alkall material
is an alkall metal oxide and the alkali earth material is an alkall earth metal cxide.
Another aspect of the present application contemplates that the content in the dopant in
the bond coat is more than zero wi. % and less than 10 wt. %. Another aspect of the
present application contemplates that the content in the dopent in the bond coat is
within the range of 0.1 wt. % to 5 wi. %. Another aspect of the present application
contemplates a silica scale on at least a portion of the surface, and wherein the silica
scale includes gaps in the cohtinuous network structure of the silica scale. Another
aspect of the present application contemplates that at isast one of an alkali metal oxide
and an alkali earth metal oxide pass into the silica scale. Ancther aspect of the present
application contemplates that the bond coat is adhered to the substrate; which further
inciudes a top coat over the bond coat. Another aspect of the present application
contemplates that the fop coat is seiecied from the group consisting of BSAS, HITIO,,
Hf0y, RERSIOs, RESI:07, REzD;, RE0:-Zr00, REO:-HfO», and combinations thereof,
Another aspect of the present application contemnplates including a chemical barrier
located between the top coat and the bond coat. Ancther aspect of the present
application contemplates that the chemical barrier is selected from the group consisting
of HISIO,, RE;SIOs, and RE,Si;07 and combinations thereof. Another aspect of the
present application contemplates that the silicon containing substrate is selected from
the group consisting of silicon containing ceramic, reinforced sificon containing ceramic
matrix composites, silicon containing metatl alioy and carbon fiber reinfoerced silicon
carbide matrix composite. Another aspect of the present application contemplates that
the content in the dopant in the bond coat is more than zero wt % and less than 10 wt.
%; which further includes a silica scale on at least a portion of the surface: wherein the
silica scale includes gaps in the continuous network structure of the silica scale;
whearein at least one of an alkali metal oxide and an alkali sarth metal oxide are passed
into the silica scale; wherein the bond coat is adhered {0 the substrate: and which

further includes a top coat over the bond coat.
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which further includes applying a top coat over the bond coat; wherein
the at least one of an alkali metal oxide and an alkali earth metal oxide is
grom a dopant in the bond coat. 18. The method of claim 17, wherein the
opant has a content of greater than 0.1 wt % and less than O -
‘%90%?/?7’%?15%9. The method of claim 17, wherein the silicon cf)(()%rrwtauningj”%{ma5
substrate is selected from the group consisting of silicon containing
ceramic, reinforced silicon containing ceramic matrix composites, silicon
containing metal alloy and carbon fiber reinforced silicon carbide matrix
composite. 20. A method comprising: subjecting a silicon containing
substrate coated with a bond coat including mullite to an environment
suitable to cause a silica scale to form on the substrate; and creating gaps

in fhe. GaNUNLOUS petwork SUsINEOLINEHSASSAE: ANdpparatus comprising:
a silicon containing substrate having a surface; and a composite mullite bond coat
including a second phase oxide other than BSAS applied over said surface. Anpther
aspect of the present application contemplates that the second phase oxide is a low
modulus oxide. Another aspest of the present application contemplates that the
content of the second phase oxide is within the range of 0 wi. % to 50 wt. %. Another
aspect of the present application confemplates that the content of the second phase
oxide is within the range of 1 wi. % to 30 wt. %. Another aspect of the present
application contemnplates that the second phase oxide is selected from the group
consisting of oxides, doped oxides and oxide compounds of transition metals and rare
earth elements. Another aspect of the present application contemplates that the
second phase oxide is selected from the group consisting of Ta:0s and Tay0s-
containing oxides, Nb,Os and Nb;Os-containing oxides, VD; and VOs;-containing oxides,
Ti0, and TiOz-containing oxides, ZrO; and ZrOy-containing oxides, HfO; and HfC.-
containing oxides, rare earth oxides (including 5c;04 and Y,0s3) and rare earth oxide-
containing oxides (including rare earth siticates), NZP family ceramics, and
combinations thereof. Another aspect of the present application contemplates that the
bond coat is doped with at least one of an alkali metal oxide and an alkali earth metal
oxide. Another aspect of the present application contemplates including 2 silica scale
- having gaps in the continuous network structure of the silica scale. Another aspect of
the present application contemplates that the bond coat is adhered to the substrate.
Another aspect of the present application contempiates forming & second bond coat
between the substrate and the bond coat, wherein the second bond coat is selected
from the group consisting of silicon, metal silicides and combinations thereof. Another
aspect of the present application contemplates a top coat over said bonc coat. Another
aspect of the present application contempiates that top coat is selected from the group
consisting of BSAS, HfTIQ4, MOz, RE2SIOs RE2S1H07, RE20; RE205-Zr0z, REZOs-
HfO,. and combinations thereof. Another aspect of the present appfication
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wherein said creating includes the introduction of both an alkali metal
oxide and an alkali earth metal oxide into the silica scale. 21. The method
of claim 20, which further includes adhering the bond coat to the
substrate. 22 The method of claim 21, which further includ
henad Ed agt With a dopant having a content greater than 0.0 %%f %%%%eggg 3
than 10 wt. %. 23. The method of claim 22, wherein the dopant is
selected from the group consisting of alkali metal oxide, alkali earth metal
oxide, Li, Be, Na, Mg, K, Ca, Sr, and Ba. 24. The method of claim 23,
wherein the dopant is selected from the group consisting of Li20, BeO,
Na20, MgO, K20, CaO, Sr0, Ba0 and combinations thereof. 25. The
method of claim 21, which further includes forming a second bond coat

between the substrate and he bon r th
contm@&wﬁw%@%&%&%@ﬁ %%ﬁ*?ﬁ@ E?ﬁgeﬁéi%fﬁ%ﬁg Snef gmt
Ahotﬁ@mmﬁb%%ﬁeﬁﬂdwmdu rthekdngilisles dpplyirgadopicedaboiserTis

the bond
selected from { a group consisting of HISIO,, RE,Si0s, and RERSk 07 and combinations

thereof. Another aspect of the present application contemplates that the bond coat is
adhered o the substrate:which further includes a top coat over said bond coat; and
wherain the content of the second phase oxide is within the range of 1 wi. % to 30 wi.
e .

Ancther form of the present application contemplates an apparatus comprising:
a silicon containing substrate having a surface; and  a composite muliite bond coat
applied over said surface, said bond coat including a second phase oxide and doped
with an alkali material or an alkali earth material. Another aspect of the present
application contemplates that the apparatus is a gas turbine engine component.
Another aspect of present applicaticn contemplates that the gas turbine engine
component is selected from the group conéisting of a combustor liner, blade, vane and
blade track.

Another form of the present application contempiates an apparatus comprising: &
silicon containing substrate having a surface; and a composite muliite bond coat
including BSAS and another distinct second phase oxide applied over said surface.
Another aspect of the present application contemplates that the ancther second phase
oxide is selected from the group consisting of oxides, doped oxides and oxide
compounds of fransition metals and rare earth elements. Another aspect of the present
application contermnpiates that the another second phase cxide is selected from the
group consisting of Ta,0s and Taz0s-containing oxides, Nbz0s and Nb,Os-containing
oxides, VO, and VO,-containing oxides, TiO, and TiOz-containing oxides, Zr0; and
ZrCz-containing oxides, HfO; and HOz-containing oxides, (RE) rare earth oxides
(including 82203 and Y203) and (RE) rare earth oxide-containing oxides (including rare
earth silicates), NZP family ceramics, and corbinations thereof. Another aspect of the
present application contemplates that the bond coat is doped with at least one of an
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26. The method of claim24, which further includes forming a chemical
barrier between the bond coat and the top coat. 27The method of claim

26, wherein the chemical barrier is selected from the group consisting Of
HiSIO4, RE2Si05, and RE2S1207 and combinations thereof, h )
%%%%‘5’%9 B tfaim 20, wherein the silicon containing substrate ig%" jgf;rf?i%c?/gff/ﬁﬁ
a silicon containing ceramic. 29. The method of claim 20, wherein the
silicon containing substrate is defined by a reinforced silicon containing
ceramic matrix. 30. The method of claim 20, wherein the silicon

containing substrate is defined by a silicon containing metal alloy. 31. The
method of claim 20, wherein the silicon containing substrate is defined by

a carbon fiber reinforced silicon carbide matrix composite. 32. The

e AR AR AR Hhls i eicrbees adhsng Dpland arbiedsr
application contemplates that the bond coat is doped with both an alkali metal oxide
and an alkali earth metal oxide. Another aspect of the present application contemplaies
including a top coat over said bond coat. Another aspect of the present application
contemplates that the top coat is selected from the group consisting of BSAS, HITIO,,
HfO5, RESSIOs, RE28i07, REOs, RE04-Zr0;, RE;O5-HfO;, and combinations thereof,
Another aspect of the present application contemplates applying a chemical barrier
between the top coat and the bond coat. Another aspect of the present application
contemplates that the chemical barrier is selected from the group consisting of HfSIO,,
RE,SI0s, and RE,Si0r and combinations thereof.

Another form of the present application contemplates an apparatus comprising:
a substrate having a surface; and a composite mullite bond coat including BSAS and
ancther distinct second phase oxide applied over said surface. Another aspect of the
present application contemplates that the bond coat is doped with at least one of an
alkali metal oxide and an alkali earth metal oxide. Another aspect of the present
application contemplates that the bond coat is doped with both an alkali metal oxide
and an alkali earth metal oxide. Another aspect of the present application contemplates
including a top coat over said bond coat. Another aspect of the present application
contemplates that the top coat is selected from the group consisting of BSAS, HITiO,
HEO,, RELSIOs, RE2S1L07, RE O3, RE03-Z10;, RE;O3-HfO,, and combinations thereof.
Another aspect of the present application contemplates applying a chemical barrier
between the top coat and the bond coat. Another aspect of the present application
contemplates that the chemical barrier is selected from the group consisting of HfSIOa,
RE,SI0s, and RE,5i,07 and combinations thereof.

Another form of the present application contemplates an apparatus comprising:
a substrate having a surface; and a composite muliita bond coat applied over said
surface said bond coat including a second phase oxide and doped with an alkali

material or an atkali earth material,
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wherein said creating includes the introduction of at least one of an alkali
metal oxide and an alkali earth metal oxide into the silica scale;
which further includes doping the bond coat with a dopant having a
content greater than 0.0 wt % and less than 10 wt. %, wherej '
Wrﬂ&f’ﬁf@%%&%zor alkali earth metal oxide in the silica scale beiﬁ’g#&% t[ﬁ?e”bﬂss
dopant. 33. A method comprising subjecting a silicon containing substrate
coated with a mullite bond coat doped with an at least one of an alkali
metal and an alkali earth metal to an environment suitable for growing a
silica scale with gaps in the structure of the silica scale. 34. The method
of claim 33, which further includes adhering the bond coat to the
substrate; wherein the dopant is within a range between 0.0 wt A and 10.0

wt %; and which, further includes.introducing at least one of i i
oﬁ?&&@ﬁ&"‘gmﬁﬁﬁ‘@ presen%’apphcatmn cortemp St app%@u%ﬁ!prismg. a
substrate having a surface; and a mullite bond coat doped with an alkali material or an

alkali earth material and applied over at least a portion of said surface.
Another form of the present application contemplates an apparatus comprising:

a substrate having a surface; and a composite mullite bond coat including a second

phase oxide other than BSAS applied over said surface.
While the invention has been illustrated and described in detail in the drawings

and foregoing description, the same is to be considered illustrative and not restrictive in
character, it being understood that only selected embodiments have been shown and
described and that all changes, eguivalents, and modifications that come within the
scope of the inventions described herein or defined by the following claims are desired
1o be protected. Any experiments, experimental examples, or experimental results
provided herein are intended to be illustrative of the present invention and should not
be construed te limit or restrict the invention scope. Further, any theory, mechanism of
operation, proof, or finding stated herein is meant to further enhance understanding of
the present invention and is not intended to limit the present invention in any way to
such theory, mechanism of operation, proof, or finding. in reading the claims, words
such as "&", "an", "af least on", and "at least a portion” are not intended to limit {he
claims to only one item unless specifically stated to the contrary. Further, when the
language "at least a portion" and/or "a portion" is used, the claims may include a portion
and/or the entire item unless specifically stated o the contrary. Any patent application,

publication or patent listed in this document is incorporated herein in its entirety.

28



earth metal oxide into the silica scale 35. An apparatus comprising: a
silicon containing substrate having a surface; and a mullite bond coat
doped with an alkali material or an alkali earth material and applied over at
least a portion of said surface, and wherein the content in the dopant in
the bond coat is more than zero wt. % and less than 10 wt. %. 36. The
aratus of claim 35, wherein the alkali material is an alkali metal oxide

CLAI d the alkali earth material is an alkali earth metal oxide.

1. A method comprising:

forming a bond coat including muilite on a silicon containing stibstrate;

forming a silica scale on af least a portion of the subsirate;

introducing at least one of an alkali metal oxide and an alkali earth metal oxide into
the silica scale; and

wherein in said introducing the at least one of an alkali metal oxide and an alkali
earth metal oxide come from the bond coat and wherein the content of the at least one of an

alkali metal oxide and an alkaii earth metal oxide in the bond coat is more than zero wit. %

and less than 10 wt. %.

2. The method of claim 1, wherein the conient of the at least one of an alkali metal

oxide and an alkali earth metal oxide in the bond coat is within the range of 0.1 wt. % to 5 wt.

%.
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37. The apparatus of claim 35, wherein the content in the dopant in the
bond coat is within the range of 0.1 wt. % to 5 wt. %. 38. The apparatus
of claim 35, which further includes a silica scale on at least a portion of
the surface; and wherein the silica scale includes gaps in the continuous
network structure of the silica scale. 39. The apparatus of claim 38,
wherein at least one of an alkali metal oxide and an alkali earth metal
oxide pass into the silica scale. 40. The apparatus of claim 35, wherein

5. thedond coal is r;&‘g'ﬂﬁrﬁ%ﬁ?lléﬁﬁuﬂrh@?%ﬁﬁd&W&MH&Q%B&H&O‘E&@ It between

coat over the bond coat. 41. The apparatus of claim 40, wherein the top

the f0atisiselectad Ko BaeioipLsensising of BSASHHITE et om the group
RE2S105, RE2S1207, RE203, RE203-Zr02, RE203- Hf02, and

constginbiviagibns: theredkilicides and combinations thereof.

4, The method of claim 1, which further includes forming gaps in the coniinuous

network structure of the silica.

5. The method of claim 1, wherein said forming adhering the bond coat o the substrate.
B. The method of claim 1, which further includes applying a top coat over the bond coat.
7. The method of ciaim 8, wherein the top coat is selected from the group consisting of

BSAS, HleO;;, HfO;g, RE;SEO5, REQSiQO?, REzoa, REQOS -ZFOQ, RE203" HfOQ, and

combinations thereof,

8 The method of claim 6, which further includes applying a chemical barrier befween

the top coat and the bond coat.

9. The methed of claim 8, wherein the chemical barrier is selected from the group

consisting of HfSiO,, RE,SiOs, and RE,Si;0O; and combinations thereof.

10. The method of claim 8, wherein the chemical barrier is a discrete layer.
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42. The apparatus of claim 40, which further includes a chemical barrier
located between the top coat and the bond coat. 43The apparatus of claim
42, wherein the chemical barrier is selected from the group consisting of
HfSiO4, RE2S105, and RE2S1207 and combinations thereof. 44.The
apparatus of claim 35, wherein the silicon containing substrate is selected
from the group consisting of silicon containing ceramic, reinforced silicon
containing cere_lmic matrix composites, silicon containing metal alloy and

11, cafpe rw]nfé?r%g ainiRices silicon carbidemRELSRRINeS e ARanldie mixture with the
apparatus o claim 35, wherein the content in the dopant in the bond coat

hond isoatore than zero wt. % and less than 10 wt. %; which further includes a
silica scale on at least a portion of the surface;

12. The method of claim 8, wherein the chemical barrier is a mechanical mixture with the
top coat.
13. The method of claim 1, wherein the at least one of an alkali metal oxide and an alkali

earth metal oxide is from a dopant in the bond coat.

14, The method of claim 13, wherein the dopant has an initial content of greater than 0.0

wt % and less than 10 wi. %.

15. The method of claim 13, wherein the dopant has an initial content of greater than 0.1

wt % and less than/or equal fo 5.0wt. %.

16, The method of claim 1, wherein the at least one of an alkali metal oxide and an alkali

earth metal oxide is selected from the group consisting of Li,O and Naz0.

17. The method of claim 1, which further includes forming gaps in the continuous

network structure of the silica;
which further includes applying a top coat over the bond coat;

wherein the at ieast one of an alkali metal oxide and an alkali earth metal oxide is

from a dopant in the bond coat.

18. The method of claim 17, wherein the dopant has a content of greater than 0.1 wt %

and less than/or equal to 5.0wt. %.



wherein the silica scale includes gaps in the continuous network structure
of the silica scale; wherein at least one of an alkali metal oxide and an
alkali earth metal oxide are passed into the silica scale; wherein the bond
coat is adhered to the substrate; and which further includes a top coat
over the bond coat; 46. An apparatus comprising: a silicon containing

19, RN BNt S S A AN Al BUp S from the

over sal
group conS!s(im’g &dszlscon containing ceramic, reinforced silicon containing ceramic matrix
composites, sificon containing metal alloy and carbon fiber reinforced silicon carbide matrix

composite.

20. A method comprising:

subjecting a silicon containing substrate coated with a bond coat including mullite to
an environment suitabie to cause a silica scale to form on the substrate; and

creating gaps in the continuous network structure of the silica scale, and

wherein said creating includes the introduction of both an alkali metal oxide and an

alkali earth metal oxide into the silica scale.

21. The method of claim 20, which further includes adhering the bond coat to the

substrate.

22. The method of claim 21, which further includes doping the bond coat with a dopant

having a content greater than 0.0 wt % and less than 10 wt. %.

23. The method of claim 22, wherein the dopant is selected from the group consisting of

alkali metal oxide, alkali earth metal oxide, Li, Be, Na, Mg, K, Ca, Sr, and Ba.

24. The method of claim 23, wherein the dopant is selected from the group consisting of

Li,O, BeO, Na,0, MgO, K0, Ca0, SrO, BaO and combinations thereofl.



wherein the content of the second phase oxide is within the range of O wt.
% to 50 wt /0. 47. The apparatus of claim 46, wherein the second phase
oxide comprises an oxide having a Young's modulus between 110 GPa
and 130 GPa, inclusive. 48. The apparatus of claim 46, wherein the
content of the second phase oxide is within the range of 1 wt. % to 30 wt.
% 49. The apparatus of claim 46, wherein the second phase oxide is
selected from the group consisting of oxides, doped oxides and oxide

25. Corﬂ?eo H}% S 8f tF%ﬂ\? % %‘%Sﬁaﬁe‘%ﬁﬁ%tS&é@fglﬁmﬁrﬁ%eé&g%%nd coat between

apparatus of claim 46, wherein t econd phase oxide is selected from
the dR&trate and the bond coat, wherein the second bond coat is selected from the group

consisting of silicon, metal silicides and combinations thereof, and

which further inciudes applying a top coat over the bond coat.

28. The method of claim24, which further includes forming a chemical barrier between

the bond coat and the iop coat.

27, The method of claim 26, wherein the chemical barrier is selected from the group

consisting Of HfSIO,, RE.SIO0s5, and RE-SLO; and combinations thereof.

28. The method of claim 20, wherein the silicon containing substrate is defined by a

silicon containing ceramic.

29 The method of claim 20, wherein the silicon containing substrate is defined by a

reinforced silicon containing ceramic matrix.

30. The method of claim 20, wherein the silicon containing substrate is defined by &

silicon containing metal alloy.

31. The method of claim 20, wherein the silicon containing subsiraie is defined by a

carbon fiber reinforced silicon carbide matrix composite.

32, The method of claim 20, which further includes adhering the bond coat to the

substrata:

wherein said creating includes the introduction of at least one of an alkaii metal oxide

and an alkali earth metal oxide into the silica scale;



group consisting of Ta205 and Ta205-containing oxides, Nb205 and
Nb205-containing oxides, V02 and V02-containing oxides, TiO2 and
Ti02-containing oxides, Zr02 and 7r02-containing oxides, Hf02 and Hf02-
containing oxides, rare earth oxides (including Sc203 and Y203) and rare
earth oxide-containing oxides (including rare earth silicates), NZP family

&\ﬁéﬂﬁﬁp&nﬂagﬁgi%ﬂﬁc@%@%&g bl RRABRAYBIWS REBRYE &htent greater

erein the bond coat is doped with at least one of an alkali metal oxide

than 0.008 Aealkalbeartm metel. oxideezh Freatipparaits ofidaimn Salivvdh metal
further includes a silica scale having gaps in the continuous network

oxide irsthectiline oEaie ixiiied fsomlEe 5RPFMe apparatus of claim 46, wherein the
bond coat is adhered to the substrate. 54. The apparatus of claim 46,
which further includes forming a second bond coat between the substrate

a3, anddhe bond seahoieieinthe steand baathrrpbin selesteshiranihe: mullite

group consisting of silicon, metal silicides and combinations thereof.
bond coat doped with an at least one of an alkali metal and an alkali earth metal to an

environment suitable for growing a silica scale with gaps in the structure of the silica scale.

34, The method of claim 33, which further includes adhering the bond coat {c the

substrate;
wherein the dopant is within a range between 0.0 wt. % and 10.0 wt. %; and
which further includes introducing at least one of alkali metal oxide and an alkali

earth metal oxide intc the silica scale ,

35. An apparatus comprising:

a silicon containing substrate having a surface; and

a mullite bond coat doped with an alkali material or an alkali earth material and
applied over at least a portion of said surface, and

wherein the content in the dopant in the bond coat is more than zero wt. % and less

than 10 wi. %.

36. The apparatus of claim 35, wherein the alkali material is an alkali metai oxide and the

alkali earth material is an alkali earth metal oxide.



55. The apparatus of claim 46, which further includes a top coat over said
bond coat. 56. The apparatus of claim 55, wherein the top coat is
selected from the group consisting of BSAS, HfTiO4, Hf02, RE2S103,
RE2Si207, RE203, RE203-Zr02, RE203- Hf02, and combinations thereof
57. The apparatus of claim 55, which further includes applying a chemical

37. *Pﬁﬁfé%g‘a%‘%%@ g tomscombang e BMEE0Rtn:S8ophe aPPRIBlIEIQMat is
claim 57

, Wherein the chemical barrier is selected from the group
within tfeoRsigting 0fiHfS®4o RE2SiN5, and RE2Si207 and combinations thereof.
59. The apparatus of claim 46, wherein the bond coat is adhered to the
substrate; which further includes a top coat over said bond coat; and

38, %%%%ga\%\%?@% tent of the secand,bhase, xide, ignithin 1he £a0f 05 Whrtion
of the surface; and

wherein the silica scale includes gaps in the continuous network structure of the silica

scale.

39 The apparatus of claim 38, wherein at [east one of an alkali metal oxide and an alkali

earth metal oxide pass into the silica scale.

40. The apparatus of claim 35, wherein the bond coat is adhered {o the subsirate;

which further includes a top coat over the bond coat.

41. The apparatus of claim 40, wherein the top coat is selected from the group consisting
of BSAS, HTIO,, HfO,, RE,SIOs, RESI,0O;, RE2Cs, REZ0;-Zr0;, REO;- HIO,, and

combinations thereof.

42. The apparatus of claim 40, which further includes a chemical barrier located between

the top coat and the bond coat.

43. The apparatus of claim 42, wherein the chemical barrier is selected from the group

consisting of HfSIO,, RE,SiIOs, and RESi;0; and combinations thereof.

44, The appal;atus of claim 35, wherein the silicon containing substrate is selected from
the group consisting of silicon containing ceramic, reinforced silicon containing ceramic

matrix composites, silicon containing metal alloy and carbon fiber reinforced silicon carbide

matrix composite.
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60. An apparatus comprising: a silicon containing substrate having a
surface; and a composite mullite bond coat including BSAS and another
distinct second phase oxide applied over said surface, and wherein the
bond coat is doped with both an alkali metal oxide and an alkali earth
metal oxide. 61. The apparatus of claim 60, wherein the another second
phase oxide is selected from the group consisting of oxides, doped oxides

.45. a’?ﬁ'@%&%%r%&@%%@% %,t(rﬁwnesrietai% hrg%tgr% e%p 97 E%Eeed%%gpﬁ%e{r?ee Bgsrid coat is
more than zero wt. % and less than 10 wi. %;

which further includes a silica scale on at least a portion of the surface;

wherein the silica scale includes gaps in the continuous network structure of the silica
scale;

wherein at least one of an alkali metal oxide and an alkali earth metai oxide are
passed into the silica scale;

wherein the bond coat is adhered to the subsirate; and

which further includes a top coat over the bond coat;

486. An apparatus comprising:
a silicon containing substrate having a surface; and

a composite mullite bond coat including a second phase oxide other than BSAS

applied over said surface, and

wherein the content of the second phase oxide is within the range of 0 wt. % to 50 wt. %.

47. The apparatus of claim 48, wherein the second phase oxide comprises an oxide

having a Young's modulus between 110 GPa and 130 GPa, inclusive.

48, The apparatus of claim 46, wherein the content of the second phase oxide is within the

range of 1 wt. % to 30 wi. %.

49, The apparatus of claim 46, wherein the second phase oxide is selected from the group
consisting of oxides, doped oxides and oxide compounds of transition metals and rare earth

elements.



62. The apparatus of claim 61, wherein the another second phase oxide is
selected from the group consisting of Ta205 and Ta205 -containing
oxides, Nb205 and Nb205- containing oxides, V02 and V02-containing
oxides, TiO2 and Ti02 - containing oxides, Zr02 and Zr02 - containing
oxides, Hf02 and Hf02-containing oxides, rare earth oxides (including

s, SRR 400 e o SR e R o

“ear tes milty ceramics, an

grodPBatatim@beipon S8nwhereindbadang eQrkis seped WithalBaskans ol

an alkali metal oxide and an alkali earth metal oxide. 64. The apparatus
oxidet cldim 60, ibictofiiheminelddesTdiopreobitaverrdaiditpneideatlres and ZrO, -
The apparatus of claim 64, wherein the top coat is selected from the group

contgdHass G s BEP, 3B, P02 WiES3I8E: RES ST PREYR)cluding 5¢0: and
O R e I e R e P P ey

cerdioR € BEshibeend eeabds 7. The apparatus of claim 66, wherein the

chemical barrier is selected from the group consisting of HfSiO4,
RE2Si05, and RE2Si207 and combinations thereof.

51. The apparatus of claim 48, wherein the bond coat is doped with at least one of an

alkali metal oxide and an alkali earth metal oxige,

52. The apparatus of claim 51, which further includes a silica scale having gaps in the

continuous network structure of the silica scale.
53. The apparatus of claim 46, wherein the bond coat is adhered to the subsirate.

54. The apparatus of claim 46, which further includes forming a second bond coat
between the substrate and the bond coat, wherein the second bond coat is selected from the

group consisting of silicon, metal silicides and combinations thereof.
55. The apparatus of claim 46, which further includes a top coat over said bond coat.

56. The apparatus of claim 55, wherein the top coat is selected from the group consisting
of BSAS, HfTiO,, HfO,, RE,SIOs, RE,Si,O7, REO;, RE,O4-Zr0,, RE,O5 - HFO,, and

combinations thereof.

57. The apparatus of claim 55, which further includes applying a chemicai barrier

beiween the top coat and the bond coat.
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58.

68. An apparatus comprising: a substrate having a surface; and a
composite mullite bond coat including BSAS and another distinct second
phase oxide applied over said surface, and wherein the bond coat is
doped with both an alkali metal oxide and an alkali earth metal oxide. 69.
The apparatus of claim 68, wherein the bond coat is doped with at least

e 2 ara% %Jfrglg gél 18l exide. and.analih s mekrlioxidectd@+rbRethe group

appa us ot claim which further includes a top coat over said bond

consistRAs HibiGhRBP@AtSIOREISIU Gnid/bereiirthitotepticeatis selected from

5.

80.

the group consisting of BSAS, HfTiO4, Hf02, RE2Si05, RE2Si207, RE203,
RE203-Zr02, RE203- Hf02, and combinations thereof.

The apparatus of claim 46, wherein the hond coat is adhered 10 the substrate;
which further includes a top coat over said bond coat; and

wherein the content of the second phase oxide is within the range of 1 wi. % to 30

An apparaius comprising:
a silicon containing substrate having a surface; and

a composite mullite bond coat including BSAS and another distinct second phase

oxide applied over said surface, and

wherein the bond coat is doped with both an alkali metal oxide and an alkali earth

metal oxide.

wt. %.



72. The apparatus of claim 70, which further includes applying a chemical
barrier between the top coat and the bond coat. 73. The apparatus of
claim 72, wherein the chemical barrier is selected from the group
consisting Of HfSiO4, RE2Si05, and RE2Si207 and combinations thereof.
74. The apparatus of any one of claims 41, 56, 65 and 71, wherein the

81. ;ﬁﬁnt OfaRalf:tZO%rf:l %%}5?6%' rQ%ﬁ%‘Qﬂe%ﬁ%%ﬁ@%éﬁz'Bﬁé‘é‘e“&%&@@é?@cted from

SEHAR B0 [ . The apparatus of any one of claims 41, 56,
the FadNdddsmperenitee, HRHBREZQBIRRENDdr2and (RR203rHR2als and

Is within the range of 4 mol% - 10 mol%. 76. The apparatus of any one of
rare elains|@s40t74, wherein the bond coat further includes silicon. 77. The

method of claim 1, wherein in said introducing the at least one alkali metal

oxide and an alkali earth metal oxide is selected from the group consisting

62. 3;5}20 Bel, Naz M%%‘IK%%E%% #90, BaQ and. combinationstheregtcted from

Apparatus of tlal :
ﬁe%et%oa 0 c_%lm 1, wherein the bond coat includes a dopant in a
the dnelalisnixmgwnetsin thedppant inselerigotioss, the groupdashsistingatkining
Li, Be, Na, Mg, K, Ca, Sr, and Ba and combinations thereof.
oxides, VO, and VO, -containing oxides, TiO; and Ti0; - containing oxides, Zr0, and ZrQ; -
containing oxides, HfO, and HfO, -containing oxides, rare earth oxides (including SC,0; and
Y,Os) and rare earth oxide-containing oxides (including rare earth silicates), NZP family

ceramics, and combinations thereof.

83. The apparatus of claim 60, wherein the bond coat is doped with at least one of an

alkaii metal oxide and an alkati earth metal oxide.
B84, The apparatus of claim 60, which further includes a top coat over said bond coat.

65. The apparatus of claim 64, wherein the top coat is selected from the group consisting
of BSAS, HfoOg;, Hng, REQSEOE,, RE28[207, REQOQ,, RE203 "Zng, REzOS" HfOQ, and

combinations thereof.

56. The apparatus of claim 84, which further includes applying a chemical barrier

between the top coat and the bond coat.

67. The apparatus of claim 66, wherein the chemical barrier is selected from the group

consisting of HfSIO,, RE;SIOs, and RE-Si,0; and combinations thereof
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68. An apparatus comprising:
a substrate having a surface,; and

a composite mullite bond coat including BSAS and another distinct second phase

oxide applied over said surface, and

wherein the bond coat is doped with both an alkali metal oxide and an alkali earth

metal oxide.

69. The apparatus of claim 68, wherein the bond coat is doped with at least one of an

alkali metal oxide and an alkali earth metal oxide.

70. The apparatus of claim 68, which further includes a top coat over said bond coat.

71. The apparatus of claim 70, wherein the top coat is selected from the group consisting
of BSAS, HWIO:;, HfOQ, REzSiOs, REzSizO"g, RE203, REQO?, "Zng, REQOS' HfOQ, and

combinations thereof.

72. The apparatus of claim 70, which further includes applying a chemical barrier

between the top coat and the bond coat.

73. The apparatus of claim 72, wherein the chemical barrier is selected from the group

consisting Of HfSIO,, RE,SIO;, and RE.Si:0; and combinations thereof.
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74. The apparatus of any one of claims 41, 56, 65 and 71, wherein the content of REO5

in RE.O;-Zr0, and RE,O; -Hf0, is more than 1 mol% and less than 20 mol%.

75, The apparatus of any one of claims 41, 56, 85 and 71, wherein the content of REO

in RE,O,-Zr0; and RE,Os -HfO, is within the range of 4 moi% - 10 moi%.

76. The apparatus of any one of claims 35 to 74, wherein the bond coat further includes

silicon.

77. The method of claim 1, wherein in said introducing the at least one alkali mstal oxide
and an alkali earth metal oxide is selected from the group consisting of Li.O, BeO, Na,O,

MagO, KO, Ca0, 510, BaO and combinations thereof.
78. The method of claim 1, wherein the bond coat inciudes a dopant in a metallic form,

wherein the dopant is selected from the group consisting of Li, Be, Na, Mg, K, Ca, Sr, and

Ba and combinations thereof.
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