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

CLAUSE | (
suppBriiihdeNESHRRNR ENY IS INHE N b RABIE e ot Y nsere TEM
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 orgw‘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

efficiencliErieaaHIeRIGERARMPEAS Tirhresdhghksistetadesdeninnte

capability of metallic components (example, but not limited to blades, ,
AR RO AR DS TSR T GEGF e s 008, which

barrger coatings are used fo pratect metallic components, thereby allowing
aretﬁ@Cu§8%rﬁf§gﬁ1$(g§§r%%égr§%ﬁéﬂ%% 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 benef®\dESIINNGRba 86 Tdiafic*dhgine components
is their excellent high temperature mechanical, physical and chemical
properties which allow gas turbine engines to operate at higher

temperatyes ARFHATES NG tl7ing SUReEHRY, SOMRMENShort under

Higher engine operation temperature translates into significantly reduced
CoRRSardpebgionhardipgreassa el cHleigiaknt 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



However, silicon based ceramic materials suffer from rapid recession in
combustion environments due to the volatilization of silica scale by water
vapor. This is a significant drawback in the utilization of silicon-based
ceramics in gas turbine engines. Therefore, there is a need to identify
techniques to limit/prevent the volatilization of silicon-based ceramics in
engine operating environments. One technique is to utilize environmental

arrier coatings (EBC) that provide the environmental protection for
oL B S EI EBE R e BoRp BOA TR GomBgnents,

the adherence onto the substrate and a topcoat that proyides the )
e GG AR ton S TR B BB e e RS g onain
we% nd unobvious environmental barrier coating system. SUMMARY

n accordance with a first aspect of the present invention, there is provided

a met ising.: [ ' i ullite.on. a silicon

con e B R P s, are

prifRSI IR RIEGEH FNG:RLIRRSL OB YAl E@ﬂﬁiiﬁé‘@_%%ﬁ%&dﬁ of

earth metal oxide into the silica scale; and wherein in sai ducing the

silicdrieastanephai-aliliiaeishRudeant aakatarth malat srde.rame

from the bond coat and wherein the content of the at least one of an alkali

mentetaloaxideancaanralkali-eat m@mwwmmgamgmﬁﬁ@@vegth@@ to
zero wt. % and less than 10 wt. %. In accordance with a secon
opasfeet bigher peagentitwvention; thererisprgvidedtiinmetbogaaiiyrisingionents.
subjecting a silicon containing substrate coated with a bond coat including
Higheiltoginaoeeratontempsmiabicitansialies misilkigrbedatty feduced timission
substrate; and creating gaps in the continuous network structure of the
(polindarscang Wwbeeseddiet afhtiapaycludes the introduction of both an
alkali metal oxide and an alkali earth metal oxide into the silica scale.
In doeutaRlcSHiRRN DBTRY SSFRIIORAS iR avian et JAPIA epegssion in

rovided an apparatus comprising: a silicon containing substrate having a

CONLHHERRN SRYRRARE IR AP XBHRIMITRIR AR SRAGHRAY SR aRagr. This is
a S.earfth mf(tﬁria‘qanﬁl applied ,?ver. at least %ﬁ)gtion of said.surface, wherein |

G HAe B AR R A A O O RTGR S iee s 4Rie enies.

I 0 wt.%,. In.gccordange with a fourth aspect of the present
U GRS EE R e S e e

s 1 N r- . I | b . d .

S o e P e e
envifShARIHENLRIHRP SESARSSREERE) WM IBNARIRANG (Ao R ro B aPror

wt. %. In accordance with a fifth aspect of the present invention, there is
silicBrPEigesHak ARARSICLERMIFBINY caSHFRE BQHAN NG SHRIFRE BaYRgka

surface; and a composite mullite bond coat including BSAS and another
adhdistinet seicone phaseatsidadpptisdeiensaidositacaodreiriniabopebtection.

coat is doped with both an alkali metal oxide and an alkali earth metal
Emipxitifments dhtheqoatantenvihtasigthhadpectof¢herpresebiiovertisironmental

there is provided an apparatus comprising: a substrate having a surface;
barrigi¢eategmpysienmullite 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 metal 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 to 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 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 embodimenbiofMiiidn / mullite-coated SiC
substrate. Fig. 4 is a cross sectional view of one embodiment of a
silicon / mullite+Ta205- coated SIC substrate after 300 hours with 1 hr

cycles at3400GCre withld ﬁ%i%@g‘@%?fﬁ@ alePR ihvention, there is provided a
(mullite+BSAS)/BSAS-coated SIC in which BSAS/silica reaction produced

mdtwdneltingrgiassdsralieg 200dnaursat id00GHg miBide Grsaglioss-sectiaming
of a silicon / (mullite + Na20) / (Sc2S1207+Sc203) coated SIC substrate
substeaiBoionaling &t 1BaBecRiton sy destipradding st bambusitmriucing

at i%%ég%%g%g%ﬁgﬁé%%é% : a\r/xvgka[i earth metal oxide into the silica

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

coat is more than zero wi. % and less than 10wt %.

in accordance with a second aspect of the present invention, there is
provided a method comprising: subjecting a silicon coniaining 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 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. %.



Fig. 7 is a cross section of a silicon / (mullite + Na20) / (Sc2Si207+3¢203)
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 environmental barrier coatings. Fig. 10
illustrates various embodiments incorporating a chemical barrier into

in ancotitarercewitinom fifem e tezotief beapirepsytionstion, thgre dsiisvided an
one embodiment of a single, discreet HfSjO4 chemical barrier betw

DR MBS G SHERE V2 B SRR oV iy P19 AIaGRaRegEomPosite
diment | ing-HESIOA | ite + Si).via ‘
A RS A5 0 AR S vt over

saidPERE RPN QHRERRE SEN TATHBEEMBORIMENZIRaI mEtitbRide and an

purposes of promoting an understanding of the principles of the invention,
alkakfenchoesidl vowide made to the embodiments illustrated in the drawings

and specific language will be used to describe the same. It will

nevertheless be understood that no limitation of the scope of the invention

IS t'ﬂr?%é’%&ﬁ%ﬁ%ﬁ@ &k&ﬁ@%ﬁeﬁtﬂét&%@mm&iﬁm 'ﬁ)g}@ is provided an

descri ments, and any further applications of the principles of

appieinyeRiop Ry descabiss heesimdrgcontetopiatedds wouldoatiemallyite bond coat
occur to one skilled in the art to which the invention relates. The

inclpedsemSd2aivhas etfecdigtiodraracie ebafsonddevaneieshfRitastians face,

Wh BT AR G n AP BRAG iy RS S LALHIGLr e AR el earth motal

xia?.ated by an environmental barrier coating that in one form resists

egradation in various environments including a high temperature
water-vapor containing combustion environment and/or an environment
containing molten salts or CMAS (calcium magnesium aluminum silicate).

Thénppescenbpgimanbaldiepssei appieigs ifdniHE MTReMRRtabRyTier
coa@é}i%ﬁe%}gﬁéj /tg)rr %%g%%}g@g&%?oh@etﬁgﬁ Essmt%}/og W‘]&_r?t%i NS lEmique 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.

3a



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 component/article such as a
EOrtBltdt fiher, blade, vane, and blade track, The WO PCT/US2007/064355
2007/098152PCT/US2007/004355 article 10a includes substrate 10 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, silicon carbon nitride,
silicon oxynitride, and silicon aluminum oxynitride. The silicon-containing
ceramic substrate could also be silicon containing ceramic matrix
reinforced with ceran@g%r@f‘gﬁg%’@@@ﬁa@éﬁg %ﬁ(ﬁ%ﬂmd or
continuous fibers, The silicon-containing substrate may also be
silicon-containing metal alloy such as molybdenum-silicon alloys,
nicghiumisiiedhalieyscand athecSicantaining el ysnibsirsabstiite may
also be carbon fiber reinforced silicon carbide matrix (C/SiC) composites,

envirsiticemza thdedsdibesteigfof ted parbont metriki¢SiQICG) vdmpesites, 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 located between the substrate 10 and a_
toplbat B2 FreeheRalesd YeurRf anewpkedimenird meilerm/ wiliehea:0s-
environmental barrier coating 11. The present inventions contemplate an

coateshFina456HE oat (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
rapge of L2010, 30,20 and it anather formin N6 1a00e of 10 k8 gre
30 wt. /o‘.shao%&&%%ﬁ%% Ter quan‘thles ofthe optiona Bnd Eoat are

Sic s‘i%{é _Iated 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

ampiLonentionst maiheskSHER 3% HrseraoSRIMER oEBH¥Bn / muliite+ Ta,Os-

slurry-based processes, CVD, PVD, etc. Details regarding the application

coatsdf Bie conineis) 4ashebsiiaseare belieyerdganerdiyy Rnown 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 +
an alkaline/alkaline earth metal aluminosilicate such as barium strontium
alBrgirfolsilk atevBS $7S) (-en U Srpaitsits BABBHEAES 6:88d SCainaw hich
6,410,145). Mullite is a 3AI203-2Si02 compound and BSAS is a

BSA Y508 (EARIOS-BI0PUSE o aalitne eassesaftandRl MumehidWdose
coefficient of thermal expansion match and excellent chemical
compatibility with silicon-based ceramics; the close thermal expansion

match_and chemical compatibility are ideal conditions fo afgo cQat, The
e SRR ang S AT Ry s T Sy Coated
.~ _has been devel d that h ior crack resista and durabilj

sic o e AR o e IS PR U R AR e e SRl
comtERUANNieknGRS Fragke Nader digrmabeyposure and lacks the chemica

adherence onto silicon-based ceramics. As a result, in long-term

exposures in combustion environments, the water vapor from the

combustion environment readily travels through the cracks. Because of

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

causing enhanced oxidation and premature failure of the coating.
4



WO 2007/098152PCT/ US2007/004355 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 products, which have detrimental
it Gflie environmental barrier coating durability. Firstly?tHgUS2007/004355
low-melting products cause the development 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, Angther durability issue.with.the,. .
e LSNP EUD & e CHBI LR FEMASH BERE S coated
sics t%%%ﬁa . These chemical reactions gradually change the physical and
g i241' characteristics of the mullite+BSAS bond coat. The degeneration
of mullite+BSAS bond coat accelerates with increasing temperature,
becoming a significant durability issue for long-term applications (> 1000
IRl gldgperalues v d00feds the materiaisdpeindony. pLogiesse s
Si-based ceramics with temperature capability over 1300C are being
suh:dgvgloped. Therefore, the present inventions address a need for a bond
coat durable at temperatures over 1300C 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
byrgpeoviag caack vesitiagom: tguatonp(d) aftews eodting thetm abstiess
in a coated SIC. According to equation (1) key factors that affect the
coatogating thermal WO 2007/098152PCT/U52007/004355 stress are thermal
expansion mismatch, amplitude of temperature cycling, and Young's
modulus of the coating. Therefore, coating thermal stress can be

minimized by minimizing the coefficient of thermal expansion mismatch
antighd O/ BuFigEan JauRisSH BBRRHYS AP BRI URR R CLEVER (bR rier into

multitayer envirenmentat barrier coating systems.

Fig. 11 illustrates one embodiment of a single, discreet HISIQ, chemical barrier

between the mullite bond coat and the Yb2SiOs top coat.

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

+ 8i) via mechanical mixing.



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 directly related to
thE LBt fhermal stress, it is noted that the crack resistanc® G/ H@007/604355
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
thermal cycling at 1316C - 1400C in a simulated combustion environment
(90% H20-10% 02). With reference to Figs, 2 and 3, there is illustrated
the cOfpalisBl GEBECETSEHSecUNRE BESENTAITeETRROMcomed BIC
and silicon / mullite-coated SiC after 1000 WO
2007/098152PCT/13S2007/004355 hrs and 690 hrs, respectively, with 1
hr cycles at 1316C. The silicon! mullite+Ta205- coated SIC (Fig. 2)
madiftaine ¢ exesisntbridaism gesistanceschetnigal’ stabilityaptks of the
adherence as evidenced by the intact silicon bond coat, the absence of
Invesiiien sefreenTdHENEBKS BIReRSallte sotiondiom kel biateteshia, thedrawings
silicon / mullite-coated SiC (Fi%iCS) showed poor oxidation resistance as
[

and sorpificdaneydne wikhsr retiereroRa teabane te wlmaren siermcke

porous silica scal
undgrsgoog g‘ia% no %"%atian 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, but not limited to, the hot section of a gas
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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With reference to Fig. 4, there is illustrated a cross-section of silicon /
mullite+Ta205-coated SIC after 300 hours with 1 hr cycles at 1400C,

Again, the coating maintained excellent oxidation resistance, chemical
stabilit%/ and adherence. This is in contrast to the silicon / mullite-coated =
R RIER the mullite coating severely delaminated with the oAt 6=
thick silica scale after 300 hours at 1400C (no figure shown), and the
(mullite+BSAS)/BSAS-coated SiC (Fig. 5) in which BSAS/silica reaction
produced low melting glasses after 300 hours at 1400C. The low melting
glasses in the environmental barrier coatings having (mullite+BSAS) bond
coat severely limit the environmental barrier coating life at temperatures
over 1300C. The present application contemplates the bond coat 16 may

._include Sj, mullite, BSAS, RE2Si05, RE2S1207, RE203, and binations. .
orio N R the s ILCRBHIS L) ST e (RN con torining
| Sc, Y, Lu. Y = b Nd, L _
s o R Re 2 HR ER e e LA Bl sgrtining
R T R R
mateﬁ%%%@%ﬂ!ééﬁ%%@é’}’ bighis lowekthanthat ot mutitedeL 30 &Ry nitride,

owever, the modulus of rare earth silicate (RE2Si05, RE2Si207) is close

and {0idBAtAL Ml oLhimsygoesisdnabaorme:tasiossBesirs thameduysid also be

may be contributing to the improved durability of mullite modified by
silicondsingampRLond st exdeinRne-Rbssib it dribabine conline gimpyelets, and
becomes tougher with the addition of a second phase. The present
chopppplisationtinetudetbardurpbdestifack-tesistan grellitereoatingyratdifted dijcon-
adding a second phase oxide ("composite mullite coating”), preferably low
contamooly los:tatidisy Fhehsecondypbase oxklinmelins oxidesmisped ogites, and
and oxide compounds of transitipn metals and rare earth elements.
otherfetarnéel writ sboyiel utee TEZGH altd AR 6 5o bt aRTPRN oY $2 B8 hEIHECn
Nb205- containing oxides, V02 and V02-containing oxides, TiO2 and =
carbitpmebindriBiFoeriBaosien alaropesindinrigiRiasedrgmangnatrix (SiC/C)
Hf02-containing oxides, rare earth oxides (including 6¢203 and Y203 ng
COMRERE AR SRR R TRIHIG LRI R RRiTHG (i é*»&ﬁf-?gﬁﬁ%%eéﬂ%z@e Iber
. _family ceramics, and combinations thereof. Si may be added in the
"e‘“@’é@%‘&?‘%@?%‘f&‘?ﬁ%ﬁ%%ﬁs@fﬂB%S(ﬁ?érng. The content of the second

phase oxide is more than zero wt.% 20.1n.0
o e B e e e e T R S e e

substA¥4- 18 anathssionm:the opntent of the-saerarARase S¥s siiaifhauded

range of 1 wt% - 30 wt.%. The second phase oxide may be any

withiCPRRRINALCR AEAMIBE Halechanaye FUWQ?}@W frEneb HRe:BresRiMate an

invention the second phase oxide is not defined by BSAS, and in another

optickHNB & dhev R eseNt apPHeatiop:the:epnahinalign-afsseoantinhasmn/Qoat 16.
2007/098152PCT/US2007/004355 oxides includes at least one second

The @itaseadiisiedinmd ditionbie BEAS, MetdcoinpEsiter motliteredatmghmapben one
combined with the modification of the mullite coating by doping with alkali

form &mel cikédire aftthmeiitdwoxidesthinsbefortom ©. Swerbvisiciawedteand in anather
Application entitled Alakli and Alakli Earth Metal Oxide Doped Adherent

form Wdnies Twistiah ] Eufnér eelbivtrégartinyeMemiings teanhiradidasmpional
alkali and alkali earth metal oxides are provided below. The "composite

bondRpRite CoRtME AR Eped GIRRECSHRbIMRIERT SHpstmRiB§Rfbodiments

suitable method including plasma spraying techniques.
wherein other layer(s)/coating(%jpmay be B‘E%angwezt thg ond coat 16 and the top coat



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
v9e%gri??eg%:gi:{z;}zspects of the present invention directed to impr%(j@gigg%m 004355
S ﬂ'y of mullite bond coat by improving the adherence. Oné means to~
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
ecause it doe t bond well onto ,mullite. ides t
22, T e BB, RITLRGS ARl SR BT HGeL B e P g 5 any
transforms,to_cristobalite, ,Lhi nsformation i '
e T LS T BITRg o B Bl o Scale e e e
teriorati i ili 220R7,
CVD ‘mlﬁz%b%ﬁg%jigﬁ @f%gggl{ %Eﬁg éﬁiﬁ%tﬁé@ﬁ%ﬁ%%@%ﬁ%ysmca céggtéfséé ae
bez;e»%%PF?éHéFb%?RHBWdP%‘HPH&ﬁHW}%'ﬁw%ﬁ!@%ﬁmﬁ% GhangeDihest fortn
properties of silica such as reduction in viscosity. A low viscosity silica
hereigcale can act like a glue and thus improve the adherence of the mullite
bond coat. In one form of the present invention, the viscosity of silica scale
was geeauseshineomtaies mahedt by Wb piag tie S1adlitd bbnd c G Mithe4), /
an alkali or alkali earth metal oxide, which went into the silica scale. As
mullitdiscus stk inevitke iy sthea tiresettl applicatiichibyscohtampiites: dbpintum
the bond coats discussed above and in reference to Figs. 2-5 and other
alumibondiziatés SASn(one tfrbaiginte At4d ke thohd ¢DRarna S dofb#iRin Mulite is
small amount of Li20 or Na20 (less than 50 wt. %). The doped ' ,
a 3AlpALHREICaareiSIadvthcoB Riftfoiste R #ediionAlSlicdP bBRE BB AR S WEVEE sian
significantly improved durability when exposed to a simulated combusti?n
struCiegirdhwisa i @on /A5G BaRiREL 0O N BRI P AN TRSBIE # e celient

cheATAGHRA ) Do G AU B ACEEH A Sclle G0 BT VRS it
Sl Bl et R ey

compfiSiSEREL e GRS ALAREH BRRIHAIBMN GLIBB0 that has

ed at higher temperatures because viscosity decreases wit

supellfEARIRIJeMmPRLatre; FheeoRic-Rbanedenaniie BINE tap zero wt.%
and less than 10 wt.%. In one form the content of the dopant is within the
rapagiel Bek Wheo repddiéy WQEMDEHISERIRGTIARSA0 HRRA35ander 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.



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, BeO, Na20, MgO, K20,
CaO, Sr0, Ba0, and combinations thereof are contemplated as dopant in
e BrEEB Einvention. In one form, the dopant may be incorp?ﬁgfgg‘??ﬁm‘mss
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
may be used as an intermediate coating. With reference to Fig. 6,

here s il d th section of silicon / (mullite + Na20) /
(a0 A5 SHEF DD Gt THIGE GHIVAE R B g

imulated., busti ' % -b ili
son SR RS DAL 2 e mnnsa 10 o sty
cor 1R RN LRI D a0 29 RS B

eﬁea@gﬁr‘{ﬁ@léﬁ@siﬁgﬁﬂwe%é%%f‘?@eém A0p-BHMUTR/RCIRABLARERDB products

coated SIC showed extensive oxidation of Si bond coat after the same

caus@ RO R 5iRe 137G 860 BRAR IS 058 REHAR AT RIERBENWAEY to the
Na20) / (5¢251207+Sc203) coated SIC and Si/Mullite/Sc2Si207+Sc203

spallsoates SHviafteraaa 1l HBP O Wik ose hwwiigyslesdwvarsimmyaseshiucts readily
combustion environment (90% H20- balance 02). Again, the silicon /
seep(MdllieresNaOdpéhePSidy inSa2dHvoated KT Hhige\Widting, deteriorating the
2007/098152PCULIS20071004355 7) maintained excellent oxidation
thernesistanets chepucdltgtabthty emdradhemneat & asievideriogd Byittie, ithtadow
silicon bond coat, the absence of silica scale and the lack of chemical
meltingaretiotioTifisodunts oaactsvi the Sillssm!, indtisg (SHEsHETISely) of the
coated SiC (Fig. B) which showed poor oxidation resistance as evidenced
topCaRL tRETHRE! ST Bcs Bomd it bt BHiRS RRAaRsn draaeke Jofotiemical
scale. This data demonstrates the effect of doping with an Alkali and Alkali

reac*éﬁﬁﬁ%&.ﬁfb%ﬁés AnEIRAFREY TSESRoRLSSBER _é?i‘ﬁ@%érﬁi WROEEge the

by OSSR CAPTERBIASor sy e I GRS RP B b i Sggeneration
of R B ROA TSR B SUuhg Srsid EPa R Mg o

sign Iﬁ%}%

erﬁﬁ%&l’i@%ﬁgg ’-'éHeFCfEIH —%%Whgﬁ(@@%@ﬁ Wﬁgﬁé‘ﬁ eratures over

ore, It sirable to limi eterious ¢ ical reactions

1300PE VRS NG davsss IR IMREIRIEEIRG RRYeN e RattRReating, ifsnhsrature

discussed previously the environmental barrier coating may be considered
capalfit)ciNee o ceat nePabaadifermateriakconisfayers Hilkabie address

protect the substrate. For example, some rare earth oxide components
a nestiel ashyttriacnitel keytstadiiearforazineaniayand 3t tiaforaadi ihecfadtagithntage
mullite forming a low melting (<1400C) products, which can significantly
of adaHecederapatey prodertdsidad sihogamties life. Many current
environmental barrier coatings having stabilized zirconia or hafnia develop
a largeecEstfidienPorInBHARP EsgEsIo A nGisHRE tkhisteany neritm § wrepility of the
T/EBC life by causing cracking and delamination. WO _ )
bond AR RIBIRSOKIT ATSFOGHIBINSSs ECHBRMSNS BREMRAESIRRITBAIress i
studies at 1500C showed that HfSiO4 has excellentﬁ%em'cal compatibilit
2 conjih S EENES (BB MAR BBl AP G B StdBRoet PR B e
and rare earth oxide-stabilized hafnia. Some rare earth silicates (RE2Si05
or RE2S1207: RE = Yb, Lu, Sc) also show excellent chemical
compatibility with mullite, BSAS, rare Barth oxide-stabilized zirconia, and
rare earth oxide-stabilized hafnia, Besides the chemical compatibility,
HfS104, RE2S105, and RE2Si207 have good coefficient of thermal
expansion match with the mullite-based bond coat and SIC or



Si3N4 substrate, making them excellent candidates for the chemical
barrier. A low modulus chemical barrier can be a compliant layer as well
relaxing the coefficient of thermal expansion mismatch strain. Fig. 9
illustrates various components of environmental barrier coatings. The top
oAU B BSAS, H11104, Hf02, RE23i05, RE2S1207, REBg /US2007/604355
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-Zr02 and RE203-Hf02 is more than 1
mol% and less than 20 mol%. In a preferred 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, raded layer :
stre%géﬁgh%réﬂa% aﬂgiO{F]mES a&:ﬁ, & %Eﬁsg%lpﬁ%%‘zgera “Egﬁi’bﬁ”é‘?ﬁhag”@ Young's

n mixture with the bond'coat a p coal, altem
oL O 90 OB AP TR

: min%%ﬁ@rti’{géﬁé\dﬁ%@ﬁ?rﬁﬁq}%ﬂ%@ Rapier-c9atng, sysiamsy LoagLaddeduus of

layer-an ernating layers should help spread out the WO
C;Qgt%%(_)7/098152PCTR152007/004355 coefficient of thermal expansion
mismatch strain in the case of a high coefficient of thermal expansion top
coat (stabilized zirconia and hafnia). Alternating multilayers should help
toughen the envirg,nhmefn_:t_a}é)aﬂ‘j%rp caal creating a composite layer.
Fig. 11 shows an example of a single, disovekt HfSiO4 chemical barrier
between the mullite bond coat and the Yb2Si05 top coat, and Fig, 12
shows an example of incorporating HfSiO4 in the bond coat (mullite + Si)
via mechanical mixing. The environmental barrier coating maintained
excellent environmental, chemical and mechanical durability in simulated
covdbagion environments (Fig. 11: 1450C, 1 hr cycles, 100 hr,
90%H20hat. 2Ry, exparsduTeaeficsdes cogd i, 9V/oH20-bal. 02).
The benéfits sfitisTrRERIBANBITiIePR{TEsE E@hplEare as follows, In
the case Bf FideTpafirdueB i meimeateltheyelsaing FFEY6Bust by
preventirg EnEPHRarERIigH BRbFEPERImInation at the top coat/bond
coat inteFadelRveN RigRIR MITSRIGR exposures (1450C). In the case of
Fig. 12, the HfSiO4 component prevents the deleterious chemical reaction
befveercravlitesinthe addiivasyérae esetly oxiges) in 1538 bkiiget neniite
bond coat readily delaminates without the HfS104 component. One
strederininhtiediestitcapplitatisstonte mplbtesoat gppatatbs copprgihgy aeducing
silicon based ceramic substrate; and, a composite mullite coating applied
the cppsiicie e aétheporicikph fifeoceraipmatiibahale. Keiied mesettoplseating. tis
present application contemplates the composite coating includes mane
propgperctish .mmm&aﬂsﬁwgdﬁﬁétmgéﬁt%&sm%ﬁ driteHislasrREd to

composite coating includes a secaond phase
mullite copatirag is the regsutt of reduced Yaunpg’s modulus, due to the addition of Jow

(1)

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

10



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
W@@@Sﬁﬁ?ﬂing oxides, Hf02 and Hf02-containing oxides, r’gé&%\%asgﬂ»q/ﬁmsss
oxides, and rare earth oxide-containing oxides (including rare earth
silicates), NZP ceramics. Another form of the present application
contemplates a gas turbine engine component, comprising: a silicon
based ceramic component; and coating means applied over at least a
portion of said structure for preventing the volatilization of said ceramic
component. Another form of the present application contemplates an

nother form of | _ c _
15 S BoLE OO N 4n A oGt O S G Gl s ALl 220
5gsA palta &l sl GBI AN S stan A0 AErTOLTLEIAE and

coat IS
pres ot plication contemplates an apparatus comprising: a silicon

adhep&?r?éjacfse L n%%@%}?{}ﬁ@tirﬂél& aifpulitehangd soatdoprd with-depaatscale, and

means for reducing the viscosity of silica. Another aspect of the present

the | SRPIcRLRM cAMeTRIBtes dhedoRan Meaps tisoglinad by analkalimet (Fig.

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

3) sheRiiemplatasitheisopantmeansisdelineddy pieemhisatiansé admlibond coat
metal and/or alkali earth metal oxides. Yet another aspect of the present

and ROt sYTEeRRlptes tBastdditioalof a silicon bond coat applied on at
least a portion of the ceramic structure, and the mullite bond coat is

applied-efeaesaidisifdgnd omeredatliudi@ted a cross-section of silicon /

2007/098152PCT/US2007/004355 Another form of the present application
mullicorfepiplatestien Sispafteusdhprisingthaldiliciebased 48faficiuniy; the

mullite bond coat applied over a portion of said ceramic body; a chemical
coatibgriaintg it exestisaicomtniie msrdstuate aPiPABRLBRPAPp AW Gpderence.

_ said chemical barrier. Another form of the present application

This goltsaiprasisatgphrafuseeMErraRE S SifcBpisdnseranie snsirgae verely

a mullite bond coat; a low modggqs,chemic | barrier lied over, sal
oIS P S BHELR DG SUSP S ST RGP 21 T00°C (no figure
shown), and the (muliite+BSAS)BSAS-coated SIC (Fig. 5) in which BSAS/silica
reaction produced low melting glasses after 300 hours at 1400°C. The low melting
glasses in the environmental barrier coatings having (mullite+BSAS) bond coat severely
lirmit the environmenta! 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, MNd,

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

was observed with the addition of YbSi0s.

11



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 topcoat for preventing chemical
YAt Hichor delamination at the topcoat/bond coat interfabkT/VS2007/004353
Another form of the present application contemplates 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; and
introducing 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 wherein in said introducing the at least one of an alkali

AP RSO BF R reA AT ABRT o GEABTNELB) e Rt Brgher han
i B LR AL Har SR7 O AMGEIICE B SOHAR U ARSI
gareti b R TR R R G
o A a2 A RS e

secdREBHIGO MRy @@QBZ&%A@%Q@EH%QQM@;&@W*&%Vé‘é%?tg%@@t with

Is selected from the group consisting of Li, Be, , K, Ca, Sr, an

the ArAMPinaicasdharest. ARatheiasnest-abhR PIRERIMANPIGAHOR crack-

contemplates that in said introducing the at least one alkali metal oxide
resisAgptanallkabeany metaliedide imiameciatfion fregrospmonsistingsife mullite
Li20, BeO, Na20, MgO, K20, CaO, Sr0, Ba0 and combinations thereof.
coatihgoiherespedt kidhedquesentdpplcalion smuteiypiates daidesdnalseeanddes,
bond coat between the substrate and the bond coat, wherein the second
dopdabndidesiziscsekittant npmutdsgrdtrproteistirgads siidoararsannseierdes?s.
and combinations thereof. , Another aspect of the present application
Prefeuatamitee § RivdtnbpgRp $ Hth 8 LentRUGUY HeRY RS peBG 2 Os-
silica. Another aspect of the present application contemplates adhering
contaiaing seidsat YO aR SU SRR IR e PYEpR ol 12 PrESntapsiiagarides.
contemplates applying a top coat over the bond coat. Another as ec%{c%}h ,
210 R e AP K e AR AOPEAD B RAGTSCH R Fromih@rides

i S SEIRBLEEAS, A0, RESRS, ST S0 e o
s S SO A B AP e

secor HRRIAIES inal the-chamigal Barienis sglecteddromipg AUy phase oxide

consisting of HiSiai, RE2Si05, and REZSi207 and combinations thereof.
is mAYROiner Aspegh of theineesantAPRication contamniiesteat dhesrhermieakecond

barrier is a discrete layer. Another aspect of the present application
phasoniefeniaigsinal thegehenucal barriy e smechestical fondureevaihthe of the

bond coat. Another aspect of the present application contemplates that
secoifie sheseiexidmiyiertisaanecigenidal mixinSdvith ¥he top coat. Another

aspect of the present application contemplates that at least one of an

alKEttiensetai ruk e sm ddd etkaly dardnmnetatioikieliors ffomridadoRéet rbtue.

bond coat. Another aspect of the present application contemplates that
Furthie dopanatfpas ehtisitRiesentent 6Rpsale HeaATIPREEeCXIRE éssahaafined by

10 wt. %. Another aspect of the present application contemplates that the
BSA§opadt Raaihifrire hid: BicheaePiiaRte We sraminadetriimerond phase

equal to 5.0wl, Another aspect of the present application contemplates

that at least one of an alkali WO 1007/098152PCT/US2007/004355 metal

oxide and an alkali earth metal oxide i&selected from the group consisting

of Li20 and Na20. Another aspect of the present application contemplates

forming gaps in the continuous network structure of the silica; 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 from a

dopant in the bond coat Another aspect of the present application
rontemnlatece that the Aonant hace a contant of Aareatar than O 1 wt 04 and




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 that fhe.ehemical, ;-
Warel 1€ 88iected 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 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
., asilicon containj etal 1 : r applicati i
o R 1 ST B g LAt 4 ohnci By o e b Poste

mullidlPEL 4 t fgﬁgftfé"&%m@&dﬁim@%mm Anather aseassafiey doping

presen ation contemplates adhering the bond coat to the substrate;

with Whareinsaidareating-ieciudesitheintreduetion of at eastisnenfransalkali

metal oxide and an alkali earth metal oxide into the silica scale; which
Appifsiberdnehudes depingthe-Rond apanu@h@aopanipeavingharconténtite Coating.
greater than 0.0 wt A and less than 10 wt. %, wherein the alkali metal
FurtBxide:enialkajieairt thetehokidedatthg siticacsedtie deirpaindm e depantetal
Another form of the present application contemplates a method
oxideomenisingosubjettivg Bheilicomponitamng it beatine cose daBrRisH AREhe
bond coat doped with an at least one of an alkali metal and an alkali earth
silicombmeec anbetrdohment utEble fIEeing wimcalasaR SirgapiariHgues.
structure of the silica scale. Another aspect of the present application
cantentpfares Hunpirfg idNeRHAURITYIRE BisutRHE@ Ml tRe BoRaTRILe
is within a range between 0.0 wt. % and 10.0 wt. %; and which further
capapiiides ifibURIRY A Gefot BREAN M BRAT It AR A i
metal oxide into the silica scale; Anothﬁ'r form of tge pres

appitbatEsRreBRteiR fided A958R 65K Bﬁs?r? 8 selﬁc%ﬁpc%;n% of the present

aining

bstrate havi face; nullite b ' li
e RS AN s et g

id. WQ 2007 - 1
SRR S RTOAURRASSE gty e

. %ﬁt&f%ﬁ%@é pxideandibe sl earvrealgtslinamhateirarb neatal suddene coating

nother aspect of the present application contemplates that the content in

and 1he sasaniin thedons.aratisanareinanterewtdmaicsiess aoddivg. high
%. Another aspect of the present application contemplates that the

tem peoateRiInsiieacapesigrihe dotit eoiatds-nithin theaarige 6roning/ariYeteophase
5 wt. 0/(c) Another aspect of the present application contemplates a silica

betwsealehenallitasira poaisnbatiite sUrateratbwhbreirethli siliecatodiewever, 1S
includes gaps in the continuous network structure of the silica scale. .

detrivaothbivaspte sitherpreschecaisr dtiies ditkhasaes tatiameiieoResres
an alkali metal oxide and an alkali earth metal oxide pass into the silica

the psrledhnthes aspeaelitRestieasntisopitaidh it ERIYRLE (Rgentually

bond coat is adhered to the substrate; which further includes a tg

anSGoTHE BORFEBE ARDIRGP AR o1 I BISCRARTRATOI oY & volumetic
expafé%ge%rq la glsﬁ t{??é %%@5&8@*95%%?3 {é%%@&@é%%%%%%&%{ﬂ% Yurabilty.

RE203-Hf02, and combinations thereof. Another aspect of the present
application contemplates including a chemical barrier located between the
top coat and the bond coat. Another aspect of the present application
contemplates that the chemical barrier js 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




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

oxidesﬁgncluding Sc203 and Y203) and rare earth oxide-containi ' -
WiheIlHiigi rare earth silicates), NZP family ceramics, and co%h%?%%%%gr@(%ﬁ%b

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 a 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 applicati ontemplates formi 0 %.9{7553 IWeEH nans in

I EERATIRE ShE AL Do oAl i R B e e sy e tee gp

selected from, i 5isieg 0%,% a3l Qﬁé{"@é&jof silica such as

the O nb’%%ﬁigﬁrgﬁlt?nre%rg{)r%%%ﬁiggspect 0 %F?Lép esent a%rlp ication

raduc%%%t?mé%tgﬁ\ggft%im&/@git?é iDord03l ApeteE aspeetHidheus improve

present app ion contemplates that top coat is selected from the group

the agﬁg%ﬁt&@g@%%@it'é@é@ﬂ@@é@%ﬁ%ﬁ@é%’d?mgégarﬁﬁ"&@ﬁiiom the
203-2r02, RE203- Hf02, and combinations thereof. Another aspect of

viscolie BreSRD! aPRECAHEN.¥VI:20R ¢/e98152RCHAIF200¥/008 855 he muliite bond

contemplates applying a chemical barrier between the top coat and the
coat RARGSQAkARethrERsaaet oktheqridsentasplieatidntodntesiippiates thatis
the chemical barrier is selected from the group consisting of HfSiO4,
discURBEAS1RT Ay RER $i28 mireb pirabimafighsabeieoh i Aasthep g fBettsA s 0ats
present application contemplates that the bond coat is adhered to the
discLssbsteatenghick fonberanciede§ igsog-60en® pehesane BHABEDat; and
wherein the content of the second phase oxide is within the range of 1 Wpf. '
oeinoBe wmbedimenh AdTHlitR RANG! TRETNESSHRRFD IR S EGH BMRIER! 120
an apparatus comprising: a silicon containing substrate havin solégace;
or NazRi(iesoigsie Wiulite DORCEESFIPHHES 6 EF%%iu%%g,rﬁH il

g B RAIF B VoA SR LS Lr (raspyee, T BB M Bidsea to &
‘ templates that th tys.i ' ' PP
UK RO R R o ST s S PRI SR SRR 3b0 —1400°C),
The L R R a s s U B Loy e e Shime oot
detri%@Eg%%oih&‘HHF&QEQ@@&%?@%@%Q%W@GQ31{9@0@96%&9"\@@%@1%&

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

acceRrftyand aERthenisHneb s8500H Phase ©dde prpHetd evessaid subkaon.

Another aspect of the present application contemplates that the another
The S8SENGRRASEEXide inselpriet oomthergsntip motisistimpef atiesnd the type of
doped oxides and oxide compounds of transition metals and rare earth .
dopa@iﬁ@&fﬁ&e;ﬁmﬁmﬁr&aﬁmﬂqﬁmﬁﬁheqneissedtmp'ﬁﬁbaﬂWmsh@%ﬁﬁ@cosw
another second phase oxide is selected from the group consisting of
decrFa20bvitit Ta2as g Atamiatpbitklies NRISZOSah 8N 0SResH taimkEge than zero
oxides, V02 and V02-containing oxides, TiO2 and Ti0O2-contajning oxiges,
wt.%z0¢ sd Hran-tombitin aadsrnidE £RaR1 02 E¥n ERARRTY SXIYEENREY AN
rare earth oxides (including Sc203 and Y203) and (RE) rare earth
of 0. huddacontdinthg oxides (including rare earth silicates), 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 WO 2007/098152PCTMS2007/004355 alkali metal oxide and an alkali
earth metal oxide. Another aspect of the present application contemplates
that the bond coat is doped with both h 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, Hf1104, Hf02, RE2Si05, RE2Si207, RE203,
RE203-Zr02, RE303-HfO2, and combinations thereof. Another aspect of

the nrecant annlicatinn contemnlatee annivvina a chemical harriear hetwweean



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, HfTiO4, Hf02, RE2S105, RE2S1207, RE203,
WEYFI PP RE203-Hf02, and combinations thereof. Anothéf-a8pedf gfe43ss
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 HfSiO4, RE2SI05, and RE2Si207 and combinations thereof.
Another form of the present application contemplates an apparatus
comprising: a substrate having a surface; and a composite mullite bond

coat applied over said surface, said tiond coat mcludln?ﬁa seéé%nd phaggS they

ox§tlRcEr ! GUTRLRAAR R A RETH WA Sih AR AN RUH FREEEN IS

2007/098152PCTATS2007/004355 . f th 1t .
RN e A B 2 A MG e A Peing et

rasu aving a
face: and a muliite b d ] i i I
and SR T A RS Ao e 2t TR i o S oo e .

combRSAREL R gt %}% @rerﬁi%%p%@@%ﬁgﬁ]ﬁmﬂ@ﬁéé%ﬁmﬂwﬁ. in one form,

ITig . |
comprising; a substrate having a surface; and a composite mullite bond

the W‘H%iﬁii ASSEANGRhASE-RXide. ather than BSAS applird RVersaid and Ba.

surface. the invention has been illustrated and described in detail in

in a%@%ﬂﬁﬂ%ﬂﬁ%ﬂ@%@%%@gﬁﬁeﬂ1ﬁ SRR IS Rscansigedncrease the

illustrative and not restrictive in character, it being understood that only
bondigiected embodiments have been shown and described and that all
changes, equivalents, and modifications that come within the scope of the
invegiiens Hesdrited hereireasmetinestbycdbe fol milico etaises aredestsednd
to be protected. Any experiments, experimental examples, or
mulliexperichemdsl Chaulty roaiteds Mereincsg ifitshtedop detitusopedarafiitecoating.
present invention and should not be construed to limit or restrict the
Theidvpationdispedtinghoeuhy tsesrsraadnasaT s seaitieh, proof, or
finding stated herein is meant to further enhance understanding of the _
prédéntairisnse afimisthsbaiteifdbestrimgil Becpregariahive sigHiFrRAymulite +

way to such theory, mechanism of operatio§n§§1roof, or finding. In reading

Na2Ghé Garie Qrbrdeulciias R0 higyrs gt e on BN P RILE 55TbA"
. are not intended to limit the claims,to only gne ite ss specifically,,.
sim. P B RURAES e o AV oo 1DBY L BBk e *
nd/Qr " rtign" is.used, th I i i .

e S R T ey e e S g el A il e,
cherfRRlk %?Q&n%%&%%%r&@%@ékﬁ&?éin&mmqmsa#gﬁa&&@p&ﬂ@%&z, the

herein in its entirety. CLAIMS :
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.

15



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 in said

Y oWIEHE the at least one of an alkali metal oxide and an afiéali &3y 004355
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
forming a second bond coat between the substrate and the bond coat,

7) MAREHERAIRS e AHBRUCEIRE BB EhBIR LS B RISt o 29
I L L T L L
oS S e R e P R e S e
SiC {E%u%?%%glgl@&w%éo 8@%?%&?@’51[&@?@%%@9%%%‘5 evidenced by the iuss of the
silicon bond cﬁai 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 (>1400°C). Chemicai reactions may alter
the chemistry of the bond coat and the top coat, which leads to deletertous physical and
mechanical chénges 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 therrha? expansion

mismatch strain, limiting the T/EBC iife by causing cracking and delamination.
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7. The method of claim 6, wherein the top coat is selected 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
WP HPIHFthe bond coat. 9.The method of claim 8, whereif GRAIS2007/004355

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 barrier is a discrete layer. 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 from a
%ant in the bond coat. 14. Trh e method of claim, 13, wherein the %o gas

EETSINE T GOGREEHEH haml bR ivEYd il %§§Wlﬁ%ﬁ
B D T .
stabilized zirconia, and rare earth oxide-stabilized hafnia. Some rare earth silicates
(RE;8I0s5 or RE,Si;0y RE = Yh, Lu, Sc) also show excellent chemical compatibility with
mullite, BSAS, rare earth oxide-stabilized zirconia, and rare earth oxide-stabilized
hafnia. Besides the chemical compatibility, HfSiO4, RE,Si0s, and RE;SiL07 have good
coefficient of therma! expansion match with the mullite-based bond coat and SIC or
SisNg substrate, making them excelient candidates for the chemical barrier. A low
modulus chemical barrier can be a compliant layer as well relaxing the coefficient of
thermal expansion mismatch strain. Fig. 8 iliustrates various componenis of
environmental barrier coatings. The top coat can be BSAS, HITIO,, HIO;, RE;SIOs,
RE»Siz0y, RE20;, REND3-Zr0,, RE,O5-HfO,, 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
RE-C: in RELO4-Zr0; and REO3-HIC; is moere than 1 mol% and less than 20 mol%. in
a preferred form the content of REzO3 in RE03-2r0; and RE20:-HfO; is 4 mol% - 10
mol%.

The chemical barrier can be incorperated as a discreet layer, 2 graded layer, a
mechanical mixture with the bond coat and/or the top coat, aitermnating multiiayers with the bond
coat and/or the top coat, or combinations thereof, Fig D shows various examples of

incamorating the chemical barrier into multilayerenvironmental barrier coating systems. The

graded layer and alternating layers should help spread out the
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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; whi
W&rﬂ%ﬁﬁ%&des applying a top coat over the bond coat; %%@gﬁetﬁ%@‘tasﬁﬁ
least 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. %.
19. The method of claim 17, wherein the silicon containing substrate is
selected from the group consisting of silicon containing ceramic,
reinforced silicon containing ceramic matrix composites, silicon containing
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alkali eqrih metakadeinodhe sigrSamigrast HISIO, chemical barrier between
the mullite bond coat and the Yb.Si0s top coatl, and Fig. 12 shows an example of
incorporating HfSIO4 in the bond coat (muliite + Si) via mechanical mixing. The
environmental barrier coating maintained exceilent environmental, chemical and
mechanical durability in simulated combustimh envirenments (Fig. 11: 1450°C, 1 fir
cycies, 1OAD hr, 90%H.0-bal. Oy, Fig. 12: 1430°C, 1 hr eyeles, 100 hr, 80%H:0-bal. 02).
The benefits of the chemical barrier in these examples are as follows, In the case of
Fig. 11, the chemical barrier makes the coating more robust by preventing chemical
reaction and/or delamination at the top coat/bond coat interface in very high
temperature exposures (>1450°C). In the case of Fig. 12, the HfSi04 component
prevents the deleterious chemical reaction between mullite and the additives (rare earth
oxides) in SisNg. The mullite bond coat readily delaminates without the HfSiO, |
component,

One form of the present application contemplates an apparatus comprising: a

silicon based ceramic substrate: and, a composite mullite coating applied over at ieast
a portion of the ceramic substrate. Another aspect of the present application

contemplates the composite coating includes mullite and Taz0s. Another aspect of the

present application contemplates the composite coating includes a second phase
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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

V%%Q{%)‘}eg%%%han 10 wt. %. 23. The met_hqd of claim _22, Whe@éjlég ﬂ?{ﬂEMSSS
dopant 1s selected from the group consisting of alkali metal oxide, alkal

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,
Be0, 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 the bond coat, wherein the second bond coat
is selected from the group consisting of silicon, metal silicides and

i g L e e
;eastgfsgﬁwi@'@ggéa%rfﬁaetwgean%% d,50at agd, Medop (9ab ZoHsmeshadkes,

aim é, erein the chemical barrier is selected from the group

VO, £RASIRYNG REAHRIOL REL 105, and RE281R8 hardsambinationmtherent
28. The method of claim 20, wherein the silicon containing substrate is

cant@ﬁfﬁ@?@x@e@,ﬂm%%@mﬁ@%ﬁ%m@oxid&s, rare earth oxides, and rare earth

oxide-containing oxides (including rare earth silicates), NZP ceramics,

Another form of the present application contemplates a gas {urbine engine
component, comprising: a silicon based ceramic component; and coating means
applied over at least a portion of said structure for breventiﬂg the volatilization of said
ceramic component.

Another form of the present application contemplates an apparatus comprising: a
siicon based ceramic structure; and a mullite bond coat doped with an alkali metal or
atkali earth metal oxide applied over at least a portion of said ceramic structure.

Another form of the present application contemplates an apparatus comprising: a
sliicon based ceramic component; and a mullite bond coat doped with dopant means
for reducing the viscosity of silica. Another aspect of the present application
contemplates the dopani means is defined by an alkali metal or atkali @arth metal oxide.
Yet another aspect of the present application contemplates the dopant means is
defined by a combination of alkali metal and/or atkall earth metal oxides. Yet another
aspect of the present application contemplates the addition of a silicon bond coat

applied on at least a portion of the ceramic structure, and the mullite bond coat is

applied over said silicon bond coat.
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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
ntainin metal alloy. 31. The method of claim 20, wherei #/u ili
‘%%nﬁalzm% Substrate is defined by a carbon fiber reinforced r;ﬁ c%ﬁ%%g 43%
matrix composite. 32. The method of claim 20, which further includes

adhering the bond coat to the substrate; 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. %, wherein the alkali metal oxide or alkali earth

m tal oxide in the.silica scale bg %agj%n%tgg? %%Rg{ét §>§a§ %ﬂ;%dm Drisin
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said chemical barrie

Another form of the present application contemplates an apparatus comprising: a
silicon based ceramic substrate: a muliite 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 muliite bond coat apblied over a portion of said ceramic
body; a topcoat; and barrier means applied over said muliite bond coat and beneath

said topcoat for preventing chemical reaction and/or delamination at the topcoat/bond

coat interface.

Another form of the present application contemplates a method comprising:
forming a bond coat including mullite on & silicon containing substrate; forming a silica
scale on at least a portion of the substrate; and introducing 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 wherein in said introducing the at least one of an
alkali metal oxide and an alkaili earth metal oxide come from the bond coat. Another
aspect of the present application contemplates 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. %. Another aspect of the present application contemplates that
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 wi. %. Another aspect of the present
application contemplates that the bond coat includes a dopant in a metallic form,
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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 alkali metal oxide and an
alkali earth metal oxide into the silica scale 35. An apparatus comprising:
a silicon containing substrate having a surface; and a mullite bond coat

‘37868%7@3%5% alkali material or an alkali earth material and 556@%2%@%%55

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
apparatus of claim 35, wherein the alkali material is an alkali metal oxide
and the alkali earth material is an alkali earth metal oxide. 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. %.

wherein the dopant is selected from the group consisting of Li, Be, Na, Mg, K, Ca, &r,
and Ba and combinations thereof. Another aspect of the present application
contemplates that in said introducing the at jzast one alkali metal oxide and an alkali
earth metal oxide is selected from the group consisting of LizO, BeQ, Na,0, MgO, K0,
Ca0, $r0, Ba0 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 silicon, metal
silicides 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 adhering the bond coat to the substrate,
Another aspect of the present application contempilates applying a top 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
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 aspeét 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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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 389, wherein at least one of an alkali metal oxide and a 5415% {:;,\()egzr}’l'(l43
Wbt 6K pass into the silica scale. 40. The apparatus of aim %
wherein the bond coat is adhered to the substrate; 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, HfTiO4, Hf02,
RE2S105, RE2S1207, RE203, RE203-Zr02, RE203- Hf02, and
combinations thereof. 42. The apparatus of claim 40, which further
includes a chemical barrier Iocated between the top coat and the bond
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metal HGRR GaFRIde MAEXRAMPRSH8NG 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 metal oxide, Li, Be, Na, Mg, K, Ca, 8r, 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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45. The apparatus of claim 35, wherein 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 structur, ilica. .
Ve 0% g herein at least one of an alkali metal oxide and ﬁ%%fgﬁgg?ﬁéfgﬁ?ﬁw
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 substrate
having a surface; and a composite mullite bond coat including a
second phase oxide other than BSAS applied over said surface, and

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 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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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

23, inclusive. 48. The apparatus of claim 46, wherein the .
‘gi@r%énﬁﬁ 3(?{??1% second phase oxide is within the range of 1 wt: 96 10°38 W =5
% 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. 50.The
apparatus of claim 46, wherein the 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,. Zr 7r02-containing oxide 102 and HfO2- .
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erein the bond coat is doped with at least one of an alkali metal oxide
the bsmd sealliamesmthaetsronde’ 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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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 substrate.
54. The apparatus of claim 46, which further includes forml

heARY LA [l)getween the substrate and the bond coat, wherein the s%%%ﬂ’é’w
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,
HfTiO4, Hf02, RE2S103, RE2Si207, RE203, RE203-Zr02, RE203- Hf02,
and combinations thereof 57. The apparatus of claim 55, which further
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incluBMY CONRINANIBASHDLIEAE oiher than BSAS applied over said surface.  Ancther
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 contemplates 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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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
wherein the content of the second phase oxide is within the range of 1 wt.
W/‘0 20?%({)}9\/8\/{1 %. 60. An apparatus comprising: a silicon cont B%
supstrate avmg a surface; and a composite mullite bond coat mcﬁ
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 and oxide compounds of transition metals and rare
earth elements. 62. The apparatus of claim 61, wherein the another
second phase oxide js selected fro consistin 1a205
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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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63. The apparatus of claim 60, wherein the bond coat is doped with at

least one of an alkali metal oxide and an alkali earth metal oxide. 64. 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 s ed from
Ve GrBlS Sdnsisting of BSP,S, HfliO4, Hf02, RE28i85, RE2§§W§%§@%?5§
RE203-7r02, RE203- Hf02, and combinations thereof. 66 The apparatus of
claim 64, 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 HfSiO4,

RE2Si05, and RE2Si207 and combinations thereof. 68. An apparatus
comprising: a substrate having a surface; and a composite mullite
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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 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 include
WOASEY 24id bond coat. 71. The apparatus of claim 70, W%éﬁnﬁ@j%g%sss
coat is selected from the group consisting of BSAS, HfTiO4, Hf02,
REZ2Si05, RE2Si207, RE203, RE203-Zr02, RE203- Hf02, 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 HfSiO4, RE2Si05, and RE2Si207
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introducin e at least one alkali metal oxide and an alkali earth metal

phase i esosats dhe fiorA- Bha gt L siglhg-biac20, Beo, Na20, Mgo, K20,
Canai0pRarapdsomhinaionniberest and described in detall 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.
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78. The method of claim 1, wherein the bond coat includes 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 comblnatlons thereof. 1/12 - - .---
o= e e [ L e e ey - =0T T el //

CLAIMS

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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3. The method of claim 1, 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 siicides 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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11. The method of claim 8, wherein the chemical barrier is a mechanical mixture with the

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 atkali

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. %.
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19. The method of claim 17, wherein the silicon containing substrate is selected from the
group consisting of silicor: 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.
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25. The method of claim 21, 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, 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;
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which further includes 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.

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 {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.
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37. The apparatus of claim 35, wherein the content inthe 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 [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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45. The apparatus of claim 35, wherein the content in the dopant in the bond 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.
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50. The apparatus of claim 46, wherein the second phase oxide is selected from the
group consisting of Ta;0s and Ta,0s-containing oxides, Nb,Cs and Nb,Os -containing
oxides, VO, and VO, -containing oxides, TiO, and TiO, -containing oxides, Zr0, and Zr0, -
corttaining oxides, HfO, and HfO, - containing oxides, rare earth oxides (inciuding S¢,0; and

Y.O.) and rare earth oxide-containing oxides (including rare earth silicates), NZP family

ceramics, 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 scals.

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. The apparatus of claim 57, wherein the chemical barrier is selected from the group

consisting of HfSiO,, RE,Si0s, and RE;51,0; 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

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

&60. 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.



61. The apparatus of claim 60, wherein the another second phase oxide is selected from

the group consisting of oxides, doped oxides and oxide compounds of fransition metais and

rare earth elements,

B2. The apparatus of claim 61, wherein the another second phase oxide is selected from
the group consisting of Ta,Os and Ta,Os ~containing oxides, Nb2Os and Nb,Os - containing
oxides, VO, and VO, -containing oxides, TiO; and Ti0O; - 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

alkali metal oxide and an alkali 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



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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