THERNVAL/ ENVI RONVENTAL BARRI ER COATI NG FOR SI LI CON- CONTAI NI NG SUBSTRATES
CROSS REFERENCE TO RELATED APPLI CATI ONS Not applicable. STATEMENT
REGARDI NG FEDERALLY SPONSORED RESEARCH Not applicabl e. BACKGROUND OF THE
| NVENTI ON (1) FIELD OF THE I NVENTION This invention relates to coating
systens suitable for protecting conponent's exposed to high-tenperature

environments, such pgg i‘@gﬂ t ur bi ne engi ne.
More parti cul arl Y, th| S | ngfégnt\l'gﬁ)ﬁs | rec?ﬁ?@gj}g%@ﬁg conposition
e e R ALICBEC N RN BB TR, LED L oee ®
operating tenperatures for gas turbine engines are continuously sought in
order to increase their efficiency. However, as operating tenperatures

I ncrease, ggg g%éﬁ% ature dur abil it of the conponents of the engine
must cor r T8 B4 REEAJHD APFUICATVGNSEs in high tenperature
capabllltles have been achleved t hrough fornul ation of iron, nickel and

cobal t - balet §B@|&ablﬂ oys. Wile superalloys have found w de use for

conponent s throughout gas turbine engines, alternative materials have been
pr oposed. SFAH'EMé\ﬁIFEGA&ﬁiNG FEDERALLYISPONSOREDIRESEARCH con- based
conposites with silicon carbide (SiC) as a matrix and/or as a reinforcing

mat er i al ,Netrapplicablent | y bei ng considered for high tenperature applications,
such as conbustor liners,. vanes, shrouds, airfoils, and other hot section

corrponentBAgK@:{a@Uw@FrrpHEqmqu@N many hi gh tenperature applications, a
protective coating is beneficial or -1 required for a Si-containing

et er i al (1FGIEERAOPITHE IQERGHDRD With a suitable

This invention relates to coating systems suitable for protecting components
exposed to high-temperature environments, such as the hot gas flow path
- through a gas turbine engine. More particularly, this invention is directed to a
coating composition that exhibits improved high temperature stability when
used to protect a silicon-containing substrate. '

(2) DESCRIPTION OF THE RELATED ART

Higher operating temperatures for gas tu;bine engines are continuously .
sought in order to increase their efficiency. However, as operating
temperatures increase, the high temperature durability of the components of
the engine must correspondingly increase. Significant advances in high
temperature capabilities have been achieved through formulation of iron,
nickel and cobalt-base superalloys. While superalloys have found wide use'
for components throughout gas turbine engines, alternative materials have
been proposed. For example, composite materials, particularly silicon-based
composites with silicon carbide (SiC) as a matrix and/or as a reinforcing
material, are currently being considered for high temperature applications,
such as combustor liners, vanes, shrouds, airfoils, and other hot section

components of gas turbine engines.

In many high temperature applications, a protective coating is beneficial or -
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thermal -insulating | ayer reduces the operating tenperature and thernal
gradi ent through the material. Additionally, such coatings should provide
environnmental protection by inhibiting the nmajor nmechani smfor degradation
of Si-containing materials in a corrosive water-containing environnent,
nanely, the formation of volatile silicon nonoxide (SiO and silicon

hydr oxi de éSi ( O—!%é) oroducts. Consequently, besides |ow thernal
conduct i vilgguir 13 Si-gontainingrmatecial. Foe gxamples rirotdction twith aeduitable | er

coating s If -SI - |.ni.n terial in ,high tenperature
envi'ronm%’?ésﬁiacgﬁﬁéaqlﬁtl"% I&E?lteﬁjeggﬁ%?s_ eﬂgfatl%ég@%ﬁfamfﬁcﬁiﬂtﬁléﬁﬂﬂbr t he
coati ng nmaradieni throaghdheantsefidl cimiiti h I S (556

conpat i blrrg with the tS]i C (?Qnt ai I’f]i ng_%ﬂéﬁaﬁ’: %Ihgﬁv %@@ggb#ﬁ]‘% é%r@de

oxi dant s, CBKECHREMaE Rrotegligmby nhibitingthe Imajbemechanistmafaridegraddtion ¢ff  and

silica sea : 0xi i As resul.t., suitable protective
coati ngs fS gFSB%?FIH?SP tlreﬁgl Se?rﬁ'glgﬁéé’rgogﬁﬁowgﬁ%récq"g?'ﬂ@@ SRV Aaaly

mat er i al sthesfoematiah loy vblatile sificsiveorfostit {SPO) ahg sHicBA r(%(i&é'i?if@“)@ar rier
and sinul t aneouysl rovi di ng. environnmental " protection. coatrng’system
havi ng thp@‘ﬁﬁg' éﬁﬁ%@qlﬁpﬂﬁapeﬁéesﬂ@f’ ieermal coaduetivitynstabdityrisna atitidzdr ri er
coating ( ' - Sl . O nd | tilayer T/EBC. systens
have beenﬁqﬁ\%ﬁgggh Fé@é' %@Z‘eiﬁegéiﬁ%%%gﬁhﬁ’ﬁﬁ gﬁﬁ%tﬁﬁ'&maﬁrﬁ%%gs of
zi rconi a ljght tleaperaturef emvisonnseratsi tomtaihing twatsk Vapard. YBihetSinfbdrift M

barrier | r .exhi bit excellent environmental resistance. However, YSZ
does not @%ﬁsﬁl@%@r |t|%¢? &031ing JpRiesiahinclidmacaeiicentspfdhermal expansiomecause

or S0 S0 Qorproy it (BP SIS pohRieks) e DR bakMoA L dai 0 "h

bond coatOﬁQﬁntscwtbnh@Wcaimnmmibﬂgy s!'lﬁbsﬂwe%ia;di?éiﬁlrjrigahﬁtéﬁal“a‘mpﬁm ﬁt)g@te for
this diff i E _(oullit aving a CTE of about 5.5 ppm EC). Barium
stronti u%%éﬁ@%?i tﬁ]}{:’a‘?’é aEspS; ?E?;si'ﬁtx§f"5§§l€59/9f9t%1'$¢@ﬁt'ﬁﬁ% fer1@as been

pr oposed tarbirke BAGReCMpdiEnts Yoitd > : i t sherg
et al., US Patgn_te No.p _6,n2tss99(;§éé%d1? 555@%@3& Meﬁﬁ‘a%%géﬁggﬁ @%‘{%DNO.

6, 444, 33% fiBaliglion, serving i ehthermahdeinterednd csitiuitanssiigy aroitliighe
Present Ryeshhehtal BréRcAss A ch)a[lting system having this dual function may be

termed a thermai/environmental barrier coating (T/EBC) system.

Various single-layer and muitilayer T/EBC systems have been investigated for |
use on Si-containing substrates. Coatings of zirconia partially or fully
stabilized with yttria (YSZ) as a thermal barrier layer exhibit excellent
environmental resistance. However, YSZ does not adhere well to Si-
containing materials (SiC or silicon) because of a CTE mismatch (about 10
PPM/EC for YSZ as compared to about 4.9 ppm/EC for SiC/SiC composites).
Mullite (3A1,03+2Si0,) has been proposed as a bond coat for YSZ on Si-
containing substrate materials to compensate for this difference in CTE
(mullite having a CTE of about 5.5 ppm/EC). Barium strontium aluminosilicate
(BSAS; (Bay,,Sry)0-Al,0;-SiO,) has also been proposed as a bond coat for
Y8Z in U.S. Patent No. 5,985,470 to Spitsberg et al., U.S. Patent No.
6,299,988 to Wang et al., and U.S. Patent No. 6,444,335 to Wang et al.,
which are assigned to the assignee of the present invention. BSAS and other
alkaline earth aluminosilicates have also been proposed as protective
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al kalsine earth alumnosilicates have al so been proposed as protective -2
coatings for Si-containing materials in view of the: r exgel ![gnftt .
environnmental protection properties and |ow thernmal conductivity. For
exanple, U S Patent Nos. 6,254,935, 6,365,288, 6,387,456, and 6,410, 148
to Eaton et aI di scl ose the use of BSAS as outer protective barrier

[ f al ni substrates. U S. Patent No. 6,410, 148 al so
3?22: 2225 c%%\ 'Pg?n HEO@%Q dRaterigly in viear %th@%uqxce&@lﬁsemm)nmabuu tabl e

(o a0 & oieston PRndities RH0H Bermal Coid ey, FoP keanpiE0 S S8R ) o
per cent agé\lqsalﬁi 254)935@665,25575)38%4561,@111 61400148 th Eém flg ﬁfs‘lé:!]c{:siéﬂde us

t I | i cat SI tio exanpl es
g;f 2|n|t "Rode g rkfng#g %9@6 lﬁ% %%794 airiesnpoatings1 for A-containing |
Non- st oi c EHPRS | exanpl e,
U S Pat eE!tijN?tég C&Egp?go to Eg%ﬁ@%g%ﬁ‘f&gﬂs Fggéﬁgﬂrlgﬁﬁ@@%gﬁaOE%bgr f or med
of a ni xt RREUEF alymiaesilicates (BAS)hasIsuithblesbairieatcatingg .for SHconhtdiniaget ri c
BSAS) and pc,ﬂ étlve di scl osed as being alum na (A1203) or a phase _
f or med ofsa umna and either bariumoxide or strontia (SrO. The resulting

efer e a naon-stoi chionetric BSAS, BAS or
g?;(r)ln?iru ‘EDW'F.‘(? 19 i @[ﬁlgs éﬂg%%)& 2230 A2 28iQoncrasasanl lkatinea cont ent

and a suteatipRMATEIICAS ?ﬁdlé parSefBLeCoRlE bt AR 35 75) Bab TPt i

I's not disclosed as belng singl e
i nst ead a'lepart@dwassdbemrefarn@dl aikaﬁna:daar&ln eluﬂnmpeihe@@ amasestidmre@ehples r eact i on

f he b
Soati g Nl M 5. Thateh oVesn 620 G4 s cios 289, 15882 4Rk, candsl o f or
Si - cont a, 4110914811Mﬁ-@fcﬁ‘cﬁ"n|oﬁ1léfridWBSA'S"@6rﬁ$58§‘ﬁ8ﬁ§ pb@e SR bOh H‘({PS sfqul d be

desirable. In particular, |onger exposures at eratures "hed in
the combdari @pmplayil: 6n F@ﬁentoﬂ‘loaGgﬁ 790 lo rt"eatengatn@l désolpseshha ginrﬁé;ess ure

Zilegt”: ﬁg%&%qﬂgtﬁ%dr | a? ChitGrd 8PV5h " Shalise de.larr%ht gur;lll(&?llogltillcétlez a(Ealgo,n of
stoichiometric BSAS) and an additive, disclosed as being alumina (Al,O3) or a
‘phase formed of alumina and either barium oxide or strontia (Sr0). The
resulting barrier layer is referred to as a non-stoichiometric BSAS, BAS or
strontium aluminosilicate (SAS) as a result of an increased alumina content
and a sub-stoichiometric silica (SiO,) content. However, the barrier layer is
'not disclosed as being a homogeneous, singie-phase composition, but is
instead an aluminosilicate in which are dispersed phases formed by reaction

of the additive with free silica that deposits or forms in the barrier coating.

Notwithstanding the above-noted advances in T/EBC materials for Si-
containing substrates, further improvements in coating life would be desirable.
In particular, longer exposures at temperatures sustained in the combustion
environment of a gas turbine engine (e.g., high pressure steam and high gas
velocities) have resulted in the volatilization of existing BSAS materials,
causing coating recession that ultimately leads to degradation of the
environmental protective properties of the coating. Therefore, it would be
desirable if coatings for silicon-containing substrates were available that
exhibit still lower recession rates.




causing coating recession that ultimately | eads to degradation of the

envi ronnental protective properties of the coating. Therefore, it would be
desirable if coatings for silicon-containing substrates were avail abl e that
exhibit still |ower recession rates. -3 BRI EF SUMWWARY OF THE | NVENTI ON

Di scl osed herein is a coating conposition for use in a

thermal / environnental barrier coating (T/EBC) system particularly suited

for prot &HERPYMMARY-O JhtRaIMYRYTY@Nst rat es, such as articles exposed to

hi gh tenperatures including the hostile thernmal environnent of a gas

t ur bi ne lered herein 19 a noativg eompasitiarefarussriova thetmal/eosirommentalrposi ti on
on a gas i . i ent. the,cpati cpnposi.ti,on caontai ni ng an
ol kal P neDglie Shaudf e CRRARGH, beteRuE shidh - RRgPee ey Siked:

st ront i acoafainthgasulostehtopt isvahl lag  #iidles aexpbseitd twgﬁ Usnipereifuragd
strontia_are present in a conbined amount of about 37 to about 50 nol ar
percent Biclydiegd tuhosite thawnad povisenmenkolimoas twbinesenaite.al |y al umi na and

the optional silica present in the coating conposition. In a second
aspect, Imer@rst aspeelvittie® is pervidest aceeating ceypositionrom as pas durbingont ai ni ng

conpr 1 oi a0l el e SR8 CRRRIRN cantGneiin o SR ep R HoaBY = °"
i nt er medcertzenit @paiposition domtsinmgbaium ok, sEenti, Simha dnayptiohanyed of a

material chosen fromthe group consisting of silicon, nullite,
“st oi chi ofiiq, WhergispkariyRPXids@nd s§optia i presenhinia sontinedamaunt oBSAS, t he

coating ;6GMPEF it ia%BuP@ﬁﬁiléfairwgéﬁe&ttih@ éﬁ% Emp&aiidn e GAKALA e
earth-containing conmposition chosen from the“group consisting of: barium
st ront i uessaniigily atueninalandrthe aptippaksiida pRdsent indfgodoatiag eompaRitdmar i um

oxi de, about 9% to about 11 % strontia, about 47%to about 49% al um na,

about 3%rt a stvont! djsest,|them is prliddtr hdsdrial chaMY systefi oRYa Bicah- per cent,
about 25% t o, about 26% barium oxide, about 15%to about 16% stronti a,
about 1998118 §HIaG8.f| A BasaturbingoangiBgoseBPaRRil tawdasiien saatinghd

| nci dent ghatbMPUSbliSRg &Y iIMBHALIBR #/% and a coating composition on the
intermediate layer, the intermediate layer comprising a layer formed of a

- material chosen from the group consisting of silicon, mullite, stoichiometric

BSAS, and mixtures of mullite and stoichiometric BSAS, the coating
composition consisting essentially of at least one alkaline earth-containing
composition chosen from the group consisting of: barium strontium aluminate;

by molar percent, about 37% to about 39% barium oxide, about 8% to about

11% strontia, about 47% to about 49% alumina, about 3% to about 5% silica,

and incidental impurities; by molar percent, about 25% to about 26% barium

oxide, about 15% to about 16% strontia, about 18% to about 21% alumina,
about 39% to about 40% silica, and incidental impurities; by molar percent,
~about 20% to about 21% barium oxide, about 14% to about 16% strontia,
about 42% to about 43% alumina, about 21% to about 22% silica, and
incidental impurities; by molar percent, about 22% to about 23% barium oxide,
about 14% to about 15% strontia, about 32% to about 33% alumina, about

30% to about 31% silica, and incidental impurities; and by molar percent,




about 20% to about 21% barium oxi de, about 14%to about 16% stronti a,
about 42%to about 43% al um na, about 21%to about 22%silica, and
incidental inpurities; by nolar percent, about 22%to about 23% barium
oxi de, about 14% to about 15% strontia, about 32%to about 33% al um na,
about  309b%W Zetr aBayh 2§ %ihadiumaxidenabeldalto atput 19%esirondindabyutnol ar

G ont1 5, 3100t butoe QiR ool 2% iR o, bR e

and i nci diemguaitiesi mpurities. In a third aspect, there is provided a barrier
coating systemon a surface of a gas turbine engine conponent, the barrier

coating syisa el a8t Sihege & plovRfdd a DRfdrioting dyatdin |V S suARg: 8f §oat i ng

conposition on the intermediate | ayer, the coati'ng conposition consisting
essent | al 935 Bbing anding rem@peaent the bairiesceation sysiem ngmarisimgrat least at | east

bar i um o neheiaRlvat b8 Baall W o AR SRS e frodBle OBk cont age

ratios dithbesomtingtdoampddiitdn cbnsising bsseritally of dPSAfRa(iAS capthbaldRii?ste50) . Mre
particularly, jf silicais omtted, the coating conposition is not an

Bl kal i ne GufeiRI alWminzSan ehieast poe ohhadymaxideeaed strantiaxl umi nate. If silica
is present, the Al 2C8+Si Q2 content in the coating conposition is about 50
to 63 nol Hie seatirgcompasiione map captain basiunploxide, peirardia alemingt endhi onetri ¢

BSAS) , ' f: - . 7 t
Coompar e e sis i AR BEechREhRs o dhn it S uEREPmERET e ot

wi shing tBSAS (Hel7b:6.a5atys5@Rr Marel partithiany vif silical & SitteRl e ddadihgt he
relatively higher BaO+SrO content and relatively | ower Al 203+Si 02 cont ent
in the cd%/’mi?f%'%ﬁ%é‘m i%ha B@r%a'im@f%l*ﬂﬁé@w%é@rb%a@ alkalineceater | ong

exposure if3kgh t atur NSt QliGhi tri Y i cul ar
phases h;a\ilghimr‘&(lta% i éﬁﬁﬁa i té% géﬂehtl%h%%@ +§r@f uerxgntgﬁgbpl meyem%gé been
concl udedonmpadsdiomeist abouthd® to 68 nudlas perceht ¢canpardBBASbo@Z5svolar phase

contai ns’pel? enrmcl)r‘:’1 {tol Eocrﬁgttri’c Ifgggs r%Zﬂ/ﬁifnS ir(;j1 Qoé’éogg% bc%rniteunrpo )éibggf 37
to 50 molar percent (compared to about 25 molar percent for stoichiometric
BSAS). While not wishing to be held to any particular theory, it is believed
that the relatively higher BaO+SrO content and relatively lower Al,Os+Si0,
content in the coating composition renders the composition more stable over
long exposures at high temperatures than stoichiometric BSAS.

Five particular phases have been identified whose high temperature stability
has been concluded to be better than that of stoichiometric BSAS. One such
phase contains, by molar percent, about 37% to about 39% barium oxide,
about 9% to about 11% strontia, about 47% to about 49% alumina, and up to
about 5% silica, yielding a molar ratio of barium oxide, strontia, alumina and
silica of about 0.8:0.2:1:0.1, respectively. 'Therefore, both the BaO+SrO
content and the Al,O3;+SiO, content in the composition is about 50 molar
percent. Another phase identified with this invention contains, by molar
percent, about 27% to about 28% barium oxide, about 9% fo about 10%
strontia, about 31% to about 32% alumina, and about 31% to about 32%
silica, yielding a molar ratio of barium oxide, strontia, alumina and silica of
about 1.3:0.4:1.5:1.5, respectively. Therefore, the BaO+SrO and Al,O5+Si0;
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about 9% to about 11 % strontia, about 47%to about 49% alumna, and up to
about 5% silica, yielding a nolar ratio of barium oxide, strontia, alumna
and silica of about 0.8:0.2:1:0.1, respectively. Therefore, both the
BaO+SrO content and the Al 203+Si 2 content in the conposition is about 50
mol ar percent Anot her phase identified with this invention contains, by

I t 27% b b d bout 9%t bout 10%
Coront i b coRsts TS FomRRsten Z0rhothRAchi raBh Por eGSR N0k
silica, Er@é@'d@ﬂn@oéiﬁ&ﬁd’l r@ageg fof tedoelhg*édiRp o§ﬁéﬁ@ahabeabg%6%ra”d

silica of about 1. 5, respectively. Therefore e BaO+Sr O and
Al 208+Si PRrcery, abﬁubaﬂ% it@ abwtcﬁtﬁ%dsanummm@, aboult 9% tarabosB 28% ar

Conpos  PANBE H4siR 1856 EpBAR SRP RN -0ARH 35RERut 2B ot bar  um oxi de.
about 9%,t 0 ut 20% rontia, about. 19%to ahout 50% Iumn and up to

about 40% %?ﬁaflf@aSVSie@o'QP?wgr%w the\ ?Q?émpwap?ﬂgw n?éefeah Bsition
preferabbﬁnd“@b#ﬂ%tﬂeehoﬂfb C&}"ét mgefcwﬁ%sﬁtraﬁ, Ca%tltn@ §¥R6&‘P—%bhta%n§“d the

silicon-containing surface, ich the coating conposition is adhered to
t he surf Sudacsin which thsmtlng@pmm@wwmdmed)matrmsm | Quitable of

silicon | i 0 Al Xt ur es ite and
tof chi ohBHY cob By LSRR br rore Taydt RUFIELH: FLne s ferBer at ur e,
the coat BIASYaihe mixayretustt helite nid @eoichibniditic BOAS. CTat indeeae asd
contacting the coating conposition. Suitable nmaterials for the outernost

coating Aiwalkie %lﬂtﬁbﬁwfﬁ% tompe@ting. dhe &ﬁ@t'%ﬁyﬁﬁe@hmﬂk%@%ﬂrﬁﬁiéd%er am ¢

material 4 | t o] er

Char act ef7adeprost A8, oy SORtHolHo SABRARGEorb S AR Ruldble 11
phases ammterias rfcmvtélé cblﬂerrmﬁtrodatmg incudd staiiideidt zircohid treanstaer high-
conpositjon to,exhibit. a recession rate in the conbustion

envi ron PYR Léfeﬁamfﬁ%‘@f‘?é ngl ne. \Wile non-stoichiometric in terns of
al kaline_earth _alumnnosilicate conpositions used in the past, the coating
corrp05| t Comnesitianss fornthantgogiing scomposition are generally characterized by

aluminum-rich and strontium-rich ceramic phases. These phases are
believed to contribute to the ability of the coating composition to exhibit a
lower recession rate in the combustion environment of a gas turbine engine.
While non-stoichiometric in terms of alkaline earth aluminosilicate
compositions used in the past, the coating composition of this invention is
chemically similar to stoichiometric BSAS. As a result, the coating

- composition can be deposited on stoichiometric BSAS, with the expectation
that a strong chemical bond will exist therebetween that promotes the
mechanical integrity of the coating system.

- Other objects and advantages of this invention will be better appreciated from
the following detailed description. '

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 schematically represents a T/EBC system in accordance with the

present invention.

Figure 2 is a scanned image of a stoichiometric BSAS coating that had
undergone JET testing conditions at about 2500EF, and which exhibited
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chem.cally simlar to stoichionmetric BSAS. As a result, the coating
conposition can be deposited on stoichionetric BSAS, with the expectation
that a strong chem cal bond will exist therebetween that pronotes the
mechani cal integrity of the coating system her objects and advant ages of
this invention will be better appreciated from the follow ng detail ed
description. BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1 schematically

r epr esentdUBinUmBThsgnd shontiunmoidr cenamic\phabes.he present invention. Figure
2 is a scanned i nage of a. stoichionetric BSAS coating that had undergone

JET t est iDgTAMD (DESCSRIPTION @F THD BFENTION ch exhibited -5 _
alum numrich and strontiumrich ceram c phases. DETAILED DESCRI PTI ON OF

THE | NVENTHeONrdguemt tnesition ibry@:@h'tiﬁ?_dcﬁnﬁoéi@éﬁ fdtda GOEBESEYdteM EGiatie T/ EBC
system suitable for_protecting silicon-containing conpohents su%J ected to

hi gh t enp@f BEQipeting silicaneoptainieg comronents sulfjestedito higlotempénatirediimg t he
hi gh and re .. ' ( zlL,es) . and. bl ades, (buckets),
shrouds, d&%mﬁégﬁ‘%"ﬁn"é@%}gy\’]‘%’?eﬁgﬁéﬂp gﬁé’Hﬁ'Pa\AE‘PeﬂlS?' g IP§}'_r BfeWngi nes.
Exanpl es toibirse hanes {soue) rimb biatiise(iurkets) 0shrougd) @imbisial liRgk hng! ude
those with a di ngrsdg\?n of silicon carbide, silicon nitride and/or silicon
r ei nf or c &YGAIENAL BRIAYYare Pfgaftwbine epgineso nimarples of eilicanccontaining | as
t hose hay idleSkdd | AN |t n |l copn=containing
matrix, Aendie K Sth HRtdfons o8 ke’ M, & St I POl o ge.
si | i con nathideesiioon mitride! andfor ailidont reibfoecarmént’ eratataTh a antallt 6F X
material s gﬁ'ie('i"l' Si %R?i C cer?m c, matrix conposites (CVO)). Wiile the
advant agB88 flfic Mt as Well @ thase havipgi » sllican iaarbidee silison Rilidgas
t ur bi ne gpaldresifieomes t aghyn e.l ' ally
~applicable to g_n_y Si Iiﬁﬂgz)rﬁ'? o'?\'t% g?)ﬁi %Qacg%%%gtrnlp %@ég%él %gﬁéﬁ’@%ﬁﬁ%ﬁt IS
subj ect empley sticon zathide,. silicon nitride and/or silicon as both the reinforcement
and matrix materials (e.g., SiC/SIC ceramic matrix composites (CMC)). While
. the advantages of this invention will be described with reference to gas
turbine engine components, the teachings of the invention are generally
applicable to any silicon-containing component whose silicon content is

subject to volatilization.

A multilayer coating system 14 in accordance with an embodiment of this
invention is schematically represented in Figure 1. As shown in Figure 1, the
- surface region 12 of a silicon-containing component 10 is protected by the
T/EBC system 14, which includes an optional top coat 18, a coating
composition 24 containing an alkaline-earth metal cerémic (alkaline earth)
composition of this invention, and a multilayer bond coat formed of bond coat
layers 16 and 20. The coating system 14 is intended to provide
environmental protection to the underlying surface region 12, as well as
reduce the operating temperature of the component 10, thereby enabling the
component 10 to survive within higher temperature environments than
otherwise possible. To promote the latter, a particularly suitable material for
the top coat 18 is stabilized zirconia, preferably yttria-stabilized zirconia (YSZ),
though it is foreseeable that other high-temperature ceramic materials could
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A nmulitilayer coating system 14 in accordance with an enbodi nent of this
I nvention is schematically represented in Figure 1. As shown in Figure 1,
the surface region 12 of a silicon-containing component 10 is protected by
the T/EBC system 14, which includes an optional top coat 18, a coating
conposition 24 containing an al kaline-earth metal ceramc (al kaline earth)
corrpositlgFeu hi s |nvent|on and a nultilayer bond coat fornmed of bond

S

coat |ay I - affpuitgb eﬁ@'ﬂlﬁ&ﬁlfﬁggg)@t the tpp ?@tl i snakeutt25 to aboutlel
Feduce.t nd o0,2ft WREk Sberfed iEnddBRlinyed fo By’ aR5th 56 % iAol 0hh ng "t he

conponent déﬁenmn?wﬂ héq;amémaﬁa@mﬁgbnterrperature environnents than
ot herwi se possib To pronote the latter, a particularl y SUI tabl e materi al

for the ot I ilized
Pt con s (GasyaRt mEhabish R def St 6 BHE SAEBRL bhsklicohibdldg, |
ceram c g, isliconcearbitie) -8 deouwsive Anvrorradahteist meCfonmm&ﬁfgmlél‘ﬂé the top

18 | 25 0.di m d belj eved
e about | SHERD TpBtts, ESRH, andlSyicnt Hgdwcf%g{ L praRuspl | Chei on. | The
) or MECHUENAY bPoxidaafsAAhE Wb Bbaf18 Iaihdtatl Sbly figh iBiAdd o yROUNS

e.g., silicon carbide) in a corrosive e |ro ormation of

(
vol ati | e Asiaipreferrash@spaet ©fi e inventioh; dom aiyallmlaeedféh(lﬁletall-&dﬂanpc oduct s.
high if

formed orctpubdof or Mg E80N Ty £OmbpSisoREa# BRubIR ok BRI a¥iRatione car  h
net al ceregi,coxygennarsd Water Oépéﬁ%r@ﬂfér@ﬁar@‘i’r‘iﬂﬂﬁﬁé toxiiatith Sﬁfﬁebbﬁlé?ﬁ ow

diffusivity to oxidants, - gen and water vapor, and therefore
i nhibits ‘&ﬂ%t‘ﬂ@ﬁndhetﬁﬂéf@ﬁl M'Gtgdﬂﬂ 120 Mthilat ales theimg shifficientlyackemieglipn 12,

whi | I ff | th
th:a gu?f ace e%?c ailyfghfdoaqfr%léné’lﬂﬁqﬁgﬁ@ﬁg% rtta@oﬁﬁl%hﬂl) rl?é?%'ﬁ\éfgo[r%\oﬁi? lﬂré‘gv:’a\ﬂre

t her nal cregnblnt 1Dundefsewdreythetiel bonditicast Higs! thd Bondnébadlap&sves t O
pronote th heS|on of the coating conposition 24 to the surface region

12 of t h@ SRR toy proragla the adhasien; o thefenatingecommpesifont24 to the
surface region 12 of the component 10. Suitable materials for the bond coat

layers 16 and 20 include silicon, mullite, and mixtures of mullite and
stoichiometric BSAS. For example, the inner bond coat layer 16 may consist
essentially of silicon, while the outer bond coat layer 20 may consist
essentially of mullite or a mixture of mullite and stoichiometric BSAS. An
optional third layer 22 is shown in Figure 1, and if present is preferably formed
of stoichiometric BSAS as an environmental and/or transition layer between

the different materials of the coating composition 24 and the bond coat layers
16 and 20.

The use .of silicon as the innermost layer 16 of the coating system 14 is

- . particularly useful to improve oxidation resistance of the surface region 12 and
enhance bonding between the surface region 12 and subsequent layers (e.g.,
‘muilite) if the surface region 12 contains SiC or silicon nitride (SiNg). A
suitable thickness for the silicon layer 16 is about 75 to about 125
micrometers.

Mullite or a mixture of mullite and stoichiometric BSAS is useful as the middle
bond coat layer 20 for adhering a BSAS layer (e.g., layer 22) to the Si-
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| ayers 16 and 20 include silicon, nmullite, and m xtures of nmullite and
stoi chiometric BSAS. For exanple, the inner bond coat [ayer 16 may consi st
essentially of silicon, while the outer bond coat l[ayer 20 may consi st
essentially of mullite or a mxture of mullite and stoichionmetric BSAS. An
optional third layer 22 is shown in Figure 1, and if present is preferably

formed of s Qi.chionetric BSAS . as an enwronrrental and/or transition |ayer
bet ween CRB aﬂ?'ﬂ@e?ﬁéfce‘nd?@oinaﬂg %'lehé‘ lsQ, Areventinghydsractions daetweent ne bond

Coat i ng’ SCol S e Suthie B f20el i aRpRuloR TR bresYEE I ance

coating system14 is particu tance
of the suéﬁﬁ&lnamlm 1/emvdth muﬂm}mecd:mpdmbig mmmai-ddnmuﬁmfmmegl on 12
ite) if the surface region 12 contains

|
gumé 3?%???9?@'51 12 ﬁ%ﬁ@gﬁqrmn)gwﬁ%mfta&&uéssz? BRAWEEG, whichtiBelesariteon | ayer

and st ol ool 8 Bk GG JRBER A8 motline) SudhoAulis Bhpur 58t o ©

adhering ppHAS).| ay LitaBledthickne¥8 rakde 1P d RilRb/maiktetR BbH tf ace
S a e

~region 12 while al so preventing intéractions between surface
regi on 12ayer B0 ighabeulpsd ta abest. 126hnm dependingodn tI%ﬁﬁt:cnlaﬂappﬁ@mhayer Wi th

mullite is conpatible with the Si-containing surface region 12 in terns of

having-a m&msmf 2 s&bammmswhy@mﬂz %vehpmgra m:mtbhﬁumﬁsﬁ/\@ gsic
CMC (abo pm EC) than mullite (about 5. ppn EC). A suitable
t hi cknesgaY%rn Pé@waequedl@nhmwrpewsshs bmtacftsmatandl hermapcbarsieabout 75

f
L%ZES?&#@%@% G A IBelri BRIS Y B TR e Rbaioaublifil” 557" °
provi des pmruw!herﬂtmehmmetnnﬂﬁm ipableatotdertic agtri éﬁﬁlf&lméiﬂérbeﬂ’her% operties
due to stoichiponeiric E@S havj ng a | ow t hermal conductivity.

parti cul &1 Wsiyind fuiliteccanialgings layare (2.6. s lavee 20), ahﬁhléth?afbrﬁ?é}lhlhl

bg:}r '6)9([“ ts‘i?mﬁéhd{rgﬁ‘éd Wehidity Uhb ! otafi2atiah T BpbadF o (atdr vabSY &t HigH - Whi ch
temperatures. As a result, the presence of thé BSAS layer 22 is able to inhibit
the growth of an interfacial silica layer at the surface region 12 when the
component 10 is exposed to the oxidizing environment of a gas turbine
engine. In addition, BSAS is physically compliant with a SiC-containing
substrate, such as the surface region 12, and is relatively compatible with
mullite and the Si-containing surface region 12 in terms of CTE. A suitable
thickness range for the BSAS layer 22 is about 125 to about 500 ®m,

depending on the particular application.

The alkaline-earth metal ceramic material of the coating composition 24 is
generally characterized by aluminum-rich and strontium-rich ceramic phases
that are believed to contribute to the ability of the layer 24 to exhibit a lower
recession rate than stoichiometric BSAS compositions, such as the BSAS
layer 22 of the coating system 14. To have this advantage, the coating
composition 24 contains, by molar percent, about 20% to about 40% barium
-oxide, about 9% to about 20% strontia, about 19% to about 50% alumina, and
up to about 40% silica, wherein the BaO+SrO content in the coating
composition is about 37 to 50 molar percent and the AlLO3+SiO, content is
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signi.ficant silica activity and volatilization if exposed to water vapor at
high - tenperatures. As a result, the presence of the BSAS | ayer 22 is able

to inhibit the growh of an interfacial silica |ayer at the surface region
12 when the conponent 10 is exposed to the oxidizing environment of a gas

turbine engine. In addition, BSAS is physically conpliant with a

Si C-cont ai Bi nfj substrate, such as the surface region 12, and is relatively
conpat i bl 8PaKE RO a3 mplarpaicene Withiuthisicampgsitionabiangee five patticular t er ns

of CTE. A j | f t Layer..22. | boyt 125 to
about 'SOQPBH#éég égg n%éﬂngbﬂéﬁﬁﬁ%%%ﬂgfsﬁ @[ﬂha%‘?ﬁ‘gﬁﬁﬁif& %gh'.l'&ﬁegﬁﬁ%athaﬁ'e- earth
met al . cer thatofnstokehictheic BBASCoThesg pheeesiddliieddas A tHIsHGH &, are
characterized bZ[e%I.ur:Ei rg)hm‘wl ch and strontiumrich ceram c phases that are
bel i eved %W""B@ii HOt/akie ! belewapi 1 ity of the layer 24 to exhibit a | ower
recession rate than stoichionmetric BSAS conpositions, such as the BSAS

| ayer 22 of the coating system 14. TaHeWe this advantage, the coating
conposition 24 conglai ns, by nol ar percent, att_)out 20% t o about 40% barium
1

oxi de, abou r ont-i 0 aboWMplasPergeit uni na, and
up to about % sLl1ca ergin th aOtSrO content in the coatin

conposi ti onﬂég" abé{g 3229y 589 Iaﬁa—agerg%tﬁ@ﬂd—sd—‘% BeOHarOsh 0.+ 8Kkt ent i s

8 about 50 @363 gwhar cgut. Wthin this conppsitiopal range, five
particul ar phases havgﬂ%ééeﬁglgdentitoﬁ eda'?vhos?e hi(gi ten%bgr at ur%)est ability is

better thmnasbhats96 simprhizpmgtri g BSASys These phases, identéd‘ied as A
through E, are summarized in Table | below. Table | Mlar Percent Mol ar

" Rati o MolGr 2Rt centis BaiSr @1Aba SARs5BagysSr © Al 208 Si G BaO+rS0 Al 2QB8+Si 2
A 37-39 9-11 47-49 to 5 0.8 0.2 1 0.1 50 50 B 25-26 15-16 19-21 39-40 1.25

0.75 1 2025683 ©@-29- 232-3%- B6-342- 43.281-@%5 1135 0.5 2 37 37 633
E 2728 910 3132 31-32 13 04 15 15 37 63

Each of the above compositions for the coating composition 24 differs from
stoichiometric BSAS (0.75Ba0+0.25Sr0-Al,03+25i0,). Phase A, if silica-free,
is a near-stoichiometric alkaline earth aluminate having the approximate
composition of (BaO+SrO)*Al,0;. Phase A containing silica (e.g., about 3 to 5
molar percent) and the remaining ceramic phase compositions can be
referred to as non-stoichiometric alkaline earth aluminosilicates. In each
case, the BaO+SrO and Al:O3+SiO; contents in the coating composition 24
are relatively higher and lower, respectively, than stoichiometric BSAS.

In an investigation ieading to this invention, a stoichiometric BSAS coating
(0.75Ba0+0.258r0+Al,03+2Si0;) on a SIC/SIC CMC was subjected to a flame
test in which surface temperatures of about 2500EF (about 1370EC) were
sustained for about fifty hours with -a five-minute temperature cycle. The test
combined the presence of water vapor (from the combustion of a propane and
oxygen mixture used as the flame source) and a gas velocity comparable to
Mach 0.5 from the impinging jet stream. Examination of the coating samples
after the completion of the test revealed that local volatilization of the BSAS
coating had occurred, resulting in the formation of porosity in the coating as
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D 22-23 14-15 32-33 30-31 1.25 0.75 1.5 1.5 37 63 E 27-28 9-10 31-32 31-32
1.3 0.4 1.5 1.5 37 63 Each of the above conpositions for the coating
conposition 24 differs from stoichionmetric BSAS

(0. 75Ba00. 25Sr OAI 2032Si @2) . Phase A, if silica-free, is a

near-stoi chi-onetric alkaline earth alum nate having the approxi mate

conposi tion of (BaGOSrQ) Al 2C3. Phase A containing silica (e.g., about 3 to 5
nol ar perghown infigwe. r Ordurthayanalysisi it wisadeteninedshai thespares visre
referred Oopng St Ql.ghi o ric.alkaline earth al Wanesilicates. In each
case, the%%awg%dsgﬁ@&ﬁ}t@ StigRy %WPEOFﬁ& ﬂﬂt%ﬁg&% ©O&pEsPeingn 24

ar e 1 el atyolalilized, G {iRitdtheOBSINpoBIiIBASST tHee nfatefilPSUFSIHAING IAB! pd@sBSAS. In
an investigatjon leading to this invention, a stoichionetric BSAS coating

( 0. 75BaCEaM@ned Pupiiragicho@lumpial/sadcstomtiunasick birentia) phasea whighe - t est

I n which r r r.e f 2 F_{about 1370EC)  .wer.e

sust ai nedcﬁ #‘Or{o"l‘%g(gﬁﬁp?ﬁ ? %’Mﬁo r@lﬂaﬁﬁﬁﬂén"f W@%@ﬁfﬁ?'ﬁmﬁ'ér A &F@"@k)m'e. The
test comghnpHatbe freepent d MaLesiYARY ahbLAl® heicisiibmetioBSisa
propane and . en mxture used as the flame source) and a gas velocity

~conpar ab|Q£’att*88§)r@géhe@SdeQﬁiﬂeﬂr@nqmmgrﬁggrpdterﬁmwﬁﬁ jéihersen@hajsas o:‘ the
Cotati i Somided v GEplelitn S e i (e BRAS, oM ARy atel ™

f or mat i omestltipgriosatyon-stditiiometric BSAS maferish eharadlefizatlby mlately ur t her
anal ysis, .i,t. was deternined that the pores were the result_of a portion of
the sili &‘ésfbt?e(ﬁﬁ?n% lugying gad sRatiacand significently lawerdevels péailicand t hat t he
conposition of the material surrounding the pores contained alum numrich
(al uni na)l hendosryaiailizes eeramicsphases @%Sp én \thecBSAS ¢oating ewhitebi t any

si gns of L ' ' ' ni.Ch. an trontium rich phases are
o sent Hetftihed 18} {rifroptBhc fo HatE, o bihd BPerEle Biinporiientn e

as- deposwthich amnthic basis férthe Weearny pliass gorapesitibhe kiRnBfiéd RFTaklei|nci ded with
depletion of silica fromthe BSAS coating in the investigation, resulting

in a non-stoichionmetric BSAS materipdpisipar acteri zed by relatively

Molar Percent

Phase BaO S0 ALO; SiQ;

A1 38.9 097 47.68 3.65 -
A2 37.5 10.85 47.38 4.23

B1 254 15.31 20.04 39.2

C1 20.8 16.1 427 215

D1 22.5 1446 32.88 30.16

E1 27.8 94 3159 31.16

Accordingly, all of the ceramic phases were generally aluminosilicates, but
with a molar ratio for Ba0:SrO:ALO3:SiO, significantly different than the
original stoichiometric BSAS coating. As evident from Table I, the non-
volatilized aluminosilicate phases were relatively rich in barium oxide and
strontia, and depleted of SiO,, in comparison to stoichiometric BSAS (by
molar percent, 18.75% barium oxide, 6.25% strontia, 25% alumina and 50%
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high.levels of alumna and strontia, and significantly |ower |evels of
silica. The non-volatilized ceram c phases observed in the BSAS coating
were determned by mcroprobe to have the follow ng approximte

conposi tions, which are the basis for the ceram c phase conpositions
identified in Table I. Table Il -Mdl ar Percent Phase BaO SrO AI2A8 SiO2 Al
38.9 9.97 47 .65 A2 3%. 5 10.85 47.38 4.23 Bl 25.4 15.31 20.04 39.2
&1 20,5 181168k A B3R oge ¢§ the esamis Baasss weraalsoricien alngna. Eefxm Gi? 3L 16
Accordin f r Ilicates, bu
W in & ol PRae8 gl o EharPU3RE, (E RV Bl JBAB PR cichan «ne

origi nal eerteoh(ahoet Bl?dOBm\Bicﬂa]a;bemgnt)%cEd ic\eer Afgoams-@zbﬂn@ldr'oorﬁé}ﬁ hon-
were relatively rich in barium oxide and

Stront 1 . (Heit BEAP ERRORF verby fian B sertesponcmal25 6o taiafoBads (by
mol ar perﬁqg@é,chﬁﬁngtﬁg(wsum oxi de, 6.25% strontia, 25% alum na and 50%

-10 sili ca) Al'l but one of the ceramc ph?ses :‘NeL:v?l so richin ggl&mspg
Q
ol ar . coneane BRI H)ds ShoRgBE S cofmelharieh P oMo alkeines. ol ar

cont ent Qarb‘ouionﬁ@‘ltt @ Giighvar! alunigs Cedtitént, hamd tIB@ef i@ 8 ey 35aﬁ 5 mol ar
ratio fou st oi chi onetr.i ¢ BSAS. Fromtheaove it was concl uded that
- the corrbleﬂgffl "i‘)'% R-l@'ﬁ@?'"ﬁ@'l@alﬁh%"d chave domt effect aofhirgtecingl diné na

houl d haok k4] ffét% REr SRR EondtuGh, oiif 4 Bas BpiPa R itie At cuer o

. condi ti orssichy t &i woatiggs (e.lgr,blcmtlagglomﬁlpdﬁtron 24 in Figure 1) formed
predominantly or entirely of one or more of the ceramic phases identified in

- Table | should exhibit significantly lower recession rate than stoichiometric
BSAS. Because the ceramic phases identified in Table | are chemically
similar to stoichiometric BSAS, it was also concluded that the coating
composition 24 formed of any one or more of these phases would form a
strong chemical bond with BSAS, such as the BSAS layer 22 of the coating
system 14 in Figure 1, thereby promoting the mechanical integrity' of the

coating system 14 on the Si-containing surface region 12 of a SiC/SiC CMC.

The silica content of the ceramic phases is believed to be of particuiar
interest. It was concluded that a silica-free coating, i.e., the phase A
composition of Table 1 modified to be free of silica to yield an alkaline earth
aluminate, could potentially offer the best resistance to recession. An
example is a molar ratio of about 0.8Ba0+0.28r0+Al, O3, though other barium
strontium aluminate compositions are also believed to be resistant to
recession as a result of the substantial absence of silica. However, with its
relatively high Al,O3 content, the CTE of a silica-free phase A coating may be
sufficiently higher than BSAS to lead to spallation from thermal cycling.
Therefore, it may be preferable to use a silica-free coating as an outermost
layer if appropriate intermediate layers are present, such as one or more of
‘the layers 16 and 20 discussed above and represented in Figure 1. On the
~other hand, it was concluded that the phase B, C, D and E compositions,
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such, a coating (e.g., coating conposition 24 in Figure 1) forned _
predom nantly or entirely of one or nore of the ceram c phases identified
in Table | should exhibit significantly | ower recession rate than
stoichionetric BSAS. Because the ceram c phases identified in Table |I are
chemcally simlar to stoichionetric BSAS, it was al so concluded that the
coating conposition 24 forned of any one or nore of these phases would

forma swhigiycemlairi silica teveds inteimatiar a silida-fase phas@%hﬁwsﬁzoa%mf t he

[ t h | integrity
o the cSERTghEfis BsAs) 4% dhe'&RiBBI Epfphaitots iistevabi areitanse o
Si & Si C QfC.recdégion. | 'Slﬂ:fﬁ%ﬂbﬁﬂéd%ftetéﬁn 6§iﬁ8ﬁ§ ﬁ%gd?sbé Sudll ea\ée%nlt? _be of

particular interest. It was concluded t at a free coating,
the phaseOWler®eshfayeri efnasfarmabyiconmentsil fdoaing cprbtedtecb@yoén seutemaodto yi el d

| d tentially offer si stance
fo recesslgsh Y asiTbB bt 16 HiciisBRa ERsvE antisBnresorinshind auroks 200
t hough other. bar]‘l&]@ stronti um al uni nat e _conpositions are also believed to

be resi stiZnYiePoo! g2y Feyeral Gaadingisysternparg mwneowd%@moaf
i ﬂtlcuM Iléaftlorf ﬂr%g\/@da%mgf [ mélﬂzc? | ghe;gr['ﬁlégqg&@ o] I ead

S|I|cafree phase A coating ently

to spall ethedampemturmatm cmpimatmg inTéréacef mag reath BBYUBAGUEF @stfdie to use
a silica- | ayer 1 f appropriate internedi ate

oat as an out er nost
| ayers ar‘g&%’%é) {Re tepatatuwses maeregich aheut REYPEEE (aboahmm@: sg uz sed
h n ncl u
T S R e

i nter rrednsltsdlcmns(d g.Gdayarets phasigur dpMpResbiiiePmodn thyeb (Bidf NAYBRII4 ¢ BSASSuch

are al so desir ositions that exhibit re5|stance t o recession
i nt er meditd9¥E cﬁ#ﬂ’&?'ﬂ’n@ﬁs lopreRat dShis oitiad) iadomped of obemysmoraipéther as an

cont 18 G ranic BARS TRRARIE, o R nQEbAErE i 4B Rt SRVBRE cove.

coat 18 di scuss
several ¢eat.ilagersy2Q and 22rin l%gmeﬂmecbredemelﬂ@b fithePayer (e.g., layer 20)

of which is formed of either a crack-free mullite or a mixture of mullite and.
stoichiometric BSAS; the outer layer (e.g., layer 22) of which is formed of
stoichiometric BSAS. In such a coating system, the BSAS layer 22 would
contribute as an environmental barrier coating. Alternatively, the BSAS layer
22 could be omitted, such that the coating composition 24 of this invention
would serve as the primary environmental barrier coating.

For applications in which the CMC/coating interface and coating surface are
expected to sustain temperatures of up to about 24OOEF (about 1315EC) and
about 3100EF (about 1700EC), respectively, an outer coating composition
(e.g., top coat 18 in Figure 1) is desirable. A transition layer formed of one or
more of the ceramic phase compositions of this invention can serve as a
transition fayer between a stoichiometric BSAS layer (e.g., layer 22) and a top
coat 18 formed of YSZ or another high-temperature ceramic material, or can
be used instead of a BSAS layer. For example, a five-layer T/EBC coating
system may be used, in which the innermost layer is silicon (e.g., layer 16 in
Figure 1), the outermost layer (e.g., layer 18 in Figure 1) is YSZ or another
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the particular application for the coating system For CMC articles in
which the tenperature at the CMC/coating interface may reach about 2400EF
(about 1315EC) and surface tenperatures may reach about 2600EF (about
1425EC), a four-layer T/EBC coating system nay be used, in which the

i nnernost layer is silicon (e.g., layer 16 in Figure 1), the outernost

| ayer (eﬂ | ayer 24 in Figure 1 wherein the top coat 18 is omtted) is
formed of eﬂipeff%‘iuée seramic madedalh angithe dhiseniptermediate byetshlnsludavent i on,

and two i r and_22 i,n_Fi gu

present: ?hgﬁ'ﬁrﬁﬂ@?& édz%tg(%yg'( fe. gay‘@&'@z{gg’f Ogg'ﬂ\‘ﬁﬂ%r?r?g( f"8PﬁB ?t her a
crack- f r emixtutd bf mullite antli stbichforaétriciBSAGe aarnmdle ﬁitéhﬁ@di@f@ldyeﬁ (BghS, the
outer |ayer er 22) of which is forned stoichionmetric BSAS. In

such a co'éb’?gazgﬁsét@ IQrH@tr@ﬁgAlsaﬁ\d moummermedtarte!nueé(ag ,24) of
o\ § 0B or fRE! Hiing itk pAske ditdatlahs SR AVEMIGY Asalt iRl § O

omtted, such that the coa corrp05|t|o

serve as BSASpkyen2y cenld bewmitted! inkithicr ©f titsdat éddtingroystemi! sGaH thaes i n
whi ch t he CIVC/(é?atl n i nterface, and coating surface are expected to

sustain t® 109 e §OBWOSION, 2thoot MOENG('%F%U%@WQ%E’@) thad prigseyit 3100EF
bout 17 t t
18 rn i ccropmeriaRSaio} Eokting < Wl as 80raiicre TR thaflb hémBaly 0P o

t he cer amstablphaitle YS&Znad has en€ T intdrinsediatecthbt oﬁYSZraﬁdEbmm BSAS afd ansi tion
| ayer bet weﬁ.p a stoichionetric BSAS | ayer (e.g., layer 22) and a top coat
18" f or red™B¥'®ysSz or anot her hi gh-tenperature ceramc material, or can be
used i nstead of a BSAS | ayer. For exanple, a five-layer T/ EBC coat | ng
system rraﬁ"%eem@a phase garapositiens oh dhisoeventiopegan besfarmeshnby wabous | ayer 16

In Figur th u Ia a I,s. YSZ or
anot her rﬁei@)ds hq:{cgrr%gé Eée c %’wn%fe? %gttgé é?élrﬁ&%&b%ﬂ{)@e&%mtb& medi at e
| ayers i rnialpud&ed dy spraging, suehnaslizit gldsmeefsp(a@l@ (AP%EW [0 pRfss@id her a
crack-free mullite .or ure of | 1ite and stoichionetric BSAS, a

m ddl e | RRFHRJPLRMNY a@gtp r‘E-l()e tlgoughutag,%forgg?ethesthgt clepestion eouldAe  and an
outer I niRERABE Sy oBE KAGWA- tecﬁﬁ?qu%% such as chemical vapor deposition

(CVD) and high velocity oxy-fuel (HVOF). Alternatively, a desired composition
can be formed in-situ by codepositing two or more powders in ratios that will

- yield the composition. For example, powders of the individual oxides could be
co-deposited at appropriate ratios for the desired composition, followed by a
heat treatment. Because the desired ceramic phases of this invention were
observed to form during prolonged testing at temperatures of about 1200EC,
generally up to about 1370EC, it is expected that the desired ceramic phases
should form during a heat treatment at temperatures of about 1300EC over a
duration of about twenty-five hours.

While the invention has been described in terms of a preferred embodiment, it
is apparent that other forms could be adopted by one skilled in the art.
Therefore, the scope of the invention is to be limited only by the following
claims. '
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one or nore of the ceram c phase conpositions of this invention. Again, the
BSAS | ayer 22 could be omtted in either of these coating systens, such
that the coating conposition _ 24 of this invention serves as the primry
environnmental barrier coating as well as a transition |layer that is
chemcally stable with YSZ and has a CTE internediate that of YSZ and both
BSAS and _ nullite. The ceram c phase conpositions of this invention can be
formed bflfd¥MSous nethods. For exanple, a powder of the desired
conposition can be deposited by spraying, such as air plasma spraying
(APS) or |ow pressure plasnma spraying (LPPS), though it is foreseeable

t hat deposition could be perforned by other known techni ques, such as
cheni cal 1vapasoatiago=irhpositiot CvP)a gas tbn’rbrj:he eapirve tympapertyche Colstikg .
Alternatlvelé6 .2 desired. conposit be fo[ned in-situ b Qodep03|t|ng

two or nbPBPRSHARr SCantaining oant r%lka'mel ea Vi énefal h &S0 sFAMBRSItiG,
exanpl e, coRuiHiNG Egr%drﬁeoklﬂg' en%ﬂé AR, CaHd %&%pﬁ%ﬁlﬁ%o%héélﬁt

approprlate ratt os or the desire COFT'pOSItIOI’] heat
treat rrenbaruBec@m@e aridestientia stk prasant in phearabinet] amoent uﬂ/alvmmtofﬁi? teer e

observed rin r,ol ed testing at.te res of a t 1200EC
ooner a1 abeia’ 86 RS SebRe B Codt TR pEfpBitbRaR S Retiice: Sess Raan,

phases ahgtlhg aherthe dptional @hd@ﬁ@{eséﬁﬁat’cﬁe%a V%bemémbnres of about 1300EC
over a duration of about twenty-five hours. the invention has been

described i n ¢4ty 96@0@&@5%(56???@@%% t4, Wherdi§ tﬁ@pc?!iéll?fe -4 ot her

forms coul d be addpted by one e ‘art. Therefore e scope of
t he i nvemetainceranio bempoaitivadisoal gaubsatanhmwr silicavirery barluan netrontitén CLAI VS:
1. A coatli ﬁﬁ conmposi tion on a gas turbine engine conponent, the coating
conposi t 7Y %%tﬁt aining an al kaline-earth netal ceramc conposition
cont ai nlgg Rarl m oxi de, %trontla al um na, and opti opal Ik/ silic wher ei n
coa ing composition according to clam 2, wherein the alkaline-earth
metal ceramic composition consists of barium oxide, strontia and alumina in a

molar ratio of about 0.8:0.2:1, respectively, and incidental impurities.

4. A coating composition according to claim 1, wherein the alkaline-earth
metal ceramic composition consists of barium oxide, strontia, alumina, and
silica in a molar ratio of about 0.8:0.2:1:0.1, respectively, and incidental

impurities.

5. A coating composition according fo claim 4, wherein the:alkaline-earth
metal ceramic composition contains, by molar percent, about 37% to about
39% barium oxide, about 9% to about 11% strontia, about 47% to about 49%
alumina, about 3% to about 5% silica, and incidental impurities.

6. ' A coating composition according to claim 1, wherein the alkaline-earth
metal ceramic composition consists of barium oxide, strontia, -alumina, and
silica in a molar ratio of about 1.25:0.75:1:2, respectively, and incidental

impurities.

7. A coating composition according to claim 6, wherein the alkaline-earth
metal ceramic composition contains, by molar percent, about 25% to about
26% barium oxide, about 15% to about 16% strontia, about 19% to about 21%
alumina, about 39% to about 40% silica, and incidental impurities.
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barium oxi de and strontia are present in a conbined anount of about 37 to
about 50 nol ar percent of the coating conposition, the balance essentially
alum na and the optional silica present in the coating conposition. 2. A
coating conposition according to claim1, wherein the al kaline-earth netal
ceram c conposition is a substantially silica-free bariumstrontium

alumnate. 3. A coating cgnpositiogn according to claim 2, erein the

al kal i _ne-gea?\t ﬁoam &P_"’g??lsg'gﬁca 68 o & "Eo%rswg'ﬁge”aftwﬁaﬁ‘lk%ypﬂeﬁ%@éz
stronti anpis ablmiBadnndsitidfPtahsibR! bP bafiuAPekikel sBoftid: HuniksPasd i vel v,
and incidental inpuriti'es. 4. A coating conposition according to claiml,
wher ei n sifiea aihkal madare eatioh of rabioak L2567 T 2clonespectively,cand i ivcideotal bari um

oxi de, st ronrttiea, alumna, and silicain a nolar ratio of about
0.8: 0. 2: IR Srespect ively, and incidental inpurities. 5. A coating

conpositjon,according to ¢laim4, wherein the alkaline-earth netal ceramc
conposi t onAcﬁﬂ@téﬂ%&g”WSﬁ‘Bpa?cﬁ?éﬁj'@@n{o, Cg‘ﬂﬂﬂﬁ 9’%‘%@'6 tgﬁoﬂ@al'r@%mri um

oxi de, ahpih & L% ti m%i%f? b 1 by, 48 um na,
about 3% to Ia%ﬁ%%qugin %ﬁitéﬁﬁéib?ent a Lﬁerr'gﬁ'f‘: tefbggp‘?g/ igcé(?g?!tng

‘conposi t 2% bariumndixide, ebout 449 to, aboué 6l stromrtiz ldbalut A2%ctaratioutd8fal cer anic
lumna, and silicain a

canposi tipn .consi st.s,.Qf .bayi i de, strontia
ol o r aP B S Do 8 BpoUER AL sfn, SRR dent o
impurities. /. A coating conposition according to clajm§g, wherein the
21 kal | nel@ar R iPoABOcoBRR SRS SEERHSTE 19 G e whasein dherkalneseant | about
25% L0 el o B RonIBsRibEondaRUT bafbiCoBREULHdRA SAILRIMA, dandibout 19%
to about 21 % alum na, about 39%to about 40%silica, and I ncidental
i mpuri t i gilica i asmotarcradivi of plamio25:01 811 dct.or désppctively) andhingident@at ei n t he
al kal i ne-earth mnmetal ceram c conposition consists of barium oxide,
stronti a',m%Hrﬁ'r?isna, and silicain a nolar ratio of about 1.25:0.75:2:1,
tiyel i nci d I
respep ! )( ‘f’\ . %ﬂi cgg mgl:; r(]:%Irl‘xpec)gh%n according to claim 10, wherein the alkaline-earth
metal ceramic composition contains, by molar percent, about 22% to about
23% barium oxide, about 14% to about 15% strontia, about 32% to about 33%

alumina, about 30% to about 31% silica, and incidental impurities.

12. A coating composition according to claim 1, wherein the alkaline-earth
metal ceramic composition consists of barium oxide, strontia, alumina, and
silica in a molar ratio of about 1.3:0.4:1.5:1.5, respectively, and incidental

impurities.

13. A coating composition according o claim 12, wherein the alkaline-earth
metal ceramic composition contains, by molar percent, about 27% to about
28% barium oxide, about 9% to about 10% strontia, about 31% to about 32%

alumina, about 31% to about 32% silica, and incidental impurities.

14. A coating composition according to claim 1, wherein the coating
composition consists of the alkaline-earth metal ceramic compasition, and the
alkaline-earth metal ceramic composition contains, by molar percent, about
20% to about 40% barium oxide, about 9% to about 20% strontia, about 19%
to about 50% alumina, and up to about 40% silica.

15. A coating composition according to claim 1, wherein the coating
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i mpurities. 9. A coating conposition according to claim8, wherein the

al kaline-earth netal ceram c conposition contains, by nolar percent, about
20% to about 21% barium oxi de, about 14%to about 16% strontia, about 42%
to about 43% alum na, about 21 %to about 22%silica, and incidental

I mpurities. 10. A coating conposition according to claim1, wherein the

al kaline-earth netal ceram c conposition consists of barium oxide,

st r ont i aCOBIPQAItIRA, is MaEt ofsa bariericeatingsiyaier gnjdsi§eonpeniainingsugags: 1. 5: 1. 5,
respecti yely LOCI - | I i $i.0on

accordi né?taoc%'?'gﬁmé@o ,tﬁ%a?#é?rnb%da%kgtﬁmnm%éﬁ‘t W{IQQ Caggrg g% éhé’

co_rrgosi thermﬂgm' llayerb be'twadl gihepma@iagtconmmb i orgglg/d the aigmn-cogf?%ibigri um

oxi de, aboyt ot 0 about ostrontia, about o tq about . o al um na,
about 3084 @c%gggta?ﬁas&ogppm@gpegme iaxar heindformed ftia fnaderial £hogeR oat i ng
conposi t | : F @k el StNEs ; | ceramc
conposi tfrgﬁ' con@i gF gﬂ g%f%gg i%ilfj%E%?Ji}’\c?@,grhgét’%%%ish?ﬁd;ﬁtﬁnﬁeﬁﬁglmé;?{]?ca in a
mol ar r aBSASf about 1.3:0.4:1.5:1.5, respectively, and incidental
impurities. 13. A coating conposition according to claim 12, wherein the

al kal i neq8ar tth coatih@ | corepestiion crepading i tonclaimt #5,nfurtHey corhprisingraent, about
27% t o about 2;3% bari um oxj de, ahout 9% tq about 10% strontia, about 31%
to about O4BIMNOst GR7ING 0F cantaging the Goaling GPEINASHIQN, i OURY; t al

i mpuriti €§atiri’g4¢orﬁpgﬁﬁ ISREhiBRANPARIhiPN according to claim1, wherein the

coating conposi onsists of the al kaline-earth netal ceramc

.conposi t ken, . . | Ne- 0 Rt : ] L o0t ai ns, by
ol o pet bt Dofer KPatiRsidt f e PR I HRRTOR b dtiREL O 15002
st ronti agngineutorhpéhentp thd drdrried Yoating systerancbmprising adroubteddedimatd i ca. 15.

A coating conposition according to claiml1l, wherein the ¢goating, .15 ----
' . %yg—zr ré%gl a_co_aﬂng compasition on the intermediate layer, the %ntermegrate

layer comprising a layer formed of a material chosen from the group
consisting of silicon, mullite, stoichiometric BSAS, and mixtures of mullite and
stoichiometric BSAS, the coating composition consisting essentially of at least
one alkaline earth-containing composition chosen from the group consisting

of:
barium strontium aluminate;

- by molar percent, about 37% to about 39% barium oxide, about 9% to about
11% strontia, about 47% to about 49% alumina, about 3% fo about 5% silica,

and incidental impurities;

by molar percent, about 25% to about 26% barium oxide, about 15% to about
16% strontia, about 19% to about 21% alumina, about 39% to about 40%

silica, and incidental impurities;

by molar percent, about 20% to about 21% barium oxide, about 14% to about
16% strontia, about 42% to about 43% alumina, about 21% to about 22%

silica, and incidental impurities;

by molar percent, about 22% to about 23% barium oxide, about 14% to about
15% strontia, about 32% to about 33% alumina, about 30% to about 31%
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conposition is part of a barrier coating systemon a silicon-containing
surface of a conponent, the barrier coating systemfurther conprising at
| east one internediate |ayer between the coating conposition and the
silicon-containing surface, the at |east one internmedi ate | ayer being
formed of a material chosen fromthe group consisting of silicon, nullite,
BSAS, and, m xtures of nmullite and BSAS. 16. A coating conposition
accor di n§liea. andjnsidentalimpurties;@fhri sing an  outermost coating on and
contacting the coating conposition, the outernopst coatiqﬁyconprising

0

st abi | | z6Y meleg pereent17bo 2736 e abosd 287n Hagysr exidenakowi 9 derahosit ai ni ng
. ) - . . N . .
conpr i 1078 s8Ry B LA R 906 TR Wik 0B 30 7 MR 4™

I nt er nedisiita, &y mcideritsl impudtie®di ate | ayer conprising a layer forned of a
material chosen fromthe group consisting of silicon, nullite,

st oi chi ongt r iAC hBSRP, cariliigNbyeteme acedrdify td lirnd7, iHarsiRl SR bKafin®SAS, the
coating corrﬁom tion consisting essentially of at i east one al kaline
ear t h- coReEMAoRtpiIRIbaFesIRAsitiprcerRaisisiaf bariuneogdeupiradiessand phgninagfin bari um

strontiu ' ; Aln. : 310 1. 39% bar i um oxi de,
about 9’00tr§5%g}6%fbt &ﬁ@ﬁé?jﬁg O.qtzl.gﬁ%&ggﬁlveﬁg%ﬁdﬁégghﬁl ﬁﬁ%fe%m %a, about 3%
to about ;5% silica, _and incidental inputities; by | ar percent.. about 25%
to about "eodhbpiih st SESTr otk b sl 185 ERr8h. e SiBlie “To5 o
about 21¥aahuwshBaningbesthpeSifion ottt HO0%By Ridlarcpercend hpsitdsnyaltio

I mpurities; bg nol ar percent, about 20%to about 21 % bari um oxi de, about

13% to adfbeut 3P %Rasiunpaxida, 3@@5@%49%1: AbYustrorgin, abaui Aa% tgtﬁitlsptu;c3 21%t o
22U il Ti-e g el | 5904
o0 boat A8%bplutrifts, e BOCS AR sk TN, Bh T RS L o b0t o

g 0 1 0 0
about 332/ﬁ.a| H”bgrarierac%%"ﬁlltng?’soyéiér% gggourtdin?élé’ claim 17, wherein the alkaline
earth-containing composition consists of, by molar percent, about 25% to
-about 26% barium oxide, about 15% to about 16% strontia, about 19% to

about 21% alumina, about 39% to about 40% silica, and incidental impurities.

'21. A barrier coating system according to claim 17, wherein the alkaline
earth-containing composition consists of, by molar percent, about 20% to
about 21% barium oxide, about 14% to about 16% strontia, about 42% to

about 43% alumina, about 21% to about 22% silica, and incidental impurities.

22. A barrier coating system according to claim 17, wherein the alkaline
earth-containing composition consists of, by molar percent, about 22% to
about 23% barium oxide, about 14% to about 15% strontia, about 32% to

about 33% alumina, about 30% to about 31% silica, and incidental impurities.

23. A barrier coating system according to claim 17, wherein the alkaline
earth-containing composition consists of, by molar percent, about 27% to
-about 28% barium oxide, about 9% to about 10% strontia, about 31% to about

32% alumina, about 31% to about 32% silica, and incidental impurities.

24. A barrier coating system according to claim 17, further comprising an

outermost coating . on and contacting the coating composition, the
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-16 silica, and incidental inpurities; and by nolar percent, about 27%to
about 28% bari um oxi de, about 9% to about 10% strontia, about 31%to about
32% al um na, about 31%to about 32% silica, and incidental inpurities. 18.
A barrier coating systemaccording to claim17, wherein the al kaline

eart h-contai ni ng conposition consists of bariumoxide, strontia and al um na

in a nol@ltefribddt@oaling @BHIprAinYg SaBiized kR&iast i vel y, and incidental
inmpurities. 19. A barrier coating systemaccording to claim17, wherein the

al kal i ne apt L [ T j aent, about
eto A BaerLe O AATPRS NG (6 il 2, Mherehy HEMRRAAAED - 2000

t o about layeris ainerdfmayltipledoterdeiate dyens cavpasingem inardlayec ofisifica,
inmpurities, .20. A barrier coating s em accqrding ta clai,m 17, wherein the
i kol | ne b AfBme AR CaBas MakBTRAL EbEhEmeds RERT, B Bt ' Abour
25% to ahaet layslotbichibnetridBSAbouUt 15% to about 16% strontia, about 19%
to about 21 % alum na, about 39%to about 40% silica, and incidental

i mpuritiegs Addarriér E’@étrﬂgeéysﬁ@:%téd&rﬁﬁgtt@%la%opf,%ﬁ@reﬁrftﬁé iﬁiéﬂrﬂeﬁiaté“er ein
the al kaline earth-contai’ning conposTtion consists of, by nolar percent,
about 20%yer is apewf nadltplednicamediatel layeshoumpiligitgtan inbeutayesef siticamt i a,

about 42%t about, 43% al.um,pa, about 21 % to out . 22%.si.J 1 , and

o tent an Berfitdte 156-3 ARG, B ‘o id e o I hiR R HIAS: o 0 i m 17,
wherein t | kal.i ne .earth-containing copposjfion consists of, by nolar
ot 2R bBHoL RAtina S HBRING i el 7. ABRIB LIRS ISR 160s

Str ont i a,|a@qyond2¥orh@tipRAAtEmRAKE Yo BonBRSig AOMreP I8P siikofe S1 1 ca,
and i nci de%?al I mpur | tilgs. 23. A %azsrv;éirerog%gt F‘%;g system accorS !iﬁg to claim
17, wher eind armeuter lkayer sentaining mulitetaxidstaighioongtosiBSAS. consi sts of , by

nol ar percent, about 27%to about 28% bari um oxi de, about 9% to about 10%
stront i a,28bAltar@dr eéatingadystem B2%rdihg o Bhimatt wheddirttheontegrmedia®d@% si | i ca,
and i ncidental i arrier coat.in stem accordiiirégnt o claim

17, furt %\ferd%gﬁpiog %liﬁl%"iné?r’neﬁia?e layers compnsm% 34 inner layer of si

and an outer layer of mullite.

29. A barrier coating system on a surface of a gas turbine engine component,
the barrier coating system comprising at least one intermediate layer and a
coating composition on the intermediate layer, the coating composition
consisting essentially of an alkaline earth aluminate containing alumina and at

least one of barium oxide and strontia.

30. A barrier coating system according to claim 29, wherein the alkaline earth

 aluminate is barium strontium aluminate.

31. A barrier coating system according to claim 29, wherein the alkaline earth
aluminate consists of barium oxide, strontia and alumina in a molar ratio of

about 0.8:0.2:1, respectively, and incidental impurities.

32. A barrier coating system according to claim 29, wherein the intermediate

~ layer is formed of a material chosen from the groUp
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out ernost coating on and contacting the coating conposition, the -17
outernost coating conprising stabilized zirconia. 25. A barrier coating
system according to claim 17, wherein the internediate |ayer is one of
multiple internmediate | ayers conprising an inner |ayer of silicon, an
intermedi ate | ayer containing nullite and stoichionetric BSAS, and an
outer layer of stoichionetric BSAS. 26. A barrier coating system according
to cl ai nPensisiip@ pkslicemenplite stighigmetrie BRdyS i andopixtgresiqf piditecand

i nt er mediak G rising an inner |ayer of silicon, an internediate
| ayer ofbﬁ% :#@%@ﬂgﬁgﬁgﬁ outer layer of stoichionetric BSAS. 27. A barrier

coati ng st r.di t I . el t Lnter iate yer is
one. of it ropat A gt o SRR 25 Mierelt B B Y T con
and an oubmpohextis defintdiby agilicon-bhsed aothpobive ehdten®lt ri ¢ BSAS. 28. A
barrier coating systemaccording to claim1l7, wherein the internediate

| ayer is one of multiple internediate |ayers conprising an inner |ayer of
silicon and an outer layer of nmullite. 29. A barrier coating systemon a
surface of a gas turbine engine conponent, the barrier coating system
conprising at |east one internediate |layer and a coating conposition on
the internedi ate | ayer, the coating conposition consisting essentially of
an al kaline earth alum nate containing alumna and at |east one of barium
oxi de and strontia. 30. A barrier coating systemaccording to claim 29,
wherein the alkaline earth alumnate is bariumstrontiumalum nate. 31. A
barrier coating systemaccording to claim?29, wherein the alkaline earth

al um nate consists of barium oxide, strontia and alumina in a nolar ratio
of about 0.8:0.2:1, respectively, and incidental inpurities. 32. A barrier
coating systemaccording to claim?29, wherein the internediate |ayer is
formed of a material chosen fromthe group -18
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consisting of silicon, mullite, stoichionetric BSAS, and m xtures of
mullite and stoichionetric BSAS. 33. A barrier coating systemaccording to

claim?29, wherein the surface of the conponent is defined by a
silicon-based conposite material. -19 THERVAL/ ENVI RONMENTAL BARRI ER COATI NG

FOR SI LI CON- CONTAI NI NG SUBSTRATES ABSTRACT OF THE DI SCLOSURE A coati ng
conposition (24) for a thermal/environnental barrier coating (T/EBQC

system (14) parti cUTHERMAUWENVIRONMENTAL BARRER CTOATARS! ai ni ng
substrates (12), such as articles exposed to high tenperatures including

the hostile thermal WRVS]EI@ON-QbWL&FﬁQN@SBiB@%‘FS&'ﬁége- The coating
th a

conposition (24) is an alkaline ear um nate or an al kaline earth
alum nosilicate containing, by nolar percent, about 20%to about 40%
bari um oxi de, about 9% to about 20% strontia, about 19%to about 50%
alum na, and optionally up to about 40%silica, wherein barium oxide and
strontia are present in a conbined anount of about 37 to about 50 nol ar

percent o %bﬁ?r% i ] (24). The T/EBC system (14) may incl ude
one or rmjrxg i @f%?&'ﬁiﬁf@?@b&?@% 20, 22) that adhere the coating

conposition (24) to the silicon-containing surface (12). The T/ EBC system
(14) may further include an outernost coating (18) of stabilized zirconia

or anot he‘& high-tenperat_gre ceramic material. Figure 1 -20
_ coating composition (24) for a thermallenvironmental barrier coating

(T/EBC) system (14) particularly suited for protecting silicon-containing
substrates (12), such as articles exposed to high temperatures including the
_hostile thermal environment of a gas turbine engine. The coating composition
(24) is an alkaline earth aluminate or an alkaline earth aluminosilicate
containing, by moiar percent, about 20% to about 40% barium oxide, about
9% to about 20% strontia, about 19% to about 50% alumina, and 0ptiohally up
‘to about 40% silica, wherein barium oxide and strontia are present in a
combined amount of about 37 to about 50 molar percent of the coating
composition (24). The T/EBC system (14) may include one or more
intermediate layers (16,20,22) that adhere the coating composition (24)-to the
silicon-containing surface (12). The T/EBC system (14) may further include
an outermost coating (18) of stabilized zirconia or another high-temperature
ceramic material,

Figure 1
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