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BACKGROUND OF THE INVENTION :
_ Articles of this type are used, for example, as metal alloy parts in gas
10 turbine engines operating under high temperature conditions. The thermal barrier
coatings reduce the heat flow into the coated metal part during operation of the engine,
and allow the metal part to run cooler than the gas stream, thereby extending part life
and resulting in a higher combustion efficiericy by permitting higher gas temperatures.
Conventional thermal barrier coatings are comprised of ceramic materials,
15 for example chemically-stabilized zirconia, including yttria-stabilized zirconia (YSZ),
scandia-stabilized zirconia, calcia-stabilized zirconia and magnesium zirconia, with YSZ
being the thermal barrier coating of choice. These coatings are bonded to the surface
of the metal part or to an intermediate metal bond coat.
A conventional thermal barrier coating is porous. It usually contains a
20  degree of porosity ran_ging from 3-20%. The pores and any small micro-cracks a!sé
present in the material are not well-connected. Therefore, environmental contaminants
do not have a ready path from the coating surface to the rhetal;ceramic interface. In
use, these small micro-cracks lengthen and subsequently provide an easy, or more
direct path for contaminants to reach the metal surface. The propagation and extension
25  of micro-cracks is due to a combination of operating factors including, but not limited to,
high temperature, high pressure, coating erosion by particulates, particle 'impact,
chemical reactions and stress caused -by differential thermal expansion. Some gasés

may also react with the thermal barrier coating to form molten salts that may effectively

penetrate the micro-cracks and connected pores. Subsequent failure of the coating,

SUBSTITUTE SHEET (RULE 26)



extending the life of the underlying thermal barrier coating and netal
part thereunder. 2 6 DI CT 2664 WD 01/83851 PCT/ CAO/0039% NCETIJGAYER
THERVAL BARRI ER COATINGS FIELD OF THE | NVENTI ON The present invention
relates to an article resistant to attack from environnmental contam nants
under high tenperature conditions, the article being of the 5 type

conpri sing @oWRlseds; 2l | oy part, a thermal barrier coating gg?Rﬂlﬁ/ﬁ&s@nto t he
metal alloy part, and a protective top coat of a material different from

the material of the thermal barrier coating deposited onto the thernmal
barrier coating. BACKGROUND OF THE I NVENTION Articles of this type are
used, for ewlidpisaaiscarscfameddd aaldeynintion or spaliggsis d@sultipbihaeosogemekthe
operating under high tenperature conditions. The thermal barrier coatings
reduce t he Wedtatiheomeiphecsarisdnterfice oF Wikin fe qeanic [ayen asdipcepide fametabf t he

engine, and allow't metal part. to run cqooler than the.gas, stream
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barrier coatings are conprised of ceramec materi a s, 15 for exanple

chem cal | y-gbmbpdriszed zirconia, including yttria-stabilized zirconia (YS2),
scandi a-stabilized zirconia, calcia-stabilized zirconia and nmagnesi um
zirconia, wWth YSZ DbHiengid lhecdrisiéerable badyr b infamatiorn gvaithble hepardingThhese

coatings are bonded to the surface of the netal part or to an internediate
met al bond Rarousmliematenethedre! ingieasing thermet protfectiaynefithg)parentypetaland/art
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direct path for contam nants to reach the netal surface. The propagation

and ext ensiloten2fiond], 1), @ic) acksaterg plotectéd datac aldatingst thahcakisb piea atdtalg
factors including, but not limted to, high tenperature, high pressure,
coat i ng er odtndniayer patht pceingle eserapigr thesmallyi ipsalating temeeviat d1ave egensralis and

stress caused b g%jifer_entia t hermal expansi :}) gome gases may al so react
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coati ng,
zirconia instead of 20% yttria stabilized zirconia and the development of ceria stabilized

zirconia [Stemers et al, United States Patent No. 4,328,285 (1982)] are typical
examples. Bruce et al. United States Patent No. 5,683,761 discloses the use (in certain
applications) of pure alpha alumina, as means of obtaining higher erosion resistance
and lower density (than zirconia). Similarly, graded layers have been used, for
improved thermal shock resistance. These approaches do not all have a single ceramic
coating. Also, these coatings fail before failure of layers below them. they are
"sacrificial" coatings.

Hasz et al. United States Patents Nos. 5,871,820 issued on February 16,
1999 and 5,851,678, issued on December 22, 1998 describe a method for protecting a
thermal barrier coating from environmental contaminants and a coating protected by the
method. A fop coat in the form of an impermeable, non-porous barrier coating is
deposited onto the surface of the thermal barrier coating. This non porous,
impermeable barrier coating s intended to prevent the environmental contaminantsfrom

coming into contact with the ceramic thermal barrier coating.
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which is also referred to as delamnation or spalling, 3¢ gCreggt of the
corrosion of the netal at the netal-ceramic interface or wthin the
ceram c | ayer adjacent to the netal. The prior art describes certain
techni ques which aimto i npede or red@ae danage to the thermal barrier
coatings, thus extending the service life of the protected netal parts.
There is a considerable body of information avail able regarding the

nurerous al ternate rl?ﬁlféG@at%fs Aot RRS 51793 1A ¢ Td¥Rkd B RAELE A orPiured, Par ent
metal and/or extending the life of the ceramc coatings. This I ncludes

data in t h&9sieacitiesdhepipvisionq ademeadat it thetermmel a spsla)prdte@ﬂvncbas@gpf aJour nal

of Engi ne 0 u JfLeer e er Is Handbook
Yol 9 ottt RS E iR Al YRy T S BRR  aheSRleR or )
and pat entcopting.ecTiesl saafificial Cagdri ragetst dth B | cdhtapiinantsrabd alhcrea@@cthé ayer
with a sin Ie g eram ¢ .t her nal I%Gr%ﬁ?ul atin toR@fQ‘oat have g}gneral |y
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8% yttria stabilized zirconia instead of 20% yttria s¥ab| l'ized zirconia

and t he desrelropmenttansd iseragiessiveli Hepleigd with coniinuef Suserst & eaidato, b&ni t ed

St at es Pat r.uce et al.
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appl i cations) of purEﬁrueé phal hited BtatessatemtaNts 5088301B 1adgschtgeshihghee ofr osi on
resi stance ensity (than zirconia). Simlar| xqﬁ%r aded | ayers

and | o
have been %%alph?é‘p?m'?%?ﬁ C?%Q?’?feﬁ“@’ﬁ@@ﬁr%%F‘%@tkﬁ‘ﬁﬁeT 58 aliPdaches do

not all hawgtify & 08L& RHcrdlse er@gaﬁlregstaﬁéesand tf}é'i%s%lycéfé&brﬁ‘gﬁ Jrééwmgbef ore
failure of |ayers below them they are "sacrificral" coatings. Hasz et al.
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the ceram c thermal barrier coating.
increased coating thickness for mcreased protectlon
The present invention is concerned with the provision of thermal
barrier coatings with increased resistance to attack by environmental contaminants

at high temperature conditions.

SUMMARY OF INVENTION

A first aspect of the present invention provides an article resistant to
aftack from environmental contaminants under high temperature conditions, the
article being of the type comprising a metal alloy part, a thermal barrier coating
deposited onto the metal alloy part; and a protective top coat of a material different
from the material of the thermal barrier coating deposited onto the thermal barrier
coating, characterized in that;

the top coat is non-sacrificial;

the top coat is porous;

the top coat is substantially thinner than the thermal barrier coating;



2a United States Patent No. 5,773,141 issued to Hasz et al. on June 30,
1998 describes the provision of a top coat in the form 2ff I e
protective |ayer of a sacrificial or reactive oxide that overlays the
outer surface of the thermal barrier coating. The sacrificial |ayer reacts
with Iiquid contam nants to increase the viscosity or melting tenperature
of these contam nants. This inhibits chem cal attack on the underlying
thermal barrier. Since this protective |ayer reacts with the environnment

and is progressivel ythéi@cﬂi é‘éa@i’s Wrﬁdier@é?@bl'e@ﬂé@c?rdr'ﬁ%e d;cou;!) %oﬁs?:%tﬁ’lgtd? CPI 4 o

sacrificial thermal barrier atin
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coating mfEVIrGLRD CRBQFa"BBg %frﬂ? “E'%B?ﬁettﬁﬁrmﬂﬁ’émeflp?ﬁmﬂi rconi a, be snoot her
than the zirconia andetaid ashaift wfeththeressriteinbentios groviees i maless ot al .

; ¥ ; X
r ot ect | orstPfistof 8 anicl SaRRigh f0Rb Ayt MeBEATTRR e A d BITFENE on
thermal ©5RAt @réﬁald;@l&er PRES GAramicicastie appitbd lsihetreal plasta spraviuk obfame

envi ronme BlLAY] dbRng ,héga FRARGL&r € conditions. SUMVARY OF
| NVENTI C]\I%R |[r‘r€§t gm ;ﬁawﬁ%o d‘# | nr\a/ent i on provides an article

ect of
resistant to attac r%@ﬁ@‘? QFn?Pé" F‘ gt IRrFRASIC MY PreYidh 9e@dper at ur e
condi ti onsp,rotett'@n for tthe ftreerivel bgrrief coatingt yPhe Qopmbatscmg pfotetthd tﬁérhgy part, a

thermal bagpiern., :'n%ver%? é t 9 SALQ oh e BRYiRA LD LoRdlanid,
protective to coat di rent rom BMASE] he
t her mal b&PPHid ”%aﬁﬁ?fﬁg dep03| ted onto the thernmal barrier coating,

characterifzed in thanhe prétectivezo&Odn doﬁeﬂ%&%&%iﬂ&héﬂmal bEaPr%rE Ot ??;ri S

B Do OBaE 3B4si3 BB bRl Skl b et Bomatresiba sna oot oup
consi st ngubﬂanﬁaﬂy aeducing the rate of infiltration of molten environmental contaminants
into the thermal barrier coating.
2. The protective top coat may provide a chemical barrier minimizing the
chemical interaction of the contaminant environment with the thermal barrier
coating, thereby significantly slowing down the chemical dissolution of the thermal
barrier coating at high operating temperatures.
3. since the top coat may be selected not to react with environmental
contaminants, adherence of these contaminants to the surface can be resisted and
the migration of these contaminants into the thermal barrier coating can accordingly
be minimised. In addition, most of the deposits that may form on the surface of the
thin protective top coat may only be loosely adhered to the surface and can be
quickly removed by the high velocity gas flowing over the surface, or during cool
down owing to the consequent differential thermal expansion.
4, In environments where particulate impact or erosion may occur, a
higher resistance in the thin protective top layer may reduce the rate of
microcracking of the base ceramic layer, thereby extending the life of the coating.
For gas turbine appilications, the metal alloy part, which



stabilized zirconia (CSZ); calciumstabilized zirconia (CaSZ); zirconia

t oughened alum na (ZTA); a conpound oxi de conpri sing thﬁbﬂCﬁDE@Mconpounds
fromthe group consisting of oxides of alum num cobalt, chrom um iron,
titanium and nickel and m xtures of two or nore thereof; and the top coat
is selected frommaterials nore resistant to the envi ronnent a

contam nants than the base thermal barrier coating. A second aspect of the
present invention provides a nethod of deposition of an article according

to the abowgy §§B%6trefeW@@'Ec%§th§%a¢erﬁH§t&Fatl ISy O arﬁﬂﬁét?ﬁél uS8d th fut er base

ceramc coat is applied by thermal plasma spraying or sprayi ng,
slurry, c&cw]sgmt@quﬁgn@jne aaés;leg&ermetaéalmymmfenamfm axemple, comprigeop coat Wi th

t hese char t i n for t t her barrier
coati ng. @%Effdt??‘c%@'?’ can rgérk% g‘ﬁ"ﬁﬁ ?rh‘—&% o fhiraere gg’iqsﬁén? Aseveral
ways, depenwtiemgser atrhetabifondraoatmay Bk comptiedy, ftﬁ@xém@l@dof £MREHItI ons present:
1. The protective coat c&n@cover and encase the thermal barrier coating,

provi di ng SYPEIRYCY. LR TBefrtalloy comprisre o febalb drops chreraiuih dickal abatnyrer coati ng

and t her eyt ang\dfer apbioplihte nlaggw}lb?%atté}%ﬂate of infiltration of nolten
environmental contamnants i1nto the thermal barrier coating. 2. The

protective top coat GepP@ingvixtiesahalimeay ialisagan teeprotectiventopicngt héne  cheni call

h th h b
coating,  (Rersh i BARLREAMHndr Ko e BRR Phas e R BRI QB Ton of (ne

t hermal  bzobeltethraoiatn, ivgn,attariurganopékal | ng tenperatures. 3. since the top
coat may be selected_not to_.react wth environnental cont am nant s,

adherence of these cOltRIRieRtys Beral baries gotinganayssonrsise yiiasialiizedl t he
mgration zn%oﬁ.bwszp@mrﬁa-ﬂ@ma%énaé@.tdbhi%e& E@édmi n%héé.srsta%ﬂaéa ng can

accordingly be mnimsed. In addition, nost of deposits that may form
on the surdirseriagrerigtsiabilizag Argenia €57)vecandip aiaiahzedwcwna ycalniurh stisatey adher ed

to the surfge @ﬂgatganc&%te glgh(? lcxla(u%\éSﬂzéﬁy%utcBﬁ ﬁzbgg%)sgiﬁ% L1y gas flow ng

over the sur or “dur | OWn~ OW &t “differenti al
't her nal eﬂpm’ranedalummek fZT@t)vaaIummmmhteniwﬂn’cemparsmwaw aireon, BlR@tiha & er osi on

may occur %ér:jrhe{ resistance in the thin protective top | ayer may reduce
the rate (ﬁ' g RETEEr acki ng of the base ceram c |ayer, thereby extending the

L\H ghOfZ %h&gog})long THeQfref@AEd tHihlif 6f tABRdreal baRs: coalisy By 8k yakibkoy part,
stabilized zirconia (YSZ) while the preferred protective top coat deposited thereon
can depend on the specific environmental conditions faced.

Articles configured may be subjected to attack from various
environmental contaminants. These may include oxygen, sodium, chlorine and
saline mixtures, water vapour, vanadium, sulfur and similar contaminants under high
temperature conditions. These contaminants may be carried by high velocity
combustion gas streams at temperatures from 850°C (1560°F) to 1200 °C (2204 °F)
or higher. The parts may be subjected to continuous, long term exposure or
thermally cycled exposure.

Both the base ceramic layer and the top protective layer may be
deposited by thermal spraying (plasma or flame) or from a slurry or by sol-gel
techniques. When deposited from a slurry or sol-gel, a subsequent heat treatment
will be required to dry the coating and provide the necessary cohesive and adhesive
strength.

Where the top coat comprises compound oxides, those oxides may



4 may also be referred to as the parent material, may be of any materi al
used in the construction of engine parts. The rret al all 03'53 lﬂ%‘} for
exanpl e, conprise cobalt, iron, chromium nickel, alumnum or an alloy of
two or nore of those netals. Wen used, a netal bond coat may be _
conprised, for exanple, of a netal superalloy, or a netal alloy conprised
of cobalt, iron, chromum nickel, alumnum or any other appropriate
nmetal alloy material. Conpound oxides that may be used in the protective
top coat mag;iudastwqaonmeretommmmdmﬁr@mlwr@«aup%némmmd bgides euips, st i ng of
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failure of the thermal barrier coating and consequently maintains the integrity of the

thermal barrier coating and extends the life of the metal alloy part.

It should be noted that the properties of the protective top coat

materials may not all be identical. The selection of which protective top coat will be

deposited onto the thermal barrier coating may be based on the specific needs and

use requirements of the metal alloy part. For example, at temperatures less than

1000°C (1832°F) a protective top coat of calcium silicate zirconate (CaSZ) or

compound oxides may provide better protection than a protective top coat of ceria-

stabilized zirconia (CSZ) or zirconia toughened alumina (ZTA), whereas the reverse

may be true at temperatures exceeding 1000 °C (1832 °F).

The top coat may be useful in preserving the thermal barrier coating

from the contaminant environments of operating gas turbines. However, the utility of

the top coat may not be limited to that operating environment. 1t may also be

suitable for hot section gas turbine parts as well as other machine parts, which may

encounter high operating temperatures or undergo thermal cycling. For example,

the present protective



i nclude two or nore conpounds fromthe group consisting .of oxides of

al um num cobalt, chromium iron titaniumand nickel. A?cﬁ)r&fﬂurﬂm’bxi de top
coat may preferably be deposited by plasma or flane thermal spray
processes, however, slurry and sol-gel techniques nay be used as well,

W th a subsequent heat treatnent. The6top coat can be a porous but
continuous | ayer, of thickness between 25 and 125 m crons (0.001 and 0. 005
i nches), and porosity between 1 and 20% Preferably, the top coat will be

25 - 50 m‘waﬂﬁ%n{aq.sealb-a&ao@&fmm@awetcbb% in\l VaieS-ot AfAuBRREideNsest . Lower
pore content than the underlying ceramc coating may not be necessary. The
reduct i on ¥ SPRBwEANESHPAlierscHARdaT lenginpatBaninecatigepifies.barri er coati ng

can reducepétﬂ%%h&ﬁﬁHf%rﬁi%@taﬁFﬁpﬁ Agture at or near the thernmal barrier

coating- metal 1 ntertace, ch may also be referred to as the
ceram c- netal i nter fHeethickiess of étuprbteativeatog cpaeventargbudfthd prefdrretii | t rati on

of contampapts into the.ceram ¢ |ayer the thermal  barrjer coating and
he " subeedBRRSSS PR, s5=aT1IN E6 e egmiTam brahe smpants Frasvegaeiie

cer ani c- meicdkded! 18 el @nehdmsitra8sh sRerhiienas el doPRFRInAYts fHid 818 thakipn, prevents
failure of the thermal barrier coati ngiq and consequently maintains the

i ntegrity Rmienfeat.: Hhe pralech fop spalaathertfinayith respechtisthe iseranie tayer oft he net al
al l oy part i J ive top
coat” hat ey SloraPsirfer ¥oolit fnoyat, ThE HREGREL L fiE pRieckE IO EREREYIC, oot ve
top coat wid bppexinbigyent &ith thettbickresstof thenmrarbianayiee of the dhérmgl bayiebe based

th ifi d ' f th tal. gl t. F
ol 6. | et R eE ety kSR C heden 9%t Bt bdie (RreBop. coat of
cal ci um siftdng aprofiniate 2s € (LS (0.009PE0HHCIBS), ARt TBS0 Ridyide better

protection than a protective top coat of ceria- stabilized zirconia (CSZ)
or zi rconi(Q-Otoéu&@é@%ﬁhh‘?'ﬂ%“{eﬁpﬂﬁamﬁ’éﬂ% rapge, wheegasdhe Higknpses ofr ue at

t enper at urigs tf?éfﬁlﬁﬁﬁgrﬁ% césgﬁpq fal i)é‘?’r?th@ran%@f rﬁp@ﬁ)exﬁfg%%llya%yto %@9 WREEHL 10

preserving the thermal barrier” coating m nant environnments
of oper at i(A@P0g4x020inghes¢s. However, the utility of the top coat may not be

e Lo et R ag BN oot bl et by ™
encount er thérghal opeeAtdaligig! FEPEX-MPIE,Ch iftreHSHRbEP cdragidMickyd| tHagis For
exanpl e, tlt'ag ?higkrnggse th thg rcgrta(ran% Ipr\én(’?ec%ive6 to%xc-cl;atz gr?d4thg thickness of the thermal
barrier coating may contribute to an increased sensitivity to thermal spalling, or a
restriction in the proper flow of the combustion gases. In general the thicker the top
coat, the more susceptible it may be to failure due to fracture at the ceramic-metal
interface or delamination under thermal cycling.

In certain operating conditions, which may involve particular
temperature combinations or temperature and corrosive combinations, a thicker
protective top coat may be useful. These conditions may be more likely to ocour in
some industrial manufacturing conditions rather than in gas turbine operating
environments. 1t should be noted that, if a thicker protective layer is required, the
top coat and the thermal barrier coating may be graded to minimize internal
stresses.

The thermal barrier coating may comprise yitria-stabilized zirconia
(YSZ), alumina-titania, calcia stabilized-zirconia, magnesia stabilized-zirconia, ceria-
stabilized zirconia (CSZ), scandia stabilized-zirconia, calcium silicate, calcium

silicate zirconate



coating may serve as a useful protective coating in a variety of industrial
fields, such as steamengines, boilers, standard air enc fe§CTreglne

at nospheres, petrochem cal and netal refineries. The thickness of the
protective top coat nmay vary, but the preferred thickness may essentially
be determ ned by the anbunt of protective coating needed to prevent the
infiltration of environnental contaninants into the thermal Dbarrier coat.

The protect{p¢/eB; coat can be thin with respect to the seranimmogogyer of
‘the thermal barrier coating it encases. The thickness of the protective top
coat may be approxi mately one fifth tR&-thickness of the ceram c | ayer of

the th | t h Pr ef f th
top coat  maienes caeLmeRaEd RS HESE sironia B gssd el
(0.001-0. 00§|réoﬂ%hez'ﬁ"):onu.‘m"tt§hc%@ Shkch, Cél%ﬁza 60 blehds ‘th&e@foavﬁeﬂﬁtheﬁﬁz bRay g bhe

general |y desirabe range, whereas the thickness of the thermal barrier
~coati ng nmay phferfed ¢enamic angte lof addiiipn dx itsratpeiripr $6rroa) iGHlating @biitys YSZ may also

(0.003-0.020 jnches rotecfiye t an .oat not necessarily
extend the Frhiit cﬁx‘:%’ﬁ@ta‘{hﬁﬁf"f‘rﬁf"p Q'P?P’é‘ie g’l? '“ﬁ(‘}f’“ l e, an increased

total cegamggiEPbesPRESHON I THE DRAMANER ckness of the ceramc protective

top coat. an t e thickness of the thermal barrier coating may contribute
to an increased senslintheatgompanying dremiingspwehitii illgstrate experimestat fest sapplésn t he
proper flow of the conbustio es. | eneral the thicker the top coat,

the rore su?@%’pﬁ"?ﬁ?‘@e f"ts"ﬁ‘é@teH@%F@t"i‘%‘i’q"aw NYue to fracture at the
ceram c-nmetal int erf:@v\ﬁ ras%ﬁ?ﬁg\gﬁh% é‘@%fnetﬂééér?:}ocﬁyﬁd' B&ordidy &ertain

operating conditions h ve particular tenperature
conbi nat i onExampledfped at ur e and corrosi ve conbi nations, a thicker

prot}ectlve top coat nmy be usef se c jtion be nore likely
occur i@ sone | ndusﬂ%’fﬁ n‘ﬁn%fpg‘emﬁp QOEC%?‘HEPFOWEE‘? ﬂ%@?setdhﬁﬁ’of %g%
turbine operghig@ vienvironnents. It should be noted that, if a thicker

protective layer is required, the top coat and the thermal barrier coating
may be graddETANLED BESCBPTIQN@FF\EXAMELE&sses The thermal barrier coating

St abi 1§ pe g1 coni &, THaGNewE txpmnRR B i onels oFlP prooefaler G ' °

zi.rconi a (C%ésenﬁﬁ@é]ﬁb@ stabi | i zed 2| rconia, calciumsilicate, calcium
silicate zirconate OCT 2004 WD 01/ 83851 PCT/ CA01/ 00595
15 ExaMpLE]

Superalloy pins of one group were air plasma coated with 500 microns

(0.012 inch) thick of yttria-stabilized zirconia (YSZ) while superalloy pins of another
group were coated with 500 microns (0.012 inch) thick zirconia toughened alumina
(ZTA). Some of the YSZ coated pins were further air plasma coated with a thin layer of

20 ZTA or ceria—stabi!ized zirconia {CSZ), with the additional coat being less than 50
microns (0.002 inch) thick. The YSZ, ZTA, YSZ-ZTA and YSZ-CSZ superalloy pins
were then subjected to thermal cycling in air, using a natural gas burner, to a maximum
temperature of 1232°C (2250°F). The pins then underwent a controlled rapid cooling to

less than 204°C (400°F) with dry compressed air. The YSZ and the ZTA coated pins

25 failed after 504 and 433 cycles, respectively, while the pins coated with YSZ-ZTA and
with YSZ-CSZ did not fail, even after 600 cycles. This result illustrates the eﬁectiveﬁess

.of the thin to;:; layer in increasing the spalling or dissolution resistance of the coating
‘material. Moreover, the present Example illustrates that single layer ceramic coats do

not fast as long as base ceramic coats that have been coated with a thin top layer, -

SUBSTITUTE SHEET (RULE 26)



-7- blends, calciumstabilized zirconia (CaSz), zirconia toughened al um na
(ZTA), alumina zirconia , zirconiumsilicate, zircon2 8 067 n&{ér bl ends

t hereof, wherein YSZ nay be a preferred ceranmic coat. In addition to its
superior thermal insulating ability, YSZ may al so exhi bit excellent

adhesi on properties under thermal cycling conditions. BRI EF DESCRI PTI ON OF
THE DRAW N®&® 41/$385he acconpanyi ng drawi ngs, whi ch il | ust rREIECAOVEES nent al
test sanples after exposure to sinulated operating conditions: Figure 1 is

a photograph of a turbine bl ade processtd according to Exanple V: and 10

Figure 2 i gredp@iiQt @ iPbasef cetarhie! dda o dien Pihefd§ Tarther @efioflstigding AhatExanpl e
VI . DETAI LED E)ESCRI PTI ON OF EXAMPLES The fol |l owi ng -Exanples illustrate the

benefits othetthia tpp coadof thegrésentinvestion insreapescibe tife ¢fihebrdeieramic SoabaniPLE |

Super al | oy ,pi ns of one grou e air plas coated with 5 m crons

(0. 012 i ncHEFRER® 8fei5’ﬁ't‘?’? ‘!Eg‘é%ff‘la? ?ﬁﬁa%"r E'b"h?rgfopgf%‘%ér\'ﬂ?iq?gmgijperaI | oy

pi ns of angikk@se@Oroup were coated-with 500 microns (0.012 inch) thick
zirconi a toughened alumna (ZTA). Sone of the YSZ coated pins were further
air pladma coat ed wSuperallayrpims Weargeair pasma cgafed with @6r1i58-raicepi (Pi08&8.C86r coni a

CSz), with the additional. cqat bei th j . i nch
Lok, The npbiAnic pyigabised Hieon D20 Simp i ez Feier P iy ™"
subj ect ed 4P pidapfa"Eateetl 8180475 ritérbn (01602061068 iek)URR 1485 oOSZ OF caldiGma

maxi num tenperature of 1232C (2250F). The pins then underwent a controlled
rapi d cool isticate @ircoreds (T387), Fewdy(WOIRY pinst doathdywith Yi$ZeGSe @r HSZ-Cadb YSZ

d the ZTA coated pi iled af 504 and. 433 Les, tively,
While 't he FTRSSNER, e 34 XREESERnd 2 GRh 5051 B3 VG Wit iR G, o ¥
after GQ0 MerhSIScycitly if alrag8ild a hhtisP babiter! B Mbkirfii tefpeRture of 1242ect hi n

top layer in increasing the spalling or dissolution resistance of the
coating mi2250TRI . T prsviaen urderwsnt seerntrBlicsintsipid codlingtipdees thana?04SCngl e

e I T N T e N LR e
5 WD 01/ 838aitideCof S%Qéﬁﬂoéﬁ%odium .and 1% vanadium. Upon examination, the pins
without the protective top coat, i.e. the YSZ coated pins failed after 130-150 cycles,
15  while the coated piné, i.e. the YSZ-CSZ and YSZ-CaSZ pins did not fail even after over
200 cycles. It was further noted that, for both the YSZ-CSZ and YSZ-CaSZ coated pins,
the top coat did not fail, failure only occurred when the lower YSZ coat fractured away
from the base metal coat at the interface between the metal pin and the adjacent YSZ
coat. The thin top coat deposited onto the lower YSZ coat did not fail, e;nd remained
20 intact, i.e. the CSZ and CaSZ did not fragment or fracture off the lower YSZ coat. The
results of this Example illustrate the protection provided by the thin top goai layer to the
thermal cycling process in a sait environment, whereby the protective top coat was non-
sacrificial, that is to say, it did not deplete or dissolve during the cycling process. The
protective top coat did not fail, and the loss of thermal protection to the underlying
25 superalloy pins only occurred when the lower coat finally failed.
ExampLE Il
Superalloy pins were air plasma coated with ceramic coatings to a total
thickness of about 150 microns (0.006 inch). Three coating types included pins coated

with 150 microns (0.006 inch) YSZ only, pins coated with 75-100 microns (0.002-0.004

SUBSTITUTE SHEET (RULE 26)



-8 irrespective of the base ceram c coat conposition, thereby further
denonstrating that the thin top coat of the present i vEnOCPn200lcr eases
the life of the base ceram c coat and therefore, as a result, provides
thermal insulation for a prolonged period of time. EXAMPLE Il Superall oy
pins were air plasm coated with 75-150 m cron (0.003-0.006 inch) thick of
yttri a- st abwlomedssai rconia (YSZ). Sonme of the YSZ coated picigAdehesokUrt her
air plasm coated with a 50-75 mcron (0.002-0.003 inch) thick |ayer of CSZ
or calcium silicate zirconate (CaSz) ;8thereby yielding pins coated with
YSZ- CSZ or YSZ- Z, respectively, The YSZ, YSZ-CSZ and_YSZ- CaSZ coated

pi ns were t'ﬁéﬁ ggfj"@@t%"l“ﬁ?“sl@-oﬁﬁé?%lc%@w RS feated With /Sni@0amiskangr al  gas

b , i f 12 2250 Th I
2 cont rof | o TR PTERRE Bl BoohE 1000, BOR Gty i ivalry (BBt bcsed
air. The piynsz\Wezedd\eslr-BRE2%EsledMbind vRrdVHeR suba&Eed 184 %hgﬂodggeg"ﬁeaw fur,

3% sodi um and 1% vanadi um Upon exam nation, t'he pins

protective tgigy oatatal gas Burnéheo ¥ Sfa@nah eshnpraare & 1180°a{2160°F1.30TASBinsy Cl es,
15 while the coated pins, i.e. the YSZ-CSZ and YSZ-CaSZ pins did not fail
even after theerundeo@ntyacestrolied rapid foenlinhde last dubrt BA4°C (400’ Bowith t dre

YSZ- CSZ and YSZ- CaSZ coated pins, the top coat did not fail, failure only
occurr ed V\h‘é’ﬁnﬂr%ef’(ﬂﬁefj”“\@ﬂg'ﬁ%lt'mﬁr% YWeeEPERYER] With dMtarbaspiseolvfionaf coat

t the int t tal. Dpi dth ' t YSZ . coat. The thin
Top coat dape (e Ghe chiingohT 0 85" el R BRI v, vhoReimald 20
intact, i. A ; | fiadn

vz cont, THONY SarEfioRS erd Kfale] Bt 770P BRRED ek, BRRHEFLE: ety Beb Ul e

by the thi n2048p (4008¢) doRiempératirdl@ne ks ﬂﬁ&luté&%kﬁd%ﬂre%t%&@m?&aﬁtré%h& _
envi ronment, whereby the protective top coat was non- sacrifticial, that is

to say, it shrayedosithdepkgtemue soliiiss of V% \doading, B¥hesutfyc bndh §%psaiiess Thdhe
protective top coat did not fai and the loss of thermal protection to the

under | yi ng SH&e Kypey & 1c83tingi fﬁ%ediﬁiftyab%ﬁ:mvrwmﬁw at @hevetagatof fidhal | y
(o) o EXURE. bl SURSERR: S 1P el R AT el B
oL 10, A 4 gt gyl ool PR FARBERl
OCT 2004 R fhajoBBR&E irRhd blofddliod OGS by e top ceramic layer. Al the coatings in this
Example has the same total ceramic thickness.
EXAMPLE IV
Superalloy pins were air plasma coated with ceramic coatings as follows: -
300 microns (0.012") thick YSZ, 300 microns (0.012") thick YSZ plus 25 microns
(0.001") thick ZTA, 300 microns (0.012") thick YSZ plus 25 microns (0.001") thich CSZ,
300 microns (0.012"} thick ZTA, and 300 microns (0.012") thick ZTA plus 25 microns
(0.001") thick CSZ. These YSZ, YSZ-ZTA, YSZ-CSZ, ZTA and ZTA-CSZ pins Were
subject to thermatl cycles in air using a natural gas bumer, to a maximum temperature of
1204-12320C (2200-22500F), followed by rapid air cooling below 2040C (4000F). The
single layer YSZ and ZTA coatings cracked after 504 and 433 cycles, respectively, while
the two-layer coatings performed as follows: YSZ-ZTA = cracked after 934 cycles,
YSZ-CSZ = cracked after 934 cycles, and ZTA-CSZ = no cracks after 433 cycles.
These results demonstrate that the very thin ceramic layer extends the life of the base

ceramic coating significantly, independent of the base ceramic composition {but within



inch) YSZ plus 50 m cons (0.002 inch) CSZ, and pins coated with 75-100
mcrons (0.003-0.004 inch) YSZ plus 50 micons (0.002 i Ach)O{TaIB04
respectively. The YSZ, YSZ-CSZ and YSZ-CaSZ coated pins were then
subjected to 53 thermal cycles in air, wusing natural gas burner, to a

maxi mum t enper ature of 1150C (2100F). The pins then underwent a controlled
rapi d cool i we dix3¢sess than 204C (400F) with dry conpressegraisdoioéidsi ng
which tinme pins were sprayed with a water-based solution of 0.5% sulfur,

0. 77% chl ori ne and 0.86% sodi um After-these 53 cycles, the thernal

cycling conditions were changed to 11770C (21500F) nax tenperatures, |ess
than 204C PaebiEyedyrep elanaieral e, tmdelamipaton af Higttwo bversgsargigeeatigs max

tenperature, and raye i.th an aquepus. sol ution aof 1% vanadi um 3%

sul Fur -and UM ek e eeh sRBrRAlTERY Gused nefity Mty AT RS s 1 o
as 53 cyclegygnd at an average of 101 cycles, while the coatings
containing a top protective layer did not fail even after 130 cycles. The
results of tEhampPEx®pl e shows that the total ceram c coating thickness is
not a major factor in the protection provided by the top ceramc | ayer.

Al l the coatings in tThesairfélsaripl set bbsupetadior tunind virek weer ainptasthicoktedss.

EXAMPLE |V Superalloy pins were air plasnma coated with ceram c coatings ‘as
fol lows: 36 WodRys of epramio 50 1 B micranz (0.809)- Ri03$'d thick \(ISHwith p tempedt YSz

R e

m crons (0. ")t hi | 45 25 Hi.Cr "), thi (%0 e YSZ,
YSZ- ZTA, Y g"%‘%ﬁ,té’ @IC ﬁhoarﬁ Aé%%% pTﬂnesVém?'/%gew eg%ltj ?ré%@y &gfeg ﬁ%rr e cpgy% es in
ai r using audiiyf 406 A RREsRE T burnkP(hRafitRys bAY BbhSEBRIAIUESIRE). Bafidydid320C

' (2200- 22500F), followed by rapid ag r ﬂ;:f%}gl i ng bel ow ZOTZ(OC I(Q)OOOF). yThe

si ngl e | ayeconyiS@&dain@ nditles badting §En.c + 08B A0H'C ¢1950QRD0AMRY 2HAB wiC keding
respectively, while, the two-layer coatings perfornmed as follows: YSZ-ZTA =
cracked af tldmin F33130 (Y F)]. ySperesFas- very LRt odaniagerto 3@ cenpolice soatingsl oF TA- CSZ
= no cracks after 4 cycles. These results denpnstrate that the very thin
ceranic | ay‘éof"pié'f)@ﬁ)gihet i‘%@l 1FP &R AN F [urey dsdemensiraindcthalothe oegpnde gAstingg ant | v,

i ndependent : ) i it hi 004 WO
o eDendent gy AR LS Mt RBIAL ekl oo b hes Ty B SR B0R" 1
del ami nat i oghsOénvirbiméitQoh@iniy ERiaRTThantS PrisbAOR jeOREHT TRE nfitorHanldgdto t he
base ceram c-netal interface, before failure of the top ceramc '|ayer.

ceramic coating may be compared to the severe damage to the platform. Previously,

tests had been conducted on single layer YSZ ceramic coated turbine vanes, coated by
several different sources, on the same burner rig and using identical thermal cycling
conditions. In all those cases, the single layer ceramic coating delaminated over a very
wide surface area. In some of those tests, delamination was observed at as few as 100
| cycles. The results of this example demonstrate the significant increase in service life
obtainable with a very thin second ceramic coating.
EXAMPLE VI
Two layer ceramic coated furbine vanes we.re thermally cycled in burner
rig. The turbine vanes, ceramic coatings and thermal cycling conditions were identical to
those in Example V, except that natural gas was the fue! instead of Jet A kerosene.
After 1340 cycles, 40 more than in Example V, one of the airfoils had a small (<5mm?)
delaminated area on the leading edge, Figure 2. The rest of the coating showed no
damage. Cross-sectional examination of this delaminated area showed that failure

occurred near the YSZ — metal interface and not in or near the top CSZ layer. This



EXAMPLE V The airfoils of a set of superalloy turbine vanes were air plasm
coated with two layers of ceramc: 50 - 375 mcrons (O%(E)@C-T @IM15") thick
YSZ with a top coat of 25 - 50 mcrons (0.001 0.002") thick CSZ. The

t hi ckness of the ceramic varied from |ocation to |ocation on the airfoils.
The vanes were thermally cycled for 1300 cycles wusing a Jet A kerosene
fuel bur ner WONR®8I8Fhg) and conpressed air (cooling). EachrPcwchevoossnsi sted
of 3 mnutes heating [Tm 1, = 1065-1093C (1950-2000F)] and 3 mn. cooling
[Tm;n _ <150C (300F)]. There was very &l ght damage to the ceramic

coati ngs Ohex i [ 1 1 L i ng
Chat b oo B AR Dt 5 i e dn LR b 2

t her mal cydbdferg damagestesol norsumptidru sf, itioe topgeeramicviayaynea this Geteridianey
contam nants_ present .in jet fuel. The m nor damage to ceram c coating may
be conpar eae"tt%‘dﬁﬁé@&Fg?éée&ﬁmb‘éc‘{aﬁ“@r%‘t?ﬂeétrpﬁa 'Sbrevi ously, tests had
been conducted on single |ayer YSZ ceram c coated turbine vanes, coated by
- several glifferent sogeCfRve @RahPes ARSED Wl fe lrhlngprﬁl'%gti\}.éstbﬁgo%tdfd%ﬂdﬁlgl .
thermal cycling conditions. In all those cases, the single [ayer céramc
coati ng deltainpreeehtdwention iproves Wiedide stithe daveer dneemal banieaoat. ofh ddditise, t est s,

del am nat i wa bserved, at as few as 100 cycles. The results of this
exanpl e deﬂ‘ﬁ?lsp{?%‘a@'é(et%gfagf 8]% PregeH InYaRbion: S BON-$ACER) ¢ fiegsenotolsll Avithabl e

Wi th a ver fepddtdd a&sonkk Er%[&méto?%‘é{ QIGY fagé%\%%#th\él Iowgpthbﬁ'b@_ ngﬁt%{z?:gétc

coated turbine vanes were thermally cycle urner rig. I ne
vanes, cer daifled. coatings and thermal cycling conditions were identical to

t hose i, Exanpl e V, ept. that natural gas was the fuel instead of Jet A
keroseril  Af ter. 13MUPEPESH spontments{iRHe bRoESSREPE. v, vilibe Grersted
airtolls hagatandid® do infehP@Tinit HE RBARAYS du Reird B hABFk Rin@as 171 gur e
2. The rest of the coating showed no anmage. 0ss-sectional exam nati on
of this delcaw¢nalitnetifgaticnssind wiemaleapplicationsriellingwithin thedpinicand sdope ¥Bhe- net al
interface and pot in or near the top CSZ layer. This 2 6 OCT 2004 WO

01/ 83851 PEFMAD1/ 00595 -11 exanpl e denpbnstrates that failure of the
ceram c occurs by failure in the bottoml|ayer before danage to, or
consunption of, the top ceramic layer. The thin second |layer extends life
of the base ceram c coating, but does not fail first. 5 The above Exanpl es
illustrate that the thin protective top coat according to the present
invention inproves the life of the lower thermal barrier coat. In addition,
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the protective coat of the present invention is non-sacrificial and does
not fail with repeated use. The protective top coat only Iﬁa gi {ﬁﬂen t he
| ower thermal barrier coat failed. 10 Wiile preferred e iD 2 have
been described, it will be understood that there is no intent to limt the
invention to such disclosure, but rathe-it is intended to cover all
nodi fi cations and alternate applications falling within the spirit and
scope of the invention. SUBSTITUTE SHEET (RULE 26) 2 6 OCT 2004 -12 CLAI MS
1. An arti€lBIM@sistant to attack from environnental contani nants under
hi gh tenperature conditions, the article being of the type conprising a
netal allo part, a thermal barrier coating deposited onto the netal alloy
part; and & protect i&freartlcbrfesbmnt tf attacketoen eaviradinfental enntafmiremts tvederat er i al
of the theg g [ he thermal barri coati ng,
char act er ﬁgglglt?rﬁﬁérﬁﬂuﬁé C&%ﬁ dtnlgloth((:a 5?83 b%%gn&gégr pfe @raprsing; %é"‘?t?}paqf%at i's
porous; t Heart gpthedeal bagies ghalingndermiited oo rime mettdi atioy part;tdnelr arplotdaive i er
coati ng; i S a: r I r roup co |st|ng of
5 a%PI | zg?ff GO Rfatdrl %{ "éth 5 nﬁ@&ﬁﬁ ds tﬂ%etherin lpeé[ ng

ceria zirconla ;calcrunmstabil
zirconia tdﬁli?@ﬁlé&de@’foﬁleuthemml(Dz!ﬁ&ypoailngpmfmam@lzexinmmatorrpr| sing two or nor e

conpounds fromthe td oxi des of al um num cobalt,
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wherein said netal a
and mixtures of two or more thereof; and

the top coat is selected from materials more resistant to the
environmental contaminants than the thermal barrier coating.
2. An article according to claim 1, wherein the top coat has a degree of
porosity ranging from 1-20% by volume.
3. An article according to claim 1, wherein the article is resistant to
attack from environmental contaminants comprising oxygen, sodium, chlorine, saline
mixtures, water vapour, sodium, vanadium, sulfur and similar contaminants under
high temperature and/or high pressure conditions.

4. An article according to claim 3, wherein said metal alloy part
comprises cobalt, iron, chromium, nickel, aluminum, or an alloy of two or more
thereof.

5. An article according to claim 1, wherein said protective thermal

barrier coating comprises a base ceramic coating and a inner metal alloy bond coat,
with the inner metal alloy bond coat deposited onto the metal alloy part and the base
ceramic coating deposited onto the inner metal alioy bond coat.

6. An article according to claim 5, wherein the metal bond coat
comprises a superalloy.



conprises cobalt, iron, chromum nickel, alum num or ap alloy of two or
nore thereof. 5. An article according to claiml, Wnerefrﬁ iﬂﬁ%?ﬂﬁ‘btective
thermal barrier coating conprises a base ceram c coating and a inner netal
all oy bond coat, wth the inner netal alloy bond coat deposited onto the
nmetal alloy part and the base ceram-cl&oating deposited onto the inner
netal alloy bond coat. 6. An article according to claimb5, wherein the
nmetal bond_coat conprises a superalloy. 2 6 OCT 2004 -13 7. An article
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coating codpMiNt®y a base ceranic coating, and the base ceramc coating is
deposited onto the netal alloy part and the ceramic top coat is deposited
onto the base ceramc coating. 9. An article according to claim5, wherein
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silicate zZi4seQRadsicRb s, calciumstabilized zirconia (CaSz), zirconia
t oughened alumna (ZTA), alum na-zirconia, zirconiumsilicate, zircon,

alumna or a blend thereof. 10. An article according to claim1, wherein
the protecgive top c has - b S ' 0 125 mcrons _(0.001 -
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thereof.

10. An article according to claim 1, wherein the protective top coat has a
thickness of from 25 to 125 microns (0.001 - 0.005 inches).

11. An article according to claim 1, wherein the protective top coat has a
porosity of from 1 to 20 % by volume.

12. An article according to claim 1, wherein the protective top coat has a
porosity of from 3 to 20 % by volume.

13. An article according to claim 1, wherein the protective top coat is
substantially inert to the environmental contaminants, such that the protective top
coat does not chemically or physically depleted with repeated use.

14. An article according to claim 1, wherein the thermal barrier coating
has a thickness of from 75 to 500 microns (0.003-0.012 inch).
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part and the ceralan'c tO[t)) coat is deposited onto the inner oy bond
coat | coat or said outer base ceramic coat is thermally sprayed with air or atmospheric

plasma.

18. A method of deposition according to claim 17, wherein the protective top

coat or said outer base ceramic coat is applied by means of brushing, dipping, or
spraying to achieve a substantially uniform coating layer.

19. A method of deposition according to claim 17, wherein subsequent to the
deposition of said protective top coat or said outer base ceramic coat, thermal treatment
is effected to enhance the adhesion of the deposited coating layer to the ceramic layer
or article thereunder.

20. An article according to claim 5, wherein the protective thermal barrier
coating comprises a base ceramic coating, and the base ceramic coating is deposited

onto the metal alioy part and the ceramic top coat is deposited onto the inner metal alloy
bond ceat.



