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Reinforcedsol- gdhermalbarriercoatingsandtheir cyclic oxidationlife

Lisa Pin®P-*, FlorenceAnsart, Jean-Pierr@®onino?, YannickLe Maoult®,
Vanessavidal®, PhilippeLoursP

aUniversityof Toulouse UPS- INP- CNR8stitut CarnotCIRIMAT, 118 Routede Narbonne 31062ToulouseCedex09, France
b Universityof ToulouseMinesAlbi-Institut ClémentAder, CampusJarlard, F- 81013\Ibi Cedex09, France

Abstract

Cyclic oxidationlife enhancementf sol- gahermalbarrier coatingsis obtainedvia the reinforcemenbf the controlledmicro-cracknetwork
that forms during the initial sinteringof the deposit.Two differentsol—- gehethodsare usedto fill in the process-inducedracks,namelydip-
coatingandspray-coatingFilling parametersor instancethe numberof passe®r the viscosityof the sol areadjustedusingvarioustechniques
suchasprofilometryandmicrostructurabnalysisto optimisecrackfilling. Cyclic oxidationtestsareimplementecdat both 1100°C and1150°C
to investigatethe efficiency of the variousreinforcemeniproceduresievelopedand addresghe influenceof the specificmicrostructureon the

oxidationbehaviour.

Keywords: Sol- geDxidation;ReinforcementThermalbarriercoating

1. Introduction

Improving turbojet engine performancegequiresto con-
tinuously increasethe turbine inlet temperatureNickel base
superalloysinainmaterialsusedfor theapplication showsupe-
rior creepand fatigue strength.However, superalloyturbine
bladescannotsustainthe high temperaturémposedto modern
engineswithout thermalprotectionandinternalcooling. Ther-
mal barrier coatings(TBCs) are depositedon hollow turbine
bladesin orderto establisha thermalgradientproneto protect
againstthe detrimentaleffects of long-termhigh temperature
exposure Thicker TBCs arealsobeneficiallyusedto coatand
thermallyinsulatetheinternalpartsof thecombustiorchambers.
Currently, TBCs— consistedf yttria-stabilisedzirconia(YSZ)
—aremanufacturedsingtheso-callecElectronBeam-Physical
VapourDeposition(EB-PVD), typically for turbine blades,or
PlasmaSpraying(PS),for combustionchambersThe thermal
and mechanicalpropertiesof TBCs strongly dependon their

* Correspondin@uthorat: University of Toulouse UPS-INP-CNRS|nstitut
CarnotCIRIMAT, 118 Routede Narbonne31062ToulouseCedex09, France.
Tel.: +335615562 85; fax: +335615561 63.

E- maibddresspin@chimie.ups-tlse.ffL. Pin).

http://dx.doi.org/10.1016/j.jeurceramsoc.2012.07.037

microstructurethat straightforwardlyresultsfrom the deposi-
tion processEB-PVD coatingsexhibitcolumnamicrostructure
wherethe presenceof elongatedgrainsand grain boundaries
normalto thesubstratsurfaceallowsaconvenienaccommoda-
tion of in-servicelateralthermomechanicatresseandrelated
strains Howeverthethermalconductivityof EB-PVD coatings
is not fully optimisedasthe presenceof columnarporosities
favoursextensiveneattransferbetweerthe outersurfaceof the
multi-materialsystemandthesuperalloysubstrateNevertheless
someworks aiming at adjustingthe chemicalcompositiof~ 4
andthemicrostructuref elongatedyraing: allow toimprovethe
insulationpropertieof suchEB-PVD coatingsFor PScoating,
the typical microstructurds highly lamellar, resultingin both
alower thermalconductivityasthe porosityis distributedper-
pendicularto the heatflux, andalower ability to accommodate
lateral thermomechanicatressesVarious additionalwaysto
synthesizelBCshavebeenproposedn theliterature basedn
soft chemicalprocessing. “In this paper,a novel methodfor
depositingandreinforcingTBCs, is investigatedDerivedfrom
the sol- geloute, it includeseitherdip-coating,for the initial
depositionandthe post-processingeinforcemenbf the TBCs,
or spray-coatingysedafterdip-coating for thepost-processing
reinforcementbf the TBCs only. Contraryto other processes,
sol- gelBCs show a specific isotropic microstructurewith



randomly distributedporosities.Propertiesand inducedchar-
acteristicsare very different comparedto thoseof EB-PVD
and PS coatings.This shouldresultin an attractivecompro-
misebetweerthermalconductivityandmechanicastrengthln
apreviouspaper® the mechanismsesponsibldor the damage
of sol- getoatingssubjectto cyclic oxidation was identified
and discussedas a function of the oxidation temperatureand
the TBC thickness.nitially, the degradatiorof sol- gerBCs
proceedshroughtheformationof aregularcracknetworkoccur-
ring, eitherduringthe post-depositiothoroughlycontrolledby
thermaltreatmenbr duringtheveryfirst cyclesof oxidation,in
both casesasthe resultof the thermally-activatedinteringof
thezirconiadepositThis networkcanfurtherdevelopitself dur-
ing the cumulativeoxidationcyclespromotingthe enlargement
andthe coalescencef cracksthatfinally lets appearindivid-
ual TBC cells proneto spall off underthe effect of the cyclic
thermomechanicastressesln orderto improve the durability
of sol- getoatingsupon oxidation, it is proposedto control
andstabilizethe process-inducedrack networkby filling the
crackswith freshmaterialbroughteitherby supplementardip-
coatingpasse¥or additionalspray-coatinpassesBy providing
an appropriateadjustmentand control of the process,t has
beenshownthat the crackfilling by dip-coatingsignificantly
improveshecyclicoxidationbehaviounftheTBCS’ throughan
overallreinforcemenbf thebarrierresultingfrom anoptimised
mechanicapegging.

The presentpaperinvestigates(i) the feasibility of filling
cracksusing spray-coatingand the principal differencewith
crackfilling by dip-coating,(ii) theresultingcharacteristic®f
the microstructureandmacrostructureeveloppedand (iii) the
durability of spray-coatedeinforcedTBCs during cyclic oxi-
dationat 1100°C and 1150°C. The overall performance®f
spray-filledanddip-filled reinforcedTBCsarecompared.

2. Experimental
2.1. Synthesi®f sol-gelthermalbarrier

AM1 superalloyssubstratesre initially coatedwith NiP-
tAl bondcoatto enhancel BC adhesionThe substratés then
grit-blastedat 2.5barsduring 10s with corundompatrticles.To
processTBCsby sol— gebute,precursorySZ solwith acom-
positionof 9.7mol% yttria, is synthesizedrom zirconium(IV)
propoxide Zr(OPr), (Aldrich) and yttrium (Ill) nitrate hexa-
hydrate(Acros Organics)° Acetylacetong/AcAc) is usedas
complexingagentto reducethe hydrolysisrate of zirconium
alkoxide! and the solventis the 1-propanol.Volume ratios
betweerAcAc andZr(OPr)y andbetweerH,O andZr(OPr) are
respectively0.8 and9.5. Zirconium concentratioris keptcon-
stantat0.5mol L ~. Suchasol of YSZ is usedto produceYSZ
powderobtainedaftersupercritiadrying of thepropanolusedas
solvent!! Following this step,anaerogeis first obtained Ulti-
mately,the powderis heattreatedat 700°C. YSZ powdersare
dispersednto a slurry composedf the startingsol (9.7mol%
YO 5) loadedwith 40wt.% of powderdirectly coming from
the supercriticdrying describedabove.Then, superalloysub-
stratesaredippedinto the slurry andwithdrawnat a controlled
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Fig. 1. SEM cross-sectiomicrographof asol- ge¢hermalbarriercoating.

rate (250mm/min) to shapethe coatings.After eachdipping,
thelayeris drying at 50°C during 5 min. Theseoperationsare
repeatedintil therequiredTBC thicknesss reachedProcessed
specimensresinteredat 1100°C during2 h usingheatingand
cooling ratesof 100°C/h, to promotethe formationof the ini-
tial cracknetworkandsomewhastabilizethe overall structure
of the barrier by releasingresidualsintering stressesSubse-
quently,specimensvith controlledcracksarereinforcedusing
additionalfilling zirconiabroughtup inside crack groovesby
eitherdip or spray-coating.

2.2. Filling process

The suspensionssedfor sol— gdilling arecomposedf a
commercialY SZ powder(TOSOHA8Y), in 1-propanokolvent.
YSZ commerciabowdersaredispersednto aslurry composed
of thestartingsol(9.7mol%YO1 5) loadedwith 100r 20wt.% of
thiswell dispersec&ndmonodispersedowder(sizeof elemen-
tary particlesaround30nm). Two differentmethodsareusedto
fill in cracksdip-coatingandspray-coatingDip-coatingmethod
consistsin successivelydipping and withdrawing at constant
speedthe substrateout of a slurry. Spray-coatingconsistsin
sprayingthe slurry from thetop sideof specimensthusallow-
ing the control of both the pressureandthe displacementate
of thespraynozzle.Betweeneachpassthecoatingis drying at
50°C during5min. When,reinforcemensynthesizgrocesss
finished finally thespecimensreheatreatedat1100°C during
2h, usingheatingandcoolingratesof 50°C/h. A cross-section
micrographof a sol- gedleposit,filled with additionalspray-
coatingis presentedh Fig. 1. As powdersusedrespectivelyfor
the initial dip-coatingand for the sprayfilling havedifferent
densitiesthecontrasbetweerthe YSZ broughtby sprayfilling
andthe layer of initially dip-coatedYSZ is clearly observed.
Table1 givesthe detailsof the variousspecimensnvestigated
in termsof filling proceseemployed(DC: dip-coatingandSC:
spray-coatinghumberof passeandweightpercenopf powder
in theslurry.

In order to characterizesurface topography of the as-
processeds well asthe filled samplesandto quantify both
the depth and the width of cracks, confocal interferometry
microscopywith adynamicrangeof 15nm— 35@misused.In



Tablel
Referencandprocesgparametersor theinvestigatedspecimens.

Sample Numberof dip or Numberof dip or
reference sprayat 20wt.% sprayat 10wt.%
DC1 4 0

DC2 6 0

SC1 4 0

SC2 2 4

SC3 4 2

DC3 4 2

DC4 2 4

addition,imageswith high field depthof the specimersurface
areperformedusinga numericalmicroscope.

2.3. Cyclic oxidationtests

Cyclic oxidationtestsare performedin a specificdedicated
automatedig instrumentedvith CCD camerato monitorin a
realtime basisthe evolutionof the specimersurfaceduringthe
air-forced5 min coolingfollowing the variouscumulateds min
heatingplus 1-h holdingat 1100°C andat 1150°C. Individual
CCDimagesareextractedrom thevideorecordingo betreated
usingimageanalysissoftware Fromthose" in-situ’experimen-
tal data,the surfacefraction of cracksis derivedasa function

a

of time following eachcycle to approachthe overall surface
damagekinetics.

3. Resultsand discussion

3.1. Reinforcementf thermalbarriers synthesizetly
sol—-gelroute

Theprincipleof TBCreinforcemenis basednthedeliberate
establishmenof a controlledmicro-cracknetworkthroughout
the entirecoatingdepositedy the sol- gdkchnique As indi-
catedabove,the formation of such cracksis inherentto the
depositionprocessitself, but its geometricalcharacteristids
directly relativeto the parametersisedduring the sol— gedro-
cessingAs amatterof fact,thecontrolof themicro-crackdepth
andspacedistributioncanbe achievedusingwell-definedpro-
cesparametersg.g.thenumbeiof dip-coatingpassethatkeeps
constantthe TBC thicknessandthe time andtemperatureof
heattreatmenthatdeterminethe extentof sintering,namelyin
termsof densificationandresidualstress.Oncethe crack net-
workisregularlyformed filling of thecrackgrooveausingeither
dip-coatingor spray-coatinganbe beneficiallyusedto stiffen
and strengtherthe depositso as to improve the resistanceo
cyclic oxidation.

Fig.2ashowsheprofileof theoutersurfaceof aTBCinitially
depositedby 4 successivdip-coatingpassesndheattreatedor
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Fig. 2. Microstructureandcross-sectioprofile of cracksof (a) theinitial TBC, (b) the TBC reinforcedusingdip-coatingprocessand(c) the TBC reinforcedusing

spray-coatingrocess.



Table2

Surfaceanddepthfilling ratesfor specimerwith variousprocesgparameters.
Filling of sample ADID (%) ASS (%)
DC1 14 35

SC1 44 45

SC2 44 53

DC4 12 37

DC3 7 47

2h at 1100°C. The profile is characterisedby a ratherregular
distributionof crackswith variousdepthandwidth. Fig. 2b and
¢ presentdetailsof anindividual crackrespectivelyfilled by
dip-coatingand spray-coatingwherethe grey-colouredzones
correspondo the filled partswhere material, broughtup by
eitherdip or spray-coatingpenetrateshe crack,thensolidifies
andsintersastheconsequencef post-processingeating Both
processearequiteefficientfor pluggingupcracksbut,asclearly
shownin Fig. 2, thequality of filling is highly procesglepend-
ent. Unidirectional dip-coatingbasedon axial withdrawal of
specimensresultsin a heterogeneousjon-symmetridilling,
while spray-coatingdepositedrom the top andalonga direc-
tion globally normalto the specimenresultsin ahomogeneous
andsymmetricfilling.

To quantify processefficiency, the surface(ASS) (respec-
tively depth(AD/D)) filling ratesaredeterminedy estimating
theratiobetweertheincrementn cracksurfaceDS(respectively
depthDD) after filling and the initial surfaceS (respectively
depthD) beforefilling.

It is interestingo notethatthe surfaceanddepthfilling rates
are both higher for specimendreatedby spray-coatingjndi-
cating a betterfilling efficiencyfor this process(Table 2). In
addition,thedifferenceof filling, beneficiako thespray-coating
techniquejs muchmore pronouncedor the depthfilling rate
thanfor thesurfacdilling rate.Thisunambiguouslyemarkcon-
firms thelow capability of dip-coatingto satisfactorilywet the
bottomof thecrackgrooves.

As a consequencef this variationin the homogeneityand
in the symmetryof the YSZ fillings, the distributionand mag-
nitudeof stresdn thereinforceddepositarelikely to beprocess
dependendlso.Resultingrom thesdlifferentinitial conditions,
the evolutionof thermo-mechanicatresseslueto cumulated
oxidationcyclesis expectedo be different, leadingto differ-
entthermo-mechanicabehaviour.The oxidation durability of
specimengespectivelyreinforcedusingdip-coatingandspray-
coatingis investigatedn the nextsection.

A simplewayto improvesurfaceanddepthfilling ratescould
bedonebyincreasingheamounif materiabroughtupby addi-
tionaldeposition So,to investigatehemicrostructurapossible
benefitsthenumberof passebasbeerincreasedy dip-coating
technique,from four to six. The 3D profilometryimageof a
typical 100p.m thick TBC depositedby ten successivénitial
dip-coatingsand heat-treatecat 1100°C is shownin Fig. 3a.
Theresulting2D profilesand3D mapof the TBC aftersix sup-
plementarydip-coatingpassesisingaslurry with 20wt.% YSZ
aregivenrespectivelyn Fig. 3b andc. An additionalcracksfor-
mationrevealedntheverytopsurfaceof TBC by the3D profile

map(Fig.3c), clearlyindicateghatsinteringhasoccurrediuring
thepost-filingheattreatmentlt is alsoevidencedhatnewmate-
rial hasbeerbroughtupduringfilling, notonly insidethecracks
butalsoontop of the externalsurfaceof thebarrier.In addition
to penetratecrack grooves,further filling beyondfour passes
tendto favourthedevelopmenof anover-layemwhosethickness
canbe estimatedby measuringhe depthof sintering-induced
cracks(Fig. 3b). Typically, thethicknesf theoverlayerresult-
ing from 6 passess about30wm (notethatit isonly 2— mumfor
four passesy}. Thepropensityto spallationof over-filledsol- gel
TBCs during cyclic oxidationis clearly shownand discussed
in the paper In this case,following four filling passesthe
cyclic oxidationbehaviousignificantlyimproveswhile follow-
ing eightfilling passest is very similarto thatof thenon-filled
asprocessed BC. This suggestghat below a thresholdnum-
ber of passestypically four with 20wt.% of powderin slurry,
the prevalentresultremainsthe optimumfilling of cracksand
couldleadto a beneficialstrengtheningf the reinforcedTBC.
Beyondthis threshold,the overspreadingrevailsand almost
nofurtherfilling of cracksoccurs.Thisdrasticallyincreaseshe
overall thicknessof the TBC at the expenseof a satisfactory
filing of the cracks.Insteadof reducingtheir depth, existing
cracksfurther deepenand additionalnew cracksform, which
somewhatesultsin areturnbackto the initial poorly adherent
microstructure.

An attractiveway to improvethe efficiencyof the crackfill-
ing processconsistsin adjustingthe viscosity of the slurry by
modifying theweightpercenif powderdependingnthecon-
sideredpasslinitial (respectivelfinal) passesanbeperformed
using high weight percent(20wt.%), high viscosity (respec-
tively low weightpercent{10wt.%), low viscosity)slurry to fill
in the largest(respectivelythe smallest)cracks.In sucha way,
theformationof thedetrimentabver-layercanbeavoidedwhile
theoverallstiffnessandthemechanicastrengthof the TBC are
enhancedexample®f optimisedcrackfilling aregivenin Fig. 4
for two specimensfilled in with six passesith two different
viscositiesof slurry (SC2 andDC 5 asreferencedn Table2). It
is shownthatwhateverthefilling processi.e. spray-coatingr
dip-coating all cracksareatleastpartiallyfilled asindicatedby
the grey-colouredareasseparatinghe profilesbeforeandafter
filling. In addition, notethat no large over-thicknessproneto
degrademechanicatesistancef the TBC, is observedThis is
particulartruefor the TBC filled usingspray-coating.

3.2. Cyclicoxidationof reinforcedthermalbarrier coatings

To estimatethe efficiencyof sol- gehermalbarriercoating
reinforcedbyfilling of themicro-cracksetwork,oxidationtests
havebeenperformednthefully automateayclic oxidationrig
describedin Section2.3. Coatingdamageresultingfrom the
successiveoolingsequencesf thecumulatedxidationcycles
is monitoredin situ to derive the degradatiorkinetics of the
TBC.

First, the oxidation behaviourof two specimengeinforced
respectivelyusing dip-coatingand spray-coatings compared.
This allows to addressn termsof resistancdo cyclic oxida-
tiontheadvantageanddrawback®f thetwo filling techniques,
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Fig. 4. Crackprofilesof specimenéilled using(a) spray-coatindSC2) and(b) dip-coating(DC 3).

eachleadingto a specificmicrostructuregitherdirectionaland
asymmetricfor dip-coatingand homogeneousnd symmetric
for spray-coating.Then, the specific damagemechanism®f
spray-coatingeinforcementswill be discussedy investigat-
ing theimpactof differentmaterial-intrinsigparameterd, e. the
numberof passeandtheweightpercenbf powderin theslurry,
andmaterial-extrinsigparameters,e. the numberof oxidation
cyclesandthe oxidationtemperature.

3.3. Cyclic oxidationresistancedip- coatingersus
spray- coatingginforcement

Fig. 5a comparegheinitial surfaceandsurfaceevolutionof
spray-coatedleft column)anddip-coatedright column)filled
TBCs during cumulative one-h oxidation cycles at 1100°C,
i.e. before oxidation (i), following 50 one-hoxidation cycles
at 1100°C (ii), and following 100 one-hoxidation cycles at

i, Cyole

i. Cycle 0

1100°C (iii). The aspectof the surfaceprior to oxidation is
quite different as cracksare clearly observedin the caseof
the dip-coatedTBC while only ridges, delineatingthe initial

sintering-inducedcracks,are on the spray-coatedrBC. This
confirmsthe limited capability of dip-coatingto achievesat-
isfactoryfilling of crackgroovesdueto the useof directional
filling processThesurfacenorphologyof thespray-coate@BC
doesnot progresdollowing either50 or 100 oxidationcycles
as no evolution of the ridges network occursconfirming the
remarkable=fficiencyof the TBC mechanicabtrengthening.

Forthedip-coatingreinforcedTBC, oxidationdamageakes
placethroughthepercolatiorof theinitial cracknetworkcoupled
to anextensivewideningof the cracks.

In both casesthe surfacefraction of cracks,estimatedby
imageanalysiof roomtemperaturenicrograph&xtractedrom
the videotaperecordingfollowing successiveompletedcool-
ing sequencess plottedasafunctionof thenumberof oxidation

iii. Cycle 100

Fig. 5. Surfaceof TBC reinforcedwith spray-coatingsC 3 (left column)andwith dip-coatingDC 4 (right column)duringthe cooling (5 min) afterone-hoxidation

cyclesat1100°C.
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cyclesin Fig. 6 (blackcirclesandsquares)Monitoring thesur-
face fraction of cracks,which is the difference betweenthe
fraction before oxidation (cycle 0) andthe fraction after oxi-

dation(cycle10— 1003llowsto accurateldetermingheextent
of additionalcrackingresultingfrom eachindividual cycle.For
the dip-coatedreinforced TBC, the surfacefraction of cracks
rapidlyincreasesluringtheveryfirst cyclesto reach7.5%at 70
cyclesandthenstabilisesfrom 70 to 100 cycles.Note thatfor

the spray-coatedeinforcedTBC, the surfacefraction of crack
remaindowerthan1%upto 100cycles.Thehigherresistancéo

crackcoalescencandenlargemenof the spray-coateinforced
TBC is essentiallydueto the higheramountof materialthatfills

the cracknetworkandthe betterhomogeneouslistribution of

materialswithin the cracks.This processspecificity undoubt-
edly minimizesthe extentandhomogenizeshe distribution of

residualstresgesultingfrom the post-filling heattreatment.

In the next section, spray-coatedeinforced TBCs filled
using various parameterspamely the sequencef filling and
the weight percentof YSZ in the slurry for eachpassesare
thermally cycled at both 1100°C and 1150°C to finally pro-
posean optimisedprocessingoute regardingcyclic oxidation
performance.

3.4. Theinfluenceof procesparametersandtestconditions
onthecyclic oxidationresistanceof spray- coatBCs

Fig. 7 detailsthe microstructurabehaviourof spray-coated
reinforced TBCs subjectto 350 oxidation cyclesat 1100°C
(Fig. 7a),followed by 22 additionaloxidationcyclesat 1150°C
(Fig. 7b). On the left handside column (respectivelythe right
handsidecolumn),isreportedheevolutionof thesurfacedegra-
dationfor a TBC reinforcedby two successivdillings with a
20wt.% YSZ slurryplusfour fillings with a10wt.% Y SZ slurry
(respectivelfour successivéllings with a20wt.% Y SZ slurry).
Namelythesurfaceof thereinforcedTBCsbeforeoxidation(i),
following 150 0ne-hoxidationcyclesat 1100°C (ii), following
3500ne-hoxidationcyclesat1100°C (iii), following 3500ne-h
oxidationcyclesat 1100°C plus 15 one-hoxidationcyclesat
1150°C andbefore(iv) andjust after (v) the 372ndone-hoxi-
dationcycles(350cyclesat 1100°C plus22 oxidationcyclesat
1150°C) arepresented.

For bothspray-coafilling routes,oxidationat 1100°C does
not degradethe surfaceas the typical ridged microstructure
presenno crackingor spallationupto 350cycles.Fig. 6 reports
thesurfacefractionof crackversughe numberof cycles(white
circles and triangles)that remainslower than 1% up to 350
cycles.In orderto enhanceoxidation damage the oxidation
temperaturés increasedo 1150°C from the 360thcycle.Such
a high oxidationtemperatureccelerate®oth the sintering of
zirconiaandthe growth of the aluminathermallygrown oxide
(TGO). This resultsin a rapid and extendedsurfacedamage
through crack coalescencend enlargementgiving rise to a
suddenincreaseof the crackssurfacepercentvaluein Fig. 6,
typical of breakawayoxidation. For the TBCs filled using 6
spray-coatingsvith two differentslurry viscosities the surface
fraction of cracksremainshoweverlow and no spallationis
observedConverselyfor theTBCsreinforcedusingfour spray-
coatingsandonly oneslurryviscosity,degradatiofis muchmore
pronounceandendsup, right afterthe 372ndcycle, by acom-
pletespallationof thewholebarrier,asindicatedby theverylast
white circle in the graphin Fig. 6 andtheimagein Fig. 7b (v).
Thehigherstrengthof theTBCsreinforcedby slurrywith appro-
priateviscosityis relatedto the optimumfilling of crackswith
different sizes,promotinga betterhomogeneityof the surface
subjectedo oxidationcycles.

The cyclic oxidationbehaviourof reinforcedTBCsis quite
different to that of sol- gehs-processedBCs, where crack-
ing and subsequenspallationare progressiveas cracksfirst
coalesceo finally delineatdndividual YSZ cellsproneto local
delaminatiorf® An attempis madeto modelthemechanismef
YSZ detachmenfrom thesubstratesurfaceduringtheoxidation
cyclesanddifferentiatehebehaviouof non-reinforceqFig. 8a)
andreinforcedTBCs(Fig.8b). Foras-processedpn-reinforced
TBCs, horizontalfailure initiates at the bottom of the vertical
sintering-inducedracksastheresultof thethermo-mechanical
stresseslueto cumulativeoxidationcycles.Onceformed,such
a horizontalcrack propagategarallelto the interfacebetween
thesubstratendthebarrier.As thecrackfully crosseshewidth
of anelementaryzirconiacell, the barrierloosesits adherence
to thebondcoatanddetacheén theform of anindividual spall
(Fig. 8a). Damagecanfurtherenhancehroughthe spallationof
supplementargirconiacellsastheoxidationcyclingprogresses
andadditionalcracksdevelop.

Thereinforcemenby spray-coafilling of theinitial cracks
allowsthe consolidatiorof TBCsby providing strongbonding
betweenthe individual zirconia cells, which delaysthe initi-
ation of horizontalfailure. Becauseof the stiff bridging that
occursastheresultof filling, the horizontalcracks,onceiniti-
ated,propagateroughly at the interfacebetweenthe substrate
andthebarrierwithoutanyindividual spalloff. Thecrackshave
to propagatehroughoutthe entire interfacebeforeleadingto
the completespallationof the TBC (Fig. 8b). This sudderand
totalspallationof sol— gekinforcedTBCsis verysimilarto that
observedypically in EB-PVD TBCsasextensivelyreportedn
theliterature!?- 14

Thefailure of sol- gekinforcedTBC is ascomplexasthe
one of EB-PVD barrierson Pt-aluminisedsystem,wherethe
fracturemayeitherlocateattheinterfacebetweerthe TGO and



b. oxidation temperature : 1150°C

Fig. 7. Surfaceof TBC reinforcedwith optimisedspray-coating SC 2) (left column)andnon optimisedspray-coatingd SC 1) (right column)during the cooling

iv. Cycle 365
(5min) afterone-hoxidationcyclesat 1100°C (a) andone-hoxidationcyclesat 1100°C plusone-hoxidationcyclesat 1150°C (b).
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Fig. 9. SEM micrographof sol- gelBC reinforcedwith spray-coating(SC
3) after 372 one-hoxidation cycles (350 cyclesat 1100°C plus 22 cyclesat
1150°C).

thebondcoat® or betweerthe TGO andthe TBC.16 In sol- gel
TBC,thecrackpathresponsibléor thespallationis alternatively
adhesiveresultingin adetachmenattheinterfacebetweerthe
bond-coaandthe TGO or attheinterfacebetweerthe TGO and
the YSZ, or cohesiveeadingto the spallationinsidethe YSZ
coating.Thisis illustratedin Fig. 9, wherethe SEM micrograph
of theexternalsurfaceof acoatingreinforcedby two successive
spray-coaffillings with a 20wt.% YSZ slurry addedby four
spray-coafillings with a10wt.% Y SZ slurryafter372oxidation
cycles(350at1100°Cand22at1150°C)is presentedNotethat
themainfailure is locatedwithin the YSZ sol- gedoatingover
theTGO,whichsuggestaigoodadherencef thecoatingto the
substrate.

4. Conclusion

Sol- gethermal barrier coatings are intrinsically micro-
crackedasthe manufacturingprocessncludesa heattreatment
resultingin the sinteringof the yttria-stabilizedzirconia. The
occurrenceof this crack network hasthe main advantageto
releaseresidualstressesnd stabilizethe TBC. However,this
specific microstructurealone showspoor resistanceo cyclic
oxidation and needsto be reinforcedprior to long-termhigh
temperatureexposureThe feasibility of consolidatingsol- gel
TBCsbyfilling theprocess-inducecrackgrooveshy additional
YSZ materialbroughtup eitherby dip-coatingor spray-coating,
hasbeenaddressedThe parametersisedto properly conduct
the filling processhavebeenoptimised,regardingmainly the
cyclic oxidationresistanc®f reinforcedTBC. Themainresults
arelistedbelow.

e Thedip-coatingmethod consistingn withdrawingsubstrate
tobecoatedromaslurry,is essentiallydirectionalandresults
in anon-symmetridilling of crack,while thefilling by the
spray-coatingnethodis homogeneous.

e The spray-coatingtechnique,consistingin spraying uni-
formly YSZ, results in a more efficient and a more
homogeneouslling of cracks,

Spray-coatedeinforcedTBCs showlongercyclic oxidation
life thandip-coatedeinforcedTBCsasaresultof theirmore
uniform microstructurewith lower residualstresses,
Thefilling efficiencycanbeoptimisedby aproperadjustment
of the procesgparameterspamelythe viscosityof the slurry
thatmustbe changedasafunctionof thesizeof cracksto be
filled in,

OptimisedreinforcedTBCs showsa high resistanceo oxi-
dation cycling asalmostno cracksand no spallationoccur
within 3500ne-hcyclesat 1100°C,

Increasingoxidation temperaturdrom 1100°C to 1150°C
dramaticallyenhanceshe degradatiorof the TBCsthatmay
fail by total spallation(hon optimisedreinforcement)r by
detrimentakrackenlargemenfoptimisedreinforcement),
Failureof theoptimisedspray-coatedeinforcedTBC during
thermalcycling mainly occurswithin the YSZ, suggesting
fairly goodadhesiorof the depositon top of thebondcoat.
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