THERVAL BARRI ER COATI NG FOR SUBSTRATES ANDTERGERRY

FOR PRODUCING I T FI ELD OF THE | NVENTI ON . The invention
relates to a thermal barrier coating andl =5 process for producing such
a coating for substrates intended to operate in cyclic thernma

environnents, said coating conpr|5|no zlrcon[a partially stabilized
by yttria and having +# : '5'v + Al g2 L8nsBar si on of
vertical macrocracks ' &% nprove its thermnal

fatigue 10 resi st ance. BACKGROUND CF THE | NVENTI ON

Moder n gaﬁgﬁﬁgggﬁﬁéﬁﬁ?;ﬂﬁﬁi 'i@ﬁte I n high tenperature envi r onnent

I N excess hot gases are expanded across rows
of turbine bl 3ges. 1 Id/H i 'rSEed’ %‘pﬁ cd{ﬂ@cribe

t he turbine bl ades to%n?ﬁm ze to ]{eﬂ?( age of e gases oveé e tips
of 6he bl ess NForigeréducing suck erdddt my rieF Sddriife PN Béndeay bi ne

bl ades and surfaces such as such as shroud segnents have been found

to have to opersterin eyivbiv agesrmalreneirdriisentss, Gaidasgatinprrier 20
coatings higher operating efficiency can be obtai ned because | ess
cool i ng aiconprising reirconimipartinblyndstabikizediby yttria tampchanings.
I n addition, conponent life is extended since

a substantial homogeneous dispersion of vertical macrocracks

throughout the coating to improve its thermal fatigue

10 resistance.

ACKGROUND O E INVEN N
Modern gas turbine engines operate in high temperature

environment in excess of 2000°F in which hot gases are
expanded across rows of turbine blades. Outer air seal or

15 shroud segments circumscribe the turbine blades to minimize
leakage of the gaées over the tips of the blades. The use of
thermal barrier coatings on gas turbine blades and surfaces
such as such as shroud segments have been found to have
several advantages. Through the use of thermal barrier

20 coatings higher operating efficiency can be obtained because
less cooling air is required to maintain blade or shroud
temperatures. In addition, component life is extended since
the rate of change of metal temperaturé is reduced by the
insulating effect of the thermal barrier.

25 Zirconi§ based thermal barrier coatings, because of their

low thermal conductivity, are added to the surface of metal
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fthe rate of change of netal tenperature is reduced by the

i nsulating effect of the thermal barrier. 25 ~Zi rconi a based
thermal barrier coatings, because of their _ | ow t her el
conductivity, are added to the surface=o® met al D 16317

-2- conponents to insulate themfromthe hot gas stream
Stabilized zirconi S develoeed and used as a thernal barrier
coating foF°FBPBFﬁ852%8'§HFBaa EofPERehEOR Eﬂﬁtpﬂgsgas streams ch as Cao

ST SO B B e ST
2, 377,371 BRCERSE BoRRINLLABD SUFRIRS, AREHhESua components,  edatffE™

ceram ¢ |aiﬁéhiHs“@h@hsESBEQPzSBaikicBHQa, ¥ﬁo staBehiiPenagekionihr adyced
e

to a plasma-sprayed ceramc |ayer. 10 beni gn cracks are generated

by Scanni ng,e,l stebiléaedordrconia havet beepl geste@pwayndygegam c surface

where the céramc materi al i mmedi ately beneath the beamnelts to
produce a partialiydstabilized| ajeconskr proxddiagcthpabgstgresualitsg and
solidification of the fused | ayer produces a network of

m crocracks i nUtBe Patent 45377,37nagddsclpsesr api dmproveds thasmpanshadk

growth of a catastrophic .
resistance of a ceramic layer in which benign cracks are

deliberately ihtroduced to a plasma-sprayed ceramic layer.

10 The benign cracks are generated by scanning a laser beam over
the plasma-sprayed ceramic surface where the ceramic material
immediately beneath the beam melts to produce a thin fused
layer. Shrinkage accompanying cooling and solidification of
the fused layer produces a network of microcracks in the fused

15 layer that resists the formation and gfowth of a catastrophic
crack during thermal shock exposure. Another method disclosed
for introducing fine cracks on the surface of a ceramic
coating is to guench the surface of the ceramic while it is
hot with an ethanol saturated paper pad.

20 An article published by the AIAA/SAE/ASME l6th Joint
Propulsion Conference, June 30-July 2, 1980, Development of
Improved-Durability Plasma Sprayed Ceramic Coatings for Gas
Turbine Engines by I. E. Summer et al, discloses that the
durability of plasma sprayed ceramic coatings subjected to

25 cyclic thermal environment has been improved substantially by
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crack during thermal shock exposure. Another nethod disclosed for

I ntroducing fine cracks on the surface of a ceramc - - coating is to
guench the surface of the ceramc while jt is hot with an et hano
sat urated paper pad. 20 An article published by the Al AN SAE/ ASVE
16t h Joi nt Propul si on Conference, June 30-July 2, 1980,

o egoving, sy, S B SR SRR B 10
Gurabi]1 AN S MG KRG Y B0 en@® Ol ¢

- 3- appliEAIEN b1 RheS I dcitingl e GRhetr GHaTEC tHat'¢Hy € and al so
by controlling the substrate tenperature during the application of -

the coati dgpridvedistharirs ttalerant’ Wi achieved bPudiey Yerainid ol erance
was achi eved by using ceramc 5 structures wth increased porosity,

m crcr acktampctures withs dgwoneased porosity, micrdoramkimg iod e publi shed
by J. Vac. Sci. Technol. A3 (6) Nov/ Dec 1985 titled Experience with
MCr Al and seg@enti2tdan. er

In an article published by J. Vac. Sci. Technol. A3 (6)
Nov/Dec 1985 titled Experience with MCral and Thermal Barrier
Coatings Produced Via Inert Gas Shrouded Plasma Deposition, by

10 T. A. Taylor et all, discloses the depositing of a ceranmic
oxide coating of 2r0,-7 wt% Y,05 onto a coated
substrate. The ceramic cxide'coating is a thermal barrier
coating which has intentionally imparted microcracks having an
average spacing of about 15 microns and which are staggered

15 from layer to layer of the coating.

It is an object of the present invention to provide a
thermal barrier coating for components intended to be used in
cyclic thermal environments in which the thermal barrier
coating has deliberately produced macrocracks homogeneous

20 dispersed throughout the coating to improve its thermal
fatigue resistance.

It is another object of the present invention to provide a
thermal barrier coiting for components of turbine engines in
which the coating is composed of zirconia partially stabilized

25 by yttria and in which the coating has a density greater than
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Coati ngs Produced Via Inert Gas Shrouded Pl asma Deposition, by 10 T. A
Taylor et all, discloses the depositing-of4 & ceramc - - oxi de coati ng
of Zrgerr]-7 ww% Y[err](err] onto a coated substrate. The ceram c
oxide coating is a thermal barrier coating which has intentionally
i nparted ni aboutasks bfvkhgozetical. aver age spaci ng of about 15 m crons

and which are staggered 15 fromlayer to | ayer of the coating.

It is an obj ect I8f ishanptbernebliaetnefotheoppesenticinvention thepnavide a

barrier coating for conﬁonents i ntended to be used in yclic therma
envi r onnent $PERRRH; PATTRRT KEPnRP2kAPSE| eVver a b°n€o§PFFg“Ea9deP|BEFEYeIy

irove. | {SCPRERAGLRS SREORIRR, pygnspun; KREETe wIER 4 'Reknt "FeTaRheds,
P O o onoEFell ERE LrbaYCEbhaTst enl 8F' HEcRer, copalPChHR! 4RBRL! o7 C02( | N0

for conponents engl nes § conposed

of zirconia par ¢Eakhyanbaliel! é8ectSor LY $rbLbiteBiveRe 1BhCRo! BEoGORLI O

has a density greater t
- 4- thern@2ubad8ieef cbhﬁ%gt €62/ gas turbine bladkk,i ¢adlel BRE gBheCt

of the present invention to provi
surfaces exposed in the hot section of gas turbine engines.
It is another object of the present invention to provide a
10 process for producing a thermal barrier coating having good
thermal fatigue resistance.
SUMMARY OF N
The invention relates to a thermal barrier coating for
protecting a substrate such as blades, vanes and seal surfaces
15 of gas turbine engines, said coating comprising zirconia
partially stabilized by yttria, having a density greater than
88% of the theoretical density, and having a plurality of
vertical macrocracks substantially homogeneously dispersed
throughout the coating in which a cross-section area of the
20 coating normal to the surface of substrate exposes a plurality_
of vertical macrocracks with at least 70%, preferably at least
80%, of said macrocracks extending at least 4 mils, preferably
8 mils, iq length up to the thickness of the coating and
having 20 to 200 -vertical macrocracks, preferably from 75 to

25 100 vertical macrocracks, per linear inch measured in a line
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thermal barrier top coating over a bond coating of an all oy

contai-ning chromum alumnum yttriumwith a netal selected 5 from
the group consisting of nickel, cobalt and iron. It is

anot her object of the present i nvent i on°t 6 provide a t her mal
barrier coating for gas turbine bl ades, vanes and seal surfaces

CXPOSed | Dot U6 B0 13CEhLOBuBEaB0%ok R WERELEES ana 1p @ pigne 1L 1S,
pr oduci noparpoRa BL1 RA £bCLt60BLLRE-REKI NOThQOtength of atNEEABE F84 1 OuC

resi st ance. MVARY OF THE e I nvention

rel ates tpraféhQbIR| 90R, roerthe@avef8iéQl macrocracké OERSG1AJeRtéHASAL Al €
such as bl ades, vanes and seal surfaces 15 of gas turbi ne engines,

sai d coatlesgstoapuiltsngozthavnthey pass thpeughaatyleasebi $0zsepléysydfri a,
having a density greater than 88% of the theoretical density, and
havPng a pherdepbegited powder. vertical macrocracks substantially

honogeneousl y_di spersed, t hroughout the coating in which a
cross-secti onThecdN¥enthen 2bsc relatesi g AcPreress fAr BTPIBELngfa

substrat e exposes, a plurality, . of vertical rogracks wjth at

least 7095RSFBRL BAFFiSF Peating having geog thezmall Fatigef AERE1EKRESR ng
at least 4 nmls 8re£grabL¥ . 8 mls, in length up to the thickness
of the cd%??ﬂﬁlﬁﬁ g the & pﬁaving 20 to 200 vertical macrocracks,

preferably fromfBet0a125 aeposdP¥nychibeshs ABGEOEERCkSuaREL bhOS2 T nch
10 _ substrate to form a monolayer having at least two superimposed
splats of the deposited powders on the substrate in which the
temperature of a subsequent deposited splat is higher than the
temperature of a previously deposited splat;
b) cooling and solidifying said monolayer wherein said
15 monclayer has a density of at least 88% of the theoretical
density and wherein a plurality of vertical cracks are
produced in the ;onolayer due to shrinkage of the deposited
. splats;
c) repeating steps a) and b) at least once tc produce an
20 overall coated layer in which each monolayer has induced
vertical cracks through the splats and wherein at least 70% of
the vertical cracks in'each monolayer are aligned with
vertical cracks in an adjacent monolayer to form vertical

macrocracks having a length of at least 4 mils up to the

25 thickness of the coating and said coated layer having at
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-5 - parallel to the surface of the substrate and in a pl ane
perpendicular to its substrate. The |l ength of at |east .70%

preferably 90% of the vertical macrocracks-shoul d extend at | east
4 ails so that they pass through at |east 50 splats of 5 t he deposited
powder . The invention also relates to a process for producing a
t her mal barleestcbatvggtﬁaalngagnodrahbsnperfhimgma inch swemsered in a

conprising the st % thermal |y depositing zirconia-yttria
powders ontbine E@IﬁllgthPrﬁﬁé $Qr 6?ﬂ1ﬁfn%h®l§§%$tﬁ%§?ng at |east two

d ats.of th t wd he_supst r at
which the A m%iar%é" o+ splaReehell Betnce s onele melen Fgfest

by “Cool  ng BAEEAGH (ERBRLLE Bhofl PR ERY Pude 'BF ENe “Fubliflte yherein it
a degsity g%p%?%ié‘ﬁta@o/o brk g Qﬁfﬂrﬁﬂ%@i Gene?ﬁff*om?%yevmere' n a

plurality crac S are ro uced due to

Ehrlnkage Oh14£€1 #€908}E Crom §pfét§00 microns in &idiﬁﬂﬁﬁt&ﬂg gtepssa) and
) at | east once to produce an overall coated layer 1n which each
monol ayer he$crofsiCeENick, more generally about 2 microns thick.
As used herein, a vertical macrocrack is a crack in the
coating if extended to contact the surface of the substrate
10 will form and angle of from 30° to 0° with a line extended
from said contact point normal to the surface of the
substrate. Preferably, the vertical macrocracks will form an
angle of 10° to 0° with the normal line. In addition to
vertical macrocracks, one or more horizontal macrocracks may
15 develop in the coating. Preferably, the coating should have
no horizontal macrocracks. A horizontal macrocrack is a crack
forming an angle of from 10° to 0° with a plane bisecting
said crack and disposed parallel to the surface of the
substrate. If present, the horizontal macrocracks preferably
20 should not extend to contact more than one vertical macrocrack
since to do so could weaken the coating and subject the
coating to spalling. The length dimension of the vertical
macrocrack and the length dimension of the horizontal
macrocrack is the straight line distance from one end of the
25 crack to the opposite end of the crack. The length of the

horizontal macrocrack, if present, could be from about
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vertical cracks through the splats and wherein at |east 70% of t he
vertical cracks in each nonol ayer are aligned with N vertical cracks
in an adj acent nonol ayer to formverti cal macrocracks having a
ength of at least 4 ails up to the 2549 . thickness of the coating and
said coated | ayer having at D 16317

- 6- | east 20 vertical nacrocracks per linear inch neasured in a

line paralg alo t25 tgerceiit a3 e tdverdlfistidligth of the vertiokd used herein,
a splat shall nean a single nolten powder particle inpacted upon

the surf acmofodrecksulst taith \distes of tthe horizonyadadaanderar).orma thin
platelet. GCenerally these platelets are from5 to 100 microns in
di aneter and Fam mpst applicatiinnsms the densidie ofethealdoatdingut 2 microns
t hi ck. As used hereln a vertical macrocrack is a crack in the

coating i P"@fﬂtﬁé’rﬁiﬂd’ EhAd ke hetwesn A% and 983 ahdheytbeogeticaly| |
% ) R S e B bl SR, o
Pref er abl het%%tthieéa&o ; Mmgcrﬁg}fﬁfca Orﬁgcatnocracks aré Wy sHolerr]

to O[err]
the coating by plasma depositing powders of the coating onto

the surface of the substrate in discrete monolayers in which
the thickness of each monoclayer contains at least two

10 superimposed splats of the deposited powder (about 0.16 mils)
and preferably from about four to five splats of the deposited
powder (from about 0.32 mils and 0.40 mils, respectively).
Although not bound by theory, it is believed that the deposit
of two or more superimposed splats of the powder will result

15 in the second and subsequent splats being deposited at higher
temperatures than the preceding splats. This is due to the
fact that the first splat of the powder is deposited on a
relatively colder substrate while the second and subseguent
splats are deposted on preceding splats that are progressively

20 hotter. Thus the overall deposit of two or more splats
results in a temperature gradient with the higher temperature
at the top surface. Upon cooling and solidification of the
monolayer deposit, the second and subsequent splats shrink
more than the preceding splats and form vertical microcracks

25 through the deposited layer. Additional monolayers are
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vertical macrocracks, one or nore horizontal macrocracks may 15

develop in the coating. Preferably, the coating shoul.d have no
hori zontal macrocracks. A horizontal madotrack is a crack form ng
an angle of from10[err] to O[err] with a plane bisecting sai d

R )
B R T ke

weaken the 0 spaFl’i ng. e length

di mensi on QEvﬁBﬁsx9rEbgﬁEd macrocEaEﬁQrEﬁrﬁﬁE QQcEagngeBBBBIQ¥5?E§i°n of

t he horizgnta macrocrack I1s the stralfght |1 né distanCe from one

end of thenigSeffectivaty pPobilice8PBoRk! fatPecPhckBethatCkxteRe | ength of
t he hori zontal nacrocrack, if present, could be from about

D-16317 substantially through the thickness of the- éoating. Thé wiadzh
percent of the average length of the vertical macr ocr acks on both
si des of ofiether vertigklnmecrocxekks, i.e., the Histanse bppWeeati ons, the
density of the coating . . preferably should be between 90% and 98% of
t he t heoreppesing facesddefinjingnghgoversicndr mpryossagkse2igegenatradiyt he

less than about 1 mil, preferably less than 1/2 mil.
It has been found that if the density of coating is less
10 than 88% of the theoretical density, the stress caused by the
shrinkage of splats in the monolayer may be absorbed or
compensatéd by the porosity of the coating. This will
effectively prevent the formation of macrocracks throughout
the coating as is required according to this invention and
15 prevent producing a coating with good thermal fatigue
resistance. The substantial homogeneous distributuion of
vertical macrocracks throughout the coating as requied by this
invention will reduce the modulus of elasticity of the coating
structure thereby reducing the local stresses. This results
20 in excellent thermal fatigue resistance for the coating that
enables it to function without failure in cyclic thermal
environments.
The density of the vertical macrocracks should be
preferably 75 or more, most preferably 100 or more, vertical

25 macrocracks per linear inch taken in a cross-section plane
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t heoretical density. The vertical macrocracks are fornmed in t he

coating by plasma depositing powders of ghe coating ont o t he
surface of the substrate in discrete nondlayers in which t he
t hi ckness of each nDnoIayer contains at |least two 10 superinposed

fSIrol)%t Zbth our | ve gﬁgﬁé C‘# %‘epo f%i ?o the sur%r ff rombl'i%out

0.32 nils ans%@ral@em lPni g %ﬂeptiﬂﬁwé that sufﬁ%iéw%ﬂqcéﬁpund by

theory, it is believed that the deposit of two or nore superinposed

spl ats of rdwrgaratks vatre preseént b the dout iy S8s Grbviitde Yis® Ritstimal
spl ats bei ng deposited at higher tenperatures than the preceding

splats Thifatigurieresistance. To dbidin htlie fecéssaty sydrtticdl t he powder

I s deposited on a relatively col der substrate while the second and
subgequentmacrocracks| in sthie coatingd the (plasmk mpratatus tshoulxd e of
progreSS|ver 20 hotter, Thus the overall deposit of two or nore

splats  high e&figiancy and sahle Wy the eﬁ’ﬁri/ﬁ'-! P% iRepRgifeing the

tﬁgper at ure W‘ayﬁﬂgﬁeﬁ#}?p surfage P}ﬂco g an? éolaldgl fi calt |n(i2n of
e 11 B OO o SO S i o
torch and the substrate should be controlled to insure that
10 the monolayer instantly put down by one sweep of the torch
will be sufficient to produce overlap of the deposited splats
of powder in which the second and subseguent deposited splats
are hotter than the preceding deposited splats for the reason
discussed above. The overall thickness of the coating can
15 vary depending on the end use application. For components of
gas turbine engines, the coating thickness can vary from 0.003
to 0.10 inch. The preferred zirconia partially stablized by
yttria would be 6 to 8 weight percent yttria with the balance
zirconia and most preferably about 7 weight percent yttria
20 with the balance substantially zirconia. The thermal barrier
coating of this invention is ideally suited as a top coat for
a metallic bond coated substrate such as blades, vanes and
seals of gas turbine engines. The preferred metallic bond
cdating would comﬁiise an alloy containing chromium, aluminum,

25 yttrium with a metal selected from the group consisting of
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superinposed on the substrate with each nonol ayer form ng verti cal
macr ocr acks whi ch have a tendency to al igrifuM<th the o previ ously
formed macrocracks in the precedi ng nonol ayers. This effectively
produces soms.rrgciocr acks that extend 5 substantially through the

t hi ckness of PtfitetoafPhglt and drdnh This bosd 0L YRG LESR! bga&éﬁ%@é@’
i.e., the diééflq e getwe n opposi ng faces defining the v Teaf
macrocracks, TS geﬁ PEFPyional plasmassphay téchnidues lor pasfesakby | ess
than 1/2 mlga s has been found that if the density of coating
is less 10 CO {han YAt o'?é%)ﬁ’é"?‘h%or ethe Substmate  covld e ansy cavsEth Y
t he et e sl i b the nonol ayer. may be absorbed or
conpegat ed by the porosl?f%gés’?%%%%;?% coohaltibase or irorefbamdively
preve t he &ldrayat i on of nacrocracks throughout ) the coating as is
required according to this invention and 15 prevent producing a
coating with godhileerthd pPraiferi®d embodided e. .The substanti al
honogeneous di st é&%lgjuiﬂ%n of verti cegﬁ rsroffg% davention, sesubeen
coating as PE§G: I %111 be apprevilata Wil ce the modul us of
elasticity ﬁx{agt Pbg ag%;i rég h structure th§9§b§%?§835 Fedifd cagdsms
stresses. T S 20 the thermedebagiielrh @oattnk2 egistance for
the coatinggfhat . .enables it to function Wt R%ﬁ?’%g?f"&r ?ePﬁr&em c
t her mal o thei FRAXASt OF scope of theTHmvestsiohy of the vertical
macr ocr acks shoul d be



preferably 75 or nore, nost preferably 100 or nore, vertical 25

macr ocracks per linear inch taken in a cross-section pl.ane D 16317
of the coating along a |line parall el Totdhe surface of the
substrate. This will insure that sufficient vertical macr ocr acks

are present in the coating to provide od, t her pal fatigue
resi stance. To obtain the neceéggfﬁm%%?g#Eﬁgue ﬁggt macrocracks in this

ting, th | Y fhiGi d
Crabl o over  KYeAas Sedmit. bdeBtrs Bhrnerp aistiNoBloR HeH BRI
shoul d benB&&ﬁ&LQ&Edd@hdﬁd?ﬁéﬁ@hermal bd@r&&&”%%&%&%@bt@&t&”?%b@%@et%ﬂd the

rel ative spee et ween the torch and the substrate shoul d be

control | e¢hlemals fat iighd! rekistandedle MR therfalabalrrieyt cdaringy one
sweep of the torch will be sufficient to produce overlap of the

deposi t edmugitabe able to Gurnvdnmden larye dlunber ACethérmad tyledesuant
deposited splats are hotter than the precedi ng deposited splats for
t he reasohigh tempediataires st thiomte spiid imgeddl [itt Hiscltoede afsefud doati ng
can 15 vary depending on the end use application. For conponents of
gas turbi mer¥igenes, the coating thickness can vary from 0. 003 to

0.10 inch. The preferred zircqnia partially stahlized gy
To test the samples of this invention, a round metal alloy

disc coated with a thermal barrier coating on one face was
10 fabricated. The coated face was exposed to a high heat flux
gas burner while the metal back faée was allowed to cool by
convection in air. The apparatus was automated with timers
and a stepping motor which place the coated disc in the flame
of a gas burner for a fixed time then move it out of the flame
15 and to a second position where an air blast cools the coated
face. The time at each position is adjustable, as well as the
maximum temperat;re reached at the heating position. 1In the
test work described herein the fixed variables of the test
were as follows:
20 --20 seconds heating to 2550°F (average maximum
temperature measured on the thermal barrier
coated face) wherein the back metal face
reaches about 1400°F, followed by

-=-20 seconds blast air cooling to about 1500°F,

25 followed by
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yttria would be 6 to 8 weight percent yttria with the bal ance

zirconia and nost preferably about 7 weight percent yttria 20 with the
bal ance substantially -zirconia. The theﬁgal barrier coating of this
invention is ideally suited as a top cOat“for a netallic bond
coated substrate such as bl ades, vanes and seal s of gas turbine

engi nes. The preiy sREIHIAINAturAANEonvect ionCeRb1AGg\VeY @50OFPri se an
all oy containing chrom um alum num 25 yttriumwith a netal selected

fromthe group cqasiexiageyminimum temperi@tifyél heasured on the

-10- nickel, cobalt and iron. This bond coating can be deposited using
conventi onal pl agthermalapargdler qeatedr faece)ot her conventional techni que.
The substrate could be any suitable material such as a nickel - base,

cobal t - base or <"ROMDHRe2TING/GPoling oyslles ceastisrtesc¥henifadilnent of the
I nveption has been .described, it wll be appreciated that various
nodifications nﬁfsﬁé made to the thermal barrier coating w thout departing
fromthe spiri trhoer t%%%ealOberr}%eirn\é%gttje% layer thicknesses and
| compositions were as follows:
~=-6 to 8 mil thick bond coating of Co-32N-21Cr-8A1-0.5Y
composition and
10 --43 to 47 mil thick topcoat of a thermal barrier layer
of Zr0,-6 to 8 weight percent Y,0, composition.
Before starting the thermal test, thg edge of the coated
disk was polished so that the thermal barrier coating would
display any separation cracks that might be induced by the
15 . thermal test. These separation cracks are horizontal cracks
within the thermal barrier layer that are visible at the
polished edge. Usually, if a coating is susceptible to this
cracking, a number bf short horizontal crack segments are seen
to grow and link up around the edge circumference of the

20 thermal barrier layer. Usually the location of these cracks
is within 5 to 15 mils of the bond coat interface. The
lengths of these individual or linked cracks are measured
after the thermal test. A stereoscopic microscope at 30X

magnification is used to detect all such cracks. The total

25 length of edge cracks is expressed as a percentage of the
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Thermal Fatigue Test Cyclic thermal exposure can help

di stingui sh between a nunmber of candidate thermal barrier coatings
with regard to thermal fatigue ¥&ststance. A good thermal barrier
coating 5 nmust be able to survive a | arge nunber of thermal cycles to

hi gh tenperature w thouf s I g S to be useful in servi ce.
To test tR&TSHRHREENGE &ﬁpg%anénFronloairﬁﬂﬁﬂ fERGKIng gpuld have ;¢

The. ﬁSaWe%“faeégﬁéE‘é"skpggéé?r 35 80hpoRnRcePlRrayedat " Eirddntertine: A -
the metal ggagkel ? ?ﬁgral?ﬁﬁﬁdeﬁgeCQQLcﬁxng Jwaul S?QEKECttﬂQ inair. The

appar atus was au eppl hg ot or whi ch

pl ace thetaeaﬁsﬂbdrssernxwerf baﬁra spall off.a ﬂaSoéuéaeEaéeé ajtixed tine
then nove it out of the flane and to a second position ‘where an air

bl ast cooremahnscbehddd by uncr’aaked dbeati deeperefnbopthet toatifg. 1In
adj ustable, as well as the maxi mum t enperature reached at the
heati ng peitheoncase,t200% or othershighr percentagedeligeccrnatkiéngi xed
vari abl es of the test were as follows: 20 --20 seconds
heating tvessbbvscarprtakenr ageindicative of poor thermeXpfatigue neasured
on the thermal barrier coated face) wherein the back neta
face resistancer pfckbataparticudercthprmal obpsriarpspecinen.

Thermal barrier coatings that have a low percentage of edge
10 cracking at the conclusion of the test are considered to have
good thermal fatigue resistance. Thermal barrier coatings
that have zero percent edge cracking at the end of the test
are considered to have outstanding thermal fatigue resistance.

1
> EXAMPLE 1

In this exampie, three different zirconium-yttrium oxide
thermal barrier coatings (Samples A, B, and C) were prepared
to have different macrocrack structures and then subjected to
the thermal cycle test. All coatings were made from the same

20 starting powder having the following characteristics shown in

Table 1.
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--20 seconds blast air cooling to about 1500[err]F, 25 followed

by D 16317 - - 12 -
--40 seconds natural convection coolingjtgo 850[err]F

(average m ni mum tenperature neasured on the thermal barrier
coated face) --2000 heating/cooling cycles constitutes the
full 5 test. T egmal barrier coated |ayer

t hi cknesses and conpositions were as foll ows: --6 to
8 ml| thick bond coating of Co- a stics conposi tion
and 10 --43 to 47 m| thick topcoat of a thermal barrier |ayer

of Zr2-6 to 8 wei ght percent Y203 conposition. Bef ore
starting the thermal test, the edge of the coated di sk was

pol i shed so t hGemppeithepsal bAsdleWteda¥pfg,wBuRd SiO,, di spl ay any

separation cracks that m ght be induged bx the _15 thermal test. These
separation cracks are hori zont 8+ 18r &&Rg+ ©0.07 Al Qhy hPrnOPhEERRarnal barrier
| ayer that are visible at the

3 s@sceptible visible balance zgg;ished edge. LBuaIIy,.if a coating
Type powder: fused and crushed
Size analysis: + 200 mesh 0.0 wt. percent
+ 230 mesh 0.0 wt. percent
+ 325 mesh  18.55 wt. percent
10 - 325 mesh 81.45 wt. percent

Using Microtrac® analysis, the mean particle diameter size

was found to be 40.95 microns.

15 €Microtrac powder size analysis instrument, Model 79895-11

by Leeds and Nofthrup Co.

All three coatings were deposited on 1 inch diameter x 1/8 inch
thick Inconel 718 discs. All sample discs had a 6 mil bond
20 undercoat of a plasma sprayed alloy of Co-32Ni-21Cr-8Al-0.5Y.
A number of specimens were made for each sample. A 5pe¢imen
of each sample was mounted on edge in epoxy resin, cured under
pressure, then polished in cross-section sc that the structure

could be quantitatively analyzed.. The high pressure epoxy cure

D-16317



cracking, a nunber of short horizontal crack segnents are seen to
grow and link up around the edge circunference of the. 20 t her mal
barrier layer. Usually the location of these cracks is within 5
to 15 mls of the bond coat interfac8 1Ph& | engt hs of these

I ndi vidual or |inked cracks are neasured after the thernal test. A

such or acBuioPRcRRBIRatIon st epory, (ntEflel uBbLREY ozl (0 C° cC) A
perce”tagEz?Eok@ﬁm-gtnFium oxi Q‘iﬁﬁ%@ wh1ch188&negetter reserves the =

- 13 - érence ge cral |ng wou

visi bl e chaglrbUbley tﬁ@ou&%&l&ﬁrenah&qngdssrss&wnbeasaﬁsngl N The some
cases where 100% edge cracki ng woul d oCcur, the her mal barri er

| ayer couggecppkhsoierel exanifedcategoont uslag a mmtunsrlmbéadnby
uncracked areas deeper into the coating. 1In ei ther case, 100% or

ot heg h|ghiptbsebpagefe&gannanaaysgs of the ndsmbbsaekestahemuae.indicative
of poor thernal fatigue resi stance of that particular thernmal
barri er sgephrste specimenshefnthehihervalcbarrigs dmyerhsampdesowere
per cent age of edge 10 cracking at the conclusign of the test are
considereﬂaFGfH&aK removed fropm the substrates and measured for their
density. The density procedure using the water immersion
method is described in ASTM B-328. All were sprayed with the
10 same Union Carbide plasma torch, Model 1108. Certain torch
operating parameters, standoff distance from torch to substrate
and substrate velocity past the torch spray were changed in
this example, to show how superior thermal fatigue resistance

can be achieved. The properties and test data for each sample

15 specimen are shown in Tables 2, 3, and 4.
TABLE 2
asma r onditions™
Total Torch «g Monolayer Final
coating Powder® Current, Standoff Substrate Height Coating
Sarple thickness mils Feedrate _(amps) __(in) =~ _velocity  _(mils) 'I_Err_acr;_m
A 45 90 150 0.75 6,000 0.16 317
B 45 90 150 0.75 12,000 0.07 341°%F
c 45 50 170 0.87 2,750 0.34 472°F
* . [ T ] :
grams/minute - inches/minute

*The primary torch gas flows for each sample was:
90 cfh torch gas, 90 cfh powder carrier (both argon), and
40 cfh auxiliary (hydrogen).
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good thermal fatigue resistance. Thermal barrier coatings t hat have

zero percent edge cracking at the end of the test . are considered to
have out standi ng thermal fatigue resLsH nce. 15
EXAMPLE 1 In this exanple, three different zirconiumyttrium
oxi de thermal barrier coatings (Sanples A, B, and C) were prepared
to have different macrocrack structurqﬁhgnﬂTihen subjected to t he
thermal cycle test. Al coatings were nmade fromthe sane 20 starting
powder having the fol | ow heshNa@aaidisr gaveioProperties  Table 1.
D 16317 - 14 -
TABLE 1 Powder Characteristics
Conposi tion: 7.11 wgBfY[ err] C)Zart&ial 0. 23 Sivmicdl Horizontal
Daﬁﬁtx Eheanaugal Macrocracks per Branch cracks
Saple pensity lgzﬂn&nmégl _Inch laterally Jlength, (mils)
A 5.471 90.29 4 - 10 77.6 l1-2
B 5.485 90.53 0 0.0 o -
C 5.539 91.42 20 - 40 86.4 2-4
*hk

Theoretical density is the density of the pore-free
materials, 6.059 gm/cm® for 2r0, - 7.11 wt. ¥ Y,0,, as
derived from Ingel and lewis, "Lattice Parameters and Density
for Y,03 - Stabilized 2ro,", J. Am. Ceramic Society,

Vol. 69, No. 4, p. 325, April, 1986,

TABLE 4

herma atigue Test Result

> % Edge Cracks
Sample = after 2000 Cycles
Al 32
R ¥ 0*
Bl 100
B2 100
Cl 0

* Failed early, after approximately 900 cycles.

The test results showed Sample C had the best thermal

fatigue resistance-with no edge cracking after the test. Sample

A was intermediate with specimen Al having 32% edge cracking and
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0.15 Tigerr], 0.07 Alferr]dJerr], 0.09 Fe[err]derr], 5

bal ance Zr Q2 Type pomderp 17 fused and crushed

Si ze analysis: + 200 nmesh 0.0 wt. percent

+ 230 mesh 0.0 wt. percent + 325 mesh
18.55 wt. gpeegfien AQ having 0%. Sample B was th@2Wopeshhaving8i0d% sbige
per cent Using Mcrotrac[err] analysis, the nean particle

di anet er scracking, andwapetdmrd Bd SeiddngSemenrbeafore thé end of the
[err]Mcrotrac powder size analysis instrunent, Mdel 7995-11

by Leeds ak€sKert hrup Co. Al three coatings mere deposited on 1
I nch diameter x 1/8 inch hick I nconel 718 dis nple di scs

had a 6 nmil| bofid™P3es A ‘nﬂnEeFEBaPeoF°&PﬁFS§nﬁ°sEPSySBeaﬁfgﬁcﬁf°f

Soui? S| BACROETRERA. in the coating sRRUBEL-S, SARE HERZINTEE BROE pRA s

AT S T R R S R L
pressure epREYsaileS and the final coating temperatures were essentially
the same. The substantial difference was that Sample A was
coated with a 6,000 in/min substrate velocity and Sample B with
10 12,000 in/min. This was done to provide different buildup rates
of the thermal barrier layers on the samples. The monolayer
height of Sample A was 0.16 mils while that of Sample B was only
0.07 mils. The higher monolayer height on Sample A created
sufficient stress in the Zr0,-Y,0, coating layer to
15 produce macrocracks throughout the coating of Sample A. Sample
A had about 77.6 cracks/inch on average, while Sample B, coated
at the lower monolayer height had no cracks. With all other
coating properties the same, the presence of the high number of
macrocracks in Sample A is responsible for the much better
20 thermal fatigue resistance, compared to Sample B which had no
macrocracks.
Sample C is a case where the results of Samples A and B were
applied to further control the macrocrack structure. In this

case slightly higher torch curréent was used in order to increase

25 deposition efficiency so that a lower powder feedrate to the
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D 16317 al l ows penetration of epoxy into the sonewhat
porous zirconiunryttriun1oxidqu§mg whi ch theh better preserves

t he nature of the structure duri'ng abrasive polishing. The

speci nens were exam ned at 100X using a Leitz Orthopl an 5 m cr oscope,

for an analy ?a”g.gut %ey?oﬁwa %%\ﬁ:t w;t% aSre coatin sﬁsm@ta gg@gwangﬁﬁ

t he t hernal er sanples we care r enov rom

subst r at es pInhtEE JIRU NS fs%ptll&eldpecmen. ﬁlel&%rsxan{fieldehah@é wacacgdupe
usi ng the water inmmersion nmet hod i s described in ASTM B-328. Al

were spraymdde th substrhte vedansityniion ofdelri ¢o pradure! anclevekbiidght108.

Certain torch operating paraneters, standoff distance fromtorch to

subst rat e monolayeandedghdt mitichy dindsiced exen fioret dackospaskingr dncitheged
this exanple, to show how superior thernmal fatigue resistance

can de achm&nﬁhesﬂﬂw&@rﬁ wsaﬁd’att@ﬂ a%ae3 500 inshes/gimyte substrate

speci nen are_shqwn in Tables 2. 3, an

TABLE 2  Vvelocity. Sample C had a Oppésngigppgyoéeﬁggip@ﬁght and 86.4

Tot al

Tonfing  VEShdsRl MAGERsracksspsrydneh sm,averabee Atfer, the3ooosgycls,
Sarrpl € thgﬁ‘é%ﬁi @es%o Rt e gé-ackmgo@%ép?oung 81?8}: exa‘ﬂﬁ%&%&% olsS)

317[err]F study showed that macrocracks can be inducted into the
10 2r0,-Y,045 coating by proper control of the coating
' parameters and that macrocracks are critical to the success of

the coating in a thermal fatigue environment.

EXAMPLE 2
15 In this example, the coating parameters of Sample C of
Example 1 were repeated with an entirely new setup. The poéder

characteristics of that coating material are shown in Table 5.
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B 45 90 150 0.75 12, 000 0. 07 341F

C ' 45 50 - . 170 0. 87 2,750 : 0.34
472 err] F grans/ m nut e ** inches/mnute
+The primary torch gas flows for each sahdle was: 90 cfh torch
gas, 90 cfh powder carrier (both argon), and 40 cfh auxiliary
(hydr ogen). D 16317 -
16 - Ther megaB¥E s er Layer Properties
% of Verti cal Verti cal Hori zont al Density
Theoreti cal cracks - Macr oPpudes QharacBempshicsacks Sanpl e
(cmcnferr]) Density | ength, (m1s) Inch laterally
| ength. (m|s) A 5.471 90. 29 4 - 10 77.6
1- 2 B 5. 485 90. 53 0 . 0.0 0
C 5. SRPPosifion: 7.0 Wt ¥503, 0.33£ip,, 2 - 4
*kx Theoretical density J ensjty of the pore-free
materials, 6.059 gnmcni errq‘slf%pﬁégq Z#‘rq/”- A}Z%J’Wt % Y[err](err], as
deribved from I ngel and Lew "datdic t and Density for
Ylerr]derr] - Stabili _zedVHZr%(i e#"fl d3,' ?ﬁ%mm %e%érﬂ c Society, Vol .
69, No. 4pyhe Fvadty i | AR and crushed
Size Analysis: +200 mesh 0.0 wt percent
+230 mesh 0.0 wt percent
+325 mesh 19.09 wt percent
10 =325 mesh 80.87 wt percent

Using Microtrac analysis, the mean particle diameter size was
found to be 39.61 microns.
Two of the same type l-inch diameter disc substrates were

coated, again with the same undercoat as in Example 1. The

15 torch parameters'were the same as for Sample C, Example 1. One
. sample was coated with a slight variation on the standoff
distance from torch to substrate as shown in Table 6.
| TABLE 6
as a itions
20 Powder Torch Substrate

Feed Rate Current Standoff velocéty
Sample lgm/min) _(amps) (inches) [(in/min)

50 170 0.87 2750
50 170 1.0 2800
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TABLE 4 Thermal Fatigue Test Results

% Edge Cracks Sanmpl e after 2000 Cycl es

Al 32 - A2 0

B1 100* - 20 - B2 100

d 0 * Failed early, after approximately 900
cycl es. The test results showed Sanple C had the best thernal
fatigue resistance with no edge cracking after the test. Sanple A

was internmediate with 1) n Aﬁ V|n 32@6egg acki | ng and

D 16317 FoSs-sect $éne polis reas o eac ~sample priorsbgcinen

22 et O b FRTPLRSB1H87 LS, WORRSoHA e OOHR BB scn pacrBRBHLIT:
Sanpl es A agdeBng2leR8it9RaECHehRuERE bACsEbhEateObahffes as before.
The data obtained are shown in Table 7. The coating
5 characteristics of Samples D and E are comparable to Sample C,
Example 1, and show that the macrocracks homogenecusly
produced throughout the coating can be reproducibly obtained.
IABLE 7

Coating Characteristics

10 - Vertical Horizontal
Density Vertical macrocrack branch crack
percent of macrocracks length length
Sample .(.m&_._l Theoretical _per inch ~— __(mils) = _ (mils)
p** 5.55 91.6 79.7 23.7 4
E . 5.52 91.1 73.1 29.0 3
15 «
Crack length and spacing values are an average of 30 or
more measurements.
**Sample D also had several examples of horizontal
branching cracks extending to contact two adjacent
vertical macrocracks.
20

As shown in Table 7; Sample D, coated at slightly closer
standoff, obtained a slightly higher density, slightly more
vertical macrocracks per inch, but also had slightly longer
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5 macrocracks in the coating structure. The densities of A and B

are essentially the sane. The torch operating paranetefs were t he
sanme, and the final coating tenperaturexsl were essentially t he sane.
Fhe substantial difference was that Sanple A was coated with a
6,000 in/mn substrate velocity and Sanple B with 10 12,000 in/mn.
Thi s was dondlzantabbrhnchinereracksi¢cahnectadc o the versficale t her nal
barrier layers on the sanples. The nonol ayer hei ght of Sanple A

was 0.16 Macregnaceks hatInfiagp 20PlmP émci/ several examplfsg ©f The hi gher
rZr?ggl %82‘, hei ght On]aié‘r' x{agepfq%rcegc?)ﬁ sufﬂmegt stressdﬂ{ atcpfgmt
Cverage, f%i}pw#%%%u A ?EZ”TO&,Z;GWEL?SEQL“E& ght had
no gacks. W idhdldid Wifecinens a0 B e 141 7 Bxadts I eSenCe

of the high nu nacr ocr ac e A1s respo

the much hféﬁﬁ ¥ therﬁxﬁeré%ﬁ aééwef&e%é@wclwnpaméi dfeadanpl e B

whi ch had macr ocr ack i's case where the
results ofob%'am{éw ﬁ@rgh&xwe,{;e Table 8. appli ed to furt her cont rol the
macrocrack structure. In this case slightly higher torch current
was used in order to increase 25 TRBEEigion efficiency so that a | ower
powder feedrate to the D 16317
ermal tigue Tes sults
10
| ample dge acks after 2000 Cycles
D 12
E 1
15 The results were again good for these samples prepared

under thermal spraying conditions that would produce
macrocracks. Any result of less than 15% edge cracking is
considered excellent in this very severe thermal cycle test.
The results for Sample D in the thermal cycle test are

20 good but not as outstanding as for Sample E. Table 7 shows
that Sample D and E are very similar in characteristics,
except that Sample D had instances where it had horizontal
branching cracks that extended to contact two adjacent
vertical macrocracks. This observation leads to the

25 conclusion that it is preferrable to minimize the extent of
the hofizontal cracks, in order to obtain excellent thermal

fatigue resistance.
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torch woul d produce about the sane coating vol une depo ‘!ﬂﬂ
mnute on the sanple speci-nen. A substantial change wa

to substrate velocity in order to produceyqn even hi gher II mmer

hei ght whi ch i nduced even nore macrocracking in the 5 coatlng

Sanple C maghggaggdcgglgggo i nches/ m nute substrate velocity.
Sanmpl e C ha | nmonol ayer hei ght and 86. 4 verti cal
macrocracks per 1i,nCRA eRegmalaparrikretohBindO@brcgabetrates compelifbhgt est
no edge cracking was found upon exam nation. This study showed t hat

macr ocr ackszézoohdai pdwrticdlilyt stahdlized by ¥t€rder And[ bavithear fensating
by proper control of the coatln%h paraneters and that macrocracks are
critical togrmeterctban 88t of the theorefical Hensityewith paplywality
envi r onnment

this exanpl €f FﬁEtéﬁaﬂlH§°58F5R93§r§“BFtSQFﬁP31t BP‘°92§3°“SEXaﬁﬂFBeIsﬁEre
obeated WLl ShoRBik’ Shi BENIRE Ly, IR chOH Ekona-sect 15HRISEED' 3 ERe”
coating normal to the substrate exposes a plurality of
vertical macrocracks with at least 70% of said vertical
macrocrack extending at least 4 mils in length up to the
thickness of the coating and having from 20 to 200 vertical
macrocracks per linear inch measured in a line parallel to the
surface of the substrate and in a plane perpendicular to the
substrate.

2. The thermal barrier coating of Claim 1 wherein the
density is from 90% to 98% of the theoretical density and
wherein at least 90% of said vertical macrocracks extend at
least 8 mils in length.

3. | The thermal barrier coating of Claim 1 or 2 wherein
said coating has about 75 vertical macrocracks per linear inch
measure in a line parallel to the surface of the substrate and
in a plane perpendicular to the substrate.

4. The thermal barrier coating of Claim 3 wherein said
coating has about 100 vertical macrocracks per 1in§ar inch
measured in a line parallel to the surface of the substrate

and in a plane perpendicular to the substrate.

D-16317
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D 16317 - 1ﬂ =

TABLE 5 : Powder Characte

Composition: - 7.03 % Y[err](err] ,- @333 SiJerr], *HIIJHIIMIIH“IL"”!II
0.15 Tigerr], 0.093 Al[err]o[err], ' 0. 09
Fe[err](Jerr], balance ZrQ2 Type Powder : Fused and crushed
Si ze Anal ysis:5.+20Renthérmal baBrierwtostingndf Claim 1 or 2 wherein
+230 nesh 0.0 wt percent +325 nesh

19.09 wt peaidnecating contains one or moré’Borizbntal BacsIFcmacker cent
Using Mcrotrac analysis, the nean particle dianeter size was

found to pHextending; within the coating papalielihe theaesuypace.pfickhe
di aneter disc ﬁggitrates wer e coated, again with the sane

under coat H8P% Shple 1. The
6. The thermal barrier coating of Claim 5 wherein the

horizontal macrocracks do not contact more than one vertical
macrocrack.

7. The thermal barrier coating of Claim 1 or 2 wherein
the width of the vertical macrocracks is less than 1 mil.

8. The thermal barrier coating of Claim 1 or 2 wherein
the density is greater than 90% of the theoretical density and
the coating has at least 75 vertical macrocracks per linear
inch measured in a line parallel to the surface of the
substrate and in a plane perpendicular to the substrate.

9. The thermal barrier coating of Claim 1 or 2 wherein
the coating comprises 6 to 8 weight percent yttria balance
substantially zirconia.

10. The thermal barrier coating of Claim 9 wherein a bond
coating is deposited between the substrate and the thermal
barrier coating, said bond coating comprising an alloy
containing chromium, aluminum, yttrium with a metal selected
from the group consisting of nickel, cobalt and iron.

11. The thermal barrier coating of Claim 10 wherein the
density is at least 90% of the theoretical density and the

coating has at least 100 vertical macrocracks per linear inch

L
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15 torch paraneters were the sane as for Sanmple C,
sanpl e was coated with a slight variation on the stand{) mmﬂ l”m lance
fromtorch to substrate as shown in Talyl @46~ #c L K s

20

TABLE 6 Pl asma Spray Conditions

Powder Torch . . Substrate Feed Rate
Current ShgasdEed V@ &cilijpe paralleds e dhe surdack @f theampbstreteches)
élﬂ/ﬁln) ang;in a gqaqfn?érpenéaaylar to t%éggubstr%tgz D?Iggl7

o tndPre TR ERYHAD Bartinn BrAri o BB AE AR 5ol
Coat i g doRiingataBaRARY ebet rRERMIAGMAIML T2 BYRC o 0.10 1nfie

dat a obtained are shown 1 n e coating charact’éristics of
Sanpl es D andaf.ar @ @rasest)ifor proditihgCa thermal PadHiled boadithgshow

that the macrocracks honbgeneously
having good thermal fatigue resistance comprising the steps:

a) thermally depositing zirconia-yttrium powder onto a
substrate to form a monolayer having at least two
superimposted splats of the deposited powders on the substrate
in which the temperature of a subsegquent deposited splat is
higher than the temperature of a previously deposited splat:

b) cooling and solidifying said monolayer of step a)
whereupon said monolayer has a density of at least 88% of the
theoretical density and wherein a plurality of vertical cracks
are produced in the monolayer due to shrinkage of the
deposited splats:;

c) repeating steps a) and b) at least once to produce
an overall coated layer in which each monolayer has induced -
vertical cracks through the splats and wherein at least 70% of
the vertical éracks in each monolayer are aligned with
vertical cracks in an adjacent monolayer to form vertical
macrocracks having a length of at least 4 mils up to the
thickness of the coating and said coated layer having at least
20 vertical macrocracks per linear inch measured in a line
parallel to the surface of the substrate and in a plane
perpendicular to the substrate.

Been jaced
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pagaege oo the costg o v gy R ANV

Vertical Horizontal Density Verfichl " 3
macrocrack branch crack . Densitz'ml ercent of nmcrocracks
| engt h | ekfyt h The processPe Clyimci) erhege Rtemia) said powder

' ' * : 1.6 79. 7 23.7
Sfm 's) cénrx%l:fges Hceo 8 we%li; 1pe5rc535nt y'q%;:ﬁa balance sypstantially 15

*Crack len I£E§g§gspacing val ues are an average of 30 or nor e
measur ene : ' **Sanpl e D al so had several exanples of horizonta

b hi ' t | t tical
mcrocracke, By ThEProels 6P hikln 1P MOAEHN n step 2 UG %
slightly gléifeTayer compSig@soit 1obiei HegupeSinbdda dpodes, density,

slightly nore vertical macrocracks per inch, but also had slightly
| onger 16. The prdéesds of Claim 13 wherein in step b) the density 21

] is at least 90% of the theoretical density.

17. The process of Claim 15 or 16 wherein the coating in
step c) has from 20 to 200 vertical macrocracks per linear
inch measured in a line parallel to the surface of the
substrate and in a plane pérpendiculﬁr to the substrate.

18. The process of Claim 15 or 16 wherein the substrate in
step a) conmprises a bond coated substrate wherein the bond
coating comprises an alloy containing chromium, aluminum,
yttrium with a metal selected from the group consisting of
nickel, cobalt, and iron.

19. The process of Claim 18 wherein in step é) the length
of the vertical macrocracks is at least 8 mils up to the
thickness of the coating.

20. The process of Claim 19 wherein in step c) the

thickness of the coating is from 0.003 to 0.10 inch.
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hori zontal branching cracks connected to the verti cal macr ocr acks.

In fact, Sanple D had several exanples - hori zontal branching
cracks extending to contact two adj acen vertical macrocracks.

5 The di sc speci nens were tested the same as in Example 1

usi ng the thermal cyclegtrei JARE 3 ¥ Es1eEs PR 2 obt ai ned
are shown in Table 8.

Thermal Fatigue Test Result5gg_ggg_ggg_ggg_gg_ggggﬁg;;z %
Edge Cracks after 2000 Cycles

12 E - 1 15

The results were again good for these sanpl es prepared - under

t hermal spraying conditions that woul d produce macr ocr acks. Any
result of less than 15% edge cracking.s consi dered excellent in
this very severe thermal cycle tey BESTRACT The results for Sample D
in the thermal cycle test are 20 - good but not as outstanding as for
Sanple E. Table 7 shows that Sanple D and E are very simlar in
characteristigs IS e it had
hori zont al X thernb ranc ’?§g§§%§%§35ﬁﬁ3¥HL§F§# tfg con act t adj acent

verts cal ZReLRRIAC Eartid13y0htabiali-vd byAGttrdal ARd having a density
greater than 88% of the theoretical density with a plurality
of vertical macrocracks homogeneously dispersed throughout the
coating to improve its thermal fatigue resistance. The
invention also discloses a process for producing the thermal

10 barrier coating.
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25 ° ““conclusion that it is preferrable to mninize the ext P

the hori zont®ar~%tracks, in order to obtain excellent thernal

fatigue resistance. ~ D-16317 LAQE
a

ool

N can

22 CLAIMS 1. A substrate coated w2h a thermal barjt EHEH§SHEET
coating conprisin kﬁﬂ“‘““‘&ﬂ |1y stabilized by yttri and hav
density greater tﬁm‘ tical density, whereim?7 g@jnchogpat
contai nELAMSral i ty bf * " sﬁbstantially honogeneousl y di spersed vert I
macr ocr acks extending into the coating fromthe subpstTate-nterface pnd
in which a cross-sectional area of the coating_normal to_ the substrate
exposes la pl & $¥RStEAtgerppEgd Widdksawthpraal banygpigyx 90 ¥

vertical cradsatigigi@dmpriiRE P 20r@onia pEREIAANGL %%abi@iéémw?wﬂﬁ
havi ng a Iengép OB at, | east 4 mls and wherein é@ld coatin as, from 20
to 200 verti &4 havipg, &, ARRSHF OTFELET nth2Realtf ePF n RS IEAL | el
to the swdmdayyf whersihstsai® duhting pbataiper pandiludaEkity dfo the

substrate. The. .caat e ubstrate.of clai erei.n t-he density.of the
coating is fﬁégsmect]@qg‘é’%q@qie@e[% eﬁg‘cs%e@cf]eerégﬁef%éh%&l MRS & Sat
| east 90% of escliehddgrg iiodlo wher coatitkg Exdmnthatsubstiatstianfiace mnd

length. 3. inT%i %]aée&éé'i)-sééﬁ{fo{?h A Ak 80%%@%&0%%&%@%&9

has about 75 vertical macrocracks per |inear |Inch neasu ] I ne
paral | el to tHfosffEtR exXposee aupduraldtin®@f wertigalh| gracker pasli @l ar

to the substridsyt 70% of said vertical cracks being in the form of
macrocracks, said macrocracks having a length of at least

a

e ==]

4 mils and wherein said coating has from 20 to 200 vertical
macrocracks per linear inch measured in a line parallel to
the surface of the substrate and in a plane perpendicular
to the substrate.

2. The coated substrate of claim 1 wherein the density of the
coating is from 90% to 98% of the theoretical density and
wherein at least 90% of said vertical macrocracks extend at
least 8 mils in length.

3. The coated substrate of claims 1 or 2 wherein said coating
has about 75 vertical macrocracks per linear inch measured
in a line parallel to the surface of the substrate and in
a plane perpendicular to the substrate.

4. The coated substrate of claim 3 wherein said coating has
about 100 vertical macrocracks per linear inch measured in
a line parallel to the surface of the substrate and in a
plane perpendicular to the substrate.

5. The coated substrate of claims 1 or 2 wherein said coating
contains one or more horizontal macrocracks extending within
the coating parallel to the surface of the substrate.
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4. The" coated subst#ate—of claim 3 wherein sald coatihg as abo ugu 200

vertical -matro | i near i nch neasur in w@ to ‘t he
surface of the subﬁll mllﬂmm' l | pl ane perpend| cul ar to t bstrat e.
5. The coated sub 1 @3 2 wherein sai oat+hyg rontalns
one or nore horizontal nacrocracks extending wthin t he coatlng

parallel to the surface of the substrate. Fhe!
coated Subst ThEe SRAtEG ABshKatei % neladni Honvherein e oE‘PééR@ntﬂe not

cont act ”Urﬁackbéﬂacﬁﬁe deer tial contd@er ombaek. thah Jie Ceat€dcal

substrate of clains or 2 wherein the width of the verti cal

macr ocr acks W§°F@§§afhan 1ml. 8. The coated substrate of claims 1 or 2
wherein the density of the coating S greater t han 90% of the

t heor et cal n d th has. at asi 75.vertical

macr ocr 4¢ks The ﬁg?éﬁﬁnﬁg SFHE ng sﬁ?gﬂmfnlaoFlz w ﬁrﬁtpeﬁﬁ?dwtﬂehsﬂfface
of the substtheeventiicalampta#oerpekpendi tebar thant lemil. substrate. 9.

The coated substrate of clainms 1 or 2 wherein the coating conprises 6
to 8 weight percent yttria balance substantially zi rconi a. 10. The

coat ed 8ubst Fheecenrtefapnbgtupgeciof #ledms doay ryy wherein depesdersibet ween
the substratgganchd héohﬂﬁih&ml@a@&b@ter tikOR! igdg a9f e pt:Hééi:éi:Ych

macr ocr acks extend int coating fromthe bond ¢ oatlng i nterf ace

sai d bond co9BPRFtY an‘gd-'rﬁ?r icé’iaﬁd-ngnhétsl%? ]&?rﬁial—’rﬁ NETERAFH BRI AFLRTREm
yttrium peg aineael inehepesduteaninhg VinepPpapasleli 86 thensekehce

of the substrate and in a plane perpendicular to the
substrate.

9. The coated substrate of claims 1 or 2 wherein the coating
comprises 6 to 8 weight percent yttria balance substantially
zirconia.

10. The coated substrate of claim 9 wherein a bond coating is
deposited between the substrate and the thermal barrier
coating and the plurality of macrocracks extend into the
coating from the bond coating interface, said bond coating
comprising an alloy containing chromium, aluminum, yttrium
and a metal selected from the group consisting of nickel,
cobalt and iron.

11. The coated substrate of claim 10 wherein the density of the
coating is at least 90% of the theoretical demsity and the
coating has at least 100 vertical macrocracks per linear
inch measured in a line parallel to the surface of the
substrate and in a plane perpendicular to the substrate.

12. The coated substrate of claim 11 wherein said coating has
a thickness of from 0.003 to 0.10 inch.



gobaft'hnd'fron. 11. The coated substrate of claim 10 wherein the density
of the . toatling is at |east 90% of the theoretical ' l mE
coatirng has at |east 100 vertical nacrocracks per Im" nrm"mmn “ sur ed

inaline parallel to the surface of 24e substrate #&ndti n*a Pl dne
per pendi cul ar to the substrate. 12. The coated substrate of claim1l
wherein said coating has ~a thickness of fromO0.003 to 0.10 inch.

24  1313A pRopE9sessr faro@kIdiring her kherBadr béridesn ierptbng ngavinggood

thermal fati r €Ri c Y t orising) h .y
depositing z??ggnﬁg?g?ﬁyigﬁfggggefégg?%QECé eeﬁprlséﬁgsﬁpgthgggforn1a

nonol ayer ha®)ng BRerpaliy: ggpositing zixeenidokbhr 3PN aPewder: IR R pdsi t ed
gowde_rts gn tlhet _sulﬁstﬁaﬁa:)ﬁ:td af@rxh{l aW@H?lhyei:fefﬂéﬁfi&ig”Qtoﬁ.e&sﬂybﬁﬁﬁuent
eposited splat is_higher n the tenperature of a reviously
deposited splat; SUPEH}UPREH iﬁ&qﬁﬁﬁ gﬁff@??y§ﬁ§°§éF8dmﬁ%ﬂ@%ﬁn Gt Eﬁ%p a)
wher eupon sai d nogsabayeatbadim wieihsht yhef tdnpewstu8dof a subsefuéhe
t heoretical densi erehn.a . ' er.t ] cracks are
produced in the %%8?%?&%3@?% i HAAdY sﬁ%’?ﬁk%‘ee &en}\ﬁhéeéa&glpfsi £
spl at s; c) rppeuipnglytdeppoajteddspladt | east once to produce an
overal | coat I I | afEtc y S I Qelu vegti cal
cracks througﬂ t%@éﬁkggﬁw.ﬁﬁgggﬁgﬁgg Ieée%%? %’%{?&Fyteﬁe égrt(:\sﬁ%gl %:? acks
in each nonol WpeFeBPoRhBatd ARPIa¥RF hae Hdepsddvnvoth akelepeh) 88%

cracks in an adj agenthepoRkayetitelf aefisyeyt aadl wheseqdr aclkIuraliltgviopry a
| ength of at |east 4 n1|g such that a ggarallt nmacr.ocr acks
y

] f tical
extend into the cB8FEHCRLySFaFkEnfTficP ugﬁgsgnggei é%ﬁgég%aﬂaewﬁé?ein
sai d coated | ayershainktaige ofl ehet dépfosttedcaplawsriocr acks per |inear inch

e oo pan ol SePPEC PRI L Ebe 8 LARaH) 86%18hot "6nsUoEb' BLGaR0H 4A °
overall coated layer in which each monolayer has
induced vertical cracks through the splats;

wherein at least 70% of the vertical cracks in each
monolayer of the coated layer are aligned with vertical
cracks in an adjacent monolayer to form vertical macrocracks
having a length of at least 4 mils such that a plurality of
vertical macrocracks extend into the coated layer from the

substrate interface and wherein said coated layer has at

least 20 vertical macrocracks per linear inch measured in
a line parallel to the surface of the substrate and in a
plane perpendicular to the substrate.

14. The process of claim 13 wherein said powder comprises 6 to
8 weight percent yttria balance substantially zirconia.

15. The process of claim 13 wherein the monolayer comprises at
least 5 superimposed splats.

16. The process of claim 13 wherein the density of the coated
layer is at least 90% of the theoretical density.
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14. ‘The process of claim 13 wherein said powder conprises 6 to 8 wetght
percent ytttia'balance substantially zirconia. 15. T I m

13 wherein the nonol ayer conprises at | east 5 superrmmmwﬂ;ﬂiijﬂmf

16. The process of claim 13 wherein tRB8 density of the x<oated S
at least 90% of the theoretical density.

25 17, The process of clains, 15 _or 16 erein. the coated | ayer has

from 20110 JHBe VR ETest FhATRMELLS G 1P HOSKSin Ahfoaeared 1aveF ias | i ne
paral l el to fhems20 ftac@0of vebeisabsidatacvacks per lineplraiifichatiessdied! ar

Substrate  \BcRrbiPScRAEIRY Farhi, HIFATR G JFAT | TOP DI TEE 0 abhs

ext end i nt o ahplanat perpepdictiam thetheat snbatrate.t he bond coating and
the coated | ayer, and the wherein the bond coating conprises an alloy
contai ning chrom um al um num yttriumand a netal selected fromthe

group cbBsi sTheg pirocess niodketlaimpallts apd i 1on.whernsmin The psebstrate
cl ai m 18 whegg | gn 0 et ' t 8
é_&}xhgr%gés 8 Sbgld lt:oh'&?.ixé Sl he %led‘ffeﬂlg% G SmASrEbriERs

mils. 20. rocess of claim wherein t ] ess of the coated
|l ayer is frofifbendsinboothy gonied layer from the interface of the bond

coating and the coated layer, and the wherein the bond
coating comprises an alloy containing chromium, aluminum,
yttrium and a metal selected from the group consisting of
nickel, cobalt and iron.

19. The process of claim 18 wherein the length of the vertical
macrocracks is at least 8 mils.

20. The process of claim 19 wherein the thickness of the coated
layer is from 0.003 to 0.10 inch.
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