ZIRCCNIA—BASED TI PPED BLADES HAVI NG MACROCRACKED STRUCTURE AND PROCESS FOR
PRODUCING I T Field of the Invention The invention relates to bla

@as turbine and conpressor bl ades for gas turbines, in which the $§§ZV§ t he
bl ades are coated with a zirconium based oxide coating having a plurality®
of macrocracks extending at léast 4 nils through the coating and havi ng
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centimeter measured in a line parallel to the surface
of the blade tip and in a plane perpendicular. to the
surface of the tip of the blade.

Background of the Invention

Modern gas turbine engines are comprised of three.
major sections or components which function together to
produce thrust for aircraft propulsion. In the
compressor section, incoming ambient air is compressed
and thus heated by a number of stages of rotating
blades and stationary vanes. In the initial stages of
the compressor the blades are generally made of
titanium alloys, and in the later stages where .
temperatures are higher, the blades are generally'made
of iron or nickel base alloys. The compressed air may
be heated to 1200° to 1400°F at the last stage of
compression, where it is passed on to the combustor
where fuel is injected and burned. The hot gases
exiting the combustor may be about 2400°F, and are
directed upon the first stage vane and blade of the
turbine section. 1In the turbine section, comprised of
a number of stages of rotating blades and stationary
vanes, the actual work is extracted from the hot,
compressed gases that turn the turbine which is



-2- connected to drive the earlier conpressor section. A significant
portion of the engine thrust cones fromthe |large fan section at the front
.of the engine, which takes in anmbient air and thrusts it backwards at a
hi gh velocity. The fan is also driven by the turbine section. In the
conpressor, the early stages or the | ow conpressor section are conprised of
titaniumall oy bl ades that rotate at hi gh speed. The bl ades are desi gned
such that their tips are very close to-a2stationary seal ring. The purpose
of the close gap is to mnimze gas | eakage and to all ow the pressure of
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of these titylddesd| @sies tStapPldethighsepesal e The bhagesi hpgi um fromthe
seal rraterlald.elsfigned such that their tips are very close to a
stationary seal ring. The purpose of the close gap is
to minimize gas leakage and to allow the pressure of
"the air to increase from one stage to the next. Narrow
tip to seal gaps lead to higher engine efficiency and
greater power output. If the gap is too narrow, there
is the .possibility of a rub between the tip and the
seal. This can occur, for example, when the engine is
started or if the pilot advances the throttle for more
power. In these cases the blade can heat up faster
than the surrounding case and through thermai expansion
become longer and thus rub the seal ring. There are
likely other mechanisms that also cause rubs. When the
titanium alloy blade rubs the seal, the friction can be
very high and the blade tip can heat up quickly to
temperatures where the hot titanium can actually burn
- or oxidize with a further great liberation of heat.
These situations are essentially titanium fires; and if
left unchecked could damage the engine. Accordingly, a
coating on the tip of these titanium blades is applied
to separate the bare titanium from the seal material if
a rub should occur. _
In the turbine, the early stages of the high
pressure turbine section are generally comprised of
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a rub should occur. In the turbine, the early stages of the high pressure
turbine section are generally conprised of -3- nickel base superall oy
sbl ades that rotate at high speed. These bl ades are al so desi gned such that
their tips are very close to a stationary seal ring. The purpose of the
~close gap is to mnimze gas | eakage and to allow the pressure of the air
to do work against the turbine blades, causing themto rotate. Narrow tip
to seal gaps lead to higher engine effiti®my and greater power output. |f
the gap is too narrow, there is the possibility of a rub between the tip
and the seal . Mekahthasamurerahicy Rkrdes that orotatempie higlen t he engine
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tenmperatures are I ncreased in a search for higher efficlency of operation,
the netallic ®ofisibility of a2 rub between the tip and the seal. As
stated above, this can occur, for example, when the
engine is started or if the pilot advances the throttle
for more power. 1In these cases the blade can heat up
faster than the surrounding case and through thermal
expansion become longer and thus rub the seal ring.
There are likely other mechanisms that also cause rubs.
Typically, when a bare superalloy blade tip rubs
against a bare cast superalloy seal, then the blade tip
is worn back. In an improved design, the seal is
coated with a material that is more rub tolerant than
the cast seal material, and the seal takes a more
significant fraction of the wear and the blade tip is
less worn. However, that situation is still not ideal
and coatings for blade tip are desired that reduce tip
wear even more.

As éngine temperatures are increased in a search
for higher efficiency of operation, the metallic seal
coatings suffer oxidation and some manufacturers are
looking to ceramic seal coatings. 1In that case, the
demands on a wear resistance blade tip coating increase
even more. In a further progression of tip treatments,
a composite layer of cubic boron nitride (CBN) embedded
in a hickel or nickel alloy matrix is paced on the tip.
This allows the tip coating to cut or grind into the



coatings suffer oxidation and sone manufacturers are |ooking to ceramc
seal coatings. In that case, the denands on a wear resistance blade tip
scoating increase even nore. In a further progression of tip treatnents, a
conposite | ayer of cubic boron nitride (CBN) enbedded in a nickel or nickel
all'oy matrix is paced on the tip. This allows.the tip coating to cut or
grind into the -4- seal material in a rub situation. However, this
conposite coating is difficult and expensdve to apply to blade tips such as
titanium bl ade tips. U S. Patent No. 5,059, 095 discloses a turbine rotor
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tabi 11 zen 21 AN HARTAREY ot et {15 DT BLaEe 18 Ui ne
engi ne havi ng Batent No. 5,073,433 discloses a thermal barrier
coating comprising zirconia partially stabilized by
yttria and having a substantially homogeneous
dispersion of vertical macrocracks throughout the
coating to improve its thermal fatigue.
It is an object of the present invention to
provide a blade for a gas turbine engine whose tip
segment is coated with a layer of a zirconium-based
‘oxide having a plurality of vertical cracks and which
has good rub tolerance when contacting a seal material
such as a bare cast superalloy.
It is another object of thé present invention to
provide a stabilized zirconia coating for the tip
portion of blades for a turbine engine having a
plurality of macrocracks in the surface of the coating.
It is another object of the present invention to
provide a turbine or compressor blade on which the tip
of the blade has a zirconium based oxide coating with
embedded particles more abrasive than zirconia and
having a plurality of macrocracks throughout the
coéting. i
It is another object of the present invention to
provide a process for producing a coating for the tip
of turbine and compressor blades having good rub
tolerance characteristics.



plurality of macrocracks in the surface of the coating. It is another

obj ect of the present invention to provide a turbine or conpressor blade on
“which the tip of the blade has a zirconi um based oxide coating with
enbedded particles nore abrasive than zirconia and having a plurality of
macr ocracks throughout the coating. It is another object of the present

I nvention to provide a process for produci-ng a coating for the tip of
turbi ne and conpressor bl ades having goodsrab tol erance characteristics.

-5- Summary of the Invention The invention relates to blades for a gas
turbi ne engi ne having an inner end adapted for mounting on a hub, such as a
rotatabl e hub, and a blade tip |ocated opposite the inner end, and wherein
at |east the SYrmary of giheydneentigng with a layer of a zirconi um based
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vertical to the plane of the coated layer and extending

from 4 mils, preferably 8 mils, up to the thickness of
the coated layer and having from 5 to 100 vertical
cracks, preferably 8 to 50 vertical macrocracks, and
most preferably 16 to 32 vertical macrocracks, per
linear centimeter measured in a line parallel to and in
a plane perpendicular to the surface of the blade tip.
The length of at least 50%, preferably 70%, of the
vertical cracks should extend at least 4 mils so that
they pass through at least 50 splats of the deposited
powder. Preferably, the coating should extend over the
tip and onto at least a portion of the airfoil. The
airfoil area of the blade is the area that is contacted
by a fluid normal to the area, such as a gas, during
the operational mode of the engine.

Preferably the density of the coating should be at
least about 88% of the theoretical density or have a
porosity of less than about 12 vol. percent, more
preferably a porosity of less than about 10 vol
percent. The starting zirconia powder should
preferably be sized 120 Tyler mesh or finer. When
including a second component more abrasive than the
zirconia then preferably the second component should be
sized at least 2 mils in any dimension up to 95% of-the
coating thickness. In this embodiment in which at ]



~tip and onto at least a portion of the airfoil. The airfoil area of the
blade is the area that is contacted by a fluid normal to the area, such as
‘a gas, during the operational node of the engine. Preferably the density of
t he coating should be at | east about 88% of the theoretical density or have
a porosity of less than about 12 vol. percent, nore preferably a porosity
of -l ess than about 10 vol percent. The starting zirconia powder shoul d
preferably be sized 120 Tyler nesh or frnér - Wen including a second
conponent nore abrasive than the zirconia then preferably the second
conponent shouldabt tweepowdersasreuseds il asypdieferabde &9 b@VQS%)of t he
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oxi des could bé u to partlally or fully stabilize the zirconia so as
The zirconia could be partially stabilized by at

least one stabilizing oxide selected from the group
consisting of yttria, calcium oxide, cerium oxide, and
magnesium oxide. The preferred stabilizer ié yttria
and it could be preferably present in an amount of 6.5
to 9 weight percent. The stabilizing oxides could be
used to partially or fully stabilize the zirconia so as
to minimize or'prevent.any phase transformation that
could otherwise occur in pure zirconia at elevated
temperatures.

The thickness of the coating could preferably be
from 50 to 1000 microns, preferably 250 to 750 microns,
depending on the blade to be coated and the environment
that the blade will be used. Sample blades were
obtained with a flat tip surface with very sharp edges.
Some of the blades were coated just as received. One
of the'preliminary tests done was to simply test the
coating adhesion to the blade with a localized, high
stress probe test. The coating on the sharp edge blade
tip was found to be subject to failure. A method was
then developed that essentially increased the coating
shear strength in such a probe test, and it is expected
to prove equally beneficial in an actual engine rub
interaction where high shear loading also occurs. The
method was to radius the edge of the blade tip, to
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to mnimze or prevent any phase transformation that could otherw se occur
In pure zirconia at elevated tenperatures. The thickness of the coating
coul d preferably be from50 to 1000 m crons, preferably 250 to 750 microns,
depending on ‘the blade to be coated and the environnent that the blade wll
be- used. Sanpl e bl ades were obtained with a flat tip surface with very
sharp edges. Sone of the bl.ades were coated just as received. One of the
prelimnary tests done was to sinply test fthe coati ng adhesion to the bl ade
with a localized, high stress probe test. The coating on the sharp edge

bl ade tip was fabedtt onbeqsubteet tboabaultuthred-aealrte rsas piriede rddiat oped

that essentially, ingrease e coatin hear_ stren 1 n such a prqbe test,
and it is expecggau§o°ﬁﬁﬁgéigqﬁgl%bebgﬁgﬁ'CFQF%FHgg%%&E#&ﬁsseﬁ&4%§ “ub

i nteracti on whepeebeghbifpatheoadtig shsaldcber at Teasteildohidas t Foradi us
t he edge of the Dbl ad rter to out

three-quarters,eﬁ?@PSF;Lg§ égaﬂtm%EéFﬁgﬁghgﬁ%sﬁg a&?élwééa?PﬁdIFﬁyckness-
amount . Preferabhgn ahtoratiloedheukrddiasawouddstallownithe coatiexpma e, if a
20 m| coating thickness desi.re then a 10.ml,_edge radius would all ow
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t hree- quarters tmprowgmehitckoeid gomdelifnee machined a bevel around
the edge of the tip, using the same one-quarter.to
three-quarters coating thickness guideline. 1In
addition to the method of blade edge radius or bevel
for improved bonding, it has been found that the blade
tip should be roughenéd just prior to coating for the
best bond strength. Preferably, a minimum roughness of
150 microinches Ra, more preferably a minimum of 200
microinches Ra, will improve the bond strength. The
method for roughening can be abrasive grit blasting,
such as with 60 or 46 mesh angular alumina in a
pressurized air stream, or using a high pressure pure
waterjet. The standard abrasive high pressure
waterjet, which typically uses fine garnet abrasive
particles in a waterjet operating at pressures of
50,000 psi, can be used to cut or machine metallic
surfaces. It has been found that the garnet abrasive
can be removed and the jet can operate with pure water
to roughen the surface of metallic substrates prior to
coéting. Contrary to normal expectations, this pure
high pressure waterjet will erode a metallic surface,
producing a new surface that is ideally suited for
subsequent coating, because it is roughened on a very
fine scale and is totally free of surface
contamination, such as abrasive grit inclusions from



addition to the nethod of bl ade edge radius or bevel for inproved bonding,
It has been found that the blade tip should be roughened just prior to
coating for the best bond strength. Preferably, a m.ni mumroughness of 150
m croi nches Ra, nore preferably a m nimum of 200 m croinches Ra, wll

I nprove the bond strength. The nethod for roughening can be abrasive grit

bl asting, such as with 60 or 46 nesh angular alumna in a pressurized air
stream or using a high pressure pure wate et. The standard abrasive high
pressure waterjet, which typically uses fine garnet abrasive particles in a
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thick microns in diameter and 1 to 5 microns thick, 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 will form an 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°. If
present, any horizontal macrocracks should preferably
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 crack to the opposite end of the
crack.

The porosity of the coating preferably should be
between 2% and 10% and most preferably about 8%. The
vertical macrocracks could be formed in the coating by
plasma depositing powders of the coating onto the
surface of the substrate in discrete monolayers in
which the thickness of each monolayer contains at least
two superimposed splats of the deposited powder (about
0.16 mils) and preferably from about three to five
splats of the deposited powder (from about 0.24 mils to



platel et. Cenerally these platelets are from5 to 100 mcrons in dianmeter
and 1 to 5 microns thick, nore generally about 2 mcrons thick. As used
herein, a vertical macrocrack is a crack in the coating if extended to
contact the surface of . the substrate will forman angle of from30 to 00
with a line extended fromsaid contact point normal to the surface of the
substrate. Preferably, the vertical macrocracks will forman angle of.
10[err] to O[err]. If present, any horizor®at macrocracks shoul d preferably
not extend to contact nore than one vertical macrocrack since to do so

coul d weaken t e &omiilsy sespadfjiaalihe Joihaugh napdreund.b¥he | ength

di mensi on of t | ég}?% ed*%g W OfF &

hori zont al rrac:%g’ce\ré?k qa,_l r%gsé}(r:la neh'g-ll st ﬁ?;nf]?%e end o the
crack to the o@mnmmdofsnlwet&@fckthermmﬁmmv areskt chat they
preferably shouylsd l&%q/\%qgl O/%fg}& Jﬁ,@ i The
verti cal nacrocracks cou é% rmed 1I'n the coat é§§¥f¢&%ﬁgpgg(£§%|ng
powders of the tespenarunaso thean dihve pxreqgding Sllmi’rat eTh-‘nS i 8 cdee eto

nonol ayers in ChRs 55;&;5 at least two
superi nposed s}gﬁ‘lil‘atrsf tcgf%et%e dep05|sftleds as%er ?ﬂt)out 16 m Ir% and

preferably froceposittadcge a cra‘hatetwsat@lcﬁen reukRirate adhpbawlhe (from
bout 0.24 | t | b
a2 5 ok i, G0 8 o 5 el

theory, it is b& eposi't or "nore superinpose | at s
of the powder wpuatﬁe§Ma¢|arq|p;ogre551vely hotter. Thus the overal

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 spats and form vertical
macrocracks through the deposited layer. Additional
monolayers are superimposed on the substrate with each
monolayer forming vertical macrocracks which have a
tendency to align with the previously formed
macrocracks in the preceding monolayers. This
effectively produces some macrocracks that extend
substantially through the thickness of the coating.
The width of the vertical macrocracks, i.e., the
distance bétween opposing faces defining the vertical

- macrocracks, is generally less than about 1 mil,
preferably less than 1/2 mil.

It has been fdund that if the porosity of the
coating is greater than 10% by volume, the stress
caused by the shrinkage of_Splats in the monolayer may
be absorbed or compensated by such higher porosity of
the coating. .This will effectively prevent the
formation of macrocracks throughout the coating as is
required according to this invention. The substantiai
homogeneous distribution of vertical macrocracks



second and subsequent splats being deposited at higher tenperatures 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
subsequent splats are deposited on preceding splats that are progressively
hotter. Thus the overall deposit of two or nore splats results in a :
tenperature gradient with the higher tenperature at the top surface. Upon
cooling and solidification of the nonolgygb deposit, the second and
subsequent splats shrink nore than the précedi ng spats and formvertica
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in the coating to provide good thermal and mechanical

properties. To obtain the necessary vertical
macrocracks in this coating, the plasma apparatus
should be of high efficiency and stable over the period
of depositing the coating. The spray torch should be
positioned at a fixed distance from the substrate and
the relative speed between the torch and the substrate
should be controlled to insure that 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 subsequent deposited
splats are hotter than the preceding deposited splats
for the reason discussed above. The overall thickness
of the coating can vary depending on the end use
application. The coating thickness of the blade tips
can very from 50 to 1000 microns. Thé preferred powder
~ composition is zirconia partially stabilized by yttria
in an amount of from 6.5 to 9 weight percent yttria
with the balance zirconia and most preferably about 7
weight to 8 percent yttria with the balance
substantially zirconia. The coating of this invention
is also ideally suited as a top coat for a metallic
bond coated superalloy blade of a gas turbine engine.
The preferred metallic bond coating would comprise an



- 10 - throughout the coating as required by this invention will reduce the
modul us of elasticity of the coating structure thereby reducing the |ocal
-stresses. The density of the vertical macrocracks should be preferably 10
or nore, nost preferably 20 or nore, vertical macrocracks per |inear
centimeter taken in a cross-section plane of the coating along a line
parallel to the surface of the substrate. This will insure that sufficient
vertical macrocracks are present in the tdating to provide good thermal and
mechani cal properties. To obtain the necessary vertical macrocracks in this
coating, the pldsyncomtaimimg stolleadie cfe felgEnett issleaaiednirant diie over

the period of Sitl C I ng. T S torch osi tioned
at a fixed di g%?ﬂl ec]pba% sitﬁglgsgﬁ'itéli%to@lg%d &l%ler} f vagms)ye%(l"bfé’é?meen t he
torch and t hewdithsataleasitowned e tadntsedldatred ¢ naxs he tdrdug he nonol ayer

I nstantly put 5g§§ﬂ%§?¥-{%g%sf;$§1%g‘e§; ltoéé\%[%ﬁr %E&MJJ;J% e sﬂxflfé %03{5 to proqluce

overlap of th i which 't he 'second and

subsequent depositied sphabe asepdsditiest usimy tdonverdriedtialg plesma ted spl ats
o e e RS (R o MR A AR R
bl ade tips cafheesybistoats) coultD®@ @nyr eusitable padfeariradd pmlas
55 to 9 wei ght CHEPERY: e Lim, At e  SHReL Y S A L moe
preferably abcobaltwbdiaglet alldo¥ per dewn-jddse aldidyh the bal ance
sUited as a Lop codber SPERIREE 2T RRBoARU e R A T AP o & gas
turbine enginenited as a top coat for a bond coated titanium alloy

blade of a gas turbine engine. The preferred metallic

bond coating would comprise titanium or titanium

alloys, chosen to match the alloy of the blade. This

coating can be deposited using shielded plasma spray

techniques or HVOF techniques. The preferred _

non-metallic bond coating would comprise aluminum oxide

or alloys of alumina and titania or chromia. This

coating can be deposited using detonation gun,

conventional plasma spray techniques or any other

conventional technique. The substrate could be any

suitable material such as titaniﬁm or a titanium alloy.

The coating of this invention can also be deposited on

titanium alldy sﬁbstrates, in particular a titanium

alloy compressor blade tip, without a bondcoat.

The invention also relates to a process for
producing a coating on the tip of a blade comprising
the steps:
(a) thermally depositing zirconia-based powders

onto at least the tip of a blade to form a monolayer

having at least two superimposed splats of the

deposited powders on at least the tip of the blade in

which the temperature of a subsequent deposited splat
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The preferred nmetallic bond coating woul d conprise an al I oy contai ni ng
at | east one el enent selected fromthe group consisting of chrom um

alum num and yttriumw th at |east one netal selected fromthe group

consi sting of nickel, cobalt and iron. This bond coating can be deposited
usi ng conventional plasma spray techni ques or any other conventional

t echni que. The substrate could be any suitable material such as titanium
titanium alloy, a nickel- base alloy, coball-base alloy or iron-base all oy.
The coating of this invention is also ideally suited as a top coat for a
bond coated titar WigNdrotHimdthetanmaaturdior emyrewiowdiky preferred
netal lic bond coatl edd.ld conprlse titaniumor titaniumalloys, chosen to
mat ch t he aIon atphi s coating can be deposited using shiel ded
pl asma spray techni qugs orcd:MGExq, eaaimlsunasdlf&mg)raaam rrmhrmlmymat al l'i c bond

chrom 3. "Thi's coReaa) R b RSN T HRT 1) BRAGHAEY oo B abdfe o o
pl als gabzp; ﬁy ; &q[zgg;lfvémﬁnet)rpeemlserm heartd omaamﬁn meplum.tm;qwf xmetsu@kt rate
Cont oS e 1 bl Ao 4 U e T
EubgzggtesTthlﬁezﬁ?ﬁandgadsiuédﬂﬁpMHtéA oy conpressor blade tip, without a
on the tip of a bl ade Do eRITE ihe ehps Al iR P o yFeisEofice 2! 1O
zirconi a-based prwirce an overall coated layer in which each monolayer

has induced vertical cracks through the splats and

wherein at least 50% 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 thickness of the

coating and said coated layer having at least 10

vertical macrocracks per linear centimeter measured in

a line parallel to the surface of the blade.

Preferably, the spray deposition parameters should
be.such that the zirconia powders are at least
partially melted, preferably completely melted, and
then deposited at a rate such that at least two
superimposed splats occur in an area while the blade
makes any single pass under the thermal spray device.
Preferably, the abrasive particles, if present, are not
melted while the zirconia particles are at least
partially melted. In some applications, some of the
smaller size range of the abrasive particles may be
mélted during the deposition step without effecting the
coating of this invention. .

A further improvement was found in that a heat
treatment of the deposited coating improves its erosion
resistance, and this information could thereby be
inferred that its wear resistance would also be
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onto at least the tip of a blade to form a nonol ayer having at |east two
superi nposed splats of the deposited powders on at least the tip of the

bl ade in which the tenperature of a subsequent deposited splat =~ - 12 - is
hi gher than the tenperature of a previously deposited splat; (b) cooling
and solidifying said nonol ayer wherein said nonol ayer has a porosity |ess

t han about 12 vol une percent and wherein a plurality of vertical cracks are
produced in the nonol ayer due to shrinkagk3of the deposited splats; (c)
repeating steps (a) and (b) at least once to produce an overall coated

layer in whi chiBBEAVAERol dFeWaRasorndutbaty &r Miasanc heeits trwadmemtt he
splats and whegghp Qttbeﬁéthéﬁf%oﬁttHSoﬁ rﬁ%@@bFCE@C S06%F drw! ayer

are aligned with _vertical cracks 1 n an adjacent nonolayer to formvertica
macr ocr acks ha9ffgchivengpd 6ha§ta|89§tlngnfp§ apous ﬂh@omﬁsc@¢e§b0@¢ t he

coating and sajdrseateshidyes Setasnel | paskadOey &'Eﬁ‘ét”ﬁ‘%?&ﬁac‘(s per
| i near centineter neasured in a line parall to the surface of the bl ade.

Preferably, thBrepEmenBepBspironagamaret @f-§e§ﬁémed thans dah vasuum for

zi rconi a powde{sippb9ial tRaskipabhial! yneﬁbbeé @&eftﬁ(e%' ¥ sCgmpl etely
mel ted, and then deposited at a rate such | east tmo superi nposed

spl ats occur iRehal %@abqn¢|@oehela|aaéCﬁau§§eanyh§|ngrsopags thear aphe
thermal spray §§¥tf§1 ﬁESEeﬁfghﬁmeﬁEelﬁb5§§'Mﬁypéﬁhbﬁl%ﬁe bbnll @33 are
not nelted while the zirconia particles are
to oxidize. If we first heat treat the blade, bond
coat and topcoat in vacuum, the bond coat will be
sintered to a higher density and will then be resistant
to oxidation. Therefore, an alternate sequence is to
do the vacuum heat treatment first by heating the blade
from 1800°F to 2200°F for about 1 to 10 hours and then.
do the air heat treatment at about 600°F to 1200°F for
a period of from 0.1 to 4 hours to further improve the
properties of the zirconia-based layer. To show the
improvement in erosion resistance due to the vacuum
heat treatment, the weight loss of identically coated
zirconia layers on one inch diameter buttons were
measured after being exposed to the follow1ng particle
erosion test.

An S.S. White abrasive blasting gun was used to
propel 600'grams of 50 micron alumina at an angle of
20° against a one by two inch coupon having a plasma
sprayed as-deposited coating and an identical coated
coupon was heated 4 hours at 1975°F in vacuum. It was
found that the erosion rate of the heat treated coating
was reduced 34 percent over the coating that was not
heated. .

The coating of this invention may be deposited on
a blade tip without the need for a bond coat. This is
particularly true of titanium blades and thus the time



partially nelted. In sone applications, sone of the smaller size range of
the abrasive particles nay be nelted during the deposition step wthout
effecting the coating of this invention. A further inprovenent was found in
that a heat treatnent of the deposited coating inproves its erosion

resi stance, and this information could thereby be inferred that its wear
resi stance woul d al so be - 13 --inproved. It was found that a vacuum
heat treatment from 1l to 10 hours at abquty41800[err]F to 2200[err]F woul d
be effective and that a heating for about 4 hours at about 1975[err]F woul d

be suitable. It é&?&izfé’&"é’néh@ﬁ acé‘?é“o%?é?&f%&inég“tﬁ‘érs & 8Bagifbkeebi ve
than in vacuum¥o I mpr ovi ng t%e Zi rconia. wever, If there i1s a netallic
bond coat in plthe hialde tie I$rsdpstenthablunreduced; hEhtwasefoundt in
air may cause t | : e ' t t | ade,
bond coat and t%ﬁ% a Hﬁﬂ%ggﬂgﬁ?ftﬁ%égg%%é%%g?éaff% Egés?%%giegB?geg hi gher
density and wi |is tdeprdited Pproduced canxinproved gpatingrProgAsakt er nat e

is t . t t fy jingot de f
1600 err 1 to A0 EYEETE 458 1 488 Bagiq be hrin RERAHe' HRGRER S, LT
treatment at alAA°F60O[ @bout 6H0TPODEEergFstep 4apeinothds Premess: to 4
hours to further |mhgovg.{ @19@?@%%%% v?éréh@oété&%‘i@hbﬁsﬁgﬁggtifer- To

show t he inprovement Tn €rosio sistance due to the vacuum
treatnent, the pefegnt |webrid staipilizedyziveeriazovesntaNiGeeral¥n one

i nch diameter Bdonsoyer e fRes£ted’ §hp PEL We FEPPSEAUMOREEE ERLLOWLNY

particle
4 hours at 1975°F. The coated blades were tested using

a test rig having the following test parameters:
Tip speed 500 ft per second
Rub depth target 1 mil per second up to a
20 mil depth "

It was found that the best way to rank the
performance of tip coatings in this test was to measure
the volume of material removed from the tip and the
seal materials, and calculate what is called the volume
wear ratio (VWR). VWR is the ratio of the volume wear
of the tip to the volume wear of the seal, a
dimensionless ratio. An ideal VWR would be of the -
order of 0.05 or less. The following table gives the
rub test results for the coating of this invention.

TABLE

VOLUME WEAR RATIO, TIP COATING TO SEAL
NICKEL ALLOY BLADE '

Test number A B Cc D
Seal Material 1* 1~ 2%+ 2%+
'Rub Temperature, °F .
Blade tip 1480 2250 2350 2650
Seal surface 1780 2450 2180 2550

VWR .000 .064 .058 0.163



erosion test. An S.S. Wiite abrasive blasting gun was used to propel 600
grans of 50 micron alumna at an angle of 20[err] against a one by two inch
eoupon having a plasma sprayed as-deposited coating and an identical coated
coupon was heated 4 hours at 1975[err]F in vacuum It was found that the
erosion rate of the heat treated coating was reduced 34 percent over the
coating that was not heated. The coating of this invention nmay be deposited
on a blade tip without the need for a hond coat. This is particularly true-
of titanium bl ades and thus the tine - 14 - required and the cost of
providing the sole coatings to the blade tip is substantially reduced. It
was found the pye-hgatin the b b ra i

deposi ted produﬁed ?PE ?géggﬂg? %ﬁ?fieigégégéagggé?fiég Pygsgﬁeaglgde
coul d be pre-heatedsT% o) grr E ?o about 600[err]F before step (a)
in this proces Ni ckel al b ad e ' 7 Lo eRgent
yttria stabilii%d z??%%ﬂf%&%%% #g ﬁﬁ%%%%ﬁ?%ﬁggﬁ t@%é?f ?ﬁgbcggfgdgganples
were vacuum heat treat?d 4 ﬁ%ﬁ#% qt 1975[err] F. The coated bl ades were
tested using a test rig having the follow ng test paraneters: Tip speed

500 ft per second Rub-dpRiRgt860€his tdst) | tREr c68€2AE BE thReasdbjechk depth
It was found that the best way to rank the erfornanceHRLFtl cggﬁlngs in
o]

this test was ievenbienchedeek¥branedirary: 8PP VVBBES p and
the are ideally suited for coatings for the tip of blades

for turbine engines. _

Though the invention has been described with
respect to specific embodiments thereof, many
variations and modifications will become apparent to
those skilled in the art. It is therefore the
intention that the appended claims be interpreted as
broadly as possible in view of the prior art to include .

all such variations and modifications.
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seal materials, and calculate what is called the volune wear ratio (VR).
VWR is the ratio of the volunme wear of the tip to the volune wear of the
seal, a dinmensionless ratio. An ideal VWAR would be of the order of 0.05 or
| ess.. The following table gives the rub test results for the coating of
this invention. TABLE VOLUME WEAR RATI O, TI P COATING TO SEAL NI CKEL ALLOY

BLADE Test nunber A B C D Seal Materi al
1* 1* 2% * 2** Rub Tenberature, [err]F Blade tip

1480 2250 2350 2650 Seal surface 1790 2450
2180 258hatV\Bs Claimed .000 . 064 . 058 0. 163

* Proprietary to engi ne nanufacturer, some sort of a smpoth and hard
material. ** Proprietary to engine nanufacturer, some sort of ceramc _
coating. According 6o thAsbilede, folreacqgaisi tgrbiinehengibiee @ viimge® on had

the (1p of bl adbboForif A edh i, itptine, OFF o Yubl el ol Bochl capas Tor
descri bed withloespec: oppospcei the émbedi ebat ancheheseinmaty leastattbens and
Therefore the LAPRE: Sho: FARCENa S SRsae YR o Be T nCdr o of ed a5 broadl y
as possi bl e i nzireandum-baspd oxiget hayinge louid udal isye oty Macnacxaskend
m)difications'substantially-ver’cical to the plane of the coated layer
and extending from at least 4 mils, up to tlie thickness
of the coated layer and having frbm 5 to 100 vertical
macrocracks per linear centimeter measured in a line
parallel to and in a plane perpendicular to the surface

of the blade tip.

2. The blade of claim 1 wherein the coating
contains abrasive particles selected from the group

consisting of alumina, chromia and alloys thereof.

3. The blade of claim 1 wherein a bond coating
is disposed between the tip of a superalloy or a
titanium alloy blade and the zirconium-based oxide
coating, said bond coating for the superalloy blade
comprising an alloy containing at least one element
selected from the group consisting of aluminum,
yttrium, chromium, and hafnium with at least one metal
selected from the group consisting of nickel, cobalt
and iron; and said bond coating for the titanium alloy
blade comprising titanium or a titanium alloy.

4, The blade of claim 1 wherein the blade has an
airfoil area between the inner end of the blade and the
tip of the blade and the thickness of the zirconium-
based oxide coating is from 50 to 1000 micrdns thick

W O A
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- 16 - Wiat is Cainmed 1. A bl ade for ‘a gas turbine engine having an

I nner end adapted for nounting on-a hub and a bl ade tip | ocated opposite
tthe inner end and wherein at least the tip of the blade is coated with a

| ayer of a zirconium based oxide having a plurality of nmacrocracks

c substantially vertical to the plane of the coated |ayer and extending from
at least 4 mls, up to the thickness of the coated |ayer and having from5
to 100 vertical macrocracks per linear centTneter nmeasured in a line
parallel to and in a plane perpendicular to the surface of the blade tip.
2. The bl ade shdceatendswheeei antheatodensf eopbaitisnabfashee particl es
sel ected fron1tQ$rg§9Ep consisting of alumna, chroma and all oys thereof.
3. The bl ade © 1 wherein a bond coating is disposed between the
tip of a superalloy or a titaniumalloy blade and the zirconi umbased oxide

coating, said bond cgatin 5, UPCERbhK RkAd° cBaRELoAT AN 1 2Lk

containing at |east one € e&géfgselecte rom group ¢ S|st|ng
al um num yttrithe thpoaifum bdadehabmpuasihghthe k&eps:one netal sel ected

fromthe group consi sting ”Eﬁé?ﬁali b E oggqlhroglrgg 1§aquQ nd coating
é 8 oy. 4.

for the titaniumalloy bl nprisin an ani uma
- The bl ade of cIBbwderahenEDnathéebsadéhhas1anoélafblad&re& bBetraten tohe

b o bt ook GEmBRG bl hySho! BE HLASE 508 Hipetiipagee o he
splats of the deposited powders on at least the tip of
the blade 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 monolayer has a porosity less than about
12 vol. percent 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 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 thickness
of the coating and said coated layer having at least 5
vertical macrocracks per linear centimeter measured in
a line parallel to the surface of the blade. |

6. The process of claim 5 wherein prior to step
(a) the blade is heated to a temperature of about 200°F
to about 600°F.

* [ L M S *
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- 17 - and extends over onto at |east a portion of the airfoil. 5. A
process for producing a coating on at least the tip of a blade conprising
‘the steps: (a) thermally depositing zirconi a-based powders onto at |east.
the tip of a blade at a rate to form a nonol ayer having at |east two
superi nposed splats of the deposited powders on at least the tip of the

bl ade in which the tenperature of a subsequent deposited splat is higher
than the tenperature of a previously dépégifed splat; (b) cooling and
solidifying said nmonol ayer wherein said nonol ayer has a porosity |ess than
about 12 vol. percént afdevRcssss qfi Flain ° otherain e hlrde BHR

produced in the rRRY AT HiprtiGedld B atdie Agrasitrd, Wals: (¢)

repeating steps (a) and (b) at |east once to producé an oveéerall coated

|l ayer in whi chiPadF Rokomng soatesd itidprdam &Ll blade siR HIRREALR he
splats and whendl Bhodd /RAHingP % tee gg@ﬂa&%w&% It P asdingisd y er

are aligned with vertical cracks in an acent nonol ayer . to formvertical
macrocr acks h@f 3g18Y Sapbrigring atedeast gne afpnent imelartachdsoms the

coating and sand @A doRedlstiag REF FhrAdRfAtim,S MRintiirfi, TROMAOGIMCR Per
| i near centineter ‘neasured in _a l'ine parallel to the surface of the bl ade.

6. The proc&drdummiith at\Heasith ong sietiad sdpqted thom e JZoURat ed
to a tenperat g safs t3RQUL 201, F dobakqularkDAr ;] end the bond

coating for the titanium alloy blade tip comprising

titanium or a titanium alloy.

8. The process of claim 5 wherein before step
(a) the blade is roughened with a pure water high

pressure waterjet.

9. The process of claim 5 wherein in step (a)
abrasive particles selected from the group consisting
of alumina, chromia and alloys thereof are added to the
zirconia-based powders.

* [ L M S *



- 18 - 7. The process of claim5 wherein the blade tip in step (a)

conpri ses a bond coated superalloy blade tip or a bond coated titanium

all oy blade tip wherein the bond coating for the superalloy blade tip
conprises an alloy containing at |east one elenent selected fromthe group
consi sting of chromium alum num hafniumand yttriumwth at |east one
netal selected fromthe group consisting of nickel, cobalt, and iron; and
the bond coating for the titaniumalloy blade tip conprising titaniumor a
titaniumalloy. 8. The process of claim5 wherein before steiqéa) t he
blade is r ougheneﬁlmlé'%sg%ﬁ?r?%, W%VJ%%GR&CR%P D The
process of claim5 wheSFRUCTURE: NI PROGESSs iIROR FRAOUVGINS Jdl ected from the

group consisting of alum na, chroma and alloys thereof are added to the
zi rconi a- based powders.

Abstract

A compressor or turbine blade having its tip
coated with a zirconium-based oxide having a plurality
of macrocracks extending at least 100 microns through

the coating and the process used to produce such a
coating.



