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{57) Abstract

A multilayered ceramic topcoat of a thermal barrier coating system is useful for high temperature corrosive applications such as
hot section components in gas turbine engines. The ceramic topcoat includes at least two layers, each having generally columnar grain
microstructures with different grain orientation directions. A preferred method of producing the multilayered ceramic topcoat includes
positioning a superalloy substrate at a first angled orientation relative to a ceramic vapor cloud in an electron beam physical vapor deposition
apparatus for a time sufficient to grow a first ceramic layer. The substrate is then reoriented to a second, different angled orientation for
a time sufficient to grow a second ceramic layer. The ceramic layers exhibit columnar microstructures having respective grain orientation
directions which are related to the first and second substrate orientations. For uniformly coating a complex contoured surface such as
a turbine blade airfoil, the blade can be rotated during coating deposition at each angled orientation. Alternatively, the article may be
continuously reoriented according to a predetermined speed cycle to produce generally arcuate, sinusoidal, helical, or other columnar grain
microstructures.
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10 high temperature combustion effluent gas. Because these components often are subjected
concurrently to high magnitude thermally and mechanically induced stress, the art has developed a
variety of techniques in the design and manufacture of these components to ensure maintenance of
structural and metallurgical integrity throughout the operating range of the engine. For example,
components typically are manufactured from material compositions such as nickel- and cobalt-

15  base superalloys having desirable properties at elevatéd, operating range temperatures. In the
case of turbine airfoils, the selected alloy generally is formed by casting. For enhanced high
temperature strength, grain structure advantageously may be controlled during solidification of
the casting to produce a directionally solidified or single crystal structure, thereby providing
greater strength for a given alloy composition.

20 In addition to component strength enhancement by selection of alloy composition and
control of the casting process, both internal and external cooling schemes are employed
e:ctensiveiy to maintain component temperatures below _critical levels. Tailored film cooling of
external surfaces and sophisticated turbulent flow cooling of serpentine shaped internal cavities in
the cast airfoils are routinely utilized in advanced gas turbine engine designs respectively to

25 decrease the thermal energy input to the component and reduce the temperature rise thereof.

Despite efforts to optimize these varied approaches, both alone and in combination, advanced gas
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thermal cycling inherent in gas turbine engine operation. In order to prevent premature failure of

15  the ceramic, methods of providing strain tolerant ceramic coatings have been developed. Certain
moderate service applications employ porous or pre-cracked ceramic layers. In more harsh
operating environments, such as those found in advanced gas turbine engines, the art exploits
strain tolerant open columnar ceramic crystal or grain microstructures, such as those described in
U.S. Pat. No. 4,321,311 to Strangman, the disclosure of which is herein incorporated by

20  reference. These columnar grain microstructures have a generally parallel grain orientation and
are disposed in a normal direction, perpendicular to the surface of the substrate. They are
considered to provide improved strain tolerance due to the segregated nature of the columnar

grains which form intercolumnar gaps therebetween.

Substantial attention also has been directed to the use of an intermediate or bond coat
25 layer disposed between the substrate and the ceramic layer. The bond coat employs a '
composition designed both to enhance the chemical bond strength between the ceramic topcoat
and metal substrate as well as to serve as a protective coating in the event of premature ceramic

topcoat loss.

There are presently two primary classes of bond coat compositions conventionally

30  employed in multilayered TBC systems of this type. One type of metallic bond coat typically
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conditions over ceramic coatings disposed directly on the metallic substrate, thereby providing the

 intended insulative protection to the underlying article over an extended period.

Another type of metallic bond coat routinely specified by those skilled in the art includes a
~ class of materials known as aluminides. These are popular compositions for gas turbine eng'mé
25 components and include nickel, cobalt, and iron modified aluminides as well as platinum modified
aluminides. Generally, aluminides are iﬁtermediate phases or intermetallic compounds with
physical, chemical, and mechanical properties substantially different from the more conventional
MCrAlY bond coats. Some aluminide compositions are known to be useful coatings in and of
themselves for protecting iron-, cobalt~, and nickel-base alloys from oxidation and corrosion;

30  however, some aluminides may be used as bond coats for ceramic topcoats in TBC systems.
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20  where M is nickel, cobalt, iron, or combinations thereof and Y is yttrium or other reactive
element, is disclosed in U.S. Pat. Appl. Ser. No. 08/597,841, the disclosure of which is herein
incorporated by reference. The reactive elements include zirconium, hafnium, scandium, or any of
the lanthanides (i.e. atomic number 57-71, inclusive), either alone or in mixtures thereof. A TBC
system incorporating an MALY bond coat, alumina layer, and columnar ceramic topcoat disposed

25  on a nickel- or cobalt-base superalloy article, is considered to be less prone to degradation and
failure than TBC systems utilizing the conventional bond coats discussed above. The bond
strength or adherence between the MAIY bond coat and alumina film is enhanced over
conventional aluminicie and MCrAlY bond coats by controlling the weight percent of the
constituents. Further, by specifically excluding chromium from the bond coat, diffusional stability

- 30 ofthe cMoﬁim-ﬁee MAIY bond coat is significantly improved over conventional MCrAlY bond

coats. As a result, the MAIY bond coat provides a substantial reduction in diffusion of substrate
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Cértain characteristics which inherently limit their operational performance and life regardless of
the bond coat composition. For example, since conventional columnar ceramic topcoats have a
grain orientation direction which extends generally perpendicularly from the underlying substrate,
the grains are relatively inelastic in the normal direction and exhibit poor impact strength, |

20 resulting in chipping when contacted by high speed sand grains and other foreign particulate
matter ingested or released upstream during engine operation. Erosion of the ceramic topcoat can
also be a problem due to the cantilevered orientation of the columnar grains which are bonded to
the alumina layer over a small surface area relative to their volume. Accordingly, the.normal
columnar ceramic grains are weak in a tangential or parallel direction to the substrate, resulting in

25 brittle spalling failure of the ceramic topcoat. The underlying alumina layer, bond coat, and
metallic substrate are als_o subject to environmental attack since the intercolumnar gaps or
interstices between adjacent columnar grains afford numeroﬁs open paths for penetration of
corrosive salts and other detrimental constituents of the combustion effluent. Conventional
columnar ceramic topcoats also add weight to the components, which can be problematic

30 especially for high speed rotating components such as turbine blades where overall weight and

balance are critical parameters.
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Summary of the Invention

A thermal barrier coating for Superalloy articles includes a ceramic topcoat having at least

20  afirst ceramic layer exhibiting a generally columnar grain microstructure with a first grain
orientation and a second ceramic layer disposed thereon having a generally columnar grain
microstructure with a different grain orientation direction. Additional ceramic layers may be
provided with respective grain orientation directions as desired. Alternating layers may have grain
orientation directions which are substantially similar, generating a cross-sectional grain

25  microstructure visually replicating a herringbone or zigzag pattern. This pattern consists of layers
of columnar grains which are generally parallel to adjacent grains within a single layer and which
form an angle with columnar grains in a proximal layer. The angle of each layer relative to an
underlying substrate surface may range from values approaching zero degrees to those
approaching 180 degrees. The multilayered ceramic coating may be disposed directly on the

30  superalloy substrate, or alternatively, may form a topcoat of a TBC system incorporating an

alumina layer and a bond coat of MAIY, MCrAlY, aluminide, or other composition.
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15  thereof along one or more orthogonal or skew axes. Additionally, the article need not necessarily

dwell motionless during the deposition of a ceramic layer, but could be in motion. For example,
to coat 2 complex contoured surface such as a turbine blade airfoil, the blade may be rotated in

the vapor cloud.

By varying the orientation of the article relative to the source, the angle of the grain

20  orientation direction for the ceramic layei' produced can be varied. Additionally, by varying the
time the article is maintained at a given orientation during coating deposition, the thickness of the
ceramic layer and lengths of the grains therein can be varied. Accordingly, the method of the
invention can be used to deposit a highly regular, substantially uniform herringbone cross-
sectional pattern by alternating between first and second article orientations and dwelling or

25  rotating for equivalent periods at each orientation. Alternatively, non-uniform patterns can be
produced to achieve tailored properties which vary as a function of ceramic coating thickness or
depth. In alternative embodiments, one or more ceramic layers having angled grain orientation
directions can be used in combination with one or more ceramic layers having a normal grain

orientation direction.

30 Moreover, by continuously changing the reorientation speed of the article according to a

predetermined speed cycle, more arcuate or rounded columnar grains can be formed, for example
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Mor eover, by continuously changing the reorientation speed of the article

according to a predeter@ﬂ@b&ag@gﬁenrmﬁlgsarcuate or rounded
columar grains can be fornmed, for exanple

The invention, in accordance with preferred and exemplary embodiments, together with

further advantages thereof, is more particularly described in the following detailed description

20  taken in conjunction with the accompanying drawings in which:

FIG. 1 is a schematic, cross-sectional view of a typical gas turbine engine depicting hot
section components suitable for application of a TBC system in accordance with an embodiment

of the present invention;

FIG. 2 is an enlarged schematic, cross-sectional view of a portion of a superalloy article

25  coated with a TBC system in accordance with an embodiment of the present invention;

FIG. 3A is an enlarged schematic, cross-sectional view of a portion of a ceramic topcoat

of a TBC system in accordance with an alternative embodiment of the present invention;

FIG. 3B is an enlarged schematic, cross-sectional view of a portion of a ceramic topcoat

of a TBC system in accordance with another embodiment of the present invention;
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Brief Description of the Draw ngs . The invention, in
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further advantages thereof,” is nore particularly described in the follow ng
det ail0 ed odentatiop shawing Ogenemllp thatmeasnfed grainwrientation directioncmglea oy tends to be
drawi ngs |, i ch: . . FIG 1 is a schematic, cross-sectional

vi ew of g‘%ﬁﬁ%l“ﬂ%@%ﬁé@bﬁhﬁéaﬂgﬁi &ting hot section conponents
suitable for [%? lication of a TBC systemin accordance with an enbodi nent

of the presen 9Bs a graph plotting ceramic layer thickness, t, under constant conditions, as a

function of article orientation angle, 6, showing, generally, that measured ceramic layer thickness,
T, for orientation angles greater than about thirty degrees is consistent with model expectations,
15  suggesting correlation of non-mechanical material properties between multilayered and

conventional, normally disposed columnar ceramic coatings;

FIG. 6 is a graph plotting thermal conductivity, A, as a function of temperature, T,
showing reduced thermal conductivity of an exemplary herringbone multilayered columnar

ceramic coating with respect to a conventional, normally disposed columnar ceramic coating;

20 FIG. 7 is a graph plotting article reorientation angle as a function of time for producing a
regular herringbone-type columnar ceramic structure and for producing an arcuate sinusoidal-type

columnar ceramic structure;

FIG. 8 is an enlarged schematic, cross-sectional view of a portion of a ceramic topcoat of

a TBC system in accordance with another alternative embodiment of the present invention; and

25 FIG. 9 is an enlarged schematic, cross-sectional view of a portion of a ceramic topcoat of

a TBC system in accordance with still another alternative embodiment of the present invention.



FIG 2 is an enlarged schematic, cross-sectional view of a portion of a
superalloy article 25 coated with a TBC systemin accordance with an

enmbodi nent \Qaggggsogresent i nvention; FIG 3A i 5,(%2{59)2969@3]:
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10 Compressed air exiting the HPC 18 is mixed with fuel in the combustor 20 and ignited. -
The high temperature, high energy combustion effluent passes through both the HPT 22 and LPT -
24 where energy is extracted to drive the HPC 18 and fan 16. Each turbine stage, for example
HPT 22, includes a set of stationary turbine vanes 30 and rotating turbine blades 32 disposed in
the effluent stream to optimize flow orientation and energy extraction. After passing through the

15 turbine frame 24, which supports the rotating components of the engine 10, the effluent is mixed
with the fan flow and passés through the exhaust nozzle 28, producing a net force or thrust which
propels the engine 10 forward, '

Hot section components 12 exposed to the high temperature, corrosive combustion
effluent may be coated with the multilayered ceramic topcoat TBC system, in accordance with the
20  teachings of this invention, to protect the superalloy substrate from excessive temperature as well

as from oxidation during engine opération.

Referring now to FIG. 2, depicted is an enlarged schematic, cross-sectional view of a
portion of a superalloy article 34, such as an airfoil wall of a turbine blade 32, coated with the -
multilayered ceramic topcoat TBC system in accordance with an exemplary embodiment of the

25  present mvention. Schematic representation and relative thickness of each layer of the TBC

system depicted in FIG. 2 are meant for illustrative purposes only and in no manner are intended

to restrict the scope of the invention.

The article 34 in FIG. 2 includes a substrate 36, a portion of which is depicted. The
substrate 36 is preferably composed of a nickel- or cobalt-base superalloy; however, it is

30  contemplated that the multilayered ceramic topcoat of the present invention may be suitable for



FIG 5B is a graph plotting ceramc |ayer thickness, t, under constant
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38, although some inconsequential, inadvertent trace amount might conceivably exist therein, The
bond coat 38 is preferably produced by means of low pressure or vacuum plasma spray using a
prealloyed powder, rather than con?entional diffusion methods such as pack cementation. An

15 exemplary plasma spray method is disclosed, for example, in U.S. Pat. No. Re. 33,876 to Goward

et al, the disclosure of which is incorporated herein by reference. By using a plasma spray
method, the composition of the bond coat 38 may be controlled better and the migration of base
alloy elements from the substrate 36, which might otherwise pose a detriment to bond
coat/alumina adherence, may be reduced markedly. A relétively thin diffusion zone. 40 inherently |

20  forms between the bond coat 38 and substrate 36 supporting the bond therebetween.

Due to 'the highly reactive nature of the MAIY bond coat 38 during production of the

TBC system, aluminum proximate the exposed outer surface of the bond coat 38 oxidizes
substantially instantaneously upon exposure to any oxygen or moisture containing environment at
elevated temperature, resulting in a thin layer of aluminum oxide or alumina 42. Such an oxidized

25  layer may also be referred to as an alumina film or scale. Lastly, a multilaye;red ceramic topcoat
44 is disposed on the alumina film 42 to achieve the desired insulative properties of the TBC
system. The columnar ceramic topcoat 44 preferably is produced by EB-PVD, although other
techniques consistent with the production of columnar microstructure may be used as desired. An
exemplary PVD method and apparatus for producing conventional, normally disposed grains is

30  disclosed in U.S. Pat. No. 4,880,614 to Strangman et al., the disclosure of which is incorporated

herein by reference. As will be discussed in greater detail herein below with respect to FIGS. 4A
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regularly in a second grain orientation direction different than the first grain orientation direction.
Each grain forms an included obtuse angle, B, with a line generally parallel to or tangential with

the surface of the substrate 36, the angle B being measured in the same direction as the angle o..

20 The ceramic topcoat 44 includes a third outermost layer 46C in intimate contact with the
second layer 46B. The third layer 46C includes a plurality of opén columnar grains which may be
extensions of the grains of the second layer 44B so that the intercolumnar gaps of the second
layer 46B extend through the third layer 46C as well. As may be readily appreciated from the
depiction, the third layer 46C exhibits a generally columnar grain microstructure having the grains

25 ordered regularly in a third grain orientation direction different than the second grain orientation
direction. Each grain forms an included acute angle, 8, with a line generally parallel to or
tangential with the surface of the substrate 36, the angle & being measured in the same direction as
the angles o and B.

For the ceramic topcoat 44 depicted in FIG. 2, the thickness of each layer or, alternatively,

30  the length of each grain in the layers is substantially similar. Further, the grain orientation
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topcoat glone, in combination with any other topcoat microstructure depicted herein, including any

portions thereof, as well as with equivalents and variants.

Looking first to FIG. 3A, a ceramic topcoat 144 includes at least a first layer 146A which

20  exhibits a generally columnar grain nﬁicrostructure having the grains 148 ordered regularlyina
first grain orientation direction. Each grain 148 forms an included acute angle, o, with a line
generally parallel to or tangential with the surface of an underlying substrate. The ceramic

topcoat 144 includes a second layer 146B in intimate contact with the first layer 146A. The

second layer 146B exhibits a generally columnar grain microstructure having the grains ordered

25  regularly in a second grain orientation direction different than the first grain orientation direction.
Each grain forms an included acute angle, B, with 2 line generally parallel to or tangential with the
surface of an underlying substrate. The acute angle B is measured in the same direction as the
angle o and is less than the value of angle o. As depicted, angle o has a value of about 60
degrees and angle B has an angle of about 30 degrees. One or more additional layers may be

30  disposed proximate the first layer 146A and/or the second layer 146B with similar or different

grain orientation directions and thicknesses. For example, a third layer could be disposed
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grain mcrostructure having the grains ordere
layer 246B with similar or different grain orientation directions and thicknesses.

15 A ceramic topcoat 344 depicted in FIG. 3C includes a first layer 346 A which exhibits a
generally columnar grain microstructure having the grains 348 ordered regularly in a first grain
orientation direction. Each grain _3.48 forms a substantially normal included angle, o, with a line
generally parallel to or tangential with the surface of an underlying substrate. The ceramic
topcoat 344 includes a second layer 346B in intimate contact with the first layer 346A. The

20  second layer 346B exhibits a generally columnar grain microstructure having the grains ordered
regularly in a second grain orientation direction different than the first grain orientation direction.
Each grain forms an included obtuse angle, B, with a line generally parallel to or tangential with _
the surface of an underlying substrate. The obtuse angle B is measured in the same direction as
the angle ot As depicted, angle o has a value of about 90 degrees and angle B has an angle of

25  about 135 degrees. One or more additional layers may be disposed proximate the first layer 346A.
and/or the second layer 346B with similar or different grain orientation directions and thicknesses.

_ Alternatively, the first layer 346A exhibiting the normal grain orientation direction may be an
innermost layer of a multilayered ceramic topcoat, being disposed directly on a substrate or on an

interdisposed bond coat and alumina layer.
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An exemplary EB-PVD apparatus 52 for producing the multilayered ceramic topcoats
discuséed hereinabove is depicted in FIG. 4A. Reference may be made also to U.S. Pat. No.
4,880,614 to Strangman et al. and U.S. Pat. No. 5,238,7 52 to Duderstadt et al. for descriptions of

20  general configurations of conventional EB-PVD apparatus, the disclosures of which are herein
incorporated by reference. According to FIG. 4A, the EB-PVD apparatus 52 includeé a vacuum
chamber 60 in which is disposed an electron beam gun 54 for generating a high energy electron
beam 56. The beam 56 is directed by magnétic fields or other deflection apparatus (not depicted)
to impinge an upper surface of a target 58 consisting of a ceramic ingot of the desired topcoat

25  composition, for example, zirconia. The target material is vaporized, producing a vapor cloud
having a direction, shown generally at 64, which impinges on a proximally facing surface 62 of the
article 34 to be coated. The article 34 is mounted on a movable support (not depicted) and may
include a bond coat 38 and alumina layer 42 disposed on the substrate 36 thereof as depicted in
FIG. 2. Upon impinging the surface 62, the ceramic vapor condenses forming a columnar grain

30 microstructure,



10 with the sanme or different grain orientation direction. . ]
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- 1445  clockwise direction or reversing rotation, as desired. The article 34 is dwelled at this orientation

for a time to grow the third ceramic layer 46C to the desired thickness. For this article
orientation, a resulting grain orientation direction of about 45 degrees is produced, correlating to
that of third ceramic layer 46C of FIG. 2. A more detéiled discussion of an empirically |
determined correlation between article orientation angle, 8, and grain orientation direction angle,

20 o, is presented hereinbelow with respect to FIG. 5A.

Any of a variety of article position systems (not depicted) may be employed to position the

article 34 to be coated at the desired orientations relative to the ceramic vapor cloud direction 64.
An exemplary system may include a shaft on which the article 34 is mounted, the shaft being
connect to an electric stepper motor, hydraulic servomechanism, or equivalent primary mover. A

25  positional feedback loop may be provided to ensure accurate positioning of the article 34.
Additionally, a programmable controller (not depicted) may be used advantageously to automate
the timing of the movement and dwell steps of the coating method to facilitate consistent,
reproducible results. Alternatively, a manual crank with angular limits may be provided as a low
cost alternative. For the EB-PVD apparatus 52 depicted in FIG. 4A, the article positioning

30  system could be a rotatable shaft having an axis of rotation passing normally through the plane of
the figure. The article 34 dwells motionless at the first orientation to produce the first ceramic



proxi mate.the second | ayer 146 and have a grain orientation direction

formng an acute angle or an obtuse angle with the surface of an
under | yi ng V6@ BY35346 . FIG 3B depicts a ceranRCT/U$R8(26098244
including at least a first |ayer 246A which exhibits a generally

columar grain mcrostructure having the grains 248 ordered regularly in a
first grain 5 orientation direction. Each grain 248 forns an incl uded
obt use dleygreis theved to andidwells motionlpssiatrthe sgcond orientatiomtd ploduce the stevigererirnic
with the surface of gn underl yin ubstrate. The ceram c topcoat 244

i ncl udeesia&efsﬁ%‘g?fhmi’-a fernafiyely; #@@P&ﬁpée@m erositjopyTate;qad desiead lpyser 246A.

The secopmitkhassgs the articleft Given AT ing [ e
m crostructure Hav? ﬁ%uc% he grnans o%%g?‘gy?lg%tﬁnge\réfgﬁﬁ a Emgd%‘%é%%n Utglfa i)
or i ent at ¢agreogtineein motioh, falbeitaw & substantiatie réduced rage elativerto s td N metite ki) .

Each grain.10 .for an included _acute angle, [err], with a line generally
par Al eI TepEeRsation, ffuyatianpther embediment, theariclgmay be repegtedlinenered bagk and forth

subst r at getwdGERAE Hh ; ' ‘m&ﬁf‘gq i : ' Lion as the
angle [err]. As @s%ggﬁg%‘géég?ﬁg?e a ha 3%5%%%%@%8@3@9%’68? ce]f? crs
and angl ef dlternating @Fainoriemgtien.of about 30 degrees. One or nore
additional |ayers may be di sposed proximate the first |ayer 246A and/or the

second - Whillera sEABIR rotatibndlipbkitioh spsterdlinkd k& rddiie '
di rections and thi gk.ngsses. _nlg& syste Ayg‘éefsggﬁcgn?g@p{ioat Egl%ﬁdég%?ct ed in
FI G 3C geometreally similararticles 34 todesmnatad with therigltitayersd ceramic tppooatads| depicted in

oL U A, BB el S oS35 et Bt k]

subst antdegrées of freeBomiinsthdifie FoPEkntle, [rRifiple oMhbBorl bl S&w axes aldil?%@lll fotation
parallel to or tangential wth the surface of an underlying subStrate. The

cer ani ¢ and/or translation carhe effected, dSuchsystems ate ¢ommeercialip Bvailableranid wan be ceadilyct
with the {i The 20 econd | ayer 346B_exhjbits _.a generall
col urmaﬁnif?gﬁ%%d %%%%#E?Pﬁp@% fﬁ’fémgleaﬁ%rﬂ&sa‘éfgé ‘ié)’ anotheg ! mplpty 1%{1?\‘
a secon @W&gpaﬁtﬂsﬁfﬂﬁd Brodcing the RRtHAyel & GPAmic h@;?;botaﬁedl%d&%ﬁ Wtdhdbove is
orientation -direction. - Each grain forns an 1'ncluded obtuse angl e,
[err, depisted. TheEBEVD appayatpal 52 insludes a vrciuan genitienll 60y anfelectron behinegun 154

he. camdohpPmpRet bibh Moty 3flsBh i 16 1w bl eomift o e comeo et of
val ue ofthadesitedI8pEAl cOMPoISh. ATRE Birgd Mhaterid S gposégr(%{rugx 2 \?aggfhlgaéfr ot

degrees. One or, nore additional |ayers may be _
| ayer 34Bxing a directinn, showinigenerally ati164; wehiclBinginges bh agiroximally facimj sutface 062 of

grain or; i I recti and. t hi cknesses : Al ternatively, the

first Iategfg'tt%%%he&nl?%‘f%%sqﬂ%u IMpingng e sPHacs: 162, the GerHmigiVARRL GAndenssy be
an 20 fdfdﬁﬂgra%ﬁmﬁ&@ﬁn%c@sﬁ%tﬁ}é, ayered ceram c topcoat, being disposed
directly on a substrate or on an i nt erdi sposed bond coat and al um-na

layer. To prevent accumulation of the ceramic condensate solely on surface 162, the contoured

article 134 to be coated, such as an airfoil of turbine blade 32, may be rotated about an axis of

rotation, X, thereof which is oriented at an angle, 6, relative to the general vapor cloud direction
164. The resulting columnar grains exhibit a grain orientation direction generally corresponding
25  tothe angle © relative to the article substrate locally. The article 134 is rotated with the axis X at
the first orientation for a time sufficient to grow a first ceramic layer to the desired thickness. The
article 134 is then moved to a second, different orientation relative to the vapor cloud direction
164, for example, by reorienting axis X counterclockwise as depicted in broken line format in
FIG. 4B. The article 134 is rotated about axis X with the axis X dwelled at this orientation for a
30 time sufficient to grow the second ceramic layer to the desired thickness. The resulting columnar

grains in the second layer exhibit a grain orientation direction correlating generally to the
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zirconia. The target "‘material "i s vapori zed, producing a vapor cloud

about 900 °C. During the ceramic coating process, the sample was dwelled for about one minute

at the first predetermined angle, then reoriented approximately ninety degrees and dwelled for
about one minute in this orientation. This procedure was repeated about twenty times to produce
20  aregular herringbone or zigzag pattern. Each sample was sectioned so that grain orientation

direction angle, o, and ceramic layer thickness, t, could be measured with the aid of a microscope.

Empirical results are plotted, respectively, in FIGS. 5A and 5B. Referring first to FIG.
.SA measured data points are marked as dots with a statistical linear best fit line drawn as a solid
Iine therethrough. A perfect correlation line is reﬁresented by the diagonally disposed dashed line
25 inthe plot. Note that the grain orientation direction angle, o, tracks the article orientation angle,
O, generally linearly; however, the grain orientation direction angle, o, tends to be slightly less
acute than the article orientation angle, 8. For example, for an article orientation angle, 6, having
a value of about 30 degrees, resultant grain orientation direction angle, c, has a measured value of

about 45 degrees. For an article orientation angle, 8, of about 45 degrees, resultant grain
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cloud direction is substantially normal to the substrate surface, the ceramic layer thickness will be
at a maximum, substantially equivalent to the product of the deposition rate and elapsed time. For
an article orientation angle, 0, of zero degrées where the vapor cloud direction is substantially

20  parallel to the substrate surface, the ceramic layer thickness will be essentially zero according to
the modei. Empirical results show substantial correlation with the model down to article
orientation angle values of about 30 degrees. For more acute angles, the deposited ceramic layer
thickness, T, is greater than expected. One explanation may be that the ceramic deposited at
article orientation angles less than about 30 degrees is less dense or, alternatively, more porous

25  than the ceramic deposited at angles greater than about 30 degrees. This porosity could affect
properties of the coating such as thermal conductivity. At least for article orientation angles
greater than about 30 degrees, however, this data indicates that density, porosity, and most
probably all non-mechanical coating properties for a given layer are at least as good as those of

conventional, normally disposed columnar ceramic coatings.



20 a, is presented hereinbelow with respect to FIG 5A . Any,
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conductivity by over 30 percent. Accordingly, at least a 30 percent reduction in coating thickness
may be realized with concomitant savings in weight and cost. Alternatively, a similar coating

thickness could result in substantially improved thermal insulation.

20 The following examples are intended to convey illustrative aspects of the present invention

and are not meant to be considered limiting of the invention in any respect.
EXAMPLE 1

Test samples of cast CMSX2 single crystal material were coated with about a 50 pm thick
platinum aluminide bond coating and heat treated in a vacuum to adjust the surface concentration
25  of aluminum to between about 20 weight percent and about 24 weight percent. Each sample was
placed in a modified EB-PVD coating apparatus and preheated to about 850 °C by an electron
beam. A first columnar ceramic topcoat layer was applied by orienting the sample at a first
predetermined angle substantially perpendicular to an ingot having a composition of ZrO,-
8%Y,0;. The sample was maintained in this orientation and rotated at a rate of about 25
30  rotations per minute (“rpm”) for a total period of about one minute while the ingot was vaporized

by an electron beam with a power of about 38 kW. The resulting ceramic vapor cloud condensed



and/or translation can be effected. Such systens are commercially avail abI e
and can he readi I‘}/ i ntegrated into an EB- PVD apparatus. For exa
referring WO 3809648, anot her exenpl ary EB- - PVD appar aFGE'UfBSZZ%
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el ectron beamgun 154 for generating ﬂ hi gh energy el ectron beam 156,
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exanpl e, reo entﬁg,g Xi s X countercl ockwi se as depicted in broken |ine
format MFY rep e article 134 is rotated about axis X with the
axis X dwelled at this orientation for a 30 tine sufficient to grow the
second ceramc |ayer to the desired EXAMBEES The resulting col umar

grains in the second | ayer exhibit a grain orientation direction
correl ating gkestsanples efdasballoy X with an LPPS bond coating were pre-treated by ceramic
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article 143 about "axis X a tilay coati ng of “substantially unif
t hi cknedayec was bpplied by orienting the sample at a first predetermined angle of about negative 45

degrees relative to an orientation nbrma_l to an ingot. The sample was maintained in this
orientation for a total period of about one minute while the ingot having a composition of ZrO,-
8%Y-0; was vaporized bfy an electron beam with a power of about 38 KW. The resulting ceramic

20  vapor cloud condensed on the preheated sample producing a first columnar layer having a grain
orientation direction angle of close to about 135 degrees relative to the bond coating and
underlying substrate. The sample was then alternatively reoriented to angles of about positive 45
degrees and back to negative 45 degrees relative to the normal orientation and dwelled for one
minute at each reorientation position. In this manner, a herringbone structure comparable to

25  layers two through fifteen of Example 1 was created. With laser flash measurements, the thermal
conductivity, A, of this ceramic topcoat in units of W/mK was measured in the temperature range
of near 0 °C to about 1100 °C. The data is presented in the graph in FIG. 6 as curve 66. Curve
68 represents data measured from a comparable sample produced with continuous rotation at a
normal orientation to generate a conventional, normally disposed columnar ceramic topcoat with

30  equivalent overall topcoat thickness. As is readily apparent, thermal conductivity of the

herringbone ceramic topcoat of curve 66 is substantially less than that of the conventional ceramic
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than the article orientation angle, "0.” For 'exanple, for an article

ori ent at degreem(These fange§ areteaemplgry. Valuessoutsitie thesé ramges, alope og inyeasplination, are
resultant grain orjentation direction angle, a, has a neasured val ue of
about 450818%&5 W‘t*t’&rt{‘%FF%FPgﬁlfee‘nﬁ?q%Qﬂt ation angle, [err], of about 45
-degrees, resultant grain . L. ) )

In a preferred embodiment for an airfoil of a gas turbine engine blade 32 or vane 30, the

thickness of bond coat 38 may be between about 50 and about 80 microns; that of the alumina

20  film 42 may be between about 0.5 and about 1.5 microns; and the overall thickness of the
multilayered ceramic topcoat 44 may be between about 60 and about 150 microns. The
multilayered ceramic topcoat 44 may include two to five layers each ranging in thickness from
about 10 microns to about 100 microns and having respective grain orientation direction included

angles ranging from greater than about 30 degrees to less than about 150 degrees.

25 As discussed hereinabove with respect to FIGS. 4A and 4B, depending on ceramic
deposition rate and desired layer thicknesses, the article need not dwell absolutely motionless
during coating deposition, but rather can continue in motion. Accordingly, this technique may be
employed to produce an arcuate columnar grain microstructure. In yet another embodiment, the
article may be repeatedly moved back and forth between first and secbnd positions without

30  dwelling to generate a sinusoidal columnar grain microstructure.
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Alternatively or additionally, a second reorientation axis in the positioning apparatus can be

O

employed in concert with the primary reorientation axis to produce a desired result. The second

reorientation axis may be disposed in a plane perpendicular to that of the first reorientation axis.

While square and sinusoidal waveforms have been disclosed, other waveforms may be
25 used, alone or in combination, to produce a variety of two-dimensional and three-dimensional
columnar grain microstructures, either with or without article rotation. Examples include those
which change frequency, magnitude, and/or angular offset relative to nominal, as a function of
time. |
While it is possible that the thermal conductivity of arcuate columnar microstructures, and

30 related simsoidal and hemispherical microstructures, may be slightly higher than the thermal
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Since the nmultilayered ceram c topcoats include grain orientation
directions which formacute i nclud angles with the underlying
substrate, the grains are relatively el™®Stic in the normal 5 direction
and shogbahRWpity bf hérfifglomR dnicridatétufds) hess ﬁicrdisﬁﬁiMbmSy Be tchadsatig tougher,
resi stance to chi ppi ng when inpacted by hi gh speed sand_grains and

pp :
ot her f &indingrappligation oharticlesswithehigh mpgoitede thermo-mechanieal {onds. Beeanse thecthenmed
engi ne gpetat.ion. Erosiqn of,the nmultilayer ceranm ¢ coat shoul d
o S0 e PR orpbRRklEr Gthe eihofibar ey B4 oF Be AEyh 85 M thremal 3y or
over a lkahdifttivity of fécefiafic foRoat BhyPbd MPersely \pAepdrtivadl Yo Braidfe@igthdi ngly, the
angl ed columar” ceram c grains are nore 10" "‘robust in a tangential or

araklel dir 4 ] Qi 74 g & i i f
Phe s © Cor aviifichihel o WSLMHiFerdih, Wil £c10 Bichblit e BRcglY ohil prififfed
met al | | embodindents of the preaétt dnvention, [wthéranddificdtioasof theiinvention wdll bedohmcdppatent e

the intercolu r.gaps or_ interstices between adjacent . col umar grains
present tQthase gﬁﬁ%m&gﬁ art from thedgachinas hersin K 4 ﬂﬁl}f%rﬁgﬁfﬁ ‘i°ch? SgPurEdin B8 ve

salts I gﬁ@ﬁ'~ : | uent .
Wi ght g?p?ﬁ%&#%??fﬁggg%e cerghF% 1 %%gggggf rﬁ%ggé 0 e_%ﬁgﬁ?%%éantly
| ess t haeconlingly)twimn i desiveditose secered by ettess Pateyst i§ the ihvention ae defined ahtier nal

protection, since the nult{ilayered topcoat has been.denonstrated to
decﬂ%aséi%QEQﬁﬂdnl eﬁ%@ﬂ@ﬁﬂﬁ?#ﬁty by over 30 percent. Accordingly, at
| east a 30 percent reduction in coating thickness may be realized with

‘concom tant savings in weight and cost. Alternatively, a simlar coating

t hi ckness could result in substantially inproved thermal insulation. 20

The foll owi ng exanples are-intended to convey illustrative aspects of the
present invention and are not neant to be considered limting of the
invention in any respect.

EXAMPLE 1



Test. sanples of cast CMSX2 single crystal material were coated with about a
50 [err]mthi ééf? pl ati num al um ni de bond coating and heat_treated in a
vacuumto gﬁﬁs 53¥fie surface concentration 25 of al umi num tRETHESIREE0PS
about 20 wei ght percent and about 24 weight percent. Each sanple was

pl aced in a nodified EB-PVD coating appargtus and preheated to about 850
[err]C by an el ectron beam A first columar ceram c topcoat |ayer was
applied by orienting the sanple at a f CLAIMS predeterm ned angl e
substantjally perpendicular to_an ingot having a conposition of Zr(Jerr]-
8%[ érr]b[erri\.celrmcwmgacqmm: htained in this orientation and rotated
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substant i al | ya praopdcdtamit tayer dispdsed thereorphavirigragenatallyicolutimab grain pidbstautture
under5I yi‘gghsﬁt rate yaterjal . The.sanple was then alternatively

reor icent Bu° £ SRR AT algonegtation Uecion, e 45 degrees and positive 45 degrees
relative to the normal orientation and rotated at a rate of about 25
rpm flor ;ne nThwﬁﬁeﬂiorﬁaféBrd’uﬁ%lfd&ﬂbai ﬁﬁfhe?coxﬁﬁﬁiiﬁé:on- The process was
continued until a total of fitteen |ayers were produced, each |ayer

havi #g a t hi ckthieskceramicdyenlbn the ssGofidcerhmiqlayst) ithierihjrdiceramix laperrhaning at opcoat

t hi cknes 150 . . rrlm The inpnernost | ayer, proxi mate the bond
coat I§ex rgeglg{alélglzgiﬁm gt f“é“ﬁ{’%‘}c}j‘ﬁeav FPob g ofgntation &éﬂﬁgﬂl‘ than thegr ees
Wi t h 4subseeenidetdramit)Iayer grdih QFibRthiiodp&dieaen angl es of close to about 135

degr ees and 45 degrees, thereby producing a regular herringbone

pattern. A sectional view of the 10 innernost and second |ayers visually

repl ilcatds FIEhe ivention aceending torclaimwhensincthe firstigrain brgntation directionsnd ithey
repl i,cat . S . .. EXAMPLE
2 2 tﬁﬁd@ﬁ' 0l?lighs tl%%drrlﬁ?cggnc?fe ﬁ%’éﬁ%ﬁ“&&f“k“%&th an LPPS bond coating were
pre-treated by ceramc )

1 4, A thermal barrier coating system comprising:

2 a bond coat;
3 . an alumina layer on the bond coat; and
a ceramic topcoat on the alumina layer, the ceramic topcoat comprising:
a first ceramic layer having a generally columnar grain microstructure with a first
grain orientation direction; and '

a second ceramic layer disposed thereon having a generally columnar grain

- IS I - T ¥ I

microstructure with a different grain orientation direction.

(5

5. A coated article comprising:
a substrate; and
a thermal barrier coating system on the substrate, the thermal barrier coating system
comprising:
a bond coat on the substrate;
an alumina layer on the bond coat; and
a ceramic topcoat on the alumina layer, the ceramic topcoat comprising:

a first ceramic layer having a generally columnar grain microstructure with

(- A . " D T T R

a first grain orientation direction; and
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peeni ng, vibro-polishing, and cleaning. Each sanple was placed in a. .
nmodi fi ed EB-PVD coating 15 apparatus and preheated to about 850 [err]C by
an el ectrorwbesassoé first columar ceram c topcoat | ay erpciAgsoRBEdok €0
by orienting the sanple at a first predeterm ned angl e of about negative 45
degrees relative to an orientation nor 6to an ingot. The sanpl e was

mai ntained in this orientation for"@ fotal period of about one mnute
whi l1e the ingot havi ng @s«ofideerainidRyé disposéd thereon HVMEar dehédally Edludiar grain
vaporized by an el ectron beamw th a power of about 38 kW The resulting
cer ki c migrosyragiyre with g(liffespetaraiaprisatatins diseationat ed sanpl e producing a first
col umar |ayer having a grain orientation direction angle of close to
about 1 de ' . ' t] . | .
Substrats. - Toeavefiof bihang ob Sl 3 \oheroB bPof VA are gt BtEheaN O Bigection and
posi ki vahébecond grai® grieeaticidirdetiol forgh Ac@oludy®aridle gRate? than' Rt @ Hégteestadiles
normal orientation and dwelled for one m nute at each reorientation
posi 8i orthan }8Q degseasyalative tothp substiattbone structure conparable to 25 |ayers
two through fifteen of Exanple 1 was created. Wth |laser flash '

T ot eyl ekoring t SRS Vhtbboe bt Blohils el shBBes
[errRC tfromkisgrodg @6ndisting lofnickélcbada biperalioyrad eobsitlbase superallsyaph in FIG 6

as curve 66. Curve ‘68 represents data neasured froma conparabl e
sanple produced with conti &%ous rotation at a normal orientation to

genefat &a ¢ RYsntion accordinge clpim Sopkerein thecanterharticlecompeisesAneaginenary ao
equi yal | oftvaR ' [ g'!] LY it er mal
condéct ?\%s% jg/isgff:ﬂtnhoe &Pgteﬁ%(FEF ?Eggg‘?n“e’“@?%‘ aegl%e%?opc&a?&g@ cursreeBEG S
substantially | ess than that of the conventional ceramc _
- 221- 9. t Thedowentioh aceording 88 claith @ whereiadglee enginecpart istsblecten frooothe group/i ty -
for the herrin ne .t opcoat , da in the flat section of the curve 66
ot wéon SRUTHIEIG OBy Bitne Dlles turtiecyanes, Jyybine Tocaos, S bt nobglfer agts.
the average of the data of the curve 68 for the conventional topcoat within

thisirange i sA metho®dfptbdoififa Wrilic thptsat b IARAPHATEASRSn Bt bhiahgbone

ceram c topcoat provides a greater 5 "than thirty percent inprovenment in
t her Anl subsitatethomethod comprisingshe stepsofess as a conventi onal col urmar

ceragi ¢ topcoy tprov1d1ng a substrate at a first orientation relative to a source of ceramic vapor;

4 b) depositing a first ceramic layer on the substrate at the first orientation to produce a

5  generally columnar grain microstructure with a ﬁrst grain orientation direction;

6 c) moving the substrate to a second orientation relative to the ceramic vapor source; and
7 d) depositing a second ceramic layer on the substrate at the second orientation to produce
8  a generally columnar grain microstructure with a different grain orientation direction.

1 11.  Theinvention according to claim 10 wherein at least one of the first ceramic layer and the

2 second ceramic layer is deposited by physical vapor deposition.

1 12.  The invention according to claim 10 wherein a bond coat is disposed between the

2 substrate and the first ceramic layer.

1 13.  The invention according to claim 12 wherein an alumina layer is disposed between the

2 bond coat and the first ceramic layer.

1 14, The invention according to claim 10 wherein the substrate dwells at each respective

2 orientation during each respective ceramic layer depositing step.
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The average thickness of individual |ayers of the nultilayered ceramc

topcoats a TBC system | ayers depicted in FIGS. 2 and 3A-3D may
be sel ect equg?g{ggg&ge skilled in the art to achi eve a desP¢EYS98/26098

i nsul ative and mechanical result. In a typical application in a gas turbine
engine 10 10 or other harsh environnent27the thickness of bond coat 38 may

be betwegn abgut.40 and about . 1 i cropns; the thickness of the

al umﬁna ﬁll m i'ge e Efg{‘gf?. ﬁa’%ﬁooﬂg‘ﬁ‘i?ln e fbstigtr moxex during each respeativ) |

t hi clkenes ick o4 Wl : .about 40 and about
Serfthicihfer Bepbditify &&E%ﬂé%%ﬁ&&%g@%g?@&%ﬂ&?

350 m crons. e multilayere cto y I'nclude two to
ten | ayers or nore, each ranging in thickness fromabout 10 microns to

aboutl 108.ni cTheinvanidomascording tesglaiot 10/ furthencomprisingthesstapatofon directi on
i ncl yded angl [ angi from qrea.er than.zerp degrees to |ess than 180
degr (Lakes_. Thesg)slpgwgég%wséygﬁﬂlac e 0%%%5? W‘ﬁ@?g%ﬁlwgﬁﬁgsﬁwﬁ%ﬁ@ or
in canbinati Og,deﬂbﬁﬁng a thif PETAER18fbr Bh the Sbksiifte 2E i okiBRtatiBy ?J'Ho?igc'e
In a preferred enbodinent for an airfoil of a gas turbine englne ade 32

or vdne gwmerallyeolumnar griin microstrudturieovith a thitd B8inrarientatiohalireetion. about 50 and

about 80 mcrons; that of the alumna 20 film42 may be between about 0.5

and gboui, 1.5, crons: and fhe over hi ckness of the mul til ayered

cera?rli c *70pco.£ G%Xe%é%%cémiﬂé‘m‘é’e mﬁ’ﬂﬁﬁ’hgﬁmand about 150 nicrons. The

mul tig ayer ed gRRERA eribRBGORS sdfstATMLy SElMAR W%k QrdtBiohayty S each ranging

in thickness from . about 10 m cr%ns to a%loutr 160 rfﬁ?iglrl_’ons and havi ng

respdctive grtherthiod grain atiensatiah dicectiomis substhatibligt similar to g first grafigorisgtdtionm

gr eat,er &d:%ﬁoabout 30 degrees to | ess than about 150 degrees. 25

As di'scu8sed®Wer ei nabove with respect to FIGS. 4A and 4B, dependi ng on

ceramc deposition rate and desired layer thicknesses, the article

need 1not18iwel Theiveititntdcéoriig A6 whereinQ.H{] SubatraRal el i §Jéﬁé @PectiBlto

rather can continue in notion. Accordingly, this technique may be

enpl 3y e Preduqsrthe seaond wezamic bayer and| therthird egramic laiecr ost ructure. tn yet

anot her enbodi nent, the article my be repeatedly noved back and

forth b e | pesi tii.ons withou 0 .dwelling.,to generate a

sinusor oo %én%géntgo?:ggcg&%&gqgs Clt6uv$(1]i§re@ IO Wibsite i moved i alternats directions
2 to produce the second ceramic layer and the third ceramic layer.

1 20. A ceramic coating comprising:
2 a first ceramic layer having a generally arcuate columnar grain microstructure with an

3 arcuate grain orientation direction.

1 21.  The invention according to claim 20 further comprising:
2 a second ceramic layer disposed thereon having a generally arcuate columnar grain
3 microstructure with a different grain orientation direction.

1 22, = Theinvention according to claim 20 wherein the ceramic coating comprises a substantially

2 sinusoidal columnar grain microstructure.

1 23.  Theinvention according to claim 20 wherein the ceramic coating comprises a substantially

2 helical columnar grain microstructure.

1 24, Amethod of producing a ceramic topcoat of a thermal barrier coating system on a

2 substrate, the method comprising the steps of:

w

a) providing a substrate at a first orientation relative to a source of ceramic vapor;

R 0 I!ll«




- 23 - FIG 7 is a graph of a square waveform 70 plotting
article reorientation angle, [err], as a function of tine for

produci ng WOregasasr  herri ngbone-type col utmar ceram ¢ st ruct BEBUSYRR6898yr aph
of a sinusoidal waveform 72 for producing an arcuate sinusoidal-type
columar ceram c structure 544, su as that depicted in FIG 8. The

| ayers of the ceramic structure 544 exhi®it alternating 5 convex and
concqve ar cud) depositiny Dfifse bérainicdifer oni thé substrarbidleafivvind tHe sabgtidté 80 the

t her ebet ween. . _The schenmatic square waveform 70, having constant

f r eqlien g5t grigntation to,aseqnyd psigntation to produce § gensrallyareuate ealumnen grainy uni f or m

' . . as. et in FIG 2. B
Ezﬁgﬁ%?;aﬁ?ﬁé %%@rﬁ%%&%agﬁafe%%iﬁéﬂ%n%ﬁ%?g‘B‘# Ps_et of t heyvvavef orm70
rel ative to rydepusiting a secohid)CeraBitf g iontth® SubstrafeFhilkahéving fHenabstrité fomh the

grain mcrostructure can be changed. 10 Simlarly, the schematic
si nu&oi segongFispiatian vo thefirt Wgomg@mnéﬁﬁonrtp@qmyt generally arcuatetcolumnar grpin

magnj t u . tially unifo r L ar sinusoidal pattern -
544.§Byg§cmgﬂ-§ ang‘lxch gatﬁﬁﬁéﬁgﬁﬂ%&e , Hf%ﬂéf‘r% or angul ar of fset -of
the waveform 72 rel ative to nom nal, the configuration of the

si nusoi @& nThedstention decdrding td Clainh ad ehdrein the ceramic topcoatproduétd condprises a
schemati ¢ repr efse,nt ation of a three dinensional helical or screwtype of 15
col ufmapubstantialiysianspidgl Gelumnar grainmicEestRIStUEeMar grains are produced with a
tw st. Such grain m crostructures are considered to fall within the

scopg Ohgarc F -. ' s g i ion
and Feorant ar b pEborifg e bink 2 # il R Smio topedfl RN GmrY |
of 2 soUseantinlly hélzal edhamhhargrain niib@stragtare. cl oud di rection can be

si mul t aneously controll ed. According to . one enbodi nent, the article
can be tated according to si,nusoi_dal veformwhiJe the article is 20
bei n ré‘g'ri e% 8‘3?%‘@5"&?5&?@’"?%”&‘1%@83@ &‘Bﬁgaqi °§g’9ﬂ ##m subject to a 90
degree phase shift. Alternatively or additionally, a second
reorientation axis in the positioning apparatus can be enpl oyed in
concert with the primary reorientation axis to produce a desired result.
The second reorientation axis may be disposed in a plane

perpendi cular to that of the first reorientation axis. Wi | e
square and sinusoi dal waveforns have been di scl osed, other waveforns nmay be
25 used, alone or in conbination, to produce a variety of two-di nensional
and t hree-di nensi onal columar grain mcrostructures, either with or
wi thout article rotation. Exanples include those whi ch change
frequency, magnitude, and/or angular offset relative to nomnal, as a
function of tinme. '

e



Whil e it is"possible that the thermal conductivity of arcuate col umar
”icrOStr“CtQﬁ8§my%@€ 30 related sinusoidal and hem spherica

m crostruct ures; be slightly hi gheerhan t he ther nmal PCT/US98/26098
-24 - conductivity of herringbone crostructures, these

m crostructures may be nechani cally tougher, finding application on
articles with high nmagnitude therno-nechani cal | oads. Because the thernal
conductivity perpendicular to the columar grains tends to be relatively

| ow, the thernal conductivity of the ceram c topcoat nmay be inversely
proportional to grain length. 5 - VWil e there have bggﬁ“ﬂescribed
herein what are to be consi deg2ed exenplary and preferred enbodi nent s
of the present imventtomr—othér—modrfreat+ons of the invention will becone
appar ent to those skilled in t @@:frcnnthe teachings herein. It is
therefore desired to be-se edin i ' i such

nodi fications as f h e tlon.

Accordi ngly, what 4 gésired ko wed-h rs- t] s |t he

invention as defined and 10 dif i in the ol | ow ng aijns.
' 8

o, —+
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1 1. A ceram c coating conprising: 2 a first ceramc |ayer .
havi ng a generally columar grain mcrostructure with a first grain 3

orientati orwe9986306on; and 4 a second ceram c | ayerpch/gssaneshs

t hereon having a generally columar @&/ n mcrostructure 5 wth a
different grain orientation direction. 1. 2. The invention according
to claiml1 further conprising: 2 a third ceramc |ayer on the

second ceramc layer, the third ceram c |ayer having a 3 general ly
columar grain mcrostructure with a different grain orientation direction
than the 4 second ceramc layer grain orientation direction. 1 3.

The invention according to claim2 wherejgqthe first grain orientation
direction and the 2 third grain orieAtation direction are substanti al 44
simlar. 1 4. A thermal barrier "coating system conprising: 2

a bond coat; 3

a ceram c topcoa
a first cer
afirst 6 gr ai
ceram c |ayer di
m crostructure
coated article c
t hermal bart46A 3
coating system 4
substrate; 6 & | ayer onj¢
a ceram c topcoa iné N na | ayer, the ceram 2 :

a first ceramc | ayg4gaving a generally columar gr m crostructure with
9 a first grain orientation direction; and '

FIG. 3A FIG. 3B
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26°- 10

having a 9%93}35363
grain orientation
wherein each of the first

col umar
i rection.

.a second ceram c |ayer disposed t her eon

grain orientation directi
degrees and less 3 t han
The invention according t
superal | oy selected 2 f
and cobal t - base superall g
wherein the coated articl
of which is exposed to cg
9. The invention accor
selected fromthe group 2
turbi ne vanes, turbine fr
produci ng a ceram ¢ t opca
substrate, the method corf
Substrate at a first orie
b) depositing a first cer
orientation to produce a
first grain orientation @
second orientation relati
depositing a second cer ari
orientation to produce 8
different grain orientati

)

grain 11 m crostructure with a ﬁg
1 6. The invention according t 5@?‘%’2?% 5
grain orientdation direction and 2 t he second
T forman 1 ncl uded angl € greater]f han zero
180 d¢v s relative to the subs§fate 7.
cl ai erein the substrate c nprf’és a

58onsi sting of nickelf} base superall oy

1 The |nyentio 8éor ng to claim5
conpli seq§ an engi at 2 | east a portion
ustion & fluent durP atiop] thereof. 1

ing to cl &m 8 wher g?gin part is
con5|st|ng.of co dﬁglt ur bijpe bl ades,
mes, and exhajsst nddzles 34 1 A met hod of

temon a 2
providing a
am c vapor,

t of a t heg I-b@rrler
pri sing the steps~af

hitation relative ta ‘a 4

to claim 10 wherein at |¢

hm ¢ | ayer -on the suhs at t thef first
b general |y col umgr—grgin mcréstructure with a
rection; 6 .C) poving t substrate to a
eto the ceramc vapor spurce; a 7 d)
c layer on the F bsirateg at the cond

a generally co unnar grfain mcr tructure with a
bn di recti on. The inve accordi ng
st __ane of the fII‘Qf ceram c |ay a t he
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2 second ceram c |layer is deposited by physical
12. The .i nvention according to claim10 wherein a bond coat is disposed

bet ween t heW®993836strate and the first ceramc |ayer.

vapor deposition. 1

13CT/USB_dC7iﬁ098

i nvention according to claim 12 wherei4/6an al unina |ayer is dispose

bet ween the 2 bond coat and the first ceram c | ayer.

14. The

i nvention according to claim 10 wherein the substrate dwells at each
respective 2 orientation during each respective ceram c | ayer depositing

st ep.

- 27 - 1

15. The invention according to claim 10 wherein the substrate noves
“ceram c | ayer depositing step while maintaining

during each respective

entign-—aceqgrding to claim

the substrate to

and 3

third
ostructure with
ion according to

ationfis sutstFrit@l-lSA

each respective ori gqf@atd-0n 1 16 The
10 further conprising f%%:sL ps of 2

a third orientati on—gel ativel™g the cerahic va
f) depositing a thir ceraniE“Lé?& on t he sub
orientation to prodggp a_4 gengl & ol umm
a third grain orientdtfion difectiofis, 1

cl ai m 16 wher ei n: % l t he| t hi*rd} or
simlar to the firsfodrent ron; pnd 3™

orientation dired¥ion1is su

stantiflly

S

orientation 4 di BOdiTOM:
wherein the substrate fi s nov

ed in

1 (RS

A Sane

the thind grarn
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1 $9. The invention according to claim 16 wherein the substrate is
noved in alé§{%?%§ dlrectlons 2 to produce t he second ceranic Ia er
96

the third c ayer . #:ran1c coating conpri sFhEUS o098

a first ceramc |ayer haV|ng a general arcuat e colummar grain

m crostructure with an 3 arcuate grain orientation direction. 1 21.
The i nvention according to claim20 further conprising: 2 C> a
second ceram c |ayer disposed thereon having a generally T &at e col urmar
grain 3 mcrostructure with a different grain orientat{oX direction. 1
22. The invention according to claim20 wherein the ceram c coating
conpri-ses a substantially 2 Ségausoi dal colundg grain fcrostructure.

1 23. The invention accordi @™ clai m 20 wheretn thelceranm c coating
conprises a substantially 2 hel i cal kol utmar grai g m cjfogructure. 1
24. A nmet hod of producing a ceram rmaj-B&Arrier coating

systemon a 2 substrate, the neth stepsvof: 3

a) providing a substrate at a first oriertation rel atyi ve yo a source of
ceram c vapor; '
-28 - 4 b) depositing a firs
whi |l e noving the substrate fromthe 5
orientation to produce a generally arc
m crostructure with a first arcuate gr
c) depositing a second ceranc Iayer
substrate fromthe

n {he substrate
lon|jto a second
rain 6C>
dir=cboon and 7
whi e noving the
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8 second orientation to the first second orientation to produce a - -

general ly arcuate columar grain 9

arcuate gr sv@9wss3est ati on direction. 1

claim?24 W
si nusoi dal |
to claim?2h
substanti a
substrate

.9_

In mcrostr
ceramc to
col utmar gra
prding to th

25.

The i nve

1 26. The
Ced conpri
ict ur e. 1
cl ai m 24.

m crostructure with a different

nti on pEYAYEYER6WYSt O

erein the ceranic topcoat @f®duced conprises a 2 substantial ly

¥ ' accordi ng
sds 2
27, A coat ed
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