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RMAL BARRIER COATINGS

Field of the Invention

[0001] This invention generally relates to thermal

barrier coating

systems suitable for protecting

components exposed to high temperature environments,

-

such as the thermal environment of a gas turbine

engine. More particularly, this invention relates to

ceramic powders

useful for forming thermal shock

regigtant coatings having the same composition, through

depogsition by thermal spray devices.

Background of the Invention

[0002] Thermal barrier coatings have become

essential for hot section components in aero and IGT

turbine engines,

to allow them to run at today’s’ high

temperatures. The thermal barrier coating is

p—

considered a system, comprised of the superalloy

substrate alloy,

based outer ceramic layer. The zirconia ceramic has

a metallic bondcoat and a zirconia-

relatively low thermal conductivity and thus provides

thermal insulation to the substrate. In the engine,

the thermal barrier coating system is operated in a

Ao

temperature gradient, with the zirconia surface

—

expogsed to the hot gas side of the turbine section and

the substrate alloy of the blade, vane or combustor

component typicse

1ly alr cooled on the back side.

[0003] Higher

operating temperatures for gas turbine

engines are continuously sought in order to increase

their efficiency. However, as operating temperatures

increase, the high temperature durability of the

p—

components of the engine must corregspondingly
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increase. For this reason, the use of thermal barrier

coatings on components such as combustors, high

pressure turbine blades and vanes has increased in

commercial as well as military gas turbine engines.

=

The insulation of a thermal barrier coating enables

—

components formed of superalloys and other high

temperature materials to survive higher operating

temperatures, increases component durabillity and
improves engine reliability.
[0004] A need continues to exist for powders and

thermal barrier coatings that can be deposited by

thermal spray devices and that exhibit excellent

thermal shock resistance. Therefore, a need continues

to exist for developing new powderg and for exploring

P

their potential for thermal spray deposition of

—
—

thermal shock resistant coatings. It would therefore

be desirable in the art to provide powders and thermal

barrier coatings that can be deposited by thermal

spray devices and that exhibit excellent thermal shock

registance.

Sy

Summary of the Invention

[0005] This invention relates 1n part to ceramic

mixtures comprising a zirconia-based component and an

(alumina + silica) -based component, wherein said

ceramic mixture containg from about 10 to about 95

gures.
—

percent by weight of the zirconia-based component and

about 5 to about 90 percent by weight of the (alumina +

silica) -based component, and wherein the size

p—
-

(diameter) of the zirconia-based component is from

about 0.1 to about 100 micronsg and the size (diameter)
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y—

of the (alumina + silica)-based component is from about

0.1 to about 100 microns.

[0006] This invention also relates in part to ceramic

powders comprising ceramic powder particles, said

ceramic powder particles comprising a zirconia-based

component and an (alumina + silica)-based component,

auind
p—

Lrom

wherein saild ceramic powder particles contain

"about 10 to about 95 percent by weight of the zirconia-

based component and about 5 to about 90 percent by

g

weight of the (alumina + sgilica) -based component, and

wherein the average particle size (diameter) of the

ceramic powder particles is from about 1 to about 150

microns.

[0007] This invention further relates in part to

thermally sprayed coatings made from a ceramic powder
comprising ceramic powder particles, s=said ceramic
powder particles comprising a zirconia-based component

and an (alumina + silica)-based component, wherein said

ceramic powder particles contain from about 10 to about

95 percent by weight of the zirconia-based component

pr—

and about 5 to about 90 percent by weight of the

(alumina + silica)-based component, and wherein the

pr—tur

average particle size (diameter) of the ceramic powder

particles is from about 1 to about 150 microns.

[0008] This invention yet further relates in part to

articles comprising (i) a metallic or non-metallic

substrate, (i1i1) at least one metallic or
metallic/ceramic inner layer deposited onto the

substrate, (i111) optionally at least one ceramic

intermediate layer deposited onto the inner lavyer, and

(1v) at least one ceramic top layer deposited onto the

inner layer, or optionally the intermediliate layer, said
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ceramic top layer comprising a thermally sprayed

coating made from a ceramic powder comprising ceramic

powder particles, said ceramic powder particles

comprising a zirconia-based component and an (alumina +

silica) -based component, wherein said ceramic powder

[ -

particles contain from about 10

Co about 95 percent by

P

weight of the zlrconia-based component and about 5 to

1 1)

about 90 percent by weight of the (alumina + silica) -

baged component, and wherein the average particle gize

F

(diameter) of the ceramic powder particles is from

about 1 to about 150 micrones.

[0009] This invention further relates in part to

B

thermal barrier coating systems on the surface of a

substrate, the thermal barrier coating system

comprising (i) at least one metallic or

metallic/ceramic inner layer deposited onto the

substrate, (ii) optionally at least one ceramic

-

intermediate layer deposited onto the inner layer, and

(111) at least one ceramic top layer deposited onto the

inner layer, or optiocnally the intermediate layer, said

ceramic top layer comprising a thermally sprayed

coating made from a ceramic powder comprising ceramic
powder particles, sald ceramic powder particles

comprising a zZirconia-based component and an (alumina +

silica)-based component, wherein said ceramic powder

particles contain from about 10 to about 95 percent by

g

weight of the zirconia-based component and about 5 to

about 90 percent by weight of the (alumina + silica) -

baged component, and wherein the average particle size

(diameter) of the ceramic powder particles is from

about 1 to about 150 microns.
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[0010] This invention also relates in part to methods

B

of forming a thermal barrier coating system on the

surface of a substrate, the method comprising (i)

depogiting at least one metallic or metallic/ceramic

inner layer onto the substrate, (ii) optionally

depositing at least one ceramic intermediate layer onto

the inner layer, and (iii) depositing at least one

ceramic top layer onto the inner layer, or optionally

-

che intermediate layer, said ceramic top layer

comprising a thermally sprayed coating made from a

ceramic powder comprising ceramic powder particles,
sald ceramic powder particles comprising a zirconia-

based component and an (alumina + silica) -based

component, wherein said ceramic powder particles

4

i 1

~ain from about 10 to about 95 percent by weight o:

CcOonn

the zirconia-based component and about 5 to about 90

percent by weight of the (alumina + silica) -based

component, and wherein the average particle size

(diameter) of the ceramic powder particles is from

about 1 to about 150 microns.

[0011] This invention yet further relates in part to

composite ceramic articles formed by thermally spraying

a ceramic powder onto a removable substrate to form the

composite ceramic article on said removable substrate,

removing the composite ceramic article from said

substrate, and pressure-less sintering the free-

standing composite ceramic article in air at elevated

temperature, said ceramic powder comprising ceramic

powder particles, said ceramic powder particles

comprising a zirconia-based component and an (alumina +

silica) -based component, wherein said ceramic powder

particles contain from about 10 to about 95 percent by
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welght of the zirconia-based component and about 5 to

gur

about 90 percent by weight of the (alumina + silica) -

based component, and wherein the average particle size

P

(diameter) of the ceramic powder particles is from

about 1 to about 150 microns.

[0012] In accordance with this invention, the desired

properties in a thermal barrier coating (i.e., thermal

conductivity, thermal expansion and strength) will be

much more i1sotropic, not dependent upon testing

direction in the coating. The coating properties will

be simply related to the ceramic mixture composition

linearly, not influenced by a massive and continuous

mullite phase. The ceramic powder is easgily made more

consistently, the powder flows well in the coating

equipment, and the powder has essentially little to no

chemical shift in making the coating. The deposition

-
p—

~

ficiency is much greater, allowing the coating to be

I

made much faster for legs cost. The thermal barrier

g

coatings of this invention provide thermal barrier

protection of high temperature metallic substrates used

in gas turbine engines or other high temperature

machines.

[0013] The ceramic powder of this invention and with

similar plasma spraying conditions allows the thermal

barrier coating to be made without torch clogging and

spitting and frequent interruptions to rebuild the

r—

torch. Also, the ceramic powders of this invention are

about five times higher in deposition efficiency

e p—

(fraction of powder deposited as coating of that

spraved) . The thermal spraying process of this

invention is simpler and avoids the extremely high

temperature sintering cycles of methods employing cold
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pressing of ceramic powders and then sintering to

obtain densge ceramic articleg.

[0014] In a preferred embodiment, the degired

composition range will be toward the high zirconia-

based component (e.g., YSZ) end, typically from about

70 to about 95 weight percent, with the balance being

the (alumina + silica) -based coMponen: (e.g., mullite).

The ceramic powder 1is preferably sintered and spray

dried at a temperature from about 1000°C to about

[

1400°C. The ceramic powder of this invention should be

cohegive enough to flow and not break

apart in powder

dispensing and in the thermal spray torch. A lower

density powder of this invention can provide a lower

density thermal barrier coating, which coating should

desirably exhibit reduced thermal conductivity.

[0015] In another embodiment, when the thermal

g

Ly

barrier coating of this invention is spraved down on a

pre-heated substrate, it will recrystallize the mullite

in-situ, thereby removing one large shrinkage factor

and making the coating more thermally

stable. The

thermal barrier coating should be heat treated for the

best properties. In accordance with this invention,

the deposition layer thickness may be

obtain increasingly thicker per torch

changed (e.g.,

pass) to make the

coating crack in through-thickness segmentation cracks.

This will desirably make the thermal barrier coating

even more thermal shock registant.

F

Detailed Degcription of the Invention

[0016] As indicated above, this invention relates in

part to ceramic mixtures comprising a

Zzirconia-based
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component and an (alumina + silica)-based component,

wherein gaid ceramic mixture contailins from about 10 to

about 95 percent by welight of the zirconia-based

I

component and about 5 to about 90 percent by weight of

the (alumina + silica) -based component, and wherein the

size of the zirconia-based component is from about 0.1

o
o

to about 100 micronsg and the size of the (alumina +

silica) -based component is from about 0.1 to about 100

microns.

[0017] Illustrative zirconia-based components

include, for example, yvttria-stabilized zirconia,

viterbia-stabilized zirconia, gadolinia-stabilized

zirconia, and the like. The zirconia-based component

can be gtabilized in the tetragonal or cubic

crystalline structure, or can be a mixture of two

zlrconlia-based components, one stabilized as tetragonal

and one sgstabilized as cubic. Stabilization can occur

by additions selected from yttria, magnesia, calcia,

hafnia, ceria, gadolinia, vtterbia, Lanthanides, or

pu—

mixtures thereof.

s

[0018] Tllustrative (alumina + silica) -based

components include, for example, 3A1,03.28i0, (mullite),

silica + mullite, corundum + mullite, and the like.

Preferred (alumina + silica)-based components are

selected from the composition range forming the mullite
structure.

[0019] The zirconia-based components and the (alumina

+ silica) -based components are conventional materials

that are commercially availlable. The ceramic mixtures

can be made by conventional methods, for example,

mechanical mixing.
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[0020] The ceramic mixtures of this invention may

preferably contain from about 20 to about 95 percent by

'

welght of the zirconia-based component and about 5 to

-

about 80 percent by weight of the (alumina + gilica)-

based component, more preferably from about 40 to about

p—

= the zirconia-based component

95 percent by weight o:

and about 5 to about 60 percent by weight of the

(alumina + silica) -based component, and most preferably

from about 60 to about 95 percent by weight of the

zirconia-based component and about 5 to about 40

F

percent by weight of the (alumina + silica)-based

component.

o

[0021] In the ceramic mixtures of this i1nvention,

P

preferably the size (diameter) of the zirconia-based

L.

from about 0.1 to about 60 microns and the

component 1is

alze (diameter) of the (alumina silica) -based

component 1s from about 0.1 to about 60 microns, more

et

preferably the size of the zirconia-based component is

from about 0.1 to about 40 microns, and the size of the

(alumina + silica) -based component is from about 0.1 to

-

about 40 microns, even more preferably the size of the

zlirconla-based component is from about 0.1 to about 10

p—
b

microns and the size of the (alumina + silica)-based

component is from about 0.1 to about 10 microns, and

most preferably the size of the zirconia-based

component is from about 0.1 to about 2 microns and the

—

size of

the (alumina + silica)-based component is from

about 0.1 to about 2 microns.

[0022] In the ceramic mixtures of this invention, the

gr—
mmad

size Of

the zirconia-based component may be the same oxr

P

different from the size of the (alumina + silica) -based

component.
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[0023] As indicated above, this invention also

relates in part to ceramic powders comprising ceramic

powder particles, said ceramic powder particles

comprising a zirconia-based component and an (alumina +

silica)-based component, wherein said ceramic powder

particles contain from about 10 to about 95 percent by

weight of the zirconia-based component and about 5 to

about 90 percent by weight of the (alumina + silica) -

based component, and wherein the average particle size

tl

SN

the ceramic powder particles is from about 1 to

about 150 micronsg.

[0024] Tllustrative zirconia-based components useful

in the ceramic powders are described above.

Tllustrative (alumina + silica)-based components useful

in the ceramic powders are also described above. The

zirconia-based components and the (alumina + silica) -

based components are conventional materials that are

commercially available.

[0025] The ceramic powders (particles) of this

invention may preferably contain from about 20 to about

95 percent by weight of the zirconia-based component

and about 5 to about 80 percent by weight of the

(alumina silica) -based component, more preferably

from about 40 to about 95 percent by weight of the

zlrconla-based component and about 5 to about 60

percent by weight of the (alumina + silica) -based

component, and most preferably from about 60 to about

95 percent by weight of the zirconia-based component

and about 5 to about 40 percent by weight of the

(alumina + silica) -based component.

[0026] The average particle size of the ceramic

powders (particles) useful in this invention is
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preferably set according to the type of thermal spray

device and thermal spraying conditions used during

thermal spraying. The ceramic powder particle sgize

(diameter) can range from about 1 to about 150 microns,

preferably from about 10 to about 100 microns, more

preferably from about 25 to about 75 microns, and most

preferably from about 40 to about 60 microns.
[0027] The thermal spraying powders useful in this

invention can be produced by conventional methods such

as agglomeration (spray dry and sinter or sinter and

crush methods) or cast and crush.

In a spray dry and

sinter method, a slurry is first prepared by mixing a

plurality of raw material powders and a suitable

dispersion medium. This slurry is then granulated by

spray drying, and a coherent powder particle is then

formed by sintering the granulated powder. The thermal

spraying powder is then obtained by sieving and

classifying (1f agglomerates are too large, they can be

reduced 1n size by crushing). The sintering

temperature during sintering of the granulated powder

is preferably 1000 to 1400°C.

[0028] The thermal spraying powders according to this

invention may be produced by another agglomeration

technique, sinter and crush method. In the sinter and

crush method, a compact is first formed by mixing a

plurality of raw material powders followed by

compression and then sintered at a temperature between

1200 to 1400°C. The thermal spraying powder is then

obtained by crushing and classifying the resulting

sintered compact into the appropriate particle size

distribution.
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[00291] The thermal spraying powders according to this

invention may also be produced by a cast (melt) and

p—

crush method instead of agglomeration. n the melt and

crush method, an ingot is first formed by mixing a

plurality of raw material powders followed by rapid

heating, casting and then cooling. The thermal

spraying powder is then obtained by crushing and

classifying the resulting ingot.

[0030] This invention further relates in part to

thermally sprayed coatings made from a ceramic powder
comprising ceramic powder particles, said ceramic

powder particles comprising a zirconia-based component

and an (alumina + silica)-based component, wherein said

ceramic powder particles contain from about 10 to about

{
-

95 percent by weight of the zirconia-based component
and about 5 to about 90 percent by weight of the

(alumina + silica) -based component, and wherein the

average particle size of the ceramic powder particles

18 from about 1 to about 150 microns.

[0031] Coatings may be produced using the ceramic

powders of this invention by a variety of methods well

known in the art. These methods include thermal spray

(plasma, HVOF, detonation gun, etc.), laser cladding;

and plasma transferred arc. Thermal spray is a

preferred method for deposition of the ceramic powders

p—

to form the thermal barrier coatings of this invention.

The thermal shock resistant coatings of this invention

are formed from ceramic powders having the same

composition.

[0032] The amount of the zirconia-based component and

(alumina + silica) -based component can vary throughout

the coating thickness. The thermally-sprayed coatings
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p—
-

of this invention can comprise two or more sublayers in

which the amount of the zirconia-based component and

(alumina + silica) -based component continuously change

throughout the sublayers. The thermally-sprayed

coatings can comprise two or more sublayvers in which

pr—

the amount of the zirconia-based component and (alumina

+ silica)-based component discretely change from one

sublayer to another.

[0033] In an embodiment, the sublayers can have a

graded composition, continuously changing from a high

o=

concentration of one component to a lower concentration

 —
f—

of that component, oxr from a low concentration of one

=

component to a higher concentration of that component,

1in a direction away from a substrate or other layers.

r—

For example, the concentration of the (alumina +

silica) ~based component can continuously change from

about 40 percent by weight, in that inner portion of

the coating adjacent to another coating layer, to about

P

5 percent by weilght, in that outer portion of the

coating exposed to the enviromment. Similarly, the

—

concentration of the zirconia-based component can

continuously change from about 60 percent by weight, in

that inner portion of the coating adjacent to another

coating layer, to about 95 percent by weight, in that

e d

- the coating exposed to the

outer portion o]

environment.

[0034] The thermally-spraved coatings can comprise

two or more sublayers in which the zirconia-based
component and (alumina + gilica) -based component
continuously change in size throughout the sublavers.

The thermally-sprayed coatings can comprise two or more

sublayers in which the zirconia-based component and
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(alumina + silica) -based component discretely change in

size from one sublaver to another.

[0035] Additionally, the thermally sprayved coatings

[~ -

of this invention can comprisge a plurality o:

vertical

macrocracks homogeneously dispersed throughout the

coating to i1mprove its thermal shock resistance. Such

coatings can be formed by methods known in the art.

See, for example, U.S. Patent No. 5,073,433, the

J—

teachings of which are incorporated herein by

reference.

[0036] For example, the ceramic powder of this

invention may be thermally deposited onto a substrate

to form a monolayer having at least two superimposed

g

splats of the deposited powders on the substrate in

-

which the temperature of a subseguent deposited splat

F

18 higher than the temperature of a previously

deposited splat. Next, the monolayer is cooled and

e

solidified to produce a plurality of vertical cracks in

the monolayer due to shrinkage of the deposited splats.

The above steps are repeated to produce an overall

coated layer in which each monolayer has induced

vertical cracks through the splats. Preferably, the at

least 70 percent 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 the coated layer has at least 20 wvertical

macrocracks per linear inch measured in a line parallel

to the surface of the substrate.

(0037] A suitable thickness for the thermally sprayed

coatings of this invention can be up to about 1000

microns depending on the particular application and the
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thickness of any other lavers. High application

temperatures, e.g., up to 1200°C, necessitate thick

|

protective coating systems, generally on the order of

250 microng or more.

[0038] This invention yet further relates in part to
articles comprising (i) a metallic or non-metallic

substrate, (i1) at least one metallic or

metallic/ceramic inner layer deposited onto the

substrate, (11i) optionally at least one ceramic

intermediate layer deposited onto the inner laver, and

(1v) at least one ceramic top layer deposited onto the

inner layer, or optionally the intermediate layer, said

ceramlc top layer comprising a thermally sprayed

coating made from a ceramic powder comprising ceramic

powder particles, said ceramic powder particles
comprising a zlirconia-based component and an (alumina +

silica)-based component, wherein said ceramic powder

particles contain from about 10 to about 95 percent by

weight of the zirconia-based component and about 5 to

about 90 percent by weight of the (alumina + silica) -

based component, and wherein the average particle size

F
p—

of the ceramic powder particles is from about 1 to

about 150 microns.

[0039] Tllustrative articles include, for example,

—

components of gas turbine engines, combustors, and

Wy

other high temperature applications. Examples of

articles include airfoils, nozzles, combustor liners,

blades, vanes and the like.

[0040] Tllustrative metallic and non-metallic

substrates include, for example, metallic superalloys

of various nickel-base, cobalt-base or iron-base
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p—

compositions and ceramic materials composed of gilicon

carbide and sgilicon nitride based non-metallics.

[0041] Illustrative metallic and metallic/ceramic

inner layerg that can be deposited onto the subgtrate

include, for example, thermally spraved metallic

pr—

bondcoat layers of NiCoCrAlY or NiCrAlY and oxide-

dispersed layers of these metallic components with

e
pa—

alumina or yttria particulates, or diffusion produced

A—— P—te

layers of aluminide or platinuim-aluminide compounds.

[0042] Illustrative ceramic intermediate layers tha:

(1

optionally can be deposited onto the inner layer

V'

include, for example, single component coatings o:

yttria-stabilized zirconia, or employing other

)

stabilizers, deposited with a controlled level o:

porosity, or additionally, with a controlled

concentration of segmentation cracks running vertically

through said layer.

[0043] Illustrative ceramic top layers that can be

deposited onto the inner layer, or optionally the

intermediate layer, include, for example, the thermally

I

sprayed coatings of this invention described above.

[0044] A suitable thickness for the coating lavers

above can be up to about 1000 microns depending on the

particular application and the thickness of any other

layers. High application temperatures, e.g., up to

1200°C, necessitate thick protective coating systems,

F

generally on the order of 250 microns or more.

Wy

[0045] This invention further relates in part to

H

d

thermal barrier coating systems on the surface o:
substrate, the thermal barrier coating system

comprising (i) at least one metallic or

metallic/ceramic inner layer deposited onto the
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substrate, (i11) optionally at least one ceramic

intermediate layer deposited onto the inner layver, and

(111) at least one ceramic top layer deposited onto the

inner layer, or optionally the intermediate laver, said

ceramic top layer comprising a thermally spraved

coating made from a ceramic powder comprising ceramic

powder particles, said ceramic powder particles

comprising a zlirconia-based component and an (alumina +

silica) -based component, wherein said ceramic powder

particles contain from about 10 to about 95 percent by

weight of the zirconia-based component and about 5 to

about S0 percent by weight of the (alumina + silica) -

based component, and wherein the average particle sgize

amd

of the ceramic powder particles is from about 1 to

about 150 microns.

[0046] Illustrative substrates include, for example,

metallic superalloys of various nickel-base, cobalt-

base or iron-base compositions and ceramic materials

composed of silicon carbide and silicon nitride based

non-metallics.

[0047] Illustrative metallic and metallic/ceramic

inner layers that can be deposited onto the substrate

include, for example, thermally sprayed metallic

bondcoat layers of NiCoCrAlY or NiCrAlY and oxide-

-

dispersed layers of these metallic components with

alumina or yttria particulates, or diffusion produced

pr—

layers of aluminide or platinuim-aluminide compounds.

[0048] [llustrative ceramic intermediate lavers that

optionally can be deposited onto the inner layer

include, for example, single component coatings of

yvttria-stabilized zirconia, or employing other

"

stabilizers, deposited with a controlled level o:
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porosity, or additionally, with a controlled

concentration of segmentation cracks running vertically

through said laver.

[0049] Tllustrative ceramic top layers that can be

deposited onto the inner layer, or optionally the

intermediate layer, include, for example, the thermally

—

sprayed coatings of this invention described above.

[0050] A suitable thickness for the coating lavers

above can be up to about 1000 microns depending on the

particular application and the thickness of any other

layers. High application temperatures, e.g., up to

1200°C, necessitate thick protective coating systems,

generally on the order of 250 micronsg or more.

[0051] This invention also relatesg in part to methods

- o

of forming a thermal barrier coating system on the

I 1)

SR UMY

ace of a substrate, the method comprising (i)

depositing at least one metallic or metallic/ceramic

inner layer onto the substrate, (ii) optionally

depositing at least one ceramic intermediate layer onto

the inner layer, and (iii) depositing at least one

ceramic top layer onto the inner layer, or optionally

the intermediate layer, said ceramic top lavyer

comprising a thermally sprayed coating made from a

ceramic powder comprising ceramic powder particles,
sald ceramic powder particles comprising a zirconia-

based component and an (alumina + silica)-based

component, wherein said ceramic powder particles

H

contain from about 10 to about 95 percent by weight of

the zirconia-based component and about 5 to about 90

-

percent by weight of the (alumina + silica) -based

component, and wherein the average particle size of the
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ceramic powder particles is from about 1 to about 150

microns.

[0052] Illustrative substrates include, for example,

metallic superalloys of wvarious nickel-base, cobalt-

base or iron-base compositions and ceramic materials

et

composed of silicon carbide and silicon nitride based

non-metallics.

[0053] ITllustrative metallic and metallic/ceramic

inner layers that can be deposited onto the substrate

include, for example, thermally sprayed metallic

-

bondcoat layers of NiCoCrAlY or NiCrAlY and oxide-

grioms
—

dispersed layers of these metallic components with

.

alumina or yttria particulates, or diffusion produced

layers of aluminide or platinuim-aluminide compounds.

[0054] Illustrative ceramic intermediate lavyers that

optionally can be deposited onto the inner layer

)

include, for example, single component coatings of

yttria-stabilized zirconia, or emploving other

stabilizers, deposited with a controlled level of

porosity, or additionally, with a controlled

p——

concentration of segmentation cracks running vertically

through said laver.

[0055] Illustrative ceramic top layers that can be

deposited onto the inner layer, or optionally the

intermediate laver, include,

| S

"or example, the thermally

sprayed coatings of this invention described above.

[0056] A suitable thickness for the coating layers

above can be up to about 1000 microns depending on the

particular application and the thickness of any other

layers. High application temperatures, e.g., up to

1200°C, necessitate thick protective coating systems,

g
Py

generally on the order of 250 microns or more.
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(00571 In accordance with the method of this

invention, coatings may be produced using the ceramic

powders of this invention by a variety of methods well

known in the art. These methods include thermal spray
(plasma, HVOF, detonation gun, etc.), laser cladding;
and plasma transferred arc. Thermal spray is a

preferred method for deposition of the ceramic powders

to form the coatings of this invention. Such methods

for deposition of the coating lavers,

| .

may also be used

e.g., metallic or metallic/ceramic inner laver, ceramic

intermediate layer, and ceramic top layer, described

above.

[0058] In the method of this invention, the thermal

barrier coating system can be heat treated after

gu—

coating, preferably in an inert or controllably

oxidizing atmosphere. In an embodiment, only the inner

layer is heat treated after coating. The heat

Creatment can be conducted at a maximum temperature of

from about 600°C to about 1200°C for a period of from

sl

about 0.5 to about 10 hours, and at a heating and

g

cooling rate to and from the maximum temperature o

between about 5°C per minute and about 50°C per minute.

In a preferred embodiment, the heat treatment is

conducted in an inert or controllably oxidizing

atmosphere, at a maximum temperature of from about

600°C to about 1150°C for a period of from about 0.5 to

about 4 hours, and at a heating and cooling rate to and

rrom the maximum temperature of between about 5°C per

minute and about 50°C per minute.

[0059] In another embodiment, the ceramic top laver

18 deposited by electron beam physical vapor

deposition. The electron beam physical vapor can use
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separate feedstock ingots for the zirconia-based

component and for the (alumina + silica)-based

component, and the relative deposition rates can be

selected to produce the thermal barrier coating system

=

of this invention. Alternatively, the ceramic top

layer can be thermally sprayed onto the inner laver, or

optionally the intermediate layer, that has been pre-

heated to at least 500°C.

[0060] This invention yet further relates in part to

composilte ceramic articles formed by thermally spraying

a ceramic powder onto a removable substrate to form the

composite ceramic article on said removable substrate,

removing the composite ceramic article from said

substrate, and pressure-less sintering the free-

standing composite ceramic article in air at elevated

Cemperature, sald ceramic powder comprising ceramic

powder particles, said ceramic powder particles

comprising a zirconia-based component and an (alumina +

silica) -based component, wherein said ceramic powder

particles contain from about 10 to about 95 percent by

weight of the zirconia-based component and about 5 to

F

about 90 percent by weight of the (alumina + silica) -

based component, and wherein the average particle size

of the ceramic powder particles is from about 1 to

about 150 microns.

[0061] Illustrative composite ceramic articles

include, for example, solid ceramic high temperature

Ny

aboratory furnace

furnace kiln ware, high temperature

tubes and sample boats, planar substrates for

electronic circuitry and complex ceramic shapes

difficult to make by conventional cold press and sinter

methods.
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[0062] As indicated above, this invention relates to

thermal shock resistant ceramic coatings that can be

deposited through thermal spray devices such as plasma,

HVOF or detonation gun. The thermal shock resistant

coatings are formed from ceramic powders having the

same composition.

[0063] The ceramic powders of this invention are

useful for forming coatings or objects having excellent

thermal shock properties, for example, thermal shock

resistant coatings for protecting surfaces undergoing

sliding contact with other surfaces such as propulsion
and power generation applications.

[0064] This invention is generally applicable to

components subjected to high temperatures, and

particularly to components such as the high and low

pressure turbiline vanes, nozzles, blades, buckets,

shroud, combustor liners and augmentor hardware of gas

turbine engines. This invention provides thermal

barrier systems that are suitable for protecting the

surfaces of gas turbine engine components that are

subjected to hot combustion gases. While the

advantages of this invention will be described with

reference to gas turbine engine components, the

F

Ceachings of this invention are generally applicable to

-

any component on which a thermal barrier coating may be
used to protect the component from a high temperature

environment.

[0065] The examples that follow are intended as an

p—

1llustration of certain preferred embodiments of the

14

~he invention 1=

invention, and no limitation o:

implied.
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Example 1

[0066] Commercially available vyttria-stabilized

zirconia (YSZ) and mullite powders were blended

together and the resulting mixture was plasma sprayed
to make coatings. The mean particle diameters were

about 80 microns (YSZ) and 100 microns (mullite). An

upstream injection plasma torch was used, and the

powders were each about 50 micron average particle

glze.,

[0067] D1

1}

ficultieg were encountered with thig

approach. The two components have widely differing

melting points (YSZ at about 2700°C, mullite at about
1800°C) . To melt the YSZ requires high torch energy,

which over-melts the mullite component. This leads to

Fr—
—

torch clogging and spitting, poor deposition efficiency

for the mullite and thus a major chemical shift from

powder blend to coating. For a 75 mullite/25 YSZ blend

(weight percent) powder, about a 45 mullite/55 YSZ

(weight percent) coating was obtained. The

microstructure showed YSZ particles encased in a

mullite matrix, making mullite the continuous phase in

the coating. The structure was highly anisotropic,

with thick layers of differing composition and

differing in the in-plane and through-thickness

directions of the coating.

[0068] In another evaluation, the individual

components were made very small, and combined into a

powder particle of normal size, so that the powder

particle could be dispensed and plasma sprayed with

normal equipment. This was accomplished by taking
commercial coarse mullite powder (about 100 micron

size) and crushing and commuting it down to about 1
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micron particle sgize. The same was done to

crushed coarse yvttria-stabilized zirconia.

weight percent yttria

PCT/US2006/042167

fused and

About 7

in zirconla was used in this

example. The fine dusts would not dispense or plasma

spray normally so

the fine components were mixed in a

slurry and spray-dried to spherical powders of about 60

micron average size.

These powder particles, estimated

—

to each contain several tens of thousands of micronized

sub~particles, dispensed very well and plasma sprayed

with the same torch with no spi

cting or clogging. The

new coating was very close to the mixture composition

of the powder, only about one percent increase in YSZ

(compared to over 100 percent increase in YSZ by the

conventional coarse powder blend method).

The new

coating structure was very isotropic, not dependant

upon direction in the coating, and comprised of islands

—

| ™

chat only partially melted surrounded by a mixture of

mullite and YSZ that wag melted.

Example 2

of original micronized mullite/YSZ composite particles

[0069] Coatings were made by the conventional coarse

powder blend method of 74 mullite/26 YSZ (weight

percent), and additionally the pure coarse mullite and

coarse YS5Z components as separate coatings.

The

substrate was steel with a CoNiCrAlY plasma sprayed

bondcoat. Samples were heated of all three

substrates in vacuum up to 850°C,

individual runs, new coatings in each case.

-

~he mullite

case,

percent) blend cos

and the 74 mullite/26 YS%
tings spalled completely

coated

1000°C and 1080°C in

In each

(weight

from the

substrate, yet the pure YSZ coating did not. This led
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to the development of a pure ¥YSZ undercoat, applied on

top of the CoNiCrAlY bondcoat, then applying a top coat

p—
s

of the mullite/YSZ blend coating. Using the new powder

for the top coat, this multi-layer system did not spall

1n the high temperature cycle to 1080°C. The new

powder was comprised of micronized sub-components in a

50 mullite/50 ¥YSZ ratio (weight percent) having a mean

powder macro-particle size of about 66 microns. The

p—

cause of this was the very low thermal expansion

behavior of mullite and the old method mullite/YSZ

blend coating, and that the higher expansion YSZ inner

layer thus graded the thermal expansion much better
between steel, bondcoat, inner ¥YSZ laver and blend

layer. The new micronized powder has higher expansion

for the same blend ratio.

Example 3

[0070] Thermal expansion measurements were done on

the coarse blend coatings (45 mullite/55 YSZ weight

percent 1n coating; made from starting powder particles

having an average diameter of about 90 microns) and the

micronized powder coatings (both 50 mullite/50 YSZ

welght percent and 27 mullite/73 YSZ weight percent in

coating; made from starting powder particles having an

average diameter of about 65 micronsg). First the

coatings were thermally stabilized by a pre-cycle to

1080°C, and then tested again for pure thermal

expansion. In the coarse powder coatings, mullite and

compositions high in mullite had low thermal expansion,

the blend being closer to pure mullite than expected by

the blend percentage. The micronized powder coating

blends had expansion values that were found to follow a
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straight line between pure mullite and pure YSZ. This

[

is a consequence of the two coating structures. The

non-igsotropic structure using coarse powder had a

F

continuous phase of mullite with YSZ islands entrapped.

This allowed the mullite phase to control the overall

thermal expansion behavior, particularly in the plane

of the coating which was tested in the dilatometer.

The new micronized powder coating being essentially

isotropic and having no real continuous phase but a

mixture of the two components, distributed everywhere,

gave thermal expansion behavior expected by the actual

mixture of mullite and ¥YSZ.

Example 4

[0071] The first cycle in the dilatometer of either

process coarse powder blend coatings (45 mullite/55 YSZ

weight percent 1in coating; made from starting powder

J

particles having an average diameter of about 90

microns) or micronilized powder coatings (both 50

mullite/50 ¥YSZ weight percent and 27 mullite/73 YSZ

welght percent in coating; made from starting powder

P

particles having an average diameter of about 65

microns) showed a drop in sample length starting at

925°C and ending at 975°C. This amount of drop was

proportional to the amount of mullite present, and was

as much as 0.65 percent in length for a pure mullite

.

coating. This drop was found later by x-ray

=

diffraction of samples heated to below and above the

length drop temperature, to be due to recrystallization

of amorphous mullite. The mullite fraction when melted

and splat cooled apparently became amorphous (although

some was still crystalline even as-coated). By
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separate furnace heat treating of the blended coatings

at temperatures above the recrystallization, the effec:

{1

could be removed and the coating was thus thermally

stable. TIf the substrate was heated during the coating

O

J

obtained i1n-situ.

peration, much of the recrystallization could be

Example 5

=

[0072] The thermal conductivity of the coatings set

—
p—

forth in the Table below wag meagsured to sgsee if a

useful thermal barrier could be produced with low

values of thermal conductivity, even with the high

preten.
—

conductivity mullite added. Thin coatings of about 25

e
—

milliliters thickness were made, half by half inch in

determining thermal di

separately measured, as wsa

g

F

area on metal substrates and the coating was removed

From the subgstrate for the laser flash method of

fusivity. Specific heat was

s the coating density using

free coupons of the same coating made on the same

coating load. Density was

measured by the immersion

method, ASTM B-328. Thermal conductivity is the

p—

product of thermal dif

density. The direction o:

P

=

‘usivity, specific heat and

heat flow 1s through the

thickness of the coating in all the following results.

g

Density 1s given as percent of theoretical. The

average starting powder size for the coarse blend

coatings was about 90 microns and for the micronized

powder coatings was about

65 microns.
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Thermal Conductivity at 100°C
(BTU)

Composgition, Mullite/YSZ Density Thermal

(Weight Percent) Conductivity

Old, coarse powder coatings

100 YSZ 86 .8 6.85
100 Mullite 84 7 .64
45 MuTTite/SS YS7 88 8.34

New, micronized powder coatings

27 Mullite/73 YSZ 91.4 10.08

27 Mullite/73 YSZ 83 8.41

50 Mullite/50 YSZ 836 .77 8.41

50 Mullite/50 YSZ 74 6.60
[0073] To put these values 1n perspective, a metallic

coating such as a NiCrAlY would have thermal

conductivity between 10 to 20 times higher than all the

above values. Adding mullite to ¥YSZ increases the

conductivity, and still produces a good thermal barrier

coating having relatively low conductivity. However,

N g

1f the density of the mullite/¥YSZ coating is allowed to

be reduced, the conductivity could be made equal or

slightly less than YSZ at a higher coating density. In

this example, a designed experiment was done to vary

both coating density as well as the mullite to YSYZ

ratio in the coating. The thermal conductivity at

100°C was measured, and multiple correlation methods

were used to obtain the following dependence:
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Thermal Conductivity (BTU) = - 7.37 + 2.77*density -

0.076*mullite + 0.058*density*mullite

[0074] where density is in gm/cm’® and the mullite

—

term 1s the weight percent mullite in the starting

powder. This latter simplification is valid because,

with the new micronized powder, the mullite composition

hardly changes in the coating. The equation shows

linear dependence on density and percent mullite in the

coating, and also an interaction term between density

and percent mullite. The overall effect is for thermal

conductivity to decrease with coating density decrease

and increase with higher mullite. These results are

for the coating in the as-coated state.

Example 6

[0075] Plasma sprayved coatings were made with the

process coarse powder blend (starting from powders

et

having an average particle diameter of about 90

microns) and the process micronized powder blend

(starting from powders having an average particle

diameter of about 65 microns). The coating sample

welght was measured for a fixed period of coating time

rite

- powder dispensed to

and this was related to the mass o

the torch i1n that time, with factors for the area of

sample coated. This 1s a measure of the deposition

t)

efficiency. The following was found using the same

model torch and torch power level:

[x]

Powdexr type Deposition Efficiency, %

Old process, coarse 15
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(74 Mullite/26 YSZ,

weight percent)

New process, micronized 74

(50 Mullite/50 YSZ,

weight percent)

[0076] Thus, the use of the micronized powder of this

invention showed about a 5 times improvement in

pr—
=

depogition e

ficiency, and at the same time, very

little shift in percent mullite in the coating over the

powder as reported in Example 1.

Example 7

[0077] Plasma sprayed coatings were made with the new

micronized powder of 50 mullite/50 YSZ (weight percent)

Nt

onn small substrates, then removed cleanly from those

substrates. The average particle diameter for the

starting powder for these coatings was about 66

microns. The density of the as-cocated coating was

determined by the immersion method (ASTM B-328). Then

three coupons of the coating were heat treated in air

for four hours at 1200°C and also at 1300°C. The

densities were measured of these heat treated samples.

Density 1s given as actual and as percent of

theoretical. The results are as follows: (density in
gm/cm’)
Condition Density Theoretical Density % /

-

S

—andard Deviation

(4.112 gm/cm’)
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As-coated 3.553 86.30/0.47
4 hr 1200°C 3.733 90.68/0.38
4 hr 1300°C 3.723 90.43/0.43

[0078] It was thus found that the new powder and

process can make high density ceramic bodies by first

plasma spraying to a high green density and then

yu—

sintering in air at modest temperatures of 1200°C for

four hours to obtain a stable higher density body that

18 not further densified at even higher temperature.

.

c1ons and modificationsg of this

[0079] Other wvaria

invention will be obvious to those sgkilled in the art.

This invention is not limited except as set forth in

Ly

che claims.
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The embodiments of the invention in which an exclusive
property or privilege 1s claimed are defined as
follows:

1. A ceramic powder comprising ceramic powder

particles, said ceramic powder particles comprising a

zirconla-based component and an (alumina + silica)-
based component, wherein said ceramic powder particles
contain from about 70 to about 95 percent by weight of

the zirconia-based component with the balance being the

(alumina + silica)-based component, and wherein the

average particle size of the ceramic powder particles
1s from about 25 to about 75 microns, and wherein the
ceramic powder particles comprise micronized sub-
particles of the zirconia-based component and the

(alumina + silica)-based component.

2. A thermally sprayed coating made from the

ceramlc powder of claim 1.

_

3. The ceramic powder of claim 1 or the

.

thermally sprayed coating of claim 2 wherein the

zirconia-based component is stabilized in the
tetragonal or cubic crystalline structure, or a mixture
of two components, one stabilized as tetragonal and one
stabilized as cubic, by additions selected from yttria,
magnesia, calcia, hafnia, ceria, gadolinia, ytterbia,

Lanthanides, or mixtures thereof.

4. The ceramic powder of claim 1 or the
thermally sprayed coating of claim 2 wherein the
(alumina + silica)-based component is selected from the

composition range forming the mullite structure.
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-
—

5. The ceramic powder of claim 1 oxr the

F-

thermally sprayed coating of claim 2 wherein the

zirconla-based component comprises yttria-stabilized

zirconia and the (alumina + silica) -based component

comprises mullite.

G . The thermally-gsprayed coating of claim 2

comprising two or more sublayers in which (i) the

-

amount of the zirconilia-based component and (alumina +

silica) -based component continuously change throughout

the sublayers, or (ii1i) the amount of the zirconia-based

component and (alumina + silica)-based component

discretely change from one sublayer to another.

7 . The thermally-sprayed coating of claim 2

comprising two or more sublayers in which (i) the
zlrconlia-based component and (alumina + silica)-based

component continuously change in size throughout the

sublayers, or (i1i) the zirconia-based component and

(alumina + silica) -based component discretely change in

size from one sublayer to another.

8 . An article comprising (i) a metallic or non-

metallic substrate, (ii) at least one metallic or

metallic/ceramic inner layer deposgsited onto the

substrate, (i1i1i) optionally at least one ceramic

intermediate layer deposited onto the inner layer, and

(1v) at least one ceramic top layer deposited onto the

inner layer, or optionally the intermediate layer, said

ceramic top layer comprising a thermally sprayed

coating made from the ceramic powder of claim 1.
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3. A thermal barrier coating system on the

o

surface of a substrate, the thermal barrier c

system comprising (1) at least one metallic o

metallic/ceramic inner layer deposited onto t

ocating
Y

he

substrate, (i1) optionally at least one ceramic

intermediate layer deposited onto the inner 1

L

(111) at least one ceramic top layer deposite

inner layer, or optionally the intermediate 1

ayer, and
d onto the

aver, said

ceramic top layer comprising a thermally sprayed

gt

coating made from the ceramic powdexr of claim 1.

10. A method of forming a thermal barri

F

er coating

sygstem on the surface of a substrate, the method

comprigsing (i) depositing at least one metall

metallic/ceramic inner layer onto the substra

optionally depositing at least one ceramic in

layer onto the inner layer, and (iii) deposit

1C oOr
te, (ii)

termediate

ing at

least one ceramic top layer onto the inner lavyer, or

optionally the intermediate laver, said ceramic top

layer comprising a thermally sprayed coating made from

prew

the ceramic powder of claim 1.

11. The method of claim 10 wherein the

applied over the inner layer are selectively

to provide vertical segmentation cracks that

thermal shock registance.

12. The method of claim 10 wherein the

barrier coating system is heat treated after

13. The method of claim 10 wherein only

layer 1s heat treated after coating.

layers
deposited

enhance

thermal

coating.

“he 1nner
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14. The method of claims 12 or 13 wherein the

heat treatment is conducted at a maximum temperature of

from about 600°C to about 1200°C for a period of from
about 0.5 to about 10 hours, and at a heating and

cooling rate to and from the maximum temperature of

between about 5°C per minute and about 50°C per minute.

15. The method of claims 12 or 13 wherein the
heat treatment i1s conducted in an inert or controllably

oxlidizing atmosphere, at a maximum temperature of from

about 600°C to about 1150°C for a period of from about

0.5 to about 4 hours, and at a heating and cooling rate

to and from the maximum temperature of between about

5°C per minute and about 50°C per minute.
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