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Substrates conposed of other materials, including steels, copper alloys and
titanium alloys, and which need protection from high tenperature operating
environments may al so be protected. To date successful applications of
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18. A superalloy article having a thermal barrier coating) conprising: a
superal | oy substrate; an alun~ina |ayer on the substrate; and a thermally
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the columar grain ceramc layer h0.5 a thiclrness between about 1 - 10
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See, e.g., U.S. Pat. Nos. 4,209,348 4,719,080, 5,068,084; 5,599,355 and 6,270,318, which arc
expressly incorporated herein by reference.

Substrates composed of other materials, including steels, copper alloys and titanium alloys,
and which need protection from high temperature operating environments may also be protected.

To date successful applications of ceramic coatings to superalloys have included an oxide
layer between the bond coat or substrate, and the ceramic coating, whether the oxide layer is formed
before, during or less typically after ceramic application. It is known from prior thermal barrier
coatings that a metallic bond coat (sometimes described as an overlay coating) such as an MCrAlY
type coating is a good bond coat for ceramic coatings - with M being Fe, Ni, Co and/or combinations
of these elements. Aluminide bond coats are also known.

A broad composition range for MCrAlY coatings includes, by weight, 10 - 25% Cr, 5 - 15 Al,
0.1 - LOY or other suitable clement, balance sclected from Fe, Ni, and Co and mixtures of Ni and Co.
Additions of up to (or even exceeding) 5% each of Hf, Ta or Re, up to 1% of Si and up to 3% each of
Os, Pt, Pd, Rh and/or other precious metals are also possible. Table 11 provides an exemplary and
non-limiting list of MCrAlY's that can be applied by suilable methods such as thermal spray
processes, by EB-PVD processes, and by electroplating,

TABLEII
(wt % - Exemplary MCrAlY Compositions)
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Sce, ¢.g., U.S. Pat, Nos. 3,928,026; 4.585.481: 5,277,936 and Re. 32,121,

An alternate bond coat is an aluminide, typically formed by diffusing aluminum into the
substrate surface, Diffusion aluminides are well known and may be applied using a powder mixture
(termed a pack) containing an aluminum source, such as an aluminum alloy or compound, an activator
(usually a halide compound. such as NaF although other halides and other materials may be used as
activators) and an inert material such as alumina. The part to be coated is buried in the pack and
heated to 1500 - 2000 °F while a carricr gas, such as hydrogen, is flowed through the pack.
Alternative pack processes, during which the part is not buried in the pack, are also known, as are
other ways of depositing aluminum onto a substrate surface (plating, vapor deposition) followcd by
diffusing the aluminum into the substrate. The incorporation of one or more precious metals such as
Pt, Rh, Pd and Os into aluminide coatings likewise is known. See, ¢.g., U.S. Pat. No. 5,514,482 fora
description of aluminide coating processes.

Combinations of overlay and aluminide coatings are also possible. See, e.g., commonly
owned U.S. Pat. No. 4,897,315 for a description of a system having an inner MCrAlY overlay coating
and an outer aluminide coating. Sce, commonly owned U.S. Pat. No. 4,005,989 for a description of
the reverse combination, an inner aluminide coating and an outer overlay coating.

The common feature of these bond coats and bond coat combinations is that they form an
adherent oxide layer, e.g.. alumina, on their outer surface. The inventive thermal barrier coating has
relatively limited solubility in, but bonds firmly to, alumina.

In certain cases, superalloys may form sufficiently perfect and adherent alumina layers to
which the ceramics may adhere without a separate bond coat. Sce, ¢.g., commonly owned U.S, Pat.
Nos. 4,209,348; 4,719,080, 4,895,201; 5,034,284, 5,262,245; 5,538,796 and 5,346,563. The article of
FIG. 1 illustrates the present invention employed with such a substralc material.

The thermally insulating ceramic (22, FIG. 1) is applied, either onto the substrate surface, to
the overlay layer or aluminide layer, or onto the alumina layer, depending upon which of the above
described oxide-forming systems are ecmployed. As noted above, the ceramic is applied in two (or
more) parts, with the first part comprising a relatively more strain tolerant ceramic and the second part
comprising a relatively more thermally insulating ceramic.

The first, more strain tolerant ceramic and second, more thermally insulating ceramic are

applied at first and second thicknesses respectively, and thus result in a given ratio of thicknesses.
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between about 3 - 20 mils, and still more specifically between about 3 - 10 mils. Thus, the thickness
of the first ceramic is between about 2 - 1/80™ the thickness of the second ceramic. Typical ratios of
thicknesses of first-to-second ceramic layers is between about 2:1 - 1:23.

With respect to the first, relatively more strain tolerant layer, we prefer to use a columnar
grain ceramic layer, e.g., of a type known in the ar, which is readily produced by electron beam
physical vapor deposition and provides good strain tolerance. Other columnar structures may be
produced by plasma spray techniques, as set forth for example in U.S. Pat. Nos. 5,520,516 1o Taylor
and 5,705,231 to Nissley which are also expressly incorporated by reference, The relatively strain
tolerant layer should be thick enough to provide sufficient compliance given the temperature ranges (0
be encountered during use. e.g.. from ambient temperature to maximum operating temperature, yet
preferably no thicker than necessary to accomplish this purpose, particularly where the weight of the
coating is to be minimized, e.g., rotating components. For turbinc blades, the columnar grain layer
should be applied to a thickness of at least about 0.25 mils, and we prefer a layer at least about 0.5
mils and more preferably at least about 1.0 mils thick.

FIG. 1 illustrates a columnar grain ceramic comprising yttria and zirconia with about 7 wt. %
yttria. One such suitable material is shown for example in commonly-owned U.S. Pat. No. 4,321,311
to Strangman et al, and may be applied by a physical vapor deposition method, such as by EB-PVD.
Other materials, including gadolinia zirconia, see, e.g., commonly owned U.S. Pat. No. 6,177,200 and
materials having different crystal structures, e.g.. commonly owned U.S. Pat. No. 6,117,560 both to
Maloney, may also be employed.

The second ceramic provides relatively enhanced thermal insulation capability. While we
prefer to apply the material by thermal spray processes such as air plasma spray and low pressure
plasma spray, other known processcs may also be cmployed. Where applied by thermal spray, the
second ceramic has a microstructure which typically appears as splats built upon one another, and
provides significantly lower thermal conductivity compared to corresponding material applied by EB-
PVD to form columnar grains. For turbine blades. the second ceramic may be applicd to a thickness
of at least 1 mil up to about 100 mils or more, more preferably about 2 - 50 and still more preferably
about 3 - 10 mils, although those skilled in the art will recognize that the desired thickness will
depend upon the application of the component. For example, thermal barrier coatings on stationary
components such as combustor liners, turbine vanes and the like may be thicker that coatings on
rotating components such as turbine blades and the like. The overall thickness will depend upon

considerations such as the overall temperature reduction desired for the part and the like,
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A ceramic top coat layer was then applied by an air plasma spray (APS) process. While other
plasma guns can be employed with equal effect, a Plasma Technic F-4 spray torch with standard gun
components was used to apply the top coat layer. Spray parameters varied slightly depending on the
type of specimen being coated. Generally, the coating was applied using an amperage of 500 - 600
amps, a voltage of 55 - 65 volts, an argon primary gas flow of 35 - 45 standard liters per minute
(SLPM), a secondary gas hydrogen flow of 2 -10 SLPM, a powder feed rate of 40-55 grams per
minute, and a gun-to-workpiece distance of about 6 inches.

Two hybrid TBC systems (FIG. 2, labeled as “A” and “B”) were prepared according to the
present invention and bumer-rig tested so as to determine their cyclic spallation life. The test-cycle
included heating the parts to about 2075 °F for 4 minutes [ollowed by forced air cooling for 2 minutes,
The two systems differed in the thickness ratio between the strain-tolerant ceramic layer and the
thermally insulating ceramic layer. For the systems A and B, the ratios were about 1:4 and 1:1,
respectively, The cyclic spallation life for the hybrid TBC systems was benchmarked relative to a
TBC of the above described U.S. Pat. No. 4,321,311 to Strangman, whose favorable cyclic spallation
performance is well known to those skilled in the art. The overall ceramic thickness for all
investigated TBC systems was equal, about 5 mils,

We determined that the cyclic spallation life of the hybrid TBC systems was dependent, at
least in part, upon the thickness ratio of the strain-tolerant ceramic layer relative to the thermally
insulating ceramic layer. Furthermore, the cyclic spallation life of the two investigated hybrid TBC
systemns was 1.4 times and 2.0 times superior to that of the above mentioned prior art TBC system, for
the thickness ratios of 1:4 and 1:1, respectively. This result is attributed to improved interlocking of
the thermally insulating ceramic layer to the underlying strain-tolerant ceramic layer, since the column
width near the tips of the EB-PVD layer tends to increase at least somewhat as the thickness of the
strain-tolerant layer increases. While the 1:1 (first more strain tolerant {ayer to second, morc
thermally insulating layer) thickness ratio demonstrated a longer cyclic spallation life, for the given
overall thickness, the coating with a 1:4 thickness ratio provided greater thermal insulation than the
coating with a 1:1 thickness ratio.

Thermal conductivity benefit for a hybrid TBC system is estimated in FIG. 3 using the “rule
of mixtures”, the thermal conductivity for a layer of EB-PVD ceramic and a layer of plasma spray
ceramic, in the case of FIG. 3 an EB-PVD layer of gadolinia zirconia prepared according to
commonly-owned U.S. Pat. No. 6,177,200 to Maloney, and a plasma sprayed layer composed of

yttria-ceria and applied by air plasma spray. In order to increase the benefit of the thermal sprayed
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t 1ckness of both T systemns is the sa(n)w Referring again'to FIG. 3, at temperatures relevanl lo( )
applications in gas turbine engines, the hybrid TBC system provides a thermal conductivity value as
low as 30% of that for the state of the art EB-PVD 7YSZ system, i.c., an up to 70% reduction,

The present invention, which offers a greater reduction in thermal conductivity for a given
thickness relative to traditional columnar grain coatings, offers significant advantages over the prior
art.

As an initial matier and again with reference to gas turbine applications, the present invention
more readily cnables the use of TBCs incorporating plasma spray ceramics more effectively,
including use on rotating components, in high temperature operation.

Moreover, given a constant TBC thickness and gas temperature, component temperatures are
lowered thereby extending component life. Given a constant coating thickness and metal temperature,
higher gas temperatures are possible thereby improving efficiency, Given a constant gas temperature
and constant metal temperature, thinner coatings may be utilized, which greatly reducces the pull
exerted by a rotating blade and enables use of smaller, lighter disks, shafts, bearings, etc. and/or
increascs creep life. Moreover, thinner coatings are expected to be more durable than thicker
coatings, to the extent that thermal stresses in the thicker coatings are believed to contribute to TEC
failure. Variations and combinations of the above, e.g., application of a somewhat thinner TBC and
operation at a somewhat higher gas temperature, may also be desirable. 1n addition, it may be
desirable to apply another layer over the thermal spray layer, e.g., to provide additional erosion
‘resistance, or provide an additional diffusion barrier, or the like.

Although this invention has been shown and described with respect to the detailed
embodiments thereof, it will be understood by those skilled in the art that various changes in form and

detail thereof may be made without departing from the spirit and the scope of the invention.

What is claimed is:
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a thermal sprayed ceramic on the columnar grain ceramic.

2. The article of claim 1, wherein the thickness of the thermal sprayed ceramic is at least

50% of the thickness of the columnar grain ceramic.

3. The article of claim 2, wherein the thickness of the thermal sprayed ceramic is greater

than the thickness of the columnar grain ceramic.

4. The article of claim |, wherein the thermally insulating ceramic layer has an overall

thickness, and the thickness of the columnar grain layer is about 1 - 50 % of the ovcrall thickness.

5. The article of claim 4, wherein the columnar grain ceramic has a thickness of about
20 - 40% of the overall coating thickness.

6. The article of claim 1, wherein the columnar grain ceramic layer has a thickness of at
least about 0.5 mil, and the thermal sprayed ceramic layer has a thickness greater than the thickness of

the columnar grain ceramic layer.

7. The article of claim 1, wherein the alumina layer is provided by an MCrAlY coating,

wherein M comprises Fe, Ni, Co and mixtures thereof.

8. The article of claim 1, wherein the alumina forming layer is an aluminide.

9. The article of claim 1, wherein the substrate is composed of a superalloy material

capable of forming an adherent alumina layer.

10. The article of claim 1, wherein the columnar grain ceramic is a stabilized zirconia.

11. The article of claim 1, wherein the columnar grain ceramic has a thickness of between
about 0.25 - 10 mils.
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