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(54) Thermal barrier coating having nano scale features

(57) A ceramic thermal barrier coating material (10)
containing nano-sized features is predicted to exhibit
improved high temperature performance than a compa-
rable material containing fewer of such features. In a
coating deposited by an APS process, the nano-sized
features may be intersplat columns (32). In a coating
deposited by an EB-PVD process, the nano-sized fea-

tures may be a mixed oxide layer (22) formed of nano-
sized mixed oxide particles, or nano-sized alumina pro-
jections (24) extending across the interface from the
mixed oxide layer into the insulating material layer (20).
Alternatively, the nano-sized features may be second-
ary columnar grains (36) extending laterally from prima-
ry columnar grains (34) in a columnar-grained ceramic
material.
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Description

RELATED APPLICATIONS

[0001] This application claims benefit of the April 4,
2003, filing date of United States provisional application
60/460,325, incorporated by reference herein.

FIELD OF THE INVENTION

[0002] This invention relates generally to ceramic
thermal barrier coatings.

BACKGROUND OF THE INVENTION

[0003] Ceramic thermal barrier coatings are well
known for protecting metal or ceramic matrix composite
materials from oxidation and corrosion in a gas turbine
environment. One type of thermal barrier coating used
to protect a nickel-based or cobalt-based superalloy
component includes an MCrAIY bond coat, where M is
iron, nickel, cobalt or a combination thereof, that is oxi-
dized in-situ to form an alumina layer for receiving a top
coat of yttria stabilized zirconia (YSZ). The YSZ coating
is commonly applied by electron beam physical vapor
deposition (EB-PVD) to form a columnar structure, or by
air plasm spraying (APS) to form a planar structure con-
sisting of a plurality of overlapping splats of material.
Within each frozen splat of material in an APS coating,
the microstructure of the material may have a columnar
structure.
[0004] United States patent 6,689,487 issued on Feb-
ruary 10, 2004 describes one such thermal barrier coat-
ing applied by an EB-PVD process. That EB-PVD proc-
ess is controlled so that the coating includes primary co-
lumnar grains extending transversely from the substrate
surface and secondary columnar grains (feathers) ex-
tending laterally from the primary columnar grains.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] These and other advantages of the invention
will be more apparent from the following description in
view of the drawings that show:

FIG. 1 is a partial cross-sectional view of a compo-
nent including a thermal barrier coating.
FIG. 2 is a photomicrograph of one embodiment of
a thermal barrier coating illustrating nano-sized par-
ticles in the mixed oxide region.
Fig. 3 is a photomicrograph of a plasma sprayed
thermal barrier coating material illustrating nano-
sized intrasplat columns.
Fig. 4 is a photomicrograph of a columnar-grained
thermal barrier coating material illustrating nano-
sized feathers extending transversely from each
column.
FIG. 5 is a graph illustrating the relationship be-

tween elastic modulus and Specific Surface Area
for a ceramic thermal barrier coating material.
FIG. 6 is a graph illustrating a change in Specific
Surface Area for ceramic thermal barrier coating
materials exposed to elevated temperatures.

DETAILED DESCRIPTION OF THE INVENTION

[0006] The present inventors have discovered that
thermal barrier coating having a region of nano-sized
features will provide improved performance when com-
pared to thermal barrier coatings lacking such nano-
sized features. The term nano-sized generally refers to
structural features that have a lineal feature with a size
of less than one micrometer. Thermal barrier coatings
containing certain nano-sized features have been found
to provide improved thermal cycle life, reduced tenden-
cy for sintering in columnar grained structures, and re-
duced thermal conductivity.
[0007] The presence of nano-sized features within a
ceramic thermal barrier coating material may be repre-
sented by the Specific Surface Area (SSA) of the mate-
rial, i.e. the ratio of surface area to volume. The pres-
ence of nano-sized features will increase the SSA value
when compared to a similar material lacking such nano-
sized features or having fewer of them. SSA values may
be quantified by Small Angle Neutron Scattering
(SANS) mapping. Alternatively, SEM, TEM and X-ray
diffraction technologies may be used.
[0008] FIG. 1 is a schematic representation of a cross-
sectional view of a component 10 of a gas turbine engine
incorporating a thermal barrier coating 12 in accordance
with one embodiment of the present invention. The ther-
mal barrier coating 12 is disposed over a substrate ma-
terial 14, such as a known nickel-based or chrome-
based superalloy material, in order to protect the sub-
strate material 14 from the corrosive high temperature
combustion environment of the gas turbine engine. The
thermal barrier coating 12 includes a layer of bond coat
material 16, such as a known MCrAIY material, dis-
posed over the substrate 14; a thermally grown oxide
layer 18 disposed on the MCrAIY bond coat layer 16;
and a layer of ceramic insulating material 20 such as a
columnar grained 8YSZ material deposited by a
EB-PVD process disposed over the thermally grown ox-
ide layer 18.
[0009] The thermal barrier coating 12 also includes a
mixed oxide layer 22 disposed between the thermally
grown oxide layer 18 and the ceramic insulating material
20. The mixed oxide layer 22 is formed during the proc-
ess of deposition of the ceramic insulating material 20.
For the embodiment of a YSZ coating over an MCrAIY
bond coat, the mixed oxide layer 22 is a region of mixed
oxide particles that contain zirconium and yttrium dis-
persed in an alumina (Al2O3) matrix. In various embod-
iments of the present invention, the mixed oxide layer
22 is formed of particles having a size (average diame-
ter) of less than 200 nm, or less than 100 nm, or less
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than 75 nm, or less than 50 nm, or less than 10 nm, or
in the range of 10-100 nm. The ratio of average thick-
ness of the mixed oxide layer 22 to average thickness
of the thermally grown oxide layer 18 is preferably be-
tween 0.333 and 0.1667. Deposition parameters may
be controlled during the EB-PVD process to limit the par-
ticle size of the mixed oxide layer 22 to the desired small
size; e.g. partial pressure of oxygen, partial pressure of
inert gasses, ingot feed rate, substrate temperature,
substrate rotation rate, and flux density of vapor spe-
cies.
[0010] FIG. 2 is a photomicrograph of one embodi-
ment of an actual thermal barrier coating 12 such as il-
lustrated schematically in FIG. 1. The material in the
photomicrograph is a CoNiCrAIY bond coat 16 and an
8YSZ ceramic insulating material 20. The nano-sized
particles of the mixed oxide layer 22 are visible in the
picture. At the interface between the mixed oxide layer
22 and the ceramic insulating material layer 20 there can
be seen another type of nano-sized feature, i.e. a plu-
rality of alumina projections 24 extending across the in-
terface from the mixed oxide layer 22 into the insulating
material layer 20. The projections 24 of the present in-
vention preferably have a cross-sectional lineal density
of between 1 and 10 projections per 200 nm. The pro-
jections 24 may also have an aspect ratio (height above
interface divided by average width) of between 5 and 50.
[0011] Another aspect of the present invention is illus-
trated in the photomicrograph of FIG. 3 that illustrates a
high magnification view of an air plasma sprayed YSZ
thermal barrier coating material 26. Individual splats 28
are visible throughout the thickness of the material 26.
These individual spats 28 contain another type of nano-
sized feature; i.e. nano-sized intrasplat columnar grains
30 extending through the thickness of individual splats
28. The columnar grains 30 preferably have cross-sec-
tional widths in the range of 1-5 nm. The growth of such
small columns may be encouraged by the selective con-
trol of deposition parameters, size of the powder used,
cooling rate of the deposited coating, and/or post dep-
osition heat treatments.
[0012] A further embodiment of the present invention
provides a columnar-grained thermal barrier coating
that is resistant to sintering. FIG. 4 is a photomicrograph
of a YSZ thermal barrier coating material 32 deposited
by an EB-PVD process. The material 32 includes prima-
ry columnar grains 34 extending transversely relative to
a substrate surface (not shown). The material also in-
cludes secondary columnar grains 36 (feathers) extend-
ing laterally from the primary columnar grains 34 and
having lengths in the range of 5-80 nm. The secondary
columnar grains 36 may have an as-deposited tip radius
of curvature of less than 0.1 nm. Such small, thin feath-
ers 36 will have a minimal contact area with contacting
feathers from an adjacent primary columnar grain 34
when the material is heating to an elevated operating
temperature. Furthermore, such small, thin feathers 36
will tend to pull back away from each other during sin-

tering conditions, thus preventing bridging between ad-
jacent primary columns 34. Fig. 4 illustrates the material
after exposure of the material to 1,400 °C. for 1,000
hours. Increased surface area per column resulting from
the nano-radius feather tips will direct mass flow during
sintering into the individual columns, slightly reducing
the average columnar diameter. Since mass flow is di-
rected within the columns, the overall columnar struc-
tures remain free of cross-column necking and bridging.
The result is slightly separated columns that have re-
tained the overall strain tolerance of the original as-coat-
ed system. The growth of such small secondary col-
umns may be encouraged by selective control of the
deposition parameters within the EB-coating chamber,
the partial pressure of oxygen, the partial pressure of an
introduced inert gas, the ingot feed rate, substrate tem-
perature, substrate rotation rate and flux density of va-
por species.
[0013] FIG. 5 illustrates the relationship between the
elastic modulus of a ceramic thermal barrier coating and
the Specific Surface Area of the material. Elastic mod-
ulus is a key indicator of the performance of a thermal
barrier coating, with a low elastic modulus (i.e. about
40-45 Gpa or less) being desired. The SSA of the coat-
ing is an indication of the degree of nanostructured fea-
tures in the coating material. For a given volume, there
is a higher surface area for nano structures than for
microstructures. The higher the fraction of nanostruc-
tured features in the coating material, the higher will be
the SSA value. In one embodiment, the coating material
of the present invention has a Specific Surface Area of
at least 20,000 cm2/cm3.
[0014] The SSA value will decrease for a given mate-
rial with increasing temperature. FIG. 6 illustrates the
resulting SSA value for intersplat boundaries in a coat-
ing after 1,000 of exposure at the indicated temperature.
With increased temperature, the grains/intersplat
boundaries tend to sinter together, resulting in a de-
crease in the SSA value. In order to maintain the nanos-
tructured features at higher temperatures, the composi-
tion of the coating material may be modified to obtain
an inherently higher resistance to sintering or grain
growth. Therefore, nanostructured thermal barrier coat-
ings that can maintain their nano features (high SSA val-
ue) at a high temperature would be capable of relatively
higher operating temperatures than those that do not.
Curve 40 illustrates the performance of a typical prior
art oxide thermal barrier coating material, while curve
42 indicates the performance of an improved thermal
barrier coating material in accordance with the present
invention. Using the SSA value of 20,000 cm2/cm3 as
an acceptance criteria shows that an increase in allow-
able operating temperature of over 200 °C is achieved
in this example. In one example, a ceramic thermal bar-
rier material of the present invention includes a region
of features maintaining a Specific Surface Area of at
least 20,000 cm2/cm3 after exposure of the material to
a temperature of 1,200 °C for 1,000 hours.
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[0015] By recognizing the importance of nano-sized
features to the performance of a ceramic thermal barrier
coating, the present inventors have developed a method
for predicting the performance of a thermal barrier coat-
ing material. A library of materials may be examined to
determine their respective SSA values in their as-
formed condition and after long-term (1,000 hours for
example) exposure to a high temperature. These SSA
values may be correlated with other information indica-
tive of the material condition, such as elastic modulus
for example, and/or to information indicative of the ac-
tual performance of the material in a high temperature
environment. Such performance data may be the useful
life of the coating in a gas turbine combustion environ-
ment, thermal conductivity verses time, degree of
spalling or other type of coating failure, etc. A sample
coating material with unknown performance properties
may then be tested to determine its as-formed SSA val-
ue and/or its SSA value after long-term high tempera-
ture exposure, and such value(s) may be compared to
information in a database containing the library data to
predict the high temperature performance of the sample
material.
[0016] While various embodiments of the present in-
vention have been shown and described herein, it will
be obvious that such embodiments are provided by way
of example only. Numerous variations, changes and
substitutions will occur to those of skill in the art without
departing from the invention herein. Accordingly, it is in-
tended that the invention be limited only by the spirit and
scope of the appended claims.

Claims

1. A ceramic thermal barrier coating comprising a re-
gion of features having a size range of less than 200
nm.

2. The ceramic thermal barrier coating of claim 1, fur-
ther comprising:

a layer of MCrAIY bond coat disposed over a
substrate;
a layer of thermally grown oxide disposed on
the MCrAIY bond coat;
a layer of ceramic oxide insulating material dis-
posed over the thermally grown oxide layer;
and
wherein the region of nano-sized features com-
prises a mixed oxide layer formed of mixed ox-
ide particles having a size range of less than
100 nm disposed between the thermally grown
oxide layer and the layer of ceramic oxide insu-
lating material.

3. The ceramic thermal barrier coating of claim 2,
wherein the size range is less than 50 nm.

4. The ceramic thermal barrier coating of claim 2,
wherein the size range is between 10-100 nm.

5. The ceramic thermal barrier coating of claim 2,
wherein a ratio of average thickness of the mixed
oxide layer to average thickness of the thermally
grown oxide layer is between 0.333 and 0.1667.

6. The ceramic thermal barrier coating of claim 1, fur-
ther comprising:

a layer of MCrAIY bond coat disposed over a
substrate;
a layer of thermally grown oxide disposed on
the MCrAIY bond coat;
a layer of ceramic oxide insulating material dis-
posed over the thermally grown oxide layer;
and
wherein the region of nano-sized features com-
prises a plurality of alumina projections extend-
ing across the interface from the mixed oxide
layer into the insulating material layer and hav-
ing a cross-sectional lineal density of between
1 and 10 projections per 200 nm.

7. The ceramic thermal barrier coating of claim 6,
wherein of the projections comprise an aspect ratio
of between 5 and 50.

8. The ceramic thermal barrier coating of claim 1,
wherein the nano sized features comprise columnar
grains having cross-sectional widths in the range of
1-5 nm formed within individual splats of a ceramic
insulating material deposited by an air plasma spray
process.

9. The ceramic thermal barrier coating of claim 1, fur-
ther comprising:

primary columnar grains extending transverse-
ly relative to a substrate surface; and
wherein the nano-sized features comprise sec-
ondary columnar grains extending laterally
from the primary columnar grains and having
lengths in the range of 5-80 nm.

10. The ceramic thermal barrier coating of claim 9, fur-
ther comprising the secondary columnar grains
having an as-deposited tip with a radius of curvature
of less than 0.1 nm.

11. A ceramic thermal barrier material comprising a re-
gion of features maintaining a Specific Surface Area
of at least 20,000 cm2/cm3 after exposure of the ma-
terial to a temperature of 1,200 °C for 1,000 hours.

12. A method of predicting the performance of a ceram-
ic thermal barrier coating, the method comprising:
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constructing a database correlating data indic-
ative of performance of a plurality of coating
materials in high temperature environments
with data indicative of a degree of nano-sized
features in the respective coating materials;
obtaining data indicative of a degree of nano-
sized features in a sample coating; and
using the database to predict performance of
the sample coating in a high temperature envi-
ronment based on the data indicative of the de-
gree of nano-sized features in the sample coat-
ing.

13. The method of claim 12, wherein the data indicative
of a degree of nano-sized features comprises Spe-
cific Surface Area values.
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