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200 \ 
DEPOSIT A TANTALUM OXIDE (T0205) LAYER ONTO A SILICON-BASED 

SUBSTRATE (ONE OF A SILICON NITRIDE SUBSTRATE AND A SILICON CARBIDE 
SUBSTRATE), BY ELECTRON BEAM PHYSICAL VAPOR DEPOSITION, SUCH THAT 
THE TANTALUM OXIDE (T0205) LAYER IS IN THE FORM OF COLUMNAR GRAINS. 

210 

DEPOSIT AN INORGANIC LAYER (SELECTED FROM THE GROUP CONSISTING OF 
ALUMINUM OXIDE (N203), TANTALUM CARBIDE (TOC), HAFNIUM OXIDE (HfOg), 
MIXTURES THEREOF, NANO——LAMINATES THEREOF, AND ALLOYS THEREOF, OR 

SELECTED FROM THE GROUP CONSISTING OF SILICON CARBIDE (SIC), 
SILICON NITRIDE (SI3N4), OXYCARBIDES, CARBONITRIDES, MIXTURES THEREOF, 

NANO—LAMINATES THEREOF, AND ALLOYS THEREOF), BY ATOMIC LAYER 
DEPOSITION, ONTO THE TANTALUM OXIDE (T0205) LAYER, SUCH THAT THE 

INORGANIC LAYER IS UNIFORM AND CONFORMAL. 

FIG. 4 
220x 
DEPOSIT AN YTTRIA~STABILIZED ZIRCONIA LAYER ONTO A NICKEL SUPERALLOY 
TURBINE COMPONENT (SELECTED FROM THE GROUP CONSISTING OF A TURBINE 
BLADE, A TURBINE VANE, A COMBUSTOR FUEL NOZZLE, AND A COMBUSTOR 
SHIELD), BY ELECTRON BEAM PLASMA VAPOR DEPOSITION, SUCH THAT THE 

YATTRIA~STABILIZED ZIRCONIA LAYER IS IN THE FORM OF COLUMNAR GRAINS. 

230 
X ‘ 

DEPOSIT AN INORGANIC LAYER (SELECTED FROM THE GROUP CONSISTING OF 
ALUMINUM OXIDE (N203), TANTALUM CARBIDE (THC), TANTALUM OXIDE (T0205) 
HAFNIUM OXIDE (HfOZ), MIXTURES THEREOF, NANO—LAMINATES THEREOF, AND 
ALLOYS THEREOF; OR SELECTED FROM THE GROUP CONSISTING 0F SILICON 
CARBIDE (SIC), SILICON NITRIDE (SI3N4), OXYCARBIDES, CARBONITRIDES, 
MIXTURES THEREOF, NANO—LAMINATES THEREOF, AND ALLOYS THEREOF), 
BY ATOMIC LAYER DEPOSITION, ONTO THE YTTRlA-STABILIZED ZIRCONIA 
LAYER, SUCH THAT THE INORCANIC LAYER IS UNIFORM AND CONFORMAL. 

FIG. 5 
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ATOMIC LAYER DEPOSITION FOR TURBINE 
COMPONENTS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a division of application Ser. No. 10/759, 
810 ?led Jan. 16, 2004 Which is now US. Pat. No. 7,285,312 
issued Oct. 23, 2007. 

BACKGROUND OF THE INVENTION 

[0002] This invention relates generally to thermal barrier 
and environmental barrier coatings for metallic and ceramic 
substrates and in particular to thermal barrier coatings and 
environmental barrier coatings that are resistant to sintering 
and oxidation damage for components in gas turbine 
engines. 
[0003] As gas turbine engine technology advances and 
engines are required to be more ef?cient, gas temperatures 
Within the engines continue to rise. HoWever, the ability to 
operate at these increasing temperatures is limited by the 
ability of the superalloy turbine blades and vanes to maintain 
their mechanical strength When exposed to the heat, oxida 
tion, and corrosive effects of the impinging gas. One 
approach to this problem has been to apply a protective 
thermal barrier coating (TBC) or environmental barrier 
coating (EBC) Which insulates the blades and vanes from 
higher gas temperatures and hot gas corrosion, and to apply 
an interfacial bonding coat betWeen the thermal barrier 
coating and the substrate to inhibit oxidation. The TBC for 
metallic substances typically consists mainly of ZrO2 
ceramic, Which is knoWn to have loW thermal conductivity 
and therefore reduces the substrate temperature under gas 
turbine engine operating conditions. Typically, the ZrO2 
ceramic TBC contains additives to stabiliZe the crystalline 
structure and prevent the phase transformation as the TBC 
goes through temperature cycles. The most common addi 
tive for stabiliZing the Zirconia is Y203. 

[0004] For high performance turbine blade and vane appli 
cations Where the surface ?nish and lifetime of the coating 
are important, Electron Beam Physical Vapor Deposition 
(EBPVD) TBC is often used to coat substrates. Furthermore, 
to have loW thermal conductivity, it is desirable that the TBC 
contains pores or other microstructure features that can 
scatter phonons. Typically, the EBPVD TBC Will have an 
outer ceramic layer that has a columnar-grained microstruc 
ture. Gaps betWeen the individual columns alloW the colum 
nar grains to expand and contract Without developing 
stresses that could cause spalling. Strangman, US. Pat. Nos. 
4,321,311; 4,401,697; and 4,405,659, discloses a thermal 
barrier coating system for a superalloy substrate that con 
tains a MCrAlY layer, an alumina layer, and an outer 
columnar-grained ceramic layer. Duderstadt et al., US. Pat. 
No. 5,238,752 and Strangman, US. Pat. No. 5,514,482 
disclose a thermal barrier coating system for a superalloy 
substrate that contains an aluminide layer, an alumina layer, 
and an outer columnar-grained ceramic layer. 

[0005] Aproblem With columnar-grained ceramic layers is 
that When exposed to temperatures over 1100 degrees C. 
(2012 degrees F.) for substantial periods, sintering of the 
columnar grains occurs. As the columnar grains undergo 
thermal expansion, the columnar grains impinge upon each 
other. The gaps betWeen columnar grains close as adjacent 
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columnar grains bond together from sintering. Once the gaps 
become closed, the ceramic layer can no longer accommo 
date the thermal expansion and may spall or crack. The same 
problem also exists in plasma sprayed TBC, in Which the 
pores and gaps in the typical laminar structure are sintered 
at use temperatures. In addition, sintering of the TBC 
increases the thermal conductivity of the coating, Which is 
undesirable, since the thermal insulation property of the 
coating degrades and the temperature in the substrate 
increases. Frequent maintenance of turbine components is 
required due to the tendency for sintering of the TBC Which 
causes the TBC to spall or crack and increase thermal 
conductivity. Conventionally, after about 100 cycles, turbine 
components must be removed to blast aWay the TBC or the 
EBC and then the turbine component is coated again. If a 
coating could be made more resistant to spalling, cracking 
and increases in thermal conductivity, then costly disassem 
bly and maintenance may be minimized. 

[0006] There have been attempts in the prior art to solve 
the problem of sintering of columnar grains in the EBPVD 
TBC or pores and gaps in the plasma-sprayed TBC. For 
Zirconia-based TBC, one of the methods is to incorporate a 
material such as Al203 into the gaps or on the columnar 
grain surface. In principle, the existence of alumina in the 
gap or on the grain surface inhibits the sintering of the 
columnar grains, and can extend the lifetime of the EBPVD 
or plasma sprayed TBC. HoWever, coating methods in the 
manner of the prior art tend to produce a coating that does 
not conform to the topography of the columnar grains. 
Instead, the coating adheres to only the top surface of the 
columnar grains. This can signi?cantly reduce the effective 
ness of the sintering inhibiting property of the coating. 
Another problem associated With the prior art coating on the 
top portion of the TBC is the thermal expansion and modu 
lus mismatch created by the inhomogeneous distribution of 
the coating, Which can shorten the bonding life of the TBC 
on the substrate. 

[0007] Another major problem With a common TBC, such 
as a TBC containing ZrO2, HfO2 and Ta205, is poor 
oxidation barrier properties. These materials have the strong 
tendency to be in non-stoichiometric quantities With oxygen 
de?cient structure. With the inherent high oxygen vacancy 
concentrations in these materials, oxygen atoms can move 
rapidly inside the materials. As a result, oxygen atoms, ions 
and molecules can diffuse easily from the environment 
through the TBC doWn to the bonding coat region, and 
attack the bonding coat and substrate underneath. Because 
of this poor oxygen diffusion barrier property, a TBC con 
taining ZrO2, HfO2, or Ta205 is not effective at all in 
protecting the substrate from oxidation at high temperatures. 
Because of this problem, the substrate needs to be protected 
from oxidation by a bonding coat, such as alumina, plati 
num, platinum aluminide, and the like. HoWever, even the 
bonding coat cannot sustain the oxidation attack for long, 
and a common failure mechanism of TBC is directly due to 
the formation and groWth of thermally groWn alumina due to 
oxidation at the interface betWeen the substrate and the TBC. 

[0008] The prior art is not speci?cally intended for high 
performance applications under extreme conditions, and 
some suffer from one or more of the folloWing disadvan 

tages: 
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[0009] a) non-conformity of coating layers. 
[0010] b) inability to sustain high temperature conditions. 

[0011] c) increased spalling and cracking. 

[0012] d) subject to excessive oxygen di?fusion. 

[0013] As can be seen, there is a need for an improved 
apparatus and method for turbine components comprising 
inorganic layers applied to ceramic layer coatings that are 
resistant to sintering, conform to columnar grain topography, 
Withstand higher temperatures and extreme conditions, 
resistant to oxygen diffusion, and minimiZe spalling and 
cracking. 

SUMMARY OF THE INVENTION 

[0014] In one aspect of the present invention, a superalloy 
component having a ceramic thermal barrier coating on at 
least a portion of its surface, comprises a superalloy sub 
strate; a ceramic coating overlying the superalloy substrate, 
the ceramic coating having a plurality of gaps extending 
from the top surface of the ceramic coating toWards the 
substrate and de?ning a plurality of columns of the ceramic 
coating; and an inorganic layer overlying the ceramic coat 
ing and conformally coating the plurality of gaps; Wherein 
the inorganic layer is deposited over the ceramic coating by 
atomic layer deposition. 

[0015] In an alternative aspect of the present invention, a 
superalloy component having a ceramic thermal barrier 
coating on at least a portion of its surface, comprises a 
superalloy substrate; an yttria-stabiliZed Zirconia layer over 
lying the superalloy substrate, the yttria-stabiliZed Zirconia 
layer having a plurality of gaps extending from the top 
surface of the ceramic coating toWards the substrate and 
de?ning a plurality of columns of the yttria-stabiliZed Zir 
conia layer; and an aluminum oxide (A1203) layer overlying 
the yttria-stabiliZed Zirconia layer and, conformally coating 
the plurality of gaps; Wherein the aluminum oxide (A1203) 
layer is deposited over the yttria-stabiliZed Zirconia layer by 
atomic layer deposition. 

[0016] In another aspect of the present invention, a com 
ponent having a ceramic environmental barrier coating on at 
least a portion of its surface, comprises a silicon-based 
substrate; a tantalum oxide (Ta205) layer overlying the 
silicon-based substrate, having a plurality of gaps extending 
from the top surface of the tantalum oxide (Ta205) layer 
toWards the silicon-based substrate, and de?ning a plurality 
of columns of the tantalum oxide (Ta205) layer; and an 
aluminum oxide (A1203) layer overlying the tantalum oxide 
(Ta205) layer, conformally coating the plurality of gaps; 
Wherein the aluminum oxide (A1203) layer is deposited over 
the tantalum oxide (Ta205) layer by atomic layer deposi 
tion. 

[0017] In yet another aspect of the present invention, a 
superalloy component having a ceramic thermal barrier 
coating on at least a portion of its surface, comprises a 
superalloy substrate; a ?rst coating layer overlying the 
superalloy substrate, the ?rst coating layer having a thick 
ness from about 5 nm to 5000 nm; the ?rst coating layer 
having a plurality of gaps extending from the top surface of 
the ?rst coating layer toWards the substrate and de?ning a 
plurality of columns of the ?rst coating layer; and a second 
coating layer overlying the ?rst coating layer and confor 
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mally coating the plurality of gaps; Wherein the second 
coating layer is deposited over the ?rst coating layer by 
atomic layer deposition. 

[0018] In still another aspect of the present invention, a 
method for coating a silicon-based substrate, comprises: 
depositing a tantalum oxide (Ta205) layer onto a silicon 
based substrate, by electron beam physical vapor deposition, 
such that the tantalum oxide (Ta205) layer is in the form of 
columnar grains; and depositing an inorganic layer, by 
atomic layer deposition, onto the tantalum oxide (Ta205) 
layer, such that the inorganic layer is uniform and confor 
mal. 

[0019] In further aspect of the present invention, a method 
for coating nickel-based superalloy gas turbine components, 
comprises: depositing an yttria-stabiliZed Zirconia layer onto 
a nickel superalloy turbine component, by electron beam 
plasma vapor deposition, such that the yttria-stabiliZed Zir 
conia layer is in the form of columnar grains; and depositing 
an inorganic layer, by atomic layer deposition, onto the 
yttria-stabiliZed Zirconia layer, such that the inorganic layer 
is uniform and conformal. 

[0020] In yet another aspect of the present invention, a 
method for coating a substrate comprises etching chemically 
a thermal barrier coating such that the thermal barrier 
coating is in the form of columnar grains; and depositing an 
inorganic layer, by atomic layer deposition, onto the thermal 
barrier coating, using atomic layer deposition, such that the 
inorganic layer is uniform and conformal. 

[0021] These and other aspects, objects, features and 
advantages of the present invention, are speci?cally set forth 
in, or Will become apparent from, the folloWing detailed 
description of a preferred embodiment of the invention When 
read in conjunction With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 is an isometric vieW of a turbine blade, 
according to an embodiment of the present invention; 

[0023] FIG. 2 is a cross sectional schematic vieW of a 
coated turbine component according to an embodiment of 
the present invention; 
[0024] FIG. 3 is a cross sectional schematic vieW of a 
coated article, With a silicon-based substrate, according to an 
embodiment of the present invention; 

[0025] FIG. 4 is a ?owchart demonstrating a method for 
coating a silicon-based substrate, according to an embodi 
ment of the present invention; 

[0026] FIG. 5 is a ?owchart demonstrating a method for 
coating nickel-based superalloy gas turbine components, 
according to an embodiment of the present invention; and 

[0027] FIG. 6 is a cross sectional schematic vieW of a 
thermal barrier coating of columnar grain structure With 
conformal multi-layered coating on the surface, according to 
an embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0028] The folloWing detailed description is of the best 
currently contemplated modes of carrying out the invention. 
The description is not to be taken in a limiting sense, but is 
made merely for the purpose of illustrating the general 
principles of the invention, since the scope of the invention 
is best de?ned by the appended claims. 
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[0029] The present invention is generally applicable to 
components that operate Within environments characterized 
by relatively high temperatures (e. g., temperatures in excess 
of about 1100 degrees C.), and are therefore subjected to 
severe thermal stresses and thermal cycling. Notable 
examples of such components include the high and loW 
pressure turbine noZZles and blades, shrouds, vanes, com 
bustor liners, combustor fuel noZZles, combustor shields, 
and augmentor hardWare of gas turbine engines. One such 
example is the turbine blade 10 shoWn in FIG. 1. The turbine 
blade 10 generally includes an airfoil 12 against Which hot 
combustion gases may be directed during operation of a gas 
turbine engine (not shoWn), and Whose surface may there 
fore be subjected to severe attack by oxidation, corrosion 
and erosion. The airfoil 12 may be anchored to a turbine disk 
(not shoWn) With a dovetail 14 formed on a root section 16 
of the turbine blade 10. Cooling passages 18 may be present 
in the airfoil 12 through Which bleed air may be forced to 
transfer heat from the blade 10. While the advantages of this 
invention Will be described With reference to the turbine 
blade 10 shoWn in FIG. 1, the teachings of this invention are 
generally applicable to any component on Which an envi 
ronmental or thermal barrier coating system may be used to 
protect the component from its environment. 

[0030] Coating methods in the prior art tend to produce a 
coating that does not conform to the topography of the 
columnar grains. Instead, the coating may adhere to only the 
top surface of the columnar grains. Because substrates and 
coatings typically have relatively different coe?icients of 
thermal expansion, coatings may not expand at the same rate 
as the substrates. As temperature increases (e.g., around 
1400 degrees C.), the surface grains expand. Upon surface 
grain expansion, the adjacent grains make contact and sinter. 
After frequent exposure to extreme temperatures, the surface 
may gradually lose the ability to accommodate thermal 
expansion strains. Coating the surface grains, by atomic 
layer deposition to ?ll surface gaps and microcracks, may 
reduce the tendency of the gaps and microcracks to close by 
sintering during service of the silicon-based substrates and 
turbine components. 

[0031] Atomic layer deposition can form one atomic layer 
at a time. Depositing one atomic layer at a time is desirable 
for creating layers of uniform thickness With controlled 
composition Within surface microcracks and gaps With 
extremely high conformability. By conforming to the topog 
raphy of the columnar grain surface, adjacent columnar 
grain surfaces do not touch each other directly, thereby 
preventing sintering. This offers signi?cant bene?t over the 
prior art, Which used poWder slurry, sol-gel, physical vapor 
deposition, and chemical vapor deposition to attempt to coat 
the surface of the columnar grains. The prior art methods 
cannot uniformly coat the surface of the columnar grains, 
and cannot penetrate deeply to the bottom of the columnar 
grains. Furthermore, the methods employed in the prior art 
tend to preferentially coat the upper part surface of the 
columnar grains Where the gap is Wider. Consequently, the 
columnar grains of the TBC With conventional surface 
coating tend to sinter inhomogeneously due to the non 
uniform surface coating during service, and may result in 
shorter life in the TBC. 

[0032] Another advantage for the coating of this invention 
is that the oxidation resistance of the TBC system is much 
improved over the prior art. The near 100% conformal 
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coating on the columnar grain surface, applied by an atomic 
layer deposition method, completely seals off the surface 
previously exposed to the environment by the conformal 
coating. By depositing a conformal layer of inorganic mate 
rials of oxides, carbides, nitrides, silicides, and their com 
pounds of loWer oxygen diffusion coefficients than that of 
the TBC materials such as ZrO2, HfOZ and Ta205, oxygen 
diffusion through the TBC With conformal surface coating is 
retarded. As a result, the oxidation resistance of the thermal 
barrier coating system is improved over the prior art. 

[0033] As shoWn in FIG. 2, a bonding coat 34 may lie over 
a superalloy substrate 32, for securely joining subsequent 
layers (e. g., ceramic layer 28) to the superalloy substrate 32. 
The bonding coat 34 may be comprised of a MCrAlY alloy. 
Such alloys have a broad composition of about 10 to about 
35% chromium, about 5 to about 15% aluminum, about 0.01 
to 1% about yttrium, or hafnium, or lanthanum, With M 
being the balance. M may be selected from a group con 
sisting of iron, cobalt, nickel, and mixtures thereof. Minor 
amounts (e.g., about 5% to about 10%) of other elements 
such as Ta or Si may also be present. The MCrAlY bonding 
coat 34 may be applied by, for example, electron beam vapor 
deposition though sputtering and loW pressure plasma spray 
ing may also be used. Alternatively, the bonding coat 34 may 
be comprised of an intermetallic aluminide such as nickel 
aluminide or platinum aluminide. The aluminide bonding 
coat 34 may be applied by standard commercially available 
aluminide processes Whereby aluminum is reacted at the 
superalloy substrate 32 surface 50 to form an aluminum 
intermetallic compound, Which may provide a reservoir for 
the groWth of an alumina scale oxidation resistant layer. 
Thus the aluminide bonding coat 34 may be predominately 
composed of an aluminum intermetallic [e.g., NiAl, CoAl, 
FeAl and (Ni, Co, Fe) Al phases] formed by reacting 
aluminum vapor species or aluminum rich alloy poWder 
With the superalloy substrate 32 elements at the surface 50. 
Diffusion aluminiding may be accomplished by one of 
several conventional prior art techniques, such as the pack 
cementation process, spraying, chemical vapor deposition, 
electrophoresis, sputtering, and slurry sintering With an 
aluminum rich vapor and appropriate diffusion heat treat 
ments. Other bene?cial elements can also be incorporated 
into diffusion aluminide coatings by a variety of processes. 
Bene?cial elements include Pt, Pd, Si, Hf and oxide par 
ticles, such as alumina, yttria, hafnia, for enhancement of 
alumina scale adhesion; Cr and Mn for hot corrosion resis 
tance; Rh, Ta and Cb for diffusional stability and/or oxida 
tion resistance; and Ni and Co for increasing ductility or 
incipient melting limits. 

[0034] In the speci?c case of platinum modi?ed di?‘usion 
aluminide coating layers, the coating phases adjacent to the 
alumina scale may be platinum aluminide and/or nickel 
platinum aluminide phases (on a Ni-base superalloy). 

[0035] With reference to FIG. 2, it is Within the scope of 
the present invention to apply the method of atomic layer 
deposition to form bonding coat 34 of the compositions 
mentioned above, or additional inorganic layers 22 beloW or 
above the bonding coat 34 formed from traditional methods 
to improve oxidation protection properties. The inorganic 
layers 22 formed by the atomic layer deposition method may 
reduce the diffusion of oxygen into the substrate 32 or the 
outWard diffusion of alloying elements in the substrate 32. 
The inorganic coatings formed by atomic layer deposition 
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may be at a thickness in the range of about 5 nm to about 
5,000 nm, and preferably at a thickness in the range of about 
5 nm to about 2,500 nm. The inorganic layer 22 may 
comprise a compound of Al, Hf, Si, Ln (rare earth including 
entire lanthanum series, scandium and yttrium), Mg, Mo, Ni, 
Nb, Sr, or Ti. In addition, the inorganic layers 22 may be 
selected from the group consisting of oxides, carbides, 
nitrides, silicides, and metals. The oxides may be selected 
from the group consisting of A1203, Cr203, Sc203, SiO2, 
ZrO2, and Ta205, HfO2, TiO2, Ln203, MgO, SrO, and 
alloys and compounds thereof. The nitrides may be selected 
from the group consisting of TaN, ZrN, HfN, TiN, Si3N4 
and alloys and compounds thereof. The carbides may be 
selected from the group consisting of SiC, TaC, ZrC, HfC 
and alloys and compounds thereof. The silicides may be 
selected from the group consisting of MoSi2, Mo5Si3, 
TaSi2, Ta5Si3, and alloys and compounds thereof. The 
metals may be selected from the group consisting of Pt, Ru, 
Rd, Ir, and alloys and compounds thereof. 

[0036] The ceramic layer 28 may be used as a thermal 
barrier coating or an environmental barrier coating, may be 
applied onto the bonding coat 34 by electron beam physical 
vapor deposition (EBPVD) and as result may have a colum 
nar grained microstructure. Ceramic layer 28 includes 
columnar grains or columns 30 Which may be oriented 
substantially perpendicular to the surface 50 of the super 
alloy substrate 32. Sub-micron and micron siZed gaps 20 
may extend betWeen the individual columns 30 from the top 
36 of the ceramic layer 28 toWard, and Within a feW microns 
of, the bonding coat 34. The presence of intercolumnar gaps 
20 may reduce the effective modulus (increases compliance) 
of the bonding coat 34 and the ceramic coating 28. Increased 
compliance provided by the gaps 20 may enhance ceramic 
layer 28 durability by eliminating or minimizing stresses 
associated With thermal gradients and superalloy/coating 
thermal expansion mismatch strains in the ceramic layer 28. 
Alternatively, the ceramic layer 28 may be applied by a 
plasma spray process. Although this process may not pro 
duce a columnar microstructure, it may create an intercon 
nected network of subcritical microcracks With micron 
Width opening displacements, Which reduce the modulus of 
the ceramic layer 28. The netWork of subcritical microcracks 
may perform the same function as the gaps 20. In this 
application, the term “gap”20 includes these microcracks. 

[0037] The ceramic layer 28 may be any of the conven 
tional ceramic compositions used for thermal barrier coat 
ings or environmental barrier coatings. An exemplary com 
position is a yttria-stabilized Zirconia layer, Which is Zirconia 
(Zirconium oxide) With from about 3 Weight % to about 12 
Weight % yttria (yttrium oxide) added to stabiliZe the 
Zirconia against phase changes that otherWise occur as a 
thermal barrier coating is heated and cooled during manu 
facture and service. Yttria-stabiliZed Zirconia ceramic layers 
28 may have a thermal conductivity that is about 1 and 
one-half orders of magnitude loWer than that of the typical 
superalloy substrate such as MAR-M247. Instead of, or in 
addition to the yttria, the Zirconia may be stabiliZed With 
CaO, MgO, CeO2 as Well as Y203. Another ceramic 
believed to be useful in the columnar form, Within the scope 
of the present invention, is hafnia, Which may be yttria 
stabiliZed. The particular ceramic material selected should 
be stable in the high temperature environment of a gas 
turbine. Another example of a ceramic useful for the ceramic 
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layer 28 is tantalum oxide (Ta205). The thickness 38 of the 
ceramic layer 28 may vary from about 0.05 mm to about 1.3 
mm. 

[0038] Because of differences in the coef?cients of ther 
mal expansion betWeen the superalloy substrate 32 and the 
ceramic layer 28, When heated or cooled, the superalloy 
substrate 32 may expand (or contract) at a greater rate than 
the ceramic layer 28. The gaps 20 alloW the columnar grains 
30 to expand and contract Without producing stresses that 
Would cause the ceramic layer 28 to spall or crack. 

[0039] When exposed to temperatures over 1100 degrees 
C. (2012 degrees F.) for periods of time, sintering of the 
columnar grains 30 occurs. The gaps 20 close as adjacent 
columnar grains 30 bond together. With the gaps 20 closed, 
the ceramic layer 28 may be less able to accommodate the 
thermal expansion mismatch and may spall or crack. Resis 
tance to sintering is imparted to the columnar grains 30 by 
sheathing them With a inorganic layer 22. As shoWn in FIGS. 
2 and 3, the inorganic layer 22 or 48 is applied such that it 
is conforrnally coating the plurality of sub-micron and 
micron siZed gaps 20. The inorganic layer 22 may comprise 
a substance selected from the group consisting of oxides, 
nitrides, carbides, silicides, metal ?lms (for example, plati 
num), metal alloy ?lms, and laminates thereof. Additionally, 
the inorganic layer 22 may comprise a compound (e.g., 
oxides, nitrides, carbides, borides, silicides) of Al, Hf, Zr, Ta, 
Si, Ln (rare earth including the entire lanthanum series, 
scandium and yttrium), Mg, Mo, Ni, Nb, Sr, or Ti. These 
types of inorganic layers 22 may Withstand repeated fluc 
tuations in temperature extremes and thereby inhibit bond 
ing of adjacent grains 30. 
[0040] The inorganic layer 22 may be applied by atomic 
layer deposition, at a thickness in the range of about 5 nm 
to about 5,000 nm, and preferably at a thickness in the range 
of about 5 nm to about 2,500 nm. 

[0041] Besides coating superalloy substrates, 32, the 
present invention also may be useful for coating silicon 
based substrates, as shoWn in FIG. 3. A component 40 
having a ceramic environmental barrier coating 42 on at 
least a portion of its surface 50 may comprise a silicon-based 
substrate 44, a suitable ceramic environmental barrier coat 
ing 42, for example, a tantalum oxide (Ta205) layer over 
lying the silicon-based substrate 44; and a suitable material 
to prevent sintering, for example, an aluminum oxide 
(Al203) layer 48 overlying the ceramic environmental bar 
rier coating 42; Wherein the aluminum oxide (Al203) layer 
48 may be deposited over the ceramic environmental barrier 
coating 42 by atomic layer deposition. 
[0042] A method for depositing an environmental barrier 
coating onto a silicon-based substrate 44 may be shoWn With 
reference to step 200 in the How chart in FIG. 4 and FIG. 3. 
A suitable ceramic environmental barrier coating 42, for 
example, a tantalum oxide (Ta205) layer may be deposited 
onto a silicon-based substrate 44 With an inorganic layer 48 
as an environmental barrier coating. The silicon-based sub 
strate 44 may be one of a silicon nitride substrate and a 
silicon carbide substrate. A ceramic environmental barrier 
coating 42, for example, a tantalum oxide (Ta205) layer, 
may be deposited by electron beam physical vapor deposi 
tion (EBPVD). With the use of EBPVD, the ceramic envi 
ronmental barrier coating 42, for example, a tantalum oxide 
(Ta205) layer may be deposited in the form of columnar 
grains 30. 
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[0043] In step 210 of FIG. 4, an inorganic layer 48, such 
as aluminum oxide (A1203), may be deposited, by atomic 
layer deposition onto the ceramic environmental barrier 
coating 42, such as a tantalum oxide (Ta205) layer, such that 
the inorganic layer 48 may be uniform and conformal. The 
inorganic layer 48[ok] may comprise a substance selected 
from the group consisting of aluminum oxide (A1203), 
tantalum carbide (TaC), hafnium oxide (Hf02), mixtures 
thereof, nano-laminates thereof, and alloys thereof. With 
continuing reference to step 210 of FIG. 4, the inorganic 
layer 48 may also comprise a substance selected from the 
group consisting of silicon carbide (SiC), silicon nitride 
(Si3N4), oxycarbides, carbonitrides, mixtures thereof, nano 
laminates thereof, and alloys thereof. 
[0044] While the method shoWn in FIG. 4 concerned a 
thermal barrier coating for a silicon-based substrate 44, the 
method shoWn in FIG. 5, With reference to FIG. 2 concerns 
coating a nickel superalloy turbine component 40. A suitable 
ceramic layer, for example, an yttria-stabi1iZed Zirconia 
layer 28 may be deposited onto a nickel superalloy turbine 
component 40. The component 40 may be selected from the 
group consisting of a turbine blade, a turbine vane, a 
combustor fuel nozzle, and a combustor shield. In step 200 
in the How chart in FIG. 5, an yttria-stabilized Zirconia layer 
28 may be deposited onto the superalloy substrate 32 by 
EBPVD, Which may result in the yttria-stabilized Zirconia 
layer 28 being in the form of columnar grains 30. Optionally, 
a bonding coat 34 (for example, NiCrAlY) may be applied 
before applying the yttria-stabilized Zirconia layer 28. In 
step 230 of FIG. 5, With continuing reference to FIG. 2, an 
inorganic layer 22 may be deposited onto the superalloy 
substrate 32. The inorganic layer 22 may comprise a sub 
stance selected from the group consisting of aluminum oxide 
(A1203), tantalum carbide (TaC), tantalum oxide (Ta205), 
hafnium oxide (Hf02), mixtures thereof, nano-laminates 
thereof, and alloys thereof. With continuing reference to step 
230 of FIG. 5 and FIG. 2, the inorganic layer 22 may also 
comprise a substance selected from the group consisting of 
silicon carbide (SiC), silicon nitride (Si3N4), oxycarbides, 
carbonitrides, mixtures thereof, nano-laminates thereof, and 
alloys thereof. The yttria-stabilized Zirconia layer 28 may be 
uniform and conformal. 

[0045] As shoWn in FIG. 6, a superalloy component 40 
may have a ceramic thermal barrier coating 58 on at least a 
portion of its surface. A superalloy substrate 32 may have the 
ceramic thermal barrier coating 58 overlying the superalloy 
substrate 32. The superalloy substrate 32 may also have a 
bonding coat 34 in betWeen the superalloy substrate 32 and 
the ceramic thermal barrier coating 58. The ceramic thermal 
barrier coating 58 may have a ?rst coating layer 68 overlying 
the ceramic thermal barrier coating 58. The ?rst coating 
layer 68 may be deposited over the ceramic thermal barrier 
coating 58 by atomic layer deposition. The ?rst coating layer 
68 may have a thickness from about 5 nm to about 5000 nm. 
The ?rst coating layer 68 may have a plurality of gaps 20 
extending from the top surface 36 of the ?rst coating layer 
68 toWards the substrate 32 and de?ning a plurality of 
columns 30 of the ?rst coating layer 68. The plurality of gaps 
20 may be micron siZed gaps 20 or sub-micron gaps 20. 
Additionally, the superalloy substrate 32 may have a second 
coating layer 78 overlying the ?rst coating layer 68 and 
conformally coating the plurality of gaps 20. The second 
coating layer 78 may be deposited over the ?rst coating layer 
68 by atomic layer deposition. 
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[0046] The ?rst coating layer 68 and the second coating 
layer 78 may be selected from the group consisting of 
oxides, carbides, nitrides, silicides, and metals. The oxides 
may be selected from the group consisting of A1203, Cr203, 
Sc203, Si02, Zr02, and Ta205, Hf02, Ti02, Ln203, Mg0, 
Sr0, and alloys and compounds thereof. The nitrides may be 
selected from the group consisting of TaN, ZrN, HfN, TiN, 
Si3N4 and alloys and compounds thereof. The carbides may 
be selected from the group consisting of SiC, TaC, ZrC, HfC 
and alloys and compounds thereof. The suicides may be 
selected from the group consisting of MoSi2, Mo5Si3, 
TaSi2, Ta5Si3, and alloys and compounds thereof. The 
metals may be selected from the group consisting of Pt, Ru, 
Rd, Ir, and alloys and compounds thereof. 

[0047] To fabricate the improved TBC and BBC of the 
present invention, parts that already have the bonding coat 
and conventional TBC or BBC on the surface may be loaded 
into a chamber that can be heated to high temperatures 
(>500o C.). Either a vacuum type reactor or a How type 
reactor may be used in the manufacturing of the products of 
the present invention. A batch reactor may be used so that 
multiple parts may be coated. The chamber may either be 
evacuated by a vacuum pump and maintain in vacuum, or 
back-?lled With an inert gas, such as Ar, While maintaining 
a continuous How of Ar. The parts may be heated to a 
temperature WindoW in Which the atomic layer deposition 
process occurs, typically in the temperature range of 100 to 
500° C., and most likely to be in the temperature range of 
200-4000 C. With the parts in the chamber heated to the 
desirable temperature, a dose of precursor gas may be pulsed 
into the chamber. The precursor contains a chemical element 
that is one of the constituents of the ?lm to be deposited. As 
an example, if the goal is to form A1203 ?lm on the 
columnar grain surface, the precursor gas Would contain 
aluminum. Another precursor to be used may be Trimethyl 
aluminum [A1(CH3)3], of the alkyl group. Another precur 
sor may also be halide, such as A1C13. When the metal 
precursor is pulsed into the chamber, the precursor gas may 
chemically adsorb onto the part surface and form a mono 
layer of molecule. Because of the nature of this process, the 
precursor gas forms a monolayer of molecules uniformly on 
all the surfaces of the parts. Even though the opening of the 
gap betWeen the columnar grains in the EBPVD TBC may 
be sub-micron siZe, the precursor gas molecule may di?‘use 
through the opening and coat the deepest surface Within the 
gap. The pulse time of this step may be less than 10 seconds, 
preferably less than 5 seconds, and most preferably less than 
one second. After this pulsing step, the chamber may be 
evacuated or purged With inert gas to remove any non 
absorbed precursor gas. This evacuation or purging step may 
take ten seconds, preferably less than 5 seconds, and most 
preferably less than one second. After the purge, another 
dose of a precursor gas, this time a precursor that contains 
the non-metal element in the coating, may be pulsed into the 
chamber. For instance, to form the A1203 coating, the 
second precursor may be H20 vapor, or oxygen, or oZone. 
Using H20 precursor as the example, the H20 molecule 
may react With the previously adsorbed monolayer of 
A1(CH3)3 on the columnar grain surface, and form a neW 
layer of Ali(0H)X molecules as the reaction product, and 
the exhaust gas of CH4. Following another purge to remove 
the residual H20 and CH4, a neW dose of a metal-containing 
precursor such as the A1(CH3)3 may be pulsed into the 
chamber. Again, the metal-containing precursor may react 
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on the surface of the parts to form a neW monolayer of 
molecules. In the example of forming A1203, the fresh 
Al(CH3)3 precursor may react With the previously formed 
Ali(OH)X molecule to form Al4OiAli(CH3)Y on the 
surface and gas exhaust of CH4. By sequentially repeating 
the pulse and purge steps of the precursors, a uniform, 
conformal, fully dense, and pinhole-free layer of A1203 may 
be formed that covers all the gap surface of the TBC. Each 
cycle of pulsing and purging tWo different precursors to form 
a compound may create a layer thickness of about one 
angstrom. By counting the numbers of deposition cycles, a 
coating of accurate thickness With extreme uniformity and 
conformity may be formed. To form laminates of tWo or 
more different alternating coatings, any time during the 
deposition a different metal-precursor may be used to form 
a neW layer of material. To form an atomically mixed alloy 
of different elements, a mixed precursor of those elements 
may be used. 

[0048] Furthermore, this invention covers the manufactur 
ing of TBC and BBC by combining the processes of etching 
the columnar-grained TBC and BBC, folloWed by atomic 
layer deposition. The etching may be Wet-chemical or 
plasma-gas dry etching for ZrO2, HfO2, and Ta205 mate 
rials, using the knoWn chemicals and processes in the 
chemical and semiconductor industries. In Wet etching, 
etching solutions containing HF may be used, While in the 
dry etching, typically chlorine and ?uorine containing 
plasma gases may be used. Following in the etching of the 
TBC and BBC, the parts may be rinsed, cleaned, dried, and 
loaded into an atomic layer deposition chamber for the 
deposition steps. By etching the TBC and the BBC, the gaps 
in those coatings may be Widened, and thicker layers With 
tailored compositions may be deposited by atomic layer 
deposition. This etching process may reduce the gap-space 
limitation imposed by the as-groWn EBPVD columnar 
grains, and may enable the development of tailored compo 
sitions and laminates of various coatings by atomic layer 
deposition. 
[0049] Although the present invention has been described 
in considerable detail With reference to certain preferred 
versions thereof, other versions are possible. Therefore, the 
spirit and scope of the appended claims should not be limited 
to the description of the preferred versions contained therein. 

We claim: 
1. A superalloy component having a ceramic thermal 

barrier coating on at least a portion of its surface, compris 
ing: 

a superalloy substrate; 

a ceramic thermal barrier coating overlying the superalloy 
substrate; 

a ?rst coating layer overlying the ceramic thermal barrier 
coating; 

the ?rst coating layer having a thickness from about 5 nm 
to 5000 nm microns; 

the ceramic thermal barrier coating having a plurality of 
gaps extending from the top surface of the ceramic 
thermal barrier coating toWards the substrate and de?n 
ing a plurality of columns of the ceramic thermal 
barrier coating; and 
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a second coating layer overlying the ?rst coating layer and 
conformally coating the plurality of gaps; 

Wherein the second coating layer is deposited over the 
?rst coating layer by atomic layer deposition. 

2. The superalloy component of claim 1, further compris 
ing a bonding coat located betWeen the superalloy substrate 
and the ?rst coating layer; 

Wherein the bonding coat is deposited over the superalloy 
substrate by atomic layer deposition. 

3. The superalloy component of claim 1, Wherein the 
plurality of gaps are micron siZed gaps. 

4. The superalloy component of claim 1, Wherein the 
plurality of gaps are sub-micron siZed gaps. 

5. The superalloy component of claim 1, Wherein the ?rst 
coating layer and the second coating layer are selected from 
the group consisting of oxides, carbides, nitrides, suicides, 
and metals. 

6. The superalloy component of claim 5, Wherein the 
oxides are selected from the group consisting of 
Al.sub.20.sub.3, Cr.sub.20.sub.3, Sc.sub.20.sub.3, SiO 
.sub.2, ZrO.sub.2, and Ta.sub.20.sub.5. HfO.sub.2, TiO 
.sub.2, Ln.sub.20.sub.3, MgO, SrO, and alloys and com 
pounds thereof. 

7. The superalloy component of claim 5, Wherein the 
nitrides are selected from the group consisting of TaN, ZrN, 
HfN, TiN, Si.sub.3N.sub.4 and alloys and compounds 
thereof. 

8. The superalloy component of claim 5, Wherein the 
carbides are selected from the group consisting of SiC, TaC, 
ZrC, HfC and alloys and compounds thereof. 

9. The superalloy component of claim 5, Wherein the 
suicides are selected from the group consisting of 
MoSi.sub.2, Mo.sub.5Si.sub.3, TaSi.sub.2, Ta.sub.5Si.sub.3, 
and alloys and compounds thereof. 

10. The superalloy component of claim 5, Wherein the 
metals are selected from the group consisting of Pt, Ru, Rd, 
lr, and alloys and compounds thereof. 

11. A method for coating nickel-based superalloy gas 
turbine components, comprising: 

depositing an yttria-stabiliZed Zirconia layer onto a nickel 
superalloy turbine component, by electron beam 
plasma vapor deposition, such that the yttria-stabiliZed 
Zirconia layer is in the form of columnar grains; and 

depositing an inorganic layer, by atomic layer deposition, 
onto the yttria-stabiliZed Zirconia layer, such that the 
inorganic layer is uniform and conformal. 

12. The method of claim 11, further comprising deposit 
ing a bonding coat onto the nickel superalloy turbine com 
ponent, by atomic layer deposition, before depositing the 
yttria-stabiliZed Zirconia layer. 

13. The method of claim 11, Wherein the inorganic layer 
is selected from the group consisting of aluminum oxide 
(Al.sub.20.sub.3), tantalum carbide (TaC), tantalum oxide 
(Ta.sub.20.sub.5), hafnium oxide (HfO.sub.2), mixtures 
thereof, nano-laminates thereof, and alloys thereof. 

14. The method of claim 11, Wherein the inorganic layer 
is selected from the group consisting of silicon carbide 
(SiC), silicon nitride (Si.sub.3N.sub.4), oxycarbides, carbo 
nitrides, mixtures thereof, nano-laminates thereof, and 
alloys thereof. 

15. The method of claim 11, Wherein the nickel-based 
superalloy gas turbine component comprises an article 
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selected from the group consisting of a turbine blade, a 
turbine Vane, a combustor fuel nozzle, and a combustor 
shield. 

16. The method of claim 11, Wherein the inorganic layer 
comprises platinum. 

17. A method for coating a substrate comprising: 

etching chemically a thermal barrier coating such that the 
thermal barrier coating is in the form of columnar 
grains; and 

depositing an inorganic layer, by atomic layer deposition, 
onto the thermal barrier coating, such that the inorganic 
layer is uniform and conformal. 
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18. The method of claim 17, Wherein the inorganic layer 
is selected from the group consisting of aluminum oxide 
(Al.sub.20.sub.3), tantalum carbide (TaC), hafnium oxide 
(HfO.sub.2), mixtures thereof, nano-laminates thereof, and 
alloys thereof. 

19. The method of claim 17, Wherein the inorganic layer 
is selected from the group consisting of silicon carbide 
(SiC), silicon nitride (Si.sub.3N.sub.4), oxycarbides, carbo 
nitrides, mixtures thereof, nano-laminates thereof, and 
alloys thereof. 


