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(57) ABSTRACT 

The invention is directed to a blended material and method 
for obtaining thermal barriers for high temperature cycling 
applications that have both high sintering resistance to 
achieve a high service lifetime and loW thermal conductivity 
to achieve high operating temperatures. These materials are 
additionally suited for use in high temperature abradable 
(rub seal) coatings. The invention provides desired coating 
structures so that the changes in the coating microstructure 
over the in-service lifetime are either limited or bene?cial. 
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Figure 8: Structure of thermal barrier coating deposited from 
the vapor phase. 

FIG. 8 
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OPTIMIZED HIGH PURITY COATING FOR HIGH 
TEMPERATURE THERMAL CYCLING 

APPLICATIONS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority under 35 U.S.C. § 
119(e) from US. Provisional Patent Application No. 60/724, 
286, ?led on Oct. 7, 2005, Which is incorporated herein by 
reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] Not Applicable 

REFERENCE TO A “MICROFICHE APPENDIX” 

[0003] Not Applicable 

BACKGROUND OF THE INVENTION 

[0004] 1. Field of the Invention 

[0005] The invention relates to ceramic materials for ther 
mal barriers and abradable coating systems in high tempera 
ture and high temperature cycling applications, and more 
particularly to ultra-pure Zirconia and/ or hafnia materials for 
use in thermal barrier and abradable coating applications. 

[0006] 2. Description of the Related Art 

[0007] Superior high-temperature properties are required 
to improve the performance of heat resistant and corrosion 
resistant members. These members include, for example gas 
turbine blades, combustor cans, ducting and noZZle guide 
vanes in combustion turbines and combined cycle poWer 
plants. Turbine blades are driven by hot gasses, and the 
ef?ciency of the gas turbine increases With the rise in 
operational temperature. The demand for continued 
improvement in ef?ciency has driven the system designers 
to specify increasingly higher turbine operating tempera 
tures. Thus, there is a continuing need for materials that can 
achieve higher operational temperatures. An additional 
design criteria for gas turbines is increased operating time 
betWeen maintenance and repairs, meaning longer lifetime 
of the materials used in these applications. 

[0008] Thermal barrier coatings are used to insulate com 
ponents, such as those in a gas turbine, operating at elevated 
temperatures. Thermal barriers alloW increased operating 
temperature of gas turbines by protecting the coated part (or 
substrate) from direct exposure to the operating environ 
ment. An important consideration in the design of a thermal 
barrier is that the coating be a ceramic material having a 
crystalline structure containing bene?cial cracks and voids, 
imparting strain tolerance. If there Were no cracks in the 
coating, the thermal barrier Would not function, because the 
differences in thermal expansion betWeen the metal substrate 
system and the coating Will cause interfacial stresses upon 
thermal cycling that are greater than the bond strength 
betWeen them. By the creation of a crack netWork into the 
coating, a stress relief mechanism is introduced that alloWs 
the coating to survive numerous thermal cycles. Repeating 
crack netWorks are typically imparted into the coating on 
varying space scales by manipulating the thermodynamic 
and kinetic conditions of the manufacturing method, and 
different structures knoWn to perform the coating task have 
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been optimiZed likeWise. In addition to this, cracks are also 
formed during service, so the structure formed upon coating 
manufacture changes With time, depending on the starting 
material phases in the manufactured coating and thermal 
conditions during service. There remains a need in the art for 
a coating material, coating material manufacturing method 
and coating manufacturing method that address the changes 
in the coating microstructure during its service lifetime. 

[0009] In an effort to meet this need for materials With 
higher temperature capabilities, certain ceramic materials 
have been developed. These ceramic materials are used to 
protect the part and form a barrier so as to increase the 
thermal gradient, thereby reducing the temperature of the 
substrate. For example, the ceramic material yttria stabiliZed 
Zirconia (YSZ) has been commonly used as such a coating 
material. Materials With even loWer thermal conductivity 
continue to be sought to serve as coatings. 

[0010] Another design factor determining coating lifetime 
is the sintering rate of the coating. When the coating is 
cycled above half of its absolute melting temperature, the 
coating begins to sinter causing volume shrinkage. As the 
coating shrinks, the modulus increases, loWering the strain 
tolerance of the coating and it becomes detached. Decreas 
ing the sintering rate of the thermal barrier sloWs doWn this 
failure mechanism. For high purity Zirconia alloys, the onset 
of sintering commences at temperatures above 10000 C. 

[0011] A major disadvantage brought about by using typi 
cal Zirconia coating systems is that Zirconia is transparent to 
radiation in the infrared range. As thermal barriers are 
sought for higher temperatures, Zirconia becomes limited in 
its effectiveness. The main mechanism of heat transfer for 
Zirconia changes from conduction to radiation at tempera 
tures approaching 15000 C. Since Zirconia is nearly trans 
parent to the heat radiation (in the form of photons) above 
those temperatures, its main function as a heat barrier 
becomes reduced. Thus, there remains a need in the art for 
a Zirconia-based thermal barrier material that remains opti 
miZed at temperatures from 12000 C. to above 15000 C. 

SUMMARY 

[0012] Accordingly, the invention is directed to blends of 
ceramic materials for use in thermal barriers for high tem 
perature cycling applications and high temperature abrad 
able coatings. The materials are alloys formed predomi 
nantly from ultra-pure stabiliZed Zirconia (ZrO2) and/or 
hafnia (HfO2) alloys that have uncharacteristically high 
sintering resistance to achieve a high service lifetime. The 
invention provides the combinations of desired coating 
materials so that the changes in the coating microstructure 
over the in-service lifetime are retarded. 

[0013] The limits for impurities discovered to decrease 
sintering rate and therefore increase service lifetime com 
pared With impurity concentrations present in current mate 
rials When used as a coating and stabiliZed for example, With 
yttria, are disclosed herein. Oxide impurities are de?ned as 
materials Which, When combined With each other or With 
Zirconia and/or hafnia, form phases With melting points 
much loWer than that of pure Zirconia and/or hafnia, espe 
cially but not limited to soda (Na2O), silica (SiO2) and 
alumina (A1203). 

[0014] One aspect of the invention is to provide a blend of 
ceramic materials for use in high-temperature thermal bar 
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riers or abradable seal coatings that have reduced sintering 
rates in addition to photon blocking or scattering character 
istics. One material comprises of Zirconia and/or hafnia and 
ytterbia (Yb2O5) and/ or yttria (Y 2G3), having a total amount 
of impurities of less than or equal to 0.15 Weight percent, 
and preferably less than or equal to 0.10 percent. The 
Zirconia and/or hafnia is partially stabilized by the ytterbia 
and/ or yttria, and the speci?c oxide impurity concentrations 
of the material do not exceed 0.1 Weight percent soda, 0.05 
Weight percent silica, and 0.01 Weight percent alumina and 
0.05 Weight percent titania and preferably 0.01 Weight 
percent soda, 0.01 Weight percent silica, and 0.01 Weight 
percent alumina and 0.01 Weight percent titania. Another 
material comprises of Zirconia and/or hafnia and neodymia 
(Nd2O3) and/or europia (Eu2O3), having a total amount of 
impurities of less than or equal to 0.15 Weight percent, and 
preferably less than or equal to 0.10 percent. The Zirconia 
and/or hafnia is partially stabiliZed by the neodymia and/or 
europia, and the speci?c oxide impurity concentrations of 
the material do not exceed 0.1 Weight percent soda, 0.05 
Weight percent silica, and 0.01 Weight percent alumina and 
0.05 Weight percent titania and preferably 0.01 Weight 
percent soda, 0.01 Weight percent silica, and 0.01 Weight 
percent alumina and 0.01 Weight percent titania. 

[0015] In one aspect of the invention, a blended high 
purity coating that is suitable for high temperature cycling 
applications is provided. The coating includes a ?rst material 
and at least a second material. The ?rst material is essentially 
about 4 to 20 Weight percent of a stabiliZer of one or more 
rare earth oxides, and a balance of at least one of Zirconia 
(ZrO2), hafnia (HfO2) and combinations thereof, Wherein 
the Zirconia (ZrO2) and/or hafnia (HfO2) is partially stabi 
liZed by the stabiliZer. The second material is of a different 
composition than the ?rst material, and is also about 4 to 20 
Weight percent of a stabiliZer of one or more rare earth 
oxides, and a balance of at least one of Zirconia (ZrOZ), 
hafnia (HfO2) and combinations thereof, Wherein the Zirco 
nia (ZrO2) and/ or hafnia (HfO2) is partially stabiliZed by the 
stabiliZer. The ?rst and second materials are blended 
together in the coating, and the total amount of impurities in 
the coating is less than or equal to 0.15 Weight percent. 

[0016] In another aspect of the invention, a high-purity 
coating structure that is suitable for high temperature cycling 
applications is formed by a process of the folloWing steps: 
providing a ?rst material in a form suitable for use in thermal 
spraying applications, Wherein said ?rst material is about 4 
to 20 Weight percent of a stabiliZer of one or more rare earth 
oxides, and a balance of at least one of Zirconia (ZrOZ), 
hafnia (HfO2) and combinations thereof, Wherein the Zirco 
nia (ZrO2) and/ or hafnia (HfO2) is partially stabiliZed by the 
stabiliZer, and Wherein the total amount of impurities in the 
?rst material is less than or equal to 0.15 Weight percent; 
providing a second material of a different composition than 
the ?rst material and in a form suitable for use in thermal 
spraying applications, said second material is about 4 to 20 
Weight percent of a stabiliZer of one or more rare earth 
oxides, and a balance of at least one of Zirconia (ZrO2), 
hafnia (HfO2) and combinations thereof, Wherein the Zirco 
nia (ZrO2) and/ or hafnia (HfO2) is partially stabiliZed by the 
stabiliZer, and Wherein the total amount of impurities in 
second material is less than or equal to 0.15 Weight percent; 
and applying each of the materials onto a metal substrate so 
that the materials are blended in the coating. 
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[0017] In a further aspect of the invention, a method for 
producing a high-purity coating structure is provided. The 
method includes providing a ?rst material consisting essen 
tially of about 4 to 20 Weight percent of a stabiliZer of one 
or more rare earth oxides, and a balance of at least one of 

Zirconia (ZrO2), hafnia (HfO2) and combinations thereof, 
Wherein the Zirconia (ZrO2) and/or hafnia (HfO2) is partially 
stabiliZed by the stabiliZer, and Wherein the total amount of 
impurities is less than or equal to 0.15 Weight percent. 
Another step of the method includes providing a second 
material of a different composition than the ?rst material, 
said second material consisting essentially of about 4 to 20 
Weight percent of a stabiliZer of one or more rare earth 

oxides, and a balance of at least one of Zirconia (ZrOZ), 
hafnia (HfO2) and combinations thereof, Wherein the Zirco 
nia (ZrO2) and/ or hafnia (HfO2) is partially stabiliZed by the 
stabiliZer, and Wherein the total amount of impurities in 
second material is less than or equal to 0.15 Weight percent. 
Yet another step of the method includes and applying said 
materials onto a metal substrate. 

[0018] According to another aspect of the invention, a 
layered high-purity coating is provided. Each layer may 
contain different types of a high-purity Zirconia- or hafnia 
based material that is partially stabiliZed by one or more rare 
earth oxide. The total amount of impurities in each coating 
layer less than or equal to 0.15 Weight percent. 

[0019] According to different aspect of the invention, a 
gradated high-purity coating is provided. The coating is 
formed from tWo or more materials each of a high-purity 
Zirconia- or hafnia-based material that is partially stabiliZed 
by one or more rare earth oxide. The ?rst and one or more 

second materials form a compositional gradient through the 
thickness of the coating, and the total amount of impurities 
in the coating is less than or equal to 0.15 Weight percent. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The accompanying draWings are included to pro 
vide further understanding of the invention and are incor 
porated in and constitute a part of this speci?cation. The 
accompanying draWings illustrate embodiments of the 
invention and together With the description serve to explain 
the principles of the invention. In the ?gures: 

[0021] FIG. 1 illustrates a perspective vieW of a turbine 
blade coated With a thermal barrier of ceramic material; 

[0022] FIG. 2 provides a phase diagram for ZrO2; 

[0023] FIG. 3 provides a phase diagram for ZrO2 With 
stabiliZer; 
[0024] FIG. 4 provides a chart of composition vs. thermal 
cycles to failure for yttria stabiliZed Zirconia; 

[0025] FIG. 5 provides a chart shoWing the melting point 
of ZrO2 vs. amount of stabiliZer; 

[0026] FIG. 6 provides a diagram shoWing a lamellar 
thermal barrier coating structure containing porosity and 
micro cracks; 

[0027] FIG. 7 provides a diagram shoWing a lamellar 
thermal barrier coating structure containing macro cracks, 
porosity and micro cracks; 

[0028] FIG. 8 provides a diagram shoWing a structure of 
thermal barrier coating deposited from the vapor phase; 
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[0029] FIG. 9 provides a diagram showing the Thornton 
model for predicting structure of a coating formed from the 
gas phase; 

[0030] FIG. 10 provides a diagram shoWing a structure of 
thermal barrier coating deposited from both vapor and liquid 
phase; 
[0031] FIG. 11A provides a diagram shoWing a lamellar 
thermal barrier coating structure formed from a blend of 
components containing porosity and micro cracks; 

[0032] FIG. 11B provides a diagram shoWing a dense solid 
thermal barrier coating structure formed from a blend of 
components, containing macro cracks, porosity and micro 
cracks; 
[0033] FIG. 11C provides a diagram shoWing a columnar 
thermal barrier coating structure formed from a blend of 
components; 

[0034] FIG. 12 provides a diagram shoWing a thermal 
barrier coating structure formed from a blend of components 
and a placeholder; 

[0035] FIG. 13 provides a diagram shoWing a thermal 
barrier coating containing a compositional gradient; 

[0036] FIG. 14 provides a diagram shoWing a thermal 
barrier coating containing layers each of a different compo 
sition; and 

[0037] FIG. 15 provides a diagram shoWing a thermal 
barrier coating containing a series of layers each of a 
different composition. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0038] Reference Will noW be made in detail to the pre 
ferred embodiments of the present invention, examples of 
Which are illustrated in the accompanying draWings. 

[0039] In an exemplary use of a material of the invention, 
FIG. 1 shoWs one component of a turbine. Turbine blade 100 
has a leading edge 102 and an airfoil section 104, against 
Which hot combustion gases are directed during operation of 
the turbine, and Which undergoes severe thermal stresses, 
oxidation and corrosion. A root end 106 of the blade anchors 
the blade 100. Venting passages 108 may be included 
through the blade 100 to alloW cooling air to transfer heat 
from the blade 100. The blade 100 can be made from a high 
temperature resistant material. The surface of the blade 100 
is coated With a thermal barrier coating 110 made of ultra 
pure Zirconia (ZrO2) and/or hafnia (HfO2) alloys in accor 
dance With the invention. The thermal barrier coating 110 
may be applied on a MCrAlY bonding layer With an alumina 
scale (not shoWn) applied betWeen the blade surface and the 
coating 110. The coating 110 may be applied onto the bond 
coating surface through a variety of methods knoWn in the 
art including thermal spray techniques such as poWder ?ame 
spray and plasma spray and vapor deposition methods such 
as electron beam physical vapor deposition (EBPVD), high 
speed physical vapor deposition and loW pressure plasma 
spraying (LPPS). 
[0040] When applied, the coating 110 contains a crack 
netWork that alloWs it to survive numerous thermal cycles. 
As described in the above background section, the crack 
netWork is altered to a less desirable state by sintering and 
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temperature cycling during service. Thus the structure 
formed upon coating manufacture changes With time, the 
rate depending on the starting material phases and service 
conditions. Decreasing the sintering rate increases the 
amount of time before the closing of microcracks and 
creation of massive cracks, increasing coating lifetime. 

[0041] One feature of using Zirconia (ZrO2)-based and/or 
hafnia (HfO2)-based systems is that they have both a high 
coef?cient of thermal expansion relative to other ceramics 
that is close to the coef?cient of thermal expansion of the 
MCrAlY bond coat and the metal substrate system it pro 
tects. Also these material systems have a loW thermal 
conductivity to give the highest level of thermal protection. 
Other ceramic systems do not possess both of these func 
tions. Zirconia is currently a preferred system, primarily 
because of its comparatively loWer cost. Hafnia offers 
equivalent or superior property advantages over Zirconia, 
but has typically not been used in commercial applications 
due to its prohibitive cost. Nonetheless, hafnia is almost 
alWays present in Zirconia due to the difficulty of their 
separation during mineral processing. While further discus 
sion for convenience Will address the Zirconia-based system, 
the discussion beloW is also applicable to hafnia-based 
systems. 

[0042] To achieve optimal performance, the material 
purity of the starting materials (Zirconia and/ or hafnia) must 
be as high as possible Within economic reason. For the 
present invention the Zirconia and/or hafnia must have 
impurities of less than or equal to 0.15 Weight percent, and 
preferably less than or equal to 0.10 Weight percent. The 
reason for this is that impurities such as silica and alumina 
and soda have a loWer melting temperature than Zirconia or 
hafnia and cause an increase in the sintering rate of the 
coating structure. The increased sintering rate is undesirable 
because any increase in sintering rate decreases the lifetime 
of the coating. Sintering decreases the surface area of the 
crack netWork Within the coating, increasing the coating 
modulus over time until failure occurs. 

[0043] In certain embodiments, the material of the present 
invention contains Zirconia (ZrO2) and/ or hafnia (HfO2) and 
partially stabiliZed by a primary stabiliZing oxide such as 
ytterbia and/or yttria, and possibly secondary stabiliZers 
such as scandia or a lanthanide oxide having a total amount 
of impurities of less than or equal to 0.15 Weight percent, 
and preferably less than or equal to 0.10 percent. For 
purposes of the present invention, oxide impurities can be 
de?ned as materials Which When combined With each other 
or With Zirconia form phases With melting points much 
loWer than that of pure Zirconia, especially but not limited to 
soda (Na2O), silica (SiOZ), and alumina (A1203). Other 
knoWn impurities include titania (TiO2), hematite (Fe2O3), 
calcia (CaO), and magnesia (MgO). In accordance With the 
invention, the limits for knoWn impurities in order to achieve 
a desirable sintering rate and therefore increase service 
lifetime When used as a coating are: 

[0044] 

[0045] 

[0046] 

[0047] 

[0048] 

Na2O40.l Weight percent 

SiO2i0.05 Weight percent 

Al2O340.0l Weight percent 

TiO240.05 Weight percent 

Fe2O340.05 Weight percent 
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[0049] CaOi0.05 Weight percent 

[0050] MgO40.05 Weight percent; 
and preferably: 

[0051] Na2O40.0l Weight percent 
[0052] SiO2i0.0l Weight percent 
[0053] Al2O3i0.0l Weight percent 
[0054] TiO2i0.0l Weight percent 
[0055] Fe2O3i0.0l Weight percent 
[0056] CaOi0.025 Weight percent 

[0057] MgO40.025 Weight percent. 
Other speci?c concentration ranges of stabilizers are 

provided in co-pending and commonly assigned U.S. 
patent applications entitled “CERAMIC MATERIAL 
FOR HIGH TEMPERATURE SERVICE,”“OPTI 
MIZED HIGH TEMPERATURE THERMAL BAR 
RIER,” and “HIGH PURITY CERAMIC ABRAD 
ABLE COATINGS,” each ?led on Sep. 12, 2006 and 
each incorporated herein by reference. 

[0058] FIG. 2 provides a phase diagram for pure Zirconia. 
(The diagram can be found, for example, in Ceramic Phase 
Diagrams vol. 3, FIG. 04259.) As shoWn in FIG. 3, pure 
Zirconia exists in three crystal phases at different tempera 
tures. At very high temperatures (>2370o C.) the material 
has a cubic structure. At intermediate temperatures (1200 to 
2372° C.) it has a tetragonal structure. At relatively loWer 
temperatures (beloW 1200° C.) the material transforms to the 
monoclinic structure. The transformation from tetragonal to 
monoclinic is accompanied by a 3 to 5 percent volume 
increase that causes extensive stress in the material. Thus, 
pure Zirconia cannot ful?ll the coating requirements for 
high-temperature cycling. The resulting strain difference 
betWeen the coating and substrate caused by the phase 
transformation results in a stress that is greater than the bond 
strength betWeen them, so the coating Will detach. 

[0059] In order to overcome the volume change caused by 
the undesired phase transformation described above, one or 
more elements are added to the Zirconia to modify the 
amount of phase transformation that occurs. The stabiliZing 
elements, Which are suitable for changing the amount and 
rate of phase transformation that occurs in the oxide coating, 
include the folloWing: scandium, yttrium and the rare earths, 
particularly the lanthanides, since they have solubility in 
Zirconia. Scandium is not typically used due to its rarity and 
resulting prohibitive cost. Rare earths metals from the 
actinide group such as uranium and thorium are not typically 
used due to their radioactivity. Thus, yttrium is a preferred 
stabiliZing element. For purposes of the present invention, 
any of these elements used as stabiliZing oxides (namely, 
any oxide from group IIIB (column 3) of the periodic table 
of elements) can be referred to as rare earth oxides. 

[0060] FIG. 3 provides a standard phase diagram for 
stabiliZed Zirconia shoWing the general alloying trends for 
the Zirconia stabiliZers. (The diagram can be found, for 
example, in Ceramic Phase Diagram, vol. Zirconia, FIG. 
Zr-l57.) Zirconia can be either partially or fully stabiliZed. 
Fully stabiliZed Zirconia has an crystal structure that is cubic 
at all temperatures up to melting. Partially stabiliZed Zirco 
nia has an crystal structure that is tetragonal and has a phase 
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transformation betWeen tetragonal at higher temperatures 
and monoclinic plus cubic at loWer temperatures. The tem 
perature at Which phase transformation occurs depends on 
the stabiliZer material, as each stabiliZer causes a different 
amount of suppression of the temperature of the onset of the 
tetragonal to monoclinic plus cubic phase transformation. At 
the suppressed temperatures, the rate of the phase transfor 
mation is greatly reduced. Over a large number of tempera 
ture cycles the phase transformation Will sloWly occur. 

[0061] One possible theory is that the phase transforma 
tion in partially stabiliZed Zirconia causes localiZed stresses 
that lead to the formation of micron-siZed micro-cracks in 
the coating upon thermal cycling that cancel out some of the 
massive stress caused by coating volume shrinkage. Thus, 
these tWo phenomena of the coating structureishrinking 
and crackingiWork against each other and ?nding a bal 
ance betWeen them Will maximiZe coating lifetime. This 
mechanism implies then that the structure of the crack 
netWork of the coating is changing With time as the phase of 
the ceramic material changes. This mechanism is required 
for a thermal barrier or high temperature abradable coatings 
to survive thermal cycling. 

[0062] From this theory, the composition for Which the 
best possible balance betWeen sintering and phase transfor 
mation exists. The most desired composition can be found 
empirically by making thermal cycling tests With samples of 
differing composition and measuring the number of thermal 
cycles to failure. FIG. 4 shoWs the results for yttria-stabi 
liZed Zirconia. From FIG. 4 it can be seen that a composition 
around 6.5 Weight percent has the longest lifetime When 
similar coatings of varying composition Were tested. 

[0063] The addition of a stabiliZing element affects tWo 
main properties of the Zirconia system in a positive manner. 
First, the addition of a stabiliZer generally increases the 
melting temperature of the Zirconia (in the partially stabi 
liZed composition ranges). Second, the addition of a stabi 
liZer generally decreases the thermal conductivity. From the 
phase diagram in FIG. 5, Which plots melting temperature 
versus composition, it can be seen that ytterbia stabiliZed 
Zirconia (ZrYb2O5) and yttria stabiliZed Zirconia (ZrYZOS) 
have the highest melting temperatures respectively for Zir 
conia stabiliZers (excluding actinides such as thoria that are 
radioactive and not ?t for service). These stabiliZed com 
positions therefore have the greatest sintering resistance and, 
consequently, the greatest potential coating lifetime. 

[0064] Rising fuel cost and other factors continue to drive 
the need for improved operational e?iciency, and thus higher 
operating temperatures, of gas turbines. While yttria stabi 
liZed Zirconia is the material of choice for stabiliZation, 
greater operational temperatures can be achieved using 
ytterbia, for example, as shoWn in FIG. 4. Zirconia partially 
stabiliZed by ytterbia provides a better composition, since it 
also has one of the loWest thermal conductivities of the 
potential stabiliZers When alloyed With Zirconia. As the need 
for higher operating temperatures increases, a higher coating 
material cost may be tolerated, so ytterbia partially stabiliZed 
Zirconia may become a preferred thermal barrier. Given then 
the trade-offs of cost and performance, a combination of 
both yttria and ytterbia stabiliZers is expected to have 
optimum performance to cost ratio 

[0065] A thermal barrier coating can be further optimiZed 
by considering the effect of coating structure on lifetime. 
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Three types of structures exist depending on coating manu 
facturing method. Even though the general structures 
described herein have different complexities and are de?ned 
by differently siZed spaces, they have one thing in common: 
they are physically made up of cracks, Whose initial struc 
ture is de?ned by the manufacturing method of the material 
and coating and Whose crack structure changes With time. 
These structures can be formed using the partially stabiliZed 
Zirconia and/or hafnia material variants of the present inven 
tion, as described above With respect to FIGS. 2-5. 

[0066] The ceramic coating in embodiments of the present 
invention has anisotropic sintering. For the coating made up 
of frozen splats With respect to FIGS. 6 and 7, high tem 
perature shrinkage or sintering occurs less in the in-plane 
direction than in the through thickness direction. FIG. 6 
provides a diagram shoWing a lamellar thermal barrier 
coating structure 120 containing porosity and micro cracks. 
The coating 120 is made up of froZen splats 111 applied over 
a substrate 100 and optional bond coat 112. FIG. 7 provides 
a diagram shoWing a lamellar thermal barrier coating struc 
ture 130 containing macro cracks, porosity and micro 
cracks. The coating 120 is made up of frozen splats 131 
applied over a substrate 100 and optional bond coat 112. The 
coating 130 has vertical macro cracks 132 through the 
thickness of the coating For a coating made up of froZen 
splats, as shoWn in FIGS. 6 and 7, this phenomenon can be 
explained by the structure that is formed. The coating has 
many more splat boundaries in the through thickness direc 
tion than in the in-plane direction, so it is the boundaries 
betWeen splats sintering together that results in the shrinkage 
in the through-thickness. Thus, the sintering resistance of the 
coating can be improved by using ytterbia partially stabi 
liZed Zirconia and/or hafnia and yttria stabiliZed Zirconia 
and/or hafnia together. FIG. 11A shoWs a resulting coating 
160 structure (applied over optional bond coat 112 and 
substrate 110), Where the froZen droplets of ytterbia partially 
stabiliZed Zirconia and/or hafnia 111 are interspersed With 
splats of yttria stabiliZed Zirconia and/or hafnia 162. FIG. 
11B shoWs a resulting coating 170 structure (applied over 
optional bond coat 112 and substrate 110) including vertical 
cracks 132, Where the froZen droplets of ytterbia partially 
stabiliZed Zirconia and/or hafnia 111 are interspersed With 
splats of yttria stabiliZed Zirconia and/or hafnia 162. One 
method of achieving this structure is by blending particles of 
each of the aforementioned in order to create some percent 
age splat boundaries that contain ytterbia stabiliZed Zirconia 
on either one or both sides. An additional bene?t of this 
coating Will be that it has a loWer thermal conductivity than 
a coating made from yttria stabiliZed Zirconia and/or hafnia 
alone. 

[0067] As previously noted, Zirconia is transparent to 
radiation in the infrared range. Thus the effectiveness of 
typical Zirconia barrier systems Will decrease more rapidly at 
temperatures around 15000 C., When radiation becomes the 
dominant method of heat transfer. There are tWo stabiliZers 
for Zirconia from the lanthanide series that, When added to 
Zirconia, form an atomic oxide structure that serves to scatter 
photons in the infrared range. These stabiliZers are europia 
(Eu2O3) and neodymia (Nd2O3). Both neodymia and euro 
pia are effective stabiliZers, but neodymia may be the more 
preferable due to its loWer cost. The europia and neodymia 
can also be combined. In order to further optimiZe the 
thermal barrier coating at high temperatures, europia or 
neodymia are speci?cally added to the Zirconia-based poW 
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der material, so that the thermal conductivity of the coating 
is optimiZed at high temperatures. 

[0068] Thus, in embodiments of the invention the material 
includes Zirconia (ZrO2) and/or hafnia (HfO2) Wherein the 
Zirconia and/or hafnia is partially stabiliZed by the neody 
mium (N d2O3) and/or europia (Eu2O5) and the total amount 
of impurities is less than or equal to 0.15 Weight percent, and 
preferably less than or equal to 0.10 percent. The range of 
stabiliZers is: 

[0069] Nd2O3i4-20 Weight percent 
[0070] Eu2O3i4-16 Weight percent 
[0071] Nd2O3 and Eu2O3*4-16 Weight percent 
and preferably: 

[0072] Nd2O3i8-16 Weight percent 
[0073] Eu2O3i10-16 Weight percent 

[0074] Nd2O3 and Eu2O3*4-16 Weight percent 

[0075] Oxide impurities include soda (NazO), silica 
(SiOZ), and alumina (A1203), as Well as titania (TiO2) 
hematite (Fe2O3), calcia (CaO), and magnesia (MgO). The 
limits for these knoWn oxide impurities in order to achieve 
a desirable sintering rate and therefore increase service 
lifetime When used as a coating are the same as those listed 
above With respect to previous compositions. 

[0076] A blend of tWo or more partially stabiliZed high 
purity material compositions may also be used. For example, 
in another embodiment, a blended ceramic material for use 
in high-temperature thermal barriers is provided. The 
blended materials include a ?rst material With a yttria 
(Y 203) stabiliZer, and a balance of at least one of Zirconia 
(ZrO2) and hafnia (HfO2) and combinations thereof, 
Wherein the Zirconia (ZrO2) and/or hafnia (HfO2) is partially 
stabiliZed by the yttria stabiliZer, and Wherein the total 
amount of impurities of the ?rst material is less than or equal 
to 0.15 Weight percent, and preferably less than or equal to 
0.10 percent. The range of YZO3 stabiliZer is about 4-12 
Weight percent, and preferably 6-9 Weight percent. The 
second material of the blended material may contain a 
ytterbia (Yb2O5) stabiliZer and a balance of at least one of 
Zirconia (ZrO2) and hafnia (HfO2) and combinations 
thereof, Wherein the Zirconia (ZrO2) and/ or hafnia (HfO2) is 
partially stabiliZed by the ytterbia stabiliZer, and Wherein the 
total amount of impurities of the second material is less than 
or equal to 0.15 Weight percent, and preferably less than or 
equal to 0.10 percent. The range of Yb2O5 stabiliZer is about 
4-16 Weight percent, and preferably 10-16 Weight percent. In 
the blended material, the ytterbia (Yb2O5) stabiliZed Zirco 
nia (ZrO2) and/or hafnia (HfO2) fraction may include about 
5-50 Weight percent of the total and preferably about 15-30 
Weight percent of the total. The yttria stabiliZed Zirconia 
(ZrO2) and/or hafnia (HfO2) fraction may include about 
50-95 Weight percent of the total and preferably about 70-85 
Weight percent of the total blend. 

[0077] In another embodiment the blended material 
includes a ?rst material With a ytterbia (Yb2O5) stabiliZer, 
and a balance of at least one of Zirconia (ZrO2) and hafnia 
(HfO2) and combinations thereof, Wherein the Zirconia 
(ZrO2) and/or hafnia (HfO2) is partially stabiliZed by the 
ytterbia stabiliZer, and Wherein the total amount of impuri 
ties of the ?rst material is less than or equal to 0.15 Weight 












