
THERMAL BARRIER COATING SYSTEM 

Field of the Invention 

'The present invention relates to protective coatings for components 

exposed to high temperatures, such as components of a gas turbine engine. 

More particularly, this invention is directed to a thennal barrier coating system 

that includes a thermal-insulating ceramic layer whose composition and 

5 deposition technique significantly enhance the spallation resistance of the 

coating system 

Background of the Invention 

The operating environment within a gas turbine engine is both thennally 

lO and chemically hostile. Significant advances in high temperature alloys have 

been achieved through the fonnulation of iron, nickel and cobalt-base 

superalloys, though components formed from such alloys often cannot 

withstand long service exposures if locate.d in certain sections of a gas turbine 

engine, such as the turbine, combustor or augmentor. A cornroon solution is to 

15 protect the surfaces of such components with an environmental coating system. 

such as an aluminide coating or a thermal barrier coating system 'The latter 

includes an environmentally-resistant bond coat and a layer of thennal barrier 

coating (TBC) of ceramic applied over the bond coat. Bond coats are typically 

fonned of an oxidation-resistant alloy such as MCrAIY where M is iron, cobalt 

20 and/or nickeL or from a diffusion aluminide or platinum aluminide that forrm an 

oxidation-resistant intermetallic. During high temperature excursions, these 
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bond coats fonn an oxide layer or scale that chemically bonds the ceramic layer 

to the bond coat 

Zirconia (Z.CO,.) that is partially or fully stabilized by yttria (Y 203). 

magnesia (MgO) or other oxides has been employed as the material for the 

5 ceramic layer. Yttria-stabilized zirconia (YSZ) is widely used as the ceramic 

layer for TBCs because it exhibits desirable thermal cycle fatigue properties. In 

addition, YSZ can be readily deposited by air plasma spraying (APS), low 

pressure plasma spraying (LPPS}, and physical vapor deposition (PVD) 

techniques such as electron beam physical vapor deposition (EBPVD). 

10 Notably, YSZ deposited by EBPVD is characterized by a strain-tolerant 

colwmar grain structure, enabling the substrate to expand and contract without 

causing damaging stresses that lead to spaDation. 

As is known in the art, stabili7.ation inhibits zirconia from undergoing a 

phase transfonnation (tetragonal to m:moclinic) at about 1000°C that woukl 

15 otherwise result in a detrhmltal volwre expansion. Shown in Figure 3 is the 

phase diagram of the zirconia-rich region of the zirconia-yttria system The 

phase diagram shows that, at room temperature, a tmre stable tetragonal phase 

is obtained and the Wldesirable monoclinic phase is avoided if zirconia is 

stabilized by at Jeut about six weight percent yttria. The phase diagram further 

20 shows that an yttria content of seventeen weight percent or more ensures a fully 

stable cubic phase. Testing reported by S. Stecura, ''Effects of Cotq>e>sitional 

Changes on the Perfonnance of a Thennal Barrier Coating Systm\" NASA 

Tectlrucal Memorandum 78'176 (1976), showed that pJasma sprayed YSZ 

coatings containing six to eight weight percent yttria were more adherent and 

25 resistant to high terq>erature cycling than YSZ coatings containing greater and 

lesser arrounts of yttria. Conventional practice in the art has been to stabilize 

zirconia with at least six weight percent ~ and more typically about six to 

eight weight percent yttria (6-8% YSZ). Exceptions to tJm trend have generally 

been limited to plasma sprayed zirconia that is stabilized by a combination of 
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oxides. such as yttria with substantial levels of other oxides as taught in U.S. 

Patent Nos. 4,132,916 and 4,996.117. 

Though thermal barrier coatings employing zirconia stabilized by 6-8% 

yttria perfonn well in gas turbine engine applications, and significant advances 

5 have been made with bond coat materials and coating processes that further 

prorrote the adhesion, environmental-resis~ and durability of YSZ coating 

syste~ still greater improvements are desired for rmre demanding 

applications. 

10 Swmnary of the Invention 

According to the present invention, there is provided a thermal 

insulating ceramic layer for use in a thennal bani.er coating system on a 

component designed for use in a hostile thennal environment, such as turbine. 

combustor and augmenter components of a gas turbine engine. The ceramic 

15 layer is particularly suited for applications in which temperatures in excess of 

about 2000°F (about l IOO°C) are encountered and induce severe thennal cycle 

fatigue stresses. The material of the ceramic layer is compatible with known 

treta1lic bond coats, such as diffi:asion aluminides and MCrAlY and N1Al 

coatings, between the surface of the component and the ceramic layer. 

20 In particuJar. a thennal insuJating ceramic layer formed in accordance 

with this invention is formed of zirconia partially stabili7.ecl by yttria and 

characterized by a columnar grain structure in which a imnoclinic phase is 

present at room terq>erature. To attain the m:moclinic phase. the ceramic layer 

contains less than six weight percent yttria. preferably about one up to six 

25 weight percent yttria. The thermal insulating ceramic layer is preferably pan of 

a thermal barrier coating system that includes a substrate and a bond coat 

adhering the ceramic layer to the substrate. To' obtain the desired columnar 

grain structure, the ceramic layer is preferably deposited by a PVD technique. 

and preferably an EBPVD technique. 

i1iiiiiR 
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TBC syste~ with the ceramic layer of this invention have been 

surprisingly shown to exhibit superior spallation resistance when compared to 

conventional YSZ coatings containing six weight percent yttria or more. 

Importantly. prior art ceramic Ja~ materials for TBC syste~ have avoided 

5 zirconia stabilized by less than six weight percent yttria because such materials 

undergo a phase transfonnati.on that prormtes spallation of the ceramic layer. 

However. in accordance with this invention, YSZ containing yttria levels below 

six weight percent have been detennined to exhibit superior spallation resistance 

if the ceramic layer is appropriately deposited by EBPVD. 

10 Other objects and advantages of this invention will be better appreciated 

from the following detailed description. 

Description of the Drawings 

Figure 1 is a perspective view of a high pressure turbine blade; 
-

15 Figure 2 is a cro•seaional view of the blade of Figure 1 along line 2--

20 

2, and shows a thermal barrier coating system comprising a ceramic layer in 

accordance with this invention; and 

Figure 3 is a phase diagram of the zirconia-rich region of the zirconia­

yttria system. 

Detailed Description of the Invention 

The present invention is generally applicable to conp>nents that are 

protCi:ted from a thennally and chemically hostile environment by a thermal 

barrier coating system. Notable examples of such components include the high 

25 and low pressure turbine nozzles and blades, shrouds, combustor liners and 

augmentor hardware of gu turbine engines. While the advantages of this 

invention are particuJarly applicable to gas turbine engine cornponents, the 

teachings of this invention arc generally applicable to any component on which a 

coating may be used to thenna.lly insulate the component from its envirorunent. 
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An example of a high pressure turbine blade 10 is shown in Figure 1. 

The blade 10 generally has an airfoil 12 and platform 16 against which hot 

combustion gases are directed during operation of the gas turbine engine, and 

whose surfaces are therefore subjected to severe attack by oxidation. corrosion 

s and erosion. The airfoil 12 is anchored to a turbine disk (not shown) with a 

dovetail 14 fonned on a root section of the blade 10. Cooling holes 18 are 

present in the airfoil 12 through which bleed air is forced to transfer heat from 

the blade 10. 

Represented in Figure 2 is a thennal barrier coating system 20 in 

10 accordance with this invention. As shown. the coating system 20 includes a 

thermal-insulating ceramic layer 26 on a bond coat 24 that overlies a substrate 

22, the latter of which is typically the base material of the blade 10. Suitable 

materials for the substrate 22 (and therefore the blade 10) include nickel and 

cobalt-base superalloys, though it is foreseeable that other materials could be 

15 used. As is typical with thermal barrier coating ~ for C0111J0nents of gas 

turbine engines. the bond coat 24 is an aluminum-rich material, such as a 

diffusion aluminide or an MCxAIY or N'iAl coating. These bond coat 

compositions are oxidation-resistant and form an alumina (Alz0)) layer or scale 

28 on their surfaces during exposure to elevated temperatures. The alumina 

20 scale 28 protects the wxierlying superalloy substrate 22 from oxidation and 

provides a surface to which the ceramic layer 26 tenaciously adheres. 

According to this invention, the material for the ceramic layer 26 is 

zirconia partially stabilized with less than six weight percent yttria, with a 

suitable range being about one up to six weight percent yttria. a rrore preferred 

25 range being about two to about five weight percent yttria. In addition, the 

ceramic layer 26 is characterized by a strain-tolerant columnar grain structure. 

as represented in Figure 2. The columnar grain structure is attained by 

depositing the ceramic layer 26 on the bond coat 24 using a physical vapor 

deposition technique, and preferably EBPVD. According to this invention, 
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deposition of the ceramic layer 16 by other known processes, such as air plasma 

spraying (APS) and low pressure plasma spraying (LPPS), yields unacceptable 

results, e.g., a TBC prone to spallation. 

In view of the above. it can be appreciated that the ceramic layer 26 of · 

5 this invention is contrary to the prior an, in that the ceramic layer 26 contains 

less than the industry-accepted level of yttria for stabili7.ation. Specifically. prior 

art YSZ coatings have required sufficient levels (at least six weight percent) of 

yttria to avoid the undesirable monoclinic phase. and have typically limited the 

yttrla content to about six to eight weight percent in order to maintain a fully 

IO tetragonal phase. As evide~ed by the zirconia-yttria phase diagram of Figure 3, 

an yttria content of less than six weight percent causes the YSZ coating to 

undergo a tetragonal-to-monoclinic phase transfonnation during cooling. Such 

a phase transformation causes a volwne expansion in the YSZ layer. prormting 

spallation. However, the YSZ ceramic layer 26 of this invention intentionally 
-
lS employs yttria levels below six weight percent, and therefore contains the 

undesirable monoclinic phase in an otherwise tetragonal matrix. Surprisingly, 

the TBC coating system 20 employing the ceramic layer 26 of this invention has 

been shown to exhibit superior spallation resistance when compared to 

conventional YSZ coatings containing six weight percent yttria or llX>re. The 

20 basis for the unexpected superior performance of the low-yttria YSZ ceramic 

layer 26 of this invention is not fully understood. While not wiWng to be held 

to any particular theory, the improved performance may be related to the 

diffefent failure mechanimB between PVD and plasma sprayed ceramic. TBC 

systerm with plasma sprayed ceramic tend to span by fracture within the 

25 ceramic layer, while TBC systems with PVD ceramic typically fracture within 

the thennally-grown aluminum oxide layer between the ceramic layer and bond 

coat. 

In the course of evaluating this invention, furnace cycle tests were 

perfonred on nickel-base superalloy specimens having a zirconia layer stabilim:l 
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by either four weight percent yttria (4% YSZ) or seven weight percent yttria 

(7% YSZ), the latter being representative of the industry standard YSZ coating 

material. The nickel-base superalloy was Rene NS, having the following 

nominal composition in weight percent: 7.5 cobalt. 7.0 chromium. l.5 

5 molybdenum. 5.0 tungsten, 3.0 rhenium, 6.5 tantalum. 6.2 aluminum. 0.15 

hafnium, 0.05 carbon. 0.004 boron, with the balance nickel and incidental 

impurities. The YSZ layers were deposited by EBPVD to a thickness of about 

0.005 inch (about 125 micro~s) on platinwn aluminide bond coats. Both 

YSZ coatings were characterized by a colunmar grain structure as a result of the 

10 EBPVD deposition process. However. while the 7% YSZ coating was 

characterit.ed by a fully tetragonal phase, the 4% YSZ coating of this invention 

was characteri7.ed by up to about 10 volume percent of the roonoclinic phase in 

a tetragonal matrix. 

The test was conducted at a temperature of about 2075°F (about 

15 l 135°C), and continued until fracture or spallation of the YSZ coating occurred. 

The 4% YSZ specimens of this invention exhibited an average life of about 1000 

cycles. as co~ to SSS cycles for the standard 7% YSZ specimens. A 

second series of furnace cycle tests was perfonned under the same conditions as 

before, with the exception that a marginally different platinum aluminide bond 

20 coat was used. Again, the 4% YSZ specimens of this invention exhibited a 

superior cycle fatigue ~ with an average life of about 700 cycles as compared 

to 538 cycles for the standard 7% YSZ specimens. 

From these tests, it was detennined that an EBPVD 4% YSZ ceramic 

layer (i.e .. a YSZ coating characterized by a colwmar grain structure with a 

25 monoclinic phase in a tetragonal nmtrix) exhibited superior adhesion over 

conventional 7% YSZ coatings under harsh thcnnal conditions. Such a result is · 

completely contrary to prior art teaching"s and tests which have shown 6-

8% YSZ coatings to be superior. On the basis of these tests, it is believed that a 

PVD YSZ stabila.ed by less than six weight percent yttria exhibits greater 
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adhesion at temperatures above about 2000°F (about l 100°C) than does PVD 

YSZ stabilized with greater than six weight percent yttria It is funher believed 

that the hardness, and therefore the erosion and impact resistance. of the low­

yttria PVD YSZ coating of this invention is superior to prior art YSZ coatings 

5 containing 7% or m:>re yttria. 

Also from the above tests, it is be~ved that PVD YSZ stabilized by less 

than six weight percent yttria can be advantageously used as a base layer for 

other ceramic layers. For example, 20% YSZ is extrerrely stable at e~ted 

temperatures but exhibits inferior adhesion as compared to conventional 6-

10 8%YSZ According to this invention, using a <6%YSZ layer as a base on 

which a YSZ layer stabiliz.ed by > 17% yttria is deposited would yieJd a thennal 

barrier coating characterized by enhanced adhesion as a result of the low-yttria 

YSZ base layer and increased thermal stability as a result of the high-yttria YSZ 

layer at the surface of the TBC system Alternatively, the composition of a 

15 ceramic la}U could be graded to have an yttria content of~ than six weight 

percent adjacent the bond coat and greater than eight weight percent, e.g._, 

greater than seventeen weight percent, at the outer surface of the ceramic layer. 

While the invention has been described in te.n:m of a preferred 

embodiment, it is apparent that other fonm could be adopted by one skilled in 

20 the an. For exanple, MCrAlY and NiAl bond coats could be used, and the 

thickness of the ceramic layer could vary from that tested. Furthennore, while 

YSZ coatings in accordance with this invention are parti.'111arly advantageous 

for u5e at temperatures above 2000°F, lower teml>erature applications can a1so 

benefit from the enhanced adhesion provided by such ceramic compositions. 

2S Therefore, the scope of the invention is to be limited only by the following 

claims. 
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What is claimed is: 

1. A thermal barrier coating system comprising a thermal 

insulating layer consisting of zirconia stabilized by yttria, the 

ceramic layer being characterized by a columnar grain structure 

in which a monoclinic phase is present at room temperature. 

2. A thermal barrier coating system as recited ~n claim 1, 

wherein the thermal insulating layer contains about 1 up to 6 

weight percent yttria. 

3. A thermal barrier coating system as recited in claim 1, 

whe~ein the thermal insulating layer contains about 2 to about 5 

weight percent yttria. 

4. A thermal barrier coating system as recited in claim 1, 

wherein the thermal insulating layer contains about 4 weight 

percent yttria. 

5. A thermal barrier coating system as recited in claim 1, 

wherein the thermal insulating layer has an yttria content of 

less than 6 weight percent at an innermost region of the thermal 

insulating layer and an yttria content of greater than 6 weight 

percent at an outer surface of the thermal insulating layer. 

6. A thermal barrier coating system as recited in claim 1, 

wherein the thermal insulating layer has a graded yttria content 

characterized by an yttria content of less than 6 weight percent 

at an innermost region of the thermal insµlating layer and an 

yttria content of greater than 6 weight percent at an outer 

surface of the thermal insulating layer. 

7. A thermal barrier coating system as recited in claim 1, 

further comprising a substrate and a bond coat adhering the 

thermal insulating layer to the substrate. 

8. A thermal barrier coating system as recited in claim 7, 

wherein the thermal insulating layer has an yttria content of 

This Sheet Has Been Replaced 
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less than 6 weight percent adjacent the bond coat and an yttria 

content of greater than 17 weight percent at an outer surface of 

the thermal insulating layer. 

9. A thermal barrier coating system as recited in claim 7, 

wherein the substrate is a component of a gas turbine engine. 

10. A thermal barrier coating system as recited in claim 1, 

wherein the thermal insulating layer is a PVD ceramic layer. 

l llllll l\ll\\ Ill\ \\1\1 \\ \II\ 
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