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ABSTRACT 

A method of forming an environmental resistant thermal 
barrier coating on a copper alloy is disclosed. The steps 
include cleansing a surface of a copper alloy, depositing a 
bond coat on the cleansed surface of the copper alloy, 
depositing a NiAl top coat on the bond coat and consoli- 
dating the bond coat and the NiAl top coat to form the 
thermal barrier coating. The bond coat may be a nickel layer 
or a layer composed of at least one of copper and chromium- 
copper alloy and either the bond coat or the NiAl top coat or 
both may be deposited using a low pressure or vacuum 
plasma spray. 

(57) 

4,145,481 A * 311979 Guptaet al. 16 Claims, 6 Drawing Sheets 
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BLANCH RESISTANT AND THERMAL 
BARRIER NIAL COATmG SYSTEMS FOR 

ADVANCED COPPER ALLOYS 

However, all of the above cited coatings have limitations. 
Several have low melting points and therefore are unlikely 
to be useful as overlay coatings for rocket combustion 
chamber liners. Some are specifically applicable to nickel- 

5 based superalloy turbine airfoils. The approach adopted by 
Holmes et al. does not involve overlay coatings, since it 
involves fabricating the entire component by gradually 
changing the composition from the inner to the outer sur- 
face. However, the ability to fabricate large RLV combustor 

10 components by such a technique is unproven. The Cu-30 
(vol. %)Cr coating proposed by Chiang et al. is unlikely to 
be effective at temperatures above 873 K in applications 
requiring a large number of mission cycles due to the 
increased possibility of spallation and coating degradation. 

None of the cited prior art deals with the development of 
NiAl overlay coatings and methods of applying them on 
advanced copper alloys, such as Cu-8(at. %)Cr-4(at %)Nb. 
This new overlay coating should provide a suitable high 
temDerature environmentallv resistant thermal barrier coat- 

ORIGIN OF THE INVENTION 

The invention described herein was made by an employee 
Of the United states 
and used by or for the Government for Government pur- 
poses without payment of any royalties thereon or therefore. 

BACKGROUND OF THE W E N T I O N  

and may be 

1. Field of the Invention 
The present invention relates to an environmental and 15 

thermal barrier overlay coating system is described for 
advanced copper alloys for possible use in reusable launch 
vehicles and other similar applications. In pdcular ,  the 
present invention addresses issues related to the design and 
deposition of suitable coatings and bond coating tech&logy 20 ing ‘for reusable launch vehkle rocket engines. 

SUMMARY OF THE WVENTION for protecting an advanced copper alloy known as GRCop- 
84. 

2. Description of Related Art 
Copper alloys, containing chromium and niobium, are 

being considered for use as combustor and n o d e  liners in 
reusable launch vehicle (RLV) applications. The combustion 
chamber of a rocket engine is exposed to a high heat flux and 
gas pressure. Experience has shown that unprotected copper 
alloys undergo a degradation in properties and life during 
use in rocket engines due to a process called blanching, 
where the material undergoes repetitive cycles of oxidation 
and reduction by the hydrogedoxygen combustion mixture 
finally leading to failure or reduced useful life of the 
component. 

Other complications arise due to thermal fatigue of the 
metallic cooling channels canying liquid hydrogen (LHJ. 
This process leads to a process known as a “dog house” 
effect, where initially square coolant channels attain the 
shape of a dog house and eventually fail with the subsequent 
loss of LH, and poor engine performance. This problem is 
especially critical since the wall thickness of the cooling 
channels is about 1.0 mm. 

The two characteristics of the problem are environmental 
attack of the surfaces of the copper alloy combustor liners 
and nozzles and thermal fatigue of these components. 

Wear and abrasion resistant coatings have been developed 
for copper alloys, such as those disclosed in Sugawara et al., 
U.S. Pat. No. 6,040,067. Chiang et al. proposed using 
Cu-30+10 vol. % Cr as blanch resistant coating for copper 
alloy rocket engine combustion chamber linings (U.S. Pat. 
No. 5,557,927). An oxidation resistant coating having a 
copper-aluminum alloy and a cobalt-based alloy diffusion 
barrier has been reported (See, U.S. Pat. No. 6,277,499, by 
Beers et al.) and a method of fabricating the combustion 
chamber for a rocket engine with suitable metallic or 
ceramic coating by low pressure or vacuum plasma 
spraying, where the composition of the component was 
functionally graded from the protective coating on the inside 
to a Cu-8(at. %)Cr-4(at. %)Nb (GRCop-84) alloy on the 
outside. (See, U.S. Pat. No. 6,314,720, by Holmes et al.). 

Additionally, nickel aluminide coatings, NiAl, having 
intermetallic compounds, have been used to coat nickel- 
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The present invention seeks to identify suitable environ- 
mentally resistant thermal barrier coating alloy and develop 
techniques for depositing it as an overlay coating on 
GRCop-84 and other copper alloy substrates being consid- 
ered for reusable launch vehicle rocket engines. The present 
invention also seeks to demonstrate the suitability of the 
coating for use in a hydrogen and an oxidation environment, 
and the superior thermal cycling performance of the coated 
alloy when compared to the uncoated substrate at and below 
temperatures of 600” C. 

According to one aspect of this invention, a method of 
forming a thermal barrier coating on a copper alloy is 
disclosed. The steps include cleansing a surface of a copper 
alloy to remove dirt and surface oxides, depositing a bond 
coat on the cleansed surface of the copper alloy, depositing 
a NiAl top coat on the bond coat and consolidating the bond 
coat and the NiAl top coat to form the environmentally 
resistant thennal barrier coating. 

Additionally, the copper alloy may be an alloy having a 
composition of Cu-8(at. %)Cr-4(at. %)Nb. The bond coat 
may be a nickel layer or a layer composed of at least one of 
a copper-chromium alloy or pure copper. Either the bond 
coat or the NiAl top coat may be deposited using a low 
pressure or vacuum plasma spray. It is expected that ductile 
bond coats may also be applied by cold spraying, arc 
spraying, physical vapor deposition, chemical vapor depo- 
sition and other similar techniques. The bond coat and the 
NiAl top coat may be consolidated through hot isostatically 
pressing. Also, the NiAl top coat may be a layer having an 
aluminum content of between 30-60 at. %. 

According to another embodiment, a coating for a com- 
bustion chamber and nozzle applications of a rocket engine 
is disclosed. The coating includes a bond coat applied to the 
surface of a copper alloy substrate and a NiAl top coat 
applied on the bond coat. The bond coat and the NiAl top 
coat are consolidated to form an environmentally resistant 
thermal barrier coating and the combustion chamber and the 
nozzle components are composed of a copper alloy. 

These and other objects of the present invention will be 
described in or be apparent from the following description of 
the rneferred embodiments. r - - - -  ~~~ 

based superalloy turbine blades and vanes in aircraft engines 
as a bond coat (See, Bruce et al., U.S. Pat. Nos. 5,981,088 65 BRIEF DESCRIPTIoN OF THE DRAWINGS 
and 6,352,788) or 
Nos. 6,153,313 and 6,291,084). 

a top coat (See, Rigney et al., U.S. Pat. For the present invention to be easily understood and 
readily practiced, preferred embodiments will now be 
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described, for purposes of illustration and not limitation, in 
conjunction with the following figures: 

FIG. 1 provides an optical micrograph of the cross-section 
of an as-sprayed GRCop-84 substrate coated with a Ni bond 
coat and a NiAl top coat; 

FIG. 2 illustrates an optical micrograph of the cross- 
section of a vacuum plasma sprayed and hot-isostatically 
pressed GRCop-84 substrate coated with a Ni bond coat and 
a NiAl top coat; 

FIG. 3(a) illustrates a scanning electron micrograph of the 
NiAl top coat after annealing a NiAl/Ni/GRCop-84 speci- 
men at 1173 K in flowing hydrogen for 50 hrs and FIG. 3(b) 
illustrates an energy dispersive spectroscopic analysis of the 
NiAl top coat depicted in FIG. 3(a) showing the formation 
of A1,0, after the annealing treatment; 

FIG. 4 illustrates a comparison of the variation in the 
normalized weight of NiAl-coated and uncoated GRCop-84 
specimens as a function of the number of thermal cycles at 
873 and 923 K, and 

FIG. 5 provides optical macrographs showing the surfaces 
of NiAl-coated and uncoated GRCop-84 disks before and 
after thermally cycling at 873 K for 500 cycles. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

An environmental and thermal barrier overlay coating 
system is described for advanced copper alloys for possible 
use in reusable launch vehicles and other similar applica- 
tions. The present invention addresses issues related to the 
design and deposition of suitable coatings and bond coating 
technology for protecting an advanced copper alloy known 
as GRCop84. Nickel aluminide (NiAl) top coats and nickel 
bond coats were applied to the surface of GRCop-84 disk 
specimens by a low pressure or vacuum plasma spying  
process. Also, the present invention encompasses other bond 
coats using copper and copper-chromium alloys. Micro- 
structural observations have been conducted on the 
as-sprayed and heat treated or hot isostatically pressed 
coating-substrate interfaces and verify the properties of 
those overlay coatings. 

Additionally, chemical and thermal stability studies have 
been conducted both in air and hydrogen. Cyclic oxidation 
and propane-oxygen blow torch tests have been conducted 
in air to determine the oxidation and thermal protective 
capabilities of the coatings. The coated substrates do not 
exhibit any significant change in weight in the cyclic tests 
even after a cumulative time of 500 hrs. In comparison, the 
uncoated specimen lost about 30% of its weight after in the 
same period. The coated specimen has also been subjected 
to 10 cycles under a propane blow torch with no noticeable 
change. 

One of the unique features of this invention is to advan- 
tageously use the thermophysical and environmental prop- 
erties of NiAl to provide environmental and thermal pro- 
tection of the copper alloy substrate. A method has been 
developed for applying the NiAl coating to the GRCop-84 
substrate using a Ni bond coat. In one embodiment, the 
coating system consisting of NiAllbond coat/GRCop-84 
provides adequate environmental and thermal protection to 
the copper alloy substrate. 

The present invention seeks to identify suitable environ- 
mentally resistant thermal barrier coating alloy and develop 
techniques for depositing it as an overlay coating on 
GRCop-84 and other copper alloy substrates being consid- 
ered for reusable launch vehicle rocket engines. The present 

4 
invention also seeks to demonstrate the suitability of the 
coating for use in hydrogen, hydrocarbon and oxidation 
environments, and the superior thermal cycling performance 
of the coated alloy when compared to the uncoated substrate 

5 at and below temperatures of 923 K. 
The fabrication and the performance of a coating system 

consisting of NiAl as an overlay top coat, Ni, Cu or a 
C u - C r  alloy as a bond coat, and as Cu-8(at. %)Cr-4(at. 
%)Nb substrate is described, according to one embodiment 

10 of the invention. NiAl was chosen, for many of the 
embodiments, as the top coat for several reasons: (a) it has 
an excellent oxidation resistance, (b) high melting 
temperature, (c) large solid solubility, (d) relatively high 
thermal conductivity compared to MCrAlY, where M is Co, 

15 Fe or Ni and ceramic coatings, (e) high emissivity, ( f )  ability 
to obtain a mirror-like finish to enhance thermal protection 
properties, and (g) the likelihood that it would be stable in 
a hydrogen and a hydrocarbon environment from thermo- 
dynamic considerations. 

It is necessary to add a bond coat to ensure adherence of 
the top coat to the substrate. The A1 content of the NiAl 
coating can vary between 30 to 60 at. %, Zr from 0 to 0.5 
at. Z with the balance being nickel. The bond composition 
can be 0 to lOO(at. 96) Ni, or a C u - C r  alloy with 0 to 9O(at. 

Detailed thermal modeling studies were conducted to 
predict the temperature characteristics of a NiAllbond coat/ 
GRCop-84 coated system. These calculations revealed that 

3o the NiAl top coat is likely to experience a maximum 
temperature of 873 K under heat flux conditions typical in a 
rocket engine combustion chamber. The surface of the 
copper alloy substrate was grit blasted with alumina par- 
ticles at a low blasting pressure and ultrasonically cleansed' 

35 in alcohol. The bond coat was then deposited on the sub- 
strate by low pressure or vacuum plasma spraying and this 
was followed by depositing the NiAl top coat by the same 
process. Consolidation of the overlay and bond coats was 
conducted by hot isostatically pressing (HIP) at suitable 
pressure, temperatures, and hold times. Other consolidation 

40 techniques can also be used, e.g. diffusion anneal, hot 
pressing, ultrasonic consolidillion and heat treatment with 
the plasma flame as the final step of the spraying process. 

FIG. 1 shows a typical micrograph of a polished cross- 
45 section NiAl/Ni/GRCop-84 system in the as-sprayed con- 

dition. FIG. 2 shows the polished cross-section of a KIped 
NiAl/Ni/GRCop-84 system showing nearly full consolida- 
tion of the top and bond coats. The compatibility of the 
coated substrate in a hydrogen environment was assessed by 
heat treating several specimens at 1173 K in flowing 100% 
hydrogen gas for annealing times up to 50 hours. This 
temperature approximately corresponds to the brazing tem- 
perature for combustion liners. 

FIG. 3(a) shows a scanning electron micrograph of the 
55 surface of the coated substrate after a 50 hour exposure to 

hydrogen, while FIG. 3(b) shows the energy dispersive 
spectrum (EDS) from the same surface. It is evident that a 
protective oxidation resistant alumina layer has formed on 
the surface, and there was no evidence of any nickel hydride 

60 on the surface. These observations confirm the chemical 
stability of the coating system in a hydrogen environment. 
An as-sprayed coated substrate was thermally cycled at 873 
K with a 10 minute exposure at temperature followed by a 
5 minute natural cool down to an ambient surface tempera- 

FIG. 4 compares the normalized weight change of the 
coated substrate with that of an uncoated substrate. It should 

2o 

25 %) cr. 

65 ture prior to re-exposure at 873 K. 
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be noted that the uncoated substrate was cycles at 873 K and 
ambient temperature, where the specimen was exposed to 
temperature for 30 minutes. Clearly, the normalized weight 
change for the Coated Substrate is negligible C o m P ~ ~  to 
that for the uncoated specimen even after 500 hours of 5 
cumulative cyclic exposure. The x-ray diffraction pattern of 
the surface revealed only NiAl peaks. 

An as-sprayed coated substrate was subjected to a 
propane-oxygen flame. The specimen was held in a water- 
cooled copper holder and its backside was subjected to 
forced air cooling. The NiAl top coat was maintained at 
about 873 K for 10 minutes followed by a 2 minute cool 
down to room temperature during each cycle. No spalling of 
the coating was observed after 10 cycles. The backside 
temperature was observed to be substantially lower than the 
front side temperature although the actual meaSU~ementS l5 
were imprecise. copper alloy; 

The NiAl top coat is expected to act as a thermal protec- 

heat from the combustion flame and in part by conducting it 
away through the bond coat to the GRCop-84 substrate, 2o 
which be cooled on the backside by either liquid 
hydrogen or coolant. The function of the bond coat is to 
ensure adherence of the NiAl to GRCop-84 as well as to 
provide a compliant, thermally conductive layer to accom- 
modate the stresses at the interfaces. 

The bond coat considered in these experiments was 
commercial grade nickel powder. Other bond coats include 
pure copper and C u - C r  alloys, where the chromium con- 

6. A method of forming a thermal barrier coating on a 

cleansing a surface of a copper alloy; 
depositing a bond coat on the cleansed surface of the 

depositing a NiAl top coat on the bond coat; and 
consolidating the bond coat and the NiAl top coat to form 

a thermal barrier coating; 
wherein the step of cleansing a surface of  a copper alloy 

comprises cleansing a surface of a copper alloy having 
a composition of Cu-8(at. %)Cr-4(at. %)Nb. 

7. A method of forming a thermal barrier coating on a 
copper alloy, the method comprising the steps of: 

cleansing a surface of a copper alloy; 
depositing a bond coat on the cleansed surface of the 

depositing a NiAl ton coat on the bond coat; and 

copper alloy, the method comprising the steps of: 

copper alloy; 

tion barrier for the substrate in Part by emitting Part Of the consolidating the bond coat and the NiAl top coat to form 
a thermal barrier coating; 

wherein the step of depositing a bond coat comprises 
depositing a layer composed of at least one of copper 
and an alloy of copper and chromium. 

8. A method of forming a thermal barrier coating on a 

cleansing a surface of a copper alloy; 
depositing a bond coat on the cleansed surface of the 

25 copper alloy the method comprising the steps of: 

copper alloy; 
tent Varies from 0 to 90 (at. %) cr. Also, the method Of depositing a NiAl top coat on the bond coat; and 

consolidating the bond coat and the NiAl top coat to form the coating consisted Of 'Praying the 30 
powder on a substrate. An alternative technique includes the 
following steps: (i) low pressure or vacuum plasma spray the 
NiAl coating and the bond coat on a highly polished 
stainless steel mandrel, (ii) spray the GRCop-84 or other 
copper alloy with a layer of the bond coat, (iii) diffusion 35 
bond the coated copper alloy liner and coated mandrel and 
(iv) removal of the mandrel to leave a combustion liner with 
a highly polished NiAl inner surface with an outer GRCop- 
84 layer. 

these preferred embodiments, it would be apparent to those 
of skilled in the art ha1 certain modificalions, varidions, and 
alternative constructions would be apparent, while remain- 
ing Within the spirit and scope Of the invention. hl order to 
determine the metes and bounds Of the invention, therefore, 45 
reference should be made to the appended claims. 

a thermal barrier coating; wherein the step of consoli- 
dating the bond coat and the NiAl top coat comprises 
consolidating the bond coat and the NiAl top coat 
through hot isostatically pressing. 

9. An enVkOnment&' resistant Coating for combustion 
chamber and r~ozzle components of a r0cke.t engine. corn- 
PriSing: 

a bond coat applied to the surface of the components; and 
a NiAl top coat applied on the bond coat; 
wherein the bond coat and the NiAl top coat are consoli- 

dated to form a thermal barrier coating and the com- 
ponents are composed of a copper alloy; 

wherein the NiAl top coat comprises an outemost coat. 
10. n e  coating as recited in claim 9, wherein the bond 

coat comprises a nickel layer. 
11. The coating as recited in claim 9, wherein the bond 

coat comprises a bond coat deposited using a vacuum 
plasma spray technique. 

12. The coating as recited in claim 9, wherein the NiAl top 
coat comprises a NiAl top coat deposited using a vacuum 

13. The coating as recited in claim 9, wherein the envi- 
rOmendlY resistant thermal barrier Coating is fOrrned 

55 through the bond coat and the NiAl top coat consolidated 
through hot Pressing. 

14. The coating as recited in claim 9, wherein the NiAl top 
Coat comprises a layer having an aluminum Content of 
between 30-60 at. %. 
15. An environmentally resistant coating for combustion 

chamber and nozzle components of a rocket engine, com- 
prising: 

a bond Coat applied to the surface ofthe and 
a NiAl top coat applied on the bond coat; 
wherein the bond coat and the NiAl top coat are consoli- 

dated to form a thermal barrier coating and the com- 
ponents are composed of a'copper alloy; and 

Although the invention has been described based upon 4o 

What is claimed is: 
1. A method of forming a thermal barrier cod% on a 

cleansing a surface of a copper alloy; 
depositing a bond coat on the cleansed surface of the 

depositing a NiAl top coat on the bond coat; and 
consolidating the bond coat and the NiAl top coat to form 

wherein the NiAl top coat amprises an outermost coat. 
2, ne method as recited in claim 1, wherein the step of 

depositing a bond coat comprises depositing a nickel layer. 
3. The method as recited in claim 1, wherein the step of 

depositing a bond coat comprises depositing the bond coat 6o 
using a vacuum plasma spray technique. 

4. The method as recited in claim 1, wherein the step of 
depositing a NiAl top coat comprises depositing the NiAl 
top coat using a vacuum plasma spray technique. 

coat comprises a layer having an aluminum content of 
between 30-60 at. 5%. 

copper alloy, the method comprising the steps of: 

copper alloy; plasma spray technique. 

a thermal barrier coating; 

5. The method as recited in claim 1, wherein the NiAl top 65 
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whcrcin the copper alloy comprises an alloy having a 

16. An cnvironmentally resistant coating for combustion 

wherein the bond coat and the NiAl top coat are consoli- 
dated to form a thermal barrier coating and the com- 
ponents are composed of a copper alloy; and 

least one of copper and an alloy of copper and chro- 
mium. 

composition of Cu-B(at. %)Cr-4(at. %)I%. 

chamber and nozzle components of a rocket engine, corn- the bond coat comprises a layer composed of at 
pri si ng : 

a bond coat applied to the surface of the components; and 
a NiAl top coat applied on the bond coat; * * * * *  


