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Figure 2 
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Figure 5 
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ANTI-FRETTING WEAR COATING FOR 
SUBSTRATES 

RELATED APPLICATION 

[0001] This application claims priority to US. Provisional 
Patent Application, Ser. No. 61/488,583, entitled “ANTI 
FRETTING WEAR COATING FOR SUBSTRATES,” ?led 
on May 20, 2011, the entire content of Which is hereby incor 
porated by reference. 

BACKGROUND 

[0002] The present invention relates generally to the ?eld of 
coatings for various substrates, including carbon-carbon 
composite (CCC). In some embodiments, the invention 
relates to coatings comprising trilayers of ZnO/Al2O3/ZrO2. 
[0003] Carbon-carbon composite (CCC), a Well-recog 
niZed aerospace structural material, is knoWn for its high 
temperature strength and loW relative density. For example, 
jet engine manufacturers use composite variable stator vane 
bushings, such as CCC, in commercial and military jet 
engines. Conventional pure (untreated) CCC exhibits fretting 
Wear after a certain amount of operational use and subse 
quently must be replaced at a signi?cant cost. 
[0004] Fretting (oscillatory) Wear of pure (uncoated) CCC 
limits its lifetime in applications, such as bushings used in jet 
engine blisks (blade integrated disks), Which are compressor 
impellers With integrated blading for commercial and mili 
tary jet engines. Commercial, porous CCC bushings still 
require replacement as part of routine scheduled-based main 
tenance by jet engine manufacturers. 

SUMMARY 

[0005] The present invention relates generally to a method 
and chemical composition and material structure for improv 
ing fretting Wear in various substrates, including carbon 
carbon composite (CCC). 
[0006] The present invention alleviates the problem of fret 
ting or oscillatory Wear by chemically in?ltrating porous 
CCC With structurally-engineered lubricious trilayers of 
ZnO/Al2O3/ZrO2 coatings Which resulted in a 65% fretting 
Wear improvement in comparison to uncoated CCC. The 
present invention comprises a chemical vapor in?ltration 
route, the atomic layer deposition (ALD) process, to uni 
formly and conformally coat the porous/open structure of 
CCC With a solid lubricant/hard trilayer of ZnO/Al2O3/ZrO2 
that results in signi?cant improvement (65%) in fretting Wear. 
[0007] In one embodiment, the invention relates to trilayer 
coatings, comprising a base of ZrO2, a middle layer of A1203, 
and a top layer of ZnO. This combination of layers results in 
unique and ideal properties. Tetragonal ZrO2 is knoWn as the 
highest fracture toughness ceramic With subsurface load 
bearing capabilities. Amorphous A1203 insures that the right 
ZnO groWth texture (c-axis basal plane orientation) is 
achieved because it suppresses groWth of competing ZnO 
prismatic and pyramidal planes. Finally, ZnO is a lubricious 
layer since it is softer and has loWer friction (interfacial shear) 
due to easy basal plane slip/ shear. The coatings of the present 
invention may exhibit conforrnality and pore-?lling doWn to 
approximately 75 to 125 microns, or more preferably 
approximately 100 microns, into a carbon-carbon composite 
to Which they are applied. 
[0008] The present invention also relates to methods for 
fabricating trilayer coatings comprising ZnO, A1203, and 
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ZrO2. The methods may comprise a chemical vapor in?ltra 
tion route, such as an atomic layer deposition (ALD) process, 
to uniformly and conformally coat the porous and open struc 
ture of CCC With a solid lubricant/hard trilayer of ZnO/ 
Al2O3/ZrO2 that results in signi?cant improvement (65%) in 
fretting Wear. 
[0009] Other than CCC, the trilayer coating can be depos 
ited on different substrates to improve fretting Wear, includ 
ing M50 tool steel for bearing applications and silicon Wafers 
for silicon-based microelectromechanical systems (MEMS) 
devices. In general, the trilayers are good candidates for pro 
viding loW friction, Wear and good rolling contact fatigue 
resistance in moving mechanical assemblies that require thin 
(~l0-300 nm), uniform and conformal solid lubricant ?lms. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] The folloWing draWings form part of the present 
speci?cation and are included to further demonstrate certain 
aspects of the present invention. The invention may be better 
understood by reference to one or more of these draWings in 
combination With the detailed description of speci?c embodi 
ments presented herein. 
[0011] FIG. 1 shoWs optical images of Worn contacting 
surfaces of (a) CCC-uncoated; (b) Worn surfaces of CCC 
ZrO2: and (c) Worn surfaces of CCC-ZnO/Al2O3/ZrO2 (top: 
transfer ?lms on 440 C counterfaces; and bottom: Wear 

tracks); 
[0012] FIG. 2 shoWs high resolution transmission electron 
microscopy (HRTEM) image of l trilayer before high fre 
quency reciprocating rig (HFRR) test; 
[0013] FIG. 3 shoWs HRTEM analysis of l trilayer after 
HFRR test; 
[0014] FIG. 4 shoWs HRTEM analysis of high density of 
ZnO basal stacking faults inside a Wear track of l trilayer 
along the reciprocating sliding direction; 
[0015] FIG. 5 shoWs corresponding HRTEM analysis of 
FFT pattern shoWing diffraction spot of (0002)-basal planes 
of ZnO; 
[0016] FIG. 6 shoWs a high resolution scanning transmis 
sion electron microscopy (HRTEM) image of mechanically 
mixed layer (MML) after the HFRR test; and 
[0017] FIG. 7 shoWs corresponding EDS elemental line 
pro?le in Which the label “Pt” indicates a protective layer for 
FIB-sectioning. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0018] The present invention relates generally to a method 
and a chemical composition and material structure for 
improving fretting Wear in substrates, particularly carbon 
carbon composite (CCC). In one embodiment, the invention 
relates to trilayer coatings, comprising ZnO, A1203, and 
ZrO2. The coatings of the present invention may exhibit con 
formality and pore-?lling doWn to approximately 100 
microns into a carbon-carbon composite to Which they are 
applied. The present invention also relates to methods for 
fabricating trilayer coatings comprising ZnO, A1203, and 
ZrO2. 

Chemical Composition and Material Structure for Coating 
CCC 

[0019] In one embodiment, the invention comprises a 
chemical composition and material structure for use in coat 
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ing substrates such as CCC. In this embodiment, the compo 
sition and structure may comprise trilayer coatings Which 
include ZnO (WurtZite structure), A1203 (amorphous struc 
ture), and ZrO2 (tetragonal structure). The trilayer coatings 
may have the properties of being lubricious, and may exhibit 
conformality and pore-?lling doWn to approximately 100 
microns into the CCC. 

[0020] In one embodiment of the invention, the coating of 
the CCC has a base of hard ZrO2, a middle layer ofAl2O3, and 
a top layer of lubricious ZnO. 

[0021] CCC coated With the trilayer coatings of the present 
invention may exhibit less fretting Wear than uncoated car 
bon-carbon composite. The decrease in fretting Wear may be 
65% or greater in carbon-carbon composite treated With the 
trilayer coatings compared to untreated carbon-carbon com 
posite. 
[0022] CCC coated With the trilayer coatings of the present 
invention may also exhibit self-lubricating behavior at ambi 
ent temperature or in higher temperature environments. 

[0023] In one embodiment of the present invention, the 
trilayer coating can be applied to the surface of the CCC at a 
thickness of approximately 250 nm, as Well as coat the sub 
surface pores (Which are approximately l-3 um in diameter) 
doWn to approximately 100 pm in depth. 

Method of Coating a Carbon-Carbon Composite 

[0024] In one embodiment, the present invention comprises 
a method for coating a carbon-carbon composite. The method 
may comprise a chemical vapor in?ltration route, such as an 
atomic layer deposition (ALD) process, to uniformly and 
conformally coat the porous and open structure of CCC With 
a hard/ solid lubricant trilayer of ZnO/Al2O3/ ZrO2 that results 
in signi?cant improvement (65%) in fretting Wear. 
[0025] The present invention further comprises an ALD 
process Which is capable of uniformly and conformally coat 
ing both the surface of the CCC at a thickness of approxi 
mately 250 nm, as Well as coat the subsurface pores (l-3 um 
diameter) of the CCC doWn to approximately 100 m depth. 

[0026] Deposition parameters such as pulse and purge are 
determined based on various factors such as: substrate geom 
etry, chemical composition of the precursors, and siZe of the 
reaction chamber and vapor pressure of precursors. Time of 
deposition depends on the required thickness of ALD coating 
and it depends on the groWth/cycle rate and accordingly num 
ber of deposition cycles. 
[0027] Generally, the method involves ?rst loading the car 
bon-carbon composite samples into the reaction chamber of 
an atomic layer deposition (ALD) system. These are commer 
cially available or may be built according to personal speci 
?cations. The pressure in the chamber is then reduced, pref 
erably to about 0.5 Torr vacuum pressure. Nitrogen (N ,) gas is 
alloWed to How through the chamber at a How rate of about 20 
sccm. The ZrO2 deposition occurs ?rst and is a tWo part 
(A+B) deposition cycle carried out at 250° C. The A-cycle 
includes the folloWing steps: (1) 0.4-s pulse of TZr (tetrakis 
(dimethylamido) Zirconium (IV)); (2) l-s exposure, Which 
alloWs for TZr to coat subsurface pores; and (3) 60-s purge of 
N2 gas to remove any excess or unreacted TZr species. The 
B-cycle includes the folloWing steps: (1) 0.025-s pulse of DI 
Water; (2) l-s exposure, Which alloWs for DI Water to coat 
subsurface pores; and (3) 60-s purge of N2 gas to remove any 
excess or unreacted DI Water species. This A+B (TZr+DI 
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Water) cycling is repeated for the desired number of cycles to 
achieve the desired ?lm thickness. Preferred cycle numbers 
are found in Table 1 below. 
[0028] The A1203 deposition occurs second and is a tWo 
part (A+B) deposition cycle carried out at 200° C. The 
A-cycle includes the folloWing steps: (1) 0.1 5-s pulse of TMA 
(trimethyl aluminum); (2) l-s exposure, Which alloWs for 
TMA to coat subsurface pores; and (3) 20-s purge of N2 gas to 
remove any excess or unreacted TMA species. The B-cycle 
includes the folloWing steps: (1) 0.01 5-s pulse of DI Water; (2) 
l-s exposure, Which alloWs for DI Water to coat subsurface 
pores; and (3) 20-s purge of N2 gas to remove any excess or 
unreacted DI Water species. This A+B (TMA+DI H2O) 
cycling is repeated for the desired number of cycles to achieve 
the desired ?lm thickness. Preferred cycle numbers are found 
in Table 1 below. 
[0029] The ZnO deposition occurs third and is a tWo part 
(A+B) deposition cycle carried out at 2000 C. The A-cycle 
includes the folloWing steps: (1) 0. l 5-s pulse of DEZ (diethyl 
Zinc); (2) l-s exposure, Which alloWs for DEZ to coat subsur 
face pores; and (3) 60-s purge of N2 gas to remove any excess 
or unreacted DEZ species. The B-cycle includes the folloW 
ing steps: (1) 0.0l5-s pulse of DI Water; (2) l-s exposure, 
Which alloWs for DI Water to coat subsurface pores; and (3) 
60-s purge of N2 gas to remove any excess or unreacted DI 
Water species. This A+B (DEZ+DI H2O) cycling is repeated 
for the desired number of cycles to achieve the desired ?lm 
thickness. Preferred cycle numbers are found in Table 1 
below. After ZnO layer deposition, the chamber is vented 
With N2 gas and the samples are removed and cooled in the air 
and then stored in desiccators. 
[0030] In one embodiment, the method of the present 
invention uses ALD chemical precursors tetrakis (dimethyla 
mido) Zirconium (IV) (T Zr), trimethyl aluminum (TMA), 
and diethyl Zinc (DEZ), for deposition of Zirconium oxide 
(ZrOZ), aluminum oxide (A1203), and Zinc oxide (ZnO), 
respectively, along With deioniZed Water (DI H2O). T Zr may 
be applied at a deposition temperature of approximately 2500 
C. TMA may be applied at a deposition temperature of 
approximately 2000 C. and DEZ may be applied at a deposi 
tion temperature of approximately 2000 C. In one embodi 
ment of the invention, the ALD chemical precursors used to 
deposit the trilayer are shoWn in Table 1. 

TABLE 1 

ALD chemical precursors and deposition steps in an embodiment of the 
present invention 

Expo- Deposition 
Pulse sure Purge Cycle Temperature 

Precursor (s) (s) (s) # (O C.) GPC (@Cycle) 

TZr 0.4 l 60 1063 250 0.94 
DI H2O 0.025 1 60 
TMA 0.015 1 20 204 200 0.98 
DI H2O 0.015 1 20 
DEZ 0.015 1 60 690 200 1.45 
DI H2O 0.015 1 60 

[0031] The values in Table l are considered preferred val 
ues that Were determined after extensive testing and measur 
ing the groWth/cycle of each oxide ?lm and optimiZing the 
ALD processing parameters accordingly. Some variation 
from these exact numbers is expected and is permissible. 
HoWever, loWer or higher values may result in non-ALD 
groWth conditions. For example, instead of layer-by-layer 
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ALD growth, chemical vapor deposition (CVD) conditions 
may result. Those skilled in the art are capable of determining 
the parameters that are appropriate. 
[0032] In one embodiment, the present invention comprises 
the use of the ALD ZnO/Al2O3/ZrO2 nanolaminate coatings 
as described herein for providing loW friction and Wear sur 
faces, subsurfaces and interfaces in moving mechanical 
assembles, such as CCC bushings that experience fretting 
Wear. 

Example 1 

[0033] CCC With approximately 21% total porosity and 
approximately 75% open porosity Was coated. ALD Was used 
as the deposition technique With metalorganic precursors of 
tetrakis (dimethylamido) Zirconium (IV), trimethyl alumi 
num (TMA), and diethyl Zinc (DEZ), for deposition of ZrO2, 
Al2O3, and ZnO, respectively, along With deioniZed (DI) 
H2O. Pure ZrO2 and one trilayer of ZnO/Al2O3/ZrO2 of total 
thickness of approximately 250 nm Were in?ltrated into the 
CCC monoliths. Once the ALD deposition sequence Was 
completed, the coated CCC Was removed from the reaction 
chamber and cooled to ambient temperature. The microstruc 
ture and composition Were examined With advanced electron 
microscopy and chemical spectroscopy techniques. In paral 
lel, fretting Wear behavior Was evaluated With a high fre 
quency reciprocating rig. 
[0034] To simulate the fretting Wear of uncoated and coated 
CCC, a high frequency reciprocating rig (HFRR) Was oper 
ated at room temperature With a normal load of 1 N using a 
440 C stainless steel (SS) counterface under a stroke length of 
1 mm and reciprocating frequency of 20 HZ for 130 min. 
[0035] The ALD coatings exhibited excellent conformality 
and pore?lling doWn to approximately 100 microns into the 
CCC. Discernible visual differences in the Wear track Width 
and amount of transfer ?lm on the counterface in FIG. 1 
indicates improved Wear resistance With the ALD coatings. A 
~65% improvement in the Wear factor (doWn to 15x10‘6 
mm3/Nm) Was achieved With the ALD in?ltration of the 1 
trilayer of ZnO/Al2O3/ZrO2 compared to uncoated CCC. 
[0036] The Wear rate (Wear factor) is calculated using the 
volume loss of materials due to contact divided by load and 
total distance that the counterface (stainless steel ball) trav 
eled on the CCC surface: 

Wear Factor(WF) : 
volume loss _ rnrn3 

load-distance : N-m 

Comparison of the Wear factor for uncoated CCC (control) vs. 
ALD one trilayer (coated) CCC resulted in a 65% improve 
ment (calculated as the difference in WF for coated vs. con 
trol) in fretting Wear. The difference in fretting WF Was cal 
culated after HFRR test duration of 130 minutes. The 
denominator in the WF value includes load (N for NeWtons) 
and distance (m). 
[0037] Cross-sectional transmission electron microscopy 
(XTEM) studies of the Worn surfaces Were performed to 
elucidate the solid lubrication mechanisms responsible for 
these improvements. FIGS. 2-7 shoW XTEM images of the 1 
trilayer (FIG. 2) before and (FIG. 3) after HFRR testing. Wear 
is only observed in the top ZnO layer, in Which there Was a 
high density of sliding (shear)-induced stacking faults inside 
the Wear tracks shoWn in FIG. 4 in comparison to the unWorn 
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trilayer. The corresponding FFT-pattern in FIG. 5 Was 
indexed to the (0002) basal plane. Activating subsurface basal 
stacking faults Will promote intra?lm shear/slip and hence 
improve Wear. The slip of partial dislocations likely resulted 
from a dislocation glide process along the basal planes. Also, 
a high resolution scanning TEM (HRSTEM) image and cor 
responding energy dispersive x-ray spectroscopy (EDS) 
elemental line scan are shoWn in FIG. 6 and FIG. 7, respec 
tively. The image and line scan shoW the existence of a 
mechanically mixed layer (MML) that contained no iron 
from the counterface. Intra?lm shear With this friction 
induced subsurface (mechanically mixed layer) aids in shear 
accommodation (prevents brittle fracture). 

REFERENCES CITED 

[0038] The folloWing references, to the extent that they 
provide exemplary procedural or other details supplementary 
to those set forth herein, are speci?cally incorporated herein 
by reference. 

NON-PATENT REFERENCES 

[0039] Sheehan J. E., Buesking K. W. and Sullivan B. 
(1994), “Carbon-Carbon Composites,” Annu. Rev, Mater. 
Sci., 24, pp. 19-44. 
[0040] Huang, J. F., Li. H. 1., Zeng, X. R., Deng, F., Xiong, 
X. B. and Li, K. Z. (2007), “Oxidation Resistant Yttrium 
silicates Coating for Carbon/Carbon Composites Prepared by 
a Novel In-Situ Formation Method,” Ceramic Inter, 33, pp. 
887-890. 

[0041] Park, S. 1., Seo, M. K. and Lee, J. R. (2002), “Effect 
of Oxidation Inhibitor on the LoW Energy Tribological 
Behavior of Carbon-Carbon Composites,” Carbon, 40, pp. 
835-843. 

[0042] Doll, G. L., Mensah, B. A., Mohseni, H. and Scharf, 
T. W. (2010), “Chemical Vapor Deposition and Atomic Layer 
Deposition of Coatings for Mechanical Applications,” J. 
Thermal Spray Tech, 19, pp. 510-516. 
What is claimed: 
1. A chemical composition and material structure for coat 

ing a substrate, comprising: 
Zinc oxide; 
aluminum oxide; and 
Zirconium oxide. 
2. The composition of claim 1, Wherein the substrate is 

carbon-carbon composite. 
3. The composition of claim 1, Wherein the composition 

and structure is a trilayer of Zinc oxide, aluminum oxide, and 
Zirconium oxide. 

4. The composition of claim 2, Wherein the composition 
and structure are capable of coating the subsurface pores of 
the carbon-carbon composite doWn to approximately 100 pm 
in depth. 

5. The composition of claim 4, Wherein the composition 
and structure are further capable of coating the surface of the 
carbon-carbon composite at a thickness of approximately 250 
nm. 

6. The composition of claim 2, Wherein the composition 
and structure are capable of reducing fretting Wear by 65% in 
coated carbon-carbon composite compared With uncoated 
carbon-carbon composite. 

7. The composition of claim 1, Wherein the composition 
and structure exhibit self-lubricating behavior at ambient 
temperature or in higher temperature environments. 
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8. A method of coating a carbon-carbon composite, com 
prising the steps of: 

a) applying tetrakis (dimethylamido) Zirconium (IV) and 
DI Water to the carbon-carbon composite to deposit Zir 
conium oxide: 

b) applying trimethyl aluminum to the carbon-carbon com 
posite to deposit aluminum oxide; and 

c) applying diethyl Zinc and DI Water to the carbon-carbon 
composite to deposit Zinc oxide. 

9. The method of claim 8, Wherein tetrakis (dimethyla 
mido) Zirconium (IV) and DI Water are applied at a deposition 
temperature of approximately 250° C. 

10. The method of claim 8, Wherein trimethyl aluminum 
and DI Water are applied at a deposition temperature of 
approximately 200° C. 

11. The method of claim 8, Wherein diethyl Zinc and DI 
Water are applied at a deposition temperature of approxi 
mately 200° C. 
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12. The method of claim 8, Wherein tetrakis (dimethyla 
mido) Zirconium (IV) is deposited using a pulse of 0.4 s, a 
purge of 60 s, and 1063 cycles at a deposition temperature of 
250° C. 

13. The method of claim 8, Wherein trimethyl aluminum is 
deposited using a pulse of0.0l 5 s and a purge of20 s, and 204 
cycles, at a deposition temperature of 200° C. 

14. The method of claim 8, Wherein diethyl Zinc is depos 
ited using a pulse of0.0l5 and a purge of60 s, and 690 cycles, 
at a deposition temperature of 200° C. 

15. The method of claim 8, Wherein deioniZed Water is used 
as an oxidant in deposition. 

16. The coated carbon-carbon composite prepared by the 
method of claim 8. 

17. The method of claim 8, Wherein a l s exposure time is 
used after all precursors are pulsed. 

* * * * * 


