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BACKGROUND OF THE | NVENTI ON 5 FI ELD OF THE | NVENTI ON The present i n¢&rii(zA0
relates to al um num copperiron quasicrystal alloys and in particul ar
abradabl e qua$i @S st58 coatings that exhibit lowfrictio 10
DESCRI PTI ON OF RELATED ART Quasicrystals are materials MWWHNMHWIMWWW
-cannot be understood within classic crystall ographic nethodol, A These
guasi peri odi ¢ structures have a 15 Iong=ﬂange orientation order but | ack
transitional periodicity. Conventional ¥sta s_consi st _of repeated copi es
of a single geonetric atBERBDABERNGBHBAERYJTARLINE CPATINGKed upon each
other like bricks. Quasicrystals, on the other hand, while also 20 being
built up froma single type of atom c clusters, differ in that adj acent
clusters overlap, sharing aBHOKGROUND & THie| IGWVBENTI.ONMen cl usters overl ap
by sharing atons (quasiperiodic packing), they produce denser atom c arrays
t han conventional, periodic, 25 repeated packing patterns. The non-periodic
structure of Quasicrystals yiekFdsrp bfoade preEiNousky unobtainable range of
physi cal properties enbodied within a single material. Quasicrystals
exhi bit poor ther rréflhﬁ:dfrrcﬁﬁ,emﬁllltrwamﬁll@l 3¢ fradvfs rﬁ%@lé%flﬁlmlénwwra‘bout

1100C. Thus, a t e t - t.i fg@g ri bute heat
evenly elim natin q’dna%/ Jrr}P il ﬁﬁl esor%glr% 11{1%% rY"'zJéJragdoa}Elléngs
pronote wear mﬁ@@csﬂw eﬁmttla@se thath dkE G 2Q0R-Hritdteiroror e, due to

their low coefficient, of friction and electronic structure (|l ow surface
ener gy), theypropertles

10

DESCRIPTION OF RELATED ART

Quasicrystals are materials whose structure
cannot be understood within classic crystallographic
methodology. These quasiperiodic structures have a

15 long-range orientation order, but lack transitional
periodicity. Conventional crystals consist of
repeated copies of a single geometric atomic
arrangement--a unit-cell stacked upon each other like
bricks. Quasicrystals, on the other hand, while also

20 being built up from a single type of atomic clusters,
differ in that adjacent clusters overlap, sharing
atoms with their neighbors. When clusters overlap by
sharing atoms (quasiperiodic packing), they produce
denser atomic arrays than conventional, periodic,

25 repeated packing patterns.

The non-periodic structure of Quasicrystals
yields a broad, previously unobtainable range of
physical properties embodied within a single material.
Quasicrystals exhibit poor thermal conductivity while

30 remaining stable up to about 1100°C. Thus, a thin
layer on a heat-conducting surface will distribute

heat evenly eliminating “hot spots”. These hard
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possess non-adhesive properties. Finally, they offer 5 resistance to both
corrosi.on and oxidation. Researchers have identified over eight hundred

di fferent quasicrystal alloys. Many of these alloys contain a con@ﬁdﬁﬂﬂﬂﬂ
of alum num PBopPer>8nd iron. The Al -Cu-Fe alloys yield the specific

i cosahedral 10 quasicrystal identified in atomc percent as Al65Cu20Fel5.
-(Note: This specification expresses all conposition in weight percent,

unl ess speci-fically noted otherw se). Fugthernore, in sonme instances these
al l oys contain additional alloying elenents such 15 as, chrom um cobalt
and ni ckel . TAPaténaBl psompsealray epdasesrkelatesipbantPe operating
conditions. F e 5

descri be seve?gf%ﬁgg%h?EéDgﬁgo§g ggﬁkgl%kﬂ Qogggﬁggﬁng?g Ifﬁgégﬁases

Regar dl ess ofaﬁheanéttyohmwegerucquas|¢n¢stahsdeenehekgyﬁ,thBeyelves to
conventional fabrication. They can not be forned,or ﬁeadil ca%%éﬁhomever,

t hey can be rEBEé@EStBOBoﬂHBFséNB PREPRAFLFSspr Ay BELLY fB? erent,

useful coajingesAsthareasokBRMA RBWRYEE on2anAoBRiRkLEBRSE al l oys have
est abl i shed w despread conmercial usage. It is an object of this invention

to produce an Al- CBeseaquhgrsrygvalldenbyféeétpﬁgrhawqhg Hegdeeded hardness
for inproved rgdabhk éﬁs r urther o &ec% gL ghl nvention to
produce an ab 8 brre Fe& & %SPXF alwgy § E 655 D20, 758
- 3 coating bantagnhaghombmnetabnr@fshabmhnuM,aadppérdahdomrbﬁsistance.

SUMVARY OF THE I NVENTION 5 A thermally Bra yed coating fornmed with a
quasi cryst al - EBﬁtéﬁnFHgFglPé}oyﬁh§l§ﬂﬁo§ gonbrsifag ésseahedrfy of, by

wei ght pQHPenﬁuaé@c&?s@élcﬁdeﬁtﬁ?1%§ Eﬁ a@oh@c39egﬁen9 9 30 Co, 0 to 20

Ni , about to 10 M .5 Wan al ance al unlnunlmnth i nci dental 10

i mpurities. ThésdAlu0¥enont dNnseles§htihanp80ifierghtiopeespnessephast and at

| east 65 melght ercgnt S.gﬂﬁse. he coat%n ggf a cro?ardgiss of | ess
than HRL5Y 90°°T5°BESRPPTHONVEEIBREPERREBEMBODERENTPTHEL LAt F g consi st s
of a wear reshstaft ohhetuike)al | oyrhaeirigreesint BancahaytanBewei ght percent
~ phase and at | east _about 65 wei ght percent S _phase thermally sprayed at a
subsonic rate Q@ﬁ?lé#éﬁﬂst8°§§éﬁﬁ agdéfdenailyvel 85h?9t?é§méﬂt§héuﬁ%rd ~r

phase. Aduant ggeopshymil,Re @bngtcgaaaheéka& | eagy aQHHB gﬁbght per cent

b phase. Mst advantageou$ly, this alloy contains ess t out 10 wei ght
percent ~r phaééoandoaacbemmpdabQUSpSG1@ecghpepetcegtcbnﬁmasenszs The

thermal ly spr coating sesse ceII br ad biglty and bond
strength. Advgﬁ £a§E6TEILy @H O&EaFlnaihas 3 Bo% g?? Ph of at |east about
7 MPa (1 ksi)s,Bout hennonesct-hbe geasialyatatui-re ahleysceshabngighroni um
or cobalt for corrosion resistance. 30 Alum num copper, iron and chrom um

were vacuum nBPE8d gAY STARLINgaBNEEE/I- zed. The powder anal yzed, by wei ght
percent, Jy. 5 Qu, k3q3rB8esido? GEeﬁQgtry however, quasicrystals do

not lend themselves to conventional fabrication. They
can not be formed or readily cast; however, they can
be reduced to powder and thermally sprayed to form an
adherent, useful coating. As far as known however,

25 none of these alloys have established widespread
commercial usage.

It is an object of this invention to produce an

Al-Cu-Fe quasicrystal alloy coating having decreased
hardness for improveq abradability.

30 It is a further object of this invention to

produce an abradable Al-Cu-Fe quasicrystal alloy



2 6 DE C 2002 D20, 758 - 4 balance alum num This powder was fully
spherical and free flowing. Table 1 lists typical properties of the)gnETtn
.gas atom zed Al CuFeCr quasicrystal powder after sizing. 5 Table 1 +75um

0. 02%Si ze+63uM2.040583um 94. 58Appar ent Density2.19 g/ cm Fl ow

Rat e30Seconds(AS TM B213 ) Due to the alloy's aperiodic lattice structure,
X-ray diffraction (XRD) identified the quasicrystals. 10 The positions of

t he quasicrystal or (icosahedral (fir)) ghase are roughly at 23, 25, 41,

44, 62.5, and 75--an icosahedral is a polygon having 20 faces and a decagon
is a polygon kanwitiggl hearigieshighd tehpkaessreAssebiilzéy, asfdzed powder showed
only a mnor angunt .of -~r 15tphase. Rat her, a decagonal phase (b)
predoninated.°ﬁ+ ﬁﬁ%&&ﬂﬁﬁ?%ﬁ %ﬂﬁ?-(z) phases was attributed to the rate of
cool ing experienced in going fromliquid to solid. Cooling rate, and

subsequent powder particle solidification, reatLKIaffected resul ti ng phase
20 equilibria. At very fast r2Y¥MMARYONEFHEtHINENTION forned; |f

solidification is sl %gq% or. A p i fgrm Differentia
t her mal anglysis (Eﬁ%?ﬁ%g%pgﬁﬁe oﬁéghSOS§%agrEFn Fggygﬁhagnelting

t enper at ur e ofquatsdutr YHOAAC.cc2f alindmgr eddogd thepedder, cbhesetdugsi crystal s
facilitate thermal spraying with various types of 2 0 .E C.2002 D 20, 758
- 5 equi pmentSSSARSFd skﬁﬁé@ﬁﬁ@gHﬁéﬁ¥e8%fo&§tFBngénSuOtHe °types of
thermal sprayixng quigppr@Ntzo avyevero for cohi 9 exampl eipl apeatwastsel ect ed
as the sole nmeans of application. The equi pnent used to apply the 5
coatings was tife Mraxaito SGILG0 apchded agee. afNeiguR washnpnriegnéato an ABB
| RB 2400 bot. m.tq facilitat (. r.ayi a . ure
consistenég. 1¥é?§g%£ﬁ%%'geﬁg%%fgfﬁﬁggkggﬁﬁpgu?%E%tgﬂgge?gtggﬁﬁﬂﬁhe
sub- soni ¢ nodepedddrt z2jeheredwarde ats 1E@steddr ded ght Palpkcen2. dTabl e 2
Anode2083- 155Cat hodel083A- 112Gas Ig&gctor308 -1%%§xter%al Pow@gr
FeedNegati ve Srbsori% N9y 4% Pe "E5HI1C; S5n@T158°8Faltaled for
macr ohar dness gygHRESYg. microstructure, including density and oxi de content
as determ ned

15 DESRIPTION OF PREFERRED EMBODIMENT

The coating consists of a wear resistant Al-Cu-Fe
alloy having less than about 30 weight percent ¥ phase
and at least about 65 weight percent & phase thermally
sprayed at a subsonic rate sufficient to avoid

20 excessive quantities of the hard ¥ phase.
Advantageously, the alloy contains at least about 70
weight percent & phase. Most advantageously, this
alloy contains less than about 10 weight percent ¥
phase and at least about 80 weight percent & phase.

25 The thermally sprayed coating possesses excellent
abradability and bond strength. Advantageously, the
coating has a bond strength of at least about 7 MPa (1
ksi) . Furthermore, this quasicrystalline alloy
contains chromium or cobalt for corrosion resistance.

30 Aluminum, copper, iron and chromium were vacuum
melted and inert gas atomized. The powder analyzed,

by weight percent, 17.5 Cu, 13.3 Fe, 15.3 Cr and



usi ng i mage anal ysis; surface roughness XRD for phase distribution; and
tensil e/ bond testing. Based upon macrohardness and bond strength anlb DEC 2007
~optimzed set of 20 spray paraneters was derived. Along with gun traverse
rate, the sixDagfiVéBand control |l abl e paranmeters were given high and | ow
ranges. Table 3 illustrates the controlled paraneters. 2 6 0 EC 2002
D-20, 758 - 6 Table 3 Anps A6006507002ndary B15 1/ mi n20 1/ m n25
/mnPrimary C32.8 1/mn37.7 1/ m n42. 8-1Am-nFeed Rate D30 g/ m n45

g/ m n60g/ m nDi stance E64 nmmv6 mB9 mmilr aver se F250 cm m n305 cnif m n355

cmi min Coat i ngalénom ehemdnbseni Ehéearpwdeyi whdedualy FRRSXi@RSt 2NBUti on

ranging from8l.6 85. 8. nstructing,a Respanse_Tahle,.para S were
calculated fo r?ﬁo%?QY188atFﬁ8§&? gnglESF EXBECSEdPBPpFﬁElEEr %gége
spectrum Preghetedghar dnessesdwareuddce ghawicandt8b. bowheghhrtBot h
paraneter sets were 10 sprayed; results are found in Table 4. Table 4
Sof t Sof t er Anp&t 44BE50600Secondary (HzZ)3.5 1/mn2.35 1/mnPrimary (Ar)48. 37
1/ m n56. 6 ¢/ m nFeed Rate30 g/ m n60 g/mnCarrier Gas (Ar)4.1 1/mn4.1
1/ m nSpray Di stance76 nmb64 mmilraverse Rate305 cm m n250 cnmimin Table 5
bel ow il lustrates the excell ent abrad3@bbéel% properties achieved with the
subsoni ¢ thermal sprayHrg—e—the—quasterysta+ne—apy 2—6 E C 2002
D20, 758 - 7 _ Tdble 5 Soft Soft er HRL5Y86. 583 "EDensi tg9%2%084.080nd
St rengt h18. 89 MPalX ¥%® MPaDeposit Effici ef&/35025~ Base O%Jpon t he porous
nature of these sybsonic 5 coatings ther¢ @™o at?enp8% to perform
m cr ohar dness testling. XRD scans on the tlwo subsoni c _coatings _appear
simlar, alnost a|Apmkrent kKe¢nityhe stard.ildg ggemder. Both coatings are
predom nately b wijth a weak ~r peak at 42. The netal |l ography of | the 10
coating illustrat gdride gpgesence of trang-mplsaicosygacki ng. Tabl e] 6 bel ow
provi des "about" thenghermmi iy sprayed cgating' s conposition, ip weight
percent. 15 Table &
El emrent Br oadl nt er medi at eNar r owAlBal ance*Bal ance*Bal ance*Cul0 - 4512 - 2415
- 20Fe7 - 2210 -20D0e- teeChe alldpy’'s pperigdic2desfice3g@ruceorep - 15N 0 -
izggu;i 159 - 19M0y o1¥%ractizh (xRBY 1abn?ri el the®ohaldicLEkdenta
10 The positions of the quasicrystal or (icosahedral (V{))

phase are roughly at 23, 25, 41, 44, 62.5, and 75--an

icosahedral is a polygon having 20 faces and a decagon
is a polygon having 10 angles and 10 faces. As-
atomized, sized powder showed only a minor amount of

15 phase. Rather, a decagonal phase (&) predominated.
The presence of two (2) phases was attributed to the
rate of cooling experienced in going from liquid to
solid. Cooling rate, and subsequent powder particle
solidification, greatly affected resulting phase

20 equilibria. At very fast rates the metastable V{ is
formed; if solidification is slowed the &-phase or its
approximates form. Differential thermal analysis
(DTA) performed on the powder indicated a melting
temperature of about 1044°C.

25 When reduced to powder, these quasicrystals

facilitate thermal spraying with various types of



** O + Cois at |east 10. 2 6 DE C 2002 D20, 758 - 8 The hardness and
bond strength properties initially targeted for nodification were 76 DE( 2007
appreci ably inproved. For exanple, hardness inproved from HRL5N | evels for
conventional Dh@OmdlS8spraying to a level of 5 |ess than about HRL5Y 90.
Advant ageously, the alloy has a hardness of |ess than about HRL5Y 85. Most
advant ageously, the alloy has a hardness of about HRL5Y 65 to 85.

Quasi crystal s have very poor thermal cenduetivity and therefore any | evel
of inputted 10 thermal energy should be considered when spraying. These
"sof t" quasi cleggtizmeddat i T spiowlidesx pdlasdgr H¥PHdaBEEORRELARI aBdrri er
under | aynents. rt rec it | ossi. bl 0.l abr i,Lity and

| ubricity mﬁtﬁtagﬁigggﬁg %F E§F§%€?S% §%€hn§ééq%ghﬁéﬁgh, ggﬁggékdes and
pol yesters), Foronhiist rxdeple adamaowas tskileéeted ekelther soheonkeuny and

ni ckel - coat ed %raphite. The coaégn% retains at |east 65 mei%ht percent 8
phase and | i nifts 2pPl3Kadd oy | & YA PG Te "GRE 26 BBPLENTREo ensure a
sof t abradabl ealdigys ThisS 14aAg TRY sk 190" R18EnaNLAnei t hak BBhal lic or
nonnetal lic substrat'es. Finally, the quasicrystalliné alloy readily

i ncor por at es efasomowntaad cadivalan ABBi RGNS 406r riokptdeedrhi gh t enperature
oxi dation 25 3$$L§p n e.aA%;ho%gh %he inventh n ha%nbeeg described in
detail with reéférencé to % Certain BF@W&P@é& n§8d|n§HF, those skilled in
the art will reeegritzeidyhat Thiepd adhd Qicheraeshodiageabarotutba itaventi on 30
wWithin the spirit and the _scope of the clainms. 2 6 D E C 2002 -9 Wat is
claimed is: 1CPRTEHE fdl IBhes SERyEQNEGal oG -coMpdsigranhesAnBg ewileh a

quasi crysi @l - GRREFHFING ki@, bhe all oy consisting essentially of, by

wei ght percent, about 10 to 45 Cu, about 7 to 22 Fe, about 0 to 30 Cr,

about 0 to 30 Co, about 0 to 20 Ni, about 0 to 10 Mp, about 0 to 7.5 Wand
bal ance al um num wi th inci dent al inpugiéies and having |l ess than about 30
wei ght percent yr phase and at | east 4] &F és wei ght percent 8 phase and

t he coating having d aresd®har dness of Tess than abogt-HRESY 90. 2. The
coating of claiml wherein the coating has al!macrohardness of || ess than
about HR15Y 85. 3. THeatdwdé ng of claim 1l wherei nG&RAdly contains at

| east about 70 wei ght reent 8- phases—4—The—cogtiRgsot—ctaim 1 wherein

t he coating contains(%%$tf?iﬁ?¢§:es sel ected frongphg é?%up consi sting of
pol ymers, boron nitrligleteisd hofdey neddd de, |and negkeli¢eated|graphite. 5.
A thermally sprayed lcoating conposition forned with a
guasi crystal -containing alloy, the alloy consisting essentially of, by
wei ght percent, ab , t t .Eq, +ab 5to 25 Cr,
about 0 to 20 Co, gﬁkléﬁ%%ggﬁgh?%f6q9%%aﬁ%%F %ﬁﬁqégs ggogpho to 15 Ni
about 0 tbS57. BvEBuadipoutfo¥ tractoWeaidelsal JHRE S5&1) ummdamowittrheitneciedent a

i mpurities and_havi | ess t.han _about .30 wei ght percen | .phase and at
| east about 65 \wei gbg%@@ﬁFyba 2 S&185d CR e@&a??néehﬁépﬁgea

macr ohar dness wgfi lge Smalgeamnalb gt skiRER¥ £3@e roughness; XRD for phase

distribution; and tensile/bond testing. Based upon

macrohardness and bond strength an optimized set of

20 spray parameters was derived. Along with gun traverse
rate, the six active and controllable parameters were
given high and low ranges. Table 3 illustrates the

controlled parameters.
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6. The coating of claim5 wherein the coating
| ess than about HR15Y 85. 7. The coating of claim
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wherein the alloy contains at |east about 70 weight percent 8 phase. 8. The
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5 HR15Y distribution ranging from 81.6 to 85.8.
Constructing a Response Table, parameters were
calculated for two (2) coatings - one for each end of
the hardness spectrum. Predicted hardnesses were 81.5
(low) and 86.5 (high). Both parameter sets were

10 sprayed; results are found in Table 4.
Table 4
Soft Softer
Anmperage 650 600
Secondary (Hz) 3.5 1/min 2.35 1/min
Primary (Ar) 48.37 1/min | 56.6 1/min
Feed Rate 30 g/min 60 g/min
Carrier Gas (Ar) 4.1 1/min 4.1 1/min
Spray Distance 76 mm 64 mm
Traverse Rate 305 cm/min 250 cm/min
Table 5 below illustrates the excellent abradable
15 properties achieved with the subsonic thermal spraying

of the quasicrystalline alloy.

2 salea) calcal.cal cal calcal calgal gal ¢a) cal 2l oRal cal cal ca
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coatings appear similar, almost a “look alike” of the
starting powder. Both coatings are predominately &

with a weak | peak at 42. The metallography of the

10 coating illustrated the presence of trans-splat
cracking.
Table 6 below provides “about” the thermally
sprayed coating’s composition, in weight percent.
15 Table 6
Element Broad Intermediate Narrow
Al Balance* Balance* Balance*
Cu 10 - 45 12 - 24 15 - 20
Fe 7 - 22 10 -20 10 - 16
Cr 0 - 30 5 - 25%% 10 - 20
Co 0 - 30 0 - 20** 0 - 15
Ni 0 - 20 0 - 15 0 - 10
Mo 0 - 10 0 - 7.5 0 -5
W 0 - 7.5 0 - 6 0 -5

* Plus incidental impurities.

** Cr + Co is at least 10.
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excellent abradable thermal barrier underlayments.
Furthermore, it is possible to improve abradability
and lubricity with additions of polymers (such as,

15 nylon, polyamides and polyesters), boron nitride, clad
boron nitride (nickel or chromium) and nickel-coated
graphite.

The coating retains at least 65 weight percent 6
phase and limits { phase to less than 30 weight

20 percent to ensure a soft abradable alloy. This
coating may be sprayed onto either metallic or non-
metallic substrates. Finally, the quasicrystalline
alloy readily incorporates chromium and cobalt
additions for improved high temperature oxidation

25 resistance.

Although the invention has been described in
detail with reference to a certain preferred
embodiment, those skilled in the art will recognize
that there are other embodiments of the invention

30 within the spirit and the scope of the claims.
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7 to 22 Fe, about 0 to 30 Cr, about 0 to 30 Co, about 0 to

20 Ni, about 0 to 10 Mo, about 0 to 7.5 W and balance

aluminum with incidental impurities and having less than

about 30 weight percent y phase and at least about 65

weight percent & phase and the coating having a

macrohardness of less than about HR15Y 90.

2. The coating of claim 1 wherein the coating has a

macrohardness of less than about HR15Y 85.

3. The coating of claim 1 wherein the alloy contains

at least about 70 weight percent & phases.

4. The coating of claim 1 wherein the coating
contains soft particles selected from the group consisting
of polymers, boron nitride, clad boron nitride, and nickel-

coated graphite.

5. A thermally sprayed coating composition formed
with a quasicrystal-containing alloy, the alloy consisting
essentially of, by weight percent, about 12 to 24 Cu, about
10 to 20 Fe, about 5 to 25 Cr, about 0 to 20 Co, at least
about 10 total Cr and Co, about 0 to 15 Ni, about 0 to 7.5
Mo, about 0 to 6 W and balance aluminum with incidental

impurities and having less than about 30 weight percent wy
phase and at least about 65 weight percent & phase and the

coating having a macrohardness of less than about HR15Y 90.
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6. The coating of claim 5 wherein the coating has a

macrohardness of less than about HR15Y 85.

7. The coating of claim 5 wherein the alloy contains

at least about 70 weight percent & phase.

8. The coating of claim 5 wherein the coating
contains soft particles selected from the group consisting
of polymers, boron nitride, clad boron nitride and nickel-

coated graphite.

9. A thermally sprayed coating composition formed
with a quasicrystal-containing alloy, the alloy consisting
essentially of, by weight percent, about 15 to 20 Cu, about
10 to 16 Fe, about 10 to 20 Cr, about 0 to 10 Co, about 0
to 10 Ni, about 0 to 5 Mo, about 0 to 5 W and balance
aluminum with incidental impurities and having less than
about 30 weight percent y phase and at least about 65
weight percent & phase and the coating having a

macrohardness of less than about HR15Y 90.

10. The coating of claim 9 wherein the coating has a

macrohardness of about HR15Y 65 to 85.

11. The coating of claim 9 wherein the alloy
contains less than 10 weight percent .psi. phase and at

least about 80 weight percent & phase.

12. The coating of claim 9 wherein the coating

contains soft particles selected from the group consisting
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