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QUASI'CRYSTALLI NE COATING 5 10 BACKGROUND COF THE | NVENTION  FI ELD OF THE
: | NVENTI ON The present invention relates to al um num copperiron quasicrystal
al l oys and i m420,ti%<ul ar to wearresi stant quasicrystal cogi
exhi bit non adhesive properties. DESCRI PTI ON OF RELATED AEM@@E@@M@RHMWO
* Quasicrystals are materials whose structure cannot be und n
cl assic crystall ographi ¢ net hodol ogy. thsg quasi peri odi ¢ strUtfidfes have a
| ong-range orientation order, but lack trtansitional periodicity.
Conventi onal crystal SIEARSRBS I OFANPEpREASICROPTASL ONE aCGATONE geonetric
atom c arrangenent--a unit-cell stacked upon each other |ike bricks.
Quasi crystals, on the other hand, while also being built up froma single

type of atomic clusters, digACKGROUNDaOF aTfiRCENVEKNTOSKEr S oggmnm"mmmmng

atoms with their neighbors.” When clusters overlap by sharin

(quasi periodi c packing), they produce denser atomc arrays than.g,..
conventional, periodic, repeatredipagk MyEEPINVENTIL.ONThe non-period?%
structure of Quasicrystals yie[ds a proad,. previously unobtainable range of
physi cal properti es*emyotf tv&?Yﬁ?F%P%iﬁ%}gtﬁitE?i3¥?mtﬁBETEPQE?£Ts

exhi bit poor ihef rflasoneeta Vi iyl ofhs | gnd emRi pa ngi st abletdpwearabout 1100C.
Thus, a thin layer on a heat-conducting surface will_ distribute heat evenly
el imnating "HRILSHRRE UaHkeEYfbd t coatimgs bredhoeElWeat 3AB scratch

resi stance. E L or :~d6 APR 2002 D-2 0, 7 57 - 2 to their |ow
coefficient c#géégiﬁgké?%gﬁgéﬁ%%ironic structure (low surface energy), they
possess mgnadhesi ve properties. Finally, they offer resistance to both
corrosion and oxidation. 5 Researchers have identified over eight hundred
different quasicrystal allo S I i ntain a conbi nation
of alum num coppeguaditctyotals Thee Alatarelal hpyseysekdctieespaahbitc

i cosahedral quasicrystal identified. in atomc Qeifent as .10 Al65Cu2o0Fe; 5.
(This specifﬁﬁéﬂ? B REsRLtl chApeLtt FORStRhlART§RE Ber cent, unl ess

speci fical | y 15 e db DS Her Wi B se Fytid HEpEPI 81 ENsEoNBLLPEEANEee Bhese al | oys
contain additional alloying elenents such as, chrom um cobalt and nickel.

This enabPes 1O IARI oy~ 1 @7 BRrEbAMOUELRT spekt  { 8Cbpkt aPFhG €BAdi ti ons. For
exanpl e, DuBghsr&ddpdityl N cbSvelBiondD. cBy2P4139% ondes€er beersgugral
Al- Cu- Fe all oys containing, quasicrystalline phases. Regardl ess of chem stry
however, quast¥RiRt 5 oS PIhet IPERETThendEPTes 2BTEBHGBRPLONA
fabrication. Jhey-&cam notabrefonpBl Ohcheaehby ¢agk: phowpuer, they can be
reduced to powder and thermally sprayed to form an_adherent, useful
coating. As f@RALECKYBWRl howeWekhe nphlebfhendsevallBy3lRavEeésgabl i shed

wi despread 25e0oMBkES| AtoWSR08indlel SyB8 O6) £E6mOE EMiIStERKENHE @R kO
produce an Al-Cu-Fe quasicrystal all oy coating having increased hardness
for inproved WeatP3s?didmeRt FHUFEeRSTaYERERPODFRRYIBE BRPES W¥&Rtion to
30 produce antydiCn&LqRINEss CF Yahah é‘ix';é’t’eEQ%VEQlQ%‘/bggsHQBiﬁghes' ve
properties and oxidation resistance. = 16 APR 2002 20, 757 - It is a
further objecttRst ¥asHIERPRRCtBapkbldte BheriPLadreeqdasserystal all oy
coating havi ng G SE0E Pa bk I AENELhY St EAEE; BeSYMNRRY OELLHECKNVENTION A
thernallﬁ sprayed coating fornmed with a quasicrystal-containing alloy, the
al | oy coRSi stPagkEsE e TBETYSof, by wei ght percent, 10 to 45 Cu, 7 to 22
Fe, 0 to 30 O, 0 #9305/ DpeP; 581205 Ny Pute 9.105t912- 51 Wand
bal ance aluninun1mjt% i%%?%%n%a lin%ur?f?%s. %ﬁeagffog gg%t%%nglgéa%east 50
wei ght percem Rrop@dserrgneoeshyi wgohbsinakher sanganesspbisacaleast about
HR15N 75. 15 £ ERRED; ing consists of a
wear resistant 1:CM%%%»%§§%§T%§VIHQ égwgggéﬁga oﬁ?ﬁgggagfght percent ~r
phase ther mal ¥2sh¢aystahs exhipid pace théfihslenontochvvitydehiileent al
quantiti gy of .G pha ousl| hgoall o nt ai pg.at | east
about 60 meigﬂt %er%ﬁ t£g¥ﬁ%%2§§.yqy%P%§PI%?b?teéon¥2§%é gbggﬁﬁ60 to 90

wei ght per centa¥er phlase. hadst coddant aggosstfaceheiall dystonbaiteshattl east
70 wei ght per 2l The & spra oat .ng sses

excel | ent har%ﬁ%igy 3§E@£ﬁgF%§8anﬁgéﬂg$ég% énn%ﬁ%ﬁésggr d€§§?§§§8us|y, t he
coati ng has aProwghmessanfah@sscrabohabesisP4fcRa aRdrahponosit ydak | ess

t han about 5 percent. Furthernore, this quasicrystalline alloy

advant ageously contains chrom umor cobalt for corrosion resistance. 30

Al um num copper, iron and chrom umwere vacuum nelted and inert gas

atom zed. The powder anal yzed, by wei ght percent, 17.5 Cu, 13.3 Fe, 1S.3 Cr
and bal ance al umi num This powder was fully spherical and free

f



16 APR 2002 D-20, 757 - 4 flowing. Table 1 lists typical properti®6 ABR 280de
i nert- gas' atom zed Al CuFeCr quasicrystal powder after sizing. Table 1 +75

- um 0. 02% Si ze +63 um 5. 40% - 63 um 94. 58a Apparent Density 2.14 g/cm Fl ow
Rate 30 SecomdO,ASTM B213) 5 Due to the alloy's aperiodic lattice
structure, x ray diffraction (XRD) identified the quasicrystals. The

- positions of the quasicrystal or (icosahedral (fir)) phase are roughly at
23, 25, 41, 44, 62.5, and 75--an 10 icosahedral is a polygon having 20
faces and a decagon is a polygon having 10 angles and 10 faces. Anatom zed,
si zed powder tshawed ronlow aodffircisamurdf ofr rat iphasend Ratderrommi alecagonal

hase (b redom nated., . The presence of t hases was_attributed to
!tohe 15(r331t2 of réjé:gﬁqrr?g Weﬁouerriae%e i‘?{’egroqwg)f gfrz% NYUIS T 0°%0l i d. Cooling
rate, and subsemiicnte pawideirtpard. cleirsdlliwi filcat iehfegrestiytaidected

resul ting phase equilibria. At,very,fast rates the netastable ~r is forned,
i f solidificdq%h S GBY ANhE BT or its 20 approxi nmates form
Differentfal ther mseanalhsis merd orded ofi ddhepamwderghthdiaedestia mel ti ng
t enperature of about 1044C., When reduced to wder , _t hese icrystals
fa(r:riplitate t e T L SRR AT 3 ard Typediof %Qﬁ?ﬁ%%ﬁf‘?yﬁ%is

i ncludes pl ﬁo%témf% diﬁr}]&nﬁﬂiajh i’mﬂ af)lmxejrndrw,pasoglqjeﬁ l'%ﬁdimirér:rﬁ)r ay: ng

equi prent . wever, for_this exanp]e sma_was, sel ected as. t sol e nmeans
019 agpl i cati die The S HgkoXRs qjoé)a%bﬁf fﬂ%ﬁb%t%%‘b%a%%r?ﬁe Pr axai r
SG 100 pl asmeyp @i crie: QU derltGl ARR 2002 012 &rlcentd asj was nounted onto
an ABB I RB 2400 robot's armto faciljitate automatic spraying and to ensure

consi st ehBy. A eshaede:coatithys GREPHACH TS U IRFaHRS Shivd se, 5 was

appl i ed- - usi Rprids 1SGHY i vdiggiaghe dcdrde W idk argosc apdcdelyum as the
pl asma form n%ra ases. Starting paraneters of Table 2 consisted of those
est abl i shed f q’ﬁlﬂ@%ﬂ%ﬁ%ﬁﬁﬁcop@@ﬁhﬁ‘%’%ﬁmsﬁr&r%ﬂ%l wshiangedl e 2

Anode2083- 358Gali0de2083s 1Aas: .| i eet of 2088-JIBGH et BORArpSBENary Gas
(Ar)37.8 1/ m nSecondary Gas (He)20.0 1/mnCarrier Gas (Ar)5.6 1/ m nPowder
Feed Rat e20. ®Sy/ Ay Di Gt A dniPgwikel - SiZelasealee ) thested are

el even pasamgiinidy &y | Al QSodPE A& el d VS ok NAN-condielbrbl e. These

i ncl ude anode, cathode, gas injector and powder size. Two, voltage 15 and

carrier gas fHQw BFaRke i VRIBHE Dhtdbid abt & howeRel; ¥Pe Potfdr1Ps,

regul ated thrQugh iihe SerondarA gas Fd o W d ecdibeal@idgr was pernitted to
remain fixed. Five active and controll abl e paraneters remai ned: anperage,
primary and SBESHIETYE kst Freowrhases powder feed rate and spray di stance.
Since these par amg{&ysryRISs | B Ubldifd Sty Lo RPSd P Z8ud e P8t A8’ &o
hardness, gun traverse rate or anount deposited per pass was added.

APR 2Q022 8 2qot7send ghemre e B0 RRRVERELGRAL BPpFieationa t RReKness of
0.51 1o 0.74 Jgf AONKE NSrQRtd NG M d 1] PUL LSt BV WSS EF, WEREy MESH Ope
(DPHsoo0) and macrohar dness ( HR15 testing; mcrostructure, 1ncluding
density and FEHCed FxAWIRT andctle fdmeHy SRRy edue BoHnyals; surface
roughness XR%Jr%ref}t@S%fé’éﬁh“Mﬁﬂﬂj. arl?gstf—c‘[‘ﬁ' &£/ bongh tesShiHgy, Based upon
macrohardness results alone, an optimzed set of spray paraneters was
derived. Al oftpnf taf direse adekays rkaee eslealks] kshed i wkdespreadtrol | abl e 10
paranetess fromlalle 2 yWwel& given high and | ow ranges. Table 3 illustrates
the controlled paraneters. Table 3

Anper age750800850Sekc ol a1y 1BZISPr ¢ freflyBY . B37e830 8 TEaver 8@2693@5355 15

Tabl e 4 bel ow shaysy esul o} S i h

or t hogonal a\r/%?lay Wi t%%ge Rociit/eﬂ r{:lL&Sil\ipsﬁa(?O ntg%g&rllé%%%%d{?g%%%% spray run
and t he resulharpessdmcepighassanrreskstance. 16 APR 2002 D-20, 757

Table 4 Tes t AMDSSELOn: AMh RSEIEI e 14 F1 O L MBI Ye FPBoh ALY

30 produce an Al-Cu-Fe quasicrystal alloy coating having

non-adhesive properties and oxidation resistance.



1/ m nPowder Feed Rate g/mn Spray Distanc a mmun Travers a Rate g &Pm2002

ardness HRLIS5N Texture

Ral17501532. 8157625078. 232227501532. 8158930577. 526937501532. 81510235577. 1282
97502037. 8201629073.7928S57502037. 8208930574. 026767502037. 82010235577. 626877
502542. 8257625069. 430387502592. 8258920579. 727597502592. 82510235575. 22981080
01537. 8257630575. 3284118001537. 8258935571. 7252128001537. 82510225075. 9252138
002042. 8157630580. 530219B002092. 81589355/6. 631315B002092. 81510225071. 931216
8002532. 8207630577. 0278178002532. 8208935575. 6294188002532. 82010225074. 12951
98501542. 8207635578 93052 BHATEA2 BRI 507 51320 L2M83 01592 . 182010230573. 3325
228502032. 8257635574. 6264238502032, 825892507.3. 6266248502032.,82510230575. 629
8258502537. 8 P57 ?W%ésa’%%z%ﬁ%‘ﬁé’ 3 42%%35‘%73‘%’%‘1%@0575. 93
48Basel i ne73.stod hHiserd ebnigitty aukapueehi L27, three-1evel orthogonal

array, the high, nedian and low | evels of 5 each paranmetric variable, were
evaluated - with particular attention to their interaction with each other.
The paranster response tabl esamdrrdl OBl GHEOONNVEN@IONO predict the coating's
har dness are shom%i Tabl%S and 6 Tabcl.e 5 below illustrates a response
16 APR 2002 D- 20, 75710030 SREshiS] G- tHE TSH e Ver age har dness

for the acti vgreaearind bl marianmieral lady t htee dEMel scorfaid eirkg Har dness

(HR15N) Anps  A75. 2375..3475. 0Secondary B75. 91 75. 2674. 41Pyri mary

C75. 9274. 62755?5@5%&1%&{ @f%?%ylw%ﬁmﬁ%}%m?eo B8 45y (h O aver se
F73.8676. 067:&G7 b tlalle ¢ ,shows i @d ,ato ans Fornhi gh twrdness, (v) based
upon results of _Table 5. Taa?lle 6 = ) , .

T+( A2- T) 40 B1-EP) 4(-CL I 2BRDRPARTEEL 2P W ERy)with Incidental

75. 19+(75. 39-ifpultB)th(edD. IIrned. .o tor8Zzifds 1) least 50 weight
(76.11-75.19) +(75. 67- 75.19) +( 76, 06- 75. 19) =

75. 19+( 0. 15) HFCENL (Yo PRRS] 0. @‘23%(%9%8‘)’{% a2 MeF YR IRNRTN 9D #eferring
to the responsadraljwandiseectd ng t he hi ghest hardness val ues for a given
paranmeter setting the optimum val ues, to deposit a coating with a typical
har dness of HR15N 79.06, are presented in Table 7. 16 APR 20D2 D-20, 757
- 9 Tabls 7 Anper age8Giizroonsiaron (die) B e dE RREPrEMBeYINENY 32. 8 1/ m nFeed
Ratel5 g/m nCarrier Gas(Ar)5.6 I/mnsSpray D stance/t nmir aver se Rate250
cm nin Tabl e 8 PHIGU3SP{IRISH)IRISING @ { & 38 Tens )07 o Ursrt s1F81649. 88
MPaUTSSAE 41404,5% NRalgT SRO6LERHT . 8% MPaT@ Xt el @285 Habapesy L Shissi ency66%
5 Table 8 represents the average coating properties derived fromthe

optinmi zed part@feiErisl ofsPraed AL @ FRARHE Falspotisel 1@prls, te éeidar anet er s

deened nost | k&l iyndrf 1 Qﬁmiacif@g_ thr denseasdel | abonded ayasi grystal line
coating high in the icosahedral (fi 3@10 phase, are presented 1n Table 8.

The baset?ne 14t il Lorftal tidd i a3l Ao GRivght IperReneent phase
(i cosahedral Jondd (3rypivase (£ubi€)cah tiphasest (decegosal yeidhe Wi dth of
t he peaks suggested that the coating was very fine grained 15 (<lum. The
basel i ne coatH¥Fonthiriear por 33ty atitrrtareqrehs- spratatkagki ng. The
optini zed coatdighiddHINte 4 bRy ik ApNONsEEMUA £ by i b4R S& at eppgont ai ned 70
wei ght percent ~r-phase and a-phase. Sone b-phase was noted on the |eft
side of the Hifi@allntwmted ReACing W IFR 20 2 ebl gy haydnegne
opti m zegs paraiR:als alrfg’ré:ﬁ’%é@esmﬁé/sspUtA&\p&qE£€§?3§%ll,attﬁ acki ng
remai ned. Spherical, free flowng, Inert gas atom zed CuFeCr all oy powder
does not cont@atlRhilF R gerudnieye of Tows dpem cbeutiedeahedend €fir)
phase | . e RSl dd iNed nidy epdd digertions. RatbeEmgre to s
cooling rate, it is conprised of substantial anounts of a d%cagonal (b)
phase and a dii quaigistalMie ealinsadvanbayeoupksi coysaiisi ne phases,
they do 10 noin.eibnace.d heaperi Aol ol Aados, ool higakphase. Nevert hel ess,
when pl asna sprayed, under the proper conditions, they can revert to ~r
phase--tB€ el ect r dniwnistuuctagroer, tiwonraphachereroium i beresvaouam| ow
surface ener hgnee goad rele erti.es. Tab o] rovi des
"about" the ﬂeelrma Iy sglr ayed (%aogatalat?logng{éc)(ghpo%}?%%%\?d?% %\ﬁ?g}ﬂ?ggéy\% nt .
weight percent, 17.5 Cu, 13.3 Fe, 15.3 Cr and balance

aluminum. This powder was fully spherical and free




Table 9 EIenentBroadInternediatehbrrowﬁlBalance*BaIance*BaIance*Cuqqigpmﬁmp
- 2415 - 20Fe7 - 2210 - 2010 - 16Cr0 - 305 - 25**10 - 20Co0 - 300 - 2

15N 0 - 200 - 150 - 10MbO - 100 - 7.50 - 5W - 7.50 - 60 - 5 20 * Plus
incidental iMp@&dti%s. ** O + Co is at least 10. The paranetric
mani pul ation may also alter the alloy's atomc structure. However, fromthe
" data 16 APR 2002 5 10 15 20 25 30 D-20,757 - 11 herein, it is apparent
that as both thermal and kinetic energies are varied, cooling rates are
altered and the subsequently produced coatings reflect those changes.

Furt her nore, filwsimqr optakiliesl ihistaliypicaharebdotiend fithe i Drewer e

appreci ably inproved,. Fo L r o] Vv at | east
FRISN 75, WbSa% vté)rﬁla%ee%ujsaéyﬁ,@%% ‘gﬁ%{; ?%P%%’ﬁﬁ%%sag?égtﬂze%?. HR15N

78. In addition, by spraying in the Mach 1-high velocity node, the powder
was sufficiently heated and cool ed tcbégféfiorn1the ~, decagonal phase to
the low frictional ~, icosahedral phase."Referring to the coating's

nmet al | ogr aphy, the e€xtensive cracking w tfiBnumndi vi dudl%spl ats was

unantici pated. Wil esieesahedral QuasicrysBalhm are Br.igoil e at| anbi ent
tenperature, they dp plastically deform ag3hipgher tanpgeratures. Thus, it
was not recognized pbareditvDduali typl at ¢ . wauld cidr matively cpnply with the
roughened substrat e[BY o&h@akleNng and Crackiongecankgr than a dugtile type

nmol ding. It was belteuedM Batisyhe in-flight droplets were sufficiently
heated thgt they woulrd readily conformto the subStrate s contour--this was

not the case. Quasicrystals have very poor therpmal conductivity and
therefore any Ievéwﬂ%ft?rﬁﬁﬁt%%ﬂ?YmﬁrﬁﬁeE%@$b9 %%BE%E?b%tEBﬁgF_%feﬂ'mhen
sprayi ng. This; yrey; Her D8t LN C et Whedenis] ey aEhOUSuAE OBr yYEt OTEL Y
appliances as the prinmary Sggllcatlon devi ces, The potential uses of

quasi cryst al CoaBaHstiaRT ute: tRRNTSIF KT ¥uFFaces fﬁ?oé%%?QE?% §¥am i ron
sole plates tﬂ}%g@lawrféﬁhgpdﬁI,zay,nez15,8~4ipbu,casz ng, apdqbesripg
surfaces; non-stick paper and gl ass nanufacturlng rolls; piston rings;

anti - fretfi ng grAhrITdh Fora BTN doveiad| 49 52¢@F nghdedr d€CagOAPR 2002
D-20, 757 - Lz éﬂﬁﬁiiﬁﬁﬁQ@§v§H%h1@Saﬂéd¥§5aﬁ@d1@a£§éés9'UAEh plates; and
air conditioner conpressor "wobble" plates. These coatings facilitate
sprayi ng of RHAMMRAMN | FEZeMPuRRt ShVed seLY r at BEROANSMAERE PhaV a
highly lubrichious. 5 sstéace, of GedP@ndivisdadel (o fFehbRinbEed. trademark
of DuPont for fluorinated ethyl ene propylene) substitute is required
presents oppdfiRtesNeorofuid? ctystRhesae woat rhgsibrhedeteobbfngs my be
further gshancad, hye tas, pidy LiAfe Pl ohetd Paribehgscsueh 10ug ear bi des,
metal s, nanocarbides, nitrides,” oxides and intermetallic conggunds.

Speci fic exarfstlesdi nclerikingl Xt fa, 2khr oA S INON baevideT BAHTEGEBI des of
tungsten, chrou 4 ¢ {d4@mbam and ¥ppagi soxe J8er €031 £ 1o "3Rage har dness of at
| east HR15N 75 15 for excellenht wear resistance. Furth%rnnre, t he

quasi cryst al |19%E Bibwia cortli verat fashsrates wehghnepestehle~¥ phase for
excel l ent no IVveep } inal Ly coaf, L ng_ siapat h
surface of Iggs tﬁah gﬁoéggf%%%f %Ef%ﬂp%%og%%gggf ?%ésstégﬁ ggrgg%t. 20
The coat PRg' SRIOMF Healt ©F opermi esDhftevert Lialf bhennghr areyysiswear

resi stant appld J . i i d L L.p det ai
wth refer enc%%aéfgéfaﬁﬁr?ﬁ %ﬁ%re eé?gdilg%gg%‘::%gn??ﬁ?Eggggsﬁéﬁﬁéégggﬁkghe art
will recogni 2 2batatl @4@%€. are ot her enbodi nents of the invention within

the spirit and i haysepnecaloliecs|ghaRer HAoRERIA00Z 43, CLAINS 1. A

thermal |y sprayed coating forned a quasrcr ontarnrng alloy, the

coati ng havi rpel kiorposi thermal hepranpogi vibh vansossi hgressefitially of, by

about 028 o0 TR o T2 e EER ki ehe FOh, E8ERhRC5b8. 45 by anc

bal ance al umaitheni typémncéfethatmahpsprayisg éheipmantng Hoekudrpg ~, 8 and

and' the. coat 15 hav ha R key o e iResel of “heCPstr Tabl SERISRE 785 2. he

coating of claf mpplwheationt heTh®atquipheast aupedosot ypplyl €ese t han about 5
percent and f,.l ess_than abou 40.Ra. 3. The ating of claim
1 wherein thgx% oyagia?%i% € at T 7oAkt §§6L986613E?6h9u8ercgﬁ? 9Qgphase. 4.
The coating of claim1l wherein the coating contains hard particles sel ected
fromthe group consisting of carbides, nmetals, nanocarbides, nitrides,
oxides and internetallic conpounds. 5. A thermally sprayed coating forned
with a quasicrystal -containing alloy, the coating having a conposition, the
conposition consisting essentially of, by weight percent, about 12 to 20
Cu, about 10 to 20 Fe, about 5 to 25 Cr, about 0 to 20 Co, at |east about
10 total G and Co, about O to 15 N, about O to 7.5 My, about 0 to 6 Wand

I a o, .




12. The coating of claim9 wherein the coating contains hard particles
sel ected fromthe group consisting of carbides, metals, nanocarbi dedf APR 2002
nitrides, oxides and internetallic conpounds. .A Y.A( .AN . A 3. A A% A ‘
FR A& A(l 2. ADKZ20{757A. A -
FHKgh+FI LORQRY~yt oj e [ V] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c*a] ca] ca] ca |
: ] ca] ca] ca] ca] ca] ca] c<a] cMa] ca] ca] c™al] c<a]ca]ca]ca]calyY |
, =V+y: Baz| vql gb] X] | ca] ca] ca] ca] ca] ca] caj ca] ca] ca] ca] ca] ca] caljcalcalcalcalc .
a] ca] c”a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] cal JV fI!" "HO(((((FNO **d*

| **} xsni d_Z] [Wesa|majrcad ¢ adretad cad c}ﬁ]&a:]m]zﬂ]@at]w‘caf] cajwatea] cal] ca] cajcalc

i], ca] ca] cal caﬂa&%%%t% #%%@5%5%%%% aun_%]*](] ca ca]ca] cal] ca] ca] ca] ca] ca

] ca] ca] ca] ca]cm]szae]m]qa] ca] cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]ca! <
<*<1<>B Ak Ap AWAB~( (ISG%DH KKK il

] ca] ca] g]@ca] ?2] \(,:V %r%ca(] %ﬁ h ca‘] ca] (}:%‘i‘—]'\gc %c%%@%%%gxﬁégc %!a]:i!a]:g!a]:g
a] ca] cal] ca |ﬂﬂd<apﬁmﬁﬂﬁ(gsin@ the SG-100 in the Mach 1 mode with

rlrg(())/%(%) FH%%Z%&OAQ rﬁg %&n 32 &%fasnlyalof/ormrﬁé gases. Starting

10968 () -! 109 2Xenfotd % 1IOPRE{) 1R A06Ws (9t sd of those established

109%% () - FI LORQAB-1109% GLOY& () - S| GLOYR: () - Godt_10% §) s- 1090 ()- &
109%& ()-s 1 RYLS -2 1ML ek O J(SOIH&%H%%}%%Y%& 0 10 10810%& ()-f6
109%08! ()-"GlO%DO& ()-SYw q _=~_@10' L 10992& ()-S! F10%0& ()-S F10%

& ()-S 10% & ()-f10% o& () 10% o0& ()
x\/4~_@(2§10%30& ()-1] (z#109%6GG& () -! kT_ngL%O/z 0'0& ()-S
L"11099& ()-S ! nL! [A%6e& () -SISLT T0%00& () F3083-5810% & () -
m0% & ()-10'010'01Q'Q Q 10% o0& ()-1p Q 1006 & ()-1"0 10% & ()-;
V'dB-_@! +3394.0%& ( Faibestee: () -10% & () - 2083-112
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parameters were insufficient to optimize the coating’s

hardness, gun traverse rate or amount deposited per

pass was added.
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testing. Based upon macrohardness results alone, an

optimized set of spray parameters was derived. Along

with gun traverse rate, the six active and controllable
, 10 parameters from Table 2 were given high and low ranges.

Table 3 illustrates the controlled parameters.

Table 3
Amperage 750 800 850
Secondary | 15 20 25
Primary 32.8 37.8 42.8
Traverse 250 305 355
15 Table 4 below shows the results from these tests

in a three level orthogonal array with the Rockwell 15N
hardness reported for each spray run and the resulting

) surface roughness or texture.
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0, 1 - ] i W aYaV.al LW aYiV.al 1 1
C10%288 () - p2seseper c DO e |cigoaka —phh e orehe
15 32.8 715 89 305 7.5 269
3 750 15 32.8 15 102 355 77.1 282
4 750 20 37.8 20 76 250 73.4 285
5 750 20 37.8 20 89 305 74.0 267
(3 750 20 37.8 20 102 355 77.6 268
7 750 25 42.8 25 76 250 69.4 303
8 750 25 42.8 25 89 205 74.7 275
9 750 25 42.8 25 102 355 75.2 298
10 800 15 37.8 25 76 305 75.3 284
11 800 15 37.8 25 89 355 71.7 252
12 800 15 37.8 25 102 250 75.9 252
13 800 20 42.8 15 76 305 80.5 302
14 800 20 42.8 15 89 355 76.6 313
15 800 20 42.8 15 102 250 71.4 312
16 800 25 32.8 20 76 305 77.0 278
17 800 25 32.8 20 89 355 75.6 244
i8 800 25 32.8 20 102 250 74.1 245
19 850 15 42.8 20 76 355 78.9 305
20 850 15 42.8 20 89 250 75.3 291
21 850 15 42.8 20 102 305 73.3 325
22 850 20 32.8 25 76 355 74.6 264
23 850 20 32.8 25 89 250 73.6 266
24 850 20 32.8 25 102 305 75.6 248
) 25 850 25 37.8 15 76 355 73.7 359
26 850 25 37.8 15 89 250 73.4 284
27 850 25 37.8 15 102 305 75.9 348
Baseline 73.0 268

Inserted into a Taguchi L27, three-level
orthogonal array, the high, median and low levels of
5 each parametric variable, were evaluated - with
particular attention to their interaction with each
other. The parameter response table and calculations
used to predict the coating’s hardness are shown in

Tables 5 and 6. Table 5 below illustrates a response
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Amps A 75.23 75.34 75.0
Secondary B 75.91 75.26 74.41
Primary C 75.92 74.62 75.03
Feed Rate D 76.11 75.47 74.0
Distance E 75.67 74.71 75.2
Traverse F 73.86 76.06 75.67
5
Table 6 shows calculations for high hardness (n)
based upon results of Table 5.
Table 6
B = T+ (A2-T)+(B1-T)+(C1-T)+(D1-T)+(E1-T)+ (F2-T)
Bo= 75.19+(75.34~75.19)+(75.91-75.19)+(75.92-75.19) +
(76.11-75.19)+(75.67-75.19)+(76.06-75.19)
Bo= 75.19+(0.15)+(0.72)+(0.73)+(0.92)+(0.48)+(0.87)
B = 79.06 HNRISN
}
10

Referring to the response table and selecting the
highest hardness values for a given parameter setting
the optimum values, to deposit a coating with a typical
hardness of HR15N 79.06, are presented in Table 7.
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Carrier Gas (Ar) 5.6 1/min
Spray Distance 76 mm
Traverse Rate 250 cm/min
! Table 8
PHz00 353 (Rc36)
HR15N 78.0 (Rc36)
Density 97.0%
UTs AISI 316 49.88 MPa
UTs SAE 4140 41.51 MPa
UTs 6061T6 17.93 MPa
Texture 232 Ra
Deposit Efficiency 66%

5 Table 8 represents the average coating properties
derived from the optimized parameters of Table 7. From
the response tables, those parameters deemed most

) likely to produce a hard, dense, well bonded
guasicrystalline coating high in the icosahedral (V)
10 phase, are presented in Table 8.
The baseline coating contained approximately 70
weight percent Y-phase (icosahedral) with B-~phase
(cubic) and d-phases (decagonal). The width of the
peaks suggested that the coating was very fine grained
15 {<lum) . The baseline coating contained porosity and

fine trans-splat cracking. The optimized coating,
thought to be in a non-equilibrium state, contained 70
weight percent y-phase and B-phase. Some d-phase was

noted on the left side of the highest intensity peak.
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ClO%?&&f()_pﬁguasicrystalline in three (3) directions. Rather, due
to its cooling rate, it 1s comprised of substantial
amounts of a decagonal (8) phase and a cubic (R) phase.
While these are both quasicrystalline phases, they do
not embrace the aperiodic lattice of the ¥ phase.
Nevertheless, when plasma sprayed, under the proper
conditions, they can revert to ¥ phase--the electronic
structure of the ¥ phase contributes to a low surface
energy and hence good release properties.

15 Table 9 below provides “about” the thermally

sprayed coating’s composition, in weight percent.

Table 9

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

20

* Plus incidental impurities.

** Cr + Co is at least 10.

The parametric manipulation may also alter the

alloy’s atomic structure.

However, from the data
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Most advantageously, the alloy has a hardness of at
least HR15N 78. 1In addition, by spraying in the Mach
1-high velocity mode, the powder was sufficiently

10 heated and cooled to transform the &, decagonal phase
to the low frictional V¥, icosahedral phase.

Referring to the coating’s metallography, the
extensive cracking within individual splats was
unanticipated. While icosahedral Quasicrystals are

15 brittle at ambient temperature, they do plastically
deform at higher temperatures. Thus, it was not
recognized that individual splats would formatively
comply with the roughened substrate by shearing and
cracking rather than a ductile type molding. It was

20 Dbelieved that the in-flight droplets were sufficiently
heated that they would readily conform to the

) substrate’s contour--this was not the case.

Quasicrystals have very poor thermal conductivity and
therefore any level of inputted thermal energy should

25 Dbe considered when spraying. This may be of concern
when using various high velocity appliances as the
primary application devices.

The potential uses of quasicrystal coatings
include: non-stick surfaces for cookware; steam iron

30 sole plates; thermal barrier underlayments; lubricating
and bearing surfaces; non-stick paper and glass
manufacturing rolls; piston rings; anti-fretting

protection for airfoil dovetails; sliding wear
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5 surface or a long-lived Teflon (Teflon is a trademark
of DuPont for fluorinated ethylene propylene)
substitute is required presents opportunities for
quasicrystalline coatings. These coatings may be
further enhanced by the addition of hard particles such
10 as carbides, metals, nanocarbides, nitrides, oxides and
intermetallic compounds. Specific examples include:
alumina, chromia, molybdenum, and carbides of tungsten,
chromium, titanium and wvanadium.
The coating has a hardness of at least HR15N 75
15 for excellent wear resistance. Furthermore, the
quasicrystalline alloy contains at least 50 weight
percent Y phase for excellent non-adhesive properties.
Finally, the coating forms a smooth surface of less
than 240 Ra and has a porosity of less than 5 percent.
20 The coating’s combined properties are useful for a
variety of wear resistant applications.
) Although the invention has been described in
detail with reference to a certain preferred
embodiment, those skilled in the art will recognize
25 that there are other embodiments of the invention

within the spirit and the scope of the claims.
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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; the coating including vy, & and P
phases; the coating having at least about 50 weight percent

y phase; and the coating having a macro hardness of at

least about HR1BN 75.

2. The coating of claim 1 wherein the coating has a
porosity of less than about 5 percent and a roughness of
less than about 240 Ra.

3. The coating of claim 1 wherein the alloy

contains at least about 60 weight percent y phase.

4. The coating of claim 1 wherein the coating
contains hard particles selected from the group consisting
of carbides, metals, nanocarbides, nitrides, oxides and

intermetallic compounds.

5. A thermally sprayed coating formed with a
quasicrystal-containing alloy, the coating having a
composgition, the composition consisting essentially of, by
weight percent, about 12 to 20 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; the

coating including vy, & and B phases; the coating having at

least about 50 weight percent y phase; and the coating

having a macrohardness of at least about HR15N 78.

6. The coating of claim 5 wherein the coating has a



"10UK(& ()- ' %0 ()-  %OUMK(& ()-3333444 ?bUA  #"10UK(& () -
#109K(& () - #"109K(& ()- #"10UK(& ()- #3m&#" 109K(& ()- 444 4(4041¥6 4PRAN?
C #3MBH 10UK( & () - #"10UK(& ()- #"10UK(& ()- #"10UK(& ()- #3nm81444;
ACAKALAOA DbU4  #3#" 10%K( & ()- #3me#" 10UK(& ()- #"109K(& ()- #"109%K(& ()-
#'10UK( & ()- O4VA_4gahdk4dr4{ ?bU4s  ##"10%K(& () - #"10%K(& () -

#3m&#" 109 (ﬁcoeht X0l (hran aHVE( & dAfA 4404 hrigE L OK( & () -
#" 109%K( & #: 109K - #Sn&# 109%K( & ()- #"10%K(& ()- 4444444 ?2bU4

#i#" LOUK( & F)SS e f@%&%&‘ ) L4 TOUK( & () - #'109K(& ()- #3me#" 109K( & () -
4444444° <bUsA  #3mB#" 109K( & () #10UK(& () - #"109K(& ()- #"109K(& ()-
#3m&A445i 5j 5k51 5x525 o &f 0% &f On* Onz 10n*

710%* & ()-g NgleoL'%ﬁ?F&C(%ajt 918%&%2"’1(3)%;35 %%&%’}5 %cﬁoé%téj(rjs

10% & & (ht leab@%BR&b&L()F0 WM& rdent 10%hifs () 10% & & ()-557: <<<<
<zm S2 'nml0% & ()-&10fi!f10fi!f10fi!lf- $10%i!f& ()-f2- $109% f& ()-f2-
$10% Cf& ()-f2-1$10% h” h& ()-f2 <*<l< =>>6?|[: t°110%)& ()-f
X&PA0%* 48&' () 8 .&GVEBY Eph&'if)y oFC¥LRYUR) &&w(h)ereﬂi:ﬁ%}& (Qoating

1098 & () - 62 AN QC7 10a) 10a) 10a)d, 1 T(#10%) & #10%.a L&
Moo & 1) SORFERIR Lo BRI R B A ASAMSTI T G U Ofé% ey O

| 10% &&' ( p£f carwd&s()memmw,&&am aXOERE  ( 1@@@@%{&& esD/aDu:'DEFFGI[ oC7
1 510% 109% && @' 10% &8 ()- S Z10% &&
10%&&'(%@&%&%@?“@% %\&&(()-5)10%\&&()( 0 (a0

- $1090&& () - 10( &10( &10( & F: 10% &&' () - 7Z10% &&' () - GDHt HI KKK{ Z9vU4

&1 109084 () -3 54 SLOMRHEImaN 1V et RAMIA S HELOYNNE () - |

s! 1090N&E zKKKL 1Q9ME& () - %% | 100G () -

0! 1008/ as&céi’ C(’)“taifd@ﬁ&& )y'l\lgﬁlr?algoa MY @ " Headi ng

23] c" "Headimpgs33ich,' Iﬁé:&dlcnglpdu&]m:ioﬂ-leamg:@tﬁ.’%ﬂgc edddendiaidl 633 L," ByHeadi ng

e MR SRS S Lo 3¢ 7o

1L #J#@##ﬂ##ﬂ#ﬁ$$+$%a§p$$>$$$>$$@$ M%%@WM&%%@&L%\%&&&&&&

&&& * ' 0'B Ko, GBblk) b) to B W and nihkin0idddHA AdAtZRM B ADCEKL: ;
<=>7? @G\BCDEFGHI JKLI\/NCPQ?STU\/\/\)(YZ[\E@t abcdef ghi j kI mopqr st uvwxyz{ } 6T| mes
t Y

New RonanAﬂFaﬁ@Q@ﬁﬁeﬁmwwlﬁlR@o CPpsriaDodmeemding v, § a

P #PUR' () *

<= >’>@\BCDEE@§IF§ %%églﬁ@\%(\l??[ abcggfsgthlj Kl r?nopqr St \/\%(ﬁﬁiint
y phase; and the coatlng having a macrohardness of at least

about HR1E5N 78.

10. The coating of claim 9 wherein the coating has a
porosity of less than about 5 percent and a roughness of
less than about 240 Ra.

11. The coating of claim 9 wherein the alloy

contains at least about 70 weight percent y phase.

12. The coating of claim 9 wherein the coating
contains hard particles selected from the group consisting
of carbides, metals, nanocarbides, nitrides, oxides and

intermetallic compounds.



