VEAR: RESI STANT QUASI CRYSTALLI NE COATI NG BACKGROUND OF
THE | NVENTI ON 5 FI ELD OF THE | NVENTI ON The
present i nvention relates to alumn r < 'Lp guasi crystal alloys
and in particubDa0fd5Wear - resi mﬁﬁqﬁﬁaglirt}g al *coatings that exhibit
non- adhesi ve properties. 10 DESCRI PTI ON OF
RELATED ART Quasi crystals are mat erli élmme structure cannot

be understood within classic crystallog[qfhlc nmet hodol ogy. These

guasi periodi c structures have a 15 |ong-tTange orientation order, but |ack
transitional per i OWERR+RES CHTANT tQUAEI CRYSIRIAIINEC GORITSNGof repeat ed
copies of a single geonetric atom c arrangenent--a unit-cell stacked
upon each other |ike bricks. Quasi crystals, on the other hand, while
al so being 20 built up fronBRCKGRYIND tQPErHE IAVEBMNTION usters, differ

in that adjacent clusters overlap, sharing atons wth t hei r nei ghbors.
When clusters overlap by sharing atons (quasi periodi c packing), they
produce denser atom c arraESELDaUFCmHEemNVENBtONperiodic repeat ed 25
packi ng patterns. The pon er|0d| tru tur of, asi cr stals

yi el ds a broad, TBPeRT88ERY e Eﬁ?ﬂﬂﬁ%;%ifﬁb o FOpp

properties eanQbﬁdanEﬂtﬂyétﬁl nﬂileoy@taatd aln partl@hd&IrCItysShéhS -exhi bi t
poor .t her mal conduc%ivh a i 1e 30 i ni ng stable U% 0 about
ua31 ¢

1100[err]C. TR&S1S&3R CT¥gkRl cﬁP ek - sifPace will

di stribute heabghesive properties.
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 octher hand, while also being

20 Dbuilt 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, repeated

25 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 coatings

promote wear and scratch resistance. Furthermore, due



evenly eliminating "hot spots". These hard coatings pronote wear and
scratch resistance. Furthernore, due

-2- to their Il ow coefficient of friction and el ectronic structure
(1 ow surface e®ms?$y) 5% hey possess non- - adhesi ve properties. Finally,
they offer resistance to both corrosion and oxidation. 5

Resear chers have identified over eight hundred di fferent quasicrystal
al l oys. Many of these alloys cont ai n,a_conbi nati on of alum num copper
and iron. The Al -Cu-Fe alloys yield %he speci fic icosahedral

quasi cryst al i déntthfeiad liow soefifécpenteof fixidion 4red rdl@dteron]ife[ err] .
(This specificald SR : sifd ons. | I ght _percent,

unl ess specifi ceﬁlﬁ}' q?t%g’fégkg?ﬁgr%ngggp Fué%%éfpnéf)ésse%&l %‘oglome i nst ances
t hese al |l oys c@dh&sivedgiroperslieal| ofingleyenemey sifdr resistsncehitoni um
cobalt and nic i I t he. .alloy to accommpdat e specific
operating cond??#%h§2r§ogqg§rgg%aﬁgfé?tﬁﬁébis et al., in US. Pat. No.
5,204,191, 5 descReseagehersl hAve Qid&et af i o sovantaiglitniundred

quasi crystalli . : Regar dl ess cheni stry however,

quasi crystal s gg'f%%g%t qlugrs\é’cfngr:r%gl ?/%go{’%' c mt?n%ﬁé?é/%eal?\rﬁ@éﬁsi on. They
can not be for wethtedin eadiohpivasionhofiexbumitiley @eppdie and ireguced to
powder and therygl hi‘%gp%%egl&83%0§%%g§ SF?angﬁg§§§g§%%%&%§ﬁ% ating. As

far as known however, none wi despr ead
25 commerci al qwesgerystal identifisdainobf@tic qfeddurst igwvention to produce

For i mproved wedteaet et ancdris Yol AR IR ShaaiBe 088 et of this
invention to 3@oppoditéocas Ah- Guifkt qpestettystallald ayperaatiicag1javi ng
non-adhesi ve propeLli 63,30d; 9| Jat Lon re3iSIANCE | o instances
these alloys contain additional alloying elements such
as, chromium, cobalt and nickel. This enables the
15 alloy to accommodate specific operating conditions.
For example, DuBois et al., in U.S. Pat. No. 5,204,191,
describe several Al-Cu-Fe alloys containing |
quasicrystalline phases. |
Regardless of chemistry however, quasicrystals do
20 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,
none of these alloys have established widespread
25 commercial usage.
It is an object of this invention to produce an
Al-Cu-Fe quasicrystal alloy coating having increased
hardness for improved wear resistance.
It is a further object of this invention to
30 produce an Al-Cu-Fe quasicrystal alloy coating having

non-adhesive properties and oxidation resistance.



-3- It is a further object of this invention to produce an

Al - Cu- Fe quasicrystal alloy coating having a snoot h- hi gh density

surf ace. 5 . SUVMMARY OF THE | NVENTI ON A
thermal |y sprayed-20at$hg fornmed with a quasi cryst al - cont ai ni ng al | oy,
the alloy consisting essentially of, by weight percent, 10 to 45 Cu, 7
to~22 Fe, 0to 30 C, O0to 30 Co, Oto 20 Ni, O to 10 M, 0 10 to 7.5
W and bal ance al um numw th incidental _ 4 npurities. The alloy contains
at | east 50 weight percent [err] phase.” The coating has a nmacrohardness
of at | east about IHRISMN 78Burthel5 object of thDESCRVertOdh CFo PREFERRED
EMBODI MENT si.st

al I oy havi ng at PEOdgggb%gfﬁsg&wecﬁf@ 4usas§rcc pgrrf‘gghgége%g%%%n@?y
sprayed at a rapsmoobhehsgﬁfdensmtytsnnﬁamaj detrinmental quantities of
[err] phase. Advantageously, 20 this alloy contains at |east about 60

wei ght percent [err] phase. Typically, it contains about 60 to 90

wei ght peicent [err] phase. SNMMARAJORNTHE eINMENTIQMe al | oy cont ai ns

at least 70 wei ght pefcgnt hase Th t her IL sprayed coating

possesses excel | ent rg%%g gi%% qq)?%ﬁ%&nguFP58§ wﬁgPhﬁess.

Advant ageousl y, thesicrystal+aghtwining algliygsshef allésy tbhasiabimg 240 Ra
n .about, ercent rther

uasioryst Al || ne AP POy SHLRT By dololS SonEaecent (BnPBranebr BBl 12 or

corrosion resistasgced 80 30 Cr, A us rBONCGOo@Pe&D, 20r §h, andtchlonmun1Mere

vacuum r?dte%'oa?d 'ReLia aaslé‘ﬁé’emaﬁ%‘%'m&eﬁ%dmu AaLyzgd. by
impurities. The alloy contains at least 50 weight
percent ¥ phase. The coating has a macrohardness of at
least about HR1S5N 75.

15 DESCRIPTION OF PREFERRED EMBODIMENT

The coating consists of a wear resistant Al-Cu-Fe

alloy having at least about 50 weight percent ¥ phase
thermally sprayed at a rapid rate sufficient to avoid
detrimental quantities of & phase. Advantageously,-

20 this alloy contains at. least about 60 weight percent ¥
phase. Typically, it contains about 60 to 90 weight
percent ¥ phase. Most advantageously, the alloy
contains at least 70 weight percent ¥ phase. The
thermally sprayed coating possesses excellent hardness,

25 density and surface smoothness. Advantageously, the
coating has a roughness of less than about 240 Ra and a
porosity of less than about 5 percent. Furthermore,
this quasicrystalline alloy advantageously 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 balance
aluminum. This powder was fully spherical and free



wei ght percent, 17.5 Cu, 13.3 Fe, 15.3 O and bal ance al um num This
powder was fully spherical and free

-4: flowwng. Table 1 lists typical properties of the inert gas
atom zed Al CuFe®@-2ab3trystal powder after sizing

Table 1 +75 [err]m 0.02%

Si ze +63 [err]m 5.40%

-63 [err]m 94. 58% Appar ent_ EEQsity 2.14 g/cnferr]

Fl ow Rat e 30 Seconds (ASTM B213) 5 Due to

the alloy's aperfbaiing at tTakeestlr Udtsiuse typical prapediiésacti tme (XRD)t

i dentified the i i . e Rl f uasicry r

(i cosahedr al ([géjsf);)%é/ﬁlzaép e%lecugre-g}r g@%%llg;kggﬁigpéggeglgfg% %%ﬁl‘sn ‘and
75--an 10 icosahedral is a polygon having 20 faces and a decagon is a
pol ygon having 10 angles and 10 faces. @s- 1 atom zed, sized powder
showed only a m nor anount of [err] Sﬁgge. Rat her, a decagonal phase
([err]) predom nat ed. The presence of t#%b (& phated2kas atftributed to
the 15 rate of coolingsexpgerienced in goi nge3 nem | i qubi.cioRo solid
Cooling rate, and subsg¢quent powder particl-e63 pm sol idi.fasgation, greatly
affected resulting phas$@pparefGUDERBItR. A2 Vel \gfcaadt rates the netastable

[err] is formed; if1rselyl deFecCation 1S SI@WXEodd:e | err]-phase or its 20
approximates form D {fiasent sak3j hermal anal ysis perfornedf on the
powder indicaed a nelt{ing tenperature Oof about 1044[err]C.

When reduced to powder, these quasicrystals K . .
Due to the alloy’s aperiodic lattice structure, x-

ray diffraction (XRD) identified the quasicrystals.
The positions of the quasicrystal or ({(icosahedral (V))
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. As-
atomized, sized powder showed only a minor amount of V¥
phase. Rather, a decagonal phase (3) predominated.
The presence of two (2) phases was attributed to the _
15 rate of cooling experienced in going from liquid to
solid. Cooling rate, and subsequent powder particle
solidification, greatly affected resulting phase
equilibria. At very fast rates the metastable ¥ is
formed; if solidification is slowed, the 3-phase or its
20 approximates form. Differential thermal analysis
performed on the powder indicated a melting temperature
of about 1044°C. _
When reduced to powder, these quasicrystals
facilitate thermal spraying with various types of
25 equipment. This includes plasma, HVOF, detonation and
other types of thermal spraying equipment. However,
for this example plasma was selected as the sole means
of application. The equipment used to apply the
coatings was the Praxair SG-100 plasma gun. The gun



facilitate thermal spraying with various types of 25 equipnent. This

i ncludes plasma, HVOF, detonation and ot her types of thermal spraying
equi pment. However, for this exanple plasnma was sel ected as the sole
means of aﬁ%ﬁZQ}a"tEibn. The equi pnent used to apply the coati ngs was
the Praxair SG 100 plasma gun. The gun

-5- was nounted onto an ABB I RB 2400 robot's armto facilitate
automatic spraying and to ensure consicstency. A "hard"

coating, one that is adherent and dense, 5 was applied using the SG 100
in the Mach 1 rvmbamuztted orergam ABB ARBI @d0Asrohetps aarm for mi ng gases.

Starting = PEARS OGN 2 conslatedogh thoagsgaLadl fshed  for

pur e al um num coOpper- ron guasi cryst
Table 2 cons:Astnm:y. 2083- 358 Cat hode

2083-112 Gas. 1.njector 08 rrent

800 Anps Ibrﬁﬁﬁ?£ é%?tfﬂﬁy one tha% % ﬁ%§$rent and deé%%bcondary

Gas (He) 5 2Qa® dgpliied using the Gar-rLioer 16a$h(amazch 1 modd.witH m n

Powder Feed Rate [ m Di st ance 76 mMm

Powder Size  argon and %QPS][%% §[h§r PlAsTa £58h g PRICRY o PR REN

paranetric varipdoimtéﬁlroiar'leable 2acionsd stad banthosérestalbl eshddese

i ncl ude anode, cat ho as_injector,_and _powder £ Z8 Two, vol tage 15
R ab afs.

and carrier gast9F VLS ea PPESHEFOR GBR_ICTYS

10 | Table 2

' Anode 2083-358
Cathode 2083-112
Gas Injector 2083-113
Current 800 Amps
Primary Gas (Ar) 37.8 1/min
Secondary Gas (He) 20.0 1/min
Carrier Gas (Ar) 5.6 i/min
Powder Feed Rate 20,0 g/min
Spray Distance 76 mm
Powder Size -4 5um+5Sum

Listed are eleven parametric variables. Four are
active and non-controllable. These include anode,
cathode, gas injector and powder size. Two, voltage

15 and carrier gas flow are active and controllable;
however, the former is regulated through the secondary
gas flow while the latter was permitted to remain
fixed. Five active and controllable parameters
remained: amperage, primary and secondary gas flows,

20 powder feed rate and spray distance. Since these
parameters were insufficient to optimize the coating’s

hardness, gun traverse rate or amount deposited per
pass was added.



however, the forner is regulated through the secondary gas flow while

t he Iatter was permtted to remain fixed. Five active and controll able
par amet er s remai ned: anperage, primary and secondary gas flows, 20
powder feed rathe-2anpdSGpray di stance. Since these paranmeters were
insufficient to optimze the coating's har dness, gun traverse rate or
afmount deposited per pass was added.

- 6- The Mach 1 coatings were applLied to a thickness of 0.51to
0.74 mm Anong the coating attributes eval uated were mcro- (DPH err])

and macrohardness (HRESMach 1 teatings wéﬁéospmltédwﬁo d niudineg sderfsi t y

and oxi de e eterm ged_us e an si,S;, .surface
roughness; XRD(¥gP Sﬁa®e7glgprib89989 kggdc?%ﬁ§?$é7 ULeS esting. Based
upon macr ohar dl‘tﬁ&idaﬁ:%d tWweral aneroan (DPH;@Pt amd zmtmﬂiamnm afERASNANEL er s

was derived. Alon _wiith %in traverse ri § act | e an
controllabl e 1cF t STOSEFUFABEE, 2106l B b?@e Qﬁb fanges.
Tag: e g i1l gst r@:ﬁ%ﬂ&%scmttre@hdmddpgeaﬁgt eigége analysis; surface

Tabl e Anper age 75

Secondary 15 roughqus)n%RIQ or phase dlstr9b¢$+%%¢yand ggp§§le/bqyg 8
42.8 testind.aVea%ed uded macroBBPdness 3PSsultd alone, ®able 4
bel ow shows the results fromthese tests inathree le thogonal
array with the IRiAgd B4 of SREAYNRIEAREHBFS YT ekl Nn and

the resulting itSWdrpae v2H3R_Ne8%e0r theXkikeactive 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 iSN
hardness reported for each spray run and the resulting

surface roughness or texture.



-7-

‘ Tabl e 4

Secon- Primary Powder : @un Tes Anps dary Gas
Feed Spr ay Travers Hardness Texture t Gas
(Ar) Rate  DPBR8i ahd e Rate HR1I5N Ra (He)
|/ mn g/ mn e cmmn |/ mn
mn 1 750 15 - 32.8 15 76 250 78. 2
322 2 750 15 32.8 _lg._ 89 305 77.5
269 3 750 15 32.8 1 102 355 77.1
282 4 750 20 37.8 Takle 4 76 250 73. 4
285 5 750 20 S 26 89 365 74.0
267 6 /DL | Amps Zﬁ‘i;n cp;{a;%%ﬁég gzzger 2ddray gux:'ﬁggrs Hardnesgﬁxture 77.6
268 7 760 5 (A]? BRate |[XBPstanc |e REge HR1SN 2539 69. 4
303 8 750 Sl | /2. go/mn IR cm/gp 205 74.7
275 9 AR RS 32‘!’@- T 27 7¢ 3 T8.2 400322 75.2
298 10 BO0. 15 378 25 46 305 75.3
584 11 LE0 | 750 | 145 8] IS |, 89 f?é 77.5 ], 269 71 7
252 12 Bho [0 | 185 [ 3% g 15 Pst02 | qfp | 77 J50%%2 | 75,9
252 13 BHO [ 7°0 | 2¢° | MBS § 20 115 76 P8 73-4 30528 80. 5
302 14 BHO | 750 | 2@(0 3up. g 20 |15 89 39 74.0 355267 76.6
313 15 ®0 | 750 | 2@0 3UR. § 20 (15102 152 77.6 250268 71. 4
312 16 BOU [ 750 5 25 i¥F. § 25 |20 76 2650 69.4 JU5303 77.0
278 17 ~ BPO 750 295 138 ¢ 25 |20 89 9 74.7 400275 75. 6
gjg ig P95 1750 o33 238 25 20702 2 75.2 490758 ;g-é
305 50 LEG (800 [ 35 S8TE 25 |oh 16 E£§ 75.3 556284 75 3
591 51 bh [800 [ d5 3,8 & 25 |,y 89 13 71,7 ] 252 73 3
325 22 B |80 |o@> | 3RS g 25 |p5102 8 | 73-9 455232 74.6
264 23 5D | 800 | 2¢¥0 4398 15 [p5 76 ¥9 80.5 250302 73.6
266 14 | 800 20 42.8 15 89 355 76.6 313

is | 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 g9 355 75.6 244

18 | 800 25 32.8 20 102 250 74.1 245

15 [ 850 15 42.8 20 76 355 78.9 305

20 | 850 15 42.8 20 89 250 75.3 291

21 | 850 15 128 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
S 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



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 25-20,75R7. 8 15 102 305 75.9 348
Basel i ne 73.0 268
Inserted into a Taguchi L27, three-|evel ort hogonal array, the high,
nedi an and I ow | evels of 5 each parangt%ig vari abl e, were eval uated -
with - particular attention to their interaction with each ot her.

The paraneter responsortadind rgndheakedkcatabad averagsdmatdngrediat the
coating s hardqﬁﬁg éHéié%U%Mﬁﬂf811ab1eT%2ESﬁe§e§Qda@-tﬂ%&%‘ié%é%?f“”

illustrates a response - 8-
tabl e containing the cal cul ated average hardness for t he -
active-control |l abl e paraneters at thre%akﬁgegz.
Table 5 rdness (HRL15N)
Anmps A 75. 23 75. 34 75. HR15N)Seconfary B 75. 91
75. 26 74. 41 Primaty C hardngss, | 174, 62 75. 03
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
g Traverse F 73.86 76.06 75.67
5

Table 6 shows éalculations for high hardness (1)
based upon results of Table 5.

Table 6
B = T+ (A2~T)+(B1-T)+(C1-T)+{D1-T)+ (E1-T}+ (F2-T)
B o= 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)
"= '75.19+(0.15)+(0.72)+(0.73)+(0.92)+(0.48)+(O.87)
1 = 79.06 HNR15N

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.



Feed Rate D 76.11 75. 47 74.0 D stance E 75. 67

74,71 75. 2 Traverse F 73. 86 76. 06 75.67 5
Tabl e 6 shows cal cul ations for high hardness ([err]) based upon
results of Tabl eI»20,757 Table 6

[err] = T+ (A2-T) + (B1-T)+ (C1-T) + (D1-T)+ (EL-T)+ (F2-T) [err]

= 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) [err] =

75.19+(0. 15)+(0.72) +(0. 73) +(0. 92) + (0.48)1(8.87) [err] = 79.06
HNR15N 10 Referring to the respapse vable and selecting the
hi ghest hardness val ues f4m—%%%gyen—paLaneLeLﬁ%eLLLng——u———Lhe-Optinum
val ues, to deposit a coat@ﬁ@ PR a typical 8 har dness of HR15N 79. 06,
are presented in Table 7.[Secondary (He) 15 1/min -9-
Table 7 Amper age 800 i Secondary (He)
15 | /min Pr| iEFRTYA(RE) 33238| Lipin Feed
Rat e 15 g/mMn [Feed Rate Cdrrieqngynfh) 56 t1mn
Spray Di stance 76 mn Traversé Rate 250 cm mn
Carrier Gas (Ar) 5.6 1/min
Spray Distance 76 mm
Traverse Rate 250 cm/min
Table 8
PH3oo 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
quasicrystalline 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 (<lpym) . The baseline coating contained porosity and
fine trans-splat cracking. The optimized coating,
thought to be in a non-equilibrium state, contained 70
welght percent y-phase and B-phase. Some 5-phase was
noted on the left side of the highest intensity peak.



Tabl e 8 PH300 353 (Rc36) HR15N

78.0 (Rc36) Density 97. 0% urs
ArS| 316 49. 88 MPa urs SAE 4140 41.51 MPa
uTts 6061T8-20,757 17.93 MPa Texture

232 Ra Deposit Efficiency 66% 5 Tabl e 8
répresents the average coating properties derived fromthe optim zed
paranmeters of Table 7. From t he respoyge_tables, t hose paraneters
deened nost likely to produce a hard, “dense, well bonded
quasicrystalIinEheoaptimﬁtEQﬂparamdueﬁsummﬁrQMEm theedehyit, phaseheare
presented in Ta r ns— 1 c .The basel i ne coating contained
approximately 7 anSTHR %%t Eﬁﬁ%ﬁﬁﬁ ﬁ?ﬁ%?“%ﬁase (i cosahedral) with

[err]-phase (cubsphenhch ] eridephfdses ngjedagatnalps dhemiveddh of the
peaks suggested atin S ver f|ne alned (<lferr]lm.
The basel i ne co& i?ﬁ% éBn?gf ék#Wilq%f afgt © Fﬁ@ Fréﬁghsplat cracki ng.
The optim zexd cpercangtage of hitheghipdra dad d,n 1a:orsraheelqulll i(ph i phaseai ee.
cont ai ned 70 ent Jerr]-ph nd pha So
[err]-phase wasquaSl ﬂ%ﬁa%ﬁl ettt etfrlr% ?«seﬁo%ltrﬁ’ ﬁf’ ﬁestEFFPﬁﬁsr$9epeak.
- 10 - | The ﬁﬁtiﬂ$zcmblﬁﬁgﬂﬁﬁﬁﬁﬁ ﬂmmm¢wﬂﬁmhhse?eaflBubiFahtiHB
trans-splat crackin i ned. erica ree | ng, inert gas
at om zed Al EORe é%ﬁﬁﬁﬁn%ﬂmﬁ§) 3AS6n RN 2a CHP R ?gﬁng%%%tage of
tge gperlodlc Wnﬂsﬁheﬂéﬁé diéﬁﬂdﬁhlﬂﬁﬁﬁidﬁy%tallln@upﬁb§é¥$tahéyn@ohn ;hree
gu%stgaff;h' no teﬁ%racgethe agé}igéiéx¥%tt1 er%%ethe i phgggprlse ©
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 -17.5 0 -5

W 0-17.5 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



anounts of a decagonal ([err]) phase and a cubic ([err]) phase. VWi | e
these.are both quasicrystalline phases, they do 10 not enbrace the

apériodic lattice of the [err] phase. Nevert hel ess, when pl asma
sprayed, under D+@0gr®per conditions, they can revert to [err]
phase--the el ectronic structure of the [err] phase contributes to a | ow
surface energy and hence good rel ease properties. 15 Table 9
bel ow provides "about"” the thernmally ffrgyed coating's conposition, in
wei ght percent. -7 Table 9 El enent
Br oad | nt eherein eitNaid apparent thall as both thBﬁhﬂlSJCQﬁ% B @ttice*

* - 2 - 24 -
Eal_ zzagce 10 - Z%nel_ggjies ayg \zairéioed,45cool]in@r rates are el%géeg agd _the««
10 -20 s@¥sequently prodfted Datidys* reflect €hod® changes. N
0 -20 0 - 15 0 - 10 . ... M 0 - 10 0
. 7.5 o Furthermore, t{fyose propertjes initiagly pfargeted foy _ g5 20
* Plus ‘i nci dent@bdifiedtideSvere appreua*bl@r mp&?evba at Fbﬁaéiaﬂ&le,
The paranetric nanlpulatlon may al'so alter s_atomc
struct ure. Fbmé@%? n??%ﬂﬁ%ﬂﬁPYﬁﬁa¥° a level of at least R15N 75. -
11 - herei nvost ddvappageiisiylatires ANy hher gehadfdekinsti gt
energies are varied, coolin rates are altered and the subsequent |y

produced coati nyR2FefHREIN t fose hansidion, byyspravibeeint Bagd@flperti es
initially targei£ﬁh§ﬁ"veloc1ty mode, the powder was sufficiently

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

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

15  Dbrittle at ambient temperature, they do plastically
deform at higher temperatures. Thus, it was not
recognized that individual spléts 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 ievel of inputted thermal energy should

25 be 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; noﬁ-stick paper and glass
manufacturing rolls; piston rings; anti-fretting

protection for airfoil dovetails; sliding wear



5 nodi fication were appreci ably inproved. For exanple, har dness

inFroved to a |l evel of at |east HRLS5N 75. Most advant ageously, the

al ey has a hardness of at | east HR1I5N 78. In addition, by spraying in
t he Mach 1-hippewel®tity node, the powder was sufficiently 10 heated
and cooled to transformthe [err], decagonal phase to the | ow
frietional [err], icosahedral phase. Referring to the coating's
nmet al | ogr aphy, the extensi ve cracking_ WL hi n individual splats was
unantici pated. While icosahedral Quasicrystafs are 15 brittle at anbient

t enper at ure, thEYaﬁpliééﬁﬁdngﬂéuch as @eﬂeeelahdhggbes tehmmmhnpﬁaﬁaSJhus,
it was not reco nlzed J ndi vi dual_spl atagmggid”foi évelﬂh

conply with the rdtghdhed ft’roé'teer PIRRES TP %Thg T At her
than a ductile tygeatDhgd NBacilitese %@rb@hmqved bbah hbtalbiél amhtna-opl et's

were sufficiently heat ed that they wou d re gﬁ y_C m the,
substrate's cont d¢tathts %éh??ﬁﬁt%ﬁﬂa @Q§¥ ere gs?cg g?%Ysiﬁkﬁﬁfk&ﬁi/
poor thermal @ndggtfytd Yorrd long-tlieieef Teslany (tre\febnoisl aptitidenatier mal

energy should 25 be consi der ed en ,spray his ma of , concern
when usi ng vari ouST PgPeRel ¥4 151 Ui a§ﬁ€L§%§§Iﬁﬁé prngf?ﬂg}y appl i cati on

devi ces. sJ]B@tP@E@é\tiéﬂré@ﬁ&éH p!ilé%%ln(tl’syabﬁbrcﬁﬁitﬂgs for | ncl ude:
non-stick surfaces for cook re steamiron 3 sole hates etb barrier
per

under | ayments; | uBFRELETYRE2LL1NE £FI3damidty sdres€eSO2RINISt PRk and

gl ass ”HnUfaCfotHQrré&ﬂéhcéﬁﬁﬁyﬂtﬂe @malﬁaahloErﬁbtdngartché@tgméhon
for airfoil dovetails; sliding wear

12 - appli%at pEnSaEREMe Bs NAfladsy ArRagarbddesy ypdhrpAgsesoxides gRd 5 r
condi ti oner conpr ese8fme ﬁﬁii&éwcdﬂﬁﬁdﬁﬂs-Th%@QlelcC@ﬁhmﬁgésfQﬁtit@@ie

spraying of both netallic and non- netallic substrates. Anywhere that a
hi ghly Tubricious@lumina, chromia, molybdenum, and carbides of tungsten,
chromium, titanium and vanadium.

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 ¥ 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.



5 surface or a long-lived Teflon (Teflon is a trademark of DuPont for

fluorinated ethyl ene propyl ene) substitute is required presents
opportunities for__ quasi crystalline coatings. These coatings nmay be
further enhancétr ¥R e addition of hard particles 1l A IBE ﬂ'des,

met al s, nanocarbides, nitrides, oxides and i nt eﬂ!ggummuﬂuﬁ) llds.
Speci fic exanpl es include: al um na, chrom a, nol enum fand cdrbi des
of tungsten, chromium titani um and vggHadi um The coating has
a hardness of at |east HRI5N 75 15 for excellent wear resistance.
Furthernore, the quasi crystal | i ne d&1MTontains at | east 50 weight
percent [err] phase for excellent non-adhesive properties. Finally, the
coating fornms a snooth surface of |ess than 240 Ra and has a porosity

of less than 5 percéht. o thryamaddat isegayedorprhdBIpfopRedi €strd usefu
for a vari efya Of . WA 2 1 RRItlARl PRI 63 | @R8: alloy consfbifiaygh the

invention has béen described in detail "with reference to a certain
preferred i hently tafos @ kielligdbd perceatar ebant| 18 ekoghd Z025 t hat

there are otheraﬁgﬁgxﬁr%gn§§(§e;ly%ohgy%nEbogo Cr,MELQhE @hg%sgﬁrégrand t he

scope of the clains.
CLAI M5 labout theraredQ Wispredpad dodoi A§ Mor ndbowtt® &0 7.5 W

guasi crystal -co iyl I ; iy sconsLStLRgs i all f, by
nerght | por cent i@ ERTERG, izt Seehy s50ERegELIORRRERHLGS I
about 0 to 30 CGeavimpuat GeasR@ut Moweightopedchkbt Hbphase awd 7t W and
bal ance al um nu 1 inalgental it a Vi t t t 50
wei ght percent e%%#g%ﬁgggggﬂépgﬁgggﬁgfﬁﬁgéﬁaggngeai%gggoﬁéggﬁg%s of at

| east about - HRIBN

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 { phase.

4. The ccating 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 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 at least about 50
weight percent { phase and the coating having a
macrohardness of at least about HR15N 78.



75. - 2. The coating of claim1 wherein the coating has a po
of less than about 5 percent and a roughness of less th 240 Ra

3:"  The coatln $%a|n11 wherein the all oy contains at ‘k
wei ght percent hase 4, The coating o ‘\m“ amw t he
coating contalns hard particles selected fromthe gro “, ng of
carbi des, netals, nanocarbides, nitrides, oxides and |ﬂtefnetalllc
conpounds. 5. A thernally sprayedlqoatlng formed with a

guasi crystal -containing alloy, the alloy consisting essentially, of, by
wei ght percent, abouf-12 The2@rakin®fuicledn & »HeFeinabhat c8atings o,

about 0 to 20 Cgasah peASsiePost Idsd airaln @bodd 5Cerababt afldte 15 N,

about 0 to 7.5 Mo, about 0 to 6 Wand bal ance al um num wi th |nC|dentaI

i npurities and FAUERRCES PEALESHUAAN SPOM Q4O Bér @8t ther Al1lpkase and t he

coating havi ng eofRgIRbas dnesss Ofariud eastu AR P@%@Htm‘ phase.
- 14 - . The coating of claim5 wheréin the coating has a porosity

of less than about 5 percent and a roughness of |ess than about 240 Ra and

the alloy contains ay |eapfe ot P SeI GNP oRelidl thePBBEBing
contains hard particles selected from the group
consisting of carbides, metals, nanocarbides, nitrides,

oxides and intermetallic compounds.

8. A thermally sprayed coating 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
having balance aluminum with incidental impurities and
at least about 50 weight percent ¥ phase and the
coating having a macrohardneés of at least about HR1SN
8.

9. The coating of claim 8 wherein the coating
has a porosity of less than about 5 percent and a
roughness of less than about 240 Ra and the alloy
contains at least about 70 weight percent ¥ phase.

10. 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.



7. <The coating of claim5 wherein the coating contains hard particles
selected fromthe group consisting of carbides, netals, nanocarbi des,
nitrides, oxides _and nternetallic conpounds. 8. Athermally
sprayed coating}?%% wi th 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 O to 10 Ni, about O to
5 My, about 0 to 5 Wand having bal ance- alsim numwi th incidental inpurities
and at | east about 50 weight percent Berr& Rhase and the coating having a
macr ohar dness of at Iedgg&ﬁ S SIANENOYASICRYSTALBINE GOATINGt j ng of clai m
8 wherein the coating has a porosity of | ess than about 5 percent and a
roughness of |ess than about 240 Ra and the alloy contains at |east about
70 wei ght percent [err] phase. MPTRAM coating of claim9 wherein
the coating contai ny hatdnRant chesyesl eshednd eorhé® W€k consi sting of

carbi des, netals, nanocarhbides, nitrides, oxides and internetallic
conpounds. quasicrystal-containing alloy, the alloy consisting

essentially of, by weight percent, 10 to 45 Cu, 7 to 22
Fe, 0 to 30 Cr, 0 to 30 Co, O to 20 Ni, 0 to 10 Mo, O
to 7.5 W and balance aluminum with incidental
impurities. The alloy contains at least 50 weight
percent ¥ phase. The coating has a macrohardness of at
least HR15N 75.



