. of substrates and spray form ng

; qr st uve3e?+?( 6RTV~( WD 02/ () 85532 PCT/ US02/ 12193 AN APPARATUS AND PROCES
FOR SOLI D- STATE DEPOSI TI ON AND CONSOLI DATION OF HIGH ¢ " VELOQI TY POWDER @
PARTI CLESyH'9bhEssTHERVAL PLASTI C DEFORVATI ON BACKGROUND OF phiNshiliZhs 10
Technical Field: The present invention relates to an apparatus and process
for solid-state deposition and consolidation of high velocity powder
particles entrained in a subsonic or sonic gas jet onto a substrate
material. Upon inpact the powder 15 particles undergo plastic deformation

whi ch perm ts adhesive bondi ng J ate and inter-particle

metal | urgi cal bonding. This adh mmmﬂlwﬁmmm\em ve bonding permts coatings
shape conponents and parts. The

basi ¢ enbodi ment of the invention u$s®84 frictionconpensated sonic nozzle

to accel erate powder particles to high velocities with 2 o several nethods

f or heatanngerakheraralp pirasesc FOR NEILE D-ATANE ) DEPREI TIOWCAND arSOLCDAE OBNCF HIGH

substr at §EL@ I NEEIDaR LRA8SI GUEST VEINSNTHBRMAL HLASDIT edbrmArh@Y yi el d strength

during inpact and permt plastic defornation at low flow stress | evels. One

met hod of the heating the powder particles and substrate uses an anbi ent

pressure thermal -transfer plasma between the nozzle exit and the substrate.

A conpl enentary enbodi mnBA?kG@?CﬁJNDQ}F & TeiN uses a powder reactor to

alter the physical, chenica nucl ear properties of powder particles

prior to injection into a friction-conpensated sonic nozzle for

accg er % !EB ia' E'%?d solid-state deposition and consolidation process of the

i nv 30 to a nethod for thermal -plastic conditioning or

heat i ng of the powder particles and substrate nmaterials to reduce their

ield st d | flo I |
ARG T R e T WY TR
PCT/ USOgdgod(6dd dnangoesalidaties ofieigh vbl@b@,v\pcb\bderrmkﬁdlésgemmrmdsn (af sai d powder

particles and substrate materia Back e coating applicator
and pr oB4RSENEi S SPBISAPSiIPf Aniaa SF‘éﬁt@ tg@g QEB” iR & B°WeRel and Tapphorn

has & | Qawi QQGﬁBéﬂggrblé%ftlf:'d‘éfo?ﬂ\‘éM@n Wﬂlcﬁfpetm@bamémtmdh@ tbiige hi gh el astic

response of triboélectrical ar particles at anbient
t enper asuhstratehand WW@WEW@ |Ut9'ﬁﬁg ﬁﬁ'ﬂd'ﬁg adbis@dhesive andcehesi®d t o i nduce

pl asti Cb@h&ngﬂg&?ﬁ.f%aﬂnés ofTéwbﬁtrabg%a U SplFIBRIAG ofﬁ Shelt Shapehani cal |y

refl ect npact i1 ng recl udes significant
adhesi ocompomt&aamd)par‘(ﬂ' hTtse DGS!@ambpdlmm pf/therlm\eenfugm ubes gérictipanet er

parti cl ubstrates.
Thus, ﬁ%he%‘ista?%g app |ca€%)ré%{§ﬁ%%t58§§rggfew Pose@bﬁ VQIBE&@Q%H ent 5,795, 626
is g wmnalnhaabdig/fcmhabhr&g (Iﬂmmmabpiaehcr.:cmidntw;mMg ) treet pawrterpatticestards t her mal

| asticall it t t.
Fef or rmpvestate Bitameara:gis suficRALY Blond "id ey kol ARnE A ARuBacty oy
?I 073 188/d béﬁg??aétﬁbt J@f@mimrm Al ﬂ??be}ress/\ht/@lﬁ d]n&chet&ed of/theirmatingret hods f or
uidi zing and treatin er partic a rrier ressures
prior theigpﬂv@@( Pariclest daF”QﬁES%tPg@ﬁ? @né’ﬂﬁ?'?@ﬂ U'QJ grm@ié{agﬁ? rg 795, 626 and
U.S.  PabgRinatbhebiéen the HR%@ e%%ﬁamb@s@b&a@b ROSIrhplementanPeMbb@meaps] | cat or

that uses supersonic nozzles to accelerate triboelectri caIIy char ged powder
par ta| the inverdion Wses edrawses egactasto gheyr. th%ﬁbﬁ'%rﬁ"@"ﬁ@?ﬂ AeWcleRbwever are

extrerreb%/%e ﬁfsfdf‘b'o%[er ﬁacl@é’?ﬁéﬁb% &%nﬂﬁﬁé@fmcﬁ’&f Rpérsatdd $urilh speeds

because oW expansi on process or achi eving hi gh supersonic gas speeds
i nher ennhbzzleltar acoslemtione drag force on the powder particles. The reduction
2 5in drag force is due to the precipitous decrease in gas density that
acconpani es the supersonic acceleration of the gas during expansion. Thus,
the new art e sdlidsstatevdaposition aad ceogdlidatibrt proeedsanfdiee inventan retbles at e

" Comeh cip ot BE FrE-hRSTESReonlS| & RERER, 8 bovodt baret ¥ha”

substrate materials to reduce their yield strengths and permit plastic deformation at
low flow stress levels during high velocity impact. This is accomplished at
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oxi dation and unwanted chem cally reactivity during the deposition. 30
Thermal spray, plasma spray, and detonation coating nethods (e.g., U S
Patent 2,wd42/p833d ssued to Poorman et al.) U 'S Patent 3, 3¢4aRézidsssued to
2 WO 02/ U85532 PCT/ USU2/ 12693 Muehl berger) U.S. Patent 4,256,779 |ssued
to Sokal et al., US. Patent 4,732,311, U S. Patent 4,841,114 issued to
Browning, U S. Patent 5,298,714 issued to Szente et al., and U S. Patent
5,637,242 issued to Miehl berger) all use extrenely high tenperature gases
to t her mefehipepatlife8 Wellbel® thelABIRG pBiRts bfdaRFpdiddritartiids B dVsubsiatesol i dati on
mechani smto achi eve practical deposition efficiencies. Mre inportantly,

t he ther n@Pteaal$ pl asma spray processes all disperse the thernally soften or
melt powder particles over a broad solid-angle cone at | arge standoff

di stances that permts air and unwanted gases to be entrained in the spray
. ef fl uent BackdroundtArthi gh | evel s of oxidation and chenical conbustion
particuylarly for reactive 10 netal powders such as al um num nagnesium or
titanidm The high velocity nethods identified in U S. 2,714,563, U S

Pat ent 3, 914, STke, cddtify aPplicatdr athd Dodceds disclased iPHt S Rateht 532953826 issligdS.

Pat ent 5, 637,242 .S, Patent 5,766,693 i ssued tq.Rao, and RU Patent
1773072 | CGae abd AeRRSTB reBe 9 dEposiion eRFEEE Wi aufiPlsE o Riei ng i gh
vel ocity mpighleiastiesespanseldf triboetettacallhariddyponeiet paridieerat aRibiead particle
states for enhanced deposition efficj engqvf@?nd [ operties.

roroved. |
T Cont 1 SEMPY SIS Bl AN i DR TGN ALRIEEIrETY coreianadan indize BIRtD, 414)

i ssued 2 HefbfnAidrBl MR &hstR!respdhsk térdsSto riechaARally RABLIhS Paforitper met hod to
accelerating the gas and particles into a supersonic jet at particles

t enper at uimPActng pardiclenwhigh pirgludessignificapt adhasion 9reohasioBofi®lsi ng or nel ting
of said patti) - : } t IS nhot
adequat el ?@%@%ﬁ%“ﬁ&ﬁggmabﬁ%’;ﬁ?@gwhgmp%‘?%ﬁ?ﬁfhg“@?'g‘ﬁ?g‘ﬁs&}ég specified
to be nuctepnsitions ahd sobstrates) Pausatheogoating applicatdrasnd phpeasisfdisciaded iexanpl es

in the spgd fd [ Felelp , 05l erial. n exceed
100 ¢ ThHS. MA@ The 628 SBpedotRinCdl AR hoatFRe R bl ARER vERbC oy e
01;] conty ofHermagt nldlimical_wmdittrb_abigane pb\?]wd?rcﬁrtidesato.enqmcet mfe?ta:mﬂfémtionﬁt Ih _ngﬁ and
the process .results in coatings Wt 0 epnosi ti efficie an ig

i st CieBEIA e PPRaT et oviridine Bl Sr ATt B 45E Sh &R0 Van

St eenki st Bagfhoih ang (GaIbEE whighr diisezatvaribs MethoddGorRlidnihg Bhd Fredfidg 414 by
including particle sizes in excess of 50 m crons. This patent also

accel er at BRWERIPagiflesAlrigh pareeq Sﬁso‘)rﬁs%ﬁ%%P%ﬁP NiIPON P [BSUREISINIG ni ng t he

t enper at uggniRhtor NG SGSatamd, PRI 26 RS U THAEA @0 74/13M6th QeBébeent t her mal
softening of 3 WO U2/ 11 SSS32 PCT/ US02/ 12C>J3 the particles. Both of these
pat entd) r eeatingsy ablagop applicatarthataisap superaenie A8zales wpcsaieersoni c j et s.

Pl asma s ; i i : , S 5
o, 250, 775 BEpREal) Sk GRER b datcidsth StungreBA caffer ods SoyPelsBle
4, 841, 114nozaes, bo8evarare rxtraneg metficient far aasglecatingmewsiendarticleate highes into a

pl asma stre typl . z 7] S| o) ow a
supersoni 8p%1r8§s%5§% J%L@RNS&)BEQ%'%? ?&fe g%éoq ?%ﬁélé'gguh %t%%%g)en?ﬁ%gg et al.

di scl osesspequsdsimaen iy ddtreasegdine drag fdep @i the powdér partitles | Ese reduatien
Substrate, i ich the ticles are injected at the inlet 10 to the

nozal 6 U8 a8 e s diefabe pagiolh Betrpes nies Bera!y tafiaffompaniiiuhe

5, 766, 693 sgmasorit Geddieratiors 6f the @agaliinglexgamsionhamhue| the neef dreof thg or

el imnating excessive heating of powder Part,i cles in a plasna gun, wher e
the parti iveatiofyig f?%’teé‘doéf‘l‘%?c anﬁlﬂ-ﬁﬁ efonsplicatioparesssses ekt st r eam
gas thr Ogﬂﬁr@gE&{bﬁEﬂly%ﬂéé{ﬁé $ordnithérelafapiichticHs WHIR minirizinglin-silh asma. guns
are configured to pass the ionized 15 high-tenperature plasma through an

" outl et or oxidpkansand enwited eheimically reactivity dyring e daposiieNsubstrate. This
appro 61 precludes in-situ | ow tenperature control of the powder
consolidation state in close proximty to the substrate inpingenent point.
"In fact, U.S. Feareat sprag5oasmma sprayudnddetongtipneanatiog mediusisi(8@. . dd-St he
substrateg r avoi i 1. rsonic flow
specified Plaﬁergagqérgls ¢ au%tdq??égF g'séiré;)“iuhgw%tgﬁ%%?%g?% E?‘Hé&%? accel erating
powder particles. This is particularly true once the flow begins the rapid
expansion to anbient pressure in the divergent section of a supersonic
nozzle. Thus the prior art restricts significant particle acceleration to
the short, relatively |low velocity, converging section, and the very short
throat section of the nozzle. The conplexity, inherent in the prior art in
plasma 2 5 guns, increases the cost of these devices for comerci al
applications. Mdre inportantly these conventional plasm guns wastes a

| arge quantities of energy in the formof heat that nmust be carried away by
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30 Plasma cutting torches (e.g., U S. Patent 6,002,096 issued to Hoffelner
et al.) frequently use a DC transfer-arc to nelt or burn (oxidize) a
substrat ewolevisdshdi s prior art is restricted to cutting applirGabipess and
does not claima nmethod for coating, 4 WD 02/118SS32 PCT/ US(12/12C93
spray formng, joining, or fusing materials using entrai ned powder
particles in the carrier gas. Applications using plasma transfer-arc
torches with filler nmetal powders entrained in the plasm gas are discl osed

in US. Ftah@rmber@embsmﬁtehwzse?vgus'igte@rf@soneél ethl., LasdPHte'am%tzmu 6,084, 196
issued to Flowers et al. wel d vari ous substrat e S. Pat ent

. 4,471, 034U|Ssﬁ?&ﬁtt4&4|feoh%‘r'§$l&d talBFO\t/@'aeh‘ésS Fatant ﬁ(?@sf7c;t4 '&i&tﬂdypr%’-eate
wel d- bondﬁ%ucgﬁaw PReRESE37 bNisRAE &)Mﬁétﬁlgevgel? ) ANRE ) iy yHigisma torch.

Most of t asma transfer-arc torches use nventi on priforart with a
. central eﬂeememid@ gases do hesmallysefteonidesit powdeasipadicleshs the pjeeef ate an arc

in the .Ci [ GUIT&l u%ﬁ%?Aha@%ﬁ?%‘?@e%ﬁé’tﬁﬁméﬂ%u%%?ffc HAR3: NibreS. Patent

5, 070, 528 |ssue I'eners enerates a p asm p une via a RF
coaxi al i inpoctanty) toothermak aralpligémeg spiay mcbmsas athdnqurselﬂwﬂerrsaumt rained in

t he pl asna gas or se e i ntroduced
into the &Y %?Igg%gﬁg%h&@sa{\fﬁhgF?a%cfscfhg é?\%fﬁ%é% 1 on {aﬁ\gﬁﬁof t he

pl asm; gagtsmcels that pémmtsadlr arad mﬁmrpdra]digaslresttorbeterManrgdnrjma_ tprppgeﬂlgentoart |h cles
i ntroduced at es,into t ,asnma_stream W t hi the torch or
gun housi 18§98 t%g]gﬁ%\(pﬁ ’t'ql?é'OBIaQQée&@iﬁwsmﬁipﬁwuﬁ%{;’tfﬂr reagse orifice,
Pl asmoheﬁabﬁengowaérs@mbn%Salthﬁmambﬁ@@né%ﬂ betithsiam, and ioni zed gas (e.g., US
Patent” 3, 601,578 i ssued to Gebel et al.) and to i nprove conbustion

efficiency 20 (e.g., JP 60078205 A issued to Toshi haru), but such devices
have not been ﬂteem?metog@y%tﬂoﬁstae%ﬁe@w@ 'Scb@’SMETBBOUSCPéi&ROS' tions of
coatings. U S 766 di scl oses a

for a i ng netal base
coatings &SNAG7a. B(ﬁtmntdﬁ%ﬂﬁ Moath® BaeatA, 6%@13411 U/\ﬁl Bﬂteﬁggﬁ&ﬁgg are

bar 1 o1 os Vbl SHRTEEPRNGed BIREY, ahGRF PRI 177307 (o RleBb ol BE
subst riat eal. SilskaeI the ddf/antagé pbusieg/high velacity piasticles inpadsittant todhermadist i ng of

'S, “Pat entaee o s Bediils salssofbiftneey dEBodibh atbieden SRR o o

di scl ose g@éur@qﬁoé@ﬁéw ques for 30 electrically coupl ing a high tenperature
and plasma streamto the workpi ece or substrate using a DC power supply of
a given polarity connected between the plasna gun and the target workpiece.

These patents ﬁt%ﬁbaéthﬁte%éxé?ﬁméd Rbatihgtpatémnb). S3 Paté’?@Eﬂl% 95.‘.5532) issued
PCT/ US02/ 12fi 93 DC transfer-arc process to E’Qe heat the su strate sur face,

r educ e bxtRIKRBRVAtiah JestHRS She gﬁé%@f@sapw mefhod EP peqelRraiNg g g8 oat i ngs
fromthe aﬁg]%mc@smbtd QJp%?s&n'ic%?ét‘ pmandlés tbhfbepétal%%uﬁfcfe@t%movﬂ' §eagtpat ent s
de not teach a neth for controlling t deposition and consolidation
states of pryant thge'ndtsottewpgroamﬂt@g QSéB@vpastlQ'% Mthopgh dhre termang poi nt .

Furt her no . ﬁgtgs onmer ci al
di sadvant ég%e%w%gn ue?%‘\ﬁu%gzﬁg? ﬁeﬂ\?geéga Ht?geer IéRQ e%tzé? dfa t%]rf[ﬁt% produce
t he pl asnpraese aspetiied iabe amjdwebelovgthednelnog poiot ef thasndteral. Spedfitn U S

Ptt39145731' It t at f
povdor paPraapEs e ecatcd Pl FadRR dhfodRa el e BRIBERY 18 o
nel ting. Fopscpahes!thasmetimsy ehal paennptlmtwmrpwer tlbiedsein tenmpesfatontreliiegi st s
for each specific material. If t rature i s exceeded thﬁ% article

can spatt &e %&ﬁ"‘i‘%ﬁ?ﬁd’t"‘ﬁh"?‘tﬁtﬁtﬁ@fm%ﬁﬂng‘géwtﬂgst%Q the pRceas (FsY t he
particle 'cﬁat‘i@% vftf?tWow'dbﬁstuflbﬁbﬁlﬁienéﬁﬁﬁd ARhir€§ld@al strE@sd%arA teereepur s 15
upon i npact sultin poor quality coatings with poor bonds. The

- Muehl ber gét.SpBatent 6140 HS lSéQ%@Ot\éaft étﬁenk'ﬁ@ %@dhcﬂﬁ"@ﬁ improveeents todher gy to

t he kinpeti t he
par 1 cf G o B 305 414y BRI Geria8 seb i SycBbpBt 89 o TP Bl L on
"with the laisoeddceleeates ggs asd pamcieemto*tacﬁt@ew@m Jetwmliedhalntalrpjag thecl e

def ormat i | eadi n rengt h,
and | ow pg?‘Bg?fP}}J"%%& %ﬁ%ﬁ @ést ét%ﬂggrﬁt&a@éxﬁgBgevgggtﬂgggé’l%ﬂéy g?ld u S
Patent 4,256,779 to Sokol et al. use the term"plasticized" to describe a
powder particle tenperature state near sthe nelting point of the particle.
U S. Patent 5,766,693 restricts the 2 5 nelted or plasticized state
substantially to the surface region of each particle, Sokol, et al. teaches
in U S Patent 4,256,779 a nethod for heat-softening or plasticizing powder
particles. The powder is injected into a tenperature controlled plasma
streamto heat-soften or plasticize, but not for a sufficient time to
I|quefy or vapor| ze. By |nf erence both of these patents teach a met hod that
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. object or to &tasme spAvoHRs displesed indddi PrigmABIN 4.5 ReUch;

5 decreases nonotonically with increasing tenperature of the material from
roomtenperature to 773 Kelvin (500 degrees Celsius). Thus, the thernal
sof t eni ngwps2dgRPNStrated to have significant effects on ppehRM F3h3
har dness at tenperatures significantly below the nelting point of iron
alloys (i.e., nelting point typically in excess of 1500 degrees Cel sius).
10 The objective of the present invention is to overcone the limtations of
the prior art by teaching a nethod for treating the powder particles to
al ter thephé paRRsCHoth 6MaEt€ phtenBiresiret thafpripr a6y apmisatidrisusiigd deposi ti on
and consolidation of the solidstate powder particles. The deposition and
consol i dfUPEIFOPICdeEss uses a friction 15 conpensated sonic nozzle to
accelerate said treated powder particles to high velocity in a subsonic or
sonic inert carrier-gas streamin order to apply a coati‘r;ag treatnment of an
Ratentof the present
| nventi,on, bl A4S SOPHAHSABUBEGBAH IPRIEABRIAY B PaIY 83! {AUS
mul til ayer~cdati'ngs, functionally graded materials, functionally formed
in-situ cadds. Patent 3,637242 albkinject the powpesparticies intoa Plasma streagn f or sur f ace
nmodi fi catj on_an 0 i datj qn, ' ' ] . ay form ng
ot hod 1 YPERNS AT oot Boledle SR Ropd F ol ShyBRaBaR AT e, OR% Y
t her eof ) Patest 5298034 isated kuSiente eMal. ldiscioses agiiasmeaytarcteomgurefor ur gi cal |
chem cal ,,or nechani cal properties. of th ubstrat e _and _consol i dat ed
mator | al [ SGRoRIBRAT BRYCEF CBBH sHeaa N wiEh g Partidesr Bt el e st
technigues ¢ Roger gsrmtmtgagidmagmﬁsemtehwem Hoa, dm US, Rgtan i ner t |
carrier gas faorned ipto g djirected subsonic or sonjc jet that significantly
reduces 05@7%59%@%&3@}’18%%’\95?% Pf&?”’ﬂ?ﬁyn%’}fepvgrdéleﬁ' agpgrml ten powder
particl esek@?ﬂ@e ho&ingRttooRdePparitiedin @E}é‘éﬁfa N, WhefethBBafidiedl aredur i ng t he

f
deposi tion and consol’i dation process. Reduction of oxidation and chem cal

combust | dreated after exeaaeien phine TIPSO PiaTa §EeRM Jas Kreudlsa CoORergingtess
reduces mj.xi nt k@) : i i irected
et of i nferOhd BT APSAE HhoRsr Blasra ot MO EORATP Bpask e ohetl ¢
r el at ingel higstemperatiuae gasmadhetugh @asoutizher supeesoenicorpzalesuiop togéphsdionhe neans

f i O ~32 PCT/ | j: i j hield
o LS00 e bt R AR SRR o R eahpa e 1 el
t he di r ecpeddgreonsdlidation statsinrdose pyadmiti-tnthel supstrate impingaimeohpoietduoes
i dati 1 ti f th . i cl furth b
Chermal _pPabL SaT TSR ELAB To et ALPBTEBR! GBS b bnR Herdter s
carri er - gsavaiceoNerfigeting N Futhermfdral the eLiperdsomic tlowspeaifisd ¢sthe@npaagd t o nearly
nolten (near the neltin owder parti mat eri al nol ten

t of |
powder2OpaYery feflicignt r‘l‘b@r"%ﬁ g?lggcqléré 9 HO%%?{\PQM'%@P'%'% BPWEP?anEI UBl asma spray

met hods. Ay ihBYIBWAHdgMEIhE FASY 8RS AnsidraB Wnisle RGAE4SDESIn tAE dRRFJePSI ON
protection, wear 1 o'resistance, optical reflectivit sol dering, brazing,

. | , L1y .
wel di ng, seatinnef AgUPeisENiSAORARI THYS Necrior aeAeslrgts SiaMftcapbPaiBelei ed whi | e
control li ; ' eAal=Xay Qr ' ioRT [ of the
substrat eggcﬁwgtéﬁggﬁbéegﬁ%?giraiﬂ\é Yﬁdg)nve% i'%érfgflém@ f)fdélgﬁb?gp@tac\%ﬂas al um num
heat exchsmgtthsoatsectidh ofdhenazaleTde apsipiexityl inheienhindhe paoseityplasne braze

sheets Jis _cla i \ I i i echni ques are
adequaztgel 98 % c\é\%és% sm&gé]sg%mhﬁé%g%:ﬁ%cé @?ﬁ@ﬁﬁ%ﬁb% Nb ur%’l num

Associ at i imporf200y ftiesé cBhvertionalNNesmvigbnsgastas albige guantiwistafened®IB] . The
brazi ng process nsi.sts of wetting the alumnum all j,QLned with a
filler rra[rl?rfPEﬂ‘ °f8?if.tﬁatt’9‘b?té)§l RV Yy {hgscogﬁ'lﬂ’r’fvﬂﬁﬁﬁ?é %c‘ge%datﬁ{a oys) 2 o
that enabbpstrs®dsPaddinariziea!frdp® Riting dferédigg.j oi nt. O addi ng techni ques have
been used for nodifying the surface of alum num alloys for many

“applications) but the process is costly and is primarily anmenable to sheet

stock.; ). S. Paﬁﬁgﬁwa%uﬁ%a,té&ges &S¢0 $ PHEREO0LO0Ssust B SHehserat @BY hod for

2 5 brazing alum num parts by applying a thin |ayer of nickel powder
(unconsol freauently usetalae dransier-at; \QJBelt O Adizea subsiate. Bpt iF ROt hat are
pressed t i i I i tileut bel ow t he
mel ting pgﬁﬁ% E%F'%&Fﬁ%&?%%?%&ggﬁ grﬁ’;a bghgggélgg%ﬁéts’g?ﬁ%@f gé Drtc?gkus, et al.
di scl oses a nethod of brazing al um numparts where clad filler (e.g.,
alumnumsilicon alloy) is plated withga bond 30 pronoting alloy (e.qg.,

ni ckel -1 ead or cobalt-|ead) between the alum num parts to enable the

brazi ng process. This patent also teaches the same nethod of brazing 8 WO
02/ 08SS32 PCT/ US02/ 121 >93 alum numto braze other materials including
steel, alum nized steel, stainless steel, or titanium Attenpts to use
thermal and plasma spray methods for depositing thernmally 5 softened or
nolten braze alloys onto alum num alloys as disclosed in U S. Patent
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WO 001 52228 issued to Kilmer, U S. Patent 3,951,328 issued to Wallace et
al., and 15 U, S. Patent 5,980,650 issued to Belt et al.)) are applied to
the surfageo9hssshe eutectic clad as a braze bond-pronoti ngcsRRedpaee t hat
di spl ace the oxide fromthe surface of the alumnum |ower the filler
metal's surface tension, and pronote base netal wetting and filler netal

fl ow. These coatings are conventionally applied by spraying a liquid

m xture of the potassiumfluoro-alunmnate salt in water or as a conposite 2

0 powder s%?aﬂpfohﬁinpgjoﬁurRPtoﬁﬁ&'mg”théﬁﬁfsQ:sﬁ{gUéﬁtMe% pﬁowder‘g@ﬁk:%@ ifthd he surface

of the eutectic alumnumsilicon allo wder [Field, ., Krafft, RG,

. and HavvkWFQFWSDAPR“CN'QGMQQQPéasﬁ@ptﬁ%‘?sﬁrcﬁ{c(‘Qﬁ@)‘esT‘é%ﬂ'éﬁr@wal PONVAGHY e
Joi ning Ripe Ouge@!érﬂg‘gtfa:s‘éﬁe g@absaméi@g%fem5%eezrae?f§sﬁeqseedl ngs of

T&N Leadi ng nno nposi um Wir zbur g- I ndi anapolis, I N, 1995].
. I'n other Salsmsn et Al an@ UsS rRatkel 6,084, i9bissued tealt Ipwges atal do eddhvariong as
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and spray form ng of near net shap nponent asi c
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6, 074, 135ah4 oeeipidce. t he present inventors for application wth supersonic
jets and nozzles, and are extended to the present invention for application
with friction-conpensated sonic nozzles. 30 Sinultaneously coupling the

kinetic energyuOé rbétenmm obRU S, amér&mrm 468, tths Pmam 8pr.64@andW.t h the
reduction in {G@ streng th of said ovvder arti cl es subfst rate, induced
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def ormati on i nduced by the i npact process is responsible for the creation
of observed nanostructures within the gicrostructure of the consolidated
powder particles. Thermal plastic conditioning of the powder particles

al l ows these nanostructures to be nodified through enhanced dynam c
recovery of dislocation densities. In addition, the chemcal potentials of
the consolidated nmaterials are 10 nodi fied by hi gh-pressure confinenents

i nduced by residual stresses associ ated
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wi th severe plastic deformation. These nodi fied chem cal potentials effect
the chem cal reaction rates for controlling the properties of netal matrix
conposi t aypupedssenal |y formed during in-situ fabrication pergishpngsheni ng
phases within a netallic matrix. This process yields high quality
consolidations with | ow porosity, |ow 15 oxidation, and m nimal thernmal
distortion. The process also yields depositions wth unique nanostructure
and mcrostructure and permts spray formng) joining, and fusing of
various TU{D&éh@fb&archrreceksposp'réﬁeantriasnﬁ)ptratﬁaﬂjrfaverreum oxithst rat e by
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hi gh ro%?etr@a‘ %8&3%& g’rsﬁ?cl e sizes in the nanoscal e regi ne can al so be
deposited and 15 consol i dated with apparatus and process of this invention.
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netals, alloys  low 2o te ur e, . r oys,

super al | o§tate nRar dne melting,po g@ﬁ% ? @rﬁ?ﬂf ‘F'g% @gﬁ%ﬂ"%ﬁ?m s, and

m xturgs kRRegef plaJﬂf@ze@%ﬂec‘s@b@t@nuﬂ@&om Qs r@gaaﬁ@aéanfn sirgeber and an
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evacuat or and optional outer coaxial evacuator nozzle reduces the
ent r ai nmeplaswi sireamatadheahopitancer piastisizei butaot frs agguficied dmeautedighely %Br soni c
jet of in r tured
R e T
f1ui diz ny. 8n3191<tf57esssuad¢o Musblberged in whuuh$1e m@eftpaﬁlqbaszlargwat%tged to the
present ventors for Wi th supersonic jets and nozzles) for

“ 1 ui di zi nBe R s ey I lr?&ﬁ?t‘gfgr% the powder 12  V1'O (12/ U85532

PCT/ USU2/ 121 >93 particles within the carrier gas is included in the
invention and is applicable to the friction-conpensated sonic nozzle, The
solid-state deposition and consolidation process of the invention relates 5
to a method for thermally altering theépowder particles and substrate
materials to reduce their yield strengths and permt plastic deformation at
|l ow flow stress levels during high velocity inpact. This is acconplished at
tenperatures well below the nelting points of said powder particles and
substrate materi al s.



1 o The nodulus of rigidity {G is related to the nodul us of el asticity {E)
through the well know relationship G= E/ (2(1+v)) where v is Poisson's

rati o. ARyolheMdskgsd on in the nodulus of rigidity, induced ByrRR§/1208
pronotes enhanced el astic deformation in the powder particles during the

i npact process. However, this factor is alone is insufficient to achieve
nmet al | urgi cal bondi ng of the powder particles during 15 inpact. Only

t hrough plastic defornmation will solid-state powder particles deformto the
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bondi ng surfaces degree of ic deformation of the powder particles
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f ace- cent ¥cessBf (1: %IPEP s8¢ e changes are nonotonically dependent on
the taenperature of the nmaterial with no particular threshold. Sone

body- cent er ed terlals uch as tun en), exhi bi t itlle- t ductile
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Met al | ur gyridri bygteaghlﬁgﬁ ReRdd fokdreatiVg Peldcidet BERRRSREBISISHRI bRFSGalHeat i ng

the entral ned powd particles reduces the nodul us of rigidi t%wand

decr easesChefgicel af epCéQ&r dfepaities Prigido gapesitiqneand wnsetfiat'ﬁntoum? Aances
plastic dghbor g&g | e aﬂWésngTH ltI%Fu an8Wohsdidafidr FoBed SYsdsa frittibrs 1 nCr eases

deposi tion et -velocity particle Inpacts usin

t her el 5 pb@mpemsatemmmd: onudja t@cﬂmetera;e said: treateds powdar paxiaigs @ higheat | ng
20- m conet t

depos 1 ortesH i ESUTLREHE Sonik et GFBRIAR solntth G SEPEL B BRAIL o ces
di scl osedtreatrrenit f amokjeti arto sprayJownapabest. t Additeredly tthe ebject ofdthenci es of

I th 15% f. Thi t
i 11 er ont PEROBHNGIPN 55 SedP g B oot fodiing JaHtLs fulliSTRCT 2 07 @
the yi el diglér edatmgg,tfbnafonallngnadammtehajmHa*mlongilypfbemed n-sitef conmpeosites.  The

friction-co ate |c nozzl his vent.Lon | esi .and

const raftt éﬁdngé sf‘l‘&W“Pﬂ@% ?8?‘ f: es fé‘bfﬁas%{ﬁ?é t}%ﬁq'%saﬂ“g C%bgﬂ@gﬂ&? or |less
W th conpgRge ivehtiod ko téuchil avpfdy fbtmmg rﬁétﬁﬁ@tﬁr@bnsdlldatumg poumersar rier gas
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frictional,d rﬂ%%ll&@ndﬂﬂ'd%ﬁhéhl BrethaniRhl prepatis Bf Bk sJMB@t?eté a9d | ess for the
carrier gas, tapered nozzl e design uni quely constrains the expansi on of

the carri eenspigated W?H@'al‘-ﬂfﬂ'ﬁ%b@ﬂﬁﬁﬁ%’a’r‘aﬂ'@?a' PEMALART PRSTRASPARY ve to the
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const | ess. Thu he particul ar design of
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accel erati ? tah f The
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consol i dation of the powder particles with unique properties. 19 V1'O
02/ OSSS32 PCT/ US02/ 1213 This yields depositions with unique m crostructure
properties and permts coating spray farmng, joining, or fusing of various
materials. In addition, the thermal-transfer plasma of the invention

provi des the means to chemcally react the entrai ned powder particles and
the substrate at the deposition region by adding 5 chem cal reactive
species to the plasma gas. U S. Patent 5,691,772 issued to Sel wn teaches
the efficacy of using radical and netastable reactants entrained in an

at rmspherl c pI asha gas ] et to etch f| I s and coatl ngs on a substrate The

e o o b1 o o, Y S A~



substrate work piece for heating the powder particles, heating the
substrate materials, and chemcally reacting the powder particles and
substr at ewgwbesssad s, I n one configuration a Radi o FrequengyritRR/ igener at or
capabl e of producing RF power is coupled through a matching network to
produce thermal -transfer plasma 15 (capacitively coupl ed) between the
outlet of the nozzle and the substrate. In another configuration, the RF
power is coupled through a matching network to a coaxial induction coil
surr ﬁundi Qﬁrdt#mdin%yhémga? staéldrtoxmtm?r ré’dt&:gidnéumihria‘#eémraimphte@f dimgr lr)tlal pl asma
at the exit o e noz i s trans red to the trate via a bias

ol tage: appHaTEs BRIGRIER PreTRUEEI Srutendariena®s. SHAM K BYBRRat o 1 n bot h

confi gur afddoBss dh@atdnlandochenficd TofBOSHcH dfthé Psweatmﬁi@e@émtmﬁ@r pyrhi I e the
substrate is the anode el ectrode to ensure electron flow toward the

subst r at ethgEPR! phasdically epnditicaingthe ppwdemparticleawsiniandnerdearriehgasise of
reverse pohdfohént af rempélyw terhiserhtifds EopHE S td Adhrly! M¥tdrOWRatkhEhe
substrate. The reverse arity connection permts var| ations of the

i nvent i onmekiag pgid of éP‘é@erRﬁﬁtlcf'ﬁ? mﬁterratl)d)ran@t@@rnmd@r Rirtigles t¢rapergtuiedni zed
mat eri al égf'h f pn%;gé n inert gas shield that is
co-deposi{)% Wk?ﬁv%ﬁt@nﬁl&&%@tﬁalégré icles e ral ne in the carrier gas. This
reverse polarity connection is used to produce |low porosity, fine grain
coatings or to 0 a spray
formed materi a'?"é'%Hc??ﬁ Ja%c?y%tfge%gb&fég%§5égtg\§8gércd%ﬁfo%foﬁisr@%ct?o% We?ﬁe pr esent
i nvent1100nresrmbrmeeontejaecaﬂedtwﬁtypsnl@ergtgobqazmgnweidmgngtaahlnmgaagd)pollstha‘rgoon
tetrafl uo rbon fluoride, heli hdro trogen,
oxygen, o Thess o&RdR st bg HER ISR shlPhind il AekallnglBL 488icalis 057085522
PCT/ US02/ ﬁ%&ﬂ&tléé]@t@sémesrbf\tﬂé sObEtrat® Bee HépEitedMFated#) i um gas is frequently
used for producing at m)spheri c plasmas (e.g., U S. Patent 5,961,772 and
Laroussi, M, June 1196) "Sterilization of Contam nated Matter with an

At WDSphe“ c Pf@éﬁ)éhﬁor%l?stﬁféduétEEEcﬁé@B@nﬁrﬁhtR'h@ﬁt@(cﬁﬁh@é‘tQ%re Vol . 24, No. 3,
pp-1188- 11912 to limt ionization, which ads to arcs, and i s a

pr ef erfledMgayiackired Being alumingg %Weﬁ)aﬂt‘? Efaé@ shaetstieCled iwithiapHtedlifnensat ed
soni ¢ nozgl@r|a gtte /@IUHrﬁlnﬁ‘Ssz%Vt@@rﬁmdi\?éstérS'a%équfxét@i‘?’r@%&wé&'ﬁt tﬁélpturﬁtnuﬁhe

nozzl e and pas hrough the tRernal -transfer plasma, which heats the powder

particles BrﬁﬂnﬂrH@@hQﬁﬁﬂhe Slyminum Assegiatiane 90¢H8 tséf#peﬂ\b\/t/uv\ésbmgtqti\e
ticl th |
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al um num t bepinedwddr 3 filar nnateridl (2., typicaliyei000 sdiieaiminunasaijeon allnysbart | cles
reach g t [ [ 0 | that yields deposition efficiency
in excéossﬁ.g?g%%%%?s %oe? "é”(“h%l ﬂﬁﬁé'ﬁﬁ%g\% %\/\gers this requires a RF plasna

power of 1-3 kilowatts for heliumflow rates of 10 30 SCFM M xtures of
gases that for¢t gacttl e. radical ,and 4 s t abl.e s i@f in.the thermal 15
plasma are i nct'BAZGOIGCNAYES NA%R PPE VS 'PB syface Ll AUAMNYY [ eact i ng
t he powdeall@@erfol mbayp adplrcet‘l@hsl batiietproce’e is hﬁtly&hdﬁs priraddly aplenable tos al so

vartous nabeteints Uy PreaboBh8 38 sstes Dkfor.t 8l BRpicket A mindd o Tho°
substrad Ebra&mgrbturﬂﬁ*@ﬁdpms E}hﬁpplﬂfﬁ?é&!‘ﬁh léy@e @ﬁhu@ﬂel%wfdbﬁ Unbernsombateansf er

pl asma beamto the deposition | e on the substrate, and is used to

t her mal | y batween tag aﬁEPQnttslﬂgaé%%ftaf BRipof msl}ﬁﬁwemﬁémgw particles
revi ousl n, the
Ito he\r“rrar-st %g%tgﬁ Qébgggg%t%rggfg 22& ?ﬁé ‘%Crnesc{a‘:'rrttfs‘?a ortﬂté rnhé? ﬁeponl‘ntf%gﬁfeﬁdsrﬁbst rate

i ncl udi ng UeS tPatent®R8THRBT issued B Rddkasi etral alischdress wethot afpratind i | ns

of this i AHEROTT s kB baiue s o Qb By O B T HobeBED 0 0

nucl eago pbmmdsttngesslogof(e powibkel-lpad b cotemit-lpad)detween meeatttmmum pErts ta
f t f | t t
“of the 3 SRABRA bEGR L Casre TR BT Grlif bR SaméheRel of bl ' "

properties of the powder particles entrained in the carrier gas by heat i ng
t he gas and powder particles with conventional resistive heaters or

i nduction heaters. OQther configurations of the 16 WO U2/ f 185532

PCT/ USU2/ 12(1 93 powder reactor are use@é for chemcally altering the powder
particles entrained in the carrier gas or nodi fying the nucl ear properties
for spraying radioactive or other isotopic species of powder particles. A
powder reactor configuration using a highpressure plasma reaction chanber
for heating or ionizing a mxture of carrier gas 5 and powder particles is
included with the invention. Adm xtures of chemicals nay al so be added to
the carrler gas for the purpose. of chenlcally reactlng the pomder partlcles
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coaxi al evacuator nozzle (as described in U S. Patents 5,795,626 and
6,074,135 2 o issued to the present inventors for application with
super soniwojoehsssend nozzl es), surrounding the friction- cogg@nggg,fg@om C
nozzl e. These evacuators are used for reducing the entrainment of air and
unwant ed gases into the directed subsonic or sonic jet of inert carrier
gas, while permtting capture of excess powder particles and debris in a
conventional dust collector filter. The outer evacuator chanber and 2 5
optional #uneiune abrazé oferenmérls iNGRAING & CalpRIniaddstéd) estapleth 8taises to be
captured and recycled for environnmental and econom c purposes. A
. powder - f 1 ?fi tﬁ?"ﬂi"ﬁg unit for fluidizing and entraining the powder particles
within the carrier gas is included in the invention. The powder-fl uidizing
unit has 30 been speC|f| ed in U S Patent 6,074,135 issued to Tapphorn and
. Gabel for supeﬁ'tﬁ“‘mﬂ%C]B%%thﬁﬁ'ﬂa'rﬂﬁ’ﬂzﬂ'%“%lﬁﬁfab’é“qth‘éd%féééepwttﬂgltbem?ﬂﬂé!nt| on by
referenrc e powder
fluidi z@)l ﬁsof{e@gﬁ‘%ﬁg{ﬂt@ﬁfréﬂ%lbpé’s 12/ @@252&%&?U80§P§§ggbatﬁt%r ovenent
i ncl udes 4782.8i tisguesytoddracgawa st éldhawe bern argelvensuscesaid headuse oflbe t hat
can be in s face of the
powder fo%dr'%l ul O@th% C%r&gegﬁm'%d;wgl égt’ur&&oﬁéée‘?g H’Jd}fng pge#'&}[?]h%q@ powder
cont ai nedsteps)t Khaofapters indluge dp neidatig, @wmmthJrglmilaueImOmB&thersemBmteof t he

reasur eranbucd B ibeBto bt fautell oS Rasaftrond Meleen ofine SB5A ot et a

presetl ovanhdecedsbmmdﬁs&abIemlﬁusm\rofsmhtawanaepr@aﬁamamgn@ metchehlcéle g.

Proporti onatl I ntojgral r| vat i \%S: 81 roItI ers) The present i nvention
conpri sesISORCHA e phstigle, S0 QYRS ?muc'a ®aFIMYy  coatings) functionally
graded materials) and functionally forrred in-situ and ex-situ conposites on
a substrate. FEor exarr@i§| the first %/ r of rrultl-laéer coatlnpq used in

al umi num br azifg RS P?CQ%E?Q’F%UW UQFP-BliHauRate Salty ARternatipngl Ralenlsed as a
cor r osi omARS 00/82br®Rshed td RlIerUV@%térh% @sﬁ $28 isSudPdONaRaKh dthe anpstrate
alloy. The first |layer nmay al so lr;;glo yed as a diffusion barrier or

adhesilén ¥& Eatets. @ﬁib'ﬁsqqqetoﬁi?”sﬁ! 1. 125 appliedue the surface of the eutstéuent

I T, f

cut oct i ¢ 03] 5p ge BURLoRINARG s[ytpha REFisNaaE e ie Ao ket .7

degr ees Keflthe aluseingw, tower thel filienmetals surfage telmelost anccpromgte basemetaler i al .

Al N f i br azi
A Gl g Sha B BPiG ! IR SRR SR! bipleletll P70
as net aI | & iqydwietuee & the pntbslutroﬁwhm-latummnatbesaltm weleudeasratwhptosge cal ,

chem C i cal i 0, [ terial d
deposczt Oﬁ&wé}ﬁg@ﬁkngﬂglagé&etggs@#&\ '([?i ﬂéroféV%%%ltéagéféﬁﬂ?%qi%%a{q'ﬁ@eioi E'ifeepom ted
T o oo e L

[ S [
(i1 er nokal Compasteiendiine COlTRRy iy LoMel Jafng Fioemmsdal 1 . 1 e
powder suglitoffotide Pleat E%mgemm Php@r35-RiodakHiagSoSPAN Lehdigmmbagh i ¢ f 1 ux
powder such as nickel, cobalt or n| ckel /| ead based alloy that Is also

appl i ed uRaeYatiofeimeRasiam « Warzburgsindianap el N8I | d?'@IhS&Faseéth'ﬁ cal or

mechany 5cah.c|eénfo%a$anpéb%nﬁ§s hBge Sedsldertas FBHEEbAotiY N SostRBe Bt i on.
Finally) a nmethod si mul t aneously co-depositing netallic and nonnetallic

powder s f@pclpsrd ’ﬂdl’ §05@te@¢ 3&}98!%’5#@?“@6%5@%% edah 289 WSt RateRbedded 30 f1 ux
are al so gabgahedsaelh DOEP.@ etjvention. 18 WO U2/ 08SS32 PCT/ US02/ 12(03
The present 1nvention discloses a nethod that enabl es controlled

t enperat ure dep05| tion of nmulti-layer coatings conprising undercoats,
braze-filler, I rj bed

" above. Under coa %&%@Ps@?gﬁr'@geqﬁm‘%@'Srgézsyea’gegpﬁéﬁﬁ%’%ﬂgﬁﬁ‘@d

al um rgom frictigmpesear tmatlagltoumsubstraezsudmasmtbaaka otqrovithésr pateti diagmtshe

braze-fil ers se r | um L al |l oys
(oo aotehnatiGTeaRhS 1R e S arigachinhg Biedes R MAlkERBhbPE3Ea " o
typi cal I ywike-@ug siprag formesl afer 1 MI@f thOdBfack @bépardtithlaraislbstrate reatings of
443.0) 356.0) 711.0. 10 Methods for depositing nonnetallic powlders sel ected
froma group conprising polyners, ceramcs, or glasses using the apparatus
and process of this invention are al so9disclosed. In particular powders of
hi gh-density pol yet hyl ene or pol ytetrafl uoroeythyl ene (TeflonT?") can be
applied with the plasma power selected to raise the tenperature of the
powder particles to the glass transition tenperature of



15 the specific polyner. Although not intended to accommodate the high

tenperature depositions required for nelting ceram c and gl ass powders,

t hese matwoiabsssean be co-deposited as an ex-situ strengt pefiglgragent

(powder form in netallic or nonnetallic matrix materials. 2 o The

techni cal advantage of using the process described in this invention over

exi sting spray coating technologies (e,g., gas thermal spray) plasm

arc-spray, wire arc spray, and high velocity oxygen-fuel spray) is that it

produces procegses asiqug tokk 8| Pateptos 884,886 are telquined Bustipacthithe oxidatiore of )
excel | ent  adhesi qn, nific itu oxidatio

. coati ng preeuBaratf and BasiRisenge i edhost SheSRblBhbuPT aTB enpnsive

accel er at surtack peepzratiis poatehd @l rescHanicaligbndrattidr ethdroa meeanegisfbeddsoni ¢

nozzle optimzed for inparting high velocities to the particles, in

- conbination with the thermal -transfer plasma or powder reactor heating

source st he deposition conditions and material properties (plastic

deformations) can be unippgie] sbRie 6 atie MvenpeN | cul ar application. For

exanpl e, deposition of alumnum coatings only requires 3 o heating '

(thermal -plastic conditioni ng) the powder particles to a tenperature of 400

K to achi eve .Gl rt J ~ -20

i crometer rand Ao naneRlielgtes B BBocralus i rGoeRs 107 bdiBSiald

friction- atenqsdlosamdctosswi|dat|omnfzp®~de'ﬂp|aalcm enthdiDedlin aGaBSIACc BCIINUS( 12/ 12GL3

tenperature | | so uat e Itaneou | te rature
angalll gg'l‘f’f’ef ﬂ@oﬁeﬁéfggdn%tﬁ 'é)'pw{ h‘gﬁé@lm gpRay an&m%mgﬁﬁﬁﬁ%g t he
prOpe][tl egefofmation, demgeedamlare@radabsmﬁy ben@wmbcs{cubmteranﬂauoh@suedét 0 ]
specific re ui renen article and substrate ace cleani ng and etching
cbour s coRRTEHRRFIE ofarh BLonspIaahoTa1B3 b ety Jm R TR M og 6 ey
surface ppetdliggfidaBbndifg E@Gtlreas thé:ln[bi'fdcbéé Ub@n&ﬁ@é’d‘tﬁélﬁom paffess of
this invention permts co-deposition E%@él&gﬁwers to functionally form

i n-situ awilesgo lastic @Qfﬁﬁﬁ%tfqné%h'cr' REM £ oonding¢q He SUbshigdnd (e. g. |
al um num jnies. p%ﬁwﬂé%m@&auhﬁg%a%&ﬁu.ﬁ@ ws 5&5&.@5@%@@% BGn@:ﬁ Rbmiitd® sel ected

from a “group rrEnsm | 'con, - carbide, boron carbid ﬁum na, tungsten
car bi de matm&p $ld2§tfﬁtﬁéra§‘t§|fsway ﬁoanm&fpaatneﬂs@ap@icnma@ms Apd ARMSmL | X

CONposi teTﬁé‘B%su@?@bBBi‘?W&ﬁBF%‘éﬁn&HrﬁnBﬁb%%ﬁQ fr‘?étuoh nglte[’!?é}% Q?Hd:'ﬁgz ??@t I n

anot her exa rnvention permts ion of nmetallic powders
into a comlerdmtm\'deoppmsieséo hlgatveiowlteam@cﬁwenal pethodn dbrothemmbl{ f i nal heat

" ¢ O) int A . it
b or 11 PR erilishRig ot BRiAdulf opieBs G Rap S o [P Os! €
co- depasi sw‘ﬂcnethtlmgtatd ledupe theyield strehgtb tdoeing mepadt Bind petmmplaam allic powder
t to tail f d

e G A

chr Ogl um I rtﬁe b@ﬂd@d ;{dﬁﬁ(}flé%ﬁ&sﬂﬁt@tﬁ %sesaa?nlaéﬂqtréi;?ﬁé tnermanwhmiftqw_et strip
can be applie st ee ctri istivi

(i.e., t)F/) ?E'&‘PIR‘PW'W‘Q negyle eé&@@ig%?ﬁ] Q‘f’gPLeo%‘ ‘ﬁ?@ 'gg‘@@d 0 yearsyl n
sal t wat efjistaMeBE. SAQBmplentéhtiny emtsbdifefcTehed mnéntwﬂm‘éb Apdided F@drorqa steel .
The invention also includes consolidation of functional Igramraded materi al s

in 2 3 %haler theshyrieabahemical i nugleap BiopsTties G PPWIg PadeHBIIOTdR pansi on,
t her mal &j&&!ﬁﬁwb tam.ctrbhtmqiéasaféu%hic'ﬁo&zleqeﬂé&ale%hohesrr@tmr col or,

etc.) are ctional % ara ed discrete or step-w se layers as well as

cont i nuoutsagtagmasdisst Sleﬁtymb’ss dratent g0 eh, 1351ﬁ§‘#¢d)@éh¢ prefeatieMematserial s is
acconpl | <pedoBicafigh ARRIEbE/sBAICRAVIR nBEAELI R oD MENALy IdRe pREGART r ati on of

each powder coatl ng I ckness A conbi nati on

of functi owebtign fboamﬂ'ntamrrdwftlmfrmtlomamlpyngﬁ’tediewlmoule%ll s is included in the

i nventgoon. An exanpl e of this enbodi ment includes encapsul ati on of 20
Simultaneously coupling the kinetic energy of the particles transferred to the

impact process with the reduction in yield strength of said powder particles and

substrate, induced by heating (thermal-plastic conditioning), permit solid-state
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WO 02/ 085532 PCT/ US02/ 1203 an inner core of material (e.g. nmetallic alloy,
netallic foam ceramc or conposite) with a nonolithic layer, functionally
graded | ayenz@ofsssmterials, functionally formed insitu conmpegisPhes
functionally formed ex-situ conposites to tailor specific properties of the
finished part or conponent. The invention also includes the consolidation
of porous coatings or spray forned materials by controlling the
particle-size distribution of the powder during the deposition process.
]Ic_ar ge povrtbplol siﬁfann and Iceasc(lidaﬁd%’ﬁofrm?hbugs; @p&qlfbdﬁggdf pértd]twioimll‘ig admrpr?wr ehOf 0
ine or ultra-fine particles (< 5. 1Mes produces materials wt igh 1
. porositidhateqlsya Wﬂgg"yoc*epgﬂﬁg%H%Qfé‘PidSF&mBF'%i ﬁlé C?W@'Waﬁg VPE?F'%PQduci ng
porous StthdGhpdd prociiss aEsthbihhfor! Wlle thefrial-dladticeionditisRifg MRd Fiatdfal for
encapsul ati ng or seali nl% adm xtures of other metallic and nonnetallic

- mat er i al SroptieRNPE LAIlOEELIGPaSITigERGUIrgmENts: | Rt eXamPso et \gEDRIFFECd as a
coating oa“efam%ﬁl@ﬁtmdﬁc@dWtiﬁéwpéa@pr&sss%%%ﬁé«bﬁ@fo? Yrehfién & Ovi ding an

excel l ent corrosion resistant coa Ing on reactive 15 neta surface. In

anot her esbsgpied napppGyHeies wvithif teinirostugtiulecofithe eensetidatad powdaet al | i c
t 1 f ~ H . . . ) , d t |
matrix Oﬁ%rﬁcgé% rﬂérh{éﬁﬁggﬁ E’é'r{o‘ﬂ%mg'&.tﬁfﬁ@%ﬂ%ﬂrﬁﬁc&%{,}}gg&%g&e and spectra

em ssion o yrop are. Invstil reactive netallic
or nonmnetnrdnostuctaestd Hesngdifieg thrauphgnhaneed@yramic cenovery df distasation i nt o t he
por es of et L ' i.on..(8. | um titani um or
m Xt ures g'rt'gg'f frl ?%mg&t))f%e?ea e'l:étlgj%téép' lgsolef\;lge é?'?s g&%ﬁgbﬂ aéQ%@?{?r e when

heat ed 0t anadified bg highepressyoe canfineendnys indpgadoph@sidual dteasses assomiated al . | n

addition tg the just. described nefits.. ot her .advanpt ages .of. the present
vent | orvth $eVepk RS GBI ARD. FRBSR mnkied i bR RRS R B ch ol 1 ows
2 5 her eimﬁi&é ra&?antatbceR:begichlann0|nth$ﬁtEﬂrope%§f\l bf m_?_ﬁ\l fHaBw cl_a?midsfqur es which
acconpany. it, | P . e specifjc features,
aspects, fHH@_'%@EEh@g&?“B?Q f%@”ﬁ%@%?ngﬁgﬁ?m%'w Phasgs Wikihae bett er
under stoqﬁemkmétﬁgawﬁistﬁaoééaegfemslr\c}%8ga|$é&{s'onaam)s wWARNER PBFbsRY abwe, and
acconpanyi ng draw ngs where: 21 , 2/ ORSS32 PCT/US02/12fiJ3 FIG 1 is a
conbi Aéd BiidatN grRgymiHnahiernd siistartien.i bhe prasgswalspyields depasiisne WiPensat ed
soni ¢ nozgl; i 1 il i i abl i shed
Dot ween raudic RBRA A% B e SREERhIS SPa [Pl RIS

parti cl esfuping &f varpusipaterialsn Thadepastion istserayed @vepthetsomstrata bynl ar ged pl an

exit vie ; ECLLON- ORERSH o I j rate the
cylindri \(I:Yé%nséa;t/'ﬁ‘grgﬁ% *y'ﬂ'f’-’??f ﬁ'g S ang(gﬁ% @?ir?glln\'}géétﬁafsﬁ%hrogttei' @(r% %}Tb E@% 21is
an enl ar gatdelplivaly eixdrt standoff distahces ahe af speeds dvat permit depasittbrs@mdc nozzl e
show el li pti = I ofr t._of t. | e, 41is a
conbi %gd {ﬂng g‘ﬁfjag?ésg ?dz’i%ﬁgﬂr;‘e%gtﬂggggsfsse c“gérg Ent\gl !ﬁé%ﬁ&a?uts ﬁégﬁs’r |5¥(::)% ﬁ'g nahggc}rrf}?e nsat ed
soni ¢ nozfritorl-corepersated suniendzzizsamdet tobotimterntralpsefmait rapichsma f or med 15

bet ween \rllﬁzzll. out betf an .raifsed fitl et on substrate used to thermally
alter powti€® 'ﬁ‘apﬁp (SRt eR NG AT Rief8hePS Ratth 8N4 GBIPPATUSand to t hermal Iy
alter or nelt substrate materials including fillet. FIG 5 is a conbined
bl ock di agram_and cross-section vi S%%Lﬁ)ge friction 2 o Conlpensat ed sonic

|“e

nozzle |iner YRS of PoagE Barticiss fotrained)in @ SHbsRMePLEANC by a
concentsr i gadiet disltHel dpipafatiid asd pfRESEIbMEisNAVEHLEn ARLISH B&ted $rBFh 4 Grduper nal |y

al ter powder particles prior to |nPact on the substrate and to thermally
isti

al ter or builare sotjinitas te peMders cansisting pPlmetas. filpyseiow temperatare glioys,

conbi ned ' d X ) Ofl1aVd ; acd i on chanber

Wi th pomﬁbﬁﬁé@%’gﬂ{é@?’@’éﬁﬁeﬁaE’S?’f’? profilerd, el ??g?t%grﬁ‘ipﬁgﬁistr’ld cheni cal | y
reacti ng pawokialspegramigse polgmees, and mixuegsdhenepb nindivm erctin-based; spidetdnpensat ed

soni ¢ noz . . [ ' s §ection
Viow of cRFsicH s AR R, B4, 3OS orHoRP] A BRSO IORPC
enbodiztentemyferaturecallogs that can be deposited and consolidated in the solid-state for

coatings, spray forming, and joining of various materials using the apparatus and

process of this invention. High temperature alloys include, but are not limited to
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22 W O 02/118SS32 PCT/ USI | 2/ 12@93 evacuat or chanber and outer coaxia
evacuat or nozzle surrounding the friction conpensated sonic nozzle. FIG 8
is a sideveeghssasml view of a powder fluidizing unit for eatigiizes powder
5 particles into a high pressure process line using fluidizing ports and a
notor driven agitator nechanism FIG 9 is a side sectional view of a
powder fluidizing unit for entraining powder particles into a high pressure
process line using a novable fluidizing port nmounted to 10 the end of a

t ube thatNF&Gﬁ(@tﬂﬁ@W% VCNKiNb \eA\gezm(czet:rastbt@mmrﬂrrfe@muaomcmoobng t he

novabl e flui dizing port rel atlveto ovvder | eve 10 is a side

. sect i onal 2Vi2dR-¥ANa apdrde (} Kefe? BYV-2 bn'tl %”ﬁ’erﬁ'g?/ Q?H‘ﬂ?n’i"c nfi gur ed
as baf | &g Qexd aﬂdl&b%%atsé@andyagmm@ronoydgelfd S%f PRiAIHARGbddR, @ 15
carrier gas. FIG Is a side sectional view o powder _react or

. conpri si @eﬁ?ﬁ¢'mﬂg%ﬁ mesiicag Seciefuios esals d\ﬂ?@lﬁﬁ%ﬂ‘ @Hr‘\i‘@?ér%"W@ﬁr i Xi ng
and ”%at;%é}gclé)é)%’a%d Rmata'nsihﬁsm%@énrsawsgnlcfae@arfaaadblaﬁrcog@a tuﬁé%tecﬂ G 12

illlustrates a cross-section view o ?/ﬁer coating deposited on a
subst r at epaygleng ateh@sajnsludedasa spegiabtype o somposite prvHer thatieas berisedt i on.

FIG 13 '\ﬁlttﬁ?@acré@ugra%gxbé@g%fmel é:rh»%h flux coating on an alum num2 5

substrate m Ccrogra I mage of a al um num chrom um net al
matri x conposite coated on steel. 30 FIGlS is a mcrograph i mage of the

cross-section_of a 606 Al ex-situ ay. f nf or ced
nmetal matrix c giqed Py efB@ﬁ'ﬁﬁ&ﬁrﬁg@ %L%i&i@%?ﬁ%ﬁ’%ﬁlsw is a

m cr quogp:hvemes g?n@:ampé omdtdustamwmmmmhpmunmfdermsmesm<m a coating
on a substrate sur

BEST MODES FOR CARR E. |1 NVE |C]\l| th
Po1 Foui noiFEAERRE)| Sowser PAUCIES SE8S MLEKERb Bl PP mes 415 MiRoEtaae |

i nvent i Onfred@‘nﬂv @élvéeteuSasrwéﬁgtth@nhb%g@ﬁ@qapwyemutwnwmmaw mbtefn@r ma part
1 o hereof, in which shown by of illustration specifj

embodi mentos quﬁ“%méﬁlm?é“’i Wﬁqtéﬁoh@&mb‘@ HPRous cerpolidatignawitibig st ood t hat
ot her embggi, RNt Soids r%laa.dg é.&é@.ﬁ%@ﬂﬁin&tcaléc?egrn@é a8 88 deRYsifea drde

wi t hout depart| ng fro scope of the present invention. 15 In general

t he priéseeansolidased with a;pea@ﬁu,ssartdopraﬁe%spﬁalmaﬂwn&@m process for solid state
deposition and consolidation of powder particles entrained in a subsonic or
sonic gas jet onto the surface of an object. Under high velocity inpact and
t her mal pl ast i Thedigpes abdubstratetrhatepaledizat cpaibei aoates @rd,tsegif&fsiqpostﬁnd to the

substrate_and co lveI bhond. t I th
nmet al | urg?%é;f;orﬁ(?ﬂ lons ‘I"?\%W%ﬁgé géﬁ”i(ac‘{rgéégén%%iep'k‘ Y ana Iigtghe s(’grfS a\(lzme of
t he O{DJ eCfrom{aegl’@gp}bedamahmww aiatamlstdi?ﬂsnstlagiutmetays elldysldvength h alnd t
ermts ic de ow stre e vel oci
:Orrpact2 Btﬁ“%ﬁ?@ﬂe ?'Eoyﬁ |gl%genpﬁedﬂtu5esalho(y 5 landh ﬁés %E?‘gﬁéﬁﬁlﬂ%&g“ 'Thi s Y
process i fomrabials Beramits, poRaiers; andmiixturestheaof.Si nul t aneousl y

The applicator uses an outer evacuator chamber and an optional outer

coaxial evacuator nozzle surrounding the friction-compensated sonic nozzle for

25 retrieving excess powder particles and debris using a conventional dust collector.
The outer evacuator chamber and optional outer coaxial evacuator nozzle reduces
the entrainment of air and unwanted gases into the directed subsonic or sonic jet of
inert carrier gas and also permit the nozzle gases to be captured and recycled for
environmental and economic purposes. Finally, a powder fluidizing unit (first

30 disclosed in U.S. Patent 6,074,135 issued to the present inventors for application
with supersonic jets and nozzles) for fluidizing, entraining, and mixing the powder
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coupling the kinetic energy of the particles transferred to the inpact
process with the 2 5 reduction in yield strength of said powler particles
and substw@bgesskspduced by heating (thermal -plastic conditpepiQeh)eder M t
solid-state deposition and consolidation of coatings, spray formng of
parts, or joining of various materials via thermally dependent plastic
deformation. By controlling the velocity of the inpact process in
conbination with thermal -plastic conditioning the material properties can
be tai | orestickedwititin secarfiecgasas) iricheieant the iFeentiexaimalie appivabkageiie pl astic
defornatlon i nduced by the. i a ct process is responsible for the creation
. of nanostPEHANRATPENSAIRAFNNNGTEEr ost ruct ure of the consolidated powder
particles. Thermal plastic conditioning of 24 WO 02/ 08SS32

PCT/ US02/ 12(1 93 the powder particles all ows these nanostructures to be

. nodi fied throd§h %H%&ﬁé%ﬂ%&‘f@ﬁl%‘ drapsdlidajionpragess sEleiiprerdensslatess. The

basi ¢ enigg rﬁ?t’%d%r theﬁneu|5>Va¢teﬁhq>metb%%eap£ﬁuuéglaaa stpsPRB MR ¢ nozzl e

to accel erate powder particles h velocities wth several nethods for

heati ng tfhéU(Fﬁ)UMtEryl%Stﬁrtgﬂéﬁsa%@ng estigidefonmagon at lewclinw sifessdevles t he
degree of £ reg‘iﬁg@ &mT‘Fu%' ns%QE‘HHEIFs?wQH anen%ﬂb?atBPé’Wéu Dbl tge €S by

using a or sonic nert ‘carrier gas at relatively
short st anelting pdnn:st@frs@eispcmdetrrpert@!ﬂmndaq@str@termatenalze entral nment of air or
ot her unwant ed gases into the deposited and consolidated material. One

met hod of the thermal -plastic conditioning or heating the powder particles
and substr at e Theesoduluslofaigdityi (Shis nat&tmstmrtbemmauimsl oftelastisitye(E) pthmagim bet ween

the nozzle exit and t ubstr ative short st gndof |stances A
conpl errentﬁﬁ "i‘ﬁﬁWdF‘ﬁﬂ?ﬂsﬁﬂ cQ;t'hg} &ﬂ )r%t"‘f%&FF ﬁése'gg'a SULWRLP: ?\@é( ‘PB al ter
the physnﬁal.e mféaamwhgldw ifdLEk8 By HRafMRE ProMste8lenRaMEiRy eldgtict i cl es prior to
injection into a frictron-conpensated soni c nozzle for acceleration. A

pr ef er r ecledeFRAtOREM thegrowdRs PREIRIES duFiBg MRasbRrogesH- growe e stiisdadisr pl asmm
reaction .g'aﬁam'a% .Aseﬁ.ctéﬁafd il m&anar R l?orﬂ\r?@tdirtﬁe BBWS@frﬁdrﬁéleQé@nrﬁ};“d

powder partlc es. dm xt ures chem Cal s or chem cal gases my al so

added 160 impack £Prly é'PfOQQi’s plagtic @@f@"@%ﬂoﬁdﬁé selid- @a@mqyeqqrpart@mderﬁg m 9e povvder
particl est xﬁ“?%&uﬁ%@ t#ﬁ‘é{\gﬁe\’tﬁé 'ond% s_vﬁ%é LG e kbR II&Q%I EShdigduced

both in t e powder partlc are 1 njected
downstr easnrianem Thedpgrasmipmm delfogaattqrmmhe)ph\aaer ;wtldeepamd sWhstrateori or to

accel eratj e fr.i o h icator al so
uses an o &g '@9%\%3%?&3@8%g}%@ﬁ@%%&%pst?%h??tg ter r-({)-aj:lhgl#)'%{vacuat or
nozzl e suﬁm%anugmmtgpwm ;falm%lés mmemsﬁteeah%mﬂlotplmfmgefofmatldredurlrgw n? |
excess powder particles and noz as e regycle r _envi,ronnment a
oG eeh hpae e BuStaeR e Pased. B REGR deboPlied ERFeniy ahf s To e T g
entraini Néhy sRAMstdteSofHors sl atibre mﬂ\@ﬁdceﬁﬁlst¢a<ué@me«mahp|@sﬁd1@omrdnir@r gas is
i ncluded as part of the applicator. t hod r Ci g heH' ntion to
practice B @619%?)‘8551' JenenIsnce H'dRe yieidsie M\H@r'”ﬁﬁ\c ndke RiaskC ot her
metal |1 c @dfomeatioRiEb érﬁemwny%awse@aﬁ e fodlingtPir6m Pelerd e BLEN b&l S,
mul ti-layer coati nq@ functi onal | mat erial s, functional I% forned
e

i n-situ oPietst-Gi Eu hﬁ\ﬂ@?ﬁ@‘%ﬁ"@?ﬁ"éf@ Fégeg 4 a8d §sB. Ofher chapgesinegoi ng

aspec t r in greater
GerariS ohe rﬁ%‘gp%ﬁ@%ﬁg“‘? S B ARl Kot e e R 12505

Fi gure 1 ishlode atdesranseiin hardness, @Bﬁta "GﬂUQtW@ lapbamghwth@mngﬁa%gs used in
this inve E?Fsag zzle 2 is
used to accdé'ﬁl&r a-E'P?anW%grE C%ar tr C@Fﬁ %s%%ﬁ?ﬁ rsl rect rﬁ Qt of

carrier g@@%dehmmmaempermre@mtherrgateeatwu&h no pgrticaladthresiwid. n§omae powder

particles_3 i arrier I
670, 155 QPrTgeH A S e BE Skl xR SRS ol thosltBh bz
that can With Géiﬁpielatme@l(REF thietee,ad.rt.e 1 9@ Methanichlldetallngy Fig. -1and i ted to,
powder s cogsi sting of netals, alloys, |ow tenperature alloys, high

‘terrperatu? “al l oys, superalloys, braze fillers, metal matrix conposites,
nonmet al s,
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ceram cs, polyners, and m xtures thereof, Indiumor tin-based solders and
silicon 10 based alum num al |l oys (e.g.) 4043, 4045, or 4047) are exanples
of low tappesmaésdse alloys that can be deposited and consobigaisetkss t he
solid-state for coatings, spray formng, and joining of various materials
usi ng the apparatus and process of this invention. H gh tenperature alloys
include) but are not limted to NFE16 (9Cr-2Wb-V-Nb-N), SAVE25

(23Cr-18Ni - Nb- Cu- N}, Therm e (25Cr-20Co-2Ti - 2Nb-V-Al)) 15 and NF12 (11
Cr-2. 6W 2. 5Co+iéatilg o?idv@é? phﬂi@leléd@d@ﬂe@hﬁé mddURR-dTirigleRY and

cobal t - based al | o S d| scl ose r%] of Metal s Handbook, Desk Edition
. 1985, (Af8creasgs ﬁ@ﬁ:Y'B‘P)ﬁ“ﬁBchl\ﬂitt% Ba '%?dﬂ@cmﬁ‘rt!ém ephangey plastouder particl es
3 coated d@f&rﬁ}ﬁ@ﬁ%ﬁﬁr%gﬁ%ﬁt aB G MoRPst s%lr@&eréﬁﬁmgﬂt&%ésee%bsguémngsten

powders are SO inc as a specra type of conposite powder that can be

. used wrtrewmvafou@ghwalozitmmldeema@s uswe thermatplastic canditignedfrowdsd powder
partlcle t r nerally

a boar s rliaf?roér%%vnﬁ%%eg per o%é\? Pélﬁ m%gbﬁd%ﬂ?% %réct?%eqrr@t ers).

However , 400viKevinparmits depaositionsefiiciereiasas ®xoéssAdf aﬁi%:u-ngittmapmlaatoben& 5 used

heni f. d h f
oS o e DERLA SN2 RIS bR o TS P o
range canthah $6%fer Ge@ﬁelvtrealumlrdmcpm@érmmm ViFHus, apgrapedatise and process of

this inveni r as4i d fr |nIud|ng but
ot 1 1 m 18teretaley S ol Ry sintigetas i ety IR | or 1 de.

hel i unp rétrérngaﬁéralmtnhﬁnﬁdérhﬁarn@mgrﬂammwamaﬁorhane steam sul fur _
hexaf | ouri de, or m xtures thereof in various concentrations. Heliumgas is

a preferred inert carrier gas 4 for accelerating 26 WO 02/ 08sS32

PCT/ US( 12/ 121193 faoSSoriiiishetiont czfa iy fhveRtdr € iewghbl and he nozzl e
liner 1 because of 1ts density, high velocity of sound, and dielectric
br eakdowrcanstiveted éo flew ﬂm;caraercgasOat@@netaat\eelqmtmﬁﬂlachﬂ odesT Wih, hel i um
permts t |

per (5 {IFARRENS! P o RBPUAERCRRL RS o oleatdERINY ||
react iusg mdvejqnmneresm'ﬂmscrd:cnsresAdaperedrnegzlefwnaragmstrainhdIdlametearr| er gas 4

ermt enhan ti
Pri et on VRS 8B GIoR ot Mhof raPesHEafiRids Bt BRioh 1S to mantein & cous
envir onneafdnsta‘ﬁoeelbtut;cofdaacrh tor igas fot the xameegawsThmtaberadm@zzhmscgg\en) argon
and nitro en anb ﬂtlonal z% or e Prong?éacarrler 4
mixture v ralisdng eybansian & e, Srdar o8k R Ghnf Bl Erule sy Tor 1 o
pure hel i ga¥ mny\/(rela@v@m !h@rﬁlbflghsld‘éhsﬁ@rds £fungién éf tﬂem@pér)bufl@trleﬁglhl mum
acceleratron_ o i on-co gﬁen sated sopl ¢ nozzle

s o sphSanC el fors & Mabhs Griestu T b PRREHIRE destan LR o

hydr ogen @aereaernétﬁﬁdcdnﬁvpémafadwnlcyndzeevénsvrretshnamum&ﬂ?r andaictélgtien3 to
renove oxide |layers on the powder particles 3. Chem cal and physi cal

t r eat ment ofdhe pewder pasticies QY%réh%e@W?r'%ﬁQﬁ'er POFZ8arrier gas 4 can 15 further
be i nplenmented by adm xtures of various reactive gases in various
concentrations selected froma group including but not limted to air,
hydr ogen, car bidw thetmalitransfer glasmedn Bambasic pumbediment isegangrated at emb@eh
oxyge S f 0 The
" her 2p opeRtiteftriipneiebiedtord AR IS 10 o Blepbibtehs il AgliEhm

accel er at wrttpttml@ectpmtbmpleeaiu@ (Erenbass&d, 1951a ToaHigrePregasreaMenzunsi ng an

axi symmetyric nver nl t nmet er
ratio of \A?pqrﬁgqh 'gﬁh} jﬁ‘%iﬁet?%%%g% 'ﬁ@ﬂﬂb?ﬂ#@) %H'R@ ééﬁgél?nl et 5 has
a l engéI h- eonlﬁnhg nﬁ} kllﬁ?td: a'lmg)eof thapanicizs teamsferveditatied ynphdt %rocé%uawmlx treymetric
t apered out| ef 7. ol | ow the.thro 2 5 constrains the Ler gas 4

- Tow to coueta inyge et reroMuindisd by et RiE fatidhprinh orHRebhG,

associgf eﬁeﬁwtrhaétltﬁiéf@rh’fatﬂh tiRtFedulte il aghdrentRthp Qubstratpant icohesive3. The
tapered outl et contour is prescribed in accordance with the well-known

"rel ati onsPﬁfﬁof'@ﬂt'oﬂl‘%irﬁ'ﬁ BOWARlRARGIes WL URjAKE RIOPEBIESof | ength for const ant
velocity floww th friction (John, J.E. A, 1984 Edition, Gas Dynanmics,
Al'lyn and Bacon, Inc. Boston, MA, p. 3 0 196, equati on 9.36). 27
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WO (12/088S32 PCT/ US02/12G03 Equation (1 ) gives the general relationship
for adiabatic flowwth friction where f is the coefficient of flow
friction)wgobssssgii o of specific heat capacities for the i"é“fdsﬁf/dﬁﬁss 4 and
powder particle 3 mixture, Mis the Mach nunber for the flowg Ais the
area of the axisymretric tapered outlet 7 section as a function of |ength
X. 5 For the case of constant velocity flow the derivative of the second
termis zero, which yields the dianeter variation (D) of the axisymetric

t apered out | etThis iglds depositiorawigt umqmmrégmt&qtp%pe@res( @)J péraritsa ci rcul ar
cross-section, Concurrentl% t he, axi Ls%rrmetrl C ta «? 8 tlet 7 contour
ings 6" Y8Ng ihady

. prescri betPa¥PI ERERYTPERNGAPNNGs BT fys I@”W?ﬁeﬁ' HendBfisity in the

axi symet thefma|aRfishs psm$Lbf the &%htu@ﬂpr@sudes YRImBYnd tcHefMBhllytBadtIhe ( f Or
isentropic and adiabatic flow), but only for subsonic or sonic flow where

. p, is gaserd@mqezovacierm@%éWnthﬁtsﬂpitrai%ﬁt/@»egieﬁgsmﬁm 919N byrpgdingt he naxi num
d | h
gas denmsit Q‘f@ééﬂv@%t@ﬁé@t& % ép?%f?*e QPSWatQﬁtéﬁ% g?l?'sﬁh@{;]% the

gr eat est ra orce on e po I cles I eve | ghest

accel er at $©|wy01teaqh§s ;ﬂmgféﬁaqyanftusmgéa@c@l@r\sden@@stabbsreaptaﬂts eni@inashinc

vel ocity TS r.eqt tlons (1)-(3)
are requiér}ﬁa topg]gFI [[nlggcfa j%totg%&ffgﬁgr?ﬁﬁ éggn'}osz?éag heory wth
friction as g| ven by equatlon 10.32 in John, J.E A, 1984 Edition, Gas

?i’.f?{"ffl M %ﬁ% %GI?%BQEHG lp&iccesggﬂhgn vewto‘an Bf%zgﬁ'\er al- @W@ma?rﬁéfxw 1)

E} 3|) 2 #)5 Téu&atblshg? ttoetwemd hthe @kit 6f alfrictiet-eompahsaied Eomahbmle aagy élwl C:.I| ation for
eliu S ecifi .to be 48: 1 orteax cta red outlet 7
section w4 BQFWH&:P' dléfp?ﬁﬁ"@lt ?lpB‘f" '%é ﬁ‘&a rﬁp"'gég % a constant
f1 ow vel ogateyiaRquAd chéml\vﬁbﬂ)hrehctn’@themdér bbmWeﬁraha@uestraaé nhdtedalgs|In0. 15, the
| ength-to-thro dla r rati o of @1 /118SS32 PCT/ LI

5051 121930H6 P GHAION S RagIa F ESRUSTEY RF) BeBRoHAPABI o PTG R POYSN 1 or
hel i um gag BlpRdINBSHRABIMARNG we{vmk to/proauad thefmiBedhsler plawn4li anmet er

vari ation specified above uniq mai ntains the carrier gas 4 density

rel at ilve &cgp@%vqlm@tplﬁwem th9 oatletaprr\wiﬁ and the sanbétﬁgtet e aB@thef e

| ength of .4 ytr,?qgiﬁ e by

Equat i on (oY B b a8 Eb e 4 P Rt e o

nonadi abatnductmmmllt&ucmgndmg thef ¢ytindriqai nozzzmq Thmaductyefycﬁouamrtbemalvarl ations
of the ax e pecified by
t he rel at r;)%ns i t[t)%ei %%ﬁ&gté%\e%ﬂe’%’s%a[&feﬁ%?ﬁ es‘ﬁ)é%r\?lggﬁg'%%%ggensi ty
(i.e., reapgilieddetwedrhtheinoizee ngaalhdesmand he wdslratéedn@aﬂ'eccamgpramsns tHeed by

Equat| 3)..as the ex ansi.Q on as, t roceed to
exceed sora? l%/'élg(%‘ ﬁ(ﬁ gneg%t ?‘ﬁ 49 gﬁ%%e;) nk%c}nép-é aqn ej?cﬁ of the
aX: symret Ld msuaaoeleeﬁ%mﬁmw edwa}d mswmgatmsrﬁtﬁmdhmevap@? Infverttbrioglsd |h|e

rel ationshi en above (Equati, . _Lhe ia flow friction, w

Cont 1 nue. Pelaes et ShiEverss PpirSgas anplivalolt fasaite B IBuBR %! eqi e
with a cogu¥aedT Mdredemeqreity Borﬁ'i@lbtlcber@rth@\@ﬁaﬁdhs dFhivs inventiori that di anet er
variation 15 condl tion ?FPGCI fied abo Equat i on t he axi symetric

tapered oHtesdlestransiiqy P asacrificialpe Qjﬁ’rﬁ@"\ﬁepﬁ“?‘%@g'lf%mﬁ ¥Roftheoat 6

di ametgy peAOwlthiRlahdnsPgad shied tﬁ&qy 6@ dEP@sNéﬁWn!the%ﬁdér pansksy (relative
to inlet gas density) is maxim zed he axisynmetric convergi ng
inlet 5 asefrained ithe wafier e th!i‘pﬁeflf‘éérsélﬁplaé'ffy qnseetiqroissised ko pradugg iy et ri ¢
convergin gtr}]?g i z o inlet
gas densi ?cflﬂ)oglllt)gtfgfégg? ﬁiccbe yrbgg)% yllwntgrel g?\'tﬂ??é?%ﬂa}(f)%\ﬁ% Hﬁgg%ffﬁ?téqq}éti on 3)
and conpesgray formedonateriala, ¢vjpiots. on and non- adi abatic flow theory. In the
axi synmmetric tapered outlet 7 section, the carrier gas density 4 (relative
"to inlet gas density) is

30 Various gases can be used with the present invention and are selected from a

group comprising air, argon, carbon tetrafluoride, carbonyl fluoride, helium,
hydrogen, methane, nitrogen, oxygen, steam, silane, sulfur hexaflouride, or mixtures
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mai nt ai ned at a maxi num val ue (after correcting for flow friction effects
and non adiabatic flow) along the length of the nozzle. This condition
convol ut eglowbhdssghe 2 5 constant sonic velocity of Mach lpggidhaiRed in the
axi symmetric tapered outlet 7 section uniquely provides the nmaxi num drag
force to accelerate the powder particles 3 over the entire length of the
friction-conpensated sonic nozzle 2. The friction-conpensated sonic nozzle
2 confines the powder particles 3 and 3 o carrier gas 4 m xture that flows

out of thﬁerfe@me\%@ioQ%blﬁen&ﬁﬁéﬁﬁﬂ—lgluﬁ'@gé’s @-?Flferqgéhtw &&%féﬁﬁﬁddgaﬁb area jet to
reduce influx of unwanted in he carrier stream and deposition

. region. |HMRgBRYICRIAsTAR(&: rpl%rpaé% 5983 { t&and, rPP?%tMoHUB%%%St at ed
soni ¢ 29 «sidM At &W&nlﬁ%&-ﬁ%’ér@@é’h Rf?ﬁ&dp@neﬁc ﬁ?es%hfegﬂslrakh‘la' e t han

sonic velocities to maintain a subsoni c nonexpandi ng | bet ween the exit

- of the frireps.cm Rlaspamsianss. Yehed Nessre- 128§nu9t1h@ lmb@nrzaﬂ@n mhighor a | arge
range aqf of f

di st angeslgé%gs%onventl onglﬁﬁ%%ﬁgﬁé@g%?‘) Jﬁ&%g?znﬁg?gwgggﬁ“‘a{aﬁ'er}ié??%&gﬂd sand

bl asti ng ¢ompensaledsonis razzled d herrhtisinearpowder parisleatflo g themexipefdbgur es are

t f t th
ot 11U ARSI e BN R Ll bR e
These nozzrtides yirdalimpadtoditbe ssbgimats ofine tenhmesatofe obthp pastiobes cteptendsnd have
th t di t
| angt h- o1 MG sier Baerat pel Pned® pRcRebd pas SR ARSRGERAMR, *sect i on
and 13o1 dlﬁlpété@lfﬂlh‘efﬁl@m Dyficaity, fot amnﬂmummllay powdsrsirsthet1-20 nozzle. As

o1 The' Tamheabaer Aariaiacds 66 BHles ofh A ety ST AR KESI o oo
gases 4 i@gfyiblts aepwtudm@rﬂaeﬁ@r.até*@ew a@p/pceérsalerfmﬁum §lldyrb€ﬁme'r§’fh1s The

cross-section view of friction-conpensated soni c nozzl e nor e
i por t antfequirgs@ RF; FH@?mQP@WQWT 3 kitpwpattsifor pelivey flow aatee af 1@'@9@5’\9 about the

nozzl e 2 i il fo a
Conat ant. afutbof GaceSiingt (B .f%ar?ﬁ%%"%"’dﬁa?@“@ﬂ‘rﬁé’@% & fofie Indthial
exanplié, r@mmmara:m.\lclugdedamth@ummtlporfcarsbe peprisef chempicalyreadtingthe 7 is al so
i ncl _ud_ed @Wéehgaﬁfgr)&r(ﬁ}n“é tl% th s invention. Effective constraint

rally cri

condi ti onS gen pre Be by Equations 1 through 3 are still required
for friction conpensated flow, but the conplex geonetry of non-circular

25 i -.di i on sal uti. . i t
0 on- ot codr e Bt KSR €T3 Qe SR ecBLLSCL o1
for elli pépraptdrmingo idining edfu(smgaﬁwaecﬂnsi maﬁenblspem tibsewabed thé.lodaliged 2 shows a
plan exit, view.o t i oNn-. co oncnozzl %fz[@ﬁ |II mnatethe

cyl i nd@i clgMP W?’QWP PAtE Pé’%‘fr Nt fREHSINg, t 7 with
an el | i ptfrgferqiasneal beamas essd ttioﬁ réftvé oh'fﬁbwbsﬂ’éteo@n&% @symensat ed sonic
nozzle 2. 30 WO 02/ f 18ss32 PCT/US112/12C93 The liner 1 is fabricated from
mat eri al sthfmalyalter gt el the eybstraterineluding £oherenbPewiRImasicies RFBVIRHEY al | oys,
cer am cs, ddHREd Bh NCSubsHatdbuaee 8F idiRCIeakaifeH] RHEMEGARE dadrhace
finish wt ecified flow friction value for the conbined carrier gas 4
and ent r apieuigep eapgfor treptment of thasubstratedneludiag ethergneshanial ed or bonded
Wit hin5 Y/ akageE h the

bondi ng |§1‘?é ﬁ%rfﬁég.@gﬁ%%% (Faﬂ:s h@ﬂés‘?’%ﬁ’é“%"%@?gﬁécélﬁﬁ ate ?é]rafacgd 10 or
fittings for mating via a hi ghpressure hose to a hi gh pressure powder

6o 07a 155 1o bRy ibcflfadtvs N iBeron B8 e bduel réactarb Gter

friction-thempgsisall elseraical, or nmlezérqar@pememmﬁ piwgr partuclesrpngam idjeatioh ;mtmder

icl h | i shed
etveen t AdiRneBkPensitet Bofic DBfAR AT ABHRLARR: VAGols B RufdiofR b tehor rat o
12 at yeel péw&alraaaboarb didotopeaffor physicamcaiseringiehe pmpgafeslcﬁtﬁd@@wdmtly used

for prodUC|n at nos pl as atent 5 961
Laroussi - PARGeS eESRES vy O Car T Gap by 1B IS nG 0 A HANET BECRESPED i ¢h an
At mos pher kgnvBhesHal Fésidtiva Heaters BERATstRAheatils PORIRO RaGchs ofdhe 24) No. 3,
pp-1188-1191) to limt ionization leading to arcs and is the preferred
carrier gas 4 for this invention. Adm xtures of oxygen or other gases in
hel iumare frequently used to produce ighem cal radicals and netastabl e
species within atnospheric plasmas (e.g., U S. Patent 5,961,772) 2 o for
reactive ion etching of surfaces. This invention includes the addition of
adm xtures of chemcals to the carrier gas 4 to chemcally react the powder
particle 3 and substrate 12 material during deposition. The types of
substrate 12 materials that can be that can be coated or used for 2 5
dep05|t|on and consolldatlon surfaces mnth apparatus and process of the

D T o e o,



. 15 and t HRM&I98F P4

3 o0 The thermal -transfer plasma 11 is generated using a conventional RF
generator 13 coupl ed through a matching i npedance network 14 such that the
substrat av@d82/08s: the RF anode potential 15 and the nozzperiSoizgéihe RF
cat hode 31 WO (12/U8SS32 PCT/ US02/ 12@P3 potential 16. This arrangenent
permts electron flowtoward the substrate 12 that is additionally used to
attract the thermal-transfer plasma 11 to the substrate 12 for heating,
etching, and cleaning of the substrate 12. A reverse polarity connection
(not explgonidet yeathorvane used-fag chdmjcallp awérﬁn@ the puwdechantidliBs eMteained in the

friction-conpensated sonic zzl e conpected to the RF angde potenti al
Mo auseAr Rrghaies RE SPRVIRGdetBae kG ANeTs. The power

| evel of |§&6p|8§p8@8§6ﬁ§&ﬁdér?pah&le%dlNéé\ﬁ@'ertr@a&tgﬁéoﬁfbﬁra%%@fngF?ﬂﬁl%h-c| es 3
during their transit tinme through th hermal -transfer plasnma

- Si mul tanéwa%quye plespa rﬁgctﬂqmecnam#@( fQr heating9r | BRizingea Podirerof sairer eaes 3
transf € engt h of

a0 pond? Aider BllERYGS rRILA N MG b, HARHAPES prenenfcals iy

(t her nal -gisxbe add%d)wdheucameng)as quélnerwrpgm pacrﬁrms@lydep@mgtthanowdelr

ol asti o i itesr SRR vk BLE PtfeTSbEREER AL IR Bl CPE ™17 W 11

| ow por ospawder pastictesiadeinjested donminstieaimminto theqiasha-tieated gas dmhe®Resdicdct | on of

oxi dati on chem,cal ion . th I rticl i s achi eved
because t%gp%? Brzcg'stg%gaﬁgr%ggﬁ%gﬁéﬁéwh-cg)ﬂfp%ﬁgﬁtﬁg%?m&no&%ﬁ. jﬂﬁ’ unwant ed
gases 1ontjavéritien @lgoeaheahneetheafseimmé p@ﬂdierpéacswr ihcludiapdise highpregsure

consol i dati on on trat 1@? relatively short standv;f d st ances.
The pr oceRdsMP & F’BIc sPhé(ﬁ'&a'Q%e’E'B%'SSTNcé??rd’r‘igp '?shounl que
nanost r ugidwder 9aducrésc‘;rr@s tcr mpetcudsrem@m@hmwﬁ.é Ao segr é@treueraﬁbn bfPowdeg, and
fusing of various mate over a |l arge area of

Lhe oo potRaft e oAy Fahapapsay e PrBls $708 62080 BT, 5rifseddts o 5 i b

raster faplip %eﬂ’t’%aﬁtﬁ% %HQ%PIB%QﬂJ@@tI@imﬁJp@%’cﬁer&é}ﬁé jeP8lidH és ﬁ'\%POS' tions to a
specified th| ckness. | i ner occurs with high flow rates

of carbi edisgjeseddn{hp oﬁgtﬁnt % 5f3r%i2<ﬁ1|40 RUc%afgéh%T@QaZ 56HPE thblkhimovoet

Addi ti onaj; %R&'U§9P§tfenf '%els@%%'u ‘&‘&8'\/%%%&.%«& Qyhded, if necessary, by
fl owi ng wat er or er coolants rou the coo ing coil 18. Finally) an
inert gas shield 19 is provided by |nject|ng an inert gas through a

plurality 3 0.0f co i tr e wall of
nozzl e housi n&%g_appﬂgé{ia @sfet% éthyéve@I%g&% ﬁ%n%%rd#% Oé)t'%g ?‘H%FUX of air
or ot Eer mhﬁmtmmmmeaas daesogae@s\ 18 Patdnts ﬁjmsm)s aNdla;(bVAQwB oxi di ze,
or otherw.se chen ca t wt the coati 8Sa32
e UG S0 BresgitipiioRier Hhadaien WHESRerRshic Bys e teieiec s 20 can
be si nul tQeuuding the tictioprompensaed emohozzlerrhm\lmumrmgetdsed for

ci rcunf eregtl al manifold 21 surroundin he no zl e hou 5 Figure 4

shows t he®PHtIRS f%e@fﬁﬁ%ﬁ%aqf@éfaé‘&rﬂr@vaﬁ’ gases o op digze ?&g“béﬁﬁ I5i¥at i ons of

spray fordaniiet bOhait RedrieP Gad Uilepephittif Qiptde Bf B%tdid deladepamialet apbes 3
directed through the focused thermal -transfer plasma 11 established between

the frict9edisddmronentionakd it eollesics|fitery ThapyteievagHalor shamhber angi ng RF

gener aktsorob't PQF%tQP&d‘aQId‘@védU&ﬁﬁ%‘iﬂe AWt the r‘u{tz seBtéle EQ;SH%T

j oi ni ng) usi ng process deposition builds a raised fillet 22 as
shown in ﬂcbllﬂcécmd fcrre@vwmrn@rdalfand@qongmlq)pmp% the means for focusing the
thermal -transfer plasma 11 to the substrate 12 to further enhance the
heating and nelting of the previously deposited material. In this

particul ar exakrpbwdert-ﬂtédisiugsmit &ardluitizingamdenteaining the povdespagessr at e pi eces

22 “Thus, "9 b RoAR iRy Me.dortpn B Hoftel Bl iR 75 ¢ 10

mat er il Sbeelmbe&mebmedl BFPgmB@VOHBE%mw Tabmmplaadalanelmmd process of

this invention can sed not anl orm ter| but al so
" j oi ni ng Swﬂqr%ﬁm%jretsd?@cgp?ﬁzfegrar}qﬁgﬁug@g i sfﬁmgfr}'tbonrmgrgfagncse E o Figure 5
shows a naghifidrc &id PRestfontih€udesimpreventsitsrenthe powidbefliidizmptteenmiquzat i ncl udes
an RF induction coil 25 surroundi ng the nozzle housing 8 to generate a
thermal -transfer plasma 11 within the axi symmetric tapered outlet 7 of the
liner 1. In this configuration, the matierials of construction for the
nozzl e housing 8 and liner 1 have high electrical resistivity to isolate
the RF induction coil 25 and to permt 2 5 penetration of the RF field into
the cavity of the axisymetric tapered outlet 7. The



RF induction coil 25 is constructed frombrass or copper materials to
provi de high conductivity for the radio frequency power. Water or other
fluids flwoiopgsiskr ough the RF induction coil 25 is used t@c¢gakhzidiss coils
and the nozzle housing 8. The RF generator 13 is connected via the

i npedance matching network 14 to the RF 30 induction coil 25 with the
ground return to the cathode potential 16 term nal of the inpedance

mat chi ng network 14. The thermal -transfer plasna 11 is attracted to the
subst r at eOne impiovemest indudésa faidizng kot mophtediongha et obamextengably 26

the et o 14B8 that §5h pegpcrpfisnindy S oiittlongviniedEs MR e B8 sBHa% A8, shown
in Fig. 5powde:§ercmﬁobzmgpowsierfmmcle@abtpm the feyebof thabutk@amfdetmbmaln@bs usi ng
powder par are t cC _con

- Pherma e Pah€hioet; 2SheoR b Meu Butics fedmirement pre P EERBEnsat ed
soni ¢ r1ozasieg an akdtrbhie oBopu&mwaato%Il&reaThmermmﬂerﬁEM cﬂtpo%epﬂcﬂzvl des the

for f | bstrate 12 f
a1 up % GrioR BRRAMEE M- B 04 B ruPYe HENGroNTONG i ously

deposi t edsdtRiaé iprdcesdig cohtfdiY6.9., e dTaONd) IRBghEDe A8 PID) coRdIiepdsr at i on

shown in Fig. 1 for coating 17 appl ications 1s also included as an
alternative configuration of the apparatus described in Fig. 5 wherein the

DC 1 o bias supp b’reé’éwt'lﬁ/eHﬁ@rﬁicérﬁpﬁéésr@%céfkefoghéﬁc?% L REkiTRer t r ansfer

plasma 11 to the substrate . A sacrifticial nozz |ternative of the
fri ct ilén- eentipanduprdionabingraded materiats, iagd durskianally feinged Bi-siturandiaxssitase, t he

be. at om 26ecees SpeFRLRRtel REEIPEE. R MATEICrof hilt e Baihl Beed ' o

di rect e? algmeénun brazingetypitallyconisists2f amsmdgrctolaélaw tbataus usapals\a czuﬁsros‘blme FFt )
e

Baort 11 ci biotsbn BEEF Bhflleshing Bytelfc 38 Shd Gelilbite Al odhe AR car v or

gas 4f ?gflr;}a;nelsoﬁémgmecsm am“‘fﬁ?ﬁﬁ?ﬁ'm’h?ﬁfn nﬂéreaoeaﬁet\fveamﬂehe

zg(r:nrt)lrljsfi ngH t}sﬁg B-FGBEP eguﬁwgaxeﬁ% rsﬁcg?é Eag(gr ﬁfotaﬁ Yit- %¥§f erred to

t he substprke cb@tﬂ’fg%‘éﬁﬁs@&h @éute‘ﬁ@c §<ﬂ6@fc§ttb$aﬁ fIeERitR 3 rAditng foihFinat isls
substrate 12&7@%1; he thermal -transfer asma 11. Atom zed nmterial fromthe

sacrificit® 5 Kelvinbejow the melting PB'“HBH?‘F?"PH@"%H?%‘? paterighd cheni cal

properti eﬁnuafm&:hes.mtauags aré f(é'_dugntlyluéeooés éﬂééw; ffuefs%abfaélnaeaqhﬁﬂnhhet 22
materials. 25 The alternative sacrificial nozzle describ in Fig. 5 can

al s0 be | A& IS ipyentisn pgratfetherdepesisan @BWS&%Q%&%@SM?'&C Rewders 2
confi gy afhdqp c@ﬁél%ﬁé)ﬁgt bracfitié méianu?%.eanaamt:ém rHEéh'&nﬁQﬁaﬂ%‘?‘&t onkigt! @l

nmetallic tip 2 IS case, a reverse polarit ematcmglrrpedance
net wor k 1theissibatsaie reateda) deng dﬁP@'%Qide'iepﬂﬂtf@ﬂﬂYﬁan the nuiti{ayer B@zA0zzI e

s Conmecrilnels HHEbRy b a3 0 BRPREEMEEkAE roHRS SBRAG B Bk BERRAE, 121 15
Al ternati losAey)hetﬂiler petalesuface tenbies, ndpentdie base meta siettngcamadilier oned
Cm e oBaP U A S oS 80 b AL BB B o
descr iz dpotassiumIiuoRatientinde @é’lﬂoc’@ﬁwetawm powdengpbivas nizkel, Cetior O, as
Flgure 6 shove, 5 5 GOTR! GIEN ALY ,erihqdi Ment  of, L% QRS ALYSagnd Process

metallurgical, chemical or mechanical alterations of the substrate material during

deposition. Finally, a method of simultaneously co-depositing metallic and

nonmetallic powders for the purpose of applying composite brazes with embedded

30 flux are also embodied within this invention.
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hi gh- pressure pl asma reaction chanber 28 for heating or ionizing a mxture
of carrier gas 4 and powder particles 3. Adm xtures of chem cals may al so
be added wo obhsssgarrier gas 4 for the purpose of cheni cal byrigagids0 the
powder particles 3 or substrate 12 (Fig. 1 ). In one configuration of the
pl asma reaction chanber 28, the 1 o carrier gas 4 injected through port 29
is first heated or ionized within the plasma reaction chanber 28. Powder
particles 3 entrained in carrier gas 4 are subsequently injected downstream

through port 3hetmeberatin@ntichaigtiosds & artliod hat wBley camdiolie€l es 3 prior to
acceleration through the frictjon-conpensated sonic nozzle 2. The distance

. between t RERST2ILIBAGROSIION Of MUslRYe CoOBENGs EORiSIRG YRS ¢Qalsn bragestiteron 15 port
30 i s madgnplivaierslad é@hd‘éﬁd (Minglinel fppftktort ddaeriSdd bissvat Nindeldat appropri at e

di stance i s determ ne as tenperature required for heating the

. powder paP@WdgreSOmPHSR P@Wﬂ%‘é selectedifrana a afeup of alwminuAL cappel: HitBRIUBT. Of eact ant
exposurse ticles 3
or subsst rgfﬁgHeﬁﬁﬁtﬁ@ﬁ%@ﬁ?gﬁ%ﬁﬂeﬁdgg\?sgﬁ%nsgaer?%aqf:l@ﬁl\ég@?ucg*rrrbust| on of
t he powdedlupinum-slieen 3llays (2.90 4048 r4A45. 60’&758“%/&) | Adugdmam alleysi that eamebepowder
particlesy 0 n ely | ow
terrperaturéég\@(j:gniI QP@%I)}W%@EW@O@&S ten {3 8%?5\6?9&386&“ ncﬁ&aé’t%h%gfm nol t en
powder pa#43.¢/36.B.711M0.a nodi f| ed operation of the plasma reacti on chamber
28, the powder 2 5 particles 3 entrained in carrier gas 4 may be injected
through port 29 to heat, ionize, and chenmically react the powders particles
i n-sitiw wi t hi Méthedpforsiepogitmenainstaliio poiwdersseftted fesmtal groug hanber  28.

Agai n) adm xtures qf chem cal s maé'aal so be dded tq? the carrier ﬂas 4 for

the pur poSERSINRAYETS FEREUCY PhE'ape Lb%%l P 3PRAtAMYY @Rd RrogRth O tNSubst rat e

12 (Fig. lhvéntloﬁckﬁb>éls‘d)r<ﬁ§clé§°ed5|lﬂbbﬂatulﬁf p6vdidre loe RighRRWEIRY pdIpéthyIEhe Sr 3
entrained 30 in carrier al so be optionally injected downstream

t hr ough p@qutegeﬂqqsom%wefaﬁ T@ﬂefﬁ“ gan be peplied withethg plasera prveriselastedtoat

o accel e bk TP amhe f eRioes BREGEY S, dhnctiitiu ophafysag) '

conperisat the spenific palymer e Aithougii rot indendecetd aspemanodete the d)’nigfdemp'em;uneeans of

m xi ng va f

appl § od reiBot el B Rbo BRI 4T opsEbbilnels) bEREMASRE §HT0F L ca 1 n
t he circucd- demmtealasmsaegm skenpthening ragehte(pbivdeoformhis metaticar el ect r ode 34
and the concen‘ﬁ (;I ect rodgsr housi ng 35. The central electrode 34 is
connect ed"?Y"¢ R 55 ential 15 of the matchi ng i npedance network 14
connected to RF gener at or 13 Simlarly, the concentric el ectrode housing

35 i s connect to the RFE cat hod otential 16 of the matching 1 o
i mpeda#ice net eghnica) aduantage PEU%PQ @'@ﬁg?%&sérdeﬁg"beﬁé()é?'%"VﬁBﬁ%{} PY&F in

whi ch theeﬁﬁmg@ra;eéc%tmgw@n%gne% @n%%ttﬁ&n{aq)sﬁ@? prasRalafQesapakient i al 16

and the concentric el ectrode housin is connected to the RF anode

pot ent i al aESPFay, QFQG"Q%‘@'%@WWWWQ' ray)ds theh BiPreducas lvraerosigt mekd pl asma
reaction 5@@%5 'c§ ?é}%%tqméﬁleeféérléﬁnédhb§uoﬁ'ﬁ&&@ﬁiﬁ@ad?%%&u”g 35 nust
be electrically iIso ate for RF voltages and requenci es he RF power

i s el ect r pxjdatiop, pRG NacodtinDHProress/ioHycagdbewmmal dfsit@q%n&ﬁhwubytratae BYi el ectric

01 cot rouc Rt GE PUER: bARCRERban & RIbAEARRSA:AR SHAE BRAFC" | Let e

t 0 achi eveptiieed farémpanding highofeladities po tikeparticles, it cembi®ation wilh tred i n t he

i t t
convent | oeralfassRsARsTE bRpatdlt Aty sy B SR e ek iBpaatRRes s, o
starttran[/ shad materal pmpenuefgqplggmfam?@na ctdmemdmdrx:qmlwmrelwoloa ?rcdl n3t4 he g

Clrcu eren et ween .t he . the ce ra eclirode an
e e chaie e e at, s AP 4Py el Ay g RGP RS L
partices heénrgqe(tnelmg@mtw cohdfliopmigPther Fiﬁ\&jéf patitids ftd averhpétureof 460 RCFM  an
RF power of 500-1000 watts is required to heat the alumnumparticles 2 5

“to a tenpkraghigve &Y% gggoq@rwfﬂme%qﬂ fongagicles pptheetit- ¢4 MigPeeter saassat | s

achi eved fhg rf.d_;wenaat.@s Prokided by @he Hridfor-86mbersalibschid ReAuaTRigbe 37.

Optional cooling of the concentric el ectrode housing 35 is acconplished by
flowing cooling fluid (e.g.) water) through the circunferential 3 o annul ar
cavity 38 fabricated into the concentrnioc el ectrode housing 35 via inlet
port 39 and outlet port 40. 36 WO U2! 085532 PCT/ USU2/ 12h93 Figure 7 shows
a nested enbodi nent of an evacuator chanber 41 with an optional outer
coaxi al evacuator nozzle 42 surrounding the friction-conpensated S sonic
nozzle 2 to accommodate the two-phase recovery of the carrier gas 4 and
excess powder particles 3. The outer coaxial evacuator nozzle was first

di sclosed in




5 U S Patents 5,795,626 and 6,074, 135 issued to the present inventors
for use with supersonic nozzles. Two-phase effluent conprising carrier gas
4, excessypawdgiszparticles 3, and other abl ated substratepég,dgﬁf/pzrﬁj)ﬁl i's
evacuated fromthe outer evacuator chanber 41 and outer coaxial evacuator
nozzl e 42 and through ports 43 and 44, respectively, using a conventional
dust collector. The dust collector (simlar 10 to conventional particle
precipitating and filter units; U'S. Patent No. 5,035,089 Tillnman et al. or
U.S. Pat etetmpératdi®, i8 aBo\@ieljuatedo pednit sietultahejusiswtempematirausinesliret ofon bl ower

to evacuate and fiJter the exces er rticles 3 and | at ed substrate
mtor ol WRPRPRIA orPravaouERg MateranAngs eating She Sonedes s depss
carrier gmatefial @ile cotrioRéd geRRcreday speifitiielghireflents © PaRVIEL S5 Subsivatk I ecycl ed
for econom ¢ purposes using conventional diffusion or cryogenic extraction

- met hods. Cé E‘gp%ﬂﬂo%fP'%B%PP‘F‘HFGE”tB"M@HXIa%’ Esiyeviietbgdnetal genosition

envi r oyTegy R ofef s@FROBTefe MHHPPRGEquiked® The outer coaxial evacuator nozzle
42 contour Is designed to acconmodate the two-phase fluid dynam c recovery
of the carrier gas 4, excess powder particles 3, and abl ated substrate 12
mat eri al, Thi g tq i ; -1 cuat ar nozzl e
42 provides f(sfri'Pﬂrygg%%gﬁ?%%gﬁ%é?éj{)lfghgg?\%‘rgﬁﬁP ﬁ@?u@e?g%%g%ﬁa

evacuat or Powders ¢o imctignally fesmsinisitt aad @xasitu cowokitdd. Ur ook eyamplea@ough t he

as2 5 beati 4 No\Vi| £ L - i i revent
gn\s/i r onrreﬁt% gﬂﬁﬁ}g@g%%ﬂgluﬁgﬂdpf lgl%so'aqe ggﬁ&éehs\g%rg?wgegisg?%trgﬁgﬁgﬂﬁ%gg%%trpe. VI n >
an al tlér nsatlécted fropl & genpaoimpnisingeilicop, cbbidé, hdien carbile, aluaina | tumgsderuat or
nozzle 42 j.s. i i nt W th.the supstrate 12 to form a
seal . In %%fg'idg}) @ﬂ%ﬁﬂdr’fﬁg@tﬁﬁ Pi&i %ﬁg%fl\étéﬁnf%geadnmgﬁg}a?%%%%%tp tWlarber 41
Wi th an otdshomogetieaus eispersiinosf tBe otrévitidrangtagerdt. I ansthed axapdpl@ast ed out er
evacuat or. chanbers. gl naél/engl S0, be&gsedﬂhp grq?vi de differential
gas- di f f USVEHIOBREMES the earPeposHion S4 PIalis RPWdels it g censoliddrY 02/ 08sS32

PCT/ US( 12¢ckigSsite ARANGE BlUBRGUOMIyOFardfdtaielli (find| Ak a Ceéktineht) b apfinishe carrier
gas 4 (e.qg. elium a sufficiently high level to enable economc

._hel t a f | 1 Ay e )
r ecoverdy @aﬁ'@air@fnt%%m@@ématﬂmogwmﬂgasﬁbmsfamasbw@g-fAv.armﬂen ethimi t 47
sui tabl e " danh&itd i zles 2 of the
pr esent .%’%’W??ﬁ%'ﬁgg\?ﬁgﬁ erlrpgfjlziéid_z)?nﬁetaﬂ%%%%ﬁgm(gggpge%g%pﬁr 48) a m xing
devi ce 49nonnetalir gowger mixbges tmi@ilerroatingser ysay fopmed patekals Mthiudlaueng uni t
47 f 1l ui di : i . S I wthin a
carrier gé@ﬁﬁﬁ'ggoﬁgﬁ"%ﬂé?%@gngep&ﬁwsﬂ %g&ccg%%ﬁ@[lgfﬁﬁ %@{;ﬁﬁ;ﬁ a
subst ant i pdwdersi(edual pans by weight)f apeledisicalfyacandottee strimoah barppled tgas 4 and

al | ow | 0, high concentration of . er particles 3 to be fluidized and
ent r aidocRgpting .4 BIERA AR R/ 08 oA ZeSh-mtBient, . or
convent i oggHosiREIstHRE (B shrs th S WattHinkmee et @ZF%%@Eﬁrexéé‘llehﬂC' udes a
lid 53, Orings 54) bolts 55, and a plug 56. 15 Lid 53 is installed onto
hopper 48adfipsiosesdiengty @ steelgh- pr essure operation with one or nore O rings
54 by fastening lid 53 with bolts 55. Plug 56 may be used to seal a drain
port in hopper 48 and to allow bul k powder 52 to be drai ned from hopper 48.
I nl et port 50 Thetipernlioealseanelides epnsolidationef fusiienaly@radadmaterigisvince 49 may
be 2 | Iy f A iz I .1 I 52 and
carri %rﬁg\g’ﬁﬁﬁﬁﬁgng%kag're St% g Iauellaggg'éh gﬁgdtg\}étrﬁ%ekg%gs\;@é?ﬁ%ar Fléﬁ]&g‘%\ﬂgiww thin
carri er gsteength, Tuickilityricotrasion iresisthece, aolor,agtc. peredfenctjmsatly gtassed 3n distmete ned i n

carrier gas_ 4 then exit rqugh..out | et [ 1...an .be sent to a
powder re‘iﬁ:ﬁ%‘?%ﬁ”?@&?@tﬁo n{ugﬁ’qur?@ Qrgﬁ%‘i'igﬂm&fﬁl‘ﬁgﬁgﬁﬁ'%oéoni c nozzle 2
desclri b?dﬁcuabmﬁany ytyd[edtrhlaarim& modmlf isﬁédjb;dtczaqgosumgtpmgrrayxtbﬁelSZnS used in
parallel feeding a plurality o riction-c ensated sonic nozzles 2.

Vol 11 ot e WORALE ponsRaliafaroneach SoWHEH s BHEQ B Bdonsin R CBAdRERRESS ol d
connecjged to a single friction-conpensated sonic nozzle 2 or to nultiple
friction-conpensated sonic nozzles 2. The uyse of several powder-fl uidizing
“units 47 connetf¥abipatonotiyRsiasaly f°(5m§d§FHS‘F'&°t'PP?'l¥t9r6?IQQ:BWf%ﬁ£%1'§ed soni ¢
nozzle 2 piiubed iihkiifledtibh.] AhieRBmPRIGIANS Jnftfbdiméht SFtilidessheabSRatiorPer M t s

m xing different types of bulk powders 52 or different types of carrier
gases 4. 38 Vf O 02/ (18ss32 PCT/ US02/ 12fi 93 M xi ng devi ce 49 may i ncl ude
an agitator 57 that can be driven at warious controlled speeds. Agitator 57
may be an auger or simlar screwlike device that can be operated at
sufficiently high speeds to lift and fling bul k powder 52 into carrier gas
4. Agitator 57 is coupled to a notor 58 nounted to lid 53 wth brackets 59
and



5 coupled to agitator 57 via a shaft 60. Shaft 60 may rotate in lid 53
using one or nore rotational seals 61 designed for high-pressure operation
in an abrggigy@gsesyi ronment. Agitator 57 nmay al so be a conggyRisoH@d

equi pped with buckets that Iift and dunp bul k powder 52 into carrier gas 4.
The speed of notor 58 connected to agitator 57 may al so be adjusted and
controlled to achieve a specific mass | oading 10 concentrati on of powder
particles 3 entrained in carrier gas 4 prior to ejection into outlet port
51. This 4d inhei &b ioP matsf G5 etalitfaBe] invétallib feeh etarig cttdmpRkikdi ni ng a
distribution of powder particle sizes from bul k I_powoler 52 by bal ancing the
buoyancy Wittha manglithisiayere fupgtionaliy gradediayes of materiais dunctighalydaieed Bar t i cl es
3 agali F‘Stsifuhﬁm%o%ﬂébﬁ?dr@ﬁéﬂall?%rHédF@(-ii@réb?ﬂpoﬁjtéQEbV@Wéﬂéﬁ%ﬁ‘ﬂc%%scm or
electrical vibrator (not 15 éxplicitly showmn in Fig. 8) is typically

. attached @Xbefipighed par of eeMp@RMer 48 for shaking the bul k powder 52 to the
bottomcof the hopper 48 if the vibration of the agitator 57 is
insufficient. Mxing device 49 may al so i nclude one or nore fluidizing
ports 62 posi thiherieention aise in¢ledesathe sopsolideipreof pBoumcoalivgewr spray powder

i doval | BOREmaehaey Eorlonbidihe Pl lPaRiblion e 1 pBLAEPAGRARET0 T 1e

functi on aépasitiohprodess h Lefgetpusvder padictes iy 336 meshp 2omsjidated witheusamt er ed

nmetal filters, 63 r uni,formy iLnjecti carrier,gas _4) and for. preventin
bacit | ow St of HleerUS e batidles i io28 nifdhh prloess materi wiBhich of °™ ' "
carri an ggeroditiés. 5Tlhé§e€t?p@ofiq®hgolfdaubrﬁﬁ griovide g hrieah@ foarayodeirgeporbugher than
that of the ?res ure _carrier _gas 4 injected into inlet port 50 and the
f 1 ow rat eSBICtYras farcataluic raaciars. HEers, ANITREICEH IPT EHFERMAtBY o §ealKWi eve

adequat e AdiixHirdbf &RehefaMicland MRTetaie miteriaRg rfekaRpd aYodl SO consi st
of a novable fluidizing port 64 connected 30 to the end of a tube 65 with a

si nt er ed Matrixof titaniwsp pewdersdenssiipd asarcegtinmon Fsybsteate sutfastiean bg ough 1id 53
with Ori ﬁg% iR TARYY AESARA (g.0.

| i near rm%%rlﬁ@ctﬁeg ngfi?\HO%It he he%c‘%ﬂerﬁ)t}fbgftg%‘b%%ﬂ%fe fl qﬁ%?g}_rﬁggcnggrt 64 39
WO 02/1685me1al pafaagsoin apaber examrie. RyIORherie mapterials gar be injectedintepat i ve to

poucor 5o capafts RS e EoerRfc AR b aRWIEShd BB T\ Ol rat e

passi ng témissigh o atpyedphpdc flatel Intstll btnegbxaroples reactiveabétallitloui di zi ng port 64

may be varied to achieve,a specific er flow rate Typi C ,

convent i Oﬂ%m%tﬁﬁgmagﬁriua\és 8%9-551‘%%&% “%?%61‘(:?5? %%gp?qt%cﬁ]gxito ﬁﬁt%og?%a%éri vative)
cogt rol | emetdl hﬁltrixmd Uh@ti@hd%@émmrﬁigniﬂebwndmanfurow mm'.&eatrerem‘ptlw to adj ust
and mai ntain the drivin chani sm, 67 to specjfic set point val ue. Again,
2 convidht FBAIA AN SRICAES dRion ARG RPRYTE e e o 4 fershaldbiemBeratyredoun i n
Fig. 9) igpgidpaehcthetnsitematdrlay to the hopper 48 for shaking the bul k powder
52 to the bottomof 1 o the hopper 48. EXAMPLE 1 Referring nowto Figs. 8
and 9) a bulk powder 52 is placed into hopper 48 of 15 the powder
fluidizing unijh s@4itidA% tHRGUERIEBY Bnehildl bar aG%té’gZéerfQﬁé Bféskft 0 i nl et
port 50 is regulated to a‘value in the range of 50 -250 psig. Carrier gas 4
may i ncl utwention wi baeeme appareat fromadne detafebaescripfigiowhicbifelimsuor i de,

carbonyy hLIRRAENNOF tddHin BHHERARRA withThE BRRYing hh4BY AicnBee8RBansl! ane,
steam ‘sul fur hexaflouride, or mxtures thereo n various concentrations.
Carrier gas 4 is injected into fluidizing ports 62 2 o and novabl e
fluidizing port 64 of FigriPpeBERISAIHUNDRITHE oRAW pressure up to 500
psig. The differential pressure between carrrter gas injected into
fluidizing ports 62 and carrier gas 4 injected into inlet port 50 is

regul at ed at eci fig values dependin n_t.he | ion . _a th of each
f1ui di zi ng por GePaclicAP RIS, BSRS algg\a@g?ntgges @ﬁ%ipé%eﬁg%"g’%ﬁ’j‘@ ted into
a fluigh zbeehr®bétidrinderstdirl @itreaigasd todRe fdllowingdode deriptiond appéitied dailgs t he
| argest differential pr ss,ureevz‘nd is typically 25-100 psig above the inlet

. P .
“port 60 pPBSAEFANPALYIY HAMPIS WAL er gas 4 injected into a fluidizing port
62 or novable fluidizing port 64 of Fig. 9 near the top of bul k powder 52
is regulated at a differential pressure of approximately 0-50 psig above
inlet port 50 pressure. Carrier gas 4 injected into fluidizing parts 62 or
novabl e fluidizing port 64 of Fig. 9 may be the 3 0 sane type of carrier
gas 4 injected into the process line inlet port 50 or it may be a different
type of gas to achieve a m xture thereof. The powder fluidizing unit 47
descri-bed in Fig. 8 is capable of entraining powder particles 3 in carrier
gas 4 at 40 WO (12/08s532 PCT/ US02/ 12193 concentrations up to 5% by
wei ght depending on the density and particle size of bul k powder 52 and the
differential pressures used at the fluidizing ports 62. At this

o, ) oy N o o



2 o fluidizing units 47 described in Figs. 8 & 9 overcones the feeding
uniformty limtations of gravity-fed or gear-netering powder feeders with
respect twoioppeesi on of nanoscale, ultra-fine, or fine po i a high
pressure process line at slow fluid velocities (< 50 n1s)?€§h§0%P%§§e 10
shows a powder reactor 68 suitable for use with the apparatus and process
described in this invention for depositing and consolidating powder
particles 3 onto substrates 12. Powder reactor 68 includes a cavity 69, a

treat mang 8deviR1_e. (03 a eﬁmbmi_eetbldmg;ﬁag?ém mobresffs-sn%ﬁtvielwftthé 'Zricti8§me_r g
react or ermits the mx and treatj of powder particles 3 injecte
into cavi %@Sﬁgﬁde?%rﬂozélegg}%émmﬂ%éld'@%\ﬁd.@?a@'tﬂa@éﬁéP'ﬁ?ﬁ@i fied for

hi gh- pr esgs1aslisAee batweeh rjzzIRYoutiBearRPsRrafd teeditd HRgmiany bitet? Wﬁ‘é‘\“@ in Figs 8
and 9. One or nore conventional powder feeders or the povvdgr fluidizing

. unit 47 rR3ftiges paurdoimpractjoddhe substal® t ypes of powder particles 3 into
inlet 41 WO 112/ (18S; 32 PCT/US02/ 12(i1 93 port 71. Powder particles 3 are
m xed and treated within powder cavity 69. This m xing and treatnent my be
facilitated byflGresghawnangaiarged man edheiewrof tig ficion-cemppnsated $niocay be
connect ed,d 9o et tfliideatdt ef@iﬁ&ric%réﬁrﬁ’%wsat ed sonic nozzles 2 of this

i nvention or connected to ohth r applicatrons requiring mxing and treating
of bulk 5 powders 52. Lid 53, Oring 54, bolts 55, and a plug 56 close

cavity 69. Pl 58, - [.alk 0 in.cavity 69 and to
1 ow any’ bul i Bonder aByECbERaRERn B SRR RATH el Meydry o1

i nt r oduc etbe fistidercopgrenis aed soBicanizzlaishedinigrellipgicali @ossgsectidn iforttoe oanétt y 69.

Tr eat ment ngVi ce 70 effects or facilitates a treatnent of bul k powder 52
ent r ai ned® eBBﬁﬁ%r particles 3 within carrier gas 4. This treated m xture
of powder particles 3 in carrier gas 4 exits through outlet port 72 and is
delivered to friction 15 co nsated sonic nozzles 2, Mdire than one powder
reactor 68 may! e4l'Ps%Homﬁ'"ﬁgﬁ’ilq‘@'ag"@@cﬂnﬁgf’%sspﬁﬁ'aﬂP’W @ftthe friction-

friction-GRRRARERIIESHIRON ZIREE SIRSWIRg a TH&usBt thatthaAltdndrerBIgEmb't nts
permtted by the powder reactor 68 Idgegend Son the s egi f}il\g(a%né‘gu?ﬁérgénts for

t reat ildg RelweppRaere patetiapddaised flintonisybstrata used tatermally gjies pawdene

enbodi e i jnt i i ioles 3 by

ol 7o and ol Ry ot BRER Ul the ST C AT Rl el e AL D, ress
powder pangtegirsdn@udiag filetved in the bottom of cavity 69. The pl acenent of
inlet port 71 and outlet port 72 is designed to sanple the turbul ent

m xture at different spatial locations in order to nodify the powder mass
fl ow concent r BKG. &ris arcopntinechidlo¢K dinghiam any enods-seatiamgvieve béifhei foctionof

proj ect.i | rtiecles 3 1n.ect i nt. wder react 68. Treatnent device 70
may | %@I u‘gog?@er{’é‘a el’J ﬁ?{gllceﬁﬁzf?ﬁ'(ﬂ%gmodwﬁggﬁgc%fd6%%rmq?'hﬁ8§ef R8T ous | ocati ons
al ong t hegem@rated b aceonicentri6 RF ikaudtionfcoll Berrbundiny Eo2xte heusirgy @s2dy 3 o

ter 63 . for unif i said carrier gas

i ncl ude sintered metal fil rmy injectin

ol and t oreipaler AEvBrariass oot Eharan e st e dBnganalyy i o1 no
ports 62.altEnes meltlsubstrate Maateralé hefidird filleyy gases to be injected into cavity
69. These gases nay be 92 WO 112/1'1 R5S32 PCT/ US112/ 12013 injected into

fluidizing ports 82 at higher pressures than carrier gas 4 that is injected
into il et porfG74 is dtembiiRAbidk dRINIRrandaédscdRtion vigRYofi gisdnigle addi ng or

m Xi n
J reaction chamber with powder particle injection port for thermally altering and
chemically reacting powder particles prior to acceleration in the friction-compensated

sonic nozzle.

30 FIG. 7 shows a combined block diagram and cross-section view of the
friction-compensated sonic nozzle mounted within a nested embodiment of an outer
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different types of gases through fluidizing ports 62 into cavity 69 to
affect the properties of powder particles 3 entrained in carrier gas 4.
These gasge obiigyssrde but 5 are not limted air, argon, car 9@?/[%6‘4/{2‘?}?} uori de,
carbonyl fluoride, helium hydrogen, nethane, nitrogen, oxygen, silane,
steam sul fur hexaflouride, or m xtures thereof in various concentrations.
Inert or reactive gases may al so be used to affect the properties of the
powder particles 3 entrained in carrier gas 4. For exanple, to renove an

oxi de fi | endcuator chamber dracsuted caaxial e¢dduatorPatile GUBSURIng the fdforLreat ment 1
o may consi st of injecting hydrogen at an el evated tenperature to react
. chemi cal I?W?%af%egoéyﬁ'&%%eayer material. This reaction renpves oxygen as a
contam nation from powder particles 2. Treatnent device 70 may be a set of
baffles 73 posi&i oned wthin cavity 69 for 15 m xing and treating powder
. particles 3 erft'PaP i@ sias sestionabvieyf apovwsler fluidizinguribipr patainiap Powdent
geonet r5i Cadrti 1 i i G, \flsd?pfg?r vbgature of
powder reﬁqlgggg?agy @Egﬂ’ﬁ?gf&%?gm%g@ﬁgwdﬁ@?es 7%({§ icﬁatng{%ri arranged
as concend@ifatorieeshagism.ndri cal shells. Baffles 73 may be inert elenents
used strictly for the purpose of nodifying mxing and mass fl ow
concentrations of the 2 O powder particles 3 entrained in carrier gas 4.
Baf fl es 73 mayFlBGe9ds asideseotianal viewaflaypvder Wioidizing enitfan entnajninh eowder

tri boel ect ti. I rticl. rl Q._ejection i.n out | et
port 72, et B8 Ehilh BesfPeERaRETe Ghi3 adpBiae L ndBe PR GRRBRUNELRCL r ode
74. Ellécttheead qgiavtebe fatiscamneatpdid dridhg deltdonermeahanisht fog positignihg tHehe

di el ectric_br.eakdawn voquéa%% oft hhlg caEri Bl gas 4 with entrai ned powder
parti cl es"3VIRS "HEED EPWVE 'L RNAROYCEREV®Y i boel ectric charging of powder
particles 3 through charge induction. This voltage may range anywhere from
50 to 50,000 volts, Treatnent device 70 may al so be a sieve or filter
positioned wt Bnlking gige ggctional ey f g Ry e IRRStOr SEMAMEINGANIN@AYt r ai ned i n
carrier ogemént ddHfigurRcd bR} AP afid featd SWdeh aflcidi@iiaineBdh bl cl es 3
into a specific particle size distribution prior to ejection into outlet
72. FO SR IAS. a 325-nesh sieve may be installed in the form93 WO

02/ 08e32 PCT/ US(12/12193 of a single element within cavity 69 to screen
powder particles 3 down to sizes below 45 mcroneters before ejection into
outl et port 7FICTi tig areide saetianabvizd afaypoandes ressteicompdisiogi asrinnei |

Connect ooy et iSR! s # Geniey s BRUFHyr HRALI fh Beaunkind R BSbIsRR o0 sour ce

f or i nducentradhed ineatarner gaswder particles 3 entrained in carrier gas 4 prior
to ej &ti on through outlet 72. This voltage source nmay be capabl e of
delivéring from0.5 to 1,000 kWof power. |0 Treatnent device 70 nmay

consists of sell. 02 illushatdsas croesebatidnhaéw af & Migriager doatinheepbsieal o esi stive
ower ed .t hrough el ectrodes 74. For

coils attach to the radi ator panels and thr

exanpl e, ¥7¥ trr?é‘?l’t’s'ﬂgﬁ?ec%pp?'éaﬁgﬁa'f'%qucSF?rB%?C”QP & thiAVention; stive coils may
be used to heat a m xture of carrier gas 4 and powder particles 3 up to an
el evated tenperature while flowing through a cavity 69 having a cylindrical
shape. 15 Thi §!Barl8 i Migrodgrpimadept Riske! dgureaingh amalymiwrdf el ectri cal
power 0 &i@Rtraie Nitrogen or heliumcarrier gas flowing at 10-25 Ibmh with
entrai ned al um num powder particles at a concentration of 5% by wei ght. The
heliumcarrier gas is regulated to a pressure of 200 psig. 2 o The

el ectrical reshgtti I j I by a cool ant
line int ertac?cléi pl%‘gs %ﬂ'léérégr\elxﬂﬁ ;jﬁ égé’lﬁﬂa ?ijﬁ%r?r@%oeﬁgrt@tg {railﬁgg")€4 with a

f eedt hr oucgmpasiteanoatedionesteélat is used to flow a refrigerant liquid such as
Freon t hrough conventional coils attached to treatnment device 70 configured
~as a radiator.

30 FI1G.15 is a micrograph image of the cross-section of a 6061AI-SiC ex-situ

spray formed particle reinforced metal matrix composite.
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2 5 Powder reactor 68 may al so be configured to permt the coating of
powder particles 3 entrained in carrier gas 4 with a second material prior
to ej ectiwoob/mds@soutl et port 71. Methods of coating inclugergdappgetion,
physi cal vapor deposition, chem cal vapor deposition, or sputtering of a
second material via a resistive heater, an arc, a plasma, or |aser ablation
of the second material in the presence of the 30 turbulent m xture

consi sting of powder particles 3 entrained in carrier gas 4. Powder
particles 3 arRGctaisealnigrographimagd ofeanpomns titheiine eoédlidatidh ddposagpr opri at e
physi cal or_ chem cal %8 a%r?ﬁlt us_for generating a vapor or nolecul ar states

. of the se®HAFOYHI ORR '?S_L BEE@LE pCT/ USD2/ 12193 material to be deposited
on the surface of projectile particles 3 entrained in carrier gas 4 during
passage through powder reactor 67. Figure 11 shows an enbodi nent of powder
- reactor 68 that uses a tubular 5 cavity 69 design to inplenent the m xing
and treatment features of powder reactor 68. Powder reactor 68 includes a
tubul ar cavity 69, a treatnent device 70, an inlet port 71, and an outl et
port 72. Thi's coMEUMATE FOR QABRYING QT SHIRMYENTIAE parti cl es 3
entrained in carrier gas 4 through tubular cavity 69 while nodifying the
properties of powder particles 3 through physical interactions, chem cal
reactions, or lathe iellewvisgdeserintion ofthe prateriedragobodimentsiofither preseitt y 69 may be
sel ected ; ] ' ' e nt during
passage o'bg%rg%getf%rtgﬁ ?? [:Sﬁﬁé&%f?ﬁﬁ?%g?ﬂé I’n %@M%S ‘%ﬁ@ @?'gharé)éurgh t ubul ar
cavi t y1 069hergok andimwhidbys sfrowrObyhegy ohidlsicdioa shecific embodimzmtd inrvghickevi ce
coupled tgo 15 tubul ar .cavit 9..Such, a heati or cooling,device may take
Che 1 or m BF yereR bl Seirabtoss” o B AsTAST ThalOtosh e ERBPMENSBRY 8] or ound
tubul ar catilizéy afd strldtues chajestmaibbe makiv dethoet dapartindeford hedscopeddfang | i ne
f eedt hroughs, which are capable of heating or cooling a thernmally or

el ect ri calEFEUIMEMNPPve media | ocated in the space between the outer jacket
75 and tubular cavity 69. 20 This feature provides the neans of heating or

cool ing powder particles 3 entrained in carrier gas 4 by conduction,
convedti on, arld 9pASAhtedHeHINt iNvaption whatehio an arrApius apd Preeass Aor Ridity 69

prior to §hRCAdpe8itibAaAHIBneMidhedn wéwd@paa%@sfetﬁitr%epﬁ@lgghg@m r may be

connected to electrodes 74 and installed in a thernal conductive, but
el ect ri ca$qnjc gassigt antortge Aedace PanabisctoUnder higk kelocinsimnagt antbinesmalcavi ty

69. A i ' ' ’ | i ,n li f
el ect r ol 2oip S¥maieR. ERMA BRRist Rhetlel b I AA T, (7o)
may be cicah@lsivelydanditogethetotferm pertobidatéd meateridiaibyvith avetalavgitsl bodds. Agai n,

heat i oL, C L0 f Do rrigcle ent rai ned rrier.gas 4 occurs by
heat gg]c hzlﬁeggg\%é%a)cﬁ%&h%o%ﬁjqeéptgo%gh’h@‘gcst?‘f—%ﬁ? Qatttu1 olpéecﬁt é&i %‘?ﬁ‘?e%& Reen the

si dewal | steafperatord that eaucesy/yiéld stredgthandeperpis plastiedefdrreatioreatried flow carri er
At Usozy Stassde i har peBaBerg bR EhEn &ot 38 R B Bt e es

ent r ai nedpéowder paftiohss. JBfs grocessiisedll thermatiplhytid denhditioyiigt Bimpiamsusiyes of

powder particles 3. The heati or cooling treatnment may al so be used to
bromot e cPRATER e kineti entpeor e ite Sarteles anRteiad 10 e nnasherdeesss fiees 3,

t her ebys NMREALENINE \idl® sEORITH GRaIAHOREE! pfcIOd aRd Sulsiatd SnducBabyiteltisg 3. |

addi tion, by cooli'ng the m xture of Pro ectile particles 3 enfrained in
carri er gdkermal-plasti¢ eenditinning) ppesaisolidsiate depesiton anesansotitatien ™ ani nat i on
pr oduct s. ; @@; j r; s a reducing
agent to ?égér%r%‘gg h %&T@g%’gégg}?@bnmg?ﬁ%@%ﬁﬁﬂems@%ﬁﬁg&ﬁoduce st eam
Thi s st eadependeahpastic daformationr iByrcogtislliag the vedasity of thehimpgatprapessent r ai ned
owder paftlg: 3 - ' for vapor .
T eat ment cbngEor Rl CAYHEARE AL Pel AP BloBeHleS cal bslBiq 3
coupl b t o spebifit aequimengs. 6Bor exadipla, tmasevere plabfiedefotmatamrinducegldyes 4 may

“gas 4 ¢hal SRRy ABEER it FetsthEpto el ediion B prh IR ERAN e (o= "
Fl ui di zi ngigosttustze of &e cdrsolidatedip@dddrartintest i THevmbiplastcheongitioning of
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carrier gas 4 fromone type of gas to another type of gas at various stages
along the flow path of tubular cavity 69. Each of the fluidizing ports 62
may i ncl ude ovossspt ered netal filter 63 for uniformy injegpbiriGLasd €r gas
4 and for preventing backfl ow of powder particles 3 into fluidizing ports
62. Each of the fluidizing ports 62 is arranged 2 o along the walls of
tubul ar cavity 69 at various stages required to inplenent the required
physi cal or chem cal reaction kinetics. Powder reactor 68 with tubul ar
cavity 69theamwder panitieg ailess tftesp@anbstrmndeto pamdddieelsthmugmenaémneﬂ [ n

acl ear ey Pectfel MERFPIO BB S T W RRRAR! aCnR NI or gas 4

to be actisestafiichiyn-nempensatedaatic nozzietd weete«:atejpemeoﬂamate@t@hlnbhet port 72.

Thi's proc e used to, c r_spr formradioactive materjals or
. other i SOY%%"BQB%‘V' i \m%W%%#f ﬁ tgg PSYdgr B?'ﬂ?'ﬁ? apd SB’P“E%%E& reactors
68 may sbeino@mtimakededsths degre df oxiaatioredsd ahaﬁ@alrmhmquﬁameqfowa@ﬁcesSes
For exanp one powder reactor 68 using tubular cavity 69 could be used as

a hydri depﬁ’%!%? 8y Uﬁ@écﬁ ‘i'i@acﬁerﬁ%’b§°%'§@6ﬁ€l""ﬁdﬁm>élneﬂéééfﬂ%rga&@t relgfiyety2/ (185532
PCTI US( 12éﬂ&9§t3§d&5dl@lahbe§ Wé@ﬁbﬁ?ﬁfé to/ mﬁﬁmlz@%tﬁa”ﬂ?édt%f‘élr dFofheriehydri de
reactor. In this configuration irst er reactor 68 converts powder
parti cl esurwanied gasesgpia the dépﬁ%leélaﬁdrﬁobsﬂ'cgﬁda mateyial i @ee mathadofithe second
powder re | hydride
back to aﬁ%’ﬁél &t?%%ﬁ&ﬁlénuﬂﬁ‘ﬁqﬁﬁatg@d;h lta:bgﬁ/aer?’pér’f‘lﬂ%g? @gﬁ%%tpjée a(s)ém%éer? reactors
68 corlr@ecamd'enhp@esmreéhm]plmensfeeuasmarb@pleeertmeeﬂoyzla@att aadm&wstrpta/\der
particles i Ll a br eak
Goun 111 o Sl enof slahncf distdced™ A comeltEn B BRERFRH, Ak HEDch o0

titani um aesed ajpamdemeaqtdlr fockdter thetphypmak;ieherpa:at ioc hede& prbpértissibin cr on and
nanoscal e _di mensi ons and tt,rgﬁ] at ment fegture of powder

react or 6ROWHRIIAFRIAES aprl%é?ﬂnéeeﬁt'o% '{50 Pégg‘tob‘r &R S(?QFI'EPZFHB Pfying the

chem cal psoepRatidresA fefmuiémb@@melncbmeiboemar RIaaRA us8s ﬁaﬁqﬁ .resglag 4 prior
to ejection into out In addition to regcgrrocal y heatlng or

cool i g, Ragmagedkiop 65@96%0’@93%0’58”'%8@ BIUIE QHCAHERIGT RN R G onder

parti cl espgtitigs diabihpierRs of ¥RERicAk of dhemR%al g@s?e%%néy &8 bg%deambe) t he
sprayi ng of oxygen-free titani um powder can be acconplished by first

conver t i ngarpen@rRs fopterpurpese of chamiqadly feaciingthe pavwdar partielasAar subsrateani um
hydri de sznﬁ%Pé‘ﬁdd%QeQ&%%eﬁﬁéa‘i 5odGSs &oﬁﬁcé‘o%dth%thgaﬁaﬁné Bnd REatk@r m of

hydr ogen at erature of approxinate I's tenperature, the
t r eat ment gageso Tﬁ@rﬁﬂ)ﬂ@@f padiclestase lnmt@bdawme@ﬁemtq tharplasmaberted gpate i cl es 3
by 2 Jge i t t roduce
st eamcé Byﬁ%etcsiggjr ocar Igyg{%‘ggts %rc];Eé}éFadSH rgﬁﬂg fﬁdwhe%trﬁéaﬁ?eé&r# n‘(ﬁ%%&le ﬁ'\)\%e

parti cl esagplicetonatso LBG@ aK cautet eWBﬂJa(orLErIan@dnyddage:phasalmtanoeamglas 4, this

| atter pr ces r down fri ovvder art cles 3, such
ne U1 tan STACKpUS Adaie sHE ond i e de e Rars BBy B Mg R by, s ol

st age pOV\éﬁresS@awﬁén’ pdrciengndaorsegades tbrueeetyci’ecﬁfoaénwwmencﬁrahder gas 4
such as helium.at a tenp V\E'@P ure in e cess reverts

Dhe o anSeAHoa PHEPeS S B 2 oMAeE B R g A G e G S back t o

oxygen- r gfxifd thariowderBaicleBwitin the cairRega® R inBlL@edss bafkt oPtiet 72. The
chem cal reactl on_kinetics determ nes the duration for theggassage of 30

powder pafRRiCRIOE. Blethpds fehredyeing die inkention i eractice by 6pdepgsititd 8hdhar t i cul ar

t enper at UE&ws%ﬂG’atF?@rﬁdvi&er Péﬁl%k‘eg Wtththérhﬁ‘et@ﬂié %QHénrhéﬁﬂfc'ﬁdeBF RGeS to Thi s
determ nes the specif ength of tubular cavity 69 required for

i npl enent fabQC&temdeUE@ﬂaWmU'thﬂl@Pﬂﬂ%SB‘ZSt'P@fWLQ@'ePZME('GISB
functionally formed in-situ or ex-situ composite materials are disclosed. The
30 foregoing aspects of the present system and process will now be described in
greater detail in the paragraphs to follow.
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treatment process within powder reactor 69. For exanple, powder reactor 68
may have tubular cavity 69 which has been designed with a tube

appr oxi maveloyo§s#332L00 feet in length and is heated with el eeffisealzséLsi stive
coils positioned in a thermally conductive nedia installed in the space

bet ween outer jacket 75 and tubular cavity 5 69. This particul ar design
requires up to 50 kWof electrical power to heat hydrogen or heliumcarrier
gas flowing at 25 Ibmh with entrained titani um powder particles 3
(concentrat i orFigdre 3%Hawsvihe ghsis entbodinTérl-of B2Capparatupanabrycess lised powder

reactors r uct i opn of, oxygen free titani um powd artlcles 3 (<
- a5 or onBidPEdiohaPENe: bR R N BRI SR s
descri bedactemyate fovrfer partitRs dedRinddan aéd”il‘écﬁal dé‘t&’oﬁc@frfér@@sqf Mé}ﬁowygen free
titani um ro* ectile &al‘tl cl es was accoggwl shed using the coati ng or

. abl ati on Qppradusing erfeaining AN tEgAt0g G POWERIRAtiRIessS inrrarde gase hayes and

pr 0] ectsl ! sem.wsé&ﬁmlmst PatehPs W7 81 35 idsnBl wnnRYstescHe inVBRf o% rrn&%@eﬁv to Fig.
|l ication and process of the invention 15 provides a od for

depOS| t i n Fwwﬁﬂrpﬁttlp@ye}théb%an ‘P@e"ﬂ@"ﬂ%ﬁ inHBe sariepges mncwd@ob@t aemet num al | oy
substrat g 0 [ on protective
or di ffuslljnélgeqcfl&gpﬂv%érg%o erc ﬁgél?@ é%&gzgwft éfat%rgzﬁﬁ 8¥1§ %%1 and a fl ux
coati ng Mmaemtgrermtomacsumgeaélovmrm fllaes, amarraatus camclogte(scewne;tblst he

Var ous 1 5EPice; Polefi sl Mg fi (9R5P nen By RBagloBladtt Bhd afleod |} e

as cor]rOosbmdmm\mm alboysiielgr, 4048, 41)215(0&4@7 aeﬁe*anmjasieflsthembam.ubut are

t | t t i
ool og. 1 g G R BhoSPRE - FRBRERET Funk SBip-Be bk FORUBRERS 5 o o
1- 10I mi Crtmrflﬁtngr andljun’llgg bh@r@}pp}mataliaw uangitrwms@tu@énﬁ Ipr@ceswemts' ?2 fA o
SIn e NnNozzl e, or u (0] I’ICIO- es (0] |
oo T Fleiion: dhon Tenperdurt aldysdinaly. BT TER Imdeh i NEa TS Esawe e of | O
sheet submbr\aN@ &?swasqns&r-ﬁm m@muqm) crheméqzmaeim D02 Y- k/%az part. The
second Iayer IS braze filler coating 78

o0 oM oy e NB 4241 TCIIGIN-2. 685-1 B Smerali s, il i ekeh ongete) 898 Cang i s
appl i ed t Sorsalt sl A0S &écla&dl&@gag@féewwaﬁsﬁ% i @lﬁ' beg BAMURMoBE the

corrosion protective undercoat 77 usin Si n%e ura Ity of nozzles (2
of Fig. 1aneriqanraciely éprMejaISCMatalsq@arkgotllw? caowst ea@cleauacno)ateﬁ ni ckel
or cobalt lied to the
surface o\fvul‘ Eﬁotﬁ?ﬁfzﬁg{afl éﬁ?he?s A ' %ggglgé?éﬁQ_{ ?gngl e no $°Dpl urality
of fricti mnkﬂedpemmedl sfpmoécmnpasltesao@@ieothaﬂgn bé-usgd thappanaitdwarfd nal
| ayer i r ting 76. 5 Note the braze filler (e.g., 4043,
4044, 22)04§r°n§ %f tl‘%ﬁ?ﬁﬁ%m um numsilicon alloys) could be conventionally
bonded or cladded to the sheet stock or conponent of a core alum numall oy
base materi al |ch cas the flyux coating 7 e. g. i ckel or
cobal {11 ux potonrered giiites Rt for e ARAT pdd pickatinr Biscer st ock
using a sinRgmtdnne éh@raw apburdadistriputih With & upperdieisfn32beneshoRigs nozzl es (2
a arat ys and process of this invention.

of Fig. 1-3 escribed in the a

Ui o conTUReTBIess): ARG BRBCRDAR T RISAFEHLAEBEA N TREIRTISHER COMHE Al urt num
ASSOCIiAf | gdd é@&rén%rhenﬂd &fdnts f&f‘é‘é-dek%ﬁmmﬂhﬁ’ﬁ,m% nfhteridFebrfoiiing 998J, a
mating piece of simlar or different alumnumalloy core material is then
pl aced i nMeRI Matinearapesiies aoWaRt particie sizgh in thedigdpsealwfangg cAe asndbs he
tenperatu conpl ete the

br avi ng. poapesned Sy ¥oheliBan it doatARs Bho b D e AR ot ux
coating 78 reacts with the braze filler coating 77 or the braze coating of
a cl added alu u at pernmts
“bondi ng of therq. &rﬁ% nui%%gh&é&ﬁé;ﬂ@&@g mlc@dﬁdk/ H)fh a@ucrentronatdﬁn brazing 2
0 i s s f emgoadcabon tepduatder, earblmeylvﬂe:endéimnmahyursgmw KnétbaneInitrageam si | i con
braze flllers li.ke 43 4 4045 . .4145 4 Thus, the nickel
"or cobal t °PE§R: ?:'éQF %8‘“?8 '@fg#&f‘ OUBS%cﬁrr{letblf‘eS[(ElgrES?glzveé‘lﬁUF| er coating 77
at a tenpesrajentratidrizat Hekiurs lgag fd 4 prdferterlineh eaciengent iforadceleratingng
tenperatures. This allows a |larger tenperature margin in braze

manuf acturing wthout the risk of nelting the structural 2 5 core material.
As an alternative to netallic flux coa& ngs 79, potassium fluoro-alum nate
salts in the formof fine particles may be applied to the braze filler
coating 78 using a single nozzle or plurality nozzles (2 of Fig. 1-3} as
described in the apparatus and 30 process of this invention. In this case,
the flux coating 79 is applied only to the thickness required to fill the
sem - porous surface structure of the braze filler coating 78. For cl added
sheet materials) it may be necessary to conventionally abrade the 49



WO | 12/ 085532 PCT/ US02/ 12C93 surface to produce a sem -porous surface
structure in which to enbedded the potassium fluoro-alum nate salt

particl eswas@seyder. Finally, a braze filler coating 78p@@qjst,5/r%9§oati ng
79 conposite of potassiumfluoro-alumnate salts may al so be applied to a

core alum num all oy substrate 12 by co-deposition of a mxture of 5
potassium fluoro-alum nate salt powder with a braze-all oy powder (e.g.,
4343, 4044, 4045, 4145, or 4047 alloys) using a single friction-conpensated

soni ¢ NOZgdvide? paklcisa fdt N?Hi‘_(?é’léé_:iﬁés wehiR thdhékzlelingy 1dReaG4DEML densie
apparatus and process of this invention. In this case) flux powder

- (pot assi uigh valBFis. ofl sakndAnd dialeetyicibseakdawaghaiactaiigties usesi to geRp@iRh t he
ther mal - t@@gﬁﬂég@ d&écﬂwﬁ héhrﬁ‘b%nﬁi‘fﬂ‘%%ﬁ?ertg‘ésﬁhﬁldmé{ Eﬁrti%%sbarﬁ.ztf'e' al l oy

powder an ed Into the substrate 127surface by the collision inpact
. process athsonalytoeadiipned pt eleyated thmprratiresowithsut pkidizngvaiehepugally cl es 3. The

I .' . ) . ) ¢
P odepos & (Rptltne RIREF periofRh, Rthitiep of idifiin hBfurtTRatiel BACURehi TEANS ©
br aze- al | eyhanoed accelgratiomdhpowder padiclgsan stessiriatior-Coropensatachsorit rozzid t powder
i inj t ' ti . . t 30 int
br aze povat s P BHIRS & L daRgbie En bR e s AR Raficf Sah A"ileort 30 11t
co- deposi tisiogheiune dgsragehpagot laad mitecgen feah Iberaddimhialhgtail@edna pfdvide & oat i ng
79 to b i mul t I ljed to th bstrate .1 f. it
Coat | g vitTELSaRE St vRECHbEN shiic BBoRE AR AR Tos HotniSaf R ST by and
does nat gireertiutitispeit apimixey e dafrer 3ad 4udpsRifor Raxim@niaddelerdtion
reconmended brazing tenperature using the spot assi %fl uor o- al U{‘]ﬂ nate sal t
flux depefidRovsier Pﬁ&'cﬁﬁmr@%@’ﬁ?g}séte@f N2 Admpdires gletheypi cal Iy
for the 4R4éna érfﬁétstiﬁﬁeﬂmﬁi@ﬁ §d£4 is§7%t‘3§s5h*d?o§e7r7céﬁ bé&édPlefengmiGanher mal

per formance of i -layer coatl ngs pplied with the applicator and

process ofeachwith thewraydes ratticles 3tedem@avergxige fayverot hepoyderpatisies!d. oy
bstrat i I; ; it f th
substra eéh@tﬂf&a%@bﬁy‘éﬁ&\ ﬁ%%nﬁ&%é@éﬁgﬁggf%ﬁs é’qxﬁgéﬁﬁwb%r :99§ A 9an0 e

joint and to exanm ne ‘the substrate 1 ] ' nermal  perfornmance was
assessiéd tythaebe implemes@dibyadmidurasl of vafidusieactive gssea in yariatial br aze j oi nt.

50 WO 0 P . | £S; I: y was coated
i th t her ICERTREs SeRsies Yo wfo g bt RhiR Bel e #RE NRBLRSY ) 75 &
t hi cknesscarbod etrafloonides tartonyidiuogde reethppé,i rdtadgen, angdiepr steas's sitbeecr i bed i n
this i nve% og. di.t i onal .Ié%r 3 flux coating 79 of potassium
fl uoro-al Rt igsa éff'fje'p%\m' %ageﬁe@ ted and enbedded into the semi 5 porous
structure of the 4047-alloy braze filler coating 78 using the applicator
and process described in this invention.. This mufti-layer coating 76 was
st ad by T abriteAeRg o i Gifor-Shmapensaiis SO GRoRias 5 ¥ Ensi Bor osi ty | n
conbi nat i geceldratd gdaRiees6Ricles Bt ertRiirdd it adtiapmdr dagachyGsinPa® BsisyBmaard t her nal
transfer characteristics for the heat exchanger a?pl ications. Qualitative

|

mechani caforye&ling giats tﬁé‘r'@%ﬁﬂ&@r‘@d“@é@@‘%@%@ pRéahgRHa bal integrity
of the brPFégedaBltyf‘fhe%yhﬁ?etFi@EbWe??iH‘gfn?et%qm RRL®-banRaeE 8thr&aEnt formed .
ed ma al . “Ther 0 of

w th cladd erl mal perfofmance testin brazes produced with
muf ti - | aytatioodappreyisnately ddijlo sThecaxisimmetric hapesg Pt t7dellewing gheotbesss 6

¢ . ' : ¢ i ;
{Fxed Jtr FRaamertys afielRES A RE0 .5 oA Vel Rl I kTS Bfa B o M Y T 2
di f f usi vi fricisn bssootmted with thebcaaderdggsad and éntraimet! powder plasibtbsds. nBheer i al and a
b joint f ith fti-] i 6., Bot | t.S,

o el A Yool AP bB B e artd i o PR LB,

al ulm' nrmdfog\%'znﬁét@ﬁ@drilaﬂ.@ﬁ fa@rarfmnmfl i@ntomtnjgtmfo; gblfﬁstfth?tlh\&Wt GOFtWit:’hgﬂctibﬁ \g{e:e .
eval uat e 0 a ing . a flux_coatin 0 er -plastic conditione
i okel podBR 454 nod4 Editich, GAS Dyneges. AR @80 SaC8Y bk HOSKRR M dh

converdq ongh laquatigifigad) wi th a 4047 eutectic braze alloy. The nickel flux

coating 79 was deposited using the applicator and process of this invention
"to a thickness of 8-10 microneters as typically shown
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bel ow. A braze joint was forned at a tenperature of 840 K in a tube furnace
using a 2 5 heliumgas purge. Qualitative nmechanical peel tests were
conduct edvomzigmsj oi nt and found to be excellent. Thus, tBerRiseHElsef | UX
coating 79 pernits brazing of the 3000 series alloy rraterlal at tenperature
that is 13 K cooler than the typical brazing tenperature of the 4047 braze
filler using potassiumfluoro-alumnate salt, as depicted in Figure 13. 30
The apparatus and process of this invention also permts depositions of
functional | y gﬁqaudemh (te tgbves shesgemeratretationsrep for apabatie Sow avit. frictioher nal

expansi on P US02/ 12(93 t hermal conduct ty
. s;qroeng!t h)W"(‘ﬁJEtf 19 %\Of%eé/ﬁle%gé@ "Cré‘?’bﬂé?]ﬁaé'% Ogép%?'f'c heat, c,)apgglths;qu t€hosi ti on

are functdgoigdas Qamaigsivadt pdhtrsd $heixiare, M BRNSWERH InBWRe? frhd\Bbl, &%
conti nuously gr aded, Continuous grading of functionally graded coatings is

. acconpl i hisdh B@f%oﬂéﬂﬁist’mﬁ‘@tfﬁfo@ﬂéﬁedrﬁl&lﬁw 8ection aga tumctioneoidena@tbrx r at i on of

5 adm xt Yr@snd E?é’eaéf'foﬂgt%ﬁt GeIbifiGloRe AeriGARE!dfthd LdohB TS isRfg Cxanp! e, t he
co deposition o enum powder h adm xt ures of copper powder can be
used to twhithyieldsdhe H@mﬁi@r axiptions ((rof thepxisirmmetrisftapdred dopietsi as an from 4. 8
~ 10'6 K- r The
t her mal JXBQ%;W%E‘;@O e\é HH}H* f}tﬁ gplrcglé? '?’Sgs?%mg‘r ocg %frgﬁly)ﬁﬁo t he
concent r axisymroétric Itmpen:@qbpmtet achmtdtmpeeqnomtew Equdtion (halsownigheiynum powder

apot cat | DR hopEE BRI o the ey alic el boMil e Sehon roaveRPyspr ay

form ng riquationl(3) (@ortiseraropictesidratisbatiz flow), fout omprfcaysdb@mb@gs@mc fbwed fillet
22 bet Wee t Wo se&gr QEI eces 23 and. 24 that are g0| ned by fusing
2 or a1 Swher R R eRRaID e 16 SR BT eOnYP SnSHRet 5 o Ttp AhEEaNMENDSt ¢ at o

12 mat er'éﬁs%er@ﬁ@c@r%dté‘djwlﬂﬂw&@&émg«%fw\ﬁés |Q|@swgf’e§¥e@§dl% d process

of this invention can be used not onl or spray formn rials, but
al so j oi rfpf?ﬁ af) e IPwder pareledBde |aﬁh'|9&$ theehighe sh pecalgrations pbihe ppwger

friction- @@%@V@Bcr‘fi? %td’% oRicd d&:ﬁ(g?ﬁ He'Wridt a'sglurﬁéte%orrgctl ud 6) may

al so be Used to spray hetal s an -matri nmposites 1 nto near-net
shapel5THe basationse{! ‘éibﬁaq:se reéquired db explicily acotwntifor mmdlabatmfﬂow theory

Shapes. ar i CREROT pE ol Bl RaderbrrREF Fuors R A Soad B SR BTRGET

cont r ol | edlybyandt@acdnelnc. Bosten,dwarp.g2eci fic |l ocations. Dwell tinmes can range

froma fewmlliseconds to tines as |ong as m nutes dependi ng on the

near - net shape structure being fabricated. MIlisecond dwell tinmes may be
used to produce thin coatlpgs]v\ndj,h piyi form buriydup using nultiple passes. 3
o Longer dwell ti ngsroMtr@‘ng%'xrvf—s | nutes may be used to
build up a spire or colum deposition iﬂ+t I M? |Jn a hole in substrate 12.
52 WO f 12/ 118aa32 PCT/ USf| 2/ 12G93 Vari at ifon of it hese dwel [(1)ti mes may be

coupl5 wi th spatial and angul ar robotic mani pul ati on of
friction-conpensated sonic nozzle 2 to enabl e the near-net-shape
fabrication process using the CO@} ?g gD abl ation applicator of this
invention. In ablation appll ns? applicator under rohqtic
mani pul ation with variation |n dwel | 5 times may be used to nove or
ablate materials fromsubstrate 12 so as to cut a near-net-shape pattern. A
mask placed over substrate 12 may al so used to performother variations of
near - net - shape nanufactpﬁqFﬁr——Fﬁ-equ@;@Qﬁﬁqnsated sonic nozzle 2 may be
robotically positioned to weﬁl:ﬂbmfprescrlbed periods of time necessary to
coat or spray forma near-het-éhape tkature t hrough t he nask The 10 mask
shoul d be constructed froma material that precludes buil dup 3f powder
particles 3 onto the mask. Likew se, dwelling for a prescribed period of
“time a hol - shape
 ndent3t fons. TEa i EAF R ol Yaprt [BRGAIOR () BaLERbE A RRTART T or
fricti on-spesifiedsabedssioior theraxisymseetc tapered putled i7 Iseetiorowhia engrid fIO\pI e
“friction- - g over t he
sare. subslAHEO0f Bed PR BE oFE contpo ARG cbudRb Beckct, B, |
near - net rabdipdioaffrictiom akeimgls a8 001D, tHEr lehgthdodirobt 6 diammtercratip ehthat ed soni c
nozzl es 2 housed wthin an outer evacuator chanber 41 is one exanple of an
2 0 application using a plurality of £8iction-conpensated sonic nozzles 2
to fabricate nose-cone shaped conponents.




Sprayi ng of nanoscal e) nanophase, and anphorous powders m xed with other

m cron size powders permts nanoscal e and nanophase materials to be added 2
5 as an ewxo%bkssssi r engt heni ng agent to a spray- formed met aTRRHE /%93
conposite or to a coati ng Sprayi ng of nanoscal e, nanophase or anphorous
powders i ndependently (i.e., without mcron size powder m xtures) is also
permtted by the coating and abl ation applicator of this invention. 30 The
properties of the spray formed nmaterials are controlled by simltaneously

coupl i ng éh@,lnkmaﬁkltape?é@bgyetdfsdchsn paLld rebecd roamf wrmﬁur’h(ba%hﬂ?al mpact
process with t ti oned powder particles and

t h
. substrat e® ‘?L'?t%?i@W|V§[°°t%eg%ﬂ§9 Macg%ndllrw@rmg Yi@@%?m@f’?@sm‘@ 123 t he
consol i dayhiqilelp MawitaRs tisd Sdrfier gﬁwaémgﬂg,reuawe to&ﬁéirﬂétlgéswe%§§y and or

melting of the powder particles 3 and Substrate 12 nmateri al requently

- requi red Maxigpmayalpealaingdhe apiedenan ebthesdsymmelrie tapgead outiet 7§IQ§§@@ or for
spray for and 24 that

are joi ne g%‘?‘ﬁé?’k%[‘%’ﬁ @ ﬁ%ﬁa@? gsférﬁ nBE%E Wﬁe‘? C? hggtr efé?’m tu

particl e noatiabatiedomditicris vmtttﬂovxfrmbmpo%ates forsinametbr w-auyms bethappar at us and

process of this i t i e 1 I t hat fu nal ly. form

Gt que. st PO RER AEPRE BultS BB ey bh B eact e goinstie

co- deposi gieeh asove tﬁqmawre(zahdwetd:mnerfgasot dermsity I(nye frefativel ta thiedniat ga ti cl e

reinforcedq 10 stre t heni n a to ost deposition heat

L eat nent denety wiIRREASE o BofeeiRes By baralditl At s Seac8S5icotioR nvent i on

perm t1) t perniieithe Has toofdcedd Rixaked 8oriD valdcibs NDA W Bther Badd, 9o of metal s

selected fromtransition elenments including but. not limted to cobalt,

copper) i figmetef;vapal 'O”Stqftt%?’élmm'aﬁt"&t?%?dPB“%J wetiagegstoantatin the

t her mal - ptasified mﬂglrélbmeﬂ.pr@w abdveSERLRion12)) Omte'rﬁftgé fIBRSHictibn vﬂﬁDOS' tion
heat treatnment at the internmetallic reaction t reshol d converts

transiti opontiBuato gecraase Meglafnerigas drvedqcitiesite tha $Lélsgﬂlhéﬁﬁllh‘@ witege di spersed
within th i Mo f nvention is
not only gpp ﬁlﬂ%@hg]d?gge g %%rﬁnélgﬁéloc@‘ .Phlgll?ggsft ?{a%ﬁé;rlvta?'gﬁor{rret al s, but
may bel juseehdition spegified abbveatGavation () bim@hsamWImetad tdpesed auligtdup conpri si ng

and m x ureeeh AR pEEERdce i BleruRig R SRRl Spp 87 AR Pl R, ) e

a net hod sloves hdegrogertgas @énsdpn'pmm ® mmgamgenmﬁyats rha»umlzrednn betn

metallurg'call al l.oye but co olidated to full 0Si sty
Consol | daleayrresifn Eopbeetdihe EVe) 3t B aXish el tapgreRi el 7 SEckG

nonnet al | nﬂh@@m?’mmmmrtvet@nd mrelt BGebfiorrPatdans gas deﬁg@m frelafiegitorat eri al
properties. For a mxture of thermal-plastic

tl
condi t%%n@@tﬁﬁﬁﬁpﬂﬂwﬁrﬂieﬂ'ﬁwg lﬂﬂp%lﬂdlég@rqpéhmﬂ theert EvatioRPhdhd | an
el ectri CabéMFér%@lH§?er6w3F|éﬂdh éiﬂrhé?ﬁacmﬂtac%mﬁtﬂe@rystaﬁ&{e ﬂm&rﬁaﬁ. that has

atailored electrical resistivity (i cha cm, excellent

cor r osi ontapeEadsautiet é SFQ@W%%‘JWW gsaéwtenamf HPWV%YO intpt B?S gagsivhisadhesi on
Strength RRRAhed of ridtfurvaid|Bnét coeBtfB ROk Fction ERBCHAEARRAPD Tn Fi g.

14 shows an exa a stee strate coated wth

composi t eaanabmgfw atangdbe defiath ofthemozzier rhis-oondision corwhsted withdlde 54  V1' O
12/ 11.8SS chrom um

E)ovvd Z%S §§Pﬁ‘f§) Uﬁgﬁézteér%gigfr@%m u@ﬁ%%ﬁ H'}eM %&gﬁ'ﬁ%@tﬁ Xﬁ@rﬁ%%‘rjt%{%gss of this

i nventi onsec‘ﬁloe uapmatyeﬁruwdwtﬂnepnmmsm drégtfcbme tabcoelgraterthe powder ocess for

spray forpj exs i trlxc osite

ot o1 1 a <Py oag AiRyeL ekt ehplnce R RieBb P B e RN PofF Bompr | si ng

silicon carbide, boron carbide, tungsten carbide, or alum na povvders The
st rengt heni ng ents are cod sited and,s forned as an ure with
o her ot oSt M e s s o5 ROER B P USRS S Bl ans um A
l'i ght 49 CEABEO@Ss 4 FridaGreREL AcWs AUt oR thelipSriet buRet Sdclide 7 1o @ rafoW @bssed net al
matrix conposite materials conprisi ng silicon carbide particles in an

" al um num 8§4tigalaea it t¢ EEdé’ﬁ%\mu?‘ﬁf rPanted gagite theeardsiaas 4sream apdr si on of
the ex-si heoitloREbBRN IRAEAISH, mrﬂeﬁ%& AbX{E thE WdtBh coh gtehabte%%?ﬁﬁ be
achieved wth convéntional casting methods of formng these composite
materials. 15 Thus the apparatus and process of this invention teaches a
spray form ng nethod for consolidatingoretallic and nonnetal lic powders
onto a substrate surface without significant netallurgical, chem cal, or
mechani cal alteration of the substrate material. Not only does the

i nvention provide a neans of consolidating pure netal or alloy powlders into
near - net shape, but the technol ogy al so enables the spray 2 o form ng of
both in-situ and ex-situ particle reinforced netal matrix conposite

mat er| aI S. Appl i catl ons for th| S process i ncI ude dep05| t| on of wear
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55 WO U2l (18SS32 PCT/ USU2/ 12(93 acconplished by co-depositing powder

m xtures in which the concentration of each powder is varied as a function
of coati n@ot(hmgd@mess A conbi nation of functionally formegcg Of/h%g}i onal |y
graded materials is 5 included in the invention. An exanple of this

enbodi nent includes encapsul ation of an inner core of material (e.g.
nmetallic alloy, netallic foam ceramc or conposite) with a nonolithic

| ayer, functionally graded |ayer of materials, functionally formed insitu

conposi t enmlézlﬂcﬁlgﬂﬂy’dlelsy tHadv STk RNoGHidsko GRATRRT 4 SShddhid RddeRparkiifg! fi C
properties of the finished grart or cog%nent 10 The invention also

~includes BhREWERE YIS et 'dRe Hictipprcompensated seric ApzapRanditbe substeaie 42i al s by
control | i pgatdigepaidd 6 fcti {

deposi tion pré(;rgess déLar ge Sﬁﬁ@%gﬁﬁg&n@&m%@ \gﬁ?r c%l%%l I cﬁat ed

. without aMS@ARESture of fine or ultra-fine particles (< 325 nesh) produces

material s wth high 15 porosities. These types of consolidations provide

t he neans for producing porous structures for catalytic reactors, filters,

and matrices for encapsulating or sealing adm xtures of other netallic and

nonmetal lic U owder
deposited as ”?cg{;/gﬂ%al o "g\%)ﬁ%o‘:zglteg uggfri a@g%g éb:ﬁ S%’Ed é%‘%\a 'Qg]uﬁﬂeﬁ g. 16)
can be setalabdade amd dpa!xyumnesmtolghcgasg)rassmedelrmttfrmon rcomipensated fgresi st ant

arer | e RROgE FEREED 3 pridsRS e o4 becB b BonbEbRRANG ( ne

pyr oph@r i p:rocmcdsfltlmstnwentnmrp@h@demcfzzleanylbleallfydrﬁd@le stpea&dhRMoM ofa pyrophoric
flare. i oin a%%r at uses and processes

accor di ng qninrgs%ecfﬂéarbcﬁ gg\éent[hrqarg\?l 8’(?%8?‘ e A" AdditeRthess ng a

t her mal -tmml%fsQTaVQ|I@fgmtwmr6ut@fanﬁ§téﬁ@%§Iésb@tﬁdfﬁi0 PFSIAB chbivdiging the powder
particles entrained in the carrier heat the substrate nmaterial s,

and/ or chR&FIRRANY 1géaf@f “le}ﬂveﬂﬁ‘\‘i\%e&r““ﬁaﬂftq QIcalar SIR$S$ERHEANT ARZZleTedesidl s, were
descr i bedthb'@Je§@ﬂW%és@%u%ﬁs@nfchﬁ'zileé‘Eﬁédﬂ&otehn’éﬂﬁ\u%éé%%églr idrCoftRe - conpensat ed

soni ¢ nozzl e his need not be the case hese sane apparatuses and

proc esléespmﬁrﬂagtﬁ'%& tedvah trerash velpgitiesyitlip dae carrieoganesat identifiedtin they st ens

usi ng co s and supersonic jets such as those
descri be g%?%%é??%ggggfk E%]rﬁ'lgﬁnd section. 56 VWO 02/ 085532

PCT/ US02112193 Al t hough scope of the apparatus and process of this

t h th { I t
preforred embddbertsseiph oLl EhdeREihy Shae ppete 2 Ba bt 1 s
Vari at i onmpalrtdnmyomefb iur;emmsb?wn?m Fighe rE_slcuymmhl fyﬁrlﬁaém{ UISOLgmi_ﬁje msmeests OL g hte
i nventjon_ w ious to those skilled i e art . and jt is _intended to
covertzl n ¥he oérbeﬁiﬂgr )écgrﬂgprﬁswl'gﬁ irﬁ'eraqlPngtai ‘i?ﬁ'é{agmﬂeqeﬂmwm UGk Then
entire dicfMacut eslest ard inclugéer Em&mm@rﬁlllmaéllrbbﬁ)o@é? wﬂbfs,.se%l(ﬂdsy

i.ng application(s are

bl t bov
P by 1 rigBeed e BAe et in h BrRSiass NS RETAORCET ot 15103
Wher ef or ejonéfraint tnditiohs RAetally pfostabd b?Eh@ét%rﬁepﬂ?\%dg‘h@a es\fnll? Jdgpted for

accel eratlng i)ovvder particles entrained in a gas to speeds su Iciently
hi gh to depbistien sempensaies ﬂ%t@t@%@fﬂplﬁbﬂﬂ@ﬂeﬁﬁbﬂinm -@iEcuat ceossur f ace of an

obj ectyg CéEEHBhéie'&Qurés frgré&mn%sm ﬁg@ﬁ&es&gﬁm%'n%cﬁ&&w ﬁbﬁ‘gd.abmzé'oe body

defining a gas channel ) wherein said gas Channel a conver gi ng
secti on cw thgarearetrequiteddp wdtaimexasy gakitionsaior ethpwllandntgaeedrfnmsa{e 10 a

di ver gi nosd A58 154 duibt €l 28hod'd plan exit view of the friction-compensated

sonic nozzle 2 to illuminate the cylindrical symmetry. In contrast, Fig. 3 shows the
tapered outlet 7 with an elliptical contoured cross-section for the friction-
30 compensated sonic nozzle 2.
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a throat section of constant cross-sectional area connecting said

convergi ng section; wherein the powder particles and gas m xture is

recei ved wo obhsssgpnver gi ng section of the gas channel at acijysging ocity
and the gas is accelerated 15 as it passes through the convergi ng section
to a second velocity which is at or below the sonic velocity; and and
wherein the divergence of said diverging tapered outlet section of said gas
channel maintains the gas at a substantially constant velocity equal to

sai d second velhediney 13sfabricdted front matzuigls dflvenstaidtieh sslectedofrom a@raup The

articul ate_depositi Vi according,to claim1l further, conprising a
Pt ng cadoR Rl 16, B6raRfiEe Mo scutiRutet tedkar G rESIISSL, 1 ne
Tl (oot o b o £ e O O o e o tur i ng
< i npact atarl“gwqfq"&?/é Qo%ggrtqagge gypdpe. -‘E{'e '%@é%%hsf@ﬁqﬂgf BoRRsHEitiN on devi ce
accor disngné2leCh@isiNg? tobrevénititatries ga9aabakage thRObh e Bhdirt Mfralceat e the
carrier gas to a sonic or subsonic sgeed, in conbination with

whi ch
subst ant i 419 )OFAA RRYAING B §at ABPIORFAtedhregas 19_tolr ﬁttiaaﬁgqrtngya_tir@\»éa adigh-t hat
mexi m zespleBgurdhidge tOh Righoptetdife PBWHEY feR8E! dLFcheaf% tﬁé‘bB@B?Pﬂfi&iﬁnb Rgitgarrier
he sufficiently hig

gas and accel erates t particles to a spee to deposit
and consofiselased ivd).S. Datenb 0G4 83 Issped tuSapphiorcapd Gabebarticles to a
substantial | y nmaxi num extent possible upon inpingenent with the surface of
the object. 4. The particul ate deposition device according to claim 3,

wher eil® t he 5 Eflesnd output frempbedréatiopzomipeneatedisoniaaopzle 2t camprisingact with t he

f . bj i ; S t.hat,, | i i ith,th
Feduced yiuti e N RGeS SR AHEl DR e RE ARt Lt e, as
wel | as téstaipished batweendhe brioCiattign-coapénsateddonihvoziep@ aht ¢ material, are
wner i -1 #rSeR GrrGeRBicl ShpT HRpIcRaRtansat: TRLEtedr S e BNBESIaF 11 of es
conpr i sesp@aleifg athfodpheric plagab(€gsW.8. Patehs 96 877D @hd UafousddM. L YR, and
gas mxture 6, The particul ate deposition device according to claiml,
wher eilr? tme%lSSt@éW%t'B? °§;§§”§a§“%ﬁ{e Bﬂ@r‘t@r Wi apiteesphaticdassee Fasmm and

chemi cal E@EHDHgNs 06h Plashi3esdishedetop2st NE! £ ppidsees 1@1? ERime fbniZatibRe carrier
gas. 7. The particul ate deposition device according to claim?2, wherein the

heating ulgpding derpiasnd inthe: pisterregd<aieanar Afar this igeentiont dsimixtures of

t hermal -t : : t he
obj ect 1 o goh o pihep oRpEs el e Rendthi Weh fo pRAE Enalca Bl | 0
traver se @nd metastatiesprrierowdin atdosphetio plasmasdeg..df St Rateob$861,.778) The

particyl %?ré%%ﬂ%’élfo!hi Eﬁiﬂ'ﬁéﬁ a%&&.orrﬁiis@%ehﬂor?hﬁi@‘e&he &ifiddlor 2 5 the nozzle
conprises a sacrifticla 0zzl e pi'ece di sposed adjacent an end of the nozzle
faci ng t hadmixturesef dgfemitals tthfhecarrieaigds ¥he chemiatly packthetpowdeopprticlee, a RF

generator_a AT danc tching _network, wherein the RF generator is
coupl ed tW%%“?t?ﬁ%&%%ﬁ”%qec%s%nnetwork and the inpedance matching
network is connected to the object 3 o and the nozzle so as to place the
surface of the_ object at the RE cat hod otential and the nozzle at the RF
anode pot enti :ll'h1e QH%P Wé{}?}tgaggnatenalsel‘hﬁ can be tﬁat candbe coateé) or used for
25 deposition and consolidation surfaces with apparatus and process of the invention
are selected from a group but are not limited to materials consisting of metals,
alloys, low temperature alloys, high temperature alloys, superalloys, metal matrix

composites, nonmetals, ceramics, polymers, and mixtures thereof.

30 The thermal-transfer plasma 11 is generated using a conventional RF
generator 13 coupled through a matching impedance network 14 such that the
substrate 12 is at the RF anode potential 15 and the nozzle is at the RF cathode
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V1-' O 02/085532 PCT/ LI SU2/ 12113 the sacrificial nozzle piece is made of a
material that atom zes in the presence of the thermal-transfer plasm

exi sting webyessst he nozzle and the surface of the object pegaishh/pism zed
sacrificial nozzle piece material becom ng incorporated into the powder
particles and carrier gas effluent. 9. The particul ate deposition device
according to Claim8, wherein the atom zed sacrificial nozzle piece
material reacts with the powder particles in the presence of the

t her mal - tgoé1fiae 6. ptmraaranﬁbméﬁbyera{n& RUdOn 1BG tBWNA thalsuBétr£08Diteatlis
properties, or both e solid-state deposition in conparison to a

. deposi t i Giditiogalioisaddoatiadthe theemaldmnsiesplasma httathehupsigteddei al in the
t her mal - tHARRG QdtcHh @AY ciddhing! SrhB Libdtratd a@eAdr%p@r%b Rt @aﬁnget.%w ding to

claim2) wheréin the heating un| t conprises a pla gener at or ich

. gener at ednat explieithashawninsfigr 1)ps alsadrodadowith thedri lnmwnmatadesom face of

t he obie r carrler

gas 1 ayerEge Pt RetROig o RERAEE ponR™le o B TBL B "B R 8111 e

parti cul dhe Rifeqadisade potental i16e Erecpowkrievel of thedRFrgéneratoet almadjbﬂehwt ing

chantor 1D PR AR AT B UG 6y ERRE oo Rt e wseRear  ng the

gas whi clplasmemitheat s sai d powder particles which are injected into the
heated carrier gas downstream of the chanber. 12. The particul ate
deposi tion device according to claim1l, wherein the gas 2 5 channel has a

circuhgr axi sxsm&rtame@ugmaapmr@qheme@é@ﬁ \Nﬁywmeeﬁmdypéﬁ.cleym particul ate
deposi tion device according to claiml, erein the tapered outl et section

has ci r curansfersgido thgtmpact EFQ?§§5 Wit theoieduetiongnivield steengtmof said pawdeme
parti cul HpidePoand 'sQB‘stfjaQé“@em&Gé‘é'c‘!rti‘rv Wihting t‘ﬁbﬁh &ast*e*b%h&h@n.hgﬁ tapered

outl et section has a cross-sectional” sh ap I S unequa
or t hogondteritrsetd- s@ﬁ%dem}%ltlon\md(mwm@somf G@MGSUQY/&IM&“&E%I?N@

parti cul q]:,gmﬁﬂg%bgh g\é'tnﬁg?%ﬁﬁgm nﬂnég o% Wei]d’s \r'@we&?éh c{]a?m pwder

particles an as’ m X ows out tape out’l ction of
t he nozzl¥ wd;h lo(wrﬂorqsty oo axidaiiounoand:mmametmalrm;ktoamea Reetuctadn ofl i ght | y

et ror fERE aRg kBeRica Yo BudoR 6T i PN Bl e e RlefaE PBERRE: ances and
to reducehe pfdoess céducammin&@l agaeniraihmentef aioard g:é\g?a?@gamw%dipo%gir Ce)|nn

region. 16. The rticul ate de 05|t on_devi ce ng to cl

the 1o issedptRynerEorpiands BEReT i mamnedialat cacheunshels Todk shierd to
reduce i nelatvelpshornvantie daticed! Thé Pprooees alse yiAgs Jid%ﬂﬁh@@ﬁlddep%' tion
region. 17. The gartl cul at e deposition device accor to claim1) wherein

the c6Rv &ogspliatians WER Uptaue fment E-’c&fﬁﬁﬁ@Im'ﬁ%trHCtP@fﬁi%PQrB"télsaf?é’ter rati o of
at | east ffnidg, jdpingBand hﬁ%ud&‘éﬁdaﬁlﬂh@hﬁté’r%ﬁ?@ﬁ Hd EBhtiAGT7GEs ﬁ@d Qké}% to claim

1, further corrprl sing an outer evacuator chanber surroun@g
fricti on-lageses at e ssbstyate 12ydransiating éheolictien-eompensated &(mmb@"rz'aaat rains

and retrijgy t%%éa%@%ﬁﬁé?ﬂﬁéﬁdtélﬁ%t?ate gﬁa%mﬁtw ggnoﬁsaf % outer

evacuator chanber e particu eposition device according to
claim 1, dnecifingthicdnessi sing a powder fluidizing unit attached to the
conve5g|ng section of the nozzle which delivers said powder particles
entrained in said gas. 2 5 20. A process of depositing powder particles
upon a surfac&oofingof thiejlieet 1 bocurs with high flow rates of carrier gas 4 through the

friction-compensated sonic nozzle 2. Additional cooling of the nozzle housing 8 is
provided, if necessary, by flowing water or other coolants through the cooling coil 18.
Finally, an inert gas shield 19 is provided by injecting an inert gas through a plurality
30 of conduits 20 circumferentially distributed in the wall of nozzie housing 8. The inert
gas shield 19 is used to reduce influx of air or other unwanted contamination gases
into the plasma, which can oxidize, or otherwise chemically interact with, the coating
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forma coating or spray-formed structure thereon, said process conpri sing:
i ntroduci ng said powder particles into a carrier gas; accelerating the

carrier ofeotmssdzconstant speed | ess than or equal to thepégmsg%/ﬁg@ﬁd so as
to maintain the carrier gas at a density |evel that substantially 30

maxi m zes the drag force on the powder particles; and directing said gas to
said surface of the object. 61 WO 02/ 085532 PCT/ US02/ 12303 21. The
process of claim 20 wherein the powder particles have a particle size

di stri but{Dsr dirabt the pifinest Bk ploralitsktondaits2@ean paelamtafboukh féde bet ween
the matri x of deposited powder particles, thereby creating a dense coating

. or sprayffﬁ?’ﬂﬁﬁe@k’[‘?@tq‘il"@n gpsoby ustigpths Greréergptial manifela? \iiroendinghe powder

particl esshBawezia nBasihg @l € size distribution that is selected to induce a
void structure between the matri x of deposited powder particles) thereby
. Creating a porous coating or spray-fornmed structure. 10 23. The process of

claim22 furt hF‘?qurSQrBPtB itlﬁ‘&frﬁﬂo@%fzhﬁ@né’iﬁ@@%é %HI@Q usBE 1fahds 1 n the
0S net a

matri x of deposited powder particles wth a al 'tc or nonnetal lic

mat eri al anplicationstof Spranfeimingdoidieg. paftsingloé matarmipusing hewgerqesticle®d ¢l ai m

22 wherei I ' prel el [ - rd ofpri si ng one
of a cat a(?]g/e%:ltb?, m%@ﬁéﬂ%ﬁé@?%ﬁé@% oésrés?)ée‘r %{@??gﬁ}éﬁgﬁe\?ﬁ&%&%ﬂ e porosity
of the nHtichon-cdmpksatsd shiquamtier 2 pad thecsubstrateold ukisg BF Igengmatorsif drabe ar ea

t han a sol| i.Llon of C pal. .2 0 25. The process of claim 20,
ot hor - CBRGPMERARChRSBwa T, RYS gy ifia et TS ot 66 Biocgts o

t enpenat uhe depbsitiort bgildsed faised fillel 28 apEhdwreinFigurecl. €khe faigedilétcde i s hi gh
et c CRPBHES MeAeats or i apadE: etnatanshit Aasal: Foe whSsRE B The
process ab fertedrenAanceheriiaing Bed siemed o¥fthd pRviResFefepbaitdd mb@fiapin t he poi nt
of inpact wth the surface of the object is controlled such that_in

conj unct i Bif RAIHIArIRXaMPR, RRISYRSERLS b4 ISdRpiERCNMRE A8 WO BHPATaLR PiRePS A _
parti cl esand WPthat ARCbiNEB as@SbWiEbint BF shiag fOIRYsY 83hisadfhidipemiyegk, properti es)
of the deposited material are tailored. 30 627 WO U2/ 08sS32

PCT/ U362/ dependgon theighoige 6 pewderrpagticiess asibstiratetRgnatedaisr angl appliete acti on

oA & 8 BBRer A3 ndhitr fAd Sindilifs BN PH s OF riETRGEh BRIRIIGEHGRY O

both, of thé surtace of the ect an rral previous eposited
on t he suwrfhafos spfaytfheniopneterials b8alsThanipg sinaikes ooflissimdlammaidiate by25, furt her

conpri si , I. of introducing a second gas into the powder particle
and carr{@?'ﬂgggﬁ%r#'éigure which reacts with the powder particles) thereby
altering the physical or chem cal properties, or both, of the deposition in

R R A T R (s A
i ntroduciingudes g RFdn@dction o 26 Barrpovdiey theaiozilel ousing sctdrgeneratgas ni xture
or chem cAPTHAGHESIS ST HBERD R SRENSEHC4RETe UG 18] e Tnertt 8o, e
process ohjscdorfigurdionige fidtertdiCofpndeiictipartbl the 8ozAE Bol§iAg 8hridlingg 12 pl asna.
have high electrical resistivity to isolate the RF induction coil 25 and to permit
25 penetration of the RF field into the cavity of the axisymmetric tapered outiet 7. The
RF induction coil 25 is constructed from brass or copper materials to provide high
conductivity for the radio frequency power. Water or other fluids flowing through the
RF induction coil 25 is used to cool the coils and the nozzle housing 8. The RF
generator 13 is connected via the impedance matching network 14 to the RF
30 induction coil 25 with the ground return to the cathode potential 16 terminal of the
impedance matching network 14.  The thermal-transfer plasma 11 is attracted to
the substrate 12 for this configuration by employing a DC bias supply 26 connected
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31. The process of claim30, wherein the plasma is generated within a 2 o
chanber used to heat said gas which then heats said powder particles which
are injeoked2isdse; t he heated carrier gas downstream of theceRagheses 32. The
process of claim 30 wherein the plasma is generated as a direct transfer
pl asma between the friction conpensated nozzle and said surface of an 2 5
object. 33. The process of clains 31 or 32, wherein the powder particles
and the surface are heated and wherein the powder particles have sufficient
speed to gétveeh thd asistratedes @rﬁdmfel rAétafit tibl27 dTaMElR6zAPROISAES edindTRd1IE Surface
upon i npact of the 30 Romg particles upon the surface. 63 VWO 02/ 08SS32
. PCT/ Us02/ Q@iggragian shgwh i} 'eeégs leﬁedcfphﬁﬁfﬁéépfm iaining RE fusinaRimaarals cl es
conpri se @and\,ﬁa@aeﬁm@éé 8 et ke IeRREI-PASRUBABORED rn' tﬁb%rm%ﬁtraw@r process

of claim 34 erein first powder particle materi al rises a first

. nmetal | i c pasmpi1dlestatlishedbetviean Juntietonpeempensateshseni¢ aDZZé,Q) s a second
net al | iCc i.ing or

opr ay- For TRT TRl |2, Fle ralek MEEOEBRvRles e liFars o 6 HETE M Puct ure.
10 37. Th@armf@qéasn@mdd: thensubsiratehie for huitshierntd faytbererﬂwaooerﬂ'va eedingf one of
(i) adif I r (o] I onbi nati on
of pomderglg%ﬁélt'g %@?‘8%'9 d?g@%‘a rh%%rlalr (')l'(l; %5% tﬁ%ﬁ%@%%er ein a
first | ayalasmampraos\ﬁgurahomsmtmmmailgoffoacdatfn‘gjtﬁ mplubaincmses alsetimdlilded powder ,
a second | ayer .co V4 oy filler owde d.a thi ayer
conpri sesa%lx? PB%’”%E]%@?”%QB@% ﬁgt @@égasm%gg%qnﬁﬁ%"é lg\,\ﬁg\]hg{q]n hf?d[)éoati ng or
spr ay-ifoor piasl seppiiCBUs esed t0 atitact tigy aﬁe@b theahagarefergitdstya i Okgp@ structure
wherein th COPC tration of at | east one of the types of powder particles
is variedSY eoggrti on to the other types as a function of thickness. 40.
The process of claim39 wherein the grading is continuous. 25 41. The

process of claim39 wherein the grading is perfornmed in a stepwi se manner.
64 A sacrificial nozzle alternative of the friction-compensated sonic nozzle 2 is
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between the tip of the central electrode 34 and the concentric electrode housing 35.

The central electrode 34 is connected to the RF anode potential 15 of the matching
impedance network 14 connected to RF generator 13. Similarly, the concentric
electrode housing 35 is connected to the RF cathode potential 16 of the matching
impedance network 14 connected to RF generator 13. Reverse polarity in which the
central electrode 34 is connected to the RF cathode potential 16 and the concentric
electrode housing 35 is connected to the RF anode potential 15 is also included in
the operational arrangement of the plasma reaction chamber 28. In this case, the
concentric electrode housing 35 must be electrically isolated for RF voltages and
frequencies. The RF power is electrically isolated for RF voltages and frequencies by
the dielectric plug 36 installed between the central electrode 34 and the concentric
electrode housing 35. The power output of the RF generator 13 is adjusted to
achieve adequate heating of the powder particles 3 entrained in the carrier gas 4.
Alternatively, the central electrode 34 could connect to a conventional AC/DC power
supply equipped with a high-frequency arc starter/stabilizer unit for generating a
thermal plasma 32 or arc in the circumferential passage 33 between the tip of the
central electrode 34 and the concentric electrode housing 35. Typically for 20-
micrometer aluminum particles in helium gas at 100 psig pressure and flow rates of
15 SCFM, an RF power of 500-1000 watts is required to heat the aluminum particles
to a temperature of 400 Kelvin.

Cooling of the central electrode 34 is achieved by flowing a portion of the
carrier gas 4 through tube 37. Optional cooling of the concentric electrode housing
35 is accomplished by flowing cooling fluid (e.g., water) through the circumferential
annular cavity 38 fabricated into the concentric electrode housing 35 via inlet port 39
and outlet port 40.
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supersonic nozzles. Two -phase effluent compnsmg carrier gas 4, excess powder
particles 3, and other ablated substrate 12 material is evacuated from the outer
evacuator chamber 41 and outer coaxial evacuator nozzle 42 and through ports 43
and 44, respectively, using a conventional dust collector. The dust collector (similar
10 to conventional particle precipitating and filter units; U.S. Patent No. 5,035,089
Tillman et al. or U.S. Patent 4,723,378 VanKuiken, Jr. et al.) uses an exhaust
suction blower to evacuate and filter the excess powder particles 3 and ablated

substrate material entrained in the carrier gas 4, air, or other gases.

15 The carrier gas 4, air, other gases may be purified, recompressed, and
recycled for economic purposes using conventional diffusion or cryogenic extraction
methods. The excess powder particles 3 may also be recycled for environmental
and economic purposes.

20 The outer coaxial evacuator nozzle 42 contour is designed to accommodate
the two-phase fluid dynamic recovery of the carrier gas 4, excess powder particles 3,
and ablated substrate 12 material. This particular embodiment of the outer coaxial
evacuator nozzle 42 provides for a gas-bearing channel 45 between the outer
coaxial evacuator nozzle 42 and the substrate 12. The influx of gas through the gas-

25 bearing channel 45 provides a fluid dynamic gas bearing and prevents
environmentally hazardous materials from escaping into the atmosphere. In an
alternative implementation the lip 46 of the outer coaxial evacuator nozzie 42 is
mounted in direct contact with the substrate 12 to form a seal. In addition to the
combination of using an outer evacuator chamber 41 with an outer coaxial evacuator

30 nozzle 42, a piurality of nested outer evacuator chambers 41 may also be used to
provide differential gas-diffusion barriers. This approach maintains the
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Figure 8 shows a powder-fluidizing unit 47 suitable for use with the friction-

5 compensated sonic nozzles 2 of the present invention. Powder fluidizing unit 47
includes a hopper 48, a mixing device 49, an inlet port 50, and an outlet port 51.
Powder fluidizing unit 47 fluidizes and entrains a bulk powder 52 as powder particles
3 within a carrier gas 4. Powder fluidizing unit 47 is capable of creating a
substantially uniform mixture of powder particles 3 and carrier gas 4 and allowing a

10 high concentration of powder particles 3 to be fluidized and entrained within carrier
gas 4.

Hopper 48 is a vessel, container, or conventional hopper designed to hold
bulk powder 52. Hopper 48 includes a lid 53, O-rings 54, bolts 55, and a plug 56.
15 Lid 83 is installed onto hopper 48 and sealed for high-pressure operation with one or
more O-rings 54 by fastening lid 53 with bolts 55. Plug 56 may be used to seal a
drain port in hopper 48 and to allow bulk powder 52 to be drained from hopper 48.

Inlet port 50 introduces carrier gas 4 into hopper 48. Mixing device 49 may be

20 a mechanical or gas fluidizing device that mixes bulk powder 52 and carrier gas 4 in
order to fluidize and entrain powder particles 3 within carrier gas 4. This mixture in
the form of powder particles 3 entrained in carrier gas 4 then exits through outlet port
51, and may be sent to a powder reactor for treatment or to the friction-compensated
sonic nozzle 2 described above. More than one powder-fluidizing unit 47 may be

25 used in parallel feeding a plurality of friction-compensated sonic nozzles 2. Multiple
powder-fluidizing units 47 may also be connected to a manifold connected to a
single friction-compensated sonic nozzle 2 or to muiltiple friction-compensated sonic
nozzles 2. The use of several powder-fluidizing units 47 connected via a manifold to
a single friction-compensated sonic nozzle 2 or to multiple friction-compensated

30 sonic nozzles 2 permits mixing different types of bulk powders 52 or different types
of carrier gases 4.
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4. Agitator 57 is coupled to a motor 58 mounted to lid 53 with brackets 59 and
5 coupled to agitator 57 via a shaft 60. Shaft 60 may rotate in lid 53 using one or
more rotational seals 61 designed for high-pressure operation in an abrasive
environment. Agitator 57 may also be a conveyor chain equipped with buckets that
lift and dump bulk powder 52 into carrier gas 4. The speed of motor 58 connected to
agitator 57 may also be adjusted and controlled to achieve a specific mass loading
10 concentration of powder particles 3 entrained in carrier gas 4 prior to ejection into
outlet port 51. This fluidization process is effective in selecting and entraining a
distribution of powder particle sizes from bulk powder 52 by balancing the buoyancy
and turbulent forces exerted by carrier gas 4 on powder particles 3 against the
gravitational settling force. A conventional mechanical or electrical vibrator (not
15 explicitly shown in Fig. 8} is typically attached externally to the hopper 48 for shaking
the bulk powder 52 to the bottom of the hopper 48 if the vibration of the agitator 57 is
insufficient.

Mixing device 49 may also include one or more fluidizing ports 62 positioned

20 inthe walls of hopper 48 and below the powder level in hopper 48. Each of the
fluidizing ports 62 is arranged along the sidewall of hopper 48 to provide fluidization
of bulk powder 52 as a function of depth. Each of the fluidizing ports 62 may include
sintered metal filters 63 for uniformly injecting carrier gas 4, and for preventing
backflow of bulk powder 52 into fluidizing ports 62. The pressure of carrier gas 4

25 injected into fluidizing ports 62 may be set higher than that of the pressure of carrier
gas 4 injected into inlet port 50 and the flow rate of carrier gas 4 may be adjusted
and controlled to achieve adequate fluidization of bulk powder 52.

Mixing device 49 may also consist of a movable fluidizing port 64 connected
30 tothe end of a tube 65 with a sintered metal filter 63 as shown in Fig. 9. Tube 65
extends through lid 53 with O-ring seals 66 and is connected to a driving mechanism
67 (e.g. linear motor) for changing the height of the movable fluidizing port 64
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EXAMPLE 1

Referring now to Figs. 8 and 9, a bulk powder 52 is placed into hopper 48 of

15 the powder fluidizing unit 47 and the pressure of carrier gas 4 injected into inlet port
50 is regulated to a value in the range of 50 -250 psig. Carrier gas 4 may include
but is not limited to air, argon, carbon tetrafluoride, carbonyl fluoride, helium,
hydrogen, methane, nitrogen, oxygen, silane, steam, sulfur hexaflouride, or mixtures
thereof in various concentrations. Carrier gas 4 is injected into fluidizing ports 62

20 and movable fluidizing port 64 of Fig. 9 and regulated to a higher pressure up to 500
psig. The differential pressure between carrier gas 4 injected into fluidizing ports 62
and carrier gas 4 injected into inlet port 50 is regulated at specific values depending
on the location and depth of each fluidizing port 62 relative to bulk powder 52.
Carrier gas 4 injected into a fluidizing port 62 at the greatest depth in bulk powder 52

25 has the largest differential pressure and is typically 25-100 psig above the inlet port
80 pressure. Similarly, carrier gas 4 injected into a fluidizing port 62 or movable
fluidizing port 64 of Fig. 9 near the top of bulk powder 52 is regulated at a differential
pressure of approximately 0-50 psig above inlet port 50 pressure. Carrier gas 4
injected into fluidizing ports 62 or movable fluidizing port 64 of Fig. 9 may be the

30 same type of carrier gas 4 injected into the process line inlet port 50 or it may be a
different type of gas to achieve a mixture thereof. The powder fluidizing unit 47
described in Fig. 8 is capable of entraining powder particles 3 in carrier gas 4 at
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5 a distribution of powder sizes up to 45 microns in diameter and for various powder

particle 3 densities up to 19 gm/cms. By adding an agitator 57 in the form of a
rotating auger with a speed ranging from 0-200 rpm, bulk powder 52 is lifted and
entrained in carrier gas 4 to achieve increased powder particle 3 concentrations up
to 25% by weight in carrier gas 4. This enables increased deposition rates up to 5

10 Ibm/h for a friction-compensated sonic nozzle 2 with a 0.0625-inch diameter throat.
The deposition rates and required powder feeding rates will scale with the throat
diameter of friction-compensated sonic nozzle 2, requiring corresponding increased
flow rates of carrier gas 4. Flow rates and pressures of carrier gas 4 in combination
with rotation speeds, diameter, and pitch of an auger provide a method for entraining

15 powder particles 3 at specific concentrations in the high-pressure carrier gas 4; and
subsequently injecting into high pressure outlet port 51. Deposition rates in excess
of 5 Ibm/h have been obtained using the powder fluidizing unit 47 described in Fig. 9
where the movable fluidizing port 64 is maintained at a depth of 3-cm below the level
of the bulk powder 52 in the hopper 48 by driving mechanism 67. Thus, powder

20 fluidizing units 47 described in Figs. 8 & 9 overcomes the feeding uniformity
limitations of gravity-fed or gear-metering powder feeders with respect to injection of
nanoscale, ultra-fine, or fine powders into a high pressure process line at slow fluid
velocities (< 50 m/s).

25 Figure 10 shows a powder reactor 68 suitable for use with the apparatus and
process described in this invention for depositing and consolidating powder particles
3 onto substrates 12. Powder reactor 68 includes a cavity 69, a treatment device
70, aninlet port 71, and an outlet port 72. Powder reactor 68 permits the mixing and
treating of powder particles 3 injected into cavity 69 by either a conventional powder

30 feeder modified for high-pressure operation or by the powder fiuidizing unit 47
shown in Figs 8 and 9. One or more conventional powder feeders or the powder
fluidizing unit 47 may be used to inject various types of powder particles 3 into inlet
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port 71. Powder particles 3 are mixed and treated within powder cavity 69. This

mixing and treatment may be facilitated by treatment device 70. One or more outlet

ports 72 may be connected to a plurality of friction-compensated sonic nozzles 2 of

this invention or connected to other applications requiring mixing and treating of bulk
S5 powders 52.

Lid 53, O-ring 54, bolts 55, and a plug 56 close cavity 69. Plug 56 may be
used to seal a drain port in cavity 69 and to allow any bulk powder 52 to be drained
from cavity 69.

10

inlet port 71 introduces powder particles 3 entrained in carrier gas 4 into
cavity 69. Treatment device 70 effects or facilitates a treatment of bulk powder 52
entrained as powder particles 3 within carrier gas 4. This treated mixture of powder
particles 3 in carrier gas 4 exits through outlet port 72 and is delivered to friction-

15 compensated sonic nozzles 2. More than one powder reactor 68 may be used in
parallel feeding a plurality of friction-compensated sonic nozzles 2.

The mixing and powder treatments permitted by the powder reactor 68

depend on the specific requirements for treating the powder particles 3 entrained in

20 carrier gas 4. One embodiment simply uses cavity 69 to classify said powder
particles 3 by size and weight in the buoyant and turbulent carrier gas 4 with any
excess powder particles 3 retrieved in the bottom of cavity 69. The placement of
inlet port 71 and outlet port 72 is designed to sample the turbulent mixture at
different spatiat locations in order to modify the powder mass flow concentration or

25 the fluidizing and mixing conditions of projectile particles 3 injected into powder
reactor 68.

Treatment device 70 may include one or more fluidizing ports 62 positioned in
various locations along the walls of cavity 69. Each of the fluidizing ports 62 may
30 include a sintered metal filter 63 for uniformly injecting said carrier gas 4, and for
preventing backflow of the powder particles 3 into fluidizing ports 62. These
fluidizing ports 62 allow gases to be injected into cavity 69. These gases may be
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different types of gases through fluidizing ports 62 into cavity 69 to affect the
properties of powder particles 3 entrained in carrier gas 4. These gases include but

5 are not limited air, argon, carbon tetrafluoride, carbonyl fluoride, helium, hydrogen,

methane, nitrogen, oxygen, silane, steam, sulfur hexaflouride, or mixtures thereof in
various concentrations. Inert or reactive gases may ailso be used to affect the
properties of the powder particles 3 entrained in carrier gas 4. For example, to
remove an oxide film from the surface of projectile particles 2, the gas treatment

10 may consist of injecting hydrogen at an elevated temperature to react chemically
with the oxide layer material. This reaction removes oxygen as a contamination

from powder particles 2.

Treatment device 70 may be a set of baffles 73 positioned within cavity 69 for

15 mixing and treating powder particles 3 entrained in carrier gas 4. Baffles 73 may
have different geometrical shapes designed to enhance the mixing and treatment
feature of powder reactor 68. For example, Fig. 10 show baffles 73, which are
arranged as concentric hemi-cylindrical shells. Baffles 73 may be inert elements
used strictly for the purpose of modifying mixing and mass flow concentrations of the

20 powder particles 3 entrained in carrier gas 4. Baffles 73 may be also be electrically
active for enhancing the triboelectric charging of powder particles 3 prior to ejection
into outlet port 72. In this case, baffles 73 are connected to a feedthrough electrode
74. Electrical power sources capable of delivering voltages up to the dielectric
breakdown voltage of the carrier gas 4 with entrained powder particles 3 may be

25 used to enhance the triboelectric charging of powder particles 3 through charge
induction. This voltage may range anywhere from 50 to 50,000 volts.

Treatment device 70 may also be a sieve or filter positioned within cavity 69
for screening powder particles 3 entrained in carrier gas 4. This design enables
30 classification of powder particles 3 into a specific particle size distribution prior to
ejection into outlet 72. For example, a 325-mesh sieve may be installed in the form
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of a single element within cavity 69 to screen powder particles 3 down to sizes below
45 micrometers before ejection into outlet port 72.

Treatment device 70 may also be an induction coil positioned within cavity 69
of powder reactor 68. The induction coil is connected via feedthrough electrodes 74
to a radio-frequency voltage source for inductively heating powder particles 3
entrained in carrier gas 4 prior to ejection through outlet 72. This voltage source
may be capable of delivering from 0.5 to 1,000 kW of power.

Treatment device 70 may consists of sets of radiator panels that are heated
by electrical resistive coils attach to the radiator panels and powered through
electrodes 74. For example, treatment device 70 in the form of electrical resistive
coils may be used to heat a mixture of carrier gas 4 and powder particles 3 up to an
elevated temperature while flowing through a cavity 69 having a cylindrical shape.
This particular configuration requires up to 5 kW of electrical power to heat a
nitrogen or helium carrier gas flowing at 10-25 Ibm/h with entrained aluminum
powder particles at a concentration of 5% by weight. The helium carrier gas is
regulated to a pressure of 200 psig.

The electrical resistive coils, described above, may be replaced by a coolant
line interfaced into the cavity 69 in lieu of the electrodes 74 with a feedthrough
coolant line that is used to flow a refrigerant liquid such as Freon through
conventional coils attached to treatment device 70 configured as a radiator.

Powder reactor 68 may also be configured to permit the coating of powder
particles 3 entrained in carrier gas 4 with a second material prior to ejection into
outlet port 71. Methods of coating include evaporation, physical vapor deposition,
chemical vapor deposition, or sputtering of a second material via a resistive heater,
an arc, a plasma, or laser ablation of the second material in the presence of the
turbulent mixture consisting of powder particles 3 entrained in carrier gas 4. Powder
particles 3 are coated by using a treatment device 70 with the appropriate physical
or chemical apparatus for generating a vapor or molecular states of the second
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material to be deposited on the surface of projectile particles 3 entrained in carrier
gas 4 during passage through powder reactor 67.

Figure 11 shows an embodiment of powder reactor 68 that uses a tubular
cavity 69 design to implement the mixing and treatment features of powder reactor
68. Powder reactor 68 includes a tubular cavity 69, a treatment device 70, an inlet
port 71, and an outlet port 72. This configuration is designed to convey powder
particles 3 entrained in carrier gas 4 through tubular cavity 69 while modifying the
properties of powder particles 3 through physical interactions, chemical reactions, or
nuclear reactions. The length of tubular cavity 69 may be selected to permit the
reactions to proceed to the desired extent during passage of powder particles 3
entrained in carrier gas 4 through tubular cavity 69.

Treatment device 70 may include a heating or cooling device coupled to
tubular cavity 69. Such a heating or cooling device may take the form of an outer
jacket 75 positioned in a concentric fashion around tubular cavity 69. Outer jacket
75 includes electrodes 74 or coolant line feedthroughs, which are capable of heating
or cooling a thermally or electrically conductive media located in the space between
the outer jacket 75 and tubular cavity 69.

This feature provides the means of heating or cooling powder particles 3
entrained in carrier gas 4 by conduction, convection, and radiation of heat from the
sidewalls of tubular cavity 69 prior to ejection through outlet port 71. Resistive
heater coils may be connected to electrodes 74 and installed in a thermally
conductive, but electrically insulating media between outer jacket 75 and tubular
cavity 69. Alternatively, via conventional coolant line feedthroughs in lieu of
electrodes 74, liquids or gases (e.g., steam, oil, or freon refrigerant) may be
circulated between outer jacket 75 and tubular cavity 69. Again, heating or cooling
of powder particles 3 entrained carrier gas 4 occurs by heat exchange (conduction,
convection, and radiation) between the sidewalls of tubular cavity 69 and powder
particles 3 entrained in carrier gas 4 prior to ejection through outlet port 72.
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The heating or cooling treatment of powder particles 3 entrained in carrier gas

4 is used to modify the physical properties of powder particles 3. The heating or
cooling treatment may aiso be used to promote chemical reactions between carrier
gas 4 and powder particles 3, thereby modifying the chemical properties of projectile

5 particles 3. in addition, by cooling the mixture of projectile particles 3 entrained in
carrier gas 4, the treatment process permits the removal of contamination products.
For example, high temperature hydrogen may be used as a reducing agent to
remove the oxide layer from powder particles 3 and produce steam. This steam is
removed from carrier gas 4 by cooling the gas and entrained powder particies 3

10 below the condensation temperature for water vapor.

Treatment device 70 may also include one or more fluidizing ports 62 coupled
to tubular cavity 69. Additional or different carrier gases 4 may be injected into these
fluidizing ports 62 at higher pressures than carrier gas 4 that is injected into inlet port

15 71 of tubular cavity 69. Fluidizing ports 62 can also be used to repetitively exchange
carrier gas 4 from one type of gas to another type of gas at various stages along the
flow path of tubular cavity 69. Each of the fluidizing ports 62 may include a sintered
metal filter 63 for uniformly injecting carrier gas 4 and for preventing backflow of
powder particles 3 into fluidizing ports 62. Each of the fluidizing ports 62 is arranged

20 along the walls of tubular cavity 69 at various stages required to implement the
required physical or chemical reaction kinetics.

Powder reactor 68 with tubular cavity 69 can be configured to permit powder
particles 3 entrained in carrier gas 4 to be conveyed to a remote powder reactor
25 such as a nuclear reactor. This permits powder particies 3 entrained in carrier gas 4
to be activated by neutron reactions prior to ejection into outlet port 72. This process
may be used to coat or spray-form radioactive materials or other isotopes of the
powder particles 3.

30 A plurality of powder reactors 68 may be connected in series to achieve a
desired sequence of processes. For example, one powder reactor 68 using tubular
cavity 69 could be used as a hydride reactor feeding into a second powder reactor
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68 with tubular cavity 69 that functions as a dehydride reactor. In this configuration,
the first powder reactor 68 converts powder particles 3 in the form of a metal into a
metal hydride, while the second powder reactor 68 reverts powder particles 3 in the
form of a metal hydride back to an oxygen free metal. In addition, a plurality of
powder reactors 68 connected in series may be used to repetitively heat and cool
powder particles 3 entrained in carrier gas 4. This process may be used to break
down friable powder particles 3 in the form of metal hydrides, such as titanium and
uranium hydride, into powder particles 3 with submicron and nanoscale dimensions.
In detail, the mixing and treatment feature of powder reactor 68 includes a chemical
reactor for chemically modifying the chemical properties of powder particles 3
entrained in carrier gas 4 prior to ejection into outlet port 71. In addition to
reciprocally heating or cooling, each powder reactor 68 can be also be used to
expose the powder particles 3 to different types of carrier gases 4.

For example, the spraying of oxygen-free titanium powder can be
accomplished by first converting powder particles 3 in the form of titanium metal to
titanium hydride by exposing powder particles 3 to carrier gas 4 in the form of
hydrogen at a temperature of approximately 750 K. At this temperature, the
treatment also removes the metal oxide from the titanium powder particles 3 by
reacting the hydrogen carrier gas 4 with the oxide layer to produce steam. By
reciprocally heating and cooling the titanium-hydride powder particles 3 between 300
K and 750 K using hydrogen as carrier gas 4, this latter process can be used to
break down friable powder particles 3, such as titanium hydride, into finer or
nanoscale powder particles 3. A final stage powder reactor 68 may be used to inject
an inert carrier gas 4 such as helium at a temperature in excess of 820 K. This
process reverts the titanium hydride powder particles 3 entrained in carrier gas 4
back to oxygen-free titanium metal prior to ejection into outlet port 72.

The chemical reaction kinetics determines the duration for the passage of
powder particles 3 through each of the powder reactors 68 at a particular
temperature and partial pressure of the gaseous reaction products. This determines
the specific length of tubular cavity 69 required for implementing a particular
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h& () - pp}(c\:oﬁ&ntratlon of 5% by weight) to a 700-1000 K temperature. The powder reactors
68 permit production of oxygen free titanium powder particles 3 (< 45 micrometers
diameter) through the hydride and dehydride process described above. Coating
10 deposition and spray forming of the oxygen free titanium projectile particles was
accomplished using the coating or ablation applicator described above with helium
as the carrier gas and projectile particles in the form of titanium hydride.

Referring now to Fig. 12, the application and process of the invention
15 provides a method for depositing a multi-layer coating 76 to the surface of a core
aluminum alloy substrate 12 comprising multiple monolithic layers; a corrosion
protective or diffusion limiting undercoat 77, a braze filler coating 78, and a flux
coating 79. This method uses the unique apparatus and process of the present
invention to control the consolidation physical state of the various layers of the multi-
20 layer coating 76.

Zinc is frequently used as corrosion protective undercoat 77 (other metal
powders include but are not limited to aluminum, copper, manganese, tin, or
titanium) and is applied to core aluminum alloy substrate 12 at a nominal thickness

25 of 1-10 micrometers using the applicator and process of this invention. A single
nozzle or plurality of friction-compensated sonic nozzles (2 of Fig. 1-3) is translated
in a raster fashion to permit contiguous coating of sheet substrate 12 or a specific
region of a core aluminum alloy part. The second layer of the multi-layer coating 76
is a braze filler coating 78 (e.g., 4343, 4044, 4045, 4145, or 4047 aluminum silicon

30 alloys) and is applied to a thickness of 10-1000 micrometers as metallic powder to
the corrosion protective undercoat 77 using a single or plurality of nozzles (2 of Fig.
1-3). Finally a flux coating 79 (1-5 micrometers thick) of nickel or cobalt flux powder
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5 Note the braze filler (e.g., 4043, 4044, 4045, 4145, or 4047 aluminum-silicon
alloys) could be conventionally bonded or cladded to the sheet stock or component
of a core aluminum-alloy base material, in which case only the flux coating 79 (e.g.,
nickel or cobalt flux powder) is applied to the surface of the cladded sheet stock
using a single nozzle or plurality of friction-compensated sonic nozzles (2 of Fig. 1-3)
10 described in the apparatus and process of this invention.

Using conventional brazing methods [Aluminum Brazing Handbook, The

Aluminum Association, 900 19" Street, N.W., Washington, DC. 4" Edition 1998], a
mating piece of similar or different aluminum-alloy core material is then placed in

15 intimate contact with the multi-layer coating 76 and the temperature raised within an
inert gas or vacuum furnace to complete the brazing process. At a temperature of
840 K the nickel or cobalt flux coating 78 reacts with the braze filler coating 77 or the
braze coating of a cladded aluminum alloy sheet stock to form a eutectic layer that
permits bonding of the two aluminum alloy parts. Typically most aluminum brazing

20 is performed at temperatures between 844 K and 894 K for aluminum-silicon braze
fillers like 4343, 4044, 4045, 4145, or 4047 alloys. Thus, the nickel or cobalt flux
coating 78 promotes bonding of the braze filler coating 77 at a temperature that is
slightly below the conventional brazing temperatures. This allows a larger
temperature margin in braze manufacturing without the risk of melting the structural

25 core material.

As an alternative to metallic flux coatings 79, potassium fluoro-aluminate salts
in the form of fine particles may be applied to the braze filler coating 78 using a
single nozzle or plurality nozzles (2 of Fig. 1-3) as described in the apparatus and
30 process of this invention. In this case, the flux coating 79 is applied only to the
thickness required to fill the semi-porous surface structure of the braze filler coating
78. For cladded sheet materials, it may be necessary to conventionally abrade the
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applled o a core alumlnu alloy substrate 12 by co-deposition of a mixture of
5 potassium fluoro-aluminate sait powder with a braze-alloy powder (e.g., 4343, 4044,
4045, 4145, or 4047 alloys) using a singie friction-compensated sonic nozzle or
plurality nozzles (2 of Fig. 1-3) described in the apparatus and process of this
invention. In this case, flux powder (potassium fluoro-aluminate salt) is heated
during transit through the thermal-transfer plasma 11 for adherence to the metallic
10 braze-alloy powder and embedded into the substrate 12 surface by the collision
impact process associated with plastic deformation of the powder particles 3. The
plasma reaction chamber 28 of Fig. 6 provides the most innovative means of co-
depositing a mixture of potassium fluoro-aluminate salt powder with a braze-alioy
powder. The admixture of potassium fluoro-aluminate salt powder is injected
15 downstream from the reaction chamber 28 through port 30 into braze powder
particles 3 entrained in the hot carrier gas 4. The co-deposition process allows the
braze filler coating 78 and flux coating 79 to be simultaneously applied to the
substrate 12 surface as a composite coating with a metallic powder that is
compatible with the braze alloy and does not effect the performance of the
20 subsequent brazing. The recommended brazing temperature using the potassium
fluoro-aluminate salt flux depends on the melting temperature of the braze filler, but
typically for the 4047 alloy the temperature is 855 to 877 K.

EXAMPLE 2
25
Thermal performance of multi-layer coatings 76 applied with the applicator
and process of this invention were tested by brazing core aluminum alloy substrates
and metallurgically evaiuated to determine the porosity of the joint and to examine
the substrate 12 adhesion. The thermal performance was assessed by measuring
30 the thermal diffusivity of a typical braze joint.
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potassium fluoro-aluminate salt powder was heated and embedded into the semi-

5 porous structure of the 4047-alloy braze filler coating 78 using the applicator and
process described in this invention. This multi-layer coating 76 was tested by
fabricating a braze joint. The joint exhibits low porosity in combination with the
excellent metallurgical bonding to ensure good thermal transfer characteristics for
the heat exchanger applications. Qualitative mechanical peel tests were conducted

10 to assess the mechanical integrity of the braze joint and the results were comparable
to brazed joint formed with cladded material. Thermal performance testing of brazes
produced with multi-layer coatings 76 deposited using the applicator and process
referenced herein were assessed by measuring the thermal diffusivity for a fixed
joint configuration. These results gave comparable thermal diffusivities between a

15 brazed joint formed with cladded material and a braze joint formed with a multi-layer
coating 76. Both results were consistent (within + 5%) with a thermal diffusivity of
0.97 cm?s™ for aluminum.

Additional performance tests of muiti-layer coatings 76 were evaluated by
20 applying a flux coating 79 of thermal-plastic conditioned nickel powder to the surface
of a 3000 series alloy that had been conventionally cladded with a 4047 eutectic
braze alloy. The nickel flux coating 79 was deposited using the applicator and
process of this invention to a thickness of 8-10 micrometers as typically shown
below. A braze joint was formed at a temperature of 840 K in a tube furnace using a
25 helium gas purge. Qualitative mechanical peel tests were conducted on the joint
and found to be excellent. Thus, the nickel flux coating 79 permits brazing of the
3000 series alloy material at temperature that is 13 K cooler than the typical brazing
temperature of the 4047 braze filler using potassium fluoro-aluminate salt, as
depicted in Figure 13.
30
The apparatus and process of this invention also permits depositions of
functionally graded materials in which the properties (e.g., thermal expansion,
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accomplished by co-depositing powder mixtures in which the concentration of
5 admixtures is varied as a function of coating thickness. For example, the co-
deposition of molybdenum powder with admixtures of copper powder can be used to
tailor the thermal expansion properties of the deposition from 4.8 - 10°® K™ for pure
molybdenum to 16.6 - 10° K™ for pure copper. The thermal expansion coefficient of
the deposition is proportional to the concentration of the copper admixture powder in

10 the molybdenum powder as a function of thickness.
EXAMPLE 3

Referring again to Fig.4 and 5, the application and process of the invention
15 provides a method for spray forming materials onto a substrate 12 or for spray
forming a raised fillet 22 between two separate pieces 23 and 24 that are joined by
fusing materials. Thus, depending on the choice of powder particles 3, substrate 12
materials, and applied RF generator 13 power the apparatus and process of this
invention can be used not only for spray forming of materials, but also joining similar
20 ordissimilar materials by fusion.

The friction-compensated sonic nozzle 2 (referring to Figures 4, 5, and 6) may

also be used to spray-form metals and metal-matrix composites into near-net shape.
The near-net shape is enabled by robotic control of friction-compensated sonic

25 nozzle 2 such that various geometrical shapes are spray-formed onto substrate 12
with each pass. Build-up is controlled by the dwell time over specific locations.
Dwell times can range from a few milliseconds to times as long as minutes
depending on the near-net shape structure being fabricated. Millisecond dwell times
may be used to produce thin coatings with uniform buildup using multiple passes.

30 Longer dwell times on the order of seconds to minutes may be used to build up a
spire or column deposition or to fill in a hole in substrate 12.
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109B&' () - faBfiEsRioh)prod3¥®8ing)the coHAtfRR ab)ation applicator of this invention. In
ablation applications, the applicator under robotic manipulation with variation in dwell
5 times may be used to remove or ablate materials from substrate 12 so as to cut a
near-net-shape pattern. A mask placed over substrate 12 may also used to perform
other variations of near-net-shape manufacturing. Friction-compensated sonic
nozzle 2 may be robotically positioned to dwell for prescribed periods of time
necessary to coat or spray form a near-net-shape feature through the mask. The
10 mask should be constructed from a material that precludes buildup of powder
particles 3 onto the mask. Likewise, dwelling for a prescribed period of time at a
hole in the mask may use the mask to fabricate near-net-shape indentations into
substrate 12.

15 By simultaneously using a plurality of friction-compensated sonic nozzles 2 it
is possible to have multiple friction-compensated sonic nozzles 2 simultaneously
spray forming over the same substrate 12 location to enhance the buildup rate or
modify the near-net shape of the deposition. Orthogonal friction-compensated sonic
nozzles 2 housed within an outer evacuator chamber 41 is one example of an

20 application using a plurality of friction-compensated sonic nozzles 2 to fabricate
nose-cone shaped components.

Spraying of nanoscale, nanophase, and amphorous powders mixed with
other micron size powders permits nanoscale and nanophase materials to be added
25 as an ex-situ strengthening agent to a spray-formed metal matrix composite or to a
coating. Spraying of nanoscale, nanophase or amphorous powders independently
(i.e., without micron size powder mixtures) is also permitted by the coating and
ablation applicator of this invention.

30 The properties of the spray formed materials are controlled by simultaneously
coupling the kinetic energy of the particle transferred to the impact process with the
thermal-plastic conditioned powder particles 3 and substrate 12 material to control
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the powder particl 3 and substrat 12 materlal IS frequently requn d in spray

forming substrate 12 materials to near-net shape or for spray forming a raised fillet

22 between two separate pieces 23 and 24 that are joined by fusing materials.

Spray forming of in-situ or ex-situ particle reinforced metal matrix composites
is enabled by the apparatus and process of this invention using powder mixtures that
functionally form unique strengthening phases. In-situ metal matrix composites are
co-deposited as a mixture and then functionally formed into a particle reinforced

10 strengthening phase after exposure to a post deposition heat treatment. The
application of the apparatus and process of the invention permits the combinations
of metals such as aluminum and a group of metals selected from transition elements
including but not limited to cobalt, copper, iron, nickel, titanium, or silver to be
sprayed formed in the thermal-plastic conditioned metallic state. An optional post-

15 deposition heat treatment at the intermetallic reaction threshold converts the
transition metal to an in-situ intermetaliic-strengthening phase dispersed within the
aluminum matrix material. This application of the invention is not only applicable to
aluminum and admixtures of transition metals, but may be used for any combination
of powders selected from a group comprising metallic materials, metallic alloy

20 materials, nonmetallic materials, and mixtures thereof.

The apparatus and process of this invention includes a method for co-
deposition of composite coatings that have not been metallurgically alloyed, but
consolidated to full composite density. Consolidation of such metallic powders with

25 other metallic or nonmetallic powders permit tailoring of coatings or spray formed
material properties. For example, by co-depositing a mixture of thermal-plastic
conditioned aluminum and chromium powders (equal parts by weight), an electrically
conductive strip can be applied to a steel substrate that has a tailored electrical
resistivity (i.e., typically 72 pQ-cm), excellent corrosion resistance (20 years in sait

30 spray at 70 °F) and an adhesion strength superior to that of pure aluminum on steel.
The micrograph in Fig. 14 shows an example of a stee! substrate coated with a
metal matrix composite formed by co-deposition of thermal-plastic conditioned
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The apparatus and process of this also permits a process for spray forming
ex-situ particle reinforced metal matrix composite materials by using strengthening
agents select from a group comprising silicon carbide, boron carbide, tungsten
carbide, or alumina powders. The strengthening agents are co-deposited and spray
formed as an admixture with a thermal-plastic conditioned matrix powder such as
aluminum or titanium. A light microscope cross-section of an ex-situ particle
reinforced metal matrix composite materials comprising silicon carbide particles in
an aluminum alloy matrix is shown in Fig. 15. Note the excellent dispersion of the
ex-situ strengthen agents within the aluminum matrix that cannot be achieved with
conventional casting methods of forming these composite materials.

Thus the apparatus and process of this invention teaches a spray forming
method for consolidating metallic and nonmetallic powders onto a substrate surface
without significant metallurgical, chemical, or mechanical alteration of the substrate
material. Not only does the invention provide a means of consolidating pure metal
or alloy powders into near-net shape, but the technology also enables the spray
forming of both in-situ and ex-situ particle reinforced metal matrix composite
materials. Applications for this process include deposition of wear resistant layers
onto friction surfaces such as aluminum cast brake rotors, deposition of wear
resistant layers onto aluminum sheet stock, and deposition of metallic and
nonmetallic layers onto aluminum sheet stock for machining and polishing.

EXAMPLE 4

Finally, the apparatus and process of this invention also includes
consolidation of functionally graded materials in which the properties of the
deposition (e.g. thermal expansion, thermal conductivity, strength, ductility, corrosion
resistance, color, etc.) are functionally graded in discrete or step-wise layers as well
as continuously graded. Continuous grading of functionally graded materials is
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The invention also includes the consolidation of porous coatings or spray
formed materials by controlling the particle-size distribution of the powder during the
deposition process. Large powder particles (> 325 mesh) consolidated without an
admixture of fine or ultra-fine particles (< 325 mesh) produces materials with high
15 porosities. These types of consolidations provide the means for producing porous
structures for catalytic reactors, filters, and matrices for encapsulating or sealing
admixtures of other metallic and nonmetallic materials. For example, a porous
matrix of titanium powder deposited as a coating on a substrate surface, such as
depicted in Fig. 16, can be sealed with epoxy for providing an excellent corrosion
20 resistant coating on reactive metal surfaces. In another example, pyrophoric
materials can be injected into a metallic matrix for controlling the pyrophoric
reactivity, temperature, and spectral emission of a pyrophoric flare.

It is noted that while the foregoing apparatuses and processes according to

25 the present invention for generating and employing a thermal-transfer plasma or
high-pressure thermal plasma to heat the powder particles entrained in the carrier
gas, heat the substrate materials, and/or chemically react the powder particles and
substrate materials, were described in connection with their use with the unique
friction-compensated sonic nozzle, this need not be the case. These same

30 apparatuses and processes can also be advantageously employed in combination
with systems using conventional supersonic nozzles and supersonic jets such as
those described previously in the Background section.
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art and it is intended to cover in the appended claims all such modifications and
equivalence. Then entire disclosures of all references, applications, patents, and
publications cited above, and of the corresponding application(s), are hereby
incorporated by reference.
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Wherefore, what is claimed is:

1. A particulate deposition device adapted for accelerating powder
particles entrained in a gas to speeds sufficiently high to deposit and consolidate
5 said powder particles on a surface of an object, comprising a friction-compensated
nozzle comprising a nozzle body defining a gas channel, wherein said gas channel
comprises.
a converging section configured to receive the powder particles and
gas mixture;
10 a diverging tapered outlet section, and
a throat section of constant cross-sectional area connecting said
converging section,
wherein the powder particles and gas mixture is received in the
converging section of the gas channel at a first velocity and the gas is accelerated
15 as it passes through the converging section to a second velocity which is at or below
the sonic velocity; and
and wherein the divergence of said diverging tapered outlet section of
said gas channel maintains the gas at a substantially constant velocity equal to said
second velocity as it flows through the outlet section.
20
2. The particulate deposition device according to claim 1, further
comprising a heating unit which heats the powder particles to a temperature below
the melting point of the particles, but which is high enough to reduce the yield
strength of the particles so as to permit plastic deformation during impact at low flow
25 stress levels.

3. The particulate deposition device according to claim 2, wherein the
nozzle is configured to accelerate the carrier gas to a sonic or subsonic speed,
which in combination with substantially maintaining the carrier gas at a density level

30 that maximizes the drag force on the powder particles entrained in the carrier gas
and accelerates the particles to a speed sufficiently high to deposit and consolidate
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the particles to a substantially maximum extent possible upon impingement with the

surface of the object.

4. The particulate deposition device according to claim 3, wherein the
5 speed of the powder particles at the point of impact with the surface of the object is
controlied such that in conjunction with the reduced yield strength induced by
heating the particles, the structure, as well as the physical and chemical properties
of the deposited material, are tailored.

10 5. The particulate deposition device according to claim 4, wherein the
action of controlling the impact speed of the powder particles comprises selecting
the inlet pressure of the carrier gas, gas type, and gas mixture.

6. The particulate deposition device according to claim 1, wherein the
15 carrier gas is an inert gas which reduces oxidation and chemical combustion of the
powder particles while entrained in the carrier gas.

7. The particulate deposition device according to claim 2, wherein the
heating unit comprises a plasma generator which generates a thermal-transfer
20 plasma between the nozzle and the surface of the object through which the powder
particles entrained in the carrier gas traverse prior to being deposited on the surface
of the object.

8. The particulate deposition device according to claim 7, wherein:
25 the nozzle comprises a sacrificial nozzle piece disposed adjacent an
end of the nozzle facing the surface of the object; and
the plasma generator comprises, a RF generator and an impedance
matching network, wherein the RF generator is coupled through the impedance
matching network and the impedance matching network is connected to the object
30 and the nozzle so as to place the surface of the object at the RF cathode potential
and the nozzle at the RF anode potential; and wherein,
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of the object, said atomized sacrificial nozzle piece material becoming incorporated
into the powder particles and carrier gas effluent.

9. The particulate deposition device according to Claim 8, wherein the
atomized sacrificial nozzle piece material reacts with the powder particles in the
presence of the thermal-transfer plasma, thereby altering the physical or chemical
properties, or both, of the solid-state deposition in comparison to a deposition

10 formed without the addition of the atomized material in the thermal-transfer plasma.

10.  The particulate deposition device according to claim 2, wherein the
heating unit comprises a plasma generator which generates a thermal-transfer
plasma between the nozzle and the surface of the object through which the powder

15 particles entrained in the carrier gas traverse prior to being deposited on the surface
of the object.

11.  The particulate deposition device according to claim 2, wherein the
heating unit comprises a plasma generator which generates a thermal plasmain a
20 chamber through which said carrier gas passes through thereby heating the gas
which then heats said powder particles which are injected into the heated carrier gas
downstream of the chamber.

12.  The particulate deposition device according to claim 1, wherein the gas
25 channel has a circular axisymmetric cross-section along its length.

13.  The particulate deposition device according to claim 1, wherein the
tapered outlet section has circular axisymmetric cross section along its length.

30 14,  The particulate deposition device according to claim 1, wherein the
tapered outlet section has a cross-sectional shape which is unequal in two
orthogonal directions.
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16.  The particulate deposition device according to claim 1, wherein the
10 nozzle body is further configured to provide an inert gas shield to reduce influx of
unwanted gas into the nozzle gas stream and deposition region.

17.  The particulate deposition device according to claim 1, wherein the
converging section of the gas channel has a length to diameter ratio of at least 10:1.
15
18.  The particulate deposition device according to claim 1, further
comprising an outer evacuator chamber surrounding the friction-compensated
nozzle, wherein the outer evacuator chamber entrains and retrieve excess powder
particles and gas out through said outer evacuator chamber.
20
19.  The particulate deposition device according to claim 1, further
comprising a powder fluidizing unit attached to the converging section of the nozzle
which delivers said powder particles entrained in said gas.

25 20. A process of depositing powder particles upon a surface of an object to
form a coating or spray-formed structure thereon, said process comprising.
introducing said powder particles into a carrier gas;
accelerating the carrier gas to a constant speed less than or equal to
the sonic speed so as to maintain the carrier gas at a density level that substantially
30 maximizes the drag force on the powder particles; and
directing said gas to said surface of the object.
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22, The process of claim 20 wherein the powder particles have a particle
size distribution that is selected to induce a void structure between the matrix of
deposited powder particles, thereby creating a porous coating or spray-formed
structure.

10

23.  The process of claim 22 further comprising an action of backfilling the
voids in the matrix of deposited powder particles with a metallic or nonmetallic
material different from the powder particles.

15 24.  The process of claim 22 wherein the powder particles comprise a
reactive material comprising one of a catalytic, pyrophoric, or explosive material, and
wherein the porosity of the matrix of deposited powder particles provides a larger
surface area than a solid deposition of such material.

20 25.  The process of claim 20, further comprising the action of heating the
powder particles to a temperature below the melting point of the particles, but which
is high enough to reduce the yield strength of the particles so as to permit plastic
deformation during impact at low flow stress levels.

25 26.  The process of claim 25, wherein the speed of the powder particles at
the point of impact with the surface of the object is controlled such that in
conjunction with the reduced yield strength induced by heating the particles, the
structure, as well as the physical and chemical properties, of the deposited material
are tailored.

30
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introducing a second gas into the powder particle and carrier gas mixture which
reacts with the surface of the object, thereby altering the physical or chemical
properties, or both, of the surface of the object.
15
30. The process of claim 25 wherein the powder particies are heated using
a plasma.

31.  The process of claim 30, wherein the plasma is generated within a
20 chamber used to heat said gas which then heats said powder particles which are
injected into the heated carrier gas downstream of the chamber.

32.  The process of claim 30 wherein the plasma is generated as a direct-
transfer plasma between the friction compensated nozzle and said surface of an
25 object.

33.  The process of claims 31 or 32, wherein the powder particles and the
surface are heated and wherein the powder particles have sufficient speed to effect
plastic deformation of the powder particles and the surface upon impact of the

30 powder particles upon the surface.
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two different types of powder particles.

35.  The process of claim 34 wherein a first powder particle material
5 comprises a first metallic material and a second powder particle material comprises
a second metallic material.

36.  The process of claim 34 wherein the coating or spray-formed structure
is @ multilayer coating or spray formed structure.
10
37.  The process of claim 36, wherein each layer is comprises of one of (i)
a different powder particle material, or (i) a different combination of powder particle
materials.

15 38.  The process of claim 37 wherein a first layer comprises an undercoat
of a diffusion-barrier metallic powder, a second layer comprises a braze-alloy filler
powder and a third layer comprises a flux powder.

39.  The process of claim 34 wherein the coating or spray-formed structure
20 is a graded coating or spray formed structure wherein the concentration of at least
one of the types of powder particles is varied in proportion to the other types as a
function of thickness.

40. The process of claim 39 wherein the grading is continuous.
25
41.  The process of claim 39 wherein the grading is performed in a
stepwise manner.
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