20 Decenber 2006 WO 2004/ 000468 PCT/ US2003/ 019488 HI Gef PereERAA0RE POWDER
DEPCSI TI ON APPARATUS AND METHOD UTI LI ZI NG FEEDBACK CONTROL Thi s invention
relates to the high-tenperature deposition of a powder onto a substrate and

nor e paw(i'zl%wm%%%, to the control of the powder dep%gljl@%z&)og@é)%gsachi eve

ahi gh- quality, nse deposit over an extended peri 1 tion.
BACKGROUND OF THE | NVENTI ON The surfaces of articles are often subjected to
extrene environnmental conditions of tenperature, corrosion, oxidation,
wear, and the like. The base netal of the article is typically selected

wi th nmechani cal properties such as strength, creep resistance, fatigue

resi st ance, aﬁﬂ:‘,ﬁ Wéi@mﬁ’ﬂﬂéﬂivpgg@%ﬂpﬁ m@mgppmﬁ»ﬂg base netal cannot

wi t hstand t he su??ace envi ronnent conditions. It is therefore common
practice to protect the surfaces of the articles with a protective deposit
or coating. The AdiMEBIORREIHZNGFEEDBACI 66RO t h consi der ati on of
the type of environnental conditions to which the article wll be

subj ect i el Vi ce. | Gt [ e made of a
gt - v hlegh o bRk R R Fpolle B BB TETE Dt ot
i ts ar afereputicilagedbetoptroREirpbwder deprshior id dchigve ahigipqnlify, densr eas. Deposits
maybe a@gl lLed in these areas_to inprove strength, fatigue resistance,
creep rdsgpsikoyaa exiended ivEof pRderositiotyy exanpl e, a tungsten carbi de/ cobal t
(WC/ Co) hard-facing deposits are applied as stiffeners to titaniumall oy

fan bl ggleerupefND OFHENFENDRN t ur bi ne engi nes. There are nmany approaches
to the deposition of relatively thin deposits on a substrate. The

sel ection of an approach is made according to the nature of the material to
be depdsi suelbces of artivlas o tubiected ie exizames enviemasataltonditiophef area to be

coat ed ’teﬁggatﬁl%gyér{oggn, oxidation, wear, and the like. The base metal of the article is
typically selected with mechanical properties such as strength, creep resistance, fatigue
resistance, and the like in mind, and in many cases the base metal cannot withstand the
surface environmental conditions. It is therefore common practice to protect the surfaces
of the articles with a protective deposit or coating. The nature of the deposit is selected
with consideration of the type of environmental conditions to which the article will be

subjected in service.

In another application, an atticle may be made of a light-weight material that has
adequate mechanical properties over most of its area, but inadequate mechanical
properties-in specific areas. Deposits may be applied in these areas to improve strength,
fatigue resistance, creep resistance, and tﬁe like. In an example, a tungsten carbide/cobalt
(W C/Co) hard-facing de'posits are applied as stiffeners to titanium-alloy fan blades used

~ in aircraft gas turbine engines.

There are many approaches to the deposition of relatively thin deposits on a substrate.
~The selection of an approach is made according to the nature of the material to be
- deposited, the nature of the substrate, the extent of the area to be coated, the required
properties, the cost, and other considerations. In one popular deposition technology, a
deposition apparatus generates a high temperature that at least partially melts the particles
of apowder that is fed into the deposition apparatus. The mixture of hot gas and particles
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properties, the cost, and other considerations. |In one2pBpedmarer@ePdsiti on
technol ogy, a deposition apparatus generates a high tenperature that at

| east partially nelts the particles of a powder that is fed into the
deposition apparatus. The m xture of hot gas and particles 1 20 Decenber
2006 is projected out of the deposition apparatus and onto the surface of
the article to be coated, where the nelted portion solidifies to form an
adherent ¢ [ e ' rdicul | lity,
the | cadi g Pryiad B30 GI8-ARARLIRDIIEL T oo AR chiskit Ak WM L 11
thi s devi ceated, wiend the hlebiel porpbrosilidifiesvict foim ah béhercdhetmriag.i on gun produces a
shock wave that partially nelts the powler feed and propels it toward the

substrat e.,..The ,det opati on gun.has. th l.sadvant age,that it.is.large and
eavy, B creaRat s 8 BratnnicbBSy MO L Ated oide sk e
articl e t Gepgitadd el detbistion Sun, 6PN UNIA HiHGevileOP NP dxpBKiof GitBinithe t 0 the
detonation gun. This requirenent is troubl esone when the article to be

coat ed i s depongE Predysesia pek Ves thatpartisimsiis tedowdadasd andpsonels it it i s
desirabl e ' i it be
accoml | oReeiR YRl ahe MG BUR Kbl Hohe WG ARRRS . EU St AL ALY

I nproved hnd thetedopenat tneidesasially redipdocaioh. ThEeeticlptodsanated mwanldd on
fulfills this neetljl, and further Pr.ovi deE rel at ed advanti.ages.. SUMVARY OF THE
| NVENTI ONES P BB SBRAT AT Jrelafie B r1Bs dlftomtidb ito ﬁ!ﬁrf&%{f&e&t Fowder
deposi ti ofroaPRRRt Wherf B arfiBE NOBetdoaled 1§ 1bO ALY icqnUimblieR) Sanibslagt abl e
over extended periods, and uses a Ilght-vvellgght deposition gun that nmay be
readi | y miiddionslbyuitds desirable it inepreyesi ypgn dhraqualitysefdhe depopibpet ovhat masmabl e to
robotic | C | . tudies leading to the present invention,
It was gg?%%%ﬁ%%e?qﬁﬁhatggﬁ%tglllﬁu\(/)lé%%%i ty oxyfuel (HVOF) powder deposition had
the potential for a ligftt-weight deposition gun and al so the potenti al
for produlbey initghefopead ndeyl foeposnprevedThigh-temperature deposition approach. The

present invention fulfills this need, and further provides related advantages.
SUMMARY OF THE INVENTION

Example embodiments of the present invention provide a powder deposition apparatus and
method that is highly controllable, is stable over extended periods, and uses a light-weight
deposition gun that may be readily movec{ around an article being coated and is therefore
amenable to robotic mounting and control. In studies leading to the present invention, it was
determined that high-velocity oxyfuel (HVOF) powder deposition had the potential for a
ligftt-weight deposition gun and also the potential for producing high-quality deposits. The
-available HVOF deposition appéfatus lacked sufficient controllability, leading to
unacceptable quality of the deposits. The example embodiments provide for that
“controllability.

According to a first aspect of the present invention, there is provided a powder
deposition apparatus operable to form a deposit on a deposition substrate, the powder
deposition -apparatus comprising; a deposition gun comprising a combustion chamber

~ wherein a mixture of a fuel and an oxidizer is burned to generate a pressurized deposition
gas flow, a mixer wherein the pressurized deposition gas flow is mixed with a powder
flow to form a depbsition mixture flow, a deposition flow director that receives the

deposition mixture flow from the mixer and directs the deposition mixture flow toward




avai | abl e HVOF deposition apparatus | acked sufficient 20Becehbaliodét y,

| eading to unacceptable quality of the deposits. The exanpl e enbodi nents
provide for that «controllability. According to a first aspect of the
present invention, there is provided a powder deposition apparatus
operable to forma deposit on a deposition substrate, the powder

deposi t i ohPeAFBAUAN bR p1ds ongling StEHeBBE PROrabe Hilha Hevvineiceplart PASRETbust i on
chanber  WaeLklolatPaddiX Lobife %m@]uﬁi\é@&on%ﬂa lﬁ@rr%lr Qﬁc?@{thﬂé dRSsRRY fof generate
a pressurized deposition gas ow, a m xer ereln the pressurized

deposi t i odirgrder; fah dwstrimentaticachrialy provadippaviiet medsupwetiooffadtow mtcddplosiueli on

m xture flo a gdeposition flow.director that. receives the, deposition
mxture 1 SN FRBRRRRE amber = Aafel BEsGonka ta BE eieh iR SR Pow t owar d
2 20 DecegbibustOf)bhantbde a peRasirhdabiirembitSl h bR rat8Ba forv@Pfdcado Helnigdrur €
operable with a flowi ng cool ant passing therethrough and in cooling
comuni ca@hbhceflany mepmromnorbel aegling earatityeol diereslant; and 4 depasition r ect or; an

i nstrunen j . i el S . rate of the
fuel To PRaRS: BHe R ALY oy it SFRAME R Rl vt 21 0. ot oo
t he oxi di zembiston timmben wheasin thocattmithide fuehsopesadesutomatuiiecomnbollaf a fl ow

rate of a_powder fee o the m xer, a cool ant neasurenment of a cooling
capacity qup?fﬁa’eé%ﬁfg‘ﬁ{l Pe%n&“ﬁéﬁ%‘i“ﬁ[;g}? Oéﬁilﬁef &“F‘?Rf%??ﬁ’%@?‘?ﬁg a _
control | a@éﬁnﬁﬂ@dﬁnﬁ%&‘iﬁe QImbubford dBbEOFRMBINGRL d dAGoldbidloifiSer sGREDIUST T ON
chanber, wherein the controllable fuel source is automatically controlled
responsi vautematidally teretolledbrenansive it the gxidizat medsigivert, oxintiolalle powdare of t he
oxi di zer g CatI40 j he combustion.chanber. ,wherein the

control | afﬁ%g ox{ﬁ&cﬁp%é‘}rdelg%ﬁ%%%mc%u gr%%ttb% R VST BF coriallsonsive to the

oxi di zer pwedas@IENE autamaiually cbitabe raapoMiRe to e Powardeatizemandn | ow
comuni cating with the m xer, wherein the contrall abl e owder source is

aut ormat i cSMEPlable eqolant sayrqeed g lewi afdhe cpolanbihaigwipnddes sn et loveni cooliall a

to the cooling structure, wherein the controllable coolant source is automatically

controlled responsive to the coolant measurement.
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control | abl e cool ant source of a flow of the cool ant t2hPe@nhar@836 an i nl et
flow of coolant to the cooling structure, wherein the controllable cool ant
source is automatically controlled responsive to the cool ant nmeasurenent.
2a 20 Decenber 2006 |In one enbodi nent, the m xer may conprise a central
powder flow injector, and a set of deposition gas injectors arranged
around a periphery of the central powder flow injector. The deposition
flow director may include a barrel that receives the deposition mxture
fllow from éeenbodident, WAEHBePmb P Boiprisla ckitrd) 38WidARRAinfltR dulihste gnd of the
barrel, and a powder spray nozzle positioned at a second end of the barrel
opposi t e flenesitiem gasfipjeetprseamgngegipsquall ¢ neriphery ofithe rcertpal agwiks Aloweinjestopper abl e
to projec it kon. f 17 I rd .t ubst.rate. The cooling
St ot ur o T MhotRRARY bt ol bl L LR el e ROt B

portion ofromitke mixes whereth thhenideiopositioned &l ofivséndestties banek fagd apbydert he

control | abl e fu% source my ﬁggﬂpri se a source of h%grogen ., and the

I as,

cont r ol | aBi"® W¥FE PO oUACE d s hage! oppesys fiew ﬁl@%eﬂg‘nhe&'d%?hel\/bst

pr ef er abl Yowder ShRY ndz@lki 8 dpbrabliCoNYE[L0RR &PBsifich ¥RG MMBEGEY HBY be from

about 2.2 to abouft 2.6. The controllable powder source nmay conprise a

sour ce of substts (The eoading strectyre wei compitiseai aveling jacketie@er@ingReamdieica 006
carrier gas,. .preferred powder be a m xture of tungsten carbide

and cobal 130\01\%%%1_1;@ %ncgthgg?}’é)% lf’%ﬁ?wt @0l ant nmeasurenent may be a

measured tenperature of the flowing coolant, such as the neasured

t enper at uPrefeodbly, e witrblbdbld fuelsonfcetnig complisdy sduk@ofthydrogengds| ai@ thé r uct ur e.

The depositi of font ol l er may include a heat exchanlt\;j/[er that receives
controllable oxidizer source may comprise a source of oxygen gas. Most preferably, a flow

ratio of the hydrogen gas to the oxygen gas may be from about 2.2 to about 2.6. The
controllable powder source may comprise a source of a mixture of the powder entrained in

a




an outlet flow of the coolant, controllably cools the Zubéamifcr @a0®f t he
cool ant responsive to the neasured tenperature, and provides a cool ed
coolant flowto the cooling structure. The cool ant neasurenent nay i nstead
be a measured flow rate of the coolant, and a flow controller provides the
fl ow of the cool ant responsive to the neasured flow rate of the coolant.
Because of its small size and |ight weight, the deposition gun naybe
Support ed QRiPRk ARG Gl EARRE Ly 1830 B g QuRaS ERPOG.REPECE Of
t he present entron erei1s provy I On appar at us
oper abl e umwﬁewnta deposit on a deposition substrate t he powder

deposi tion apparatus conprising: a deposition gun; an instrunmentation array
providing sur | ow, rat e of fuel to e de osition
e an o g7 E5iaBRT HoTRE Beosftentinl mapbt & made it uis GOTRE

deposi t i orogle, s@hpagwﬁe ncARBSLHeBNBRtrO bl thefduflet e @f 8 cRIBOWIRN thfe eed to

t he deposition and a cool ant neasurenent of a cooling capacity of a
cool ant preBY Pteret Hbe denpsisipe porrodemma melude adisaispehagecbireivesr

| nel udi ng of ouff Ak YrtRRbaltiBhSRU 8o Ine! il diS] o ITHALGELLAR th the
deposition gun, a contro a oxl"di zer source o e oxi drzer

" communi catthegeasitel temmrdmppmdtprondgtmcookdommanoﬂd)\abd) the qoolkgpestns. ce of t he

powder fl ni cati with the depositi gun, ontrgl |l able

cool ant - sgetﬁ/F q%}tjn?aﬁuf%’\’ﬁg‘t) Y H‘éte‘icﬁl?ﬂ ’E‘Fastlt‘?g?ﬂ%ﬂrr&\‘iroég? ?\]ai’ FIg]t ﬁ?"&w of

cool ant.  feentidler PRPRISE iHe AdWIG the WHRER IrfpbfldecCBNhd RlchBRUSIdwHBke §10t‘HE ce is

automatically controlled responsive to the fuel neasurenent, the

control | al§P@amxi di zer source is automatically controlled responsive to the

oxi di zer measurenent, the controllabl e powder source is automatically

controlle t |_abl e
BLASPORA YFuf rd DR lr@r@e@ﬁaﬁ LEHER sur Ol SuGiRRLd 8h LAY

cool ant source Is autonmti cal resp € cool ant
neasur enmentovediby20robatixclidadr 2006

According to a second aspect of the present invention, there is provided a powder
deposition apparatus operable to form a deposit on a deposition substrate, the powder
deposition apparatus comprising: a deposition gun; an instrumentation array providing a
fuel measurement of a flow rate of a fuel to the deposition gun, an oxidizer measurement
of a flow rate of an oxidizer to the depositten gun, a powder measurement of a flow rate
of a powder feed to the deposition gun, and a coolant measurement of a cooling capacity
of a coolant provided to the deposition gun; and a deposition controller including a
controllable fuel source of the fuel communicating with the deposition gun, a controllable
oxidizer source of the oxidizer communicating with the deposition gun, a controllable
‘powder source of the powder flow communicating with the deposition gun, and a
-controflable coolant source of a flow of the coolant that provides an inlet flow of coolant
- to the deposition gun, wherein the controllable fiel source is automatically controlled
responsive to the fuel measurement, the controllable oxidizer source is automatically
controlled responsive to the oxidizer measurement, the controllable powder source is
atltomatically controlled responsive to the powder measurement, or the controllable

coolant source is automatically controlled responsive to the coolant measurement.




A nmethod for formng a deposit on a deposition substral®Desemlzw2p06 se t he
steps of providing a deposition gun that burns a mxture of a fuel and an
oxidizer to forma deposition gas flow, m xes a powder into the deposition
gas flowto forma deposition mxture flow, and projects the deposition

m xture flow therefrom The deposition gun may be provided with a flow ng
coolant. Aflowrate of the fuel to the deposition gun, a flowrate of the
oxi di zer HAomethed feplosning @ndegosit om afdepositian sibstate ey pomwgpese the dtéps afeposi ti on
gun, and a__cooli capacity. of the caol ant.fl.o y be.all sured. The
Mot hod | iy AEhsTHRE ot St batmS niEHE oS & 268 4proXidlesT (OIP fhe 11 ow
rate of té@osivbslpaeflow,liRed b Puiva@tiBioOthe UBsitIBAWEE How a8 dorD@ degRitiony
capacity of the coolant flow, all responsive to the step of neasuring.

Ct her conatplaws nieieds be denpaitipp piruiedlowatbergliare Thselgrastionigin M8y be used
In _con gﬁ%@ﬁeﬁiy&yﬁ%@ 804 ABS rBE 6REOHAD e;%l%ﬁ&;m%ﬂéﬂ:g@éﬁ%e?h’

deposi ti posits are conparable 1 n
. sonet i nesofstbperidiear t¢ the tdmsition fyn, deéloonatei of thegowdérac Hralepsition Bhe, apd esent

approach may. use a_light-weight deposition gu at is far nore novabl e
than the SRlienaReg oGhh oSt HaycBmapnel PeriPa homebil THUSBSFERR gun t o
be noved &oriBRing thaNow e JF kLBl thd bW rhtB Bf ARPOSAILrOhe HRHNAR 8heWas found
to have the drawback, however, that it was closely dependent upon

“oper at i ngPPeicantdeths copling eapatipepf thexealans flovarpdl jsenaneive fi¢ dbe stepdf4a 20
Decenb .t ' ' f | ant . Ihe. f .cont r ol
cenber %&g ! Bhef %@H&Sgﬁ%& n%fyqlé’ mv%ﬁh%n%g"aesﬁgéeedtl}e@ gﬁg%%&e‘a FONtro

techni que 0 e exa ntsS 1 ncrease briity of the
deposi t i csonfumctiva wittethbyheth@dt rol 1 ing these paraneters to set-point val ues.

O her features and advantages of the present invention will be apparent
fromthe .. follown re detailed descriptjon of the preferred, enbodi nent,
taken i n TSR APRRRCD Y provils o derosipa rsnelped e ARty PR eR r at o, by
way of  expamySyitht BRl ielfled hiperi@fto those of, detonation-gun technology. The present

approach may use a light-weight deposition gun that is far more movable than the detonation

and

gun, and accordingly may allow the deposition gun to be moved rather than the article.
Existing deposition technology was found to have the drawback, however, that it was

closely dependent upon operating parameters such as fuel, oxidizer, and powder flow, and
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the invention. The scope of the invention is not, howeX@&PgcdrmbmEri28@6to this
preferred enbodinent. BRI EF DESCRI PTI ON OF THE DRAWNGS Figure 1 is a

bl ock fl ow di agram of a preferred approach for practicing the invention;
Figure 2 is a system schematic di agram of the deposition apparatus; and
Figure 3 is a sectional view of a deposition gun. DETAI LED DESCRI PTI ON OF

THE | NVENTI ON Figure 1 depicts an approach for formng a deposit on a
substrate, and Figure 2 i|l]ustrates an _operable powder deposition

appar at us 8 ceding £apasihy|af $he rePlei $heydsabackcantrol thehniqys\ifethe gxamends t i on
appar at us gfolifndnfsOh ili i r

deposi tion aBparafusc%%g$ﬁ%%ﬁ%ﬁéﬁgﬂggS%gﬁfpﬁﬁ&gg%q%%ﬂgﬁéxknﬁﬁgﬁpggre 3 and
conpr i si nghese prrombiessttod eet-pohavblees. 34 wherein a m xture of a fuel supplied
through a fuel inlet 36 and an oxidizer supplied through an oxidizer inlet

38 is b t t i zed Pt f1ow .| ' 40
he 50 L B B4 e EBAL L3 18,0 15 ¢ o

a deposi t ifalfowihg tdfeeddidilew dsbripRee b tha pkaferrddnentbddednt, GOERr h $6Guictiogent r al
powder flow injector, and a set of depositjon gas injectors arranged around
a peri ph&ilp B¢ aqoampaing dpwingserdyich illasiaten by wep of cxmnpplg dky prinsiplasiobw

di rector ; InN Thé | : NELEY 105 l e 50
oppositeIéﬁhyggggnggfgﬁgHSﬁgg%gﬁggﬁ&?%%ég?%ﬁg?ﬁggnlerD4 fq%gggﬁées t he
deposi ti osmbpdimgne f| ow 44 fromthe mxer 40. The powder spray nozzle 50
increases the pressure within the deposition mxture flow 44, so that it

IS projech@ggﬁ BRP isgyﬁ te 52 at high velocity to forma
deposit 54 ggggggg%beragax 5%#@%%%?000468 PCT/ US2003/ 019488 t her eon.
The deposition gun 32 further includes a cooling structure 56 operable with
a Figure 1 is a block flow diagram of a preferred approach for practicing the invention;

Figure 2 is a system schematic diagram of the deposition apparatus; and Figure 3 is a
sectional view of a deposition gun.
DETAILED DESCRIPTION OF THE INVENTION

Figure 1 depicts an approach for fonﬁing a deposit on a substrate, and Figure 2 illustrates an
operable powder deposition apparatus 30 for accomplishing this deposition. The
powder deposition apparatus 30 is provided, step 20. The preferred form of the powder
deposition apparatus 30 includes a deposition gun 32 shown in Figure 3 and comprising a
combustion chamber 34 wherein a ﬁﬂxtwe of a fuel supplied through a fuel inlet 36 and
an oxidizer supplied through an oxidizer inlet 38 is burned to generate a pressurized
deposition gas flow. In a mixer 40 the pressurized deposition gas flow is mixed with a
powder flow 42 to form a deposition mixture flow 44. Preferably, the mixer comprises a
central powder flow injector, and a set of deposition gas injectors arranged around a
periphery of the central powder flow injector. A deposition flow director 46, herein
including a barrel 48 and a powder spray nozzle 50 oppositely disposed along the barrel
48 from the mixer 40, receives the deposition mixture flow 44 from the mixer 40, The
powder spray nozzle 50 increases the pressure WlthIn the deposition mixture flow 44, so

that it is projected toward a deposition substrate 52 at high velocity to form a deposit 54




fl owi ng cool ant passing therethrough and in cooling coiiDaceraliar@i06v t h t he
m xer 40, the deposition flow director 46, and the conbusti on chanber 34.
The preferred flowwng coolant is a water flow, supplied through a water
inlet 58 and renpved through a water outlet 60. The cooling structure 56
maybe oYOANMUHEY able form but is preferably a watRrT/USHBRENSSS?

surroundi ng the cool ed regions and having an interior water flow volunme 64.
In the present approach, the deposition gun 32 is utilized in conjunction
with a tikegosThe depositionpuwB2 Anth@Gnslhdasra donlikg gyomcenrdS6 diembibepitsd ti on
controlder 70 jincludes,a cont %I%Aable_fuel source 72 of .the fuel .
communi@XTIE GO RES T PRthers oqg;ﬁ mggolie PITREBHESR WO Memiredd: 34, A

cont r olthedah&xitfon ffwZ GikecRi? 46,584 ¢ cOMbINIOR XhefheP 4. THAHEERRI vy 9€n gas,
communicating wth the oxXidizer inlet 38 of the conmbustion chanber 34, a

cont r olcpelpitas pasigetlowcupplisd igoughf a witer iplshbidand tepavesichiough cwateng with the

powder to the mxer..40 .and a contraollable l.ant _source 78 of a
fl ow of B{Iﬁ‘é"&éﬁl}) %ﬂ?n%ﬂfmﬁég\?}agé’g Ofﬂlé(opwgglte fchno%lq r%?r%biyﬁ\gatgrool ant to the
cool i ngackttraaGinistdaty thd iR1@abdisRl dnd Rhing deintgUvarr fldwivinédes a f uel

controller 80 that receives an input flow of fuel, preferably hydrogen
gas, and,outputs a cgnt{lr Iled flow of fuel.to the fue|l inlet 36. A fuel

flow se thgpr t e PP?i'i.‘)%%‘P?’?él%}ﬁ_,liz? neREURen With p dPogBO%nd provi des
that  ichiRIeRI0 RBwA S Belbe! Tﬁe%ﬁ@ﬁﬁﬁ DhEOR: 7§ﬂmfuaestafbfen&dln%1e geptrol ler 80.

The fuel controller 80" automatically maintains the fuel flow to the fuel
i nl et 36ureg 72z Hedes] cominuaicagavifhuibé fugldnlet Ioif e cBBbipjioneliambei3di ng t he

differengﬁr eltélweeg.the fugél1 1%ﬁt 7581 nt 8 %Ii]d t he fuel feedback signal 84
smal |, &N PFEr BPABIY VP o7 O e Cb1Er BFIEDY e 0RPUS 2P EBM @ 4 i ncl udes an
oxygen yE@hd iidigk & 38 Bthe ERFIIN@ScHAMber JADMEontroRWIowd¥dseRde ¢ he preferred
oxi di zer), and outputs a controlled flowto the oxidizer inlet 38. An

oxygen of fsposideisew somgwnicating Wigh theawwter 8ry(ntorthe mixer g adzer  inlet 38
and pr Qyldesmb P‘?Cgardt 8{5\%% 33 Mo orthe c%)éiégﬁﬂgt]; Pt?ggﬁaﬁ#e S IR 58 g¢ to the

oxygen contro oxygen ‘contro omatically maintains the
oxygen tlid cpulahicto tHeesooling structure 56.

The controllable fuel source 72 includes a fuel controller 80 that receives an input flow of
fuel, preferably hydrogen gas, and outputs a controlled flow of fuel to the fuel inlet 36. A
fuel flow sensor 82 senses the flow of fuel to the fuel inlet 36 and provides that
information as a fuel feedback signal 84 to the fuel controller 80. The fuel controller 80
automatically maintains the fuel flow to the fuel inlet 36 at a fixed value of a fuel set
point 86 by maintaining the difference between the fuel set point 86 and the fuel feedback
signal 84 small, and preferably zero.

The controllable oxidizer source 74 includes an oxygen controller 90 that receives an

- input flow of oxygen (the preferred oxidizer), and outputs a controlled flow to the
oxidizer inlet 38. An oxygen flow sensor 92 senses the flow of oxygen to the oxidizer
inlet 38 and provides that information as an oxygen feedback signal 94 to the oxygen
controller 90. The oxygen controller 90 automatically maintains the oxygen flow to the
oxidizer inlet 38 at a fixed value of an 0xygen set point 96 by maintaining the difference
between the oxygen set point 96 and the oxygen feedback signal 94 small, and preferably

Zero




oxidizer inlet 38 at a fixed value of an oxygen set po2hDe@8nizyr 2086 nt ai ni ng
the difference between the oxygen set point 96 and the oxygen feedback
signal 94 small, and preferably zero 6 20 Decenber 2006 WD 2004/ 000468
PCT/ U82003/019488 The control | abl e powder source 76 includes a powder

cont r ol We204449046%at receives an input flow of powd&/UR0BHINE% h a carrier
gas such as argon or nitrogen, and outputs the powder flow 42. A powder

fl ow sensor 102 senses the powder nass of the powder flow 42 and provides
that i mmbldnblapovaiepmmr%fmeld&imekposddgﬂaintr&m& 100 thdrgeqedrelen  control | er

100. The contrqller 100 automatically maintains, the powder flow 42
at a fPR 33'“1 A REV ST MEREdYH AT BRI IS A1R9 OBYARER P W’ﬁﬁe di fference
bet Weerpoamrﬂww%pgﬁaerﬁewrgénsénoﬁ)zaseﬁisegﬂﬂ@ BN asd Geesighal 104 small,
and preferably zero. The controllable vvaPer source /8 includes a water

cont r ol 42eand] pOvidks that mfe;nnﬂ&sn an ai pipurder fdeldbacklignabt @4 fo thedpadeput s a wat er
flowto t ne nses .a | ing capacity
of °t he RarereiEpE TneRaFap sl R abRRhRty mrafios PR B i R " ha

i nf or med figdll Aduetoi@l fiwdee 8 Dok 166 89 Maintaiflink thel differtBctertthel | er 110. The
water controller 110 automatically maintains the water flow to the water

inl et S®vler skpeint ioued thspowden fradhadeninnel 104 sawsilandipseferablyyerd- wat er control
set p0| nt 116 by maintaining the difference between the wat er control set

poi nt @BoliB M&r%?uéﬁ?@@\gﬁg?ﬁ ?5’:@11 contriler $ 1A tlig vesha V\éﬁeabl y zero.

The coo I ng capaci t ow As measur ed sensor 112
maybe tfvev ofmﬁarldtoutpatsafwatehﬂowmthewmermheﬁ Iﬁomatemeﬁsooﬂzm&emter to the

terper dPCliEE GPEHD HEbe A TRV ChGTsaebRs WEBRFTIE SLPOYEct I wat or
cont r olihRkmatd Rf Pwalde ?ee@bd&ﬁts%alcﬂmll foQhe $/a@P3bntrbli8r 1 . aThe water

controller 110 automatically maintains the water flow to the water inlet 58 a fixed value

of cooling capacity established by a water control set point 116 by maintaining the

difference between the water control set point 116 and the water feedback signal 114

small, and preferably zero.

The cooling capacity of the water flow as measured by the water sensor 112 may be the
temperature of the water or the flow rate of the water to the water inlet 58, or a
combination of these two values. To control the temperature of the water in a closed loop
cooling system, the water controller 110 provides a water control signal 118 to a
controllable heat exchanger, wherein heat is removed from the water flow leaving the
deposition gun 32 through the water outlet 60. To remove more heat from the water flow
from the water outlet 60, and thence lower its temperature, the flow of cooling water to
the heat exchanger 120 is increased. To control the flow rate of the wéter, the water

controller 110 includes a flow control valve.

This feedback control system of the deposition controlier 70 was found necessary because

" the performance of the deposition gun 32 is highly sensitive to slight variations in these
operating parameters. Without the feedback control system, normal operating variations
from the set points would result in a substantial change in the performance of the
‘deposition gun 32 andl in some cases the quality of the deposit 54.




control | abl e heat exchanger, wherein heat is renoved f2®betdmband0ed fl ow

| eaving the deposition gun 32 through the water outlet 60. To renove nore
heat fromthe water flow fromthe water outlet 60, and thence lower its
tenperature, the flow of cooling water to the heat exchanger 120 is

i ncreas¥@20908ht rol the flow rate of the water, tEE/YFE80194880ntrol ler 110
I ncl udes a flow control valve. This feedback control system ofthe
deposition controller 70 was found necessary because the performance of

t he dep@metofothe gmpodaht i sslvinitages \of ke prebént eapheac bgbbmpatd afthoths i n t hese
operati aranmeters. Wthout the feedback control system npormal operating
vari ati gg@gahﬁl@ﬁ?f‘mo%c s {hat 41‘? denpsitipy Sz phthe Hre%?“tsl]i‘g'gftt‘élﬂf"ie Schange in the

per f or meAK LAl sLItEpoued AR O W g3 ndsts BATR: SRETedlwit @pal ity of the
deposi t B3 ) S o b R PRSP BHEs e o the
i npor t adepositien rguag ebheodepositiorp gass 8 maypthemford basnavotep aomegh avint K6t he

det onati on-gun. apprgach.i s, that the. depositio un_.32 of.the. present

i nvent i S’ﬁte@@?%% a(f%f”&'cgﬁqglég %lgfﬁ’v_ﬁ%ﬁﬂﬁ%fth? W8ﬁ‘@%ﬁ%6’a W@S%Fsgthg of the hoses
that ar entsiRpan! Bl Yinigaribdie thed@ieintidr Bih BUR- maBive 4RP @Sinhdt @émAnn 32 may

t herefore be nounted on an arm 66 extending froma robotic head 68 and

noved apt@lionary, ped the mepkpiccemuptde eyt i t utes the substrate 52. By
conparison, the detonation gun is so nmassive that it nust renain

station ' wder

deposi tfﬁ%%prgg’g%? g?ﬁg&ggﬁ%@?:ﬁg% re er3?§%%%g%%h%1 ﬁﬁ r@%@%ﬁlgﬁ’s@gt he

pr ef er r petfenved dkizlizer wassoxygeoms, thamefetrbdrativ of bydrexgin tadiygern®asfian ogen t o
oxygen ) m., about 2.2 to_.about 6, st prefergbly about 2.4, and the
o ar B CadorooRt ot it ek 4 S B W s BV oM R8& T . ar gon
carri er-M&e’%@W@%/&@%Mﬁ&%ﬁﬂb&@oﬁ&ﬁﬁerg&%3511785{21?1&;%%&%&5 grams per

m nute. The water was flowed to the water inlet 5
per minute was 18-25 grams per minute. The water was flowed fo the waterinlet 58 ata

constant rate, and its temperature was controlled to the set point value, preferably 68°F,

by controlling the heat exchanger 120 as described above.

‘The present approach has been reduced to practice using the prototype apparatus and
comparatively tested against the two major competitive deposition approaches. Multiple
specimens of tungsten carbide/cobalt '. deposited on a titanium alloy substrate were
prepared by the present approach, by an approach wherein the same deposition gun as
used in the present approach was employed, but without the deposition controller 70, and
by the D-gun approach. The specimens were tested by subjectihg each specimen to a
wear test previously determined to be meaningful in the pertinent applications. In the
wear test, two identical specimens were impacted and slid over each other, and then the
loss of material thickness was measured after two million cycles. The present approach
using the deposition gum 32 and the deposition controller 70 resulted in a mean measured
material loss of 0.20 mils (thousandths of an inch). The approach using the deposition
gun 32 only and without the deposition controller 70 resulted in a mean measured
material loss of 0.83 mils. The D-gun approach resulted in a mean measured material
loss of 3.05 mils. |
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The present approach has been reduced to practice using the prototype
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deposited on a titaniumalloy substrate were prepared by the present
approach, by an approach wherein the same deposition gun as wused in the
pr esentOtpp fatices wak adwaptagysedf, theupresent mvention meilldeg eppiatdnt fromother ol | er 70,

and by, t.he, D-gun .approach. .The.speci.nens e tested. by subjecting each
pec mapging mE AR ni O 51 LR PR R b T ERER! | 't b
per ti newih tieRédos ﬁﬁgdra{aﬁhgs,h@hicﬂ\ﬂﬁﬁtrét@,ﬁﬂwaﬁm' I hé plincER&dfMens wer e

i npacted and slid over each other, and then the [oss of material thickness
was medbeimgntign: eThe erepaiof [theoivenfion as notrhewgyies Jispiteddp shiv araferredsi ng t he
depom1€§Mbd &h32 and the deposition controller 70 resulted in a nean
measur e material loss of 0.20 mls (thousandths of an inch). The approach
using the deposition gun 32 only and wi thout the deposition controller 70
~resulted in a nmean neasured material loss of 0.83 mls. The D-gun approach
resulted in a nean neasured material loss of 3.05 mls. 8 20 Decenber 2006
WO 2004/ 000468 PCT/ US2003/ 019488 O her features and advantages of the
present invention will be apparent fromthe follow ng nore detailed
description of the preferred enbodi nent, taken in conjunction wth the
acconpanyi ng drawi ngs, which illustrate, by way of exanple, the principles
of the invention. The scope of the invention is not, however, limted to
this preferred enbodinent. 9




20 Decenber 2006 CLAIMS: 1 A powder deposition appar &0Beamperealbés to form
a deposit on a deposition substrate, the powder deposition apparatus
conprising: a deposition gun conprising a conbustion chanber wherein a

m xture of a fuel and an oxidizer is burned to generate a pressurized
deposition gas flow, a m xer wherein the pressurized deposition gas flowis
m xed wi t RL&IM&nder flow to forma deposition mixture flow, a deposition
flow director that receives the deposition mxture flow fromthe m xer and
directs the deposition m xture flow toward the deposition substrate, and a
cool i ng struct Ar powgeerdepbstion tifpacatid opdraige aodbanta gemsit ng & hdspeditisrough and
in cooling co nfifﬂefgi‘fi n wi.th the mxer and wth the deposition flow

di r ect or ; SR tgg]él‘? f'g?pPBHO%?HPQV“ﬁFSWH?% a fuel neasurenent of a flow

rate of the fuel to the conbustion chanber, an oxidi zer neasurenent of a

flow rate of theg.oxkidha&!c r&@ conbustion chanber, a powder neasurenent
of aflowrate ofﬁg po%{ar&@ee gto the m xer, and a cool ant neasurenent of

a cooling capacity of the coolant; and a deposition controller including a

control | abl e fuela ®wabousivnahahbe Whiedin 6 @RikuRs ¢fad fublgandi dnloxidier GOBlHEE | on
chanmber, wherein the controllable fuel source is automatically controlled
responsi ve to t hd® BErats et azad fepostitpn gas flow,

-a mixer wherein the pressurized deposition gas flow is mixed with a powder

flow to form a deposition mixture flow,

a deposition flow director that receives the deposition mixture flow from the
mixer and directs the deposition mixture flow toward the deposition substrate,

and

a cooling structure operable with a flowing coolant passing therethrough and in

cooling communication with the mixer and with the deposition flow director;
an instrumentation array providing
a fuel measurement of a flow rate of the fuel to the combustion chamber,

an oxidizer measurement of a flow rate of the oxidizer to the combustion

chamber,
a powder measurement of a flow rate of a powder feed to the mixer, and
a coolant measurement of a cooling lcapacity of the coolant; and
a deposition controller including
a controllable fuel source of the fue1 communicating

with the combustion chamber, wherein the controllable fuel source is

automatically controlled responsive to the fuel measurement,




20 Decenber 2006 a controllable oxidizer source of t 2 Decethleel006

communi cating with the conbustion chanber, wherein the controllable
oxi di zer source is automatically controlled responsive to the oxidizer
measurenent, a controll able powder source of the powder flow conmmuni cating
with the mxer, wherein the controll able powder source is automatically
control l ed respdnspielialiet eradiganemarcenefdhe avisdizer comumunicasng roith did e

cool ant sour ce OlcofuLllt Ahahls, CORLADE. hDcoRLAMLACS ALY Nl Bl fLOW O

cool ant to the cooll structurég, ein the contr e coolan source
i s automati cal | y anmniaticdllyedntraidecspomstvelto tHehaidiepoheaduraimmasur ement . 2. The
powder deposition apparatus of claiml, wherein the m xer conprises a
central powder flow injector, and a set of deposition gas injectors
arranged around & §RfP powtler spurce i tthey powdss\iénsy commpnicatingcvik thes. The

powder deposi ti on,nPRRALHS 4f kA1 poWhG’ Sufte i SufSRASIE &iﬁtrﬁdlﬁ"’ow from

director includes a barrel that receives the deposition nrxture

the m xer, wher eirespbingve tivithegrovidsr ppessiteinenigshdat a first end of the barrel,
and a powder spray nozzle positioned at a second end of the barrel opposite:
from the first end, ﬁ\;'\ff rein the powder spray nozzle is operable to project
the deposition fASHraablqseolanbsptrer oha flewpsithe peolany thatpeovidssdainlgieposi ti on

appar at us of cl aiggylor WashfRi B hd@oSRR §iRQusd, AR Ghe COMPIILBIE SoBlafO0! | NG
j acket extending around at |east a portion of the mxer and the deposition

flow director. source is automatically controlled responsive to the coolant measurement.
2. The powder deposition apparatus of claim 1, wherein the mixer comprises
a central powder flow injector, and

a set of deposition gas injectors arranged around a periphery of the central

powder flow injector.

3. The powder deposition apparatus of claim 1, wherein the deposition flow director

includes

a barrel that receives the deposition mixture flow from the mixer, wherein the

mixer is positioned at a first end of the barrel, and

a powder spray nozzle ﬁositioned at a second end of the barrel opposite from
the first end, wherein the powder spray nozzle is operable to project the

deposition flow mixture toward the substrate.

4.  The powder deposition apparatus of claim 1, wherein the cooling structure

comprises

a cooling jacket extending around at least a portion of the mixer and the

- deposition flow director.

5. The powder deposition apparatus of claim 1, wherein

=




5. The powder deposition apparatus of claim1, wherei 20 RQdcedtbeDedirber 2006
the controll able fuel source conprises a source of hydrogen gas, and the
control | abl e oxi di zer source conprises a source of oxygen gas. 6. The
powder deposition apparatus of claimb5, wherein a flowratio of the
hydrogen gas to the oxygen gas is fromabout 2.2 to about 2.6. 7. The
powder deposi tﬂ@r@%ﬁﬁﬁhibétfw@ sefregomimmisas a spkese of hydregenganend| | abl e powder
source conprises a source of a mxture of the powder entrained in a

carrier gas. 8 Th%m@%ﬁg%f' eposition agparatus €f céaig11, wherein the
cool ant neasur SEHE ST PIRELSTPESS ASHYEF St BYET LTt he f1 owi ng
cool ant, and wherein the controll abl e cool ant source conprises a heat

exchanger tdat Tﬁ@ﬁ&&dﬁ@ae@aﬁ@%ﬁgﬁ&aﬁé AVRh st BBeCRC B rati6 QP {HeQldidBey cool s
the outlet flow of the ‘coolant responsive to the neasured tenperature, and

provi des a gagtohedxyxssnBamis fibinohovtd 2 teebo@9-ng structure. 9. The powder
deposition apparatus of claim1, wherein the cool ant neasurenent conprises
a nmeasured outlet tenperature of an outlet flow of the coolant fromthe

cool i ng st ruct Thepovadre dvoeitioh BpgahfusePBlalpll ]| @idreincool ant source conprises a
heat exchanger that receives an outlet flow of the coolant, controllably
cools the outlet flow of the cool ant responsive to the neasured outl et
tenperature, athg copireiablfepoveder soireicansisane spirgqvof 8 mikarg ebhengwder uct ur e.

10. The pomdermggﬂgaﬁﬁggﬂﬁa%ﬁgratus of claim1, wherein

8.  The powder deposition apparatus of claim 1, wherein

the coolant measurement comprises a measured temperature of the flowing

coolant, and
wherein the controllable coolant source comprises

a heat exchanger that receives an outlet flow of the coolant, controllably cools the
outlet flow of the coolant responsive to the measured temperature, and provides a

cooled coolant flow to the cooling structure.
9.  The powder deposition apparatus of claim 1, wherein

the coolant measurement comprises a measured outlet temperature of an outlet

flow of the coolant from the cooling structure, and
wherein the controllable coolant source comprises

a heat exchanger that receives an outlet flow of the coolant, controllably cools the
outlet flow of the coolant responsive to the measured outlet temperature, and

provides a cooled coolant flow to the cooling structure.
10. The powder deposition apparatus of claim 1, wherein

- the coolant measurement comprises a measured flow rate of the coolant, and

12




t he cool ant nmeasurenent conprises a neasured fl ow rat €0dpedehwecdddtant, and
12 20 Decenber 2006 wherein the controllable coolant source conprises a
flow controller that provides the flow of the cool ant responsive to the
measured flow rate of the coolant. 11. The powder deposition apparatus of
claim11, further including a robotic head that supports and noves the
deposi ti on gunWwharpin the ensiiebablereaslast squens cappEpet us operable to form a
deposit on a deposition substrate, the powder deposition apparatus

conprising: a deposition : i nst.runent,at i arr rovi di fuel
measurenent of a fl® OWaﬁogﬁglgeriﬂ%t%?wéegqﬁ% °‘éie°§32‘? f?og t ﬁﬁ?ﬁsgﬁqgiﬁedi zer
measur enent of a fl awasuadddloef ragnftiddblagl to t he deposition gun, a powder
measurenent of a flowrate of a powder feed to the deposition gun, and a
cool ant neasurenent of a cooling capacity of a coolant provided to the
deposi ti on Jun; Thmpeveded dppnsition snpareiis obiclagm 1 Aathed insdpdingcd mbost hatd e  uel
source of the ftlﬁ§|s COO%H&C %sqﬁ’eﬂgth .t he deposition gun, a controll able
0

- 1 QS1HO011 ;i . o
oxi di zer source of “the 0X1 di zer ¢ i catl ng with the deposition gun, a

control |l abl e powder source of the powder flow comrunicating with the

deposition gun, and ,a controll able cool ant source of a flow of the cool ant
that -provi d]g's énp?weétdcepp%wnoﬁppa@&bﬁ gpgrable, tp Harmgy e denosit @Lﬁ%povm ein

substrate, the powder deposition apparatus comprising:

a deposition gun;

an instrumentation array providing

a fuel measurement of a flow rate of a fuel to the deposition gun,

an oxidizer measurement of a flow rate of an oxidizer to the deposition gun,

a powder measurement of a flow rate of a powder feed to the deposition gun, and

a coolant measurement of a cooling capacity of a coolant provided to the

depositioh gun; and
a deposition controller including
a controllable fuel source of the fuel communicating with the deposition gun,

a controllable oxidizer source of the oxidizer communicating with the deposition

gun,

a controllable powder source of the powder flow communicating with the

deposition gun, and

a controllable coolant source of a flow of the coolant that provides an inlet flow of

coolant to the deposition gun, wherein

13




13 20 Decenber 2006 the controllable fuel source is &otidemimbealdls
controlled responsive to the fuel nmeasurenent, the controllable oxidizer
source is automatically controlled responsive to the oxidizer neasurenent,
the controllable powder source is automatically controlled responsive to
t he powder neasurenent, or the controllable coolant source is
automatical |y cont thslcopepellablepfoplsiopeetip anthrpaticaBy aentrobled sespepsstto the. The

tomatically sio . et
Conpri ses. o conbust o RARRRrt it SEArlafle bRl Ba! SR LEg aliiho i

~oxidizer is burned tmtrolahecspbasia po eis wxidied mepashichnthgacontrbidable a m xer
wherein the pressurized deposition gas flom/kgﬁgixed with the powder flow
to forma depositi oPPYHek P £ 5 ciptoriatigalho SPRiSd seapRmelie det!8f ROWLET recei ves

the deposition m xt gegfd R f 6PMLE eontBIXAE Rhnd foardeS id hAudRRRAIy | On
m xture flow toward the deposition substrate, and a cooling structure

operabl e with a cootatrolledrgsponsivotl thagpodashmeesiicsatenbn with the mixer and
with the deposition flow director. 14. The powder deposition apparatus of
claim12, ergin the cgntrollabl e fuel sourc i,S_ aut tically controlled
eopons, ve 1o, ThE poEH ASSHPR HBRESIE et S0H 10 MBI B aPSOn ce | s
automatically H{sed | ed responsive to the oxidizer neasurenent, the
control |l abl e powder source is automatically controlled responsive to the
powder neasurenent, and the controllable coolant source is automatically
control | ed respomsbusgor chatmber whaybiantmirbasoff therBiet andithe oxidizer is burned to

generate a pressurized deposition gas flow,

a mixer wherein the pressurized deposition gas flow is mixed with the powder

flow to form a deposition mixture flow,

a deposition flow director that receives the deposition mixture flow from the

mixer and directs the deposition mixture flow toward the deposition substrate, and

a cooling structure operable with a coolant and in cooling communication with the

mixer and with the deposition flow director.

14. The powder deposition apparatus of claim 12, wherein the controllable fuel source
is automatically controlled responsive to the fuel measurement, the controllable
oxidizer source is automatically controlled responsive to the oxidizer
measurement, the controllable powder source is automatically controlled
responsive to the powder measurement, and the controllable coolant source is

automatically controlled responsive to the coolant measurement.




