TI TLE OF THE | NVENTI ON: THERMAL DEPCSI TI ON SURFACE TREATMENT METHOD, SYSTEM
AND PRODUCT [0001] This application clains priority provisional application
60/ 851, 197, filed Cctober 12, 2006, entitled "Thermal Deposition Surface
Treat ment Met hod, System and Product,” which is incorporated in its
entirety herein by reference. 5BACKGROUND OF THE | NVENTI ON [ 0002] Processes
for applying various coatings such as netallic, alloy, ceram c and
conposite to a variety of substrates to form conponent products using

t hermal deposition coating nmethods are known. Such processes are enpl oyed
to inprove properties of the substrate such as hardness, corrosion

resi stance, heat resistance 1 f ity and the like. Exenplary
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powder coa vel osition, and so fort
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mul ti pl e passes of a thermal deposition head are nmade over the surface of

t he wor kpi ece each pass depositing a |ayer of coating naterial. A
20mani fested as heat is required to

signifigcant anmount of ener icall

thermalTy deposit the coat E%BK%BQ&E’a‘PHBﬂ%B\“{W%rkpl ece and a portion of
this energ t rt i ece. roper

t enper at urleb ggjn?‘}rg(}eggp%rforp%p @Lgb&#quggaédnggﬁcgﬁ& retea\ﬁlébﬁ@ ﬁeramécaad‘ to coating
and wor kpi E¥@PasirtorReatietn g subpleaterdp fm@gaomamqnbmodmsmn&wgmmg t her mal
stresses ddeobifioricdatisgMmbtabdsre kﬁwnmucﬁ:aﬁ&ésaé‘ém@emﬁraﬁédftb%&mes bet ween t he

t t rface curs’ through overheati ng,
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non- uni f OF 086 B Bhyink (VOE LI HanWIoLRSH- fﬁél%ﬂrta?iﬂ%g-i;{m?wts can take

pl ace duri nrgin@pa] % l?FOSt treatnments, €.g. the conven 'I"ame, | aser,
pl asma, or Gadindia il &'FPH%‘?SH'@BFBTVE’@‘I‘%F'WQ“’ST angfesifeg 9as shageay - deposi t ed
coati ngs i dedricar (tvin apd shglemie] sypayias issyr ppvderdeatingioy clhi@SE ra@RAett S.

arc coating operations such as plasma transferred-arc powder coating and welding

15  overlay deposition, and so forth.

[0003] Thermal deposition coating operations deposit a breheated and/or molten
coating material onto the surface of a substrate. In the coating process, multiple passes
of a thermal deposition head are made over the surface of the workpiece each pass
depositing a layer of coating material. A significant amount of energy, typically
20 manifested as heat, is required to thermally deposit the coating material onto the
workpiece and a portion of this energy is at least partially carried to the workpiece.
Improper temperature control during thermal deposition frequently, leads to coating and
workpiece overheating, thermal degradation, and damaging thermal stresses due fo a
mismatch of thermal contraction coefficients between the coating and substrate surface.
25 When damage occurs through overheating, thermal stress and the like, the resulting
~ coatings may be poorly adhering, or even fractured.



5[ 0005] Heat renoval fromthe workpiece during thermal deposition coating
is critical and one of the nost popul ar ways of practicing heat renoval
during the thermal deposition coating operation is to introduce breaks in
the process cycle so that the accunul ated heat is dissipated to the
surroundi ngs. Cooling air jets are often used to offset the loss of process
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thickness of coatings and/or adhesion of these coatings to substrate surface.

[0008] Representative articles and patentis illustrating thermal deposition coating
processes some including the use of cryogenic coolants are as follows:

[0008] Nuse, J.D. and Falkowski, J.A. Surface Finishing of Tungsten Carbide Cobalt

25  Coatings Applied by HVOF for Chrome Replacement Appfication, Aerospace/Aidine
Plating and Metal Finishing Forum, Cincinnati, OH, Mar. 27, 2000, disclose the use of
HVOF for the application of tungsten carbide coatings in nose and landing gear
substrates for aircraft as a replacement for chrome based coatings.

[0010] Stokes, J. and Looney, L., HVOF System Definition to Maximise the Thickness

30  of Formed Substrates, Proceedings of the International Conference on Advances in
Materials and Processing Technologies (AMPT ‘99), Dublin, Ireland, 3-6™ August 1999,
pp. 775-784, disclose the use of HVOF to apply alumina-calcia stabilized zirconia



[ 0011] Lucchese, P., et al., Optimzation of Robotic Trajectories in the

At nosphere and Tenperature Controlled Plasma Spray Process on Ceramc
Substrate Using Heat Flow 5 Mddelling”, Proceedings of the 1993 Nati onal
Thermal Spray Conference, Anaheim CA, 7-11 June 1993, pp. 231-239 disclose
t he use of atnosphere and tenperature controlled plasma spraying using

| iquid argon as a coolant. A refractory powder was sprayed on a rotatable
ceram ¢ Woldkpdsas, esoni.ctrhwadelpoé)@tam cérbidi egiositsusing caboo didkitgad Reavtamter a
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coor di spot K ar i ;?crlrtr&% SROLDIaAENEH cQ éﬁ@gééﬂl@i vﬁWtﬁ@&ﬁhtBR?ltoBﬁ)nWr kpi ece

such ho m n ed by contro he anpunt mat eri al sprayed
on these hdbultighing %‘PB&@SB‘WWPﬁ?ﬂ"éﬁ?%ﬁ'e%PVqrﬁlﬁsPP%tﬁ?&'r%’éfaﬁepeed and

PvENT! o 18813%) Ul €tk Ba o DerdeRT AR v Bt b EPYOR B o (e
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al tering thReth&dERRH %Bbﬁ'rﬁu@for &h m@étmressrawrmg R e B@;bdéntsa(ﬁamé@ﬁﬁ bnone
condition selected fro relative

not i on et EEANAshSPLRY, nh&'@"%%ﬁ'eg%"ﬂ'@P'@éhgr?gmm'ﬁ%&ﬁgﬁeé’bﬁqa 'i‘zeplbéﬂw rate onto
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control |l able
pomt measurement, thermographic or thermo-imaging (thermo-vision) camera.

{0014] The process control algorithm synchronizes the thermographic camera
25 coordinates with the robotic sprayer coordinates, and when hot spots develop on the
. surface of the workplece such hot spots are eliminated by controlling the amount of
material sprayed on these hot spot areas by manipulation of the traverse speed and
positioning of the robotic spray-forming gun.

30 BRIEF SUMMARY OF THE INVENTION

[0015] This invention relates to processes and systems for the thermal treatment of a

surface of a workpiece comprising the steps of:
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(b) sinmultaneously neasuring tenperatures at a plurality of |ocations over
the surface of the workpiece; (c) determning an average tenperature of the

tenperatures neasured in 10step (b); (d) conparing the average
tenperature to a preselected mnimumtenperature and a presel ected maxi num
tenperature for the workpi ece; and (e) automatical | y adj usting at

| east one of tg? CO:QIEenn tt) nd| &; es‘% ave & g erature i s not
bet ween the preSel eC olg ?Wfﬁlfrgﬁp% tOrE AN e ﬁ%%%@? cted nmaxi mum
t enperature for thecwvdrtlkrpsté@nedffﬁmfsegtoepd thepeal froatmect ralli feletiveont i nui ng to

performthe alteri “&oﬁ&n%ﬂv%ﬂ%etéﬂnﬁ%ééhﬁ sBl HeaFRthERs, &BEnﬁBR?ﬁEEd [ 0016]

The invention further provi rocesses for treating r kpi ece, said
processes conprisi ngte fad y@@ﬁ@%beatwaﬂo‘arqt%?wtﬁga'@ W@rkt"é?ﬁﬂ!\dé‘f%re of a

wor kpi exe surface weelied spedti bbt@asd the Aeating theaddehithd eudlimehastand heom t he
group of thermal trea rcrent trt"e% rel ative notion between the surface and
said thernmal treatnBnt nEaMe O ¢80l ant flow rate onto sald surface, heating

fllow rate onto @Rl daidRBRARCLeR, ERbALLIE FBRFIDSHMERRN e Hher M

treat ment neans ‘and the surfiace Is con | abl e, |ng t he surface
of the workpiece i n?‘&faﬁeﬁﬂb?ﬂP*P'W%f zones; 25(C)SI nul t aneous! y neasuring
t enperatures at ral.i | oc n ur al nes over the
surface of the (%r 8%8@5"‘9%@%"9?95? “1“"&553?38@ ? 'é{?%wgaﬁuée%r%asured in
each zthe; sfeg)elet er mi ni ng an aver age terrperature in each of said plurality
of zones using said tenperatures neasured in Sts,ei) { 30(e)conparing each
of the aver age @enpeiBraipe eayergogpieaparaliEs OR g IEMY@r at ur e and a

presel ect edemxatonernt @ppsbRtiod Makimum! thepsrae; fothslwolkpipesibaamat i cal |y
adjusting at |east one of the controllable conditions if said
(e) automatically adjusting at [east one of the controflable conditions if said

average temperature is not between the preselected minimum temperature and the
15  preselected maximum temperature for the workpiece. This step is performed while
continuing to perform the altering step. and then the process steps are repeated.

[0016] The invention further provides processes for treating a workpiece, said
processes comprising the steps of:

{a) altering the temperature of a workpiece surface wherein at least one
20  condition selected from the group of: thermal treatment rate, relative motion between the
surface and said thermal treatment means, coolant flow rate onto said surface, heating
flow rate onto said surface and the relative speed between the thermal treatment means
and the surface is controllable;

(b) dividing the surface of the workpiece into a plurality of zones;

25 (c) simuitaneously measuring temperatures at a plurality of locations in a
plurality of zones over the surface of the workpiece wherein at least one temperature is
measured in each zone;

(d) determining an average temperature in each of said plurality of zones
using said temperatures measured in step {c);

30 {e) comparing each of the average temperatures to a preselected minimum
temperature and a preselected maximum temperature for the zone; and
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average tenperature is not between the presel ected m ni numtenperature and
the presel ected maxi num tenperature for at | east one of the zones. [0017]

I n other enbodi ments of the invention, |ocal stresses are mnimzed in the
5 workpi ece that are typically caused by nonuniform tenperatures between
various portions of the workpi ece which may be due to one or nore of the
foll ow ng: workpi ece geonetry, non-optinum cool ant application, non-optinmm
hegt ihngt appl i catfj on aumﬁme@@iaﬂjuaﬂr@lak ?Eiét%ﬁe bhti!e &@m%?tdéﬁ&udh% |fTsH? wor kpi elcle
an eatin co oF her reat ment neans that are sma
relative t V‘?ﬁg %h?grag'( F%@% 'é%%res%‘?c e&t"ﬁ%@“ml@m%%tﬁﬁw d paraneters
of the t helprmlelepted)cewmum‘lfhmseratﬂ;e fbneataaasbcmplofmlaedwdsy cal cul ating the
standard devi ation of all tenperature readings for the already described
enbodi ment $0MAH Baher embedigents ef the Insgntioe lonst stesses epeminimizegtiviben t he t her mal
treat megt RRMpRcAlEL é@@mnMu%y RGP dpetdiRedBwddntakidgNt rate (which

may be heatin atment. rate or coo eatnent rate) and/or the cool ant
flow rate, 98?%@/ %?f%tf%‘gor{g% Whlrﬁaﬁqed{}&ert‘g?@ qrﬂqofee%fﬂﬂﬁ@@’“t"@ BPEBgEer mi ned
val ues f or gebtreetst aordeptichudesdokhi applicafiorg nhe pptendoolbatien&pplicatibn des- t he st eps

(a) to (e) oBf mt% )alt&*ﬂggf:e J@@ge\z/rlélgfél (@ﬁr@b&dr leaﬁé %?hagfneans c?oltrﬁ%&eg

determ ni n%wme st an sal erature and a
cumul ati on §[é?eat“??€h'§9?'@dhqtéfﬁfé?5ﬂtfﬁ?'é’§ o the size of the wor igc or ¢ffieronpari ng t he
?th andam;j d embptiniea paanttdrs 6Bhe mémb@aésedm’rsamsiaédc@ma@eug 20 81; and

or i) a | east one C
condi ti ons%lfc3 &gﬁé}ggﬁe %%nr?a girdc;e% t?ﬂg%ft HgRed l&?éeszj@fgs {Oﬁgﬁ af?ﬁedryfdﬁ‘g‘g ‘ﬁr esel ected
st andard de&vibadiments agj corfrialling %!Beqiatlvs nptier spersiibativedrethe thetrialtreatgrento al t er

the tenper ldahga®f the hr@rkﬁfé&é %ﬁ@oﬂﬁe iﬂéﬁné@@é&%ﬁﬁ@te WS b6 LAGESS Steps are
f this invention i1s 1ncluded the

;gg ?? |t ggal %5% 001?)3?" or cocq'"g treatf“?"t(r %ﬁei rr’l%?ﬂt‘}“ﬂ‘%rqoﬂiﬂnttﬂﬁﬂ rAe-ANGQF e h8ingt i on to a
second 1pr edew eaie edresoasuiaptcddevniatd eiyesI@;thestehdard deyiatert. gmathiecal | y

suspendi ng eRfhodimBht inBlddsife Abph BQe)CBCr g&ﬁ)\fé%@@é%&&”& Ff\psg?: wor kpi ece if

said standard deviation is grea er tha a secon prese standard 30

devi ation, 82. Bbegsdeldrmmingjthe Saiatd dé?ratldﬁbdiﬁﬁéénbﬁm%énfagé@ﬁ{Qe@ﬁfr@re or after
ocess steps nay be repeated. If the

t
ZI tegfl ﬁlg g[aggg|°§m@ﬁé°ne°ﬁ%%Heﬁ%%e‘g?@ﬁgra@r "through steps (j or k) or steps
(b) thr OUQh (e) (gad?‘ﬂ?]cfohpgfnd the Qth%aH:l Qévqul)Jn t%ra%rsté)gésgg%tgggem&& dé\fb‘?’gﬁt andard

devi at|8 | ess t , and then al repeated 'until the
t her mal? pr@ée@'g1 is conplete. [0019] Th| s invention further provides a
system conpri si hee ﬁ s to alter a
t enper ature of Q'q?sdr Quiemeties "yadjggtv\ﬂrakﬁf"%cgegﬂ N rgﬁ"‘tb ﬁOP'ZF ons§%alai d t her mal
treat nent /teagard deviation is greater than the first preselected standard deviation, S1. This step

is performed while continuing to alter the temperature of the surface of the workpiece.

Then the process steps are repeated.
25 [0018] In another embodiment of this invention is included the additional steps of:

(i or j) comparing the standard deviation to a second preselected standard
deviation, $2; and

(i or k) automatically suspending or limiting the altering of the temperature of the
workpiece if said standard deviation is greater than a second preselected standard
30 deviation, S2. Steps (i or j} and (j or k) may be performed before or after steps (g or h)
and (h ori). Then the process steps may be repeated. if the altering step is suspended
then steps (b) through steps (j or k) or steps (b) through (e) and (i or j) and (j or k) are
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b. workpi ece hol der for hol ding the workpiece; c. notion controller
for noving said thernmal treatnent neans relative to said workpi ece hol den
d. at |least one tenperature sensor that can simultaneously neasure

10t enperatures at a plurality of |ocations over the surface of the

wor kpi ece; e. conputer that receives the input fromthe at |east one
of the ternpeLaldli fElRRIR0 AR HLIESARANE! APRe LEADREALIM @ of the

t emper at ur €S’ conpar és e average tenperature to a preselected m ni num

t enper at urrepeated untipthe thermed peagesrds toremeteenper at ure for the workpi ece; and
automatically communi cates with at | east 150ne of the controllers if said
aver age t elffEHatlhisdnyestiqndrtise prawdes 3 PysteR SEW @Y ed ni ni num t enperature and

t he presel ect ed maxinum t rafure for. the workpiece, [002 Thi s
i nvention furt Her pPg'%fﬂ%@‘%g%%?ﬁ‘f‘s?ﬂsﬁ%akmf8?%'}1%9&%8’5 om%?lll(réaf%g{eg into zones and ~
nmeasur s avorkgiast andreeconestipeionsaid einrsl weatinedtoreans:l n sone enbodi nents of the

system nultiple tenperature sensors or neasurenent |ocations (for a single
t enperat ure serBor oHpiese bideridaiBadie WIKRIRAS si nul t aneously at nultiple

| ocations) are provided for each zone to,cal cul ate (deternine) an average
t enper at ure for‘Et hatmc’g%'h%qn"f’l r%’fﬁg’?‘”"%ﬁﬂgme ﬂ?f & ntt'ﬂ%ang{/eggft'é%}ooﬁa'dt he

i nvent i on, woiipiees hddgor ovi ded at | east one tenperature nmeasurenent per zone
and at | east one additional tenperature neasurenent nmeasured in an area
that is at |eas¥ paetieastiope fempgratuigipensanthatrgn simuitanepusly mpasye one

addi ti gal tedfpetRIpestal gLiaitySasHdiGiERNEr thesurlge of thewpRpiadeur e measured in an
area (area, point or location) that is fully wwthin a zone that is adjacent

to the zone forewhi chmbiter thateeciyes theriqped ivra the at baiaina gf halowestwe, or it
may be a ! SEREHsHnH el druVER e tdiitlerdtste BFin8 WRIRBRUES ERREALLHE Over an

area that 1s wthin at |east t or nore adjacent zones, one zone of which
i s the zond8Yar#se RMPRufeR apirselegled MUNBT &aheEatire apR p RFSeIgt el at ed. 30
[ 0021] Thi makimuentempéra@tessior he avikgdiecd; zad anbipicabesommasicates mgh birlesstany of t he

Processes 88 GMhPaMBRICE D alelRAmiMER 208 BofiREn S pARBIUS] based on
usi ng the erma reat nen processes ant syst ens of thnis |nyent| on and may
i ncl ude on&ipuRdgrePesFturelgad fheinresrlepigd Meximas] tempgratuls IREhe Bpdvies el | ent

Dr OBt o e S e e ST ST MR S BB 1 e
mat eri al , oreaswges siddrstanertgmpdratuctgs padidzont.f Beomeembhdmeutb of thaswstemmt eri al ; an
abi ity if coaldBdodQtuRl QAEHEMREdsuRHRAT b&Biond fr bQInGleGaAbdrRER sBRsoMOT Kpi eces
while mnimzing danmagi ng i nternal stresses between the . cogting and the
sur f ac&%i nablgdo %Sastugdan otitput simultaneously at multlp?e locations) are prowgede}or eagh

zone to calculate (determine) an average temperature for that zone. In other

embodiments of the system of the invention, there is provided at least one temperature

measurement per zone and at least one additional temperature measurement measured

in an area that is at least partially in an adjacent zone. That at least one additional

25 temperature measurement may be a temperature measured in an area (area, point or

location) that is fully within a zone that is adjacent to the zone for which the average

temperature is being calculated, or it may be a temperature measurement that is an

average temperature over an area that is within at least two or more adjacent zones, one

zone of which is the zone for which the average temperature is being calculated.

30 [0021] This invention also provide the workpieces resulting from any of the processes
described herein.



wor kpi ece; an ability to provide tenperature control for difficult to
control operations optionally involving coolants or heating neans, which
may al so include sinplicity of 10i nplenentation in production environnment,
reliable thermal neasurenment in spite of various nonentary process upsets,
and acceptance of both contact and non-contact sensor neasurenment and, an
ability to enploy mxed inputs fromdiffering tenperature sensing devices.

1SBR|I E]ICZ DEWIZPTA&Nn%eJ &4 mmab&f)&&]ls:@ fhe thermsl t@aﬁﬂeﬁﬂbr@éﬁs@es
sinplitie th erma osi,tion coatin ation illustrating
si ngl e poi anggrtf%ésr(g?hd VERigL Ay rﬂ%ﬁTd”deTrﬁﬁﬂ] ﬁl‘?{& Eiq 09 plot of the

I th k
D, AT S e M SRR 1 7k

20t her mal  §&r3ivdasiRabnp deayarigriecs mnigiial. gt mdgrheatmg[etoeﬁ@]m gamagingthene
embodi mgnt c@:;t.ng nidfé‘taﬁm Mmla@me\m@th@@em@dﬁécﬂoﬁ 1he sMsRERIRatétal; bALBINy Fvent i on

show ng varl conf.i t| ons an ment of cr eni ¢ _cool an

di stri but 0% lnﬁ t%lprtoﬂlé‘% i agRering 4 Ut”q%'ﬁ" g'?,géé)é‘ workp[eﬁé?gﬁ"gﬁ"@m'zﬂ‘gl s a system
whi ch can ldemaglegllrntarmqbstnezseasbabﬁeanhhscoamgmd tbasigfaominrige araed25 enbodi nent  of
a ther nal %%'féc&'é?\%bﬁﬁﬂ& Bﬂ)gde ‘It:ﬁ'rry Qﬁlﬂ'h%oﬁ%wd' @@ctg%QOﬁ%%ﬂe%tloﬁy stemfor a

cylindrical wor kpi ece. erature
i nput r ecoCRiMGIHAEYSYiRG %@@f*iﬂor Ped 'ﬂa@eﬁrﬂwé§§ mgy afspinelude gigrtigity ﬁf [ 0028]
Fig. 610s amplementaichdn pisd@tion aeirerhad, rewible tﬁérnﬁhﬁe&ﬁ@ﬂeﬁgn gg@iRtgrol process

of this 30i, t t at co and

uni form temgioﬁ%tnbjoﬁgbnig’ﬁwog% tljps[e&i)gg'f gggat%ﬁcf ?ffbgtlh gﬁ%’%} agt "R g"\péd and
conput ed t GAFRSF WB?WWﬁﬂd@Wl*!WGEW@Mayxetdomulafgmmhmséennnwﬂtturdl ng a

si mul taneoggng;ﬁd@/dw;@ggc cooling of coated surface. [0030] Fig. 8 is a plot
of neasured and conputed tenperatures during a flane preheating process of
an el ongated conponent. 5[0031] Fig. 9 is a thermal zoning nethod which can
be used in the process of this invention involving elongated substrate

pads. DBETAI LED DESCRI PTI @N € pesErIPNRNEEINE OR87InGde processes and

systens of this invention are useful 1 n any process or

[0023] Fig. 1is a view of a simplified, reciprocal thermal deposition coating operation
illustrating single point temperature measurement.

{0024] Fig. 2is a plot of the single-point temperature measurement of the interface '
between the workpiece and the coating verses time illustrating a temperature cycle in the
20 thermal deposition operation shown in Fig. 1.

[0025] Fig. 3 is one embodiment of a system which can be used in the process of this
invention showing various configurations and placement of cryogenic coolant distributors
in a thermal deposition process.

[0026] Fig. 4 is a system which can be used in process of this invention showing one
25 embodiment of a thermal deposition coating, cryogenic cooling, and control system for a
cylindrical workplece.

[0027} Fig. § is one embodiment of a temperature input recording matrix useful in the
process of this invention.

[0028] Fig. 6 is a flow diagram of one embodiment of the cooling contro! process of this
30  invention showing two logic blocks for both heat control and uniform temperature control.



10 systemfor the thermal treatnent of a workpiece in which underheating or
over heating and/or nonuniformy heating or cooling of a workpiece (or a
coating on the workpiece) has a detrinental effect on the workpiece or the
coating. A thermal treatnent process is a process in which the tenperature
of the workpi ece is altered, that is a workpiece is heated and/ or cool ed
whi | e tryi h r t rkplece
L B O L ol P S )
desired rawgtm prms%@@dtl@lﬁ@a@lfnumpv&fgmpmpﬁ@olmmw@ééumm ng the ther mal

t r eat nent ess alone may result in the desired treatnent of the surface
of the worl c&19- Bfs plofef X"@ﬁ%’é"sd and|cgnpded fempgaliesguingallamy i nt r oduced
onto the S;Méﬁ@ﬂﬁg@f)cds@efammbﬁdeoﬁﬁorﬁﬁﬂ of the thermal treatnent process
to achieve the desired surface nodifications. In some 20 enbodi nents of the
t her mal5 t ri@83terig. piscrbswnabtoningireeitiaswdiinhi agn be ubrsl indwtirergseefdiior cool i ng of
the wor kpiigeiibSinRNidgdIoREel ¥uktBRFhHg treatment nmeans, cooling treatnment
nmeans, heating neans ‘or cooling nmeans that results in nonuniform heating
and cool i ng of the workpiece. In addition to thermal spray coating,

exanpl es of thermal treat ment nethods that involve or result in altering
the tenperature of a L‘E‘b%éé}félﬁﬁi%hr@lﬁﬁ‘HEﬁVérﬁﬁéﬁ' ng, chem cal and
physi cal vapor deposi t| on coati ng, ermal treatnment of the surface,

fusing, hardenin nitridin car buri zi nductl N heat -treating, |aser
gl azi ng, hi@932s JBF REpCasses A ?Vs?msé’fﬁ'fsﬁ@"eg fignrase sefUl RAWIPFRGSSTRAT ot her met hods
of castd ngsystext foribe termattradtrshtdf p v.roddplelcag: wiichrgideeating bnbvaegheaiimgduct i on heat
treating, ions as wel |
as printi n%n(yédr;: @‘d‘#f. gﬁ%g%%g g% 2 @Bk 'Eagbre mi}ICOEﬁM%B n%d‘%n@el%%)ng, cryogen
treat ment @S adptinagnel effephemihaiwegrigne °"n‘B? aeatipgit Fh‘i’ﬁ“a‘ tratMgrsocsss Bhe

deposi tiong gfaaéssngwmaema&erﬁmature &f e Qiorkpiegdis\uRbraga, that iDxWorkpl@de iSPr ayi ng

HVOF d I f A d.RF pl
n et at nsoisnd G e i B i PR S hae Soedet B Botri clare
(twi n &nd \ewrhgefee anidritay desratly farkgep hedempgsaiurgenf tr@daﬁtﬂfmﬁj:emthlelaaﬂdareﬁg,

transferr egn@é CTF%Q%E!!@Q}!’QQ@IF\ bt RO Nokpieke é’eﬁlng Itlﬁﬁﬁ&m?a“?é&ﬁﬁ&f f)l?ees@[ c pt(:)V\.deI’
rmal treatment neans

coatlng an SItIO

e ot flare oy B i e iRk lee SPRES b o BridIEes Phalbeatmmnane. and
can be anyfiuds drheatatioisincydengodssdoptd toe safage of the werkpiast asdkestor theed t her mal

treat nent aemﬁé&%eﬂ'pﬁﬁeeémcﬂs\r&h@de T@&s&&%%hm&é:ﬁag NRQimdreans incl ude

t he foI | o er nal osition t her mal Ig uns (and
i ncl udé? I—th’g‘)d"mi‘@ W‘F%*heg}aét’%aﬁf‘%‘g} P“?“P%ﬁw’?!‘“‘%‘f‘&e’)“"%réh aF’ dfgr G wel di ng
torches, | a:smm@of tid Worsiecei pafoameld By:élﬁéajjeg tr&taemtrmeana,rooomg lrdatngnt or ch,

Char ol ¢ r D, ifundthd 4 dorhd ot BEEBGys Moy Rlorh WEadliSho B53iAG | 0€C
wor kpi ece PRthWHERIPES- g additias te 3\%@44 at’"aY g0aiigg.&xpraples effbesmatieatmant ace of the
wor kpi ece. mb&eaéhhatT ﬁk%l\ﬁem(ﬂa%hit m&e:arg&hmeﬁpuﬂatdr@oftarwrnﬁécetmmmseﬁtt processes

of a kpje has t Iowamaxumm
t enper %‘u ke%'ﬁﬁ’ 9 @v‘@ ﬁn(ﬁ%yﬁf\l\% ?fﬁ%ﬁ ar 3?3%%’%%""8{1}“3&{?1 Fﬁde t he steps
of preheat surtpcarfaying: hérdening, gitridng, earbdrizing, ioducbwmheatrﬁkqilnedﬁebglaanmeat ing
nmeans to ”ﬁéd”ﬂféb‘r@ aﬁnﬁﬁeétf‘smé%ﬁ@ts%@ceé%bﬁnéaﬁﬂ &héFn'ﬁ'&tﬁ&i%%a%ﬁﬁH xtrdiafl/ or

precooling to and/or coolingthe surface of a wor &(E cool i ng neans
to maint ai Melhgtip miina:araRecfoRmung ipdkcten heat frprtingypin ‘?aé'“@tlweldr‘@ 24 her nal
t r eat ment piemgsmngTdfmrdtubesamkelltarsmahmrﬁndmnm@ssomfnetdmcmatemnlerﬁdobn is

descr i 98 d aqn(ﬂ gkggc}rggh krﬁmnl Jf g &%Q%cﬁlﬂlnaﬁﬂé]ﬁ%m%tﬂ:% %?%}J—.b[&{‘?fttﬁ eatment of a

morkplece Inventiron 1s no é%pOSItIOﬂ

treat ment PeRASESRCeRiEg eResations inglpige: highevelorigeoxydush sprRving iV Qke parkhigh-on
treat ment Pél@&tg%ﬁ - Shragitd GVAFS DTPAHd RFaBhéind Shray i atrbﬁﬁd’éﬁiweré naalurent process
and system [0035] The indefinite articles "a" and "an" as used herei n nean

one or nore when
-B-



25 applied to any feature in enbodi nents of the present invention described
in the specification and clainms. The use of "a" and "an" does not limt the
meaning to a single feature unless such a limt is specifically stated. The
definite article "the" preceding singular or plural nouns or noun phrases
denotes a particular specified feature or particular specified features and
may have a singular or plural connotation dependi ng 30upon the context in
Whidch it i sharslest andlbeingrtijaachamber, @ediric AEANIA aﬁ@ﬁng!é@:ﬁ/@),spﬁaryin ,“iansecri o

i ndi scrim [ nti.ty. The term "and/ or ace etween a
first enti [& é\k (g‘%%ogtfng\ggg%\(ga{'ithr%ieéﬁggﬁcsmg{r'}n B asf‘?ﬁ?%a entity, (2) the
second ent itregsfensascre gywdeh eodting snd welding gvedadanesitigecond entity. [0036] To
facilitate _an_understandi ng of the concepts |eading to the invention,

ref erence 1%33hdthe %efmabt'ﬁeg“&nt MRk ey ke ¢fibef & beptino Eeaipentmeans enfer nal

treat nest eboliagwestnigheteans AR 6arf heCatly loytha dbN@SsBLesd P RSt ahy SihEjast | Ng

operation rein.a coating material.at elevat tenperature is applied to
a wor kpi ec\gfé ﬁnﬁéﬁhaﬁm#&eaﬁm&ﬂﬁ%@s@é dfaﬁfﬁﬁ\efegbgq'&m%@a%ﬂ?ﬁ“ﬁ'gﬁa@ubst rate
surface 3 insludededdioninghtharmts eerosiiomtecags.itisdrmal speyogigussd(afd iodudest her nal
treat ment RIS APEIVAL) bk GRAL SN *éﬁ:f)%@kveﬁ'smﬁt%ﬂﬂgl&ﬁa%sﬁase er mal

deposition _head 6 Is reci procated between point a and point b over the
surface 3 GP™GRPIRETAAIsohargm gleptie adaidnagor R caongNic rozalsp mashinibs t he surf ace
3 of wdpkpieqdpméntaManygoftthejubti deecribbd theimas troBmBnt ridiab altdrthebhSdegiutd gre (t
stroke) fr i I , i i [ ired 10¢ | ete the
entire coaﬁg n%ﬁ%%eﬁéﬁeﬁ%ﬁm%ubg,%%éﬁgﬁgp 'Pﬁgeinlidg'rqaglg ﬁ%ﬁertsgﬁgfpgﬁlq iyrfg%gui res
several sc&hbeyorkpises-pr ocations of the thermal head 6 to produce a coating

having a pr‘fqagiee ted thickness ye‘jI E'r esel ected areas of the workpiece or
over the e ey ipvgotons agg usRhY lndherig! teatmend progessas of aMskRisse B i s suppl i ed
from a coomivh teuppkpreckdat & hdreaistainédbaiovda efaxivikipinpeatud: 4ra ads®i st i n the

renovali50f ofig@dlimasmpdttuleNiidiBtan gﬁ:@gé ;{[h%ies ﬁgf&nglre]agngg%\ﬁ?c? nbddRiHR0I Nt a to

poi nt b. The _process IS reversed o1 eposition nead noves from
poi nt b t o SPHRO! he werpiege Pradeaing srarrdamainianifeiempgsatiisiabere 2 al | ows for

i ncr eiased pridudtererataieesndiy pkezeing & drfafor ovd@inginke (jshﬂét;aé@f albikgieRebow a
presel ecte [ [ ; erature (Tmaxi) .and ,above a m.ni mum

t enper at ur g‘%@%gm zaﬁ?férﬁ%lﬁ%&%éﬂ E%Peergté’fe tfellg)%ﬂ%rﬁ% (a0 m?eé%rgrdrgf"ﬂﬁae readi ngs
are recor dé$TBY tiey BeRSE-e Theptherpgf EITeNt Praggés of thib iMyention iadesctibedoi trari | y"
set by 2bhe iopediBiitBrefofentd R RémaPdepYsitddadtchiftknd ¥ Wokgiea eshweleCBPONENT
geonetry a?q’ rEaterlo?h i?O(r}SI eratl:&%ns..t. Fﬁ_r texaglgl e, ni is usually set
just above "REBE 19' iGeSdP Ahesnal ggpesitiop freatmen ﬂﬁssg'ﬁ%ﬁmﬁ‘r@@éss based on
conbust i on réferandertg a thermal dep@tio liiegimentproasiss ynd systenf is epplicalfls @ynpg Wit h

H2-fl ame oqhemgrt,ggﬁ{ehpﬁ}oéésggﬁds!gen@r consi derations could be used to set
Tmni in the case of 25 plasna spray coating in vacuum chanber. Tnaxi is

usual |y sef0038] t Tre ihdefieite arictosTat arndgai e LSBT MSEIA ficA bnelgghcte whémon of
componaht PEMEd ity edud ol (e e i EIPEEE U R Tevel of 200
or 300 degsectication@ng claigisn (The hemeft e tenddark gpesrot limit theiradaniota @single. Simi | ar
approach cegatieuniedutiia Phesabbditdiyldmed. TR defdRbrd P Hat&didcys. pol ymer

singular or plural nouns or noun phrases denotes a particutar specified feature or

particular specified features and may have a singular or pluraf connotation depending

30  upon the context in which it is used. The adjective “any” means one, some, or all

indiscriminately of whatever quantity. The term “and/or” placed between a first entity and

a second entity means one of (1) the first entity, (2) the second entity, and (3) the first

entity and the second entity.



30 conposite conponents, and conpl ex geonmetry conponents which tend to
concentrate damagi ng thernmal stresses. In other thernmal treatnent
processes, a coating may be detrinmentally inpacted if the tenperature of
the coating does not renmain above a certain tenperature, that tenperature
will be the Tmini, and the Tmaxi nmay be set at a higher tenperature above
whi ch the pi-ece. ins to. be. i J i.f the tenperature
of the V\or[@g#écér% ﬁr"]scmgag(?é“duenéire reséaéig'&g%{%%gﬁ-{% E;%Léé ﬂé@gﬁé l’t%ﬁeenlu{)ré‘rm "t her mal
head" r eprrefsesrics isanasighic Bigursf1. thigure hegnins a simplifiefthermatirgaigieatafiai s defi ned as

the part %mﬁ‘pié&‘?%’é%#ﬁcéﬁ?@tﬂéﬁgal%ﬁ&sﬁ%nchéi WheratbntviierdiRd &atidd mbterisbe coat ed
on the workpiece surface exits the therm ln%‘gﬁﬁ‘g@gew ce to coa& t he
i )

surface of ielfyalgg fapppestiae isppaliqdie A Werkpigesd RS RRMPEROi ng guns
(and i gl ugleskpeFsubdiRite siiate 3 &y dvatp ity a chitagenatesitict Jepasitedibi aas M G

vel di ng t O{hg%ea?tre r'ngrn meah l?r?th%sggeg%r m\(ﬁld ogi\(igri I!K—.aa\ﬁ &%%Jrrﬂlgde logiﬁ [ _powder
spray coatRg Systens, PIA pOWIer: and W re coatlng systems (a hybrid of

pl asma andheed|6ds regiprasaigd between kaeint ajand [poDBYpverthg shidace 3 of warkgieer 2 8d t he

i nst ant a”efP:H%pétﬁngPrﬁa'E@iEM%pﬁ&?&ﬂh_@gur@éebf&%&ﬁ&@dém ﬁorﬂgahé/_rﬂfesdbs Thisme as the
t hermal depositjon head sh

C 0 Fig. 1 deposits coating naterial 4
bet ween polMReE At SlRke W“%Bgé\ﬂ@é#ﬂ?’ ag‘hg'Sdﬁ%ﬁi?#&haf‘ﬁhe:tmf%%ﬂ%fj?%eposi tion
coat i ng0 opesnati¢te the eptrakcottmgpperton. dhus, dpiusisd prasticedentelpenatear e points, T
peak .20.’ agt%ega?Qc%&@gﬁgciWOQioﬁ@&?héDﬂ@&aQN dﬁttQEroth@er J%Rﬁ%aQMQ'g‘S the thermal
deposi tion head noves away fromthe thernocouple, the tenperature of the
wor kpi ece Bieseleded thisknese eas peseledpdargasofde worknleas of oy theRatigsYEaqi ssi pat i ng
Wi t hi In WOrBlaf\ﬁﬁrﬁpi&:e\d.&\&%yéﬂi%fcbézlﬁzhwbysdp@ﬁﬁdéﬁm @tudtmpplqoomlaéi on rgsul ting
in a lower mni t erature T i [ te
tverage.  eRBEPROTLRRRE A Aot me [fovel it fed B Ffo iohmaPucBon i
par agr 4phs mavesfranesgi@tto peinttth Thieprasass 18 reversethas the thermagldeegpition AtRdrean wi l |
20be used iHal&y FPpaRalb Yoiked Rdpid rdAbaS 5f il RSming vorkpiics 8taldvs fdhe desi gn,
presel ect ed maxi rru%errperahytﬂ(e for the rk‘%}:r Ce el desi ?eg Ejed Tmaxi 25,
Bnd the. deleRReeFeiElastaEn bk kPRGNS SRRl R R B AP RS RS oce, | 5
desi gnat ed d@sigminax@vum Tnepelatens i(Trmaxi)tand apevefeeminewmtasiperature @mirdrfattoe e for t he
wor kpi ece | ' i B o efeBhiéBduigyni Mmum
Ferpar at ur SO ARy B o oo B e T Fi gur e
2,h t he 2berrm1m1| Uﬂ'ﬁlaﬂfagﬂ me.irﬁg@t"@fmnqmy'cédt /h(y 1o veeratabehtieerinhiesplaymsatingt h]er eL ore
the coatin i nqt _be as sire A . ; i The
Goposi &1 on YT bartRion depPoenfb Ry R ol PP RRuOR, 9o bufoig Ml 110
measur enmenis ushalty seHnst abovedies)briiing| ppink of waterima theread BRI Piepessdased®Bnopval from

the wor kpi %%bl?sﬁamleaﬂﬁ% Y. HOOR(LIgRIPE ARy W9 Suet)Rpiaging G4ts HRAERE bo nts hof the f
ver e use o1 a

wor kpi ece that na 0 above. Tnaxi or. bel ow .Tmnt .. Noreo

fi xed- poi nﬁ’y‘ﬁg‘f%@‘%&pﬁ%l}'ﬁaeggﬁW‘dﬁﬁgn%‘&ﬂdg’&d’?‘&tg S\?QW‘SUE {hﬁ&ﬁ%‘;ﬁ?far y process
neasur eeniplasma epsy coatiog indiapgint thanblesr Traaxi isenaly sélat teileyal graventing espect to
the ther maly,faoRsdnahiedl dggg?iaitﬁﬁ of %ﬁsﬂétaﬁa{%ﬂhm‘if dHeat fdditditarigy-t emper at ur e

nmeasurenment), and overr g nper at ure sensors. Q/e,rre%%ti n
t enper at ur RSB TR sorarprepys teanally sRavPeRieth A Bad maydesgt Bt
t enper at ur eheslevas 6f 20y 3GPdadyecs QB reventainwaatey wokpiece mafpdal safteninge cl oud, the

traversing g hek BRAS b LU i 5Aetlifg>Rrhdxi AP HodiurfRirR GAY, dolyHigE-
Overreacti r%rni%ég%lér at Ergebéhge%‘ Sl% e g ) s, 60y
30 composite components, and complex geometry components which tend to concentrate
damaging thermal stresses. In other thermal treatment processes, a coating may be
detrimentally impacted if the temperature of the coating does not remain above a certain

temperature, that temperature will be the Tmini, and the Tmaxi may be set at a higher
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sensing may al so be caused by localized shifts in the emssivity and
thermal fields of 5 workpiece surface, which are a function of |ocation on
t he wor kpi ece surface, and the nmeasurenent tinme. [0041] The thermal input
data typically generated using the single source tenperature nethod
presented in Figure 2, above, led Applicant to the recognition that: the
tenperature of a workpiece during the coating operation nust be represented

ina 10noreemwuratorembwwm&lﬁnehe feBe bég“hs% Betethiferfly HdRicu@ thise i1t for
_control oses rmal | % conducti ve substrate surface,
r

t
i.e., a th 'W%ﬁr?ture gﬁ‘&d"éﬁpféem ‘T’Cé??ée surface of the workpiece, and/or
a thermal | ﬁﬂ@g ﬂléé%f ﬁl%%ljnp eﬂ:ﬁé[%gé ré’geh% a%%b%? gﬁﬁg f’?iren)(‘n tlp ?aélggrﬂ out

| ocal ther I ents genera & EHr Pace during
t her mal co&M9an§: ancbﬁéEf@d l9s thernartaf f %egnampataa devics frC@a'dhlclgthefnamalftac e

t enper abur @g cbtel B mélutdr@he@e 3RS eﬁfsclh@tﬁs.rnaa%awngf M%wwa@m%u#&bpf ul to
control the é}her t ment gr 0cess ditiona in sone enbodi nents,

use of mul ©f qﬁh%m?f’é r'?%eﬂg\?%?%'ﬁﬂ ’"Béarﬂé%‘i‘qdéﬁbl eto
provi de rmrPé/OFeIAPSbVIBS teerreaya flame etEesuvet B MIG waldihg aoreifed ich @apes at ur e

det er m nat 'ugf:‘%for WQI@ o\lé}fazgﬁétﬁlél Igéég ﬁgugcié?'@ﬁrgy cé)afnn%%{e ! P'ﬁ@&év&d@pg whi ch are

affected b and erature generate on t he
surface ZOG‘F’et%é*'WWW%E?é‘VHEﬂ Pfrpga%eﬁnﬁweidwh@ndﬁ@e "'@epends primrily on
limti sgal e .expa n or, contraction of the entire workpiece
and/ or qghe?@%ﬁ E'&"rﬁ&fﬁgE{E%f]ghea'"ﬁtf’%tﬂ%%ﬁteH@FW&E‘?ImFﬂ%"‘EWFﬂ%{F’O@FB nsi on
coef fi ci entl8 vefsus tiree amthk thepoal depabitioh deab@sihawy imBiget depositsMoatingi zi ng | ar ge
scal e expanpiui ABeweaSIASH Al FRALIR S Ry nsnrggmag% g%,ggi&r

he pr esent

tenperature of the workpiece between Tm ni rraX|.

i nventi on ﬁ%t!ﬂg&e%fam P%%éemg%rafafesaeﬂf%ﬂwamtymeefﬁm:@qi% 58k 0

coat i ng natgenéraied aith badhipass mesmn@mamupmewsmetth@rmmb@meééurface of t he
wor kpi gge) i i i he OCEess will have a
onducl(:al fGJw tn?d%gé 'Pﬁn ? ?r}é'é Wcr?khe'?tﬁgtem%b%%%?@g%&kégce G0 c, as the

wor kpi ece t‘@“ﬂ?@@&‘@ﬁtdé@re@ﬁw apg f%ﬁb#@f@nﬁ@%ﬁdiﬁémtwgtwﬁiélﬂwmece@aﬂ ng thickness
whi ch may l@endlhﬁorﬁﬁy\fadlaﬁomﬂdtby%@ve%ﬁmﬂﬁ% Q\/Ql'owbm:nﬁrﬂfnf RfRe@iurd f£

wor kpi ece %‘H L aLe AM Fel ess atn hal h(&% kness of the substrate
at its thinhedre 8L SSCCF Mo §Y%{f’%edeg.'ﬁ?)r? 5 (Rs/9ntorace hapseaPd conduct i ve
substrate ﬁﬁ@sebéer&pal‘ﬂerasms withoesrentls thehineslation.) Hhe tesn aldrageest reaosdl- sect i on
than theg t%%&é@ﬁﬁzr&uﬁni &y'h@r%hhl s RO tneaeate@afﬂer&s.gﬁrbr@s%@%@h of the

present invention is that_ of substantially sinultaneously using nultiple
t enper at ur EPIIHR EMPgRtUSS @&E@&OW?d?dWﬂ"@f?dﬁﬁ}?x%n%“q‘tP%Pﬁ% or two or
nore (a pl wreseletted ofinimuaro tdnapetatars déralie Warkpiem@is alesigrietrRIAIATr Tha®aaxir i Ng

devi ces ang htdréred g#d}ﬂhm%ﬁéﬁﬁé A94nR%d ?e'cé in %@&Eiﬁ#}%\@{eﬁl&ﬂdﬂ%mm the

surf ace tenper ature | ece over erm t1ne- span 5 and
over a predefepPrafied "gfejmfl@é%m@ﬁr@are fP‘rﬁ‘%W@ka'ﬁ%ﬂlfW“@mﬂﬁmhéﬁel n a

pl ur al i26y @ﬁovmonmrgnt@a;uhet@mmaﬁ@twmd@a@wqmuydﬁawwaﬁwam W to neasure

or more. conaedie S afd il AR ekl o e I pPe  roasur i ng dovi ces
woul d al so moPS?ﬁé’&eprtdnhhecthédW@ﬂ%{egm F!@%S@hgeﬁbﬂe¥oﬁr§%ﬁ{p@$ﬂ'ﬂr§ measuri ng

devi ces that neasur e aver age tenPera ur e
measurement that cannot adequa

ely solve the problems of heat removal from the
workpiece 2 and nonuniform temperatures in various locations of the workpiece that may

30  be above Tmaxi or below Tmini. Moreover, the use of a fixed-point temperature sensor
does not address various momentary process measurement upsets, including the
thermal sensor location (with respect to the thermal deposition head at the time-point of

taking the temperature measurement), and overreacting temperature sensors.
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10areas, or locations that may be within one or two or nore zones nmay be
useful in this invention, alone or in conbination with tenperature sensors
that measure in areas, points or locations, that may be within a single
zone. Further, a mx of different types of non-contact tenperature
measuring devices in a single system may be useful. [0043] In the

devel opnent, of a.cqntrol proce r Lng t for
15exanpl e {)Flee"etaﬁ“enrgﬁ%rppeé%tﬁ3ssi9?si'r('§‘nm%‘ eccgg Or‘{%ntpléar&afga {)‘Indms ﬂer mal |y
conduct i vetespbrature sensorabp Ispreanfuwedmsépmmd: vahertor ick clond teeteayensisd t he
surface t emgﬁﬁaawo%ﬁo@h%t.@é\% drfd elo¥ e |ph%e@'&§llré’acﬁNgQEmﬁer§ﬂugam ficant area

of the workpiece, averaged the tenperatures and plotted the average of the

t enper at ur %ewamaxgésoméel&eﬁ by 'OPHEE%M%Q@%WF%?M‘BWB\Q felfs hur face of

t he wor&pi ﬁﬁl&p%&létdfaﬁé wifilzh @R 4 RAdtioR bt locHtibh o tik wotkplecagurtabs aR@deposi tion
process asmsasor rx I[In| ne 24 in Fig. 2. In this invention Tavg can be
control | ed"€'HA fh% average tenperature of the workpiece will stay

bet ween a gypg$e! ﬁ@ttﬁ&ma%m WEEWQ%%{% S He sﬁ%le%grc@tewp‘é?a‘ﬁjrgm ed

m ni mrum t enperature Tmni . 1t was concl hat a sinple but

ef fecti ve MEkhefpssaHed ’BfF‘Q“H%z \BB?‘(@pleéé‘@p"(cé'f‘ltﬁ‘éP‘&tr?ﬁOQ”‘FW tHell ti pl e | ocati ons,
and cal cul tlton of  an.avera ge (ﬁ?saé[u e02530f0t St}gor posemeﬂlTavg coul d
be utilize ef%'Pp‘?rﬂtEreoéﬁtwrogﬁp P BNE @ft' { eSS TR 5 The flow rate
of cool@nt mrﬁlmfnmwawhharpb@@reylnptdsrtorberab&ItOv$eelaioneomﬁr0|mt£@8@mm@hlsean be a
heating treaf {eftany e&ﬁuarve@u&%\de'snaaaer @@tm&han@éo%d@tﬁp@w&kagcmon t he

process, the_rel ative speed bet vveenaﬁ treat ans and the
surf ace, tﬁ@*@PﬁW?V@”‘Qﬁé"e@”?f@’t%@W 'h%onﬁﬁ%ﬂ"i’ ﬁ@at%%‘?“ﬁl W'{' 8 cool i ng neans
and t he suné@segry angkeobutdodatiatinafgitionts §énaratedomiht suifdse ofthe vadpiecdver y

syst em and . N, S : 0 cont r ol
egch of th ggrfen%,ctﬁérﬁa {lrgi dg%dog %tnr nglsgﬁgtgﬁ‘b%{ls Fgagl\‘b ggsuq’fg@e tg%%rgﬁlrés

enbodi fnt § My @‘I*F’é? and a\@f@@@ﬂﬁﬁm would ke hlpfyl t%@ﬂ"ﬁbth%'jeﬁged Hﬁﬁ‘t@e“tand/ or t he
cool ant f| pwced eddkiblalof sdiee @thddiienly, 8se amditle tedperttateahdastrigpeeds wi | |

not be adj uyst.abl e. 0 e heatin vided by a
heati ng m§%V'C%V¥%'dJeO%3f‘%aR'§q%rgv’ °es re""‘l(?)yget %%rﬁm?e%gasﬁ%"%églahgaddl tionto
a heating ?V@éﬂ&r‘éﬁl@ewté%tefmmaawseﬁﬁ@dﬁ&ﬁéma"ﬁﬁdbﬂﬂoowf@%ﬂmaécwaﬁs needs to be

added to tbmmﬁra%:ﬁfeateaey raam%atémdorwewmrab%@n@@ew@a@d sPeeisligd M ni num
t enper %ur | Hr ipgstltlﬁg) n%ﬂce% es Is gun i n the figures

her ei n; E‘BSP”&E"@GS% g eé’Bf'eC AOG: g R IRy O IBYNG ISR 68, 1 n t he

t her mal dep&mntsloonrtpmtre@@ee’sthsbnimwmkp!abfearfdlcg]mee@)ahrtmcwb@mi ation of the
average te%ﬁ&%&w@ﬁn thd e MRl KiHaRGEn &%ﬁ"cﬁ%ﬁts%lﬂe'%ﬂ@)l&@aﬁ@ﬂ%%@éhnbhe cool ant

rate, the coatlng& eposition rate onto the surface he wor kpi ece, and/or
the rel ati W&tetigh “'Hlé%“?ﬁe‘é’ﬁetsf?ée %’EPFF%&%G"ES’rﬁ?“R’?FQO’a@ﬁB'Wﬂ“%Ha‘WB%\H‘e The
deposi t i on akerhge femptlatiraoiibsivorkpiccelyettesniTatini@pe Ttnexd. f rom t he deposition

head per unit tinme in the thermal deposition process.
25 [0042] The present invention provides for the use of a thermally conductive substrate,

or coating material or both. In some embodiments the substrate (surface of the
workpiece) and/or the coating if one is applied in the process will have a conductivity of
at [east 5 W/imK. The substrate may be mefallic, as the workpiece to be coated and in
some embodiments the fotal coating thickness which may be put down in muitiple

30 passes over the surface of the workpiece substrate, will be less than half the thickness of
the substrate at its thinnest cross section. Stated ancther way, the thermally conductive
substrate may be at least two times thicker in its thinnest cross-section than the
thickness of the resultant deposited coating. An aspect of the present invention is that of
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[ 0045] In enbodinments in which one or nore heating neans are desired, it or
they can be provided by a forced air heater, burners, flanes, |asers,
torches, hot plates, electric heaters, or the |like. The heating nmeans
shoul d be controllable by the process by addi ng one or nore heating neans
controllers for controlling the heating neans. The controller 15 or
controllers would adjust the one or nore heating neans to increase the heat

a]gdeg to tE{g:sSMﬁifaWn@fanédl@ly\mrnbﬂitﬁiﬁfé téhpdrRtuldaiutsotl Rbced@h&FoRihidhhe surface
of the wor |

ece. ntrol]lers may, also be provided to control the novenent
of the heat ng%&r'eeg% Orngloéhovoérqoéé/gar?é”rﬂ%‘gh’gqﬁ'%cb?"d?%8%‘6‘?“(‘%?6e of the
wor kpi ece. tenprsattiengpageringsiesinendrd, Wigleaditg thetr aeeradiey thelk mbmegényent process
or system @f 4k $r 4 | e 20 shoul d be
mai nt ai ned %&@g%ghﬁgﬁ%%%@? tg?ﬁ(rag%g(ﬁ%g%%'\yeﬁg@%’%&”ﬁ%‘?&éﬂﬁ%i@ﬁ heat is
added by t BRI P¥EAPEGdetarainedayface piwae fxongrembpdiment shewa herpis s phfraligysit ens and

processes indnstntattteMperatife MBAriMPviced aRRBEG0\MMHsGe A% RAFSHLEL ke system
or process

j |.di ng ,applications in which a nore uniformtenperature
i s desired .Sbf%éﬁ%g?‘e%w&%%l OBV R | opgF MPEHIRPSHAGH &% HARCE he
substrat e maycoplciiseperhiussmeas2Bngdryicengolld elad bentefurirethis inventigs. a cool ant i n
this i nveanQiﬂOﬂdﬂﬁ%ﬂ‘fb_@l%kdf@Q‘iG%%Lﬁﬂé D& es WA RRa e EQ%O%Q%EEF&UQQ%%? a |liquid,
t Wo p coolants |

gas, or, solid, or a mxture of tWwo or nore ases S indifferent
phases.10Ex 3M5PeY Iosptiqns Hial Ay be witbinent orfwa Rsmprszopeso MmN Be Hesid ) thiand cool ant s
t hat are ugekotion] aloteirsn combiritiorowiti Rmperdiird Un66d thdk meadldd MhareasNert gases,

cryogenic . ther.. cool ant_ kno to be u ul .in thermal
t r eat ment @8@%@3&0@2@%,-@%}(@3 é)gﬁf'tgfa@o%rl%%n Oge'(%@ h At ﬁgﬁeﬁﬂ“ PERPper at ur e
bel ow - 70 @oHEoHRqt ipreratige MERsyriag dpdcagdmal single aystdve mambe usefidt nent pr ocess of
this inven 49%9, as Igh(? clool [ n% treatpent neans or as a cooling nmeans. In a
t her mal deé 451 i '5dhe Jeyelonmentipha conlighrAress fep iedhgraakimstrarnt metbad.der ¢ he
cool anti5by exarupié thg tifermol depositiomain sdatiag maedsls oato pakdrinalfy dhdddie: cool ant on t he
coated,  PabidaleORbHn il finod Hat [ SnD oS ARLAfle YRRERIFGE LT aCe.

t ants, e.g., noble"dgas

Cryogeni c cool ants I nclude 1nert coo ) C €S, which may be
gaseous, | Perégially sispuligagquply overq rignificant aeaah thegvaslinigse. ayeraged tham for  all |
types of cotamtrengumBbes pietted thdivera@ @Ntht WmpdRRurdRélirgh YT MRk aldrkge car bi de,

itride, i i i |l b di. de, . f
on- ox i 2 anperiird Sy AARLDr B WonaRB) WBNB tinle GRRRHY iBTag furoprng” "
zi rconi?8, CPROBHIPR Prorgagras heunbY line 24 reFignd; K thissinvestion Tavgeai bé r equent

Si tua’lto i on ehanlel sbhtehdfRrRRWrptratididh e RcBlWif RgaRtweNgn | f cryogenic,
must e us

%svyi tth net.al s ti nvol ves_s I‘,%I ng of titanium tantalum nagnesium
and i mi| aPTesP8dE MOEHR STORRle: Fgex ohPERe PlrerPsiPd Findeum (IPETRRge Speci 11
t her mal | y dewbsFromdghie i ek nonalmiee thabh simple Hubeffcctive ridwsupnactdfa of t he
invention {okpes ; : i allic
10compopndar Beraerperiy it BE AR, Sho Bicubibn of i Bae MSHIELD 1 Lo,
and an% of Ot R WPTiRisHR TAYE: io8Yd be pidigedyior the Spatrolofiak ledst oane of tip fllgwing: or

di rfac'é i n]g thedlowtyate ©f tdotenechts telvarkpiece, thethbleal &%tﬁlgﬁteat@fwtl)ﬁdi%aﬂvﬁé pi ﬁceI y

i ncl ude f apg,s j Q e i stributorg or the like.
Cool i ng oy SeREAaletr qRUAR ebiileh B W Eiasltof bieet S BeCont ol 11 ng

t he 15f| owsiallve seedibriween Hiedhermpl teastroens meaed andgheraaiace, thavdiativeckpaed

cebar aLgly ot P o aRs & hh DI R eR SurR Ao AP O f ace
or to égecfa?? Qétél%eeasgﬁ%fe‘ %gﬁ'géy%v‘?mfﬂip@ﬁ?ﬁsé’iE"Sd‘f“’ef’ﬂ‘%? previde tieontrol | ers
may al so peeighdecdntpl eable ofthesegustdéted bantrolabld cogditiean § of @daipleyia sbmet he
surface of ehB@diM&Ft&%@tﬁ@ma?@é&r%ﬁh}@‘%i r{SPﬁé’é(cg&Et‘?ﬂﬁee, %@%tﬁ%ﬁcﬁ%ﬁl&v concepts

| eadi ng to tenperature averagin eterm ni ng é 1onal |y
adj usti ng P&.%W&B’ia'%ﬁﬂdﬂﬂae{ﬁ s teyelativpaarends will not be adjustable.

-13-



deposition rate onto the workpi ece surface, or relative speed between the
wor kpi ece surface and said thermal treatnent neans, for exanple, deposition
head) where Taver (mean of the nulti-area tenperature readings) renains
above a preselected | ow 25 tenperature, Tm ni, and bel ow a presel ected high
tenperature, Tmaxi, for mnim zi ng thermal Iy induced, |ocal stresses

bet ween t a%gg aehnd vvor EE subs(tjeroq;e su&facgan%r\}vqh%r Qtecting the

wor kpi ece I ocaf %80"”? 8%\%‘" eas*?e ed MRnereat |hﬁ%t' “ni f or ni ty of
t enper at urreewswhntrpller‘rﬂélasmlgst bregit edmm t@ eaeatmg trezimpaigesans)in per si st i ng

non- uni forémﬁdﬁmﬁhfntﬁw%u&a%ﬁé’ét%&s% bdlhdlel o (oﬁéﬁs‘%&ﬁlaﬂéﬁn g€ can be

caused by vari ab such as wor kpi ece geone ? non- opt 1 mum cool ant
appl i cati otﬁmpﬁfﬁﬂ‘“?ﬂt}%‘?a SpRFHISE M PR 'HEResHEee g hef"l‘?é"?ﬂ?é‘l"%l deposi tion
processs Tdirﬁéesﬁﬁﬁowhmtﬁélﬁﬁdﬁﬁhe@éﬁn@(ﬁemﬁe cOitrdilitide pdieiﬁﬁ@ﬁ‘léal\%fls hdéte i nventi on,

the st andarrEYlg edVIIr‘;Jl h ?hermaio pé%%nﬁq%?ssgf Fﬁolévmjln fhtel Sregnfh alc%r fgn (I%f [per ature

r eadi ngs W Be HET I RS oW For i Hproved ecause the
mean of t haverageti¢émparaiure obiinp avostpipce candeditificpd ta bentre! th%ccmlmbtaée the det ect

| onger -ter &aisﬁ&é%sutndﬂah%t&tﬁ@&ﬂfa@& b the ﬁM&buH&é Qﬁhi&qﬁé ﬂ%&tu@&ﬁkb@g process
and/ or exce55| ve tenperature fluctuations wth F%r i ece surface and

the coati ngFMesstiRe i F‘ﬁ@"qtﬁéd%ﬁ%l’i‘ﬁ’é??ﬁddgwﬁ?ﬁoﬁﬂon ?t"a' M%abl e to ot her
t her malot rmaleﬁaimlecteﬂ@omsseeseﬁoarorshem Iparrumtelme@mme e 04 Y pdsiten pecksani cs i n

t he i nproved process control nethods of this invention, 5illustrated in
Fig. 3-6, [084%9 veempgegdiperts ingyhichtasp or mawe healifigrmaeaos amﬂeﬁ*fe'dséﬁfstbwtﬁlngl e

t enper at urseabaaedtgadivof&ag ale R&IRr, bFHES Rk, Addels, %?d’h@§$1of-;hﬁeé QRekh, w dth,

di anet er, r ot he ﬂ |on§ of thesiface O@P{?@e Wor(%lee \ |nclud|ng
the edge’ afP B Beke aTeseatorerg saod b e alapleiby A p RS RG gt h 1 o
descri be domesorsiope Beading nhenammnkquie@der @ntolimgtthd heating mgansboaogdrolldr | s

under SEQOdortc% AtrollefGvdf d%?é?thﬁ%néHr'rﬁorle'H%iﬂb'n%@n&t%ﬁné?@asléﬁ%%%@adfd% 1oNor kpi eces

havi ng any shape an di mensi onal ternmns stituted for the
terms | engR$U4aes dhhgmesriece g to@rdiRyRrerong “Peo%‘g??eocﬁ therwarkRiecgdge
t enper at ur €omEdiat rayaikb de praided endontrol etk :aevep@nmfshedrelahmednslreiatﬁe g 3 or

acr 0ss t herd ikl bi\ie SHE00Sh. AbOLSndinfy hBarklflody b BERE 4 £TPET AL Ur e

measurenents are neasured su S| mu eous t1ne-st ep,
col | ected fhgrl ﬁgataemr@qeswéaste@aﬁMfgn\a_emmﬂ)w t%mfequéﬁﬁrﬁaﬂ@twged The

time-spep bl’ioutcfb% rhalteihydhbovk aw.muaﬂémwétufe%daulnsatwahbwnbughmeauét aneous
rreasurerrent urface,of .t he dvm ece to be

Cont od. Thesd b IS R B SR Byl P o st e R G o1
treat a mornhml@we@s ot heptingmeans ywulgfbetadiled fofiacsystemror peageisstibaludeher nal

conduct i Vi {y¥idRb abhRatMRs kRIGGEa ABRY o 8mB&aiutdYg desiad. Ot her characteristics
of the thermal treatnent process 20 and nay be established experinentally,

but may be[(046] exargpblentthating a Idwes etgiacsure thal e dubsti‘aié)ma)eh@m adhe average,

and nop pagoﬁahgmﬂeﬁt%amgh )| mto%gﬁkéinv&ﬁ.s @tﬂé%&ernﬁamgs t aken

at one esi ore, I's used to
control onérﬂiﬁc?ﬁi?ré“@i' f:‘ﬁéti'@IQaﬁ-\M"ﬁg" &rrmmtasw%fﬁwopqrawepawsor he ther mal

treatment gadidnts mrﬁe@hmb@s E:Jaﬁupree@t bdwndﬁimertt im@ang @F Godiid @edrfdg surface

f the 25 at t f dth
Cher mal tr B30 WRI SR A Ry s ipRlon Fu SR ESGo WRER R SR i neain
Taver bet weyngehiceoopianiador Bny ather Gmlaat knewo tabesttssfit inftharimel treafmembed process
cont r olgg e hRdssek. 2?ry§g%é?ﬁqﬁbgn€?é’do%ls%vh§ak@ﬁ&rﬁﬁre%ewjf@‘ﬁ éH”BeToW—

terrperature contr I's step, a cer threshold ti q!‘:ﬁts)
est abl i shed0&i®)epankiivged nradhemabireatrment gracessnt s Mwandesasibasedlisyl at a (each)

tine-step treatment means or as a cooling means. In a thermal deposition process the cryogenic
coolants can be used as the coolant by jetting {coolant means) at least a portion of the
coolant on the coated, partly coated, and/or yet to be coated workpiece surface.
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30start to be used for calculation not just of each MRR (al ong individual
rows in Fig. 5 but also of a cumulative nmulti-area reading matrix,
designated CVMRR (within two-di mensions as shown in Fig 5). The entire
cunul ative multi-area reading matrix population with all cunul ative
multi-area reading matrix values CVMRR i s continuously updated (vertically
expandi ng) and used for standard deviation calculation with every new

time-step Wgeﬁtb@oolértfd 1ﬁ§ﬁtﬂa| |ﬂerf sdBRnts\V bhntt)lfl'é @sthﬂﬁ}%e%@éou@at a matrix,

t he standar.d enper at asured over a coating
deposi ti on "&YR gf%or ng’q‘ﬁﬂ?ﬂegasu e{%ﬂ?"t}f ‘B‘é%éﬁ{tg’gﬁ’sactqeﬂa“”@ﬂ@ée”?‘ﬁe st andar d
devi ati on S(tt@WR)orttnasnaﬁmnarmfmaltaﬂtml edrigide, nitddecami Hpeidelsmtingsoarah opthallyt o

previ ously r Vi |ons S5For
Ecanpl o 1 RaPoR ety 3P s B3 By SR B orph AR S o

desi gnaBed almings giraspia, {ipniz. étv@xzxsiaﬁatrtarpg@vswtnaﬁetosﬁhe Howeusst siiuatiagthen

enmbodi nent g dobRIgRs ﬁéblﬁrﬂlra@%r ihaﬁrmtl%@é’n @%ﬂqﬁéryd‘gten@qmst Bé usddailicaiglevi at i ons.

For the exa LY £ st andar e ns are used, the

cal cul ated' rr’sI'B ﬁ%WﬂV"ﬁ’e‘g '?Pt“@n af‘@”@brﬂ?&?%wnt 6”"5%'"1%‘\‘:' VAR qoaigs val ue of
S(CVRR) i s whighderm rtitrides dquivklyp Spedficadradilyvdepusisd cadting emttiale neited fforttiee

L0f ol | ow g A6Ld S (RGP XEEYL o trﬂdgr&la%f Fr\%{a"last bits, FRbmBoS Peed)

bet ween the thernal treatnent neans, deposi tion
head arl@ t 158MBRHNdE,QXidgr carRidewBPTdsT @pe nidg- %@%@P@Mﬂ%anch@fay/qﬁhethe

t her mal tr eambiastonsate, for exanple the coating deposition rate onto said
surface may be decreased, and/or the coolant flow rate onto said workpiece
may be i ncleMIEdCasliiy reansor aphingyg diréating thetaboeristed Sadlentwomti fieece 15 may be
decr eased %nﬁédarofthmvot@te%& tn\é%dé%ﬁ%%t'éé@&@ nlss,paflt BBl of he

cool i ng rreans and_ t surface I ncreased o ermal treatnment
nmeans, for @J&ﬁpl@d”t%e%‘é&?glbﬁpﬂ?wd&f’ wilB gp¢ ?fd“?Fﬁf’%ﬂiﬁoi?rs ﬁ;’é?‘)"ﬁ’@“'f‘%ﬁ‘ﬁorarl ly
suspended cﬂbwlratabttbelcodlantﬁm tlendooiiigvesdnst Ihdiviogd canvtrofield foe are cbenddtsad i f
S(CVRR) is i hecan be used
if S(CVRR) ﬂi‘aei%oggﬁc? %ﬁ’ bgyoﬁlgg#Arlggpatrggipregrg@mﬁgg]gg@&s'éégg e oper ation of
some thernﬁPO'Wﬂ@tﬁaﬁ%thhwﬁgeﬁrstg»swrﬁclarerﬁst%ames ﬁﬁaﬁsw@cepﬁb@ to being fully
aﬂut OL f  andhpiechagomeilbrs Fidy %&olpfﬂgﬂ@tfor@ﬁe Anbﬁﬂntoe]gdaeezﬁmgtkr]neens .‘ltetmv@tér face,

en shutti hed 85t aLtd ng the operation of the thermal treatment
means woul éﬁ‘%sug%{’/eeé}lthewgr%%?l ®cated or lead to | ong del ays (for heating up or

cool i nggdo\oas) [ﬂQﬁﬁHm\}eﬁtﬂnﬁJp@H@k@'&s@%h&‘:ls%hd\@|t&%§1p@?at&@§ve?ﬁéﬂc@luat ve

mul ti-area readin &I , are desire se this

i ndi cat es A9FTRINITSRS MeaR)anfl pREanaliy ddisfing the Reqiast fisw [Pieior 9aing ubst r at e ( good
heat spr eadiepagition aats uito tig: veorkaeeapifadel er relativel speedptdlédnyth@rétkpiedd mum ri sk of
a locally S ) r coating

ur face,  NoUAET L Edo A ERARAI SfdherialoRhinhe SFbSHEY KPRt Ml

cumul at i ve (fgan 9fhe miltaeeademppsatyredeadings) feﬂagﬁlabﬁ\@aﬁweseﬂftﬁedm%cess contr ol

dependalson :matu@r Trakl, 86d bekdv él%rééelbéte@ﬁlgﬁ Rmmperines,tinei, & ntrhﬂfztnar eshol d
tInme va ue

| et
passes of &' qucedéé Iogglaﬁnpgﬁ?s Iti’%g’%gg\/t'éercg?lﬁ'r@%/\g%%Bﬁggg‘gg@%%tﬁé@%répt em(saty be
desirabl e tapd gwtecgmggthe Wpd@lem tiort lagalized $errnal dgmede, sesidey it dredtinghe st andar d
devi ation \akdiRiy @ffterhﬁtﬁalﬁn‘érmthﬁ\tthéfé‘uﬂ%’t%tﬁ'an@Ec?@n%@&%'c&Q5\ Bt gkl ated and

used for prog esgy tIrlt %a ter at |east 50% or at t 70% or at
| east 90% SPTREY 3idne fepRergiure Withig heworimpisge sufpce sanbecrusedtvasalesd with t he
1st - pas¥® | ayeras w@cbrkmeueageome&wnort bgtineunitdotint asplicatibib,iand other, m&@;dirr%dmat rix,

CVMRR, and %taMrgoﬁﬁé/fhgﬁﬁa?H?po%g@R%%ssn?‘M?rQ@reuﬁt ol Sl 2l b1E. € her

treat ment proce T on YUt ol y after
the first [PEsgsoRf thejavanfian. ﬂﬁls'fﬁ!'éﬂ'@sﬂet"ﬁm fmafdiemn otw%vmu@@eea meani ng

that the thérﬁﬁéﬂéthl@ réédmgewnﬂ)es;%terﬁqmea BRd tumréﬂowforhﬁ%@édtzentﬁiubecgemé he first
full layer, i rst g5s of tg {9{@ posi tion head over
t he wor k plnée(‘?'@o ?'Sﬁg‘%arﬁ?i{?ff'tp?%ﬂ '“Fﬁﬁlot%ﬁﬂg? \i Eecblﬂ gterafendce area
of the workpi ece should be neasured at a mninumin the areas, or

substantially uniformy, over the surf®ce of the workpiece that are
presently being treated or will be treated during the present process.

-,




10For exanple, the surface area of a workpiece in a thermal coating process
over which representative tenperature neasurenents should be taken shoul d
include the entire surface area of the workpiece that will be thernmally
coated by the deposition head. The tenperature neasurenents are taken at

| ocations or within areas or at points on the surface of the workpiece. The

terms |ocapigng, gé\-gtugé &Rt .JiLlﬁ\?ﬁSo#ﬁggroic%ts%hﬁlg Ssaer'ei{enkJ%ra%}Q mean | arger
and snal | er areas and pol nts, I'C e use areas tenperature
measur enmenfluctyationsaiiain ter/ werkpiedespugecesand dhe cogiing: Aletepmining dhe stardpelge

t enper at ur gvieh istaBlaplcsiSle IEARHHRAMArebitnl SERRBEAIUH SniRERAGns( as nMeasur ed
by IR5 as shown in Fig 9). Alternatively, a tenperature sensor nay neasure

mul tiple ijeg4st dnelmdchaperiatndiesrondd giddets @in&ol&ﬁ@ihddebfﬂhm%hms over the
surface ar |ec (as Q 005 Sunmari zing from
t he above ﬁ?ﬂ%(edﬁ%@# e S Freal ﬁ‘i} g%ut etak[r%&wﬁﬁm fst'J' Z%f the multi-area
r eadi ngs ateﬂmnéattgam@a |reagm'g$ FAR) mshstanRIY aaressdha Isngif@mudﬂmldlmmerfqrow of

cool ing W&hé&*ﬂu%ns@n@%fth@@uﬂ%arc@b\‘tﬁ@bv@rk |9£ladi tidRiAmh tﬂ@éﬁg\@gn(f:ﬂdﬁblhtat ed as shown
in the first eﬁgtlon A wher e:
a

|
Mean( M RR) &% SRt “l:?fterﬁiﬂ '?'Tg-ﬂh‘i“léiaw’ﬁ’taé?ﬁ‘??ﬁ%beaﬁ‘m%ﬁ@”f phrfpe ‘?‘Prkp'ecesl ngl e
t enper at ur aremedtithiitirgy, Bécaoseeit i iunterstosh aehaprocess of tAis iBenton ar mmdmﬂr of

t enper 5 8@%}:@%} I”%(llﬁggply *I)ﬂ&gan@thaf%&er dln%ngtgﬁﬁ[fg?@s ng pHEARHLEIRGL LT e

st eps) es an In rea-averaged thermal
measur emen eé?"'ftsﬁ@gﬁ‘ﬁlaﬂ‘é&'@ hsf) %é@%‘?‘%ﬁ‘%‘@@“ﬁ'ﬁ)dﬁ@e%‘iﬁﬂ@@efWﬁs resul t

provi des f measurghsiis £6tdentifea a@bomisa;ngﬁd Eﬁﬂ*l@3 of ﬁmrﬂaatlmgeh shiges at
vari ous pO nment , heat

vt ooy Pobthderpdii s FREE Dot BnoR b e pRe TP BB 1 aw ot he
wor kpi ece subsfaatially sinutenactisly at eahie timg-eteageli¢atestioming a mblé arpalreddiige ar ea

tenper ag ur @ﬁRI@?EN@tﬁQn SvePided eﬁﬁ&ﬁrﬁéistgﬁr@fhe ﬁféﬂ:a-lrmtlme beRlcaRadl | n anot her

enbodi nent p ? Ie the threshold t HE nechani sm f or
Substantial smultaneous measurement oft femperatures across the surface of the

workpiece to be coated. The time-step will depend on the total time needed to thermally
treat a workpiece using the process of this invention, and the thermal conductivity of the
workpiece and/or the coating, and other characteristics of the thermal! treatment process
20  and may be established experimentally, but may be for example 0.1 to 5 seconds or 0.5
to 1.0 seconds. The average, and more precisely, the mean of the multi area
temperature readings taken at one time-step, designated mean{MRR), as stated
heretofore, is used to control one or more of the following: the coolant fiow rate, the
thermal treatrment rate, for example, the coating deposition rate onto the surface of the
25 workpiece, and/or the relative speed between the surface and the thermal treatment
means, for example, the deposition head, to maintain Taver between Tmaxi and Tmini,
In a second step of the improved process control method, the standard deviation is used
as a mechanism for temperature control. In this step, a certain threshold time (is) is
established after which the single area reading values measured at a (each) fime-step
30 start to be used for calculation not just of each MRR (along individual rows in Fig. 5) but
also of a cumulative multi-area reading matrix, designated CMRR (within fwo-dimensions
as shown in Fig 5). The entire cumulative multi-area reading matrix poputation with all
curnulative multi-area reading matrix values CMRR is continuously updated {vertically
expanding) and used for standard deviation calculation with every new time-step past the
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determ ning the standard deviation fromthe cunulative mean CVMRR i s
represented by the equation: 10 [0055] As noted above, the S(CVMRR) may be
conpared to Si and 82. Exceeding Si indicates, for the thermal deposition
exanple, that the thermal uniformty of the. workpiece surface is becom ng
mar gi nal , and the heat spreading over that surface nust be inproved or the
qual ity of the coating deposited may be poor. In one embodi ment, a nore

uni f orm heartresrmtcetaﬂh NIt t\b@darehslwdatbm&&cmbefaa&dr@se\tétsn éﬁéuat i ve speed
15bet ween t on h he surface

| t
he. mot on "Sr T RUAIERA RS SRRy P Ao dar By ot desraighiy ORR) ° ' 1
cor r espondicag bacdeligedt Omie tod stadvarccdeylationt S(OMRR) has belinsalcuibiet drcanwsl ess t he
cool ant nmeapsy gy coﬁt‘pﬁrte &6 Balétn%%yt &etérk‘ﬁtehgﬂé‘&}tablgﬁ%% (,%ﬁt?& Eifl%ér&‘ge\f LGl | ve motion

of the depasition resul er- CO4t i ng |ayer

deposit &d p&F e’fﬁ?&’%ﬁle’%@ﬁ&‘?ﬂ"@ﬁﬁﬁ@ﬁhﬁ%@o' Stﬁfié@féﬂe\r‘@'on%@@iﬁna’@d§ﬂer ation is
20 associ atzad 98 Wier@S2 & 1598MBAIS N GolEVeF RaHRr bmbédtaernym%rcoglﬁ bBagpes to

deposi t th of .the tar erna or additionally,
topachl eve nggg%h‘% feoirel %ﬁda?%&gaé‘?"ﬁgkor%ﬁeee ‘?'Hé’ éé’t’)%‘%/‘)f‘ ¥n rate onto y
sai d surf astendand dedatites erassed thycatteiatasiadindgrdidesiatimpiosiniiacnl to 81 endf nat eri al
fromthe d%@%ﬂﬁﬂt%a{wﬂ@ﬁﬂﬁﬂé [afr&?tr%ﬂ%eaﬁ?ésgfa%gﬂﬁgt%é Qﬁeéesﬁbtﬁ% sai d

wor kpi e%e 3&@ be increased In res;éonse 25 The
pr ocess! V¢ odPEWNgActnns can bz exgsulad: [ fthet'ﬁ@“Yﬁf'BPtl&Bl(%éd)dte“’tWé l@d@%’ﬂ'abf t he
deposi t i on treheaait meartsotohexamnpld) HeahsMal depoditRinaiebd 8ndhé s@acobf théie wor kpi ece

and e donRRLg )83 peddoidh RUAPHE NS RIS IR Lo 1 oML R, o2 T 1O

means i s provi ans nmay acC aster or
sl ower, an&P@trngtqqeos't@aﬁtﬁgntmsard/wm "m)bewécre&ﬁﬁlde%t@émt@rcoelemﬁle‘us@d 5[ 0056]

Reachi ng armdto@smaﬁﬁkmeww betisislRe g afloritad H.e%ﬂnd fidW) ratehto MY wdlidicke @ | arger

val ue t an di cates orn t of the workpi ece
surface%has ecoﬁgmﬁ?eggqngé’gﬁ\?é?@wﬁﬁﬁ%egg%i"éeﬁpéhe 'Eﬁﬂf‘ Aeang9eingcPdRdof t he
t hermal tr éeganeand e swéace may berangaised ort[Pléhd hemmhirealepdsidangforhnead nust be

tenporari | ﬁx%ﬁl@Qﬁ@@ébo@tﬁorl SR n%@rfanga*(l!ﬁ?tetnrﬂ&ra lsuéf%ﬁ@éd'd?ﬁm%oo GfSS CyCl e

before resumn er to ?‘l ve | ece no i me to achieve

nore uni foﬁﬁtﬁg’ﬁﬁ%?‘att&?ee@“% hcanhe yeafl T FEJARRY s baross then &3 Put smaller | e s

needed to siEnedlabdeptioe il @mmuseaﬁmmaaﬂyxcdmﬁedamsm Fopgdmeng nateri al .

Frequenj, or, r&égﬁg%dogagiﬂgg%ﬁte%enﬂalttgg{n%k m%£r?sant|§% B SnahiBy €xample a
tion urin ured ng Fr ﬁtreachlng

t hermal deposi operation, ‘resu
or exceedi fgse tRPgnadullyisbuta "OBQGWI‘WGG 1"?R§‘P'($§ﬂ'@'“€*h%ﬁectmdh@wa¢¢t t he

se'; -up of twmen Gmﬂilr@rdffdﬂkéistd’rllr@uhé)ér{e‘ﬁét{m bhee Eﬂéﬂﬁﬂﬁjﬁatﬂrﬁnﬁﬁ&%& WR0k beeans fl gwt
rate or, e enti emare require o]
prevent pr ;%gg@pﬁ%{)nﬁl drgo?lieégse 5&"3%?’3%’ %ﬂt'”%{‘%ﬁ*a%f"éj‘gdﬁ’éf‘gt | on limts

provi di ng fieysof! t&w gtatdavcﬁdmﬁsmué;%@th@%mﬁta GitrelPodiingY iy desired
as vvoulcg be agg %qt based on what | read een escrl eréin.
ie | are desired because thls mdlcates a tlme lapse-confirmed, themtal

uniformity of the substrate (good heat spreading), assuring an acceptable coating quality
and minimum risk of a locally overheated (or overcooled) and stressed workpiece and/or
coating surface. Nonetheless, the actual standard deviation values of the cumulative
multi-area readings and their significance for process control depends on many variables
30  as well as the selection of the threshold time value. So, if for example, a coating process
requires 5 complete passes of a thermal deposition head over the workpiece surface, it
may be desirable to sef the threshold time (ts) in such a way that the standard deviation
values of the cumulative multi-area readings are calculated and used for process control,
only after at least 50%, or at least 70%, or at least 90% of the portion of the workpiece
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[ 0057] Figure 6 illustrates and describes one nethod for controlling the
average 20 tenperature and thermal uniformty of the workpiece in a thernal
deposition coating process enbodi ment in accordance with this invention. In
this process the operation of the cryogenic cooling system and the
relative notion of the deposition head and the workpiece are controlled on

the basis s%;fa#e%s b?&'l &3 ed”ﬁﬂ%é ‘p‘balgg @? Alternat Jely,ztgfg mulétﬂvla rdu[ﬁsér@é“ aneous

Wwor kpl ece surtace erature correc curul ati ve or

ti me- | aggireefingener. &Mﬁ%aa@ﬁﬁae@ﬂrﬁi geyation, @@MFRBIWWGPS%@@P@%@% he control
of the fl quephi ﬁé&%tﬁfﬂbro@@s%eﬁr SRl BelintRhal\RbkRioR hrdoBss daitethe t he

mul ti-area tenperature readi n9 rr& E%%RR whi |l e bl OCE %Eﬂgscrl(ges t he
control ofr§tREST A e tirmakdrpar|ioshepd oy e PR pi ece, and
the turi rignedb betas the timeiitngkea waputdbwi the ficotull laygr. nedoerried thelfistbessge from t he
t her mal dethtth aﬁ)g?pogltigﬁaﬁ%d JbeR. i }?(Lherc@d based on the updated val ue of

the standard devi a cumu atlon of the nulti area tenperature

readi ngs %%R)Add.(.&aatuﬁ&ﬂytea S¥RYesh tﬁé"sﬁ:rfﬁ&?érbé‘&tﬁ@%&lkbléée dhoggBar ge neans
turning it rom:t

% esur ace of the wo @yk ﬂﬁ Eﬂ% %tln nmat eri al
cont | nules TEAIEt A AHENENECR SSqEeate P BRRRUALY TR oS T FBE A e n a

cont ai ner . yorkglelietthai aed prysenty e tieates! an siicheftmated dotinythe plessut prodessenper at ur e
controly i “F&%ﬁ% [ﬁétther HI5 Jﬁ@é‘b#ae o&&e&q\grtﬂgnﬂﬁ cBQtﬁ’nglp'r(fEe&e! A\8r Ml’%ﬂjes of Si

and 82 Not e FLEs o determ ned by the
coating pr"@@@%"t@ﬁémﬂﬂat@fﬁ megsapeenty shaulddedgianisherdirgudathe eAle pr ocess

based on "&ixked adk of thdverkpiate MBIIPbOBOMIE ORtA I/ tAs tepasitiGbinghd] Mpait ted into
the contro gerﬁ {r)%g]a%?ggenﬁuna a[kgr? ?tqocagons O?%hl?f Ee[ag g?% éao;ggeonfﬂ% lowing is

t he oper at i
conput er / darfacecidisd workpiese. O]ﬁe:,t@ms:)ocstms end preaeyvill o usmnfmhmgeawmxu , and

threshed d LidtRednlis: %Jersa%ﬁ sRRiidHaReas and pomts (Mcﬁé?@f&cbﬁd@éasdﬁﬂé}ﬁbérétﬁﬂ head
eratlon a . routine dlng of the

TCD) iIs pre
ot on aneeRareEk PR eKa A 'EPe AR MBI RATaE s A T e LE Iy
cont r ol | er areé freaswexdingpthe ferpERGire Msan@s Ge@sursdby IRS@s4howrin g Be of t he
t enper at urﬁlte(fr%%% ?la t§i¥§ér§tm'e sensor ay(rﬁt%asﬁ\‘etrﬂﬂﬂpi@nﬁ\yﬁféi teﬁ'fpeltaﬂﬁescé?at I'ng

process, , a multi-area optical sensor MICS,

for exanpl ®Wultiplg gpralier iﬂﬁ?tllﬂrfr‘g Gisé?" thg W@gﬁ‘ée PRl 4 WAKPIRRS (%Pfe?é‘@ in 5ad)-

20 [0052] Summarizing from the above, the instantaneous mean value, or a mean value
of the multi-area readings at one sampling time, mean{MRR) used to confrol the flow of
cooling medium or other controllable conditions, may be calculated as shown in the first
equation below. '

1
Kean{MRR) = wwwm—
" E

where;
Mean{MRR) = mean vaiue of multi-area readings at one time

Tij = single temperature reading at one fime and one area
i=A B, C ..M (numberoffemperature control areas}
i=1,2,3..n (humber of measurement ime steps)

25
[0053] The mean (MRR) provides an instant, area-averaged thermal measurement of
the surface of the workpiece to be coated. This result provides for a good estimate of
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15from each control area or control point, while PC/ DAC saves themin the
first rowof the time-tenperature matrix as shown in Fig. 5 in the form of
multi area tenperature readings (MRR) and cal cul ates their nean, nmean(VRR).
Not e that each SAR has a tenperature unit, e.g. degrees Celsius, and is
defined within the matrix of tenperature readings by two subscripts

| ocating its colum and row, for exanple, Tin is the 20 tenperature reading
in the surﬂaigeseaise&en@edemnhéngeEbg/aﬁousrmMrﬂde surfabdof the WBrkp“b@ap Iﬂ as
illustrate n

shown in F?)nb%n%bﬁmerﬁ. heat c?ntrolnfgrdt Lv?ckblege is p{o%ded Byngon?rgllu}ge%?&‘aﬂg‘ wtg C orrp ar ed
to Tmaxi. I“‘I'e ‘t"ﬂ'ép'ﬁ@aﬁﬁ'rfﬁ@ tp arafdgin tm@rqerammeanméw miféple areh gamtpefdtwes st art s
(or may be peiwdeRashridernbed ThRkisngtrRihil S repeated in the process) and 25t he
process repeats step (c) for the next tine-step (fi=2); unless the nean is
snal | er 5t haonsunnam anbhemrhmmwrmeﬁwpa:s@mteltme@a@|dttia1e$é RRclilsm for (e) the

second | ogigal I £3 t hi.s If the
nmean val ue d:éf’sae étrle%té%d%% dr?%[a&f en c88V%w?t'vflnb%n\6®%f@5%‘ﬁﬁengpbi’he cool ant
val ve stayéhqwlﬁ'@ cl osed position (if it were not opened before), and the
process repeats step (c) for the 30next tinme-step (tj=2) (the workpiece is
too cold, as it may happen. at the star.LMof the coafLpg progess, no setting
is changed in the anticipation of rliepi ece i crea5hng the tenperature in
the next tinme-steps); houeMRRIF i Ybrrpie gqﬁt hpat up within an
expected anount of tinme, the prated¥ n@y shut (Mm ndi cate an error
nessage to an operator; (f) ifjthe nmean val llie1|s nofe than Tm ni,
then there is no change in the coolant flow status, i.e. the cool ant
continues to flowif it & opened before or continues to pe 5stopped if it
was stopped before; the fEWEES stali8ia 8dafion Sc@RudifmultilaRa tA@n P! | ow ng
time-step (tj=2); (9) t beustapsors et ddualareesureepaahed W th each new
time-step (tj= 2, 3, 4, B=sinylegmpdragpreasvy ptjong time aedrde @fa t he| entire coating
process cycle as det er ni iTéc. By"‘tﬁ@mb%@fﬁﬁﬁ?mt% i #¢36h head| control | er
(TCDC) and notion cont r o' et 3 ¢ Runbe stReasyremendige seisal - to the 10
tenperature control system The values of S(CVMRR) are cal cul ated and saved
by the PC/ DAC system starting fromthe threshold time (ts) for the post

test-r ef@d@s a t after
a few lrigre tesi| M 9&6& %oqget@ée ary, T?Yeecom are ?d %1(3?‘?1 %SE’@S%{'] f%;1hqual ity,
correl ates "ldfcawstfﬁr tﬁﬁé“*ﬁ'@ﬁ)éﬁﬂ@ﬁ&ipﬁésa'mle S(mm)eﬂaﬂldmﬁ@‘hmw’stha val ue of Si

and S2 15f aorkpitRe SuREe BURBSmIRG ARk, @Rd IHéNRat spreading over that surface must
be improved or the quality of the coating deposited may be poor. In one embodiment, a

more uniform heat spreading may be achieved by accelerating the relative speed

15 between thermal deposition head and the surface, i.e., by accelerating the motion of
thermal deposition head and/or workpiece, with a oorrespbnding acceleration of the
coolant means or distributor, unless the coolant means or distributor is stationary. The
accelerated relative motion of the deposition head and the workpiece results in a thinner
coating layer deposited per thermal deposition head pass, therefore, each acceleration is

20  associated with a corresponding increase in the number of passes to deposit the coating
of the target thickness. Alternatively or additionally, to achieve more uniform heat
spreading, the coating deposition rate onto said surface can be decreased by decreasing
the deposition rate of material from the deposition head, and/or the coolant application
rate onto said workpiece can be increased in response to a §(CMRR) greater-than-S1.

25  The process could increase the speed of the workpiece or the speed of the deposition
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[ 0060] The process for coating workpieces, after conpleting the test runs,
starts with adding Si and 52 to the set values (e.g. ts, Tmni and Tnaxi).
In contrast to the test runs, block 1 and block 2 are now operating in
parallel. The function of block 1 is the sane as descri bed above for the
test run. Block 2 starts with a | ogical box checking if 20the actual

{1 e~ St eP.ndalvor b LA odl RGN Gh APk NRBAR th i Bodebfdn ndel 11 1,1 e

than ts, e entire uring t qwgenln time-step, but tj
and ts wi Hn aB@neWﬁﬁa\b@@ma@ainrwWqm?@f"ﬂfwa@achbwow heibagtingmegek 1 wor ks

just as i nmiies dddigdted, WidvedRUBY&siowef, ahii/of the ABYtRg fidvaRitd May bdiRcrBgxt | ogi cal
box of bl ock 2 checks if the actual S(CMRR) val ue exceeds the val ue of S2.

I f S(CVRR)Y%° Gﬁ%gter than S2 the thernal deposition head is turned off 25
or in t h whi ch
resul t?’ [ ﬁmgu [ ngj n’{ﬁ%]%e%dl ?tﬁeu{tﬁ%gé OSfild;nl Ig}{?%f ﬁ?'}%@ﬁ%&g&algl %g until the
heat al rea‘@}“edg?ﬁ %bl‘"é'!fate(é“tah@e\ﬁhﬁﬂvé@hL@E@mﬁmﬁfﬁ%ﬁ:\@o@@?@aﬁﬁa‘&msQﬁ@mﬁakes t he

surface te;sm@{egéw@nawestaa@l drarna od\d%t@nbhtﬂé tHéHﬁdl'tr@ﬂm@ﬁtfméHns tighmi ng away t he
t hermal de OSI etheoerat| nof k.1 which

conti nues Eﬁvﬁ’e m%%ﬁ&ﬂ%ﬁétﬁf'th%‘%wglbe&m% e‘i’)?f 'W?ﬁﬁWﬁgSOcool ant

fl ow on orthaﬂfermalftreammrwoesh cyck befoes BSENRRIN ovdﬂrtcegwesthe Uslskptet:ﬁemorsz t he next
| ogi cajg boymd b RhiRéKa %oféqm?@tﬁﬁ%mbg}%tu% %@er%g d§bosnt|bit| foldEss 3 is |ess

than Si, the program optional makes sure. her rral ep05| tion head
is on, in %SRd F%?Eeadgl?d‘e@h‘&?“&’%@"ﬁ?ﬁy%ﬁ%s't&ﬁ’ é"“é‘k‘@‘@i!ﬂ '@atea@' FrequefbPimal  speed,
after \r/]mi Céxteridad shuadriva 9f 4 @@t trégtmient mddne, foeakhmplerthain@ldepbditichhe mean i s
nore t han r ive notion
et veen. ¢ hiSdulife R AEbY 8tk Remibechla BFEELEA B e bAGEANAN L To4i NG
sure that Phealueindiegle f@ﬁiﬁb@ﬂgﬁi ipriheheatgp obthe oottt digkribythi(s), the ’F’i'@fﬂhabop is

res: ar}a@d iréhthBe rﬁh@?ﬁ& fidvt ﬁ&r&t &Hﬁhap‘é ib %%hrgﬁmc@mﬁé\é@ﬂ@@t sfebn drBe lthgr al
control process, .0 nvent i on ed in
s, . Paeaie 8 eV pEHReEn FAF Jostay AHBF AR Mrd fBR PegRiinsess due o
[ ndependentor gltannativé protess lsentwbstkps @odepowiden § dbsiredlas ekuld bapdparérd heat

spreadi Ng @akaH oh MBatMRE kRt Ry BestiidsBftdérdt]. OCk 2. The process al gorithm
avoi ds the programr ng and aut omati on conpl exities of associating specific

poi nts on [00&7]t ragunet illSiamaged @bsdribes averghaicior cutrblitgahabvelagehe act ual

posi ti o Y oyl ation of
ot onZoing ol SR bRkl O aSiko RO £ hofRf ol @RuAY, 2

i dent i fi edPOfPEGHbPEMENt in é%ﬂorftan%wmrwé\swgﬂfwhﬂrbthismegs th%?%@i@épf t he

]gal cul ati 0fhe@fyo§ér§&\®8)mg GhleRY, Sndihe caase ﬁ%ﬂérﬁéf@tﬁéde%ﬂmhd?ﬁetgbbnd me?nd a tChance
or inproving.initia aranet er s system configuration,
so t hat Wpﬂrﬂple%arigougﬁgecf 'ﬁ%&fﬁﬁgo g‘"‘?oé?ﬁ' E'gl{]&\p[mg’n‘%mrrectl ons can be made
and a fully Stg)b]:hét&fﬁ%eﬁ@%brﬂﬂeﬁ%&;feﬂﬁe@ﬁj@ oY ABerate at a mininum

val ue of S(CWR triggering notion speed changes, and controlling

only the cool anp] duraviiivéd éritime-IBddiedterhperbfdtbedirediiths.pr ocess and system of the
i nvention can be used for real tinme control of a thermal treatnment process

in which t B8 Blockel dosaribes thegrodieal ioCs flaw df @okotipsedon ar act@Dvaleed t 0
det er m ne RAUMNhe Mli-aeLARRLrH: Féédﬁ g rﬁé%ﬁ(imﬁb AnifHiick DRMGipbLedback

| oop to control the thermal treatnent a wor kpi'ece. [0063 The fol |l ow ng
exanpl es al® BRER PLBE RS ve PH’Q?QPF'&‘F@“’U!Q?R"@@E" %??H@BF’N@H?@O%@"E‘H@ i nventi on
and ar e noturdig-eforedning-awap bf th€ todtihg rarapklischage o6m tHexasmiabdebosition

30 head, when required, based on the updated value of the standard deviation of the
cumulation of the multi area temperature readings S(CMRR). (A turning away of the
coating material discharge means tuming it away from the surface of the workpiece. The
goating material continues fo exit the discharge head and is typically collected in a
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25 [0064] The purpose of this exanple is to nore fully explain the control
paraneters enunerated in the description of the process steps shown in Fig
6. Figs 4, 5 and 6 are used to facilitate the description. [0065] Fig. 4
illustrates a thernmal deposition process enploying a workpiece 40 conpri sed
of a workpi ece substrate surface 41 which has cylindrical shape and which
is 30 rotated during the thermal deposition coating process. The workpi ece

(R:/\) tco(rjrpr icetdiner.) m@a!wﬂoamghgéﬁfer SodlhERw hd terﬁpemmet;&grd A td remDE ely
actuat e an C I n eposi tion
mat eri al 463%% rﬁ}c?rsn u're fwpine %5'838‘&&”9 Hesh‘g%g a(‘dr(g,%) NG tr\'ﬁﬁﬁ'@ﬁa'%?% fltour n,

traverses Jwin aﬂﬁemmmrqﬂeeer@md by &lee:oaimgtprm:esﬁameatmﬁn alvamear tiee act uat ed

hol der (Tcgeﬁtnng-gﬁal‘,@cﬁlﬁé Brgcés@ bad )Et&ngl fé‘vé%aqggg V\%stsl ﬁl% (J%?:ﬁﬂ 44 is an

el ongat ed cryogeni ¢ cool ant |str| ut or provi des the
cool i ng®ef @B‘ét”p&tetdﬁetf’ theroptd Peageaeld %WPFWPB@W%? the substrate 41 or to

the 5 unco O%ﬂl)a @ fo ated portio of the Iace surface. A CNC or
robotic-tyﬁe t %0@%'29('8 e&pe?[\]@prg@dwg ?91 144 he novenents of the
rotation of the I osition head 44
and, optionally &2mc%ﬁ:'ae%%ﬁ%l?gTP&%%{a@éaﬂggﬁ“?b@ngA%E tg% r?cgggr%'? ation of

wor kpi ece ZW'“‘anﬁ%%ﬁﬁéﬁF%@'d tiggedtelagt poilsd t i poi nt system (MIOS) is used for
t enperature sens | ti yolel nt iical sensor 52 can be an 10array of
separate, singl ehﬁg\eﬁlﬁer@@ 8?% H‘eﬁ%&%rwewwr Qeraligh whighinyrlves

t her rmgDaphlrcut(neﬂradmloﬁ!hgmmgomandtthemamwl depmailiorchenmprogeapsatbliite: of mappi ng out
thermal i GleSciiB oSNaDORe: U m}:@%@@%@g EtE, B FlHRRRr fieOUt PULS 1D

sel ected areas w Ies suitab e si'ngl’e- poi nt sensors
that can b&BRFHYESOREN SY$!ei| t i - area t enper ature neasur errent i ncl ude single

or two-wavel eng frared 15tra rs aallalefromMcron
I nfrared, Rayt eL)W&@%g&ﬁéﬁEﬁ%&P AR PSR IS tr‘eﬁ'@t 5%% (g taf”H 2H ven
appl i cat i owpticabsrasofMTOR dor exengersadsamdividuabsingleppeal raatling vatudsgSAR)Y ai mi ng

devi ce 1gr rfrbﬁweaeeeor&,bpa}@mcoaﬁaub.ﬁfecthmctmb see,&nﬁén'% \fh@m&' 6\%50%@ opti cal
fiber. The rm;t demand Ig(%é;&alcatlons perating |narea|vely hi gh

t enper at ur MEARYRSRUR r['fg pp i Fig ig @effo"EU?f Fé@tqr?ﬂgte@}ﬁ%’ﬁiu{ﬁn
| R- t her nonmedaglivgs {MBR) Mdaaloniatek itrelr mdah UméanitiRRR Oudn@thtaeara@eBAalmeé ace with a

beam of | a%ﬁpér&u@rﬂﬁ ége@&%j @&én%é Pﬁd fs'&}eﬁdeﬁu.tﬁm%?esuﬁﬁﬁgoﬁ Shdiel Y

coefficient. 067 resen cal era ure control
poi nts A t FaSiRgR bE b%'%l'%@?"?%ﬁt@b‘“&ﬁ‘)ﬁ"ﬂw &S&E‘?"ﬂl@leﬂ'loo@@% operator over

t he surbaceenaferdtine revingiin the @urditeiafeadMyhoiain FigUNAleSivtad Rmeldley 01 Ven
situation %§m}.|§{l3ﬂeﬁﬁf= hgt distribution is nore or |less 25 uniformand, at
| east, sone O ¢ areas are located in the areas of the wor kpi ece whi ch

are expect ed t o(dy théWrsTBGiEal BEO R tidoka, RunSIPG ool B haHbAYRa ThE S 26

of tenperature contro %gol nts or. areas shown 1 n 5,
not criti cXMBSHIURLSAdNgGS I oEparkd i gty Fﬁ\é’"ﬁ‘%ﬁﬁe‘s lgtaet than ﬁ'HFx'ée?fsz? used but
their nunbeoolarh(ﬂudthahe(mufafylbelrmlmsédmhiamfth:eetepﬁsrrap&teﬂﬂh tﬁeﬁimésafaua e

distri Bb't ! ﬂ{esprgéégg re{qgﬁs §fé€>g%9c§t fne&hﬁn%’@%#\/ja?ﬁﬁnles%qge nrhe n |§ sma er ature
di stribution over the coa uncoa piréce surtace. at | east
four cont r dMayidhen e pieeeaseoniueslostarde)it he coating of small wor kp| eces,
which are a few ipches | @ 1\f\hl|e at_|east six and, referably,
nore control ‘ :)]B-'g SgH¥ ?@%gb%é'e ofie} cqmpares, s Bean walupslp T Wﬂ?‘kg

mean value is less than Tmini, then coolant flow is stopped, or the coolant valve stays in

the closed position (if it were not opened before), and the process repeats step {c) for the

30 nexttime-step (tj=2)r(t'he workpiece is 100 cold, as it may happen at the start of the
coating process, no setting is changed in the anticipation of workpiece increasing the
temperature in the next time-steps); however, if the workpiece does not heat up within an
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[0068] To further illustrate the control of heat and tenperature

uni formty, assune a cryogenically cooled thernal deposition process, where
a single pass of the thermal coating deposition head 44, (TCD), over the
wor kpi ece results in a 0.002-inch (51 pn) thick coating, but the target
coating thickness is 0. 010 i nches (254 pm . Five passes are 5 needed to
reach the tar F&ﬁ na traver used. Assune that

e emmeraPhited afiust Hfigee T Brasb i RLG: ARG ER g Rt o i P TR+ aver se

ei ther at tn@ermwpérabpeed or at a doubl ed speed The properties of the
substrate and coating material, and prior tests involvi ngl coating of the
wor kpi ece in t 6B teurranyaiug és mere thapdandls thembeye sy aa dangedy deicaglpiat ed t hat

the foll ovwcvgstétuméltﬁtgcdbelnu&mmee@o o PewhsQBnelibdiere oa&mwégedté)n runs:
Tm ni =80C, Trmaxi. =140C =40C, a

res
iteratibn ﬁt?wésft’t% Stop'i?f’ t%%‘tf%nﬁ‘g P&?E?SéaEﬁa?e%e&‘S) @g%foé(t"@”gt tf?ee"ft?‘? st pass.
I f the ini@Fgt process parameters, including the |ocation of cryogen
distributors (SMCD) are right, the fol | ow ng are observations that may be

made during t hdadhesters o are Fepeatydh iy cagh e AREITRR)(is 2. 8 #.$. Fxdipcehe initi al
t enper at ﬁr@msmtaemmhe&ﬂvecdaﬂ tra&st eysawsadewmggmdy b tregmau sta?(a@tu?n fl uct uat es

uring ati.n on between nd,t is kept in this
range by tM &PQ‘B"@%&&'{B@E’@E%’IJQ{H?“"P CEWLY ﬂﬁ?ﬁwﬁ%f‘ft X0 Mo pan val ue of the
cunul at@ vetempﬂtature contral systanli TYs valeeso GG RRY) adelcalevdptedhandsewdd bydheoper at i on,
Mean( CVRR) poaf sekflstariigdfhtie tfﬁééﬂ@ld%b?@% forthtl 6 td¥ruhk&amRfdh R\C to

cal cul ate the standard deviation S(CVRR), tluctuates by much | ess than the
i nst ant ane?ﬁ}%”“m/%ra"dﬁrﬁ”adps, W|th| n the range of 100C to 1100 S(CVRR) or
standard devi at hftﬂen cr%lfcMI at ed taﬂrgs : Rd(%tssead eryerp% ttor slte Ped {t%)m t he
|terat|ont|rre(s 995 JRY e Pl pOuatl 0 [ r?u?rt] gégreadlngs
accunul at egualityy ¢qtr@latﬁ§attwmhqhe>maraval@$qf®tmR)md selhets eaaiueof%1 and$2 t han 8C

and 25%4 UcjoHte8bdYuaRpiébiudien rnin@069] If the initial process paraneters,
including the location of distributors for the cryogenic cool ant are not

opti mal , ttwsﬁ]bsﬁte\pembesea‘bmtutg‘w&mmes,euﬂdr ddeqiiefiad/RRYest ams, Starislwitkt ay t he
same as belgiify s P S8 yRI AR @G UL AN 3 %&écorﬁ%&t& gyay during

t he coatlng eration to reac elteratlon
time-step H8e blagsdiang blogh? §fe\ft§?WtP@eia§"91‘ﬁPérat'?ta hq fyactign of flerke is e pr ocessor
woul d doubbdiné edesericat aveveTpanstedf ruh. NBIOJKCDs twits Wit 18 ied bok enekigg mor kpi ece

sur 2080 20RAal i 18, 1HTRSY oo SIBIAL ARIAENAL KO 15 IRseheRs, {1 O 20

renal ating passes from
one rore t heERgremsck2 is gkipogoYuring éhe pepdieg ivesient et ped tamillke copwaedse speed

of the TCD;gdndlinWRY deXt 1868 MEanBiMeWISkk 1 works just as in the test run. However, if §j is

more than ts, the next logical box of block 2 checks if the actual S(CMRR} value exceeds
the value of 32. If S{CMRR) is greater than S2 the thermal deposition head is turned off

25 orin alternative emodiments is turned away from the workpiece, which results in
suspending or limiting the deposition of the coating until the heat already delivered to the
workpiece surface spreads out and makes the surface temperature more uniform. Note
that turning-off or turning away the thermal deposition head doesn't disable the operation
of block 1 which confinues its own, independent contro! of mean{MRR), by turning

30 coolant flow on or off, if required. If the S(CMRR) value is less then S2, the next lagical
box in block 2 compares the S(CMRR) to S1. If the S(CMRR) is less than S1, the
program optionally makes sure that the thermal deposifion head is on, in scan mode, and
that the motions are executed at the normal speed, after which, the loop is restarted in
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bring down the actual value of S(CVRR) to below Si. If the opposite
happens, the controller will turn off TCD while continuing the control of
Taver via cryogenic coolant flow Thus, if after the iteration tine-step
#90, the actual value of S(CVRR) shoots up to 5 50C, i.e., nore than the 52
limt, the thermal coating device controller, TCDC, will shut down the

t hermal deposition head (TCD) which may be acconplished by stopping the

flow of thah@ﬁamsmgsfé@t ﬁrmeaheérr.@mo;ehﬁardgp% ﬁrb@&n%ﬁgs% Nid!Eni ng the TCD
away from taQ:g leraet | o be. c ah nmonj t or t he changes of S(CVRR) in
t he subsequ&Rt i %E‘% M F‘PT‘%‘Q@E‘W§ enberg3ly p&%‘“‘?’}ﬂfaﬁ@t‘ WPKEEEMRR) dr ops to
bel ow 52 (smmr@a@y aft&rmakmgatmenlgat THedtbérimaldepssificaicad Rdnakiédies ddiBbist r aver se

speed accorgdiBQedif on descri bed above, with the nunber of m ssed
iteration tine- st'ep]hrs(,a oﬁlb"f F%’;md added to the nunber of renaining steps

that ar& cquoeqt aro bivantaes SHaMdhEshal ENBITRGos08th @and@Frlnént offtx@pl e 2 [0071]

Figure 3 is ayv deposi tion process optionally,

both 15t ra\pé?ssenhavegﬁ@ @%t%{'f*(ﬁﬁh%{% Sc Rt s thesumalisity fﬂ’é’lfﬁeVé‘W otet ems for the
wor klpl ef:e ;Irlm'ﬁmduqmclimeﬁermbntamuurcp oEthe wbﬂcpieb@ﬁ@hﬁg”bwl fodkn dnty &he hkafll' € .
simlar or, est abl i ng in the
t her mal éegggé?{ngﬁv%(%?%Qﬁ&%Pa CSEEo:’(rb?c'ug|Enl:rhe pr@??fg@@ﬁ 'tE%gaé@lg%lB‘S?ant nedi a,
one or nor PRLINRREG aﬁéawgm;qm comgjgxities] ¢f BS%{N@fIﬂmeplﬂ@)wmgorathe(b‘uﬂnaalt 8. These
ZOOI ant1omedmage Gﬂll‘td\N@'gplﬁMurféthhrfﬁé’aé’i@é( EoéMobe the tﬂéﬂﬁél%bosﬂﬁﬁﬂééc% | ;)n head
nove as ributor , Oor remaln stationar
Cool i ng t heatntg %r Q&aﬁ & m?m?%%t'oﬂﬁfrﬂﬁtfo&?gg C?cﬂ%tt c?'ggﬁ?i‘éa%‘ﬁfq‘%é thethermal wor kpi gce
to be coat eﬂﬂadlmd@hﬁmﬂmmem refHmsitiepdoguaptic imagéd. Mgoredieetical is nore
desired thaicaRRld &8 GaRp 8fd bigdessthelaifs m%spm%ﬁdbae{h%wé Goff the

resultant stress t\ﬁ)ﬁfg buti on. course side of the
wor kpi ece dUPPYRR Ntighppgess PrrR@eterANd $opHe sy HeMm 6o 'Bhfét'@mﬁ(? thewithgimgas al r eady
coat ed ¥r o follogingefev tsfriing gbiectibris can e @EBe dhd® allly sﬁﬂﬁﬂe@@&atﬁans nozzl e

10A is usqu&OQJC%rP%yCGQQIQI%f%erQQaI{'%m?rh’lf I %ige %fse(& Wgowdtbé&ﬂgqgﬁ?@gen t he

deposition nozzl e noves h and g,
respect i veI'E}o‘&ﬂap‘??SfE?’@e?L@M CP%"QJ%‘@G"'VH19tqfi’e|aﬂfél¢éfn'gfélndl1q0§0t| ons. In these

enmbodi nent 3064} ?ﬁol ant tr osition of material onto the surface.
30[ 0072] f e ‘B’%eésé'ﬂfg %?ft Ee i FHADERPEHSed DR sphimecaypiaia air

cool ant st recsmaldteatnient pradesd in whitthiempysitupenmbysusidglievibea acOAPEARRSrdr f an
that blaws @bd to%teﬂnﬁbﬁeﬁmwf@%n% NIRRT E Gad 1 ﬁA‘F co&ﬂB%Q&&Séﬂ d be

provi ded i nst addltlon to cryogenic coo e conpressor or

fan coul d H%P oﬁorg@l[tﬂﬂh&W“i"é’F%‘m&F't‘5@“(9(5‘??!‘?0& | abl e by the process by adding

a forced ai n ntrolli. n essor, or fan. The
control | er [606‘§f HGOHO,IO%\{mé %émg)%s & R "fw'? @8%5?%&'8?3 %qudﬁ'?ﬁnfa‘}if’fﬂl?cr ease the
air flow réﬂ"@"’(%‘(?@ﬁ&fﬁ'}mWﬁe@ml’e%ﬂ%ﬁ@law@ thereoheeded by the thermal

treatment process, and decrease the_air flow rate when |l ess coolant is
needed. As di scussed above, alternaFf&®P&¢ool ants can be sinilarly added if

desire e r| al, test stem and net hod
wer e C(%rsr %‘Zﬂméiut T%JL LQ&OL%E(}&@(%%%‘ bls '%‘85%“’%@‘"‘6?3%4%&?‘%?%0’1 rﬁ'CQﬂ ?)ﬁ‘?‘f@rSV\C-
coati ng nate@F’F%EPteth@e ipliparef herenesestersshadn griigs. Bibs WG @ Gaeder per

mnute at aBecbongiditethe dediptidnlg ai rpl ane | andi ng gear 10 conponent nade of
hi gh-strength steel. The surface speed of the rotating conponent was 150

ft/ mi nut e, [0468] gkip. 4 ilairetes @ tixpmealdicpbitivg pmsslérﬁplby’wd‘a pekpieacdp revol uti on,

t he di stan urface was about 9
i nches. Thggml—@ ? fQWBllﬂﬁi/ag&ﬂlbg@ ¢ éﬁfagg% wﬂ%hﬁ 'ﬁ)ﬁa’? oﬁ‘gﬁ”hf' d¥wr at e of
1525 stnd&vtaed dwing ﬂr%@?mwééem@lmn %t'%moﬁﬁsﬁgTM@kveqa(E@@mmpnadd t he
oxygen fl owf wérkpiede stibirats sUnkas 41 & Whlufited in a remotely actuated, rotating holder

(RWA) 42, and exposed to hot coating deposition material 46 from the thermal
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15f eet per hour at 165 psig supply pressure. Four cryogenic fluid nozzles
were nore or less uniformy positioned along the axis of the rotating
conponent at the distance of about 4 inches fromits surface. The nozzles
were discharging a 2-phase mxture of cryogenic nitrogen vapor and fog-size
dropl et spray toward the surface for cooling. The cryogeni c fluid supply

pressure was oﬁ@onun f’&ﬁ%‘:@§4g¢hﬁﬂqn W t@@éges(mwga‘g'% ng t oo

demanded by ah requirenent, was re eveI of
appr oxi mat !Eb@nsma senafaie acdtated Wﬁf (T(?rﬁﬁr aF@d9f€'FR)n YRy @ewi e used to

moni tor 1 eqmRkiRditcad 8Y Rl dildidigatdh, diGefOsRRREMbisIGT(SCRDSAE kg thi s HVOF

coating operation and control the valves di schargin eni c_cooling
medi um  FoPro¥dsR/Bs Feofingetieg) q'm?rdBFhescﬁf‘n@SP%'yﬁﬂf’%“ ‘Hg'é‘fi %ﬁb F%’Hgb?ft ke same si de

of the Eomlmla@lﬁtl a@bodalttd poikichs Sfficydrge@snrtdie. ACNC berobstigagremiatios pr ayi ng
nozz| es, Ces Pl er W@%O c%nr%%rateeql% r%%é%%ﬂ% of ffH lra?ttbﬂ\é?thg%ﬂ(g%l:%&[g rtﬂe‘er't The

consequencé 0 "see" both
t he traver®ptap ditrerhayug, deamlmh@a‘é:%ﬁ%PP‘@O@‘IYn@D‘J@ﬂg‘bﬂ@W"% 4ﬁozz| es in

addition to the surface of the co nent bein d Thu i he
t enper at ur BOE8IntRusto ﬁg%?téﬁ'ﬁwoéw%@#gg‘?ﬁq 6"\%’1“12"*&%’ rﬂ}ﬁtﬁ’oﬁfﬂ'ﬁﬂ“ | evel of
'signal no{(MEOS)tidiased Ifcrntmqaarﬁfxrersémhgsembm@poﬁ(bpﬂm eensolfszm bkaor | R sensors

wer e sjngl , 3 and

T3_1D II“% %r%p#f F%ea}réﬁone &I‘érg%—g]%h% orﬁ]% 'gﬁ%ﬁgﬁ@@aﬁ%&ﬁﬁag, ng
canera fr offhexmeimagipg opersIovisign) W%@a@@? of Happing Ay Bervel iRlds Ay t enper at ur e
reading f "Qiﬂnﬂnéd&sfﬁﬁé’déﬁh‘ﬁh%l’gﬂlzfﬂi@%npiﬁé!@eI%Qﬁﬁ)uﬁsllrﬁmwﬂ\b%astvﬁtﬁm@tenbwal portion

of the co r our s ors, were erature
readi ngs {TE H{?@@@MQ eFE?'nté%rP‘f‘P?Sgﬁef% "b%?\rfatyeég’?ﬁﬁ@q aésrgé;ﬁomn in Fig. 4
at the fretpnmeta}urefnezsuftmenmcmhe elogleesipvomefﬁmth thwo-teleg inéaeyd of executing

controlg| Oﬁ%dlﬁé{:%?aﬂi&rfrh Bticrh :nﬁarwrpea%m@m&%mn& Sth&heHdbrd. ;i 9. 5 was
set for 200 nmeans that the anp

ormatlon%(;g‘t ed in the
CVRR t abl e Sovepigaing gveeapplicaienwage a1 VSSGEB%EF?%%G Fipret Yl Ferm)rrent and
t he previ oainidddkvise ootheyscamt ranbrit asiredboptigalldignéls eigdlexibly optithuiber. tThe st andar d
devi at i on f dat a

tabl e, a5 Denirien S@E%'*%%"%Wﬁ“%f?@fé’%ﬁ* e AR Ta 200

r ows. The ﬂm ?beEWg’f 8 eoting QIRMRdRARMEMSes f(rg) Misron yivich ifyeniriptg o

plotting thf theomaiadeuin Lhgahie idsbein bideFtoprragtitegnitall assyredeotdsiving run. [ 1]
The val ue o(ff’?I n(I\/RR) was 10Onanmed "T instant average" for sinplicity and

cal cul at ed grees F for four IR sensors used using the sane procedure
as before. ggarp M%kéiﬁe&/@%bs % k@b tat @bt i&rllt@ﬁttﬂdudﬁm &in taNd  Thaxi

T e L St S P A S BRETIOR B ' o

way found convenient in a given situation as long as that distribution is more or less

25 uniform and, at least, some of the areas are located in the areas of the workpiece which
are expected to be the most sensitive to temperature variations. The size of temperature
control points or areas, e.g., A, B, ... F shown in Fig. 5, is not critical and may vary
depending on the type of thermal sensor used, but their number should be sufficient to
reflect transient temperature distributions over the surface of the workpiece, and the

30 temperature distribution over the coated and uncoated workpiece surface. Thus, at least
four control points should be used for the coating of small workpieces, which are a few
inches fong or wide, while at least six and, preferably, more control points should be
used for coating of larger workpieces.

- 94 -



4 1=1 15 The second tenperature value cal culated 2-tines per second from
the 4 x 200 sized CMRR table was "T tine average", or an average

tenperature over the conponent surface during the nost

of HVOF-spraying and cryo-cooling. i =4 j= 200 T Tinme Average =

1=[F1

4 x 200 The standard devi ati on was cal cul ated and
di spl ayed on PC/DAC nonitor in tw forns: 20 as an absolute value in

degrees F pr88PSTAfupRdGiRIBatd thelddptrol of iddBarRiMEinB&Eture uniformity, assume a

10

15

20

25

30

cryogenically cooled thermal deposition process, where a single pass of the thermal
coating deposition head 44, (TCD), over the workpiece results in a 0.002-inch {51 um)
thick coating, but the target coating thickness is 0.010-inches (254 um). Five passes are
needed to reach the target at the normal traverse speed of the TCD used. Assume that
the temperature sampling time-step is 0.5 seconds, and the TCD can traverse either at
normal speed or at a doubled speed. The properties of the substrate and coating
material, and prior tests involving coating of the workpiece in test runs using the specific
TCD system have indicated that the following limiting values need to be used during
production runs: Tmini=80°C, Tmaxi=140°C, $1=10°C, $2=40°C, and threshold time ts =
20 iteration time-steps = 10 seconds as required to complete the first pass. If the initial
process parameters, including the location of cryogen distributors (SMCD) are right, the
following are observations that may be made during the production run:

¢ Taver or mean(MRR) starts from the initial temperature somewhat above room
temperature and, then, slowly fluctuates during the coating operation between
80°C and 140°C and it is kept in this range by the cryogenic coolant flow control
valve (CFC).

e Mean value of the cumulative, multi-area readings accumulated during the
coating operation, Mean(CMRR), a discrete process value which is used by the
PC/DAC to calculate the standard deviation S(CMRRY}, fluctuates by much less
than the instantaneous Taver, perhaps, within the range of 100°C to 110°C.

. S{CMRR) or standard deviation is calculated and updated every time-step from
the iteration time-step #21 on for the population of all multi-area readings
accumulated during coating operation (CMRR) and the value is less than 8°C and
fluctuates by about 1°C,

[0069] If the initial process parameters, including the location of distributors for the
cryogenic coolant are not optimal, the observed values of Taver and Mean{CMRR) ¢an
still stay the same as before, but the standard deviation, S(CMRR), may run away during
the coating operation to reach a value of, say, 20°C after the iteration time-step #80.
Since this value is more than the S1 limit, the processor would double the relative speed
of the TCD with respect to the workpiece surface and double the number of remaining
iteration time-steps from 20 more to 40 more, as well as the number of remaining TCD

coating passes from one more to two more.
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=4 j= 2002 ETij 2 - T Tine Average 1=1 j= 1 4 x 200 Std. Dev.- 0.01
TTi me Average The descri bed spraying and aut omat ed cool i ng operation
started only after setting Tmni at 150 deg.F, Trmaxi at 300 deg.F, and
preheating the conponent to 150 deg.F. Fig. 7 5shows all neasured and
cal cul ated values during a 21 m nute | ong conmponent coating process

per f or med he condl ed a . t the IR
Censors sl dbe FafrgRe o Bnaid e Sad Rt P TP ARIPBPE AN R oo

traver se amthgoipen feiactabofiuerof S(GMXYtebelom ). Ifﬁfteemegﬁltehgwns dieme show peak
te”peratUr&%trﬁﬁﬁ@rlﬂﬁtﬁrn%ﬁ?bb%rﬁle%&ﬁ%[h@f’{e%w&aﬁa\e‘é@% RogbhiEcsfe snap- shot

in time. Nevertheless, the coolant- 10controlling instant terrperature
aver age, Mh (R afe" the flerplianditiersieniiily BRacplveIuE RESECHRRS 8o 18t i on of
| ess t han S§Oceg.mdre mamdnetstzamtm {8 tiavaslagsting @leyied adntroler, JIODES whllshtst no

Not ever t hy SO HIE Pefig sbpabag e bR B RO Yoo 1o
evol uti on fidw ¢fdirencaatineg matarial frgmriiee dappsitiondiedd phigrmingldke TCR awaydmpethat ure, i.e.
the tenperglat€icte dbhd SATRBRRN the WRARIES 8f S(CMRR) in the subsequent iteration
time-steps. As soon as the actual S(CMRR) drops to below S2 (S2=40°C), the coating
10  action is restored at the double traverse speed according to the situation described
above, with the number of missed iterafion time-steps doubled and added to the number
of remaining steps that are corrected for the doubled fraverse speed as well.

Example 2

[0071] Figure 3 is a view of a thermal deposition process employing, optionally, both

15  traversing and stationary cryogenic coolant delivery systems for the workpiece.
Common pieces of equipment to those shown in Fig. 1 are similarly numbered. In
showing a method for establishing cooling in the thermal deposition coating operations
using a cryogenic gas coolant media, one or more coolant means 10A, 10A’, 10B and
10C provide a coolant 8. These coolant means, such as 10A, 10A’ may move with

20 thermal deposition head 4, move as the distributor 48 shown in Fig. 4 moves, or remain
stationary. Cooling the top side of the workpiece, that is the surface of the workpiece to
be coated, where the heat is deposited with coating material is more desired than cooling
the back side of the workpiece because of the resultant stress distribution. Of course,
caoling the fop side of the workpiece surface, whether the cooled portion of the surface

25 was already coated or not, is more difficult. In one embodiment, coolant means, nozzle
10A is used to spray coolant on the surface of the workpiece when the depaosition nozzle
moves from points ¢, d, and e towards points i, h and g, respectively and nozzie 10A’ is
used in the reverse directions. in these embodiments the coolant trails the depaosition of
material onto the surface.

30 [0072] In altemative embodiments, although not shown, a forced air coolant stream
can be added to the system by adding a compressor or fan that blows air onto the
surface of the workpiece. Air cooling could be provided instead of or in addition to
cryogenic cooling. The compressor or fan couid have a set flow rate or be controilable
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15under the freshly deposited coating. Standard devi ation cal cul ated during
this coating process was at the 50 deg.F | evel or around 20% of the tine
averaged tenperature value. This |l evel of standard devi ation indicates that
the thermally induced stresses in the coating and substrate by the HVOF gun
and the cryo-cooling nozzles are quite nodest i.e. should not result in

m cro- or macro-cracking. The evidence of opening and 20cl osi ng of the

fcr yodcool i By the?w@ss momdrrgld feﬂl;e@y:r &MoﬁafHremtl@fhn@ﬂﬁf‘c@mbrebébyﬁmh on can be
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cryogenic nitrogen as t coolin um offers an additioha

qual ity? |nﬁ969@ﬁﬁﬂbeﬁ"0®?'5]add%*r‘§f%sﬁnge or long objects may require nore

| R-sensing units and nore cool ant d sch ing nozzles to assure a uniform
surface terrperature t han of fered by ‘?J%lt 5 described in Exanple 3. The

si nul taneo T'i‘.felngu rrgil etsfsn)lf fﬁe ?&Bﬁtr s?gtglrn%ngﬁ{% Hod kme%nc%rr?e(a%lu{ cﬂ% ]};] Hk/b? each

wor ki ng i ndepehdently 1 t erred procedure in to mnimze
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cal cul at ed giseifpe b@vBEfin@Bth RIARIAL thedDitinatdnPilirkad WES R SinbAlE, FAET @s i n
Example 3.  Th fi)alé){{ ective of Thi s operation was to rajse the conponent or
r

substrate © Was hYdRgtr Qe With thedyiogensipvirle oF 1 52astapdard pebic t he spr ead
bet ween t hdeet perchongst 160 psiy supinprekisate, SeitBe bS/ga@Bovihig oF £ 75cdtidadiu@nibo t heir

di ff er gyt Ifé%e?ﬁ&ﬂf&ﬂﬁat%éﬂsié?@% edeliel 8 o MEHIRRS bl Rl loy 20 91 ver

p0|nt of tinme erature ant and tIﬁE aver age
showed a | &% &aformly@asitiongd lofg me aX@qu @@tr@aﬂqgwemp@mnt @talaer digtencgrefl bul k

t enper at ur %Botﬁf4 indhes Pére heairde. cmamﬂ@@é weryai%clﬁéigh'd; h Q-paéset rﬂkﬁre&ifarfm e are
shown 20in g Cm&) enr\}t er es% o %l%édr eg srtaot\juarr N tg 3 nper at ur es
during thi§ 95 YpEra 8 X gRpy e ‘1"3 BESFIREE: tfan in the
HVOF spr ay Cﬁfea@ﬂ'mf{;jﬂmpl& IDWSW'Q(‘MEB abouh 20 peig aml itseeak llnwlmum)ﬂmmm e 3.
El evat ed stwasd @érﬂarﬁﬁ& bﬁtah ﬁlﬁtaﬁﬂioﬁ% ré@yﬁﬁbﬁdw%veb%éthé Rv@xperi ment showed
that the furthe 10 I’Y m.zed fcog(ﬁgentw%r eheat| nlg oper ations should be
carried outapEfgf W@ SHE m'PBtFafP‘('fr\" 59 SEPIPR Were UsehDimagt | east one of
t he temperature evolution of the component surface during this HYOF coating operation and

control the valves discharging cryogenic cooling medium. For convenience, all four

sensors were positioned on the same side of the component as the HVOF spraying gun

256  and the cryogenic spraying nozzles, even though sensor positioning could have been

different. The consequence of such a sensor location was that they were able to “see”

both the traversing HVOF gun, and the coolant dosing cryogenic nozzles, in addition to

the surface of the component being coated. Thus, the temperature control system is

forced to work with a much higher level of “signal noise” than in a preferred setting.

30  Three of the four IR sensors were single-point Raytek-TX models, named here T1_1D-

IR, T2_1D-IR and T3_10-IR. The forth one, T5_2D-IR was a 2-dimensional, thermal

imaging camera from Flir, A20 model, which was set fo acquire an average temperature

reading fromy a rectangular image area positioned over the central portion of the

component surface. All four sensors were sending femperature readings to the
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25 thermal treatnent nmeans or the surface to be treated faster relative to
other), e.g. 300 ft/mnute instead of 150 ft/m nute, and/or higher traverse
speeds, e.g. %inch/revolution instead of 1/8-inch/revolution of the
flam ng device while increasing the nunber of preheating passes over the
conmponent surface. The desired changes in the preheating procedure based on
conput ed sg coul e t 30by

r epr ogr anmioq %‘{gb(a%rcllgedd ntrP |rFﬁ)unltvF?éll?%é ap ISh v\% upEi &(gt(%ﬁje f?%u%@téﬁ%%l%l cally,

feedi ng t hehichobsoesoons iodfhetfeeuuamqwa nmmtiﬂglcghieql logma@ﬂowra!hlﬂsﬁté try to

mai nt ai n tth%sﬁél@ﬂﬂ@{s%h&%‘(ian@ %Qva@%leﬁ‘éf éob%ﬂ&%éé‘ﬁ@ 1R HeRinouhtdr L hi s exanpl e,
the desired standard devi ation was | ess than or equal to 20F (+/- 20F).

Exanpl e 5 Pgomaton feiaingdda the{gMRR érbleas ihefpe! pragines wadpwaysfoptBotienas adopt ed
for an &| cagal £dmsuteat fHtmReiilk 1100 bébohéy attile dsb@hedshionfeduendyl qUoS tHE.  Typi cal

XAl e of 1 lANARAM SEH R Uk SRRUENRL LB W DRpaBlE kT | 2di o

gear, or |ong pri Aract &ri stic main
length t hetgbiep%s@gwm E' ﬁmﬁnyEh 4reciurneg; gee fot ¢agh sensel. ane BRirraws.efiisst i ¢ i n

during. th 5“*2%%?“*“2@%%“%%'@“@“2%3}“’Eﬁt“gg@‘*‘eﬁ‘gﬁ"’%%peza?‘f”eSer face, and
uri i u

as shown, %"E'E’ d%f%{?%pf?mg%f%ﬁemaw%éal WV?W%Pﬂﬂ%a@MRgh@a%urface of the
wor kpi ece namddi® instanbavetagehiocsimplicity and Gdtiutatetie degrers Fafor owdRadpsmeent zones
(not shown s, z1--z4,
correspond&sedmﬁg ggﬁgriﬁe?&% egrg\gg’ 'sq%lﬁﬁgg%%dr"gﬁpeldﬁgg %%ltg'g%eare areas of
t he surfac@'?ﬁeqm”'\ﬁﬂﬁ EB?@C’@'U%?'@WH‘F RUGePsE, AavasRpbicspEifdteasuri ng and

t enper at ur gpehgtor BbsifrRS@SlanSivelvafvedli Vi sion is necessary because the
traversing HVOF gun, i1.e. heat source, cannot affect part tenperature in
the renote areas as nuch 15 as in the cases4of | ess elongated parts.
Consequent |y, a uniform cootinamgt sedragk he—pary ' wi t=Ficool ant headers requires

t hat each header can be controlled indi¥idually, i.e. each zone can be
controll ed and cool ed i ndependently. The tenperature of each zone shoul d be

nmoni t 0§2d Pe flcohPBTHperaitis VHRIY o%Q;[]Fe%‘atZ—tlrﬂxé%fp'éaserc&% fdrRine 48R0 size@ 2 Cored
is nonitore

plurality rat e sensors

only by IR8&®%%$16W?& tﬁ%eta@ﬁagﬁeggg”%\gera[gﬁéer?%ggg r"é‘:é‘b%"%?"?r?{ an area

Wi t hi n zoneurface Buringiwneos récenimdNistamesl otV OfRGprayind) andaniotapelingy  an

2-di nensional (2D) therno-vision canera |IRS. Zones 3 is nonitored by IRS
and IR3 and Zone 4 is nonitored by 1R5 and“'fR4 As di scl osed before,

over | appi ng and/or mnultiple surface neasur Mt areas, fl-f5, in each zone,
and al so tenperature nmeasut@ii%regds 1 hatzame afl | east partially within
mul tiple zones provides 25reliable neasuremenhts, avoiding problenms with
transi ent blinding of individual IR sensor$*by H\/G: gun, robotic arm rm
that manipul ates the gun, vapors and dust. Stated differently, a plurality
of tenper afl (f Saniarkdpvigienwas Giqulaerd apd displavedonfde/PACAMenter 18 bvq forms: p| ural ity
of tenper absiz@alisRsNaluURGN IRAES, F 4rdl S¥RASdent dfilsBlime apeag ures, as shown for
zones 2, 3 and 4. Also, the neasurenent of the tenperature in an area that
is at least 30partially within an adjacent zone, can be used in determ ning
the average tenperature for at |east one zone that is adjacent to the zone
or zones in which that tenperature neasurenment is neasured, or for the

cal cul ations of the average tenperature in the zones in which the
tenperature neasurenent is nmeasured, as in the case of the
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tenperature neasured by IRS. The process control during coating and cooling
of an elongated part presented in Figure 9 can be set as in Table 1, bel ow
whi ch shows the tenperature inputs that are used for calculating T instant
average for each of the zones shown in Figure 9. Although I R5 nmeasures
tenperatures in an area that is within nultiple zones, the average
tenperature neasured by I RS can be used in the T instant 5average

cal culation for each of th as shown in Table 1.
The tenperature T instant averageizdl cul ated for each zone, is used for
controlling coolant flow rfate;in %%%W f the cool ant,freans, e.g. cool ant
headers Cl1-C4 wi t hS'&Bfrst bPE“CooI T Iowiﬁéﬁw@gﬁémkt sHan) and

i ndi vi dual controllers (ngt H@mn) for eacH cool ant header. The cool ant
flowrate is controll ed based on & tonparison between the T instant 10
average neasured in a zone and the Tmn and Trmax for the workpiece or for
the zone. If the T instant average is not within the Tmn and Tmax, at

| east one controllable condition as described before is changed by the
process and system For zdgnes haviaxg a T instant average tenperature within
Tmin and Trax, the flow rate,of ctol®8nt fromthe corresponding cool ant
nmeans to that zone is unthanrged. Eﬁ ﬂhl%lFﬂﬁh@m@@kﬁ | ati ng the T 15i nstant
average for each of the n&&%he,Jy tine average (or' overall average
tenperature averagi ng all! the neasured tenperatures in all the zones) and

t he Standard Devi &4 @t =contitnue—tobe—<catcutated—as—befait¥] i.e. using al

| R sensor inputs, regardl ess @1+ hainfeazegé Ng. Thi s assures that the
substrate part tenperature and thermal uniformty of the entire surface are
nonitored regardl ess of the zoning, and preventive actions can be 20t aken
if their values fall outside preset limts, e.g. acceleration of gun

traver se spdedegoubed spravingeind agtodiatad cadlingoperetiestarted ohly aftertsattingMaini sur f ace
speed (V 1 Gk #d QIQF, Wikt ﬁ@d)dégqf%n@ﬂrehé}ﬁnh&ﬁﬁ%%ohﬁoﬁéﬂ?toﬁ% gbdcrgpeed of the

morkplece surface and the thernal treatnent_neans, and/or i ncreasing the
cool ant o | WP¥SE bm?"ﬁ”f?ﬁénd £algHizipd YalpesSung a2 1 minyigrionskcompenenbetadng jets
shown. The prdcews pafoased indeuthd cealtibnodcttilee aboel #rhn petsenahatltedrers i s

251 ndi i AU dor LUl BREGR o Ihiefhtdrod GG R HeG: of MOBF oY% ! ected to

control cool 9
operation of cryo-nozzles and, interestingly, some show peak temperatures while the

others show low temperatures at the same snap-shot in fime. Nevertheless, the coolant-

10 controlling instant temperature average, Mean(MRR} is consistently narrow, with the
typical variation of less than 50 deg. F, and the time average temperature shows almost
no thermal variation due to the gun traverse and the coolant on/off flow. Noteworthy,
this time average temperature could be used fo track the evolution of both the coating
material and the substrate temperature, i.e. the temperature of the component materiai

15  under the freshly deposited coating. Standard deviation calculated during this coating
process was at the 50 deg.F level or around 20% of the time averaged temperature
value. This level of standard deviation indicates that the thermally induced stresses in
the coating and subsfrate by the HVOF gun and the cryo-cooling nozzles are quite
modest, i.e. should not result in micro- or macro-cracking. The evidence of opening and

20  closing of the cryo-cooling valves controlied by the system of present invention can be
found at the thermal plot from the brief dips in the instant temperature values.

[0074] Examination of the coating produced revealed that it was lighter, i.e. less
oxidized than the coating produced with the conventional, forced air cooling. Thus, the
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IRS IR4 IRS (2D canera) T instant average for controlling cool ant
I n specific cooling zones headers in specific cooling zones:

10

15

20

25

30

use of non-oxidizing, cryogenic nitrogen as the cooling medium offers an additional

coating quality improvement.

[0075] Very large or long objects may require more IR-sensing units and more coolant
discharging nozzles to assure a uniform surface temperature than offered by the unit
described in Example 3. The simultaneous use of multiple temperature contro! and
cooling units, each working independently is the most preferred procedure in order to
minimize temperature differences between remote areas of such large or long objects
during processing.

Example 4

[0076] A thermal treatment system similar to the one shown in Figure 4 was used
without the coolant and without a coolant flow controller to trace temperature evolution
during flame preheating of a rotating component. The iR-temperature sensors and
calculated temperature and standard deviation values were the same as in Example 3.
The objective of this operation was to raise the component or substrate material
temperature to about 150 deg.F. As before, the spread between the readings from
individual sensors was significant due to their different locations with respect to the
flame-heating device at any given point of time, but the average temperatures, both
instant and fime average showed a logical trend that well reflected the real surface and
bulk temperatures of the preheated component. The resuits of this example are shown
in Figure 8. Interestingly, the standard deviation of temperatures during this preheating
operation is larger, i.e. less desired, than in the HVOF spray coating and cryc-cooling
operation detailed in Example 3. Elevated standard deviation values revealed during this
experiment showed that the further, fully optimized component preheating operations
should be carried out using higher rotation speeds (that is, moving at least one of the
thermal treatment means or the surface to be treated faster relative to other), e.g. 300
ft/minute instead of 150 f/minute, and/or higher traverse speeds, e.g. ¥-inch/revolution
instead of 1/8-inch/revolution of the flaming device whiie increasing the number of
preheating passes over the component surface. The desired changes in the preheating
procedure based on computed standard deviation values could be executed manually,
by reprogramming the robot moving the flaming device, or automatically, by feeding the
robot controller with new, higher speed values to try to maintain the standard deviation
below the desired amount. 1n this example, the desired standard deviation was less than
or equal to 20°F {+/- 20°F).
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header C in cooling zone z1 yes T(IRl) header C2 in cooling zone z2
yes yes (T(IR2)+T(IR5))/2 header C3 in

Example 5

[0077] The coating and cooling process of Example 3 was adopted for an elongated
substrate part similar tb that shown in Figure 9. Typical examples of elongated parts are
5 actuator piston rods, airiner landing gear, or long printing rolls, and in all cases, the

characteristic main length these parts is many times farger than their characteristic main
diameter. Four stationary coolant jetting headers, C1—C4, can be used during the
process, each impinging coolant jet ¢j at the part surface, and as shown, each coolant jet
may be designed {o impinge on the surface of the workpiece in the zone at which it is

10  directed, or at two adjacent zones {not shown). The length of the part was divided into
four zones, z1—z4, corresponding to the number of the coolant headers. The zones are
areas of the surface of the workpiece determined for the temperature measuring and
temperature control purposes. Such a division is necessary because the traversing
HVOF gun, i.e. heat source, cannot affect part temperature in the remote areas as much

15  asin the case of less elongated parts. Consequently, a uniform cooling of the part with
coolant headers requires that each header can be confrolled individuaily, i.e. each zone
can be controlled and cooled independently. The temperature of each zone should be
monitored by at least one non-contact, infra-red (IR} sensor, or a plurality of temperature
sensors. As shown in Figure 9, zone 1 is monitored only by IR sensor IR1 that

20 measures the temperature only in.an area within zone 1, but zone 2 is monitored by IR2
and, partly, by an 2-dimensional (2D) thermo-vision camera IR5. Zones 3 is monitored
by IR5 and IR3 and Zone 4 is monitored by IR5.and IR4. As disclosed before,
overlapping andfor multiple surface measurement areas, f1—I5, in each zone, and also
temperature measurement areas that are at least partially within multiple zones provides

25  reliable measurements, avoiding problems with transient blinding of individual IR sensors
by HVOF gun, robotic arm, rm, that manipulates the gun, vapors and dust. Stated
differently, a plurality of temperature measurements within a zone is desired and so is a
plurality of temperature measuring means, to measure those temperatures, as shown for
zones 2, 3 and 4. Also, the measursment of the temperafure in an area that is at least

30  partially within an adjacent zone, can be used in determining the average temperature
for at least one zone that is adjacent fo the zone or zones in which that temperature
measurement is measured, or for the calculations of the average temperature in the
zones in which the temperature measurement is measured, as in the case of the
temperature measured by IR5. The process control during coating and cooling of an
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cooling zone z3 yes yes (T(IR3)+TOR5))/2 header C4 in cooling zone z4

yes yes (T(IR4)+T(IR5))/2 [0078] In an alternative enbodi nent that

shown in Table 1, the average

10

elongated part presented in Figure 9 can be set as in Table 1, below which shows the
temperature inpuls that are used for calculating T instant average for each of the zones
shown in Figure 9. Although IR5 measures temperatures in an area that is within

multiple zones, the average temperature measured by IR5 can be used in the T instant

average calculation for each of those zones (zones 2, 3 and 4} as shown in Table 1. The

temperature T instant average calculated for each zone, is used for controlling coolant
flow rate in each of the coolant means, e.g. coolant headers C1—C4 with adjustable
coolant flow valves (not shown) and individual controllers (not shown) for each coolant

header. The coolant flow rate is controlled based on a comparison between the T instant

average measured in a zone and the Tmin and Tmax for the workpiece or for the zone.
if the T instant average is not within the Tmin and Tmax, at least one controllabie

15

20

25

condition as described befbre is chéng'ed by the prbcess and s'ys'tém'. ‘For zones havihg
a T instant average tfemperature within Tmin and Tmax, the flow rate of coolant from the
corresponding coolant means to that zone is unchanged. In addition to calculating the T

instant average for each of the zones the T time average (or overall average temperature

averaging all the measured temperatures in all the zones) and the Standard Deviation
continue fo be calculated as before, i.e. using all IR sensor inputs, regardless of their
zoning. This assures that the substrate part temperature and thermal uniformity of the
entire surface are monitored regardless of the zoning, and preventive actions can be
taken if their values fall outside preset limits, e.g. acceleration of gun traverse speed (V
traverse), andfar an increase in the rotational surface speed (V rotation) which provides
an increase in the relative speed of the workpiece surface and the thermal treatment
means, and/or increasing the coolant flow rate in one, two or three or all four of the
coolant jets shown. The flow rates through each of the coolant jets or headers is
individually controllable.

Table 1
Temperature IR1 IR2 IR3 IR4 IR5 (2D- | T instant average
input camera) for controlling
devices coolant headers in
selected to specific cooling
control Zones
cooling
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tenperatures neasured by IRS within Zones 3, 4 and 5 may be extracted from

the 5 tenperatures neasured by IR5,
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contact and non-contact tenperature sensor inputs.
t hese tenperature sensors should be distributed over the entire surface of

the workpiece to be heated or cooled. For some embodi nents,
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tﬁehie ingt%?np average for a zone. For example, if there are 2

temperature measurements in each of the zones, then one of the temperature
measurements taken in zone 1 and zone 3 could be used in the average temperature

calculation for zone 2, along with the 2 temperature measurements for zone 2. The

reason for using temperature measurements from adjacent zones in the calculation of a
zone's average temperature is because the conductivity of the workpiece and/or a

coating will eventually cause the heat or coolness from one zone to reach the adjacent

zone.
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25 for forced cooling wth cryogenic or non-cryogenic fluids. The process
can be applied to operations of thermal deposition coating, chem cal and
physi cal vapor deposition coating, thermal treatnment of surface, fusing,
hardeni ng, nitriding, carburizing, nmachining, induction heat-treatnment, or
| aser glazing. Its use enables maxim zing thickness of deposition coatings
and their i S L Z) resses in

t hese coat @g?saiﬁgu@%@w Fréjgg%ooé% hﬂNe P&t ﬁﬁhﬂ;‘éﬁl éersfrgscf%process

appl i cat i oReWeeihggeatiaand g smstm@rnﬂmgw@we d@‘(ﬁ* ng@verdigonent s and ot her

ai rpl ane cRRABBARRK-Scald &ml%&ﬁ&aﬁorwééydme At GNEbdIehE QIRERR LA, act uat or
cylinders, wear-surf heat - f aci n and heat?ﬁﬂhl el d| surfaces. The

process endB d@?ﬂ'ﬁ?‘? Ve@ﬁ@ﬁ&’t“&'r%e”f’ IeRRErgLHIE " ag% G @verae&i ng
conponeft svathato avotnd! dnoptichel caclesploalhte, dnid/ot bﬁemmg Yemtatoaalor fireact i ce. [ 0080]

Thi s i ”Ve”PéleRi'i} Wash gﬁ%ﬁ B@weén*lﬁ%%kp%&’é‘&d 9189@Léé?xﬂént§?o%né‘£&o‘?&erat e the

coati ng of Wor k piece or cool
breaks, i naWEPRiRY Q'tmtﬂlgdé?ﬁf’ﬁl Tb@arlopm %r'i"'i‘@'zﬁ‘é)locﬂlsﬁ%@f’%@evﬁh@ng\or kpi ece

(typically béth@eﬂ\ﬁ?uoﬁ@ﬁ@rhd?ﬁ oame aRtkpide s&ca@é 'd@éJto' sﬁb%aﬁ;tg%%etrp ngh-l ow t he
wor kpi ece to. cool d|t iﬁ%?'é or, some ther coa oper atj ons of

this i nvenPPHRBEY 388,9 £ UNRUMZ P%@f"ﬂ rsI e gMRhi ece
def or nd@i omocmbysvalwe!ammq)stemﬂd depiadion eff el teTeteraure veddingsedhbringimy | ess

coating mayRs itghdapd (llelwaﬁ&%llfeoco B@\o@%&lnb ‘E@d&@nﬁ[h@i WRIHPLAGR b g@ﬂﬁ@use I ess

post -t r eat ment gri ndi ng or 10machining wil| be necessary correct the
axiality ofcraqg ggggela@pdqqy@@s%ppﬁw&gtheﬁ@mgq egimpat i“G?f‘Scﬂ"
convent i onaloripizat, and/obddhading thd doolag flohirad aidier heotigifow raetadioaby | S wast ed,

andl ort e aligh el i B Silm 871 R0SH b BEbcEQA gL RRKRoSS due to

| ess morkp rove ositron erfrciency. [0081] If
an inerlf, ResgeRHiNGPYANEEN g%bqt%cma%nan@n@%emp@“atﬁ@cﬁemﬁr inpuig. Thﬁtrogen
15ar gon, lorarelaelor péthts gﬂhéééﬂer’i]ﬁ@étmﬁ'seﬁﬁﬁé bﬁlﬂlleUeQiiFéﬁ'&)‘éltedtob& tﬁ@&ﬂl’l’é' ng coati \rllwg]
appears | ess _ oxidjze ates intp a er ting when
Ve, Co' type SRR R et FoistRah oc fpdgf dor e Bl R Eheria o <
corrosion Rfeyp@ﬂan\terlemmt'cg tampératuteheengers er ofltiple teba)seattma«tnsntg thmmm al s.

[ 0082] For nﬁjﬂﬁ%lﬂﬁé}ﬁﬁre‘ rﬂeé@fﬂ!e%nfsﬂﬁ{hh RS zoﬁ@s bﬂﬁ'er\fvorﬁﬂgcec Frp@geni ¢ cool i ng
fluid gre 20not ‘ﬁlﬁ’htﬁ} m nimze coatin tion, alr. can be used as

a cool &t , PEFEFES &5 'fFF?%e’B‘?'lSE‘etE%E‘Q“ ‘??'\Rmdgﬂ'o apalirggfelable poling

Al t er nat i vebytrchincpitdbofivatiousmanientame ugsetswohataceridng thémorateshtment cooling with
the cryogenpea6aql &Rh rrftﬁae(c 2 é:’ﬁﬁ]%qnds@dtﬂicm%ﬁ&%onﬁ%iﬂ@q%ﬂ{]&ﬁ@ﬁﬁnmy be

desi gned so that onl eratures are coole e cryogenic
fluid whil QQPH@"%ER?H‘HH?‘?%I Tﬂﬁ)‘?’??e@ﬁcﬁﬂbq Wdﬁ%ﬂonlt@‘“ﬁéﬁ%%"lﬂw a less costly
conpr essed tangerabresif fanEﬂhurfaG@8@ingMeth@hnt rehtidgwiydesteit Bk neg | nvol ved

exanpl eg for ég].fgg&?a h@qﬂﬁ gfotggmg ngﬁ.?ﬁmﬂs S} prdtase éan%eﬁgéfegttgd

processes an Cont ages for 'ng and
cool i ng pr @§@§§@§qf eema) derpsition ﬁ%@&t@ﬁfp@ﬁ'@tﬂdpbysmf\iamli dengsitigRd optional |y

forced coolchbihgPthemfirddiBentiot Surfdke, 1@i&l hA&hIRY, nikingOsodrivigs of cool ant
fluids or
machining, induction heat-treatment, or laser glazing. Its use enables maximizing
thickness of deposition coatings and their adhesion to substrates by minimizing residual
30 stresses in these coatings and substrates coated. Some of the preferred process
applications include coating of landing gear, furbine components and other airpiane
components, land-based turbine and engine components, actuator cylinders, wear-

surfaces, heat-facing and heat-shielding surfaces. The process enables coating
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30heating devi ces. Exanples include nold and ot her nethods of casting,
extrusion netal strip rolling, forging, formng, induction heat treating,
j oi ning, brazing, welding, and thermal cutting operations as well as
printing and curing of non-netallic materials. 1.A process for therm
spray treatnment of a workpiece, said process conprising the steps of:

(a) altering the tenperature of a workpi ece surface wherein at |east one
conditi on spéretield ubs thmrhdl@-sgﬁsﬁtue maiking fefipoaknts thaawdadtt be ateptabelimt | ve
notion betyeen the agé %ﬁ% and said thermal treatnent neans, coolant fl ow
rate onto said sur eating flow rate onto said surface and the

rel ative spaRd bqeﬁigvﬁ,eéht&)n%hérh@sre@ér ﬁwéx"‘r‘u?ag Hﬁ?éf‘é'{%nﬁﬂgy LOgieSi fgce 1S

control |l abl'e (b). dividing the sur lece Into a

plurality Gﬁat@ar?éworkp'eceS(ba)e"@anﬁtmgtoafﬁé’aags; wervsa%@f FoRjng ‘?fﬁ?i‘ér'af*‘{l?tcés at a
pluralisy e theoat c@m@ duh igngtlaimad dtthe »@drk;ﬁévéf(@p@ad@fthdd’ltﬁ rehidihPetarl the

wor kpi ece ere n .at e, t enper at ach zone;
(d) deter mwnel W ling 8 e\ t?(gﬁ %W%ﬁ'ﬁge F)r?ogla?ﬁgﬁ?nag ?ﬁsﬁmﬁ&&f"ﬁ[y of zones
usi ng said cp@tmp@partamrenyamw hetfestempergtlye control wileroddmipsarwarkpigsach of t he

aver age te@B%Frﬁ&tléheﬁorté?m% vwr@pmlesfeg%fmr@hmmgp%%g afififindteii €€l ect ed
maxi rrumteg\ﬁer at ure t he zone; (f) automatica Iy adj usting at

| east one &flqgsd tQ;B%?RP&?Cf 'aﬁ'reeweis?i% P‘?ﬁ‘i‘gsq IpsRgshireime gendingfiser ature i s not
bet ween 0t hengshiaimg dicieard:cadsatyrtol mrmmpe bRty of taeidsd dforpied sotipietedrizaxi num

t enper at ur%l.ma@t krf?ac%hve%ngna% @%g(gunng&nﬁtr&fc%%@ meﬁ%r: kaim1l wherein

sai d automatl ca justing s | Ses se adj usting
t he cool ant‘”aﬁieév@’}d&f &ejradughign 'Qéﬂ@de%éﬁ?é aScﬂemmteé goaiing &lﬁmdg@tqieﬁiﬁper ature

i's not bet weaipidcb@cRmeaioh Y fRbreldthdUspdsmbPEfiaénsye and the presel ected
maxi mum tenperature for that zone. 3.The process of claim1l wherein said

measuri ng $008d] i B apéeftoramaxtidzingaias isassd anthe coaling erediuuy, e.gsdtngen, t hat
Teasur gy ! GRR! G mne'u&)&agﬂcg%gld?m%&s RABbu Qo2 BBpests LD Process of

claim1l wherein said measuring step Is H‘Y?e
t enper at ur S¥¥BRdo s WhigellY Head ?%'“%"ﬁ?éﬁ’%(tcﬂ?t@g when ¥iaCotyre hardfagiBaes .

coatings are sprayed, or a less brittle and more corrosion resistant coating in the case of
Ni-base coating maferials.

[0082] For embodiments in which inert and/or an inert and cryogenic cooling fluid are
20  not required to minimize coating oxidation, air can be used as a coolant, particularly in
processes in which cost is an issue. Alternatively a combination of the conventional,
forced air cooling with the cryogenic coolant may be used in a process, and the process
may be designed so that only the peak temperatures are cooled by the cryogenic fluid
white the substantial portion of the heat is removed by a less costly compressed air
25  stream.

[0083] Although most of the description involved examples for deposition coating
processes and systems, the invented processes and systems offer control advantages
for thermal heating and cooling processes Involving surface temperature variations and
optionally forced cooling or heating with at least one of various types of coolant fluids or
30 heating devices. Examples include mold and other methods of casting, extrusion metal
strip rolling, forging, forming, induction heat treating, joining, brazing, welding, and
thermal cutting operations as well as printing and curing of non-metallic materials.
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5. The process of claim1l wherein the determning step for at | east one zone
averages at |east one tenperature neasured in an area within said zone and
at | east one tenperature neasured in an area that is at |east partially
wi thin an adjacent zone. The process of claiml further conprising the

steps of: (g) determning an overall average tenperature using the
aver age t&@ﬁsatures for the zones; (h) determ ning the standard
deviatio en said overall average tenperature and a cunul ation of said

measur ed tenperat,ures C t he standar eviation to a second
presel ected st @;‘?Q"%@@é@%‘gﬁ' spéagptreatmgr(tjoj §V8E18éeﬁaﬁ%°d%{P°€rSPﬁP?‘Pﬁsg“%ai d
altering step i f Sal'drstandard deviation is greater than said second

presel ected standard devi ation, S2; and repeating steps (b) through (j)
until said st andar eﬁaﬂiﬁgiﬂmﬂemerﬁurb@és mohmiecsaiudawwbmdinmtwe{m ed standard

S?ZLZ‘T ' on,  SZcondition cKleckATRAL h%%émeof%égﬁ;gﬁr%g i Plie Webtadofor S o e
control | abl e kelween therssirfate aad daletfmﬂualrtcbatmwtarnam toolagt Baw este bitan a first

presel ected siandagsdedp é{étﬁb Q0 d'attg, ont \tsurfac(e@nd 1fd %@tﬂg@ gpﬁsﬁtﬁ%ﬁff% t hr ough

(I') at |east once or rea rocess o

conplete. 7. tl'ﬁéh?fﬂ’@d:@%&}in’@ht ralngﬂscﬂmi tbe Surl’fﬂ;:ep$ egdillaigec| ai ns, wher ei n the
cool ant is cryogenic. 8. The process of claim7, wherein t he cryogeni c
cool ant flow raﬂ@ fitgidingdhe surface|of His| veoreiser lt?tOomplacghtys:tfednem step (f).

(c) simuitaneously measuring temperatures at a plurality of locations in a
plurality of zones over the surface of the workpiece wherein at least one

temperature is measured in each zone;

(d) determining an average temperature in each of said plurality of zones
using said temperatures measured in step {c);

(e) comparing each of the average temperatures to a preselected minimum

temperature and a preselected maximum temperature for the zone; and

(f} automatically adjusting at least one of the controllable conditions if said
average temperature is not between the preselected minimum temperature and
the preselected maximum temperature for at least one of the zones.

2. The process of claim 1 wherein said automatically adjusting step further
comprises separately adjusting the coolant flow rate in any said zone for which
said average temperature is not between the preselected minimum temperature
and the preselected maximum temperature for that zone.

3. The process of claim 1 wherein said measuring step is performed by at
least one temperature sensor that measures temperatures at locations in at least

fwo zones,

4, The process of claim 1 wherein said measuring step is performed by at
least two temperature sensors that measure temperatures in one of said zones.
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5. The process of claim 1 wherein the determining step for at least one zone
averages at least one temperature measured in an area within said zone and at
least one temperature measured in an area that is at least partially within an

adjacent zone.

6. The process of claim 1 further comprising the steps of;

(9) determining an overall average temperature using the average

temperatures for the zones;

(h) determining the standard deviation between said overafl average

temperature and a cumulation of said measured temperatures;

() comparing the standard deviation to a second preselected standard
deviation, 52;

(i) suspending or limiting said altering step if said standard deviation is
greater than said second preselected standard deviation, S2; and repeating
steps (b) through (j) until said standard deviation is less than said second
preselected standard deviation, S2; '

{k} comparing the standard deviation to a first preselected standard
deviation, S1;

() adjusting at least one of the controllable conditions if said standard
deviation is greater than a first preselected standard deviation, S1: and

(m) repeating steps (a) through (1) at ieast once or unfil said freatment
process of said workpiece is complete.

7.  The process of any cne of the preceding claims, wherein the coolant is cryogenic.

8. The process of claim 7, wherein the cryogenic coolant flow rate is the controllable
condition adjusted in step (f).
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