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 10surface porosity and the |ike. Exenplary

t hermal deposition coating opeld&PoAYEIMENIERN: hi gh- vel ocity oxy-fuel

sprayi ng (HVOE igh-vel ocl Ir-= I raying (HVAF), DC and RF
pl asma spray |-I)#%R&L;tb%%%ﬁ@&eéd%ffg@bigﬁé‘fﬁg@m%ﬂﬁa%rwqg A'ﬂ%s chanber,
electric arc (twn and single wre yi ng, |aser powder coating or

cl addi ng, sterr.ed: i I - Sk nsferred-arc
onder | coay oS TRR'EIoBlcR o iy ARl B b 257 R o805 O

Ther nal de}?oggqar BHileb NP Berosiien 6%0@35@%% Helhpd Fysiemdnd Repdust. nol t en
coati ng natittH iaincopbrateti ieitssdntifegaRred byarefebddgérate. In the coating process,
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
significant anmount of eneE‘%‘%:i typically 20mani fested as heat, is required
to therdal |y deposit the KGRPUYNE OF i TAIE INMENTIONe wor kpi ece and a portion

of this e is at |east partiall arried to the rkpi ece. | nproper

t enper atuﬁg{i%nﬁogfessﬁﬁfqrﬁ%""f'%ﬁﬁ‘ﬁ'l‘s %’Eﬁ iSt'f ’T"?%'E‘i:u@m’l SPramiaaefs to coating
and wor kpi @g@ogiede Asartetng sutstretentd fodegramatntroduaia dsicpthergiang t her mal
stresses déodi@noling Wil Bfe inBEH BlonGARLIAC LIRS [difibUL S betveen the

coating and substrate surface. 25Wien danmage occurs rough over heati ng,
thermal stV REECIHHNE FEPsfrriesuch Fpdiardnesy: CPTFRSTOR Sesiage healesdags6or | y adher i ng,
or evel f rsaudbesredisity frR00d fikeSiExehplary picpibierBostioh Boding opRtliordInciassl/ or

non- uni f orymt Ur I }BQ%j ) f.ace .1reated onents can take
pl ace dur ir{r%ht\gerl(?aaﬁ %q%egg&laﬂ\%g mallu? Ed Qéh g&éo{tﬁgﬁg’g[ﬁ éaﬁ'ﬂgéﬁggﬂf ﬁgme | aser,

pl asma, or@"PATRASTSFPIAY d & FtresnhgreoracyHm£hergbesngiprdndroassichanseray - deposi t ed
coatings iakecolcdRt (i afd O8ge Wird)lspRONGIhdeY pevitfdr S08d EntiddhRg araHERASS T 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 preheated 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
workplece overheating, thermal degradation, and damaging thermal stresses due to a
mismatch of thermal contraction coefficients between the coating and substrate surface.

25  When damage occurs through overheating, thermal stress and the like, the resulling
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
surroundings. Cooling air jets are often used to offset the loss of process

product i Vihyp4 ugmtngr %H’&Qﬂ@wm %tdpﬁﬁfi%ﬁlo( &ohn- @.ﬁf&m@abérm@ FsthbbidH | Y

10|nsuff|C|en t he oxygen a resi dual noisture and

hydr ocar béﬁé”’fﬂ%é’@ﬂ?d ?Qﬁnﬂoﬁ@t%ﬁ?ﬁ’l t?’ﬁ’g‘”%erdu%‘fgt‘@ﬁt'%rpésﬁ@ﬁ‘“%n? 41h¢o the
quality ofcoamtmrmgﬁanﬁe()&@@r] piddnea, seiateliod fd Réif gatglazegheatviteipaly- met hods in
terns of c nt s f.or .max coatin al it |ntheresult|ng conponent
and/ or proag %% %F%a&u%ﬂ]\?fd!te{/%ld agf"‘cr‘%ﬂ%’ms ee\’/Leélojgn?T% rfese Pepos: rigerated and

cryogery ¢ @ggs) C e@hd Bdoval o ﬁ’me%oﬁ&%%@ H&’nn%%n’né‘lgiem5 BS%ﬁg Rf it @

significant enhancerrent inthe ability fo renove heat tast, they are rarely
used in t AR PHEF MaEPeRY RN VIS efd%i@(i“ﬁfag P?‘?di%’i%’?’ dyERaiie behal an even furt her
i ncreased dipbdiionltbiting opsrafonnN@toitieicd egks i he proessseycle satheand r ol | i ng

tenperatur burjnutgted hx%? %tdis%%ateg utgﬁ%rg%n&fe\é mﬁooh’r@ aargfgtglarte oﬁg\ﬂ ts@' n, the

wor kpi ece ur|n reve in the i ndustri al
condi ti onsofwttﬁrrﬁ *Wﬁeof@mﬁwrmdynwty digplechetreractzebitdmrairceningdd usofllysubst r at e

surface t apRELRhHER (b he &@g&{m@m&eam ;Tnb@taJe Jn@%ydf@é@rtf&w@ bRGedthe thi ckness
of coati nqﬁ and/ or, %] eS| ai E ? %? to substrate surface. [0008]
Repr esent at'y (& & 1 e@?‘rea ”b‘?i’f iyee fyg Wﬁf? '"hg thernmal deposition coating
processes ﬁ@dbﬁ BH&Jséé d&hggrl‘%g@&;vgﬁsa@é%&faéﬂ&ﬁ&s% %ﬂﬂé S’f%&arﬂéﬁy as foll ows:

[ 0009] Nuse ace Finishin Tungst en Car bi de
Cobal t 25 W'?'ﬁ@@oﬁé{bﬁ)ﬁ‘l’%ﬂ ”bSV'eFR?@F”@ @Qm@ﬁ?@ﬁéd/%‘mf&é‘éﬁfémm'%m tgati on,

Aer ospace/ #é dévepmBhtak Ff@ernd dMalcabgdriddsRbhag FWhH%ry@eﬂa@'cG@ﬂél , OH, Mar.
27, 2000, tungsten car bi de

St ol meRads g A AdiaR Bhardibu Dloe iy BB e s el ERISHET ot mont
f or chr oneusbaingiie heanal desitipro@t0lg iBluwke bgcadse elrd everdnaner increasdd/OF Syst em

Definiti OrHﬁ'QJItW'a%ﬁ&vérlﬂ%rémfo?gﬁ?rslﬁ c%&fhné:férrr%%ttﬁé’b%t hé&dt 8ila-prpgeedi ngs of
the I nt er Etl O al CQn erence on dvances in Materials and Processi ng

Technol ogi %’”‘@A‘l\?ﬁ?‘m'%’j*h'“Eﬁ?ﬁW“ﬁP‘ecf*Pé’i’%a‘”@ 6th August 1999, pp. 775- 784,
di scl ose t[BEO‘f']IseD fﬁ’Juit Waggleklé) ln%)ep né(us?rla%ﬂn@@or%%l&'tﬁe éo%@g'!tlhﬁa%ggprgz!cl;lg ,m a

20  tight control of substrate surface temperature is, nevertheless, critical for maximizing the

thickness of coatings and/or adhesion of these coatings to substrate surface.

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

[0009] Nuse, J.D. and Falkowski, J.A. Surface Finishing of Tungsten Carbide Cobalt

25 Coatings Applied by HVOF for Chrome Replacement Application, Aerospace/Airline
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 fanding 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

.



deposits, CoNi CrAlY deposits and carbi de deposits using carbon dioxide as a
coolant. The effects of spray distance and forced cooling were determ ned.

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

At nosphere and Tenperature Controfied Plasma Spray Process on Ceram c
Substrate Using Heat Flow 5 Mdelling', Proceedings of the 1993 Nati onal
Thermal Spray Conference, Anaheim CA, 7-11 June 1993, pp. 231-239 discl ose

It_he _uze of d@;ﬁdméimﬁr(ﬁAI&QQp&sﬁiﬁBﬁf@Trbﬂt{feede@S%rugihé eﬂbwm&gr@mbmg utsi ?gbl

I qul ar fracto S Sprayed on a rotatable
ce(rqam c \Agﬁﬁf)aieccgs ﬁns?rﬁy ES?B rﬁna“jog%'%‘iﬁye (?eﬁ?r?qg'ggrgi n)g; | R canera

o 1 ondio| N PGSR 0 A B SR TR

verses ti ose r ts to reduce’ he avoi d
substrat e dRAPYBETE GrytratsstHareE &may Rrowsepn OmawictatstepaUeng Hemi FloP 0 960 955

A L f" s;sl O%?dt@lﬁrﬁ@tm%eﬁlﬁ@s qtraviods Ngtlicﬁhamﬁirixdﬂgp?ﬁ cm’e@hc@nhai@anf | o a |
substrate i cknesse n y gr er an,5 mm or plasm
sprayi ng. %rv&j%eh C%oo??ﬁésgq(f hﬁéﬂé‘g(’% %Spa?reﬁﬂggﬂ%??¥%f@%fq§adper f or ned
during t hepfmaiha sprgyg waing IGhid agse a@ﬁ ceol@itng refraplorymowderfwessewygkorsor

associ at ed hauht Berﬁm%'dbﬁ!p%c@%tﬁ‘ rdbY ORI Sy, CORL AR FOLUGRa bsitRH@oest ed with

the additional option of mnul tlp%y ng such ‘sensor - cryogen source coupl es
over the sifEePIaeraa spipfingasse Vaoussy UReasUGABTRASE VB eSO IDRATIREG71 A, WO

02/ 083972 MosanrduiERo 1ed3Bh8TuxBs anddvellsObgratddusainglest@olicant - f ree, sensed
surface tenperature-based thermal control methods and apparatus for an
el ectric al@8priay6i7é0.624%y afd Bhe 860 Wepdsisgoselsi heteadspr providing 2 20 aut omat ed

spray cell cb‘a%{;’Gf :ﬁet&lﬂ&fd@?brlntb{ a'sﬁ't%%l%ta't m&k%éés”&f e%@bFé&ia@thaﬁ@%rﬁ‘Cte“ zed by
reduced di % g ion and intern stresses. z) osed urface tenperature
b & B‘ﬁ S %pq

sensing is ’oorll"’sf'@élpfa@’i”ﬂegwf’%“b‘ioﬁﬁw s?ﬁf"r’éy deposi t ed
surface us|pe:g)naemmthrtn|gﬂmnmtspmagmmabfa’anh@e~mgtr1a‘pﬂmd:seosortahmciamdl magi ng

&Qe{ ng ‘rg)W#th)ﬁ}ngé?‘é(mﬁcr&ég@gé%ogﬂ oSS S e&%&'%ﬂhe%h Gkt ysynchr oni zes

coor i nat es oti1C sprayer
coor di nat e@“'tfﬁhtﬂg\ﬁk@ﬁeﬂm"@’ﬁ@?@%@?épﬁﬁﬁs&weﬁth%s@ﬁﬁ%é'éfa@? t he wor kpi ece

on these naaparSabab Ol Bb arsr) bn ke Pk dTerterdlb iy P
posi ti oni ngisobse theuseoli obolant-dpe, dprdedsmifavg tcgmratGGBRdseEFth@mmmbIO: THE
| NVENTI ON' Q8081 andUpparalié@iHah Qolie bRLB Ry i@ it Bk @8 pdnd (iRl gp for the

thermal treatnent of a surface of a worKpiece co r|S|n9the steps of: (a)
alterif§ t RBoalsEpray telidsing ad“%?'!&ﬂ?%@é”%iﬁ‘?%’&éu P efRragterreddyt  one
condi ti on selueet ddorfisroandtifterngirstdgsesf Thd diefdasad surdzeatempbiaturatesing @ ati ve

Moti on bet Yeen o NeyFk ft@aﬁ% n?é’%go.?afi"m%ﬁé R&Qﬁ%@%eﬁ%ﬂ@@surﬁ x'cjf?i'ﬂbﬁ] .fn@ﬁ"’" rate onto

sai d workpiece, heati relative
speed bet V\/@@ntrfnwéuwwﬂi H@fm@sﬁww@r the preo- @@eﬂngﬁberﬁ@afw@na?ﬁﬂanhe surface is

control | abl Qh@m nmul t aneou nmeas eratures at a plurality of
ocat one_ BT e TGP Or ooy P s e Termograbiig odther
25  coordinates with the robotic sprayer coordinates, and when hot spots develop on the
surface of the workpiece such hot spots are eliminated by controlling the amount of

material sprayed on these hot spot areas by manipulation of the fraverse 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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(c) determ ning an average tenperature of the tenperatures neasured in

10step (b); (d) comparing the average tenperature to a presel ected
m ni nrum t enperature and a presel ected maxi numtenperature for the
wor kpi ece; and (e) automatically adjusting at | east one of the

controllable conditions if said average tenperature i s not between the
presel ected mninumte rature _and the 15presel ected xi.mum t enper at ure
for the workpi &e. 2} t‘fE’H‘DF@t”ﬁ%%fao"}‘WéFc\aﬁFIaée(‘fvgﬁ{telnrﬁqfeﬁﬁ%% performthe
altering step, and dohéifiortdetecier do@sis: goeps: theramal tepabadnbaile, [0it6] The
o L et PRI S6R,00K AESARRS ggﬁia EERhbAheAndBE SR B Prateai d

e steps of: al't

processes conprising the ) ta ering the tenperature of a
wor kpi ece surface viér wichwerkpigosglaatiphiiow ratg apigrfdidwaPiesepati®d from t he

group of : thermal tepaiddpBéd bl thehatingPedmic 08 cbghyaebnd e tissr f ace and
said thermal treat rregft means, PP%’PQ' ant flowrate onto said surface, heating
flow rate onto sai "SArFACH RIE Y he rel ative speed between the thernal

{reat ment meang, andbBnSih 308sl hodani Al all o) odicliglhng e urface

of the workpie into a plu _ nes; simul t aneously neasuring
tenperatures at a piufeed ofthe voirknies€ations in a plurality of zones over the
surface of the&cﬁork%litece.Merei n at | east an? tte erature irg measured in
each zone; (d) et ertfi ARG 98N aé@r@?%tﬁg‘p?@ﬁff)ee?é%?@p AUERORII°LLi o plurality
of zon"s usfiep¢p)sai d tenperatures neasured in step (c); 30(e)conparing each
of the average tenperatures to a preselected mninmumtenperature and a
presel ect ed mafd)mun§orwar e aresagedempgiaiuedna pregpigcted P W OMat i cal |y

adj usti ng @&mperAst af@ pRbelédi®l MMM kdnipatAure @R thetwoskpseck;fangai d aver age
tenperature is not between the presel ected m ni mumtenperature and the
presel ect ed maxd)mundenpiealytadiustingat least ohealshe embolbletchediioonésaid[ 0017] I n

other emboghaERienpBfatlrdR oM dnte preiiitedHhiRiFRRASmAEr RuE Al Hezed 1 n 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 confrollable:
(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 (&) comparing each of the average temperatures to a preselected minimum

temperature and a preselected maximum temperature for the zone; and

-4 -



5wor kpi ece that are typically caused by nonuniformtenperatures between
various portions of the workpiece which may be due to one or nore of the
foll owi ng: workpi ece geonetry, non-optinmum cool ant application, non-optinmm
heati ng application, non-optinmumaltering the tenperature of the workpiece
and heating neans, cooling neans or thernmal treatnment neans that are small
relative to the size of the workpiece, or other, 10unoptim zed paraneters

of the thermal gy Ocea%ﬁamaTEHt@aE]@é{m?Qt|@&@&§Eﬁf%®%ﬁtr&¥blﬁ%rﬁ%ﬁék£&%the

standard devi ation of al ure readings for the already described
enbodi nent &AL EOREEYIE IF Ag e eP&eﬂ‘?ﬁ?@c%ﬂ'%ﬂ“%?ﬁ@@ﬂ#“%éﬁ%@n t he t her nal
treat nent peadscteddatinemwanpdpaieedor atREd @Re biftee tdnes.nal treatnent rate (which
may be heating treatnent rate or cooling treatnent rate) and/or the cool ant
flow rate, [¢@ dn otheeehkecalinands afFfd inwentiat Bodl stressspam senihaepingaet er m ned

val ues gor mb%re%é fﬁﬂgﬁé @pQQ%’c%E eg'?)y n@}‘ﬂmf teﬁ?&%}e’gﬁ)gﬂmebﬁ%rfdggs t he steps

(a) to (e) or % above an |t|ona g)
det er mi ni n§CTAE f@ﬁ@é‘fpéfcaé\?lcam%ﬁeﬂé‘i Wé’éﬁo‘s@i’fé chiherfeliguing: é’t‘?ﬁﬁ’t’%@ure and a
curnul at i ongedmeqgi chnapasiumnedolbeFEpaicatidar mroptsmum heating applicat{csh, @dn- h) conpari ng

t he standa e deyi ation, 20Sl; and
(hor 1) abfuil bR ReldnBralk t nBUBRELE A itheah AMENE S MdafT o
condi ti onsthefm%ié{’iﬁéi"?ﬂtamﬁﬁaﬁ@@lsmaﬂ mretivetogheesizecef thehwnkitdve, driokst. pr esel ect ed

st andargd dﬁNd;ﬁHz@ﬂ'p&r&neteﬂUf%eSﬁ&ﬁbairﬁod&@gfﬂ{srm% hidoem@RAdd fui ng to al ter
t he tenper e. .-Then the grocess steps are

at.u
r epeat ed. ﬁ%f‘ﬁ%’fg}he Sﬁ?”gﬂrgtdﬁ@?mé%BELﬁQWB?f?tUEﬁp repdings foribeiterdndeseitefc| uded t he
addi t i onal esbetiserd$ and controlling tiie retativg fhoteoo iixeed igtvidee tietteercharicbatheant at i on to a

second pr e?r@bﬁscérﬁ%es\;ﬂ@’m@cre ar%%f"tl‘?etth&%? tﬂ%tm&”%t%ﬁfeh@ay%gkgﬂﬂb' cally

suspending or linting t he alterin ature o wor kpi ece if

sai d st andg?ﬁmﬂ%t\F?tﬁlof eRiingsireginaeit Be)RAYA the §‘§&%‘hﬂp"b§a€f’s ardieriteahestivghdar d
30devi asi ofiow Sk in Sispprsse(td pl@ﬂetb&mr&ﬂd/a&eﬁfor iﬁ)e stERYard eigioh OARGE-bef ore or

after stepgmg&jgéqthgclmgthg& néée??ﬁ‘j en s (jq‘jces *fgrﬁagﬁfeggef be repeat ed.

If the alterin ep 1's susp ps a or k) or

steps (b) thrOl{g&g()%)steﬂqﬁ\ﬁknéihe%[anh%rd%@ﬂatfén%étw%én %l@avengQ%p?eQat%t'l the
standard dev ation , and then all the steps may be repeated

Nt |t he GHLs HT PR CLEE T e res

{g or h)comparing the standard deviation to a first preselected standard deviation,
20 $1;and

(h or i) automatically adjusting at least one of the controllable conditions if said
standard 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, S2; and

{j 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, 82. 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

-5-



[0019] This invention further provides a system conprising: a. a
thermal treatnent neans to alter a tenperature of a surface of a 5workpi ece
and a controller for said thermal treatnent means; b. workpiece hol der for
hol di ng t he wor kpi ece; c. nmotion controller for noving said thernal
treatnment neans relative to said workpi ece hol der; d. at |east one

Dl ural 1ty BPTRth b aerbRl o R PRARE of. AL oD i eea oy oo o o ©

conput er tiapdatedacdi trebetntaépioogsais dorpleie he at | east one of the tenperature
sensors and determ nes an average tenperature of the tenperatures; conpares
t he aver ag@0t®ngbis iveition fusthar pip\ddes lasysted CATPISAYM t enperature and a

presel ected maxi num tenperature for the workpi ece; .and _automatically
communi cat es wét h af PEE {realEgpnegns fot‘?ite’c%tﬁfng‘?fm“éer%faisf”f%cﬁio daver age

t enper a ureorkigecaaind bebviar forisaidpiceasl teatredt meamsnmum t enper at ure and t he
presel ected maxi num tenperature for the workpiece. [0020] This invention
further provi dés a wispiess hokigt fodhaldinmkise wokpieka)i ece i nto zones and neasures
at | east one tenperature in each zone. |In some enbodi nents of the system
mul tipl e tenpefat ur BOWEFeBTYedP MRS rIHRgIMa) traimenbReaEroptivg 54iY| e

t enper at urweorggetecividadabl e t o measure an out put simultaneously at nultiple
| ocations) are provided for each zone to cal cul ate (determ ne) an average
t enper at ure f ord t hagtleashene tempasgtiersersah 8@t easrsinaulighecupl Meggtrem of t he

inVentﬁ@n,teﬁlb%@résﬁatQb_@?“éilig%dloé‘étiohﬁ@@ffth@@@rféc@%p@é%kkb@céreasur ement per zone
and at | east one additional tenperature neasurenent nmeasured in an area

that is at | east pacdnpatdryhat receivesac iape fbmziong leabhates cthelt@astratane
addi ti onal t ured in an
B RP AL B BB B PRt ARG oL o0 L 20

area (area, polnt o ol In a zonhe that
to the zon®vefase taffeEatre e Bretienipd winppeYiahedraluieag @i nRpeeateul ated, or it

nmay be a tespeinidihRdRa it WIkpidcBadndiastoratiavMe tagRudieiRenakuksstover an
area t]ﬂ{;\t i S ones g zone of which

one oﬁhtety rr&rcﬂttar l‘feg@t trWOe t%r W’D{ ?e iagj[;t%%gnpete e presele 0
is the zonef Whi Chethé 3@?3%e W@%ﬁgra?u e1s Belﬁb cal'cul ated. 30[0021]
Thi s i nventingninalegoepiuovindghe bressiestddpnaxirewn legweatatura ipr freaveraiepe.of t he
processes described herein. [0022] Advantages can be achi eved based on
using t he O mdfisipeaiomintheprradtrsaeysamdna Fetdant WorkpPlRt S R0 on and may
i ncl ude oneemiurest Ragiboné kenpbaldr@wieagh zone. In some embodiments of the system,
multiple temperature sensors or measurement locations (for a single temperature sensor
20  able to measure an output simultaneously at multiple locations) are provided for each
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,



an ability to achieve excellent production rates without the risk of
overheating and thermally damagi ng the workpi ece material, or underheating
and thermal |y damagi ng the 5coating naterial, or not achieving the desired
effect on the substrate material; an ability if coating to produce well
adhering, uniform coatings on workpi eces while mnimzing damagi ng i nternal
stresses between the coating and the surface in the coated workpiece; an

ability to mﬁylﬁ&aﬁ@@&%%%é}u&@%é% chQGingithd thedal tréa@n&@ﬂ%ﬁ@ése?per ations

optional Iy invol V|n9 coolants or heating neans, which may also include

si mpl i ci ty 2@ SYEMRS EvRenteatanotdimey e cee SR PRIRKES reliable ther nal
measur enent of va r set accept ance of
bot h contaé?agﬁﬁ‘H%hWE%%$§%?P%8ﬁgﬁ ﬁk 3%P§ﬁ8ﬁr$ Qﬁg?%ﬁﬁmgﬁP ity to enpl oy
m xed i nputhermziggedpdifeihe mgrkpenperiatialr @ usdmséatign erevthaaslly dBBBIngfe

DESCRI P31 O 4ehg W@rl%vr\'o% ebﬂgwdeg'r&i efft]:ct'oﬁ b s\ﬁbﬁrﬂt@tﬁwat@ﬂﬁ Imt)hiw £d,

reci procal thefmal deposition ¢oating operation (1lustratin gl e point
t enper at ur é"ﬁ*‘é&é‘lﬂ’%‘ﬂ‘@ﬁt’ve” adhe['mzwfmmcgatmgs PHEWOrkpipass while ‘f‘ﬁé“‘@‘i‘g"lgl e- poi nt
t enper at ur damagisyinenendtresdesttbiveknthercbang ab@tﬂé%emdehethé\/@diek@i ece and the

Coat i 1. Vel asict IE bl NELEA B0pBal ATRSEBL BN LGl 05,30 e

deposition op i'on shown'in GILS Bodi nent of a
syst em whi epfiopally ineivingedolanis erheatiorneass, W‘CNWVS’&'QWWISWI’S‘W@N ng various

confi gypat n@m@mIo@tnq&&fremn Alirdeag fiNble FRAARMcadlirshdit RUb@ & 1N a ther mal
deposi tion is.a can be used in

m whi ch
process of %)r{?gggﬁoﬁ\t;gtﬂfyl;%c}pe%wﬁgang@gceﬁ@%%iqo%wta&ang PPREYTRAY deposi ti on

coati ng, cegegenetasucoent; agd, aandlitg aneémmdy rsixed iepats oom diffenrgi terdpdratatle wor kpi ece.
[0027] Fi gseminyie@hs. €mbodi ment of a tenperature input recording matrix
useful in the process of this invention. [0028] Fig. 6 is a flow

di agram of one enbodi nent of the cooling control process of this

30i nventi on show ng tvvo | ogi ¢ bl ocks for both heat control and uniform

tenperggure control. E@%%kdﬂébmg%&) 6¥fh@bRQﬁm@§§S“red and conput ed

tenperatures during an spray coa ing process rncluding a simltaneous
cryogeni c ¢oolli n%%Of coated surface. [0030] Fig. 8 is a plot of measured

and conput B§?¢lenierldt aviey obFimpticd: erigie H}eéﬂﬂéﬁi’%@'% PeRdBg8PesAtionn el ongat ed
conponent . illustrating single point temperature measurement.
[0024] Fig. 2 is 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 therma!l 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 workpiece.

[0027] Fig. 5 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 control process of this
30  invention showing two logic blocks for both heat control and uniform temperature control.



5[0031] Fig. 9 is a thermal zoning nmethod which can be used in the process
of this invention involving elongated substrate parts. DETAI LED DESCRI PTI ON
OF THE | NVENTI ON [ 0032] The processes and systens of this invention are
useful in any process or 10systemfor the thermal treatnment of a workpiece
i n which underheating or overheating and/or nonuni forny heating or cooling

of a work r.a |ece has a detrjinental effect on
t he V\Drkp:o%@@]e '%'gt7h'§a(? ’Jlrﬁ%sw df‘ﬂ‘g‘? eﬂ WFS lr‘r(ggé’ggvgg *B"%r ocess in

whi ch t he cbating eraatasriechefingtahemulandqis egegénic @blirgrog deatedaitfages a wor kpi ece i s
heat ed and/or cooled while trying to change the properties or add a coating
to a 15worl®gH0kcBigahid aipfo! piynepsyied and eomytadéeprardiwet eviperedelife of the

wor kpi ece JiHRiny focd§sdriaf diohg@feombdferdi€at i ng or cooling of the workpiece
during the thermal treatnent process alone may result in the desired

t reat ment [0631] heigsyis hawemearfzohing mabibl prhiel ean terused mahe grasmss of thlsui ds or

materi al s ‘mﬁ’“"@g’%‘jﬁ@ﬁ?%%ﬁﬁaﬁg%gm%@até E%I Surface of the workpiece as part of

t he t her mal Ieve the desired surface nodifications.
In sonme 20enbodi nents of the thermal treatnent process of this invention,
t he heating and/or cooling of the workpiece is performed by a heating

treat nent neans, cooli ns or cooling nmeans
that results in nonuni ﬁgﬂ%[ﬁ@?%g% ﬁﬁ@@?gﬁ—%ﬂl&\/gg'ﬂt e workpiece. In
addition to thermal spray coating, exanples of thermal treatnment mnethods
t hat i nvoll0@2br Therasassesprdisysennef thipsvendiapaieapefdn 8hY ROHS? Rpi ece i ncl ude
Peat£ 1%5: rs@f&bﬂnmﬁthéith@rmawéatrﬂélﬂomﬁw&kﬁ@ée i VBie u:d?:ﬁﬁ:&udg ®dovabatingng, ther nal

reat nent o sin enln nitr zi ng,
hduct  on eat LR RES g SE e A o ob e e R o' ng
sur f aces, hwsladietiqeaatefBtirartheretrkpes wthegastingnd, th@mﬁﬂ[ﬁ@tifﬁmﬂ pegesk isstri p

rolling, fsP;SrSée@Qm \Jtﬂ{h%é‘@mpb@%&'tm&ﬁ@éc&d &%Fédn&at ib Qwarkiaﬂce Rrazing,
wel di ng, and thermal cutt] n‘?yo perations as wel q%eag(io |tgg and curing of
f

non- net al I']eéteﬁﬁf“é{P’iCQPgd whikolfYingde shaneR e p&?%’?aﬁéﬁr? surf aces,
machi nisng vanlﬁbuemetaadi it Glebirabi: to Exapnd espefatirdief toewagpiedeorithtoadasinggl oper at i ons

I ncl ude: h| ) nggfﬁnﬁg%@wmewrgsféoegmma\{%emt.-gghagmvoedcegé ty air-fuel

spraying ( I'n-alr atnosphere, vacuum chanber
and/ or | netanegagy reiiiar desed Featmentat H‘B(S’t’ﬁi’cﬁ chthg Wé’f"ﬂ?&lc% GRPPE)93EF ayi ng,
| aser powdRids@Pabichgs May 66 atedUtgd oitd 8RSUASdea thareripiat emgarocpmeatl ons such

as pl asma F\(%rﬁugr rg?n%%?g%%%én?a |eve%w0ac}esw s%ﬁgti V}%o%'c QVRIdofy deposition.

[ 0033] The feans nay eati ng treatnent neans
or a 5¥bol dnhydimeatatafthrttharmalrisategt @faﬁﬁsb@“aﬁwveﬁhovh@eGWW@é@fWecessary for

any of thesgoigior tHl@RMpidREH JehtsinBRby birRafniRRbtnRhOReSBeSooitdatsed her ei n.
The thermal treatpent neans

means, heating means or cooling means that results in nonuniform heating and cooling

of the workpiece. In addition to thermal spray coating, examples of thermal treatment

methods that involve or result in altering the temperature of a workpiece inciude heat-

25  treating, chemical and physical vapor deposition coating, thermal treatment of the
surface, fusing, hardening, nitriding, carburizing, induction heat-treating, laser glazing,
heat-facing and heat-shielding surfaces, molding 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, cool

30 rolling, cryogen treatment of surfaces, machining and metal cutting. Examples of the
deposition coating operations include: high-velocity oxy-fuel spraying (HVOF) and high-
velocity air-fuel spraying (HVAF), DC and RF plasma spray in air atmosphere, vacuum
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i nclude the follow ng: thermal deposition heads, thermal spraying guns (and
i ncl udes HVOF, APS, VPS, arc-spray, flame, etc.) as well as MG wel di ng
torches, lasers, flanmes, plasma discharge, electric arc welding torch
cryogeni ¢ nozzles, machining 10equi prent. Many of the just described
thermal treatnent neans alter the tenperature of the surface of the

wor kpi ece by depositing high tenperature materials onto the surface of the

wor kpi ece. ctﬁé?!%fumd-r&@nérﬂ%ég%én%é? e?ercﬁlc'é&qw add%s&g@ﬁt@hpr&ﬁ nt processes

of a workpiece in wh he wor kpi ece has to be mai ntal ne be ow a maxi mum
t enper at ur BT CoiBg 8 Aaopig; ffﬁnﬁfﬁﬁ?ci FRHeAIE9 QPUALRAT EHNESR'EPHRI ude the steps
of preheat tragsfared/z0s pdaeiai ¢oagnd @ veifgaverfdepd@ionor kpi ece by a heating
means to nmaintain the tenperature above a m ni numtenperature, and/or

pr ecool i ngl083lanthedrermalcteaatent mearsundydeeitodr adeningkpaieee! hyana ocaol i ng neans
to mainbai BodiftdARBANRGHE Sndieh BWafy R dBMIELL RURELAJH &1y Gl A2 ther mal

treat nent Process hermal treat nent rocess o | nvent ion is
descri bed SBCAPHETAMP! tiGatrent prarsspdisqasednrerpiar fbg thadrbssalmem mepeat ment of a
wor Kpi ece; inbiouethefoliol/ing: tharnanddoostioniesid| theinidl bigayitidguas (dhahimsaidegieposi ti on

treatment 9(/89%&&8 %%%)%&Eﬂame {:nge\.rv sEfVHEi we?dmg?ﬁrcﬂ% |ager905| tion

treatnent process and S IS “appl Feabl € 1o an srral®>tPeat ment process
and systenﬂarpmeiswarwéchamwlecrﬁnwcueiﬂmme@ Cfaﬂgeaﬁmozéﬁn? maghiniged her ei n mean

one or 19or gqlidiedht. Zﬁﬁrﬂpﬂf'kl'%@uét@eﬁﬂb’edﬁﬁ@rh‘dﬂ%alnﬁbr@ﬁ@% :ﬂ@ﬂh&eﬂfpeatahﬁe Y esent

nvention gescri be ati.on and cl a The "a" and
o does NGRITHR meHEHERR RGP f'gs?fhtaﬁn@ewgﬁfh?tsﬂw%% Sl a 1inmt is

speci fi cal bithswearkegidce. The definite article "the" preceding singular or
pl ural nouns or noun phrases denotes a particul ar specified feature or
par ti cul ar [0938ci Tredryentoas aiedsetaio theayal frasteneal rspagetas &f a werkpiben ial connot ati on

dependi ng RRAiP®E mtoh@se@@na@%tbelnﬁmmﬂxéameuowai rﬁamaﬂteﬂd@%t@db@@mo\a@a any" means
i ndi.scr ver quanti term and/ or"

I
o aced Dot MRmh Rt e khith S R Yoo MRS e AR Rbt i ealB g °L D) e
first entisyfacg ohthe wgrkse@dwch heating peana hamidlint thetefmppsturesttove y and t he

second ent infnymum tdA@3R%urd, %nﬁ@?brbb&oﬁﬁgeto%Hd/H%%F@ttﬁ@QJrﬂage &a ddMizaBEePt
| eadi ng toa%&gplnventlon reference is nade to Figure 1. Figure depicts a

sinmplified orEeans ta qiamndan thSﬁe”éPe\/ﬁS‘t"RB?E@‘t‘f@ MaXER ﬁemasfaftye %F”E‘Hér mal
deposi t i onthemat irergmenter@eso I haltereiireatneagirbdtgs nEthie invatioats dekaibat ed

tenper g4 ur ﬁ: deBail IRR f&gncte% Qt éﬁ%bg&ﬁam r@atﬁlerg of 4w oﬂ(g‘é@g KDL&ERE e CONPIi sed

of 5a workpi ece substrat oati ng nmaterial 4
deposi t ed W‘?)’WP'&’St"ﬁ@F‘H*&P *thr‘@aw%ﬁ@mﬁ@@mfsea*mwtPW@SS@@@@V%@W ¥ral deposition

head 6. Theufemicede@mmmeépdawadtr@atmsmﬁa%ewaw@w@lnlrs@tpmalemomt a and poi nt
b over the of iece 2 and the coating material 4 applied on
t he surfactggg&aiﬁgﬁmgm Oce §Iyoﬁr5 the line ab. This nmeans that the stroke

time (t stjgksq) ‘lfh'éq}{@eﬁhlt%%rt@elssa THE R %%eﬁm%mtrh(%ntdn%r &Sﬁlﬁ'}hreﬁd to
10conplete the entire coating operation. Thus, 1 ndustrial practice
gener aFf y ?{é}&?ﬂ {ogay feature in embodiments of the present invention described in the

specification and claims. The use of "a” and “an” does not limit the meaning to a single
feature unless such a limit 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 depending

30 upon the context in which it is used. The adjective “any” means ong, 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.



several scans or reciprocations of the thermal head 6 to produce a coating
havi ng a presel ected thickness over presel ected areas of the workpiece or
over the entire surface 3 of workpiece 2. A cryogenic coolant 8 is supplied
froma coolant supply 10 to the surface 3 of workpiece 2 to assist in the
removal of heat as the thernmal deposition head 15npbves frompoint a to
point b. The process |s reversed as the t osition head noves from
poi nt b t d'i nf© ?C"'%“d’"?@ﬁlﬁ(}‘g Qfﬁher@a?epfsr‘g%ff}gﬂ%ﬁ\w Rb°8ce 2 all ows for

i ncreased rpﬁemsdcmtlmﬁe teetigse by Figere fidegicts hesinpliedthérmattrgaéneat ofree bel ow a
presel ect J;@é Q%é AL AR 9 %EatRg Hafthgum

t enper at usgo %f 'IJT%JWGFH%WH Og‘é%{a&% sta}r?%'%neods tenp g ?ataur”e readi ngs
are recorc%éleweﬁﬂﬁ@r??fé@m}ma@pﬁﬂto WTW] IrTirigndi 2 #AEKPIPRT %Fo"éﬂ”ée "Arbitrarily”

set by 4 he, W%:@&%ﬁbé@ﬁatetsfﬁﬁém is Swtﬁyw&ﬂaaéda% rﬁé&&ﬁaﬁ@ﬁ@;ﬁﬁ%ﬂj fih £onponent
geonetry rial consjderati on ual ly set

j ust abovéﬂ?’ﬂ’nﬂ%’fmqnﬁ@e% R FAsRE; i‘?rmf‘irf{eaosi'(tl?g?ﬁ%q 6. ﬂjfeg?/aig?%oés Z’gs based on
conmbust i orheheats mgproeatg bat@R point g hrd/eind biovsr, thaosuyfataiepwasipleag 2ragd wi t h
H2-f 1 ame QEEE%%QF@%F@Q F)bl%'a‘%n ti'gs}&ﬁ&e%o&%o%re@é b QidRg geyhdabernused to set

Tmni int cas asma spray coating 1 n vacuum chanber. Tmaxi is
usual |y seteas "tah@elsﬁﬂ’)‘@lt‘”}?r(éﬁi@h?)lffr?ﬁ‘ %‘I‘?é)r'?rB‘H@b’ﬁ%ﬁﬂ‘?ﬁatﬂ’e HOgFeqHIRS Bn of
substrat e doaipRid @k entlré ccamh@qierétbean&d namtriawmctteerpefeaetliurae.umnper ed steel

component IS tlh nsorré’ceotpc:ﬁafélnsog)%t (tahe’r ﬁds@oc}?ﬁ 3%&&?5?\:&\“&)2}6\/6' of 200

or 300 deg eEg ¢ Grivent teria f'Peni ng. Simlar
appr oach cmwemtedﬁlé@nﬁ‘% QyeEEessiaciey 8@&%“’&WPfka'Q%QjoraﬂVﬁfﬁF%ﬁWf%ﬁqﬁé% pol ymer

30 COWDOSIé@f&ﬁ(ﬂ&@@nh%ryoaé}ﬁb&%ﬁ{@%sgﬁﬂe@ﬁérya@@émawysmwmt@h tend to
concentrate da sses

processes, St |“ﬁ’ pf?ﬁ?%%aﬁfl?i Pi Wﬁ?‘ﬁYq' 9f rieﬁ{;%f‘ctp%@ f"?f’ s O" h g?at ure of
t he co#i i ngodedsmmotnt & Emin balﬁhn/woaassesrremmdtaerlméh@mk@poslﬁmﬁ?eatérrper ature

wi Il be the, Edif, pof’?‘zpﬁJ totd&ﬁat Z”ﬁéﬁid onl%f ﬁ@it fréﬁw R WM rhek 2 d160PRF at ure above

whi ch the workpi ece begins triment %y glﬁ_gg)acted i f theterrperature
of the worRFasee Progusiigh ralescivdrerioy thFGb%‘@]‘e"FH aly § HESHHH " t her nal
head" reprmgntrr&xmﬁrubﬁngéramfe trhaxiy freravale & mrdhure mpeedns (Tand) fosthdef | ned as

the part O&O&puéc@e ta%ga}s tg'rﬁpeq%l\#qu%or;r{gn%}e%&&&dttﬁ'ﬁiﬁm)&fub@l ot 0 Sbe coated

on the worKpi'ece su ace exi coa evice to coat the

sur f acgy of (obdg Wﬁﬁés&br%ﬁmmﬂa@ atrmxrmheth@% dp@@kda@etﬁe&ﬂ%egmw coﬁﬂ’fgayl ng guns

(and incl udes ar c- ”%%e\ |
wel di ng to‘?yé'ﬁ&be\ﬁm ?:’hcoé%ﬂ‘?”‘fﬁé gﬁ%‘ﬂfyfaf}ij ”81 C(S’U%‘qu%'{?nﬁoa?r eﬁ@“p(f aé“ " povvder
spray coat isngualy st grssaboRd Ahepoiiogpoid piiwater ie adoanirsgray pstcessbaged ¢rybri d of

pl asma and gl di AGkaRRde éh@lé#{jﬁ C}é@[:igpﬁ\%rfutﬁ} %ﬁg%viﬂh%ﬁame% of the

i nst ant aneous t enper a ur neas nocoup ver SuUsS { ime as the
t her mal de'%’éqoﬁ'ib@?‘lﬂ%ooféerﬁﬁﬁﬁ’?r?ti?”?f;@"d he %Pé’B&?‘ii -srmﬁ‘bﬁttl%ﬁ‘s?rﬁ erial 4
bet weeps popidnsa sor@igdating iNvadearaemiss. Thexicoslalytset dtthedetehprevmkingleposi ti on

Coat i 19 oDt Al RERlcel RS BLHLE S ERLER SR sk b eamARAL LT pOINES, T
peak 20, are generate ass ernnco As the thernal
deposi ti ontefpea@iure tempered steel component is thermally spray-coated, Tmaxi may be set at

the level of 200 or 300 degrees C to prevent unwanted workpiece material softening.

Similar approach c¢an be used in presetting Tmaxi for aged aluminum alloys, polymer

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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15noves away fromthe thernocouple, the tenperature of the workpiece at the
t hernocoupl e decreases as a result of the heat dissipating within workpiece
2 via conduction, by radiation and by convection resulting in a | ower

m ni mum tenperature 22. The |ine Taver 24 is a cal cul ated average
tenperature. (lts significance is described in subsequent paragraphs with
respect to the invention.) The term average and nean wi || 20be used

Interchange@rpaevatm%rasm,wmtﬁé@o;ﬂsB@era@gﬁﬁtdme%me%uy, 8ctf@flgn, presel ected
maxi mum t enperature _for the wor EI ece, Is designated Tmaxi 25, and the

desi gn, pré eé%i”&ﬁi’fWPWOFhﬂﬁF?@r?ﬁ Je5f53F%- f or t he wor kpi ece, is designated

Tm ni JTnaxi h ref err, maxi e for t r kpi ece
in the coa;l-l nSl ?hffs ues%ogﬁf ?eluﬁﬁ ﬁ]le r?as;ﬁ?eﬁjereﬁ?eé?rg% ‘?Jg)ﬁ{(ﬁft f?“é'ﬁi?@&%%“ﬁoe for

t he wor kpi awan$ and ipéefinedbs thg psy of @tirermas caaBshdanvite fmmPFihiphrtee Bateddh &

t enper atsur %e%gatétﬁ@n t%¥§foﬁ<ﬁegé”sﬂéké/ oX eresthé?‘mgl\’c%a d@%ewg@?&' coattthel e the

coating will not be as_desired fective. [0040 he

deposi tion Oﬁ@? NOEPEre uEtertagrEg! 'ieﬁd Fficb’deslth‘ﬁf%'ss%yﬁgﬂgf’%(a%lﬁ‘F'&:"éeSt enper at ur e
measur enmentHVAranPs arive) breaspeyuddngd, wtcg ab wel émlw@@h@mheé whietaganrgnoval from
t he wor kpi [ LN vario s of the
wor kpi ece %ﬁ%%rﬁagg‘gig@yg%&%@%wegé& C%a ”?my ems’ﬁfﬂ\@%@%r a%?he use of a
fi xed- poi nw'rﬁéﬁ%@@aﬁﬁﬁf@s (@dwiristof glaewa ﬁmw%{@!d@)@géthﬁdlkﬁé ous nonentary process
msasure[gent[ Ogg i.ncluding the thermal sensor | ocation é_m with respect to
the t héPraf® f) '9‘E*’?8r‘|‘3 helgP? ite inyiRnianeRes paPsRiuEmeaskieA gy te Q%Hﬁ%%r ature
measur enentl} verandtinoy & the ietnh sl geficzipe hadd B showe M0y, 3 .depfie coatiagt | ng

termper at Ur 505 AW CMASH BBy o RDALEN 18 5 305Bldpclipg of

tenperature sensors cryogeni ¢ vapor or 1ce cloud, the
traver si ng cPHE8 ﬁatffa*wép ﬁqwrﬁ@aa represeited @trﬁwmtuwp@tﬁ B pegy| Ppere

Overreacti rggndraam)amaéath@a&e@@t nﬂl tHERYoRLSS. N@th@%ﬁﬁ@l dbyostu@ﬁﬁéddzed shifts in
the em §S| Vi surface, ,which are a

s ,of. 5wor e
function of" 0IR/oca ay(;rr?mgthnﬁ‘ﬁ m?/?Blr"f(% ”é%‘%*"%‘i[?'f’gecozﬁ‘ CHAEYIE S sur ement ti me.
[0041] The thetreeareple deqreasesiat arasylbpidhe hapt desieating wihinwbiigietadizviai ngl e source

t enper at ur @omﬁmdt})ﬂ‘é@%’dﬁta%g b% @orF\Ae&léFn ‘?es%htm%ﬁ%\'i@wer|nﬁﬁlmﬁ\ﬂﬁérh;5@élﬁret2§ the
re of a wor iece durin t he Coatlng

recognltlo%[? + 2561 rrﬁera(#l I

oper ati on MISI"HEVPefrea Erirdye “r‘l"eéagfé‘?’f’b‘?eéat'ﬂfﬁl ﬂ?rsl’ﬂ“%%f‘ctal'f‘djr?s‘ﬂ@%i“e in order
to be abl estweqemt pdradraphscdihtrespkctpaithp osestion)) Mt tse evérage tnemel Wiy
CondUCtzbvebé'd%lﬁt@;oﬁa@%&?ﬁg'el}\ un?esso eME%ﬁr‘i@t!a ﬁﬁggé'sq d, %n%séﬁ@crt&p' ece or

surface of the workpiece, and rrall conducti v oating materi al,
will be nefB¥Ewmiemperaiyafonie WPEB‘B'&P@ ﬁ%ﬁﬁwte‘bﬁa@ﬂ ehtagd ferfispian. ed on the
surface of pitdhelesed Kpineeteepeiange fdﬂﬁﬁa%“kp(é@éitlé Agignaled T mFiIPE Bt Tnady] Y

simlt an€ol{nd Sr%%'rrgtg m?iiimﬁ%rténqgeerath? rFBretFle workpsece in the coating system and Tmini
is the preferred minimum temperature for the workpiece in the coating system. As
25  shown in Figure 2, the temperature of the system quickly moves above the Tmaxi,
therefore the coating will not be as desired, and/or may be defective.

[0040] The deposition method illustrated in Fig. 1 uses a single source temperature
measurement that cannot adequately solve the problems of heat removal from the
workpiece 2 and nonuniform temperatures in various locations of the workpiece that may

360  be above Tmaxi or below Tmini. Mareover, 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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15 in multiple areas and averagi ng them woul d be hel pful to control the
thermal treatnent process. Additionally, in sone enbodi nents, use of
mul ti pl e tenperature measuring devices would be desireable to provide nore
reliable tenperature neasurenents and average tenperature determ nations.
The integrity and adhesion of thermal coatings, which are affected by | ocal
and tenporal tenperature gradjents generated on the surface 20of the

wor kpi ece ONFERRINY IpEPREIUrE SRIEINA §1aY B8 FRHSAS PHPYeRERT INIngAd IvditS Ry | ar ge- scal e
expansi on temp@emiersatidroby spfaytinene oiidtreyogerikpipece iceibuds the ievecshrat | Ng because
of ams t t he. t her i t he wor kpi ece
and t he ggté%r P&ﬁﬁg@?‘ihﬁ&ﬁ%%&zﬁnﬁé&%@ e (9\%?;;35&8% ﬁ‘tspgfgﬁfr%nd contraction
requi res neensicginay aiep behenuaselrydenalizedshés a*tfhﬁém*éé'fl%/lﬁéd ek fidddseofbet ween Tmi ni
and Trexi . waRliQR43kackNGnidH £8 8 Minchidhe® WehtRR cRHRMIE R ek QlitdcBRard 3 of a

thermal |y conductive substrate, or coating material or both. In some

embodi ment BeASHEME0H G at e (surface of the vvorkpl ece) and/or the coating if
one is ap e f; st 5 WnK
The subet npET 2l hETALEiREE Wity QPG ERIMERII SR e Blera B8] e
enmbodi rrentfgethfh@f@%ﬂﬂﬁld '!I:Eiaﬂ!f’ﬁﬁgahohﬁ% mmcawmoérw fﬁ@@@"ﬁi@“ i@at dovvn in nultiple
30passes over the surface of the workpiece subpstrate, w be | ess than
hal f the t'h? ERIPERL TSP & Wakrigagupng 18e geating gpeﬁﬁOﬁﬁ@éEbedF%%e“geédft?on St at ed
anot het0 wariore tuhiéor el trean |bgfoes inctuddr ite/iee sildbstusalt éor naytrobir@tses; da@stset wo ti mes

t hi cker | Mof attﬁer%Ql\yr‘k&ﬁcﬁ}ctt\?&rs%?ara?eeﬁv’ag@ éhélﬁl\ewﬂﬁ E&Hdﬁ&ﬂg%@{ﬁcé (l)}e resul tant

deposited coatl n%ﬁa‘ ﬂ@r esent Véntion is
subst ant i afurfgcesyf WWS@W’%@ﬂW IC?”%'IC‘é’etcéﬁ‘ﬁ'@r“ﬁ*‘ﬁPbWi”r?ﬁuts for process

control wWhiegBssaRMo e@fmEout b@éﬂtﬂéﬂﬁa!@l‘ad’(@m géherm@a en (2 sphwealf thbwoaa‘p)ec@ont act

and/ or non-contact te erat ur ev ces and g them
o oui oG 88 bR LETRE HAb 4L B AR i S8 g 2 el Bt L1

wor kpi €ce iovaitiple aprasded evaragirgdhern weuld pahefB@Hd CW@ﬁ thg therredl deetmeiined surf ace

area. |n ong.RIbRGIFRAL, @@&*A@em%&héht@ u@é Wrﬁhiz;ﬁléﬂe@&aer@@%&é‘és@ﬁﬁ t enperature
measuring devi cestfjéalre used to neasure re of E%Hrface of the

tu
wor kpi ece; ‘iR bedenTeahlg 1@ p{)‘?‘”dﬁrﬁ‘é’r%Fei‘%? @%Srﬁ‘fl Fe%ﬁ’fﬁ?"fﬁﬁ' nor e
noncont act aveeayp ématewat@e easinatiogs. déveiidegityvwul adhedigof berrug ebatihgs.n thi s

| nvent | on. whthL bR USTRENGIES IRASMELIRARK RRaaldish iRaRuLe aver age

temperatures W t reas ations t thin one or two or
mor e z&hesof g N askPigreELTNG thermehFagting, Jeranin Primagiynd' "btfngl'eﬁg%ﬁﬁ?ﬁi nation with
t enper at ur@(pSlﬁaﬂ'ﬁm’rS:orﬁtﬂ%aﬁonmt&@Wnﬁel%rl@fe@ﬁﬁndl@@hm&ﬁtamj bdcawsataf ons, that may be

within a Srln{al‘-gl Eh %Qtw%en !g;grﬂ;[enﬁai ex&ann‘fon Cge cﬁjen S &Eh%%onﬁé%%%ng he;EQ%lm&O”t act

tenperature measuri I'ces in a si n [0043] In
t he devel opateral. anframa@iatgecﬂcalplemssgnﬁmcmhectfph@qms midatwede met hod, for

15exanpl e fJagagh Refiordiud @P@S Wol@RcdbotwOeH Tringi amBtreizkial s onto a thermal |y
conductive substrate, Applicants determ ned that if one neasured the

sur f aces t elpé&d] atTtie @&sent 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 least 5 W/mK. The substrate may be metaflic, as the workpiece to be coated and in
some embodiments the total coating thickness which may be put down in muttiple

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 another 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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substantially sinultaneously over a significant area of the workpiece,
averaged the tenperatures and plotted the average of the tenperature

readi ngs (Taver) , the average tenperature of the surface of the workpiece
woul d clinmb up fast but uniformy during the 20deposition process as shown
by line 24 in Fig. 2. In this invention Tavg can be controlled so that the
average tenperature of the workpiece will stay between a presel ected

maxi mm tewmluwmuﬁﬁﬁeﬂus%53@95%@919Ee%%}a%ﬁé ﬁgut@rd? BB BRRE AK€ T ni .

Fromthis it was ?OHC uded that a si fect |ve neasur enment of the
wor kpi ece {"EMFRPSIBPENT AT WAt i“BTee(aI%’Eaéﬁyl@@”tagﬁﬂdfe’é!?%’tﬂ%‘taiﬁon of an average
t enper at ur eentzofturt heaswink peees, anar awge uawdnanmew@nbnrmdnd‘nwmawe control of

oL eest o b LOLLOUNU LG 1 QU356 f seRlanl gL the vor kol ece
cool i ngSt r éad Avene pregelerdegrsvdiperpremon Onfhemmdm% showtrtferaired gluialitg ot peed

bet ween t hﬂoﬁd&ﬁfaﬂf&émﬁérﬁ%m%u%%ﬁc&‘me L8 S HEE A he IdWpet flrabt h€ Speed
bet ween t he heat ttgggng(ﬂl%e ﬁﬂ cool i ng neans and the surface, and/or a

heating f I 8W?56° \@%ﬁ@r%‘éfe 9@%@/%%9%0&%@ BEGEBEE of this
i nvent i on panconiatt tgmueratde rmdmeurogtdemnestvmuemmrtmluseﬁuhttﬁa‘an»vdmo&e ] ust-1listed

control | abl gac[r&: t her mal
treat rrent ﬁg?ig%ﬂ’ ﬁ%hﬁ%tuf){ﬂéﬁsﬁs a ﬁes {th r@?orre&@rgg tuﬁ ov{/th'rnat e wll
not be 14dj a@?@%mf@%t@ﬁarb@?m%@ w*&'@@nwmme 7eriep mm'tbeb@efaurm abl e.

[ 0044] The irkesioh,Hpnkloow doﬁlezamuMlﬂ taapd%t@aéls@l%r&uamém\*eI.maeé@ans with a

means) i - ook B e hoyRh wihdd pndSreth kit P Sefamiierd cne

process t o“fPthQﬁ!ﬁB&i ‘i@mphr@turéemp@uamwdéeflcabm\ﬂeslrmlesqyeienﬁmawbemsaiuhum t enper at ur e.
In the thermmal sition 5processes shown in the figures herein, a
separate cHitilol! Pﬁl‘fl dgveientrant of agoakel rrasessoer the Bigimers freatmantpdhadnisr

deposi ﬁBonemmﬁxefﬁemrrsmﬂmmbsmﬁn bwafiiggtdtesals dritta Gatntaty ac]&ridgﬁtw@f t Ihe aver age
t enper at ur tilize ontrol the coolant rate,
the coati ngu%é%%sfp }A%?\]lgrpdgfe grggg(?ma{)ﬁ%n%sur Uregthe SURE t%?eﬁﬁwrgée and/ or the
rel ati ve spésieEnialy aiswHanegeshseovef a@@ntamtarh@oﬁbwgnkptem ayrsaapd 'ehe deposition

{?tﬁg :f, marr?ﬁ?fmnis é?fdepidﬁﬁmf@ra'vé\%g@bﬁﬁé éfram.i kb&n&qurmﬁzﬁﬁagmﬁleghughte
or nore heg{n pﬁ'&'tuﬁ%gﬂg grr%(:%l%ﬁ?er‘g‘ﬂfgp'??e% CH?EX%? “Béqft g‘é “B?%’\Wyd’éﬁf‘%@ea f or ced

ai r hed® er denogitierepracest ba ey tydiseR4in fig 2c hetbis invettioplTatesan bel ectri ¢ heaters,
or the Ii Kgontrdhs shem tﬂé%vgfﬁa@%w&%\&&'oﬁﬁ’? HORbi &'w,mahfb%ém process by

addi ng one_or rrc:l) heating means controllers or con Ing the heating
means. ThePEHt ‘%ﬂm@?m‘i’ﬁéﬁmp@@ﬁ‘ﬁomi’f’é{f@ S A RICSEFCPe MiRiMEM3PIBPSFtUigor e heat i ng
means to i fimingdSenttieit eatonaddethita dihge smreffa@ee feaguRe@mam bikpé ece or to
partl cul ar w&‘RE\Sée tglfnpérﬁﬁre |H”u§|r@@ i&fa}l&{g an\ﬁ%a}é on of arge)l\r/]etrerlggel tér%{r)esr‘%tﬁaey al so be

provi ded to contr means’ t t the
novermef? off thhworkpipgea Eavgosoutdhe Wﬁ?ré@conﬁofrvéaﬁlemommfgimmgd be added

EO a th;arrm.b flbw ead melaﬂrﬁfﬁE@w@&p;SN&E@%Q%aﬂtf@aﬁnénﬂié@éﬂ;ﬁ:%a‘ﬁ"lﬁ% tge aVﬁra?e
enper at ur mai nt ai ned num tenperature and no hea
or not enoﬁe?aﬁgipg%g’g 484 %Icor?)}nq trf“ﬂgf%geptef‘%’ﬁq Hrggyth n$r8%9é§lsj£%r system
Exanpl es ofelafyestnsas beindepthe thessal Sredtmenihedns and the surfamecthb eddtive gpesdans  woul d
be added tgurk&is thyBdRMY Q@ar@r&@rﬁsc%ohrﬁ%ééqgafﬁhg'sﬁ'rgacé%ldfogﬁ%bémaﬂbﬂ whi Ch a

more upiformtenperature is desired ool ant havi n
§¢ ur '€ g‘h B RUTaSBHEYa U e dREcgsRpiinis %9'5'0” may not provide the

option to control each of those just-listed controllable conditions. For example, in some

t enper

embodiments, the thermal treatment rate will not be adjustable, and/or the coolant flow
rate will not be adjustable, and/or the relative speeds will not be adjustable.
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25cooling treatnment neans or as a coolant in this invention. The cooling
treatnent nmeans or the coolant may be a liquid, gas, or solid, or a mxture
of two or nore phases or coolants in different phases. Exanpl es of cool ant
treatment neans (or cooling neans) and coolants that are useful in this
invention include forced air, water, inert gases cryogeni ¢ cool ants, or
any ot her a wn. to be usefu he treat nent. 3Qprocesses.

o e Rl 2 K T B Rl 3088 00o55e,
100 C) naymigmsgeealigrrithat ibirbedd actdrtseatcmamHatupgmes@tmbamé)lrsani nvention as the
cool i ng. {1 &AL HRARR e0fa %t AecBOY U MadPRM: prb s fiilRIngdePOST L i on

process the cryogeni c coolants can used e cool ant by jetting
(cool ant nBERYFUE aben eregifipbminirein iBMPetsdire dothedberddl eResoPat ed, partly

coat ed,5 anstb@Esasehow®inlie: RQRL Qe s kiiaate cetblapkaheatirg 288 i rdt cool ant s
|nclude i nert eou l'i quefied

..9.,..nobl , L.ck b
or partly Ffr?vcﬁfé? %@,‘%%Uﬁdg%ds'é'?’gBfﬁg%?ggﬁisg‘isoi”ﬂm%%ﬁgug‘%“‘?3%@@3 of Oitht i ng
mat er i al s, avaiage tapmeratue of thewnikpiesd ¢ap befutiired tl donkeg! theanobiptleaterthe ri de, and
bori de Coaédaﬁ}ggsdep@é\% r&@%ht@rﬂ@éu}‘fag@tfflﬁ%rludﬁlkp@&bdﬁ\d/@?fhe%létwfe%eéaon oxi di zi ng,

usual | y oxi de-contai ni ng coati ngs such lum na, zjrconia, titania,

hydr oxyapat§Mes" hiesugeadnddee deé’f’%m“ﬂ?édl mer‘?ﬁﬁ%tf?f‘ ralp {918¢ PBAMAlen a nobl e gas

cool ant0 r ahftenal bjeatad fibrh tregRpositevi@Bad fer aniy rgeinitio thenust ddpesittsgdoostsd. h et al s

i nvol ves spraying of titanium tantalum nmagnesiumand simlar, reactive

met al coatlPPR herelpdingmta imivhich dessorquire Reafing Sgens ¢ desiradritrpakhey caieposi t ed

]g:oat i ?ﬁ rraseq;rrb@de% b?%'fér@@d &meatela%umeascmrﬁe%t raléelr.rs h@rcﬂ(\)ééVlﬂﬂbla%@ @é&nosel ect ed
romthe net a c

o b o, sgiereeat e e The pistaa eet D SPUTRIGAS DEC BRAGF IR £ nei r

combi nat i ome.or [rRGAtiI@Ioéana gometiers fdr oontaflipy themgatiy retians CTherngnitdiier

above- |4 St&@o&%@ér@%ﬁld%@;ﬁ& h ewmogepi?ea% Qﬁs\f@irngr%%ctﬁ? hé‘b@!a&lﬂ-ﬁ t% ans,

conpressors, ets, nozzl es Stri Ut ors or i ng neans
may be pr ob¢ aute CG\P?‘HE 8%9%98 P %arfb%'}ﬁf F1ep &f 1&e pyface ghpe UP'IkP’ﬁ@e t he 15fl ow
rate of theortomramby fis@be dbadeokom e arsemér df e Hetdihg cemigrelliver s for one

o T e Ol en SR8l TR TR BEARIAN! A5l 8ncaRPAI B SLRagaNRLC! | ng Che

rowrateProm ecoo eci |c areas or
zones of t‘h@"@b‘i”efaém@*QWC?%@FW%P@@@'”V%*@[‘ woen e gverage fams%faﬁyfeovu de for the

not i onef  $Hagid &6 AlaintnddRABEe 4 AlndhinY Rniperatie asdiid BEoralbt fdagheyakRi ece.
20[ 0048] An, i erature

t the b to, t
aver agi hg THE0 B ARG (B RBLAGana SpET omary b RO g L HE RO ant 11 ow
rate (or coatichgnelepowi heaing metes waitiobe arsiedty kp estan erdcseincloade rel at i ve

speed bet We@iind A ivbHSH SARh 3 Wdr@GRroAR eriRlAlrk RejeBRly. treat ment nmeans, for
exanpl e, deposition head) where [ayer (mean of the nulti-area tenperature

readi ngs) [oe4ai Ay aahmaheha/idyaas\eéraem@éiath&maﬁthe@mﬁfrﬁé utag be TBflias aand bel ow a

presel Eth eg)om'lggtnzah?emp%@ or%s a cggr%(r{t in tE% nvn}\tm ml'ﬁé &%llng treatment means
or the coolant may be a liquid, gas, or solid, or a mixture of two or more phases or
coolants in different phases. Examples of coolant freatment means (or cooling means)
and coolants that are usefu] in this invention include forced air, water, inert gases,
cryogenic coolants, or any other coolant known to be useful in thermal treatment

30 processes. Cryogenic coolants (coolants having a temperature below -70 °C or below -

100 °C) may be used in a thermal treatment process of this invention as the cooling
treatment means or as a cooling means. in a thermal deposition process the cryogenic
coolants can be used as the coolant by jetting (cooclant 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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thermal ly induced, |ocal stresses between the coating and workpi ece
substrate surface and protecting the workpiece fromlocalized thernal
damage, resides in creating uniformty of tenperature within the substrate
and coating surfaces. A persisting non-uniformty of the tenperature within
t he wor kpi ece surface can be caused by variables 30 such as workpi ece
geonetry, non-optimm cool ant application, and other, unoptim zed

par arretersoqfogm@csdwsnﬁémo@wt%zaae g?%ﬁe%asé@h@ﬁ@ﬁ Abfoe % Rt her
enmbodi nent of ‘f‘(eréjp ess of i nventi on eviation fromthe

mean of cu@ied Ayayeligd, éﬁ"ft%@”&‘ hetint faralityrgs ofgaafingygataddi®er i ned and

wi || al | ownftogeri fmplh@mﬁbnﬁ]@lﬂhétali;c bﬁﬂ)ﬁi&Sﬁtfﬁb}%nHﬁ@ﬁHe@f}&ﬁn@@ | dptioriie a

t t t t d th
ormer 2 G Ga 82 P e MTEL L, AEASSLh Mot el LLende 1 n Lhe

tenperature evolutio coa
f | uct uafi oR¥Mitiat FifcAnia.Higanigo hdraareatitau pérachitesnelct Fee iofomuiemgituabet when ni ng t he

st andar d dambabggﬁcdo%naﬂa&@r@mhltrsﬁhl &/ch @ cBbB&fic, H&@tfmse& LRPhaERL processes
for simlar reasons, [o?tétﬁm % he mechanics ’in the I nproved process control
i

met hods of "VAYE SPRYIS PR, BeEESiHR anf é'm”?ﬁ @acqvﬁ\?@t‘%‘éoat’ags a first
step, the wakhfigmofirideslquickis eSyzoific $iengdlig demiRer @btifgenasek suradkongs ( SAR),
substanti a t nmensi ons of
the sur i ap} agt&%gxﬁj\%\%ﬁtﬁnggé;%;&ted\@ﬂoﬂw e ﬂr%hgg%%@s Rbys .nlé%aet%gi o one. % The
use of 'PheCPBRYEIS. eNER- hcaét?l@P viodger. ang f@é@%ﬂﬁ@@"céi qwmgwmsanéfany féhalior kpi ece
are not | i sdhbimgiondhecause it is understood that the process of this

i nvention can be used 10for workpi eces having any shape and that ot her
di mensi onal00#&r necaigg hearsilrsipplyiog eddifectingttieeatives-hsed @oghiin@nice wi dt hs. ) For

exanpl e, t bGrkO6Rhs QBrkﬁifecl:% RGuRA9R, Lcﬁﬁm@gsaﬁs%rfgej@@ﬁ&qg@td%sn@ms mentified

as points g and k in or across the’ er at points
A-F in Fighg “kthQQQ'”ﬂé"r?ﬁ@? @?Yj?%prﬁ‘éW'@r@ﬁtoémafeéoﬁ‘é‘é@ﬁrf@’d?%tmﬂ@ﬂéﬂﬁ’t| ally
si mul t aBeotist sateadf tieamblahi froe B e@;lmglﬁiebs%trﬂﬁhdﬁﬂrcﬂﬂltl‘wer@fdi%hé br rAgreas r eadi ng

15(MRR) , ath CEPF‘Q n%\éﬁs! r@l?)%je prl-hgeotfjornee[par % rthomfrOH{nﬁ h%nf}oe#Lr\éI% érom,tgt I me bet ween

the substanti a aneous nea % across the
surface of c33ieg W@?"l@ﬁ?é@é“ﬁ@eb’étocﬁ@a@&ﬁremzpﬂw@B@pﬁwlomdepend on the

total ti rTEwBﬁ@ié&d Gdhtrblfé%rﬁﬁvété/o d;srm@etfoamwom 8GR d&%ﬁ@gnéaherenmg%ss of this
i nvention, ,and.t he conductivity of the workpiece and/or the

coating, ang giH&r° f@“ﬁéﬁ"ﬂ%’?&?. stics of the thermal treatnent process 20and
nmay beZ@St Eﬂﬂhtshﬁﬂms?&‘?%%m%rﬁhé MaSIJDébECJWEeQ&ﬁtBqen?f%%@re%}{l&ai}éio 5 seconds

or 0.5 to 0 'second eraaa n of the
nul ti ar ealdeksfpBIng tereeansa yenalinrdvsting t"@r?@C)'@mrﬁ*@Wgel’f@b?rC@%@Q gnat ed

][reftln(NRR) , dadsitbratarcbriehe wolkpieea sdrfé(r:]él%ﬁa@iaftlﬁb §5264 ba{ve@nﬂe%rkaeé@ of the |

ol | owi ng: rate  the ther r exanpl e,

the coati nsﬁﬁg%%ﬁaﬁaﬁf(}herp gF \é%aon n?m[ eRS 11 6F n@ gf“pcfsﬁgng P"E?)regééer and/ or the

relative sfieeed obewedirarehiempanafusceadingt) rdnsitstrbovesd pesdeterdow  neans, for

exanpl g5 tﬁﬁp@@ﬁ@&'ﬁﬂ!r@%nﬁ%@aw atpﬁ’eéé%féﬁ%!gﬂ téﬂ%é%turgefrﬁ‘@@%rmﬂn nd Tmni. In

a second s{helgng the frrt?ﬁéotve ocess control nethod, the standard

devi ati on €MLY %%3 v BHERT “Tee??ﬁmgaéfnﬁr“é’”ﬁ’éﬁ‘f?F‘tbtfs“atﬁﬁ“‘ﬁﬁes step, a

certain thatwshlmbcimglthven/c(rkm@ce|frsme@daaimldltl$dnmdi dafriags, redidesim drbgtingi ngl e area

readi ng v t d for
B ity RARHRE teacﬁ] rﬁﬁ%@?ﬁz)ﬁt%{e%d% ngg’r?ﬁtcgsr. ,l\!;\ggrs;?tﬁwlgll’]%ﬁ

cal cul ation not just o 5) but also

of a cunul Pty ﬁma.tenaqeéaavrmaw&wwm sudassicgn e é@swa(rww n
t wo- di 8®nssuahas %rk&bﬁw\gjbmmrflf@n@bumﬂmeom hﬁ;ﬁﬁcﬁﬁéﬁlﬁrﬁtdtﬁée uﬁbﬁt"iﬂtze@r ea reading

t | CVRR
s cont Pﬁﬁ%gf'f‘é‘g'@g‘é@%g‘&%%ﬁ e T e
devi at i on RasasEPENE retion Hhestendarddariatiomions thepngaa sf cunihdative mutti-area

temperature readings will be determined and will allow for improved control because the
mean of the multi-area temperature readings alone is unable to detect longer-term trends
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threshold time. Wth this two-di nensional data matrix, the standard

devi ation of all tenperature readi ngs neasured over a coating deposition
cycle, designated S(CVRR) can be cal cul ated. Once the standard devi ation
S(CVMRR) has been calculated, it can be used to conpare to previously
determ ned and established control standard devi ations. 5For exanple, there
coul d be tw% gstab t| sheq troI st andard de |at| ons deSér%nrat ed Si and S2,
where S2 i"$MFAFHRE grﬁgﬁogp H%W@tf"g pﬁocﬁ%%qd % ST R AT T HEr e coul d be 1
or any nurfbenaths g the wosdpine arrticelend the corting. Feerminireg thstapdaed i n whi ch two
contr ol staangds deybalibso 81 HSRHH difork phcl oﬁégsééi%gsu%ﬁaﬁ“?@ﬁ&% deviation is

conpared to t he ue of | arger than the

presel ect qdo |t¥ﬁ*§me@ﬁans’c§ﬁ$ﬁe itpRVEd pr‘bb&sl;&ft@l Jn@fﬂbdbg)fﬁﬁdahwﬁﬁorﬁan be
execut

d: v not i e bet we en t he thermal treatnent
neans, ¥ or @&%%1“599 oMY %%%F?ﬁ&%ﬂgﬁleq%ﬂ"%% 985 §89% ur f ace of the
wor kpi ece tmayerbﬁere&m@eebedumse(aARnawj:lstamtnetilhecmkﬁethﬁ’&hgth,rvedih neaneeteracre, f or
exanpl e t hg, ﬁ%aelﬁgkg?sd&%%uké&rbf&%tw%r stuﬁéu?d rﬁ_;btﬁéé‘ffg%amm&b%mﬂecreased

and/ or the coo | ow rate onto sal kpl ece may be increased and/ or
the heati rijedst élieruse &f Batesms gneh ot wﬁfhéeée%%gfms%S'%@F@a&sﬁpﬁﬁ‘a/ or the
rel ative saaea@t nbﬂhmaaashmmﬂbnsfmgd fRaNs pacedshe thedolenian gmanssand t he

surf acs mElf rkpl 1k KM %dan9 réh{p%]ans nw%t Etﬁ&f cn%%ns o%&%rHEWE b%ﬁgﬁltuégagg exanp! €,

t he deposition 'of coatl sus or limted.
In one enﬁb@ltemipnmthmar@m@tbﬁ) fgqexe@}nlebtée l@gwnuwhse@mwaéwfear ger than Si

but smal | erﬁeatst]@ﬁwnc@ ar@ﬂ%tnﬁ&ié%:rﬁ@&l&@& |tb§|gl35£?§crb§s ihé eMitRbf texceeds both Si
and S2. For  sone E’cﬁ?{; ﬁ%aei t he operati on of rre t her mal, treat nent
i

means may Qylnder athop psert rﬂfﬂeﬁﬁaﬁﬁefﬁﬁnweé”rﬁﬁ?”%?f and/ or havi ng
i mted i npastentaty sinnitaneclisfat eath tiow-ddpe calactetdbeningh eniltishes redding of f or
restariq nwdmﬁ 8 J,fatalvaia &, TthQ%mEQ W@Jheﬁrm@atxeﬁmemtwpul d be overly

npl i cat ed % ()

co del ays heat i n lP,I[% or cool i n% down) . [0050]
Low st andatisaeiha TBRGaSIESSgEMeHe BaRTRRA/ES AP DapaRcs d46h ngs
S(CVRR), 2birkgece thpd @atedl Thatieedesiwilatbpbetause totdhiise nemtied &t tesrmally | me

| apse- Conf &eapg@t)rkﬁnegx{ m(g tH{;})rogé’s@oF t%ts%cveﬁtr&g %Qﬁé trh@]]iw?al écgw(aﬁ)(?wigﬁcﬁ'ih Spr eadl ng),
assuring an acce m ni num ri

over heat edﬂqrme(@\ﬂéﬁféb*bﬂ é@ﬁtmarﬂﬂd 9@@@@@9@%&& of i derpr] reatmeBlar99see s u r f ace.

Nonet hgd esghd b e@@iaawheﬂ@@%érdaiqewta{ay@e fdf@kéJﬁgSe 0f td Heecondadrats ve
| canc ess control depends on

multi-are a S their si
many vari Ztﬁﬂgj @'gi v?/eqvferagg @ng%ee?rg%?q%Hmeé?eaﬁxﬁg&temugts 0t d tinme val ue.
So, if fortemarﬁpreereacangsdwenmgormtmme@@ degigriategandnMdRp) es galpdsses of a

thermal  deposhiion WBsAE cem%r ot ho JSth@féﬁ’ovﬁhH ir%co%oaamtﬂome hge desirable to
set the threshold tine ) In suc e stﬁnda d devi ation

val ues of PHEEYRAITE raje f‘?ﬁﬂ"?‘?‘m%rtE%°%%¥W§§’t'%r@te€§f d0F $486° 9 used for
pr ocesss combrkméce, anliy traf rblativeaipedtiamvedn08é swiacasnd thathermd¥eatoentat | east 90%
of the portIn.'eé?@ ﬂve%&ﬁlevﬁg lﬁgbo%ﬁi%g Péew oarﬁﬁntgiﬁsr aptﬁ%gt\hfégﬁﬁ'ﬁgm%é Ii‘rnrnhe 1st- pass

| ayer. Alternat rea rea

st andar d dé\?lsﬁwfﬁﬁtepsf thRRIRgrovadeRfotses edd! rﬁ@h%merséﬂnd@'ﬁéiewﬁ@ﬁmseﬂ r eat rrent

pr Oces? f&ya m@:ﬁmbm,fortté}ﬁpéréterrermhtr&lemﬁs bieph qrioie @F6stomltyneafsher the first
pass of t

hat th
P eshol o Gttt aradiRATNG 318 P8 G lpld iR 8 oA, | P2 1€
| ayer, 3br sahislbetiged leecdldutation patdust offeatin ¥ RRYslongindididpd sevs iphighdddt over t he

wor k pi eceqisd GahhuAdd anuifP-QI%la|ré’ad1r¢ghﬁatr‘i>@H@ﬁdr@‘édrm}@maﬁ\me&dHeﬁggnsar ea of
the workpi ece shoul.d_be measured a mum i n

subst ant i 7% $'OWRITEI M J " GOP RS g Ml aes 1Eohe "\deP‘WBP‘@%*E”’t“Hé?” are
present|y deiugvéd meltitaesh rosdivg thatribealtasetiRR iscontinigushhepdpted fenitcalyr ocess.

10For exa g process
over whi onoP i Enf Ul 3%y B6E8 dna P R o o S e SPAUAT houl d

i nclude the entire surface area of the workpiece that will be thermally
coated by the deposition head. The teffperature neasurenents are taken at

| ocations or within areas or at points on the surface of the workpiece. The
terns | ocations and areas will be used interchangeably



15and nmean | arger and smaller areas and points, which are focused areas. A
tenperature neasurenent, if taken over a large area, typically is an
average tenperature over that area neasured by the tenperature sensor (as
measured by IR5 as shown in Fig 9). Alternatively, a tenperature sensor nay
measure multiple individual tenperatures at nultiple smaller |ocations over
the surface area of a workpiece (as shown in Fig 4). 20 [0052] Sunmari zi ng

fromthe algugholdiiR. |Vﬂ§1ttﬁ§'w9@§5|%%téﬁ%ﬂ4?’théjgta{%amotaycﬁ‘lldf"é'll of the
mul ti-area,readings % one sa %tlrre mean( MRR) used to control the
i drdie 0"86 £

flow of codiTHfy dFeBIH 9adn9 danesiarbiyalet desiweatedra-MiEtR)c al cul at ed
as s?own I) rat becdidulatdd, Eﬂmattheﬂ;fﬂarh@dd(amlathn StCMRRERR (¥R 2l Eulatéd, it icarrhe Y\/ﬂel’ e:
Mean( NI RR) ¢ r one tine Ti S|nge

t enper at ur & é’ﬁglg?{f)% rb'?o &Lva&#ly ol rﬁﬁe&g ddespagﬁsh (ti conArol séand&rdlde% ﬁ’Ber of

t enper aPur EOCHBHMPE thaﬁeeragi}i bp dwqj establistgd ﬁot(twumwar%devmmeemd %1 ne steps)

25 [0053] Eh@sﬁ&ﬂfére(%)arﬁr%n(msh%véﬂ§Btﬂ@ﬁamtﬁ‘:ﬁ%n@‘(ﬁ&@gﬁﬂh gesmal
nmeasur enment_of the be coated. This result

provi des f &P 3”'82?68P‘?§{r‘?}ﬁ§‘f‘§ar8f’ew?“ﬁ%59 Oéﬁ’ﬁ eéamP’EHb‘?é'P%‘ttWPé"‘Hrl‘?hnges at
vari ous pmsmhgar(bde\tiﬁnensareﬁjaerbtfmfcak;hietewsnakqmr@d@uanbm|s@napmw1rmmt heat

contr ol f0r82tah§1f%r\J§Q:b%F§ R ﬁg;ggﬁﬁafbmeﬁa%@ag&% Cméagﬁne o}ﬁ%v to the

WOr kpl ece surface to nui n I ple area
t enper dPur &doWag gelions %Wé?% E&‘Wﬁﬁ%ivemor'rﬁp?ﬁd) b@f”@@ﬁh? thernanot her
ermbodi nent fregmest rpmt,- foxatnble SR8 Hefnd| beFsitian n&@mamrﬁareufrme digfeer m ni ng the

standard d tl 0 nul. at. v resented by the
equati on: %é I?&B%@fy g&sacr?g{ére du 'E)J\'}Oerth tﬁ%mgﬁ@@%%? ' ’@@H%gr?eed to S1 and
52. Exceedrpriingdenasigpemtaeanto $Em‘ surfaee mh&ebm@ﬂcr&:&@@msmlbrﬁh@ eoctampliosy ratehat t he

t her mal  unich@Bitr®lect hﬁy&ﬁ@rnts.réb@éaeana}ar fn@‘ﬁ@atina ﬂa@%éfbﬁigsmweﬂk&@ée and the
errust npr oved orte&ﬂﬁllty of the

heat s Beadl ng. qver t hat g

coat i ng def6¥i ?gﬁcrﬁwdﬁ d/ﬂgé"r reiliye red ‘?%’S?ﬂ tﬁ"éh?a“”%”}‘?ﬁ?seor 9o81% heat
spreadi ng nmegnhEnddchsiefaedmby baincrebmdat [21Ye theemaleleatnienemsgraeidr 15bet ween

thermal depsidd @R oG oﬂgﬁic&{]ﬁg &H{ehé}%y ok 1e%poré?ﬁ, s%%&e%'dgé alu'nﬂgd tfge ot on

of thernal dep05|t|on orrespon

accel er at i 8P eFbadieent thgicatn Wﬁﬁﬂ@e HFEGdF%(tCMWMSd?FQGFl}mrE%bb‘ﬁ g@algsol ant nmeans
or distri bthtaﬁlSZl @d&:tp&tn [Qn&hbe uImfsmmreaée%ds wh et1 M@SPOEI@Bmef the

deposi t,hon e ulL.ts in a th coating | ayer

deposi %gd &gﬁ Fggt'o\ppfs Ton® ﬁna?ﬁeat%{%%t MPRereY g‘? g’ tgigtrﬂe g@el eration is
20associ at é'GSQ/\Ptbﬁ'ﬂafltHbﬁ*’r‘l!égiﬁémzlﬁ)rrﬁ@Vlﬂ@lbﬁlMS@mmOmlmteﬂQMpn the spréesees to
deposit t h@h&DaHutting off or restarting the operation of the thermal treatment means would be

overly complicated or lead to long delays (for heating up or cooling down).

[0050] Low standard deviation values of the cumulative muiti-area readings S(CMRR),
25  ie., below S1, are desired because this indicates a time lapse-confirmed, thermal
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
muiti-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 set 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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of the target thickness. Alternatively or additionally, to achieve nore
uni form heat spreading, the coating deposition rate onto said surface can
be decreased by decreasing the deposition rate of material fromthe
deposition head, and/or the cool ant application rate onto said workpi ece
can be increased in response to a S(CVRR) greater than- Sl 25The process
could increase . th speed of or t eed t eposi tion
head or botHeEde ﬁ% gtgdfﬁ/ﬁg eI é’?f%gy Slfeg]nat'v v ﬂh cutsep Vei né‘ggag“nd t he
deposi t i onedv@dvation CMFtFeammmWrdedeb@mm@fﬁw?R)nWD@hﬁea Khwtrplrilg% means is
provi ded, éﬁsﬂﬁxaiﬁ%@% prg&ggsfor"@(XmBIQ RE MR Qgpos:'ETEW&‘Q(:efsf%‘%l‘iI?Ef’zé?'iheSI ower,

and/or th eatin ow rate na I ncreased or decreased 056]

Reachi ng dfd P@%@é’ég@|t%m?’r?@9%‘¥t@ﬂ£8ﬁ*@“6é\?? ¥erksigs: |”"rﬁaf""%§‘at%f'"t§?§ HEQS a | arger
val ue tshanintls sdtRohe ahes tatkbato ;iuh@ov&nheé fved fulllaydr oo bhple fthet fingt pagr dépi ece
surface ha}i {ﬁeco ?F@ tp(():}]r |veﬂ¥e ci%e tabl e, and the operation of the

t her mal ans exarrp P*¥tie t her mal deposi tion head nust be

t enpor ar i | oS REAISRGI fheltérﬂaetrﬁgregamhegum@ame«ﬁmlworr gﬁ@&’sﬁlﬂldﬂfeocess cycle

before resumng 1 n or gi ve kpi ece nore 1 rTE chieve a
nore uni fd??ﬂsvféwémlfuwm in W@éf@?ﬁé%fﬁ‘éﬁsta&%%é'ﬂ‘ﬁ”a% VroRESsY %Cﬁ&i‘ Bime is
needed to »&p}fmd tﬁah@re@%bnttyha@tngwasteabf\aatdytrememmrmgdwewretsbmqm@msmg mat eri al .

Frequ o For 8¢ %sﬁgyc downs a9 .etcg%rm!a 5@59&&;@9&%{;@ 9r exanpl e a

t her mal™ dep os uring coa rom reachi ng
or exceedlrﬂlg’e%&'?@“m?@d@@f@tﬂm me@ﬁusewem @U'd P‘P\Eﬁk@fa%'@uldwmlidéﬁ“ﬁrﬁffé@ in the

set-up of duRg:CHO] FMe \%rﬁéaédebmtwm(b%)therﬁwb@ dobel BRthe Liobssridh Feqt Teans fl ow
rate or, perhagtiu in the conf entlrea gostem{ﬁ\re reqwred to

prevent progdeEet G FAE MRS EEs keR E’%&@H%P”’%’ﬁ%ﬁ% P ERATSE PR i mit s
provi di ng sudaceaif trerwgitriace. ﬂimeotsmiownmsraﬂd astagpdll maseb dtgpehevgedbll i f desired

as woujg %dmarae aP@sESiPRr NGy P8, @hk@@%wo&@@maregsswe%&am% ei n.

[0057] Figure 6 ilfustrates and describes one nethod for contk ling the
aver age 207easpeMenyif Bkamerer A& IRATeHNABINE B) 29 HETIIPRIS ¥EE" ¥ a t her mal
deposi ti omrém:abasngadmymwss:peahmheamt(as Meas0Eabg dRcas skiotvh it fig 8). i nvention. In

this proceg rna 3189?%@; dag&}egéns%Pﬁaﬁ&Xg&?@gﬁlmﬂQ %ldhﬂgaﬁéﬁée?%reégtd the

relative m) ositlon iece are controll ed on
t he baS| s fﬁ*ﬂlt'ﬁ'wfi’”@g‘%@i’pnﬁf QM?&H’P@H”Q?P@&@SOWWO*F)'@C@ (as ShoWf[ BFigHst ant aneous

wor kpi gi [ﬁé;gzg %g@%ng?ﬁ [hteé'aﬁor ' ﬁxc ins an%aneous rheanSJa?uL c%‘%%uéa%tvlal\lﬂg or

time-|
of the multi-area readings at one sampling time, mean{(MRR) used to control the flow of

cooling medium or other controllable conditions, may be calculated as shown in the first
equation below,

1
Mean(MRR) = ——m T
P

where:
mean(MRR) = mean value of multi-area readings at one time

TH = single temperature reading at one ime and one area
i=A B, C.. M (humberoftemperature control areas)
i=1,2 3..n {(number cTmeasurement time sieps}

25
[0653] 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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[ 0058] Block 1 describes the control of the flow of cool ant based on an
actual value of the nean of the nulti-area tenperature readi ngs, nean(MRR),
whil e block 2 describes the control of the relative speed of thernal
depositi on head and workpi ece, and the turning-off or turning-away of the
coating material discharge fromthe thermal deposition 30head, when

requi red, based on the updated val ue of the standard deviation of the

cunul at i on iBfe-tdak, fd%ptalattﬁié @%n@@m%rﬁub‘b&nt@%ﬁ@le‘”&ﬂﬁac@(%@orkp(e@et Ll ][19 avva]y
e surtace o

of the coatjn ns tumn
t he wor kpi é)geegmﬁr‘?‘:ot nﬁ’”ﬁr&?‘g a‘f’org?ﬁ |'§ﬂ8‘§9‘3tdobycg9?tf‘}{'f‘ﬂ8°‘ﬂﬁr§E?i’éfoge head
and is typltf@awr&pl@msume@maintaax the everagerj@ean) oftld intuitipiealdatempdratales] i s used
for cool an%eMeQr\!VaﬁFégelEzﬁéﬁ)ﬁhé& gﬁ(f-r&glntrol inthe test runs required to

ues

determine the [imting v 81 and 82. Note that the values of Tmni
and Tnasi Wn&}jfﬁw%hﬂmél%bbﬁmiehﬁor%%bﬂﬁb ﬂﬂF&ﬁ@i&ﬁm@%ﬁ@&Qﬁ:sm lfbéadvance of the
coating and_coalin ext er.na and process

consi der at ggtﬁgn %'3% Lﬁgg? ?éﬁw"iﬂﬁf'go’f‘ﬁ%e%ﬁf ’ ?mﬁ‘?rg@”%h}’? RPESEYPYpr ecedi ng

bl ock 1. [ 0G58}atbhe foI lowing is the operating procedure during test runs
(a) the personal conputer/data acquisition (PC/ DAC) systemreceives the

Tmni, Tmaxi, and threshold tine [(ts);Sel points. - '(b) the thernal
deposition head (TCD) is prepare f1or1=0perat| n vvhp-(h ihrivol ves 10a routi ne
| oadi ng of the notion amsdurkRe: t-heral ésl_t Q.d__h ograns to the
respective controllers (for exafypl 8n gc ee Fig 4), outside
of the tenperature control systém J»~1 (c) vmth':r?he start of the coating

process, in the first time-step (tj=1), a nulti-area optic¢al sensor MICS,
for exanple, reads indivjesal single area reading val ues (SAR) 15from each
control area or control spRirRf= sti:d Bvllcd JPAUSRY Rouiemghf the first row of
the tine-tenperature matri X asscSRQMEdtoh skit@actdi hadeirbienfieem of nmulti area

t emper at ure readi ngs (VRE) sieafedengataelraatiasal ¢rh ey aneraneamean( MRR) . Not e t hat
each SAR has a tenperat uréBuhi ¥, (henogr ol tefagraeso@dlagius, and is defined
within the matrix of terdpbeat-ur &unkssefimsepsreetingstestibscri ptis locating its
colum and row, for exanple, TO7 is the 20tenperature reading in the
surface area D shown in Fig 4, neasured at the tine- step 7 as illustrated
in Fig cal box, in bl shown in Fig 6,
the medh o*ooﬁi}e e|)d aﬁP'é h}e#;gf-agg ?E%F?aﬁ‘ﬁ%tosé 8% %%a?é‘&e?’ﬁyg Fhaxi . If

t he nmean |@dhatﬁgéq’rﬂndiaerm'ﬁhmao&tiartmqampleethetdm tatmal Lioterrgityarf tre (or may be
increased WhPietdWubadd i§ BedomidRE8h&darddind et BHR5SH R dvePRSk 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 corresponding acceleration of the
coolant means or distributor, unless the coofant means or distributor is stationary. The
accelerated relative motion of the deposition head and the workpiece results in a thinner
coating fayer 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 S(CMRR) greater than.S1.

25  The process could increase the speed of the workpiece or the speed of the deposition
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25t he process repeats step (c) for the next time-step (tj=2); unless the
nmean is smaller than Tmaxi then the process continues to step (e);

(e) the second | ogical box in block 1 conpares this nmean value to Tmni. If
the nean value is less than Tmni, then coolant flow is stopped, or the
cool ant valve stays in the closed position (if it were not opened before),
and the pr e R ) (the

wor kpi ece hl%ét? ?rsboth IB(?% esasg Eh% reigt% nLo Bﬂﬁe @c?r?;ﬁé(ce attndrﬂfe d%%)gs{ﬂﬁé%%%ag ting
process, o a%@é'nattlwqhgmb@lrnﬁmge@lchﬁ ﬂehtelgamﬁan@iswa@vid@ﬁ tedf heginkpe@&ee i ncreasi ng

the te”perrﬁéweeachﬁtédh@tomﬁstéﬂdﬂglbﬁérem-ar tHROWRNRS flowl rhte R bWRHckRb&ce does not
heat up within an expected anmount of tinme, the process may shut down

and/ or i ndi" 8&¥8%S5f error rressage to an operator; (f) if the mean
val ue ISS rf%%gt l&gach-srmaw 9xcee th%{a%darﬁ Fev?at%?ﬁn9§2 wrhlcthhw%sg? ?nt flow
status, i.'e he “coorant ~con 6s 10 t "Was ene $efore or

cont i nues elyerensyt igigetds thit fh@ thaeral gnioppydf eforipiece ﬁ'é;"fap? besekgsomepeat s st ep
(c), in thge r@dslvewun&cebtaﬁe %B@ﬁe(d@ra%n of the lhermai tte@lmdidmesdse® (c)-(f) are

repeated wit new ti me- st oop, until the end
of the ent‘?x?'@plﬁ \f hﬁﬁ“aﬁfj%%oég’gn shie 'HE’P%"F’WV ﬁ‘é“‘tﬂ’e%‘iﬁdtoﬁlém‘quéjﬁ‘ﬂ%ﬂ deposi ti on
head cont rtod thema] FEHAY paneksioptie befo:ecnemmMgl ieprdgMBpiveltiechoriglieese mexd ernal ' to

the 10{) ﬁ{eatﬁﬁ%;r% »%%%&Q'njnlﬁ;bﬁ%tt&ﬁﬂerém Mﬁrﬁna? erp§£ ch@é n@aﬁﬁ‘r‘x Gyl ated and

saved stemstartin ro for the
post test 'leﬁﬁedetﬁéﬁ'ieﬁ% Pdi‘ﬁatt*@?t&’é?é?ﬁﬁdhéeFSiS'teo?rYdthSQB“”ﬁr%Pter'al Freq“e”t or (h) t hen,

after a f eamdﬂiﬂécﬁsﬂu&iﬁww bmasthermfal t%ﬁﬁ@ﬁ &feklns tdﬂ@xéﬁrﬂ% @-&@fmzﬂili@mslﬂﬁs coati ng
selcects a val ue

qual I ty’ %5? aﬁt eC% '[.ﬂ oper pon re 011, F hln or excee(iin dgf]jermme
of Si and 518 "°FHE °8t Ssequ gproduc‘ﬁi"f oqn r'uns ? he process for
coat i ng workysiueciadicate thabehapgspih ﬁlelsﬁfguiitﬁ@Q@Qiﬁer@Ut%ﬁshme§hW@1h addi ng Si

and 8218 0 t¥e|33‘ne$1@ﬁweé{r%| ldRSate @r, Q}erh¥3§s inltA: Bdnfigghiohraritke Jentirk @yé?é?ﬂhlreas'[ to the
test runs re no e function

oS o 2 e L 5, 2SO BPEL 3L DG 0 BRE Bkl Jlie functior
with a | odpoaternbive wdreskcangolistepl@thie protidel if desimest &t vepyd itg gppereni ess or nore

than the theeshohiht hhdBrebliPdeenldbsdibed SorkifSS than ts, the entire block 2 is
ski pped during the pe é%iengﬂ?er?e gte%, %rult tj and ts will be conpared again

i n t he HEWOSWOPlguMHﬁMsﬁrH@S a;liﬂ ﬂlﬁslﬁribbs\bﬁé K}‘éthb&lﬁir c@ﬁroll;ﬂg thbavér@@et run. However,
s if the actual

5t ovRrs® v APl er0 &bk Bnerh S Rty b S8kppeo BlnelhdibodunliEgiRg | 105 B0
t her mal dejpersss pobpdireend in @GQFQ?PW@GM*M?TIS ipgmtion. rin it rrporss thgeopenatieli dtent s i s
turned awape &@%kmeolm@%@é@%d twah'e@herrﬁ&;éhbsthb BeﬁddﬁlB@ﬁ'éBd%dQ{e limting the

deposition of oat ivered to the workpiece
sulrof ace sp"i‘%‘é‘%ﬁce@fﬁcoﬁﬁﬂgﬂé’@? tfaﬁﬁ Og&'?’ E’EQFM%Q%?e more uni form Noltoe

o bl o hedo b irtfenkHERUS WY shiftte 1Ml S5RRRGI! A, head doesn'

25 [2] cumulative or time-lagging temperature corrections.

[0058] Block 1 describes the control of the flow of coolant based on an actual value of
the mean of the multi-area temperature readings, mean{MRR), while block 2 describes
the control of the relative speed of thermal deposition head and workpiece, and the
turning-off or turning-away of the coating material discharge from the thermal deposition
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 tumning away of the
coating matlerial discharge means tuming it away from the surface of the workpiece. The
coating material continues to exit the discharge head and is typically collected in a
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of block 1 which continues its own, independent control of nmean(MRR), by
turni ng 30coolant flow on or off, if required. If the S(CVMRR) value is |ess
then S2, the next logical box in block 2 conpares the S(CVMRR) to Si. If the
S(CVRR) is less than Si, the programoptionally nmakes sure that the thernmnal
deposition head is on, in scan node, and that the notions are executed at
the normal speed, after which, the loop is restarted in the next

time-step. cblftal'hé‘rg Nfﬁﬁﬁbnél@ NS |§b@af&l:ooi&rh@loxp%%feﬁiﬁbl%twéﬂnﬁoltuhﬁem to
accelerate,the re i on head and

wor kpi ece, ‘Sptid eét‘l“'l"'ifj tﬁfi?tg?m?rea'l??ﬁ t'Egb}"aéuelsH’él%1 %rrg% Hg(?"grg' g% Kst9 on head is
on. After {Thiirs and TreaXi empleiesminesbiatht echting ptobesspxttot inmevaicept th&[ 0061] The

advant ages gQgtmb BRd E&%ﬁ@hc&%gggge lon péx?éf‘r?ja"f éné}gnail Er?d &H&ggbﬁﬂ%ra%rﬁt he present

i nvention detail Cit flexibility
of the pr o@@%%‘pﬁfﬁ’é ‘Ttﬁtﬁeﬁégﬁéﬁﬂérﬁf” ig gritepereceding HéCkaOr kpi ece cool i ng by bl ock
ece surface by block 2. The process

1 dth h K
al Sgri : h(ran i@%&hsﬁﬁ{a}g r%d?%%?é{@?’gvﬁ\%cﬁ "B ARSI B8Rl exi ti es of associ ating
specific pOI nts @?thEESrSB%?Emut&QE%Q Lish onﬁp&’g\ﬁ@&ﬁ%)e?ncl%cgw f ace wth the

actual position o deposi apt| Se
mani pul at i SANGTTMAsE perhthepsboled ae ﬁwsebﬁmﬁ ol lers according to the thernal

gradients identi d.on time thernographi ¢ i mages. Moreover,
the cal cul ation @ %% r@ﬁ?ﬁi&)dgg%ﬁ‘?'ép%adﬂ?%b@?m&ﬁwéCFGP%ra*&W WHEiRves n and a
chance 1Por airepineicadigg dith¢ malionpmd tesserpal dupeditnseat grog@oiitdige Syst em

confi gurat [ QRects cc]}rnﬂi(ijg %&r&xé&%lﬁﬁ)@%&%ld%&gﬁ I‘iL%V\(SI !Ith uns,

corrections can i zed coa i on process
may oper at EMPCTAURONRLIEREY ue of S( CVMRR), Wi thout tri ggerl ng noti on speed

changes, and c I t he cool ant fl ow wthi 0062] The
procgss and sys{1§9‘1)lrl|9'41 %3 ﬂh%@ SRR ’B@ed'éﬁﬂmf*cﬂep?té:éb atm%a??ag\trol ] of a
t her mal t r eglicaenensqs MIEEs r exanyiie, cdads edpvenalsingle ansasedingglude@ARRs and a

conput g5 afem2QcHisAloilfealF L6k %tm@@@mc éwés Fle YRR amo%f%(e used in a

cont i nuous fe?dback Ig}@g to control the thermal treatnent of a workpiece.
[0063] The "PSISREFYe QML Figr éen thetpr 67 Y gee R IHET ous
enbodi ment seadihgd (MRR)rave ndlcwdatesindir aesn, nehniVRAONdew th es@SIAR Kds 4 he scope

thereof . la‘?ur& Pl%?[ag;oﬁé}]'eey&is%grQw(asifdegt\eé »Dkrhn in & %”E;x of {e%é)e%t rmr e fully

explain the contro ters enuhera escri t he process
steps showParRIFPHVE. SU'FﬁCQ%‘S lpcatigg g cgurgq andrewdiot exafrale vat“afb@ t he

descri poi Orbmpb&ﬁlﬁé}eaﬁlng in te blrlabs hrea Dashodn ey MBhedEROSi the HRe-BEPFESS
enpl oyi ng g, \{}ert %d‘? |g4% conprised of a workpi ece substrate surface 41

whi ch has cy drichl ape and which is 30rotated during the thermnal
deposi ti on coat, (41 1 PERRRal bEREn WRLKPISAGR bW 6, GRTRLD, &ﬁﬁme%q@r%&p' ece

substrate surface 41 is nounted in a renotely actuate rotating hol der
(RM) 42, SRRy Ladingss Reppaserhicf Tt Xd dibe meamis largar diandimaxthen 8ie t he

t her mal coolant flow starts (or may be increased when this step is repeated in the process) and
25  the process repeats step () for the next time-step (§=2); unless the mean is smaller than
Tmaxi then the process continues to step (e);

(e) the second logical box in block 1 compares this mean vatue to Tmini. if the
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 ({j=2) (the workpiece is too 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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deposition head (TCD) 44 which, in turn, traverses over the workpiece
surface by the neans of a separate actuated holder (TCDA). Traversing in
sync with thernmal deposition head 44 is an el ongated, cryogenic cool ant

di stributor (SCVD) 48 which provides the cooling effect either to the
coated only portion of the substrate 41 or to the 5 uncoated and coated
portions of the workpiece surface. A CNG or robotjc-type nmpotion controller
(VD) 50 cFuPRAHLATENt o1 EbEFRaRES o STHAOVo T FITIGH TR NEF e co 40, t he
noti on of tbheopdnaonral deposition head 44 and, optionally, cool ant
distributor 48. [0066] Due to the rotation of workpiece 40, a non-contact,
optical, nulti (fbf the meps valne s NRGSNan $migs gnfhere i appeange Biytke sl ng. The

nul ti poi ntaQRtdale. #RNSOENBNERABs 8BS0 T iR LPENEdBbfRERIb@InGes 181BJI e- poi nt

sensors or the pulti-point sensor can be t her magr.aphi ¢. (t.her poi magi ng or
t her novd siS(S‘??Pe%QWF%StS%??Q@Fér%fthWBiﬁsﬁ5398%{5 S?Hé‘i)'d'g[heﬁ‘i%\”ﬁétt"é‘ﬁ'sg)%am ned
surface ang=a)i gitizing tenperature outputs in selected areas within its
vi ew. Exanpl es of suitable single-point sensors that can be arrayed for a

mul ti-area tem@iwtaens (Hebowrersind Wihereuevwsimster ¢F 2t ud- hav el iedgt h

gr;vo- col On)nmit tﬁé ér@f&%ele%tawe%ggmbtpﬁ&ég Aviakl aktb@hiddaentd tﬁfr@ﬁl (ze!ﬂf)éit&fned, Ra]yt ek,
ga, and other ve : onveni en n.a,given application, some o

t hese sengﬁﬁgcﬁrﬁl\{%&d@%@iaﬁﬂgﬁ’%w T%Qalgfé@@rwhéqh%r%ﬁﬁa{é’sli ©d"%r they can
transm demperaied: wmpiral epstens| TealaBiey pES(CMER) bleealopbied ahd $avbeby thdhe nost
demandi ng @OBkE SRR BSARFEA ML, & K& Al dokekit i BlriaBERAl LT e T ange
can use an array of self-correcting Quantum I R-thernoneters from M cron

whi ch i | | Uiffsiae S2erme2taifget surface with a beamof laser in order to
correct the inigtially assumed em ssivity coefficient. /]. . Present ed
cyrbol | cal Ty 1 ARG HeE EOEPEI Bre et ol h oA POk bEn be

di st ri but extality. cotrelaied hwitm e sepvdeslien pldHGVMBR) avdselachia \glnefoageanst S2 he
wor kpi gfe d0nk BuRBYLeWBYodREBAuEONVeNni ent in a given situation as |ong as
that distribution is nore or |less 25uniformand, at |east, sone of the
areas are [DOGDAt Ete piocdsh éorab&mg wofkplehes, witsrkpinplegwhd ebt rasestenpeict ed to be
the most selidufia 59 d RIBELALULE o/ AL A OStmakleintoffasplo domer at ur e
control poin g “or areas, e.g., A gB,,I':_s‘hown in Fig., 5 1s not critical and
may vary depehigrhyathbledse arg pew egergtng imearalge Néefungiaddf blegt 1 BHeE r nunber
SEoul d be @er;és@ﬁ%ﬁaeé f(bd@@fdr&féttesgfﬁﬂfﬁilc%@& steRERRN aldglcal ki shédkiagiri ons oveL

the surface of the workpiece, an e, 3Qt enper.at . strihution over the
coat ed£ %n&gﬁﬁg%ae{%"gagp\%rtﬁbsﬁ%%seor?l?rr?th%@he F%Srsrr‘,g '%é’f“ ellﬂésgs’fj {j ’r%_ttl)el?rs laqt:égrtﬁ‘r ol points
shoul d be thgertiré bipck hie sdpredidutinathe sendiflg timsrdtgr, betdiand whwig he aerepagedt ew

again in the next loop. Meantime, block 1 works just as in the test run. However, if tj is

more than ts, the next logical box of block 2 checks if the actual S(CMRR) value exceeds
the value of S2. 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 thermat deposition head doesn't disable the operation
of block 1 which continues its own, independent control of mean(MRR), by turning

30  coolant flow on or off, if required. If the S(CMRR) value is less then S2, the next iogical
box in block 2 compares the S{CMRR) to 1. if the S(CMRR) is less than 51, the
program optionally makes sure that the thermal deposition head is on, in scan mode, and
that the motions are executed at the normal speed, after which, the foop is restarted in

-7 .



inches long or wwde, while at |east six and, preferably, nore control
points should be used for coating of |arger workpieces. [0068] To further
illustrate the control of heat and tenperature uniformty, assune a
cryogeni cally cool ed thernmal deposition process, where a single pass of the
thermal coating deposition head 44, (TCD), over the workpiece results in a
0.002-inch (51 gm thick coating, but the target coating thickness is

0. 010-1 neheg dekbindlsdl - 1t b WRaRAIRES 1Ah S MEBREM SolRIAIENS Larget at the

normal traverse s use enperature sanpling
time-step ¥ r%tegr@d@ﬁﬂ? mefiag beteeTibbtherna! dprasiip Beasi and aiorkgiece.nor mal  speed
or at a dOlmbilcadliysaiﬁedaklﬂ'@ﬁlr@m@ﬂﬁé the@Sal @épdeiien BdHasd At AP, RO RIh R

mat eri al , "fl&qarﬁ moth % "Sevol ving coating of the workpiece in test runs
usi ng t he SpECIPI s VETEM have i ndicated that the fol | ow ng limting

| T 140C, Si
Yi‘ogessgez Cdﬁ %ﬁ?é@?ggﬂéér é)'f‘ﬁeWQ@HQ%&B@C&Q%ﬁmel%gdlmgrggfth miXI;LO Secondls

as requi r e@" BN ENAPIoBstaebn Figsst hAged 6 jsthe ﬁé‘ﬂi’qffb’ﬁf‘fhﬂ‘ex@ﬁ'twéﬁ@ par anet er s,
i ncl udi ng pheedsatats Moephddt ya@eroftiesidi gtk @6&ing SWQEK &R thd G, the

follow n i th durl rodutlon run:

| ayer or gngéﬁ?weyﬁ%ﬁm%ﬁ o%ﬁr{aﬁg&( ﬁ??ﬁr’%d‘%‘f’@ﬁfﬁ%{ ﬁ@\%ﬁ}ft above room
15t enper at @rogragmeng eseavtondtionbgmifiexitiios obasescialing spayific peincoathietgeroyer at i on

bet weeno80GaReds hdWerigRde klirfdcs wKﬁFNe ahtﬂaitdablﬁor{&qgﬁhg}ﬁat &%oﬁﬂ?ﬁ%gg' ¢ cool ant

flow control ,valv n value of the cunul ative ti-area

readi ngs a égﬂmdg?tgg n&fﬂipf.tlﬁbon[ cﬁ@mtlon and coolant coe%%\!@qsr?@c%g@g tgtthebtﬁerm% an(CMRR) ,
a di scr et e gpdisossinifEdwe coplets, iesl-tinsetdednpgiabic Rdes. DAGeb@ramd cul ate t he

standard d@é{ib@gtgoggf %ﬁ)@ﬁ)oﬁeﬁs JoAly 6&8%%¥ am%l%adgﬁ%%%ﬁépg i nst ant aneous

| ayer, perhaps, era or standard
devi at i on {"Prednedyt '%{Pélﬁesérﬁﬂ’%”ﬁﬂ%% atr eaping systemecosiigumtipn. smtfiaheith tiree at i on
ti me-stiep #é.’cﬂ.foﬂnwlfigﬁfetvh&etﬂﬁlﬁbﬂoa’ett@ﬁs edn @Irhad@ualna |af@®%%bf:?e%dﬂo£‘l@w§ accumul at ed

during coa o] and the v n 8C and
25f | uct uat EJngctBrPgrro@ f%y i’Br g) tagningg Vaﬁ?t"ﬁ% W‘c‘%’g’?“ d995HRS er s,
i ncl udi ng f“l%oﬂ eed shengest actl ennirpling anyshd enolanhiovewiihogeka. cool ant  are not

opti mal , B@ %bs]%ﬁved val ues of Taver and Mean(CVRR) can still stay the
sane as bef'dP PrecRee AYNEeT @' Beinvartion san by eerdyr reatdiye cemrobei@y duri ng
t he coat i ntheopae tredtinon prazeseiachica tamsdeture ineasiing d20&ssakht @rcorfnblﬂeri drgration

%Wasgggbﬁ%qtt g&?g%er{l%éy QRM?’%{HGS bﬁRﬁ?&vﬁlcﬁ Ql% sgrp% a conétr{ugi'is:[ fbe&back processor

ioop to control the thermal treatment of a workpiece.

[0063] The following examples are provided to ifustrate various embodiments of the
invention and are not intended to restrict the scope thereof.

Example 1

25 [0064] The purpose of this example is to more fully explain the control parameters
enumerated 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 thermal deposition process employing a workpiece 40
comprised of a workpiece substrate surface 41 which has cylindrical shape and which is

30  rotated during the thermal deposition coating process. The workpiece (RW) comprised
of workpiece substrate surface 41 is mounted in a remotely actuated, rotating holder
(RWA) 42, and exposed to hot coating deposition material 46 from the thermal
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of the TCD wth respect to the workpiece surface and doubl e the nunber of
remaining iteration tinme-steps from?20 nore to 40 nore, as well as the
nunber of remaining TCD coating passes fromone nore to two nore. [0070]
The increase in the relative traverse speed of the TCD and wor kpi ece 40
shoul d bring down the actual value of S(CMRR) to below 81. If the opposite
happens, the contro turn off TCD while continu e control of
Taver via Jgf’%@@h %‘Jé-gé ‘EVL'f’rf SWHTHRYS e PveéfqeéYor‘f%eée ST@F%PY E‘ﬁ time-step
#90, the acdanabfvadpaeteodctS(cCVRRRr (3B0AL. STranerdrg iBsBHOEithitheengl nore than the 82
limt, th r r I down t he

t her mal d?gh%ﬂoﬂ@ha%?@i%'a?%g&% Yévd\,fclsrzfaé%ﬂkCgé)éﬁgggfgggﬁsgmed&‘i%%ﬁ oppi ng the

fl ow of t HeovdsatierrgolivatcEedt aither foghe '@Q@ée(%?@bd@ftloﬂéﬁ pegRstrge 4 arlRitify t he TOO
away f reomnbsatsddiiacsed Qorb@s%@mb%rk@@de m&béOACNbQ)rf:dbaﬂﬂ?ﬁe @btioR( CIVRR) in

t he subsequent e actual S( drops to
bel ow S2 ( ngilgnég\/%)ghgoo(gg;%t?wae THQEHP‘?“(S%O](%%& rPtgg 'b?fré}he ‘%ﬁrkqéﬁg 4§ tﬁ%l e traverse
speed accondiongf thethehes degoséion brrddd siod.idptiahath osmant wistributetd8. nunber of m ssed
iteration tinme-steps doubl ed and added to the nunber of remaining steps

that are dB0§6kcPue iortas rofaien giovasiriage PR NsenspeericesmywEIN SYSiEAhpl e 2 [ 0071]
Fi gure 3 lM"r@syaseme@fbrt@mbaarur@éen@ke@ometm@mom aﬂeslsempb@yanr@ anopt i onal |y,

or oot T 6 el B e Bl R b R e Bt F s PR &l s B 4 hEpaPapRge® For the

wor kpi ece
similarly (ermvenaghg drhesinovsion Caﬂmtcwfef@rnaem@mt|t@lfm$i(§efd%)@1 ing in the

thermal deRasinkh Qtc0a4d &I@nﬁrﬁﬂézﬂ%ér% LRGN Sel&dtdLH8RY With@as verol ant nedi a,
one or nore cool ant neans , %ﬁﬁrloo(S‘FrOVI de a cool ant 8. These

cool ant neEAREPIes GLyitaRle Sage-Papt ,@e”%@thﬁ‘(ﬁ% "REPYEFHeposi ti on head 4,
nove as t hemgérsture rhasisoremdst isthaasingle oFivgp-walelrpyte stwoaplon)érmied st ati onary.
Cool i ng, t ﬁ%gkrﬂﬁﬁé'a%aﬁié frhpx%'X\Bﬁ K@Jg%ﬁ%aﬁ&%mbﬁ tah@ot%w\feﬂ&cﬁs Ofs the workpi ece

to be coat ere oSl t coalng materlal isS nore
desired t HRAVERsSE in ﬁg?“{eﬂép%'é%tl@“sﬁoﬂ‘@ bihephienipre eph B eAURPedYERa BFet he
resul tant $hingasvich GiHeyRbt treimitQbqed beRal BPalsiviadickibe cbijal iedeTref t he

wor kpi ece SurtBg‘n(%aﬁdngragp!&gﬁqnls(c:}asf,rfatmglwntﬁlnporeFah\%(ydﬁg%Et%mSerﬁmﬁ qee(,%§ was al ready

coated or Mot means, nozzle
10A i s usewetao agpy efypeltooteaing @wntuﬁeiﬂstheffr@wte@ifoﬂhM'qmr%mhe@@'wt\%n t he

deposi %g orthé\fazgeltgjrﬁeé/@ﬁhébém Prahdet & dfder & cor@st tike ihMBdsunRRidtissivity h and g,
nozzle 10A'" is used in the reverse directions. |In these

respectiv %0% an
enbodi ment€eFREMcool ant trails the deposition of material onto the surface.

30[ 0072] | %J;@.ﬁtge( nﬁ%ﬁ&;ﬂ%mﬁ’te@éetrgﬂmé%gm o.étt;wmu fQGgRd air

cool ant st ea can be em by a a conp ressor or fan
t hat bl owsdigfifutasiiydhe %t'mrp%éozeﬁratpwemﬁ F%\éﬂgéééf thNNP"kB’S@ﬁ 1thig a8vul d be

pr ovi ded l Wf@@@ dhvedlent iR a@d@h ts.tuanor{ & !6iﬂ@/é3;gl|5!ﬂld§;trtb0ﬁﬂri ingrore i @ss oNpr essor or
n r n
an co Lim?forgb?ﬂds %t 1?a§L Sprpe 01I tﬁﬁ ’?rFST’ fme oca{eﬁ % th% ﬁpfs om{e \t?vgr?p|ggeo\ﬁhef%i y adding

a forc essor or
control I erarpoxedted d) besthe trioet sepsieg t@feﬂtph@tttf@mﬂaé%oﬁ he giz¢ efrfeteergtder ease t he

air flow r@fnﬁol(p%fﬁglcﬁ‘BFestm @XLI Ak ih ﬁ@ s«@ssnd%em@pgnama@hs t her mal
treat ment process, decrease the air lant is

needed.  AsteppatREidhe B(B%Qféhefﬁ'la{%f'ﬁ%{t“‘ﬁ% bB‘d‘g%if ‘&ﬁ'tt?' %}%HE’BJE et Fly added if

desired. 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 long or wide, while at least six and, preferably, more control points should be
used for coating of larger workpieces.
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Exanple 3 [0073] Industrial tests of the present system and nethod were
carried out during HVOF spray coating operation involving WC-Co coating
material. The HVOF gun was spraying 45 grans of WC- Co powder per minute at
an elongated, rotating airplane | anding gear 10 conponent made of

hi gh-strength steel. The surface speed of the rotating conponent was 150
ft/mnute, the gun traverse speed al ong was 1/8-inch per each revol ution,

the di Stanmsbjetmﬂqéﬁrﬂﬁst%@‘th@@&ﬁﬂo?of%@gaﬁwﬁ'%nﬁ)‘é%ﬁ@@ﬁﬁonﬁ:y{r fQgReas about 9
i nches. The HV en-oxygen, wth rogen flow ate of

1595 ot anaSMeRtBI P BLlShus SEHOA o168, Hisy® S0pPoss BediiEal and ¢ he
oxygen fl om@h@d@fos:ﬂ&ﬁh@tdan,d(acd QUi the drkR&de rofiits RQLE.0@LinckG51 Psh 9 suppl y
pressure. or less uniform

r f UI Z y

posi t i onedﬁ‘zﬁl’]‘ Cﬁ%h“%’ﬁ@?g&?%rg?}fco ?*}%%%Si I%\@Oi%%é?ﬁ4 - FiYe PETSst afce of

about 45i nofmedmremhttzstagwtﬁtan@norﬁilaleranazezbmdwemerDssémr@smgemaQ phase

i XLur e of wRhuARRRLE ohbiHYRE AANOD 530 O%3 ik Rl Sl SRIAY dovar d the

surface for coo ryoge d bout 120 psi g

and its peé%"’@hﬁ’,@?‘%ﬁ'rﬁ)‘ afpeRigdgnsed. ZWPGG@FYQ %autﬁyataﬁmiﬂ pastiagt cool i ng

requi r emenatevieisardgRiehiests inbiging 0tBhg 6fth AREKOXdTRIB] Vinddsi Agbiﬁé fﬂe@?ﬂ& ef fﬁur
ution o e

infrared ( r nonitor te ure ev

conponent lsrée%}fs 58% gave"ﬁ aﬁﬁggﬁﬂfc‘ﬁno@’%’ﬁ"}ﬁt@gSﬁig%arﬁeﬂrtP BPed 4%l the val ves
di schaf@i ngrodudfiogens:nigetd° g madi14erc, smao&amem“@m thragHoldftonerts sensor s
were posit p@mestiodnkiepsan® ssédias Qef. reﬁ&?edcﬁg) EQ&% A\ neRr ayi ng gun

25 and the cr eni c ra nozzl es, eve sor positioning could
nave been BEPBRMEIOThICLER it foEe ‘ETP"Y%%WE%" e ahn 19

t hey were &@idvind e 'bbsevatibial thattnfy btemeade adimghdMoliugomunand t he cool ant
dosi ng cryogeni c nozzles, in addition to the surface of the conponent being
coat ed. Thus? tTerncemeer®RR)stade fibmdie igiljal taemeradurt eoroeehat aboxerdomwi t h a nmuch

hi gher 14 evel Oftem&!r&[]@lan[‘}‘Qhéf3 s!o{vr}alﬂcthéle & X&th% (?B?lq‘g%‘ﬁglrah gge%];_?_rlei[ff | ':?he

four IR sensors re oi nt

T2_1D- IR and T?Oy%‘r%ﬁ‘ofﬁ@"df g’?t“ﬁp‘dhf@'s range SPerEyRaeia ool fRshaplal , t her nal
i magi ng caner a veive@m)i r, A20 nodel, which was set to acquire an average
tenperature reading froma rect angul ar imge area positioned over the
central portirorMesn vele otiberponedsiive suulf-aee realings fB@umuberdsionsy ther e sendi ng
tenperature re%@htﬁ@%p&r@tsémﬁleaﬂgm o digelle pEOE! gy i, wush d BhPAC as shown

in Flg 4 at t corresponds e frequency of
execut fhg cont :bgi/lg}f’\(gg’p‘?iﬁ“%éan%%tai‘%rﬁed'at%” S(&Mﬁﬁ)e@ﬁtﬁ’laffstb}’ vch €Sk hown in
Fig. 5 was set tharth@oantamook Tawanetzhatwithineheaangendf 106°Citafieg°cat i on ret ai ned
in the CVMRR table of thermal readings was al ways covering the 5actual
monment and t e SEMEROUStapgardgieviatingds exicuideg andsindmel dreptinfe-gepuieorcy. Thus,

the standard dew |€&éti@ﬂtl§é%@21 i‘i%ar%'p%yunato%f&%&tﬁ!a?eﬁ@&j%g from
tenperature data ta ums,” one for each

sensor, and 20G°f4 atedl‘?’r%’”? B?EIQ'BQ\P’FF@at‘OHgWRBEH‘dﬁB%‘@ Iafes? an Ak 4 ues wer e
used f&F pl ot t ifinguatésebyt aboptet®@t ur e during the HVOF-sprayi ng and cryo-cooling
run. [1] The val ue of Mean(MRR) was 1Onanmed "T instant average" for

si nplicityl08§H ddheintigresessparspgtenssngudingrthe oeatiop Rf dsitaters fanded usi ng t he

same procedytigeniasodih letot dhtinfal, Wl dbSe BBy RRERET Rer 4 MRBIANRR) &nsel ect ed
openi ng or RFRLIEgelF % ﬁef‘oae”%@gﬁast?q%%&e°ﬂ{%aws9(%5?13%5&%%?3%&%! e
the coatlng operation to reach a value of, say, 20°C after the iteration time-step #80.
30  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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1=- ETA4i = (F) 15The second tenperature value cal culated 2-tinmes per
second fromthe 4 x 200 sized CVMRR table was "T tine average", or an
average tenperature over the component surface during the nost recent 100
seconds of HVOF-spraying and cryo-cooling. T Tine Average = 1=4 (= 200 1 E
Tij =1F 4 x 200 (=1 (= The standard devi ation was cal cul ated and

s SRR oo ¥ i YL e BB ELa SIS At coorees
bring down the actual value of S{CMRR) to below $1. 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 time-step #90, the actual value of S{CMRR) shoots up o

5 50°C, i.e., more than the S2 limit, the thermal coating device controller, TCDC, will shut
down the thermal deposition head (TCD) which may be accomplished by stopping the
flow of the coating material from the deposition head or turning the TCD away from the
surface to be coated and monitor the changes of S{CMRR)} in the subsequent iteration
time-steps. As soon as the actual S(CMRR) drops to below $2 (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 iteration time-steps doubled and added to the number
of remaining steps that are corrected for the doubled traverse 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 cocling 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 materlal is more desired than cooling
the back side of the workpiece because of the resultant stress distribution. Of course,
cooling the top 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 deposition nozzle
moves from points ¢, d, and e towards points i, h and g, respectively and nozzle 10A’ is
used in the reverse directions. In these embodiments the coolant trails the deposition of
material onto the surface.

30  [0072] In alternative embodiments, although not shown, a forced air coolant stream
can be added {o 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 comprassor or fan could have a set flow rate or be controllable

-26-



1 %1 0.01 T Tine Average The descri bed spraying and automated cool i ng
operation started only after setting Tmni at 150 deg.F, Tnmaxi at 300

deg. F, and preheating the conponent to 150 deg.F. Fig. 7 5shows all
measured and cal cul ated values during a 21 mnute | ong conmponent coating
process perforned under the conditions detail ed above. It can be seen that
the IR sensors show wi de ranges of tenperatures due to the effect of HVOF

gun traver%?t@'tﬂodéﬁﬁbyaéddﬁa@ a%rc@créﬁpcdﬂ%a%tﬁsc@aﬂgumg th BSifbdsB%rYan, SOME show
peak tenper. ow | ow tenperatures at the sane

t ur r
snap- shot i ﬁ@”ewv@@f‘waﬁ *%%%“eeg ﬁéh%B‘?S’i‘pé?ﬁsor F RJRITEEES HE 2 AW ant
t enper at ur eetawnmgtewhmn(a WEBRRNhg ves cemisd by BatHeymalakament prbdebs, tthe t ypi cal

variation 9%0!%&6%%’1& Q%V\ﬁfgteg&%h |6F§ @]%t sh!%ers lxé(%ssgc?a tO%%Ie) r a%tur e shows

al rost no thermal variatio raverse {*&nt on/ of f
flow. NSt e\%‘?'%fﬁ‘ycaf‘t%ngtaﬁ)/rédd&dé‘ldﬁg@dterrper ature could be used to track the
evol ution of both the coating materi al and the substrate tenperature, i.e.
the tenperature of the conponent nePBFPEI° 15under the freshl y deposited

t S d_dur t
Che 50 g TPEL HpSiHl bk RS BoSHl ) 4 Bfad B8 oS00 RRWPIATE v ot e
This | eveI SHRY §eading epadatigeiivalving VG- ﬁ@lp‘aﬁéﬂt\@&ateh@it TohBVOR@rmaks spravirguced
stresses i B5gResCHAC- @gp&mrg&bﬁﬁmt%f‘an%ﬁg%d thzng%aaﬁ@rén& Jik?ge%rryo cooling

PrgifLeﬁPgéﬁ?fﬁg&‘t&gw&a‘%ﬁﬁ%éféﬂ@fh %ﬁ‘i fw}%%a%es%ééq ﬂéf?%{atamg W%Wo cool i ng

val ves conwesl seitfminte the gy stemecihept ais@ntasi 8Hac poracaevdidiohand at t he
thermal pl giihEOmRal & e btﬁ]fno%!é’ﬁndl@ uﬂﬁpdngﬁt Cfﬁﬁ%]cetm?agg%lﬁrg%aﬁe%allh es. [0074]

Exam nation of the coatihg produced reveale i.e. less
oxi di zed t RYPFRECLEAIYVHRIPramettuine Hydcf?@né'@‘f‘iﬂﬂtﬂrﬁfﬁ&ﬁaﬁta“dﬁ@r%'é@ air

cool i ng. Thugsperthber at USEpstS sUppR psbiEte, Zdnﬂ@e SKhyEpgRRiLte fidvs e@Rdbr@sutiche cooling
e N
2ss umformly positioned along the axis of the rotating component at the distance of
about 4 inches from its surface. The nozzles were discharging a 2-phase mixture of
cryogenic nitrogen vapor and fog-size droplet spray toward the surface for cooling. The
cryogenic fluid supply pressure was about 120 psig and its peak (maximum) flowrate,

20 when demanded by an instant cooling requirement, was reaching the level of
approximately 22 jbs/minute. Four infrared (IR) sensors were used to monitor
temperature evolution of the component surface during this HVOF coating operation and
control the valves discharging cryogenic cooling medium. For convenience, alt four
sensors were positioned on the same side of the component as the HVOF spraying gun

25 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_1D-IR. The forth one, T5_2D-IR was a 2-dimensional, thermal
imaging camera from Fiir, A20 model, which was set to acquire an average temperature
reading from a rectangular image area positioned over the ¢entral portion of the
component surface. Al four sensors were sending temperature readings to the
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di schargi ng nozzles to assure a uniformsurface tenperature than offered by
the unit 5described in Exanple 3. The sinultaneous use of nmultiple
tenperature control and cooling units, each working independently is the
nost preferred procedure in order to mnimze tenperature differences
between renote areas of such large or |ong objects during processing.
Exanpl e 4 10[ 0076] ermal treatnment s s emsimlar to one shown in
Figure 4 &Y H@%@GV\?OPH@U‘LQ WK ECEY %Fnﬁho‘é(ﬂé] PHOIE 558y %fr?tq%ﬂ ow controller
to trace twiighenatipoedssy tlelftecancy uf dxaguting esmirooal ¢stiawngn Bf;. 4 A ot at i ng
conponent r e Mol @ﬂag ure and

st andard Jg;\gggog(% @?}ét\%a n%l#r 5®?ﬂ§qu03r%ea@gd§%ﬁn E><£i&‘§llqhgx F}gft obj ective of
this oper a@fpwwﬂ%@temdrﬂaﬁhg @Mﬁ?eta@@@fﬁbwm@t re@@ﬂ%téﬁ#%@ﬂ%ﬂ@%l

15t enpey atdéfRl hom@and thd pRvEeL100 sebsnddaf B 8ssutrRe 23&“1%@&%@?%@3?\% Pe :
eir differen

readi ngs fromind sors nifican eto.t

I oca!tl gns S&;\?"tdﬂrld d@%’%@@%ﬂ:gaﬁﬂ‘ga? ?%\Q@?%Z‘ﬁ%ia h(j!attﬁ’ée}r@@ gprepiye §f%en point of
time, but tetle aaskevage Flgehpeéthatawtuess, dnetfdr eactsdeasdr, and@00 rove. der age showed a
| ogi cal trf@iﬂ)g' r@hﬁBdiﬂﬁil Aomreﬁ%]ét@l%taﬂg Vil é?@hse%% p@&tﬁgq{@emHérEtuF mperatures of

t he preheate onent e resul IS exa are shown 20in Figure
8. | nt er estyringing HVQFesreaying @ad Eﬂ’%‘é‘%‘?"a@ ftﬁniﬁﬂh?éﬁﬁ'ﬁﬁfé&eﬂf‘@@%tﬁaﬁng this

pr eheatd nghagperainki@nt dvérab@rf@ﬁsﬁmphbltyeaéxd|o§l$t$latd@ﬁﬂde§ﬁées Fh:iifbutflRiéﬂ@orHVgF Sprgy |
coating an r oper at i,0o vat ed standar
devi ati on L\%gﬁu%'gg trgg\gaéa g’&“é’ﬁrﬁ b be? [ ?héivag”relwnaé’r??mgagd %d)pfaﬁ?rgt he further,

ful ly optissiegied TownperhEnaxi pﬁ*@ﬁ’é’attm%g)eowew@ﬁ pohyasskrgd tacdssoldg ri ed out using
hi gher 1 ot@khifg osdERA%f htRadladtBow RVdsNg at | east one of the 25t her mal
treatment neans or the surface to be treated faster relative to other),

e.g. 300 ft/mnute instead of 150 ft/m1nu.La, and/ or hi gher traverse speeds,
e.g. %inch/revol ution instreadtakradd 8-_i_n,cErﬁvg(l:]uti on of the flam ng device
whi | e increasing the nunber of preheatitng;Rasses over the conponent
surface. The desired changes in the preheating procedure based on conputed

standafgl dguisatdng '?eré(;?éré!@% vEigH EQaﬁ’zﬁe@% BGEL S SORAY %r‘nXhe 439?()/0 iRKr ogr amm ng

the robot noving t | am ng device, or automatica eedi ng the robot
control | er® W%I‘P%?EWS Fil“@ﬁé’?’eré?fee‘ﬂ a) Fveraee t?ﬁ‘p?’ﬁvrec%’eh’éfaﬁ?’a?%ef‘the st andar d
devi at i on dnweh@vduihigthd @gist recknd Mustcondsint HROB-seeagin ey criydienatlesi red st andard
deviation was | ess than or equal to 20F (+/- 20F). Exanple 5 [0077] The
coating and cooling process of Exanple 3 wj/as adopted for an el ongated
substrate part simlar to that shown ikn Filgdf®e 9. Typical exanples of

el ongated parts are 5act uéﬂ"é‘ﬁﬂ‘iﬁiaéitnn“r‘g&is g}ﬂﬁil Fifér | andi ng gear, or |ong

printing rolls, and in all cases, t i=1
j= 1

The standard deviation was calculated and displayed on PC/DAC monitor in two forms:
20  as an absolute value in degrees F and as a percent of the T time average.

-8 -



characteristic main | ength these parts is many tinmes larger than their
characteristic main dianeter. Four stationary coolant jetting headers,
Cl-C4, can be used during the process, each inpinging coolant jet cj at the
part surface, and as shown, each coolant jet may be designed to inpinge on
the surface of the workpiece in the zone at which it is 10directed, or at
two adjacent zones (not shown). The length of the part was divided into
four zones, zl-z4, corresp cool ant headers. The
zones are areas of the suriface ofi=tdhe wor kpi ece determ ned for the
tenperature measuring andftenper atiff® contLoI purpoies Such a division is
t

necessary because StdHev.Er er-srng ECE gun, | TTiree Avr@at] seuffce, cannot affect
part tenperature in the nbtd%areas as nuth 15 as'in the case of |ess

el ongated parts. Consequéntly, a jgriformcooling of the part with cool ant
headers requires that each header can be controlled individually, i.e. each
zone can be controlled and cool ed i ndependently. The tenperature of each
zone should be nonitored by at |east one non-contact, infra-red (IR
sensor, or a plurality of/tenperature sensors. As shown in Figure 9, zone 1
i's monitored only by IR senspr | Ri?®hat 2Qneasures the tenperature only in
an area within zone 1, t zone 5] gihoni tlored Aeyagd and, partly, by an
2-di nensi onal (20) thernp-i*é¥%n ;camera IRS. Zones 8 is moni tored by | RS
and IR3 and Zone 4 is nohitored byHRS and I R4. As disclosed before,

over | appi ng and/ ofld-@ei t | pte—surface—rreasurerent—areas; =fik&f5, in each zone,
and al so tenperature neasuremgnt ameassriggat are at |east partially within
mul ti pl e zones provi des 25reliabl e neasurenents, avoiding problens with
transi ent blinding of individual IR sensors by HVOF gun, robotic arm rm

t hat mani pul ates the gun, vapors and dust. Stated differently, a plurality
of tenper alha desrimd sprepeqand aitdndted @olrgpeiagordesitadenhiyanfidr sttingSménipl ural ity
of  emper 2450 JIEASHAdS 0B ABTF, o m@%@%%ﬂ%@néﬂ‘?%ﬁ%g&e%g as shown for

zones 2, 3 and 4. asur ement erature 1 nan area that
is at I%as?hoé’ﬁﬁgf‘leia%l-l‘?‘iﬁ%CtaHF'Hteﬁr‘ia'Hﬁﬁ dEBsE 27 Biuite ’8%&1006@00%604“!19 det er mi ni ng
t he aver aggrotesaperfainad ended theabnditeas tetailtd abone It 2atbeisseratdjitaee® to the zone
or zones | RRs or_for the

cal cul ati o%s%%p%& g ré@@?&ﬁ&%ﬂ%ﬁ gmgggg&y{oq ‘%}ecez%rﬁies |gr1n\/\%vef?19 e

t enper at ur &PeiR8 Gf @Yﬁa‘ﬁﬂzz‘ﬁ% arfb l¥Ripingly. s8me shevhecakderapeasftureh whileethper at ur e

measur ed bythérRehowlbe t@ﬁwﬁﬁr‘és ﬁﬂﬁé E4the HabisRE iC@Ad.| QeARdeLORt LoLRI an

el ongat ed ed Ln ure C n Tabl e bel ow whi ch
el ongal ed PRl B ST b A, PeS TR e ulyPar e by e et
aver age f otyriez ghriatpn pHessAane® debvand treFinglaverage teipttabughowRBInmesas ur es

tenperatur %thb%a&ﬁhr@ﬁ&?du%@@!he lg8n %Je@erhnET%HetdoQﬂaﬁt FRIHGBw. NaRWBME/, age
t enper at ur rreasure can_be used the T I nstant 5average

cal cul at i off’sii§ie avg@ge lﬁ"}/"pfaﬁ‘}g %‘%"SUSGQW@:?“ ﬁ‘e eyolytiny %Potaéhesq@am in Table 1.
The t enper atterd aifd thnsumteamepfagereceé tg! teryetatii@rof @clmpo@t mhtgriaised f or

contr o4 NPl Rl AAUELEnD. SBRML Pioldi BIGLADS oFFEIS: oBudh c00! ant

headers Cl1-C4 oW va
i ndi vi dual PEgs$E Was P@P%W?R&F @F@\Wﬁ?roﬁfﬁ#Zoé"a%fﬁh%w averagee tadmeratirie cool ant

flow rate vaueC Ohisndlel @diahdsedevdlion 1@QGE§EH3$@@ tr@ﬂﬁéﬂ@%uﬁeﬂﬁstfgsé&% ant
r the workpiece or for

10aver age asured ope,. an

the zone. C?ahl{mg 7‘"‘% né’alra% %thgrj_&&ghqug aﬂ%p‘e\ﬂy{oFﬁoﬂh”ﬁgﬁ‘é’uﬁﬁ He 4§ Tmax, at

| east one wodash 6 1shbliénefoertitin minroasr daseriabenh. Bekevidencs of bamggdnty t he
procesgy an@o%ﬁ@crﬁ%’ooﬁ%%ﬁe@@dﬁ&rﬂﬂad tyThe' éﬁt{eﬁ‘l% pRYEN AR ERERAT Ur e W thin

Tm n and T d’ E’ﬂ?‘ w rate of coolant fromthe corresBondl ng cool ant
neans to tﬁ 4 éh?rg‘a{m?fﬁraﬁ’dﬁ%lb”qfH’pétﬂ‘d“? PelAnkigMReIptEigvalUBhg t he T 15i nst ant

aver age f C nes_the Tt r vera aver age
t enper at u?@ﬁ@e:&é%'ﬁg%% %ecgathﬁgéoﬁjlmée ?Ver%}p%ﬂé%ﬁr“%gh? °alt let's?le zones) and
the St anda@W@é\W@tfﬁlwaémmMéd with the cereatiinak @Jd:easafrl@ecﬁimge)"hus the using all
| R sensor inputs, regardl ess of their zoning. This assures that the

substrate part tenperature and therma?g‘unlformty 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 traverse speed (V traverse), and/or an increase in the rotational

surface speed (V rotation) which provides an increase in the relative speed

of the workpi ece surface and the thermal treatnent neans, and/or

the coolant flowrate in one, two or three or all four of the coo

shown. The flow rates throu%h gach of the coq%@ntfﬁgts or,..headers
% Oy i e

25i ndi vi dU&F P
coottingguélRimpRRet®8. | R4 | R5 (2D camera) T instant average for

control
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controlling coolant headers in specific cooling zones
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[0075] Very large or long objects may require more {R-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 control 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 simitar 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 {o 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 time average showed a logical trend that well refiected the real surface and
bulk temperatures of the preheated component. The results 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 cryo-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 fiYminute, and/or higher traverse speeds, e.g. Ye-inchirevolution
instead of 1/8-inch/revolution of the flaming device while 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. In this example, the desired standard deviation was less than
or equal to 20°F (+/- 20°F).
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headers in specific cooling zones: header O in cooling zone z

T(I'Rl) header C2 in cooling zone z2
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Example 5

[0077] The coating and cooling process of Example 3 was adopted for an elongated
substrate part similar to that shown in Figure 9. Typical examples of elongated parts are
actuator piston rods, airliner landing gear, or long printing rolls, and in all cases, the
characteristic main length these parts is many times larger than their characteristic main
diameter. Four stationary coolant jetting headers, C1—C4, can be used during the
process, each impinging coolant jet cj at the part surface, and as shown, each coolant jet
may be designed to impinge on the surface of the workpiece in the zone at which it is
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
as in the case of less elongated parts. Consequently, a uniform cooling of the part with
coolant headers requires that each header can be controlled individually, 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
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 {R3 and Zone 4 is monitored by IR5 and IR4. As disclosed before,
overlapping and/or multiple surface measurement areas, f1—i5, in each zone, and also
temperature measurement areas that are at least partially within multiple zones provides
reliable measuremenits, 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 femperature 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 measurement of the temperature in an area that is at least
partially within an adjacent zone, can be used in determining the average temperature
for at least one zone that is adjacent to 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 conirol during coating and cooling of an
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yes yes (T(IR2)+T(IR5))/2 header C3 in cooling zone z3 yes yes
(T(IR3)+T(IR5))/2 header C4 in cooling zone z4 yes
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elongated part presented in Figure 9 can be set as in Table 1, below which shows the
temperature inputs 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 controlied 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.
Ifthe T instant average is not within the Tmin and Tmax, at least one controlfable
condition as described before is changed by the process and system. For zones having
a T instant average temperature 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 to be calculated as before, i.e. using all IR sensor inputs, regardless of their
zoning. This assures that the substrate part temperature and thermat 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), and/or 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 R4 IR5 (2D~ | T instant average
input camera) for controlling
devices coolant headers in
selected to specific cooling
control Zones
cooling
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shown in Table 1,

addi ti onal

i ndi vi du

al

(0078]

In an alternative enbodi nent that
the average tenperatures neasured by IR5 within Zones 3,
4 and 5 nmay be extracted fromthe 5tenperatures neasured by |IR5,
focused tenperature sensors for each zone coul d have

i s not

or

been used to nmeasure tenperatures in each of the zones and used to
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The process and system of the 15present

contact and non-contact tenperature sensor inputs.
t hese tenperature sensors should be distributed over the entire surface of
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temperatures measured by [R5, or additional individual focused temperature sensors for

each zone could have been used to measure temperatures in each of the zones and

used to calculate the T instant average for each zone. Further, in an alternative

embodiment, one or more temperatures measured in adjacent zones could be used in

the calculation of the T instant 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 andfor a

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

Zone.
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mul tiple tenperature nmeasurenments within the sanme zones of the workpiece.
The 20process is sinple to inplenent in the industrial production, and
assures reliable cooling control in spite of various nonmentary upsets
characterizing thermal treatnment operations, even in the case of the nost
difficult applications involving refrigerated and/or cryogenic cool ant
medi a. The Ei? Ss can ?f‘ used ffo noni orln and co i'glr | 1ing tenperature
of target QOfHaltSURPIY; et‘?@%??‘f’r@ﬁ SPETRY '1”\’/‘?”1‘@1 RELRTH D re§sesw t hout the
need 25f orbehogendik mxxatutg:mgt!va dubstaty ddlenvakpeceniemslapingoyerthe | ui ds. The
process Cai@rclj&ﬁ %910 Q)f fh@ egtﬂgmkgggﬁsarﬁf fuhn@rmectgﬁﬁ%%ﬁtﬂa@}roﬁpat' ng,

chem cal ﬁym vapor tion coatin hermal treatnent of

surf ace, f'ﬂ%ﬁ”ﬁbdanl‘?&ﬁ@éﬁYﬁﬁ@ﬁ'“W@’Fﬁ%sﬁ@eméﬁﬁﬁﬁ[ﬁrﬁﬂ*w anfrHgipg ‘i’iisr@ge’aﬂfhduct ion

heat - t reat mtm c6iftrol muorgif el andfiovl tafe, biRor aMBBirRTowaate Bhdérige t hi ckness of
deposition m ni.m zi ng residual

dh t
30 str essergfég) T%&g éSp(? S%Pt ﬁ"&gn gﬁd"%@'ﬁ?ﬁeg? Pé’ﬁ @8 9@85%&88@&%%988? a?cﬁ(ér preferred
process appl ¢oobirtd awhsatingoleade Thoatdoags afo hiaimdien dpcglediesses deMsiopisgconponent s

and other gyl aBRos YBRBRES IR wirdiidkeRaTRd dwrob;ueﬁra@@geo%g R§n.component s,

actuator cylinders, wear-surfaces, heat-facing and heat-shiel ding surfaces.
The proces ’é'ﬁﬁ'cﬂ"@@”‘r%a??tﬁ&o”cﬁtb’@r%ﬁd@‘@ft“BOFP}'sEfézef’H’é‘faﬁﬁfq’%/"fétéen@?rﬂa{/e maski ng
conponént sprbdtat bywodiduthing the 8taadare pbadiios of ail tehpersiorvesdiigeaad bipgagt i ce. [ 0080]

Thi s i ”Ve”trhls%ll\(\%}ﬁ'ae&lé‘}@ﬁ v&ﬁé to, b@%wrs% g)(?e%te gﬂnné’&)?:ﬁ&hdrgﬁﬁesg%yenﬁ&ce' erate the

coating of wor for cooling
br eaks, n'ﬂwﬁl@%ﬂﬂ the W@f*?m@PmlSD@%@W"@@*@@“H&“&?W%&an@ﬁ*ée wor kpi ece

(typi cal I yw@rmﬁe@ushdr&mmg% @eﬂnﬁfm fg@ahaf&g—‘daﬁnglmftr@zd)aﬁd@rw | ow t he
wor kpi ece to co

1 t f
Rt D T O e S Ay B ST Lk 1 SO
def or n#d i opreseFbinverdorcanosk bbb cestadt@ens naefatashieinperainid densmanputshdbe | ess

coating ”%r@éé@lpc)?ﬁ&sldfﬁ%@@grr%ga% @é?.e&g%ﬁouﬁoooetmnmdmbﬁﬁ@emp@cause I ess
pOSt treat nent ri ndin Omachi nin be I’IECESS(;IH(S%(| to correct the

axiality ofgffe "?s‘%orﬁﬁ?cﬁﬁ%%lh |08%%d Fﬂﬁéo%? PRPIUETGh LG eppeal

convent i onmlpraymelowmgapbmg&lm,eradme beTgomior mhit:plhaarmaettmrageﬂmtsemétadkei s wast ed,
and/ or thew (6o hiAf: ?m%gﬁirérﬁ&% &ih th@§?1rg§gc§e?1§§ beiflo 6GRKLAO il ckness due to

| ess wor kpi ece osition efficiency. [0081] If
an i nef, PBFESHIE WIS ngafa@ewsn tﬁ’§é’lﬂ’”§t§a‘tpﬁlﬁuﬁtl§’ﬁi‘?rﬁg"9%€ﬁ rghgPleecoglinani t r ogen,
15ar gon, Odfonh&hrhs{:mbof mrbh@nbrh@ftmIupmﬂar@teﬂfuﬁg:&ﬁssnaa triv@mesul ting coating
appears Ie i cal transl ates. i r _c¢oating when
Ve G typeRERaraerag” baernud e gt A gb i AP rE afif or o
corrosion W@eslpam'aréwmangh% ArO¢Rs c@fabeuwfd fog mapitemgeod comglingt eri al s.

temperature of target surface during treatments involving heating only, without the need
25  for forced cooling with cryogenic or non-cryogenic fluids. The process can be applied to
operations of thermal deposition coating, chemical and physical vapor deposition
coating, thermal treatment of surface, fusing, hardening, nitriding, carburizing,
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, turbine components and other airplane
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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[0082] For enbodiments in which inert and/or an inert and cryogeni c cooling
fluid are 20not required to mnimze coating oxidation, air can be used as
a coolant, particularly in processes in which cost is an issue.
Alternatively a conbination of the conventional, forced air cooling with
the cryogenic cool ant may be used in a process, and the process may be
designed so that only the peak tenperatures are cooled by the cryogenic
fluid whil @pérb@mﬁbl@&i tﬂ@rtrﬂ -s&Rfitd ABskRy c%ﬂ%oﬂb‘ﬁ%tthdt%om@meeé@c&yatﬁe hess costly
conpressed air § f 0083] Although nost of the description involved
exanpl es fHP‘ﬁBﬁﬁ BﬁdGSatlng processes and systems, the invented
processes y§ke con advant a es for thermal heating and

cool ing pr ﬁdg'e_ geﬁn&? ]W\%‘?{)}{ ﬁhensul?reﬁs aéetheifm%;é)?té eNAPE |38?|e'er% §1 optl onal |y
forced cookpaigg erwiiikriedengy aﬁnnﬂhﬁtlag of r@ais:ﬁﬂgdhfeﬂ@ﬁ forapdlog dreppaswiodh cool ant
fluids gr %hﬁ@ﬁwb%a% ol Emmal@é wo&giee@weahydm@a& RERRE om%‘wods of

casting, %ruslon netal strip q?g or m ng, | nduction heat
treating, |GiAFHY,s 't‘ff‘sé )W"OV@W%@'G"%‘HCQ%G? fongliyt fpy ﬁ?g*edb%wa‘u ons as wel |
as pri nti ngozing opasationg otthis irvantior batdr kesnpedt@e cat®! wil ﬁu&bbl&sé\waikpue@s for

treating a MFMBFC%r sgfﬁb %P&gggﬁqﬁss%fW$ét%hW| r%&a% tf?ét?e%§ cga[tm? mate{izgl

alterlngthete eratur
condi ti on ¥@|need Efapairﬁdtt‘h@ewiw%fbecqqﬁ@mpoqtﬁreéfrﬁétrqrmwm@r rel atl ve

not i on 1pet waemmh@ﬁms)uﬁqé@e@;@ar@&pbo&aét%etémh%k thk N33 bbRMAtedRAGRce CORY ant fl ow
rate onto Sal i.d Su

ate.onto .said surface and the
relative speadrion tomﬁgﬁoqvﬁ%"%ﬁi gﬂlﬁ'ﬁ E%PH%}&WW ﬁ%cc’fﬁ al&”@lfrface i's
cont r ol | ablvested. and/pbihe diduitgnimthe mumﬁr hedepositedtdoetingdnikipesc@icitnless a

plurality QBrkFu@El@@eformahon(rﬁay |§1'pFBWe¥h%rb%96§tlo}{ cAR@SYY I Ng tenperatures at a
plurality of locations in a plurality of zones over the surface of the

wor kpi ece osflei inartiber, @asbxiginieg &P escatadnies ¢o<o3|ufgaﬁ<awne@g Ritregmn zone;
() g BT TBbN S, ALY BIADR S EIBERRL Sofeds Tne RS cod i sl Bt ¥ o 0L 7o T he

using said res
aver age t eﬁ’ﬁ‘é?eé‘t Jﬁ@ﬂm@f’hﬁw@%llfé@@ éerdﬁri meywheewwcaﬁmeéawmma presel ect ed

maxi mum tea&aﬁﬁ zué €prhid, bhEledsitRie 2B thore corfobibn AIRBEJaERY ih headidIgt | NG at
| east one ﬂ ont rgel If,ﬁabl e conditions if said average tenperature is not

bet ween t he" tﬁﬂ%% Ce{EF Ani mum t enper ature and the presel ect ed naxi mum
tenperatur okgr mf eJnS@cﬁrf\?;ﬂé‘ﬁ ﬁu Qt ikt £QI0ESn |1p Taﬁ%g%l%&ﬁﬁ id G ea' m1

wherein salid autonmati c ting step separatel y
adj ust Fhg Poieeised @rﬁ?‘”'ﬂ‘z&ﬁoﬁt@@é’xpﬁm&n@ﬂ "s?altﬁ Uﬁ%%s 3 @?O'EWh Péfl*faﬁ%ﬁyd? aver age
t enper at ur protesseih wWhehwesis sgsupr eBehartigd cBinBinatomot gaRemahibne, and t he

presel ect e\%rc%)é %H&“né eacFy%E;eemc coolatn n%y geoused in a process, and the process
may be designed so that only the peak temperatures are cooled by the cryogenic fluid

while 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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3. The process of claim1 wherein said neasuring step is perfornmed by at

| east one tenperature sensor that neasures tenperatures at |ocations in at

| east two zones. 4. The process of claim1l wherein said neasuring step is
perfornmed by at |east two tenperature sensors that neasure tenperatures in
one of said zones. 5. The process of claim1 wherein the determ ning step
for at | east one zone averages at | east one tenperature neasured in an area
within sa ne and at | east one tenperature neasured in an area that is
at | east %H?@‘ally wi thin an adjacent zone. 6. The process of claiml
further conpr|5|ng the steps of: (g) determ ning an overall average

t.h , f
det ormini ng ©he. ot AMAST SR CA KR FBRPHBE o By 8P APYe B8 BP S50 Fbmper at ur e
and a cumul aj“ Ong;] f tér%' qhg?%ﬁ%?aﬁgre o‘?m\?\%r@qe %ﬁﬁ%paerv&he(ré)n 2FRIRANL ! ng the

standard devi ati Seco prese ect stan devitatton, (j)
suspendi ng or donrmlcun mm fdoratheegrdupgefsthepnal frestaied! mtea nelative n&tﬁmnatl on is

greater than %%‘wﬂe ?Gfgé)uma%aﬁ@g%&&r% SHABHRLA B AR oRreAlllo T ePEAL I NG

steps (b) throu sal d stan eviation r1s sai d
second presel é@tdédlrfg@%thdatm f@wﬁ&tqn&ﬂﬁaff&wﬁace angd Ke f@’@f‘(mﬁeﬁg betweest andar d

deviation o G cataRbanthPrbas SlARdaithlaviatb (1) adjusting

at | east one of the control e conditions 1f sal standard deviation is

greater than a f %itvndﬂ{geiﬁgls@ﬁéc@%f %@m%aéked@tﬁ'a%lu@n%/ oftoneand (m

repeating steps (a) through (1) at |east once or sai d treatnent
process of said wokiRitessdusty resHINR] mperatures 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 ieast 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 af least

two zones.

4, The process of claim 1 wherein said measuring step is performed by at

feast 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 cverall average temperature using the average

temperatures for the zones;

(h) determining the standard deviation between said overall average

temperature and a cumulation of said measured temperatures;

(i) comparing the standard deviation to a second preselected standard

deviation, S2;

(j} 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 fess than said second

presetected standard deviation, S2;

(k) comparing the standard deviation to a first preselected standard

dewviation, S1;

(I} 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 least once or until said treatment

process of said workpiece is complete.



