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PROCESS RELATED APPLI CATION 5 This application clains
priority of U S. Provisional Patent Application

Serial No. 60/406,366 filed August 28, 2002, which is
i ncorporated herein by reference. FIELD OF THE

I NVENTI ON This invention relates to the fabrication of
nmetal parts by the direct 10 netal deposition of a
plurality oPAREIGEOMHTRY ANDEPENSENDREAD. TIREr | yi ng
substrate, aidO$ED & QP WELD ROQL TEMREA'HUBESt em

whi ch c@UONDROLISSTIEMEIR MULTPDARERBRMD PROCESS Ng a
| ayer based on paraneters generated during the
formation of previous |layers. BACKGROUND OF THE

| NVENTI ON 15 Fabrication of three-di nensional netallic

conponents via | ayeREBATEDYBPLIGAHION | addi ng was

first reported in 1978 by Breinan and Kear. U S

Pat ent Rais appl32@ory 8lims puetdtytd BSoRrovétiorsl Pajent A9Blcation
describes a nethod for the production of bulk rapidly
s o drthil INoe 60/06,366 ifitedaAtizwst €8, PO02N edichnigtinInpdaated herein by
finding particular utility in the fabrication of
cellkabmegas turbine engine 20 conponents including

di scs and kni fe-edge air seals. According to the

di sclosure, nultiple thin layers of feedstock are

deposi ted using an energy
FIELD OF THE INVENTION

This invention relates to the fabrication of metal parts by the direct
metal deposition of a plurality of relatively thin layers on an underlying
substrate, and more particularly to such a system which controls the deposition
power used in forming a layer based on parameters generated during the

formation of previous layers.

BACKGROUND OF THE INVENTION

Fabrication of three-dimensional metallic components via layer-by-
layer laser cladding was first reported in 1978 by Breinan and Kear.
U.S. Patent No. 4,323,756 issued to Brown et al. in 1982, describes a method
for the production of bulk rapidly solidified metallic articles of near-net shape,
finding particular utility in the fabrication of certain gas turbine engine
components including discs and knife-edge air seals. According to the
disclosure, multiple thin layers of feedstock are deposited using an energy

beam to fuse each layer onto a substrate. The energy source employed may be
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beamto fuse each | ayer onto a substrate. The energy
source enployed nmay be 1 WO 2004/020139

feedstock enployed in the practice of the invention
may be either a wire or powder material, and this
feedstock is applied to the substrate in such a

fashion that it passes through the | aser beam and

fuses to the nelted portion of the substrate. 5 These
met hods of direct netal deposition may make use of
nulatlasegxirsan eleciramebeamal The dteslstogh leaptiednndhe peastiegef the
the fabrication of three-dinmensional conmponents. U. S.
Patimrehtidioma$ b8 8ith@a0virebpeyaler materiabtand dhisfeddstpgaisapplsed
for formng articles frommaterials in particul ate

f olidlihe EUBstNRS Brsudh & fa8hdn MRt igshssdd¥h@dubiR&RNaLBean Bt fuses
deposited at points along a tool path to forman

gr& erggﬁgd#%nkgqﬁ@%%u%ﬁg .tshape and di nensi ons.

ool pat and ot her paraneters of the

deposi ti e shed us

conput er EHHRANOHg; é‘rﬁc aﬁéfﬁa?sa%?lmaxgme<s&ﬁ% of ult-ags
control l er_conprised of a nput er. directs
novemErrcigly avagable NG a}ﬁC&laﬁSefanl&?n@ble?éwp&é § rﬁ%ﬁﬁﬂ%ﬁ@nﬂ
provi des control signals to adjust apparatus

f usompomsts. sUch Pagnt Ne. 5,88886Qirelatss wha olsttedded eppaiiys for
head whi ch delivers the | aser beam and powder to the

depasiihg anicanfomByesiad onpartibdatedotmpatie. mdvisdls are melted
exi sting techni ques, however, are based on open-|oop

SRS U RN o0 S0P 01 g sovh o
anfeglgea aplee Lad Ccﬁl%ens%lﬁt | nlyr%fgabcf}(f) FhE Cttoof‘/ %a{ﬁe A4 SRer
parameters of the deposition process are established using computer-aided
design and manufacturing techniques. A controller comprised of a digital
computer directs movement of a deposition zone along the tool path and
provides control signals to adjust apparatus functions, such as the speed at
which a deposition head which delivers the laser beam and powder to the
deposition zone moves along the tool path.

Most existing techniques, however, are based on open-loop processes
requiring either a considerable amount of final machining to achieve a part of
close dimensional tolerances. Continuous corrective measures during the
manufacturing process are necessary to fabricate net shape functional parts
with close tolerances and acceptable residual stress. A closed loop system

which achieves these goals is described in U.S. Patent No. 6,122,564. This

patent discloses a laser-aided, computer-controlled direct-metal deposition, or

a laser or an el ectron beaPeT/TRz03/027089
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20 manuf acturing process are necessary to fabricate
net shape functional parts wth close tol erances and

wa@ewepeEbd e residual stress. A closed | oop SysSPENUS2003/027089

whi ch achi eves these goals is described in U S. Patent
No. 6,122,564. This patent discloses a |aser-aided,
conputer-controll ed direct-netal deposition, or 2 WO
2004/ 020139 PCT/ US2003/ 027089 DMD, system wherein
successive layers of nmaterial are applied to a
substrate so as to fabrjcate an object or tQ provide a
AP gy steay @mer%m@e?ﬁﬁwaéﬁye{%OBn@mr@hérer?@ph@gEﬂ dgilesirate
th| s DVMD systemis equi pped wth feedback nonitoring
t oscamtorfabricateeanddtyesh et wrmgotide a oleddimlgllaygeomet ry of 5
the fabricated article in accordance with a

conput elr abrtedt cepiegivus GRModdesEEs, Bl DMDTEi8tem is equq()jped
deposition tool path is generated by a conputer-aide

magiuhaetdbate gn&n%ml% &Y 86181 FRE afhnsiBRs %a'dﬂvgrauvgéonleftry of

post - processi ng tmare for deposition, instead

SO vial conyent i onal
m@ﬁ.“ﬁd.%ﬁa&géu TP s Eteles AP Ml ggien (D)
el i nate 10 i ntermedi ate machj n|n and

gtF‘?‘hal b daPositG &f&ispaalérlabwera@ bY P ORPulgs:aided

6 518 541 discloses a direct netal dep03|t| on system

enplaoyasgriag | GV hearstemg fain (@WE ofacliomg, oyidh eoatprocessing

means for controlling the process paraneters through

f esoftyeear® foo depusition) imstdad afudoftveye lfer wintidviah ag in desvengidnal

range. U S. Patent No. 6,459,951 relates to a DVD

SYENEMRRIng. NBudlp féRBIGACkn eI Bfstes hﬁ? tawﬁkjeénnunate

paranmeters to maintain a constant well poo

depashihQf MLAHiS g BftPreQilceii Hacﬁllﬂin%r colnﬁl‘i&rably.

U.S. Patent No. 6,518,541 discloses a direct metal deposition system
employing a laser having an on/off duty cycle and means for controlling the
process parameters through feedback to maintain the duty cycle within a
desired range. U.S. Patent No. 6,459,951 relates to a DMD system employing
feedback control of the system parameters to maintain a constant well pool as
the deposition progresses on a particular layer.

These feedback control systems improve the precision of each layer of
the multi-layer fabrication process but do not address the problem of layer-to-
layer variations which result from heating of the substrate as the DMD process

progresses.

SUMMARY OF THE INVENTION
The present invention is directed toward a multi-layer deposition

process which employs feedback control and an adaptive system to control the

3
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These feedback control systens inprove the precision
of each layer of the nulti-layer fabrication process

whodo4ae0180t address the probl em of |ayer-to- |BGEUS2003/027089

variations which result fromheating of the substrate
as the DVD process 20 progresses. SUWARY OF THE

| NVENTI ON The present invention is directed toward a
mul ti-1layer deposition process which enploys feedback
control and an adaptive systemto control the 3 WO
2004/ 020139 PCT/ US2003/ 027089 | aser power used during
f olasat poverofised dwingr fopmatiah of apkiyenbassdsomn @awmareters sensed
during the formation of previous |ayers. During
demmgtth@fbm@u@ﬁbffuienioperagam age of the energy
delivered by the aser i s absorbed by the substrate,

whi ch 'ﬁﬁﬁﬁgea SIS b Bl Bn (pRFRAREE WF the ererfE@aReRA by the

dep05|t| s to steady increase in the substrate

Y AT A B0 o Lttt

“hea rom stra e 'S
at |ts maxi mum and hence further .ab on of il
enBepfpted; deppEbicR deadg [o sfheady 1pgaRseia f‘tg %maer% uﬁeeun !

The increase in the size of the meld poo

deitetahilizpgsitya phiftiselas velbe. ddpdus toaH, Eh@u fos of thyat frgm the
The present invention is directed toward an adapti ve,

cl afedatbogpat By Shaeximim aki béncehfartivet dbpuoplions iof dassr energy
tenperature is sensed using a video inmage, or

al fn%fe@@és' hE Wel@ pBiIr leRBéiBiure @it sizle Thens&easeah Wee ige of the
provided to a nunerical processor which adjusts the

PrQ eledspsooll AS1E{riBONE herl Y thE AEbstAEImifoFfafy.

The present invention is directed toward an adaptive, closed loop
system in which the weld pool size or temperature is sensed using a video
image, or alternatively a pyrometer, and the sensed value is provided to a
numerical processor which adjusts the process laser power for each layer. The
adjustment algorithm operates to maintain the same pool size or temperature at
a particular point in each layer as the size or temperature of that point in
underlying layers.

In a preferred embodiment of the present invention, this laser power
feedback mechanism is not employed during the deposition of the first layer
overlying the substrate since the thermal conduction conditions and
accordingly the pool temperature for that layer will differ substantially from
those values for subsequently deposited layers. For the second layer, or a
higher layer depending upon design parameters, a number of test point

coordinates are selected along the layer surface. The number of test points
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adj ustment al gorithm operates to nmaintain the sane
pool size or tenperature at 15 a particular point in

weamh/ot|ayer as the size or tenperature of thatP@DUS1003/627089

underlying layers. In a preferred enbodi ment of the
present invention, this |aser power feedback

mechani smis not enployed during the deposition of the
first layer overlying the substrate since the thermal
conduction conditions and 20 accordingly the poo
tenperature for that layer will differ substantially

f resmsidetedsdependues theraresupt dgpesifiony themash geamatzyy ¢pg . the
For the second | ayer, or a higher |ayer depending
upgocedeini gpeqhofithet €PS rumning) ivealgorithite s Aspbé wecond layer or
coordi nates are selected along the | ayer surface. The

NUKR& chdbert l%gér 1D Aepisiied, $hd ool Q4 /P 20AgRature for each test point
PCT/ US2003/ 027089 " consi dered depends on the area of

g'gg ggﬁégp%gﬁeswég%p%fs 190 5%5{% te Kl 1RO GARIQCES R Ence the

runni'ng e algorithm As thé second
| ayer ot her chosen | ayer is deposited he |
o Ylasrio dfperkete o rgppeatit pastrpan el tost Bfiubing the
stored. This |ayer may be terned the "CGol den é&y re .
si drvesitipe ofsthisa[ayes arggonsideredolbe tasgeb vahues dop a&iPPéltlon
neasured at each test point during the deposition of
t hpsahelper ataoecsmndingdest poitieopulinpies inaubessjuply deposition
deposition paraneters at correspondi ng test point
comg&knates i n subsequently deposition layers. In a
preferred enbodi nent, the weld pool inmage is captured

at di ffﬁnrzﬁgxieferge_g nfdbinROi the Wl hrd iHRROS ichparedak diffigent

CGol den Lay using CCD caneras and eac
test points during deposition of the Golden Layer using CCD cameras and each

test point’s well pool size is determined by analysis of the images. The values
stored for each test point are then categorized as low, medium or high points
according to the difference between the individual pool sizes. A two-
dimensional “Range Matrix™ is then created for the values at each test point
using the difference between the high and the low points image size. Next,
without changing the laser power, the next layer is deposited and test point
weld pool images are captured. The image size matrix for this layer is
calculated and compared with the matrix for the previous layer to calculate a
“Layer Weight” matrix. Next, that layer’s image size matrix is compared to the
Golden Layer image size matrix and the difference calculated. The difference
in size is used with the Range matrix and corresponding weight value selected
from the layer weight matrix for each test point and a layer correction test point

weight matrix is established. By applying that matrix to the Golden Layer laser
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test point's well pool size is determ ned by anal ysis
of the imges. The values stored for each test point

wW@e@40bmasw cat egori zed as | ow, medi um or hi gh pRCTIUS2003/027089

according to the difference between the individua

pool sizes. A two- dinensional "Range Matrix" is then
created for the values at each test point 15 using the
di fference between the high and the | ow points image
size. Next, wthout changing the | aser power, the
next | ayer is deposited and tes oint weld pool

i nEoyess, amswlaseiupewer vRlie 1Srﬁé@ﬂ§PC§ éorhﬁ‘@rlil@z(tfd@POSﬂq*ﬁﬂslayef
| ayer is calculated and conpared with the matrix for

t MEhip pcessus rdpayted fareadedubsdquest layer Layer Wei ght ”
matrix. Next, that layer's inage size matrix is

C orrpar efls ggestuhq)f%gs %cgﬁntﬂe_?pb@[ sizEBEe SdrdculaEX Y goianon a
t e difference cal cul at ed he difference in size is

t d R0 S n
S P B R g PR eyl b e
te(gQY g Lnt and a |l ayer correction test point weight

pidgn L8Ydst abl i shed. By applying that matrix to the
CGol den Layer |aser 5 WD 2004/020139 P /US 003/ 02708

power , Qtheeabireis.advyigss and pRRlicREORS Y QPB?re{IH@’
next deposition layer. This process is repeat ed for
eafollowirtpsdetaitedtdebaiption of\s peeferessigmbasiimentiof thyy ipgension. The
the pool size for a particular X-Y point on a |ayer

| Sdezempticl heleks refeRRfsd toappdBpdnyaigdihwingedovhivhze for
that point on the 5 CGolden Layer. Qther objects,

advant ages and applications will be nade apparent by

el oo AT RS EHGER BRLAR S ues o

Figure 1 is a schematic diagram of a direct metal deposition system for
the practice of the present invention;

Figure 2 is a view of a typical part which may be formed by the method
and apparatus of the present invention;

Figure 3 is a flowchart of a preferred method of operation of the present
invention; and

Figure 4 is a chart of the algorithms used in the preferred embodiment

of the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT OF THE INVENTION

A preferred embodiment of the invention, illustrated schematically in
Figure 1, employs a head 10 consisting of a power laser and gas propelled

metal powder dispenser to produce a weld pool 14 at a point on a substrate 12.
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description makes reference to acconpanyi ng draw ngs
i n which: BRI EF DESCRI PTI ON OF THE DRAW NGS 10 Figure

waz2iog/oz13chemat i ¢ di agram of a direct netal depoBU$10051027089

systemfor the practice of the present invention;
Figure 2 is a view of a typical part which may be
formed by the method and apparatus of the present
invention; Figure 3 is a flowhart of a preferred
met hod of operation of the present 15 invention; and
Fl_gure 4 is a chart of the algorithnms used in t he

s Appasatemiscalithepe CHPIYRG i W @HOF 87 SUpEasisased in U.S.
DESCRI PTI ON OF THE PREFERRED EMBODI MENT OF THE
| NRAERTE| N 264N [BVied eray deb ferdtbiodi tnerleseofbeamensi mvaigrpaive to
i1l ust rat ed schematically in Figure 1, enploys a head

104igSSingt foRdiep bnd@ad 6MEtron B&MH nidychbepd@sd Rk epelltesdtive to the
net a er dlspenser to produce a weld pool 14 at a

po. 2 ¢ (¢)]
péﬁ%s%a%/ JH70HE™ Tkt ang PO PR shovld pe
ior.art .such as disclosed in U S

enpl o i.n.the

Pa c@ﬁ%/deel tdlt%n%%dfptBWPgd%E} Be fed into the | aser beam
as an al ternat t

el ect r ofh %éld?ﬁflﬁésuﬂg ané’éé eglgt?‘léfg%a‘ﬁ? i‘g?‘éi@h ata(gN?rFé’ntmuer

| aser beam The terms "laser” and "powder"” as used
het@iomarf 4 rogsiomkd phid ® thehtiedusld Popblallesisibie pathedlang the
alternatives.

substrate so as to create a metallic layer on the substrate. A pair of CCD

cameras 18 and 20 are supported on the machine worktable so as to generate
images of the weld pool 14 from two opposed sides. This is necessary in case
the weld pool is formed in such a way as to block the view from one of the
cameras.

In alternative embodiments of the invention, rather than imaging the
weld pool to determine its size, the weld pool temperature could be measured
by one or more pyrometers. The weld pool size and temperature are closely
related to one another.

The outputs of the cameras 18 and 20 are provided to a video
processing card 22 which uses video processing software 24 to perform the
operations which will be hereinafter described. An interface driver 26 couples
the video processing software 24 to the CNC software 28 which provides drive
signals to the CNC controller 16 and through line 30 sends a power control

signal to the laser within the head 10.



The substrate 12 is noved relative to the head 10 by a
CNC controller 16 over a programed path so that the
wowdodopasd follows the path along the substraP@r/E8208%027089
to create a netallic layer on the substrate. A pair of
CCD caneras 18 and 20 are supported on the machi ne
wor kt abl e so as to generate 10 i nages of the weld pool
14 fromtwo opposed sides. This is necessary in case
the weld pool is formed in such a way as to block the
view fromone of the caneras. In alternative
enbodi Fentrs 2dRustiates arymealivonkpieen graerallyandipsied ringg. (Hdch
wel d pool to determine its size, the weld pool
t erIPeeRtaH R dePHhE nieeilliEamstad 34 5Gittby DMB depositdesection 36
pyroneters. The weld pool size and tenperature are

¢ If(%‘r%dybyl%ﬁiéln éﬁg 8f lg?/é}g ®naRUpPET surfhbe AvtRLhRiaDiayefieof the

camer as e provided to a video processing

card 22 whjch es .vi deo pr [ f
gépmtg@gﬂ R pREERT IR ReRRichRy B A fakr goos
escri bed. An interface driver cqupl es 20..t he vi.

5 prroBexIEe SBALTHNE TG SEHGUENGE o OF BRI g RTE,
provides drive signals to the CNC controller 16 a
t o sgistiaienesa@®s Semaps manp GReperEsiet sl thegqagﬁfaﬁdqllﬁmﬁi jaser
| aser within the head 10. 7 WO 2004/ 020139
PGS 2083(RéRBY thé-pawdere@ mdthluint praviessly deyesited |areas. If
wor kpi ece general ly indicated at 32, which includes an

UL 0 TP e I o ol Do i
URBGrow ‘A5 HAC&bstiRe B0 Rekid ub RbddcesSirulal Beposition pattern.
10 The present invention compensates for this phenomenon.

The broad method of the present invention is to choose initial laser
power based on conventional empirical considerations and deposit at least the
first two layers of the section 36. No measurements are made of pool size
during deposition of the first layer because its contact with the substrate 34

15 creates thermal properties that are unlike any of those encountered in the
deposition of subsequent layers. During the deposition of the second layer (or
alternatively a higher layer, such as the third layer, depending upon the
metallurgy of the substrate 34 in \the deposited segment 36), measurements will
be made of the weld pool size at selected coordinates as the deposition

20 progresses. These values are stored in video processing software 24. Broadly,
measurements will be made of the weld size at the same selected coordinates as

successive layers are formed and the measurements of weld size at a particular

Jayer will be processed in connection with the stored matrices representing the
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deposited volune 36 are forned, nuch of the thernal
energy of the |laser goes 5 to heating the underlying

woredoalori1g9 substrate 34. As the deposition contPeIEs2003/027089

the substrate reaches a nmaxi numtenperature and
thereafter additional |aser power goes to nelting the
powdered netal in previously deposited areas. |If
constant | aser power were applied to each area, the
wel d pool size would begin to grow as the substrate
34 heats up producing an irregul ar deposition pattern,
1Qveldheizey speeiousruyams iodetemmipe asaitade faser pavies for use in the
phenonenon. The broad nethod of the present invention

| Y1ep XGPS e nBi i@, T8y powavklushasesl from layer to layer are
conventional enpirical considerations and deposit at

| §ESadly ﬂﬁer%dfeh rtércor:rrlg%slaéyﬁf $f@fts R ea®ed bOtheX0bstMe on the
nmeasurenents are e of pool size during deposition
oBﬁé&e Hirst | ayer because its contact with the

s PS?'é'%4 15 creates thermal properties that are
unl i ke any of those encountered.in the  depgsition of
subsequdst WeldyRqold 1mage iif §he E%SIH SPIY; %]’F e 8?&%@@%% Agd
| ayer (or alternatively a higher |ayer, such as the

t lonthinsayeenperatiep eindormptiop orelating tomthea wald gipobf HYrdd pool
substrate 34 in the deposited segnent 36), o
NRaSPERARE informatibn idextradd fafm theewsld pobiprige diyzdsteamining
sel ected coordi nates as the deposition 20 progresses.

ngﬁé megé BEShAES 180T Rd itakh dRA iBrRAnesSveld padltsigr’e By
24. Broadly, neasurenents will be nmade of the weld

P i Bhigkdfc BATDAREL $ fEaIR81 BhOR dhudficd AHALAGS IHeAveld

urenents of weld size at

e e e e S R

2004/ 020139 PCT/ US2003/027089 _ : .
made self-learning or adaptive by applying the previous layer image
information to future layer laser power corrections.

Each selected coordinate of the deposition geometry of each layer is
considered a separate Test Point. Each Test Point coordinate may have a
different image size due to the geometry constraints. Weld pool image size for
a point on a flat surface may be different from a point on an inclined surface.
Also, even on a flat surface, a weld pool image size for a compressed tool-path
section will be different from an edge coordinate’s weld pool image size. The
adaptive closed-loop weld pool temperature control system design considers all
of the above situations to make it robust.

Figure 3 illustrates the control flow of the preferred embodiment of the

adaptive closed-loop weld pool temperature control system. At box 50 the

operator enters initialization information. These include Test Point coordinates
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wel d sizes at previous layers to determ ne a suitable
| aser power for use in the deposition of the next

wo 2008/0201Fhese power adjustnments from | ayer to PEHES2083/627089

broadly intended to conpensate for effects of heating
of the substrate on the weld pool size. 5 The weld
pool inmage is the basic input for the control system
and contains tenperature information relating to the
wel d pool. Weld pool tenperature information is
extracted fromthe weld pool inmage by determ ning th%
i neiytheppargeromesy. | Bigenumabgy qftEesh @@tsaqp@sngregdfqp%ds on the
"wel d pool size." By controlling the | aser power, the
wedrda pHadpositine and proedsing dpeed efitie KEREpining the plgotithm. On
pool tenperature, thus making a cl osed-Ioop feedback
Sy$ t&mivel @argy, Sl Npdrs thea@e Beint cbediraies Gaarbeatdany iwidely
y applying the previous |layer imge information to

b
];g%tig@d laye rc?elr@ﬁ? in BRVEnt G draRd %%%equﬁ%@i‘oé? lse£ctibof the

Inate o e deposition geonetry of each layer is
consiﬁtfler ed a separate Test Point. Each Test Point
coBIGTAAEY nay have a 15 different inage size due to
the geonetry constraints. Weld pool i size for a
poi nt oMLY ddMAK, repEesent kg CB%rdEﬂaft?Sequﬁ‘? %‘Fngﬂ’mnﬁ aggienfing
on an inclined surface. Also, even on a flat surface,
a Wedt Popsn| INGaepressngsethe dncrameninpriweenefest dwintpaddCON is a
section will be different froman edge coordi nate's
wetshtiod oysténa@Btanit Zdatinphe thadapix vaus| FS¥R1liote inidablaser
pool tenperature control system design considers all
20,afert he above situations to nmake it robust. Figure 3
iIPustrates the control flow of the preferred

o0t TR g8 BN S SIS B
inbox 52. This is the layer in direct contact with the substrate 34 and no pool
size measurements are made during its deposition. Next, in box 54 the second
layer is deposited and the weld pool image is calculated at the Test Point
coordinates during this deposition. This layer is called the “Golden Layer”
since the information collected during this layer is considered as the optimal
solution to corresponding Test Point coordinates in future layers. The
temperature of the substrate during the deposition of the Golden Layer is
considered to be at its minimal when compared with the substrate temperature
in future layers. So this layer is considered as the best deposition layer. The
weld point image is captured at the different Test Points using the CCD

cameras 18 and 20 and each point’s weld pool size is determined by the video

processing software 24.

10



operator enters initialization information. These

i ncl ude Test Point coordinates 9 W) 2004/020139
weEanAe8ae3/ 027089 on the part geonetry. The PCIDS2009627089

Test Points consi dered depends on the area of

deposi tion and processing speed of the CPU running the

algorithm On a relatively large, flat part, the Test

Poi nt coordinates can be fairly widely spaced while

changes in the contour of the part require closer

spacing of the 5 coordinates. MN and MAX represent

t he coobdidpmbayerdiest E@nb‘ﬁéﬂmph@w@ﬁ dizehaferrgmppeegywith each

Points. INC represents the increnment between Test

Poothérs andKTEN Painta are wategotizesly st &AW oNSHRIMMr @l BHGHgpeiots

the matrix values. PWRL is the initial |aser power.

10;ddaMdifitoahegigferdnte sindiViliiakize] Myisuatomsin tdxes 54 asd 56.
| ayer is deposited via inbox 52. This is the layer in

di Ke6iock 38 LICANYH ﬁéﬁﬁgs SRl BiyddoN theGolReR Laydi Zihe

measurenents are nmade aduring Its dep03| tion. Next), in

b h d. | I

5 pobhgRerercarash aropdl. PREFERAdTR 1o Sing e
22&&%%9%2% Beiissh b highy and 106 RABR aiveRe ST of RO point
col l ected during thls | ayer is considered as the

opRANGE meipiuwild haveoshosier aslye diltmbptipasyhepo¢oippared to HIGH
coordinates in future layers. The tenperature of the

supshtsaRANGE inngrik hdisteibpiei. t | @meeofhet RANGHE deatrikaigecreatsd,
considered to be at its mninmal when conpared with the

substpdhifont RIRBE 3hihLor Gbldeat UiyRr lcdiPutitionds ldohpldt@y elhe

is considered as the best deposition |ayer. The
10 equations and algorithms used for this computation and the other computations
are illustrated in Figure 4. Then the next layer is deposited without changing
the laser power and Test Point weld pool images are captured. The weld pool
size matrix is calculated as previously and this layer’s image size matrix is
compared with the previous layer image size matrix and wly, is calculated
15 using the equation set forth in Figure 4. This is all illustrated in blocks 60 and
62 of Figure 3. Next, in block 64 the layer number two image size matrix is
compared with a Golden Layer image size matrix and the difference is
calculated. The difference in size is used with RANGE matrix and
corresponding weight values selected from wl,, for every Test Point and wtyy is
20 created using the equation for step three set forth in Figure 4. Finally, by
applying wty, to the Golden Layer laser power pwr, a new laser power value is

calculated. The new laser power is set at the laser generator 10 through an

analog signal link. This is illustrated in block 66. The process of blocks 60,

11



20 weld point image is captured at the different Test
Poi nts using the CCD caneras 18 and 20 and each

w@oioan2@3mel d pool size is determ ned by the vP@EUS2003/027089

processi ng software 24. 10 WO 2004/ 020139

PCT/ US2003/ 027089 Col den Layer Test Point weld poo
i mge sizes are conpared with each other and Test

Poi nts are categorized as LOW MEDI UM or H GH points
according to the difference in individual size. This

one | oxes 54 nd 56. At bl ock. 58 NGE
oy ind 6 Beae r|Sa%ﬂue6ﬁiayefwtwed§ﬁ5@¥%ﬁ complgte
5 RANGE matrix is created for LON MEDI UM and HI GH
poind tie padineprapleteddi f f er ence between the high and | ow
poi nts i mage size. The LOWpoints RANGE matrix wll
have shairsheuldvisd teeoghisdd thatibihenspehific amapemsecbiuld beluGid to
poi nts RANGE nmatrix distribution. Once the RANGE

MabEHi&vel the BBl as s@%ﬁﬁ‘h@fehrpéfhdf Rfinbd & thBla gp@Hde@ Elaims.
Gol den Layer conputation is conplete. The 10 equations

and_al 9 bIRSRAE Ot i Ccﬁféegfeﬁay Ry Rk LRE RN SHay

COITpUt ations are rate

r.i.s_de out

poRbah i SR A Vo ob SiPer g c b tbah 15 P ffoments
The wel d pool size matrix is cal cuI ated as previously
an@aﬁeﬁﬂlﬁoﬂﬁ?&d@PPﬁé&é size matrix is conpared with
the previous layer inmage size matrix and wl2a is
cal cul aHeving Shusslengritiedenemvettiannl sletm:f orth i n Fi gure
4. This is all illustrated in blocks 60 and 62 of
Figure 3. Next, in block 64 the |ayer nunber two inage
size matrix is conpared with a Gol den Layer i mage
size matrix and the difference is

12



cal cul ated. The difference in size is used with RANGE
matri x and correspondi ng wei ght val ues selected from

wovi®a/otas every Test Point and w2p is 20 creaP@Usxin3iQgR7089

10

the equation for step three set forth in Figure 4.
Finally, by applying w2p to the CGol den Layer |aser
power pwl, a new | aser power value is cal cul ated.

The new | aser power is set at the |aser generator 10
through an anal og signal |ink. This is illustrated in
bl ock 66. The process of qgﬁﬁﬁé 11 WO 2004/ 020139
PCT/U82003/027089 62, 64 % |s repeated for
subsequent yers until the last layer is conplete

and the'part a‘r thndppletosping 4 H?F%Lﬂeﬁtl%’emﬂ é‘c@@‘ﬁi pélftrate by
t hat ot her speC|f|c equations could be used to

ac Heropiingeplpradisidolgpmerimposedlayeoy tdinghe tasengeanchtide hiheating
in the appended clains. 5 It should al so be recogni zed

t hatandiané ct pdvedgred aiotal esonrasupeLuivats foglymebe powder 1o the
determi ne the weld pool tenperature rather than the

IME 8&dhh @RE MSvin d@ﬁr&eﬂlw@ﬂg rt1B@verg) t‘ﬂe ARSI 1§dd76? nuiﬂ%ﬁbzﬁg:ontrol

t hus described ny invention, | cl alm

20044, g%g’%elt%gl\gduggtﬁo%/ Bx%zpd%gan % nc1 {nre%l coglprisf;lg:

forn1n ion*on a mnet
03|t|n ity of supe 0S d | ayers u3|ng a
| g e gt el pony %p%gai& ahFleskRnpeiates during
nmet al source operatlve to feed netal pomder into the
the generation of a plurality of metallic layers, storing the sensed parameters of
the pool at each of the selected coordinates, and processing the stored

parameters to determine an appropriate laser power for use during the

deposition of a subsequent layer.

2. The method of claim 1 wherein processing the stored parameters
comprises comparing a mafrix of the sensed parameters stored during
formation of the last layer deposited with the matrix of the sensed parameters
of an earlier deposited layer to determine an appropriate laser power for use

during the deposition of the next layer.

3. The method of claim 2 wherein the earlier deposited layer

constitutes the second layer deposited over the substrate.

4. The method of claim 1 wherein the sensed parameters of the

pool comprise the dimensions of the pool.

13



4 beam and noving the substrate relative to the beam
under nunerical control 5 over a programred path to

w@eanviozia3an advanci ng nelt pool, conprising: BCHERRDIR7089
paranmeters of the nelt pool at a plurality of selected
coordi nates during 7 the generation of a plurality of
nmetallic |ayers, storing the sensed paraneters of 8
t he pool at each of the sel ected coordi nates, and
processing the stored 9 paraneters to determ ne an
appropriate | aser power for use during the 10
deposition of a subsequent layer. 1 2. The nethod of
claim1 wherein processing the stored paraneters 2
conpri s€s corfparneifod ofelaimxl wheroife theopensed parametars of the
stored during 3 formation of the |ast |ayer deposited

2w pboltdempmat thexoptitaltihensernddee padaneters 4 of an

earlier deposited |ayer to determ ne an appropriate

| aser power for use 5 during the deposition of the

next layer. 1 3. The nmethod of claim2 mherein t he

ear | i er gdepogit efeth&y 8f cla%nclo(;vﬁEfeﬁﬂJEfféssénQ ﬁers of the

Iayer deposited over the substrate. od o

h en d of the 00
2 CofeshebuiSt Bt SRTER RRLALE ?053@%%@9;8%%
PCT/ US2003/ 027089 1 5. The net hod of claim1l wherein
the sensed paraneters of the 2 pool conprise the
optical intensity of the pool. 1 6. The nethod of
cl ai m 17wher éh¢ mgikod eh slatn piawhﬁii@tlbﬂl;@ gensech paramefsoobf the
conprise the dinensions of the pool and the optical
2 i ntnehpodblcanfiprise ehgpeiperature of the melt pool.

8. A method of forming a metal section on a metal substrate by
depositing a plurality of superimposed layers by using a power source
generating a heating beam and a metal source operative to feed metal powder
into the beam and moving the substrate relative to the beam over the section to
provide an advancing melting pool, comprising sensing parameters of the melt
pool at a plurality of selected coordinates during the generation of a plurality of
metallic layers, storing the sensed parameters of the pool at each of the
coordinates, and processing the stored parameters to determine an appropriate

laser power for use during deposition of a subsequent layer.

9. The method of claim 8 wherein the power source is a laser.

14
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11

12

13

14

15

16

1 7. The nethod of claim1l1 wherein the sensed
paraneters of the 2 nelt pool conprise the

wao eovperEsure of the nelt pool. 1 8. A nethod oPCT/U820031027089

a netal section on a netal substrate by 2 depositing

a plurality of superinposed |ayers by using a power
source 3 generating a heating beam and a netal source
operative to feed netal powder 4 into the beam and
novi ng the substrate relative to the beam over the
sectionq{0 I OV .ad Lng..neltin ool ,

conpri s ilg'g s grrl1l g inge\g{ﬁogd:?fgcnrl%?leér/ g’ %g#en?ﬂjg R %o CB iofn glectrpn
plﬁrality of sel ected coordinates during the

gelR&4tion of a plurality of 7 metallic I|ayers,
storing the sensed paraneters of the pool at each of
the 8 coordinates, and processing the stored
paraneters to determ ne an appropriate 9 |aser power
for uselluri fige degthed tdfoclainf & vehebsieqthenpoweay eam Ue®sl is
The nethod of claim8 wherein the power source is a

| ameintainddiat\MRoANA (WA 3ehdrieldn 532403(:9¢/089 1 10. The

nmet hod of claim8 wherein the power source is an

electron 2 beam 1 11. The nethod of claim8 wherein

the power beamlevel is 2 mmintained at a constant

duri ng nergtion of .each layer.. 1 12. A nethod of

f or ni nggg rrega]ine@ggtorf gﬂmgﬁg & ek petionat étl%et?alysu%%rate by

depositing a plurality of superinposed |ayers using a
Pﬁ‘&n%eaamtgﬂ&.‘/aof ?Pﬁléméﬁeédlaﬁﬁisalﬂﬂ%@r%@tlbgéﬁami vl a

to feed netal powder into the beamand 4 noving the

s uitstdesede megdl agounce  opsrative tbefgad unelelr powider inta lthec bernt @hd

ovricr)vi?lg the substrate relative to the beam under numerical control over a

programmed path to provide an advancing melting pool, comprising:

depositing a first layer in contact with the substrate using a first heating
beam power;

depositing a second layer over the first layer using the same heating
beam power as used in the first layer and sensing parameters of the melt pool at
a plurality of selected coordinates during the generation of said second layer;

depositing a third layer using the same heating beam power as
employed in the first two layers and sensing parameters of the melt pool at said
selected coordinates during generation of the third layer; and

using the stored parameters of the melt pool during generation of the

second and third layers to determine an appropriate heating beam power for use

during deposition of subsequent layers.
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5 programred path to provide an advanci ng nelting
pool, conprising: 6 depositing a first layer in
w@oovaeti3ai th the substrate using a first heatP@mUS2003/027089
beam power; 8 depositing a second |ayer over the first
| ayer using the sane heating 9 beam power as used in
the first layer and sensing paraneters of the nelt
pool at 10 a plurality of selected coordinates during
t he generation of said second |ayer; 11 depositing a
third | ayer ] heat i ampower as 12 .
enpl oyegy'i n ?ﬁ% q??tfrl%f Ofv\o@]lnaséelrvg%g% g’ gs%l]ﬁ}gi S\llli\lgsequem Layer is
paraneﬁ%{% of the nelt &pol t s?id 13 sel ected _
coSTRYFIE BC RFATRRery i elhse el ROP! ake semed it | saifoplurality of
14 using the stored parameters of the melt pool during
ge??é?%i SROSINAiGHe and sure cisefld ARG tthr @ravagustys staged sensed
deternmi ne an appropriate heating beam power for use
16patametars, thegpdemtinathe béatmigtiwenpemter faywabsequdds 134@)s.
2004/ 020139 PCT/ US2003/ 027089 1 13. The nethod of
claim 12 where as each subsequent |ayer is 2
deposited, the paraneters of the nelt pool are sensed
at said plurality of 3 selected coordinates and are
used, along with previously stored sensed 4
paraneters, to determ ne the heating beam power for
subsequent |ayers. 16
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