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*000001* Field of the Inventi ' ntion relates to nethods and
apparatus for form ng deposi t“mm’wmmml”mmm,rWt al, called "nelt pools," on

t he surface W0 00X r kpi ece using asd;aser beam and a 5 sour BeT/B$99d¢B¥bsi ti on
nmetal, typically an injected powler netal or netal w re. Background of the
I nvention Presently, one of the difficulties faced by nmanufa i

time |ag between concept and 10 devel opnent of a new techn N m “
introduction of. actualp a0t miRiobd PorBiskeéLanbiRcaNUf act "ﬂmm mmur
critical time-limting step for many products is the design ang, .
fabrication of nolds and dies. Conplex dies may take from weeks to a year
to perfect prior to manufacture of a 15 product. In present manufacturing
processes, added steps are meegssaryth® oweneawn deficiencies of present
fabrication nethods. For exanple, for nolds and dies, products nust be
machi ned to provi de cBbisnincdrarimel sgedadesatoepetiivds aand appafiaiish. 20
Known processes which deposit nmetal result in a sintered product, due to
trappi ng of f&¥i fexmii dsnesdEguat ePgLbomdetatat SpLAFY HRNT iBRORe "case

ther acconietl e TRl al deresiilan bap ORGN£hallF BLgEeRRa 81TOD

nmust e
5 source of deposition metal, typically an injected powder

metal or metal wire.
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Presently, one of the difficulties faced by
manufacturers is the time lag between concept and

10 development of a new technology and the introduction of
actual prodﬁcts to the market. In manufaéturing, a
critical timé-limiting sﬁep for many products is the design

aﬁé fabrication of molds and dies. Complex dies may take
from weeks to a year to perfect prior to manufacture of a

15 product. In present manufacturing processes, added steps
are necessary to overcome deficiencies of present
fabrication methods. For example, for molds and dies,
products must be machined to provide cooling channels and

acceptable surface finish.

20 Known processes which deposit metal result in a
sintered product, due to trapping of oxides and
inadequately bonded material. Even in the case where

acceptable material deposition has occurred, the process
often entails the buildup of stresses which must be

25 relieved. One such known process 1is laser cladding,



25 relieved. One such known process is |laser cladding, WO 00/00921

PCT/ US99/ 14031 2 wherein a laser is used to generate a nelt-pool on a
substrate material while a second naterial, typically a powder or wire, is
i ntroduced, Wel0een2l and netallurgically joined. 5 C addi necT/asganmstal |y

di stinguished fromalloying on the basis That cladding nelts a relatively
smal | amount of the base substrate rmaterial relative to the amount of the
deposited material, and the powder systemdelivers a controlled volune of
nmetal particles into this nolten 1Q volunme. The particles becone di spersed

t hr oughout YTHTS® Poft ef'SFS1 uhe 88 din SCRRIFTS t 7 ofieof “BOBksPPed
composi U1 on-0Bsthg. OubgEet Vel of1d N SUBShhahg. JREMDVal,, Of e |aser beam
h as of the S\

1 .
fromthe nolten vol unme, suc y advancenen St 4te %Drkplece

relative topbheed o adak, pos niniodtedheany ts@Usess e 1Rl gn-yplyme to be
rapidly chilled. The chilling occurs so rapidly that the volune often
retains thelJehagdcteristics of the nolten nmix. Conventional |aser cladding
techni ques nove the netal article relative to the focal point through the
use 20 Of jigs, partSaHdnayetrs gerpgathe distdnorhehasedirenoahlopiat

therefore reifaie Jixed b spack. a5 d9es Lhe) povdar] ng.pel 1ot thi form

movenen- of the netal article ~usual [y réqtire et 7Y which is
difficult ter BRBUbASEUEEDsVEIde SRRNSIVE reand;ysuah! Yndol Ygly 25

successful, particularly with intricate geonetries. For this reason, |aser
cl addi ng ofthet deppaited heatieng adt hand the powder system delivers a
controlled volume of metal particles intc this molten
10 wvolume. The particles become dispersed throughou: this
molten volume and form a deposition of a desired
composition on the outer layer of the substrate. Removal
of the laser beam from the molten vo_ume, such as by
advancement of the substrate workpiece relative to the
15 focal point of the beam, causes the molten volume to be
rapidly chilled. The chilling occurs so rapidly that the
volume often retains the characteristics of the molten mix.
Conventicnal laser cladding techniques move the
metal article relative to the focal point through the use
20 of jigs, parts handlers, and the like. Trhe beam focal
point therefore remains fixed in space, as does the
powdering point. Uniform movement of the metal article
usually requires a complicated jic which is difficult to
manufacture, very expensive, and usually not very
25 successful, particularly with intricate geometries. For
this reason, laser cladding of wetal parts having other
than relatively flat geometries have been nearly impossible

to achieve on a consistent uniform basis. To the present



than relatively flat geonetries have been nearly inpossible to achieve on
a consistent uniformbasis. To the present WD 00/ 00921 PCTI US99/ 14031 3
time, it has not been possible to control the dinension and properties of
t he deposit.waloeg@2xcontrol of dinmension is necessary in ordgushuodepply the
basi ¢ cl adding technique to the production of parts having close _

tol erances, acceptable 5 mcrostructwas-and properties, and which can be
produced at a reasonable cost and within a reasonable period of tine. The

present invention is useful in automatically controlling the build-up of
material on d™Subst rift%e POANHCER PORFipARt Fe iomtirplushe ulinensisy fadt i ng

metal parts gh.Lepet Lfive. ddi ng,-operations. as_ni ght he required for
snal | voIunékﬁgﬁgggg%ugfngﬁéﬁ§6%% 3be gﬁﬁ?? SRUCT Pk ?%E%SMﬂfFﬁﬁdPg, and in

general teriRcedshBsein ioradseeo tapd19caht Voa ?a}j:lédéi)ﬂé Ol yiRst pat e,

formng a nelt pool into which 15 powder is fed to create a posit having
a physical tdienensdwrticBpbif cparidethast hgnc IEaNSoteuphess | tacrdfprable

optoel ectric sensor are used to nonitor a physical dinension of the

deposi t, "anPlETPEEIBSERTRDNARD| PEIPS TS iegpernti veicn calj st rrvducaser in
accordance\ggrgthe Zoéﬁlectrical ségnal .thereby controlling the rate of
material déposi t f ORI the pitef 3FY el ERbR AR nERRSOPRBIPhPSFERE ©fi nensi on
i s the hei ghtj@f the deposit, and the system further includes an interface
to a conputer-aided design 25 (CAD) systemincluding a description of an

article to be The present invention is useful in automatically
controlling the build-up of material on a substrate, and is

10 particularly useful in fabricating metal parts through
repetitive cladding operations as might be required for

small volume manufacturing, prototype runs, and the like.

Broadly, and in general terms, a laser is used to locally

. heat a spot on a substrate, forming a melt pool into which

15 powder is fed to create a deposit having a physical

o

dimension. Optical detection means coupled to ‘an
optoelectric sensor are used to monitor a- physical
dimension of the deposit, and a feedback controller is
operative to adjust the 1laser in accordance with the

20 electrical signal, thereby controlling the rate of material
deposition.

In the preferred embodiment, the physical
dimension is the height of the deposit, and the system
further includes an interface to a computer-aided design

25 (CAD) system including a description of an article to be
fabricated, enabling the feedback controller to compare the
physical dimension of the deposit to the description and

adjust the energy of the laser in accordance therewith.



fabricated, enabling the feedback controller to conpare the physical

di mensi on of the deposit to the description and adjust the energy of the
| aser in accordance therewith. f | W) 00/00921 PCT/US99/14031 4 In terns
of specific veppriodtius, the optical detection neans preferabiysssmobudes an
apertured mask through which light fromthe deposit passes to reach the
optoel ectric sensor, and the feedback £ontroller includes 5 circuitry for
adjusting the |aser in accordance with the presence or absence of the
light fromthe deposit. As sterp for automatically fabricating an article
according to unique f&atbFELS ot hBPTTVEt | BRPIERITEE - cORpr i & gal

COWDUter'ahﬂﬁ@aﬁ%&Egnmggﬁggﬁﬁ%fgggkg ir%%éiu%%ﬁd%%Qrg %&gﬁrgé the,article to

be fabricated, a work t for supporting e substrate, and“aisrkansl ation

nmeans for dEMbuh tiel subsighat eroal @hkvaebosihepiasey and-deedidig means.
In one arrangenent, the translation neans noves the work table while the

| aser and feebalgarts icesenaots shat tlomafesdhatalr eas s rohler didd lardent

configuration, the translation means noves the |aser and feed nmeans while
the work taWI¥¥eaiiy simssRaey thas lasetr iherceprdanng iWich teth t he

| aser/ mat er'ﬁaésgnec%dfsgn B‘é‘@ﬁgetapltﬁ{e li%itcr gti(gmc%g#l%p%%.mved

. t
si mul t aneously, preferably under Teedback r A process of

fabricating an arti chesfseas dichdahfondt MBHAQAr ASPRCE 10f Lheinvantion woul d
include the follow ng steps:

according to wunique features of the invention would
comprise a computer-aided design database including a
10 description of the article to be fabricated, a work table
for supporting the substrate, and translation means for
moving the substrate relative to the laser and feeding
means. In one arrandement, the translation means moves the
work table while the 1laser and feed means remain
15 stationary, whereas, in a different configuration, the
translation means moves the laser and feed means while the
work table remains stationary. As a further alternazive,
both the laser/material feed and work table/ substrate
could be moved simultaneously, preferably under feedback
20 control.
A process of fabricating an article according to
a method aspect of the invention would include the
following steps:
providing a description of the article to be

25 fabricated;

providing a substrate upon which to form the

article;

heating a localized region of the subs=rate to



providing a description of the article to be 25 fabricated; providing a
substrate upon 'which to formthe article; heating a |ocalized region of
the substrate to WO 00/ 00921 PCTNS99/14031 5 forma nelt pool thereon;

f eedi ng mat avé adoobzit 0 t he nmel't pool so as to create a depesi/isdbawsng a
physi cal di nension; optically nonitoring the physical dinmension of 5 the
deposit; controlling the physical dinmension in accordance wth the
description of the article to be fabricated; and advancing to different

|l ocal i zed region of the substrate until the fabrication of the article is
10 conpl et fPr"BE &k lpepepl ptheewdt; the Drawings FIGURE .1 is a schematic of

a direct nmetal deposition system which includes the novel feedback
controller of the i n%&ﬁflilf}ﬁ eélguleﬁﬂl &6t i forPoal 89t sRatted

production of. QRarLt §; Ekg:ﬁgax?iﬂ £ %ggg i gyl f;_a | aser spray nozzle
formng a mel T pogl oh a su stra%se &r |ch§; %F%J%gc%‘ is a schematic view of
a | aser spray nozzlepteesing fonetdriep! cid ghypssiyr adsnadfdilbsl & 20
including an illustration of a portion of the feedback device of the
i nventi on; HGIRPosikts a schematic of an optical nonitoring

controlling the physical dimension in accordance

with the description of the article to be fabricated; and
advancing to different localized region of the

substrate until the fabrication of the article 1is

10 completed.

Brief Description of the Drawings

‘FIGURE 1 1is a schematic of a direct mwmetal
s deposition - system which includes the novel feedback
controller of the invention and a CAD/CAM system for

15 automated production of parts;

FIGURE 2 is a schematic view of a laser spray
nozzle forming a melt-pool on a substrate article;

FIGURE 3 is a schematic view of a laser spray
nozzle forming a melt-pool on a substrate article,

20 including an illustration of a portion of the feedback
device of the invention;

FIGURE 4 is a schematic of an optical monitoring
system which illustrates important features of a feedback
controller of the invention;

25 FIGURE 5 is a schematic view of a molten pool, an
optical axis, a mask, and the orientation of a

phototransistoxr of the invention for sensing dimension;



systemwhich illustrates inportant features of a feedback controller of
the invention; 25 FIGURE 5 is a schematic view of a nolten pool, an

optical axis, a nmask, and the orientation of a phototransistor of the

i nvention forvogesmsting di mensi on; WO 00/ 00921 PCT/ US99/ 1403dcT/6s99/408JRE 6 i S
simlar to Figure 5, except that the sensing condition indicating whether
distortion is occurring is reversed-relative to that of Figure 5 as are
the mask and arrangenent of the nask with respect to the 5 deposited
material; FIGURE 7 is an electrical circuit diagramof a phototransistor

bi asi ng arrangenent ; TFICEBRE® 8%° i sl aanaPofivere dye esicgnal that the | aser
before condiLijoni ng control ,by. the feedbac 10 system. FI GURE 8b shows
vol t age dro%éggg% s ?ﬁgdl Tansi s %}crﬁﬁﬁﬁntw%EF e rekUiTGrheiht of
deposit senstne:ink GIRESBEr e, di.gitd igpal _from 15 the
phot ot r ansi st or séﬁi to contf%gvfﬁgnﬁggeﬁg %&%%ﬁé’égggﬁgmg’t%% fodi fi ed
anal og si gnehe seask 4md tderdragefenthioth takf @gks hen pubsg=durad i gn and

resul t ant ower of the laser; FIGURE 9 illustrates a specific exanple of a
20 nDnoIFthg%P%$¥RRﬁtmﬂ§e¥éﬁhed by | aser cladding on a substrate; FIGURE 10

is a gran: of a prefg&&gﬁESEitching

1s an” electrical circuit diagram of a
phototransistor biasing arrangement;

FIGURE 8a is an analog voltage signal for the
laser before conditioning and contrcl by the feedback

10 system;

FIGURE 8b shows voltage drop across the
transistor circuit as the result of height of deposic
sensing;

FIGURE 8c curve shows the digitized signal from

15 the phototransistor sent to control the laser;

FIGURE 8d shows the modified analog signal sent
to the laser which affects the pulse duration and resultant
power cf the laser;

FIGURE 9 1illustrates a specific example of a

20 monolithic structure formed by laser cladding on a
substrate;

FIGURE 10 is a grapn of a preferred stitching
pattern;

FIGURE 11 1s a perspective view of a benchmark

25 sample including numbered residual stress management data
points proposed by an international group of users; and

FIGURE 12 is an illustration of a tool die having

core and cavity parts prepared according to a method of the



pattern; FIGURE 11 is a perspective view of a benchmark 25 sanple

i ncl udi ng nunbered residual stress nanagenent data points proposed by an
international group of users; and FIGURE 12 is an illustration of a tool
di e having woneommd cavity parts prepared according to a meriswieésit he WO
00/ 00921 PCT/ US99/ 14031 7 invention. Detailed Description of the

I nvention The present invention resides iin nethods and apparatus for
nonitoring and controlling the deposition of 5 naterial on a substrate,
typically a nmetal. In particular, the invention is applicable to processes
based on t héRAVEBE#ERt on/ sustai ning of nolten pool by localized |aser
heating, and the concurrent injection of powder, typically of nmetal. The
materials of the substrate and injected 10 streamare joined to forma

deposit. In the uniquge§¥§1ggnDéggﬁﬂﬂ%jggvggtjHQ,Ig&akﬁggt one di mensi on of
the deposit is nonitored and controlle 0 provide a npl et ed wor kpi ece
having a desired contDhg aRdsdhtensivens ivht Nddigk8Sen t QLEkSNECanhn
particular, the size of the deposit is 15 proportional to the anmount of the
second nat erPRETARj®dicad mopitorihe amd tequalollThe umé lepaminiibar big and
control _assenbly of the invention conprises a feedback controller which
senses a°di WEH@F{\;?F 0 ehEvBRpERGe &xBivativs MeEalpyl Be rantdcidaTref t he

| aser beam ed. t.he detected,20 di mension. Preferably, the height of
t he depositQ?% s%éié? OFhd" poRBP et e ngéFxﬁgiﬁFFs%%ﬁ%FrdW?eH%anersely

W th formation/sustaining of molten pool by localized laser
heating, and the concurrent injection of powder, typically
of metal. The materials of the substrate and injected

10 stream are joined to form a deposit. In the unique system
of the invention, at least one dimension of the deposit is
monitored and controlled to provide a completed workpiece
having a desired contour and dimensions within close
tolerance. In particular, the size of the deposit is

15 proportiocnal to the amount of the second material injected
into the melt-pool. The unique monitoring and control
assembly of the invention comprises a feedback controller
which senses a dimension of the deposit and varies the
pulse duration of the laser beam based on the detected

20 dimension. Preferably, the height of the deposit is sensed
and power of the laser beam is controlled inversely with
the height of the deposit.

The present invention combines direct metal
deposition techniques along with automated direct feedback

25 control to achieve a final product to within close
tolerances and having acceptable metallurgical properties.

The invention couples direct metal deposition (DNM)



the height of the deposit. The present invention conbines direct netal
deposition techniques along with automated direct feedback 25 control to
achieve a final product to within close tol erances and havi ng accept abl e
nmetal | urgi cavoprooparti es. The invention couples direct nesaushepmsi tion
(DNM WD 00/ 00921 PCTIUS99/14031 8 techniques with effective control to
build parts, prototypes, nolds and diges to close tol erances wth conpl ex
geonetries and good netal lurgical characteristics. The invention also
provides the ability to couple a CAD data 5 base with direct netal
depositi on W %@Wea? cdftfet PRt~ 1Vitay o EBr i ¢at edPwiilch desiteed

properties sho peri od of ti nd in _an automated systemw th
limted h %P%?v ‘ﬁdosna hgl?sn\}:é)nﬁ&rgﬁe\?\% SO HER T BEE i th 10

reference tgécsrhta;xflla&urﬁﬁ ﬁb&&"ﬁeé—alsuragl%%her@z{drca& brdscdbLect fgtal
deposition system 102 whi ch includes a novel feedback controller 104 of

the inventioweardien GANCAMoviysterha06bi DI taut ®NEdsl epraodurat it 0f parts.
The factors considered to affect the dinmensions of nmaterial deposition, 15
i ncl ude ?ade#sponerh %mtdm&ﬁéie@epqmlwhamdbspat fahpletisstoattut i on of

t he beam |nteract£a%1 tinme, . an low rate. Anmpng such factors

adequat e mohi X oFt ng A Lot wc}lthpglesllrﬁggrpﬁﬁ\%?tjnea% "élté"rllnt i a2 ¥ ect on
the abilityd0i0d abti cahe, Comp! el ed- PaL Snd LA B, GODE 1ol i of el anges. 20

Accor di ngl y, the feedback controller nvention preferably
cooper at es HWinecting ewtehAcibe. nuneri cal

The invention will now be described with
10 reference to the figures. Figure 1 is a schematic of a
direct metal deposition system 102 which includes a novel
feedback controller 104 of the invention and a CAD/CAM
system 106 for automated production of parts. The factors
considered to affect the dimensions of material deposition,
15 include laser power, beam diameter, temporal and spatial
distribution of the beam, interaction time, and powder flow
rate. Among such factors adequate monitcring and control
of laser power has a critical effect on the ability to
fabricate completed parts within control tolerances.
20 Accordingly, the feedback controller 104 of the invention
preferably cooperates directly with the numerical
controller (NC) 108 which, itself, controls all functions

of the system, including laser power.
Continuing the reference to Figure 1, the system
25 comprises a laser source 110 having an appropriate beam
focusing means 112. The laser source is mounted above the
substrate or workpiece in order to focus the beam thereon.

The workpiece substrate is carried on the work table,



controller (NC) 1-08 which, itself, controls all functions of the system

i ncluding | aser power. Continuing the reference to Figure 1, the system 25
conprises a |aser source 110 having an appropriate beam focusing neans
112. The | ased o®ewice i s nounted above the substrate or wedkpPieagesi N or der
to focus the beamthereon. The workpi ece substrate is carried on the work
tabl e, WO 00/00921 PCT/US99/ 14031 9. shough any of a nunber of variety of
arrangenents may be used to cause relative novenent between the workpiece
substrate and the | aser spray nozzle. The systemalso includes a work

tabl e 114, bbmhsﬁwlvf 13 6namee e o f | eariety ®ft @rceobetnbrts asey .bdt is
preferred that Q%) | aser source, be a continuous-wave or pul se C02, YAG or

any ot her W—H engt ﬁa?%ﬁetreljlé\t}?‘ﬁ@ FYPSRERtd é??stl“’leﬁnen%t&’gthBkPr%?‘fethe
material toghgsde éléﬁ? t{gpl Iry,sp%g 1,T%zglted aser Stem h?:gh power CQO2

| aser is used. Prefera the aser (S dlreceted roug

per pendi cul apct@idhea szblicfca@@olféf 1hbe p&k&skhﬁfaﬁyw&wn%c%hlﬁe:?h% in
Figures 2 and 3, the systemi ncl udes a nozzl e assenb |y 202 which operates

on the wér kppeGQOﬂ.othapthqe:a claddisngredgeredychay atiel ngspovndenece net al
into-the 15 beam Laser and nozzle assenblies of this kind are described
in U.S. PatBft No§ON5IPUGUSMAVEPr g¥t Pudseal §0;.5, W83, 300 (dyeretheret al);

and 5,477,026 é%l;or{gll % Q suitabl e | aser ra zle is available from
Quant um Las®ér or afiton OFVNGY ¢t Fsyer 8?@?“513’ %?ﬂi“—’i%‘s t2s™3eEctbed in 20
U.S. Patent nMeerfay2ds A99.deposited. Typically, an RF-excited laser
or high-power C0, laser is used. Preferably, the laser beam
10 is directed roughly perpendicular to the surface of the
substrate workpiece.
As shown in Figures 2 and 3, the system includes
a nozzle assembly 202 which operates on the workpiece to
apply a cladding layer by injecting powdered metal into-the
15 Dbeam. Laser and nozzle assemblies ~of this kind are
described in U.S. Patent Nos. 5,241,419 (Pratt, et ‘al); °
5,453,329 (Everett, et al); and 5,477,026 (Buongiomo). A
suitable laser spray nozzle is available from Quantum Laser
Corporation of Norcross, Georgia, and is as described in
20 U.S. Patent No. 4,724,299.
The spray nozzle provides a common outlet for the
beam and the powder so that both are consistently directed
at the same point on the workpiece substrate. in a
preferred configuration, the laser spray nozzle assembly
25 includes a nozzle body with first and second spaced-apart
end portions, as described in U.S. Patent No. 4,724,299.
A beam passageway extends between the end portions and

permits a laser beam to pass therethrough. A housing which



The spray nozzle provides a common outlet for the beamand the powder so
that both are consistently directed at the sanme point on the workpiece
substrate. In a preferred configuration, the |aser spray nozzle assenbly
25 incl udes wopwwgile body with first and second spaced- apardT/ussma4oporti ons,
as described in U S Patent No. 4,724,299. A beam passageway extends

bet ween the end portions and permtsia laser beamto pass therethrough. A
housi ng whi ch WO 00/ 00921 PCT/ US99/ 14031 - 10 surrounds the second end
portion is E"sl_paced frg{pﬁt he secon end portion so as to forman annul ar

passage. The HOUE Rg - halSHT DS RGTELARI B SHAWC RECBeRSs prRAGeway f or
permtting d.he ﬂcﬁ%génbgé,rgé Oc(fo\;a\fn%?fﬁlt tgﬁregﬁglﬁfé&g&easéggxleadd&‘]?g k?otps%lmer supply

systemis operably associate passa Supplying ¢ "addi ng

powder therlei® 2o tbaénife Rawdel exidis the opemi NgaceaytdhyWiddy the beam
The | aser spray nozzle of The invention achieves uniformclad conposition
because t heedywrmtéxot she Haspozkéan k0 psgbstlaatdtaldopgboaxi at1addsirtch t he

cl addi ng_ powder, both having the same focal point. The nozzle has a common
outl et for RHETeaf BRUY t FYSF6er 180 WPt reFec iagedsi Wit Ighedi rect ed

oL e ST Reial. S gLl oo Loy e e 5 commn, Local ol nt 1

achi eved whi assures rmc nposi t .et S can
al so be obfciqad &y csi @Eei%%ﬂ@%o@&%éfewimvﬁ{/eerbeaﬁli.de injection nozzle
o

restricts the direction of ad novenent whereas a concentric nozzle wll
al | ow change of dire@heobasHr sgepgshnbikobe abf ahe iiAstabion achieves
uriform clad composition because the beam exits the nozzle

10 substantially coaxially with the cladding powder, both
having the same focal point. The nozzle has a common
outlet for the beam and the power so that both are
consistently directed at the same point on the article. In
this way, a common focal point is achieved which assures

15 uniform clad composition. Similar results can also be
obtained by side injection nozzle, however, side injection
nozzle restricts the direction of clad movement whereas a
concentric nozzle will allow change of direction of
deposition at any instant.

20 Conventional laser cladding techniques move the
metal article relative to the beam focal poinc through the
use of jigs, parts handlers and the like. The beam focal
point therefore remains fixed in space, as does the
position of the injected powder metal stream. Uniform

25 movement of the metal article wusually requires a
complicated jig which is difficult tc manufacture, often
expensive and freguently not very successful, particularly

with extremely intricate geometries. For this reason,



20 Conventional |aser cladding techniques nove the netal article relative
to the beam focal poirc through the use of jigs, parts handlers and the

| i ke. The beam focal point therefore remains fixed in space, as does the
posi tion of wheomemiiect ed powder netal stream Uniform 25 nmpopussnn4asi the
nmetal article usually requires a conplicated jig which is difficult to
manuf acture, often expensive and frequently not very successful,
particularly wth extrenely intricate geonetries. For this reason, WO

00/ 00921 PCT/US99/14031 - 11 |laser cladding of netal parts having
intricate gédfittrreadding edietdilf PRetFt heving hintnicateageonstsient | y

uni form basis. Robotngave beﬁo standard piece of operating equipnent

in many met arwofRERg 9 ﬁfg}tT_8ng§§?8§? PBbat S RASTENWMY sEPWEF f i ve
degr ees of bagedom ze86Hs Chafhi Gl&l & MURAMLHN 520S! 8D gLQEHQ{/- The
Ul yor p rcarty,

robot may be powered electrically, hydraulicall neu or
through sosgueprdhtain emsf rdtes@crRang. pldrdd .zatinen t9bidal 0pGbot N
conjunction with a | aser cladding systen1%e|ps toward nmeans 10 for

achi evi n§ ahanid orohsel Wilth Thieadeprees ey freeddm, féacdd ofi wh$phceamnd t he

nozzle may therefqQre nove relative to the article in cooperation with
moverent of "PH8 PdbBt SRPREaAnAl VELASEFYel v Thehe ez e virele r BRYeFed i xed and

cont rol s SHPCETaY o TBSREREL b CE RS RCERROFSELY FPbuFBSR1 el L ng

controls operati‘ng conponen _ _ _ i ncl udi ng
the conditi gbse orPRebBIbRLOfHEEE hasRS. uvRECERId NG U gCctbpDe f{pm the

CAD/ CAM conputer 106 for
conjunction with a laser cladding system helps toward means

10 for achieving a uniform clad. The article may remain fixed
in space and the nozzle may therefore move relative to the
article in cooperation with movement of the robot arm.
Alternatively, the nozzle may remain fixed and the article
moved by the robot.

15 The numerical controller 108 preferably controls
all operating components of the assembly of Figure 1, -
including the conditions of operation of the laser,
accepting direction from the CAD/CAM computer 106 for
building the article, part or workpiece. The NC controller

20 also receives feedback control signals from the feedback
controller to adjust laser power output, and further
controlling the relative position of the work table and the
laser spray nozzle assembly. A numerical controller such
as that utilized in Figure 1 is obtainable from a number of

25 vendors including FANUC, Allen Bradley, IGM, etc. The
CAD/CAM system is of a conventional type and may comprise
a work station supplied by any commercial vendor such as

Sun Microsystems, Silicon Graphics, or Hewlett Packard.



building the article, part or workpiece. The NC controller 20 al so receives
f eedback control signals fromthe feedback controller to adjust |aser
power output, and further <controlling the relative position of the work
tabl e and t heoobessar spray nozzl e assenbly. A nunerical coptrobdeqaossuch as
that utilized in Figure 1 is obtainable froma nunber of 25 vendors

i ncluding FANUC, Allen Bradley, |IGV-etx.- The CAD CAM systemis of a
conventional type and may conprise a work station supplied by any

commerci al yendor such as Sun M crosystens, Silicon G aphics, or Hew ett

Packard. WO 06P909¥1 TS FER09PIADEC Of the ARBAGAN hoftearar &8 tegquired of
t he CAD/ CA is its._abiljt t t t he
N I

substrate for rmaterial “deposifion.

rapid prot ohipEnga Bndebos 250l | ntbr ferdi neDsopalpobi e6t Hodirect Iy from
CAD di nensi ons, including the production of direct nmetal prototypes
utilizing thepidseotepyaynnozr] gormAs HESld sReSe | dinfdr#ibas1208h6:-3, the

| aser spray nozzle 202 forns a nelt-pocl 204 on a substrate article 206.
Powder is pRéFefhbyyiTe] R EiMansdghsa hoekidiR08hel @radoundot hef | aser

beam 204. 1. ] referred that the | aser beam projection on the substrate
sur f ace notgbgé E)uré%tf%n PEYSIRES PEY ézb?%ftekfefe]tgsterﬁtspfﬁ@ Pagete beam

projection be of a gl akkvekyegeneral ghn shape wi XiJum
intensity occurring peripheral Ilgeir}%%s?uqlg% goér(:{lc% ast pct%g e%tagg GAUSS an
profile, theoattipoknt dbrtbeabeamppoél! eohasnaa lQWeErhft ensiiyie This
provides a nelt-pool of relatively wuniformtenperature distribution.
However | Ot%%§.sp§pwgpr is preferably injected through a nozzle 208

10  around the laser beam 204. It is preferred that the laser
beam projection on the substrate surface not be Gaussian
profile. It is preferred that the laser beam projection be
of a relatively general doughnut shape with maximum
intensity occurring peripherally. Thus, in contrast to a

15 Gaussian profile, the midpoint of the beam profile has a
lower intensity. This provides a melt-pool of relatively
uniform temperature distribution. However, other spatial
distributions of the laser beam can be adapted for the
process.

20 Figure 3 shows a schematic of a direct metal
deposition system including a feedback control device 302.
The energy delivered from the laser is shown by a large
arrow, and a small arrow shows powder being delivered into
the powder delivery system. Chiiled water 306 is shown

25 being delivered to the outlet of the laser spray nozzle.
The feedback unit 302 is preferably disposed directly
adjacent to the point where the laser and powder are

incident on the surface of the workpiece 310.



distributions of the | aser beam can be adapted for the process. 20 Figure
3 shows a schenmatic of a direct nmetal deposition systemincluding a
feedback contra: device 302. The energy delivered fromthe laser is shown
by a large waséomgsziand a snmall arrow shows powder being depdygdosalsobnto the
powder delivery system Chil=ed water 300" is shown 25 being delivered to
the outlet of the |aser spray nozzle.;3The feedback unit 302 is preferably
di sposed directly adjacent to the point where the | aser and powder are
incident on the surface of the workpiece 310. WO 00/00921 PCT/ US99/14031 -
13 Figure 4 is a scFRegwre ¢ d5 ansopénz@lc monianobphgdca s ywdeimariingh
illustrates the fundanental physics of the feedback control system

Broadly, a HH5hesi'BHSuch HetERESSh&ibgntEwdagensadr royadcaorEerrbsool is
noni t or ed q%téd%glc%y?%%% G réttggll.l egrg%(gﬂaﬁr f%n'di%ﬁ‘lﬁlgﬁé?gggv i thett nper at ur e

e
nolten surface o ten pool em nfrared

region. Theesiduk Jei gunaset - El g4 otk ers aTBLICALLY L S £04 eé;?é&'téalt _nolten

pogl. A narrovt%/, band- pass filter 410, preferably in tﬁe infrar e&?’el s pl aced
in 10 frontamf cancaokle le@nstAdRically . exenplibigh €anpedaC@rPiagen a 135 mMm
focal length with the only requirenent being suitable magnification of the
mol t en poolSUTfees mfgethes Ppasterl papbughipar mékhedinsrdersy 416, thaft er which

i i i i to an
2, POrL o0 ol Lhe e L appr o el Y L0 1o percent Lol otehiect sy (0 an
NECESSary schematically represents the molten pool. A narrow band- -
pass filter 410, preferably in the infrared, is placea in
10 front of a camera lens 412. The exemplary camera comprises
a 135 mm focal 1length with the only requirement being
suitable magnification of the molten pool.
The image is passed through barrel extenders 416,
after which a portion of the image (approximately 10
15 percent) is reflected to an active focal plane of a TV
camera 420. Note that the camera is not strictly necessary:
according to the invention, but enables monitoring by a
human operator. The reflected image preferably passes
through a neutral density filter 422 placed between the
20 reflector and the active focal pliane of the TV camera. The
transmissive portion of the optical image passes through
the reflector, and the magnified image is masked at a focal
plane to provide spatial resolution. The image exiting the
mask 426 passes through a lens 428 and then to a light-
25 sensgitive device such as phototransistor 430.
Importantly, the optical axis 440 angle and the
magnification of this optical train are arranged such that

small changes in the height of the clad can be



according to the invention, but enables nonitoring by a human ope
The reflected inage preferably passes through a neutral density f

pl aced between the 20 reflector and the active focal
canmera. The wopaevsri ssive portion of the optical

refl ector,

and the magnified image is masked at a focal plane to

spatial resolution. The inmage exitingishe nmask 426 passes through
428 and then to a light- 25 sensitive device such as phototransi st
I mportantly, the optical axis 440 angle and the nmagnification of

optical trafhshiBIaFThERHRY ddch PhREPErapalstchdiges MWhthheeherehte of the
cl ad can be VK%QO/OOQ 1 PCT/ US99/.14031 14 di stingui shed by the
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Figure 4 also illustrates a way in which
spectroscopic analysis may be incorporated into the
invention through the use of a beamsplitter or partially
transmitting mirror 450, which directs a portion of the
light received from the object to a dispersive element 460
such as a diffraction grating, the light from which may be
collimated by a lens 462 and fed to a detector 464
outputting spectral content information along line 466.
Such spectral content information may be used to passively
monitor and/or record data regarding the material
composition of the melt-pool or cladding layer as 1i:c
develops or, may be incorporated into a feedback loop to
alter the operation of the system in accordance with
material composition. For example, the constituency of the
powder feed may be varied in accordance with design
criteria and checked through the spectral analysis aspect
to ensure that the proper alloy or change in material
composition is taking place.

It shoula also be noted, that althcugh laser



collimated by a lens 462 and fed to a detector 464 outputting spectral
content inforndtion along line 466. Such spectral content infornmation may
be used to passively nonitor and/or record data regarding the material 20
conposi ti on wo oebve21nel t - pool or cladding |ayer as it devebopus®rigosray be
incorporated into a feedback |loop to alter the operation of the systemin
accordance with material conposition.igor exanple, the constituency of the
powder feed may be varied in accordance with design 25 criteria and checked
t hrough the spectral analysis aspect to ensure that the proper alloy or
change in nBP¥FFals JVRFGSPPLYN the tvakiinglpl acdifiedshoulagcakrdanbe not ed,

that alt houg@thas%ir esvg%pe()é 00%%1 PCT/ U% 9/ 14031 . ower is preferably

-_15
the variabl e nodi fied in accordance H a VEEOPRESHr damPeot Hefdvari abl es

may be usedsepgpaf@il ¥brOr 1hN CONUHGLILAN Wi L '1%%%& pég\&fgr, For . gxanpl e,
the progression of the |aser spot, or the size o th aser spot may be
varied to megamphe, dewi grogtebeidém obroheallheepatpye) Yor PMeCEiak Heed may be
adj usted. Indeed, through proper control of the appropriate set of

par armet ePs, that érFaF FRABVERY | Be avaviedde pussi bihke blestibe cirhiveniaon al ong
with materi al bui'ld-up abling m stakes 10 or inperfections to be

corrected ofi*t h%-’i‘el]i?ft&?’?qyal PRr 3l diged BA¥bPE R 1t Stbdi frdaetion of
Phot of rans SP5rOaranBroPe or BEEEERE OE. T BEDCaPPRRRT LY 2ort ol s T aser
power. MstphasfetepPOSSRSSerial removal is also made possible by the
invention along with material build-up, enabling mistakes
10 or imperfections to be corrected on-the-fly, or,
alternatively, enabling the modification of pre-existing
parts with respect to new design criteria.
The phototransistor signal is processed by a
circuit which controls laser power. Most lasers possess
15 the ability to be controlled by a single analog voltage
signal, for example 0 volts and 12 volts will correspond to
no-power, and full-power, respectively. Any voltage in
between will generate a corresponding output power. Most .
lasers can respond to this analog voltage within "a
20 millisecond. The phototransistor is capable of detecting
presence or absence of light, and its conductivity varies.
On exposure to light, the conductivity of the
phototransistor increases, and therefore the voltage drop
across the phototransistor decreases. BAs shown in Figure
25 7, the wvalue of "R1" can be chosen to adjust the
appropriate sensitivity so that V,; + V., = 5 volts. In
this particular example, 5 volts will provide 50 percent

total power if total power is obtained with a 10 volt



15 the ability to be controlled by a single analog voltage signal, for
exanple 0 volts and 12 volts will correspond to no-power, and fuII-pomer
respectively. Any voltage in between will generate a correspondi ng out put
power. Most WPAgeNel can respond to this anal og vol tage w t RCTYUSS92@31
mllisecond. The phototransistor is capable of detecting presence or
absence of light, and its conductivityevaries. On exposure to light, the
conductivity of the phototransistor increases, and therefore the voltage
drop across, the%phototransistor decreases. As shown in Figure 25 7, the
val ue of " be chosen to adjust the appropriate sensitivity so that

Vp.r + V', t =5 volt§ef@erBF §Op%gghgglggagxg em%%é ¢ t30¥%1%%$rovide 50

percent total power If total power o] Fned 00/ 00921

PCT/ US99/ 1483dosit 1402 sisgRdownRatenr ingadio fiOWiRpBeed égbﬁé@ﬁl@h@f a
nolten deposit 502 is shown with a mask 504 di sposed between the deposit

and the photferesitsiagtiorhdQiotOhens edtenenos . of odther 2lepshem bAvehdeen
elimnated for clarity. As can be seen, the nmask is in planar formand is

a solid Wi tﬁY%t%lf@Vec %@gﬁl\mwﬁtwgﬁﬂr rﬁa);ﬁrpays MHenarhee hetght of the
clad reach a_predeter ve i gh n the formaf the  sel ected
?ﬁ i ﬁ pioghll ﬁ ert h%edla?a & i 859118 t“HHSﬁ@w R mask and

wavel ength fromt nat eri posit “pa

i s inci denttl@fbld?ﬁwﬂ'ﬁ!@hoiiéﬁts'rﬁ}pbasés ﬁhémh&q{é\i%rh%%ﬁ J[-Paﬂg as the
| evel of the deposit is belowthe hole in the mask t wll not be
i nci dent onreadigephat predasestiored Thiwe1cordighitonn bﬂﬂyWEﬁtd ighterand no
selected wavelength from the material of the deposit passes
10 through the mask and is incident on the phototransistor, as
shown. Conversely, as long as the level of the deposit is
beiow the hole in the mask, light will not be incident on
the phototransistor. This condition, between light and no
light, can be used to control and adjust operation of the
15 laser.
The opposite condition is shown in Figure &6,
where, as long as light is transmitted through the mask,
the elevation of the clad deposit is acceptable; and as
soon as light is prevented from being transmitted througn
20 the mask, an unacceptable condition is sensed, since no
light is incident on the phototransistor. As height of
molten pool changes in elevation, the image lowers until
light begins to impinge upon the photo transistor. At some
consistent height, the voltage (V,,.) reaches a magnitude to
25 switch from "beam on" to "beam off."
Figure 8 1is a series of curves showing the
relationship of signals controlling 1laser operation,

phototransistor response to light/nc light condition in the



light, can be used to control and adjust operation of the 15 |aser. The
opposite condition is shown in Figure 6, where, as long as light is
transmtted through the mask, the elevation of the clad deposit is
accept abl e; wodo@s2:1 soon as light is prevented from bei ng peposshidsed

t hrough 20 the mask, an unacceptable condition is sensed, since no |ight
is incident on the phototransistor. Ag<height of nolten pool changes in
el evation, the inmage lowers until |ight begins to inpinge upon the photo

transistor. At sone consistent height, the voltage (Vogt) reaches a
magni t ude t&cresofwettade odrdmheandiion HdhaamtotirahsFegor esB8gnsl a seri es
of curves showing the relati onshi]ﬁbof signals controlling | aser operation,

phot ot r ansi SPOFTPES phA&F (RPYSIght /1o 3y sesndithroRor hzeRea W3 007 00921

PCT/ US99/ 14, - ~form v.Ql t dr.op, _and how t he _phot ot r ansi st or
si gnal con?%%ﬁesselngéerirg%he%dItgleaﬁ%%gég%g,a’tc e liweé)rlﬁezsgﬁfglv %%gerepr esents

tine, and tiheeveiti€abr axiisvé €pEEFEGhSe VOLL 8H6us Jbeaﬁéiéi ?%1@%6@9 of
Fi gure 8a shows an anal og voltage 5 signal for the | aser Dbefore any
condi ti ohi ngigmal domt tbé Imsert befbeedhnackonyist pinioly the teMendi oy The
second of Figure 8b shows the voltage drop across the phototransistor
resi stor. Ashediradbaskerystien 96 £he sinvemtien. t itheamsicogd ¢6| Figrerd or t he

| aser, befoge any contyol by the feedback 10 system is consistent and
unadj ust ed é&?ths T're. fe‘f‘%/]itr‘?‘&e tg’-’?lhe ASECEAd Thf vEPGFCEF 3P E 0T t he
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? voltage for the laser, before any control by the feedback
10 system, is consistent and unadjusted with time. Referring
to the second curve of Figure 8, the voltage drop across
the phototransistor resistor of Figure 7 as shown during

the cladding operation.
At the beginning of the cycle of operation, the
15 impedance of the phototransistor is high, signifying that
it is not sensing light emitted from the molten surface and
transmitted through the selective narrow band-pass filter.
As a result, the voltage drop across the phototransistor
resistor is relatively low. 1In the condition where light
20 is detected, there is shown a peak indicating that the
impedance of the phototransistor is relatively low, and the
voltage drop across the phototransistor resistor is also
relatively high. 1In the third curve of Figure 8c, the peak
voltage drop across the phototransistor provides a signal
25 which is digitized. The fourth curve of Figure 8d shows
that the digitized. signal has now modified the actual
signal sent to the laser and affects the pulse duration and

resultant power of the laser. As shown in the fourth curve



the cl addi ng operation. At the beginning of the cycle of operation, the 15
i npedance of the phototransistor is high, signifying that it is not
sensing light emtted fromthe nolten surface and transmtted through the
sel ective nawp@wotsand- pass filter. As a result, the voltagerdsdpsder 0Ss

t he phototransistor resistor is relatively low In the condition where
light 20 is detected, there is showt asgpeak indicating that the inpedance
of the phototransistor is relatively low, and the voltage drop across the

phot ot r ansi s%o I esi séor %S a%fo relatively high. In the third curve of
Figure 8c, The pgik® Vol Hage'ar'ciFac6ss e fRot 5Efaharet drapreni des a

signal 25 whi [ | gitd z h curve of Figure 8d shows that the
digitized \é\?%%gl %%ﬂl%oe\tfvi m)etg?r i-gggo{lﬁ}é% ctﬁ%l t_'ehsel gr?&oqgéﬁ?n?bs?% Y aser and

affects t hevputsge dudddp orarand sehasubt apt poer Rhithechaselcifsyshown in
the fourth curve WO 00/00921 PCT/US99/14031 - 18 of Figure 8, the voltage

over tinme feavelsndtdasexf Raghhow been adj usted corresponding to the

phototransistor's voltage drop _and sending of the nonitored incident

wavel engfh of |ight. 18 | hh¢ hdepdbapacRSRSBECLLoft Hehelhvardrittnon, thee
controller of_ Figure 1,

hot ot r ansi ign to t.he_nuperjcal
\R/ni ch then %%‘?{Jost? %%\g)(%?t@ ggeg%%%)splay Fd°f Eeggl BB IUEGAERS| FPRGEP RS power |

and {1 nal | yoadjrusiirag J.asps:ciluEALh 0Ba 0L dont1 0oL Ne PRTPECS bt r at e.
The voltage 10 of the anal og signal corresponds to |as ower . IS
enabl es di r bztemetcaht debosid ilaneansbwant mal oindihe hehgbting laser
duration incident on the workpiece substrate. The voltage
10 of the analog signal corresponds to laser power. This
enables direct metal deposition and control of the height
of each pass, as layer upon layer of cladding is built up .
The feedback system thus controls the accumulative
dimensions of the workpiece. The feedback ccontroller of
15 the invention essentially tells the laser that if the
workpiece is going off dimension, then the duration of
"beam on" time for each pulse is to be reduced. When the
beam is on, deposition occurs. If the particular location
is too high, the feedback loop cuts off the laser power and
20 greatly reduces deposition. The automated control and
adjustment of the invention are critical since manual
adjustments are not effective.
In wuse, the system may be used to deposit
material, pixel by pixel. Without the feedback control,
25 after several minutes or the accumulation of several layers
the workpiece may become distorted, after which further
deterioration of conditions may lead to distortion and

destructior. The advantage of the feedback control system



of each pass, as l|layer upon layer of cladding is built up. The feedback
system thus coritrols the accunul ative dinensions of the workpiece. The

f eedback controller of 15 the.invention essentially tells the laser that if
the workpi eweoo/eogioi ng of f di nensi on, then the duration obpcr/tb®amson” tine
for each pulse is to be reduced. Wen the beamis on, deposition occurs.
If the particular location is too higly the feedback |oop cuts off the

| aser power and 20 greatly reduces deposition. The autonmated control and
adj ustnment of the invention are critical since manual adjustnents are not
effective. Ph 88, ipventien cifi fdjpthdefsosd dbstepuisint camtecual , thexel by

pi xel . Wthoy}t t@gagse{ac%back contr ol r several mnutes or the

25 aft .
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destruction. The advantage o ack contr 921

PCTI US99/ 1488d a lébmmaftetrhgsi pyeptoprannied hat rbehos esdicdi@libhognean occur,
the phototransistor senses the condition of light/no light emtted at the
uni que wavelt&ggtiresbache errigsildes netngdsal an ardeptgbhputcendision
preprogramed to reduce deposition until 5 the feedback controller senses
an accept ab"8%EBndt tRTT L Sh &M SPE perafiendiineds fulbxamewnt-heir ful
anount. Exanple | For this research, a Chrom um Mol ybdenum hot work die
steel, H13, was directly deposited onto substrates of 10 wought H13. This

al l oy, comeghypused to die casting, was

For this research, a Chromium-Molybdenum hot work

die steel, H13, was directly deposited onto substrates of

10 wrought H13. This alloy, commonly used to die casting, was

analyzed because of its potential, high-volume usefulness

in the rapid-manufacturing of die casting tooling. Heat

treat . comparisons for both DMD and wrought H13 were

performed in ;he following areas: 1) "asclad" hardness,

15 ductility, and  microstructure, 2) initial tempering:

response, and 3) tempering response for austenitized (at

1010°C), oil-gquenched material.

To replicate a commercial system, two cladding

deposition modes were analyzed. A low power, low metal

20 deposition rate was selected since this processing

corresponds to the parameters used for details and edges.

A high power, high metal deposition rate mode of operation

was used since this corresponds to the method used for

‘adding bulk material. These two forms of processing are

25 referred to as fine and course cladding, respectively. The
tfeedback system was used in the "fine" cladding.

The operating conditions used for coarse cladding



anal yzed because of its potential, high-volune usefulness in the

rapi d- manuf acturing of die casting tooling. Heat treat conparisons for
both DMD and wought H13 were performed in the follow ng areas: 1)

"ascl ad" harveeé&e92115 ductility, and mcrostructure, 2) inbPCTra$oouesperi ng
response, and 3) tenpering response for austenitized (at .10100),

oi | -quenched material. To replicate -a20ommercial system two cl adding
deposition nodes were anal yzed. A | ow power, |low netal 20 deposition rate

was sel ected sincec%hks processi ng corresponds to the paraneters used for
detai | s and“®uGEE=% REhfgh I LOCHE FPIretaFteRgsb<ia iPoR MAt Eowvdes of

operation yag, used; i nge ghk%iggtrqggpnq%fkgcggefggﬁhod,ﬂggd{%géé addi ng

bul k material. These two fornms of "procéssing ar ef er fine and

course cl addongr waspessi vedsts TR JRedback-gyshem was yéegmv(':)ﬂiﬁ.he “f1ne”
cl addi ng. The operating conditions used for coarse cladding 00/ 00921
PC1' / US99/ 170881 powd2d waassid&tledestda dedpamiifcats spot thastesiegkd 0 3.5 mm
for the fabrication of a thick, 1-D, vertical wall. The |l aser power was
4500 wat s SHeePowder TRedPak endashe @qyeni Alow Wexrepswdeedwast detl i ver ed

per pendi cul t raster o direction. The beam and the powder flow were
turned of f g%e(%ﬁiggnagg REh °Pds S A S Tbs eyt Weéﬁercgﬁ?%a%%%unulated

while transhaliag el JIkAg | Asb NenBANR OLECCIAON 5andUCAESSLYE, | BYers were
deposited to create a 3.5 nmwide, 70 nmtall, an 150 nm ong bui |l d-up
onto a | ow Sarbossil® SteelrssubstratposUud ng tdtestpr aCessi g, wide
tenperature
70 mm tall, and 120 mm long build-up onto a low carbon
10 steel substrate. During tris processing, the temperature
of the clad was not measured, but visible radiation was
observed after the first 5-10 layers were deposited. A
tensile bar oriented perpendicular to the clad direction,
was machined from this "as-clad" specimen, as shown in
15 Figure 9. During tensile testing, and extensometer
measured strain in the gage section.
For fine cladding, the metal powder and shroud
gas were delivered concentrically. The molten pool was
formed by a 0.6 mm diameter spot. The specimen velocity
20 for both types of cladding processes was 750 mm/min. The
laser power and powder feed rate were 1000 watts and S
gm/min for the fine processing. A feedback system
monitored the height of the molten pool as the specimen was
traversed in a stitching pattern as showr in Figure 10.
25 The thickness of each deposited layer was 250 microns. The
pattern was repeated to create a slab 90 mm high. H13 was

used for both the substrate and clad to allow a direct

comparison between the laser-clad and wrought material in



of the clad was not neasured, but visible radiation was observed after the
first 5-10 layers were deposited. A tensile bar oriented perpendicular to
the clad direction, was nmachined fromthis "as-clad" specinmen, as shown in
15 Figure 9.wbuonwmng tensile testing, and extensoneter neapgfedooaidari N i N

t he gage section. For fine cladding, the netal powder and shroud gas were
delivered concentrically. The nolten pgol. was forned by a 0.6 nm di aneter

spot. The specinmen velocity 20 for both types of cladding processes was 750
mm mn. The |aser power and powder feed rate were 1000 watts and 5 gnminin
for the finkhpreesindieat toedbied exmimmentsnitored the hei ght of the

nol ten pool as the specijten was. traversed in a stitching pattern as shown

in Figure 10. 25 1Tm3qﬁﬁ%?ﬁﬁﬁs%“?ﬁmﬁﬁﬂﬂ?t&@ﬁ&%Ffeﬂ“?%ﬁﬁﬁs sthsochfdrons. The
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the substrate a oW a di'rect  conpari son H8™ aser-cl ad

and wrought apatesialsimd 140, 008509 20 RGELLSI9LAFO3 14 n?a]rteh*éﬁtsf‘sghé?gl heat

treating experinents. Hardness and m crostructure analysis of the clad

wor kpi ecé ardmewmrigtineH18ustienittke hifiter rae@tediconihd i0n,1018r€ ¥6+Y _
simlar. Both contained tenpered martensite, and 5 some retained austenite.
After aust efPEi FioNg  afMOEG1GEiEsRCe0E Hew ,demsbtitdei deiddisficahionendritic
solidification truct.ure_in the cl.ad has been rempved by diffusion.

However , baﬁgFHE %Q%Séa'b§h%1f ?dséﬁfég BPBn IRISVER deht FATUERR wr ought
substrate. ﬁb@e&é%ﬂ”ﬂéﬁd@ﬁgtéﬁd%e@nﬁyy§ifby segregation was evident in

the wrought substrate. The results of this analysis
10 demonstrate that build-up of multiple layers by cladding,
to form a workpiece having characteristics equivalent to a

wrought conventional counterpart, is possible.

Example 2
Management of residual stress and resultant
15 distortion is a critical factor for the success of this
pbrocess for demonstration of the capability of producing
three-dimensional components. Residual stress accumulation
is the biggest cause of cracking during the fabrication of
tool steel components. In order to understand stress
20 generation, a sample was designed to estimate the stress
accumulation per layer. This resulted in a strategy to
build up multiple layers before the accumulated residual
stress could cause cracking. After- deposition of a
predetermined number of layers, stress relieving was
25 carried out before further layers were deposited. This
strategy led to successful fabrication of a full size IMS-

Tl component as shown in Figure 11. This is believed to be



10 denonstrate that build-up of multiple layers by cladding, to forma

wor kpi ece having characteristics equivalent to a wought conventional
counterpart, is possible. Exanple 2 Managenent of residual stress and
resultant 1WOod&pe®drtion is a critical factor for the succeswEUsH/18d31 S
process for denonstration of the capability of producing three-dinensional.
components. Residual stress accurul atizn- is the biggest cause of cracking
during the fabrication of tool steel conponents. In order to understand

stress 20 geperation, a s | e s designed to estimate the stress
accunul at i oﬁﬂﬁe?lfﬁﬁle?l.merﬁﬁ!% rfx?\ggll?é‘&l?ﬂ of sttt PP T4 tBEFI Aespomul tipl e

| ayers beforg fihe aseumated rﬁ:?%%é'@lm Shress goul d cause cracking. After
deposition of a predeterm ned nunber Of a1ayeps, st78ss relievi ng was 25

carried out before furiheprd ey ok tdeR0SiH efharlieS 2 SIFAL§PYe) €d to
successful fabrication of a full size IMS>- Tl conponent as shown i1 n Figure

11. This isibeetdeseslt delewWD 00/ 00921 PCT/ US99/ 14031 - 22 the first time
for fabrication of this IMS-T1 test design in H13 tool steel by direct
nmet al deposition. The process paraneters of Exanple 2 are given

imredi atgly below. 5 NSF Ti..S e terial: H13 powder |aser power:
-100W deposition rate: - T fce thickness: 0.01"
material: H13 powder
laser power: ~100W
deposition rate: ~5 gr/min
slice thickness: 0.01"
10 real laser-on processing time: 50 hrs
total proc. time: ~100 hrs
stress relieving time: ~24 hrs
(6 X 4 hrs)
Total time: ~124 hrs
15 The fabricated sample was sent to an independent
laboratory for residual stress measurement. Figure 11 also
shows the points where stress was measured. Locations 2,
6 & 5 were deposited during the last run and thus shows
residual compressive stress, since they were not stress
20 relieved. Other locations, deposited in earlier runs and
subsequently stress relieved, showed negligible res:dual
stress, whereas the maximum stress at the location without
stress relieving is +49.4 KSI.
Injection molding dies with imbedded copper chill
25 block and a water-cooling channel were prepared, and a
trimming die was also fabricated. These components had
very close dimensional accuracy, all with dimensional
tolerance of a few thousandths of an inch. These examples
show the feasibility of DMD process for successful

30 fabrication of three-dimensional components with H13 alloy.

The process is capable of contrclling the microstructure
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almost any geometry that can be produced from computer
database. There are many important applications. One is
rapid prototyping/ manufacturing, which permits much faster
turnaround times of either prototypes or manufacturing
tools. Another application is for user-specific low volume
parts production, where a small quantity can be produced in
a cost-effective way. This is particularly advantageous
for fabrication of medical devices, such as artificial
prosthetic parts for individuals. Other potential '
applications include molds for polymer
injection/fabrication, inserts for Al die casting molds
with greatly reduced turnaround times, and layer glazing.
The invention provides the ability to control
composition, microstructure, residual stresses, and
mechanical properties. The system is capable of "lights
off" manufacturing utilizing a feedback loop for process
control and integrating hardware and software in the
feedback control 1loop sensor for automated operation.
Mathematical modeling is easily developed for different
materials used in the process. Other features may easily

be integrated into the system, including piezoelectric and



The met hods and apparatus of the invention provide the ability to
establish and refine conponents of al nbst any geonetry that can be
produced from conputer database. There are nmany inportant applications.
One is 10 raPiodof9e9at ot ypi ng/ manufacturing, which permts ROTVS$RI0Rr
turnaround tinmes of either prototypes or manufacturing tools. Another
application is for user-specific |lowvedune parts production, where a
smal |l quantity can be produced in a cost-effective way. This is

parti cul arIy adyant ageous 15 for fabrication of nedical devices, such as
artificial %frﬁ&a ¢ PHIE St of OF ndieASHESMeNt OHer rpot &l alstrassl | cations
i ncl ude nol r e o] rlctlo inserts for

casting nol %%cm\@m{l% g%ggtsltfaggd%%%dg%%%‘%ar oun ?I FeatOHH P afh é‘él éPa2| ng. 20
The inventi epnpkevi desct e @hiddiby . to control conposition, mcrostructure,
resi dual stresses, and nechanical properties. The system is capabl e of
"l'tghts off" manufaciuwlaige:utilizing a feedback | oop for process control
and integrating hardware and software in the 25 feedback control | oop
sensor for automated operation. Mathematical nodeling is easily devel oped
for different materials used in the process. O her features nmay easily be
integrated into the system including piezoelectric and WO 00/ 00921

PCTI US99/ 14031 - 24 electrical sensors for measurement of residual stress
accunul ation, strain and stress-induced distortion, and to nonitor crack
initiation. | claim



WO 00/ 00921 PCT/US99/14031 - 25 1. A systemfor automatically controlling
the 2 build-up of material on a substrate, conprising: a controllable
| aser having a beamdirected at a 4 localized region of the substrate to
forma nelt wooboostiher eon; 6 nmeans for feeding material inporih®meit pool
SO as to create a deposit having a physical attribute; 8 optical detection
means coupled to an optoelectric senszg operative to out-out an electrical
10 signal as a function of the physical attribute; and a feedback
controll er operative to aAust the 12 rate of material deposition as a
function of t he eI ecH‘l cal Sé’sdjﬁé‘l foy apRemayiseakhyofcasitaiopl ingwhbeei n t he
physi cal , %E i S the |ze of t.he de 05|t 3. The system of claiml,
Sic

vvherelnthep a ute er i 1tion of the
|58 TagetReBuPl RooPher Trver CATPED AL

deposit. 4. The SyStQQNﬂﬁmgbﬁlﬁﬁﬂe fégéﬁuﬁ ViRg! HAb O A -2 LQt §LT gCe to a
conput er - ai ded design (CAD) systemincluding “a description of an article

to be falritatadizadad rehepai 4 tihe bepdbagke coat rf@h:lnera I gefr Bt
operative to conpare the physical attribute to the description and adj ust
the rate 6tBfreaRerial deposition in accordance therewith. 5. The system
of claiml1l, wherein the osptl cal WO 00/ 00921 PCT/ US99/ 14031 - 26 2
detecti of means i ncl JRRANSAFORPESRIIRE TIRESE iphr plgh Wi @elt pool so

as to create a deposit having a physical attribute;
8 optical detection means coupled to an
optoelectric sensor operative to output an electrical

10 signal as a function of the physical attribute; and
a feedback controller operative to adjust the
12 rate of material deposition as a function of the electrical

signal.

2. The system of claim 1, wherein the physical

2 attribute is the size of the deposit.

3. The system of claim 1, wherein the physical

2 attribute is the material composition of the deposit.

4. The system of claim 1, further including an

2 interface to a computer-aided design (CAD) system including
a description of an article to be fabricated, and wherein

4 the feedback controller is further operative to compare the
physical attribute to the description and adjust the rate

6 of material deposition in accordance therewith.

5. The system of claim 1, wherein the optical



light fromthe deposit passes to reach the optoelectric 4 sensor, the
f eedback controller further including circuitry for detecting the presence
or absence of the light fromthe 6 deposit. 6. The systemof claim1,
wherein the WpoV@adt 2 detection neans includes a di spersiReI/e$9%nPat
optically coupled to a detector for determning the material 4
conposition of the deposit. 7. An autasated | aser cladding system for use
2 in nodi fying an amount of material on a substrate, conprising: 4 a |aser
outputtigg $%bean1 and includiing means for focussing the beamonto a

a

| ocal i ze COT Thd" B S UKt PEEE, AhEPRISEFCRaVRTly BRT@HEF gihigth
ffici t t t t L i i { | i d
Suf (101 ent poer ekt BEpoubst Eate.at Leasiowl Lhinoghe | osalized area

8 nmeans for nobving the beamand substrate re ive

means fo: feetidiy the redayddl cbAckel RGCYIUtRdLd ndiRk9nLhe i Logalized area;
and 12 feedback control neans operative to sense a phySical aspect of the
mat eri al antPradiafsciihe trat @retend«l omtapisieate depasiet ilaght nfAa®gakance with
the physical attribute. 8. The systemof claim7, wherein the feedback WO
00/ 00921° PCIFRISYY/-14031 27 2 control means adjusts the power of the beam
to adjust the rate of material deposition. 9. The systemof claim?7,
wherein the feedback

6. The system of claim 1, wherein the optical
2 detection means includes a dispersive element optically
coupled to a detector for determining the material

4 composition of the deposit.

7. An automated laser cladding system for use

2 in modifying an amount of material on a substrate,
comprising:

4 a laser outputting a beam, and including means
for focussing the beam onto a localized area of the

6 substrate, the laser having an energy of sufficient power
to melt the substrate at least within the lccalized area;

8 means for moving the beam and substrate relative
to one another;

10 means for feeding the material to be accumulated
into the localized area; and

12 feedback control means operative to sense a
physical aspect of the material and adjust the rate of

14 material deposition in accordance with the physical

attribute.

8. The system of claim 7, wherein the feedback



2 control neans adjusts the spot size of the beamto adjust the rate of

mat eri al ‘deposi'tion. 10. The systemof claim7, wherein the feedback 2
control neans adjusts the rate of naterial feed to adjust the rate of

mat eri al depuwenesodn. 11. The system of claim 7, wherein thectussbank 2
control neans adjusts the rate of rate of novenent as between the beam and
the substrate to adjust the rate of - &47mmterial deposition. 12. The system
of claim?7, wherein the physical 2 aspect of the material is the height of
the material above the substrate. 13. The systemof claim 7, wherein the
physi cal ¢ 2°98pERt Biatshediasssi shei Bovee ehdiicdleasorposdiien bhethe nelt
pool . 14. The,sy of .cllaim 7, .further including an 2 interface to a
comput er - ai ggédigﬁggnt?réﬁﬂ) dseygi;égnf‘o?he CAD systemincluding a description
of a part to be fabricated, 4 and wherein the feedback control neans is
further operative WO 00/00921 PCT/US99/ 14031 - 28 to conpare the physical
aspect to the descripticnTandsyécatjdfstcibhf 7atwhdfe iRtk gkedBpOsi ton in
accordance therewith. 15. A systemfor automatically fabricating an 2
articl e, 2cofipRFsPhgreans aipuises- shdedrdess ige ddt dlbas deanckudadgust 4

Cobety Mo eR 06 A el @A PEefSRLL 5 O @ vork taple Tor supporting @

10. The system of claim 7, wherein the feedback
2 control means adjusts the rate of material feed to adjust

the rate of material deposition.

1i. The system of claim 7, wherein the feedback
2 control means adjusts the rate of rate of movement -as
between the beam and the substrate to adjust the rate of

‘4 material deposition.

12. The system of claim 7, wherein the physical
2 aspect of the material is the height of the material above

the substrate.

13. The system of claim 7, wherein the physical
2 aspect of the material is the chemical composition of the

melt pool.

14. The system of claim 7, further including an
© 2 interface to a computer-aided design (CAD) system, the CAD
system including a description of a part to be fabricated,

4 and wherein the feedback control means is further operative



6 a controllable |aser having a beamdirected at a |ocalized region of the
substrate to forma nelt pool 2 thereon; neans coupled to the |aser for
feeding material 10 into the nelt pool so as to create a deposit having a
physi cal di Yem&yw@p1 12 transl ati on neans for noving the subswwsap/edodr el ati ve
to the laser and feeding nmeans; 14 optical detection neans operative to
output an electrical signal indicatiee of the physical dinension of 16
the deposit as it is being created; and a feedback controller operatively

interfaced to _18 the E%anslatLon means and | aser to adjust the physical
are e

di mensi on of° t R B&PosiES PRESAdarf® SRt htT hEPBeSERCFEPERCR0 38E t he
article 4o hgJadrigat edaid the qampyt 81 -aided, design dat abase  16. The

system of claim 15, wherein the 2 translation neans MOVES THE Work tabl e
whil e the |@aserwand. WO 00/ 00921 PCT/ US99/ 14031 - 29 feed neans remain
stationary. 17. The system of claim 15, wherein the 2 translation neans
noves the | aser and feed neans while the work table remains stationary.
18. The systemof claim 15, wherein the 2 substrate and powder are

netal lic. 19. The syiPem®df S¥Faftn 8° @HEPEItqHd Yoptabealcat 2nderact i on

means incl ydes .an apsgr, PiﬁﬂufﬁSK t hrough which 1light fromthe deposit
passes to reach the optoelectric

a computer-aided design database including a
4 description of the article to be fabricated;
a work table for supporting a substrate;
6 a controliable laser having a beam directed at a
localized region of the substrate to form a melt pool
8 thereon;
means coupled to the laser for feeding material
10 into the melt pool so as to create a deposit having a
physical dimension;
12 translation means for moving the substrate
relative to the laser and feeding means;
14 optical detection means operative to output an
electrical signal indicative of the physical dimension of
16 the deposit as it is being created; and
a feedback controller operatively interfaced to
18 the translation means and laser to adjust the physical
dimension of the deposit in accordance with the description
20 of the article to be fabricated in the computer-aided

design database.

l6. The system of claim 15, wherein the

2 translation means moves the work table while the laser and



4 sensor.

20. A nethod of fabricating an article, 2 conprising the steps

of : a) providing a description of the article to be 4 fabricated,

provi di ng
| ocal i zed

feeding material into the nelt pool so as to 10 create a deposit having a

b)

a substrate upon which to formthe 6 article; c) heating a
r egd amogi t he substrate 8 to forma nelt pool tkeresdwidosh

physi cal di nmension; e) optically nonitering the physical dinension

the deposit; f) controlling the physical dinension in 14 accordance with

t he descri

f abri cat ed;fees "WgRngd YRR RSt S @@t er ent | ocal i zed regi on of

substrat e;

ption of the article to be WD 00/00921 PCT/US99/14031 -

12 of
30

t he
and 18 h) repeating steps c¢) through g) until the fabrication

of the article is conpleted. 21. The nethod of claim 20, wherein step g)
i ncludes noving the york +abl es?@&ér@ the | apef, angds fegd ..MBaNS fghai n
al

stationary. 22. The nethod of ¢

stationary. 23. The nmethod of claim 20, wherein the

10

12

14

work table remains stationary.

18. The system of c¢laim 15, wherein the

substrate and powder are metallic.

15. The system of claim 15, wherein the optical
detection means includes an apertured mask through which

light from the deposit passes to reach the optoelectric

sensor.

20. A method of fabricating an article,

comprising the steps of:

a) providing a description of the article to be
fabricated;

b) providing a substrate upon which to form the
article;

c) heating a localized region of the substrate

to form a melt pool thereon;

d) feeding material into the melt pool so as to
create a deposit having a physical dimension;

e) optically monitoring the physical dimension
of the deposit;

f) controlling the ©physical dimension in

accordance with the description of the article to be

m 20, wherein step g 2 1 ncludes noving
the wor k2t addaesiltlientheatasiveandht eedseneans fekid Rebhe Wi le tafl e remain

2



2 substrate and powder are netallic.

WO 00/00921 PCT/US99/14031

fabricated;

16 | g) advancing to a different localized region of
the substrate; and

;8 h) repeating steps <c¢) through g) wuntil the

fabrication of the article is completed.

21. The method of claim 20, wherein step g)
2 includes moving the work table while the laser and feed

means remain stationary.

22. The method of claim 20, wherein step g)
2 includes moving the work table waile the laser and feed

means while the work table remain stationary.

23. The mwmethod of claim 20, wherein the

2 substrate and powder are metallic.



