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*166166* APPARATUS AND METHODS FOR LASER CLADDING- - il 1111 1111 11111
Ny *?ooogf* Eleld of the Invention This invention relates to nethods and
appar at us grning deposits of jmmmﬁ MMM cal l ed " gl

00 on
the surfads @@ a wor kpi ece using a | m d a 5 source Q?Qgggggltlon

netal, typically an injected powder netwadsisor netal wire. Background o the
I nvention Presently, one of the difficulties faced by manufacturers is the
time |ag between concept and 10 devel opnent of a new technology and the

Cri Ui cal Mol i i ng Sten o Nay products 18 1 ﬁ”ﬁé?féﬁHll\\mmIINﬂI“III“NﬂHll!

fabrication of nolds and dies. Conplex dies may take from week .a year
to perfect prior to manufacture of a 15 product. In present manu acturlng
processes, added steps arepRegessaryhkoraveneosn deficiencies of present

fabrication nethods. For exanple, for nolds and dies, products nust be
machi ned to provi de1¢aQ i i@rerhaivielse bares acs epe eivbés sand agepérarsh. 20
Known processes which deposit nmetal result in a sintered product, due to
trappi ng gbroxbgRsngndepbsiadsqoét abjtbonuvetadat enlapd Pmehti ROPRE: Lase
where acceptable material deposition has occurred, the process  often

entails tbha Mhd daprihcst rdsses walTkphergs tushaDR R r eREEYePeAheARYch known
process is |aser cladding,
5 source of deposition metal, typically an injected powder

metal or metal wire.

ac d of the venti

Presently, one of the difficulties faced by
manufacturers is the time lag between concépt and

10 development of a new technology and the introduction of
actual products to the market. In manufacturing, a
critical time-limiting step for many products is the design
and fabrication of molds and dies. Complex dies may take
from weeks to a year to perfect prior to manufacture of a

15 product. 1In 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 is laser cladding,



WO 00/ 00921 PCT/ US99/ 14031 -2 wherein a laser is used to generate a
mel t-pool on a substrate material while a second material, typically a
powder or wire, is introduced, nelted, and netallurgicall derﬂiﬁs’/g

O addi ng MOYWMBN |y distinguished fromalloying on the baaie 1 3P

cladding nelts a relatively small anmount of the base substrate material
relative to the anobunt of the deposifed material, and the powder system
delivers a controlled volune of netal particles into this nolten 10

vol ume. The particl ef%becorre en_vol ume and

di spersed throughout_thi nol
fo[)m a d &4%Hn 2of sﬁ’ésiﬁsedusggnpt&i BEBRY 8%t 1 B\I?ﬁé‘r'go er°Bf & he
substrate, .,Rempval _of the.laser, beamfr t { ] b
agvagcenﬁﬂb%tfr?%% g‘&ﬁs?ffrlgtle ‘"\'/\%‘Dlr epi %cg’ercélggt it]‘\?ae %lfgbvg%ggggéﬁ%% ﬁts 01}/
the beam gcayise I tsen el W, b rapd dl i : : il
occurs s&F api dl%yII ?ﬁ‘atx@'t hlgsn lﬁ une %%’eﬁn%let%g'ns&f}oﬁgdéc#?gl?l&%&ﬁaglm}{:sI 219 t he

ol ten mag; faqpventional |aser cladding techniques nove the netal article
relative to the focal point through the use 20 of jigs, parts handlers,

and the like. The bepsadesliparerahaietioseingabsined ffxed dTlGpace, as
does the powdering point. Uniformnovenent of the nmetal article wusually
requires ¢n cchHyplbvpaitsedtHdtg atddhing nBlftfs culte tar ivwealnfscd Lk egmanexty
expensive, and usually not very 25 successful, particularly with intricate
geonetri est Ebe belsies swWsdorgtd asatexiatidiayabiveetal ther esndvand mef ot her
than relatively flat georret ries have been nearly inpossible
the deposited material, and the powder system delivers a
controlled volume of metal particles into this molten
10 volume. The particles become dispersed throughout this
molten volume and form a deposition of a desired
composition on the outer layer of the substrate. Removal
of the 1laser beam from the molten volume, 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.
Conventional laser cladding techniques move the
metal article relative to the focal point through the use
20 of jigs, parts handlers, and the like. The beam focal
point therefore remains fixed in space, as does the
powdering point. Uniform movement of the metal article
usually requires a complicated jig which is difficult to
manufacture, very expensive, and usually not very
25 successful, particularly-with intricate geometries. For
this reason, laser cladding of metal parts having other

than relatively flat geometries have been nearly impossible

to achieve on a consistent uniform basis. To the present



to achieve on a consistent uniformbasis. To the present WO 00/00921
PCT/ US99/ 14031 - 3 tinme, it has not been possible to control the

di mensi on and roperties of the deposit. Cl ose control of g 1 is
necessary‘Vﬂoap@E? to apply the basic cladding techni que toﬂt?ﬁgﬁ%?gguction
of parts having close tolerances, accggtable 5 mcrostructures and )
properties, and which can be produced “at a reasonable cost and within a
reasonable period of time. The present invention is useful in

autonati c I - cgsérolll Pé%$|b éfkfg)q% c@%%?rhakﬁgndim%ﬂgik%?%ﬁd and is

10 partic arts through repetitive

¢l addi ng 23%%%%; Q%;?%%n%ﬂgtdgﬁ%rfgu'r@goégrcoﬁgﬁéi ¥9lﬁqﬁeE§EBBagkur'ng

prot ot yperu oadly, and in general ternms, a laser is

used to | gealdl 3h 8rapetegn heid alssidf eNARY g FRldhdiegle itet o whi ch
15 pomdergﬁsefgg o] cregte a de%%%§* haV|nglg phy5|cg% dlnengﬁght Optica

detecti on vfRARTEURLESH bE BArtIPhARi RS tdlides @RI elratice sUS &t deptiailiet OF a
physi cal di ménsion of the deposit, and a feedback controller is operative

to adj gst niherdselictiragcandapeepertbeshead@ ehechr ceal bel gnaldudeder eby
controlling the rate of material deposition. In the preferred enbodi nent,
the physi gal adimensimable tbstheinghtwifhimeadepesianalalel pasiegstadm
further includes an interface to a conputer-aided design 25 (CAD) system
i ncl udi ng taimgescription of an article to be fabricated, enabling the

f eedback controller to conpare the _ i
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
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 laser in .accordance with the

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

In the preferred embodiment, the physical
dimension is the héight 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.



physi cal di mension of the deposit to the description and adjust the energy
of the laser in accordance therewi th. WO 00/00921 PCT/US99/14031 - 4 1In
terms of specific apparatus, the optical detection neans |

i ncl udes éﬁpﬁ?i@}*’?hred mask through which Iight fromthe dgifocggs’ﬁ@gé@ssées to
reach the optoelectric sensor, and the feedback controller includes 5 °
circuitry for adjusting the laser im &cordance with the presence or
absence of the light fromthe deposit. A systemfor automatically
fabricating an article accordipng to unj.,que features of ghe i nventj on woul d

conpr:se a conpu;erlaidgﬁrﬁﬁsi n dﬁil i AEPAARRYSa 16R8es®Tht?on of the
article t e fabricate a_Wo. t . f ti b , d
transl ati‘g‘?‘lpﬁﬁgﬁgnf o?ea%%vi%ﬁeé%reakgﬁﬁgtlrngtqré‘l dfee 2% :hvleg 8£Fﬁ£§§a§‘¥é‘{‘r&%ﬁd o

feedi ng {g?{gﬁgh' W%, ﬁg{@e&ggf@&h,tﬁgedgpgeigaggg@_e@e% FByEs the work

t abl e whi | aser "an means rena tationary, ereas, in a

di ffefe”.t?ﬁeeé'ngew&'b%enfs%er, RN | e dRANS MBvesoiher | asetudad feed
means while the work table remains stationary. As a further alternative,

both the ¢asenipeyericd depdwiy work Labke/ iauksidaaidandeouritibecpoved
si mul t aneousl .y, preferably under feedback 20 control. A process of

fabri catipgessnaet bel absenerdofigthe laghet fiedmaspectiepbstiie i nventi on woul d
include the followi ng steps: providing a description of the article to be
25 fabricat ed; A system for automatically fabricating an article
according to unique 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 arrangement, the translation means moves the
work table while the laser 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 alternative,
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 substrate to



provi ding a substrate upon which to formthe article; heating a |ocalized
region of the substrate to WO 00/ 00921 PCT/ US99/ 14031 -5- forma nelt poo
t hereon; feeding material into the nelt pool so as to cre§kqﬂ% SlEResi t
havi ng a di mensi on; optically nonitoring the physica 3|nension of
5 the deposit; controlling the physical dinension in accordance wth the
description of the article to be fabrPcated; and advancing to different

| ocal i zed region of the substrate until the fabrication of the article is

10 conpl%ted. Brief Des%;i tioq)oj the Drawings FIGURE 1 is a schematic of
a direct HPeRI® “l:?g'ptosﬁ N EVST8h whi ch i ncl udes the novel feedback

controller of the /G LONERM:3.SA0 LM 2xs! Gl OTpode AU ofB! &d

production of parts; 'S a schemati c view of aser spray nozzle

formng a.,Blds ROYe Mk & HRSARL YLl H@MEhis a schematic view of

a laser spray nozzl'e formng & nmel't-pool on a substrate article, 20
including an illustyggti@m B} RAcRLELE RGOk HehgpHrethackdiderseenofbott he

invention; FIGURE 47is a schematic of an optical nonitoring system which
i |l usty atere idgpsydiant features of a feedback controller of the invention;
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 is

10 completed.

Descriptio the D in

FIGURE 1 is a schematic of a direct metal
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

phototransistor of the invention for sensing dimension;



25 FIGURE 5 is a schematic view of a nolten pool, an optical axis,
and the orientation of a phototransistor of the invention for sensing

di mensi on, WO 00/ 00921 PCT/ US99/ 14031 -6 FIGURE 6 is siml fh@dyre 5,
except t hYO P92 o ng condition indicating whether dist ol’ri{]}/%ér?gi S
occurring is reversed relative to that of Figure 5 as are the nas
arrangement of the mask with respect ttothe 5 deposited nmaterial:

is an el ectrical
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FI GURE 7

circuit diagramof a phototransistor biasing arrangenent;

oni ng
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| aser;

FI GQURE 9 {hLURLER! @R SPealddfe®XadP! €nof mBsk2QiMRnAdddi& sid uchar e
formed by laser cladding ona substrate; FIGURE 10 is a graph of a
pref ersedaspbtebeagmapat-tianny;, FIGURE 11 is a perspective view of a
benchmar k
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FIGURE 7 is an electrical circuit diagram of a
phototransistor biasing arrangement ;

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

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

FIGURE 8c curve shows the digitized signal from
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 of the laser;

FIGURE 9 illustrates a specific example of a
monolithic structure formed by 1laser cladding on a
substrate;

FIGURE 10 is a graph of a preferred stitching
pattern;

FIGURE 11 is a perspective view of a benchmark
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



25 sanpl e including nunbered residual stress nanagerent data poi nts

proposed by an internatiohal group of users; and s/a‘h
illustration of a tool die having core and cavity G;f?ﬁss]%rgepar ed ac@ordl ng

to a nethod of thei FJ/US9 9 11 4 0 3 1 S J

i nvention. Detail ed Description of the | nvewamlﬁ*@ent &am&oaﬂ
resides in nmethods and apparatus for gl toring and controlling the
deposition of 5 material on a substrate,” fypically a netal. In particular,
the invention is applicable to processes based on the formation/sustaining
of nolten podglnvahdieral | zed aser CO heating, and the concurrent injection
of powder, typically of netal. The materials of the substrate and injected
10 streamare joined to forma deposit. In the unique system of the

i nvention, at |east one di nension of the dep03|t is nonitored and

controll ed to provide il e b Aty | U gesomied contour and
dimensions within close tolerance. In part | cuI ar the size of the deposit
is 15 proportional to flle apvesentf invenséonndremides aini mjesticetd amdo t he
nel t-pool. The unique nonitoring and control f~ assenbly of the invention
conprises a fAPPIFAERS:ERTr BPnEFOoringyanth comtsed 1ingi tbasdepositioe afposit
and vari e%the pul.se durati of the |aser_beam based on the detected 20
di mensi on. &rip y?ntﬁeB‘I?Q?'b‘Fﬂteof Wﬁécae&sﬁtmqtsﬂsenéé‘dpaﬁhélcmr of

ttte | aser be%’n i \9ntt[.:9ér|1 eq.sl ng/erls lvg t@o tp@%c@%'s%gt ggségeogeposm

formation/sustaining of molten pool by localized laser

Co . 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. 1In 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 proportional to the amount of the second material injected

into the melt-pool. The unique monitoring and control

lassembly 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 (DMD)

 FRMENDED SHEET,



The present invention combines direct netal deposition techniques along
with automated direct feedback 25 control to achieve a final product to

within close tol erances and havi ng acceptabl e netall urgical 2£S.
The i nventYQRIR8Y| es direct netal deposition (DVD) PP?lAN&%@E@Idsg\O
00/ 00921 PCT/ US99/ 14031 -8 techniques with effective control to build ~
parts, prototypes, nolds and dies to8clrose tol erances with conpl ex
geonetries and good netal | urgi cal characteristics. The invention also

provides the ability to couple_a CAD data 5 base with di.rect netal
deposi t i oMEARFEBFSa éﬁﬁ§1et%gﬁﬁ?FlvﬁayCS@tF ri ca? ed PR ddF T ey

, thi " . . , :
i fn-p? i TRRGH AT T AT Py Bt F o T e Sk SRS th 10
reference , _ - . . e

Goposi 11 P SyRPEREROAER, epbl sl B PR R oG FEl 1 o 04 of

the inven{jgn,and,ay %\Aa?nf%ye% el 09,1 PL e QUEBMRLAE 1R QAUEAD Ola©f parts.

The factors considere affect the dinmensions of material deposition, 15
include | gsge ROWEr aibead HevE! lepd AMYMlwadIsPal | @dnp TS rpdt i on of

the beam interaction tinme, and powder flow rate. Anong such factors
adequat e @WRRI ber ifprithicatwith Gésiasér ppoperthes aviahiih cal seéfect on
the ability to fabricate conpleted parts within control tol erances. 20
Accor di ngbgribhe dfeedbmek eadt riol |aam aQdovéatede siyweem ivwith pteheredl y
cooperates directly with the nuneri cal
human intervention.
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 monitoring 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) 108 which, itself, controls all functions of the system
including Iaser power. Continuing the reference to Figure 1, the systen1 25

conprises a |laser source 110 having an appropriate beam

112. The MQR00Yyrce is nounted above the gubstrate or mg’%@gég’é@ or der
to focus the beamthereon. The workpiece substrate is carried on the work
tabl e, WO 00/00921 PCT/US99/ 14031 9% hough 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 system also i ncludes wor k

tabl e 114theesRr 28YpMLy a1 TUBkRE cPf | Yeriety 8ft $TTGO0SMREtS R K s
preferred th t the Iaser SO

b |
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Fi gures 2 and e system’i ncl ude a nozzl € assenbly 202 I ch operates

on the%m{!spbeeq e AU 8 CHaddd NG-d Bk DY HAY O N HOMIESSE-aEt al
into the 15 beam Laser and nozzle assenblies of this kind are described

in U S Pgtend Nemtinwstils Abrd Pb&tt}iauﬁéeakjc}z, YEG3, B9 ahyerstheret al) ;
and 5,477,026 (Buongiono). A suitable |laser spray nozzle is available from
Quant um L@aeélez@tlpolaeennhahﬁ@rarp@serCﬁmgiray andugls as described in 20

U . S. Patent No. 4,724, 299.
material to be deposited. Typically, an RF-excited laser
or high-power CO0, 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 beam. 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 nbl y
25 incl ud®O %YWHP7| e body with first and second spaced-apa??%ﬁéﬁgﬁggftipns,

as described in U S. Patent No. 4,724,299. A beam passageway extends
between the end portions and pernrt§ih'1aser beam t o pass therethrough. A
housi ng whi ch WO 00/ 00921 PCT/ US99/ 14031 - 10 surrounds the second end

ti [ df th d A f |
Passage. SHIEOUEEE: RGe RECORY SRonAT eoiial TR e Dodiipaetsybuny | or
permttin : r . ddi I
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The | aser spray nozzle of the 1 nvention achieves uniformclad conposition

because tlig-rheamnexiche 1A8eRPOBELE tdlbsshiidtddongtnaximld ittty t he
cl addi ng "powder, both having the same focal point. The nozzle has a common

out | ets f govder beapping tRetemeissoopbabbbyt hassecigoadi sttt | i rect ed
at the same point on the article. In this way, a comon focal point is
achi eved pats sdgassor esuppl yhnorimdiadgc popdsict torreSomsicart hegs tiltes can

al so be obtained by side injection nozzle, however, side injection nozzle
restrict pawdeniewtts orhefoperingroverehal Wkkleathe bedncentric nozzle will

al l ow change of direction of deposition at any instant. ,
The laser spray nozzle of tlhe invention achieves

uniform 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. 1In
this wéy, 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 point 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 wmetalr article usually requires a
complicated jig which is difficult to manufacture, often
expensive and frequently 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 point through the wuse of jigs, parts handlers and the

li ke. The_beam focal point therefore remains fixed in spa g the
position &09%@9?hj ected powder netal stream Uniform 25 nnclr\;cgrr/g%tﬂg? t he
metal - article usually requires a conplicated jig which is difficult to
manuf acture, often expensive and fTeﬁﬁeﬂtly not very successful,
particularly wth extrenely intricate geonetries. For this reason, WO
00/ 00921 PCT/US99/ 14031 - 11 laser claddi.,ng of netal parts having -
intricat %%%ﬁeFiPéélnﬁagbe@ﬁqﬁ'ﬁﬁnﬁﬁ;%QW} Hitde GH Qﬁﬁ@ﬁ%?ﬁﬁ?ly

uni form basis. Robots.have becone.,a standar i ece of eratin qui pnent
" rmny Tl REPR Ry T S TRe TyRets Tobst CETRae TG TR T e

degr ees %%éis?dorﬁo 124 vy, {Jorﬁéna g?&ﬁd‘é’ﬁcfi{‘yﬁ%%%tad'ﬁ a§ép§¢ Yg The

robot may Dé powere el ectrically, hydraulica or pneumatically; or

through sQEBLRAAR! ARl ki@ OlndtRASR REHIS plditld Zalh Gfp fcd PDEbpOH
conjunctioﬁﬂgfth a |l aser 3f§hding systgﬁfhelps tomardiﬁéans 10 for

achi evé Nohas Ui k148 Ghach fiRe delgebs BRYfresdbm, féxel of nwepekecand the
nozzle may therefore nove relative to the article in cooperation with
novenment wbvéherirtbotoastant AMediordttiwel yTheherdenz | eapape epaweréd xed and
the article noved by the robot. 15 The nunerical controller 108 preferably
control s ehéttopeadilyng hwinzondwasl lof ¢hepasswabligadfiyki g etiroughcl udi ng
the conditions of operation of the |laser, accepting direction fromthe
CAD/ CAM C@qmp@t@cpmlg_:gmtfmn of these means. Utilization of a robot in
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 positi rk
tabl e and WP&Y09925er spray nozzle assenbly. A nuneri cal co%ﬁ?ggm?ﬁgh__ as

that utilized in Figure 1 is obtainable froma number of 25 vendors
including FANUC, Allen Bradley, |G/ &Bc- The CAD/CAM systemis of a
conventional type and may conprise a work station supplied by any

comrerci al vendor such as Sun M,crgsg;tems, Silicon Gra@hi cs, or Hew ett
Packard. A49PD9/ DpO2iepedr e8obpaudsed of 15he sGARICAHeSPELYRFEsiFedbfred of
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| aser spray noz t-pool 204 on a substrate article 206.
Powder si sgpE-alenabl fi-dui €&0b edi hdi OGN 2 NOEZh®i Y8 hd Opabaubdibheckaser
beam 204. It is preferred that the | aser beam projection on the substrate
surface nagtrbetCaesianprtofypes wtilbzief€hs elasbat spheyl aseelbeam
projection be of a relatively general doughnut shape w th maxi mum

i ntensity occurringasebeshesakhy inTRugures 2oahdadt thealéSeGaspsihan
profile, the m dpoint of the beamprofile has a lower intensity. This

provi des aomellte p2e2 &brmel & ively-peml f 8P fn tanpersebsraist prbacien.
However, other spati al o
206. Powder 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. Chilled water 306 is shown

25 being delivered to the outlet of the laser spray hozzle.
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 schematic of a direct netal deposition systemincluding a

f eedback control device 302. The energy delivered fromth LS shown
by a | arg®O000Bd, and a smal | arrow shows powder being de??@@?géuﬁto t he .

powder delivery system Chilled water 306 is shown 25 being delivered to
the outlet of the | aser spray nozztel3 The feedback unit 302 is preferably
di sposed directly adjacent to the point where the |aser and powder are

i nci dent on the surface of the wor kgi ece 319. WO 00/ 00?21 PCT/ JS99/ 14031
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pool . A nar pass filter 410, preferably in the infrared, is placed

in 10sfrgal ebnBr6aiBH el &derdiizalliRe exegphagy campeaacQmBr nd@Eena 135 nm
focal length with the only requirenent being suitable magnification of the

nol ten peakfabiee dfaghel sneRssedpbblowgh dearweth exnerdeisy4lfn thkter which
a portion of the imge (approximately 10 15 percent) is reflected to an
active faadlrapleahe pégdoniV caneThe42GtiNkt e fimire heofaneriguise not strictly

necessary
schematically represents the molten pool. A narrow band-
pass filter 410, preferably in the infrared, is placed 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 plane 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 sensitive 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 Theight of the <¢lad can be



according to the invention, but enables nonitoring by a human operator.
The reflected i mage preferably passes through a neutral density filter 422

pl aced betwee e 20 reflector and the active focal plane
caner a. TH@§°@¥% m ssive portion of the optical inmage pasggngﬁg%ﬁ%% t he

reflector, and the magnified image is nmasked at a focal plane to provide

spatial resolution. The image exitinhgt4he mask 426 passes through a |ens

428 and then to a light- 25 sensitive device such as phototransistor 430.
n of this
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the two copgdhti is hs1Bweheraoudieseo, t ke Goldhr £4£81 shepsandiis
(10/1000") of an inch. That is, the t hr eshol d sensitivity between the two
condi t3 onsen§1 01018y, beltwednndtiy dwo' WoTRBkeEnLAMligtofetsb By 1085s before
returning to masked” condition. 10 Figure 4 also illustrates a way in which
spect r oscolpan anahysi dteay thevsandther NOd 10NN )t e amvienth on Thatough t he
use of a beansplitter or partially transmtting mrror 450, which directs
a portionisf the thfeghokkcsinsddifiom bhewesdi cthe tttwa cdrper sdnve &% enent
460 15 such as a diffraction grating, the light fromwhich may be

~0.010"; the window of "unmasked" condition is ~0.100"

before returning to masked" condition.

10 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

15 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

20 composition of the melt-pool or cladding layer as it
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

25 criteria and checked through the spectral analysis aspect
to ensure that the proper alloy or change in material

composition is taking place.

It should also be noted, that although laser



collimated by a lens 462 and fed to a detector 464 outputting spectral
content information along |line 466. Such spectral content infornmation may

be used t ely nonitor and/or record data regarding al 20
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conpositi t melt- pool or cladding |layer as it develops or, may be

incorporated into a feedback [ oop to alter the operation of the systen1|n
accordance with nmateri al conp05|t|0n SFor exanple, the constituency of the
powder feed may be varied in accordance with design 25 criteria and checked
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may be usg a28e8y teJ:i‘ Ofpi %&ﬁ{mﬁmwnwt@ Im%rr PR For réxanpl e,
t he progres |on o the | aser spo or the size of 5 the laser spot may be

vari ed tOeﬁﬁﬁﬁléhetH@SPEB%EéSEﬂbhaofOtheaiéﬁéﬁaépﬁﬁlYOrnﬁhérbﬂkef6§d may be
adj ust ed. I ndee t hrough proper control of the appropriate set of

par anmes er she Mteeralsgaiongy bé &hzoetinde peesi Ml bjeéihen cnvestien al ong
with material build-up, enabling m stakes 10 or inperfections to be
correct edoop-sheefhytively, ahbtenadl veEegd wambbe ngdjheteddi f indeedn of
pre-existing parts with respect to new design criteria. The

phot ot r anshspoghsi @dres prossrséd F a ther capprapirdiateontssdt s Phser

power. Most | asers possess
parameters, material 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. As shown in Figure

25 7, the wvalue of "R1" -can be chosen to adjust the

appropriate sensitivity so that Vpr + Vg, = 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 anal og voltage signal, for
exanple 0 volts and 12 volts will correspond to no-power, and full-power,

respectivel Any voltage in between will generate a corr ut put
power . 3 g?éis can respond to this anal og voltage mnth‘ﬁBQQQHQB? )

nillisecond The phototransistor is capable of detecting presence or
absence of light, and its conductivrt¥6var|es 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 8¥Matan be chosen to adjust the appropriate sensitivity so that

VPT + Vo"t =5 voIt In_.thi ticul exa voI rovi de 50
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and the ggﬁf?&a@%iéta{e %g‘ﬁato%%rslgltggeﬁbﬁ Ofoéiﬂgr%?efarﬁéﬁﬁ% hgyecheen
e e

el i m nat or clarity can be seen isin planar formand is

a sol i¢g weyhramhphoe bREQUEN iWANGR e Gl r&;érri%gzs.- Wiencdhepdesgbt, of the
clad reaches a predetermned level, light in the formof the selected

wavel engt bhér etadiheigntiaf i plagbrt Fordernsd t ipassesolid t hreugha thelenask and
is incident on the phototransistor, as shown. Conversely, as long as the
| evel of theougipoghichslidiet omayheadsl e Winen heherals&ight gbf whél chad be
incident on the phototransistor. This condition, between |ight and no
reaches a predetermined level, light in the form of the
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
below 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 1laser.

The opposite condition 1is 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 asg light is prevented from being transmitted through

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 lasexr operation,

phototransistor response to light/no 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 d%ﬂﬂﬁﬁéwhﬁnl
accept abl YOAMP925  soon as light is prevented from being transmtted

through 20 the mask, an unacceptable condition is sensed, since no |ight
is incident on the phototransistor.-As7hei ght 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 (VQ"t) reaches a-
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Fi gure 8a shows an anal og vol tage signal for the |aser before any

condi tg Oné@rx@fdf&prﬁﬂéﬂlamér e reedRgCckosy st fon g tded | evertd Dy The
second of Figure 8b shows the voltage drop across the phototransistor

resi stor.the Eabeclsadfstidn tdte thier shvett véen . t TEhanséegnd vof tRggufer t he
| aser, before any control by the feedback 10 system is consistent and
unadj ust eglbw shows nethdRefwesktiaye tdrdpheaseoesd thevepldbtdigame: Stot he
vol tage drop across the phototransistor resistor of Figure 7 as shown
during resistor. As can be seen in the first curve, the analog
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. In the condition where light
20 1is detected, there is shown a peak indicating that the
impedance of the phototransistor is relatively low, and the
voltage drop across the phototransistor resistor 1is also
relatively high. In 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 transmt h the
sel ecti ve ‘-%QroP’BWzband- pass filter. As a result, the vol tag{égfpc{}%%wlggg03§
t he phototransistor resistor is relatively low In the condition where
light 20 is detected, there is shown &8peak indicating that the inpedance
of the phototransistor is relatively low, and the voltage drop across the
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signal 25, g ch LS gl 1 280, e oy h Gy ve,of FLgure. Bd. shous o Lhat the

di gi ti zed sSirgnall "has now no ctual “sig sen € laser and

affects t e [ n t POYET se own in

t he fourt?g%ggbg ngﬁﬁoggﬁﬁ %Eﬁ{%$%/14 31 - J@gn%?gi%gur%ngfé?ﬁg vol t age
over timeyfoeithgchaser 1hantnow been adjusted corresponding to the
phototransistor'S voltage drop and sending of the nonitored incident

wavel eggth of |ightIn5 thet FedRadrackspspeciorof thée iimneitiicy), the

phot ot ransi stor sends a signal to the nunerical controller of Figure 1,

whi ch t hephatptsassivotvageesdpphysignahetol ehernunenicall cagtkrasderpower,
and finally adjusting |laser duration incident on the workpi ece substrate.
The vol t agé 1Wigfre hd ,andhbghsitdieal 8divetpovds tiagd aseprpywarc Thés

enabl es direct nmetal deposition and control of the height
laser, controlling laser power, and finally adjusting 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 controller 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 use, 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

destruction. The advantage of the feedback control system



~of -each pass, as |ayer u,s)on | ayer of cladding is beIt up. The feedback
systemthus controls the

accunul ati ve di mensions t he §D Eyi The
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| aser power and 20 greatly reduces dep‘Osﬁl‘on The aut onat ed control and
adj ustnent of the |nvent|on are critical since manual adjustnents are not

ffecti I d to.d t |
el Winoof e ialeRk AT R AE BRE0,L0438 §%hiap”%eﬁu9sgﬁs A

| ls
accumul ati on atot%%\f%%mk%%eré?zw@s WehEp'@&Fd ord dS?”Eldfasrfcﬁl ggi%n dter

whi ch further deterioration of conditions rray

destruction. efhetadvapt ene &i csgmt@w‘a%daﬁ §kncoptiid w%"ﬁ%ﬁ Ch
1 Ned PCT/P ~"a JAN 2000 ; of the invention is t a@cgef élr:gg(lj?jé‘t ortlon

can occur, thead ahobmpﬁaeﬁljsé Obrefsfranined eondeliue8 @bpbkdbibROuht gt
emtted at t he uni que wavel ength of the workpiece materral, and a conputer

i s preprograftined feedbaicice cdmaroilieon asrtdds Sanhend@ﬂmﬂk ceond Dt 1
senses an acceptable condition where it permts pulses to extend their

ful | anount. whexgm i& peomitsrpubbesresaaxtand dhetirofuld kmbyhdenum hot wor k
die steel, H13, vvas,dl rectly deposited onto substrates of

Example 1
C Q . 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 the following areas: 1) "as clad" hardness,

= 15 ductility, and microstructure, 2) initial tempering
response, and 3) tempering response for austenitized (at
1010°C), oil-quenched material.

CD 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
feadback system was used in the "fine" cladding.

The operating conditions used for coarse cladding

AMBNDED SHEET,



10 wr.ought H13. This al l-oy, commonly used to die casting, was anal yzed
because of its potential:l hi gh-vol ume useful ness i.n/the

rapi d- manuf act uri ng of die casting tooling. .Heappl'(/m Qofmhdg Q)?)s for
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oi | ~quenched material. C~ To replicate a®omercial system two cladding
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was sel ected g i ocess| ' n ters _used for
dotai | s and SypRaBeel BelRCTes kel B At St el T & Psee BRe
operati on WeEHBSRhSicH fof NhS GAIdKES PPIKIS &&ér@aﬂeuagﬁ!.useﬁhé%asgﬁd' ng
bulk material. These two forns of processing are 25 referred to as fine and

course cl addipuwer asecisoe| wat tfdieand epeldek Sosd eRav@swalsede %ﬁ\ﬁnffi ne”
cl addi ng. The operating conditions used for coarse cladding - D SHEEC .

pCT/US9 9 / Tthed Powder 20&sPdeHMerkd AbeZpeAdiculast atb ofthe lrast@rf ocus
spot rastered to 3.5 mmfor the fabrication of a thick, 1-D, vertical
wal | . The 9 asbirectdner wibe45€@n autd ¢hengopdedefldwaerentturned dE£gat ni n.
The powder was delivered perpendicular to the raster 5 direction. The beam
and the powddher edg @freachrpags od gubseguent dlayermweneaaccamilatedequent
| ayers were accynul ated ..~ while translating 750 mmnmin in_the sanme
direction. Stﬁ'g?éfsi FEAPg}aringer 250 UL MY (18 ¢ to8t e5aM8. 5diERGE den-
Successive layers were deposited to create a 3.5 mm wide,
Co . 70 mm tall, and 120 mm long build-up onto a low carbon
10 steel substrate. During this 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
S 15 Figure 9. During tensile testing, an 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 5
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 shown 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

»
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0 70 mmtall, and 120 nmlong build-up onto a | ow carbon 10 steel
substrate. During this processing, the tenperature of the clad was not
measured, but visible radiation was observed after the fir H@?_%Q gayers
were depoYQUMOIN tensile bar oriented perpendicular to t Sgef140
direction, was machined fromthis "as-clad" specinen, as shown in 15
Figure 9. During tensile testing, an &ktensoneter measured strain in the
gage section. For fine cladding, the netal powder and shroud gas were
delivered concentrically. The nplten pool was O forned by a 0.6 nm -
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t he ensui ng heat treating experinents. HardnessS and microstructure

anal ysi s ®fet Bus!, athod®r kpigeacandiv enghieltizitie tdwl hepti ddweaded
condition, are very simlar. Both contained tenpered martensite, and 5

sone ret asm@cwﬁéerurt e.thdf t el adushe&si thedmg ratnol@80 b ordiphestmur, nost
evi dence of the dendritic solidification
However, banding caused by alloy 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
process 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



structure in the clad has been renoved by diffusion. However, banding
caused by alloy segregation was evident in the wought substrate. The

results of this analysis 10 denonstrate that buil d-up of i ers hy
cl addi ng, WQ 899982} 2" wor kpi ece having characteristics equﬂgﬂé‘ﬁ%ﬁ?{@g |

wrought conventional counterpart, is possible. Exanple 2 Managenment of
residual stress and resultant 15 dis®drtion is a critical factor for the
success of this process for denonstration of the capability of producing

t hr ee- di nensi onal conponents._ Resi dugl stress .accunulation is the birggest
cause of TrackihgtdiiMRg ToFe fRRFiCAE 8N off ti’tlogolﬁ’ﬁ'éréll tceo?’?"po‘ieéﬁ%r? I%g

order to un tand,stres 0 generatio a.sanple.was designed to estimte
t he stres%ndgiiuﬁﬁ?étféﬁegeﬁyl§§5??€TﬂFga%egﬁP$§ g%ﬁga strategy to build
up nultiple layers or, C resi qual res 0 use
cracking. After depgglgt ipgrné%f%% 5%?%]32%%?% ?\’Zd nur%’e?é o? %ar%e&?\’%?r ess

relieving'M@édggtggyrbggogqt before further |ayers were deposited. This
strategy Te to suctCessful fabrication of a full size IM5- Tl conponent as

shomn_in Figure 11. This is believed to be WD 00/00921 PCT/ US99/ 14031 - 22
the first time for fabrication of this IM5-T1 test design in H13 tool
speel py dlrgct nmet al depggi triogamphe process paraneters of Exanple 2 are
given immediately below. 5 NSF Ti Sanple nmaterial: H13 powder
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 residual
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 controlling the microstructure



| aser power: -100W deposition rate: -5 gr/mn slice thickness: 0.01" 10
real |aser-on processing tine: 50 hrs total proc. time: -100 hrs stress

relieving.:f 4 hrs (6 x 4 hrs ) Total tine: -124 hrs
avé Hﬁ?ﬂg&? PCIUSR/ e

fabricate was sent to an independent |aboratory for resi

stress nmeasurenment. Figure 11 also shows the points where stress was
nmeasured. Locations 2, 6 & 5 were de%55|ted during the last run and thus
shows residual conpressive stress, since they were not stress 20 relieved.
O her locations, deposited in subseﬂgent y_Sstress

ea nd .
rol i eved, S3floueh: ﬁegprapsralﬁss.%m CagerEAly REERS MR cos o
the | ocation . w +
the I0calj,op, i DOUT (S14eSLRlGRY D8akSn2d% 4 5L 1L abechionmolding di es

opper ock an er-coo

pr epar ed, aﬂgoﬁeny Lok 29 JHas }aasoséé&r Ié&tﬁ&e@eé@e ca@@oa&ﬂés had

very close mensi onal accuracy, all wth dinensional tolerance of a few

thousandt g ehcan hegh. tm%%%cpwa&e&la&mﬂ;h@fm bit+tyrefaDMp process
for successful 30 fabrication of three-di mensional conponents with H13

al l oy.5 Thempgenesasi shaapatoaghit gast.rolling the microstructure WO
00/ 00921 PCT/ US99/ 14031 - 23 and thus properties by carefully controlling
process par anmet er sTheeamethedisneandr esppasetof thé | aker tepestied
provide the ability to establish and refine components of
almost any geometry that can be produced from computer
database. There are many important applications. One is
10 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
15 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.
20 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
25 feedback control loop sensor for automated operation.
Mathematical wmodeling is easily developed for different

materials used in the process. Other features may easily

be integrated into the system, including piezoelectric and



conponent and a wought H13 steel conponent are the sane. |In fact, heat
treated |aser clad H13 is nore structurally 5 honpgeneous than w ought

H13. The nd apparatus of the invention provide t kdol to
establ i sh@ég&ﬁ@?fne conponents of al nost any geonetry thgfcﬁg%dggg%l
produced from conputer database. There are nany inportant applications.
One is 10 rapid prototypi ng/ manufact 8fi ng, which permts nmuch faster
turnaround tinmes of either prototypes or nmanufacturing tools. Another
applicatio? [ torluser-sgecifkc | ow vol une parts @rod ctiion, where a
smal | qualfi FF?réﬁﬁ beSEREREEed PR PAVEE W ecOfv e TREY Ui sSFEess

parti cul arl - ageo 15 for .faprication of di.cal , devi ces uch as
artificia?cgﬁﬁg¥$ﬁ% ﬁc %EF?%nf%?diﬁgfg?%ﬁéngcfgE§%8E8F5ﬁ?Palangngications
i ncl ude ”BF§§tEQrcﬁgbknﬁﬁiéfyqy§£0”/fabriCati0”1 inserts for Al die
casting nolds wth greatly reduced turnaround tinmes, and |ayer glazing. 20
The invention provigesbhg.ability to control conposition, mcrostructure,
residual stresses, and nmnechanical properties. The systemis capabl e of
"lights off" manufacturing 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. Oher features nay easily be
integrated into the system including piezoelectric and WO 00/ 00921

PCT/ US99/ 14031 - 24 electrical sensors for measurenment of residual stress



accumul ation, strain and stress-induced distortion,-.and to nonitor crack
initiation. | claim PcifUs9 9/ 14 0 3 1 Aec'dﬁgfl ;@993 JAN 2000 - 25
1. Asystemfor autonmatically controlling the 2 b Aﬁs yos]i 4i @naoq
material on a substrate, conprising: a congol Mr gﬁ\r/sr:j; a
directed at a localized 4 region of the SUM aym I A&) W
thereon; neans for feeding material into the nelt pool to 6 be nelted by

the laser so as to create a material degdsrt ~ having a height; 8 optical
detection neans coupled to an O optoelectric sensor operative to output an

| tri | 10 si | ti f the height; d f hack
cleotrl o2l i siamal g 2 unghiap ol S A A gnd bl eadiack ooy
deposi ti 08 agafestdd ddp¥nididd1oe ﬁgggt&;ﬁpﬁﬁm% %%ra-@ee S{oﬁﬁaqeéeﬁsf ¢l aim 1,

wherein the helight is™ J 2 normal t e plane 0 e subs 9 The

system of cl i dérdsrotieiflie" laer GQv%nﬁpaoséSrﬁFdirfeéé‘mCHt .Oé'tl%{#asjt'%d
electrical signal as a function of the material conposition o J'he
deposit. 4. Fégicysofreld sibitPake ftw Fbem anmbVei PGoRNchérédherface to a
conput er - ai ded design (CAD) systemincluding a description of an article
to be fabricated, and mémneeifort felkdihgeddaekiabnint |tHe infe IftuddiAr co
operative to conpare the

be melted by the laser so as to create a material deposit

~ having a height;
8 optical detection means coupled to an
OO . optoelectric sgensor operative to output an electrical

10 signal as a function of the height; and

a feedback controller operative to automatically
12 adjust the rate of material deposition as a function of the

electric signal.

. 2. The system of claim 1, wherein the height is

2 normal to the plane of the substrate.

3. The system of «c¢laim 1, wherein the
2 optoelectric sensor outputs an electrical signal as a

function of 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
height to the description and adjust the rate of material

6 deposition in accordance therewith.



'height to the description and adjust the rate of material 6 deposition in
accordance therewith. . _.))) ~.~ PCT/US9 9 / 14 03 'I,)F@cd PCT/ PTO_8~ JAN

2000 - 26 5. The systemof claim1, wherein the %ﬁ yBSIg @ L& 40 Fn

means includes an apertured mask through which |[i om t he deposit

passes to reach the optoelectric 4 sensor, the f |1 gr
including circuitry for detecting the pregsence mmp)t hgﬂ IﬁNezm
fromthe 6 deposit. 6. The system of cl @™, wherein the optical C~ 2
detection neans includes a dispersive elenent optically coupled to a

det ector for deternining.theTﬁgtsgkegm gfgegﬁgﬁggithggeEHetﬂgggﬁkéFaz. An

automated | aser cl addi ng system use {fyi'ng an anmoun

mat eri al depogeteet@8na meds il idedO Y | Spd¥tured haser tﬂ%\ggﬁt Wh%c
-beam including neans for focussing the beamonto a | ocalized area of the

substrate, 61ltpht| &xem heve ndeposttecpgysab o ftaddt tR@Weprbe1BBLEiEhe
C~ substrate at least within the | ocalized area; 8 neans for noving the
beam and s#bssenser; ethe i feedback meontrolher; £t mexa nindlord ifnee dii rgut bey
material to be nelted into the nelt pool for accumulation into the

| ocal i zed ar efofsdetiectingthe Nrafgnes or ahgence dvbdihe dightl frremnshe

operative to gense,the
6 eposlt.,

6. The system of claim 1, wherein the optical
C Q 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 deposited on a
- substrate, comprising:
4 a laser outputting a beam, including means for
focussing the beam onto a localized area of the substrate,
6 the laser having an energy of sufficient power to melt the
CD substrate at least within the localized area;
8 means for moving the beaﬁ and substrate relative
to one another;
10 means for feeding the material to be melted into
the melt pool for accumulation into the localized area as
12 a material deposit; and
feedback control means operative to sense the
14 height of the material deposit and automatically adjust the

rate of material deposition in accordance with the height.

TAMEANEN cLETT



14 height of the materi arl.\cdeposit and automatically-adjust the rate of-
mat eri al deposition in ackordance with the height.g -l; 031
Aec'd PCT 7 C 28 JAN 2000 - 27 8. The system of kpi/ﬂﬁg%?e?‘eﬁneﬁeq

f eedback 2 control neans adjusts the power o%b _ _adj‘%:&&@@e
of material deposition. 9. The system of clai , i he

control ~neans adjusts the spot size of the beamto adjust ~. the rate of
materi al deposition. CO 10. The system dd7 ciaim 7, wherein the feedback 2
control neans adjusts the rate of nmaterial feed to adjust the rate of

materi al deposition. 11. The systemof claim7, wherein the feedback 2
control neans adjusts Bhe rZPE 8YSEA R ladd Pet WeeKeiRethpehredbrrck he

bstrate .t dj th t e .of ial 4d ition. 12. Th t f
e m 7, oo e Eotle "HEBE, 201 SoL 0 LD BRYPD Shoahe PURTHEP SUNGES TAE
chem cal com}giitiogn Qi:er’ig H@{:SE. ogeposit above the substrate. 13. The

e7, wherer ?h ee%ga :

systemof claim e C 2 control neans further senses the
chemi cal conposition of the nelt pool. 14. The systemof claim?7, further
including an 2 interface to a conputer-aided design (CAD) system the CAD

systemincluding a deseriptirae Sfseeast dlaike7faphefaifdehe fdédiRfeld / 14
0 31 Aec'dPCI/PTo 2 8 J A N 200Q
2 control means adjusts the spot size of the beam to adjust
—~ the raté of material deposition.
Co : 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.

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

4 deposition.

C 12. The system of claim 7, wherein the feedback
o 2 control means further senses the chemical composition of

the material deposit above the substrate.

13. The system of claim 7, wherein the feedback
2 control means further senses 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,



.- 28. 4 and wherein t he-f eedback control neans is f oRerative to
conpare the height to the description and automatic‘__zlij.lllt §9 §d{u§t4t0|5 r*te

of material deposition in accordance therewi tgy. é stem f‘ r
automatically fabricating an -~ 2 article, CM lpérié'rﬁbrrpdo&dﬂ'dm
desi gn database including a CO 4 description of the article to be
fabricated; a work table for supporting £ substrate; 6 a controllable |aser
having a beamdirected at a |ocalized riegion of the substrate to forma

nmelt pool 8 thereon; neans coupled to the |aser for feeding material 10
to be nel kedandt ehtbeiftthe PRUABHRKESohOrsl CRdSnd 1P Hex Q?BQQL%vQ?K' ng
o the

a height; 12 translation neans for noving the substrate relalive

| aser and feé&di ngmpezesthd shepghtcalo deiecdeseripeans aRar alit¥Mat ocQuiput an
el ectrical signal indicative of the height of the material 16 deposit as

it is-bei fg eAdussd; thad xatfeecdifachateniabl |dupayigriain vehy ascerdases to
18 the transl ati on neans and | aser to automatically adjust the height of
the nmaterial tB8¥8¥ithin accordance with the 20 description of the article
to be fabricated in the conputer-aided design database. 16. The system of
claim15, wherein the oED SHEET .'CT/US9 9 / 14 0 3 1

15. A system for automatically fabricating an
-~ 2 article, comprising:
a computer-aided design database including a
CO 4 description of the article to be fabricated;
a work table for supporting a substrate;
6 a controllable 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 to be melted into the melt pool so as to create a material
deposit having a height;
12 translation means for moving the substrate
relative to the laser and feeding means;
co 14 optical detection means operative to output an
electrical signal indicative of the height of the material
16 deposit as it is being created; and
a feedback controller operatively interfaced to
18 the translation means and laser to automatically adjust the
height of the material deposit in accordance with the
20 description of the article to be fabricated in the

computer-aided design database.

16. The system of <claim 15, wherein the

JPMENDED SHEET



'Recd PCT/PTO 2 8 JAN 2000 - 29 2 translation neans-.noves the work table

while the laser and feed-means remain stationary. 17)gva§3/9 ¢m124v\9 & |]1

15, wherein the 2 translation means noves the | aser ed nean

the work table remains stationary. 18. The syiuyﬁ fﬂ;{ g

Cr3 .2 substrate is netallic and the material f I nt T‘felt M’m
metallic powder. 1 19. The system of claim15, wherein the opti cal i
detecti on neans includes an apertured magR through which |[ight fron1the

mat eri al deposit passes to reach the 4 optoelectric sensor. 20. A nethod
of fabricagln 2 conn st eps of provi di ng. a

descri pti ofi ogrf%*’f"’a‘lrfc‘%’ltﬁ%e%‘}? Eﬁ? 3 Ebg??"%ggeﬁab § ‘b‘?b]tﬁco‘fal%fg rsgphaidte

upon whi ch to C C ?FpVIdlng a controllable | aser having
-a beam 8 to ?I%é$%céflze régﬁﬁﬁ1ﬁ) he substrate to forma nelt poo

thereon; to d) feedlng material into the nelt pool so as to create a
mat eri al deposit having a height;

17. The system of .claim 15, wherein the
2 translation means moves the laser and feed means while the

work table remains stationary.

18. The system of claim 15, wherein the
Co 2 substrate is metallic and the material fed into the melt

pool is a metallic powder.

19. The system of claim 15, wherein the optical
2 detection means includes an apertured mask through which
light from the material deposit passes to reach the
4 optoelectric sensor.
20. A method of fabricating an article,
2 comprising the steps of:

‘:;:D a)

4 fabricated;

providing a description of the article to be

b) providing a substrate upon which to form the
6 article;
c) providing a controllable laser having a beam
8 to heat a localized region of the substrate to form a melt
pool thereon;
10 d) feeding material into the melt pool so as to
create a material deposit having a height;

12 e) optically monitoring the height of the



12 ‘e) optically nonitoring the height of the PCTI U9 9/ 14 0 3 1 Recd
PCTRTG Z $ JAN 2000 - 30 nmmterial deposit; 14 f) .automatically

controlling the height in accordance with the desrp&‘gﬁmsgdg; é;ng%aq}s c!g

to be 16 fabricated; g) advancing to a different

the substrate; and “h) repeating steps c) th e th 2
fabrication of the article is conplete. 21. mpm"cl alanZ'SANA/zgm n
step g) 2 includes noving the substra_teBWhi |l e the | aser and feed neans

remai n stationary. 22. The nethod of cl alom'20, wherein step g) 2 includes

noving the | aser and feed neans while the substrate remains stationary. Q
23. The net hmdtetriallagepd8itwherein the 2 substrate is netallic and the
material fed into the nelt pool is a netallic powder. 24. The method of
clai m 2014wherein stepfd) automhrdieslly | tdoigrdiqingbsthat enhyhe the | aser
and feed neans remain stationary. 25. The nethod of claim 20, wherein the
hei ght 2 is2f6PrRAARNce twiktkulidier adescription of the article to be

16 fabricated;

g) advancing to a different localized region of

18 the subgtrate; and

- h) repeating steps c¢) through g) until the

20 fabrication of the article is complete.

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

means remain stationary.

22. The method of claim 20, wherein step g)
2 includes moving the laser and feed means while the

substrate remains stationary.

oo 23, The method of claim 20, wherein the
' 2 substrate is metallic and the material fed into the melt

pool is a metallic powder.
24. The method of claim 20, wherein step g)

2 includes tilting the substrate while the laser and feed

means remain stationary.

25. The method of claim 20, wherein the height

2 1is normal to the substrate.
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