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Free form article by layer deposition

Eield of the Invention _
The present invention relates generally to a method and apparatus
for depositing molten metal in a layer-by-layer process on a target such

or

prototypi ng. A conputer nodel of a

as a work space platform or a substrate to form a three-dimensional -

object.

Background of the Invention

Various methods have been proposed to form three-dimensional -

articles by depositing of layers of material on a-substrate. This layering
manufactdring is also known as solid free-form fabrication or rapid
prototyping. A computer .model of a desired object is sliced into a finite
set of layers. The layers are created sequentially, or bonded onto a

previously formed layer. This layering creates an object which.

approximates the intended geometry of the three-dimensional object, in
a much as the layers cause a "staircase effect” at the edge or peripheral
area of the object. The stai?case effect is an artifact of the process of
applying the discrete layers of material. The final appearance of the
object can be improved by minimizing the layer thickness or by using
such additional processing steps as sand blasting and the like which
smooth out the surface of the object.

Stereolithography is one method for forming a three-dimensional

polymeric article made of a polymeric material. In stereolithography, a
photopolymer is selectively cured using a laser beam to create each layer.
The three-dimensional article is built up on an elevator-type platform in

a



set of layers. The layers are created sequentially, or bonded onto a
previously fornmed layer. This |ayering creates an object which 20
approxi mates the intended geonetry of the three-dinmensional object, in

a nuch as the layers cause a "staircase effect” at the edge or peripheral
area of the object. The staircase effect is an artifact of the process of
appl yi ng t heWQ¥®tH2e | ayers of material. The final appear arR&E/$3964#320
obj ect can be inproved by mnimzing the layer thickness or by using 25
such additional processing steps as sand $l asting.and the |ike which

snmoot h out the surface of the object. Stereolithography is one
met hod for form ng a three-di nmensional polyneric article nmade of a
polymeric material. In stereolithography, a phot opol yner is

sel ectively cured, yiidygtain n@i@re Iﬁﬁﬁd'bﬁ& oRfrher. 9GEcdsanR layets are Ehdated

t hr ee- di nensi onal ar tdiagil e 1s built up orﬁn el evator-type }l)%gtform In

WO 97/ 09142 by lowering the partially created objects into the photopolymer liquid and

containi ng. the | 1SRRG BRS¥yEYer Gf Bhotepeiymer mterk) an the fop,Br i |
| owering the par tpartidlly buitedbjectobj ects into the photopol ymer |iquid and
s 00 oW | elorle RIS SRl bRt £BBefto bicess
f used- deposi ti on WrigR!rhéts Bh@ekEudes a polymer substance through a nozzle onto a
target to form the three-dimensiona! object.
_ Still another method involves lamination wherein layers of a paper
or polymer material are cut and bonded to the substrate, then trimmed

10 on the edges or peripheries with a laser to correspond to a desired layer
or cross-section through the article. The unwanted or waste areas of
each layer are cut into a grid. These "squares" stack up to form square
prisms, truncated by the boundary of the object. The "square" areas are
physically removed after prodt..ict completion, leaving only the desired

15 part.

Still another method uses a lamination process wherein papers or
other mask-type materials are used to build-layers of material. A laser
beam cuts the Iayer geometry into the paper which is used as a mask.
The material is deposited in the cutout area which defines a single layer

20 of the three-dimensional article and portions of the material overlaps onto
the- mask material. _

In the past, it has been difficult to form three-dimensional articles
made of a metal by using a free-form fabrication or deposition layering
process.

25 One metal fabrication method involves a laser sintering probess
which spreads a layer of a metal powder material on top of partial objects
and then selectively sinters (using a laser beam) the portion which

- comprises the new layér. |
Another metal fabrication method involves a post sintering process

30 wherein metal powder materials are bonded together with a polymer



whi ch nelts and extrudes a pol yner substance through a nozzle onto a

target to formthe three-di nensi onal object. Still anot her

nmet hod i nvol ves | am nation wherein |ayers of a paper or pol yner
material are cut and bonded to the substrate, then trimed 10 on the
edges or peripheries with a laser to correspond to a desired | ayer or

cross-secti oWOROBIEh the article. The unwanted or waste ar ®&3/U§P6/14320
each layer are cut into a grid. These "squares" stack up to form square
prisms, truncated by the boundary of thegobject. The "square" areas are
physically renoved after product conpletion, leaving only the desired 1 5
part. Still another nethod uses a | am nation process wherein
papers or ot her mask-type naterials are used to build | ayers of

material. A laseﬁmdmg ma&?rﬁam wvse\;é}eul.eum.caﬁea%hwew rﬂ{.] OUQQhQ?BWmH\h' ch

is used as a material is deposited In the cutout area which
defines a singl ebinding maateriabfframe thér Brishiedethseerdimensional | ebjentt pdrhei ons

past. i1 has bechicaPner Bt PRy resipye bR2ERREEE dedireg sprenpth and otéey 0%

of a net aI by uspnmeatiés ee-thermefaibmbjea:t.l dn additienorsrhowval dufayfesr ipotymer
pl’ ocess.

t th |
sintering prgcesgatenalcams ‘ﬁ"gi I§ﬁa Sl mgmno 0%%{% V‘g&ngé?h%&lﬁﬁ al on

top of partial ofj eatrﬁswhat poPilss. t N&hdtRee Gheta®! Matdridl e{stichuasnNd fowerser
beam) the portion which conprises the new | ayer Anot her

metal fabricati ofPTRRETABYC M@ can he lnfiitraled,inteithg Pﬁm&ayyes@memﬂeneﬁ
metal powder nat ghjedt Wit ferRPA@esre! FFRIERiatitint in ANPALYMBE to fill the voids.

However, the three-dimensional object then has a "honey-comb" type
10 composite structure of less than desirable properties and is subject to
creeping or warping during sintering of the original host material. In
addition, the presence of residual polymer and/or the fill material act as -
contaminates within the three-dimenéional object and thereby affect the
properties of the object. The contaminates may include products of
15 oxidation, excess carbon, binder residue and the like. It is to be
understood that the use of filling or fiber elements in the infiltration
process is different from thé use of alloy materials. In infiltration the two
materials remain distinct; whereas, in an alloy the materials are
homogeneously blended together to achieve a desirable combination of
20 properties. Another concern is that whenever the infiltrated matefial_ _
bonds imperfe'ctly with the matrix material, the microstructure has a very
large number of stress concentrators, thereby reducing the strength of
the object. While such three-dimensional "infiltrated" objects are
sometimes called "fully dense” objects, such a term is misdescriptive of
25 the actual characteristics of the three-dimensional objeét since the three-
. dimensional object is not comprised of substantially one type of a
preferred metal.
. Still other fabrication methods use metal deposition techniques in
conjunction with a metal removal technique such as milling, grinding,

30 sand blastihg' and the like. The "staircase” effect and the roughness at
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3 bi nding material. However, it is difficult to entirely renove

t he pol yner bi nding material from the finished three-di nensional
object. The presence of binder residue detracts fromthe desired
strength and ot her properties of the netal object. In addition,
renoval of th¥O38M84r 5 nmaterial causes voids in the thr BETHSEAFonal
obj ect such that the object i s somewhat porous. Another netal
material (such as a | ower tenperatuge netal) can be infiltrated into
t he porous three-di nensional object with tenperature differentiation,
in an attenpt to fill the voids. However, the three-di nensional

obj ect then has a "honey-conb" type 10 conposite structure of Iess than
desirabl e proper tingodhiflot SahyRf tarb Qtiminated By ARichIhiAG S8RV ShY ird
sintering of the origi'nal host material. In . additton, the presence of
resi dual pol yner petipheries rafteri the layeeiis glepasitedhs It is the crgahining aaremetdlt hi n
t he three-di nensi | : i f the
obj ect. The cont a%nﬁdgtagghﬁrr%%s ?ﬁgclﬁ %%F@%&ﬁé{a?ﬁg@ ?E“"f“%?{i‘%l%["?gﬁ""e‘???gs
car bon, binder rethrekidirpensions dbjéat. It is to be under stood that the
use of filli or fib e ts In the infiltrati QGCess .1.S '
Qifrerent o the useuretiyte b ssvara Madddiidhogratysef et oRRstifa
materi al s renai n RoRéh NAiateridISr dRoy, ekample, atHeoWMédte ¢talakr LSS Ratént No.
honogeneousl y bl ended %énget her. to achieve a desirable conbination of 20
®

properties. Anot Hen83 dgse¢ribesa welgipgarecessand #h ApRIratusfordenpsiting

bonds i nperfect!ymditbh bl MBAT moHER Ridtal is d8iSodHed! 8 td Yedrk' Surface anyery
| ar ge nunber of stress concentrators, thereby reducing the strength o
the object. Wil esuhseruentlavergiohnetpbargideppsited theseeni A glestiodeand weld

e YOS 18k e B RRb of NN BiGPCRE AR FRRATAY B 2°
deposited onto selective locations on the work surface. Aiternatively, the
work surface may be moveable while the weld torch and the collector
electrode are moveabile or held stationary so as to selectively pasition the
deposited material on the work surface. The droplet size is controlled by .

15 applying additional mechanical energy to the feed wire to constantly
vibrate the feed metal. .

The Prinz et al. U.S. Patent No. 5,286,573 describes a method
using support structures for the creation of objects by a layer deposition
process. In the deposition process, each layer is composed of two

20 portions. One portion represents a cross-sectional slice of a three-
dimensional object being built ("the object") and is composed of the
desired deposition material or materials. The other portion is the
complement of the object shape of the first portion and serves as a
support structure which supports the growing object form (“the

25 support”). The object material and the support structure material are
each applied in a predetermined sequence. A plurality of layers, each
placed upon the previous layer, is formed. In this way, a layered
structure is built up. The layered structure contains the object made of
the deposition material surrounded by the support material. For each

30 layer, both, or one of, or neither of the support material and the object



di mensi onal object is not conprised of substantially one type of a
preferred netal. Still other fabrication nmethods use netal
deposition techniques in conjunction with a netal renoval technique
such as mlling, grinding, 30 sand blasting and the like. The

"staircase" effect and t he roughness at WO 97/ 0914
PCT/ US96/ 14399970 4 %mm%gfﬁ%“%%ge of

each layer are elimnated by machi ning each layer and its peri pheries
after the layer is deposited. It is the machining or netal r emoval
process that determ nes the actual dinensional accuracy of the

t hr ee-di nensional object. 5 -Currently there are several nethods
and apparatuses for depositing nolten material. For exanple, the

Mertz et al. U SpatidttanNoe shaped 1b. &GEUEBQISdGGQredJOB]eat WeRrgfergbly, ahess
and_ an apparatus for depositi en netal. A nolten rret&ag
deposited on a vﬁh@'@@ﬁﬁﬁ%’émthe Oble%tlﬂf%ﬂ?ﬁ? maserigl is appliad ap ?%,9"9

" deposited there ﬁ;bsglqggéfn%t Z{gpmdj 10 torch are preferably novabl e

as a unit so tha nol gosi ted onto selective
| ocations on the mrlewPflaEetalAUt%rﬁaieﬂWOﬁ 3072863 descrikgsanaytomateday be

moveabl e whide thcwel kit MLIARE WBfk &8ibAS ¥GF forming objects by incremental

buildup of layers. Each layer a cross-sectional slice of a three- -
dimensional object being built and is composed of the desired object
material. In addition to the object material, each layer usually also
contains a second portion that acts as a complement of the object shape
10 of the deposition material portion and serves as a suppor’t-structure for
the growing object form. During the manufacture of theé article, several
operations are performéd on the workpiece for each layer. In addition to
the material deposition station, a plurality of processing stations are
employed, each of which has at least one separate function. These
15 functions can include any combination of shot peening, cleaning,
blasting, heat treating, shaping, inspection, mask making and packaging.
The Prinz et al. U.S. Patent No. 5,301,415 describes a method for
the fabrication of three-dimensional articies by incremental material build-
up of layers of material. in one embodiment, a layer of object and
20 support material is applied. Depending on the shape of the object, either
one or the other material is applied first, then shaped "”t'o achieve
dimensional accuracy, and then the other material is deposited. The
deposited layer is then machined, cleaned, shot-peened and the like. The
process is repeated until all layers have been placed. After the final layer
25 has .been applied, the complementary material is removed leaving the

created object formed of the deposition material.

The deAngelis U.S. Patent No. 5,398,193 describes a method and
. an apparatus for making a three-dimensional object through controlled
layer-by-layer deposition and/or extraction. A three-dimensional

30 = computer model representation of the three-dimensional part is provided



el ectrode are noveable or held stationary so as to selectively position the
deposited material on the work surface. The droplet size is controlled by
15 appl yi ng addi tional mechanical energy to the feed wire to constantly

vibrate the feed netal . The Prinz et al. U S. Patent No.
5,286,573 descri bes a net hod usi ng support structures for-the
creation of WPy a |ayer deposition process. |n PQEUSHAR0: | on
process, each |layer is conposed of two 20 portions. One portion
represents a cross-sectional slice of a tlgee- di nensi onal obj ect
being built ("the.object”) and is conposed of the desired deposition
material or materials. The other portion is the conpl enent of the
obj ect shape of the first portion and serves as a support structure
whi ch supports t hangtiee\medePidipfsdentstion is'slibed Ao a pauamrdf hcciébi’v@lbyefst
material .and the support structure material are plied |n a

predet er ni ned seq@effesponding e Javery %ﬂ'@%ﬁéf@meéébf?k"esses ‘M tpdhe he

previous |ayer, igg Er@m@rdmo&é"lgtehblsat%éﬁie’e%%ﬂcﬁllﬁfﬁ%gaqandMéﬁﬂefpé ntaig |t

up. The |l ayered structure contalns ect eposi'tion
material surr oundedpmfttnha;eealmmﬂwmuhiwmorresponé&hatBOIayer aMaterialefor, or

o onuy "6 "Cbn8" of Hor8 BEMolrsHrE" dbostBE B 8°WEA syptace withh 2,

5 processing enclosure. Portions of the material are removed from the
contours. The deposition processing and removing steps are repeated as
necessary under the control of the computer modei to complete the
three-dimensional object. Further processing includes machining off a

10 sublayer to ensure thickness tolerances or roughening and chemically
enhancing the surface to ensure selective binding to the next aggregate
layer. The controlied layer creation steps are repeated to build the entire
part surrounded by complementary materials which are then removed to
obtain a fabricated pért.

15 A major disadvantage of the' above methods is that the machining
portion of these methods is relied upon to" achieve the desired
dimensional accuracy of the three-dimensional object. In many
situations, the objects being formed require multipl_e post fabrication
steps to produce an acceptable three-dimensiona! object or end product.

20 There is a need for an improved method for creating three-
dimensional or solid objects which utiliies accurate deposition of the
material onto a work surface or substrate. However, until the present '
invention, there has been no disclosure or suggestion that a suphly of
drople_ts'could be accurately controlled and dispensed to form a high

25 quality three-dimensional or solid article in a net shape without the use
of a collector or mold.

' One method for forming a spray of substantially uniform size
droplets is disclosed in the Chun et al. U.S. Patent No. 5,266,098 which
describés a process and an apparatus for producing and maintaining

30 charged, uniformly sized metal droplets. The droplets are deposited as



material can be shaped to produce its desi red'obj ect. Preferably, the
shapi ng occurs after the object or support nmaterial is applied and before

t he subsequent |ayer is applied. The Prinz et al. U S. Patent
No. 5,301, 863 describes an automated 5 system having nultiple work
stations for_formng objects by increnental bui l dup of | ayers. Each
| ayer a cros¥Od¥MMpnal slice of a three- di mensi onal PSE’J‘%?,“L”% ng
built and is conposed of the desired object material. In addition to
the object material, each |layer usually & so contains a second
portion that acts as a conpl enent of the object shape 10 of the
deposition material portion and serves as a support structure for t he

growi ng object form During the manufacture of the article, several

operations are peishRIyTes! coBt bNRubNE] oK Urbptet ?éﬁ@rdt&y%_rdisbﬂs&ﬂ%fﬂiﬁ% to
the, material deposition station, a EI urality of processing stations are
enpl oyed, each oIpramichambgs. Ihe|dsgplet gpaeratrgurRrisasreeontginer fesholding
functions can i ' [ S ' ' :

bi'asti ng. hoat (T AuBHng 8 LHEhEE R nblel "5 thediB N0 BEmg BIBIIY sized
The Prinz et al.mets. driepletst ahd. a Smearls 4ai5 charging tbe raetabtdropletoas the t he

fabricati ft - di ' | ' ] terj i | d-
up ot ayer Sor HePEATE WRde TRE AR, Meahd s ARl et e Ghertie
support hrmt e{ ihal means.fpt :vm_llatilﬁ@n?@dhﬂlfygmntiéthlteirl;sflmpﬁmﬁtbijddtnemt)bﬁ dedst otiet her
one or the other erlal | I e I rst, en ape 0 Qchl eve

di mensi onal accu?%ﬂa@a,tg%aaﬁ f?éﬁg){)m’ée t%?'dﬁéf’@rcpﬁfas'?%'pﬁéﬁﬁﬁq?%w ¢fRsthe
deposi ted | ayer jiguitié@®metBrdiintafie comaned. ThadiquirkNaetal iroré&d frolkkethel he

process is repeated until all |ayers have been placed. After the final
layer 25 has be&GIE®shreugh eReOGHeR iR thatcaniaingr 8o a8 to Sformntheemetalyi ng

t he eat keClaef af ot AR L4 rd :

(e denngerTQ °CL EorBpCE sl B0 R\ B B A0S, &L RASTBAE dfcp g5 @ et or
appar atus for nestreama thérimpodedavibiations inhediguitied nuytak catseotie jet to

| ayer - by-| ayer d ee- di me

conput er podel r'E%%E;%?ﬁﬁﬁ%@fﬁnﬁégﬁh%gh Fﬁ@éﬁggn o ﬁ'&?ﬂ'scllag r&g‘lfafﬂ?hoifed
applied to the droplets as the droplets are being formed. The metal
droplets may be charged by either charging the liquified metal while in
15 the container or by charging the droplets as, or after, the droplets are
formed after exiting the crucible. As each droplet breaks from the jet or
stream, the droplet retains a portion of'the charge. With that charge, the
droplets repel each other in flight and scatter into a cone-shape as the
droplets fall toward a substrate. When the uniformly sized droplets are
20 charged, the droplets are oriented to form a cone.configuration due to
the like polarity of the droplets and the repelling of each droplet from its -
neighboring droplet. - The Chun et al. ‘098 patent further claims the
application of an electric field in the flow path of the metal droplets to
chahge their trajectories.
25 A thesis submitted by C.H. Passow to the Department of
Mechanical Engineering at the Massachusetts Institute of Technology
{MIT) on May b, 1992 describes a study of spray forming using uniform
. - droplets sprays, droplet placement production techniques, and droplets
selection and deflection wherein parallel plates are positioned below the
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6 and the nodel representation is sliced into a plurality of
successi ve | ayers corresponding to |l ayers of predeterm ned

t hi cknesses of the part. The conput er nodel generates sequences of

t he part and_any conpl ement ar support material contou whi
corrgspond tawéé'{f??lgyer. I\/atgri al s forpp5 one or nore con %UP 9‘2‘9%’“
deposited onto a work surface within a processi ng encl osure. Portions
of the material are renoved fromthe 8 contours. The deposition
processi ng and renoving steps are repeated: as necessary under the

control of the conputer nodel to conplete the t hr ee- di nensi ona
obj ect. Further processing includes nachining off a 10 subl ayer to.ensure

t hi ckness tol er angipfrgitig piateoiecdefiattaned chbayedodroplets off to wiel¥ide Wheré titey
surface to ensure selective binding to the next aggregate . | ayer. The
control | ed | ayer Wweulsd b gollectgd. Jacharged digpriets B‘?ﬂq{kﬁ%ﬁﬁ% uphindeged. part
surrounded by cOMpl ey BhicigBy ¥.07hEqlikViva eRbE ehbfBd IRTRLIA Abication of
obtain a fabricated part. A maj or di sadvant age of "the above _
met hods is that tTeenmaSpraying to Melt MaleFabricaon medishad imiBES Interpatioral. upon
to achieve t desqhgd : | ' bR $r6cdidwmmernal
object. In ny féé&’_ d%sltirﬁ)aets idéog}sq!}at'ﬂerm ég?@%ﬁ gaﬁé‘.‘%fgef’ggﬁ%’ﬁ drafgag% re - u

mul ti pl e post fabearcdie emanipulatedsthapsnovingr adsubstiate catc ptiows espeeds and

t hr ee- di nensi onal ,object or end product. 20 .There is a need for an
i nproved met hod f&Fe ing three-

A thesis submitted by Godard Karl Abel to the Department of
Mechanical Engineering at MIT on May 18, 1994 describes using a

10 uniform droplet spray forming process to form deposits on stationary and
moving substrates; the spray forming of three-dimensional parts; and,
instead of allowing droplets to scatter randomly based on an unknown
disturbance, the droplets could be charged to varying amounts and then
deflected to create a more predictable mass flux distribution.

15 - The Orme et al. U.S. Patent Nos. 5,171,360; 5,226,948;
5,259,593; and 5,340,090 describe methods and apparatuses for
forming a net form product by directing a stream of a liquid material onto
a collector of the shape of the desired product. A time variable
disturbance is applied to the stream to produce a liquid droplet stream

20 with the droplets impacting on the collector and solidifying into a unitary
shépe. The Orme et al. 1995 paper presented at SFF in Austin, Texas
describes thermal design parameters for the development of solid free-
form fabrication of structural méterials with controlied droplets.

in view of the need for a better and more efficient method for the

25 manufacturing and forming of three-dimensional solid objects, and as a
result of extensive research, a new method for creating a three-
dimensional solid object by depositing a molten metal has now been
developed.



di rensional or solid objects which utilizes accurate deposition of the
material onto a work surface or substrate. However, until the present
i nvention, there has been no disclosure or suggestion that a supply of
droplets could be accurately controlled and di spensed to forma high 25

quality thr |onal or solid article in a net shape w_t use
of a coll ecf@?%&g _ One nethod for formng g&&%@'uﬁo
substantial ly uni form si ze droplets is disclosed in the Chun et al. .
U S. Patent No. 5,266,098 which degri bes a process and an appar at us
for producing and maintaining 30 charged, uniformly sized netal droplets.
The droplets are deposited as ' WO 97/ 09142
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to coat a substrate. Asdapas Rt kr@ane; thiedd isirfo aiselaee@ihmhhhfeeadnmensuo@r ay
chapber. The dropl et 6’generator conpr.ises, a cqntainer for &! and
|i quefying a chaSgtd @bjestcan beforpgd by dispensing HQ'fQHT‘Wo?'?ﬁqmlﬂtﬁ oplets

metal droplets, fheRalySin{ 18YersNATHhiAI 9@chE¥é‘haﬁh@P' ets as the 5
droplets are f or ?rre[tge The W(S)'r mg{' rreans@?s‘; preferably either a vibrating

means for vibrating tAscetdingly, itds an objeatief tb@meﬁemnn\(amtm@ttm @a@domae
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t he The present invention further provides a process which does not involve

' the use of muitipie processing steps to form each layer of deposition, or
otherwise achieve dimensional accuracy of the three-dimensional solid
object.

10

- Brief Description of the Invention | |

The present invention provides a highly accurate method and
apparatus for incrementally superimposing layers of uniformly sized metal
dfoplets of a desired material {or materials) onto a target or platform to

15 form a three-dimensional solid object. The objects are created rapidly
and directly by the controlled deposition of the droplets. The deposition
of the drdplets into layers is controlled using computer-based models of
the object geometry. The solid object is built incrementally using layers
created from uniformly-sized droplets. It is the control and applléation of

20 ~ the individual droplets which provides the solid object with its desired
dimensional characteristics.

The method and apparatus of the present invention provide a
“fully-dense" three-dimensional solid object which is comprised of a
metal or desirable alloy material. In additioh, the three-dimensional solid

25 article has a uniform density and has substantially no voids and is not
porous. No sintering or infiltrating processes are needed in order to form
the fully dense article of the presenf invention. The solid object formed
using the present invention has a homogeneous microstructure. In
addition, the article of the present invention is substantially contaminate-

30 free such that the article formed has highly desirable physical_



cruci ble through an orifice in the container so as to formthe netal 10
droplets. As the liquified netal exits at |east one orifice as a jet or
stream the inposed vibrations in the liquified nmetal cause the jet to
break up into uniformy sized netal droplets. An electrical charge is
applied to t ets as the droplets are being formed. The netal

dlrogpl ets rray%eg(’: izyrzged by either charging the liquified ne?gF"Wﬁ'%‘éz‘ﬁ n 15
the container or by charging the droplets as, or after, the droplets are
formed after exiting the crucible. As eacto droplet breaks fromthe jet or
stream the droplet retains a portion of the charge. Wth that charge, the
droplets repel each other in flight and scatter into a cone-shape as the
droplets fall toward a substrate. Wen the unifornmly sized droplets are 20
charged, the dropthdracteristics.i eThedrticle frnade accoming oo fthg Uiresémtnindeatibn

the like polarity of the droplets and the repell.ing of each droplet from
" nei gnt e e Bhvnlonl ¢1ovar ericfighanyLBaReriasbheh & of e

its nei ghtRIPISRFSLH A ;
t he appl i caubstantdliyaberebretiidn thdsech@pertids foundo BiclesOforkida Bt @l
droplets to change their trajectories. 25 A thesis

subnitted by C. HCcowessgnsbcastimopspeaving of malding procesggeshani cal Engi neeri ng
at the Massaghusetts | i ) Y ahi : 92
@ The Jhﬁdﬂeng?&moéd?ﬁ pbject has' Me%?tﬂgl g@s(engs%?rﬁ s

describes a study of spra m ng usi ng uni opl ¢
dropl et pl acenenttojeredces,i densikec hfiatiguss , anghdcampressive strengthss eldactilityp and

O bes 0" her el fupRhgkd, HardHdls Bhd Wbarlibist iy thaPidiBrst iCand propertieto)

8 The solid object has a substantially uniform or homogeneous isotropic
content of the material throughout the structure of the three-dimensional

10  article. '
The present invention can be utilized internally within a facility in
- avery rapid and economic fashion to produce metal tooling or products
for the customer’s production requirements. In addition, the apparatus
of the present invention can be built in "table top™ size for use in
15 applications which have limited space availability such as submarines or
off-shore drilling rigs. Further, it Is possible to quickly produce a desired
three-dimensional solid object so that the customer need not have costly

space-consuming inventories always on hand.

in preferred embodiments, the objects are created using é uniform
20 droplet forming process such as described in the Chun et al. U.S. Pateﬁt
No. 5,226,098 wherein the deposition material is supplied into a metal
feed system which has a heater for melting the metal. The molten metal
is contained in a droplet forming means such as a crucible héving atleast
one orifice which permits passage of the molten metal therethrough. In
25 a preferred embodiment, the orifice has a diameter in a range of about 50
. td 500 microns. The molten material is subjected to a pressure
differential of about 5-50 psi which forces the molten material through
the orifice as a stream. The molten metal is subjected to a certain
frequency and/or amplitude such that the liquified metal vibratés. The
30 vibration and metal surface tension causes the controlled break dp of the



charging plate to deflect the charged droplets off to the side where they
woul d be col |l ected. Uncharged droplets woul d pass unhi nder ed.

An article by P.J. Acquaviva et al. entitled Issues in Application of
Therno Spraying to Melt Ml d Fabrication published in IBEC International,

5 1994, describes a uniformdroplet spray and deposition ,%9@53 jch
can be mani p‘UPz??’gﬂ‘%y novi ng a substrate at various speeds %\ §/le

di rections. A thesis submtted by Godard Karl Abel to the
Depart nent of Mechani cal Engi neeri‘ﬁ‘g at MT on May 18, 1994 descri bes
using a 10 uni form dropl et spray form ng process to form deposits on
stationary and novi ng substrates; the spray form ng of

t hree- di nensi onal parts; and, .instead qf allown roplets tqQ scatter

random y based &tream @fkmofign metal ﬂ'!tgt‘ﬂﬂ'%émﬁ&s?ﬁg%f’gﬂﬁg%tag @&P&PI%‘

charged to varyi § def | : r
e an HREP R o i orne! |5g LRE I e Torie!

predictabl e nmass I on. ) . U S Patent
Nos. 5,171, 360; dippleés erBsubjected 1, 2posikive oranrgasiveahaca® dbe dke sbaraa hods

and.apparatuses fo TN i ] r | ' ream
of a liquid mat Cid] ér_fe Nﬂ"gdug{mor}getgo%%kc{h%rmcﬁﬁ %%g‘t'%? ﬁgaggcgo@eg{]gg@ gjé%lﬂféed
D oduce & 110Ul @ ar ol o et o g0 e, P AN L] e Tpact o o ¢ he
col l ector and sd"P&'qQ% ﬂ'b‘?iﬂi‘H%g)é"‘Uﬁitf‘%r‘{f"p'tms to 5@?35@'"?’?193}) farmsize. 1995

paper presented at SHhd prefEft indentiSr &5an improvéasehitiovestig Chumet 8098
paraneters for the devel opnent of solid free- formfabrjcation of

structural mat erteghnolgigyvbergin she ke ghapge:e8 the droplets causes the\drgplets (e

ST o o AR 5 g o, e smeyicplanga o

form ng of three-dimensi ona and as )
ext ensi ve re3earplovidesnemetbot dor fomusing:thia dnppletsor @ligning the droplstssinomal

solid _Obj ect by rqaerggvsvi sttirt'-zn %r gﬁ\'gﬁee ﬂle%&lthgﬁ%o%%gﬁ tékher than éii%ﬁh& Qﬁé‘ '

droplets to be spread out into a spray. The present invention also

wd( )

prevents the droplets from merging vertically with each other, thus
further maintaining size consistency.

15- According to the present invention, the supply of droplets is
gligned or fbcused into a substantially narrow stream or Iine by passing
the supply of charged droplets adjacent or through an alignment means.
The alignment means adds an additional (electrical) force field by carrying
the same charge és the droplets. The alignment means repeis the

20 droplets subs_;antiélly uniformly inward towards an axis extending
through the alignment means. The repelling of the droplets inwardly
forces the droplets into a fine stream. By repelling the droplets
throughout the flight of the droplets, the droplets remain focused in a
single file stream or fine line of droplets.

25 Thus, it is to be further understood that the present invention
comprises, in part, a method to align the droplets. In various
embodiments, the droplets can be aligﬁ'ed by either maintaining, reducing

. " or increasing the charge on the droplets as the droplets are being
~ dispensed and deposited onto a target or partially formed three-

30 dimensional article. '
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far as is known, there is no disclosure that a three-di nensional

sol-id object can be forned by dispensing uniformy sized netal droplets
dincrenentally in layers in a highly accurate manner.

Accor di ngl y,%Pt”'lo%“gn obj ect of the present invention to de\'/’girﬁﬁ9§ﬂf”°5
apparatus and process for manufacturing high quality solid netal objects.
The present invention further provides a2rocess which does not involve
the use of nmultiple processing steps to formeach | ayer of deposition, or
ot herwi se achi eve di nensi onal accuracy of the three-di nensional solid
object. 10 Brief Description of the Invention : The

present invention prowishespeeféired eynbadiment, aharlibament theans cornphAségats for
I ncremental |y super i r’g)osi_n | ayers of - uni fprrgy?{, sized netal dropl ets
of a desired maté?ﬁ%ﬁ e axisymmetichaliowranellingcyigder enfrystatcopical repelling f or m
a three-dinensi ' I ffstti Ead Rl e o | VAR and
i roctly by tne Teens Whichas)RatuonBaadb st 8 Bloke olhel{arbal bl parmialy

of the dropl ets faimgdagtieles Anaxisextepdinathreughithe@ipnment meand isreligned of

creatos F+ oo YAk eyl bh el Lol dgBETer oL Lo S BT
The emerging stream of molten material has an electric charge of
the same polarity as each droplet. in a preferred embodiment, as the jet
stream breaks into droplets, a charge is supplied to each droplet. When
the charging means is held at a predetermined voltage with respect to the
10 jet stream, the combination of the voltage and the capacitance between
the charging means and the jet stream brings a charge to the ieading
point of the jet stream. Each droplet retains a charge that the droplét
held before it broke free from the jet stream. The chargd on the droplet
causes each droplet to repel from adjacent droplets which prevents the
15 droplets from merging.
~According to the present invention, the charged droplets are
-maintained in a predetermined narrow line or path by the alignment
means. In preferred embodiments, the alignment means maintains the
charge, applie_s a further charge to, or reduces the charge on the
20 descending droplets. The like charge applied to the descending droplets
keeps the droplets awéy from the alignment means and also away from -
each adjacent droplet. Thus, when the charge on the alignment means
is sufficiently great, the droplets will be a uniform distance from each
other in the stream and will tend to cluster around an axis extending
25 through the alignment means. The droplets are held in a substantially
narrow stream as the droplets pass through or adjacent the alignment
means.
It is to be understood that in various embbdiments; the alignment
means can comprise an additional means for reducing the charge on the
30 desceridirig droplets by supplying, for example, to a stream of positively



20 the individual droplets which provides the solid object with its

desired di mensi onal characteristics. The net hod and
apparatus of the present invention provide a "fully-dense"
t hree- di nensi onal solid object which is conprised of a - metal or

desirabl e al terial. In addition, the three-dimensional solid 25
article has g&?ﬁ%&?m density and has substantially no voi dECIRFP ¢3¢
porous. No sintering or infiltrating processes are needed in order to form
the fully dense article of the present it&ention. The solid object forned
using the present invention has a honbgeneous mcrostructure. In

addition, the article of the present invention is substantially

contam nate- 30 free such that the article forned has highly desirable

physi cal chiPgBd/di18piéts, an electron beam which reduces the charge on the
PCT/L US96/ 14320 : 10

characteristics.9PRerticle made accordi ng to the present invention

possesses the desiralhes Rtgfdrfcd eRbIGIABRY, thel &Rpidtd a‘?éoélﬁfpth §Sor%'ma are

substantially better than those propertles found in articles forned by
conventional castarget in@EMENGPSed systemgyshothatsdhere B less risk of Any

thr ee. di mensg Onagormahiflti S5t HEGxiERbA BRLin g MiRtace of e ghHigtEATCES:

tensile, fatigue conpr essi ve strengt ness,
har dness and weaand ﬁmrefmawtlmhahadamrsstﬂdeposimﬁ prateralsi drs one preferred

embodiment, the air in the work space is replaced by an inert gas such
as argon or nitrogen. 'When heavy inert gases such as argon are used,
the inert gases are preferably introduced at a lower end of the enclosed
10 - work space. The heavy inert gases displace the lighter air which can
flow out the top of the enclosed work space. In another preferred
embodiment, the air in the work space is replaced by a lighter inert gas
such as a nitragen. Itis to be understood however, that the type of inert
gas depends upon the type of metal being deposited. It is further
15 understood that with deposition of aluminum, it is preferable not to use
nitrogen since the nitrogen and aluminum react. it is further understooq
that in various embodiments, the density differences between the inert
gas and the ambient air can be accentuated by, for example, cooling the
argon and heating the nitrogen.' Ina 'preferre'd embodiment, the work
20 space is kept under a positive pressure so that any leaks are outward and
no ambient air leaks into the enclosed work space. Various containment '
means for enclosing the work space include a flexible shroud; for
example made out of a suitable material such as poiyvinylchloride and the
like, which is mounted .bn a metal frame. Other means for énclosing the
- 25 work space includes a rigid transparent plastic housing made of a suitable
material. These containment means may replace the large cumbersome
vacuum chambers now in use such that the apparatus of the present
invention can be used in a table top design. A vacuum chamber may
however be used to obtain desired droplet purity levels and resulting
30 | three-dimensional part properties.



The solid object has a substantially uniformor honbgeneous isotropic
content of the material throughout the structure of the three-dinensional 1

0 article. The present invention can be utilized Internally
within a facility in a very rapid and econom c fashion to produce
metal tooli nqv(% @b%ducts for the custoner's production

requi renments ition, the apparatus of the presdift/¥§9¢2432% on
can be built in "table top" size for use in 15 appl i cati ons whi ch have
limted space availability such as submanignes or of f-shore drilling

rigs. Further, It Is possible to quickly produce a desired
t hree-di nensi onal solid object so that the custoner need not have costly
space-consum ng i nventories always on hand. In preferred

enbodi ments, the obje¢ia pme@w@tmbdlmeng, mwwdrlareﬁv%nmen@ml uié?{ m ng
process such as described in the Chun et al

5,226, 098 wher ei RtMREPERIBodE IS Whbendersipod §ha§@pg?$ eamirﬂlﬂqsi avman be

feed system whi clysBaso fort83h&mdifen mBldrialfrohthe B lidible @ﬁamgfﬂé
is contained in a droplet formng means such as-a cruclble having at [ east

one orifice whicingierigtatdignpmaguresofiaboutdOred paideal 4Q-I3§Déﬁﬂ).oﬂdhrthen 25
a preferred gnbo#?g%}‘ roil@@ﬁg%fefﬁ gf'o i Sulgﬂrlr@[?séﬁ eé&:r@e a@ggguto{ 2 50

to 500 m crons ten eri pressur
differential -of abewvork- mlmmML cl lswbes:rtdmtuntittbat mdserpraksurbsaugh
the orifice as a stream ssub%tete t.o a certai

frequency and/ or %Hﬂ?lp{%ﬁfé"ﬁjbﬁ %ﬁ%‘( af%gjgf‘?ﬁmal"i PR ST'CWGE‘SH{%?&?HE 30
vi bration and nmetadkoRité,l ane afemdrely SROWASTor fmescmtun@étkailbrbbf&% ?Fés@f\tt he

WO 97/09142 invention. In operation, it is contemplated that if necessary, therSv%?/ 14320

10 environment can be repeatedly purged by introducing an inert gas to limit

oxygen levels. It is to be understood that suitable minimum oxygen

levels are determined by méa'suring the properties of the end products
exposed to different contamination levels. _

The fine stream or line of droplets is accurately positioned on a

15 ° target or work station to form the three-dimensional article. It is to be

understood that according to the method of the present invention, either

the supply of the stream of droplets and/or the target can be moved to

form the three-dimensionai article. In one embodiment, the target can be

moved a predetermined distance in response to the line of droplets being

20 applied to the target. For example, the target can be moved horizontally

and/or vertically at a predetermined rate which is dependent, at least in

part upon the droplet deposition rate. In certain preferred embodiments

the droplet depositioh rate can be monitored by a vision/counting system.

The three-dimensional article formed on the work station is operatively

25 connected to a positioning system. In a preferred embodiment, the

positioning system comprises at least 2-3 axis, and in certain

embodiments, a 3 to 5 axis table, drives for the axes, encoding means

for receiving and transmitting positional data, and a control system to

coordinate motion along the axes. The control means can comprise a

30 computer-based representation of the object geometry which supplieé the



11 streamof nolten netal into uniformy sized droplets as the
nol t en material is dispensed fromthe orifice. As the droplets are
formed, the droplets are subjected to a positive or negative charge.
The |i ke charge on the individual droplets keep the droplets separate
and prevent droplets frommerging together in fli ht w th

nei ghbor i ngs‘,(gpg 8?12%9 t droplets, and thus allows the cﬁ%’fﬁé 82,
mai ntain their uniform size. The present invention is an

i mprovenent over the Chun et al. '098 15 technol ogy wherein the |ike
charge on the droplets causes the droplets to spread out and to be
deposited as a spray. The present invention 10 provides a nethod for
focusing the droplets or aligning the droplets in a narrow stream or
single file aftecoondignates endmeans todnhterpratmoverhbmvéitetvierk station d1PBhet S

to be spread out ay. The present Jnvention also prevents
the droplets fro ?#%88"?18&?8@'?‘8% F@ pge'efgﬁ'ﬁ"lﬂ/ﬂé‘?p lying faeans can glge baer
mai nt ai ni ng si zeoperasivetyedmmeciéii toa dnﬁerenﬁﬁﬁ@itudhﬁ@ Bahd K AfVes the

i nvention, the SLP (%f dr op IS gned or focused Into

subst ant i al | y naf Wﬁ r‘\tfameﬁ '" |598“5§’°§5§§\Sn59tween at least tipg X, YSfancth ged
dropl et's ad]scenixdy intr8SsoHER 8 RTRA I ans
adds an additi ona,l( (lglrect rical) @IgFge ll;'edegfy)él(’:narlr Q’e"’mﬂ’& én%ﬂ&ﬁ@fﬁ?ge
charge as the drgihcthe, W‘I’H%S%ﬂtiogrﬁmmﬂmymépbbslemeambe mdvegpheferm

substantial ly uqﬁ%ﬁgm%%ggﬁ%\@g,gnépgﬁﬁgs an axi s extendi ng t hrough the

- alignnent neans ing of the droplets inwardly forces the
droplets into a fine Iota preferre@embmsliinentge plaanihgeystem, such as d Suigalgéout

file streamor (A Erdgre SoERR 88ikeBod: [rkEERalipniat thp glrebur  ner

under st ood tat dnhemimméobjemvarne planning systémrwmm&the 'bblib”‘t!’tt &gy hod
to align'the dr odj nent s, £fets can be

t
al i gned by eit thLe Sﬂ?lgﬁ HUH%errésdﬂtgeﬁgand prgcs the deposmon path needed to

achieve each layer, including any overhang support requirements (as
described in detail below) of the article as a whole. The control system
coordinates the planning system, the movement of the droplet

15 forming/supply means, and the work station positioning system. The
control system{s) also monitor(s) all sensor inputs which relay
information on the various operating parameters and maintains correct
operating parameters such as pressures, temperatures, voltages and the
like. | '

20 According to the present invention, the parameters {such as the
pressure, orifice diameter, frequency and amplitude of the vibrations of
the droplets) can be varied to change the diameter of the uniformly sized
droplets. It is to be .understood that the optimum diameter of the
droplets depends, in part, upon the three-dimensional articles being

25 formed and upon the type of material being deposited. Other parameters
such as the feed rate of the metal into the crucible, crucible pressure,
temperature and amount of charge on the dropiets also affect the size

. and rate of formation of the uniformly sized droplets.
 Still other parameters include the temperature of the target or
30 article being formed and the state of the droplets as the droplets are



or increasing the charge on the droplets as the droplets are being
di spensed and deposited onto a target or partially fornmed three- 30

di mensi onal article. WO 97/ 09142

PCT/ US96/ 14320 12 In
one preferredﬁ r;? Jrent, the alignnment means conprises at /ustﬁQ:;% one
axi symmetric hollow repel ling cylinder or frusto-conical repe I'ng

nmeans which is positioned adjacent or close to the target or partially
formed article. An axis extending througH&he alignment neans is aligned 5

with the nomnal path of the stream of droplets. The energi ng
streamof nolten material has an electric charge of the sane polarity
as each droplet. In a preferred enbodinent, as the . st ream br eaks
into droplets, a Qﬁ?&ﬁ@@d@@eﬁﬁfgﬁd’rtﬁéﬂ@a&?'ﬂﬂ@ﬁﬂ'@d Thestemperature jof the

h 10
char gy ng_ean | BBl fafer BUEEERRY Ba8ron MdaRPoMo e AR Bbc i
t he char gi ng nearpartntettondirg osmergingoof thpsdrpldtante atuniform lagedonghe

poi nt of the jet str gam Eaﬁh droplet retains a charge that the dropl et
hel d before it br'8 f'P%‘é“P omthe jet stream The charge on the dropl et

causes each & opl et t onr egrbind rembodirnent ofirthe! giresedti tvantnenbRotHae 15
droplets from marpgarar%eter which can be varied is the "standoff" distance between the
droplet forming means and the work station. This change in the distance
-affects both the size of the "footprint” or impact area of the droplets and
the liquid-to-solid fraction of the droplets. By varying the quuid-to-solid'
10 fraction, the bonding qualities of the droplets to the substrate can be
changed. 1t is to be understood that the temperature of the deposition
material itself affects the thermal state of the droplets. In certain
embodiments, the temperature of the deposition material can vary from
just above the melting point, and in other embodiments can be, for
15  example, about 50°C above the melting point. This difference in
temperature of the liquid depositio-n material will, of course, affec"t the
temperature of the droplets with respect to the distance from the orifice
to the target (i.e., "in-fli_ght" or "stand-off" distance).

The droplet is supplied at or about an optimum quuid-to—éolid

20 fraction. Invarious embodiments, the solid-liquid fraction of the droplet
as the droplet hits tﬁe target is an important variable. The impact of the
droplet on the target converts the kinetic energy of the descending
droplet into heat enei‘gy. This heat remelts the droplet and 'the target at
the point of impact of the droplet. This remelting helps in the bonding

25 process of the droplets to the newly formed surface.

In order to achieve geometric accuracy, the present invention
precisely aligns and focuses the dropl.et stream and carefully correlates
the speed or direction of the target movement relative to the placement
of the droplet stream and to the flow rate and temperature of the droplet

30 stream. The stream of droplets is controlled for efficiency and accuracy.



According to.the present invention, the charged droplets are

mai ntained in a predetermned narrow |line or path by the alignnent
means. In preferred enbodi nents, the alignnent nmeans naintains the
charge, applies a further charge to, or reduces the charge on the 20

descendi ng dipRpbAdetsz The |ike charge applied to the descendiggy ,‘?g ogRkBh S
keeps the droplets away fromthe alignnent neans and al so away from

each adjacent droplet. Thus, when. the charge on the alignment neans

is sufficiently great, the dropl ets will 1Be a uniformdistance from each
other in the streamand will tend to cluster around an axi s extending 25
t hrough the alignnent nmeans. The droplets are held in a substantially
narrow stream as the dropl ets pass through or adjacent the alignnent
nmeans. In a preferredtembedimend; 8 sudableflow meaguring systemhoslichess s, -

al i gnnment | educi.n
charge on the 30%%%§§'2Q o ng \ﬁgr%ﬁ] QP ePaDQ, yu%%‘?ﬁgﬂ? o% gﬁ?&ﬂi‘f?’c %g;'ug
stream of positi geusce, to est:matﬂlhh?ﬂ@&]réﬂe of the metal by countlng the number of
PCT/ US96/ 14320 13 char ged

droplets, an el eSfPRRtSWRIANPAPES2 frafR i agiven Hf8ye on t he dr opl et s.
In a preferrgd- enbodi Thg! posifieniigd RlystemamovesPiie adrgut! @ctéing to the

geometry of the section or layer of the three-dimensional article or
support being created. The speed of motion of the target along a'
predefined path is governed by the flow rate of the deposition material,
as preferably measured by the flow measuring system.

10 The number of layers and the positioning of the layers forming the
three-dimensional article is determined by a number of factors. The
object geometry dictates certain points through which a layer must pass;
thus, a minimum number of layers are needed in order to form the three-
dimensional article. It is to be understood that in various embodiments

15 where a support material is provided, the support material is also being
placed adjacent the partially fabricated article. Another factor affecting
the object geometry is the maximum thickness of each layer. Itis to be
understood that each layer can be no thicker than that portion of the
article being formed. It is to be further understood that the functional

20 requirements of the end use for the three-dimensional article dictate the
surface finish on the three-dimensional article. Thus, the requirement for
either a substantially smooth surface finish or a textured finish can also
limit the layer thickness. It is to be understood, however, that the
present invention provides a method for depositing droplets having a

25 diameter as small as approximétely 50 microns such that the three-
dimension articles formed have a desirable surface for most end use
applications. It is to be further understood that, at the edges or periphery

. of the article, any staircase effect depends 6n not only the 6iameter of
the droplet and therefor the impending layer thickness, but also the

30 spread or splash diameter of the droplet as the droplet contacts the



target in an encl osed systemsuch that there is less risk of any 5
contam nation such as oxidation occurring on the surface of the droplets
and therefore within the | ayers of deposited materials. In one preferred
enbodi nent, the air in the work space is replaced by an inert gas such

as argon or mwéonges Wien heavy inert gases such as argon ag M§5‘6¢1i4320
the inert gases are preferably introduced at a | ower end of the enclosed 10

wor k space. The heavy inert gases displace the lighter air which can

flow out the top of the enclosed work spak. In another preferred

enbodi ment, the air in the work space is replaced by a lighter inert gas
such as a nitrogen. It is to be understood however, that the type of inert

gas depends upon the type of netal being deposited. It is further 15
under st ood -t hat \iuiacgepdR Mpsh eprbedimentuinthe surface fitish 1l theredges arse

nitrogen since t A NToT-Tp U ' rﬁ?efg s der.st ood
that in various girzvéig@dlhrﬁ%t gt g?ﬂéﬂﬁ%l ftq/" 6| epg%%&@ggtﬁ&%ﬁ%%g ﬁﬂ(ﬁﬂﬂ% '
gas and t he anbi dinishesrhaximg minimuorstaincase dffectiwhichysspitablecfonimoxy entle
argon and heatin j . In a preferred enbodi nent, the work 20
space i s kept ung"grg}gqggéhgﬁg% pressure so that any | eaks are outward and

no anbient abr |eaks inisotd be wnierstoed that the pretal sV bbthe dedHIats BBIAG
means for encl osi t he \Aark l.Zzpace inc}‘udela(ﬂ fl exi bl e shroud; for

exanpl e made out 95POSEY; deRgNsHpan Ahesend, use JeAyirements, alr the three-t he

like, which is nuyimeasional artiew.alit iy SV@acérfd coRABFof Me BEE SfbADIAE 20
wor k space includes a rigid transparent plastic housing nmade of a suitable

material . These 5APRBAARE $i2a0E aash droplescwhicheaalioavsyforcihepprogduction of

vacuum chanbers qRKie HritktRicid Boli it as, apparatus of the present
I nvention can be used In a table top ofe5| gn. A vacuum chanber may

however be 18ed t o obtsicordingitedbe dnethodtoftheiprgsdrtinbention] the tepbiition30
three-dimensi onaloePaiahe R ORES thEScontrol over droplet size is accurate to within
fractions of a millimeter. This improvement in the positional accuracy
and size of the droplets allows for the building of three-dimensional
articles without recourse to intermediate physical models against which
156 to spray metal or to further processing steps. The three-dimensional
articles formed according to the present invention are substantially
contaminate-free and which can be directly utilized in industrial and
commercial appiications. '
The present invention forms droplets which are deposited in a
20 single operation to form a three-dimensional article. The present
invention involves a net-shape process that rapidly produces an accurate,
durable three-dimensional article. Both the incremental application and
the subsequent solidification of the droplets occur in an accurately
controlled manner. The microstructure and the gedmetry of the article
25" being formed are precisely controlled so that no additional processing
steps such as ma'chining are required in order to form the three-
dimensional article. '
‘The droplets are supplied having a substantially uniform size, at a
preferred velocity, and at a preferred distance from the target such that

30 the droplet temperature and the target temperature are within optimally
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a preferred embodi ment, the work environnent has an inert at nosphere.
It is to be understood that-a gas controlled system can be used to

force the nowoaropmeri al fromthe cruci ble containing the pygrigends2o
mat eri al at high pressures of about 20-50 psi ([err] 140-350 kPa). A
further 5 gas controll ed systemprovides a | ow pressure source at about

1-2 psi to the work environnent. | 9is to be understood that these
pressures are gauge pressures i.e., they are higher than atnospheric
pressure, are not absolute, and are nerely shown for ease of

illustration of th esent i nyention. .| n _operation,
cont enpl at ed t hat® fe’fép ameters. 1n partigifiar, fhe d ’%\‘?ﬁ\g ﬁ@lﬂ’etﬁfﬁ%@aﬂweét edly

purged by introdagd Rge %@Bbﬁﬁéd agésplté?eﬂremdistance su@ﬁytﬁ%f‘ th@‘ﬁghﬁi td-&ol'ic? to
be understood that suitable m ni mum oxyge | evel s are determ ned by

measuri ng the pripetien of the draplehis QSMFUQHSS suited fOé)QSU‘sbl@Q tto thef threent

contamnatlonle o] ts is
accurately posi telfonez’ loo"nat g:rticge ltfatrhgre?r E!&ans)rka %:agtI ?:)r}lé ?P&?l&f n“ﬁ{ ﬁg rh'a
t hr ee- di nensh onapowder-bkeematenalsartd)vvﬁjbnot bond tonthee sttidel wellat if ahe droplet) t o

the nethod of th sent. i n t| n, .eit th |y of the stream
of droplets and/igr %ﬁ Fﬁ‘é‘f’ t?' el Urdwfu flow a"&o ﬁﬁgﬁe”“e"e" an

t hr ee- di nensi onahnmﬁtrallaele éutfa:ues oeithedhmlimme‘nbmrfaaém%le Iséforé€ooling on NOVed
- a predeterm ned |sta ce| etOt@ﬁ q f dro | ets being 20
applied to the t ﬁgﬁ EOIMENSIQNG GEHCIR o Feg erpbogisnant | y

and/or verti cal |theﬂ'iqtﬁd-l%-%dﬁﬂ$fa@nbﬂdsﬁ F%%bﬁﬂy 3®: ﬁ@laﬁaC{ﬁatdf?T@bHé Ravg 1N
part upon the dropl et deposition rate. In certain preferred ment s

t he dropl et 1@eposisubsiantialiy upifarmesizethatorasigstin diametear e mooe than abget em
+ 25% and most preferably no more than about + 5%.

In an especially preferred embodiment, the droplets are formed
using an apparatus that forms uniform electrically charged molten metal
droplets. The apparatus melts a charée of metal in a crucible and forces

15 the molten metal through a small orifice (45-200 um) in diameter to form
a laminar jet or stream of droplets. The stream is broken by imposing
vibrations {preferably from about 5 to 30.kHz) to a piezo-electric
transducer to form a stream of uniform droplets. Each droplet is charged
by a charging means such as a high voltage plate {about 300 to 400 V)

20 as each droplet breaks from the laminar jet or stream. The droplets are
given a charge of the same polarity so that the droplets repel each other
sSo as to stay separate and thus maintain the original size.

In a preferred embodiment, the crucible is kept at a higher pressure
than the work space environment to force the liquid metal out through

25 the orifice such that the pressure on the liquid controls the flow of the
liquid through the small orifice. _

One advantage of the present invention is that, it is now possible

- to capitalize on the surface terision properties of the deposition metal to
build overhang portions of material. The overhang portions comprise



The three-dinensional article formed on the work station is operatively 25
connected to a positioning system In a preferred enbodi nent, the
positioning systemconprises at |least 2-3 axis, and in certain

enbodi nents, a 3 to 5 axis table, drives for the axes, encoding neans

for receiVvi ngygdhotspansm tti ng positional data, and a contr ebrgaxgsdasot O
coordi nate notion along the axes. The control neans can conprise a 30
conput er - based representation of the obj Egt geonetry which supplies the

WO 97/ 09142 _ PCT/ US96/ 14320
15 coordi nates and neans to interpret novenent of the work
station. In an al ternative enbodi nent, the dropl et form ng/supplying
means can al so be operatively connected to a different positioning

means whi ch novelgvers of dropletss\yhighyexsend beypad Ihe gdge @ preyiausdaxenid ween

at least the X Yo@R@nbvethang$@acidtel €sponse to a predeterm ned pattern.
In yet another en%odi ment both the work station and the supply of.

dropl ets can be movedAngtheradvantage gfibepiesantdnyamionsshattheippyement
[na preferred cyhopd ks whrk sEd Y bl f5 ke, Thelridt can b
p a sol 1 d-node thet

sof tware program acce representation of e B
di rensi onal Bbj etiited Bbeupbxesinragiditicn onthedioeaomevementsioagior petuwreen the

'nto afinite ””@P,‘V ar? Zsalxieg.e sfh?snt(ljltiﬂlgoaﬁlgv}sqgqu%%ﬁiiiFnie(r)wrs]i n%} Qrtﬂ: ee‘fjoe a\;eo
overhang portions created without supports. For example, the three-
dimensional article can be rotated 90° to a position wherein the
deposition of the material continues to build vertically, but at a right

10 angle to the earlier deposited material, forming an overhang on the end
product after the part is returned to its original positioning.
~ Another advantage of the present invention is that in certain
embodiments, at least two materials can be used wherein one material
is a sacrificial support material and the other material is the desired object
18 material. The support material is dispensed adjacent the object material
and is to be used only in supporting the overhang portions of the desired
object material. The subport matefial is removed upon of the completion
of the three-dimensional object by applying heat, oxidizing, solvent,
mechanical or other suitable means which are not harmful to the three-
20 dimensional article. The support material can comprise any suitable
| maferial such as a lower melting point rhetal, an alloy, salt, glass,
ceramic, graphite or a composite thereof.
Still another advantage of the present invention is that, in certain
embodiments, when the distance from the droplets forming means to the
25 target is sufficiently large, a supply of the droplets dispensed from that
distance will solidify completely by the time the supply of droplets
reaches the target. The supply of droplets which does solidify before
reéching th'e target is, in essence, a subply of powder particles which
acts as a support for subsequent layers of the deposition material. The



achi eve each layer, including any overhang support requirenents (as
described in detail below) of the article as a whole. The control system
coordi nates the planning system the novenent of the droplet 15

form ng/ supply neans, and the work station positioning system The
control syst WR8¥09ad2s0 nonitor(s) all sensor inputs which relrayusosndszo

I nformati on on the various operating paraneters and mai ntains correct
operating paraneters such as pressures, t eratures, voltages and the

i ke. 20 According to the prese i nvention, the parameters such
as the - pressure, orifice dianeter, frequency and anplitude of the
vi brations of the droplets) can be varied to change the dianeter of

the uniformy si r ets. It i 0 .be understood that the timum
di aneter of the %%q"derdrbdp?'gggadé%rP@Qdel%’nE%éB?,arﬁﬁ%ngf'ﬁ'@ formed. o¢3R 08 onal

articles being 2%emofred upbnacsmpietiont detheyPreedimahasional arligieng deposit ed.

Qt her paraneters uch_as the feed Ete of the netal into the

cruci bl e, crucible.pr gg@ang,theradvanf@%g{t B RFeseat ivVERHARProvidesdR gertaid t he

droplets al so af lepiodifengs,Z& means foH¥eliEdng Qtf'egsofr[rﬁ{él Fﬁ&e?ét ﬁgfh?gwgtt{ow ny

si zed droplets. . Still other parameters inclu nperat ure
of the targeP or materiah in eergaipraiprrad ambosimentse asouree of lases epergy ist s as

'If:)g_?_/ ﬂggg} ig 28r € used to ann¥§l SHreliéNg'étress as the layers of maTéial are dispensed to
: form the three-dimensional article and to control the immediate area
surface temperature.

The metal three-dimensional objects formed according to the
10 present invention have desirable characteristics and properties which are -

substantially equivalent to or better than the properties of cast parts.

Brief Description of the Drawings
Fig. 1 is a perspective view, partially in cross-section and partiaily
15 in phantom, of an apparatus for depositing moiten maierial to form a
three-dimensional article. _

Fig. 1A is a greatly enlarged' perspective view, partially in cross-
section of a portion of the apparatus shown in Fig. 1.

Fig. 1B is a greatly enlarged cross-sectional view of a droplet.

20 Fig. 1C is a perspective view of another embodiment of an
apparatus for depositing moliten material to form a three-dimensional
article.

Fig. 2 is a perspective view, partially in cross-sectibn and partially
greatly enlarged, of a portion of the apparatus as shown in Fig. 1

25 showing one technique for depositing material and creating part
overhangs.

Fig. 3 is a perspective view, partially in cross-section, partially
greatly enlarged and partially in phantom, of a portion of another
embodiment of an apparatus for depoSiting moliten metal to form a three-

30 dimensional article and creating part overhangs.



deposited on the target or article being forned. The tenperature of the
droplets and/or target and the drop velocity onto the target determne, in
part, the bonding or nerging of the droplet into a uniformlayer on the

target material. 5 In certain enbodi nents of the present

i nventi on, awe418p142 par amet er which can be varied is thaethsoandes f"

di stance between the droplet form ng neans and the work station. This
change in the distance af fects bot gzt he size of the "footprint" or

| npact area of the droplets and liquid-to-solid fraction of the
droplets. By varying the |iquid-to-sol | d 10 fraction, the bonding
qualities of the dropl ets to the substrate can be changed It isto
be understood that th erature of the d i erial, [tself
affects the thernal at‘ﬁ"é'sﬂ?%tb‘feef'?w'l ﬁa@é Iya{prpross-secré% h

the tenperature @freéthpedwgsd tan@n paRiaayi il pﬁmowaryhéwmg a portidnugf y@bove
the nelting point, and in other enbodi nents can be, for 15 exanpl e, about

50[ err] C above t I#€°Fftqrtqrﬂ5°"ﬂfﬂetﬁ‘ﬁ of an aPRArATUS, ﬁqn\'&eqqa;ltmg m°"ce@n'ﬁé1fq{tauﬁ@ of
the liquid deposiggigi m&ﬂlrﬁén%ﬁél arfbieCaHy é&atlgbfﬁ'&{ owﬁ ngs, . rce

tenperature of the dro lets with respect to the distance
to the targeb (i.e., Fin-4Aiigin oreatly’ enlargedofside slema&lnoeb view, partially in The

droplet is suppl 'c?&gsaéecﬁ oﬁétaql{f\egp?agtgh r acﬁgo (}urﬂego fraction.

In various enbodiments, I qul ropl et as
the droplet hits the Fig dgetis asperspective viaw, pamlaﬁblla criihs}seomn:,t parftlaIIVe
droplet on the tar descend

droplet into heatgr%ﬁiy & a\'/'er‘% r{qhBFh}a@e“ ; g’ﬁtré’%r ﬁlﬂ?‘gf"gaﬁdp?ﬁ@"t Q?Q}'@F at

the point of inpaabtiadr étho@ihﬂm‘tQif anpr;Sarhﬁjﬁsfdrldébds&irrgsrﬂdl'tehhﬁaféﬂyﬂ'tﬂg 25
process of the dro | et new y forned surface I n order

to achieve § omelf? g 84 ‘Eﬁ Qwenﬁiﬂ@'mgk@rﬂnq GRRBHNB ATt overhaggsci sel y al i gns
and focuses the dropl glg, g s perspdchids Sidw ﬂarﬁgfwm ei"&%-sectlon, EH@Wﬁd or

direction of the target novenent relative to the pl acenent
dropl et stream aP@riien ofi@nothsy ersbediment: ehpe @pparatusifor depasipgemolen

stream The streamwbiaiPRIrR § thieet@fiensldraf aftfdie f fi Ci ency and accuracy.

15 Description of the Preferred Embodiments
Referring now to the drawings, various embodiments of the
process for forming a three-dimensional article and the apparatuses for
use in carrying out the process will now be described in detail. As
shown in Fig. 1, a three-dimensional object forming apparatus 10 is
20 generally shown. The apparatus 10 comprises at least one uniform
droplet formation apparatus 12, and in the émbodiment shown,'
comprises .a further droplet formation apparatus 13. It is to be
understood that the uniform droplet formation apparatus can be as
described in the Chun et al. U.S. Patent No. 5,266,098, which reference
25 is expressly incorporated herein. The uniform droplet forming
apparatuses 12 and 13 are enclosed in a chamber 15 in a preferred
embodiment. - The chamber 15 comprises a frame 8 having a suitable
transparent shroud 9; The chamber 15 encloses an inert atmosphere and
prevents undesired contaminants from coming into contact with the
36 molten metal as the three-dimensional article is being formed. However, -
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PCT/ US96/ 14320 17 In a
preferred enbodi nent, a suitable flow neasuring system such as a

conput er vision system operatively connected to a stroboscopic |ight
source, to a¥09WAR42the flow rate of the netal by counting rORUSeGMdE0 Of

droplets which pass a frane in a given tine. 5 The positioning
~system noves the target according to t - geonetry of the section or
| ayer of the three-dinmensional article support being created. The
speed of notion of the target along a predefined path is governed by
the flow rate of the deposition material, as preferably neasured by

the fl i.nd. syst d t
posi ti oni ng_of UhaNPUFLPE uriratge thet in YOS By BB mAdher b |
determ ned by a kuepirey coftahdnamssawdyérom the n(dueaahew*bﬁﬁtg Hesbgitedt &re
certain points thrBugh which a | a égr nmust a mnimum

r

nunber of | ayer SWHPE fBE JERNteMRIated, scepe ogﬁtﬁﬁept’%ﬁﬁé '“Ve“t'ontdlaﬁ‘én§ﬂonal
article. It is taﬂté@ﬁawsiambandeﬁmowmgvahémtﬁﬁea%ﬂmﬁﬁér 15 is shb\whe

support material is provided, the support material is also belng
pl aced adjaé%nt'ﬂHEQpQthally fabricated article. Another factor affecting

mer ot S0 Chor e T AR UEIE OGS SoBRratoE N2l R obd et ™
article bei ng f csmbadiment; ssubstaridliyr sirsilanuntdetbe ounjfarimat dioplet! doringnal
apparatus 13. For ease of explanation, one set of numerals common to
~ elements in each uniform droplet forming apparatus 12 and 13 will be
10 - described.

The uniform droplet forming apparatus 12 and the apparatus 13
each comprise a vibrating means 16 and a crucible 18. It is to be
und-erstood that each crucible 18 has a heating means 19 to meit the
deposition material 14 to a desired temperature, and a moving means 21

15 to move the crucible 18 in at least one, and in some embodiments, 3
directions and/or between in the X, Y and Z axes. It is to be further
understood in certain embodiments, that the moiten material 14 within
the crucible 18 can be under a desired pressure from a pressurizing
means 17. The molten material 14 in a preferred embodiment is

20 subjected to vibrations by the vibrating means 16 at a desired amplitude
and frequency. A stream or jet 28 of material 14 is formed and exits the
cruéible 18 from at least one orifice 20. The vibration of the stream 28
causes a plurality of droplets 36 having a substantially uniform size and
shape to be formed. As the droplets 36 form, the droplets 36 pass

25 through a charging system 22. The charging system 22 generally
comprises a charging plate 24 having at least one opening 26 which is
aligned with the orifice 20. The charéing system 22 applies a charge to
the droplets 36 as the droplets 36 are being formed. As each droplet 36
breaks from the stream 28, each droplet 36 retains a portion of the

30 charge.



20 requirements of the end use for the three-dinensional article dictate

t he surface finish on the three-dinensional article. Thus, the

requi renent for either a substantially snmooth surface finish or a
“textured finish can al so limt the layer thickness. It is to be

under st ood, hea®vend2that the . present invention provi deermsyeaspod f or

depositing droplets having a 25 dianeter as small as approxi mately 50

m crons such that the three- dinenféon articles fornmed have a

desirabl e surface for nost end use pplications. It is to be further

understood that, at the edges or periphery of the article, any

staircase effect depends on not only the dianeter of the droplet and

i amoter of the. dropl 4t B8 PRRHRF sesea g Yraeis"de e pidleRias "

PCT/ US96/ 14320  adjacent a focusing or ahgnment means 30. In the fhbodiment shovéir f ace.
I n nost enbodi nents, ., the surfaceahl ni of t\Be edges or peri phery of

the article bei nEe&igRmentdneans I"?” & eylindes Shapg.er conical ShPPﬁi(@ﬂfes
havi ng mi ni num S&ﬁd\hﬁﬁ%ﬂméﬁ f:?%ho\MH fl) ctssSsdcitiahl i%rfé%rsermsﬁluﬁ%’thn The US€

requirenents. 5 Is to be understood that the actu si ze of
t he dropl et sBbej aligning meﬂ!@p%@lcpé'tpr@@'&ﬁ@atﬂiﬁﬁ or fepellicg sudface 32 whiebnt s of

the three- dEHAE S 8Pahing 34, B Dest bedintfig. PACYHha'chahfing bPlepdiiinghe

dep03|t|on of the
surface 32 is preférably made of a highly conductive material such as

copper, aluminum, steel or the like and is, in certain embodiments, about

150 to about 450mm in length. The opening 34 is generally from about

1b 10 to about 40mm in diameter. It is to be understood that in other

embodiments, the length and diameter of the repelling surface 32 are

dependent, at least in part, on the type of material being deposited, the

. size of the droplets, and the ultimate shape of the three-dimensional
article. |

15 When the charging or repelling surface 32 is held at a

predetermined desired voltage, the droplets 36 remain a predetermined

distance from each other and from the charging or repelling surface 32.

This repelling force is generally shown by fhe double-headed arrows 35

in Fig. 1A. As each droplet 36 descends, a leading droplet 36A is

20 repelled, not only from a succeeding droplet 36B, but is also repelled

from the sides of the charging or repelling surface 32, thereby preventing

the like-charged droplets from merging with each other or scattering

sideways. The droplets tend to pluster around an axis extending

Iongithdinally through the alignment means 30. The charge on the

_ 25 droplets allows the droplets to be delivered in a fine, very accurate line.

It is to be understood that any suitable inetal may be used

depending upon the end use application. The actual charge on each

droplet is a function not only of the type of metal used but also the

diameter of the droplet and the diameter of the opening 34 through

30 which the charged droplets 36 descend and the voltage between the



drops and the size of each droplet which allows for the production of

t hree-di nensional solid articles. 10 According to the nethod of
the present invention, the deposition of material and the control
over droplet size is accurate to within fractions of a mllineter.
This i nprove®@#7PH4% he positional accuracy . and size ofPQIAESIGRERP et S
allows for the building of three-dinensional articles wthout
recourse to internediate physical nodels ggainst which 15 to spray netal
or to further processing steps. The t.hree-di mensianal articles forned
according to the present invention are substantially contam nate-free
~and which can be directly utilized in industrial and - comrerci al

appl i ¢ati ons. charging or repiil ‘P’P&Etsz ?ﬁ%“{HeOBerﬂé&BS I op| &Raﬁﬁq%rg né! ©

deposited in a 20 gl e operation to form a ree- di nensi ofia Icle.
The present dnopiaetataeoqn |the@|rdmsofa1aétcogilmpb/gjamisssafhlaﬂmvmedj it is

neromont al appl 1 edd underatpSd 2R o iiuts ARS8 Re R ah Bt mepnarhes

dropl ets occur i ndggenicamiteivarious paramemkuwcbededram Tﬂélero"m@:rs@itléas@t ure

dth f t d trolled
20"t hat- o adti | iRATRIN, SAILEE TG the dESERRkoRd AFP Cm saBTTIRLy St St ahs)  od

in order to formpdiat bfRimpact at which {HY\Gioplets réééﬁ alsﬁmstrate or work st'artISn
droplets are supplied having a substantially uniform size,

preferred vel oci tBOSitigpingisyatam 40arAs8eeh H’téﬂcéaf RHG ﬁ@ﬂc‘%lr%j@ﬁogbéhs'ﬂhat
ol ry P! ST INRRnIcNS & ficifdn SR, Yneeiidin bhitdidfinents,
PCT/ US96/ 14320  as the droplet 36 impacts either the work station positioning system 40
' 10 or previously deposited droplets, the skin breaks open and the droplet
flattens.

In preferred embodiments, at the point of impact the droplet has
an optimal ratio of about 50:50 to about 20:80 and preferably 30:70 of
liquid-to-solid fraction of the droplet. The optimal ratio both ensures the

15 accurate deposition of each individual droplet and prevents too great a
remelting of the target or puddf‘mg of the liquid material at the point of
impact. .

Referring again to Fig. 1, the work station pos?tioning system 40

comprises a plurality of moveable means for moving a work station

20  surface 42. A first moveable means 44 moves the work station surface
42 in a Y (forward and backward) direction as generally shown by the

arrow Y on the first moving means 44.- A second moveable means 46
generally moves the work station surface 42 in the X (horizontal or left

and right) direction as generally shown by the arrow X shown on the

25 moving means 46. A third moveable means 48 moves _the work station
in the Z (vertical or up and down) direction as generally shown by the

arrow Z on the means 48. In certain embodiments, a fourth moveable

- means 50 generally further moves the work station positioning system
40 in the X direction between at least a first position or station and a

30 second position or station. In the embodiment shown in Fig. 1, the first



19 defined parameters. In particular, the droplets have a
preferred di aneter and are deposited at a preferred-di stance such
that the liquid-to-solid fraction of the droplet is especially suited
for bonding to the three- di mensi onal article. If the droplet is too
cool, the dr¥¥92I | forma 5 powder-like material and P&ETUSEB2G0oNnd
to the article well. If the droplet is too liquid, then the liquid

w Il flow and cause uneven and uncggtrol | abl e surfaces on the

t hree-di nensional article before cooling on the surface of the

t hree-di nensional article. In a preferred enbodi nent, . t he
liquid-to-solid fraction is approximately 30:70 and the droplets have 10

a substantial Iy 4ridiel iSriirfapdirbtusaa & pér{kedio%e&ps%g/ﬂaoﬂaﬁﬁ\étaﬁamﬁt an
0

[err] 25% and nost ‘preferably no nore than about
especi al | y pr ef etheegecorisbdiapdett forming dppalatys 13rdispensesd differentutyipegofan

apparatus that f upni CLII char.aed. al

dropl ets. The ap .u@ia&egHﬁsellepeecnfgrrg%&%ﬁonﬂ@?ﬁrﬁgﬂﬁ&g}%ﬁ%@{%@és H}PJePBPces 15
t he nol ten net al betweerghthe dropldt foriming appsbatdéés [12 mhd) 18 rbylitheefotirth 0
form a_lamnar [et or stre of droplets. The streamis, hroken by
mposing 5 v miveeblmepns S0, AbF METkAteRD RosAaring: 5yt #0;ahcthe
pi'ezo-el ectric fourth trhavedbie ahedns BT Br@ cperamvelpf cofiiectidnvili @ lgftRer Each
droplet is charged g neans such as a _high voltage plate

by a_chargin S .
(about 300 to 400M0ypable megas Egcﬂﬁ'cgraé;ﬂ RACWPELK Ar bydraulic Bigansta arogwer or
stream The drop j ﬁ@éﬁo. | t hat
the droplets repgﬁﬁle%ggﬂn%(gts ﬂ‘e"r’m) 96:"%;/21 g;giﬁt' g/ag?gtéds@par at ernggzﬁétiﬁués&a
mai nt ai n the ori ghrawaskzstation positioning SIVﬁtQi'np‘ﬂ-éf and ctihee tisepletefiorminghe

cruci bl e i sqgept a%au%tc?%%hgiu?ﬁ? qw&%p%ativetl\h@@ﬂnéé}gd WE‘EOE\Prt%ﬁQ}e%B% LSVé) nment

to force the'liqu ne hroug e orirrce suc
pressure on the havimgd planhingl systdme fot providing irestructions forguodemienbafjthe he

el | or fi ce. . werle station po$TiEniAg YAt AcPlnd BPoRERRRG ndiRIcHHs 3By b tNa
- droplet forming apparatuses 12 and 13.
. The control means 54 can preferably have a computer software
15 program or planning system which reads a solid model representation of
the object geometry and planning system séctions this representation
into a finite number of slices. The computer program coordinates the
actuation of the work station positioning system 40 and monitors any
sensor inputs such as pressure, temperature, charge, feed rate, .
- 20 frequenéy, amplitude and distances.

The method of the present invention results in the ability to
produce, within a matter of hours, from scratch, a new and metal part
having overhang portions directly from a CAD file. The t‘hree-dimens'ional
article has the strength and durability properties which are favorably

25 comparable to machined counterparts. Further, while the deposition as
shown herein shows a single orifice 20, it is to be understood that
muitiple orifices can be ufilized in the present invention depending on the

' geometfy of the three-dimensional article being formed.

It is further contemplated that the chamber 15 can comprise a

30 vacuum chamber to withdraw any ambient air or oxygen from the



to capitalize on the surface tension properties of the deposition netal to
buil d overhang portions of material. The overhang portions conprise
WO 97/ 09142

PCT/ US96/ 14320 20 | ayers of
dropl ets whi MPHMPHAJ beyond the edge of a previous |ayer tPCT/USI/1438¢ m an
over hang structure. Anot her advantage of the present invention
is that the novenent of the target gprk station can be around 3 to 5
axes. The target can be 5 tilted about axes in addition to the |linear
movenent al ong or between the X, Y and Z axes. This tilting allows
the three-di nensional article to have over hang portions created

Wi thout supports. g&fisiforPBRaMbef.N R |Ehil§‘@é0ntemplalgeﬁni‘ﬁ%§bﬁf@'ldé%rxﬁ]cﬂﬁn n be

rotated 90[err] to a position wherei n eposition of e mat r|aI
continues to bui | f¢rexemmpied 3 pudhusmaliersglessyiomeoor similgt containereas showver

deposited materi ai%—. F@?i@b?gn BQ AT IS et Q%etmbfeﬂg air, oxygen ﬁpﬁf%lg%f\lrgr the

part is returned ] na pOSIi

advant age of the thecdepusitiorv ehamber i15 ahdtplaae wdthiratine chambeeahddensgdss, at
| east two I’Yatfl’l al s .can _be used. wher ei sacri_fijcial

oot ot orf ol S8R 2 87 Al LTng SRalBef e comasisect fovier port 58
material . The supgmd bnrGPperf ipdrt 58 18I SRRV FEL R injsidin érﬁ‘tﬁe@b&hﬁﬁbn@ﬁ et

and is to be usedgé)sngxd/op af#g)gr?tr ;tl"r‘l SFEhheemover hang portions of the desired

In the embodiment shown in Fig. 1, 'the work station positioning

system 40 is accurately moveable in at least three planes such that, as

10 the droplets 36 are deposited in a predetermined pattern, each droplet 36

buiids on preceding deposited droplets to form a new surface 38 three-
dimensional article 60, as shown in Fig. 2. _

The three-dimensional article 60 is generally shown as being

formed of a plurality of flattened droplets 36C which form the new

1% surface 38. As each droplet is deposited the droplets merge and form a

vertical wall 82 of the article 60. In this embodiment succeeding layers

of droplets 36D are formed such that the droplets overlap portions of the

previously deposited droplets 36C. The sucéeeding droplets 36D impact

on the preceding droplets 36C such that the diameter of the droplets 36D

20 overlap the droplets 36C. In this manner, as succeeding rows of droplets

36E, 36F, 386G and so on are formed, the droplets 36D, 36E, 36% and

36G form an overhang portion generally shown as 64. As each droplet

impacts the previously deposited droplets and solidifies, the ovérhang

portion 64 is formed directly without need for any supporting substrate.

25 Fig. 3 shows an example of another embodiment wherein a

support or work station positioning system 140 having a planar surface

or work station 142 is rotatable about 5 axes such that the work station

N 142 can be rotated in further dimensions. For example, the positioning

system 140 is shown rotated into a vertical iY) direction such that the

30 droplets 36 can be deposited to form the complex three-dimensional



- Object material. The support material is renoved upon of the conpletion
of the three-di nensional object by applying heat, oxidizing, solvent,
mechani cal or other suitable means which are not harnful to the three- 20
di rensional article. The support material can conprise any suitable

mat eri al sucwW@s87@14ower nelting point nmetal, an alloy, saltPCTUS14320
ceram c, graphite or a conposite thereof. Still anot her
advant age of the present invention is tha in certain enbodi nment s,
when the distance fromthe droplets form ng neans to the 25 target is
sufficiently large, a supply of the droplets dispensed fromthat

distance will solidify conpletely by the tine the supply of droplets

reaches the tar ge%l;xaﬁnpgf EH%IX o0 PR ff E? Wﬂg?gt&?@ %klﬁtj%@%koigﬁf

reaching the targ P CEgE nce, a supp povvd

acts as a SUpporttﬁe)rarﬁcuESMunt bé afpﬁhedafvhtlélethdqﬂasart sorfacet1ad2 & in the
WO 97/ 09142
PCT/ US96/ 14320  Substantially horizontal (X) plane. Thereafter, yyhile the positionipg,

by not having bongp@énso 40 s’%ﬂﬂuh@&s%tlﬂyﬁﬁé%@zoﬁﬁﬂpl&he.asecoh&rﬂb‘fﬁénupon
conpl etion of the three-dinensional artic Still another

advant age of ®he @fidstarmedyybate e %PB\?F%@@ depgsited ta puild the secongpartient s,
Cerearn brar v oo AGSBPAERC ot SUbERILANT S by Rk e s pERIGH 2 11
Thereafter, the positioning means 140 is rotated about an axis in an X-Y
plane to allow a third portion 76 of the article 70 to be formed at an
angle. .As is shown in Fig. 3, a fourth portion 78 of the article 70 is
10 formed by rotating the positioning means 140 to a vertical (Y) directinn
such that the droplets are being deposited in a vertical manner.
Referring now to Fig. 4, a further three-damensnonal article 80 is
generally being formed on a work station positioning system 240 having
a work station surface 242. The positioning system 240 is preferably
15 moveable in at least three directions between the X, Y and Z axes. In
the embodiment shown in Fig. 4, the first droplet forming means 12
deposits droplets 82 of a first material 84 onto the work station surface
242 in a predetermined manner. In the embodiment shown, the second.
droplet forming means 13 contains a second or support material 90
20 which deposits droplets 92 of the second material SO onto or adjacent
portions of the article 80 to act as a support material. As shown in Fig.
4A, the article 80 comprises a plurality of layers 80A which form a
portion of the article 80. The second material 90 is deposited in areas .
adjacent the deposition material 80. The second material SO then can
25 receive additional droplets 80B which are held in a position by the second
matefial 90. Upon completion of the three-dimensional-article 80 the
second material 90 can be removed by any means, as discussed above.
Referring next to Fig. 5, the droplet forming means 12 can be
moved in the X, Y and Z directions. The droplet forming means 12 is
30 operatively connected to the moving means 21 and is moveable in at



used to anneal or relieve stress as the layers of material are dispensed to
formthe three-dinensional article and to control the imedi ate area

surface tenperature. Fre-netal three-di mensional objects
formed according to the 10 pr esehtisi BHEIT HRO desirabl e
characteri st i%@9uMI4%r operties whijch ar &EPLACED SUDSt[ant i al | y PEGWSHEBI o
or better than the properties of cast parts: Brief Description of

" the Draw ngs Fig. 1is a persggective V|ew partially in
cross-section and partially 15 in phantom of an apparatus for depositing
nolten material to forma t hree-di nensi onal article.

Fig. 1Ais a greatly enlarged perspective view, partially in cross-

section of a port 'Ié%ﬂtg erfiGal B2 &?orﬁbOMéfﬁ Fdrgglr% f?rrpmgereans 12 ukf- 1

B |s a greatly enl arge cross-sectronal view o
Fig.” 1C.is a per sphat itheedistaneeobetaverrhthe drdmehsnﬁemmlmg rrzaans 12 andppavarkus

for depositing nolten material to

Fig. 2is a perspéﬁtf%pW'EWmﬁaﬂﬁtﬁm{%@R‘O&‘fﬂg 8?| 6’He3ﬁ8nﬁ ?rlniciﬂ l‘?b
greatly enlarged, peingifdifiiddi i8Minereabbe. AiBALBEBNASrsEEEIhaAtthEI Worklstation
showi ng one techni que for depositing materjal andb&l\’eatl ng

over hangs. 5 positioning gystgm 34Q Gegalsp Eg MRVes ?)qurl \&rp?al direction
cross-sect!on. palihs Bhbin in pharftbRiti FigtM)AodRErctiE PRI dis@inck BedweBAtHaM

of a portion of anot diment of an apparatus for depositing
‘nol ten netal to faireplat tfarming Sﬂﬁans di2nendheaprtigie | 12Q beng doeaedng Ther t

over hangs. increase .in distance between the droplet forming means 12 and the
droplet impact area allows a plurality of droplets 36Z to substantially
10 solidify before impacting on the target. As the droplets 36Z are
solidified, the solidified droplets 36Z form a powder particulate material
122 which acts as a support material. Upon completion of the three-
diﬁnensional article 120, the powder or support material 122 is removable
from the three-dimensional article-120. The distance and the rate at
15 which the droplets 36Z are deposited or metered is monitored such that
the droplets 36Z do not form or bond onto the article 120.

In various embodiments the powder_support area 122 may not
retain its desired configuration in order to act as a suitable support for
the part overhangs. In such situations, the powder support area 122 is

20 preferably supported by an exterior or interior wall 124 made from the
molten material 36.

Fig. 6 further shows one embodiment of a means 300 for relieving
stress in an article 280 being formed. It is to be understood that, while
the stress relieving means 100 is shown in connection with a crucible

25 system 290 the stress relieving means 100 can be utilized in all
embodiments in the present invention and is being shown herein with one
crucible system for ease of illustration. The stress relieving means 300,
can compriSG a source of laser energy. The stress relieving means 300
has various directing means 302 and 304 for directing @ beam 306 of

30 laser light or energy to a portion 286 of the material being deposited.

This Sheet Has Been Replaced
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22 Fig. 4 is a perspective view, partially in cross-section,
partially greatly enlarged and partially in phantom showing a
portion of yet anot her enbodi nent of an apparatus for depositing

nol t en mat er W 97709142 forma three-dinensional article aRrdTESsa4d20g part
overhangs. 5 Fig. 4Ais a greatly enlarged, side elevational
view, partially in cross-section, the article shown in Fig. 4

bei ng for.ned. Fig. 5 is a perspective view, partially in
cross-section, partially greatly enlarged and partially in phantom
showi ng a portion of yet anot her enbodi nent of an apparatus for

deposi ti ng nolt enepat eri.al 1 fan t - di Si Lardécl e and
creating part ove-rrﬁgngarsssl.ei;1 bédn' 306 rg&é%& 6§ feggampe%s%pe'@ |\L/'3ﬁv£|ée(\?v, Se'ﬁa
partially in crossinndtaneonslysdepasitgd and bondguota pracedingadeyidsited dapergitaent
of an apparatus for degosi ti n@!gm)l ten ma%eri al fto %o,rm a, .

t hr ee- di mensi onal PERVENE BRY curling, weping pr,phar stiesser. frep.peipg MYilkingdthgent s
Referring now to ahitlé/280l NESaddiien, ahe 1888rastai® 306 ciin BdBsed to malrfheas for
formng a three-di nensional article and the apparatuses for use in

carrying out $he RORYSLUR ‘F‘?"tfﬂivif‘ ﬂbedmiﬂedmnacama BS digplets 282sarwn i n
Fig. 1, a three-djgEasiicdon AP kieb-ditieRbionalEiizle?286 bhthd &,r?r%gr. Ogenera' ly

shown. The apparatus 10 conprises at |east one uniform = pl et
formati on apparatus 12itistede understoaaddmwearsr: ingestain embodimergapthat other

e b o o b ECTBR00L% AR08 ks I pachlh sLn'ss s paafE itk "
heating or other annealing processes are also contemplated as being
10  useful in the present invention.

It is also within the contemplated scope of the present invention
that in another embodiment the powder particles can be formed using
two droplet forming apparatuses; wherein one apparatus is positioned at
a first distance from the work station positioning system such that the

~ 15 droplets form the three-dimensional article, and wherein the second
apparatus is positioned at a second greater distance from the work
station positioning system such that powde{ particles are formed.

According to the present invention, no further processing steps
need be carried out onthe finished article once the deposition process is

20 complete. Each of the methods for forming a three-dimensional article
deécribed herein can be used to produce -a three-dimensional article of
any configuration, size and/or complexity.

While certain preferred embodiments have been shown and
described herein, it is to be understood that the invention is not limited.

25 thereto but may be variously embodied within the scope of the following

claims.



described in the Chun et al. U S. Patent No. 5,266,098, which reference 25
i s expressly incorporated herein. The uniform droplet formng
apparatuses 12 and 13 are encl osea”gn AeEp eéﬁg\{’; ina preferred

enbodi ment. The chamber 15 conpr @Egg ng a suitable
transparent YRBON4G. The chanbe an i hert at mosPFEV64AH0

prevents undesired contam nants fromcomng into contact wwth the 30
nmolten netal as the three-dinensional artggle is being forned. However,

WO 97/ 09142 PEF/US96/-14320
23 it should be understood that in various enbﬁgg ans
for keepi ng contam nants away fromthe nolten net a
are wi thin the contenpl ated scope of the present i ”lm mﬁiﬁ
al ternative enbodi ment show ng a hemispherical chanber 1
Fig. 1 C The uniformdroplet formng apparatus 12 is, in one
preferred enbodi nent, substantially simlar to the uniformdropl et
form ng apparatus 13. For ease of explanation, one set of nunerals
conmon to el ements in each uniformdroplet form ng apparatus 12 and
13 will be 1 descri bed. The uniformdroplet formng
apparatus 12 *and the apparatus 13 each conprise a vibrating neans 16
and a crucible 18wg tLiapmt 0 be

1. A method for the accurate formation of a free-form three-

dimensional article without the use of a mold of the three-dimensional
article, the method comprising:
10 providing a s_u'pply of substantially uniform size droplets of
a desired material, each droplet having a positive or negative charge,
aligning each droplet in the supply of droplets into a
substantially narrow stream, the droplets being aligned by allowing the
droplets to pass adjacent or through at least one alignment means having
15 the same charge as the droplets wherein the alignment means repels
éach droplet toward an axis extending through the alignment means,
depositing each of the aligned droplets in a predetermined
pattern at a predetermined rate onto a target or a newly formed layer of
the three-dimensional article to form the three-dimensional article, and
20 providing a supply of a support material in a predetermined_
pattern adjacent the deposited droplets for each layer, and thersafter
providing a further' supply of droblets of the desired material onto the
support material wherein the support material allows such further
deposition of the droplets of the desired material to form at least a
25 portion of the three-dimensional article.

2. The method of claim 1, in which the support material has a
melting temperature less than the droplet material.

AU L



understood that each crucible 18 has _a heating neans 19 to nelt the
deposition material 14ThipShget © ?ﬁiperature, and a noving neans 21 15
to nove the crucible 18| [! e, -and—+hr—serg enbodi nents, 3

directions and/or betwe andcZ @8EENt] is to be further
under st ood i waewaoai2n enbodi nents, that tPEAGEED ten rateri al RATAPIGHHFR0
the crucible 18 can be under a desired pressure rrorm a pressuri zing
means 17. The nolten material 14 in a pre%rerred enbodi ment is 20

subj ected to vibrations by the vibrating ans 16 at a desired anplitude
and frequency. A streamor jet 28 of material 14 is forned and exits the
crucible 18 fromat |east one orifice 20. The vibration of the stream 28

causes a plurality of dropl [ S i al Un] ' nd
shape to be forned. Asgt he ﬁf’%p&&@%é‘%&ﬁﬁfa{?h‘g% O1§| le'{g“%ﬂg%h?s%é&ﬁ
through a char gi nenREfaIRIOMprisella ledsa bge ngetal Shitylass, gmnamid, lajloy, graphite
conprises a charging plate 24 havipg at | east one opening 26 which is
aligned with the OFgrieamposgite thareehar gi ng system 22 applies a charge to
the droplets 36 as the droplets 36 are being forned. As each droplet 36

breaks fromthe stream 28, each droplet 36 retains a portion of the 30
char ge. 5 VO 944 091Xhe method of claim 1, in which the support material is

PCT/ US96/ 14320

removed from the three-dimensional article un@iér conditions which are
not harmful to the three-dimensional article. |

5. The method of claim 1, in wﬁich the support material is
10 - removed by heating the three-dimensional article and support material to
a temperature sufficient to melt the support material.

6. The method of claim 1, in which the support material is

removed from the three-dimensional article by exposing the three-

15 dimensional article and the support material to a solvent to dissolve the
support material.

7. The method of claim 1, in wt"ﬂch the support material is

removed from the three-dimensional article by exposing the three-

- 20 dimensional article and the support material to oxygen sufficient to
oxidize the support material. '

8. The method of claim 1, in which the support material is

frangible and is removed from the three-dimensional article by exposing

25 the support material to conditions which cause the support material to be
broken.

9. The method of claim 1, in which each droplet is kept
separate from adjacent droplets by maintaining the positive or negative

o K O 0



al i gnnment neans 30 can coni cal shape (not
shown) whi ch |s shown | n fOHASMNO
al i gni ng meaW® %% 3nprising a char gi ng .ACEpepel | j ng sur f ac BCYBSHI4330
defines an openi ng 34, as best seen TW Frg—i—A—The charging or repelling
surface 32 is preferably made of a highl ggconductive material such as
copper, alumnum steel or the like and-is, in certain enbodi nents, about
150 to about 450mmin | ength. The opening 34 is generally from about 10
10.to about 40mmin dianmeter. It is to be understood that i n other

enbodi nents, the j

dependent, at Ieagst F%n&ﬁg?‘fq\gt)n ﬁm%cﬁhﬁ)ﬁr‘%ﬁi#% el ng oieﬁ;rghethe
si ze of the dropinswdy farred ﬂaye\nlqﬂthatt r%@wr@fon%emeieee di rren5| onal
article. 15 When the charging or repelling surface 32 is held at a
predet erm ned desired voltage, the droplets 36 renmain a predeterm ned
di stance from each ot H&. aiTbefmethodhef claiay 4 igwhich tpeblignmestumtans hag.

In Fioia B caempapral Sdnabica LR Eusto- bt A amRop: o1 SoA i S 20

repel l ed, not only froma succeeding dropl et 36B, but is also repelled
fromthe sides of the charq_ ng or repel | i nﬂ surface 32, thereby preventing
the |ike-charged droplldrs fPeMMaHag eiciain @h&‘ﬁ‘"&ﬂﬂ@t"ﬂﬂe&@a@%ﬁwg in
si deways. The drqil|35§thpégidﬁgcﬁ3ﬂ§ter around an axis extending
| ongi tudinally through the alignnment nmeans 30. The charge on the 25
droplets allows the droplets to be delivered in a fine, very accurate |line.
It is to beqgnderstoo hatr,an I tqal; €1 di ng
upon the en(]w]use appl |d‘céat| tc.)rna *ﬁ%‘%?ﬁa alﬂﬁgt’dgn@ﬁ'ég‘ac %ﬁpply 8F O(%?Q?Ei s a
function not onl ymateriahis mppablefinrattledstioreddimadtionl. so t he di anet er of
the droplet and the dianmeter of the opening 34 through 30 which the
charged droplets 36 descend and the voltage between the

13. The method of claim 1, in which the uniform size droplets

As the droplets 36 desg el éetﬁg%ed{ hets 36 pass through or adj acent
a focusing or alignnen nm he enbodi nent shown, t he
|

illustration. The 5

are formed by vibrating a supply of the desired material at a desired
15 frequency and/or amplitude.

14. The method of claim 1, in which the target is moveable at
a desired rate relative to the supply of droplets to form the three-
dimensional article.

20 .

15. The method of claim 1, in which the three-dimensional
article is formed from a computer mode! and in which, by software, the
accurate deposition of the material is guided. '

25 16. Athree-dimensional article formed by the method of claim 1.

17. An apparatus for the accurate formation of a free-form
three-dimensional article without the use of a mold of the . three-
dimensional article, the apparatus comprising: '

.

A L
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or repelling plate 32 a ge on the dropl ets
36 on the order of 10[r - however, it is to
be under st oJMOPHBM4dt he arges are aI 56 ef ul and t hat tﬁﬂ/@ﬁ%ﬂlgw

depend on the various paraneters di scussed above. The droplets at least 5
partially solidify during the descent angggre in a sem-liquid state at the
poi nt of inpact at which the droplets reach a substrate or work station
positioning system40. As seen in Fig. 1 B, as the droplet 36 cools a skin
37 is formed which shields a nolten portion 39. In certain enbodi nents,

as the droplet 36 inpacts gihbgss ?J?E‘pr)ﬂ@ifd\hgsé§&bﬂ90@%§b§ﬂaﬂghﬂﬂuﬁl¥§ﬁﬁﬁhéo .
or previously deposited droplets, the skin breaks open an e drople
flattens. droplets pfalesired materiabeacvdnplet haviage positive arfnegagizet t he
dropl et has ‘%ﬁﬂ 8pt|ﬂ&| rati o of about 50:50 to about 20:80 and
preferably 30:70 g liquid-to-solid fraction of the droplet. The
optimal ratio both ensures at haedrs fomcaligmhg teg osipply nobfdrepldts i imto vadual

dropl et and events top great a e of .the target ddl i ng
of the quw%r éﬁ"g PRITRW; $ireasp. {hea ‘ﬁﬁﬁ lets being ep““‘ﬁ&f 8rring
again to Fig. 1, ;srbeew@mméﬁ ?é'dt@fh wsldremwﬁm‘éu&‘rh&nbﬂﬁatarget spamew«es a
plurality of noveabl e means noving a work station 20 surface 42. A

first noveabl e ndefoedslaygyesf i he \Ebfﬂ@'g'@"’éﬁﬂst!ﬂﬂ% uprtigles to form the three-
dimensional article, wherein the alignment means repeis droplets toward

an axis extending through the alignment means until each droplet is
10 deposited on the target or the newly formed layer of the three-
dimensional article, and _

@ means for providing a supply of a support material in a
prédetermined pattern adjacent the deposited droplets wherein the
support material allows further deposition of the droplets of desired

15 material to form at least a portion of the three-dimensional article.

18. The apparatus of claim 17, wh‘erein the alignment means
comprises at least one repelling plate having the same charge as the
droplets wherein each droplet is repelled from adjacent droplets and from

20 the repelling plate. '

19. The apparatus of claim 17, further comprising a means for
vibrating the supply of the desired material whereby the uniform size
droplets are formed.

25

20. The apparatus of claim 17, further comprising a computer:
assisted design software program to guide the target and/or supply of
desired material. |

* c L ] S *



42 inayY (forﬁard and backward) direction as generally shown by the
arrow Y on the first noving neans 44. A second noveabl e neans 46

general ly noves the work station-ﬁqef T4 BREENE X (horizontal or |eft
and right) dh&gﬁkﬁ&? as general lly éﬁéﬁﬁﬁt%p; e arrjow X shown on the 25
movi ng nmeans 46. hi rd noveablle_neant ves tlhe work stBF1B$p6e/14320

the Z (vertical or up and down) direction as generally shown by the

arrow Z on the neans 48. In certain enboggnents, a fourth noveabl e

~nmeans 50 generally further noves the work station positioning system

40 in the X direction between at least a first position or. station and a 30
second position or station. In the enbodi nent shown in Fig. 1, the first

WO 97/ 09142 21. The apparatus of claim 20, wherein the three- 91‘1314320
26 - droplet form ng apparatus 12 di spenses one type of nolten '
material while article f%grg'l%@o& spmputeromedabang mwhich asoftepensths a
di fferent type obeccurat i 86 dilsired! rSkatilan positioning
system 40 i s noveabl e edgﬁbﬁgg?&ggﬁéfﬁﬁwg§2§?§€krgfégﬁsaapparatuses 12 ‘and
13 by the fourth 5 noveabl e neans 50. The work station positioning
system 40 and the fourth noveabl e nmeans 50 are operatively connected
via a further noveabl e neans 52 such as a pneumatic or hydraulic
‘means to a power source (not shown) for noving the work station

posi tioni ng neans 40.

This Sheet Has Been RTlaced )
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The work station positioning system40 and the droplet formng 10
apparatuses 12 and 13 are operatively connected to a control means 56

havi ng a pl anning system for providing instructions for novement of the
wor k station positioning system 40 and/or operating instructions for the
dropl et forWveg7aPddr at uses 12 and 13. The cont PET/URSAAZ054 can
preferably have a conputer software 15 program or planni ng system whi ch
reads a solid nodel representation of 1/8 the object geonetry and

pl anni ng system sections this representation into a finite nunber of
slices. The conputer program coordi nates the actuation of the work
station positioning system40 and nornitors any sensor inputs such as
pressure, tenperature, charge, feed rate, 20 frequency, anplitude and

di st ances. The nethod of the present invention results in the
ability to produce, within a matter of hours, fromscratch, a new and
nmetal part havi ng overhang portions directly froma CAD file. The

t hr ee- di nensi onal article has the strength and durability properties
whi ch are favorably 25 conpar abl e to nmachi ned counterparts. Further,
whil e the deposition as shown herein shows a single orifice 20, it
to be understood that multiple orifices can be utilized in the
present invention depending on the geonetry of the three-dinmensional
article being forned. It is further contenplated that the
chanber 15 can conprise a 30 vacuum chant% to withdraw any anbient air
or oxygen fromthe WauB7/ 0%%42 o<

PCT/ US96/ 14320 = 9 <
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deposition chanber. It is also contenplated that other devices having,

for exanple, a much-smaller glass done or simlar container, as shown

in Fig. 1 C, can be used to evacuate anbient air, oxygen or the like from
t he deposition chanber 15 and place within the chanber an inert gas 5
such as ar goWOd7/0%42r ogen. The chanber can conprise a | ower PEBUSIGR320

and an upper port 58 to allow for the injection and evacuation of inert

gas and/ or anbi ent at nosphere. 2/8 In the enbodi nrent shown in Fig.
1, the work station positioning system 40 is accurately noveable in
at | east three planes such that, as 10 the droplets 36 are deposited in a
predeterm ned pattern, each droplet 36 buil ds on precedi ng deposited
droplets to forma new sur f ticle 60, as
shown in Fig. 2. & QG- =Jhe-thwes Jine ~BO0 I N\general 1y
shown as being = For#aed o= aplural +ty -of_ opFét 5 36C whi ch
formthe new 15  sur Aropl-ef ,I"s:de;.’)psi’;t ¢4 1 he dropl ets
merge and form a ’x/ef'l’j’,ca’l’V\dI/T,’,G'é_:?)_f::h ar;t,f £l 8o /1 n /t hl 8

enbodi ment succeedi ng ropliers A tL-tfmed—<oét t hat t he -
droplets overlap portions of the 2g 'ou@@ deposited droplets 36C
The succeedi ng droplets 36D i npact on the precedi ng droplets 36C such
that the dianmeter of the dro 20 overt e droplets 36C. In
this manner, as syggeedi ows of droplets: 33(.:?6-%,\6%‘366 nd so on
are formed, the droypletd 36D, 36E, 3 rm ovel hang
portion generally sho ch op¥et i  t helpreviously
deposited droplets and NKIRSN T he [over ng\ 64fis forned
directly wi thout need 0 SUASTRENE -~ |Fig. 3
shows an exanpl e of another enbodi nent erein a tppor o wor k
station positioning system 140 havi ng a:' pl anar surface DI rk

station 142 is rotatabl e about 5 axes syehy hat the work stc an
can be rotated in further dinmensions. H [ .
F direction sych—that t he

0
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>
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system 140 is shown rotated into a
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30 droplets 36 can be deposited to formthe conplex three-dinensional

WO 97/ 09142 . PCT/ US96/ 14320
28 shape of an article 70. It is to be understood that a first
portion 72 of _ the article 70 can be formed while the planar surface
142 is in th@0979142gpstantial ly horizontal (X) plane. TherRCIUSE/1432Mi | e

t he positioning means 140 is still in substantially the horizontal

pl ane, a second portion 5 74 is formed/®here the droplets are deposited
to build the second portion 74 extending at substantially a right
angle fromthe first portion 72. _ Thereafter, the positioning nmeans
140 is rotated about an axis in an X-Y plane to allow a third portion
76 of the article 70 to be forned at an angle. As iis shown in Fig. 3,
a fourth portion 78 of the article 70 is 10 forned by rotating the
positioning neans 140 to a vertical (Y) direction such that the
droplets are being deposited in a vertical manner. Referring
nowto Fig. 4, a further three-dinensional article 80 is general ly
being forned on a work station positioning system 240 havi ng a work
station surface 242. The positioning system 240 is preferably 15 noveabl e
in at least three directions between the X, Y and Z axes. In t he
enbodi ment shown in Fig. 4, the first droplet form ng neans 12 '
deposits droplets 82 of a first material 84 onto the work station surface
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242 in a predeterm ned manner. In the enbodi nent shown, the second
droplet form ng neans 13 contains a second or support material 90 20

whi ch deposits droplets 92 of the second material 90 onto or adjacent
portions of the article 80 to act as a support material. As shown in Fig.
4A, the arti N8 4%onprises a plurality of |ayers 80A whi clPcTosses/ad320
portion of the article 80. The second material 90 is deposited in areas
adj acent the deposition material 80. Thedecond material 90 then can 25
recei ve additional droplets 80B which are held in a position by the second
material 90. Upon conpletion of the three-dinensional article 80 the
second material 90 can be renoved by any neans, as di scussed above.
Referring next to Fig. 5, the droplet form ng neans 12 can be noved
inthe X, Y and Z directions. The droplet form ng nmeans 12-is 30
operatively connected to the noving neans 21 and is noveable in at

29 .Iea?éia vertical or Z direction to raise the droplet forming-
means 12 such that the distance between the dropliejs form ng neans 12
and a work stqtion positioning system 340 hol a t hree-di nensi onal
article 120 being fornmed is increased. L8544 0 be understood that
the work stati 5] POSTTT ONI NG SySpall 340 e _noveable in a Z or
vertical direction _(as _shown i ig. 5) to~.crease the
di stance betwepen the |+ :dropleb £9 rji cle 120
bei ng forned. [Thel9 R N 8
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i ncrease in distance between the droplet form ng neans 12 and the
droplet inpact area allows a plurality of droplets 36Z to substantially 10
solidify before inpacting on the target. As the droplets 36Z are
solidified,vhggwéﬁlidified dropl ets-36Z forma powder particul ate materi al
122 which acte A% & support material. Upon conpletion of thBCHH$EE4320

di rensional article 120, the powder or support.material 122 is renovable
fromthe three-dinensional article 120. S8 distance and the rate at 15
whi ch the droplets 36Z are deposited or netered is nonitored such that

the droplets 36Z do not formor bond onto the article 120. In
vari ous enbodi ments the powder support area 122 may not retain its
desired configuration in order to act as a suitable support for t he
part over hangs. | 3s4ch situations, the powder support. area 122 is 20
preferably supported by an exterior or jipterio WhI| 124 made fromthe
nolten material 36. Fig/’é urt hgr shows one enbodi nrent of a
means 300 for rel sy Strest=Sranayr 0 being fornmed. It is
to be understood tih kile —_  flhe sy relrevin ans 300 is shown
in connection wt i| blre—28— v “thas Jdglieving nmeans
300 can be utilizedi n enffodi ments in | hg presentl~idgenti on and

i s being shown h i ne cruci bl e sypt f rxé se of
illustration. Thg Iji evi ng ans 300, it caff po ri §®a source
of | aser energy.| Th ] [ etV i an . rfous directing
means 302 and 30¢ f I a f serpl'ygnt or energy to
a portion 286 of|th | it L d7) 0914
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30 The | aser beam 306 relieves stress in the material 280 being
si mul t aneousl y deposited and bonded to precedi ng deposited |layers to
prevent any curling, warping or other stresses frombeing built into the
article 280._In addition, the | aser beam 306 can be used to maintain a 5
tenperature SOW8142i n the i mediate inpact area as dropl et SpGH@ssan320
deposited on the three-dinensional article 280 bei ng forned.

It is to be understood however, in certag g enbodi nents, that other

met hods to relieve stress in each |layer such as shot peening, induction
heating or other annealing processes are al so contenpl ated as being 10

useful in the present invention. It is also within the
contenpl at ed scope of the present invention that in another

enbodi ment the powder particles can be formed using two dropl et
form ng apparatuses; wherein one apparatus is positioned at a first

di stance fromthe work station positioning systemsuch that the 15
droplets formthe three-dinmensional article, and wherein the second
apparatus is positioned at a second greater distance fromthe work

station positioning systemsuch that powder particles are forned.
According to the present invention, no further processing steps need
be carried out on the finished article on t he_deposi4i on process is 20
conpl ete. Each of the nethods for foerﬁfi}?ﬁ%!E?di sional article
descri bed herein can be used to produce a thfee-digensijonal article of

any configuration, size and/or conplexity. Wil e certain
preferred enbodi nents have been shown and

ed herein, it is to
be understood that the invention is Tt hereto but may be

variously enbodied within the scope, the fol)f cl ai ns.
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31 5 . VEE CLAI M 1. A net hod for the

accurate formation of a free-formthree- di rensional article w thout
the use of a nold of the three-dinensional article, the nethod
conprising: 10 provi ding at |east one supply of

subst anti al | YOS#099% m si ze droplets of a desired met dﬂCTﬁﬁé‘ﬁH@?

each droplet having a positive or - negati ve charge,

al i gning each droplet in the supply of déﬂﬁlets into a substantial ly
narrow stream the droplets being aligned by allowing the 15 droplets to
pass adj acent or through at |east one alignnent means having t he
sane charge as the droplets wherein the alignnent neans repels each
dropl et toward an axis extendi ng through the alignnent neans, :
depositing each of the aligned droplets in a predetermn ned pattern

at a predetermned rate onto a target or a newly forned | ayer of
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20 the three-di nensional article to formthe three-dinensional article,

and providing a supply of a support material in a

pr edet er mi ned pattern adjacent the deposited droplets for each

| ayer, and tuﬁ%gﬁiigr providing a further supply of droplets of the
desired netal &14al onto - the support material wherPeTrUSSéBI320UPPOT t
material allows such further 25 - - deposition of the droplets of the
desired netal material to format | east 8/ a portion of the .

t hree-di nensi onal article. - 8. The method of claim1, in
whi ch the support material has‘a melting tenperature | ess than the
droplet material. 30 - 32

3. The support material of claiml, in which the support mat eri al
conprises at |least one netal, salt, glass, ceramc, netal all oy,

graphite or a conposite thereof. 5 4. The met hod of claiml
in which the support material is renmoved fromthe three-di nensional

artlicle under conditions which are not harnful to the
t hr ee-di nensi onal article. .




5. The nethod of claim1, in which the support mte%ﬁ?ﬁﬁ;‘é@ 20
by "heating the three-dinensional article and support i of 1Y

tenperature sufficient to nelt the support naterial. 6. The
method of claim11, in which the support material is renoved fromthe
t hree-di nensional article by exposing the three- 15 di mensi onal article
and the support material to a solvent t%’ dissolve the support

mat eri al . 7. The nethod of claim1, in which the support
material is removed fromthe three-dinensional article by exposing

the three- 20 dinmensional article and the support material to oxygen
sufficient to leasta vexiiciloe Z ticectigrpto raisethe dmmet forming means 18 suchThe

met hod of cl ai ich the Sup ort ible and is
emoved {1 om tetitheatShirie eSwen e ccPRets, "Simib mpens 12 38 Luip|
material to Com'tfoh%tssmbhmla $ySte she rwamyé tAFSeedindénsiendlearticle 120 oken
9. The method of claim1, in which each droplet is kept separate
from adj acent beiogl fermedyisrin¢rensedi riyis tebpduiderstoodr thasgheiwerk station

5 positioning system 340 can also be moveable in a Z or vertical direction
(as shown in phantom in Fig. 5) to increase the distance between the
dfoplet forming means 12 ahd the article 120 being formed. The
increase in distance between the droplet forming means 12 and the
droplet impact area allows a plurality of droplets 36Z to substantially

10 solidify before impacting on the target. As the droplefs 36Z are
solidified, the solidified droplets 36Z form a powder particulate material
122 which acts as a support material. Upon completion of the three-
dimensional article 120, the powder or support material 122 is removable
from the three-dimensional article 120. The distance and the rate at

15 which the droplets 36Z are deposited or metered is monitored such that
the droplets 36Z do not form or bond onto the article 120.

In various embodiments the powder support area 122 may not
retain its desired configuration in order to act as a suitable support for
the part overhangs. In such situations, the powder support area 1 22 is

20 preferably supported by an exterior or interior wall 124 made from the
~ molten material 36. |

Fig. 6 further shows one embodiment of a meané 300 for relieving

- stress in an article 280 being formed. It is to be underétood that, while

the stress relieving means 300 is shown in connection with a crucible

25 system 290 the stress relieving means 300 can be utilized in all
embodiments in the present invention and is being shown herein with one
crucible system for ease of illustration. The stress relieving means 300,

can comprise a source of laser energy. The stress relieving means 300

has various directing means 302 and 304 for directing a beam 306 of

30 laser light or energy to a portion 286 of the material being deposited.
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33 . . charge on each droplet until each droplet- \ | ;
target or the newy forned | ayer of the three-di fersi § UZ tMB&WSSﬁ

10. The nethod of claim1, in which the droplets being aligned 5 pass

through the alignment means which has a substantially cylindrical : or
frusto-conical shape to align the dropl *s in a substantially narrow
stream 11. The net hod claim1, in which the target-is
noveabl e in 10 at least three directions. 12. The net hod
of claim1, in which the supply of desired material is novable in at

. l east one direction. 15 13. The nethod of claim1, in which
the uniform size droplets are formed by vibrating a supply of the
desired netal naterial at a desired frequency and anplitude.

14. The nethod of claim1, in which the target is noveable at 20 a
desired rate relative to the supply of droplets to formthe three-

5
WE CLAIM:

1. A method for the accurate formation of a free-form three-
dimensional article without the use of a mold of the three-dimensional
article, the method comprising: '

10 providing at least one supply of substantially uniform size

droplets of a desired metal material, each droplet having a positive or
negative charge, '

aligning each droplet in the supply of droplets into a
substantially narrow stream, the droplets being aligned by allowing the
15 droplets to pass adjacent or through at least one alignment means having
the same charge as the droplets wherein the alignment meaﬁs repels

each droplet toward an axis extending through the alignment means,
depositing each of the aligned droplets in a predetermined
pattern at a predetermined rate onto a target or a newly formed layer of
20 the three-dimensional article to form the three-dimensional article, and
- providing a supply of a support material in a predetermined
pattern adjacent the deposited droplets for each layer, and thereafter
providing a further supply of droplets of the desired metal material ontd
the support material wherein the support material allows such further
25 deposition of the droplets of the desired metal material to form at least

a portion of the three-dimensional article.

2. The method of claim 1, in which the support material has a
melting temperature less than the droplet material.

30
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di rréhsi onal article. 15. The net hod)Gf |Q%6 énlv%lé{%go
t he t hree-di nensi onal article is fornmed by ali FO rMﬁRt 7

the desired netal material in 25 the predeterm ned pattern using a

sui tabl e software conputer program to guide the accurate deposition
of the desired netal material. 16. A three-di nensional
article forned by the nethod of clai m $2 ' )

34 17. An apparatus for the accurate formation of a
free-form . three-dimensional article without the use of a nold of the
t hree- di mensional _article, the apparatus conprising:

at | east one neans3or ﬂ'ﬂ@v'ﬁdbngﬂamaf@ﬁgf afnelaimpl yinowhigh theysypaAft al | y

uni form size d . f [ t el agh. .« .
havi ng & posi (18} EnfiorBed FIRES BF6 Phed St a8 Elkamjc, melaPRHGY.
al i gning the grishive of adéerppokiteithbfedt. substantially narrow stream.
the aligned droplets being deposited in a predeterm ned pattern at a

predetermned rate onto a target or a newy 10 formed | ayer of the
three-dingnsional griichegd ghRLE of BRI which the support material is

removed from the three-dimensional article under conditions which are
not harmful to the three-dimensional article.

5. The method of claim 1, in which the support material is
10 removed by heating the three-dimensional article and support material to
a temperature sufficient to melt the support material.

6. The method of claim 1, in which the support material is

removed from the three-dimensional article by exposing the three-

15 dimensiohal article and the support material to a solvent to dissolve the
support material.

7. The method of claim 1, in which the support material is

removed from the three-dimensional article by exposing the three-

20 dimensional article and the support material to oxygen sufficient to
oxidize the support material.

8.  The method of claim 1, in which the support material is

frangible and is removed from the three-dimensional article by exposing

25 the support material to conditions which cause the support material to be
broken.

9. The method of claim 1, in which each drbplet is kept
separate from adjacent droplets by maintaining the positive or negative

[ ———
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- | | | 6/l4 52U
di rensional article, wherein the alignnment neans re rﬁ; 7
an axi s extending through the alignnment neans until I ? m 9

deposited on the target or the newy forned | ayer of the three-

di mensi onal article, and 15 at | east one neans for
providing a supply of a support : erial in a predetermned pattern
adj acent the deposited droplets rein the support material allows
further deposition-of the droplets of desired netal material to form
at |east a portion of the three-di nensional article and wherein the

support material is renovable from adjacent the 20 desired netal materi al
after the forneharge af eadtedtdpletuntilreachidsaplet ig deposited on the target or the g

The apparatus of claiml1ly, wherein the align : conpri ses at
| east one r epeﬁ‘?‘f"ﬁb-?‘fﬂ"&?‘g1Wﬁiq&hﬁh®rgﬁ°ﬁ&‘gﬂg§§@ g’éﬂ{i%e dropl ets
wherein each droplet is repelled from adjacent droplets and from25 the

r epel ling plate. 19.  The apparatus of claim 17, further
conprising a means 16 The methadof elgimie iR yEh the draplets beingjaligned i al

phereby the unpil Tdlgh the aligrthéfl Heand"enichFiE'a sistantially cylindrical
or frusto-conical shape to align the droplets in a substantially narrow

stream.

11. The method of claim 1, in which the target is moveable in

10 at least three directions.

12. The method of claim 1, in which the supply of desired

material is movable in at least one direction.

15 13. The method of claim 1, in which the uniform size droplet_s
are formed by vibrating a supply of the desired metal material at a desired

frequency and amplitude.

14. The method of claim 1, in which the target is moveable at
20 a desired rate relative to the supply of droplets to form the three-

dimensional article.

15. The method of claim 1, in which the three-dimensional
article is formed by aligning each droplet of the desired metal material in
25 the predetermined pattern using a suitable software computer program

to guide the accurate deposition of the desired metal material.

16. Athree-dimensional article formed by the method ofclaim 1.

I
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20.. The apparatus of claim17, further conprising AWU&ﬂ 9 6/145£U
conmputer which is programmed with a conputer assi sted‘%{@% 07 MﬁRf‘[%Ye
programto guide at |east one of the target, the supp

desired netal material, or the support material.

apparatus of claim 20, wherein the three-di nensi onal articl e [ s
formed by the accurate deposition of ti@4 desired netal material, -
wherein the software program accepts a solid nodel representation of

the three-dinensional article, sections the three-dinensional article into
10 a finite nunber of two-dinensional |ayers, and plots a deposition path
needed to achi eve etzh |Apedpparatus for the accutdte foimatippaofabufreefforinai m

17, wherein the alignnment npans substantially cylindrical
shape 15 three-dimensignal mc@pwﬂaws tg? 42T ?ff? mQHePé the jbree-
al i gnment nea &S Y, o=coni cal shape.

24.  The method of &1 %Aﬂ%? Hotey Eﬁé%?;&t%#%rﬁgs'ﬁﬁg%lﬂgb

providing a-first quant iatyleaalsd anes goeans doraproviding atideadteose supplycdf the
netal material, . ) . depqsiti the, first quantit

ropl ets B a sussaariehenyform sizedidulats, of S HeSies et Aptersl &

of The 111t coropleta¥lla £HELYe or negatVeliigel © 1o Carget o ?L"Q't o
| east one earlier deposat awamsodbet aligninge the r supply o_f qinapleltsyxmo a

d lets to f article, . I th d
CLoptTty of t raBeaRiahe nhro stieam.the alioned draplERe Beina depasiter JEa or

the deposited fisketeriinBl igatteth HA'#Bl&detefAiNEd@ite onto a target or a newly

10  formed layer of the three-dimensional article to form the three-
dimensional article, wherein the alignment means repels droplets toward
an axis extending through the alignment means until each droplet is
deposited on the target or the newly formed layer of the three-
dimensional article, and |

15 at least one means for providing a supply of a support
material in a predetermined pattern adjacent the deposited droplets
wherein'the suppo'rt material allows -further deposition of the droplets of
desired metal material to form at least a portion of the three-dimensional
article and wherein the support material is removable from adjacent the

20 desired metal material after the formation of the three-dimensional article.

18. The apparatus of claim 17, wherein the alignment means
comprises at least one repelling plate having the same charge as the
droplets wherein each droplet is repelled from adjacent droplets and from

25  the repelling plate. '

19. The apparatus of claim 17, further corriprising a means for
vibrating the supply of the desired material whereby the uniform size
droplets are formed.

30
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the article, the second quantity of droplets form"n@'r e \$1b 0
support material for receiving the first quantity o > d\%ﬁ %ﬁ%t
35/1 | ayers whi ch define overhangi ng porti oHs eValr

whereby the droplets of the second quantity of the droplets do not
bond to the first gquantity of the droplets or to the droplets of the
second quantity of the dropl ets;3%nd, 5 renovi ng the
second quantity of droplets, which forned the renovabl e support
material, fromthe target and the article after depositing all the

| ayers of droplets. 25. The nmethod of claim?24, in which the

second distance at200 THBidpgpdratus oF W&intUaNt furtherf colinPRiiics al suitatig! i ed
is greater than the first di stance at which the first quantity of
droplets is scompuier omhiche is sprpgrammed with a corpguterTgssigigtho@esi8ncl ai m

are kept  sepatdielerb Srogtita o g st lepst 938 e Yoy, chp Furky of B O
charge on t hedgsirgd metabniatéridin@rdhedupport material.e deposited on the target
or ot her g)r evi ously deposited droplets.
21. The apparatus of claim 20, wherein the three-dimensional
article is formed by the accurate deposition of the desired metal material,
wherein the software program accepts a solid model representation of
the three-diménsional article, sections the three-dimensional article into
10 a finite number of two-dimensional layers, and plots a deposition path
needed to achieve each layer.

22. The apparatus of claim 17, wherein the alignment means

has a substantially cylindrical shape.

15 _
23. The apparatus of claim 17, wherein the alignment means
has a substantially frusto-conical shape.
. 24. ' The method of claim 1, further comprising:
20 providing a first quantity and a second quantity of droplets

of the metal material,' _
depositing the first quantity of the droplets in a substantially
molten or semi-molten state onto the target or a newly formed layer of
the article, whereby the droplets of the first quantity of the droplets
25  bond to the target or to at least onegparlier deposited droplet of the first
quantity of droplets to form the article,
depositing the second quantity of the droplets in a fully-solid
state onto the target or the deposited first quantity of droplets forming
the article, the second quantity of droplets forming the removable

30 support material for receiving the first quantity of droplets in subsequent

O




27.. The method of claim24, in which the second que EM&S %"?éé‘hﬁa@iu
droplets is renoved w thout damaging the article. 20 . 128, e

nmet hod of claim 24, in which the alignnent and deposition of the
metal materials are conducted in an encl osed environment having a
pressure, ‘a tenperature profile and _a pr edet er mi ned at nospheric
conditions that differ froma surround:ﬁé1 25 envi ronnent . -

29. The apparatus of claim 17, wherein the supply neans provi des a
first quantity of droplets at a first distance fromthe target, each
droplet of the first quantity of droplets bonding to at |east the target
35 /2 layers ombichadéfime ovepbangiog portionst of dhel article, whereby the

wherein the s | y. means provides a_.secon antity of droplgts at a
second di ot andERIEEBL ie Bacond SueRulv a7 dhe o8kt fio aerband ' fisk.c
of droplets hﬁ\’:hﬁﬂgﬂofjtﬁé BFSPIbtd SRS RS BFSHIbIAST HRE sbEOME qiantity of theof the
first quantity of droplets; whereby, as the second quantity of
droplets; and,
5 removing the second quantity of droplets, which formed the
removable support material, from the target and the article after

depositing all the layers of droplets.

25. The method of claim 24, in which the second distance at
10 which the second quantity of droplets is supplied is greater than the first
distance at which the first quantity of droplets is supplied on the target.

26. The method of claim 24, in which the first quantity and

second quantity of the droplets are kept separate from other droplets in

15 the stream by maintaining the charge on the dropleis until the droplets
are deposited on the target or other previously deposited droplets.

27. The method of claim 24, in which the second quantity of the
droplets is removed without daméging the article.
20
28. The method of claim 24, in _which the alignment and’
deposition of the metal materials are conducted in an enclosed
environment having a pressure, a temperature profile and a
predetermined atmospheric conditions that differ from a surrounding

25 environment.

29. The apparatus of claim 17, wherein the supply means
provides a first quantity of droplets at a first distance from the target,
each droplet of the first quantity of droplets bonding to at least the target

* c L L] H *



d-r~ob| ets contacts the ﬁarget or previously deposi teg t%%ké%éi@u
quantity of droplets does not bond to the earlier d [ roplets or to
10

ot her droplets of the second quantity of droplets. 30. The
apparatus of claim29, wherein the supply nmeans which provi des the
first supply of droplets and which pro |5 t he second supply of
droplets further conprises at |east oné ositioning system "~ which
noves the target fromthe first distance to the second di stance. 15

31. The apparatus of claim 30, whereirn the positioning system noves
.the target in at |least three directions. 32. The apparatus
of claim 29, wirconre eatlies depesited dranleti apd, providing the first supply

of droplets and for provigdi t | : I ri ses
a means for noving the s gbf@%@g@eﬂc@vg}“é%ﬁ&g“ é)ggg(\s/@?t cg'ltwrm
direction. droplets at a secéad distaacefmahe sarget ceauhndidpletdftheisecond
apparat us conprises at least two nmeans for supplying substantially
uni f orm dr opl eqléﬁnt!tH@ffdprletgbaV'%S!fﬁefﬁﬁéFPJ“BPWP[ﬁp ‘W?g temnraratifs, v of

droplets at th ' i a S
provi di ng%t he e@t%gﬁgﬁ 8%%6{}@? o& rdJB P!a%tg' gfh érQSy, %S?Q% gée%nd/d i g‘? z%coef )
: droplets contacts the target or previously deposited droplets, the second
quantity of droplets does not bond to the earlier deposited droplets or to
other droplets of the second quantity of droplets.:

10 30. Theapparatus of claim 29, wherein the supply means which
provides the first supply of droplets and which provides the second
supply of droplets further comprises at least one positioning system

which moves the target from the first distance to the second distance.

15 31. The apparatus of claim 30, wherein the positioning system

moves the target in at least three directions. -

32. The apparatus of claim 29, wherein the supply means for

providing the first supply of droplets and for providing the second supply

20 of droplets comprises a means for moving the supply means in at least
a vertical direction. | |

- 33. Theapparatus of claim 29, wherein the apparatus comprises
at least two means for supplying substantially uniform droplets, the first
25 supply means providing the first supply of droplets at the first distance,
and the second su'pply means providing the second supply of droplets at
the second distance. '
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