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APPARATUS AND METHOD FOR MAKI NG UNI FORMLY SI ZED AND
SHAPED SPHERES 5 Field of Invention This is a
continuation-in-part of copending U$. Patent Application Serial No.
08/ 892,145 filed July 14, 1997, still pending. The present

i nvention is concerned with producing evenly sized 10 and evenly shaped
spheres or balls. In one aspect, the invention rel ates to meking
uniformy sized netallic spheres ggggﬂﬂgggﬂgsolder conpositions.
Background of the Invention 15 ar1 ous nethods have been proposed
to formdroplets of materi al havi ng a known si ze. The present

i nvention is an inprov - i bed in the Chun et
al. US Patent No. 5, %W%éﬂﬁ METHOBP%Q%:MQE?@& ncor porated herein
by reference. The ChunyRIFCRMLYCSIZED AND $PRAPEDSPHERESNY a charge on a

droplet in an attenpt to produce 20 uniformy sized droplets. The Chun et

al . method produced a high percent of unacceptabl e and unusabl e

pi eces or bi: E!Ofﬁ !ma% ﬁl% E zl havi ng flat, oblong or irregular shapes.
The Chun et limted to producing irregul arly shaped
dropl ets having U‘hﬁiﬁi&lar@&ﬂtlhd&mtinaﬁﬁh of copeREIM B! PateésSApphication

O her previ ousI?/ consi dered nethods for formng droplets by I mparting

a char ge onSengl Boo 08892 He3 dided Jaiv 14, 1997, siillpandipg. 5, 560, 543

char ged and or oundecrrerafb Ve B Gt ea FRa BaHERRELenty sized ooy 00"
Pat ent 1 lo. Eﬂa%wswépa%&ﬁe@@%rfmm ne dilfeq&p%tcs Mﬂ!:ﬁbeﬁﬁon réted re a

charge by passing through an electric field. One et al.
to making uniformly sized metallic spheres foruse in solder composmons

Background of the Invention

15 Various methods have been proposed to form droplets of material
having a known size. The present invention is an improvement over the
method described in the Chun et al. U.S. Patent No. 5,266,098 which is
expressly incorporated herein by reference. The Chun et al. ‘098
describes placing a charge on a droplet in an attempt to produce

20 uniformly sized droplets. The Chun et al. method produced a high
percent of unacceptabie and unusable pieces or bits of material having
flat, oblong or irregular shapes. The Chun et al. method is limited to
producing irregularly shaped droplets having undesirably rough and
bumpy surfaces.

25 Other previously considered methods for forming droplets by
imparting a charge on the droplets include: Smith U.S. Patent No.
5,560,543 describes a method for forming droplets and passing droplets
through charged and grounded plates to selectively deflect droplets.
Soviet Patent No. 541682039-A1 describes forming droplets which

30 acquire a charge by passing through an electric field. Orme et al. U.S.



2 Patent Nos. 5,171 ,360; 5,226, 948; 5,259,593 and 5, 340, 090
cdescri be WO 99/0363fet hods and appar atuses for formng a net EC@GISQS/IWS

directing a stream of uniformy sized droplets onto a collector of

t he shape of the desired product. C H Passow hesis, The
Massachusetts Institute of Technolod& 5 (MT) My 1992, descri bes
formng uniformdroplets by using parall el pl at es positioned bel ow a
charging plate to selectively deflect sone droplets off to one side
where they are coll ected. Vari ous ot her methods proposed to

form dropl efgtentNbedS;1746869; 5,226,948;.5,289¢503 ldnd 53401090 dedenbei bes
ej ecting solder drops from an 10 ejection device into a flow of inert gas

and cat chi rrgethmisSand apparetusesi feeforming a nefipreducphyrgirestingia stcgagn Pat ent

Soi ut | on 1 MUY i2esf B Ute p conefRoror et BT abEREMAL oo oy

No. 4,744, %%d@éﬁcclm%écsgwfimﬁ@fT‘hIéNQS’%chusettsWﬁ&U@Qo’fhécl‘i'ﬁ&agxthrOUQh
| ayers of oil and water; Ful ler et al. U S. 15 Patent No. 4

descri lBes aAM#TdViay 1992 descihesr tarmingiunitorondroplets byrusingtparaligll into an

o 4. 6o, cloter obriReld bR, ¢ hafibE a1 6tsively, defféct sopmg e
wher o the dgeRpls o3 oridigUne Ridy 4% baleited! he dropl ets; Eyl on

et al. U S Patent No. 4, 935 descri bes a nethod for naking 20 powder s
using swrling, Vanbmmgtriénmdthads prapdsead ttodformairbplets intidde s btayes u. S
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act ) vat e fredcim ehiaride, pdienig SAboRENARO RV IRR droblets ale PasSed;The pr i or
o 5 ooy PEURRLL 6 TS IPERLNE 00821 Qo onging 334 1AL
the particl passiag thé drbps cthcm.igﬁ yersofruil andnvater;zEelvylet keal. U.S.
15 Patent No. 4,302,166 describes a droplet forming apparatus where the
droplets fall into an aqueous solution of a nonionic surfactant; Green et
al. U.S. Patent No. 4,628,040 describes forming droplets using a venturj
process where the droplets pass through an oil to harden the droplets;
Eylon et al. U.S. Patent No. 4,787,935 describes a method for making
20 powders using swirling, cooling fluids to harden the droplets; Anderson
U.S. Patent Nos. 4,216,718 and 4,419,303 describe forming sodium
arhalgam particles for high pressure discharge lamps where a vibrating
discharge nozzle forms droplets which fall into a fiuid; Rhim et al. U.S.
Patent No. 4,981,625 describes forming polymeric microspheres by
25 ejecting droplets of monomers, charging the droplets, freezing the
droplets in a cryogenic liquid, and thawing the droplets by irradiation to
activate free radicals which polymerize the monomer.
The prior art droplet formation methods have not been entirely
satisfactory for a number of reasons. A major concern is the wide

30 distribution of the particle size of the droplets. Inconsistent sizes in the



3 ; dropl ets makes the use of the droplets nore difficult in
sol deri ngWO0 99/03626ppl i cati ons. Anot her problemis that aftePCIEISBA®t I oN

of the droplets, the droplets have to be cleaned to renove

contam nants or oxides on the surface or to renpove oils and sol utions
t hrough which the droplets have 5 Jeen passed. The cleaning of the
droplets adds to the manufacturing time and costs.

Anot her nmajor concern is that the droplets have irregul ar shapes
and/ or bunmpy or rough surfaces. This |ack of sphericity makes handling

and use of tdpepietsi makes! ther agkebs ther dreblefs anbte dlﬁncult in soldihagefore
It Is an obj ect of the present invention to devel op paratus and

met hod for RAPIFALODS ﬁ@OﬁhWTQ@&ﬁmt@tWﬁfEﬁ’ﬁh9 f@i"ﬁ%’ﬁ"'&ﬁa the d'°P‘§F§aped ;
d |
ot "1 nvoi ve tHRAFEEEE naPy ETbEbddéd @Ten it rinRh ot R e Co°S

steps. 15 surfacd oefo feraove pils endcsfomtimwd Weoghfwmch the droplets h&lve present
i nvention prow des a highly accurate meth par atus for

produci By urheesy ppssed. H‘eﬁﬁagqﬁ‘&p%ﬁt%ﬁé?%@t%ﬁdﬂs d@sﬁhﬁe@‘a"l’facmﬁ'ﬂﬂerl al ,
or materi al Sime HndPPPésat us conpri ses a sphere generation 20 means and a
controll ed terrperat ure Solidification environnent. In preferred

enbodi ments, the Apbgesmajoe concertlisuthiatghe dropfers mavehiefegular shapggner ati on
means where a |ow viscosity liquid material is su&I ied into a

crucible or 3"&1&{97 Syner ravghcsuiatnse hais lackehagherdsithmakeshanding
nmel ting the ﬁgé%lf thghﬁdméﬂo@ %%éﬂeatgi'fﬁcmt erial in the crucible is
a c

25 subjecte certarn peri o i sturbance by a stinmulation actuator

means. TOhe cruci bTIeaefeeoreatnt Isea:stobtpwt of the peesgntdhvestion t6 dwascyanof
the material therethrough. The material is subj ected to a pressure

di ff erent i al 2RRABELS 2] ?"e&m{m@%“?ﬁt}‘”ﬂﬁh&h augltynifeembasizedand; hr ough
e O sce SRakdinpRL. The deteRihteftioh MARRCS AR £ rdeds BN o o

30 causes a control streamo uniformy
si zed does not mvolve the use of multiple formation steps and/or cleaning
steps. '
15
Brief Descripti f the lnvention

The present invention provides a highly accurate method and
apparatus for producing uniformly sized and shaped spheres of a desired
material, or materials. The apparatus comprises a sphere generation

20 means and a controlled temperature solidification environment. In
preferred embodiments, the spheres are formed using a uniform sphere
generation means where a low viscosity liquid material is supplied into a
crucible or feed system. The crucible has a means for heating and
melting the material. The low viscosity liquid material in the crucible is

25 - subjected to a certain periodic disturbance by a stimulation actuator
means. The crucible has at least one orifice which permits passage of
the material therethrough. The material is subjected to a pressure
differential (preferably about 4-50 psi) which forces the material through
the orifice as a stream. The periodic disturbance applied to the material

30 causes a controlled breakup of the stream of material into uniformly sized



4 spheres. As the spheres are formed, the spheres are subjected to
ta peei9Y/03se6 Or negative charge by a chargi ng nmeans. \Noamsdsaisssar gi ng
means is held at a predetermined voltage with respect to the stream the
conmbi nation-of the voltage and the capacitance between the charging 5

means and the streambrings a chargedto the | eading point of the stream
Each sphere retains a charge that the sphere held before it broke free -
fromthe stream The charge on the sphere causes each sphere to repel

from adj acent spheres. The |ike charge on the individual spheres

pr.event s LI spher G fharageh il 1RAREBS b ool i ordisybjebgnaoi ng, or 10

adj acent s res. n an especially preferre nbodi nent, the
stream i s lpaditve loy negativei chargduay sochargingemeanisodWhet theicbarging

(preferably from t . 1to3 R ¢ by. . the stinulation actuator
roans. | 1 CBEPER I BRI g avuRdetined voltabeinh MfsniictIo e e RE B

CONpri ses etdmBinationCbE the oaﬁﬁgararfaath@&aé&itarmeewﬂhe@ﬁ thé ¥natgingsducer .
In one especially preferred enbodi nent, the transducer conprises a

stack & fimwmeapsenddhestneam bripgs alchangrita the leading point of e $iseamen of t he

i ble. T, bot f t al hani . d i
cerinl ana Bee SphEMR tetdinsh Ktag (BHE 1 SR Bptalpetorg it AR FHeET 11
si nusoi dal #ehi fELstFeame EThel BRaigelop tity Spheret ddusegregehadpliere tosepsl a 20
notion sensor. The output voltage is an indication of the anplitude of

t he sti nul afroen agjacentosphergss. The dikeachargeaon, dhe ningividual spheges

B ool i  hi BraVgrEr £ S6nes TR Imetdiad 0o inPEtighh TR @R HRRGNG o rea
type ofQnul hijagest sphédest or has the follow ng dinensions: length 5 nm 25
height 5 mmand width 5 mm The nultilayer actuator contains about 29

pi ezoel ectric celmahespegially perferred erobedimant, the sttgamlispseken tyat or
e conop! o Bl Eing b 6P pae AR 1AL Puaddh B MHEoGOH FBE1 18%
stimul ati onkHg} byt e SBMUtatiY atWiAOHMeM thecartainl émbbdirignt¥etRy i al .
stimulation actuator means comprises either an electromechanical or
15 piezoelectrical transducer. In one especially preferred embodiment, the
transducer comprises a stack of five piezoelectric crystals mounted on a
tap portion of the crucible. The bottom four crystals are mechanically
connected in serial and are electrically connected in parallel to a high
sinusoidal voltage source. The top piezoelectric crystal serves as a
20 motion sensor. The output voltage is an indication of the amplitude of
the stimulation actuator means. In an alternative embodiment, the
periodic disturbance or stimulation of the material can be obtained from
a monolithic multilayer piezoelectric stimulation actuator. One preferred
type of multilayer actuator has the following dimensions: length 5 mm,
25 height 5 mm and width 5 mm. The multilayer actuator contains about
29 piezoelectric ceramic layers cofired together. The multilayer actuator
is capable of over 3 micron expansion. In certain embodiments, an
extender means, such as a rod, is attached to the bottom of the

stimulation actuator means and extends into the supply of the material.



5 The stinulation actuator means transfers the m nute periodic

«di st ur bar¥@890¥26he material through the rod. PET/HSWE% ent
enbodi nent, ‘'t he stinul ati on actuator neans can conprise a

pi ezoel ectri'c ceram c nmaterial havi Qg a nozzle which is 5 connected to

t he vol tage source. The nozzle has fixed aspect ratio defining the
orifice in the crucible. The sinusoidal voltage ts directly applied
on the nozzle causing a mnute periodic disturbance which radi at es
into the stream of material through the-nozzle wall. It is

cont enpl at gthe hgtimutati®y t actuater y nieayis t enapsfers urtheapminutet | pedoditor 10
exanpl e, where the tenperature of the low viscosity liquid material is
over about digrorbanges to the materal trevahdherPlocs) naterial can be used

instead of a pi qgoel GaLid G GRbBHIe B ! ?{irpulatioq aRtuAtor: a?ér?@%tanone

pressure regul ator means suppP?es a constan ros IC pressure in
the cruci blgompfis@ Pprésddiestrieneeimienimatelial having @ e2ulee witigh! st or neans
keeps the crucible at a n‘%;'ative pressure before ~ the operatjion of the
spher e fgendtannesteddarihe voltagrgaurce: ghessezze has a fixed asnectinadionat eri al
fromdrippi pg. Qut of the noz dnea pr rk . g‘@odi t .t he
pressure re‘&%frﬂ?é.rtﬂﬁe%rﬁ@c%éréébgtqé'cﬁﬁ'ci 'E\t'é sﬁdj%{ndal voft i't ﬁ%c&ygs.sur e
during the Gafieat bANtKY rid22les RRBEMgIaNAfiALteO PefANS divtuPancdBihichi Ni ng t he
| ow viscosity liquid material at a desired level in the crucible. In
a pref err edadigses intatthet Atrepme of umaterajuthioughnthmozzle walippltiiss a dry
and inert gas, such nitrogen, .onto the | ow viscosit . .. liguid
mterial | EOHEMRIRta At i gertaln ety WihsRipRertite abpfigations. (7ol

out t PO ek, iVihE@ tHe tdHApeFatGiPbe thaNenAUREBEIP gl the 25
rrateriha?I) cg%tér}ﬁP% theét?'l %Hv% of Pﬁgfgraét)eri a% througﬁgltt\m'qgrcfﬁéggﬁa%ri ng

oper ati on obverhebsphS00nar $ithiom micbete (LiMo@ghimatdriabcanabeé ysed ti ve
pressure forces tgfama,teri al out of the nozzle and fornms the jet or

stream TheN§TeALET AAez0QlatiiccyerePymMA®r @l nul ati on actuator causes
a mnute periodi g dl'e%%gr%%e&@u@@eé%{aﬁéﬁ‘w@dﬁstQuﬁﬁl?es | &ridRarC

instability effect, t t'urbance b e to energy of nonentumin
hydrostatic pressure in the crucible. In a preferred embodiment, the

15 pressure regulator means keeps the crucible at a negative pressure before
the operation of the sphere generation means. The negative pressure
prevents the material from dripping out of the nozzle. In a preferred
embodiment, the pressure regulator means keeps the crucible at a
positive pressure during the operation of the sphere generation means by

20 maintaining the low viscosity liquid material at a desired level in the
crucible. In a preferred embodiment, the pressure regulator means
supplies a dry and inert gas, such as nitrogen, onto the low viscosity
liguid material in the crucible. The positive pressure forces the material
out through the orifice in the crucible. The amount of pressure on the

25 material controls the flow of the material through the orifice. During
operation of the sphere generation means, the applied constant positive
pressure forces the material out of the nozzle and forms the jet or
stream. The sinusoidal frequency from the stimulation actuator causes
a minute periodic disturbance to the stream. Due to the Rayleigh

30 instability effect, the disturbance builds due to energy of momentum in



6 ‘ the stream breaking the streaminto uniformsized and uniform
«spaced WO98h&res. The space between two nei ghboring sH¢EVESPSAIF88 4

function of the jet speed v[err] and the stinulation frequency, [eFr]
= vl[err]/f.- In certain enbodi nents, the present

I nventionprovides a deflection 5 Breans mhlch Is in a spaced apart
relationship to the chargi ng neans. The defl ection means conprises at
| east one set of deflection surfaces whi ch are spatially separated
fromeach other. A high voltage is applied across the set of

defl ecti on thersteesn, bregkimgtiod streameintoturiiforin sizdd latidveriform spacete
surfaces. The defl ection neans creates an electrical force field 10

through whispheres Jprapasehetwees i neighbopingrspheseeA dnarfyaationed

electric figld defl S : n their polarity. The
defl ection tﬁ’l?alﬁgg §‘ﬁ'a?ﬁ§ tfsg%&f’@‘[’]‘gﬁgﬁ g@gﬁ{&r wpﬁ)he pl ane

per pendi cul ar t gndefRivi 8mbedirients, @ﬁépﬂ?se&tlnfv@httbﬂrer@éGtheﬂ‘@ctlbﬁ spheres
frommerging, thus further maintaining size consistency. 15 The

def | ectd on miiesnawhichfisting sparedapag rglationshin to dhe hargingemeans.

d of h h f t h f the
G0t octi on [heRATesfiansfeass CafheRes dnafohe Sefof defiectifh oy <
through t hezfiedH s ém.mwamhenémeemm& snph@wmedg% defprebed

further away fromthe center axis. vi sual observation system
i s positi onaeroiss the setekdeflgssion surfacesﬁelmeoatsrﬂrpeleotrtm&eldrbeftmem n the

cruci bl e to nDnlt r the r n of the sphere d.to ure the
ol 6 of "t hettEoRurBEesTThg; A A mert greates S BlRERURRY r8e BREL | o
enbodi 1Nt SghrbBgRRRARK Rl ¥pR&raesasd Sinédi¢he sphered bf@bﬂhl’%ﬁh feuat or
means to |ncrease or decrease the periodic 25 "disturbance being supplied

to the | ow elestrisfield deﬂnntslonﬁhersp@leresrl@pendum upon their pblityaffihen system
i s al so oper, %‘I veI attached to.the deflectl

hereases” Hahsden  AigaRsl anatBLY  SeraraE Ry P8, RBTRHNi thd npfane
response t Opgierdid AEMR b eentts dl’glé‘fﬂbhleﬁ@dfwérr}ﬁ'e%ﬁﬂﬁb tROIBh¥AIS ON

system
from merging, thus further maintaining size consistency.

15 The deflection distance of the spheres is a function of the size and
speed of the spheres, the charge of the spheres and the force of the
deflection field. The bigger spheres remain close to the center axis
through the deflection means while the smaller spheres are deflected
further away from the center axis.

20 A visuval observation system is positioned in a spaced apart
relationship to the orifice in the crucible to monitor the formation of the
spheres and to measure the size of the spheres. The visual observation
system, in preferred embodiments, is operatively connected to the
stimulation actuator means to increase or decrease the periodic

25 disturbance being supplied to the low viscosity liquid material. The visual
observation system is also operatively attached to the deflection means
which increases, maintains or decreases the charge on the spheres in
response to the information being collected by the visual observation

system.
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7 The present invention is an inprovenent over the Chun et
-al . ' 098 wo 99/036k€chnol ogy where the droplets are not for mestrsR/11588

tenperature-controll ed envi ronnment. According to anot her aspect of

t he present -i nvention, the sphere generation nmeans is operatively
positioned in a controlled 5 tenperature solidification environnent. The
controll ed tenperature solidification environnent allows the spheres
to be formed in a short amount of time and di stance. Also, the
controll ed tenperature solidification environnent provides |ess risk

of contam natio . : | ' e t urface of
t he spheres. Th?hgﬁgg%ﬁf'ggeﬁﬂon?%%ﬂpﬂépéq"uerréé@cﬁ%ﬁhé(% |0§P%lh\b/t?9r%nrrent
cont ai ns atetinesibgpehdreahe diepletare not formedinatempelatase sontriolledr

| iquified gas, The heat transfer medi um rovides a soljdifjcation

envi r onmen€NYHERaTe AGHIHING ta anether agpastiof-the presgnt invantien. the
trolled t al ' . l.ed,, t
ol di 11 oatPORrE anidiafibh, RlsRoShE SaBiakReh PoSRIBHAH iRla, cpncBBTF) 2L 1 ¢

t he spBer ezeinpebstunei sdlidificatidre erivivonnsemt. r oThe ccartrolted teniperature t he
spheres being formed have a consistently round or spherical shage I n
addi ti on t Sold{fiGation eryisenment aoutthe sEReremid deafarmed ing shedy i s

bei ng used 96§ Qf VI}fSFH?ﬁé e?n& Qpiﬁ&ln(f’ée.r’ AlSS, LI "EntkdIRY et??n&ié?a&ﬂ@

control |l ed tenperature solidification environnment ranges Trom about room 20
t enper at ur esolidifidation eSvifemmpat paovides less tiak rofecdntdmiration abacit a8 err] C)

in an uypper chanber adj acent, the crucibl e apd ranges from about -110
to BBGaroRarY esTiing 4ot SUHARB A theSABETRS. aT B8 COBMAUPOL he

contr gl ed temgrrgﬁﬁ@%ﬁéﬁdﬂlé?ﬁoﬁ%'n\rﬂ%h?e?&id&'?utﬁi% af fé@ﬁ?ghe heBt fHai§fer

enbodi nent s erent low viscosity liquid materials are being
formed i n gphdiues, suble @&ba coldnpeliquifiess gas. t Haeshéatdtransfdri ovediuwi r onnent

o L et by any R AR AP e o ™

envi r onmentsqidficd fres ceftioNel MRah@e In certain¥mbsdimdritathk o nlgg_m bei ng

used. It is to be understood that vari ous heat transfer i a,

i ncl udi ng |teqpdraturegatiddicatianeryinononerit provislesathermahgradientwathieh and
Zt eam1 € V\glfo%g t g %p 8.Petse{3) h)%tqeLﬂcEl(\:/o c?olgzi irt1 haecontrolled manner so that
the spheres being formed have a consistently round or spherical shape
in addition to a uniform size. In an embodiment where a tin-lead alloy is
being used to form spheres for solder, the thermal gradient in the
controlled temperature solidification environment ranges from aboutroom
20. temperature to about -90°C (and in certain embodiments about 0°C) in
an upper chamber adjacent the crucible and ranges from about -110 to
about -170°C in a lower chamber adjacent a bottom of the controlled
temperature solidification environment. in other embodiments where
different low viscosity liquid materials are being formed in spheres, the
25 temperatures in the solidification environment are regulated so that the
spheres form both quickly and uniformly. The temperatures in the
controlled temperature solidification environment are affected by the type
of heat transfer medium being used. It is to be understood that various
heat transfer media, including liquified .gases, halo-carbon fluids,

30 ammonia, water and steam are within the contemplated scope of the



present invention and that the tenperatures of the heat transfer nedia

¢+ can rangevo sme¥ezsbout roomtenperature to about --200[ err] Cpoadasostissg

upon the type of low viscosity liquid material being used to form'the  *
spheres. 5 . I n enbodi nents where the | ow viscosity liquid materi al
conpri ses a material which sol8difies by radiating heat, for exanple,
netal s such as copper and steel, different types of heat transfer
medi a may be used and the heat transfer nmedia may be supplied at
different tenperatures. For exanpl e, in enbodi ments where titanium

spheres ar o b Ind K tiGH ahBehb? the hemipetataned 8F tHE HeditFaHi féORdise 2

heat ed gas or vapor. n certain enbodi nents, It has been found
that the ceoaba@ngeffromeabout roemhtereperayuneats abpute200§Cordepending heat

transfer nmediumtends t .cause, t he spher to have .ungven_shapes.
Ther of or e, WPRNCHI AP BF dPw: visgosty taulf seeteiahPeing 158 Q@R nat t her o
be as littlsphepascnent or flow of the 15 heat transfer medium The heat

transfer medium present in the control led tenperature solidification
envi rohnent is duembodimentywhere ége low viscasitydiquid materiat eemprisese are

generally no currents or f.l.ows of nediu 0 cont act, or m,sshape the
spheres beiarfgafif . ..1c .soixdﬁles by rad!l 'Qﬂanb%%ﬁ' ﬁo'é%?)'m)%eﬁfc'gtza?ﬁﬂ’éc'laﬁtrol | ed

t enper at ur gopplet dhllistadl] Giffetent 1y ¢THYR RtarkIsDMedRbmAy id Géedandaseous
environnment containing a first heat transfer nedium and a_second or
li qui d envithermesttransiermmediaymay be supplied at diféerent tempesaturesti er 1 n ot her
enbodi nents_t he .controll rature solidifi,catiQn en onnment

oot Tont Sxnipigo dbndiments wreFERERGLH] SpRctesHehS Hehid shel T he

seconqoor Irditehrt FUHRBR car? Bompride\PHested §8s 8PVepiop! i On herein will

describe in detail the gaseous/Iiqui controlled tenperature

sol i dification dngertamembadimentisrit has peenifdand that the contaciiwdéhet andi ng

f all enbodi £t i ion. | | d furth
Undr st o0d SARRTES B Tard BIRHTRG arc PR G, MRat dharkelot sfedlim gente 16" Cope

e ofur SpIOHSpheR oM yeh et el bbbl o
9 embodiments, it is desired that there be as little movement or flow of the
15 heat transfer medium. The heat transfer medium present in the
controlled temperature solidification environment is substantially at rest
or still such that there are generally no currents or flows of medium to
contact or misshape the spheres being formed.
In certain embodiments, the controlled temperature solidification
20 environment comprises a first or gaseous environment containing a first
heat transfer medium and a second or liquid environment containing a
second heat transfer medium. In other embodiments the controlled
temperature solidification environment comprises the first or gaseous
environment without the use of the second or liquid environment.
25 However, the description herein will describe in detail the gaseous/liquid
controlled temperature solidification environment in order to provide a full
understanding of all embodiments of the present invention. It should be
further understood that all the embodiments are within the contemplated
scope of the present invention. The use of the gaseous/liquid controlled

30 temperature solidification environment is especially useful in the



formati on of spheres fromrelatively soft or malleable materials and in the
formati o’WQPIBI$RAEr es whi ch have | arge dianeters or have a PGEHHSI841E88t

heat -of fusion (i.e., the quantity of heat evolved in the transfornmation of
the material fromthe liquid phase to the solid phase). 5 As the
spheres exit the deflection nmeans tHe spheres begin to solidify by
first formng a skin or shell on the outer surface of the sphere.

Bef ore the spheres exit the gaseous environnment zone, the spheres have

substantially solidified, i.e., the heat of fusion has been transferred
from fohmatiph of ephéestifiemgeatively Seftiormalleabde materialsiandrinithe been
radi ated. 10 The spheres may still be at _a high tenperatuyre, rending the

spheres  formatipn éﬁtﬁme'%é"’%iﬁhé?%’? torgs) diprestersias hawe pihjghdatent r onrant
| € helt B ?ﬁﬁgbyl.ggr{pﬁéﬁ%tﬁy o Yieat ggﬁh%ﬁﬁhcet]meg?éﬁsfbh%hgn HLeria

such as a supp trogen. envi ronment” further

cool s the the matdria¢fiim tthe iUty phibe torheidolid piesse)and to harden the
spheres. The 15 | i quid environment al sqo acts as a cushi oni ng nediumto

prevend the As sheapheres exiththen dafleatipy means Ahagsnheres heain 19 wit h

chanbors. . S0l by first toifingeh SH dr¥hell B 8 neh ELtIPRTBRSEMAIE . 11 qui o

material i Before thel§pnsras estitanblyasabas @nvirtbnaidntizoneffite spfidres Havet om
portion of the 20 controlled tenperature solidification environnent. The

| ow t enper &ubsgantially solidified) ice.s pe beat of fisiombas bgepdransdarred foompensed
into the gaseou envi ronnent d aj least partial vaporizes thus
keepi ng t hg?"ﬁ fies to the géﬁ%?%ﬁﬁ%ﬁf}aaﬁ% ’B‘F‘i‘#@ﬁr%’dhﬁ’%&%?’éﬁ%@rﬂ&ﬁr e. In
cert aiqp € | ' o th%ppl ; ' dliquid
can cc};\mt act t gﬁ Qgﬁ:ge?\noﬁynamz%bé aggﬂer es t?gﬁéﬂégﬁgh}mrg%@o??ﬁg&%

I n a prefermalieableodTherdphdres thent passpintoi the bfuidhencioonment esthich

t t lidificati nyi ronnent conprises a .funnel which contains
heSbaond RIETeTablN GOBIRIINES Ay (STHRBTRRS et vy e ABRe 2l RITORS A ho

BB o b UnplP SAGSRLRRSRSL' B8, BAGHBhY A ont MEcpghoighel U et
t he spheres to remove the specific heat and to harddh the spheres. The
15 liquid environment also acts as a cushioning medium to prevent the
spheres from mechanically deforming by colliding with each other or the
walls and the bottom of the upper and lower chambers.
In one preferred embodiment a low temperature liquid material is
dispensed both into a top portion and into a bottom portion of the
20 controlled temperature solidification environment. The low temperature
liquid dispensed from the top portion is dispensed into the gaseous
environment and at least partially vaporizes thus keeping the gaseous
environment at a preferred low temperature. In certain embodiments it
is contemplated that the top dispensed liquid can contact the descending
25 spheres to quicken their cooling. |
In a preferred embodiment, the bottom portion of the controlled
temperature solidification environment comprises a funnel which contains
the second or liquid environment. The liquid environment cushions the
spheres prior to the spheres hitting the bottom of the funnel. No further

30 processing steps need to be carried out on the finished spheres once the



spheres have passed with the liquid environnent pool. There is no need

-to renovavaps/osskd or other materials fromthe surface of tPOINYIBLISES.

It is within the contenpl ated scope of the present inventionto

nonitor and-respond to any changes in the operating paraneters for 5
formng the uniformy sized sphereslOA first thernocoupl e neasures the
tenperature at the top portion of the controlled tenperature solidification
envi ronment and a second t hernocoupl e neasures the tenperature at the
bottom portion of the controlled tenperature solidification environnent.

A di f f er engpRbrad/ipfiapasse8WRh tHB iquRS nvifenREREEE6E Pherelis oy neaddl e. A 10
data acquisition/control systemis operatively connected to the pressure

sensors, theremovesruupll @ otheemgiedals ffemethe swilace:afisheseheres.vi sual
observation system .The data acquisition/ control s m .l ects
ressure and s ool withis (8 chrtambletelr. Ebee AF ofin AR InyelsicRrto
gener at i On gt ard@TedpdRd 360aH ichafges dAtthel opiating patirhérryifepal 15

observation system provide the feasibility of actively controlling the size
of t heBsphdéewsingshegnitoreivsized spheres.z A tirst thermeesaunie measuesithel by

recel ves. cSRPPRIAILL SRR RO Fk BB RMER e mB O il VRGN ¢ ana
the frequerayihfreddasecondihbimbesupe nedsiréSthdteniseraturelidthé he 20
sphere dianeter is kept at a predetermned size. It is to be understood

t hat the adoitomgiortioniofithe coptrolled temipegatyse sphidisigatiop&nvéronpagnt he end
use requir S. .. Accordi.n the pres I nvention, the
formation & ddfsientel rpssure sensqiy daryiels afle pIEsUE T be SHEPIRN R 4i amet or
i's acqpr at g8 abgLititbfcehRBFsystem isldperatiVel ot tted tél tREPI&surdat are
precise to within about 1 % of each other. The present invention is

a further isepsotssitbethewveaocauplesitive sphere generation meaas aedithevispalsi nce t he
spheres produced accordin toﬁﬁgeﬂggesent i.nvention hay,
S

subst ant | alJEFeLYRIAN st ¢ fi5L8, Jehuisitiopiearsil, Systé Cdlfegts |,
present i NyRBELGR SR eRipBialee B oirchRIRT ddth! And ediRrdIf &hadGsphdlbanet er s

t hrough any section of a sphere vary | ess than about 1.0%
11 generation means. The data acquisition/control system and the visual
15 observation system provide the feasibility of actively controlling the size
of the spheres being generated. The size of the sphere is measured by
the visual observation system. The data acquisition/control system
receives continuous and updated information on the crucible pressure and
the frequency provided by the stimulation actuator means so that the
20 sphere diameter is kept at a predetermined size. It is to be understood
that the actual size of the spheres being generated depends upon the end

use requirements.

According to the present invention, the fofmation of spheres and
the control over sphere shape and diameter is accurate to within microns.
25 The spheres have a diameter that are precise to within about 1% of each
other. The present invention is a further improvement over the Chun et
al. '098 technology since the spheres produced according to the present
invention have a substantially spherical and smooth surface. The spheres
of the present invention have high degree of sphericity where the

30 diameters through any section of a sphere vary less than about 1.0%.



The net hod and apparatus of the present invention are useful for

form ng uWGY0I$26 si zed and shaped spheres havi ng di anet er Crhus9es/t 588 e
from about 12 to about 1000 microns. The present invention is

particularly useful for form ng | arge spheres having a dianeter greater 5
t han about 500 and in certain prefeflfled enbodi nents about 760 microns
(.030 inches . 0003). The encl osed control |l ed tenperature
solidification environnent controls the rate of transition fromthe |iquid
state to the solid state of the spheres.. The vol une and surface ratio of

the spheres bei nghd ﬁ{émed%fnaeéwarhﬂﬁs 6fitRe PlesenPliventiin Aldtusdilpiq@s. The 10
| arger di anmeter spheres are solidified at a controlled rate wthin the

control | ed foemirg umioemlamuzm and shaped spherasrhaving diametars that rapiger es

mai ntai n a subst a,L£ o nd a[‘1 noat h surf e and have a uniform
shape. rom a %‘ Ug §9@aﬁ¥?’éﬂs ﬁﬁ?uw%&"gr'ﬂf’ﬁeﬁ% Bnet er,
frequency J&artncﬁﬂ#lyaﬂﬁéﬂﬂ ‘fdlefé’rfmlhbelaﬂ_?é ispAbfesthavinga Mianetr dredtapheres,

can be varied hat spherés having different dianmetersS can be
formedb It thantabaus 500 and imerstainguefarred emb@ddpentamww?ﬁ@ anicrgdnst he

h d t the ty e b f d. &th
orarret er o 1040, nghdigeee 0003} oP ofp " BobidRReD cafie, carpderaliE - O
crucible prﬁﬂﬁi‘f‘@andrﬁﬁﬁ@fréﬁﬁfeﬁt %fonfthﬂs tRe ra@éfefmak:tm ﬂani ﬂﬁéfﬁauid”'t 0

spheres, and the anobunt of char on the spheres al so affect the size
and rate ofstate tathesolid state Qifnﬁ pheresi Zhe volume and ssinfgeedratiohef es.

| b d d.th f the |
1 quid et HepHereS BRing Rirmed 2 tteCB bR refe ol bodi oPfhe' S3RERS: ™e cortain
25  eygpodi REREYrS didrhétel YPMEres Wi ﬁlﬁﬁﬁ@d @tsrdcﬁhram Vafeyv&mm t above

the melting point, and in other enb ments can for exanple, out
50[err]C aboortrolied remperatupeisalidification eavneommntﬁu thati tﬁearseheees’ n the

tenperature_of the material ffect the rate of .solid here formati on.
I Cer tai n BB aRLss el (REEatd S S a0 s Unila e or
which can bgnypd.ied is the ' stand of f" distance between the

12

The operating parameters, including orifice diameter, frequency
15 and amplitude of the periodic disturbances of the spheres, can be varied
so that spheres having different diameters can be formed. It is to be
understood that the optimum diameter of the spheres depends, in part,
upon the type of sphere being formed. Other parameters, such as feed
rate of the metal into the crucible, crucible pressure, temperature of the
20 material being formed into spheres, and the amount of charge on the
spheres also affect the size and rate of formation of the uniformly sized
and shaped spheres.
It is to be understood that the temperature of the low viscosity
liquid material itself affects the thermal state of the spheres. In certain
25 embodiments, the temperature of the material can vary from just above
the melting point, and in other embodiments can be, for example, about
50°C above the melting point of the material. This difference in the
temperature of the material affects the rate of solid sphere formation.
In certain embodiments of the present invention, another

30 parameter which can be varied is the "stand-off" distance between the



sphere generation neans and the point in tinme where the sphere

- sol i di fiWwe.99/03626 The present invention allows the BENUSMBA158S
solidify nmore quickly than in a conventional droplet formation
apparatus. - In preferred 5 enbodi nents, the spheres descend through the
encl osed controlled tenperatd2e solidification for about .5 to about
1.5 seconds prior to contacting the bottom of the encl osed "
envi ronnment. The encl osed controlled tenperature solidification
environnment allows the spheres to - be formed in a much shorter
distance (b dedétaBBAUmcant®ALS N uifit 3R timE0 iRerdO tB ! gitferbound i n
conventional sphére form ng apparatuses) and In a nmuch shorter tine
(about .5 sodidifiesyt 1.5, preferably about .8 seconds versus 7 to 10

ds) . The forpmtion of the, sph L0 th troll ed
Comporature  Tho BERSRTHNGHIONSU0R toR ABREreN 1 AR AL RERERIERY o e

formed su ntd al | WL N =Ty ' r i |
In preferrb%ﬂe?r%g%i%%iﬁvut até gp e'?ﬂg)sfogﬁgﬁﬁﬁlr &ng%é'%?%% aqroa/?éfb%d
flui d,bi ncémbbdianefts; theaspheresgtiescarsl through the canitlosddilconttolled

certain enbodinents, it is within the contenpl ated _scope of the present

i nventi on temaReratgessakditicatian Toe afb(%‘rt(e% 1 abajfty ﬁlﬁ?ﬁg@?& M'oﬁégal s 20

i ncl udi ng g I ) eel al | oys.
In additi o%éﬁ%ahgﬁgp ergg&%%}h %%B? %e“g%\n l#nﬁ’?gmeﬁ? nex%lr se?‘guc as

si |l ver, gotonwollghtémgeratuoe solidifibation aneitomridntalipavs the spheregstot o
prevent oxjdation after thejr formation, The theres are especially useful

in such app®ifedPedisaauch sherter distante Aol 19 BROUS Simetess ¥eEWSci rcui t
to 2 pri | ' ; ' I ' Iy scal e
packg‘g%s alrllgttscbéHequ%f chi p'ﬂ;cé’crﬁ%g@gbal J‘;‘yh&a fbr&fﬁéi?ﬁﬁé%ﬁ%?sﬁ@gﬁbodi ment s,
the spherein tomueth shoaeditirpet(abbbe .5 to abpueskss, preferablyabaue Sspecially
useful in a solder conposition and the spheres do not need any

addi t i onal Se¢RRASMRISUSA] $0110 peeNdR). oxi de 30 formation on the surface of
t he spheres.

Wi le certain pJQFeF?ré'aaté%o?ﬁ ﬁ%ﬁtgmﬁ%\% weetrqesﬁg%rogﬁg te]lﬁperature

solidification environment allows the spheres to be formed substantially

Vi scosity

15 without any contamination or oxidation.
in preferred embodiments, the spheres are formed from a low
viscosity fluid, including, for example, glasses, ceramics and metals. In
certain embodiments, it is within the contemplated scope of the present
invention that the spheres can be formed of a wide variety of metals
20 including tin/lead solder alloys, gold, aluminum, steel or copper alloys.
In addition, the spheres can be plated with precious metals such as
silver, gold or palladium or can be coated with organic coatings to
prevent oxidation after their formation. The spheres are especially useful
in such applications as solder for interconnection of integrated circuits to
25 printed circuit boards, especially ball grid arrays, chip scale packages and
flip chip packages.
In certain embodiments, the spheres formed according to the
present invention are especially useful in a solder composition and the
spheres do not need any additional flux materials to prevent oxide

30 formation on the surface of the spheres.



deécribed herein, it is to be understood that the invention is not limted
.t her et o, Wsu29/43626 be enbodied with the scope of the foll owPreg/Es98/il1688 5

Bri ef- Description of the Draw ngs Fig. 1 is a schemtic
illustration of an apparatus for formng uniformy sized and shaped
spheres in accordance with the invéhlion. Fig. 1 Ais an

enl arged view of a portion of Fig. 1. Fig. 2 is a greatly

enl arged cross-sectional view of spheres as the 10 spheres are being
cool ed. Description of the Preferred Enbodi nent

Referring now t Whilee céream norefeaad apmbodiments Have fbeen spown andini fornly
si zed and shaped sRher_es, IS generally shown. The apparatus 15 10

conpri ses @eserinag hereincitiete bepdearstond thatiheipvantion is apt ligytaed

control |l ed r bHHAGa1 | ' t e

generat i ontﬂrfegg{nlg' W@?Mg‘?éa%gdﬁ%wg}é??%@?ﬁgﬁﬁjFQ‘L?B"SMR%%E{‘?{%| ation
actuator neans 50. The crucible 20 has a top portion 22 which is in a
spaced_apart relationship to a bottomportion 24. The crucible 20 20

defi ne® anBHREDeserHDYABRLf the RIAWIROSoNnt ai ns a supply of a | ow viscosity
liquid materi al a4l e | | ' [ crucible
20 is nmade of aF@r%mﬂcgn%%@rﬁ%ﬁa?q%%& eﬁﬁpzérf;%ﬁrggﬁ%nagg‘g% @E:hé{"ﬁgq bl e 20

i s noni t or gdifoymiy sized rambstiaped spheresSnautordane® Vith the irnaiition.| er 27
whi ch are operati_veIK.connect ed to a heating neans 29. The heating 25
nmeans 29 nai nt afi TAds aaenlpeged gieny of a peiidnaefiFig-above its nel ting

poi nt. The cruci 0, I ' N r | at or
hoans 30 by a b3 e gleRBEeAbhys bt dia yibd Y sDhRIEERS WY,
t he ctQci bbﬁhaﬂasi Sreneingdovdledy a pressure transducer 36 |ocated near the

inlet 34. The pressure in the crucible 20 is adjusted by the pressure 30
regul ator nmeans 30. It is wthin the contenpl ated scope of the present

- 14 - Description of the Preferred Embodi

Referring now to the drawings, an apparatus 10 for forming

uniformly sized and shaped spheres is generally shown. The apparatus

15 10 comprises at least one sphere generation means 12 and an enclosed
controlled temperature solidification environment 14. The sphere
generation means 12 generally comprises a crucible 20 and a stimulation
actuator means 50. The crucible 20 has a top portion 22 which is in a
spaced apart relationship to a bottom portion 24. The crucible 20

20 defines an enclosed space 26 which contains a supply of a low viscosity
liguid material 28. In certain high témperature applications, the crucible

20 is made of a ceramic material. The temperature inside the crucible 20

is monitored by a thermocouple probe 25 and a temperature controlier 27

which are operatively connected to a heating means 29. The heating

25 means 29 maintains the material 28 at a temperature above its melting
point. The crucible 20 is operatively connected to a pressure regulator
means 30 by a supply means 32 at a supply inlet 34. The pressure in

the crucible 20 is monitored by a pressure transducer 36 located near the

inlet 34. The pressure in the crucible 20 is adjusted by the pressure

30 regulator means 30. It is within the contemplated scope of the present



i nvention that the pressure regul ator neans 30 can supply a positive

.pressur e whogvmsshert gas such as nitrogen to the cruygissdtsss
The crucible 20 has an end cap 40 with a nozzle 5 42 det achabl‘y
connected to the bottom portion 24. The nozzle 42 is attached at
generally the center of the end cap 40. The nozzle 42 defines at
| east one orifice 44. In a preferred enbodi nent, the orifice 44
has an inside dianeter in the range of about 12 to 10 about 1000

m crons. is within the contenpl at ed. scope of the present

| nvent i on tR@énﬁﬁcf]ﬁ tﬂé’tzfﬂee Rf‘%ss‘iﬁ@ regulat @?ﬂe‘éd@ﬁé éé}%mﬁpﬁf E;bééifi@e 44. For

ease of stra owever one orifice
di scussed ipressurei of an inert gasfsucheah eltbm_;bmmthe arLlrﬂble 2@apphi re nozzle is

?Zﬁgefﬁiﬁ?eca” FreBrisible Foeran onthoap 40 wehin Bersnad Bradhay c° * " O

nozzl e can Sohnt iaAg at the
Caph@waa%dogn gfori.bh 240t Tha ﬁe%éeﬂ;'z is atta hdd ok

center of the en preferred odi nent , e nozzle 42 is
secure® to gdnerally the cadter f me emi cgp 4@r Tveanqiaie 42 giaﬂmemat hanst

The stimulation, o[ mean rio di.st.yr bance to
The Tow vi cnsspribee 4k, In Aprerari Sibadiment, R aifes aghanal k. e
stinmulatio t Iectrlc
crystals s Emete E{)zﬁﬁ?iggs‘?f 8Bout 1200PEbSAC1000IRitoRs. Mt 1PWATAR ©

cruci bl e the cattemplated spopecot the rmelsedt 'rrmemlonrthapmenelzaleMZ caet ack 52
contains at, | east 5 | ezoel e trﬂ’% CF%% 33 h I D and
54E. The bo'?ﬁ"cﬁ@PB%F Qg gfivey 6338 rafion °‘§2E9%r9£‘ Yn?Eﬁanl cally
conneqipd 1 grifies Wl b@eisctlssed i gt In Inapreféﬂﬂglé?ﬁ irferitaadaphirko 2 hi gh
si nusoi dal voltage source he top piezoelectric cry 54A

serves as anorre isrused whicheserobe oiﬁaeatmedyoattaobed argehe)end Icepr#ﬁ usmgsensor

54A di cat |.jtude of .t t | at 35
act uat or moAROSEMBRGPILIA EAAERC AR ALheh P REOgImSRts, AFFiafIRG rod, i s

attached t ondivfe BOA bHRMSN. tﬂfé Rbffﬂé’&tz@m‘s into a tap%%ed?nﬁngtdtrfﬁé {bhgdt Of the
pi ezostack 52 is transferred he material 28 by the extender neans
56b. of the end cap 40. Ina preferred embodlment the nozzle 42 is secured
15 to the end cap 40 using, for example, a jam nut 46.
The stimulation actuator means 50 provides a periodic disturbance
to the low viscosity liquid material 28. In the embodiment shown, the
stimulation actuator means 50 comprises a stack 52 of piezoelectric
crystals 54 operatively connected to the top portion 22 of the crucible
20 20. In a preferred embodiment, the piezoelectric stack 52 contains at
least 5 piezoelectric crystals 54A, 54B, 54C, 54D and 54E. The bottom
four crystals 54B, 54C, 54D and 54D are mechanically connected in
serial and electrically conducted in parallel to a high sinusoidal voltage
source 56. The top piezoelectric crystal 54A serves as a motion sensor.
25 The output voltage of the motion sensor 54A provides an indication of
the amplitude of the stimulation actuator means 50. An extender means
56, such as a stirring rod, is attached to the bottom of the piezostack 52.
The stimulation of the piezostack 52 is transferred to the material 28 by

the extender means 56.

eet Has Been Replaced

i [P0
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.15 WO 9903626 |t js also within the contenplated scopeP@FUHEIHesent

i nvention that the simulation actuator neans 50 can conprise a
monolithic - ~multilayered piezoactuator (not shown) containing, for
exanple, 25 to 30 and, in certdin preferred enbodi nents 29 | ayers, of
pi ezoel ectric ceramc 5 cofired together having the dinensions of
approximately 5 mllineters by 5 mlillimeters by 5 mllimeters and

bei ng capabl e of over 3 microns of - expansi on. In an

al ternative enbiidsraied within thiei coftefriptatedosdope ohtre pedseift inventioman be
provi ded by using a piezoelectric ceramc¢_material as a nozzle 10
materi al. thay §oeosigulation tagtuater aneans |80 £aN CMRSe 1 ’ﬁ@ﬁ'?l'@“%aum ng

a periodic i ments
t he pressupgllﬁggjr)%?ér%zhé%{%?gpﬁ ﬁudeg contammaq féﬂ%%%nhg operatively
connect ed tAd} ivrcdrediniprefdraat @mbotlirhbsts 29 layees, luﬂdiéméﬂ@etrfumh\idn i nl et

61. The vacuum unp 60 keeps the crucible 15 20 at a ne ative gressure
prior Bo tBefif mqtbﬁr mvmaéhgﬁnf@eegwnwéapproxm?ég%/th’»m; IaigsPY prevents

the materi §frrﬁlﬁ eé%{'?e zcﬁi‘?xl\lﬂt?néﬂ'ig%% Egﬁgzcapablé"%zd\f‘er@ rﬁ{?r‘%s %

oper ation gener ation neans rrng operation
of the sphexpahsiom. ng apparatus 10, an applied constant pressure from
the pressure regulator means 30 forces the 20 material 28 out of the

nozzl e 42 and |gm@ntaﬂ@ermwwmmqummertamténulatlon toothedmatedal 2@

70" of mat b be RRGvERNCRY it o PisRBeReti Rt bbb Che 4 no28” T one”
50 cagges an@PRriaRdIACsitiusbiddd 3oM@geAs Idikctly fRille@on BHE rid2zld 8ausing
phenonena of the Rayleigh |nstab| lity effect, the stream 70 breaks up 25

i nt o uni f orenpgriedigalistambanes irothe pozdgced spher es 72. A
i ot ance. bet weerlnERERIR BTG EDG: Uik BEFSSFLE [SiRio B8y S 300 ues
o ment L el B e oo 2 R i g
voltage is mpp’lbleaﬂOttbrauml aminlet 6Y. Thetvacudtn pumm &0 keepatiee smcn!mle
19 20 at a negative pressure prior to the formation of the spheres. The
negative pressure prevents the material 28 from escaping through the
nozzle 42 prior to operation of the sphere generation means 12.

During operation of the sphere forming apparatus 10, an applied

constant pressure from the pressure regulator means 30 forces the
20 material 28 out of the nozzle 42 and into the controlled temperature

solidification environment 14. The material 28 forms a steady laminar jet

or stream 70 of material. The stimulation from the stimulation actuator

means 50 causes a periodic disturbance to the stream 70. Due to the

phenomena of the Rayleigh instability effect, the stream 70 breaks up
25 into uniformly sized and uniformly spaced spheres 72.

A charging system 80 is attached to the crucible end cap 40. The
distance between the charging system 80 and the end cap 40 can be
adjusted depending on the desired operating parameters. In a preferred
embodiment the charging system 80 can be an aluminum material. A

30 high voltage is applied to the charging system 80 from a voltage source



16 82. The stream 70 breaks into droplets 72 whil e passing through
.an HRWBE084 in the charging system 80. The char gi nECIMUSOYMEY

i nparts a charge on the stream 70. As the spheres 72 form the sphefes
72 retain the charge. The char?e in the spheres 72 exerts a force
between 5 adjacent spheres 72 and %revents t he spheres 72 from nerging.
The charged spheres 72 pass through the encl osed controll ed )
tenperature solidification environnment 14 which, in the enbodi nent

shown, conprises a first or gaseous environnment 102 and a second or

| i qui d envBRonFhetstiedn D breaks intbndropéetsndd divhibe passimgnthrobighearc| osed

control |l ed tenperature .solidifigatigon environment 14 i ncludes an
upper chanBRENH@ &LH‘ the gherging SVSte@hgﬁbe h?LSB?'g"I‘Qn System BN MRS nents t he

upper chanfel,.90 i ' ' i ' t r e | ower
chanber 10 (IEhsa?Be on tﬁ%isﬁ{%waﬁt@ggngh{%%ma tirt@.Ee eaglgris? and

second t enpetaitt theehdige. Tieé charge inctiiecspiieres 7@ extiresd fordebetwéen encl osed
controlled tenperature solidification environment 14. In an

enbodi frent adigsest sphegmérand prevenseithe spbersd7 &rfeomammerginga tin/ | ead

alloy, it is desire I.r e | Lt chanber
90 ranges from 2"6\ ugh%@%@\ EB ﬁe;est Z%I%arsast B'P’té’%gﬁ é'ﬁ%&f’ &d&gfje%g&f@?ﬁ] certain
enbodi ment seperdtufé &olibificatitn endPonmieRt BEGARIRK, aRPHiebribddimehbe | ower
chanmber 100 ranges from about -110 to about -170[err]C

The spher e shomen, zaroprisemaSirs or gageous envirasmeattd2 apda second othanber 90

by a support bar 92. The r chanber 90 is sealingly engaged to the
| ower char‘rt'f@f’"ﬁﬁﬁ‘."r%@eﬂba%%chanber 90 is in 25 comuni cation with the

| over jghanber 14 tAddmbBadiméieshERAT tﬁ@%‘ﬁélﬁsed contr8fed®REmipeatupyer

chamber 100 define the first or gaseous encl osed environment 102. The
upper chaniseliddicatian entvitosementohd inmudéessan apper chambier 89 and adeweparent. I n

2 Prel T el GBI SRR oA sheaperSL BN H 13 11
24 inches. figinksiHad 8PSt Rimpedt&® Hhd the lower chamber 100 is
maintained at a second temperature. The first and second temperatures
15 define a temperature gradient within the enclosed controlled temperature
solidification environment 14. In an embodiment where the spheres
being formed are made of a tin/lead alloy, it is desired that the first
temperature in the upper chamber 90 ranges from about room
temperature to about -20°C (in certain embodiments about 0°C) while
20 the second temperature in the lower chamber 100 ranges from about
-110° to about -170°C.,

The sphere generation means 12 is mounted inside the upper
chamber 90 by a support bar 92. The upper chamber 90 is sealingly
engaged to the lower chamber 100. The upper chamber 90 is in

25 communication with the lower chamber 100 such that the upperchamber
90 and the lower chamber 100 define the first or gaseous enclosed
environment 102. The upper chamber 90 has at least one portion 94
which is transparent. In a preferred embodiment, the upper chamber 90
comprises an acrylic material having, for example, the dimension of

30 approximately 12 x 12 x 24 inches. A visual observation system 98 is



17" | ocat ed adj acent to the transparent portion 94 of the upper
.chanber %0099/03626 The vi sual observation system 98 nonit orgcr/ibsosfiesssat i on

of the spheres 72 and neasures the size of the spheres as the spheres
pass the visual observation system98. 5 The | ower chanber
100 has at |east one wall 104 and apottom portion 106. In certain
enbodi nents, the | ower chanber 100 is preferably made of a CPVC tube
material and has preferably a 14 inch interior diameter. The | ower
chanmber 100 includes a deflection neans. 1 10. In the enbodi mrent shown

the def| ecfd'{.‘%ge&;ﬁgﬂ%f“@o 'tl‘?&tI %Baiéﬂi p@tlon@i{)ﬁ‘ﬂ*é pé’tl dinbddgoand 114.

The pl ates 4 each have repel i1 ng or charging surface 1
12' and 1 The visus pbservation sWétendSStmonmors the fobmiatiearoftthe sphesieent pl at es

112 and 11 def nes an openin 18 . t hr qugh ich the, chat e spheres
72 pass. THé 2t F?J"tﬁsi“ﬁﬁs epggé}]ft?\ﬁgspheres a§JHgasQ£‘grqﬁQas%mP Yfgr' are
pref er abl yogggﬁ,aqfonaﬂygtﬁﬁLg gconductive 15 mat eri al such as copper,

or t

al um num steel e and have a | ength, in certain
enbodi ent s, fr Jimedbweer diEginber 100 hasi80leaist loneewalis104rked a bottompeni ng 1

18 bet th 112 d 4' [ ] bout 1 . t
L et e R L0 chaar Sbodariso JRRCTGeY Fieet G00 is 10
embodi m%‘ntﬁ, efe?ﬁﬁ?or#'ﬁfigtdisa @W@'&ésf@ﬁ@&r@t anaerwsfé?&raw d ¢ashchn 20

part, on the type OW VI scosi t iquid material, the size of the spheres
bei ng geneirtiecidy diametarhelhe fawat chgmb@r aa0 moiludessatdﬁﬂacm’barmsams

d d, h h def Li 10 hj gh
vgls'f gge |sq§&;prrbﬂ‘ %’F’g@?"%‘ﬁég ?Wb%?df?fléglr?k‘o%e%gqs‘&lﬂ hffgsté'gg sour ce
116. e h'o@hleﬁﬂbha(ﬂﬁt&em?ﬁaérﬂf 13, elrpat plated '1q|2damt1"ﬂ?@abh%£}eabes 112 25

and 114. Since the spheres 72 are charged, the electric field either
attracts orepefingershangingsusfane 792’ and 1de) eeﬂne@ﬁlvelmaheéhsﬂanpae

o goer  spndpaeissd b aliteth BREFT S Al 1% YRS an A IRICER ( ne”

deflectiont Wwhich/ghe eharged thefrébeirzeﬁaﬁ eTHeteat8Ag dra¥péNiag t he 30
center axis of the deflection neans
surfaces 112’ and 114’ are preferably made of a highly conductive
15 material such as copper, aluminum, steel or the like and have a length,
in certain embodiments, from about 150 to about 400 millimeters. The
opening 118 between the surfaces 112’ and 114’ is generally. about 10
to about 40 millimeters. It is to be understood that in other
embodiments, these lengths and distances are dependent, at least in
20 part, on the type of low viscosity liquid material, the size of the spheres
being generated, and other operating parameters. As the spheres 72
descend, the spheres pass through the deflection means 110. A high
voltage is applied across the deflection means 110 from a voltage source
116. The high voltage generates an electric field between the plates 112
25 and 114. Since the spheres 72 are charged, the electric field either
attracts or deflects the spheres 72. The deflection distance of the
spheres is a function of the charge, size and speed of the spheres. The
bigger spheres 72 descend in a path close to a center axis through the
deflection means 110 while smaller spheres are deflected away from the

30 center axis of the deflection means 110.



18% The bottom portion 106 of the | ower chanber 100 contains

-t he WO 9903626 envi ronnment 122. I n preferred enbodi nent gctrhsotyofss®m
portion 106 includes a funnel 124 nade of a stainless steel 'material.
A cryogenic valve 126 is |located at a bottom portion 128 of the
funnel 5 124. By opening the val v the spheres 72 in the funnel 124 can
be collected and retrieved. The | ower chanber 100
includes a first or upper heat transfer medi uminl et supply neans 130
which is |located at an upper portion 132 of the | ower chanber 100.
The inlet suppl yhBafteorh3breiofPt 08 ¥ theNowerharib&f $00bRGEAItHENT, a
copper tubing 134 which circunferentially ext ends adj acent the wall

104 of t heliquideendtenmhent 182, Imprefepedrembodimentsithg batomuBoriqN ural ity

or et orr e AMBonoIae o, JuFBRRA Haidl 8 btpiens seebl il AT 0,

around t he cpgiiiic vabidd 2636 lotated BeR bottodrd podtidio\t 28 of theffiunsiel heat
transfer medium 138 to be dispensed into the | ower chanbe 100. Since

the | ober dR4nb8y apening the vajnauthe spheresw/ 2Hnithe tusnel 124 candhnper 90,
t he heat -trgné(tlt%r éﬁ@ké’t’?‘e&éﬁ cool s both the upper chanber 90 and the
r 8 h empodr i

| ower chanbe 'ments where the heat transfer medi um 138

conpri ses |iqui Fhei lovegreohamber NGO inclades & firstdou mppee feat Gransfbe
tenperature in the gaseous encl osed environnent 102 bel ow about
-80[ err] C teediyaunietsppplyt meens 130 which is locatediai AruwpRAN RRIHONSh AN, t he

| ower cha # r e di um
suppl y magg)s ﬂllégg‘\"/\ﬁl} gﬁaﬁ@%r‘ioo. Eggﬁﬁggﬁga’&oﬂn ggﬁ%?%ﬁ?hpﬁﬁgg’s@a{gd apart
rel at fonshippefdrfed RendotifiRint 124 copper tubigf 4B8dehigh ciscdrnfdredtiaily h a
predeterm ned quantity of a second heat transfer nmedium 144. It

shoul d be @xgends adigcentithe nealt 1P4rofie lovverghamber 1Q0at The soPPEr nedi a
2 quet 1 edogie T4 Res 2 mintHing BfoBRaigs e Rty exteRBiiiidolonif The” ©
supply of tthsir?ewsnd IRepprdferediehbogitant theloptaiihge 1 380are gataratlyor liquid
environnent 122. The controlled tenperature
19 evenly spaced around the copper tubing 134. The openings 136 allow
15 a first heat transfer medium 138 to be dispensed into the lower chamber
100. Since the lower chamber 100 is in communication with the upper
chamber 90, the heat transfer medium 138 cools both the upper chamber
90 and the lower chamber 100. In embodiments where the heat transfer
medium 138 comprises liquid nitrogen, the heat transfer medium keeps
20 the temperature in the gaseous enclosed environment 102 below about
-80°C to about -170°C.
in the embodiment shown, the lower chamber 100 also has a
second or lower heat transfer medium supply means 140 which is
positioned adjacent, but in a spaced apart relationship, to the funnel 124.
25 The funnel 124 is filled with a predetermined quantity of a second heat
transfer medium 144. It should be understood that the first and second
heat transfer media can be the same material, or can be different
materials, for example a liquefied gas such as nitrogen and/or a liquid
halo-carbon. The supply of the second heat transfer medium 144 defines

30 second or liquid environment 122. The controlled temperature



O|Id|flcatI0n envi ronment 14, which, .in the enbodi nent shown
tconprlse¥“fﬂ@”6§%eous envi ronnent 102 and the |iquid envi ESTARSIBIL5ES

all ows the épheres 72 to solidify before contacting the bottom 128 of the
funnel 124. The. heat of fusion is rﬁpnved i n the gaseous environnent 5

102. The specific heat is renoved i t he l'iquid environnment 122. The

i quid environnment 122 in the funnel 124 cushions the spheres 72 before

t he spheres 72 contact the funnel 124. In the enbodi nent shown,
a first thernocouple 150 nonitors the - tenperatures of the upper
chanber 9Gsdlidificatioac anvitanment ol ewhieh, 1in  theprenabediment tshoyet.at ures of

e ) SRSk 95l AN RER S S o QR T2 20,

tenper at UrQgyws thé §pﬁ&e§qmlﬁ%bfowwﬂﬂctmbftﬁb bottom 18l tHenal
t her nocoupl es can be used to nonitor the tenperature gradient in the

encl osed chumnebi2dd Tlaeqbweaatomfus@m isdemayvedi iorthergaseoussnvingments .

Bef or e_ ope [ of th h ener at.i g an t he s

contr & I ol Gempiaseraficdiantiie raROvEH B heTGHIB ATV ERNDRIG bl e 20
are purge i's
posi {1 onod Guid riEhihHl) 22 thetfhnel § 2 EUIARIRANLS ﬁ"‘%’%‘%?é‘{%f&%

t hr oughout tHehsplogres a2 contﬁcttme fumnebn@4si ze sphere form ng apparatus

10. Arelief valve nmeans 162 extends from t he enclpgéeg controlled

tenperature sol Inuthe embpgiment, showreAfirsuthesmacow OfBenitars Meessur e

and anount r fer o) I

solidifi Ca{e‘?ﬁg&%ﬂ{.}qe}so eequﬂfr%n\b@r é'Jj%ln(relj %%é‘?%‘lﬁ‘f%é’%ﬁ&;@'?f’?’é‘e 44 in

t he npazl enfbhitors dhe HiRPerdtlifesidfahe lower BR&MbRE 1060 dotHehe Gasabwy system
80. The charging system 80 applies a charge to the stream of materi al

70. As eactnyippmeny 102 andrthedliguid environmpestidL2 rematmet qreterred’0, each
Zggg;ﬁdTZt %ﬁﬁ%}g@@g %@O{]ﬁéqéﬂures Itis 19 Bt gnderA%o , gvr\]r%(zgre,qhap heres 72
20 additional thermocouples can be used to monitor the temperature
gradientin the enclosed controlled temperature solidification environment
15 14.
Before operation of the sphere generation means 12, the enclosed
controlled temperature solidification environment 14 and the crucible 20
are purged with a dry and inert gas. An oxygen content monitor 160 is
positioned within the chamber 100 to monitor the oxygen content
20 throughout the operation of the uniform size sphere forming apparatus
10. A relief valve means 162 extends from the enclosed controlled
temperature solidification environment 14 to provide a desired pressure
and amount of heat transfer medium in the controlled temperature
solidification environment 14,
25 In operation, the orifice 44 in the nozzle 42 is aligned with the
opening 84 in the charging system 80. The charging system 80 applies
a charge to the stream of material 70. As each sphere 72 is formed and
breaks from the stream 70, each sphere 72 retains a portion of the
charge. As the charged spheres 72 descend, the spheres pass through



or adjacent the charging plates 112 and 114 of the deflection nmeans 1

«10. wo 99/03628\hen t he charging or repelling surfaces 1 gfusesdisssld’ are
hel d at a predeterm ned desired voltage, the electrical field -
generated in the 5 opening 118 provides a further charge to the spheres
72. The spheres 72 remain a p2@determ ned di stance from each ot her
and fromthe charging or repelling surfaces 112' and 114'. This
repelling force is generally shown by the arrows in Fig. 2. As each
sphere 72 descends, the | eadi ng sphere i.s repelled, not only from
succeedi ng, &ht | P t he
char gi ng su? tf'f anrgﬁ% ﬂldt,ésai‘ﬁ.’?an@ g?}ée& E)rié;\%ﬂtaretr'gh ?ﬁéaﬁ’.{

char ged spthes from merging with each ot her is to be

under stood that Vvarious suitable materials can endi ng
upon the end us¥VBRIH |%56?%"%@'!?@‘2’&@@@"?%182 Paﬁgﬂﬁ ofg he?&ﬁg act ual
charge on th EQ%Q@ met al
usedg but rgl Ereﬁ%éﬁﬁrdgﬁeﬁgﬁﬁf%ﬂ%gspﬁfe\?gs]édtrf& ltf%% 5%%‘" in the bet ween
the chbrgi opepireg @3 8lpro¥idesds iuﬁneaouartgeetosmeesmréﬁ 72. ATdnleas;gmres on

the sphere_72 in {he order of 10 er,r cou usef ver, it
is to be uddefeMaHY & Riedetermin acey 051 ch]sgélﬂ é;ﬁ’ﬂ e 20

char ges de [ S ; The
char ged spRard “9?"2@?*%’%.‘*?@*3’5‘%?%8‘%? and Eree] ﬁ'ﬂ‘aﬁgﬁi‘t@’rag force I8 seous
envi r onmentgeh@ralbnshawa wothe atreins maFigd2{ | Asl eaehmpheceM2adeéscends, with the

! ) - f
2 okin por theieaing sANers Bisaplid. ok ralx?rrq;%Eﬁicéﬁ%%ssg%ré%kztz@u spheres.
/2 degpend zé‘%%os%{iegbﬁyﬁoﬁuhﬁneséﬁb& B?rthé%a@%[gt%.ir?ﬁéfg ‘l'g‘ bhd!

nol ten portron 1 I Sappears prior to cont ere 7 wrththe

funnel 124 1thereby preventlnd the SnkbOcﬁn-:rgédrsﬂmeﬁﬁmsmdinbhﬂﬁtﬂ eacsphere
form ng appar atus 10 of the present invention is operatively
connect ed tBh8f-data 30 acqui sition/control system 180 to collect and

measure data ands [Oro be understood that various suitable materials can be usett:
depending upon the end use application of the spheres to be formed.
15 The actual charge on the sphere is 2 function, not only of the type of
metal used, but also the diameter of the spheres, and the voltage
between the charging plates 112 and 114 and the spheres 72.. A charge
on the sphere 72 in the order of 10”7 coulmb-gram is useful; however, it
is to be understood that other charges are also useful and that the
20 charges depend on the various parameters discussed above.

The charged spheres 72 solidify during the descent through the
gaseous environment 102 and are completely solidified before contact
with the liquid environment 122, As seen in Fig. 2, the spheres 72 first
form a skin portion 172 which shields a molten portion 174. As the

25 spheres 72 descend and solidify, the skin portion 172 thickens until the
molten portion 174 disappears prior to contact of the sphere 72 with the
funnel 124.

Itis to be further understood that the sphere forming apparatus 10

of the present invention is operatively connected to a data

30 acquisition/contro! system 180 to collect and measure data and to



control the sphere form ng apparatus. The data acqui sition/control

« syst em 1890 898¥%26easures the vol tage out put of the ther noRGEUSIS/12588
pressufe transducers. The data acquisition/control system 180 is al so
operativel y- connected to the visual observation system98 to provide the 5
capabi lity of actively controlling2he formation of the spheres. During
operation of the apparatus 10, the size and shape of the spheres being
generated are neasured. The data acquisition/control system 180 varies
the crucible pressure and frequency generated by the stinulation actuator
nmeans 50 sgoffial thBespidiar forflidg @pphratine The d#dt asguisitiorydensobi ned 10
desired di aneter. It is to be understood that only the
preferred system iBRralsemeasyres the volﬁmpumumh@eu@@msguple@eaﬂtbnd t he
numer ous substit

perm ssi bl B’%sf’ﬁ%tfarﬁgb'&ﬂﬁ na. hPr tqc{%{d gﬂan%tﬁl sﬁéﬁ%"sgggég@ﬁsq he

i nvention éﬁeﬁ&fve'l\?dohﬁeétbﬂ tBQhéWU%ﬂJoBkéNﬁlonjé/stem 98 to provide the
22 A nmethod for formng uniform sized and

shaped5 capalphtaf 95 activev gon’gothng theefymation of the sphepesvildlining a suppl y

ofalowws it ui ial. (2 i bl.e

appl yi ng a® Fﬁﬁ‘[oé%/ﬂt ﬁ%asearcﬂtgf ﬁgh 'f% ?ﬁésqag% of the "?R'&f&gqﬁ/‘% qui d
material i Pehbﬁatéa eé Medsured. The data AGqikiive/Somr5/étémt T8G Darikow
viscosity [iquid material, the pressure forcing the material through

at | theerusile pressure apd flequencigeneratesiby the siimulatiap actuator | ani nar

cont ol | ed MG eh oL B fielirind Rioe aro kepFREABHRAANREY crci osea

cont r pbl ed deeired 'drdmeterl 5 solidification environnment containing at |east
one

it is to be understood that only the preferred embodiments of the
invention have been described and the numerous substitutions,
modifications and alternations are permissible without departing from the
spirit and scope of the invention as defined in the following claims.

15



heat transfer nmedium (102). applying a charge to the stream (70)
«of mater WQ99/03626 as the streamexits the orifice and br eRRI/USPS/1158D a
plurality of spheres (72). 20 Passi ng the charged spheres 't hrough
an electric- field to deflect the spheres, and all owi ng the
spheres to pass through the heat 22 transfer nedium (102) in the

encl osed controll ed tenperature solidification environnment to cool "
and 25 solidify the spheres. 2. The nmethod of claim 1 in which
t he heat transfer medi um fornms a heat gradi ent- wirt hi Tr “the encl osed

controll ed tenperature solidification environnment 30
The nmethod of claim1l, in which the enclosed This %%erature
solidification environnment includes a first H i ronment
(102) through 35 which the charged spheres are rst or
gaseous environnent containing a first heat transfer

- 23 - WE CLM' um (138) which conprises a spray of cooling fluid,
| i quefied gas or hal o-carbon which evaporates in the encl osed

contrdi | ed tenpérat uAeme@hd)dilfDr darming uniformesized andeshapedi spheEs absor bs
the heat of fusipn from t he spheres. 4. The nethod of claim

3, in whi cFOMRES E‘r%'fr&ﬁ‘i?ps of:

providing a supply of a low viscosity liquid material in a
crucible,
applying a minute periodic disturbance to the low viscosity
10 liquid material in the crucible,
applying a pressure to the low viscosity liquid material, the
pressure forcing the material through at least one orifice in the crucible
as a steady laminar stream, the stream of the material exiting into an
enclosed controlled temperature solidification environment, the enclosed
15 controlled temperature solidification environment containing at least one
heat transfer medium,
applying a charge to the stream of material as the stream
exits the orifice and breaks up into a plurality of spheres,
passing the charged spheres through an electric field to
20 deflect the spheres, and
allowing the spheres to pass through the heat transfer
medium in the enclosed controlled temperature solidification environment
to cool and solidify the spheres.

25 2. The method of claim 1 in which the heat transfer medium
forms a heat gradient within the enclosed controlled temperature

solidification environment.

3. The method of claim 1, in which the enclosed controlled

30 temperature solidification environment includes a first or gaseous
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coﬁtrolled tenperature solidification environnent i ncl udes a second
~or |iqui V@AYPISHhment (122) through 10  which the spher esPGREWS{IRFBUgh,
the second or liquid envi ronnment cont ai ni ng a 'second heat transfer

medi um * which conprises a suppl of I |qlﬂg s hal o-
car bon. 15 5. The net hod of @ 8 es pass
t hrough the second or liquid envi ronrrent to u speci fic heat

fromthe spheres and to cushion the e spheres
contact a bottom (128) of t he encl osed control | ed tenperature

sol i di fi cag¢nviroritfient throughrwhich. the charged epheféseanemammfthemasmﬂ further
including the ste

. f N tori t he st t
| Tqui d ot GASeRUSEnYRRNEERE SRTRRIRG 3 ATSt DoRE eantier sedngr obEs
f t o
;Pag'r mat Iyogk?rﬂpﬁgggt r%@ﬁé’t@f caaﬂ'@? .uénﬁﬁgas&r @?gférﬁﬁ§oal n \/‘\ﬂfch t he

sol i di fi edevaporatesphier eﬂ'learenciosedecmdtriorlied fremperaturapesblidification( 124) 30

of t he_encl osed controlle eratu e sol I;Sﬁeff [ catﬁ envi ronnent .
The neRYERPBENE PAPW '° $H &H Fh*keaé usionirom the spheres. 5net er
rangl ng from12 to 1000 m crons. 35 . The nethod of claim1, in

whi ch the spheres pass t hrough the enclosed controll ed tenperature
4, The method of claim 3, in which the enclosed controlled

temperature solidification environment includes a second or liquid
environment through which the spheres pass through, the second or
10 liquid environment containing a second heat transfer medium which

comprises a supply of liquefied gas or halo-carbon.

5. The method of claim 4, in which the spheres pass through
the second or liquid environment to absorb the specific heat from the
15 spheres and to cushion the spheres before the spheres contact a bottom

of the enclosed controlled temperature solidification environment.

6. The method of claim 1, further including the step of visually

monitoring the stream of low viscosity liquid material as the stream

20 breaks into spheres to provide information on the diameter and shape of
the spheres and the stability of the stream.

7. The method of claim 1, in which the solidified spheres are
collected in a funnel-shaped bottom of the enclosed controlled
25 temperature solidification environment.

8. The method of claim 1, in which the spheres have a
diameter ranging from about 12 to about 1000 microns.
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. 24 - solidification environment for .5 to 1.5 seconds prior

-t 0 cont asyo bgozs2dot t om of the encl osed contr ol I ed t PFAATIE/IS8s
solidification environnent. 5 10. The nethod of claim 1, in which-
t he encl osed | ow tenperature soli dlﬂlmg&ﬁgg@&v rRLgent is at a
tenperature of less than O[err]C. 24 of claim4, in
whi ch a di stance 10 defi ned between a po @ﬁ e stream breaks-
into the spheres and a point at which the ont act the second

or liquid environment is varied to : Iengthen or shorten the tinme in

which the sphergs — The rﬁ@iﬁdgf b¥clali 1, in whith th‘é%ﬂ@?&@?ﬁs@fthfﬂ w@hn 1, in

whi ch the mnute periodic disturbance Is applied Othe|OWVISCOSIty
| i qui d nat the enclbged cpntrolied dempecatace salidificaton enviradmentf@r abdbe net hod

(52) of " 1o p0bsc] 5 Breends pubLis Srsiariad snbatibapopaherairced ° % o
the cr uci bbgntrollgd tempbAaturd BBIARICARBNYnvilchicibk, | N whi ch the i nut e

periodi ¢ disturbance I's app | ow vi scosity liquid materi al
by an Bl ectrorrechanl cal transducer rmunt ed on a top portion of the

cruci bl e. The nmethod of .cl n whjch t
periodic di st ur Bgnce . é‘bﬁ[ﬁ%(gd ‘&n FI?'%‘ zi" ewfhrlu%n enc OS%fP%PX‘éd aspect
ratio defi '?érﬂﬁe?éiﬁré)‘sbﬁd!i@i%ation environment is at a temperature of less than

about 0°C.

10 11. The method of claim 4, in which a distance defined between
a point at which the stream breaks into the spheres and a point at which
the spheres contact the second or liquid environment is varied to

lengthen or shorten the time in which the spheres solidify.

15 12. The method of claim 1, in which the minute periodic
disturbance is applied to the low viscosity liquid material by a
piezoelectric actuator.

13. The method of claim 12, in which the piezoelectric
20 transducer comprises a stack of piezoelectric crystals mounted on a top

portion of the crucible.

14. The method of claim 1, in which the minute periodic
disturbance is applied to the low viscosity liquid material by an
25 electromechanical transducer mounted on a top portion of the crucible.

15. The method of claim 1, in which the minute periodic
disturbance is applied with a nozzle that has a fixed aspect ratio defining
the orifice.
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16. 'The met hod of claim1, in which a substantially 35 constant positive

pressure WO WNI26ed to the | ow viscosity |iquid mater PRT/YS98ALHES8e t he
| ow vi‘scosity liquid material out-ihrough the-orifice in a steady
- 25 - - lamnar stream 17. The rrethod of claim1, in which

the two surfaces to deflect the descendin 18. An
apparatus for formng uniformy sized and shaped spher es conpri sing:

a crucible (20) f@r cpmé ahdthod &f skirAl 7, Wf\hﬂ\lélﬁ)\ﬁ substanﬁbﬁf%ntsiaﬁﬂ qui d
material (28), a stinulation neans for app a mnute
peri odic d|msmwmessmetm@plpbad\msmeslpwwscqaltu |II£§"d nmeaar oKCe he

cruci bl e, S nean for I a
pressure tc}hﬁhp"f’o‘ﬁlse?%‘gbgiWI Ttﬁg'(ﬁ’ r?é{eF'T’Qng‘o{*}eoPé'é'c s ﬁ?@(ayow
viscosity ligfiihdr sBbsm. al through at | east one - orifice in the

cruci ble as a steady | am nar stream 20 (70), the stream breaking up into
aplurdity substantially uniformy sized spheres (72) upon

exiting the orifjge, charg'n 0) a ing a charge
to t he st riegm oTh"I’ o'\'/'\')em%q:(f’gi ?l?'mi ZU iy WE{CZ} (tg? %\esf? lapo"gﬁx r%’st ream

exits the ogdrpfiSestoypaiialy ¢Bphritedistffaces wherein the electrical field is
generated between the two surfaces to deflect the descending spheres.

the deflection means (110) co@®ri s'@&? C9‘1separ ated surfaces
5 (C112', 114') wherein the electrical I at ed bet ween

10 18. Spheres having substantially uniform sizes and shapes

formed using the method of claim 1.

19. The spheres of claim 18, wherein diameters through any
section of each sphere vary less than about 1.0%.
15
20. The spheres of claim 19, wherein the diameter of each

sphere is greater than about 500 microns.

21. An apparatus for forming uniformly sized and shaped

20 spheres comprising:

a crucible for containing a supply of a low viscosity liquid
material,

a stimulation means for applying a minute periodic
disturbance to the low viscosity liquid material in the crucible,

25 a pressure regulator means for applying a pressure to the
low viscosity liquid material to force the low viscosity liquid material
through at least one orifice in the crucible as a steady laminar stream, the
stream breaking up into a plurality substantially uniformly sized spheres

upon exiting the orifice,
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sphe a deflection neans (110) for deflecting the
.charged SWAEP/AIS26 5 the charged spheres-pass_through an PCT/U$8A1I88c fiel d
generated by the deflection nmeans, and 30 an eénclosed controlled

tenperature-solidification envi roﬂ‘lm‘es&eet(m,@ee i h defines a first or

gaseous envi ronnent (102) and@nhi c %ast one heat )
transfer nmediumthe encl osed controll ed ﬂ{ solidification
receiving the streamof |ow viscosity 35 rial and spheres,

the heat transfer nmedium in the first or gaseous environnent absorbs
t he heat of fusiohargingarheags fuordapplyingardtiaxgée Yo sied Ettebiri oidotne

- 26 - spher es. 19. The apparatus, of c|laim 18, wherein the
heat viscosiy dquidmatesialasthestrram eyits dhe erifige@mdbreaks Up intenc osed
control |l ed #, nB§ ture solidification . environnent. 20. The
appar at us e SPap 518, wherein the enclosed ° .. controlled tenperature

solidification envirayaRictibh meansidritRiflectifl¥he eharderispieres ak ki d
envi ronment (122 whi ch absorbs the specific heat of the spheres and
cushi obs twbasgmzsrwqges op@ss Hbreuglerar eleptrictfield generadedt by thes) of the

encl osed Cﬁ@#' J ed tquerﬁgure solidification environnent. 15
21. The ap &€ Q dgpegn 0, wherein the second or liquid

envi ronnent contains g sugtliysed acsReBNed heddmperature  solidification
environment which defines a firét or gaseous environment and which

contains at least one heat transfer medium, the enclosed controlled

10 temperature solidification receiving the stream of low viscosity liquid
material and the spheres, the heat transfer medium in the first or gaseous

environment absorbs the heat of fusion, cooling and substantially

solidifying the spheres.

15 22. The apparatus of claim 21, wherein the heat transfer
medium forms a heat gradient with the enclosed controlled temperature
solidification environment.

23. The apparatus of claim 21, wherein the enclosed controlied

20 temperature solidification environment further includes a second or liquid
environment which absorbs the specific heat of the spheres and cushions

the spheres before the spheres contact a bottom of the enclosed

controlled temperature solidification environment.
25 24. The apparatus of claim 23, wherein the second or liquid

environment contains a supply of a second heat transfer medium

comprising a liquefied gas or halo-carbon.
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transfer medium conprising a liquefied gas or halo- carbon. 20

22. The awwoesvasees of claim 18, further including an POTAISYSI 1588
system (98) to nonitor the stream of mat eri al as thé stream breaks
into the spheres to provide i nfor mahik SHaet@ds JggR et er and shape of
the 25 spher es. 23. The &gpar at wherein a bottom
of - t he encl osed controll ed terrperat lﬁﬁ ﬁfl on

envi ronnment conprises a funnel (124). 30 ppar at us of clai m
18, wherein the orifice (44) has a d| amster ranging from12 to 1000
m crons. 285, TREappiatas Hﬁc&fmci‘la'fmth%f indedivigharioBssivation 35
defined between the orifice and a bottomof the encl osed controlled

t enper at ur esvssmemdnof moaitosthe streane of imateriahas thagdeeam hireaks into thet er s.

coﬁt rol | ed qu}ﬁgg?tdq BF%V@gF’]%?’%‘%ﬁgF 0 Cthglrfﬁ]?'%%ﬁ%%ﬁﬁpet gﬁh%%g’lq%z%er ature

below O[err] C. 27. The apparatus of claim20, wherein a distance
bet ween a point at Whl ch the stream breaks into the spheres and a
poi nt & whi ch t%@. sphiee cappasatustoft glaim 21, whesaid & battpmdoénthier onnent
Is varied to en&;hen a

enclosed controlled temperature solidification environment comprises a

funnel.

27. The apparatus of claim 21, wherein the orifice has a
10 diameter ranging from about 12 to 1000 microns.

28, The apparatus of claim 21, wherein a distance defined
between the crucible orifice and a bottom of the enclosed controlled
temperature solidification environment ranges from about 1 to about 5

15 meters.

29. The apparatus of claim 21, wherein the enclosed controlled

temperature solidification environment has a temperature below

about 0°C.
20
30. The apparatus of claim 23, wherein a distance between a
point at which the stream breaks into the spheres and a point at which
the spheres contact the second or liquid environment is varied to
lengthen or shorten time in which the spheres solidify.
25

| 31. The apparatus of claim 21, wherein the stimulation means
comprises a piezoelectric actuator.
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shoften the tinme in which the spheres solidify. 10 28. The appar at us

of clai m o 99pagteci N t he stimul ati on neans .(50) corrp?,bzi- 9§,11588

pi ezoel ectric act uat or. 15 29. _.The.appar.atus--o0 :
wherein the . pi ezoel ectric act uat or conprises a stack (52) of

pi ezoel ectric crystals nounted on asl eeoHasm‘eextchlaced cruci bl e. 20
30. The apparatus of claim 18, V\/nerel n t | ati on neans -
conpri ses an el ectromechani cal tran 31. The apparat us
of claim 18, wherein the 25 stlrrulatlo I'ses a nozzle with a

fI'ih)éegppar at ugsgﬁg 1am€8$éé{g nﬁg f?%éac%i §ur Ij;'ereh'\e t?\leu§$ e(ge?mﬁl&ans (g(z))

suppl i es a @arabtovCoMbRSEs EesICk of pleEDElestiE chystals Biolinté¢dn gasp
33. The apparat us of claim 18, wherein the deflection means (110)

conprises tR®FtiOR0f ‘?9"%&rate surf aces - (112',114') and a vol tage
source (116) for supplying 35 an electrical force field bet ween the
sur f aces.

5 33. The apparatus of claim 21, wherein the stimulation means
comprises an electromechanical transducer.

34. The apparatus of claim 21, wherein the stimulation means
comprises a nozzle with a fixed aspect ratio defining the orifice in the
10 crucible.

35. The apparatus of claim 21, wherein the pressure regulator

means supplies a positive pressure comprising a dry and inert gas.

15 36. The apparatus of claim 21, wherein the deflection means
comprises two spatially separate surfaces and a voltage source for

supplying an electrical force field between the surfaces.

37. Spheres having substantially uniform sizes and shapes
20 formed using the apparatus of claim 21.

38. The spheres of claim 37, wherein diameters through any
section of each sphere vary less than about 1.0%.

25 39. The spheres of claim 38, wherein the diameter of each
sphere is greater than about 500 microns.
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