WD 2009/ 117735PCT/ US2009/ 037970 FORM NG OF METALLI C GLASS BY RAPI D
CAPACI TOR DI SCHARGE FI ELD OF THE | NVENTI ON [ 0001] Thi s i nvention

rel ates gewerzatsiy73® a novel nethod of form ng netal |l i calesern/nand
nore particularly to a process for formng nmetallic glass using rapid
capaci tor di scharge heati ng. BACKGROUND OF THE | NVENTIL ON

[ 0002] Anor phous materials are a new class of engineering materi al,

whi ch have a uni que conbi nation of high strength, elasticity,
corrosion resistance and processability fromthe nolten state.

Anor phous materials differ fromconventional crystalline alloys in

that their at-OmMMING Bﬁo'ﬂETéLl-'&cﬁbASﬁ@'t@bPHChCAPMT@BridéCUM@rEed

patterns of the atomi c structure of conventional crystalline alloys.
Anor ph i eneral ly processed and formed by cooling a
nol tenl_olgf“lDr@é ﬁé‘lér%%@rrgm?he nmelting tenperature of the cr yst al l'ine
phase [opn1} heTﬁEQh@ﬁbﬁﬂﬁ@l&e&%Ehér’é@l tts%n%@t WeRhod Bf %%HRH\? ll:@lg@é:'s%*
transition tenperature” of thé am)rphous phase at "sufficliently f '
cool i nand atas, patichlatlyato & peocass! eatfoonirgnohegaltontdlasyd usingopar ya;ﬁaitSr
is avoi ded. As such, the processing nethods for annrphous al | oys have
al waysd'lé@@f%tbﬁé%mmed with quantifying the "sufficiently fast cooling
rate", which is also referred to as "critical cooling rate", to

ensur eBABKEROUDID OF T NVEDITINuUs phase. [ 0003] The "cri ti cal cooli ng

rates” for_early anorphous materials were extrenely hi on the
or der 900 3b6067"§’é8h0%”’§u%1*ﬁ15@6?1\9é?ﬁw BYags ch:ﬁﬁﬂ'l“ﬁgr'ﬁ@ ggeb whighehaist 2

sui tabl e for ch hi oI | A ate speci aI stin rocesses.
such- a4t FoRBRhS SR b B P RS A e RS hes Sl ber Be BTy
the Crf}‘§ﬁﬁhb'rﬁéﬁérp§‘také nﬁﬁio?ﬁh&fs %Q@?%lse@l?f'eyfr%lrﬁ BYveRBLASYL crystalline alloys
substantially fast, extrenely short tinme.(o he order of r{O-,
seconds ihat Itbsu;)atbumc rseia,tctlmet taaks itbe tiypioat tchtg reoigeeordelrédpatvermes of the

required to bypass crystallization, and thus ear|ly anorphous all oys
wer e aﬁ’t@ﬁl!{ﬁ%ﬂ@félae Pﬁc%ﬂ"f@t'Pﬂalé%rY$téQ§19 Bfous dimaighore mebiridk arpeencrally

onl'y Vpro%eésrf]e'dnanfdof'orr%egrlla co ﬁl?é)a?ncglg) dgl'ioyofrom abovgtttg)enﬁ‘)e'ltmg temperature of

the crystalline phase (or the thermodynamic melting temperature} to below the "glass
transition temperature” of the amorphous phase at "sufficiently fast” cooling rates,
such that the nucleation and growth of alloy crystals is avoided. As such, the
processing methods for émorphous alloys have always been concerned with quantifying
the "sufficiently fast cooling rate"”, which is also referred to as "critical cooling rate”, to
ensure formation of the amorphous phase.

[0003}  The “critical cooling. rates" for early amorphous materials were extremely
high, on the order of 106¢°C/sec. As such, conventional casting processes were not
suitable for such high cooling rates, and spetial casting processes such as melt
spinning and planar flow casting were developed. Due to the crystallization kinetics of
those early alloys being substantially fast, extremely short time.[on the order of 10-
seconds or less} for heat extraction from the molten alloy were required to bypass
crystallization, and thus early amorphous alloys were also limited in size in at least one

dimension. For example, only very thin foils and ribbons (order of 25 microns in
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WO 2009/ 117735PCT/ US2009/ 037970 t hi ckness) were successfully produced

- using these conventional techniques. Because the critical cooling

rate requi womewiz7®dr t hese anor phous all oys severel y |RQWTS20090RT970
size of parts nade from anorphous alloys, the use of early anorphous
al l oys as bul k objects and articles was limted. [0004] Over the years
it was determ ned that the "critical cooling rate" depends strongly
on the chem cal conposition of anorphous alloys. Accordingly, a great
deal of research was focused on devel opi ng new all oy conpositions

wi th much lower critical cooling rates. Exanples of these alloys are
gi ven fhickoess) were suasessHllp @godired wing 8hessoconsemigiagsechrigies. Because
5,735,975, .each of which:is.inco rated herein by reference. The
2iror phOSCTHIGR oY BHE el EBMERI B BaTace et el sea e Sede cbt e the
are charact BLiger Y bkl bieAbhRoM

whi ch a??omg tée %rocegéing g% forﬁ@hgﬁ%?éagﬁﬁéﬁ%?gegagﬁﬁgﬂgﬁésgﬂggg
phase ghjp@etapdtanticleweyr=e liphiesd.ousl y achi evabl e. [00051 Wth the
availability of low "critical cooling rate" BMs, it has becone

possi bi080EL aPpery thonearst itoras determined phaic s éentical fcoptimpuple” depends
articles having an, anorphous phase, Over, the past ,several years, a
unber el A e BSMeRL FRPRG o oh P aEe TR B A G LTbly. RSt eRb gt o
undert f Qd L ' : [ i
For 1 HeseraaEh (el brf AN g RO o PR G, ML LT RS St
For exésnning.ratnUixaaiples ootheeé Alloss stecdivasindeEMRae Nos® R8s B84 a8,368,659;
di e-casti ng5 and injection casting into heated nolds are currently

bei ng LSS drabbi78at7d5c easte o ivdlicthis thwarkoratnd berghomemtesersoch ddiese
el ectroni c ,casi ngs faor standar nsumer el ectronic ices (e.q.,.

e B eR  sttars: Al orled SARY Mekafic Shiskaler she, Bhe pisotterize
medi ¢ i i a / S ﬂg@g .

even t osgﬁé%%n églrlﬁg%% @gﬁ&?ﬁ‘%ﬁ’%ﬁ?ﬂ@@%‘?ﬁ%ﬁ %g\rsstgﬁe reér(rgs(rﬁ?/g ta Bd

t he fupdamensfahudieidrgeendikesnaipheas phadd cakdtetharmwbiagrevidndly achievable.

particularly to the die;casting and permanent nold casting processes,
as di sl®G8Bkd Wy éhe tavailabilitve ok tlpwl "driisabsoahing rate 8M@s, bie has become

dd d. First and f t, there i d t ke t | k
o) ect 1l & PP PG oo og! RR0R (011812, DR oBiRpi g on

Cr it Al R e ey ot B2OBPEral ARl g e P PR bl

obj ect sigar®MdtalniTeehdlogiasf eve. ghawpsindértakémyarc @ffppisitd | daveldpasechrodrcil
very narrow sel ection of netals, including Zr-based alloys with

addi t i maguigcturing Michndegiesl foarthe Bodwdtiopdofoagteshamiel mgtallg pPartadabricaad
of N,, Cu, d P, which are nqt necessarily optimzed from ei,ther
engi nePTTBMGE- EBEETHOPLS aaTRst D8 68T PROS M PDRC ToRE apsld el die-
proceséés‘t‘i%gjta%hi’hﬁ’éc?@)ﬂ Ea%ﬂHpriﬁ{% ﬁe%é@%ol@@%re%r?@%ﬁ@“ﬁémg dEESHbGﬁEHcaItQ
ensure appropriate processing conditions are created. For exanple,
nMost  stpinRecial IRESwES: rad@uichmpanBhigh sueit Lakm ebécteait r eddigd ifverdtargrsd
environnment, induction nelting of material in a crucible, pouring of
net al tansgmeEetledireniv deviges (hae artdphenes ped haodhaldvitajhsadetiors) shiegase

i nt ti d caviti f t | ab t d nbly. Th
o, S8R e Bk P PPSSolBh 8- R e
f dol R , i
T R e R Y

prior @dficiecidy setigifationdabondgliang purtikuiselyitdithy idig cagigodal fetrh g
has ‘al ways been focused on cooling the nolten alloy from above the

t her nodphhrégingeprdcrgsase msediacuasedtaionel hare hee glilsisstesandiah beed to be
tenperature. This cooling has ejther been realized, usi a .

S ot T Bsetonbishaad TErRT Py (B 7 Giresr odmk hest B Pheeissromo?

exanpl (roaliE Pe!r!giecof%ﬂlogﬁo&%gﬁioﬂg. %BPQ%mp@E ﬁ?ésenﬂb’@%?a%rl'e Bmésy\pﬁﬁﬂ#ﬂé
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WO 2009/ 117735PCT/ US2009/ 037970 operation, the flow of the nolten
nmetal beconmes prone to Rayl eigh-Taylor instability. This flow
i nst abi | i tywoizgoochzasact eri zed by a hi gh Weber nunber, areCTigs2009/037970
associated with the break-up of the flow front causing the formation
of protruded seans and cells, which appear as cosnetic and structural
m cro-defects in cast parts. Also, there is a tendency to forma
shrinkage cavity or porosity along the centerline of the die-casting
nol d when unvitrified liquid is trapped inside a solid shell of
vitrified netal. [0007] Attenpts to renedy the probl ens associ at ed
Wi t h repicit gastoed dimenshensnapeblieadf malong drge éulihemeapiidustabjents sed tiinitgd
point to bel ow the 8Ja S transit.ion mer& nostly focused on utilizin
Y-

the kiWefil€WsBEHiPSi P COMERTEIANT 1567E T 198y AEEY iNSFTOMS Splectipr of metals,
. cal " _ q . .
super Cﬁ?[é@ﬁég{*?ﬂwag%d M%?%gﬁtg Qﬁloeft@fsgef Pl QROBEIAL Qﬁ:? hBeenér% ‘ﬁa—trt%%w zﬂg)ys

gl assy ock above | ass nsi ti oh where l'ass axe
to a VwREQURitsHResTNol € dddIW, dvhigPRKY indl rREeSHIE obardifdMrbRe either an
supercool ed |iquid, and subsequently cooling to below glass -
t r ansi ¢ngnegringooer cast pepspeativé.zi ng. These attractive net hods are

to those used to, process plastics. In

essentjally very siml

contra 06, iR ionn ey 4T e R PERE eaing] HCONAI0N thgkiras a gredt deal of
cryst j LO t eni : it f enel y_|

pe 1 odS ST ot Pridoc e al 1 Enefise PR RPea T Phisaeh ool Ll For
rapi di gxaensie, mebaxeshpitg tdrecdisas srdgudash thigh. vdcanrequesdntibliednmert gas
tenperature range over which netallic glasses are stable against
cryst a¢mircament, wientipe aoeltingtof coatesial il makrusddei pouning of N{te0 Ai stot

ore raLel, S (507 100G, above glase L ancLLl o) pognd i L d
these hjgh PE&r%ffé S asddMinpY GREW %dﬁ%@‘ﬂié&gsﬁﬁ%é}%rcm&eg%éﬁ chL 8%
into desira e shapes are enor nous, an or nmany a I C gl ass

al | oyshgitkds ek aerR@ahie 0Pl ElEFYRS raddhihdabioge dyer Cliuraass hesmlg HIEING has
strength tooling (<1 GPa). Metallic glass alloys have recently been
devel opeathie haen aceorgplighled vimthiens tragityasivbislow sharoralwheseshesatteel paipr art of
conventi onal. heati

Sbove HIoA8SIRg AL oTBiRg.b %ﬁﬂ%@gﬁifg%{ﬁﬁé@% epatag, gy Beeh Frepbad on
Pat. Agpl: i -

vat or 1 Giine 108 B0 A A POLEEBI R RE A b AR Bletfhg SABUBRGENs hptow
2525- 2@@(@@5&&@hsiﬂf)n\l\blh"lghrdtard.ntmért@blarﬁgﬁﬂas ¥her been reatized using a single-

2009/ 117735PCT/ US2009/ 037970 herein by reference. Onvng to their high
st abi | $tep ragadtesous cpsling lopeeatioonor priocdsstap pLassEs.i dragxanue ametac

A PO RIS S S T
tradit . i ¢ . - itjes: " i _
RS A B 455 TSR R GO BEABIE 7 s

whi ch fhesdi a@rdcyiohairge et wagienlolland BRaGsdanes ."cthiflcdlr eting odiatdn@ion” is
such low viscosities, the netallic glass alloy should either exhibit
an everorhelgtesitoghalsiriticelceagiagrete, dhgast edniventinnad prodesachees ref dujtable for

convent i onal heati or . be heated at an, unconventionally high . . .
heat i ni§" % L@Eﬂeéhga&]lo 165kt ety taﬁtéaf*%n‘bferaag’lﬁ? erraﬁ%ﬂageofo¥s|?%lgislql‘fjﬂfy'”9

and | %Bbﬁr[a%spanfaggssn %hﬁﬁﬁﬁgggg%ﬁe}é%‘&%ﬁiﬁk gﬁjEcPtfhet R8&En ‘ég@? tirist the

processin hérnoplasti cs. ew a ave been m

cr eat egias Bt higH-pleti NSh@NirARE MgGhpreeaire N @nBMe Wpfficiend dIRYPSEEH] s
sufficient for shaping, thereby avoiding many of the problens

di scusistudabe entanthsidwlpriometbushy sotigdivdiing efhéhe wpey, pértamtarphoughe
terials fhat be shaped. For exanple, U.S Patent Nos. 4, 115 687

and 5., 08312851318 CAmPISt 8 P8 TR SRR T (WREWRF ANS MRS ah fhnt edy

Sy mpos), W0-PraReFHRE e 8id%al 200 Nelobfice0 sk MM 6F 1 AL S-prEL &NECdiR-casting
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WO 2009/ 117735PCT/ US2009/ 037970 bei ng shaped, whether in contact with
the electrodes or with the anbient (inert) gas in the shaping
chanber, wwol20e911%8135ght |y cool er than the inside as theedTdE2009/037970
generated by the current dissipates out of the sanple by conduction,
convection or radiation. On the other hand, the outer surfaces of
sanpl es heated by conduction, convection or radiation are slightly
hotter than the inside. This is an inportant advantage for the
present nmethod as crystallization and or oxidation of netallic

gl asses often begin first on outer surfaces and interfaces and if

t hey a?léE@F'P@}htﬂWIeyﬂ%IOé\KP? W@lfeéhﬁ"@ﬁ%ittiﬁfé‘mﬁs pvaeBal Rayle aletT ayied destabibite

f t. t b ded 00091Anot h
S S BRI 0e B P TR B e LOPRAET e
above ph@KOlASEtHd ﬁé\%'f?érﬂ%au%mtgh%e'fﬂﬁﬁbﬂlbﬁ ¥f F%tﬁﬁ?e’%i%é%nﬁé‘gﬁﬂgb(@%lﬁh
and transport properties, such heat capaclty and viscosity, over

t he enapgee:rrmgesmfetlteambrsmuatmloﬁlctrdﬂelemttasmadﬁse suer ckleb.ethere is a
|l iquid. Typical nmeasurenent instrunments such as Differential Scanning
Cal or i ¥redeney, toTiesrmd SEBKREA ety ATag72EiRsaloaadhesaeterina/pkiendieeiasting

| d
o o et A @ e d PRl keSS MR e e o in e St
i e T e e

cryst alrbirzabdventhevequitibtitm tredtine ppiet ab Wetow ahg aglade raheitibadvate mostly
conventional heating rate, and thus the neasureable thernodynam c and
t r ans p@cHsest d’gﬁ\eruﬁlll'é@galﬂé? |11HhettCeétabjlim £hd nViﬁwsaél@é’s§ﬁblaétQFeﬁﬁ§ér at dhe

range. Caonse msr and or, ic lig

Vory SRR ESEE T Rt MPHF rBle P pERE<BH I BBt e dteS Febstock
trans pé’é&veptrh@pﬁ"aké Q?ar%rt?or{%%% @ﬁ@'g‘?ﬁsWélb‘ﬂé&%H at\h&cﬁ;@té CiﬁrE@dTQ@ Li‘atnd
netastability, the properties of netallic supercool ed ids are
only negsyingakesudre twﬁohmntheasupewcdcﬁe@aqatdwaedrﬂmge@qm@tccmbﬁgeotﬁwow
glass transition and just below the_nelting point. [00101Accordi ngly,
a needslass skansttiont prier 4o sexssalliaingr oBeeset attrastivampethedusry espentially very

OB a5 5o B ARSEETSR YAHATS SO DR R0 o 2
28{)3??%%9%2 Uszgotg&l%%t%gﬁg'a%\?e i £érchify ¥Bkition for extremely long periods
of time, metallic supercooled liquids crystallize rather rapidly once relaxed at the glass
transition. Consequently, the temperature range over which metallic glasses are stable
against crystallization when heated at conventional heating rates (20°C/min) are rather
small (50 - 100°C above glass transition], and the liquid viscosity within that range is
rather high {10° - 107 Pa s]. Owing to these high viscosities, the pressures required to
form these liquids into desirable shapes are enormous, and for many metallic glass
alloys could exceed the pressures attainable by conventional high strength tooling (<1
GPal. Metallic glass alloys have recently been developed that are stable against
crystallization when heated at conventional heating rates up to considerably high
temperatures [165°C above glass transition]. Examples of these alloys are given in U.S.

Pat. Appl. 20080135138 and articles to G. Duan et al. {Advanced Materials, 19 [2007)
4272) and A. Wiest (Acta Materialia, 56 (2008} 2525-2630), each of which is incorporated

-4



novel approach to access and neasure these thernodynanm ¢ and
transport properties of netallic supercooled Iiquids. BRI EF SUMVARY
OF THE | NVENE0@N1§B811] Thus, there is provided in accormameszososvze he
current invention a nmethod and apparatus for shapi ng an anorphous
material using rapid capacitor discharge heating [ RODE). [0012]In one
enbodi nent, the invention is directed to a nethod of rapidly heating
and shapi ng an anorphous nmaterial using a rapid capacitor discharge
wherein *a quantum of electrical energy is discharged uniformy
through a substantially defect free sanple having a substantially

uni f or hererody- sefetdnor. t @wiagitdl theandiglnistadnlity yadeeadt ¢rhystafliativet pradfess
the sanple.to a wcessi ng tenperature between the glass transition

t enper YPEASHIRS 3% Y ar P phetdsD aeaEeas e VYt PYEISStiTR thesra!loys are
t errper[q]to},lé %uﬂ%blteht%r lrl)(?é/ S dinsll'{gyétfp%p&?oqgé Xi&ﬁ[ﬁagﬂﬁw?@tl?:ﬂptrggﬁi%ngfﬁle'tﬂgc
pho arti cl'e. Suc e

the sanpl e I'nto an amo n-on enbodi ment,

sanpl eglassdy, eTRE QDM B £ 6 olvBvdrErePEAC SEB4tBALIAIBTRRhAF thsh 8le Prdc@E&ing
of at Teast 500 VC sec. |In another such enbodi ment, the step of

shapi ngsusasesaot plasting,i whiah tipicatiyngarigec helivepee, 1Gaoth 180 Ros. ekaomplke,to
i njection nol ding, dynamc forging, stanp forging. and bl ow nol di ng.

[ 0013] #tPIBFYERPW difisaEIIRB NS ”f‘?}@“&rﬁ?%gﬁ@’ PR iegﬁeri exhilif @ exan Waher

2o ALKy RS TS LRRERRAVHEY RS LoRlnli STRALHE S cfPngR (8l oo

_of abou n one suc I men e ano ous nmteri
I's an @rﬁdo%&erb@cﬁ%@lyoﬁigﬂnh@étﬂ@rﬂ&@' Wﬁﬁﬂwab\(oﬁﬁi extad ftﬁ@%rﬁn'ﬁ@r&ﬁﬂ#ﬁange of
consisting of Zr, "Pd, Pt, Au, Fe, Co, Ti, A, MJj, Ni and Cu. [0014]In

yet anstbhidity enthdawvemritig ptdwsquisni)sjm tﬁvaﬂbe&tyﬁi@lofehesegysécbin processing
di scharged into the sanple through at |east two el ectrodes connected
to oppB&rTePrsHssof said sanple in a manner such that the el ectrical

cner Dghel "¢ KOME SRS AR BRAR S0 bt oL ARIR, B Repnigpecusty
| east HOQindodBRE up to a temperature sufficient for shaping, thereby avoiding many of the
problems discussed above and simultaneously expanding the types of amorphous
materials that can be shaped. For example, U.S Patent Nos. 4,115,682 and 5,005,456
and articles to A.R. Yavari [Materials Research Society Symposium Proceedings, 644
(2001) L12—20—1,‘Materials Science & Engineering A, 375-377 (2004]) 227-234; and
Applied Physics Letters, 81(9) (2002) 1604-1608), the disclosures of each of which are
incorporated herein by reference, all take advantage of the unique conductive
propertiés of amorphous materials to instantaneously heat the materials to a shaping
terripérature using Joule heating. However, thus far these techniques have focused on
localized heating of BMG samples to allow for only localized forming, such as the
joining (i.e., spot welding) of such pieces, or the formation of surface feat'ures. None of
these prior art methods teach how to uniformly heat the entire BMG specimen volume
in order to be able to perform global forming. instead, all those prior art method}s
anticipate temperature gradients during heating, and discuss how these gradients could
affect local forming. For instance, Yava.ri et al (Materials Research Society Symposium

Proceedings, 644 [2001) L12-20-1) write: “The external surfaces of the BMG specimen
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WO 2009/ 117735PCT/ US2009/ 037970 [0015] I n still another enbodi nent,
the processing tenperature is about hal f-way between the gl ass

transi ti onwoepenziissr e of the anorphous material and tHECTEGRNIFOBTHUIM
melting point of the alloy. In one such enbodi nent; the processing
tenperature is at |east 200 K above the glass transition tenperature

of the anorphous material. In one such enbodi nent, the processing
tenperature is such that the viscosity of the heated anorphous
material is between about 1 to 104 Pas-sec. [0016]In still yet

anot her enbodi nent, the form ng pressure used to shape the sanple is
cont r obtied sbapéd, t\mathemm ecaﬁmte/viti?stfweélecmdleabr withahe asnifiéntcliremt]Igas in
sl ow t av0| d hi gh Weber - rrF 0017]In, still yet another

enbodi MethaPtHC e RE gt g‘hé ghté't%mé%'é ap fheshgise ac%t@eéﬁﬁbﬂ%“qrém by the

controll ﬁgntsg%%p%%% ér%p ba/%li%ﬁ@f\atco@\{ercﬁﬁﬁ Ut o%nt b the

sl ow t 6 avol et ano her
enbodi p@at hah@&hb ramtéﬂdurﬁermg @h@éﬁp[@tf@atmhﬁwd@:ﬁ@ﬁ%ﬁo&)ﬂow rB8iafibn

any shape with a uniformcross section such as, for exanple, a
cyl i ndere, skglfget hoeudnan dmed inseadd. arldid & asommhrtant advantage for the present
method as crystallization and or oxidation of metallic glasses often begin first on outer
surfaces and interfaces and if they are slightly below the temperature of the bulk, such
undesirable surface crystal formation may be more easily avoided.”
[0009]  Another drawback of the limited stability of BMGs against crystallization
above the glass transition is the inability to measure thermodynamic and transport
properties, such as heat capacity and viscosity, over the entire range of temperatures of
the metastable supercooled liquid. Typical measurement instruments such as
Differential Scanning Calorimeters,” Thermo-Mechanical Analyzers, and Couette
Viscometers rely on conventional heating instrumentation, such as electric and
induction heaters, and are thus capable of attaining sample heating rates that are
conside.red conventional (typically <100°C/min]. As discuss above, metallic supercooled
liguids can be stable against crystallization over a limited temperature range when
heated at a conventional heating rate, and thus the measureable thermodynamic and
transport properties are Llimited to within the accessib.le temperature range.
Consequently, unlike polymer and organic liquids which are very stable against
| crystallization and their thermodynamic and transport properties are measureable
" throughout the entire range of metastability, the properties of metallic supercooled
liguids are only measureable to within narrow temperature ranges just ébove the glass
transition and just below the melting point.
[0010]  Accordingly, a need exists to find a novel approach to instantaneously and
uniformly heat the entire BMG specimen volume and thus enable global shaping of

amorphous metals. In addition, from a scientific perspective, a need also exists to find a
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[0019] I n still yet another enbodi nent, the contact surfaces of the
anor phous netal sanple are cut parallel and polished flat in order to
ensure gooWooemaezisswi th the el ectrode contact surface.PgQE20490a7970
still yet another enbodinment, the invention is directed to a rapid
capaci tor di scharge apparatus for shaping an anorphous material. In
one such enbodi nent, the sanple of anorphous material has a
substantially uniformcross-section. In another such enbodi nent, at

| east two el ectrodes connect a source of electrical energy to the
sanpl e of anorphous material. In such an enbodi nent the el ectrodes
are atnewchedptaachhe asaess shdsoastteathesabiseramdyabingc and treneport properties

connectjons are forned between the el ectrodes and the sanple. In
still %HB?H%HC§U3WC&ﬁ66§H At, the el ectromagnetic skin depth of the
dynamic electric field is Iar%e conpared to the radius, wdth,

t hi cknBBEFAPIMMARY OF GHELINYENAEINe. WD 2009/ 117735PCT/ US2009/ 037970

[ 0021] il et anot her . odi ment, the el ectrode materi al
thosonMaThe TntE s s PRouSTON BAtaltpnct Mo i i RN GPe e rre Rag and
and th VLt 0 o) = Si r .
o PSSRSO SHOREDe e BLOORE Sop ORI b bRl rgaing
ni ckel [RCEQ221In still yet another enbodi nent, a "seating" pressure
is applied between the el ectrodes and the initial anorphous sanple in

order 0818] astri ca¢ eynkdairoent, tthe inventian s direttaddoaf metleod b capidigeheating
t he elg_gr de/sanple interface to conformit. to the m ¢roscopi

feat urdd GAPIRE ¥bABRIPIEHF TRESTHN YRS Sakphid, capacifor discharge wherein a

quantum of electrical energy is discharged uniformly through a substantially defect free
sample having a substantially uniform cross-section to rapidly and uniformly heat the
entirety of the sample to a processing temperature betweeﬁ the glass transition
temperature of the amorphous phase and the equilibrium melting temperature of the
alloy and simultaneously shaping and then cooling the sample into an amorphous
article. In one such embodiment, the sample is preferably heated to the processing
temperature at a rate of at least 500 K/sec. In another such embodiment, the step of
shaping uses a conventional forming technique, such as, for example, injection molding,
dynamic forging, stamp forging and blow molding.

[0013] In another embodiment, the amorphous material is selected with a relative
change of resistivity per unit of temperature change (S] of about 1 x 10-*°C-'. In one such
embodiment, the amorphous material is an atloy based on an elemental metal selected
from the group consisting of Zr, Pd, Pt, Au, Fe, Co, Ti, Al, Mg, Ni and Cu.

[0014] In yet another embodiment, the quantum of electrical energy is discharged
into the sample through at least two electrodes connected to opposite ends of said
sample in a manner such that the electrical energy is introduced into the sample
uniformly. In one such embodiment, the method uses a quantum of electrical energy of

af least 100 Joules.



[0023]In still yet another enbodinent, a | owcurrent "seating"

el ectrical pulse is applied between the electrodes and the initial
anor phous werepti1¥masorder to locally soften any non- coOmGUS20E@HBTING
of the anorphous sanple at the contact surface of the el ectrode, and
thus conformit to the microscopic features of the contact surface of
the el ectrode. [0024]1n still yet another enbodi nent of the
apparatus, the source of electrical energy is capable of producing a
guantum of electrical energy sufficient to unifornmy heat the
entirety of the sanple to a processing tenperature between the gl ass
t r ansi [0046] t efrpetidtancehaf embedianomt ptheusroebasing aech pereueis dbdurti heti-way
melting tenperature of the alloy at a rate of at |east 500 K/sec. In
such abrtwiepBditiferitlasd traesiippalieanssaturneokdiiecemerpuscimatesp! et ghe
is discharged at a.rate.such. that the sanple i,s adi abatically heated
N R T R R I A P
rate ofer{ NGaAFRIPRPIRSIBIRK 2RIPR glals YaShiohGempRgtubd8f IRl amorphous
transport and devel opnent of therma? gradients and thus pronote

uni f or makeégli noh ahet bects amiodimeMO28E | progsesdihg tetnpanatulelis ebhdihaenhe
of the apparatus, the shaping tool used in the apparatus is selected
f r om t'Hecagity @p theoesited pryrphousmptgristts kaiween abowt dipnliPestseege, a

st anp and bl ow nol d, and ,is capabl.e of inposing a

def of nitB 8ol T sPUPY RN aBOl ot RS e Rea s AR 19 Shape the
such e@ﬁ%‘e”@montﬁdﬁ@dsﬂﬁiﬁ' 3t kROlsahpldls d¥¥drmed at a rate sufficiently slow to
2009/ 117735PCT/ US2009/ 037970 least partially formed fromat Least one

of t heawlickhighodesar-humaar Abwer nati ve such enbodi nent, the. shaping
tool is independent of the electrodes. [0026]1n still yet another

embodi 98AY] of In REllaspanathes, erabpdieamht ine deformghenralcrateé used to shape the

sample is.controlled such that the sample is deformed at a rate sufficiently slow to
avoid high Weber-number flow.

[0018] In still yet another embodiment, | the initial amorphous metal sample.
(feedstock] may be of any shape with a uniform cross section such as, for example, a
cylinder, sheet, square and rectangular solid.

[0019]  In still yet another embodiment, the contact surfaces of the amorphous metal
sample are cut parallel and po[ished-ﬂat in order to ensure good contact with the
electrode contactl surface. |

[0020]  In still yet another embodiment, the invention is dire;fed to a rapid capacitor
discharge apparatus for shaping an amorphous material. In one such embodiment, the
sample of amorphous material has a substantially uniform cross-section. In another
such embodiment, at least two electrodes connect a source of electrical energy to fhe
sample of amorphous material. In such an embodiment the electrodes are attached to
the sample such that substantially uniform connections are formed between the
electrodes and the sample. In still another such embodiment, the electromagnetic skin
depth of the dynamic electric field is large compared to the radius, width, thickness and

length of the charge.



drive systemis provided for applying the defornmational force to the
sanple. In such a systemthe deformational force or defornmational
rate can bwocoewmolssed such that the heated anorphous rITAFS2e19/0870
deforned at a rate sufficiently slow to avoid hi gh Weber-nunber fl ow.
[0027] I n still yet another enbodi nent of the apparatus, the shaping
tool further conprises a heating elenment for heating the tool to a
tenperature preferably around the glass transition tenperature of the
anor phous material. In such an enbodi ment, the surface of the forned
liquid will be cooled nore slowy thus inproving the surface finish :
of t hel0®2d1 cl én Istillngpetf ot et[rib@ﬂ@r]lerri thd elecyrmdeametdri@l iemhosénmintbe a
tensile deformatlona force is gﬁ I ed on an adequately- r|p ped
d @J’ﬁﬁ

sanpl eMERGWE 8 KV diesd Appthan \ecinicad pad ther %}r%w,d Wity sugh as, for
fiber QiarHﬂ' fﬁ@ﬁe@%@ﬁ/@r %?ﬁ;ék@p or: aﬂgiﬂofrﬂ'ne%t\hl a¥ [ty ?Qf%pprof conner s%ve

enbodi rent’ e “defrorrat orce s cont h
fl ow of ,t,,lage[mat erial is Newtonian and failure by necking is av0| ded.
[0030]In still yet another enbodinent, the tensile deformational rate
i s conkO0@R] ed Irsetilil yat andibef bowodimériea magainigdl pressudevis eppléat beldveen the

failure by necking is avoi ded 0031]In. still yet another enbodi ment
a st re%_lﬁp%p des,pRd %r@q initAl ,%nqg,qp@\ﬂ}qs 5;}@19 Weorder td plastically deform the contact

surface of the electrode at the electrode/sample interface to conform it to the
microscopic features of the contact surface of the sample.
[0023] In still yet another embodiment, a low-current “seating” electrical pulse is
applied between the electrodes and the initial amorphous sample in order to locally
soften any non-contact regions of the amorphous sample at the contact surface of the
electrode, and thus conform it to the microscopic features of the contact surface of the
electrode.
[0024] In still yet another embodiment of the apparatus, the source of electrical
energy is capable of producing a quantum of electrical energy sufficient to uniformly
heat the entirety of the sample to a processing temperature between the glass
transition temperature of the amorphous phase and the equilibrium melting
temperature of the alloy at a rate of at least 500 K/sec. In such an embodiment of the
apparatus, the source of electrical energy is discharged at a rate such that the Sample
is adiabatically heated, or in other words at a rate much higher than the thermal
relaxation rate of the amorphous metal sample, in order to avoid thermal transport and
development of thermal gradients and thus promote uniform heating of the sample.
[0025] In still yet another embodiment of the apparatus, the shaping tool used in the
apparatus is selected from the group consisting of an injection mold, a dynamic forge, a
stamp forge and a blow mold, and is capable of imposing a deformational strain

sufficient to form said heated sample. In one such embodiment, the shaping tool is at



drawn wire or fiber to facilitate cooling bel ow glass transition.
[0032] In still yet another enbodinent, the invention is directed to a
rapi d capaeotoe/disshar ge apparatus for neasuring ther nomyrsoisnsana
transport properties of the supercooled liquid over the entire range
of its metastability. In one such enbodi nent, a high-resolution and
hi gh-speed thermal inmaging canera is used to sinultaneously record

t he uniform heating and uni form deformati on of a sanple of anorphous
nmetal. The tenporal, thermal, and defornmati onal data can be converted
into tinme, WO 2009/117735PCT/ US2009/ 037970 tenperature, and strain

data, whkl akthtlyl fipbiedetrent it dadstpovenf and dlenoskd. pliessusierdativdbauch
converted into internal energy and applied stress, thereby yielding
i nf or neMbedimavicieeshagingHeol is mstapanderd, of thaplectirde® dependent

i i h i d | h l e . .
Deaon 19RPEN o £ S BRANHRE ratemenL ofne PFntraER. & predsm P magneyie
: oF) FHE YBranpit P
N o SRR R 16 SBAEAE or iy U UOMHRGNEALLIBRR Bic BhLAN P HFkn -

' shoul glyshérh the dedhistdtivedl d6rca sradaibehstiored irbiat ¢aonbeicohirellst epeh diattthe
i nvention, wherein: 100341FI G 1, provides a flow chart of an
exenpl agated apiadpbeyradieteialds defeamgd at a rate sufficiently slow to avoid high Weber-

number flow.

[0027]1 In still yet another embodiment of the apparatus, the shaping tool further
comprises a heating element for heating the tool to a temperature preferably around
the glass transition temperature of the amorphous material. In such an embodiment,
the surface of the formed liquid will be cooled more slowly thus improving the surface
finish of the article being formed.

[0028] In still yet another embodiment, a tensile deformational force is applied on an
adequately-gripped sample during the discharge of energy in order to draw a wire or
fiber of uniform cross section.

[0029] In still yet anotﬁer embodiment, the tensile deformational force is controlled
so that the flow of the material is Newtonian and failure by necking is avoided.

[0030] In still yet another embodiment, the tensile deformational rate is controlied
so that the flow of the material is Newtonian and failure by necking is avoided.

[0031] In still yet another embodiment, a stream of cold helium is Blovvn onto the
drawn wire or fiber to facilitate cooling below glass transition.

[0032] in still yet another embodiment, the invention is directed to a rapid capacitor
discﬁarge apparatus forrneasuﬂhg thermodynamic and transport properties of the
supercooled liquid over the entire range of its metastability. In one such embodiment, a
high-resolution and high-speed thermal imaging camera is used to simultaneously
record the uniform heating and uniform deformation of a sample of amorphous metal.

The temporal, thermal, and deformational data can be converted into time,
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form ng nethod in accordance with the current invention; [0035]FIG
2, provides a schematic of an exenplary enbodi nent of a rapid

capaci t or woswdwangasform ng nethod in accordance w th tIReE/€sze09031970

i nvention; 100361FI G 3, provides a schematic of another exenplary
enbodi mrent of a rapid capacitor discharge form ng nethod in
accordance wth the current invention; [0037]FIG 4, provides a
schematic of yet another exenplary enbodi nent of a rapid capacitor

di scharge form ng nmethod in accordance with the current invention;
[0038]FIG 5, provides a schematic of still another exenplary

enbodi teemperefure, aapistracadats, tvdriledihecihpafelettical pgweetdnddniposed pressure
accordance with the current invention; [Q039]FIG 6, provides a
schemaf3t PBcogYarfed e imErnalenepmaryd areled REAES. dheafbwa/gﬁiamg information

concerning the temperature, temperature dependent viscosity, heat capacity and

enthalpy of the sample.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033]1 The description witl be more fully uhderstood with reference to the following
figures and data graphs, which are presented as exemplary embodiments of the
invention and should not be construed as a complete recitation of the scope of the
invention, wherein:

[0034] FIG. 1, provides a flow chart of an exemplary rapid capacitor discharge
forming method in accordance with the current invention;

[0035] FIG. 2, provides a schematic of an exemplary embodiment of a rapid capacitor
discharge forming method in accordance with the current invention;

[0036] FIG. 3, provides a schematic of another exemplary embodiment of a rapid
capacito-r discharge forming method in accordance with the current invention;

[0037]  FIG. 4, provides a schematic of yet another exemplary embodiment of a rapid
capacitor discharge forming method in accordance with the current invention;

[0038] FIG. 9, provides a schematic of still another exemplary embodiment of a rapid
capacitor discharge forming method in accordance with the current invention;

[0039]  FIG. 6, provides a schematic of still another exemplary embodiment of a rapid
capacitor discharge forming method in accordance with the current invention;

[0040]1 FIG. 7, provides a schematic of an exemplary embediment of a rapid capacitor
discharge forming method combined with a thermal imaging camera in accordance with

the current invention;

-11-



capacitor discharge form ng nmethod in accordance with the current

I nvention; [00401FIG 7, provides a schematic of an exenplary

enbodi nentwof20e0/m#gss d capaci tor di scharge form ng net haaTeushiore70
with a thermal imaging canera in accordance with the current
-invention; WD 2009/117735PCT/ US2009/ 037970 [0041] FI Gs. 8a to 8d,
provi de a series of photographic i mages of experinental .results

obt ai ned using an exenplary rapid capacitor discharge form ng nethod
in accordance with the current invention; [0042]FIG 9, provides a
phot ographi c i mage of experinental results obtained using an

exenpl @01 apFtbx dfzace 8oy pitbedbar geriksrafi piyptogtabbit imagasc of @apedmentah
the current invention; [00431FI G 10, provides a data plot, )
surmmar ieEHHg BipELA meHbSI2Y @§%mp£arbstﬁaamﬁéapacn0r discharge ‘forming method in

accordance with the current invention;

[0042] FIG. 9, provides a photographic image of experimental results obtained using
an exemplary rapid capacitor discharge forming method in accordance with the current
invention;

[0043] FIG. 10, provides a data plot summarizing experimental results obtained
using an exemplary rapid capacitor discharge forming method in accordance with the
current invention; |

[0044] FIGs. 11a to 11e provide a set of schematics of an exemplary rapid capacitor
discharge apparatus in accordance with the current invention; and

[00451  FIGs. 12a and 12b provide photographic images of a molded article made

using the apparatus shown in FIGs. 11ato 11e.

DETAILED DESCRIPTION OF THE INVENTION

The current invention is directed to a method of uniformly heating, rheologically
softening, and thermoplastically forming metallic glasses rapidly [(typically with
processing times of less-than 1 second into a net shape article using an extrusion or
mold tool by Joule heating. More specifically, the method utilizes the discharge of
electrical energy (typically 100 Joules to 100 KJou[es_] stored in a capacitor to uniformly
and rapidly heat a sample or charge of metallic glass alloy to a predetermined “process
temperature” about half-way between the glass transition temperature of the
amorphous material and the equilibrium melting point of the -alloy in a time scale of
several milliseconds or less, and is referred to hereinafter as rapid capacitor discharge
forming (RCDF). The RCDF process of the current invention proceeds from the
observation that metallic glass, by its virtue of being a frozen liguid, has a relatively low

electrical resistivity, which can result in high dissipation and efficient, uniform heating
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usi ng an exenplary rapid capacitor discharge formng nethod in
accordance with the current invention; [0044]FIGs. 1la to 1le provide
a set of swbermriiessof an exenplary rapid capacitor di SeITIQ037970
apparatus in accordance with the current invention; and [0045] Fl Gs.
12a and 12b provi de photographi c i mages of a nol ded article made

usi ng the apparatus shown in FIGs. 1la to 1lle. DETAI LED DESCRI PTI ON
OF THE | NVENTI ON The current invention is directed to a nethod of
uniformy heating, rheologically softening, and thernoplastically
forming netallic glasses rapidly (typically with processing timnmes of

| ess tdfathelma¢etaldat rdte sachahashegpeamptd & ediabatigplignhemt¢d usihotheoproper
nol d tool by Joule heating, Mre specifically, the nethod utilizes
the diZHigP %néfa'éﬁ@@irﬁqaéglscéﬁ'é}egy (typically 100 Joules to 100

KJoul e or in.a. c citor to IfOI‘ a t e
or “onatpashe" B, it “SREGL NG biheBing Bkt afe RERF e R, gRenBERhé
tenper ghyiliey oﬁﬁ@&uﬂ@kédl&‘@m QRi é!@a%‘stt&fst@ll%ﬁoﬁ rt@‘ﬂérhbér%@uﬂe%%‘s?én‘ﬂ:%&y

of the anorphous materi al and the equilibriumnmelting point of :
al | oy highar tthare theaflesoftramsitoraltemipklataes othdsemy biriegig &wed entire sample
referred to hereinafter as rapid capacitor discharge formn

The ROSUPRJLSsHaisrassReatagrvidng Prerasatndonsqertl Bedes ﬂ@tdﬁakﬁeé?or(mﬂ{%ﬂfhe
i i o Raepracres AReOioy e RERen Y ehd Bofhd oot yRCRRIE IR bxabs
o AHABEALCR A O 430k ALY PRt i o
sanpl estobteadtysthlineqiiasy. resdredthis plocebe apowpésr tap ginheatdnoantalf tlenquality
¢! eCtrg)fcglartcs“?o?'pnaerdgeén increase yield of usable parts, a reduction in material and
processing costs, a widening of the range of usable BMG materials, improved energy
efficiency, and lower capital cost of manufacturing machines. In addition, owing to the
instantaneous and uniform heating that can be attained in the RCDF method, the
thermodynamic and transport properties throughout the entire range of the liguid
metastability become accessible for measurement. Therefore by incorporating
additional standard instrumentation to a Rapid Capacitor Discharge set up such as
temperature and strain measurement instrumentation, properties such as viscosity,
heat capacity and enthalpy can be measured in the entire temperature range between
glass transition and melting pdint. |
[0047] A simple flow chart of the RCDF technigue of the current invention is provided
in FIG. 1. As shown, the process begins with the discharge of electrical energy [typically
100 Joules to 100 KJoules] stored in a capacitor into a sample block or charge of
metallic glass alloy. In accordance with the current invention, the application of the
electrical energy may be used to rapidly and uniformly heat the sample to a
predeétermined “process temperature” above the glass transition temperature of the

alloy, and more specifically to a processing temperature about half-way between the

glass transition temperature of the amorphous material and the equilibrium melting
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[0046] By rapidly and uniformy heating a BM5 the RODE net hod extends
the stability of the supercool ed Liquid against crystallization to

t enper at urwe 28mst7ant i al | y hi gher than the gl ass transiRaTOrE2009/037970
tenperature, thereby bringing the entire sanple volune to a state
associated with a processing viscosity that is optinmal for formng.
The ROOF process al so provides access to the entire range of
viscosities offered by the netastable supercooled liquid, as this
range is no Longer Limted by the fornmation of the stable crystalline
phase. In sum this process allows for the enhancenent of the quality
of parpsnf of tredall@n(~200f 688 & ¥h@ledTHforliaahe spalet 6f séver&ldniirogdtonds to
materi al and processing costs, a w dening of the ran%e of usable BMG
mat er i saveralimplispceddeneteps. ef¢h diak vy smanghdusveptec@pineak rresessofiscosity

manuf act.ur.i n hines. ] n addition, Ow n 0 the instantaneous and
ini 1 or SHHEBPT b oHaEea shBRPaTT Atpast a5 e (ebr et hod. ¢ he

t her 1 C ; : i e

the |1 OREl ePREY e FABRLE RGN AETe) PLOY IR M. ERERIhE iR
by i ncautpeieatly (av pesldss aibsisy, anhay del mtpétlﬁiﬁtlatan?lhlgthrqda@inaarﬁamf%us bulk
Capacitor Discharge set up such as tenperature and strain nmeasurenent
i nst r vantigteatip @ny nprdyeerof iteshnéqusts iasludinge tgiexgmphadnjecipaoialgingndynamic

ent hal can_be neasured.in the entire tenperature.range, between

ol ae BrGifg: BP0 T e PLORGMAGITR g OHIVEICTs HpD T OF SbRes £ SRrgnef
RCDF t i f : I : i i tded . L. ;
Cronn, TERIEURAE bR RN ) HETH P! ERRHIARY 0 e Lol
(typi cabd ¥nifdith d@ebeshd antiRGakdnebek. $tiiRdM eaAingdpact ddieved] tef the
sanpl e bl ock or charge of netallic glass alloy. In accordance with

t he cusareple witvieatdadrexpenienes pidatized beatifg amd atheciohieh lesdizgy healing

b dt [ d jformy heat th le .t det er.m ned
" or 00eS Seiig Lok sBmesabeSkRe yrace £F BrSrPIA BARSREUVE NS PRCes

al I oy, ,a8d,oF0gEs t%‘é{j é;{)é@i‘lé egtiS’n@?ﬂhg%%ﬂ&gst}c%qggé[fz%HLf%aﬂﬁglrﬁgﬁggtsand

hal f - wa et ween ass transition tenperature of the a

mat er i @&nr@dbdetuded e6lpkfobmi Butk BBRAPInG@f sNRPRR0 A/ ikdwWis3 pIPETE SRR 633G 19
poi nt ‘of the alloy F-ZOOT 300 K above T9), on a tine scale of several
ni cr osealosdiicieotly sapid dtypidallyicrebenersdenof B8 s, 1@Uss) then eithsr theonpiesias
materi al. has a process.vi scosjt ufficient to allow facile api n
3 Bring e aR PSR S aptophodefBreatre hasprent dectirqus vl hldfe
such t i : oY :

i scositr of EnREbhESs FRB A MR e S P I BHePB . hioh
arti cl &ayility ahyhensuietoslbdtiREithbgaiast trystalghatign), famirexedmeirg, the utility of
i njection nolding, dynam c forging, stanp forging, blow nolding, etc.
Howevethe prheessbi ity to shape a charge of netallic glass depends

i  or (1045F oo St RE LB et io B € CEIeBE Ve D HOR AT g e SeR GG T E=ng
achi ev t ] i ri : i I

. T e, | R gt B A B RO O R DR BRE L bt
t echni el SUC hetsllic fgdssexanplecusin®@RUDFGt & nsfi@kamelodiingg upd ©@cesnd how
toget her, or shaping specific regions of the sanple, such |ocalized
heat i ndphadeating ahmetdmateripts ocseds.t bhptantperatureldepsndgpiaegpishe electrical

R b R b R A
bei n i i - r r ~=0r the shapin
Cechn GUERErLR chRRfE SO, BABHE O AREH 2507 L1'S havi g

superior processability Chaéﬁﬁb@MFSMhﬂﬁn(i-eiﬁqhhgh stability of the
supercool ed |iquid against crystallization), again reducing the
utilitwhefe SHe ipuodesy. (1/gaedsrhe mRADRherwebistivitf (io K¥hretomlesft the metal at

i nvention ensures the rapj L,f orm heatin N o
room temperature %;, an%l de'fc?’hn is the tempe(lgature derivative of the resistivity at

b



of a sanple. However, to understand the necessary criteria for

obt-ai ning rapid, uniformheating of a netallic glass sanple using
RCDF it iswoeoessany to first understand how Joul e heatpawgusabosnstoad
material s occurs. The tenperature dependence of the el ectrical
resistivity of a nmetal can be quantified in terns of '‘a relative
change of resistivity per unit of tenperature change coefficient, S,
where S is defined as: S = (1/po)[dp(T)/dT1TO(Eg. 1) wheré Sis in
units of 11/degrees-C), po is the resistivity (in Chmcn] of the
nmetal at roomtenperature T., and Idp/dTlITa is the tenperature

der i vagdore térhpéreuregf ShiE i CPlakeNE BQQﬂéér17A7%Fc%T/aH%%99&dé)r%9e7r%l has

roomtenperature (in Ghmcm C) taken to be linear. A typical

anmor ph@wgmﬂa 80i 15~ dmas pa <I3D0geE2won)( B pldyem! [pod <r30@niiy Degatjve) waitie
a very s 1((Sfmd frequen |y negative) value of S (-1 x 10 <S <+1 x
104) . ?fO% “1he +§r?‘a]q S val ues found in anorphous alloys, a

S o SR O Bl AP 5 AL AP -
Sk rasl et 101 GURLTICLARCAN G B oAl iy
gi ven $pecehéhecaatflenwillEbd /r2p@W2 hEgted2from ambient temperature, To, to a final
temperature, Tr, which depends on the total energy of the capacitor, given by the
equation:
' E=1/2 CV2 (Eq. 2]
and the total heat capacity, Cs {in Joules/C], of the sample charge. Tr Will be given by
the equation:
Tr=To+ E/Cs (Eqg. 3].
In turn, the heating time will be determined by the time constant twe = RC of the
capacitive discharge. Here R is the total resistance of the sample [(plus output
resistance of the capacitive discharge circuit. Accordingly, in theory the typical heating
rate for a metallic glass can be given by the equation:
dT/dt =(Te~To}/re [Eq. 4).
[0051] By contrast, common crystailine metals have much lower po [1- 30 pQ-cm)
and much greater values of S ~ 0.01 - 0.1. This leads to significant differences in
behavior. - For example, for common crystalline metals such as copper alloys,
aluminum, or steel alloys, po is much smaller (1-20 pQ-cm) while S is much larger,
typically 5~ 0.01 ~ 0.1. The smaller pa values in crystalline metals will lead to smaller
dissipation in the sampte [compared with the électrodes] and make the coupling of the
energy of the capacitor to the sample less efficient. Furthermore, when a crystalline
metal melts, p(T) generally increases by a factor of 2 or more on going from the solid
metal to the molten metal. The large S values along with increase of resistivity on

melting of common crystalline metals leads to extreme non-uniform Chmic heating in a
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and the total heat capacity, Cs (in Joules/C), of the sanple charge.
Ti will be given by the equation: TF = To + E/Cs(Eq. 3). In turn, the
heating tiwem9d117he determ ned by the tine constant TRETmuRiSwR7otdNe
capacitive discharge. Here Ris the total resistance of the sanple
(plus output resistance of the capacitive discharge circuit.
Accordingly, in theory the typical heating rate for a netallic glass
can be given by the equation: dT/dt =(Tr-To)/nc(Eq. 41. [0051] By
contrast, common crystalline netals have nmuch |ower po [1- 30
1.1.Qcn] and nuch greater values of S - 0:01 - 0.1. This leads to

si gni f umitorin dufreet éaesty. i Theberhetdlliove. sdrople exilimplaeiabtyomettdoually, typically in
crystalline netals such as copper alloys, alumnum or steel alloys,
pa i s Wectcigiapl e high yoltgnecpleeirpdaar piesinterigoe withir thersamplpi dafury, a

5- 0.01 - 0.1.,.T | | i . i . il d

Co smeiaReE N GF BaaRon 1 oh Orelapirac BT b et (P ReBtR e el o
] ol § Ctlt 4 1

o TN BT T B 31, OB S,

gener ainterfaceel.edseachhzs fsateobasif 2 qpaoitive disthgegangveldiom (bhet weldird,
metal to the nolten netal. The | arEe S values along with increase of
resi st Prejacjioprveting ngudwveddingortck oistrasioiline metahs wheenadoqad restt pestds

- if Ohmi h i i ) 009/ 11,7735PCT/ US2009/ 03797
Ot orsnealal G Gedteirtiain e A Bafa e e b IRt e e TRr e LBy B ES

| ocal |t361bet\)6?lid%§.| ly in the vicinity of the high voltage el ectrode or
other 1ntertrace wwthin the sanple. In turn, a capacitor discharge of
ener gy[0obebughsatisqugsedlin tiireBacddirbeadispricar spaystamsl iemal dlzateaynokd the
heating and | ocalized nelting wherever the initial resistance was

gr eat eigheqantgioddH Fiveapraperiéas atemperphens aeterialpi Boweverhwhphéps net been

CaPac 4ol dhs BaTGE 1ol Mkl AR B LI5S e B ot
P o T A g L o e ALY
Backgr digsigation wdthiratHe saestingneanhplee TalesRCDE cogthba efl titheurrent invention sets
forth two criteria, which must be met to prevent the development of such inhomogeneity
and to ensure uniform heating of the charge:
e Uniformity of the current within the sample; and .
» Stability of the sample with respect to development of inhomogeneity
in power dissipa‘tion during dynamic heating.
[0053] Although these criteria seem relatively straightforward, they place a number
of physicai and technical constraints on the electrical charge used during heating, the
material used for the sample, the shape of the sample, and the interface between the
electrode used tﬁ introduce the charge and the sample itself. For example, for a
.cylindrical charge of length L and area A= nR? [R = sample radius], the following
requirements would exist.
[0054] Uniformity of the current within the cylinder during capacity discharge

requires that the electromagnetic skin depth, A, of the dynamic electric field is large

compared to relevant dimensional characteristics of the sample (radius, length, width
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I nherent conductive properties of anorphous materials; however, what
has not been recognized to date is that to ensure uniform heating of
the entirewpanpiie7iss IS al so necessary to avoi d the dymnamgs2009/037970
devel opnment of spatial inhonogeneity in the energy dissipation within
t he heating sanple. The RCDF nethod of the current invention sets
forth two criteria, which nust be net to prevent the devel opnent of
such i nhonogeneity and to ensure uniform heating of the charge:
Uniformty of the current within the sanple; and Stability of the
sanple with respect to devel opnent of inhonogeneity in power

di ssi pat itloiokrehss). ngndy\eacm'ammeaifiengylimdeIBﬂeAlrehwlghclthesteriGtittdélmieasions
seem rel at I vely straightforward, they place a nunber TphyS| cal, and

t echni WaHldcomdeysdy desthenradiies én@diefprfwif tb%élhgég%d:é@ﬂdulrl ndﬂfhéaﬂt#lﬁgn is

o r SR B A e D S TR bt B R R 8, o TR g P st

sanpl eznhd §é9r'n}3te d:y@ferﬁxﬁarll:’eh?x 1ﬁ@r[H€n oA ié‘ﬂ%‘ﬁé@hn@l%\'j gefred s h@élgtﬂ-’brLR ang

area A= rcR2 |R'= sanple radius), the follow ng requirenents woul
exi st . L[~06514}Manrfn<pt:a$ try Uf-100@scUusgientypiddl kiimebsiens pt imerest dod valges of .
capacity di scharge reqw res that the el ectromagnetlc skin depth, A,

of t herSBiENIHY cofeRBOrPRRUS jalpys.i His diegairesnpardablyo sizef ecapscitor, fypically

gbgg?ié%?%kﬁg%?% gbg@ﬁ(ﬂg CS of the sanple (radius, length, width WO

[0055]  Stability of the sample with respect to development of inhomogeneity in
power dissipation during dynamic heating can be understood by carrying out stability
analysis which includes Ohmic “Joule™ heating by the current and heat flow governed by
the Fourier equation. For a sample with resistivity, which increases with. temperature
[i.e., positive S), a local temperature variation along the axis of the sample cylinder will
increase local heating, which further increases the local resistance and heat
dissipation. For sufficiently high power input, this leads to “localization” of heating
along the cylinder. For crystalline materials, it resulis in localized melting. Whereas
this behavior is useful in welding where one wishes to produce local melting along
interfaces between components, this behavior is extremely undesirable if one wishes to
uniformly heat an amorphous material. The present invention provides a critical
criterion to ensure uniform heating. Using S as defined above, we find heating should
be uniform when: |

S< % - S (Eq. 5]
where D is the thermal diffuéivity (m?/s] of the amorphous material, Cs is the total heat
capacity of the sample, and Ro is the total resistance of the sample. Using values of D
and Cs typical of metallic glass, and assuming a length [L~1cm], and an input power [2Ro
~ 10¢ Watts, typically required for the present invention, it is possible to obtain @ Ser -

10 - 105, This criterion for uniform heating should be satisfied for many metallic
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or thickness). In the exanple of a cylinder, the rel evant
characteristic dinmensions woul d obviously be the radius and depth of
t he char gewoRo@nd713s This condition is satisfied when Acrfamocdtsar/ 2
>R L. Here is the "RC'" tine constant of the capacitor and sanple
system 1.10= 4n x 10-7 (Henry/m is the permttivity of free space.
For Rand L -1cm this inplies t > 10-100 gs. Using typical

di nensi ons of interest and values of resistivity of anorphous all oys,
this requires a suitably sized capacitor, typically capacitance of
-10,000 I.LF or greater. [0055]Stability of the sanple with respect

t o devghsprneiseeafbovalfovaigesiei Inyparticpanemnady sisdtphici glaschsriiavg $ynanbach
heating can be understood by carrying out stability analysis which

i ncl ud@atenials di-e.gwithe” <HlWitlndways spBsiy thiseifauHRE e 40T PEIRcBvETHEY-

b he- Four,i Lon., F . l.e with i St Vi i,ch
hr ocka ol ESHR Sherh St MR B deupRhahiteatfo e NG s
var i ats ong abangs 191 92%ha 50f351978. SRMREQ0SIHeL RAGMIAM dre ihAGHEAIEd hekdh by
heati ng, which further increases the |ocal resistance and heat

di ssi pafer@nce For sufficiently high power input, this leads to
"l ocal j zatjon" of heating along the cylinder. For crystalline

mat er i B086] i ¢ Bewan the fundermaniel svrispt icriderianeéribsschaiog armlisdi end jthe

useful__in | di i shes_to .produce | ocal [ t] alo

ot or Bl B EE BaRh e B a B R st B e b s Rune
i one:Hdr§8 &S apMicinid é\Ve!ﬁ‘lWai‘F@ésilﬁ@ t8TRE BERRE. "RECELRple TR PRSI the
I nventi on prOVIdeS acritical criterion to ensure unlforn1heat|ng.

Usi ng sarapleded isnkstaatiale freeeoff daiecth eamtdi ingrmehowitd dbenitoring aroasebemion.  If
(29)2DCR S <- Jolt(Eq. 5) L2/2R0O where Dis the thermal diffusivity
(ne/ s)these cRBUiEABY gRRONST Mgt cthedieat dllingt dissinade averiv acrasapae ispyrét and

the s le, .and . Ro |5, the total .esistance of t sanpl.e, i .
vat ued B8 FrsRERER Phbirkts o PreliERl af §feds 4.05RRTRNGng 3Nt do e
(L-1cndamprdp@iki fRBHT tHROWSYside? Ry nstaHe® (VAL (TP ankiy D)) Cdibé vt sk & W vEdyillObe
the present invention, it 1s possible to obtain a Scrit - 104 - 10-s.
Thi s cdiffesgnitat those poinfotaadimeatol ditfe sdnoial debeng astiesf ileddfivionnhegeuse the
metallic WD 2009/ 117735PCT/ US2009/ 037970 gl asses (see above S, ,
val uesthermal pearerides efrthe sampleralsqiare dependeie onfhs dimensiqns ajbg item (ie.,

T ST S B RS e S
are sefhefintfleiblodi. MoRRatenti heSantld 88nt3ddsuPa 8B e 7t afe filBel$9Bt and

and 5, 735,975, the disclosures of which are incorporated herein by
r ef er eparallel, an interfacial contact resistance will exist at the electrode/sample interface.

Accordingly, in one embodiment the sample block is formed such that it is substantially
free of defects and has a substantially uniform cross-section. It should be understood
that though the cross-section of the sample block should be uniform, as long as this
requirement is met there are no inherent constraints placed on the shape of the block.
For example, the block may take any suitable geometrically uniform shape, such as a
sheet, block, cylinder, etc. In another embodiment, the sample contact surfaces are cut
parallel and polished flat in order to ensure good contact with the electrodes.

[0057] In addition, it is important that no interfacial contact resistance develops
between the electrode and the sample. To accomplish this, the electréde/sample

interface must be designed to ensure that the electrical charge is applied evenly, i.e.,
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10056] Beyond t he fundanental physical criteria of the charge applied
and the anorphous materials used there are al so techni cal

requi remenwe 20@/1evssire that the charge is applied as everlys2em/037970
possible to the sanple. For exanple, it is inportant the sanple be
substantially free of defects and formed with a uniform
cross-section. If these conditions are not net, the heat will not

di ssipate evenly across the sanple and Localized heating will occur.
Specifically, if there is a discontinuity or defect in the sanple

bl ock then the physical constants (i.e., D and Cs) discussed above

wi || beitdiuhfferrentenalty,tduab ehgaintist Ipeds Ndpvietopdiatithe et faad. - Heaétangple, if
rates. In addition, because the thernmal properties of the sanple also
are depEaNt PoHiopReofdififesiachivsieopravifie difienertialecondurtiyg copkact with the
cross-section of the_ item changes then there wll be.localized hot
Spots STORs’ cRe e e el VRS Pa e ocp et Helling fal 25 AU, BRErAIRH the
sur f acegiATesipincadegraiesy fidtin and war @bl gb diRatdy REidd RheRORIAGH
resistance wll exist at the el ectrode/sanple iIntertace. Accordingly,
i n onemettbpeblendrestfed sempihe blogkdé/safmptaridesiacd of hahert intémal interface
substantially free of defects and has a substantially uniform

cr oss-WHBN Bie. sampihodn dighé ainidés se@oeernenit ot HBlieHn tdisrat odensirctn ene

of the_ s | e hl shoul d .be uni f or s long as i S, requiremne i, S
Tt R BB R R EH BT R (eot BRTRUEH OrF PALSIaBE B1d PREFLeL
bl Pck-efﬁfregﬁambﬁﬁ& Uﬁ’thbc'h@%nﬁm% qﬁ%ﬁom@re JoRAL S FERERL R idntion
uni f ormshape, such as a sheet, bl ock, cylinder, etc. 1n another
enbodi thendlectidiessarphede ohs aoft nsetaf, andunifbemcCisbatiag ‘aprleeburand appli¢dthad
flat in order to ensure good contact with the el ectrodes. [0057]In

addi t | #feefls the elepdendeaniptariadtyield stranath Aithe ieientaset brlespkthgnelectrode
devel ops ,bet ween the ectrode and .the sanple. Ta accopplish.this
Chee L B E &FE el Sothehp Rt ARG & DEsREEY sRasrtd SAaNEt e Stk Mdrrace
el ectry i i i ; ;

5006 15 HapBaRE dcaiaBPill Ebhi@kCRiglonat the intthfoce are plastically deformed. in
poi nt syetdevetico@mibodiinent of gief @ceenthoveneisanpleifoirh ldivfdnergntsepong pulse

of the electrode provide differential conductive contact with the
sanpl els apphed thatiipbaraly ayffisienbio mésh ihedeamgratoeart amdarerentagt rggians of
occur erever, the initial,resistance.is atest. This in, turn wl
Cead t et BEEYE SRRl Wrore el Sotechnl % B nobe Deatibrh bal® the
el ectr pdel spamdiBoh MeR{fRERIrET oPHRET arhBigHo08! matd B4l 8GR WhddialoWey the
sanple” In light of this requirenent of uniformcurrent density, n
one endodiptents samdlbéo comfoenttoithy emitiosnoiib éeatliast sfdbe soataet paifahefdhe

flat and parallel to ensure good contact with the sanple. |In_another

enbodi Heatrods. dmadditioneit ystranatberopmbpeimantdbe gtrAragdes aradesiionad syek
nmetal ,  and uqiforrg"seatti n(tgl'l'E ﬁrﬁssure.is applied.that e Ceﬁ‘ldﬁ'H't heh h

el ect rHEL REEUPi LY PFETYesTieegier RO e i ATENEYLe CUHGDT B8 gugh the
el ectr uckl SQ, -t =r odep, S v

pr esseﬁ%gf ng{)r‘n%% ﬁseLﬁtteE{kl)?él1 r%eéa?lr?t feaF fé;géér(g/&eéfnﬁl}l uclk%gd?b'aﬁg%zlﬁym Bl alloys
non- combast sulataraizlyatt Che Aqtex§ Bedi.ar ehpl ashiabaldtyledef Obneidt dintheet

anot her enbodi ment of the current invention, a uniforml|ow energy
"seati W@'ﬁerﬁﬁjﬂse is applied that is barely sufficient to raise the

t enper o] ny non-cont regions of the anor u anpl e at the
cont actioshf s abedly PRt Biatiba s L ngiovig Suf R R o aERe uftforkil
transi i [.a t r rH || s @M
the. anr DRSS BT Fo Bt P, AR R o TR) BBl o Plat TRy Aichiter
cont acsursouridieg aoll dléve red dcitsrafthetivélp eadded,iian, if iadigbatic dratih@ls achieved.
enbodi nent the el ectrodes are positioned such that positive and

negat i (& deneate edéabapic vaadiagacangibimnsy idd/duhasetr bpatiah temoyalyhot mes small

sanpl eénosu%rﬁ?toséjr%stuarlejltﬁatrmgr,ar%gl ér%%ie%ltsgag Podt%ep%%ﬁ{rlaﬁlsptﬁ”i Go %t déa\\%lt%)ni% the
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WO 2009/ 117735PCT/ US2009/ 037970 sanple. To quantify this criterion,

t he magni tude of Trzc should be considerably smaller than the thernal
rel axat i onwDi2o®/10f738 he anor phous netal sanple, Tth, given/imgedoherero
foll owi ng equation: Tth = csR2/ks(Eq. 5). where ks and Cs are the
thermal conductivity and specific heat capacity of the anorphous
netal, and Ris the characteristic | ength scale of the anorphous
netal sanple (e.g. the radius of a cylindrical sanple). Taking ks -
10 W(m K) and cs 5x106 J/ (nB K) representing approxi mate val ues for
Zr - based gl asses, and R 1x10-3 m we obtain tin - 0.5 s. Therefore,

capaci $0mplew Tohy uBRERHE OIS bl RIpl, YhesRghRidd bledkc 8houls Bhaunstlebeblysathliep
ensure uni form heating. [0059] Turning to the shaping nethod itself, a

schensihiao be thereeerplaxpiors liaps: 9§ the dmemphags onetah senvile ht, FEVERCHF the
met hod, of the current invention is provided in FIG 2. As shown, the
basi c | INGLA3HGM 0ol i ncl udes a source of electrical energy (10)
and two el ectrodes (12). The, el Sﬁb/rkgdes arfEcﬂ%?d to apply a uniform
el ectrical energy to a sanple bllock (14) of "lniform cross-section

nmade ofh@f &imirheusarf@atied ithbrihayvicagdadtivitgr add \spletigics HEAt ehpadilyy of Qie
and a has a Large po value sufficiently high, to ensure uniform
heat i rgmoMitwuaninttlnped dtis thalcherasteyysticslengdd seale usfi ther amngritwas makal

le t t ' "pr. t " ab h I
C ans TORC B Bre I 8 KU Fore. (ARoaear o oY@ ER < - s
i1l I | L Ol f [ -3 :
i mul CHRBonL I R PR e L bR GOPE SRU R £ 0 M

i ncl uddlitgin 0¥ 0SXaNPherefdra] esidcdrdmitdithdecorditraably shealirnpan St5aBhould
forging blow nmolding, etc. to forman article on a tinme scale of |ess
t han oPreussscioransuf®©0B¢IT hedldid-d be under st ood that any source of

Gensi 19088 A ag8 ShaRciatpePai SRR e 3e5aRs Tl R PETTREr Shomg.
predeﬁ%'bméﬁ? B ﬂ@ﬁb@?%@t@oﬁ%hh@? rﬁeﬂfiﬁéﬁﬁ&%% ®vdBaG Fidre.
havi ng a di scharge tine constant of from 8 j.tsto 1 M I seconds

may beAsiskelwn | thedsidid RODF shapirgl @ot mtiekssdibtateb e f fedsctpt#lvd rdirgg (10) and
uni form contact across the sanple block WO
2009/ 1wordspcTdesti@ho/Tbg rdegrodes are used to apply a uniform electrical energy to a

sample block (14) of uniform cross-section made of an amorphous material having an -
Serit value sufficiently low and a has a large povalue sufficiently high, to ensure uniform
he;ating.‘ The uniform electrical energy is used to uniformly heat the sample to a
predetermined “process temperature” above the glass transition temperéture of the
alloy in a time scale of several milliseconds or less. The viscous liquid thus fofmed is
simultaneously shaped in accordance with a preferred shaping method, including, for
example, injection molding, dynamic forging, stamp forging blow molding, etc. to form
an article on a time scale of less than one second. '

[0060] It should be understood that any source of electrical energy suitable for
supplying sufficient energy of uniform density to rapidly and uniformly heat the sample
block to the predetermined process temperature, such as, for example, a capacitor
having a discharge time constant of from 10 ps to 10 milliseconds may be used. In

addition, any electrodes suitable for providing uniform contact across the sample block
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may be used to transmit the electrical energy. As discussed, in one
preferred enbodi nent the el ectrodes are fornmed of a soft metal, such
as, for exwopb®/uuNss Ag, Cu, or alloys made using at | ea3tusdboatHyof
Ni, Ag and Cu, and are held agai nst the sanple bl ock under a pressure
sufficient to plastically deformthe contact surface of the el ectrode
at the electrode/sanple interface to conformit to the m croscopic
features of the contact surface of the sanple bl ock. [0061] Although

t he above di scussion has focused on the RCDF nmet hod generally, the
current invention is also directed to an apparatus for shaping a
sanpl emlyosk @edamntpiizust rthé eslealrical lemeofle pAsidBEsdRgedMiodingeptaferred
shown schematically in FIG 2, an injection nolding apparatus may be

i ncor penapéianadtthe elestrrderanetonoed df @ sofionetat wisba@di s sxampke Nii AGdus

i guid of, the heated h terial is injected,i | d

caui t YO A4TBRLE HEN AR TP ot a8 A001 rhy SRO RIS Caa ! G Saapte
| C i .

Bl oL (iR £ Rets G ARHAORDEE Hbata b fferfith e ColeSyriack of e

an el egletiread by tHenslut@bddlgarmbry inedrfacerto"®Redrnslt eevies’ mtdstspiPrehvaded
to an injection pressure (typically 1-100 MPa) by a cylindrical
pl ungethermatacdBusacoptithetsenpleditaski al (such as copper or silver)

R S DAL R LR e
t W
of . cBeal TN TLeliR, 2B R IRD MR Ra5 ol ol CET S Sepl o

gl ass sabpuehasgeiapr 0vVbaedrdfbakdagnbadimeat,ishewinas ciearitigsibdiraPiov e, an
are net. The | oaded plunger then drives the heated viscous nelt into
t he neinjeshiapemabsiing spRdreis (MED6E] incermugtedawith ipe &Gmmedr@l. ngp such an
techni que i.s di sgussed abave, sui t.abl e shapi ng techpi que .be
Lsed Sfetndney i VoEo & BHpk o5 e brtie o PORUD TReE i e Rl R
t hat i C 1 t i I |

{hat TR GEts] ReRchosdaace (bicklis BORE o FREALAURAE0RI RUIARE 1o
exanpl ®rm B mnesepeocimporiecnd dythaninetdlOe gRassham nige RREMEtE BaYhdenethod

used. In such an enbodi nent, the sanple contacting portions (20) of
t he el destratissin(A8) 2videl dhargeitslocyied in@mnmeledieicalypinsulating “barrel” or “shot

2009/ 117735PCT/ US2009/,037970 di e ,.tool . | hi j t, th | d
canpl e BPG I TGS 68 SR cpadress Be Pty Vel L MBsLoy dhacal
the el 66hE00%% AN WHaihdLBEn? RSLEE MBS Whobet 6 SRIGH S8dirkNom higr

sanpl e ck woul me sufficiently viscous to al

el ect r gldesidad cpr@sivitpgat neermademdubevipl etied plurigeedcist4L65e ety of
conform-ng the anorphous material of the sanple block to the shape_of
t he di®e(wBiem| 0b6IpMmplanberoerrestthon ipnetectrisilinerosodedrhasealectrode The

FIG 4, a stanp fqrmshaping method i s proppsed. In this enbodinment,
the el SeCrDRRT )R TR0 CattaL i I6¢ PR B R e Hundesh Do o Rizss
(32) b n ' i [ o hi

o Amorptege ey s Bed et e RikeR PEUEREY SRR R D ol IR
t hi s tguhgegtrenmiivebehdrheldtbi @cbos oty iatetheirdeh shaye sold edvitg. sanpl e
shape. Upon discharge of the electrical energy through the sanple

bl ock, [004@] f oAHhaYgh @l ingectioname diag)techmined 1aglistusard abape.i 3ws suitable

i 10| . f . |d be b i
o oot B T e TOIHeC BB Pt e SRS ALETBON ISR DAY i Gafrgea el aiher
t her Eb%“se}gjﬁrzgggnettlp&fseth& %@%'d@gdqﬁgcéﬁ@ﬁ@e Rlith ke RBDR tgaﬁxiaﬂjé"é\le provided

desire
in FIGs. 3 to 5, and discussed below. As shown in FIG. 3, for example, in one

embodiment a dynamic forge shaping method may be used. In such an embodiment,

the sample contacting portions (20] of the electrodes (22) would themselves form the
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[0064] I n yet another exenplary enbodi ment, shown schematically in
FIG 5, a blow nold shaping technique could be used. Again, in this
enbodi nentwotb@retmest rodes (40) woul d cl anp or ot herw setigeboiob®70
sanpl e bl ock (42) between themat either end. In.a preferred

enbodi ment, the sanple block would conprise a thin sheet of material,
al t hough any shape suitable may be used. Regardless of its initial
shape, in the exenplary techni que the, sanple block would be
positioned in a frame (44) over a nold (45) to forma substantially
air-tight seal, such that the opposing sides (46 and 48) of the bl ock
(i.e.,dieh@oti da fragigngbddierciBl theadsldt ignpledBlctRCROD wavRY ber Betdt heder 3
nol d) can be exposed to a differential pressure, i.e., either a

posi t i sempressyar etress gegiween athte gdedtvedegsa@od mwhepothali detisicgle svlergihas

Ui ScouliSaioairBY semariaect it PEeEng ECfklent S PRty Al Be elfcoges

Tt sk ABaRg: BHlS: (e prReefied, PG S s by b eS8 s orhBES
[ 0065] hataril chbiad Sighp@Xeodd &' the eibpslbMatdie Blopwn schematically in

FIG 6, a fiber- drawi ng technique could be used. Again, in this
embodi k0848] t Hearatber EG%QQWQQIQ) glmm scheenaticayp ol Fort astanp férm keaping
sanpl e bl oc 50) near, either end of the sanple il tensil .
For be R Toda RagbRetea a M et TRtk ofe elvatoangia0) wakt Ratin gt o Bemise
nel ' UMdip the LamMOMBRNSS il fhn ¥k LRROF ofid PRI ieO:chBiahicldtbofin 2 thin
cool i ng bel ow gl'ass transition. In"a preferred e odi ven , the sanple
bl ock swuek cofcomprpissisa mepbiimdid eakd,r ohowht tosigbulanye snapsastssd tthd ehis

may be used. Upon discharge of the electrical energ¥ t hrough the
sanpl etephoigke nMaebs amglifediecaneestewisit anis switable spepeheaneni Yrarmdigcharge

T 1 A N TN R e o
Yo o B PRI GEDon SRR ST ELLY Gt U o LY

t her noglppeddterraimddtdoamsieesive Psreperdaires pottidmer shnesraprl gsldIthardbdiwddn,
one such enbodi nent, the sanﬁgf_(SZ) woul d be held under a
conpr edershy Fampyw hetaneeme blaskpalgdhe fishhpesaired shepeodes (53), while a

el cct T1O0ART o BP0 o e TER, RGP EhrShoNN FCTREVAAIcP Ut G- 5nd ot
sanpl em*aloogtﬁaﬁwgltéﬁﬁﬁ?%@' B %@‘?%EE.' WG igedls oA o%ﬁm&ﬁ'@tﬁ@m'cﬁodes (40)
iciently the el g er

becones su I 'scous, ctrodes will press toget

under Wwheldpreaeteritheedsp hesSiheasantpld elakniithsctsepltbem Rt @thdednd hid a
the canera has the required resolution and speed, the sinultaneous
heat i ngyederded eroborimicoh {heoseplenhlpchevedgt earepriss aathdershest of material,
t her mal, i mages, ing this data the tenpqral, therpal,. an .

dof of nKTTR 20 BB ulaBieo v e o NeBRToRpasair i, shagg. in the
strain I-h 6 ' 0 - o f

can Do CaNnapt G Tiske T E oL OBEK R R PR IoRRd i} FHGREE (A 39S Fhold

yi el di [4g} tovoemreméiistastiallyfer-tigApesaat such; thanthetopppsing tsitiee- (e pen dendf the
viscosity, heat capacity and enthal py of the sanple. [0067] Alt hough
t he abblpek di.scthssbor faagftbeuneld and e silsstaningadware foor &e ofoldl can be

nunber %ﬁgﬁgé‘,g%' Sl AR s N ABSar & hoShod e B LS LR dghibe

vacuum. Upon discharge of the electrical energy through the sample block, the sample
becomes viscous and deforms under the stress of the differential pressure to conform
to the contours of the mold, thereby forming the sample block into the final desired

shape.
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WO 2009/ 117735PCT/ US2009/ 037970 t echni ques nmay be used with the ROCF
met hod of the current invention, such as extrusion or die casting.
Mor eover, wodidoii@ras el ements may be added to these teqluliupaas/os©70
inprove the quality of the final article. For exanple, to inprove the
surface finish of the articles forned in accordance with any of the
above shapi ng nethods the nold or stanp may be heated to around or
just below the glass transition tenperature of the anorphous

mat eri al, thereby snoothing surface defects. In addition, to achieve
articles with better surface finish or net-shape parts, the

conpr gg865E f pr @R anafitkriecReinergasehadfimant, sAbWE stisdmBttAiyne FI@cd) ai fitide-
the conpressive speed, of any of the above shaping techni ques may be
cont r drewing techogivd cesld bé peed. Againabithistgmbedisient) the etachioghs (4R beuld

nber" fl i.e., i i on, i fl | y
e chBe wiPh e T S BBl RBL AT B S0
di Scu%ﬁgiléﬁﬁ‘t’ﬁmﬂ?ﬁ %ﬁ BOPLI Sther @R R Q%gé.% fkat B dotg ﬁ&;m%‘?éﬁ’} is
net shape, hig per?o fance fetal conponént Such as casi ngs for

el ect riBwaSontBItpg kRbwn Ned SIrniser doakicRitgeScooling IRSew hAEEhvBaasitivAL OR a
conponent s, nedical conponents, canera and optical parts, jewelry

et c. ThiefeRCOF emitododentathalssnpbe blekdwpeldpeadpiee snalindsihaderas, although

t ubi ng, nels, .etc. which could be dypam cal xtruded t hrough

var1 ot ee st ShiE ORI n i esURREAT B8 ey SHXHOR HDRAOATRASH Fif

and i rﬁa‘?ﬁﬁlb%@o&yﬁ%eﬁ%mkgo&%bmswg%ndts?&t% ur{iﬁwﬁ:mgH@ﬁrcmetsh%ﬁs of
od 0 ous a

current i'nvention provldes a net shapi hg “anor p | 'oys that

al | owsthk @gndikeror@h titkrey teswmbans saspaf bldchirde andirger Abe AeIMMdOMS ross
materials and that is relatively cheap and energy efficient. The

advantwgégﬂof the ROCE system are described in greater detail below.
25701 BREb ool kR SRS o eSS CLGBSHEH, 1 Hendor
restr 'igtdﬂ%c@ﬂ ttokbereip?@qg c¥to9fdi%¥r§§get Qpﬁ%rréfﬁ:tsqu‘ h?e%s%ﬁ& tﬁ@r‘?ﬁ@o@ngﬁ%@nd

their glass transition tenpera _
transport properties of the supercooled liquid. In one such embodiment, the sample

(52) would be held under a compressive stress between two paddle shaped electrodes
(53], while a thermal imaging camera [54) is focused on the sample. When the
electrical energy is discharged, the camera will be activated and the sample block
would be simultaneously chgrged. After the sample becomes sufficienﬂy viscous, the
electrodes will press together under the predetermined pressure to deform the sample.
Provided that the camera has the required resolution and speed, the simultaneous
heating and deformation process may be captured by a series of thermal images. Using
this data the temporal, thermal, and deformational data can be converted into time,
temperature, and strain data, while the input electrical power and imposed pressure
can be converted into internal energy and applied stress, thereby yielding information of
the temperature, and temperature-dependent viscosity, heat capacity and enthalpy of
the sample.

[0067]  Although the above discussion has focused on the essential features of a

number of exemplary shaping technigues, it should be understood that other shaping
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Tg. The rate of crystal formation and growth in the undercool ed
l'iquid above Ty WO 2009/117735PCT/ 1JS2009/ 037970 i ncreases rapidly
with tenpewetumaimwhsl e the viscosity of the liquid fal lspAts2009/037970
conventional heating rates of - 20 C mn, crystallization occurs when
BMcs are heated to a tenperature exceeding Ts by AT = 30 - 150C. This
AT determ nes the maxi num tenperature and Lowest viscosity for which
the liquid can be thernoplastically processed. In practice, the
viscosity is constrained to be larger than - 104 Pa-s, nore typically
105- 107 Pa-s, which severely limts net shape form ng. Using RCDF,

t he aneephiquss MAsE MealisEnnpite tIEARODF whéthed rdfytheeadeentandention, such as
simul taneously fornmed (with total required processing tinmes of

m || i sedorsie) it ditegastmg. raMeseowamgm‘ctjtiWaineltomnts 103y (es added ttgrwese
t he sanp| e. can _be ther | astjcalty formed. t sha Wi t h. nmuc

| ar ger CATIGHES 48 TPF R, Wi’%’fynﬁcﬁ‘etg rangie e QF\R"E ‘?t'iOeE“F?rHV%H@e

range Ofpedlel ml‘ﬂ‘l of Bie> ’art\ﬁgégqohﬁe& & Jc%gﬂﬁan% \M‘tﬁ%(?w g‘ﬁel %8\% SRafifg

processing o astics IS requires nmuc I"ower |

short %eﬂmbahélnﬁma oradtsmpirhay b€ idbtedit Aruehd be %eﬁo@ﬂhe'@ié@s traRQEEn
Enabl es Processing of a Much Broader Range of BMG Materials:

[ 0071] tEmpadaturat dfc the prmeipdiousf maTeriatd thmermotnhmg sdoferé otefefts. In
proces (sztlmat mIIls conds. epa gtglea{ar er variety of Hlas '
f or mi r@‘&i%y%"t FNiRYep RHE %%ew'thsﬁ% ‘?rflsé’éaF9 %'F" ofs WiirHaPraPp AT the
or al '&%ﬁpr@% BQoﬁE‘éCBag%ﬁ%ﬁé c&éé’ﬁ%@% HBE& dnoﬁhoﬁilH@Hé&%%melzcoﬁ#ﬁﬂes&@é

poor er ass or mny ability, can rocesse

exanpl ﬁ)ee@h@ﬁﬂﬁy’ ol flle @bBRY BheFingREENHIGSdT ahlyebeal:cbrqy@uémaﬁaeglv@@ rdélt fiddt
Pt, Au, Fe, Co, Ti, A, My, N and Cu and ot her inexpensive netals '

are r anh@bllﬂmoarlsgn@s&*mﬁbhm sWeiben swmber’ ATloansd ist,r thepreeerdeaioynieation,
crystallize. hef ‘marginal. glass form ng" alloys cannot be
t her nopraXPBCAW YNB$ l&ssed using any of the currently practiced

met ho t I r

T R i P

processas behpblied € e froaLtomel Ngallserinfiex it hbpd, kigpembonsnce metal

articles such as die casting require the use of feedstock materi al

vol umecomponents such as casings for electronics, brackets, housmgs fasteners, hinges,
hardware, watch components, medical components, camera and optical parts, jewelry
etc. The RCDF method can also be used to produce small sheets, tubing, panels, etc.
which could be dynamically extruded through various types of extrusion dyes used in
concert with the RCDF heating and injection system.
[0069] In summary, the RCDF technique of the current invention provides a method
of shaping amorphous alloys that allows for the rapid uniform heating of a wide range of

amorphous materials and that is relatively cheap and energy efficient. The advantages

of the RCDF system are described in greater detail below.

. Rapid and Uniform Heating Enhances Thermplastic Processability:

[0070] Thermoplastic molding and forming of BMGs is severely restricted by the
tendency of BMGs to crystallize when heated above their glass transition temperature,

Tq. The rate of crystal formation and growth in the undercooled liguid above Tq
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that far exceeds the volume of the part being cast. This is because
of the entire ejected WD 2009/ 117735PCT/ US2009/.037970 content of a
di e i n addwbizom/imr3sasti ngs i ncl udes gates, runners, spraIeU2009/037970
biscuit), and flash, all of which are necessary for the nolten netal
passage towards the die cavity. In contrast, the RCDF ejected content
in nost cases will only include the part, and in the case of the

i njection nolding apparatus, a shorter runner and a nuch thinner

bi scuit as conpared to die casting. The RCDF nmethod will therefore be
particularly attractive for applications involving processing of

hi gh- cipgteaza®r pipodly withenémbsaratetc widike tthe m&@&ﬁ@sbﬂgth@f ligomar pAedISs At
metal jewelry. RCDF is Extrenely Energy Efficient: [00731Conpeting
manuf a&nye nienaldertog @g‘iEésafsuﬂwCzélrdﬁefstdbzatW@ ogsersrehent3Migs dre heated

o TR (T SV TR T
Consurelf%ﬁyiéﬁﬁf?gyaﬁ& BNesy @éc%@ﬁgrfotrh%icthh%ibiﬁﬂtﬂ# uégﬁ)tb% l?ﬁ%:gﬁplﬁ'%ttcally

sanpl eS|re process tenperature I'es

i nduct predes®idt | INGprayE¢EBe vRicesitpisecom@traimdUorRdiarfer thaar- 104 @i-e, dre
no need to pour nolten alloy fromone container to another ther eb

reducitygicele ¥ dOedH-agWhidpsevargli Hedtsanet sheppdereningal Usng R&Dér ithe
cont am nation and ma eri ECDF es,a, Rel ative Sl I
ConpaciMORPURARREf AEIWBLF&E%THE%‘E H%PBd‘;Fa\{e‘gB@diﬂ%ﬁt&fé%O@a RN
manuf r e
smal | at%:(:%r% gwg&@rﬂgsg&g%mmu 'ﬁ@ I tsgﬁr'? gg‘#y tobéw!ﬁr&tﬁgﬁ 10
Wi th acfd nhum, afe mp!@g:d@adetmemdp@@ueas,eﬂ@tmahIto! nal shapelvaet frahearger
process. Envi ronmental At mosphere Control not Required:

AT and as a result with much lower process viscosities in the range of 1 to 10 Pa-s,

which is the range of viscosities used in the processing of plastics. This requires much

tower applied loads, shorter cycle times, and will result in much better tool life.

o RCOF Epables Processing of a8 Much Broader Range of BMG Materials:

[0071] The dramatic expansion of AT and the dramatic reduction of processing time
,.to miltiseconds enahle a far larger variety of glass forming alloys to be processed.
Specifically, alloys with small AT, or alloys having much faster crystallization kinetics
and in turn far poorer glass forming ability, can be processed using RCOF. For
example, cheaper and otherwise more desirable atloys based on Zr, Pd, Pt, Au, Fe, Co,
Ti, Al, Mg, Ni and Cu and other inexpensive metals are rather poor glass formers with
small AT and strong tendency to crystallize. These “marginal glass forming” alloys
cannot be thermoplastically processed using any of the currently practiced methods,

but could easily be used with the RCDF method of the current invention.

e RCDF is Extremely Material Efficient:

[0072] Conventional. processes that are currently being used to form bulk
amorphous articles such as die casting require the use of feedstock material volume

that far exceeds the volume of the part being cast. This is because of the entire ejected
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100751The mllisecond tine scales required to process a sanple by
RCDF will result in mniml exposure of the heated sanple to anbi ent
air. As suwb,odohe7ps ocess could be carried out in the gdiendnsosroro
envi ronnment as opposed to current process nethods where extended air
exposure gives severe oxidation of the nolten nmetal and final part.
WO 2009/ 117735PCT/ 4JS2009/ 037970 EXEMPLARY ENMBODI MENTS [ 0076] The
person skilled in the art will recogni ze that additional enbodinents-
according to the invention are contenplated as being within the scope
of the foregoing generic disclosure, and no disclainmer is in any way
i nt endexhtényt ¢fhe dicoinegsiitig toncastingeiinélode=yatep] BmneEXAPUE (dr biStuitly and
Ohm c Heating [0077] To denonstrate the basic principle that for BM3s
capaci fﬂa%atj.og Méﬁ*g@"e\/chaswffzf tﬁéaﬁol&ﬁ%@we&&tﬁawwoaf&&% ihgctie eayity. In

sanpl e [ i d heat | n ar

pot vy ke e SRR A Brsge IR P Rublene el 3PéiTa the
machi rh%se%fldﬁ‘éIrﬁé‘ct%‘lﬁoﬁl@é’éop%iu@eéshwhbf rétRir@ndh h@cﬂ%n%éﬁ%@@m%s
energy in a capacitor of The stored energy can be

accur atoehyaredrib dod tm]lngTthneREDFmmetbodlsmﬁmheneéorefbeopafetuLiaﬂ@ atthactivedor
confine a sanple cylinder, tw paddl e shaped el ectrodes were provided
With fa@llcaﬁm lieyol gD f RiOE8sSinheofs poh- GRSt R MGrRRALRI MBteralsa syphiafg the

Loaded u ts application of an axial |oad of
up toP gQ?\?éWEB %8?&08%‘&[?})}%%? Upper el ectrode. This, in turn
permts a constant conpressive stress ranging to -20 MPa to be

appl i ed o Fé Efficient:

[0073]1 Competing manufacturing technologies such as die-casting, permanent-mold
casting, investment casting and metal powder injection molding (PIM), are inherently
far less energy efficient. In RCDF, the energy consumed is only slightly greater than
that required to heat the sample to the desired process temperature. Hot crucibles, RF
induction melting systems, etc. are not required. Further, there is no need to pour
molten alloy from one container to another thereby reducing the processing steps

required and the potential for material contamination and material loss.

s RCDF Provides a Relatively Small, Compact, and Readily Automated Technology:

[0074] Compared with other manufacturing technologies, RCDF manufacturing
equipment would be small, compact, clean, and would lend itself readily to automation

with a minimum of moving parts and an essentially all "electronic” process.

o Environmental Atmosphere Control not Requijred:

[0075]  The millisecond time scales required to process a sample by RCDF will result
in minimal exposure of the heated sample to ambient air. As such, the process could be
carried out in the ambient environment as opposed to current process methods where

extended air exposure gives severe oxidation of the molten metal and final part.
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[0078] Smal | right circular cylinders of several BMc materials were
fabricated with dianeters of 1-2 mm and heights of 2-3 mm The sanple
mass rangewof20@m?49 ng to about -170 ng and was sel ectEd/tRo@bsdIN
Tr well above the glass transition tenperature of the particular BMG
The BMG naterials were a Zr-Ti-based BMG (Vitreloy 1, a

Zr-Ti-N -Cu-Be BM5, a Pd-based BMG (Pd-Ni -Cu-P alloy), and an

Fe- based BMG (Fe-Cr-M-P-C) having glass transitions (T9) at 340C,
300 C, and -430 C respectively. Al of these netallic glasses have
S--1 x 10-4" Scrit. [0079]FIGs. 8a to 8d show the results of a series
of t esSEXEMPLARY BMBOPIMENTAder s of radius 2mm and hei ght 2nm (8a). The
resistivity of the allo po = 19012n-cm while S - -1 x 10-4

(&1 ToBiReY of ahe crerson- Shislogioly therori 86, respanzo0hycayoncsmheients

stored_]i 2009/.117735 2009/,03797 aci tor

d scha%cgcgaé'm o W Vel & dpret m?k-%ﬁ 25 i WinGoRR 58t LB cBeoing
- h f i

reasur eﬁ’;fh@S?‘ﬁ??ﬁﬁ"“&ﬁ* AT e Sy e A haS BNt (BRI nop-
I s parlimtilgandaynglegortant to note that the sanples are not observed
to bond to the copper electrode during processing. This can be
attributed ponmpeshi ghid®! 2 ehilicAlagg thermal conductivity of copper
conpared to the BMa™ Tn Short, the copper never reaches sufficiently
hi gh t[@0@é} at tio eiehrmrﬁtdad)wt!mbhisingarbmi[ilhehémimlrtmﬂGs BiEadtivd digchdvgetwine
scal e of processing g mlliseconds). Further, it should be noted

t hat tfhf@mc heal disgipatigp iRoa ddhﬁ@@cqiosatrn@leewéb@t%déniéqrma@@é raphd seimpae
process re freel noved fromthe ¢ er, el ec

PO | ovirdinB g aLs FoEaanaeiet ofelRY Ripeh Wl G e BB S HfPiiraBaf anaring
ref er epee. THORBWhiRREa Iuwut%kaba@@%ﬁo& %idé‘r}’{zv'il[‘%?e hﬁ't@hb@ JYEEE o\‘r'éﬁ&g&%
determne the total conpressive strain developed in the sanple as’it
def or nedapauiter of eat) uFhelhengbrezeenargy ‘tatris adcurstely s@mrddiyedHoTHd Rbainee
Ha-and H are the initial (fi naIP hei ght of the sanple cylinder

res pecqqrxseargt is Crfhfé’d?F 480 g6+ Ap§op gnega %Wptg/cs{lwépb/tw patmk@ shegad elechiodes
pIotted VS, utS|nd|ﬁatedtha

ne n
Phe « e Spr A LRREEHE Balist 2efaemi v nea RN o™ BRe e b 1Sy
the enghgyy Q%;é&h@lé&‘?gdé)%hﬁcfhepefrﬁﬂ%%ﬁﬂﬁzah&rQQiB&rl E?%ﬁﬁ)aheéﬁh% tbe-%HNéwmns
indicate that the plastic deformation of the BMG sanple blank is a
wel | - def fioned td thecupper eliectribde. eridigyn dluscparrg&d abgorishentcapaEetsive stress
Fol | owi ng._ dozens of tests of this ty is possible to determine
t hat maagtﬁgctOﬂZQ\M%atq%ae%uﬁsiﬁ@tb%amaleg@%ﬁeéarrple georretry) is a

very ctlon of .ener IS, C hown

Fre 1R07BRe B ol oo BRE PRI P bieEiofs etk BRRE ke
accur adighbt&an 1o had ataaa Hen@% of D&Y Girn. 'Vﬁé eaMRle mals reRAPFLRI -0 mb he
flow qualitatively and quantitatively changes w th I ncreasing enerQqy.

Under adbuait apdil exlg camprvess i sebedtedhidoobbtaiBOTENewt lorbova tbkegiasevobotition
in the flow behavior with increasing E can be observed. Specifi caw

for tHeMmEralureoft e pegiputasr BMG0 TheuBMS materiphst ware @ Ar-di-based MG
L\r/]leg/n? ?"%lpy T € fép\ﬁu %er&lﬁés ! V?’Idybass:[e%béﬁbe‘Hd Nh%ruep Eﬁloy] “hd an Fe-

based BMG [Fe Cr-Mo-P- C] having glass transitions {Tg) at 340C, 300 C, and ~430 C

respectively. All of these metallic glasses have S ~ -1x 10 << Sert.

[0079]  FIGs. Ba to 8d show the results of a series of tests on Pd-alloy cylinders of
radius 2mm and height 2mm (8a). The resistivity of the alloy is po= 190 pQ-cm, while S
~-1x10-4{C-). Energies of E = 50 (8b}, 75 (8¢), and 100 (8d) Joules were stored in the
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WO 2009/ 117735PCT/ US2009/ 037970 t hinning (e.g. non-Newt oni an fl ow
behavior). For E=75 _Joules, nore extensive flowis obtained with

| n( Ho/ 1- 1Ryo<2@enlimvss his regime the flow is Newt oni an amrdTGrEges@auUs,
with a snmooth & stable nelt front noving through the "nold". For
E=100 Joul es, very large deformation is obtained with a final sanple
t hi ckness of 0.12 cmand true strain of -3. There is clear evidence
of flow break-up, flow Lines, and Liquid "splashing" characteristic
of high "Weber Nunber” flow. In short, a clear transition can be
-Observed froma stable to unstable nmelt front noving in the "nold".
Accor diapakitor bankgandClischdrgedliatd tisd iseenpbathetd vaddr extueddr ofcoph@etsice
fl ow can be systematically and controllably varied by sinple .
adj uststegrs ot~ EhMPappihecieareadf alsgtic Héwéﬂég@@%ﬁ @R AugaHfiethby measuring
sanpl E LE .2: | njectio | din parat us [,0082] l.n anot.her
oxanpibe T RbERP Ainab AT o8 themeb R BRERUR B puphP S Fatent to
const rygt e SaREMBIhERsOhrd Bt dsbARJAIE HBRAVicdesk 1dpFt Coieddde! Buring
1lle. Experinents conducted with the shaping apparat ug prove that it
can beprysesking iThjecan ob atbiisbtefas ghe high eceriadl grdatierinat eondictisivape
articles in Less than one second. The system as shown is capabl e of
st ori riPPRAT soewareedp tbaddy. ofn sheitMicesoRIRd REHST yicREHS é@&ﬁﬁ@FlVé‘tﬂgh
process pressure of up to - 1 MPa .t o. ed t .oduce.snmpl | net
hape Emberars fo Shed s shhe miueR Rbd B6phpP LRGP S BkingPEeing
| ndepandgfilis SHLENT Fulthel UeABUANLEhERLI heRknSBELAKNENAT AP 4g8REE 36 kD
system a controlled process pressure system and a nold asse y.
The eldetirodabudassr. gVhe fiaslgproageseydatdroples wedrefrasiypeinsesd romap@cidpper
bank, voltage control panel and voltage controller all interconnected

to a ripdredshorng BIressiag and ere hown ichibi 2avith alangtiy ecie sefgrence.
ot ndO0ETh o e SRS 17/RL A%t RoBide PRt WWerBc SEa o oel P sPo i et
e R e O S I e L
cont r adrigitegrir@c@ssain” is given by Ho/H where He-and H are the initial [final) height of the
sample cylinder respectively. The true strain is given by In{He/H). The resulis are
plotted vs. discharge energy in FIG. 10. These results indicated that the true strain
appears to be a roughly linear increasing function of the .energy discharged by the
capacitor. '
[0081] These tests results indicate that the plastic deformation of the BMG sample
blank is a well-defined function of the energy discharged hy the capacitor. Following
dozens of tests of this type, it is possible to determine that plastic flow of the sample
[for a given sample geometry] is a very well defined function of energy input, as is
clearly shown in FIG. 10. In short, using the RCDF technique plastic processing can be
accurately controlled by input energy. Mareover, the character of the flow gualitatively
and quantitatively changes with increasing energy. Under the applied compressive load
of ~ 80 Newtons, a clear evolution in the flow behavior- with increasing E can be

observed. Specifically, for the Pd-alloy the flow for E=50 Joules is limited to a strain of

“In(Ho/HF) ~ 1. The flow is relatively stable but there is also evidence of some shear
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WO 2009/ 117735PCT/ US2009/ 037970 pressure of up to -100 MPa may be
applied to a sanple during shaping. Finally, the shaping apparatus

al so i ncl ugesosoherm®l d assenbly (60), which will be desgrinsoborBro7o
further detail below, but which is shown in this figure with the

el ectrode .plunger (68) in a fully retracted position. [0084] The total
nol d assenbly is shown renoved fromthe | arger apparatus in FlGs.

11b. As shown the total nold assenbly includes top and bottom nold

bl ocks (70a and 70b), the top and bottom parts of the split nmold (72a
and 72b), electrical leads (74) for carrying the current to the nold
cartri t@hgﬁm@aé I ot m)fvtomranl fewid bahavigr) s s el=76 7 BluleAMforehet ehawd flodes
pl unger assenb %é inthis figure showmn in the "fully depressed”
posi t | gnainededs] dHg How?. ||nthﬂrscssgmlelthﬁkMNmNewmmm@d) agé¢ravus, with

| e bl f t 80 t ide th
houl & PRGOS ey ab e By sk G rats it 8@: | FOREEab] 3oy Es iy aroe
b, t ' e
casom o rBalo B BFRLLLBNE I b U g b 3% TR Ble L8
posi tiTHed i) eest aglidamdeh otfhﬁos:armbgkmlpOCﬂtow80he@n@na ¢iqDidr Olshe@hing”

pressure applied via the pneumatic piston assenbly. [0086] Once the
sanpl echisiraetkristiciaf bighi t\Weberamtimberpolowi vén sbattact Cwatrhtr‘tahstlon can be

B L
contr Sk el 4B Uy S Aol GRkptont e

the fofgntediladly vared(863im csiﬁ@ﬁﬁ}u@.tmbﬁ'g& thedephéd &odddhiNNeaRe2dP2@charged
anor phous material formed using the exenplary ROOF apparatus of the
currenp thevemplon are shown in FIGs. 12a and 12b. [0087] This
experiment provides evidence that conplex net-shape parts may be

f ormed usi NEXAMELR2Ojécinveldéglphdretugur rent invention. Al though

the nmold is forned
[0082] In another example, a working prototype RCDF injection molding apparatus

was constructed. Schematics of the device are provided in FlGs. 11a to 1le.
Experiments conducted with the shaping apparatus prove that it can be used to injection
mold charges of several grams into net-shape articles in less than one second. The
system as shown is capable of storing an electrical energy of ~ 6 KJoules and applying a
controlled process pressure of up to ~ 100 MPa to be used to produce small net shape
BMG parts.

[0083] The entire machine is comprised of several independent systems, including
an electrical energy charge generation system, a controlled process pressure system,
and a mold assembly. The electrical energy charge generation system comprises a
capacitor bank, voltage control panel and voltage controller all interconnected to a
motd assembly (60] via a set of electrical leads (62) and electrodes {64) such that an
electrical discharge of may be applied to the sample blank through the electrodes. The
controlled process pressure system [64] includes an air supply, piston regulator, and

pneumatic piston all interconnected via a control circuit such that a controlled process
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into the shape of a ring in this enbodi nent, one of skill in the art
wi |l recognize that the technique is equally applicable to a w de

vari ety ofwanbieshiess including small, conplex, WO PCT/US2009/037970
2009/ 117735PCT/ US2009/ 037970 net shape, hi gh perfornmance netal

conponents such as casings for electronics, brackets, housings,
fasteners, hinges, hardware, watch conponents, nedical conponents,
camera and optical parts, jewelry etc. DOCTRI NE OF EQU VALENTS
[ 0088] Those skilled in the art will appreciate that the foregoing
~exanpl es and descriptions of various preferred enbodi nents of the

pr esenﬂare'sgé{:%néﬂ GF t&-G00BRARY Yndyl t';élﬁb;ﬁt?éd Mea @k riple duRng EhapMgasFidally, the
whol e, and that variations in'the steps and vari ous Conponénts of the

pr esen$hapm@appmtumylﬂmemnwesvﬁ1ta hinold: hesespibly i[60lamchicte oyilé bef dédueibed in
i nvention. For exa [ be clear to one skilled in the art

that addiher sisail lﬁ)ﬁ’l@‘d’e%‘i Wblcgt'%ﬁgo‘ﬁ'ﬁ i fhig figueq W&héh%?legﬁﬂéﬁu%wy%éﬁ’d”’
For m ity 04 RORF SHRATATEs of "t he current | nvent i on hr render the -
oL IR SN BN Sy A e o aBy e
descri bdd Aeskown bhe totabtrivéd psseniolgfinaledebioptdred batope robldtHecksp|Féadad
claims, Ob]V\’Elgezt?)g%/n%ilggt?o?rl?cpyrtgsozfotgg/s%ﬁ’z2170% (72a and 72b), electrical leads (74) for
carrying the current to the mold cartridge heaters (76}, an insulating spacer (78], and
the electrode plunger assembly (68) in this figure shown in the “fully depressed”
posttion.
[0085] As shown in FIGs. 11¢ and 11d, during operation a sample block of
amorphous material {80} is positioned inside the insulating sleeve (78] atop the gate to
the split mold (82). This assembly is itself positioned within the top block (72a) of the
mold assembly [60). The electrode plunger (not shown) would then be positioned in
contact with the sample block (80) and a controlled pressure applied via the pn.eumatic
piston assembly.
[0086] Once the sample block is in position and in positive contact with the electrode
the sample block is heated via the RCDF method. The heated sample becomes viscous
and under the pressure of the plunger is controllably urged through the gate (84) into
the mold (72). As shown in FIG 10e, in this exemplary embodiment, the split mold (60)
takes the form of a ring (86). Sampte rings made of a PdwNiwCuzP» amorphous
material formed using the exemplary RCDF apparatus of the current invention are
shown in FIGs. 12a and 12b.
[0087] This experiment provides evidence that complex net-shape parts may be
formed using the RCDF technique of the current invention. Although the mold is formed

into the shape of a ring in this embodiment, one of skill in the art will recognize that the

technique is equally applicable to a wide variety of articles, including small, complex,
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VWHAT IS CLAIMED | S: 1. A nethod of rapidly heating and
shapi ng an anor phous material using a rapid.capacitor discharge
corrpri Si NOWO 2009/117735 ~ providing a sanple of armrphm/mb@mn@bo
sai d sanpl e having a substantially uniform cross-section;
di scharging a quantum of electrical energy uniformy thr ough sai d
sanple to uniformy heat the entirety of said sanple to a processing
tenperature between the glass transition tenperature and the
equi libriumnelting point. of the anorphous material and
si mul t aneously applying a deformational force to shape t he heated
sanpl endtntioem@) lAgRrpdrdsrsnaicel aledal adthponents such as cadd Mgr Sbdcronics,
article to a tenperature below the glass transition tenperature of
t he anyepkeigs h@lﬂ%fmilsal fasteners, hingeghehardimacel ofatehaicamponaniss emedidae
anor phous nmat eri al g ESI stivi t%Aftlhat does not increase with

-PH c e

t enper @ LREENS: Cameraé” G/ Bre HFm 1, wherein the

tenperature of the sanple is increased at a rate of at |east 500

K/'sec.pocTRINE 0F EqQUMgan®yod of claim 1, wherein the anorphous
material has a relative change of resistivity per unit of tenperature

change[OOBB] of Thasegskidiedrint trenasbwoilt appreddftedthaC-the afncbganrrgesausmlpvast ¥nd
roomtenperature (I A between about 80 and 300 %

The wefi%alngﬁn%wéﬂfﬁf@usmeﬁeérw ?H@C’dﬁaﬁfﬁtﬁnﬁ’fo\‘heep"eﬁ@teﬂ EWeNEAR A9 mgr%x

| east Ebout 100 oul es nd a di schar et ween a

const ant
10 is 'aHa' 187 of e MEnBg &5 R R ”dct”é?qﬁ‘{a{'atkﬂﬂér'&tﬁ tSE%PSpFBQé’EE'PHﬁ
tenperafipéhdnts aPend pF@enY‘%eﬁﬁBM‘@ﬁé& B@%éﬁ@%h?ﬁ Prﬂasbﬁuh%nﬁeé"é%é %Tf Whé
of the anorphous material and the equilibrium nel ting point of
al | oy.invention. For example, it will be clear to one skilled in the art that addltlonal
processing steps or alternative configurations would not affect the improved properties
of the rapid capacitor discharge forming method/apparatus of the current invention nor
render the method/apparatus unsuitable for its intended purpose. Accordingly, the
present invention is not limited to the specific embodiments described herein but,

rather, is defined by the scope of the appended claims.
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7. The nethod of claiml1l, wherein the processing tenperature is such
that the viscosity of the heated anorphous material is fromabout 1
to 104 Pasweegns/11¥8s 2009/ 117735PCT/ US2009/ 037970 pPCTRUS2003®37970
met hod of claim 1, wherein the sanple is .substantially defect free.
9. The nmethod of claim11, wherein the anorphous material is an alloy
based on an el enental netal selected fromthe group consisting of Zr,
Pd, Pt, Au, Fe, Co, Ti, AL, My, N and Cu. 10. The net hod of
claim1l1, wherein the step of discharging said quantum of el ectrical
energy occurs through at |east two el ectrodes connected to opposite
ends ofvHaai g (IaME® |18nd generates an electrical field in said sanple,
and wherein the el ectromagnetic skin depth of the dynamc electric
field generhted A snathedyel sanidirieating andesheatfigusn awiodphous Miaksird sing a

and length of the chﬁ%%e. .. 11. The nmethod of claim 10, wherein
t he sarr?gf CRACPLBRERY IFEOMIBEE T he el ectrodes prior to discharging

the energy to gepg igﬁﬁt %el%éf‘@l?é”@f ‘?atméﬂtﬂﬁog% er%(é?ﬂﬁ,/ %%Wh-%rﬁrgéehéﬁﬁ& a

equal to greater than d streng the electro teria

12. Thabzeirpdyehiforaicrds-sbeioei;n t he step of shaping uses a shaping

tool selected fromthe group consisting of injection nolding, dynamc
forging, stanp fd$aiangnardusindvnradletohgeal energy unifiogmiyHwongh Faid semple
claim

Qe G RRE T R RO M T MR R S I
o o b i, Mot EHECE oL AL, SRS NS e amorshou
def or ndtettal and alraukahdduslyeagiying balefdronaaionatfdit@to Sdperthahebed sahple
into an amorphous article; and
cooling said article to a temperature below the glass transition
temperature of the amorphous material.
2. The method of claim 1, wherein the amorphous material has a resistivity
that does not increase with temperature.
3. The method of claim 1, wherein the temperature of the sample is
increased at a rate of at least 500 K/sec.
b, The method of claim 1, wherein the amorphous material has a relative
chahge_of resistivity per unit of temperature change (S] of no greater than about 1 x 104
°C-1and a resistivity at room temperature {ps) between about 80 and 300 pQ-cm.
2. The method of claim 1, wherein the quantum of electrical energy is at
least about 100 Joules and a discharge time constant of between about 10 ps and 10
ms.
b. The method of claim 1, wherein the processing temperature is about half-
way between the glass transition temperature of the amorphous material and the
equilibrium melting point of the alloy.

7. The method of claim 1, wherein the processing temperature is such that

the viscosity of the heated amorphous material is from about 1 to 104 Pas-sec.
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15. The nmethod of claim 1, wherein the heating and shaping of the
sanple are conplete in a tine of between about 100 iss to 1 s.

16. The newbaedafizasai m 1, further conprising generati @RuURLIROBIEEe
at the sanple prior to discharging the energy, the energy of said
pre-pul se being sufficient to WD 2009/117735PCT/ US2009/ 037970 rai se
the tenperature of the sanple at the interface to above the gl ass
transition of the anorphous material. 17. The nethod in claim
1, wherein the deformational force is a tensile defornmational force
applied to the sanple during the discharge of energy to forma wire

or fiber of8.uni filhermerhassof s6ddini Qwvherein the sah@le iEaborinhiody defect faéen
17, wherein a streamof cold heliumis blown onto the drawn wire or
fiber to fabilitAeenehwddaslainy!, wherein thel@ﬂowmaaur@ptwpb@ﬂn@lloy based

it or 7 S8 G e et 8 sE 06 Rom L Gl eSO R T HAO R ARA £ T

sai d ﬁ[”W/‘geNhQHH pg a substantially uniformcross-section; a source of
el ectric¢ energy
The method of claim 1, wherein the step of discharging said quantum of

electrical energy occurs through at least two electrodes connected to opposite ends of
said sample and generates an electrical field in said sample, and wherein the
electromagnetic skin depth of the dynamic electric field generated is large compared to
the radius, width, thickness, and length of the charge. '

11. The method of claim 10, wherein the sample is preloaded be.tweén the
electrodes prior to discharging the energy to generate a pressure at the
electrode/sample interface equal to greater than the yield strength of the electrode
material.

12.  The method of claim 1 wherein the step of shaping uses a shaping tool |
selected from the group consisting of injecticn molding, dynamic forging, stamp forging
and blow molding.

13. The method of claim 12, wherein the shaping tool is- heated to a
temperature preferably around the glass transition temperature of the amorphous
material.

14.  The method of claim 1, wherein the deformational force is applied such
that the heated sample is deformed at a rate sufficiently slow to avoid high Weber-
number flow.

i5.  The method of claim 1, wherein the heating and shaping of the sample are
complete in a time of between about 100 ps to 1 s.

16.  The method of claim 1, further comprising generating a pre-pulse at the

sample prior to discharging the energy, the energy of said pre-pulse being sufficient to
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at |east two el ectrodes interconnecting said source of electrical
energy to said sanple of anorphous material, said el ectrodes being

attached twWoSajod1maepl e such that substantially unifor mEaaIaRlosBAG
are formed between said el ectrodes and sai d sanple; a shaping tool

" disposed in formng relation to said sanpl e; wherein
said source of electrical energy is capable of producing a quantum of
el ectrical energy sufficient to uniformy heat the entirety of said
sanple to a processing tenperature between the glass transition
tenperature of the anorphous material and the equilibriumnelting

poi nt @fsetdhe tapeyatuddef the sample at the Mib@fatekoSibode $hapiaag ti=v@ltidnsof the
capabl e of applying a deformational force sufficient to formsaid

heat echrsarphicss matarialet shape articl e. 20. The apparatus of
claim19, er ei

hapi .tool, i | ect f t he. i Spin
of an injec ionwﬁﬁfwgg@nﬁﬁﬁ?@ ﬁof"g’ée,er%é{‘e %@%ﬂrmag@%éﬁgg%%gﬁghsﬁ?b?@%

21. T - i , g0 - ' t j :
o e e e
2009/ 15k A3 BELA#H20 0 236910n. 22. The apparatus of claim 19,
wherein the shaping tool further conprises a tenperature-controlled
heati ng el difent Therm¢ibadimglagnild, wberein g streeanpleread bekupriebveabertio the

around, the gl ass_transitjon tenperature of the anmorphous material.
23. th@aéfﬁﬁgF%Png?ﬁ‘toéF‘%f 'Fﬂtﬂi)r]en?‘lﬂi'tnﬁer conprising one of either a

IRl . TEBRELE SANG, K HoOMALE Y SaESl N Rclad B o
amorphous material comprising:
a sample of an amorphous material, said sample having a substantially
* uniform cross-section;
a source of électrical energy;
at.least two electrodes intercannecting said source of electrical energy to
said sample of amorphous material, said electrodes being attached to said sample such
that substantially uniform connections are formed between said electrodes and said
sample;
a shaping tool disposed in forming relation to said sample;
wherein said source of electrical energy is capable of producing a
guantum of electrical energy sufficient to uniformly heat the entirety of said'sample toa
processing temperature between the glass transition temperature of the amorphous
material and the equilibrium melting point of the alloy; and |
wherein said shaping tool is capable of applying a deformational force
sufficient to form said heated sample to a net shape article.
- 20, The apparatus of claim 19, wherein shaping tool is selected from the
group consisting of an injection mold, a dynamic forge, a stamp folrge and a blow mold.
21.  The apparatus of claim 19, wherein the shaping tool is at least partially

formed from at least one of the electrodes.
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24. The apparatus of claim19, wherein the anorphous material has a

resistivity that does not increase with tenperature. : 25. The
appar at us wb20d0ai1™3419, wherein the tenperature of the sarmpis009837970
increased at a rate of at |east 500 K/sec. . 26. The apparatus

of claim 19, wherein the anorphous material has a rel ative change of
resistivity per unit of tenperature change (S) of no greater than
about 1 x 10-4 CG1 and a resistivity at roomtenperature (po) between
about 80 and 300 |.LQ cm 27. The apparatus of claim 19,
wherein the quantum of electrical energy is at |east about 100 Joul es
and a tine ZonstTaet apfa riesves etaiabd¥twidrbinl heastthpltly t®l furiher comBses a
The apparatus of claim 19, wherein the processing tenperature is
about feanFeraye reniedadt heatfiasdemeahdpr i rprtinemsatdatorle tofa tiganperature
anor phou erial ,and the equilibriumunelti pai nt, of the alloy.
26, e et e e brnirortipnb bPialie o B0 haStamiliRure i s
such that t Vi | ; I i hekit # i
Sbout 1 to b4 P guras HHRiRER G AP CENRNRITFER bFLiher g pREtmatic
wher ei ¢r tiwgnetoplrevel systerbsinaoperatily rditieattof treeshaping tool &t.apbhgng the
apparatus of claim19, wherein the sanple contact surfaces are flat
and pagefprraptional force to #pe samApleappar at us of clai m 19, wherein the

anor phous terical i.s_an

Ao PO L o i bEp Ry BREr Sl BB e
and Cduggistivity that does not increase with temperature.

25.  The apparatus of claim 19, wherein the temperature of the sample is
increased at a rate of at least 500 K/sec.

26.  The apparatus of ctaim 19, wherein the amorphous material has a relative
change of resistivity per unit of temperature change (5] of no greater than about 1 x 10
°C-' and a resistivity at room temperature {po) between about 80 and 300 pQ-cm.

27.  The apparétus of claim 19, wherein the quantum of electrical energy is at
least about 100 Joules and a time constant of between about 10 us and 10 ms.

28.  The apparatus of claim 19, wherein the processing temperature is about
half-way between the glass transition temperature of the amorphous material and the
equilibrium melting point of the alloy.

29. The apparatus of claim .19. wherein the processing temperature is such
that the viscosity of the heated amorphous material is from about 1 to 104 Pas-sec.

30.  The apparatus of claim 19, wherein the sample is substantially defect free.

31.  The apparatus of claim 19, wherein the sample contact surfaces are flat
and parallel.

32.  The apparatus of claim 19, wherein the amorphous material is an alloy
based on an elemental metal selected from the group consisting of Zr, Pd, Pt, Au, Fe,

Co, AL, Mg, Ti, Ni and Cu.
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WO 2009/ 117735PCT/ US2009/ 037970 33. The apparatus of claim
19, wherein the electrode material is a netal with low yield strength
and hi gh tweroe11#i8 el ectrical conductivity. RLT/U42609/037970
apparatus of claim 19, wherein the electrode nmaterial is selected
fromthe group .consisting of Cu, Ag, or Ni, or an alloy containing at
| east 95 at% of one of Cu, Ag or Ni. 35. The apparatus of
claim19, wherein the sanple is prel oaded between the el ectrodes
prior to discharging the energy to generate a pressure at the

el ectrode/ sanpl e interface equal to about the yield strength of the
el ectrode ik er iTdle. apparatus of B&imTie wippainabeslatrocleanaietd] isvn eredalnwidh
pre-pul se is ?enerat ed at the sanple prjor to discharging the energy,
the en@rgieldrsteaoth prebighitaermelaly dasiical eanductvibaj se t he

t enper at ur e, ,0f t a i 0 h S
transiti on%dérrpeﬂhgt %@%&g}éﬁst éfeE%ﬁrrBr ﬁig\fﬂé&%& té'?? %Fe.cw()dte %a%r%j.lsﬁéecmd

appar afrbs Bk Fbap dbAdstiidbt DAL YNl i BE aBlof @bk taMih@ht [cAEt §3 BI% ioRBne
the deformational force such that the heated sanple 1s deforned at a

rat e soifGu,digemtNiy sl ow to avoi d hi gh Weber - nunber fl ow. 38.

The apparatus of_claim19, wherein the shaping tool is independent of
the el ectrotes. [he apparatyg of limaih AYhraile 15F amaRfig orelpagadhgtween the

COMDT | §08oA L0 e kg SN Shet DRRLY Ao? LAbEET oI SBLEGRIEN' 1ne

rate o e Surface charge S S at t eate

sanpl ex{bstr@d/05mPtk Mterfadeadd@iasttf ddiit @R ¥ cS3tPindtR oPMR dlebti-8dE material.
Weber - nunber fl ow. 40. The apparatus of claim 19, wherein the

appar at us 3. caﬂdnial@pefatﬂaphtlagnﬂﬁewhelteiilmh @répotact ib@enomted enthersatnple
sanple in a tinme of from aboutﬁ]j 100 ps to, about 1 s.. .. 41. The
appar aRi t9rdigaharging she Qg tether $orirsedd Bie-BYse brindatufatienigp raise the

gene St SO gl e g SRR ALY HI BT o
| ar ge ¢ampRs@loti®nidierisiadi us, width, thickness, and length of the
charge. 37.  The apparatus of claim 19, further comprising a controller for limiting the
deformational force such that the heated sample is deformed at a rate sufficiently slow
to avoid high Weber-number flow. |
38.  The apparatus of claim 19, wherein the shaping tool is independent of the
electrodes. |
39.  The apparatus of claim 19, further comprising a controller to control the
strain rate or displacement rate of the surface charge during discharge such that the
heated sample is deformed at a rate sufficiently SLOW to avoid high Weber-number flow.
40.  The apparatus of claim 19, wherein the apparatus is capable of forming
the article from the room temperature sample in a time of from about 100 ps to about
1s.
41. The apparatus of claim 19, wherein the source of electrical energy
generates an electrical field in the sample and further wherein the electromagnetic

skin depth of the dynamic electric field generated is large compared to the radius,

width, thickness, and length of the charge.
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WD 2009/ 117735PCT/ U82009/ 037970 42. A rapid discharge

capacitor. scientific apparatus conprising: a sanpl e of
an anor phowse 2mtie7i3al , sai d sanpl e havi ng a subst ant i al #grusodomsTne
cross-section; a source of electrical energy; at | east

two el ectrodes interconnecting said source of electrical energy to
said sanpl e of anorphous material, said el ectrodes being attached to
sai d sanpl e such that substantially uniform connections are forned
bet ween said el ectrodes and said sanpl e; a tool for
applying a deformati onal stress disposed in engaging relation with
sai d sanpl &2. Arapid dischargherpatitaacinédibaeppamsftuetgoprisiogl energy is

capabl e of producin antum of electrical ener sufficient to
uni formy heat tanéa‘gﬁﬁ? g@?’i‘/ E’B'?OFQEWP SaipTil PB'daSQIﬁgkeoquﬁ‘Tﬁ gcedsiangally

terrper&:ﬁlmﬁbrr,.=n %E%%Eti&#-e glass transition tenperature of the anorphous
mat eri al and t'he "equrl'i brium nel ting point of the alloy; and '

at | east one senssyurt®bf Measital geral; | east one property of the sanple
during defornmation. 43. The apparatus of claim42, wherein

the at |east onetpeagidwpeléciraiesdnteschbrinesting Beidgrovoge ebeletisicehgnemy to

Lemper AL L Einple srRofphoud Fhte i aP 35 et Pt Ton e Rched o 28k sampte such
that substantially uniform connections are formed between said electrodes and said
sample;

a tool for applying a deformational stress disposéd in engaging relation
with said sample;
wherein said source of electrical energy is capable of producing a
quantum of electrical energy sufficient to uniformly heat the entirety of said sample to a
uniform processing temperature .between_ the glass transition temperature of the
amorphous material and the equilibrium melting point of the alloy; and
‘ at least one sensor for measuring at least one prOpertg./ of the sample
during deformation.
43.  The apparatus of claim 42, wherein the at least one property is selected
from the group consisting of temperature, viscosity, heat capacity, and enthalpy

content.
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