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SUMMARY OF THE INVENTION

[015]  An embodiment of the invention includes a method for simulating
an initiation and properties of a self-propagating reaction in a reactive multilayer
foil. The method includes providing an atomic concentration evolution equation,
providing an energy evolution equation including energy source terms associated
with (i) a thermal diffusion of the reactive multilayer fo’il, (i) a heat of mixing of the
reactive multilayer foil, and (iii) a stimulus configured to initiate a chemical
transformation of the reactive multilayer foil, discretizing the atomic concentration



with (i) a thermal diffusion of the reactive

multilayer foil, (ii) a heat of mxing of the reactive
woreiosiobsayer foil, and (iii) a stimulus confi gup€rUSH04/033112

initiate a chem cal transformation of the reactive

evolotidr ehaat®dnfand thederssig§ldvelUidnidifialibAth Sorm a discretized system
concentrationevol uti on equati on and the energy

of eguaiiansi ancledeigrininng the behavodpkan atamiscangentration and energy
: ' : Wl [ ._an _at.om ¢
fiold e Rt A ruA B Tol b9t a8 18
equatidnisi usiyg pdraimetbns assoeiited with theaedthay RlultigdbrFyist em

of _equat |ons, usi ng paraneters associated with the

r e@égh‘v e)\iﬂ.ﬂthﬂ ayepdipgent offthedpvesiionHeelugas édregram storage

_ : o ) _ . o vi _
dovib) PRSI A haGHEEng il SRIERE Bk B o fyatigns
exeafabladyrthe machirextcpedtine nisthod stepacior sindlating ahdmnitiation

t hod steps for sinulatin ninitiatjon a _

and JFiaitfes RE R pe pedidRasPayadstomly ¢ seditrmiiayer fol. The
methfi@BRiciudesMHd slepsest ProVitlingTAe attthie RbncBRIrHESS efr&lﬁtion

steps of providing an atofm c concentration evol ution
equatipnaPreiding aniemengy avoletien ggustion indluding gnatgyosource terms

' i+ 00, - . te ssqciated. wWith (i) a
assqed Pk F AL S Gt Rio TR PEaaRG T ugst Toibi) Sheat of
mixifd b] the feeadtivef muitikayey foll, drite(iinenstimurisBorfiglaseto ihskte a

and él [ |f) a stimu us configured to initiate a chem cal
cherpicghariRamaliona?! thaeeaetia mydtiiayariel.Hjseretigg the atomic

of i .
condlrheSh o4 I a2 S E S LAMLBI LR o fom
discrgitized eystedd ofyexjuations, aup deteynsningrice behavior of ag atdmic

conegPitBa" etk e EsH (e S o ik Fative oLy B ol agsting the
discidtiz6d ey 4teatl HEfURIbAS L_HHiAdARATtES é&&ﬁt@ﬁiﬁ{%ﬁ 7r(]eacr:]’cive

associated wth the reactive nmultilayer foil.
multijayerdels embodi ment's, the invention may include one or

o020t T Pt SHARRIASBEE R e BB ngsy g omere o
the fdlowingresipedsi theadtomic concererdtiont éwiutisriefuatioramagive |

diffusivity of the reactive nmultilayer foil; the
ener gy evol uti on equa Co VITRY) dy dt wherein His

enthal py, k is thermaldrconductivity, t is tine, Tis
eat of reaction of the reactive

tenmperature, and L ( ]
whergl) £p é&z‘éﬁ“? &OPPe'E%H%“%@P%;P SVPIYG BRTushibyaf dhe rrastive
multilayer foil; the energy evolution equation may be

dH dQ
—=Ve([VI)+—=
dt *( ) dt

wherein H is enthalpy, k is thermal conductivity, t is time, T is temperature, and Q
is heat of reaction of the reactive multilayer foil; the energy evolution equation may
be

a = VO(kVT)+—d£+q'”
dt dt

wherein H is enthalpy, k is thermal conductivity, t is time, T is temperature, and Q
is heat of reaction of the reactive multilayer foil, wherein ¢” is rate of energy
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arc-REPHFESar %;Bﬁfrcﬁjn 96é Blecics ré%sagy SAUCE S0 R réét‘flklé(i'ﬁulﬁ%?er foil.

or nore of a vol ta e source, current source,
chi¥¥lfdd dapyacious rem@ocbm@ﬂ&Itb@mwe@tlde\m@selncwde one or more of

the ‘Ié)p ecfpr?? ggﬁéfé{ﬁ&l‘ge;glggﬁ cgggﬁ%@yfseorlfrgee Lnea%/t lﬁclﬁdgeovn'ecgr mtopeeof a
voltage source, a current source, a charged capacitor, a piezoelectric device, a
thermoelectric device, and a ferroelectric device; the electrical energy source may
have a potential less than or equal to about 10V; the electrical energy source may
have a potential less than or equal to about 5V, the electrical energy source may
have a potential less than or equal to about 1V; the arc-free discharge may have a
duration less than or equal to about 1 ms, an electrical lead may be operatively
connected to the electrical energy source and placed in contact with the reactive

multilayer material; a contact area between the electrical lead and the reactive



have a potential |ess than or equal to about 10V, the
el ectrical energy source nay have a potential |ess

w0 bas/osreequal to about 5V; the electrical eneP@pusS2004/033112
source may have a potential |less than or equal to

. fr : o

mufiRGEF (qit i REGE ol PR IOR Hr BB fo SO Bl arc-free

discraygd ma}ageqilmov'fdgﬁ_ todheeehetiVet mutgﬂwﬁe Ineaterialcatl a eontagyarea
sQurce an aced .in contact with the reactive

les Wiqrﬁgpalﬁtﬁ’téﬁ%ﬂ; m&’;&ﬂﬂc %afsrf&? @é?%@ﬁ‘ mag have an energy

Iesfﬂ%ﬁtdriéébali bARU0tAg. reactivemul tilayer foil may

ave a dianmeter less than or equal to about 1 nm the
ar {020lee 8iik enather analyodicngmt of itk thveotiomenciedest 4 weethod of

o s 8o B e S EBiniS ely Fhevhgtnoc
incll@¥SpRIY iENRY 8Yade? SDUFERAN@ thE pbERdtive n@RRYEr ), BPd initiating the
[020] Still another enbodi ment of the invention

chenied! icpsssigrmatiae @f Hie reactivatmulglayee failhcisansferring energy from

e AREAFRHG 0 Py SHG43y BAHLE e S8y T v sr

souresinipiNg esLdrt alsppebnithé Ireactivé moitildyet foibhaieg eheiregadss than
traﬂsformation of the reactive nultilayer forl by
or §QUALFAPPHR NBMer gy from the | aser source to the

reggsive AuiiifhANEF emBbaIh&ht of tA8 i ReHBH irﬁag&éée Bénethod of

~_laser "source inpinges on a spot on the reactiv
initigting & ichgmicabiransfavination of ar reacties multiayerdoil.e Thal method

RGP Bu7 b 0 5 BT JEEg i e
chehigdl sfaprgratmatiofof #hd Resdtiveenamldyel fnesy frahdferiifenergy from
nmet hod i ncl udes prOV|d|n%Ia | aser source and the

the lasge spyecenie the gaativesnuliilayga maietialatTheglaseeseureainasia power
rqgsssrf r [ t iy,ve multilayer foil by
OUtélftans @rérﬁhggghjgl;tgyﬁor%mt e |l aser source to the :
r eq@22)ve Yot andthge emiridimieat of fAreinlaston inoles ahaetisod of

. ..power output |ess, than or _equal .to abgut 30f [022

B & cBENBICaL FBTRIRRIOR Of AE eV FGRYen el dbs raethod

incliBeDBVRHIrg A 1dsl-isbtrde SHEIE ?éaéﬁb@%%&lﬁléy@# {dANaRf ifttiating the
reactive multilayer foil. The nethod 1 ncludes

chepricalitiginfoemptior of #wireastise dntltibyeefoiitbwisamsfetringagmergy from
fail nd_initiating the.chem cal .transformation of .
the ke salieoe §a i faqatits ap Uit EVER BiFtepalndhe: hetgy dadielgred is less
thah bpsylidietd aseut 404iLe to the reactive nultilayer
material. The energy transferred is | ess than or equal

t d0%Hout Aagt fiwrthgregmpodingent of tihe fnvenBem inslydas a srethpe of
initibfYE A th&icAF tr4ASHRalBh 3PS Rbctive multitayer foil. The method
includes providing a laser source and the reactive multilayer foil, and initiating the
chemical transformation of the reactive multilayer foil by transferring energy from
the laser source to the reactive muitilayer material. The energy is transferred at a
wavelength between about 300 nm and about 2 microns.

[024]  Another embodiment of the invention includes a method of initiating
a chemical transformation of a reactive multilayer foil. The method includes

providing a laser source and the reactive multilayer foil, and initiating the chemical



initiating a chemcal transformation of a reactive

mul tilayer foil. The nethod includes providing a | aser
waouwsoss4end the reactive nmultilayer foil, and PCT/US2004/033112

initiating the chem cal transformation of the reactive

trangfoirhatiy ef tHedrdactiye nfidttial/er foilntgy W@Miﬁgrérmrg_ﬁ froh@ 8RS laser
source to the reactive nultilayer materi al. e _ener

sourps te ihmEpagtivednultiayenaiaiedalyt iMemamiva misdiayersiod incl % at
19339&%1%@%%%8&@&2@_ Anot her enbodi nent of the

i hvention inc es a nethod of initiating a chem cal
t r @254 or mvanmsusoémaodimaerntis vihenatl leastayrer fafyer bf soléher or braze

nmet hqQd i ncl udes ovi di .aser source d the .
may Tage FES RN TP b ROl ad i et o gofthengrmtinany.
8t ro%?f OA%HhQPeHTboHﬁﬁeﬁte&ﬁché?(ﬁvéﬁ{i'oh' ih@Vi8Es fa%lﬁtg*&)ﬂ of

trans erring energy fron1t e | aser spurce FO
initiatiosgc clveminal tranafpematian ef ipaeactitemuliiayenfoil. miiheimeijed

e 8oy bR S oS BRd A SRS o o
comF@hQﬁtrto_%e ime®tdBNothBE s oRBAt BY tHEDEIRerical fthsfBtmation of
ead, tin, silver, zinc, gold, and antinony.

, 026] A
the reactivee mutitbyei iedntheggornpengitieeiiding am@pti@é@ahw ﬁ@%fiﬁb’cﬂed to

vyre fiTem oy . e
atnfld B0, e ST Bt 00 AR e ToB R Rt ever
foil vithecopticul patie, argamﬁtiaéiﬁgrthétchbaywl tlfanisfornmﬁmgii cditi;@ r@active

coO onent to e Jolned t anot her co onen t he

Ut 1G4 Py AR BhRAnaaY GP e IREaEAq S ths Jeasdre
multﬁé%*e%r:foﬂ 'E‘t?rg@@gﬁgﬁ%g)‘ticél%%tHd' ng an optical path

configure w the energy fromthe | aser source

t o[02&] t r Sl fapothet enobedimant at theviavantion Inpjustesf amethodiof
. ... t.he optical path, and initiati the.chemd ca
initiafing, Ao Por el BANSIorpaop B Rkl &y o Theypethod
includessbeiding g [ rseyirdd and the rdagiee naatiiager fall, bhe initiating the

reactive nultilayer foil throulgh the optical path

chemigairagsformaiiap i éhe erassive fawiliayer faleby igasferslg energy from
; c
the [pPE} #5ReolTRE Pestie Okl EL Witofiall TR oy frop e aser
sourpetid estireutéd geisr o beinditransferred o theoeactvanuiltilager foil.
reactive nmultilayer foil, apd .initiating.the chenical
t 188 or MaVPERHFMbREEAE: R HERT AMAGRE Pgiding an
optidd] 8)sfeft BhAFeBREEHG ﬂhbqﬂsnérgf viBheloptRHl §fstéM. t he
reactive nultilayer material. The energy fromthe
| akb29] s odvstill fugtheeaimbediraaninfitbe invertienrigcludes efmaethed of

el EnG TG ARk v ERET 40, TPrghod
includes providing a laser source, a fiber optic cable, and the reactive multilayer
foil, and initiating the chemical transformation of the reactive multilayer foil by
transferring energy from the laser source via the fiber optic cable to the reactive
multilayer material. |

[030] Yet another embodiment of the invention includes a method of
initiating a chemical transformation of a reactive muitilayer foil. The method
includes providing a laser source and the reactive multilayer foil, the reactive

multilayer foil being partially coated with an energy absorbing material, and



optical systemand redirecting the energy via the
optical system [029] A still further enbodi nent of

w0 b@siosssent i on i ncl udes a nethod of initiati ngP@r/Us2004/033112
chem cal transformation of a reactive nmultilayer foil.

initidtivey AR &K&nlc@Pirﬁﬂ@t‘érrﬁéﬂMh dF e .%abﬁ&ernma\?&%n %Xft'r erring

OptIC cabl e, and the reactive multilayer
energy frpat ﬁhﬁdasebresmnemt@ ﬂne eneigyfabsotling maienalhe r eact | ve

Sodn 1" veflbls B GREE. id PuBRE T BEER e ore of

the rmldw:h@)aepeaet e r@actl{/@m]ml r faneidiebe E’ﬁmyr&ﬁfed)%th an
the invention includes a nmethod of |n|t|at| ng

enemerfﬁft,egtm@ raisfiak ha eoarayreliestingematasiakinay MR highiar,
refiddiitRAAIPthd REHOE MAEBYEF %S JRIY 2BOUERS, RRferd]fnay

reac ayer act nult ayer

inclibee ngrmm lblaalé by blanﬂxtmki and fme&:]nagxe absorhh)@?mtm}al may h?ve a
initiatin che transformation o
h'griq{@%sé’&‘&ti‘”wgh%m? r%"ifé‘ge F"awmloﬁansf erring energy

e d Ty A PESRar S ddinbitonnE ibertioRihay fitlude a method of
initiating ambemdealdransdornmation offa teastive Imitdwamgr Mpél"d‘tesmethtm
t | fail | | t
inciQGEERIRGIRY armisags Shbeand FeRBatnG wprieirden

initia@rPHeatharmicahagsfarmaBoe of fHef leaetive/ ukitaysioll B transferring
reactive nultilayer foil; the energy absorbing

ener@t Bpmuihermiprowaye geutssrBdhe Kragtivespullayekfaihk: and

ap OFIr T AGRERSBRImEBNE R iRNHOR EIdeL 4 “Fé.fhf%gajniﬁaﬂng
a ch@nmeal framstfbanatmtv oflareattivaf mulidayienVeiht Tioa nvathiod mdluuﬂhs
emca ransf or mati.on

proﬁ@iggttpgge%\ﬁnﬁ]é yqr%p?angﬁeprﬁﬁcﬂ and pengiating the reactlve

r
mulﬁl‘é\?élf Fﬁélr\g;@tﬁﬁ ?Fdj’%&aié@l ﬁﬁ?.@?ﬁﬁgﬁﬁ gﬁtéétgﬁﬂi:% ¥Remical

transfqﬁﬁt@nrdtthameaﬁtwﬁmu&mm@eﬁan tilayer foil

r 031 R PESRb RN BbRity &a%sﬁf"ﬁé e

t h¢035iverX fuathdr RPhbsHment theoldv@ﬁtndmmbmbsrwrr@thod of
chem cal transformatlon of a reactive multil ayer f0|I

initiemg rBUCR ﬁ@ﬂ?&wqﬁ%\/@ A FRpctive mudilayer Bilmiihg mathad
o RIS A BRSO, p30oRmROhE pLhele OUERE 0 2o
initiating thet Ghaemiq:el taesiocaktion aﬁﬁ'fa]matwenml.dﬁlayehe‘oﬂ bydtanséerring
enefb b thE B S kleAd sl i S U BDG et S the
[036] Still another embodiment of the invention includes a method of
initiating a chemical transformation of a reactive multilayer foil. The method
includes providing an induction heating source and the reactive multilayer foil, and
initiating the chemical transformation of the reactive multilayer foil by transferring
energy from the induction heating source to the reactive multilayer foil.
[037] In various embodiments, the invention may include one or more of
the following aspects: the reactive multilayer foil may include a magnetic element;

the magnetic element may be Ni.
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[035] A further enbodi nent of the invention includes a
nmet hod of initiating a chemcal transformation of a

WO e@soses mul tilayer foil. The met hod i ncl udesPCT/US2004/033112
providing an ultrasound source and the reactive

Ul {0380y CA. <t furth8P ibBHimait didnd | l‘}ﬁlq%%ﬂ"u‘fcﬁldg?s gynethod of

transformati on reactive nu ayer
initiating < @ﬂq‘:mmgl Gnestwrrfaltlomdf Iaereabhveamuma!yerduﬂ CFhkanéthed

mcfé,@%g &rﬁ@ #h '%ée lyﬁlgqulla OrBfE?h,l qmglt@?ﬁghhg@h@fmcal

tramsfotrhatibmef thes ReidtigaimdifiRDef i Ith@EhéﬁlcélJ ﬁé‘&hh?@ the reactive
mul tilayer foil. The method i1 ncl'udes provid

MUty tPbn heat i ng source and the reactive mJItl I ayer

f d t sf or,

t nel08SRat i B o B ol B IR e BV iRl aR Bng pr more of
theffobmwmgeaspmsrtthe rnezhlftﬁ/bl mdltiter edl hay ifdudés @%bé‘@sed portion;

nultlla er foil. n various enbodi nents,

thejrgcesss ﬂorﬁw MAY| d‘é)r@ggrqq ton@?rs({stam thmmefqblahm ﬁgctunng of
the%@@ﬂém&tﬁlﬁhﬁﬁﬂt éch?tHB‘}etdckﬁé( %L{lﬁlﬁg& ﬂwné)bée LNLgnflgured to

magnet i c he magne
meg¢hanieally fasturé lat the tdmessedr’podldmnt of the i nvention

f
" IRHPE? LeT RO SmbodineOtotiehvedyion Pehes arpethod of
iniﬁaﬁhg@dcherrﬁicudﬁan@ﬂbﬁ%bﬂbmfberaét%%wﬁ‘asy@r"f&! | € method

f oi and initiating the chemcal transformation
incluggs peavidingetheeactive multiayer fol; anscihdiatioglthg chemical

N AR N—

mulitayer ébil.t he fol | owi ng aspects: the reactive nultilayer
[ i ncl yde a recessed portion; the recessed

];ngr b“gﬁy nEyVasousSnbedimants, ghadaventionrmay incikiane osmore of
the FORSYHG 13D eRis: RSy |Hi‘ﬁ§°ér1 Bﬁaﬂ&{\{ftﬁ Conﬁraél% gU(ngg' égheeratlng

reacti Ve nultilayer ure
frictiqst mayi ivaludg flaciog dne abtasn\mesmrw&me:bm@u:ttwmﬂthe[ @46iive

muliEEyeB Bk SenaF AL o ineincke Torlingribe be dndencrating
frlcﬂicﬁﬁﬁiay\dﬁclmdbtsIleget'hefdbjéct ﬁi&%ﬁ]@&mgy 'lﬁlﬁudléjgsrotatr}/ toal bit: the

rowdln? he reactive muitilayer foll, and initlating
objegidnay ialude atd‘%mé?ﬂdrwmeﬂon of a reactive nulti I ayer

| P 5981 AR SIS BB RS Bt ey o
initiating acheomeabiramsformation of a reactive multilayer foil. The method
includes providing an electrical energy source, thé reactive multilayer foil, and an
electrical lead, and initiating the chemical transformation of the reactive multilayer
foil by transferring energy from the electrical energy source to the reactive
multilayer foil via the electrical lead.

[043] In various embodiments, the invention may include one or more of
the following aspects: providing a component to be joined to another component
by the chemical transformation of the reactive multilayer foil; the component may

include the electrical lead; the electrical energy source may include one or more of
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the follow ng aspects: providing an object with an

abrasi ve surface; generating friction may include
w@b@siosiyes he abrasive surface in contact wth PEEUS2004/033112

reactive nmultilayer foil; generating friction may

a vbﬂé?élgéufc%t dJHéb t@%u&% %Cct,har &9‘% Fééit@éb’i&%’eﬁ&éﬂ@%&iice, a

ude sl I ect I nC

thermpaleptrm@ewbexand Béeubplectrlmlmmcl ude a dianond
odi nent. of the inventiaon

i nclfbljgé[ 0% ggﬁtg;au I hf pgﬁqeﬁav%nmlﬁp@gps a method of initiating

a cheansl Wmfdrﬁmtmfn &F & RRfkiVY eniilal/et ﬁﬁé@éneﬁ Oithe M8&iod |nc|udes
nmet hod includes providing an el ecCtrical energy sour

proyiging thectgagtivammyliileygemafesial andrﬁjcampehentmcludlng amcgnltlon
f t of t

S0 A R ROE P AEE 4lorbRARA DR 88l e

material bl édggerded thenighiivnsouree to the reactive

er foil via the electrical |ead. [043
varhbéléiy ':'f‘b RTIusrREbodimentsn bR in\Entiogymay ina @m@oomore of

BN eI, SRBEAEn LR AT SRR

triggeeng the igniticons@ircetiberigaition seunsd malyayeudé onk ortsre of a
i ncl ude the, el ectrical

volGBERRRT, 4 Bur >l A Shiper farnaion A broslertgc device, 2

thedhaeldetricodisyi6d W ftrocle@HE HBOiceS A Wnﬁg pirg eFE@éFeadMEMS device,
acitor, a plezoelectrlc devi ce her noel'ectric

a hab@awntamao@nm rao@a’t@dtawﬂﬁhdenabgasn[/@suqfaam@t imigrobubble, a

fus it BraRg Bty Pheleel HLS TP G P88 afiopted ges.

mul [ons]aye« fmharerabod'ﬁlmtr&f&ﬂi@dw\ﬁeﬂﬂbhl esuddsoy hibtAed be
[ Ia%fer material and a conponent includin

intigfif g arﬁ n&'ﬁaé’féﬂlﬂ armajien Pf]?tr?%‘?tlvﬁghﬂﬁl@)’@ﬁ&ﬂ cHre metho
inclhida8 pr&fiamb| é’@héﬁuda'i‘ SnleRE Yéé’cfflv glgia‘%?fonngﬁg ittt a

triggering the ignition source
Chemmaldramf@lsmammw a\vemtlvenmrmjayen édiLickecloeraicaily tranefopiing the
h hﬂ O||OMAng aspects: triggering the ignition source
che y rnclude renotely triggering the ignition source;

t hgo#BNi tSHNaSEMEE BniBdiIrh 86t é&qﬁe%%rﬁronﬁﬁélﬁd@é adnethod of
volta source, a current source, a ch arge capaC|tor

initigting @f&\ﬁ@@@ﬁr@nﬁ@wa&on of @ Feactivel rultitayer ’émlvu*ﬂte mthod
mcl%&éé @%\ﬁ&lhﬁ tﬁe?@%(ét nq\ﬂltl Sofcgh%ngi heaatlbgﬁﬁé T%%t&vgmulgl?yer
foil ththesfoils igoitibademperafues.obubbl e, a fuse, a reactive
Hgg{)%%]a yjé vta?"lkc))usaerr(l:tpoeén m(:e%l’cs ’tﬁaen mSvg%tlgg V\nx]j;; lncﬁlr&g oane or more of
the following aspects: providing a heating source; placing the reactive multilayer
foil in the source of heat; the heating may include heating the reactive multilayer
foil in the heating source; the heating source may be a furnace, reflow oven, heat
spreader, or heat sink; the heating may occur at a rate greater than or equal to
about 200°C/min; the heating may include heating one side of the reactive
multitayer foil; the reactive multilayer foil may be disposed in an enclosure (or
assembly); the heating may include heating one side of the enclosure (or

assembly); the reactive multilayer foil may be disposed between two or more
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[046] A further enbodi nent of the invention includes a
nmet hod of initiating a chemcal transformation of a

WO e@soses mul tilayer foil. The met hod i ncl udesPCT/US2004/033112
providing a chenmical and the reactive multilayer foil,

con A DGR o BRI | A O Bt
multiteyer dail; th{a%‘é}m@tmday wmiuddﬂeeatm@mb okthe talo driore
initiating a chem cal

Con’{‘lir’]‘\&/'ﬁé]ﬁt‘tlég ﬁa@ WB%HG?P%\Q nge @%{Wq PI BpER CPmplonerrﬁemay include
pas%ﬂ a&uiriefl H%%gﬁrtﬁé( oA thé wéd %F‘ﬁﬁdr#%oﬂ’rﬂc%d

, and heating the reactive multilayer tothe
f 0| [049] i ghistill furthemgrabadiment qftﬂmeS]nvanuam mmlwdes a method of

T R A T N Ly R
incl abies ipngvitling theashetie muﬂtnayeﬁtxf@ﬁ ah@id mblieh RtateRM! 8Rd Hitiating
heat; the heating %IHC ude heating the reactive

the ﬁb‘ﬁmlpwﬁn%fmaﬁlw phiverreactiveymsdtilaysr;foil hy tianaferriog energy
fromd QH% If@'}’ rrﬁﬁen‘?%lftg rtl@@f@actﬁlsfr%&m@glgf ﬂjé heat spreader,

hea a rate greater

t he{ﬂSO} eltmuﬂdrldm eﬁbbud‘lm@ﬂﬁthe mvdrtienhaay i inullhdélidne or more of
the ffaviinGia3peeks Pl ara Moligamatarial Regpiastaviybedansiive
mulﬁféy%?%lp%ﬁoeth@%og‘?ﬁ%éﬁél zﬁenﬁ?ﬁér{@olﬂéﬁgﬂl %%!lt&ﬁ%éaze.

heating one sid encllobure (o 2356
r ea[@ﬁﬂg/e Yie arnd>th9eerrfoodimmuyofﬁbe aii\\ameadnd:ledieeamnéﬂmd of

niti i B et R RR B Tt ot A tvitmt iyt i o
incl figés prévigingeht iregcti@ymiuiidyéd €oingad 'a"l‘éhc%ﬁrﬁé éﬁ@lnﬁtl’é‘ﬁng the
or. more conponents; and the heating of one of the

chegiicaidfansiatpainm et heapactive mudilpyersoi @ya\remferang energy from
the E’?Fﬁf&?n &ﬁﬂ{g]'% ik %It"\gg‘?'o jhore conponents. [049] A

er e od I men e i nvention includes a
met[062)] ofIn|varlbuatemlgocamdm&mhalln\lemnﬁfrﬁay‘r‘ﬂtk:lm érie 8r more of

[ T hod [ ud
the B Eing a5Perts: pBHG 118 miaretarayan Cooiact with 156 eactin
mu lﬂl@iyéf i ’thé‘?é’adtﬂbtrh@ﬁlldgléé frgl‘éy%'é‘ &ghodd DS RLIBY Ié’ékt two

the reactive nultil by transferring ene
CO“TQQﬂﬂrttfhea ﬁ@ﬂmpfrthegeaaﬂlva wuttitayer dait rayextend pastyer edge of at

T G T R T T
the pbetiorbf tie reattivé Auliilaysodliact with the reactive

[063] A yet further embodiment of the invention includes a method of
initiating a chemical transformation of a reactive multilayer foil. The method
includes providing the reactive multilayer foil, the reactive multilayer foil being
surrounded by an enclosure or disposed within an assembly, providing an energy
souirce, and initiating the chemical transformation of the reactive multilayer foil by
transferring energy from the energy source to the reactive multilayer foil.

[054] In various embodiments, the invention may include one or more of
the following aspects: the energy may be transferred without penetrating the

enclosure or assembly; the energy may be transferred to the reactive multilayer
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multilayer foil; and the nolten material may be nolten
sol der or nolten braze. [051] Yet another enbodi nent
w@Rooshas4smivent i on i ncl udes a nmethod of initiatP@ryUs2004/033112
chem cal transformation of a reactive nmultilayer foil.
r
foil Wﬂ%nqﬁéyﬁrwgbgﬁgﬁé@p@é&q i ?Ihgt%lf ?}ﬁ@%hb%g '[egr#{: é%s%}‘nebly, the
energansfyoberiransfercd wltfeomtq:ﬂad:lngehembmdeaqune‘rg’y in blyysical
rans r|n ner fro mcroflame to t
confad ARV ity foll Bezyaiossie 6 gsSembammuhes,
subbftiany %ﬂh?ﬁﬂ tRB¥NER d8iRcO H?ayplhcmae%r%f oft f®rd Bf éﬁ‘r\%ﬂﬂvave
aspects acing the mcroflare in contact wmth t
SOUFGEa @1 U|éraﬁgl-lﬂd Isayme fodig scomreemémduohemheatmgayer f0| I

58 LSRRG A Al s SR ik st o

in paﬁsn tiae dedgmptidn @hichealidéwogndin pdrewdt bé 8BsiousWdm the
onents; and dlrectlngthe m crofl ame towards the

deSﬁBﬁ" FbPranay e leaimed; Riepragties hha invention.| Bhgobjeajeand
advéHféde%roﬁHQWémﬁ Wil btehl%a'll‘ﬂélcfﬁﬁél %‘&PH%%H tg?ﬁ%a"ﬁs M]eolg

nitiating a chemcal transfofna red
elemeh’ts arzy eonfomatlonﬁmmqallaﬂyi poimtédidesinthe \dppiendet eaims.

| f th ct [til foil
pelfepl o Buhdtingerafast b Balolerfotsasyi gamardl feseriation
andacﬁéﬁfHM\MngFHéwiléH Ggséfbti%ﬂeérgﬁx%ﬁﬁlér? arﬂf‘é’x IQhé ?ﬁ‘lg and are

the chem cal transformation eact|
not restricthie of thesneentiang asrabaigied. r om t he energy source to

entoe ot oEathba PR dtdlngy! Vieh e iaBiteg inang

contiitatd algavibhigrisspesificstion) #lustratedseveryl SRbbAiRMSTEbf 8

Wi t hout netratl ng the enclosure or assenbly; the
mVG@H@P@P%@,@ eherwith Brecdesaintion: srrvedaexplpin the princigles of the
invehebgi | when the energy source is disposed outside of

the encl osure or. assenmbly; the energy may be
transferred w thout placing the source of energy in
physi cal co DESECRIPTIONQOFi THE MRAWINGS foi | ;
the encl osure or assenbly nay be substanti aIIy

ht ;=:t h I f .
2 10580 4 " HeT Bk SR P B Bl O /310N Tn 85 Gefercing
to anfemhmldmterﬁra)fhle?@tnvegtlof\OSS] Addi tional objects and
850 B5a i o pCam o bt S s S
to aRBitiePeimbedierier fRSrLLRLAEN. of My be | earned by

ractice of the invention. 'The objects and
[060] Fig. 2(a) depicts exemplary predicted ignition thresholds according

to a further embodiment of the invention;

[061] Fig. 2(b) depicts exemplary predicted ignition thresholds according
to yet another embodiment of the invention;

[062] Fig. 3(a) depicts exemplary predicted ignition thresholds according
to a yet further embodiment of the invention;

[063] Fig. 3(b) depicts exemplary predicted ignition thresholds according

to still another embodiment of the invention;
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advant ages of the invention will be realized and

attai ned by neans of the el enents and conbi nati ons
w@2005i084bar |y poi nted out in the appended cl ai PET/UBDBE)33112

t is to be understood that both the foregoing general

d e[:UUva pt 'Fqgnﬁﬂﬁ Fc‘?@afs%hb%tlﬁgné{ﬁto?'ahqgnl%ﬁ Ebhf?ﬁaur%ﬂoﬁ‘r e

exe expl anatory o not restrictive
aCCQj’ﬂlﬂgﬂ@ amﬁérﬁuﬁtber ermbodinaentef. th{a mszqntmihe acconpanyi ng

gs, ncor ppr at.ed nd consti.t
e e3P g5 SloRis p AR Sittn i aSRRlattd Wit ine
con atlb ARJTtRig od; the invention and together with the
es crlptlon serve to ex%aln the principles of the

i nlAS§i o iy BRAEPICBESERNPIRANDRIeYictedEg DRnNtNEShpls giccording to

[ ry predicted ignition

anot{l_iﬁr eg#?%;g?e:rgcg& ﬁqbg’n enbodi nent of the

i nf0BT]i orFlg[I)EI@bldt's gxerih()ta)ry pegdictesl ignitionltlaeghplde dicebding to

niti thre;h}p ds accord| ng to anot her enbodi nent of
af“’f”% m&&ﬁemen of thegB¥gNtary. 2(a) depicts exenpl ary
te I t
glqneg:tlgg@blb é&"t’sl E%ﬁ?wﬁ%cﬂg%ﬂ }Q_hmgn;l?re;@hélgé eﬂ:%Brdlng to

yet améhw empqslimgint péthe igneniiam t hr eshol ds accor di ng to

Y Closd o s -ﬁ?é@?%ﬁ”%?%m‘éfa@w&%@ateﬁdw? Ph theRfelgR affidsan

expermenidi Medsuramesit alcdb teFYRdfUrREr Phbddifient of the
i nvention; [063] Fig. 3(b depi cts exenpl ary predicted

'nvemj?f‘,t! on threshol ds accor di ng to still anot her _
an@c?m rlﬁl%oflfl) fél V\ﬁlc §1¥>?é]‘}18 g%ﬁcgt[ggﬁéﬂnagg g?rgﬁhglﬁg'a%ﬁsan

expaimemkda’l mye asurensanit Ialcccbmhm@’&r stﬁrmmtheeemboﬂmﬁém of the invention;

d
7 b ign b abBilSemaRrn BiaricieB o tion STashdlge aepgrding
to a@tlll f&ﬁ%r EnBodfindeRbithe i rg\?ﬁ'lfﬁlnary predicted ignition

hr eshol ds accordi ng to anot her enbodi nent of the
| nlbgRli offrig [ tbdgpictsgexempiapy igniticndweshnlgs peeidingetd another

embognﬁéﬁpof {h%r i?‘l%gr%éjr? according to

[073] Fig. 13 depicts exemplary measurements of ignition thresholds
according to a further embodiment of the invention;

[074] Fig. 14(a) depicts a schematic view of an ignition configuration
according to yet another embodiment of the invention;

[075] Fig. 14(b) depicts a schematic view of the ignition configured to
Fig. 14(a);

[076] Fig. 15(a) depicts a schematic view of an ignition configuration
according to a yet further embodiment of the invention;

[077] Fig. 15(b) depicts a schematic view of the ignition configured to
Fig. 14(a);

[078] Fig. 16 depicts exemplary measurements of ignition thresholds

according to still another embodiment of the invention;
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a further enbodi nent of the invention; [068] Fig. 8

depi cts exenplary predicted ignition thresholds
wW@ews/sti4ny) t o yet anot her enbodi ment of the i nRENUSING/033112

[069] Fig. 9 depicts exenplary predicted ignition

t r[oespol H@ andiapictexxerip@mytratasanentsohignitiorotheestolds
to a urt her enbodi nent of the jnvention; [070]
accorligg tQ@ stdliugther exthaslimegt of tBgileYiAgni t i on

t BBV P, AU RER ey foa R MU B lor R P fuctbias
accoﬁbhgg tdepiotiver @nbuﬁirmryt qittkeliroeationgni t i on t hr eshol ds
accor di n%‘ to a still rther enbodi nent

"0l oBio AsTuspiet i el G0 S BniRp dameuraion
accaltr@ihgsteg ﬂﬁtﬁ%@é&&én@g?ﬂﬁlh%nmom ment of the

nv. nt! on; pl1 cts exe | ary neasurenment s
of [08ghi t Fign 20Mlenitis|adschamnaticiviay af@maighitiontranfiguration

enbodi t of, th ti 14 d
acco&gg\gﬂgﬂi |361°\1}h%'§/\§'6'bn§en rbtrﬂr% }I"%ﬁ%lébﬂgl gur at |(g)n epiets
[g@ 3¢ nEid. ‘21y@éplét%<ﬁ Sererhatrodicwesttarpignition configniation;
5] "Fig.” 14(b) depicts a schematic view of the

accqrgmgttposnstﬂbﬁm r%@b@di"ﬁn@Ofmﬁ(lé)’enT@V& Fig. 15(a)

IR i LUBNLE o SERDu Rl A AT AR

accdrtingntol yat ;anofiét] enﬁbgdmﬂé(thn)‘ thkemvehhoua, scherratl c VI ew

16[({?(%& C{gnltl on co ggre by iEI{AEOqu 4@%”(){{ gura n

accdrEfn%Sﬂaoé gét ﬁﬁﬁ@r@nﬂﬂ)dlm%n%fme iAROM IR efT’OOdl ment of

el nventi on; 79] Fig. 17 deplcts exenpl ary
nemﬁ} eneig. sz4odepngts| a sohematie view dkamigrdian Wftwraﬂon

lllfurt enbodi e t 080] F
accqjgmgcftosarégg ﬂ%dﬁlﬂggﬂéféﬁgﬁé\é&gpﬁl SEI Itlocr)]n E hr e]sho: gs
| Ngig Q%@ﬁlh&f a eoheHRtie viewodf ah nitiorecdrifiyuration

[081 19 delctsaschematlc vi ew of an
aCCQfdﬁfQ]@ﬁ gﬂiﬂ@ﬁf embodiment of the invention; ignition

[088] Fig. 26 depicts a schematic view of an ignition configuration
according to still another embodiment of the invention;

[089] Fig. 27 depicts a schematic view of an ignition configuration
according to a still further embodiment of the invention;

[090] Fig. 28 depicts a schematic view of an ignition configuration
according to yet another embodiment of the invention;

[091] Fig. 29 depicts exemplary measurements of ignition thresholds
according to a yet further embodiment of the invention;

[092] Fig. 30 depicts exemplary measurements of ignition thresholds
according to another embodiment of the invention,

[093] Fig. 31 depicts a schematic view of an ignition configuration
according to a further embodiment of the invention;

[094] Fig. 32 depicts a schematic view of an ignition configuration
according to yet another embodiment of the invention;
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according to a further enbodi ment of the invention;

[082] Fig. 20 depicts a schematic view of an ignition
weonsiogusat i on according to still another enmboRCTEAL000633112

the invention; [083] Fig. 21 depicts a schematic view

(?%54' 91f; ?déﬁiﬁ{s‘ ? WEREhaic HEMPHTA F;nﬁtibnacciﬁ{ﬂg'ulrahon

ment the 1 nvention; [084
accdle#mg:to_sa g!ei;ﬁhﬁfmtambodlmnbbfthe Ingem’t!drt)n confi guration

r|n_to taothe enpbodi nen nt
S Fi6. 93 Gepla SEheRRBR IR atlgrshadhiRiie A8,
accGtng? HIERE HRBhaE ERTHddiEehPothiehvdrtiohher embodi ment  of
nvent1 on; £086] Fig. 24 depicts a schematic view

of [@97]i griiigi 3(at dapictiua schematie yismiphan ignitignesrnfiguration
acogm Esttlu?léwé}eelh &H%é ot th i %en{:brg 25 depicts a

| gnl Ion contl guratl on accor di ng

t o [@odur tF’]@S@(@EGépW& seheinatic ivieveof fherignitioB &pnfiggration of
26 depicts a schematic view of an ignition

F‘Q&ﬁ(ﬁ)guratl on according to still another enbodi nent of

‘toéé‘ll" °§6(ag %ﬁict% GchémnabieRi&H Bf 8n W%ﬁﬁgﬂrﬁtﬂbn

gnl i on l'guration according to a st
accbtdilﬁ@ew anaothediembddiment béthenmeention; [ 090] Fig. 28

B35S st 815 RhasSRvh i bPBe A Ly fion
accbgﬁﬂ%} & !a%rtﬁgr E@Pioainte RIGTTRE MventiBAsS Ur ement s of
ion thresholds according to a yet further

enﬂ@diDiﬂerﬁlgo%&ch depwbseaﬂqe@sspeqtl@gz]e\rf:p@an nitipeenfiguration

accE N0 of ! PRORIG EREE Sy At et SR8V et on
[ 098105 Fig337 diepicts a sehentaticaiiéw of bRgrifioroonfigliration

configuration according to ur.t her, enbodi nrent of the
aCCPFﬂ)@ﬁg@ arstilifogher @“@C’dg’ﬁe@e‘% t[??é“‘%?“é‘@ﬂenatl c view of

gﬂéggp%fe inlﬁﬁbgg{éﬁ il b%h@ﬁ%ﬂfcq}léw of QnY@ﬁltlé\ﬁ‘ %ﬁﬁféuratlon

_ : ( e I nvention; 95] Fig. 33 depicts a
accedalingdo iyet anetiveoemodimgant obﬁhedomntmr ation according

to [81}52]t llér BE&{) deepu';(%éjI 'ans%rﬁtemat(ct\n&N 'o?\éﬁ%ﬁlﬁgn configuration

according to a yet further embodiment of the invention;

t0105] Fig. 38(c) depicts a schematic view of an ignition configuration
according to another embodiment of the invention;

[0108] Fig. 39(a) depicts a schematic view of an ignition configuration
according to a further embodiment of the invention;

[0107] Fig. 39(b) depicts a schematic view of an ignition configuration
according to still another embodiment of the invention;

[0108] Fig. 40 depicts a schematic view of an ignition configuration
according to a still further embodiment of the invention;

[0109] Fig. 41 depicts a schematic view of an ignition configuration

according to a yet another embodiment of the invention;
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[096] Fig. 34 depicts a schematic view of an ignition
configuration according to still another enbodi nent of

wo b@siossaent i on; [097] Fig. 35(a) depicts a SChROBUBZN04/033112
view of an ignition configuration according to a still

further enbDESESRIPTIONGF TREEMBODINERAIS Fi 9. 35(b)
depicts a smi_evv_oT_thTe_TWonLl guration
0 36 d t ematic
'[Q@'@f 'g et[wglr{l%law@@ﬁét%) @ﬁtgﬁl&? @iai?mzecrv emhnstiments of
the irR/ER@BhRMER ‘é?e %Q@fdrl'?l"lﬁ%é 9800!‘&19;99]1% r#rlg\e’/m%%(% ee%lfC dation.

a perspective view of an i gnitlon’c
Whetgyies poisaipla, tha samnet fefereand odimbens wilf bé heednheiighett the

oo GO o ey B L, 1 et
end ot IMaAtonef erhbediniR ¥ ta8 indnfoh Ot%%né:rgg ]an37

depicts a schenmatic view of anlgnltlonc |on
requréﬁmenm Ffcant energytsource (g.g hcgnntmrbmumehmayfba uetermmed via

t
systeESgdtatibd bY drdrisdent oM B ABBE PHRHG BT Shrctkmbrgting
reactﬁmb(mlg rehémidal tlaasforvetibhpfor af l@é@ﬁ\}e Hwtila?éﬂljﬁbté#ﬁp (€4S
matic_view of an ignition configura
foil). ASGHINGY 1t Beangi, SelproRABatng amckans Ry eciescribed using a
mmplifféder%bki@f‘forbgérgﬂ mF! r&aﬁéh‘é& Qi S a schematic view

|ngn|t| on con ration according to another
elﬁ%b‘tﬁl mplevhentation of &re rrmd;el Mayae illgsgatedFonhanetiveisred

AR 65t P BBt i o
descrﬁﬁéd)%m@a]tlméﬂiéﬁen@%ﬂt onsaneaheam (Stdqﬁ o%eﬁfﬂatlon) field

gnition configuration according to ‘st
C, de@ﬁﬁ@&“ﬁ@ﬁhabfﬁh@r piverli 6 -] daogliredNig and0C edpfartpura NiAl.

The e?/b'ﬂﬁlH?FbF?\{% gg%%%egrb Lgnition configuration according

stil od| ment of the invention; [0109]
Fig. 4 1 depicts a sgd]ematl c VI ew of an ignition
configuration accor éFQanot her enbodi ment of
the invention; 17DES I PTI C]\I C]: THE EMBODI MENTS

[0113] The atomic diffusivity, D, may be assumed to be independent of
composition and to follow an Arrhenius dependence on temperature, according to:

D=D, exp(——E—
RT

where D, is the Arrhenius pre-exponent, E is the activation energy and R is the
universal gas constant. The values E =137 kJ/moland D, =2.18x10"* m?/s used

in the embodiments below may be obtained from best fits to experimental data, as
shown, for example, in an article by Mann et al. entitled “Predicting the
Characteristics of Self-Propagating Exothermic Reactions in Multilayer Foils”
published in the Journal of Applied Physics, Volume 82, pages 1178-1188 in
1997, the entirety of which is incorporated herein by reference. In performing
computations using any or all of the formulas set forth herein, advantage may be

taken of the fact that the layers are geometrically flat, and exploit the symmetry of
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[01 10] Reference will now be made in detail to
exenpl ary enbodi nents of the invention which are set

WO eoos1033465 t he acconpanyi ng drawi ngs and speci f PCHUBZIN4/033112
Wher ever possible, the sanme reference nunbers will be

the pes;edlctd“rrm@mem dfhl&e 0: 17710 ng?seétﬂcﬁrﬁj file d&néihetoscﬂ{@hgl? ofa

like parts. [O n one enbodi nent of this invention,
repr qsﬁ@taé\?{@r@;}aﬁéﬁfda%wéwnr b expBtRi s the ‘4] anndicglios anddbe
‘352(3 fcatiohgni tion source) may be determ ned via
E tematic application of a transient
m[Oll 14]diTrenavalution abtihel conicentrhfionpfieidanay becoupisd WlA the
tsg,qjag cheni cal tra{lsformatlon) for a reactive
sectiqaveiaged enpIpY sANAteR; ¢ foil). As outlined in
Besnoi n, sel f-propagging reactigys may be descri bed
using a sinplified e#V\‘GﬂVTa)Hegc m Xi ng and heat
rel ease. [0112] I npl ntati on off the nodel may be
whergH $StheaieRfloh AfveRRjeRpéntHalpyr €d Ni /Al foils with a @1
ratio of the reactants. Fof these foils, atom c m xing
can be described using-a it mgitiependent, conserved
scalar (atomc concentlfatlg 1qn), field C defined such
that C= for pure A, C= orypure Ni, and C= O for
is t ' @

P e e e o £ S, R Rl cofguetiviue of A
and Nis seapedtivelybe i ndependent of conposition and to foI | ow
an Arrheni us dependence on ten]perature according to:

D=D ex-p-f where Dis Zhepf&r eni us pre-exponent, Eis
the activation energy andpR js”the universal gas
constant. The values E = 137 kJ/mol and D= 2.18 | (T6
p? amd p"uassthendéruitiesndiotli arenii witlkow Nraydbsy O kictiore the
frombest fits to experinental data, as shown, for
corresRaning atomicaneights.cl e by Mann et al . entitl ed

X EHlr R Be AR SRLA TS bl Ty BrerkBle, o R 744, B pok

entitliéd ESdlevtedaVaioés 6ﬁWheﬁﬂo<E%é3h|@$roF§hié%f%tam Alloys”
(ﬂ? d‘ﬂ]% in 1997, the enti ret%@e
editeq! gy di\iisiraR &tiah andi rklighed by Véiseof lNeweYCfrerﬁynl@ 1963, the

entlre‘ﬁ@ Bpﬁfhﬁﬁn'r@ nﬁ'cd+ gl\r/é\g%c?g%ré?ﬁ bg %fe?(%nc%gefnél?ét{é% @?t\{e}g igtion of
the hea’reOﬂ regetien, a@ewmoumosmahl ¢, thabe cﬂmsbl}eappmﬂmam as:

symmetry of
y y O(C) = AH ,C?

where AH , is the heat of reaction. Thus, the averaged reaction source term can

5@__— 2
= =—P,AT a[ jcch

where 24 is the thickness of an individual layer of the foil, y is the direction normal

be expressed as:

to the layers of the foil,

Al Al

—_pYe) +yp"c)
r= 1+y
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18t he periodic arrangenent of the |ayers by

restricting the donmain to one half of a representative
w@\oosagas; as shown, for exanple, in the '841 PCT/US2004/033112

application and the '352 application. [0114] The

Al ut | i i C d
Tl 4 e A R R L L

cacliyh Pt RhEPY 12! 290, EFES\G KB ki SPBmpe,
s JPHENG SRRl L PPGACHARR b T

that WiRenaAERIAG RO ionst aA Drepresegiitte diffsréhte bevesemtiet adiabatic
data (as shown, for exanple, on page 426 of a book
flam@n&inplepstureSet e cdrrfithédmprnetemperatmdy mani ¢ Properties
of Metals and Al l oys" edited by Hultgren et al. and
pultmhs ethcbipofhlicry opelifiy ofesdts Ridyyreisuit 19 aTontyblex
entirety of which is incorporated herejn hy referenceg
relationshimbelvesndt anAel vaYe'Wng dhe featsrl fHalen offthe sergtpgis and

o B LSO s o gL BSAh Aot mgfcaton

ThisTblationship mag begegressedtason source term can be

expressed as: -" ( where d is the thickness of an
i ndi vi dual 1 ayer 4_@;foi I, iyﬂ'§£]§he direction
normal to the |aygrs the foll, "Ni Ni > 19and c

respectively denoteythe’ heat ¢ ci) of Al and N .
For a 1:1 reactio "bet)gjee Ni lgﬁgﬁﬁ,g 2= 1660 K (as
shown, for exanpl Ali,\n_L_Igz qu@pzt< Mo< mp, 538, 795, t he
' 841 application, |dhd the,' 352 application). Note

T ={T" ifH, <H<H,
T LI H if H, < H < H,
Py
"™ if H, < H < H,
TN +ﬁ—:=H—6 if Hy < H
Py

~

where T4 = 933K, T =1728 K and 7" =1912K denote the melting

temperatures of Al, Ni, and NiAl, respectively 27, h}’, and 1} are the

corresponding heats of fusion (per unit mole),

o= %‘]‘C dy

0
B=c/(1+y) represents the fraction of pure (unmixed) Al at a given section
AHJ,:II = pAI]’l;H /MA[, AH}/! = pNthI:h’ /MNi, AH}WA] = Eh}ViAl /MN{'AI ,
p=(p" +p™) A+,

H, = pe, (T ~T,), H, = H,+ BAH{', H, = H, + pe,(T," =T,"),

m m

H,=H,+fHY, Hy=H;+pe,(T," ~T."), and H, = H, +(1-a)AHY | Note

mn
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that when nelting is ignored, DT represents the
di fference between the adi abatic flanme tenperature, T

WO 2@80334b® anbi ent tenperature, T . [01 ] | ncorP@DUS1000083112
of melting effects may result in a conplex

that tlﬁe?"éﬁth@lﬁ?h!eﬂe#%e)‘t-ly\’ee% 'dr@ﬂépé'ndéﬁt\tm fﬁ'eﬂ@cél%n’ﬁ?@énﬁor‘?fand

fusion of the reactants and products (as shown,
are cenepspiestly variapie duging the spmpattatinnsa fiar tnséancgs in the llmmng

case P20, 88 Mg LRl SR Bo BBl I8 o1 5508 ool
of the-rebictdnts.i Cshivetidelyf fo’rl‘bzél'l Mhﬁh%s complete astithé @érﬂpérré‘ture
933K, = 1728K an = 1912K denote the nelting

on!yde@aeﬁ@lsmndh@she@t oArusw of thedreuet, respectlvely h,

S AR e o B B4 o
be impléngertted i it@@l\)/oléhmehs@ngi Nm”)samkymméw:@ orhﬁréévuaméﬂasfnonal
e £ ITM_ AHf IM, P (p +yp.')Ki + %
(“3D"forms. he ’qunlq Wmmetr;q \ﬁri\/gn sroap be gxtrapg[?aqa.fi i;qq tb@ 3

form. AhARE 2D mﬁﬁllﬁmd“ocacfd?&na S)fé"i‘élﬂy(x J»fﬁﬁ{fbé"used sucRtfat x

dependenton t conposi tion

points QoG aHe aliretiom bf Fbip%gdtiém nmtéﬂ;z poim® i thid dirsctiohQformal to
i nstance, in the |mt|n? case =, the product is
¥

the laygiscqittharieil + stheengamamatris fpémlélﬂt@nam%%ql@i'%‘ﬁ aY Peng
solved in a cylindrical (r,y) coordinate system, with r and y respectively normal to
the surface of the front and the layers of the foil. The axisymmetric and 2D
models may share the same physical formulation outlined above. The primary
difference concerns expressions of the gradient diffusion terms V « (kVT) and

Ve (DVC). Inthe 2D case, these may be expressed as:
Ve (kVT)=—~(k?£] 2oL dV-(DVC):-—a—(D—aZJ+~a— po&
0: Ox 8y oy ox ox) oy Oy
while in the axisymmetric case we may have:

Ve (kVT)—l—a—(krézj+—a— kaT and Ve (DVC)~1—§-[D QT—) —Q— D—a£
or or) oy\ oy r Or or) oy Oy

Other aspects of the formulation may remain essentially the same.

[0118] Note that in the 2D model, the self-propagating front may be
planar, and move away from the plane of ignition. On the other hand, in the
axisymmetric case the front may propagate radially outwards (e.g., away from the
ignition source). Thus, the two models may enable analysis of different ignition
modes. For instance, the axisymmetric case models ignition may be induced by a
localized electrical spark, which may be observed experimentaily to result in a
cylindrically expanding front. Meanwhile, the 2D case may be relevant to the
analysis of ignition induced by shearing the foil along its entire width, or by heating
the foil along its side using a hot filament.
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of the reactants. Conversely, for = 1 mxing is

conplete and the tenperature only depends on the heat
w@boossiseh of the product. [0117] n anot her enPOOUS®NL/033112

of this invention, the physical nodel nmay be

| Mpo erdntie GneremibSdiinedt 8f 1RO MveRsdn,(a BBRTRAN code may be

axi synmmetric, or three-dinensional ("3D') fornms. Th

used tp yrplemenhthasrodels outlingd @bovan Thesexaedglsinabe effectively

oSBT 8\l AR B CRANARALE, ONE B

sysie'msec‘tmc'lodlingfpemsc?nmgammnt?rswaipt@o?( mwrr:kstfhﬁpr:mot h\t%xri]nframes. It
di rection normal to the layers of the foil. n the

shoulel 55 RHBERT Eor COVRIS SKTIGRH T THeai Bau PIR GrRFMIon aen
comURG R, biRding melnGRI] HPcEsT LRy i dw X hidh-
level hremipajing danguagies. fdiese nMbdelsxnayatsothe stomttag Bnrexdeliable

e S T A
ﬂop?‘ﬂdig‘m adtpita irhpagioe.terms V (kVT) and V (DVC) . n

e 2D case, these may be expressed as: dx{ dx dy dy )
dx [Q{ld01dyn apothefembedimentef thig isyemtian, ignitien cequiramsnts may

. Of: . f.
ve RAYRoinba Pl Bneastos s JRmBt B otinion 1,
and 'N%t\f?ldm 6l}Vs.i Tn E@Z%Qaﬁaﬂﬁ I’the @Ugesrﬁ!a{/ Pgrk??ﬁgatdt;&%efén%néf the
may be pl anar, and nove awa romthne plrare o
foil, wdniletii mvay benlothtedadttzeceritanide ofithé sl iaxhe axisgimretricasee.

outifg he RulseyRido S ity Demialy gﬁ%n%%zﬁé%@%@!m%?a 7sin
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of trexfpemcampité pesgagalibanat éN?Po&é]BI_e.Z Dy kiteA r@ﬁbﬁa@ﬂgsnts may be

rel evant to the analysis of ignition induce
detesidngd Ry systentadicrllavaiying s antt W anddising the ipgults of the

simiJ3fis 8) RnGiahe HBuANABIR! 1P eS8 SeRREainGonltakepnITRIahat
es 08 SR TS (BT B ORS ooy

a {G21¢t yn ohe emtmdineenpofithisoinuenticn the asetiibdoloys setjairth
hereln mLellyntl)Jé( applied to determine critical ignition requirements of an
axisymmetric source (e.g., cylindrically expanding front) for a Ni-Al foil with bilayer
thickness 4d =40nm (i.e., d =10nm), and premix width 4w =2nm (i.e., w =0.5nm).
As shown in Fig. 1a, repeated computations may be performed for different
combinations of temperatures (“Ts”) and energy spark widths ("Ws”) and the
results may be used to determine whether or not ignition 6ccurs for each
individual combination. The scatter plot of Fig. 1a and curves of Fig. 1b both use
circles to depict combinations of Ts and Ws that resulted in a self-sustained
reaction and uses crosses to denote combinations of Ts and Ws where the

reaction was aborted or quenched. As shown in Fig. 1b, the results obtained for a
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 doR23t, Theesuns SF R a8 o eal Pt oL G RRE SRR v
mav\’ﬂébfé%rse%piaw aé 6iH §pAR to% éfaﬁuf@{!s%@lhckd‘e@ew Aiplateau is
nbi nati on. 'The scatter ot of la and curves of

thew@ecrm@t I\Nhﬁ? the prtical spaleydﬂm(W(sb hevores Mienendest afire
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be steaedly affevie Mbahtter Mnlﬁntthdtedbaloabta\/Man@ oFIfr@m ab,
the results obtained for aﬁ% ven f o

cyliggiipal tibed MiPesoanel fese 1re Dereahesithe it @park width may
exhiHREARWEBBRdence on the bilayer period, 4d, and the premix width, 4w, and

level off at about Ws =3-4um, for example, as shown in Figs. 2a-2b. For
cylindrical fronts, on the other hand, there may be greater variation in the critical
spark width Ws when d and w are varied, ranging between about 28 um and
about 70 pm. For both modes of propagation, however, the results generally
indicate that the height of the plateau at high Ts may not vary drastically with w,

but that it may increase as d increases.
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| eading to a self-sustained reaction, and the upper
limt of the conbinations for which quenching occurs.
wWO-2005088465 and ot her enbodi nents set forth her eP@r/usive4/033112
ignition curve lies between these two limts. [0122] n
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sel f-sustained reactjgn occurredgonhil e the | ower
curve denotes the hlﬂgjwesy'((&%)ha;}—l on of Ts and W for
whi ch a reaction was Guenched or 4borted. For this and

mayQJef’@éneﬁ*ﬂ’ﬁ’iéH a&drdingab: forth herein, the ignition
(e initiation of the chemcal transforrmtlon)
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per| ods d and premg WI dt%s \kl | Fes between the two

urves corresponding to their res ective s 0123
Whe"ﬁhé redhg faée@ff ePeEY gq%ergtjom @mn' Héﬁ"ﬂt he %f?errgv %&Hrc
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transfegnatien)asirg amm%mesewse (@g tsauuce ebalgctricghsumant) nén this

situaﬁaﬁoﬂ% ¥n$f &%%L?% Rynihe Qﬁdé * o?nhﬁc hBé{n‘ﬁ@rﬁ:‘ngcrergrby

e or rom rlca

the %%@gedﬁ tﬂé cUﬂéh?%@%éﬂ“ﬁﬁu@Méé@és%é‘ wi dth may
exhi bit weak dependence on the bilayer period, 4d, and

the prem x wi dth, Aw, @nddV@DeVCIfo at about W
=3-4mm for exanpl e, as shown in Fi 2a-2b. For

whesy i mme@ectﬂﬁaimogwdushwtm@ndﬁ&the gctrl@ﬁld@@eﬁw blhe
s G, AP G o o b bRl By sl e

consdhostiory @qumtior-or bot h nodes of propagati on, however,
the results generally indi cate t hat the hei ght of the
pl ateau at high Ts may ndt ®ady drastically with ,

with boundary conditions corresponding to the current source.

[0127] In another embodiment of the invention, the Ohmic heating ignition
model outlined above may be applied to the configuration schematically shown in
Fig. 4. Fig. 4 shows an enlarged view of a reactive multilayer foil 40, which may
include one :or more coating layers 41, 42 on one or more sides of the foil 40. Foil
40 is disposed between two electrical contacts 43, 44 (e.g., electrodes). Electrical
contacts 43, 44 may each have any desired shape or dimensions, for example,

they may each have a substantially semi-circular shape with a radius of about
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but that it may increase as d increases. 23[0124] t
shoul d be evident for soneone skilled in the art how

Wo ogesasal | ze the present results to other nDREBUS004/033112
propagation, and how to exploit critical ignition data
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characterize i i on ., Initiation of
configheationdn Rig-#hwhereracuget Q%Mgmm waeappliabio ar upeoated

RS PR AT i Stk e
meter§ (g aitebtiort bérp@@m% t8fa lbh@lt@dihéﬁébhs oﬁfﬂé ﬁﬂ”wh'"%‘ f(nhe

expr essed as: (¢ wheré s is he electrica
denogesmna istanes ip @ﬁtﬁrs In 8 ctmea@h@m @@fallatm thedogitudihal atie of the

foil Gl S sreie PR R the BoBnTpbofE" ERRE R Bhuff s way bo
non-niformd, umdtmayldeak neanthid eleoﬂoﬁ@suﬁﬁbcegﬂbe@rtdﬁrggfly thﬁe Ohmic

t her enbodi men
neatiii JGR PERRS I ICHFRIen WORES FRCHGRI(EiorENABIER tnsioirastion)
may ggqyga@y(etqe ,gfmg_;ld ed to the configuration

schemati cally shovvn in Fig. 4. Fig. 4 shows an
erP 2 edn wnethesferabodisient vkthisinvehtigrrthe mnd;de;l@nay\bedpphed

o arfte P8 a2 nEBAS: S Bl S R
For eRabhi&Fig\e sﬁbﬁ@tp’ré&léﬁvec%h% lobtdiRed 44 drfeoBted multilayer foils,
el ectrodes). Electrical
as well as multilayer foils coated on either side with identical layers of Incusil or of
aluminum. The Ni/Al muitilayer’s overall thickness and intermixing zone thickness
are about 55 microns and about 2 nm, respectively,, the contact radius between
the electrode and the foil is about 15 microns, and the pulse duration is about 20
us. Predictions shown in Fig. 6 include those where the foil is uncoated
(diamonds), foils coated with about 1 micron thick layers of Incusil (squares), foils
coated with about 3 micron thick layers of Incusil (triangles), and foils coated with
about 3 micron thick layers of Aluminum (crosses). Consistent with these thermal
initiation predictions, the results indicate that the critical current increases as the
bilayer thickness increases. The results also indicate that the critical current
needed for ignition increases as the thickness of the Incusil layer increases.
[0129] This effect is also illustrated in Fig. 7, where the effect of the
thickness of the coating layer is further investigated. In some of the cases, as

shown in Fig. 7, Incusil layers of about 1 micron were placed on the foil, and the
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contacts 43, 44 may each have any desired shape or
di nensi ons, for exanple, they may each have a

wG@wsH3wss al |y sem -circul ar shape with a radi BGT/082004/033112
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For exanple, Fig. 6 shows predlctlve results obt ai_ned
the Nif¥ OMﬁ@é'ath%nﬁ%,t'me&}ﬂéﬁmg grnes thigress|(B-ast higkiness & e area

in wHidi i ﬁ%@ér%‘ﬂ @Q?}%bénﬁﬁyéd? a%é })’F‘dlffé‘??ﬁﬂ rf\ﬁjterla%)’ SFeSm%f%dl)

Acusi | or of um nu ayer s overa
and hilayek thislsessdeignt thiakness of asirgle fayek o€ saeanatesiad sucb®s Ni,

comiibeh S 2ol Ak S ORRTIRY ek 4o ) pE BhGss
micréAsC BBt 2 Hnd éﬁtﬁal@éﬁt&ﬁ) A ?ésipfé'&tﬂléiy aﬂhélﬂolﬂé)ctrfﬁdms between
Predi cti ons shown in Fi %am,grol ncl ude those where the

the eﬂeﬂtnodesanﬂqtr@afpéds plio n$,oanct,tr@dmléa dwratiprais@lirout 20

{Hﬁcﬂ%%tgttﬁét %@&@%a%grk«%}ﬁ%% §%§¢‘%ﬁ\ﬁ§% Ip{:r%as%s 4Rahed
e(ectﬁ&éllo%)'hﬂbéﬁ\)lty eMtefcobting kR@tF ﬂfbré&éé!; abige! filléd BHGARS in Fig. 8
thick layers of Al um num (crosses). Consistent with

indiceteetbe lowestiaveliatiwhich pelimusirined seactionaay asgur, gvhile empty
squatd¥ingfiafe HhighBEt BULT 4GRicH WeERfior REARESP oPudlthed, with

the ignition curve lying between the two. Combined, the results of Fig. 6-8 may
indicate that the ignition requirements can be controlled by controlling both the
thickness and/or material properties of coating layers.

[0130] In another embodiment of this invention, the model may applied to
analyze the effect of electrical interface resistance on the critical current needed
for ignition (e.g., initiation of the chemical transformation). For example, in an
application of the model as shown in Fig. 9, the parameters used were about 1
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bi | ayer thickness increases. The results also indicate
that the critical current needed for ignition
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i ncreases. [0129] This effect is also illustrated in
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be[W1¢r in apadtheoemtiddireeahof isma ineentisn, tite mgided isr amlied to
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ignitidn. NFF 61 &earhple I & apblidation df&h@ @Ncﬁfe&@s@hohm in FEg dﬁss the
with about 1 mcron thick | ayers of braze the Ni/
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Ni/A Eblf:l}fé\ﬁﬁj %ratlllgf?nt pngﬁ\g P érh(ﬁlc & bfdhbddt 55 microns,

acent ayer erials are
about Ze:d) arﬁmabdmtIWIenn tespektiesly, émzd the, pilsé dkiretzs loing about 20

single |ayer of one mat(ﬁrl al
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controlling the contact afea between the electrode and the foil, which can itself be
controlled by varying the size of the electrode as well as the pressure applied by
the electrode at the foil surface.
[0132] In another embodiment of this invention, the model predictions in
Figs. 9 and 10 may be compared with experimental measurements of the same
configuration. A nominal contact radius of about 20 um may be used in the

experiments. Comparison of computational and experimental results reveals
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squares indicate the highest | evel at which a reaction

is aborted or quenched, with the ignition curve |ying
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critical ignition stimulus on the bilayer period (e.g., thickness) of the reactive
multilayer may be verified experimentally. Results are provided here using two
ignition methods, namely Joule heating (see Fig. 23) and mechanical impact. Fig.
12 shows the dependence that ignition thresholds may have based on bilayer
period for both coated and uncoated Ni/Al multilayer foils. For this experiment, the
electrodes used are about 3/16 of an inch (about 4.7 mm) in diameter, yielding
contact areas of about 2.6 to 2.7x10° m% The electric current is applied for a

pulse duration of about 20 pus. Results are shown for uncoated foils (diamonds),
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reaction is aborted or quenched, the ignition curve
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soldering, brazing, welding, as well as the use of other reactive multilayer foils as
ignitors, it may be advantageous to select as small as possible an energy source
(e.g, source of current). For both spark-ignition and ignition induced by Joule
heating, this may offer the advantage of reducing cost, minimizing space
requirements, and/or limiting potential damage to neighboring components.
Parametric studies were conducted using the model outlined above, ignition tests
were performed using a spark, and Joule-heating experiments were performed in
order to determine a range of conditions that would address the requirements
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coating a Ni/Al reactive foil with thin layers of In solder. Since In is more
absorbing than the constituents of the foil, lower energy requirements for the laser
source can be achieved. An alternative configuration is shown in Figs. 14(a) and
14(b), where the foil 140 may be partially coated with a highly absorbing material
141 such as carbon black. Another variant is shown in Figs. 15(a) and 15(b),
where the foil 150 may coated with a highly reflective material 151 except fora
small area that is coated with a highly absorbing material 152, for example, silver
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diffusivities of the order of about 10 5 m/s, and in
ignitigp gequirements may be reduced if a thin coating having high absorptivity
with respect to the laser emission is present at the target spot. For example, as
shown in Fig. 18, the reactive multilayer foils coated with black ink (triangles)
require less energy density for ignition than the same multilayer foils without the
black-ink coating. The foil used in connection with Fig. 18 had a thickness of
about 60 microns and a bilayer period of about 65 nm. The filled diamonds in Fig.

18 denote combinations of energy density and puise time where a self-sustained

31



applications, a nultilayer foil thickness on the order
of about 100 m crons may be used. Thus, diffusion
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require direct access to the reactive foil.

[0142] In another embodiment of this invention, the reactive multilayer foil
may be ignited using an ultrasound source. An illustrative geometry is a foil
sandwiched between two components. The ultrasonic source may be applied to
one component of a sandwich which then vibrates relative to a stationary second
component of the sandwich. The resuiting frictional heating may then resulit in the
ignition of the foil. Similar to microwave ignition, this method also offers the
advantage that it does not require direct access to the reactive foil. Thus, at the
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vary automatically depending on the heating coil used. Using a helical coil 191
(e.g., about 1 inch in diameter by about 1 inch tall) and a no-load current of about
140 A, Ni/Al multilayer foils 190 may be ignited rapidly, for example, when held
horizontally above the coil 191 as opposed to vertically. The multilayer foils used
in these tests were about 60 microns thick with about a 50 nm bilayer. Multilayer
foils 380 that were placed between two silicon wafers 383 also ignited readily.
Ni/Al multilayers 380 placed between a silicon wafer 383 and a block of fitanium
382 ignited only if a corner 384 of the foil 380 extended beyond the titanium, for
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varying the applied force and/or the features of the groove. For example, Fig. 21
depicts portions 212 disposed on support rods 213, with groove 211 being
disposed between opposing portions 212 and support rods 213. Force F may the
be applied to the side 214 of foil 210 opposite groove 211. In another example,
Fig. 22 depicts portion 222 protruding from solder/brazes 223 and joining
components 224, with a bending force F being applied to end 225 of foil 220 on
the side of foil 220 including groove 221. |
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applicgippicd ihe desige Meliogelogydlircissed HMIN- n anot her
N:Tml 'Sﬁﬁ afSthbPemboBY RSt cgrfhls lﬁ‘véﬂ%'h' fHe r%facfﬁéuﬁﬁ L?é%y be

I [ayers using induction heating usin
igniteddelg. gbe chentital iemsformadipniraay eei lmiuatédaexlpmgl mrenhauhibal.

fnctlpHCFn&ﬂgrgtHvl I—_FOthé)le%q:hbuse eé{toﬁ%rgt)éqgcrzé\fz%ﬁ laterrrgé heating

of tHéW‘oII twhigh r&%ﬂbeéuéﬂﬁly tﬂ@?él@tth@ FeQMRIN. aEiérﬁﬁ!é%%ﬂéu'bﬁrigﬁgh
about O kHz to abol Hz. The induction unit may

objeﬁta&lpcl@dambreaweyommm'igoaa dizrpone athesly Aoidrietset.

meaSical @ AR AEDIPtor Agerr e roRBRH b 3G Bpiests For
examfalealﬁgg 254431&96 Nu/sﬁhtdmdtétid@a esudroobjectlI® 16/ ded lacmg
gnited rapidly, for exanple, when held hor'i zont al

rougkpRhieck 26, 61N ontags %fﬁrﬁ)%'éé sl 22l § (oR gurtace 262 of
foils 340t PBBY SPEEﬂl\bme‘-i)( gth'ep e&Q S, gﬁss 2erd’\g$’t Iié{cg%%rplacmg

mcrons't ut a ayer .
one fooinmare380gh bbjectse? 1 p?&afbaglalbstmor move sutfacesofiiled 79, 280,

also ignited rea tilayers 380 aced
and fasnigisking s PEBITRat bddnabials £ bhae SrSaionet o ppposite
directfhs! rﬁlﬁtﬁ/@% el 270 {aPsKAUMRT F@827Pf Altd@iatdly | as?8Rown in Fig.
ext ended beyond the titanium Tor

28, one or more rough objects 281 may vibrate relative to foil 280 to create friction
heating. The vibration and/or movement of one or more rough objects 271, 281
may be substantially synchronized or unsynchronized. These methods may offer
the advantage that the moving rough surfaces may be embedded into a structure,
as further discussed below.

[0149] In another embodiment of this invention, ignition of the reactive

multilayer foil may be triggered by a microflame. Microflames are widely used in
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33exanpl e, as shown in Fig. 38(b). Ignition was
possible typically if the silicon 383 was between the

W@ o005/038485 and the foil 380, for exanple, as shpemUSI904/033112
Fig. 38(a). On the other hand, netal 382 between the

soldwirlg &fikation, thel theirl av%ﬂ@blllify rofdegBhedRY ad\iMiaddin
Fig. 38(c¢) shields the f 80 and ignition did not
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the SBfd §2& %ﬁ@ 8kd %t[:%rﬁgn 38§ Q?T‘r‘?l%gmee‘{)\héfbﬂd?fe - put of one

energy released i's greater t the energy ¥t
the siglesi afrihe iasaembiyi 39&tth@namﬁn@n$@1tﬁs mfepegatblasga protrudmg
hin the nultila
configatp0T JEF% eest Sate. e MAiple: B ShavBun i 39 the
mulélRgkt falt g0 nely BéWpésm@ﬁ@d Bétwedhi thlobppr bmfslwx 394 of

mul'tilayer joining. n the exanple shown in 20

unegyal sizenaned Wéhﬁﬁélﬁit@ I@@moaé%%mimm%nudtllayewwlﬁer@gmaueemam
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partdly-pratrat hr@rcdl‘élgusat(afn Clariiotiothe p@tiugiiig aad p@ﬁfwlly%ir@truﬂmg

configfigtions. AEAUAT 0 111G PTaYsHBIkRaR®Of ABOWa g may be
used! |qu§% raf 854 B0 s'ﬁ?%hyd%&gﬂéﬂﬂm&%ﬂa@%qghﬁ@hlr @ ¢ both

g force g app to each
conﬁguna“uons 21rzboth Figis| 22 20y Itayedwltacare providedt fantmpdghp istzes 21,

24, Bob 2con U AN 55838 SR h ine i fe8: HiiuSeen Bitwifames

may/ Bé lo@its cfieave aﬁrgtnﬁmgtbﬂas%cﬁw ﬁmltﬁa;@nbn@gmb@ oﬁé\%nds) asin

section 212 may var ased on the geonetries .
0nlyp@§¢w|caﬁe$\r/\6\er@ pab«/@ small poption ef theifol was mmbrudmg/was] the

e 4600 D018 CFANRE LRI BB i show

the pmﬂeneé ofia ¢raall lovah ppotrution edgessist ighitidra@speeiiiptvhen the

Th s offer he ssibjlity of .
foil ediiaiPsi PGIACH U umatg ) BRYMBgRidRaha PRt GRndusfiviy.

anqgg pso7t e afw@ﬂ{é#re?ﬁbéﬂln{etﬁ@ogfh@\ﬁent’: N, i g?ﬁﬂﬁﬁlo? thedi Féhctlve

21 "de |cts portions 212 di sposed on support ro
muliifayear gmldnayé triggeread |bwgau|ds”p&ﬁleg df envardine @ppemhhgln whlch the

[ s ort rods, 213. .Force

mulfiet 8% GhoRRY, BT e rehs fup cBnfoifions where
the Bs€&Ablyas rayidiyheatell] br eXdmPaPinGd FeflAV fur@ice8Poven, to reach

rotrudi ng from sol der/brazes 223 and j oi ni n%
the foil autoignition temperature. These heating rates and/or autoignition
temperature may be readily determined by differential scanning calorimetry (DSC)
or by actual heating of the assembly. For instance, for Ni/Al multilayers, DSC
measurements reveal that the ignition may be initiated if the foil is heated at a rate
of about 200°C per minute or faster, when its temperature reaches about 240°C.
These findings were further amplified by subsequent studies using a hot plate,

which indicate that reactive a Ni/Al multilayer foil may ignite when dropped into
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conmponents 224, with a bending force F being applied
to end 225 of foil 220 on the side of foil 220

WO pb08E4r%y groove 221 . 34[0147] n anot her enbPdi/DE2004/033112
of this invention, the reactive foil may be ignited

moke’ PB-SAisoldet! Ha%{fg{ £¥mpBAGRbrHYYLE2065E | Pl HJHeﬂ solder
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enbodi nent "of this invention, the reactive
heatgink; e selecgvelydiwingrrigh current tdm@tngh aunicelesyorie dewce

| F
oS8 h 4G TREGARSTS of s iivePflon  Hod dehriletidy o
chelmaaall regct]xbn ey beubsed vmugmheqmmﬂﬁatmmmayeg lﬁﬂgSE)tehﬁples that
v 305 oo b bR B ompons
(SHOTe8ENOPIn FRARRIrE 6En§ﬁo 'amﬂﬁﬁgéﬁ&ilrgﬂ xﬁdé gﬁﬁé 'sg%ttﬂgt was

reaction using rough objects
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di scl ose pl acing one or nore roug jects 271,
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71 in one
rea%ﬁ‘feﬂnﬁﬁ‘fé 8908’ nore of rough objects 2
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27Q015\3] dhshould hefeviderit Tor akydrey slallerl in, thasarshéWno generalize
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sealing, direct access to the foil may be limited at the instant the foil is to be
ignited. This may be the case when the foil 410 is embedded into an assembly
411, for example, as shown in Fig. 41, and the assembly 411 either partially or
fully shields the foil 410 from direct contact with an external ignition source 412, or
substantially prevents a user from physically triggering an internal ignition source
413. Examples of both external and internal ignition sources include one or more

of a voltage source, a current source, a charged capacitor, a piezoelectric device,
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may be substantially synchronized or unsynchroni zed.
These net hods nmay offer the advantage that the noving

w0 ougl3mes f aces may be enbedded into a struct uUPET/USE04/033112
further discussed below. [0149] n another enbodi nent
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3 21 24, and 27 on the AWG scale. As shown in the
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reacti've multilayer
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o e Ay S 4o et Ry oA .
Similar to the previous example, this approach also provides an effective means
for overcoming the lack of a direct optical access to the ignition spot.

[0159] In another embodiment of this invention, the stimulus of an energy
source (e.g., source of electrical power) may be delivered using an electrical lead
embedded within the assembly. An example is shown in the schematic of Fig. 34,
which illustrates the use of an embedded electrical lead in a reactive joining
application. The embedded lead 341, which may be isolated from other
components 342, 343 in the assembly (e.g., by being disposed in a slot 344 of
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the assenbly is rapidly heated, for exanple in a
refl ow furnace or oven, to reach the foil autoignition
W@ 209p@sHEbUr e. These heating rates and/ or aut oi PET/USI®N4/033112
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reacgti.ve ltilayer, joining appli.cations.. O
cleciiiguetha e, Which Hey RGeS e PRbRRASE curephe
leakia@@GhiovSleblichily ayfdudtiplgl confstrent 850 0and /idyi Bidisposed in a slot

resulting in reductions in material weight, cost, .
betwern epmpenant 352 andicleetaeally qondyeiing camgenent 352. Electrical
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thisg i.nvention  heat nerated by a chem cal reaction
therﬁrbcgfesl%%tnﬁggalc@ob,‘ 8&?Er8g|l%ﬁ§'crc£ea\(&cﬁ‘ve mul til ayer foil.
Ex30md BS 1t habtHsr enbsdimenest ik invehticls, ddeess fimitatioas may be

sel f-propagating high-tenperature synthesis §SHS .
overaaiae LUsingi iuseminhich mayfcontiisea tHalbla wikner a iahobraagdve

t.h : i i .
g P ST S (9 50, e st v
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m xture 403, In turn ignited

source 363 (e.g., a voltage source).

[0162] In another embodiment of this invention, the energy source for
ignition may be embedded within the assembly. An example is shown in Fig. 37,
which schematically illustrates igniting foil 370 using an embedded firing pin 371
(e.g., projectile) configured to be accelerated at the moment of ignition using a
pre-loaded mechanical spring 372 so as to ignite foil 370. A remotely-activated

trigger is used for this purpose. It should be evident for anyone skilled in the art
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reactive nultilayer foil 400. [0153] t should be
evident for anyone skilled in the art howto
w@emwsnsd4bze the above enbodi ments to concei ve BCWHS§1001/§33112
of ignition systens. [0154] n many applications
i a i g S [
hou ) BeliefilizE 38€ pleknt Avantenc ¥ paRIcElr, e Gberided poer
sournstaay comeriseial valtagesobece, gndurasht sbirse, @Bohdtged REpacitor, a
. case when the foil 410 s enbedded into an assenbly 4
pieZogIgptr ®a §"§ﬂ%\ﬁﬁtr|%§¢*4"‘g% afferroglastidevise eafitigg pin, a
' ekl : [ t id 410 _fr .
s, NS ouite: 4R flethert, & Bofichy cnatellswith ah/phsive
surtaces abviciobukbleya fusey armsltitayes tab, fanonSIdBysiveddr| gr a heated
triggering an internal ignition source 413. Exanpl es

99%f both external and internal i gnition sources include

one0q63OtheH et diMcASE oS Pid! iR GentR oW rb%”ép%‘é?’rgﬁfﬁy thBse

_charﬁgd caFacitorl a plezoelectr[p devi ce,
skilladeinbe st tremccansidesatiomaf ke snneifinafioamndl preaticriotihe
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corfsitered|ascdxancplegvory, with bitfuggcdperandispifit 6f thedndEin being

. deﬁ%ge, a Eﬁt filﬁnﬁnt, a solenoid, a gated switch, an

indiggtedby, the [llowing claims.cr obubbl e, a fuse, a multil ayer
tab, and SHS powder, and a heated gas. As outlined
earlier, this invention introduces nmeans to overcone
such imtations. [0155] n one enbodi nent of this
invention, an ignition nethod is used that naturally
overcomes access limtations. Exanples include
m crowave and ul trasound sources that are di scussed
above. [0156] n another enbodi nent of this invention,
an optical path nmay be provided within the assenbly so
as to enable delivery of a stinmulus generated by a
| aser source. An exanple is provided in the schematic
of Fig. 3, which shows a slot 312 nmachined into one
of the conponents 311 being reactively joined. The
slot 312 may provide an optical path for the stinmulus
313 (e.g., light or |laser beam) fromthe | aser source
314, and thus may enable | aser-ignition of the
reactive foil 310. [0157] n anot her enbodi nent of this
i nvention, an optical systemnay be used in
conjunction with a |aser source in order to overcone
access limtations.
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An exanple is provided in the schematic of Fig. 32,

which illustrates the use of an energy reflecting
wOoraioenssabs 321, such as a mirror, to direct thePCEHES2004/033112

energy 322 to the ignition spot of the foil 320

di sposed between conponents 323 to be joined. [01 58]
WHARM I IVEeg ment of this invention, the stinulus

fromthe Taser source may delivered using a

fiber-optic cable 331 to foil 330 di sposed between

j 0i ni ng conponents 332, for exanple as schematically
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pardimeters, assotiatedroithdbe rrdaacthlre\mumlayer fca] fer r oeI ectric
device. [0160] n anot her enbodi nent of this invention,
the stinmulus of an electrical power source nmay be

del2 ver erhalfidiifodof Bialim @l akerdifahe bisic d@h‘c@ﬁtrgﬁdn Bfolution

inthe formof a thin electrical wire or a
equatieRli$ i ¢ sheet, for exanple, as shown in Fi gs 35(a)
and 35(b). E ectri cal ad 351 may be coated with an
el ectrically insulatiAg nwtegDivad)=@hi ch may m ni m ze
the likelihood of curr&nt Ieakage into electrically

ol OPEEl £ e B 8 st ISR ikauct  ng
conmponent 352. EI ectrical |ead 351 may be made of a
materi al at does. no | ow t enperatures so as
to Faci ITr}ea'F@ﬂ?%ﬁﬁf/&P'%He §’%‘fr$'P(§|f'ﬁ?H% %’&'\‘HHP Qfyationis
contam nating the aregy d
= —Vo(kVT)+ Q

wherein H is enthalpy, k is thermal conductivity, tis time, T is temperature,
and Q is heat of reaction.

4, The method of claim 1, wherein the energy evolution equation is

dH do
Y VervT)+ % 4
g =V EVD st
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around the joint wth conductive particles. Lead 351
may or may not be in direct contact with the
woredosiossayer foil 350, and the power source nmayPCDDOR2004€33112
a vol tage source, a current source, a charged
CARHErERH e RiIEHAR KIS tidifnd %h&@cmmgt e rtrm,e' PRtehfperature,
device, or a ferroelectric device n 'anot her
ande@fimieatof reattion, and ny/eist et of eweygelnemttcmt asaociateg with the
be overcone using a fuse, which may conprise a fusible
stimplige or a tab of reactive nultilayer material. An
exanple is shown in Figs. 36(a)-36(c), which
illustrates the use of reactive multilayer tab in a
redctivd rjeainei:hrgj apglhint 41 wbereim tridisceetizatien of thd at®ddic
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g., a voltage source). [0162] n another embodi ment
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present invention. n particular, the enbedded power
source may conprise a voltage source, a current

soyr ce, ThERRINEE of 8BRS Mt Rherdn PhE 30RUREL S Ia&s8E%t<EwitR one
thernoel ectric device, a ferroelectric device, a

or monei ef arpelectrical aswice, a thamml geurase a soures of Meghanical action, a

ool PR L, PN o4 6B o
RF sbuehant emh eastrofidbhalic Sbives. enbodi ment s of the

invention will be apparent to those skilled in the art
from consideration of the specification and practice

of d he ienfdiony o é%hﬂsleWh@?élﬁ e ehefg"y décfﬂr@é‘@&% b8&ciated

the speciticati on and exanples be con ered
wﬂfebkmmﬂmmlys wlawolurmetncammatea:m peswifatesuurce teyfn, tane

vent | opﬂ{i\l(q E@Ieltrdl gr% gﬁlrfgge s.ourcecﬂa}rr?é’vI ng claimns.

9. The method of claim 1, further comprising varying parameters of the

stimulus.

10. The method of claim 9, wherein the parameters associated with the
stimulus include one or more of a position of the stimulus relative to the reactive
multilayer foil, potential energy, kinetic energy, electrical potential, current voltage,

pulse duration, contact area, power, wavelength, spot size, and pulse energy.
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A nmethod for sinulating an initiation and properties
of a selfpropagating reaction in a reactive nultilayer
wo e005/03:k® et hod conprising the steps of: proRCTHUSZPOHOB3112
atom c concentration evolution equation; providing an

eney gy eyaql utj 1,Q0: ] ' . SO

Cor e ach et Sredhistiit HBtok Pendibilbvay Fiettirss Hifdfoy,
emb&aihy \eeprddtar| afyestrdatiohs eketitabldisptheoachinierty peiforime

reactrve nultilayer foil, and c@ i1) a stinmulus )
methesk stgos dor sipulating an iitiationeape aToPertiesehba salf-Prepagating

: . . el i g o

ol IR TSR R . 00 herbe coferfigr Mot o

evghrovidimg anwdoinanceracenination eddbitipataéquationy st em of

equat i determi t he beh r of an at

ggs; and in ?vlo onj c
corfeuehng AR NS E¥Rlign Frtrln BeTidiaD pRerghsplice terms
assfggtété& MY (if Piderial bt RSP the rbBetivd ﬁﬁﬂtﬁéy}et?rﬁgitl,;(g)sé f8ht of

equations using paraneters associated w -
mixiregaof theereaative muifdayenioil, and (ife stimutisdcastligered ta initiate a

wherein the at.om ¢..concent ' vol.ution equation is
chqm@afmgggné@? °§}D§% eelewﬂté ﬁid@?%?eﬁ Tchht:oncent ration and
D i gisaietizing tAkfdtomid toncendratibh @voritivacqufatioh @ing the energy

wherein the energy evolution equation is dt dt wherein
evaliien equalionip farm & diseestized sysiemef egrelonsg is tine, T

is Q] .qf ' .

= SR U R bl B BBt o sRBRy fids o
theaguaetiveomultiiagkr fdil divihimgeatmg-thediscretizépgystem of aduations using

conductivity, t i, ime, Tis erature, and Qis
pargmGte s a?%ﬁ‘{qtﬁgﬂ‘,"ﬁh&@ r&aCt'Yesmr“hﬁgyp%ffo@ner gy generation
associated with the stinmulus. 5. The nethod of claim,
wherein the discretization of the atom c concentration
evol2t i omhedquethodrof slaim hb whesetpthewaipinic epneanitipg evolution

i 5. based on a
equasuon iS

9 g e(DVC)=0
dt

wherein C is atomic concentration and D is atomic diffusivity.

13.  The method of claim 11, wherein the energy evolution equation is

aH _y .(kVT)+iQ_
dt dt

wherein H is enthalpy, k is thermal conductivity, t is time, T is temperature,

and Q is heat of reaction.

14. The method of claim 11, wherein the energy evolution equation is
dH dQ n
—=Ve(kVT)+—=+
dar (VD) dat 1

wherein H is enthalpy, k is thermal conductivity, { is time, T is temperature,

and Q is heat of reaction, and ¢” is rate of energy generation associated with the

stimulus.
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finite-difference nethod, a finite-elenent nethod, a
finite-volune nethod, a spectral-elenent nethod, or a
W@ oios08Hs3 on et hod. 6. The nethod of claim, MMEUSI004/033112
the paraneters associated with the reactive nmultilayer
foil include at |east one of length, w dth, thickness,
density, heat capacity, thermal conductivity, heat of
fusi@n, Whemethotetotaiat Ut ayhdéreb thefdisaratzaton, ofdhe mitamic
confrgtiioR G oHan S ATEn 4 ey evo PR Sapafom s based on a
finifS gPelreh & mdthdd, ANFnit-c IfiénttheABd €4 Fiflte VoRImS PEtRSd, &
thermal source, a source of mechanical action, a sound
spentigl-etemant methed oiigdcallogatien methodr onave source, a
chem cal source, an RF source, and an el ectromagnetic
source. 8. The nethod of claim, wherein the energy
soutge tThemethodiotickdm 1 wlidreirstherpdrameters associated with the
vol unetric source ter a surface source term

: A, ! or a |
reagHy® Mdtileyar ol inglede &t PNe chrenaihr Width thiskpess, density,
e Rty tneRAaEOTR ity He2k B fysich. mling WRpRE(E, heat of
reactian natomiaineightn atdmeic phfifusivitye e d axctivaticnt edengyt h t he
stinmulus include one or nore of a position of the
stimulus relative to the reactive nultilayer foil,
pot ¢nt i alrhenk&®vd dfichiid 1,888l thel RipdUILS & associated with one
potential, current voltage, pulse duration, contact )
or rapex Of poiectrioahasiuess)tenthespet selirze, a apdrcpufseeehanieg) action, a
rogr e
o iRd. BTARHAAG LA GPARLE sBlicR, BERMEal source, an
RFexxeeed, ariccab elddtonmagpisticesdupcger f or m met hod steps for
simulating an initiation and properties of a
sel f-propagating reaction in a reactive nultilayer

foigg t h?hg‘?ﬁé‘tﬂgd%'&&iﬁﬂ ﬂgmﬁé}%ir?ﬁw%%e%y sBﬂn%léi}Q?rﬂ%s@Bciated
atom ¢ concentration evol Ution equation;” providing an
witle tlee giimeNus ista woluspirie sourcertetrmch syrfaceesgyrcedermseor a

corBlabe 5 e Fp iy Agtsurfiel) SRSt i wi ng of 1t he

reactive nultilayer foil, and (iii) a stinulus

configured to initiate a chem cal transformation of

t hel9.eact hedneliiodiafplaimn 1bifurther exrpprising ygriing patasaeters of
theCNTQIOL! ation evolution equation and the energy

20. The method of claim 19, wherein parameters associated with the
stimulus include one or more of a position of the stimulus relative to the reactive
multilayer foil, potential energy, kinetic energy, electrical potential, current voltage,

pulse duration, contact area, power, wavelength, spot size, and pulse energy.
21. A method of initiating a chemical transformation of a reactive

multilayer foil, comprising:

providing an electrical energy source and the reactive multilayer foil; and
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evol ution equation to forma discretized system of

equations; determ ning the behavior of an atomc
weonsesit4sat i on and energy fields of the reactiREI/US2004/033112

multilayer foil by integrating the discretized system

of 1at | ' ters asspociated with the .
el R PRAATB A ork it P BhEtiebimulliay S o by
providingiam arcefred discha@neemtthaldlautriex Andhd\PEoGraE ab ited rdattive
-.- V. ﬁDVC) = Odt wherein Cis atom c concentration
multiayes foll- atomic diffusivity. 13. The method of claim,
wherein the energy evol ution equation is dt dt wherein
His enthal py, k is thermal conductivity, t is time, T

i s R@npeiTheunethoanaf diins2 heaherdn treasietieal dfergy@urce
ho(igi of claim., wherein the energy evolution
I

inc hOT €13E e \RHEPEISAUFPS: & T ISYICac & eharaed sapacitor, a
piceBBRUEId Nblive, 4 tne*‘m{ddeilﬁ(;qtqjc? dé§icé?éerrﬁ’cf(;?€féH5§IecﬁﬁddeQié 3

heat of reaction, an I's rat energy generation

associated with the stinulus. 43. The nethod of claim

conint  TrEIeBRRTIAT) Mo kit B ARG gy souros has
potentinliess thatvakyoal tosabdvasad\von a finite-difference

met hod, a finite-elenent nethod, a finite-volune
nmet hod, a spectral -el enent nethod, or a collocation

et bed. e rﬁgﬁoﬂ%ffgyﬁ%h%ﬁéﬂan th‘@‘&é&jriﬁﬁllt%%rg}/ gource has a

par anet ers assocl at he reactive

pofestial leas thale oneqlaldstaboué50f | engt h, wi dth, thickness,
density, heat capacity, thermal conductivity, heat of
fusion, nelting tenperature, heat of reaction, atomc

vei ght, Themethddldresdiv 2wt dé&tfi@@l &;@{ﬁléouﬂcé- has a

The nethod of claim, wherein the stinulus I
potgstialless Hpmpt agealdo@boubd¥. of an el ectrical source, a

thermal source, a source of nechanical action, a sound

source, an ultrasound source, a mncrowave source, a

chedb.cal Thoumethodast claim 21, wherein the arc-free discharge has a

duration less than or equal to about 1 ms.

27.  The method of claim 21, wherein an electrical lead is operatively
connected to the electrical energy source and placed in contact with the reactive
multilayer material,

wherein a contact area between the electrical lead and the reactive

multilayer foil has a diameter less than or equal to about 1 mm.

28.  The method of claim 21, wherein the arc-free discharge is provided
to the reactive multilayer material at a contact area having a diameter less than or

equal to about 1 mm.

29. The method of claim 21, wherein the arc-free discharge has an

energy less than or equal to about 40 mJ.

t
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RF source, and an el ectromagnetic source. . The nethod
of claim, wherein the energy source term associ at ed
WoOwaols/ 083365 stimulus is a volunetric source ter nPCEHUS2004/033112
surface source term or a conbination of the
volunetric and surface source terns. . The nethod of
claim, further conprising varying paranmeters of the
st i 80) usA Réthothef initiating acdherhisahirdisfomhatic 6f a reactive
ramst;?rs associated with the stinulus include one or
mulaverdeilCHBRI$INGN of the stinmulus relative to the
reagtd Ny I ' L kinetic
cop oy T8 lpbb T ros B B e AR U fRGerfoll IndC ) <.
dur aitiading tberoheaicalrteansfponation efthelreadtive matitdyes ifaieby
an ulse enerqgy.,2,.. A nmethod of initiati a .
trag e e e ST thaddssh sirer PeRerpaeamulapsmatsria!
CONphicRdiAdhe eh@\qﬁfr@ngx B |§ée&0§dur@@|m;§iﬂ§é§)sn_saoﬂmeorﬂ'h@
the reactive nultilayer foil; and 44initiating the
reastivaingdtilayeafeilfhavirg pehametartess thaotanasualita abeaytet mm.
foil by providing an arc-free discharge fromthe
el ectrical energy source to the reactive multilayer
f oi B1. 22A nhbthowedfiniliatifg @l etiemidal trasfo@hatidmér a reactive
?lectrlcal energy source includes one or nore of a
muitiayeldeil seRiPeESING: current source, a charged capacitor,
a pj tihi i ' i-¢g, and a
F f PRARERG H1655 R KB ik 1A LR e kIGVer B oG
wheindiatinghibe ahemicaldeansforenationsaofithe eehetbreampliit et ifail by
less.than or .equ o _about 10V, 24. The npthod of .
trafia T She Gl ne Iis<E 830ios Pahe drartF eUlIBE" RiRteral
pot @hbidh the feselr R30r@ h&9H Powe? Ul liesMhadir el to about
net hod of claim2 , wherein the electrical energy

30@VBlrce has a potential |ess than or equal to about
26. The nmethod of claim2 , wherein the arc-free
di scharge has a duration |less than or equal to about 1

ms. 327. Ahaetheichofdnitibting @i chelnicaMbarisformativredfes tedotiob
ad i s operatively connected to the electrical energy

I S
m@ﬁ@y%ré‘ogl, "BPEYBY: i n contact with the reactive

providing a laser source and the reactive multilayer foil; and
initiating the chemical transformation of the reactive multilayer foil by
transferring energy from the laser source to the reactive multilayer material;

wherein the energy transferred is less than or equal to about 40 mJ.

33. The method of claim 30, wherein the energy is transferred at a
wavelength between about 300 nm and about 2 microns.

34. The method of claim 31, wherein the energy is transferred at a

wavelength between about 300 nm and about 2 microns.

35. The method of claim 32, wherein the energy is transferred at a

wavelength between about 300 nm and about 2 microns.
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mul tilayer material, wherein a contact area between

the electrical lead and the reactive nmultilayer foil
whawsasdeanet er | ess than or equal to about 1 PeT/URBIN4/033112

The nethod of claim2 , wherein the arc-free di scharge

Is provided to the reactive nultilayer material at a

contact area having a dianeter |ess than or equal to

aboG6. 1 Anmedtbd dhimitiatingedcidmiehpiramsformadi@s 6f 8 rééléhve

Uitgc frfeg di scharge has an energy | ess than or equal to
MWHBYR" 1986 FRIMPASIBY: A nethod of initiating a chenical

tr ﬁgﬁ{ﬁ&ﬂgtd I%eréo&cé%ﬁﬁ fhbGegeive l%ﬁ}f%rygr?@!; I ctive

rrsin aser source a

nul tnlﬂlatmgrthbmhe:mlaaUtramebrraaudrgoﬁthe rebelms:multllayer foil by
ormati the reactive [tilayer foil

rabdBRTIE PRIy b5 Hedsatirse o8 resshieaultipyaraaterial
I ea@hle¥sin Thé réA@NR mIMiR/dr il m\éﬁh@é@ i Iéeﬂ:ﬁ ohBg4 . Jf sofler or

the | aser source inpingés on a spot e rea
braggl til ayer foil having a dianeter |ess than or equal
to about 1 mm 3 . A nethod of initiating a chem cal
transformation of a reactive multilayer foil,

conp7i si Mpe meboddbfrgaien B@&ﬁlﬁe:‘éﬁﬂh@%t%ﬂsﬂcﬂ% B§8ebf dider or
rm|t|Iayer foil; and initiating the chem cal

braze jRelHgrmanedsy Bere akindiwalpad tinsilveragiac, geid, abg antimony.

transferring energy fromthe | aser source to the

reactive nultilayer material; wherein the | aser source

has3& po:(f\ernethﬁoicmftinltiaﬁsgHMnmcaletmlwfommtahDMa U™ e
mﬁﬁ fmg hod of initiating a chem cal transformation

UG NPT REEIRMIHDP i | ayer foil, conprising: providing a

| asgrovifitg @(%Iaéé\dsdd‘rée%\%lothb%aéﬂ\‘/btmhlﬁ the rand

initiating the chemcal transformation’o eactive
mul Pravigieg anﬂmp@yentrtaﬂpﬁjemedrtg apotheycomponert byl ths ehemical

oo I LR B Rl 0 o
pathCGamliguBsl toTalowreidiedefy fedraitiie Bler vbarcel td e @amstensy to the

reaICFVé Fnauqu yer

at a
tilayer f%(ﬂ via the optical path; and
initiating the chemical transformation of the reactive muitilayer foil by
transferring energy from the laser source to the reactive multilayer foil through the

optical path.

39. A method of initiating a chemical transformation of a reactive
multilayer foil, comprising:

providing a laser source and the reactive multilayer foil; and

initiating the chemical transformation of the reactive multilayer foil by
transferring energy from the laser source to the reactive multilayer material;

wherein the energy from the laser source is redirected prior to being

transferred to the reactive multilayer foil.
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wavel engt h bet ween about 300 n and about 2 m crons.
34. The nethod of claim3 , wherein the energy is
wo e@smsasy ed at a wavel engt h bet ween about 300rP@mUSs29d4/033112
about 2 microns. 35. The nethod of claim 32, wherein
t he4@ner Phe ingethba BT lcRiiMe3b, FurtRe VEBHRP BEIBE r&ﬂéli\hg%h optlcal
about 300 nm and about 2 m crons. 4636. met hod of
systeintanst iesifegting &g eaerayrdm e epiical sistem.a react | ve
mul tilayer foil, conprising: providing a |aser source
and the reactive nmultilayer foil; and initiating the
chesr] cal Atrhethedasfrinitinting afchiehticaleatisforenationt of fpeictive
foil by transferring energy fromthe | aser source to
mult'ﬂ?é/efré@'bt(?%prrﬁm@l | ayer material; wherein the reactive

oS bl LU S opRESlg ind Xl g Afbver o
and east one Iayer of sol der or braze includes one or

ot ritBlips e Permicdtiasshitmationi ithe S acivedRbtaayvar foi by

traﬁsfféﬁﬁfgoér'l@b'ﬂfbrﬁfth@Ids%@%bbhﬁ% Vidkid fiB¥ebpticotdble to the reactive
conprising” providing a laser source and the reactive

mulilayerinagteriat.oi | ; providing a component to be joined to
anot her conponent by the chem cal transformation of
the reactive nmultilayer foil, the conponent including

an 4mti cAlmethida sfdnitinting adhemiehll teamsidrenatiesy ofya feaetive
Mﬁ ?s_r source to be transferred to the reactive
mu a@&omr@ﬂ%m@-i a the optical path; and initiating

%' Iaééraélifreé IRk tRE r?éctﬁlgerngﬁfagﬁe‘r YGil, e PéelciW@r

by t ansferring energy fromt ser source
muttitaa/e'réajd:bemg partially egatedfvdati an I&netggkabslmbmgtme@napmﬂ

of atelBEARE SPRTTICatisIOhation Gighe feadthe MuRiRu b
traﬁsa'éﬁrngsahé@? fro thd eas@eegmdéetormé tenkfyeabs&tblng MBerial.

initiatin he chem cal transformation of the reactlve
rrultllayer foil by transferring energy fromthe |aser

soujge ok I?ﬁeﬁmga%tficYa?m%,tvi/IJléargﬁ{tthrESE’fi\?el l;nultilayer foil is

partially coated with an energy reflecting material.

44.  The method of clafm 43, wherein the energy reflecting material has a

higher reflectivity than the reactive multilayer foil.

45. The method of claim 42, wherein the energy absorbing material
includes carbon black or black ink.

46. The method of claim 42, wherein the energy absorbing material has

a higher absorptivity than the reactive multilayer foil.

47. A method of initiating a chemical transformation of a reactive
multilayer foil, comprising:
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wherein the energy fromthe | aser source is redirected
prior to being transferred to the reactive nultilayer

WO 2005/03546210. The met hod of claim 39, further cPCPUSBOHEE3112
providing an optical systemand redirecting the energy

Vi app(md,ﬁ?td ﬁﬁéro%%é%@hré’e andMRBFREvE mh#’éf%“n%?), B

chem cal fransformation of a reactive mu ayer
conpiiiginggthepehmmigahiansfoenatiors oﬁﬂme“eaatl\fe memlmnfon by

tive nultila
trafif2ting BEr 0Bk mitfoila o @¥Re i renctimenytiaves fo
mul tilayer foil by transferring energy fromthe | aser
source via the fiber optic cable to the reactive
nul 481 ay ér meihed phinitialipg archrmicsbitransfprmnatien pha reactive

mmﬁgéﬂ%h &&ﬁgﬁgm rrati on of a reactive multilayer foil,

isihg: provrding a | aser source and the reactive
mul provagiag thelrdaacttvbeﬂumm;@rml and wigrejeetilef ahd bei ng

parti al ted wi.th a ener gy absorbing materi al;
P GPPRFI SR His (Rt ey o I eH AP HSUBS  t ho

I eaghieY&in "tHé tpleln@l/rﬁifmé ﬂililat% thé %H%S()re{) ir%ﬂsf%%%ﬂéfn orf ﬂ%reactwe

the | aser source e energy a I'ng nmat er|
muftifayerenatatiadf cl ai m 42, wherein the reactive

multilayer foil is partl ally coated with an energy

reflecting material. 44. The nmethod of claim43,

wheagj n The rABBTodYoff 48] WHerEM e Hojdtaife B éﬁiri@zg%aded.
reflectivity than the reactive nultilayer foil. 245.

The met hod of claim42, wherein the energy absorbing

rmt 6' al 15 rﬁﬁiﬂ%‘ﬁf ﬁﬂi{NﬂﬂQ abél?e(t‘?ﬁlgg[etﬁ%#sq;d\/#%%% cef?&eactlve

mLﬂtﬁamnfall d:raspasmggher absor ptivity than the reactive
rrultllga/ i thod% |n|t|at|n%]ach_errical
't b B Raancirasouig %%wpﬁ@%ptrreaa@»@r muliyer foil; and

co ”Wtia%in@QEheAd?fe?N E&l t%s@o%&t theT84LHe UEH%}}%‘? foil by

reactive nultilayer foll; |n|t|at|ngt
transfgryiopensrdydrorfthe IhlﬁraS@amdl speireaita ihleayectl\feonrﬂultbg(yer foil.

51. A method of initiating a chemical transformation of a reactive
multilayer foil, comprising:

providing an induction heating source and the reactive multilayer foil; and

initiating the chemical transformation of the reactive multilayer foil by

transferring energy from the induction heating source to the reactive multilayer foil.

52.  The method of claim 51, wherein the reactive muttilayer foil includes

a magnetic element.
53.  The method of claim 52, wherein the magnetic element is Ni.

54. A method of initiating a chemical transformation of a reactive

multilayer foil, comprising:
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transferring energy fromthe m crowave source to the
reactive nmultilayer foil. 48. A nmethod of initiating a
web@siazabs t ransf ornmation of a reactive mnultil aper/usmwond/933112
conprising: providing the reactive multilayer foil and
a_PHRhiGih!the réastiveengltiacr s tpg reactive multilayer
foil wt hbt he projectil e%lév\her'tealthﬁ] the penetrating
i ni initating theechamicattitnsformatiar obthieoraofive mailtiiepatfoll by
[ til [ terial. 49. The.nmet hod of claim 48,
mefehleelY FsTi ] i rertie LB YR Phaded. 80 A met hod
of initiating a chem cal transformati on of a reactive
mul tilayer foil, conprising: providing an ultrasound
souP@e arfetrnethoskef ¢lgien Rl whergjr thef raactivamiiltilayer foil includes
LRLLd af | he chem cal transformation of the reactive
a r%ﬁ%%a@@?iobbi | by transferring energy fromthe

ul t mheeeindhs cacessedapdrtion ieecifigiedtd bidigyiarthé ehéchanical
methad of injtiating a _chem cal transformation of a

frapiipg; of dhguipactiveypritigyer folborpri si ng: provi di ng an
i nduction heating source and the reactive nmultilayer
foil; and initiating the chem cal transformation of
t he56eacilheanetilod dfaglaim 56 Whéerein trensdfaetive nyltagedivil is

confifi el 15 ah ST G PR SEEGsBingios wher ei n

the reactive nultilayer foil includes a magnetic

el enent. 53. The method of claim52, wherein the

nmagRét i cAdnethast of igitigting suchesniget taasfermatinn dba ireactive

] armation of a reactive multilayer foil,

mui@ﬁ%%r'f@lh’n%&ﬁﬁg%ﬁgw ding the reactive nultilayer foil;

andpraviding the geddtiveahaltilayelr féil: andf or mati on of the

reactive [tilayer foil by mechanically fracturin

t he'r\'t@é@lg%g s 'PP'af\y%'?Sf?EE%?f!Q'B@. a 1eRetivR rRighlayer fidhn
gedatingeFiich bRths R nilehbt fRyer foil incl udes a

recessed portion, wherein t recessed portion is
configured to assist in the nechanica

58.  The method of claim 57, further comprising providing an object with
an abrasive surface,
wherein generating friction includes placing the abrasive surface in contact

with the reactive multilayer foil.

59.  The method of claim 58, wherein generating friction includes rotating
the object.

60.  The method of claim 57, wherein generating friction includes sliding
the object.

61.  The method of claim 58, wherein the object includes a rotary tool bit.
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fracturing of the reactive nultilayer foil. 56. The
nmet hod of claimb55, wherein the reactive nmultilayer

w0 oios/036xonfi gured to nechanically fracture apCT/ii82004/033112
recessed portion. 57. A nmethod of initiating a
chegp cal The AEthed BREiMM 58, vﬂwéréﬁ%é‘ﬁb{ﬁ&t'nﬁélhé‘éf 5 dfléi‘nbnd
conprising: providing the reactive multilayer

whegld initiating the chemcal transformation of a
reactive nultilayer foil by generating friction on the
reactive nultilayer foil. 58. The nethod of claim57,
furgdier Aongthodioidnitiativg dichendcalakingtdrmvdtioh & dreactive
abrasive surface, wherein generating friction includes

mu'ﬁ'laé@irﬁ@' {RERIKINGi ve surface in contact with the

ﬁh Hd ANEI é‘rf?—:'r{;)( sGdrce, Fé%%ﬁ %nﬁjltrl]lgiléj B11.°%hd an

erating friction intludes ro
ele«:tbpalcléadﬁ@nd The nmet hod of claim 57 wher ei n generating
fI‘ICII?nInC|C des I|d| t he ohj,ect

of 6o 3B cligieal wansitBigioe ot s rerrdivednnGietey faidey
trar@férrmgoé?ergy %Wﬁﬁé‘@%cﬁfc:ﬁ bﬁé@x@%ur&@ﬁf ﬁié”retaeﬁvé’muﬁﬂéyer foil

I ncl udes a di anond wheel hod of initiating
via $ieplectical leassf or mati on of a reactive mul tilayer foil,

conprising: providing an electrical energy source, the

reactive nmultilayer foil, and an electrical |ead; and

i nig4.atiTige h’ﬂﬂh@@@ﬁbﬁﬂn 63, qnhar étﬂﬁplﬁg]n?fpréMnQ@é‘dmpﬁnent
nultllat;é)aé'rl foil transferrlng ener romth

to e jeined nQther @W@QOPBEW the ehemieat an%‘owawrn Qwﬂle reactive
the electrical |ead. 64. The nmethod of claim
mu%%))e{xdrnt "her conprising providing a conponent to be
j oiwleereir thenchmponeshipohieies thy etdutriczh dsad al
transformati on of the reactive nultilayer foil,
65. The method of claim 63, wherein the electrical energy source
includes one or more of a voltage source, a current source, a charged capacitor, a

piezoelectric device, a thermoelectric device, and a ferroelectric device.

66. A method of initiating a chemical transformation of a reéctive
multilayer material, comprising:

providing the reactive multilayer material and a component including an
ignition source; and

initiating the chemical transformation of the reactive multilayer material by

triggering the ignition source.

67. The method of claim 66, wherein triggering the ignition source
includes remotely triggering the ignition source.

68. The method of claim 66, wherein the ignition source includes one or

more of a voltage source, a current source, a charged capacitor, a piezoelectric
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wherei n the conponent includes the electrical |ead.

65. The nethod of claim63, wherein the electrical
wep@sgys4edur ce i ncl udes one or nore of a vol tag@fr/U82004/033112

source, a current source, a charged capacitor,
e P TRt Ve, B RERE R Tiod £ R fin, 9'?93& a
MBS mievide, tor otsflament,isosolehoid, nemted switchl dn ialal;afswe surface, a

.material, conprisi . proyidi th reactive
miiEpEPbEy o lifa e reaativa UL GH N SN RER i 3§ powder, and a
heat@figdson source; and initiating the chem cal
transformation of the reactive multilayer material by
triggering the ignition source. 67. The nethod of

o tuesAHREIE O HeBHEA dibrbid oI BRIETH € foacive

mufihayerebhosbraprisihgi m 66, wherein the ignition source
i ncl udes one or nore of a voltage source, a current

souPEwiding @hiejeigatand e mactive pdilggerioil ard 51devi ce,
a t fﬁﬂféﬁﬁ%' g Eﬁélln‘fcsﬁ %’é‘nﬁﬁ)é%ggg e %enje%‘&ﬁ\f‘%] ﬁ}LﬁitﬁgY&q’Oll ?y

ring prn, amen
chennloaﬂwtrdmsfaorgangdhsmhemical an abrasive surface,
m crobubbl e, a fuse, a reactive multilayer tab, a
chem cal, an SHS powder, and a heated gas. 69. A

et pod OIA m&tﬁdoaéﬂ |Hﬂlaﬁn§ réeéﬂéiﬁllcahrréﬁb%ﬁﬁﬁ‘f’dd 8ha Padive

reactive multilayer foi conprising: providing a
muihayardall, eomaprisisgr eacti ve nul til ayer foil; and

i ni ans rratl on of a reactive
{"qu’iﬁ)ﬁg “?%f‘?ae‘%’g?ﬂ%ﬂ%’&r tapgnsf orm ng the

Chehes:ﬁﬂg th&lreabtiv® nidtiagér f d’lltb itie Fallts ignitiPnteferature.

transformation of a reactive nmultilayer foil

conprising: providing the reactive mJItllayer foil;

andzjeat
o1 THE BRI et QA Rlbi
soudraet her conprising providing a heating source;

placing the reactive multilayer foil in the source of heat,

wherein the heating includes heating the reactive multilayer foil in the

heating source.

72.  The method of claim 71, wherein the heating source is a furnace or

reflow oven.

73.  The method of claim 70, wherein the heating occurs at a rate greater
than or equal to about 200°C/min.

74.  The method of claim 70, wherein the heating includes heating one

side of the reactive multilayer foil.
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placing the reactive nultilayer foil in the source of
heat, wherein the heating includes heating the

w0 ewsoses nul tilayer foil in the heating sour cCECT/U2004/033112
The nethod of claim7 , wherein the heating source is

a f%.nacmgfnﬁét%d'o?%a%% wibreil e TBLARR Hmfultﬁ%gég'?%ir?%

wher€i n eatng occurs at a rate greater
dispopel int @n eholosuBHDOCAssembly4. The net hod of clai m 70,

wherei n.the heating incluydes. heating one side of the
Foauben e DRl ol s eing orate ! Resiearoghm o
assépbipherein the reactive nultilayer foil is disposed

in an enclosure or assenbly, wherein the heating
i ncl udes heating one side of the enclosure or

|y 76. Th hod,of claim 70, wherein.the, . .
oo vaThe facthdl af el 7§ i Birtoé reatiE B gy ot s

dispOseR| BEFREHERMNS of Ridhé %ﬁ%nbﬂtsb@odf@u?&ﬂt@we?@ﬁed by the
chem cal transformation of the reactive nmultilayer

cherpical trapgfeemation of tatsasyve mylilayer fedat i ng one of the
iy RErd i RERRE R es eayfiiyh\0E 10 886 dinponents
conmponents i ncludes passing a current through the one

of et or re_c anents. 78, A nethod of
hi e e Setfoas Sy orsray herhesting o e ofyae two or
% . c AT i .
mOfE b PRYEN S ) PSurEH AN S o more
cornnpenegttenm cal transformati on of the reactive multilayer

foil by transferring energy fromthe nolten nmateri al
to the reactive multilayer foil. 79. The nethod of

cl argn 78/ rhethodesf initiemihd ai dheniitalatditféieatioy 6fd reactive
material in contact wth the reactive nultilayer foil.

mUEidﬁyeTE@"’rﬁ&'WéréS"E}g: claim 78, wherein the nolten
mat Sl flind thdRidctle SAlAR e Pl d E%Qfe?leﬂaterial; and

initiating the chemical transformation of the reactive multilayer foil by

transferring energy from the molten material to the reactive multilayer foil.

79.  The method of claim 78, further comprising placing the molten

material in contact with the reactive multilayer foil.

80. The method of claim 78, wherein the molten material is molten

solder or molten braze.

81. A method of initiating a chemical transformation of a reactive
multilayer foil, comprising:

providing the reactive multilayer foil and a microflame; and

initiating the chemical transformation of the reactive multilayer foil by

transferring energy from the microflame to the reactive multilayer foil.
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8 . Anethod of initiating a chem cal transformation
of a reactive nmultilayer foil, conprising: providing

wo b@sogei i ve nultilayer foil and a m crof | amePCEHO004/033112
initiating the chem cal transformation of the reactive

mulds | ayffe B‘Eéth%@bf bR e Gkt m@r}% F@@r@g@mgmiﬁ%‘lame in

mcroflanme to t redactive multi

contattivaith thfe relagiive snyltitayet fodr conpri si ng pl acing t he
mcroflame in contact wwth the reactive nultilayer
foil. 83. The nmethod of claim8 , wherein the reactive

nulga | ayphe hidthod f Blap e WHRAENSRS rédcthveanliltiayer foil is
conponents, wherein a portion of the reactive

dlsmsad bety\aenfaiuleaetﬂtn@rmnpe@entan edge of at |east one

corlyifihth g . bl s RREHE Bl lidol BhaFis tss 3R "edge of

leaﬂafrte onthef attlbastrie@cédrmpomnentsj | ayer foil. 84. A method
initiatin fg a chem cal transformation of a reactive
rru|the|ra9fé\0df srther eemprisisorjrecing JheiMigrofiame tlouards the portion

oftma”rééet Ef?é)}erfﬁﬁ‘e reactive nultilayer foil being
surroun ncl osure or disposed within an

assenbly, prOV|d|ng an energy source and initiating
the cal  transf.arnmation of. t actlve It||
f o8 ny MastopH g BTt p apeichtansTamatyy S isastle

mu&,m/erre@qptdo\ﬁepﬁgﬁl,dl | ayer foil. 85. The rret hod of cI aim
4, wherein the energy is transferred w thout

perm"pw@hngwtjwet reactivie nudtileyeoioilatheaeprive welltilayer faitbaing

surPJun%fe%l' Bite %1%%{1% B{;H@%o mﬁ&'i/%hﬂ an ta%é‘él%g/or ed to the

eact nrult ayer e energy source is
d| smoseﬁhg)ahﬁn@egpéomme angl osure or assenbly. 87. The
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substantially airtight.
85. The method of claim 84, wherein the energy is transferred without

penetrating the enclosure or assembly.
86. The method of claim 84, wherein the energy is transferred to the
reactive multilayer foil when the energy source is disposed outside of the

enclosure or assembly.

87. The method of claim 84, wherein the energy is transferred without
placing the source of energy in physical contact with the reactive multilayer foil.

88. The method of claim 84, wherein the enclosure is substantially
airtight.
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5489. The nethod of claim 84, wherein the energy

source includes one or nore of a m crowave source, an
wakdsasaend source, and a source of inducti on PERUS2VG4/033112
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89. The method of claim 84, whergin the energy source includes one or
more of a microwave source, an ultrasound source, and a source of induction

heating.
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