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DESCRIPTION OF THE INVENTION

Field of the Invention

[003] The invention is directed toward methods of selecting components
for a reactive joining process and their respective configurations based on
simulated data so as to produce a joint with desired properties. The invention is

also directed towards joints producéd by implementing such methods.

Background of the Invention

[004] Reactive multilayer joining is a particularly advantageous process

for soldering, brazing or welding materials. A typical reactive multilayer joining
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process is schematically illustrated in Fig. 1. This
roomtenperature bonding process is based on

w@andmbobi ng under pressure a reactive nultil aper/usW04/014775
1000 between two | ayers of a fusible material 1001
and the two conponents 1002 to be joined, and then
igniting the foil 1000, for exanple, using a spark

30t PRl AR 351 Tl vobBEab Uk Bning
LRGN GO M A RN

upon cooling, bonds the two conponents 1002. This

batnesd tob lsytraafiaiysivle madetiald 004 gngt thedwe qoappenamnad 002 to
conventional techniques that utilize furnaces or

e jotted, . anbhthen ighiting thes foiit 1090, for exanppledusing ai dpark d8H3. A
be achieved. In addition, with very localized heating,

$APpRIpRIgatifg FEAtoh! i¥ thuSRIRESE Which RSuleid a @8pid rise in the
dissimlar materials such as netals and ceranics, can

t%f%f)zéirg{d?@ drd ROttive &I @q.g?ﬁ%%gat E&Qés](?cﬁg% ﬁfer F21iOR melts

ng using reactive ast an

enerated by the n oLl ,is local.ized t jain
SR Rleareial 95 3005 ong bBph apRIng Hons he TabShBingpents
applications involving tenperature-sensitiy .
%@&%o}ﬁbm@sﬂf@ﬂ of@@d%ﬁrmeqrabfﬁémsdﬁgqrﬁgpreg@@&e thagggqryentional
when wel ding or brazing, tenperature- sensitive .
techpionentaloiize durnases oy tatches.dhhagsignifieamigainsein productivity
process, and thernal danage to the materials may

@t B8 sichiivedc ds additi@ndwith venc loealiradigeatingge terhpersfure sensitive
such as subsequent anneals or heat treatnments. In

ESbbAShts, MOQRI dsUiSdiRflaPmdtéifals 8BS batrHERIsSRS béiavtics, can be
onents Is effected wwth reactive nultilayers, the

co
BRI ATARRA AR ot Lo 1 heet a0
Only fOB%] bré%l%elri% or raazr?rqg hgi%gsrgggt?v%ef%ilg fls %alg?a%d heat generated
by the nanofoil is localized to the joint area. Reactive foils are particularly
advantageous in applications involving temperature-sensitive components, or
metal/ceramic bonding. Specifically, when welding or brazing, temperature-
sensitive components can be destroyed or damaged during the process, and
thermal damage to the materials may necessitate costly and time-consuming
operations, such as subsequent anneals or heat treatments. In contrast, when
joining of the temperature-sensitive components is effected with reactive
multilayers, the joined components are subject to little heat'and small, limited-

duration, increases in temperature. Only the braze layers and the surfaces of the
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WO 2005/ 005092 PCT/ US2004/ 014775 conponents are

heat ed substantially, and little, if any, thernal
waelavagesoercurs. | n addition, the reactive joi PCTYS2004/014775

process is fast, and results in cost-effective,

strong, and thermally-conductive joints. Substanti al

comerci al advantages can thus be achieved, for

example., in ass Li.n f fiber.opti.c coO

Gt e dRRi st Rlatly 84 1R ol IR ddmage ocours.
si nks. [006] Brazing,is preferred for high-end .
lmcédm%rtaﬁirea%'ﬁdp%mg Rgespisfash @nddesults iptqstetigctive.
placing a braze between the netal and the ceramc and
streng, tandgthermoalyrconduchive goibtsy Subsiantial gonupercialjpeivantages can
cool i ng, however, substantial differences in the

thoefdd adcldeved,dbr &xmnplel inrcaxssensbling ¢fFDE) optic chmporkeats, hermetic
and the ceram c causes |arge thermal stresses between

séwingRdlicatiéhd, dd Bl hedtdiniexanpl e, when cool i ng
a netal-ceramc bond from brazing tenperatures of

L L00SK00R S S RRREEP AN Gy oot e

cera onmpone y causes t

tresses betwee e netallic apd ceram c c Q ts .
Biarer s LB TVTShert B GHATIN 2 Graris Br e ame BRY ik Beramic
conponents. Consequent | ﬁd the size of conventionally
a3 insesingthe entie @gsemby inkea fwinaceoiUnod eaaling; hpweaver,
to areas as small as 1.0 square inch. \Wen usi n_]q
sulatantial difterepcesindbedcoeffisienis af thermahaxpansion (CTE) of the metal
conponents the netallic and ceram c conponents are

a9d tHeedehis chateslarge thermis stresesiibétwelehtthé enethhendrtiie
contraction m smatch and del am nati on occur. Thus,

SRS ot R eI ARSHarLR o oing
temperatures of ~700°C, the metallic components contract more than the
ceramic components. This disparity causes thermal stresses between the
metallic and ceramic components, and thus causes de-bonding or de-lamination
of these components. Consequently, the size of conventionally soldered or
brazed metal/ceramic joints are limited to areas as small as 1.0 square inch.
When using reactive foils to bond the metallic and ceramic components the
metallic and ceramic components are not heated substantially. As a result, little
thermal contraction mismatch and delamination occur. Thus, reactive joining

offers advantageous techniques for obtaining strong, large-area metal-ceramic

joints.



WO 2005/ 005092 PCT/ US2004/ 014775 [007] The reactive

multilayers used in the reactive joining process are
wmannemooort ured materials that are typically feOrUSEDEC4775

by vapor depositing hundreds of nanoscal e | ayers that

alternate between elenents with |arge, negative heats

of m xing such as N and Al. Various inplenentations

of t t hods..are dli I j
publ 103 ondhe et En 1 RIByeREA 5 for Bl G process are
i ncorporated herein by reference: .U S. Patent e
nenosrUoied MmalatidinitaRtiare twioal f%PF'%tﬁvaye@HOf)d!é%B?@!‘g
Pat ent No. 5,538, 795; U S. Patent No. 5,547,715; an
ramdredsobyarBesscats layers that abemate betweenilemesfs wihdargs:
and Product Melting on Self- Propagating Reactions in
rdgative fgats Gomixiig sud as Nedndilt Maribosimplenéntaipns etithese
Physics, Vol. 92(9), pages 5474-5481 on Novenber 1,
mOPR s ReUISESd in@Re f@ldwikd PuBlidationedthelertvstytdfem ¢fehich
Characterization of a Self-Propagati ng CuOx/ Al

. . . _i | | n . .
SRR TR O Bl S oo

4(5), 00 Sept en 2 X 1 8 e

& (VR EEI Ba LR Db AR 30 Tga Ny S5 115: an
2001 and entitled "Free _Standi Regct i Mul t i
Bolp ey, Besnoin ek By eoTba (= e St FoRsiA el ekt Mg on Selr-
60/ 201, 292 filed on May 2, 2000 and entitled "Free
Fiopadating Reactioneinuttiayey &oilsFaiblished in teagewnal of Applied
entitled "Sel f-Propagating Reactions in Miltilayer
Fhﬁsﬁs%s,alcﬂ."QZ(BﬁkﬁdgebéﬁzllMF&tSﬂ%dmeadjdrHoQOOﬂ (tBesnoin”); an
Handbook of Thin Film Process Technol ogy edited by
e cfﬂé@%bggleﬁpgiti& landNedtatidh-aake bf h'SaEravagatihg GUOX/AI

entit - Propagating Exotherm c Reactions in
i e R VD
RSB e Vol GBS b aptbRBet 1, 2658138 Patert N, 5,381,944;
U.S. Patent Application No. 09/846,486 filed May 1, 2001 and entitled “Free
Standing Reactive Multilayer Foils”; U.S. Provisional Patent Application No. |
60/201,292 filed on May 2, 2000 and entitled “Free Standing Reactive Multilayer
Foils”; a chapter entitled “Self-Propagating Reactions in Multilayer Materials”
published in the 1998 edition of the Handbook of Thin Film Process Technology
edited by D.A. Glocker and S.I. Shah (“Glocker”); and an article entitled “Self-
Propagating Exothermic Reactions in Nanoscale Multilayer Materials” that was
presented at The Minerals, Metals, and Materials Society (TMS) Proceeding on

Nanostructures in February of 1997.



4 WO 2005/ 005092 PCT/ US2004/ 014775 [008] Makow ecki

di scl oses that the reactive nultilayers were deposited
wa@l200so0d0y2 ont o one of the surfaces of the conpPCEOSRN4/014775

and the selection of alternating materials was

primarily based on the heat of the correspondi ng

reacti on. The design nethodol ogy set forth in

i {,s, base ntheautnt
Vani (PBRI MEPEEER GRohirs I N%“@*"?M%&W%@%Dosﬂed
material rap |d|n)]/ cone to thernmal e |I|br % ','
dissslisnto ABr e SURRGSS ol copmRancris. andhRselgtion of
nmet hodol ogy that accounts for the reactl on heat, the
altereating madetimawasgpinoarly based loa theilieat ak theegarrespanging
density and heat capacity of the fusible material.
redctiopThealdsigrheethaziologyssetdorth i Makondecki sobasedoon the
properly determ ni ng adequate configurations of

AK[rhpiich that rfbﬂtﬁmn%fi@huﬁ@ﬁ theEA&IVe Mdltildyee fTPand the fusible
transport during the reactlve j 0i ni ng process. [009]

rﬁapesr%wag\y%m R0RPlR) SHRMENG, THRY Bss RNt BRbbieh the

possi to car control f he
ct)pla?‘lgofa ey sgnrgl&'i%ﬂt he@é%ﬂ@gp@ﬁﬂ%&p@%h 1@1 a%geac?oﬁ heat, the

nanostruct ured nmultilayers. For instance, has be
drenaitysandabeal aapacity ﬁEthﬁeﬂoﬂcW wel aSHBa@@nSItséﬁad heat capacity of

tenperatures of the reactions can be controlled b
therfusibte taderidli dhiseeaprreach, hawever) lsegamralhgum%yfebé for properly
Exanpl es of such denonstrations are disclosed in the

dstehiMing ageglateaonfigarativhe of Aéactiot yoiningabhd ¢br edritadiling
are incor por at ed herein by reference: U S. Patent No.

@yn. ﬁletilg@s%c?p mgﬁﬁflvﬂo@rqngpgﬁ%&%gggﬂ Is(r)ure]d in

S ke ARSI o AT e R g
possible to carefully control both the heat of the reaction as well as the reaction
velocity, and have also provided alternative means for fabricating nanostructured
multilayers. For instance, it has been demonstrated that the velocities, heats,
and temperatures of the reactions can be controlled by varying the thicknesses of
the alternating layers. Examples of such.demonstrations are disclosed in the
following publications, the entirety of all of which are incorporated herein by
reference: U.S. Patent No. 5,538,795; an article entitled “The Combustion
Synthesis of Multilayer NiAl Systems” published in Scripta Metallurgica et
Materialia, Vol. 30(10), pages 1281-1286 in 1994; an article by Gavens et al.
entitled “Effects of Intermixing on Self-Propagating Exothermic Reactions in Al/Ni
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entitled "Effects of Interm xing on Self-Propagating

Exot herm c Reactions in AI/Ni 5 WD 2005/ 005092
wERADsSEDOD4/ 014775 Nanol am nat e Nanof oi | s" pubdT/Bkm®d4/014775

in the Journal of Applied Physics, Vol. 87(3), pages

1255-1263 on February 1, 2000 ("Gavens"); U.S. Patent

Application No. 09/846,486 filed May 1, 2001; and

Iyaﬁolgﬁﬁlﬁé{i,%r@g@#ogg%%iai%gé@% {chaja&f}ﬂ@:\g@%ﬁ%@%&% Vol. 87(3),
5%&%*?%%%5@%%&3 20 ¢ %%3@@%5?@1'@? pipatign No.

nodi fy the foil conposition y Lowtenperature
dn/ag4atcrien Mayb, 2600 Fndel uFrpY e Palent Appiiestion No.

fabrication, as disclosed in an article entitled

BE206 292 fijed omt Mayi2x 2090 and Swititle &' BresgSficindingeR eatteveniialtilayer
Reactions in Al/Ni  Nanol am nate Foils" published in
Fois.Jour nal of Applied Physics, Vol. 87(3), pages

1255- 1263 on February 1, 2000, the entirety of which

I's ingy g)orﬁthgg alﬁbééﬁsﬁdwﬁ%ﬁ&ﬁﬁ@%atﬁbf Pera@%h ¥8n be

nmet hods for fabricating nanostructured reactive

Mtbdlfggl 8dﬁ‘glh§ﬂ@e fé;l % rﬂ?&lﬂﬁéﬁ chl ﬁ\%@ﬁdez%tg %‘@!nfl@aling of
f%e?%%reﬁv"q“&rﬁnﬁwqr@ & Ui EkrieaL 4 prlaged i arttls entited
tenperatures, and al ternatlve fabrication nmethods are
Ieftaets oh buerRiKingron Ael-rsepagaingsExathernaie KReagtions i Al/bH

both known and new reactive joining configurations

Narolkeddate. Féils’ paklsh@dein theVeurial v Appliba Phiybias, \Caln 8BE3),
controlled are not accounted for in Makow ecki (e.g.,

A S0 R LA IOTER: s o R oRratd
REERT b kef@Rthdel€alternative methods for fabricating nanostructured reactive
multilayers include: (i) mechanical processing, which is disclosed in U.S. Patent
No. 6,534,194, and (ii) electrochemical deposition.

[011] Although techniques for control of reaction heats, velocities, and
temperatures, and alternative fabrication methods are known, new design
methodologies that are suitable for both known and new reactive joining
configurations are needed. For example, several variables that can be controlled
are not accounted for in Makowiecki (e.g., the reaction velocity and temperature,

the thermal conductivities of the reactive foil, the fusible material and the

components, and/or the density and heat capacity of the components).



conponents, and/or the density and heat capacity of
t he components). 6 WD 2005/ 005092 PCT/ US2004/ 014775

w(Q Qb2podb2r eover, a design net hodol ogy i s needePlCT/US2004/014775
address joining using foils obtained with new
fabrication nmethods, such as free-standing reactive
multilayers, and to i nprove adhesi on between the foil
and t s of fusible terja nent.s
(0121 832k of Blofesier. 4 &egioR mERobloBy S batEd 5F ABER fning
the primary objectives of the present invention is to
wsingifeits W%@H@df\with Bewtfabri¢atio WRML sueh an diggrgtanding reactive
during reactive joining, and to identify preferred
ocwitilaygrs aand tesinmprové teidhgsiohramtweer the foil ang therlagérstafdusible
new met hodol ogy. SUMVARY OF THE | NVENTI ON [ 014] An
BieiHl o2 e ebmipbaentdyent i on i ncl udes a net hod of
simulating a behavior of an energy distribution

Wi thi @] aﬁxé@cﬁfﬁmglyﬁ%t\@l"'ﬂie'%s%nbéégeﬂdw orf@bt thedRhary
material . The method conprises the steps of, providing

8®e8{\%sgé’f the i %é‘éﬁt%veerﬂféﬂtljs s} gr&h&e ﬁ%%rng*o%&%t%lh@gwermal

1'on i ncl an energy t'erm assoc

el.f- t.i re t hat or| in
VP'E‘%F?‘?{* aH'é" F@éﬁ‘b’ga i I'?P éfeqybf Riafefre Pﬂ@‘tgurat'ons resuiting
sel f - propagati ng reaction haV| ng a known speed and
fieax therapndigationaf the rew g19thedRJogve ener gy evol uti on
equation, and determ ning the behavior of the energy
di'stributi on,, in the assenbly by integrating the
di scretized ener gyS\eid OF JHEBRINVENIONg par aneters
associated with the asserrbl y. [015] Anot her
enbod[0fdht Ah enhizodimeabdf the innenticieinckudes @gmeathant of sigwilating a

behavior of an energy distribution within an assembly containing a reactive
multilayer material. The method comprises the steps of, providing an energy
evolution equation, the energy evolution equation including an energy source
term associated with a self-propagating reaction that originates within the
reactive multilayer material, the self-propagating reaction having a known speed
and heat of reaction, discretizing the energy evolution equation, and determining
the behavior of the energy distribution in the assembly by integrating the
discretized energy evolution equation using parameters associated with the
assembly.

[015] Another embodiment of the invention includes a program storage
device readable by a machine, tangibly embodying a program of instructions

executable by the machine to perform method steps for simulating a behavior of
7



devi ce readabl e by a machine, tangi bly enbodying a

program of instructions executable by the machine to
w@esosoesmwnet hod steps for sinulating a behavi oPCDUS200¥4775

2005/ 005092 PCT/ US2004/ 014775 an energy distribution

wi thin an assenbly containing a reactive nultilayer

material. The nmethod conprises the steps of providing

an energy. eyol.uti gn. equatio t he ener evol uti

e gaeTdistHbGtan Wi 3d ASsg bl Raining: A esrtbganifiyer
with a self-propagating reaction that originates i
miatenial. tTihe melied samprigastthesjeps abpreviding ap gaergy evolution
sel f - propagati ng reacti on having a known speed and
equatiom fthe eaetgymavolutiohceqtativnrincltiingeareengrgy\soute wmm
equation, and determ ning the behavior of the energy

dssgdiatedwithna seif{prepassingiredction thait egigmatetowithia the reactive
di scretized energy evol ution equation using

A halcRa ¥he 3o profddutin3eBeasRaling sRhurfspoed and heat
ri:skn : [ .

SERBEl SRR EED' B8 PeleBAN L4l e TS the

or J.Oi nj usi ng .t reactive nult] er. mterial, . .
balion ighe enenar gothuInnin Gie enrmplby Thiegreditg fiy disoretized
evol uti on equation including an energy source term
aRefgyieyoldion eqyagiop disingpajgapiersnassosiied withithaassembly.
originates wthin the reactive nultilayer material,
t he spIM6] pr Afadbér ergbodimwantari theinvegtion inchales s pesthod
and heat of reaction, discretizing the energy

RbHEhG eRstlinhiPrbactite hitlTh e ater2 RYedtihgd fidd component
energy distribution in the first conponent, the

%@& 9"5%698’%%%%@? 'Ft%i jbl"r’ﬁﬁxeq l?gé}gg o réBHti(/Jg Wﬁlt%ygﬁﬁw%ﬁéﬁél,

I'ntegrati Scr ener gy
GRS B PR BB Bt 360 BB el o fgotucing
.£1r|11 %nreﬁgi/céci)u\?ge Ecrclajrlrrtu ialsggc?éted with a self-propagating reaction that originates
within the reactive multilayer material, the self-propagating reaction having a
known speed and heat of reaction, discretizing the energy evolution equation,
determining a behavior of an energy distribution in the first component, the
second component, and the reactive multilayer material by integrating the
discretized energy evolution equation using parameters associated with at least
one of the first component, the second component, and the reactive multilayer
material, providing the first component, the second component, and the reactive
multilayer material having the parameters, positioning the reactive multilayer

material between the first component and the second component, and chemically
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material, providing the first conponent, the second

conponent, and the reactive nultilayer nateri al s
whawshesobhe paraneters, positioning the reacti B@T/US2034/01

mul tilayer material between the first conponent an

t he second conmponent, and chemically 8 WO 2005/ 005092

PCT/ US2004/ 014775 transform ng the reactive nent
treh&fokWRY theBre8EHRA mefil rfrﬁié?ﬁg CE Qgﬁ%Hl,rﬁhegﬁrgg gompenent to

to the second conponent”.

[ ' i ncludes a nethod. The nethod _
@%ﬂ%%}'?’gg;%gﬁ%é/r? t‘ng paraneters associated with a first

d component, and a reactive
il L1 I0ybr et @i6iBeT emiedjaeatiithe inveation isetos a method, The
erm ned by a nmethod conprising the steps of

%iee LEMYPESETPISVINgG patHnetieonassnotdted with AGreeOhbonent, a
evol ution equation including an energy source term

300000 cetnepbrvint hard aebactiveoPalityen endteAsT I TH: ng&%.tmet'fars have
originates within the reactive nultilayer terial,

beden detefmpeanagainditiol @BRTIrh |\ég§?€%€°ﬁﬁ®%ﬁ gﬁdenergy

and heat of reaction, discretizil U S,
O tIEN aty erm ni :
enerﬂgé)t;/rll %Usaif@ﬁbtiite?%‘nnergg%tv ﬂ@tﬂ‘ﬁ Preﬁ”_alga rm?i ﬁnalﬁl,n%’ s)zf §adrce

th eactive nultilayer nat by
TSP bies ORe R Ebrgsing tanstinp festairainases e then
using the paraneters associated with at | east one of
r?ﬂ%t'v% mgﬁ"%’@ﬁﬁﬁéﬁﬁb theneelfprapagatiogpeastion, hauney ik®own speed
reactive multilayer material. The method further
avgrhinat oéseqntioni disagetizimg thierartergp BPOINESH eqlibfort ifetermining
conmponent, and the reactive multilayer mat erij! I aV|rng
a wranfemesrsergy P utRIN iIRGhé Mitst BRTINERt THE ek
tr?u;?.lea?'i al betvvee%ytﬂhe first corrponen?ﬁ;anﬁ t’he segﬁﬁd

cﬁumlpitbiﬁléggtgndﬁtgtg é?iﬁgfvecrﬁhlti}’a)}err mgﬂélrﬂ)ﬁi%tetgr}gﬁﬁge %Cet &i\égreﬁzed
energy evolution equation using the parameters associated with at least one of
the first component, the second component, and the reactive multilayer material.
The method further comprises providing the first component, the second
component, and the reactive multilayer material having the parameters,
positioning the reactive multilayer material between the first component and the
second component, and chemically transforming the reactive multilayer material
S0 as to join the first component to the second component.

[018] A yet further embodiment of the invention includes a joint. The
joint comprises a first component joined to a second component and remnants of

a chemical transformation of a reactive multilayer material associated with the

9



so as to join the first conponent to the second
conponent. [018] A yet further enbodi nent of the

WO pwsno3oen i ncl udes a joint. The joint conpriBEEUS2004/014775
first conponent joined to a second conponent and
remmants of a chem cal transformation of a reactive
mul tilayer material associ ated vvith the 9 WD

005/ 0050 Us2004/,014775 t co onen
R HTPRE Ne SR Eonst P2l BEE AE a3 ghe'Br the
f| rst conmponent, the second co nent %‘PHH
firsheampenent, e $geANCHEABPPRAN; 3hd frermackyaimdiiayamaterial is
on a sinul ated behavi or of an energy distribution
retibtenmied basedson ecsipnotasad behawios e%an@n@mp@iﬁhrihuiioawﬂthin the

the reactive nultilayer material. The behavior is

fitet esrpoReEntIhe sé@gida¢omporert| and éie pective nudltilager material.
energy evol ution equation using the paraneters. The

e b@Ma\%PisLﬂétéﬂn REH Qiy' |ﬁfég‘rélﬁ49}1§| RfscRétizaBiBA I YanSeHETr§$ evolution
termassociated W th a self-propagating front

SHAGRTRP L ARG, ISR AR ks o
@Wrgﬁt%‘ﬁgkp%”ﬁ%& ttf]aé)yv % %ﬂéprqp&gﬁ néngﬁ%l pgglgaﬁng within the
first conponent joined to a second, conponent and
fesefivmmyliayermatesial.c Ahe SelrrrpBAGRIINGFORKNAE 3 KBRWN speed and
multilayer material. The first conmponent has a

lodetrof cabctoomposi ti on different fromthe second
conponent. [020] Various enbodi nents of the invention

(e.g.fo18nY Sfill hhethee shbdidimstisofche imeentionantludes addint. The
forth above) may include one or nore of the follow ng

J@ﬁﬂ%‘é rlsbgea @‘s? Egﬁ@bééﬁﬂ Helhe?ftoté‘&&ﬂﬁr&%nﬁdr‘i’érﬂtdlﬂr\'emnants of

quat inite-di fference nethod

acLerrchteﬁ trans rmatlnﬁtol? q‘ea%tl\%)ﬁﬁﬁt Igyer%ng?@ The first component

has a chemical composition different from the second component.

[020] Various embodiments of the invention (e.g., any of the
embodiments of the invention set forth above) may include one or more of the
following aspects: the discretization of the energy evolution equation may be
based on a finite-difference method, a finite-element method, a spectral-element
method, or a collocation method; the reactive multilayer material may be a
reactive multilayer foil and at least some of the parameters may be associated
with the reactive multilayer material; the assembly may be a reactive joining
configuration comprising a first component and a second component and at least
some of the parameters may be associated with the first component and the
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met hod, or a collocation nethod; the reactive

multilayer material may be a reactive nultilayer foil
wa@pasaesobrast sone of the paranmeters may be asBODUS10e4014775

with the reactive nmultilayer material; the assenbly

may be a reactive joining configuration conprising a

first conponent and a second conponent and at | east

sone ,of the I 3 L it

b sttt PaTRERe T 68 235855858y el sbdted betwoen
PCT/ US2004/ 014775 .. second .conponent ;.. the reactive , .
thafrsy eareponritanddhe pggond cg BH the reredive Jpiping gonfjguration
conmponent and the second conponent; the reactive

ey ffimtherceamprige afirs joiningylayer-antka seeapd jajiaing layersand at least
joining layer and a second joining |ayer and at | east

sone ofthd pargpaetereinay Henzgsdemted sathi the didstjoining lager and the
first joining layer and the second joining |ayer; the

&bl j¥Ringlal bl aNE FedBive rrh@tnagev et SRRPBE digiosedbetween

the first Joining layer and the second joining |ayer;
theirgtubRing By 8fd Y EeodiREiciifa ISBERE 2k Bt feféPand the
second co nent: the first conponent .and th ecaon
SPGBy hiy D cisbpSid PSP e Eaf o iFaad the
conposition; the first conponent and the second
LRIPeraTPeRgNthihedIrsl ¢qraparrntanshinefecepese8IRANGRE may have
the first conmponent may = conprise a netal, netal
substyntiatlyitke seme ¢chemigabeampesitiemithe ficsimovmanent end the second
pol yner and the second conponent conprises a netal,

¢arhpbnent sy haué kiffereni chemicgl esrmpositioras)ite ficstrpoagidrent may
or polymer; the netal or netal alloy may include one

c%mgfgér@a%et%i,%ﬁvmloﬁtb@imhﬁaﬂliébl%%; cdrahfd doposite, or

cop Kovar, copper- nolybdenum nolybdenum iron,

R o SHBRE o R PP b BPARy b metatic
Slialsé,cc%r}ém?g rc%%]ﬁosﬁg,r 8rn polymer; the metal or metal alloy may include one
or more of aluminum, stainless steel, titanium, copper, Kovar, copper-
molybdenum, molybdenum, iron, and 'nickel; the ceramic may include one or
more of silicon carbide, aluminum nitride, silicon-nitride, silicon, carbon, boron,
nitride, carbide, and aluminide; the first joining layer and the second joining layer
may have substantially the same chemical composition; the first joining layer and
the second joining layer may have different chemical compositions; the first
joining layer may be one or more of solder and braze and the second joining
layer may be one or more of solder and braze; the solder may be one or more of
lead-tin, silver-tin, tin-bismuth, gold-tin, indium, indium-silver, indium-lead, lead,

11



nitride, carbide, and alum nide; the first joining

| ayer and the second joining |layer nmay have
waasvesw: al |y the sane chemical conposition; PEEUSINE014775

joining layer and the second joining |ayer may have

di fferent chem cal conpositions; the first joining

| ayer may be one or nore of solder and braze and the

second | 0j ni I r one,, or [

(5% 295 obfl Ml VT, ¥ fioB0 o BB LG BhE T 6 o
silver-tin, tin-bismuth, gold-tin, indium,
Inﬁwluﬁ%?asueﬂcqhﬁdwﬁyﬁ4 f@agium. coapen indiym ke @isgold: the
PCT/ US2004/ 014775 tin, zinc, gold, indium silver,
enaigyevoluiog equation incheding jhereneligy sourestasmomay be
Incusil, Gapasil, TiCuN, silver, titanium copper,

i pdi um nickel, and _gold; the energy evolution

@g?&tv o1 Higcwhereiy htis enbanygy l%d@rn%g/, t isrtimesy inbedieat flux
pat V q+_6, wherein his enthalpy, r is density, t is
tine, qis the heat flux vector, and Qis the energy
vasteragadr dtis theenergyrrelegspvateninithe regetiverrmulélaysr matagal; the
paraneters nmay include at | east one of |ength, width,

pdtbfteiesSmay fide at 1288t ond apRAGH, witithe thTBkness, density, heat
conductivity, heat of fusion, nelting tenperature,

.of ' 0 i on: vel ook ;
G neh AR LARSRS! RS RO tortbetre. heat o
behavi or of the ener. i strihbutij ] .
600 fregeaton EIGH, A0 Bi Waldhl el Rtinbh ey, getgymining
tg‘éréﬁeﬁ\%;%ﬂr%?gh%gﬂtﬁ%?kﬁié%&ﬂ&]? W&”ﬁ%d%%’cé@ﬁp%@%rﬂ%@st one of:
the first conponent and the second conponent; whet her
an amatalt of medtifgoiat [easteonseefithadirstepmpenentendtthesecond

thermal exposure of at |east one, of the first
csmpomatt aahlatidreoS@elting of atb et @nt; ofdnel fiest component and the

tenperature, a peak tenperature, a tenperature

SEnd @mPdnent; whether critical interfaces have been wetted; an amount of
thermal exposure of at least one. of the first component and the second
component; and a temperature, a peak temperature, a temperature profile, or
temperature distribution of at least one of the first component, the second
component, and the reactive multilayer material; determining the behavior of the
energy distribution may include determining at least one of: an amount of melting
of at least one of the first joining layer and the second joining layer; a duration of
melting of at least one of the first joining layer and the second joining layer;

whether critical interfaces have been wetted; an amount of thermal exposure of

at least one of the first component and the second component; and a

12



tenperature distribution of at |east one of the first

conponent, the second conponent, and the reactive
woredosiobsayer materi al; determ ning the behavi orpof/Us1ve4/014775

energy distribution may include determ ning at |east

one of: an anount of nelting of at |east one of the

first joining |ayer and the second joining |ayer; a

uration of .1 ] at_ | eas of..th i rs
(R ae g o R PRl b R RRERE PPyt Slipbbature
itical i ; _ ¢
&%ﬁti@%né{% ! %{e;fsé oq vg figgiz;gn}\%f;)&teg,’th%geggg g(t)m%onent, the first
conponent and the second conponent; and a 12 WO _
povsg tmysoothersetoudjaioinodaver7 sndithepeaciivermauyltipype material; the
tenperature, a tenperature profile, or tenperature
isgtive fpihingrconfigatatioaansy furtherfcontpriskl a Htirddoimiraniayer and a
the second conponent, the first joining |ayer, the

FREMNEINIR [HyBe dRKIF.théfird fofhihg /e BAdHE FolrdtY Riining layer may
material; the reactive joining configuration may

by Tp‘fé‘&%pq’s‘i’:% 'Inkt§ oﬁﬁto?#ﬁ% F]ééé%{“gié ?@JIJ{H%. &F midftiaft, thb et ﬁrgponent,

Jjoinin ayer; eac ni ng layer and

fourth joinjng |ayer, ma e prede [ted ontp one of

o M sk artLOsmpSiey, B at RaeP SSmehahe Prciefns Biabbe

and the second conponent, and at |east sone of the . . |
ﬁ%ﬁ%@?@ W’é}thﬂ'@ thied Joigingdayarand jherfoura JQ'ﬁinﬂda}’Qf : Fh%ﬁ"rd joining
| ayer and the fourth joining layer; the third joining
laygeandihk fausth joining layer mayghaveysubstarntiatixtiee same chemical
substantially the sane chem cal conposition; the

tdvinpdsitiohniheghirdysiningndydriend iberfolirth goiningdayexyany imaye different
have different chem cal conpositions; the third

&H&rﬂid&?cb@%ﬁ?éi{riﬁﬁ&ftﬁ@ tRird |haBg | rRby bB(éﬂH%'bdst BRE of Incusil and

Gapasi ourth joining | ayer may be at |east

B ARF AR P BTSN ma B4 e b Choast
SOERRRSD il B58°8M S URBRGRSinkiY B¥er BE i SAS thY Frst
component to the second component using the reactive multilayer material;
determining may include determining the behavior of the energy distribution in
the first component, the second component, the first joining layer, the second
joining layer, and the reactive multilayer material by integrating the discretized
energy evolution equation using parameters associated with at least one of the
first joining layer and the second joining layer; providing the first joining layer and
the second joining layer having the parameters; positioning the first joining layer
and the second joining layer between the first component and the second

component; chemically transforming may cause a transformation of the first
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determ ning may include determ ning the behavior of
the energy distribution in the first conponent, the

W@ emsnesoennponent, the first joining |ayer, theCEHES®NH014775
joining layer, and the reactive multilayer material by
integrating the discretized energy evolution equation
using parameters associated with at |east one of the

first joini | ayer and .the second.jQ
e i 2pridng BEEEng Biihd faey Erstudyihg i st taver and
4hlnl ng | ayer having the parameters; positioning the
ersacong; iainiy laa%maya\wau% depagiting opeuq# .%queﬂayers on one
bet ween the first conponent and the second conponent;
ofrtbeifirsi comporeryf thensaapndeopneparsnt aand thestfeactive 'rmhtileyer
the first 13 WO 2005/ 005092 PCT/ US2004/ 014775 joining

mayeralamte bhthesieirinyllayersinag Heay free-qianding ehiesf poitioning may
first joining layer and the second joining |ayer nay

1nP HedSoHRRRSY EHé“ﬁ*eQ'%?aerlné BRedtdtivBen Y PECHOB rﬁlﬁlﬁla er

the first Tonmponent, the second conponent and t

ﬁ‘%@}&r %%%2“&%3@%" éﬁ%f%ﬁeﬁ*gt apRifip Sechfif bBipBBAL solecting a
e b Bt #i BiTulBsoiniag averipr @Hﬂnaﬂae ﬁ'fs?t%tﬁ&'emnﬁgf to the

conponent and the second conponent; selectln% third
senanichepmagrentasincthegeactivg BUiilayen mgteriak; sle FraniRinggnay
the first conmponent to the second conponent using the
inehcie determinind thedrehaviceraf dhe edetgyrdistnibotiominythei first calaponent,
determ ning the behavior of the energy distribution in

fheesddondtcoraparie the firstieindes RIEr, GheREOEHY onilhﬁ ldyersthe third
ir

JOInIng | ayer, the second joining |ayer,

EH::I\ I’%/érat}ﬁ%{fovﬁﬁ&lﬁ@grlé*bﬂ ?h@‘tﬁ@réeﬁ:‘l’ﬁé mlﬂﬁl@yéﬁ@aterlal by

Integratingt

SR AP e BB LA A P e

l ago%rlatgg Ehhaet Igggtrcgnhe J)fo t. gitﬂﬁd Ijoellp{i(?lgg;layer and the fourth joining layer;
providing the third joining layer and the fourth joining layer having the
parameters; predepositing each of the third joining layer and the fourth joining
layer on at least one of the first component, the second component, and the
reactive multilayer material; chemically transforming may cause a transformation
of the third joining layer and the fourth joining layer; providing the parameters
associated with a first joining layer and a second joining layer; determining may
include determining the behavior of the energy distribution in the first component,
the second component, the first joining layer, the second joining layer, and the
reactive multilayer material by integrating the discretized energy evolution
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providing the third joining |ayer and the fourth

joining layer having the paraneters; predepositing
we@2wh/0af091 he third joining | ayer and the fourtPC]/OB0041014775
~ layer on at |least one of the first conponent, the

second conponent, and the reactive nultilayer

material; chemcally transform ng may cause a

t ransfornmation f the thi Q1 N | aye L :
acbion Yol ASpbBlodig ey oM 3P Bt ining layer
associated with a first joining_layer, and a second

grgh wﬁrfg?magé@lnlr@é?wrﬁpmj n flrﬁfﬁ@'wsqa\é@f@ﬁ%ﬁ@ew"d

t he behavior of the energy distribution in the first
jcinmgolager having ¢he paamietetanposiioning the firstrisininglayengnd the

| ayer, the second joining |ayer, and the reactive
Jadbhilljcinig lapéetetaleehithé fitst@oaipongnt bad dhe seednd edmponent;
energy evol ution 14 WD 2005/ 005092 PCT/ US2004/ 014775

cg\f%ﬂtﬁﬁélmryﬁéfaﬁnﬂgfrﬁaﬁsﬂ& avapetchffion dfihatirdt§éifingdager and

e first jorning layer and the second joi ning

Lo RE [ t Qe Ld:-Lst | QAL : fii

Q8BRS Frotiing YR A pEbn einindayer joining the

ositioning . the first joining |ayer and.the . second
frsf samBonertdp Ui shee bHEPPRFLE M RaRRserSafAtifst one of the
second conponent; chemcally transtorninp may cause 3__ )
firsbermpenent; Bye sgcandecampanentothgfisgt jobkyjrg layge the gecond joining
second joining layer; a first joining |layer and a
lape add|jtbé neadiveayeltilgyer niaterialmeay be psedetermimedrhased on the
the second conponent; the paraneters of at |east one

difnuldied behbsior eptReoaeThy didigbstrmonithinahp dirstrompdrent, the
first joining layer, the second joining |ayer, and

%@gﬁ%é%ﬁerﬁ%@flrﬁ%%iﬁﬁafﬁgéh 3he BBYoMEjONiRY PA R ERG the

. . . si mul at'ed behavior of the energy
Sl B8 MGl SORBRAF o 15 8 35
R S SR Sy i Rl Skl Bent to e
second component; the parameters of at least one of the first component, the
second component, the first joining layer, the second joining layer, the third
joining layer, the fourth joining layer, and the reactive multilayer material is
predetermined based on the simulated behavior of the energy distribution within
the first component, the second component, the first joining layer, the second
joining layer, the third joining layer, the fourth joining layer, and the reactive
mulfilayer material.

[021] Additional objects and advantages of the invention will be set forth

in part in the description which follows, and in part will be obvious from the
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third joining layer and a fourth joining |ayer joining
the first conponent to the second conponent; the

wearaneter s of at | east one of the first conpoPEnUS2004€14775
second conponent, the first joining |ayer, the second
joining layer, the third joining layer, the fourth
joining |layer, and the reactive nmultilayer material is

edet er m ned as he si mul ed behavi ot of th

Eﬁ%‘?%'%‘r SF May ‘? q hY Rraglize ‘? *ﬂ%i”"@& Bndfe Otﬂ%‘és and
second conponent, the first joining |ayer, the second
pevantages gﬁ the invaatiomwillog tﬁa’qlzsa@ anaﬁtameedqby maanstof the
joining layer, and the reactive multilayer material.
[emle}ntamutdamlaihaﬁrbnmpamcalady@«W&ed agém thie agpended claims.
invention will be set forth in part in the

descr [gpd]onituéte be updbasised & both B fordd d:h%@en@mme@énptnon
fromthe 15 WD 2005/ 005092 PCT/ US2004/ 01477

dR8 %é R 1ioWin Béta[)f@bi o*é%crllﬁ‘girl“& &/en%lgg r?d3 tegélahgﬁ‘)ry only and

I nventi on. ects an vant age

s 46%&%&*&%‘05% LB GE SR i cal ary poi nt ed
out in the appended cl ai ns. [022] It is to be

understood th
and the follo

and e na and re not re trlctlve of t he
et 8o hegpr b oA b o bt F and
DRAW NGS [ 023] The acconpanyi ng drawi ngs, which are
p%%:trtw@r@ped qugﬁeec@@atmn tlluatsgraae savarabempniments of the
specification, illustrate several enbodi nents of the
inveation and dogiethegwith dhne destription, desertoEptain tise prirciples of the
expl ain the principles of the invention.

invention.

[024] Fig. 1 depicts a schematic view of a reactive multilayer joining
configuration;

[025] Fig. 2(a) depicts a schematic view of a reactive multilayer joining
configuration according to an embodiment of the invention;

[026] Fig. 2(b) depicts a schematic view of a reactive multilayer joining
configuration according to another embodiment of the invention;

[027] Fig. 3(a) depicts a schematic view of a reactive multilayer joining
configuration according to a further embodiment of the invention;

[028] Fig. 3(b) depicts a schematic view of a reactive multilayer joining

configuration according to yet another embodiment of the invention;
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[024] Fig. | depicts a schematic view of a reactive

multilayer joining configuration; [025] Fig. 2(a)
W@le@sn0®9In schematic view of a reactive nulti|BYEDS2004/014775

joining configuration according to an enbodi nent of

the invention; [026] Fig. 2(b) depicts a schematic

view of a reactive nultilayer joining configuration

accor r errbod nt of the invention;

1057 B8 ' S el el e PretURauPtpete RE prafles of the

rrultl I ar%er joining configuration according to a

feRgiveMelbisyar janMng @pnflg.@apﬁo@ﬁﬂ%&a [028] Fig. 3(b)

depicts a schematic view of a reactive multilayer

j oi ni HB0]cofrig. g pdepiotsaaxeomplarygprediciexdt temmperatire profiles of the
- enbodi nent of the invention; 16 WO 2005/ 005092

R§2dtive 20004129&4 bTiEing [c@ﬁﬁiur’étlcn ofFR). 3epi cts exenpl ary
measured tenperature profiles of the reactive

nul ti L@g? F?y. @(@ﬁdé@@t&';ﬁé&@féo‘){%nﬂ%r fLﬁe Afiles 51 %Un example of

Fi g. depl cts exenplary predicte erature

i ning

B o RGP beidlialan Y Elo é?a) depi ct s

redi ture profiles for, an exapple of the _
Peact (G2 miF & BUlaeroR ioas ian g aoiciet Brmsrgturgiofies for
[032] Fi g 5(b) depicts neasured and predicted
aempamale péthﬁ trichve mpuiilayeromingwonfigsrationeof kige 8by e
mul til ayer joining configuration of Fig. 3b; [033]
Fig. B3pi Eigs Gadqﬁd:temdl“lematm/wiewoiamcti‘i'e/multilayerjoining
mul tilayer joining configuration according to a yet

tonfidiratiembochrakief tocd yétte rthérléﬁibbannelﬁtQﬁ%e Mv@ntiéha)

depi cts an exenplary graphical display of a

rel at j@@a3hi Pig. 7(a) depicts an exemplary graphical display of a relationship
between foil thickness and heat of reaction according to still another embodiment
of the present invention;

[035] Fig. 7(b) depicts an exemplary graphical display of a relationship
between foil thickness and front velocity according to a still further embodiment of
the present invention;

[036] Fig. 8 depicts exemplary graphical results for the reactive
multiplayer joining configurations of Fig. 3(b) and Fig. 6;

[037] Fig. 9 depicts exemplary graphical results for the reactive
multiplayer joining configurations of Fig. 3(b) and Fig. 6;

[038] Fig. 10 depicts a schematic view of a reactive multilayer joining

configuration according to another embodiment of the invention:
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between foil thickness and heat of reaction according
to still another enbodi nent of the present invention;
wQ 0®5podhy. 7(b) depicts an exenplary graphi caPbCHUSPOEY14775
of a relationship between foil thickness and front
vel ocity according to a still further enbodi nent of
t he present invention; [036] Fig. 8 depicts exenplary

r aphi ul t thereatlve

Poi ni K%on %J@ﬂ%ﬂ?@ctafexe a@(mﬁd%fﬁn@o%wrﬁ@g@f}les of the
Fig. 9 de?l cts exenplary graphical results for the
F%ﬁi-‘é'b/?\f@u' WBfJOMIQQQpnflwrﬁtlﬂ@ of big.il@ur at i ons of Fig.

3(b) and Fig. 6; [038] Fig. 10 depicts a schematic

vi ew {#4Q rEig:t’lﬂ(/le) depittslamyexemplary measgeaf infrarett iepperature
according to anot her enbodi nent of the invention; 17

et STIAE 2o XAV URdRRALP JAriRg cohfigPtatibh &f Flé—(f@

depi cts exenplary predlcted tenperature profiles of
I
L0 (B LF 0B b QG et o
#@tﬁaeqf%ﬁ%%@fessw&|e§gf bl e 57858
an exenpl ary neasured infrared

Fi ) e
t e%‘pe £ 1§t4§‘%PﬂﬁI§ iSRMplary igsaphisaliresultsiarithe sgagtive
j oi ni ng confl guration of Fig. 10; [042] Fig. 12

nsiilayer jeiingntenfigugatigmofciaip. f@sults for the reactive
mul tilayer joining configuration of Fig. 10; [043]

Fig. [B3jepFig 9 3edepigis exgmplay hiraghicaleaslitsiordhe réuctive
reactive nultilayer joining configuration of Fig. 10;

multilayer joining configuration of Fig. 10;

[044] Fig. 14 depicts exemplary graphical results for the reactive
multilayer joining configuration of Fig. 10;

[045] Fig. 15 depicts a schematic view of a reactive multilayer joining
configuration according to a further embodiment of the invention;

[046] Fig. 16 depicts exemplary graphical predictions for the reactive
multilayer joining configuration of Fig. 15;

[047] Fig. 17 depicts a schematic view of a reactive multilayer joining
configuration according to yet another embodiment of the invention:;

[048] Fig. 18 depicts exemplary predicted temperature profiles of the
reactive multilayer joining configuration of Fig. 15;

[049] Fig. 19(a) depicts exemplary predicted results of the reactive
multilayer joining configuration of Fig. 15;
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[044] Fig. 14 depicts exenplary graphical results for

the reactive mnultilayer joining configuration of Fig.
waospae43] Fig. 15 depicts a schematic view of P@AI/US2004/014775

reactive nultilayer joining configuration according

to a further enbodi nent of the invention; [046] Fig.

16 depicts exenplary graphi cal predictions for the

react tilaye Qi nj n onfl ratjon of Fig

[ 047] QQ%@ n]i‘ d@@?)é%d'%ts'@éﬁ Prefigiacgesylts ekt R?@C’“VG

mul tilayer joining configurati on according to yet

Bndilager jeinbsheondiguration elFignienandn; [ 048] Fig. 18

depi cts exenpl ary predicted tenperature profiles of

the [OE¢t i Fig. @0l depicty ersghemmaticoview of ageastiveomultflaydérdoining

15; [049] Fig. 19(a) depicts exenplary predicted

ESSRYUratON abbRtdirRABId Y&t fuRHEE EmdBaImérsti dTitRE invention.

configuration of Fig. 15; 18 WD 2005/ 005092

PCT/ US2004/ 014775 [050] Fig. 19(b) depicts exenplary

predi cted resulpsseRIPFRONSHET bl frg 0i ni ng
confi guration g—%—g%m—mm cts a
h
Sonr 5P B Ee HERSY NA efy apengimens
obife BYERI Bramio e Wi e el q%’“Bgﬁ's%E&%mvaﬂg dravings.

odi nents_ of the invention, exarrpl es of which are
Wﬁo eYRrRQPIhIR hRsamee triptanrey nabers Wl be usariheughout the
possi bl e, the same reference nunbers will be used
diavingshBurefente tharsemegelitopais.er to the sane or |ike
parts.
[053] Embodiments of the invention include a method for simulating a

behavior of an energy distribution within an assembly containing a reactive
multilayer material (e.g., foil or nanofoil), and/or applying this method to reactive
joining arrangements.

[054] In one embodiment of this invention, a computational model
formulation in accordance with an aspect of the present invention is applied by
discretizing (i.e., making mathematically discrete; defining for a finite or countable
set of values; not continuous) an uﬁsfeady energy equation in a computational
domain (e.g., including computational inputs and/or boundaries) that includes
one or more properties of the reactive multitayer foil (e.g., nanofoil), the
surrounding joining layers (e.g., solder and/or braze) and the components. In
one example, this discretization is implemented by integrating the model

equation set forth herein using as inputs various dimensions and physical
19



[ 053] Enbodi nents of the invention include a nethod

for simulating a behavior of an energy distribution
wowrakiossoan assenbly containing a reactive nul PCT/HY®4/014775

material (e.g., foil or nanofoil), and/or applying

this method to reactive joining arrangenents. [054]

I n one enbodi nent of this invention, a conputational

del . formulation in accordance with an aspect of the, |
BroRetties PhoRsOr BIPTe o i feacivenutilayer il Thergpiqunding Joining
maki ng mat hematically discrete; defining for a finite _
Byess @ndaibeeompanasits,ag Wek as oundamt ¢anditions efrthe computational

unsteady energy equation in a conmputational domain
femzin. Dmel exdinmgle docipdesaa itwoalimengiohal disdretization in which the
boundaries) that includes one or nore properties of

tbmairRadpragertinlgtthb ayig loihd laférstand hanfrebdnents Bee rectangular
surrounding joining layers (e.g., solder and/ or braze)

gaﬁ1aﬁﬁ§.e%%ﬁ7i%§%€ﬁiha:in 't:{}msoé‘ﬁtseléggﬁ'! £nd Hikkhess.

Iscretiza n s inplenented ntegrating the nodel

g?ﬁgtn %zeiﬂfgoﬁﬁghgc’?%é%kgrﬂgéﬁ%npgeg@pﬁ%@@' s e of Such configurations,
PCT/ US2004/ 014775 properties of one or nore of the _
wegte p\eatigleasajaie @ ciarrespheds to ao@saentipllydlatisal-propagating

| ayers, and the conponents, as well as boundary

frentiravaling AMdng ke %@Wéﬁ%b%ébtiv&@ﬁﬁil@er%iﬁ(ﬁ?}(’:ﬂlﬁé ?nggy or

i ncludes a two-di mensional discretizati'on in [

HEEE\ i EAL FRARERASCIAS ) by kLo 08 JcXBianiatbtion e
%ﬁ%@@?ﬁhﬂb@ﬁ@bﬁgﬁé%r %@(ﬁi Hie%g%ﬁﬁ%ﬁé@ts&y%&@%hr%acﬁve multilayer foil
G, eI o el e ok
front traveling along the length of the reactive

a)ithe dimensions %Ie(lgthgand thicknese) gfythercomponents, solder and/or braze
layers, and the reactive foil, (b) the density, heat capacity, atomic weight, and
thermal conductivity of the components, (c) the density, heat capacity, thermal
conductivity, heat of fusion, atomic weight, and melting temperature of the solder
and/or braze layers, (d) the heat of reaction and the propagation velocity, (e) the
ignition location, (f) the density, heat capacity, thermal conductivity, heat of
fusion, and melting temperature of the product of reaction in the reactive
multilayer, and (g) thermal and mass flux conditions on domain boundaries.
Computational solutions of the discretized model equations then provides the

transient evolution of the thermal waves within the foil, the joining layers, and the

components. Known discretization methods, numerical integration schemes, and
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heat wave front produced across one or nore of the

reactive nmultilayer foil, the surrounding joining
Wo apsies09and the conponents when the reactive PCT/US2004/014775
multilayer foil is ignited). For such inplenentation,

inputs to the conputational nodel include: (a) the
dinensions (Iength and thickness) of the conpopen}s,
and/ and,the reacti 0i |., ,

A8 30s Prtiderindarialin PO dimelonab it fhregrdimensional
thernal conductivity of the conponents c t he
genligurations siscralizationyand intagration mﬂﬁm@a, ugmtlgn spergesofs well
fusion, atom c weight, and nelting tenperature of the
seInmdﬁ-dimadasionaljmatqarbaa@ath ¢ah) be rapleeaented im eactéction with
and the propagation velocity, (e) the ignition

thecpitgsent inventidhe density, heat capacity, thernal
conductivity, heat of fusion, and nelting tenperature

?rLI : PF)HQAOdF'an gi’%m?%a%gpﬁ’%ﬂoﬂ ik nﬁﬁﬁl uxﬁlclgﬁlélde prowdlng the
P50, BRI of SRIEME ALGRIPb ALV BRRA @lo.! Rlnoron

‘g. ;Emsnent evol ution of the therml waves within the

5% FOMPRDE[ih A g O RERONeRicA e IOIB Bk ¥Ein#8d AGRRAAC Joining
di scretizati on nmethods, nunerical integration schenes,

laar-2sing thees resmstive rrpthswidiys and Hsickneasesdas ibghiss as well

for considering various two-dinmensional and
as il @ad snassaflux comditions an idonwin bbandaties, dhé equatioh set
i ntegration nethods, ignition sources, as well as

forh beldwte Nebgratéd faraRichRIfaRa 9e4dte rﬁamld%r foTp kiedrRrt ed
|n connection with the present |nvent| on. [056] For

pr 0 g?%tgﬁﬁ%é&?{d %q'ﬂ%“é@th ﬂﬂﬂ% Laﬁfeis théaasc%con{j Ioining
B R %rs»ghgntse%gewc BRPhh e or
%ermal 30838 ?ronjt Ilnpro%agate in each of the reactive multilayer foil, the first
component, the second component, the first joining layer, and the second joining
layer when the reactive multilayer foil is ignited (e.g., chemically transformed).
When the reaction is completed and the first component is joined to the second
component, remnants (e.g., residue) of the reactive multiplayer foil may be
present in one or more of first component, the second component, the first joining
layer, and the second joining layer.

[057] In another aspect of this invention, any of the aforementioned
predictions of the computational model formulation (e.g., the prediction of how
the energy or heat wavefront will behave in each of the reactive multilayer foil,
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| ayer. Using these respective |engths, wdths, and
t hi cknesses as inputs, as well as thermal and nass

w0 aog/oeoodi ti ons. on domai n boundaries, the eqREr/Us2V04/014775
set forth belowis integrated for each of the
reactive nultilayer foil, the first conponent, the
second conponent, the first joining layer, and the

|n|n a When integrated,. the out put
(eataF ebippbhe. (1S ¥Sing Smaniry i TSt olniia PeBvand fhe
front W Il propagate in each of the reactive
segand JQbng fayer), may deryseskto assees Hsmmagnidde apg yration of
conmponent, the first joining |ayer, and the second
j/aﬂimimjginimgmeramﬁters sieh as:mﬂliingaofﬂhﬂetsjdlwemd/ow braize layers, the
ignited (e.g., chemcally transfornmed). When the

Wweehig sitritisalintiticedand thd therinal 8kpokum® on &y cordiponents. The
joined to the second conponent, remants (e.g.,

FrieletlEgn tills brallick Wld{&?tq}’lbﬁlhg (@)g‘?,rtre‘\cr@fé)rn‘ﬁt M®f the solder

present I n one or nore O I1rst C nponent, t he "second
SRARF e, Ao 00 bAAEEs) DBp o 8ot
R o LT R S e s

predi ction of how the energ heat wavefront w ||
b@mwersﬁofefa@rfeaeﬂ\tqﬂ@lm@@@nf{@ramrt rarpersystamaticagly ajfered.
2005/ 005092 PCT/ US2004/ 014775 the first conponent,

The nsedal cdndEmeapelied ta the dliered cpofiginatioh dxyaerifyamhiembethe
second joining layer) nmay be used to assess the

pagmétetcarslidibiat Erampfes iMellbde bysicphdtic\Grpdibarsfties thickness
such as nelting of the solder and/or braze |ayers, the

YEihe! 180 2Rk tﬁé ‘tﬁlbﬁ?éséegtcﬁ ﬁﬁé‘% er Qﬂgléatr 'B?ai&%?%?ﬂ the heat of

exposure of he conponents. can

N ?%h?g&%ﬂqng%r&swt%ps G TBR f aglor ne

terface excessi vel
scr)]der ma erqgi) Such s.ystematlcy vanatlon or;geparam%ters can be iteratively

applied until a suitable configuration is determined. It should be evident for
someone skilled in the art how to generalize such an iterative approach to
include other configuration parameters and iteration methods. For example, the
inputs to the model may be any combination of any of the physical properties of
any of the materials set forth herein.

[058] Embodiments of the invention include a multi-dimensional
computational code for simulating the reactive joining process. The code may be
run and/or stored on a computer or any other suitable computer readable
medium. The code may be an implementation of a multi-dimensional transient
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duration, or excessive thermal exposure of the
conponents, in which case the paraneters of the

WO 2@80030e2 | 0i ni ng configuration can be syst enaPCTEE1094/014775

altered. The nodel can be reapplied to the altered
configuration to verify whether the paraneters are
sui tabl e. Exanples include systematic variation of the

ness _of the foil and the thicknesses of fhe
ﬁfb’myz tiofhal & eperyLquafiondhat arconaly fog fhe peqRartiemof therself-
instance by altering the conposition or
prapageting ceaetion aawell @s the ghysisabeopetiesrafdhe readdive foil, the
systematic variation of paraneters can be iteratively
fysitle edaterinis, and Anithebbmpoashisg UFes compuatidabemadeefbrmulation
It should be evident for soneone skilled in the art

B@M\Slkl@ngmmtﬁé ipt@seiit GhveMlioh il AbkiSe aBBERe) to
i ncl ude ot her configuration paranmeters and iteration

gﬁ;hs eI el AR R o
R T SR e byt it

i rensi gnal . conput ati onal code for sinulatin
?W&P'W@ cctqsvcepﬁm Al e FioR©PIgtiME reastien (g peackem front)
and/ or stored on a conputer or any other suitable

r&mps@miedrtwa@a(@lgz enedjywourdéternyde may be an
i npl enentation of a nulti-dinmensional transient 22 WO

2005/ 005092 PCT/ US2004/,014775 fornul ati on of an

energy equation thaty wRigs+hor the properties of (1
the sel f- propagating &eaction as well as the physi cal
properties of the reactive foil, the fusible

heEqr{13) b deaoté/scthetdrrmmpycg@ﬁethéﬁenEInﬁ tdetipid, @f isahalheat flux
nodel formulation consistent with the present

{/é]%iﬁpte{n%n ‘rq\fss’; t'a?]gl%)é{ égg?éjeengaﬁé zﬂgéejélg&gk, Iylg related to the

special ly-tail ored
temperature (e.g., as disclosed in Besnoin), T, through a detailed relationship

that involves the material’s heat capacity, c,, and the latent heat, h:. In particular,
the term Q represents the rate of heat released by the self-propagating front as

it traverses the reactive foil. The latter is described in terms of a thin front that
propagates in a direction normal tc'>‘its surface. The propagation speed is
prescribed using either measured (e.g., as disclosed in Gavens) or computed
(e.g., as disclosed in Besnoin) values. Examples of the measured and computed
propagation speeds is shown in Fig. 7(b), discussed in greater detail below. The

strength of ¢ is thus obtained by combining the known reaction velocity and heat

of reaction for a given reactive foil. Note that O is localized within the front that
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mat hemati cal fornul ati on that conbi nes an unsteady
energy equation with a sinplified description of the

W@ edosoproepagat i ng reaction (e.g., reaction froP€)/US2004/014775
represented by Q (e.g., energy source term: ah p at
=0 g+Q (1) In Eq. (1), h denotes the enthalpy, p is
the density, t is tine, q is the heat flux vector,

he _heat rel ease r, The enthal py,. h, is .
aVares 1o falhandaRpeT st G theyone G6 mite BYsiolimaferials andor
Besnoi n) T, through a detailed relationship that
COBPDERESt he material ' s heat capacity, co, and the
| atent heat, hf. In particular, the term Q represents

t he r fi6d] of The propagationeaaf thy hebkosehdrgy veepag@t d.ngvolution of the
front as it traverses the reactive foil. The latter

temperaairePasthinthesombigafatidnt s WellrpthetdVdlutiod STRAE M&lfing
in adirection normal to its surface. The propagati on

RER sbﬁdﬂ@étﬁfn%ﬂtﬁ@%n‘ésérr}ﬁo%ﬂ% le éh'él@dm & detBfmined by
o, |sc(i] ose

I SCI 0Se€e Gavens) or conpute ., as

ciefig r:% (e P AvAReR #gtoonce

d aIbeI Th strength o )
SampHEL o0l foRehctiie e PratieReh kA Drendseltasd Tor tis
velocity and heat of reaction for a given reactive
pyinosenNdthe finiterdifierencegdiseretization istiased o dividing thesdomain into
23 WD 2005/ 005092 PCT/ US2004/ 014775 traverses the

tanputadiodaleelissdfdixedidridi sizé.hEntiadpyois dafinedfatsielilcenters, while
materials and/or conponents. [060] The propagation of

flineassrat definedrstical ates. Svcand-cruer é’érit@féooﬁlﬁb%ce
tenperature) within the configuration, as well as the

§Hﬁ’ﬂo%ﬁhé’ﬁbr%farje'1%e@9gbtdﬂb%mmate spatial derivatives. This spatial

discretization scheme results in a finite set of coupled ordinary differential
equations (ODEs) that govern the evolution of the enthalpy at the cell centers.
The set of ODEs is integrated in time using an algorithm known as an explicit,
third-order Adams Bashforth scheme. Based on the résulting solution, one can
readily determine various properties of the reactive joining process, including the
amount of solder that melts (e.g., transforms) at a specific cross-section or
spatial location, the corresponding melting duration, as well as the temperature
evolution within the foil, solder or braze layers, and the components. Various
alternative spatial discretizations of arbitrary order, including as finite-element,
spectral-element, or collocation approximations, as well as various implicit,
explicit, or semi-implicit time-integration schemes can be implemented.
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and/or solidification of the one or nore fusible
materials, may be determned by integrating Eq. (1)

w@r@s/00d082 enti re configuration. A transient PCT/US2004/014775

finite-difference conputational nodel of the above
formul ati on has been devel oped for this purpose. The
finite-difference discretization i s based on dividing

51 e T nalrblr e 4 8he 2 ReasiBnalial Bab g ront an

fluxes are defined at cell edges Second- or der
BBk Sty dPERUEIORGh Ex | WHTRIRS dered dydepasting the

approxi mate spatial derivatives. This spatial
gneatiens efanption §vhemving seferendersystem tihatdrauels af the same speed
coupled ordinary differential equations (ODEs) that

ge\ies reddtiendrarituTihisraltdrnbithee foriiuddtion, Abweher, sedy have several
centers. The set of ODEs is integrated in tine using

aravbas! nedkPMicMicy InSpRGiffihG the 0%&1&%@% tRERTR interface

Bashforth schene. Based on the resulting solution, one
f
T e R TR
der. t hat t f
BraseSbiobcitie fRa hetyiid 0., HBSHOPAT %?ﬁegﬁaf\%égwﬂmwon with
melting duration, as well as.the tenperature
@R&Feﬁfu{‘fg%ﬁ@' measHrEmaRtst Also nety that whengha deerfages betwarn
t he conponents. Various alternative spati al
diiacent layats arsnaifinitialy borxted, dheléormulatdnumiay gcasmmodate a

finite-element, spectral-elenent, or collocation

thepmak Intetfacenmesistanad ldndas varationuss therhé®ndl.interface resistance
explicit, or sem-inplicit tinme-integration schenes

{
P /t%gzO%gﬁ%@élnnééc}fﬁsﬁéi?ﬁée@r%}%gﬁ%e agzes:

223[ 3Q@m5i %léo bg %)r(énu reﬁﬁb%gfrﬁgatfs c?% h@&nrgign may include
A R
transforming) of the fusible materials (e.g., joining materials) that occurs within
the reactive joining process, as well as the time duration over which wetting
occurs at critical interfaces. As used in this application, a critical interface is an
interface that requires wetting in order to form a suitable bond at the interface. In
most cases, a critical interface is one that is initially unbonded. The critical
interfaces in arrangements may vary depending on the parts (e.g., reactive foils,
fusible materials, and/or components) and the configuration of the parts in the

particular arrangement.
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as the reaction front. This alternative fornulation,

however, nmay have several drawbacks, i ncluding
walpdosioewbt i es in specifying the variation of tPEI/US2004/014775

thermal interface resistance with tenperature (e.g.,

pre-reaction and/or post-reaction), in post-

processi ng and data analysis (e.g., duration of

mel ti a i 0 hSON Wt h eri.me

Toasuliln; Elosa2(8 A oy ey BB Egton o

bet. ween acent | a re not initially bonded, the

par Hjer‘@?d%tﬁéé FROVE andhexpRIMeRSeAsslown in Fig. 2(a),
resistance, and a variation of the thermal interface

pBsios rapredfusipls mMaderinls @0as 20k isayEhe preydepasites! aitorane or more
these interfaces. [062] In another exanple,

echponeats 212 bhso that erduitablenbond melyusteprovidedly prior to chemical
simulation results in order to determ ne the degree of

rehbionsalion ge.g., ighioRY oF el 20f bét%emﬁewr% csf%sré flsble
(e.g., joining ‘material S) that occurs wth
dH{lfét R@ﬁcal

[EREAGIS, 208 1R BoGRES: wels BinbofiEnt 4.2,

o<t b il Al fttte”tt%rtq“t# "aehle fa‘:ﬁt#oal% and the

ui.t abl e bond. at the i nterface. nost cases
RASil5 dater AlBcsGen 205 ang st ehihe intoriages e, 24brisswaea the fusible

The critical interfaces in arrangenents nmay vary
materials 2§aoA0b madghe conpongnts 2 s iy eFdrathissarraigernehie suitable
materi als, and/ or conponents) and the configuration of

phs paugt, Fehctiveeils Lraskble materias r aengsrhporent ay be selected
2005/ 005092 PCT/ US2004/ 014775 [063] Figs. 2(a) and

€e< 8), t@i@ﬁg frito 'cBhBidePatiorCsizé, NeH e Bh Qo %Bnﬁ%)s}t%rn') %@uﬂﬂs

the nbdels set forth above and experi
%RWU%I& t@sﬂl né@gs),ruech Q%ﬁ gﬁ{enﬁﬂ%ﬁ?g&ﬁ)ﬁbﬂoﬁg'ﬁﬁ%%@'eﬁtlgally

transformed (e.g., ignited), the heat from the ignited reactive foil 22 may cause
only a portion of the layers of the fusible material 20a, 20b to melt. In other
words, the heat from the ignited reactive foil 22 may not effect a complete melting
of the fusible material 20a, 20b and/or may not effect a melting the portion of the
fusible material 20a, 20b that is bonded to its respective component 21a, 21b. In
this arrangement, the melting of all of the fusible material 20a, 20b and/or melting
of the fusible material 20a, 20b that ié bonded to the component 21a, 21b may be
undesirable for several reasons. First, to generate enough heat to completely
melt the fusible material 20a, 20b, a thicker and/or more energetic foil 22 (e.g.,
having a more powerful chemical composition) may be necessary, which may
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conponents 21 a, 21 b so that a suitable bond may be
provi ded, prior to chemcal transformation (e.g.,
wo goosooee) of the foil 22, between the one or POF/ES2004/014775
fusible material 20a, 20b and the one or nore
conmponents 21 a, 21 b. Thus, critical interfaces in
Fig. 2(a) are at the interfaces 23a, 23b between the
usi bIe]J”rﬁterlaIs 20a, 20b, and
fnesrsaibantkase 1ha sostotihe aragdurenSecasabmaling the fusible
mat eri al s 20a, 20b and the conponents 21 a, 21 b. For

material 20zn g8hdhat may bedmsindeddarthe compgnent 24at21kemay weaken
foils, fusible materials, and/or conponents) nay be

thel rm”et-@dstlr(gestg)ng bakd agtherihterfamsiZzlet 2ub Getwees the fusible
shape, and/or conposition) and/or particularly

pateridloRod, 20t Ant hiaé coth@ﬂehfseZTe?@q'b' ve foil 22 is
chem cal |y transfor med , ignited), the heat from

h d

N e 47 B 25,2
I he h f t . .

T spo ooy e PR HentEaa LA Bre RS dgf 28 In this

A O S AT S

that is bonded to its respective conponent 21 a, 21 b.

thys, bethdntariesag @8en28by 208, M8t ofithe dusiblel materah@ba, 25b (e.g., the
fusible material 20a, 20b and/or nelting of the

intesfemiec? 8e tA8bi adja @l the Gdadtivatfoll 27 adtsthe dnteFface 29a, 29b
conponent 21 a, 21 b may be undesirable for sever al

acgaémaheEbhﬁionehpzesn@@@trﬁa%e%hsta%% RHicA anﬁ%\@és}’%a,

melt the fusible material 20a, 20b,
2R Mokl RrdfeBrng Ce;gz%ﬁe\% BALE B e o
A0 2088085505 P, e?%%f‘eés%iscé%@, 8. SBa i owRanaig 269, 26b)

t he fu3| ble materjal 20a, 20b that may be bonded to
PRY @&W@Me 93, tgking intg qwldﬁé@m@hsze shape, and/or composition)

and/or particularly positioned such that, when the reactive foil 27 is ignited, the
heat from the ignited reactive foil 27 may cause a substantially complete melting
of the one or more fusible materials 25a, 25b.

[085] It is understood that the arrangements set forth in Figs. 2(a) and
2(b) are not limiting, and that some of the aspects set forth herein may be
combined, removed, altered, and/or used to implement any number of suitable
arrangements and/or manufacture any number of suitable products. Based on
the arrangements, what constitutes a critical interface that needs to be wetted
may also vary. For example, one or more component surfaces may be
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the pre-existing strong bond at the interfaces 24a,

24b between the fusible nmaterials 20a, 20b and the
weowpoeest s 21 a, 21 b. [064] In Fig. 2(b), PCT/US2004/014775

free-standi ng sheets of the fusible material 25a, 25b

are di sposed between the conponents 26a, 26b and the

reactive foil 27. In this case, both interfaces of

bt B el e A G s Ao ARB N ffver o v
fusible material 25a, 25b (e.g., the interface 28a

Qeﬁloadiuaeléhﬂg,t%@yeéaﬁ@W&ia’r@w raze, i doth, fohexample; seele that the
29a, 29b adjacent the conponent 26a, 26b) may be

tayes ofisolder or brazeds depositéchorts theadheaRin, lagér), Ir2@hother
Accordingly, for this arrangenent, suitable parts

érample, efec@stantinieshics effiaviasibid hatdrial nﬁé&%b'd%posed between
mat eri al s 25a, 25b, and/or conponents 26a,

may
B ®alpef &b 6F the. coh%d%té andé/i%?s’chgef fedh-43R iﬂ)gzﬁ'leet may or

shape, and/or conposition) r particular

PO HAI 2 RAN e oo FE DLl oy v o
bst anti al | et It| e

B S 0510 S e s Jeﬁéﬁtﬁ'e e tuiglayer ol in yet

under st ood that the arrangenents set forth in Figs

anaiher g¥ample, Pnerer make layais: ofrayfusitie matarialspay befprovided

aspects set forth herein nay be conbined, renoved,

bétweendoneadinore vsaative aniltijalyereeand ang anmnmerccmﬁponents. In a yet
sui tabl e arrangenents and/or manufacture any nunber

ffrtheyw iekalipte, nedsichsre RREde piultilb s%é%@@l%?ﬁ&éd befdden one

constitutes a critical interface 1that needs

Yirofe coffbnBn? it {“??‘@%‘Hitﬁé%‘? Bfiech fidteeactive
ﬁ?@%ﬁ%ﬁ?ﬂ%ﬁ??@e Yo g S B A BPe. 08 Befens (e.0. 2

particular reactive foil may provide sufficient energy to effect melting of one or
more components). Such a process may be called reactive welding, as opposed
to reactive soldering or brazing. An example of reactive welding is disclosed in
U.S. Patent Application No. 09/846,486 filed May 1, 2001 and entitled “Free
Standing Reactive Multilayer Foils,” the entirety of which is incorporated herein
by reference.

[066] In a further example, embodiments of the invention may include
combining simulation results with experimental observations to determine a
suitable range of conditions that can be implemented in a reactive joining method
to yield a reactive joint with suitable joint properties.
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and/or Au plating, a |layer of a solder or braze, or

both, for exanple, such that the |ayer of sol der or
whe@2003032 deposi ted onto the adhesion | ayer). PEI/US2004/014775

anot her exanple, a free-standing sheet of a fusible

material may be di sposed betWween the foil and each of

the corrponents however, the free st andi ng sheet may

furt exa

react Y1 F?“%%@@F“Fso?f Rrdentbh BAE Tisde,aRe cogiguspion and

| ayers on one or nore sides of the reactive nmultilayer

£einbinatipnyefianyHidhe a@spestarset &orthhheredn withrrespestde smpleraenting

fusible material nay be provided between one or nore

apdrimanufatiuringseitablerréactive jpintsnisimgcsuitablecraastive joiaing

yet further exanple, one or nore reactive nmultil ayers

rsthedsli Opessed o einteeliments may indlide oSS whére parts (e.g.,

such a configuration, the one or nore reactive

BHE O Infyrer reatie ffls) ﬁhsFﬂilé RdtefA8! Atd/oMEdiR BH@nt?ZE é’&lsgosed

nore conponents (e. g , a partlc ar reac Ive

Qﬂﬁé’tbﬂﬁ rrg}gr}fnhm ;?'fbtagg %E,BEV %ﬁ%% efﬁ@ggﬁ gﬁ'lk‘%g %Bot or s&f of

e |ve wel di n S osed to reactive solderinpg or
r@ﬂ Snigmey ide eeiigionsavheleharns rie dseesest ad

.S. Pat ent Appllcatlon No. 09/ 846,486 filed My
QSWBUMH%{W ahout ) regctivar ol cesterting n'g“heeeeﬂd\ﬂéher embodiments
Multilayer Foils,"” the entirety of which is
anzdegwkmﬂdﬂﬂuwrein by reference. [066] In a further
exanpl e, enbodi nents of the invention may include

conbi [068y sFauéﬁﬂdoanném%whtrﬁsymthWflgwm@s the thermo-
observations to determ ne a 'suitable range of

Fﬁﬁb&éﬁggeﬁl gtof any p%?ﬁ ég'ﬂarl%ggeb | ynﬁn%ﬁi@‘é[ I:%J\éstlons on either

t ho

%@?/C{@%&ﬂp %ﬁh{e@%o ay be subséan\tll\gly2 O e%{,8§5%n example may be

reactive joining of components made of substantially the same material and/or
using substantially identical layers of the fusible material. For embodiments with
asymmetric configurations, material properties may differ at corresponding
symmetric locations on either side of the foil. An example may include the joining
of components made of dissimilar materials and/or reactive joining configurations
that use different braze or solder layers on each side of the reactive foil. As
reflected in the model results and experimental observations disclosed herein,
one of the distinctive features of the two setups may be that for symmetric
configurations heat may be transported symmetrically with respect to the foil
centerline; a symmetric temperature distribution may accordingly prevail. In
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[067] Enbodi ments of the invention may include any
configuration and conbi nati on of any of the aspects
w@edshaiodh herein with respect to inplenmenti ngPCHON004/014775
manuf acturing suitable reactive joints using suitable
reactive joining nethods. One set of enbodi nents may
i ncl ude configurations where parts (e.g. one or nore
reactl e fola# fusible materials, and/ or conponent s)
aﬁéﬂm Ho cepfigatians e Aealolkipastion may be uaseuallydransported
reactive foil centerline. Another set of enbodinents
with reseecide faibegntglingt and sndsymmeltsicttsmpeeatdre fieldeday be
asynmetrically about a reactive foil centerline. These
eonsezjuieatly establishedt 4s fartkeddisclosde teksth Ovest 868 irdOmay have
enbodi nents with symmetric configurations, the therno-
anyimpast oPrHepeYal trefisSbrt aﬂﬁn??ééctﬁb Jéiﬁfng;feét ﬁg@?g?f’t new joining

symmetrical |ocations on either side

gﬁgﬁgéhbreagf?ycmjgg“m i @ntially identical. An exanple

1ve ] "of conponent s made of
subst the ane rmterl nd/ or
subst Jlrtj PEQGSPQI%‘? nHeg b@ggla@pged to analyze a

mat eri al For enbodl ments with as metric

W&Wf Yajiatwef syametie epntiguratiosise n paalc%v fan Hemetiverjoining of Cu
corresponding symetric |ocations on either side of
corapooents, Au-piatedstainkesy steall(88¢ components, g cowmlponents, as well
conmponents made of dissimlar materials and/or
as gold-platddoAni Bxeraprly esuft iobfsined PSHCULER @irfts @h8[br the joining
braze or solder |ayers on each side of the reactive

bOAl- Plleﬁﬁd stAh8s Lesh td |t§é]? RY %6 Al ‘gfeﬂé& Al "P(S‘ﬂself are provided

experinmental observations ISC ose erein,

hp fﬁyﬂ‘% othdds oo B Fuact m@t S ﬁ%%m*éoare also
SRabla & ot BeketilE (s cromiore shyellade APy bulk

prevail. In 29 . ) ) o
metallic glass, ceramic, composite, polymer, aluminum, stainless steel, titanium,

copper, Kovar, copper-molybdenum, molybdenum, iron, nickel, silicon carbide,
aluminum nitride, silicon-nitride, silicon, carbon, boron, nitride, carbide, and
aluminide).

[070] In one embodiment of the invention, the design model is validated
by comparing computed predictions to temperature measurements performed
during the reaction using infrared (IR) thermometry. Results are provided for the
two configurations shown in Figs. 3(a) and 3(b), showing reactive joining of two
Cu components 30a, 30b in Fig. 3(a) and two Au-plated stainless steel
components 30c, 30d in Fig. 3(b). As shown in Fig. 3(a), the surfaces 31a, 31b
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WD 2005/ 005092 PCT/ US2004/ 014775 asymetric
configurations, the heat of reaction nay be unequally

wo e@ssporred wth respect to foil centerline, P@NUSENG/ 014775
asymmetric tenperature field nmay be consequently
establ i shed. As further disclosed herein, these
features may have an inpact on thermal transport

o B Rl oflo P B Pt ool Aaish RolBhr 22,920

descri bed herein has been applied_to_analyze a wd

DRV N1 ey RRb PP EATBRIG (o 4T-oRES T198-HAnINGINh b33 may
reactive joining of Cu conponents, Au-plated

bawe altbickneswel ali@8)55cwmpand wiash skle chihpdoit38amapbave about 1
wel|l as gold-plated Al. Exenplary results obtained

fior ofQucGsil Boa,B4b dapbdited therednoi As Bigownfin K Fﬂ(laf ﬁ@e -standing
stainless steel to itself and for Au-plated Al

shestsfof NRSRIsRYd ¥ SP e, Bod %é%/ hdtea MRERRES @%dﬁ%‘ i and may
for the Cu-Cu joints and SSJOIntS are al so

BQ Q)JI %eoqtt lltulﬁ?é I‘{?ﬁtﬂ é'fgﬂ ?34 ?ng‘c e%flvgﬁl% %Igted stainless

oy, cera

§$ Lbﬁheﬁfag@&f 30&3&';}9 et ﬁ&?é{d?fl}ﬂ%‘yéﬁﬁffifﬁ% fay have a

denum iron, nickel, silicon carbide, alunm num
Pﬂl@hﬂe@é of &ibput 4 1A tandieachsside &b the filr-Fsnmaydayes,about 1 pm of

nitride, carbide, and alumnide). [070] In one
chisil B#en34d)ﬂepd7&ite'chlher&o'm nThé heaterals gndrardaluassdisclosed herein
val idated by conparing conputed predictions to

hepedraplaneongaSiieeprebat ineehtetppiibabiBdo idlifer materials and/or
reaction using i nfrared (IR) thernonetry. Results are

Bir{r?%/ﬁs‘?&% geo%\j baéh ergr' M&tﬁé’é‘étaﬁﬁﬂ‘(@sﬁ&t%% be one or

reactive jolni
@%z?ﬁfge%g%@es@veé@@mshﬁ@ 3 AR P08 o
Ieaglwpealdntlrf g hc,Sggoafzj mE:Ilrl]J?n SsLiII(/IeF %%?lm%%y?lnc%sﬂ bGapasﬂ TiCuNi,
titanium, copper, and nickel).

[071] Figs. 4(a) and 4(b) contrasts measured and predicted temperature
profiles for the Cu-Cu joint configuration shown in Fig. 3(a). Fig. 4(a) illustrates
the measured instantaneous temperature profiles at various times following
ignition (e.g., chemical transformation) of the reactive multiplayer foil and at
substantially constant positions on the Cu-Cu joint configuration during react‘ive
joining of the Cu components. Fig. 4(b) discloses the predicted temperature
profile (e.g., energy distribution) at substantially the same constant positions on
the Cu-Cu joint configuration during reactive joining of the Cu components, taken
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30 WD 2005/ 005092 PCT/ US2004/ 014775 of the conponents

30a, 30b may be pre-wet with an Ag-Sn sol der | ayer
wW@2®5/0822 havi ng a thickness of approxi mat el yp@BUS2004/014775

The free-standing Ni-Al foil 33 may have a thickness

of about 55 pm and each side of the foil 33 may have

about 1 pmof Incusil 34a, 34b deposited thereon. As

hown, in Fi free-stapndjng. sheets A\U- Sn

BEFE O Sstorts Fohpihsesands A RflusctoBRscp S millacepaas, 830
and may be disposed between the reactive foil 33c and
ﬁH'@S@‘éﬁg’M@e@r\dé RQ-pillisesands aftar iwadionafdbe reastiysrvultitayer foil.
30c, 30d. The free-standing Ni-A foil 33c may have a
Note kreeslose fagagrinentigetpeendhe nezadurad dad abmputed piebk

33c may have about 1 pmof Incusil 34c, 34d deposited

témpeatureshAlsahets thbshaniddwativabbte Mozl fatingPretdss. As
are exenplary only. The present invention is

28R beCHntin Mg tA18Y aﬁ'@ﬁ@?)i, mesre%'&ﬂ?é??g)ér]ig%; g)'?@ééé%rﬁ essentially

(e.g., each joining |ay and/ or ndi ng shee

; r f l.ead-tin ilver-tin
ERoRte NI ryaifoR o mi BRI o1 B iREpbi B e Faptiga. the
| ead, lead, tin, zinc, gol i ndium silver, antinony,
PAERRAY Qﬁ%&h&‘ﬁt or eﬁ?@wﬂ?‘lgﬂw Atk ReAK Wegpkvde,dhepugh various
nickel). [071] Figs. 4(a) and 4(b) contrasts neasured
pasitigne ananedreafreeiiherreacteomultéayer deil, tthe jadoinguayers, and the
joint configuration shown in Fig. 3(a). Fig. 4(a)
compsheats¢s the neasured instantaneous tenperature
profiles at various tines followwng ignition (e.g.,

chem 2] t r Bigs BedEHow Predictéd forh Saratirsrofks i(@.'gfiyéﬁ{ergy

foil and at substantially constant positions on the
LR hcssMOUERIES i 3Gt SPUR 8100
S e A 55, v R b B 8 the moment
of passage of the self-propagating front, and at 0.1 ms, 0.5 ms, 1 ms, 10 ms, 50
ms and 400 ms afterwards. The results show that the temperature across the
joint decreases very quickly to 48°C at 400 ms after the passage of the front,
which is comparable with the experimental temperature measurement of 47 °C.
Fig. 5(b) shows the evolution of the temperature in the stainless steel
configuration shown in Fig. 3(b) at 100 microns from the interface between the
solder layer and the stainless steel. Shown are results (e.g., energy
distributions) obtained from both the numerical simulations (predictions) and the
infrared (actual) measurements. Figs. 5(a) and 5(b) demonstrate substantial

agreement between model predictions and experimental measurements, and
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the Cu-Cu joint configuration during reactive joining

of the Cu conponents, taken 31 WO 2005/ 005092
weFODsBR00D4/ 014775 here at 0 seconds, 200 PCT/US2004/014775

mlliseconds, 400 m|liseconds, 630 mlliseconds, 830

mlliseconds, and 1030 mlliseconds after ignition of

the reactive nmultilayer foil. Note the close
eerre t bet en t he neasured and conputed peak
§ (6B O e, torrpRTatTR e 2Rt e (PG e XePSHIReOr the

reactlve joining process. As can be seen in Figs.
gemporaats4(b), the reactive joining process is
essentially conplete within hundreds of mlliseconds

of th733ssabe nubdél meay beapplied b systb@atipalisiagestifaté fise effect
heat or energy, usually at 1ts peak magnitude, through

Mfiﬂh'e%ﬁ thiBRFdds! SHEhePRe g dF rcnﬂ@élﬂnl‘é?fa%@@ 6rﬁﬂf§ Mméfing of the
multilayer foil, the joining |ayers, and

ﬁgmgfﬁ%{%ﬁél Sbglfa%]on':th% théﬁﬁal g%@?é\@re%ﬁﬂ{eﬁggfﬁoneﬁg For
SiAmoe. Fif @ég‘él%fa?igsbpé P ey “ngﬁ'@aa@z?@gam
time instants, corresponding to the nonment of
e9MmppReRts| G0a, 60pdhat may blerfﬂﬁ’t coatad with athin i undedamr 61 a, 61b,
1 nms, 10 ns, 50 ns and 400 ns afterwards. The results

ahoiherhan Adiayelemmrmrks abows $n Fige 6, freerataniding sheets of Au-
very quickly to 48C at 400 ns after the passage of the

Snaolder by Bhve a thiRRRESAHE ghomttds ﬁrh%rﬁ?(rﬁégllféiﬁﬁe%l as the fusible
tenperature neasurenent of 47 C.  Fig. 5(b) shows the

Co?éfariél 633 B88h! ch%&@fh‘érf%g P%)thf h%%%'aﬂbﬁ?? #ﬁﬁ §f|onr%usn 65a,

i guration shown in Fi m crons

08 L LB 0 A58 BB oo B AP 8 n v v o
Iesréﬂtfggrlgkgrpq%r% gq%g;ggvgghnaﬁg %gldteh?%gu b ang the component
60a, 60b (may or may not include one or more of layers 61a, 61b, 62a, 62b) may
be analyzed by quantifying the time duration during which the solder 63a, 63b is

locally in a molten state. To this end, the thickness of foil 64 may be
systematically varied, while other parameters (e.g., of the foil 64, layers 61a, 61b,
62a, 62b, 65a, 65b, and/or.fusible material 63a, 63b) may be fixed.

[074] As described herein, the model inputs into the computation model
formulation may include the thermophysical properties of the foil and of the
components. For example, the table below discloses possible inputs such as the
thermal conductivity, heat capacity, and/or density of Al-6061-T6, Au-Sn, Incusil-
ABA, AI-NiV Foil, and/or stainless steel.

33



infrared (actual) neasurenents. Figs. 5(a) and 5(b)
denonstrate substantial agreenent between nodel
w@e@dioeodons and experinental measurenments, anPCBRSAMN/014775
2005/ 005092 PCT/ US2004/ 014775 show rapid drop of the
tenperature, and |imted thermal exposure of the
conponents. [073] The nodel nay be applied to
systematically investigate the effect of the foil

tting of critical interfaces, on
| Materigdl t i ng of ﬁéefmﬁL%qndv@V'WaterlHaﬁ’f,CaamlWor on t hensity
[_’E.e4 ) m(arml e, lﬁigﬁl)
08185 an enbodi rreri'@hnrﬂ re | ngof 2700
U¥nel T6—conponents2B0a,—60b that A8y be fjrst 14510
SLARA ko thinN—(hderhaylr 61 4061 b, | andt B
= i 1 S T 830, 5665
alnfes ’ - 1o %00 T [ 7990
ree-standi nmyg 5 reets—ofr—Au=—Sn—sotder may—T1ave—&

t hi ckness of about 25 ,om and may be used as the
Qikempessibairputaimaginclueisithe E@hdustampeﬁaturlae)fﬂ nc¢usilgds = 878K),
may have about 1 pmof Incusil 65a, 65b deposited
theelicqadus Temepebtieetof dhcudilg Tt RIOSBKE the dleat bEfusior Ifedisip(H; =

the wetting of the critical interface 66a, 66b

b@?@@@ﬁnbl‘)%é@oﬂ&ﬂs fetApe@dliredtNU-BR s‘b‘iﬁﬂ?‘{‘?ent% ?“%hle liquidus

(may or may not include one or nore of | ayer

uration ur| ng ol der
aII n st ate. To th| s end, the thickness
Mf '651%9? syst ematically varied, while other
pararreters e foil 64, layers 61 a, 61 b,

62a, BU) 6§9th BW'C’[%@PM“%@JFW é/ahamsé?aw @foll ypr
may be fixed. [074] As described herein, the nodel

thigines siare depinted omiigsat (a) mnaot(b). F@o?fa)lsﬂmivmhmm%e heat of

i ncl ude the thernophysical properties of the foil and
rdactiba may be affected by Al-Ni foil thickness for “thick” foils (e.g., RF16 having
about 2000 bilayers) and “thin” foils (e.g., RF18 having about 640 bilayers). The
lines depict the predicted heat of reaction given a particular bilayer thickness of
the Al-Ni foil while the circles depict the measured heat of reaction of bilayers
having a particular thickness. Note that the predicted heat of reactions
substantially correlate with the measured heat of reactions. In a further example,
Fig. 7(b) depicts how front velocity (speed) is dependent on bilayer thickness.
The line shown in Fig. 7(b) depicts the predicted front velocity given a particular

bilayer thickness of the Al-Ni foil while the circles depict the measured front

velocity of bilayers having a particular thickness (e.g., as disclosed in Gavens
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conmponents. For exanple, the table bel ow discl oses

possi bl e i nputs such as the thermal conductivity,
wheas/oeapaci ty, and/ or density of Al -6061-T6, PCF/B82004/014775

Incusil- ABA, AI-NiV Foil, and/or stainless steel. 33

WO 2005/ 005092 PCT/ US2004/ 014775 MNaterial Thermal

Conductivity Heat Capacity Density Wnm K J/k /K k /n8

PR 90308 6435 eoBI TRl oot it
St ainless Steel 18 500 7990 O her possible inputs may

the medsurertbirent yalegtieenper at ure of Incusil (TS =

878K), the liquidus tenperature of Incusil (Ti =

988K) IOZEHe régnt8 dépitissiommputad psediciidis for tHOZARRUM BbMelting of
the solidus tenperature of Au-Sn solder (TS = 553K),

thesblderiayes as WNRR el Batibn Aﬂn@mr@%t@lﬁé chi'bal-so'f’@é”r@omponent

and/ or the heat of fusion of Au-Sn

gr{r’]cgﬁéée ab Q‘? fehcf B Rﬁlqgfcﬁﬁééis gﬁg 5 c Qtrll‘)g |b'|’?)S '@Té?gshed

ol | ayer |ckness ar

18 60 g AP B B e 75 g or

f»‘w'm'pﬁﬂg%ﬁ fir PErapIS. 4438w e GEBGUIEIAT SERBAe 8 Fic. 3(b),
The |ines depict the predict ed heat of reaction given
whila the salichlings 839.c54Q repcksrnis resultstthat mayXie dktained for reactive
while the circles depict the neasured heat of reaction
minibg lofyerglated stainless steel components, for example, as shown in the
configuration depicted in Fig. 6.

[077] For Al-Al joints, the model predictions in Fig. 8 indicate that when
the foil thickness is smaller than about 35 um, only partial melting of the about 25
pm-thick layers of Au-Sn solder may occur. Accordingly, the duration of melting
at the critical interface between the solder and the component may be about 0
ms. On the other hand, when a foil haying a thickness substantially equal to or
greater than about 35 um is used, the entire solder layer may melt and the
duration of wetting of the critical interface (e.g., duration of melting of the Au-Sn
solder layer locally at the interface) may be positive. In particular, the duration of
melting may increase as the foil thickness increases. The model prediction also
indicates that the minimum foil thickness needed to melt the about 25 pm-thick
layer of Au-Sn solder may be larger for the Al-Al joints than for the SS-SS joints.

Furthermore, for corresponding foil thicknesses (e.g., greater than about 20 um),
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having a particul ar thickness. Note that the predicted

heat of reactions substantially correlate with the
wore@sowo2 heat of reactions. In a further exanptBPUS2004/014775

Fig. 7(b) depicts how front velocity (speed) is

dependent on bilayer thickness. The |ine shown in

Fig. 7(b) depicts the predicted front velocity given a

articular ila t hi cknes th | -Ni foil while
it ol il gidithe rlHERS O mRltnadRthe sekise aprapay b targer
I layers having a particular thickness (e.g.,
zerrschﬁ%él&ijllﬁh Dessingreases2eaitontalydarger) for the $5-58 joints
PCT/ US2004/ 014775 and Besnoin). Note that the
frasdiios thel Al-Abjoints e Tixs maghesdilns taathial fatt that te tHeminal conductivity
with the neasured front velocities. [076] Fig. 8

destafiless sepling ? by m@bﬁtshﬁﬁll%r i e oRARBOE 1 S'6, "Bbhddiliently,
of the solder layer as well as the duration of

ABLE B b%tcdrib‘ilfcféq 5 % cﬁoélg\ﬁ%r fé‘?érf?rﬂa ?l'?é SSJ PSR iH 368 ARS These

a func i on ness

| Sk The da Ilnes 81 820 re res S
?*e%&#t%@%%@{?%q;era%orsﬁﬁa.nﬁss Per caeeiewn%wa Bfthssdesign,
conpon? for exanple, as shown in the
Higusaten i Aredimensiens o regctiveigining enfiguratienssest.g.dfoi
Ilnes 830, 840 represents results that may be obtai ned
thigknesa)s thaged gndheipigpertiesof thenself prapsigaitiog seaction and the
conmponents, for exanple, as shown in the

thenfnoghysicalgropertiestofdhe reddtige nbultile§@r Jof fies fulliblématerials,
joints, the nodel predictions in Fig. 8 indicate that

M@rof_hﬁ;é@hboﬁéﬁ@kness is smaller than about 35 pm
only partial nelting of the about 25 pmthick |ayers

of AUHO?@LSOfndS{ot eﬂﬁ?Hfm RFMmS| rpv%hy n,t%déﬁ%aﬁbu?ﬁencal

of e at t cri |ca |nter ace

@%:qgt&|oH§E)g th fde e qo g]e %%ﬁgsgfﬁgle\g?l? uqt:m%gg@ of tgne fusfle material
an /glt’g \t/vle tlnlgyofecgltlcal mterfarces) may be contrasted with additional
experimental measurements, for example, the shear strength of the reactive
joints.

[079] For example, Fig. 9 shows that the measured shear strength of
the Al-Al joints and/or SS-SS joints may be associated with and/or dependent on
foil thickness. In particular, the foils that are thicker than about 55 pMm
correspond to the RF16 family (e.g., have about 2000 bilayers), while the foils
that are thinner than about 55 ym correspond to the RF18 family (e.g., having
about 640 bilayers). The joint strengths were measured using tensile shear-lap

tests. Consistent with the predictions set forth in Fig. 8, the measurements of

36



' the entire sol der
ter than about 35 pmis used, _
Ig<21§2r may nelt and the durati on of wetti ng of thEM4/014775
waeaoosioesab2 i nterface (e.g., duration of meltingP@f/U

Au-Sn sol der |ayer locally at the int e][fatr:neal)timra]é bey
= . o
itive. In particular, the du_ratlon ma
Pgirease as tﬁe foil thickness increases. The nodel

iced inti bl : t i ni mum foil
I cknoss o oiet oo o A b3 nsl 0B wien the thickpess of the
or the Al-Al joints

Racfive | éﬂ%@:@@éﬁn@ﬁ%@tﬁ%mmn@m@n therthickness of the

than for t
: i i ck S (e.g., greater than
feictive %P@hﬁ%@% ' tin%h%g}ggggg@agﬂwpeﬂlﬁwa FiQ?DZ%eovH‘ﬁmt Al-Al
icts that the duration of me ting of f
S wrfgﬁ &\?ﬁqsﬁaatyeg"eacwegtbﬂ is (fﬁm;ibr?tﬁah BOOlESS @Fg?&?gﬁat Ss-
|nereases, substantially larger) for ‘o the fact
$Hdeintsonay el whemlthé @irthfckndsé s 13RY 1he, ?@cgust 2& T {Hﬁ/

that the thermal conductivity of stain

. - -T6. Conseguent |y,
mesnsbbeforthhaFid. hiseisnAly §3Pf:.T 6 S i th
rﬁiﬁmﬁay be conduct ed at g re ggg rFeSReelVe oMt sirengths

iN : icted results underscore _
@ L‘ﬁé@a:ﬂw 1"h gri‘ é%egg}tglﬁﬁégi%qohﬁgégm,g nesisesiad thie sespective foils
iy and/ or di {He,nsi ons of reactive joining

gk P%a :""ﬁﬁ’é’r(’&? strepgih is r@ﬁﬁme?gzittwmcggﬁmateau is
. %)%C&%ﬁg i e@jrﬁ%t;eggﬁzgagli}gg%gg&éggb?ﬂxi/ﬁgﬁg gﬂ#tﬂ(i)%ﬂesmf’eg{gth may

e S i ol g o or
Sggg%‘g,gggblaﬁgﬁ H;;lémfa{di@lacﬁ%ﬁ R i]fcﬁﬁé Q&i%@ﬁ%@ggl}ut 42 um,

and/ or of wetting of priti cal 1 nterface
T or exang o the PEdk SheRgh mey RESP IR oda ho ol s about 80
Km thick.

[080] Accordingly, by using the model predictions of Fig. 8 and the
measured results of Fig. 9, one may be able to correlate the optimal and/or
maximum strength of a particular joint with the time duration during which the
solder remains in a molten state at the critical interface. For example, for the
present configurations, one may be able to conclude that the Au-Sn solder must
wet the critical interface for about 0.5 ms in order to achieve an optimal and/or
maximum strength bond. The bond strength may also be affected by other
parameters of the present configurations, for example, the peak temperature at

the interface between the fusible material and the component. The predictions
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joints. [079] For exanple, Fig. 9 shows that the

Jrrgiaghred[she!ar strength of the AI-Al joints and/or
WEB0S803002 nts nay be associated with and/ or dePentsIvn4/014775

on foil thickness. In particular, the foils that are

thi cker than about 55 pm correspond to the RF16

famly (e.g.,, have about 2000 bilayers), while the

: i 5 ond to
rhe epbepbetiDocegopk I oSt ereRd renatphe AL ang

kQj were neasured using tensile
SRERPTplls.°aBPA 26 ABRERERY Samesnermiipdsitao pottow 6
forth.in Fig. 8, the nmeasurenments of 36 WO 20Q5/ 005092
BR7igdze e Brepenbembogiment todi varety Ofiatherunatesisf sYstems.
joints may be obtained when the thickness of the

r eact [08d] oln amethenemBlodithentaifrihisiiyarRimt ﬂ;’e'sdgé]g%%@gmach set
when the thickness of the reactive foil for a -

fovihriierein mague 2hliea to M)Al Metr@i &’nﬁggfeﬁl R (hat

Al-Al joints may fail when t reactive

earifiguestiranhalRbpdRicd BradhBliehille! o i aSBd LS o

ail when the foil I ckness i

Fter oTBRRUERTAS o e, AL BB obeadan poymeneiaee

iep! SoPEL s in the thicknesses of the respective

éﬁgﬁigg}%ﬁ,ﬁg SSEO}M“&IF 4% Hhavhieh Puskatesitbe geactive joimrmhetisiC to
ce that, peak and/or plateau is reached, the joint

@h'zﬂiﬁtvﬁhiﬁgihﬁ’ thieknesses of the Insndil tayerotHatbrd pf?-ﬂeposited onto

strength may be inparted to the joint even w

thei SiC ewidvE may bedwsid fiked.f oi | t hi ckness. For SS- S
joints, the plateau nay be reached when the foil is

0,21t Sy s el oD o
tTtHMEK profile during the reactive joining may be asymmetric with respect to
the foil centerline. Such asymmetry in the thermal profile of across the SiC and
Ti-é-4 assembly is shown in Fig. 11(a), which graphically shows that the thermal
wave may diffuse faster on the SiC side than on the Ti. Moreover, the peak
temperatures may be generally higher on the Ti side than on the SiC side.
Similar effects (e.g., faster diffusing on the SiC side than on the Ti side and/or
higher peak temperature on the Ti side than on the SiC side) may be observed
by analysis of IR thermometry images of the SiC-Tij assembly during reactive
joining, exemplary samples of are shown in Figs. 11(b) and 11(c). Fig. 11(b)
shows an IR image of the configuration at the ignition of the reactive multilayer

foil, while Fig. 11(c) shows an IR image of the configuration at about 240 ms after
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[080] Accordingly, by using the nodel predictions of

Fig. 8 and the neasured results of Fig. 9, one may be
w@bpios/oow9rorrel ate the opti mal and/ or maxi nUNPGL/D820G4/614775
of a particular joint with the tinme duration during

which the solder remains in a nolten state at the

critical interface. For exanple, for the present
o A5 hep RIS Ho R, AR Br SRS A Bl propertos

about 0.5 nms jn order to achieve an optinal and/or
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the interface between the fusible material and the
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dlffer on different sides of the foil). An exanple of
dendsited ashotetidésof thertagtiveafaildif 7. ST thisvend nthiei thickmesses of
which illustrates the reactive joini ng of SiCto

thie-rade ldyeryh0sh1od eadimg ﬂi@Sﬁ'ﬁﬁ?lrﬂFl he) dng Ts(th il argene) may

that are pre- deposnted ont o e S| and Ti may be

ﬁg?ﬁ%‘# “ﬁ%r?gngtéﬁ e%h ﬂe_}’th %ré\l elsé(ﬂ@(ﬁ mgf reactlon

e thermal pr

durtlp(ggﬁé tJ‘gg ot rte'a\(/:{3 01j1 %f&bﬁ? (ﬂ@ym}%? o"F‘ﬁ'YerWS'ﬁtfd?Cal% H thicknesses

of the adjoining layers 105, 106 may be held fixed. The foils used in the analysis
of SiC/Ti-6-4 joints may correspond to the RF16 family, whose properties are
shown in Figs. 7(a) and 7(b). Other inputs to the design model are provided in

the table below.

Material Thermal Conductivity Heat Capacity Den3|ty
(W/m/K) (Jkg/K) (kg/m®)
SiC 130 750 3200
Ti-6-4 6.7 610 4510
Incusil-ABA 70 276 9700
Ni/Al Foll 152 830 5665

Other possible inputs may include the solidus temperature in Incusil (Ts = 878K),
the liquidus temperature of Incusil (T, = 988K), and the heat of fusion of Incusil
(Hf = 10,792 J/mol).
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the foil centerline. Such asymmetry in the thernal

profile of across the SiC and Ti-6-4 assenbly is
w@h@dnosom Fig. 11(a), which graphically shows PEEUS100£014775

thermal wave may di ffuse faster on the SiC side than

on the Ti. Moreover, the peak tenperatures may be

general ly higher on the Ti side than on the Si C side.

Siml ff i s us

Si de [@ﬁéﬁ offa g CamplTiib o Fii e fufoe8 oH e wetting of
enpe e _on th |dethan onthe Si .

the BhGar Disaracay. Whishya T BroseRl o ﬁ%rﬁ%%wds oo hfaces 108,

t he Si C— T| assenbly during reactive |oini

Hchewaep therpeusil layersr s HeGrpreepogted Qm(myheafﬁd 107 and the

11(c). Fig. 11(b) shows an IR image of the

laonsil layerst 10N 3 preedempsited amtothdihespeetive e@mponents 102, 104.

multilayer foil, while Fig. 11(c) shows an IR inmage

S?;‘Seélﬂ%llgoﬁfr'tﬁé‘ bﬁhhgén@nt ahewh i Y. M, &fd RIacBSn Wiy be required
2005/ 005092 PCT/ US2004/ 014775 ignition. As further

tG'pQrBH&'?@ gui‘?l@fefl't ﬂeaf Qé 3s \‘c{)‘ﬂ?éltsﬂw@%éfg Iagl‘ % 65! 168 Rt are pre-

FICJOInIng |gurat|onrra

e u n m;re tive ol_ni
BB A0 IR P gl B o romoyors 101, 102
thlckness of an Incu5|l er 101 t
(b atopeS eRRSIGR® e TI T andage i 460uiin 46 gamputations, we
thick, while the Incusil layer 103 that is
quantifietiis phegomenon(&g.,Snelting #f s obe oalware brege fayers) by
thick. In this particular design analysis, as set
monitdridethevpeak thivikmestes of tieudpltemprder layetse101, 103 on the SiC
conducted of the effect of the thicknesses of the

fo£3Rd TRy e Sre%%cwé?g gnd HePPé FBwWaRy BAJIE sﬁbﬂ@i’th@ﬁ/arlous
the reactive o this end, the thicknesses of
tk&%nggﬁt&c ¥T3518m%ﬂgn bjr% faﬁahng%é hﬁ”Sq i& (drholift fFirffelting of the

ﬁggfﬁgg(g%h% com M?)ma ons G the ﬁwlgkn%rsglels t1t, Iilgl o rIllgs’os’ne(or more braze

layers 105, 106 pre-deposited on the foil 107.

t (nm) to (um) tsic (pm) tri (pm)
1 1 19.32 45,95
1 4 19.36 35.05
1 8 19.40 27.03
1 12 19.44 19.87
1 16 19.48 13.84
4 1 15.49 47.54
4 4 15.54 35.39
4 8 15.57 27.24
4 12 15.62 21.03
4 16 - 15.66 13.99
8 1 11.50 47.95
8 4 11.55 35.63
8 8 11.58 27.38
8 12 11.62 21.15
8 16 11.67 15.11
12 1 7.74 49.55
12 4 7.79 35.98
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heat (1189 J/g) and reaction velocity (2.9 m's) of the
foil 107 and the thicknesses of the adjoining |ayers

wa®s/04082 may be held fixed. The foils used i nP€TES2004/014775

analysis of SiC/Ti-6-4 joints may correspond to the
RF16 fam |y, whose properties are shown in Figs. 7(a)
and 7(b). Other inputs to the design nodel are
provided,in the table _below Mterial Thernma

Conduct }§ity Heat Capaf’ ty Density (WM K Jfk /K gg?
n8 Sl @‘2130 750 3200 16 i-6-4 pb.7 61 9 510 ’L5.26
A TO P76 970q N~7+AHFoi 8365665 C15f%1

possi bl g i nputs| may inglude the solidig tenpefaturesijk
ncusi |1 TS = 8f8K), Bhe |iquidus tgmperature of o573
ncusi 1 T, = 9B8K), aml the heat of 3fgasi on of | ncusg s

Hf = 106 792 J/pol). 3% WO 2005/ 00509822 15.45

PCT/ US2004/ 014775 [084] The nodel conputations for
Figg.121@raphieallp shewsd the thitlknesstdf itmeg nufitentterage idyieedl01, 103 as a
interfaces, which in the present case correspond to

firetiontcfth@ens ok Gfore Bre2e hBlere @051 165 Hégé‘éitéd bRBRREr side of the
105, 106 pre-deposited onto the f 0i | and the

FeHCHSE ol JYP S tﬁgjoonjrtgﬁa \gfj@ﬁéséé{p r’cﬁf&lkf]§§é {)1:) braze 105, 106

respective conponents 10 ica

r eq(%lﬂjr%(ﬁg8 Q} o o uc@eogth%f %fgfé\fﬁ%ﬁ 1{9{% 312: ?ﬁy ﬁ!%tdqsﬁ\?d curve

aze ers t are deposited onto the
i’U‘*‘/g nhern p473 BRITH cPMIPOBRRLENG Ay salid curve
101 103
shows the amount of melting of the brazeon the SiC component.

[085] Examination of the results in the table above reveals that the
amount or thickness tsic of braze 103 that melts on the SiC component 104 may
depend on the thickness t1 of the braze layer 105 on the SiC-side of the foil 107.
Specifically, tsic may decrease as t1 increases. Similarly, the amount or
thickness tr; of braze 101 that melts on the Ti component 102 may depend on the
thickness t; of the braze layer 106 on the Ti-side of the foil 107, and debrease as
the latter increases. This effect is graphically depicted in Fig. 12; where both
curves (tsic and ty;) decrease as one increases the thickness of the braze layer
105, 106 (e.g., having thickness of t| and t,) that may be pre-deposited onto the
foil 107. This figure also shows that more braze may melt on the Ti component
than on the SiC component (ty; > tsic). This prediction may be attributed to the

fact that SiC has a much higher thermal conductivity than Ti-6-4. Combined, the
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[ [ d the SiC
that are pre-deposited onto the Ti 102 ant
104. In tﬁe conputations, we quantify this phenonenon
w@ 200g/09sopel ting of the one or nore braze | ayerB(QT/Dg2004/014775
noni toring the peak thicknesses of the nolten braze

: . 2
| ayers 101, 103 on the SiC 104 and Ti 102,
re)s/pect ively tsic and tT;. The follow ng table shows

' hick: . ;. of |t b e

P CMEreQUs indaE AR Ssifanis (5 ken i iokness of braze 105,
’.aious C inations of the thicknesses t1,

? g@g@ f %gg)%l}éeec{ 8?"0&8?38?@,1 Q?@S Ingleas pQ%blelgﬁ;e :es_ults (arl%o

pr.e- eoitged on tohefpil %(;lt?l.lmté@(lg\lgjﬁétz.dla. alhaq o

BRI e labibob g mbmiaacasion aysriipinyes 105

a 186 161 hasingdncdsiBasrs5iD5 4084t a ¥Ric of about 1
gﬁf)gg bfuiﬁ 155.626‘6 13.@99 8 1y§irl. 50 47.95 % li' %Ii&%é ou

188 (66-depoBitad RS shfes oF e fdill162 KbstihtiaPrisfinsofifie braze
Ialjéril101, 103 deposited onto both components 102, 104 may occur. Thus, this
configuration provides é suitable design for the joining process. Based on these
results, one may be able to design the thickness of the fusible material pre-
deposited on the reactive nanofoil, both to design the joining process as well as
to achieve other effects such as limiting the thermal exposure of the components.
[086] The asymmetric arrangement of Fig. 10 may also be used to
examine the effect of overall foil thickness, tr, on ty; (the thickness of the molten
braze layer 101 on the titanium 102) and tsic (the thickness of the molten braze
layer 103 on the silicon carbide 104). In light of the results above, the
thicknesses t; (the thickness of the braze layer 105 on the SiC side of the foil
107) and t; (the thickness of the braze layer 106 on the Ti-side of the foil 1 07)
may be held fixed, t1 = t,, where, for example, both t and t, may be equal to
about 1 yum. As shown in Fig. 13, the foil thickness t- was varied between about
60 pm and about 270 pym, and the computed values of tr; and tg;c are plotted
against tr. The results show that each of tri and tsic may increase as the foil
thickness tr increases. For foil thicknesses te smaller than about 100 pum, the

amount of melting of the braze layers 101, 103 that are pre-deposited onto the
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2 17.74 49.55 12 4 7.79 35.98 40 WO 2005/ 005092
éCT/USZOO4/014775 12 8 7.82 27.58 12 12 7.87 21.31

WA 20086050902 15.26 16 1 3.75 51.31 16 4 3.79 BOT/US2004@14775
8 3.82 27.83 16 12 3.87 21.51 16 16 3.92 15.45 Fig.
12 graphically shows the thickness of the nolten braze
Iayer 101, 103 as a function of the one or nore braze

SoRea’102: APg AR Beychte gl s vy ethlgilrelow

rea t|ve
IS de osited on either
é'ﬁé@tkﬂfuvheépﬁé ﬁ\ﬁ‘éq\%ﬁdf?g@rf%hth@ nessitrdangey thamabout 200 um,
shed curve shows the anobunt of nelting of the braze
fg\@ antire bayas ef hcusi d Olhereste pasited onéo trENDIWEDS h@&/arn@m NtThe
of nelting of the brazeon the Si C conponent. 85]

Presenheasubis thuds indicatethdt for e therigurblich abmg%gea %ﬁitéble
that the anpunt or thickness ts;c of braze 103 tha

aved/os desiraie & Bickeebs &8 BENIE04 tﬁ@%gltéjcﬁg %ﬁglogrb&tsﬂgg Sffects may

thickness t1 of the braze | ayer

BB thiel fand8 6f abﬁﬂ?f?)é hfrﬂ{énl é(bov.h?toﬁ I‘ﬁ Eﬁjﬁﬁg@ﬁggg btg’%meen

i ncreases. Sim
onent 102
eg%cgzg ﬁ gbg%]m:%gjtaﬂ%t%oopnm tntl]e(?y b sttable and/or desirable because such

a foil thickness may ensure sufficient wetting of critical interfaces 108, 109 and/or
avoid complete melting of the braze layers 101, 103 that are pre-deposited onto
the components 102, 104. Using this methodology, the foil thickness can be
designed so as to induce melting at critical interfaces 108, 109, while avoiding
this effect at initially bonded interfaces.

[087]  The asymmetric arrangement of Fig. 10 may also be used to
examine the effect of heat of reaction on the melting of the fusible material 101,
103, 105, 106 and on wetting at critical interfaces 108, 109. As mentioned
herein, the heat of reaction of reactive multilayer foils may be controlled using a
variety of means, fc;r example, by varying one or more of the stoichiometry, the
deposition rate (which affects the premix width), and/or the bilayer thickness,
and/or by annealing the foil at moderate temperature in an inert environment, as
discussed in Gavens and Glocker.

[088] Toillustrate the impact that varying the heat of reaction may have

on melting fusible materials 101, 103, 105, 106 and/or wetting critical interfaces

43



thickness t2 of the braze | ayer 106 on the Ti-side of

the foil 107, and decrease as the latter increases.
wahdios/oefopect is graphically depicted in Fig. 1CT/vukm®n€014775
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present results indicate it nmay be desirable to keep

The fidnt eklveity wefs ipldfiged @9 abod0B.9phAs: dRBIhéSSIfiged Qalues, the
the foil 107 as snall as possible. The results al so
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5‘ Yil?QEb'?ﬁé‘s?é inghg% (rrécljlg:gg %o .rtt ag;ts,%ﬁ}é?ﬁggpg)uted from the

a'@waﬁsce“@%t@”t@teab A RS el 5
hus, this configuration provides a suitable deS| gn

TB? residts ladwatﬁgfhé\%@méﬁélor Bacs BrRYycrxhiliea stropg giepepdener and/or

may be able to design the thickness of the fusible

oairelatian withethedwab of testtion. tHoe exampie, \es staovat i Fig. hét Wwhen the
to design the joining process as well as to achieve

hédicst rebtmt drapsdtivlas dbotit D00 J/d, NBe FERNIFBIre8RP A ft@s@ﬁlflcant
t he conponents. [086] The asynmmetric arrangemsnt of

Riliegt AL R 1P\ mgl LR e REEESH e
AR on B b0 B s iﬂ‘gtﬁ%%/éﬁf‘)fﬁggﬁi
%ESV%& lrllts%ggpldﬂ/r bllndpeart]fguﬂr whr(]en th%hl"}ea?fof trelqaectig)ﬁS’el§<|ctecs’ads about
1300J/g, the results predict that substantially the entire layer of Incusil 101 pre-
deposited onto the Ti 102 may melt during the reactive joining process. These
results underscore the need and/or benefits of carefully controlling or
characterizing the heat of reaction. For example, in the present asymmetric
configuration set forth in Fig. 10, the heat of reaction used may preferably fall in
the range of about 1100 J/g to about 1300 J/g. The heat of reaction can be
controlled in a known manner so as to control the amount of melting of the braze
material, to thereby limit the thermal exposure of the components, and/or to

control other related results and/or effects.
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. . . he
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tabl e and/ or desirable because such a
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interfaces 108, 109 and/or avoid conplete nelting
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mB§ H8% {Hickness of about 1 um.

[090] In the configuration shown in Fig. 15, the foil 160 may preferably
deliver sufficient amounts of heat to completely melt the free-standing Au-Sn
layers 150, 151. However, melting of one or more of the Incusil braze layers
154, 155, 156, 157 may not be necessary, as each Au-Sn solder layer 150, 151
may adhere sufficiently to its respective Incusil braze layers 154, 1565, 156, 157
regardless of whether the braze itself melts. As discussed below, a parametric
study was conducted to determine the effect that the thickness of the foil 160 has
on the melting of the solder layers 150, 151 and/or the melting of the one or more

Incusil braze layers 154, 155 that are pre-deposited onto the Ti 153 and SiC 154.
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exam ne the effect of heat of reaction on the nelting

of the fusible material 101, 103, 105, 106 and on
wowedsiosynt critical interfaces 108, 109. As neCit/Uswed014775
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foils may be controlled using a variety of neans, for

exanpl e, by varying one or nore of the stoichionetry,
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foil at noderate tenperature in an inert environnent,
%t?:OUt@l%QdUBsed in Gavens and d ocker. [088] To
illustrate the inpact that varying the heat of )

r eact[084] nmeSinnadlee peesamnt configuratien may equise isybstangally
103, 105, 106 and/or wetting critical interfaces 43
34En 265 MMt RPG! tREHUISACDId€r1ve07 3 51108 predistive amalytsés was
simul ati ons were conducted with a foil 107 having a

ddneRidted B%ﬁiﬁ?ﬁt@ﬁn fthéborie mpSti@ atand intefues 158, 159 of each
| ayers 10 106, that were pre deposited on the foil

disp o, oy gt gl o
WhEn P nter RO Pt ShtBRnehl T Lof Bhe i 25 fif bach of the

about 1600 J/g. Using these inpyts, predjcted values
FaTokAtensei Whakt BadbiRRIEe: Of fsieaRive taikiaver Tashgas

and are plotted against the heat of reaction, as shown
variedl) giimé4ntervete wees reaasdech dutag shichnther saldemayeis 150, d51
may exhibit a strong dependence and/or correlation

inidinéd @abbeatheif nettingt tepmperkiure tocaliplat eaals of interiaces 158, 159.
Fig. 14, when the heat of reaction drops bel ow about

PR pidshBeg e ol s 1 A0 RS e g whih
0 BLefR5 8 e BFSTEE M BTAGPRor 8y My o o
of the interfaces 158, 159 is plotted against the foil thickness. The predicted
results demonstrate that a minimal foil thickness of about 30 um may be
necessary in order to melt both Au-Sn solder layers 150, 151 (e.g., the Au-Sn
solder layer on the Ti side and/or the SiC side). For foils 160 having a thickness
of less than about 30 um, the model predicts that there may be only partial
melting of one or more Au-Sn solder layers 150, 151, and therefore a lack of
bonding between one or more of the Au-Sn solder layers 150, 151 and the one or
more Incusil braze layers 154, 155.

[092] The strength of reactively formed joints using Au-Sn solder was

determined experimentally, examples of which are set forth herein, and the shear
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BoRduG Nt Srendin. e sampuiatianewess alsodised, sxgmpjas of which
illustrated in Fig. 15, free-standing sheets 150, 151
afe gef-fefhd@rreiar taexamimefpassitiie matingef Wicusirnhichhiegire-deposited
150, 151 may each have a thickness of about 25 pm The
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[093] In another embodiment of this invention, the effect of the melting
duration of the solder or braze on the strength of the resulting reactive joints has
been analyzed experimentally and modeled. The experimental investigation has
been applied to configurations having different lengths and widths for one or
more of the foil, solder layers, and components, but with fixed thicknesses for
one or more of the foil, the solder layers, and of the components. Specifically,
reactive joints between SiC and Ti-6-4 have been formed using Incusil (braze) as
the fusible material, and using AgSnSb (solder) as the fusible material. Both
small-area (0.5in. x 0.5in.) and large-area (4in. x 4in.) have been considered, and
the strength of the resulting joints experimentally determined. In both cases, a
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either side. The Incusil |ayers 156, 157 pre-deposited
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thickness of the reactive foil |ayer 160 was |varied

bet ween abodin 8dihm and about 270 MP4 091] |Si ncE6thkIPa
present configuration nay require substanti al
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conplete nelting of the Au-Sn sol der 150, 151, the

lpr thitsi iosianeeathel ysdel pregictions thaitatd that, iresy Pe@hV@ of tHé,fjomt area,
sol der tenperature at the interface 158, 159 of each

t/he-rﬁéltlﬁg|dﬂ#éhdrﬁdﬁ!heﬂﬁ@usnﬂ§rbz@”§abb&t 0.28 nﬁgtwmg onclgeg%th

braze | ayers 154, 155 which are pre-deposite

EARRBAg i S e P AR B gon o o
goefga&l l?i@ g%cg g&(pa Laﬁ%ﬁ.t@%fﬁtﬁé%@é &g:h | nerrégltileé\t/earlyggrature
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reveals that the larger the length and the width of the configuration (i.e. the
joining area), the larger the melting duration needed to achieve adequate
strength of the reactive joint. This is evidenced by fhe fact that with Incusil as the
fusible material, the melting duration was short, and strong bonds were obtained
for the small-area joint but the joints failed when the same protocol was applied
to a large-area joint. On the other hand, with AgSnSb as the solder material, the
melting duration was larger and similar strengths were obtained for both small-

area and large-area joints. It should be evident for someone skilled in the art

how to generalize these findings to other material systems and joint areas.
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The predicted results are shown in Fig. 16, where the
time interval during which solder |ayers 150, 151

w0 ovsiosiee2 above their nelting tenperature | ocaPCTyuUst004/014775
each of the interfaces 158, 159 is plotted agai nst
the foil thickness. The predicted results denonstrate
that a mnimal foil thickness of about 30 pm may be
neces in order to nmelt both Au-Sn solder |ayers
150, @fﬂ ( e.ﬂb?'," @ﬁ@‘ag\'ﬁ{-eﬁﬁ"b%fﬁm@& of thjsinventiemearmther de
and/or .the S C side). For foils 160 having a thickness
BPYMEEriG Aanficisatien gorrpsRonding otkelctipe faihiogftAi® 01-T6 to Al,Os
there may be only partial nelting of one or nore
imcomsidased ér Figayler In peticulsr) theaomftdwaﬁtﬁrorneﬁg. h A®kaybe used to
bondi ng between one or nore of the Au-Sn sol der |ayers

andlyzd fiie effectidfeheotiticlaiessBirtRe FSIC¥S0 bph@tket; "
154, 155. [092] The strength of reactive?y fé’ﬁéﬁlﬁ]e critical

infdridce bstwe@nAHe $5il @8’{) dRb 't?’l‘@\%ﬁ q%‘ﬁﬁ%‘] ™ g8 O&‘nqrgcrakyhby quantifying the

experinental ly, exanples of l|c are set

BERR BRI vER e el T dRe Rl i panelirsietar To

Lt h tational predictions. The analyses set
i S S0P Aikacer Brdbh 150 i be Svstemmgichivagniod, whie the
initially increase as the duration of the nelting of
eRAINGgSIRrasietris Mmay be dwiss fixeth I hehmbdpkiaputst inelageithe

of the joints nay be obtained when the Au-Sn sol der at
thaemephysicallpropertie$ af ¢ foi 1880 thveejointing @)drs,MB1, 182, 183, 184,
tenperature for a time duration exceedi ng about 0.5
arel ofBheebnasoridhts 188! ¥86,aad &itlfolth 'g?ﬁ%eﬁ)ﬂomngﬁt?%\‘g al@Fig. 7.
pm may be needed to achieve an adequate | Ol

$ldieBOtN. The ¢ B —wetre—agh-so~yset—exanples—of
which are set ?@?%ﬁ%ﬁg?ﬁwl 0 @%ﬁiﬁ%&‘ossi bl e KZ??;%’
mebtotng of TnclisiT whp@h TS pre-depogdst ed—onto-thg7,,
égfgponent s. The¢ resultgg I ndi cate Thagmen tie foitzg,

irebglikdR®ss is spmller 70 276 9700
Al-NiV Foil 152 830 5665
AlL,O; 30 88 3900

1

Other possible inputs may include the solidus temperature in Incusil (T = 878K)
the liquidus temperature of Incusil (T, = 988K), the heat of fusion of Incusil (Hs =
10,792 J/mol), the solidus temperature of Ag-Sn solder (T = 494K), the liquidus
temperature of the Ag-Sn solder (T, = 494K), and the heat of fusion of Ag-Sn
solder (Hr = 14200 J/mol).

[095]  In the configuration shown in Fig. 17, the solder layer 181 on the
Al>03 component 185 may have a thickness of about 100 MM, while the solder

layer 182 on the Al-6101-T6 component 186 may have a thickness of about 75
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than about 200 pm the braze |ayers pre-deposited onto

the Ti and SiC may remain below the Incusil's nelting
wao eqopeosvure. For thicker foils, partial neltiPgr/usfoo4/014775

the Incusil in one or both of these |ayers 154, 155

may occur. [093] In another enbodiment of this

invention, the effect of the nelting duration of the

| d N the strength of the resultin
ke SachaEuBlhyor Bt Cramyieae abaert merbiskigyerndss, 154
nmpdel ed. The experimental investigation has been
apisicugl depositast ey both sidas ohthe foj 180 f er ent | engt hs and

widths for one or nore of the foil, solder |ayers,
and cHl96hneDesilsmfttheitérpéiated diSiribkies safing He réitiveoining
nore of the foil, the solder |ayers, and of "the

pTRes @né ShowR & IFid.c, Which A&siEts Mﬁtah%ril%{uﬁ(sgﬁgﬁlgg %acfés% the

and Ti-6-4 have been fornmed using |ncus

IR s B B L RTOGLAPA S50

fusi ble materi

4in. ,x _4in.) _have been considered, and
PE T PERIBIR o ASskpRin GG dPniierdebunnsRATt ey, co0ur in an
deternmined. |n both cases, a 47 WO 2005/ 005092 _
W@%ﬁb’%ﬁb@me'”@@nﬁ"ﬁ%@éfh&ﬁ@"ﬂ&% anddhaistbe . thaimeal gradients
measured strength of the joints is shown in the table
ipeciderdayerari@, dB2ahay he wezket oartha sidewitivitiee MBORT E@nponent
Area Incusil (braze) AgSnSb (solder) 0.5in x 0.5in
B85 thalRen Bie SidbReith tienAk640 1T ddfapSferR 1962 THeddVbifenomena

i nstance, the nodel predictions indicate that .
iy BBRARICHY Erabd th hé Blsphriflf Sdween the components’ 185, 186
thermal diffusivity, which may be much higher for the Al-6101-T6 component 186
than for the Al,O3; component 185.

[097] The effect of the thickness of the foil 180 is analyzed in Figs. 19(a)
and 19(b). Fig. 19(a) shows the amount of melting of the solder layers 181, 182
and Fig. 19(b) illustrates the duration of melting at the critical foil-solder
interfaces 187, 188 and at the solder-component interfaces 189, 190. The
predictions indicate that joining may occur for all the foil thicknesses considered,
which range between about 20 um and about 148 um. Note that when the
thickness of the foil 180 is less than about 60 pm, partial melting may occur in
both solder layers 181, 182. For foil thicknesses between about 60 Mm and
about 100 ym, complete melting may occur of the solder layer 181 lying on the

side of the Al,O3 component 185, while the solder layer 182 on the side of the
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the nelting duration of the Incusil braze is about

0.28 ns, while the AgSnSb solder nelting duration is
W@b@anoH9AN9 ns. The |arger nelting duration of P€TES2004/014775

solder is in fact expected, since the latter has nuch

| ower nelting tenperature. Conparison of the
prediction of nelting duration with neasured shear

t I t the | t he | th dth
AHGTARTS cdrBSSRR, i iaeh diaridlly ol nor o THOadng thickness
%2& Igr er the nelti ng( durati on needed to achi eve

RfheR abouf dA8 i .JIoth eldes dayters 4 8]l ol 82 mahéampletely melt. In

evi denced by the fact that with Incusil as the
fheslpieeragimer ihal restlte indidatte tigatcthie dddap ey ghestion e solder

strong bonds were obtained for the snmall-area joint

loyerst t&1,j @2nnay fimirease whBstahhalSiHER R At '
applied to a large-area joint .)ﬁlOn tr e offﬁgtem’fhlckness of

el 1hil AN B st AEWRR AT &1 FR) 15! gfq% TBL A% 9b also

duration was |larger and simTlar ren
; ' h - area and |l arge-area joints.
iR g URrodh A o8 Tots, SRR E L kIPEa Foifadendbe side of the
@o to ener%Ii e these findings to other materi al

ﬁiy? e‘i?é‘q%‘?{be'] &isnétthﬁP@&'sthe@@ theoN+@iHe98 component 186. In
PCI/ US2004/ 014775 [094] In an alternative enbodi nent
Retieyas the duratiosrof malinpet the yotet-foikinterfideglBabh ¢ie Al,O; side
corresponding to reactive joining of Al -6101-T6 to

npay 08 appsoxionadelsieged! tonthBiduratloh of MmeRtitgf 4taHb &olddri®mponent
configuration in Fig. 17 nmay be used to analyze the

isfetfact 180 dlbe ochhisknsis, a8 shB\‘fmfir‘PiFliq. ﬁ?{?’f gd?P tﬂ?@ 8ﬂ?etrtﬂa'?19l, these

of the critical 1nterface between orl
n??‘ﬁgé gggéatﬁr%ﬁﬁgggﬁ%]s% FE%%?E}LX@Z%%%‘]‘%@%&% 'fggwltngﬁ interfaces
188" B0 B 3980 G@obie% e BRuts hFics 0, 18 anghiole
dtehe remai ni n aranmeters nmay be held fixed. The nodel

| mﬂnsgraltq]b]qmlge mnaFf diffusivity"of the solder and the components may be
critical to duration and uniformity of the melting, and hence to joint strength.
Consequently, the design of reactive joining applications should carefully account
for these parameters.

[098] In another embodiment of this invention, a reactive joining
configuration may be used that involves multiple fusible-material layers that are
chemically distinct. One particular configuration is set forth in Fig. 20. Fig. 20
shows an asymmetric configuration in which two fusible materials 1 72,173 are
employed, where the fusible material 172 with higher melting temperature T1

may be used on the side with the component 170 having a lower thermal
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t her nophysi cal properties of the foil 180, the joining

| ayers, 181, 182, 183, 184, and of the conponents
wag®s0188 as set forth in the follow ng tabl ePensIongo1477s

7. Material Thermal Conductivity Heat Capacity

Density (WnK) J/k /K (kg/M8) Al-6101-T6 218 895

2700 Ag-Sn 33 227 7360 Incusil-ABA 70 276 9700

= NI V- EOi 30,5665 - Al2 0 88 3900 O her
SN kit e TS R mlofac donfi kveramptingiamporature
Incysil (Ts = 878K), the |iquidus tenperature of .
MR FsédrP“ the gigie) with the mese cendyciviecenyonant dgil havitig a
= 10,792 J/nol), the solidus tenperature of Ag-Sn
bighgerelztie thermakyondurtivity k2 Exempiestplsudhuaeanderhbat include
Ag- Sn solder (Ti = 494K), and the heat of fusion of

thg-jginingsof S adHTi, - wHet2QDloWerphdlting @@ﬁf)%ﬂa“t‘ur@@raze $gh as

configuration shown in Fig. 17, the solder |ayer

. GKnes: f :
lgggﬁlpslggiﬁ%s&ﬁm@me Ii"l%?% g?ﬂd@ygrﬁ%@hgérﬁ I’E@hgr melting

iR e U S L
S B P or s HE ot i e e

the foil 180. [096] Details of the tenperat ure
tERNSPeriAHrngHthgreRRlEN. IR emieal taomp4tibility hgtwemmineasdual draze or
shown in Fig. 18, which depicts instantaneous profiles
sideydayersdor the adjoining components, as well as thermophysical properties
of the reactive joint. The present embodiments can be generalized to a variety of
other configurations.

[099] In various embodiments, some aspects of the invention set forth
herein may be multiplied, combined, and removed from other aspects set forth
herein without departing from the true scope of the invention.

[0100] In some embodiments, it should be understood that the terms
braze, solder, Incusil, fusible material, and/or other like terms may be used
interchangeably.

[0101] Other embodiments of the invention will be apparent to those
skilled in the art from consideration of the specification and practice of the
invention disclosed herein. It is intended that the specification and examples be
considered as exemplary only, with a true scope of the invention being indicated

by the following claims.

52



joint due to the chem cal transformation of a foil 180
havi ng a thickness of about 148 pmat different
WO 20ve®0508% seen in Fig. 18, thermal transport PEEUSIOUO14775

in an asymetric fashion on either side of the foil

180, and that the thermal gradients in solder |ayers

181, 182 nmay be weaker on the side with the Al 203

conmponent 185 than on the side with the Al -6101-T6

QPR . ese phenonmena may be directly traced
fas LA&E’E Tg et ween the conponents' 185, 186

thermal di fyf usj,vity, .whjch be .much hi gher for the
Al -61 1-T6£‘c'ﬂ§%1&qe tS'TEl?%'”Q%GW%/HOFt @m&%@gy@tﬁfﬁb%@n within

185. %%%Q Ttle, effect of the thickness of the foil 180
P4 aZREMPAePNtAINNYE readive)multilyen oyaigrial Fihg. meghan) comprising the
shows the anount of nelting of the sol der |ayers 181,
gteps ofind Fig. 19(b) illustrates the duration of
melting at the critical foil-solder interfaces 187,
188 apoviting he evetgievalammpaguitidr s BABRY ditutiotPdquation
0

The predictions indicate that joining may occur
PSSO s SOY,  HEAgAion e
OtinaEP VT BT fach U8 myliaydr melsial 388 <eltaPapatng waction
b 2 R0pectiand estreattpiay ocour of the Sol der

I

l ayer 181 |lying on the side of the A1203 conponent

185, dip¢'rtizingdne gnaeay evpjuiomeiation; Badsi de of the 50
WO 2005/ 005092 PCT/ US2004/ 014775 Al -6101-T6 conponent
186 rigferainingtheybehaivior of thie &nélgy BSiribatiomh the assembly by
t hi ckness larger than about 100 pm both sol der

ihtegeatinglid, did@atiray cf Iee/bﬁjtwnr@ida-ﬁohfhsir{grﬁ?rg?@éts&

reginme, the results indicate that the |loca I ng
adebsibtawih thd8ssahes!
2. The method of claim 1, wherein the discretization of the energy

evolution equation is based on a finite-difference method, a finite-element

method, a spectral-element method, or a collocation method.

3. The method of claim 1, wherein the reactive multilayer material is a
reactive multilayer foil and at least some of the parameters are associated with

the reactive multilayer material.
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| ayers 181, 182 may increase substantially linearly
Wi th increasing thickness of the foil 180. Consistent
wowRak/oode2 results in Fig. 18, Figs. 19a and 19PCHUSI04/014775

indicate that there nmay be nore conplete and uniform
melting on the side of the A1203 conponent 185 than
on the side of the Al -6101-T6 corrponent 186. In
parti gul ar,, the uratl n o at the sol der-foil
i nter face 189 Mg Pﬂé)f,&%Z@B{ q??’é' BPY x@ reaclive joining
%ﬁa to the duration of nelting at the

I aliIhpomensingi atist camponent and e sesond 20mmineet and at least
shown in Fig. 19b. On the other hand, these nelting
sematdf dhe patamelicts are asdmiatot ivith thedirst dumpbnesitdmd ®e second
shown in interfaces 188, 190 in Fig. 19a. Conbi ned,
tdraporeentl ts in Figs. 18, 19a, and 19b denonstrate
that the thermal diffusivity of the solder and the
conponents may be critical to duration and uniformty
of the nmelting, and hence to joint strength

Conseguent n_of reactlve
appl |“§:Iat| ot%{e Eﬁﬁﬁ?fg%ig%am W%%'E&Uﬁt ac;t[y,e %H@@er material is
qtg [nOtBS anot her enbodi ment of this
diaest giweg sd‘tf?fxﬁé?mmrrﬁnt@ndébﬂfsleggn@ppamqmaynt be
used that involves nultiple fusible-material |ayers
that are chemcally distinct. One particul ar
configuration is set forth in Fig. 20. Fig. 20 shows

an asymetThemstindd gficlaim dnwheraihitied réeYtStlvel}élhmgeconﬂguratlon
materials 172, 173 are enployed, where thé fusib

further c@hphidds wiffrdt dbﬂnﬂ'fgelby&eéﬁdl B%eb@ﬁ&‘félﬁ@grlﬁ%éﬂ andrTBV least

be used on the side with the conponen

i Tl e e

conducti vit | e t
J$ﬁpﬁ{| |ting tenperature may be used on the side
W PH&" nore conductive conmponent 171 having a

7. The method of claim 6, wherein the reactive multilayer material is

disposed between the first joining layer and the second joining layer.

8. The‘method of claim 6, wherein the first joining layer and the

second joining layer are disposed between the first component and the second

component.

9. The method of claim 4, wherein the first component and the second

component have substantially the same chemical composition.
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hi gher relative thermal conductivity k2. Exanpl es of

such arrangenent include the joining of SiC and Ti,
wob@seo:9t ower nelting tenperature braze such B&T/US2004/014775

Incusil is pre-deposited onto the nore conductive SIC,

while a higher nelting tenperature braze such as

Gapasil or TiCuN is used on the |l ess conductive Ti

component. Such arrangenents offer the possibility of

designing for thermal transport during the reaction,

chem cal c atibility. bet n i ndividual braze or

sol def0; aygﬁg reRogiog C?df?‘%%ﬂe@&hﬁéﬁ%ﬁﬁ@P%Mﬂd the second
t her nophysi cal _properties of the reactive joint. The
perapenenidhausadifferant chamical cgemesitionsed to a variety of
ot her configurations. [099] In various enbodi nents,
sone aspects of the invention set forth herein may be
mul tiplied, conbined, and renoved from ot her aspects

set fofth ThemedtRoWidr BRih 4eRmdrbinNBeffiretedmiSotdit®omprises a
scope of the invention. [0100] In sone enbodi nents, it

PR b B0l 5B coeERe, S0k er g e

fus
be used _interchangeably. 101] .G her odi nment,s _of .
SN RPN TP S et et IR LRI RPIATECH 85" ceramic,
the art from consideration of the specification and
PRApPsitR APAEEr.i nvention disclosed herein. It is
i ntended that the specification and exanpl es be
consi dered as exenplary only, with a true scope of the

i nvention being indicated by the follow ng clains. 52
VO 2002/ 00Th8 2néthdd dP2E0/ 01l vhépeiniié métal 6 Mckdillb$ includes

one or more of aluminum, titanium, copper, iron, and nickel.

13.  The method of claim 11, wherein the ceramic includes one or more

of silicon, carbon, boron, nitride, carbide, and aluminide.

14. The method of claim 6, wherein the first joining layer and the

second joining layer have substantially the same chemical composition.

15.  The method of claim 6, wherein the first joining layer and the

second joining layer have different chemical compositions.
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1. A nethod of simulating a behavior of an energy
distribution within an assenbly containing a reactive
woredosiobsayer material, the nmethod conpri sing t heCT/ES®ps014775

of : providing an energy evol ution equation, the energy

evol ution equation including an energy source term

associated with a sel f-propagating reaction that

originates.-within th eactive multilayer material,

t he siﬁf - p?ﬁ%&@%ﬁhf’ﬂﬁﬁjﬁo\@ oMhergilthedirgt jrinde laygeisdone or more

a€d Beat of reaction; discretizing the energy

aUeRI0eT 8nd Srare A thessepanet jeiningiaygr isrendrehmore of eblder and

the energy distribution in the assenbly by

Praizegr ati ng the discretized energy evol ution equation

usi ng paraneters associated with the assenbly. 2. The

met hod of claim1, wherein the discretization of the

energy evolution equation is based on a

finitezdif W e .. method, a

Spect Al - ol RorRof B Beim 1B, WHEsh i 4Fb ROERY i PR 7 mord of ead,
. Of . b1 erein the reactive multilayer

%ﬂ?@?ﬁgﬁm£§&QUﬁLgﬂX?n@QghnPFFVQ&er foil and at | east

some of the paraneters are associated with the

reactive nultilayer material. 53 WO 2005/ 005092

PCT/ US2004/ 014775 4. The nmethod of claim1, wherein

the at&enbllje method efclaimd 6} vihereig thebfazguisatieosr more of silver,

conprising a first conponent and a second conponent

tdaniuat, doppst, indiame nidkel dpgslanet ers are associ at ed

with the first conponent and the second conponent.

19. The method of claim 1, wherein the energy evolution equatior\1

including the energy source term is
oh —
—=Ve
P q+Q

wherein h enthalpy, pis density, t is time, q is the heat flux vector, and 0

is the energy release rate in the reactive multilayer material.

20.  The method of claim 1, wherein the parameters include at least one
of length, width, thickness, density, heat capacity, thermal conductivity, heat of

fusion, melting temperature, heat of reaction, propagation velocity, atomic weight,

and ignition location.
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5. The nmethod of claim4, wherein the reactive

multilayer material is disposed between the first
weomwposem and the second conmponent. 6. The neREDUSIIN/014775

claim4, wherein the reactive joining configuration

further conprises a first joining layer and a second

joining layer and at | east sone of the paraneters are

' ith the first joining |ayer and the second
Toini Rl | aJhe Method o claad, uraspinihal determiningr Berbetasior of the
reactive nultilayer material is disposed between the
energy digributien i satrietnisingeatdeastj arienofi anlayeunt df.melting of
The nethod of claim®6, wherein the first joining |ayer
alleasthene ettherfitsi compogentayey thersecdhaReFRSbrei e 80rdtlR of
first conponent and the second conmponent. 9. The

meltinecbfadt |sastioRcdof tHE Fr &t ddidthdrt AR 6 BeG5A boRRAnLhE

)

second conponent have substanti a SZOS /Samj,7$5 10

bkidi o0 . PCT/[ U i% .
FRERREELGN yefintts R bRER Wi Arvaiild Se e araure o

econ c onent have different chemcal

%tgﬁ%%tsoﬁ% (gfntg.eqﬁt. Comgo'??é}tﬁé‘g tEP seranehcampanentiand ae
first conponent conprises a netal, netal alloy,
EOIRerAki eI 3 Pealytelarerat@eaaitempetatisspiode, or tempgreture
and the second conponent conprises a nmetal, netal
distribytiom of at keestione of tiedfirst carapanent, thecswqaeri ddmpéient, and the
pol ymer. 12. The method of claim 11, wherein the netal
reactivst miultidyevymatecialides one or nore of al um num
titanium copper, iron, and nickel.

22.  The method of claim 6, wherein the determining the behavior of the
energy distribution includes determinihg at least one of: an amount of melting of
at least one of the first joining layer and the second joining layer; a duration of
melting of at least one of the first joining layer and the second joining layer;
whether critical interfaces have been wetted; an amount of thermal exposure of
at least one of the first component and the second component; and a
temperature, a peak temperature, a temperature profile, or temperature

distribution of at least one of the first component, the second component, the first

joining layer, the second joining layer, and the reactive multilayer material.

23.  The method of claim 6, wherein the reactive joining configuration
further comprises a third joining layer and a fourth joining layer,
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13. The nmethod of claim 11, wherein the ceramc

i ncl udes one or nore of silicon, carbon, boron,
wRaosie92 car bi de, and al um ni de. 14. The net hpdI/v8§2004/014775

claim®6, wherein the first joining | ayer and the

second joining layer have substantially the same

chem cal conposition. 15. The nethod of claim 6,

' el and he_second ,j oi ni ng
ayer” ﬂsb%ﬁgfo%??éﬁé’“ﬁ“ﬁ“ﬁwﬁ %hﬁah o B gy s
CT/ US2004/ 014775 16. The nethod of claim
O B B b et S
sol der and braze and the second joining |ayer is one
ﬂiﬁ EMdseapenetdand phleast $9meTfdheparadets arébBtociated

16 wherein the solder is one or nore of lead, tin,

withéhe ddpiningliayer and tivefourtndiramy iayepy. 18. The
met hod@?f claim 16, wherein the braze is one or nore

of silver, titanium copper, indium nickel, and
gold. 19. The net hod of cI ai m 1, wherein the energy

| ne sour c term
F‘X°'a?4 Pa Wﬁ%f"?%gf gepte #&fﬁ%?h ffgl"q it eyf:gfgs the
' nd is
AR5 W 55 33
The nmet hod of cl ai m 1, wherein the paraneters include

at | east one of length, width, thickness, density,

heat capacity, thermal conductivity, heat of
2 The method of claim 23, wherein the third joining layer and the

fourth joining layer have different chemical compositions.

26.  The method of claim 23, wherein the third joining layer is at least
one of Incusil and Gapasil, and the fourth joining layer is at least one of Incusil

and Gapasil.

27. A program storage device readable by a machine, tangibly
embodying a program of instructions executable by the machine to perform
method steps for simulating a behavior of an energy distribution within an
assembly containing a reactive multilayer material, the method comprising the
steps of:

providing an energy evolution equation, the energy evolution equation
including an energy source term associated with a self-propagating reaction that

58



fusion, nelting tenperature, heat of reaction,
propagation velocity, atomc weight, and ignition
wo omanvom 56 WO 2005/ 005092 PCT/ US2004/ 01477 5PCRUS20051€14775
met hod of claim4, wherein the determning the
behavi or of the energy distribution includes
determ ning at | east one of: an anmount of nelting of
ent and the second

: f the. first. componen
ghﬂi’a‘%ﬁﬁ‘{"%ﬁ tﬁﬁ r %?&B’ﬁ ’BPh"a}Y@FBFBRaF i)s the selepepagating reaction
bhe fi r'?t con‘gonent and the second conponent; whet her
AYIPP EGfNGWH ebeed ead hepb obeeastiaar t ed: an anmount of
thermal exposure of at |east one of the first
conpoflisatetaing theeermegy ruoclotiopeqaation:and a
tenperature, a peak tenperature, a tenperature
pr of i tetermining tmebahavier oftths tarichyl dREHHRfioA]
of the first conmponent, the seceg%% cokﬁg@lﬁgﬁ??lﬁﬁésé}ﬂgly by
inesrhiing tHaliistictited bt - al.m
e, oo el s RS Prlemeids

6, wherein the determn

Qéﬁciétgalw{#er}r%rggsg determining at |east one of: an

anount o ing of “"at | east one of the first

joining layer and the second joining |layer; a duration

of nelting of at |east one of the first joining |ayer
and tfe second joining layer; whether critical

i nt er4&ices! anetbed af Gleim ed; wWhereindhe tiscfetizationaif the energy
exposure of at |east one of the first conponent and
gueiutinrcenitatioons dasad onam inite-diffampecaimetitod, & Hitkelement
tenperature, a tenperature profile, or tenperature

rdetiod, Butpeotrabélentiert@astho@Ner @Eoﬂél%tibhrrﬁéﬁh%fmonem :
t he second component, the first joining layer, the
second joining layer, and the reactive nultilayer
material. 23. The method of claim®6, wherein the

reactiove I9idath&Pof LS 3% QRerein the reactive multilayer material is

a reactive multilayer foil and at least some of the parameters are associated with

the reactive multilayer material.

30.  The method of claim 27, wherein the assembly is a reactive joining
configuration comprising a first component and a second component and at least

some of the parameters are associated with the first component and the second

component.

31.  The method of claim 30, wherein the reactive multilayer material is
disposed between the first component and the second component.
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further conprises a third joining layer and a fourth

joining layer; 57 WD 2005/005092 PCT/ US2004/ 014775
wob@sedsreach of the third joining | ayer and tPer/isaend/on4775

joining layer is predeposited onto one of the reactive

mul tilayer material, the first conponent, and the

second conponent, and at | east sone of the paraneters

are associated wth the third joining layer and the

fourth joining |ayer. 24. The nethod of claim 23,

whereip the third joining | ayer and the fourth

j oi ni {Slg | ay Be Meffied g siaimniQ, atheyeinthe seaetivehiemingtonfiguration

conposi tion. 25. The nethod of claim23, wherein the

funthed cpoipriseg a firgkjoiramgldylee ant Méd@nbg?bﬁir@lak@yﬁﬁd BRYst

di fferent chem cal conpositions. 26. The nethod of

soraerof #3e pakeneliefs hReaddtididled Yithi Y6

one of Ingusil and Gapagsqcréiegg\’éﬂhttﬂg f!{%tﬁ{nl!]ﬁ%slg&%f%g&?ﬁe second

joiy Idyerat | east one of Incusil and Gapasil. 27. A

program st orage devi ce readabl e by a machi ne, tangibly

enbodyi ng a program of instructions executable by the

machine to perform nethod steps for sinmulating a
assenbl y

behavj.pr an ene di stribution within an
cont a:# i ngﬁ'ée m@g'&?cﬁ Sgdﬁ‘{ﬂ‘t?’izb whereindhe reagtivetieltiiayenouaterial is
(ﬁg&fri sing the steps of: providing an energy
S84 betwegndhe dirst jeiningdapergndethel sedama jeimireg lager.
i ncludi ng an energy source term associated with a
sel f-propagating reaction that 58 WO 2005/ 005092

PCT/ US2004/ 014775
34.  The method of claim 32, wherein the first joining layer and the
second joining layer are disposed between the first component and the second

component.

35.  The method of claim 30, wherein the first component and the

second component have substantially the same chemical composition.

36.  The method of claim 30, wherein the first component and the

second component have different chemical compositions.

37.  The method of claim 30, wherein the first component comprises a

metal, metal alloy, bulk-metallic glass, ceramic, composite, or polymer and the
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originates within the reactive nultilayer material,

the sel f-propagating reaction having a known speed
wa@nashesav2 of reaction; discretizing the ener gyPCT/US2004/014775

evol uti on equation; and determ ning the behavior of

the energy distribution in the assenbly by

integrating the discretized energy evol uti on equati on

%&%e%aneters associated with the assenbly. 28.

e Rogentgamprises a felale metelalloy; bulkenptalia @assfceramic,

t he en%rg evol ution equation is based on a

POMPPELR) GrRalERee net hod, a finite-el ement method, a

spectral -el enent nmethod, or a collocation nethod. 29.

The nmet hod of claim 27, wherein the reactive

multilayer material is a reactive nultilayer foil and

at | ead8t sOhe ndthblef BRIIMABI YHeréihgha | i :
the reactive nultilayer material. 30. $ﬁl'(ﬂ[g' %e?%g%d%lpy includes

Sh&bFdfe oMARITHI e ' h¥e Joining
confi gurgtoi on r@@%?@?’ﬂgﬁ‘a%@’ ﬁggh% cﬁ@fﬁkggnd a
second conponent and at |east sone of the paraneters

are associated with the first conponent and the second

conmpogyent .. 31. e nethod of claim 30, wherein the

react?ve nlfi m%@%fﬂ gﬁﬁ'@m b whereigithe sgtamisdnoludes ohe or more
é;tst conponent and the second conponent. 59 WO

05000 58PPNPEYrATs Piftide 0aarping, apd aldhinideet hod of cl ai m

30, wherein the reactive joining configuration further
conprises a first joining |layer and a second joi ning

| ayer and at | east sone of the paraneters are

assocknt edrive iethidtbof ¢lamh 3ROWRERGN kA fifst Midingsystehti e

second joining layer have substantially the same chemical composition.

41.  The method of claim 32, wherein the first joining layer and the

second joining layer have different chemical compositions.

42.  The method of claim 32, wherein the first joining layer is one or

more of solder and braze and the second joining layer is one or more of solder

and braze.

43.  The method of claim 42, wherein the solder is one or more of lead,

tin, zinc, gold, indium, silver, and antimony.
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joining layer. 33. The nethod of claim 32, wherein the
reactive nmultilayer material is disposed between the

w0 2eosnojoet ni ng | ayer and the second joi ni ng | aREr/USBA4/014775
The nmet hod of claim 32, wherein the first joining
| ayer and the second joining |ayer are disposed
between the first conponent and the second conponent.
35. The nethod of ¢l ai m.30 erejn the first
conpo?{g'nt EHS W%tQOg&g&Eﬁ'&i‘”c% gl the diraze isereat mare pf silver,
@%e.sarre chenj cal conposition. 36. The nethod of claim

NIYRFARST REIUM rickeloapdeelst and the second

conmponent have different chem cal conpositions. 37.
The nethod of claim 30, wherein the first conponent
conprises a netal, nmetal alloy, bulk-netallic glass,

cer amits, cOhposathed oPclanal IMhersil thB@nehR Wdiuti i
2005/ 005092 PCT/ US2004/ 014775  second conponent 1 cauation

PRI BR énatBY 8burd®iehth i@l | oy, bul k-netal lic gl ass,
ceramc, conposite, or polyner. 38. The nethod of

claim 37, wherein the netal, or netal alloy includes
one or nore of al um num 6ﬁﬁgrvu§uéopper, iron, and
ni ckel . 39. The nethod of @Fai m 37, wherein the
ceram c includes one or nore of silicon, carbon,

bor onwhexiein hdentheRsybide deAsit), RidHingi ﬂgs ng)hegthfﬁgéﬁcg&g and O

of claim 32, wherein the first joini ayer an
second joining | ayer have substantially the sane
SR PRel Blei i hareadig melimerratenat m 32,

wherein the first joining |ayer and the

46.  The method of claim 27, wherein the parameters include at least
one of length, width, thickness, density, heat capacity, thermal conductivity, heat
of fusion, melting temperature, heat of reaction, propagation velocity, atomic

weight, and ignition location.

47.  The method of claim 30, wherein the determining the behavior of
the energy distribution includes determining at least one of: an amount of melting
of at least one of the first component and the second component; a duration of
melting of at least oné of the first component and the second component;
whether critical interfaces have been wetted; an amount of thermal exposure of
at least one of the first component and the second component; and a

temperature, a peak temperature, a temperature profile, or temperature
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second joining |ayer have different chem cal
conpositions. 42. The nethod of claim 32, wherein the

w0 eosnojoet ni ng | ayer is one or nore of sol derpP@mntis2004/014775
braze and the second joining layer is one or nmore of
sol der and braze. 43. The nmethod of claim42, wherein
the solder is one or nore of lead, tin, zinc, gold,

i,hdium silver, and antinony. 61 WO 2005/ 005092
%ﬁ@?ﬁdﬂ/ﬁwQHeM.fhﬁﬂést?é@mmeat the seaoac comipenent; and the
the braze is one or nore of silver, titanium copper,
reaetivenmuliilayer mageriblgol d. 45. The nethod of clai m 27,
wherein the energy evol ution equation including the

energy source termis ah Pat=0g+Q wherein h
enthal py, pis density, t is time, g is the heat flux

vect 048. anth&mdthbl ®f eRANIY, We‘?@iﬁ%ﬂé%m[}ﬁgﬁhglbgh%vior of

reactive nultilayer nmaterial. 46.

e eldisy ?\jsﬂr{t&&%rﬁﬁ&l@%g %lreﬁacfi'rﬁﬁih#?/a? l%s&{o%%icgé@ﬁ ?a}%}ooJ nt of melting

[ ength t hi ckness, densi i

r n tigvity, .heat of fusion, neltin _ ]
SR TR BB i Beond i sagind Toinine faver: g duration of
at Rm’ C ight, and ignition |ocation. 47. The nethod
'5e @Qaf?frﬁﬁ%ﬁgstm@r@‘ithe %‘Fﬁi jeiatngrlayer angl theesansimahipiminglayer;
the energy distribution includes determ ning at |east
whether critigal intetfacenhavebeengretiedl; ah dneawit oftieeroial téxgosure of
first conponent and the second conponent; a duration
aifleast one of the first component and the second component; and a
temperature, a peak temperature, a temperature profile, or temperature
distribution of at least one of the first component, the second component, the first

joining layer, the second joining layer, and the reactive multilayer material.

49.  The method of claim 32, wherein the reactive joining configuration
further comprises a third joining layer and a fourth joining layer;

wherein each of the third joining layer and the fourth joining layer is
predeposited onto one of the reactive multilayer material, the first component,
and the second component, and at least some of the parameters are associated

with the third joining layer and the fourth joining layer.

50.  The method of claim 49, wherein the third joining layer and the
fourth joining layer have substantially the same chemical composition.
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melting of at | east one of the first conponent and the
second conponent; whether critical interfaces have
whemwnoosedt ed; an anount of thermal exposure of PCHUS2004/014775
| east one of the first conponent and the second
conponent; and a tenperature, a peak tenperature, a
tenperature profile, or tenperature 62 WO 2005/ 005092
PCT/ US2004/ 014775 distribution of at |east one of the
first conponent, the second conponent, and the
reactive nultilayer material. 48. The nmethod of claim
32, whér ei hhemeetbed @f slainmp, wierbiatthwithird fininghayer and the
energy distribution includes determ ning at | east one
surthgnininglayer baverdiftarent chefimiesl dopasdsigsres. of the first
joining layer and the second joining |layer; a duration
of nelting of at | east one of the first joining |ayer
and the second joining |layer; whether critica

i ntergaces ; nt,.of . thermal .

exposﬁzrd'e o}-mgt?etﬁggg{ E%Elﬁ]e%g%f “tﬁ%ééﬁ}%ﬁ%ﬁh'ﬁmﬂgllﬂyeé@at least
ent ; d enperature, a peak )

O oPAEA SR RRIORA. o ik R REI aVof A abaitione of nousi

di bri bu{ki on of at |east one of the first conponent,

qrhci 8088hd component, the first joining |ayer, the

second joining layer, and the reactive nmultil ayer

material. 49. The nmethod of claim 32, wherein the
reactive joining configuration further conprises a

t hi r b3.oi rA metheg.ecompigsing:f ourt h j oi ning | ayer;
wherein each of the third joining |ayer and the fourth

J i NiselodiiAyas rdzfotivehAAABYSH natbrht 0 one of the
reactive nultilayer materiral, the first conponent,

o BB S BERBREB A bl B R b wsing e

rggg’tﬁ)’e UEilatyhe? nfla %Figlf; joining layer.

providing an energy evolution equation, the energy evolution equation
including an energy source term associated with a self-propagating reaction that
originates within the reactive multilayer material, the self-propagating reaction
having a known speed and heat of reaction;

discretizing the energy evolution equation;

determining a behavior of an energy distribution in the first component, the
second component, and the reactive multilayer material by integrating the
discretized energy evolution equation using parameters associated with at least
one of the first component, the second component, and the reactive multilayer

material;
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50. The nethod of claim49, wherein the third joining

| ayer and the fourth joining |ayer have substantially
w0 b@ssetee2 chemi cal conposition. 63 WO 2005/ 005PORUS2004/014775

PCT/ US2004/ 014775 51. The nethod of claim 49, wherein

the third joining layer and the fourth joining |ayer

have different chem cal conpositions. 52. The nethod

of claim.23, wherein the third joining |ayer is at

| east PrRdingthe ﬁ@?@mp&ﬁ'@nt}ébﬁﬁwn%ﬁdmﬁeeﬁblanthhe reactive

joining layer is at |east one of Incusil and Gapasil.

gulltilayeremptatial bevipgitee paramsterect i ng a reacti ve

mul tilayer material; selecting a first conmponent and a

seconfositiapiogehe réactiveahoitityer faeridlNRtwe8R%hé ARt component
mul tilayer material; providing an energy evol ution

end ae escorid€ordpBhaNt; @@l uti on equation including an
energy source term associated with a sel f-propagating

react pi9dém HeTH: LRI reactive -

mul til ayeIrééﬁgttreaﬁléaﬂg %@‘%sﬁgﬁﬁ%ép%%‘i@%rﬁaaﬁeé's‘&?? g§ to join the
P\ speed and heat of reaction;

E’fg\sllg@glp ﬁ??ﬁ@wﬂ& S§H8P§;?°81P<9”§P -on equat i on;

determ ning a behavior of an energy distribution in

the first conponent, the second conponent, and the
reactive multilayer material by integrating the

di scred.i zethemethyd et olairhiady furthextdoomprissid) selpativgra tfRstSoining
associated with at |least one of the first conponent,

Iﬁg?re?r?rg la:sdzcond’ﬁkﬂnm@tlay@ffdr JoMing @96 ikt @oMBoneh¥Pthe second
component using the reactive multilayer material,

wherein the step of determining includes determining the behavior of the
energy distribution in the first joining layer and the second joining layer by
integrating the discretized energy evolution equation using parameters
associated with at least one of the first joining layer and the second joining layer

y

providing the first joining layer and the second joining layer having the

parameters; and

positioning the first joining layer and the second joining layer between the

first component and the second component,

wherein the step of chemically transforming causes a transformation of the

first joining layer and the second joining layer.
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64 WD 2005/ 005092 PCT/ US2004/ 014775 providing the
first conponent, the second conponent, and the

woe@sniawe2 nultilayer material having the par ap€r/E8RN4/014775
positioning the reactive multilayer material between
the first conmponent and the second conponent; and
chemcally transform ng the reactive nultilayer
material sg as to join the first conponent to the
secona®conpBAEAethodof clrim Sk twheteint thelskeprobBosifioming ehe first
conprising selecting a first joining layer and a
oévea dryesiandribe Isagend jainingdaydrigclubies Hibpositicg BRERE Mhe joining
to the second conponent using the reactive multilayer
lates ombne Wi etiefirst cbhpoineht, Lo bRC! i
determ ning the behavipg)trn of ﬁﬁggéﬁﬂgﬂyﬁgpgﬁfﬁia]'gngﬁﬁ%ﬁeac’uve
multh&eerfhatetial, 0 Ni ng layer and the second j oi ning
| ayer” by integrating the discretized energy evol ution
equation using paranmeters associated with at | east
one of the first joining | ayer and the second joi ning

| ayer prayiding the first joining |ayer and the

secontl] oioﬁri“ﬁaqqqa%lof ﬁllé*!m r?él’ whereip anenafttbe doiningdayers is a free-
ositioning the first joining |ayer and the second
tBndingsheslier between the first conponent and the

second conponent, wherein the step of chemcally

t r ansibeneimthecstepex pasttioaimsf incloges posibningethefitdesstanding

joining layer and the second joining |layer. 65 WD

SHUBD bRORSETP BV Ritflfldver Material and one of the first component

and the second component.

97.  The method of claim 53, wherein the reactive multilayer material is

a reactive multilayer foil.

98.  The method of claim 53, wherein the first component and the

second component have substantially the same chemical composition.

99.  The method of claim 53, wherein the first component and the

second component have different chemical compositions.

60. The method of claim 53, wherein the first component comprises a
metal, metal alloy, bulk-metallic glass, ceramic, composite, or polymer and the
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55. The nethod of claim 54, wherein the step of
positioning the first joining |ayer and the second
WO 2008/008992 ayer i ncl udes depositing one of the POI/NE0G4/014775
| ayers on one of the first conmponent, the second
conponent, and the reactive nultilayer material. 56.
The nmet hod of claimb54, wherein one of the joining
|layers is a free- standing sheet, wherein the step of
S6E0HT BRGNP REFABRES 58 Mta gk Aoy bulk-setelin aigss, ceramic,
sheet betmeen the reactive nmultilayer material and one
6PMpREite, rqrolyBRponent and the second conponent. 57.
The nmet hod of claim53, wherein the reactive
multilayer material is a reactive nultilayer foil.
58. The nethod of claimb53, wherein the first
conmpoéent t tipal l:
mp g rhéthod o e CRTRRIEA!HBHStaP HPRIANAIRY icludes

the sane chem cal conposition.

Sfte oPRSBIN clifiinkind Shaif C%gﬁﬁér %ﬂbﬁ%cgg,%e ond_

conmponent have differen cal
The met hod of claim53, wherein the first corrponent
conprises a met aI netal alloy, bulk-netallic glass,

ceran%%‘ _gﬂgosn , or polymer and the 66 WD

2005/ 99509 06 glein £07 wheseipdhe cetamisraeiudes one or more
n&ﬂlsesanetal nmetal alloy, bulk-netallic glass,

@fesiligane carbasmboson, avitride, parbjdes mndédumitige.net hod of

cl ai m 60, wherein the nmetal or nmetal alloy includes

one or nore of alum num titanium copper, iron, and

ni ckel .

63.  The method of claim 54, wherein the first joining layer and the

second joining layer have substantially the same chemical composition.

64.  The method of claim 54, wherein the first joining layer and the

second joining layer have different chemical compositions.
65.  The method of claim 54, wherein the first joining layer is one or

more of solder and braze and the second joining layer is one or more of solder

and braze.

66. The method of claim 65, wherein the solder is one or more of lead,

tin, zinc, gold, indium, silver, and antimony.
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62. The nethod of claim60, wherein the ceramc

i ncl udes one or nore of silicon, carbon, boron,
wWRaGosie®92 car bi de, and al um ni de. 63. The net hpdI/U§2004/014775

claim54, wherein the first joining | ayer and the

second joining |layer have substantially the sane

chem cal conposition. 64. The nethod of claim 54,

wherepp the first joining |ayer and the second

j oi ni hz I a‘j-gre Rghedffgal él@ whrigincthe kreae issone onmore of silver,

PS.,The met hod of claim54, wherein the first joining

ILANIM; GORRAY. diumppigke)i ardalk and braze and the

second joining layer is one or nore of solder and

braze. 66. The nmethod of claim65, wherein the sol der

is one or nore of lead, tin, zinc, gold, indium

si | veB8. anThamhéthipa\of cfaimi3 2. i ion i

CT] UBp 004 DAy o o0l i3, H e oPIRe Shoray grolution equation is

the braze is one or nore ofy,silver, titanium copper,

i ndi um nickel, and gold.pgét:ﬂhQ+Q§thod of claim 53,

wherein the energy evol uti 4 equation is ah Pa=\7qg+Q

wherein h enthal py, p is density, t is tinme, g is the

heat Whereiv&centhal@ng isidentig (eNBMBY ofig e R8al Fﬁb@‘véfcﬁor, and QO
the reactive nultilayer material. 69." The nethod o

clal i he,paraneters include at |east one
'gftﬁ%’ ?H gf‘%}’ P@\?\%ﬁ%ﬂgté Hl féﬁ%ﬁgegﬁved@m@xgr M&gatapaci ty,
thermal conductivity, heat of fusion, nelting
tenperature, heat of reaction, propagation velocity,

atom ¢
69. The method of claim 53, wherein the parameters include at least

one of length, width, thickness, density, heat capacity, thermal conductivity, heat
of fusion, melting temperature, heat of reaction, propagation velocity, atomic

weight, and ignition location.

70.  The method of claim 53, wherein the determining the behavior of
the energy distribution includes determining at least one of: an amount of melting
of at least one of the first component and the second component; a duration of
melting of at least one of the first component and the second component;
whether critical interfaces have been wetted: an amount of thermal exposure of
at least one of the first component and the second component; and a

temperature, a peak temperature, a temperature profile, or temperature
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wei ght, and ignition location. 70. The nethod of claim

53, wherein the determ ning the behavior of the
wWe@p@sgysosi st ri buti on includes determ ning at | PEBUSHNE014775

of : an amount of nelting of at |east one of the first

conmponent and the second conponent; a duration of

nmelting of at |east one of the first conponent and the

. CO nent ; ther critical interfaces have
é%@%ﬁt%& I%té’ﬁ'ﬁ\(\f/ﬁh% Irgt iGepRgINeak e seeond component, and the
| east one of the first conponent and the second

¥e Engltilayagmaterigdnper at ure, a peak tenperature, a
tenperature profile, or tenperature 68 WO 2005/ 005092

PCT/ US2004/ 014775 distribution of at |east one of the
first conponent, the second conponent, and the

reactvve nWhéinethied ofelaihis, wh@einih@.dé?érﬁrﬁﬁin@ﬁgg & BVior of

54, wherein the determ ning the behavi or

® ' i iaAn HRE! : 1N at.. | east one .
DTt o St A Be LG B R G = Al PR G meting
jQlnl t.he.second joi.ning |layer; a duration
AT QRSB AU BHE" o i Seearit o] inlgr garation of
ang. th cond joinjng layer; whether critical

TH 'projéiieq%@gje@‘éhe %é‘{tﬂ@ﬂtngdﬁY%fnﬁnﬂftheoSemdrjming layer;
exposure of at |east one of the first conponent and
whetheeedlical idatfasemhaveabeem wettedpen aimount of tisakal exposure of

tenperature, a tenperature profile, or tenperature

atilsastidnet ofcthe dirstadonhssrsdnt @nd thé seBend chitpor@AR AN -
the second conponent, the first joining |ayer, the

oot ka8 A Yo e

P BParEESraL a8 el fobRyediots SEndismimant, the fis

1.0. 1 d -
J(rnﬂlngngyésr(,e 'Second Joining layer, and the reactive multilayer material.

72. The method of claim 54, further comprising selecting a third joining
layer and a fourth joining layer for joining the first component to the second
component using the reactive multilayer material;

wherein the step of determining includes determining the behavior of the
energy distribution in the third joining layer and the fourth joining layer by
integrating the discretized energy evolution equation using parameters
associated with at least one of the third joining layer and the fourth joining layer,

providing the third joining layer and the fourth joining layer having the
parameters;
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conponent using the reactive nultilayer material;
wherein the step of determ ning includes determ ning
wo b@shoetosr/i or of the energy distribution in tker/ukiondo14775
joining layer and the fourth joining | ayer by
integrating the discretized energy evol uti on equati on
usi ng paraneters associated with at |east one of the

third jojning. |ayer the fourth joining | ayer,
provi Bferd@ppﬁglng 3 (?fgﬁﬁiﬂﬂﬂjf’ loiyag layed aﬂﬁéﬁecﬁwmmoining layer on

%oi ni ng@l@ager having the paraneters; 69 WO
blegsbene obthedirsbepmoanent ttrssesansapuponéntyardthe edactive

the third joining layer and the fourth joining |ayer
owltdayeransteriahe of the first component, the second
conponent, and the reactive nultilayer material,

wher ewhetehe tisd %Pfo cheRTt AR thahdforAMiag ok 8d aQ%‘@E&e'n?ation of the

transformation of the third joining |ayer an

ﬁ‘hﬁ}‘drjbi!mdgoﬂa%p%mlg gy@fqurt]ﬂgiq]'%gy@}'hod of claim 72,

wherein thé thi J ol ni and the fourth
joining |layer have substantially the sane chemni cal
conmposition. 74. The nethod of claim 72, wherein the

third,joinpng layer and the fourth joining |ayer have
di f f ef&nt ntﬁém%%@d Qgﬁlﬁﬁﬁﬁtzi, wihereinihe thied J@gllh@tayef and the
claim72, wherein the third joining |ayer is at |east
feHEhdpiningda¥en haveisubatastially the datrieecHarmichhcgrapositign.
| ayer is at |east one of Incusil and Gapasil. 76. A
joining nmethod, conprising: providing paranmeters
associated with a first conponent, a second

74.  The method of claim 72, wherein the third joining layer and the

fourth joining layer have different chemical compositions.

75.  The method of claim 72, wherein the third joining layer is at least

one of Incusil and Gapasil, and the fourth joining layer is at least one of Incusil

and Gapasil.

76. A joining method, comprising:
providing parameters associated with a first component, a second
component, and a reactive multilayer material, the parameters having been
determined by a determining method comprising the steps of:
providing an energy evolution equation, the energy evolution

equation including an energy source term associated with a
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conponent, and a reactive nultilayer material, the

paraneters having been determ ned by a determ ning
woredoloesoennpri si ng the steps of: providi ng an BCEU§R004/014775

evol ution equation, the energy evolution equation

i ncluding an energy source termassociated wwth a 70

WO 2005/ 005092 PCT/ US2004/ 014775 sel f-propagati ng

reaction that orjgi es.wthin.the reactive

nul tilayer mat erglbg-lp?&%%t@glr?%ﬁ‘%@@épf'ﬁ@ai%sa\ﬂfhlﬁrthe reactive
having a known SLEtﬁed and heat of reaction;

di scretizing t hE'gHaYYynaigsialithe sebquiepagatingaedction having a
deternmi ning a behavior of an energy distribution in

the first conpbP@#b speae anddwad of cegutioant, and t he
reactive nultilayer material by integrating the

di scret i zediseretizing thevarlengy evolativibh@atiorsidpg t he
paraneters associated with at |east one of the first

component . détaamiip BbeHAURR B Aher@fdl alsibuUBAT e s

mul tilayer mate providing the

the second conp ng. t reactive Itilayer .
mat eri al havi ng‘%}ﬁgé%%@agﬁgtgebﬁzg ;"%é’é’i‘?‘?r&ﬁﬂrm@"q h]gvreactlve
reactive multil r material between the first
conponent and 'ﬁﬁg"%y&%ee@dﬁ’dﬁ rating thecgisaietized gnergy
transform ng the reactive nultilayer material so as to

join the firstSOYHBRIHat0 UsiRg thecpardmeaiersomesuciat@d with at
The met hod of claim 76, further conprising providing
t he least one of the first component, the second component, and

the reactive multilayer material;
providing the first component, the second component, and the reactive
multilayer material having the parameters;
positioning the reactive multilayer material between the first component

and the second component; and

chemically transforming the reactive multilayer material so as to join the

first component to the second component.

77.  The method of claim 76, further comprising providing the
parameters associated with a first joining layer and a second joining layer,
wherein the step of determining includes determining the behavior
of the energy distribution in the first joining layer and the

second joining layer by integrating the discretized energy
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paraneters associated wth a first joining |layer and a
second joining layer, wherein the step of determ ning

w0 p@baees2 det er mi ni ng t he behavi or of the enerpyI/US2004/014775
distribution in the first joining |layer and the
second joining layer by integrating the discretized
energy 71 WD 2005/005092 PCT/ US2004/ 014775 evol ution
equation using parnameters .associated with at |east, .
one of the fi rs{gvcflg"?ﬂ ﬁﬂu?t%lfs'%ﬁ’af%eteéﬁ6’ﬁﬁ°?‘%€eﬁ’i"1‘4'81 at least
| ayer, providing the first joining |ayer and the
se%:/ond iji ni ng 8’&“}‘/@?"%%?1@'&'%la)ﬁ%ﬁ&ﬁéh%ﬁ??ond joining layer,
positioning the first joining |layer and the second
j oi ni prgVidye theptinshieining tayer findghe senpod iningrayarttaving the
second conmponent, wherein the step of chemcally
paransdtersyi ng causes a transformation of the first
joining layer and the second joining |layer. 78. The

et hogodiiokihgitne first [icylﬁi%%%rté?ﬁi R cBhdRGRIHY Igﬂ?«%ﬂ"@etween the

the first jOining layer and the second joilnin ayer
i § joining |ayers on one
fgg%ﬁgsépgﬁféﬁ%wp%%%ﬁm ﬁ]rrébés]iecdcghd conmponent, and the
reactive .myltilayer materjal. 79. The nethod of claim
7 el B P chRBsab s g Saisena fradstomiation of the
st andi ng sheet, wherein the step of positioning
firsticinied '3y ianddhe sgcone jginieg layetndi ng  sheet bet ween
the reactive nultilayer material and one of the first
conponent and the second conponent.

78.  The method of claim 77, wherein the step of positioning the first
joining layer and the second joining layer includes depositing one of the joining
layers on one of the first component, the second component, and the reactive

multilayer material.

79.  The method of claim 77, wherein one of the joining layers is a free-
standing sheet,

wherein the step of positioning includes positioning the free-standing
sheet between the reactive multilayer material and one of the first component

and the second component.

80. The method of claim 76, wherein the reactive multilayer material is

a reactive multilayer foil.
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80. The nethod of claim 76, wherein the reactive

multilayer material is a reactive nultilayer foil. 72
wWODR0HHD05092 PCT/ US2004/ 014775 81. The mnet hodUs$004/014775

claim 76, wherein the first conponent and the second

conmponent have substantially the sanme chem cal

conposition. 82. The nethod of claim76, wherein the

first conponent and the second conponent have

di fferent chem cal conpositions. 83. The nethod of

cl ai 6, erein th i.rst_ conponent conprises a

met aln%,ﬂ'met ilﬁeé'i’?‘gﬁ?fj OSQIERmn@, ayhereinghadisst aenponent and the

conposite, or polynmer and the second conponent

%%W Qrebenenithave substantially tys samielchepiisall doinshsitsh.

ceram c, conposite, or polyner. 84. The nethod of

claim 83, wherein the netal or netal alloy includes

one or nore of alum num titanium copper, iron, and

ni cked2. 85Thdheethdd BPela | @ ; Lp.the

ceranic includes one orﬁﬁm@éa’hgéﬁit?%ggﬁio QisRt and the

deeoad.cofhddr (5T | um ni de,. 86. The net hod

of cl ai mw&mg?éﬁ&?%%@?P?%PHPWBOW%yer and the -

second joining |ayer have substantially the sane

chem cal conposition. 73 WO 2005/ 005092

PCT/%%ZOM'! 014775 87. The method of claim77, wherein

the st Wﬁﬁ“@?q ehydpim A8, whereire trentirst oomipogehtodprises a

hatVE ditfferent chem cal conpositions. 88. The nethod

"ittak gt 2Hoy, Whbr-wietalliiglats, adrajric, oM ASIAEbr hSIYARE S the

second component comprises a metal, metal alloy, bulk-metallic glass, ceramic,

composite, or polymer.

84.  The method of claim 83, wherein the metal or metal alloy includes

one or more of aluminum, titanium, copper, iron, and nickel.

85.  The method of claim 83, wherein the ceramic includes one or more

of silicon, carbon, boron, nitride, carbide, and aluminide.

86.  The method of claim 77, wherein the first joining layer and the

second joining layer have substantially the same chemical composition.
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nore of sol der and braze and the second joining |ayer

is one or nore of solder and braze. 89. The net hod of
W@ L@swB®82, wherein the solder is one or nore oPCT/E8H04/014775

tin, zinc, gold, indium silver, and antinony. 90. The

met hod of claim88, wherein the braze is one or nore

of sil ver titanium copper, indium nickel, and

23'0? Ron I}f m’%‘?%ﬁé’ by Rl refe S Tob R BTG e
= inh hal d ;
SN Pyt Revh e P ENTRER GO RIKETS- o endi gy

rel ease rate in the reactive nultilayer material. 92.
The nethod of claim 76, wherein the paraneters include
at least one of length, width, thickness, density,

heat g&®pacThy methed mﬁblaﬂnﬁ'du%evem}the Iﬁmtjomﬁ@ I#er is one or
2005/ 005092 PCT/ US2004/ 014775 of fusion, nelting

e ef %IHé?an@ BAdzePAnd BRCESNd jBIMMRARS L %rbﬁ/é?bpﬁio?é( of solder
atomc weight, and ignition [ ocation.” 93. The nethod

ﬁ]d BJ‘aaZ m 76, wher ein the determ ning the behavior of

e energy distribution includes determ ning at | east

one of: an anount of nelting of at |east one of the

first conponent and the second conponent; a duration

of nelting of at | east one of the first conponent and

the s%%ondlhkemsaihedhof clajiin &8 uherginithe splderispna e gore of lead,
have been wetted; an anount of thermal exposure of

tin, zinc, gold, indium, silver, and antimony.

90. The method of claim 88, wherein the braze is one or more of silver,

titanium, copper, indium, nickel, and gold.

91. The method of claim 76, wherein the energy evolution equation
including the energy source term is .
oh :
—=V +
por=Vea+d
wherein h enthalpy, pis density, t is time, q is the heat flux vector, and Q

is the energy release rate in the reactive multilayer material.

92. The method of claim 76, wherein the parameters include at least

one of length, width, thickness, density, heat capacity, thermal conductivity, heat
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at | east one of the first conponent End t he s?cond

conponent; and a tenperature, a peak tenperature, a
W(beor;gmﬂpure profile, or tenperature distriburCDOSID4/014775

at |east one of the first component, the second

conmponent, and the reactive nultilayer material. 94.

The nmethod of claim 77, wherein the determ ning the

' . e ener di stribution includes
QE{]@/ ?h‘%”%&gﬁ‘%@&u% begt of rgactigmunopagation velagty, atomic
at. |l east one of the first joining |layer and the second
W@lgflﬁ?’r@“q gpeion lacaiomat i on of melting of at |east one
of the first joining |layer and the second j oi ni ng .
| ayer; whether critical interfaces have been wetted,
an amount of thermal exposure of at |east one of the

fi rst98.0npThentietAdd of BRim D %e‘f'@imﬁg %@térnﬂﬂﬂg%he behavior of
tenperature, a peak tenperafure, a tenperatur

Peridr d%’tri&ﬁmﬁelh@m{eg dteﬁééﬁﬁ@bg% ilegqr;s&%gﬁgﬁ lfxr? gsﬁtg)uon? of melting

of the Tirst conponen

. LT hal | er, and
il Teast dHeld W Pt eanoniant @i dhe sPombeeumonedt Goduration of

PCI/ US2004/ 014775 = 95, The method of claim 77, further
'Egl-{‘ﬁgiog iag (a5t Queafiie fiFd companentasd dss setancedompbhent;
third joining | ayer and a fourth joining layer,

witriher briticpd indediaces halet been niettgd] an nismt SE tRSFleRBosure of
the behavior of the energy distribution in the third

jt deantiopel afithe fisstconhondreahtihhé @bBbAd chavBhehY and a
E]i nt eg:rmg]t ifg the discretized energy evoﬁ?tl on equaﬁl on

i jrat j Nird,. joinin
et STped forSare, £ fortbbiutirolit b Rt

ﬁ%@?%&drﬁﬁﬂéﬂ@aé%ﬁ ofthd fﬁgtecgrﬁgéﬁgnt! t%iensierg:%nld%%ponent, and the

reactive multilayer material.

94.  The method of claim 77, wherein the determining the behavior of
the energy distribution includes determining at least one of: an amount of melting
of at least one of the first joining layer and the second joining layer; a duration of
melting of at least one of the first joining layer and the second joining layer;
whether critical interfaces have been wetted; an amount of thermal exposure of
at least one of the first component and the second component; and a
temperature, a peak temperature, a temperature profile, or temperature
distribution of at least one of the first component, the second component, the first
joining layer, the second joining layer, and the reactive multilayer material.
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paraneters; positioning the third joining | ayer and

the fourth joining |ayer between the first conponent
wapaspbwIsecond conponent, wherein the step of PCT/US2004/014775

chem cally transform ng causes a transformation of the

third joining layer and the fourth joining |ayer. 96.

The nmethod of claim95, wherein the third joining

| ayer and the fourth joining |ayer have substantially

the sane chem cal conposition. 97. The nethod of claim

95, rein, the third joining | ayer and the fourth
j oi mv% | a@é‘? “Pﬁ}b@d Gﬁ?d@é'ﬂ i %@H@Pﬁmm«'ﬁﬁm)pm\ﬂdingme 76
WO 2005/ 005092 PCT/ US2004/ 014775 98. The met hod of
RATAMALeEs, asgesiaded withe thidrjdinirg layegahayefouts j@ihingaagér,
one of Incusil and Gapasil, and the fourth joining

| ayer is awhereirstheostepaff defstifihihg ifdGd&288&nini i
joint, conprising: a first corrpo%ent j%ng%lrh)mﬁgth&behav'or

second ¢ Onponerﬁf;thé'éﬂefmé‘ﬂfbﬁti?{u iirfg'@;ﬁﬂ]@&gmgalﬁyer and the

transformati on of a reactive nu
associ ated w t %&Hﬁ-

J oSt onent and.the second
conponent, wherern bé{bg‘ﬁé%‘@?yolf‘?%faﬁ%ﬁte seredized gaergy
first conponentel L}Ee second conponent, and the
reactive multi IYYIORGRIIGN Ysingpgamesers associried withrthe
a sinulated behavior of an energy distribution within
the first conpdiEhioiningéayesendriie founplo fuimng layet, t he
reactive nultilayer material, wherein the behavior is
det ePf@Vidiagthe ithitefpining tayen adidthe ebirtmidisiAg ®hyethaving the
parameters;

positioning the third joining layer and the fourth joining layer between the

first component and the second component,

wherein the step of chemically transforming causes a transformation of the

third joining layer and the fourth joining layer.

96.  The method of claim 95, wherein the third joining layer and the

fourth joining layer have substantially the same chemical composition.

97.  The method of claim 95, wherein the third joining layer and the

fourth joining layer have different chemical compositions.
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energy evol ution equation using the paraneters,

wherein the energy evol ution equation includes an
We@p@sgysosnur ce term associated with a sel f- prPEEYS20041014775

front originating wwthin the reactive nultilayer

material, wherein the self-propagating front has a

known speed and heat of reaction. 100. The joint of

2 “coting 1 EPARhORR RIS herblnethel Rl ilngdheen S o east

t he cong conmponent, 77 WD 2005/ 005092

9@?@3}% /@ﬁ%?@as'mérdéhﬂ fouth jeininataver ds at legst oreof Incusil
one of the first conponent, the second conponent, the

and §apgasilni ng | ayer, the second joining |ayer, and the
reactive multilayer material is predeterm ned based

on the sinul ated behavior of the energy distribution
within the first conponent, the second conponent, the

firstggj ol pijpmt, @eprisihdre second joining |ayer, and
the reactive nmultilayer  material. 101. The joint of

o ¢ panet SAPEIoTRed R Biseont PRYTRRE AR, (5™

reactive [tilayer material is, a eactive nultil ayer |
foi | . relpaANeiof & Ghamicak rasiprmatisn of Erastismatieype faterial
joining layer and the second |oining |ayer are

assasiried wikt edifst srmpenent angribersasond sempanesdcond
conponent. 104. The joint of claim99, wherein the

fir st wherspoparameteds bhet Isasoortke of the first component, the second

component, and the reactive multilayer material is predetermined based on a
simulated behavior of an energy distribution within the first component, the
second component, and the reactive multilayer material,

wherein the behavior is determined by integrating a discretization of an
energy evolution equation using the parameters,

wherein the energy evolution equation includes an energy source term
associated with a self-propagating front originating within the reactive multilayer
material,

wherein the self-propagating front has a known speed and heat of

reaction.

100. The joint of claim 99, further comprising a first joining layer and a
second joining layer joining the first component to the second component,
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conponent have substantially the sanme chem cal
conposition. 105. The joint of claim99, wherein the

wo eosposmenponent and the second conponent havECT/US2004/014775
di fferent chem cal conpositions. 78 WD 2005/ 005092
PCT/ US2004/ 014775 106. The joint of claim99, wherein
the first conponent conprises a netal, netal alloy,

bul k- net al.l i,c gl ass,, cer conpo

and  WBe e o BinaeReh BB an T e EfoRRalgift the second
all oy, bul k-netalljic glass, ceramc, onposite, or
%myﬁ@fsnt ifcﬁflrstlfénme|laateroﬂﬁeo$%qmﬂg®mmlﬁye©|amdtth@ reactive
netal or netal alloy includes one or nore of
aiulithyermaterishisi predeteomiread baseshon threlsimulideld. bel®iortidhe
joint of claim 106, wherein the ceram c includes one

eneryrdisteibution withimthedrsteompdesintheldddondeonisditiniSthe first
and al um nide. 109. The joint of claim 100, wherein

Wné Wy, thel d8cB d'jéﬁ flg Iéggr %\E@ 166 $O8Givel RLIRINRr h?éf%gal

e subst ant aI e sa em cal  conposi ti'on
The joint of clai m 100, wherein the first joining
| ayer and the second joining |ayer have different

uncr ef 1« nenpymnt of daim A9, wagein 1% Sherisel fargorgation s an

sol der and braze and the second joining |ayer is one
ignitied e of sol der and braze. 79 WD 2005/ 005092

PCT/ US2004/ 014775 112. The joint of claim 111,
wherein the solder is one or nore of |ead,

102. The joint of claim 99, wherein the reactive multilayer material is a

reactive multilayer foil.

103. The joint of claim 100, wherein the first joining layer and the second
joining layer are disposed between the first component and the second

component.

104. The joint of claim 99, wherein the first component and the second

component have substantially the same chemical composition.

105. The joint of claim 99, wherein the first component and the second

component have different chemical compositions.
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tin, zinc, gold, indium silver, and antinony. 113.

The joint of claim 111, wherein the braze is one or
worees/0af09xsi | ver, titanium copper, indium niPREUS20841014775

gold. 114. The joint of claim99, wherein the energy

evol ution equation including the energy source term

is ah Pa=V.qg+Q wherein h enthalpy, p is density, t

i's tig@6 g-is.the heat flux vector, and is the energy

r el ead¥0r af BN AkClaia 8P; Wherain the fifsé composenttompiises a

The ,j oint of claim99, wherein the paraneters include

metalematalaiipy, bolkipatallle, glassideramiy, compesite dansalymer and the

heat capacity, thermal conductivity, heat of fusion,

seddncheprhpopentedamerisdseinetdl, rRASILAIRY, bikaRaGHId Rhss, ceramic

velocity, atomic weight, and ignition location.” 116. ’

ddrapbsité torHolyhat. m 99, wherein the determning the

behavi or of the energy distribution includes

determining at |east one of: an amount of nelting of

at | east one of the first conponent and the second

conpo t; duration of _melting of at |east one of
the {196t E@WH@ tclalny 196 evhereshinedmrid oe metal apwincludes

2005/ 005092 PCT/ US2004/ 014775 whether critical

PR BF MR of pliainy B fditakivne aopper, kavuand oickeher nal
exposure of at |east one of the first conponent and
the second conponent; and a tenperature, a peak
tenperature, a tenperature profile, or tenperature

di st ri1@8it i Die Riintadf di&ast 06 eh&rbint the ddramic MRIRRIYHe or more of
t he second conponent, and the

silicon, carbon, boron, nitride, carbide, and aluminide.

109.  The joint of claim 100, wherein the first joining layer and the second

joining layer have substantially the same chemical composition.

110.  The joint of claim 100, wherein the first joining layer and the second

Joining layer have different chemical compositions.

111. The joint of claim 100, wherein the first joining layer is one or more
of solder and braze and the second joining layer is one or more of solder and

braze.
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reactive nultilayer material. 117. The joint of claim

100, wherein the determ ning the behavior of the
wWe@p@sgysosi st ri buti on includes determ ning at | PEBUSHNE014775

of : an anmount of nelting of at |east one of the first

joining layer and the second joining layer; a duration

of nelting of at | east one of the first joining |ayer

and t S Lol i er. whether critical

i nter 1<';312<:'e§15 ﬁgsoéh"gée@r@akb fﬁd’,"h%fﬁ"h Idejtistonerarehore of lead,

r f. .at | east one of the first conponent and

ﬁ?@%@%ﬁ@ '%@Hﬁbﬁg\‘ﬁﬁ apgd @nimonyrper at ure, a peak

tenperature, a tenperature profile, or tenperature

di stribution of at |east one of the first conponent,

t he s&cqond_ﬁ;:on‘ponent, the first joining |layer, the

secondlJ. oi Menpintaf efaimatd , iWiesre i ' .

material. 118. The joint of cl a?%ﬁ%gg%élprélt%ﬁeérayﬂore of silver,

tiztampni,s;bpgegiﬁmuﬁgnj&bniaﬂgrépcﬁder and a fourth joining

| ayer joining the first corponent to the second

conponent, wherein the paraneters of at |east one of

the first conmponent, the second conponent, the first

joini I r..th econd joining |ayer, the third

j oi niﬁ%' | g‘gﬁf"”& Pﬁ‘é'%f’Bg’:éc H’ﬁ%@lﬁiﬂ%@ engy@r evalutibrt éguation
: ti [ til terial det i ned based
"%ﬁﬁﬁﬂéﬁg nmul tilayer material are predeterm ne ase

§ RUPWYSPURehEBIMIE of the energy distribution
wthin the first 81 WD 2005/ 005092 PCT/ US2004/ 014775

conmponent, the second conpagnent, the first joining
| ayer, the second joini n@gl%?uﬁ@he third joining
| ayer, the fourth joining Tayer, and the reactive

mul t| r, material. 119. The joint of claim118,
V\her‘é’lhgyﬁ'ﬂg Fﬂfhrar!)‘))i’ & Rdggsityyds {lmﬁ?d qtiféhe beat fiux vector, and ¢

_joining layer have substantially the same chem cal
isdbenenergy mhease rate in the reactive multilayer material.

115.  The joint of claim 99, wherein the parameters include at least one
of length, width, thickness, density, heat capacity, thermal conductivity, heat of

fusion, melting temperature, heat of reaction, propagation velocity, atomic weight

and ignition location.

116.  The joint of claim 99, wherein the determining the behavior of the
energy distribution includes determining at least one of: an amount of melting of
at least one of the first component and the second component; a duration of

melting of at least one of the first component and the second component:
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120. The joint of claim 118, wherein the third joining
| ayer and the fourth joining |ayer have different

W@ b@sioesab2 conposi tions. 121. The joint of clai PEWLS004/014775
wherein the third joining layer is at |east one of
Incusil, and Gapasil, and the fourth joining |layer is
at |l east one of Incusil, and Gapasil. 122. A joint,

ﬁ/ﬂgﬂ{érst'rﬁ'igal Iﬁ't rtdcgk h%?’g%%%ﬁ%%‘*ﬁ;% d ﬁgprg%éfﬁﬁgﬁﬂ@li eposure of

conponent ; rema et
eact | tilayer material; vvherelnt e first
ef)lﬁﬁsfw%ﬂ? Oﬁﬁge 8 hemp RPN S SCORIHARANGTH: AN
the second conmponent. 123. The joint of claim 122,
tamperatu r@oﬁmaagutﬁ@psratu resta fepiperatyre ayefile cordempesattiond
joining layer joining the first conponent to the

distrindioncfiad headt on8f \ie AGA SORHPRAL, AT sEERMD 46MbéRERt, and the
wherein the first joining | ayer has a cheni cal

FSHBEOS inhuilBIay e it from the second joining |ayer.
124. The 10| nt of claim 122, wherein the reactive

multilayer material is a reactlve mul tilayer foil.
125. The joint of claim 123, wherein the first joining

et welh nANEITaE Sdapbe: Mesis e @ét%aﬁﬁr"q?&%%ﬂaworoﬂhe

122, wh the f
B bl e B b o hountof metting of

bul k-nmetallic glass, ceram c, conposite, or polyner
alngashene of the first j jomlng layer and the second j joining layer; a duration of

melting of at least one of the first joining layer and the second joining layer;
whether critical interfaces have been wetted; an amount of thermal exposure of
at least one of the first component and the second component; and a
temperature, a peak temperature, a temperature profile, or temperature
distribution of at least one of the first component, thé second component, the first

joining layer, the second joining layer, and the reactive multilayer material.

118. The joint of claim 99, further comprising a third joining layer and a
fourth joining layer joining the first component to the second component,

wherein the parameters of at least one of the first component, the second
component, the first joining layer, the second joining layer, the third joining layer,
the fourth joining layer, and the reactive multilayer material are predetermined
based on the simulated behavior of the energy distribution within the first
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second conponent conprises a netal, netal alloy,

bul k-nmetallic glass, ceramc, conposite, or polyner.
wa2005/004e2 j oi nt of claim 126, wherein the netaPCDUS2004/014775

nmetal alloy includes one or nore of alum num

titanium copper, iron, -and nickel. 128. The joint of

claim 126, wherein the ceram c includes one or nore of

E?Tﬁﬁ?afe% %9%%%@?86%%%%?@%5'@ NoLafhpesecppd joining
rJtHEthrﬁgLougljS Weé @p fggﬁézc:‘nﬂﬁlfgdgmr;géé ;;ng Irqre]e;mglve multilayer

BF,ionq joining layer is one or nore of solder and

130. The joint of claim 129, wherein the sol der
is one or nore of lead, tin, zinc, gold, indium
silver, and antinony. 131. The joint of claim 129,
wherein the braze is one or nore of silver, titanium

coppet19.i nthejointofadiaim 1 e8dvigiefh t ingQ] f
claim 123, further conprising a tl’rﬂéetﬁ'rd @ﬁﬁ"ﬁgé?%ry%}d the fourth

jeimih@layepHEVE sh@étaglg% RJ dtﬂiégsrﬁprﬂéé;gﬁ%ﬂ:f%gom%héﬁlﬁe, nt of

conmponent to the s
claim 132, wherein the third joining |ayer and the
fourth joining |ayer have substantially the sane

chem 0si.ti.o The joint of claim132,

wher e{:ﬁ t h@" Rintef; Cl}i"f’ﬂl T8, wheseindhe thirdjdirjog dayer and the fourth
er have di fferent chem cal conpositions.

Jé’@ I@ﬁgrh Yedliffgrent ichiemiaa Zonwasiticins. t he third j oi ni ng

| ayer is at |east one of Incusil, and Gapasil, and

the fourth joining layer is at | east one of Incusil ,

and

121. The joint of claim 118, wherein the third joining layer is at least one

of Incusil, and Gapasil, and the fourth joining layer is at least one of Incusil, and

Gapasil.

122. A joint, comprising:
a first component joined to a second component; and
remnants of a chemical transformation of a reactive muitilayer material;

wherein the first component has a chemical composition different from the

second component.

123.  The joint of claim 122, further comprising a first joining layer and a
second joining layer joining the first component to the second component;
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wherein the first joining layer has a chemical composition different from

the second joining layer.

124.  The joint of claim 122, wherein the reactive multilayer material is a

reactive multilayer foil.

125.  The joint of claim 123, wherein the first joining layer and the second
joining layer are disposed between the first component and the second

component.

126. The joint of claim 122, wherein the first component comprises a
metal, metal alloy, bulk-metallic glass, ceramic, composite, or polymer and the
second component comprises a metal, metal alloy, bulk-metallic glass, ceramic,

composite, or polymer.

127.  The joint of claim 126, wherein the metal or metal alloy includes

one or more of aluminum, titanium, copper, iron, and nickel.

128.  The joint of claim 126, wherein the ceramic includes one or more of

silicon, carbon, boron, nitride, carbide, and aluminide.
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129. The joint of claim 123, wherein the first joining layer is one or more
of solder and braze and the second joining layer is one or more of solder and

braze.

130. The joint of claim 129, wherein the solder is one or more of lead,

tin, zinc, gold, indium, silver, and antimony.

131. The joint of claim 129, wherein the braze is one or more of silver,

titanium, copper, indium, nickel, and gold.

132. The joint of claim 123, further comprising a third joining layer and a

fourth joining layer joining the first component to the second component.

133. The joint of claim 132, wherein the third joining layer and the fourth

joining layer have substantially the same chemical composition.

134. The joint of claim 132, wherein the third joining layer and the fourth

joining layer have different chemical compositions.

135. The joint of claim 132, wherein the third joining layer is at least one
of Incusil, and Gapasil, and the fourth joining layer is at least one of Incusil, and
Gapasil.
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