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heat in a planar region.
government has certain rights in the inventon.

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of United States Provisional
10 Application Sertal No. 60/201,292 filed by the present applicants on May 2, 2000
and entitled “Reactive Multlaver Foils”. It is related 1o U.S. Application Senial No.

filed by M.E. Reiss et al. concurrently herewith and entitled

“Method of Making Reactive Multilayer Foil and Resulting Product” and U.5.
Application Serial No. filed by T.P. Weihs er al. concurrently herewith

and entitled “Reactive Multilayer Structures For Ease of Processing and Enhanced

th

Ductility”. These three related applications are incorporated herein by reference.

FIELD OF THE INVENTION

This invention relates 10 reactive multilaver foils, especially freestanding

multilayer foils, useful as local heat sources.

20 BACKGROUND OF THE INVENTION

Reactive multlaver coatings are useful in 2 wide variety of applications
requiring the generation of intense, controlled amounts of heat in a planar region.

Such structures conveniionally comprise a succession of substrate-supported
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Such structures conventionally conprise a succession of substrate-suppqfted
1 1. U2 NOv 2804 WD 01/83182 PCT/ US01/ 14053 coatings that, uponUéﬂgﬁd@@iate
excitatiopg, HRdehgo an exothermc chemcal reaction that gpreads;gcjoss the
area covered by tThe l|ayers generating precisely controll ed anbun%s'of heat .
Whil e we describe these reactive coatings primarily as sources of heat for
wel di ng, soldering.,. or brazing, they can also be used in other 5

applications ¢eguédihngueenipobliad ot geterati eniefn:keatmsuabasn
propul sion and ignition. In nmany methods of bonding or joining materials, a

heat source i g, %@éaeé £86ks tJdUrSa Jb%ered%@u{f-qg\:efrgé%n%iaIiﬁgeﬁllep@d@x&ﬁfomah or

internal to the structure to be joined. VWen external, the heat may be
generated from a de%ic as ur 10 ses inc-rﬁprating such

! evi.ce such as NaGe. [ 0Ces S ) _ _
heat sources f@ﬁﬂ??%l?ﬁ%%ﬁégi?%E%E%ﬁFﬂgqgﬁFf?%Eﬁhf¥]?R§H§3“n\onded. i ncl udi ng
the bulk materials ?nd he bond material. to a tenperature high enough to
mel t the bond>WWEEEFT B2 IOSHEH 2L AUE HBY Op PECEISt SEpTonems etduds the  bul k
materials to be joined are often delicate or sensitive to the high
t enper at ures appdiguionetaimngiseniprlod dassl ceTiresen o lght stelhjraapwinesaniay damage
the materials to be bonded. To alleviate the problens associated with
ext ernal heatigsownces, internal heat sources are utilized. These heat
sources often take the formof reactive powlers or even electrical wres.
When reactive powders are used. a mixture of nmetals or conpounds that will
react exotherm callyyi fad sehbdPsopAdAE bN@ifi@askkeNs, ideat source is

required. This heat source may either be external or internal to the structure to be

joined. When external, the heat may be generated from a device such as a fumace.

10 Processes incorporating such heat sources require the heating of the entire unit to he

bonded. mcluding the bulk matenials and the bond material, to a temperature high

enough to melt the bond material. Such a method presents problems because the

bulk materials to be joined are often delicate or sensiuve to the high temperatures

required in the process. These high temperatures may damage the matenials to be

) bonded.

To alleviate the problems associated with external heat sources. intemal
heat sources are utilized. These heat sources often take the form of reactuve
powders or even electrical wires. When reactive powders are used, a mixture of
metals or compounds that will react exothermically in a self-propagating reaction io

20 form a final compound or alloy is uulized. Such processes have existed since self-
propagating powders were developed in the early 1960s, spawming what is known
as Self-Propagating, High-Temperature Synthesis (SHS). SHS reacnons, however,

often require substantial preheating to self-propagate. and controlling the rate and
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20 forma final compound or alloy is utilized. Such processes have: exfsymd
since sel f- propagating powders were devel oped in the early 1960s, spawnii ng

what is Eggﬁ@&%§$ Sel f - Propagating, Hi gh-Tenperature Synthegsi.sq{iSHSk. SHS

reaction ver, often require substantial preheating to self-propagate,
and controlling the rate and 02 Nov 2004 WO 01183182 PCT/ US01/ 14053 manner
in which their energy is released is often difficult. As a result. bonding
nia", be incenshstieRti@rhdingufdviicinted Toficontiatltt he aprsobl lemgingsisoci at ed
with reactive powder bonding, nultilaver structures conprised of materials,
whi ch all ow similar. exethehiensS reactions, have been devel oped. Such
structures alTow fof more controllable and consistent heat generati ng
reactions. The basic driving force behind such SHS reactions is a reduction
in atom c bond energy. en.a structure. havi.ng. .a. serj - al.ayers of
reactive materi al (Eﬁbﬁﬁﬁﬁéﬁ%pF%ﬁWTSfgmﬁ&%fyg%fgﬁigﬁbﬁgﬂg¥gﬂhfed as the
distinct lavers atomcally conbine, This hﬁat(i%njteﬁrqdjﬁgeng regi ons of
the foil, 10 tHEREHVTRITEWFHEPTERE OF BACHHO T T 4 PRVEM YHe B8Rt e | ength of
the structure, generating heat until all material is reacted. Even with
such advancesedcnioohatieriget éohivpebgiuch steruevaion PhBrE ©CBRANIGY 9¥6bl ens. Many
materials, for exanple, posed mpjor difficulties and previously could not
be successf uldbysihendes. ceAdstirtsirertabhy , Thedthodsvingfdrds ixhng spdetiifve foils as
heat sources often resulted in the foil debonding fromthe 15 substrate upon
reaction, thegrghynweakeni-Aeh hhenond:: Aerer dilnglasrtiterduisca saeed: for

i nproved reactive nmultilayer foils. SUVMWARY OF THE | NVENTI ON Reactive foils

and their usei%’e%&r@zfc@i\ﬂf %Qri@-ﬁﬂn&@@-ﬂ Z8d) Reatiic8 akEGe$roduced as the
distinet lavers atomically combine. This heat ignites adjacent regions of the foil,

10 thereby allowing the reaction 1 travel the entire length of the structure, generating
heat until all material is reacted. Even with such advances in bonding technology,
however, there remain problems. Many materials, for example, posed major
difficulnes and previoué)y could not be successfully bonded. Additionally, methods
utilizing reactive foils as heat sources often resuited in the foil debonding from the

subsirate upon reaction, thereby weakening the bond. Accordingly there 1s a need

—
Lh

for improved reactive mululayer foils.

SUMMARY OF THE INVENTION

Reactive foils and their uses ate provided as localized heat sources
useful, for example, in ignition, joining and propulsion. Anmproved reactve foil
20 is preferably a freestanding multlayered foil strocture made up of alternaiing Jayers
selected from materials that wili react with one another in an exothermic and self-
propagating reaction. Upon reacting, this foil supphes highly localized heat energy

that may be applied, for example, to joining layers, or directly to bulk materials that
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useful, for exanple, inignition: joining and propul sion. An inproved
reactive foil 10 is preferably a freestanding nultilayered foil gt7ri{ot ik
made up of.altgfnating lavers selected frommaterials that ppdgrgagt W th
one another in an exotherm c and sel f- propagating reaction. Upon reacting,
this foil supplies highly localized heat energy that may be applied; for
exanple, to joining layers, or directly to hull: materials that WO 01;
83182 02 NOV ﬁr@%‘be Rt USRL/ 144983 sarre: 110w08a)i9bBeEh, BhicsufRidorheat - source
all ows rapid bonding to occur at room tenperature in virtually any
environnment (e.q...alr, vacuum. water.  etc.). | J..0d. i erial is
used, the foianE§%¥F8%“ﬁP¥ﬁ;%%55V§$gﬁghgﬁhﬁgéiL?gmh%?%ﬂfﬁg'Fg%ning
material s, which upon cooling will forma straong bond, joinj two or nore
bul k 5 rat er i KIE0E EteRa! i giosh HE | lteé?ﬁoal“'lil§“Rf§>ég‘}ouﬁﬁge%‘? mep A% dbyow suppl i es
heat directly to at |east two bulk materials, nmelting a portion of each
bul k, whi ch uperrielsorhish ppdosasiiag wit foong sBersbonddintf ol 9:ynorE Belkf oi | may be
designed with openings that allow extrusion of the joining (or bulk)

mat eri al tshr ougherithe If i joining wembar ceusbdnkk fugl reBROER PDESORI=PIIIONY BRI THE
DRAW NGS 10 Many advant ages, features, and applications of the invention
will be appargstowhnham hieridl Qo angp chtdnad flcach 1iRls erhig ipn coblimy éfrerar ed
enbodi mrents of the invention, which is provided in connection with the
acconpanyi ng. At aWnEs Adhflicb N8, ad@WMRg8: adshfhed dithbbustsahasian exenpl ary
mul tilaver reactive foil during reaction; 15 Fig. 2 shows the freestanding

el ements of a@xﬁﬁ%%f%é’join%ﬂopgulk) material through the foil to enhance bonding.

BRIEF DESCRIPTION OF THE DRAWINGS

10 Many advantages, features, and applications of the invention will be
apparent from the following detailed description of preferred embodiments of the
invention, which is provided in connection with the accompanying drawings. In the

drawings:

Fig. 1 illustrates an exemplary multilayer reactive foil during reaction;

15 Fig. 2 shows the freestanding elements of an exemplary joming

1=

application,

Fig. 3 illustrates initiation of a joining application;

Fig. 4 shows an exemplary perforated reactive foil;

Fig. 5 depicts the flow of joining material through holes in a foil;

tr
S
i
—
Q

g. 6 illustrates formation of a reactive foil by cold roiling;




application; Fig. 3 illustrates initiation of a joining application; i 4
pp g J g app &N%{bﬁ&

shows an exenplary perforated reactive foil; Fig. 5 depicts the f 10
j 0i ni ng nakghhghﬁthrough holes in a foil; 20 Fig. 6 illusprayes;f@emation
of a reactive foil by cold rolling; 4 0 2 NOV 2004 WD {6183] 82 PCTi t

SULfI 4U53 Fig. 7 is a schematic cross section of a conposite reactive foi
conposed of sets of mcrolamnate foils and nanolamnate foils; Fig. 8 shows
the use of reactive figi b if Osdheiniti@crsentapndistenpatie mMacteebéctment€ devi ce
to a substrate; and 5 Figs. 9A and 9B illustrate a patterned reactive foi
wherein sorme BFs%'tsod}%ncJoﬁaﬁaﬁﬁaté 0k Qr M GRNGHSHd M@s T egi ons and others form
non-conductive regions. It 1s to be understood that these drawi ngs are for

t he purpose of illustrating the concepts of the invention and are not to
scal e. DETAI LED DESCRI PTI 10 Preferred er i-ent s. i cations of the
i nvention will nOM/SEQ?géég#? a4 OHE V%ﬁ%@ﬁﬁ%@% %éﬁggﬂﬁgpgéalized and
conpositional or structural changes nay be nmade w thout departing fromthe
spirit or scoﬁéﬂﬁﬁe@ﬁ@“VWV§ﬁﬁi%ﬁ@””%ﬁﬁﬁ%ugh t he enbodi nents di scl osed herein
have been particularly described as joining or bonding bulk materials
utilizing a freestanding, self-propagating reactive 35 foil structure, it
shoul d be seadi |y apfagsefit anhaB iivhaatenpertrpoirerayc Bel hpoaiseas Feerens

react to form conductive regions and others form non-conductive regions.

It is to be understood that these drawings are for the purpose of

jllustrating the concepts of the invention and are not to scale.

DETAILED DESCRIPTION

10 Preferred embodiments and applications of the invention will now be
described. Other embodiments may be realized and compositional or structural
changes may be made without departing from the spirit or scope of the mmventiorn,
Although the embodiments disclosed herein have been particularly described as
joining or bonding bulk materials utilizing a freestanding, self-propagatng reactive

15 foil structure, it should be readily apparent that the invention may be embodied for

other uses or applications requiring an intense localized heat source,

In accordance with a preferred embodiment of the invention, a
multilaver reactive structure (generically referred to herein as a “foil ™) 1s provided
as a local heat source in a variety of applications such as a process for joining two

20 or more {of the same or different) materials together. As llustrated mm Fig. 1,
reactive multilayer foil 14 is made up of alternating layers 16 and 18 of materials A

and B, respectively, These alternating layers 16 and 18 may be any materials
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ot her uses or applications requiring an intense |ocalized heat SOUIC@W 5@4

accordance with a preferred enbodi nent of the invention, a nultinQ V

reactive gtyMGLw-e (generically referred to herein as a "fQRQ:%“QigPEOVided
s a pr

=

as a |local 'heat source in a variety of applications such a ss for
joining two or nore (of the sane or different) materials together. As
illustrated in Fig. 1, reactive multilayer foil 14 is nade up of

al ternating | ayef:$leld naRgg b8 nafniwghetioads SorhavRdhBipet @SPestdaVi@ln e These
alternating |ayers 16 and 18 nmay be any materials 5 02 NOvV 2004 WD 01/83182
PCT/ US01/ 14053, 2Raabl.e 4igwlsxihndqok sRelighRar ingsatenp .f oy, fiaykng changes in
chem cal bonding ™ in response to a stinulus.” including silicides (e.g..
Rh:-Si. N Si,.and.Lr. Si.-etcyl.; »alum.ni A €a@ey oy NLALL VL~

N onel :'.-M fé]HH”“id‘?s:(ﬁ'gAllf\.“%elt vt 1\@85{%&&( ‘er."él: er%"‘ gy iies gy ltg% féi}s (e.g.,
Ti/C, thermte reacting, conppounds (.e.g., AUhe2Q or_ Al/Cu,Q, 5 alloys,
neta?lic glasgg@qa%ﬁévggﬁéo ‘F€§YF§$658”WE¥%ﬂ5éé%dﬂ#’ﬁ%BWHQI%ﬁPérials ( AFB)
used in fabrication of the reactive foil are preferably chemcallv

di stinct. 3 n &lppeferiieglaibodii venpositaier snd@,ccr8ial t er nat e bet ween a
transition metal (e.g., Ti. Ni. etc.) and a light element (e.g., B. Al.
etc.). Preferably, the pairs (A-B;1 of elenents are chosen based on the way
they react to form stlabhetctDiscafpounds: fwbridatibasigle negatei fve aheadfsrabf
formati on and hi gh adi abatic reaction tenperatures, as described in T.P.

Wi lts, "SelfciRinpagaliiing:. Reagtdians dntbodiMibint, il aysers, Makighhad srveddandbook of
Thin Fil mProcess Technol ogy, 1997. which is incorporated herein by

reference in khsiRAtHKSLY o, TN 18 R pherd 8, erhedi @Rty Aat cik §aSkferably.

the pairs (A/B) cof elements are chosen based on the way they react to form stable
10 compounds with large negative heats of formation and high adiabauc reaction
temperatures, as described in T.P. Weihs, “Self-Propagatng Reactions in

Mululayver Matenals,” Handbook of Thin Film Process Technoloey, 1997, which 15

mcorporated herein by reference in its entirety. In a preferred embodiment, at least

one of the layers of the reactive foil 1s (or contains) Al

15 When a multilaver foil 14 is exposed to a2 sumulus (e.g.. spark. energy
pulse, etc.). for example at cne end, neighboring atoms from matenals A and B
mix, e.g. as shown in region 30. The change in chemical bonding caused by this
mixing results in a reduction m atomic bond energy, thus generating heat in an
exothermic chemical reacnion. This change in chemical bonding occurs as Javers

20 with A-A bonds (i.e., laver 16) and lavers with B-B bonds (1.e.. laver 18) are
exchanged for A-B bonds, thereby reducing the chemical energy stored in each
laver, and generaing heat. As Fig. 1 further illustrates, this generated heat diffuses

through fo1l 14 (in a direction from reacted section 30 through reaction zone 32 to

]




one of the layers of the reactive foil is (or contains) Al. t5 Wen a
multilayer foil 14 is exposed to a stimulus (e.g., spark. energy UﬁLNUéeZUU‘v
etc.). fqr gg@gﬂg&e at one end, neighboring atons from natepdakig,Aand B
mx, e.g. Qgh Wwn in region 30. The change in chem cal bonding caused by
this mxing results in a reduction. in atom c bond energy. thus generating
heat in an exotherm c chem cal reaction. This change in chem cal bonding
occurs as | ay@rsci2@sathibh 3A-Adbgingss {dditengl thiavrere! 1iG)unacdich daperss Asict h B- B

bonds (i.e., layer i S) are exchanged for A-B bonds, thereby reducing the
chemi cal energy;;st Qied dahiSAGIY prb @Y fing BRdoPEIEY Akime) heabcucds Fig. 1
further illustrates. this generated heat diffuses through foil 14 (in a

direction fromreagt ' 301 ( i QRE 1R ch@oh 02 NOV 2004
%0 01/ borer NeprERINg, SR8 han Sl Eggﬁ’ﬁ'%ﬁq%ﬁ*)i‘%gﬁ% initiates additional

?m xing of the unreacted | avers. ~As a .result. a self- t.ai.ni nglsel f
propagati ng MEEERGhAEERYT ST %Ogﬁ? a?‘sﬂ%“tnbecﬁ&péﬁﬁ} t%?af([)edglﬂi%f%ﬂlb' %g.ﬂ /th
sufficiently large and rapid heat generation, the reaction ro agat es
across the engdctien flegsinolzeagte RiguRt jgas Fopiteaiuyy 1%%?%HT0PWE]H Tir-'s. As
the 5 reaction does not require additional atons fromthe ,su[roupdi ng

envi roment  (fascxanipbe, oxyeEnph B coseypd epmbuiioheths A6 0o MBSt T 6/ t he
reaction makes foil |4 a self- contained source of energy capabl e of

em tting bursisiaofed heate afmhetdyghtatteagicdiiyipg bueaohherg anehperardiy.es above 1400
K. and a local heating rate reaching 10G1,rs. This energy is particularly
useful in appkh@add @fsert@rg.aboye0i40) BY and ghtiliveningate rgaclBe i @gilisr i ng
production of heat rapidly and locally. When a reaction propagates across a
nul tilayer foplis Ik @Sisbhlidsthiat @by applications (e.g., joining, ignition, etc.)

10 requiring production of heat rapidly and locally.

When a reaction propagates across a multilayer foil 14 as illusmrated by
Fig. 1, the maximum temperature of the reaction is typically Jocated at the wailing
edge of the reaction zone 32. This may be considered the final temperature of
Teaction, which can be determined by the heat of reaction (AHy), the heat lost to the
15 environment or surrounding material (AH,..), the average heat capacity of the
sampie {Cyp), and the mass of the sample, M. Another factor in determining the final
temperature is whether or not the reaction temperature exceeds the melting point of
the fmal product. 1f the melting point is exceeded, then seme heat Is absorbed n
the state transformation from solid to liquid of the product. The final temperature
20 ofreaction may be determined using the following formulas (where 7. 1s the iniual
temperature, Al 18 the enthalpy of melting, 75, 1s the meliing temperature of the
product, and there is no reaction with the surrounding environment o1 material},

depending upon whether final product meling occurs:

~a




Fig. I. the maxi mumtenperature of the reaction is typically Iocatedrﬁﬁ ﬁﬂ?
trailing edge of the reaction zone 32. This may be consi dered t heUfli
tenperatq&gnﬁgnsfeaction, whi ch can be determ ned by the bpatnefiif.8action
(AH,,), the'héat lost to the 1 s environment or surroundi ng material (AU.),
the average heat capacity of the sanmple (Cp), and the mass of the sanple,

M Anot her factor in determning the final tenperature is whether or not
the reaction teepgratay e-exgeeds the mel tifmg npoimtofdinal frhéucti nal product. |f
the melting point is exceeded. then sone heat is absorbed in the state
transfornatioqx£%8n1solid to liquid of the product. The final tenperature 20
of reaction may bé deternined using the following fornulas (where TOis the
initial tenperature, . Hmis the enthalpy of nmelting, Tmis the nelting

tenperature of the product,. and there is no_reacti.on _ .surroundi ng
envi r onnent orTV‘FeriaIﬁ%ﬁﬁﬁgﬁ@ﬁﬁﬂWQ&Uﬁ%Wnﬁg“ﬂ%ﬁﬁ%?q¥¥ﬁ%%1B%%lhct nel ting
occurs: WO 01/83182 NOV '1094 ITTA |l % FS01,1 4053 T__ =T. - (~H Cm

if nonelfing ¥ finalprojuct P Cccu'~S . Tf = T" J-ftheye is a no-phase
region of solid and liquid final product-, and 5 T, =T, - (~,H --I--
AH,,.nv + -~H")/( CP 1,4) If the final product conpletely rnells.

5 Tr=To— (AHn + AHeme + AHp){( C, M) If the final product completely

melts,

Inmicately related to the heat of the foil ‘reac-tion is the velocity of the
propagation of the reaction along the length of foil 14. The speed at which the
reaction can propagate depends on how rapidly the atoms diffuse normal to therw

10 layering (Fig. 1) and how rapidly heat is conducted along the length of fo1l 14, The
propagation velocity is a strong function of the thicknesses of the individual layers
in the multilayer foil. As the thickness of individual layers 16. 18 decreases, the
diffusion distances are smaller and atoms can mix more rapidly. Heat is released at

a higher rate, and therefore the reaction travels faster through the foil structure.

15 In accordance with a preferred embodiment of the invention, reactive
multilayer foils 14 may be fabricated by physical vapor deposition (PVDY) methods.
A magnetron sputtering techmique, for example, may be used to deposit the
materials A/B on a substrate (shown in Fig. 1 in dashed outline form as layer 35) as
alternating layers 16, 18. Substrate 25 may be roteted over two sputter guns ina

20 manner well known in the art to effectuate the layering of materials A/B nte

alternating layers 16, 18.




Intricately related to the heat of the foil reaction is the vel oci t% O\W@Q
propagation of the reaction along the length of foil 14. The spee(ﬂ W h
the reaction can propagat e depends on hnv rapidly the atopsrgkfifuse nornal
to their ‘ié"l”ﬁﬁ/grr ng (Fia. 1) and how rapidly heat is conducted al ong the

| ength of foil 14. The propagation velocity is a strong function of the

t hi cknesses; of the individual layers iDthe nultilayer foil. As the

t hi ckness of i ndi vi dg@srh@yerisshbén il 8astietnemseom tdiedicdE fifcusiion di st ances
are snmaller and atons can mx nore rapidly. Heat is released at a higher

rate, and thergione. faber haasdiiaf: tHhavelss of astrercathiodughs b tecdfioicings TTuct ur e.
15 In 3ccordance wih a preferred enbodi nent of the invention, reactive

mul til ayer fr‘rglll}tsetsll]i Snn%gut auf E‘ebé{}‘%ﬁﬁﬁ%etw pﬁy%lagsalor yapanddepesiikian (PVD)

met hods. ering-tec |qu for exanple, rray be used to
deposit the materials. : bst r S J Goil bk} dlashed
outline form &S Clgasisss) Ofarg‘mﬁr“%é‘rﬁlﬁa |1n‘§Il S‘z]ié/neSQ WTD J%p @L o §Jbst rate 35 may

be rotated over M, o0 sputter guns i mlnthe art
to effect uat etheliebsaip Pﬁ@d%ﬂ‘“%ﬁ?éﬁu ‘é‘l’téooA?idéwge?i(?pr V\@Ir“‘n%{l :}ﬁdéﬂ P4 yers 16, |S.

8 0 2 Nov 2004 WO 111 183 1 82 f C r/LSQ1; 14 53 Substrate 5,|s shown in
dashed out | i nenfordibm thngibertie fdleaing deopsitiop. The ApREBE 621 BORFS f hat
facilitates fabrication of the reactive foil 14 as a freestanding foil.
Substrate 15 oayinpef syssmbstizlar edifeeiog mategjal todlﬂ&@ﬁ‘“éra dsswer under | ayer
having the characteristics of providing sufficient adhesion so as to keep
the foil |averp@erktitdie substrate during deposition, but not too adhesive
to prevent the foil frombeing renoved fromthe substrate foll ow ng
deposition. The substrate can include a

Advantageously an additional wetting layer {(e.g.. tin) mav be used as an
10 interface layer between the first layer of foil (16 or 18} and the substrate 35 10
provide the necessary adhesive. When no wetting laver is employed, selection of
the appropriate material A/B as the first layer deposited on the substrate will ensure
that the necessary adhesive requirements are met. When a reactive foil using
AlMonel as materials A/B is 1o be fzbricaied, for example, without a wetting laver,
1< the exemplary reactive foil would be deposited on a substrate such as S1 with the
first layer being Al deposited on the substrate. Alis preferably selected as the first
laver in such case because Al will sufficiently adhere to Si during depositing, but

will aliow peeting off of the substrate after the foil is formed.

A fabricated foil 14 may have hundreds to thousands of alternating
20 lavers 16 and 18 stacked on one another. Individual Javers 16 and 18 preferably
have a thickness ranging from 1-1000 nm. In a preferred embodiment, the total

thickness of foil 14 may range from 10pm to lem.




coating of release material or adhesion material to fine tune its adhesion
characteristics. Advantageously an additional wetting |aver (e g Bi )J RY
be used ag. 832.,_0; interface |ayer between the first layer g fl(pd“l,1¥ % |'S)
and the substrat€ 5 to provide the necessary adhesive. V\hen no wetting Iaver
is enployed, selection of the appropriate material A ,B as the first |ayer
deposited on the substrate will ensure that the necessary adhesive

requirenents are nmet apWhkr mB@Rd & mBRGhhy R 1h abjosisiangial Ald Manekivas material s
AJB is to be fabricated, for exanple, wi t hout’ a wetting laver. is the

exenplary reaghiyg ! ?Jslncwln%ﬂ%aﬁ gpﬁ%{qﬁ%&rae@néHﬁétterdaa;n@o SHCHL@s S with

the first |ayer ing Al ep05|te e substrate IS preferably
selected as th i rst aver. ecau ficiently
adhere to Si f‘ Oﬂlécptltl)%’ief ﬁﬁ’&” “h ’FateWi“ SPU ?F%@ﬁgﬂeeﬁd s de%?sftq the substrate

after the foil is fornmed, A fabrlcated foil é % have hundreds to
t housands of AFFEHEYTRLS 23§ et Emegvamghre 1P sPRIE R BAS Sanot her .
I ndi vi dual layers 16 and 18 preferably have a thickness rangl ng from 1-1000
nm In a pref@dealcemmsseicrsnbsTaichaverov amateria] YRFEs P20 E PV Ieed Y may range
froml1lOmto 1 cm 9 WO 01/83182 G I QU 2004 PCT/US01/ 14053 Anot her nethod of
fabricating idisiet seposflexermirethital nichod. @obleprosivtriagnurcgeonaelly. Using this
nmet hod, both nmaterial sources are directed onto one substrate and the
atom c f| uxesgfeamsaadhlimatLidval. source are shuttered to deposit the
alternate lavers 16 and 18. An alternative nethod is to elimnate shuttering
Preferably the degree of atomic intermixing of materials A/B that may
occur during deposition should be minimized. This may be accomplished by
10 depositing the multilayers onto cooled substrates, particularly when multilayers 16
and 18 are sputter deposited. To the extent that some degree of intermixing is
unavoidable, a relatively thin (_as compared to the alternating unreacted layers)
region of pre-reacted material 20 will be formed. Such a pre-reacted region 20,

nevertheless, is helpful in that it serves to prevent further and spontaneous reaction

15 in foil 14.

In an alternative embodiment, a multilayer reactive fo1l may be
fabricated usmg mechanical techniques such as repeated relling of layered

composites.

As illustrated 1n Fig. 1, the preferred reactive foil 14 1s a freestanding
20 multilaver reactive foil for particular use as a heat-generating source. Freestanding
foils are easier 1o characterize than thin films because they can be handled like
“bulk” samples. Making reactive foils 14 freestanding greatly expands their

possible uses. Because such reactive foils are not necessanly associated with any

10



5 altogether and rotate substrates over two material sources that qfYEDV2W4
physically distinct atomc fluxes. Wth this nethod, each pass ove

source prgbakally generates an individual |ayer. Preferabpyrtihe: degree of
atomic intermxing of materials AB that may occur during deposition should
be mnimzed. This may be acconplished by 10 depositing the nultilayers onto
cool ed substrates, particularly when nultilayers 16 and 1S are sputter
deposi ted. Toparhelaxpelitatioh ateysoarebcdegs@eodgted ift EPmIINETI8INMERaT0i dabl e. a
relatively thin (as conpared to the alternating un.reacted |ayers) region
of pre-react egtopBiagng alcal2@d Wedtlsobee. f BrengdoduSuehis aopiimerydeactediceéyi on 20,
nevertheless, is helpful in that it serves to prevent further and

spont aneous r@aght QRee FAeclithtd @irks kb 2 $aduan calrtter nettel wercebodizent , a

mul tilayer reactive foil may be fabricated using nmechanical techniques such

as repeated rollihng, af) hayesed fEoResd t8S wiAslidd hustifiahed hasFisgatel, the
preferred reactive ¥0|I 14 1s a freestanding 20 nultilayer reactive foi

for particul ar .use. as._a, heat-generating source. Freestanding foils are
easi er to5%ha&§¥f%??%%g%ﬁgﬁ%Pﬁﬁﬁﬁfﬁlns because they can be handl ed Iike
"bul k" sanmples. Making reactive foils 14 freestanding greatly expands their

possi bl e uses. Because such reactive foils are not.necessarily.associated
with any 10 0 7 NOV f@fﬁ?ﬁta“‘{}\lﬁ %i‘lf%@f@%eﬂ(lg}pﬁfgﬁ%ﬂ? v ‘26‘3‘50fp%{?ti cul ar

application, they may be mass-produced for any purpose requiring a self-
propagat i ng IBbﬁﬁW%@H%H@éﬁﬂ§6@ﬁEéS3Wﬁ@ﬁpeiﬁga%ﬂFF%ﬁ“i OH%E”%LnP ed or

i npeded by . _ .
freestanding foils may be used 1o couple bodies of materials (referred 1o herein as
“bulk materials”) together to form a unified product. Freestanding foils may find
¢ use in any number of bonding, soldering, brazing, welding or other apphications to
join bulk materials. A tvpica) joining application is represented in Fig. 3, in which
two or more bulk materials 10 are to be joined together. The bulk materials 10 may
be ceramics, metallic glasses, metals/alloys, polymers, composites, semiconductors,

and other forms of material.

15 In the particular joining applicaticn illustrated in Fig. 3. joining material
12 is used to join bulk materials 10 together. Joining material 12 may be any layer
(or compaosite layer) of material to be melted to join bulk materials 10 together.
Toining material 12 can be in the form of freestanding sheets made up of metallic
glasses, metals/ailoys, functionally graded lavers, Ni-B films, solder, brazes, self-

20 propagating braze, combinations of such, or other like joining materials.

In accordance with a preferred embodiment of the invention. a reactive
foil 14 is positioned between joining materials 12 to form a structure somewhat like

a sandwich. The reactive foil “sandwich” thus formed is preferably positioned

11




placing large or delicate itens into a vacuum chanber to be coated by a
reactive nultilayer foil. Mreover, freestanding foils wll allowl déd 2004
si nki ng twotlhgsmgabstrate 5 to be m nim zed where unwant edpchnegstaagdi ng
foils in accordance with preferred enbodi nents of the invention nay be
adapted for use in a variety of applications. For exanple, the freestanding
foils may be used to couple bodies of materials (referred to herein as
"bul |, mat eritEiseen hubgerteselstl 0 af be ncatiancfg. ¢dd peiot imet, NRreesBermndi)Ay foil s
may find 10 use in any nunber of bonding, soldering, brazing, welding or
ot her appl i cavhiohshetbalk maienalbal kre torhé fiinedltsgetl&rt ypi cal j oi ni ng application
is represented in Fig. 3, in which tw or nore bulk materials 10 are to be
joined together. The bulk materials 10 may be ceramics, netallic gl asses,
metal s/'alloys, polymBEsGARABALSS foi1BNt F&Hﬁ%ﬁ& BESecen BN nRtdGls 10T M8 Of
material. 15 In the particular joining application illustrated in Fig. 3,
joining materjal, .12 is -used to jain bulk . materi. ,10 together. Joining
ool 12 mep BN S B E R s A PR 3t o a6 10 be el t e
to join bulk materials 10 together, Joining material 12 can be in the form
of freestandi ng sheets made yp of netallic. .glasses, tal s/all oys,
functionally graded ﬁﬁ?@?@?r$#@??Y$PH%F”%%@Hgﬁ}S%FﬁiﬁgfuﬁgFWU?@"ﬁropagating
braze, conbinations of such, or other |like joining materials. In accordance
with a preferPedndpbdd o stRchraomayitdikea sangdvignckhieveactiFoioll 14 i s
positi oned between joining materials 12 to forma structure sonewhat |like a
sandwi ch. The serbeth vibuf fririned sandwiablh'posihorsdfborrrsd bk materfady Wit heposi ti oned
11 02 NOV 2004 WD 01 /83182 PCT/L1 SO1 / 1.w 3

location (e.g., end pont, joint, intersection, etc.) at which the bulk materials 10 are

to be joined together. The bulk matenals are first coated with joining matenials.

16 The joining process involves the application of force (as symbolically
represented by vice 11 in Fig. 3) to maintain the relative positions of bulk matenals
10, joming materials 12, and reactive fo1l 14, Advantageously all components are
freestanding elements pressed together. In an alternative embodiment, joining

matenals 12 are pressed as a composite with reactive foil 14.

15 QOnce the components of the joming process are positioned, a stimulus
(shown as lighted match 15) is apphed, preferably, to one end of reactive foil 14 to
initiate an SHS reaction. The intermixing of atoms within reactive foil 14 produces
rapid and intense heat sufficient to melt joining materials 12 along the entire length
of reactive foil 14. In this state, joining materials 12 are sufficient to join bulk

20 matenals 10 together. Shortly thereafter, the jommed matenals 10 retum to the
temperature of the environment (e.g., room temperature) and can be removed from

the applied force (graphically represented by vice 11).

12



bet ween bul k materials 10 at the | ocation (e.g., end point; joint, . K
intersection, etc.) at which the bulk materials 10 are to be joi neobZN v 1004
together. wabtipssd i vely, a reactive foil 14 is positioned bpetiweanhighk
materials 10 whi ch have previously been coated with joining materials 12. 5
As another alternative, a reactive foil 14 is positioned between joining
materials 12 to forma structure sonewhat |i ke a sandwi ch. The reactive ioil
"sandwi ch" thus for nedcdamposriestacad sonpostd dfomeds betavabn 2ot keantitedeilal s 10 at
the location (e_g., end point, joint, intersection, etc.) at which the bul k
materials 10 &4 ean Heofoheed tionell dérogebherg., Wper dpbditinPeraal e faif &1 bitost coat ed
with joining materials. to The joining process involves the application of
force (as synmbgd 1&9@Idfyoinihgnafa&si@m_tzemﬁeyila@;@r df jéinind nfat@ial RihdnQoBinRéai n t he
relative positions of bulk materials 10, joining materials 12, and reactive
foil 14. Advagt algl - f ; i n pressed
together. In ggntﬁa '? g?éngjﬁlﬁéeﬂng%ﬂé\g‘ﬁlﬁg%}?%% %riaﬁggﬁl%%?grlr?t%gkﬁgga%%d pressed as
a conposite vviotllkil 0r)eacti ve foil 14. 15 Once the conponents of the joining
process are szﬁCi*'oned, a stimulus (shown as lighted match 15) is appli ed,
preferably, to one end of reactive foil 14 to initiate an SHS reaction. The
interm xing of atons within reactive fqQil 14 produces _rapid and intense
heat sufficient to métdrapiageRPHy2 Hsttogadhesiopdavsr vay be plded i fopibtateengt h of
reactive foil 14. In this state, joining materials 12 are sufficient to join
bul k 2D mat er puifase FEttngdet thereactsikded 14 bolaraerdaell; ot bpshj Bhned material s 10
return to the tenperature of the environnent (e.g., roomtenperature) and
can be renovedetinghdhdsive laysphlievd Wngpoe sprgadaghifgahing magplbsented by vice 11).
12 02 NOV 2004

consistent joining of bulk materials. The wetting/adhesion Jayer may be a thin layer

10 of joining material (e.g., braze), T1, Sn, metallic glass, etc. Commercial allovs such

as Ag-Sn, Ag-Cu-Ti, Cu-Th, Au-Sn, and Ni-B may also be used.

Preferred embodiments of the invention are useable as freestanding
reactive foils 14 with increased total thickness. The total thickness of such a
reactive foil depends upon the thickness and number of the elemental layers {(e.g.,
15 16 and 18) unlized to form the foils. Foils that are less than 10 pm are very hard to
handle as they tend to curl up on themselves. Foils on the order of 100 pm are stiff,
and thus, easily handled. Thicker foils also minimize the risk of a self-propagating
reaction being quenched in the foils. In joining applications using reactive foils,
there is a cntical balance between the rate at which the foil generates heat and the
20 rate at which that heat is conducted into the surrcunding braze layers and the joint
to be formed. If heat is conducted away faster than it is generated, the reaction will

be quenched and the joint cannot be formed. The thicker foils make it harder to



WO 01/ 83182 PCT/ US01/ 14053 c¢ A conposite structure conposed of joining
materials 12 and reactive foil 14 can be forned through depositi om(Ngs;ggg[]z,

vapor depoghtd;ng)s.of reactive foil 14 onto one layer of | oipiyag.RigEi al

12. Anot her Iayer of joining material is then conbined wth reactive foil
14 t hrough vapor deposition or an application of force (e.g., cold

rolling). Advantageously a wetting/adhesion |ayer may be added to facilitate
surface wetti ngefdriht fecti@dctinse thew ik a Jger yalumermperingd lseal ud r sdgst h, The
wet ti ng/ adhesi on [ ayer allows uniform spreading of joining material to

ensure consi sufhde 4r@ RNidagh ofuddtekt iwmkeri al s. The wetting/ adhesion | ayer may
be a thin layer 10 of joining material (e.g., braze), Ti, Sri, nmetallic
gl ass, etc. Conmercial alloys such as Ag-Sn, Ag-Cu-Ti, Cu-Ti, Au-Sn, and

Ali-B may also be Use‘#hlclf’ang Ercfaﬁge : ﬁwﬁ%%a%neﬁtHb%rdunxemwm 1RLe useabl e
as freestanding reactive 0| s 14 wth incr ease total |ckness The tot al

t hi ckness of such C e thickness and nunber of
t he el enent al %egffeﬁ%le(’igmo 1§ E Sia%l édgpe%)ciils Ot I | %”f]a[l()f] Sim'the foils. Foils

that are I_ess than 10 umare yery hard to handle as they tend to curl up on
t hensel ves® FOFPETBNTERE Hperaty BFstahirne il 4 élfﬁ”Ffane ar%ﬁ%]“ﬁ?ﬂ%a“[gasi ly

handl ed. Thicker_ foils also mnimze the risk of a self-p aqatl ng
reaction bei ngigeitehed- iBptnigilsgpnesamply. v %?%aﬁbpllqaé@f:’l% gt ng reactive
foils. there is a critical balance between the rate at which the foil
gener at es heatspandthrhgh 2@ et delapbd Ghintdrateyrediridtontdadactadc fnt o t he
surroundi ng braze layers and the joint to be formed. If heat is conducted
away faster thantng suck bgekdbat @d,, forpenPaginteizesid very Behguenched ttand t he
joint cannot be fornmed. The thicker foils nake it harder to
are more likely to crack into unusable pieces or igniting during the cutting process.
10 Freestanding thick foils offer the advantage of overcoming problems associated
with thermal shock and densification problems that have presented obstacles in
known processes. Both phenomena relate to rapid changes n the dimensions of the
foils. On reacting, the folls will heat rapidly and will try to expand beyond the
substrate that constrains them. This leads to a thermal shock and foils that are
15 deposited on substrates can debond, thereby causing mconsistent and less effective
bonding. As the reaction proceeds, the foils will also densify, due to the change in
chemical bond. This densification, can also cause debonding from a subsirate and
inconsistent and neffective bonding. By making the foil freestanding in
accordance with a preferred embodiment of the inventior, no debonding occurs, the

20 foil is easily manipulated and handled, and thus the reactive foil is made available

to a greater variety of applications.

In accordance with a preferred embodiment, the thicker reactive foils are

on the order of 50um to lem thick. Although a number of different svstems may be

14




13 WO 01/83182 02 NOV 2004 PCT/US01/14053 quench the reaction because there
is a larger volune generating heat and the sanme surface area throu@ﬂN@ﬁ b
heat is Logt,xJhicker foils can be utilized with reaction genpenatues that
are lower. generally leading to nore stable foils. Foils with high
formation reaction 5 tenperatures are generally unstable and brittle and
therefore are dangerous and difficult to use. Brittle foils, for exanple,
wi Il crack easiploped headingetiock beatantiop resspot w11 ehnoughrache 1f el ease of

el astic strain energy and friction) that ignite the foil. Cutting such
brittle foilst8uG me f:0ficaReChidigms @hmhe shzlesdd svsemehyuldif fireullt to do as
they are nore likely to crack into unusable pieces or igniting during the
cutting process..Jopfresstandlng:dhicckinbal Lsh of fenathe advantage of

over com ng probfens associated wth thermal shock and densification

problens that have presented obstacles in. . known pracesses.; Botk, phenonmena
relate to raﬁ?ﬁk%ﬁﬁfﬁ%§afﬁbgﬁ58§$n@%§$8ﬁ@db '%hém foils, On'reacting, the

foils will heat _rapidly and will try to expand beyond the su rate that
constrains t Hé?ﬁ”‘lﬂq‘?téhtly@g&%mteb 25 FHE Hele ?I%Egk béﬁ%qp%?l ¢ ]flﬁiz‘t I%ZT% e 15
deposited on substrates can debond,_ thereby causing inconsistent and | ess
effective bohaisng.pgeshsaleeash Al predesador ERBIFGPLWTPIVAPS0 density,
due to the change in chenm cal bond. This densification, can al so cause
debondi ng fr omes mdbistiaseshand be kg SalsvstEAN BndTERET et veddhdi ng. By
maki ng the foil freestanding in accordance with a preferred enbodi nent of
t he i nventi onfiinsaudebondilngadequesss. tAethe 00 gl thiskeabiy yo Feni Pidat ed and
handl ed, and thus the reactive foil is nmade avail able

10 peet off their substrates or crack their substrates than thmner films. therehy

e ruining the final foil production. By characterizing the stresses in the films and
selecting conditions to minimize the stresses, the fabrication process can be

completed without the premature peeling off of the foil or the cracking of the

subsrate.

In an alternative embodiment, openings in a reactive foil are
15 intentionally designed in the foil structure. These openings are of particular use in

faciliiating and enhancing joining apphications.

The foil may be initially fabricated. for example, with onc or more
openings or perforations 22 through the foil structure, as shown i Figo 4
Preferably the openings are formed in a perindic pattern, sucl as a rectangular
20 array, across the foil area. Any known method may be employed 1o create
openings. For example, spuiter depositng of the foil 14 on a removable substrate
with patterned holes may be used. The openings may also be formed by depositing

the foil 14 onto & substrate, depositing photoresist on the foil, patterning the

15




to a greater variety of applications. In accordance with a preferrerg%H
enbodi nent, the thicker reactive foils are on the order of Scnltga zﬂﬁck
Al though a:gwines, of different systens may be 14 WO 01/ 8318210 \PY,:2004
enpl oyed to create the thick freestanding reactive foils. a unique process
in selecting, the fabrication conditions for the enpl oyed system shoul d he.
carefully selected. For exanple, deposition conditions such as sputter gas
and subst r at ephdierpgratiupietditi® tagbantageowshyncchosenrsog fhatusihésses renmai n
sufiiciently toin the filns of the foil as they are grown in the system

Since the strgagnied hbhe hifliiherltkaBBaht:&hbuekivess: si6alcesy Mikhink Reledr i vi ng
force for delamnation, the product of stress and thickness should be kept

bel ow 1000 N-m 1,5k €$R8s Q) 1fpRhih8edvP e D8 ve hlabiRr Oy g g habri cation
process. As the filns grom1th|gker, they are nore likely Tto peel off their

subst rates Ori&éﬁ)cﬁ(icg“ hrgétgrs.sgﬁ%te{f_'f%étgsé dtiarr]%%rtoli“a%% —Eir%u‘liﬂo éni}urg]%rt -‘%y C. ruining

the final foil 'production.” By charactéerizing the stresses tn e films and

selecting_congitions ta nﬁninize %Qe étre ses, the fabrication process can
&5p

be conpl 6t ed FHDL? T HE D PRTFELE é%fAg of f of the foil or the cracking
of the substrate. In an alternative enbodi nent, openings in a reactive ful
aic 15 intentionally designed in The foil structure, These openings are of
particul ar use in fd¢ishPvam g ety wanazcnng! i bt Fimyrappinpeatliidng. The foi
may be initially fabricated. for exanple, with one or nore

bulk material 10 1n somme circumstances, to extrude (as shown by arrows 26)

through these perforations 22 upon being heated and melted by the exothermic

reaction of foil 14, Upon this extrusion, one layer of jomning material 12, or bulk

10 matenial 10, may contact and couple with another laver 12, or bulk material 10, on
the opposite side of the freestanding foil 14. The patierned perforations 22 penmit

enhanced bonding of bulk materials 10 to reactive foil 14 and each other making

stroenger and more consistent bonds.

Fig. 51s a microphotograph showing two copper bodies 53, 54 bonded

15 by silver solder 50 that has extruded through openings, e.g. 51 0 a reacted foil 52.

Utilizing one or more embodments of the invention, a number of
different applications can now be performed more effectively and efficiently. For
example, meta]li.c glass bulk materials can now be joined, where the end product 1s
a single structure made up solely of metallic glass, including the bond and reacted

20 foil layer. Itis also now possible to join bulk materials with very different chemical
compositions, thermal properties, and other physical properties, that istonically
presented many difficulties in bonding. Semiconductor or microelectronic devices

may be bonded to circuit boards or other structures, and at the same time, mulnple
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openi ngs or perforations 22 through the foil structure. as shown 5 Dﬁwﬁﬂ4
Preferably the openings are fonned in a periodic pattern, such a@ §
rectanguIQ%'Ggsgﬁray, across the foil area. Any known net hedynmy; hesenpl oyed
to create openlﬁgs For exanple, sputter depositing of the foil 14 on a
renovabl e substrate w th patterned holes may be used. The openings may al so
be formed by depositing the foil 14 onto a substrate. depositing
phot or esi st Opad:hgnfiQi dreaiq@ahdteraintgatehhesdba @2y INCOYe 20604:sWO 01/ 83182
PCT/ US01/ 14053 photoresi st with photolithography. and then etching The
underlyi ng foidytdia@u@haddigicrRatkerined iohes aisb vt waderrexenpl.ary techni que
i nvol ves physically punching holes in foil 14. Preferably the openings have
effective dianmeters in the range of 10 - 10.000 microneters. (The effective
di aneter of a non-ci . r ingul ar openi ng of
equal area.) As shomg?gm?él89%ﬁhﬂgR%%SEQ%?ﬁgggFﬁh§5T9$n&]%ﬁgﬁ/j0|n|ng
mat eri al | k. materi al t.an 1 e (as
shown by arroﬂﬁmﬁ@yﬁwﬁﬁ?&ﬁﬁﬁﬁfﬂggg1b§$P8?§§ n@ﬁ”ﬁ%ﬁ%b %%ﬁgmhégged and
nmelted by the exotherm c  reaction of foil 14 Upon this extrusion, one
| ayer of joi nbrgnpendpickling 3 avgpde 68¥%¢%@‘Wﬁ¥8?f%l 10, may contact and coupl e
with another layer 12, or bulk material 10, on the opposite side of the
freestanding foil 14. The patterned perforatlons 22 permt enhanced bondi ng
of bulk materials 10Mocowactiises tobiditanantihe s 6rher PHEKPHE 'St ronger and
nore consi stent bonds. Fig. 5 is a mcrophotograph show ng two copper bodi es
53, 54 bondedbéﬁopmuﬁnhgdmfﬁmhﬂmﬁn@Oﬂnhmtmha@nem@ﬂud@dlv%}ﬁughﬁbéﬁhlngs
e.g. 51 in a reacted foil 52.

bulk materizls, the individual bulk substrates do not need any braze laver depesited

directly upon them. Additionally, the bulk substrates do not necessarily require any
10 pre-bonding of the reactive foil or other pre-treatment. The bulk materials mvolved
may simply be held securely to either a freestanding braze layer or the freestanding

reactive foil at the time of bonding for a strong and permanent joint to be created.

Embodiments of the invention allow bonding at least one bulk that is a
metallic glass. No braze need be associated with that bulk in the joining process.
15 This is because the reactive foil may be designed to bond directiv with a metallic
glass upon reaction. Te accomplish this joining process, the reactive foil can itself

react to form a metallic glass.

Embodiments of the invention further allow for superior bonding when
the bulk materials include microchips or semiconductor devices. In the bonding of
20 semiconductor devices to a subsmate such as a circuit board, potential {or damage to
the device is a factor that must be taken into consideration. By using a freestanding -

reactive foil to join such 2 semiconductor device to 2 substrate, little heat 1s




Utilizing one or nore enbodi nents of the invention, a nunber of ZHEW vilirs
applications can now be perfornmed nore effectively and efficiently.

exanpl e, ‘QB%?I {c glass bulk materials can now be joined, where ;pﬁ end
product is S|ngle structure nade up solely of netallic glass, nc1ud|ng
t he bond and reacted 20 foil layer. It is also now possible to join bulk

materials with very different chem cal conpositions, thermal properties,
and ot her physhgalkad praoparid @sacibat thidstior iicakilijycerprespnt-ed. Many
difficulties in bonding. Sem conductor or mcroelectronic devices nay be

bonded to ci repid,, DRAAS\REs QLIS i Sb Y6t Ul.eShsuandy it plehe samenthae, nultiple
16 02 NOv 2004 WO 01/83182, ; PCT/USOl//14053 | eads may be created that are

intricately & §oc4ba&eg_1 e%hngh§%g§¥q (Nﬁ ”hﬁOQQHF$9ﬁ and \m,greel ectronic

devi ces may afso Sea ticall hese 10|n|ng applications are

enhanced by t o] n .t hat otentlal T, feat ornally
associ at ed mﬂ?ﬁ‘%dﬁﬁhg ﬁ?%égﬂﬁﬂ OagoﬁgrﬁﬁTpﬁé” fﬁﬁd"%ﬁdlaeldl ng, is
avoi ded or east mnimzed. Moreover ut|I|2|ng ?nbo i ments qf t he

i nvention? t Hté@“blﬁ’l1 Qledaéﬁtepli‘éll’fsC(’“B)é’F%‘QHPﬁkhé& oy B FSEESTAMITNE S ¥hi s means
that prior to the actual joining of the bulk materials, the i ndi vi dual bul k
substrat es ddzrot gbakermayangredz el debsrefudepvsi t ed dlrectly upon t hem
Additionally, the bulk substrates do not necessarily require any 10
pre-bonding of the reactive foil or other pre-treatnent. The bulk materials
i nvol ved may si npl ywhen beddnseduratdictalleniherls auchreestiamdiumgr br aze | aver
or the freestanding reactive foil at the tine of bonding for a strong and
per manent | oidatictQ ikacsiieat@tn . ErbedbipiisonQfanthaiprventdsonhal | ow bondi ng at

| east one bulk that is a
embodiments allow the fabricavon of altemating adjacent electrically insulaiing and

g¢ conductng regions in the final reacted foil. thereby allowing & mulutude of leads o

be bonded and electrically isolated with a single reaction.

In a preferred embodiment of the invention, less energy 1s required to
perform a joining application vtilizing reactive foils. Functionally graded lavers as
joining material allow for contral over melung temperatures through selection of

15 their composite materials. Functienally graded layers may be utilized, for example,
because their melting temperature may be conwolled. Ni-B films used as joming
material allow for low temperature melting where the meltng temperature begins at
a relatively low temperature and elevates as B diffuses out of Ni, vesulting in a final
material with a relatively high melting point. By requinmg less encrgy from the foil

20 reaction, the overall heat applied to the tota) structure 10 be bended can be reduced.

therebv minimizing damege to the materials to be bonded due to the foil reaction,

In another embodiment. one may include layers of reactive mululayer

braze within the reactive multilaver foil. For example, in a foll comprising reactve

18



metallic glass. No braze need be associated with that bulk in the joining
process. Jr This is because the reactive foil may be designed tol baad 2004
directly %ﬁ% @ petallic glass upon reaction. To acconplishyihisishai ning
process, e reactive foil can itself react to forma netallic gl ass.
Enbodi nents of the invention further allow for superior bonding when the
bulk materials include mcrochips or sem conductor devices. In the bonding
of “o semni conguet oF AldeMireesve byas sibisEr atlél duch cas nay gichelione board,
potential for danage to the device is a factor that nust be taken into
consi der at i O BYe Ygl-0thversicbResHANHT0gr a Nealtd. Videfreickivd mujudd:er such a

sem conductor device to a substrate, little heat is 17 02 NOV 2004 WO

01/ 83182 PCT/USOLLI4053, speral ec Lhat canee: daneging jaikhs.deviice o to
adj acent conponents sem conduct or” devices may be situated on the

substrate with greater freedom L y: specific foi
SommOS: { 1 ons. ST zggue[\ﬁnewb\]pm\maeg(i\ ﬂlcar%&m@%mﬁeﬁﬁ bRGGAG! OMeacapect fic foil
conposition are not only far easie ndl e .t an 5 tho past, but
t he conblﬁatN@H‘%?eﬁpﬂa@ﬂr%ﬁﬂ“%wuékéﬁﬂﬁgmfP%Bg? “ﬂ”eo‘% aﬁgqt%ghﬁgVe a high
thermal and el ectrical conductivity. Wen bonding is directed to bul

materi al s sucmﬁHQOGQHﬁ%@ﬁaﬂéﬁ1ﬁmfd@V@ées the reactive foil may have
conposition patterning properties. The embodi ments al l ow the fabrication of
alternating adjacent electrically insulating and 10 conducting regions in
the final reacted foil, thereby allowing a nultitude of leads to be bonded
and electrically isolated with a single reaction. In a preferred enbodi nent
of the invention, less energy is required to




performa joining application utilizing reactive foils. Functionally graded
| avers as joining naterial allow for control over nelting tenpéﬁdﬂﬂr@&
through sglegtd;opn of 15 their conposite materials. Functionghysgragdad

| avers nay(be utilized, for exanple, because their nelting tenperature nmay
be controlled. NN-B filns used as Joining nmaterial allow for 101-V
tenperature nelting where the nelting tenperature begins at a relatively

| ow tenperature and el evates as 13 g fifmp3gss out of Ni, resulting in a final
material with a relatively high nelting point. By requiring |ess energy from

the foil :0 reacti Ongh% rﬂﬁ'egﬂ Ak 1B 1_11@994]&-.(1?19 WhQerkih& B}OE@JsidﬁaﬁH}?M‘” e to be
bonded can be reduced, thereby mnimzing damage to the materials to be

bonded due to th foil rquikpnweg
layers of reabtfiVe Wif t¥THeF“BPS%e within the reactive multilayer foil. For
exanple. in a foil conprising reactive IS VO 01183182 U 2 NOV 2004 Pi:
TrlL,9111- |53 lavers of Al and reactive lavers of Ti. Zr or EIf alloys. one
ii-,ay i ndliiga@mad or nore reactive braze |avers conprising Cu or a N
alloy. The reactive multilayer braze would provide an energy source as the
| ayers mx and formthe joining material- in addition to the energy

provi ded by the reactResaiviedbils ofHient bmpiedamicdrbyobldrebiotinvay nwint i | ayer f oi
and reactive nmultilayer brazes permts the use of reactive brazes that my
not sel f - propageterwithout dlahge tailed 10O B/ 83182102 11NN 2004

|.n anot her enbodi nent. one may i ncl ude

fabricanon of the foil 60 by passage of the stack 61 between rollers 62A and 02B.
The sheets can be cold-rolled several times untl the layers are reduced te the

10 desired thickness.

Example 2

Instead of utilizing foils comprised of mululayers of uniform thickness,

a composite foil 1s used, in which nanolaminate reactive multilayers are deposited
onto reactive microlaminate foils. As illustrated in Fig. 7 certain secuions of lavers

15 70 within the reactive foil 71 will be of a nanoscale (nanolaminate), while other
sections 72 wiil be of micron-thick layers (mucrolaminate). The nanelaminate. as
described above, will react easily and the reaction, once started, will self-propagate
along the length of the foil without being gquenched by the melting of the
surrounding braze layers or bulk components. Thus, the nanolaminate can be

20 viewed as an igniter for the microlaminate. The section 72 with microscale lavers
may not be able to sustain a self-propagating reaction at room temperature, but
when heated by adjacent nanolaminate sections 70, it will sustain such a reaction.

The fo1l can comprise aliernate layers of Al and N1

20




PCT/ USO01/ 14053 EXAMPLES The invention may now be nore clearly u&éi@ﬁ,@@d by
consideration of' the follow ng specific exanples: 5 Exanple 1

foils of #, apdiHi are fornmed by cold rolling many 5 pm sheetsopf:oN and A
that are stacked together. Fig. 6 schematically illustrates fabrication of
the foil 60 by passage of the stack 61 between rollers 62A and 62B. The
sheets can be cold-rolled several tines until the |layers are reduced to the
3 desired thiuoiphels. Exanple 2 Instead of utilizing foils conprised of
multilayers of uniformthickness. a conposite foil is used. in which
nanol am nate reactive nultilavers are deposited onto reactive mcrol am nate
foils. As illustrateth fabridatife thésccbipatin secthens{ofl ahdkers rdikd70 within the

reactive foil 71 will be of a nanoscal e (nanol am nate), while other
sections 72 wohl 1R6n R85 R=&bh 6kl thay £hsolmishotant Nl )iepothel danol am nat e
as descri bed above will react easily and the reaction, once started, wll

sel 1 propagal fun AL NG %L AN LlntAf fﬂblbcawoﬁmwh@%?&wﬁ@ched by the

mel ting of the surroun I'ng braze ayers or cofrponents. Thus; the

nanol am nat e vapor a¥ O%V‘éll% O?‘ﬁle%ﬂl c OEI bﬁ?[hg nl;\? omngﬁﬂ!: %‘Mat e. The

thouc
section 7 Wi M crosca 'e to sustarn a

sel f - pr opagat JJeactian, . roonlte eraIure mhen egt by adj acent
nanolaninate‘%@g? gﬁémyglmg?mVWWﬁ glnPg?ﬁm JEHOQ FACYFORYC “”%ﬁg foil can

conprise alternate layers of Al and Ni. 20
intermixing between the altema‘ung Jayers during deposition.

Example 4

A reactive multilaver braze is formed that is similar to the reactive foils
10 described above. which reacts to form a metallic glass. This mululayer braze gives
off heat upon a reaction of iis altemating lavers. Through a careful selection of
reactants that are know to be good glass formers, the braze wﬂl form an amaorphous
final product upon reaction, similar to those in commercial use and to the {oils

described above. The heat generated by the reacting braze layers reduces the

Lh

amount of reactive foil required for joining.

Example 5

Certain compositions of foil 14 may react to form amorphous alloys
{metallic glass). Those foils may be combinations of layers of alloys that comprise
Ni or Cu, alloys that comprise Ti, Zr, orllf, and alloys that comprise Al 2s such will
20 react to form metallic glass. When using such foils, ceriain properties may be
attained. Metallic glasses have very good wetting capabilities. The braze layer

may be excluded when using such a foil to jein bulk metallic glass and in sucha
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0 2 NOvV 2004 ' WD 01/8318--, PCT/US01/14053 Exanple 3 In fabricating these
conposite foils, sheets of Al and N are rolled to formthe nicrblZat(yi W8k e
section ap ﬁ ti@?ﬂs a nanolam nate foil is vapor deposited onppy, &kl h@ks side of
this mcrolam nate structure. Fabrication may also be perforned 5 through
vapor deposition of the full conposite with the mcrolam nate | ayers
deposited at much higher rates without igniting the foil or causing
unaccept abl e ciicnt:etrdexbng trefrileenistzné iabthed nahitrgntayecs:sduriméy Weéposi ti on.
Exanple 4 A reactive nultilayer braze is forned that is simlar to the
reactive foilgealk s0eseni begoalue. which reacts to forma netallic class.
This nultilayer braze gives off heat upon a reaction of its alternating

| ayers. Through a careful selection of reactants that are know to be good
gl ass fornmgrsg braze will form an anorphous final product upon

reacti on, rri-r11—lﬂar‘!r]§to those in commercial use and to the foils described
above. The heat generated by the reacti ng braze | ayers reduces the anopunt
of reactive foil required oi,ni.rlg] dl Cer'gda{ L u‘f”f?}?ﬂlt | ons of
foil 14 may react to SBPWOB%II o HE- 5] CWEIC ST $1PTE a%s) Those foils
may be conbinations of layers of alloys that co rlse Nii or Cu, alloys that
conprise Ti. e pritadicicahdoad 6ips o ehd 1‘%@%11’113‘8‘25 - Bg SEEMAITYY 20 react to
formmetallic glass. Wen using such foils, certain properties nay be

attai ned. Metilhdvagsghamsey: : hwgem@myilgr@@dw\l@@ﬁ‘ﬁg’mé fgamanqiw & The braze

| aver may be excluded when using such a foil to join bulk netallic glass
and in such aenveen solder lavers S1A and $1B, and the sandwich is disposed berween the

contact lead 82 for the device 83 and the contact surface &4 of the board.

Example 7

10 A patterned reactive foil is designed so that some sections react to form

electrically conductive regions and other sections form non-conductive regions.

Figs. 9A and 9B schematically illusirate the concept. Fig. 9A shows the
foil 90 before reaction. Fig. 9 B is after the reaction. Regions 91, comprising
alternate lavers of Al and Ni, react to form conductive regions 95. Regions 92,

15 comprise insulators, such as Si0; or silicon niwide, or alternate layers that react io

form non-conductive regions.

It is contemplated that in use, regions 91 would be registered between
contacts above and below the foi] 90 1o be electrically connected through the

regions 95 after the reaction.

20 It can now be seen that one aspect of the invention 1s a method of

making a reactive multilayer foil composed of a plurality of alternating layers that
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21 -', il i1 /81 a 112 NOV 2004 Fi , T S(;L:141153 circunstance. once the
foil reacts and is joined with the metal lic gl ass. a single bul k patNaN| 3

gl ass maybg , p&g duced. Exanple 6 A semi conductor or mcroel getgom Gudevice is
joined to a substrate such 5 as a printed circuit board using a reactive
mul ti-layer foil. Fig. 8 schematically illustrates the joining arrangenent
wherein the reactive foil SO is sandw ched between solder |ayers 81A and

SI B; and t he wandwi ohilicamtilgpoSedndistdweenitdsahe gantaptovidesh 82sfaor t he
device S3 and the contact surface 84 of the board. Exanple 7 to A patterned

reactive foilyvdpsr @gsiigned: serbhat 1semenseclibonse feact tiondickmr tel.ectrical |y
conductive regions and other sections form non-conductive regions. Figs. 9A

and 9B schenmn }n'd(éél%:a&éﬁ gthé‘rﬁﬁlrtl?at\% £hercONE eRkiratEl davMupshonsit hesodioi | 90
before reaction I's after the reaction. Regions 91, conprising

al ternate | ayers ) meﬂ ang, 9 k8G90 0 m £ORAUELLYR diggl ons 95, Regi ons

92, 15 conprl ors suc Icon nitri or alternate
| avers that r act to for non- onductlve re |on i s..conte ted that
in use. regi dFECYHOBIIFY BE FLYETArEd Ph iSﬁ? 13Mg<%¢gﬂ§L3 bel ow t he
foil 90 to be electrically connected throu h t he %_?ns 95 after the
reaction. 20 ¢¥m%%ﬁln%vﬁbéﬁ@ébnmﬁWa?“éﬁ%“ﬁgﬁéEP“%?TT & 'Pidition is a met hod
of

aluminum deposited In contact with a silicon substrate. Alternatrvely, the substrate

can include a coating of release material or an adhesion material 10 achieve the

proper level of adherence.

10 Ome approach for separating the multilayer foil from the substrate 1s to
provide a substrate with & sacrificial layer (or make the entire substrate a sacrificial
laver) that can be etched or peeled away from the foil after deposition. Exemplary

materials for a sacrificial laver include copper, brass and photoresist.

The vapor depositing of the layers 1s preferably by physical vapor
15 deposition such as by magnetron sputiering or electron beam evaporation.
Advantageously the substrate is cooled during the vapor depositing to 1educe
intermixing of the alternating !avers, to teduce energy losses and 10 reduce stresses
in the deposited layers. Advantageously the layvers are deposited to form a
multilaver foil having a thickness in the range 50 pm - 1 em. Foils thus made with

20 a thickness in the range 10pm to lem can be used as freestanding foils.

Another aspect of ihe invention is a method of bonding & first body to &
second body comprising the sieps of providing a freestanding reactive mulnlaver

foil, pressing the bodies together zgainst the foil and igniting the reactive foil. The
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maki ng a reactive nultilayer foil conposed of a plurality of alternatin

| ayers that 22 WO 01/' 83182 02 NOV 2004 PCT/ US01/ 14053 can react] )bt Hgi m
call v. The nethod conprises the steps of providing a substgtiey;; Yapor
dep05|t|ng the al'ternating layers on the substrate to formthe nultilayer
foil, and separating the nultilayer toil fromthe substrate. Advantageously
t he substrate has sufficient adherence to the deposited |avers to retain
the | ayers duchingl @6pesil: omdnat of thstddidser entt aadkreriercendoblpiievent renova

of the multilayer ?0il after deposition. As an exanple, the |ayers can
conpri se one QkfRI QvkAY8si8 1Rfbodrk Wik MM depesivtiedht feactitt@cducnbtfica silicon
substrate. Alternatively, the substrate can include a coating, of release

mterial or ap,adbesian aRLakals hecAENDSYE: Lheer P ARSL. digvel of adher ence.

to One approac or separating the nnultilayer foil fromthe substrate is to

provi de a substrat i.Ch al , entire substrate a
sacrifici al aVe %ughr]j%%ﬁmecuolcﬁﬂlebﬁﬁgggﬁﬁéjﬂgﬁﬁwFﬂgﬁ1the foil after

deposi ti on. Exe Iar mat.er i for rifici ver copper,
brass and? phdF%?%%?%Ws‘#h@n9538$€%%b5§ﬁ?F QEB?Ofﬁﬁn?gﬁé?%mV@ et erably by

physi cal vapor 15 deposition such as by nagnetron sputterlng or electron
beam evapor at difar byA\dvarindgeonsiy the substrate is cool ed during the vapor
depositing to reduce interm xing of the alternating |avers, to reduce
energy |l osses and to reduce stresses in the deposited |ayers.
Advant ageousl y the | ayef Swcaftivdeppsizhed, 4 @adioe mustilavandidit nkayera foi | having a
t hi ckness in the range 50 nl1- 1 cnm Foils thus made with

plurality of openings through the thickness of the foil. The openings are preferably

periodic over the foil area. These openings can be left unfilled or they can be filled

1¢  with meltable materials, propellants, or other matenals that will change or react on

heating when the reactive foil is ignited.

Such apertured foils can be made by providing a substrate having a
surface including a plurality of preformed openings, bumps or particles of thickness
(or depth) comparable to or larger than the thickness of the multilayer foil 10 be
is deposited, depositing the reactive. multilaver foil, and separating the resulting

apertured multilayer foil from the substrate.

Alternatively, a reactive multlayer foil can be deposited on a substrate,
patierned by a removable masking layer, and etched to form a plurality of holes.
The apertured foil can then be removed from the substrate, Yet further n the
20 alternative, a continuous foil can be formed and holes can be formed 11 the

continuous foil by mechanical pressing.




2D a thickness in the range 10mto 1 cmcan be used as freestandi&gwf o& h‘s
Anot her aspect of the invention is a nmethod of bonding a first bd y' Holl
second bqumﬁgJ Li sing the steps of providing a freestandi ®gr/[eacliyve

mul til ayer oil, pressing the bodies together against the foil and igniting
the reactive foil- The 23 Vi 0//83182 02 NOvV 2004 PC. Ti | .ail 1 -063
ignited foil can nelt material of the bodies or nelt an associated neltable
(joining material) Tavarrtedfoishathe bodites ap@getiden bopdiner Aatdcvel y, the
reaction product of the Javers can itself be the joining material. One or
both of the bedies.canhhe pleem coOAMGLOF dpotidtioalectronhd: devades. The
method is particularly advantageous for joining bodies having coefficients

of ther mal expansiaf, vl Gllerdlidfuefcbid UL 14T & sOfar DYl Mudn cal t ernat i ve
enbodi nent. a reactive multilTaver foil includes a plurality of openings

through the thickness of the foil..The, openi I eferabty. periodic
over the foil“%4Féa® ”fﬂédi’lae %B&‘ﬁinhaé?%ﬁﬁls(égﬁ%%tg %ﬁﬁxfe?]ll Plrégjog{ gﬁgy can he
filled 10 with neltable materials, pr Ofgﬁl | ants, or ot klleq%dr{}?et@]r]iiqal s that will
change or °r eactdiEri’e HaREt H§c HHeR> PN BA4YIVE S T FE Fhitdd” “such
apertured foils can be nade by providi n? .2 substrat e_pavi ng, a urface
i ncl udi ng a pleoia PuyelogpingeerdT e dl e eﬁ@%"‘,‘efﬁ&hﬁ‘é%ﬁ“ﬁéi@i Eyed 8% thi ckness
(or depth) conparable to or |larger than the thickness of the nultilaver foil
to be 15 depospeteds indbpbs] wijviy Mehediceatitih rpreash PrIEKErR PERFLETSRdO'8epar at i ng
the resulting apertured nultilaver foil fromthe substrate.

with ductilitv enhancing bridges through the openings. It is especially

advantageous where one or both bodies are semiconductor or micreelectronic

10 devices or where the devices have CTEs that differ by more than 1 um/m”C.

A third tvpe of novel reactive foil is a composite reactive multilayer foil
in which the individual Jayers in the foil differ in thickness or in compositien, on
moving across the total thickness of the foil, to achieve advantageous resuits. One
exemplary composite reactive multilayer foil comprises a first section with a

15 plurality of relatively thick reactive layers, e.g. 1um to 10um, stacked on a second
section with a plurality of thinner reactive layers(e.g. 1-1000 nm). The section with
the thinner reactive layers ignites more rapidly than would the section with the
thicker reactive lavers. But as ignition spreads across the thinner section, 1t ignites
1he thicker section to produce a more uniform ignition and higher heat. Similar

20 results can be achieved by vanation of the foil composition in the thickness
direction. Compositional variations can provide one set of lavers whase reaction
product provides joining material and another set of more reactive Jayers for

ieniting the first set. Compositional variations can be achieved, for example, by



Alternatively, a reactive nultilaver foil can be deposited on a substrate,
patterned by a renovabl e masking | ayer, and etched to forma pIura&EWQVdm4
hol es. Thesapgfkured foil can then be renoved fromthe subgtyatg.;,yat

further in the 20 alternative, a continuous foil can be forned and hol es can
be formed in the continuous foil by mechanical pressing. 24 02 NOV 2004 WO
01/ 83182 PCT/ US01/ 14053 The apertured foils have an inportant application in
bondi ng. ., % reaciitveprof o bapeconat e Bypoaripk ur alcptdynceoftlogemiings i s

di sposed between a first and a second body. If the body material is not
mel t abl e by t helifiaiky iathseparate neltable | ayer or coating of neltable
joining material is also disposed between the bodies. The bodies are
pressed together against the foil (and joining. material;) and the foil is

igni:ed to nelt joi n'ﬁ(lgyu%tr\eﬂe c@lnm eT%cneclfgﬁqcfisr@ﬁl% Falrd !991\@@ cWh]LctlLﬂ‘ and
through the openings in the foil to 10|n the bodies. This approach produces

a characteri st %C éas Rht aCF TIYE‘IEHII Q}OHSI L té{ ? H‘S(f\ IQI:\’vlhq '\’H thC?F C‘I"I'.ft] he

openi ngs. It 'S espeC| éous &t €018 or bot h Ies are

sem conduct or or.. froelectronlc J I devi ces or where the deV|ces have CTEs
that diffet b§REFEN SRRVl ead OREPRPY EA5E THPOROVUF! &48%T ve foil is
a conposite reactive nultilayer foil in which the individual |ayers in the
foil differ i AOIRFEKNnSSSh HRlsiaF: BFIRHESI IIPOR] N GAMCAYRE WHIEEABEY $eHECt ot al

thi ckness of the foil, to achi eve advantageous results. One exenplar-

conposite r eackiwieslpahteis ayesubbioitd hoomgicieess aoftdctstA Sebeandn dwpetsd a
plurality of relatively thick reactive lavers, e.g. Imto 10im stacked on a
second secti bervaet thedepkusal the yubefrait hitth rderden«'eacminwces.lﬂaycem@(ce ofthel- 1000 nm) .
The section with
substrate and the first regions of the foil ail in registrauion. The device and substrate
10 are then pressed against the foil, and the foil is ignited to bond the device to the

substrate with the respective contacts conductively connected and the other regions

non-conductively bonded.

While preferred embodiments of the invenuon have been described and

illustrated, it should be apparent that many medifications to the embodiments and

15 implementations of the invention can be made without deparimng from the spirit or
scope of the invention. While the illustrated embodiments have been desenbed
generically referring 1o the joining of bulk matenals. it should be readily apparent
that any materials that are to be coupled (permanently or temporarily) together
through soldening, brazing, welding or other known technique can be coupled

20 together utilizing the invention. Materials such as metallic glasses {e.g., amorphous
glass), metals {e.g., Cu) and alloys (e.g., stainless steel), polymers, ceramics (e.g.
SiC), composites, semiconductors, and numerous others in various combinations.

The scope made available as a direct result of the advantages derived by joining
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the thinner reactive layers ignites nore rapidly than would the section with
the thicker reactive layers. But as ignition spreads across the i hiNAhaB04
section, ik d;gnjkes the thicker section to produce a norepyhickermignition
and higher heat. Simlar 20 results can be achieved by variation of the foi
conposition in the thickness direction. Conpositional variations can
provi de one set of |ayers whose reaction product provides joining materi al
and anot her setwenfls mbréngribatrEven|rane Nt bree seghpenday dhed finpgto set |
Conpositional variations can be achieved, for exanple, by 25 varying the
process par anetenskitndicapothcdepdst bi agbidncadoor dand éiwitt misechni ques wel |
known in the art. A fourth type of novel reactive foil has a major surface

area Conposed,q, s at ri@astytweirdif ferent ahegh engicronge or Mre first regions
which will react fo formb5 electrically conductive material and one or nore
second regions which are non- conductive. Such foils are particularly useful

i n connectng sem coRglGt gl ARV £6irekeE! Liical SORLALLS: hudsufst ral e

havi ng receiving contac can | spose bet ween the devi ce and

the substrate.with the.device contacts, the-contacts, the. trate and
t he first>reg@ﬁ%%p%?PFﬁ%“%8F1°§FF“§%“%§6FE ?% f%gs&%hgkaégﬁ%éﬁgﬁg substrate
to are then pressed agagpst th foiH andlthe fgi“ S igpigepih%ﬁbgnd t he
devi ce to t he™BaBETPAPESWPRH THR P B5patt U8 e SRt dors® E8RETTTVETY connect ed
and the other regions non-conductively bonded. iI% grefgrred enbodi ment s
of the inventionafEie eﬁeéﬁh@é%}btlhp H@atraé%smbodmmms ave been described as

applied in an environment of air at toom temperature. it should be readily apparent
that the invention may be practiced in other environments mcluding vacuum, argon,

10 water, etc.

Jt should be readily apparent that the quantitative daia (e.g., reaction
velocity, peak temperature, heating rate, etc.) of particular embodiments may easily
be modified by varying elements of the reaction (e.g., varying composition of
materials A or B, thickness of layers, total thickness of foil, or braze Javer

15 compositon/thickness).

Although the embodiments specifically illustrated herein depict joining
materials in the form of two sheets forming a sandwich around a reactive foil (as
shown, for example, by sheets 12 and foil 14 in Figs. 2 and 3), it should be apparent
that any number of sheets (or other swuctures) of joining materiais may be used.

20 including z single laver wrapped around reactive foil 14 or Joining matenzls
attached to the bulk components. In accordance with a preferred embodiment, no

layer of joining material at all may also be used. For example, metallic glass bulk
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illustrated, it should be apparent that many nodifications to the

embodi nents and 15 inpl enentations of the invention can be nade WiZtNgudll4
departingyfsenkiRe spirit or scope of the invention. Wile; gpﬁlihgggrated
enbodi nents have been described generically referring to the j ol ning of

bulk materials. it should be readily apparent that any materials that are
to be coupled (permanently or tenporarily) together through sol dering;

brazi ng; wel dimgreh notder ¢lhs rownvt &chnirgue candheccoupned 2phtoget her
utilizing the invention. Materials such as netallic glasses (e.g., anorphous
gl ass), netal sitheuighs uEwy j@mde altoys(c(ce viuze). St ai nl ess steel ), pol yners,
ceramcs (e.g. SiC), conposites, sem conductors, and nunerous others in
various conbi nations. The scope made available as a direct result of the
advant ages derived by,},@hnkNGn2G MR Qi%érﬁﬁé&%ﬁ}aa%]é\l%ﬁ?%lb uF’gJ [HRQ17 41053
materials utilizing the invention range from arge sca ondi ng of Sic'
arnmor to "l i n. i ar,. t he bondln i d oatin s to too
bits. to nlcrggg%ﬁygdgpgbdxgaqaanﬂnﬁqaemlgdf% |r%ﬁi¥s %ﬁﬁ WEAR nano or

m croscal e. The, stinul us sed tQ initi te t he f sustalnlng reaction in
the reactive 'ﬁtfgﬂ%9WW°$ émﬁﬁg@ﬁﬁﬁﬁﬂ 8HBBﬁPﬂ%ﬁp§aﬁﬁ§mb%‘ﬁh? form of energy
such as the inpact froma sharp stylus. spark froman electrical source,

heat from a fRricaFSHEE WIadicdPYBAfrom a | aser, etc. Although the illustrated
enbodi ments have been described as applied in an environnment of air at room
tenperature, it should be readily apparent that the invention may be
practiced in other edvidbnvremasy ohdk goifapdveadedmentrdgoimsed 10cwat er, etc.

patterning foils, perforations in the fo1l, etc.) make particular use of freestanding
foils, it should be readily apparent, however, that these embodiments and cther

19 aspects of the invention may be implemented without use of freestanding foils.
Furthermiore, 1t should be readily apparent that the intentionally designed openings
m the reactive foil surface may penetrate through any number of layers in the foil.
although it1s preferred that the entire foil structure be penetrated as shown, for
example, m Fig. 5. The openings, while depicted in Fig. 4 as circle-shaped holes

15 22, may be any single (or combination) of shapes forming one or more patterned
structures on the reactive fo1l. The openings may be formed vertically in the
direction normal to the lavers of the reactive foil, or be formed at one or more

angles through the lavers of the foil.

Thus numerous and varied other arrangements can be made by those

20 skilled in the art without departing from the spirit and scope of the invention.




It should be readily apparent that the quantitative data (e.g., reaction

vel ocity, peak tenperature, heating rate, etc.) of particul ar enbddl RENEE4
may easily be nodified by varying elenments of the reaction (e.g., varying
conposition of I L: materials A or B. thickness of l|ayers, total thickness
of foil, or braze laver 15 conpositionithickness). Al though the enbodi nents
specifically illustrated herein depict joining materials in the foamof two
sheets form Whaaissdwicmiich around a reactive foil (as shown, for exanple, by
sheets 12 and foil 14 in Figs. 2 and 3), it should be apparent that any
nunber of sheets (or O her structures) of joining materials may be used, 20
including a single | ayer wapped around reactive foil 14 or joining
materi al s attachedshetidder bukike £ oepENEAE Sactlvd natiweved arcenpbicdd ofiapr ef erred
enbodi mrent, no layer of joining material at all nay al so be used. For

exanmpl e, net glukdligy & aasSatmigl thyess 02 [N Nad QOANMRIANY, 838 risimBhe ki@l of: Metal i c

gl ass reactive foils, or both may be used in joining, applications w thout
the use of joini ng,ovm{ge‘fguagtra(e@. g.. braze). Mreover, although the
illustrated enbodi nents have only utilized two different materials A 'B as

alternating |ayer$a&ﬁd§xﬁﬁﬁ§ﬂk¥ﬁmﬁ9h%ﬂ%@%oﬁmﬁ%thQQtﬁﬂﬂﬁﬁﬁ@&Mvé_that any
nunber of material |avers can be utilized to forma reactive foil in

accor dance W fidaerdimuent b feknbd i AGE kdnbOBS abBRNY O roleRrAb Sh&H i 8. the
enbodi nents di scl'osed herein (e.qg.,

vapor deposition conditions chosen for low stress so that the product of stress in the film

and the film thickness is kept below 1000 N/m; and
separating the multilayer foil from the substrate to provide the freestanding

reactive multilayer foil.

2. The method of claim 1 wherein the substrate has sufficient adherence to the
deposited layers to retain the layers during deposition but insufficient adherence to prevent

removal of the multilayer foil after deposition.

3. The method of ¢laim | wherein the Jayers comprise one or more layvers of
aluminum, and at least one of the layers of aluminum is deposited in contact with the

substrate.

4. The method of claim 3 wherein the substrate comprises silicon.
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patterning foils, perforations in the foil, etc.) rake particular use of
freestanding foils, it should be readily apparent, however, that jtheggey;
enbodi ments and other 1o aspects of the invention may be inplenmented w thout
use of freestanding foils. Furthernore, it should be readily apparent that
the intentionally designed openings in the reactive foil surface may
| penetrate through any nunber of layers in the foil. although it is
| preferred that the BrRtbdeddiclinst piatune: desipenetmpated caginghdwngleador
exanple, in Fig. 5. The openings. while depicted in Fig. 4 as circle-shaped
hol es 15 22, namyaike aamingiongl &ihéeen eaediination.) of shapes forming one or

nore patterned structures on the reactive foil. The openi ngs may be forned
vertically in the direction normal to the layers of the reactive foil, or
be fornmed at one or nore angles through the |avers of the foil. Thus

nunerous and varied other arrangenents can be nade by those 20 skilled in
the art without departing fromthe spirit and scope of the invention. 02

NOV 2004 Wat . i's glAlcmRnodlr ct%imtum%jn(}fle ﬂ@&i‘a&gccﬁhpFiE@,QS'ElﬂM&JHQaJr%QI ive
mul tilayer foil conposed of a plurality of alternating |layers that can

react exothekg&gally, conprising the steps of: providing a substrate; vapor
depositing the alternating | ayers on the substrate to forma reactive

mul tilayer foil having a thickness in the range of about 10 mcronmeters to
about 1 cm the vapor deposition conditions chosen for |ow stress so that

t he product of stress in the film and the filmthickness is kept bel ow 1000
N rn; and separating the nmultilayer foil fromthe substrate to provide the

freestanding 7. The method of claim 1 wherein the vapor depositing is under conditions chosen

to minimize stress in the deposited layers.

8. The method of claim 1 wherein the vapor depositing comprises physical vapor

deposition.

9. The method of claim 8 wherein the vapor depositing comprises magnetron

sputtering or electron beam evaporation.

10. The method of claim 1 wherein the substrate is cooled during the vapor

depositing,.
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reactive nmultilayer foil. 2. The method of claimI| wherein the substrate has
sufficient adherence to the deposited |layers to retain the |ayersdwoy i
deposition but insufficient adherence to prevent renoval of the multilayer
foil after deposition. 3. The nethod of claim1l wherein the |ayers conprise
one or nore layers of alumnum and at |east one of the layers of alum num
is deposited in contact wwth the substrate. 4. The nethod of claim3

wher ei n the subst 1 ati@e GRIPH 5E5NSI hiGan the2D ef a2e NEVsIROOAT BN aThetiinet hod of
claiml1l wherein the substrate conprises a coating of a release material or a
coating of apadhash icK¥Bdser inhangbs0,bhe ciet hod of claim 1 wherein the
substrate conprises a renovable sacrificial layer. 7. The nethod of claim1l
wherein the vapor depositing is under conditions chosen to mnimze stress
in the deposited |ayers. 8 The nethod of claim1 wherein the vapor
depositing conprises physical vapor deposition. 9. The nmethod of claim38
wherei n the vapor depositing conprises nagnetron sputtering or electron beam

evaporation. 10. Theypafhod oPfain] ﬁi\’mré-in\(\%ﬂ‘ @éﬂ&siﬁih@llﬁldh&ﬁﬁlﬁﬁg@a}ieﬁs cool ed
during the vapor depositing. 30 02 NOV 2004

comprises vapor depositing alternating layers selected from the group consisting of Rh/S1.

Ni/Si, and Zr/Si.

13. The method of claim 1 wherein vapor depositing the alternating layers
comprises vapor depositing alternating layers selected from the group consisting of Ny/Al,

Ti/Al, Monel/Al, and Zr/Al

14. The method of claim 1 wherein vapor depositing the alternating layers
comprises vapor depositing alternating lavers selected from the group consisting of

Al/Fe,O5 and Al/Cu, Q.

15. The method of claim 1 wherein vaper depositing the alternating layers

comprises vapor depositing a layer comprising boron or carbon.

16. The method of claim 1 wherein vapor depositing the alternating layers

comprises vapor depositing a layer comprising a transition metal.




11. The method of claim| wherein the |lavers are deposited to forma
nultilayer foil having a thickness lin the ran-e 50ILm1 ci-.q, 120 7Nty 2004
nmet hod of cl ai mwherein vapor depositing the alternating_ Iayers conpri ses
vapor depositing alternating |lavers selected frorn the group cotisisting
of-Rh''S MSi, and Zr/Si. 13. The nethod of claiml wherein vapor
depositing the alternative layers | conprises vapor depositing alternating
| avers selected fromthe group consisting of N"A 1, Ti/A, Mnel/A, and
Zr/Al. 14. The nethod of claimI| wherein vapor depositing the alternating

| ayers conpri ses |yapeimedRpesihinndinlutee natfumg: bay ef Brsel esdheds firiam t he
P-1-OLIP COriISISI)D P- of A]/Fe, O, and AUCU20, 15. The nethod of claim!l
wher ei n vapor,;depositing the alternatirig |avers conprises vapor depositing
a layer conprising boron or carbon. 16. The nethod of claimI| wherein vapor
depositing the alternating |avers conprises vapor depositing a | aver
conprising a transition netal. 31 02 NOV 2004 17, The nethod of claiml
including the further step of formng openings in the foil. 18. The net hod
of claim1l including the further step of formng a periodic pattern of

openings in the f?? The%?e];hoyb?cgﬁrg hgglugfno(?ﬂe%lﬁe sﬂeﬁ@*qu{nﬂg b diushibar steps

of formng a plurali openings I n t he openi ngs havi ng
effective d'%ﬁﬁa?ﬁﬁsth fg range 10-10. 000

19. The method of claim 1 including the further steps of forming a plurality of
openings in the foil, the openings having effective diameters in the range 10-10.000

micrometers.

20. The method of claim 1 further comprising the step of depositing an

intermediate layer between the alternating layers.

21. A method of making a freestanding reactive multilayer foil composed of a

plurality of alternating tayers that can react exothermally, comprising the steps of:

providing a substrate comprising a removable sacrificial Jayer of copper, brass or

photoresist;
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m croneters. 20. The nethod of claim| further conprising the step of
depositing an internedi ate | ayer between the alternating |ayers. 2@@ NBY 2004
nmet hod of making a freestanding reactive multilayer foil conposed of a
plurality of alternating |layers that can react exothermally, conprising the
steps of: providing a substrate conprising a renovable sacrificial |aver of
copper, brass or photoresist; 32 02 NOV 2004 vapor depositing the

al ternating | aver saRndépacitisuins hiakfink Gyvb@bAihebde@cs foa imileidivaver foil:
and separating the multi layer foil fromthe substrate. 33

multilayer foil; and

separating the multilayer foil from the substrate.



