FREESTANDI NG REACTI VE MULTI LAYER FO LS GOVERNVENT | N TEREST Thi s

i nvention was made with governnment support under NSF G ant 5 Nos.

DVR- 9702546 and DWVR- 9632526 and The Arny Research Lab/ Advanced WMaterials
Characterization Programthrough Award No. 019620047. The governnent has
certain rights in the invention. CROSS REFERENCE TO RELATED APPLI CATI ONS
This application clainms the benefit of United States Provisional 10

Appl i cation Seri PREESTASIROL TIVE X S appl i cants an May

2, 2000 and entitled "Reactive Miultilayer Foils". it is related to U S.
Application Serial No. filed by ME. Reiss et al. concurrently herewith
and entitled "Method of Making Reactive Multilayer Foil and Resulting

Product’ and U . S. Applicaid et INgERESTed by T.P. Wihs et al.
concurrently herewith 15 [ eactive Multilayer Structures For
Ease of Processing.and Enhanced _Ductility" T t I

appl i cations ar e {OHCBY A B8 W@P%i“ﬂttnb%ovfee gp%%@p}ﬁné@gﬁﬁéﬁ %Epl NVENTI ON
This invention relates to reactive multj r fqils, .e i,al |

(T eostanahis DYRd ste et BUR-stbamd, b Gy Hrstiro S LRTRLR#r carouno
OF THE | NVENTI ON Reactive multilayer coatings are useful in a W de
variety oMappls ctarastesizatioyfiredtay threugfensvadi o8- 0?1964 se, TBontrol | ed

anounts of heat in a planar region. Such structures conventionally
conpri se gosdmaas shoderain sSgisintiat evetppor t ed

CROSS REFERENCE TO RELATED APPLICATIONS

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

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

“Method of Making Reactive Multilayer Foil and Resulting Product” and U.5.
Application Senal No. ___ filed by T.P. Weihs er al. cancurrently herewith
15 and entitled “Reactive Multilayer Structures For Ease of Processing and Enhanced

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

FIELD OF THE INVENTION
This invention relates to reactive multilayer foils, especia;ly freestanding

multilayer foils, useful a3 lecal heat aguress.

20 BACKGRQUND OF THE INVENTION

Roactive multilaver coatings are useful in 2 wide variety of applications
requiring the generation of intsnse, controlled amounts of heat in a planar region.

Such structures conventionally comprise a suceession of substrate-supported

1



1 coatings that, upon appropriate excitation, undergo an exothermc

chem cal reaction that spreads across the area covered by the | ayers
generating precisely controlled anounts of heat. While we will describe
these reactive coatings primarily as sources of heat for welding,

sol dering or brazing, they can also be used in other 5 applications
requiring controlled | ocal generation of heat such as propul sion and

| gni tion knatimgshatepbodsprofridioaditagpm nndognimgoteterichtsicalacirat sour ce
is required. This heat source may either be external or internal to the
struct ur e {0 spiadsiabioaethe WAGRVEX BY thallayethenbenig prayisdle cgrivtieqt ed from a
devi ce such as a furnace. 10 Processes incorporating such heat sources

requi T e IRk B OlyliiG, ARl £ HRltad BabEs BO9KaGng) i ng the bul

nd naterial, to a tenperature i enough to nelt
the bond materigl. Such g, nethod presents proble because ,t he bul k
materi al s S?Wcﬁé%jhﬁ?tﬁgrdwglﬁ@gofot]‘%ﬁnEBT Rare B SBACPEEERB KR hi gh
tenperatures required in the c{)rocess. These high tenperatures nay danage
t he mat er idpplFationsrequinng eantrodiec Ipeal Zrrasetion o ReH ey BIRTRRMHSIYEci at ed wi t h
external heat sources, internal heat sources are utilized. These heat
sources ofigeiot ake the formof reactive powders or even electrical
wires. Wien reactive powders are used, a mxture of nmetals or conpounds
that will react exothermcally in a self-propagating reaction to 20 form

a final conpound Iafmaylesthdéd oibbrddizeest. joinbigahatfriac ehs@solray s exi sted since
sel f- propagating powders were devel oped in the early 1960s, spawni ng

what is k rf&}fgﬁed.am@@leit sBheP &R kithg be Ek Bhnlaemal t1tRe Stidthenile (SHS), SHS
reacti ons, owever,
joined. When external, the heat may be generated from 2 device such as a fumnace.
10 Processes incorporating such heat sources require the heating of the entire unit to be
bonded, including the bulk materials and the bond material, to a temperature high
enough to mett the bond material. Such a method presents problems because the
bulk materials to be joined are often delicate or sensitive to the high temperatures

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

15 bonded.

To alleviate the problems associated with external heat sources, internal
heat sources are utilized. These heat sources often take the form of reactive
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 to

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

often requirc substantial preheating to self-propagate, and ¢ontrolling the rate and
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often require substantial preheating to self-propagate, and controlling
the rate and 2 manner in which their energy is released is often
difficult. As a result, bonding may be inconsistent or insufficient. To
conbat the problens associated with reactive powder bonding, multilayer
structures conprised of materials, which allow simlar exothermc 5
reacti ons, have been devel oped Such strug fbor
contr ol | abbeneaimdwhich Heirsneny wmse@éﬁ@%&@% Eeééf‘lr %H@gﬁég ic driving
force behind such SHS reactions is a reduction in atonic bond energy.

Wien a stydigbatsRtchayd ingnfficismri es of | ayers of reactive material (| nmown
as a foil) is ignited, heat is produced as the distinct |ayers
atom cally conbine. This heat ignites adjacent regions of the foil, ro

thereby allow ngﬁ)_fggm@g:ﬁ ;[nramehfg aggoameh wihgegsivt pewdebghdingf t he
structure, generating until all material is reacted. Even with such

advances i”r&yeéé?gﬁﬁl gsccogl%rf;’g%fmﬂ@‘{ﬁé’ fh]gqhtahl%/%nfumk&h&hﬁ@ ems. Many

mat eri al Sr,nu naj or Icul'ties and previously could
not be successfully bonde d onal Ly, tfgpﬂ Lhipldggreactive
foils Sas WéﬁtOnésd'@?’ %enc?fef’gﬂpeé étﬂ‘lcmﬁ 1% f°0i §r¢§!ecg¥cl)n$ |lang fromthe is
substrate upon reaction, thereby eni th ngly there is
a need fmnSISWpthﬁﬁééeﬂe@é@gF%n?F&It E Qfg’dﬁ‘ﬁ ’{és’”‘*%’%%ﬂf%i@%rl DE EVVENTI ON
Reactive foils and their uses are provided as |ocalized heatcs% urces
useful , feactinaipd eduitioniig atomiokendraeiy nd R a SBRSBGIREY 1R 2 SIS ﬁpr oved

reactlve foil 20 is preferably a freestanding nultil ayered f0|I

st r uct ur elayedef tactifs mbtsslfadwipsi iy is iFErdeas PO8HeHEE i al s that will
react with one another in an exotherm c and sel f-

distinct layers atomically combine. This heat ignites gdjaccnt regions of the foil,

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

s substrate upon reaction, thereby weakening the bond. Accordingly there is 2 need

for improved reactive multilayer foils.

SUMMARY OF THE INVENTION

Reactive foils and their uses are provided as localized heat sources
useful, for example, in ignition, joining and propulsion. An improved reactive foil
20 is preferably a freestanding multilayered foil structure made up of alternating layers
selected from materials that will react with one another in an exothermic and self-
propagating reaction. Upon reacting, this foil supplies highly localized heat energy

that may be applicd, for example, to jo1ning Jayers, or directly to bulk matenals that



propagating reaction. Upon reacting, this foil supplies highly localized
heat energy that nay be applied, for exanple, to joining |ayers, or
directly to bulk materials that 3 are to be joined. This foil heat-source
all ows rapid bonding to occur at room tenperature in virtually any
environment air, vacuum water, etc.). If a joining material is used,
the foil reaction will supply enough heat to nelt the joining materials,

whi ch uponreReijpmeddi This ol Read-sirtONBwWRABS bbading Modeuategortor e bul k 5
materials. If no joining material is used, the foil reaction supplies

heat dire nlngg] t Rk r tion of each
bul k, whi q%ullm %%)tﬂmi%g I ng§' P \ré%wa ?@#S df)lgkgcuu%ggﬂc?%rt\ﬁ ng the foil my

be deS|gned wi th openin L. al Iow xtr S or bul k)
material tRFOEJHY lﬁﬁ ¥ OSI%ﬁ %’o EHFATOR ﬁ%ﬁgpﬂ{, %ﬁﬁ%&“@@é&%ﬂ%ﬁ%\rtn@ THE
DRAW NGS 10 Many advant ages, features, and applications of i nvention
will be f’ég:tw}f’?}bﬁ‘ﬁopﬁéorf“%ﬂ Y"WH@aéﬁ?’%ﬁ ?%Héﬁ%ﬁp’fﬁ?rdﬂmf)m%r eferred

enbodi rrents of the invention, which is provided in connection with the
acconpanyimyearawingsoming material drused, thpsfoll Feagtion supphipshashdiesstin i Bxenpl ar y
mul tilayer reactive foil during reaction; 15 Fig. 2 shows the

f r eest andilegt stk rstofalsamebg mpogion of eidhi trudc, appdh wahicooling, famy.a 3
illustrates initiation of a joining application; Fig. 4 shows an

exenpl ary grengd el edddieantly vite fuill thiy ¥ desighediefpth opénitigrethdtlalivwof | oi ni ng
mat eri al through holes in a foil; 20 Fig. 6 illustrates formation of a

reactive feidisiby of@leGoihll(bhik) 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
mvention, which is provided in connection with the accompanying drawiegs. In the

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

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

application;
Fig. 3 illustrates initiation of & j0ining application;
Fig. 4 shows an exemplary perforated reactive foil,

Fig. 5 depicts the flow of joining material through holes in a foil;
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. 6 illustrates formation of a reactive foil by cold rolling;



4 Fig, 7 is a schematic cross section of a conposite reactive foi
conposed of sets of mcrolamnate foils and nanolamnate foils; Fig. S
shows the use of reactive foil to join a sem conductor or mcroel ectronic
device to a substrate; and s Figs. 9A and 9B illustrate a patterned
reactive foil wherein sone regions react to form conductive regions and
ot hers form non-conductive regions. It is to be understood that these

drawi ngs are for giae7 RurpRELatRicréds ketdibh af i agnpdite cantents cafipdshd
invention and are not to scale. DETAI LED DESCRI PTION 10 Preferred

ertbodi ment: a0de ARPLLGALIORS: Ol ihsbBeblgn W I | 'now be descr i bed

O her enbo |men{s may be realized and conpositional or structural
changes may be made wi thout departing fromthe spirit or scope of the

i tion. Alth h, t.h di t i scl osed herej b
nventon, | Aol he bR Rt sl aaed i dnye Do

freestandi ng, self propagating reactive 15 foil structure, it should be
readi |y apparsifcuenadetitfoifybitdvAthay be enbodied for other uses or
applications requiring an intense |ocalized heat source. |In accordance
with a preferred enbodi nrent of the invention, a_ nultilayer reactive
structuare (generiEigh |0 amelf & isetratoa hotesied reastive fofloyhergin sangiegipigled as a
| ocal heat source in a variety of applications such as a process for

j 0i ni Nng t Weac?® Rimndfhductiof rekhvas sndwhes famfrioarcendyctivetagidnal s t oget her. As
illustrated in Fig. 1, reactive multilayer foil 14 is nade up of
alternating layers 16 and 18 of materials . A and B, respectively. These
alternating |ayergisf G dddtobB3hab@e@nivawingLdrk &rshe purpose of

illustrating 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 invention.
Although the embodiments disclosed herein have been particularly described as
joim'né or bonding bulk materials utilizing a freestanding, self-propagating reactive
15 fojl 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, 2
multilayer reactive structure (generically referred to herein as a “foil"} is provided
as a local heat source in a varety of applications such as 2 process for joining two

20 or morte {of the same or different) materials together. As illustrated in 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

5



5 anmenabl e to m xi ng of neighboring atons (or having changes in chem cal
bonding) in response to a stimulus, including suicides (e.g., Rhl S,
Ni/Si, and Zr/Si, etc.), alumnides (e.g., Ni/A, Ti/A, Mnel/A, and
Zr/ A, etc.), borides (e.g. Ti/B), <carbides (e.g., Ti/C, thermte
reacting conpounds (e.g., Al/Fe203 or Al /Cu20), 5 alloys, netallic

gl asses, and conposites (e.g., netal ceramic). The materials (AB) used in
fabri cat i ameakblt hemiaag o neghborihg amms Pordfaemakhynges mesemadal yordirng) i nct. I n
a preferred enbodi ment, layers 16, 18 alternate between a transition
netal (e.gnresfbnselb a s@hGhsd, iddekdiag biights @lgemens: NeSDard BySifbte)etc. ).

Pref erably, he pairs (A/B) of elenents are chosen based on the way they

react to f i1t 1 4l e i e of formation
na i gn AATERRESE £, ROACOMRONGa My he AR REIRHIEAHEY O, T The

"Sel f - Propagat i ions.in [ til ayer terials,” dhook of Thin
FilmPr océ@&“#@ggﬁ'ﬁgi.t %?Tez\ﬁ%il‘j%%m? nfisn(%/%r’&}&g% rh‘gfcg“llﬁiby ref erence
inits entirety. ILn a preferred enbodi nent, at | east one of the |ayers
of the’ r eddlpysy Bictadig glessey ond eumpasitessp- sametalseigfeh. a nul til ayer foil 14 is
exposed to a stimulus (e.g., spark, energy pulse, etc.), for exanple at
one end, neighboring atons frommaterials Aand B mx, e.g. as shown in
regi on 30. The chimymatenials (&) cadd bdadicagorcefubetadivetthil are préfsiably resul ts
in a reduction in atom c bond energy, thus generating heat in an

exot her m chehenily distineabt & praferrbliembodimege layarsGlde i darnanoidwesy soccur s as

| ayers 20 with A-A bonds (i.e., layer 16) and |layers wth B-B bonds

(i.e., |ayensifié) matd (e @XThamged dmdn khBe1bandse.gl, BeAestc ). eRheferadgy, t he
chenmical energy stored in each layer, and generating heat. As Fig. 1
further ilghdisdifsqhes) ofteltinSen@iOneER)sQChREREN B fof ) SBS react to form stable
10 compounds with large negative heats of formation and high adiabatic reaction
temperafures, as described in T.P. Weihs, “Self-Propagating Reactions in
Multilayer Materials,” Handbook of Thin Film Process Technology, 1997, which is

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

one of the layers of the reactive foil ig (or contains) Al

15 ‘When a multilayer foil 14 is exposed 10 a stimulus (e.g., spark, energy
pulss, etc.], for example at one end, neighboring atoms from materials A and B
mix, e.g. as shown in region 30. The change in chemical bonding caused by this
mixing results in a reduction ‘in atomic bond energy, thus generating heatin an
exothermic chemicai reaction. This change in chemical bonding occurs as layers

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

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



through foil 14 (in a direction fromreacted section 30 through reaction
zone 32 to 6 unreacted section 34) and initiates additional m xing of the
unreacted layers. As a result, a self-sustaining/self propagating
reaction (SHS reaction) is produced through foil 14. Wth sufficiently

| arge and rapid heat generation, the reaction propagates across the
entire foil 14 at velocities typically greater than | ms. As the 5
reacti on \gpestddGtctionp4) and mikihitdsiaddisibna traxkg bf dmunirectsd tayelsndisag
environnment (as, for exanple, oxygen in the case of conbustion), the
reaction rgglhgg sEiRkshstdifling/s818 bopa fRiRk 2da0€sh GPIY eectdh) Bipesdpyedapabl e of
emtting bursts of heat "and light rapidly, reaching tenperatures above

1400 K, %ggq}lghg@fgz}. LGNSt ?argega@g;@ghkﬁg%nééﬁm, hEtkRigNer gy is

particul a I'napplicatio Jjoining, ignition, etc.) 10

requiring production of heat. rapidl nd_local |y, e 0N

pr opagat ﬁoa%ﬁaf?ééaﬁssrﬁf?tﬁinl“ﬁ)}.@; ?%)?)ti‘ﬁe%fﬁ‘cﬁgpﬁaﬁﬁ ¢ %%3963% 'Iﬁg.&!el, t he
maxi mum t enperature of the reaction is typically.located att the trailing
edge Gf tisactionAioes BT FHE 24gitional pomedlpoh e SERSTHMESRVIRE T (3%
tenperature of reaction, which can be determ ned hy the heat_of reaction
(QHH, ), tfoe ckeraptle, oxygen 0 ththersd of eombuptinaneht reasioaupasa gl My et eri al
(AH,,), the average heat capacity of the sanple (Cr), and the mass of

t he sanpl entdihedsoatchet efiagy capabla ofiehiting virsigot heat frddight rapidhber at ure i s
whether or not the reaction tenperature exceeds the nelting point of the
final progdeting lehpefatureeitiova §4qidk rind iadocak beaeide dite tdaehing heat is
absorbed in the state transformation fromsolid to liquid of the

product . 1hR ehirgpls joemerBtusefl AQpplhcatiemckigyioinimy, igeitideteate.ri ned using t he
following fornulas (where To is the'initial tenperature, LHmis the

ent halpy Qfo, #Bltoh e idid S Keat MfidRIEIAENY enper at ure of the
When a reaction propagates across a multilayer foil 14 ag illustrated by
Fig. 1, the maximum tcmparaturé of the reaction is typically located at the trailing
edge of the reaction 2one 32. This may be considered the final temperature of
reaction, which can be determined by the heat of reaction (4Hy), the heat lost o the
15 environment or surrounding material (AH.,.), the average heat capacity of the
sample (Cp), and the mass of the sample, M. Another factor in determining the final
temperature 1S wheth;er or not the reaction temperature exceeds the melting pomt of
the final product. If the melting point is exceeded, then some heat is absorbed in
the state transformation from solid to liquid of the product. The final temperature
20  ofreaction may 5e determined using the following formulas (where 7 1s the inittal
temperature, A, is the enthalpy of melting, T, is the melting temperature of the
product, and there is no reaction with the surrounding environment or material),

depending upon whether final product melting occurs:



product, and there is no reaction with the surroundi ng environnent or
material), depending upon whether final product nelting occurs: 7 Tr
=To- (L1H, +AHr,)/( CL,M occurs; If no nelting of final product 7'f = TM
If there is a two-phase region of solid and liquid final product; and 5
Tt=Ta -- (6H,,; + AN, + LHN1( Co M If the final product conpletely
nmelts. Intricately related to the heat of the foil reaction is the

vel ocity ofr &lte— (BHRPaGAL}, O M)t he r eHab neeitirgl afifgnal prediaeengt h of foil 14.
The speed at which the reaction can propagate depends on how rapidly the
atons diff Qpormal to their to layering (Fig. 1) and how rapidly heat

i s conducted al'ong the length of foil 14. The propagation velocity is a
strong function of the thicknesses of the individual layers in the

multilayer foil. As the thickness of .indLvidual .l ayers, 16, 18 decreases,
The | T F gy S of dies BedverRrrareiangt Siiaed BaRETRS! sigeush apidly. Heat
is released at a higher rate, and therefore the reaction travels faster
t hrough thenfloi| structure. 15 In accordance with a preferred enbodi nent
of the invention, reactive multilayer foils 14 may be fabricated by
physi cal vapor deposition (PVD) nethods. A magnetron sputtering

t echnigque, 7herr, exarpl € AHRY A W(sB&M) o 16dpdsblprohet comapletclyal s A/ B on a
substrate (shown in Fig. | in dashed outline formas |ayer 35) as

al ternating,digyers 16, 18. Substrate 35 nay be rotated over two sputter
guns in a

Intricately related to the heat of the foil feaction 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 their

10 layering (Fig. 1) and how rapidly heat is conducted along the length of foil 14. The
propagation velocity is a strong function of the thicimesses of the individual layers
in the multilayer foil. As the thickness of individual layers 16, 18 decreases, t.he
diffusion distances are smaller and atoms can mix more rapidly. Heat is releaged 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 (PVD) methods.
A magnetron sputtering technique, for example, may be used to deposit the
materials A/B on a substrate (shown in Fig. 1 in dashed outline form ag layer 35) as
alternating layers 16, 18. Substrate 35 may be rotated over twe sputtér guns ins

20  manner well known in the art to effectuate the layenng of materials A/B mto

alternating layers 16, 18.



20 manner well known in the art to effectuate the layering of materials
AfB into alternating |ayers 16, 18. 9 Substrate 35 is shown in dashed
outline formto indicate that it is a renovable layer that facilitates
fabrication of the reactive foil 14 as a freestanding foil. Substrate 35
may be any substrate (e.g., Si, glass, or other underlayer) having the
characteristics of providing sufficient adhesion so as to keep the foil

| ayers on 5 the sgiltstrataBs iskhoivngn despebittinnford oy indsete thsditazihesi ve to
prevent the foil frombeing renoved fromthe substrate foll ow ng

deposi ti on,.,JheSuhstiAtRi1eaes fBELMRE oftheGoRtVOildY as elfeasandieg eri al or
adhesion material to fine tune its adhesion characteristics.

Advant agequsl! y ,an_addi t i ayer, fnAdrl Hagingsed as an
10" it ort 0% PuRrREE iy Yo Sl EE eb oo eI e E e
substrate 35 to ,n

. a | .di.,+..,.._ of [ QVAL I RECRRAr Y
adhesi ve. hefh2RsHSEcSREPTTHG S a%?m?tsad%%ﬂ“o%?ea?" léegﬁg%:e{}?%n%t e appropriate
material AB as the first Ia%{er deposi t on the s%ﬁt{?alte W'h%%gensure
that the recobsmatyduingleroaion gyt ?%F@r?ﬁgc%\‘femﬁﬁv?n RIS e o |
using AL' Mnel as materials A/AB is to be fabricated, for exanple,
Wit hout a rembtddieprh sheanbstes foHewmgalapasiiop. Tdasthstac£8) meMdetd be
deposited on a substrate such as Si with the first layer being A
deposi t ed arid rslebRtmatial onjdhiesiopmefesniibliipe sakdspditsi®d the first |ayer
in such case because Al will sufficiently adhere to Si during depositing,
but w il ahl.emrspeeling off of the substrate after the foil is fornmed. A
fabricated foil 14 nmay have hundreds to thousands of alternating
Advantageously an additional wetting layer (e.g., tin) may be used as an
10 interface layer between the first layer of foil (16 or 18) and the substrate 35 to
provige the necessary adhesive. When ho wetting layer is employcd, selec
the appropriate material A/B as the first layer deposited on the substrate will ensure
that the necessary adhesive requirements are met. When 2 reactive foil using
Al/Monel as materials A/B is to be fabricated, for example, without a wetting layer,
15 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

layer in such case because Al will sufficiendy adhere to Si during depositing, but

will allow peeling off of the substrate after the foil is formed.

A fabricated foil 14 may have hundreds to thousands of alternating
20 layers 16 and 18 stacked on one another. Individual layers 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 10um to lcm.



20 layers 16 and IS stacked on one another. Individual |ayers 16 and 18
preferably have a thickness ranging from 1-1000 nm In a preferred

enbodi ment, the total thickness of foil 14 may range from104mto | cm
9 Anot her nethod of fabricating is to deposit material in a codeposition
geonetry. Using this nethod, both material sources are directed onto one
substrate and the atomc fluxes fromeach material source are shuttered

to deposit the akheheahehddyEEsickEr@ido d8posAnairati@dddegositiinhod is to
elimnate shuttering 5 altogether and rotate substrates over two nmateri al

sour ces that. hay e oRYSiieabisa whishinol BbRU fe biti8Sonbhiufrse et hod,

° be, Bphe
each pass “ver < sSource preferably generates an individual [ayer.
Preferably e degr of .atom.c intermxin f.materjals B that may
occur duri%ﬁéﬁﬁ‘é‘ﬁ‘i‘}g}c&r s EABGRd BEs r?P?ﬁc%%.sgﬁef%&tﬁéifp%sét cconpl i shed by
10 depositing the nultilayers onto cool ed substrates, particularly when
nul ti | ayeratternate layeas hipng S, JpiAlemrtiveps it sxfo CEF@JQ%SY%‘ % that some

degree of intermxing is wunavoidable, a relatively thin (as conpared to
t he al § er métbgatigeriand ectete subsitalpere) twe mgienial BuIgsH éﬂ%@/@tpéamﬁélb’eri al 20 will
be formed. Such a pre-reacted region 1-0, nevertheless, is helpful in
that it sehstigst dtomfpprftikent Withthihsrethadcasl pats anegaismurcegedlenbly 15 in foil
14. In an alternative enbodinment, a nmultilayer reactive foil may be

fabricat ecéeh@gt@gammmaq:g?cﬂ echni ques such as repeated rolling of
| ayered conposites. As illustrated in Fig. 1, the preferred reactive
foil 14 is a freestanding

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 altemative embodiment, a multilayer reactive foil may be
fabricated using mechanical techniques such as repeated rolling of layered

composites.

As illustrated in Fig. 1, the preferred reactive foil 14 is a freestanding
20 multilayer reactive foil for particular use as 2 heat-geperating source. Freestanding
foils are easier to characterize than thin films because they can be handled like
“sulk’ samples. Making reactive foils 14 freestanding greatly expands their

possible uses. Because such reactive foils ars not necessarily associated with any

10



20 mul tilayer reactive foil for particular use as a heat-generating
source. Freestanding foils are easier to characterize than thin filns
because they can be handled |ike "bul k" sanples. Mkin- reactive foils
14 freestanding greatly expands their possible uses. Because such
reactive foils are not necessarily associated with any 10 particul ar
application, they nmay be mass-produced for any purpose requiring a self-
propagat i pgrdc@]@a&ppileehqiileﬁleywlfrt@é”iasﬂ'ﬁéqdﬁcigrf%%tﬁuﬁ??*?qﬁg%‘lglals ted or

i npeded by placing large or delicate itens into a vacuum chanber to be
coat ed by peophgatigilvalizedhdat sayer Theirlprodvbiicoy eet liritekwtimpeteddyf oi | s wi | |
all ow heat sinking to the substrate 5 to be m nim zed where unwant ed.
Fr eest andigh@irdgQhdo8 of HelRELALARNE® aWatlunpeiahier Rbeenbedbyenistiod t he

i nvention may be “adapted for use in a variety of applications. For

exanpl e, &FLﬁmfa%Jr @t% | er 5kdisnd ﬁ&?%fot?@wnﬁmxa&a@%ahgtobmesmmé

materi al s rre eréin as ulk materials") together to forma
unified p uct n oils may find to use in any nunber of
bondi ny, §%g%lg?’?lﬂ‘éz° Bﬁgaﬁ%\’?&m $'ding or other applications to join bulk
materials. Atypical joining application is represented in Fi g 3, in
which two or nore bu rials 10 are_to The bul k
materials 10 may Tﬁét@éfngﬁéf?ﬁ%m aﬁ‘é‘ﬁéﬂ“t‘@”@}li’é?b%%d Qgﬁ?ﬁg pol yners,
conposi tes, sem conductors, and other forns eri aI % In the
particul arin‘{eeirlm WQ}'hpmquéfé]tﬁObhsqmIadé%l‘?téPE%PPPﬁatlﬁi“@ %fe’*jﬂ"&PWi § materi al

12 is used to join bulk materials 10 together. Joining material 12 may be
any |ayer freegiandingifydls may beayed i corplphedrs efimateriabeliefemedy R 8 n bul k
materials 10 together. Joining material 12 can be in the form of
f r eest andi“bgliksiveetds regethapoobrme waifisf groduct. Freestanding foils may find
10 use in any number of bonding, saldering, brazing, welding or other applications to
join bulk materials. A typical joining application is represented in Fig. 3, in which
two or more bulk materials 10 are to be joined together. The bulk matenals 10 may

be ceramics, metallic glasses, metals/alloys, palymers, composites, semiconductors,

and other forms of material.

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

30  propagating braze, combinations of such, or other ltke joining matenals.

In accordance with a preferred embodiment of the invention, a r¢active
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



gl asses, netal s/alloys, functionally graded |ayers, N -B filns, solder,
brazes, self 20 propagating braze, conbinations of such, or other I|ike
joining materials. in accordance with a preferred enbodi ment of the
invention, a reactive foil 14 is positioned between joining materials 12
to forama structure somewhat |ike a sandw ch. The reactive foil

"sandw ch" thus funned is preferably positioned 11 between bul k material s
10 at t he beweat bak njasedals Ifgﬁdh@bicaﬁqn (p-gi, nud point iielemtdremtioneie) Bt at  whi ch
"the bulk materials 10 are to be joined together. Alternatively, a

reactive fiidh thdbulk npnaidls phad 1dbs jored tdyetller.mat eri al s 10 whi ch have
previ ously been coated with joining materials 12. 5 As anot her
alternative, a reactive foil 14 is positioned between joining materials

12 to form a~strugﬁé&%1@§;:§\rfxéag&vé olid 495 PANSBALE Bt LLPLIR Afalari¥B 1001

"sandw ch" thus forne eferably positioned between bulk materials 10
at the locgation (e.q.,..end point,.joiLnt. intersgction, etc.) at which

t he bul k r’f&‘ﬂ%‘rl}aﬁf’ Iefg)“épg’ee?80%%?181WW58§I§{&§§$' The bulk materials are
first coated with joining materials. 10 The joining process involves the
application of force (as synbolically represented by vice 11 in Fig. 3)
to maifntain the risznothes aliersitivicontagiveforl k4 ROSIPRIGLEMERN IPIBING| ng
materials 12, and reactive foil 14. Advantageously all components are

f r eest andimmgerafselPentfermpe stoensite seryewhat Hke 2 pangiicl tIde meachivefodmbodi ment |
joining materials 12 are pressed as a conposite with reactive foil 14.
15 Once t Meandoinhd erstforndd it peefgrabin postigned bewsembek pugdridoided thea st i nul us
(shown as lighted match 15) is applied, preferably, to one end of
reactive figuationl¢k.¢ Cendipairtj joing ifters&itdny @ay st aliich fadullnhaendlxlhge of at ones
Wi thin reactive foil 14 produces

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

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

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

15 Once the components of the joining process are positioncd, a stimulus
(shown as lighted match 15) is applied, 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  materals 10 together. Shortly thereafter, the joined materials 10 retum to the
temperature of the environment (e.g., ;oorn temperature) and can be removed from

the applied force (graphically represented by vice 11).

12



rapid and intense heat sufficient to nelt joining materials 12 along the
entire length of reactive foil 14. In this state, joining materials 12
are sufficient to join bulk 20 materials 10 together. Shortly thereafter,
the joined materials 10 return to the tenperature of the environnent
(e.g., roomtenperature) and can be renoved from the applied force
(graphically represented by vice 11). 12 A conposite structure conposed
of joi ni ng mat eri &% “MEPSHHHCRSER $aiosed Pl joinig maeriael 3 sdrewtivhfalugh
deposition (e.g.,-vapor depositing) of reactive foil 14 onto one |ayer
of j oi ni ngléweanéei faimedXhroagbtitpesitionyey., edpoy dipesinggnefireactied foild 4tohen
conbined wth reactive foil 14 through vapor deposition or an

appl i cat i ogheQhydr @f ftinif g n@terial 1y, Aotlicd ldyienel) joinfNBviadteRd @Ot &l donthined
wet ti ng/ adhesi on | ayer may be added to facilitate surface wetting for

the reactiygn fQkfivelbil 194hbu P50t @dpdsififa ofdn a?g%%haﬁ]oa- BFforé’éEtE%ié pgigadhesi on

| ayer allows uniformspreading of joining ma to ensuf’é’” consi stent
j Oi ni ng of oﬁiﬁla materials. The wetting/adhesion |ayer may be a thin |ayer
10 of joi i g-naterial (e.g., braze), Ti, Sri, metallic glass, etc.
Commercial alloys such as Ag-Sn, Ag-Cu-Ti, Cu-Ti, Au-Sn, and N -B may
al so be used. Preferred em?odi nments of the invention are useabl e as
freestandi ng read@rirtagegnilse vatippaahssine e ey bepddeditmfacilidies. The tot al
t hi ckness of such a reactive foil depends upon the thickness and nunber
of the el enveltarettiag &rihg wagive foibl4 Subrdatadyls Ut iof botbdThe formthe foils.
Foils that are less than 10 p.mare very hard to handle as they tend to
curl up orwtthegiedliesies layeoillosvsomfomespyeakng offjoitdg materal ® ssutkf,  and t hus,
easily handl ed. Thicker foils also mnimze the risk of a
sel f - pr opagasibtegt joining of bulk materials. The wetting/adhesion layer may be a thin layer

16 ofjoining material (e.g., braze), Ti, Sn, metallic glass, etc. Commercial 2lloys such

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

Prefcrrcd'cmbodi.ments of the invention are useable as freestanding
reactive foils 14 with increased total thickness. The total thickness of such a
rcactivc foil depends upon the thickness and number of the elemental layers (@.g.,
15 16 and 18) utilized to form the foils. Foils that are less than 10 um are very hard to
handle as they tend to curl up on themselves. Foils on the order of 100 um are stiff,
and thus, easily handled. Thicker foils alse minimize the risk of a self-propagating
reaction being quenched in the foils. In joining applications using reactive foils,
there is a cnitical balance between the rate at which the foil generates heat and the
20 rate at which that heat is cdnducted into the surreunding braze layers and the joint
to be formed. If heatis 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
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reacti on being quenched in the foils. In joining applications using
reactive foils, there is a critical balance between the rate at which
the foil generates heat and the 20 rate at which that heat is conducted
into the surrounding braze |ayers and the joint to be forned. If heat is
conducted away faster than it is generated, the reaction will be
quenched and the joint cannot be fornmed. The thicker foils nmake it harder
to 13 quenghedchehd Rattiondachive tidseis b Mesd viofunke deRrEeifig Medt uidbthgenry at i ng

heat and the sanme surface area through which heat is lost. Thicker foils

can be utiki2ed WatdolgRGhic@meiGiRer atures that are lower, Generally
| eading to nore stable foils. Foils with high formation reaction 5

tenperatures are generally unstable and brittle and therefore are
dangerous and difficult 1o use. Brittle fails, for ex le, will crack
easily, |eading toﬁ%@é%"ﬂfﬁﬁn %gb%lgzgd ("'t“:li‘rlw An ?WBF‘@I‘I@%@EP Ye l¥hst i ¢
strain energy and friction) that ignite the foil. _Cutting such brittle
foils (e.ggenergly lgxheg tojmomesiahie faily fwjls pathyhigh foamtqndgrdtioko do as t hey
are nore likely to crack into unusable pieces or igniting during the
cutting pr toepssaturkfanérgsnsre i distaiple duid bkittieoind shepéPrerare Hengatbuaatdige of
overcom ng problens associated wth thermal shock and densification

pr obl ens t Bfictiaweaspr Batltfeils, dyskaapleswillcradkreasiy, pradmess bsal H8ot h
phenonena relate to rapid changes in the dinmensions of the foils. On

reacting, &hfs {tRiough MelrkleHOF AR sHhi DSy \Whd Fridtioy) thet igxieadel fhieyond t he
substrate that constrains them This |eads to a thermal shock and foils

that are 1g.€eRASEH Bk RoiBURS! E@}tsg&iﬁ_@j%irﬂgia@% vérP alraht SIS By
i nconsi stent and | ess effective onding. As the reaction proceeds, the

foils will Al 30480515 Yracl U bishiEpeBANG it SRR ALu R Woceld)i S
densification, can al so cause debonglng froma substrate and
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 in the dimensions of the
foils. On reacting, the foils will heat rapidly and will try to expand beyond the
substrate that constrains them. This leads to a thermal shock and fo1ls that are
15 deposited on substrates can debond, thereby causing inconsistent and less effective
bonding. As the reactior. proceeds, the foils will also densify, due to the change in
chemical bond. This densification, can also cause debonding from a substrate and
inconsistent and ineffective bonding. By making the foil freestanding in
accordance with a preferred embodiment of the invention, 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 50pum to lem thick. Although a number of different systems may be
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i nconsi stent and ineffective bonding. By nmaking the foil freestanding in
accordance with a preferred enbodi nent of the invention, no debonding

occurs, the 20 foil is easily manipulated and handl ed, and thus the

reactive foil is nmade available to a greater variety of applications. In
accordance wth a preferred enbodi nent, the thicker reactive foils are on
the order of 54mto 1cmthick. Although a nunber of different systens may
be 14 enpkgykded B ctsaeahe titlefitdriaoking reesteaiods, agmrgugprdogss oi | s, a uni que
process in selecting the fabrication conditions for the enpl oyed system

shoul d be gakgh e MbricaBbeedetions & tBx@Bplbfed epashbilobe canfiilyi ons such as
sputter gas and substrate tenperature are advantageously chosen so that

stresses ﬁgg%%d; F%%Hn@%lﬁ?%f)%ﬁt&&%ﬁﬁﬁéng Qeh bd dgiBe0fas bh@sdoetrdte as they are

grownints stem e stress inthefilm times its thickness
scales with the drivi,ng.,force for delam nagl : . Ghw@f stress
and t hi ckFFé‘§’§ra§W86TechB%°tﬁg§8P§¥)81F°(§W ?ﬁ)%@t Sﬁf'#f?%{l lraé{s]sggg&%ﬁge%wari se in the
films during the fabrication process, As the, fi IEns t?row %h'.cker, they are
more 15 kel filmg operfoibrs thenar Braherhana e St rtis it r at es t han
thinner films, thereby 10 ruining the final foil production. By
char act er tiziengs thdknesssealesaxit the dRsingifprag fardglaminatiaptthagrodditaf ti ons to
m ni m ze the stresses, the fabrication process can be conpleted w thout
t he prematuéss apeeidneps ahduldbe képe belowl 1069 Nihe Sopsekeling apfc FHES substrate.
In an alternative enbodi nent, openings in a reactive foil are 15
i nt ent i onadlhy detasi i RBritatioh peockal |Assthe fibagrew tiibegchepanimegsilane of
particular use in facilitating and enhancing joining applications.

1o peel off their substrates or crack their substrates than thinner films, thereby

10 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 fon or the cracking of the

substrate.

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

facilitating and enhancing joining applications.

The foil may be initially fabricated, for ;xample, with one or more
openings or perforations 22 through the foil structure, as shown in Fig. 4.
Preferably the openings are formed in 2 periodic pattern, such as a rectangular
20 array, across the foil area. Any known method may be employed to create
openings. For example, sputter depositing of the foil 14 on a removable substrate
with patterned holes may be used. The openinés may also be formed by depositing

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

15



The foil may be initially fabricated, for exanple, wth one or nore
openi ngs or perforations 22 through the foil structure, as shown in Fig.
4  Preferably the openings are formed in a periodic pattern, such as a
rectangul ar 20 array, across the foil area. Any known nethod may be

enpl oyed to create openings. For exanple, sputter depositing of the foi
14 on a renovabl e substrate wth patterned holes may be used. The

openi Ngs ERtoabsss wheh fhetolitich cbuphvlepe Hshienfingitheuddeilying 4oid it migh teubst r at e,
depositing photoresist on the foil, patterning the 15 photoresist with

hotolith d s tehen, ' : Vi ' h
phot ol i %%gg@ggh%ﬁg A e g&gﬁ%i&g HABiqHOIRbIVE P sl pldthRgGBleS he

patterned urt her ry techni que involves physically

punchi ng hol_e ip toil 14. Pr.eferabl : i frecti ve

di aneters zpﬁ'mf% fgﬁegr%bl%%ef@egm%s&aﬁ&5&;&%@?8%@%‘{%&%%%&%@lechti ve

di aneter of a non-circul ar oagnin s th? 5 dianeter of a circular

openi ng of10p@aricepmeatery. e ei%ﬂﬁnﬁtﬁ.o A NORFECHY SSRGS Is‘i"ﬁefoi | 14 all ow
joining material 12, or bulk material 10 in sone circunstances, to
extrude (aBamttovef axyrcaler enenize) eqedipBagh t hese perforations 22 upon being
heated and nelted by the exothermic reaction of foil 14. Upon this
extrusion, one layer of joining material 12, or bulk 10 material 10, may
contact and coupl aswshdvn @rkig.hetheloayengslia foibi4 Hidvkjomanemagtiallld, oon  t he
opposite side of the freestanding foil 14. The patterned perforations 22

permt  enhangedrRoIinReme kirbith#anded, 6F dx@hude (4 shovn Bastdwseldyoi | 14 and
each other making stronger and nore consistent bonds. Fig. 5is a

nm cr ophot qg{}o%?ﬁ' 11REOP R tl0 28 APREEDOHARE 288 mehdd Bpitdedothddmidy Sil ver
sol der 50 that has extruded through openings, e.g. 51 in a reacted foi
52. reaction of foil 14. Upon this extrusion, one layer of joining material 12, or bulk
10 material 10, may contact and couple with another layer 12, or bulk material 10, on
the opposite side of the freestanding foil 14. The patterned perforations 22 permit

enhanced bonding of bulk matetials 10 to reactive foit 14 and each other making

stronger and more consistent bonds.

Fig. 5 is a microphotograph showing two copper bodies 53, 34 bonded

15 by sitver solder 50 that has extruded through openings, ¢.g. 51 in a reacted foil 52.

'Utilizing one or more embodiments of the invention, a number of
different applications can now be performed more effectively and efficiently. For
example, metalli-c glass bulk materials can now be joined, where the end product is
a single structure made up solely of metallic glass, including the bond and reacted

20 foil layer. Tt 1s also now possible to join bulk matenals with very different chemical
compositions, thermal properties, and other physical properties, that historicaily
presented many difficulties in bonding. Semiconductor or microslectronic devices

may be bonded to circuit boards or other structures, and at the same time, multiple

14



Utilizing one or nore enbodi nents of the invention, a nunber of
different applications can now be perfornmed nore effectively and
efficiently. For exanple, netallic glass bulk naterials can now be

j oi ned, where the end product is a single structure nade up solely of
metallic glass, including the bond and reacted 20 foil layer. It is also
now possible to join bulk materials with very different chem cal

conposi t i QRS miy ey dredtedhape: tittsatelpagosibiagmvithesdeeiks. pr oper ti es, that
historically presented many difficulties in bonding. Sem conductor or

m cr oel ecéé’n?ig&rgiugftﬁy%ﬁ%ﬁicré@%tﬁ%ﬁic%ﬁg%ﬁyoaﬁd bCidhilbd Rodedisalgr ot her

structures, an sane tinme, nultiple 16 | eads may be created that
are intricately associated with the devices. Sem conductor and

m croel ectronic vi ces. may al so be seal ed .herneticall. JThese j oi ni ng
appl i cations ar eﬁﬁdﬂ@@@%?ﬁ?aﬁgnﬁ ?{%ﬁqai%%qyﬁﬁiﬂg%n %Bo Btial for heat
damage, normal |y associated with such appl.icati ons_as SOlﬁ?g ring, 5

br azi ng, mtmtmé¥cmihﬁ§,danl§g%@8F%PéEr agocted WFETUCR PRI RE 2 &%er,
utilizing enbodi ments of the invention, the bulk materials being joined
may be freesihgradilvgldifpiisaveetedor ehlatst prjmiizego the actual joi ning of the
bulk materials, the individual bulk substrates do not need any braze

| ayer deposited directly upon them Additionally, the bulk substrates do
not necessarily mnésbvee, wiliying @mpbéinbatdif ig wfentitre thedadk mawritldi | or ot her
pre-treatnment The bulk materials involved may sinply be held securely to

ei ther a fsgeriaadhnthdrazendiay eThiomebfehitpeesoakdiangl jomtagofthe foil at
the tine of bonding for a strong and permanent joint to be created.

Enbodi ment, s ek, WRiaALI0N 1Al avrhendiond: dedkopblazonsatitpisithat s a
metallic glass. No braze need be associated with that bulk in the joining
Process. directly upon them. Additionally, the bulk substrates da not necessanly require any

10  pre-bonding of the reactive foil or other pre-treatment. The bulk materials mvelved

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 bullé thaf 52
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 directly with 2 metaliic
glass upon reaction. To 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 substrate such as a circuit board, potential for damage to
the device is a factor that must be taken into consideration. By using a freestanding

reactive foil 1 join such a semiconductor device to a substrate, little heat1s
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15 This is because the reactive foil may be designed to bond directly
with a netallic glass upon reaction. To acconplish this joining process,
the reactive foil can itself react to forma netallic glass. Enbodinents
of the invention further allow for superior bonding when the bulk
material s include mcrochi ps or sem conductor devices. In the bonding of
20 sem conductor devices to a substrate such as a circuit board,

pot ent i al of @k SipMBO&NTR daindgind @Y fhedeiite & thagjkeant thaporeust The taken into
considerafion. By using a freestanding reactive foil to join such a

sem condu g’en?moxg@#o? ge\rn@es%e?r’&fﬁﬁx%@ on telstib@alRalh bRatk/rOR0ErAREd that can

be damaging 10 evl ce adj acent conponents. The sem conductor

Gevices, MBS SLLURLEE 0D Lo IbSLIALS U I Bk PgRig DS oo

Monel /AL, rmay be utilize Foils of such copposi tion npt onIy far
easi er t omeARENELFHaFOS £ 8’§1§CBWP?%%O%"S?OWBB?@EW@CE&?%@&ﬁ%‘n of N, Cu

and Al enables freestanding foils to have a high thermal and el ectri cal
conduct i vittoge ofthe padtondnegombintiier of By Cugnd éil Rrapesdrqearading ops is

sem conductor devices, the reactive foil may have conposition patternlng
properti efaveldtdgh &ﬁbﬁdiaﬂératestr'ahll wndidieitf.abri cati on of alternating

adj acent electrically insulating and 10 conducting regions in the final
reacted foil, thereby allowing a nultitude of leads to be bonded and

el ectrical ly i solghathoMdidy iadstdmet © baBRagdtdls such ad sfmiiebsducwel embodi ment
of the invention, less energy is required to performa joining

appl i cati gp, it 1|Ih|s 2 Revd ﬁﬂ%amv% belnﬁosnl:dﬂ%&érﬁﬂﬁ'ﬂmfpﬁﬁs%d qde | ayers as
joining materia |l ow for control over nelting tenperatures through
sel ection el%toodu'nents allow the fabrication of alternating adjacent electrically insulating and

10 conducting regions in the final reacted foil, thereby allowing a multitude of leads to

be bonded and electrically isolated with a single reaction.

In a prefered embodiment of the invention, less ensrgy is required to
perform a joining application utilizing reactive foils. Functionally graded layers as
joining material allow for control over mclﬁng temperatures through selection of

15 their composite materials. Functionally graded layers may be utilized, for example,
because their melting temperature may be controlled. Ni-B films used as joining
material allow for low temperature melting where the melting temperature begms at
a relatively low temperature and elevates as B diffuses out of Ni, resulting in 2 final
material with a relatively high melting point. By requiring less energy from the foil

20 reaction, the overall heat applied to the total structure to be bonded can be reduced,

thereby minimizing damage to the materials to be bonded due to the foil reaction.

In another embodiment, one may include layers of reactive multilayer

braze within the reactive multilayer foil. For example, in a foil comprising reactive
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15 their conposite materials. Functionally graded | ayers nmay be utilized,
for exanple, because their nelting tenperature may be controlled. N -B
films used as joining nmaterial allow for |ow tenperature nelting where
the nelting tenperature begins at a relatively |ow tenperature and

el evates as B diffuses out of Ni, resulting in a final material with a
relatively high nelting point By requiring | ess energy fromthe foil 20
reaction, [4yag oT\v@hal kedbted lapgrpbf TidZt or Hfwloystoak neyuatuderane pombe bonded
can be reduced, thereby m nim zing danage to the materials to be bonded

due to t h?eacﬂ{f% bzﬁ?@ﬁ?ér@@embﬁmﬁgwtﬁ%f a BRI MRRtreactinemuitiiayenblazde | ayers

of reactive mnmu ayer braze wthin the reactive multilayer foil. For
exanpl e, f0| | ) £ Rl o,ﬁh,c,qggeﬂaqaqgtl ve
| ayers of “‘I‘i 53 “geggfq?&gﬁ%%cra%g%e] %%%/ﬁl&nc Ude oné or more  reactive

braze Iayers conpri sin | | | ayer braze
woul d pr oRREECR#P t@ﬁé??jgy B{?ﬁ}dég%ég‘ﬂtrﬁ@%v%l%% s %cgmgngﬁ#ﬁégfm ﬁgbj oi ni ng
material, in addition to_ the ener provid 31 Lé Fe reactive t0|I The
conbi nat | emitkysrdaic endE2E RIS azF%)P‘?métﬁ o5 OF FOET AT Wer brazes
permts the use of reactive brazes that may not self-propagate W|thout
the foil. mM& ExXAPpBEagafheithowr&ettPidn may now be nore clearly understood
by consideration of the follow ng, specific exanples: 5 Exanple-1
Reactive foils of Al and N are forned by cold rolling many 5 ~irn

sheets of NI 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 |ayers
are reduced to the 10 desired thickness. Exanple 2 Instead of utilizing
foils conprised of nultilayers of uniformthickness, a composit e foi

is used, in which nanolam nate reactive nultilayers are deposited onto

reactive mcrolamnate foils. As illustrated in Fig. 7 certain sections
of layers 15 70 within the reactiywenmpoigs 71 will be of a nanoscal e
(nanol arrunate), while other sections 72 will be of micron-thick |ayers
(TLTT O Lo Mot ®) T ARG 2 ) 6. 3R 108 ShANRHaPBOY S il bE2C!
easily and the reaction star se pr opagat e ong t he

| ength of the foil wthout b |ng quenched by the nelting of the C5 ID

2ur r oundi ef fg}g‘fglqsgﬁg 1§ SXYPP 'Eful k conponents- Tliu& the nanol am natc-
can br 2D viewed a~, an igniter for the mcrolam nate. 7b& secdon 71 with
m cyoscalt laycis may not | oo able to sustain a ~el fl propsgatj ng

react i pExampledom t enperarure, but when heated by adjacent nanol arni nate
sections 70, it will sustain such a reaction. The foil can conprise
alternate layers of Al and Ni. 20 Exanple 3 In fabricating these

conposite foils, gpbeavsials oAl aniiNNre &rethed @l lcoid roRing e 1 In@
m crol am nate secti on and then a nanolam nate foil Is vapor deposited

onto el tRekSA% £l Alths 4 QIRLANLPALE ML dEhibSicalARILEAL O MBY a) so
be perforne med b throug vapor deposition of the full conposite with the
m crol am nat e, LAY §F fe foil 60 by passage of the stack 61 between rollers 62A and 62B.

The sheets can be cold-rolied several times until the layers are reduced to the

10 desired thickness.

Example 2

Instead of utilizing foils comprised of multilayers of uniform thickness,

a composité foil is used, in which nanolaminate reactive multilayers are deposited
onto reactive microlaminate foils. As illustrated in Fig. 7 certain sections of layers

15 70 within the teactive foil 71 will be of a nanescale (nanolaminate), while other
sections 72 will be of micron-thick layers (microlaminate). The nanolaminate, as
described above, will react easily and the reaction, once started, will self-propagate
along the length of the foil without being quenched 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 layers
may not be able to sustain 2 self-propagating reaction at room temperamre, but
when heated by adjacent nanolaminate sections 70, it will sustain such a reaction.

The foil can comprise alternate layers of Al and Ni.

20



deposited at nuch higher rates without igniting the foil or causing
unacceptable interm xing between the alternating |ayers during
deposition, Exanple 4 A reactive multilayer braze is forned that is
simlar to the reactive foils 10 described above, which reacts to forma
metallic glass. This multilayer braze gives off heat upon a reaction of
its alternating |ayers. Through a careful selection of reactants that
are knopkdmnie® good gl ass forners, the braze will form an anorphous

final product upon reaction, simlar to those in commercial use and to
the foils described above. The heat generated by the reacting braze

| ayers reduces the ;b5 ammuat..q trh e sl o O Gl NESke kOlleaitol Ni Ng.
Exanpl e 5 Certai ﬁgg%én%osﬁl %SSSB%?S%i ?1512 emsslf react to form anorphous

I talli . T f 0i | be , combi Dat.i f
211 0y el TR B ST oot i T AT RAE L g s s oy *r 2 0

al l oys that conprise Al as such will 20 react to {orm n&tal Idic gl ass.
When usi ngitbuGiierstismcRpmERR STRepEr FRUCaRAY 34 21550F FARd et al | i ¢

gl asses have very good wetting capabilities. The braze |ayer nmay be

excl uded wWengtusipngdepasiiomof the fullaonjpesite with tee mieTaIa}Btg124¥E and in such a
21 circunstance, once the foil reacts and is joined with the netallic

gl ass, a sepgited buthkchieglat bite vgihassigntiye the fpil ottpeine LECaHPREE b A

sem conductor or mcroelectronic device is joined to a substrate such 5
as a pri ntgemeiing betwebo dethlivSifig laydredaing\deponitidn. - | ayer foil. Fig. 8
schematically

Example 4

A reactive multilayer braze is formed that is similar to the reactive foils
10 described above, which reacts to form a metallic glass. This multilayer braze gives
off heat upon a reaction of its altémating layers. Through a careful selection of
reactants that are know to be good glass formers, the braze wiil form an amorphous
final product upon reaction, similar to those in commercial use and to the foils
described above. The heat generated by the reacting braze layers reduces the

15 amount of reactive foil required for joining.

Example 5

Certain compositions of foil 14 may react to form amorphous alioys
(metallic glass). Those foils may be combinations of layers of alloys that comprise
Nj or Cu, alioys that comprise Ti, Zr, orHf, and alloys that comprise Al as such will
20 teact to form metallic glass. When using such foils, certain properties may be
attained. Metallic glasses have very good wetting capabilities. The braze layer

may be excluded when using such 2 foil to join bulk metallic glass and in such 2

21



illustrates the joining arrangenent wherein the reactive foil 80 is
sandwi ched between sol der |ayers 81A and 81B, and the sandwich is

di sposed between the contact |lead 82 for the device 83 and the contact
surface 84 of the board. Exanple 7 10 A patterned reactive foil is
designed so that sone sections react to form electrically conductive
regi ons and other sections form non-conductive regions. Figs. 9A and 9B
schemat i C%Ecymkthxl)éé.s bh@ttSe folGe£AE8RL jorfe Wit RO 4108 a Sioklb pOR before
reaction. Fig. 9 B'is after the reaction. Regions 91, conprising
alternate | rs,of Al.an |.; react to form conductive regions 95.

Regi ons QQ?QW'Cé%ﬁ%??%ggpﬁdg%gtors, such as Si02 or silicon nitride, or
alternate |l ayers that react to formnon-conductive regions. It is
contenplated that in use, regions 91 would be registered between

cont act Exameled and below the foil 90 to be electrically connected through
the regions 95 after the reaction. 20 It can now be seen that one aspect
of the invention is a method of nmaking a reactive multilayer foi
conposed of a pl uAakinicpndfctalor ereratlesipricadeaics it jaied 222 gehstrpie gedh
exothermcally. The method conprises the steps of providing a substrate,
vapor ¢epasiatbphRgdicievialbbemnaingngedcty epmltbhyérfeil s Bigs 8 selieendtioalfyor m t he

mul tilayer foil, and separating the nultilayer foil fromthe substrate.
Advant agequsdni el e 151t drahgemdin Sheteld the rRbivedN 80 ene@divichedhe deposited
| ayers to retain the layers during 5 deposition but insufficient

adher ence .0, 84101 11y @8R k@b 11,180 B id AYRL; didobePbdepben HEPOSI i 0. AS
an exanple, the layers can conpri'se one or nore layer-s of

contact lead 82 for the device 83 and the contact surface 84 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 illustrate the concept. Fig. 9A shows the
foil 90 before reaction. Fig. 9 B is after the reaction. Regions 91, comprising
altermate layers of Al and Ni, react to form conductive regions 835. Regions 92,

15 comprise insulators, such as Si0; or silicon nitride, or alternate layers that react to

form non-conductive regions.

It is contemplated that in use, regions 91 would be registered between
contacts above and below the foil 90 to be electrically connected through the

regions 95 after the reaction,

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

making a reactive multilayer foil composed of a plurality of alternating layers that
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al um num deposited in contact with a silicon substrate. Alternatively,
the substrate can include a coating of release material or an adhesion
material to achieve the proper |level of adherence. 10 One approach for
separating the multilayer foil fromthe substrate is to provide a
substrate with a sacrificial layer (or make the entire substrate a
sacrificial layer) that can be etched or peeled away fromthe foil after

deposi ti OBy, X8RO @RENnicdlBt SThk Methol @bmariSsa e ftdpiofbrovitimy a gubstame copper,
brass and photoresist. The vapor depositing of the |ayers is preferably

D 0 Bl B U S e e pemamasing o

tageously the substrate is cool ed during

t he vapor depositing to . reduce, .interm xi £t i | ayers, to
reduce ené’f“g%PPrGE%%g’eMﬁ]%er?@aﬁB@ t‘@i %ﬂ%‘g ‘Rld‘ﬁan %8‘?43@;&82%3@&? ayers.
Advant ageously the |l ayers are deposited to form | t.i]layer foil having
a t hi cknebss sufficiens agkaagnec sothgdepopitedilpyerE) 1]"'?“’("%@3'5’&%“93 th 20 a

t hickness in the range 10mto 1 cmcan be used as freestanding foils.
Anot her aspesticobut ineufipierradhgnndedo premett ierdovst obbm alulyast fair & body to a
second body conprising the steps of providing a freestanding reactive

mul ti | ayedepdsitioh, Aprnassimpgjethelabadtasogyst ey oragae teyerstoie foi | and
igniting the reactive foil. The ignited foil can nelt nmaterial of the
bodi es or af@liburR BeRBROThabadctvaid adli@n(siibiuaten A ltermdtieely ahy sybay@e to joi n
the bodies together. Alternatively, the reaction product of the |ayers

can itsel £, 08 1,882 Oty 30 rdlBkrkRkal P38 a@esRatdkiafal thwhiogdines can be
sem conductor or mcroelectronic devices. The nethod is particularly 5

advant agegﬁe{fggeljoqiaggeg&cgpdi es having coefficients of thermal expansion,
whi ch

10 One approach for separating the multiiayer foil from the substrate 1s to
provide a substrate with a sacrificial layer (or malke the entire substrate 2 sacrificial

layer) that can be etched or peeled away from the foil after deposition. Exemplary

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

The vapor depositing of the layers is preferably by physical vapor
15 deposition such as by magnetron sputtering or electron beam evaporation.
Advantageously the substrate is cooled during the vapor depositing to reduce
intermixing of the alternating layers, to reduce energy losses and 1o reduce stresses
in the deposited layers. Advantageously the layers are deposited to forma
multilayer foil having a thickness in the range 50 pm - 1 cm. Foils thus made with

20 2 thickness in the range 10um to lcm can be used as frecstanding foils,

Another aspect of the invention is a method of bonding a first body to 2
second body comprising the steps of providing a freestanding reactive multilayer

foil, pressing the bodies together against the foil and igniting the reactve foil. The
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differ by 1 .imimi Cor nore. In an alternative enbodi nent, a reactive
multilayer foil includes a 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 10 with
meltable materials, propellants, or other materials that will change or
react on heating when the reactive foil is ignited. Such apertured foils

can be ”Bq%}ji%)ﬂ £B41 0a bR ShaferRUOSHE BBesR WdMhnisscr itddaREitb I jdih P @
plurality prefornmed openi ngs, bunps or particles of thickness (or

dept h) Cogngaetlerr%?i Igg%rq%ggm Ith%ﬁ:%ﬂ{cs %@“ﬂc}‘ %tﬁ%fﬁ'ﬁﬁeﬁ rgafctigyfrg?#t%g%gyer foil

to be i5 pos positing tke reactive [tilTayer

separating the resul ti . aperture ltilayer.foil-fromthe substrate.
A Der nat | Jieh o nesbe Ado Rl . Opor oAl e SaL Ry on o
substrate, patterned by a renovabl e masking |ayer, and etched to forma
pl ural i ty seniceafustor or THerogiselraniy eayicedi Thecapthehspepuldioved fromt he
substrate, Yet further in the 20 alternative, a continuous foil can be

f or meds anddhoitazogsafor penifig bades hiaving leefficentsiof theusalfeapinsipp, whichani cal
pressing. 24 The apertured foils have an inportant application in

bondi ng. Aift&astl ye&/mPObt mpgr forated by a plurality of openings is
di sposed between a first and a second body. If the body material is not
neltable by the foil, a separate neltable |ayer or coating of neltable

joining materi al fnsanaiié%a%ezé?@%blﬁﬁn g,;a\gggtqivg %ﬁgﬁrqﬁl- Q. bodies are

pressed together against t . ] ol ni ng erifal) and the foil is
![ ﬁPIOLSﬁ : Oﬁéqullitg( of 81'3&1'15'5'% d@hgﬂ {hglﬂﬁck-ﬂg% oq%llict t%ﬂ PRl %én%]xgsfaké)%felzﬂbﬁ)h' n and
periodic over the foil area. These openings can be left unfilled or they can be filled

10 with meltable materials, propellants, or other materials that will change or react on

heating when the reactive foil 1s 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 to be
i5  deposited, depositing the reactive multilayer foil, and separating the resulting

apertured multilayer foil from the substrate.

Alternatively, a reactive multilayer foil can be deposited on a subsﬁate,
patterned 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 in the
20 altermative, a contnuous foil can be formed and holes can be formed 1n the

continuous foil by mechanical pressing.
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openings in the foil to join the bodies. This approach produces a
characteristic joint wth ductility enhancing bridges through the
openings. It is especially advantageous where one or both bodies are
sem conductor or mcroelectronic 30 devices or where the devices have
CTEs that differ by nore than ImMMmC A third type of novel reactive foi
is a conposite reactive multilayer foil in which the individual |ayers

in the foil diffef,d il aaRSR. Ok b QBSHGNININ QAGIID BT 0SS the

total thickness o ol I, to ac advant ageous results. One

exenpl ary site.reactive | ti. ] ayer. foi [P, f section
wih e 15 BREFaTeEy 5F MErLE co B e s R Sl gk "2 T
10}rm stacked on a second_ section with a plurality ?f t hi nner reactive
| ayer s( e. rody- ifopbasiyymatypad issrd medblody Fre f?lﬁé SEPATHA S IRREVEVY | ayers
ignites nore rapidly than would the section with the thicker reactive

| ayers. Bufoathss ¢fgnéltablerommzevalsia iy adsiitpheedtisivasa thesodidsodhe i t i gnites
the thicker section to produce a nore uniformignition and hi gher heat.
Simlag 20 gdes utd i gedtogenechhavate fyl (vafjpatigomaefial) frel thefdil isonposi tion
in the thickness direction. Conpositional variations can provide one set

of layers o8, LRAGL AR mAERdUThe REIRM AR Bbht Mghiednarthabgiamel anot her
set of nore reactive layers for igniting the first set. Conpositional

vari ati ons, £af. DR HeRHiaY §8n HeWodRY TR QpOFrMéh%ﬁqdaaésyé MrakhAsty joBess

paranmeters‘in Vapor depoSiting in accordance with techniques well known

in the art, . /A.f t ctive faqi iaqyMaj or surface area
conposed 0 g%cq‘ﬁé’aﬁggﬁm%%dféager%@nu@ﬁ?@gl gﬁg?sf'ghleseg?éﬁo?e first regions

hi oh W1 | EGtesl S OL T b et ] X SONdUS HSBRLRERGle 2nd one or

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

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

13 plurality of relatively thick reactive layers, ¢.g. lpm to 10um, stacked on a second
section with a plurality of thinner reactive laj}ers(e.g. 1-1000 nm). The section with
the thinner reactive layers ignites more rapidly than would the section with the
thicker reactive layers. But as ignition spreads across the thinner section, it ignites
the thicker section to produce a more uniform ignition and higher heat. Stmilar

20 results can be achieved by variation of the foil composition in the thickness
dirsction. Compositional variations ¢an provide one set of layers whose reaction
product provides joining matenal and another se;t of more reactive layers {or

igniting the first sct. Compositional variations can be achieved, for example, by
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conductive. Such foils are particularly useful in connecting

sem conduct or device electrical contacts to a substrate having receiving
contacts. A foil can be disposed between the device and the substrate
with the device contacts, the contacts of the substrate and the first
regions of the foil all in registration. The device and substrate io are
then pressed against the foil, and the foil is ignited to bond the device
to the suRSHiRAHR prbdebs fRENERS REGIPoY Beoifth 26T & c6@aRGY Y RENI4RE Ui ect ed
and the other tegions non-conductively bonded. While preferred

enbodi nent iLvention have been described and illustrated, it
shoul d be‘%%g%F%%ﬁnEﬂyﬁenany nodi fications to the enbodi nents. and 15

i npl enentations of the invention can be nade wi thout departing fromthe
spirit or scope gf t he inv?nti n. V%ilﬁ t he LIIus%rated enbodi nents have
been described gerBHIt HPF §f Povebeas g foibhasanaint SrGe 82 FUTROSFht er i al s,

it should be readily apparent that any materials that are to be coupl ed
( per manentdfyt GestitepgEfesgnt rsgions oppetaiaore first waigns sdidarilligact rfading,

wel di ng or other known technique can be coupled 20 together utilizing the
i nvent & on.elddrically absivsrehmasnaiendlohé o rgbrasewsd fegions, whacloarphontrs gl ass),
netals (e.g., Cu) and alloys (e.g_, stainless steel), polyners, ceramcs
(e.g. Si GondebnpoSidhedils sepheiandile Lehid in aftheftingsefitondtidi@rdevicel vari ous
conbi nati ons. The scope nade available as a direct result of the :
advant ages|&t@idaVeshtddys th Qis0bige2bviRireeivdScantactsl 24 Al Jah®e dRYe¥REI ON range
fromlarge scale bonding of SiC arnor to Ti- A -V tank bodies, or the

bondi ng of,ealRitkEI SRR AU SiBstHa@OkitDiHE SevitOcdhitfh 8P facts BOREI Ng Of
m crochips to circuit boards on a nano or microscale. The stimulus used

to initiatgylfie 50lthe AUBLRAIMAL BILEFAEH Alediftdils. TREGLMEand 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 nvention have been descnbed and

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

15  implementations of the invention can be made without departing from the spint or
scope of the invention. While the illustrated embodiments have been described
generically referring to the joining of bulk materials, it should be readily apparent
that any materials that are to be coupled (permanently or temporanly) together
through soldering, brazing, welding or other known technique can be coupled

20  together utilizing the invention. Materials such as metallic glasses (e.g., amorphous
glasg), metals (é.g., Cu) and alloys (e.g., stainless steel), polymers, ceramucs (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



5 foils of the preferred enbodi mrents may be any form of energy such as
the inpact froma sharp stylus, spark froman el ectrical source, heat
froma filanment, radiation froma laser, etc. Although the illustrated
enbodi ments have been described as applied in an environnent of air at
roomtenperature, it should be readily apparent that the invention may
be practiced in other environnents including vacuum argon, 10 water,

etc. |L showdidginradhd hveRRAeN. fdadfardd\RaldBaAtihg 8t Sivardatd Tie. 9.,

reaction velocity, peak tenperature, heating rate, etc.) of particular
enbodi nent 1 it : LYl I e reaction
(e.qg., vaﬁ?i\ﬂg’}ﬁégﬁ%géé%éf Itl%ﬁcog? ﬁlh r?%?agp?%fés/ﬁ%%{rbqg& h?tgﬁgkxﬂ%@géwg? | ayers,
total thi gkrgdess f.];r%lh'%’ or. br. zeﬁ ayer 15 cogosi tionithickness).

Al t hough CRREIBHPHFHCRRRS 1 fEdt§i08 5I°§ 2PRPQSE PETR¥5% fer ei n depi ct | oi ni ng
materials in the formof two sheets form ng a sandwi ch around a reactive
foil (as shown, for exanple, by sheets 12 and foil 14 in Figs. 2 and 3),
it shoul d be appakherstmmulysasedioyniianiter seifsusthiameseqcgen ot hereagteuct ur es) of
joining materials may be used, 20 including a single | ayer wapped around
reactive falslofie wefered mnhgdimatte maglbs anpfdrmcifedergp stdhas belikpgonponent s.

In accordance with a preferred enbodi nent, no |ayer of joining materi al

at all nmayofl sshabestiagdpatkdronesosipduical bRired, hewt f@hos flatishiradiatont eri al |
metallic glass reactive foils, or both may be used in joining

appl i cati @R a Wkdrhablt AttheudksBe Dlhsth8dddnN AIRRY havk beéh dbscrivRBaze) .
Mor eover, although the illustrated enbodi nents have only utilized two

di f f er ent ,pRaLH 8h SnviBnARn R 8T B HonNGmhBMEES if hoRdHRIGINY Spatink , it
shoul d be apparent
that the invention may be practiced in other enviromnents meluding vacuum, argon,

10 water, etc.

It shouid be readily apparent that the quanttative data {¢.g., reaction
velocity, peak temperature, heating rate, etc.) of particular embodiments may easily
be modified by varying elements of the reaction (¢.g., varying composition of
materials A or B, thickness of layers, total thicknass of foil, or braze layer

15 composition/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 £o1l 14 i Figs. 2 and 3},- it shiould be apparent
that any number of sheets (or other stuctures) of joining materials may be used,

20  including 2 single layer wrapped aroﬁnd reactive foil 14 or joining materials
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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5 that any nunber of material |ayers can be utilized to forma reactive

foil in accordance with the invention. In addition, many of the preferred
enbodi ments di scl osed herein (e.g., patterning foils, perforations in
the foil, etc_) make particular use of freestanding foils, it should be

readi | y apparent, however, that these enbodi nents and ot her 10 aspects of
the inyvention may be inplenmented without use of freestanding foils.

Furt hernore t sho uh e readll%‘ap parent that the intentionally

desi gned op‘@ﬁ ﬂﬂsmcfﬂ GHES FEabYs §g=f°6PPmﬂbe&dléeWympm@ppmﬂémtShr ough any
nunber of layers in the foil, although it is preferred that the entire

f 0i | struct‘ﬁ}*@%@eb’éﬁéﬂﬂﬁﬂwm@nﬁﬂ@ﬂnbrarzdr exanple, in Fig. 5. The

openi ngs, while depicted in Fig. 4 as circle-shaped holes 15 22, may be
any single (or conbination) of shapes form ng one or nore patterned

structures on the Meesbey elticigh theligsnararunesimeny HRge 50y MR MeLically in
the direction normal to the Iayers of the reactive foi or be forned at

one or NOr Qliff@bdm@Sertdly AHDH: LiRgakiAY &gﬁg‘ﬂ A6k % iﬁaﬁﬁebg%pnﬁﬂrr?rﬁz ZP »?

vari ed ot her arrangenents can be nad y t ose

ol ai mod’ 1k T Rad o "hora) kg nefi R BREy Yot Ry compr si ng

t he steps i betmeen the first body and the second body, a
freestandlﬁé P¥§%€?@§ 9er pressi ng the bodi es toget her against the
foil; and igniting-the reactlve foil. 2. The nmethod of claim| wherein at’

| east one of the tlg |§s is a S?I;g conduct or_ of .
addion, many of the preferred embodiments disclosed herein (e.g.,

patteming foils, perforations in the foil, etc.) make particular use of freestanding
foils, 1t should be readily apparent, however, that these emquiments and other

10 aspects of the invention may be implemented without use of freestanding foils.
Furthermore, it should be readily apparent that the intentionally designed openings
In the reactive foil surface may penctrate through any number of layers in the foil,
although it is preferred that the entire foil structure be penetrated as shown, for
example, in 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 pat-temcd
structures on the reactivé foil. The openings may be formed vertically in the
direction normal to the layers of the reactive foil, or be ﬁmﬁcd at one or more

angles through the layers of the foil.

Thus numerous and vaned other anangements can be made by those

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



m croel ectronic device. 3. The nethod of claim1 wherein the reactive

mul tilayer foil has a thickness in excess of 14pm 4. The nethod of claim
1 wherein the bodi es have coefficients of thernmal expansion differing by
at least 1 pmimC. 5. The nethod of claim1 wherein the first body
conprises netal and the second body conprises ceramc material. 6. The
product rmade by the nethod of claiml1l. 7. A nethod of bonding a first

body to a secopd gody conprising the steps of : disposing between the
first L second body, a reactive nmultilayer foil and at | east
one neltable joining material, the reactive nultilayer foil having a
plurality of openings 29 through the thickness of the foil; pressing the
bodi es together against the foil and the joining material; and igniting
t he reacti vel .f dimethes ofibpndingrefirstdiody g seené bodyl compubiggetheritepstoie nel t ed
material to flow through the openings to join the first and second

bodi es. 8. Tdigosimg beveeenfthecfirstibolyandhier secand dbdy), & &sdstandieg @hctive kailtiledy or

t he secfrid body conprise a sem conductor or a mcroel ectronic device. 9.
The nethod of claim7 wherein the first body and the second body have

CTEs that diréskiag theyhodiey ©gdtive fgaalaomit foll; gy m C. 10. The product nade by
the nmethod of claim7. 11. The product nmade by the nethod of claimS.

12. The prodgsiingtaéeeative tdie net hod of claim 9.

2. The method of claim 1 wherein at least one of the bodies is a semiconductor or

microelectronic device.

3. The methed of claim 1 wherein the reactive multilayer foil has a thickness in excess

of 10pm.

4. The method of claim 1 wherein the bodies have coefficients of thermal expansion

differing by at least 1 pm/m/°C,

5. The method of claim 1 wherein the first body comprises metal and the second body

comprises ceramic material.
6. The product made by the method of claim 1.

7. A method of bonding a first body to a second body comprising the steps of :
disposing betwoen the first body and the second body, a reactive multilayer foil and at

least one meltable joining material, the reactive multilayer foil having a plurality of openings
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13. A method of connecting a sem conductor or mcroel ectronic device
havi ng one or nore electrical contacts to a substrate having one or nore
receiving contacts, conprising the steps of disposing between the device
and the substrate a reactive nultilayer foil conposed of one or nore
first regions that can react exothermcally to formelectrically
conductive regions and one or nore second regions which are non-

conduct jve rnegct to.farm non-conductive material; registering the
contact@“g ﬁﬁg"%$9F8gwcgﬂg]contacts of the substrate and the first
regions of 30 the foqil, pressing the device and the substrate together
agai nst the F&FPE ttﬁg’ﬂd?bﬁg"‘t‘?qﬁ@gaﬂ‘ﬁémf’ §illand the joipingrmatsdal; ndr bonding a first
body to a second body conprising the steps of disposing between the
first body afeftiihibe saetsdoibloarelt the jpiaingmatesiaand permitthe meltdimataiabtoi si ng a
plurality of successive exotherm c reactive |ayers that react to forma

j oi ni ngflowtiraugh te openings & jeip thh@rsrodsewend lages.her agai nst the foil; and
igniting the foil. 15. The nethod of claim 14 wherein at | east one of the
first and second bodies conprise netallic glass. 16. The nethod of claim
15 wherein the reactive nultilayer foil conprises alternate |ayers of

al | oys that 8. ah¢ methodelaim N whadin@ORAst SiE.of BIEHRANEF tREQYSHd bbdy collpgisd®t hod of
claim 15 wherein the reactive nultilayer foil conprises alternate |ayers

of an ademiyndRIFPor Fhidtbeldbtrddic deVice.an al l oy conprising Ti, Zr, or Hf, and
an all oy contai ning
9. The method of claim 7 wherein the first body and the second body have CTEs that

differ by more than about 1 pm/m/°C.
10. The product made by the method of claim 7.
11. The product made by the method of claim 8.
12. The product made by the method of claim 9.

13. A method of connecting a semiconductor or microelectronic device having one or
more electrical contacts to a substrate having one or more receiving contacts, comprising the
steps of:

disposing between the device and the substrate a reactive multilayer foil composed of one
or more first regions that can react exothermically to form elecirically conductive regions and one
or more second regions which are non- conductive or react to form non-conductive material;

registering the contacts of the device, the contacts of the substrate and the first regions of
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primarily Al. 18. A nethod of bonding a first body to a second conpri sing
the steps of: disposing between the first body and the second body, a
freestanding reactive nmulti layer foil and at |east one |ayer of neltable
joining material; 31 pressing the bodies together against the foil and
joining material; and igniting the reactive foil to nelt the joining
material. 19. The nethod of claim 18 wherein the joining material is

coat ed on the foil. 20. The nethod of claim 18 wherein the joining

mat eri aP€f®h freest andi ng. 21. A bonded structure conprising: a first
body; a second body bonded to the first body by a joining region, the

j oi ning regi%ﬁs‘“éﬂ%ﬁ’f’wg‘iﬁ'@t@ supsatedepethar aspmityhs fodiandct ure i ncl uding a
periodic array of openings therethrough, the structure enbedded in a
matri x of melBRikpg ®e fotk ni ng materi al extending through the openings to
join the first body and the second body. 32

14. A method for bonding a first body to a second body comprising the steps of:
disposing between the first body and the second body, a reactive multilayer foil
comprising a plurality of successive exothermic reactive layers that react to form a joining
material;
pressing the bodies together against the foil; and

igniting the foil.

15. The method of claim 14 wherein at least one of the first and second bodies comprise

metallic glass.

16. The method of claim 15 wherein the reactive multilayer foil comprises alternate

layers of alloys that, after reaction and cooling, are amorphous.

17, The method of claim 15 wherein the reactive multilayer foil comprises alternate
layers of an alloy comprising Ni or Cu, an alloy comprising Ti, Zr, or Hf, and an alloy containing

primarily Al
18. A method of bonding a first body to a second comprising the steps of:

disposing between the first body and the second body, a freestanding reactive

multilayer foil and at least one layer of meltable joining material;
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pressing the bodies together against the foil and joining material; and

igniting the reactive foil to melt the joining material.

19. The method of claim 18 wherein the joining material is coated on the foil.

20. The method of claim 18 wherein the joining material is freestanding,

21. A bonded structure comprising:
a first body;
a second body bonded to the first body by a joining region, the joining region
comprising a reacted multilayer structure including a periodic array of openings therethrough, the
structure embedded in a matrix of meltable joining material extending through the openings to

join the first body and the second body.
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