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DESCRIPTION OF THE INVENTION

Field of the Invention

[003] The invention includes joining two components using a reactive
multilayer foil by placing the two components in contact with the reactive

multilayer foil using a compliant element.

Background of the Invention

[004] Reactive multilayer joining is a particularly advantageous
process for soldering, welding or brazing materials at room temperature.
Examples of such joining are disclosed in the following, the entirety of all of
which are incorporated herein by reference: U.S. Patent No. 5,381,944; U.S.
Provisional Patent Application No. 60/469,841, filed May 13, 2003; U.S.
Patent Application No. 10/898,650, filed July 23, 2004; U.S. Provisional

Patent Application No. 60/201,292 filed May 2, 2000; U.S. Patent Application



Pat ent Application No. 60/201, 292 filed May 2, 2000;

U. S. Patent ApplicationNo. 10/843,352, filed May 12,
wQeoddns@and U. S. Patent Application No. 09/ 846, BGBUS2004/036490

filed April 18, 2002. [005] The joining process (e.g.,
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reactive multilayer material melts material from the adjoining surfaces of the
two components, and consequently joins the components.

[007] Reactive multilayer joining is far more rapid than conventional
techniques that utilize furnaces or torches. Thus, significant gains in
productivity may be achieved. In addition, with very localized heating using
reactive multilayer joining, temperature sensitive components, as well as
dissimilar materials such as metals and ceramics, may be joined (e.g.,
soldered or brazed) with little or no thermal damage. The room-temperature
welding process also offers advantages in welding of bulk amorphous metals
(exémples of which are disclosed in article by A.J Swiston et al. entitled

“Joining Bulk Metallic Glass Using Reactive Multilayer Foils” published in

Scripta Metallurgica et Materialia, Volume 48, page 1575 in 2003 and U.S.
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RiopagaticerofroBplicsStatetGgmbpstinn Wieve in NivA &allsuprblished in the
Applied Physics, Vol. 94(5), pages 2915-2922 on
JeotremrbeApplied Physics, Volume 66, page 5039 in 1989; an article by
Besnoin et al. entitied “Effect of Reactant and Product Melting on Self-
Propagating Reactions in Multilayer Foils” published in the Journal of Applied
Physics, Vol. 92(9), pages 5474-5481 on November 1, 2002; an article by
Blobaum et al. entitied “Deposition and Characterization of a'Self-Propagating
CuOx/Al Thermite Reaction in a Multilayer Foil Geometry” published in the
Journal of Applied Physics, Vol. 94(5), pages 2915-2922 on September 1,
2003; an article by Dyer et al. entitled “The Combustion Synthesis of
Multilayer NiAl Systems” published in Scripta Metallurgica et Materialia, Vol.
30(10), pages 1281-1286 in 1994 (“Dyer”); an article by Gavens et al. entitled

“Effects of Intermixing on Self-Propagating Exothermic Reactions in Al/Ni

Nanolaminate Nanofoils” published in the Journal of Applied Physics, Vol.



2003; an article by Dyer et al. entitled "The
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30(10), pages 1281-1286 in 1994 ("Dyer"); an article
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February 1, 2000 ("Gavens"); an article by Reiss et
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entitled “Self-Propagating Exothermic Reactions in Nanoscale Multilayer
Materials” that was presented at The Minerals, Metals, and Materials Society
(TMS) Proceeding on Nanostructures in February of 1997 (“TMS").

[009] Recent developments have shown that it may be possible to
carefully control both the heat of the reaction as well as the reaction velocity,
and have also provided alternative means for fabricating nanostructured
multilayers. For instance, it has been demonstrated that the velocities, heats,
and temperatures of the reactions can be controlled by varying the
thicknesses of the alternating layers. Examples are disclosed in the following
references, the entirety of each of which are incorporated herein by reference:

U.S. Patent No. 5,538,795; Dyer; Gavens; U.S. Patent Application No.

09/846,486, filed April 18, 2002; and U.S. Provisional Patent Application No.
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operations, such as subsequent anneals or heat treatments. In contrast,
when joining with reactive multilayer foils, the components receive little heat
and experience a limited rise in temperature. Only the braze layers and the
surfaces of the components are heated substantially. Thus, thermal damage
problems are naturally avoided. In addition, the reactive joining process is
fast, and results in cost-effective, strong, a‘nd thermally-conductive joints.
Substantial commercial advantages can thus be achieved, particularly for
assembly of fiber optic components, hermetic sealing, for example, as
disclosed in U.S. Provisional Patent Application No. 60/461,196 filed April 9,
2003 and U.S. Patent Application No. 10/814,243 filed April 1, 2004; and

heat-sink mounting, for example, as disclosed in an article by Van Heerden et



and experience a limted rise in tenperature. Only the
braze | ayers and the surfaces of the conponents are
wheasmeedsubst anti al ly. Thus, thermal damage prp@l/E8E04/036490

are naturally avoided. n addition, the reactive
joinin 0 resul in .
oo o Folf Refittontn TipBka rhoBaBesilanse or Heat
joints. Substantial commercial advantages can . thus
&ink Meuntingamhichuwas presentechatibgirocesdings of IM@PSCZOOS
conmponents, hernetic sealing, for exanple, as
dSa&ﬁ posiath (“Vab/HeerderY,i the @ntitetPaf alhof whinh aretincorpicated

/ 461, 196 filed April 9, 2003 and U.S. Patent

ARREINS Lé?@re'ﬂ%e 10/ 814,243 filed April 1, 2004; and

heat - si'nk nmounti ng, for exanple, as di sclosed in an

?eéhhi'ﬁaﬁly . E@#”%?'% o hon T the Lo e Rl HRgEps have
oS ETRR. 18 REAED e AP AOLR o Fatf?m%“ii}d i

of all of whi ch are i ncor porated herein %( ref erence.
[rartiqulge yvestigaticnsbave sla@wr& hads duento dengiication asseciaged with
process have been investigated, for exanple, as

dhe céactizxh asiwell @s dealieg frol B&lhighzueactiopatemnanamre, cracking
i nvestigations have shown that, due to densification

Fre0fd AitBh thetrBaétive maRitdye? RolRSTHeYd cragks e typicaily dilled by
the high reaction tenperature, cracking occurs within

trﬂ@ltér? ﬁ?‘aﬁér}fé\ fi’é‘llﬂehj tﬂlé‘?‘)suﬁ% hateﬁé?ﬁfre%ﬁ\%%%ﬁng or brazing or

typl ca ten materi a namel

R AT

Iv:‘f&vl\llﬁ%q:go en E)Erﬁl(ﬁ,l;h IB@” o ﬁ'{g?N g}lémlé%ffppt‘q con{}olling

j oi nt propertles i ncl udi ng mechani cal strength, for
goiatprapertes, dindlutiiogenechanicas strength, Saraxampla: asdisclosed in
Application No. 60/201,292, filed May 2, 2000.

U.S. Provisional Patent Application No. 60/201,292, filed May 2, 2000.

[012] Accordingly, recent efforts have focused at controlling the flow
of fusible material in reactive multilayer joining. In particular, these efforts
have shown that the duration of rnélting is affected by the physical properties
of the foil, the fusible material and the components being joined, for example,
as disclosed in Van Heerden. In addition, it has recently been shown that the
pressure applied on the component also affects the flow of molten material,
the ability of the molten material to fill cracks appearing the reactive foil, and
consequently the joint properties, for example, as disclosed in U.S. Patent
Application No. 10/898,650, filed July 23, 2004, the entirety of which is

incorporated herein by reference.
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the applied pressure. However, the flow of

molten material generally tends to relieve the applied pressure. Vices and
presses are typically inadequate in mitigating the impact of this flow, which
consequently results in sudden and dramatic drop in the applied pressure. As
further discussed below, this pressure reduction effect has detrimental impact

on joint properties. Moreover, joint properties may vary significantly from one

loading system to another, even if the same pressure is applied initially.

SUMMARY OF THE INVENTION

[014]  An embodiment of the invention includes a method including
the steps of providing at Iéast two components to be joined, a reactive
multilayer foil, and a compliant element, placing the reactive multilayer foil
between the at least two components, applying pressure to the at least two

components and the reactive multilayer foil via the compliant element, and
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also or alternatively include a joint fornmed usin
tilndladingtehcampliant assembly including at least one compliant element. The

compliant assembly is configured to apply pressure to at least two
components and a reactive multilayer foil disposed between the at least two
components via the at least one compliant element.

[017] Yet another embodiment of the invention includes a compliant .
assembly including at least one weight. The compliant assembly is
configured to apply pressure to at least two components and a reactive
multilayer foil disposed between the at least two components via the at least
one weight.

[018] In various embodiments, the invention may include one or
more of the following aspects: the compliant element may be configured such
that the pressure applied to the at least two components and the reactive

multilayer foil after initiating a chemical transformation the reactive multilayer
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on one or more surfaces of the reactive multilayer foil; and at least one of the
one or more adhesion layers may include incusil.

[019] In various embodiments, the invention may include one or
more of the following aspects: the compliant assembly may include one or
more portions configured to have the at least two components and the
reactive multilayer foil disposed between the one or more portions; at least
one of the one or more portions may be configured to be placed in contact
with at least one of the at least two components; the at least one compliant
element may be configured to be disposed between at least one of the one or
more portions and at least one of the at least two components; a first of the
one or more portions may be disposed between the at least one compliant

element and a second of the one or more portions different from the first of
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| east two conponents and the reactive nmultilayer foil

deapleethulidayerdoil IstsotarenaiboleBEYPARA bBBS 1269l &3¢ pressure
one of the one or nore portions .may be configure 8

bpplibatethé Bt RABE AR cdﬁ‘uf)Bné’ﬁtsla“r‘\ﬂsthe 98$ct§fﬁt ﬁw@ﬁgﬁf@ﬁ{ﬂ%ﬁé@or to

two conponents; the at east one conpll

; i j t ween,.at | east one of
ISR i kel Candl e ob fe BaR S muBavantar dbe at least
nents;.a first of the one or nore

b@?ﬁowﬁ%f%ﬁe iMBYhLER BRIiNG: dhe ehieast one gompliast element

corq)l i ant el enent and a second of the one or nore
Bk P APlUngere thenat leastenereompliant elémient oay ks atefronent of
portions; the at |east one conpliant el enent may

Phigagtiena of Beneumatic systerhj amydeldioeysiem AR 9&);%2%?%90"‘0 ‘

one conpliant elenent nay be configured such t

pysiesytiee aplelastoné Coimpliant elbRF MidiPoé Qmaﬁﬂége Wslerial: the

the reactive nultilayer foil after initiating
Dl TRl Pt it mhde bBRF e §ute! ond¥omptiant
ORERTESo 08 fitibR of BF Plre Pk Sy SRR R G i orsbac
%ﬁ%crﬁ%g é?a%%%%tei cg‘rfa Sg;etgrqu\gtié g}?sﬁte;n\,/: r:;udlr;lijllicagfsrtem, and a
piezoelectric system; the at least one weight may be configured to be
disposed between at least one of the one or more portions and at least one of
the at least two components; a first of the one or more portions may be
disposed between the at least one weight and a second of the one or more
portions different from the first of the one or more portions; and the at least
one weight may include at least two weights.

[020] Additional objects and advantages of the invention will be set
forth in part in the description which follows, and in part will be obvious from
the description, or may be learned by practice of the invention. The objects

and advantages of the invention will be realized and attained by means of the

elements and combinations particularly pointed out fn the appended claims.
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one conpliant elenment may be a spring; the at | east
one conpliant elenent nay be a plunger; the at | east
woep@soepl | ant el enent may be a conponent of aPCT/E82D4/036490
one of a pneumatic system a hydraulic system and a
pi ezoel ectric system the at |east one conpliant
el emer02hy lbis t@ keovndersinod that Bethdhe fenggotner genrial e
material nay be a deformabl e pad; the at |east one
aisetiption aatdhe followiyg detaled dlescoptiart atenexarnplaey and
f eedback system the active feedback system may be at
| S@NABE Ghly AndnsrE vk réstrvthlecdh the ifehtion] &s cRirmeem
and a piezoelectric system the at | east one wei ght
may be configured to be di sposed between at | east one
of the one or nore portions and at | east one of the at
| east two conponents; a first of the one or nore
portions nay be di sposed between the at | east one
wei ght and a second of the one or nore portions
different fromthe first of the one or nore portions;
and the at | east one weight may include at |east two
wei ghts. [020] Additional objects and advant ages of
the invention will be set forth in part in the
description which follows, and in part will be obvious
fromthe description, or may be | earned by practice of
the invention. The objects and advantages of the
invention will be realized and attai ned by neans of
the el ements and conbi nations particularly pointed out
in the appended clains. 10[021] t is to be understood
that both the foregoing general description and the
followi ng detail ed description are exenplary and
expl anatory only and are not restrictive of the
i nvention, as clained. 11BRI EF DESCRI PTI ON CF THE
DRAW NGS
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[022] The acconpanyi ng draw ngs, which are

incorporated in and constitute a part of this
w@p®siddoenti on, illustrate several enbodi ment SPOF/US1964/036490

invention and together with the description, serve to

explain the prir] p6 Q C .!! ;L.‘:x L

depi cts a conp™&hi== TRy —-0 AL DIy
accordi n% to an enbodi nent of the invention. [024] |
Fi g. 2[028pi cThe actonpanynasisamipgg, wbisbrareiagarparaied #r and

enbodi nent of the invention. [025] Fig. 3a depicts the
resnstitte &f parhef this spedficativaniiugtrate $6vgralzzmbodistnts ohthe
the conpliant assenbly of Fig. 1 as conpared to an

3RVEREDY aiél tdthe PR TR HESEriphbATBEWeas @&Fﬁiimmé grirciples of
further enbodi nment of the invention. [026] Fig. 3b

i e results of the joining assenbly of Fig. 2
quigr%é\t’ L}}sdlhhg the conpliant assenbly of Fig. 1 as

conpar 0 ssemhly without a coppliant.el ement
accor dll%%a] t o'e'i'J)EJetgil %ﬁérco&tﬂ@@}t ﬁﬁﬁ?mg& QﬂfglC%"H'{}% ASPRmblY
[027] Fi % 4 deBi cts the results of the joining
arceiting tefanerbodiment eéthemvagtieme conpl i ant assenbly
of Fig. 1 as conpared to an assenbly w thout a

conpl i [@24] el EigeBtdegicts adoining assenylaly aicoortdiegly another
enbodi nent of the invention. [028] Fig. 5a depicts the
j sthBbAnaR T hvehtibhg. 2 j oi ned using the conpliant

assenbly of Fig. 1 according to still another

enbodi @eaj Ofigt B8 depicts the results of the joining assembly of Fig. 2
joined using the compliant assembly of Fig. 1 as compared to an assembly
without a compliant element according to a further embodiment of the
invention.

[026] Fig. 3b depicts the results of the joining assembly of Fig. 2
joined using the compliant assembly of Fig. 1 as compared to an assembly
without a compliant element according to yet another embodiment of the
invention.

[027] Fig. 4 depicts the results of the joining assembly of Fig. 2
joined using the compliant assembly of Fig. 1 as compared to an assembly
without a compliant element according to a yet further embodiment of the
invention.

[028] Fig. 5a depicts the joining assembly of Fig. 2 joined using the
compliant assembly of Fig. 1 according to still another embodiment of the

invention.

12



invention. 12[029] Fig. 5b depicts the joining

assenbly of Fig. 2 joined using assenbly w thout a
weewphi@ant el enent according to a still furthePCT/US2004/036490

enbodi nent of the invention. [030] Fig. 6 depicts a

anot hdP2Shooiin B eBlLts HEE Bl ASSRBRAT62R Joindh Loing

depi ct ) [iant ; I d j Qi ni ng assenbl .
B GG B areOMRIBTT SRt AsrprnG td St fakarambodiment

[032] Fig. 8 depicts a conpliant assenbly and j oi ni ng
afdhetinyentionor di ng to yet anot her enbodi nent of the
invention. [033] Fig. 9 depicts a conpliant assenbly

and j q0B0hg Rigs 6eipicteacnaplizgt besempBt ad/joidiag assembly
enbodi nent of the invention. [034] Fig. depicts a

1iaRnt I ioPk B i y according to
e D e e Y o [ 0351 Fi .

depi ct coppl § . : LOL R I
aceor doad] ¢ or LM BRERIRE sbtBly hef RIS wSsembly
i nvent.i on. Fig. depicts a.conpliant assenbly and
caraipSd echhbr strbior e 3 IERBPhanbod: ment. of
the invention. DESCRI PTION OF THE EMBODI MENTS [ 037] An
exenpl [28¢] obfi8e8idepicss ataenapliant easemhly and jpining aseembly
t he drawbacks noted above. Consistent with an aspect
afccohding o ¢ret anotheneminogliment ofaghe imventios. | nt r oduced.
The conpliant assenbly nmay be capabl e of

[033] Fig. 9 depicts a compliant assembly and joining assembly
according to a yet further embodiment of the invention.

[034] Fig. 10 depicts a compliant assembly and joining assembly
according to still another embodiment of the invention.

[035] Fig. 11 depicts a compliant assembly and joining assembly
according to a still further embodiment of the invention.

[036] Fig. 12 depicts a compliant assembly and joining assembly

according to another embodiment of the invention.

DESCRIPTION OF THE EMBODIMENTS

[037] An exemplary objective of this invention is to overcome the
drawbacks noted above. Consistent with an aspect of the invention, a
compliant element is introduced. The compliant assembly may be capable of
compensating for a reduction in height (e.g., bond line thickness) occurring
during the reactive joining process, and consequently maintain a substantially
constant pressure. As further discussed below, this approach results in

reactive joints with superior properties compared to similar joints obtained in a
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conpensating for a reduction in height (e.g., bond
Iine thickness) occurring during the reactive joining

wEe@ses®21 and consequently mai ntain a subst ant PEI/U§2004/036490

constant pressure. As further discussed below, this
approach results in reactive joints wth superior
pstifpeon-complianpsystemttbatuse aice, sneahanisel prassdor A serew-
13stiff non-conpliant systemthat use a vice,

NEPlanesrabradsrItloadframe.cr ewdr i ven conpressi on | oad
frame. [038] Reference wll now be made in detail to

t he exwlarm ﬁ?ﬁﬁ@é NG Sw Ve rhB8e iMYemRll tethe EXamplts

of whi re | strated Iin the accorrpany| ng draw ngs.

RaRoN R RIS Fiehiiinsiudies Bf BAKA 18 MR 1e®

:aﬁl kme pﬁé{ysmgiglgeg@%gﬁﬂw Y e)p(lgr 4’?%5&'& %“ﬁ‘”ﬁ%ﬁﬁénéf mgnbers

conpliant assenbly 1 (e.g., mechanical press or vice)
maifl henusedithraughotithe drawingsdatreter tethe same oplike garts.
Conpliant elenent 2 may be suitably positioned within
asserrbgo)zg} biet ovee sxemelary embaglimpent ofcthis iByertiqre as. |
plates) of the conpliant assenbly . A joining assenbly

%éﬁd’udm?hlﬂﬂﬁra@ed ﬁ*ﬁng ¥ ea Bohigliany assemtilg i @l g.1 Mkechanical
di sposed et ween one or nore corrponents

éﬁ‘?‘p‘%i"ﬁ 5&&”3%@”%‘ § ?89@9" Rt SleRfert 2XB2E. 4 spfifo)™goiiiant
SRrlRgt2 Ay b%reSLuﬁa@S o liin sl Pty mor

of conponent 103 of 0|n|ng assenbl y an inn
spertians 334 (619- pplpte ©f the 60’5‘9??'84 %ﬁssm ro)m'maﬂ @ésembly

and/ or maintain pressure on joinin assenblty_ 100
di80 nmytineludei anieagtipe mawtileyer material 101 (e.g., foil) disposed

between one or more components 102, 103 to be joined, and joining
assembly 100 hay be disposed between portions of compliant assembly 1,
for example, one or more of plates 3, 4, and/or spring 2. Spring 2 may be
disposed between an outer surface 1030 of component 103 of joining
assembly 100 and an inner surface 3i of portion 3 so as to provide compliance
and/or maintain pressure on joining assembly 100 during the joining process.
[040] In various embodiments, compliant assembly 1 and joining
assembly 100 may have a variety of configurations. For example, a reactive
foil 101 may be disposed in between two components 102, 103 to be joined,
and a compliant element 2 may be placed in contact with at least one of the
two components 102, 103. In another example, a foil 201 may be disposed in
between a fusible layer 202 disposed on a component 204 to be joined and

another component 205 to be joined, with a compliant element 2 placed in
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[040] n various enbodi nents, conpliant assenbly 1 and
joining assenbly 100 may have a variety of

weonsiogneeat i ons. For exanple, a reactive foil BONUSHY4/036490
be di sposed in between two conponents 102, 103 to be
joined, and a conpliant elenment 2 may be placed in

ceontast with @ least pagf the v compenenis 204n208eina fudher
103. n another exanple, a foil 201 nay be disposed in

bexavaple, a fbil 208 | reay bealispxeddietwoen dusibledayensi2e 203
204 to be joined and another conponent 205 to be

j @llsﬁéged Whidach ¢fawBl domborRings 204, Zi)ﬂ)toas@jzbméu %ﬂ@éfcéﬁﬂpllant
at | east one of the two conmponents 204, 205. n a

T e g TR 201 0
e mRoab R B APRYr fy SBh oz

tvvo conponents 204, 205. n yet another exanple, any
Hpiandonivsie lavers 6.9., po et il breinlmap e plaeed in contact
and/or fusible layers (e.g., as set forth herein) may
beitiplones plateschiach campliaoheleorent2amay bg placed in contact with
conpliant elenment 2 may be placed in contact with at

| stdetisiooree of theheneooemor e plates B| 4 fes eRample, iwtortertith.an
in contact with an outer surface 30 of plate 3 as

SOREP suffadd 9o o*%lat@ Iﬁay Showt'in FRY. 19XaAR fetrféﬁb(er example, any

conbl natlon of ol I, conponents, and/o

|8n f thé‘ﬁ)lls «%mf %@EH a?r‘@og%‘u% Igg%[%l(gcedaé Set forth

con one or

Ssﬁﬁtré w@' Rstdin p&ﬁw%& heBEmarh ARE 2% ina,pempiant

t he one or nore plates. [041] Conpliant assen‘ol?éﬁ _
argesmbly o Alfemiptivele pmeyorgorenegmpliand elementsanag begespectively
configurations that nmay include one or nore of the
fplacedvimepntact with the one or more plates. :

[041] Compliant assembly 1 and/or joining assembly 100 may have
other alternate configurations that may include one or more of the following
aspects. For example, as shown in Fig. 6, compliant assembly 1 may be
include one or more compliant elements 2. Compliant element 2 may include

| one or more of a pneumatic system 7 (e.g., as indicated in Fig. 7), plunger 8
(e.g., as indigated in Fig. 8), and a deformable pad 9 (e.g., as indicated in Fig.
9). The compliance, for example of compliant element 2, may be provided by
an active feedback system 10 (e.g., as indicated in Fig. 10 and/or including a
sensor 10s). Active feedback system 10 may include, for example, a
pneumatic system, a hydraulic system, or piezoelectric system. The active
feedback system may be configured to adjust the pressure applied to the

joining assembly 100 (e.g., via the compliant element 2), for example, to
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aspects. For exanple, as shown in Fig. 6, conpliant
assenbly 1 may be include one or nore conpliant
webk@senost 2. Conpliant el ement 2 may i nclude OPET/U82004/036490

nore of a pneumatic system7 .(e.g., as indicated in

Fig. 7), plun er 8 (e.g.,.as indicated in,_Fi 8).,. and
£aTepRTALB fer aQ'Cé Ransigyand, gprizaction W|ﬂwn3he Qfgm'n@he
conpl i ance, for exanpl e of corTFI i ant elenent 2, may be
passeimiziy 16@ winerathe joining agbenmklys isrncergeing. the jgining
indicated in Fig. and/or including a sensor 10s).

Asrobuss {84 ke tisy shemioahsransiormdtion bbtheereztive multilayer foil
pneunati c syst em a hydraulic system or piezoelectric

Had Sé'én t@@?) E8r éfe?rFlB%Ch A O;ﬁbsraegﬁxbi@eto%éf 'agéérﬁ‘r?g?nt

to adjust ressure applied to the joining asse

198si B R ITD FUEH B @fwf&%f'wen
[ W t hi j oi.ni 1

iaming! aaERBNGAREN 18 THAde I ER et coPReRY b esiining
(e.g., after the chem cal transformation of the

rmemmse 100 may éyitallyf iocreasedraya dhe expansior @f the-il 101, in
exanple, it may be desirable to keep a constant

pukish Wasedhe tdetive feedbagkassstarh1p may cdmpengatenge.g., by
joining process. Wien the chem cal transfornmation of

trh@ag@r'ull %%ss'u?e Wi ér'\élb?%oré REnHHIBSHY) ByAkedrégsih@ bRdgddire on

assenbl y may initially increase fromithe expansion

[ e
L T e L b
mor e sen rs 1 dect easj res on t h
Pl eteBRBt et n BORIGTL BhBBEaRAS Feaiorerto
system (e. g , via a conpliant elenment that is
poRintaip Heorant pressemeR the jpiiegasegmbly @)QQ}eW'iQS' the joining
mai ntain a constant pressure on the joining assenbly
1axkenwiy i O0Heeging to ogpl thereafter, the pressure on the joining assembly

100 from the chemical transformation itself may decrease, in which case the
active feedback system 10 may compensate by increasing pressure on the
joining assembly 100 applied by the active feedback system 10 (e.g., via a
compliant element that is a portion of active feedback system 10) in order to
maintain a constant pressure on the joining assembly 100 throughout the
joining process.

[042] Examples of acceptable pneumatic systems include a pressure
vessel having a plunger that applies pressure to the joining assembly, a
diaphragm based mechanical gas regulator (e.g., manufactured by VICTOR
EQUIPMENT COMPANY®), and/or an electropneumatic gas regulator (e.g.,
manufactured by PARKER LUCIFER SA®). Example of acceptable plungers
include round nose spring plungers (e.g., sold by MACMASTER CARR®).
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assenbly 100 begins to cool thereafter, the pressure
on the joining assenbly O fromthe chem ca

wo e@ssicoemati on itself may decrease, in which PEFES1006036490
active feedback system 10 may conpensate by increasing
pressure on the joining assenbly 100 ap glied

aﬁxamgiasamgpt@%défﬁrmb{%%ds ingugdes thess mas%t out of rubber
el enent that is a portion of active feedback system

g anynsuitabde polymmeri riExamples of astepiabler activerfeedbacksystems

j oi ning assenbly 100 throughout the joining process.

liRdiRb et MaRtie ateriaciatiglie st syBRIMB(E.§. &8 WIS BE8I TABLEFOP
a pressure vessel having a plunger that applles

PHEST 4 Ps M hahdiRiNaL TS Systeisrumenibeety

an cal gas regu g., nmanu

rESg"L |P fod Coﬁﬁ %a%%wa@%’ﬂi a%%‘%ﬁ\&i%&rﬁefé“fﬂéﬁ'ﬁoﬁé‘?d by

| e of accep tabl e pl ung(?rs i ncl ude rocg}
my@gra wglq&taﬂgt@rtae é!Stgm &8, $opPlipRERRSSreRly 1 and/or joining
CARR(r)). 1l1l6Exanpl es of acceptabl e defornabl e pads
i agslemtaly 1009 dlaring jeining, fafexampler asshawy i fig. 401 Veight 11
pol ynmer. Exanpl es of acceptable active feedback

SM&?@@apm@dL&ﬁedﬂlyﬂaﬁhé tcfcabﬁjbirﬂh tbetembly 10ts4s shewnim Fig. 11
a MIS 858 TABLETOP TEST SYSTEI\/( r) manuf actured

Mﬁm@‘@ﬁﬁ%@?@%%ﬂe% -canflitint BES&RblyVE for example on top

conpl'i ance may a so or alternately be prOV|de by

a h t I t
WS et flles s al ﬁgséisi%fi 200) dur i 'n‘;é,‘”

hopli 4] ¢ el et essenbly 390 Ray aﬂqw%goageénﬂw s 28
shown in Fig. and/or wei ght may be appl

dusible mateaalslisposed bqetmee@xtbﬁr;e@ctn@qmu[jgayer f0|I 101 and the

components to be joined 102, 103. For example, as disclosed in U.S.
Provisional Patent Application No. 60/461,196 filed April 9, 2003 and U.S.
Patent Application No. 10/814,243 filed April 1, 2004, the layers of the fusible
material may adhere to one or more of foil 101 and/or component(s) 102, 103,
and/or may be used as free-standing sheets. One or more surfaces of
reactive multilayer foil 101 may be coated with one or more adhesion layers,
such as Incusil.

[045] In another embodiment of this invention, the advantages of
using a compliant assembly 1 including a compliant element 2 may be
assessed by comparing the thermal and/or mechanical properties of the
resulting joints with those of a similar joint formed using a stiff mechanical
press. The reactive joining configuration shown in Fig. 2 is used fo illustrate

these advantages. Fig. 2 includes a joining configuration 200 including a foil
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of at |east one of plates 3, 4. [044] Joining assenbly

100 may include one or nore |ayers of fusible materi al
waele@poseell bet ween the reactive nultil ayer foilPAQDUSENH036490

the conponents to be joined 102, 103. For exanple, as

di sclosed in U S. Provisional Patent plication No.

014 6hel®@tmbid adhdgion br prevestting dayers)282, 283.a1d one or more

Application No. 10/814,243 filed April 1, 2004, the

Laymicnétits 208, 205idlge madebutbf capperyinere to one or
nore of foil 101 and/or conponent(s) 102, 103, and/or

b d f - ' i
gﬁ?’fa (e)gfégf @gg.c§§§natmpgct§{é@f%iﬁ?w%tt%miﬁl’?@snstance and

rve multilay 101 may be coated

i h..one, or re .adhesi gn '
%%j@g VR Tl enaREREY dteaBV A binS EE0RRr gl B the joining
advant a f [ np). i apt ly 1 includi
Savambcoataneion s E 6 dRaSH P rampbA el or
thermal and/or mechani cal properties of the resulting
{hoé puspose bf déteswining thesmal resistaoce ant@fifestive thergmal

stiff mechanical press. The reactive joining

soeRdUstivieY, fomexmpie, s didolpsedl insvVars idetderi. | Plottedare results
t hese advantages. Fig. 2 includes a joining

g %éih@ﬁf@l: (#Nin38RINgAL Ysthing Asdepnbly POBAA a coipredbioRbad-

esion or prewetfing’layers 202, 203, and one or
P SRR B8 gk byt chint PRAR\ Gl FRAGRAR tesing
e oA KRR BB bty popying o
configuration shown in Fig. 2. Infrared thernonetry )
iskenticad doinipg assempaly gogdn Hhe gamerlaed i@ AUt }lgp in a’compliant
resi stance and effective thernal
assembly 1, for example, as illustrated in Fig. 1. In both cases, the initial
pressure imposed on the joining assembly 200 is varied. As shown in Figs.
3a and 3b, the reactive joints formed in the compliant assembly 100 (shown
as diamonds) have smaller thermal resistance and higher effective thermal
conductivity than similar joints formed without the compliant assembly 100
(shoWn as squares), and this trend appears to hold regardless of the pressure
initially applied on the assembly. The reduction in interface thermal
resistance achieved in the compliant assembly 100 is advantageous, for
example, in the reactive mounting of heat sinks as disclosed in Van Heerden.
In particular, a lower interface thermal resistance may lead to lower operating
temperatures in electronic chips, resulting in increased reliability of those

chips, and/or enable higher clock speeds in chips, resulting in higher

performance of those chips.
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conductivity, for exanple, as disclosed in Van
Heerden. Plotted are results obtained by: (a)
WO p®entdony t he j oi ning assenbly 200 in a conprBSEUSN04/036490
| oadf ranme whi ch does not include a conpl aint el ement
manuf act yr ed by

erials testi
! NSTRO?p%?P(}Pﬂ'FPWWb P {&'%%PN‘% the advantages of

i dentical joining assenbly 200 in the sane | oad frane
biarming deactive J@@%@m agompligehsysfem may beasspssed by measuring
illustrated in Fig. . n both cases, the initial

ptresshear stramggtie of thre joirds; and cmpalaglﬂﬂ yesft® with shear-strength
varied. As shown in Figs. 3a and 3b, the reactive

J RidHstrémerRdbf sﬂmnarejmwbﬂrﬁéa inP& RBATYoYNpIBRt éy’iﬂl A .erfig. 4

di anonds) have small’er thermal resistance and
FhhaEh e T LRI A bt
t d to ho rdl
C PROWRIAEIR &1 i et ngBRREG=E e shetus REfe iofig obtained
reductlon in interface thermal resistance achieved in
t Heingdhpicoamliagt assamply1 P (shoumasmdigmands) are systematically
exanpl e, in the reactive nounting of heat sinks as

dissgenthen thasé/abtaieed deing the paad framesalona withoat a compliant
interface thermal resistance may |ead to | ower

OplRMMENt(EhOWITREISYUAFES). | Thu, fhilditb ¢hé teRds bhsE bhithErmal
in increased reliability of those chips, and/or enable

iR harts, ARFAEE Sl SBHRS grd Qlidd e il iRpiiant

rmance o hose ano
e f this invention, the advantages of
f%%ﬁq'hg@re Ctive joints in a conpliant system may be
assessed by asu t he shear_strength of the
j oi nt sﬁ)4§2 E'E F‘?ﬁ ""tt}?é"mﬁgmté"ﬁ/\#"t’ﬁn%éme atyanigogs for
neasur enent s of simlar joints fornmed in a
nieAminghiachive japtstusing | gpmpliant assembly 100 are assessed using

fractography on the joints following shear-lap testing. Figs. 5a and 5b
disclose fracture surfaces for two reactive joints: one fabricated using a
compliant assembly 100 (Fig. 5a) and the second using only the stiff load
frame (Fig. 5b). In both cases, the initial pressure applied on the joining
assembly 100, 200 is about 100 psi. As shown in Figs. 5a and 5b, the joint
fabricated in the compliant assembly 100 has lower interfacial porosity (dark
areas in the fracture surface) than a similar joint made in the stiff system. A
lower porosity or void fraction is highly desirable, as it minimizes the likelihood
of hot spots as well as the potential degradation of the joints on thermal
cycling. These observations are consistent with earlier demonstration that
joints obtained in the compliant system are of higher quality than those

obtained in the stiff system.
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shows the result of such a conparison for the joining
assenbly configuration shown in Fig. 2. The results

WO pabsoaoel t hat the strengths of the joints obtBCTES2004/036490
using the conpliant assenbly 0 (shown as di anonds) are

oad 1 Ao ol el erhptmERE PR R, e Adysnig of the

I to the trend b d t I
- D8 Dk of i BB Bainorars Srinira camplam elpments s pe
the compliant assenbly 100. &1048 n anot her enbodi nent

oassﬂ$%ed By §M$tematlcallﬁev inghthediiness of eempligntrelementss
joints using a conpliant assenbly 100 are assessed

ugNdvgniagest afgrsimhgompliafiteslgmientssinfrebtine jothindg peocesesds (e.g.,
testing. Figs. 5a and 5b disclose fracture surfaces

f a6 divfloserRéieiR) mal besachisved iRAIstifRESS ot thebripliant el
conpl i ant asserr@ 'y 100 (Fig. 5a) and the secor@p{?& ﬁgement 'S

O8blecidips i Hat ey %s%ﬁ?aé‘ﬁ to¥e: o.ﬂ.r@(’é&eg@ﬁga%g&e

inrtia pressure a e J ol |ng asSe

s about and 5b,
; Grartvp IpR e @geBs remesonihin ahpubedZ afthe fugssite abbled to
| ower interfacial porosity (dark areas in the fracture
sthe lpiing ergamelsprien tarthe mlmthra@rﬁetheweaﬁ@esp:mmg process (e.g.,
system A lower porosity or void fraction is highly
dpEOF tebindiating the chienical iremstarmatiok ef ithe cebaize matltigget foil).
as well as the potential degradation of the joints on
t Aecomlingly ctherngesdilress betviean abowtB0 % shdCalitiit IO,

wWth earlier denonstration that joints obtained in the

conpl i sy

o ngl(?oll > ?ﬁ@&’; tél:h]?) Lr?/éé}ttg%ﬂhé}mbg?é{n mﬁﬁ? E?ﬁ?ent to those

SRR fFPite é’lft frropr\ éohé]MSJé‘ﬁoR'bf ﬂ@gﬁg&ﬁgﬁ% Sar?cj prac?ce of the
invention disclosed herein. It is intended that the specification and examples

be considered as exemplary only, with a true scope and spirit of the invention

being indicated by the following claims.
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properties of joints formed using one or nore
conpliant elenents nay be assessed by systenmatically
wo a00pioag2t he stiffness of conpliant el enents. PCT/US2004/036490

Advant ages of using conpliant elenents in reactive
j 0i ni ng processes (e.g., as disclosed herein) may be
géﬂigtig !f S gii%fness of the conpliant elenent is

| - the pressure applied to the joining
assenbly during reactive joining process remains
wi t hi n1abouft @ @K%hC?W@”Bbgssure applied to the
joining assenbly prior to the initiation of the o
r eact i POVidingiahlpast br@ sempengnts terhepjoinesl, iarreactie myltilayer
the chem cal transformation of the reactive nultilayer

ffoil] ind Accampliardlelemente pressure is between about 80%
and about 120% [050] O her enbodi nents of the

i nvent bl%_irig fhle rR8ciRPRHILEMYdrdoll Befifecikine! ftdeddt tvbe art
from consi deration of the 'specification and practice

.0 oﬁ'@gné ention disclosed herein. t is intended that
the Specification and exanpl es. be consi dered as

exenpl ary, onl Wi t tr S e and spirit the ..
rvont ABNVEE igshirtodne t RrRE RES cBieoRBA; andineyBactve
20WHAT S CLAIMED I'S: ;| A nethod, conprising: providing
amujtiayar folwiactheraraphiant elersent aNded, a reactive

mul tilayer foil, and a conpliant elenent; placing the

r eact i wdtiatingta chegmical trahsfoematiem of the reactiea sultilayer foil so as
conmponents; applying pressure to the at l[east two
copIRyRElly jeindhe it lsathb cempdriehtayer foil via the

conpliant el ement; and
2. The method of claim 1, wherein the compliant element is
configured such that the pressure applied to the at least two components and
the reactive multilayer foil after initiating a chemical transformation of the
reactive multilayer foil is between about 80% and about 120% of the pressure
applied to the at least two components and the reactive multilayer foil prior tb

initiating the chemical transformation of the reactive multilayer foil.

3. The method of claim 1, wherein the compliant element is a
spring.

4, The method of claim 1, wherein the compliant element is a
plunger.

21



initiating a chem cal transformation of the reactive
multilayer foil so as to physically join the at | east

wo dsoavponents. 2. The nmethod of claim, wherBCTHUS1004/036490
conpliant element is configured such that the pressure
applied to the at | east two conponents and the .
reacti$e nuThelnsthed obiclaimit, avhargintthacompliant alementiis a
transformation of the reactive multilayer foil is

bedmpeRemasuit I6aonecbfabprisurhafidsystemmh a hydeaulior system, and a
applied to the at | east two conponents and the

r‘ﬁ@%éﬂéﬁ"t rgjr%%,ﬁyer foil prior to initiating the

chem ca ormation of the reactive nultilayer
foil. 3. The nethod of claimwherein the conpliant
elenment is a spring. 4. The nethod of claim, wherein

the conpliant ele t is.a plunger.,k215. The t hod .of
cl ai m6- Mewﬁﬁﬁnqtg‘ég@éﬁfﬂ'ﬁnaﬁtwwé‘%@%w Gom '%‘B%F%ﬁ%'ﬂt's a
of at least one of a pneumatic system a hydraulic
syafoempblenahaterjlezoel ectric system 6. The met hod of
claim, wherein the conpliant elenent is a deformable
material. 7. The nmethod of claim®6, wherein the
defornmable material is a deformable pad. 8. The net hod

of claym, whgmrbtholiltF s, viinéref! Bieedufoinsalslemateriahis a
of an active feedback system 9. The nethod of claim

8def@4?r%%8ié‘pé5‘.e active feedback systemis at

8. The method of claim 1, wherein the compliant element is a

portion of an active feedback system.

9. The method of claim 8, wherein the active feedback system is at
least one of a pneumatic system, a hydraulic system, and a piezoelectric

system.

10.  The method of claim 1, further comprising providing one or more
fusible layers and arranging the one or more fusible layers between the

reactive multilayer foil and the at least two components.

11.  The method of claim 10, wherein at least one of the one or more

fusible layer is at least one of solder or braze.
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| east one of a pneumatic system a hydraulic system
and a piezoelectric system . The nethod of claim,

WO eooshe2conpri sing providi ng one or nore fusi BPCEUS2004/036490
| ayers and arranging the one or nore fusible |ayers

bet weep,t he ' £t r, foil and the at |east i

t wo coﬂ%‘one-rl;b §?ﬁéth¥§g%'ﬂﬂoﬁ¥§?h%q CRmPrisipgane; or mere adhesion
least one of the one or mpre fusible layer is at |east
JASSCeHipdon Qffe o mpee sudacamal thetraative mulltikayer foil.

further conprising one or nore adhesion |ayers coated

on one or nore surfaces of the reactive nultilayer
foil. . The method of claim9, wherein at |east one of

the ont3.or Tine enethibe of Claithay WWHerbiCAtUEast diEesthk-ont%r more
A joint formed using the nmethod of claim. 15. A

refHesibn RYERS intludds IREGY].di ng at | east two conponents
to be joined, a reactive nultilayer foil, and a

wei ght; placing the reactive nultilayer foil between
the at |east two conponents; applying pressure to the

at le twp.components.and the reactive nultilayer

f oi | \?f‘g J@%ﬁp ed 4sing the mgthasyotclaina ti cal
transformation of the reactive nmultilayer foil so as
to physically join the at |east tw conponents. . The

nmet hod of claim, further conprising providing one or
15. A method, comprising:

providing at least two components to be joined, a reactive multilayer
foil, and a weight;

placing the reactive multilayer foil between the at least two
components;

applying pressure to the at least two components and the reactive
multilayer foil via the weight; and

initiating a chemical transformation of the reactive multilayer foil so as

to physically join the at least two components.

16.  The method of claim 15, further comprising providing one or
more fusible layers and arranging the one or more fusible layers between the

reactive multilayer foil and the at least two components.

17.  The method of claim 16, wherein at least one of the one or more

fusible layers is at least one of solder or braze.

23



nore fusible |layers and arrangi ng the one or nore

fusible | ayers between the reactive nultilayer foil
wanasohe2at | east two conmponents. . The net hodp@f/Usioas/me6490

, Wherein at | east one of the one or nore fusible

| ayersq4hs a er, or braze. 238. The

ot o187 o e Ethof BF (8IS, Bihe coniitERig Gne os more
%%gisLonlla¥ers caated on one or nore surfaces of the

r EHESIQL 13YETS FPalpd on o or more surfacessef the reaetive mbtilayer foil.
wherein at | east one of the one or nore adhesi on

| ayers includes Incusil. 20. Ajoint fornmed using the

nmet hod of claim. 21. An apparatus, conprising: a

conpl i tht aBlsemstiyod of tlathh 18, AhetdRat Ie@%?oﬁ@'@?#ﬁ@%e Qr more

el ement, wherei-n the conpliant assenbly is configure

tadrraeidny laReRsSipEiu@el Indlsill east two conponents and a
reactive nultilayer foil disposed between the at | east

two conponents via the at | east one conpliant el enent.
22. The apparatus of claim2 , wherein the conpliant

asse inclu one or re rtions configured to
haven?%% angwgggnpﬁaU§WW§BE§W&§°Q&ECFW@'H%active

mul tilayer foil disposed between the one or nore
portions. 23. The apparatus of claim 22, wherein at

| east one of the one or nore portions is configured to

be pl ded iAn apparatus, wotripriging: east one of the at | east
two conponents. 24. The apparatus of claim 22, wherein

the a@ éompllartassemly indludird) aTBast drfe EAABIAH EmLAt 0°

di sposed between at | east one of the one or nore ’
wherein the compliant assembly is configured to apply pressure to at

least two components and a reactive multilayer foil disposed between the at

least two components via the at least one compliant element.

22.  The apparatus of claim 21, wherein the compliant assembly
includes one or more portions configured to have the at least two components

and the reactive multilayer foil disposed between the one or more portions.

23.  The apparatus of claim 22, wherein at least one of the one or
more portions is configured to be placed in contact with at least one of the at

least two components.

24.  The apparatus of claim 22, wherein the at least one compliant
element is configured to be disposed between at least one of the one or more

portions and at least one of the at least two combonents.
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portions and at |east one of the at |east two

conponents. 2425. The apparatus of claim 22, wherein a
WO 200S046921 t he one or nore portions is confi guredl/Us2004036490

di sposed between the at | east one conpliant el enent

and a second of the one or nore portions different

fromthe first of the one or nore portions. 26. The

appar abHds o |ai erein the at | east one

conpl i %%'t elﬁ-gﬁgﬁb g}q%ﬁ Bé\gg'"&tﬁb wherein adfirsbabthieone or more

el ements. 27, The apparatus of claim2 , wherein the

2P ONIQs i B‘Pféﬁ%ﬁ‘g f Eﬂld Isposad etween the atleastiose comphiat

the pressure applied to the at |east two conponents

Alamené and csecoadmiithe bager mord parions difftréhtatorR Ihéfirst of

chem cal transformation of the reactive nultilayer

fthIon'%or‘aabvmpoﬂiahgut 80% and about 120% of the

pressure applied to the at | east two conmponents and

the reactive nmultilayer foil prior to initiating the

chem cal transformation of the reactive nultilayer

foil. . u f. cLaim?2 ., wherein the at

| cast Zohe ol ARERels @ dair 2§ dhérein g atiesstions compliant
aeg LAF Bs, of clineifmz , Wherein the at | east one

C %ﬁ?f‘ IReludes At irast dva compligat elepmsds. The apparatus of
claim2 , wherein the at | east one conpliant el enent

is a conponent of at |east one of a pneumatic system
a hydraulic system and a piezoelectric system 3 .

IQ ﬁp Ialagﬁ: atline apparhtaisiof clae2 Bivhéram the dtfésdt RMacompliant
element is configured such that the pressure applied to the at least two
components and the reactive multilayer foil after initiating a chemical
transformation of the reactive multilayer foil is between about 80% and about

120% of the pressure applied to the at least two components and the reactive

multilayer foil prior to initiating the chemical transformation of the reactive

multilayer foil.

28.  The apparatus of claim 21, wherein the at least one compliant

element is a spring.

29.  The apparatus of claim 21, wherein the at least one compliant

element is a plunger.
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elenment is a defornmable material. 32. The apparatus of
claim3 , wherein the defornmable material is a
waledosiomabl e pad. 33. The apparatus of clai m 2 PCTHI82004/686490
the at | east one conpliant elenment is a portion of an
active eed ck S a\&em 34, The apparatus of claim 33,
wher elﬁ t he %@pg%r 'é‘éﬁ%%l@ﬁng?sWBﬁfG'%ﬂ%ﬂ at least obe eontpliant

a pneurratl c system a hydraulic system and a
pelemeat isca componentef atisastamesqimpacumatic systrem; izBydraulic
conpliant assenbly including at | east one weight,

whystenand @ gierqulectric spsteanbl y is configured to appl y
pressure to at | east two corrponents and a reactive

multilayer foil disposed between the at |east two
conponents via the at | east one weight. 2636. The

appar S e coppliant assenbly
inclu e+sJ ogfe o%ﬁbﬁé{;ﬂa g'%p%wshhg?t‘gﬁ?re&%daﬁsaﬁta% {:(p{@phant
t, | east ne nd the reactive nultilayer
?etl?'meaf go nB ﬁetrl?i one or nore portions. 37.

The apparat us of claim36, wherein at | east one of the

one or nore portions is configured to be placed in
contact with at | east one of the at |east two

conporiht s. Thesapperetusmfalzitn31,oherei Iﬁb&féfo%ébl%‘ Matdhi@l is a
at | east one weight is confi gured to be di sposed

lwefoverabl@patieast one of the one or nore portions and
at | east one of the at |east two conmponents.

33.  The apparatus of claim 21, wherein the at least one compliant

element is a portion of an active feedback system.

34.  The apparatus of claim 33, wherein the active feedback system

is at least one of a pneumatic system, a hydraulic system, and a piezoelectric

system.

35.  An apparatus, comprising:
a compliant assembly including at least one weight,
wherein the compliant assembly is configured to apply pressure to at

least two components and a reactive muiltilayer foil disposed between the at

least two components via the at least one weight.
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39. The apparatus of claim36, wherein a first of the

one or nore portions is configured to be disposed
wheirdeer2t he at | east one wei ght and a second PET/URI®04/036490

one or nore portions different fromthe first of the

' : f clai,m 35
aher otk el T s FbiaitlSe ARRGETH B ool Sesempy
W4G8LS oné br more portions configured to have the at least two components

and the reactive muitilayer foil disposed between the one or more portions.

37.  The apparatus of claim 36, wherein at least one of the one or
more portions is configured to be placed in contact with at least one of the at

least two components.

38.  The apparatus of claim 36, wherein the at least one weight is
configured to be disposed between at least one of the one or more portions

and at least one of the at least two components.

39.  The apparatus of claim 36, wherein a first of the one or more
portions is configured to be disposed between the at least one weight and a
second of the one or more portions different from the first of the one or more

portions.

40.  The apparatus of claim 35, wherein the at least one weight

includes at least two weights.
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