WD 03/ 024173 PCT/ US02/ 27870 METHOD FOR MAKI NG CONDUCTI VE Cl RCUI TS USI NG
PONDERED METALS BACKGROUND This invention relates to electrically
conduct i vevacoyeui7ss nade from nmetal powder 5 conpositi ons,p@Esuseel2is7as to
nmet hods for their manufacture. Patterned nmetal articles, such as printed
circuit boards, have many uses in the electronics industry. Printed
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particles on an adhegiyeropatGR MUBINGCONDECAIVERCIRCIATSTRY al SO be

mxed with a curable organi gspNgdeOWBBRERPPIEEALE0 a substrate using an
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by enbeddi ng conductive granules mxed wth an inorganic matrix materi al
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circuit pattern e dse of inorganic and netall0-G6rganic conpounds is
limted tamstpﬁmpfartmletsmmmrmﬂms)mcmedmbdrataI Me@hga@alesmﬂaéso ubiedat es,

and reqwre hi essing.te ratur.e SUMVARY .. | n t he
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consi st ng essentially of at |east one netal powder, whereln the substrate

is select whfanomrgmc ngpmaEr@bmm @h¢aﬁgofé¢nab@ﬁébst@atm bl wreeaing roethedsar e at
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article vvsmtr@ﬂeg Cauﬂbo@bmmsancmmbgdmmloamgme da@impt&tmtdoﬁrpbutm and
substrat e, wherein the conductive pattern consists essentially of at |east

one densi feEdligRaraslepma elso ﬁﬁd<\ﬁﬂ§‘?@ﬁr‘9nta’r§é‘b§£ﬂ§%%f%dalie@tq do SMBE 1EHF r om t he
group, 0 ?t@e%stl ng of paper and materials that are at | east about 10%

conpreSS|
The adhesives and organic binders in these compositions are poor conductors of

electricity, and, when mixed with metallic particles, reduce the overall conductivity of the
resulting circuit pattern. The use of inorganic and metallo-organic compounds is limited
to specific combinations of materials and particular substrates, and requires high

20  processing temperatures.

SUMMARY

In one aspect, the invention is a method for making an electrically conductive
pattern, including: (a) depositing on a substrate a metal powder composition consisting
essentially of at least one metal powder, wherein the substrate is selected from the group

25  consisting of paper and materials that are at least about 10% compressible; and (b)

densifying the composition to form a conductive pattern on the substrate.

In another aspect, the invention is an article with circuit elements including a
conductive pattern on a substrate, wherein the conductive pattern consists essentially of at
least one densified metal powder, and wherein the substrate is selected from the group

30 consisting of paper and materials that are at least about 10% compressible.



1 WD 03/024173 PCT/ US02/ 27870 The invention nakes it possible to produce a
sui tably conductive pattern including circuit elenents on paper and ot her
conpr essi BlceosgaloBr at es. These substrates are general |y i rcapesi2vsgo
materials and provide benefits to the final article such as, for exanple,
flexibility, conformability, specific surface properties, and ease of
recycling. The 5 inventive method may be perforned at |ow cost since it

requires a m nTheimventidnenalak itpfossikso piripse abdtdblt @ndattsve Aae% iRQhdigqui re
extrenme, specialized or slow process steps, . and ninimzes process waste
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invention. FIG 3 is a cross-sectional view of an arti the
capture s%f@ﬁnmmlzﬁwwpessMa@t&lanldsmélub@ross sectional view of a portion of an

hydraul i ¢ app S d.in_an t he den catl on step of
an enbodi ment ah?et (?%ael?si Or#zl%tof onre %b%{%e%s ”E{Lg Hﬁ%ﬁnilﬁlééfei sretays an
articl e imcobmghmngiraciids «at eheddssription®efow. SOteP@tur&d of; %é‘*t'ssaln@nce as a
function qulal i ne weight for paper substrates with copper conducti ve

pat t eths. advpegagesof the wveptions willdhg appansaieiren the desprpticsrandfdraviegs ppd ifeth
pressure gsed;for densification. 25 FIG8 is a plot of normalized
substrate volune as a function of applied pressure. FIG9 is a plot of
normal i zed substrate volunme versus normalized substrate conpression
t hi ckness. Like reference s i i awi ngs indicate |ike
RSO~ YIRERIPIION O BRAWINES

FIG. 1 is a cross-sectional view of a hydraulic press used in an embodiment of the

invention.
15 FIG. 2 is a cross-sectional view of the hydraulic apparatus of FIG. 1 as used in the
capture step of an embodiment of the invention.
FIG 3 1s a cross-sectional view of an article following the capture step of FIG. 2.
FIG. 4 is a cross-sectional view of a portion of an hydraulic apparatus as used in an
embodiment of the densification step of an embodiment of the invention.
20 FIG. 5 is a perspective view of an article including circuit elements.
FIG. 6 is a plot of resistance as a function of line weight for paper substrates with
copper conductive patterns.
FIG. 7 is a plot of resistance as a function of the applied pressure used for
densification.
25 FIG 8 is a plot of normalized substrate volume as a function of applied pressure.
FIG 9 is a plot of normalized substrate volume versus normalized substrate
compression thickness.

Like reference symbols in the various drawings indicate like elements.



WO 03/024173 PCT/ US02/ 27870 DETAI LED DESCRI PTI ON Referring to FIG 1, a

| ayer of a nmetal powder conposition 4 is deposited onto all or a selected
part of awsuigksrase 3. The netal powder conposition 4 prefrataisog/27g1el udes
finely divided netal particles. 5 The netal particles suitable for use in
the netal powder conposition include copper, tin, nickel, iron, steel,

pl ati num alum num silver, gold, lead, zinc and the |ike, and copper is
particularly preferred. The nBEIAIPHBIBESCRIPGION on may al so i ncl ude
conductive nons t al ers, such as, for exanple, graphite. The netal
powder compos in%?fgﬁm@ tﬂ&g&d]c 3ﬁ?3é?ff ﬁgam%al Bﬂ‘é(d?FeCtOngoélrth% igdePsHed anta atlwo or
nore met abiS, selddtcdpait sFAERbAREd PNs as a 1 o mixture of particles of two or
more nmetals, particles conprising alloys, blends or mxtures, particles of

one netal coatBi metehpewdascomgosibomtt preferablyecliddsdinelst dieded et pyrticksnet al

powder. c osi.tjon.gr. conbination of netal wder conpositi.ons can, be
deposit egf%s gttﬁi' Sadrt ndet T Ay ’re, OLWS 15%51 rfl?téf%?ﬁ‘%ﬁé?lﬁposﬁ% ’é‘rcfu% ARRRSEA N or
conbi nat i dekedfirdipbiat, pRvibesn, aeRImes isiivansoleaBad, haRk e tHepes bhthRer ’N.

overlayer. 15 The shape of the particles in the netal powder conposition 4
can vary Ry orpierrede Thp ngial ppwHescosnesition iyt diso inakvde sorvetivy naf:

di fferent a OF ol II | ar shaped. enpl ary
particle rgﬁ%s]es qeﬁég%ﬁgﬁ, Pog reg(%ggfﬁb g%{hlgep k;lé}{reer%e,e[glgbq%dr%g?mp PO %ﬁl,ay

dendr i t esconfzi yhigdna mietal @r it that congdn syo SLIRES:, mEYIsai stsh asdbinhGodsiak @) ,
prisns, flakes, . rads, plates, fibers, chips, whiskers, and m xtures

t her eBF . PERYPOf P?}ﬁﬁféﬁ 8&%9&)‘@?&3 agtals srprtigles omprsinesilieys.diends of mextyreses of

the metalppadtd & Be nﬁé?al@%@teﬂ%ﬁn{aé%@%eﬁ%ﬁ%@ﬁ{ tl?l&nAﬁ?mﬁ@O&?l%%rlXet dely, and
may i ncl ude nonodi sperse particles, a multi-nodal distributi’on o particle
si zes, orpoavdsr cerdpasitsdn dtnenibamtiof of atetdl pbwdari coagosifioas eamatd depotited apant i cl es
in the netal owder osition 4 have a.nean particle size of

appr oxi na%@ﬁ;a .r’fngg dg\@g%{‘t lﬁﬁtﬁg"(ﬂ’me’f CHMRPLRALLFORiRRtion oAl PeWderum and
about 100QmpvkitidRSEanthed BE ado¥ithBivRe ARt 1 um 25 and about 500 um GOne
or nore of the netal powders in the netal” powder conposition can be treated

to retfove al | Bie shaproekthe pawitles iy the undtal pewdsi caspositeniocts varewitvburiieo
hase. Skl el L SRS T,
aci di ¢ orinbgdity siabed.i BRémplanthaditide khdpes inthids, fof 8aiiRBlsphtieR BRIAgS0 be
carried out prior_to application of the netal powder conpositionto the
subst r at é}eeq\lﬁ§,|d§ndrltes, polyhedra (e.g., tetragons, cubes, pyramids and the like), prisms, flakes,
rods, plates, fibers, chips, whiskers, and mixtures thereof. Dendritic metal powders are
20 preferred. Similarly, the sizes of the metal particles in the metal powder composition 4
can vary widely, and may include monodisperse particles, a multi-modal distribution of
particle sizes, or a broad distribution of particle sizes. Preferably, the particles in the metal
powder composition 4 have a mean particle size of approximately 0.1 to about 2000 um;
preferably between about 0.2 um and about 1000 um; most preferably between about 1 um
25  and about 500 um.
One or more of the metal powders in the metal powder composition can be treated
to remove all or a portion of any surface oxides. Methods are known to those skilled in the
art and vary for different metals, and include reduction (e.g., with hydrogen at elevated
temperatures), washing with acidic or basic solutions, and the like. This treatment step can

30  be carried out prior to application of the metal powder composition to the substrate, while

the metal powder composition is deposited on the substrate (as shown in Figure 1) or after



the netal powder conposition is deposited on the substrate (as shown in
Figure 1) or after 3 WD 03/024173 PCT/ US02/ 27870 capture of the netal
powder (awosismesmi7dan Fi gure 2, described bel ow). Preferabl ycauasv22t97eat nent
occurs prior to application of the nmetal powder conposition to the
substrate. The netal powder conposition 4 can be deposited onto the
substrate 3 in a variety of forns, such as a substantially dry powder, or

W th a gasptiré gfiihd ntdtalgoiddr (BisBswaln Pidded, dbsciiBedBelbly. PicSerbh19Wuch
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that the final i i - r | S . -t.han 5
per cent by wel ST SRR AL RpOGEE Bun P RS SATRI] SO STRL BT 2n
nost pr ef efffabrhy snch asor sbttaatially?drippoweeg bt with Swat,diajudd adwdilitinvaerddadde] t o

nodi fy flow properties may.inglude water, solvents, anti 10 caking agents,
br i st ©&] B o Spgitinta SEORBINAIS GHTE GRS Pibs PR s SRnaLf on

as carri @k B 9bivabSatabmeRiB REhE the drictfe R ifledtv Hhdnd £ sbitfmetdia) Met al
powder conposition nay appear in the formof a danpened powder or a

sl urry. Taéclespaiking ovddpattemspomptisiog no wivet then Sepest bedeght bf additives,

fl ow nodi fying,additives ar, not, .should have flow characterjstics that
allow it ?%felr%\%}lo B108° P P& _’?ﬂﬁintl?l p§ﬁ?rf‘§]é’élooql_mieﬁga% L@i’tyrvéf_flghts uch as
15 surf acguiv@ictaiditiRagess REHOBED fhiWiebSerts AR IRRAL Wat@SsolvdnBEant 9- 1) .
The nmetal powder conposition may include additional conponents and

addi t 1% es¢akingpgerizdplieantsyirt pifggegadtcombarations thereof abmids, that function as
antiflocc t > | gani t. ti-oxidants and wet or dry
Muxes. - peooratefs teaRbered AN AR S pas eral] SR Pl o s 51 g

no nore thanaipepeinaka forbyomedgiiened paeldirtor wetumprefeanebl powder nore than 3 %
by 20 weight, and npst preferably no nore than | % by wei g]g;t For exanpl e,
S

if the m%%POSB@%d‘éhetB%frﬁfﬁgflfqddﬁ¥h Jow-mecifiieg addifivey or e uld hgvedlow al so
contai n cher e AGRH A10hPit PSSR Iﬁﬁegﬁ}és%ﬂ tﬁé SLkga%e g?th%l sub §uch-£Qe .
substrate 3 1s paper or a conpressible material. a step 1n the practice
of the iswfnt veids,mpades betvaees dibstsroaabptionedtian§ (Bbd Bigt €qui rement i s sel ect ed.

As used herei 25 ¢C ressi bl e .means that. a substrate reduces in.its
di mensi on par ngi‘eel?ieﬁaggg‘ﬁ&&ﬁBF‘i%ﬂj‘m%F’@é{ @W&%@i‘éﬁ%@i@“@%@éﬁ%&ﬁﬁ% of the
subst r at efo Sx A6, W&ﬁﬂ%@gen@{ aftistAtil oRhts SBYREculanf @RISR NBhRI A8 Ss a
quantitative neasure, Yo conpr essi bl e means that the di nensio of ‘a

subst r at eanteeidanstlashvet] dralry floxesn pappilédetiatthe Svarastidé c@GaivPaetal patterns
[ (100-X)/ cl:o(i)lgﬂrisﬁgnﬁsosmore than 5 percent by weight of additives, preferably no more than 3 % by
20  weight, and most preferably no more than 1% by weight. For example, if the metal
powder composition is a liquid slurry, the slurry can also contain chemical agents to
prevent oxidation of the metal powder.
The substrate 3 is paper or a compressible material. As a step in the practice of the
inventive method, a substrate meeting this requirement is selected. As used herein,
25  compressible means that a substrate reduces in its dimension parallel to an applied
pressure and that the total volume of the substrate is also reduced by a similar amount.
When used herein as a quantitative measure, X % compressible means that the dimension
of a substrate measured parallel to an applied pressure of 30 MPa is [(100-X)/100] times
its dimension in this direction at 0.07 MPa and the total volume of the substrate at 30 MPa
30 is [(100-X)/100] times its volume at 0.07 MPa. If the dimension change in the direction
of the applied pressure and the volume change yield different values of X, then the smaller

X of the two values is used to define the quantitative compressibility of the material.



its dinension in this direction at 0.07 MPa and the total volune of the
substrate at 30 MPa 30 is [(100-X)/100] tinmes its volunme at 0.07 MPa. If

t he di nenwicoos/ebasge in the direction of the applied presaresoand7ohe

vol ume change yield different values of X, then the smaller X of the two
values is used to define the quantitative conpressibility of the material.
4 WD 03/024173 PCT/ US02/ 27870 Conpressibility is a physical property of a

substrate thatCamByrebgbiNBas WResios pRasditydff atsibstRtOGessapbe sidbsiéddsepart
sel ection. The conpressibility is neasured over an entire sanple of a

subst r at eofthespgesss of Behsirafegielegtietpl ke compressibilily ds meawesdryer 2afMiEs not a
function ocal | I S j - i cation of
pressur o Pl S B S IR Al B ProPBorile INFRKBE, FLSAED) wRE IR

Conpr essi fahttidnyofilscatizédibettalvivn aoat fbe obtaruat duralg thpambentiorest wésstitean a
substrate material, particular|ly the presence .of. sjgnjficant. amunts of

voi ds,5 potaEdculjrprgpmstp @@%@%W%@h@mﬁﬁéﬂb%@ .nﬁ}%@ﬁﬁ%ﬂp{mal

fol I ow n rﬁg%]rﬁ@ssﬁ‘ Rt ?@d;é%ratl%gﬂétiaﬁﬂb%r@éﬁéﬂ}ﬁbhe i’g%\%ﬁcre%f%x%inﬁﬁedah{ aO\QMs §f mensi on

and vol u anges o east 1 nore preferably y show di nmensi on
and vol uneidd)angesntehdibenspacest orl ddtes op&0§Haots. threfeldlyp dolbeving cdegseefsn bi | ity

observed at .30 MPa, an st .preferably.the intain di nensio nd vol une
changes tH&tCQPESH®IS g%&%ﬁ‘&ﬁﬁ?“ﬁ?%é%@ﬁﬁﬁ%? §?So(ﬁealt§%?5t21cqo(i§’eved at
30 MPa. Gl pfeffably @BY ¥h&e AfRe¥Rneht boimSdeRgAshakd Mdesht 90%Aste

polynmeric fil'ms, may exhibit isotropic or ani sotrogl c volune changes as a

resul 10 of peapt cerdpiseLidity ebseriigd at 30 My, anvhmge prefer eY peinddip diraensiale and
anor phous_st ate. These eri o, VI C n Jicient

conpr ess Bte oy Gre (R TR 8 PR LSRR P hpR Y i et 38 1y or

highly dempgae green-state conposite materials may show vol une changes upon
heating and curing, but would not be expected to be sufficiently

conpr essi bl e fBHbiddighty dresegpgeras syeh as gxdrufed eneasorplymoriciins Mgt rat e 3

i s preferahl i wWhi. cF j ' a round a
rod of ap%&%% ifrsrlét?&é}lg bgarg%%oﬁ%d@?r@té é’%‘%@b? Lé% ae%g%]]t gle%‘%?%& Pgéégllik}a’@teé?. The
subst @t eclmagedietwoéenahy cisutallatel aad tahiogoas stateh thesmimateaiblssird typsally eod bi lity,

and prof er bl 0 e IEknSSs ol Lese i, 2000, Lot TBle PLeler a0l ¥
substrat egst grelh-8fa8 @postie St GRANAUEY sk hakhe o Dpuichdayigg ARI @l pattern
curing, but would not be expected to be sufficiently compressible for use in the process of
the invention.
20 The substrate 3 is preferably flexible, which means than it may be bent by hand
around a rod of approximately 5 cm in diameter, preferably 2 cm in diameter. The
substrate can be of any suitable thickness that maintains this flexibility, and preferably has
a thickness of less than 5000 microns; more preferably less than 2000 microns; most
preferably less than 1000 microns.
25 The substrate 3 is preferably less conductive that the conductive metal pattern
which is formed through the practice of this invention. Substrates 3 suitable for the
practice of this invention include paper and compressible fibrous and non-fibrous
materials, including those manufactured from synthetic or naturally occurring polymers, or
combinations thereof. Suitable forms of these substrates include nonwovens including
30  dry-lay and wet-lay nonwovens, nonwovens made by melt-blown fiber, spun bond or spun
lace processes, woven and knit fabrics, membranes, foams (preferably open-cell foams)

and expanded webs, and webs comprised of cast fibers.



which is fornmed through the practice of this invention. Substrates 3
suitable for the practice of this invention include paper and conpressible
fibrous aww osan4i78brous materials, including those nanuf acwsed2fs7om
synthetic or naturally occurring polyners, or conbinations thereof.
Suitable fornms of these substrates include nonwovens including 30 dry-Ilay
and wet -1 ay nonwovens, nonwovens nmade by nelt-blown fiber, spun bond or

spun |ace pr %@ﬁﬁ%ne%ﬁecﬁ%sﬂﬁﬁtb@ ahaRNafisty df@apéraa@ssultimaqﬁcmﬁ%ta@tr abl'y
open-cel |l foanms) and expanded webs, and webs conprised of cast fibers.
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stationery paper, newspri n f ol der

st ock, priikd |swapla@apers spgGieahide u@amelbﬁs poagets @ﬁqﬂagcémﬁm @imemsmug p boar d
and the |I|ike. Suitable papers made by various_processes_an

cont aith f3genisr Rigments; digssAdqiherg ag‘bﬂb@?@ﬁﬂ{@wﬂ%@oseaﬂﬂﬂ%i lﬁéh%aréd%‘ﬂlﬁblﬁes as
known t Oﬁ@?@ﬁ“mé éa?&d\e%dtd?%oﬁ Eleaé%fls& ?J?éc%sse P fo%d%ngﬁs ﬁf%ﬁé&%ﬁﬁed or

non-cal e processed to provi I OUs |n shes an coate
uncoat ed. cd8tadtcanheoataghwoven substrat es can include nenbranes or porous

materials, suc for exa ul tr f||tr i on nmenbr anes Cr opor ous
Tt or i al 5. castUiBleyaAERIoy A BRuFGs SbE SR e T Pl YOOGSt s o
transiti op: eRdgslk aJlﬁaﬁl%P il meMbk4Rs eiﬁi%rd%%ﬁﬁlr infRdiald, Baddpetynfedlc: Nos.
4,247,498 and 867,881. One suitable substrate is a partlcle filled,

m cr onﬂor omsmhrnes, iand thecmnlﬂmn@ueﬁdl nhase/airsiivnandtenats PHBS),vehish griedescribed

Pi tt sbur gh, der hgotr i.g tlon esll Tes S scri bed by

its nanufgé{gAgyﬁg 44ﬁbﬁ§ﬁ fﬂs%lstéﬁﬁguﬂg @Fﬁ%aBﬂyg%fjgﬁcroporous,

printing sheaiordstiiatein @éminbﬁzléﬂé‘fl a@aﬂaumﬁbmrMIﬁaua@lquna@Mgaﬁ PYReuhddrl er

and with 65% of its vol une |nclud|%§ air. Suitable substrate naterials may
as

be fi broute&iade destmmatipn Teslipat Easlimisdaserihed divrts reanutactusarascedimehggnalyor
l'ignocel léf%lﬁé' Q{B{l’é ﬁa%laé mlﬂ’bﬁ)laro%%eé ﬁ{t géﬁég?kxghgd flt?\?f ht 1%81%1%” a jute,

or synthe e X 05|c ‘or SiI'c na eri’als"'slick as ra
Suitald e m:bﬁirameeﬁu@randbﬁtﬁme ofi’tﬁﬂﬂ)lam‘éalﬁdlﬁdlyg air. pol yners, i ncl ud| ng 20
t her nopl ast i c, el ast oreri c, crosslinked polyners, Exanples

t.h
of suitable pdH %Ftﬁ%? okl rg}%}hb?j@%foui)@}%/@beéthké @é%er%%mybudgrg sHs (e.g.,
pol yet hyl enecAfdsic R 1i¥RE QPY] SR G ate AL WAL SERE ex RYPIY FBHORAA GottBR¥EL ST S,

pol yvi nyl chl oride, sifllcones,
synthetic cellulosic or 11gnocellu10s1c materials such as rayon.

Suitable substrates can be made from a variety of polymers, including

20  thermoplastic, thermoset, elastomeric, and crosslinked polymers. Examples of suitable
polymers include polyamides, polyurethanes, polyolefins (e.g., polyethylene and
polypropylene), polystyrene, polycarbonate, polyethers, polyvinylchloride, silicones,
fluoropolymers, polysulfones, nylons, cellulose acetate, ethylenically unsaturated
polymers, and suitable combinations thereof.

25 Substrates can optionally include inorganic filler particles, such as ceramics, metal
oxides (e.g., tantalum oxide) and high dielectric constant ceramics (e.g., barium titanate,
barium strontium titanate, titanium dioxide, and lead zirconium titanate, and mixtures
thereof). Other suitable ceramic fillers include silica, precipitated silica, zirconia, alumina,
glass fibers, and the like. Suitable non-ceramic fillers include polymer fibers and carbon

30  fibers. Other additives include, for example, dyes, pigments, plasticizers, sizing agents,

anti-oxidants, flame retardants, and the like.



fl uoropol yners, polysul fones, nylons, cellul ose acetate, ethylenically
unsaturated polyners, and suitable conbinations thereof. 25 Substrates can
opti onal | wa osokude i norganic filler particles, such as cerpm/ep/2rsab al

oxi des (e.g., tantalum oxide) and high dielectric constant ceramcs (e.qg.,
bariumtitanate, bariumstrontiumtitanate, titanium dioxide, and | ead
zirconiumtitanate, and m xtures thereof). OQther suitable ceramc fillers

i ncl ude si | i caSubsirefcimiteratle darsiritionally wiceive additiomd! dhdémiaal orglhasisalf i ber s, and

the like., Suitabl - ic fill i pcl ude pol fib d carbon 30
fibers. CERUPIGIP i SEeqrt g B bqescespt bealas PR deangihs | ci zer s,

si zi ng agesiofia tred@iteht GildARESon) ha MR 1L AfictaD S dpOSttibRBS tHekSotalHoWRer
03/ 024173 PCT/ US02/ 27870 Substrate naterials can optionally receive

addi t i onaforEMElioBal or physical treatnent, such as cal endering, embossing,

surface treat : ] : r 2Nt Or

sil anic‘r)gat i on) ”g%tds u'gj Etégf F%é/%%g&f%% g?‘ %“gﬁﬁéyeéé’gg@?‘%%%g% agj?&rgﬁtg oég%yae S powder
conposi t i amngsd Thelasitxt statoeturenThe tayprsiit ¢hedlamiimgd @nicayrema9beapide@iald y a
plurality of |ayers rranged in a | amnate structure. The layers in the
P nat e SISREIHRY oy LT A el HEbe SAHE S EPEIIdegy eBTovaRlF FaFieht

mat eri al s &h’?h§%§ﬁrﬁt@%¥@% ih @‘Pélf;@ ! i

substr at e_a%lray al so incl ude an1 glggggli?s(gleiéﬁlye ,Rssgl n{;s tgésrrltukgx}%&uf%%p%/eer
subst r at eis cpeipressiplecwdithd @dhasiste tdyer iadbepisi®nied peprocsssadto psirt iheneetalor

processed_to, capture,.the tal | owder .conposition or adhere conductive
net al §0'ps)atgoey‘r/dneéc lgp?sﬁtéo%?fbésr}ﬁ%?tcé)?ﬁ%ﬁ eﬂﬁ”ﬁ@ﬁ%?‘r& SEuW?%e used to deposit
the metal powdgiy S9MBRSHEHENNRRLR uséd® RPOsL thahidtal Pd*ecPSOomRI B RMP! €,
notch bar coating, knife coating, dipping, sifting, screening, spraying,

bl owi ng, O SelishRicesichas, foF exanmplp notchdrir peatingriaifastating, sipring. siftiogposi ti on

may be appl.i i -S| - appl I rod. Ay ipl-e applications, with
the 15 ot <arebrPafblib SutR oL S AP b BT Rl

conposi t | amspositioammyriesapplied troagingle applivatioy obs aplpipleeghpticatiding fweitieme r egi ons
of the substrate depend]iRr}Jg?v n the desired_  shape, conductivity and

t hi ckifessSa8¥e F HETaRdnee ‘%éf?%?‘??“i“??st HeliffereniserEaposttions 6t anpigsipe 1 shows

an opti Onéﬂmﬁbisﬁioﬁ’méy'ﬂeciﬂ)lpﬁﬁd & hekRnl R3lonPBFERIUES i ,ﬁ%}gé\%ie rgIHnQHQ ResifeR®

substrate 3. The optional via 7 is fillled wth net conposition 4
as shown shape,2zondrictjurte and thinkugss phHihalcohdustive patteary inbibe fisistied prodoctt ai n t he
metal  powder %8 r%sli s:[hio%rs] aﬁ optional via 7, which is a hole that passes completely through
the substrate 3. The optional via 7 is filled with metal powder composition 4 as shown in
20 Figure 1. An optional liner 6 may be used to contain the metal powder composition 4
within the optional via 7 during processing.
The substrate 3 and the optional liner 6 reside on a platen 2, which may be
maintained at a desired temperature. Although Figure 1 depicts a flat configuration for
platen 2 and substrate 3, other geometries are also within the scope of the invention, and in
25  particular a curved geometry may be employed.
Hydraulic press 1 has a die 5 with projections or male portions. Although it is not
visible in the cross-sectional representation in Figure 1, the projections of die 5 are shaped
to produce a pattern in the plane of the substrate. Any pattern may be machined onto the
die 5 (and thereby imparted to metal powder composition 4 on substrate 3), such as, for
30  example, straight or curved lines, grids, coils, circles, rectangles, triangles, hexagons and
other geometric shapes which may be either solidly filled or outlines of these shapes,

irregular shapes, and combinations thereof.



within the optional via 7 during processing. The substrate 3 and the
optional liner 6 reside on a platen 2, which may be nmaintained at a
desired twwgpwratuse. Al t hough Figure 1 depicts a flat confRQuussti2zatof or

pl aten 2 and substrate 3, other geonetries are also within the scope of the
invention, and in 25 particular a curved geonetry may be enpl oyed.
Hydraulic press 1 has a die. 5 with projections or nmale portions. Al though
it is not vi$nhbheembodihentofths irsentior nefbrringpo Efgene At progsuiens Biegupplidd t he
proj ectign f die 5 are shaped to produce a_pattern in the plane.of the

D Lbbt T at & TARGRua PrsSs Bl TGOt 1 B TS PHEE Sl el vt Franrypon

i mpart ed 418 FRLA 2 RANEET0 6RIRABLILAN ThOpaNaFbdiRheindkgioBY ¢0 adfores 8T 30
exanpl e, straight or curved lines, grids, coils, circles, rectangles,

t ri angl eshe $vbsiageodswhielthean¢ielrpayaisneempesityina persgitng d h reaginpuncaptuied: sol i dly

filled or.outl.ines of thes hape i rregul ar, shapes... and..conbi nat i.9ns
her odr - HORE6aRDs R Be BB Dt Tt he el R BTV eI Nt i on,
ref erringnti@ dptighdleiz7. pressure is then applied by hydraulic press 1 in the
pattern of the projections of die 5 to netal powder_conposition 4 to
capture a pat tldeRragssne eendiinssspdiocaptirethe patierparillyars widsly ¢epeagingns 10
adheres t Ll.g: 1 0sd 4. bR regions
11 e 152 i RSP HORGE L ched ML il 8 lFEh By RN SRIRCE WP 08 | e

met al powdepertiasrmpdsd dubstateintadrial.aTerepérotures2pressurdshrmd applicatiah tiviea sfouldhe

processi condi tions, us to.capture the pattern w.ll vary w de

fepontis ng' GROEHE FESU b OHS e uCrEt 10 O Cpmedelatiay S5l
conposi tisQfh aAeMBE] W%irfgbﬁuclﬁhgpﬁfswrﬁ%, &Td&&%@y@%ﬁt PRE@BTRURE bRten 2 is
Tenperatures, pressures and application tinmes should 1o be selected to
subst ant iradintpingil at afcmperatng hsivedenrsQnng 8P T Griandtles dig 2nenpat least hheaisebst r at e
3, such as.nel tin war pi buckl in blisteri an i Ng.

b ef or ablP RS HE Al SR e SRR SN A RO, an

- 25C, andetiindi0ent 2007C.aUs¢fRbglocéss@gpadss@d is paht r@@gs 0020 tkn 15,408 MEPa,
mai nt ai ned at a tenperature between 20 and _250 C preferabl%p bet ween 20
and 2B0C.andesssire by wawbainsiyfop p s 3Qsecendsy Profarablyn gletean2 sl dipd % 400 MPa,

and di o S B Y e B s N AR P ' 2bout
35 MPa anuaifatheVBar ncsmoreshat abaue d0 fenondo nor e t han about 60 seconds.
The capture process step may be performed in a continuous process using, for
example, a rotary die, or in a batchwise or step-and-repeat process using a flat die in an
20  hydraulic press. Substrate material may be handled in the form of narrow or wide webs,
sheets, sheets supported on webs, and the like, and the use of this invention in the practice
of large-scale manufacturing will be apparent to those skilled in the art.
To capture the metal powder composition 4, pressure may be applied by any
known method, for example, using an hydraulic press alone or in combination with an
25  acoustic apparatus, using a patterned ultrasonic horn (not in shown Fig. 1) patterned
similarly to die 5. The application of acoustic energy may provide advantages in process
conditions (such as lower temperature or pressure) or in the performance of the final
article. |
Repetitive capture steps using the same or different metal powder compositions on

30  the same or different areas of substrate 3 may be performed, for example, to give a thicker

captured region consisting of multiple layers of the same metal powder composition, or to



The capture process step may be performed in a continuous process using,
for exanple, arotary die, or in a batchw se or step-and-repeat process
usi ng a fwatosdee7s8n an 20 hydraulic press. Substrate mat exdtaiSooays7be
handl ed in the formof narrow or wi de webs, sheets, sheets supported on
webs, and the like, and the use of this invention in the practice of

| ar ge-scal e manufacturing wll be apparent to those skilled in the art. To
capture tmeviﬂeﬂa;brepa)wa's of onp osinbierapthiredmeniy oetomayvite didfupdnt atbtddyinany
known et for S|n an hydraullc ess al on iLh_ co natlon
with an cggfd CigBbAIets Sglﬁﬁaart% 18,10 RSP ped lﬁé’f‘tdé‘Pﬁ@EIu‘ﬁ‘FfP?‘%?Pﬁﬂ&eﬁ%?r At in
shown Fig. 1) RaLLRENSESBIbhAIhY df® Qiéndvedlheaiitel b&@ém%@nf&al gsweéﬁ' c

energy may provi de advan ages in process conditions (such
t enper at woenposition edkereelo the sibistretesd ipaegionnthd @, while metaf pcmsadier camtpputlen

compodh {1 ama B s AT O 1y BT T Lo o ShE Ve B PR HRgen

per f or medconfpakitiex aEdgton t@isGhy®n an Fiuek®ss havaiy 4 k@surRgé %1&1@@5@ inag of
mul tiple Ia%ers of the same netal powder conposition, or to 03/ 024173

PCT/ uso 2/'wiflgths top piace O f Hieswipaitaie ﬁayéh%prawqem thip invigpgon: tstien wfaﬁ@p& s, or
f f t t
to provi drﬁeﬂi f(j 1%5?% aﬁr@\;eatzﬁlgﬂ‘a}r \&q{h c&%re | né}?'ﬂgfa% %lce 39%%%5%1%‘[633 ’?ﬁﬁzl 8 r’rge

speci fic product fequlrene or t erring to

once t he msidud, irmdhewdweds] pawdaptaneditipatih ergiomfl Imeiyadptipmaldebe conposi tion
adheres to . the.substrate.3 in regions 10, 12, whil e netal r

corpoli t | Bhst a@”ﬁ]é(ﬁﬁlinﬁgecﬁﬁﬁﬂﬁg? é‘ﬁ’%gﬁtei’ﬁé‘ Vé‘{}B@torf&P%V@uPﬂalrné‘?jﬁ?ﬂvf\d%il Al t hough

the adher &gyl 8bmpPRIAIaICONRAS], tvmaldmbﬁﬁgmgrmé@lﬂgs glsabﬂyﬁhqheofl‘wéhe 3 as
having a top surface which is coplanar with the top surface of the

subst r at eang, sujtgble h@nbma@@msdéer@@f t Hiedeinm antute @s\ usddehemp ngan$ tiekthefmetatet al 10
may be a W L Qw..t.h of the .substrate 3.
The pg?xgqer gcgrﬁg%%t%n il e ng Pt 1(5) ell2 it iashioR n Pu ?cﬁtorpégﬁsgﬁs 1%

resi er compos

opt i onal Iptofeetidi® cFdixss adiidred sluyﬁcnarfgmedhe‘ SubBdthe sswktbﬁhftatxerﬂ@yala)maﬁ ely of
conventlonal nmet hods, for exa | e,, compressed air, vacuum vibration,
br ushing, SPBVER Kigurgs Aig mgtal jGempaston MaRgosyi | By subssamIRAbEoNS

thereof. B L& EABLM %1tﬁ§ut‘1‘\ej\1§9v1ﬁgrﬂ?é  DORARR: 1%%&#801%%% on ﬂ?@@{; he

conp05|t|on I'n reégions : een subjected to pressur
pr oj ect i ol 12f Mt pbmldheomlsossttmafthaﬂ1erftrﬂlqveﬂmayh@t19mtigtlvearteey03ecso that after
5 as,, 15, sho in Fi he _met al wder, o 03|t|on in

; :g})\éﬁls %re%:ié 1% &Bg(g}fﬁeéjnlng % és mmovgéJ i’aefore &en51ﬁcat10n as sﬁown in Fig

In one embodiment of the invention, referring to Fig. 4, a densifying energy in the

20  form of a second pressure is then applied with platens 13, 22 to the pattern 10, 12 to
densify the pattern. Preferably, this process step increases the adhesion of the pattern to
the substrate 3 and makes the pattern more conductive. Optionally, this step smoothes the
substrate. The resulting conductive pattern on the surface of the substrate 3 has a Figure
of Merit (FOM, described in greater detail below) of greater than about 5%, preferably

25  greater than about 10%, and more preferably greater than about 20%. The second
pressure may be applied as hydraulic pressure, and optionally heat, acoustic or microwave
energy may be simultaneously or subsequently applied. Ultrasonic energy, heat or
microwave energy may also be employed prior to the application of pressure referred to in
Figure 4, or may be employed alone to accomplish densification without the application of

30  asecond pressure. Variations in process order and various combinations of processes and
energy sources used to accomplish capture and densification are within the scope of the

invention.



substantially renoved wi thout renoving the adhered netal powder conposition
inregions 10, 12. Metal powder conposition that is renoved nay optionally
be recycl e o3/ Rse8er abl y, unadhered powder is renoved bef aa/awpardiocati on
as shown in Fig. 4. In one enbodinent of the invention, referring to Fig.
4, a densifying energy in the 20 formof a second pressure is then applied
with platens 13, 22 to the pattern 10, 12 to densify the pattern.
Preferably, thPsigsaiydbeserongpiasanespplichio aphsslsidesof thehmttpaetiern to the

substrate e he tern nore.conductiyve. tionally, this step
smoot hes %Lﬁ)gé&g a g’? ﬁ‘r Igta{ee.ns Jf‘fggizrtg ViR et dlég)ﬁ%‘ifb?titb/eemﬁ%atc% Fﬂgiﬁﬁx"ﬁﬁ‘ét@u rface of
the subst edgee oBthb@snduckivg phttern 00 ab® fHelsubdtidd sidRSETARRMh Pidreakglicidgt ai |
bel ow) ofg%rea er than abqut 5% preferably 25 greater than about 10% and

more pr ef BREORYSYRRANR B cathuplatenddt 22uvh sulpsieate d.cuher Sepmetsisg aee alsoywitleinappl i ed
as hydy auleGed@T S Bve e, ARLH G Qhetll SLOYRVE  energy
may be si rrlul(t:dz?r’?eousllyvgr sﬂ%&%&isﬁ%#&rgﬁ% %tggggﬁ%%égg%%?tggﬁ%%y, heat or
m cr owavecepleyyy Braferaily préseurenphmyied sgrstantiall peduatly apicireetilioad &fd pr essure
referred to in, Fjgure 4 r be enpl oyed al one to acconplish

densi f i ca?%%%?%ﬁlo?%gtﬁﬁﬁlﬁﬁ%%ﬁei on of 30 a second pressure. Variations

i N process ordeke dpgkiNaftiofYSE qlqg(}m foemnsd 8f wn%:ﬁ&%ﬁﬁ r our ces
used to acconplish caﬁt ure arrl)d ené;i%f‘riocat I -ona_ are wt |%@%gﬁgy§%§lprgé(ao “the

i nvent i onfor 9xaNple3ETrlendas rpiis/AlRD 201278 2GonPaiEdrercb) P it hiatsleciondr pPeRssur e

is app ied,qt L o] h tterned substrate 3 with platens 13,
25 torm i 2RO PERE S Yo tcalBR PRI RS BRlRBaforiitodGedeger e ne
conduct i van yatdoaiorholf). Bustrdte nsidetl Ay ©c fundlac . thdkddosahrichasigéd depicts
a flat configuration for each platen 13, 22 and substrate 3, other

geonet ri ¥y ghegisseheglssHpperied onfgebs cadehotike, wad thewsaof Bns invertionringes t i cul ar
at | east QR&ISYE , : erably. pressure is

appl i ed slf}bs% ant Yﬁ% %%gfgfﬁaﬁ%ngﬁg?%%@éF&Etedgﬁqgé’ledgk%geﬁiyﬁ%tt i ¥t zed portions
of the subst r atle prissercdepsied irctht idemsiSdatipn sly ibebope?d MR abdutas @OMPLNUOUS

Coni o5t 1 oeBHtL, THRTPn M lac B “Brfiahof tohisearrepients provesbausi ng
e e e S P L G S e L D
wide  webhousHERE L abhwd68° G upfithrappticaionwebther suwtlods loé dbisk®ingesndrdyhacse of
this i nvea{gztdlt?a{}orili@ e%Qr?gy, different temperatures ranges may be preferred, as is demonstrated in
the Examples.
20 Referring to Fig. 5, the platen 13 is then removed, and the resulting article includes
circuit elements with a conductive metal pattern 14 adhered on a surface 15 of the
substrate 3. A circuit element is any metal pattern or shape or combination of metals,
patterns and shapes that may comprise all or part of an element that is found in a
functional electrical device. Examples include traces which provide electrically
25 conductive paths or connections, capacitors or capacitor plates, inductive coils, and the
like. |
A Figure of Merit (FOM) can be used to compare a pressed powder measured
resistance to the minimum possible theoretical resistivity for copper, according to the
following equation:
30 % FOM = (Rincoretical / Rrmeasurea ) X 100%

where Rineoretical 15 the resistivity of copper and Rpeasureq 1S the measured resistance

of the pressed powder pattern. Resistance is the raw data that is measured for a particular

10



practice of |arge-scale manufacturing will be apparent to those skilled in
the art. The pressure applied in the densification step is about 20 MPa to
about 400WdRm/024115 preferably about 60 MPa to 200 MPa. DeriTiusparisom at

t hese pressures is conducted at tenperatures from about 20C to 250C,
preferably about 50C to 200C. nost preferably about 100C to about 150C.
Wth application of other sources of densifying energy such as ultrasonic
ener gy, Odafipdy, and thieixpermtlited Sor tha gess-sayiob end tear ofedharthailarsagipheanst r at ed

in the Exanples. 20 Referring tqg Fig. 5, t platen 13 is thepn reppved,
and the r¥8f arrgﬂ%?%t?@reéwrlﬁ%ﬁ&agesmgﬂ rs 0y BhEreEn i rhhe %%}ﬂa%eff?le_e
metal patheddt hdetHheatbeWedtoSHikA Gelddchprisit cituRH s With & €1 rcui t

el enent i's any netal pattern or shape or conbination of netals, patterns

and shapemntihdivepaiierndapinigserighte of Mestgreats: tlan abbuindnt prefraably greptsutini n a
functional,_ e ri cal device.. Exanpl.es i.ncl traces which provide
eIectrqca??§%gg%égﬁdﬁ%Fﬁ%@gﬁgbﬂgeggﬂﬁgﬁﬂg%??@ﬁs, capacitors or capacitor

pl ates, i nductTheco@idtBie paftmt ieadhkiek @relldo HeGubgrapd, ahl kiithstahodanebe used
to conpare a pressed powder neasured  resistance to the m njnmum possible

t heor et i cigndingging ebsasiop. Fer exapperadnesiropidhagpetad patan te Besghitise @GSt i on:
30 % FOM =, (Rt Leal: 0 , i is _th
R R bl (RTasAS sy A0 et R el i

resistivi n sured | resi stance o
pressed paitbesartipktdreuml roRest strane dishstdr)@s deseritlad a Extvatple 85 nddsuwhexgef or a

articular 10. WO 03/024173 .PCT/ US02/ 27870 sa e, dthis is normalized
DL ohoedsivdOupah SAES QTSNS Of e chawRety SEIhe el Sopgercamheyion: o

cal cul at eghdrgs biitsir¥ieh¥aterdsl. PRESAIIP S TR ifclubiinkYhd &rdar@iBhéntd will Wangwidiod of
the present invention can be used to make articles conprising circuit

el enent s Windimgarouwdrrdiedtal dianpriertodr 1) ey inege prefirghly @0opmMeitheutgrgmalicant t han

about 5% _pref er.abl reat.er .t han 5 about %, and re preferably greater
Chan abouE 3a06e retseinatits o g ot Dthnd inineB0P alR-Rednf B 8, oo,

and wi t hsihastdsicapdechhent dentinp@nRitkeallfiag oM. conPireBH@Tht tetadgb@8éron of t he
netal pattern to the substrate can be determ ned by neasuring the

resi stanc@ngfosition and sabstigta 1wpkang@rilig and after the bending of the

articl e aroundgg Qg @ fhe'dhkiasidl AR SiclBhoARSE HRaS ddnbxamye 25 The

change

optionally undergo further additional processing steps such as conversion, lamination,
patterning, etching, coating, assembly and the like. Additional layers may be applied and
these additional layers may also comprise electrically conductive patterns.

20 The process steps of the invention may be conducted at mild temperatures as
indicated by the preferred ranges above. Lower process temperatures result in reduced
processing costs and also enable the use of substrate materials that are not stable at high
temperatures. It is advantageous to be able to select substrate materials for a variety of
properties including flexibility, surface energy, environmental stability, reuse or

25  recyclability, chemical composition, low cost and so on, as may be required to meet
various product specifications, without being limited by process temperature requirements.

This invention is illustrated by the following examples, but the particular materials
and amounts thereof recited in these examples, as well as other conditions and details

should not be construed to unduly limit this invention.

11



10 in resistivity upon bendi ng depends on the conponents of the netal
powder conposition and the substrate material. Preferably, articles

i ncl udi ngwhes/eér7sui t el enents will w thstand bending ar eamduse2rosdo of
dianeter of 50 inm nore preferably 20 mm wi thout significant resistance
i ncreases. Wthout wi shing to be bound by theory, adhesion may be due to
mechani cal attachnment or entangl enent resulting from conpressing the netal
powder 15EXSdYIBEESI on and substrate sinultaneously. Follow ng the
densificah&,g ﬁﬁpp, the article including circuit elenents may optionally
undergo fuoftt ddi tional processing steps such as conversion, |am nation,
patterning, etching, coating, assenbly and the like. Additional |ayers may
be applied and these additional |ayers nmay al so conprise electrical

I ) ! y
conduct i vehis skapls dresonts prrampledaaas of Mesy (BPM)ieloullient The “nBYMbeandsnduct ed
at mlgd tenner %ﬂiéﬁ% tPme sﬂgédcl‘@gi&gnéyo rb?es@é@é&&é&%a{t%qg %heiﬁ&}frﬁuml‘omr
process tenmperatures result 1 n reduced “processing costs and also enabl e
t he use opossibbstheareecalnesastivitly Sort hae cepper acbrdingiul the dvlldwigh eqiatioper at ur es.

It is advantageous to be able to select substrate naterials for a variety
of properties including flexibility, surface energy, environnental
stability, reuse or 25 recycl gppdM ¥ RENGT CR.,..SOTPRIbHI On, | ow cost and so
on, as nmay be required to neet various product specifications, wthout
being |imted BhegRocess: isdrmpesistiuryeolipasop e appreandsR meshhiis cilowiatad ifrom the

il lustyat { | aw l.es, . but articular materials and
annunﬁi tﬁ%%%%‘“?%%%ﬁ%ugﬁ%gﬁﬁ§§§5§§§%-qg@%fg§ﬁ§§|| as other conditions and
detai | s shoul Thaddnshe o€ eslit dappek ik 8. 9anglethy Theetistivitysof ddppstis 073x It WO

03/ 024173 PCT/US%2/27870 EXAMPLES Exanple 1 This exanPIe presents a sanple
Fi gure of ONBF PR (leagrmalrecior ie1aess 21055 feoiipe ahthseampley thedniss kg e t he
measur ed pasindlaNALiPn dpR AR BONHE hePRhL BAAR L oo HeBHiILY REPSED! ©
theoretical resistivity for pure copper according to the oW ng

equat i on: FOVF@Mattoif,Rublethaet i cal / Rmreasured ) X 100 where Rtheoretical is

the resistivity of pure coppeg Rneasured _is calcylated fromthe 10
nea;u?id resi stance of the saﬁﬂﬁgﬁb$g§§@ﬁwhg%@@wmbg¥ﬁgﬁn. The density of
sol i d coppBérel Ry 29=q4618Ry of B&hpee Hcshduktivivy f coppiyer0.0600t 53 32hB/Em>

Rineasured = [(mass in grams per cm)(Rmeasured PEr cm)]

For example, a metal pattern was pressed onto a layer of copper powder to give a
pattern having a mass (M) of 0.402 grams along the distance of the metal pattern, 123 cm.

20 The resistance (R) for this length (L) was 5.7 ohms as measured by a Fluke 189
multimeter by putting the probes at each end of the metal pattern and reading the value in
ohms. M/L= 0.402 g/123 cm = 3.26x10" g/cm and R/L = 5.7/123 = 4.6x10° ohm/cm. The
% FOM for this sample can be calculated as:

% FOM = {0.0000155 / [(3.26x10 )(4.6x10)]} x 100 =10 %

25 A FOM of 10% means that for this case a conductivity was reached that was 10 %
of the maximum possible for copper. Throughout this patent, samples are compared to
copper as the maximum possible theoretical conductivity, even when the metal used in a
particular sample is a combination of copper and another metal, another metal or a

combination of two other metals.

30
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ohnms-cm To normnalize for the mass and cross section of the sanple, the
mass in grans per unit length in cmand resistance in ohmper unit |ength
in cm arewionsaeposated into the FOM equation, such that: PICI/980ERNM76
(Rtheoretical / Rreasured ) X 100 where: Rtheoretical = (density of copper
)(conductivity of copper) = 0.0000155 g-ohmcn2 Rneasured = [(mass in
grans per Cn) (Rmeasured per cn)] For exanple, a netal pattern was pressed
onto a | dipexmule 2copper povvder to give a pattern having a mass (M of 0.402

grans along t di st an tal he . fance
(R for this ICHGFRPLTSeE & (Bndglhs, Thi@on LA fom 5t %ma'g&lﬁ’i“%k@l’i‘ﬁﬁlk%g D et er
by putti ngastdiéanbd B%@ﬁrrih% iERCInee Aghedts EitRodRbRd adi@,tfbl@cB\ﬂecﬁlﬁbdoﬁﬁ&d;b@@ the
value in ohnms. M g/ 123 cm = 3. 26x103 g/cmand R'L = 5.7/123 =

4. 6x 10" 2vEArAErA riges of %eﬁ@wmk dhe eenpsT RAMGHI vas aHoped Eufiyin at der absut by FOM =
{0. 00%015@14 A&écr%‘z‘%f? <R L 0rag al:éd%ttﬁgg)pt 2%&%%%8&%,"@@&@2@ means

that for I'S case con uctivity Was Feac at was € maxi mum
possi bl e thibe ommjmard The cagiboarti thm wagpdbe@dtovesasg lo€ sevan & 5 oompizmeert o

copper as th ossi bl e retl uctivit t he
net al usetéip‘?g g\% H%E?F@Pers‘& }@W@B%ﬁﬁgﬁmrwg&g% dﬁ%&ﬂ% ot her
nmetal , a &'po¥Ric f“'wa@ﬁ &ﬂ&éﬁ””%’td"ﬁ% 'sféﬂe fhd A1VRvALtH 8Eit1BRb*h Dnto BO fiftdr WO

03/ 024173 /USOZ/ 2787% Exanpl e Copper powder (dendritic, 3 mcron,

99. 7% f rioweSiogrdepl dhei Yﬂme(lmm\mwwa)nplmﬁgmcap@maw &1 prr @ Sinemi n 10%

ot halto - ieh <o Riitep CRare o R Ao PR S P o BB B0 05

20cm di angéglig ﬁﬁ%ﬁl@d&h@&frﬁe@ @gﬂg{; at the top of a ZOCm di aneter, 46cm
| ong tube of cardboard he cardboard tube was placed over .a set of seven

55 mm di anet erln afggesten thinmetshrowilartes cppipesd iaforaatign by prepingrepatieiee 1-5
m cron 99 S13R61 [ gq%% e and
al | owed t((i)lgé?entoacpgp(}j‘g% U%lr%% (?%ggﬁ t@r‘? & Nggre '?09 Rjgg‘%{t!ﬂ 1'?1%%{1 )Valpl egl from
sanple t oz’sma@pesdaﬂqmmmnm(ﬂwbwldyr a@xdlﬁlrmpalerTﬁe pxaess powWder svasglidmod of
application of one or nore netal powders to substrate is referred to as the
15 removed.
In a second step, the captured metal powder and substrate were pressed together
and densified between two smooth platens. In this second step, a Wabash press applied
112 MPa concurrently with heat at 200 C for less than two minutes.
The total mass of the compacted metal was 0.459 grams. The resistance of the
20  length of the pattern, 123 cm was 1.3 ohms. A summary of the preparation of this
example and %FOM (calculated according to the method in Example 1) are shown in

Table 1.

Examples 3 to 8

25 Examples 3 to 8 were prepared using the sieving method of Example 2. In one
step, the metal powder was captured into a pattern and densified by pressing a patterned
die onto the powder at the pressures shown in Table 1. Two different paper substrates and
a combination of metal powders and particle types were used, as shown in Table 1. The
resistance of each sample was measured and the calculated %FOM shown in Table 1.

30 Table 1 shows the results of using a combination of substrates and metal powders
under different sets of conditions. The abbreviations for the substrates and metals are

described in Table 2.
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sieving nethod in subsequent exanples. In a first step, the nmetal powder
was captured into a pattern by pressing a patterned die onto the powder
usi ng a Cevovesro2pl7at en press (Mddel 3891, Wabash, | ndi ana) rampesoeiersgo 27
megapascal s (MPa) onto the powder and filter paper. The excess powder was
then 15 renpved. In a second step, the captured netal powder and substrate
were pressed together and densified between two snooth platens. In this
second stExamples@itat® press applied 112 MPa concurrently with heat at 200

C for less than t i nutes. The total ss. of the conpacted netal was

0. 480 grams. | THEIE S ol Rers i Bipel B Senar HoHERHRE SoP At TE5S i was
1. 3 ohns.présseteramaisycodl stdpevindirein i akire s quXpﬁTea ingith t@%aMRoth FBnYEMscribed

(cal cul ated _according to the nethod in Exanple 1) are shown in Table 1.
Exanpl es 1 Eyagplog. ghsspeans pyessuregvasapplies @ pogma derorsraiygre; pecept v Exgmatst hod
of Exagmmpl g , i: ern
and dgjnsi % \élaerég} ngr%gag E;ﬁ%\(g&al dggk?'t gﬁ%\@é Sﬁg%g%%?%%? ﬂ@&%}géﬁg?dlg%t&} %ep%?%as sures
shown i n ITbbteprdssurbwosedofid pressutre)p dpeerids st caadidgeddFOM acoaibo statwion of

nmet al povxﬂa%ﬁ)sl and particle types were used, as shown in Table 1. The

resi st ance®’ot “'each sanpl e was measured and the cal cul ated %OM shown in
Table 1. 30 Table 1 shows the results of using a conbination of substrates
and netal powders under different sets of conditions. The abbreviations

for the substrates and netals are ddableled in Table 2. 13 WD 03/024173
PCT/ US02/27870  Ex s 9 t0 19 Examples 9 to 19 were prepared using th

si evi ng, F?(W@Plelc apt M?é?f;é%liép at M@XT Ifqrgc? (hjlm)es SE‘E’%([ i I?@E 0 n'EI s Qgpqueg ei n
et AT, T R
i ndi cat edl | rﬁ"?;bi*wpf(ﬁﬁﬁéﬁv ;rés s u?%ﬁvfg écond pressite) . | MaOB? $i&P Breshd
cal cul at €0 OV ar & apSEF10 T Japte I Tabre 11 one step press

5 WEP+CUS 335 2.4 one step press

6 HCP+CUD 370 5.6 one step press

7 HCP+CUD+Sn 370 5.2 one step press

8 WEP+CUD+Sn 144 13 " one step press

9 WEP+CUD+Sn 29+ 112 15 two step press

10 SPA+CUD+Sn 61+112 34 two step

11 PSB+CUD+Sn 61+112 59 two step

12 PEC+CUD+Sn 61+112 5.0 two step

13 NSB+CUD+Sn 61+112 3.6 two step

14 PEP+CUD+Sn 61+112 6.9 two step

15 WEP+AI+Sn 90+112 0.97 two step

16 WEFP+Al 90+112 1.2 two step

17 WFP+CUF+Sn 90+112 15 two step

18 TPP+CUD+Sn 27+112 33 two step

19 TPP+CUD+Sn 27+112 5.2 two step +

100°C Heat
10
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Exanpl e Materials Max Force (Mpa) FOM % Cu max Conditions 2 WFP+CUD+Sn 27
(Step 1) 45 two step press plus 112 (Step 2) 200C 3 WFP+CUD+Sn 386 14 one
step preswo ¢s/08HP3CUD 340 11 one step press 5 WP+CUS 3332cv/dsoones7st ep
press 6 HCP+CUD 370 5.6 one step press 7 HCP+CUD+Sn 370 5.2 one step
press 8 WP+CUD+Sn 144 13 one step press 9 WP+CUD+Sn 29+ 112 15 two step
press 10 SPA+CUD+Sn 61+112 3.4 two step 11 PSB+CUD+Sn 61+112 5.9 two step
12 PEC+CUD+Sn 61+112 5.0 two step 13 NSB+CUD+Sn 61+112 3.6 two step 14

PEP+CUD+Sn 61+112 6.9 twilsblei2: KbbEidtioss fo0-Hl4lRle0l 97 two step 16
WFP+Al 904112 1 2 two step 17 WEP+CUE+Sn 90+112 15 two step 18 TPP+ClUD+Sn

27+112 3/3 two step Smbstmm%@@m n 27Atl3bf.z 5.2 two step + 100 wseg Comnparyyg
et eri al | Abbr . ST OR" CATILT P Oat refl 15 Fi |t er paper VB HATRan THE Y
1110, R oo S et ok g g
porous pol Savesjdr @y BEPSHROVIAARKt ri ePHRA|t t sbur gh, PeiymeiGeup GoydBsmrn, NC ’
Shai nash & STQﬁfnlN%Ecggr(\)'%)srpko’lye"\t\i\{lylene TPP PPG Industries Pittsburgh, PA
Silk 100% SPA Shamash & Sons, New York, NY
Polyester 100% cloth PEC Sankei Co, Ltd Japan
Hammermill copy plus 20/501b HCP International Paper, Memphis, TN
Polypropylene Spun bound PSB Polymer Group Inc, Benson, NC
Nylon spun bound NSB Cerex, Cantonment, Fl
Copper powder dendritic CUD| Sigma-Aldrich Cat#357456 Milwaukee, WI
Copper powder flake CUF| Sigma-Aldrich Cat#292583, Milwaukee, WI|
Aluminum powder spherical Al Alfa Aesar cat#10576, Ward Hill, MA
Tin powder Sn Atlantic Equipment Engineers Sn-102,
Bergenfield, NJ

Example 20

5 Copper powder as described in Example 2 was sieved onto Whatman 54 filter

paper. The patterns were captured as follows: a matching set of steel dies were used, 2" (5
cm) in diameter and 0.75" (1.9 cm) thickness. Each die had a set of two circular ridges 0.4
mm wide, 39 mm and 40 mm in diameter, 0.5 mm high and separated by 0.6 mm. One die
had a 0.125" (0.3 cm) diameter guide pin at the center of the die. The other die had a

10 corresponding hole in the center of the die for alignment purposes. The filter paper
substrates had previously been punched with a 0.25" (0.6 cm) paper punch to allow the
guide pin to pass through the paper. The copper powder coated paper substrate was
sandwiched between the dies and pressed in a Carver platen press for 2 seconds at 330
MPa capturing and densifying the powder in a single step. A series of samples were

15  prepared in this manner in which the mass of the copper powder was varied while the line

width remained constant. The measured resistance per unit length is shown in Figuré 6.
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Pol yester 100% cl ot h PEC Sankei Co, Ltd Japan Hamrerm || copy plus 20/501b
HCP I nternational Paper, Menphis, TN Pol ypropyl ene Spun bound PSB Pol yner
G oup | ncwaBsrmeert3 NC Nyl on spun bound NSB Cerex, Cantonnmedryusek/27sZopper
powder dendritic CUD Sigma-Aldrich Cat#357456 M | waukee, W Copper powder
fl ake CUF Sigma- Al drich Cat#292583, M | waukee, W Al um num powder spheri cal
Al Al fa Aesar cat#10576, Ward Hill, MA Tin powder Sn Atlantic Equi pnent
Engi neer sTBntht@2{ical BesigemnficetrdspondingEx a pptfect 20p1Er Gopped a perfete tindmedescr i bed
in Exarrpl;1 2 Was Si Ytg onto Whatman 54 filter paper. The patterns were
capt ured A& FVARIOUSE HBFhi ng set of steel dies were used, 2" (5 cm in
di aneter and O. 75" (1.9 cm thickness. Each die had a set of two circul ar
ri dges O. Bxample®lde, 39 nmand 40 mmin dianmeter, 0.5 mm high and separat ed
by 0.6 nm One_die had a 0.125" (0.3 cm._ di amster gui de pin at the center
of the die. Th%araflﬁwetﬁ@emadalama&@ﬁrﬁ@@&éﬁwtmgommnlﬁZBﬁéCE@éW@bﬂleof t he

di e fog %}c}g%@%de%g@gg&lfg%@n%%%{r uﬁ)éf&% Eleéie R EYdrQus! y

been punc paper to aI owt guide pin to
pass t hr opgharbtien p&hesamilee Saugpﬂrwq:remhssedczcmmmrpﬁpﬁgmgtfhxm BatedAas

sandwi che ween. t he djies an ressed in, a rver, platen press for 2
SOPRA 1Y g SRS S AR SRR R p B PholCEPRgl o step. A
series of¢ €81 6 58m mﬁfe&@@éﬁﬁle? ﬁomuﬁed%meawr@ ¢ Bokdig oﬁ@%grtooat t he
copper po was vari ed ine wd remai ned const ant

measur ed wélirsﬂad@?@sq)@f Slepromﬁl&terresuéts9rmmtt¢dqmﬁlgu¢€ 6. 15 WD 03/024173
PCT/ US02/ 27870 The theoretical resistance corresponding to a perfect

coppet, l'ﬁQaﬁEﬁfz perfect tin line are also shown as dotted |lines. Exanple

21 Sanpl e epared in a manner simlar to that of Exanple 20 except

that the 5 CO'ﬂh)@fesﬂtﬁ&ﬁd@ﬁalh@ﬂbfbﬁ@ﬁmﬂuﬂéifof)EQﬁmpl@ 20heerainbrmhalizad td @lnd or 6
preparation of the sarrpl es. Sarrpl es were

days aft er | eani n and bef
pressed at ‘g‘r“é%s @W%ﬂ‘?@iaﬁg thepypraged. & ha sesisianeg vatpre for dag semplesofof t he
sanpl es Wag,RASY rtl?eﬁ VAR plephidE 8t HHRSrE&TRY BhePior ERRMBTe 20 (330 MPa) were

similarly averaged (they had previously been normalized to a line thickness of 50 microns
15 in Example 21). The samples for Example 20, prepared from freshly cleaned copper
powder, gave a normalized average resistance of 0.054 ohms/cm. The samples of Example
15, prepared from the same copper powder after aging in air for 6 days, gave a normalized
average resistance of 0.168 ohms/cm. The increase in the resistance of samples in
Example 21 is believed to be due to the formation of oxide on the copper powder as it is

20  exposed to air.

Example 23

Four samples were prepared using the one step procedure and materials of
Example 20 at a pressure of 250 MPa. The resistance of the circuits was measured as in
Example 1. The samples were then set into an aluminum foil tray and placed for 10
25  minutes in an oven at 200°C. The samples were removed and the resistance was measured
again. These data show a reduction in resistance after heat treatment. The before and after

resistances of the eight circuits are summarized in Table 3:
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captured varied fromsanple to sanple) normalized to a capture wei ght
corresponding to a capture thickness of 50 mcrons. The results are
plotted i worisgase37. 10 Exanple 22 The resistance val ues dfctrise2ezeml es for
Exanpl e 20 were normalized to a line thickness of 50 m crons and then
averaged. The resistance values for the sanples of Exanple 21 that were
prepared at the pressure used for Exanple 20 (330 MPa) were simlarly
aver aged Tabley: huonpreof sasiapcescwfornendraftérdeat tragtraenti ne t hi ckness of 50
mcrons 15 in Exanple 21). The sanples for Exanple 20, prepared from
freshly cl eaned copper powder, gave a nornalized average resistance of

0. 054 ohnms/cm The |ssapige pf aEXarpl B ¢ 1p,d pf epal &d |fgomk He sane copper

powder after aging [ nohs- T Pr3.& [days| 3l e al npriml i z2ed| 23vier age resi stance
of 0.168 ohms/cm The,dihed ease ijn the repistancel of |sanples in Exanple 21
is believed to be dugga - TheAHT ??“1 D (0 UE Ogte;, tppper powder as it
is 20 exposed to aijr. af anplé 23 Four sa S were|prepared using the one
step procedure and '‘matertals—ef—Exahplte +—apressure—of 250 MPa. The
resistance of the circuits was neasured as in Exanple 1. The sanples were

then set pnto alumnumfoil tray and placed for 10 25 mnutes in an oven
at 200C. gﬁ%‘ﬂg% es were renoved and the resistance was neasured again.

These data show a reductjon in r.esistance aft heat treatnent. The before
and af Lor 1 oohCORME ROV THCtLT GO o0 REaD S st Belivhrs PSS REOVAR e 5: 16
WO 03/ D243 hREHiddSR AedtHE] in Eﬁ&&hﬁlg@b. ﬁk’tﬁ@iﬁtﬁ%}) ﬁlﬁgé @%idgé %’hgﬁ%tegﬁfﬁé gnand

after heat treatnment sanple abc def g : _ .3'3.243.7
2.2 2.2 @etvusstratinenceavith 2hammer ® congress thegpowyder. [T resiflting cappangiaited A
copper po [ ed . pi.e f n.54.filter [ s .pl aced. bhet ween 5
gl T R TR R T T
pl at en press shéheontact times including rapid impact are useful for the practice of this invention.

D

R

DD

Example 25
10 Copy paper (Hammermill CopyPlus 20/50 1b) was cut into 2" by 2" squares. A set

of 4 samples were coated with copper powder (3 micron dendritic, as-received from
Sigma-Aldrich) at a distribution of roughly 1.2 grams of copper powder covering the 2" by
2" area (6.45 cm?) of each paper substrate. The coating (sieving) method was that of
Example 2. A patterned die was used to compress the powder at a pressure of 370 MPa.

15 The substrates were weighed before and after the circuit was formed, and the average
circuit weight was 0.034 g, or 0.0014 g/cm of circuit line. The average resistance of the
circuit lines was 0.19 ohms/cm. A second set of samples was prepared in an identical
manner except that an underlayer of tin powder was first sprinkled onto the substrates. The
average weight of the circuit lines was 0.0017 g/cm and the average resistance was 0.17

20  ohm/cm.

The two sets of samples were then subjected to adhesion tests according to the
procedure described below. This test also tests the flexibility range of the substrates
having metal patterns thereon.

A 1mm wide slit was cut into each sample to break the circuit lines into two partiai

25  circles (358° rather than 360°). Ohmmeter probes were attached to the circuits on each
side of the slits. The samples were then bent around a series of decreasing diameter metal

or glass rods (20.1,12.7, 10.5, 9, 8, 7, 6, 5, 4, and 3 mm diameters), each time
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die was struck once with a hammer to conpress the powder. The resulting
copper circuits appeared simlar to those prepared by pressing in the

pl at en prwe®s03/02hi73 denonstrates that very short contact tRaTassoenwd7adi ng
rapid i npact are useful for the practice of this invention. Exanple 25 10
Copy paper (Harunerm ||l CopyPlus 20/50 Ib) was cut into 2" by 2" squares. A
set of 4 sanples were coated with copper powder (3 mcron dendritic,
as-recei vethightating ﬂilegamial%l mforel’m):nchngetamlmﬂrthdanmqtenemd M@gtahye 1.2 grains of

copper powder coverin h 2" 2" are of , each

subst r at eMEAWERE L Wﬁ% e&?fq{ﬁ)dWé’Eh%’di a%‘ﬁg g‘frlé?g %’% Sarﬁ?]a?r?ﬁ?‘ﬁldf r°|51at t er ned
die was uged 1t Qc&&ﬁﬁf&%@& & RGP WER M dtesdrdif BSSHbSrAé ddil: Medendihg The
substrates were wei ghed before and after the circuit was forned, and the

average Diocess nesm?@n@hecmm@s ofodas §amples wibouta i erdesleyer werarblelte Rend The
2‘;%?33 &gr?u%r epg‘li d1ameter.% e&/#ﬂi&utldeﬁ%ﬁnm% o(} tﬂegm%ﬂpﬁétfe% rf;lpﬁaﬁtggond set of

o AR cal” “manner exce erl ayer of
tin powdeﬁubeastefShbsﬁngswe'fmklemﬂﬁm @ht bet oﬁuhﬁpleawah thd’dmeun@arhyagzeem/alsg ht of

the circuit |ines was 0017 g/cm and the average r ance s 0.17 20
ohmcm TAREe f%\bengé‘f@lr@fzos]aﬂlﬁwger%%gea%ﬂu@m 2 ‘if AElEEt

accor di ngta.tihke Cl%u%ﬁ%'é gglbgl?[?%{ilg gﬁ%ﬁ%lsﬁwua—t@%' 53] 6&%Em§les f—hetc@r%ﬁ§ the

flexibility range of aving netal patterns thereon. A 1mm
wi de sl it patesn dudinot ntaok sdeh wsappederdundibhelkn bl aidritsuneashiedgesistancg, t wo

parti al 358 r at her. .t an 360 ached to
t he m?cuPYesf%lbfhﬂe%}Bﬁ TOWnfRIenge Otfﬁée 8% %rgaﬁg%wgggﬁ gf’ﬁ%‘r%w@é % ound
a series gfouf@aicea8 aRdbsbiatRl LEhiPifdr betiingl I BSSeNREMetPDudtrdds the 10.5, 9,

8, 7, 6, 5 4, and 3 mm di anet ers% each tinme 17 WO 03/024173.

PCT/ US02/ 2pued durpbilitghvithresgeqt e bensing of dinenis patieyaniney 2n 1nderguerPiitids next
si ze rod. R%SI stance neasurenents were nade before, during, and after
bendi ng t K& Sanpl e around each rod size. If a circuit pattern cracks or
del ami nates fromthe substrate during the bending process, resistance
becones i iixample26 Sanpl es without a tin underl ayer were able to bend 5

around a 20.1 di anet rod without del am nati f t he. nmet pattern from
the "dtbst r at o ThHSARHG AEERSEH SRR Pt SedheneEL R I the tin

under | aye'&orﬂﬁés‘?’uéﬁ Wk ca%tﬂr@d ﬁsﬁn%’@ Addat ResZhd fudh@RhFied Q8lg uRAsomE ound
rods as snal mmin dianme

energy.
Cu powder (dendritic, Sigma-Aldrich) was pressed as a pattern in one step at 340

MPa on filter paper as in Example 4. A segment of the pattern was further treated with

20  ultrasonic energy. An ultrasonic horn with a 25 mm by 1 mm raised portion on the end of
the horn tip, powered by a Branson 900M 2000 watt power supply using a 1:1 booster, at
20kHz, was pressed onto a portion of the captured pattern at 6.9 MPa. Then 20%
ultrasonic power was applied for 200ms. The pattern before sonicating had a resistance of
0.2 ohms/cm. After sonicating the best result produced a 40% reduction in resistance to

25  0.12 ohms/cm.

Example 27
Copper powder (dendritic, Sigma-Aldrich) was sprinkled onto filter paper

(Whatman 54) using the sieving method of Example 2. The Cu powder layer was pressed
using the ultrasonic horn tip described in Example 26, at a pressure of 6.9 MPA for 1
30  second and then sonicating for 200ms at 20% power, 20kHz, 1:1 gain on the Branson

900M power supply. This produced a pattern having a resistance of 0.28 ohms/cm.
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wi thout the circuit lines delamnating fromthe substrates. In one sanple,
the circuit pattern did not crack when wapped around the 3 mMmrod and its
measur ed wesidgkarise, 10 over the 12 cmcircunference of tIeT/USwR27870Ccr eased
from2.3 ohnms to 3.6 ohnms while bent around the rod and back to 2.4 ohns
after bending. This experinent illustrates the inproved durability with
respect to bending of circuit patterns when an underlayer of tin is used.
Exanpl e 2BxdihplEi?i8s exanpl e denonstrates a two-step process, where the netal

powder  conposj.ti Qn was, ¢ red n dr aul.i ress an t Nery

flons 11 ed_us: nb BB aeh Bhars eharsir SPhbfif PERe Sttt h)
was press@chiasm dhiBRtcs§ ddnbibi\6r 251:8 Patif of&ﬂ%nd'\%ﬁ &rekpdckiOElyPBRECuas in
Exanpl e 4. A segnent of the pattern was further ?reate d with 20 ultrasonic

energy. Appwder mas ehtagneldrain mgnma Aldrshifupdendrition I micer) Y901%): dhe 8A t he end
f h 0
211 bobst BpPdefls oBRNEShXB RIARRRTSHIM D SR U ) SHRRErE, TS, 1

at 6.9 I\/Ppowdlanetsirer%(b% onvh tstrag.soﬂidee tlmyleasomoamplrhe&mm ofas pRsml.onfdhthepat t er n
bef ore sonlcataag had a. resjstance_of ohns/cm After. sonicating_the
best resufAmmF Bl & asHRA %%H%PYéﬁnrpﬁalﬁ%ﬂsml%e@h@él@z‘sef@relaﬁpb?ﬁwe%

Exanpl e 2, CORRes, POyEeE 2)6 ditd f2058/TRer bdihsias EPEhbed ont o

filter paper (WatTan usi ng the sieving nethaod Exanple 2. The Cu
powder | a&@ptewas a[BTelmacPOOhki&O{@ witepaw ¢rrsapplyi Eremgnresulpﬁddeswmtblqmtsm
Exanpl at a pressur 1.30.second. and then .sgni ating
For btbrs isAsna BRARRI SRS Hipros g Thi psAt RS R SR HC BV B DOMBINEP! supply.
Thi s prody, ogsioﬁnm{ {veh Rx bahNEHNBsi b SA @HeBide @eddtarfbe 3B sABHIE] Esihg thie ¥Ma '
03/ 024173 PCT/ US02/ 27870 Exanple 28 Two | ayers of netal, t|n and t hen

copper, wengersgiesk] tepp dieilabla fimmedM Gemmast BhTRKL YO wienihetitadkness)
t wd
o S| et SR8y e AR RR e PARRSLY e IS fviglOmler

powder waﬁombifa]namdtaf idierdd wrthasudetratk STHeSnetal eddeagaratapedwittharfrperd. 99%) .

The | ayere
g/ usmg moderate force and the trace remained adhered to the substrate.

Samples prepared with shorter sonication times had larger resistances: (200ms, 0.2

ohm/cm), (375ms, 0.07 ohms/cm), (500ms, 0.07 ohms/cm), (750ms, 0.04 ohms/cm).

Example 29

Via holes of diameter 0.2 mm were punched into a Teslin substrate and a liner was

20  placed under the entire piece. Tin and then copper powder was sprinkled onto the substrate
filling the holes and evenly coating the material. The sample was pressed in a two-step
process under similar conditions to those described in Example 2. This produced a circuit
on one side with metal-containing vias formed through the substrate. The pressed metal
powder maintained enough structural integrity to bridge the via hole and partially fill it.

25  The metal-filled via was shown to be conductive from the non-pattern side of the substrate
and exhibited a resistance comparable to that of a presséd metal trace, determined by
measuring the resistance using voltmeter probes on both sides of the via. Both the metal

powder in the via and the substrate compressed.

Example 30
30 Fifty grams of copper powder (dendritic, Sigma-Aldrich) were placed in 100 ml of

formic acid in a stoppered flagk. The flask was closed and shaken to completely mix the
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powders were set on a stage under the ultrasonic horn. The horn was pressed
onto the sanple at 6.9 MPa using a 25 mMmby 1 mmraised portion of the die
bef ore applaasakiosn of ultrasonic energy. The horn oper at et Taws02Q7¢biz, f or

1 second, using a 0.6 gain horn adapter on a Branson 900M 2000 watt power

supply. Pressing resulted in a nmetal pattern 10 thickness of approximtely

25 mcrons. This produced a circuit having a resistivity of 0.008 ohnicm

W th excebpgsttpoadbesitbihe Aith@s) ail of eaics tra addatbmdttrs Higuld weis tigentragpevah d

Lt ade | QRN OAPERSE B Mg PP RS SBRR 40 £ o e G M Erboes and
raae | e ces an
peel ed Oftifn’oué apeé}o %ﬁq{lﬁe%e fo%lc%ic?ﬁoﬂqg@ﬁ@\gdéro\xﬂhﬂ@ selghpahe cakthe metal

trace was sc ingernai | 15 using noderate force and the trace
r emai ned Zé)cﬁreﬁtbdmtocst thigpes pbwﬂera«tm m@admlw ik eb\aatenltqmaltc s$lorry.erhesoni cat i on

(500mE. - 61155 Bk B aieC Peo0 15 70 TR or e SRy pd Rl B0 % 7

di amet er rﬁm?gaﬁTXbWtﬁe W@Th@ﬂﬁr@—c‘&@t’éh inas SUBSET Rl Ds@Bdh@eltdesrenatens 20
pl aced under the entire piece. Tin and then copper powder was sprinkled

onto the fmﬁbﬂlersél{f@’ fomabwtrigmtrw@ ﬁw&e thﬁélluer%wcgfhdéfyapt%@dm Weedrioal . The
sanpl .e Exaﬁn% SQ\ée?aLﬁf:an%g uce gss@efé'lqleééut%'f%é s%'bst?&@q}hhlaaﬁs to those

descrlb a clrcul on one si de
nmet al - conbmrtg Was stﬂb&mmmhedambre@ u@he prlageé abpdéscabal foTItte: fosesgen net al

powder nt a| ned enou ctur i nt it 0 e via hole and
parti'dl | ﬁ’?afqﬂe ft a pugs ﬁi{ﬁ%ﬁ? fli‘q Vé@h%‘ﬂ 36‘5 ROREGEL i ve from
the non- paf, fg&rﬁaw%d@a%mmeﬁo%ﬁ%srue&@ate ésﬂfﬂg @@sgb@sgegquam 854 SdiANaR

conparable to that of a pressed netal trace term ned by neasuring the
resi st anc@rcuié on @wrrmh@t@d apepgesceon tymeAlysisoeunsofver He 1\2|3a@m Boghlprde net al

b copperbBtitr SraEnamt] B LRt RFRT Mot P epe T ARt nion b iy O O
form c aah@kiby 88 nshGPREHE alvhidiblie fr&helesaskam&mﬁmeaﬁde gdbagemioh o

conpletely mXx the 19 03/ 024173 PCT/ US02/ 27870 gper povvder W|th t he
aci d. 15400 cgichdfi-TeerMagkiag Jaae d herfape wes placpdiayents cirpehof ereopaiple syihetsi ng

S5 gty 0, o
Whi | e stitldce dad‘rﬁleémdiescaﬂalbwdd access to the trace for resistance measurements. Excess tape
was trimmed from the sample to give a 6 cm by 6 cm area. The sample with the tape
applied was placed between two 6 cm by 6 cm by 1.2 cm stainless steel plates and
20  compressed to 113 MPa. The resulting sample had a resistance of 39 ohms measured
through the holes in the tape. The sample was folded and sharply creased, Teslin side in.
The resistance increased to 46 ohrﬁs. No breaks were visible in the circuit.
This examples demonstrates the process of coating metal powder as a slurry and it

also demonstrates the creation of a rugged circuit using an additional layer of material

25  applied over the circuit.

Example 31
A sample was prepared using according to Example 9, but this sample had several

cracks that created infinite resistance across those defects. It was then was treated with
microwave energy: The sample was placed in a Canada Technologies Microwave 2100
30  that operated at 6.3 GHz at 200 watts for 30 seconds. The microwave energy bonded the

metal crack and restored the conductivity to the metal pattern.
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20 g of the noist copper powder was m xed with 8 nl of water to make a
slurry. The 5 slurry was knife coated onto a 0.18 mmthick Teslin substrate
usi ng' a netocis/kar73with a 0.25 nm gap above the substrat e.PCles02/27870
slurry-coated was all owed to absorb the excess water fromthe slurry for
about 1 mnute, causing the slurry to solidify into a danp but easy to
handl e coating. Several 6 cmby 6 cm sanples were cut out of the substrate
whil e theExampld3pg was still danp. The sanples were pressed as descri bed

for the first step in 1o Exapple 2 at a_pressure of 36 MPa._.The s | es
vere al |l oved t & taftyvaspseormes Wpeasure tE%%‘%Fenﬁfﬁ/ﬂé e%Be@F%%pafp%WﬁTﬁe

substrat e 4L gi B FRi&RE GHd l@kémgﬁtaﬁmn%teﬁai @Elyp%d;bglenﬁiﬁﬂlﬁyhﬁd@n the sanpl es
e

had a resistance of typically 65 ohns over cmlong spiral path of

t he circucompBemorl. nm di anet er hol es were punched 12 mm apart into a 0.08

mm thick by 8 1N W t.ape availabl e from 3M R e
trade designati n%?)onségsg)é clﬂaﬁmef’gr{%ns%ﬁg goﬁ%orﬁlgoﬁlé .C%'ﬁ%)rel’ lté[g%)sé) ‘b\/\%séég'\%géé%]over
the circuicbmpiesfemdasplitd 1D0KINaltontfixeurbo TS Iitsbion 6vad @to ghbtimeti he canpiesof t he
circuit. The tape afforded extra strength to the trace and the hal es

al | oned aetewe oid-Qdeinchesaingis (Or0d8Ie/nihl & Tk CERYAT SN EIPOb e was
trimed f %&Whtdﬁlﬁneﬁé‘nw.':@glte ar%li\fﬁ)n‘?l[:n%cé\sgﬁum(he@ &mﬁ?%'hezp@f SaNRlEr tdict he
e WO cmby 6 cmby 1.2

tape appll was pface et ween cm stal nl ess steel
pl at es ancha?iat oaprepiied at o sHekBoMPm). Ehvh sappid stackgyasahpl plababetacerethiest ance

of 39 ohns_neasure through the hpoles .in the tape, The sampl e was.f@l ded
and sH&r pPiAtse . g[}‘St’ifg’;?q OSTRiESSY fo m#ﬂ’&at@équ?%ﬁé%pﬁrﬂ@@ggﬁgopg (Qé)gohm;.
No breaks 3@0 Migih B eedtuh. MEhcGhickitst of (hRnSat&r A IPhBSmARRANY Sidaaies by i

process of coating netal powder as a slurry and it also denonstrates the

creation dfistnythgdihatérreasimeaguiedgising agaii aficakipars dugdyppasyfenafewergl 25
applied over th i,rcuit. _Exanple 31 5 | e i ordi ng
o Bxanpl dogmaed qepeoniins WaaTeg buf W ATEe G 08 AR R AT

r esi st ancgha¢kic&uds Aashe pefttEce divideady teaenedciliteatiet the idmercr owave
energy: The sanpl e was aced in a Canada_Technol ogies M cr owav%éqzré?o 30

t hat dfer ancagurgmens 3t papndfacqaate goinb rihsreiars alihe gaterkid cxpaaFS ¥ner gy

bonded ¢ 54 Al EAGK: ADALE ESEAEBHLD Ay GANUEIh d Yod AndifouBledbe PaL L or .

value. The volume data is the area multiplied by the thickness at a specific pound-force
data point.

Three kinds of paper material, a filled porous polymer and a comparative highly

20  dense polymer were tested. The paper samples were Whatman 54 Filter paper (Whatman
Inc, Clifton NJ), Hammermill copy paper (International Paper, Memphis TN) and tan file
folder card stock (Globe-Weis Premium File Folders, ATAPCO, Baltimore, MD). The
filled porous polymer was Teslin (0.18 mm, PPG Industries Pittsburgh PA). The
comparative highly dense polymer was polypropylene 0.46mm film, (3M Company St.

25  Paul MN).

Table 4 lists the percent change in diameter at pressures applied to the circular
coupons, where % change = 100 x {[(final diameter) — (initial diameter)]/(initial
diameter)}. The diameter is the dimension of the sample that is perpendicular to the
direction of the applied pressure. The paper samples change very little in the diameter

30  dimension under pressure. Teslin demonstrated a small change in diameter while
comparative polypropylene showed a much greater change in diameter in the range of

pressures useful in the practice of this invention. That is, the comparative polypropylene
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A test was perforned to neasure the differences in the properties of paper
and conpressible material and a conparative material (polypropylene film
under cowaresa#ios. 5 An Instron 4505 I nstrunent (I nstron FCavgseeats7on,
Canton, Mass.) was setup in the conpression node with 100K Newt on
fixtures. The Instron was progranmed to conpress at a rate of 0.025

i nches/mnute (0.64nmm mn). A stack of circular sanple coupons, 1.27 cmin
di amet er, shmdrarlquarhwea‘sa @m‘t@i@mwi@wﬂm@ﬂi@m té therdimcioreet the ppléadh

mat eri al each e d as a sheet or film. Each sanple
stack was liﬁsé‘ﬁe ;Slfl%i {at?é%lv@gﬁoftﬁggim@ °ol atens of the Instron and conpressed
to an initial thickpgafe @hcWhedatd@éedoymilizedsioldRe Petsuditagsutetntloee n t he
test run. The thickness of the material is automatically neasured by the

| nstron, PIeesuEl- ahia rrmatizechivdwiie eticagh PFR§swe fFashowaras @aep@@l dragien at that of
measur eenl.g, e &oluﬂggﬁﬁ% ?aan@E %@% Eai&ﬁé&ga Pﬂ dRﬁcﬁﬁg WeSb1@Rd of &:gﬁ knesses.

The | n3tron report es are the pound-tforce
di vi ded bpresmw&av@aimmhm @t MPadix mbmampadmltmanl&dﬂga@ueanﬁmhﬁgtreéach

pound-force data poin r ef reif, t. erial ex |aterally, the
P oa i || (e Al P or PG AG Che i VO SHTEP Sty e e
pound- for g co%hﬁéﬁve I&%e‘b‘éh@?@pﬂéﬁ%@ohﬁné ﬁéﬁlaﬁ{s%m‘l}" l:éﬂs@in't 8 t@ﬁfre&sﬂ@est(ﬁ' ckness

at a specific pound-force ta point. Three kinds of paper material, a
filled poid080 ps)l(ylrﬂeMPahdfla p@pﬁpmttamlvenm"fgstluhyedmddev@empmlemﬁo%@te

teste The er n 54 Filter paper (Wiatman Inc,

di ftgﬁ Sp”ﬁé)ﬁrﬂ%?Wﬂ”bW I\gﬁé\g}’-&gﬁ%‘f rnati onal Paper, Menphis TN) and
tan file fol defouesd fhstraek theGrRenNG Setiedmddaftrddecdnretion, thidkARSOBhe
Baltinmore, MD). The filled porous polymer was Teslin (0.18 nm PPG

| ndust r i edinmnslospw thetirpiion myallel do tsatietionotihg nmhedéﬁ@%urﬁb pydrarmghiged
pol ypr Opy'vglﬂﬁleol\]é%?ﬂzeh %pﬁe@%%ﬁl@gs iSthe ’[}ﬂ%ﬁﬁg) ?ld %%/Nle pr Q]lrg dviakghy the
percent change 1n

at pressures app coupons,
wher e % c hatgeompidddon tHl{)KﬁGBﬂﬁ|O @i WiPat Ghy cemparmiive mlyphopybhevolpﬁ(elml tial
di aneter)} i amet er n5| on_of th

per pendi cﬁ‘FthFanflél?X ¢rmstagt @eettqubﬁo G r%e BBt V@Hmﬁféitgg&él it meaﬁa%%rﬁa%wm es

change vefyclieldit Bictdsdsg ddirddrBt Maté%&lsdds'gﬁpﬁi 28 p%@@é o PIESHYERion KRS N
denonstrated a small change 1 n dianeter whil onpar ative pol ypropyl ene

showed a tghdegreaatsen comanggsion thiclesensier appltea@rersawg dublittlepr @e suaresse s ef ul
in the pr %Pa%{e(t:e% lgefldlltlgh l[osoxlferrlgl?crl]écllears]es 1-1|;Qf% unlie 'As Plgureogrﬁf%lsfa gtleél %o er1a>fsl.3 ropyl ene

particularly paper, that change volume primarily due to a change in compression thickness

20  are indicated by a slope of 1.0.
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perpendi cular to the direction of the applied pressure,
fl ow of tWwe saapl7e. Figure 8 shows the data for
pressure at each pressure.
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A number of embodiments of the invention have been described. Nevertheless, it

will be understood that various modifications may be made without departing from the

scope of the invention. Accordingly, other embodiments are within the scope of the

following claims.
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File Fol der <5% 35,000 241 Card Stock Teslin -40% 7,600 52 Teslin -73%
17,000 117 Pol ypropylene -72% 7,600 52 Pol ypropyl ene -119% 17,000 117 A
nunber of wendsadirment s of the invention have been descri bedcmNesoentdrel ess,
it wll be understood that various nodifications my be made w t hout ,
departing fromthe scope of the invention. Accordingly, other enbodi nents
are within the scope of the followng clains. 23 WD 03/024173

PCT/ US02/ 27870WHARATS CEAIMAIMED |S: 1. A nethod for making an electrically

conductive pattern, rising: epositi.ng on a substrate (3) a netal
powder coﬁ‘posi i%eﬁnh?di‘?)%&gs% %%;?%@gé’éﬁP‘#%Fllvgp?thené’tcofrg’é’é{ngone net al
powder, wher ei @) R sHB Sl AduBsth e 8286481 IRt dhifoHIL@) consatingi Sting of
paper and materials that are at |east about 10% conpressible; and (b)

densi f yi mepsertiielly ofipldsast pommets! powastawhensdLibe Fubstipigs exlecterhiromdhe g98Pr at e.

2. The nmethod.of gl ai [iS] yi [ step.{b), a first
pressﬁsre Clor?glgtlg%%ﬁa r I[r:&xfdom? %gglé%}?f%g% at%?%%\t bgg%%ds%ﬁgélp{e%sélﬁ%b%%%si tion on the

substrate. 3. (bhalensiffing thefcoalpakitivg? fo fommtdwndoaivepagem@nrteesbistrgteuncapt ur ed
metal power 10 conposition fromthe substrate. 4. The nethod of claim1,

wh i d i fyi ) i | yi d
G T or ent o1 onTRHECER SF St S ePraes SR TRb B o Bk T HeEHEs e
conduct i ve,Rat {8hcomposliiéh REPRE BE cEhpbdRich oMiRIsBbdAratdle application of a

pressure in a pattern and the " 15 densification are perforned in a single
step. 6. The nethod of any one of clains 2 to 5, wherein the densifying
step (b) TonprTeeaethappif 9ieiy 2afurthepempisingormey Bgdpeantured apetalfiogicpnay e

ener gy, anéjO Co%Hisoﬂqif?orEﬂ%rsQ%strJ The nethod of claim 2, wherein application
of the first'pressure in a pattern further conprises the application of at

| east one of heat, m crowave energy and acoustic energy.
4. The method of claim 1, wherein an densifying step (b) comprises applying a

second pressure, different from the first pressure, to the composition to form the

conductive pattern.

5. The method of claim 2, wherein the application of a pressure in a pattern and the

15 densification are performed in a single step.

6. The method of any one of claims 2 to 5, wherein the densifying step (b) comprises

applying at least one of pressure, heat, microwave energy and acoustic energy.

7. The method of claim 2, wherein application of the first pressure in a pattern further

comprises the application of at least one of heat, microwave energy and acoustic energy.

20 8. The method of claim 1, further comprising removing oxides from the metal

powders in the composition.

9. The method of claim 1, wherein the substrate is selected from the group consisting

of paper and materials that are at least about 20% compressible.

10. The method of claim 1, wherein the materials that are at least about 10%
25  compressible are selected from the group consisting of microporous materials, nonwoven

materials and woven materials.
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20 8. The nethod of claim1, further conprising renoving oxides fromthe
nmetal powders in the conposition. 9. The nethod of claim1, wherein the
subst r at ewicsosgekest ed from the group consisting of paper PoTdUSvRREs7D al s

that are at | east about 20% conpressible. 10. The nethod of claim1,

wherein the materials that are at |east about 10% 25 conpressible are

sel ected fromthe group consisting of mcroporous materials, nonwoven

mat er i al slland Woevmeathodbéclamh § . wiRdeiinheOB0DM TR PETpQISOR IBEG esdehtiallhe

met hod of claim 1 wherein the netal. powder conposj.tion consi.sts essentially
of ot I ootk “Fe! fiat BEloD BRHER SBF e i P s iy g bt o ROPs PR b Epper
tin, |eadgolsipiMefum, g8@ihtte, Rhdiduid Mickel, BRI dexl AHYMIHD b€kl , iron, steel
and zinc and alloys and conbinations thereof. 5 12. The nethod of claim
11, wher e¢ambingiopdgigseoiconpri ses dendritic copper. 13. The nethod of claim
12, wherein the netal powder further conprises tin. 14. The nethod of claim
1 wherein{4 he - i Ld i : i.quid. 15. The
met hod of I%I ai ﬂ]ﬁéﬂfﬁ%%%g\rgg?%ufﬁEgggg%%fﬁgﬂ%tf@g%ﬂ%{em S agiﬁgﬁ%&%‘%t antially 1lo
equally to the netallized and unnetal lized portions of the substrate. 16.
The met hotB.of Thainmihod ofhkeinild, vheemshhimdtal powderdusherdoarprigestenper at ur e

| ess than the annealing tenperature of a netal powder in the netal powder

2 enper afhir o s OFRlr Bty ook Bino S cbBadG Rt sciRER TG 1

the tenpern@iigre in the densifying step (b) is about 50 to about 300C. 19.
The nethod of claim1, wherein the nethod is conducted at a pressures’ of
about 20 ©MPa to about 2000 MPa. 20. The nmethod of claiml1l, wherein the
metal powder c&rHBSIofeh climPs Whereirethe secone Pigsspre map@%dﬁ stpBadbst rat e

and wher el ahg%o @Errﬁ’ét?lﬂ%ﬁjﬁfd Ll}ﬁq%ﬁﬁﬁ§edtﬂb?tiéi{s%fmumgt?é{£.de$ a conductive
path across the via after step (a). 21. An article conprising circuit

el enents conprising a conductive pattern on a
16.  The method of claim 1, wherein the method is conducted at a temperature less than

the annealing temperature of a metal powder in the metal powder composition.

17.  The method of claim 1, wherein the method is conducted at a temperature less than

about 50°C.

15 18. The method of claim 6, wherein the temperature in the densifying step (b) is about
50 to about 300°C.

19.  The method of claim 1, wherein the method is conducted at a pressures of about 20

MPa to about 2000 MPa.

20.  The method of claim 1, wherein the metal powder composition fills at least one via
20  (7) in the substrate and wherein the metal powder bridges the via and provides a

conductive path across the via after step (a).

21.  Anarticle comprising circuit elements comprising a conductive pattern on a
substrate (3), wherein the conductive pattern consists essentially of at least one densified
metal powder (4), and wherein the substrate is selected from the group consisting of paper

25  and materials that are at least about 10% compressible.
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substrate (3), wherein the conductive pattern consists essentially of at

| east one densified netal powder (4), and wherein the substrate is

sel ect ed Woorsoede3gr oup consi sting of paper 25 and nat er ird@US0Rats7ar e at

| east about 10% conpressible. 25 WD 03/024173 PCT/ US02/ 27870 22. The
article of claim21l, wherein the conductive pattern has a %OM of at | east
about 5% 23. The article of claim?21, wherein the conductive pattern has a
%-OM of alz I edlte artdiouf clAIR 1 Swizstein TiecakitictttegpattbrndiaaiarfioPOMwbieat d¢ast t he
metal po §? sel ected fromthe group consisting of copper, tin, |ead,
silver, Pi ati num graphite, alum num nickel, iron, steel, zinc and
al l oys and conbl nations thereof. 25. The article of claim24, wherein the
copper compri Sg® e o tlhfin @ OPPRIeinds coTllaactwetpa%ﬁl 1k aCkBOM @bat 1R€r €i n the
densified netal powder furt her conprises tin. 10 27. The article of claim
21, wher eédbaut Wo.substrate is selected fromthe group consisting of paper
and materials that are at | east about 20% conpressible. 28. The article of
¢l ai mg21.pqtherfyid. hde ot bR khelditlne HdaonEARtckOMGRIPIR RO € are

sel ect ed rom e group consisting o oporous materi als, onwoven

mat eri al scoamhngmfwepp@l‘ammrleai sﬂvei,@ozda pla‘ﬁmemagtaphite abfmiciuai, mcRdl, irbmur t her
conpri si nsgg cond |ve ng 21 thr h the substrate. 30. The article of
clai m 21,54 ﬁ?ﬁ? bingfiops ?‘\fe | ayer on the conductive pattern
26

25.  The article of claim 24, wherein the copper comprises dendritic copper.
26.  The article of claim 25, wherein the densified metal powder further comprises tin.
10 27.  The article of claim 21, wherein the substrate is selected from the group consisting

of paper and materials that are at least about 20% compressible.

28.  The article of claim 21, wherein the materials that are at least 10% compressible
are selected from the group consisting of microporous materials, nonwoven materials and

woven materials.

15 29.  The article of claim 21, further comprising a conductive via (7) through the

substrate,

30.  The article of claim 21, further comprising a protective layer on the conductive

pattern

26



