CONDUCTI VE MATERI ALS FI ELD OF THE | NVENTI ON The present invention rel ates
to conductive materials for use in electronic devices. The materials
conprise polymer particles, conductive particles and a |iquid nmedi um which
di ssi pates upon curing to provide a conductive film 5 BACKGROUND OF THE

| NVENTI ON  Conductive materials are utilized in many different el ectronics
applications. Such materials are commonly pol yner-based and contain netal
conductive fillers such as silver powder or silver flakes. After 10
application and curing, the conductive netals form a percol at ed network

wi thin the polymer matri x, which provides the electrical conducting
channels. Typical electronic coatings and conductive adhesives require
conductive filler |oadings which are very high, with the conductive filler
often conprising about 70 - 85 weight percent of the conposition due to a
hi gh percol ation 15 threshold. Such coatings and adhesive are frequently
very expensive due to the high cost of conductive netals, which are usually
t he nost expensive conponent j i@gﬁg i V. ositions, as opposed to the
relatively | ow cost of pol yn%b@p éM@ﬁ%’?@‘{g t woul d be advant ageous to
provide a |l ower cost -1 conductive conposition with a reduced vol une of
metal conductive filler materjal Y OF THE | NVENTI ON 5 The present

invention is directed to a rraf@-Pa‘PFfr&E 'HNE@U&QHQ a conductive conposition

conprising polynmer particles, conductive particles and a liquid nedium The
material is in a quuid/em_JIsic_)n formuntil it is cured at which tinme it
forms an el ectri calNgPreseitinventen Ehlposiconauctivemated@iniassseinn cont ai ns

| arger -si zed polyner particles along with smaller netal
electronic devices. The materials comprise polymer particles, conductive

particles and a liquid medium which dissipates upon curing to provide a

conductive film.

BACKGROUND OF THE INVENTION
Conductive materials are utilized in many different electronics

applications. Such materials are commonly polymer-based and contain
metal conductive fillers such as silver powder or silver flakes. After

10  application and curing, the conductive metals form a percolated network
within the polymer matrix, which provides the electrical conducting channels.
Typical electronic coatings and conductive adhesives require conductive filler
loadings which are very high, with the conductive filler often comprising about
70 — 85 weight percent of the composition due to a high percolation

15  threshold. Such coatings and adhesive are frequently very expensive due to
the high cost of conductive metals, which are usually the most expensive
component in conductive compositions, as opposed to the relatively low cost

of polymers. Consequently, it would be advantageous to provide a lower cost



10 or other conductive filler particles such as nanoparticle-sized filler
particles. The larger polyner particles create excluded volume in the
material matrix and reduce the percolation threshold of the conductive
filler particles to provide a conductive material wth a reduced vol une
fraction of electrically conductive filler. The electrical conductivity of
the material | t - ] Lch causes the
nmet al conduc?c%n\%/nel&wel {b@ipo%@gbw %Fagr?ﬂﬁ%eaoi\?oﬁ{néggf%s{g! ﬁﬁda?g\;efwré\r‘r] a highly
conducti ve nl%\%}/&rf(. BRI EF DESCRI PTI ON OF THE DRAWNGS Figure 1 is a
schematic dra nS'of t he packi ng of polyner particles 20 and conductive
filler particles in a liquid medium Figure 2 is a schematic draw ng of .
pol ymer particles and conductive filler particles after drying. Figure 3 is
a scanning electron m crosc f (Im formed according to the
present invention -2 DETA L%B%%?@%'&E%@%REFFRRED EVBCDI MENTS
ercol a iller networks.contai.nin mer materials in conbination w
conductive filler f&grp[r?%qn @Vg?@%‘ﬁﬁﬁ%ﬁ?@%? mqtezr@j%irﬁr@'ﬁﬁ'ﬁlq cations
requiring electrical COI’ldL{.Cti Vi t¥ Gen&r al Ig . It he cgn%ucti ve filler
material s ar EOMSYBRELGAMRASION COMPTRING PRYMEE PENEISS ( F9OBTNG PRFISS) | or
materials. Thyus, for cost asons, it is adyantagepus to mnim_ze the
mrount of  comialas e o TRty it plpCHens et 26a dl TsEured vor k- 1 n
the situation where t articles of very different sjzes are packed
t oget her, that WF’&W&'%W%@” plertEica! IQ?”ST'&EVﬁé’Og’IPﬁ?'F'%?- ticles is
significantly redyced. Thus, the use of | ar,ger si zed pol yner particles to
creat e excl uBRBPREHARRONKINS\@EIer5i7€d PRI MEr pRIEsies alangduthsmallshetd of snal | er
sized. conductive filler material needed to forma conductive network To
f or m t helthet QoptRer capduetiveifller paricles sychias naneparicle-sizeddillal RAtHClof th - 15

pol ynmer emul si ons cont ai ni n%_ Pol ynmer particles that are lLarger in size than
The larger polymer patticles create excluded volume in the material matrix

and reduce the percolation threshold of the conductive filler particles to
provide a conductive material with a reduced volume fraction of electrically
conductive filler. The electrical conductivity of the material is further

15  increased after heat treatment which causes the metal conductive filler

particles to sinter together to form a highly conductive network.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a schematic drawing of the packing of polymer particles
20  and conductive filler particles in a liquid medium.
Figure 2 is a schematic drawing of polymer particles and conductive
filler particles after drying.
Figure 3 is a scanning electron microscope photograph of a film

formed according to the present invention



the conductive filler particles. The average size of the conductive filler
particles may vary and may be in the range of about 5 nanoneters to about 5
mcrons in dianmeter. The size of the conductive particles nmust be such that
they are smaller than the polyner particles and al so capabl e of gathering 20
t oget her upon the application of heat, usually at a tenperature greater than
about 100C, to forma conductive network. Preferably the conductive filler
particles are | ess than about 500 nmin size and sinter together upon

sufficient heating I rii £l ' e nanoparticle
range, have wchﬁq&@agqﬁ%@kwg&tﬂgmE%@Wéh‘t%d or bulk 25
nmetal . For exanpl silver. nanoparticles.with a size.qgf |ess than 500nm
sinter at a terrpeﬁ3 rﬁ?'Etegfﬁ"eo{rQﬁg‘ﬁﬁrki56'8,3"'%%W"éﬂﬁ'&%ﬁ%@sEbnducti vity, while
the bulk neltin oint of silver.is 960 C. The sintering.tenperature of the
tﬁ c?_rrFlosi tiiqm&a%l?bw%ﬁwpbﬁ fﬂ'ﬁbﬂargﬁ'ﬁs ?%cﬁm@?’g%“g'ﬁ&gé?af ace ghe[n: s_t:y 011:
e fi r. Any. sjinterin occur ener nhances e conductivity o
the ' net dbor kePicatasTeayEng PRcrrgs condudify nBendralil e cacuria liShe a1 eas
about 1.5 tines |arger than the size of the conductive filler particles so
Chat the o cBRIEIES Y6 SHPHPRIN ATy Rerbermvel Ean TeEames iy mateheis anst ‘1 5: 1
pl oyed a0 B4 EEOSTIRESeRS. iy SOGOIRSEEYS GamNIIFRe ARGNSEY | | od (1 the
enpl oyed as ' . ' lized in the
conposition. Exenplary conductive fillers include, but are not limted to,
si | \l:elr , copgé@ﬂdﬁlcﬁﬁk@lﬂlfﬂla(;@'ﬁ‘ _F'}?éllsdﬁ*i':%ﬂl 'EttTTEﬁhNOHﬁ- dRﬁTe, S'?’_@E@P wherg | \é_e{ - coat ed
ni ckel , carbon bl ack, |ead, zinc, nmetal alloys, carbon fiber, graphite,
al uni num i niyapatticlas ekyens diffesgnt $iges é@aqaé‘ﬂe‘l‘:éﬁgﬁﬂ'&e,ﬂ tee porsplalign de, sil ver
coated al uminum netallic coated glass spheres, netallic coated filler,
met al | i cl®&oatheesheld 9fitee smaden pasticlesda sisgificantlydeducsd Tdus dbatse ok pher es,
anti nony doped tin oxide, conductive 15 nanospheres, nano silver, nano

al um num nalfoosrGIRSErpolETPaRictasdP cragle Bxaidedyobimmbelwaadthe xt ur es t her eof .

The polyner particle portion of the _
particles reduces the amount of smaller sized conductive filler material

needed to form a conductive network
To form the network, conductive filler particles are used along with
15  polymer emuisions containing polymer particles that are larger in size than
the conductive filler particles. The average size of the conductive filler
particles may vary and may be in the range of about 5 nanometers to about 5
microns in diameter. The size of the conductive particles must be such that
they are smaller than the polymer particles and also capable of gathering
20  together upon the application of heat, usually at a temperature greater than
about 100°C, to form a conductive network. Preferably the conductive filler
particles are less than about 500 nm in size and sinter together upon
sufficient heating. Small metal particles, such as those in the nanoparticle
range, have much lower sintering temperatures than micron-sized or bulk
25 metal. For example, silver nanoparticles with a size of less than 500nm
sinter at a temperature of around 150°C, which enhances conductivity, while

the bulk melting point of silver is 960 °C. The sintering temperature of the
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conposition may conprise aqueous polynmer emul sions or polynmer particles

di spersed in organic solvents. Preferred polyner particles are pol yner

| at exes whi ch decrease the percolation threshold of the conductive filler by
20 deforming in response to heat and/or pressure to reduce the size of the
interstitial spaces between the polyner particles. One or nore different

POLYITer s 1Y AR diaefh leel HepG RIS 8o HETB ALl R 12l oy be

utilized inc ol yvi ny ehe "~ vinyl ace opol yners,

acrylate. achuliig SBhLpBARLINLIELRre SLXTANS- 84508 SR RRH] Aife cOPO! yer s

pol yur et Bane, rubber bat X I nc tur er, r'ubber and
t t adj ] -4 T

Erééﬁé‘fi a“ciﬁ%tﬁ@_‘ﬁﬁ- R Sl AR 8PS e PRt B é#@%@%a‘ '%E%Z?"Jﬁoruabl ydf’n the
T, T TP PR MR R ERRAN b gh s, concer e

. { [ I t t t
Ihe”S oo e OO B Ml b ARGl
mixture is t ABROOEGRIE g et B 08 Boder BroS VA . ouring (he
drying process, th soft polymer enul sion particles coalesce to forma
cont i nuous fPT“mf\Xﬁﬁ?éﬁde?'Fﬁd?i all'y provides poor electrical conductivity. Upon

the application of _heat to 10 the fjlm the conductive filler particles form
an electrically cdAMRRITOE ??@FH%P’? fillgys @re Ht(ﬁizﬁg 'W'i“?rﬁompﬂé't'ﬂ'éati ng tenperature
shoul d be such that it is. caonppat.iil fth the processing tenperature of the
pol yner that %?(gmgg%cqqqugtmg fﬁgmalﬁe, Ibm arﬁr’\%ymﬁ?&ﬁ’a%ﬁ’ﬁf’%@pf’ e conpatibility
of the conductive filler with the polyner which rr,ap(/ be in enulsion form

t he condltti 9€ldspatiadiung piiipympaicke|, %P'%P%ii@?%?‘?ﬂ\ed Rigkeli §aPeD BgfKient such as
for exanple water, alcohal, or glycol. Fiqure 1 illustrates an uncured

enul si on net W@sz‘ﬁ‘bﬁ'@%?'rﬁ”ﬁ@svlcéft{?@rﬁbeb@r@wg?- Hapinug). dndiurp tig 9xidgng| | er

conductive filler particles 12 and a_liquid _ _
silver coated copper, silver oxide, silver coated aluminum, metallic coated

glass spheres, metallic coated filler, metallic coated polymers, silver coated
fiber, silver coated spheres, antimony doped tin oxide, conductive
15 hanospheres, nano silver, nano aluminum, nano copper, nano nickel, carbon
nanotubes and mixtures thereof. The polymer particle portion of the
composition may comprise aqueous polymer emulsions or polymer particles
dispersed in organic solvents. Preferred polymer particles are polymer
latexes which decrease the percolation threshold of the conductive filler by
20  deforming in response to heat and/or pressure to reduce the size of the
interstitial spaces between the polymer particles.
One or more different polymers may be used in the composition.
Exemplary polymers that may be utilized include polyvinyl acetate, ethylene
vinyl acetate copolymers, acrylate, acrylic ester copolymers, styrene, styrene
25  acrylate copolymers, polyurethane, rubber latexes, including natural rubber,
butyl rubber and styrene butadiene rubber, and copolymers and mixtures

thereof.



medium Interstitial areas 11 surround the | arger polyner particles. As
shown, the interstitial areas contain many snaller conductive filler
particles. 20 Figure 2 illustrates the polynmer and conductive filler network
after drying and filmformation. The |arge polyner particles 10 force the
smal l er conductive filler particles 12 into a percolated structure that

w |l provide el ectfd ﬁr%yce[%%ﬁﬁfcw d Bt OII|:( %%rpeolyﬁnér aﬁ:c? n| ng el ectron

m croscope phot ograp SUFrace of Gred Fm showi ng t he

duct fill i 21. Th
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Taht. such Is3aag s e ROGRR T IRon B H P8R 1k USRS RE SRR cat  ons. such
as for electrodes in electrolum nescent |anps ddIS | ays. The invention
can be furth&PABRSR & VRS anA cured i divig: dumingit ?IWWQ Pra¢esextifipl es. Exanpl e
1. Conpositions 1 -4 were nade by blendlng nanosi | ver, havin an aver age
particle si zé°f6P°'&'BSU?mBI§IOHﬁa”éﬁ'%sd&aﬁséﬂ? OFM @s%'ﬁF"éHP&I‘iJI'mM' With
pol yvi nyl acetate enul si on havi ng‘ a solid content of 56% and a nunber 15
average par t Ifjadly grovidesipognelgetrigal LopaHaaMly. AR BREPRECHCUPERRAIL 2.5 m  The
si ze ratlo bet ween the pol yner nunber average particle size and silver

particl e1&i z&ns fﬁ’"aﬁ\?tﬂong?ﬁt'ﬂe fitereparticipsciame an elestricalic srneypinssiatverk are shown

in Table 1. 20 Table 1. Fornul ation of Conpositions A - D _
within the film. The heating temperature should be such that it is compatible

with the processing temperature of the polymer that is used in the network. In

order to maximize the compatibility of the conductive filler with the polymer

which may be in emulsion form, the conductive filler should be in a dispersion
15  with a solvent such as for example water, alcohol, or glycol.

Figure 1 illustrates an uncured emulsion network containing larger
polymer particles 10 and smaller conductive filler particles 12 and a liquid
medium. Interstitial areas 11 surround the larger polymer particles. As
shown, the interstitial areas contain many smaller conductive filler particles.

20  Figure 2 illustrates the polymer and conductive filler network after drying and
film formation. The large polymer particles 10 force the smaller conductive
filler particles 12 into a percolated structure that will provide electrical
conductivity. Figure 3 is a scanning electron microscope photograph of the
top surface of the cured film showing the conductive filler network 20

25  surrounding the polymer particles 21.

The composition of the present invention has utility in many different

and varied electronics applications. Such applications include, but are not
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Formulation 1 2 3 4 Nanosilver 0.97 1.22 2.03 2.36 powder' Polyvinyl 4.17
3.28 3.61 2.87 Acetate Emulsion 2(g) Water 1.88 1.20 2.60 3.20 Calculated
29.4 39.9 50.1 59.5 Silver Content 7000-95 Nanosilver, comercially

avai l able from Ferro Corporation ZDur-O Set C- 325, comrercially avail able
from Cel anese Corporation -6 To produce the coatings, the nanosilver is

T e Or . P ko

the pol yvi tate emul si | i th small ts of deionized wat
Lo 1 ower 1 eTeAUEBEE B agtog e Aha eop YRR PAeURRAUAG SBoads. (3 rm in

di aneter) were added to.th m xture and the mxture mxed wwth a

Fl ackTek Spe%’ﬁﬁtf%?gnii'cf‘f?f?fr%?ﬁ SW%&'"?@B" BH%-*"{%'?\G?@'"E\@?‘?Q%S to obtain a
snmoot h dark brown m xture. The mxture was. {hen coated on 2 inch x 3 inch
gl ass sl i desCUBPIFYIOR Qik&/ﬂ@ﬁ?ﬂt IREntion MAY Rrayiqs ransgaient agatings M theg was dri ed
overni ght at roomtenperature. 10 The glass slides containing the dried
coating Wer eSitigHianwbars the gize of therelyraerParticiasRafereieating 8y PVt y i nut es

usi ng convection ovens. The resistivity of the coatings after annealing was
nmeasur ed usi fRians@fter beating aoe reeriamibe wavalengtheof yisibjelightoBtetht was neasured
using thernogravinetric analysis (TGA). To neasure the silver content via
TGA, a snul | ranaparant gpatings sduidibe advaniageousinapplicatigns pesh ahler gl ass slide and
scanned in TGA at tenperatures ranging fromroomtenperature to 550C in

ai r. Organi celgefredesdn gleatr@lummqsperagqnps and displays.

The invention can be further described by the following non-limiting

10  examples.

Example 1. Compositions 1 — 4 were made by blending nanosilver, having
an average particle size of about 60 nm, dispersions in isopropanol solvent
with polyviny| acetate emulsion having a solid content of 56% and a number
15 average particle size of about 1.4 um and a volume mean diameter 2.5 um.
The size ratio between the polymer number average particle size and silver
particle size is about 23:1. The ingredients of each composition are shown in

Table 1.

20  Table 1. Formulation of Compositions A-D

Formulation 1 2 3 4
Nanosilver 0.97 122 | 203 | 2.36
powder'(g)

Polyvinyl 417 328 | 361 |287
Acetate

Emulsion®(g)

Water (g) 1.88 120 | 260 | 3.20
Calculated 29.4 39.9 | 50.1 59.5
Silver

Content (%)

'7000-95 Nanosilver, commercially available from Ferro Corporation
Dur-0-Set C-325, commercially available from Celanese Corporation



renoved during the TGA scan. The residual weight at 550C corresponds to the
anmopunt of silver in the film Table 2 shows the annealing conditions,

silver content and resistivity for sanples 1 - 4 after annealing. The silver
20 vol une fraction was cal cul ated by using the neasured silver weight
fraction and the density of silver (10.5 g/cnB and the density of the

pol ymer (1.05 g/ oy O%rog\ﬁge t-ﬁ?.%t)stir‘ésl @%&%@ﬁik%sgstﬁﬂ{emﬂ @éé@znnA - D after

Anneal i ng Formul ati nneal i ng ver ResistiVv ditions

ggntzegt 68%@‘!&% r&%ni%&e%%(@%%g't@%ﬁ%@%ﬁ%&i%éwégghﬁ%&%ﬁé xioﬂgczooc
2502 5% & B0, TR il AR i RS i %1513, 3
0 SHA0. RSN ol B0 o OB SRR BB T, oo
e ectr1 o8 TaRBMELA N B ok S5 h Bl R g 2 o
P et ST Y Bt ad i HB S Kb BeRd AR SOL S
less than 3.6 yol une percent o i SUMSH ddrBiowr s 335, cal cul ated
mixture was then coated on 2 inch x 3 inch glass slides using a drawdown
bar with a 2 mil. gap. The coating was dried overnight at room temperature.
10  The glass slides containing the dried coating were annealed in air at various
temperatures for thirty minutes using convection ovens. The resistivity of the
coatings after annealing was measured using the 4-point probe method and
the silver content was measured using thermogravimetric analysis (TGA). To
measure the silver content via TGA, a small amount of annealed film was
15  removed from the glass slide and scanned in TGA at temperatures ranging
from room temperature to §50°C in air. Organic materials are burnt and
removed during the TGA scan. The residual weight at 550°C corresponds to
the amount of silver in the film. Table 2 shows the annealing conditions,
sitver content and resistivity for samples 1 — 4 after annealing. The silver
20  volume fraction was calculated by using the measured silver weight fraction
and the density of sitver (10.5 g/em® and the density of the polymer (1.05

glcm®).



10 mat hemat
spheri cal

i cal

30 vol une percent.

Exanpl

nodel i ng procedures show the percolation threshold of
nodel s in uniformnedia at about 15 -
2. Three conpositions were nade according to the nethod of

Exanpl e
e 1.

Silver particles were utilized with an average particle size in the 15 range
of about 0.4 pmto about 1 pmresulting in a polymer particle/nanosilver

article si z bout.1.5: The i ngredi ents of each

Eonposi tion ?h%\mp"r‘ {)F%(rr%najfo%s "i‘a'gtﬁéhgrAWHTﬁ ati ongof Conposi tions 5
- 7 For mJ| tinon E A 7 Merno CI | Mok ’) I:R 1 6 .’)_ 02 Roy dar ' DPnl \I\II ny| 6 94
2.42 2.45 AE@E’%LE'%“%U éPB?F 9O\t b 5 16 |08 2 09 |CRe%EMiY ed |39.8 50. 0
59.6 Silver Content PP"sl'B‘Pfésre k}tf*re Fm avai || @#) f r om|Techni c,
| nc. 2Dur - O-Set _C-325 Eormil at é(l’é \A dri ed hgat ed, and
nmeasur ed ac*ﬂ)r ding to 1‘15103 Cnr aced .2'&2nf Fyanrﬁ §01 Tabhllel.8x he
anneal i ng chiditions, sITY& cont@hR, and rle®f8tivity B2XManpled 5 - 7
after anneal2ng. Tabl e| 450% opert| 8&70f For mi#.Ati ons 5 |-8.9410r Arneal i ng
Formul ati on| BAnneal i ng Bilf&%er Resi 587 Vity nel7ti ons Vol 88100- cm} Fracti on
5 150C 6.2 N@nconducti y&00°C 39.3 6.08 1.54x10"

2 230°C 454 7.68 6.51x10™

3 150°C 47.5 8.30 8.72x10°

3 170°C 47.5 8.30 1.97x10°

4 150°C 57.8 12.06 4.74x10°

4 170°C (20 57.8 12.06 9.54x10™

minutes)

10

15

As shown in Table 2, the combination of small silver particles and

large polymer latex particles provides a material with good electrical

conductivity, even with very low silver loading. Formulation 1 illustrates that

measurable conductivity is achieved with only 27 weight percent silver which

is 3.6 volume percent silver. Thus, the percolation threshold of the silver

particles in this Example has been decreased to less than 3.6 volume percent

of the composition. In contrast, calculated values utilizing various

mathematical modeling procedures show the percolation threshold of

spherical models in uniform media at about 15 — 30 volume percent.

Example 2. Three compositions were made according to the method of

Example 1. Silver particles were utilized with an average particle size in the

range of about 0.4 pm to about 1 ym resulting in a polymer particle/nanosilver

particle size ratio of about 1.5:1 to about 3.5:1. The ingredients of each

composition are shown in Table 3.



5 170C 6.2 Nonconductive 6 150C 9.1 Nonconductive 6 170C 9.1 10 - 10 7
150C 12.9 5.4x10 7 170C 12.9 3.2x10 10 Table 4 illustrates that when the
silver particles are only slightly smaller than the polymer particles the
percol ation threshold of the silver particles is at |[|east 50% by wei ght or
about 9.1 % by volune. This level is lower than the calculated value for

neat spheri cqt%%%%n%?'tnh\égorp %&\ﬁk&jtmq‘l e7rsed in a uniform 15 nedi a.

Exanpl e 3. tions accordl ng to the method of Exanple

1. Differen Lﬂ eagh cu..TermaIIy avai l able fromDow -9

Cheni cal Co*.E 53”' A febsﬂ.u balyirer sizes were utilized in each
conposition S& os?’?’bo % %P’%pert i es of the polyners are illustrated
in Table 5.} 5° 5—+PRol yiner npositi ons and Properties Pol yner

Conposi t i on| S8WiYlaver n§843i 282 Rat2-65 Content (% Particle with Silver Size
m Nano arti tPE2I8CAR Latex [Butyl |acryl ate, methyl 43 0.11 1.8 627
met hacryl at EEAMISIRNE) b- et Hyl hexydl _actyl ate, nethyl methacrylate pol ymer;

wat er UCAR | MYatgr(@lcryl nPd6nakédl 42.0925° 4.2 452 pol ymer; styrene
Caiculated 39.8 | 50.0 59.6

Silver
Content (%)
1Slls.phere 514, commercially available from Technic, Inc.
’Dur-0-Set C-325

5  Formulations 5 - 7 were coated, dried, heated, and measured according to
the procedure of Example 1. Table 4 shows the annealing conditions, silver

content, and resistivity for samples 5 - 7 after annealing.

Table 4. Properties of Formulations 5 - 7after Annealing

Formulation | Annealing Silver Resistivity
Conditions Volume (Q-cm)
Fraction (%)

5 150°C 6.2 Nonconductive

5 170°C 6.2 Nonconductive

6 150°C 9.1 Nonconductive

6 170°C 9.1 10”- 10’

7 150°C 12.9 5.4x10°

7 170°C 12.9 3.2x10°
10

Table 4 illustrates that when the silver particles are only slightly smaller than

the polymer particles the percolation threshold of the silver particles is at

least 50% by weight or about 9.1% by volume. This level is lower than the

calculated value for neat spherical conductive particles dispersed in a uniform
15 media.

Example 3. Compositions 8 - 10 were made according to the method of

Example 1. Different polymer latices, each commercially available from Dow



acryl ate based polyner; water 50- 60% UCAR Latex Butyl acrylate, nmethyl 65
0.45 7.5 651 nethacrylate polyner; nethacrylic acid polynmer; glycols,

pol yet hyl ene, nono [(1,1,3,3- tetranethyl)phenyll ether <=2% ammoni a
0.2% water 35% The ingredients of each conposition are shown in Table 6.
Tabl e 6. Formul ati on of Conpositions 8 - 10 Formulation 8 9 10 Nanosil ver

1.72 1,76 1. égergfc):g @lﬁééﬂy hdvitR cﬁ#gr%ﬂt)%ﬁ)[nQer's‘lze'sgv%%Vﬁiz% évggé%ﬁ - 4.0 -- UCAR

751(g) -- -- ter I.5 1.6 2. cul ate er 50 Content 10
1Ferro Nanos} i+ 00 = ' : 1?5%3 i ed,
heat ed, and %‘%ﬁ@fﬁ‘éﬁ- g-ch%c%P g‘ljp %3@%%@%?@8%8&?‘ éq’é’}%@%%p%e' : téﬁibl e 7 shows

the anneal i ng 'Ica%ﬁédfat lons, silver content, and resistivity for sanples 8 -10
after anneal I ng. '

5 Table 5. Polymer Compositions and Properties

Polymer Composition Solid Average | Size Ratio

"t Content (%) | Particle with Silver
Size (um) | Nanoparticles
UCAR Latex | Butyl acrylate, methyl | 43 0.1 1.8

627 methacrylate
polymer; 2-ethylhexyl
acrylate, methyl

methacrylate

polymer, water
UCAR Latex | Acrylate based 44 0.25 42
452 polymer; styrene-

acrylate based
polymer; water 50-

60%
UCAR Latex | Butyl acrylate, methyl | 65 0.45 7.5
651 methacrylate

polymer; methacrylic

acid polymer,

glycols, polyethylene,
mono [(1,1,3,3-
tetramethyl}phenyl]
ether <=2%;
ammonia 0.2%;
water 35%

The ingredients of each composition are shown in Table 6.

Table 6. Formulation of Compositions 8 - 10

Formulation 8 9 10
Nanosilver 1.72 1.76 | 1.63
Powder'(g)

UCAR 627(g) 4.0 -- -
UCAR 452(g) - 40 | --
UCAR 751(q) - - 2.5
Water 156 16 |27
Calculated Silver | 50 50 50
Content (%)

10  'Ferro Nanosilver 7000-95
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5 Table 7. Properties of Formulations 8 -10 after Annealing Fornul ation
Annealing Silver Silver Resistivity Conditions Content by Volunme (Qcm
TGA % Fraction 8 170C 50.9 9.4 Nonconductive 9 170C 50.8 9.3 7.3x10 10
170C 45.7 7.8 1.8x 10 Table 7 illustrates that the higher the size ratio
bet ween the pol yner particles and the conductive particles the better the
el ectrical conductivity after 10 annealing with the sanme silver | oading.
Conpar ati ve Exanple. Two conpositions were made according to the method of

Exanpl e 1. Ardffuiftioné B\ A0 \M@fé cHhtek! A, wéétsd %daﬂ@és%g@d é’&'deuﬁd% size in the

range of about 1.3 to about 3.2 pmresulting in a po
par ticl e/ nanggi lrdﬁ%ﬁu%ftEx‘éhﬁ)Ié'l 2261871 sho tﬂéai@etaﬁﬁd‘c&{b‘i’nonlhﬁlvépg; edients of

each conp03|t|on are shown I'n Tab Fornmul ation o

Conparative m% , |ver 2.2 3.3 Powder'
Pol yvinyl 4.0 4 i ORI o8 - Ib ol Jhiglliy | Vel 22 0 S L00h ee 6

Silver Cgntent SI | sphere 519, commercially available from Technic, Inc.

Table 7. Properties of Formulations 8 — 10 after Annealing

Formulation | Annealing Silver Silver Resistivity
Conditions Contentby | Volume (Q-cm)
TGA (%) Fraction (%)
8 170°C 50.9 9.4 Nonconductive
9 170°C 50.8 9.3 7.3x10°
10 170°C 45.7 7.8 1.8x10°

Table 7 illustrates that the higher the size ratio between the polymer particles
and the conductive particles the better the electrical conductivity after

10 annealing with the same silver loading.

Comparative Example. Two compositions were made according to the
method of Example 1. A micro silver was utilized with an average particle
size in the range of about 1.3 to about 3.2 ym resulting in a polymer

15  particle/nanosilver particle size ratio of less than one. The ingredients of

each composition are shown in Table 8.
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2Dur-O Set C-325 5 Formul ations 11 - 12 were coated, dried, heated and
nmeasured according to the procedure of Exanple 1. Table 9 shows the

anneal ing conditions, silver content, and resistivity for sanples 11 - 12
after annealing. Table 9. Properties of Fornulations 11 - 12 after Annealing
Formul ati on Annealing Silver Resistivity Conditions Volume (C/ cm Fraction
11 150C 8.9 {a& enddehliMBon gflcg,zggaﬁvegc&lgm% ctive 12 150C 12.9
Nonconductive 12 170C 12.9 Nonconductive 10 The results of testing on the
conparati vefg R Oy S| Oy 1 gt the percolation threshold of the
conducti ve PREdi&ES TEFGIT gh when the conductive particles are | arger
than the po| ¥ de itic ‘es.| Many |nodi fications and variations of this

i nvention c I8 wirt '-Uut departing fromits sprit and scope, as wll
be apparent (Qet t@')se ski” Iecf!' in|the art. The specific enbodi nents descri bed

herein are OE %Wcﬁ &zeway qof exdnples only, and the invention is to be
limted only ”aferq . af 5he appended claims, along with the full scope

and equi val Wk .' SHE eHainms are entitled. -12 W claim 1. A
curabl e conp $F’l"|iag’t‘? nf)sr‘ssﬁ‘?gs pdl yner particles, electrically conductive
filler part al liqyid nmedium wherein the average polyner particle

size is lar l ectrically conductive filler particle 5

e _avdrage ¢
si ze. 2. Thezgiﬁpdﬂgﬁf’é%o;ﬁ%@ﬁqth aygilablefram TechifedrG. n t he average pol yner
ur-O-Se

5  Formulations 11 - 12 were coated, dried, heated and measured according to
the procedure of Example 1. Table 9 shows the annealing conditions, silver

content, and resistivity for samples 11 - 12 after annealing.

Table 9. Properties of Formulations 11 - 12 after Annealing

Formulation | Annealing Silver Resistivity
Conditions Volume {Q/cm)
Fraction {%)
11 160°C 8.9 Nonconductive
1 170°C 8.9 Nonconductive
12 150°C 12.9 Nonconductive
12 170°C 12.9 Nonconductive

10
The resuits of testing on the comparative formulations show that the
percolation threshold of the conductive particles remains high when the
conductive particles are larger than the polymer particles.

Many modifications and variations of this invention can be made

15  without departing from its sprit and scope, as will be apparent to those skilled
in the art. The specific embodiments described herein are offered by way of
examples only, and the invention is to be limited only by the terms of the
appended claims, along with the full scope and equivalents to which such

claims are entitled.
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Size is greater than 1.5 tines |larger than the average electrically
conductive filler particle size. 3. The curable conposition of claiml1,
wherein the polynmer particles are 10 in the state of an aqueous pol yner

enul sion or dispersion in organic solvent. 4. The curable conposition of
claim3, wherein the polyner particles are latex particles. 5. The curable
conmposi tion GieGlafhm 1, wherein the polyner particles are selected fromthe
group conS|st|ng of pol yvi nyl acetate, ethylene vinyI acetate 15

copol yners, acryl ah%ﬁgtg g&hg ﬁ%ﬂq{or@@@b%‘é{ o Q?H ng,ecélgé{,yene acryl ate

copol ymers, polyureth ber r ubber,

t but Th
_(S:u)rlggln: cgng?gﬁ?l?%ﬁg@{?&rcq al m 15%"%“@{?%?% é‘{ﬂe@w@a conmctl veefl Il er
s selected Tnmd fge Aiaie, m%gg¢%£\6ér}9%§§lectrlééll a@@gua&amﬁ wpawélg 20

pal | adi um platinum nic ver-c ni cke car bon bl ack,
| ead, zi n$ aI all oys, carbon fiber, graphite, alumnum indiumtin
oxi de, ver “¢oat ed copper, silver oxide, silver coated alum num netallic

coat ed gl a9 5 SPhekRS oy MRLAefigRLEat bl ihereiRhELlASac BB PO YT S

silver coated’'fiber ver ere’s, an t1'n oxide

i ckel ,  car baPSRABER AT R

conposi tion f“ cla ?TG wherein the average size of the electrically
conductive | ig? %? 281 es is in the range of about 5 nmto about 5 pm 8.

par 1 of 65, have o VB AEBeeriPaion oL BBt WaRBnE Bovier pecienae

SRR T R R R e HE

4, The curable composition of claim 3, wherein the polymer particles are
latex particles.
5. The curable composition of claim 1, wherein the polymer particles are
selected from the group consisting of polyviny! acetate, ethylene viny! acetate
15 copolymers, acrylate, acrylic ester copolymers, styrene, styrene acrylate
copolymers, polyurethane, rubber latexes, natural rubber, butyl rubber,
styrene butadiene rubber, and copolymers and mixtures thereof.
6. The curable composition of claim 1, wherein the electrically
conductive filler is selected from the group consisting of , silver, copper, gold,
20  palladium, platinum, nickel, gold or silver-coated nickel, carbon black, lead,
zinc, metal alloys, carbon fiber, graphite, aluminum, indium tin oxide, silver
coated copper, silver oxide, silver coated aluminum, meftallic coated glass
spheres, metallic coated filler, metallic coated polymers, silver coated fiber,
silver coated spheres, antimony doped tin oxide, conductive nanospheres,
25 nano silver, nano aluminum, nano copper, nano nickel, carbon nanotubes,

and mixtures thereof.
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conposition of claim1l. 10 it. An electronic device conprising the
electrically conductive conposition of claiml1l. 12. A nmethod for form ng an
el ectrically conductive coating conprising the steps of: providing a

pol ymer enul si on or dispersion, adding one or nore electrically conductive
filler particles to the emul sion or dispersion to forma 15 m xture, coating

the mxture on a sgRsclARbR cdipdsiidnidfElalh B! WhéteRNbe Q@&%b@glzeto?ﬁlecoat ed

substrate to forma conductive network, wherein the polyner enulsion or

di spersi on C%T@dtﬁéa‘ﬂy%n&ﬂtly@ﬁﬂer%l‘ﬂcle@@ﬁl th@?éng%\fsbam @Mﬁrt@%m#t%' ze I arger

than the average particle size the el ectri cal conducti ve
particles. 2Q,43. The nethod of cIa|n112 further conprising the steps of
providing the electrically conductive filler particles in a dispersion and

drying the digper Sirfg cyfdpid %ﬂ&t%ﬁtﬁgﬁﬁﬁ '7ywﬁé}Bﬁ'Hﬁé 'ebé%trfchi er powder. 14. An

el ectrically conductive coatin orrre accor di ng thod of claim12.

25 15. Angel 3%%8? tq%maé%q}]aggrmrdv%rdé%m y. |%§ttﬁ%$%u¥ 568'391““ I ve coating

f ormed accor of ¢C ranspar ent conductive

material fornged aCﬁWeﬁ’é&ﬁcaﬁl? cShdlctve materifformed from the curable

composition of claim 1.
10. An electrically conductive network structure formed from the
composition of claim 1.

10 11, An electronic device comprising the electrically conductive
composition of claim 1.
12. A method for forming an electrically conductive coating comprising
the steps of: providing a polymer emulsion or dispersion, adding one or more
electrically conductive filler particles to the emulsion or dispersion to form a

15  mixture, coating the mixture on a substrate, drying the mixture and heating
the coated substrate to form a conductive network, wherein the polymer
emulsion or dispersion consists of polymer particles that have an average
size larger than the average particle size of the electrically conductive filler
particles.

20 13. The method of ¢laim 12, further comprising the steps of providing the
electrically conductive filler particles in a dispersion and drying the dispersion

to form electricaily conductive filler powder.

14. An electrically conductive coating formed according to the method of
claim 12.
25 15 An electronic device comprising an electrically conductive coating

formed according to the method of claim 12.

16. A transparent conductive material formed according to claim 1.

-14 -



