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EF]: AFA 2 Hiesto]o](AgNW) theEsbi5e 7] A oFAl 52 FdH]e] AgNWE H7kete] A=
38 Fodg A Folth. AN AgNW 7+¢] van der Waals S12ol] ¢]3F 5o vhBalago] B4 3kitol] Aol
aglo] =i girh. A7 eSIZHSNPy= w4 thedei s} 213k o] -ate] §308 HAlehl ikl E3-8 F
= B2 duA ok B Apere oFA/ANW YB3 5] 22 2 2714 A4l SNP7} plA= 9
ol sl sk AgNW §HF 3 vol%S] Wh=s Al 5ol 2lolx] SNPE H7telA] e 745 A7) A==7F &
AR AR SNPS 2,63, 3.95, 5.26, 7.89 vol% Z713tol] whet F243] A=At AgNWe] 1714 YES=
= SNP & 3.95 vol%ellA F4= 3tk 7k SNPL] o] 7.89 vol%Sl 745, AIZAI/AgNW L B3 5.2
714 JAFEE AgNW 1.39 vol%Z YERES ™ AgNW 4 vol%ollAe] A7 AEEE 10 S/m AE9] 7+ B
ATt

Abstract: Epoxy/silver nanowire (AgN'W) nanocomposites are emerging class of materials that provide electrically con-
ductive properties to insulating epoxies by adding AgNWs with a high aspect ratio. However, AgNWs are easy to
agglomerate due to their van der Waals attractions, resulting in an obstacle to enhance material properties. Silica nanopar-
ticles (SNPs) known to have good affinity with metallic nanofillers prevent agglomeration of the nanofillers. In this study,
the effect of SNPs on the dispersion and electrical properties of epoxy/AgNW nanocomposites was investigated. In the
nanocomposites of AGNW 3 vol%, electrical conductivity was sharply increased with the addition of SNPs by 2.63, 3.95,
5.26, and 7.89 vol%. The electrical network of AgNWs could be formed at SNP 3.95 vol%. With the addition of SNP
7.89 vol%, the electrical percolation threshold of epoxy/AgNW nanocomposites was AGNW 1.39 vol% and the electrical
conductivity at AgNW 4 vol% was as high as 10 S/m.

Keywords: nanocomposite, silver nanowire, silica nanoparticle, electrical properties, percolation threshold.
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L < gral] g ArF s JPE
o} 3t o2 van der Waals Q18] o]t L= i) 32
27§ A5 2E-(depletion-induced interaction)®l] 2] 7
g g ol HaEntS

Wi B 5o M EY AR ARESh= o] FA] A= 7
sk {2, 7IA1A s, e, 7] A, ekd ¢
e 243 7R e Solst AP PR <l
EIEE QA FAE FEA AREEIL JTtE o FA]
FA 7} o]} Zro] TeFsgt Fobe EEE A e AL =
o] Flsho] el theket A B BAA| 9ke] Z3to]
7Fsste] date 248 94T ¢ 7] "ol ¢ &,

= [e)

ofojoli= =2 P/ (aspect ratio)= U3l = H71A &
S 7R, whe A (sintering) 2%, 2 HEWE, A &
ZH(quantum effect), BI'd & FH(tunneling effect)$} 72 Uiz
AEEA S SAE AYAL Ut} & AFolx A=A =g
22 Melgh 2 ieelo]oj(AgNW)= 7HEaL 71 o=
ol ThsstER 7] AxA, FEE EA4o] el HF
A, A=, v&Fdo] 5 ofg ol AAA Zgia
= UAlsolth AZNWE sk o Ee 4= &7
u]F Ak3l(anodic aluminum oxide) =Hg A3l AAO H+
W2 Az Z2)E Tl Fdsks AR WA (electron
beam spinning),”"* 55 FHE ARt HEAI7I= Sl
47,0 olgd 2E]EE SR slo] deke EEle W
H(polyol method)'® o] &&1A Utk & AFA 2= gt
& WHE O Wl vlste] FmI7E A5 B2 F
o] AgNW= H|2 &7 Az 4 Uvhke Aol Utk
2 AFoM = AgNWE gt of|FA] 3]0 E4 Hog
e A7 =Y HSNP)E® H7tste] SHEos
Az o ZA)/AgNW/SNP Y3t o 3HES gHsh o2,
olF A =AY 714 B4 wskE 1FSIS
o 53] AgNWe qlo] $-73 Zlo s 4l SNPE =
A3t >1920 AgNWe| A4 Hmo) 7] HEwe vXe 9
oS IFSIUTE FA] viER A ) AgNWE] 24 A=
B 5 Al RERA] B FHEADS Este] H7t
SHRaL, A718 432 AgNW 2 SNPO| ghekol] mhE vhie
EAEe] A7) A==E st HrFekich

K

Aof A THZ. AgNWe| S 9l ARESH A|2kO R silver
nitrate(AgNO; )= Kojima(Z+)=5-E], poly(vinyl pyrrolidone)
(PVP) (Mw=1300000 g/mol), copper (II) chloride (CuCl,)=
Sigma-Aldrich(M]=H=ZF8 T4aiitt. e <1k wks- vf
A 2 942 Samchun Chemical(3+=)2] old# F2|&
(99.5%)= ARESIAAL, Al 2 AHAE $18) S-F-T(deionized

water)e} OFHIE-S ARS-SIATE SNPE A|Z237] S8l AMS-gH
AlFO 2 ftetraethyl orthosilicate(TEOS, 95.0%), NH,OH
(28.0-30.0%), ™ ¥F-2(99.5%), ol ¥2(94.5%)S Samchun
ChemicalollX] 793193t} slEgl~ 422]%= Kukdo Chemical
(&)2] bisphenol A(DGEBA) AlGe] s o ZA] 4=2]9]
YD-128(EEW: 187)2 ARE-3I3IT}. 7d8A|2+= dicyandiamide
(DDA)Z, 733} Z3A|Z+= 3-(3,4-dichlorophenyl)-1,1-dimethyl
urea(DCMU)Z- Sigma-Aldricholl A 918t AM&-313t).

AgNW EHd. AgNW= Z2]8 WS ARgste] 4931
o2 2,69 M PVP/OlEdl FE]E €9 80mLell AgNO;
1.41 mmol ¥ 30%-7F Wit 5 3.91 mM2] CuClyolg#
2TF &9 04mLE H7FSHAT 158 & o] &S 4
ol FYste] 180 °CeollA] WHEAIZTE. oF 1A17F 30

o] slale mH ME HE 27He B 3o
&S THEIGE AT BAEEANE AgNW o]€]e]
S=o] S48, Y= AH(nanoparticle) 3 U=
(nanorod) 5 TFFSF Fgo 2 HHE & eEFo] &3ty
Ak TETt =S ANWE 7] $J3) oMES S/
AR ARgste] PARE] FHES ARTEE ol
HHEate] =2 Q/dHe] AgNWE AUt

SNP 8. SNPE Stober Holl 71%3 &4 oz F 7}
A A719] YAE AAFSATES SNP| A7)0l YIS mIA|
£ 298 ByE AL Azt g 9 J4H =4S 2
3T 40 nm =71¢] SNPE TEOS 2.88x10° mol, 5
9 0.056 mol, ¥R 1.25 mol, &k 0.22 molS- oF 155
7k £%3 5 NH,OH 0.17 molS ¥ 25°Ce] & %
(shaking bath)ollA] 24417+ WH-3-3F & ¥dA] Wslsh= 1S
ol3l ok kS-S FE319T}. 400 nm =7]9] SNPE= TEOS
5.86x10”° mol, =7 0.17 mol, o€+E 0.5 molS ¢F 1587+
&39ke & NH,0H 0.82 mokS ¥ 40 nm =7]2] SNP ¥4
I FLe FPo R AT A=E SNPY AlF 2 A
A flstd FRTE AR

OIZAI/AGNW LH-E8IIE MZ. F017 gFake] AgNW
£ olHE EARZ] dErle] Y TF] o FA] A E A
718k % o ZA 9} AgNW7F Fd sl EFEEZ 50°CoA
12A7F 53 71A1A weke AT £ & A3 E=
olflA|2] DDAE AME-3ISITE. oAl AdAlE B 329
A 4sEe-S ZIgIA Ao Btaz, Hhgo] A= 7] Mol st
o] dEs)] uke SOl dojd 4 7] wjiTel f-elotA Y
DCMUE 733} Z3XIA| = 3| ARE-313{th* DDAST DCMU
= ANZA|/AgNW vigHE<]] 282} 4 phr(parts per hundred res-
ins)d Z7Feted 80 °Collx] 2417k 59t wRkS: F3l 83lAIA
o} &5to] ShRE 2F nigES HuE FF0) olFAI F
g obAlE H 712 E AASH] 218l 80°CellA oF 3417
B 2 ARAHT. oMHMER 7|27 AAE HF uE
<2 150 °CollA 1AI7F B9 ZASAA FA 2 mm, 27 24 mm
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o] t2a o] MEZ Al Az S 7] A
T SA ) ARSI Al EAI/AGNW/SNP et 3A] 5
= ol ZAI9} AgNWol| SNPE 2 F715 RS A28t
Je miEE Ax, 43 52 do] o ZA/AGNW Ax wje}t
Y AHS wsith

24 9 =3, AlxE AgNW, SNP 2 =23 5e] §
Bl72e A4 WEE AR (FE-SEM; JSM 6700F,
Jeol)S F3l Eelsllom, SNP= A 9)A B33 4| (FTIR;
Spectrum Two, Perkin-Elmen)E 53l &4 ¥3& £33
th YB35 A7 dxxe= tAE DEVE (Fluke
189) ¥ picoammeter(Keithley 6487)5 ©]-8-3lo] £33t}
S G Al ¢E FH AW 3 o] Z~E(Elcoat P-100,
CANS)Z H=g 72t 3 A3s S3s3 4 (DS A

f3lo] A7) Axe=z shakslitt.

_1_d
Aq71M, o= A7 A=, RS AT, pe A Presistivity),

) H]

d= A T, S Al T Aelt), o EA] 4] 9 U
B3 e fFHEES =4 S471(MCR
300, Anton Paar)Z A% % FF Hik(small amplitude
oscillatory shear) A1€S 53l #4319 th FHELNS =4
371 918l 0.1% HMHE, 10rad/se] F34= ZH0NA 52 Al
A 9 52 AFE ANt A7 v E(storage modulus,
G) ¥ ¢4 e E(loss modulus, Gy T3 2 Al
& 30-200°C WM 1°C/ming] $& 22 2AA8193,
T2 AP 150 °CollA Agaisint. 71713 £4-2 SNPE
5.26 vol%(10 wt%el 33 71k UieBgAl = sl s
A& 71(UTM; LR-10K plus, Lloyd, UK)Z o]&3le] ASTM
D638l oAt 1 A= H 1 BAES SH AU
o1 Alg-e 25°ColA 5 mm/ming] I L5 F3ste]
AASFAIL HA /W ool Al arste] kit o
ZA S} B 5] 73t AT S AREAL DEAI(DSC
Pyris 6, Perkin-Elmer)E AME-3te] Z4 271, 25-250°C ¥
2ol 10°C/ming] 52 £E5 Fsie] BT

AgNW & SNPe| &8 ¥ =, viitAige] 17] d
EEE A7Iehs AgNWe] A5l thek dolo] vz Aeols

= @l 23 wo] e, 9 S A A
G FrE 2 2ddes A7) Ao o =4 veRd

t}. Figure 1> AgNW<] SEM AR 02 AgNW+= Ha 2
©] 31.5+17.8 um, 87+ 273 133+21 nm, /3]
el =t Aol= 5070 o1, 272 1070 old2 S48
of Faslet. e el gk AgNwe] 37 WiAUZ
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Figure 1. SEM images of AgNWs synthesized by the polyol

method: (a) image showing the length of AgNWs; (b) magnified

image showing the diameter of AgNWs.
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A7 YAF= Scheme 19 =AISH 4 08-S Faf &
BT o] whol= Al T8o] yERE o] o8 &
AE S el ofsf AEA vert Y4 S

o

&5 vReEA we gERE AR HEY A e
ok QRS A SNPe] 7] 9 EXE TEOS, ¢
Huol 9 o] p 4TS 9 ukg 2%o] P W=
T} Figure 2= 793 T 712 SNPS] SEM ARle g 7}
UAbe] Ha AE-2 theF 4054 400 nmSl Ao YEeRgT
AT YA BBk RE IR 248 S s Figure
30 Fo9%1 wke} o] Aglrke] 54 321 3220 em™e] O-
H, 1050 cm™@] Si-0, 947 cml] Si-OH, 795 cm™#} 559 cm’!
9] Si-0-Si == 0-Si-0% YeRio] A7t YA A=
FAEAS AIsITEAY

—
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OC,Hs OC,Hs
CyHsO——Si——O0C,Hs + Hy0 ——» C,Hs0——Si——OH + C,HsOH
OC,Hs5 . OC3Hs
Hydrolysis
OC,Hs OC,Hs OC,Hs OC,Hs

C,Hs0——Si——0C,Hs + HO——Si——0C,Hg —— C,Hs0——Si——O0——Si

OC,Hs + CoHsOH

OC;Hs OC,Hs OC,Hs OC,Hs
Condensation
OH OH
\ /O———S\I OH + Ho——S|—o\

Scheme 1. Scheme of sol-gel synthesis of silica nanoparticle (SNP).”

— 100nm NCIRF
5.0kV UED GB WD 3.4mm

11/19/2015

X50,000 WD7.2mm 100nm

X50,000

(a)
Figure 2. SEM images of SNPs synthesized by sol-gel method: (a) 40 nm size; (b) 400 nm size.

SEI 10.0kV

T 7EA A71¢] SNPe}F o FA] 2] 9] A 3HAS vl
L1831 SNP 5.26 vol%s &A1l H7lsted Zslet )52 7
AX BAS Y *S}Oit‘r Table 10l #|A|3F vle} 7+o] SNP
£ A7t 79 & oAlFAl vlE) 1 A AslaL

—_—

o]3¢] AolME et 7] A%l 40 nm SNPS A
giste] ALg-stiTt

LI E82o| sEtaHEA . AslE A 44 wgHE<)
]7}01] w2 733} 7% 35 8 (chemorheology)?] HHa

—

A B EL 7}0}0311:} 7FA] SNP Sol|l A= 40nm o7 e T 29N ¢ & St TSI
NPS 471k 7397} 400 nm AR 71 492t & AEelxe A5k (gel pointyE 1T < ot A5y
7JE9} A HE BT ek ol A2 aﬂﬂ %l < 7shiks Al AR A7 B wAl= Wskeke A1l

A7} EA HEZ 2 ol ate] 2 o] FolHS SJveH
0 oA Fel SNPE H7HE w] 2 §iAke] A9
Aol A FsAE 2 o waEt Edk 5 §L
H/1 S SNPE] 2717} A5 AA) EAHo] F7ks
BE AQNWE] FAE felT AOE o gk e

2 8 F e, ol W 2 e o S o
AZRE IA 2] AFo)7} Dol AHOE siXe] o
Rot}, Ao 7= g Gro] TE kA (crossover
pointyS Ao 2 M| % k=t o] AH o|Fel= G

o] G'HT} A4 AZ Edo] XM o]7] wo]tt ! Figure
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Figure 3. FTIR spectrum of SNP (40 nm) synthesized by sol-gel
method.

Table 1. Tensile Strength and Tensile Modulus of Cured
Epoxy Resin and Epoxy/SNP 5.26 vol% Nanocomposites

Tensile strength Tensile modulus

Sample (MPa) (MPa)
Ep 44.946.9 671.3496.1
Ep/SNP (40 nm) 24.746.1 873.4+55.7
Ep/SNP (400 nm) 23.545.0 740.5+82.6

4ollA 9} 7Fo] 40nm SNPE- 526 vol% 5713 74 A3} &
S (gel temperature)= =gk o FA] o H]3l] 140 °Cell A
153°C2 S7Fsldth dojxl Ast &= F221 150 °CollA
& A EE TS A, Figure 59014 9F 72o] ofF 247k o]
Ulol] Z3shikgo] Aol $hsgS RIS o oA 4
sk o FAI/SNP =B 5] G G"E H]as] B
SNPE #7}et 49-7F thd BHe tan §(=G"/G)YE B 2
t}. o]i= SNPE #7keh 73-97F B} 2% /o] ZFsith
= AL omgit.

Figure 6 -2 AlgoA] SNPS} AgNW ghegol] whE u}
EIAN B G G 2P EZE YERA Aolt) o FA]9
AgNWE 3 vol% 7k of| FA|/AgNW] 75, Z7]ell=
Figure 49| =7 ol &A1) HIg| =& G5} G"& Holtpt &
=7t gepdel wiet F45H 7Askal k. o= AgNW7H
AlZo] Aol mEk S E AL F o] ko] BRSNS
oJm)git}, 1 WhHe]] o ZA|/AgNW HIEHE<] SNP 5.26 vol%
= 7K A4S =2 3 Hole G Gl Alzke] A st
o= FASH Fhiske Eo] YeRA] ekt o5 SNP
7} AgNW2] QFFAR1 MEQ A 2 Ao =8-S T3]
wjitoltt. sl EA AES AX A3t Al A 1
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Figure 4. Storage and loss moduli of neat epoxy resin and epoxy/
SNP 5.26 vol% mixture as a function of temperature with heating
rate of 1 °C/min at strain of 0.1% and frequency of 10 rad/s.
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Figure 5. Storage and loss moduli of neat epoxy resin and epoxy/
SNP 5.26 vol% mixture as a function of time at 150 °C, strain of
0.1% and frequency of 10 rad/s.

, NEFA/AGNW 733H=9] 7ol o] ZA] F3 AgNW
o] ¥ FFE B F oL, ol FA/AgNW/SNP 75}
o] Zgolle BUSS Aslae dUd 4L By F
Atk Asl 0] 79 o ZAI/AgNW 3 vol% =B &
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153 °C9} vlal] B vhede)rt B A4S olE A
$-, GAEAo] $58 AgNWE H7Isha A3} 27} Yo}
A3l gEgo] 73 SNPE H7eld Ast 271 oA
£ Aoz FEHU Figure 72 150 °ColM 2] 52 AlHS
33 AFZ o ZEX/AgNW/SNP LheE-alz) go] 7 d
FA/AGNW WieEo 1T syt e s = o]
Ao Hojd AgNWe] ito] 2 o]Foj317] wjitoltt.
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Figure 6. Storage and loss moduli of epoxy/AgNW 3 vol% and
epoxy/AgNW 3 vol%/SNP 5.26 vol% mixtures as a function of
temperature with heating rate of 1 °C/min at strain of 0.1% and fre-
quency of 10 rad/s.
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i A Ep/AgNW/SNP, G'
] v Ep/AgNW/SNP, G"
102 IIII|IIII||\II‘\III'IIII'IIII
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Figure 7. Storage and loss moduli of epoxy/AgNW 3 vol% and
epoxy/AgNW 3 vol%/SNP 5.26 vol% mixtures as a function of
time at 150 °C, strain of 0.1% and frequency of 10 rad/s.

LI=SgixiZe| DSC Y¥EM. YB3 se] 73 44
B EA ATS Ftel| 918l DSCE ARgEie] 25-250 °C
o] 2% HedA 10°C/ming] 5L Ao Z A3t
Figure 87} Table 201 50131 vle} 7Fo] == o ZA] 29
H|3ll SNP 5.26 vol%7} QFF3HA| 24 o FA]/SNP Uit
FA T S Aspike AR ES T 2 HU 2=
QA Theall S7F3FATE ol 738MES- A oA % (energy
barrier)2] Z710] 93 Ao 2 SNP2] H7lol| WE o] ZA] &
A7ke] Eo] = o| A L) AR Eate] Hif &2
2o AsEE Ao s FAHETERZ ANWE 713 A4
T O ZEA] FA9] AL HTE BRI Bk oFg A o)
ik SNPE H7Heh AR T =X 2kt of| ZAI/SNP/
AgNW =B 52] 749+= SNP7F AgNWe] #:H38 =
o} o FAI/SNP B3 5ot AN HER T B Thea
o] Z7FIAT). g =gk o FAle] Bl SNPY AgNWE
A7 A 2e A3 AE9(AR)E 2o Fed, ole

=Yg e BRI RS 79 HESE YA Al
o] ¥WA 3 ®H oy=|of| o) wkSE ) wekxly] wiE

IS H7FSE e B3} o FA] witES &

ol =,
g \ ‘\ [
o T \ /
g g N // 7
= 4 \\‘/ /7
Kl N
= 4 4 | \
= ] | \l// /
o | ‘“[/
T ] )/
o] I
1| —— Ep/SNP | /
1| ——— Ep/AgNW |y
4| =———- Ep/AgNW/SNP v
_8 T T T T | T T T T | T T T T
50 100 150 200

Temperature (C)

Figure 8. Effect of SNP addition (5.26 vol%) on heat flow of neat
epoxy resin and epoxy/AgNW 3 vol% mixture as a function of tem-
perature with heating rate of 10 °C/min.

Table 2. Effect of Nanofiller Addition (SNP 5.26 vol%, AgNW
3vol%) on Curing Onset Temperature and Peak Temperature
of Epoxy Resin by DSC

Ep Ep/SNP  Ep/AgNw P/ QI\%EW/
Toa °C) 1269 146.5 1413 146.3
Tp (°C)  139.1 151.0 146.6 151.6
AH (Jlg)  -265.7 4074 -361.9 331.1
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gk o ZA] Fx)e]] Hlsl) B} we] APt doghe: ofw]git.

AgNW % SNP g2kl e L-SEixi2el M7[H &
4. Figure 9= F01%1 SNP 3hdollx] AgNwe| 3 wsto]]
WE o ZA/AgNW/SNP WieEazge] A7) AxsE o}
Rl e Zo|t}, £k ol FAIE 107 S/m 2] B A
7] AEE=g HolA|Rh UgeFe] SNP EA) slollis AgNW
ool SIS iR A7) Ares Sk

T s AgNWe] Ho FME GAsH ol FA]
HISHE UlellA] 9] wigkels o2 B 4 Q) whebA 3
F 9 Ealert 93RS 71X)= 29190d SNPE H7I8HA] o
YA}, FHaFo] 2.63 vol%e] WSt ZolAe AgNW &
FE 4vol% A S7TMAR =g FAIY 7] HEe
o} v]5=3t AE YeRNJATE whE, SNP 52 3.95 vol%
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Figure 9. Electrical conductivity of epoxy/AgNW nanocomposites

with different SNP contents as a function of AgGNW content. Solid
line represents a good fit to the power law relation of eq. (2).
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Figure 10. SEM images of the fracture surface of epoxy/AgNW
and epoxy/AgNW/SNP nanocomposite samples prepared by solu-
tion blending: (a) epoxy/AgNW 3 vol%,; (b) epoxy/AgNW 3 vol%/
SNP 5.26 vol%.
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