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St RB(CB)REIE IR, & m M, HARE . %
JEAR, J&HAT R NN 2 —F S
BURHOL BRYK AT (CNTs) A K KA b, n] g
REAC T BB A, HLWFIE & BLCNTs H AT 94 K 3 3 4%
W, R AT AR CEC Y 5 s Fn 2 I pE L,

K A 5% & B FH R B DAL B S e SEORE AT
AVEITER, FRIRE G AR S BB (E, 7ERAR
SHERHAET, FEEASRHEERNE A M
B2 CBRICNTs B 45 A 5 A9 ik H g
I WSS P ) S e EORE. B, MaZe A& B
CB/CNTs/H AW g & A bRk E A BT HL W 45 25 44,
TN CNTs I & K A8 He A R I B 2 5 i J, i
CBIWMA AT FECNTsZ [0 (25 B, AT PR A - (5
BH, 2.0 wt%(FE 1 5 H)CB/0.4 wt% CNT/HE R
B A RRH SR 210" Q cm. Thaptong% AU
75 T CBHICNTs I I X KAk I8 (NR) & & 41 8L
HLME RS2, & B4y CNTs Y n A AT B S ik 35 4040
CB7E 1001/ NREE f& #4943 1t {HCNTs#ENRH {355
PB4, Fe X T 1534013 CB/447y CNTs/100{3 NR &
A EH R B L B 26 45.3%10* Q cm, TCB/NRE &
AR 1A B B B 5.2 10° Q em. XuZE AN IRFSY &
L3545 CB I 44y CNTs, Fir 15 CB/CNTs/NR & £ #1
B S R 1.2x10° Q cm, B4 A 350y CBIY &
A MRHAFHL R (1.1x107 Q cm)FEAIL T 440 2.
Y e P A 4 UOSR FH 2.545 CB 1 145 CNTs P[] 42 TH kA%
B A FORH M,k BLE S R R A FH H PH R
FEf 25.2x10* Q cm, TES0%hifin 28 T, HAKFH
FH 3 HUAE (R/Ro, RAPLAFARE T A H R, ReM IR
KPR RVME R 24 4. SR, 47T H £ CNTs 5
CB S Hi AR i &2 & AR ME S 7E T CNTS % 5 & A 2
g5, MELAER A WIAR 88 5), Rl EAEBT U1
B /INBY SR AR S AR R DRI DT B R B L T
ety RME SR RS R AR, EA MBS HE
PERE A S HLAR, HARBUR P E £ K710°~10° Q cm.
B A v L R S LR R SRR E R I T
HURE & 8 (IR AR A bR > WL GE . e AT,
RO S E R 2 25 4 5 2 O L 1 e SR AR B MERE
) G SE 6 1 B = R IR A RYWEST, S RE E ML)
AT AS ¥ A

AR SR AR A CB ALK 7 & CNTs B [7] ] &
CB/CNTs/ ! %t & I %t i 12 I (PMVS)(PMVS-CB-
CNTs) SR I & k). i [ 2 CB & i R 1.8%,
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PRI /D CNTs(0~1.2%) il % PMVS-1.8CB-yCNTs
BHEMEL B— i, EECNTsH & R1.2%, WhFE
W/ 4 CB(0~1.8%) il # PMVS-xCB-1.2CNTs & &
kL. 8t CBRICNTs R 26 gk b i 455, g 4l 450 S
HLSECRE T o L S m SRS N SR
WA MORE. WFFT X 2e 5 A A RHE S 0 AR o AR
() 5 M B A8 A RN 3R R (0 S L R M, SR ARG
I T ML (RPAYIF T AR T 5 HL I 45 25 # A8 1k, R
FH % 5 7 2 fUBE (TEM) I 58 B & B4 RHAL 1 1 5 A9
HURE 28 2580 28 4k, W58 IR 4R I 52 6 1) I 2% 25 4
HeaM R REBEMENCR. PTHCNTs R A
2SR DTRRYE SR A AR A TR TE LA 2 ROBU R 4R Ak
) (LDH) 3 {4 2 i il 4 1 Bk 98 K & [ 31 (CNTA)! .
CNTA 5 o i, A B 22 18] JC 4 BE 46 2%, A HlHE
ST e KRR R R AV R AR 25 2 it 5 o B A
B (CNT), TERRIE AR I i R aF o sk &0
CNTsTEMR I SE AR 225 HOIR A, BESE A ARk fr fif
M, Fr i el 52 f5 SCREIR &2 4t R A T 2 <40 oK
S RN, AR T ORI E A ARG s

1 FERERTG ik

(i) EZEEL. CNTA(FloTubeTM 7000, 4iJE
>93%, #JE2.1 g/em®)K [ o E KA A FRA A,
CB(EC600-J, 1.8 g/lem)IAK [ B 525534 017Kk, H
B OIFFEER L (PMVS, 110-2, %F0.98 glem®) &
B A AT R w4, A B ) (0 45 a7 AL 751 2,5-
THIE-2,5- W ORUCT A A I ) (R-2,5, BAT B S5 i LR
B IRAF]D, B =4 Ik 5 5URBR R (TAIC, 1)
T D) BE AR ) R e A8 B 751 - P e P s TG 4 35 1 3
= H 48 FeRE%E (KH570, CH,=C(CH;)COOCH,CH,CH,
Si(OCH3)3).

(i) #l& k. RAHUA LR % H % PMVS-
CB-CNTsE &A1k, BARGIA& LT (1) M
RIFENL, B PMVSE CBHICNTSs & 45 Fh i T Bh#)
H 10017 PMVS 3 A& H E8 i 1,04 XL-2,5F11.043 TAIC;
KHS5 7009 &3 il 2 & CNTAGS Il 2 79 0.0565) TR HR 442,
R ENR . Horb, S H EORE A WS I R S A
CB(0~1.8%), 51 ACNTs(0~1.2%), A B T & & &
RIFREE, fEHECNTsHZrH. (2) TRMEMAFL8 h)F,
i FHSE M B AR ALk AT — Be Ak, #Rfk 4k b 170°C,
Too, BRALIETIH10 MPa. (3) {5 FH H Fhas XS AE K
SEMRBR AR S BORE S T T B AL, Bk &5 1F R 200°C,



2 h, #ilf$PMVS-xCB-yCNTs&E &4 #l(x CBAY G il
i, y HCNTsH U ).

(i) RSP 5 4E. (AR ICRE B3], 4%
8 FE S bR 1 (GB/TS31-1999) BEAT A B2 5. R FH v fi
I HL(CMT4104, TEIIH = B RHE A BRA 7)),
2 B8 [ 5 b5 1 (GB/T528-1998) % 44 i & 4 4 B i) it
SR | T R AR I, RS IR, T
BE2+2 mm, PiffEHF 50045 mm/min. % H PR
BLFEATFr A 1m0 A2 0058, 3t aed 2 o LS00 mm/mincts:
FEAHI Z50% M N AE, FLL—-500 mm/min i) 2R fifi
FELR I 0% Y AR, 753 B4 1152 fh 2k, X i
[l 52 iy £ rh i P 53 43 2R AT R G il A H A 20 S
WO, FEAFES RS RES, BOFH(E.

Xt BHAE>10* QIFES, BT PCes,
AR BB A FR 2 WD AT R R A B 23K, xf
HLPH{E <10* QEIRES,, AU BB (QIs4,
U IE PR T O A T I, PSR, BCOEME. R
BF i IR 2 (Keithley 2450, 35 [ 75 i R 2823 7))
TRRE A AE R S 28 TR IR AR PR 2 R o A% H BELAE
DR B R 2+2 mm ) WA RAEE i, DK X 384 4 K
JEH20 mm, BEEAERL ML I, RS LA

- L YR R TR e 5 B 3 4 A T SR SR

K HAR B m 1243 #r AL (RPA, RPA-2000, £ [H
ALPHA F)AIFGE & A B RHEURHA] 1) A B AR FH AR
W& 20y, MM %1 Hz, BRALIREE170°C, IR E
60 °C J5 1£ 0.28%~400% I 17 A8 3t il P9 1 47 471 41 3
S FH % 59 H8 7 9 185 (TEM, H-800-1, H < Hitachi/Zy
AR ARG 5 R 76 & A B R ) 20 801
R W S5, B R A TR U0 A il RE.

2 g5

2.1 PMVS-CB-CNTsH &k 2P RERISRPE

PMVS-CB-CNTs& & # 84 7 2 M 6e an K1 18
IR, TEAHRICBE 7 (1.8%) F, R CNTs 8 M0
FE1.2%, EA MR S B RAE B 40 4R
I W7 K R B WA, R 1) TR, [FIAEHL, 76
AR B CNTs & 1 (1.2%) T, 2 A BRI {58 B2 R i
FESIRECB % & 31 22 5 Wi b =y, 1 W7 2R R 0 i e
%, E1(b)FrR. Fltn, PMVS-1.8CB-1.2CNTs&E &
A A B RN Ao B 43 S 4 R 243 111,12 MPa,
Tt /2 AT S A RE R fif 2K, RIICNTSFICBAY

1 (MZMUF £8,)PMVS-1.8CB-yCNTs(a) FIPMVS-xCB-1.2CNTs(b) & & A1 B HB [T BEA | F A58 EEFIKr 240K % PMVS-xCB-1.2CNTs & &
WA BHFEERE J1- W28 I (o) FTR B A JE BFE(d). b, »RFRCBE RSN 0, 0.2%, 0.4%, 0.8%, 1.2%; yRFRCNTs&#535128 0, 0.3%, 0.6%,

1.2%, 1.8%

Figure 1 (Color online) Shore A hardness, tensile strength and elongation at break of PMVS-1.8CB-yCNTs (a) and PMVS-xCB-1.2CNTs (b) compo-
sites; (c¢) cyclic stress-strain curves of PMVS-xCB-1.2CNTs composites and (d) the corresponding hysteresis losses, where x represents the contents of
CBis 0, 0.2%, 0.4%, 0.8%, 1.2%, respectively, and y represents the contents of CNTs is 0, 0.3%, 0.6%, 1.2%, 1.8%, respectively
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IMAG R THEE SR I, X FE RN
T A o 1 166 35 KHS70 2l M CNTs(H: Sz 1 Jit 34 40 5
fk[22]) S5 PMVSHARZ [MIE AL T R4 A mss &, H
fI& &% # CB FICNTs7E PM VS JE A i ¥y 43 Bl A5 1 51 (2.4
). A, RE A MR W2 A K R R CB R
CNTs# 3 Z M FEAK, PrA &AM R R K 3R
BIRT150%, Heik s T A AR A FH A%

AT — 2L W58 T 2 A AR 5 51 JC R
TSI LA AE sk i IS 45 2 R ik R AR T
/N R B B B, I 1) AT @) TR . E 1(c) &
PMVS-xCB-1.2CNTs®& & # B g ph £k, %+
SR A MR AYAE H N AR 8 H N T 30%, FRATTIE
50% F AR . 6 A B il 2R 1 P AR R AT
By, ATUITHEAR RIS SRR R, Il E ih4k
HRR 7oA 0 MPa T X 1 4 107 AR BRIV R 474 Kk A AR T
PRS2 R E 1(d) R, M CNTs & i [ 2 4 1.2%0,
A LA A AR il 5 3528 i A ko A AR T BECB
TN K. HUE, FrA & A AR I
BI/NTF0.25, FifR AR AEIL/NT 4%, RHFHE S
PORME R TR m A sk, X ) TR & B
ik, HONTsEA 9K aase 5. sy py sz
S I ELAG A v KA LU 1 CONT s 16 AZ e B A v 52 25 iy B2
A, BEASMEZBISNNRN S &AL AERE, CNTsA]
B AR YRR G, JF LR A B G M RHE AR
FEIE, CNTs LREMK Z L B, X P g K 3 5554
N A R TR A R =

2.2 PMVS-CB-CNTsH &4 kHE S HL Pk fig
PMVS-1.8CB-yCNTsFIPMVS-xCB-1.2CNTs& &
AR AR B HL BH 2R 4 S n 2 (a) AL (b) s, 24 K

1.8%CB(#)3.413)8%1.2%CNTs(Z) 1.50)) 0, FEARE Y
R P2 BN AT A 3] 10* Q e 2, P R
T SCHRI161RAE . 3 32 2 2 R Ry SRR TR M ad 2 o
G R A AR 25 2 DY B AR CNT, ZERI SR B
AR, HARR TR E K AR, 14N, CBTE
PMVSEAR 3834 5), 5 T A G5 HE 40 1l v i
B, HEW2.47. EMFEMCBE & T (1.8%), M&E
CNTs &I M ZE0.4%, 24 M RHAT L B R Z 18 (%
i%; T4 CNTs & HH N ZE0.8%0F, 524k kY 4R
HOBH % 0 E P L2847 Q cm, EWHILECAE B
(K2(a)). FE—LHRCNTsEHE1.2%, &M EHA
TR BH R — K 2271 Q cm. 7EAMHIRAYCNTs &
BHTF1.2%), FECBE RN ZE0.6%, 4 EHRA
TR BH R B i 28 R M CB & i 1.2% 0], {AFR
HH P % 0 2 AR 25919 Q om, BEATERIEIBME, WK
2b)Uin. AR, X IR B R &, CNTsH 8
RCB, EA&MBHATI B HREAL, BT L.
M, PMVS-1.8CBIRFH LR H1.3x10* Q cm, i
PMVS-0.6CB-1.2CNTs%& & # kLG EDRHE 51.8%) )
R BH AR }2.3x10° Q cm, FE P HCBH 4[] [H
PEGUKRL T, B TR {4136 W CBR K, X
U R AR ORORH B T A RE TR R fE A B (2.47), I
T EREMCBA I N T H T MiPMVS-
1.8CBE A M B HCBIE A, FHIML L5, B
MR R, BA KA KKCNTs LT
N T S RE A LA A B T L I 25 254 . CB5 CNTs
JEH, CNTs%) T¥CB R R E & —i, K
W2 RS, KRS E A R S A A R
BT, JFHCNTSR Z 1058 A ARG i 3 3R 0
HHPMVS-1.2CB-1.8CNTs & & # R 74 F . BHL %

B2 (MR (0)PMVS-1.8CB-yCNTs(a) FIPMVS-xCB-1.2CNTs(b) & 4 b4k B A FR B B R
Figure 2 (Color online) Volume resistivity of PMVS-1.8CB-yCNTs (a) and PMVS-xCB-1.2CNTs (b) composites
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PRI 2271 Q om, 1mim i T HA [A] 55 S 0BT 4 Y
SR A R

2.3 PMVS-CB-CNTs& &A1k S fa e v

T s 0 A X F BEL{E R/R (R M R HE FELBH R, RN
PIAFRAS T 1 H B 2R ) LA f: b 7 5 PMVS-CB-CNTs
S4BT RH BB S RS e e R/R T F L,
K FRBEEES. WE3@MOG) IR, XFIrAE
SARRE, B B R AR 3 (0~120%), R/R.%
Wi R, R T e O 4% 48 b A R o A P g
WimE IR, TE AR PR RN AR R, B SR A A B,
524 MR RIR IZ BT AR, 2 B 5 Hi 0 245 245 Ay 1 i,
HAEMBR SRR e R, B 3) 2 HECBr &
BN 1.8%, BN S B CNTsH & A BRHE A [E #i7
R AR R B R/RAEAL TR . I H T &, A [ 1
AR, B A MBLRIRE B CNTs Y 7 5 18 i 1 128 i
Ak, R SRR EMEE A S, 5oL 45 4540 AS B
SE3%; MCNTs & 5 M 1.8% (IR = 3.0%) I ik 2] fa
E. E3(b) 2 [l CNTs ) & 2 0 1.2%, WIASTE &
- CBIE A MRHE AR FLAH B 28 R A R/R 7% Ak i 28
K. Rti#E0.3% CBRYMMA, EEMEFHEREEN R
5, MCBHE N0.6% TR E, kL nCBH
H(1.2%~1.8%), FHEEEREZE, RPUEAEH
BHEFAR A 2208 (0.6% CB+1.2% CNTs=1.8%)f}
B4 T AEEN TR ML, KT 2ER
JKE 52 G MR — R AR AR (<30%) A T, A iz AR
H130% 0 545 M OB RIR M WL S1. R Al E i,
Haifin A 1.8% CBIE A M EHE30% N ZERT, HR/R,
ik 12, R SRR SR RE R 2, R
Jn0.2% CNTs)a, H.R/R, W ERFILES, KPP
EVEERE. - LR ECONTsS =, R/IRE—L

Ik, R A MREA G0 sk b i S d R e 1
Ak, B4 PMVS-xCB-1.2CNTs & & b B TE 2% K
30% 0, RIRy<4. JUH: & PMVS-1.2CNTs-1.8CB, H:
R/IRARZ 2.1, FIH R 419 5k S A S o o e
FAYR AR N AS SR 60% 1, &G AR RIRE WL R ST,
CIRVRE R B Vet

BATHE—LW5E T B A MR IR Fr A S5 R
FEME. BRI AR R 60%, HEAT 104~ - 1]
JE3), W S1(a) s, 8310 5 R/RKE 1 18] () A8 £k,
WE5R 52 A M RHIE 287 A 5 L A2 1 (B S1(b)~(f) Fl
S2). K S1(b)~(f)J& PMVS-1.8CB-yCNTs & & ¥ K1
PEIRPLAME T S PERE A th R B, e A A
CNTsHt, &AM EHEMES R /R T 0 R/R W (E7E
25~30%F 5. MA0.2% CNTsJ&, HIMAHAREIH T &
A MR RIROWEAE F30, Bl Hifi Bk B 2, H
R/R W E 2 i A%, 1T PMVS-1.8CB-0.4CNTs b L fE
WA RIS 4. X F2 22 [ N PMVS-1.8CB-
0.2CNTsHIPMVS-1.8CB-0.4CNTs LR g 5 70, S
W& G TR, TEIFIRPLMERT, CNTsiZ i &
A B PO R CB R T L CBR AR, B R i 5¢ 3%
)5 28 250, SR Z RIEARPAMERT
RIRZHi /N, BEF CNTs & gk — 2k, & A4
BERIRGWENEFEARBEAL, HAGAH AR E . X2
IR A I I A2 5 A 5 e O 48 5 F I S I S
gz B P MERZ RN, SHREBEERRKER.
PMVS-1.8CB-1.2CNTs & & ¥ ¥} () RIR, I {H 2 2 1€
6~7. WAL, A PMVS-1.8CB-yCNTs & & # K 15 4F
WhHiE AT RIS, HRRME T & 3] 1~1.5(%
S1). HJF I L2.475.

S22 [ CNTs & 1t R 1.2%, UNINA A & &
CBHE A M RHESGE A hAE R )5 fpE e 22 4k th

B3 (MM A(5)PMVS-1.8CB-yCNTs(a) FIPMVS-xCB-1.2CNTs(b) £ & 4 BHE RIS A/ (0~120% 1 0~30%) T RIR, 7254k
Figure 3 (Color online) R/R, under different tensile strains (0-120% and 0-30%) of PMVS-1.8CB-yCNTs (a), and PMVS-xCB-1.2CNTs (b) composites
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L. SEREM, BAIACBR, &4 M EHYRIRIE
(B TE 45 1YL AR I A2 AG (32.6), Bt J0 30 14 221717 3%
W4 = 221950, B KA RLHAE T CNTs & A= Bt
] R (2.47), SHL M LEMZHIBIR. IA0.3%
CBJm, T Ao J5 B 52 & 4 BH RIR VA 5 2 oK
JICNTsHI E &M B B & TR, ZZE2EHTCBY
CNTsi $, TR 5 S e 2% 78 50 3 U iz 11 i 44
Jii, RIRoVE(H X I 2 18 K F 29900, H 255104 Hifh
JE, HR/R W AR FFAE 21980, X £ B IH T 553 hr
ARG, E48MERRELEHE IR, InA0.6%
CBJa, E &M EHIRIR I HJE W35 TR 17, 4R
Ja RS2 AR B AR, HR/R oI5 = (B S 3% 7 3
KEN40; b — 2538 K F7 s 915, R/Ro e = fHL7E
30~400% 8h, FRHZE A MRS B N4 KR AR
. it — A KCBE = £ 1.2%M1.8%, 1E104-Hi1
MIER T, E5MERIRRIEEFEE6~T, AR
HH S RIEH R E M. Ak, PMVS-xCB-1.2CNTs &
ARG B PR [ 2 S A RIR UL ST, Hh b w]
UL, PMVS-1.2CNTs & &+ BHBL 1 [0 & J5 RIRE AT 8%
ik 9~40, Bz CB& a2, Hpid [0 & J5 R/RH
BRI B A CBE S\ K E 1.2% M 1.8%F, A
M JGRIRAEA FEZE2LL R . H R 2,475 .

2.4 PMVS-CB-CNTs& & 41 B (oW &% # Be H:

5 SRR G &

AT — W5 T PMVS-CB-CNTs & & £1 B
fith BEASE 12t B BY 1) 17 A8 (4 78 1k 1l 28 (Payne s ) A R AiF
FLAFURE 45 45 K K HD B N AR A AR Ak, T 1R 4B R
Payne %17 B} b4 F} fith 6 4SS 15t it 25 7 7% B4 388 i > o
(AG=G('-G"), PayneR I Bk i (AGHE K) KW &2 G
o SEURL W 45 45 K 5 2. X T PMVS-1.8CB-yCNTs

JPMVS-xCB-1.2CNTsE & 41 kL, YR A % T8
BB S SRR, AGHE K, KHE SR AR
) £4% 45 ¥ 1 58 (K] 4(a) BT (b)). il Gn, PMVS-1.2CB-1.8
CNTs&E M EHIGy =510, G FEILEL7, %A
BRRE A R B ORI 8 S5 K. AL, TR A
RETE B /0N I A5 B fids e A 1 B 1 AR AR A A /N, R
B M RHEURE ) 45 45 48 A AR N A% B AR AR /N T 2 R
ARHEM B — e (E R, HAARERI R W T, R et
TR R 25 25 ke W S B3R . X FPMVS-1.8CB, 1E
AR 2 3%} B HE IR At B AR 1k il B ) 1 AR B SR R O
PMVS-1.8CB-0.2CNTSsTE i 7% 15% i HoAit e A 1 Bt
YJ 07 A 18 KN i 2 R B, CNTs 5 &4 K £ 0.4%H,
it BB 1 28 98 5 4 8 AR M 40% I CNTs & = i
— K E0.8% M 1.2%F, ffREMR R HIEEE
NS N TS5BS, G4 FTR. X EERF NCB RS
i) [a) M, AERLAH N A2 R CBRL T 5 T B8, ki 1] #E
MR, W5 5 TReme IR, PR Sk i fh s e A
k. BE#ECNTsE MR, BT R KR HLCNTsT/ERF
P CB I R AR, R il IR L 0 2 2% ¥4y it 75 i
ARHA K, T RAR N AR (30%) T BA VR P A 5 oL RS E T ik
e E, K3 @) MESIIR.

%P FPMVS-1.2CNTs, HA# R 58 FF & A7
MEASZ140% I, 3 1110.3% CBIF, &4 MR fei
RIEEIRE RN N53%. #H— LM KCBE R R
0.6%~1.8%F, &M BEAR i 28 B AT 18 51 28 AR
HT5%. WK, BEIRPMVS-1.2CNTs ™ 2% 245 44 LE ik 31
PMVS-1.8CBJT 5 W A8 BT . X J& RN CNTs B A 5
KRR, RN AERT, &6 RN 2445 R
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Figure 4 (Color online) Storage modulus as a function of shear strain of PMVS-1.8CB-yCNTs (a) and PMVS-xCB-1.2CNTs (b) composites
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Figure 5 (Color online) TEM micrographs of PMVS-CB-CNTs composites before stretching and after 10 times of stretch-release cycles and then
recovery. (a), (a) PMVS-1.8CB; (b), (b") PMVS-1.2CNTs; (c), (¢') PMVS-1.8CB-1.2CNTs
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PMVS-1.8CB-1.2CNTs

L =l
(o

3 44

it B CBMICNTs I, [A) i i ¥ HAEPMVS
SRR R S5, dilAs TR R EUR T Mt &
M MIEARRP SRS R PMVS-CB-CNTs
SHBRESHE. 241.8% CBHI1.2% CNTsH: I,
52 AR RMAR T L PR AR 2271 Q em, 30%4f# i A8
TRIR/IRM2.1, 10 KRG F 101 &2 J5 HLR/Ry R 1.3.

BT AT HCONTs A 9K 800, B A MEMR s T
SRR e TR OB U R () S =R e i = ¥ e A D IVE
AL B L AR AL IR IR A S R e M AR
o7 A5 TS S X 8% 2 R A A K A T I ) SRR ) 4% 4
A4k, BREH T B2 A MRS W 2% 24 5 S i R
S EENER. CBEA KR, & 8RR
RAEFRE S, FHMERAR, ELP AT 5 5 A i A R
SERE, AR S SR B IR, SR PR E
HERAL. HEMEARMPFIEE G, 248+ CBH
75 HA R AR S ) 1R L Y ORI R i,
MG PR FHBREERLF. ONTsHA mKAEL,
ARG 2 Bt BB A B A5 A A0 T L I A8 S5 A, H
SRR ARR AR RARIE TR, 52 A bR 2% S5 K il
NN, BRI RR e A, (R ARG IR A e R
CNTs& #iis PR 75 1) B ) R4, BP0 2 5
TCFAZCB—HFE R 52 W 25 2548, DR e LG S0 hr A 5 ey
FasE MERA. I 7 B CBFICNTSs A] 7648 s JE4AR I it
AR L R4 2 R, HOP ONTSAE A 22, 4 s~
CBHLF M CBREEIR. Hifint, CNTsIBSRAIE R 3%
HCB R R IR, T K IR /N, L P hr fif
PRI J5, CBAICNTSsTE &4 S A] [0l 52 JE Bl 45 o 1)
FHE L. 2 E G AR SR, B
P ARG P hr A S rL RS PRI AT

RPN

Ning N, Miao C, Zou H, et al. A new insight on the variation of the electric conductivity and conductive network of silver-coated glass

particles/silicone elastomer composites under tensile strain. Compos Sci Technol, 2016, 136: 46-52

2 Wagner S, Bauer S. Materials for stretchable electronics. MRS Bull, 2012, 37: 207-213

3 Trung T Q, Lee N E. Recent progress on stretchable electronic devices with intrinsically stretchable components. Adv Mater, 2017, 29:
1603167

4 Park M, Im J, Shin M, et al. Highly stretchable electric circuits from a composite material of silver nanoparticles and elastomeric fibres.
Nat Nanotechnol, 2012, 7: 803

5 Liu S, Sun H, Ning N, et al. Aligned carbon nanotubes stabilized liquid phase exfoliated graphene hybrid and their polyurethane dielec-
tric elastomers. Compos Sci Technol, 2016, 125: 30-37

6 Ning N, Liu S, Shao Q, et al. Conductivity stability and its relationship with the filler network structure of elastomer composites with
combined fibrous/layered nickel-coated fillers. RSC Adv, 2014, 4: 32482-32489

7 LiuJ,Lu Y L, Tian M, et al. The interesting influence of nanosprings on the viscoelasticity of elastomeric polymer materials: Simulation
and experiment. Adv Funct Mater, 2013, 23: 1156-1163

8 Liu P, Huang Y, Liu C, et al. Enhanced electrical conductivity and mechanical stability of flexible pressure-sensitive GNPs/CB/SR
composites: Synergistic effects of GNPs and CB. J Mater Sci, 2015, 30: 3394-3402

9 Yang B, Chen G S, Li J, et al. Multi-wall carbon nanotubes enhanced conductive behaviors of CB/PP electrical conductive composites
(in Chinese). Acta Mater Compos Sin, 2009, 26: 41-46 [#7, BRI, 2232, 5. ZREGRYUKE IRk B/ B G S BHE S B S HE
118, HAMEER, 2009, 26: 41-46]

10

3684

Song Y, Liu L, Tian M, et al. Conductivity of carbon nanotubes/silica/carbon black reinforced SSBR nanocomposites (in Chinese). China



11

12

13

14

15

16

17

18

19

20

21

22

Rubber Ind, 2016, 63: 517-521 [R¥E, X1, MBI, &5 BRGUKRE /D 5RBBBANRIE R THRBILIKRE S AR S iR RE A BT 5T,
B Tk, 2016, 63: 517-521]

Sun Y, Bao H, Guo Z, et al. Modeling of the electrical percolation of mixed carbon fillers in polymer-based composites. Macromole-
cules, 2008, 42: 459-463

Shi Y, Gao W, Lu He, et al. Carbon-nanotube-incorporated graphene scroll-sheet conjoined aerogels for efficient hydrogen evolution
reaction. ACS Sust Chem Eng, 2017, 5: 6994-7002

Ma P, Liu M, Zhang H, et al. Enhanced electrical conductivity of nanocomposites containing hybrid fillers of carbon nanotubes and car-
bon black. ACS Appl Mater Interfaces, 2009, 1: 1090-1096

Thaptong P, Sirisinha C, Thepsuwan U, et al. Properties of natural rubber reinforced by carbon black-based hybrid fillers. Polym Plast
Technol, 2014, 53: 818-823

XulJ, Li S, Li Y, et al. Preparation, morphology and properties of natural rubber/carbon black/multi-walled carbon nanotubes conductive
composites. J Mater Sci, 2016, 27: 9531-9540

Witt N, Tang Y, Ye L, et al. Silicone rubber nanocomposites containing a small amount of hybrid fillers with enhanced electrical sensi-
tivity. Mater Design, 2013, 45: 548-554

Zhao M Q, Zhang Q, Huang J Q, et al. Hierarchical nanocomposites derived from nanocarbons and layered double hydroxides-properties,
synthesis, and applications. Adv Funct Mater, 2012, 22: 675-694

Ning N, Ji L, Zhang L, et al. High elasticity and conductivity of elastomer composites with arrayed carbon nanotubes as nanosprings.
Compos Sci Technol, 2015, 118: 78-84

Sumfleth J, Adroher X C, Schulte K. Synergistic effects in network formation and electrical properties of hybrid epoxy nanocomposites
containing multi-wall carbon nanotubes and carbon black. J Mater Sci, 2009, 44: 3241

Liu S, Tian M, Zhang L, et al. Tailoring dielectric properties of polymer composites by controlling alignment of carbon nanotubes. J
Mater Sci, 2016, 51: 2616-2626

Zhang S. Study on the design, preparation, and properties of energy-saving tire tread composite (in Chinese). Doctor Dissertation. Bei-
jing: Beijing University of Chemical Technology, 2014 [5K . 5 GG H R KUK E A MR S5 i3 . dil s SRy, it
g sC. dbat: dbmifb TR, 2014]

Chen Y, Zhao M M, Yu X W, et al. Preparation and application of KH570 modified nano-SiO, (in Chinese). Electroplat Finish, 2014, 33:
783-787 MRk, XV, TR, 45 KH570 BUHEK Sio, (45 S ni . HBE 5 IR0, 2014, 33: 783-787]

*hseht

#£ S1 PMVS-CB-CNTs & 30%F1 60%Hd i A5 R K hr A 015 J5 (4 R/R, &
B S1 PMVS-1.8CB-yCNTs & A A RIS R AR e
B S2 PMVS-xCB-1.2CNTs &2 &AL S s fa 2

AU EF

N T AR R 26 JR csb.scichina.com. b 78 AR 1 A 4R B89 R 4R BAE, 1R X M AR FUE A A 3R

3685



4 % B B 20185128 H63% L34#

Summary for “f 5t 5 HURE PR B BRE AR IR S AP RHA LT S 4

Design and preparation of carbon black/carbon nanotubes/
silicone elastomer composites with high elasticity and high
electrical conductivity stability
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Conductive elastomer composites (CECs) with high elasticity, flexibility and sealability of elastomers and the high elec-
trical conductivity of conductive fillers have been widely used in electromagnetic interference shielding, microwave ab-
sorpting, stretchable electronics and sensors. To achieve high electrical conductivity, the commonly used fillers are metal
powers, metal-coated inorganic particles and carbon black (CB). High filler content is usually required to effectively im-
prove the conductivity, resulting in low elasticity, low flexibility, and poor processability, all of which limit the applica-
tions of CECs. Earlier works reported the synergistic effect of two kinds of fillers with different geometrical dimensions,
among which CB and carbon nanotubes (CNTs) are two promising candidate that have been widely studied. However,
CNTs are easily entangled and aggregated in elastomer matrix with low viscosity, resulting in unsatisfactory conductivity
(mostly 10*-10° Q cm). Moreover, little attention has been paid on CECs with high elasticity, high electrical conductivity
stability filled with low filler contents (low cost) for stretchable electronics and strain sensors. The relationship between
conductive network and electrical conductivity as well as electrical conductivity stability is still not clear.

In this study, we designed and prepared CB/CNTs/polymethylvinylsiloxane (PMVS) composites with good elasticity,
high electrical conductivity and good electrical conductivity stability by tailoring the filler network structure of the com-
posites with a low content of CB and CNTs in PMVS matrix. The composite with 1.8 vol% of CNTs and 1.2 vol% of CB
showed high elasticity, low volume resistivity (271 € cm), and high electrical conductivity stability. CNTs used in this
study were carbon nanotube arrays (CNTA) that were in situ synthesized on single-layered double hydroxide (LDH)
nanosheets by chemical vapor deposition method. The negatively charged CNTs with a loose structure showed no physi-
cal entanglement, which can be well dissociated into many single CNTs and dispersed uniformly in PMVS matrix during
mechanical shearing. The high aspect ratio of CNTs can help to obtain high conductivity at low filler content, whereas
the isotropy of CB helps to rebuild up the new conductive network after tensile strain. On the other hand, these CNTs are
curved in the elastomer matrix, become oriented during stretching, and can curve again after recovery, and thus act as
nanosprings. The high elasticity of the CNTs nanosprings leads to high elasticity of the PMVS-CB-CNTs composites.
We further studied the relationship between conductive network and electrical conductivity as well as electrical conduc-
tivity stability of PMVS-CB-CNTs composites. The results showed that CB and CNTs can form a strong dual conductive
network at low filler contents, leading to a high conductivity. When stretching, CNTs act as bridges to connect CB and
CB aggregations together, maintaining the strong conductive network and thus high electrical conductivity stability under
tensile strain. After tensile recovery, CB and CNTs can reform a strong conductive network, leading to high electrical
stability during tensile-release cycles.

conductive elastomer composites, conductive network, conductivity, electrical stability, carbon nanotube, carbon
black

doi: 10.1360/N972018-00875
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