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H A1 22 LA IR A W o0 60 1 B 6 B e b1 RE B 8 32 R L An g A A4 R DR RS RS T A
B 37 A AR AR VR BT BRI A T . SRR A HLEE AR I (RTV) L6 I A [ A6 ) 5 TG
TP RN AT 7 AR R AT B AR L B 0 T TRk 2 e R A e R L 3 T R A R T R R
bR L LU REAR I F R R A Rl S LAV i e BEURE S AR e R R R B W T R L AR R L
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Schelkunoff Hi i b e #ED . A
SE=R+A+B (1. D
Ry R S SR RE L dBs A Sk BB I W Y40 RE L dBs B O HURE I 0 2 RO BT RE LB, 25 A KT 10 dB,
W 22 R FE B v LZBSAS T WA =X (L D ik
SE = R+ A = 168 — 10log(fiu /o) + 1. 31d v/fpo (1.2)
2 g R B 53R 50 AR LT3R f O RGBT s d MRV . UL 2 S R
FL 1 3 P RE 23 B 2 3 K, (F LS R 8 ok e AR Y v B 5 e M B G B 2 34 n A R I AR
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1.1 ER R

2 F T IE AL S (9 = B B0 B M UK (BasotectW* ,BASF SE) ; AgNO, , 43 74, [5 25 4 Ak 22 iR 5 A
BN T 5 s 2500, e b, S T R o4k TR F ) 5107 RIEAR S F RS MR ARSI 12,542 2000cs, T5
By &b TAHRAR ;107 ZiR K0 T EE MM 22 815 750cs, il ROGIb THFE 3t Be Ty
BN FEAR R SE, g R ik TR s i it Be A BRA &) s Tolk 2 £ BERk 40 K & (MCNTs)  MERE LR 1,
R} 2 BE AT AT LA 2 AT BRAA A 5 S L ik B (CB) L M BB WL 3R 2, T g %2 PR S R Ak T/ PR A s B8 4l o %
RIS M-5, 800 H . ¥F M FAL LA RA A .

x1 ZEBRMAKENER

Table 1 Properties of multiwalled carbon nanotubes

T fEg "% K B 4li i s H 1R GRS
e 10~30nm 10~30um >90% <8% >200m?/g >10? S/cm

x2 SHRBHMEE
Table 2 Properties of carbon black

PERE itz b 2 m DBP W i f pH PR EoY;-3
SR 25~35nm 118m?/g 85cm?®/100g 4.9 120% 35
1.2 #HaAHE&E

5 P YR VR SR A A R T 2R i, — SR UM PR TR 0 UK T AT AR R A T T R R R AT Uk T
b, AR BT 225 0 56 SCRkY

Bl &AL AW . MR N 15g/L 1 AgNO, ¥ 0 28 18 i ik &K . B 2 rk 40 @ Ui
WIGFIH 25 R 1k o SR FHZINBERR IR 50m L R 2 45 45 VA W 14 3% T 3 Ak 5 1 0 R S0 A JFE v i ) JE o bR 3
AR EE R 7. 5g/ L WA H BRI BB GE Y. TUMEANEK A R e HEAMR, R
Je B /ANBERR BT 40°C KV TR IR 40min 28 47 R B T L RIS 2 AR AR 1Y S R M T

W85 2000cs Al 750¢s B A HLEEAR B 4% BT & L 1 LR & IR0 #E 38 50, 08 BUA HLRE AR I A I
b o MU S BR T oK, AT LU S I R P AR R 0 BT A LG Ok A A B ORG R . SR R R R R SE A
B LR A HURERR A R R T B AR I TR W . b g 100 3 2R BB TR 5 i B4R . A AT
ERAVE G [ oy 3B 5 R W A AR TR A 3 H JEORL B A R AR b A 1A R R el A . SEDRH N
A b AR TR A b, PR R K BT A TR A W TE R ) B S 24 15min, 2 5 6 HE A KA B R TR
MR OEE T REHEFHBR A 0T FMHFIRGY RIS B R N8, &5 kL8
T Z= W[4k 24h,

BE G024 DL A 9S04 B - BE 4 A T L, SRUF.CNTs2,CB2 43 MR E A WA I . S IR . 2%
(WO BRI KA 2% (wo) S L BB i, SR-F-CNTs2 ft 34 WAL IS/ S HL IR /2 % (wo B 40 Kk 45 £
TLHEEGERZR.
1.3 HAEtEsERRIE
1.3, 1 fOWRESHRAE K Tl 25 A RN A A P W 2 5 AERE S SR — 2 2. R E T
i - 5 185 (SEM, Hitachi Limited S-3400, Japan) W00 TE 55 .
13,2 BHRIGE YA RHA H KT 10° i), R A ZC36 AU vy B B IF Cop [, 1) 0 384 ) i) 1R AR
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BH. 5 24 44 8} B BHAR T° 10° 5, SR F] Keithley 6487 electrometer (H [, db 50) P A IR . % U5 K i 32 41 k)

AR AR FRU R B [ 89 5 A it 43 0] B2 e ) 8 R o A A () 52 o fln 7 B R vl BELASE O T 3 I S o 251 77

SR [R) — B 0 BN BT AR L B AR AR 1 i . de e AR IR 22 =X (1. 3) TSR R i H B3R
p= (RS)/L (1.3

Horb o BB AR, Qe cm; R B RFHLBH , Q5 S SR RHY A ATE B om?® 5 L AP BHI K BE L em,

1.3.3 W@ hRilcia AR b e N R IE A H AT Mk ZE T bR v (S]20524) L R ] Agilent 8720ET Hi %

Jo DU AN (S D) IR ot 1 FRL R PR PR BE . URE R AR N T~ 10mm (/MR f L R EE D 2mm, 45 5 5

W BBl 0. 05~18GHz. iy AT 0dBm. M3k A 201,

L34 HREH(TGA) R WRT-2P BUAHE I3 A Sk WF 58 B il 46 A1 B HE R 7 THilR T R R T AT

IR B L R 0~800°C , FHIR B 20°C /min, A AWM A 64mL/min,

2 HREW#®

2.1 HMEHRSH

HORHE R 2 A MR 2 BORAS XA B SRR RS2 AR K. I L(a) (D) M (o (D a3l h E &
MEL SR-F-CNTs2,SR-F-CB2 A6 43 HER T Wi SEM E& . 51 1Ca) | (o) 73 B o fE AR IS A4 78 43
BT HLI TR PR L R S B A AL TR SR A AE RE AR I SRR L i AR S R 2 (R JC AR BR AT TE
PR FE A1 3 VR FH T o AS 2 (i 90 VA B 40 3 T 1) 4 T AR & 26 I8 7 T 5% T 3 oL 3 B ) i k. TR 1 () L (D B
Bl A KA 5 L I SR AE REAR IS FE AR T B 4 OB R 11 50 R A B 0 R P R . R A v 5l SRR 1 B L 43
S AR R B AR S IR A S B AR LA R AR . M A MR T AR LR S h e L S
T IR IV FEL A 33 26 B U — 38 43 7E 5 L URHIE B 00 5 LG8 B P AL 5 o0 — 0 00 7R T K 2R i A R AR
R AL G S HL TR 1 2 0T L N 265 5 K T i SRR i OO 5 s T 45 R B P TR AT i R R B v A
AR T R R ER R S PE BE
{a Macro, ‘%pf]d'uctive nétworks consjst '

i

of conductive foam ]

g
7 \\
)

ol d
v )“ P
Macro coriductive netwerks consist;of ks
_"g:o‘hﬁﬁ:tivle‘foam \,’:T\
e \ =]
o /

7S o

B 1 ZEEREARPFT HEIN SEM K14
(a) . (b) 2§ SR-F-CNTs2 % ; (o) . ()l SR-F-CB2 f& %
Figure 1 SEM section images of each composite system under different resolutions

(a), (b) the SR-F-CNTs2 system; (c¢), (d) the SR-F-CB2 system
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2.2 SRMRERESN

2.2.1  BORIRRE R SFORL & i Xt S R PERE AR [ 2 F IR T 5 H U IR A0 v B 2R B R I I A8 e e iy
2. BT 15min PN, SO AE R E L I TR Y R BH R GE B AS fd 15min J5 . i TR R I AR DTEUE TR
L LB AR FE AR 2R 0. 06 Qe om Ji AN 728 Ak o FR AT i OB SR 52 7 I 18] 2 45min i) 5 VL PR A O i T 1K 6
Ko 3 AR R T AR AR (TGAYHZ . B/ 100°C il 46T R 2 iy 0 IR vh B3l Kk 20 19 26 2 BT 5
A5 R RE TR 2 400°C A2 A I WL IR HR 23 . ARAESR BR 71 20 LE L B R T H B S LR & B R 63. 500 (wo)

100 —

® X 80 o
B ] o a—=— Pristine
é ?, 505 b —e— Conductive foam
33 )
2 5 a
8 2
8
g 2 e
w ~x
0 h h - X X 0 300 600 900
T T T Temperature / (°C)
0 15 30 45 60
Time (min) o . N
&3 IR R L
2 E O R I L L 25 I AR s o BT ] A Ak Y i 2k a NARGAT M AL BRHIIL b A E4R 45min J5 Ay 5 HL LR
Figure 2 The resistivity of the conductive foam as a Figure 3 TGA curve of the foam
function of the electroless silver plating reaction time a, pristine foam; b, conductive foam after 45min

electroless silver plating

& 4 j& SR-CB,SR-CNTs SR-F i = #f 5— 52 G R (9 Ha B A A 34 . e 1 T i 45 44 R Fa B
BER AN A 0 7 BAE A B3 2y DR O T 22 ) 1) 2501 161 3 7 1) 2 52 6 b Rk v BEL 23R 1) 28 4K 18] 52 438 43 R
FL BH 2R T BR R 430 40 W) 2R 7R W PR 1 B BR . A0 A7 5 Fi EURERT S e YUK 19 I B i T REAR I 1Y
HLMERE ., FLBEEUR & R R Mg & .t TR b OB S R R R R & 2 T E AR R A
I W SRR R R A 400, b, SR v R 6 RE AR I T H P B 0 B R B B R F CNTs il
CB.iA % T 10" ~10° Qe cm, ifif [/ & & T . SR-CNTs & 5 A& 5 (1 B3 AR Z 0K T SR-CB f& & . H A B A 3¢
HlEEE B /NF SR-CBIAZ, X5 CNTs KE KA AL S0 ShMEaE,

2.2.2 ZIUEAERRN SRR 5 H R AR IR P S R AR RS S e (R B R R IR K.
— RS E A MBS SHIKS] A SR-CB.SR-CNTs (kR . M@ T ELZHEESFHMNL, K5 #
BT 28 A ERMELA, BNED, REBIKSIAJGE RN Z0E G K F 1 LR KR FEAR, SR-
CNTs2 iy B2 H 10 ~10" Qecm FER R 10" ~10° Qe+ cm., FEIEIA 6 D ECE 9 1 SR-CB2 (1% H B 2
10" ~10" Qe cm WK E10" ~10° Qe cm, FEIRIE 7 DNECE S . RGBS HIS , 5 i FURA & & K00 8
A PSR S HGE B SRR SIS SR BURR 5 A A B AN R 0 5 2R 2
4z . MM R T g b BN AT LAV A S R SRDRE S T AR 5 PR B VR SR 4 e R AR
TR SWNESRZEE TR BRI S AL T XA, T R R R I L T 4%
5 i gk 5 i OB B TOW S I S L G A R 2 e R A T A I 2 A5 AL FL R RIAE R AR B A A R S
PERE R K4 & .

2.2.3  SIiO, MEAM B S RYERER M STER N I H 7R AL i AR SR 7R Cn A Si0,) BA
WIS 2 E R . AR SO AR A AR IR I E O IR IR A B 2%, |5 Wik T Sio,
Gy —  ZOCE AR R BRI .t B S AT, SIO, A TE B I A MR g 2% 1 Re 1 TR B
HIAS [ FR BE WA T A AR S MR RE . X6 H SiO, 745 BEL A5 S0 5+ Hh 3 46 T i VR D . 4 B 7E 3
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Carbon nanotubes

i Z Nosio,
1 B Comi o
. T
= 10 ' g 777777
< N s
% % ]l B .
o 109 R s vl NN/ T /
105 T T 103 N 2! R \ A NN A ® %)
0 1% 2% 3% 4% SRCNTs2  SR-F-CNTs2 SR-CB2 SRF-CB2
Filler contents / (wt %) Sample
4 SR-CB.SR-CNTs.SR-F ix =f#i—& 5k ERM 5 RSO, 237 % SR-CNTs2 ,SR-CB2 {4 & iy
A, B 2R A b 2 & F, B 2 (4 5% i)
Figure 4 Resistivity of single component system SR-CB, Figure 5 The effects on the resistivity of system
SR-CNTs, SR-F SR-CNTs2, SR-CB2 from conductive foam, SiO,

PR SIO, L3 R T 5 L BEORE 22 ] 1 BE 2 foff S Pl FORY, (B P B 5 22 A 0 50 LR T i 20 5 /L TR 4% 119 5
MR T RGN SiO, ARE S, T S i R . X CNTs Fil CB B 78 Y &2 &K & . SiO, XF & CNTs
KRR /N T & CB KRR, SiO, Xt KKAR M CNTs (9 B 1E FH 555 R0 8] 78 2508 42 0 80 H A8
/N s xR AR /NI CB (8 BELASVE I35 0L () A7 R0 422 8 B AR XTI 2D

2.3 HHIFE#HRMERE

2.3.1 A ERRNBBRIERE B 6 iR T — 20 A R Y R iR RE E AR Y
Ak, HEihZk 6a.6b.6c 54T, #E 0. 05~18GHz i N , SR-F 1K & F b il AL BE 5 =i ik 26dB, P {H Ny
20dB; SR-CB2 {4 £ H, # it # 8 fe e i fH 29 0y 23dB, P BI{E 29 2 10dB; SR-CNTs2 {4 5 (14 H # it i 38 e
BRAEL R 24dB, FYEY R 12dB, 7E 0. 05~10GHz 15 A% 5 B 4, SR-CB2 Fil SR-CNTs2 {4 Z [
1 e PR B JL T T 2200 s i 7 10~ 18GHz By #8 S M Be N s SR-CNTs2 /K R 20 If T SR-CB2 (A & , iX J&
T CNYs K2 K. SR-CNTs2 K R FHPERREAF . LEX =Rk, &R R S MERE E B 4F i
IR TSR SR-F & £ 19 256 W0 B 0Tk RE W 10 2247 T SR-CB2 #il SR-CNTs2 (A% .

100

a—o— SR-CB2

b —~— SR-CNTs2

¢ —— SR-F2

d —— SR-F-CB2

e —+— SR-F-CNTs2

80

604 %

SE /(dB)

40

20

0

T T T
0 5,000 10,000 15,000 20,000
Frequency / (MHz)

Bl 6 2% FhE AR R Y F G DR R RE BE AT S 1) A2 Ak
Mg AR R abc; ZIUEAIKER d.e
Figure 6 EMI shielding effectiveness of each composite system varies with frequency

the single component system a, b, c; the multi-component system d, e

2.3.2 ZIUEBWERARMBREEMIERE  HEIE 6d.6e 287, 7E 0. 05~18GHz JuH 4 . SR-F-CB2 {4 £ i
St M RE B foe i 20 O 55dBL {29 50dB. 8 SR-CB2 fA R -F# {34 R T 5 £%; SR-F-CNTs2 (R Z
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i 3 WA BB A e = 298 65dBL - ¥I{E 2k 52dB, 8 SR-CNTs2 R R F B W3 K T 4 f5. ULBA7E A [F]
CNTs & CBiRINit F. FHEEMIIA . ZTESKRAWBUEFREREZT TR -2 45KF, H
CNTs MAMZ T E AR RE W CBHE AN ZTE SRR Bk, 2l GRS Bk R
2 o 0 265 I ) A P T A5 2 3 s AR AT S A 3L 2) TN bR S el Tk BE AR T L R TG R I RE A
LRSI

DL ESSSRU0  Z o0 A R R S SEURL AR 90 K RN T B A FH aE RAER R BB 2 %0, i HL 5 R
B — S L SEURE W R A MLEEAR IS & A MR A L . S i AT R DR e PE RE 2N S 8 T RIR IR . £ onE
AR R R B /D ) A o R T B, 5 e R B sk P R O S 0 R A, S8 A T LA B R AR TS P X
(AR N = S WD G A S s R 6
2.3.3 SiO, MESKRAMBEFRIERE B 7 (D, (2) 235H#5A T SiO, % CB.CNTs 1 & &k
0 R DR MR RE RS . i T A BT A STO:, JR L 45 5 A 1A FR R G B R RE AR R TR AR L R AT BT B
fil. #£ 0.05~18GHz JE [ P . SR-CB2 . SR-F-CB2 {4 7 Hi # 5 # 5% B8 5 KAE 7 5 B AL 2 20dB.44dB,
I 4 IR % 8dB.37dB; SR-CNTs2 . SR-F-CNTs2 {4 % Hi 4 5t e 31 i 552 1 4 BRI 2 22dB.63dB,
SEEE A IR Z 11dB.50dB, X 5 SiO, 51 EEZ &M e ERE T A G, 1AM, SIO, X CB A&
BWRAMNEMER R K FH CNTs HAENE SRR, 53 FREMZm —2, XEHRKZLK CNTs

TERGT B S B A .
100 100
a—o— SR-CNTs2 a—o—SR-CB2
b —o— SR-CNTs2-SiO, b —o— SR-CB2-SiO,
80 ¢ —4— SR-F-CNTs2 804 ¢—~— SR-F-CB2
d—v— SR-F- CNTs2-SiO, d—v— SR-F-CB2-SiO,

SE/(dB)
SE / (dB)

T T T T T T
0 5,000 10,000 15,000 20,000 0 5,000 10,000 15,000 20,000

Frequency / (MHz) Frequency / (MHz)
(1) (2)

B 7 SiO, 4350 % A 6] S o SEURLHEL 78 19 &2 & 1 2 10 FEL G 5 i P A 1) B2
(DCNTs HFER R ; (2)CBHEHFMAR R

Figure 7 Effect from SiO, on the EMI shielding effectiveness of each composite system filled with different fillers
(1) the system filled with CNTs; (2) the system filled with CB

2.4 BMEEHH

A MENN R £ S S R T 0 L F B 0 5 H R ER R R M RE A1 T EL A BE Bl AR Y B ER
EME . Rt — L RIEE AR R T 2 E S M AR AR R TGA DR EURE G Ak AR e #4887 M 1Y) 5
M, P 8C1) ()R T IR A SO, 23 HI % 2% (wt) CB.2% (wt) CNTs T E Sk Rk &
TR EE

STHE 8(1a 5 b K 8(2)a 5 b AT LAIF i, &AL 2% (wt) CNTs. 2% (wt) CB XF A HLAE AR I 1 #4
O3 f R 43 ol B KA R T 24 100°C \70°C ,CNT's 1A R I 42 o i B 22 KT CBAR R L U R K AR LY CNTs
XA HURERR S 4 T 45538 S R B E B K. XF LI 8(1D)b 5 cod 5 e 2 & 8(2)b 5 c.d 5 e 3 U4l
. R WAR IR W A MR I G TR . XS TR R R R R & B k. kb,
XL 8(Hb 5 dic 5 e XE 8(2)b 5 d.ic 5 e X MU Lk, SIO, KIFER S T #EAZR I E G # B 5
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100 - c ¢ —— SR-F-CNTs2 100+ ¢—— SR-F-CB2
d d-——SR-CNTs2-SiO, d —— SR-CB2-SiO,
80 e SR-F-CNTs2-Si0, 80 e —— SR-F-CB2-SiO,
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= =
2 k=3
Q40 Q40
= =
204 204
0 0
T T T T T T T T T T
0 150 300 450 600 750 900 0 150 300 450 600 750 900

Temperature / (‘C)

O

K8 FEIMEIKRA SIO2 25X A FEE &

Temperature / ('C)

(2)

A IR AT NS

(D2% (wt) CNTs KR 5 (2)2% (wo) CBIHFTIK R
Figure 8 Effect from the conductive foam and SiO, on thermo-gravimetric behavior of different composite system

(1) the system filled with 2% (wt) CNTs; (2) the system filled with 2% (wt) CB

Si—O—AE FIE i = 4 52K &5

MR . R T AR RO R B Si—OH 5y 7 E8E Y
¥y AR 73 1 B Y iz 3 2 B LG

3 ik

(DI SCF AL ITCE A S M%K% 4 T SR-F-CB,SR-F-CNTs H, 7% 5l & 4 6ok AR T 5
FL UMl i M A R EE  UAS

(DZEEHFHMERA MM HE SRR SR, BT 5B EEMmA, SR-F-CNTs2 {&
ZAHM T SR-CNTs2 (K Z . L B RFEACE 10' ~ 107, FEIE A 6 N8 %% 1 SR-F-CB2 K R M LT SR-
CB2 fR 2, B PR WAL E 10°~ 107, Bl A 7 A BR 24

(D Z TR AT HL N 4 BB AT UL =5 52 A b RL Y H R B i 1 8 5 7E 0. 05~ 18G Hz 47 %3 Bl Y , T il
£ 1) SR-F-CB2 & & M BT 1 # 6 B iACRE B 50dB s SR-F-CNTs2 4 F - 2 B o AL RE (6l 52 dB;

(D)t 25 [ BHARVE T Si0, BRAK T £ 505 A AR 5 R H R B i 1 8 5

(5)CB.CNTs, FH LK . SiO, ¥REEARIRRE FR & T2 &R0 R R iEl 72 &
RN R P A i N I  d o

(6) Z 0K G MR EAT OB H /b il A ok R 057 B, 5 rELRIT R R B ME B AR S I R AL BRI R H R AR
T v FRL R R A RE 1 T SR AN L 38 AT R 3 4 40
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A Method for Improving the Conductivity and Electromagnetic Shielding
Property of Organic Silicon Rubber Composites

XU Yu, LI Ying, XU Wen-jiao, YIN Xian-de, BAO Jian-jun”
(State Key Laboratory of Polymer Materials Engineering » Polymer Research Institute of Sichuan University .
Chengdu 610065, China)

Abstract: In this article. an idea of using multiple conductive networks to improve the conductivity and electromagnetic
shielding effectiveness (EMI SE) of the organic silicon rubber composite is described. The composite with multiple
conductive networks was fabricated by combining electroless silver plating foam and low conductive fillers with the organic
silicon rubber. Scan electron microscope is applied to observing the microstructure of the composites. Resistance tester,
vector network analyzer, and thermo-gravimetric analyzer are respectively used for the characterization of the conductivity,
EMI SE, and thermal stability of the composite. The effect of the fortifier nano SiO, on these properties is also discussed.
The results show that the resistivity of the multiple composite system 2wt% carbon nanotubes (CNTs)/conductive foam
(F) /silicone rubber (SR) decreases 6 orders of magnitude compared to the one-part composite system 2wt% CNTs/SR.
The average EMI SE. which has increased from 12dB to 52dB, is 4 times than that of the system 2wt% CNTs/SR. When
the filler replaces with carbon black (CB), the resistivity of the multiple composite system 2wt% CB/ F/SR is 7 orders of
magnitude lower than that of the one-part composite system 2% CB/SR. The average EMI SE, which has increased from
10dB to 50dB, is 5 times higher than that of the system 2% CB/SR. The conductivity and the EMI SE are significantly
enhanced due to the multiple conductive networks. In addition, the thermal stability of each composite system is improved
at the presence of the fortifier, but the conductivity and EMI SE has decreased.
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