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525 (CNT/Cu), AR TR B2, B0 KR i T fiE
24 SRR AR L,

IEAER, CNT/Cul A FRMFS IR T R4 i .
(1) FHia TR 10 2 oAb T & S A4 50 B i
b KRRV, RIPKE S CuZ Al SR e
RAFEE ERWEE A S 124 5 i g kgl 17,
R il PR AN OK S R TS . 5 Co A IR M 22 1Y R)
B, WIS E IR T BT AEAR ) Nigh K Uk L i i
EW E B AR PO A BRI Cufh TR A Cu-
O-CH AP AE SR PRSI SRM. 3X 6 5 34T 200
T Cul 5 i SEeR A K, R ZS G BE G .
Zou%E NGB, i@ A, Has5E ek
3.6 MPal) M, EABPRHITRIRAE T 3£2.5 GPa'™,
FEATEE | E AR SRS T AR, (2) BUiaE S
H R A PRI, G Rin Sk B T2 R0, A
FEL B 40 KA 43 H0C DR M R AL T PSS, L e il i A
B R B5%~50%%3, M2 F, TR g A E e an
KAEELZM 5 Cul R E A 45H, BRRNA81%
) I PRiE K Al BRifE(international annealed copper stan-
dard, TACS), & &I AE 1 81K6x10° AJem?, HL
BHE B 2 % (temperature coefficient of resistance, TCR)
B Z 4l 14 1/9, 80°C LA I S SO AEMRY). Zp
IR RIS, B E RN 1.4
i, LR AE R 2.8 5 FEPEACNT/Cu &7
IRIZRAPERERT, M SR 580 Re S 2P YA T
AR HANRTAH B AR AR bR, F 53R S b B AR
fEM M FHEhe ), MBI PR . TR LT
SIPLHIPE, SEFSMRHRYE. 2R B RAE SRS
AT RE AR R K% B, B iErE. £
AP RIS S S SR 4. Al 2
L SR (R RE 0l AT 100 AJem?, HLAE
T L T G R LR RS AR MR, CNT/Cu
A PR MEFILAAET, CNTRILS AT $2 40 S
HIE . PP Culi 74 B AR DL S P & A
H, NITITE HL 38 i A TR B A AT, HAR i RE 1 2
A SEHBUR R IERTE, Fermiik6x10° Alem’. PRI, 43¢
X BE ML, D 2 A AR TR
WHMY. 3) EadtZ R ERIt S5k, 76
WA REET, e =g RN ST L
JEAERIED S T ARG IR R B SR L (I R
J£1.56 GPa). SAHUUFRE AT B AP E S TH 5 ATk
G AR AR AL FEL L) o T o A EAK Bl AR LR

SCEUN T PEPEDURPT., A FAE20 1 AR SRAE R
YUK T G5 22 RSN AR 4 - DT Cu, FRA% T ihri e
811 MPa, H1F31.84x10° S/miyEAAL FLI), 563
T HL UL R BT M B CNT/Cuk 5e 45 44 11 4 R ]
k.

S LIRS AR PR RE R bR LIS T R Pk
&, ABAHC TARERI & i . St 52 WrEREZ
] A DI AL AT R o dl. MoRiG 4 . mUTRL. W)
B AU (physical vapor deposition, PVD), k<,
AT (chemical vapor deposition, CVD), fb278% | 43
FE R4 (molecular level mixing, MLM)Z5 A )il 5 1.
CAEMRINAKAE S HORES . S AS A AR S 4  R
AU b B 25 S A0ARTE BRI ) -HE-IRER S PR, DB AR
P52 VAR R R 0] LSRR M A, I, AR
BRIkl &, REMBEMARIG 4. BITBRER
FAVTRAE W AR AR FE ot 252, A T2
TESGS R A S PERE TR T AR FIBLERL,  IEXT LU AN [E] D7
ARG BRI S R T T 9 25 AR,
TEN R, B2 T 2ER bl &5 . Wi+
I e AR B i PR R o e A S S )
SEHFIRE, N PR. ZECERE E, 1990 776 2932250
LA M) S I, ALFERR KA 43 S A AR e M
SR AT KA A S PR, X AR A U )
AT, UM R E & SR BT 5 TR
A A2 2%

1 CNT/Culi &y Qi )i ik e kg

CNT/CulZ & TR ] 5 75 5 H A W i 0 KA
A HCIRAS . g LIRSS IER, itk
e E ek DA e M NG R R R ey
B S as & LR LA K 7R WS R 5 T % B

£o
I

L1 BRI idhles S e
BRI B A IR AT HE 5 Cu AR 32

BRI B . TIREfe R E) . RIKE S Cu
BRI A BRI . RO | BB s (AR R B
WL A5 B The ) SR SRR Y. 2 IR R AE T L
R TE TR, BT RS H AR

Ky AR &L 4 CNT/CuE A FAR B P BE LLAS B
RS ERETR TART AP RE oy 3. HsRAEAL
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Figure 1 Preparation, properties, and applications of CNT/Cu
composite conductors

G STy = i 2y ARSI T U 1 VAL 1 Al
ARSI, FECu-Crdy 4 RN A KRG, A
T A B A Crs C o AT Cupy O o I8 A7 11 28 o 5% 75 2 ik ik
70 MPa, 53938 ER 1 84% 0 A B AR Tk
YR ) A ECS A T AS A A0SR Ak T, HiCu
TR IR TN vol% kAR, L &TFLA I
Cubtbi KK, Cuddbi MICKR AN 2 29544 nm, Jm R
SR EEHfIN5~6 MPal’”; 7EALO,/CNT/CuE SR Z h, &
BN IA9.6 pumZH AL 4.8 umP™. (7 EESRAL T I, Bl
HAFH Cud R UK 25024 57 8% (CNTZ 110 9K,

CuZy17x10°/K), 1EE A SR T Ak = A 8 BE LT 7
B, AR AR CNT/CulR & S b o 4l 4 1 8 A
1.4x10"5/m?, Halisf it 574%, TTHkZI8~9 MPafysa &
BB RS AL CNT/CulZ A FAREREAH XS T-Cull)
AR, AR SCIC R T BUA SOk A 353 56 T B
BERRE R, WNE3()FTR, SEBAKEESEH
CNT/Cul & FARGTRL 8 B A 558 4 ] Fn 2l ER 24047
eE, BUPRE N 35154~563 MPa, fifiJ¥1579.1~197
HV27 81 B8 BRI 135 R 5 AR S5 1
HUIMIE, BB/ | KM | S, 1
FIHPERERRIL . HR BRGNS 5 Rl AE 1 A R IE
RO B AR K, Y50 - Es Pl A s8Rk, TSR I A
S S HE R, BRI SRR, R oS A
ik, W9 ETFE T R R ARG 4 CF Culky TR N
AR, HRRGCRE LS A, M R IEE S Bn o
AP, FIANI | TiCE | Mol rh i) 12 i 2 1 1
M, DAREREIE AR . 2L R T B
ERIMARIE T2, XTI REAN L ok, iR REfE
HERRAAKAE B HES B M = 426, A5 N, AH
Eb T4, BB KE 52 A TR R SR T
Ve, J51E53.7%~95.6% IACSIX []l!:33:3437:3844.46-52 g1 3
(b). (HAAEERRE, Zhang% A\ K FERHE B P
TG KR Cuky 26 A AR K = i1 SRR K A
TE{20.096 Wt R AR INE T, ST SRl
IACS 3.4%, FLHisRJE319 MPa, MRALREEE149.7%24.

SRS, BARIREL T 2R H S T,
Z BR TR ANAKAT S B4 S0k S AU ), %0
1 R L SR AR BE 1 B HNIRARAS PR R. Zhang
25 NS 8 — PR A DU S 2 B, A
BIFBACUERMIE, REHFMCul A 8BIG SR

RERS

CNTREIDAEM

B 2 KRB 4 CONT/Cul & S MR i AR

EARATE R4S
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Figure 2 Synthesis of CNT/Cu composite conductors via powder metallurgy
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Figure 3 Performance comparison of CNT/Cu composite conductors via powder metallurgy. (a) Tensile strength versus hardness; (b) tensile strength

versus conductivity

T AR T, (S O R e, SaE
BRI SR T, X—RHER TGS
CNT/Culd 5 M BHFEIE SR g 358 5 e wfle A 3kt 4 L 52 6
G AR S 7
1.2 DU B Pk fig

F TR I 3 Ao R i A s L R AL o . DTS
PSS A R T2, RS CufECNTE 2L TR,
SRR B AR A T B PRI ST A R TR
B st BT S LB R N 8 it AN ) BN EAL B S
TR OV fi g S 1 2 A S T ek T B SR, (4
(a) M HTURRVE BRI 2 ONT/Culk e £ 4y i A I ) A
CNTZRM G| ATEEA S8 )=, B Cu-S. Ni-C,
Cu-O-CH i~ F o LU AR 0 42, W 4(b) TR,
DRI EUE B AL 25 T T AR R R T R, BT
P BE BL A8 03 1000 MPal'® 122231 RS T
10° AJem R BT AE 112, <R A 25k
ZRHAMAD T2, BeTEA WU AR B Cufp
TR A58, PRl KA B Cu S CNTM S
GREAZHL, WNEA)FRE. X P EE A B S T -
FEOLER RS, KRR AE 1 IRTE R 10% Alem® i
RO TR PR R T ). PRI AT E
S0 25 ) FF A 90 A s T e e, 9 o 2 e
OB, fEiECuli CNTH P FLER AR Z 7550, i
HAPRE, A e R R A T R P s, i
ZARSEEIR1179°C, B s TCultkE i, BT 0w
TRAF M. RUTBUR S H R e . T8

Gyl S CNT & SR ETE R 9E(1.5 vol%~84 vol%)4%
T, h & e PERECNT/Culd & SRR IE T R IE H i
LGUEF TN TS

HL AL R 4 IICNT/Culd & SHARTE J1% . HE
IR MR RE T Y R R R, fE SRS
2EVERERGEMRIE S T, L DURL S A CONT/ICuE &
FHREIH BT WG R, PUhimEEES
318~2540 MPa, HL R A[7E35%~97% TACSTLFINHE
i T AR AT IR, Chens NNSUH| BB Sh BEALTE
B Cu-SELA I A5 A WK Cuflh )2, iR G444t
IR IR 1210 MPa, HLRHRLRFFE69% IACS. L
NN b H Al 2 TR NG A AR T BN - e B [ 375
T, $REETA 1100 MPa, HL5:%8°867.2% IACS. Zheng
2 NPUXFHE TNIFICuf )2, & BAINIHEJZ T2 5k
REGRER SR FREER, CuftJRIZL AR T
Wang %5 A P38 5 i P i 5 7 25| A AL I 2 R AL
CHE, Hl 28 & G4 45 Ji146.6 GPa, MJFIRCNTLE
4E(812 MPa)f 815, DongZs N\ PO ] 22 I e i hby it
RIBI)Z, BFRA52.8% IACS, HLHL SFIRTH
20.7%. XuZE NPV R 27 BARE B g KA 2 1T 48U FT
REA 45 A i IR S Cuh 72 TE i Cu-O-CHE, ML §Rik
(4.8420.3)x107 S/m(£85% TACS), HHLFHK K (1.01
+0.04)x10* S m*/kg(R4L5E56%). Bazbouz i A
JEBIK R 1 L AEMW CNT/CuZF 4, HiL $:36°492.3%
IACS, [LHS%49.38x10° S m?/kg(hL 4l 2545%).
ParkZ NPIHLBE S5 CVDAE KA 880, E AL 4 S
RNS5.6x10° S mP/kg. Kim% A5 i Bl A LB o
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Figure 4 (a) Preparation process of CNT/Cu core-shell fibers via electrodeposition”’; (b) schematic of three deposition modes for CNT/Cu and their
interfaces™; (c) fabrication process of CNT/Cu composite conductors: schematic of copper seed nucleation and growth on the CNT surface!);

(d) schematic of the microstructural evolution of CNT/Cu composite conductors during two-step electrodeposition and hot pressing

TEERRR, B AMEERMNST.S O E0.6 Q, KT
HLBH M 30.8 Q/sqfZE0.12 Q/sq. AN, FRALFRD] A 15
I BRI AUERERI N 5 CulE BiCu-O-CHt, REFEDT
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CNT/CulZ &SRB A FE TG B, A SO T Sk
KF RS FROM R ETE, R WMESHR. 455
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Figure 5 Comparison of conductivity and current-carrying capacity of
CNT/Cu composite conductors

SIANIENAIE S, BRORIE SIS Ao, T2
A AR RE J13K1.9%10° AJem?. Li%s A P25 i
SR X AR GRS LT AE AT 8O LA B, R FINIA
KR AT BT, WS R G A AR B RE 1A
1.68x10° A/em?. Bazbouz: A\ °O45 & LRI Y 24 5
RV ok ol B2 1) LB TS o A8 2 RERR AN KA I Cu A £F
dk, P T SAERTRTERE, Tik2.0x10° A/em®. XuZE
NP5 5 i s S Cufh 7 2 PR B Cu, il &5 (2T i 2%,
Wiik3.14x10° Alem?®. Liuns A7 5o W5 45 o 370 R
I CNT/CulZ & W4 7 154.0x10° A/em®. Daneshvar
A NPUHBR B BEALBR AR, B4R Cu, 5 LT
AERR K 1.04x10° Alem?®. FERCEPERE T T, & FK
e ERTCRANME 3 1 A M. Subramaniam®: A P!
FIAIRA BETCRIR 2 7.5 107K (X Ry 4li%if1/9), HAE
80°CLL L G i i 4lifil. ChenZ A" HR I RE1L
LFHETCRZ) Al H—2F. Zous N5 ANIZ 2,
TCRRFEZ 4651 1928%, FTFTEI0%EIE T Ei217100 h.
Xu NP & B 4ETCR A 1.68% 107 /K(24 Jy 4li4 1y
—2), FER IR A2, Lius NN & e 4E 1
300~500°C T L 54 R [49. 7% (4l ) R F%40%). Liu
5 NPT 0 45 BIR 3 285 ¥y A2 RS T 2 5 3 3K 1179 °°C
(7 TAlfE ), PG ik418 W/(m K). Tao%: A7
AR Rh2EBE W, 8 3 0 CufECNTER YU, i Cuk A
RGN, Hiles UL BB CNT/CuE &1
. Park & A 4 1 A7 SR IR R 47 4k A S R itk — 2
T FE598 W/(m K). IAF, Arai%s AR HPEG .

Cl . JGBUF/EH S BB L ¥ 5] 303, Yehezkel 5
O8I 3o I 2 T Cu-CNT-Cu = WIE 450, 1&
FT R A g AR, I R AR e k.

HLUTFICNT/CulE & SR 1 28 35+ HAE &
FLU S E . (il . R PR ar SR AR i A 1 R AR E B,
BIEF - 2R A T DRI, — 7T, kgl
KA W25 K CNT-Cudt i RS Culil 79 Ui A2,
EPE R AR BOE BE; 51— 7, BRAVKRAE 1 m AR R
(~3000 W/(m K))A] PRkl G i Jry B i, AR R, A
BUIEE VAR, L, HUTRYESI & CNT/Cud &
SRFER AL ) LR R AR B . ZF LA,
HL TR o B A ap s L 2 Rl BRI 78 e Pip R) K
PEEHLH], BT ONT/CulZ A SR FE 30 Bl BB A%,
S ERE R A FAGE M R A W A HR.
1.3 ST HIRE S P g

SAVUBREARASEPVDHICVD, REFEM R E It
Frp [RIE S B St i A S SR R, HA A Al
. OISR T R P70 PVD (GRS TS . T
IR R)TE B B T4 B )R F U T ONTR T AL
W7o, DURUSRE AR, BT R
BEAG B S, MELLSEIIAE 2 = AR SE R 51 B 25 CVDIE
AR MALRIER T 24, TR A K CNTZT
MeE, e s fbas G AU, H H 75 600~900°C
L, TTRET | R IR S AL, AR R TS
B AR v RE AR A 1

FEFI2APERE T, WF5E a2 PVD UL Culi 45
GELTBR A SRR, (525 A 4 bihr s B
258 MPa$ 71 2515 MPal’?; CVDJE A7 A= K CNT(Un7E
Cu-Crf& & #r b LACT A AL )45 A il 55 85 - he 4,
il 4% B 52 A WE R R SR E 15402.1 MPal”?; AR H A
CVD&5 A B CufT i3 2 & SIRPUHIR & 92 MPal*7;
TR RIE Cu-Cr& 4 e i = dE 2 fL45 M, Z2CVDJRA
AR ONTHEE =4 T BRI 4% 5, PiPismEik421.2 MPa
(HE547.6%)7. FEri2EPERE T, WFST R
SHERRR A T ETURYK B CuZ, 1B KR TE
FEAMESR T, B HRERE R nQ em(2928.7%
IACS), X T4iCw#HEAY11 pQ em®; CNTL 4k
PVDHCul4LililJG, HLF%iA1.37x107 S/m(£23.6%
IACS); CVDJRL A K ONTEE ST 45 Thedh, B
AR S %3590.9% TACSY: g H I CVDF
CNTHEZE BT i B RSP AR HL AR, RS TR Pt K
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Yt 1 IR 5 G5 A B AR RE L 2R 15 84.6% TACSTY,

AR A 8 2 J o7 S T 9 4 T A oo ot o )
CNT/4 8 AL, TEirl FHGE . MRS/ N RUEE N
A EA AT S. (HPVDUU SR . &%
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T A &, BRAlAOR SR TTRROME LA e 5
BAR, B AV R A TR A AT T Bl ORI )
fiiH.

L4 ARSEBES oy TR Al S PERE

KT 5 Cu iR A e Fm s 55 . T
PEZEAG IR, F 988 SR T AL e Bk 2 KA 3 T Ay 7
SIBEBEE, W72 54, PRk A T
AppElA4 777 ShakibhamedanZs A 3@ 4k 224 Cu
FLBCNT, FF2ERE St SR Fhedt, BERA TR
AAPRHREE (128 BHN, AR 151%) . BT5%
FE . HS%(80% TACS)FIFVG: (342 W/(m K)), [F]H}
PRI 2% 2 2912.7 ppm/K.  DaneshvarZ§ AP
AL B R AL BR AN KA S B C LA Cu, FISR T
SRALMS-Culit S B, AP 4EIRCONT/Culd & S
B R e e B (BUP o iR 1 GPa, MRTHCuZkiys
RV 2RI AE 17 (1.04x10° AJem?, 29 RH02455), H.
TCRFAKITS0%. 1% ik A S A 7R . PEREY R HE 7+
B, (BT AEH . SRR, FEEH TSR

N
o

RIORAA, A TSR EE | A 1 S e A
e T A A v i I FH 1) ) 4%

MLMif i Ak 27 F BES B A0 K & 5 4 & iy
SRS 53T R B 51 A 1P238405 820 L ju e 1)
K FHWE 25 i 45 5 MLMil % CNT/CuE G ik, fiigh
KCORLAE Ry M b T 5L 1H, Gl 55 B e s
AAFERLAN/IN=0.9 um) . BRANKAS U b P 50 50 A )
B HUAR, HHE R (344 MPa) 5 B PE(IHK R
19.6%), F M 55 50R H14587.3%. Xiong% A P97E
MLMFEH G ATITCE, BeZsiTEA Az B TigCs 94 K AH
ETFLCNT/Cuftim, Hrpisd it —L 48T £512 MPa.
MLMHEAR S EI A ELE, AT SCIAN sk A 5 2%
GRS 2 A B TR A (AN 25 44
fift), miRGELSREREE R, B TR . S
S B A R D R — IR .

L5 R

N ARG A& TR E R, AT
A SCHRBE, MPEREERIE . T 284 L TR T
LY AIR 4 . ST R L DUR = 5 12 il
HICNT/Cud & FIRRTIT R G i, nEl6(a)Fw, ¥
Ff ki i A Y T2 S BURR AN K A FE Cud (e
MRS, H A MORE LL L 5 R A Al B AR S %
~24%" 7 (B i FE AT TE Al (1240% A5 451, S
SERETRACR W, SARUURE TR AL Y H L Rk
ZART LU, 7 Ll W 53 A5 R 2l 1Y 76%~820% 2

k=) H Cu
x
~ (a) ® electrodeposition
£ A powder metallurgy
‘f’” 151 WV vapor deposition
[=)
-
o
> 10|
2
S o ..
E—d
s M
o
T st Ve
8
Q .
S of v
]
o 1 1 1 1 1
»n 0 100 200 300 400 500

Specific strength (kN m kg'1)

& 6

180
b H Cu
160 | ( ) ® electrodeposition
& 140 A powder metallurgy
O V¥ vapor deposition
< 120
X 100 -
£ sof %o
>
= @
© 60
.'é [
g 40 °® ®
O 20F A
of oV *®
-20 1 1 1 1 1
0 20 40 60 80 100
CNT (vol%)

RNIFJT & HICNT/Culd & SR BITERERT LL. (a) HHL S0 5 HESREERI PR R (b) HL SR BECNTIAFU B A2 f AL

Figure 6 Performance comparison of CNT/Cu composite conductors prepared by different methods. (a) Distribution relationship between specific
conductivity and specific strength; (b) variation of conductivity with CNT volume fraction

6404



ISk

)12 M B R, AL, AR DTRR RL,
Ry M ERE R S 1, L R A A S
WIS, SRR EL R A, R, R
MNHEE AL BPEE Tl DRI, B T % TR A
ZAEREDMRIALTT A T1. byt —HaR, Bk
1 A 5 UMD 32 BRT B ANRAS 73 BOHE L 5 i i
003, BRONAAS 5 ik AR T25%!7, T A TR U o A
1.5%~84% 14 B 35 Bl A AT 28008 45 B 40 R A5 19 5 1A
OSSR RE A 5 1) B R AL T OCHE F e

PN HE— D 2 Akl LA 1 DURD R A5 k. ky
RIGERR T ZME EEHAEA™, (HH SR
SFERAAAE R IR 1 58 ARDORE BT 3R
AR, (HMASE . RORAR, BN Z IR, Al
BUOE IR TR PRl 7 R0 . SR st s
e RGBS 1, O e B T AR RS A =
RECNT/Culd & RHOR R, SR, FHAERI & ARG
PR BN AR L AT A Y L DR R S SR 5
PRI PR, 2 S EOPPRIERE—EE PR, OHIAEAS
PR TR AT i — A AR B S TURUT
BB MO, A T ARG ST I Bl
G T AESRALZE S oR A, (H R AT R AR AR ] 20
TAARRI . BRI, AR RERE . T2
IS 5 U T (Bl AE 2 2 57, H R AR F
PRI SR ERE S AR 255 7%

2 CNT/CufZ&SARng i HFs

CNT/CuE & R R LS . B 7 5.
FVE LA SR i A SR S U R B L. B
M5B ss T2,

2.1 Remfbsgnn s b gk si

MLZEMIR . BTREIRIAA: . MBI ERRE T4 55
U ER TR AL | PR RS iR R e .
R BT, CNT/Cud A4 % EL N3 .8~
5.9 g/em®, MIETALHT LT 30%~50% Y . 2 Uk .
Bazbouz25: AR F JE 39 fik v 52 1) v, B8 v ) 45 1) Z2 B
BRAIKAE /Culd A 4P 4, U T3R5 149.38%10* S em’/g,
AR TE45%, #IRAES b aia~of, HHE&E
SERCE R 220 Tl ALl &8 1. Xue NP i g
PS5 | Cufp 1 )2 i 45 1 SUBE R K /CulR B £F
4k, HoH SR A IR TF56%, Z50000K7 thGER )5
FHAR L3N 2%, JE8 A MHEHEA R &S ST AL

LR GEXT A0 5 R R A e e 2
RERE T, Li% NP2 & SRS R S0 AL 5 Ni S T i
PESRWE, 55 5 A YT B 152540 MPa, 23 AE 113k
1.68x10° AJem?, 43 B M4l 13M5Fn461%, FEikE X
L, BT RB TR A A e RE T it ELA N T
AN, ParkZE A ISR CuZl & CVDAE K A7 86 T
2, M BRI SRCONT/Cul Sk, HiIbH S
TN IREEH A 1445, FLaR R A ) SAE, Fakiiag
Al 2. 845, PG EIA598 W/(m K), AR T
KX WG| D8 A TRt B LS S f A SR R

il .

22 LTSRS

B2 4 i L R R 1] 5 nm DL R S HEE, f£5ECu
MG ARR . EHMFR | TCRE ™Rk
fifl. CNT/Culd &5 SR TE RIS 455 Culit T2 78
YRR RS RN, | B R I RE T LA B S Ak DT AV
KRB A F— RGO R R T B fi o i %
e R 5P iR )7 i, Subramaniam5 A PV 4
) HLBE R 9K A/ Culd A i e s 2k . IRTCR Y
R ENE. KA B T R ARG K R
K R AL (B /N 58500 nm) 5 237 2 2 )2 B A 412,
FEAr B T HAE = A RN 8 L AR rp R
1. FEA S G S 2R R SR AR AT, Luo % A1)
il £ 1 BAOBE IR 400 K A/ Cu S 48 v BHL 4% 1) S L v 3k
96.5, AIA AW HIZLHR S, 38 H TR0 R R g S
H5myrR i LS. 5 E TREREE 5 1, Frost
B NBOTL 100 AR ) AgZ R AT SE B Cu il ¥4 50 4%
H, mPeRh T2 R e BT REPERE, RRAK
B AR R FEAE Cul i T P i iR R 2 B 8
PRHE T SCHARHE. AN, Song®E ACNHI £ A4 pmH
BEW, BS%RIE94.5% TACS H AR S ik,
2 1 AT AEPEPCB S 2 Ha it A AR i AR e e A}, 25
I, CNT/CulZ & 78 J5 BE IR B AR A S it B AR
HPE DR A 0. AR TR EE S I K RUEE R R ALK
JE | ST R B R 5 CMOS T 2 3R AP E S0
.

2.3 Rl Eis -2

CNT/Cud &£ Y/ A B iy 5 5 25 PR,
TENE AR B T AN TS, 7R
ITTE, ZouZE N5 ANIZE w2 H| 45 HICNT/Culd A 4F

6405



M4 EF LB O206F98 F1E L27TH

F£1 REEEFEEZCNT/Cul A Sk T

Table 1 Comparison of properties of CNT/Cu composite conductors fabricated via different methods

il &Ik SERIHEAE Bl I

S R AU SR ORI R RE

(% IACS) (MPa) (Alem?)
S s a BRAPRAE SRR, A
TRYN KA R A l;ﬁiz}?‘%ﬁugiﬁt%} Z555 . mibess g o )3t
MARIRSE FCufb Aul 52, ﬂlﬁ£ SRR Tﬁﬁjﬁﬁzéﬂﬂi@ HSR  53.7~95.6 218~563 (J{ﬁﬁﬁ)
S SR (R T 15149.7%) FEE T '
(5%~50%)
e gy RS TR AL
TR ,rg gu Jééﬁﬁé‘;ﬁ- ;‘ R ADESHRE B WERADREEARY o 31822540 105~10°
4 Wi ) BAE I SIPERORT
SILPERAE PERETA L B8 JELRE B PR
e e SRR, EE . N
WA e d ), B ot o B R DIBIEE 9 g RN
ez s, sk dem (eSO e ey, g 150 10pa0 BRI
eREEEi Rk O AR e parem e (0 G5 ChRE FEE)
AN
b TR BODRERMSIRE SHINL . REASG AR MR,
(MLM) TOBAREDH ST SR ADRSEREERR R EAE . EEEMH 70~90 300~500 R 5
FERA) 5 A (MLM) gy BIACER TR AR
F 2 CNT/CuEASEBRBNFYR
Table 2 Typical applications of CNT/Cu composite conductors
3 FH AU B PSS ideaize =t an S A5 ARF3CHR

R E L o SR

ST T A

AR . ARFELRH

M HL 5 %69.38%10° S m2/kg(BRAEH o i P e e
e DA H 4. HREIRIR AR
'%45%); %%%35%~97% IACS: ﬁ)blﬁJLﬂiEﬁdm %ﬁﬂb/}?ﬁﬁl‘:m}iﬁ
BRI T 318~2540 MPa; B
3.8~5.9 g/em®
FIBET1107~10% Alem>(BL AR w
1250, BB R AR S

W TEANUEEE . A Skl A
17#%(eVTOL)., 1 - X AL Hi A

[13,21,22,60]

GORNER FHE . =408

(GRS W RE. Pk 4 by (3D IC), HEHEFL(TSV), T [3,29,65]
. 7.5x 107K (LEHIA91/9); Fe/ N T N NIMA
i, mIEZAL 500 nm: CTE 5 SiLH WA RS
WA 25 100007 HL BH AN 52 9 fe /N5 TR R
W] R A T \m%ﬁ; JE4 pm; 18005 TGRS, AR AN eI A AR A [4,68,63,56]
AR : %14 Q/sq AR AR A . H R
300~500°C HE 38 R4 9. 7% (414
TR | B T FE40%); 4500k bty RESHM ETE | USSR
Wit RS A  A4 Juim B L LI (—196~150°C)AR/Ry<30%; 5dpa 2. FiRHENLEA ., 1 X [19,63,85]

i, HUARMR .

SRR AL <2 nmy; J8 DL

45, FRRE

HEIRE1.36x10° Alem?

Yk, 221000092 [ AG 2R I L BH A (ELAIE fin 52 imi ARG 17
Xus NP1 25 19 52 4 27 4725 i 500095 H BEASE
2%, PMAER H BB A TS P BE. Yehezkel &5 A% i
LU A S Cu-CNT-Cu = WA 45 F K H VR4 s 1
HLHAE TR, BB 25 15263~333 mAh/g; Arai%
NV % T ORISR = 4 2 FLCull, TERBY
FR R R B A S A A A2 M RE Xing®E LT
W Culfi Kk SRRACK A ILTURR, 2 AR R IS
FEFFE10.1 W/(m K), AR T MRS H e
J1. TR RS AT, WFTE 3 B 2s Z8 W e S %
I T CNT/CuE A2, 4195 7 BARE£92%, £:1000

6406

YA 5 7 BAY 2R (ER 1.845%, HAELS VAR T
AJSCELT72°C AT, 36 FH T PSR B mg A . 2
BPEREIE S, 1A RS Ab R AT 75 D K TR
X & T2 LA S W25 IR A 45 TR XA,

2.4 HRrmABR R Sk

RS, BEERS ., s B ATas A B
HL G IR A A EE, X AR R Y TE IR R E 1 . Bt
Hohds . PUEERE . W E DR PERERR S T AR ER. CONT/
Culd &5 B IRSTAS RN KA W2 B P BB B A . AR
MK R B AR e T, e R N R



PR ARSI A, 6 S8 IR S A e M 1
ZIFSE R, CNT/Cu A PRI TCR & 35 0 F4li4h.
LiuZs AW 44 N4 2 CNT/CuZF 4, 7£300~500°C 15
TR T GRS FR9. 7% (214 [%40%). Subramaniam?§
BV 48 1 BRUBE BR 9 K45 /ICuE A BETCRIR AR,  7E80°C
DL b S Al Zous NI BNIZE 2 4
LFETCRAL.14x10 /K, [UNAIY1/3.6. TEPi#khd:
59R2E 0 AT, Gao%s N B8IE PABE R4 K45 2T 4 b H
DURBRNIHE)Z, 24500 T (-196~150 CHEFR 5
FHASfE 24 29.8%, ] i i TR AS TR I -5 02 Ml K AT
SR AR IR Y I PSR . 7 IR 1 e B

T, LS4 CNT/CuldifiiZ:6.25% 10" jons/cm?
(5 dpa)He B4R IS, PWERFLIFN120.6~1.6 nm, i
INTFAl RS, B2 I — I LT RS,
AHRIAE400°C | 5 dpalfl FRAE P AR RS R E, W]
Ve R3Br RIAZ S SHESE A AL PEROB 2. Song e AL
KGO B R VTR 25 & A4, Sk l i % AR =
1.36x10°° AJem?, ELR IO AL, i AE 5 e
Th. AR R A R CNT/CulE & SR i FL2E il
SRR BT . AR N R FEEE L Tk
ZNEHAREE TR TR, & RS
A TRAAR R I SRR AR,

3 LSS

CNT/CuZ 5 AR MR AN (BT T3 1o 5 7
HZRELHBOT, REAEGECu PR 7 1R (138 5 -
FRMEEEICR. EEHLHIR A HCONTMILS Y 5
S EIRAE S, A A Culty i S HE, Tl e i

5% 3CHk

(4nCu-S. Ni-C. Cu-O-C)FFIKH T, It 2s |
FRIRZE A MG TR AR, IS . L 4
PEREMIPMEIOLAL. AN [R) a2 O vk R B T s ML Fn 25
FFEERE B2 5, TRBLHOR TR A PERESRAE 5 0
BRI EIE T2 mA s =, (H SR
PR 5 (LA TR 5 %~50%), 8 T m iR as H it
SARDTRE S gl AR, (LR,
A 2F8% 5507 AR A vk v S Bk S L (N S-Cuf)
FIRIAI G, (R E A . AR R L DTRE e
Wl R N ERAE, B R mohaetk . AR AR
PTG NG, ST A% -7 5 IR A I 2 Fhdh
Fm A g, H SR T35%~97% TACS., Hifiik
Ji£1%318~2540 MPa . #IfAEJTEi510°~10° A/em®(3%
SR~ 2B ), FEPERRREIE . S TR
RUGME RS A = oy R sE A S, &
T TR AT SR IR, SR, MASEE6 2 5 1)
TR AR G SRR B S o B S st T sk .
KR EYE | 22 AR 2 RE VR LAk LA AR R A
FUBLAL ] & SRR, ARG N — A0 Al A B IS
B S, ALK B FHRsURIAL, ZJREXT 5
HLUTRL . B BRI IR i i 5 R ZRIR K FESHL T2,
e RS . R T . PR T AR
B REBRN g, TFRZEERE BT T Mk
B SEVERFSY. nTLATRIL, FfE St T AR S 450 gk
TSR A, TR SICNT/CulZ & TR
S % AR R R DR, R —R
B B ATRREE A HL RS BT R G R OB R
.

1 Wang X, Zhu T, Deng Z Y, et al. Enhancement of ultimate tensile strength and ductility of copper matrix composites using a low content of single-

wall carbon nanotubes. J Alloys Compd, 2023, 968: 172225

2 Han B, Guo E, Xue X, et al. Fabricating and strengthening the carbon nanotube/copper composite fibers with high strength and high electrical

conductivity. Appl Surf Sci, 2018, 441: 984-992

3 Subramaniam C, Yamada T, Kobashi K, et al. One hundred fold increase in current carrying capacity in a carbon nanotube—copper composite. Nat

Commun, 2013, 4: 2202

4 ZouJ, Liu D, Zhao J, et al. Ni Nanobuffer layer provides light-weight CNT/Cu fibers with superior robustness, conductivity, and ampacity. ACS

Appl Mater Interfaces, 2018, 10: 8197-8204

5 Long F, Guo X, Song K, et al. Enhanced arc erosion resistance of TiB,/Cu composites reinforced with the carbon nanotube network structure.

Mater Des, 2019, 183: 108136

6 Xu G, Zhao J, Li S, et al. Continuous electrodeposition for lightweight, highly conducting and strong carbon nanotube-copper composite fibers.

Nanoscale, 2011, 3: 42154219

7 Zuo T, LiJ, Gao Z, et al. Simultaneous improvement of electrical conductivity and mechanical property of Cr doped Cu/CNTs composites. Mater

Today Commun, 2020, 23: 100907

6407


https://doi.org/10.1016/j.jallcom.2023.172225
https://doi.org/10.1016/j.apsusc.2018.02.078
https://doi.org/10.1038/ncomms3202
https://doi.org/10.1038/ncomms3202
https://doi.org/10.1021/acsami.7b19012
https://doi.org/10.1021/acsami.7b19012
https://doi.org/10.1016/j.matdes.2019.108136
https://doi.org/10.1039/c1nr10571j
https://doi.org/10.1016/j.mtcomm.2020.100907
https://doi.org/10.1016/j.mtcomm.2020.100907

M4 EF LB O206F98 F1E L27TH

11

12
13

14

15

16

17

18

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Yao Z, Kane C L, Dekker C. High-field electrical transport in single-wall carbon nanotubes. Phys Rev Lett, 2000, 84: 2941-2944

Yu M F, Lourie O, Dyer M J, et al. Strength and breaking mechanism of multiwalled carbon nanotubes under tensile load. Science, 2000, 287: 637—
640

Wei B Q, Vajtai R, Ajayan P M. Reliability and current carrying capacity of carbon nanotubes. Appl Phys Lett, 2001, 79: 1172-1174
Lekawa-Raus A, Patmore J, Kurzepa L, et al. Electrical properties of carbon nanotube based fibers and their future use in electrical wiring. Adv
Funct Mater, 2014, 24: 3661-3682

Buldum A, Lu J P. Contact resistance between carbon nanotubes. Phys Rev B, 2001, 63: 161403

Park M, Lee D M, Park M, et al. Performance enhancement of graphene assisted CNT/Cu composites for lightweight electrical cables. Carbon,
2021, 179: 53-59

Kim K T, Cha S I, Gemming T, et al. The role of interfacial oxygen atoms in the enhanced mechanical properties of carbon-nanotube-reinforced
metal matrix nanocomposites. Small, 2008, 4: 1936-1940

Chu K, Jia C, Jiang L, et al. Improvement of interface and mechanical properties in carbon nanotube reinforced Cu—Cr matrix composites. Mater
Des, 2013, 45: 407411

Chen X, Tao J, YiJ, et al. Enhancing the strength of carbon nanotubes reinforced copper matrix composites by optimizing the interface structure
and dispersion uniformity. Diamond Relat Mater, 2018, 88: 74-84

Park M, Kim B H, Kim S, et al. Improved binding between copper and carbon nanotubes in a composite using oxygen-containing functional
groups. Carbon, 2011, 49: 811-818

Chen H, Daneshvar F, Tu Q, et al. Ultrastrong carbon nanotubes—copper core—shell wires with enhanced electrical and thermal conductivities as
high-performance power transmission cables. ACS Appl Mater Interfaces, 2022, 14: 56253-56267

Liu D, Liu S, Chen C, et al. The interface anchoring effect of nickel nanoparticles on carbon nanotube/nickel/copper composite wires with ultra-
high conductivity and current-carrying capacity. Carbon, 2025, 244: 120611

Dong Y H, Luo J, Li L, et al. A preliminary study on the effect of nitrogen-doped carbon layer on the properties of copper-carbon nanotube fiber
composites (in Chinese). Guangzhou Chem, 2024, 49: 41-45 [#i% 58, B, 228, 55, BB ZRZ X HBRAUKE L 4 5 S ARHAERER 1 S AL ]
WIEE. T4k, 2024, 49: 41-45]

Xu L L, Jiao X Y, Shi C, et al. Single-walled carbon nanotube/copper core—shell fibers with a high specific electrical conductivity. ACS Nano,
2023, 17: 9245-9254

Li H, Yong Z, Liu D, et al. Interface engineering for high-strength and high-ampacity of carbon nanotube/copper composite wires. Carbon, 2024,
219: 118845

Zhang S, Park J G, Nguyen N, et al. Ultra-high conductivity and metallic conduction mechanism of scale-up continuous carbon nanotube sheets by
mechanical stretching and stable chemical doping. Carbon, 2017, 125: 649-658

Zhang X, Xu 'Y, Wang M, et al. A powder-metallurgy-based strategy toward three-dimensional graphene-like network for reinforcing copper matrix
composites. Nat Commun, 2020, 11: 2775

Geng Y, Zhang X, Zheng Y, et al. High strength and plasticity in disordered multilayer graphene reinforced copper composites. Nat Commun,
2025, 16: 6804

Wang G, Sun C, Cai Y, et al. Improvement of interface and electrical properties in carbon nanotube/nanocrystalline copper composite films. Mater
Chem Phys, 2019, 223: 374-379

Leggiero A P, Driess S D, Loughran E D, et al. Platinum nanometal interconnection of copper—carbon nanotube hybrid electrical conductors.
Carbon, 2020, 168: 290-301

Hannula P M, Peltonen A, Aromaa J, et al. Carbon nanotube-copper composites by electrodeposition on carbon nanotube fibers. Carbon, 2016,
107: 281-287

Subramaniam C, Sekiguchi A, Yamada T, et al. Nano-scale, planar and multi-tiered current pathways from a carbon nanotube—copper composite
with high conductivity, ampacity and stability. Nanoscale, 2016, 8: 3888—3894

Sundaram R, Yamada T, Hata K, et al. The importance of carbon nanotube wire density, structural uniformity, and purity for fabricating
homogeneous carbon nanotube—copper wire composites by copper electrodeposition. Jpn J Appl Phys, 2018, 57: 04FP08

Daneshvar F, Chen H, Zhang T, et al. Fabrication of light-weight and highly conductive copper—carbon nanotube core—shell fibers through
interface design. Adv Mater Inter, 2020, 7: 2000779

Li P Y. Carbon nanotube reinforced metal matrix composites via powder metallurgy: advances and challenges (in Chinese). Aeronaut Manuf
Technol, 2023, 66: 14-35 [ZEifi 5. AR S Hl &Ik PUKE R R4 R ILEZ S A0k JERABPkAK. DiasmldsiAR, 2023, 66: 14-35]

Liu Y, Tao J, Liu Y, et al. Regulating the mechanical properties and electrical conductivity of CNTs/Cu composites by tailoring nano-sized TiC on
the surface of intact CNTs. Carbon, 2021, 185: 428-441

Akbarpour M R, Alipour S, Farvizi M, et al. Mechanical, tribological and electrical properties of Cu-CNT composites fabricated by flake powder
metallurgy method. Arch Civil Mech Eng, 2019, 19: 694-706

Wei X, Tao J, Hu Y, et al. Enhancement of mechanical properties and conductivity in carbon nanotubes (CNTs)/Cu matrix composite by surface

6408


https://doi.org/10.1103/PhysRevLett.84.2941
https://doi.org/10.1126/science.287.5453.637
https://doi.org/10.1063/1.1396632
https://doi.org/10.1002/adfm.201303716
https://doi.org/10.1002/adfm.201303716
https://doi.org/10.1103/PhysRevB.63.161403
https://doi.org/10.1016/j.carbon.2021.03.055
https://doi.org/10.1002/smll.200701223
https://doi.org/10.1016/j.matdes.2012.09.027
https://doi.org/10.1016/j.matdes.2012.09.027
https://doi.org/10.1016/j.diamond.2018.06.026
https://doi.org/10.1016/j.carbon.2010.10.019
https://doi.org/10.1021/acsami.2c13686
https://doi.org/10.1016/j.carbon.2025.120611
https://doi.org/10.1021/acsnano.3c00488
https://doi.org/10.1016/j.carbon.2024.118845
https://doi.org/10.1016/j.carbon.2017.09.089
https://doi.org/10.1038/s41467-020-16490-4
https://doi.org/10.1038/s41467-025-62184-0
https://doi.org/10.1016/j.matchemphys.2018.11.025
https://doi.org/10.1016/j.matchemphys.2018.11.025
https://doi.org/10.1016/j.carbon.2020.07.009
https://doi.org/10.1016/j.carbon.2016.06.008
https://doi.org/10.1039/C5NR03762J
https://doi.org/10.7567/JJAP.57.04FP08
https://doi.org/10.1002/admi.202000779
https://doi.org/10.1016/j.carbon.2021.09.040
https://doi.org/10.1016/j.acme.2019.02.005

ISk

36

37

38

39

40

41

4

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

and intratube decoration of CNTs. Mater Sci Eng-A, 2021, 816: 141248

Fu S, Chen X, Liu P. Preparation of CNTs/Cu composites with good electrical conductivity and excellent mechanical properties. Mater Sci Eng-A,
2020, 771: 138656

Wang J, Ding X, Zhang J, et al. Synthesis and properties of surface-modified carbon nanotube/copper composites. Metall Mater Trans A, 2019, 50:
1448-1459

Pan Y, Xiao S Q, Lu X, et al. Fabrication, mechanical properties and electrical conductivity of Al,O; reinforced Cu/CNTs composites. J Alloys
Compd, 2019, 782: 1015-1023

Zhang L, Bao R, Yi J, et al. Improving comprehensive performance of copper matrix composite by spray pyrolysis fabricated CNT/W
reinforcement. J Alloys Compd, 2020, 833: 154940

Shi Z, Sheng J, Yang Z, et al. Facile synthesis of high-performance carbon nanosheet/Cu composites from copper formate. Carbon, 2020, 165: 349—
357

LiY K, Zhang Y F, Zhao W M, et al. Effects of surface modification of CNT on the mechanical and electrical properties of Cu based composites (in
Chinese). Powder Metall Mater Sci Eng, 2024, 29: 396-402 [Z=—3i1, 5K — M., B4 SCHL, 55 CNTRYZR UM Cuit &2 A AL 1 24 i 24 P B Y
M. ARG MRS 5 TR, 2024, 29: 396-402]

Carneiro L Monteiro B, Ribeiro B, et al. Production and characterization of Cu/CNT nanocomposites. Appl Sci, 2023, 13: 3378

Zhou J J, Chen X H, Zhou H L, et al. Effect of in-situ synthesized CNTs on the properties of copper-based composites (in Chinese). Nonferrous
Metal Mater Eng, 2024, 45: 92-98 [JEl4:4%:, M/, Fut e, 4. AR K ONTsH TR L2 S AP RHERE . A (04 JmAHREHS TR, 2024,
45: 92-98]

Guo C, Zhan Z, Quan L. Study of the preparation and properties of 0.5 vol% Ni-CNTs/Cu nanocomposites with magnetic alignment. J Alloys
Compd, 2019, 781: 261-269

Li Z, Wang X, Liang Y, et al. Synergistically enhancing strength, toughness and electrical conductivity of CNTs-Mo/Cu composite by constructing
network architecture. Mater Sci Eng-A, 2026, 952: 149645

Lal M, Singhal S K, Sharma I, et al. An alternative improved method for the homogeneous dispersion of CNTs in Cu matrix for the fabrication of
Cu/CNTs composites. Appl Nanosci, 2013, 3: 29-35

Liu L, Bao R, Yi J. Mono-dispersed and homogeneous CNT/Cu composite powder preparation through forming Cu,O intermediates. Powder Tech,
2018, 328: 430435

Yang P, You X, Yi J, et al. Influence of dispersion state of carbon nanotubes on electrical conductivity of copper matrix composites. J Alloys
Compd, 2018, 752: 376-380

Wang X, Guo B, Ni S, et al. Acquiring well balanced strength and ductility of Cu/CNTs composites with uniform dispersion of CNTs and strong
interfacial bonding. Mater Sci Eng-A, 2018, 733: 144-152

Zhao W, Bao R, Yi J, et al. Fabrication of CNT/Cu based composite with twice in-situ formation from powder preparation to sintering. Mater Res
Express, 2019, 6: 095088

Chen X, Bao R, Yi J, et al. Enhancing interfacial bonding and tensile strength in CNT-Cu composites by a synergetic method of spraying pyrolysis
and flake powder metallurgy. Materials, 2019, 12: 670

Li C, Zhang Y, Xu J, et al. Influence of pulse current on bending stress relaxation of nanocrystalline Ni foil. Results Phys, 2019, 13: 102182
Zhang C, Xiao Z, Paddock R, et al. Effects of graphene doping on the electrical conductivity of copper. Adv Funct Mater, 2024, 34: 2407569
Sundaram R, Yamada T, Hata K, et al. The influence of Cu electrodeposition parameters on fabricating structurally uniform CNT-Cu composite
wires. Mater Today Commun, 2017, 13: 119-125

Arai S, Murakami I, Shimizu M, et al. Fabrication of CNT/Cu composite yarn via single-step electrodeposition. J Electrochem Soc, 2020, 167:
102509

Arai S, Ozawa M, Shimizu M. Fabrication of three-dimensional (3D) copper/carbon nanotube composite film by one-step electrodeposition. J
Electrochem Soc, 2016, 163: D774-D779

Liu D, Wang P, Zhang X, et al. Synergistically improved mechanical, thermal, and ampacity performances of carbon nanotube/copper composite
conductors based on network confinement effects. Carbon, 2023, 201: 837-846

Zheng Z, Yang A, Tao J, et al. Mechanical and conductive properties of Cu matrix composites reinforced by oriented carbon nanotubes with
different coatings. Nanomaterials, 2022, 12: 266

Wang G J, Cai Y P, Ma Y J, et al. Ultrastrong and stiff carbon nanotube/aluminum—copper nanocomposite via enhancing friction between carbon
nanotubes. Nano Lett, 2019, 19: 6255-6262

Bazbouz M B, Aziz A, Copic D, et al. Fabrication of high specific electrical conductivity and high ampacity carbon nanotube/copper composite
wires. Adv Elect Mater, 2021, 7: 2001213

Kim H, Yang H, Dasarathan S, et al. Rational electrodeposition of Cu on highly oxidized multiwalled carbon nanotube films. Carbon, 2021, 174:
723-729

Wang Z, Cai X, Yang C, et al. An electrodeposition approach to obtaining carbon nanotubes embedded copper powders for the synthesis of copper

6409


https://doi.org/10.1016/j.msea.2021.141248
https://doi.org/10.1016/j.msea.2019.138656
https://doi.org/10.1007/s11661-018-05105-9
https://doi.org/10.1016/j.jallcom.2018.12.222
https://doi.org/10.1016/j.jallcom.2018.12.222
https://doi.org/10.1016/j.jallcom.2020.154940
https://doi.org/10.1016/j.carbon.2020.04.061
https://doi.org/10.3390/app13063378
https://doi.org/10.1016/j.jallcom.2018.12.028
https://doi.org/10.1016/j.jallcom.2018.12.028
https://doi.org/10.1016/j.msea.2025.149645
https://doi.org/10.1007/s13204-012-0078-8
https://doi.org/10.1016/j.powtec.2018.01.055
https://doi.org/10.1016/j.jallcom.2018.04.129
https://doi.org/10.1016/j.jallcom.2018.04.129
https://doi.org/10.1016/j.msea.2018.07.046
https://doi.org/10.1088/2053-1591/ab319d
https://doi.org/10.1088/2053-1591/ab319d
https://doi.org/10.3390/ma12040670
https://doi.org/10.1016/j.rinp.2019.102182
https://doi.org/10.1002/adfm.202407569
https://doi.org/10.1016/j.mtcomm.2017.09.003
https://doi.org/10.1149/1945-7111/ab9a05
https://doi.org/10.1149/2.0601614jes
https://doi.org/10.1149/2.0601614jes
https://doi.org/10.1016/j.carbon.2022.09.067
https://doi.org/10.3390/nano12020266
https://doi.org/10.1021/acs.nanolett.9b02332
https://doi.org/10.1002/aelm.202001213
https://doi.org/10.1016/j.carbon.2020.11.091

M4 EF LB O206F98 F1E L27TH

63

64

65

66

67

68

69

70

71

72

73

74
75

76

77
78

79

80

81

82

83

84

85

86

87
88

matrix composites. J Alloys Compd, 2018, 735: 1357-1362

Song G, Sun L, Li S, et al. Synergistic effect of Gr and CNTs on preparing ultrathin Cu-(CNTs+Gr) composite foil via electrodeposition. Compos
Part B-Eng, 2020, 187: 107841

Zhang X R, Guo J, Ding L S, et al. Research progress in preparation of carbon nanotube/metal composites by electrochemical methods (in
Chinese). Electroplat Finish, 2021, 43: 56-60 [KIeds, S84E, TiEND, %, Bfb2F ksl & ak e/ 48 2 A Motk e, e 551,
2021, 43: 56-60]

Luo X, Liang X, Wei Y, et al. High ampacity on-chip wires implemented by aligned carbon nanotube-Cu composite. Materials, 2023, 16: 1131
XiJQ,Dai Y G, Xia L, et al. Preparation and lightning strike protection properties of lightweight high conductive metallized carbon nanotube film
(in Chinese). Acta Mater Compos Sin, 2024, 41: 196-206 [£Fr, 8V, BE, & Hm T 48 i geoRE IR il & R L E by
fie. L ATRIEEIR, 2024, 41: 196-206]

Tao J M, Chen X F, Hong P, et al. Microstructure and electrical conductivity of laminated Cu/CNT/Cu composites prepared by electrodeposition. J
Alloys Compd, 2017, 717: 232-239

Yehezkel S, Auinat M, Sezin N, et al. Distinct copper electrodeposited carbon nanotubes (CNT) tissues as anode current collectors in Li-ion battery.
Electrochim Acta, 2017, 229: 404414

Tao H, Xin X, Xu J, et al. Preparation of CNT/Cu conductive fabrics by a combined strategy of tea saponin foam finishing and vacuum evaporation
plating. J Mater Sci-Mater Electron, 2024, 35: 220

Leggiero A P, Trettner K J, Ursino H L, et al. High conductivity copper—carbon nanotube hybrids via site-specific chemical vapor deposition. ACS
Appl Nano Mater, 2019, 2: 118-126

Tran T Q, Lee J K Y, Chinnappan A, et al. Strong, lightweight, and highly conductive CNT/Au/Cu wires from sputtering and electroplating
methods. J Mater Sci Tech, 2020, 40: 99-106

Han B, Guo E, Xue X, et al. Fabrication and densification of high performance carbon nanotube/copper composite fibers. Carbon, 2017, 123: 593—
604

Zhao L, Chen X, Liu P, et al. Effect of yttrium on the electrical and mechanical properties of in situ synthesized CNTs/CuCr composites. ] Mater
Res, 2019, 34: 2590-2599

Chen S, Fu S, Liang D, et al. Preparation and properties of 3D interconnected CNTs/Cu composites. Nanotechnol Rev, 2020, 9: 146-154
Wang H, Zhang Z H, Hu Z Y, et al. Interface structure and properties of CNTs/Cu composites fabricated by electroless deposition and spark plasma
sintering. Mater Res Express, 2018, 5: 015602

Daoush W M, Lim B K, Mo C B, et al. Electrical and mechanical properties of carbon nanotube reinforced copper nanocomposites fabricated by
electroless deposition process. Mater Sci Eng-A, 2009, 513-514: 247-253

Daoush W M. Processing and characterization of CNT/Cu nanocomposites by powder technology. Powder Metall Met Ceram, 2008, 47: 531-537
Shakibhamedan S, Sheibani S, Ataie A. High performance Cu matrix nanocomposite fabricated through spark plasma sintering of Cu and Cu-
coated CNT. Met Mater Int, 2020, 27: 4271-4285

Vignesh Babu R, Kanagaraj S. Sintering behaviour of Copper/carbon nanotube composites and their characterization. Adv Powder Tech, 2019, 30:
2200-2210

Murugesan R, Gopal M, Murali G. Effect of Cu, Ni addition on the CNTs dispersion, wear and thermal expansion behavior of AI-CNT composites
by molecular mixing and mechanical alloying. Appl Surf Sci, 2019, 495: 143542

Kim K T, Eckert J, Liu G, et al. Influence of embedded-carbon nanotubes on the thermal properties of copper matrix nanocomposites processed by
molecular-level mixing. Scripta Mater, 2011, 64: 181-184

Pal H, Sharma V. Mechanical, electrical, and thermal expansion properties of carbon nanotube-based silver and silver-palladium alloy composites.
Int J Miner Metall Mater, 2014, 21: 1132-1140

Liu L, Bao R, Yi J, et al. Fabrication of CNT/Cu composites with enhanced strength and ductility by SP combined with optimized SPS method. J
Alloys Compd, 2018, 747: 91-99

Xiong N, Bao R, YiJ, et al. Interface evolution and its influence on mechanical properties of CNTs/Cu-Ti composite. Mater Sci Eng-A, 2019, 755:
75-84

Mao P Y, Zhao H, Li H D, et al. Study on radiation damage resistance of carbon nanotube-copper composite thin films (in Chinese). Mater Rep,
2024, 38: 168-173 [BMEME, BANE, 275K, 55, BRAUKE-HE -G DUR IS TERERT L. APEHRHR, 2024, 38: 168-173]

Frost G, Ladani L. Development of high-temperature-resistant seed layer for electrodeposition of copper for microelectronic applications. J Elec
Materi, 2020, 49: 1387-1395

Xing Y, Zhang X, Chen H, et al. Enhancing buckypaper conductivity through co-deposition with copper nanowires. Carbon, 2013, 61: 501-506
Gao Z, Xu L, Jiao X, et al. Strong connection of single-wall carbon nanotube fibers with a copper substrate using an intermediate nickel layer. ACS
Nano, 2023, 17: 18290-18298

6410


https://doi.org/10.1016/j.jallcom.2017.11.255
https://doi.org/10.1016/j.compositesb.2020.107841
https://doi.org/10.1016/j.compositesb.2020.107841
https://doi.org/10.3390/ma16031131
https://doi.org/10.1016/j.jallcom.2017.05.074
https://doi.org/10.1016/j.jallcom.2017.05.074
https://doi.org/10.1016/j.electacta.2017.01.175
https://doi.org/10.1007/s10854-023-11829-1
https://doi.org/10.1021/acsanm.8b01740
https://doi.org/10.1021/acsanm.8b01740
https://doi.org/10.1016/j.jmst.2019.08.033
https://doi.org/10.1016/j.carbon.2017.08.004
https://doi.org/10.1557/jmr.2019.126
https://doi.org/10.1557/jmr.2019.126
https://doi.org/10.1515/ntrev-2020-0013
https://doi.org/10.1088/2053-1591/aaa167
https://doi.org/10.1016/j.msea.2009.01.073
https://doi.org/10.1007/s11106-008-9055-x
https://doi.org/10.1007/s12540-020-00816-4
https://doi.org/10.1016/j.apt.2019.06.035
https://doi.org/10.1016/j.apsusc.2019.143542
https://doi.org/10.1016/j.scriptamat.2010.09.039
https://doi.org/10.1007/s12613-014-1019-1
https://doi.org/10.1016/j.jallcom.2018.03.029
https://doi.org/10.1016/j.jallcom.2018.03.029
https://doi.org/10.1016/j.msea.2019.03.128
https://doi.org/10.1007/s11664-019-07826-y
https://doi.org/10.1007/s11664-019-07826-y
https://doi.org/10.1016/j.carbon.2013.05.030
https://doi.org/10.1021/acsnano.3c05374
https://doi.org/10.1021/acsnano.3c05374

ISk

Summary for “BRADRE L G FEM R & PhaE S M TR

Recent progress in the preparation, properties, and
applications of carbon nanotube/copper composite conductors

Jing Zhang'#", Dandan Liu'?, Yanzhao Qiu'?, Cheng Chen?, Shengjin Yue’ & Qingwen Li"*"

' School of Nano-Tech and Nano-Bionics, University of Science and Technology of China, Hefei 230026, China
2 Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences, Suzhou 215123, China

1 Equally contributed to this work

* Corresponding author, E-mail: qwli2007@sinano.ac.cn

Driven by the global push for carbon neutrality and the escalating demand for lightweight, high-power, and highly
integrated systems, emerging sectors—including aerospace, new energy vehicles, and advanced electronics—require
conductors that transcend the limitations of traditional materials. These applications necessitate a synergistic combination
of high electrical conductivity, high mechanical strength, superior current-carrying capacity, and stability in extreme
environments. Carbon nanotubes (CNTs), possessing a quasi-one-dimensional structure, ultra-high intrinsic ampacity, low
density, and exceptional mechanical properties, have emerged as ideal candidates for constructing next-generation
composite conductors. This review systematically examines the recent advancements in CNT/Cu composite conductors,
focusing on interface regulation, hierarchical structural design, and advanced fabrication techniques. This paper
comprehensively reviews mainstream preparation methods: powder metallurgy (PM), physical/chemical vapor deposition
(PVD/CVD), and electrodeposition. A comparative analysis reveals distinct performance trade-offs. PM, while mature and
suitable for bulk production, often suffers from CNT agglomeration and interfacial scattering, typically resulting in a 5%—
50% reduction in electrical conductivity compared to pure copper, despite achieving moderate strengthening. PYD/CVD
methods offer high interface purity and are ideal for micro/nano devices, yet they face challenges in scalability and high
equipment costs. In contrast, electrodeposition has become the predominant strategy due to its ambient processing
conditions, ease of continuous fabrication, and exceptional capability for interface and structural control. Advanced
electrodeposition techniques, such as “core-shell” and “all-in” mixing structures, have enabled the fabrication of
composites with conductivity ranging from 35% to 97% IACS, tensile strengths spanning 318-2540 MPa, and ampacity
exceeding that of pure copper by 1-2 orders of magnitude (up to 6 x 10% A/cm?). This review highlights the critical role of
interface engineering in overcoming the “strength-conductivity trade-off” inherent in traditional conductors. Strategies
such as sulfur/oxygen functionalization, Ni nanoparticle anchoring, and nitrogen-doped carbon layers have been pivotal in
enhancing interfacial binding energy and reducing contact resistance. Furthermore, the text outlines the application
potential of these composites in four key domains: (1) lightweight power cables for acrospace and electric vehicles,
leveraging their high specific strength and conductivity; (2) microelectronic interconnects, utilizing their superior
resistance to electromigration and low thermal expansion; (3) flexible and wearable electronics, benefiting from their
fatigue resistance and bendability; and (4) specialized conductors for extreme environments, capitalizing on their thermal
stability and radiation resistance. Despite significant breakthroughs, the review identifies persistent challenges regarding
the scalable manufacturing of high-purity CNTs, the precise control of macroscopic structures, and the cost-effectiveness
of production. The paper concludes by advocating for the deep integration of precise interface engineering, multiscale
structural design, and engineering-oriented fabrication processes. Future research should focus on developing a new
generation of CNT/Cu composite conductors that achieve an optimal balance of high conductivity, strength, toughness, and
reliability, thereby providing critical material support for next-generation efficient and sustainable electrical systems.

CNT/Cu, interface, conductivity, current-carrying-capacity, mechanical properties
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