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Abstract: Due to the poor conductivity, carbon fiber reinforced resin matrix composites (CFRP) cannot meet the
lightning strike protection requirement of aircrafts. The metallization of carbon nanotube (CNT) films are light-
weight, and possess high conductivity and high current-carrying capacity, making them promising for lightning
strike protection of composite materials. CNT/Cu composite films were successfully prepared by electrochemical
deposition process, and its microstructure, electrical properties and current-carrying failure behavior were charac-
terized and analyzed. The results show that CNT/Cu composite films are flexible and have gradient microstructures,
where the content of Cu gradually decreases from one side to another. The electrical conductivity of the composite
films is 2.16x10” S/m, and their specific conductivity is 2 times of pure Cu, and the current carrying capacity and
specific current carrying capacity are 1.4 times and 7 times of copper mesh, respectively. CNTs in the composite film
can inhibit the electromigration of Cu, thus prolonging its current-carrying failure time. CFRPs for lightning strike

protection testing were prepared by using CNT/Cu composite films, and the lightning strike protection perform-
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ance was evaluated by artificial simulation lightning test and damage analysis. Compared with copper mesh,

CNT/Cu composite films are 61% lighter and showed more excellent lightning protection performance.

Keywords: CNT/Cu; composite materials; electrical properties; metallized; lightning strike protection; non-

destructive examination; CFRP
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Fig.1 (a) Carbon nanotube (CNT) film prepared by floating catalytic
chemical vapor deposition (FCCVD); (b) Schematic diagram of

electrochemical deposition device
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Table1 Commercial copper mesh parameters

Project Parameter
Long intercept 2.54 mm+5%
Short intercept 1.40 mm+6%
Areal density (245+20) g/m*
Long intercept direction resistance <2.10 mQ
Short intercept direction resistance <6.30 mQ
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Fig.2 (a) Artificial simulation lightning strike test device; (b) Waveform of current component B of aircraft lightning effect zone 24A;

(c) Waveform of current component D; (d) Waveform of current component C*
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Fig.3 (a) CNT/Cu composite film sample prepared by electrochemical

deposition; SEM images of upper (b) and lower surfaces (c) of CNT/Cu
composite film; Micromorphology of CNT/Cu composite film section
(d) and its elemental analysis by EDS (e); (f) Schematic diagram of Cu

element distribution of composite film section
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Fig. 6 Electromigration of CNT/Cu ((a)-(d)) and Cu mesh ((e)-(h)) current-carrying failure
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Fig. 7 Fracture morphology and elemental analysis of current carrying

failure of CNT/Cu composite films: ((a), (b)) SEM images of composite
film fracture; ((c), (d)) Line scan and map scan results of corresponding

position elements in Fig. 7(b)
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ANa PR R T A OV S5 U 5% & BLH 5 CFRP
ZRIFFE R KA B, iRl 8(b). 8(e). 8(h) firm .
% T o POARIE ) 45 19 CNT/Cu B A W R &
i CNT ZALMIR 254, Atk [ 4k 5 79 EP CNT/Cu-
CFRP 1, Bji#1)2 5 CFRP Z [Hf£7E CNT 3453 4 g
X, 40 8(c). 8(f). 8(i) Arz~, it HHHLULALY
il % 1Y CNT/Cu & 5 Wi I AE S & 5 i 9 R 4540 5
CFRP 45 & 5 417,

B il 50 6 A A 45 1) RS R AT E
2 2/ %y NP-CFRP, Cu mesh-CFRP, MS CNT/
Cu-CFRP }% EP CNT/Cu-CFRP i ¥f (1) 1 N & J&
) FE S R D25 B . AT, B P 2 RS A A
FETE P B JE B 1] 1) T L BB # A $E T, BT CNTY/
Cu B AW EA EZ IR A, H b
M s P ] P B 4 3R o %k T R — AR, T
W SR TIEE R, HIRZmEYET7m
B LB B /N . CFRP Al £F 4k J2 BT — ) S/l
REJI, Bk R E B # K, CNT/CuZ &
LRSI Jin A K L R S LB T R T AT BERAE



£202 -

EaMB=ER

1M H.Bj 41 )= 55 CFRP %X % {9 45 &t A ) 7 i/
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200 pm

50; pm.

18 CFRPIXFEBTIES L AT : ((2), (d), (g) B FHHMBIH (Cu
mesh-CFRP); ((b), (e), (h)) RIS CNT/Cu & A HEIEB; 4 (MS CNT/
Cu-CFRP); ((c), (f), (1)) HLUTB CNT/Cu & £ M5B 3 (EP CNT/Cu-
CEFRP) (th EZE 4500 3D LKL RME . 44HE . SEM E5)
Fig.8 Section morphology and interface morphology of CFRP samples:
((a), (d), (g)) Commercial copper mesh (Cu mesh-CFRP); ((b), (e), (h))
CNT/Cu composite films produced by magnetron sputtering (MS
CNT/Cu-CFRP); ((c), (f), (1)) CNT/Cu composite films produced by
electrodeposition (EP CNT/Cu-CFRP ) (From top to bottom are 3D

confocal micrograph, metallographic diagram, SEM images)

2.4 CFRP I H IR

%f NP-CFRP, Cu mesh-CFRP, MS CNT/Cu-
CFRP & EP CNT/Cu-CFRP & kE #E A7 A\ TR
R, WE 9 R, WL AT i & 7 i b
B35 LT . AR 4l CERP 76 7 HL B3 8500 T i &
HLAT A0, ik 200 KA F I I F 3 4 AE b
R, — S ARG RIEE: — RS
M bt 22 18T 0 T L ZS R B 5 53— B 43 WA SR BE Oy
] E SR EE 4, J5 o O EESEXT T Rl RAT R 25
fir A BR B . 32 U U7 2 & AE CFRP 3K M B 1% &
SRR RL, DA R R T £ A 45 4 )2 R T e 0

M 2T o B 90 CRRP IR FE ARG 50,
€ 9(a) A1, JCB 3 Y NP-CFRP R REf 475 1 AR A
AN, HEE KRB WML 4k, U] CFRP 18
TCBi 5 T BN T, K o L A AR
ISR Jr 1), 5™ . Cumesh-CFRP, MSCNT/
Cu-CFRP }, EP CNT/Cu-CFRP i 44 i FL & K, K
WL B 2 e W 24 K4 i, il 9(b)~9(d) s . ¥
A HE, T AR RS Fl CNT/Cu & 4 Wi B
—E W E BRSO .

%2 FEFI CFRP IXHRSEIKER
Table 2 Conductivity test results of CFRP samples for
lightning strike protection

Direction Sample Conductivity/(S-m™)
NP-CFRP 23.14+3.47
X Cu mesh-CFRP 31.02+2.88
MS CNT/Cu-CFRP 55.8246.55
EP CNT/Cu-CFRP 99.81+7.13
NP-CFRP 8.57+0.61
v Cu mesh-CFRP 19.62+2.36
MS CNT/Cu-CFRP 32.19+2.66
EP CNT/Cu-CFRP 62.8749.47
NP-CFRP 0.79+0.06
7 Cu mesh-CFRP 1.30+0.07
MS CNT/Cu-CFRP 1.65+0.25
EP CNT/Cu-CFRP 2.38+0.35

Notes: NP-CFRP—Completely unprotected carbon fiber
reinforced  composite; MS—Magnetron  sputtering; EP—
Electrodeposition.

i W s §
K9 ANTHHIEEIRE SRR IS GIES . (a) NP-CFRP; (b) Cu
mesh-CFRP; (c) MS CNT/Cu-CFRP; (d) EP CNT/Cu-CFRP
Fig.9 Surface damage morphologies after artificial simulated lightning
strike tests: (a) NP-CFRP; (b) Cu mesh-CFRP; (c) MS CNT/Cu-CFRP;
(f) EP CNT/Cu-CFRP

X CFRP 1 75 i Bl P ROCR 247 M & o 48—
VEHIARAE, (H A LB 3 2R R B2 A — &
RGF Bl TR 285 45 4 AN BE B0 25 # P340
PRt F DAL 3 21 7 470 3801 #5419 CFRP A i
o &b B B 25 A i — 2 R/ AE . & 10 43518 Cu
mesh-CFRP, MS CNT/Cu-CFRP } EP CNT/Cu-
CFRP il B i 0 A5 7 3D AL 38 2 I 1 s S 4
BB TRIESE . HhE 106@). K 10(d) fl %,
Cumesh-CFRP & ii O AR )2 B 58 kel , ik
Ao gEERRm, HA—ERESG. HE 10(b).
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g7/ / { N J 20 pum
J/ V4

10 o SIESEAE: ((a), (d)) Cumesh-CFRP; ((b), (€)) MS
CNT/Cu-CFRP; ((c), (f)) EP CNT/Cu-CFRP

Fig. 10 Morphological characterization of lightning strike center point:
((a), (d)) Cumesh-CFRP; ((b), (e)) MS CNT/Cu-CFRP;
((c), (f)) EP CNT/Cu-CFRP

/¥l 10(e), MS CNT/Cu-CFRP it ¥ 5 ifi th .0 Ak B 47
JZRIREREREIR , AT R EM AR A A mpehh . T
EP CNT/Cu-CFRP 7 & 5 H 0 &b 1) Bl 97 2 A5 R A7

NP-CFRP

Cu mesh-CFRP

76, WE 10(c). B 10(f) B o M 245 4 B 15
155 50 AT L, H PTRRE i & 1) CNT/Cu & & W A
Fb i FH ] O % 45 I S 9% i 4§ 1Y CNT/Cu 2 &
TS0 B B 1) B B R

CFRP [ i i X i 2%, G LF 4kt 1¢
Wrad . W NE LR A A Al o dl . A RL RIS L 4
2, RO AN T (4 B 43 3 BT K BE R A HL P A
B 1 5%, PRIt Tk CT 49 38 i R X 3 i ik
55 J5 11 3 A RE EAT NS 454 1 DL R AE . 1B 11 43
N 4 21 AR TR B 31 7 2 CERP 2 BF Bl 1R i 28 Ak 1K)
CT HH ) w1 o 4 2l R i 453 495 1 ARl % 88 14
M/, H EP CNT/Cu-CFRP &k #1457 18 5 1%
W2

T — 2 VPAL R B RO, R X 4 4
WA EAT T80 B CT H 5, LAURAE 3 05 R B
FH & 12 A] DLW %< 3] NP-CFRP 75 75 7 0 40 1 3

B 11 iR TR LR (CT) $14 %A% . (a) NP-CFRP; (b) Cumesh-CFRP; (c) MS CNT/Cu-CFRP; (d) EP CNT/Cu-CFRP; Ffiif 7%
1£10%., 20%. 40% FOFITEIGITES . ((a)~(as)) NP-CFRP; ((b;)~(bs)) Cumesh-CFRP; ((c;)~(cs)) MS CNT/Cu-CFRP; ((d,)~(d3)) EP CNT/Cu-CFRP

Fig.11 Computed tomography (CT) scanning of samples overall damage morphology after lightning strike test: (a) NP-CFRP; (b) Cu mesh-CFRP;
(c) MS CNT/Cu-CFRP; (d) EP CNT/Cu-CFRP; Profile damage morphology varies by 10%, 20% and 40% with depth: ((a,)-(a;)) NP-CFRP;
((b,)-(bs)) Cu mesh-CFRP; ((c,)-(c5)) MS CNT/Cu-CERP; ((d,)-(d,)) EP CNT/Cu-CFRP
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Cu mesh-CFRP

X0, .

'D:3.701 mm

[D:3.800 mm

D—Thickness of the undamaged area after lightning strike
12 lHE TSRS CT Hfl#un &

Fig. 12 CT scanning cross-section of samples after lightning strike test

WIS A ZE R B, R R AR T RS 4k
KA BEFH4E . T Cumesh-CFRP. MS CNT/Cu-CFRP
J EP CNT/Cu-CFRP i& # J& £ J7 [n] JC B & 451 15,
F Bl F1H B 4 R e

J T Ak IR 4 240 CFRP R FE R 5 o B R
TV CFRP 1 A 75 56 BBk 2T 4 4540 |2 4014358
ZIRFHl s TE AT, TRT LN R T

(1) Z 1 CFRP i A% 75 [ fb 1 72 o iy 7 )2 1 )2
JEARAE

(2) 1% CFRP i FE7E o A5 R A8 1k

HIPUT A T3
Diotal — D

1= (3)
Ntotal Dol
:Dtotal_D_d (4)
Dtotal —-d

HA: po SRR nep IREF AES5 14 )2
Y% Do WIAFE SR ; DB &R X
WIERE; d R ZEE . BRBGIREE D CT
HHR RS T RR e, R R R UK 27
B 321 2% 5B 43 DN 2, Bl 4 2 JEE B WU FE CFRP il 4% /i
YT, R4 3 #dis /R, NP-CFRP, Cumesh-
CFRP. MS CNT/Cu-CFRP } EP CNT/Cu-CFRP i
SR B 24y Wk 37.95%. 15.35%. 9.56% %
1.30%, BREFHESSIZHAHE 500 37.95% . 10.91%
8.26% M 0% 4% & Hif SCXF 2% i 2% 8 AT M B 4 M
FL 0 R A 45 1 CONTT/Cu A2 4 T IR 7 7R 38K fR
B CNT o] 4 il CuiE B8 . #2540 0 68 J1 10 45 05,
f£ CFRP & B BAT “ R4 1ER,
AR S 105 < B Pk B R AAR BBk 2T 4 25 4 2 R
ZR . LA LR, ARSI &
B 5% 5 R 5 FL CNT/Cu & A 1 B A A2 AT 1 S Y
SHEES, HREER. SWMagE S HEZS
AW, HTR SO R T  FH

%3 448 CFRP MHEFE MR EHRGREST
Table 3 Analysis of damage depth of four groups of CFRP samples after lightning strike test

. Protective layer Total damage Damage rate of carbon
1 Total thickn Total
Sample otal thickness/mm thickness/mm thickness/mm otal damage rate/% fiber structural layer/%
NP-CFRP 3.837 0 1.456 37.95 37.95
Cu mesh-CFRP 4.372 0.218 0.671 15.35 10.91
MS CNT/Cu-CFRP 3.870 0.055 0.370 9.56 8.26
EP CNT/Cu-CFRP 3.850 0.050 0.050 1.30 0
(a) NP-CFRP (b) Cu mesh-CFRP
A 3C 4 41 CERP FE (9 55 o By 47 AL 1 ol o 2od
Fl 13 $iBl . *FF NP-CFRP, Hi T RS HZH Lightning Lightning

KA ST, B E B AE SR Ty ) 2 8
XFFJE 341 CFRPIAKE, H TR 2 Stk
S = 1 NG 19 = S A T s
BT /INER 43 L GG B A2 AR IR, i ] DA
PR e Y4k k)2 . Hih, EP CNT/Cu-CFRP [ 8
B R A, UL R A WA L Al B
JZ T LAAE 2218 43U 5 22 11 R Af 1T PR AR B 4 2 AR B
W SRPER /N, S — il BEAR (0 52 5 o5 Bl B A R

3 Z5ig

(1) A3 i Ak A A B A A DT

R TR (CNT)/Cu & A I, g8k R

(c) MS CNT/Cu -CFRP (d) EP CNT/Cu -CFRP

Lightning Lightning

Iy—Horizontal current; ,—Vertical current
K13 kR T B LR A
Fig. 13 Schematic diagram of lightning strike protection mechanism

for samples



JiE AL Hy 55

A v L DR A B 9 K A I e o i B LR o i 4 P R

205 -

JE Cu fRLIE FEAE CNT 3B M 45 N3, 2 8H -
M Cu & 4 T R AR CNT W 45 1Y 16 5F 25 4,
B AR R S 50 um, % N 1.8 g/cm®, Cu
HI R A5 0k 16.32v01%

(2)CNT/Cu E A HBEARZRR ., mFHE . &
M TERERE AL . RN 2.16x107S/m, LS
FHh12Sm*/g, & T A SCERIGE K-, #HiE
L R S 4 2 R A R BRI 1.4 A5 N 7 A
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Ji H CNT Xt F Cu i #% A9 30V T, 34 m T 283
i), BB 2R RE

(3)CNT/CuEaD%Hjﬁcﬂjﬁﬁﬁiﬁﬁfﬂmﬁfﬂj
FHB SRR . BREF 434 3% 52 5 4 B (CERP)
PURER A E QAT 3 2A IX 75 L BT 300 1 0 AR 0L 7
o, At HEEWER . WM RAE . AR Z
(CT) P94 i ol L T B N 48 403 195 9 647 40
I3 5 3158 b CFRP b A 5 407 2% I bk 41 2k 45 4
R, SRR, R A D A D S ik
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