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Interlaminar aligned carbon nanotubes spraying
process and fracture toughness of CFRP

JIANG Peng', WANG Zhongqi” , CHANG Zhengping' , YANG Zongqi' , ZHOU Xu', FENG Zhenghao®
(1. School of Mechanical Engineering, Northwestern Polytechnical University, Xi’an 710072, China;
2. University of Birmingham, School of Metallurgy and Materials, Birmingham B15 2TT, Britain)

Abstract: Co-precipitation method was applied for grafting magnetic Fe;0, particles on carbon nanotubes. In or-
der to improve the interlayer properties of carbon fiber reinforced polymer (CFRP), the magnetic carbon nanotubes
(Fe30,-MWCNTs) were aligned on the surface of carbon fiber by spraying process after exposure to magnetic field to
form ‘carbon fiber-aligned carbon nanotubes-resin’ interface, and were fixed by spraying the resin. Aligned Fe;0,-
MWCNTs-reinforced CFRP with excellent interlaminar properties was prepared by vacuum assisted resin infusion
(VARI) molding. The test results show spraying resin plays an important role in consolidating and improving
aligned spraying process. Compared with non-magnetic spraying process, when the mass fraction of Fe;0,-MW-
CNTs is 0.3wt%, the mode I interlaminar fracture toughness (Gjc) increases by up to 37.7%. The main toughening
mechanisms, which are pull-out and rupture of Fe;0,-MWCNTSs aggregates, plastic deformation and plastic void
growth of resin, are revealed by the fracture surface morphology. The research provides a new idea and method for
interface modification of CFRP by adding Fe;0,-MWCNTs with controlled aligned behavior.
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5& @R, BreF dE R e is 2 A 4
#} (Carbon fiber reinforced polymer, CFRP) H.f %
[ Y AN R A L A I N a I < ¢
LIRSS NI R O | DA WA s SR 1 W = R o ]
N, A By F CFRP (14 )2 8] ik = 34 A, 7E4IK
i B T 2 AR T R SRR RN O 2
ORGSR, BRI T R B B )2 )
EZENINNEL, R YR30 5 A bR ) 3 o 1 B A5
BT E WM A )z R,

H Tijima™ 78 B 25 HUIZE & 1A 38 f il ol g%
F W44 K45 (Carban nanotubes, CNTs) 43K, CNTs
HHKRE LB R, BARR0 5.
S A AR AED, Bl CFRP BLAR ) 14 58 34 )
Hkl, HAET, CNTs7E CERP HFRYER AN T 2 £ %4y
FEEE SRR . a2 S DR
P00 VR A RIR B o Seyhan S5 U A 3 4
WEEE L, KL REfL CNTs SRR G E, H
FET ST RN P A, BB T CNTs s PE AR i 5
SAEME, SEEGE5 R R 0.1wt% % & CNTs 1 4%
B b B v A2 G AR TT B W R 1 R ) ) 5 D) 8
F.L. Shan 45 " /5 i £F 4k 7 | WU CNTSs Fl =5 2 2
B, RAESH B AR T2, ML T A R mE R
JIit F T CERP [ P A1JZ [8] 03 2 PR fE o Kk Bi 5 st
CNTs J& Wi i e o G 3 32 7+ 52 6 MR 2 8] ) 2
PEGE, [FIREASREARILTE M J1 %M fE . John Williams
N CNTs 0 H T BV W, (8 FHAREAT Uk
B EMG IR T iR R R, W T (W) T R
CNTs M2 &M R TR Z R Wr 4804k, &3
CNTs [ % £ i /D) (1.2 g/m?), BEA&ME G i
Z ] 4 5 46%.

ek CNTs 34 58 52 &5 8 BHEE, BT CNTs 7
RERRFLAR R A AE Bl BEAIL . 5 TSR A A, R
R T CNTs 3 S S PERETE S & A RE iy & 44
[AL It CNTs 752 & #F R 1€ 1 HE A 1 3] 1 Tz
(i F o oo, 2 Pk A5 U9 R B CNTs A 5 1 A R
FEPE, TE SN L i T 5 R CNTs 78 46 B JIg A
TR ET 4E /B R 25 A kb m HERY & BRI L 3 4
KINN, CFRP Ji2#ERE W F T, RSP R
FHALDTTE L 28 T R MER 91K 4 (Fe;0,-MWCNTS)
MA, HIESWIRIREASE, EIMNsS #5528
FE M HES R AL, BHAR R S5 . PR AIZE
ML BE 45 242 5 . Ma 252 I ] CNTs il 2 it
B FR o AR ) (BRORE ) ARG, AN 0.4 T

Wiy, il4& T %€ ] CNTs s MR g A1k, i 24
PR RS A 1] Sk

BT R EER G S mEREE, B
CNTs 75 S 44 rfr 2 1 R, B0 i CERP JZ [1H]
Bl ORI ) AR B 2= P, AR SCEE A HEME CNTs 76 59
WE T e R, 4 T — AR ET 4k A L )
% 4% R M 22 BE Bk 90 K 48 (Multiwalled carbon nano-
tubes, MWCNTSs) 1) T. 75, WF5% T 1% 1.7 % Fe;0,-
MWCNTs JZ% ] 2 7] 34 5 CFRP J22 [] W7 24 49) ¥ 11 5¢
Mol o >R FH 070 U 5 ) 285 TR 1 ik 94 K 4 (FesOy
MWCNTs), fEJC/K LB s, @l AR
T 1 7 1) WS Uk 120 5 1) WU T 2 R T
B £F A A R T, O SR =S Bl B R IR B i OB
(Vacuum assisted resin infusion, VARI) T. 2 #ll & T
Fe;0,-MWCNTs JZ ] & [7] 34 5% CFRP, XJ Lt T /A [FA]
T /3500 Fe;0,-MWCNTSs | AR [R] T2 i) CERP
B J2 ] W 248, JIESE T FeyO,-MWCNTS A& [f] 15
TR T2 % CERP JZ2 8] W 24 4) 14 ke 21 57 47 1 42 &5 1
I, Jf 8 b W TR S A 7 SR AL

1 LM BEAE
1.1 E#

MR Ak 22 BE TR 94 K 45 (MWCNTs-COOH), 4fi i >
98%, K5 . TNSMC3, R & 2.00wt%, JME:
10~20 nm, K. ~0.5pum, ™ EFRFF B SEA DL
k2% 4 B /> 7] ; FeCl,-4H,0 Fil FeCls-6H,0 Fl 2
K (w=25%), s3Hral AR, KEH KL FHH)
WEMNE, 5. EPOLAM_5015_R, BHHiA W ;
k3], W5 . EPOLAM_5015_H, Bl ;
BREFHERA A, 5. T700-12k, THZEEE: 200g/m?,
UM RAE G MR BRA
1.2 Fe;0,-MWCNTs /= [8] 7E [6] 18 58 CFRP B #ll &

(1) HEPTTE I H 4% Fe;0,-MWCNTs: %64 0.18g
) MWCNTs-COOH #f# T 200 mL 25 2 F 7K, M
S 2h, #% Fe: CRTHLLN 12 1 3 FR I 0.256 g
FeCl1,-4H,0 1k & ¥ #1 0.523 g FeCl5-6H,0 1k & ¥ ,
BT 50 mL A B F K, @A 43 HE 5 min, KT
) Bk B T VA W 8] A MWCNTs-COOH & i H, ik
AW P K s e, Bl J5 T 45 7 B
ANEK (w=25%), HTIRGWN pH £ 11, KA
H ¥R 50°C F S 30 min S5 B, I B AR AR
i) Fe;0,-MWCNTSs F#) 41, FH #2653 3 o
TG, B BB EREIMAZE K, @A
W 1hjm, 4 B, B8 FRRE, REE
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pH=7 B BN AT, Fc Ja5 B B i 1 B9 TR & O BEFE
60°C Mt 1 48 h J5 , WFES ik K . il £ 1Y) FesO,-
MWCNTSs ¥ AR A K4 mgma ., il 1 frs .

Bl 1 REPERRNR AT (Fes0,-MWCNTS) A3 A REN
Fig.1 Magnetic response of magnetic carbon

nanotubes (Fe;0,-MWCNTs) powder

(2) & M Wi vR T2 it iy h 15 Yo 3k i i
JER V5% JIE 24 101 mT 19 1 4k AL 1 ol 2k o 31 i
BEAR I 5 N B 2(a) i 7 o 4k 3 T 104 il 330 0 %
L) Lo HAR 540 ($)2 CFRP ' Fe;0,-MWC-
NTs # i [ 41 bb) FREUH R BT i 1) Fes0,-MWCNTSs
MR, BIATKCEET, B SE 2h, $ ik 2F4E
ME TREERFEY) L, HIWEAE 4 Fe;0,-MWCNTSs/
S ORI W 2T 248 7 ) 349 50 W 6 i 2T 2 A7 F2 180
M4 TR AR5 AE 0.4 MPa 247, Wi ad B2 4n1A 2(b)
B FEARIT G, dkS: i iR 2> &R
A0 (4 B (0.1 mL/cm?®)if Bk £F 4 J7 [ ¥4 57 w5
VR AEBR 2T A A F20ET , WS R 2 e £ A A % 1 W R
MRS Ik, DLDLIE AU Fe;0,-MWCNTS [ 5E [7] o
TE T Fe;0,-MWCNTs/ 2 BE A ORI, 48 A g
Yyt TR AR E IR T2

(a) Magnet array

gun Magnetic field
Aligned Fe,0,-MWCNTs

Carbon fiber

(b) Schematic diagram of aligned spraying process
K2 EmEbik L2

Fig.2 Design of aligned spraying process

(3) Fe30,-MWCNTSs J2 [] &2 [1] # 5% CFRP 1Y il
% . R VARI T. 2 il %! Fe;0,-MWCNTs JZ [ii] i
458 CFRP, JHEAARCR FHIA AR NG, 3 5 4R ik
R A, BRI R [0 a0 K SR T S VR 2F
Fe;0,-MWCNTs KRR 0 P iR £F 4EA 1 2 12 2
FEE 13 JZ X FRA I, TR At 2 8]l 7% 9 % o 50 mm
1) 2R DY SR A7 VAR S TR 8, BLoS AR AT
Kl 5, 4% 10 : 3 B9 LIRS AR S5 A, i
WSS, ZJEHARE A% 80°C [#1k 16 h,

G5 R AR T2 A e mmiig T2 .
] WS T 25 B I U 5 AN g 20, il &
A TA] & 43 $L ) Fe;0,-MWCNTS JZ2 [A] 34 5% CFRP,
e 1 s,

%1 7A[E] Fe;0,-MWCNTs JRES T RARE TZMERIK M

Table1 Manufactured specimens by different processes with different mass farctions of Fe;0,-MWCNTSs

Process Specimen Mass fraction of Fe;0,-MWCNTs/wt%
Without spraying process Unmodified CFRP 0 - - -
Aligned spraying process withoutresin ~ Comparison CFRP 0.5 - -
Unaligned spraying process with resin ~ Unaligned Fe;0,-MWCNTs-reinforced CFRP 0.3 0.5 0.7 0.9
Aligned spraying process with resin Aligned Fe;0,-MWCNTs-reinforced CFRP 0.3 0.5 0.7 0.9

Note: CFRP—Carbon fiber reinforced polymer.

1.3 RIESMIK
K FH 5 [% Bruke 73 7] ) VECTOR-22 7l f# Hi nf-

ARHRLT AR (FTIR) F D8 % X ST (XRD)
4 i £ Fe;0,-MWCNTSs FO AL 24 48, IR AL 5



W M8.5F . CFRP JZ )RR 94 K 48 € ] WE ok T2 K Wy B P F 5

499 -

By A, FTIR M {5 Fl 4 500~4 000 cm™, XRD
4 A Ry 20°~70°, >k ] FEI 2\ 7] i Talos F200X
#1575 5} #1555 (TEM) WA Fe;O,-MWCNTSs 2 1 JE 5 .
% FH 2% [ FEI 2\ ] (1) Helios G4 CX % 58 5 55 1/,
U L S AR B [ 5 TR T 205 Feg04-MW-
CNTs 7E fie £F 4k 2 18 A9 5 ) 4 Bl S 182 (] 4 80
VBT TE o

S T X CFRP (1 1AL 2 (8] W 24807 (Gye), MR
PbrifE HB 7402—1996%) 17 U % (Double can-
tilever beam, DCB) i %, /W&l 3 fron . A5
TE 5 ) AG-X plus B, F T GBI AL L k4T, R
FHAE R m 7 AR B - A th 4, B4 280
IR E RN 1~6 B, JFIREIZR, )4k 2 4840
JoRy, EHMEERGY AT bk, EE
THRBEEENLY BERL 6. MEEF N
1 mm/min, H#H2# %K 20 mm/min, R4 58 B

%ﬁ%%?ﬁff%z GIC:
Gic = ;;2 (1)

Hovp: PORREY & 24— bR AT 60
QY REG RN A ; WERRAFEE; o
AR ; m 2RI G R
Piano hinge
Initjal crack tip

Sign0 ~Signl  Sign3 Sign5

—

Sign2  Sign4  Sign6

Teflon film a

2

>
»

3 WU AL A

Fig.3 Side view of double cantilever beam specimen

2 #R5ie
2.1 Fe;0,-MWCNTs 3R {iF

[ 4 2 MWCNTs-COOH . Fe;0, Fil Fe;0,-MW-
CNTs ) FTIR [ i . MWCNTs-COOH 7 I K N
1634 cm™ 1 3 432 cm™ &b 1Y ¥ 2y i 43 5] /& CNTs
A C=0 P4k shIE R O—H fdadiRahie, &
B CNTs #17 T M2 k4L 3 . Fes0, H7E 543 cm™ &b
7 —> Fe—O—Fe M 45 4k 31§ . X T Fe0,
MWCNTs, 7E 1115 cm™ &b [ HF1F 15k CNTs 4544
1 C—C B2 B R 45 R AE I, 7€ 1389 cm™ b A 4F

fiE W Sy [] 2 7K B by ok 72 v e 5 | A N—HL 8 1) 4 51
i1 45 5 fF 1% . 5 MWCNTs-COOH #| He, Fe;0,-
MWCNTs 1 C=0 ¥R ghi§ /= £ T /hE A #,
1634 cm™ Zb i #2 & 1627 cm™ 4b; 5 Fey04 HH L,
Fe;0,-MWCNTs ' Fe—O—Fe (1§ 3l 1§t 7= A4 T
M, B 543 em™ A E 574 em ™ 4L, X
F U Fe;0, KA R HA T CNTs I, T Effj 5
DR SR B

/€5 ;) MWCNTs-COOH , Fe;0, fll Fe;0,-MWC-
NTs /) XRD [& i , MWCNTs-COOH 7£ A 5 ff1 26
A 25.98°F1 42.78°4b A5 15y 38 FE AT UG, 3 3 il X6
I CNTs Z544 9114 (002) 1 (100) fbE AT, FesO,4-
MWCNTs fEASTA 260 4730.16°, 35.7°, 43.33°, 53.6°,
57.1°H1 62.8°4L 7 A= T T B AT I 06, 3 BB AV I U 3

1.0 _‘“’"\I/

3432  MWCNTs-COOH

1634

0.8
06 | F6304—MWCNTS

04 r

Transmittance/%

02 r

0

3432

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™

4 MWCNTs-COOH, Fe;0, Fll Fe;0,-MWCNTs /) FTIR [&lif

Fig.4 FTIR spectra of MWCNTs-COOH, Fe;0, and Fe;0,-MWCNTs

8000 | (002
o (D) —— MWCNTs-COOH
® Fe,0,-MWCNTs
Fe,0
6000 ® R
=
£ 4000
E
2000 (311)  (100)
0

20 30 40 50 60 70
20/(°)
/5 MWCNTs-COOH. Fe;0, il Fe;0,-MWCNTs () XRD [l

Fig.5 XRD spectra of MWCNTs-COOH, Fe;0, and Fe;0,-MWCNTs
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55 Fe;0, BY (220). (311). (400). (422). (511) FiI
(440) & [ 177 55 W4 XF )7 . AR 4% JCPDS file No. 19-
0629, AT 24 Wi Fes0, M F2 7 7 AR A7 4544 .
kL Fe,0, B T )5, CNTs A B 1Y (002) i 1 177 5t
WA R 3 ) SR U , EL YA R ) Atk 2% SO A G 0
FWZ T 20115 28461 Fe;0,-MWCNTSs,,

% 6 N Fe,0,-MWCNTs /) TEM E 1%, o] LIF
i, FeO4 WURLUT Bk 0 K 8 & RES S) 8, kiR
240 20 nm, AR EALT . 8D FesO, 75 N
IR, fif CNTs ZIHZHLE8 /0, itk scar.

5 6 Fe;0,-MWCNTs i) TEM [El14
Fig.6 TEM image of Fe;0,-MWCNTSs

2.2 BHEMAEXE @B T Z &N

A U B I U RS g X Bl £ 2 2% T S 7] 1) FesO,-
MWCNTs #9678 [ 5 7 F L O b T A ) 5 4 4K
(0.5wt%) T, >k H % M Wi % Fe;0,-MWCNTs J5 /&
A I A IR AS 6] T 25 i il CFRP 1) Gie, 56 25 21
wmE 7 FiR . AR RN T2 5% 1 —3
45 R R W E [ TR Fe;0,-MWCNTSs i F- 1B i fE
B b T CFRP [ Gioo WEVR B AE BIF i1 b
W% gk 3k A% B 3K 1 Gre 32 T 63%, 6 SR
] 5 U T 25 5 I B i T DL S AR B 6F S )
Fe;0,-MWCNTs 1) £ 7 5 DL M, 24 45 25 41 Jn i
Yk, e g 7 ) (U 7)) HE] ) Fe;0,-MWC-
NTs /3 BE 16 5 1 TR NG S 2F 4k [k 36 5 F v, %

2000 r 1741

1600 |
1200 1068
800
481
400 '
0

Unmodified ~ Comparison Aligned Fe,0,-MWCNTs-
CFRP CFRP reinforced CFRP

7 WEAM NIRRT Fe;0,-MWCNTSs JZ (8] [6]1450
CFRP i T BB 2L
Fig. 7 Effect of spray resin on Model I interlaminar fracture toughness of
aligned Fe;0,-MWCNTs-reinforced CFRP

G /(Im?)

PR G T T A R AR, AT
3% M AR = CFRP A9 T A0 )2 (] W7 24490 4k
2.3 EEBR T Z X CERP B8 1488 AY 2200

8 A~ [F] Fe;0,-MWCNTSs Jii & 4348 T >k H
JE 1) FH AR A2 ] W% v T 20 ) 1AL )23 8] W R 1
SEEEREW, PR T Z TR % G B Fe0,-
MWCNTs 7 £ 7 5 BL5e 34 0 Js sl g i 45, 34978
0.7wt% IR EIFR KA, HHLHT AN Fe;0,-MWCNTSs
M)A B CERP, 2k FAE € 10 iR T. 231 1Y Gy
B KRBT 272.1%, SR HE W TR T 2R 1 G
% KR TF 315.6%, 2 CNTs¥#) )5, 48 G
PRAE, BB EAKE, X 53CH [25] 458 —
o H L M WER T2, CFRP B WUk £F 4k - %€ )

2500
Unaligned spraying process 1999
Aligned spraying process T
1790 1721
2000 - 1732 1741 TR 17157
< S 7R
. \ g
& 1500 1258 NN 1 N
E %
S 7%
C 7
O 1000 - 7%
481
500 ’—X—‘
0
0 0.3 0.5 0.7 0.9

Fe;0,-MWCNTs mass fraction/wt%

[l 8 N[ 434 Fe,0,-MWCNTs T
SRHIARIF T2 CFRP I (Gie)
Fig. 8 Fracture toughness (Gjc) of CFRP with different processes and
different mass fractions of Fe;0,-MWCNTs
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CNTs- g 5L, 35003 T CFRP 1Y 2 M MERE

>4 Fe;0,-MWCNTs 7 & 4 0.9wt% i}, R H &
Tia) TR R 1) P RO [6] T8 i Gy Y94 AR AR,
A3 BIEAR T 13.9% M 4.2%. T R B S DR A0 435 4 7
i, — J5 i i & Fey0,-MWCNTs 7 & (9 37 il ,
Fe;0,-MWCNTSs 7F £ B 73 M 55 25 29, e & fE
CFRP 5t 1 3 43 A1 2 ) Fe;0,-MWCNTSs X} %4 £ ;=
AR R I AR e BT ' 9 Sk R R A
Fe;0,-MWCNTs 7E £ B W 28 88 75 43 #5058 1Y
JrE . E 9(a) ' Fe;0,-MWCNTSs 7 & 4 0.5wt%
I TE SR W o BB, IR A i A 4 5], R
PP HR BT UL 4 k7 5 141 9(b) A Fe;0,-MWCNTSs 757
O 0.9Wt% B 7E £ B OE 1 20 0, FEBERR
P EE [ A5 K Fe;0,-MWCNTSs [ 5 kL, 0 e
% 5 — )7 M 2 ) Fe;0,-MWCNTSs 1] fig 5 I #4f
A A AT 5 T R0 e A 22 Tl A b2 S g, 52
M A R R, BRI TR o [E AP RE . AT R
W1 5 25 2 0 SRS $E R B, 530 CFRP 1Y )2 [H]
PEBE TR,

[ 10 4 76 A 7] Fe;0,-MWCNTs & T, & [1]
W% U T 25 A G 3B 5 1) WS i T. 25 X CFRP 2 [1] B 24
P 0 48 T B R TRl . 24 Fe;0,-MWCNTSs & & 4
0.3wt% B, >R I Wi T 2 AH L AR 1) Wt ik T
A Ge IR B ROR, T 37.7%. ZJA
Bl RGN, RS IR N R R S
i [ Fe;0,-MWCNTs 7E#E ) T X LA 5E 42 € 1] HE A
HE 1) HEAR 0 85O 22 BB 1Y, BT LA BE FegO,-
MWCNTSs & & 7£ 0.5wt% il 0.7wt% i, X1 H Gic
PRI LT — B e g 45 2R . Y & gk e m
0.9wt% I, HETHIE N, IUF 0.35% B4R
WA Rl T AW A 25, XML
JE A J& , Fe;0,-MWCNTs 7% i % 5 i), Fe;0,-
MWCNTs 7E & B i W o Wt 38 22, BRI
Fe;0,-MWCNTSs 7t & [n] W8 i T 20K Wk LA &2 Bl E
HEA, SBCGERBR T2 5 M BE T4
SR A5 R I A .
2.4 CFRP = [ Fe;0,-MWCNTs 7E [a] 1% 34 72 57 &% B
H 5%

&l 11 Ay Bk 21 4 3 1f 72 7] 155 Uk FesO4-MWCNTs
J& R R B (5 R I S e DL AE FL R 4R 3
Fe;0,-MWCNTS) i SEM %, WEHIESLL Fe;0,-
MWCNTs 1%k 28 £ 4 Ay 57 7 Bk 21 4 3 10 i ok 24
Ak JEm En, B 11(a) LA K E R8T Fes0,-

MWCNTSs #0k R E R B . Bk R E AR K E
2} 5~8 um, H 15 %)~ 500~800 nm, UIE 11(b)
FF 7% o Fes0,-MWCNTSs B i # Rk 28 45 1k & I h

(b) 0.9wt%
#1975 A ) B /M40 Fe;0,-MWCNTs 2Bk

Fig.9 Fe;0,-MWCNTs/ethanol dispersion containing different mass

fractions of Fe;0,-MWCNTs after sonication
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Increment/%
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0.35

0.3 0.5 0.7 0.9
Fe,0,-MWCNTSs mass fraction/wt%

%110 #5351 S0 R R B 434 Fe;0,-MWCNTSs CERP [ Gy 51

Fig. 10 Effect of magnetic field induction on G,¢ of CFRP with different
mass fractions of Fe;0,-MWCNTs

(b) Dimension of Fe,O,-MWCNTs aggregations

B 11 SE R 0.5wt% Fey,0,-MWCNTS BRET 4k M Ay SEM K4

Fig. 11 SEM images of carbon fiber surface after aligned spraying with
0.5wt% of Fe;0,-MWCNTs

Fe;0,-MWCNTs [ # £ 1) Fe;0, 44 K Hr - 1Y 1 H
MHEAERH . AN AR MBS E, FesO, 412K KL
T ARG FE SR AL Y, 50 1 X AN R BLREE
SR AE P 0 A2 6% K B 3 B, FesO, 4 K KL
T W W AR TR ARG 7 m HEB BT 7 AR A A AR A
HAE FH {fi Fe;0,-MWCNTs & 4= B [w) , 5% Fe;0,-
MWCNTSs [ N % F1 S A B W 51, R d M —
FERE IR IR . Fe;0,-MWCNTS 21k 3R 45
IR WG () 7wl ), X2 B R E W)
Wik Fe;0,-MWCNTs J5 RKBURM G, ANEEXT Fes0,-
MWCNTSs 7E i £F 4 1V 188 EL 7 18] 04 5 ) in LA & 5
BT LAAERE W34 )5, Fe;0,-MWCNTS 75 8 1 4E
T B TR LT 2 A 1

& 12 S K oot CFRP 34 Wi i SEM B8 . ik
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Fig. 12 Cross-sectional SEM image of the fracture

surface of the unmodified CFRP
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Fig. 13 Cross-sectional SEM image of the fracture surface of unaligned
Fe;0,-MWCNTs-reinforced CFRP with 0.5wt% of Fe;0,-MWCNTs
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Fig. 14 Cross-sectional SEM image of the fracture surface of aligned

Fe;0,-MWCNTs-reinforced CFRP with 0.5wt% of Fe;0,-MWCNTs
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Fig. 15 Failure mechanism of aligned Fe;0,-MWCNTs-reinforced CFRP
with 0.5wt% of Fe;0,-MWCNTs
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