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STUDY ON PREPARATION AND PROPERTIES OF
HIGH-SHEAR-RESISTANT LAMINATED CARBON FIBER
REINFORCED COMPOSITES

ABSTRACT

Carbon fiber-reinforced polymer (CFRP) composites are highly
regarded in aerospace and new energy vehicle sectors due to their high
specific strength, design flexibility, and excellent fatigue resistance.
However, the inherent chemical inertness and smooth surface of carbon
fibers (CF) result in weak interfacial bonding with resin matrices, limiting
the enhancement of composite performance. To improve the interfacial
properties between carbon fibers and resin matrices, surface modifications
that introduce polarity to the carbon fibers have become essential. Inspired
by the "brick-and-mortar" structure of mussel nacre and adhering to
environmental principles, this study employs a synergistic approach
combining physical and chemical modification mechanisms to treat the
carbon fiber surface. Utilizing magnetron sputtering technology and
dopamine self-polymerization, a layered structure with "brick-and-mortar"
characteristics is constructed on the carbon fiber surface. The research

focuses on analyzing the effects of modification processes on the
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interfacial bonding performance of carbon fiber composites, as well as the
impact and mechanisms of magnetron sputtering/polydopamine on the
interlaminar shear properties of laminated carbon fiber composites. The
specific research content includes:

(1) Using magnetron sputtering technology and dopamine self-
polymerization reactions, composite film structures were constructed on
the surface of carbon fibers. The modification process was adjusted to
prepare carbon fibers with different layered structures. The surface
structure and chemical morphology of the carbon fibers under different
modification conditions were characterized using scanning electron
microscopy, atomic force microscopy, X-ray photoelectron spectroscopy,
and surface/interface tension analyzers. The effects of magnetron
sputtering and polydopamine on the surface structure of carbon fibers, as
well as the constitutive relationship between the modification process
parameters and the surface structural properties of modified carbon fibers,
were analyzed. The results showed that after synergistic modification using
magnetron sputtering and polydopamine, the typical columnar stacking
structure of the magnetron sputtering deposition film on the carbon fiber
surface disappeared. Instead, a "brick-and-mortar"-like film structure was
formed with polydopamine, resulting in a uniform and complete film layer
with sheet-like or granular attachments on the carbon fiber surface.
Furthermore, reactive functional groups such as phenol hydroxyl and

v
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amino groups were introduced onto the modified carbon fiber surface,
significantly improving the surface energy of the carbon fibers. Among the
selected modification process parameters, the optimal surface energy of
carbon fibers was achieved at a magnetron sputtering power of 250 W and
a dopamine polymerization modification time of 9 hours, with a 122.59%
increase compared to unmodified carbon fibers, facilitates resin wetting on
the carbon fiber surface

(2) Through in-plane shear, transverse fiber bundle tensile (TFBT),
tensile, and bending tests, the study analyzes the impact of modification
methods on the interfacial bonding performance and mechanical properties
of carbon fiber/epoxy resin composites before and after modification. It
also examines the influence of modification process conditions and the
damage mechanisms of carbon fiber/epoxy resin composites modified by
magnetron sputtering/polydopamine. Experimental results show that the
interfacial properties between carbon fibers and epoxy resin are
significantly improved after modification. Specifically, the in-plane shear
strength and transverse fiber bundle tensile strength of magnetron
sputtering power of 250 W and dopamine polymerization modification
time of 9 hours carbon fiber composites increased by 56.90% and 55.41%,
respectively. Mechanical tests revealed that tensile strength and bending
strength improved by 21.51% and 59.98%, respectively.

(3) Mechanical performance tests and characterizations of laminated

\Y%
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carbon fiber composites before and after modification were conducted to
analyze the effects of modification methods on mechanical properties and
failure modes. The study reveals the differential regulation patterns of
modification processes on interlaminar shear, bending, and tensile
strengths. Material performance tests indicate that, compared to
unmodified carbon fiber composites, the interlaminar shear strength,
bending strength, and tensile strength of magnetron sputtering power of
250 W and dopamine polymerization modification time of 9 hours carbon
fiber composites increased by 26.44%, 36.62%, and 21.53%, respectively.
Modification effectively delays the occurrence of interlaminar
delamination in laminated carbon fiber composites.

JIANG Shu(Materials and Chemical Engineering)

Supervised by LI Changlong

KEY WORDS: magnetron sputtering, dopamine, carbon fiber composites,

surface modification, interfacial properties
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RN SRR, 3T E B2 S A B0 S5 1 K AR, [F
W R IR B E B R Li SRS H T AN F AL BIRFE T B4 4E
KA, g5 R R 2T AN SR A 4 SRR L IR L, AR
YER A/ ICR LI 2.64% FTF % 42.83%, Jf HLF4ER AR 5 k. +
LISV R G 5T T i A 4 v i SORH SR A X ik £ 24 5 Tk Tk ] 5 A e A R 2 ]
BIYIVERERISE I o G5 SRR, T8 B R S A R T G B AT 4 3R T AT 1 AN g
THETHAE, HEiR A A4 E i, REeSCME & MR R GE .

TR A — M Fi8 25 T s S A o AR R AR B 25 N IE I SR B S A B
B S B R EE AL ) S it A 4k i T 4R S AL Z) . Chen SEUE IS KA 4B T
100 °C HIGHIR 2 h BEAT AL, RDPEREE TN BIRET4ER T, NREMHIFEN
PR bRt 1A, DL GE SR RE .

LAY 7 A T T R a1 A7 SR e A 51 R Bk A 4 3R T 1 e R s
SEHLR B E e FE ) A 3 SRR AL, RS TR TR R 48 1) (R N DRI £ 4R AR 53 TR
B, A PGE B 0H Ao Kaveh SEPONE TS AR 7 A0 7T 7 B2 40 T
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SRR A SR T RE . 45 R R, A E IS AR O R AT 4R R T FL
PR IG N  F ELH A Bk 2T 24 2R TH 2 B R 3 D0 RD SR T T 21 3 o, Ak 2 S A A2
H A1 R TH AL A PR RE R SR 2035 T 25%~30%.
143 ERAE

R R A YR T A ) O IR, T B TR AW E SR HIE
PR, ARSI R B OB N 0.5-1.5 wt%, &0t ERAERE, WIRAELT 4k
RITERRYT N, BEReA R (bR dEdith, X9 1 2045 RS BRG
A RS AR IR A BTG AT EE AR RUR Y E, B ki
&, MR s R AR AT I T A &R o 2T 485 AR 251 A2 B i 7
T &5 A B BEDR 25, b 2RI E A I ik o PR 50 P AR 58 1 A o e T e P 11
K. EHARRT, FXRFINSEAENIRRIFREG, MAESHE/ER . R
R4 R SRR VT EC R AT R AL, JCHRAERNFER G RS+, PR
A REAFETE 2 02330, filan, T sm et 4 B RAEE S AN RS, H5 %
Pk e S AR A R VR I 22 . AT, BRET 4 - SR 58 O oA 1 4 3 THD 5o P 43
[—ANEET M. Cheng FPUEHITLIEFIN GO@FesOq fill & T WK F ALK
PRI, IR A4 R g5 SRR, IR G T AR Y SRR (Al
WAL A HAR R, (R3E TR 8, JEBT I T RSN B, BAE PR A
M FREGH] T RER .
1.4.4 KRR

T £ 4 2 THI AL 2 4 TR I mT 5 W) v M IR LT 65 SIS T 45 ) PR R VA
TR ZEARMKIE At e USRS G vk, T SRR NI
BB AR SR A AT = 4R RS, TR R RE ERER s RE AHA &R, LA
TR N 755K R R S RIS, AehE WS IR m R ARG SR 45 A o
Al R FEPS), AREC T HARM B MEROR, A B T2 tom . Difgn
BRSO B R H ARSI, (B AL B R AT 75 SR B B4 A 7 2%
# GAEA M WA S TR .
1.4.5 KR FIEIE

YRR IR AP 2 BLE R ORI 5 N AT 4R T, DAoL AR M RE . X
SR IR, a0 A AEE . AR BRGOKESE, B BRI LG R TH AR AR 1)
VIERAL 22, Retl 5 A AR B AR P2 A G AR ELAE ), B S TR 5 007, gh
SKISORE AT DG S P B | A0 2 45 B A e i &5 U7 NS B 4 4R R 1T TR e e 1Y)
G, INIMTEmEE SR D2 Re A AR e v o @ X FetE ik, mr e
S AR AL, AR v A R BT ISR . A R EE AN P o R . R4,
YRR 51 NIERERE H A MRS 5 i DL & i, L sE
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W2 N 77, Gl IS AE AR YRR T 5] NG KSURL 1 O s o 4 4 3R T St A 2 A
LG SR AT T A I E TR B
1.4.6 BITFALIE

L URR SOt A — i ik F A 22 v SO E A R U BB 41 4 e Th , DAk L
T MERE I BORES . FE TR AR, 78 B3R F T R0 < 8 BN KA B S ik
JRIFUTRE B TIRAT4ER I, TE I . X Py R NN e B 38 st b 4T 4 5 Ak 2.
[ IR Sh 77, I REE IR T 2 A PR EE GF A B pl e . e AR E M. FDTIA
PR RE S A R 2 I DORRUZ () JE FE AN S, DT S 5 T M e (RS U YT, ol
h IR AT I FAA L . OB IR NGO (R], AT DO AN AR &R B A &
s H A ThREHEA RN TR BIRR - 4 R 1 o XL RE @ U 8 (b A 5
PURIBRA 2S5, #EMoE AR J1 52 P RE Tl B 1 S PR AR .
DU T RS T o AR 5CR 2 38 HL AT DASEI KA A 7, X — R X
TR AE R TR DI REA AL P S S04 BE S T Ve Re U A FE I HH T il 1R FH I 7J
1.4.7 BT %

R T IR WL IR 2T 2 U AL B 5 VA B AT 4 3R TH AR B I AR AE AN TR
N, Wi T2 A7 . Zhu ZFEDURGEA SR EH, FERLT R RS M AR
KA FEAL AR ARSI & 1 SRR 9 A URLAS 1 () B £ 4 , 38 I 1 8 i 0K
PR FE R FE RO R ST o B TSR B, FORLF-35) B4R 5 SR Rk R S & ok i SR 2R P K
e, HARI TSR 0] 25 38 K 27 2 15 B A R) e b T AR, AT 4 v 57 T AT LA B
BUEH

bt 0 R A AE R TR M IR A T, BN EREZ AN RAE YRR R
XA YR T BAT U S T T2 R I AR RR AT 4E R A AR 51N e i
W BERIBEIE S TR, ATRUERANE R S E, DIRS 2 RE G g, 12
M EEMELI )1 ERE . Feng SFME RGP E AL BIR AT 4E R 1H, A58
BT REEM AR, W “WIZRESE” 451, B EE SRR g
s E, SLELT A R B O . A RR Y, Erhd e EA R,
GBI B & BE W B 2 T, el AR 2 a0 m), T8 R 3L B R AE K
BUH o IXFPRIZERE G 12 & S5 M rH s Ui A i ge 2RI S R E0fiE, B3
RAM B PRSI, R R IGR 2 35%. Wang SN2 BB ERE
RIFR T —F AW A ERE (GO FEFGK i3 50 3F b S A ER 9K 28 41 i 11
TEMEL HEBH GO 9K b Al A 8] IR GRoR R 2H ROY il — BVE AR 4540 o XA ikt
THE YK R E =10 U & RIS 8 S S AR BT 24, [l IS 3R 4 11
PR SCHE . AERERW, ZEEMEIER BA G PN, LR IaI R e
KHR AR E 1
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1.5 ZERITEDIREMIE

2 WG — AL ARk i2 B T RREF 4R T Sk R M Bk, il 2 1
e 51 B G RN, AT AEM BRI R — R IR 2 L HEdR =, AT LIRS
TRMYIRRERR, W wJE. SEERY. A RE. BemFEel, K
I, 2 WHERE S RBRET 4E R THDOGHT 1 PER, RN, JF R Bk
JEAL RESR SRR 2T AE 3R T 2% /K 1, IEREOV AT SR Bt I Dh e tE B RER],
BEL e AE, ERR T LS S RIFERARR Y SO IR K SN, GE R LS 2
PR S N ik B S A AT SN, DT 5 e 2 4 5 A KPR Y 7

Stationary - - [
' Lift
5 Thread
aque ,; o
Substratum
e
Drag

B 1-1 Tl DL G DUAS 3 RS B [
Figure 1-1 Mussel adhesion mediated by mussel foot proteins

KAWL T V2 HUH], BT B AR B R R . 23k
JRE R BRI RS BR DS ARSI b s i R R G5, A B Jy 22 1k e
JA P RE B A RORE BT R L B R BRI o W% E K BRI HE B () 2 S BRIR
R CREAR) MRS R 5 A S R am FEPUOR LT 4E RV 4Lk JEIEAL
B VB R R IR R AR RE AL, BB ERR A Rk = T AR
I DTS AIGTM R RE o M DA S SO A A 4 R e B A A 3 ST (MR T 14
MITEZ — o T DAL 22 O EAME B S S AR AT ORI R A
s, JF HLG DURG B 22 38 B ARG LT EAS By s B AR, PAEORSFHF e Jorp
Z U A F B2 E T e, WERA A T IR A A RS A AR # ] =
ARG B 0 5 2 LT Oy T U DG e IR ALY 2 — o W ST 1 ]
F 3R 2 B oK BR A R Sl A A 20, ) 17 320 DU R R BAT 2 IR S5/ 1“8
PL-AHL” TR ZRBERAT Y. RHE R RS IRZ AT DA BOt LS R Ay
J&, IR ERGIRE, ST SR 5 R AR N R R 5 B THDRG B o Jin S50 I iR
PEAARAEBRET AE R B SI R it 1 AN IR LT 2 4544, 5 Ni(OH)2 49K Fr Fi A
“Nk”, ZINRERZ CREHIE “WI”, FERRE4ER I SLBL 1 ik AN I 45K 1) 5
T 3G 9 AR, AR DAL 1 B RE R O BR 2T R T e 2t 1 A4 i FR0IR T RA S A L
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AR, IF B R i S5 AW 1 2 iR RE B, N IEIR S AR SR 1 DR
1.6 fl 4% 8 St Fe AR B9 R 1 R

R RS BB B AR — P SN AR B U 7 3%, SR A BRI O — 2 7
i, BENS I 2 i HAR MRS AN A e e, 2 H RS2 B AR TR 3
AR 70N, F RS 5vA R B = R T dr BUA R I, (LR R A
T R AR T iy R ORE AR R D, 2 2] Hom B R . AT 4y
BER, A BG4 U S A £ 4 R T OB AN [R] ) 3 A ] DAV 21 AN R (R S s,
Wang"OVER RIS T2, EFRAE PRI R, H1E AR & i % a
LR SR BRI SR T I BORURG B SE S 1 LR, S 18U e, 10 1
B 2T Y 55 He A2 1) (R TR 25 5 70 BRGS0 i el T P2 U 50 AR AE B 47 4 2% T U7
AVEIEE, 308 T P8 B R e S P T AR 2T 4 B[] AT (A5 2 JE 0, SRR 45 ARR WA
TSR B A Bl T 32T TR ET 4 FRE SR CROR . e B IS it Je , BRET
YL PR BRI e B R T 37.73%, BT TR R LR B IO R o

K 1-2 Bz T2

Figure 1-2 Magnetron sputtering process diagram

1.7 REMREXEAR

1.7.1 REHREX

TR AT HEAE B B8 90% ) i PERE TOLET 4, 8 ML AT DR A e A i
AL T S I A SR 45 o AR B A B B ARV, I8 3% 9 2R 4T 4t
Wi T, RO R . i m iR e Re, AN EARFHSHE
SRR ATZIRR M, I OISR « H7 A R e £ 2 3 A2 38 S5 U ¢
SRS ARL . SRT, BRAF4ERTH S IL S M RS0, S80S B MR
SATESS, BERL T ZEMBEE SRR AR UL LS

J2 R AT 4 TG M B g 2500 B S BERAT R — ANt ) 2, B i a
P= EFIR & BRI £F e, 4F4idiil, FUmRA, E B UIim 02,
BEARERRR, 2R R E] AT — 28R 53 )2 B B U 2% 8OFN 41 - A 5 T
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BIPVR AN A R, BB — 248 2 EE G MELE S 2 Z kR,
FHIHI BT U] — M8 (1 2 27 4 R 2 ARG B2 . 2RI VIR Z [a 4F 4
SR ARTE 2R R T S A MR JZ (0] )1 5 VERE, (HAS R SEDUG TIO0L 2 TH 1) S TH
DRt TE . X2 L4 T2 EBe S L2 A A 4E WL EL A, 20 e DURS HE T 45 4F
Y R TR AN 15 W AR AR 1) (K 43 AR ELVE 3 3RO IR B 4% 33 R R Rk
30%-40%[71,

DRI L 2 R P 55 2 A5 N SR A T A i 4T - i 2 RO AR iR &, JE i 1
UL S A o S BRSSO E ML, SEBLZ (R 451475 BHAT 5 L T RS 45 5
FERIRIE 4T
1.72 REARXHE

AR ARG IS H AR 2 B e B R A N T B, 45 B AT e R AN
A E LB B AT R T A 2 254, FFId I ik T2 R B e e AT 4 2 G AR
T TR AL AN R (R AROVE 2 4540 o 75 R0 BB 70 R R B, 28 s e S 5o I PR B &
YR — B H AR S G T 56 . R R I S DU B A A
HaA 2 ERARES HEA T RERGBHERE 2, P [ED ik £ 4k R 17 ot b3,
PR EA “Re-J8 7 SR E A E, HEaI X ootk 55 FRRET 48 5 A bR A
KHUBRPERE MR, oA s AP st vk pse ), BARBF LN SR

(1) DAk T 20 B £F 4 2 T 45 P P RE FA 2 )

BT A DR S OB B 5 R Ry R R 2 R ARG B PR e, TEBR AT 4 R M L
UG N SR A Z G0 BT RAES T2 M2 DR S T2,
W A AR IR R 2 BIaE A B0 . R HBARE T e,
TR A SRR AT B, 20 B R SR AR A I S 3R 2 T e S A M T3
SER AL SEREE B RE IR 52

(2) A5 JE S A4 52 G FHRME RE I 52

T BR BT 401 T 2 B 4T 4 2 T 45 W 1k B R St L, ) S A I Ot 2R TR 1
FORBR AT 4 E M IR E AR, X T pW Y], TFBT. fiff. 25 dh SN %
REIEAT MR TRAE , 20477 5 A5 511 )2 25 R 0 T 2T 4 526 PR R TR 52 i S L 7 AL
H,

(3) HEA T E G HINE R RRET4E 5 S PR BE 1 5200

T T 6T A S R B AT 4 A AR BN BRI, 2 AT A ST Z 45
SFEAEMEHIIGE RN, 456 2 EE MBS, sy . 2
PN A AEWRIE XS, i 6 R E S MTER S AR RS R I HLEE,
PR I A T 2 AR B A 4 52 DR BT P R I s e AL o
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E2E LR ELRHE

2.1 SEEGHIR)

A A AR 2GR SIS LSRR T SN s 2-1 FIER 2-2 s
F2-1 LI JE RS 25 5
Table 2-1 Materials

2R ali 5 BOA% PR
TR AT 2 B e A T700-12K H AR A 7]
PRI srrat I 244 b 2R A BR A
R srrat ] 2445 A 2R A BR A
923 ®(50.8+0.3)mm WAL d A R 2 ]
TRAEAS ®60 mm, ZEE 99.99% B NERHEMBHAR A PR A 7
Tk B Ve e O AR A A R A ]
& JL-235 AR EAR AR
I £, 751] JH-242 WAER AR AR
N e AR PaR e BTRL T AR AR I A IR A
= (RHE FEFR vt IE] 244 A 2t A PR A

*2-2 WA AR

Table 2-2 Experiment devices

KRR iR CVRI e
CER N EN T PR e TN PH-010A Eg—tERH A A PR A F
Hpz P R e A KQ-300DB L TR 7P A A A R A ]
o L 2 R PR A JGP-450 H [ R 2 B DL PR AX B8 3 |
AL R S-4800 HAH A
Ji T T BT Dimension Icon 1288 [ A - 7 ) ]
X SR ERATHHX Rigaku D/max-2200PC H A H 22k s vt
X B A6 HL T REHEAX K-Alpha F[H FEER KRB A F]
KA/ F 7K 7 HT A DCAT21 TEEE R A
$i 2 HIEAX LabRAM HR Evolution H A3 A A
{8 B AR R 2T A A Nicolet iS20 e [H FEER KRB A H
oL T e iR G L WDW-20 B R IR L i R A )
B T e iR Ee bl LE5105 i CRiE) B2 R A A
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2.2 Mk SRAE

221 RAHERERIRTHT
2.2.1.1 BT EBHE

AR T R AR (SEMD T2 N TR, 455 1) A2 % A4 82 T T 35 AN
AR FRAE, BIEd S AR, WY S i O AR A
AT, BET A BCE 2 HER I EIE, RE6E B0 U5 2R 1 IOU T S5 AR S
B, ERIRBIGURENMATT . fEARCH, RAHBIL S-4800 A7 Kk 5 FBE X filk
R ok K B A APRIEAT SN, FE W b HE, DL S e IR G %
JREE N, W TRk R G ARIRE i, T G IS (R AR A 5t IR 1R S A BT AN [
HH N 20s & 60s A&
2212 FF1 B

JRF 1 BAEE (AFMD =& — M 70 R R IR AE TR, Reig ks gk g
ARTESUE S, FIRSEHRE 5 I =480 40450 . AFM H T 0 i eF 4Eceve il s
(122 THRERS B2 AR Ak, VPl et ot S 45 G PR RE I s2 R, R AW R REAR A0 12 £
T EEMKYE . A& CH Dimension Icon 1 /1 B H H X, @ik AFM
B AT 2 1R 3 1T T30 DA R 3R T REL RS 2
222 RAFHERE N FER R ERFRAE
2221 A MAR LT AP

A LI AR 2T A6 (FTIR) & — il ik 73 b 70 T IR s e PR SR A A o Ak
FEEAE AR . WA 4R R oM AR AL s B ARk, FTIR AT
TR SO RIS R AR R R AP AR RGBT O, AT B8 F SO S B A A o A
AR, M FTIR SO 4E AT R H e FIERAE, i idsg /6% -, 7
AT 80T 11T S e 2 24 2R T REAE WSO (1) AR Ak, S 7 2 T A 2 e AL ) A T P e
FETHR AR . SRR (KBr) JEFi%k, 4% 1:100 Jii & ER A i 5 20 KBr TR
G5, WO ST, R E R VR R R S AT R I, e B
400~4000 cm' .
2222 X & ATH

X SFHEATHT (XRD) &M 32 T4 S ARk i A 25 A A AH 2 R 2 R
HA W ERS FE o Dok U AR A (B S 0 35 o 3B I A IR ity A 30 iR B0 1
FIGTERBATH ISR, XRD RN RLIF R A MR AE . AW FTiE ] Rigaku
D/max 2200PC ZYATHHN, I8 bl 43 B 2 ThD 501 117 S Bk 2 24 1) AR Ak 25 1 78 4k
ST A RMIARZE A BT B B B A2 o AR AT S AR R AT e M S e AT
I P TR A RO RT SR K5 1 AT R T 4 1) i S S A TR R AIE . SE38 R CuKa
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SRR NBORCIR, 3 M VSN 5-90°, FAFEEE N 10°/min, JRSE Rl id
BATHEAT 0 A, DURA S et e R it A 5 4 ) AR A S R M R R B2 i)
2223 X FEOG TR

X AR RER (XPS) & — M REBUM R A= A BoR, 7T T-05E #4
KRR MMZE. f2Edmas &, Bk X SRS R mE, XPS id3t
FEMFRTH 1-10 nm IR N R STHROGHE T3R8, AROGHE T3 LR o R A
5504« K25 E Thermo Scientific K-Alpha %! XPS 1X#%, 1 #(4 Al Ka 5
AR (1486.6 €V) X AF AR AT MR . SEA A4 T8 15 7 LA € R Il e = A
BB, X ORBE TR IAT R M R, TS E R A . MR
2t Avantage FAFALEE, Syl I AR P SN ZE 7E£0.1 eV N, PR T IREF
— 3, B AR OO B S IR AT 4E R TR RE A SR AR B
2224 fes BB

REE OHUR I (EDS) 1fEAM B CR i HFB @ RE TR EUK
FEAPAERRHME X G T, MRl TR MR L EEFEE . ZHR
FETHHE X S S0 N oG R, SHIUN R il 3R T 76 3 2 R e 1 5 o &
fiE o A FIBC & T H 5 7 B ABE R EDS RS0, STRREF4ER T JC R AR AT 94T
T IR DXOGEEAT s A E A, RS TR e A e B R, AR
2R 2 1 UM S A S A A AR A T R RE I B SRR
223 MRS ALUZIESE S

T 2 24 W8 A 2R (1) i85 RS 387 A5 3 RO AR ot b 32 4% T ST i #4712 5 3))
JIEFRE AL, 752 1T RE P ARG I 414 5 06 T < 1) (10 3 9 A DA T 345 B 2 1) L T
YERE . N T VPAG OPE DR 2T 4 R T RE AR 1, A FU R F sh A 4i N iR AT 52k
AR, K54 Dataphysics DCAT21 128 [H/ 5 1H 5K 17 B A3tk 45 4 1)
e R 3R A B AE, MARIEA ZB K (BEEmA) Mz i CEMMERRD
VRt , s BRI AR PR 3 B KR SCHEREAR 150 - M Sk 4 4EAE AN 7]
PAEIRAR h B A Bl A s 2 B 2-1 fros, R 4 Wilhelmy’s A0 (2-1) 5
TR AT HEAEAS [FRRAR Th el A U761, IR iH B AR ET4E 1K 2R 1 HH e

o="5 _
cos ly (2-1)

s OB AT ETE MR AR b A (B Ak A
d—R AT 4k 22 B AR
y NRIE R R TH 5K 77, mN/m;
g—NEITINESEE, 9.8 m/s.
T 2T 4 3 THI B 1A AR 43 B R €080 8 M AR 0 2T 248 7 V9 ol A [ A0 e 300 o A
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A TRER AL 22 18 5L

PR BER A A U AR R, sl (2-2) A (2-3) s

1 1
yi(1 + cos6) = 2(yfvi)? + 2()/}3]/11[’)7 (2-2)

Ve =vf +vf (2-3)
Ay MR AR R I RE M AR &, mI/m?;
yP— MR R R TH AR RO M 2> B, mI/m?;
yi— MR AR S R T BE, mI/m?;
yf —MRER I RE K i B mI/m?
yi——M BRI RE IR 73 &, mI/m?;
y—MBHI SR RE, ml/m?.

/ Carbon Fiber
\\
\

Test Liquid
2-1 FhAEMAA IR E K
Figure 2-1 Schematic diagram of dynamic contact angle test
224 RAKE SRR E R NFERERIE
2.2.4.1 BREFYER SP3BT I e
#R¥E ASTM D5379/D5379 M-05 #riEfE LE5105 24 /71 i1 R A1 & ARG AL

£, KAV R O YNy % 58 OR A A RHED A BT I PE BE I, iR
N 2 mm/min, BMEAEINR AN R, 2 AR N BY D)9 AE 4~ 3 (2-4)
5, PR E SRR A4S B4 4%.

pu
vy

F* (2-4)
KA. FU— AR5, MPa;
PY— R PR %k Anr 5 B B AR ST 5% A B A AR, N;
A—FPRHE AN, mm?.
R RST Sy Ran &l 2-2 fros.
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Test Machine Adaptor ——
\ Bearing Post
( a) (b ) Lower Grip
<+«—38%mm— 00°
3mm Voper Gt
|~ Upper Grip
\ /'\45o e e
e f vz
] lzfmn 20mm Specimen
’ _4* Lower ﬂ
mm ¢ o
A Holder L Adjustable Jaws
Tightened by
Thumbscrews
- 76mm - >
_/ —— Specimen Alignment Pin
Baseplate

K 2-2 ARk A BT UIIn #0r =

Figure 2-2 Loading method for in-plane shear test of composite materials
2.2.4.2 FAFYEE A DRI [ (e 5 B
N T B VAN A 4 A e B R SR ) B SR DR A e, SR T AR R AR
T3 %%, T ) 2T AR AR IR CTFBT O U8 A T FH T PPy 41 4/ 5 Ak T THD RGP e
WEASR TFBT A¥: it i DAJE T (1 21 2 oA F PR b T2 £, X bl SR 2R 4R Bl
LRYE R b AR T BT 2 o MR B AT 4R AR IR AR 10 om K, FECE 7R 8%
IR agh (K 2-3 (a), B4R S ARIIRA Y E TSGR T 5kt
A, B ORET4E 78 iR A A TR o B JE B R ol A ARG , $218 ASTM
D638 ARl E R X MNARE %25, fEHRT ARl B3% 1 mm/min S 36 B2 2
IR, F A (2-5) TR

Loading

e

B 2-3 (a) A RHAORE g A OB B, (bR [ A 0 s 2
Figure 2-3 (a) TFBT mold for composites, (b) Schematic illustration of TFBT

o=— (2-5)

A o—hifHIRE, MPa;
P—T IR R B R #k A7, N
A—EEM BB, mm?.
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2.2.43 WREFAER SRS o B I

25 i AN AR A B (1) ) 2 PR R IR, 3R 5 T G MR S ) 45 A R
VIAHZR AR ASTM D790 Frdfl b = stk P B 4T 4E R A AR P S o L
BN TTVEE 2-4 Fros. INEGHEN 2 mm/min, #EECN 32:1, MAEGE
NEAERRRE, EaMpis gz A (2-6) iHH.

3PL
oF = THE (2-6)
X op—5 HI5EE, MPa;

P— AR 1 e KT, N;
L—E§EE9 mm;
d—iAFEEE, mm.

F

Carbon fiber

composite

K 2-4 = dhiaimnsEs=R-

Figure 2-4 Schematic of load application in a three-point bending test

2.2.4.4 WRAFUER S MORHAL A 55 B I

SR FH AL AR X 6 R X CH o (PR 58 52 AR PR iz {2 AR A 1 VP Al B 2T 4 52 4 e
Wi thfe. seirh, %I ASTM D638 Fnitkdil ik, JfA 7 sE ks Hl AT
FAHFING, @I E B AT SR PR R A EE, 25 (2-5) THE I HCIRT AT
YT SRR RLAR R L . AT VE BE WS A ROt RAE AT RE hr i 254 T I PERE,
N D RR GRS T B B S
225 AU EEE SRR NFHRERIE

X 2 (12 ISR ET 4 S AR AN RN bR v BEAT Al A AT 3G, e
TP YE R A AR S AT SC 2.2.4 FARALL, LR AR R R R0 H = 8] 3% 1 ) 7
JE 514, RRER AR (= i R e, Ml R A AR R
2 N YEWT R B AR TT 2, DRI 2 IS B ET 4 52 A 4 R HZ A (R Am vHEEAT Ik
A DA ORAS [R) G540 25 PRI 1 8 idiE e 3058 S ML S Bn 0L F (K R O
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2.2.5.1 WRETH4EE R B S HRZ [ B U1

J TR BT 58 B2 W2 VPAG 2 R A 4E 52 A pRL g 5 R 1 B 2T B, JUH A
THREAF R Z R0 . TEART T, AR Z F 8T V)58 5 kR R AR LF
Y2 E R AMBIIZ A4S G 1ERE . IRYE ASTM D2344 fpifE, @it = 2 dhydkist
TR SEERE A LES105 24773 s ilEe L, Foes 100 kN A& &2 AT JE
B BIEWEN 10 mm, MNEEFN 1 mm/min. A T HRIHERSE B ] 5,
MR A2 2 DA A RORFE AT K, 2 R 85 5 il i LA R A K
(2-7) WA

Pb
ILSS = 0.75 — (2-7)

bh
AP ILSS—JZEIBI VI, MPa;

Pb—Wr i far, N;

b—FF S8 E, mm;

h—FE IS, mmo.
2252 WRAYEE LS EA RS st

MR 2B i IE N ) 3 F, RSN %1 T, BERAHE &M
BT Re & A HABSKR I RIR, Ban N BT YIRS TH R 0 BR A 48 e e 1
VAo X R AR AL FEER, tRoE T E G BHESE BRI B AR ERE A AT 5
Peo PR, AT VPG A PORE Hh 98 BE 75 2 & 2 M AL 2R G i . R
PEASTRAT 48 2 R A MR i E, AT 7080 ASTM D7264 FrifkiEiT = mi
k. AR EER EE MK IR, DRSS A AP, SR A
X (2-6) THEARH . EIZM, vTCAAH T #R A 4E2 R 5 S RIS i £
NI R AR AR
2.2.5.3 DREFYEE B2 S0 Bl A o

VPSR AT 4 2 2 A PRI 122 e, AR SR F A 36 o i L iz 5
FE PR PRBL AR A . SEEGH, 4% HE ASTM D3039/D3039 M-08 i il 2513
FEFHASH LES105 24 773803 88 i M LEAT R Ak, & oA 2 mm/min. &
MORMR AR BR FE AR (2-5) BT, I & W s ) 5 iR R i AR R B
B, THEHESMER AR
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£ 3T WRTHERENESERET R

3.1 5|5

BT 4E 1Y 98 IS V2 A ADRHK T AR B AR DU RE ke B 25 ¢ LR
5KV i R] DB TR ET AEE RE IR A% - SR 1T, bl i e 4R i R VEAT DG I Ry
VS SO T 9 ARG, RGP 02255 WL, 2800 IR 0 SOFIRIR A S b imn 51 R R 3
I, AT AT R im AL E, RlceE RSB AL &

LR, VARG GRS TEG R T2 A8 0, B
VERIE 2 AT LA &, AHIPDER T BUSCE IR T 4R T, VR 2Rk I N R A T
ZHE IR, W SEDUE R R, A R EB M, ZE B RN . ATE
PSS 3 VRS0 o a0, SRR TIAL B AT DASE e ik 4T 4 3 1 & SR g

B, NIRBHENIRE G SR VR 5, TR AT B S A B 4 S 00,
FEREFCH R, BRI vl ATOR e s B 292 HBCH IR R, BAT R
(I TH T B L IRERIG AT RAFIG NG J0 o BRI D2, TAE SR UURRRS
RIS, AT DORSRA 2 ) AR ) J5E 1, L RIE BIGR G R ], OOy R
ORRN A T 5 P 4 — e 8 L S P R BRSO, SR, g i S U AR /2 7
i BB T YRR 1 5 10 22 1K 45 6 7 SUPR Mk 2T 248 2 S PPRHIK) F T RS 25 7 e R 4
T,

A B M RS ORI B G5 M R, B — 2D 456 IR 2 TR el T BOW B4t
UER T AT COEAC B, IR TR AT AER TR AS . RS DURIRI TERE AL AL, 70
Briiaz s / 5 2 G A vtk Iy SO BRET 4E R I 45 M VERE AU RE T, NI B4R T
BRETAE S SR IR RE LA 1 22 PR AR A SR BRI S

3.2 TS TS/ 5 %5 B AR AL TR O B 4T 4 2R T o 1

3.2.1 RALERFRE NI
3.2.1.1 BREFYEZR M MG IR/ 3R 22 R AL R 1) T2 2 50

Tl 73 W 558/ 5 22 VEL Je Tk 2 4 3 T 50 5 R s e 559 F 22 B Jie o b i e T B
Her R R 2 A e T B S, BITSE I R R ) T VR AR B AT 4 R T T
RN 2, 7E ISt bR F R e S DUAR B I P R R 45 0 5 3R 2 L It R B A
A G BR A 4L R T o 5% M il DRSO B IR G5 M L2 S HOR R 2, Wit
PRS2, WFIR] AR E AN B9 5, (RIS AT AR S R I, ph g A AR
o FEE (1 5 B RV 47 0l S5 3 THT () B 5 A o B 28 4 2 S AR LB P e AT B B2 5l
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(7 N 25 18 21 2 2 B 5 WA P DU AR I 2= RO 25 1 P DR A ade o il 2 0 S T 1) T
Wbt Th 2 NG 1) T2 S8 R 2 I IR 48 25Utk (0 H & 3G ik 21 4k
T VE B B8 1 5 5 B IR DU IR IR 2T 4 R R O S R R S S T
WA, F2BERE RS - NEELZSH. BARTZS8E 3-1 P,
R 3-1 BRI T2 2802 BRS04 5
Table 3-1 Magnetron sputtering process parameters and dopamine modification parameters

Sample number

DUBBRE L 256 F 2 WL 2R AT
VR TR
TS D%/ W S5 I 1) /min EC R )/

CF 0 0 0
CF-Cso 250 30 0
CF-C30-3h 250 30 3
CF-C30-6h 250 30 6
CF-C30-%h 250 30 9
CF-C3-12h 250 20 12
CF-C30-24h 250 30 24
CF-Cis0-9h 150 30 9
CF-C3s0-9h 350 30 9
CF-Cis0-9h 450 30 9

3.2.2 RAYE RSB 25 BB B oI RO Rk AT 4E B Il

(1) BREF4Er) Ak 3

W F BT IF R A4 B m) A B TR A BB ve s b, RS YE 12 h, 550
18 FHTE /K CBEAN 25 38 oK SRR EF 4 i e 3 Uk, LATR VA 7 Aok B RG B AR 24 52, 7
AR TKIGUREIR . 5, Rk Ja BB LT 4E 5 n) A BT 5O B AT R AR 7E
60 °CHET-£H, XFEBTLF MR [FAE AT 0 E#AE

(2) Tl DB i B 21 ¢4 3 T Ab B

i FH JGP-450A TR 32 S5 (SO B 4T 4 3R THIBEAT BB CRR AL B o 3 1) AR AT
YRR [ AT ARy B, G TR 2 AE IR b S BRI 4T 4E B ) A (B
e ) ~PAT [ E TR b, G EDE A B OB AR ARG T T, IR R E
(RGBS 200 B AT AR B o BRI 2640 DRI 58 1.0 Pa, BRI
FPE2X10° Pa, HBEEFE 4om, PLSgEfERS (99.99%) 1R RIS, @A
N 20 mL/min, 2& )5 S2EE0 30 /min (PR BERER: . 2ot G4 IS S IORE S SRR
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N CF-C, ZHR3R 3-1 WIS Th 2 R S 655 100 AS [R] AR i id o CF-Ca (a SR []EK
DIZR), Xf[EFEAL B 5 B Frid MiE 9 Si-Cao

(3) ROkt ab

W 2R DR ST A 3G U BR AT i A (BRRE R ) FT 2 B R Al - i
EilOInh4E@Ez CERHIE) AL H M (Tris), SRJ5 MBI ik 2550 pH
£ 85 ik, KA OV 5 R EF4E s mi A (BURE ) TN Tris-HCL 22
B, %Fﬁﬁ&zE&rzyLMA%@ IR, R e AR R =R
R WG4 5 2 DR DR AL B 5 () B £ 4 B fm) A7 (i ) 25 58 1 /KIE e
PAEBRIF B I 2 MR 2 O%, RHETEE MR 4E) (k) 7E 60 °CE
RFE TR 24 AN, KRS RS AR 2 B A B S IR AT 4E (BRRERD FE
MR CF-C-PDA, AS[A S 2 TG M 8] IR A S 12 A CF-Ca-bh (b AR Z
JEZEERTA]D, X AL JE IAE Frid Nie o8 Si-Ca-bhe BARFE M EC W B3R 3-1 B

o

—_— g e e — — = ——

/ \
Oxidatio N] hilic
2H++2e- o

nc (DA)  Dopan

6%5*%

56dlyd xyindole Dopaminechrome

. I .Lukodupdminc-
nonc

— = ——
N e = —

HA SR

| BEIEMEHTAR REERIR
P 3-1 BREF AR m tE iR e 2 I A = A

Figure 3-1 Surface modification of carbon fiber and dopamine polymerization

3.3 =TT/ 5 % BB AR AL TR A AR 4T 4 A RAE

3.3.1 BRAHERLEMITRAE

K 3-2 e T SUERT SR 4ER XRD BN . SR S BOBR AT 4R
20=25° AL EIMMABURHIEE, XA SR (002) ShIH, RN AE 20=43° FiTfF
FEBR (111 I ) S5 AT Is A o 5 R oR I HARAT SRR AE H (111D S THAT ST
B A A 2 AR A 9 T R S R T AR R AR 5| RS 2T 4 A i A 5 R TR R
{BILAE 250 /2 40 (002D AR SRS A S22k, =Mikef4Erh, CF-C fE1lt
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Kb ISR FERTR, CF-C-PDA BUARFUE SR /o IXFER D, FITat FH I BREE AL 1
A SRAREEA By, PRI, 2R WP i OB 2T A 3 T e (R e i, ot B 2T 4
A S WAR BRI AT BN, T CF-C-PDA TE AL AT S8 U6 Y 9 FE IR , 33Xt W Bk 4T 44
RinOPR L Bt

A (002)
.’I |
A
(I \
=: |
E |
£
w
=
2 (11D
= e CF-C-PDA
N re
CF
1 1 1 1
0 20 40 60 80

20/degree

¥ 3-2 CF, CF-C 1 CF-C-PDA () XRD i
Figure 3-2 XRD spectra of CF, CF-C and CF-C-PDA

3.3.2 BRAHREMIUFELER I

(1) BREYERIA MGG 5B

P 3-3 B A U B JE AT 4E 1 R T AL AMGIE ] . 7F 2990-2658 cm™! 4k, 24
PER 5 BB AT 4E 3 A7 A2 PR AN AH Q0 R U, TV T- Bk 41 4 1Y) C-H i 4 iR 3110 . 78 3600-
3100 cm™ A1 1620 e BtEHEA O-H Al C=0 MU IEAEAE . (HIE I X EL & B0,
SRR 4EA L, CF-C ) O-H. C=0 L C-H ALRIW i ié 555, 1M CF-
C-PDA ] O-H. C=0 PAJ C-H FIWRISCIEEIE 98 o X A (R M 2 24 20 2 D S e
J&, R EBMETE ST S BRI R i A R, (H LR Bk
JiR G5 R SRR AT AE B PR S5 AR AEZE 5, R AE 1246 em! ALY C-N B BIRFE I
AR RE S IIX — AR M. BT BT R AT 4 I AR R N R IR S, Rk, R&
PERIBRATAEAE 1246 cm™ A0 C-N JEA R RFEIE 2. (H BT D055 BT F (0 A e
sl A SAR DR T A 20 B B A k), R CF-C R A B 2 IR C-N
RRIFIEIEAS . T e R DR /5% 2 B G e J5 1) CF-C-PDA TEIEAE X 2 C-N
REIEWE, X RIIR L O IR e AT 4 3R TH
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Transmittance (a.u)
; 3
e o]

v CF-C-PDA 'I :
1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)
3-3 CF, CF-C il CF-C-PDA [I£L4M i K
Figure 3-3 FTIR spectra of CF, CF-C and CF-C-PDA

(2) BREFYEFRIAIN XPS 43 Hr

L XPS B — X R AF4E ) R A AT o0 i @I B 3-4 B ik
LPYER ) XPS Bl MCR S & AT LA, SEaTE 1 CF & A A A
=Mk, HHEEFRREMN. =M gEt, R 4R R & 2
b, BN AP, CF-C i nam & 8&H —EREMIEm, X2 H T
P RS UTRA DR BT Bk AT 4T i 1 R, X 5L GIER i d R —. K&
SUPEBRA4E I N TG & 2 RS T HASG T N TRK &8, X2 H TEmRL
YL R R R T8 A AL B ) R TR R it ), CF-C-PDA W UG 3R & B Y
CF-C H— T, XKL EMUIBIRA4EREGINN . B 3-5 NikLT4ER1H
Cls VEFI N1s WL G 42, JEid Cls G0l KL, BReF4E ) CF-C KM
Cls flA U A C-C (284.8 eV). C-O (2862 eV). C-N (285.5eV) Hl O-C=0
(289.2eV). XA, CF-C [ C-O $A IR B RS, POABRA4ER i C-
O WIAE(E R B A G BIAAAE T 51, TfE 287.8 eV HILK C=0 HHif=
WA RS G A K, E4ad 2 B 5L FH k. CF-C-PDA BREALL I
TUAHLA IG5k, A 285.5 eV b C-N I 155, X —H %Al 0T 2 B
TR RN GRS ((NH) 2], X —45 Rl —PuEst 7 2 B
25 TR RN, FFEMBIRIERESW TN T SR EfeH] . £ N1s g, K
IR UV E R AT 4547 -NH2 FI-NH-P /N0, HAFAE B ZRIE T Ik 4 4 = 1 K 7
WARLE, TR 4E LRI A FE 5, Ho a5 & R BF DL R 06 B #0A I i R F%,
EIE T RISCH N e @ R . BRIk st/ 58 2 RO Ja R A 46 1) Nis
TG RIS AR SS & REAE =N, 7008 T IR 2 G S 22 T i 4t ) e Ak
FEAER), XU T, 2 B R EE A B R A RNE R 2
37 =
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Kl 3-4 BRAFAERMN XPS Bl TR & &
(QWREFYERTE XPS i &l )M HERTLR TR
Figure 3-4 XPS patterns and elemental content of carbon fiber surfaces

(a) XPS full spectrum of carbon fiber surface; (b) Elemental content of carbon fiber surface

(a) CF (1) A CF-C-PDA

Intensity/a.u.

Intensity/a.u.
Intensity/a.u.

L 1 1 1 1 L L L 1 1 1 L L L
292 290 288 286 284 282 280 292 290 288 286 84 282 280292 290 288 286 284
Binding Energy/eV Binding Energy/e} Binding Energy/eV

(b,) (c,)

Intensity/a.u.
Iiltcnsit_\'f:l.u.

- Intensity/a.u.

410 408 406 404 402 400 398 396 394410 408 406 404 402 400 398 396 394410 408 406 404 402 400 398 306 394
Binding Energy/eV Binding Energy/eV Binding Energy/eV

3-5 BREFUERIN Cls WEFT N1s W& il 22
(al)(a2)’4 CF ] Cls I&F1 N1s WL E HHZR; (b1)(b2)y CF-C (1) Cls RN N1s UEHLA i 2k
(c1)(c2)y CF-C-PDA [J C1s WA N1s W4 A i 28
Figure 3-5 (al) (a2) are the fitted curves of Cls peak and N1s peak of carbon fiber; (b1),(b2) are
the fitted curves of Cl1s peak and N1s peak of CF-C; (c1) (c2) are the fitted curves of Cls peak
and N1s peak of CF-C-PDA

(3) TRE4ER EDS 73
KH EDS FRGUn fi £ 4 i i A i 1) 70 3 A0 AT AT RAE, Bl 3-6 B ekt
BTG IR A AR S on R A B, 3R 3-2 PR N 4 e = & 2. xR
Pl CF-C B N JGEHR A O JLRIA Friks>, 1M C eR &M, #—PRiE
T W DR R B T 4R 25 P % . CF-C-PDA #[f ) O 7oA N TR A0

24



8 WR YN R R VA7.9'S

R HAERN, RUIEDZ ERE ORI RS IS oA THEF 4EL 1 .
%32 SRR AT IR A=

Table 3-2 Elemental composition of carbon fiber cross-sections before and after modification

Em

TR Clwt% O/wt% N/wt% SR/ Wt%
CF 93.83 3.62 2.55 100
CF-C 94.92 3.27 1.81 100
CF-C-PDA 90.58 6.58 2.84 100

Kl 3-6 MRl fE Bk AT 4R T R 0 AT B
(al)-(a4)CF; (b1)-(b4)CF-C; (c1)-(c4)CF-C-PDA
Figure 3-6 Element distribution of carbon fiber cross-section before and after modification

(al)-(a4) CF; (b1)-(b4) CF-C; (c1)-(c4) CF-C-PDA

3.3.3 RAHERNFREHIRSH
B 3-7 s NBRET 4R THTTE S SEM B X T AR A HE B EF 4E (& 3-7Ca)),

RIMTHEGH, AR E RN NG, CF-C 2R A Bk 5 2 7
i (E3-7 (b)), B 3-7 Ce-i) WA IR IR /5% 22 B ol T2 46 0F R I £
YRIMILA, CF-C-PDA MRTINVIAZE 5, (HHRRRIRTS, A M E YRS
B AELT 4ERTH . 4R T R 2 B R A LR AR R R IS TR e i, BeT 4
10 2 THT T 785 2 B o5 Rl D S5 ) 2 ) I LR TR B 5 4 () SR S TR A5 388 i o 20 4 (R
PR T2EARZ BRA TG, MRS E 2 BRE R G
) 1 N H R T B S IL R R, W4 24 h 2 R A 5 IR T 48 £ T 4 1
T HIRURLR B AFAE, AR E A S50 B es «
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W 3-7 BREFHER I M A S SEM K
(a)(b)>y CF Al CF-C30 [J3RTHI; (c)-(g)% % Lotk i (8124 3 h-24 h J& CF [W3R1H; (h)CF-
C350-9h [1J3R1HI; (1)CF-C450-9h [0 ; (G)(k)CF-C30 [F#[Hi; (m)CF-C30-9h [1#k
Figure 3-7 SEM images of the surface and cross section of carbon fiber
(a)(b) Surfaces of CF and CF-C30; (c)-(g) The surface of CF after 3 h-24 h polydopamine
modification; (h) Surface of CF-C350-9h; (i) The surface of CF-C450-9h; (j)(k) Cross-section of
CF-C30; (m) Cross section of CF-C30-%h

N T HE— B el T SRR EF 4R T A SR RS20, A R S 26 1 R
Tk v B TRRBR IR AN AS [F) 22 L i 5 1 Ak BN ) 2 350K T A5 5 A HEAT R ALE o TURRE iR
T YR T (R BG4 00 S B RS EL A SR TR AR T HEAR G5 K (&1 3-7 (kD) T 3T
TR 5 H B A M FEMETIES (8 3-8 (D). @i Kl 3-8 (a) AR, it
RFERE Ay B AR HORE 5 RO FEGR R (KR 1 SR SR 41 45 1l HL A& i B A W
IR A . R IR O 2 B A IR BB 2T 4 3R T A5 P B 28 S0 (kL 1
RERLM (K 3-7 (b-h)), (HEEMZRIFIMRIGE R, BT B0 550
AIRAS o e MLFEMI /5 22 B R i P Jm e i, A 1) S R AR S5 M 2%, 2 BLRA
RLF 2 51 o A A IRHER RIS “Hk-i)e 7 TRl B kA 44 H.22 56 % B g et Jm it
RBSRE A I J5E AT W S 1 o o L rp ] AT AL 2 21, Bl o5 2 5 e o PR N 1] (0 389 T,
RIEEEL KA . 2 CREEERT 0 3h i, R IR Brgss, (247
REML 52 2 AR R UM B RHERR S5 K o PRI IRJSERC 2 6h Jm, R REREUEA
T, BURLEIRGERIBER 73 0 e, TN ST RIS o 3k — 2D SEA EU P v
8] 2 Oh, UKL S IREGHI e e A NI ST “Tie-ie” [BIRG RS iR gk, 3%
T RCRIE BN . MR PR )0 12 h 2 24 h, REEE S B
IR, EREHIHERIR, 2 ERREE AT M BIRARL, BRI
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WA T . BEARRTE, BEE 2 LGSOk N (8] A SRE A, SRR ph R HE AR 25 b
BB R, EREGE Ak, RIEA MNP KR mE
SHARR Y], W 456 2 E O B 08 2 35 O R I RS 40 B2 B
AP N R X B R R T A AT R AR

i Ob 1 ® 100 nm : : 100 nm

*
100 nm 100 nm Ay 100 nm

100 nm 100 nm

109 nm 100 nm 100 nm

3-8 FEFr R LA LS SEM E
(a) N Si-C30 [ERTH; (b)-(DFK 2 B ERS (8] 4 3 h-24 h JaHE IR (g)Si-C350-9h 1)
FKM; (h)Si-C450-9h I3 H; (1)Si-C30 HI#LIM; (j)Si-C30-9h AL ; (k)Si-C350-9h L
Mfl; (m)Si-C450-9h FI#TH
Figure 3-8 SEM image of surface and section morphology of silicon wafer
(a) The surface of Si-C30; (b)-(f) The surface of the silicon wafer after the polydopamine
modification time is 3h-24h; (g) The surface of Si-C350-9h; (h) The surface of Si-C450-9h; (i)
Cross-section of Si-C30; (j) Cross-section of Si-C30-9h; (k) Cross-section of Si-C350-9h; (m)
Cross-section of Si-C450-9h

B 3-9 From B ET 43 T i SR PR T I BT T AR B i e R AR I B
RL7 HERR S SR AR IR S5 4, DRI AMELR T B A TR BUE 25 HLBELZ AR T
At —E LA Bk, CF-C BaRZ Uadtint, £ EKUARZ UK
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I B AR R THT A IR E0E NHERR TR 5~ FLBSLTR] , BBR 1 42 I R DO AR e i e 52
G, R SRR BIORL 5~ HERR IR 2 0 Al PR S AL R By S5 K, AR SR 22 L) T RS B
VEF TR GBS I AR SR S5 8, 3 Ik By 4l (B 4hi) 5R 2 B
[AJERL 1 2K “HE-T” 45k,

oH i :
| - - "\.‘;‘C'V
oH o Ol
: Surface Cross section
HCI+ e o et

= Brick-mortar
E structure

Microcracks Vir;DA Carbon“ ;articles
K 3-9 BRET 4 i it R B K

Figure 3-9 Schematic diagram of surface modification of carbon fiber
MM 1 BB it — D RALA Rk 26 A M R R TS B 3-10
NTRETYE R T 71 A BTN T B8 o0 s, H P R e e T 4ER D, A
VR A, HER T B SECF MRS Ra 2 10.7 nme CF-C R HIAT W] 2 A 1M
P ARBURDIR G5 A AE, R FEBOR MR R S8 N, RO YRR Ra 18
#| 11.3 nm. 1f] CF-C-PDA, R £ NS ) FRHERI G, R~ 2R L

Ra A 16.6 nm, #ARGIEIRA4EN) Ra BEH0 T 55.14%, 5 SEM EH R4
SAART, TR £ 4 2% THP A RS FE O 38 A5 ) - 48 5 A4 RN FE 4 22 8] B HL AR s A

754.7 nm (b)

@

(d) Ra=10.7 nm

R o676 v 43mv

-5.2mV -52mV

Kl 3-10 fREFHERERT S AFM RAE (1pmx1pm)
(a)(d)CF; (b)(e)CF-C; (c)(H)CF-C-PDA
Figure 3-10 AFM characterization of carbon fibers pre- and post-surface modification(1pumx1pum)
(a) (d) CF; (b) (e) CF-C; (c) (f) CF-C-PDA
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3.3.4 =AM S

T A1 24 W8 A 2R (1) i85 RS 387 A5 B RO AR ot b 32 4% T ST i #4715 5 3))
JI5 XA, 2 B HRE AT DASG I £F 45 0 A5 2 8] R R 1 AT 3R A5 58 47 1
TR RE . 2R 3-3 o A ciOtE B Ja B £ 4 3R Th 2 fk ffy ISR THI G, d I X R4 43R
TH] 240 R S Al A AR AL 0B (B 3-11 Ca)), ] AT N o 0 42 21 R[] b 7
AR R IR P IR . AR A B AT 4E I Bh A Ee Al A A 85.05° (UKD A 63.48°

(LB, FRP\HRMICH HEKMEESR, RN 25.36 m)/m® . CF-C
Hefuh /o ) TR 2 68.74°H1 56.98°, RMBEFETF A 33.93 mI/m? o A S oot
JEFYEE T, HAE RS 3 R @ P TR O R SR ZE 4, TR
B £ 24 2R T 51 N AR 3 [, 3R TR T e 40 2801 Y05 i 3 T 1140 ks M AR &85 A4 A
WERAL.

CF-C-PDA [k CF-Cis0-9h [FIZR H EME /N T CF-Cao, AR A SPE KB LT
YA CF-C HIRTH R 3A B se, FEnl it o 215 2Kt m, mein&f
B> 5T EA O, iR/ 2 CURR I R B AL 2 45 A T E,
SR Rl 2T 44 P 2% THDREDRS B35 7= 2R R AR 5N T Wy P2 RN i B S Al e R ], 365 T
RGN, (HRZ ERR IR RTER, R T2 8 S OB RS 1) 2 TR A 8 45 1
FEAE T ARG, AL A A TS . SRR S T R et i 1 CF-C-
PDA it 5 4% it D 36 (1) 3G KB 41 24 1R 36 1 R Se 39 R S i/, i kit Dy 2
ANTEI A DS DR B B (R R A RST B T AN ], S A DB Dh 23 BN, 2 1
i P SR A A R 55 T R A 0 R o AR T 44 R T 45 R RS, N T oF ik 2T 4 2R T
REBSAIC T CF-C, B rh BT RRR 2 Bl 5 AR e ST D 22 i B I 3 K, et s 482
R 2 O RO — E o

R AR AR T2 850 b, W5 22 TRt s (Rl R 3G 0, DR 2T 4L 1
Al B TR, RIAHE 2RI H SIS RN H#E % . CF-Cso-3h HHEfm
F5T AN 58.27° (UKD 1 56.48° (L. ), KIMAEIEINA 49.26 mI/m?, LI
Z OEAER VP DU, R 7 R8O 5] AR YERE AT, CF-Cs0-6h 1 CF-
C30-9h, il fit—20 FBE, 4> HIAE] 54.01°F1 31.19°, 43.46°F1 28.31°, FIH At
5398 45.62 mJ/m? Al 56.45 mJ/m? , FRIRZ OGN ZE DT, Rk ]
RER, EREIA RN . Rl RAE 2 CIZAL B[Ry 9 h I, 2K g
Bl KA, BRI 4R R T 122.59%, 2o HY 22 T 50 ot 26 T A A R i 9
PR R ZHRTF . SR1M, CF-Cao-12h A1 CE-C30-24h Ml A [H1 T, 281 AE AR
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Table 3-3 Contact angle and surface energy of different fibers
- EETH L 144 y? R I RE
Fefl A (°) Fefl A (°) (mJ/m?*) (mJ/m?*) (mJ/m?*)
CF 85.05 63.48 7.62 17.74 25.36
CF-Cso 68.74 56.98 26.57 7.36 33.93
CF-Ci50-9h 72.45 58.67 21.58 9.08 30.66
CF-C30-%h 43.46 28.31 49.12 7.33 56.45
CF-C350-9h 60.46 38.71 25.99 14.50 40.49
CF-Cy50-9h 67.21 55.48 27.96 7.30 35.26
CF-C30-3h 58.27 56.48 47.46 1.80 49.26
CF-C30-6h 54.01 31.19 32.01 13.61 45.62
CF-Cs0-12h 55.49 44 .45 39.91 6.37 46.28
CF-C30-24h 60.18 53.58 39.91 6.37 43.86
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Figure 3-11 Contact angles and surface energy of carbon fibers in water and ethylene glycol

(a) Surface contact angles of carbon fibers; (b) Surface energy of carbon fibers
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Figure 4-1 Dimensions and photographs of carbon fiber/epoxy composite specimens
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Figure 4-2 Fabrication process of laminated carbon fiber reinforced polymer composites
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Figure 4-3 Shear strength, stress-strain curve and damaged morphology of carbon fiber
composites (a) (b) Shear strength of carbon fiber composites with different modification
processes; (b) (d) Shear stress-strain curves of carbon fiber composites with different modification

processes; (¢) Morphology of carbon fiber composites after shear damage
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Figure 4-4 TFBT strength
(a) TFBT strength of composites with carbon fibers treated by different magnetron sputtering
processes; (b) TFBT strength of composites with carbon fibers treated by different polydopamine

Pprocesses
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Figure 4-5 Fracture morphology and failure mechanisms of carbon fiber composites in TFBT
(al)(a2) Tensile fracture morphology of CF/EP; (b1)(b2) Tensile fracture morphology of CF-
C/EP; (c1)(c2) Tensile fracture morphology of CF-C-PDA/EP; (d) Failure mechanisms of TFBT
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Figure 4-6 Tensile properties of carbon fiber composites before and after modification

—_

(a)(b) Carbon fibers treated by different magnetron sputtering processes; (c) (d) Carbon fibers

treated by different polydopamine processes
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Figure 4-7 SEM images of tensile cross-sections and fracture surfaces of selected carbon fiber

composite
(a) (d) CF/EP; (b) CF-C30-9h; (c) (e) CF-C30-24h; (f) CF-C350-9h
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Figure 4-8 Bending properties of carbon fiber composites before and after modification

(a) Bending strength of composites with carbon fibers treated by different magnetron sputtering
processes; (c) Bending strength of composites with carbon fibers treated by different

polydopamine processes; (b) (d) Bending stress-strain curves of carbon fiber composites
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Figure 4-9 Bending fracture morphology of carbon fiber composites before and after modification
432 BEWRAHES EHRIEIEEE ST
4321 EEEEMEZ R 58

TR BRI 2 — Bl P4l £4F 4 A BEXT 43 J2 B A MR Z 18] 85 D158 FE AR 4k
WFB, AT INRARA 4SS AR R DR S5 R . W&l 4-10 s N2 ik
T EMENNPIBIUITERE, 2 R4 250811 2 1555 V)M R A 5 HOR
BREF Y SR T N BT R BEAR ], LCF-C/EP #1 LCF-C-PDA/EP 2L E &5
BHOHLET V)58 EE %) K T LCF/EP. LCF-C-PDA/EP 2 &8 & RHIFLET ) 58 FEKE
Z OE R AR R Se RGN, A IR 9 h B2 R A B $18Y
VISR ik, B LCF/EP B8N T 26.44%. {HZ: 3h (2 BB &ML G2
JEE AW RHPTBT IR AN 0.57 MPa, X EE & i T RL ERMPIE TR
AR, BRE YRR 1S5 I8 AR B U & BE 11K, REEE BRI & 7). Bl
R 2 BB R, IRAF4ERTM A OB f5, M S Re & = 12
TH5 R TE IR RS AT BB [R50, S 00 AR A 55 25 5L T 41 4 55 0 AR 11 11
FHRAHAME: —J7 B A G IR 255 77, o5 — 77 T AE B LA B4 4
B N AR AR, I ARG RZ RIS Y) R E 5 hi o R YERE RS R AR T
HF A 5 2 E e eSO PE RS ) ) R s 38 0, I B R 2 TR R BUR E 1 &, 520
T ARSI ARG E M, SIS A TTHISS 1= R B )R .

Bl 4-10 (b) (R )-Ar e 2 vl DLt — P30 E, 8% ik &3, LCF-C-

41



A TRER AL 22 18 5L

PDA/EP HFIBI VIR E MR ER K, G 2 IR A W S K TG K&,
22 KT 0.15% LA, Fif5 LCF-C-PDA/EP [ J2 18] 35 V)% & 1) K F LCF/EP.

[FIIT A5 R I, LCF/EP #EIA8 B KB V)SRIE S5, BI U098 A 27 2 K24

1M LCF-C-PDA/EP fE2A i8I VIR 5, 2 R a1t W2, (HAE s R BT 1) 5 s
B I IR TR AR I R o 3K PR R AR UM B £ 4 3R T SRR, 7 52 B D) 48 A ) A
A TRAR U, BEAE B DR N, AT AR B R, TS S AR A,
er o )2 18] L SORITY i, LCF/EP Ol O 2B AR A s IR, 244
WY B (K 4-11 (a)), LCF-C-PDA/EP FZRTHMEIG 58, S8R ) i
R4 M RefS B, BYUIR T AR E W R L] =, RS T 28 i AR B 4 A
AR Ay e (B 4-11 (e-g))e

25
W Modulus at 0,29 strain s
(ayot g AT ()60
; Q
60 PZ sl
=
50 F =
~
= 15 EE 40
=40 se
) =2 30t -
S Z—
(330 - H10 = * 72 —tg:ﬁfﬂp —— LCF-Cyy%h
— @ - g% 7/ ——LCF-Cy3h  —— LCF-Cyy 120
20t i ;‘ 20 %” // ——LCF-Cy-6h  —— LCF-Cy,-24h
s 2 N4
i I E 10} My
1 = A A—
Al S I .
RS N O - 0.5 1.0 15
VCQ GO g O O g - . Displacement/mm '
NS NN NS O C P

Kl 4-10 SEMEHZEBTUI98EE . AR5 SR S 0N - AR 2
@B SHMEHREBIDISRE; (b)/= 183 U8 SR N - AR Hh £k
Figure 4-10 Interlaminar shear strength, modulus and corresponding shear stress-strain curves of
composites

(a) Interlaminar shear strength ,and modulus of composites,(b) Typical stress-strain curves of

interlaminar shear tests.
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Figure 4-12 Tensile strength and corresponding stress-strain curves of laminated composites

(a) Tensile strength of laminated composites; (b) Tensile stress-strain curve of composite material
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Figure 4-13 Bending strength and corresponding stress-strain curves of laminated composites

(a) Bending strength of laminated composites; (b) Bending stress-strain curve of composite
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Figure 4-14 Bending damage of laminated composites
(a) LCF/EP; (b) LCF-C/EP; (c)-(g) LCF-C-PDA(3-24 h)
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