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Abstract: The solid lubricant graphene coating was prepared by adding aqueous dispersion of graphene into two-
component waterborne epoxy coatings. The electrochemical corrosion behavior and failure process were investigated by
potentiodynamic polarization curve and electrochemical impedance spectroscopy in simulated seawater (3.5% NaCl
solution). The sliding friction and wear behavior, wear scar morphology and wear mechanism of the three graphene-
epoxy coatings were analyzed by UMT-3 tribology tester in dry condition and seawater environment, respectively.
Results indicated that the graphene obviously improved the coating resistance and charge transfer resistance of the epoxy
coating, also reduced the friction coefficient and wear rate of the epoxy coating, Friction coefficient and wear rate of
graphene-epoxy coating in seawater were lower than that in dry condition.
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Fig. 1 The Nyquist and Bode plots of G-epoxy coating immersed in 3.5% NacCl solution after different times
BI1 A SR B IR R AE 3. 5% NaC LA R HIR i AS [F] I T] () Nyquist 1 Bode &



%5

K AR, R A SRR AR R AT PR i ok 2 REAE 7T 601

XoF LT % 2 H BELRI R, PRI X S P BT 42 )
B 615 4% 2 180 10 R A A o LRI SO Pl 2 R ),
F R A RE K, S 09I A2 AR A0 X A5 A 4
B 8L A NI R =00 Rl e Tkl B 8% (A=
A AR E RPN 1 s R E ()],
e B 2l K PR R S I 4 Q23 SHX 7E 3.5%NaC LA i
IEARVE G =N Ny IR SR 3 ) S E T L K (A
U A5 2 35 1 R (R I WIIN), B 5 12 I I [] ) 42
K, BASEPUIE B, R Z 0 Q2358 B 4
R AR

N BT SR N R 2 AR LI K
1) R 272 DA T S R0 R 20O R, SR FH S5 0 Bt (1 2) )
EISHE BT HL G, 132000 AL i S 5N R 1. 1
SRR, ROV, O RIRZE AR, RONIRZE
FLBH, Qu WL JZ HL Y, R AN AT BB, A
ST, BERIEE (R K, BTE R E R R RE T
K, QMW K, FER Ttk A HEn
K3 TR0 Pl P GBS 1 B R B B E Bk
4b, Qg IR (2 (KT, 2 F Ky FREAE 5

Fig. 2 The equivalent circuit used to fit the EIS data
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Table 1 The electrochemical corrosion parameters of three G-epoxy coatings fitted from the equivalent circuit.

Time/h RJ/(Q-cm’) OJ/(uF-cm ™) n R/(kQ- cm’) Qg/(uF-cm®) n R /(kQ- cm’)

0%G 2 0.01 8.9 0.44 62.2 7.78 0.84 23.1
12 0.01 82.5 0.76 19.7 53.1 0.46 26.5

24 0.01 110 0.76 3.448 77.7 0.45 10.9

48 0.01 132 0.81 2.906 135 0.43 10.1

0.25%G 2 0.01 0.002 1 0.91 66.9 0.934 0.42 425
12 0.01 0.002 2 0.92 34.1 1.38 0.41 391

24 0.01 0.003 5 0.93 25.6 1.95 0.45 356

48 0.01 0.007 8 1.00 19.8 2.56 0.41 349

0.5%G 2 0.01 0.005 6 0.82 579 0.846 0.65 645
12 0.01 0.005 7 0.83 501 0.749 0.66 621

24 0.01 0.0068 0.85 394 0.101 0.73 266

48 0.01 0.0087 0.89 388 0.054 0.74 251

Fig. 3 Variations of R, and R, curves of G-epoxy coating immersed in 3.5% NaCl solution after different times
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Fig. 4 The polarization curves of G-epoxy coating immersed
in 3.5% NaCl solution after 48 h
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Table 2 Corrosion parameters of different epoxy coating composite immersed in 3.5% NaCl solution after 48 h

Epoxy coating composite Eeon(V> vs SCE) for/ (LA Cm ") B/(V-dec™) BJ(V-dec™)
Neat epoxy —0.681 0.13 5.43 —4.15
0.25%G-epoxy —0.648 0.083 5.21 438
0.5%G-epoxy ~0.640 0.064 7.53 527

Fig. 5 Surface morphology of three G-epoxy coating after 30 d in salt spray box
Els =Fia sSE AR 230 dEh 5550 f5 MR TH SN
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Fig. 6 COF of three G-epoxy coating in dry and seawater friction conditions
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Fig. 7 Cross-sectional area of wear trace of three G-epoxy
coating in dry and seawater friction conditions
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Fig. 8 Wear trace morphology of three G-epoxy coating in dry friction conditions
KIS =iy sk A SR R AR T R T I IRTE 30



604 B 2 i

35 %

PR A AR iR -] B 456 70, A4 380 25 1) B A BRI
BYY) )RR BE i R A, RIS, 76 BEBR AR K IR BE
FEVR, SR I0AS b e B SR B B R T U %
5%, B B K M SR R U 2 O R A e
P18y v 8 I 7K 1 A S8 i Uk J2 A T BE B B L
RIMEHE , L EDE RSB IR A B AR IR, T
& BEIR AR OCSEMBE Fr . =ik J2 BE R Ab S 1745 />
AL, BHHEMEBR AT, A ERZE R
W, ROTROKR, HARIA B2 AT BEHE J7 v 1) 2 40/
JR B L, X 5 A AR 2 AR I BB P BEAE X
7£0.25%G-HAF0.5%G- A3 2, BEH R TH 5 °F
W, RHOURSHN. WA SERIN, 325 T K4
W E I BN M RE, A S0 T DU A i R,
QLRI 57 BEA, b T 52 =R 2 DL B U R 1P .

3 £

a. K 5% VA 0 R BV 250 50 3 B30 38 045 2R RL I B )
fil#% A RGN EEEWRE.

b. K AL SRR 3k 2R G VR4 T AT AR I
JE T B 22 TR AT R R RO R A 2805 7T DA = B
IR Z A, JRIK T AN A AR R E A
BB IE A G 0.5%G- 23R Z (140, 790064 pA/cm’)
Y747 1 A 2 Sl K R 48R 2 (gore 0. 13 pA/em®) [F
K T 165,

c. A SR 4% AT DL R /K ME IR S R 2 A T BE R i
KB HE T 1D R R BN B AR R, T I e i, o) 2
SUNY R, JESENE 55 BRI, E M 4 U 2 (0 0 B ek R
PERE.
5 & ik

[1] Chen BB, Wang J Z, Yan F Y. Synergism of carbon fiber and
polyimide in polytetrafluoroethylene-based composites: Friction and
wear behavior under sea water lubrication [J]. Materials & Design,
2012, 36: 366-371.

[2] KongL Q, Cheng J, Jin KJ, et al. Friction and wear properties of
(WAI)C-Co ceramic composites under sea water environment[J].
Ceramics International, 2014, 40(9): 14 965-14 971.

[3] ShanL, Wang YX, LiJ L, et al. Improving tribological performance
of CrN coatings in seawater by structure design[J]. Tribology
International, 2015, 82: 78—88.

[4] PulB,WangL P, Xue Q J. Progress of tribology of graphene and
graphene-based composite lubricating materials[J]. Tribology, 2014,
34(1): 94-113 (in Chinese) [V & ik, £30°F, BERESE. A SRR R
5 R A SRR AT DRI SO SR (D], R A AEAR, 2014,
34(1): 94-113].

[5] ChenJM, LuX W, LIH X, et al. Progress of solid self-lubricating

(7]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

coating over a wide range of temperature [J]. Tribology, 2014,
34(5): 592-600 (in Chinese) [FREEHE, F/ME, Z2404F, &, TR
) B i P U 2 PR B IT T R[], PR 224, 2014, 34(5):
592-600].

Lin L Y, Kim D E, Kim W K, et al. Friction and wear
characteristics of multi-layer graphene films investigated by atomic
force microscopy[J]. Surface & Coatings Technology, 2011, 205:

4 864-4 869.

Lee CG, Wei XD, Li QY, et al. Elastic and frictional properties
of graphene[J]. Physica Status Solidi B, 2009, 246: 2 562-2 567.
Jiang Y, Li Y, Liang B, ef al. Tribological behavior of a charged
atomic force microscope tip on graphene oxide films[J].
Nanotechnology, 2012, 23: 495-703.

Vesna M S, Ivana J, Inhwa J, et al. Electrochemical study of
corrosion behavior of graphene coatings on copper and aluminum in
a chloride solution[J]. Carbon, 2014, 75: 335-344.

Dong Y H, Liu Q Q, Zhou Q. Corrosion behavior of Cu during
graphene growth by CVD[J]. Corrosion Science, 2014, 89: 214-219.
Dhiraj P, Juan C T, Robert R. Graphene: corrosion-inhibiting
coating[J].ACS Nano, 2012, 6(2): 1102-1108.

Maido M, Tauno K, Jekaterina K. Graphene-polypyrrole thin hybrid
corrosion resistant coatings for copper[J]. Synthetic metals, 2015,
200: 16-23.

Zhang Y. Synthesis and modification of graphene for antistatic
coatings|[M]. East China university of science and technology, 2013
(in Chinese) [# 5. 4188 M ] % 15 ok R AESUEH HRIGR B TR
FAM]. B4R BE T K2, 2013]

Yu H. Study on preparation and performance of grapheme/TiO,
modified water borne polyurethane composite coatings[M]. Dalian
maritime university, 2013(in Chinese) [ XK. 1 8847/ TiO, & & 44 £
UK SR E BR BT 15 IR B AL [M]. K& K, 2013].

Qiao Y L, Zhao H C, Zang Y, et al. Friction and wear properties of
water-dispersing system of multilayer graphene [J]. Tribology, 2014,
34(5): 523-530(in Chinese) [F+ Tk, BAHEHA, it, &, £ 205
WK AR 2R (K PR B BRI M REIT AE (D). BB 22223, 2014, 34(5):
523-530].

LinJ S, Wang L W, Chen GH. Modification of graphene platelets
and their tribological properties as a lubricant additive[J]. Tribology
letters, 2011, 41: 209-215.

Ye Z J, Tang C, Dong Y L, et al Role of wrinkle height in friction
variation with number of graphene layers[J]. Journal of Applied
Physics, 2012, 112: 116-102.

Zhao X, Liu S, Wang X T, et al. Surface modification of ZrO2
nanoparticles with styrene coupling agent and its effect on the
corrosion behaviour of epoxy coating[J]. Chinese Journal of
Oceanology and Limnology, 2014, 32(5): 1163-1171.

Liu S, Sun HY, Sun L J, et al. Effects of pH and CI- concentration
on corrosion behavior of the galvanized steel in simulated rust layer

solution, Corrosion Science, 2012, 65: 520-527.



B5H K AR, R A SRR AR R AT PR i ok 2 REAE 7T 605

[20] ShanL, Wang Y X, Li J L, et al. Tribological property of TiN, TiCN conditions[J]. Tribology International, 2012, 55: 126-134.
and CrN coatings in seawater[J]. China surface engineering, 2013, [22] Zhai W Z, Shi X L, Wang M, et al. Grain refinement: A mechanism
26(6): 86-92 (in Chinese) [#.%, FKJik, 24, %&. TiN. for graphene nanoplatelets to reduce friction and wear of Ni3Al
TiICNFICINIR ZTEMF KI5 T (0 EE B e Re[J]. v B i THE, matrix self-lubricating composites[J]. Wear, 2014, 310(1-2): 33-40.
2013, 26(6): 86-92] [23] LiHQ, Xie Y T, Li K, et al. Microstructure and wear behavior of
[21] CuiGJ, BiQL, Zhu SY, et al. Tribological behavior of Cu-6Sn- graphene nanosheets-reinforced zirconia coating [J]. Ceramics
6Zn-3Pb under sea water, distilled water and dry-sliding International, 2014, 40(8): 12821-12829.

W\ E

CEEEZR) 2 (PEBEESI SR ) BT 2 —, BAIN R E BB ot (h EBE 51 S0 R gt it
PWHTY  BHEGH ER RGBT CPEBBGE ISR IHERTY A Chxo oITIE R 2 58) |, BseE (IHERI
(EDY « (HLZ3TH(CA)) «  (BIFFRIZCE(CSA)) LA HA (BB SCIRER ) S22 MR RGIer; A G (h FE A
FIOEERR) |, 158 Z BRI — X PEL AT, ISR AR ZoR SO A G B, 1 7E BRI 75 1, A TR AT & 24 A0 2.

1 EEHSRIEEX

WHIEIRSC: IR = ARMME W TR, 430727 0007 £ 74

W TE A IRIEHCHT BT FE R R, 42 3CHES 0007 247

TCRERE A : AR PEE AT T AU AR S B RE e, 4 SCHET 0005 2 A

BRI R [ A SRR A TR 500 RS ST S U sl e S 0 FU 0T 1R KRR, 4530HE9 0007 24

PPIR G S [ P S BRI 22 BT 95 U B it J S5 T U7 1A, 42 SCHE9 0005 24 3

DAL 5 AMZE KSR TR FEUS B R RESHE SO, ER ST HREE B, 2 —mZ .

2 BHREEK

(LB 44 BT, — RS20, B4 TP R B I . 45 R4 Tk, o4 250 LA #0200 0 b SC i B VA 3
B, IR 40 BBt 3~8 SR RIS 2 B R 1 o P45 35

QR4S IR 1S 1AT B R AR

YRR P ERU L b AR P J A (R PR A 60 L SR, 102 PRI 2 5098 5398, TR0 b A0 0 T M R, ek — R
P34, R, PRIk, MK b BRI th . S0 T,

YRR F 0 B 7 500 0 0 2 R s 3 R bt

(5) % SCHR S B 1 53 1 D03 O RUR B0, H0 30 P 31 P WU 5 (18 S0 B R S04%), A T 3% e B g
RFNU SR 5I ), 2 5o S SHAGBT7714-2015, FLAE 4 o 50 5% SOk TSR B0HA S S SC 1%
3 wmRAR

K BRI A_L450 177 SRACFR A, HER T 22 IRLHEA: www.tribology.com.cn, TE 18 6 i — 2 o 0 B L/ P, VEA 52 1k
T BT A_b 45033 . BRI VAT MBS (8 T R, L 435 SR b O . 48 1P 112 6 90 LR IR o SR
ES
4 TR

(BB — 20 BRSO A, 75 438 8 13 70

R 0 EA 5 RV KO 3 1 P55 1 2, 6 BB RO P o S 0 S5O LS A %, {23 S s el
A AR LT e A B 50 {2 T 0 B 2 SO P b FAR 2

(3 RAEAT BUR R8BS A B, A 207 A0 G0 T8 5 25 48 740 B (LT 38 24 1A 52, DR [ 5.
VR R TSR

(@)eR— LR R, IR 25 (R I % 24 .



