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Fig.1 SEM (a, ¢, e, g) and 3D CLSM (b, d, f, h) images of the pure copper coating (a, b) and Cu/graphite composite coatings with

different contents of graphite electroplated on TC4 alloy: (¢, d) 2 g/L, (e, f) 5 g/L, and (g, h) 10 g/L
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Fig.2 Surface XRD patterns of the pure copper coating and Cu/

graphite composite coatings electroplated on TC4 alloy

F1 HEERIERENREEEE
Table 1 Surface roughness values of the specimens without
and with coating

Specimen R./pm R,/pm Rgm/pm
Substrate 0.9 7.3 8.6
Pure copper coating 1.2 8.9 9.7
Composite coating 1# 1.2 9.1 10.4
Composite coating 2# 1.4 10.1 13.2
Composite coating 3# 1.5 11.6 13.1
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Fig.3 Cross-sectional SEM images of the pure copper coating (a) and Cu/graphite composite coatings electroplated on TC4 alloy:

(b) composite coating 1#, (c) composite coating 2#, and (d) composite coating 3#
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Fig.4 Scratch voice signal curves of the pure copper coating (a) and Cu/graphite composite coatings electroplated on TC4 alloy:

(b) composite coating 1#, (c) composite coating 2#, and (d) composite coating 3#
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Fig.5 Microhardness of the TC4 substrate and its pure copper

coating and Cu/graphite composite coatings
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Fig.8 Worn surface morphologies of the pure copper coating (a, a;, a;) and Cu/graphite composite coating (b, b;) electroplated on TC4

alloy sliding against GCr15 ball counterpart for 30 min; EDS analysis results of area 1 in Fig.8a, (c) and area 2 in Fig.8b; (d)

(AL ZAHERN, R 20 T B SR R U o ) B AR T
R (] 8by sk 2 FroR)iEAT EDS [ 43 #r 45 R
Kl 8d flizn, W ULER Cu M C 4h, iBA7AEDEN S, K,
Cl Fl Ca SEHEWRCA 0, Ud WY B 45 10 119 T 356 IX 35
KRR, WAMTHIEHT CufsZ68EENR
(1 TS P52 3 R Ay S S 2 14D B ¥ i 2k

IIHTIN R, SEEARE = AR BEE A RIS TC4 &4
(1) B 45 2%, I HLAE B F T 46 B B (1 6 vh B 45 T 4 7 min
PN ) A AT R 5 AR B, AP LR v 1) 9 P A A R T
TEIEN JJER R 5 5 DI N BB, 7EARX I i f
PR E I AL HIAE R, S BURER B ALV AR K ) R
EEREARTE . R, SR 2 0 s BT LA BRI

W R 1715 25 o B BB 4 S T s B A AR AT
AN HE R (1 B g R 2 T 8 P A T £ i R 4 B D )
FHRON, — EEEEERE ) TR R s BOR R AR S
SRR, R A Y I N g AR R 20 ek
EA MR PERTE, Kl 8ay 8a; Ml 8a, H1 M ERIIE S
FHFE X IR EDS o 43 bt 45 RAR Lf Mk B 7 iX —
Mo I, TC4 A 435 1002l A 4% J2 1) B 152 PR 3 H L ol ]
DLUE 45 0 BLH BE L . G IS T )2 B s Bl 4%
BLHIR AR G M iR T B 6 v 2l 4% 2 A6 BE 451 7 min J5
JBE ¥ ZR S R G I I

Cu/ A7 55 53 542 I R BUARAAIR, fRA S5 00 R 1)
I FES VI T A P OKG FBEAIC 17 BR R BEL T, R I h R R B



o5 8 1

BIRPAE: TC4 frakim Cu/f S = A = AN K R R BRI 5T

* 2867 °

(25 AR, WK 6 Fros. Bk, Cu/fi B854
PRI 46 A T BRI B 7 K1, B 1 i () 9 P A
TEMBN, WA T PR A T B B a7 AR K R
Pio a4 SeAI T AR, XL B i A O
A A RANMERL, T2 W e 2 AR I AT B O F
LORIE RN, IR S TR I 55 A (R,
Wt Cu/gy s A 9= 10 R SR ML 3 2R B8 Bl
F 2% B ARV 7 T 40 o

3 & it

1) KA LT E SRR AR AL TC4 BKA G2 11
2 AT SRR AT A] L 41N . B IER G A B
1 Cu/fi e AR W= A Sns & B
PR ARG SN GmA, JF B NET .

2) Cu/ A 55 5345 B )2 1R BE 43 3R ORI IS i e 18 X 3%
IC T4l 3= TCA Jeh &4, HBBEEPAESE
(3G i B 52 A BT EAN 1.2 vol% i, H4H
BB RL N 2.5%10° mm®/(N'm), 14 TC4 Kik
BEH 9.1%, ATARTEIE ) 22.1%; B8R T A A s
F 2 3.6 vol%lif, B2 I B B B E— 25 24 1.6x107
mm®/(N'm).

3) Culfi B EAHEZRE N TC4 & a4t R I
R BRSBTS 00 R e VA s TC4
4 2% TH] 2L 2 ) PR A R ML ) 8 T A L )
A SRR 2 BB, Cu/f S 5 A 052 10 B B pL ) 3
S ) T 2 P A0 7 B 453

% 3k

[1] Chern A H, Nandwana P, Yuan T et al. International Journal
of Fatigue[J], 2019, 119: 173

[2] Harun W S W, Manam N S, Kamariah M S et al. Powder
Technology[J], 2018, 331: 74

[3] Wang S G, Wu X Q. Materials & Design[J], 2012, 36: 663

[4] Xie Linjun(i§t #k3%1), Liu Wei(X| 4). China Titanium
Industry("F [ EK)[I], 2017( 1): 24

[5] Alam M O, Haseeb A S M A. Tribology International[J], 2002,
35(6): 357

[6] Straffelini G, Molinari A. Wear[J], 1999, 236(1-2): 328

[7] Wang Lan( %), Zhang Qiuyang(5k #kBH), Li Xinxing(Z=#r
J2) et al. Rare Metal Materials and Engineering(%if 4 J@
B TRE)[I], 2015, 44(2): 480

References

[8] Kgoete M, Popoola A P I, Fayomi O S I. Data in Brief[J],
2018, 19: 1989
[9] Wilson A, Matthews A, Housden J ef al. Surface & Coatings
Technology[J], 1993, 62(1-3): 600
[10] Li Xuan(Z= #F), Tian Jin(HH Hf), Tian Wei(H ) et al
Journal of Inorganic Materials(JCHL# £ 2 H)[J], 2017,
32(10): 1102
[11] Mello C B, Ueda M, Silva M M et al. Wear[J], 2009,
267(5-8): 867
[12] Li H, Ramezani M, Chen Z W. Wear[J], 2019, 440-441: 203
[13] Dixit T, Singh I, Prasad K E. Wear[J], 2019, 420-421: 207
[14] Ge Xiaolan(1% %), Zhong Yiying(#1125 §1), Xu Xiaojing(¥F
% E) et al. Rare Metal Materials and Engineering(Fif5 4 )&
FELS TRH[I], 2017, 46(8): 2266
[15] Yao Xiaofei(%k/s &), Xie Faqin(iff & %), Wang Yifei( £ 3
%) et al. Rare Metal Materials and Engineering(%i i % J& A4
BHS TR, 2012, 41(12): 2135
[16] Shen Zhichao(¥k&i#), Xie Faqin(if & %)), Wu Xiangging
(RIMVE) et al. China Surface Engineering("' |E 1 T.
FO[I], 2012, 25(5): 45
[17] Lee C K. Tribology International[J], 2012, 55: 7
[18] Wang Y F, Li G, Shi Z Q et al. Journal of Alloys and
Compounds[J], 2014, 610: 713
[19] Bai Xiaojun([18%7%). Electroplat & Pollut Control(H19%5
AR, 1993, 13(2): 8
[20] Gao Ruijuan(%idH), Hang Jianzhong(Hi & &), Shi Liyi(JE
FER) et al. Journal of Shanghai University: Natural Science
Edition( L K22 254 R AREHAIR)[I], 2011, 17(6): 762
[21] Wang Wu(F ), Xi Duoqing(ii [E 5#), Guo Bingyan(ZK A
4) et al. China Powder Science and Technology(" [ ¥} &
FA)[I], 2020, 26(3): 48
[22] Huang Kai(3% #l), Bai Hua([d %), Zhu Yingbin(JRILH) et
al. Acta Materiae Compositae Sinica( 5 & # ¥l %% 4R)[1],
2018, 35(4): 920
[23] Sun Jiashu(#h ZK #X). Wear of Metals(<x & ) EE 451)[M].
Beijing: Metallurgical Industry Press, 1992: 118
[24] Ran Xu(f# Ji), Liu Yongbin(X] % %), Bao Xiaojun(fi I %)
et al. Transactions of Materials and Heat Treatment(# #}#
LEEL2E R[], 2007, 28(2): 12
[25] Zhang Y Y, Choudhuri D, Scharf T W et al. Materials &
Design[J], 2019, 182: 108 009



-+ 2868 * M EmMRS TR %49 35

Structure and Wear Behavior of Cu/Graphite Composite Coating
Electroplated on TC4 Alloy

Zhao Dongping', Guo Jingiang', Li Xuan®
(1. Xi’an Aeronautical University, Xi’an 710077, China)

(2. Sichuan University of Science and Engineering, Zigong 643000, China)

Abstract: Cu/graphite composite coatings with different graphite contents were prepared on TC4 alloy by cyanide free electroplating. The
microstructure, wear behavior and wear mechanisms of the coatings were investigated. The results show that Cu/graphite composite
coatings with compact structure and relatively strong coating/substrate combination can be obtained by cyanide free electroplating on TC4
alloy. However, increasing the graphite content in the coating would reduce the bonding strength between the coating and the substrate,
and lead to a small decrease in coating hardness. The wear tests show that Cu/graphite composite coating can protect the TC4 substrate
from wear effectively, demonstrated by its much lower friction coefficients and wear rates than those of both TC4 substrate and the pure
copper coating. Based on a comprehensive analysis of the wear morphologies, wear products and friction coefficients of the coatings, the
main wear mechanisms of the pure copper coating can be deduced as ploughing wear, adhesion wear and peeling wear, while those of the
Cu/graphite composite coating are concluded as slight layer cutting wear and fatigue wear.
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