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The latest research achievements for improving the mechanical and tribological properties of aluminum alloy by DLC protecting

films were summarized. Meanwhile, the obstacles in the harsh applications such as poor resistance to plastic deformation and

low adhesion between the film and substrate were generalized. By analyzing the unfavorable factors of high-performance DLC

film deposited on aluminum alloy substrate, it was found that the low interface chemical bonding strength, high residual stress

and the structural system limitation of soft matrix/hard film were the main causes of the above problems. On the basis of this,

the measures taken by the domestic and foreign researchers to improve the adhesion between DLC film and aluminum alloy and

corresponding results were presented, including surface treatment for strengthening mechanical properties and reducing surface

defects, preparing single-layer or multi-layer interlayers to reduce the difference of the structure and properties between DLC

film and aluminum alloy matrix by PVD or other surface modifying methods, and reducing the residual stress by controlling the

composition and structure of DLC film. Finally, the future development trends of DLC protective film on aluminum alloy

substrate are proposed.
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Tab.1 Effect of PVD transition layer on adhesion strength and friction efficientof DLC prepared on aluminum alloy

[42-50]

Sample  Preparation process Film Critical load/N  Friction coefficient(dry conditions) References
7A04 UBMS + RF-PIII&D Si/DLC 0.023(nanoscratch) ~0.6(Load 0.49 N) [42]
7A04 UBMS + ECR-PECVD TiN/DLC 0.023(nanoscratch) [43]

A2024  Sputtering +PECVD Ti/DLC 14.3 0.15(Load 5 N) [44]

A2024 PECVD Si-DLC/DLC 13.7 0.18(Load 5 N) [44]

0.06~0.07(Load 2 N)
LY12 UBMP Cr/Cr-C/GLC 17.6 0.06~0.07(Load 8 N) [45]
0.06~0.07(Load 2 N)
LY12 UBMP Al/Al-Cr-C/GLC 35 0.07~0.08(Load 8 N) [45]
Al alloys Arc ion plating Ti/TiN/Si/(TiC/a-C:H) >20 0.16(Load 5 N) [47]
A2024 PECVD [Si-DLC/DLCly 15.2 ~0.15(Load 5 N) [50]
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Fig.3 Cross-section TEM image of composite coating and SAEDP of interface between sublayer and Al-based alloy
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Tab.2 Effect of gradient composite transition layer on adhesion strength and friction

coefficient of DLC prepared

on aluminum alloy>**"

Sample Preparation process Film Critical load/N Friction coefficient References
LY12 Flectroless deposioon® NiP/CtC/DLC 35 i) (53]
AW-7022 HOVF+SputteringtPECVD ~ Cr3C,-NiCr/DLC 25 0.1 (Load 5 N) [54]
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alloy for different bias voltage (150 V, 300 V and 600 V)%

GRENAKTREL TiC ARBURLAS(CRA e B , i ELA R
SIR VIR 8 PR T B B, DT R e R ) BE R TR RE
SR G 24 3R K TR0 B — B AT 25 I DLC
JEE P I 3 1 7 R AR DR & T R IR BE IR A B A
G

4 BEE5RE
B A L L AR | RS ST



Faok B

12K

J—F\'I_J'fi%: %%%%@Emﬁ*x\ﬁ

A

G RIAT T R AT 58 0

+ 119 -

HR R, WA e R R RE R EORBOR MR, Al
A RMAERAR, W& et r R m 6,
ABEWE L2 T UL R A E0R . DLC AR AR
) A B L G S B DB S BE R AT A R
R R 4 A T — R AR B By 4P AR o BSR4
EANR R A 4RI DLC WM AR B m) &, H
P o WAL R A BE T A6 12 ) B, L2 08 0 25 TR
BEJE , AN T A B BB S B R T AL BE . R TR
WY | ASE P AR BRI A B PR, X e e AR A
IR R, (Al TEIAT 26 & T B, T8
AHP IR %, AT L IR HE . 4% DLC
Y JBEARAE P S g A A — S Y L A s R 2 5, (H
HORFHFAWIE,, AT 225 S R, A Rt —
ARV AS A o NI, FSERA WA G REE SR
U DLC Rl & 5 B HIBT TS, A7 AR T 22X
RARFRASEE : — IR U5 i oy B (EHERY il % T
BORf sk IR S 4 &, s TR i, [H]
S AT A 683 6 4B /DLC IR X b BB /R I A 245
VAR AR, F i B T oA R i i —
SRR ZIREE T R IR T, A S BiER A 4 /DLC
W) Z DI REALZE A LT, L K2 IR A 2R 114 S fe
FHATSERE, o) AR RMIE ST A 2 A G TE R T

S 30k

RO, BRAE. VAR R R A SR AR A
PRI ). BEHIR, 2016(2): 1-6.

ZHENG Hui, ZHAO Xi-ya. Lightweight automobile and
application of aluminum alloys in modern automobile
production[J]. Forging and stamping technology, 2016(2):
1-6.

2oL, SRR, e, fF BE S AR AR
REBIA]. BHLHLSE, 2018(14): 56.

LI Bin, ZHOU Huan-zhu, SU Xue-wei, et al. The develop-
ment status and application of aluminum alloy building

(1]

(2]

materials[J]. Science & technology vision, 2018(14): 56.
DURSUN G, SOUTIS C. Recent developments in advanc-
ed aircraft aluminum alloys[J]. Materials and design, 2014,
56(4): 862-871.

PEHE. B R BHLER A A T S ) 2R AR B T 2]
LB 551, 2007, 29(3): 25-27.

LU Wei. Surface treatment technology for increasing wear

(3]

resistance of aluminum alloy engine parts[J]. Plating and
finishing, 2007, 29(3): 25-27.

ks, BER, WG, % S RG SRR
R[], hEREA AR, 2010, 21(2): 92-96.
ZHANG Gao-hui, HUANG Guo-qing, XU Peng, et al. Re-
search progress in surface treatment of aluminum alloys[J].
Journal of China University of Metrology, 2010, 21(2):
92-96.

WritgHe, AA7 22,

[6] BN, . RS SR A IR T

[10]

[12]

[13]

[14]

[17]

PR JER S B, 2007, 28(8): 417-419.

CHEN Hai-yan, ZHU You-lan, LI Feng, et al. Optimiza-
tion of chromium plating process of Al-Si alloy[J]. Corro-
sion and protection, 2007, 28(8): 417-419.

IMITIR, BRI, TR0, 5. SRa SR AL S
WEAEREL]. HBE SR, 2010, 32(4): 18-21.

SUN Yan-le, XUAN Tian-peng, XU Shao-nan, et al. Re-
search advances on anodic oxidation of aluminum alloy[J].
Plating and finishing, 2010, 32(4): 18-21.

MG E, R, RAZE. BESRMBOUEERA
[J]. = T R4, 2017, 38(10): 157-161.
ZHANG Peng-fei, LI Yu-xin, WU Li-yun. Status and
development of laser cladding on aluminum alloys[J].
Journal of ordnance equipment engineering, 2017, 38(10):
157-161.

LUGSCHEIDER E, KRAMERK G, BARIMANI C, et al.
PVD coatings on aluminum substrates[J]. Surface and coat-
ings technology, 1995, 74-75(part-P1): 497-502.

ILE, EHOR, T4k 7. 5083 A e RmiEEk/ B A
AR LS5 S R VERE(T]. BERHRAAL PR 274,
2017, 38(3): 172-176.

ZHANG Fan-yong, YAN Mu-fu, HE Ji-ning. Microstructure
and wear properties of duplex coatings fabricated by
plasma nitriding of Ti-coated 5083 aluminum alloy[J].
Transactions of materials and heat treatment, 2017, 38(3):
172-176.

LIU Y M, LI L H, XU M, et al. Effects of nitrogen ion
implantation and implantation energy on surface properties
and adhesion strength of TiN films deposited on aluminum
by magnetron sputtering[J]. Materials science and engineer-
ing: A, 2006, 415(1/2): 140-144.

SASAKI Y, NOSE K, KAMIKO M, et al. High adhesion
of diamond-like carbon thin film to an aluminum alloy
achieved by substrate sputtering and redeposition method[J].
Surface and coatings technology, 2011, 206(1): 143-148.
BERFAE, EA0F. 8 NIA B AW A B M. dbat:
Bheth R, 2012.

XUE Qun-ji, WANG Li-ping. Diamond-like carbon-based
film material[M]. Beijing: Science Press, 2012.

ZOU Y S, ZHOU K, WU Y F, et al. Structure, mechanical
and tribological properties of diamond-like carbon films
on aluminum alloy by arc ion plating[J]. Vacuum, 2012,
86(8): 1141-1146.

ROBERTSON J. Diamond-like amorphous carbon[J]. Mater-
ials science & engineering reports, 2002, 37(4): 129-281.
LI L H, TIAN X B, CHU P K, et al. Growth and nuclea-
tion of diamond-like carbon (DLC) film on aluminum[J].
Nuclear instruments and methods in physics research
section B: Beam interactions with materials and atoms,
2003, 206: 691-695.

AL, 585 A 2 B WAy 22 J2 AR R T e A ML
REWFFE[D]. JR#K: VORI SCHE R, 2011.

XIAN Gui. Study on synthesis and mechanical properties
of diamond-like carbon multilayer films on aluminum



+ 120 -

EN TR NN

2020 4 1 A

(18]

(21]

(27]

alloy[D]. Chengdu: Southwest Jiaotong University, 2011.
TER, KT, B, e aREE S IR
RERE DLC MBS R RELCT /245 L) 4 [ EE o R
SRS, M R ENU TR S EER AR 4023, 2009:
84.

WAN Shan-hong, ZHANG Guang-an, WANG Li-ping, et
al. Wear resistance of functionally graded DLC films deposit-
ed on aluminum alloy surface[C]//Proceedings of the ninth
national tribology conference. Lanzhou: Tribology Branch
of Chinese Mechanical Engineering Society 2009: 84.
WANG P, WANG X, XU T, et al. Comparing internal
stress in diamond-like carbon films with different struc-
ture[J]. Thin solid films, 2007, 515(17): 6899-6903.
SR, SRS 2B NI IR A AR LA I
B R TR 2R, 2014, 38(1): 129-133.

ZAHNG Er-geng, ZHANG Ti-bo. Application of diamond-
like carbon in automobile parts[J]. Journal of Nanjing
University of Science and Technology, 2014, 38(1): 129-
133.

ZIA A W, ZHOU Z, SHUM P W, et al. The effect of
two-step heat treatment on hardness, fracture toughness,
and wear of different biased diamond-like carbon coat-
ings[J]. Surface and coatings technology, 2017, 320: 118-
125.

TAKAHASHI K, OSEDO H, SUZUKI T, et al. Fatigue
strength improvement of an aluminum alloy with a crack-
like surface defect using shot peening and cavitation peen-
ing[J]. Engineering fracture mechanics, 2018, 193: 151-161.
JIANG J, AMELL R D, TONG J. Some special tribological
features of DLC coatings deposited on soft substrates[J].
Wear, 1997, 211(2): 254-264.

KACZMAREK L, ADAMCZYK-CIESLAK B, MIZERA
J, et al. Influence of chemical composition of Ti/TiC/a-
C:H coatings deposited on 7075 aluminum alloy on their
selected mechanical properties[J]. Surface and coatings
technology, 2015, 261: 304-310.

KANO M. Coating technology for vehicle applications|[M].
Switzerland: Springer, Cham, 2015.

WASY A, BALAKRISHNAN G, LEE S H, et al. Argon
plasma treatment on metal substrates and effects on diamond-
like carbon (DLC) coating properties[J]. Crystal research
and technology, 2014, 49(1): 55-62.

WADA T, NAKANISHI J, MIKI Y, et al. Surface
modification of aluminum alloy using plasma based ion
implantation and deposition[J]. Advanced materials research,
2012, 488-489: 960-966.

XIALF, YAN Z H, LIAO J X. Effects of intermediate layers
on the tribological behavior of DLC coated 2024 alumi-
num alloy[J]. Wear, 2004, 257(5/6): 599-605.

ZHNAG Z L, LIAO J X, XIA L F, et al. Structure and
tribological properties of modified layer on 2024 aluminum
alloy by plasma-based ion implantation withnitrogen/ titan-
ium/carbon[J]. Transactions of nonferrous metals society
of China, 2003, 13(6): 1371-1375.

[30]

[33]

[34]

[37]

[38]

[39]

[40]

[41]

[42]

LIAO J X, XIA L F, SUN M R, et al. Tribological
behavior of gradient modified layer on 2024 aluminum
alloy modified by plasma-based ion implantation[J]. Wear,
2004, 256(7): 840-845.

LIAO J X, TIAN Z, L1 E Q, et al. Thick gradient layers
prepared by plasma-based ion implantation on 2024
aluminum alloy[J]. Journalof physics D: Applied physics,
2007, 40(16): 4916-4921.

XU M, LIU Y M, LI L H, et al. Experimental and
numerical evaluations of adhesion strength and stress in
TiN films deposited on Ti-implanted aluminum[J]. Journal
of vacuum science & technology A: Vacuum surfaces and
films, 2006, 24(2): 212-217.

XU M, CAI X, LIU Y M, et al. Tribological properties of
graded diamond-like carbon films on Ti ion-implanted
aluminum substrate[J]. Diamond and related materials,
2008, 17(11): 1844-1849.

HOU Q R, GAO J. Enhanced adhesion of diamond-like
carbon films with a composition-graded intermediate
layer[J]. Applied physics A (materials science processing),
1999, 68(3): 343-347.

CAI H S, QI F G, OUYANG X P, et al. Effect of Ti
transition layer thickness on the structure, mechanical and
adhesion properties of Ti-DLC coatings on aluminum
alloys[J]. Materials, 2018, 11: 1742.

LI X W, LI L, ZHANG D, et al. Ab initio study of
interfacial structure transformation of amorphous carbon
catalyzed by Ti, Cr, and W transition layers[J]. ACS
applied material and interfaces, 2017, 47(9): 41115-41119.
WEI C, CHEN C H. The effect of thermal and plastic
mismatch on stress distribution in diamond like carbon
film under different interlayer/substrate system[J]. Diamond
and related materials, 2008, 17(7): 1534-1540.

WEI C, YANG J F, TAI F C. The stress reduction effect
by interlayer deposition or film thickness for diamond like
carbon on rough surface[J]. Diamond and related materials,
2010, 19(5/6): 518-524.

WEI C, WANG Y S, TAI F C. The role of metal interlayer
on thermal stress, film structure, wettability and hydrogen
content for diamond like carbon films on different sub-
strate[J]. Diamond and related materials, 2009, 18(2):
407-412.

BURNETT P J, RICKERBY D S. The relationship be-
tween hardness and scratch adhesion[J]. Thin solid films,
1987, 154(1/2): 403-416.

SRINIVASAN N, BHASKAR L K, KUMAR R, et al.
Residual stress gradient and relaxation upon fatigue
deformation of diamond-like carbon coated aluminum
alloy in air and methanol environments[J]. Materials and
design, 2018, 160(5): 303-312.

WOKE, THAPR. TA04 Fia G 31 DLC Wil & K1k
REOFSE[]. HAs B2 5EORAR, 2015, 35(5): 608-613.
SU Yong-yao, WANG Jin-biao. Synthesis of diamond-like
carbon coatings on 7A04 Al-alloy surfaces modified with



B49 % 41 JAESE 85 4 AR I IUAR S 4 NI A vl A 1 T 5 0k fre - 121 -
Si-layer[J]. Chinese of journal of vacuum science and coated with a DLC duplex coating[J]. Tribology inter-
technology, 2015, 35(5): 608-613. national, 2015, 85: 74-87.

[43] SUY Y, GUI X, XIE D, et al. The effect of a TiN [54] PICASJ A, MENARGUES S, MARTIN E, et al. Charac-
interlayer on the tribological properties of diamond-like terization of duplex coating system (HVOF+PVD) on light
carbon films deposited on 7A04 aluminum alloy[J]. IEEE alloy substrates[J]. Surface and coatings technology, 2016,
transactions on plasma science, 2011, 39(11): 3144-3148. 318:326-331.

[44] MARUNO H, NISHIMOTO A. Adhesion and durability [55] UTSUMI T, OKA'Y, FUIIWARAE, et al. Effect of a hard
of multi-interlayered diamond-like carbon films deposited supra-thick interlayer on adhesion of DLC film prepared
on aluminum alloy[J]. Surface and coatings technology, with PBIID process[J]. Nuclear instruments & methods in
2018, 354: 134-144. physics research, section B: Beam interactions with

[45] NAKAMURA M, KUBOTA S, SUZUKI H, et al. Wear materials and atoms, 2007, 257(1/2):  706-709.
and friction characteristics of AIN/diamond-like carbon [56] FAVACHE A, SACRE C H, COULOMBIER M, et al. Frac-
hybrid coatings on aluminum alloy[J]. Journal of materials ture mechanics based analysis of the scratch resistance of
engineering and performance, 2015, 24(10): 3789-3797. thin brittle coatings on a soft interlayer[J]. Wear, 2015, 330-

[46] WFEEE, JeHile, KA R, % ITRENRG SRR 331: 461-468.

GLC %% )2 ZUMBE 2 Rt 2 m [7]. 4 )8 229, [57] SANDER T, TREMMEL S, WARTZACK S. A modified
2012, 48(8): 983-988. scratch test for the mechanical characterization of scratch
SHI Hui-ying, LONG Yan-ni, JJANG Bai-ling, et al. Effect resistance and adhesion of thin hard coatings on soft
of sublayer of the structures and tribological properties of substrates[J]. Surface and coatings technology, 2011, 206(7):
GLC coating on Al-based alloy[J]. Acta metallurgica 1873-1878.

sinica, 2012, 48(8): 983-988. [58] NOSE K, SASAKI Y, KAMIKO M, et al. Nanoindentation

[47] WANG L P, WANG S H, WANG S C, et al. Gradient fracture behaviors of diamond-like carbon film on aluminum
DLC-based nanocomposite coatings as a solution to improve alloy with different interface toughness[J]. Japanese journal
tribological performance of aluminum alloy[J]. Tribology of applied physics, 2012, 51(9): 090127.
letters, 2010, 38(2): 155-160. [59] DAI W, ZHENG H, WU G S, et al. Effect of bias voltage

[48] LINY,ZIAAW, ZHOU Z, et al. Development of diamond- on growth property of Cr-DLC film prepared by linear ion
like carbon (DLC) coatings with alternate soft and hard beam deposition technique[J]. Vacuum, 2010, 85(2): 231-
multilayer architecture for enhancing wear performance at 235.
high contact stress[J]. Surface and coatings technology, [60] GUIX,SUYY,LISY, et al. Tribological properties of
2017, 320: 7-12. hydrogenated amorphous carbon (a-C:H) films on aluminum

[49] WANG ] J, PU J B, ZHANG G, et al. Interface architec- alloy substrate under different substrate bias voltages[C]//
ture for super-thick carbon-based films toward low internal Materials science forum. London: Trans Tech Publications,
stress and ultrahigh load-bearing capacity[J]. ACS applied 2011, 687: 784-790.
material and interfaces, 2013, 5(11): 5015-5024. [61]1 AW . TiC/a-C:H M4 K ERENFFE[D]. ik

[50] MARUNO H, NISHIMOTO A. Effect of number of T iEAsHE KA, 2007.
multilayer repetitions and thickness ratio on coating pro- HU Ya-wei. The deposition and properties of TiC/a-C:H
perties of Si-DLC/DLC multilayer coatings on aluminum films[D]. Shanghai: Shanghai Jiao Tong University, 2007.
alloys[J]. Journal of the Japan Institute of Metals and [62] DAI W, KE P L, MOON M W, et al. Investigation of the
Materials, 2019, 83: 82-86. microstructure, mechanical properties and tribological

[51] NIE X, WILSON A, LEYLAND A, et al. Deposition of behaviors of Ti-containing diamond-like carbon films
duplex Al,O3/DLC coatings on Al alloys for tribological fabricated by a hybrid ion beam method[J]. Thin solid
applications using a combined micro-arc oxidation and films, 2012, 520(19): 6057-6063.
plasma-immersion ion implantation technique[J]. Surface [63] Tk, IRHRT, 244, & BRIGREX a-C:H JHEZ;
and coatings technology, 2000, 131(1/3): 506-513. ¥ Ko FE BRI [)]. TCHLARIEER, 2011, 26(2):

[52] YANG W, KE P L, FANG Y, et al. Microstructure and 209-213.
properties of duplex (Ti:N)-DLC/MAO coating on magne- WANG Yong-xia, YE Yin-ping, LI Hong-xuan, et al. Effect
sium alloy[J]. Applied surface science, 2013, 270: 519-525. of annealing temperature on the structure and tribological

[53] STAIA M H, PUCHI CABRERA E S, IOST A, et al. property of a-C:H film[J]. Journal of inorganic materials,

Tribological response of AA 2024-T3 aluminum alloy

2011, 26(2): 209-213.



