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Abstract; Zirconia films are deposited on Inconel 718 alloys by multi-arc ion plating (MAIP) equipment at different O,/Ar
flow ratios. The effects of O,/Ar flow ratios (0.25, 0.43, 0.67, 1.00,1.50) and annealing treatment on the microstructure
mechanical properties and tribological properties of films are systematically studied. The results show that with the increase of
0,/ Ar ratio from 0. 25 to 1. 50, the main phases of the deposited films change from unstable zirconium oxide ( h-ZrO, 35 \h-ZrO, .
h-Zr;0)to stable m-ZrO, gradually, and the cross section structures of films transform from loose columnar to compact columnar
resulting obvious improvement of the hardness, and the maximum hardness is 16. 7 GPa when the O,/ Ar flow ratio is 1. 50. The
films deposited at low O,/Ar flow ratios invalid easily, but when the O,/Ar ratio exceeds 0. 67, the films present outstanding

friction resistance. The wear rate is only about 1.45%107° mm’/(N-m) when the O,/Ar flow ratio is 1. 50. Furthermore, the
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main phases of all films transform into m-ZrO, and the morphology become denser and smoother after annealing treatment, con-

tributing to improvement of hardness, elastic modulus and tribological properties of the films.

Keywords : multi-arc ion plating; zirconia films; annealing; mechanical properties; tribological properties
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Table 1  Deposition parameters of the zirconia films

Gas flow/(mL+min™")

Procedure  Bias voltage/V Ry u 0, o Current/A  Deposition time/min
1 -200 0.25 60 240 85 90
2 -200 0.43 90 210 85 90
3 -200 0.67 120 180 85 90
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5 -200 1.50 180 120 85 90
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Fig. 1 XRD spectra of the as-deposited and annealed zir-

conia films deposited at different O,/Ar fiow ratios
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Fig.2  HRTEM micrographs and corresponding SAED patterns of the as-deposited and annealed zirconia films
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Fig. 3 SEM micrographs of the as-deposited and annealed zirconia films deposited at different O,/ Ar fiow ratios
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RQ. Ar
(b) Elastic modulus



55 3

VESCAE, A5 0,/ Ar i EE Ho SR O S8 A i RS 4 ) B e 2 PR RE B 52 T 71

VRS B A SR 0 4R s A B R, O
B, TR PR T A AR A 55 R T B0, AR
PR SEA ri ok, JLH S R, 3K E] 1,00 B,
T FEE AT AR A o0 SO R T e A
WK, MRS TIR XSG, BT h-Zr0 55 . h-Zr0, |
h-Zr, 0 X 26 JE F2 08 1 E AL P 1 7 A8 R FR e
m-ZrO, SEFHEE G, BT AR R, T HWEBTE
TR Qb3 A RN SR AR B AR (HUR
F Ry u M 1.00 BFTUBLAY R 3 22 W) AR m-
Zx0, ,7E 800 °C 7] ARS8 £EFE , it LAR Kt A& v
KRS AR TTRE AR I 7= A 03 o0 R 4 3R A
N7 3 2R K AR A LLTE R, Ir A %) Al
A Eb 1B KT ST T REAR
2.4 HEIRREEFE R

B 7 R R, FUUBY Zx0, H R K
HOE I W R E A At 2, FTRLE N, A
R\ M 1.00 5 1. 50 AFTARAS Ao 3 7R S Rl
BABRK MBS Sar ,  EUR A8, 200
1.68x107° mm’/(N-m) 1 1.45%x10° mm’/(N-m)
I 8(a) o Ry, N 1.00 B (4 L5 E 452 L o
AT R 8 PRI R RS A, 22 I JBE 482 DR R0 sl A ke A
Ko Hpb R, T VU R EE 45 77 iy S AR
B R S3US BRAR A R B R B 8748 (H L 2R &%
Ao W . B, BEE AL S B e,
UC, AT LA PR R 0 5 30 9 B2 5 2 I 8 1 ) 67, T
7R BRI B v i S A AR B WAk 2 T b ARk
B BRI Kt 7% - R B R B IR | i 8 T
— 7 TR T VE T T LA Bl B 2 A0 R 452 1R
Uy WiET R (o

2.0

08

0.4

Wear rate/(10°mm?* N'-m™)

[ Wear out Wear out Wear out

ol ]
0.25 043 0.67

Ie()l Ar
(a) As-deposited

Qo

i

19

8

=

.2

5 R =025

o | 0, /ar =0.

e 02 — R, =0.43
o8 =0.67
7R01 ar=1.00

01Fr R w=1.50
0 50 100 150 200
Distance/m
(a) As-deposited
0.5F

E 0.4 failure

i

% failure

8 03

8

3

£ 02 — Ron =025
o =043
72“ ar=0.67

| — Yoar=1.00
.1 Ry =150
1 1 1 1
0 50 100 150 200
Distance/m
(b) Annealed

7 ASIE O,/ Ar Jit s Lo DRI S At 53 i
J B EE S it 2
Fig. 7  Friction curve of as-deposited and annealed zirco-

nia films deposited at different O,/ Ar fiow ratios

WL IR K5 BR T Ry, 9 0.25 5 1.50
AR TR B JE 8 P s 2 2R A0, O A
DU ERE R A i 22 i 4 g, HLREE Ry, 1Y
B, TR EE PR, A& 8 (b) Frw ., T
HAREA B R rh | BERE R RO LA RS |

X BRI R, T3 B TR W5

Wear rate/(10°mm? N'-m™)

R

O, /Ar

(b) Annealed

K8 Al 0,/Ar Jiiti bR YRR SRS i IR KR f) B3

Fig. 8 Wear rate of of the as-deposited and annealed zirconia films deposited at different O,/ Ar flow ratios



72 R =B K

w L iR 2020

P B F 2N h-Zr0, 45 . h-Z10,  h-Zr, 0, iX 46
WAk 2 T i LY AR W 0 R R L AR,
AL O, X (3R A0 R B AR /&7, 3 45 R 485 i v Xof
T BRARES Ty Al S Vo FEE ) &5 A AT 5 0T R DA
A 1T VT RS A AR ) JEE 5 HE B PN sk, (2
AT R A Al ol A5 W IR AR PR ek B b 25 5 e e
SUVASTE N TREA T LR R R 5 R, 3K
£ 1. 00 BT AR 9 e 400 AH 40 B 32 228 m-Zx0, ,
AH o YRS R A A o 1000 Rl R ik IS ) S R AR
253 1R KA P TR AR AR Ry m-Zx0, ,
it PP B T R, D 1. 00 B HTARR 37 5
FEIR KR L AH BAR R R AR AR (HJR 2 iR
K L AR B T R R PR S e ek 2 | R 1T
Jo ek B A0 O LR A A o — 1 ) 2

R

(a) As-deposited

FE T e A2 A 2 P i F 3R AT 77 e o AR TH A
B A RERE | £35S AN AN G R B 42 PR S 7
R, LB 0 e o W) W B AR, {ELJ Qi A T O 3
0,/Ar H ) 0.25 5 1. 50 BHTRR A IR k5
23 IR I 2 TV 23 I 7, R 0k 2 IR A IR
K TS 14 B S T FAEAIR

R k2P R T AR TS R Y R 45 B
HLER, 30T T Ry, = 1. 00 FHFLAR 115 IR iy
JEWEIRIE 5, 45 R &l 9 iR, mTLLE 3, iR
KT BB R TR P4 47— 28/ N 1370, Ty HLIR
K A IR 2 TR A7 AT BT R ALY X T ]
AB T 55 1 T R P o AL 3 2 Sy i e
PRI A B0 T LIRS VR 1 B 40 R
KETHE

(b) Annealed

K9 R,,,=1.00 B LA B4 v AR AT T A IR T S0

Fig. 9 Wear track SEM pictures of as-deposited and annealed zirconia films deposited at Roz/ A~=1.00

Wi SO I, DURR S IR S A VA 2 AT AL
2 R YR e 2 W A I, BRI IB K DL 2
R QLTI 58 A TH R , T 76 BE 5 A v, R
SR O e v R Ak i A I A 1 3 A
AW, 7 AR I A R R IR L P
JSALIEy R IS R S =R/ QR LS C: B R T 1 NN
HG v, B X 9 ) B A R A, B A
Ja—TJ5 2B ML, I3 —J7 1 S 5T D) = A
TR AL, A0 AR PR A2 DR b B 458 DN s 7
B B R AR 8 s X TR KR B R,
TR ARG, B0 e, T LS L X I )
SOl R AR BN W A AL

3 & it

(1) RH MAIP J5 i AEANTE 0,/ Ar Ji 12 [h

Ry, PUCBLT EALEL WL, BE R, 38K, WA
1) F2 B AH 40 8 R AN AR Y A 1Y SR ) 8 i
AR NFGE B m-Zr0,

(2) B R, W8S, WENRR T RO 5
WD 1 R,y 4067 B /b 2 JE AN FEA T
A, KR, T AR I AT IR A HE S L
BewiAn L5 TR BE R, ., K, #iE
FRAT R i 45 ) 320 i HE 510 850 ik B 1 R R 0 A
I Y HE K R\ A 1. 50 B g A 5 K
A 16.7 GPa, R, ,,, A 1.00 55 1.50 WYL
%) e R AT A 0 S L P R T B i R
BAK, 208 1.68x107° mm®/(N-m) Fl 1. 45x
10° mm*/(N-m) .,

(3) AR Ry, TR A AR 200 R
KALFR G F BT AE N m-Zx0, | MR



55 3

VESCAE, A5 0,/ Ar i EE Ho SR O S8 A i RS 4 ) B e 2 PR RE B 52 T 73

A%

hS

FEEOINEC O CHT W AE K | SRR | EE
REXIHGE KA 2 e
Sk

PATERSON M J, PATERSON P J, BEN-NISSAN B. The

dependence of structural and mechanical properties on film

S —

—
—_
[

thickness in sol-gel zirconia films[ J]. Journal of Materials
Research, 1998, 13(2) . 388-395.

[ 2] SCARDI P, MAGGIO R D, LUTTEROTTI L, et al. Thermal
expansion anisotropy of ceria - stabilized tetragonal zirconia
[J]. Journal of the American Ceramic Society, 1992, 75
(10) ; 2828-2832.

[3] QINW,NAM C, LI HL, et al. Tetragonal phase stability in
Zr0, film formed on zirconium alloys and its effects on corro-
sion resistance[ J]. Acta Materialia, 2007, 55(5): 1695-
1701.

[ 4] MEIER SM, GUPTA D K. The evolution of thermal barrier
coatings in gas turbine engine applications[ J]. Journal of En-
gineering for Gas Turbines & Power, 1994, 116(1): 250-
257.

[ 5] LOWDERMILK W H, MILAM D, RAINER F. Optical coat-
ings for laser fusion applications [ J]. Thin Solid Films,
1980, 73(1) . 155-166.

[ 6] SAYER M, SREENIVAS K. Ceramic thin films: Fabrication
and applications[ J]. Science, 1990, 247 (4946) . 1056 -
1060.

[ 7] B, R AR FBORGIK YSZ WRIZ IG5 K )
SPERE[ ). PERRIE TR, 2016, 29(2) : 91-97.
ZHAO Y, GAO Y. Microstructure and mechanical properties
of low-pressure plasma sprayed nanostructured YSZ coating
[J]. China Surface Engineering, 2016, 29(2): 91-97 (in
Chinese) .

[ 8] Ti&ht, XIEH, EEIN. F8 FBRGREAETR)Z
BRI )], MERE TR, 2009, 22(5) : 1-6, 12.
DING C X, LIU X Y, WANG G C. Research progress in
plasma sprayed nanostructured zirconia coatings[ J]. China
Surface Engineering, 2009, 22(5) : 1-6, 12 (in Chinese).

[ 9] CHENH, DING C X, ZHANG P Y, et al. Wear of plasma-
sprayed nanostructured zirconia coatings against stainless steel
under distilled-water conditions [ J ]. Surface & Coatings
Technology, 2003, 173(2/3) . 144-149.

[10] AL BOUHEESI%& 7:0,-Al,0, IR)Z ) EHH L
REAFSE[D]. A #EILKE, 2018: 26-28.

KONG S W. Microstructure and properties of ZrO,-Al,0,
coating prepared by laser cladding[ D]. Journal of Yanshan
University, 2018: 26-28(in Chinese).

(111 Xk, ZF, ETT, 5. BOCHE X 48 W& Mo-

7x0, ALUVRI I PERERI WA [ T]. IR T2, 2015,
28(5): 93-99.
LIU H, LUO L P, WANG D D, et al. Effects of laser
remelting on microstructure and properties of Mo-ZrO, cermet
[J]. China Surface Engineering, 2015, 28(5) : 93-99 (in
Chinese) .

[12]  Z=WIH, HOLEE, #Kk2E, 55 Rz kdkH &5t
FEAME MBI G E R AT ST (1], R S EOR
%, 2009, 29(6) . 673-677.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

LICY, XING GJ, YANG Y ], et al. Optical properties of
electron beam evaporated Y-doped ZrO, films[J].
Journal of Vacuum Science and Technology, 2009, 29(6) .
673—677 (in Chinese).

HARRE , BB, BRIOE, AF. DIRUREEXT AR E A
PLEE WIS AR L IR [ )] DL, 2008, 28(5)
1007-1011.

XIAO Q L, HE H B, SHAO S Y, et al. Influence of deposi-
tion temperature on residual stress of yttria-stabilized zirconia
thin films[ J]. Acta Optica Sinica, 2008, 28(5): 1007 -
1011 (in Chinese).

KUO D H, CHIEN C H. Growth and properties of sputtered
zirconia and zirconia-silica thin films[ J]. Thin Solid Films,
2003, 429(1-2) ; 40-45.

JEONG J, YONG K. Temperature programmed desorption
study of Zr-diethylamido precursor for ZrO, CVD[J]. Journal
of Crystal Growth, 2003, 254(1-2) . 65-69.

GREGOR F, MICHAELA S, FRANK M. Yittria-stabilized

zirconia thin films via MOCVD for thermal barrier and protec-

Chinese

tive applications in injection molding[ J]. Key Engineering
Materials, 2017, 742 427-433.

B, 2L, TR, 4E. TC4 RGO AL -V IS B A
SAAWRIZRH & KU R AR [ 1], R T
&, 2015, 28(3) . 76-81.

MAO Z, LI H, ZHANG ], et al. High temperature oxidation
resistance properties of composite coating on TC4 titanium al-
loy prepared by micro-arc oxidation and sol-gel[ J]. China
Surface Engineering, 2015, 28(3); 76-81 (in Chinese).
R, RIFOA, ISP VAR T A A 1 HE S Y
YRS AR L)), R EM (A ARE
fiZ), 2001, 41(4-5) : 48-50.

LI H B, LIANG K M, GU S R. Oriented nano-structured
710, thin films founded using sol-gel process[ J]. Journal of
Tsinghua University ( Science and Technology ), 2001, 41
(4-5): 48-50(in Chinese).

Bk, LIRS T A R L T AR AL (20,7
Ze) BBEJZWIFE[ D], TR ALK, 2015 70-71.
LUO Z X. Deposition the oxidation resistant gradient films
(Zr0,/Zr)for W-Re alloy thermocouple by cathodic vacuum
are technique [ D ]. Journal of Northeastern University,
2015: 70-71 (in Chinese).

SUNY, LIY B, TENG M, et al. Phase transformation in-
duced hardness enhancement of ZrO, films[ J]. Nanoscience
and Nanotechnology Letters, 2009, 1(2) . 140-144.
IR, ERSF, i, 5. W I A g
S5t Ky vERE R BT [ )], RERRERE R, 2019, 38
(10) : 3133-3138.

PENG S A, WANG T Q, JIN K W, et al. Effect of sputte-
ring power on structure and mechanical properties of zirconia
films[ J]. Bulletin of the Chinese Ceramic Society, 2019, 38
(10): 3133-3138 (iin Chinese).

ZEpm JA]. BRI A IR R ] A A A | AR v
W5E[D]. KA. KAEMTRE, 2008 3-5.

LI X Z. Study on zirconium nitride and zirconium oxide thin
films deposited by cathodic vacuum[ D]. Journal of Chang-
chun University of Science and Technology, 2008 3-5 (in
Chinese) .



74

b B X @ L IE

2020

[23]

[24]

[25]

[26]

L, SRR, I DIRUUE X Z 90 T8 MoN IR
JZESAPERER I [ )], BN T T, 2018, 47(24) ;
119-122.

BAO G L, ZHANG D T, QIU C. Effects of deposition pres-
sure on structure and properties of MoN coatings by multi-arc
ion plating[ J ]. Hot Working Technology, 2018, 47(24):
119-122 (in Chinese).

KUGELL, yH /A, AT, A5, 28 KT BE X S A A
AR I PR PERE RO S [ )] BEBRSA2# 4], 2019, 39
(2): 164-170.

LIU X H, LU X W, HE N R, et al. Influence of annealing
temperature on structure and high temperature tribological
properties of chromium oxide films[ J]. Tribology, 2019, 39
(2): 164—170(in Chinese).

FREs, SR, N, .0, Fif X 2905 74 Cr-0-N 4
TR BAERERE R [ 1] MOBEHRYT, 2017, 50(8):
42-46.

CHEN Q,HUANG S F. Effect of flow rate ratio of N, :0, on
structure and mechanical properties of Cr-O-N composite
coatings[ J]. Materials Protection, 2017, 50(8): 42-46
(in Chinese) .

FRETE, o, B, % 2908 758 TiN )21 N,/
Ar ESEOITE[J]. BARBE T, 2016, 26(3) : 44~
48.

CHEN C H, JINY Z, CHEN ], et al. Study on N,/Ar flow
parameters of TiN coating deposited by multi-arc ion plating
[J]. Powder Metallurgy Industry, 2016, 26(3) : 44-48 (in
Chinese) .

GAO P T, MENG L J, SANTOS M. Study of ZrO,-
Y,05films prepared by RF magnetron reactive sputtering
[J]. Thin Solid Films, 2000, 377-378; 32-36.

TAY B K, ZHAO Z W, CHUA D H C. Review of metal ox-

[29]

[30]

[31]

[32]

[33]

[34]

ide films deposited by filtered cathodic vacuum arc technique
[J]. Materials Science & Engineering R, 2006, B52(1-
3): 1-48.

CHEN C H, JIN Y Z, LONG G J, et al. Effects of arc cur-
rent on morphology and mechanical properties of TiN coating
deposited by multi-arc ion plating[ J]. Hot Working Technol-
ogy, 2016, 45(14) . 117-119, 123.

CHEN C H, JINY Z, LIU D L, et al. Influence of negative
bias voltage on microparticles morphology and pixel distribu-
tion of TiN coatings deposited by multi-arc ion plating[ J].
Surface Technology, 2015, 44(11) ; 29-34.

MARTIN P J, BENDAVID A. Review of the filtered vacuum
arc process and materials deposition[ J]. Thin Solid Films,
2001, 394(1/2) . 1-14.

KA, AN, R, A R A Ah I RS A ] A
Ga 48R Zn0 WNEPEREROSZ M [J]. T JCF 5 4K,
2015, 34(12) . 41-43.

ZHANG Y W, ZHOU X Y, ZHOU T, et al. Influence of an-
nealing treatment on properties of Ga-doped ZnO thin films de-
posited by RF magnetron sputtering[ J]. Electronic Compo-
nents and Materials, 2015, 34(12) ; 41-43(in Chinese).
BHve . HL R TP I T Tl S5 114 B 18
HHEERBFFE[ D], i REH TR, 2017 11-12.
HAN K C. Fundamentals of composite design of transition
metal nitride hard films by arc ion plating [ D]. Dalian;
Dalian University of Technology, 2017 11-12 (in Chi-
nese) .

MR, BF. BRI M.
HifRAt, 1990: 301-331.

WEN S Z, HUANG P. Principles of Tribology[ M]. Second
Edition. Beijing: Tsinghua University Press, 1990: 301 -
331(in Chinese)

2 B dER: iEARRE



