Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

ETHOTRBARTIAICN/TIAIN/TIAIE&ERE A ERF R

E Bk Mk RER WkH EEH R Xhkwk 5 TAF

Corrosion and tribological properties of TiAICN/TiAIN/TiAlcomposite system deposited by magneticfliter cathode
vacuum arctechnique

Chen Shu-Nian  LiaoBin  Chen Lin  Zhang Zhi-Qiang  Shen Yong-Qing Wang Hao-Qi  Pang Pan

Wu Xian-Ying  Hua Qing-Song  He Guang-Yu

5| {5 B, Citation: Acta Physica Sinica, 69, 107202 (2020) DOI: 10.7498/aps.69.20200012

TELR T2 View online: https://doi.org/10.7498/aps.69.20200012

MHAPZE View table of contents: http://wulixb.iphy.ac.cn

FETT ARG HoA S EE

Articles you may be interested in

1o DI I A TS A ] 548 IS 4 M A VI ) s e P
Tribocorrosion performance of Nitrogen—doped diamond like carbon coating by high power impulse magnetron sputtering technique

YIFIE4. 2020, 69(10): 108101  https://doi.org/10.7498/aps.69.20200021

P ES TR AN KA BE F54 7 M BE R FE R ST
Influences of hydroxyl groups on friction behavior and energy dissipation of carbon nanotube

Py 2018, 67(7): 076101 https://doi.org/10.7498/aps.67.20180311

LSO P JUE WA S F S e A S R U 1)
Effect of velocity on polytetrafluoroethylene friction coefficient using molecular dynamics simulaiton

PB4, 2019, 68(17): 176801  hitps://doi.org/10.7498/aps.68.20190495

SRR R ORIN KA 12 S FIBE AT R 5200 14 731 301 1~
Influence of hydroxyls at interfaces on motion and friction of carbon nanotube by molecular dynamics simulation

YrHE2EAR. 2017, 66(4): 046101 https:/doi.org/10.7498/aps.66.046101

AR RIS A1 S0 B A AR
Interaction between borophene and graphene on a nanoscale

WIFEAEA. 2019, 68(18): 186801  https://doi.org/10.7498/aps.68.20190692


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20200012
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20200021
https://doi.org/10.7498/aps.67.20180311
https://doi.org/10.7498/aps.68.20190495
https://doi.org/10.7498/aps.66.046101
https://doi.org/10.7498/aps.68.20190692

Y 32 2 3R Acta Phys. Sin. Vol. 69, No. 10 (2020)

107202

TR HEBETREAR

B Faid i AR TiAICN /TiAIN/TiAl
EEHARBHRERZEEE

R4 D B D

Ve ¥

i 3t 2
x FEmk

KEBED HAED THHY
EEAD RFY

1) (AT R =R 2R SHAR B, SRR BEARBEHEALRE, L5 100875)
2) (Atarrrmss e, b 100875)
3) (BHETRRY, FETRE % E AR, L 710038)

(2020 4F 1 A 3 HIkFI; 2020 4F 3 A 23 HYEIENH)

A SCEETH R R s VLR AR (FCVA) /P58 T TiAICN/TiAIN/TiAl £ 0 E 4% 2450 KRR C A&
of L 57 6 Tt B A i ) S ). [ SEML, XRD, XPS, HiL A 2% 00 128 70 2 488 B 401 38 4% o e 2% /oW RE HEA T T
RERME. LIEEREW: W C S BN, C IR WAL TIAICON WA AHFE 4k TIAICN [ /4E Mk
Mot BRI TIAICN &% /3AE Sk 94 K B 4 454 TiAICN /TiAIN/TiAL ¥ 2 A B A 8 w2 6 J3 A0 v 0 1k, T
LW 2 v ¥ 5) JC RRAE 45 K i B ik B A DR S 00 A W ROR il A S R T XS IR R T
3.5%NaCl AL E Mk e ) B 325 T 5.6 %, M 0.271V, I, FEAE M5k 1/52, 4 8.092 x 10° A-cm 2;
TR, B RRRANT 1/3, 24 043, BRI T 1/1.4, 5 1.13 x 10° mm*N 'm .
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Ti/TN/TiCNE I TiAICN/VCNIO-10] 25 & 245 £
R )22 3R B 00 S A LB S ol R B 4 A SRR
Yang % M SR AN FHE7F GCr15 S4m L mfik
TUURRPEREDD B Y TiAl/TiAIN/TiAICN &2, 89
G A Al E R 13 ff%; AL-Bukhaiti 55 12 fd F R
P UG STV BE 298 2.8 pm Y TiAICN/TiAIN/
Ti ZZ %2, WEWAF] 1720 GPa, BEEE R
h 0.3; Kawata 55 51 FH 1 30 0445 W S0 B R 1 4%
JEREZ)N 1.6 pm, fifl B A F] 15 GPa ) TiAICN/
TiAIN/TiAl iR J2BF BRI VERE, IR 2 MR R
B0 0.4, BERERZ A 107° mm3 N Lm ! BE 2.
I PUIT TIAICN JRJZF1 =0 TIAIN IRZE A,
HEAZ IR AR I R 2 5 G, R )2
MPERESE . (HLL iR 2 DRV BB Bl 44
(R S . 20 T4 SR S TR R7E DT
RO R A — S n) 1, S0 45 A TR )2 3R 1 HE B
Z AL HBE N3 5) | BUE M 25 SR B PG . 2009 4F
Cheng-Hsun Hsu %% iff 5% fiff |l FCAD £ A il %
JEREZIN 2 um i TIAICN 35 2 0158 HAE 3.5%
NaCl ¥ b AT JEE Tk B8, 8 ok R 36 28 B8 ] 3k
) 100 A-em?, (AR Z ROV Z 4L PBURLSE
BB TR E AR K TR R T 1) B AT Bl
W IE G AR —.

AR SCHEF B () ot R TR B AR PR 2 2R
T B 4 ) R, ) 45 TIAICN /TiAIN/TiAl )25
BE, E— 20 B R 2 BB ok R B 5 A
A, RGWFFEIEZ L5 0 DL e C 2 i e Sh 45 ik LA
R P R o A FH R

2 LSRR T ik
2.1 BREHIF

AR S FH R 8 LS ST (FCVA) F2AR
1 304 NFM IR T TR C I HE T =W
TiAICN/TiAIN/TiAl 228 A1k ZE. KK
FTGIK 2 B4 FI%E 304 NG5 AIRE B HEA T8 75 15 vk
10 min. & 18 FCVA JLAEE B 2 &, Sl
A 1:1 W EDE Ti-ALSEAE S BB B 25 I, 38 i
90K R =t I 25 45 % T, Al 2555 TR 5 | AUTR B
=, M AR AL R R IR AR 2 SRR
SAFFEIR YU 4 min TiAl £J8)2 (£ 100 nm),
SR8 A 50 min Ny JLAR TiAIN 2 (25 1.2 pm),

B RSB A 15 min (AR R LR CoH, TURTR)Z
TiAICN(ZY 400 nm); i FH /4 3L i J £ 200 V,
TAFHRTCN 2 A, IERHECA 24 V| 1251 100%. HAth
SEISEEAE, A CoH, BYIEA 0, 10 #1115 scem
(1 scem = 1 ml/min) Hl5AF C & 511 TiAICN/
TiAIN/TiAl &2, 7ETUERHT, 435115 FH-800, —600,
—400 V B X SECHET 40 s AR SHE V.

a -—bCathod arc
source
gj Plasma

Filter coil

Negative bias —

Target Filter duct

Vacuum chamber

Bl 1 FCVA JUBUEE E IR
Fig. 1. The schematic diagram of the FCVA deposition

system.

2.2 REFRIE

R 1 S-4800 V2 37 4 S 41 4 W B LSRN 43 BT i
SRR TIES. HHEA#B 5 B R EMAX-350 fE
SO VR J2 TC AN SRR & i EAT . SR
X S ATHHMY (XRD, X’Pert PRO MPD) 23 #14
JERIARSE, ] Cu B9 K, I8, 88 1°, 54
i 1 min KA AR 6°, % L2 AR 0 T AR
. R X HEORFRERAY (ESCALABMKIT)
XU 2 T R BURIE SLHETT AT SR ROk
I (LavRAM Aramis) % 4% J2 H AE & il A 217 88
5T, WOCAS N 532 nmYAG [FEABOGES, Wik 1
A 100—3500 nm. K H 44K IR AL (Wrexham-
MicroMaterials LTD Nanotest) X ¥ J2 i 1. 73 i
FERMZI AR A TIN5, SER K ) 243 1
AR TIAER 2R EERY 5%—10% 5 .

2.3 [FEEEESI

JEE A8 S 30 7 B8] 488 - R A 52 X0 Bl e R4
HL (MFTR4000, Lanzhou Institute of Chemical
Physics, China) F#F4THY. SCERENEA A 1N,
X BEEER A SigN, (@6 mm), JEE 45 3% i AA5 R 43 )
A 5 mm A1 1 Hz, BESERTE] & 30 min. % H #2100
FE S (Talysurf 5P-120) Fl SEM - B i it 7
JERNGE R AT R,
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2.4 HBUFEMmILE

FIF PARSTAT 2273 Hifk2f TAE G 1%
Z A ZE Ak 2 BH BT RE, SR AR — oA
F, Pt R O B A, MRATH R A 2
e, AR TAEM, IFEA R TAERIALR 0.5 cm?,
JE AR A 3.5%NaCl .

3 #X5it%w

RERIBL T R R
ik EDS B % (I & TiAICN/TiAIN/TiAl

3.1

WIZM TR AN &, S5 1. S1
CoH, S fE 4 0 scem, W)= 4514 TiAIN/TiAl
Bifi %5 CoH, T IEI, TiAICN/TiAIN/TiAl 1
JAH COTER &g, IR iR A 2
fias, WRIZEEAARRTE 1.7 pm. E 3 Fi R R[]
C & TiAICN/TiAIN/TiAl 3 J2 i #% 2 85 al
DI 2% 3138 B 19 43 )2 . S1(0 scem, 0 at.%C) F B
IR A TIAIN AR AR 2548 C TR By A T5
JZ TiAICN [ HE IR i 45 #0555, 2H S8 45 B0
S3(15 scem, 12.39 at.%C) Tit)= TiAICN /Y ki B
WAL, SRR SE. BRI A A R S R RE
ARG SRR 2 1T o RE.

*1 AR CH, HEVIHE TIAICN/TiAIN/TiAl i E TR AN &
Table 1. Chemical composition of TiAICN/TiAIN/TiAl coatings deposited at various CoH,.
Sample CyH,/scem Ti/at.% Al/at.% N/at.% C/at.%
TiAIN/TiAl S1 0 30.87 22.85 46.28 —

TiAlCN/TiAlN/TiAl S2 10 28.64 21.52 41.23 8.61

TiAICN/TiAIN/TiAl S3 15 27.60 22.95 37.07 12.39
TIAICN WA 4 1) XRD K3, 78 43°, 50°H1 74°f ik
AN B AT S e A SR IC U | TR 2 B AR 25 4 EEE fee-
Al TiAIN 2549, 495 (111) A (311) M08, H ft B
P08 (111). CIGE MINA S EALH S N JEF,
ey FEE S0 (Ti, AT)(C, N) %54, B C frit
() T+, TIAICN/TiAIN/TiAl & 21 (111) fif 5

B2 IR A

Fig. 2. Distribution of the layers in the coating.

3
I (a) 0 scem; (b) 10 scem; (c) 15 scem
Fig. 3. Thecrosssection of TiAICN/TiAIN/TiAl coatings de-

posited at various CyHs:(a) 0 sccm; (b) 10 scem; (¢) 15 scem.

AR ] CoH, 91 5 ALY TIAICN/TiAIN /TiAl i 2 1

ISR, 7E S3(15 scem, 12.39 at.%C) Hixm H.

(Ti,Al)(C,N)(111) 15 sccm
JL (Ti,Al)(C,N)(311)
. N
E 10 sccm
=}
8
5
~
2z
% JL NN
= TiAIN(111) 0 scem
Substrate TiAIN(311)
20 30 40 50 60 70 80 90
260/(°)
B 4 AIE CoH, fi & UUA B TiAICN/TiAIN/TiAl ¥R )2 (19
XRD &3

Fig. 4. XRD diffractogram of TiAICN/TiAIN/TiAl coatings
deposited at various CyH,.
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JE AR B0, VLI TIAICN AH 58 H 45 5 3 ik
B 1) SRR SE A AR R A 25 51, A C Ak
Ik S L B AR A s [RIERE (101 it i e A7 3 B i 4%
=T (311) ST, XOZEFCA (111) MimfEa A &
NARRTTRE, TR 250 fh R T R TE AR Y &b T
AR, NG Z AT (111) Shm A 19,

H1 T C JT &R A LALAFE SR IE A TE T IR 24,
F, PRCR R OG5 40 B i — 2P BF 9T iR 2
) C JEZ&. & 5 4 TiAICN/TiAIN/TiAl i&)2BHi
SRR, FERLE AN 12001700 cm X ] P
S2(10 scem, 8.61 at.%C) JL-T- WEEA 2 HE & fik 1Y
{5506, 78 S3(15 scem, 12.39 at.%C) B & H 3
JE SR B S 0. G g sp? B8 A4 i 45 Bk 3h i i
D WX N % TC T A s 45 4 00, W] DL S D g 5
G WY T AU 58 B LG I/ I SO spd B 75
In/ I (BB K, spd 88 7 i BIR 17, S3(15 scem,
12.39 at.%C) B In/Ig 24 0.976. JF & 28K AL i
5 (Ti, Al)-N il (Ti, Al)—C #A[F A9 [ H g
X, BT (Ti, A)- N8 H H e (Ti, Al)—
C A&, N 55 Ti it Al JEF R 18, 24952
T N R TFHGA R —E A, (Ti, Al)(C, N) fHs T i
P A AR 4 R D B Al S, iR C R
THGAE S P TTVE S o T e 1020, (Rt C oo &R
1£ S2(10 scem, 8.61 at.%C) H FE LA TiAICN
WL R AFAE, M S3(15 scem, 12.39 at.%C) H Ky
C JTCEAILL TIAION MIIERAFTE, LIRS
AR AER 2 W kL2 1],

15 sccm

10 sccm

Intensity/arb. units

0 sccm

1 1 1 1
0 500 1000 1500 2000 2500

Raman shift/cm—!

5 R CoH, i VLAY TiAICN/TiAIN/TiAl ¥ )2
L i el

Fig. 5. Raman spectra of TiAICN/TiAIN/TiAl coatings de-
posited at various C,H,.

X GHOGH T-REIE (XPS) BERSASING 2 N
TEAN R 25 F15 B, Lh S3(15 scem, 12.39 at.%C) A
1], T XPS St HAL S WL, 4l 6 o, 181 6(c)
T Ti 2p WO T R — XS A ERLE Ti
2p3)0 M1 Ti 2p o XL A, 3 MIRAE /K F 1Y Ti
2p3o F 3 A EIBEAKCTY Ti 2p, o WX 17 (Y FERE 5
W Sk 457.47, 457.82, 458.27 Fil 463.27, 463.62,
464.17 eV, 43 #Fr & A Ti—N, Ti—C, Ti— N—
O Fl Ti—N, Ti—C, Ti—N—O 2. C 1s Yi4s
HHE A 284.62 Fl 285.37 eV HIFRHIE I 73 HIbR E N
sp>—C Fll sp>—C . 2 f =251 sp2—C B EA
YR B S5 48, fiE I o o AU B8 Ao A v (%) B 1)
J1, BETTRREAREE SR R 5L sp?—C HEEA 2K 4 NI 2
PR AL L, RE I B AR 2 0 ) 2 MR 2.
I B S3(15 scem, 12.39 at.%C) H 1 sp>— C Fl
sp—C W T FH15 2] sp?/sp? B9 T AL EE A 0.508, i
PHILES spP 8 BB . N s ik b s 5 aE N
399.62 eV XN I RFIERERTIE R N—(Ti, Al) ##. Al
2p FF 74.41 eV W FEAEWEXT Y Al-N 4. 8 N
1s JGIG XS B N—(Ti, Al) I XRD S 4AH 7>
Hral 1 TiAICN A AR T URIZ 8, AL 6(b)
FIE 6(c) FATLLE IR, C 1s WP A I B C—Ti
g, Ti 2p W Ti—C IR/, [FIF454 Raman 4%
Mr, P68 C JEZEAE S3(15 scem, 12.39 at.%C) N
AALLAGE i1 TIAICON AHAEAE, R L &
AR i e R AR R 2, XAIE R Rete oy
A A S P SRy p S e )

3.2 S1EMEsEST

% 2 N A C & A TiAICN/TiAIN/TiAl
WZ BT | by AR R HYE fBUE, 7TLIE R,
SABUER AR R, BEE C & RN
T SIATUZ TiAICN ) S2(10 scem, 8.61 at.%C)
5 S1(0 scem, 0 at.%C) A, ¥R 2 A9 A% EE AL i
W S 38 m, B EE N 30.53 FF i F] 41.16 Gpa, #5EiE
M 290.20 Gpa Ft = 2 310.65 Gpa, X & K~ 1
S2 IRIZZE M C TR BT /19 NI B AL AH
TiAICN, 5 ks B 728 R (B3 on, DA 0
J A PR AR o SR PO B C 4k
SEHATN, S3(15 scem, 12.39 at.%C) A EE A&
AkLia R BRI E] T 44.36 GPa HyHEE K. 45
& W T A 20T, S3 N AE A Y TIAICN [ 40 Al
TeE BUAE A Z A A i A B Ak, ORI 2
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L b
7000 | (a) w000k P
_ 6000} N-(Ti, Al) -
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2 > 30000
2 E
S 5000 f z
8 O
15000
4000 [
' A Ll
v iy
3000 - - - - . 0 - - - - -
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15000 4000
3000
w 10000 | n
>~ >~
2 2
E £ 2000}
o o
O ]
5000 fany
1000 f
470 . 46.6 . 46.2 . 45';8 . 45.4 . 450 80 7.8 7.6 7.4 7.2 7.0 68
Binding energy/eV Binding energy/eV
6  S3(15 scem, 12.39 at.%C) 1Y) XPS E#%  (a) N 1s; (b) C 1s; (c) Ti 2p; (d) Al 2p
Fig. 6. XPS analysis of S3: (a) N 1s;(b) C 1s;(c) Ti 2p; (d) Al 2p.
F 2 AR CH, HiEVIRE TIAICN/TiAIN/TiAl 20 LA B | A7 G F H/E ol
Table 2. Microhardness, Modules and ratio of H/E of TiAICN/TiAIN/TiAl coatings deposited at various CoH,.
Sample CyH,/scem E/GPa H/GPa H/E
TiAIN/TiAl S1 0 290.20 30.53 0.105
TiAICN/TiAIN/TiAl S2 10 310.65 41.16 0.133
TiAICN/TiAIN/TiAl S3 15 316.14 44.36 0.140

Rl R A v 1 SRR B[R] spP—C B i SR
JEWE B YIAHOC, S3 MRIZ T sp®—C S
SRR P Y it 4 D A

SRk 25260 ks A SR R LhSE S HY B {E KA
I A T B A S S R B, BRI R “HT SRR AR TR A
737, 2001 4 Kawata 55 13 (i F B pG 42 e 42 AR
il % TiAICN/TiAIN/TiAl iR )2/ H/E A 0.0577;
2014 4 AL-Bukhaiti 55 12 {ff RS HITRRUSE B2
25 2.8 um [ TiAICN/TiAIN/Ti )2 H/E AN
0.0651; 2015 4F Zeng 25 19 {04 4 e S0 ) 25
HBAE TIAICN 228 H/E A[35%)] 0.099. A TAFE
AR T ZH &M 225 641
TiAICN/TiAIN/TiAlK &R, B C & & W,
H/E WA S5, nIkE] 0.140 (R E L% 2), it
i BN ol e AN N )y s =

3.3 RULFEMMERE

ANTF C A TiAICN/TiAIN/TiAl i )2 78
3.5%NaCl ¥ H sl A A AL i Tafel fthZkaniz 7.
W A TSN B, F1E B R B Ly, U
AR EY (K 8), b C HRMBm, wZM
E.o 355, Lo, BIEIB/N. S3(15 scem, 12.39 at. %C)
B H S A B, 8 S1(0 scem, 0 at.%C) # &
T 5.61%, H 0271V, L, FEIKT 1/52, 4 8.092 x
102 A-cm 2, IRBIHAIC A JE i H It 2 2

EIS J& i 2 V% 2 f Ji il 1 55 — B A 2807 %,
Kl 9 2R [H C % & TiAICN/TiAIN/TiAl k21
Nyquist 3%, Nyquist K] H BHAT Y 52358 F R 58 20
B, 38 B A Th AU B B R INAT AT
v 2 AR T TS ol 271, 50 T 0 0 AR R T
ST B HL 2 BN, R B AT I s nz BH
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TR B T e RE LS INEL 9 T LUK B, BEE
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Fig. 7. Potentiodynamic polarization curves of TiAICN/
TiAIN/TiAl coatings in 3.5 wt-% NaCl solution.
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Fig. 12. SEM surface micrographs of TiAICN/TiAIN/TiAl
coatings deposited at various CyHy: (a)0 scem; (b)10 scem;
(c)15 scem.
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Fig. 13. Friction coefficient curves of TiAICN/TiAIN/TiAl
coatings deposited at various CoH,.
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TiAl coatings deposited at various CyHs.
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Fig. 15. SEM micrographs of the wear track and EDS results of TiAICN/TiAIN/TiAl coatings deposited at various CoHy: (a), (b)

0 scemy; (c), (d) 10 scem; (e), (f) 15 scem.
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Fig. 16. Raman spectra of wear track of TiAICN/TiAIN/
TiAl coatings deposited at various CoH,.
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SPECIAL TOPIC — Carrying ion beam technology

Corrosion and tribological properties of
TiAICN/TiAIN /TiAlcomposite system deposited by
magneticfliter cathode vacuum arctechnique’
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Abstract

The experiment is based on novel magnetic filtered cathodic vacuum arc (FCVA) technology, the effects of
the structure and C contents of TiAICN/TiAIN/TiAl composite coating on anticorrosion and wear resistance
were studied. The macro/micro properties of the coatings were systematically characterized by SEM, XRD,
XPS, electrochemical tests and friction equipment. The results show that, with the increase of C content,the
form of C element in the coatings transforms from the TiAICN solid solution to the coexistence of crystallized
TiAICN/amorphous carbon. The TiAlCN/TiAIN/TiAl coating with TiAlCNcrystallized/amorphous carbon
nanocomposite structure demonstrated excellent performanceby combining the advantages of each layer, which
the hardness reaches an ultrahigh leveland the amorphous carbonwith excellent self-lubricating effect exists in
the coating structure. In 3.5% NaCl electrochemical corrosion test, E,.,, increased by 5.6 times to 0.271 V, I,
decreased by 1/52 to 8.092 x10° A-cm 2. During the dry sliding, friction coefficient decreased by 1/3 to 0.43,
and wear rate decreased by 1/1.4 to 1.13x107° mm?*Ntm™.

Keywords: TiAICN/TiAIN/TiAlmultilayer composite coatings, crystallized TiAlICN/amorphous carbon,

friction, corrosion

PACS: 72.80.Tm, 81.15.Jj, 62.20.Qp, 81.65.Kn DOI: 10.7498 /aps.69.20200012
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