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T it B TiSICN A KA U2 19 7T 45 il %&/M}Wiﬁm_ ST . R DAk b g A WS AR wzﬂrk{rlﬂv%m%mﬂﬂ
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Tribological Properties of Superhard TiSiCN Nanocomposite Coating

in Multiple Environments

LI Yongsheng'? CHEN Yunbo' LU Xiaogang' ZUO Lingli' OU Yixiang'
WANG Haogi' PAN Peng' SUN Chuan' ZHANG Baoyan> CHEN Ru’
(1. Beijing National Innovation Institute of Lightweight Ltd, Beijing 100083, China;
2. Shandong Tianrui Heavy Industry Co. Ltd, Weifang 261061, China)

Abstract ; Hard TiSiCN nanocomposite coatings are widely used as protective coatings deposited on various mechanical components due to
their excellent mechanical and tribological properties. However, the controllable preparation of superhard TiSiCN nanocomposite coatings
is still needed to be further studied. Herein, TiSiCN nanocomposite coatings are deposited on AISI 316L stainless steel and Si(100) by
high power impulse magnetron sputtering with the micro-pulse oscillation time of 50 s and average target power of 4 ~8 kW. The
structure and chemical composition of TiSiCN coatings are characterized by XRD, FESEM, TEM and Raman. The hardness, fracture
toughness and tribological behaviors are studied by nanoindentation tester, microhardness tester, wear tester, surface profiler and optical
microscope, respectively. TiSiCN coatings consist of amorphous coated TiCN nanocrystals with grain size of 4—11 nm. The hardness of
TiSiCN coatings increase from 32. 6 to 41. 3 GPa with the average target power increasing from 4 to 8 kW, meanwhile the coatings show
excellent adhesion of above HF2. The specific wear rates of TiSiICN coatings deposited at 8 kW in dry friction, acid, alkali and oil
solution are 5.9x10°mm’N"'m™", 4.3x107° mm’N"'m™", 9. 110 mm’N'm™" and 1.28x10”° mm’N"'m™", respectively. Research
results show that TiSiICN nanocomposite coatings prepared by high power impulse magnetron sputtering have excellent tribological
properties in acid, alkali and oil solutions, which exhibit promising applications in various corrosive environments.
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114 R AT Z (CeN TN 56 A1
R BE AR ) 02 o P A A S R BB A R T A 2%
TR 4P 2 ARG 24 A 1 AR A% S A A
1Bl A5 52 0 280 T 0 B SR VAR 2 TR A LA v
JE B LA TS B TR JE ol 1 E LA i A Y el
FHPERE EGERHZE CN TN W2 TR RE 2 Tl
RIEMITR , BETENFFE R BITE CeN TiN H48 Ao
FILMZITIRE , AT LA 5 w2 i PERE, 40 Cr,
ALY (Si RETCER B A AT 5 TR 2 B A S bt v 1 4
fett, Ze BV HE 55 J0 R 0] 5 Uk )2 Y B
REV™ . ARARBRELA T 5 oAb 2 R e M, e R A
P sp®~C [ 1 VE FH RE % Btk e 128 45 TR, 2
o R T PR R M Y e A SR
SRR IR R — A EE B 5 %
TCAL AKACESE IR JE BT B R S A v 2
BRI A, e o i B F i p PR ) 2 e ok B &
B J5 I J2 A T PN A I 2 T AF S A

Yy PR A YT FR B R ( Physical vapor deposition,
PVD) BA TURE A g | ORI BE AR AR A v AR Y
PR FEBIE A KA Tl Ak 2E 7= 0 5 PVD
AR UL TG A2 T S B IS B TR R DU T2 AH
LU, AR e JR 1) e S 258 ik o 422 W A B2 R (High

power impulse magnetron sputtering, HiPIMS )"/ fE

400 1 L g P e v ) R BT L B R, S BRAR E vo
DR TCHL AT g R A 3 A g RO 8 R A B AR, 7
Y A B IRURE A S B4 2 U 9 K 525 U T2 R

% WIS HIPIMS TR 78 b i ko % 3 B T
B ARG E AR E R BT
BT AR B 0 B | = P A S A S ok e
S PERREERERE R E GIR)Z . IR SCR &
TR Jik ol s T S R &5 B e ) Z2 ek AR
SRV 4B AE TiSICN K E A% )2, 0 T
HAEARFIREE T 1 EEHE A M R
1 e
1.1 #H&EE&E

TSR A AIST 316 L AEEHIFI(100) B
Hrfr AISI 316 L AR T4 20 mmx20 mmx
3 mm, B A BE T 4 OG, Si (100) BANL R R EE KN
550 wm, K574 20 mmx20 mm, FEAE A BL2S T
ISR F VR B | TG 7K 2 I T 25 8 - 7KORE 5 T Pk A%
15 min ABRERETG ), THRARRTEEA R
23 E IR b RE R AR SRR R R 10 em,

TRIEH A R AT O T VRS SRS A B
FWN L FFAESEARKESMES. 0 mPa J5, Ja sh Ak
B 7 ( Gas ion source,GIS) ,fHiF] Ar* ZIih FAA K I
10 min DABRZS 0 RESR FE B3R 115 5y, 20 it A S
il -800 V, Ar SRR & 120 scem (mL/min) o
LR T S R T 25 AR, ) FH v 0 238k o i s
$tTi,SiC, # 7R AR L PR TiSiC i P2, VTR
Bl A —-60 V1 J5 28 N, i 2 20 scem,
TE TiSiC i I 2 1 YR TiSiCN 82, VU 0 M 1R
HF-60 V, 525 90% , A AR BLAR T A S 50U
%1,

x1 RRATBIZSHE

Table 1 Details parameters of deposition process

Target average Pulse on Bias Argon flow Nitrogen flow Work Substrate
power/kW time/ s voltage/V rate/ (mL/min) rate/ (mL/min) pressure/Pa temperature/ “C
4 50 60 110 23 0.79 198
5 50 60 110 23 0.82 202
6 50 60 110 23 0. 80 203
7 50 60 110 23 0. 81 201
8 50 60 110 23 0. 80 202

1.2 SRR AFEREX

KHZFFBRAE T TiSiCN K E S BRER
S5 Lo s B AR BRI

(1) Z i X 3 245 312 (X pert pro MPD,
Panalytical ) % 1% J2 317 9 A0 43 7 K, 3R 159 0% 2
IR S A, X BBy Cu BB, X BRI KK A =
1.540 56 nm, FAHHEZFK 1 (°)/min, FHEEH 10° ~
90°, H AL,

(2) R &5 A48+ B U (S - 4800,
Hitachi ) ME 4K E G IR 2 BURIE S, 1E5 &5
A B HT X R 2 T8 P A B LR
R 2 EME B PR 20 mA | B[E] 150 s,

(3) KB E G TEL (LavRAM Aramis, Horiba
Jobin Yvon) RAE T 9K A IR E hak I FF7EIE L,
MR SRR Ar-Kr BOEERIOR B 532 nm 7] 0LOE,
YL H 100~2 500 em ™',
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(4) RHHEA = HIE BerkoWich 4 N1 3k
82 K B B 32 2R 58 ( NenoTest P3, MML) AL T
TiSICN 44K B A0 2 B9 B (H) fs s g (E) |
AT (B 2k P A IR I AR R (S) TR
JE(hy) KRBT (P, ) Pl KRIEARE (h,,,) -
Wik Oliver-Pharr 71 58 345 16 2 B9 44 K fifi B2
(H) R e (F) .

(5) 2R H WA BT 4E FC L FE 0.5 N B9 JE
BAHM T ERZNBREIE K,

(6) R AEAT =m0 s Ak 2= BRI R
ZEE 42 8 45138 56 ML ( MFT-EC4000, HUAHUI) il
TIRBEARFAEE P AR, RIELHARE
FCAEATEE SR B S I, i RE AR e SRR X
BROMEAE 6 mm [ SiyN, Pk, BESE K 5 mm, BE
BENR A | He, BEEEFR P2 i | N Il S N, R
A4 CCD MIPLAY G2 BB R AE T 1k )2 A R
2

(7) K FCEIR R TiSICN 99K 52 SR 2 1)
54 AT, R B H R T Rockwell JE3k
FE#J1 1 470 N(150 kg) . Z FRI& IR H IR L PP Ak 45
A bR, it IR IS S bR 1R Y S RO LI
R IZRIZE S 11 (HF1 ~HF6)

2 RS

2.1 HiPIMS #IfZE3 &R LRI

KHZ i X SEEATEHGERAE T TiSiCN 321
Al IARZE L) DRSS UL 1,

& 1 HiPIMS ZEAN AL 2 5T DALY TiSiCN
UWRIZM XRD ATt B, AT 43, 62°,50. 70°Fll
60. 29° 4k ) XRD YR T AISI 316 L A 4540 3L {4
W AN A T 2 58 (9 437 SR e 433 67 T 35. 3°Fi 420 [
VA I T TiN ( PDF#87-0629) 1 TiC ( PDF#71
—0298 ) W fvi 22 8], H1 T8 S 1 A0 U T 1 R 72
PR, ELIS M T O S7 T G54, A o BORE T, RS
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Fig. 1 XRD patterns of TiSiCN coatings deposited

at different target powers

T BTGB [ 95 1) 195 4, PR L bR 32 oA TiCN A, [\
i XRD fi75 & 1% ok & 3 Sic  SiyN, HI TiSi A7
e 1 Si AR AT RE DUAIE b ik Ak A (a-SiC) FTAfE
FiE(Si;N, ) FAAE , BIRJZ iR AR 252 TiCN AH , Si
JLER FEUAERAMIEAETE . AREEYR TR
TiSiCN )2 TiICN #4375 e S8 Ak W] &k, R WUk 2
o TICN fih R 4/ AR 5 538 19 XRD 17 3 144K
P , >k H Debye-Scherrer 2420154k 2 o TiCN 442k
SN
D = KA/Bcos 0 (1)
T, K A Scherrer H %, D S 3 5 F & 1 5 19] 19
BIIELEE B Sy SN A b A0 S 06 2 5 T, 0 A AT R A%
LA X SR M TR A S5 A A 0
SRR ITEA R D) 3 55 B 45 1Y TiSiCN IR )2
H TiCN 0K R RST R 4~ 11 nm,
& 2 A HiPIMS ZEAR[RIFE )R 7E Si(100)
PR EEA £ TISICN 48K 52 AR 2 e
. BRATESUBOM T 2R S Si(100) JEARE i i
PR, BEEFEIIFM 4 kW E T3] 8 kW, TiSiCN
WZREJEE M 4 kW /9 2.34 pm FFHE 6 kW )

2 um 2 um

(c) kW

K2 AT YUY TiSiCN 7R )2 i 1 545

Fig. 2 Cross-section morphologys of TiSiCN coatings deposited at different target powers
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3.78 um, BEEHTI R —2 IR 8 kW, IRIZHE
JEFEMSA TR, TFEZE 2.87 wm, 37K 5T
s PR E RS B R R R 641
TiSiCN V)2 R i X R ke IR Shas A7 e LR
LS S B0 | LRSI B 244

& 3 fif s M HIPIMS FR7E 7 kW LR T
TR TISICN 1% )2 19 HRTEM JE 51 & SEAD 7 51 &
i, P 3 A BE DX H AT G PR v S O
SEJT (fee ) 45 ¥ TiCN (111) [ TiCN (200) F1 TiCN
(220) T IREME . FELRATHT PR M ARAT S e B Ud B
TiSiCN 1% JZ2 T A 91K RO /) TiICN 2 @ 4514,
HRTEM EUZ 7R TiSiCN )2 P AA7EE -2 K Sl
B A4 M A (111) F1(200) BUR B ne-TiCN 434k
TEAESRZEF R TICN B b R R 4~ 11 nm,,

5 nm

B3 7 kW LR R UURUY TiSICN ¥RJZ 1) HRTEM JE 41
Je SEAD fitif Pl 1
Fig. 3 HRTEM morphology and SEAD patterns of
TiSiCN coatings deposited at 7 kW target power

& 4 A A HE 2R R YUY TiSiCN 1% 2 1
Raman &3 WEIH AT IZE 1 120~1 750 em™ AMFAE
A SR R L ), Ry MRS R e 25 4 () R TR I, 2% B
TERFISEIR T HI 4509 TiSiCN 182 P AE7E SR 43R S
&M, AT 1 120~1 750 em™ AYIE ShBR 8% 40 i JE
Bt D IERT G WG ST, Hirh G R T8
HUORBIARE, 2 sp”—C Z2ILEERY A ; D W T4 L
DHIX A 7 RIS, X T B TC P (A SRty
2.2 HiPIMS #ENEINREE S NI

G55 1 RVEM R BT LR 2 PR A B AR b, B
SN 2 BRI R BE , I A AR YE Rockwell C 7%,
AT A 120° 09 [ 4 3k, 76 1 470 N 24
5% T AISI 316 L AEEH I T AY TiSiCN 4
KEGWRIZME LS5 J1, Bl Sa~5e sl 4~
8 kW LR R ILFRAY TiSiCN 142 11K [CJEJE FESEM
TS, 754 kW IR T UL TiSiCN 129 G

SIS I T B S 1 3 2 AR 1) SR L 44l 5
B L ) 6 B AT R RE i LA HF 2 G456 7,
76 5~8 kW FUURAY TiSiCN 4218 [CRIR B 40
O3)2 TR FAR 10 LUK S5 A 1 Sk HE 1,
7 ICHRIR B R W, Bifi 45 0 D) % 19 I+, TiSiCN Tk
ERIR -4 A BT B R & iR, HE5 &
2 HF2,
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Fig. 4 Raman patterns of TiSiCN coatings deposited

at different target powers

2.3 HiPIMS ¥EThZXT 4 ERE E FR 2RI R0

1 6 24 HiPIMS A AL Y5 IR TiSiCN 24
KEBWZWERE MRS H/E" H/E™
HRC FIRFE S, W& 6a fi 7, HIPIMS $0 3 3 £
4 kW B}, B TG0 D 2R R A5 1 DO R B - R0 4% B
% DI R s S E S, R BORZ TR
PRORBCNG B0 TR A X /N DR b A R A
R AK, 4 32.6 GPa il 325 GPa, BfiZ HiPIMS
RO RGN FOM R T B T A B T E
FHEGSR U )22 B 308 B A v 2 AR RE i & /R
k3%, TiSICNIRZR H N E™ W B, o=
8 kW B, URJZ M &3k 41.3 GPa, SR>
359 GPa, TiSiCN ¥ JZ ()R R gt A5E i o #0 )y 3
() L THHE N, 345 15 T 508 90K 2 A S A8 R
YK AL RIE A

SRHZER S, 7R R 77 0.5 N, il ad B R IR
PATE TIRZREME, R0,
0.016 - P (E)‘”

1.5 N7
c

K = I (2)

K, PRI E RIREPERIR H IR Z 6
BE e NP Ra K, B 7 iR A AFEY R T
OB TiSiCN 1R )2 W 81 K. FFLPEIRE We.,
4 kW ) & F UL LY TISiICN R )2, Ke N
0.74 MPa-m"? | SiPER 2 RECH 32. 4% , ML D) 5 3
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Fig. 5 Adhesion of TiSiCN coatings deposited at different target powers
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Fig. 6 Hardness, Young’s modulus, H/E" and H’/E** of TiSiCN coatings deposited at different target powers
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Fig. 7 Fracture toughness(K,.) of TiSiCN coatings

&7

deposited at different target powers

F 5 kW, K, BHNZE 0. 81 MPa-m"?, ik &2 2%k
WEA T B 2 31.8%; Bl 5 M D) R it — L 3 n =

7 kW, K, #A1Z 2.51 MPa-m"?, I SRR 52 2
R 39.5%; WL 8 kW B, K. B$ A T M %
2.01 MPa-m"? BAMAKSE RECH 40. 3%, IRIZWBIH
K, SBZENH/E R H /E* 523053 1 68
P BEEIRIZW H/E ME/E™ FIV RZH K, W
FHM R R RMUEIR IR BOH R ,6~8 kW L
DI YU TiSiCN 1R 2R IR T A H 2R
R A R R R m M K 72 7 kW B s,
H2.51 MPa-m"?, H/E* R H'/E "> B938 0, 7l LA
2.4 HiPIMS #BINEX & E TEREF 4NN
&l 8a 2y HiPIMS /A~ [F] 48 2 3 F YA AY TiSiCN
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BB S dE |, TR 2 1R BE R L BCEAR AN 43 o
0.22.0.21 F1 0. 17, ¥ J2 FEE 88 PR B3 ot i ] 22 4 i s
AN 3K IR AL VA IR T 0 S A A fo 1 R
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Friction coeffcient
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FEBEDUBON K ZE 0. 34, - BRI RIREIRY . D5t
—HEINE] 7 kW, BEA MBS BRI R B e
0. 32, I AERR T BE P I B S /N IRIR  Ra H Bifl
ERYIE LI RIZ BB A LTS 28 TR,
£ 5 kW B R TF YU TR 2 BE IR IR Je K, IS 4t
I 18.4x107 mm’N™'m™" ; B 7 HE DR 5E— 534
8 kW U IR T UTA A IR 2 B 1 R FE AR 2 5.9
107 mm’N™'m™" 7ERE B fe iy 1) 7 kW TR R YA
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0.4 20
16 7
03 r __E
z
12 g
E
02 f °
(=
- 18 ©
o-. ~
- 2
<
0.1 | "
4 4 g
=

0.0 L 1 1 1 L 0

4 5 6 7 8
Target power / kW

®)
R JEE B8 DR BRI S

Fig. 8 Friction coefficient and wear rate of TiSICN coatings deposited at different target power and AISI 316L stainless steel in air
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AT 5 N RN 0.5 He, XFEERI N SiyN, Ak
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ShvEAs ik BEE B2y 0. 37, BEIR I 50 AT L) 2k 9k
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Fig. 9 Tribological properties of tisicn coatings prepared at 7 kW target power in different environments
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SR FH 15 T R Ik v i s W S5 4 A 3 3 1A S R T
Zifil g T —F 5 TiSiCN 9K E A1k )2, I sE 7
PRIFURZ G5 | 124 Pk RE RS [R] PR 5% R R 42 1
RERYSE IR, 15 58 0 FEL5E T .

(1) 35 ) 23R ok oo e 42 W 0 AR T i) 4 B9 TiSiCN
YUOREAWRIZE, BT RIPRIE N (K8 7 s
7 5, VR B B L T A [ R R A e A e f
FHLE AL T KW HI 8 kW A J2 B9 9 K A B v ik
41.1~41.3 GPa,

(2) YK R I S TR A e s o
A EF T Bl 00 U 2 B 308 RBE S5, &
1 P LA A T R, DR R R [ T R AR o
#1 TiSICN K E 5 IR)Z W EA HF2 DL R0
4557
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