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Abstract: TiSi (atomic ratio 80: 20) and AITi (atomic ratio 67:33) alloys were used as target
materials by the vacuum arc ion plating technique. Two layers and multiple layers of TiAISiN
coating were deposited on the WC—-Co substrates to study the effects of the coating structure on
the microstructure, mechanical properties, and tribological properties of the coatings. TEM,
SEM, EDS, XRD, nano-indentation instrument, microhardness instrument and binding force
tester were used to analyze the cross sections of the coatings and the morphologies,
compositions, microstructures, elastic moduli, microhardness and binding force of the coating.
The tribological properties of the coatings were analyzed by the friction and wear testing
machine. The results showed that the binding force (greater than 200 N) of the multilayer
coatings is higher than that of the double-layer coatings. The double-layer coatings exhibit
stronger resistance to plastic deformation, while the multilayer coatings show stronger resistance
to elastic deformation. The friction coefficient of the coatings under low loads is greatly affected
by the surface topography of the coating, while the surface topography of the coating under large
load has little effect on the friction coefficient. Oxidation wear occurs only in the double-layer
coatings, while abrasive wear occurs in the friction wear process of both coatings. The wear
resistance of the multi-layer coatings is higher than that of the double-layer coatings.
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Fig. 1 Vacuum arc ion plating machine

S BN T AL O\ A T2 e e
FEHLRSE N ¢ 650 mmx700 mm , 47 A5 45055 iy
670 mm. JF i Y BERC A 8 1 160 A B 25 HL B, 4
T FCAT 340~ 100 B2l s, b s P BERE AT 8 1~k
SRS o e B A A E T 3
AHGEE R RS2 GBI E 160 TR .1
B RFEAR. BEME RS H | 2R
RERL 24 J R e L AN TR Al . TAE PR B
JE o (23+2)°C 1R R (35+5) %.

TR BT HIHEAL N - Ti (46 99.99% , 1y Z1 ih
JEER AL ), R SF R ¢ 100 mm. TiSi (Ti F1 Si J5 -+
80:20) , AITi (AL M Ti Ji 7t 67:33) , ¥l b4 R ~f
10 ¢ 160 mm. % Ar < (41 £299.999%) 5 H,
( 4 BE 299.999%) 1 i ZI b S AR, N, (46 B >
99.999% )W A S A 106 PR R4 4 R HEAA b
A =GR RS 16 mmx 15 mmx3 mm, ik L2
B NER 1R .

F1 WBELERS (RESE)

Table 1 Chemical composition of the sample
(mass fraction) %

wC Co C oAt

9.85 6.0 5.57 0.15

1.2 mAALE

R A A R G TR S I R s
PG AR b 0 G 4 oG I S5 R A AT, S
R AR EL FOA 5 R Z A A EE 0 180 mm.
B AR Has 2K T 1.0x10° Pa J5 JT IS i, fin
PO B T R T 0.5 r/min, 24 IR B K 2
480 °C Jf- f I 60 min J& , B e 42 i v E 4%
1 t/min. Fifi J5 ¢ B8 T2 3R X0l R R A7 45 B 14
Z P Uk , 20 i ¢ B 1) B2 NS N, TR
FUUR R Z DB S E N R 2 R IR)Z 45
WE 2 iR, 2 Mg 28 2L AITIN AR R 662, H
SR G IRZ M ANZE A TISIN IR 2, 22451
B2 28 AITIN/TISIN 2 200, SN2 N
AITIN )2 .

2RISR T 2 AN E 2 s Hp a—x (=
1IN REWNZEIRZN T E WA b—x(x=
1~22)REZ RGN Z0 T AR .
1.3 SEHRMER HFHEENIR

> F Thermo Scientific ¥ & 5434 iy 7 1
GO TR )2 2 1 M R R AU 30 O T P - b
% A 7 1 RE B B X S O (EDS) Xk 2
JEE 8 P IR A0 AR AT A 00 B T A R 9K IR



% 4 2 X) 2% 245  TIAISIN 75 B 45 M xFid & ) 5 AR 69 %ok 35
AITiN(1.92 pm)
TiSiN(‘Z._37’ m) ITiN(0.97 pm)
‘ ] ;\ITiN(l.wum)
B2 RERIKBRREEHTEE
Fig.2 Ball pit wear marks and structure diagram of the coating
(Q—RUREHIRZ; (b)—ZREHTR)Z .
K2 REMARSH
Table 2 Deposition parameters of the coatings
AP i Ar_ i NA : %EM/,A —  UURRSESC YIRS /min
HEJE/V  cm’min? cm®+min J&/ Pa Ti AlTi TiSi
a-1 50 100 0 — 80 0 0 480 15
a-2 140 100 100 — 80 0 0 480 15
a-3 140 100 0 — 100 0 0 480 30
a—4 150 100 0 — 100 0 0 480 30
a-5 40 0 3.5 140 0 480 60
a—6 80 0 3.5 140 0 480 20
a-7 80 0 3.5 0 140 480 70
b-1 50 100 0 — 80 0 0 480 15
b-2 140 100 100 — 80 0 0 480 15
b-3 140 100 0 — 100 0 0 480 30
b-4 150 100 0 — 100 0 0 480 30
b-5 60 0 3.5 0 140 0 480 60
b-6 60 0 3.5 0 140 0 480 2
b-7 60 0 3.5 0 140 480 2
b—(8~21) b-6 5b-71EEZZE
b-22 60 0 0 3.5 0 140 0 480 30

AL (MTS-NANO G200 ) ) 2 AF: s F14 fsk 85 1 5oL A
BT B R AR ER AL EFT 2~3 min (1)
O, LA A R T 23 v R UK 5 T 7 ke 18100 3
TR2E R 16 F % 22 W B2 72, DL Berkovich 4 ]
A Fe Sk e A T8 TR B s 0 280, 3 R A -1 38 0¢
LT R 2 A R N SRR AR R AR
6 AN [A] XU BT S4B AR e A 25 5L . sk
o, % THT R J3E R JRC R R 1 T B 4 W TSk 1
JE AR BE 5B 0 TR )2 R E 19 15%. ok H Anton
Paar 1 RST3 XIJJE M3 & 4t (CSM Revetest) #E17
VR 25 R 2 A 5 B 4 BT . I A v R 2R
i 450 200 wm , HE A a=120°0 4 NIl Sk
#J1°4 200 N, QPR K JE N 5 mm. 58 18
I A0 SR R SHE S I SRR B
PORFIWIRE SRR S5 S0 ok i )2 K

IR 1 8 U B R AR 2 B ) 3 es UM el
W5 1 J2 B Sl S Y 38T R SR Le2, B iR
J2 58 42 I5 TF U 2 8 S AR B 1 3 A E R
Le3.Le2 5 Le3 ) 1Z H F3RAE PVD IR)Z 25 A ik
JENT R ASRE AN [ I 3, DA /MR
BV 25 T 4R RS R LR A A U R it
B AL (UMT) PPAL BE 482~ R g, 26 4% A2 0 6 mm
(1) SIN BRAE X Bk, PIRIE B AT R E NS
mm, Zr BB E AN 1,3,5,7 N, fEE R N2
Hz , & IR B 356 1542 30 min. 7EH5F K 5 Hz, 2%,
i A 20 N, BARAER AT AR R 5 mm B, 5 4 )2 204
V2RI, VR 2 B EE AL E T 9 . 3D
J62E S B (RTEC, UP-Lambda) WU BRI A ER , i
i PR32 EZE 22 A% 1 %) 3 A st 0 e BB T L, AR
P HAF AT R (DR Z AR A R



36 AR FFR(A RAFR)

% 46 %

K=V/ (Fs). (1)
o VR BB IR ARFR s F o 84 5 s B sl g
fifi Fi H A< 2% (ZSX PRIMUS IV ) X B 26 A7 51k
i (X-ray diffraction, XRD ) { X} 14 )2 A AH 25 4 f
TP BT AZANES h X B B A A% X ST ERERMIAR
DAL X 2k R Ge 8 il e B Al L R — R
B X2 RO B AR s R AERT ST IS X At
L ZE it AR d AR 25 B[] ) A7 S B B
WG] DA 3 2ok AN ] 8 437 SR 20 3R 1 0 A 1) 2 1
Yl

2 RSB

2.1 BREHHHERIE

1 3 A FE A T £ 4 AR L ) 48 1 TIAISIN I
2 XRD Eli . H 1 SRS HIRZ 2 N2 2
ERYRIE ONEE AT LU B 2 RR IR B A £
R AEE 2 PP R 2 B AR S A —E AR [A]
W25 R 2 (] 3 1) 7F 44.31° 407 TR 7 T
Fh k& (fee) TIN(200) U4 HY B, 3% 5 TiN 7E 45.96°%5
HEUGE (PDF#38-1420) #H Lt , LA & 7] {15 £ 2 0
B8, 3 T BB S I 7 T B0 A IR AR 1 I T 22
2S5 TR 2 (K3 2) 7F 43.46° 40 W42 3] fee—
(Ti, ADN (200) FFAEIE . 7E 2 Fh % )2 A9 XRD &%
AL B Si K HAR A Wy Ry AT ST, 5B Siot
F Al g LAAE S8 XA 55 195 T TiN 55 AITIN 4
i) A

*—-FEfK * = Yre %
v---c—TiN : 22
a—c—AIN : 5

] 0.76 Ams

T | TN(PDEBs.1420)
| | AIN(PDF#25-1495)

20 25 30 35 40 45 50 55 60
26/(°)

B3 TIAISIN % ZE# XRD Eli%
Fig. 3 XRD pattern of the TiAISiN coating

H 3R] L, X2 454 Uk )2 Y fee-TiN
(200) 15K F 7k 2 4549 H 19 TiSiN 8 AITIN 2, H
X2 25K U )2 XRD K3 i Jf R &R B ALJT R, Bt
06 Sk [ B 12 B TiSIN & )2 . B2 TE SiN 4
215 foe—TiN K0T 1 TR G A8 Bl LY 4 2 0K &2

GURZHHE 2 2 45 TR 2 () fee-(Ti, ADN
(200) 0§k [ Z 2454 1) AITIN |2, HL7E 4.5°F
1 foc-TiN(200) U455 2k A TiSiN R 2" Kb
JZ1Y AITIN )2 . M3 4 Scherrer 222 (2) 58 2 #ig
JZ ) ok R

D =KM(p cos O). )
D R AR R SF , nm; 1=0.154 056 nm 2k X §F
VA 5 B R T S W Y 2 = 9E , rad; K R 4K
(0.89) ;0 R AT RLARATHE FA L (°). W= S5 TR )2
TiN ) Stk RF 35908 R 7.83 nm, 2 2 45/ J2
o TN B f s RT3 {E R 11.08 nm, (Ti, ADN
FR) R RO ST SE S48 R 11.23 nm. W2 S5 152 1)
mn L R B S /IN T 22 J2 G5 A U 2 1 AR R ST X
Al 5 I0E I A REL G ) (SIN,) ZH 4R fee-TiN
YRR A TR (9K B AR ZA G

&l 4 W) 5 2 )2 458 2 1 TEM S M
EDS iz s . Hor [ 4a [ 4b W RUZ L5 Z
P SITINJZ () TEMJESR ; [l 4¢ 24 SITINJZ 1) EDS Tl
FEUGR K 4d~E 4g 530 h Z 24500 = 5o h 2
AITiIN % )2 5 AITIN/SITiN & 2 19 TEM J& $i #i
EDS I EIA .

M 4 4b AT DL B, JCxE JE 1Y) SIN, LAFE i
BHIERIB A D2 L5 1R 2 1) SITiN 2 b,
—LIHIE T XRD A HIE Si TR FFFIERZE A A
Y TEM EZ AT L& B ELR TRDE 4 0.212 nm,
B[] 47 (200) (4 TiN S A AR 4b 0] LUK BE, fhAs
ZR8UR AT AR X AT BB AE S A Y SIN, BB A4 TE
X2 55 K U J2 1 SITIN J2 v 1 J i 1y 1 4 6, 4l
SR ZEF 1 )2 XRD H TiN W57 B ) 415 £ B A 7% .
M 4b 1) Z2 J2 458 Tk )2 e AP )2 ALTIN ) TEM




X 24 K5 TIAISIN & B 2 M 3k B /) AR 00 % v 37

4 WERSEREMERERSPHEHETEMBH
B % EDS mHKE &

Fig.4 TEM micrograph and EDS scanning image of
high-resolution cross-section of the double
and multilayer structural coatings

(a)—SiTiNJZ, TEMJES; (b)—SiTiNJZ, TEMJESR (LK) 5
(c)—SiTiNJZ ,EDS Wi ; (d)—AITiNJ= , TEME S ;
(e)—AITiN 2, EDS i #i; (f)—AITiN/SiTiNJZ, TEMIEHi 5
(g)—AITiN/SiTiN 2 ,EDS i 413 .

E4 AT LR IRA TIN(200) , AIN(200) FHRTELE ,
BARA TINC111) SR H P, (B J& 78 H XRD [K13%
HR IR R BT I (06, X T BE S T b m

B A 0 55 . N 22 )2 S5 1% )2 AITIN/SITIN &
JZ 1 TEM &M% K& H: EDS 18 414 (& 4f, [ 4g) 7]
L% B, £ AITiN/SITiN & JZ Fh A TiN (200) J2 kK
1 AR JC 2 TE SiN,, I HIC 2 B 19 SiN, LR 2
WIEXfFET 2.

W2 RMEIE N S PR 2 g2 R A
WA K M s B (RO A BT Y R 5 5O A
fE—EXER.

E5 ®REMFREFEIR
Fig. 5 Surface morphology of the coating
() —RUREEIRE: (b)—Z)2E5HIR)Z

R 2 2T BURL K T8 i 45 Tmaged RbBE
JaunE 6 e NEI AT LUE Y, 2 2485 2R
AT A AR S M e i B e 2 T X2 5 TR 2
MIEE , IX 5T Z RN Z A G

530
521 | Pud=arn]
520 | B3>ty
510
% I
ﬁ = =
5] 154
g 150
E = 18 =
10
4
0 0.1
0~0.5 0.5~1.5 >1.5
Bkt MY R /pm

E6 XEMASMIRMR~TEHESH
Fig. 6 Size and number distribution of large particles
and pits



38 AR FFR(A RAFR)

% 46 %

2.2 RENZF1%RE

7 M RTRI TR 2 B SRR i KA HUE
HY/E2 BAE . B 2 0] LA R B, SUZ G518 )2 e ANZ
MERELN 2 pm, Z 255U 2R EE L0 4 pm.
4K FIR I A A 22 J2 TiSiN A U(E . 40 1&] 4b B
7, JeE T SIN 4 21 5 fee—TiN 44 K ki 1R &
Fa ) T SR AR A TC e e 454, E (0 2
HL& T R R R A5 02 25 K U 2 O R 5 sk
B ZE & T 2 R85 IRZE SR SR 2
i 85 v - SCHR [ 22 ] E 2K, 31X T RE A R R AR SO
F TR TiSiN JZ2 B 9L 338 i, (5 75 Si 1 31 95 it
AU AVE AR e, PR TT AR A 1 T vy A R R e A
i 2R G RE R R S SR AR i S SRk 23]

700
641.5 | BEEE
600 | | Py

(Y

(=

(=]
T

P R/GPa
W B
(=] (=]
(=] (=]

200 -

100 |

(HIE)x10”
S ~, N W A UM AN o

wE

TCER 25 A Y X T BB B TR 98K R IR AY
JE I B R HLTHUZ AITIN (9B B 5 s b & | T
X AITIN/TiSiN 3t 52 & v ] )23 3% A AR 4 1 3=
fIE . Shtansky 262 JA by, Bifi B 55 5P 4R 22 Bb
(HIE) W T U 2 A0 R BT 3 v A8 T 26 30 g
1,385 A VI TR 2 AR S AR B B P AR 5 T HY
E° WL T VR A RHIRPT Y AR R 2 e ), 18
GV IR RSB A Y B B i PR RE . BUZ 4
PR )2 HIE R T 2245012, I B2 45
PR 2 Lt 2 2 25K 0 2 A B 5 0 4K PT 98 M AR P
(IBE 11 ; ZIZEEMIRIZE BB EH K TRUZ S50 15
2, UL Z 2 S50 12 L RUZ 25 Tk 2 A TSR
HEHT A AR T Y RE

w2

E7 ARREREMEEE EE HESH/E
Fig. 7 Modulus, hardness, H/E, and H* E? of different coatings

K8 Ny 2 iR JZ B 45 G 1 5 B9 Ry SUZ 5 U
JEAERRI S SRR S RS N 555
TREE I AR A 4R, AR IE S ; 16 10 S 2 )2 45
R E R B R R G o5
T U AR TR £k, LA S R TE S 3 1 o0 #r
PR FHE S omE Ty g E R S RIRIES, v L
B 2 TR 2 A B IR 0 S R 25 5 T RN

7£200 Nz fof T, WIE 9 5 & 10 Hh i RIIRIE
SAT LA B U2 S5 1R )2 7E Le3 (14.4 N) B i
BRI XA 58 e W VE IR | I 22 )2 25 A Uk 2 AR R
W3 J2 56 2 i v 1 Le3.

5
140 EZIAGHY

z 100 93.4

Lc2 Lc3
TR

B8 2MARE&ENITLL
Fig.8 Comparison of bonding force between two

coatings



% 4 47 X 2 K5 TIAISIN IR B 45 M 3R B ) S AR 69 % 39
100 ; : (3N),B(IN),B(3N)), Z 245 HR )2 M BRI R
8ol | | K TR G HRE e R T (B 1200 A
. | (5N),A(7N) ,B(5N),B(7N) ), 2 Fiif 2 i FE 5%
g | RBHEAR 50
~ 1
407 1 1
, 100 i
20 ! : :
1 1 80 1
0 015 i 1.0 115 205 215 3.0 . 60F 3
1 | % 1
200 i | 0 = Lol :
150t ' : 20l |
! “—(2.12,142) ,
Ex=100 r ! ! E; 0 0.5 1.0 :1.5 2.0 2.5 3.0
R : : o !
: ] 200 ; 0
50F :—(0.8,53.5) E _40 :‘
! ! 150 ]
0 1 1 : 1-20
' | € 100} | fﬁ
. (1.4,94.3) A
50 g 10
0 1 3
B9 XEARPNELEHRENERES AL

mEA F L FERE P, KRR

Fig.9 AE signal (Ay), loading force (F,), penetration
depth (P,), and scratch morphology of the
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