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Abstract: The anti-erosion TiN/Ti coating with multilayer gradient structure was prepared on the surface of TC4 titanium alloy by
filtered cathodic vacuum arc (FCVA) deposition method. The substrate is subjected to laser shock strengthening pretreatment before
deposition. The surface morphologies and mechanical properties of the specimens were characterized by atomic force microscope,
nanoindentation, and scratch tester. The fatigue properties of the specimens were evaluated and the fatigue fracture morphologies were
analyzed. The results showed that the LSP pretreatment formed a hardened layer with a thickness of about 300 wm, high hardness, and
residual compressive stress on the surface of TC4. The average fatigue strength of the TC4 alloy is 373. 8 MPa, and the fatigue strength
of the sample after preparing the TiN/Ti coating is 363.7 MPa, which is slightly lower than that of the original substrate. The fatigue
strength of the sample after LSP-pretreatment is 411.9 MPa, which is 13. 3% higher than that of the TiN/Ti coated sample and 10. 2%
higher than that of the uncoated sample. TiN/Ti coating can inhibit the initiation of cracks on the surface and slow down its growth
rate. However, the crack suppression effect is limited when the TiN/Ti coating is broken and peels off from the substrate during the
tensile process, and the break of the coating promotes the crack propagation. After LSP pretreatment, the hardened layer formed on the
surface of TC4 furtherincreases the difficulty of crack initiation, and the increased bonding strength can reduce the crack growth rate.
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Table 1 Static mechanical properties at room temperature

Yield Strength Tensile limit Poisson’s ratio
0.,/ MPa o, /MPa v(%)

Ti-6Al1-4V alloy 881 1025 0.34
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Fig. 1 Schematic diagram of fatigue specimen size
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Table 2 Process parameters of laser shock peening

Spot diameter ~ Overlap ~ Pulse width  Pulse frequency

EnergyE/
nergyE/] d/mm rate( %) 7/ns //Hz

4 2.4 50 20 1

LSP 4b 3 Z J5, R w3 98 BT A 2 25 a0
(FCVA) AR T 3R BT 35 2E 47 B o i 0 )23 1 %
TR IZBEPE TR 5T sh T b sk v RE SR A A BE S A U
2 MLG-4,iZ3R 20 &2 TiN JZ2 H)ZE Ti 2R
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Fig. 3 Surface morphology of samples in three different states
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Table 3 Tensile fatigue loading parameters and test results of TC4 titanium alloy specimens

Sample No. Starting stress level/MPa Loading steps Ao/MPa N/ cycles s/ MPa
TC4-1 300 5 30 321.2 399. 64
TC4-2 360 1 30 292.2 -
TC4-3 330 2 30 249.3 337.48
TC4-4 330 4 30 180 395. 40
TC4-5 330 4 30 210. 4 396. 31
TC4-6 330 2 30 333.3 334
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Table 4 Tensile fatigue loading parameters and test results of TiN/Ti specimens

Sample No. Starting stress level/MPa Loading steps Ac/MPa N/ cycles ops/MPa
NC-1 330 1 30 426.3 -
NC-2 300 4 30 348 370. 44
NC-3 300 3 30 257.4 337.72
NC-4 300 4 30 221 366. 63
NC-5 330 4 30 8.2 390. 25
NC-6 330 2 30 774 353.22

F 5 LSP+TIN/Ti B GFRMESTNHSH R IRBLER

Table 5 Tensile fatigue loading parameters and test results of LSP+TiN/Tispeciments

Sample No. Starting stress level/MPa Loading steps Ao/MPa N/ cycles ops/MPa
LC-1 300 4 30 949. 3 388. 48
LC-2 360 4 30 886 446. 58
LC-3 330 4 30 63.2 391.90
LC-4 360 4 30 102.2 423.07
LC-5 360 1 30 544.1 -
LC-6 330 4 30 655.2 409. 66
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Fig. 7 Fatigue fracture morphologies of the TC4 titanium alloy specimen



126 b =B X @ L E

2021 4F

R T, 4@ RS B 2R 482 2R B Y1 )
N, SR 2GR U )% X R R AT
SRR, ME RS BN RS T, B R 5%
BT A L, TR R AT - 10 L RiraE TR T
S 20 S % N L 11 [ M B T E S48
TRIX B4 804 e X (] W7 584 X0 2 i 1K A
Bl 7b ST, AT A W BE AR 1 20087 F I8 11 19 42
T, HAL T I, X 52 480 [A] — A 48 T
Ab Y N 3 KR — B, FE R TE 24 B s L T
WL S T HLMOIN T8 T B3N 8- BE 12 %)
AR L AN TR €3 @ {7 W o g [T G S
QR Z G, R R R Y R, B e h
SRSy R DX ST 55, 28 B0 B 7R ) fi B
FRAE 7776 Rt i B 45 B R0 i LI, LA B9 57 4%l
RGP KM, KT ML Y AL,
FHICHIE ST 2 R R 78 A4 RE 3 58 A K S Ak
Gy FELER S 46 v, DT 5 BOM BL 25 5 TR 24 80T b
ST S A T S A H R R Ak 23 A
PRI ] 7d S A% 57 Ik (B) 0 SOULE A, St 2R
R BB RRE

& 8 & TiN/Ti 1 )2 a5 95 57 W I JE 5L, Horp
Bl 8a N ZWIEAR, 5 IR AL, Uk J2 1 4 Do
I S B 57 S0, T A B 24 S0

yo y A
Ll 5

1 mm

(c) Crack propagation region

Tl 0 22 vt i b7 . 1B 8b iy IR X MO0
TR, TR R REFEA R ZC 4% 2RV,
S5 NG AR U2 5 R Y A7 B0 Bl ey B A S
TiN/Ti ¥ )2 B9 SiE J A0 X T 356 R 5 A, A8 [R] 475 36
PR J) R S A R UL, B 7= A R ) 4 o
TERRSIR " BARR R AR AR 3R AR A N
1, RSB AR B A L0 7, (AU 2 M4 R 9 4 Ji R A5
IS, EDEARLAP R ) R & A T, IF 5 3k &
M 03 J2 5 58 4 K, G ¥k 4k S0 ) 4 S0 A B T Ab
B A, HLWR 2 0k 28 00 ] s A7 A A2 ok S 1) AR B
JERITREDS ) HEEZ AN GRS ARG A 5
I, RUIHGURE R U2 RV 5, 802w R A
YR R E X 55 M RE AR R S . TR, A
TiN/Ti W )2 J5 158 44 00 Fr A % 55 98 BE /N s~ B
8¢ J& TiN/Ti Ui 22480 8 X i Sl e 53,
ATLAE R 2 S SRS & R4, B K vk )2
TCHA 8L, B L AT, TR 2 FE AR 97 ey
JEBY B ARG . 1] 8d S 9 57 Ik T it 2% X 38,
FIBEOWIE 35, v] DL 35 R DX S8 A7 78 K 3 ) 3
fiE o A7 300 25 ) T A7 7 B B ) 3% 2, X e 7R ik
I W e AR v, R AR b R ) T RLK i R
5, I R 3G, VA )2 7 A v I T 3 e K T
M T H B MEE I A A T R

N
b s
5
.
\
\
- ’ mitiation site
. '
* .
4
{ ’
v
.

Completely peéling

100" um

(d) Instantaneous fracture region

B8 TiN/Ti iR)Z 3 49% 55 W LB S

Fig. 8 Fatigue fracture morphologies of the TiN/Ti specimen



B3 B WO R ACETAL BEXT TIN/TI 32/ HE A 55 1 RE 1 52 ) 127

[ 9 & LSP Rij &b FH TiN/Ti 4 2844 09 7
WIS, o &1 9a S 22 W SR, il B 10 2
AT LR Mg g TR B, B R —
PR, B 9b HLYRIX Region A OIS, 7] LA
B B RSO AT A Bt AL A p AR 25 5 AT AT, LSP
HIALFETE TC4 RIHIE K — 26402, 7T FEALEE R
5500 20 A8 T AN DG L B 45 = A T A 1K B R 8
HBES, 5 LSP R AL B TiN/Ti i 2R AN [A]
WIRIF AR EFITE KR T4 LSP mib# 5, 5

Region B /

Region A
L\

Ly Ny

(a) macroscopic fracture morphology

(b) Fatigue crack source region

PREE R B TR Z W A S Re ), Bt s T
WES BRI G T, RE08 UG m A R,
H T URJE N AL 2 N ¥ 2 e I g, w4 il 24 £
My 9c SR B X Region B T
PO B, 7T DUR R 2 53R 2 & R %,
FEAR S, AT SR B IR R LA, LR b, 4 LSP
HIALS , P A i RSl A R R SRS R
SRS T LSP #2157 TiN/Ti 3R 2 R i
9 55 SR

TiN/Ti coating;

/'

Secondary

20 um

(c) Crack propagation region

9 LSP b B TiN/Ti U 2P % 55 I U 5
Fig. 9 Fatigue fracture morphologies of the LSP+TiN/Ti specimen

3 45iE

WFFE T O o 3 AL T A BE X TC4 HE 44 i £
TiN/Ti U2 J5 952 55 1 BE 14 52 ), 45 45 W F1RRAE , 45
% T AR BETR 2/ SR I 9% 57 15100 HIL B B Ot vl
AR Ak PR v o B i 2 I o7 MERE R P, R
e,

(1) LSP Hij &b HAE TC4 Bk & 4 % MK L 2
300 wm JEAREAL)Z , ELiZ 02 e 1R 2 UGS R
PERBRRAE . TC4 BRA 4 FEAR R A% B AN 299. 5 HV
PE1E 2 372.2 HV  ZRIE N I HARPLR I RS ARy
—497.9 MPa [} RN JPIRES U2 SRR S5 G 1N
54.9 N $£m%]79. 1 N,

(2) TC4 Bk A 4 FEAR 07 B30 % 55 58 5 Oy
373.8 MPa, TiN/Ti {21 363.7 MPa, 334k
WS A REAK, LSP FiAb S TiN/Ti i 23R4 F 2 hr
g 25 38 BF ky 411.9 MPa, % TiN/Ti 3K {4 £2 &5
13.3% , BHARSE R 10. 2%,

(3) Jlf TCA Rk 55 RSO AL Tl 2
BEEE TiN/Ti W2 N AR = AR AR RN ), BeA
—EPLHGHAERE T, U JE R A A 55 R B0R
PLTRAAR SR ZE R AL, P R TIN/TI IR )2
MR I 5 A R A B O RO A R, Hik)=
ISR T a8 e,

(4) LSP HiAbPEAE TC4 FEARF I T A B B 5R A
FER S REAL 2, 400 A MRS N, RIS AR T A
T BRI ANVCBCRE B2 TR 2 S 3R 4E & 71,
LR T M8 R A Y R

Z % x M

[1] PROUDHON H, SAVKOVA J, BASSEVILLE S, et al
Experimental and numerical wear studies of porous reactive
plasma sprayed Ti-6Al1-4V/TiN composite coating [ J]. Wear,
2014, 311(1): 159-166.

[2] YANG Q, MCKELLAR R. Nanolayered CrAlTiN and
multilayered CrAITiN-AITiN coatings for solid particle erosion
protection[ J]. Tribology International, 2015, 83: 12-20.

[ 3] JOHHANNES V D W, NURICK A. Erosion of dust-filtered
helicopter turbine engines Part I: Basic theoretical considerations
[J]. Journal of Aircraft, 1995, 32(1): 106-111.

[ 4] PEPI M, SQUILLACIOTI R, PFLEDDERER L, et al. Solid
particle erosion testing of helicopter rotor blade materials [ J].
Journal of Failure Analysis and Prevention, 2012, 12 (1);
96-108.

[ 5] SUZUKI M, INABA K, YAMAMOTO M. Numerical simulation
of sand erosion phenomena in rotor/stator interaction of
compressor|[ J]. Journal of Thermal Science, 2008, 17 (2):
125-133.

[ 6] IMMARIGEON J P, CHOW D, PARAMESWARAN V R, et al.
Erosion testing of coatings for aero engine compressor components

[J]. Advanced Performance Materials, 1997, 4(4): 371-388.



128

2 B X W L B

2021 4%

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

CAI F, HUANG X, YANG Q. Mechanical properties, sliding
wear and solid particle erosion behaviors of plasma enhanced
magnetron sputtering CrSiCN coating systems[ J ]. Wear, 2015,
324-325. 27-35.

FEUERSTEIN A, KLEYMAN A. Ti-N multilayer systems for
compressor airfoil sand erosion protection[ J]. Surface & Coatings
Technology, 2009, 204(6-7) : 1092-1096.

YANG Q, SEO D, ZHAO L, et al. Erosion resistance
performance of magnetron sputtering deposited TiAIN coatings
[J]. Surface & Coatings Technology, 2004, 188. 168-173.
CAO X, HE W F, HE G Y, et al. Sand erosion resistance
improvement and damage mechanism of TiAIN coating via the
bias-graded voltage in FCVA deposition [ J]. Surface and
Coatings Technology, 2019, 378. 125009.

WEI R H, LANGA E, RINCON C, et al. Deposition of thick
nitrides and carbonitrides for sand erosion protection[ J]. Surface
& Coatings Technology, 2006, 201(7) . 4453-4459.

BONORA R G, VOORWALD H J C, CIOFFI M O H, et al.
Fatigue in AISI 4340 steel thermal spray coating by HVOF for
aeronautic application[ J]. Procedia Engineering, 2010, 2(1) :
1617-1623.

COSTAM Y P, CIOFFI M O H, VENDITTI M L R, et al.
Fatigue fracture behavior of Ti-6A1-4V PVD coated[ J]. Procedia
Engineering, 2010, 2(1) . 1859-1864.

COSTAM Y P, VENDITTI M L R, CIOFFI M O H, et al.
of PVD Ti-6Al-4V alloy [ J 7.
International Journal of Fatigue, 2011, 33(6): 759-765.
COSTAM Y P, VENDITTIM L R, VOORWALD H J C, et al.

Effect of WC-10% Co-4% Cr coating on the Ti-6Al-4V alloy

Fatigue behavior coated

fatigue strength [ J ].
2009, 507(1) . 29-36.
CASSAR G, AVELAR-BATISTA W J C, BANFIELD S, et al.

Materials Science and Engineering A,

Evaluating the effects of plasma diffusion processing and duplex
diffusion/PVD-coating on the fatigue performance of Ti-6Al-4V
alloy [ J]. International Journal of Fatigue, 2011, 33 (9):
1313-1323.

GONZALEZ-HERMOSILLA W A, CHICOT D, LESAGE J, et
al. Effect of substrate roughness on the fatigue behavior of a SAE
1045 steel coated with a WC-10Co-4Cr cermet, deposited by
HVOF thermal spray[ J].
2010, 527(24) : 6551-6561.

PUCHI-CABRERA E S, STAIA M H, ORTIZ-MANCILLA M J,

Materials Science and Engineering A,

et al. Fatigue behavior of a SAE 1045 steel coated with Colmonoy
88 alloy deposited by HVOF thermal spray [ J]. Surface &
Coatings Technology, 2010, 205(4): 1119-1126.
VOORWALD H J C, VIEIRA L F S, CIOFFI M O H.
Evaluation of WC—10Ni thermal spraying coating by HVOF on
the fatigue and corrosion AISI 4340 steel [ J ].
Engineering, 2010, 2(1) . 331-340.

ZHANG X C, ZHANG Y K, LU J Z, et al. Improvement of

Procedia

fatigue life of Ti-6A1-4V alloy by laser shock peening [ J].
Materials Science and Engineering: A, 2010, 527 (15):
3411-3415.

[21]

[22]

[24]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

BARLETTA M, RUBINO G, GISARIO A. Adhesion and wear
resistance of CVD diamond coatings on laser treated WC-Co
substrates[ J ]. Wear, 2011, 271(9) . 2016-2024.

LI'Y H, ZHOU L C, HE W F, et al. The strengthening
mechanism of a nickel-based alloy after laser shock processing at
high temperatures [ J ]. Science and Technology of Advanced
Materials, 2013, 14(5) : 055010.

CORREA C, RUIZ DE LARA L, DIAZ M, et al. Effect of
advancing direction on fatigue life of 316L stainless steel
specimens treated by double-sided laser shock peening [ J].
International Journal of Fatigue, 2015, 79 1-9.

CAO X, HE W F, LIAO B, et al. Effect of TiN/Ti coating
combined with laser shock peening pre-treatment on the fatigue
strength of Ti-6A1-4V titanium alloy [ J]. Surface & Coatings
Technology, 2020, 403 126393.

AL WOt RS G m R O IR B S A A TN [ D).
P, TR, 2018.

LI X. High-cycle fatigue test and life prediction of the titanium
alloy processed by laser shock peening[ D]. Xi’ an: Air Force
Engineering University, 2018 . (in Chinese)

CAO X, HE W F, LIAO B, et al. Sand particle erosion
resistance of the multilayer gradient TiN/Ti coatings on Ti6Al4V
alloy [ J 1. 2019, 365:
214-221.

Surface & Coatings Technology,

LV Y, JIL, LIU X, et al. Influence of substrate bias voltage on
structure and properties of the CrAIN films deposited by
unbalanced magnetron sputtering[ J ]. Applied Surface Science,
2012, 258(8): 3864-3870.

MAXWELL D C, NICHOLAS T. Rapid method for generation of
a Haigh diagram for high cycle fatigue [ J]. ASTM Special
Technical Publication, 1999, 29: 626-641.

LUO S H, NIE X F, ZHOU L C, et al. High cycle fatigue
performance in laser shock peened TC4 titanium alloys subjected
to foreign object damage [ J]. Journal of Materials Engineering
and Performance, 2018, 27(3): 1466-1474.

MORITA T, HIRANO Y, ASAKURA K, et al. Effects of plasma
carburizing and DLC coating on friction-wear characteristics,
mechanical properties and fatigue strength of stainless steel [ J].
Materials Science and Engineering A, 2012, 558. 349-355.
LUO SH, LI'Y H, ZHOU L C, et al. Surface nanocrystallization
of metallic alloys with different stacking fault energy induced by
laser shock processing [ J]. Materials & Design, 2016, 104.
320-326.

XI'Y, GAO K, PANG X, et al. Film thickness effect on texture
and residual stress sign transition in sputtered TiN thin films[ J].
Ceramics International, 2017, 43(15) : 11992-11997.

MORITA T, ANDATSU K, HIROTA S, et al. Effect of hybrid
surface treatment composed of plasma nitriding and DLC coating
on friction coefficient and fatigue strength of stainless steel [ J].
Materials Transactions, 2013, 54(5) . 732-737.

CAIJ B, WANG X L, BAI W Q, et al. Bias-graded deposition
and tribological properties of Ti-contained a-C gradient composite

film on Ti6Al4V alloy [ J]. Applied Surface Science, 2013,



2,55 ot R AT AR FRXT TIN/Ti 3R )2/ A 55 PERE 19 52 1R 129

5 3 1 L
279 450-457.
JEl . TR A A RS RO bk O b B R R B Y

[35]

[36]

[37]

[D]. V4. A TR, 2011,

ZHOU L. Research on the principle and technology of laser shock
peening for superalloy turbine blades[ D]. Xi’ an; Air Force
Engineering University, 2011 . (in Chinese)

A B ROt SR AL R A TS K LI AR A L
PN HBISE[ D). Pi%e . 2 TRRY:, 2014,

ZHOU L C. Research on laser shock compound strengthening
mechanism and its application to aero-engine turbine blades[ D].
Xi’an: Air Force Engineering University, 2014 . (in Chinese)

DOBRZANSKI L. A, LUKASZKOWICZ K. FErosion resistance

[38]

and tribological properties of coatings deposited by reactive
magnetron sputtering method onto the brass substrate[ J]. Journal
of Materials Processing Technology, 2004, 157-158: 317-323.
PUCHI-CABRERA E S, MATINEZ F, HERRERA I, et al. On
the fatigue behavior of an AISI 316L stainless steel coated with a
PVD TiN deposit[ J]. Surface & Coatings Technology, 2004,
182(2): 276-286.

EEEN: WECGEEMER),J,1991 4FHE TR, Ht, F%
F5ET7 180 G s A AL 25 B3

E-mail : studentcaoxin@ 163. com



