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&4 Ti, AIC.TiC, 4, . Ti, Al #l TiAl MR R 8 2
WEEEAT 3L 811 HV, £ I il 4 & MAX M E ATk
SRR R TCA TR B Bt v R B A 1A s 1R

AR TR R A i A O B BR 7E TC SRk
R AL A B TR RS Ti-ALN %RZN L
W TIonE AR LU A MAX MR G
WL 2 AR MR R AR R B L & R
WO EEARAE TCA FAR EIEAA T Ti-Al-(C,
NOEBWRIZ, RGHBEGE T 0 K B LA bR 2 940
SERGRRIE B Y SE R O H R T & MAX M E A
U 2 A B AR S

2 SRR KOk

2.1 RENH&E

KL EMLYIH] 40 mm X 20 mm X 10 mm #Y
TCA & PR IRR AR R FAR A B, SR )5 H SiC b4
BT IR T HEATFT S , I FH DI R A TG 7K 2 %) 3 1
PEATIE I 2 R AT TR AL B, AR RS A8 w0 T AR
Tk B R oAb & Wk R il MAX R AT D £
TCE AR T A” IC R AE NG B AR B A L
MDA DL B = Je i R i 2 AN R . AR
USG5 FH ) 0 7 bR THAL K CRiAR R 15~
53 pm, 4l =>99%) \ TiC #r K CRiAE R 2~4 pm, 4l
JE>99%) Lh J AIN By K CRL 42 2928 1 pm, 218 &
=>99.9%0) B = FOB K% R 1 PR RGBT R
BREEAL(YXQMAL) R A, BKRBFHIE S 50 1, 5 3
200 r/min, BREENFA] N 120 min, 1R 55 BB A
F£ 100 °C R EA T4 10 h, A & f8E 7 TC4
SRS TH U RS 29 2 mm BRSO R SR

() TCNO

O 10 L/min A FRET AR AT YSL-6000 BUELF#0L
A THOGE E S EBE RS 10 mmX 2 mm, 3%
SRRy 2.7 kW, HIHEE S 120 mm/ min,
x£1 FEMGT 5B KR
Table 1 Sample No. and powder ratio

Mole ratio
No.
TiAl TiC AIN
TCNO 1 1 0
ITCNI1 1 0.75 0. 25
TCN2 1 0.5 0.5
TCN3 1 0. 25 0.75

2.2 HEEEIEM

V6 Jebs T 245 AR R U T LT A O e W A A
RFH 10 mm X8 mm X 10 mm BIRE S, F7 B G
Ja A HF VHNO, VH, O #RFUE Ry 103 9L il /Y
JE ok VS VR AT ok, SR S R XS AT AL (D8
Advance) X} & 2 2 3647 W A o B, B AR BE B K,
SR K A =0. 154056 nm, & HLJE N 40 kV,
BRI R A0 mAFHIEE R 2 O /s, AR EA
10°~80°, K FH 14 L 5% (S-4800) K H: [ 7 1 BE 1%
AR % 2 0 2 B8 R R A7 IR ER AR 4 4 B . SR FH 4
[CH B 1 (DHV-10002) % 4 )2 B 88 B 38 47 I 4 . i
FAAT R 9.8 NLARFFHSF] Ry 10 s 1Y %5 5 3 2% TR
S AR Ty a4 3 A5 TR BE R 0. 15 mm,

3 SMT I

3.1 SREMELALEN
K1 WAFES AR RN EZNIES . 7T UE

(b) TCN1

1.8 mm

(c) TCN2

1.85 mm

(d) TCN3

& \
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Fig. 1 Macroscopic morphologies of cladding layers
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Fig. 2 Microstructures of cladding layers
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TCN2 I8 )2 5 EAR B 245 6 X W7 i, R LR
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Bl 2(d) (D (h) A % 5 45 8 )2 I EBAH [, TCN1L,
TCN2  TCN3 Y AL )2 vl i A8 A ot 25 5 35 0 02 8
TRk s TCN2 1 4 )2 A B B B A 8 TCNL
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0.25 If, B B B TiAlL L 9F H TiC, Ny, 5728 i
TiCy s Ny g o
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Intensity

. TONZ s ,j/. o s ..
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TCNO | |, .
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20/(°)

Bl 3 mEZEN XRD EE
Fig. 3 XRD patterns of cladding layers

h T i — 2 A MR R R E XA R A SR
S0 4R HI% TCN1, TCN2, TCN3 #4788 3% 43 #7 .
Kl 4(a) . (b), ()]} TCN1, TCN2, TCN3 ¥
JZ EDS R BB A7 B 2 2 A B 4 B &b
ATLIE . TCN1 5 TCN2 1 C LR N JLE B4
A1 DI [ L RO B 43 A T 46 il 5 R A A 1 i
Wik, TCN2 H i) CON JLE & 2 i TCNIL H

TR L &5 B R 1 WA 23 Bl R B R R ORI L

K4 BZ X5 EDS 43 Hr UL . () TCN1;(b) TCN2; (¢) TCN3
Fig. 4 Testing points positions in EDS analysis of middle zone of cladding layers. (a) TCNI1; (b) TCN2; (c¢) TCN3
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F* 2 4 R EDS 45
Table 2 EDS analysis of each testing point in Fig. 4

Atomic fraction/ %

Position Possible phase
Ti Al C N
1 58. 98 1.45 18.73 20. 84 TiC,_, N,
2 59.70 16. 68 7.50 16. 12 Ti, Al
3 55.60 1. 37 15. 37 27.66 TiC,_, N,
4 64. 08 17. 84 5.99 12.09 Ti, Al,
5 69.79 7.44 22.77 TiN, Ti, AIN
6 47. 40 42. 00 10. 60 Ti, Al
t AIN 5 TiC & & i sg i, #8822 b TiC % &l HHA R IE AT

A TN & =3, gk Tic, N, f N 5 C i+
AR ZE W R, B 4 R T TCN3 H iy A
RAN Gl 5 5 S0 B rl i 258 TiN,
X SR 980k AIN MR R 245

3.3 EFRENEHNE

Kl 508 TCN2 # B )= 19 EDS T 45 8, R4
R 2 S A SR AR 23 BT RE RS A5 B &2 & U J2 AE = fiE
O R IR T A AL S LR

K5 TCN2 G721 EDS HHEMT. (OTi FER (MDAl FEKX; (OC HEK ; (DN FEKX

Fig. 5 EDS map scanning analysis of TCN2 cladding layer. (a) Ti element enrichment area; (b) Al element enrichment

area; (c¢) C element enrichment area; (d) N element enrichment area
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T VR [ A L BRDERR S AR 7 R B R Ok
REHR R JRA M AR M TIAL 53R 034 %16
B R A RIE B Ti-AL K, B S & A TiC 5
AIN % T H I L Ti-ALFC-N 453, KA C 1
5N JEFRSFEERE, B TiC 5 TiN [\ 1 057 7 45
P L CON R T BE A8 52 B 58 IR V. Ok [ I 1K

TiC,_, N, s WH BEH RS ARAER T AIN 5 TiC
B L PR K AT R B 2 TIN, BB TiC, N,
B TiC [ % N 48 TiN Hr i C, B
TiC,.» Ny s #7AE B TiC, N, ; » )i T TCN3 45 H 2
HfE A8 Ol TiC, o N, 7. A b ot g i o A b
VR THT ER AR [ s A 2 TR RS B 5 Bk SR B
LU A I 25 . AR B ) BHOE L IR Y I R A
A 70 S 0 A % 975 7 22 R S A7 A 28 R L B
L Y5 1 T 0 b B 9 R 1T Ak ) B G o Y DN
Wi i1 i T A 6 ) 3R MR T R B A U )
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Ti-AL G, &0 S TiC 5 AIN BWiE T Hh g
B Ti-ALC-N #5005 76 45 58 [ B v, > CUN 7
Ti-AL A b [ 75 B 38 B0 BR S 38 K a8
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WIHE i I8 i Ti, AIC 8% Ti, AIN 4,
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___—

@"1': e

l'.ﬁ "Al @ c

W N

K6 MAX & MEHREE ., (OBrBi—; (W BBt —; (O BBt =; (D TIC,, N, /MAX M5 5514
Fig. 6 Schematics of MAX phase formation principle. (a) Phase 1; (b) phase 2; (c¢) phase 3; (d) core-shell structure of
TiC, . N,/ MAX phase
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A, TCN1,TCN2,TCN3 ¥ % 2 0 8 5 5 i 88 M
BI5) . R TR AR R L 05 )2 DG S 1 5 AH Y
Vs RS HR  BRL L T ) R A Y 55 A )2 Y
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Fig. 7 Microhardness of cladding layers
BZ RO R TR, 255 H R W AH 20 B T X 2
PRI o B 42 8 19 TiC, Ti, AIC 32 # # TiN, Ti, AIN
B OF HoA B BV A TIC, N, 3Bt TiC th

0202015-6



R X F49% F2H/2022 £ 1 A/HEHN

[ N A8 i TiN b % C. A eisg e,
A TiC,_ N, By PERE P E « (8 /228 i A
), B B o 3G, % A0 Y 3 1% 48 T i A R R
ik, TCN2 AE B . LR T TCNO; 45 4 H W i
LRI, T TCN2 Aol o 1y 8 A e b (45 1l &
K3 AR BB 5 4 J5 fil, 7 B [ ok B rh TN K UGB BT Hh
() TiC Ry B 50 T A% s A%, K K, Bl A 75 A
s 1 I 0 L ) 2 05 )23 e %) 3 A S B Oy 4 /N
R RAS X G A TR B ) $2 T A8 A5 e A
W i A ¥ 4) . TCNS %578 )2 PRURE AR 1 s /b 5
VSR B 1) 77 A B R eI

g5 E AT IR AN 8] BB R B ORHIC L 2 5 BUE 2
FR) AL 25 1) 55 A0 B — 2 25 5 L A B R R
KAEHEC L, RS AEEK G & R MRS A 88U . 5
FARGE A BRIF B Ti-Al-(C, N BOG K 235 2 . AT
AR TG SRS M THUT 0 S .

4 4h 1w

FIH O E R AR TC4 F R EH & T A
Wb ARG I )2 IS )2 5 500 2 RIF1E &
G R BRI BUR Y Ti, AL BATAR AL
41, IR F A3 A B R TiC, N, Ak 5L ALJE T
PrHGHE A TiC, N, WS B Z A Hh %8 i
— 2 MAX #,

I 7 2 1 ) A BE 25 R SR T B A AR T AN DB A
b B IRA B AT AIN 5 TiC B & & i KI5
HZ Y TiC. Ti, AIC ZF #i % TiN, Ti, AIN 1,
%A TiC, -, N, i TiC H [#%E N 545 TiN
B C, B TiC, N, 5 28R TiC, s N, » 5 i 7% 28
g TiCo Ny g o

3T IR AR L (459 2 2 rhon] LAUJE B At/ B
B 0 20 S L B R A3 AT ) 1 SRR T 0 06 3 4 T
FTC4 SR 2. 04 £ A B UGERR A & R
fig, LAE N B 242 1 T80

2 % X #

[1] LiGJ, LiJ, Luo X. Effects of post-heat treatment
on microstructure and properties of laser cladded
composite coatings on titanium alloy substrate [J].
Optics & Laser Technology, 2015, 65: 66-75.

[2] Koizumi H, Takeuchi Y, Imai H, et al. Application
of titanium and titanium alloys to fixed dental
prostheses [J]. Journal of Prosthodontic Research,
2019, 63(3): 266-270.

[3] XuX, HanJ G, Wang C M, et al. Laser cladding of

[4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

0202015-7

composite bioceramic coatings on titanium alloy [J].
Journal of Materials Engineering and Performance,
2016, 25(2): 656-667.

Revankar G D, Shetty R, Rao S S, et al. Wear
resistance enhancement of titanium alloy (Ti-6 Al-4V)
by ball burnishing process [J]. Journal of Materials
Research and Technology, 2017, 6(1): 13-32.

Cao S, Zhu S M, Samuel Lim C V, et al. The
mechanism of aqueous stress-corrosion cracking of «
+ B titanium alloys [J]. Corrosion Science, 2017,
125: 29-39.

HuD W, LiuY, Chen H, et al. Microstructure and
properties of laser cladding Ni-based WC coating on
QI60E steel[J]. Chinese Journal of Lasers, 2021, 48
(6): 0602120.

W SC, XU, BRRE, SF. QOG0E ML HE B Ni 5t
WCIRZHA KAERET]. P EEOL, 2021, 48(6):
0602120.

Bai Y, Wang Z H, Zuo J J, Fe-based

composite coating prepared by laser cladding and its

et al.

heat and corrosion resistance[]]. Chinese Journal of
Lasers, 2020, 47(10): 1002001.

Fp, £, ZIRIE, % BOUEHER S%EL S
WZE R FC #A o A (0], b E0OE, 2020, 47
(10): 1002001.

Zhang H W, Zhang D L, Zhang T G, et al.
Microstructure and tribological properties of in situ
TiC-reinforced Ti-based composite coating by laser
cladding on TC4 surface[]]. Laser & Optoelectronics
Progress, 2021, 58(1): 0114001.

sk, WL, KRN, M. TC4 2 F AL A

TiC R Bk 52 5 O I AL )2 00 A 20 % R 4 2 P ik
(J]. ¥t 5t F2 ik, 2021, 58(1): 0114001.

Weng F, Yu H J, Chen C Z, et al. Microstructures
and wear properties of laser cladding Co-based
composite coatings on Ti-6Al-4V [J]. Materials &
Design, 2015, 80: 174-181.

LuX L, Liu X B, Yu P C, et al. Effects of heat
treatment on  microstructure and  mechanical
properties of Ni60/h-BN self-lubricating anti-wear
composite coatings on 304 stainless steel by laser
cladding [J]. Applied Surface Science, 2015, 355:
350-358.

Zhao X Y, Zhang P, Wang X J, et al.

formation of textured TiN coatings on biomedical

In-situ

titanium alloy by laser irradiation[]J]. Journal of the
Mechanical Behavior of Biomedical Materials, 2018,
78: 143-153.

Li S N, Xiong H P,

properties

Li N, et al. Mechanical

and formation mechanism of Ti/SiC
fabricated by in situ

system gradient materials



S|49% E 2 H1/2022 £ 1 A/ EE

[13]

[14]

[15]

[16]

[17]

[18]

reaction laser cladding [J]. Ceramics International,
2017, 43(1): 961-967.
Eklund P, Beckers M,
M, ;, AX, phases:
processing [ J]. Thin Solid Films, 2010, 518 (8):
1851-1878.

Davis D, Srivastava M, Malathi M, et al. Effect of
Cr, AIC MAX phase addition on strengthening of Ni-

Mo-Al alloy coating on piston ring: tribological and

Jansson U, et al. The

materials science and thin-film

twist-fatigue life assessment [J]. Applied Surface
Science, 2018, 449: 295-303.

Cao J, Yin Z W, Li H L, et al. Tribological and
mechanical properties of Ti, AIC coating at room
temperature and 800 °C [J]. Ceramics International,
2018, 44(1): 1046-1051.
Richardson P, Cuskelly

Microstructural analysis of in situ reacted Ti, AIC

D, Brandt M, et al.

MAX phase composite coating by laser cladding[J].
Surface 2020, 385:
125360.

You C C, Xiao H Q, Ren LL R, et al. Microstructure

and properties of laser cladding Ti-Al-N composite

and Coatings Technology,

coating on TC4 surface[J]. Laser Technology, 2021,
45(5): 585-589.

BN, B, AR, 5. TC4 R HOLE E
TEAENZ G RIZW AL 5% 1], ot R,
2021, 45(5): 585-589.

Wang Q T, Zeng X B, Chen C R, et al. Morphology,
microstructure, and mechanical properties of Fe50-TiC
composite laser cladding layer on Crl2 mold steel [J].
Laser & Optoelectronics Progress, 2021, 58 (7):
0714002.

FHAE, B, BRE S, 4. Crl2 SR Fe50-TiC
HEEWOUHEZ ML S AR Eae ], ¥t
5ot FAEHE R, 2021, 58(7): 0714002,

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Nabhani M, Razavi R S, Barekat M. Corrosion study
of laser cladded Ti-6 Al-4V alloy in different corrosive
environments [ J]. Engineering Failure Analysis,
2019, 97: 234-241.

Liu Y N, GuM, Sun R L, et al. Microstructure and
properties of in situ TiC/Ti,Ni composite coating
prepared via laser cladding on titanium alloy [J].
Chinese Journal of Lasers, 2021, 48(14): 1402011.

XUTEAR, K, Fhaktr, 55, B8 &R O B R
fir il % TiC/Ti, Ni & £ Uk JZ oW 241 90 K% 4 i F 52
U], A E#ot, 2021, 48(14): 1402011.

Yang Y L, Zhang D, Yan W, et al. Microstructure
and wear properties of TiCN/Ti coatings on titanium
alloy by laser cladding [J]. Optics and Lasers in
Engineering, 2010, 48(1): 119-124.

Siow P C, Ghani ] A, Haron C H C, et al. Effect of
carbon content in TiC, N; . coating on the adhesivity
of carbide cutting tools and machining performance
[J]. Journal of Materials Research, 2016, 31(13):
1880-1884.

Liu D, Chen Z Y, Chen K P, et al. Microstructure
and wear resistance of laser clad composite coating on
TC4 titanium alloy surface[J]. Heat Treatment of
Metals, 2015, 40(3): 58-62.

XIPE, MRS 5, BRBHE:, 4. TC4 k& & RIMBOLK
HEBRENASMMEED]. &EHan, 2015,
40(3): 58-62.

Liu G H, Chen K X, Zhou H P, et al. Layered growth
of Ti, AIC and Ti; AlC, in combustion synthesis [J].
Materials Letters, 2007, 61(3): 779-784.

Guo C, Zhou J S, Zhao J R, et al. Microstructure
and tribological properties of a HfB,-containing Ni-
based composite coating produced on a pure Ti
substrate by laser cladding [J]. Tribology Letters,
2011, 44(2): 187-200.

Microstructure and Mechanical Properties of Laser Cladded Ti-Al-(C, N)
Composite Coating on TC4 Surface
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Abstract

Objective
because of their low density,

Titanium alloys have been widely used in various fields like aerospace, biomedicine, and marine,
high specific strength, good corrosion resistance,

and biological compatibility.

However, titanium alloys’ inherent low hardness, poor wear resistance, and high-temperature oxidation limit their

future applications. Surface modification using laser cladding technology can significantly improve titanium alloy’s
shortcomings. Among the materials used in surface modification, the ternary cermet MAX phase has the excellent
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properties of metal and ceramic materials due to its unique lamellar structure and bonding type, making it a great
candidate for use as a protective coating material. Therefore, starting from the powder system ratio, Ti-Al-(C, N)
composite coating was synthesized in situ by laser cladding technology. The effects of powder ratio on the phase,
structural properties, and hardness of the coating were thoroughly investigated.

Methods The substrate used in this study was 40 mm X 20 mm X 10 mm TC4 alloy block. The cladding materials
were TiAl powder (particle size was 15-53 pum and purity was greater than 99% ), TiC powder (particle size was
2—4 pm and purity was greater than 99% ), and AIN powder (particle size was about 1 pum and purity was greater
than 99.9% ). The three powders were mixed in the planetary mill (YXQM-4L) using the preset ratio (Table 1).
The ball-material ratio was 5:1, the rotating speed was 200 r/min, and the milling time was 120 min. The mixed
powder materials were pre-laid on TC4 with a thickness of about 2 mm by a self-made mold after being vacuum dried
at 100 C for 10 h. Laser cladding was carried out by the YSL-6000 fiber laser in an argon chamber with a flow rate
of 10 L/min. The optimized cladding parameters were as follows: the spot size was 10 mm X 2 mm, laser output
power was 2.7 kW, and scanning speed was 120 mm/min. The microstructure, element distribution, and phase of
the coatings were examined using a scanning electron microscope (SEM), X-ray diffraction ( XRD), energy
dispersive spectrometer ( EDS), respectively. The Vickers hardness tester was used to test the hardness
distributions of the coatings’ cross-sections.

Results and Discussions There were no obvious cracks, pores, and other defects on the surface of each coating.
TCN1, TCN2, and TCN3 had lenticular cross-sections. Following the melting of the cladding materials with the
matrix, an arc-shaped fusion line formed at the bonding area, demonstrating good metallurgical bonding (Fig. 1).
Because of the rapid melting characteristics of laser cladding, the ceramic phase with a high melting point grew
primarily in the form of typical dendrites after precipitating in Ti-Al-C-N molten pool. The movement of the solid-
liquid interface during solidification gradually reduced the temperature gradient and the dendrites in the middle of the
cladding layer tended to develop (Fig. 2). The dendrites tended to be fine and dense as the AIN/TiC content ratio in
the powder system increased, but the powder uniformity was likely to be inconsistent due to adsorption caused by the
large specific surface area of nano-AIN powder particles. After the matrix Ti element entered the molten pool and
reacted with the high content AIN powder near the interface, a large number of fine TiN dendrites formed, reducing
the fluidity of the molten pool. So, it was easy to agglomerate at the bottom of the coating during rapid solidification.
From the element plane scanning diagram, it could be seen that the Al element diffused at the edge of the dendritic
and equiaxed TiC,_ N, phase. MAX phase Ti, AIC or Ti,AIN was primarily generated at the ceramic phase’s edge in
the form of diffusion (Fig.5). Each sample’s phase diagram was made up of intermetallic compounds TiAl and Ti;Al,
ceramic phases TiC or TiN, and ceramic solid solution phase TiC,_.N,. The difference was that TCN1 formed MAX
phase Ti, AlC and solid solution phase TiC,;N,;, while TCN2 formed Ti,AIC, Ti,AIN, and TiC,;N,;, and TCN3
formed TiAl; and TiC, ,N, 5. The average hardness of the sample section was 764.26, 659.66, 673.56, and 648.45 HV,
respectively (Fig. 7).

Conclusions The composite coating had a good metallurgical combination with the substrate. The matrix of the
coating showed a compact Ti,Al, phase with short rod structure, and a large number of TiC,-.N, phase dendrites
mainly distributed on the matrix. During the melting process, Al atoms diffused into the TiC,_.N, phase dendrites,
resulting in the formation of a layer of MAX phase at the dendrites’ edges. TiC and Ti,AlC in the composite coating
were gradually replaced by TiN and Ti, AIN as the AIN/TiC content ratio in the mixed powder increased. The solid
solution TiC, ,N, changed from solid solution N in TiC to solid solution C in TiN, that is, from TiC,,N,; to
TiCy.3Ny ,, and finally to TiC,,N,s. The coating’s hardness was increased to 2. 04 times of the TC4 matrix by
forming a fine and dense structure and a dispersed reinforcing phase with the proper powder ratio. The Ti-Al-(C, N)
composite coating is expected to improve the surface properties of titanium alloy, allowing it to adapt to more difficult
working conditions.

Key words laser technique; laser cladding; composite coating; microstructure; synthesis mechanism
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