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Abstract: Titanium alloys exhibit great application potential in deep-earth drilling equipment owing to their low
density, high specific strength, and excellent corrosion resistance. However, their inherent drawbacks-such as low
hardness, insufficient wear resistance, and susceptibility to high-temperature oxidation-severely restrict large-scale
engineering applications downhole. Laser cladding of ceramic particle-reinforced titanium matrix composite coatings is a
key surface modification technology to enhance the surface performance of titanium alloys. This paper systematically

reviews the research progress on laser cladding modification of titanium alloys. The fundamental principles of laser
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cladding and the governing effects of process parameters on coating microstructure and properties are elucidated, and

the advantages, disadvantages, and applicable conditions of two types of parameter optimization methods-traditional

experimental design and intelligent optimization algorithms-are compared. Furthermore, the classification and material

selection criteria of ceramic reinforcing phases are systematically reviewed, and research achievements on titanium

matrix composite coatings are summarized from three dimensions: wear resistance, corrosion resistance, and

high-temperature oxidation resistance. Most existing studies have focused only on single performance tests, while

research on coating failure mechanisms under the multi-field coupled environment of "high temperature-wear-corrosion"

in deep downhole conditions remains insufficient. Future efforts should be directed toward the intelligent design of

cladding powder systems, the development of hybrid auxiliary cladding processes, and the investigation of multi-field

coupled failure mechanisms, so as to provide a theoretical basis for the life extension design and service reliability

evaluation of titanium alloy drilling tools in deep-earth drilling.

Key words: laser cladding; titanium alloy; titanium matrix composite coating; ceramic particle; wear resistance;

corrosion resistance; process optimization; deep-earth drilling
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Fig.1 Laser cladding process
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Fig.2 The influence of scanning speed on coating morphology, hardness, and wear resistance
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Table 3 Phase composition, strengthening mechanism, and wear resistance of titanium matrix
composite coatings reinforced with different ceramic particles
Gic| (U3 SRALHL JES A 3/ B AR JBE 45 7 B0

TiC, 3Ny, Ti, Al o= Ti? 1064.87 HV0.2 GRS.SSS 4.44%10° mm® 0.1557
a=Ti.ALO,.TiB, . TiN BN Ti,Al . TiAl"¥  1052.19 HV0.05 SL.DPS.GRS 3.76 10" mm®*/(N+m) 0.19
a=Ti.TiS.Ti,SC .(Ti, W)C, [* 1005.4 HVO0.5 DPS.GRS.SL. 4.87X10° mm®’/(N-m) 0.339
o= Ti, Ti,AIC , TiC , Ti,Al*" 382.92 HVO0.5 SL.DPS.GRS 8.87X10°mm*/(N+m) 0.382
TiC . Ti,Al,a-Ti* GRS .DPS.SSS  25%
WC.W,C.TiC,VC.Co,W,C W™ 959 HV DPS. LTS 33% 0.19
TiC ., Ti,Al, Ti5Si3, Ti3AIC2 (Ti,Nb)C!* 1024 HVO0.2 DPS.GRS.SSS 4.5mg 0.375
a=ALO, . TiO,  Ti;Si, . TiAl Ti,Al, TL,AIC, 770 HV0.3 DPS.GRS 6.3 mg 0.435
TiC.TiB.B,C e~ Ti*" 582.7 HVO0.3 DPS.GRS.LTS 0.98 mg/min
a=Ti.B-Ti.TiB,TiB," 747.1 HVO0.2 DPS.LTS.GRS 0.216 mg/min
TiAl Ti,Al, Ti.Si, . TiAL* 820.83 HV DPS.GRS 0.14 mg/min 0.412

1 - SSS— [ % 3 Ak s DPS—iR HGR AL ; LT S—#% far % 13 58 4k ; SL— [ 138 ; GRS—4H fh Ak .

TiO, %l 16 B85 AT LA G 3 By 1E 5 0k 5 40 535 65 ik A
A2 e, AFUEE Ml T B R O T R R e R SRS ol ) 3R
Bih, TiO, 5 Ak 5y PR 451 5t ol 1T e A0 36 1 O
FMELL A B 5, fie 2 3 L 1A Y 8 il 2k s SR
Wi s TR ] 25 B A B IR )2 T LA R = IR )2 1Y
T 5 e P - Bl s O AR S 58 T AR AT LA R U )2 Y b
JE R Tt Vs P AR AT DR R 4 5 B BR A 2 B 5 B
AL LEBE [ 3 AR AR S R BOE R0 BRI T 2 0E
(A=W ST R AR AR = AR ) e K ) R
TE TR BB AR 5 8 5 A AE TS A T v ke ) A B A 1
PE R, Jn 38 BH A DX 0 B A 2 N7, A 25504 o ol 1
Az TEJE Pl AR b TR 200 e Bl A DA T X s A 3]
TRAPER -

X S5 SR OE A TURE R (LDED) ,
TEWOE D) %6 2100 W 1 4 3 B 20 mm/s . 3% ¥y &
23.3 g/min i T2 S8 T #il % Nano-TiIN Ik 2 , JF7E
3.5% NaCl ¥ FP 2 1 10 d, 0F 28 34 )2 B9 1t 1 ol e

HREWEZ T ZSH PR ER S, © 2%
A6 B9 90 K TiN 78 Marangoni % 3t /8 FH T 5% 805 4
TR R B TN AE S B A A a5 AR 8 A R B AR Sk 20
JIN R S5l B ol b O % A AR R AIS 94.8 %6, i fk
F BHL A JE A Y 13.7 4% s Nano—TiN H #r H 89 TiN 78
WA A A AT P BT AR Sy B AR B R
SE B BRI TR B 44 K TN B A AT i 35 40 4k ok
(PE6) 4l b 21 23 I A R T 7 i B8 B0 1
BEAR R, — 25 4R U 2 0 R M . Fan %743
B £ TiC 5 WC sk sk 3L Uk 2, 7E M R T. 2 3 44
R EL A M v 2 A b B R . WC 5 TiC
R R TR Sl X5 F AR AR i R TIC IR 2
(i I R PR BEE T WC IR 2 M & i LT 2R
A B, 7E AR 20 % B TIC B9 e 3 %
B WC IR 28 14.3%, J§ il 3R L8 WC Y
19.6 %6 3 WC X T~ FE A4 0y it Jig b Pk $2 T BOR A R 78
P2 T A BHCR, TiC 24 b ¥ 51 40 A AR A
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Table 4 Processing parameters, phase composition, and corrosion resistance of ceramic

particle-reinforced titanium matrix composite coatings

_— Ty s oK " JE AL/ A R/ B RE/
A% (A+cm™) (Q-cm?)

TiN® P=2100 W ,v=20 mm/s Ti,N.TiO, —0.383 1.482X10° 2.7X10°
Tic™ P=2500 W, v=5mm/s TiC —0.326 4.2X107 1.44X10°
W P=2500 W, =5 mm/s TiC .WC .W,C.(Ti,W)C..  —0.341 2.93%10° 5.13% 10*
S P=500 W,0=16 g/min TiC . Ti.Si, —0.220 277X 10"
B.C.Cr.Nb™  P=800 W,v=8 mm/s NbCr, . TiC .Cr,C,.NbC —0.33 1.18%10° 3.97% 10°
TaC" P=3000 W ,v=5mm/s TaC.TiC —0.348 1X10°%°
Cr,C,™ P=2000 W,o=15mm/s  TiC.Cr.C, —0.286 9% 107 455X 10°
WC.CeO,™ P=3000 W ,v=6 mm/s TiC . WC . W,C.Ce0O,.CeC, 0.404 4.09x 107 2.84X10°

223 miRPIAMRZ

R G 4 e TH Y A S TR AT DA RORR 4 SR
UL 7E F R A B R B R A H etk . (H ek
TR BT, A B ) A A A AR
HHEMET R, MRS N Z R B, T
T BEL Y 480w P B, A R A B R
o 51 P e UKL 5 AR T LA SE 23 5T L A L 404k
s R S 7 AR R AT T B T B T A A 1 4R AR
A DLIEC TS LB, 00 ) 22 )2 o0 R 4 0 1 A AR, AT 4
HARA SRR T PR bR W LAY
TP A AL B URE R AL A S REAE Y . Ly
SEUVE I AE TC4 il ) & TINUIRJZ , WF9E TaC &

SR 2 R BT A M 52 e, R B TaC 7E = iR
b3t B B B Ta,0,, A &CBH 1k S N 3 1, bl A
TaC F & 34 0 & 5B A Ak % 1 5, 0T i 4 8K
40%TaC ¥ & 1.69 mg/cm’, # I 1k W >
74.8% (B 7).,

Li ORI 5 SIC 5 8 6 U J2 Do S A v 1 s
R SIC it it 43 % 1026 I AR AL 3 B R IR (0.191 mg/
em®) L3 24 LB AY SiCoR] LU #E ALOL B i, (H i
i SIC 2 TIC A U I, DA R AR U )23 1Y e R T
A Akt . Yin &P AE TC4 £ Wl % TiC/TiB, +
yLaB k)2, WP 58 £ W : LaB, 78 %2 40 0 La,0,,
I 43 A7 A AR, B R SRR — 25 P [ B
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il TiB, 55 AHHLAL | I A RS0 18 5 S A 3 1 22 i 26

N ZHE AR Ty Wy 2 s B 43 B 2% LaB IR J2 1S &
0.87 mg/cm’, & P A AL M e fe fE . Feng 27" 7

TC4 F M E A4 M (TLAIHTIB)/Ti & 5% 2, bF
FEWRER R E BT KB S IR R IR 2 R
{0 h F AR B 20% 5 % J2 2 B B0 1Y Ti0,+
ALOR A FAALZE , H A B ALO,SE e 5 1 BT 5
o Tl R BE T U 2 A B 3R T AL VA TR T M R A
FER TG, J5 A A R TL,ALFD TiB il i 10 1k & 1k
J2 25 K 5 08 0E e B BSEOE I, B TR) 8 v 0k 2 1Y) v TR B
AL 5 S P RE

Fe 5 B R SR AR R E B IRZM T L
2R A2 LR TR A AL T fE

2 TR B R 1 5 BRI R A IR R AR T
P ok 5 R R T AR A = A T R B A A
PERE SR H AT B 5T 2 08 M AR DT 0 450 B AR X IR S
£ N 10 A SN T T e N SR PN e S G i
Bl B - 2 R R AN A IR T S
e b, % S AL LB 5 o B [ R TR 2 R
FEOULAIL A7 A BH WA, v A T2 g T 1] T 2 — i ol — e 4L
UEASERING N SRl

3 BRESERE

5 G A SR AL HOR AR L, WO K BLIR R HOR
e P ER A B B AT AE I T AR R b R R T
P BE S FRE [R) A A R A o B H RS2 B R
P R, X B <6 2 1T ' I T P TR R
SREREE S A URZ AT T Al A RLR T T T R

(D) FOCR B RHR R B8 e Bt . ATk
RE R 3 5 AR (9 1B F 24K T 25, & M OT R TR
JZ 1 BE 5w 5 ik A AL R WA, BEE N TR RE
BRE DAL I 5 KRB - 15 19 S, R OR I X O
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Table 5 Process parameters, phase composition, and high-temperature oxidation resistance of

ceramic particle-reinforced titanium matrix composite coatings

ok T Z = ¥ Vi A b o &\ Az )y
TaC"™ P=3000 W ,v=>5mm/s TaC.TiC.TiB,.TiB 1.69 mg/cm*(800 °C,50 h) it ) 2
Ti/Al/Si/SiC P=1500 W,v=10 mm/s TiC . Ti,Al.TiAL.Ti,Si;,  0.191 mg/cm*(800 °C,200h)  Hii#k
LaB,/B,C"™ P=2000 W ,v=6 mm/s TiC.TiB.TiB,.La,0, 0.87 mg/cm?*(600 °C,50 h) il 4y £
Ti/AIB,™ P=1500 W ,v=2 mm/s TiB . Ti,Al 2.1 mg/em’*(650 °C,60 h) i Py £k
Y/Mo/Nb/Ti*™  P=3000 W ,v=>5 mm/s Y.,0, 3.112 mg/em*(800 °C,50 h) ek :/g MLk
Ti/Al/Si™ P=3500 W,v=5.83 mm/s Ti,Al.Ti;Si, . Ti,ALSi,, 2.8 mg/cm*(800°C,120 h) il 4 2%

TiC"™ P=1400 W ,v=4 mm/s TiC \M,,C,.Cr,C, 7.32 mg/cm*(800 °C,100h)  HEpR%kL
TiAl/B"™ P=4000 W,v=6.77 mm/s  TiB.Ti,Al.ALO, 5.3 mg/em*(800 °C,120 h) il Py £k
AING P=1800 W ,v=2 mm/s Ti,AIN . TiN 511.44 pm (1000 °C,50 h) it ) 2
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