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Fig.2 Examples of CSAM and repair applications"”: (a) CSAM
TC4 axisymmetric component; (b) CSAM TC4 conical
component; (c) cold spray repair of gearbox component
from the S-92 helicopter
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Table 1 Main alloying elements, performance characteristics, and applications of various titanium alloys

[17-18]

Representative ~ Main alloying

Category Advantage Main Application
alloy elements
. o Excellent corrosion resistance and Chemical equipment and
Commercially pure titanium  TA1, TA2, TA3 O, Fe . o o
weldability seawater desalination facilities
o Excellent high-temperature strength, Petrochemical industry and
a-type titanium alloy TA6, TA7 Al, Sn, Fe

oxidation resistance, and corrosion resistance

Excellent comprehensive properties and heat-

o+p-type titanium alloy TC1,TC2,TC4 Al V, Mo, Mn

[-type titanium alloy TB2, TB3 Mo, V, Ta

treatable strengthening capability
High strength, good plasticity, and easy

marine engineering
Aerospace and biomedical
engineering
Aerospace, marine, and high-

processing strength components
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Table 2 Main characteristics of different powder preparation techniques

[24-27]

Technique Powder morphology Particle size distribution Impurity level Production efficiency Production cost
HDH Irregular Broad Very high High Low
VIGA Spherical Broad High High Low
EIGA Spherical Broad Low Low High
WIGA Spherical Narrow Low High Low
PREP Spherical Narrow Low Low Very high
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Fig.4 Schematic diagrams of the principle for preparing titanium powder by GA techniques®: (a) VIGA; (b) EIGA; (c) WIGA
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Fig.5 Schematic diagram of the principle of PREP process®™

222 CRRIEH

M5 3% B B i A e I 5 S AR R T 2 (R PRI EE S, B
SO0 G R URLTE JE AR B TR R S SR . BRI R
B, 22 BRI T AT I AR P BOUTRR R, i /N T 5 e AR
A JEEE DR 0H 5 44 M i 4 o E U J2 JEL T o V3 B
223 CRiRAKER

A AREBIN T & @R B ) T E R,
AR E A BA SRV A5/ ARl
A R RN AR FTR

u=M./yRT (1)

Ao, MO HRE, y A EEBEL , ROASURE B, TSR
FER . Ay E A 1.66, A S AR pEU N 1.40,
HHAS AT RIE S 728 296.8 #12078.2 J-kg K ™'
A LA A8 R RS SR B () SR T . R, 2L
ARAMUSAS w51 G 5 T L) T AN AT P AR B, DR 0 3k
BAMERN TAESA.
224 AKWKEBELSRA

SHRES R RABHR TN FEESH . AEE
73 ELHE RS <55 A By A DA A VB L ) 8 1 1 s )
Fe DRAUEBIOR AN 5 28 I 53 P 1 1 5% fh . REEAR )
I B AR 750 I FE AR AN K AE S AR R )
S, A T B 2 3G O, 1 5 AR R A TR 4
BRI SR TR AR o 38 SRR B > Sk e o
JEEI 5 DT B4 0 =0 T B [RIAE P 4 ws ptoks R B I
H, ¥ i 5 ISR 1) f R 22 il AE T I R B2, — 3 Ok

BB AR FRE 2T . Pelletier AL, 1L
0By vy s T Gl ) B N LR S U i R X 1 A 71
VIRAALIE R T, TR RCR BB BRI, PRI, & PR
BN A B TP IR A T

3 HASERE

I AW T2 BN KRG S )2 B SR
[i] 245 ey e T U A5 4, R R S e REAS R T A%
SN L L2, A A T SRR T2 BRI &
FE TR A AR T i o B A I R A R Z B AR Y T K
KEGH 2R S A a0 . 5, BERE &4
B (G S UTRE BE =, IR 2 A T G b A7 7 FL R AT R
SEALE A T AEEE . XSS SR B T A TR
WZ M) D15 e i e S
3.1 B4R
301 ARk AN 5 n 4R

VAR R SR A 4 UKL LA 2 i A o AR DU 2
B, 3 I R AR IR S 45 A LR SE I TR . kL
FE e S I, T S e AR AR ) AR R I
BRI AT . T AR TR in#k
IR, AT B B I8, SR 0 0 P e o, DAL S T
X IR N L R BT D) , 1X — I FE MR O 4 BT ) R AR
TEAR T DX 3 N 5, AR 23 i e v A 3 B 9 n T A A
HR R — BT, A REE R R S %
B, RS, e R SR MIEEER T,
P [X R A SR 7 BOF SR IE S 45 G A T S I RORE
A TR, B 7 g R (A SR AR R 2 TS

16 f
14l
S
z 12 Plasma
L 10 spraying
% 8 : High-velocity
5 Wire arc oxy-fule
E‘ 6 oo, Spraying ‘spraying
5] Powder flame /
= 4 |- spraying..| | ... i
: ol
o 2 Wire flamel 5
: spraying | :Cold spraying
L s s
: 0 150 300 450 600

Particle Velocity/m-s™'
Blo ANRIMEIR L2 M-I R 5 Ok 3 2
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different spray processes!*!
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Fig.7 EBSD results of cold-sprayed commercially pure titanium
coating™: (a) inverse pole figure; (b) grain boundary distribution
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Fig.8 Microstructures of titanium coating deposited on the steel substrate™”: (a, ¢) 600 °C, 4 MPa, N,; (b, d) 800 °C, 4 MPa, N,



* 2986

W] B RS TR

555 %

1000 C ,4.8 MPa) il & H 118k 4 )2 FLER AN 0.5%, {H
X 25 R AL T AN R &5 ), HL 75 W REAN T A
PR . R 3FIH T AL R A BHR KR E AL R
%&%[50]0
3.1.3 “@mE A

R AR I R HE T A VA IR T A R TR ORI S R A
B B e L, HLR BRI P 9 Bt B TR kA 4
WAL R TH 2 A7 AE — Z A, R R AR R B, Rk
A W A AR T R BT ) ST AN 2 i P R A A T 4
JE& — AT HEA, T 2 7 AR T 2 R BB, UKL P 3 ) A Sk
SR FER k. MhAh, TS A R A T AIRBTY) KA,
FEAE T s SR FE R R RIER R RE SR
F 5 AR A BB A, T BUA 445 50,
SR 5 SR A AR 3 B e A 7 A v A X 3k, SR 5 2k
TR0 53 AR BN, A 2R 1 [T B R A AL LS DAL
. HTHRESRESNBEHARREIE R, XF R I
FAE R E AR R, 10w, FREMESS
WA BURDUBAR N AR KRR AL &, Has &
AR TR & A XM 4SS G0 . Ichikawa ZPVR I,
SR I 350 DX 3k P 4540 2 T U R IR, 5 80 2 = S8 1)
SEA RS N R, B AR 45 A R AT, SR GE A ok E R
257 3 R .
3.2 fEgk
32.1 A FHRE

A BHRER SR A S DU I S PR R I e T I 80
&S24,

DURRARIE LA I RO B 1% 19 2 T URLTE &
TR T R A R B IR M A T T A RN AR A R4

oo B0 FEE 0, A R A EK IR )2 1R 2958 150~
368 HV, MWk TC4 ¥R 2 1 Bk FE il ik 357~425 HV,
Brmn TR B B R . Li 5078 $1) % TA2 5Kk 2,
KIVESAREESRTEZE 900 CJa , 142 S A nl ik 5] 247
HV, , Ji R R R il BN R Rl 48 e 72 A ) 4
ARSI 5, A Bh AL 1T #2 S 365 , i (2 AR
WKL R AR TN TS 2 BB PR AR T, 32 & TR E B B
I FLE = 1 AR A SR — 2 ik, SRR AL IS B SR
Bt %, v GRS . L EER i —P
RF T IRE R

AR TR P hy 5 fE 5 BB Vil o B K T R Rk
SRR, Kondas S5O 7T I, 24 TCA PTRRAR R AT
Je AR, FLPURT o S SO S FE L 1K 8%~30%
T EALE TR AT ALK EMEPERI . X — TR RE 2 S R
TR RV IR () 2 2. FERBHR IR T,
ARFRLTE A FIRES T IR, DR I H oA 2 T 1 48 i
FHoR 58 4 2B X L S AL BB AS T B R 2 )77 A2 % 1)
BEE AEDIRBRRNERTE R T KERIAR LS S,
WIHT SCHR SRR R A A hAh, B TR R e DL AR
T8 2 PV IBPEAR T , DT BRI PS4 7 R = AL, X
LR LE B A AE R 2 TR B IR R X, S R E0E
WOk ALY R, T I DAL S S RN
Jife 1 T 224

TEBE AT E R, B BHR TR B T3 HEA L, 47
TEREARGE G T, 25 5y 75 BURLIA] 1) AR 45 & SR Ab i A
RO A RS, T T RN R E WK, B B
DUV BEVERE . ISR, WF 70N DR JE et g 252 b 38 s
TOAE AR 7 303 GE T A RN A A 0 BE R R R

R 3 RBURKIREN T ZSBAHE R4

Table 3 Process parameters and corresponding characteristics of cold-sprayed titanium coatings

[51]

Powder morphology Propellant gas Gas pressure/MPa  Gas temperature/°C Thickness/pum Porosity/%
3 550 700 10.4
2.5 600 About 1000 9.5
4 600 About 1000 11.3
3 300 605 20
3 600 1344 6.4
N, 4 800 1172 1.8
Spherical 3 300 17
3 500 500-2000 8
4 800 1.8
4 1000 500-1500 About 0.2
5 1000 About 200-300 0.5
1.5 600 About 1500 0.2
e 4 350 >1000 0
2.5 450 100-300 About 10
Irregular N, 2 350-650 1.6-10.3
2.4 600 - About 8.8
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Fig.9 Schematic diagrams of the interfacial bonding mechanism of

oxide film fragmentation on the particle surface induced by
high-velocity impact in cold spraying”": (a) initial contact;
(b) impact moment; (c) local bonding; (d) formation of

bonding region with retention of partial oxide film
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Fig.10 Marks left by titanium particles impacting A5052 aluminum alloy substrate and particles remaining on the substrate®™:

(a, ¢) SEM images; (b, d) oxygen element distribution
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Recent Advances in Cold Spray Additive Manufacturing of Titanium
and Titanium Alloy Coatings

Yang Lei', Wang Yun®, Zhao Fucai'
(1. College of Metallurgical Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China)
(2. Western Titanium Technologies Co., Ltd, Xi’an 710201, China)

Abstract: Titanium and titanium alloys, owing to their low density, high specific strength, and excellent corrosion resistance, are widely used in
aerospace and marine engineering. The development of additive manufacturing has enabled new approaches for fabricating complex titanium and
titanium alloy components. As a solid-state additive manufacturing technique, cold spray has attracted considerable attention for its advantages of
low deposition temperature, high spraying velocity, and minimal thermal effects. The current research status of cold spray additive manufacturing
of titanium and titanium alloy coating was reviewed. The characteristics of feedstock powders and their influence on deposition behavior were
introduced. The microstructure and properties of cold-sprayed deposits were analyzed, and the mechanisms and effects of strengthening strategies
such as in-situ reinforcement and post-processing were summarized, providing a reference for process improvement and application expansion.
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