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Research Progress of Cold Sprayed Ti and Ti Alloy Coatings
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Abstract ; The low temperature characteristic of the cold spray process determines its suitability for the preparation of oxidation-
sensitive Ti and Ti alloy coatings. Due to the poor deformability of Ti metal, it is difficult to obtain high quality cold spray coat-
ings. At present, domestic and foreign scholars have carried out lots of research work on cold-sprayed Ti and Ti alloy coatings.
Based on a large number of literatures, this paper classified and summarized the microstructure control methods of cold spray Ti-
based coatings. The control methods of cold spray titanium coatings mainly focus on four aspects of spraying parameters: Powder
state, substrate state, powder condition and nozzle. Some emerging techniques such as in-situ shot peening and warm spraying
have also proved to be an effective auxiliary for enhancing particle deformation. In the future, the research on cold-sprayed Ti

and Ti alloy coatings should focus on the cold-spraying process itself and integration with other processing technologies.
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Fig. 1 Trend of interest in cold spray research as measured

by the number of publications per years, as compared to that
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in plasma spraying and high-velocity oxy-fuel spraying"*
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Table 1 Experimental condition and results for spherical and augular powders'?
Spherical morphology Angular morphology
Test T/°C P/MPa Micro- Micro-
-s”") DE/ P ity/ sy DE/% P ity/
V/(m-s™) %  Porosity/ % hardness/ 1TV V/(m-s™) %  Porosity/ % hardness/HV
300 3 608+0.9 47 20.6+£1.2  190.4+6.9  652+1.5 77 20+1.5 192+4. 8
2 500 3 648+1.2 97 11.7x1 188.8+£3.2  725+1.7 100 14.3+0.9 213.6x11.7
7.8x1.1 186. 8+9 16. 1+£0. 8 222.7+3. 1
(Top) (Top) (Top) (Top)
3 600 3 688+1.2 100 762+1.9 100
* 5¢0.5  202.7+4.6 * 8.950.9  241.5%5.6
(Bottom) ( Bottom) (Bottom) ( Bottom)
5.9+1.5 205.6+2.9 10. 1+1.3 222.7+1.8
(Top) (Top) (Top) (Top)
4 41+1.2 1 +1. 1
750 3o M 00 73417 207125 SOOELY 100004 243 1s5.8
(Bottom) ( Bottom) (Bottom) (Bottom)
2.5+0.3 177+£10.2 6.6+0.6 238.8+5. 1
(Top) (Top) (Top) (Top)
5 750 4 785+1.2 100 844+1.8 100
* 1.6:0.5  206.3+5.6 * 2.9:0.3  242.8+7.5
( Bottom) (Bottom) ( Bottom) ( Bottom)
1.9£0.6  205.2+11.9 3.7+0.5 216.5+3
(Top) (Top) (Top) (Top)
6 800 4 805+1.3 100 859+1.7 100
* 2.40.3  218.327.3 * 2.8+0.4  242.845
( Bottom) ( Bottom) ( Bottom) ( Bottom)
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Fig. 2 Surface morphologies of a single Ti particle on the Cu substrate at different spray angles observed by SEM( No particles

were deposited when spray angle is 60°) "
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Fig.3 Cross-sectional OM micrographs of the Ti coating deposited on the Cu substrate at different spray-angles™"’
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Fig. 4 Porosity as a function of stand-off for 22 wm Ti pow-

der deposited at 600 °C and 2.4 MPa pressure with nitrogen

as deposition gas'*'!
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Table 2 Bonding strength of Ti and Ti alloy coating"*

]

. . . Substrate and Bonding
Preparation conditions Equipment . Reference
preprocessing strength/MPa
N,, 350 - 650 C, air, 500 °C, W
: . alr Xi’an Jiaotong University ~ Mild steel, sand blasting 8-16 angm]
1.5-2 MPa, irregular Ti powder et al. -
Air, 520 °C, 2.5 MPa, irregular Ti . . 15+4 (Ti) (s1
’ ’ ’ CGT/LERMPS Mild steel, sand blast i etal "
powder, Spherical Ti6AI4V powder ild steel, sand blasting 5 5" igapayy M oetal
N,, 600 °C, 2.5 MPa (Preheat”/no- 50°
preheath) ; He, 600 C, 1.5 MPa®,  CGT 3000 Mild steel, sand blasting 65" Bae et al.
spherical Ti powder >85°
i ; - oy 23
Room temperature, He, irregular Ti L. . Ti6Al4V,  polishing”, Marrocoo
University of Nottingham Loy 22 52
powder ground®, sand blasting - et al. ”

Room temperature, He, irregular Ti

powder

N,, 800 °C, 4 MPa, spherical Ti

powder

CGT 4000

N,, 550 € =750 C, 3 MPa,
spherical Ti6Al4V powder, in-situ
shot peening assisted cold spraying
N,, 600 °C, 2 MPa, spherical
Ti6Al4V powder
He, 625 °C, 1.5 MPa, spherical
Ti6Al4V powder
N,' He", 950 °C, 5 MPa, spherical
Ti6Al4V powder

PCS-1000

University of Nottingham

Xi’ an Jiaotong University

Beijing institute of aeronauti-

cal manufacturing engineering

Low-pressure cold spraying

Ti6Al4V, as-receivedg, 37¢ r
! Hvecs Price et al. [

sand blasting” 3"
Steel! 716 Hussai
ussain
Stainless steel® 57+8 ¢ Ll 15
TiGAI4Y * 6427 * o
Zh
Ti6Al4V, sand blasting 27-37 ot Zt [54]
Ti6Al4V , sand blasting 20.6 JIN L5
Pelleti
Ti6Al4V, sand blasting 41 JeL[Zjler
. . 414 (561
Ti6Al4V, sand blasting 75, 1 Khun N W*
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Fig. 8 Cross sectional microstructure of the TC4 coatings deposited with pure TC4 powder and powder mixtures with different

proportions of the shot peening particles
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Table 3  Tension strength of Ti and Ti alloy coating after heat treatment
P ti Heat treat t
Coating repa-ré o el Treatmen Porosity/ % Tension strength/MPa Reference
conditions (HT)
N,,600 C, Vacuum, 1050 “C, 11.3( As-sprayed) ;
Ti6Al4V . . Hussain et al. ''”’
4 MPa 1 h, air cooling 4.5(HT)
N,,900 C,  Vacuum, 1000 °C, 14.2( As-sprayed) ~120( As-sprayed )
Ti Huang R et al. [
3 MPa 4 h 7.6(HT) ~185(HT)
<200
N,,800 C, ~7( As-sprayed As-sprayed
Ti6AI4V ? Air, 1000 C, 4 h (As-sprayed) (As-sprayed) Vo Pt
4 MPa 8. 1(HT) 462 + 42, elongation
5.5% (HT)
800, elongation 0. 02%
He,600 C ,
Ti Air, 550 °C, 2 h (As-sprayed ) ; Zahiri S H'*
1.5 MPa
600, elongation 0. 02%
Air, 520 C, Vacuum, 850 °C, 5.4z% 2.4 ( As-sprayed)
Ti Li WY
2.8 MPa 4 h 21.6+4. 6(HT)
Air, 520 C, Vacuum, 850 °C, 22.3 %4.7 ( As-sprayed)
Ti6A14V Li WY
2.8 MPa 4 h 29.7+5. 1(HT)
N,, 800 C, 6. 74+0. 98 ( As-sprayed) ~160 ( As-sprayed
Ti ? Ar, 400 °C, 4 h (As-spray (As-sprayed) Wong W'*’
4 MPa 6. 66+0.92( HT) ~160(HT)
1. 72+0. 52( As-sprayed)
He, 950 C, Air, 800, )
Ti6A14V 0. 87+0. 22( HT800) Khun N W'
2.5 MPa 1000 C, 6h
1. 83+0. 4(HT1000)
N,,1 100 C, Vacuum, 1000 °C, 3.83=0.39( As-sprayed)
Ti6A14V Garrido M A"

5 MPa 1h

1.37+0. 62( HT)
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Fig. 11 3D-reconstruction of the pores within the cold-

sprayed Ti6Al4V samples under different conditions: While
the color scale bar corresponds to the equivalent diameter of

the reconstructed poress

ZHIHY 90. 24 MPa A KR TE  (HIZ MR ZE
Y IE A AR S A PR . FR G AT UL W5 JS A A
G R A AL 2 T Al () AL AT Dt 2 el
WRIZHARSREE (H R R AR ME K R 2 = [ R IR 2
HIRIE

Bl , P R e 4 S A 9 BT A RE R B 47
K LAY ELH T 2508 A380 BRI A&k 2
AT T Ta b3, 245 A e 248 5 — 1B 5L S kL
R BRI BIR P A LI ke kBN B =E i) EE A
T A T B AG TE TR 2 i h AR
FERA TR,

AN, Hodder K J %517 38 o 5 1 B8 188 48 %)
Al-ALO, BEERWURIRIZ AT T, & IAL 21
Je BT 2 A R 4R R, LR BT A ALO, B R I
g BRI, B HET, R WENR Ti A1 Ti & 4 iR 2 W
VR B LT I B B A R H A b B B E i 6
fief LA



b B X @ L IE

2020 4E

10
1200
——N,-AF
é“ 1000 i
7 800
21
o 600
B
’g 400
1)
=
=200
0
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Enginec ring strain / %
(a) Tensile strength
&l 12
Fig. 12

5 (KIBEBFIEBR(LT-HVOF) A

VTR i 2 BA B BR 5 B U 2 Y de R AL B A
TN BE A, R 5 G B A BG4 10 v Il AR
b, BRI R 45 B F W R £ R (Low pressure
plasma spray, LPPS) 1] DARRAK AL, B2 E T
BRI EAS S A A B R BRI Z A, i
TARE S B TR BRI A B B, R EUR)Z
AT AT AT AR R T LAk
Bk SR B 4 TR 2 W TR 2 251 T 10 5 A
EUR MR I AR X M 3] 1200 K PAE . PR
THMEAZIER Ti e Ti & 4 55 00RL, BRAE(EH & 5t
AR S T AR, 5 DU AR X o] 75 B8 19 T
2o R Tt 20 4R v v TR A0 R T AR A
TR HERE A H 20400t 3 1 AR IR A 8 A A g
WH AR (Low temperature-high velocity oxygen-fuel ,
LT-HVOF) , {0 F% Jy i W5 ik £ R ( Warm spraying,
WS) o JITiH Y I MBS U S X A% e 1) i 3 8 U4
77— R, TERRBE 2 R A 2 il R (G
FHEVR) (JFBRULIE] 135500 ) | DT {of & 0L 3

2R

TR BRTRLIE 3 LARRARR , OR300 0 S I R v
WRZIE], K52 700 K F] 1900 K7, 44wk

. . Inert gas

L_ﬂ?lmg [— Cooling

walerin owder walerout Sibstrate

Fuel
Ignition plug - St o P
Oxygen
Barrel — f
Coating

Chanber
P13 VR 2 U (IR VR ) S P
Fig. 13 Schematic of a commercially available LT-HVOF

(WS) 8]

Ultimate tensile strength/MPa

1000
T 2.0
800 1.6
=
600 1.2%
5
=)
400 038z
200 0.4
gl il
S SIS SA S S s
X ; P P
FESST SIS

(b) Ductility

R WELR TIOAIAV TR I 75 AR 2 AF R A5 e b JRLU A 37 A 58 JE2 R AE fif 3¢
Variation of UTS and elongations of cold-sprayed Ti6Al4V samples under different conditions

AR BOIRE 43 A DL 147500 JEIBEI B 5T IR Ve W
TR AR AN JE (WL 4 5 I B 25 o A Ak
MM 5 A S0 R BRI, it Watanabe M 45 X
RN Ti U2 PERE Y 52 e BFFE AT A0 7 I
R e b U U 4 R TE — A Bl Y
L, PR B S e BT B & P I FEA
i, DI 52 e R 408 % Ol B o SR 0 e i
K2 2 BURBE 3 N TR EE T B, B 3R
Feo3 s ARt N 02 S BORR B A IR B v AT
BoTlk Tk EA L, e R i A
LR 7 SRR U XL AR T AR A T
TSR, L Ah 3 A — SO S 25 1) T 2 2
B, WRBE T R R B AR AR i
SBIGER Z 00 Uk J22 1 RE 118 52 Wi 4 A 3 5 5% e it
U R R R Y

4000
Detonation
o
2
% <z )
2000 P /
g % - QoQ /-/
& 5 Yo >
&l
= —
Cold Spray
0 .
0 500 1000 1500

Velocity/(m's™)
Pl 14 ST RIS VR AR 1 T L A
Fig. 14 Schematic classification of various thermal spray
processes by the temperature and velocity of sprayed parti-

cles!®

IR, ¥ W TR 1R 52 B 1) g il v T 7
Ii) e JRE B 25 3, I AT )T IO i A e HE AR B



55 2 1]

JLUEE, 45 WWER S &k LB e R BT TR 11

R I (17 S S (SR | I 1L R -
B R WG R, B A B R Tl bk X 4t
VT HIHE TR AT A 7.5 MPa, & 1100 C
VMRS . B AT, %15 & 1E 78 J N 3E 17 4
J7LOM SRS TAEIEFE TR B, MG A H AR
(AN T 2 T, ME AR T 67 1) A8 T [ 0K AN W7 75
FfR ke

6 SES5RE

WA B AT BHREK LA SR ZE 1
AT B L TR SE R i
SRSy T, SR 3w AR IR A )
JEI SR MEASTE 42 B R AR Y 5 L A AL
(B, SR, e A AR 0 R T Xh v U 1
P T RAEOR . BRI Z A, — S Ty ik
UNTE LR 5 Byt AL K 1 S5 Y A A R PSR A
B ORWRSE, WO — R IR 2 R R T
AN TR AR AR

H AT, A P AMIF 7 BUR S3 4T, %F Ti B2 Ti &
SR BIRZMF R PIREE L T AR ZAL

(1) TETi J Ti &E&RBORIZVR S 5
R Ti WRIZ WAL Xk A &6 %
(1) Ti6A14V J HAER A 4 0% 2 AT A X
F T EH EO 3T B R G 4 A4 RHI I K N I 7E i
HE, BRI BT R EK A 4 U 2 0 F 9 A 9% AH B
JRIF,

(2)7£ Ti & Ti & & URZ 6477 i arss
X BHE TR BRI 2, AR EIE it
T B PN B 1k 25 #1104 A BIE 5 B b
b, 764 J5 BRIFGE v N B i R T e R
TR RO 2 S T A

(3) WM T Ti & Ti &amuEsIe:, S35 qeks
TFUURIE R AR M 2 A5 I 555, A T I 7R e 446 i
By RG] S W S 20 T 5 B0 A 1 32 00k
fERELE G LI, DR X R 42 45 B LB I B 4))
T B AR I AR N T B, R ROBE AT
WA,

() TEXTFABEE Ti & Ti & 432N
X IR B R 5 AR AR OB A
PEEEH IR SE A& WX 3R /0 . R T2 WEIR SRk
WRIERLT R 25 A 05T, W1 29 T W )2 M Re i 4
15, e — 25 TR U = 0 I A 3T B2 4

1 R 2 R A R AR

R WLTRBOARAE [E S 22 G AT BT, i [
AL TR BL, WBERE MO Ti & Ti &4
VR 2 M 2 A DLE T2 A S — b i 2 DR BRI
FAFRIRR 2 Tl 26 125 Ve Wik IR T S BLAL 45 Ti
L Ti BN R Z SRR, A
AN, v TR A nl T il A S mSOE R Ti K& Ti
R ISR B R A BRAR AR T 25, B
SR EHIT, A2 1A iR 0 R T2 KT B v s 0 1
YT LT B RIZIERE S B A L b A AR K
220 (AR B v WU 15 25 (9 AN W7kt LA K
RWETR T E R KR, RAV B E A 5 1
Ti J Ti GG EVERE M2 AW &

S22 3Tk

[ 1] ALKHIMOV A P, KOSAREV V F, NESTEROVICH N I, et

al. Method and device for coating[ P]. European Patent B1,

1995.
[2] Z&XW. BBORFEL)]. PEZFER TR, 2002, 15(1)
12-16.

LI W Y. Cold spray characteristics[ J]. China Surface Engi-
neering, 2002, 15(1): 12-16(in Chinese).

[ 3] PAPYRIN A, KOSAREV V, KLINKOV S, et al. Cold Spray
Technology[ M]. Novosibirsk; Elsevier, 2006.

[ 4] ASSADI H, KREYE H, G RTNER F, et al. Cold spraying-
A materials perspective [ J ]. Acta Materialia, 2016, 116;
382-407.

[5] HUANGXY, XUGG, LV N, et al. 14N NQR study of iso-
meric effect [ J]. Atomic Energy Science and Technology,
2016, 50(2) : 338-342.

[6] LIWY, ZHANG C, LIAO H, et al. Characterizations of
cold-sprayed Nickel-Alumina composite coating with relative-
ly large Nickel-coated Alumina powder[ J]. Surface & Coalt-
ings Technology, 2008, 202(19) : 4855-4860.

[ 7] GRTNER F, STOLTENHOFF T, VOYER J, et al. Mechani-
cal properties of cold-sprayed and thermally sprayed copper
coatings [ J ]. Surface & Coatings Technology, 2006, 200
(24) . 6770-6782.

[8] ZKA. EEBIRMTRIERET]. hEFRDIR,
2009, 22(4) . 5-14.

LI C J. Research progress of cold spraying in China[J].
China Surface Engineering, 2009, 22(4) . 5-14(in Chi-
nese) .

[ 9] HASSANI-GANGARAJ S M, MORIDI A, GUAGLIANO M.
Critical review of corrosion protection by cold spray coatings
[J]. Surface Engineering, 2015, 31(11); 803-815.

[10] GHELICHI R, MACDONALD D, BAGHERIFARD S, et al.
Microstructure and fatigue behavior of cold spray coated
Al5052[J]. Acta Materialia, 2012, 60(19) : 6555-6561.

[11] MENG X, ZHANG J, ZHAO J, et al. Influence of gas tem-
perature on microstructure and properties of cold spray 304SS

coating[ J]. Journal of Materials Science & Technology,



12

b B X @ L IE

2020 4E

[14]

[16]

[17]

[20]

[21]

[22]

[23]

[26]

2011, 27(9) : 809-815.

KARTHIKEYAN J. The advantages and disadvantages of the
cold spray coating process[ J]. Cold Spray Materials Deposi-
tion Process, 2007 62-71.

FUKUMOTO M, WADA H, TANABE K, et al. Effect of
substrate temperature on deposition behavior of copper parti-
cles on substrate surfaces in the cold spray process[ J]. Jour-
nal of Thermal Spray Technology, 2007, 16(5-6): 643~
650.

JAKUPI P, KEECH P G, BARKER 1, et al. Characteriza-
tion of commercially cold sprayed copper coatings and deter-
mination of the effects of impacting copper powder velocities
[J]. Journal of Nuclear Materials, 2015, 466; 1-11.

LI WY, LIAO H, LI CJ, et al. Numerical simulation of de-
formation behavior of Al particles impacting on Al substrate
and effect of surface oxide films on interfacial bonding in cold
spraying[ J ]. Applied Surface Science, 2007, 253 (11):
5084-5091.

LICJ, LIWY, WANG Y Y. Formation of metastable pha-
ses in cold-sprayed soft metallic deposit[ J]. Surface & Coat-
ings Technology, 2005, 198(1-3) . 469-473.

HUSSAIN T, MCCARTNEY D G, SHIPWAY P H, et al.
Corrosion behavior of cold sprayed titanium coatings and free
standing deposits[ J]. Journal of Thermal Spray Technology,
2010, 20(1-2) : 260-274.

KHUN NW, TANAWY, BIK]J W, et al. Effects of work-
ing gas on wear and corrosion resistances of cold sprayed Ti-
6Al1-4V coatings[ J|. Surface & Coatings Technology, 2016,
302. 1-12.

KHUN N W, TAN A W Y, SUN W, et al. Effect of heat
treatment temperature on microstructure and mechanical and
tribological properties of cold sprayed Ti-6A1-4V coatings
[J]. Tribology Transactions, 2016, 60(6) ;: 1033—-1042.
SINGH R, RAUWALD K H, WESSEL E, et al. Effects of
substrate roughness and spray-angle on deposition behavior of
cold-sprayed Inconel 718[J].
gy, 2017, 319. 249-259.
JIGC, CHEN X, WANG HT, et al. Deformation behaviors
of cold-sprayed WC-Co particles [ J]. Journal of Thermal
Spray Technology, 2015, 24(6) . 1100-1110.

PETERS M, KUMPFERT J, WARD C H, et al. Titanium
alloys for aerospace applications[ J].
Materials, 2003, 5(6) : 419-427.
ABDEL-HADY GEPREEL M, NIINOMI M. Biocompatibility
of Ti-alloys for long-term implantation[ J]. Journal of the Me-
chanical Behavior of Biomedical Materials, 2013, 20( Com-
plete) : 407-415.

GHELICHI R, GUAGLIANO M. Coating by the cold spray
process: A state of the art[ J]. Frattura ed Integrita Strut-
turale, 2009, 3(8) : 30-44.

LI WY, ZHANG C, WANG H T, et al. Significant influ-

ences of metal reactivity and oxide films at particle surfaces

Surface & Coatings Technolo-

Advanced Engineering

on coating microstructure in cold spraying[ J]. Applied Sur-
face Science, 2007, 253(7) : 3557-3562.

DYKHUIZEN R, SMITH M. Gas dynamic principles of cold
spray[ J]. Journal of Thermal spray technology, 1998, 7
(2): 205-212.

[27]

[28]

[29]

[30]

[31]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

LI CJ, LI W Y. Deposition characteristics of titanium coat-
ing in cold spraying[ J]. Surface & Coatings Technology,
2003, 167(2-3) : 278-283.

WONG W, REZAEIAN A, IRISSOU E, et al. Cold spray
characteristics of commercially pure Ti and Ti-6A1-4V[]].
Advanced Materials Research, 2010, 89-91. 639-644.
PELLETIER J L. Development of Ti-6Al-4V Coating onto Ti-
6Al-4V substrate using low pressure cold spray and pulse gas
dynamic spray[ D]. Ottawa: University of Ottawa, 2013.
YIN S, SUO X, SU J, et al. Effects of substrate hardness
and spray angle on the deposition behavior of cold-sprayed Ti
particles[ J |. Journal of Thermal Spray Technology, 2013,
23(1-2): 76-83.

ZAHIRI S H, ANTONIO C I, JAHEDI M. Elimination of po-
rosity in directly fabricated titanium via cold gas dynamic
spraying[ J]. Journal of Materials Processing Technology,
2009, 209(2) : 922-929.

BHATTIPROLU V S, JOJNSON K W, CRAWFORD G A.
Influence of powder microstructure on the microstructural evo-
lution of as-sprayed and heat treated cold-sprayed Ti-6Al1-4V
coatings[ J ]. Journal of Thermal Spray Technology, 2019,
28. 174-188.

MUNAGALA V NV, IMBRIGLIO S I, CHROMIK R R. The
influence of powder properties on the adhesion strength and
microstructural evolution of cold sprayed Ti6Al4V single
splats[ J]. Materials Letters, 2019, 244 58-61.
SCHMIDT T, GRTNER F, ASSADI H, et al. Development
of a generalized parameter window for cold spray deposition
[J]. Acta materialia, 2006, 54(3) : 729-742.

YIN S, SUO X, GUO Z, et al. Deposition features of cold
sprayed copper particles on preheated substrate[ J|. Surface
& Coatings Technology, 2015, 268 252-256.

WONG W, VO P, IRISSOU E, et al. Effect of particle mor-
phology and size distribution on cold-sprayed pure titanium
coatings[ J ]. Journal of Thermal Spray Technology, 2013,
22(7) . 1140-1153.

CINCA N, BARBOSA M, DOSTA S, et al. Study of Ti dep-
osition onto Al alloy by cold gas spraying[ J]. Surface &
Coatings Technology, 2010, 205(4) : 1096-1102.

BAE G, KUMAR S, YOON S, et al. Bonding features and
associated mechanisms in kinetic sprayed titanium coatings
[J]. Acta Materialia, 2009, 57(19) : 5654—5666.

BLOSE R, WALKER B, WALKER R, et al. Depositing ti-
tanium alloy additive features to forgings and extrusions using
the cold spray process[ C]// Thermal Spray 2006: Building
on 100 Years of Success, 2006; 15-18.

HUANG R. The importance of Optimizing Nozzle dimensions
for cold spray process [ C] // Proceedings of the Thermal
Spray Conference, 2015.

LI WY, LIAO H, WANG H T, et al. Optimal design of a
convergent-barrel cold spray nozzle by numerical method[ J].
Applied Surface Science, 2006, 253(2) . 708-713.
MACDONALD D, LEBLANC-ROBERT S, FERN NDEZ R,
et al. Effect of nozzle material on downstream lateral injection
cold spray performance[ J]. Journal of Thermal Spray Tech-
nology, 2016, 25(6) : 1149-1157.

VIDALLER M V, LIST A, GAERTNER F, et al. Single im-



55 2 1]

JALLE, 45 TR Bk Bk G S TR BT T 13

[44]

[45]

[47]

[48]

[51]

[52]

[53]

[54]

[55]

[56]

pact bonding of cold sprayed Ti-6A1-4V powders on different
substrates[ J]. Journal of Thermal Spray Technology, 2015,
24(4) . 644-658.

BAE G, XIONG Y, KUMAR S, et al. General aspects of in-
terface bonding in kinetic sprayed coatings[ J]. Acta Materi-
alia, 2008, 56(17) : 4858-4868.

GOLDBAUM D, SHOCKLEY J M, CHROMIK R R, et al.
The effect of deposition conditions on adhesion strength of Ti
and Ti6Al4V cold spray splats[ J]. Journal of Thermal Spray
Technology, 2012, 21(2) . 288-303.

PRICE T, SHIPWAY P, MCCARTNEY D. Effect of cold
spray deposition of a titanium coating on fatigue behavior of a
titanium alloy [ J]. Journal of Thermal Spray Technology,
2006, 15(4): 507-512.

PERTON M, COSTIL S, WONG W, et al. Effect of pulsed
laser ablation and continuous laser heating on the adhesion
and cohesion of cold sprayed Ti-6A1-4V coatings[ J]. Journal
of Thermal Spray Technology, 2012, 21(6) : 1322-1333.
CHRISTOULIS D K, GUETTA S, GUIPONT V, et al. The
influence of the substrate on the deposition of cold-sprayed ti-
tanium; an experimental and numerical study[ J]. Journal of
Thermal Spray Technology, 2011, 20(3) : 523-533.
HUSSAIN T. Cold spraying of titanium: A review of bonding
mechanisms, microstructure and properties [ C ] // Proceed-
ings of the Key Engineering Materials, 2013.

WANG H R, HOU B R, WANG J, et al. Effect of process
conditions on microstructure and corrosion resistance of cold-
sprayed Ti coatings[ J]. Journal of Thermal Spray Technolo-
gy, 2008, 17(5-6) : 736-741.

LI W Y, ZHANG C, GUO X, et al. Study on impact fusion
at particle interfaces and its effect on coating microstructure
in cold spraying[ J]. Applied Surface Science, 2007, 254
(2): 517-526.

MARROCCO T, MCCARTNEY D G, SHIPWAY P H, et
al. Production of titanium deposits by cold-gas dynamic
spray: Numerical modeling and experimental characterization
[J]. Journal of Thermal Spray Technology, 2006, 15(2) :
263-272.

HUSSAIN T. A study of bonding mechanisms and corrosion
behaviour of cold sprayed coatings[ D]. Nottingham: Univer-
sity of Nottingham, 2011.

ZHOU H, LI C, JI G, et al. Local microstructure inhomoge-
neity and gas temperature effect in in-situ shot-peening assis-
ted cold-sprayed Ti-6A1-4V coating [ J].
and Compounds, 2018, 766; 694-704.
Bk, Amrh, TOok, 5. YR IIR TCA W2 I AT
SR Kl 5 TR AR REAT S [ J]. RIEBLAR, 2017, 46
(8):96-101.

JINL, CUI X Z, DING Y F, et al. Calculation of critical
deposition rate of cold sprayed TC4 coating and study on coat-
ing performance [ J ]. Surface Technology, 2017, 46 (8) .
96-101(in Chinese).

ZENG L, BIELER T. Effects of working, heat treatment,

and aging on microstructural evolution and crystallographic

Journal of Alloys

texture of &, o', a "and B phases in T-6A1-4V wire[ J].
Materials Science and Engineering: A, 2005, 392(1-2).
403-414.

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

TAO Y, XIONG T Y, SUN C, et al. Effect of a-Al,05 on
the properties of cold sprayed Al/a-Al,O; composite coatings
on AZ91D magnesium alloy[ J]. Applied Surface Science,
2009, 256(1): 261-266.

LUO X T, WEI'Y K, WANG Y, et al. Microstructure and
mechanical property of Ti and Ti6AI4V prepared by an in-situ
shot peening assisted cold spraying[ J]. Materials and De-
sign, 2015, 85. 527-533.

FUSL, LI C X, WEI' Y K, et al. Novel method of alumi-
num to copper bonding by cold spray[ J]. Journal of Thermal
Spray Technology, 2018, 27(4) : 624-640.

LUO X T, YAO M L, MA N, et al. Deposition behavior,
microstructure and mechanical properties of an in-situ micro-
forging assisted cold spray enabled additively manufactured
Inconel 718 alloy [ J]. Materials and Design, 2018, 155.
384-395.

XIE Y, YIN S, CHEN C, et al. New insights into the coat-
ing/substrate interfacial bonding mechanism in cold spray
[J]. Scripta Materialia, 2016, 125 1-4.

MENG F, HU D, GAO Y, et al. Cold-spray bonding mecha-
nisms and deposition efficiency prediction for particle/sub-
strate with distinct deformability[ J]. Materials and Design,
2016, 109: 503-510.

HUANG R, MA W, FUKANUMA H. Development of ultra-
strong adhesive strength coatings using cold spray[ J]. Sur-
face & Coatings Technology, 2014, 258 832-841.

ZAHIRI S H, FRASER D, JAHEDI M. Recrystallization of
cold spray-fabricated CP titanium structures|[ J]. Journal of
Thermal Spray Technology, 2008, 18(1) . 16-22.

LI WY, ZHANG C, GUO X, et al. Ti and Ti-6Al-4V coat-
ings by cold spraying and microstructure modification by heat
treatment [ J .

(5): 418-423.
HUANG R, SONE M, MA W, et al. The effects of heat
treatment on the mechanical properties of cold-sprayed coat-
ings[ J]. Surface & Coatings Technology, 2015, 261. 278—
288.

VO P, IRISSOU E, LEGOUX J G, et al. Mechanical and
microstructural characterization of cold-sprayed Ti-6Al1-4V af-

Advanced Engineering Materials, 2007, 9

ter heat treatment[ J]. Journal of Thermal Spray Technology,
2013, 22(6) : 954-964.

LI WY, ZHANG C, GUO X, et al. Ti and Ti-6Al-4V coat-
ings by cold spraying and microstructure modification by heat
treatment [ J ]. Advanced Engineering Materials, 2007, 9
(5): 418-423.

WONG W, IRISSOU E, LEGOUX J G, et al. Powder pro-
cessing and coating heat treatment on cold sprayed Ti-6A1-4V
alloy [ C]// Proceedings of the Materials Science Forum, F,
2012.

GARRIDO M A, SIRVENT P, POZA P. Evaluation of me-
chanical properties of Ti6Al4V cold sprayed coatings [ J].
Surface Engineering, 2017, 34(5) : 399-406.

WANG FF, LIW Y, YUM, et al. Prediction of critical ve-
locity during cold spraying based on a coupled thermome-
chanical eulerian model[ J]. Journal of Thermal Spray Tech-
nology, 2014, 23(1-2) : 60-67.

BLOSE R E, WALKER B H, WALKER R M, et al. New



14

b B X @ L IE

2020 4E

[74]

[75]

[77]

opportunities to use cold spray process for applying additive
features to titanium alloys[ J]. Metal Powder Report, 2006,
61(9):30-37.

CHEN C Y, XIE Y, YAN X, et al. Effect of hot isostatic
pressing ( HIP) on microstructure and mechanical properties
of Ti6Al4V alloy fabricated by cold spray additive manufac-
turing[ J]. Additive Manufacturing, 2019, 27 595-605.
QIU X, QI L, ZAN Y N, et al. In-situ Si /A380 alloy
nano/micro composite formation through cold spray additive
manufacturing and subsequent hot rolling treatment; Micro-
structure and mechanical properties [ J]. Journal of Alloys
and Compounds, 2019, 780;: 597-606.

HODDER K J, IZADI H, MCDONALD A G, et al. Fabrica-
tion of aluminum-alumina metal matrix composites via cold
gas dynamic spraying at low pressure followed by friction stir
processing [ J ]. Materials Science and Engineering: A,
2012, 556.114-121.

YANG D M, TIAN B H. Microstructure and mechanical
properties of FeAl coating deposited by low pressure plasma
spray[ J]. Applied Mechanics and Materials, 2013, 333 -
335.:1916-1920.

SRIVATSAN T S, LAVERNIA E J. Use of spray techniques
to synthesize particulate-reinforced metal-matrix composites
[J]. Journal of Materials Science, 1992, 27 (22) :5965—
5981.

[78]

[79]

[80]

[81]

[82]

[83]

KURODA S, KAWAKITA J, WATANABE M, et al. Warm
spraying: A novel coating process based on high-velocity im-
pact of solid particles[ J]. Science and Technology of Ad-
vanced Materials, 2008, 9(3) . 1-17.

KAWAKITA J, KATANODA H, WATANABE M, et al.
Warm spraying: An improved spray process to deposit novel
coatings [ J ], Surface & Coatings Technology, 2008, 202
(18): 4369-4373.

KURODA S, WATANABE M, KIM K H, et al. Current sta-
tus and future prospects of warm spray technology[ J], Jour-
nal of Thermal Spray Technology, 2011, 20(4) : 653-676.
WATANABE M, BRAUNS C, KOMATSU M, et al. Effect
of nitrogen flow rate on microstructures and mechanical prop-
erties of metallic coatings by warm spray deposition[ J]. Sur-
face & Coatings Technology, 2013, 232.587-599.

MOLAK R M, ARAKI H, WATANABE M, et al. Warm
spray forming of Ti-6A1-4V[]J]. Journal of Thermal Spray
Technology, 2014, 23(1) :197-212.

FRIEWT, XL, ARFHEWT, S5, W A 5 KA R
BRIR)Z WIS S TERER R [ J]. REBIAR, 2014, 43
(2): 13-17.

CHENG Z M, LIU M, DENG C M, et al. The effect of spray
distance on the microstructure and performance of low-tem-
perature supersonic flame sprayed titanium coating[ J]. Sur-
face Technology, 2014, 43(2) : 13-17(in Chinese).



