FmFEAR HS50% s
- 180 - SURFACE TECHNOLOGY 2021 4 8 A

RSN FRE-REMDRIERAR
SAHERNMIZHRER

SHR ", BRXIE", BRE KEK', £8°, IR’

(L.PEY K= YIBIESE, SL7 RN 221116;
2 ESRFREEONEQIFTZE, LR 100071)

O OE. NS RABETRELRBEWRFAEE, RAEETHab ikt EREMEIER L, FALE
L, TEEZERTRREM, AHRREBESRE, BT HBESHMRFIEARSETFRAE-BENERLZ,
RETATHT RBEIRIL, REHEZLLE, RS SREER, A SGHRT KRR, BB
FRERTRE-BEAVRMR, ETLE AR, TTRA G AT E . M AE ., #Haied
R, AEAOREH AL SRBREAR, FIGBKBERRET MG RBRRTY ., TG, el TIRANH
RikF-BESREWRFRIHREREHITTIRZ,

KRR Atk BTRE; BTRE; REERE; LERM

FESES: TG174442 XEERIAEG: A XEHS: 1001-3660(2021)08-0180-12

DOI: 10.16490/j.cnki.issn.1001-3660.2021.08.016

Research Progress in the Synergy between Velocity and Temperature
of Cold-sprayed Particle and Novel Composite Technology

LUO Zheng-gang"?, CHEN Yong-xiong®, CHENG Yan-hai',
ZHANG Zhi-bin*, WANG Xin*, LIANG Xiu-bing*

(1.School of Mechatronic Engineering, China University of Mining and Technology, Xuzhou 221116, China;
2.National Innovation Institute of Defense Technology, PLA Academy of Military Science, Beijing 100071, China)

ABSTRACT: Based on the synergy between the velocity and temperature of cold-sprayed particle, this paper summarized the
main influencing factors for the quality of cold sprayed coatings. And on this basis, the correlations were discussed between process
parameters (such as nozzle structure, gas type and property, particle morphology and materials) and velocity and temperature of
particle. It is widely accepted that increasing the expansion ratio of the spray nozzle, improving the viscosity effect, increasing

the area of the high-speed zone and using a nozzle with a high thermal diffusion coefficient material can significantly improve
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the synergy effect of the particle velocity and temperature. From the view of industrial application, some new composite deposition

processes such as shot peening assisted cold spraying, laser assisted cold spraying, electrostatic assisted cold spraying, and

vacuum cold spraying can be used to realize the deposition modeling of high-strength but low plasticity sprayed particle materials.

Finally, the prospect was put forward about how to further study the high-quality synergy between the velocity and temperature

of particle and thus obtain high-quality coatings.

KEY WORDS: cold spraying; particle temperature; particle velocity; coating property; composite deposition
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particles



- 186 - * wm #H R

2021 4 8 A

RN BENS e KRR B M O B R T MR, k&
Tl A FR A R i) o5 198 93 AR A L v AN B 1 22 43
WBiE. DRELMAEMTE N, —hih, Xu 5
WFFE R, TEEEM EBHA 150~250 um &R ER W4
( HDPE ) ki F Il S A 100 m/s, JURRRCR/NT
0.5% Alhulaifi 25378 89 R _E v E0R B /N 1Y) 5 4 FEE
BRI CRiAR R 53~75 um ), DAGARRL T3 )3
IR R AR T I A AE 190 m/s A2
o AT A R A T RSE, A E S TRDREAR Y B/
DUBGERE , e IRt F ol B Ui RseR . 5 —Jy i,
Zahra Khalkhali Z5*9% ZF RSP K (HHER L
M. BARR. BRI . BB 12 @& TER
g YV SR UTRVRE AT T X EU AR5, iR 9% 4 B,
Wi 25 L ol R AR B, 6T RIS AT AR T kL
TR A, DIRRCRARR A T 10%, X5 Assadi
G U A R 0 A 4 R 1 T R sk R ey - il 9 5ok
BE B A AL BB KA AR BE o 4R M DTSR 2R T I iR
PR CANE 9 Fizm ), TN 2 X B U 25 3] ) i 6 3
(G 10 FiR) o HEEEABET, R A b

100 S = )
0 o .o o o° ? .
£ 75 ¢ °
>
E “ '
Q
S5 )
2 a
z . e 15um
& 25 ®25um
A ) ® © 50 um
0 075 pm
0 0 e Fy 1 1
300 400 500 600 700
v,/(m - s)
B9 AN[RDRE 18 o 28 B2 AN [] 7 Yok T d b i AR

1)

Fig.9 Measured values of the deposition efficiency plotted
from copper powders with different particle impact velocity
and average particle size!'*!

9 G omr
8r AA
E‘:_ ﬁﬁ :ZE%MWPE
2.l .

N @;ﬁ
Plyos R
b, RS

100 150 200 250 300 350 400
Particle impact velocity, v/(m - s™)
P10 DRSS BORE 4 o o R A A Ak 1
Fig.10 Variation of deposition efficiency with the particle
impact velocity**!

HPEEWE = T Ve i, DU DE=25%; {HYnpifi
BT 1.2V B, DIRSCR IR M E] 75%~100%
WAL, R LI, SR R (=R E
t=20 ‘C) F, LA 270 m/s Al B8 TR 7 IR %5
RN FRRERE (PU) R TDTIRE DE=
2.1%; t,=80 CHIl =100 CHEH T, VIFHHR DE=
52%, WET 252, Wik, BERHER T b
&SR E S M DTRRRCRAA 52, (RIS AN 4 8 B
HARLIA G

3 EARBREESMIKAK

BHIF 5206 Ve W5 KL (9 0B EAK 1 AN D AF
F, B MR FORTE BB DU IV Dy T, AR
PR . W 2 AN T HE T, Rl
AR AL R R, S1H T AR 2R R B
WETR T L M BE %

3.1 WEHEHBNS MR

VG2 283 K2 Li P 54 TiRJZRE, R BLRE
FIRZEE YN, JURY R 2R ), S
IR Ti DURUSCR AR, Wik iR ERE, FLESR
B R, 2RISR R X — IR T TR, IRk
(KL 78 B PR DURL Y R A -t 3o 3 3 R B OBk
PEAT T 2RI AL R AR AL B, 800 B 2 DT AR T AN
Wi 2% e T

WFIE LB, FEVRIEIR T2, Al ik B 3 fy
H&EBRIRENITE, fl&mEBUEERRZE. X
FEWER Y A AP IR A JURL T 59 T 25 7 B Rk AR < Jsr
WEAL” FEAR (R B A R AR ) o Luo
ALY Ty AR B AR N FH T R, WF s R B, B
AN S B i RO () M5 (BB R T S B )
IN718 7 2 I FLBR B BRI, o (B) 45 6 9 15 51
MU BT IR B B I E] 25% . 50%.
75%0F, FLBRURE 5.7%50 5 FRER] 1.5%. 0.21%.
0.13%. VU 2 223 K 27 Al I5g 8 45 TR P i o7 ARt
R &R 6061 FAEERZE, HAS NIRRT
ISR EE ((277.7£7.1) MPa ) FI 0] 32 57 (1 9 P 455 &
((64.3+1.3) MPa) , SR/ Bk ZIE 5] E
BN A, IR TE 6061 556 4152 B TER
K. FfiJ5, Uddin 2"k — 40t Te #kbBiEk 3% T
WIZI Sk RE , A B IR AR R Wnfay fff AR & i
(AR AR A SR Ak B A 1 R 4 e M v

Zhou %51V it i e 4 AR TS ( 550~750 °C )
KAnABIRF CEEPRAR A 181 pm /Y 1Cr18 A%
W) RMGE TC4 WWIRZMMERE. IR 11 AT, F5
SEIX AR 116.7 GPa /1% 124.8 GPa, &
75 SZIX () B AR 90.6 GPa 3843 110.2 GPa, iX
TR AR, BEUSIR S TC4 IR 2 MY R &
JFHAE R AT, s i 22 A s/ (A



Fs0E FEsl

% HORIAE - Y bR BE - Bl A S B G TR T gk e - 187 -

BN EE T TR IZFLBUR A REAR ) . BRI,
B SRR T, S5 R LI Es, [AfFER
AR EE T, WU R AR TE (R 4l B VR A BR o
Xof B gl A AR G Scik (anfE 12 B ) wlAEL, AR
(550 ‘C. 3 MPa) YENHMESSIRES, Hil&IRZ ML
LR KA IE2S R (520 °C . 2.8 MPa) POWE Ryt
SR 2 %, 600 CHRAZMT, BOLEBIR BHR
AR RS AR BE L5 30 MPa DL 1, F JIN 25051
FERRURE B PRI TR 22 10 MPa; 4iEdES
MR ER I 750 C, IRIELSAREAF] 36.5 MPa,
J& 950 CHEHl £ IRk 245 AR 88%7, Pelletier™

140 F

[5%5 Tamped regions Nontamped regions

120

Elastic modulus/GPa
B N ] S
s & & &

[
(=]

(=]

Temperature/'C

Bl 11 TCA V2 M AR i S st AR TR EE 7y 56 R 1
Fig.11 Relationship between elastic modulus of TC4 coatings
and accelerating gas temperature!*”!

MEET AT AR SR, o625 CEAMFING)E
P45 4 W8 B iR (41+4) MPa, 45 BJIFR, TEARIRES,
IRPERR 20T, IR ALK, RERS B VRJZ Y sbk
it | 4550 RE S B e R T, m ek
SR, WA B ECE MR TR 2 . X — SN Zhou
AN ER 3 1 R T LR B, 5 S T (7] AR A5 A
Wi, AN 13 FR . (HJ, WEALHE B XU 2 A 2RI
(WA ER i ARESY P St 5 SHE DL DO N
[ WSV b BT ] 2 () RGEMENF ST . BLAh, IRIZ L
JES 22 TR S T ALk 45 i /N W AL JBUARE B4 ] A0 R 5 L 52 5 e
T R B4 AR ] 4 S5 1) A, ik 5 A O

50 He
Il Values in our study f;sw'fa
45 V7% Values in the literatures

77

N,
600°C
N, 3MPa
550 C
3MPa

Bl 12 TC4 W2 MRS SR 5 AR B 1 S R 1
Fig.12 Relationship between bonding strength of TC4 coatings
and accelerating gas temperature!*”!

d 700 C

e 750 C
P13 TC4 U2 (RS 45 S5 T It < T 1y 7 1)

Fig.13 Relationship between bonding interface of TC4 coatings and accelerating gas temperature

[46]



+ 188 -

EN TR NN

2021 4 8 A

3.2 LB BHERE AR

BOCH BN BURH R B AR BRSO T2
DL —FR 2 E G UUREOR, RO A R T4
W — B R W, EEMT TR R
MO o PO R AT 5 R ISR A RO 25 44 AR Ak, i At
UARHOC T A8, ATk — 2B H0R 2 M DI RE I
Bray UYL BOCH BN WIR RS, @k
RO H 5 T =% LA ERTR 2 . 2 S IREO
XoF FER AT L ER AT AN R, i N A 2 S BomiiR
RS FE AL, SR KRR A8, HIbitde
ARG R TERIZEIE L BRILZ A, BB R {UHE
O S ) SR X 3k N TR . Marrocco 25591 Poza
SESISR VA IE0A 5 O AL BE T2 3 5k 2 1 J 4 T e
TWZVTRY B HORALE, AL T IR)ZERE. Hitk
Al UL, OE T A B RE S (R 2 AR Ay, B Al
AEEUCR Rt v] DO BRI R 2 o

WOCHE Bh R BOR R T 2 5 RO E F R
FHSCHGHAR T | 25T | B BRI HOUL 25 A4 (] 5L, Brayl”!
HIRULH] T X — i A EOE I FAGTRR AR LUK
I FRL -, TFH 29 2 SR SR 172 B
IR R VIR R T R L2 BR T il ot
XTUURRBE JT B2 (Y ROEE AT, R LT
A BE Ry, AN BT o AT/ NER
AR T —FEOCHEIMINE (0.6 MPa) ¥R T2,
FELIWR E A &R SR ZE . % T 2R 2R
B, EARH THOCAANIE 445650 CHYSARES,
AR R R R R 40 ) 5 AR BRI A, IR L 2400 mm/
min B9 EEE VTR BN b, R IVEIR 250 2 8%,
MR EERAREE T B BFLEE, IR IR E T

1400
1200 F |
% 1000 i
g i"' f
= 800 ih
g A
\ / \J
S 600 \J ||V
: Particle charge density/(C - m™®) ‘
o 400 (elementary positive charges) |
é’ — No charge — 4.61x10° (3000) v
5] —7.68x10° (5000) 1.57x106 (10 000) |/ w
& 200 i l/\
1 1 1 1 1 1 1 1 I

Distance from inlet of nozzle/m
a 100 nm

0 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Particles velocity/(m - s)

BT BHORE, ML TYemidsm Pt BTk,
A PO B ¥ R R AR A 1 R TR T A A5 5 R A R
&R

3.3 FREEEBISBIR

R A B Y2 WU s — o e EL T R
TR T RS 15 A SR )BT B A KR - DT RR T 7 o XD O 1%
SRR YRR T LS 1 i, AR RS DL A5 1 b
R A, JFUURAE SRS |, Takana %5005t
FE 37 % B2 S TR A T BB Y, R IR A e
L= TR U AN AR I NE L s rR )W N AN AR NS A I DA
ANy AN 3 kV/m B EIGET, whd B 7 SR LR
a8 0, It H L i i s 2 AR vT LA
MBI SR DL L Ten ZEVR B, FEf R I/E
N, F RS B SRS BT, 1T e 3 X
ANRLA R BE S AR B AR A, BN, X3
W ah R e . B’ 14 AR TR TR
100, 20 nm A, FEfar 25 BE XA TR T BE (52 o Y
BRI, ERTER T LA S SR T
SR AN, R HL e B AR R, SRR
M R, HL AT 9.6x107 C/m® (15000 N FEA TE
FLfar ) AR F (20 nm) AY$E o B AT 3K 2000 m/s,
AN B B F T M AN 0, XM, 7EA T
Wb, A R SIS, T LU R
PRl RS, TN HL A 2 B Sl B i, 1) I S R R
TR . B SC T B ¥4 T Uk A B A L R
ST AE Z MR ) 8 1 Sty L R [ AR 7
B T2 2 R 2 [B) H g 9 A0 AT, 23X — SRR T
B PO HEAA R, 7 50 R AR AR R TR A
iff 52 .

2500 Particle charge density/(C - m™) /
(elementary positive charges) ,‘ ‘
—— Zero charge -~ 1.92x107(1000) [\
2000 -~ 5.76x107 (3000) 9.60%107(5000) |V
1500 - ’
1000
500
1 1 1 1 1 1 1

0 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Distance from inlet of nozzle/m
b 20 nm

K 14 A FPEATHRE T B 100, 20 nm HRL T #Y R 00)

Fig.14 Velocity of platinum particles of 100, 20 nm in diameter under various charge densities

L 37 B YA W4 v, KORLARRE i S A2 A5 M
S, fOR T B R O T 5 T PR
o N GLaE W I SR L R 70 KV BEURIEES 15,
20, 25 mm [ EBERERT, &I 5 BhA BHR B

[60]

FAAEf MR S, H e AR WU B B S5 R TR 0
Ko BIRRHL TR WA N AMRL 47 4 BRI 5 2 22
T —SE AR, (TR G KT R
SER AT B0 R, AL T — AR



$50% 8l

BRI AE Ve UL T R -l E P R A1 P b S W i T S ok e - 189 -

G, R R A T AR A BB R
BN AR EAR RIS o A, w A RV W TR
AE W 3 b 138U 8B SE , (B T 250 TR
JEVERERY B UL TR OB = o

3.4 EZABREAR

HA R (BN T oo E e i 20,
A AR T b 4 ) X TSR g, MBEE S
AL SR B RN B L5 S BUR R, R
HARNZERHFMTHEZ MY EZEREA LS E, X
ok FAEE R T B MRIE A S GG, il A
W TR TR A 1931

K4k 3 R R T A T B AR OS]
PIERIEGE H, ALO; A& BLAS VR M iR v () — Fh LU A
RE, S E R 5E S R W I AR P R 2 1 BUR
ZEAHLEE . Wang ST T HAS R WEHR ALO; XY
AL 45 K FNFEMAAE FE R 9T, & B ALOS BT
T RE TR T B U T AR, BT R,
INENZ) 1750 m/s, BJe i T 56 R BOBHES, A B [
k5] 0, WML SEEABIRME 8. ZJ5 Wang
ST A R R (LSGM) 12 10 bk . A i
SEVERES BT L B, VR 2 SR M AR B T i
B (AN 200, 400 C R IURR A IR ) oL 5 R0 51
0.028. 0.043 S/cm, i 25 CULFAY MRl G2 i 3%
FAKZE 0.003 S/em) , WIE 15 fik. Yao ZE8F] ]
H AR T Tio, MM, & BEE 28wkt
R, Sl AR I 2, BRSOk T A A
S E R ZE BT, R ARTRLEE T A Ak
R 1 LS Al B W TP A )2 R Rk R

0.05

= 004} Gas temperature
g -0-25°C
. -0-200 C
© 0.03 | o °
X —~0-400 C
z
B
5 0.02
5
£
8
o 0.01f
=
R

oF

750 800 850 900 950 1000 1050
Temperature/K

F1s AR AR E T DI LSGM (B AL T ) ¥k
J S Ty )

Fig.15 Tonic conductivity of LSGM (solid-state electrolyte)
coatings deposited at different gas temperatures

FLZS VMR A IR Z B9 b it . AL T osh
AW AU, IR RS T YR R LLRTAT 5T
AP EEMFSE T . Besh, BIERET IR, A
WREAR B TURRPLEIL B A BARAE Hy BEAR , 75 0E— 2D IR
AT

4 L5

HET, ¥ W R -5 R 09 e T U R A 75
BREBLIRATGY, AAE AR BRI &R R Z Hil 4 -
AR, AR, HEEE S OCE L
J7 T :

1) —ZESEI0 43 AR A 2 A A T ies 88 PN 38 0k 50
TRV —Fh 73, (EGE IS 18 /58 A4 U 3l FIoRE 3 B
B T A N BE PR IE o CFD AR D L2558 v %) 0000 A g
FBEAAS [ DL AT AT, ke Az B AT OG0,
SRIM BRI S8 (NS ifb %8 . Im Bl . B
A AT ) X e 2 TRINAR B 1Y 52 ik AN 58 4
HAE, Al — LR E .

2) DR R IR R ) B AR R TR AR S
+, ITAE R ZHE g R B TR B X R 2 BT Y
SR AR T 2 5505 R THT 2% A X611 RS0 (1) 5% )
WD WA RHE — DS BRI 5E B8 7 1]
PO TSR A BRI D YRR R MR A
VI 22 R 1R 28 00k B - B R s2 ), s 2T
FoRLF7E N 52 8% CFD MR 4k 22 5%

3) BT BRSBTS 5T . 746, ¥
R AR T U8 ( PPF ) | 223744 1L ( Hausner )
SRR S BE RS2 /0N, RO o sk T A
FENGEA, AB 5 TS R A SE PR S

4) s . T2 KA E AR, U
BAMA mReFE . IR NE AT R HXRZ MR

CANPeRRAT R . HZUR 2= Re ST ) |, XTE AR BHR
FEAR ok 3 IR B e I SR Rk = ] an g
FUAT BN TR T2k Uk X UK RT3
T g AT o S AR I i R B AR T A )

5) WWIRAE TRESE . ARSI E R
TSR, R A A KR Rk 5 48 TR T 2R T
MRS A T, B RIR RN, PR
b, B AR BIR AT, W mETR RN B ) B 24T
Mb R H

Sk

[1] ALKHIMOV A P, KOSAREV V F, PAPYRIN A N. A
method of cold gas-dynamic deposition[J]. Soviet physics
doklady, 1990, 35(12): 1047-1049.

2] AW, BER, KRB, % BBIRHEEZSHERZ
AT EART]. AR TR, 2013, 41(8): 1-10.

LI Wen-ya, HUANG Chun-jie, YU Min, et al. State-of-
the-art of cold spraying composite coatings[J]. Journal of
materials engineering, 2013, 41(8): 1-10.

[3] ASSADI H, GARTNER F, STOLTENHOFF T, et al. Bon-
ding mechanism in cold gas spraying[J]. Acta materialia,
2003, 51(15): 4379-4394.

[4] SCHMIDT T, GARTNER F, ASSADI H, et al. Develop-



+ 190 -

EN TR NN

2021 4 8 A

[12]

(13]

[14]

[15]

[16]

(18]

ment of a generalized parameter window for cold spray
deposition[J]. Acta materialia, 2006, 54(3): 729-742.
MORIDI A, HASSANI-GANGARAJ S M, GUAGLIANO
M. A hybrid approach to determine critical and erosion
velocities in the cold spray process[J]. Applied surface sc-
ience, 2013, 273: 617-624.

BT, MR, SRAEAR. RmERTIURRILE A HA & R WF
FEHERE[T]. FEHA, 2015, 44(4): 15-22.

ZHONG Li, WANG Zhao-yin, ZHANG Hua-dong. Res-
earch progress of precipitation mechanism and apparatus
of cold spray[J]. Surface technology, 2015, 44(4): 15-22.
ALKHIMOV A P, KOSAREV V F, PAPYRIN A N. A
method of cold gas-dynamic deposition[EB/OL]. Moscow:
Soviet Physics Doklady, 1990.

GARTNER F, STOLTENHOFF T, SCHMIDT T, et al. The
cold spray process and its potential for industrial applica-
tions[J]. Journal of thermal spray technology, 2006, 15(2):
223-232.

HUSSAIN T. Cold spraying of titanium: A review of bon-
ding mechanisms, microstructure and properties[J]. Key
engineering materials, 2012, 533: 53-90.

SCHMIDT T, ASSADI H, GARTNER F, et al. From par-
ticle acceleration to impact and bonding in cold spraying
[J]. Journal of thermal spray technology, 2009, 18(5-6):
794-808.

GRUIJICIC M, ZHAO C L, TONG C, et al. Analysis of
the impact velocity of powder particles in the cold-gas
dynamic-spray process[J]. Materials science and enginee-
ring: A, 2004, 368(1-2): 222-230.

YOKOYAMA K, WATANABE M, KURODA S, et al.
Simulation of solid particle impact behavior for spray pro-
cesses[J]. Materials transactions, 2006, 47(7): 1697-1702.
ASSADI H, SCHMIDT T, RICHTER H, et al. On para-
meter selection in cold spraying[J]. Journal of thermal
spray technology, 2011, 20(6): 1161-1176.
STOLTENHOFF T, KREYE H, RICHTER H J. An anal-
ysis of the cold spray process and its coatings[J]. Journal
of thermal spray technology, 2002, 11(4): 542-550.
FAIZAN-UR-RAB M, ZAHIRI S H, MASOOD S H, et al.
Application of a holistic 3D model to estimate state of
cold spray titanium particles[J]. Materials & design, 2016,
89: 1227-1241.

LIMA R S, KUCUK A, BERNDT C C, et al. Deposition
efficiency, mechanical properties and coating roughness
in cold-sprayed titanium[J]. Journal of materials science
letters, 2002, 21(21): 1687-1689.

LEGOUX J G, IRISSOU E, DESAULNIERS S, et al.
Characterization and performance evaluation of a Helium
recovery system designed for cold spraying[J]. DVS-
berichte, 2011, 264: 560-565.

LI Chang-jiu, LI Wen-ya, LIAO Han-lin. Examination of
the critical velocity for deposition of particles in cold
spraying[J]. Journal of thermal spray technology, 2006,
15(2): 212-222.

[19]

[20]

[22]

[26]

[27]

[29]

LI Wen-ya, LI Chang-jiu. Optimal design of a novel cold
spray Gun nozzle at a limited space[J]. Journal of thermal
spray technology, 2005, 14(3): 391-396.

YIN Shuo, ZHANG Meng, GUO Zhi-wei, et al. Numer-
ical investigations on the effect of total pressure and
nozzle divergent length on the flow character and particle
impact velocity in cold spraying[J]. Surface and coatings
technology, 2013, 232: 290-297.

TWIe AR, ¥, KM, BT FLUENT 72 BER
Laval WiHEAEALIZTTI]. IEMEHR, 2017(5): 80-84.
XING Long-sen, GUO Xue-ping, ZHU Hai-bin. Optimiz-
ation design of cold sprayed Laval nozzles based on
FLUENT[J]. Marine technology, 2017(5): 80-84.

JBEAE, IR, 2RS0T W 1T B Ve WA S I AL
9y B SR I AR B BB A D). v R TR,
2013, 26(1): 74-78.

YIN Shuo, WANG Xiao-fang, LI Wen-ya. Numerical in-
vestigations on the effect of nozzle outlet diameter on jet
flow field and optimal standoff distance in cold spraying
[J]. China surface engineering, 2013, 26(1): 74-78.
CHAVAN N M, VINOD KUMAR M, SUDHARSHAN
PHANI P, et al. Influence of nozzle throat cross section on
microstructure and properties of cold sprayed coatings[J].
Journal of thermal spray technology, 2019, 28(7): 1718-
1729.

ALKHIMOV A P, KOSAREV V F, KLINKOV S V. The
features of cold spray nozzle design[J]. Journal of thermal
spray technology, 2001, 10(2): 375-381.

SOVA A, KLINKOV S, KOSAREV YV, et al. Preliminary
study on deposition of aluminium and copper powders by
cold spray micronozzle using helium[J]. Surface and coa-
tings technology, 2013, 220: 98-101.

YIN Shuo, WANG Xiao-fang, LI Wen-ya. Computational
analysis of the effect of nozzle cross-section shape on gas
flow and particle acceleration in cold spraying[J]. Surface
and coatings technology, 2011, 205(8-9): 2970-2977.
MACDONALD D, LEBLANC-ROBERT S, FERNANDEZ
R, et al. Effect of nozzle material on downstream lateral
injection cold spray performance[J]. Journal of thermal
spray technology, 2016, 25(6): 1149-1157.

LI Wen-ya, YIN Shuo, GUO Xue-ping, et al. An investig-
ation on temperature distribution within the substrate and
nozzle wall in cold spraying by numerical and experimen-
tal methods[J]. Journal of thermal spray technology, 2012,
21(1): 41-48.

WANG Xu-dong, ZHANG Bo, LV Jin-sheng, et al. Inves-
tigation on the clogging behavior and additional wall coo-
ling for the axial-injection cold spray nozzle[J]. Journal of
thermal spray technology, 2015, 24(4): 696-701.

JODOIN B, RALETZ F, VARDELLE M. Cold spray mo-
deling and validation using an optical diagnostic method
[J]. Surface and coatings technology, 2006, 200(14-15):
4424-4432.

MA Wen-hua, XIE Ying-chun, CHEN Chao-yue, et al.



$50% 8l

BRI AE Ve UL T R -l E P R A1 P b S W i T S ok e <191 -

[32]

[33]

[34]

[33]

(36]

[37]

[38]

(39]

[40]

[41]

[44]

Microstructural and mechanical properties of high-perfor-
mance Inconel 718 alloy by cold spraying[J]. Journal of
alloys and compounds, 2019, 792: 456-467.

OZDEMIR O C, WIDENER C A, HELFRITCH D, et al.
Estimating the effect of helium and nitrogen mixing on
deposition efficiency in cold spray[J]. Journal of thermal
spray technology, 2016, 25(4): 660-671.

BALANI K, AGARWAL A, SEAL S, et al. Transmission
electron microscopy of cold sprayed 1100 aluminum coat-
ing[J]. Scripta materialia, 2005, 53(7): 845-850.

TAN A, LEK J, SUN Wen, et al. Influence of particle vel-
ocity when propelled using N, or N,-He mixed gas on the
properties of cold-sprayed TigAl,V coatings[J]. Coatings,
2018, 8(9): 327.

YIN S, SUO X, LIAO H, et al. Significant influence of
carrier gas temperature during the cold spray process[J].
Surface engineering, 2014, 30(6): 443-450.

GRUIJICIC M, ZHAO C L, DEROSSET W S, et al. Adi-
abatic shear instability based mechanism for particles/
substrate bonding in the cold-gas dynamic-spray process
[J]. Materials & design, 2004, 25(8): 681-688.
CHAMPAGNE V K, HELFRITCH D J, DINAVAHI S P
G, et al. Theoretical and experimental particle velocity in
cold spray[J]. Journal of thermal spray technology, 2011,
20(3): 425-431.

GU S, KAMNIS S. Numerical modelling of in-flight par-
ticle dynamics of non-spherical powder[J]. Surface and
coatings technology, 2009, 203(22): 3485-3490.

WONG W, VO P, IRISSOU E, et al. Effect of particle
morphology and size distribution on cold-sprayed pure
titanium coatings[J]. Journal of thermal spray technology,
2013, 22(7): 1140-1153.

SONG Jun, LIU Juan-fang, CHEN Qing-hua, et al. Effect
of the shape factor on the cold-spraying dynamic charac-
teristics of sprayed particles[J]. Journal of thermal spray
technology, 2017, 26(8): 1851-1858.

NING Xian-jin, JANG J H, KIM H J. The effects of pow-
der properties on in-flight particle velocity and deposition
process during low pressure cold spray process[J]. App-
lied surface science, 2007, 253(18): 7449-7455.

XU Y, HUTCHINGS I M. Cold spray deposition of ther-
moplastic powder[J]. Surface and coatings technology,
2006, 201(6): 3044-3050.

ALHULAIFI A S, BUCK G A, ARBEGAST W J. Num-
erical and experimental investigation of cold spray gas
dynamic effects for polymer coating[J]. Journal of thermal
spray technology, 2012, 21(5): 852-862.

KHALKHALI Z, ROTHSTEIN J P. Characterization of
the cold spray deposition of a wide variety of polymeric
powders[J]. Surface and coatings technology, 2020, 383:
125251.

LI Chang-jiu, LI Wen-ya. Deposition characteristics of
titanium coating in cold spraying[J]. Surface and coatings

[46]

[48]

[50]

[51]

[52]

[56]

technology, 2003, 167(2-3): 278-283.

LUO Xiao-tao, YAO Meng-lin, MA Nin-shu, et al. Depo-
sition behavior, microstructure and mechanical properties
of an in situ micro-forging assisted cold spray enabled
additively manufactured Inconel 718 alloy[J]. Materials &
design, 2018, 155: 384-395.

WEI Ying-kang, LUO Xiao-tao, CHU Xin, et al. Solid-
state additive manufacturing high performance aluminum
alloy 6061 enabled by an in situ micro-forging assisted
cold spray[J]. Materials science and engineering: A, 2020,
776: 139024.

UDDIN S Z, MURR L E, TERRAZAS C A, et al. Pro-
cessing and characterization of crack-free aluminum 6061
using high-temperature heating in laser powder bed fusion
additive manufacturing[J]. Additive manufacturing, 2018,
22:405-415.

ZHOU Hong-xia, LI Cheng-xin, JI Gang, et al. Local mi-
crostructure inhomogeneity and gas temperature effect in
in situ shot-peening assisted cold-sprayed Ti-6Al-4V coat-
ing[J]. Journal of alloys and compounds, 2018, 766: 694-
704.

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

Wrdw, Rmd, Tooik, S BmEE TC4 W2 FiH
RV R A i 2 VEREDE ST (0], SRR, 2017,
46(8): 96-101.

JIN Lei, CUI Xiang-zhong, DING Yuan-fa, et al. Critical
deposition velocity calculations and properties investiga-
tions of TC4 cold spray coatings[J]. Surface technology,
2017, 46(8): 96-101.

KHUN N W, TAN A WY, BI KJ W, et al. Effects of
working gas on wear and corrosion resistances of cold
sprayed Ti-6Al-4V coatings[J]. Surface and coatings tech-
nology, 2016, 302: 1-12.

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.

BRAY M, COCKBURN A, O'NEILL W. The Laser-assisted
Cold Spray process and deposit characterisation[J]. Surface
and coatings technology, 2009, 203(19): 2851-2857.
MARROCCO T, HUSSAIN T, MCCARTNEY D G, et al.
Corrosion performance of laser posttreated cold sprayed
titanium coatings[J]. Journal of thermal spray technology,
2011, 20(4): 909-917.

POZA P, MUNEZ C J, GARRIDO-MANEIRO M A, et al.
Mechanical properties of Inconel 625 cold-sprayed coat-
ings after laser remelting. Depth sensing indentation anal-
ysis[J].
51-57.

Surface and coatings technology, 2014, 243:

( %58 200 11 )



