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Fig.1 CEL quarter model of single particle impacting matrix
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Fig. 2 Simulated stress distribution of titanium particles with size of 25 um deposited for 24 ns at different impact velocities
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Fig. 3 Simulated shape changes of titanium particles with size of 25 pm deposited for 24 ns at different impact velocities and matrix plate
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Fig. 4 Simulated equivalent plastic strain distribution of titanium particles with size of 25 um deposited for 24 ns at different impact velocities
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Fig.5 Variation curves of equivalent plastic strain vs deposited times of titanium particles with size of 25 um at different impact velocities:

(a) large speed interval and (b) small speed interval
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Fig. 6 Simulated stress distribution of aluminium particles with size of 30 um deposited for 24 ns at different impact velocities
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Fig. 7 Simulated shape changes of aluminium particles with size of 30 um deposited for 24 ns at different impact velocities and matrix plate
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Fig. 8 Simulated equivalent plastic strain distribution of aluminium particles with size of 30 pm deposited for 24 ns at different impact velocities
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(a) large speed interval and (b) small speed interval

[ f o B N IR 0~8 ns I, SRAURL I S0 PR R A5 000 e 7 732 i o e o 0 X 1o Fr) 5 s TR A
Wi@%ﬁ%%%* UIF8~28 ns I, SFRIAMEIN S —EIES5 , IR 28~60 ns PN, SN R AR ¥4 KT
Foil il AR KR S AR S e 5 GRS, (B BT TR E . X LRI, R ORL ) S A5 A A

114



ML EH

R | S AR A BUR e SRR TN 6 FAEAR I

MATERIALS FOR MECHANICAL ENGINEERING

BEVTR T B] ) AR fh R 34 5 BRATURE AR . A Bl ok
JE R 650 mes 'H, G EE 700 mes R
LA S5 AR P 7L i R K WL AR R I T 33 %%,
XU I SRS AR DR 7 SR G 4 A ad R R AR T 4
BT R; (HY N 710 mes B, B
LI SO AR B BRI, PR, 40 R Y11
W R 700 mes ', B Y E Mt 700 mes !
HFE AT A 5 3R TE A RS A

25 L TIR , BE T ORI AR A Ak RN 9 1 1V AR Sy A
0 A5 F kL A2 b 25 pm 5 Bk KL I L N
680 mes ', AR g 30 wm B 4 R I S BE R
700mes ',
2.3 HIBERESH

W5 ST AR RS0 25 R 5 SCik [ 23 ] o L&,
REATRE L, T R R SE b R R R SRR
B . XF AT A 7E R AL AR GR TR A
298 K 4 s 600 mes ' N, Kife 30 pm 1)
BRI S5 B e 1 AR BE DTS ] (14 728 4k 5 SR 23
(AR, AR , AHXT IR 22 0.12, ULBRERY ] &g

e ASSADI %5 i S 1) 0BG 55tk 1 206 56
F AR A A SE, 5 CEL TR0 i)
Bk AR R I L B AT X L I L 2 e 2R
X

v, = 667 —14p, +0.08Q, +0.10, —0.4Q, ()

A o WPURIYIG RS, mes ' p, URIAERE
geem 7y QUAMURIE A, C; o, PRI EHTHIR
J&, MPa; Q. MR GGTEIE, C.

HR A 2 (2) W35 H S0k A 35 A ) 46 LB N
298 K, K . SHPURLRLAR 5351k 25, 30 pm B (I ALk
JEAGEAE. R 1T LAE Y, d R i £ 21 i 8k
ERIBUR I S B 5 2C(2) TS B B BT R ) —
PR, FHXTIRZE 90 10.6 %, 2.1%, 3% BEHTZ BURL
e S8 T 1y 7 4

K1 BRANEEYSIRES S 298 K B 25 pum $AHHRL
30 pm SREKIEY I SR EE A EESMUEREXIRE
Table 1 Estimating and predicting critical velocities and
their relative errors of 25 pm titanium and 30 pm aluminium

particles under particles and matrix initial

temperature of 298 K
i AR EE /(mes )
Ok ALAZE /pm - — AHXIRZE /%
H(2) (s
7N 25 760.86 680.00 10.6
bz 30 685.48 700.00 2.1

3 EREENZMEZE
3.1 FRRLE

10 1] DL . 24 500kE R 3 A J) 46 T RE Y N
298 K}, Fifi 5 TORDRL A2 36 0, e S5k 3 34 K, ki g
BEBEANS pm, SRS R 15 mes o X2 N
WORLRLAR R, i o SRS 5 SLATE R R A LA
AT B S RE R, BT LA S B AR (R
ZME TR BRI b AR SO 4 1 S5 R, X DR B
TR A 3SR 38 /N T AR IORT , SS0HE fh L T A R
BRARAE PGS , BRII0R T 2T 2 1Y shBE R4 AL LN BE
A REAH SR PAASTE | (8 OB B 44 5 B AT AL
PR Br o

740 b - BRIk
- @- FRRIURL )

1‘5 26 2‘5 3‘0 3.5 4|0
PRI A2/um
BE 10 AR EYA 298 K BH4K . SRFUHL IR FiE
i AT AL 7 P T2 1L B
Fig. 10 Variation curves of critical velocity vs particle size of
titanium and aluminium particles under particle and matrix

initial temperature of 298 K

3.2 MR E

HIPE 11 ] 0L SRR B O 298 K, Bk 4
WURDRLAR 23591 25, 30 pm i, Fifi 5 OREA) il B2 7
P vy, i S S AR, R iR il A R 100 K
I PR 10 m » s o O PR JURLA) IR kB2
P i UBURL AL, REAR IR S 5 R A, A
) T Rl 58 5 T BE ) v B SR R BT U R AR R A A

-0 4125 pm BTk

- 7w0or e.. - PR ERINTGED T
[ g
é 680
.% 660
B
Z 640}
620 300 400 500 600 700
UKL 46 /K
11 EEYIEIRE A 298 K B4k $5 Bl 53 fE B Bhr
VAR BRI i 2%

Fig. 11 Variation curves of critical velocity vs particle initial
temperature of titanium and aluminium particle under

matrix initial temperature of 298 K



YL EHH

MATERIALS FOR MECHANICAL ENGINEERING

TR, 5 AR B 16 Rk L TR 6 BAE AL

AR MDA A 2 £ T A W N 2
33 EffmiaE

P12 7 0L e 2 AIOREI A TR 298 K, £k 4R
WRCHE M54 25, 30 pm i, BEESEHCH) IS 19
B0, I R (G, SR P A 9 100 K,
i T L2020 m s~ BRI A AR 4
TR A T R 8, A 5 A OB 2 A
RSV e B D) e, AT I St

700} e o K25 Ltk Bk

300 400 500 600 700
SRR Ui /K

B 12 FHIAEIRE S 298 K B 25 pm $k T, 30 pm $AETHLIIG ST

RERHERBRET i

Fig. 12 Variation curves of critical velocity vs matrix initial

temperature of 25 pm titanium particle and 30 pm aluminium

particle with initial temperature of 298 K

Hy b ] D, ORI B 38 B AN A IR T A A R
AP BT, a5 URERIA | OREA) A T E FIRE AR il
JEA 5, UKL Uit X6 i SR B R 5/, {EUORE
KA RIS i R AR 3

TR

(1) FEADLA5 3 Mok 42 25 o Bk Uk 1Y) 48 o 3 7
BINZE 700 m+s 5, 7TBOASR G A SR TF LG I ih
ol 3 5 - i A R i o R B R M B ., A
PR AR A # T AR, M4 o 4 680 me s A
SIS A LU AH AR T 2 SR, 15 I B
Kl B R 680 moe s ' [A)HH, TR AR L)
LT AR A AR A8 2 AP 8 722 43 A7 P [ T 0 A5 S A A2
30 pm A5 ORI FLEE EE R 700 mes ' TUNAS 2 Y
e 3k i 5 2R 2 3 8 2O A 48 SR B AT 3 v i —
et AHXTIRZE50 508 10.6 %0, 2.1 %6

(2) BEALIA5 B Fifi 35 Uk AR | R4 U R
REARK . AR e 03 B AR AT I A 34 5 ki A) 4y
ek XTI S R S i 50, UR R AR R AT 4 Tk
JER D

SE

[1] ASSADI H, GARTNER F, STOLTENHOFF T, et

116

[10]

[11]

[12]

al. Bonding mechanism in cold gas spraying[J]. Acta
Materialia, 2003, 51(15): 4379-43%4.

ASSADI H, GARTNER F. Particle compression test:
A key step towards tailoring of feedstock powder for cold
spraying[ J ] . Coatings, 2020, 10(5): 458.
YOKOYAMA K, WATANABE M, KURODA S, et
al. Simulation of solid particle impact behavior for spray
processes[J]. Materials Transactions, 2006, 47(7):
1697-1702.

SCHMIDT T, GARTNER F, ASSADI H, et al.
Development of a generalized parameter window for cold
spray deposition[J]. Acta Materialia, 2006, 54(3): 729-
742.

ALHULAIFT A S, BUCK G A. A simplified approach
for the determination of critical velocity for cold spray
processes[ J]. Journal of Thermal Spray Technology,
2014, 23(8): 1259-1269.

PALODHI L., SINGH H. On the dependence of critical
velocity on the material properties during cold spray
process[J]. Journal of Thermal Spray Technology,
2020, 29(8): 1863-1875.

MENG F C, YUE S, SONG J. Quantitative prediction
of critical velocity and deposition efficiency in cold-spray :
A finite-element study J ] . Scripta Materialia, 2015, 107
83-87.

WU J W, FANG H Y, YOON S, et al. Critical
velocities for high speed particle deposition in kinetic
spraying[J]. Materials Transactions, 2006, 47(7):
1723-1727.

LI CJ, WANG H T, ZHANG Q, et al. Influence of
spray materials and their surface oxidation on the critical
velocity in cold spraying[J]. Journal of Thermal Spray
Technology, 2010, 19(1): 95-101.

LI C J,LI W Y, LIAO H L. Examination of the
critical velocity for deposition of particles in cold
spraying[J]. Journal of Thermal Spray Technology,
2006, 15(2): 212-222.

B, R4, RN, 55 R BHR KL RS A
e 538 00 ) RSB AU T BRUIRL T . el S TR
2014, 27(1): 1-11.

LIWY, ZHANG D D, HUANG C 7, et al. State-of-
the-art of particles impacting behavior and prediction
of critical velocity for cold spraying by numerical
simulations[J ]. China Surface Engineering, 2014, 27(1):
1-11.

LI W Y, ZHANG D D, HUANG C J, et al.
Modelling of impact behaviour of cold spray particles:
Review[J]. Surface Engineering, 2014, 30(5): 299-308.



YL EHH

MATERIALS FOR MECHANICAL ENGINEERING

[13]

[14]

[15]

[16]

[17]

[18]

[19]

R | S AR A BUR e SRR TN 6 FAEAR I

YU M, LI W Y, WANG F F, et al. Finite element
simulation of impacting behavior of particles in cold
spraying by eulerian approach[J]. Journal of Thermal
Spray Technology, 2012, 21(3): 745-752.

FAEI, 2SI, A B TR R KA v W4 b
Tl AR 7] R TR, 2012, 25(6): 96-
100.

WANG F F, LI W Y, YU M. Prediction of critical
velocity in cold spraying based on numerically calculated
steady maximum equivalent plastic strain[J]. China
Surface Engineering, 2012, 25(6): 96-100.

WANG F F,LI W Y, YU M, et al. Prediction of
critical velocity during cold spraying based on a coupled
thermomechanical eulerian model[ J ]. Journal of Thermal
Spray Technology, 2014, 23(1): 60-67.

NIKBAKHT R, ASSADI H, JAHANI K, et al.
Cold spray deformation and deposition of blended
feedstock powders not necessarily obey the rule of
mixture[J ]. Surface and Coatings Technology, 2021,
424127644,

ARABGOL Z, VILLA VIDALLER M, ASSADI H,
et al. Influence of thermal properties and temperature
of substrate on the quality of cold-sprayed deposits[J].
Acta Materialia, 2017, 127 287-301.

ALIZADEH DEHKHARGHANI A. Tuning Johnson-
Cook material model parameters for impact of high
velocity, micron scale aluminum particles[D]. Boston:
Northeastern University, 2016.

XIEW T, ALIZADEH-DEHKHARGHANI A, CHEN

Q Y, et al. Dynamics and extreme plasticity of metallic

[20]

[21]

[22]

[23]

[24]

[25]

microparticles in supersonic collisions[J]. Scientific
Reports, 2017, 7(1): 5073.

JOHNSON G R, COOK W H. Fracture characteristics
of three metals subjected to various strains, strain rates,
temperatures and pressures[J]. Engineering Fracture
Mechanics, 1985, 21(1): 31-48.

NIKBAKHT R, SEYEDEIN S H, KHEIRANDISH S,
et al. Asymmetrical bonding in cold spraying of dissimilar
materials[J ] . Applied Surface Science, 2018, 444 621-
632.

CORMIER Y, DUPUIS P, JODOIN B, et al. Finite
element analysis and failure mode characterization
of pyramidal fin arrays produced by masked cold
gas dynamic spray[J]. Journal of Thermal Spray
Technology, 2015, 24(8): 1549-1565.

i 1] . B 4 R IR LR AL-T075 U JZ T 500 B 5% 4% i
JIWIFE D], V% PR, 2021.

XIE W. Study on morphology and residual stress of
cold sprayed Al-7075 coating on magnesium alloy
surface[ D]. Xi'an: Xi'an University of Science and
Technology, 2021.

HASSANI-GANGARAJ M, VEYSSET D, NELSON
K A, et al. In-situ observations of single micro-particle
impact bonding[J ] . Scripta Materialia, 2018, 145: 9-13.
E, whIGERH , AR 8 . VTR I S R A R A
PBLR[T]. P T T2, 2022, 51(18): 18-21.

LIANG G, HAN XY, REN Z Q. Numerical simulation
status of critical velocity of cold spray particles[J]. Hot
Working Technology, 2022, 51(18): 18-21.

117



BT EAT K RS S AR A UKL e SRk JE TN 6 FAEAR I

MATERIALS FOR MECHANICAL ENGINEERING

Numerical Simulation for Predicting Critical Velocity of Cold Spraying Particles

DONG Maiming!, XIN Hongmin!, LI Guangping?, CHENG Qingsi!, DAI Hui!,
YAO Changfeng?, CUI Minchao®
(1. Hubei Key Laboratory of Power System Design and Test for Electrical Vehicle, Hubei University of Arts and Science,
Xiangyang 441053, China; 2. Hubei Chaozhuo Aviation Technology Co., Ltd., Xiangyang 441000, China;
3. Key Laboratory of High Performance Manufacturing for Aero Engine,

Ministry of Industry and Information Technology, Northwestern
Polytechnical University, Xi'an 710072, China)

Abstract: A coupled Euler-Lagrange quarter model for the impact of cold spraying single particles on matrix was
established by using ABAQUS finite element software. The particle critical velocity at which titanium particles with size
of 25 pm and aluminum particles with size of 30 um impact the 7B04 aluminum alloy matrix to form mechanical occlusion
and metallurgical bonding was predicted by simulation of particle and matrix shape change and equivalent plastic strain
distribution, and the validity of the data was verified. The effects of particle size, initial temperature of particle and matrix
on the critical velocity were studied. The results show that the predicting critical velocity of 25 um titanium and 30 um
aluminum particles was 680, 700 m « s~ * based on the simulated particle/matrix shape change and equivalent plastic
strain distribution, respectively. The relative error between the predicting value and estimating value of empirical relation
was less than 11%, indicating that the method was accurate. With the increase of particle size and the decrease of initial
temperature of the particle and matrix, the critical velocity increased. The initial temperature of the particle had little
effect on the critical velocity, but the influence of the particle size and the initial temperature of the matrix was significant.

Key words: cold spraying; critical velocity; particle shape; equivalent plastic strain; numerical simulation
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