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Table 1 CS processing parameters

Stand-off

. Particle .. Pressure / Feeding rate / . Movement Separation
Material size /pm Typeofgas  Temperature /'C MPa (g-min ') dlStriIrl;e / speed /(mm-s ') distance /mm
Al 10-45  Compressed air 300 0.6 35 10 10 2

E1 Rmiril e g . (a) @ Bk E2AE ; (b) BN 1. 72
Fig. 1 CS testsite. (a) Main devices of CS; (b) spraying process
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Fig. 2 Nd : YAG nanosecond pulse laser shock system. (a) Laser
pulse emitting unit; (b) experimental operation platform;

(c) manipulators and water cooling system control unit
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Fig. 5 Surface SEM morphologies of cold sprayed pure Al coatings under different impact numbers. (a) Before impact; (b) 1; (¢) 2; (d) 3
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Fig. 6 3D surface morphologies of cold sprayed pure Al coatings under different impact numbers. (a) Before impact; (b) 1; (¢) 2; (d) 3
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Fig. 10 Full-range XRD patterns of cold sprayed pure Al

powder and coating before and after multiple LSPs

v Mg
pure Al powder

initial (002) (121)
g [ LSP-1
£

LSP-2

fr{

LSP-3

1 1 1 1 1 1 1 L
30 31 32 33 34 3 36 37 38
Diffraction angle /(° )
B BT IR 48 ALKY R b 2 WO vh i 5T L5 IR 2 B9 R A
XRD [ %
Fig. 11 Partially magnified XRD patterns of cold sprayed pure

1
39 40

Al powder and coating before and after multiple LSPs

3.4 HOtHEIRERERRN R0
Z YO vh i T LS TR R 3% TR 5k A B 7 (6 A
P12 B o ¥ A TT LA 45 B OREA Ol B8 R 1 5 A% T

#5505 £ 48/2023F 2 B/HEEN

Residual stress /MPa
—
[

10}
-15}
-20

0 1 2 3
Impact number
12 20O AT 5 IR R SR 154 )
Fig. 12 Residual stresses on coating surface before and after
multiple LSPs

I3 ARG v W R U 2 A I 4 2R R BRAR IV
N 27 MPa LR 3, FF A T8 WA BRI T 03X
HI T ALRY A Ik R EC(CTE) & fEBER T 2 h,
PRI AR FH AR BORE ) 245 o i 950 20 3 RE % 1k o
FHORE BT B ETHRRE TR A A ST
AR AR OB B A AL, (ELR 2T DL AR BUR A —
R REZ T 5 it 58 2% il AR, A AR o 1 A2 A
(5% A L S A8 2 1R, B W S AL N BN T o A 22
WO h 5 TR Z 3R 5 AR N R 25 72 M
I7 3 5 8 S N )« 28 1RO i s, HE 0 ) B
/AN s 220 2 WO b JE L BB T3 e A S R 5 22
i 3 YO bt 5, B0 T B {H R R i 2 AR
Ko kU2 i TR 2 HH B AL SR vhili kA5 1Y
JE B3 AN BE AT RO A, il Jo TR g A B R O fi
RIXFIRERE
3.5 ot EX IR E R E R R E R R0
Pl 13 o TV W 4l AL 2 AE 2 OOG vhif
BT e A 2 T R R o AR R R 0 3R T R JEE
Wit A e o K 8 T A L 49 i 0B A RO e
dr PR B s > o AT R phl TR )Z ehl 1.2
60

=R &

Microhardness /HV
N
(21

40F

35

0= 1 2 3
Impact number

P13 22Ot i di B 5 TR J2 2R T 09 5 Gl 2

Fig. 13 Microhardnesses of coating surface before and after

multiple LSPs

0402004-6



505 F 4H1/2023 F£ 2 H/HREHN

3 WG R )2 B T R B Ay B4R T 16.22% .
27.46% .34.49% , Hor pp i 3R U5 MU )2 2R T e LA
B R, A B A Ol 51,67 HV ., M TR — b
i, iy 10203 WG W2 B9 A R 8 0E S 0
16.22% (M TR b 1Rk)Z) 9. 68% .5.51% , ix £ W]
YK O e S AR B () 2 TR B I L S AR
S et X R T ) B A W 5S  3X R T
RO bl T R R W )2 SRR & R B A B AR
TE 7= e — 2 BT AR A, 36 )2 10 3 25 Ji A ok 32 96 1
— B R, T — KA R B R R 2 R T
Je B2 K R A A RS LR AU R A 1 ¥
PEAR Y 1) B B A T BRI, 3% 100 7 A R AL R B R B
PRI R 858 T Wi — W b ol SRR R 09 R S B R R
)
4 4k i

iz FHOG oh R A R 5 8 iR H R M LS A 0T
ST T 3O vk o A 0 A I 4 AR 2 ) 2 E B
P FEWOE s SR AL TR 2 2R Y 58 R A
R AR FE R 2 RO, REIE SR B E
Wil 5 ' o RO B, 3R TRDREDRE B B R AIG L 31K
it J T AEL R R RN KRS B (Bl AR DAY 31. 85 pm Al
21.39 pm 20 ) F 4 2 12. 88 pm A1 8. 87 pm. ¥4 E v
oAb e, U2 R T R KA W WAL R R R b R
R TR AR MR R o B O6 b o OB 3G, TR
J2 3T 5% A% N 3RS B A B N ) 3% A B O R
A FE R 7 5 3% T R R 2 B K, e K I B Gk F
51.67 HV . Fifi & WO vhdbs YB35 in , 2 a0 #HL s B2 T
Rofe | (L U 28 W D /0 S T R 1% 348 i b 2 AR ] 7
A ARSI T RO e ) 2 T A FROCR
e oh B, 5 2w 9 FHRIOR S T 55, SRR AL
TR oo OB BE I 2N WE TR AR A

Z % x M

[1] TJiang J H, Zhou Q, Yu J S, et al. Comparative analysis for
corrosion resistance of micro-arc oxidation coatings on coarse-
grained and ultra-fine grained AZ91D Mg alloy[J]. Surface and
Coatings Technology, 2013, 216: 259-266.

[2] Miura H, Maruoka T,
microstructure and mechanical properties of a multi-directionally

Jonas J J. Effect of ageing on

forged Mg-6Al-1Zn alloy[J]. Materials Science and Engineering:
A, 2013, 563: 53-59.

[3] Mordike B 1., Ebert T. Magnesium: properties — applications —
potential[J]. Materials Science and Engineering: A, 2001, 302(1):
37-45.

[4] Liu W J, Cao F H, Chen A N, et al. Corrosion behaviour of
AMG60 magnesium alloys containing Ce or La under thin electrolyte
layers. Part 1: microstructural characterization and electrochemical
behaviour[J]. Corrosion Science, 2010, 52(2): 627-638.

[5] Ignat S, Sallamand P, Grevey D, et al. Magnesium alloys laser
(Nd: YAG) cladding and alloying with side injection of aluminium
powder[J]. Applied Surface Science, 2004, 225(1/2/3/4): 124-
134.

[6] Vicenzi J, Marques C M, Bergmann C P. Hot and cold erosive

[7]

(8]

[9]

[13]

[20]

[22]

[24]

0402004-7

wear of thermal sprayed NiCr-based coatings: influence of porosity
and oxidation[J]. Surface and Coatings Technology, 2008, 202
(15): 3688-3697.

Singh C, Tiwari S K, Singh R. Development of corrosion-
resistant electroplating on AZ91 Mg alloy by employing air and
water-stable eutectic based ionic liquid bath[J]. Surface and
Coatings Technology, 2021, 428: 127881.

Liu Z M, Gao W. Electroless nickel plating on AZ91 Mg alloy
substrate[J]. Surface and Coatings Technology, 2006, 200(16/17):
5087-5093.

Abela T S. 4-Physical vapour deposition on Mg alloys for
biomedical applications[M]//Sankara N T S N, Park I S, Lee M
H. Surface modification of magnesium and its alloys for biomedical
applications. Volume II: modification and coating techniques.
Woodhead  publishing  series in
Woodhead Publishing, 2015: 81-100.
Alkhimov A P, Klinkov S V, Kosarev V F, et al. Gas-dynamic
spraying study of a plane supersonic two-phase jet[J]. Journal of
Applied Mechanics and Technical Physics, 1997, 38(2): 324-330.
Assadi H, Girtner F, Stoltenhoff T, et al. Bonding mechanism in
cold gas spraying[J]. Acta Materialia, 2003, 51(15): 4379-4394.
Grujicic M, Zhao C L, DeRosset W S, et al. Adiabatic shear
instability based mechanism for particles/substrate bonding in the

biomaterials. ~ Cambridge:

cold-gas dynamic-spray process[J]. Materials &. Design, 2004, 25
(8): 681-688.

Alkhimov A P, Kosarev V F, Papyrin A N. Gas-dynamic
spraying. An experimental study of the spraying process[J]. Journal
of Applied Mechanics and Technical Physics, 1998, 39(2): 318-
323.

Stoltenhoff T, Kreye H, Richter H J. An analysis of the cold spray
process and its coatings[J]. Journal of Thermal Spray Technology,
2002, 11(4): 542-550.

Papyrin A. Cold spray technology[J].
Process, 2001, 159(9): 49-51.

Jenkins R, Aldwell B, Yin S, et al. Solid state additive
manufacture of highly-reflective Al coatings using cold spray[J].
Optics & Laser Technology, 2019, 115: 251-256.

Marrocco T, Hussain T, McCartney D G, et al. Corrosion

Advanced Material &

performance of laser posttreated cold sprayed titanium coatings[J].
Journal of Thermal Spray Technology, 2011, 20(4): 909-917.

Sova A, Grigoriev S, Okunkova A, et al. Cold spray deposition of
316L stainless steel coatings on aluminium surface with following
laser post-treatment[J]. Surface and Coatings Technology, 2013,
235: 283-289.

Seng D H L, Zhang Z, Zhang Z Q, et al. Influence of spray angle
in cold spray deposition of Ti-6Al-4V coatings on Al6061-T6
substrates[J]. Surface and Coatings Technology, 2022, 432:
128068.

Song X, Ng K L, Chea ] M K, et al. Coupled Eulerian-
Lagrangian (CEL) simulation of multiple particle impact during
metal cold spray process for coating porosity prediction[J]. Surface
and Coatings Technology, 2020, 385: 125433.

Wei Y K, Luo X T, Chu X, 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.

Moridi A, Hassani-Gangaraj S M, Vezza S, et al. Fatigue
behavior of cold spray coatings: the effect of conventional and
severe shot peening as pre-/post-treatment[J]. Surface and
Coatings Technology, 2015, 283: 247-254.

Kang N, Verdy C, Coddet P, et al. Effects of laser remelting
process on the microstructure, roughness and microhardness of
in situ cold sprayed hypoeutectic Al-Si coating[J]. Surface and
Coatings Technology, 2017, 318: 355-359.

PRIE WA, FMBEIE , 4% 5 B 45 IO TR X v O BB 7 IR 2
SRR M2 (1], BB AL B4R, 2017, 38(8): 116-122.
Chen Z H, Sun X F, Li Z M, et al. Effect of laser remelting on



R #5505 £ 48/2023F 2 B/HEEN

microstructure and properties of nickel aluminum bronze coating Materials Science and Engineering: A, 1996, 210(1/2): 102-113.

prepared by cold spraying[J]. Transactions of Materials and Heat [27]  Montross C S, Florea V, Bolger J A. Laser-induced shock wave

Treatment, 2017, 38(8): 116-122. generation and shock wave enhancement in basalt[J]. International
[25] Fairand B P, Clauer A H. Laser generated stress waves: their Journal of Rock Mechanics and Mining Sciences, 1999, 36(6): 849-

characteristics and their effects to materials[C]. AIP Conference 855.

Proceedings, 1979, 50(1): 27-42. [28] Suhonen T, Varis T, Dosta S, et al. Residual stress development
[26] Peyre P, Fabbro R, Merrien P, et al. Laser shock processing of in cold sprayed Al, Cu and Ti coatings[J]. Acta Materialia, 2013,

aluminium alloys. Application to high cycle fatigue behaviour[J]. 61(17): 6329-6337.

Effect of Laser Shock Peening on Surface Morphology of Cold-Sprayed
Pure Aluminum Coating

Zhao Kai, Chen Kai, Jiang Gaoqiang, Wang Xingyu, Sun Panjie, Cui Chengyun

School of Mechanical Engineering, Jiangsu University, Zhenjiang 212013, Jiangsu, China

Abstract

Objective Facing the long-term problem of poor corrosion resistance of magnesium alloys, it is considered that preparing coatings
on the surface of magnesium alloy substrates is an effective means. Dense coatings can effectively isolate Mg alloys from external
corrosive environments. Compared with coating preparation techniques, such as thermal spraying, which requires molten material,
cold spraying avoids the melting and recrystallization of materials, high-temperature oxidation, stress cracking, and other problems.
However, the surface of the coating generally has high roughness, which has an adverse effect on the anti-corrosion performance.
Laser shock peening can effectively improve the surface morphology of the cold-sprayed coating and reduce the roughness of the
coating surface. Simultaneously, problems, such as oxidation and material cracking, caused by thermal effect are avoided,
maintaining the advantages of cold spraying. In addition, laser shock peening can improve the residual stress state of the coating

surface and increase its microhardness.

Methods In this paper, the mechanism of the effect of multiple laser shock peenings (LSPs) on the surface morphology of cold-
sprayed pure aluminum coatings is discussed. A pure aluminum coating is prepared on the surface of a magnesium alloy by cold
spraying. A nanosecond-laser transmitter is used to shock the surface of the cold-sprayed coating. The laser pulse energy is 4 J, spot
diameter is 3 mm, and overlap rate is 50%. The effect of LSPs with different impact numbers on the surface morphology, roughness
value, phase, residual stress state, and microhardness of the coatings are studied. The surface morphologies of the coatings before
and after laser shock are measured using a confocal laser microscopy. The 3D and 2D profiles are used to describe the change in the
coating surface morphology before and after laser shock, and the evolution process and mechanism of the coating surface morphology
during laser shock are analyzed. The phase composition of the coating before and after laser shock is detected using an X-ray
diffractometer. The effect of laser shock peening on the phase retention ability of a cold-sprayed pure aluminum coating is studied.
The states of the residual stress on the coating surface before and after laser shock are measured using an X-ray stress tester. The
effect of laser shock on the transformation of residual stress on the surface of the cold-spray coating is investigated. The hardnesses of
the coating surface before and after laser shock are measured using a microhardness tester. The effects of different impact numbers on

the microhardness of the coating surfaces are compared.

Results and Discussions The original cold-sprayed coating without laser shock has a rough surface morphology. There are
obvious “micro-peak” and “micro-valley” morphologies on the surface. After laser shock, the surface maintains good integrity,
although the coating is not metallurgically bonded (Fig. 6). The sharply protruding “micro-peak” area on the surface suffers severe
plastic deformation and sinks after being crushed by the laser shock wave. The “micro-valley” area is reduced under the plastic
deformation and extrusion of the material. The original uneven surface morphology of the coating is flattened owing to the sinking of
“micro-peaks” and “micro-valleys”. With an increase in the number of laser shocks, the degree of surface flatness gradually improves
(Figs. 7 and 8). The line and surface roughness values of the coating surface continuously decrease (Fig. 9). The X-ray diffraction
(XRD) patterns reflect the phases of the coating surface before and after laser shock. The results demonstrate that no high-temperature
oxidation occurs on the coating before or after laser shock (Fig. 10). Owing to the high thermal expansion coefficient of pure
aluminum, the volume of the particles is easily affected by heat, and there is low residual tensile stress on the surface after spraying.
After laser shock, the residual stress on the coating surface gradually transforms from tensile to compressive (Fig. 11). Owing to the
severe plastic deformation of the coating surface layer caused by laser shock, a deformed hardened layer forms on the surface layer,
the surface microhardness gradually improves, and the ability of the material to resist plastic deformation improves. However, the
ability of the subsequent impact to produce plastic deformation of the coating is attenuated; thus, the increase in microhardness

gradually decreases with an increase in the number of impacts (Fig. 12).
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Conclusions In this study, the effect of laser shock peening on the surface morphology of cold-sprayed pure aluminum coatings is
investigated. The specific results are as follows:

1) After laser shock peening, the coating surface maintains good integrity. The originally uneven coating surface is flattened by
the rolling deformation of the laser shock wave, and the surface morphology is reshaped. The surface roughness value gradually
decreases with an increase in the number of laser shocks. After three impacts, the surface and line roughness values decrease from
31.85 pum and 21. 39 pm to 12. 88 um and 8. 87 um, respectively.

2) After laser shock peening, the coating does not exhibit serious oxidation phenomenon, and the material maintains the original
powder characteristics. With an increase in the number of impacts, the residual stress on the coating surface transforms from tensile to
compressive, the surface microhardness value gradually increases, and the maximum surface microhardness reaches 51. 67 HV.

3) With an increase in the number of laser shocks, the surface roughness value decreases, together with the magnitude of each
drop; the increase in the microhardness value demonstrates the same trend. The effect of the first laser shock is the most obvious; the

effects of subsequent shocks continuously weaken, and the overall effect increases with the increase of the number of shocks.

Key words laser technique; laser shock peening; cold spraying; pure aluminum coating; roughness; plastic deformation
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