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Abstract: To solve the problem of service damage and failure of copper alloy parts, cold spraying (CS) was used to repair
damaged copper alloy parts with the addition of laser assistance. The effects of cold spraying and laser-assisted cold spraying
(LACS) parameters on the microstructure and mechanical properties of CuCrZr coatings were investigated. Nitrogen was
used as the high-pressure gas source to prepare the CuCrZr coatings under the parameters of cold spraying pressure of
3, 4 MPa and temperature of 400, 600 °C , and laser-assisted cold spraying ( LACS) with laser power of 1, 2 and 3 kW,
and the microstructure and mechanical properties of the coatings were characterized by scanning electron microscopy, light
microscopy, 3D confocal microscopy, microhardness tester, universal testing machine and friction and wear tester. The
LACS coating has lower surface roughness, slightly higher porosity, comparable microhardness, 243% higher adhesion
strength, and improved friction and wear resistance compared to the CS coating. The surface roughness (Sa) of the LACS-
3 MPa-600 C-3 kW coating is (14.9+1.2) pm, the porosity is (0.7+0.3) %, the microhardness is (161+13)HV, ,, the
adhesion strength is (34.0+7.2) MPa, and the wear rate is (2. 8+0. 8)X10™ mm’-N"'-m™". LACS is easier to prepare ex-
cellent CuCrZr repair coatings than CS, and with the increase of the laser power, the porosity of the coatings is reduced, the
adhesion strength is increased significantly, and the wear resistance of the coatings is improved. The bonding mechanism of
CuCrZr coatings is mechanical embedding and partial metallurgical bonding. The friction wear mechanism is mainly adhesive

wear, supplemented by abrasive wear. The CuCrZr coatings

KRS EHE. 2025-06-09 EEBH. 2025-07-10 prepared by the LACS method can meet the requirements of
BEGR: A" %4 BIHEE AR (50904010901) repairing CuCiZr alloys.
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CuCrZr GBI AR SR SRR, MR K&
M EEPERE, TESCHE T i, AWK, AR A,
FRRAE P RSB Tolk 3 A Sk s sz g H , IR
W E R PR SR A 4 R A A IR A AL
W R R AL, S R R S AL S, S
HFRAES, KIIRE &R, Sk, @HhERET
S E Y AR T K shHILE 7 P R A P
BEMESREFHEE, HRRERZ AL, e
FH KA sC AR B SR T W T R
o, ERELS AR R 2 B T B s e g e Y R,
TE L A= il & G i F 2 B i, i
B D7 A R RS | B AR R ml R R ok
VGE TR s NI (£l = bt 0 1L R s NI - 7 5312
AR R R AR A AR I R R R A T
B AR IRIE AR RSESZ B, MELUIN TR B %
HIEEHAR GHRBORH AR I ABR, 5 S8R Y
HAHAE,

T (cold spraying, CS) FASE—FhIE TS -FEPIAH
WA BN 72 (0 A OR TR R 38 A v 3K B0 i <A
L PU R T IS B AT, 4 T B A R o
Z I SR S A R I, R R A A Y S B
AN AS AR IORL 5 HAR R AL & Sih &6, w4
STHLE TR R 2 f s 0 B miRk AR B
ARG AR, T AT 50k S bR Ak AH 2R S5 A 49 )
B, OO R iR A 2l A S EEUE N, hE e
FTHBOF BRI AL T — RS TR g

HT, E N AMEE R TR R A G e TR B TS
TR, BBIR CuCrZe WRED PR ERY, W2
G 208 GPa, A% 24 150HV, ,, IR JZ7TE 400 ~
600 °C il 2 T FRINN LB T 47 AT B4 M fiE

R T REREORZE SRR, PP AR T L
it R i PR X — n) R, L OGBS BT (laser-
assisted cold spraying, LACS) 3 AR T 4 3 & Jé e K i)
RIS IR BOAR , 38 WO AR JE R 5 506, AT LARE
{IRFURL A I U, DT . LACS B4 18 Witk
DE R[] If 3 A8 1 Y8 I O T 45 TR JE 45 5 R B IR Y o
ST OR O IR R A WA A TR R, Ak
PRAB S P = VR 2 00 R B S P T il R D)% LACS
H AR £ 1Y CuCrZr ‘7/%%:27], RIEFLBRRAUN 0. 49% , &
BIRSE A 1,06 wm, 5 GURE BE R 200HV,,,, 456 5 E N
205 MPa, J7E 650 C I T B A PR UCEOR T 120 1K
A8 7 g 25028 L VA IBE IR 5 0B IX 3O 4K (selective laser

melting, SLM) & G ALFEF Cu W ZMERE WML &, Ead
XHAWE Cu U2 2R IR T 16 X BOGIE HLAR THRRE 1 45 A 9
JEZE 62 MPa, AL T4ABIRETH T 38%, Yu %%t
MR CuCrZr W Z TR Kb 3, 255 R AR K #iab
P o A A0 o MK R R AR T TR I, RRAR T
LB, W98 T BT DR AT Cr Y5 Cu Zr, #
PSSR, B2 TIRZER, FME Tt
REARR TR 2007, R RO B T

WIR CuCrZr )2 5 CuCrZr LR 45 & o B RAIL,
LACS fif e T 3X —[R)8,  SR I = T2 B ot 4 Bl s
FLARGEM R, J& 15 A RESR AR LACS il £ CuCrZr
BRI, BHRRFTFIRADIE, AR5 R KD R EOEH
IR H AR VU4 CuCizZe 1), B8 5 O LR
FEURZ MO G454 I ) 2 PR BEARAE , JFIR IR IZH AR
FEAE A 4 000 A AT AP S A Rk

2 X W

2.1 MAMBEREHRERZE

KR CuCrZr & 4 80 R (1 3G R 4 8 bR R
ONED) ATIRIZ IR G, AR e E RN 1 s,
AR AR, BRI  16.5 /50 g, B
HRHFMFshE, MEEE R 4.50 g -em™, RAEHRHE
5% ( TESCAN MIRA3 LMH, $E5T) X KB S5 R AL,
WE 1a FioR, MRERIERE &, KPR RN EA TR
B, d IOk BE (L ( Mastersizer 2000, Malvern Instruments
Lid, [ X2 AR WL AR K/ INFI 43 A 1 Ui AT T 4eit,
ERME b s, MAKAR FEAATE 15~53 wm Z ],
PRI A 34,3 wm, HOADRIAE A 29. 8 pm, LB T
RSN, A G R WEHR TE8N 8 AR B 1 2K,
FEARPPRIE ] CuCrzr 42, 1 Jo/K S B SRR 1 3R 18
EATRRIMAC RS, (o PRI AR 3 11 2E A 7 WS b b 3
PRREEED A R 90°, WERPFEES K 100 mm, WEEMSARIE )
0.5 MPa, 4 FEGBTEPINE] Hy 60 s, 58 BUBERD (ORE i
SN a2 i

Fz1 CuCiZr BRULERS

Table 1 Chemical composition of CuCrZr powder( w/%)

Elements Cu Cr Zr Fe Si 0

Content Bal. 1.123  0.501  0.009 0.137 0.029

F s 8 514 2 45 (PCS-1000, Plasma Giken, F
) SEATHERUURL, WEAKMBEELAE N 10 mm, BOLZEH
RFL-C3300( I BIRHCLF O AR B M A R AR, TR
R 3.3 kW, PR 900~ 1200 nm, BOEEEEH 7 mmx
10 mm FJE , WEvRG R, JEARN B RS, DLW
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BT CuCrze & AIEHL(2) SHAE T (b)
Fig. 1 Morphology (a) and particle size distribution (b) of CuCrZr alloy powder

WEIBHE SRS R LR S, MR SeRh.oES,
WL ZSHANER 2 s, N, VR mis 320,
VREEES N 30 mm, MR N 3.5 romin”', BUARHE )
4300 mm -s”", BESEEFE N 2 mm,
x2 BRIZSH
Table 2 Spraying process parameters

# R F

Samples Gas pressure/ Gas Laser power/
MPa temperature/ °C kW
CS-3-400 3 400 —
CS-3-600 3 600 —
CS-4-600 4 600 —
LACS-3-600-1 kW 3 600 1
LACS-3-600-2 kW 3 600 2
LACS-3-600-3 kW 3 600 3

2.2 BREFREFE

fdi FH 4948 1 485 ( TESCAN MIRA3 LMH, $E5%) fDG2#
AR (GX-SPC, SOIF, 1 [E) Xk )2 254 T (O 45 #4) SR AE
I X SR AT 844X ( Bruker D8 Advance, 72 [E ) X
RESRIEAT AR RAE, 8 o BT AT S R A5 AR
5 RAHEGER . ASTZERA Cu-Ka HT2E, # 8L X 4
LRATTFT ROATT SR #7120 HUME Y5 L Ry 30° ~ 110°, FIH5 3 E N
10 (°) ~min™"; XTURZHATHIX X FLATH, HHTH
1 20 BUETEE N 40° ~50°, FIHEHEE R 1 (°) smin™, ff
FH 3D IR FEHOE WSS (01s5100, Olympus, HZAS) X4
S0 3D RSP TRAE, 76 5 FABORMEECF R AE
IR T, P 3 4~ IX I HCT S5 (B 00 45 1 )2 10 2 1wl
FRERE . IR )2 0 b oA B 0 T S Ak 4 IX 6 B 11 ( BUE-
HLER MICROMET5104, Akashi Corporation, H ZIK)J}_F???%
HE, BEHAM A 100 of, NERAFE A 10 s,

WA R Pk ST RIE, 1
ASTM C-633 (AT 3% J22 (R B g SSORY 2485 5 52 11 s o 3 60
YIS R MR, K CuCrZe WRIZ T AE HAR N

25. 4 mm, JEEN 3 mm B umTE, I AR R B
VIRUARKSTE WA B4R 25. 4 mm AOXHE A0 1E |, FHE7E
100 C FORAE 3 h AT R Ak, (07 BRI 55 AL ( In-
stron 5582, INSTRON, [ ) FEATHLMINIK, A T IRIERL
PAERE , RASEOR 5 AR T BCE4E

{6 B 82 = 454 X 36 UL ( MFT-5000, RTEC instruments,
) RAEA R TORUA M EEE AT . HRIR ASTM G99-
04¢ FHET BEAGHA TS HALS M bR 50 7k ), 15 rh
FHBR BT iy X, ¥ B 6 mm 1Y GCrl5 WERY
@25. 4 mm MU JZ AT BEEEE S0 0, 0 2R R Ay 8
5N, IRFEAYHERE 300 ¢ +min™', [MIFEEFEHN 6 mm,
I TR AT WA U IR 2 R AT O, 4R
Jr W RE ST T DA B Ak i, A 4 P U %
JEIRIES

3 &Rt

3.1 IMABLALEN

&l 2 SRR CS A LACS #1451 CuCrZr VR )2 1) R HE
B, V)R AR RHE S AL, ORI RS B
i AR AR AE 22 55, 3B 43 Ok« dh Rk T R AR FRAED
DA B (Sa) Fn IR 2 RIMHLBEE, CSIRIZME
TRRFLRE J32 B v M6 ik 2 S0 0 4 v 5 0 B 0 KT R IR, A
(19.5£1.0) B % (17. 4+1.8) pm, EWABBIRSIAE
TSGR R T AT 06 SRR, I REAR TR )2
B TETALREE Y ) LACS W2 2% MRS B o6 Rk
MREAG, M(16.3+1.0) FFEIEE (14.9+1.2) pm, XFEHN
WHOCHE BIMAAT R B s Ak TR AL RCR , ok &
AT RIZN RS ARTE | (AR IR 2 2R A RELRE B R AT

&l 3 ok FH €Sl LACS il 45 19 CuCrZr 1R J2 1 # f
B, CSIRZEE 3R (221+26), (369+32) Al
(445+7) pm, LACS ¥R ZEBE 43518 (596+27), (633+
24) f1(665+33) pm, M4, LACS-3-600-3 kW A% T
CS-3-600 VTR I T: 80% , 45 RFHERBIIRY, &
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B2 CuCrZr 3RJZRIETEAR
Fig. 2 Surface topography of CuCrZr coating

B3 CuCrZr BZEHEIETES (a~f) . EDS 3l (g, h) BRI ZEWMIESL (i)

Fig. 3 Cross-sectional morphology(a~f), EDS scanning (g, h) and macroscopic surface morphology (i) of CuCrZr coating

PR AR AU B ot B T ] A ik JSORL 9 AR
W, SCEASIURR , SRTI LACS HIRRAK 114 2 M B0
B, CS BEALBRF M (0. 7£0.3) %, (0.6+0.4)%FI
(0.5+0.1)%, LACS HZFLER RN (1.5£0.3) %,

(1.2+0.4) %F1(0.7+0.3) %, R 65 Bhn#dx ik
VEFHBRAG T 80kE 04 I S, el A T B0k ) 45 5 Jr =X,
A AR O] S L R T )1 AL R S B T A AT, AR
T RIURL ) B S RE - WA e A AR Ak, A I Jn o ok 75 S A
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PRS8BTSR K 30 8 R T A B iR, X
SEUTRSUR 4 Y8 AR Y DTmkacss . P n] LAWEE 2] LACS
R 2 R AE R S AR T I UKL (151 4) S50k i)
LB . AR EE t B 3, KR CS 5 LACS
T2 1 CuCrZe WR)JZ WS IR (K] 5) , CS IR)Z BT H
BEMIE, (UM, B0k E] i 45 & 7 U LABL
MR A s LACS WRZHINTEIE S 2, vl LR 51 B

WY S5, PoRE S5 G 07 X O HUkR &G 4
ity . NP 3 P LTZAE XS A TR A S I, 4
W& 3g M1 3h fion, Cr Ml Zr TERTE a-Cu M I, H
LACS RZWNERIF T E L., 31 o T IR 2 1Y 2 1w 2 0
JEH, ATLUES, RSNt wEYERa 6,
WK KA BF WA, 5K 3d~3g RAIIRZENERE
e e s iy 2 R —3%

E 4 CuCrZr V2008 5 440

Fig. 4  Cross-section corroded metallographic of CuCrZr coating

5 CuCrZr PR ZFFWITHEE 51

Fig. 5 Fracture section morphology of CuCrZr coating

KH XRD ¥ E TR ZHWA, 452 IE 6a fir
~, CSHI LACS IR ZWAHI N a-Cu M, HTH Cr AHA0
Cu,Zr, A0, SHIARMRFE—E, IEW CS 5 LACS AL

JRARAE . RPURZHEATIX A, 4R ANIET 6b Fa, AT
WA P R U, SRR AR I T BRI N RS AL 5 AR TR
7Sy, BT T A
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Bl 6 CuCrZr RJZH XRD [l
Fig. 6 XRD patterns of CuCrZr coating

3.2 BRENFIEEE

CuCrZr FEUKAHE BE 20 156HV,, |, CuCrZr ¥ A HH F
238 65HV s, CS F LACS il 8519 CuCrZr 1) i fofc i i
WNEL T 7R, CS R 2 01 Yo i 2 I A=A s o R I 2 7
MmitE, M(148£11)HV,, 27+ Z (177£10)HV, ,; LACS
WRIZMPEHIREEE ISR T CS TRZ, ARG 1 A ms i

7 CuCrZr RIZHIRMMEE . (a)CSRE
Fig. 7 Microhardness of CuCrZr coatings: (a) CS coating, (b)

& 8 MR CS F LACS il % 1) CuCrZr 12 IS5 &k
B, CS#il#5 CuCrZr W ZfAAEF 2], 3 MPa-600 C &
BRI CSIREE A MmN (9.9£0.9) MPa; LACS
WRIZMEE GBI T CS W2 T, 763 kW BULT)
FR A CuCrZe W2 S5 A 50 5535 (34. 0£7.2) MPa,
T T 243% , HiARWT COESWNIE 9 o, H A& 9a~9c¢
S CSRZWIIES, WEW L, RE R BIRSMAE
HSRESHERTE, WiOIESRE RRERT, Frbe
WBR, CSIRZEEMEE S I X PR B 9d ~of
J LACS IRZWi OIESR, BEE BOLT RN, WaJg
PR B LT, P m AR T, R EORT)
RIFRTHENE T & REERIE AR, LACS W2 53K M 4E &
T BOAW R & +HE S G .

K, M(152£21)HV, , #ETFZE(161£13)HV,, . Kl 7c Rk
J2 A T IR 2 IR R Dy ) AR A 2k, U2 IR S
RRTEE 35  T HAR AR A, IR 2 0 O B oy R e 3R
BTG TRE . X2l TIRZH Sl R h iR 28
P AR T R 4 o A R BB AR T 7 A i A A
I FLG DUBUBURL X e TURUORLAE A 95 S/

, (b)LACS )2, () mAvRs i i )5 i AR T ph 28

LACS coating, (c) the curve of microhardness varying with thickness

l 10a HH5AS CuCrZr £ | CS Fi LACS il %5 CuCrZr
VR 2 A BE 8 R bR () i AR 2R I, S CuCrZr B 423
5 CuCrZr 3R ZIITEZ 800 s I [A] N AL T BE & BB, Bl
JE ik ARGEBEIR B, R RHS CuCiZr & & 3K 1 BE
BEZRECN 0.15, CSIR)ZMEERE 0 0.18, 0.17
F10.15, LACS WRJ2 M EEHEEE 451 73 512 0.21, 0.20 F
0.19, FILIEH LACS IR ZMEE R B T CS iR)2, e
TP RESE: TACS MRZAFLERE = 3 3800

& 10b Fl 10c MEEAS CuCrZe JE4K | CS H1 LACS 4%
CuCrZr 3§ Z PR FREEI AR | 1 kW BOETIREI 1) CuCrzr
WIZMER R, M (5.4£0.4)x10" mm’-N"-m™",
LACS I ZEE BRSO R T mmifEA%, 76 3 kW B 5
&, 7(2.820.8)x107 mm’-N"'-m™"; CS 42 BEH K



552 1 PR TS BOGRBIA WS CuCrZr A2 K J12F PERERT T 151

K8 CuCrZr IRIZMESGIRIE . (a)CSTRIZ, (D)LACS IRJZ
Fig. 8 Adhesion strength of CuCrZr coatings: (a) CS coating, (b) LACS coating

B9 CuCrZr B2 PR KT I 5L

Fig. 9 Topography of tensile section of CuCrZr coating

K10 CuCrZr IR)ZMEEAZERBCGEMIA . (a) BEERLEER MIEEIL, (b)CSIRZMEMZ, (o) LACS RIZ R
Fig. 10 Coefficient of friction and wear rate of CuCrZr coatings: (a) the curves of the coefficient of friction over time, (b) wear rate of CS coating,

(¢) wear rate of LACS coating

BITRSARIE S . BETHRMIE, 764 MPa-600 C Tl #4 CuCiZr B4 3ERER#(0.4£0. 1) X107 mm’-N"-m™ |
CuCrZr BZBERIA N (0.8£0. 1) x10™ mm’-N™'em™ |, fdEiE WEMEBRCRSIRZ M | FLERE C, BT
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SHUE BN R R B T R FE AR R R B R R MR
T ERE T, CS WRIZMFLBRFEAC, 5 f il i 1
b, PRI R, [FIBE, BEE ORI, LACS
TRIZMFLBRARREAL, DARE R, UL BRI,
K11 354 CuCrZe £ CS I LACS %5 CuCrZr
WIZ R BRI 1 S EDS R 25 R, BRI S A B
A ULREC, RV | B RGRE  MIhT  Ras
454 EDS EHES U R ST A, 3k 5 TR 2R AL
PR B it Fe TOE, 22 B S0 0 A H J BROPE 5 451
B, A CuCrZe & &K CuCrZe 3 )2 3R 10 R A4 D

B0 ERBEE AR O HEDS 15 T EOT R I 7
TEUESE TR A7 L R il AL LR, A 2 Y S0 R
F LA CuCrZe BIAORL, RWIEE AP R T4 A
BEg A, FERL Cu RSN, B A ot v 1 B S
S ZEBEAL . FEPRIN Y, B E A B Y
SRS VERT, BB AT K ORI )
H T RIEAEIE A, X SEA 8 7R XA A IR AR, fe
ZIURARZREMOPIR G2 . MR A B E
ST R EBGR SRR, BB LB AR
BAe S P E I R IR E B

BT CuCrZr BRIZEIRR LA K EDS 458
Fig. 11 Surface morphology and EDS surface scanning of CuCrZr coating abrasion marks

12 MEEER | BRI TES K EDS A, nTLIMEE
FIBEER R M A REA — BB EWFI, BEERALE R BT
FEAE Cu JBAR B . X2 R TR )2 55 0 18 koA B 1 o
o, SRS RN AZ 5T U A I RVE R U S, R
PR AR A 2 R R B T RS AR S Cu-
CrZr B4 BB 5O BRI, BEBRIEA CuCrZr 1R)2
FIM, FEEEERR S I A B v = A R B 4, P Bl A P 4R
R AR LAR XTI B, 3 SOl 25 A5 DR 89 U0/ FH R a0 A F
RAMIRR S LI B R RS 7 R 5 B i )
HEFTR, R CuCrZr & 4 B8 i 52 BE 48 I ) R I S LA

PRI S b PRI A fd oK 8 5 T R, i ot EDS fETS
BB TCR AN 7R, BB N Fe TUER 43 i FRAIE 5 B IR X 4k
HA 8, 856 BRI B RUESONIISE R, ATEsL R
Bt R AP M ER [ 32 b P T A RO PO R S, %
TERAT A i RIS S U o A A A AR it — 22
Bk, T TR M S E R e BT R B, S
SRR E R TR, T DU EE5 8 i e [N
EEA R R A AR, AL AR T A A — T
OME R MR o T B S R A e T — R4 T
T, RS EEERBT R R
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12 CuCrZr WIZHETS & EERIEAR K EDS [ 7 Hi 4]
Fig. 12 CuCrZr coating grinding debris & grinding ball morphology and EDS surface scanning

4% #

-l

ARFFEIE e WEA (CS) | HOGHTBNA B (LACS)
TE CuCrZr 54 EE R G T CuCrZr B2, W5 T CuCrZr
RIER D SR TR | S5 AR R
PR

(1) LACS WRJZHH T CS W32 HA AR 0 2 i MUk
JE | WAL BR R, H R X R O T R A
LACS-3-600-3 kW %2 MRS (Sa) A (14.9+1.2) pm,
LB K (0. 7£0.3) %,

(2) CS W) S AR o B 4 Wi <0 g 5 1 B T e i
K, LACS 1320 (LACS-3-600-3 kW 1 (161+13)HV, )
AT CS )2 (CS-3-600) 225 A&, HAA MO %2
RS E,

(3) CS WRIZLEEWURI UMK &, LACS IR)ZE5 G AL
FAHIMGR S +HIR 454, LACS IR 245400 B FE oL Th
FIRTI B EIRTF, LACS-3-600-3 kW 1% 245 &5 N
(34.0+7.2) MPa, MHET CSHZHEHA 243%,

(4) CuCrZr 27 CS 5 LACS J7iE R 45 TohH Az
TR 2R B WAL ARG G BB 32, B R S 45 O 4l
CSIRZ 5 LACS W 21t B i MR e 3K T4 48 CuCrzr &
45 LACS TRJZ S 1R B O D) R 1 K id /N, LACS-3-
600-3 kW U2 ERHIHA (2. 8+0.8) X107 mm* N~ m™
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