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Fig. 1 Characteristics and application areas of CuCrZr alloys

4) CuCrZr & 4 H A B 1Y m] o 0, 68 38 o 19 4
# A (41 L-PBF .LP-DED) siJE"', HHA K4 A9 45
Fett 5 T 1 ik A 2H e B S AR A A R A

YT, C18150 Fl C18160( 7 Fe Sigt 2 ) Mifl & 42
72 CuCrZr & & P YRS WT I R, AL 22 Lo M
1R o #BE5E N i i L-PBF il & 15 3 /Y
CuCrZr & & B B3 BRSO L 97 %6, Horb i F I £ 5k
WOL (WA TE 1064 nm BT ) i 4 19 30FF 7Y 0% B2 1
H97.66~99.9 26 I FHERBOE (P 515 nm)
il £ 9 1CRE B BOR BEVE LR 98.026~99.1%6 7, X
fifi AT 4T AN O il & CuCrZr & & R 5N 7247,
4 1 FH 83806 4 CuCrZr & S RS R R A BR .

£ WHS CuCrZr &5 4 b 2p 4

Table 1 Chemical composition of regular grades of CuCrZr

alloys™”
Alloy Mass fraction /%
grade Cu Cr Zr Fe  Si
C18150 Balance  0.50-1.50 0.02-0.20 - -
C18160 Balance  0.20-1.20 0.05-0.25 0.1 0.1

O 2 7 T, i L-PBF i 45 89 CuCrZr & &
Tl WL 2 BV AR 45 ) S WS Ak B FROURE 2 2 ) 52 i)
AR /N T R s b B S S B i i R X R R

CuCrZr 4 4 [ Ak BELIE FE (800~1000 °C) ™3 i F
It 5 b BRI (400~600 OV, JLRE R, Cr Zr iR
TAEA 4 BL AR sk (0, 28 I S50RE A b B CuCrZr &
& FEYTEM R Cr.CuZr, M Cr,Zr . & —E %
A s 250 A B B R 1 R BRI & A B G AR A W
[100] K [ 111 ] 75 1a) (o B 1a) 96 55 , 15 [ 110 ] 77 1a) A9 B )
b R

F12EVERE DT T, 2 B AT A e I 4 A
JEH 25 B CuCrZr A 4 DURL S IR RE 10 i Ao B A B 7
fHIGR BE 43 1 7E 180~270 MPa 1 254~338 MPa 3t Bl 1N,
B JEHRAE 20.5 % ~49.4 % JLFE P, {H Tang 2 &%
el A (0 TR S 1R 190 Jet PR 3 38 b FR 7 e 55 2 4 S i
400 MPa 447 MPa, ANt JE &3 AUAT 10 % Bk Ak 28
e R b AR T R ) e IR R A B e R R, A
THEJER(EZE12.3%~21.8%) . TEM R B , i IR E
JEE AR B A7 A5 3 0 ) B2 T 1) 361~527 MPa [z 466~
612 MPa™* 020 B 22 pERE 5 I, H AT A DCHFSE
WAL DU AR 1Y T AU AE 1496 TACS~30%
IACS, 1M & # 4 B J5 5 3 41% IACS~90%
TACS" 0 USRI G F R 100~125 W /(meK),
TE R B S AT 42 73 297~350 W/ (m-K)™ 20 SR,
H H A AW 58 4% B ) 2% A R I M AR 2 TR Y i
PRS-, 254 PERE RO BIF 58 M R 7240 o

0402302-2



5= R LE - FREER IR

E51% F4H8/2024 £ 2 B/HE#N

HAET, CuCrZr &4 2 4 M LAM W58 AT 2
A KA A 5T i R ) R 25 R e SO AR A R LA T
LAM #il & CuCrZr & 4 75 ML 25 i K L g I 45 0 38 Ay IR
AR RBLAE 1558 B30 /3R L1 AN EOE X OB AT A
R 52 W LA 3 A 58 4 R U] 5 HOR, LAM il 48 CuCrZr &
G0 015 HL A RO 2 P RE I R 4 AL B o R R
F X5 DL B IR @, AR SCZE R T L-PBF il % CuCrZr & 4
e A 5T E S R G AL 25 T CuCrZr & 4 1 AR
ATl SO S, DA K T 2 AR R S R RE L R0 T

CuCrZr & 4 B 55 10 I B9 Bk 6%, & J5 XF LAM il &
CuCrZr & ARK KB T TR
2 CuCrZr &4 E s it e
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F 5% B AT 42, AT N T2 S 80 8 O % K A5 T T xR
TEAT M 0520 R 2 AT 4R . 18] 2 T s S A P A
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FTER 5 B R 2 KA ) 45 B CuCrZr & 4R

® [ —
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system

©

K2 L-PBF B&#& 4T ED 3 K B i) 4 B9 1URE © (a) L-PBF 3 44 il 1 5 & (OO0 A W1 306 LiIM-X260A) 5 (b) L-PBF 4T I i #UR &
' (o) L-PBF ffil # ) CuCrZr & 42 i b
Fig. 2 L-PBF equipment, printing principle, and prepared sample. (a) LiM-X260A L-PBF additive manufacturing equipment;
(b) schematic of L-PBF printing principle”; (¢) CuCrZr alloy sample prepared by L-PBF
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_ AP (1)

vdh

e 3 prR LN G E, R 20~200 J/mm®, T
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Fig. 3 Relationship between E, and density in different L-PBF
experiments (the legend for samples prepared by near-
infrared laser is red and the legend for samples prepared

by green laser is green)
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E R E-FEgIR
1 Guan 2815 B BU% B R 97.6 % IR FE 5 Salvan
AU A T SO R B o 99.4% R AR O R BRI
6 Ty X B B Y 5 W d K Wallis %45 B B0%

J¥ f 0 099.9 %0 IR, e B0 T AR B E Y
R THMEE . LRBHE R T 2280k 2
Brw o

K2 AT P R R BUE AR TR TSR

Table 2 Process parameters used for the highest density samples in each study

Optimal process parameter

Wavelength / E,/

Laser Laser scanning Hatching Layer am (Jomm™) Density /% Ref.
power /W speed /(mm-s ') distance /um thickness /pum
400 300 80 30 411.1 99.1 Wang et al.”™, 2022
485 400 90 30 o 332.3 98.6 Tang et al.”™’, 2022
500 700 50 40 64.3 99.9 Yang et al.'", 2023
425 650 110 - - 99.2 Ma et al"", 2022
425 350 90 30 1064 80.9 97.6 Guan ez al.”™, 2019
370 500 80 20 83.3 99.9 Wallis ez al.”™", 2019
480 700 100 30 41.1 99.4 Salvan ez al."™", 2021

1 1€l 3 0, Tang %/ FI 515 nm % K 19 28 3%
JeAF R T E N 98.6% ik EE . Wang &
AH TR O 4 1 2 0618 B0 T B0E E S 99.1% AR,
W E 4 FE s, AT OLYMPUS 4 A1 5 £ 45 W %%
K EBOCT R W AT, BE A
Fi [ A 3G, 0% T B FLBR Y K il S0t
Tl 48 RE i B U Ty AT 2 o B S ) B K I S8
Ma %R 3% i 45 R 0O 2243 BT (ANOVA) 1y 52

100 um

B Or R A TSR AT S B k21 Ab
WOL I % CuCrZr & 4 BURE IF, #0621 300k ke 1Y 2
R W e R o AN, JER R O 4 AN O IR 2
T TR WO, 47 40 30 o SO R R A
H T, i % 306 il & CuCrZr & 4 1 308 B AL T i
FH A 21 MO i # A 4 B BOR B Ul TR 2R
Je il & CuCrZr & & M T2 2 8 0F 58 i6 A 1%
FLIT o

B4 CuCrZr & 4R & 76 & WS TSI B R0 (a) B0 BE S 99.15%6 MO RE &l 5 (b) B0 BE o 98.83%0 MR Al 5 (o) BUE N
98.62% (L
Fig. 4 Metallurgical microscopes diagrams of CuCrZr alloy samples™. (a) Sample with 99.15% density; (b) samples with 98.83%
density; (c) sample with 98.62% density
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Feks b Cu Kz Cu A 4 i 2 72 Fp I A0 E R R R S 304
Ja K AN A TR M | T BOA I A S5 B N T 2%
fREER @, IWESATLLE I, 4 Cu M CuCrZr & 4 K
A X 515 nm &b £ #E BY T Y & F X4 1064 nm &b
LT AMBOE B ROSOR o RAT B ROICR R A RE 3 = il
I RR e R AR BT LT AR R R IR A 25 T 430k

FRAF T LLAMEOE I & CuCrzZe & 4

G0 5 AR, 46 Cufl CuCrZr 4 4 X3 O i iR
Wi 385 ' i < 1 38 o B 3B DR, 7R BOG I B 550 nm
Jei WS R 2R R B, Cr Ze B3 i AT 75 0 R X 30t /Y
WCRIE K . Tang % & 3L Cr Fl Zr 6 2 3 N4 &
T Cu XF #O6 Wl % . HOET, S 0O &
CuCrZr & 4 I\ T2 2 500 A Ak 31 %5 320 1) 08 20 28
KoM BRI 5 55 J7 1A AS 1 G 2 AN O L A 1 A
4o MR A SHOE T A AN OB T BN CuCrZr & 4
A R T 2S8R 2 s .
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Fig. 5 Absorptivity rate of laser by CuCrZr powder, pure Cu powder, surface-oxidized Cu powder, and Cu powder with CrZr coating
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Fig. 6 Defects in LAM-fabricated CuCrZr samples. (a) Balling effect™; (b) partially melted powders"”; (c) irregular pores”™; (d) lack of

fusion pores’'”; (e) metallurgical pores’”; (f) crack”™
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Fig. 7 SEM images of as-built L-PBF CuCrZr sample ™. (a)(b) Microstructure in horizontal building direction;

(e)(d) microstructure in vertical building direction
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Fig. 8 XRD patterns™’. (a) CuCrZr alloy powder and L-PBF alloy; (b) 73°-75° localized magnification
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& 12 fr 7w, Yang 251 0022 51 B 5 R0 Y
ThE, Cril Ve M B R B s K . an &l 13 s, ffi
TEM-EDS #1743 #7 , & BLAE 480 “CH 23 4b 3 1) i FE
HLEE B 34 51 1 CrifliE Y , iX e Ve P 0 AR 25 40 5
Cu EARAH[H] , IF-E B AH T 5L 1 A1 Guinier Preston X',
MM 7E 580 “CHY 2 Ab # A I v  DITE W KA T REH
%, 0K 14 Fr R, Salvan 27 FE B 52 CRE 4L (DAH)
AEBRJE L TE CriliE ) g2 212 % . 76 S A4k
Zr ULIE W AE Cr 9 K PLTE Y 52 30, 1 78 Cu 4K Py 3 &
T8RS T UTED

PAL B XRD SR FE AT 87, & B0 A
F14) o 5 477 S 0 A7 "B R DU AR ) AE S S IR RS o A9 S 0 or
B m AL, 2 UH A% B G A 3 N2 i BAd BGE AR H Ca
SR Cr B9 ¥ i AT TE 38 B Ay 0" Bt 2 A B A 9
TRV 17 %o 28 f A B ) A AR K Y 2

W&l 15 fr7s , Tang %50 & BLEAL B {1111 A7 55
g i) 2 B 580 D A% 1 3 oK+ I 25 B e &b B 1 3 38 ok
AbFR DL R AR IR | A TR (%) L R A5 R e Ak B X A
] B 5 8 K . 7E 500 °C X 2 h J 550 °C X 1 h % B 4%
At 5 Ak A B V6 1 111 B {200 b T A4 560 55 A8 55
SEATF 12201 i TET %) 55 3 3G 0, 33X 156 BH 1% $Ab B 2% 1 Xt
TR SR ER R A AR K S . Wang 267 78 # b B 4
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O L B WS CuCrZr 45 4 KO J il A SO 254 (a) (d) () () AB LR ) R M SO 41 22 5 (b) (e) (h) (K)ST
(I A B ) 3R ) SO 2L 27 5 (o) (F) (1) (1) SAT (175 i a8 A 38 ) 3 AR 199 ol 0 2 2
Fig. 9 Microstructure of horizontal direction of SLMed CuCrZr alloy by SEM"™". (a)(d)(g)(j) Microstructure of AB samples;
(b)(e)(h)(k) microstructure of ST samples; (c)()(i)(1) microstructure of SAT samples

Slim ~ Feos ) L Large
% Slim

FE10 A FH BT B BEIEE CuCrZr A &7 1 RO S5 49 (a) () (@) () AB (TR )RR O 41275 (b) (e) (h) (k) ST
(195 Kb B 1URE A SO 2 20 5 () () (1) (1) SAT (7 B 450 Ak 38 ) 3 1 U 2 2
Fig. 10 Microstructure of building direction of SLMed CuCrZr alloy by SEM™. (a)(d)(g)(j) Microstructure of AB samples;
(b)(e)(h)(k) microstructure of ST samples; (c)(1)(i)(1) microstructure of SAT samples
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g == FCC_L12 [ 0 025 |
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© ©
k] ‘s
e - 0015}
S 04t £
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Temperature [°C] Temperature [°C]

K11 CuCrZr &4 CALPHAD Ay 2 g 1 Aa)ftnzlfrj% 3 (b)Y EARAL

Fig. 11 Thermodynamics calculation results of CuCrZr alloys using CALPHAD™'. (a) Full range calculation results; (b) minor phases

FI12 DA SR 09 @ A BE BRI S 3 (HAADF) 23001 (a) 480 CHRFRLALBE 4 h#f i 5 (b) 530 CHRERLALEE 4 h# 5 (¢) 580 “CH /b #
4 h R i
Fig. 12 High-angle annular dark field (HAADF) analysis of DA samples““] (a) Aging treatment samples at 480 °C for 4 h; (b) aging
treatment samples at 530 °C for 4 h; (¢) aging treatment samples at 580 °C for 4 h

..

E13  TEM-EDS4r #1458 (a) 480 “CHY R AL 4 h iR iy CrifuiE ¥ i 43 B3 A5 5 (b) 580 CH &4 b HE 4 histAE i AL A A: K iy
Cr il Zr iL3E Y
Fig. 13 TEM-EDS analysis results"”. (a) Dispersed distribution of chromium precipitates in sample (480 °C aging treatment for 4 h);

(b) aggregated and growing chromium and zirconium precipitates in sample (580 “C aging treatment for 4 h)
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5= R X - FRELR IR

L-PBE as built

Grain boundary

L-PBF DAH

Fl14 HAADF/STEM 5 Crfil Zr EDX M7 45 3 (a) YOS SR o oK 2 B4 K DUHE s (b) DAH S A 2 () Crft i s (c)DAH
Ja1E CriliE 55 M B Ze DUYE 5 (d) 4l Cu FE 5

Fig. 14 HAADF/STEM and Cr and Zr EDX analysis results™". (a) No micro and nano-precipitates detected in the as-built samples;

(b) Cr precipitates detected after DAH; (c) Zr precipitates appearing next to Cr precipitates after DAH; (d) substrate of pure Cu

(@ | 550DAH Cu(220) (b) | 550DAH_1h
_1h Cu(111) Cu(200) SOODAH_Zh
500DAH_2h A
. 'S’ |500DAH_1h }\
Fi 500DAH_1hl R s
G| SAAH . @
: o J
[
=| sa l A =2
AB J AB \
A . A R—
30 0 50 60 70 90 40 41 42 43 4445
Diffraction angle 28 [°] Diffraction angle 26 [°]

BI15 XRD &R ™. () PR CuCrZr AL B CuCrZr itk 5 (b) 2078 40°~45° 1 B N 9 )68 i K 4]
Fig. 15 XRD patterns™. (a) CuCrZr samples in the as-built state and CuCrZr samples with heat treatments; (b) enlarged spectra in the
40°~45° 20 range

AL F] o-CuF1 Cr AT 40, IF H E M5 Tang 55 #H [F)
Y PR 42 2 B 30T B TE R 31 550 C A BB, Cu i 8 B
) & A= B AR Ak, {2000 A0 11T AT 04 O R R AR
{2201} i 5 W6 58 B 8 2 386 Jm

4 CuCrZr &4 W1k REWT 5T 2

Cu e Cufy &AL T MR, i J2 D BE M KL .
B —AAE BB e B W e A S R R A
RER AR 128 RV S R B A S I il T = N
A3, 7T A T 3 114 S B St A Rk 2 — s R M BB 1 AR
G4 MO, CuCrZr A 4 0 2 MU 1 22 38 2 fil 2k
IR KR5S 4 1 FL B 5 | 6 AE L 1) B AR ), 3 S 1
RS H Sy 2 VERE L I RE A H Mk BE A AR I B
Z1 AR S I CuCrZe & 4 19 T3 % i 2R F 3k
PERESEAT VL .
4.1 NFEEE

30T T 3 A Ok B B 5T B4 B 7 Bk X L
PBF il % CuCrZr & 4 J12# e s 052 i, Hoh SAAH
FoR B R K B fL . R 2R aE SRR, T

Fonb B S i 2 000 A A RRE JE IR B B R L
S 4 R T G 2T A0 ORI A e R
BB 43 R I 21 A0 0O i # 1 0AR AS R Y 0 A5k
fiE % 55 (Ji IR 5 BE Sl 175~270 MPa, B BR 47 i 5 7
h 254~347 MPa, I g % Ky 20.50~42.4% ) . TEH
2w A Ak B i AR R B (361~527 MPa) (i BR hir
i 5 BE (466~585 MPa) K i 38 i, {H J2& 1§ ¥ 7 4E J@
(5% ~25% ) . [E IR K+ i R A 1k 4b BEXT 77 2%
PE BE 1Y 3 50 R0 A BR (i 58 B R 231~253 MPa,
e B 7 4l 3 B Sk 322~380 MPa) . i FH 4% 34 % il 4%
B U0 R 2SI R 1 g 22 PR BE A5, Tang %5 #4515
2| i IR 58 B R 400 MPa i BR 57 58 £ S 447 MPa
(R (R L AE R RN, AU 102 . 7 B4
R RE AL kb B (500 °C X1 h)JF , il RE 0 1 25 1 fE 1S
E| I TR N Tl 2 N R A I N 1
Ry 5] ik ) 487 MPa 566 MPa il 15% . L-PBF il
7 CuCrZr A 4 J1 2% M 68 $2 T+ 9 fe A A 4k 28 07 202
B3 R AL B A Ak A B4 2F R 500 °C A8 A Ak BR
1~2 h,
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L-PBF T2 Rt Yo 1 SO 2 200 45 1) S 1
YETT P T 1 24 MR I 45 o) Sk o VY 3l 0 1 9 kR
e AL BT S ER AT A KT T 1) R R B A G A
BE AEGL R PERE S 2 AR o R RS AT T R

FLIT I A TP B B 1] 5 75 b 5 BEL 7 B8/ A 1
UL, (2 B By T I T O\ 1) B8 Bl i AN 2
G TR o7 i ME AR 5 RS iy n T A A AN BT I, S B o
JE ARG

F 3 FAAL BT VR X T2 P RE Y 5

Table 3 Effect of heat treatment methods on mechanical properties

Mass fraction of major

Yield strength / Ultimate tensile

alloying element /% ati 9 2 Sys
ying 0 MPa strength /MPa Elongation /% Heat treatment system Ref.
Cr 7r
210.0 267.0 21.0 AB . (221
0.5-0.7 0.06-0.15 Guan et al.
405.0 490.0 12.5 DAH (500°CX1h) 2019
218.046.1 254.64+4.2 46.5+2.1 AB
131.04+1.0 254.9+4.5 41.4+2.0 ST (950 “C<0.5h) Bai et al."”
0.88 0.13 S0l
SAT (950 C X 0.5 h+
+ + +
231.343.2 322.34+3.7 19.140.8 180X 21
175.2 265.5 49.4 AB (261
0.88 0.14 Wang et al.
502.5 612.0 21.8 DAH (480 °C X 2 h) 2022
o [28]
0608  0.06-0.2 216.0 338.0 42.4 AB Ku‘”z‘(”;z‘;['
400.011.0 447.0+13.0 10.04+3.0 AB -
0507  0.06-0.15 Tang et al.
487.04+13.0 566.0+18.0 15.04+1.0 DAH (500 ‘CX1h) 2022
213.0 262.0 32.0 AB (16]
0.6 0.15 Yang et al.
404.0 501.0 20.0 DA (480 °CX 4 h) 2023
204.04+1.0 287.04+2.0 20.542.2 AB , (241
0512  0.030.3 L e
361.0+8.0 466.0+8.0 12.340.4 DAH (580 °CX5h) 2019
270.0+6.0 305.045.0 26.042.0 AB
SAAH (980 °CX1h+  Salvan et al™
: . 53.0+8. 380.0+7. 5.0+2.
0.75 0.08 253.0+8.0 380.07.0 25.042.0 490 CX6 ) 2021
527.043.0 585.041.0 14.041.0 DAH (490 °CX1h)
165.4+1.4 200.34+4.1 17.542.3 AB Zeng et al”
15 0.5 :
389.1+3.6 413.74+7.7 5.74+1.0 DAH (500 °C% 2 h) 2019

L-PBF il & (1) CuCrZr & 4 1Y 5 [ 33t , 257 4
1o R WAL RN BR A ) O T AR S A T RE L
L-PBF il T.J5 75 247 #b B2, 36 3 iR, #4b
HZJE,CuCrZr & &M 2= ae B 3R &, XA WA
FEFE 1) o 5 %5 B FEE A3 A0 ) A8 kb B R
FAAR 5 2) $AAb BT 18] 77 A 40 K G4 ) Cr il Cu, Zr, 0K
AR DITESE & T A a2, A48T &%
V7 B A A B R rh 2 TR HE S, 7 4 R AR X G A 1
S 7E A B S REAR . ik — 2 X 4 Rl 4k B
(i S0 Ak o7 B o B o A | 1975 5 A0 RN DI UE 5 Ak ) 19 5%
W E A7 B T, & B UE B Ak X A R Y B2
3 N

W 16 iR, Xie 2551 % 805 5 K SF 7 1) 1 3 R
A HE W L7 1) A9 3R A O AR AL 3L A
fE#PEE 2% . Zeng 25k Bl L-PBF il # CuCrZr & 4 Y

PR RE 45 ) S RS B S Xie S RIE5 8, RIDL
FRES IR AE 7K 5 1) b (B i B2 W s T 105 2 17 )
F BT P o B, H AT 5T 47 ) S g

TE %56 1A BE 5 I, Yang 2510 I 7E 480 °C |
530 ‘CHI 580 ‘Cii B T X ik B 47 T 4 h 19 B 2 0 5L
Ah B S5 5 o iR Ak B R T T R 5 R
FEE 7 A ik B, (L2 B AIR T 22 2 %6, HL B & I 00T B2 1
Th et A RA B 7 AN . Wang %5 7E
480 ‘C X2 h My 451 T 4 i &k il fb ab FRAS 31 1 0y 2%
P BB AR LA S 10 B RE | 32 R 1) Je AR i 3 R A BIR A
S JE 43 51 35 %) 502.5 MPa J 612.0 MPa, %iE & 3% 1 fE
KE]21.8% o BFRLALBEAY 24X F S F e Re A B
KA 52, e A A I S84 B 4% 1 A 500 °C A A Ak B
1~2h,

T 6 1 PR RE 7 T, Zeng 22UV SY T B R4k B
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E16  L-PBF ffil & CuCrZr & 4 i J1 2470 0 (a) 7K SF (2 B AG 1 16) b 30RE 1 107 7 5 R 28 1] 5 (o) W KT i) % 43 Ak B 284 1 T
(o) 9 3 177 T B4 iz iy 224 T ]
Fig. 16 Mechanical behavior of L-PBF-built CuCrZr alloys™". (a) Stress and strain plots of samples in horizontal and vertical building

directions; (b) tensile fracture surface plots in horizontal building direction; (c) tensile fracture surface plots in vertical building
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F17 WY TE B 7 R AE SR 204 °C 427 ‘CTF 1Y Fr i 52 56 45 IR

P () ABAREE 5 (b) 420 CHY AL B 2 hs (¢) 500 “CIN 34 Ak B8 2 h

(d) 575 CHIZ b # 2 h; (e) 650 ‘CHAALHEL 2 h
Fig. 17 Tensile test results of samples along the build direction at room temperature, 204 °C, and 427 ‘C"". (a) AB sample; (b) 420 °C
aging treatment for 2 h; (¢) 500 °C aging treatment for 2 h; (d) 575 °C aging treatment for 2 h; (e) 650 ‘C aging treatment for 2 h

42 SHlkse
AR SCAE P R B AR K CER AR o (90 TACS) 2 X il B Y
ST R AE, 4l Cu iy 3 E R 58 MS/m(100%
IACS)™ . ffi I B PH R R IE & & B 5 %, R ¥
Mattiessen B0, CuCrZr & 4 i HL BHZR AT LR hy
o=po T prt st oot oo tontoen (2)
0, TR BB 3R 5 0, RR AR 21 4 L B o
FER R R M I 7 AR B HLBH R 0ss  0c 00 01 01 TT
SR el B R IR T SR A LA ORI | 4% R

T 7= A i L B R o H e M [R] B RO B R B BT IR
T T AR D X ERL BEL SR ) 5 i i K

e 4 TR A B B 3 i SR B R DAL
CuCrZr & 4 I FE 9 L 5 % 78 15.6% TACS~31.0%
IACSYE [, SR 5% R IEMHX LR HEEH
FEXTHL SRR AR . ERA S CuCrZr & 43R
FER L 5 R F) 83% TACS~97% TACS. *f F
L-PBF il 8 CuCrZr & 4 H 2 P 58 $2 T+ 19 f5c £ #h ik 3
J5 2 [ AR A+ s S B Ak Ak B AR £ Ak B 2% 4 4 i)
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} 950 “C~1000 °C X1 h } 500 ‘CA A X 1~3 h, H¥#%
A A5 Ak B S A BB A B 4 L SR R R 7 [ —
WEFE Y, die R ) 2 PR 8 5 d5c HE F 24 M BB 1Y 3 B i Ak
R B A AN RO, 5 oal Ca F AR BE 4 v
CuCrZr & 4 M e, K &8 4 L-PBF #l & 09 vl B &
CuCrZr & 4 1Y HL F R BAIG X U2 A 7E L-PBF il £ 3K

R A v, P s 3 R Cr 1 Zr 76 28 76 4 564 POl ik
IR gk 0 D [0 3 A R A g T D S OB B
A% g AL 6 Pk ERL IO A 0 58 . 3 AR T R
Y HL G S R R A AR A T S, P O 1) it
R HL G R T 2 BT R S R A S 2 R K
S5 Tl R v A A I A (R R

Fd o PALE T HL S R AR R

Table 4 Effect of heat treatment method on electrical conductivity

Mass [raction of major
alloying elements / %

Density /%  Conductivity /( % IACS) Heat treatment system Ref.
Cr Zr
0.88 0.14 96.6-98.3 22.2 AB Wang ez al."™, 2022
21.0-26.0 AB
0.5-1.5 0.05-0.25 99.3 Ou ez al.™, 2022
91.204-0.49 ST (1000 °CX2h)
28.0 AB ,
0.60 0.15 99.9 Yang et all", 2023
97.0 DA (580°CX4h)
24.6 AB
0.5-1.2 0.03-0.3 99.4 Salvan ez al.™’, 2021
88.1 SAAH (980 °CX1h+490°CxX3h)
30.04+1.0 AB
0.50-0.70 0.06-0.15 98.0 84.04+1.0 SAAH (960 °CX1h+500°CxX1h) Tangetal™, 2022
83.04+1.0 DAH (550 °CX1h)
30.0 AB :
0.50-0.70 0.06-0.15 - Xie et al™', 2023
64.0 DAH (500 “CX1h)

FEVURAS T WG #E 5 R i G R 5 80% 1 &2
TEAH R H 2 I A R 1 L S5 R 4 A A 21.0%
TACS~26.0% TACS, 4n & 18 At /n o 7 #Ab #1214
T, 19(a) fras , Tang 257055 U0 B 253 BE 1E 47 44
Vi DERE R WIS DO NG iR A IR S (WS DN
B4R = T CuCrZr & 4 19 e Pk B, H P [ 5 3B ok +
R 254 B Ak A 3 SRR 1 S M B SR A A N kA B
260
2551
250+
2451
240}
2354
230F
2251

Conductivity (%IACS)

220

T XTI FE M SR A HE B KW, Yang % M0
S5 A TR B R A [ & 19 (b) 1, B R AL B R B B
(580 °C x4 h) Byl AF 1 7 fe PR BB B 13 (97 %0 TACS) .
Salavn 257t & Bl B Kk A Bk 2 1k Ak B kR
S HL P RS B0 AR K4 T, B2 0 a4 9 CuCrZr
A4 F19(c) ], X L-PBF i % CuCrZr & 4 1
Lk B R AR REAS B S Mk B AR G iR R . ZF b

215 { » Conductivity
Fitting straight lines
2]0 1 L 1 L L 1 J
93.60 9440 9520 96.00 9680 97.60 9840 9220
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SRERE-C ) TE ENTPE S

Fig. 18 Relationship between density and electrical conductivity™’
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Fig. 19 Effect of heat treatment on electrical conductivity. (a) Tang ez al. " on heat treatment affecting electrical conductivity;

(b) Yang ez al. " on heat treatment affecting electrical conductivity; (c) Salvan ez a/. ' on heat treatment affecting electrical
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T4 B 0 Ak b S 4y AR B (350+£4) W/ (m-K)
J (346+4) W/(m-K) B S 3%, Yang 4% B
FE BT RO B R P R = #) 313 W/ (m-K) L 1%
A [ B 2 1 0 5 v i R R e A S A R

(a) “° (b) aso. "
_______ A
T “This work (LPBF-built cuCrzr) B ¥ 25 BD
- | -o-AB.TD 300-] [ 3 |
—o— DAH_TD Ex
--a-- AB_BD
-@-DAH_BD

|
I
I Zeng etal, 2021 |
LPBF-built CuCrZr
|-+ a8_TD I
—- AB_BD
Fang et al, 2021 I
i LPBF-built CuCrZr
l-a- As-built CuCrZr I
|
I
I

| Ordés et al, 2021
n EB-PBF-built CuCrZr
|""‘ As-built Cu-0.80Cr-0.04Zr (wt.)
~8- Heat-treated Cu-0.80Cr-0.04Zr (wt.)
| = As-built Cu-0.80Cr-0.04Zr (wt.)

oyrodghtouorzs

0 100 200 300 400 500 0 0
Temperature [ (] A [WimK] O[%|ACS]

K20 L-PBF il CuCrZr & 4 19 S M FHVERE L () CuCrZr i BE 198 S R B IR 1048 4k 5 (b) B 20503 FE X e A 5 3 14 5 i
Fig. 20 Thermal and electrical properties of L.-PBF-built CuCrZr alloys™ . (a) Variation of thermal conductivity with temperature for

CuCrZr samples; (b) effect of aging temperatures on thermal conductivity of samples
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# 5 FAKE IR L X AT A R

Table 5 Effect of heat treatment method on thermal conductivity

Mass fraction of major

Thermal conductivity /

alloying elements / % Density /% (W-(m-K) '] Heat treatment system Ref.
Cr Zr
125.0£4.0 AB
0.5-0.7  0.06-0.15 98.0 346.04-4.0 DAH (550 °CX1h) Tang er al.”™, 2022
350.044.0 SAAH (960 CX 1 h+500 Cx1h)
102.0 AB
0.6 0.15 99.9 Yang et al.'™, 2023
313.0 DA (580 °CX4h)
100.0+2.0 AB -
0.5-1.2 0.03-0.3 99.9 Wallis ez al.”", 2019
297.0£6.0 SAAH (950 ‘CX0.25 h-+450 *C X2 h)
CE0) o
307.0 DAH(\?JO CX'lh)'
parallel horizontal direction )
0.5-0.7  0.06-0.15 - Xie et al.”’", 2023
2550 DAH (550 °CX1h)

parallel vertical direction

5 MgEfEE

2538 T L-PBF il % CuCrZr & & R IE 4T B (T
LEB O K) OWH S (PRSI B Figs
PERE (12 2 PR PR ot B, EEAe T .

1) H1F CuCrZr & 4 % L3806 B W I R e 2 /& T
XF 3 £T A O I WS A B AR X IO 1 TR IR 5
WK B H W SR AE SO U K B A 550 nm i 2R
%, S BGE MR E,(20~200 T/mm?) 3% ik L 4%
BOEM E,(100~500 J/mm*) K. 5 VT 20 AMEOE AT T,
a8 O H B CuCrZe & 4 0 B0 BE I 3h Y5 R /)
(96.5%~98.5% vs. 95.5%~99.9% ) , {H #& 1A 5 2% Jif
TR, USROG T2 S8 A ik zs . FLER R
2 Ko RAB W AR & LAM #1145 CuCrZr & 4 e i W3 B
50X 38 T 1 I

2) [ b PR A 4 096 Tt 10 I 2K 9T AR
BB 2, I 2 Ak B2 77 A O TE HE T 4R T A A 9 1 2R
fit . L-PBF il £ CuCrZr & 4 2 18 FL K [# 3 K& i 5
WA Cr Zr J5 -, BB R A 38U A6 JEAR T s, Ab B )5
CuCrZr & & 0 EEVWED K Cr.Cu,Zr, fl Cr,Zr, iX 2
Y/ BTN K DL TE Y T AR AL & 4 B S 2 b RE L BE S
Ab 3T B 1G0T E A A3 A O Sl S s OB S 43
A B3 434 b ), 3 H 500 °C X 2 hal 550 °C X 1 h Y i
A B2 (A3 CuCrZe & 42 {1111 12001 /& 167 B4 BR ] 48
55, 12201 & T 8 B [ AR 5
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447.0 MPa, 7 J& 3 73 10.0% ~49.4 % ) , Horh Jy 2 1k g
AR VTS CuCrZr & 4 2l FH S OBl & . XF
FiaRE 7 21 B 0 4 T 3SR A g 1 Ak B ) R O
IRk b F R FE 451K 500 °CAE A7 X 1~2 h, 28R kb 33
Jei B9 CuCrZr 45 4 F1 51 RE A5 21 A i 438 5 (e IR 3% 5 0

361.0~527.0 MPa, th FR$7 {155 B 24 466.0~612.0 MPa,
FEJR AN 12.3% ~21.8% ), I R A 3 7= AR 0 3E W) 91 %
R ASE A8 % B R ER A N ) L (A% CuCrZr & 4 19 J) 1%
REAT 2 A K BT

4) VIR CuCrZr & & M 5 R 7F 21% TACS~
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TWE N REE T B AE R A Cr Ze RT3
EXQIONTI Y R e e ey e Ry | AP S W MR O
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H, S 25 T AR SRR T i g ) A BT S A R [ R R
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Abstract

Significance Laser additive manufacturing (LAM) is renowned for its exceptional accuracy and the ability to produce complex
components with intricate geometries, making it widely used across various industries. The LAM technology primarily encompasses
two techniques: laser-directed energy deposition (LP-DED) and laser powder bed fusion (L-PBF). Among these, L-PBF is witnessing
rapid advancements and gaining popularity in both scientific research and industrial applications.

Copper and its alloys are pivotal functional materials. They act as crucial strategic reserves for the country, with a significant
position within the national economy. Nevertheless, the exceptional thermal conductivity and high NIR reflectivity exhibited by
copper and its alloys present notable challenges for LAM in relation to their effective processing and shaping. However, copper and
its alloys have excellent electrical and thermal conductivities, along with exceptional mechanical properties. Because of the growing
call for intricate functional copper and copper alloy components, the LAM of copper and copper alloy parts has become a research
hotspot in recent years.

CuCrZr is a copper-based precipitation hardening alloy. The addition of chromium significantly enhances its mechanical
properties when compared to pure copper. Meanwhile, the presence of zirconium effectively hinders the growth of chromium
precipitate phases, ensuring a more uniform distribution of precipitates and further strengthening the alloy. Notably, zirconium has
minimal impact on the alloy’s electrical conductivity. Firstly, CuCrZr’s remarkable heat resistance and superior strength enable it to
maintain its integrity and stability in high-temperature environments, making it an ideal material for manufacturing components
exposed to extreme temperatures, such as aerospace engine nozzles and components for ITER. Secondly, this alloy demonstrates
excellent resistance to oxidation, corrosion, and erosion caused by high-temperature gases. This exceptional property has facilitated
its widespread application in various corrosive environments, including chemical equipment, marine engineering, and the nuclear
industry. Thirdly, CuCrZr alloys are renowned for their outstanding electrical and thermal conductivity, making them highly suitable
for the production of electrical components and heat sinks. Finally, CuCrZr alloys exhibit favorable machinability and can be shaped
using various additive manufacturing methods, including L-PBF and LP-DED. Furthermore, they can be welded to other metals.

Progress This review comprehensively examines the forming behavior, microstructure, and overall performance of CuCrZr alloys
across three distinct areas. Firstly, it highlights the need to consider the laser absorption rate in addition to the traditional volumetric
energy density when evaluating CuCrZr alloys’ response to laser processing. This is because the absorption of copper and its alloys
significantly varies with the laser wavelength, as illustrated in Fig. 3 and Table 2. Secondly, the review discusses the densities and
process parameters of CuCrZr alloys printed using lasers of various wavelengths, further emphasizing the importance of considering
absorption rate (Fig. 5 and Table 2). Moreover, the review delves into three types of defects commonly encountered in L-PBF,
particularly those that tend to occur during the fabrication of CuCrZr alloy components (Fig. 6). It also examines the variations in the
alloy's microstructure before and after heat treatment, along with the underlying causes of these changes (Figs. 8-16). This analysis
provides valuable insights into the microstructure evolution and its impact on alloy performance. Additionally, the review explores the
impact of an enhanced heat treatment routine and process parameters on the mechanical properties of CuCrZr alloys, as presented in
Table 3. Furthermore, it investigates the correlation between densification, heat treatment regimen, and both electrical (Fig. 19 and
Table 4) and thermal (Fig. 20 and Table 5) properties.

Conclusions and Prospects This review presents an overview of the current status of the research on CuCrZr alloys in relation to
their forming behavior, microstructure, and mechanical, thermal, and electrical properties.

1) The majority of E, values obtained using near-infrared lasers are lower than those obtained using green lasers. This difference
can be explained by the absorption rate of the CuCrZr alloy, which is significantly higher for green lasers compared to near-infrared
lasers. Notably, the absorption rate of the CuCrZr alloy decreases monotonically as the laser wavelength increases. A particularly
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sharp decrease is observed when the laser wavelength exceeds 550 nm. When comparing the CuCrZr alloy processed with green lasers
to that processed with near-infrared lasers, it is evident that the former exhibits a narrower range of density fluctuations. However,
the overall density is lower, indicating the potential for further optimizing the green laser process parameters. Common and
challenging defects encountered during the LAM of CuCrZr alloys include pores, cracks, and unfused powder.

2) ST modifies the melt pool boundary and grain morphology of the alloy, whereas DAH generates precipitates that bolster its
mechanical properties. The L-PBF method yields a CuCrZr alloy rich in supersaturated Cr and Zr atoms within the matrix, owing to
the solid solution. Subsequently, DAH triggers precipitation within this matrix, primarily forming Cr, Cu,Zr,, and Cr,Zr
precipitates. These micro- and nano-sized precipitates significantly enhance the alloy’s mechanical properties. However, as the
treatment temperature rises, the precipitate distribution transitions from uniform to partially concentrated. Specifically, aging
treatments at 500 ‘C for 2 hours or 550 °C for 1 hour attenuate the {111} and {200} crystal plane orientations while strengthening the
{220} crystal plane orientation in the CuCrZr alloy.

3) In as-built state, the CuCrZr alloy demonstrates relatively weak mechanical properties, with yield strengths ranging from
175.2 MPa to 400.0 MPa, ultimate tensile strengths between 254.6 MPa and 447.0 MPa, and elongations varying from 10.0% to
49.4%. However, it is noteworthy that by utilizing green lasers, it is possible to fabricate an as-built CuCrZr alloy with superior
mechanical properties. Among various methods, direct aging treatment stands out as the most effective means to enhance these
mechanical properties. This treatment achieves optimal results when conducted at approximately 500 ‘C. Subsequently, the CuCrZr
alloy undergoes significant improvements in its mechanical properties after this aging treatment. Specifically, yield strengths increase
to range from 361.0 MPa to 527.0 MPa, ultimate tensile strengths improve to fall between 466.0 MPa and 612.0 MPa, and
elongations enhance to vary from 12.3% to 21.8%. These remarkable improvements in the mechanical properties of the CuCrZr alloy
can be attributed to the formation of precipitates during direct aging treatment, along with a reduction in both dislocation density and
thermal residual stress.

4) The CuCrZr alloy, in its as-built state, demonstrates electrical conductivity ranging from 21% IACS to 30.0% IACS and
thermal conductivity varying between 100.0 W/(m-K) and 307.0 W/(m-K). This range of conductivities is primarily attributed to the
presence of numerous oversaturated Cr and Zr atoms within the alloy matrix. These atoms cause lattice distortion in the grains, which
enhances the scattering effect on free electrons. Consequently, the alloy exhibits lower electrical and thermal conductivities. To
enhance both electrical and thermal conductivities, the most effective heat treatment process is SAAH. This process, performed at
temperatures ranging from 950 °‘C to 1000 °C followed by an additional 500 °C , significantly improves the conductivity values.
Specifically, it elevates the electrical conductivity to a range of 84.0% IACS to 88.1% IACS and boosts the thermal conductivity to
levels between 297.0 W/(m-K) and 350.0 W/(m-+K). Additionally, the combination of solution annealing and age hardening
treatment effectively reduces dislocation density and residual stresses within the alloy. This treatment also produces precipitates,
which collectively contribute to further enhancing the electrical and thermal conductivities of the CuCrZr alloy.

The following are anticipated to be the future research prospects and development directions for CuCrZr alloys.

1) Optimization of the process parameters of green laser processing and conducting a comparative analysis of the microstructure
and properties achieved through green laser processing and near-infrared laser processing. Fabrication of CuCrZr through the
implementation of hybrid laser systems (blue/green laser + NIR laser).

2) The traditional volumetric energy density used in the optimization study of the process parameters still has large limitations
because it does not take into account the characteristics of the material. There is an urgent need for a method that can comprehensively
consider the material properties and LAM process parameters.

3) Currently, the ideal equilibrium between tensile strength and ductility has yet to be determined, and the amalgamated thermal
and electrical characteristics remain unclear. Moreover, the mechanical, electrical, and thermal features have not been sufficiently
and comprehensively explored.

4) The EB-PBF method has been used to produce an equiaxed copper alloy containing nickel, aluminum, and bronze (C63000).
This alloy boasts isotropic mechanical properties and high levels of strength and elongation. There is potential in the future to produce

CuCrZr alloys with an equiaxial grain structure.
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