Hs55E 2
2026 4 2H

wEERMISEIIE

RARE METAL MATERIALS AND ENGINEERING

Vol.55, No.2
Feb. 2026

https://doi.org/10.12442/j.issn.1002-185X.20250170

AL TR A R R IBFE ZrO,-GNPs/2024A1 E & #18}
ERBLARDFMERERRN

2 FL B & AR, K

FED, RERC, RAAE, ROAU

(1. JEIISES =, FE ¥%$BH 471000)
(2. PHZAZim A, B JH2¢ 710049)
(3. PR K, Bt 622 710054)

& E. RABOCK KRG (laser powder bed fusion, LPBF) T. 2l # [wt%Zr0,-0.2wt%GNPs/2024A1 £ &4 KL, WEFEIT
P R A HE (475 CIEEALHE 1 h+140 CIFBUEIE12 0D JEEAFRHVARAL . SO ALZ A I Fa bR g 2 R I
. MRS HIRE AL, E475 'C/1 h+140 “C/12 h #ACFR I LR AR AEE RE S TR, BURE T H A28 A 2 20 200K
17 ALCu TR K] ALCuMg, B 5 B il IR 5 B2 23 50l B 382 #1269 MPa #2 21 624 F1 522 MPa, {HIEAH# M 16% [F 52 5.6%.
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1 5l &5

A A MRS 28 T LU | B I 5 ol 4
eSS BRI FE TS MR B IT IR 2R G S5 A
BT RN IR B KR R R M. 2024A1
G e AE N Al-Cu-Mg 5 4L B i i 5 T 48 6 &, [ L s
JEE U 55 PR R 4 B DD I TR RE , 7R 25 i R AT,
FA50 )32, % I TR G e 4 R o dnp L 38 52
B AN GE ML GRS BN R B Y. il H &
P I TR R, WO K R PRI fill (laser powder bed
fusion, LPBF)AE 4y —Ff i il 4 43 AR ] S B0 & 2% &6 443408
P 1 B A BT , AH Eb A% G ) T B EL A JORE 1 A 34
SR LPBF 1 A2 | 3 J) 3 v dan A\ R 7 AR ORI b
FE , I3 35 i AR 8L 7 5| RS A R BRI AR T,

I AE ALA Sk R A 0 1 5 A4 BOE A% R i 46 2
GRS RS A SRR H RTET AR 3 Y, 8
S R LS DR I O R R A i i AR
1 TS H ARG m R R . Sun4E A 5]\ TiB, 44
R SFURL g R A FT B 5 5 55 B 4 B 1) R, A 0 oK SR
TS RN RCR M REOR L2 5 &R . Wan!"1EE
N H SiC g K ks 1 i #5 JE R, A7 A B Si Al ALC,

ks HEA: 2025-06-09

YUAKAH , A ) ST ALC, ERAL T AL d L A 3, 3X 26 ks
PR G K AR AT G 25 38 5 25 A RE SR BE , U N 4R oK Ok
Ji 5 FEE R AE R 43 3 B 1R 53% AT 19%. Mair' 5 A TR
2024 A1K AR HANIN T 2wt% (1) CaB, 4K UKL 75 T A IR 4
Ira) S5 2 B A ST AR PR B 5 P i ARG 5 5 R 4 i
2y W3k ) T 391422 MPa. 348+16 MPa Fll 12.6%+0.6%
Iy HT ORI, PERE AR T A AT AL CaB, 1 il A% 7 £
L, A BT ALTE CaB, BB . Sun™ %5 ¥4k ZrO, i
Kids N\ AlSi10Mg & 4, a8l ik il 7 SR LI VR & 1
2, 9K ZrO, kL TT LLES) &) 2 B AE AISi1OMg # oK
B A MBI PR B T 30~55 MPa, i KR IE
3%~5%. Wang"" 25 A 38 it & A6 BR BE ) % Ti+B,C/
AAT075 A 8 oK, Hopi bz 5 B A 200.05 MPa 2 = 2
336.93 MPa. Weil"™'%¢ \ K H LPBF il & | 1 52 ) 44
K Fr (GNPs) Hl ZrO, 44 2K B5URL 5 AH 3 58 F1IR & 3 53
AlSilOMg Z G AR WHFE 7 5 N — IR % 1 s Rl ok
A A GRR AR OS2I . AH EG T R 3 9 1 AR A
L, TN I0 38 5 R IR 55 2 5 A AR I R A I 254 T
RS TR PR AMOU 465 g 0BT T 4 T 5 3 B e A R R
Prhr o B S LM REN

BT LPBF fl % i R R AR B4 R R 3R P 0 Ui
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PG FLBR R IAT R R P Ve T B
K4 LPBF S R FE (1) 2 il 4 4R g 24 PR g . Wang
2 NPORHH LPBF L2l 4% T Al-3.5Cu-1.5Mg-1Si 54
FHEC TATENZS , T6 A3 5 30 2 30 H 580038 &1 i vt
GEHE, Hopu o B A i AR 5 FE 3G B AR T . Zheng 5§
NPUREFE TR [ # AL BT 2% LPBF I 2 il % 1)
AlSi10Mg & 4 A 21 ) 24 PR RE RN R P47 S I 5210
S5 R AL B S B I KA B S A5 BB ) ¥ 58 B AT
T JE sk A A T Ak 28R [ 9+ B 28 A B, 2 R R T
T[] 3 Ak R[] 55+ R B SR R I 5 R
A RS [R] P B0 45 4 5 B B2 B O B S A o SR B P i
45 Si P 25 L 1) - AL B AR (R BOME 65 440 , {5 75 64 ) 5 P55
i J5 ot bk 7 - T4 RN T6 AL 5 AL o Zhu 258 NP2HF 5T
K I : Al-Zn-Mg-Cu-Sc-Zr & 475 M H 5 $RA5 fb R <
% W 43 A () UG K B HHAE 45 R, G i 5 2 AT Ak 3
647 MPa, [F] i 3R 75 50 55 F1AE & 14 1) 284, 6T 1) %
BEAERE R E B A A EEE . iR e
RSN 1G 5EAE N B e HEAT DR R A RS F PR RE I R
re e AR R [ B T NI AT, BT DA S B
& LPBF & 5 2 1) 5 kb 3 1.2, 4B H At -+ LPBF i
URE 38 5 25 A RL R B 5] 76 P R 465 A A v o 56 4
T

DR, AR S 56 AL e 4538 2024 A1 HAAEHE T2 0E N
23, % LPBF BJE [ 1wt%Zr0,-0.2wt%GNPs/2024 Al &
B MRV S AT A T ZE SR A, VRN 7T b B
BT 5 B i I A0 20 2RI VR R S LABITA LPBF T (1) 1= it
BB T R IR BE T2 K RHYO &5 K A0 7 5 Mk e
HENENZS%.

2 X W

A SR BT F AR o L R AT BR 2 7] B4 2024 A1
BEMA, HAF R WR 1. B la st RERE B R

1 2024ABKER S
Table 1 Chemical composition of 2024Al powder (Wt%)

Cu Mg Mn Ti Zn Al
4.70 1.62 0.51 0.03 0.055 Bal.

U, RSP 5] RA BB & T 1wt% ZrO,-
0.2wt%GNPs/2024A1 5 A8 A K 3 B AR il Jie i 7 =X
HEAT VA, B 1500 r/min fig#% 20 s, 2500 r/min ie 5% 30 s,
1000 r/min JE4% 15 s HRMIEIWE 10 s, Hokig
Iy AT B 1e s . LPBF 256K F F 2 #F & () LPBF
W (RC100-N2) , T i PR R S AR AT , BB Il
S B AT £E 100 uL/L YR N . S22 &4 R
) T 22508 WO ZE 160 W, 393513 15 80 mm/s , F9 4
B8] 2690 pm , #7325 30 pm.

R T R AR ZE R A X 2R AT S (XRDD X6 A i
HEAT PR 23 A » A8 F 4148 FE T R AU BE (SEMD R AEAE ik
WEE R, FA8 H g AT S AL (EDS) 4 AT B dh e R 4
i, K F 32 555 BT S5 AU 8E CTEMD R RE i &5 K A0 L TR 45 &
HHATRAE . N T VP AR A AR L SR T R dr AR 5
WLEAT AR , PR E A 1 mm/min.
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ARAL AL 2 BT L S50 A, A T
WURE FE Fa bR ACRAS [ AL BE S RO AR & 1 PR RE
SLIR, S 25 Sy HM-200 (1 358 Ak 248 FG R 8 - Bk
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22 L E WAL B T 2007 %, AN [F) S O A i S Al bl
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Fig.1 Morphologies of 2024Al powder (a) and 1wt% ZrO,-0.2wt% GNPs/2024Al composite powder (b); particle size distribution of composite

powder (c)
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Table 2 Scheme of heat treatment

Number Heat treatment scheme Cooling mode Optimal parameter
The formed specimens were subjected to solution treatment at 460, 475, 490, 505, 520, . )
1 Air cooling 475 °C
535and 550 °C for 1 h
2 At the optimal solution temperature, the solutions were carried out for 0.5, 1, 1.5and 2 h Air cooling lh
After the optimal solution treatment, artificial aging was carried out for 12 h at 110, 140, ) )
3 Air cooling 140 °C
170 and 200 °C
After the optimal solution treatment, artificial aging was carried out for 3, 6, 9, 12, 15 ) )
4 Air cooling 12h

and 18 h at the optimal aging temperature

160 160
a b
150 -
150
S 140} /
% 130 140
(5]
T 120¢ 130}
< l\
T 110} —
120
10T Time: 1h Temperature: 475 °C
90 ! 1 1 ! 1 " 1 10 . . . .
460 480 500 520 540 560 0.5 1.0 1.5 2.0
Solution Temperature/°C Solution Time/h
170 165
c d
160 -
160
> 155+
% 150 150 k
E
S 140 L
T 140+
130
135+
Time: 12 h Temperature: 140 °C
120 1 1 1 1 1 130 L 1 1
100 120 140 160 180 200 5 10 15 20
Aging Temperature/°C Aging Time/h

P2 AN [ A A B2 OGS R i 2 SRl 2 P 52

Fig.2 Vickers hardness of sample for different temperatures and time: (a) effect of solution temperature, (b) effect of solution time, (c) effect of

aging temperature, and (d) effect of aging time

12 h J5 f S AR R AR Ak il 2, W LR B, Bl A I Y T
5 ot PR S OB R 5 IR 3 K S R s . B 2d R
140 “C B Z80AS [R] B 1] Ji5 Fr S0 Al sl 258 il 2 5 12 h W) i
79160.86 HV o AR [F] 75 ik F it 28 AT 20 fis i il 4 22 f
T S R VR B T 2550, o B 26 SR IR A3
{4 [ 5L B A 475 °C TS T) 1 b, 976 e Al | SRR
o R IR 250 140 °C RN RN 1] 12 he
3.2 Hoh

oty e AT S VAR R A 80 XRD X PTARAS
A A H AR A GUEAT i, 45 R 3 iR . 18
XRD B3 A, PUAR A RE T & b B , B ALCuMg 77
S0, 1X 2 B LPBF B i 72 i s A 4, Mg 7 a-Al
()T fiE T 2 R BRARG , 3 3 Mg T AT 1 3R i A T a-All

T RGR BR S [ AR B S TR T ALCuMg A . TR
] R4k B S ALCu U it FE AH B DURR A5 R ) 6 35 3
5, X PR N Z0 i [V A F i, KB ALCu %5 55 AR [
FIHE R B E R R N T R £ 58 A Cal ALCus
ALCuM@) BT, XA KT 22 Ve g = AR R . 53 4%,
FEAT BN A i 2 ALC, AT 5 U6, 1t B GNPs 5 ALEEAA K
ERNART ALC,. fERMEEE T2 F ik ALC,
Ui B B AL, 3X 2 KN ZrO, Fl GNPs fig 32 B J5 -1 7
FRERAAR R I B 20 A1, S EONT HH K ALC, SR AR S5 A4 B i
R , N TTT T Bl A B A% 3l , 3 R BT 1 ALC, AH
TN AT AN, B4 5 A 138 AR F k2 15, B
8 S RO BEAS A 12 8) , S A R R . ALC, 1B
FRAMSE 7 T GNPs Fll a-Al 2 [6] () ST 45 45 B, R 38 5
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Fig.3 XRD patterns of as-deposited and heat-treated composites
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FtaE k.
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DNRE— BRI il AT O R T30 5 AR S R
Z B PR SRTHD % # Ak B A B UREE AT T TEM AT 4347, n
4 T o TR EF 0] 795 35 14 At AR 1E 4T EDS R 1% A
5 FAR 3 FroR . B4 R RAE IS FE ST A A
TEM #1374 I8 7, &l 4a. 4b KRB SRCIRTE 3 ALCu #H W
H L1 iy b B0 s 0 P 2 R AT S AR RS, ¥l 4e 4d R
TNHUIR ALCuMg RS 25 [512] f 7 Jilt (10 780 29 1% 26 4% A0

RIBHERE. AT LM E) AL, CuMg S5 FE 308 0.209 nm,
T ALFEAR IR 5 48208 0.201 nm, ST AN N 3.9%. 1t
B ALCuMg 5 Al FEAR 25 & R 4F , 3R IR BT 1) LA 5t
[, 1X % B ALCuMg AH AT HE— B R B LT DA &
< PR AE PSR
3.4 EAEMRNFEMERETOMSE

Pl 5 DT RS A i AR A A 3 S B L Ay - AR
4k, ARG S , PR BURE I L 1t B 2 3 e v, Bt
oz 560 P 0 JeE IR 560 9 1) AN 382 i1 269 MPa #2 7 %] 624 FlI
522 MPa, {HZEZ2 B IR N %, M 16% 522 5.6% . #AbHE

4 FRALFERE S ALCuHIAI ALCuMeg HIF) &% TEM B8 7
Fig.4 TEM images of Al,Cu phase and Al,CuMg phase in heat-treated alloy: (a, b) Al,Cu phase and (c, d) Al,CuMg phase
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Table 3 EDS analysis results of the corresponding points in Fig.4

(at%)

Point Al Cu Mg C Zr
A 62.34 34.81 0.54 0.12 0.24
B 68.42 24.82 5.89 0.73 0.69

As-deposited
Heat-treated

Stress/MPa
w A
=
S

8 10 12 14 16
Strain/%
K5 ZrO,-GNPs/2024 A1 A R L H7-REAZ il £
Fig.5 Stress-strain curves of ZrO,-GNPs/2024Al composite
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AT 3o o KA A A 2 1) ELRS 33 TR R M R (B B 1H
S AT R SR AN IR ) B R B SRR RN T A R AR
BT DU AR PEREAS B 738 F . T PRI PR 32 222
ALK ALCu A1 AL CuMg 58 — A ffs 1 2 K, i 14 4
5y RN SO IR 5 B R B PE BRI, F HLAES 1 A
FRZE 5 AL LSS . 534k, #Ab 38 5 1 ARRE 3L
T B4 PLC (portevin-Le chatelier) R , X 1t F #1 4b B
TR T B RLAR I 280, %5 3CRE 77 22 M RE R e e 1tk 25 7= A
YRR . XS AR 5 1 1A 5 R T A3 B
R AF LTS BT, 1 07 5 T e % B s b SR A 0 7
) BT RS S A A AT L P R ) D g 46 5, AN )
PLC AU . HH T LS I B ANELE , B8R ml g 22 5
RIS E R &, BEARMR B PEF B b 2444 R
AR A3 R o B 28 5 R AR R A

6 o 1 AU HHT JE ZrO,-GNPs/2024A1 5 441k
1 = R B AR T T30, AT LB BIUTRR AR & R A B S
FE it (1 BT 1 A 3404 A2 DR R 0 3, T 1T 35 5 S T g Y
(LT 2R AE . AR AR A8 R T R R e —
V0 BBl P R A BB AR T AR AL B R AT LA BT
KAKG5EHFRE, & EEMM. IS RFER S
JST AR G T PR 25 R B 36 K H A A AN 20, 90 5 5L
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Fig.6 Tensile fracture morphologies of as-deposited (a) and heat-

treated (b) composites
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1) 4 LPBF ¥ T 1wt%ZrO,-0.2wt% GNPs/2024 Al
BEME. R T2 E W, 5 B S H0N
475 “C R [ 1 h, SRERE IRE EE AR TU R AR ST
BN TER 146.47 HV. 24 [ 7 i3 FE 1o 6 o [5] 7 1 1)
AR, 55 AR TC IR 78 3 Bl B B A 5 1 R VA L i
g [ I (), U 2 A S Ao B AL, BRI R
HRAE . N LI 2408 140 “CINFAL 12 h, BEIRHRFE
FIREEATIA 160.86 HV .

DEL AL 5 , #1 LT DTSR, R B
T &R B ALCu FER 19 ALCuMg 55 — A1, 55 4k,
ALCuMg 5 ALRER S & RiF R ILE 4500 R, H AL
NI e o A R

DTERMMAIEESECT R R AR 2 T K
WEHE T, Hohn o B A0 Ao B2 43 ) A 382 #1269 MPa 2
T+ £ 624 F1522 MPa, {H /& ZE A2 H I T 8 2 F %, i
16% T FE2]5.6%. TEVERFEAC 3 22 KA R 1) ALCu
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Effect of Heat Treatment on Microstructure and Mechanical Properties of Laser Powder
Bed Fused ZrO,-GNPs/2024A1 Composites

Mao Feng', Yao Sen’, Hu Ruiting®, Zhang Yanze’, Yu Haocheng’, Chen Yuhui’, Chen Zhen’
(1. Longmen Laboratory, Luoyang 471000, China)
(2. Xi’an Jiaotong University, Xi’an 710049, China)
(3. Xi’an University of Science and Technology, Xi’an 710054, China)

Abstract: 1wt%Zr0O,-0.2wt% GNPs/2024Al composites were prepared by laser powder bed fusion (LPBF) process. The phase composition and
microstructure evolution of the as-deposited and heat-treated (475 °C solution treatment for 1 h+140 °C aging treatment for 12 h) composites were
characterized to reveal the changes in mechanical properties. Results show that compared with that of the as-deposited samples, the microhardness
of the composites is maximally enhanced under the heat treatment regime of 475 °C/1 h+140 °C/12 h. The second phases precipitated in the
samples are mainly in the form of Al,Cu strips and Al,CuMg plates. The tensile strength and yield strength are increased from 382 MPa and
269 MPa to 624 MPa and 522 MPa, respectively, but the elongation is decreased from 16% to 5.6%. The strength enhancement is mainly
attributed to the dislocation and load transfer strengthening effects caused by heat treatment, which has a much greater influence than the
coarsening of the second phase and grain growth caused by heat treatment. The decrease in plasticity is mainly due to the coarse Al,Cu and
Al,CuMg second phases which are prone to fracture and detach from the Al matrix, promoting to the premature formation of local shear bands
and voids.

Key words: laser powder bed fusion; ZrO,+GNPs/2024Al composites; heat treatment; microstructure

Corresponding author: Chen Zhen, Ph. D., Associate Professor, School of Mechanical Engineering, Xi’an Jiaotong University, Xi’an 710049, P. R.
China, E-mail: chenzhen2025@xjtu.edu.cn



