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Fig. 1 Morphology and particle size distribution of original Al-4.2Mg-0.4Sc-0.2Zr powder. (a) Morphology; (b) particle size distribution
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Fig.2 Schematics of forming process and laser scanning strategy. (a) Schematic of LPBF process; (b) schematic of laser scanning
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Tl BUERAT S R 9 Al-4.2Mg-0.4Sc-0.2Zr A & M tE S 80

Table 1  Physical property parameters of Al-4.2Mg-0.4Sc-0.2Zr alloy used in numerical simulation calculatiom™”

) Value
Parameter Unit
T=200 C T=400 C T=645C T=800 C
Thermal conductivity W/(m-K) 203 212 90 92
Density kg/m’ 2675 2635 2580 2372
Specific heat capacity 1/(g-K) 0.98 1.06 1.16 1.17
Viscosity MPa-s 1.15 1.0
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Fig. 3 Influence of process parameters on surface morphology of as-built samples
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Fig.4 Influence of process parameters on metallurgical defects of as-built samples
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Fig.5 Influence of process parameters on heat transfer behavior in the molten pool. (a) Schematic diagram of Marangoni flow in the
molten pool; (b) variations of molten pool depth and width with the scanning speed; (c)—(f) molten pool velocity at different laser

scanning speeds when P=300 W; (g)-(j) molten pool temperature at different laser scanning speeds when P=300 W

1002317-6



£ 51% 5 10 H9/2024 £ 5 B/ EH:

S SRR A% 43 il an 1] 6 (e ) AnAL 6 (d) BIF7R , 78 i
TR VEAG AT 2 3 AT S EORE  K 2E T 5E BT Hh A
AL,(Sc,Zr) ki . X J& A BSE PLE 5076 R
1§ 46 BE HEAT B, T S JR 1 19 5 7 P 5 3 K T AL
A L 7F BSE B B SE 2, X 267 4 i RO 7

*

nanoprecipitates

v 3

columnar grain

200 nm ZE 1 pm Z 8], F H AR AR F X LR 4 it 4
F 1 2 il DX A A o — D7 T, X SE T H A A B
] ot A P AR D B AR et L 55— il LPBE B
B J5 J2= B AR ik A A P 2 i U B S AT T A B0 R R
R

F 6  LPBF WA L B i 88 45 4 0 st B OB A 210 Ca) sl 1000 17 1) A5 A BSE B4R 5 (b) BN b (¥ BSE B8 () J v B 9 A
A (d) 98 b 3 5 Y 45 Bl
Fig.6 Typical microstructures of LPBF-fabricated rare earth modified high-strength aluminum alloy. (a) Low magnification BSE

image of the sample side surface; (b) BSE image of a single molten pool; (c) columnar crystal in the middle of the molten pool; (d)

equiaxed grains at the boundary of the molten pool
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Fig.8 Tensile fracture morphology of formed samples at room temperature
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Fig.9 LPBF-fabricated typical high-strength aluminum alloy complex components. (a) Complex monolithic frame type component;
(b) complex hollow thin-walled component; (¢) stress-strain curves of furnace formed tensile specimens
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Table 2 Forming accuracy indicators of typical components in different directions

Error rate in Error rate in Error rate in

Component Length /mm length /% Width /mm length /% Height /mm height /%
Complex hollow thin-walled 345.3/345.6 0.08 153.7/153.6 0.06 445.6/446.4 0.04
component
Complex monolithic frame
269.1/269.3 0.07 80.0/80.0 0 569.7/570.0 0.05
component
i B = AN 1) B RSE 4300 R 269.1 mm/269.3 mm . FLLEE
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5 4 1w
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1) #06 T2 2 806 O 3R 14 26 1 5 it K h 4 Bk
M e 2 3 5w . MO D% 300 W H
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99.5% o M4 R AT, S A R SRR
Z FLBREE A S R KR fE AN, T3
VRCRE R RE T BRAIG, FLBR AR = 35

2) LPBF RIE s 4 Bl v i 5 40 A 4 A0 floUL &5 4 5
SN IR AR TR A3 A AR A I 2 A AR N TE 14N
KM A AL(Se, Zr) o X T ERAL R I T. 2 50F W&
T 38 1F 2 BhoAb B S Y = R PR 9 B ] gk #)
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Abstract

Objective The integrated laser powder bed fusion (LPBF) forming of complex components of lightweight and high-strength
aluminum alloys provides a new impetus for the development of lightweighting in the aerospace field. However, the control of the
forming quality and performance of LPBF-fabricated high-strength aluminum alloys components and their applications still face
bottleneck problems. On the one hand, the strengthening mechanism of Al-Si alloys is relatively simple, and the tensile strength of
LPBF-fabricated Al-Si alloys is usually lower than 400 MPa, which hardly meets the high-performance requirements in the aerospace
field. On the other hand, Al-Cu 2xxx alloys and Al-Zn 7xxx alloys, which are often used in conventional processing, can be heat-
treated to achieve a large number of diffusely distributed nano-precipitated phases, providing an effective diffusion strengthening effect
and realizing excellent mechanical properties in excess of 500 MPa. However, LPBF is a non-equilibrium melting process with
cooling rates of up to 10°-10" K/s owing to the transient interaction of the high-energy laser beam with the metal powder. Due to the
wide solidification interval of 2xxx and 7xxx aluminum alloys, the solid-liquid coexistence time is long, and it is difficult to fill the
liquid phase in time during the laser fast melting and solidification process. This easily results in solidification cracks along the grain
boundaries, which greatly limits the application and development of LPBF forming with high-strength aluminum alloys. In this work,
we achieved a densification of 99.5%, a tensile strength of 512.4 MPa, and an elongation of 13.3% for the specimens by optimizing
the laser process parameters for LPBF forming of Al-Mg alloys modified with rare-earth elements, namely, Sc and traces of Zr. The
research results can provide a reference for the integrated LPBF molding of aerospace lightweight components.

Methods Atomized prepared Al-4.2Mg-0.4Sc-0.2Zr alloy powder was used for LPBF process. First, the samples were
manufactured using scanning speeds of 400, 800, 1200, and 1600 mm/s, maintaining other parameters consistent. Then, the
densification behavior, metallurgical defects, and microstructure of the samples were analyzed using optical microscopy and scanning
electron microscopy, respectively. The grain structure and nano-precipitated phases inside the specimens were characterized using
backscattered scanning electron (BSE) microscopy. Subsequently, the samples were aging treated at a temperature of 325 °C for 4 h,
and tensile tests were performed. Meanwhile, FLUENT was used to carry out the simulation of heat transfer behavior in the molten
pool of the LPBF-formed rare-earth-modified high-strength aluminum alloy. Finally, laser additive manufacturing forming tests of
typical components in the aerospace field were conducted.

Results and Discussions After process optimization, the specimens show excellent forming quality and mechanical properties,
with an optimal densification of 99.5%, tensile strength of 512.4 MPa, and elongation of 13.3%. The surface smoothness and relative
density of the samples increase and then decrease with increasing scanning speed, and the samples fabricated using a scanning speed of
800 mm/s exhibit satisfactory forming quality (Figs. 3 -4). BSE images of the microstructure of LPBF-fabricated high strength
aluminum alloy samples show that the solidification organization presents equiaxial crystal features at the melt pool boundary, whereas
coarsened columnar crystals are formed in the middle of the molten pool (Fig. 6). White precipitated particles with sizes ranging from
200 nm to 1 pm can be observed, and these precipitated phases are Al,(Sc, Zr) particles. The optimal tensile strength and elongation of
the specimen, 512.4 MPa and 13.3% , respectively, are obtained using a laser scanning speed of 800 mm/s (Fig. 7). Metallurgical
defects (e. g. , porosity) due to improper laser energy input are the main cause of degraded mechanical properties. Finally, two types of
aerospace typical parts fabricated using the optimized process parameters of laser power of 300 W and laser scanning speed of 800 mm/s
exhibit low surface roughness, of no more than 7.3 pm, and high dimensional accuracy, of less than 0.1 mm/100 mm (Table 2).

Conclusions In this work, the laser processing parameters for LPBF of rare-earth modified high-strength aluminum alloys Al-
4.2Mg-0.4Sc-0.2Zr are optimized. Combining experiments and numerical simulations, the influence mechanism of laser scanning
speed on the surface quality, internal metallurgical defects, heat and mass transfer behavior of the molten pool, and distribution of
nano-precipitation in the formed specimens is revealed. When the optimized laser power is 300 W and the laser scanning speed is
800 mm/s, coupled with a 325 °C/4 h aging heat treatment, the formed specimens show an optimal densification of 99.5% , tensile
strength of 512.4 MPa, and elongation of 13.3%. Two types of typical complex components in the aerospace field were manufactured
using the optimized processing parameters, and the maximum external size of the formed specimens reached 570 mm, with surface
roughness R,<<7.3 pm, and dimensional accuracy of less than 0.1 mm/100 mm.

Key words laser technique; additive manufacturing; laser powder bed fusion; high-strength aluminum alloys; process optimization;
mechanical properties
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