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Table 1 Parameters of equipment

Parameter Value
Maximum laser power /W 30
Focal length /mm 150
Laser beam wavelength /nm 1064
Laser beam quality factor M” <1.1
Spot scanning speed /(m-+s") 0-7
Laser spot diameter /pm 60-80
Layer thickness /pm 20-50
Maximum formable size /(mm X mm) @70 50
Size of equipment /(mm X mm X mm) 720X 780X 1400
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Table 2 Chemical compositions of SAC305 alloy

Element Sn Ag Cu
Mass fraction /% Bal. 2.9386 0.4875
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Figl SEM images of SAC305 powder
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#3 LPBF MUE SAC305FEMFIN T 2 5803k
Table 3 Process parameters of LPBF forming SAC305 samples

Sample No. Laser power /W Scanning speed /(mm-s~") Laser energy density /(J-mm )
1 30 500 28.57
2 30 700 20.41
3 30 900 15.87
4 30 1100 12.99
5 30 1300 10.99
6 25 500 23.81
7 25 700 17.01
8 25 900 13.23
9 25 1100 10.82
10 25 1300 9.16
11 20 500 19.05
12 20 700 13.61
13 20 900 10.58
14 20 1100 8.66
15 20 1300 7.33
16 15 500 14.29
17 15 700 10.20
18 15 900 7.94
19 15 1100 6.49
20 15 1300 5.49
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Fig. 2 Surface morphology of LPBF fabricated SAC305 samples. (a) SAC305 samples and tensile specimen; (b) local amplification of
tensile specimen; (c) surface morphology of tensile specimen

3 AR LZZHT LPBF JE SAC305 BEAF ¥ LR ETE S . () BOETI A 30 W, HHH B J 500 mmes 5 (b) BOLTI A K 30 W,
FH B JE S 700 mmes 5 (o) #OE DAy 30 W, F1 8 2 1100 mmes ™5 (d) OB T4 25 W, 140 3 224 1300 mmes ™5

(e) WL A 20 W, 14 BE 2 1300 mmes ™5 (DFOE I3y 15 W, 14 38 B2y 1300 mmes ™
Fig. 3 Top-surface morphologies of LPBF fabricated SAC305 samples at different process parameters. (a) Laser power of 30 W and

scanning speed of 500 mm-s™'; (b) laser power of 30 W and scanning speed of 700 mmes'; (c) laser power of 30 W and scanning
speed of 1100 mm-s™"; (d) laser power of 25 W and scanning speed of 1300 mm-s~'; (e) laser power of 20 W and scanning speed
of 1300 mmes '; (1) laser power of 15 W and scanning speed of 1300 mm-s '
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Fig. 4 Density distributions of SAC305 samples under different LPBF process windows
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Fig. 5 Compactness and conductivity of LPBF fabricated SAC305 samples. (a) Laser energy density versus relative density;

(b) relative density versus conductivity; (c) mechanism of influence of pore defect on conductivity
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Fig. 6 Mechanical properties of LPBF fabricated SAC305 alloy. (a) Stress-strain curves under different process parameters;

(b) mechanical properties under different process parameters
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F38E 9 900 mmes 5 (e)WOE TNy 30 W, A H Uy 1300 mmes 5 (d)FOEHIHR K 16 W, 4318y 500 mmes
Fig. 7 Fracture morphologies of SAC305 tensile specimens under different LPBF process parameters. (a) Laser power of 30 W and

scanning speed of 500 mmes™'; (b) laser power of 30 W and scanning speed of 900 mm-s '; (c) laser power of 30 W and scanning

speed of 1300 mm-s™'; (d) laser power of 15 W and scanning speed of 500 mm-s~
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Fig. 8 XRD spectra of LPBF fabricated SAC305 samples. (a) XRD spectra of SAC305 sample processed under laser power of 30 W
and scanning speed of 500 mm-s~'; (b) XRD spectra of samples under different laser powers
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Fig. 9 SEM image and element distribution maps of LPBF fabricated SAC305 sample. (a) Longitudinal section of sample processed
under laser power of 30 W and scanning speed of 500 mm-s '; (b) element distribution maps
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Fig. 11 Spatter during LPBF formation of SAC305 alloy under different process parameters. (a) Laser power of 30 W and scanning

speed of 900 mm-s~' (formed tensile specimen); (b) laser power of 30 W and scanning speed of 900 mm-s~" (formed cube

1

sample); (c) laser power of 30 W and scanning speed of 500 mm-s ' (formed tensile specimen); (d) laser power of 15 W and

scanning speed of 900 mm-s~' (formed cube sample)
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Laser Powder Bed Fusion Fabrication of Sn-3.0Ag-0.5Cu (SAC305) Alloys
Without Protective Atmosphere: Process and Mechanical Properties
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Abstract

Objective

Laser powder bed fusion (LPBF) technology, a laser additive manufacturing (AM) technology based on powder bed

melting, slices a three-dimensional model layer-by-layer through a computer. The laser scans the powder surface according to the two-

dimensional slice profile and then the material stacks layer by layer to fabricate three-dimensional metal parts. Parts fabricated by
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LPBF technology have high dimensional accuracy and surface quality and can obtain nearly 100% relative density. In this study, we
fabricate Sn-3.0Ag-0.5Cu (SAC305) material using LPBF technology without a protective atmosphere, which reduces the volume of
equipment, improves the portability of equipment, and verifies the improvement of the mechanical properties of the LPBF fabricated

alloy, providing the possibility for parts processing and printing under special conditions.

Methods Different process parameters for LPBF printing of SAC305 cube samples and tensile specimens are designed. Following
this design phase, an analytical balance is employed to measure the density of the sample. Subsequently, a conversion to calculate the
relative density of the sample is performed. To support this calculation, the conductivity of the samples is measured using an eddy
current conductivity tester. A three-dimensional microscopic system is used to observe the surface topography and to measure the
roughness. After polishing the sample, a metallographic microscope is used to observe pores, cracks, and other defects. X-ray
diffraction (XRD) is used to analyze the phase compositions of SAC305 powder and fabricated samples. An electronic testing machine
1s used to test the tensile properties of tensile specimens, and the fracture morphology is observed.

Results and Discussions SAC305 samples are successfully printed by LPBF in an air environment without a protective
atmosphere. The top surface of the fabricated sample is yellow-brown, and the surface is free of cracks, obvious holes, warpage,
collapse, and other defects; furthermore, the formability is good. When the laser energy density is high, owing to the excessive local
instantaneous energy input, the resulting spatter particles fall onto the surface, causing internal defects or spheroidized particles.
When the laser energy density decreases, the spheroidization phenomenon decreases, and the amount of unmelted powder increases,
as shown in Fig. 3. When the laser energy density reaches approximately 20 J/mm®, the density of the sample is high, and only a few
tiny holes are present inside, as shown in Figs. 4 and 5. The tensile strength reaches 85.29 MPa when the scanning speed is 700 mm/s,
and the laser power is 30 W, as shown in Fig. 6. The powder, along with the formed structures, primarily comprises of the 3-Sn
phase and Ag,Sn phase. The oxygen inside the fabricated sample is randomly distributed in the form of tin oxide, and no obvious
aggregation occurs, as illustrated in Fig. 9. According to the scanning electron microscope (SEM) diagram of the longitudinal profile
of the fabricated sample, there is no obvious oxide film layer inside the sample, and oxygen is evenly distributed. The energy
dispersive spectrometer (EDS) line scanning is performed over a range of multiple layers along the built direction, as shown in
Fig. 10. The oxides, rather than being enriched at the molten pool boundary, are distributed in the molten pool stage owing to the
influence of heat input from subsequent layers. During the fabrication of the SAC305 alloy using LPBF without a protective

atmosphere, less spatter is generated because of the low laser power, and most of the spatter is powder spatter, as shown in Fig. 11.

Conclusions Under an unprotected atmosphere, a violent oxidation reaction gradually occurs when the laser energy density
exceeds 20 J/mm?’, resulting in an increase in the surface roughness of the sample and even fabrication failure. When the laser energy
input is lower than 15 J/mm®, the internal manifestation of the fabricated sample is loose and the powder in the scanning area does not
fully melt, resulting in low relative density and poor mechanical properties of the sample. The best process parameters are a laser
power of 30 W and a laser scanning speed of 700 mm/s.

The relative density of the LPBF fabricated SAC305 sample reaches 98% , while its tensile strength and elongation are 85.29 MPa
and 15.37%, respectively. The mechanical properties are better than those of the cast-fabricated samples, in which the tensile
strength increases by 108%. The conductivity of the fabricated sample reaches 14.99% of international annealing copper standard
(IACS), which meets the general conductivity requirements for this material.

In the process of LPBF fabricating SAC305 alloy without a protective atmosphere, less spatter is generated owing to the low
laser power, and most of the spatter is powder. The interior of the sample is composed of 3-Sn, oxide particles, and a small amount
of Ag:Sn. Owing to the high cooling rate of the LPBF printing process, the microstructural grains of the fabricated SAC305 alloy are
smaller than those by the casting process, which improves the tensile strength of the material.

Key words laser technique; laser additive manufacturing; laser powder bed fusion; oxygen containing atmosphere fabricating;
mechanical property
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