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Table 1 Mass fraction of element in AlSil0Mg alloy powder unit: %
Element Al Si Mg Ti Ni Mn Cu Fe Zn Pb Sn O
Mass fraction  balance 10. 00 0.34 <<0.01 <C0.01 <C0.01 <€0.01 0.034 <C0.01 <<0.01 <C0.01 0.070

K 1 AlSiloMg & 48 KK

. (a) X200;(b) X500

Fig. 1 Morphology of the AlSi10Mg alloy powder. (a) X200; (b) X500

100.0
90.0
80.0
70.0 +
60.0
50.0
40.0
30.0 |
20.0
10.0

Cumulative amount /%

1.0 10.0

25.0
1225
120.0
1175
1 15.0
1125
1 10.0
175
15.0
125

Percentage /%

100.0 1000.0

Particle size /um
2 AlSiloMg 4 4 K AR 15 43 i
Fig. 2 Particle size distribution of the AlSil0Mg alloy powder
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Table 2 Process parameters of the SLM forming

No. Layer thickness /um Spot diameter /mm  Laser power /W  Scanning speed /(mm * s ')

Hatch spacing /mm

1 30 0.1 350
2 60 0.2 890

1400-1800 0.16
1600—-2000 0.20

layer thickness: 30 pm
1600 %mp/s

& 3 4 BB A 0 B4R
Fig. 3 Image of the partially formed sample
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Table 3 Process parameters, energy density and relative density of AlSil0Mg alloy sample under 30 pm layer thickness

Layer thickness / Spot diameter / Laser power / Hatch spacing / Scanning speed / Energy density / Relative density /

pm mm w

(mm=*s ") (J+»mm ) %

30 0.1 350

1400 52.08 98. 88
1500 48.61 98. 88
1600 45.57 99. 25
1700 42. 89 99. 25
1800 40.51 98. 88

100

~3
S

—e—relative density —=— energy density

[=2)
(=]

.

T~

(oAl
<)
Energy density /(J - mm~?)

—__

9 9888  98.88

L
'S
(=]

v

Relative density /%

1
w
S

98

1400 1500 1600 1700 1800
Scanning speed /(mm-s)

4 30 pm R T AISILOMg 4 sk B ) 508 HE Bk 1
Bt i 4
Fig. 4 Relative density and corresponding energy density of

AlSi10Mg alloy sample under 30 pm layer thickness
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Table 4 Process parameters, energy density and relative density of AlSil0Mg alloy sample under 60 pum layer thickness

Layer thickness / Spot diameter / Laser power / Hatch spacing / Scanning speed / Energy density / Relative density /

pum mm W mm (mm-s ) (J»mm ) %

1600 46. 35 98. 88

1700 43.63 99. 25

60 0.2 890 0. 20 1800 41. 20 99. 25

1900 39.04 99. 25

2000 37.08 98. 88
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Fig. 5 Relative density and corresponding energy density of
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. 6 Room temperature strength and plasticity of AlSi10Mg alloy samples with different layer thicknesses.

(a) X/Y direction; (b) Z direction
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Table 5 Parameters of AlSil0Mg alloy samples under different layer thicknesses

Layer Spot Laser Hatch Scanning Energy Relative Tensile Elongation /%
thickness / diameter / power /  spacing / speed / density / density / strength /MPa
pm mm w mm (mme+s ') (Jemm %) % X/Y 7 X/Y 7
30 0.1 350 0.16 1600 45,57 99. 25 283.7 292.3 13.84 13.07
60 0.2 890 0. 20 1700 43.63 99. 25 276. 8 285.1 14. 36 9.97
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hole defect

7 ARZETREFENSMEE . (a) 30 pm JZE,X/Y I ;(b) 30 pm J2JE,Z 71 ; (o) 60 pm JZE, X /Y Jri;
(d) 60 pm JZJE.Z F i
Fig. 7 Metallographic diagrams of samples with different layer thicknesses. (a) Layer thickness is 30 pm, X/Y direction;

(b) layer thickness is 30 pm, Z direction; (c) layer thickness is 60 pm, X/Y direction; (d) layer thickness is

60 pm, Z direction
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Table 6 Hole sizes of AlSi10Mg alloy samples under different layer thicknesses

Layer Hole size /pm
) Average value /pm
thickness /pm 1 2 3 4
30 5.6 6.1 6.1 7.4 6.2
60 7.0 7.7 8.8 8.9 8.1
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Fig. 8 Overlapping areas of the molten pool with different layer thicknesses. (a) Layer thickness is 30 pm;

(b) layer thickness is 60 pm
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Fig. 9 FESEM images of AlSil0Mg alloy samples with
different layer thicknesses ( X/Y direction ).
(a) Layer thickness is 30 pm, inside the molten
pool; (b) layer thickness is 30 pm, boundary the
molten pool; (c) layer thickness is 60 pm, inside
the molten pool; (d) layer thickness is 60 pm,

boundary the molten pool
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Fig. 10 Macroscopic tensile fracture morphology of

AlSil0Mg alloy samples with different layer
thicknesses. (a) Layer thickness is 30 pm, X/
Y direction; (b) layer thickness is 30 pm, Z
direction; (c) layer thickness is 60 pm, X/Y
direction; (d) layer thickness is 60 pm,

Z direction
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Fig. 11 Microscopic tensile fracture morphology of
AlSil0Mg alloy samples with different layer
thicknesses. (a) Layer thickness is 30 pm, X/

Y direction; (b) layer thickness is 30 pm, Z
direction; (c) layer thickness is 60 pm, X/Y
direction; (d) layer thickness is 60 pm, Z

direction
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Table 7 Forming rates of AlSi10Mg alloy samples with optimized process parameters under different thicknesses

Layer Spot Laser Scanning speed /  Hatch spacing / Energy density / Forming rate /
thickness /pm  diameter /mm power /W (mm-=*s ') mm (J+ mm *) (mm?® «s )
30 0.1 350 1600 0.16 45.57 7.68
60 0.2 890 1700 0. 20 43.63 20. 40

4 4 1w

D) 75255k FIA BB 2 BGE RN .30 pm L2
JEF 60 pm & )R R B A1 B BUE B RN T
99. 00 % P HE B 4119 AlSiloMg & 4.
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JEWS T 60 pm 5 )2 R B Z 30 pm 2RI R
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IOZE T ke RN H 2 4 . FoE 4
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LM 60 pem g J2 BT BB 22 43 A5 76 1 R
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(A iy StRSHAR XL K L 5 Bk 24 808 i 1 1 55 X
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218 30 pm KJZEW 2.7 £5 .

2 % X #t

[1] KeY, Ma P, Ma Y C, et al. Microstructure and
mechanical properties of AlISi10Mg alloy fabricated by
selective laser melting[J]. Applied Laser, 2019, 39
(2): 198-203.
e, Dy, SOk, 4. BObkXIE L AlSiloMg
& E MM A R K Iy pr e L] B HEOE, 2019,
39(2): 198-203.

[2] Gu D D, Zhang H M, Chen H Y, et al. Laser

additive manufacturing of high-performance metallic

aerospace components|[J]. Chinese Journal of Lasers,
2020, 47(5): 0500002.

B4, SREDHE, BRILT, SF. SR SR &R
OB O 18 6 s (T T EOG, 2020, 47
(5): 0500002.

[3] Li N, Huang S, Zhang G D, et al. Progress in
additive manufacturing on new materials: a review
[J]. Journal of Materials Science & Technology,
2019, 35(2): 242-269.

[4] Liu W, Li N, Zhou B, et al. Progress in additive
manufacturing on complex structures and high-
performance materials [J]. Journal of Mechanical
Engineering, 2019, 55(20): 128-151, 159.

XM, ZERE, bR, S5 ARG R Tk RE B RE I B
il & B A R [J]. HLB TR A4, 2019, 55(20):
128-151, 159.

[5] DebRoy T, Wei H L, Zuback J S, et al. Additive
manufacturing of metallic components: process,
structure and properties [J]. Progress in Materials
Science, 2018, 92: 112-224.

[6] Yang Y Q, Wu S B, Zhang Y, et al. Application
progress and prospect of fiber laser in metal additive
manufacturing[J]. Chinese Journal of Lasers, 2020,
47(5): 0500012.
fpokui, R, KM, & OSBRSS A AR B A
L P N kR BT P E O, 2020, 47
(5): 0500012.

[7] LiX P, Wang X J, Saunders M, et al. A selective
laser melting and solution heat treatment refined Al-
12Si alloy with a controllable ultrafine eutectic
microstructure and 25% tensile ductility [J]. Acta
Materialia, 2015, 95: 74-82.

[8] Zou Y T, Wei Z Y, Du J, et al. Effect and
optimization of processing parameters on relative
density of AlSil0Mg alloy parts by selective laser
melting[J]. Applied Laser, 2016, 36(6): 656-662.
ARVAR , BRIESE, FRZZ, 4F. AISiIOMg OB XKL

1002106-8



48 % F 10 H1/2021 £5 /R E#EL

(9]

[10]

[11]

[12]

[13]

[14]

[15]

BOY T 2SS 8O0 80% e 52 540 [T, i A
Y, 2016, 36(6): 656-662.

Zhang W Q, Zhu H H, Hu Z H, et al. Study on the
melting of  AlSiloMg[J]. Acta
Metallurgica Sinica, 2017, 53(8): 918-926.

aROCE, RIGL, $AEME, . AISIIoMg % X
IRALOE AT 50 [J] . & )8 % 4k, 2017, 53(8): 918-
926.

Hou W, Chen J, Chu S L,

microstructure and tensile properties of AlSil0Mg

selective laser

et al. Anisotropy of
formed by selective laser melting[J]. Chinese Journal
of Lasers, 2018, 45(7): 0702003.

Befh, R, 68 AN bR, AR 3R XML & b RO
AlSiloMg 45 i itk ge i & ) e E R g (U] . b
E#0%, 2018, 45(7): 0702003.

Rosenthal I, Stern A, Frage N, et al. Strain rate
sensitivity and fracture mechanism of AlSi10Mg parts
produced by selective laser melting [ J]. Materials
Science and Engineering: A, 2017, 682: 509-517.
Deng Z J, Cheng Q L, Ke L D, et al. Study on
density and mechanical properties of AlSil0Mg alloy
prepared by selection laser melting forming [J].
Foundry Technology, 2018, 39 (9): 1904-1906,
1915.

AT, BUREAR, RIARGR, AE. O X AL OB
AlSi1OMg & & 44 1 808 A 2 RewE e [T . #6
R A, 2018, 39(9): 1904-1906, 1915.

Wang X J. Process parameters and properties of
selective laser melting Al-Si alloys [D]. Beijing:
China University of Geosciences, 2014: 52-68.
FEANE. ALSI G ENEBEEBOURAL T 228 5%
ReRfgE (D). dbat: dE M BT R 4% (db ), 2014 52-
68.

Aboulkhair N T, Maskery I, Tuck C, et al. On the
formation of AISi10Mg single tracks and layers in
selective laser melting: microstructure and nano-

mechanical properties [J]. Journal of Materials

Processing Technology, 2016, 230: 88-98.
Herzog D, Seyda V, Wycisk E, Additive

et al.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

1002106-9

manufacturing of metals[J]. Acta Materialia, 2016,
117: 371-392.

Zong X W, Gao Q, Zhou H Z, et al. Effects of bulk
laser energy density on anisotropy of selective laser
sintered 316L stainless steel [J]. Chinese Journal of
Lasers, 2019, 46(5): 0502003.

SRESC, wifif, IR, S OB RE R L X
WO 3161 AN 85 4 2% 1l S ML A 2 ma [0 b [
Y, 2019, 46(5): 0502003.

Trevisan F, Calignano F, Lorusso M, et al. On the
selective laser melting (SLM) of the AlSi10Mg alloy:
process, microstructure, and mechanical properties
[J]. Materials, 2017, 10(1): 76.

Wu J, Wang X Q, Wang W, et al. Microstructure
and strength of selectively laser melted AlSil0Mg
[J]. Acta Materialia, 2016, 117: 311-320.

Yan T Q, Tang P J, Chen B Q, et al. Effect of
annealing temperature on microstructure and tensile
properties of AlSil0Mg alloy fabricated by selective
laser melting[J]. Journal of Mechanical Engineering,
2020, 56(8): 37-45.

EIAR, R, BRikiE, . B R B X Ot X
K46 A1Si10Mg 4 4 tOUL 20 28 S B A v g iy sl [T
BUBK T RE 2442, 2020, 56(8): 37-45.

Hofmeister W, Griffith M. Solidification in direct
metal deposition by LENS processing [J]. JOM,
2001, 53(9): 30-34.

Ma M M, Wang Z M, Gao M, et al. Layer thickness
dependence of performance in high-power selective
steel [J].
Journal of Materials Processing Technology, 2015,
215: 142-150.

LiuY D, Liu S Z, Song H D,

strengthening mechanism of low carbon martensite

laser melting of 1Cr;sNi, Ti stainless

et al. Fine-grain
steel and its mechanical properties [J]. Journal of
Northeastern University, 2014, 35(4): 499-503.

Shi X Z, Ma SY, Liu C M, et al. Performance of
high layer thickness in selective laser melting of

Tis Al, VIJ]. Materials, 2016, 9(12): 975.



48 % F 10 H1/2021 £5 /R E#EL

Effect of Layer Thickness on Forming Quality and Efficiency of
AlSi10Mg Alloy Fabricated by Selective Laser Melting

Yan Taiqi', Chen Bingqging' ", Tang Pengjun', Chu Ruikun®, Guo Shaoging'
'3D Printing Research and Engineering Technology Center, AECC Beijing Institute of Aeronautical Materials,
Beijing 100095, China;
* Falcon Fast Manufacturing Technology Co,. Ltd., Wuxi, Jiangsu 214145, China

Abstract

Objective The rapid development of selective laser melting (SLM) technology provides an excellent solution for the
rapid manufacturing of new complex aluminum alloy parts. Most studies on SLM of aluminum alloy remain in the
stage of optimizing the processing parameters. Through continuous optimization of processing parameters, aluminum
alloy samples with a density of over 99. 00% and good tensile properties can be obtained. However, forming
efficiency should also be considered in the actual forming process. To improve the forming efficiency, the most direct
solution is to increase the layer thickness. The layer thickness determines the selection of other parameters, such as
laser power, and the size of a single molten track and heat dissipation rate, which further determines the
microstructure and properties of forming parts. Although properly increasing layer thickness is essential to improve
the forming efficiency, if the layer thickness is excessively increased, the surface quality of formed parts will be
severely reduced, and the metallurgical defects will also be increased, decreasing the mechanical properties. There
are few reports on the effect of different layer thickness on microstructure, properties, and forming efficiency of
SLM of aluminum alloy. In this study, the forming technology of AlSi10Mg alloy is investigated using optimized
process parameters under different layer thickness. Besides, the influence of layer thickness on density,
microstructure and properties, defects, and forming efficiency is analyzed, which provided a reference for further
application of laser selective melted AlSi10Mg alloy in engineering.

Methods AlSil0Mg powder with good appearance quality is selected. First, the aluminum alloy substrate is
preheated to 150 C, and the oxygen content in the forming chamber is kept below 0.1%. Concept laser X Line
1000R is selected as a SLM equipment. The high layer thickness of 60 pm is compared with the low layer thickness
of 30 um. Other processing parameters are designed based on the layer thickness, and a series of square blocks and
bars are formed. After forming, the samples are annealed at 260 ‘C for 2 h. The densities of the samples are
measured using the Archimedes method. Then, the microstructure and internal defects of the samples are observed
through the metallographic microscope and scanning electron microscope. The size of the samples’ defects is counted
using Image-Pro Plus. The formed bars are used to test the room-temperature tensile properties. Finally, the
fracture morphology is observed and analyzed using a scanning electron microscope.

Results and Discussions The AlSil0Mg alloy with high density (Fig. 4 and Fig. 5) and good tensile properties
(Fig. 6) can be formed under 30 pum lower layer thickness and 60 pm higher layer thickness. There are still
differences as follows: the strength of AlSi10Mg alloy formed at 30 um layer thickness is slightly higher than that of
60 pm layer thickness. This is attributed to the fine grain strengthening effect caused by smaller eutectic Si size in
the 30 pm lower layer thickness samples (Fig. 9). Besides, the Z-direction elongation of the samples formed at
30 pm lower layer thickness is significantly higher than that at 60 pm higher layer thickness. This is because the
molten pool at 30 pm lower layer thickness is smaller and densely arranged, leading to more zigzag crack propagation
path and increased the difficulty of crack propagation; thus, resulting in a higher elongation (Fig. 7). The results
showed that the defects with 30 um lower layer thickness are more distributed in the molten pool boundary, while the
defects with 60 pm higher layer thickness are more distributed in the molten pool. The Z-direction fracture surface
with different layer thicknesses is perpendicular to each other (Fig. 10) since the eutectic Si in the boundary is
relatively coarse, which becomes the weak area of crack propagation. When the AlSil0Mg alloy samples are with a
density of over 99.00% and similar tensile properties, the forming efficiency with 60 pm higher layer thickness is
about 2.7 times higher than that of 30 pm lower layer thickness.

Conclusions The layer thickness effect on relative density, microstructure, tensile properties, and forming
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efficiency of AISil0Mg alloy fabricated by SLM investigated. The results showed that within the optimized laser
energy density range, the relative density of the samples fabricated at 30 pum lower layer thickness and 60 pm higher
layer thickness reached over 99.00 % and possessed good tensile properties. The tensile strength of the 30 um lower
layer thickness sample is slightly higher than that of the 60 pm higher layer thickness sample, which is attributed to
the fine grain strengthening effect caused by the finer eutectic Si in the 30 pm lower layer thickness sample. The
Z-direction elongation of the 30 pum lower layer thickness sample is significantly larger than that of the 60 pm higher
layer thickness sample since it is not easy for cracks to propagate along the smaller and more densely arranged molten
pool boundaries in the 30 um lower layer thickness samples. The defects in the 30 pm lower layer thickness sample
are distributed along the molten pool boundaries, while the defects in the 60 pm higher layer thickness samples are
distributed inside the molten pool. Besides, the forming efficiency of 60 pm higher layer thickness is about 2.7 times
higher than that of 30 pm lower layer thickness with similar forming quality.

Key words laser technique; selective laser melting; powder layer thickness; relative density; tensile properties;
forming efficiency
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