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Table 1 Technical parameters of DiMetal-100H

Parameter Content
Spot diameter /pm 60-80
Laser wavelength /nm 1075
Oxygen volume fraction / % <<0.03
Beam quality M’ <1.1
Protective gas Argon
Maximum molding size /mm 100X 100X 120
Maximum laser power /W 500

K2 316LAR AR5 L 5Y
Table 2 Chemical composition of 3161. powder

Element Mass fraction /%
C <0.03
Si <1.0
Cr 16-18
Ni 10-14
Mn <2.0
Mo 2.0-3.0
Cu 0.15-0.25
S <0.03

<0.045
O <0.08
Fe Bal.
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Fig. 2 Model and scanning strategy of the overhanging sample. (a) Model; (b) scanning strategy
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Table 3 Molding process of the overhanging samples
No. Laser power /W Scanning speed /(mm-+s™') No. Laser power /W Scanning speed /(mm-+s™')
1 80 2000 9 140 2000
2 80 2600 10 140 2600
3 80 3200 11 140 3200
4 80 3800 12 140 3800
5) 110 2000 13 170 2000
6 110 2600 14 170 2600
7 110 3200 15 170 3200
8 110 3800 16 170 3800
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Fig. 3 Principle of lower surface process area division and the division results of different models. (a) Principle of lower surface process

area division; (b) influence of different downward comparison layer numbers T on the lower surface process area of the sample

with the same inclination angle; (c) adaptive control of the lower surface process area for the variable angle samples
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Fig. 4 Low angle molding sample model, thickness test points and lower surface process differentiation area. (a) Forming model;

(b) thickness test points; (c) inner and lower surface process area of the sample under different downward comparison layer
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Table 4 Print model parameters and dimensions

number thickness /mm  width /mm -
1 0 2 10 20
2 1 2 10 20
3 10 2 10 20
4 20 2 10 20
5 30 2 10 00
6 10 2 10 20
T 2 10 20
8 40 3 10 20
9 40 4 10 20
10 40 5 10 00
11 40 6 10 20
12 40 2 15 20
13 40 2 20 20
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Fig. 5 Morphology and grouping of overhanging samples formed by different processes. (a) Morphology of overhanging samples
formed under different processes; (b) typical morphology of over-melted samples; (c) typical morphology of melting-suitable
samples; (d) typical morphology of under-melted samples
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Fig. 6 Overhanging single layer printing splash diagram and the influence of scraper on overhanging structures. (a) Overhanging single-

layer print splash diagram; (b) diagram of the action of scrapers on overhanging structures
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Fig. 7 Interlayer lap joints of overhanging samples formed by different processes. (a) Over-melting process; (b) suitable melting
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process; (¢) under-melting progress
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Fig. 8 Effective overhanging length of formed sample under

the different downward comparison layer numbers (T)
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Fig. 9 Warping mechanism of the sample and the influence mechanism of the different downward comparison layer numbers.

(a) Warped sample; (b) warping mechanism; (c) laser action mechanism when T=0; (d) laser action mechanism when T=40
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Fig. 10 Topography of the upper and lower surfaces of the low-angle samples. (a) Lower surface of the contour is not opened; (b)

upper surface of the contour is not opened; (¢c) lower surface of the contour is opened; (d) upper surface of the contour is opened
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Fig. 11 Schematic diagram of interlayer scanning
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Fig. 12 Forming thickness of the samples with different sizes. (a) Forming thickness of the samples with different thicknesses;

(b) forming thickness of the samples with different widths
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Fig. 13 Annular impeller model and the formed sample. (a) 15° inclination area of the impeller; (b) 45° inclination area of the impeller;

(¢) top view of the formed impeller; (d) side view of the formed impeller; (e) upper surface morphology of the formed impeller
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0402303-10



E51% F4H8/2024 £ 2 B/HE#N

4 ok W

FEH PRI T — b A BERE R 0 O T 8k TR
ZITIE ST 307K AA BERE AR LA K fo i 1570 48 B 1)
JRIE o B AL B A P 2 1 e L R O O v i 1
FPEREAT THR5T, 3045 T LU 458

D) AEARF BT AR F OE i e v, aod i 00 e 1
SRR I IR RBUE L R TR R
PERYJZ A1 45 G M2 WoR o i IR RE I % 2 & S 203
BREEAL BB IERE . RAEE T2 IR
LI R A L

2) TEIE B T2, TR T2 X Bk 2
SRR AR B R OB BB IR o A2 30TRUB I, HUAT
10 T AR B T=40 WF, B AR ) 8 3 X A BE R T
ey FIE N 2 T O R W RN ) AR TE |, S BRI A BE AT ED .

3) R AR R LR T Sk
RS R T R ER T A2 R R R A b 2 52 B
BN RO E X2 o B sk, BT RS Ry
R i T ARUA [ 0 2 b SR DR B 22 S 1) T 2L

4) AR A BEAEAF BOE I, BE G AR 1R IR RE S, B 1
AT T2 MR T RE A 5 B4 38 I L A 22 0 A% A
FEPERYASIE 7 HE R

Z % X #

(1] =R, WAEF, BOGRIL . B 28 L L ™ f RO R R R A R
S FHBURA KR LT]. O, 2023, 50(16): 1602304
Guo M, Dai Y F, Huang B D. Application status and development
of laser powder bed fusion technology in typical electromechanical
aviation products[J]. Chinese Journal of Lasers, 2023, 50(16):
1602304.

(2] BRGE, KICm, XU, A S PR SSHAR OL I M 3

e PERR I E (7). P EEOE, 2023, 50(4): 0402014,
Liang J Y, Zhang W Y, Liu W, et al. Laser additive
manufacturing and heat transfer performance measurement of
lattice structure heat exchanger[J]. Chinese Journal of Lasers,
2023, 50(4): 0402014.

[3]  Bremen S, Meiners W, Diatlov A. Selective laser melting: a
manufacturing technology for the future[J]. Laser Technik Journal,
2012, 9(2): 33-38.

[4]  Wong M, Tsopanos S, Sutcliffe C J, et al. Selective laser melting
of heat transfer devices[J]. Rapid Prototyping Journal, 2007, 13(5):
291-297.

[5] MaZ L, Gao M D, Guo K, et al. Analysis and optimization of
energy consumption for multi-part printing using selective laser
melting and considering the support structure[J]. International
Journal of Precision Engineering
Technology, 2023, 10(3): 693-707.

(6] EMmN, FEFHVE, BIA, A . 0k KBOLIE b U 0 S 4 i
PERE 22 S IE[T]. I #OE, 2023, 50(16): 1602306,

Yi Y L, Cheng Y Y, Jia C Z, et al. Performance differences of
support structures for parts formed by selective laser melting[J].
Chinese Journal of Lasers, 2023, 50(16): 1602306.

[7]  Wang D, Mai S Z, Xiao D M, et al. Surface quality of the curved

overhanging structure manufactured from 316-L stainless steel by

and Manufacturing-Green

SLM[J]. The International Journal of Advanced Manufacturing
Technology, 2016, 86(1): 781-792.

[8] gk, fAEE, Tl , 4% . 3161 AN H0 ik X IO 1 b Al 1 4Rk
R IEEHEFEL] MORRLE S T2, 2011, 19(6): 94-99.

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

0402303-11

Yang Y Q, LuJ B, Wang D, et al. A study of 316L stainless steel
non-horizontal overhanging surface in selective laser melting[J].
Materials Science and Technology, 2011, 19(6): 94-99.

Feng S C, Kamat A M, Sabooni S, et al. Experimental and
numerical investigation of the origin of surface roughness in laser
powder bed fused overhang regions[J].
Prototyping, 2021, 16(supl): S66-S84.
Le K Q, Wong C H, Chua K H G,
overhanging melt track in selective laser melting process[J].

Virtual and Physical
et al. Discontinuity of

International Journal of Heat and Mass Transfer, 2020, 162:
120284.

Babu J J, Mehrpouya M, Pijper T C, et al. An experimental study
of downfacing surfaces in selective laser melting[J]. Advanced
Engineering Materials, 2022, 24(8): 2101562.

Han J T, Duan W P, Mao Y Y, et al. Comparison of laser power
and scan speed in SLM[J]. ISTJ International, 2022, 62(1): 200-
208.

Yang T, Liu T T, Liao W H, et al. Effect of processing
parameters on overhanging surface roughness during laser powder
bed fusion of AISilOMg[J]. Journal of Manufacturing Processes,
2021, 61: 440-453.

WA PR Oy, YRR AR AR 1 DO AR ) i
AR SZ IR T]. SO 5 AR BE R, 2023, 60(9): 0914001,

Bian PY, Xu KW, Yin E H, et al. Effect of scanning strategy on
thermodynamics evolution of selective laser melting[J]. Laser &.
Optoelectronics Progress, 2023, 60(9): 0914001.

K SRCTR , BESCRT, A5 O % O 1k R Bl 45 1 95 ik
F1 AR g 23 HT 0], A IE#OE, 2016, 43(12): 1202004,

Liu T T, Zhang C D, Liao W H, et al. Experimental analysis of
pool behavior in overhang structure fabricated by selective laser
melting[J]. Chinese Journal of Lasers, 2016, 43(12): 1202004.
SuCJ, CaoJZ, LiG Z, et al. Experimental investigation on the
factors affecting the quality of titanium alloy overhang via selective
laser melting forming[J]. The International Journal of Advanced
Manufacturing Technology, 2023, 128(7): 3391-3402.

Vasileska E, Demir A G, Colosimo B M, et al. A novel paradigm
for feedback control in LPBF: layer-wise correction for overhang
structures[J]. Advances in Manufacturing, 2022, 10(2): 326-344.
Yuan Z J, Chen X D. Novel approach for fabricating horizontal
overhanging structures in selective laser melting[J]. Journal of
Manufacturing Processes, 2023, 85: 793-801.

Jiang J, Chen J, Ren Z, et al. The influence of process parameters
and scanning strategy on lower surface quality of TA15 parts
fabricated by selective laser melting[J]. Metals, 2020, 10(9): 1228.
Mao Y Y, Li X F, Shen X D. A study on the surface quality of
selective laser melted cylindrical- and parallelepipedic-shaped inner
structure[J]. Materials, 2023, 16(13): 4649.

Liu H, Cai G S, Xin Y X. Effect of processing parameters on the
quality of overhanging round hole structure in AISi10Mg selective
laser melting[J]. Materials Today Communications, 2023, 37:
107464.

Xie Z W, WuM P, Shi X J, et al. Study on the forming precision
optimization of built-in flow channel structure manufactured by
selective laser melting[J]. Proceedings of the Institution of
Mechanical ~Engineers, Part B: Journal of
Manufacture, 2023, 237(6/7): 1048-1059.

BNNI, LT, R, G5 BOGR A KIS flUE AISi1OMg £
G S R W TE A PR SELT). BOE SO0t TR R 2023, 60(7):
0714006.

Zhu X G, Dong A P, Cheng L Y, et al. Study on AISil0Mg alloy
with complex flow channels by laser powder bed fusion[J]. Laser &.
Optoelectronics Progress, 2023, 60(7): 0714006.

Gu D D, Shen Y F. Balling phenomena in direct laser sintering of

Engineering

stainless steel powder: metallurgical mechanisms and control
methods[J]. Materials & Design, 2009, 30(8): 2903-2910.

Wang D, Yang Y Q, Zhang M H, et al. Study on SLLM fabrication
of precision metal parts with overhanging structures[C] /2013



SHEME-$FEIEX 515 5 481/2024 £ 2 B/ EM®

IEEE International Symposium on Assembly and Manufacturing [29]  Vrancken B, Cain V, Knutsen R, et al. Residual stress via the
(ISAM), July 30— August 2, 2013, Xi’ an, China. New York: contour method in compact tension specimens produced via
IEEE Press, 2013: 222-225. selective laser melting[J]. Scripta Materialia, 2014, 87: 29-32.

[26] Scriven I E, Sternling C V. The Marangoni effects[J]. Nature, [30]  BAFR & . B AN A Ok X fh T T e B i T AR I A
1960, 187(4733): 186-188. FE[D]. & R & il 2021

[27]  Zhu X G, Dong A P, Wang L. F, et al. Influence of inclination Zhao C F. Study on the laser-selective melting printing quality of
angle, shape and size of the flow channels on the AISi10Mg overhanging  structures and  their cutting properties[D].
complex products fabricated by selective laser melting[J]. Journal of Qinhuangdao: Yanshan University, 2021.
Manufacturing Processes, 2022, 83: 157-171. [31] [t . BT SLM (¥ [ S5 81 45 0 1 125 29 otk o 5 4 %

[28] Wen SF, LiS, Wei QS, et al. Effect of molten pool boundaries DY Kk REH T k2%, 2019.
on the mechanical properties of selective laser melting parts[J]. He H W. Process constraint study and configuration design of
Journal of Materials Processing Technology, 2014, 214(11): 2660- SLM based self-supporting overhanging structure[D]. Dalian:
2667. Dalian University of Technology, 2019.

Method and Process of Selective Laser Melting Forming Low-Angle
Support-Free Structures (Invited)

Hu Weinan'’, Feng Ying™', Wang Di", Yan Xingchen®, Jiang Menglong', Jin Gang',
Yang Chao', Yang Yongqiang', Wu Jiehua’, Chen Simin’
'School of Mechanical and Automotive Engineering, South China University of Technology, Guangzhou 510641,
Guangdong, China;
‘Institute of New Materials,Guangdong Academy of Sciences, Guangzhou 510075, Guangdong, China;
’School of Mechanical Engineering, Guangzhou City University of Technology, Guangzhou 510800, Guangdong, China;
‘School of Innovative Design, City University of Macao, Macao 999078, China;
’Shenzhen Jinshi 3D Printing Technology Co., Ltd., Shenzhen 518107, Guangdong, China

Abstract

Objective Currently, the recognized optimal forming angle for selective laser melting (SLM) is 45°. When the forming angle of a
sample is less than 45°, support structures are required for assisting the formation. Although the addition of support structures can
effectively assist in the formation of parts, drawbacks, such as increased printing time, increased material consumption, increased
difficulty in post-processing, and increased roughness of the support surfaces, are often observed. In some cases, for parts with
internal cavities or complex channels, the inability to remove internal support can render SLLM unsuitable for fabrication. Therefore, it
is important to explore a forming method for samples with low forming angles in SLM to reduce printing costs and expand the
applicability range.

Methods First, the treatment process of a horizontal suspension sample is discussed. Different process combinations are used to
form single- and double-layer overhanging structures to obtain a stable overhang process. Accordingly, an adaptive method of lower
surface process area division based on the machining layer angle is proposed to adjust the size of the lower surface process area applied
to the overhanging sample. The feasibility of the low angle forming method was verified by forming a 30° overhanging sample with
different downward comparison layer numbers. Samples with different widths and thicknesses were formed using the same forming

process, and the applicability of the forming method was verified.

Results and Discussions No obvious overheating was observed on the surface of the single-layer overhang formed by the fusible
process, and only a few micropores were present. The formation of a double-layer overhang effectively ensured bonding between the
layers. When the layer comparison interval was opened, the sample was forced to interrupt printing at a 6 mm overhang length when
T=1, 10, and 20, whereas the sample without layer comparison could be formed up to a 10 mm overhang length. When the layer
interval T was further increased to 30, the effective forming length of the sample reached 12 mm. Finally, when T was greater than
40, stable formation of the designed height of the sample was achieved. When printing overhang samples of different sizes, it was
found that increasing the thickness exacerbated the deformation of the sample but did not affect the realization of the designed height.
This indicates that this method has a certain applicability in low-angle forming.

Conclusions (1) In the horizontal overhang formation process, a high energy density caused serious spatter accumulation on the
surface of the overhanging sample and destroyed the interlayer bonding under the action of the scraper. However, an energy density
that 1s very low will lead to an insufficient weld lap or even failure to form. Using a fusible process, the sample can achieve an
effective multilayer lap. (2) Under suitable conditions for the overhang process, the division of the forming region on the inner surface
was a key factor affecting the formation of low-angle samples. For 30° forming, the overhanging area of the sample can resist the

thermal stress deformation caused by the high-energy inner surface laser only when the layer comparison interval T is greater than or
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equal to 40, thus achieving low-angle printing. (3) The quality of the lower surface was mainly affected by powder bonding and
sinking of the molten pool. In addition to powder sticking, the upper surface was mainly influenced by the staircase effect and the gap
between the laser contour and the boundary of the melt pool. Additionally, the difference in the contact area with the powder was the
main reason for the difference in powder sticking between the upper and lower surfaces. (4) When forming the low-angle samples, as
the thickness of the sample increased, the deformation of the sample gradually intensified, whereas an increase in the width had almost

no effect on the deformation of the low-angle samples.

Key words laser technique; selective laser melting; support-free printing; low-angle; forming mechanism; surface quality
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