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Fig.1 SLM-280 forming equipment. (a) Equipment appearance; (b) indoor structure of forming chamber
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Fig. 2 Particle size distribution of recycled 3161

stainless steel powder
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Table 1 Physical properties of recycled 316L stainless steel powder

Powder Dy, /pm D, /pm

Dy, /pm

Apparent density / Tap density / Flow rate /

(g+cm ) (g+em ) [s+ (50 g ']
RO 15.5 30.0 50.4 4.52 5.12 19.2
R10 17.0 32.3 53.3 4. 50 5.08 18.9
R30 19.6 35.95 57.7 4,47 5.02 18.0
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Fig. 3 Surface morphologies of recycled 316L stainless steel powder. (a) Virgin powder; (b) 10 times recycle;

(c¢) 30 times recycle
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Fig. 4 EDS spectra of oxidation spots on the surface of powder with 30 times recycle. (a)(b) Powder with oxidation

spots; (c¢)—(e) EDS spectra of each point
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Table 2 EDS analysis of oxidation spots on the surface of powder with 30 times recycle

Mass fraction /%

Position

Fe Cr Ni Mo Mn Si C O
Point 1 20.55 8.99 3.45 — 11.99 9.63 7.71 37.68
Point 3 25.83 12.43 4.78 — 10.52 9.32 4.78 32. 34
Point 2 56. 16 14. 66 9. 66 2.71 1. 20 1. 20 14.41
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Fig. 6 Surface microstructures of recycled 3161 stainless steel powder. (a) Virgin powder; (b) 10 times recycle;

o QPR B A ; (DIEAEH 10 & O FREH 30 K

(c¢) 30 times recycle

6 (b) BT 7 By AR UKL R 1 & A HLARZM 4.3 pm
() IR M g (SE 2R [ P8 YD) DL S BAR 295 2.5 pm (1)
BRARFIURL T HE P9 ) 5 91 35 0 BRBR UKL 1) T 1 J5 R T
DAER A Sy« B AU e B0 4 5 | 18 1 0K UKL 7E 1
BN AT 5 AT e T UL e Az il 48 L Al 8 R
MAS A 5 0B BT 0 A K BROIR BB A 80
] 6 (b) JIT 7 ¥y AR URL R 1H IR & 1 pm 2247 158
L BRCIR ORE O 22 5] JB] 1) & 3 b 0 oK 80 B4 T 1
Al LABR R Ny AR i B S Rk SR LR I
Bet, AL 4 8 o0 R R i T A BOE = N R
ANGURL 2 18] V3 BE T B ROK BURL FE 2R g 0K
R — e g A R A PN 0B AN T i 4 3
T YRR AR B T 6 (o) BT R R R R 2
T o & BRER I 0 AOK AW0RE S 3 AT fig 2 PN oA 2 0k
IS L AE 5 TRAT B I AOK O BiE 8 2 1T 8 295 A
MARIKRGRERNZE . 535072 6 (o) PR i Fy K o
2T & BT PR B, 0 R 2k 1R P T L 1 DR e B
A TR R T S ORLAE BOE 2 AT R AR A S AR
& B .
3.6 MERMAAEENE

SLM b 2 J2 oW RUBE CROWE 20 2819 T8 5O -4 W
FRUBE Ry AR ACTE SN 3t ) -7 W RUBE 2= PR BB A1
MERNZ RN, SRESFYI b 068 &% K
SR T I A R A R A B AR S IR R
KL T AL BB JURE 43 S P 2, 3 — R O 1A S0
U SR, 87 2R AR I 5 T S R AOR

P55 0 Tt W S UKL TR AL . AR SO S
3 AR URL A BLAE R 100 w0 2ok 72 v, o B i %5

(8 O T A 5 (B A5 4 TR G B IR R L PR Tt 1
J5 e KR A R AR AL BGR AN R R R e R Sy . [
B R T Tt P S L AT 14 e R ) TR R R B 4 R
FU VR AR 18] 1) A1 3h B S 25 S e N iR . 7E 35K
1R R R 2% K Je o A L TR E AR L IR R
AR MAL TP S AR RAS . Y5 2% e X i N o
7 %k v A Y A ) A ek 2 1wk T B VR
A 502 42 a0 1 R VS e Tt 8 SRR L o AL A RL KR IR
T T Tt G S SR I T T A R R VRS
T o TRAT I fR IR A T A R T 5K T AR R B A
ROSF 5K AERIE BORL, W 7 BiR i A ks, s 3
HE 4[5 B T /s 1 SOk . o TR TR R AT R AR P L AR
1o R 5 R 45 R 1 I R B0k il 1 )5 L 3E 2% B
KLk B AT B4, & 3 2 4k 18 B R
T TR R AT I AR b DA A B 5 RS /N Y
AR T OB R ) L 25T i A — B0RE, AN 6(b) S22k 7
HE ST 735 PR . 25 T S P AR 285 e i 0, 7 5 [ iy %
TR IR b o 352 i 322 T B A AV TR A AR SR, T R
BARA A RORL . 1 T35 (A9 0 38 4 oK 5
1A B 4 DRI R L 38 R A K P R R
S R 5 58 BORL 0 T8 s AL PR - 7 3
M3 R AR EAE FH e A e A R ] P 4 7 A TR
At . 29 b 2% IR R 5 5 L G5 B 3161 AR
T3 A (0 s a1 R 3 2 7 2R 2% R I 42 L T L b 6 TR
JIE S 1 M 7Rk R SRR B 2 A s B 4 R
FRA Y R 2 ) e b A 5 e o
1 R 3 B 4 28 SO 43 I O LR U . 28R
W% 5 175 3 04 b JE) R A B A A = A KOS 1) Y R A

1402009-7



F48%E F 14 81/2021 £ 7 A/HEHE

scan direction

O

droplet
A-  particles
laser
..A +O. A plume/vapour

[ ]

B+ B

gas
entrainment

T b

high temperature
particles

> & F
H
G [}
E
=8
S
£
A -
L
N / —
g—
\ /nudation < —
zone —
i
\ G

molten pool

consolidated

layer

substrate

7 WOE-H AR AR R A

Fig. 7 Schematic of laser-powder-molten pool interaction
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Abstract

Objective The interaction between laser and powder particles has a significant influence on the characteristics of
the powders during the selective laser melting (SLM) process. However, the understanding of the transformation
and evolution mechanism of the recycled powder in SLM is limited. The physical and chemical properties of powder
change significantly with the increase in powder recycling times in the SLM process. Nevertheless, research on the
variation of powder properties with the increase in recycling times is inadequate. Some researchers have studied the
recycling of 316L stainless steel (SS), Ti6Al4V, AlSi10Mg, and CoCr alloy powders, but no consistent regulation has
been obtained owing to the differences in recycling methods, forming equipment, forming processes, and the number
of uses. The 316L SS powder is a widely used material owing to excellent corrosion resistance and good weldability.
Therefore, studying the variation regulation of 316L SS powder characteristics with the increase in SLM recycling
times is necessary to understand the variation and oxidation mechanism of the recycled powder, which helps to
elucidate the reason for the unstable quality of SLM parts. The findings of this study can help understand the
evolution of powder characteristics during the 316L SS powder recycling process better, judge recycling
characteristics, and develop recycling standards. The study method is also applicable to other powder bed melting
additive manufacturing technologies.

Methods The raw material selected was 20 kg 316L SS powder. In the early SLM experiment and small-batch
processing, argon (Ar) with a purity of 99.99% was continuously filled to keep the oxygen (O,) content in the
forming chamber below 5 X 10~ * (volume fraction) to prevent material oxidation during the forming process. After
each test or production, the SS powder was strictly screened and then dried to remove water vapor. Some dried SS
powder was taken as the sample for detection and analysis, and the physical and chemical characteristics were
analyzed. The characteristics of the SS powder, such as particle size distribution, bulk density, tap density, fluidity,
morphology, composition, O, content, and surface microstructure, were comprehensively studied. No new powder
was added to the sample powder during recycling. The particle size, physical properties, surface morphology,
microstructure, and element content of SLM recycled powder were analyzed using a laser particle size analyzer,
physical property tester, scanning electron microscope, and energy dispersive spectrometer.

Results and Discussions The proportion of fine and coarse SS powders, respectively, decreases and increases
with increase in SLM recycling times, indicating that the particle size distribution of the SLM recycled powder was
coarser and more concentrated. Owing to the formation of irregular coarse particles inducing more voids and bridging
between the stacked powders, the bulk and tap densities of the recycled powders showed decreasing trends, and
fluidity improved. The recycled powder had more irregular, sintered, broken, rod-shaped, and spherical particles
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than the virgin powder, which is owing to laser-powder-molten pool interaction. Large size powder particles with
black circular spots on the surface were found in the powder that was recycled many times. EDS analysis showed that
the circular oxidation spots were rich in silicon (Si) and manganese (Mn). The formation of circular spots on the
surface of large particles was closely related to O affinity, high-temperature diffusion rate, and O, partial pressure.
The surface microstructure of the powder gradually changed from coarse dendrites to cellular crystals owing to the
thermal radiation of the laser. In this study, the irregular particles in the recycled powders were divided into two
categories: laser-induced melt ejection particles and gas entrainment-induced irregular particles. The different
formation mechanisms of these two types of irregular particles were discussed in detail, respectively. The weak
magnetic particles of 316L austenitic SS powders produced by phase transformation in SLM were also revealed.

Conclusions The D, and D,, of 316L SS powder increased by 14.5% and 26.5%, respectively, after 30 recycling
times in SLM. The particle size distribution of the powder coarsens with the increase in recycling times, with more
rod-shaped, broken, and irregular particles in the recycled powder. The oxidation spots formed on the surface of
spherical particles with larger diameters were rich in Si and Mn. The formation mechanism of oxidation spots was
mainly determined by element type, O affinity, high-temperature diffusion rate, and oxidation potential. Dendrite
content in the surface microstructure of the recycled powders significantly reduced. The irregular particles in the
recycled powders were divided into two categories: laser-induced melt ejection particles and gas entrainment-
induced irregular particles. The formation mechanisms of the two irregular particle categories were related to the
molten pool instability and Ar vortex, respectively. The recycled powders also exhibited weak magnetism owing to
recrystallization.

Key words laser technique; selective laser melting; recycling; oxidation spot; powder properties; evolution
mechanism
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