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Fig. 1 Summary of defect types during selective laser melting process (the inset figures are collected from references[4,17,28])
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Fig. 2 Effects of several energy density indicators on relative density of selective laser melted materials (experimental data in the
figures are collected from references [45, 48-57] and the thermo-physical parameters used to calculate energy density

indicators are collected from references [58-60])
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Fig. 3 Effects of several dimensionless numbers on relative density of selective laser melted materials (experimental data in the

figures are collected from references [45, 48-51, 56-58] and the thermo-physical parameters used to calculate the

dimensionless numbers are collected from references [58-60])
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(a) Melt pool; (b) cell structure; (c¢) nano-inclusions
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(¢)(d) melt pool morphologies at volume energy density of 81 J/mm® and 150 J/mm®, respectively ™
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Laser power 200 W, scan speed increases from left to right (200, 300, 400, 500, 600 and 1000 mm/s, respectively)
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Fig. 8 Texture control by modulation of melt pool morphologies. (a)—(f) Melt pools and textures under different laser beams

[14] |

and laser powers" " ; (g)—(k) melt pools and textures observed in the specimens fabricated with low and high energy

densities
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[82]

<[conduction mode: e =0 or Ke < 1.4
<L 2o0rl.4<<CKe<6.0,
keyhole mode: e” > 2 or Ke > 6.0

transition mode: e "

(13)
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SRRSO G, 22 1 845 TR R SC ik by R R
SPECHE AT LR L SLM-316 L 4T ERAS M BHE % AL 55 )7
B A4 316 L M4 R0 dil b R 1 5K R, JH R K
WO LB L E ROk, sk T — /N T 100 pm,
%1

Table 1

i B I 25 S B 2 B SLM-3161L #4 R} i hir i 53
JE G = AL B A& 7 AR B 3161 M kLY B 5
JEER RSSO S ] B UE B T P SLM-316 1 Ji IR 58
() 3 2 2R T RS 2 H R A R o A A 1 R R

AR SCHik R SLM-3161 By &k

Grain size of selective laser melted 316L. samples in different references

Author and reference Power / Scanning spleed / Aspect ratio Grain width / Grain length /
w (mmes ) pm pm
Shamsujjoha, et al. ™ 400 - - - 200
Montero-Sistiaga, et al. " 400 - 1.4 70 100
Montero-Sistiaga, et al. *! 1000 - 10 ~100 ~1000
Sun, et al. ' 380 - - 13.2 -
Sun, et al. " 950 - - 11.6 -
Ma, et al. > 200—2000 800—2200 5-15 16-27 120-400
Wang, et al. (concept) " 150-350 7001700 - 45 -
Wang, et al. (Fraunhofer)" 296-353 150-225 - 20 -
Voisin, et al. ™" 150 700 - 9 -
Salman, et al. ™" 175 688 - 45 -
Chen, et al. ™" 200 850 - 5.9 -
Sistiagas et al. ™ - - - - 100
Saeidi, et al. " 195 800 - - 10-100
Jiang, et al.™ 206 900 1.6 41.2 67.9
Khodabakhshi, ez al. ™ - - - 7.5 -
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Fig. 9 Effect of process parameters on cellular structure and tensile property of an selective laser melted 316L stainless steel ™ .

(a) Effect of process parameters on cellular structure size; (b) engineering stress-strain curves at low energy density
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%2 SLM-316L Hi fii o fil 4 25 OF R L BOHE 2 N TR 187 3~ 107 4% b 2 v A S48 51 )
Table 2 A summary of tensile properties of 316L. samples produced via different selective laser melting parameters and

processing technologies (* represents the data obtained by estimating from engineering stress-strain curves)

Author and reference o,/ MPa ours/ MPa cve/ % e/ %
Jiang. et al.™ 584116 77344 28+1 416=+1
Shamsujjohas et al. ™" 584 667 23 49
Bahl, et al. ™ 550 675 44
Wang, et al. (concept)*" 595-680 700 3443 58%
Wang, et al. (Fraunhofer)™" 450-557 640 59 g7*
Qiu, et al. ™ 558 686 51
Qiu, et al. ™ 541 681 51
Qiu, et al. 519 663 47
Casati, et al.'™] 554 685 36
Zhong, et al. ™ 487 594 49
Saeidis et al. ™" 428 654 45
Saeidis et al. ™" 456 703 46
Liu, et al. ™ 552 83
Sun, et al.™" 567 660* 10*
Wang, et al. ™" 590 21
Elangeswaran, et al."'*" 453 573 46
Riemer, et al. " 462 565 54
Suryawanshis, et al. ' 512 622 20
Suryawanshi, et al."*? 430 509 12
Suryawanshi, et al. ' 536 668 25
Suryawanshi, et al. "> 449 528 12
Kurzynowski, et al. ™ 517 687 32
Kurzynowski, et al. ™ 463 687 25
Kurzynowski, et al. "™ 454 750 29
Kurzynowski, et al. ™ 440 662 28
Kurzynowski, et al. ™ 409 674 26

ASMIH Handbook Committee

; 170 480 40
(hot finished+annealed) ™"
ASMIH Handbook Committee 170 480 20
(cold finished+annealed)™'"
ASMIH Handbook Committee . .
(cold finished)!'! 310 620 50
Seguras et al. (wrought 316L)M%" 327410 620+4.5 5340.8
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2 fE Hall Petch % B2 o, —o, + b/ fr.a 1 SLM-SIGLAEEN B 5 Y T2 BE A G L 7
R e T BEM T 48T ,SLM-316L # B2 2% 45+ Fr g8 3
(R ATE A O 00 B e A P E g AT BUAE R CAUR B T TS (i

27 (89,106 Ay o b M Be B = ‘/i:\ > "\
Hall-Petch 55 (0. =0y +£//d +MaG | b | o« Eof1, JE A5 o LA PE RE A 5Tk 2 o i S AR A X R]
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Wang, et al. Hierarchically heterogeneous microstructure, 2
with length scales spanning nearly six orders of magnitude.

Impurities (N, H)
<Inm '

a Grain length Cell diameter Cell wall thickness.
uwpto0.2mm <lpm <160 nm

Fusion boundary spacing Local
upto 01 mm (21 /cel)

10-150 nm

Sun, et al. Enhancing the TWIP effect
by tailoring the melt pool shape.

'(a)LasefScammg

Texture

Cellular structure.

Zhong, et al.

» ]

11 SLM-3161 =55 i WL R A 2 R W s i gy 1o 1oomt 88

Fig. 11 A summary of academic viewpoints on high strength and high ductility mechanisms of selective laser melted 3161

. 14,19,21,24,88
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debonding of melt pools

i

\

fracture at

cellular structure

Magr

Bl 12 SLM-316L MMM . FTEIA SLM-316L: () L5 (b ML H . WifG SLM-316L: (OB MIE S ; (D Kt 2e ;
Ce) U5 4 5 (D W7 24 Je 2 7 it 465 Ay B i e o o7 8 Ak

Fig. 12 Microstructures of 3161, fabricated by selective laser melting. As-built part: (a) melt pool morphology; (b) cellular

structure. As-fractured samples: (c) melt pool morphology; (d) optical microscopy (OM) image showing the

debonding of melt pool; (e) a high magnified scanning electron microscopy (SEM) image showing the seriously

clongated cellular structure after tensile test; (f) SEM image showing the fractured location occurs at both cellular

structure and cellular dendrite structure

®)  =15%

B 13 AFpER T SLM-3161L AEMIBARIESE . (T (b)15%5(0)30% 5 ()46 %
Fig. 13 Grain maps of selective laser melted 316L stainless steel at different strain levels. (a) As-built; (b) 15%;
(¢) 30%; (d) 16%
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Abstract

Significance Metal additive manufacturing can be used to manufacture complex structural components that are difficult
or even impossible to be produced using conventional methods. Recent development in constituent technologies has
improved the understanding of process parameter-structure-property relationships for as-printed parts; 316L stainless
steel (SS) is a face-centered cubic material, and the structure is not transformed when cooled to room temperature.
Therefore, it is a good candidate material for analyzing the influence of heterogeneous microstructures on the mechanical
performance of additive manufacturing (AM )-processed materials. Several studies have revealed that the strength and
ductility of selective-laser-melted (SLM) 316L SS are higher than those of forged SS. This is because SLM parts have
unique heterogeneous microstructures. Here, we review the recent SLM 316L SS, considering the process parameters,
trans-scale structures, and mechanical properties. We provide a detailed review of SLM 316L SS with high strength and
ductility and give insight into the future of this material.

Progress First, defect formation mechanisms in SLM 316L SS are discussed. To summarize and compare the process-
parameter-dependent relative density of as-printed samples, different energy density indices are adopted to calculate the
resultant energy density under different processing conditions (i.e., different selective laser melting machines, spot
diameters, and materials). Then, the melt pool evolutions with different process parameters are reported. We summarize
the relationship between the melt pool geometry and crystallographic texture and present the melt pool morphology
predicted through dimensionless analysis. Thereafter, the grain size and morphology, cellular structure, dislocation
density, and nanoparticles of SLM 316L samples are discussed, focusing on the formation mechanism of cellular
structures, followed by the presentation of the mechanical performance, including hardness, tensile properties, and
corrosion behavior, of SLM 316L parts. Additionally, the effects of postdeposition heat treatment on the microstructures
and tensile properties are also reviewed.

With an increase in various energy density indices, the relative density of the part increases first, remains constant,
and then decreases (Fig. 2). Several dimensionless quantities, including Ry, 7., 7., and Ke,L;, are used to
determine the minimum threshold for as-printed samples with high relative densities, and their values are 1.2, 2.6,
0.45, and 2.0, respectively (Fig. 3). The energy density imported into a powder bed has a significant impact on melt
pool morphology (Figs. 5-8). However, contradictory results are observed when different energy density indices are
used (Fig. 5), suggesting that there are limitations in using these indices as design parameters for selective laser
melting. Comparing reported data for SLM and forged materials, it is observed that the grain size of SLM 316L SS is
relatively large (Table 1). An anisotropic grain structure, namely, a checkerboard-like structure, is formed on the top
surface, whereas a columnar grain structure is formed on the side plane of the as-built 316L SS, with the grain-size aspect
ratio ranging from 1.4 to 15. Although the formation mechanism of the cellular structure is still not clarified, the
structure plays a vital role in determining the mechanical performance of SLM parts. Nevertheless, as-printed materials
have massive dislocation networks at the cell boundaries. Such cell structures with dislocations formed in SLM material
are similar to the microstructure processed under severe plastic deformation processes. Many studies have reported that

high dislocation densities, ranging from 10" to 10" m *, are obtained in as-built 316L SS, which contributes significantly
to the enhanced tensile yield strength of SLM samples according to the Taylor hardening law. Recently, it has been

reported that SLM 316L samples break through the strength-ductility tradeoff due to their hierarchical microstructure
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(Table 2 and Fig. 11). By tailoring laser process parameters, the melt pool shape, cell structure size, and size/content of
nanoinclusions may change; hence, different strengthening mechanisms will be dominated at a certain printing process
(Fig. 11). We infer that the hierarchically heterogeneous microstructure acts as a whole to resist tensile deformation
under loading. Our experimental results collectively suggest that melt pool, grain, and cell structure boundaries are
relatively weak regions in SLM parts, and the original grains of an SLM part are usually subdivided after tensile
deformation (Figs. 12-13). Though the thermal stability of various microstructural features may differ (Fig. 14),
independent of the process parameters and printing machines, 873 K is the temperature threshold above which SLM 316L
SS exhibits classical strength-ductility tradeoff (Fig. 15).

Conclusions and Prospects In this study, we present a comprehensive overview of the evolution of the microstructures
of SLM 316L SS from heterogeneous aspects. Unique microstructures, including the presence of crystalline grains,
defects, melt pools, cellular structures, very high dislocation density similar to that of a severely plastically deformed
material, and nanoinclusions, are formed in SLM 316L SS. Many studies have shown that the mechanical properties of
SLM 316L SS are comparable with those of the wrought counterparts, though the mechanical performances may vary with
process parameters and change locally within a part. Progress has been made in understanding SLM 316L SS, and the
underlying strengthening mechanisms have been sufficiently revealed. Therefore, tailoring the structure and properties of
SLM 316L based on scientific principles paves the way to AM metal parts with excellent mechanical properties. This
review can serve as a valuable reference for understanding the current state of SLM 316L SS, the scientific gaps, and
future research needed to advance this technology.

Key words laser technique; additive manufacturing; selective laser melting; 316L stainless steel; hierarchically
heterogeneous microstructure; mechanical properties
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