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A B S T R A C T

Laser-powder bed fusion (LPBF) enables the fabrication of complex metallic components by manipulating various 
laser scan strategies to control microstructure and texture. Multiple thermal cycling and rapid solidification lead 
to non-equilibrium, non-uniform microstructure, and micro-segregation at the melt pool boundary (MPB), whose 
accurate location is still invisible by transmission electron microscopy (TEM), and quantitative concentration 
remains imprecise. In this study, we proposed a novel method to make it clear by controlling the crystallographic 
texture of 316 L stainless steel through unique LPBF processing parameters to obtain a single-crystal-like 
microstructure of the cellular structures along the laser scanning direction. The accurate location of the track- 
track MPB is distinguishable by means of the transverse and longitudinal cellular dislocation structures on 
both sides. The edge-on state of the track-track MPB makes the quantitative concentration analysis precisely 
using high-angle annular dark-field scanning TEM with energy-dispersive X-ray spectroscopy, which is in good 
agreement with the Scheil-Gulliver solidification simulations.

1. Introduction

Additive manufacturing (AM) has demonstrated tremendous poten
tial for fabricating metallic components of near-net shapes with an un
precedented combination of superior properties and is gradually being 
adopted by the automotive and aerospace industries to produce 
commercially viable parts, thereby disrupting the traditional 
manufacturing routes [1–8]. Laser powder bed fusion (LPBF) is currently 
the dominant metal AM technology [9,10]. During LPBF processing, 
metal powders are heated and melted rapidly and periodically by a fast- 
moving laser beam, contributing to the complex solidification nature in 
the melt pool with large thermal gradients (~107 K/m) and high cooling 
rates (~107 K/s), leading to rapid solidification with high solidification 
growth rate (~10− 1 m/s) and consequently generating non-equilibrium 
micro-segregation and predictable solidification microstructure ac
cording to the relationship between the thermal gradient and the 

solidification growth rate [3,6,7,11].
Among the LPBF-processed metallic materials, 316 L stainless steel 

(316LSS) is one of the extensively used materials in various engineering 
domains due to its excellent mechanical properties and superior corro
sion resistance [12,13]. The LPBF-processed 316LSS can break the 
strength and ductility trade-off, which is achieved by the cellular 
structure with high-density dislocations and solute micro-segregation or 
precipitates at the cellular boundaries [14–16]. Different laser scanning 
strategies can change the direction of the temperature gradient within 
the melt pool, resulting in different morphologies and growth directions 
of cellular structures from the melt pool boundary (MPB) [8,17–19]. 
Epitaxial growth characteristics are exhibited at layer-layer MPB, while 
the columnar structure orientations on both sides of the track-track MPB 
are significantly different, proposing the possibility of identifying the 
precise location of the track-track MPB [20]. The maximum cooling rate 
located at the MPB induces the occurrence of micro-segregation, making 
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the MPB visible by optical microscopy (OM) and scanning electron mi
croscopy (SEM) after chemical etching. The spatial resolution of energy- 
dispersive X-ray spectrometry (EDS) equipped with SEM limits the so
lute segregation behavior analysis at the MPB. Even though its precise 
location cannot be identified, slightly micro-segregation behavior at the 
approximate MPB location has been proposed that the concentrations of 
Cr, Mn, and Mo were lower both at the MPBs in the LPBF-processed 
316LSS and within the cellular interiors as compared to cellular 
boundaries. With the increasing spatial resolution, the solute segrega
tion to the MPB is possible to be detected by high resolution transmission 
electron microscopy (HRTEM). However, the exact location of the MPB 
should be identified in advance using TEM and scanning TEM (STEM) 
imaging, employing diffraction contrast, strain contrast, and Z-contrast 
to ensure getting credible solute segregation results [21,22].

In this study, we controlled the epitaxial growth directions of the 
columnar structures at both sides of the track-track MPBs by unique 
LPBF processing parameters, e.g. laser scan strategy, laser power, laser 
scan speed, hatch spacing, layer height, etc., aiming to clarify the precise 
location of the track-track MPB, which can be distinguishable using TEM 
combined with a striking contrast of different kinds of cellular disloca
tion structures and quantitively analyze the micro-segregation behavior 
at the track-track MPB. In addition, in comparison with the thermody
namic equilibrium calculation, Scheil-Gulliver solidification simulations 
were carried out to simulate the non-equilibrium solidification process 
and the solute segregation behaviors at the last stage of solidification 
when the most segregated liquid solidifies.

2. Experimental procedure

We employed gas-atomized 316 L SS powder with a nominal 
composition of Fe-18Cr-14Ni-2.5Mo-0.03C (wt%) and a particle size 
under 53 μm. The LPBF fabrication was performed using a 3D printer 
(EOSM290, EOS GmbH, Germany) equipped with a Yb-fiber laser by “X- 
scan strategy”, as shown in Fig. 1(a), indicating the laser beam was 
scanned bidirectionally along the X-axis without rotation [23]. The 
sample was printed as cubes of 10 × 10 × 10 mm with a laser power of 
250 W, a scan speed of 600 mm/s, hatch spacing of 80 μm and layer 
height of 40 μm. The specimens were cut from the cross-sections of the 
as-printed samples containing the build direction (BD), laser scan di
rection (SD), and transverse direction (TD) and then further polished 
using an automatic polishing machine (PRESI, Mecatech 250 SPI). To 
reveal the solidification microstructures, the polished specimens were 
electrochemically etched in a solution of nitric and hydrochloric acid 
(HNO3:HCl:H2O = 1:10:10). Microstructural characterization was per
formed on the as-built specimen without heat treatment. Microstruc
tural features were observed by optical microscopy (OM, WRAYMER 
Inc., Osaka, Japan) and field emission scanning electron microscopy 
(FE-SEM, JSM-7001F, JEOL, Tokyo, Japan) equipped with an electron 

backscatter diffraction (EBSD) detector. The inverse pole figure (IPF) 
map was subsequently analyzed based on the EBSD results using OIM 
analysis software. TEM specimens were prepared using a focused ion 
beam (FIB) instrument (Scios2 Dual Beam, Thermo Fisher Scientific, 
Hillsboro, OR, USA) with Ga ions. TEM observations were conducted on 
JEM-2100PUS (JEOL Ltd., Tokyo, Japan) and JEM-ARM200F (JEOL 
Ltd., Tokyo, Japan). Compositional analysis was performed in high- 
angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) mode using EDS attached to the 200 kV JEOL JEM- 
ARM200F. All the Scheil solidification calculations were performed 
based on the classic Scheil with fast diffusers and Scheil with back 
diffusion in the primary phase and fast diffusers model configurations by 
commercial thermodynamic software Thermo-Calc with the database of 
TCFE11 and MOBFE6.

3. Results and discussion

The three-dimensional visualization of the solidification micro
structure of LPBF-processed 316LSS is shown in Fig. 1(b) using the OM 
images observed along BD, SD, and TD. The laser scan tracks formed by 
the X laser scan strategy are displayed obviously in the XY plane. The 
MPBs were distributed regularly along the BD in the YZ plane. During 
the LPBF processing, the rapid formation of new melt pools involves new 
layer-layer MPBs and overlapped track-track MPBs, suffering from local 
remelting of precious layers and rapid solidification. The MPBs high
lighted by yellow and red solid lines indicate layer-layer MPBs and 
track-track MPBs, respectively. Fig. 1(c) shows the high-magnification 
OM image involving the minor layer along the BD in the center of the 
melt pools, enabling crystallographic lamellar microstructure formation 
in the YZ plane.

Fig. 2(a) shows the SEM image of the solidification microstructure of 
the major layer in the YZ plane between two adjacent minor layers along 
the BD, indicated by the white arrows at the upper right and lower left in 
the SEM image. The layer-layer MPBs and track-track MPBs are high
lighted by yellow and red arrows, respectively. In each melt pool, the 
slender columnar structures grow epitaxially across the lay-layer MPBs 
along {100} orientations towards the top center of the melt pool 
resulting from the local thermal gradient. Fig. 2(b) shows the EBSD IPF 
map of the solidification microstructure in the YZ plane, indicating the 
side-branching columnar structures with almost a single crystal-like 
orientation along [001] in the major layers and polycrystalline orien
tations in the minor layers. The blue dashed lines on both sides of the 
minor layers indicate the side-branching slender columnar structures 
epitaxially growing from the MPBs (marked by black solid lines) along 
orthogonal directions. Figs. 2(c) and (d) show the TEM bright field im
ages of the transverse and longitudinal cross-sections of columnar 
structures, respectively. The average size of the dislocation cells is 
around 500 nm. The cellular boundaries are tangled with high-density 

Fig. 1. (a) Schematic diagram of the LPBF process, (b) three-dimensional visualization of the solidification structure of the 316 L stainless steel fabricated by LPBF. 
The yellow and red lines indicate layer-layer MPB and track-track MPB, respectively, (c) minor layer exists in the center of the melt pools along the BD, forming 
crystallographic lamellar microstructure in the YZ plane. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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dislocations, significantly governing the strengthening mechanism of 
the LPBF-processed 316LSS.

Fig. 3(a) shows the HAADF-STEM image of the microstructure near 
the track-track MPB. The transverse and longitudinal cross-sections of 
columnar structures within two adjacent melt pools can be observed. 
The exact location of the track-track MPB can be identified and high
lighted by the red arrow for easier visualization, which has not been 
successfully achieved by other researchers until now. Fig. 3(b) shows the 
corresponding diffraction pattern of the region shown in Fig. 3(a), taken 
with the incident beam parallel to the [001] direction. According to the 

diffraction pattern, the two orientations of the columnar structures are 
exactly along {001} directions, consistent with the EBSD IPF map in 
Fig. 2(b). In addition, the single-crystal-like microstructure makes the 
track-track MPB in the edge-on state, which is helpful for quantitative 
analysis of the micro-segregation behaviors in the following. The bright 
contrast in the HAADF-STEM image indicates the high density of dis
locations with elemental segregation. Figs. 3(c)-(j) show the corre
sponding EDS maps with the most remarkable contrast up to now, 
clearly indicating that Cr, Mn, Mo, and Ni are depleted at the MPB while 
Fe is enriched. On the contrary, Cr, Mn, Mo, and Ni are enriched for the 

Fig. 2. (a) SEM image of the solidification microstructure of the major layer between two adjacent minor layers, including layer-layer MPB (yellow arrows) and 
track-track MPB (red arrows). (b) EBSD IPF micrograph of the YZ plane indicating the orientation of the columnar structures (marked by the blue dotted lines). (c) 
and (d) TEM bright field images of transverse and longitudinal sections of columnar structures, respectively. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Fig. 3. (a) HAADF-STEM image of the track-track MPB in YZ plane, (b) the corresponding diffraction pattern with zone axis [001], (c)-(j) STEM-EDS mappings of C, 
O, Si, Ni, Cr, Mn, Mo and Fe, respectively, (k) element concentration at MPB, cellular boundary and interiors.
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cellular boundaries, while Fe is depleted. In addition, some black par
ticles shown in the HAADF-STEM image show oxide inclusion enriched 
by O, Mn, and Si. Similar oxide inclusions have commonly been reported 
in AM austenitic stainless steels with tens of nanometers and a few mi
crons. Fig. 3(k) lists the quantitative concentration at the track-track 
MPB, cellular boundaries, and interiors. Compared with the concentra
tion in the cellular interiors, the Cr and Mo elements were slightly 
depleted by 0.5–0.7 wt% at the MPB while enriched by 0.6–0.8 wt% at 
the cellular boundary. The Mn and Ni elements were slightly depleted by 
0.1–0.3 wt% at the MPB while slightly enriched by 0.1–0.2 wt% at the 
cellular boundary. The Fe element was enriched by 1.5 wt% at the MPB 
while depleted by 1.5 wt% at the cellular boundary.

Fig. 4(a)-(c) shows the HRTEM images taken along [001] zone axis 
from the local regions in Fig. 3(a) within the dislocation cell on the left 
side, the track-track MPB, and the local region between the cellular 
boundaries on the right side, respectively. Fig. 4(a)-(c) shows the cor
responding diffraction patterns taken from the local regions above using 
the selected-area aperture size of 1 μm. As shown in Fig. 2(b), the 
crystallographic orientations at both sides of the selected track-track 
MPB are the same with [001] zone axis. The HRTEM images shown in 
Figs. 4(a) and (c) display the atom columns clearly along the [001] zone 
axis and also indicate the same lattice parameters. Also, the diffraction 
patterns in Fig. 4(d) and (f) present the same microstructure informa
tion. In addition, the HRTEM and corresponding diffraction pattern of 
the track-track MPB, as shown in Fig. 4(b) and (e), display the same 
microstructure as the neighboring cellular structures, which mainly re
sults from the specific crystallographic orientations at both sides of the 
selected track-track MPB and epitaxial growth characteristics at the 
MPB. Assuming the crystallographic orientations at both sides of the 
selected track-track MPB are different, the track-track MPB micro
structure may seem to interface or grain boundary. As the typical 
microstructure features in the LPBF processed metallic materials, the 
role of the MPB and its contribution to the material properties need more 
analysis.

In metal AM, MPB is the interface that arises between the freshly 
solidified melt pool and the existing solid material it was built on during 
one melting pass [24]. Solidification typically starts at the region near 
the MPB with the largest thermal gradient and lowest solidification rate 
and towards the up center of the melt pool with a higher cooling rate 
[25]. Solute transport during rapid and repeated thermal cycle in AM 

leads to non-equilibrium solidification and non-uniform microstructures 
[26]. Solidification is a highly non-equilibrium process governed by the 
kinetics of diffusion and direction-dependent growth kinetics [27]. 
Classic Scheil calculation is helpful to predict the extreme case of solute 
segregation during the solidification process based on the classic Scheil- 
Gulliver model and following the assumptions of infinitely fast solute 
diffusion in the liquid, no solute diffusion in the solid, and thermody
namic equilibrium at the liquid/solid interface [28]. Solute diffusion in 
the solid (also known as back diffusion) often occurs during solidifica
tion, effectively reducing solute concentration gradients in the solid and 
segregation to the liquid. The Scheil with back diffusion in primary 
phase model solves for diffusion kinetics in the primary solid phase 
throughout the solidification phase, following the additional diffusion 
assumption considered in the primary solid phase. Furthermore, carbon 
is one of the most important alloying elements in steels and dissolves 
interstitially with high-speed diffusion rates. Carbon back diffusion 
plays a significant role in the solidification of steels [29]. Therefore, we 
defined carbon as a fast diffuser in the classic Scheil and Scheil with back 
diffusion in primary phase models. In addition, according to the fast 
cooling and undercooling of the melt in AM, austenite forms directly 
during the solidification without the formation of delta ferrite. The 
version of the ThermoCalc used in this study doesn’t involve the Scheil 
with delta ferrite to austenite transformation model and without 
enabling the decomposition of ferrite, so the BCC_A2 phase was unse
lected in the system definer. For the Scheil-Gulliver simulation, the 
FCC_A1 phase is thus assumed to be the primary solidification phase.

Fig. 5(a) shows the non-equilibrium solidification paths precipitated 
by the Scheil-Gulliver models compared to the equilibrium path. The 
prediction of the non-equilibrium solidification paths presents similar 
fractions of solid versus temperature curves using the classic Scheil with 
fast diffuser model and Scheil with back diffusion in the primary phase 
and fast diffuser model for different cooling rates of 0.7 K/s, 10 K/s, 103 

K/s, 105 K/s, 107 K/s. The cooling rates display apparent differences in 
the non-equilibrium solidification paths during the last stage of solidi
fication when the most segregated liquid solidifies, as shown in the inset 
figure in Fig. 5(a). The solid fraction curve of the classic Scheil with fast 
diffuser simulation lay slightly below the curves of the Scheil with back 
diffusion in the primary phase and fast diffuser simulations. This is due 
to the consideration of the solute diffusion in the solid phase, which is 
not fully accounted for in the classic Scheil with fast diffuser model. For 

Fig. 4. (a)-(c) HRTEM images taken along [001] zone axis from the dislocation cell, MPB, and the local region between the cellular boundary, respectively, as shown 
in Fig. 3(a). (d)-(f) corresponding diffraction patterns taken along [001] zone axis using the selected-area aperture size of 1 μm.
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the higher cooling rates, the non-equilibrium terminates at the lower 
temperatures. In Fig. 5(b), the solid phase composition evolution until 
99.5 % of the system is solid is shown as a function of the mass fraction 
of the composition in the liquid. Microsegregation patterns are quali
tatively similar to the findings of the Scheil-Gulliver simulations. During 
the solidification process, with the increase of the mole fractions of the 
solid phase, the micro-segregation of all the elements gradually changes. 
At the first stage of solidification, there are no apparent differences in 
the mass fraction of composition in the liquid phase according to all the 
non-equilibrium Scheil simulations. At the last stage of the solidifica
tion, as shown in the insert figure indicating the slight differences at the 
end of the solidification, various cooling rates affecting the micro- 
segregation behaviors are displayed clearly. The micro-segregation 
profiles predicted for the higher cooling rates are comparable, 
whereas the lower cooling rate leads to a slower solidification process 
with more time for elemental back-diffusion and, thus, less severe seg
regations and narrow temperature ranges. The composition of Fe in the 
liquid decreases most significantly at the end of solidification, while Cr, 
Ni, and Mo elements increase slightly. A very good agreement is 
observed between the Scheil-Glliver predictions and STEM-EDS obser
vations of microsegregation. However, the level of elemental micro
segregation was overestimated in the simulations compared to the 
experimental result.

4. Conclusion

To conclude, unique LPBF processing parameters were performed on 
316LSS to control the slender columnar structures epitaxially grow from 
the MPB along orthogonal directions and exhibit the same growth di
rection across layer-layer MPB and perpendicular pattern on both sides 
of the track-track MPB. The exact location of the track-track MPB can be 
observed and identified by HAADF-STEM with the aid of the different 
cellular structures of the transverse and longitudinal cross-sections of 
columnar structures on both sides of the track-track MPB. The quanti
tative analysis of the segregation behavior shows that the concentration 
of Cr, Mo, Mn, and Ni was slightly lower, and Fe was larger by 1.5 wt% at 
MPB compared to the cellular interiors. The Scheil solidification 

simulation of the segregation behavior using ThermoCalc is in agree
ment with the experimental results. This study proposes a quantitative 
analysis method of solute segregation along the MPB, providing a deep 
understanding of solute segregation during the non-equilibrium solidi
fication process. The segregation concentration can be adjusted by 
altering the processing conditions, further achieving microstructure 
manipulation by AM.
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