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ABSTRACT
Micro-laser beam powder-bed-fusion (µL-PBF) technique offers the capability to fabricate metal-
lic components with enhanced surface quality and geometrical accuracy through refinement of
processing parameters. Here, we elucidate the interrelated nature governing the scale-down of pro-
cessing parameters and the evolution of solidification microstructures in a µL-PBF fabricated 316L
stainless steel. We reveal the formation of two distinct cellular structures displaying different chem-
ical segregations and dislocation arrangements within molten pools. Our findings underline the
importance of chemical heterogeneity in modulating the evolution of dislocation structures, a phe-
nomenon attributed to the intrinsic thermal gradients and unique thermal histories associated with
the µL-PBF technique.
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1. Introduction

The laser beam powder-bed-fusion (L-PBF) technique
offers great advantages in fabricating innovative products
with superior mechanical properties [1–3]. However,
with the increasing demand for product miniaturiza-
tion, e.g. micro-mechanical devices, conventional PBF-
LB (cL-PBF) techniques can no longer meet the high
requirements on the feature resolution, surface qual-
ity, and geometrical accuracy [4,5]. Therefore, micro
L-PBF (μL-PBF) techniques were developed to satisfy
the above-mentioned requirements [6–9]. μL-PBF tech-
niques take the strategy of refining processing parame-
ters, such as the beam size (<25 μm), layer thickness
(<10 μm), and particle size (<25 μm) [10]. It is note-
worthy that the finer processing parameters could lead
to significant variations in microstructures, e.g. smaller
molten pool geometry, higher temperature gradient, and
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longer thermal history, from that in the conventional
process [8,10–12].

As one of the most widely used engineering alloys,
316L stainless steel (SS) is often selected as a model
material for AM processing studies. Similar to the cL-
PBF counterparts, the solidification cellular structures of
μL-PBF 316L SS samples also possess high-density dislo-
cations and chemical segregations [8]. Besides, μL-PBF
samples show higher strength compared with cL-PBF
counterparts due to the finer cellular structures [8]. Nev-
ertheless, Fu et al. [11] reported that the yield strength
ofμL-PBF samples is slightly lower than the convention-
ally manufactured ones, which is ascribed to the micro-
segregation difference in the cellular structures. Such
contradictory results indicate that the established rela-
tionships between microstructure and mechanical prop-
erties for the cL-PBF samples cannot be directly equated
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Table 1. Density, top surface roughness, andmechanical proper-
ties ofμL-PBF samples.

Relative
density (%)

Top surface
roughness

(μm) YS (MPa) UTS (MPa)

Total
elongation

(%)

99.7± 0.03 0.2-2.7 576.4± 7.5 743.5± 17.9 55.0± 6.8

to that of μL-PBF parts. As a crucial step towards the
engineering application, the effects of refining process-
ing parameters on the resultant microstructures should
be comprehensively investigated.

In this work, we performed dedicated characteri-
zations of the solidification microstructures in 316L
SS manufactured by μL-PBF. Results reveal that two
distinct cellular structures, exhibiting different dislo-
cation arrangements and chemical heterogeneity, are
formed within the molten pool (MP), which were sel-
dom reported in the cL-PBF counterparts. We fur-
ther explored the underlying mechanisms responsible
for such distinct microstructures. Our findings extend
the current understanding of solidification microstruc-
ture evolution in μL-PBF 316L SS, which could provide
crucial knowledge on tailoring the microstructure and
enhancing the mechanical properties of μL-PBF compo-
nents.

2. Materials andmethods

The 316L SS plate wasmanufactured by theμL-PBF tech-
nique in a high-purity argon environment using a Pre-
cision 100 instrument (Aixway3d, Germany). A focused
laser beam with a spot size of 20 μm, particle size rang-
ing from 2 to 15 μm (D50 = 12.6 μm), and a small
layer thickness (10 μm) were employed to obtain high
feature resolution. After the optimum processing param-
eters (laser power: 50 W, scanning speed: 1000mm/s,
hatch spacing: 40 μm), bulk samples with high den-
sity, good surface quality, and exceptional mechanical
properties were obtained, as listed in Table 1. The sur-
face roughness was probed by the Alpha-Step D-600
Stylus Profiler. Tensile tests were performed on dog-
bone-shaped samples (gauge dimensions of 8× 2× 1.5
mm3) using the ZwickRoell Z020 instrument. Besides,
the chemical composition of the μL-PBF sample, mea-
sured by an X-ray fluorescence spectrometer (ARL Per-
form’X), is Fe-17.02Cr-11.02Ni-2.13Mn-2.36Mo-2.72Si
(in wt.%).

Themicrostructural characterizationswere conducted
using a Zeiss Axiolab 5 optical microscope (OM),
and a Zeiss Gemini 460 scanning electron micro-
scope (SEM) including electron backscatter diffrac-
tion (EBSD) and electron channeling contrast imag-
ing (ECCI). High-angular resolution EBSD (HR-EBSD)

was performed to measure the distributions of residual
stress and geometrically necessary dislocation (GND).
Detailed information on ECCI and HR-EBSD can
be found elsewhere [13,14]. To enhance the image
contrast, the samples were etched using a Glaen-
zer solution (HF and H2O2 in 1:9) for 25 mins.
The topographies of etched samples were measured
using a Dimension Icon atomic force microscope
(AFM). The chemical information of cellular struc-
tures was probed by energy-dispersive X-ray spec-
troscopy (EDS) using a Talos F200i transmission electron
microscopy (TEM) at 200 kV, equipped with a Bruker
X-flash detector. TEM samples were prepared by focused
ion beam (FIB) via Thermo Fisher Helios 5UX.

3. Results and discussion

The dimensions ofMPs in theμL-PBF sample, measured
from the top surface (Figure 1 (a)), are 45-55 μm in depth
and 25-35 μm in half width, which aremuch smaller than
the cL-PBF samples (e.g. 90 μm in depth and 72.5 μm
in half width [15]). Figure 1 (b) displays EBSD-inverse
pole figure (IPF) maps from three normal planes. Grains
exhibit a chessboard pattern in the surface perpendicu-
lar to the building direction (BD) ( BD), while both
columnar and Chevron-shaped grains are observed in
the surfaces parallel to BD (‖BD). The average grain size,
defined byhigh-angle grain boundaries (HAGBs, > 10°),
is estimated to be 16.36 μm based on IPF maps of three
normal planes. Additionally, a stronger <110>‖BD tex-
ture is detected in the studiedμL-PBF sample, compared
with the cL-PBF samples [16,17]. The stronger texture
could be attributed to the finer MP size and smaller layer
thickness [11], which result in a high cooling rate, weak
Marangoni effect, and low recoil pressure. These factors
altogether promote the epitaxial growth of grains with
similar orientations.

More importantly, two distinct etched features are
observed within MPs, as shown in the secondary elec-
tron (SE) images from both ‖BD and BD surfaces
(Figure 1 (c1) and (c2)). The MP boundaries (MPBs) are
highlighted by black dashed lines. As a comparison, the
boundaries separating the distinct etched features within
MPs are highlighted by white dashed lines, which are
referred to as inner pool boundaries (IPBs) and, here-
after. Figure 1 (d) and (e) depict the enlarged backscat-
tered electron (BSE) images and the corresponding IPF
maps from both views. It can be seen that most grains
maintain their crystal orientation across MPBs due to
the epitaxial grain growth [15]. Moreover, the cellular
structures in these regions can be well elicited by the
Glaenzer solution, as shown in Figure 1 (f1) and (f2).



44 D. AN ET AL.

Figure 1. Microstructure overview of the 316L stainless steel (SS) sample manufactured by micro-laser beam powder-bed-fusion (μL-
PBF). (a) Vertical-sectional optical microscope (OM) image of the etched sample, (b) A 3D reconstruction of EBSD inverse-pole figure
(IPF) maps. (c) Secondary electron (SE) images of the etched sample from (c1) ‖BD and (c2) BD surfaces. (d) Backscattered electron
(BSE) images and (e) the corresponding IPFmaps displaying representativemicrostructure of MP. (f1-f3) BSE images showing the cellular
structures after etching. Black dashed lines highlighting the molten pool boundaries (MPBs) and white dashed lines indicating the inner
pool boundaries (IPBs). Red dashed lines in (e1) and (e2) highlighting the IPBs that are overlapped with grain boundaries.

In the centerline of MPs (Figure 1 (f2)), cellular solid-
ification occurs along the preferred <100 > direction
in terms of continuous epitaxial growth due to the con-
tinuous heat flux between consecutive layers. This leads
to the formation of slender columnar grains. In con-
trast, the dramatic change of thermal gradient on the
sides of MPs facilitates the cellular cells to change their
growth direction by side-branching along orthogonal
<100 > directions (but belong to the same crystal ori-
entation), as shown in Figure 1 (f1). Compared with the
cL-PBF sample, the thermal gradient varies more signif-
icantly along the MPB due to the smaller MP size and
the larger MPB curvature in the μL-PBF sample. Conse-
quently, side-branching becomes more dominant in the
μL-PBF sample, resulting in the substantial broadening
of grains and the formation of aforementioned Chevron-
shaped grains [15]. Additionally, the averaged cellular
size near MPB is measured to be 275.2± 24.6 nm (based
on ECC images on the 100 direction), which is compara-
tively finer than that in the cL-PBF samples (ranging from

400 to 1000 nm [18–21]). This result indicates a higher
cooling rate in the μL-PBF sample, according to the rela-
tionship between cellular size λ and cooling rate Ṫ, i.e.
λ = 80Ṫ−0.33 [22].

In comparison with the MPBs, large amounts of IPBs
are observed to align along grain boundaries (GBs),
i.e. variations of grain orientation across IPBs, as high-
lighted by red dashed lines in Figure 1 (e1) and (e2).
Furthermore, distinct etched morphologies are found
across the IPBs, as depicted in the enlarged BSE image
(Figure 1 (f3)). The topographies of these distinct etched
features, probed by AFM, are presented in Figure 2 (a)
and (b). It becomes evident that the regions outside and
inside the IPBs exhibit cellular protrusions and cellu-
lar grooves, respectively. To understand the reason for
forming such two distinct etched features, TEM foils
were extracted from these two regions using FIB, as
shown in Figure 2 (c). In the cellular protrusion region,
high-density dislocation walls/cells along with Cr seg-
regation are detected in the cellular protrusion regions



MATER. RES. LETT. 45

Figure 2. (a1, b1) Atomic forcemicroscope (AFM) topographical maps and (a2, b2) corresponding profiles along the white arrows in (a1,
b1). (c) SE image illustrating the location of TEM foil. (d1, e1) Bright field (BF) images demonstrating the dislocation structures of (d1)
cellular protrusion and (e1) cellular groove regions. (d2, d3, e2, e3) energy dispersive spectroscopy (EDS) maps showing the chemical
information of (d2, d3) cellular protrusion and (e2, e3) cellular groove regions. (d4, e4) EDS profiles along the white arrows in (d1, e1),
respectively.

(Figure 2(d1-d4)), which are similar to that reported in
the cL-PBF counterparts [19]. The formation of cellular
protrusions can be attributed to the enhanced chem-
ical stability of cellular structures relative to interiors,
primarily due to the presence of Cr segregation. In con-
trast, dislocations in the cellular groove regions are more
loosely arranged (Figure 2 (e1)).Moreover, segregation of
Ni accompanied with slight Cr depletion is periodically
probed in the groove regions (Figure 2 (e2-e4)), which
are consistently observed in two additional TEM char-
acterizations of these regions. The formation of grooves
after etching could be ascribed to the minor Cr deple-
tion. The smaller height difference of the cellular grooves
(∼5 nm, Figure 2 (b2)), compared to that of the cellular

protrusion (∼30 nm, Figure 2(a2)), further supports the
aforementioned assumption.

As the micro-segregation is considered as an indica-
tor of cellular solidification [23], the periodic presence
of Cr/Ni-segregation manifests that cellular solidifica-
tion occurs both on the exterior (cellular protrusion
region) and the interior (cellular groove region) of
IPBs. Besides, the average spacing of cellular grooves
(∼300 nm) is slightly larger than that of the cellular
protrusions (∼275 nm), indicating a slower cooling rate
within the interior of IPB. It should be emphasized that
the underlying mechanism responsible for the distinct
solute segregations remains an open question, which is
the topic of ongoing work.
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Figure 3. (a-d) ECC images: (a) overview of the selected area, (b, c) enlarged ECC images displaying dislocation structures of (b) cellular
protrusion and (c) cellular groove regions, (d) ECC image of cellular groove region after etching; (e-f ) HR-EBSD results: (e) GNDdistribution
of the selected area, (f ) GND profiles along the white arrows in (b) and (c), (g) residual stress distribution of the selected area. Yellow
dashed lines in (d) revealing that the cellular grooves and dislocation structures are not overlapped. Black dots in (e, g) are the selected
reference points for cross-correlation processing.

We further conducted dedicated characterizations of
the dislocation structures using ECCI in conjunction
with HR-EBSD, a representative example is given in
Figure 3. The etched morphology of the selected area is
attached in supplementary Figure S1(a), enabling us to
identify the positions of cellular protrusions and grooves,
as exemplified by blue and red rectangles in Figure 3
(a), respectively. Similar to the TEM observations,
dislocations in the cellular protrusion regions form
well-structured dislocation walls (Figure 3 (b)), while
dislocations in the cellular groove region are loosely-
arranged (Figure 3 (c)). Comparing the ECC images
before and after etching reveals that dislocation walls
generally overlap with the cellular protrusions but not all
the cases, e.g. the regions highlighted by red rectangles in
supplementary Figure S1(b) and (c). Given that the cellu-
lar protrusion can serve as an indicator of Cr segregation,
the observed discrepancy between the dislocation struc-
ture and the cellular protrusion supports the assumption,
albeit indirectly, that the micro-segregation should be
formed during the cellular solidification process rather
than due to solid-state diffusion to the pre-existing dislo-
cation structures [24]. In contrast, the loosely-arranged
dislocation structures, in most cases, are not overlapped
with the cellular grooves (displaying dark contrast in
Figure 3 (d)), e.g. the ones highlighted by yellow dashed

lines. This result suggests that the formation of cellu-
lar grooves is not a result of dislocation structures but,
instead, may be attributed to the aforementioned chemi-
cal perturbations.

Figure 3 (e) displays the distribution of GND den-
sity of the selected area. A relatively high GND den-
sity is probed along the MPB, which could be raised by
the strain mismatch between different layers caused by
the thermal gradient variations. Additionally, the GND
density in the cellular protrusion regions surpasses that
in the cellular groove regions. As shown in Figure 3
(f), the GND profiles of the cellular protrusion regions
(along white arrow in Figure 3 (b)) exhibit a magnitude
of approximately 2-2.5× 1014m−2, roughly double the
density measured in the cellular groove regions (along
white arrow in Figure 3 (c), ∼1× 1014m−2). Figure 3 (g)
depicts that the intragranular residual stresses (σ 11, par-
allel to BD) in the upper and underlying layer show oppo-
site signs, i.e. compressive and tensile residual stresses,
respectively. Note that, the cyclic thermal expansion and
contraction after solidification were reported as influ-
ential factors in the formation of dislocation structures
[24]. However, considering the similar absolute values
of residual stresses, it could be deduced that the distinct
dislocation structures cannot be solely attributed to the
heterogeneously distributed intergranular stress.
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Figure 4. (a) IPF map and (b) the corresponding SE image of a selected molten pool. (c) Enlarged SE image in conjunction with stereo-
graphic projections to determine the growth directions of solidification cells. (e1) Schematic sketch of the thermal profile in the uL-PBF
sample. (e2-e4) Schematics of solidification structure evolution in µL-PBF sample.

Figure 4 (a)-(c) present a crystallographic analysis
of the solidification behaviors across IPBs. Owing to
the increased perturbations in thermal profiles, grains
might undergo orientation variations across IPBs, as
highlighted by red dashed lines in Figure 4(a). From
the stereographic projections of the studied grains, the
growthdirection of solidification cells can be determined,
as illustrated in Figure 4 (b) and (c). Generally, the cells
grow with the preferred <100 > direction on the out-
side of the IPB region. However, within the intricate local
thermal gradients inside IPBs, the <100 > direction
might no longer be the preferable direction. For example,
in the upper portion of Figure 4(c), the growth direc-
tion of solidification cells varies from [100] (red line)
to [−101] (yellow line) across IPBs. Interestingly, the
grain maintains its orientation across the IPB marked by
white dashed lines in Figure 4(c). Additionally, for the
IPB at the bottom of Figure 4(c), cells from both sides
maintain the growth direction of <100 > orientation,
but the grain orientation changes across IPB (indicated
by red dashed line). Therefore, both cases do not con-
form to the typical epitaxial grain growth as reported
in literatures [15,25]. These results concurrently high-
light the significant fluctuations in local thermal gra-
dients of the μL-PBF sample, which exert a substantial
influence on the cellular solidification behavior within
IPBs.

Based on these experimental observations, the for-
mation mechanisms of distinct cellular structures within
MPs are schematically illustrated in Figure 4 (e1-e4).
Compared with cL-PBF counterparts, higher thermal
gradients and more complex thermal perturbations are

expected in the μL-PBF samples, as demonstrated in
Figure 4 (e1), which play a decisive role in modulat-
ing the evolution of solidification structures. As depicted
in Figure 4 (e2), cellular solidification initiates from
the MPBs. Owing to the high thermal gradient, side-
branching epitaxial growth prevails, and the average cell
size is finer in the μL-PBF samples. Driven by the imbal-
ance in solute solubility, Cr solutes are rejected from
the solid to the solid/liquid surface, resulting in periodic
Cr-segregation. Subsequently, the chemical imbalance is
altered, somehow, by the complex thermal perturbations
when the solidification tips reach the IPBs. Consequently,
Ni rejection occurs during the solidification process
inside IPBs, resulting in the Ni-periodicity (accompa-
nied with Cr-depletion), as illustrated in Figure 4 (e3).
Note that, the presence of Ni-segregation might also be
caused by the intrinsic thermal treatment of μL-PBF
technique (e.g. subsequent strain ageing). Nevertheless,
due to the limited experimental data, the origin of such
chemical heterogeneity needs to be explored further.
After that, dislocations are nucleated and rearranged to
form energetically-favorable structure in response to the
cyclic thermal expansion and shrinkage [24], as demon-
strated in Figure 4 (e4). Due to the strong pinning
effect of Cr, the dislocation structures on the outside
of IPBs gradually evolve into well-arranged dislocation
cells/walls, which overlap with the Cr-segregation. Con-
versely, the loosely-arranged dislocation structures and
the mismatch between dislocation structures and chemi-
cal heterogeneity (Ni-segregation) within the IPB collec-
tively indicate a lower constriction stress induced by the
Ni-segregation.
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4. Conclusion

In summary, we observe the formation of two distinct
cellular structures in the 316L stainless steel manufac-
tured by μL-PBF. Remarkably, well-organized dislocation
walls/cells, accompanied by Cr-segregation, are detected
on the exterior of the IPBs, whereas the dislocation struc-
tures within IPBs are loosely arranged and remain sep-
arated from the Ni-segregations. The emergence of such
distinct cellular structures is seldom reported in the 316L
bulk samples fabricated via cL-PBF. This phenomenon
can be likely attributed to the intrinsic thermal gradi-
ents and unique thermal histories inherent in the μL-PBF
technique.
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