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1.  Introduction

Additive manufacturing (AM) has attracted considerable 
attention for fabricating metallic materials. Laser-powder 
bed fusion (L-PBF), one of the AM techniques, can manu-
facture products of various shapes via the selective laser 
irradiation onto a powder bed of raw metal.1–6) Owing to 
its unique temperature field created during the melting 
and solidification of metals, L-PBF can control material 
properties, including crystallographic texture,7–12) solid solu-
tion,13–15) and microstructures.16–24) Such control of material 
properties has attracted significant attention in this technique.

L-PBF involves transient and local heating of a powder 
bed via laser beam irradiation at high speed, resulting in an 
extremely high thermal gradient (G), a high solidification rate 
(R) at the solid–liquid interface, and a resultant high cooling 
rate of approximately ~107 K/s, which cannot be achieved in 
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As the properties of metallic materials depend on their crystallographic texture, the development of a 
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afforded a single-crystalline-like texture with <011> orientation along both the z- and y-axes. The difference 
in texture originates from the crystal growth direction. In the ±X-brick-scan strategy, the <001> growth 
direction was inclined by approximately ±45° from the z-axis, whereas it aligned parallel to the z-axis at the 
melt pool bottom in the ±X-scan strategy. Notably, this growth behavior does not fully correspond to the 
calculated heat-flow direction in the ±X-brick-scan case. These results suggest that the crystal growth direc-
tion in L-PBF is governed not only by heat flow, but also by additional factors such as interfacial energy.
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conventional processes.25) Notably, L-PBF generates a direc-
tional thermal gradient and resultant heat flow, which is one 
of the determinants of crystal growth direction.7,8)

In case of 316L stainless steel (316L SS), a unique crys-
tallographic lamellar microstructure (CLM) is often formed 
via L-PBF.26–28) This microstructure comprises two types of 
grains, with the <011>  and <100>  orientations along the 
z-axis (building direction) stacked alternately. CLMs can 
be developed over a wide process window. However, the 
availability of a single-crystalline-like texture in 316L SS 
is limited. The “<001>-oriented texture” has been obtained 
under high energy density (ED) condition, owing to the 
small curvature of the melt pool bottom.27) Moreover, the 
“<001>-oriented texture” along the z-axis was also devel-
oped via an ±XY-scan strategy,28) suggesting that the scan 
strategy, namely the laser irradiation directions and patterns 
in each layer, is critical for tailoring crystallographic tex-
tures. As the functional properties of metallic materials vary 
significantly depending on the crystallographic orientation, 
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controlling the texture is essential for functional control. In 
particular, the development of orientations other than the 
“<001>-oriented texture” enables further functional tailor-
ing in 316L SS. This paper proposes a novel strategy for the 
development of a single-crystalline-like “<011> //z-oriented 
texture” and discusses the formation behaviors of the crys-
tallographic texture.

2.  Materials and Methods

The feedstock 316L SS powder was obtained from EOS 
GmbH (Germany). The powder composition is presented 
in Table 1. The L-PBF process was conducted using the 
EOS M290 (EOS, Germany) system, where the laser power 
P, scanning speed v, scanning pitch d, and stacking thick-
ness t were set in two ED conditions: 65.1 J/mm3 (P = 
250 W, v =  800 mm/s, d =  0.08 mm, and t =  0.06 mm) 
and 37.2 J/mm3 (P =  250 W, v =  1 400 mm/s, d =  0.08 
mm, and t =  0.06 mm). Samples with dimensions of 10 mm 
×  10 mm ×  10 mm were fabricated in an Ar atmosphere 
by employing two types of scan strategies, as illustrated in 
Fig. 1: a conventional ±X-scan with bi-directional scanning 
in one direction for all layers (Fig. 1(a)) and our designed 
strategy, ±X-brick-scan, which involves bi-directional 
scanning in one direction for all layers while shifting the 
laser irradiation position by half a pitch between layers 
(Fig. 1(b)). We hypothesized that suppressing the epitaxial 
growth of <001>  along the z-axis at the center part near the 
melt pool bottom observed in the ±X-scan26–28) would afford 
a single-crystalline-like texture. The continuous and regular 
arrangement of the melt pools along the z-axis contributed 
to this unique crystal growth in CLM. Thus, ±X-brick-scan 
was proposed to suppress <001>  growth along the z-axis 
by shifting the laser irradiation position by half a pitch 

between the layers. The ED of 65.1 J/mm3 was applied to 
both scan strategies (±X-scan and ±X-brick-scan samples), 
while the ED of 37.2 J/mm3 was applied only to ±X-scan 
(±X-scan-L sample). The building direction was defined as 
the z-axis, and the direction perpendicular to both the x- and 
z-axes was set as the y-axis (90° direction) in this study, 
according to the ISO/ASTM 52900 standard terminology.

The cross-sections of the samples were observed using 
a digital microscope (DSX1000, Olympus, Japan). The 
relative densities of the samples obtained in this study were 
above 99.9%. The microstructures of the samples were ana-
lyzed using scanning electron microscopy (SEM; JIB-4610F, 
JEOL, Japan). The crystallographic texture was examined 
by electron backscatter diffraction (EBSD; NordlysMax 3, 
Oxford Instruments, UK) with a measured step size of 2 μm 
and an accelerating voltage of 20 kV and analyzed using 
the AZtecHKL software (Oxford Instruments, UK). In the 
grain boundary analysis, misorientations of 2° ≤ θ <  15° 
were identified as low-angle grain boundaries (LAGBs) 
and misorientations of θ ≥  15° as high-angle grain bound-
aries (HAGBs). Mirror-polished samples were used for 
SEM-EBSD observations, while samples chemically etched 
with hydrofluoric acid were used for digital microscopy and 
SEM-secondary electron (SEM-SE) studies. The yz-plane 
perpendicular to the x-axis of the samples was observed in 
the microstructure.

A finite-element thermal diffusion simulation (COMSOL 
Multiphysics 5.5, COMSOL Inc., USA) was performed to 
investigate the directional distribution of heat flow using the 
previously established method.8) The thermophysical prop-
erties of the materials used in the simulation were calculated 
using the JMatPro software, as presented in Table 2.

3.  Results and Discussion

Figure 2 shows the cross-section of the yz-plane of each 
sample. While no defects are observed in Figs. 2(b) and 2(c), 
slight defects are observed in Fig. 2(a). The manufacturing 
proceeded from left to right within a layer, as the melt pool 
was partially overwritten by the neighboring right track. 
The melt pool was formed at the same y-position (Figs. 
2(a), 2(b)) in the ±X-scan-L and ±X-scan and the alternate 
y-positions for each layer (Fig. 2(c)) in the ±X-brick-scan.

Figure 3 shows the texture of each sample in the yz-plane. 
The projections of the inverse pole figure maps along the 
z- and x-axes are illustrated in Figs. 3(a)–3(c) and Figs. 
3(e)–3(g), respectively. The ±X-scan-L formed a weak tex-
ture without a preferred orientation (Figs. 3(a), 3(e), 3(h)). 

Fig. 1.	 Schematic of scan strategies applied in this study. 
(a) ±X-scan and (b) ±X-brick-scan. The dots and arrows 
indicate the positions of the laser center during each scan 
and the laser scanning direction, respectively.

Table 1.  Composition of 316L SS powder used in this study (wt.%).

Fe Cr Ni Mn Si Mo N P C Cu S

bal. 17.85 14.44 1.59 0.26 2.71 0.07 0.017 0.006 < 0.01 < 0.005

Table 2.	 Physical and thermophysical parameters in the thermal 
diffusion simulation.

Physical parameters Unit Value

Density g/cm3 8.024

Thermal conductivity W/m·K 10

Specific heat J/kg·K 705

Latent heat of fusion kJ/kg 234

Solidus temperature K 1 661

Liquidus temperature K 1 706
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The ±X-scan formed a CLM composed of a main-layer and 
a sub-layer with different crystal orientations (Figs. 3(b), 
3(f), 3(i)), as was observed in previous studies.26–28) The 
crystal orientations with <001> and <011> were preferen-
tially formed along the z-axis in the main- and sub-layers. 
Notably, the ±X-brick-scan suppressed the formation of 
the <001>-oriented sub-layer and promoted the growth of 
<011> along the z-axis, resulting in the formation of a single-
crystalline-like <011>//z-oriented texture (Figs. 3(c), 3(g), 
3(j)). This is the first study to successfully control the texture 
by employing the brick scan strategy in 316L SS.

Figures 4(a)–4(c) show the grain boundary maps in each 

sample. The ±X-scan-L formed a high density of grain 
boundaries without preferred orientation and HAGBs were 
dominantly formed (Figs. 4(d), 4(e)). This is acceptable 
considering the formation of a polycrystal texture in this 
sample (Figs. 3(a)–3(c)). Compared with the ±X-scan-L, 
the ±X-scan showed a decreased grain boundary density 
and frequencies of the HAGBs. The ±X-brick-scan further 
suppressed the formation of HAGBs. It is noted that the 
directions of grain boundaries formed in ±X-brick-scan 
and ±X-scan were quite different. HAGBs aligned prefer-
entially along the z-axis in the ±X-scan (Fig. 4(b)), whereas 
LAGBs were oriented along the axis diagonally up left and 

Fig. 2.	 Digital microscope images of each sample observed for the yz-plane. (a) ±X-scan-L, (b) ±X-scan, and 
(c) ±X-brick-scan.

Fig. 3.	 Crystal orientation maps for the yz-plane obtained from each sample. Inverse pole figure maps projected along 
the z-axis and x-axis of the samples manufactured by (a, e) ±X-scan-L, (b, f) ±X-scan, and (c, g) ±X-brick-scan. 
Pole figures for {001} of the samples fabricated by (h) ±X-scan-L, (i) ±X-scan, and (j) ±X-brick-scan.
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the z-axis in the ±X-brick-scan (Fig. 4(c)). These results 
indicated that the crystallographic texture developed via 
different mechanisms in these scan strategies.

To discuss the texture evolution mechanism in the 
±X-brick-scan, the corrosion-treated samples were observed 
by SEM. Figure 5 shows the SEM-SE images overlaid with 
the traces of the melt pool edges observed in the yz-planes 
of the ±X-scan and ±X-brick-scan. In the L-PBFed 316L 
SS sample, constituent elements were segregated, and Cr 
and Mo are localized in the cellular wall.29) Both elements 
exhibited superior corrosion resistance compared with the 
other constituent elements of 316L SS.30,31) The present 316L 
SS samples also showed elemental segregation, as exhibited 
by submicron-ordered solidification microstructures (cells 
or dendrites without secondary dendrite arms). Because 
the etching rate differed between the Cr/Mo rich-cell and 
poor-intracellular walls, groove structures were carved on 
the surface of the samples via chemical etching. Thus, the 
cellular and intracellular regions appeared as bright and dark 
contrasts, respectively (Figs. 5(a)–5(h)). The elongated direc-
tion of the cellular microstructure corresponds to <001>, 
which is a favorable growth direction for metals with cubic 
systems.32) Therefore, the difference between the alignment 
of the cellular microstructures of the two scan strategies 
reflects the difference in the crystal growth direction.

In the ±X-scan, the cellular microstructures align along 
the z-axis at the center part (red arrows) and the approxi-
mately ±45°-inclined axis against the z-axis (green arrows) 
at the area adjacent to the center part of each melt pool 
(Figs. 5(c), 5(f)). However, in the ±X-brick-scan, the cel-

lular microstructures evolved only along an inclination of 
approximately ±45° against the z-axis (green arrows) in 
the left and right halves of each melt pool, without the 
z-axis-oriented growth of the cellular microstructures at the 
center part of each melt pool (Figs. 5(d), 5(h)).

Figure 6(a) shows a heat flow direction map on the 
yz-plane when the size of the melt pool is maximized, 
calculated by the thermal diffusion simulation. The laser 
parameters were set to those used in the ±X-scan and 
±X-brick-scan. At the solid–liquid interface, illustrated by 
the black line, heat flow aligned along the z-axis near the 
center part of the melt pool, as illustrated in reddish colors 
and along the approximately ±45°-inclined axis against 
the z-axis in the left and right parts of the center part, as 
represented in greenish colors. Such a heat flow distribution 
calculated herein well corresponds to the elongated direction 
of the cellular microstructures in the ±X-scan (Fig. 5(c)). 
These results indicated that the crystal growth in the CLM 
can be governed by the heat flow direction. Once the crystal 
orientation has been determined, the main- and sub- layers 
inherit their orientation following the epitaxial growth from 
the adjacent (Fig. 5(e)) and underlying melt pools (Fig. 
5(f)), leading to stable crystal growth along each crystal ori-
entation. Thus, the unique texture developed in the ±X-scan 
can be triggered by the heat flow distribution and the fol-
lowing epitaxial crystal growth. Most importantly, although 
a similar heat flow is generated in the ±X-brick-scan, the 
growth direction of the cellular microstructure differs from 
that in the ±X-scan (Figs. 5(b), 5(d), 5(g), 5(h)). Hence, the 
growth of the cellular microstructures along the z-direction 

Fig. 4.	 Conditions of grain boundary distribution. (a-c) Grain boundary maps and (d) corresponding misorientation 
distributions. (e) Frequency of high angle grain boundary (HAGB) and low angle grain boundary (LAGB) of 
each sample.
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was not observed in the center part of the melt pool (Figs. 
5(d), 5(h)). These observations suggest that the growth of 
the <001>-oriented crystal does not necessarily coincide 

with the heat flow direction.
One possible factor responsible for texture formation is 

interfacial energy, as it is closely related to crystal growth 

Fig. 5.	 SEM images showing the cell/dendrite microstructure on the yz-plane at different magnifications. The melt pool 
edges are highlighted with yellow lines and the arrows indicate the direction of microstructure (green: 
±45°-oriented microstructures; red: vertically oriented microstructures).

Fig. 6.	 Heat flow dependent- and independent-development of cell/dendrite microstructure of 316L SS. (a) Color map of 
heat flow direction on yz-plane of 316L SS. Schematics of the development of microstructures fabricated via 
(b) ±X-scan and (c) ±X-brick-scan. The melt pool edges are represented with black lines and lines indicate the 
direction of microstructure (green: ±45°-oriented microstructures; red: vertically oriented microstructures). 
Orange and blue double lines indicate high angle grain boundary (HAGB) and low angle grain boundary 
(LAGB), respectively.
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and grains that minimize this energy are preferentially 
formed.33) In the solidification process, interfacial energy 
decreases as the misorientation between adjacent grains is 
reduced. It is observed that HAGBs are formed at the inter-
faces between adjacent grains aligned along the z-axis and 
±45° in the ±X-scan, as illustrated in Fig. 6(b), reflecting 
crystal growth governed by the heat flow direction. In con-
trast, in the case of ±X-brick-scan, ±45°-inclined solidifi-
cation fronts migrating from the right and left halves of the 
melt pool encountered at the melt pool center and formed a 
fusion boundary as a LAGB along the z-axis (Fig. 5(d)), as 
illustrated in Fig. 6(c). This decreased the interfacial energy. 
Therefore, in the ±X-brick-scan, the <001>  growth driven 
by the reduction of misorientation at the fusion boundary is 
considered to be more effective in lowering the overall inter-
facial energy of the system than the <001>  growth along 
the heat flow direction. Thus, crystal growth direction in 
the L-PBF process is not solely dictated by heat flow but is 
significantly influenced by interfacial energy minimization.

4.  Conclusions

This study demonstrates, for the first time, a single-
crystalline-like <011>//z-oriented texture in 316L SS, achieved 
using a newly designed ±X-brick-scan strategy in L-PBF. 
This strategy demonstrates that the crystal growth direction is 
governed not only by heat flow, but also by interfacial energy 
minimization. These findings highlight the potential of L-PBF 
as a powerful tool for tailoring crystallographic texture and 
the related functional properties of metallic materials.
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Nomenclature
	 G:	 Thermal gradient (K/m)
	 R:	 Solidification rate (m/s)
	 P:	 Laser power (W)
	 v:	 Scanning speed (mm/s)
	 d:	 Scanning pitch (mm)
	 t:	 Stacking thickness (mm)
	 ED:	 Energy density (J/mm3)
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