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ARTICLE INFO ABSTRACT
Keywords: This study demonstrates the control of the crystalline orientation through metal additive manufacturing,
Laser powder bed fusion enabling the development of component design guidelines that incorporate the inherent anisotropy of the me-

Shape anisotropy
Crystallographic orientation
Superimposition

3D puzzle

Young’s modulus

chanical properties (e.g., Young’s modulus) in crystalline materials. We, for the first time, successfully fabricated
a <111>//build direction (BD)-oriented single-crystalline-like texture in an alloy with a cubic crystal structure
via laser powder bed fusion (LPBF) and completed a series of three single-crystalline-like microstructures with
<001>, <011>, and <111>//BD orientations in a single material. The <001> and <111> directions exhibited
the lowest and highest Young’s moduli, respectively, demonstrating a wide range of control over the anisotropy
of the mechanical properties of the product. To achieve a <111>//BD-oriented single-crystalline-like texture, a
novel three-layer cyclic strategy of “uni”directional laser scanning at 120° angular intervals was developed by
considering the easy growth direction and crystal symmetry. To the best of our knowledge, no previous study has
reported this unique strategy. By superimposing the realized <111> orientation and shape-based anisotropy,
products exhibiting high Young’s modulus anisotropy, which cannot be expressed by shape and texture alone,
were obtained via the LPBF single process. This achievement holds promise for the realization of a new
component design guideline that integrates texture (mechanical properties) design for each internal loca-
tion—modifiable through scanning strategies—with traditional shape optimization techniques typically used in
computer-aided design. This approach enables tailored mechanical performance through optimized design

strategies.
1. Introduction range of industries, such as aerospace, motor vehicles, medicine, mili-
tary, electronics, and architecture [1], primarily as a technology that
Additive manufacturing (AM) is being increasingly adopted in a wide enables the creation of products with complex three-dimensional (3D)
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shapes and a high degree of freedom. In particular, powder bed fusion
(PBF)—a representative AM process—is capable of producing
complex-shaped products with high shape accuracy owing to fine raw
powder and highly focused heat source.

In PBF, products are manufactured by stacking tiny melt pools
generated by focused beams as a unit, and achieving a specific crystal-
lographic texture inside the product has recently become possible by
adjusting the melt pool shape [2-7]. The formation and further control
of crystallographic texture is known to be extremely effective in
improving the mechanical functionality of products. For example, in
turbine blades used at high temperatures, single crystallization of
Ni-based alloys significantly suppresses creep deformation due to grain
boundary sliding at high temperatures and increases the
high-temperature strength [8]. In another example, single crystalliza-
tion of metastable B-Ti alloy with body-centered cubic (BCC) structure
for bone implants produces low Young’s modulus along <001> [9,10],
and single-crystalline 3-Ti implants are expected to be next-generation
medical devices [11] that suppress bone degradation due to strain
shielding [12]. In particular, crystallographic texture formation can
selectively enhance the mechanical functionality of metallic parts in
anisotropic loading environments by imparting anisotropy to intrinsic
mechanical properties. By superimposing internal texture control on the
shape design—which is the original strength of AM—a new design can
be created that is more flexible, versatile, and effective than the con-
ventional design, which has a lighter weight and higher specific strength
for a given stress distribution.

In this study, we attempted to combine shape and crystallographic
texture to realize flexible mechanical functions, particularly variations
in the Young’s modulus from isotropic to highly anisotropic. We hy-
pothesized that the superposition of shape and texture would enable the
expression of a large anisotropy that cannot be realized by either alone.

In 2017, we reported the successful formation of single-crystal-like
textures using laser PBF (LPBF) and that the scanning strategy (SS)
referring to combination of laser scanning directions between layers
changes the orientation direction [13,14]. As described in detail later,
we obtained two types of single-crystalline-like textures with <001> or
<011> preferentially oriented in the build direction (BD), which were
controlled using general SSs. The <111> orientation is known to exhibit
the highest Young’s modulus in many alloys that exhibit cubic crystal
structures [9,15-18]. In addition, materials with cubic crystal structures
have the lowest Schmid factor, and thus, the maximum yield strength
when loaded along the <111> direction. Thus, the realization of the
<111> orientation is expected to significantly expand the range of
control over the anisotropy of the mechanical properties. However, a
single-crystalline-like texture control with <111>//BD orientation has
not yet been realized. In this study, we clarify the formation mechanism
of <001>//BD- and <011>//BD-oriented single-crystalline-like tex-
tures that have been previously achieved. Based on these findings, we
propose and demonstrate a new SS that can realize <111>//BD
single-crystalline-like texture. Furthermore, we aim to develop products
expressing large Young’s modulus anisotropy, which is possible only by
the superposition of shape and texture, by fully utilizing the <111>
orientation with the highest Young’s modulus. We used a
Ti-15Mo-5Zr—3Al alloy with a BCC structure that exhibits large Young’s
modulus anisotropy, with higher Young’s moduli (E) in the order E;1; >
Ep11 = E211 > Egp1 [10], as shown in Supplementary Fig. S1.

2. Laser scanning strategy for <111>//BD single-crystalline-like
texture formation: scanning path selection based on crystal
symmetry

The choice of laser SS governs the control and creation of crystal-
lographic orientation in the products [13,19-21]. Thus far, we have
achieved single-crystalline-like texture for <001>//BD and
<011>//BD [13]. To realize <111>//BD single-crystalline-like texture,
we elaborated the formation mechanism of two textures that have been
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successfully fabricated. We have reached the insight that the symmetry
of the laser SS, tuned to the symmetry of the crystal and crystallographic
easy-growth direction (<001> for metallic materials with cubic struc-
ture [22]), is the key to forming single-crystalline-like textures.

Fig. 1(a—c) show the 3D view of the targeted orientation and Fig. 1
(d-f) depict the projection of the targeted texture as viewed from BD
when <001>//BD, <011>//BD, and <111>//BD single crystals are
formed. The symmetries of the crystal as viewed from BD are four-fold
(Fig. 1(d)), two-fold (Fig. 1(e)), and three-fold rotational symmetry
(Fig. 1(f)), and the rotational axes are <001>, <011>, and <111>,
respectively. These crystallographic textures are denoted as {001},
<100>y, {011}, <100>, and {111}, <211>,, respectively, using the
directions in which they should be preferentially oriented in the BD (2-)
and x-directions Fig. 1(a—c).

The laser SSs for achieving <001>//BD and <011>//BD single-
crystalline-like textures include +XY_SS, where the laser is bidirection-
ally scanned alternately along the x- and y-axes for each layer (Fig. 1(j)),
and +£X_SS, in which the laser is bidirectionally scanned along the x-axis
for each layer (Fig. 1(k)), as previously reported [13]. To distinguish
them from the newly developed SS described in the next paragraph, "+"
is added to indicate “bidirectional” scan. Separating the laser path ele-
ments of these SSs, Fig. 1(g, h) show that they match the crystal sym-
metry illustrated in Fig. 1(d, e).

Based on these geometrical insights, we hypothesized that a three-
directional laser scanning path with angles rotating every 120°, as
shown in Fig. 1(i), yields <111>//BD single-crystalline-like texture.
Fig. 1(1) reflects this in the SS, which is a novel three-layer cyclic strategy
of “uni”directional laser scanning at 120° intervals instead of the con-
ventional bidirectional laser scanning. This novel SS was named
+120°Rot _SS. The "+" in the prefix means that the laser scanning is
unidirectional.

3. Experimental procedures
3.1. LPBF fabrication

An ingot with a nominal composition of Ti-15Mo-5Zr-3Al (wt.%)
was used as the starting material. The powder for LPBF fabrication was
prepared using Ar gas atomization (Osaka Titanium Technologies Co.,
Ltd., Japan). The obtained powder particles were spherical (Supple-
mentary Fig. S2(a)), with a size distribution of D;p = 10.0 pm, Dsg =
31.6 pm, and Dgg = 50.3 pm (Supplementary Fig. S2(b)), measured using
a particle size analyzer (Mastersizer 3000E, Malvern Panalytical, UK).

Rectangular specimens with a bottom dimension of 5 mm x 5 mm
were manufactured using an LPBF apparatus (EOS M 290, EOS, Ger-
many) equipped with a 400 W Yb fiber laser. The laser diameter was
tuned to 100 pm. The fabrication was performed in an Ar atmosphere.
By manufacturing products under various laser conditions [13,20],
suitable scan process parameters for the formation of
single-crystalline-like texture were optimized. The scan process param-
eters, i.e., the laser power, scanning speed, layer thickness, and hatch
spacing were set to 360 W, 1200 mm/s, 60 pm, and 100 pm, respec-
tively. The cross-sectional shape of the melt pool under these conditions
is shown in Supplementary Fig. S3. The melt pool depth reached
approximately 300 pm; however, almost no gas porosity entrapment
occurred, which is often a problem in the keyhole mode melting, sug-
gesting that the manufacturing process was operated in the transition
mode [23]. Fabrication was carried out using +120°Rot_SS (Fig. 1(1)) for
<111>//BD single crystal, along with +XY_SS (Fig. 1(j)), £X_SS (Fig. 1
(k)), and +67°RotSS (generally adopted in many studies) for
<001>//BD, <011>//BD, and crystallographically random poly-
crystalline textures, respectively. For randomly oriented polycrystal, to
eliminate the effect of preferential grain elongation along the BD on the
Young’s moduli in the orthogonal three directions of the specimens, the
specimens were fabricated by placing one of their diagonals parallel to
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<001>//BD_SC <011>//BD_SC <111>//BD_SC
{001},<100>, {011},<100>, {111},<211>,
a c
Target texture (Z) ©
. > <001> <011> <111
(3D view) Y| {100} |& J\<910> Q1T>| 5 }»11>
X % ¥
<100> <100> g <211>

(View from BD) BD | {001} Zl—w

® J
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symmetry
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z
Scan strategy (SS)
configuration Y
X
*+XY_SS +X_SS +120°Rot_SS

Fig. 1. Relationship between crystal orientation-dependent rotational symmetry and scanning strategy. (a—c) 3D view of targeted crystallographic textures, (d-f)
projection of the targeted textures viewed from build direction (BD), (g-i) laser path symmetry that matches the crystal symmetry, and (j-1) schematic of the
combination of laser scanning paths and directions for each layer that represents the laser scan strategy. SC: single crystal.

the BD (Supplementary Fig. S4). Specimens with other textures were 3.2. Microstructural observation
produced by placing one side parallel to the BD.
The microstructures of the fabricated samples were examined using
optical microscopy (OM; BX60, Olympus, Japan) and field-emission
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Fig. 2. (a) Framework of the structure consisting of 27 small cubic subelements (3 x 3 x 3 configuration) for designing isotropic/anisotropic Young’s modulus. (b)
Possible Young’s modulus variations as functions of the number of solid cube subelements and the number of solid pillars (three sequential subelements) when the
element is composed of polycrystals, calculated using the Reuss and Voigt rules. The product (i) with one, two, and four pillars depending on the direction exhibits
different values in the three orthogonal axes (structurally anisotropic), while the product (ii) with four pillars in all directions shows the same moduli (structurally
isotropic). (c) Enhancement of Young’s modulus anisotropy when crystallographic texture (single crystal) is introduced for the anisotropic structure shown in purple.
To maximize the overall Young’s modulus anisotropy of the product, <001> should be oriented parallel to the direction of one pillar (x-axis) and <111> parallel to
the direction of four pillars (z-axis). These configurations correspond to models D and F in Fig. 5 and can actually be manufactured.



T. Ishimoto et al.

scanning electron microscopy (FE-SEM; JIB-4610F, JEOL, Japan). The
surface of the sample was mechanically polished using emery papers.
Subsequently, final polishing was conducted with colloidal silica. The
specimens were etched in a solution consisting of 2 % HNOs, 1 % HF,
and 97 % H50 for approximately 1 min with ultrasonic vibration at room
temperature to accurately observe the melt-pool traces and solidifica-
tion microstructure. The crystallographic texture analysis was con-
ducted using an electron backscatter diffraction (EBSD) system
(NordlysMax3, Oxford Instruments, UK) mounted on the FE-SEM system.
The software used for data collection and data processing were Aztec
(Oxford Instruments, UK) and Channel 5 (Oxford Instruments, UK),
respectively.

3.3. Creation of “3D puzzle” for designing anisotropy/isotropy in
Young’s modulus via superimposition of product shape and
crystallographic texture

For the design of isotropic/anisotropic Young’s modulus, a frame-
work of structure consisting of 27 small cubic subelements of 3 mm per
side was constructed (3 x 3 x 3 arrangement) as shown in Fig. 2(a) [24].
Hence, the overall dimension of the structure was 9 mm per side. Each
subelement could be assigned a solid or void. The solid refers to the
portion that the raw material powder was melted and solidified by laser
irradiation, and the void refers to the portion where the laser was not
irradiated and the unmelted powder was removed. Young’s modulus of a
structure is calculated by sequentially implementing the Reuss law (rule
of mixture in series: constant stress configuration) and Voigt law (rule of
mixture in parallel: constant strain configuration) using the following
equations, respectively [24].

1
Eseriesj =7~ (@)
Vi
Estructure = ZjEseries,j Vseries.j (2)

where Egeries j represents the Young’s modulus of a certain series element
along the loading axis; E; and V; denote the Young’s modulus and vol-
ume fraction of each cubic subelement composing the series element,
respectively; Egqycture Fepresents the apparent Young’s modulus of the
entire structure; and Vseries,j represents the volume fraction of each series
element with respect to the entire structure. A certain series element is
assumed to deform independently of the other series elements.

When considering anisotropy due to shape alone, a Young’s modulus
of 82.2 GPa, which is the value of polycrystalline material [10], was
assigned to the solid portion. Although the modulus of the void portion
is 0 GPa, a sufficiently small value (0.01 GPa) was used such that Eq. (1)
does not diverge. Fig. 2(b) shows the calculated Young’s modulus for all
configurations of solid and void portions as functions of the number of
solid subelements and the resultant number of solid pillars (three
sequential subelements). The number of pillars lies in a range from 0 to a
maximum of nine. Thus, if the entire product is composed of isotropic
polycrystalline materials (82.2 GPa), Young’s modulus takes ten step-
wise values between 0 and 82.2 GPa. For one product, three Young’s
modulus values are calculated for loads from three directions (x, y, and
z), which are reflected in Fig. 2(b). In this study, the products with
anisotropic (Fig. 2(b) inset (i)) and isotropic (Fig. 2(b) inset (ii)) ge-
ometries with respect to the x-, y-, and z-axes were created as model. The
product in Fig. 2(b) inset (i) with 15 solid cubes shows different Young’s
moduli in each of the three directions, as indicated by purple circles
(triaxial anisotropy); the product in Fig. 2(b) inset (ii) with 21 solid
cubes shows the same Young’s moduli in all three directions, as indi-
cated by an orange circle (triaxial isotropy).

To superimpose crystallographic texture on these shapes, four types
of texture, crystallographically random texture, {001}, <100>,, {011},
<100>,, and {111}, <211>,, single-crystalline-like textures, were
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introduced into the product. Each texture was formed using +67°Rot_SS
(rotation strategy generally adopted in many studies), +XY_SS, +X SS,
and +120°Rot_SS.

For single-crystalline Ti-15Mo-5Zr-3Al, the elastic stiffness con-
stants are c;1 = 142.3 + 1.8 GPa, ¢c15 = 97.1 £ 2.0 GPa, and c44 = 35.6 &
0.4 GPa, and Young’s modulus at each crystallographic direction
calculated from these are Egg; = 44.4 GPa, Eg11 = Eo11 = 84.9 GPa, and
E111 = 122 GPa (Supplementary Fig. S1) [10]. Using these values to
calculate the Young’s modulus of the product using Egs. (1) and (2),
each data point in Fig. 2(b) splits vertically into three values corre-
sponding to Egpo1, Eo11 (EZII)’ and Ein (Flg 2(c)). This means that
anisotropy in Young’'s modulus of the product can be enhanced (or
reduced) by introducing single-crystalline-like texture.

3.4. Mechanical testing for determining Young’s modulus

The Young’s modulus of the product was measured by compression
testing at an initial compressive strain rate of 0.1 %/min (AG-X, Shi-
madzu, Japan) (n = 3). Strain was analyzed using a non-contact video
extensometer (TRView, Shimadzu). Resonant ultrasound spectroscopy,
which enables precise analysis of elastic modulus, has recently been
applied to measure Young’s modulus of specimens with discontinuous
geometries [25], such as those considered in this case. However, as
precise measurement of the specimen geometry and inverse analysis of
the elastic modulus using finite element calculations are required, we
selected the aforementioned method, which is simpler and allows us to
validate the concept of this study.

3.5. Statistical analyses

Quantitative results are expressed as the mean =+ standard deviation.
To compare data between the two groups, a two-tailed unpaired Stu-
dent’s t-test was used. To compare data among the three experimental
groups, a one-way analysis of variance and post-hoc Tukey HSD multiple
comparison were performed. Statistical significance was set at P < 0.05.
SPSS version 25 software (IBM, IL, USA) for Microsoft Windows was
used for all statistical analyses.

4. Results
4.1. Acquisition of <111>//BD_single-crystalline-like texture by LPBF

Fig. 3 shows inverse pole figure (IPF) maps obtained on three
orthogonal planes of the product fabricated with +120°Rot_SS and the
corresponding pole figures. The colors in the IPFs represent the crys-
tallographic orientation projected normal direction of each plane. As
expected, <111> is preferentially oriented in the BD (z-axis), and
<011> and <211> are oriented in x- and y-axes, respectively, forming a
single-crystalline-like {111}, <211>, texture.

Fig. 4 shows a SEM micrograph of a vertical cross-section of one melt
pool after chemical etching and the corresponding IPF map overlaid
with the traces of the melt pool edges. The IPF map is colored by the
crystal orientation projected in the BD. The crystal orientation is
inherited from the previously solidified parts immediately beneath and
neighboring the melt pool, and evidently, the crystal orientation is
maintained by epitaxial growth. SEM images show cellular-type
microstructure in the transverse section of the melt pool. In this alloy,
the elongation direction of the microstructure coincides with <001>
[13]. As heat flow primarily occurs parallel to the direction normal to
the melt pool boundary, the growth direction of the <001>-elongated
microstructure is not anti-parallel to the heat flow, indicating that this
microstructure is characteristic of dendrites [26]. Interestingly, the
dendrites extend symmetrically toward the center on both sides of the
melt pool and encounter at the center of the melt pool. Vertical line-
s—which correspond to the encountering points of solid-liquid
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(b) {001}

ponsl

{011} {111}

Fig. 3. (a) Inverse pole figure (IPF) maps obtained on three orthogonal planes
of the product fabricated with +120°Rot_SS and (b) the corresponding pole
figures for {001}, {011}, and {111}.

interfaces (hereafter referred to as “fusion boundary”)—are observed at
the melt pool center, as indicated by the set of facing arrows. The IPF
map obtained in the same area shows a slight difference in crystallo-
graphic orientation between the left and right sides of the melt pool.
However, according to the {001} pole figures shown in Fig. 4(b), the left
and right sides of the melt pool have approximately the same orienta-
tion. As the direction of dendrite elongation agrees with the projected
direction of one pole indicated by an arrowhead in the {001} pole figure,
the direction of dendrite elongation (solid-liquid interface migration
direction) is off the plane of the figure, and an oblique cross section of

(a) SEM

Acta Materialia 286 (2025) 120709

the dendrite is observed in Fig. 4(a). Similarly, in the xy-plane perpen-
dicular to the BD, the projected major axes of dendrites and the fusion
boundary at the melt pool center is observed (Supplementary Fig. S5).

4.2. Fabrication of 3D puzzle configurations and evaluation of Young’s
modulus

The desired <111>//BD_single-crystalline-like texture was ob-
tained, and a 3D puzzle was created incorporating the crystallographic
textures. For the two aforementioned geometry models, we created the
product shown in Fig. 5. The colors on the cube elements schematically
show the crystallographic orientation preferentially oriented normal to
the plane. Models A and D show isotropy/anisotropy due to geometry,
and Model C has a single-crystalline-like texture but is isotropic and has
low Young’s modulus along the x-, y-, and z-axes. Model B was created to
express anisotropy due to crystallographic texture, while Model E was
created by superimposing anisotropy due to crystallographic textures on
anisotropic shape. The <001> with the lowest Young’s modulus is ori-
ented in the direction with the lowest Young’s modulus in terms of shape
(x-axis), while the <011> with the higher Young’s modulus is oriented
in the direction with the highest Young’s modulus in terms of shape (z-
axis). Model F was intended to further increase the anisotropy in
Young’s modulus of the product by using <111> with the highest
Young’s modulus in z-axis.

The 3D puzzle samples fabricated are shown in Supplementary
Fig. S6. The surface was polished to prepare for compression testing, and
the powder in the unirradiated area was easily removed.

To confirm the crystallographic texture in the 3D puzzle products,
EBSD analysis was performed in the center of the block indicated in
black; the orientation information is shown in Fig. 6 as IPF maps and
pole figures. Fabrication using +XY_SS, +X_SS, and +120°Rot_SS pro-
duced strong and preferentially oriented single-crystalline-like textures
in the expected orientation <001>//BD, <011>//BD, and <111>//BD,
respectively. However, these textures were not perfect single crystals
(Fig. 6(b-d)). The specimen fabricated using +67°Rot_SS exhibited a
slightly elongated grain morphology in the oblique direction; the crystal
orientation was highly randomized. The direction in which the grains
elongated coincided with the direction in which the BD was projected.
This is because the sample was produced with the diagonal parallel to
the BD (Supplementary Fig. S4). Supplementary Fig. S7 was prepared to
facilitate understanding in this regard.

Fig. 7 shows the Young’s modulus analyzed along the three orthog-
onal axes of x, y, and z (or two axes of x and 2) for each of the fabricated
products. Color bars indicate measured values, and dashed lines indicate
calculated values from Egs. (1) to (2) using the moduli of single crystal

(b) IPF (colored from z)
¥

c

o

2

(&)

9]

=

S

S

=

o)

111

100 110

Fig. 4. (a) SEM micrograph and (b) the corresponding IPF map overlaid with the traces of the melt pool edges taken in a vertical cross-section of one melt pool. The
IPF map is colored by the crystal orientation projected in the BD. Blue arrows indicate the direction of the long axis of the dendrite cross-section, which correspond to
the projected direction of <001> onto this plane. Sets of facing yellow arrows indicate presence of fusion boundary.
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(e) Model E  (f) Model F

i Random texture by +67°Rot_SS

- {011},<100>, texture by £X_SS

' {001},<100>, texture by +XY_SS
. {111},<211>, texture by +120°Rot_SS

Crystal orientation in the plane normal M: random, Il: <001>, M: <011>,M: <211>, W:<111>

Fig. 5. 3D puzzle models proposed in this study in which four different crystallographic textures were superimposed on the two types of shape shown in Fig. 2(b).
Crystallographic orientation preferentially oriented normal to the plane. The colors indicate the crystal planes that are preferentially oriented on each face.

(a) (b)

Random texture
by £67°Rot_SS

{001},<100>, texture
by £XY_SS

(c) (d)

{011},<100>, texture
by +X_SS

{111},<211>, texture
by +120°Rot_SS

Fig. 6. IPF maps and pole figures indicating the crystallographic textures formed in 3D puzzle products. The data were taken in the center of the subelement

indicated in black. The colors in the IPF map project the orientation in the z-axis.

as mentioned previously. Based on shape anisotropy and elastic
anisotropy derived from crystallographic textures, Young’s modulus
anisotropy of the product was developed as hypothesized. In the poly-
crystalline (gray bars) and <011>-preferentially oriented directions
(green bars), the measured values agreed well with the Young’s modulus
calculated from the single-crystal values. In contrast, the measured
values were higher than the calculated values for the <001>-preferen-
tially oriented direction (red bars) and were lower for the <111>-
preferentially oriented direction (blue bar). The resulting aniso-
tropy—defined as the ratio of the maximum to the minimum value of
Young’s modulus—was 1.03, 1.33, 3.52, 3.92, 5.38, and 5.86 for Models
A-F, respectively. If a single crystal is formed in the 3D puzzle, the ex-
pected anisotropy would be 1.00, 1.91, 4.00, 4.00, 7.65, and 11.00,
respectively.

5. Discussion

In this study, we proposed a product configuration that enables wide-
range control of Young’s modulus anisotropy of the product by super-
position of shape anisotropy and crystallographic texture-based elastic
anisotropy, and succeeded in demonstrating the expression of various
degrees of anisotropy. In particular, the originality of this study is that,
in addition to the previously realized <001>//BD and <011>//BD
single-crystalline-like textures, we succeeded in obtaining <111>//BD
single-crystalline-like texture by designing a new strategy and achieved
anisotropy control through simultaneous shape and texture control. In
this section, we discuss the mechanisms for the formation of single-
crystalline-like textures, which are achieved only via unique produc-
tion scheme in LPBF, from a scientific perspective, as well as the future
prospects and limitations of this research.
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Fig. 7. Variation and anisotropy in the Young’s modulus of the 3D puzzle products. Color bars indicate measured values, and dashed lines indicate calculated values

using Reuss and Voigt laws and moduli for single crystal. *: P < 0.05.

5.1. Importance and difference between “bidirectional (+)” and
“unidirectional (+)” laser scanning in terms of crystal orientation control

The key to realizing <111>/BD single-crystalline-like texture was
the use of unidirectional (one-way) laser scanning, which had not been
devised before, instead of the bidirectional scanning commonly prac-
ticed in LPBF manufacturing.

For successful formation of <001>//BD and <011>//BD single-
crystalline-like textures, the laser must be scanned “bidirectionally” to
localize <001> and <011> vertically upward (//BD). For metallic
materials with relatively low to ordinary thermal conductivity, such as

(a) Scanning direction

Melt pook:

Heat flow Solidified part

Z

L.,

500pm

(€) scan in +x-direction

=+ Scan in -x-direction

X

Ti-, Ni-, and Fe-based alloys, the melt pool has a long tail [3,27-29]; the
tail is rather inclined toward the laser scanning direction. Accordingly,
the heat flow direction would be tilted from the vertical downward di-
rection (Fig. 8(a)) [3]. If the laser is scanned in only one direction (e.g.,
+x-direction), the crystal growth direction will have a component for
scanning (x-) direction, which means that <001> or <011> is tilted
away from the BD. By reciprocating the laser scanning (e.g., +x- and
—x-directions) (Fig. 8(b)), the heat flow directions will have opposite tilts
to each other on the xz-plane (Fig. 8(c)). However, despite some tilting
of the heat flow direction, the crystal growth direction is self-adjusted
between adjacent melt pool tracks (generated by +x- and —x-laser

(b) Scanning directioyv

Melt pool

Melt pool Melt pool track
interface

léming direction

Self-adjustment of crystal direction
(Correction of misorientation)

Fig. 8. Self-adjustment of crystal orientation by bidirectional laser scan via melt pool tract interface. (a) Long-tailed melt pool generated by laser scan and heat flow
direction (arrows) due to the tilt of the melt pool bottom, simulated in Ti alloy (modified from Ref. [3]). (b) Illustration of the melt pool track interface formed by the
bidirectional laser scan. (c) Schematic diagram of crystal growth direction tilted from vertical upward in the melt pool longitudinal section for +x scan and -x scan,
respectively, and communization of crystal growth direction by bidirectional scan. (d) Self-adjustment of crystallographic orientation (correction of misorientation)

between adjacent melt regions activated by bidirectional laser scan.
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scanning), commoning to a vertical upward orientation, which results in
identical crystal orientation between adjacent melt pool tracks (Fig. 8
(d)). This also implies that the crystal growth occurs substantially within
the vertical cross-section of the melt pool (yellow plane in Fig. 9(d, e)).
This self-adjustment could be driven by a decrease in crystallographic
misorientation-derived interfacial energy at the adjacent melt-pool track
interface (Fig. 8(b)).

Conversely, in the case of unidirectional scanning, self-adjustment of
crystal growth direction does not occur within a solo layer, which itself
should be the key to the <111>//BD single-crystalline-like texture
formation. While the formation of <001>//BD and <011>//BD single-
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crystalline-like textures requires crystal growth in the vertical cross
section of the melt pool (Fig. 9(d, e)), the formation of <111>//BD
texture requires crystal growth within a section inclined in the scanning
direction (Fig. 9(f)). The inclination from BD is 35.3°, which corre-
sponds to the angle between <011> and <111> in cubic lattice. This is
consistent with the fact that the oblique cross section of the <001>-
elongated dendrite was observed (Fig. 4). This inclined plane in the melt
pool (Fig. 9(f))—created by scanning from three directions at 120°
intervals—forms three equivalent {001} planes, as shown in Fig. 1(f),
which stabilizes the <111>//BD single-crystalline-like texture. In
particular, <111>//BD single-crystalline-like texture can be obtained

<001>//BD_SC

<011>//BD_SC <111>//BD_SC

(a)

Placement between
melt pools and
critical interfaces
(View from BD)

(b)

Location of fusion

boundary in melt

pool and planein
which <100> grows

(e)

/

Fusion
boundary

C
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Fig. 9. Representation of fusion boundaries inside a melt pool, which contribute to the stabilization of crystal orientation. (a—c) Vertical and horizontal arrangements
of melt pools as viewed from the BD. (d—f) Schematic of the location of fusion boundaries in a single melt pool. (g—i) Photograph of the vertical section of a single melt
pool after etching and the corresponding IPF map in which crystal direction along the BD is represented. Sets of facing arrows indicate presence of fusion boundaries.
The light blue lines indicate the direction of dendrite elongation.
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only by utilizing this inclination, as opposed to correcting the heat flow
inclination by using bidirectional scanning. In fact, using bidirectional
scanning (i.e., £120°R_SS), single-crystalline-like texture could not be
obtained (Supplementary Fig. S8).

5.2. Role of “fusion boundary” of solidification fronts in a melt pool for
stabilization of crystallographic orientation

As mentioned in the previous section, the formation of single-
crystalline-like textures requires crystal growth to occur two-
dimensionally in a specific plane within the melt pool. The specific
plane is the vertical section of the melt pool for <001>//BD and
<011>//BD textures, and the plane inclined 35.3° in the x-direction
from the vertical section of the melt pool for <111>//BD texture.
Within these planes, the crystal orientation is further self-adjusted
owing to the presence of a "fusion boundary" formed in the melt pool
(Fig. 9(d-f)). In the case of <011>//BD texture formation by +X_SS,
solidification fronts migrating from the right and left halves of the melt
pool encounter at the melt pool center, forming a fusion boundary
(Fig. 9(e, h)). In this case, the crystallographic misorientation in the left
and right halves of the melt pool is aligned, which is driven by a decrease
in crystallographic misorientation, and thus, the interfacial energy at the
fusion boundary. Indeed, columnar dendrite structures that are inclined
at approximately +45° from the BD are observed in the left and right
halves of the melt pool cross-section (Fig. 9(h)). The elongation direc-
tion of the dendrite corresponds to <001>. As a result, a single-
crystalline-like texture with <011> preferential orientation to the BD
was formed, leaving a slight angular difference at the fusion boundary.
Although heat diffuses in the direction normal to the melt pool edge, the
direction of the dendrites, i.e., the crystallographic orientation, is unity
within each of the left and right halves of the melt pool. The inclined
angle of the columnar dendrites of £45° from BD is considered advan-
tageous for the reduction of interfacial energy at the fusion boundary.
Therefore, the crystal orientation is adjusted such that the crystallo-
graphic misorientation in the right and left halves of the melt pool re-
duces, leading to the +45° dendrites from BD and <011>//BD
orientation. Once the crystal orientation is stabilized, it is carried over to
the upper layers by epitaxial growth.

In contrast, in the SS_XY, laser scans in the x- and y-directions
intersect layer over layer, resulting in vertically upward and horizontal
dendrite growths in the melt pool cross-section (Fig. 9(g)) to allow
epitaxial growth in the layer immediately above. This is the result of self-
adjustment of the crystal orientation in the three compartments in the
melt pool to reduce misorientation at the two fusion boundaries in the
melt pool (Fig. 9(d)). Accordingly, <001>//BD single-crystalline-like
texture is formed.

In both cases, the mechanism involves self-adjustment of crystallo-
graphic orientation driven by reduction of crystallographic misorienta-
tion and, consequently, interfacial energy at the "fusion boundary.” This
mechanism is also true for +120°RotSS, which—similar to
+X_SS—forms a fusion boundary in the center of the melt pool (Fig. 9(i))

(b) <011>//BD (c)
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and stabilizes the crystal orientation in the direction that minimizes
misorientation at the interface.

This reduction of misorientation at the fusion boundary is a common
principle essential for single-crystal formation via LPBF with a long-
tailed melt pool. Based on the crystal structure and preferential
growth direction, single-crystalline texture will be obtained by appro-
priate selection of the combination of laser scanning directions and
bidirectional /unidirectional mode, depending on the crystal direction to
be oriented.

The resulting crystallographic orientation distribution in the three
orthogonal directions of the formed texture is summarized in Fig. 10.

5.3. Scope for improvement in Young’s modulus anisotropy

Young’s moduli in the <001>- and <111>-orientated directions
were higher and lower than the ideal value when assuming a single
crystal, respectively (Fig. 7). The <001> direction exhibits the lowest
Young’s modulus, while the <111> direction exhibits the highest
modulus. The deviation from the ideal values is caused by the imperfect
crystal orientation. This leads to a reduction in Young’s modulus
anisotropy of the product, for example, in model F, Young’s modulus
anisotropy was reduced from 11.00 to 5.86. By further accentuating the
crystal orientation, this anisotropy can be brought closer to the ideal
value, and obtaining a crystallographic texture closer to a single crystal
is a future challenge. A possible strategy to enhance the crystalline
orientation is to fine-tune various process conditions. Exploring pro-
duction with a high-power laser would be valuable, which was not
feasible in this study due to equipment limitations. Preheating is another
factor that affects the melt pool shape [30]. Moreover, gas flow, an in-
tegral part of the LPBF process, can reportedly disturb the texture [31].
Considering the present texture control methodology, where the laser SS
(combination of laser scanning directions) is the key, the effects of single
gas flow direction on melting by laser scanning in each direction cannot
be homogenized. Elucidation of the effects of these factors and their
optimization is essential to achieve a more prominent texture. More-
over, if the melt pool could be controlled to consist of flat surfaces
perpendicular to the direction in which the <001> is desired to grow,
the texture is expected to be more pronounced.

5.4. Toward generalization of single-crystalline-like texture control
independent of alloys species and LPBF equipment

The mechanism for single-crystalline-like texture formation
described in Sections 5.1 and 5.2 is applicable to other alloys that have
cubic crystal structures and relatively low thermal conductivities. We
successfully prepared three distinct single-crystalline-like textures in
other alloys such as Ni-based superalloys and austenitic stainless steels.
These findings will be detailed in separate papers. An important aspect is
that the melt pool has a long tail, i.e., the slope at the melt pool bottom is
moderately gentle. For <001>//BD and <011>//BD single-crystalline-
like textures, the <001> growth direction in the melt-pool longitudinal

<111>//BD
> <=

Fig. 10. Summary of crystallographic textures formed by each scanning strategy.
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section must be adjusted vertically upward (BD) by the mechanism
shown in Fig. 8, while for the <111>//BD texture, the <001> growth
direction should be inclined to approximately 35.3° from the BD. Since
the melt pool shape is determined by the balance between heat input and
removal, the laser parameters must be adjusted depending on the laser
absorption and thermal conductivity of the alloy to achieve similar
single-crystalline-like texture formation. For this purpose, melt pool
shape prediction using thermal or multiphysics simulation is useful. The
laser conditions do not necessarily need to be the same for the fabrica-
tion of the three types of single-crystalline-like textures.

In addition, the device-independent generality of this texture control
strategy must be discussed. The texture control strategy proposed in this
study was designed based on crystal symmetry under the generation of
appropriately shaped melt pools as described previously. Provided that
the geometric similarity between the melt pool shape and the heat
source scanning path is maintained, this strategy should be applicable
even if the manufacturing device changes. In this study, a 100 pm-
diameter laser was operated at a power of 360 W (near the upper limit of
the EOS M 290 equipment). However, texture control under the same
mechanism is possible in principle even with equipment having different
laser configurations and spot sizes. Verification of this is an issue that
should be explored in the future for investigating adaptability of the
method across various setups.

In contrast, in materials with extremely high thermal conductivity,
such as tungsten, the heat removal rate is large and the melt pool shows
minimal tailing. In tungsten, a hemispherical melt pool is formed [3]. In
that case, the heat flow direction is different from that of Ti alloy, and
the three textures cannot be obtained with the strategy presented in this
paper, although tungsten has a cubic crystal structure (BCC). Hence,
further efforts are required to obtain texture variations in alloys with
high thermal conductivity.

5.5. Future prospects for texture control via PBF

Several studies have reported the formation of fiber texture [21,32]
and single-crystalline-like textures with <001>//BD and <011>//BD
orientation [5,13,14,19-21]. In addition, other studies have successfully
formed crystallographic lamellar microstructure (CLM) where
<001>//BD- and <011>//BD-oriented layers were stacked alternately
[2,33,34]. Arguably, many of these textures are controlled by the melt
pool shape [33,35]. Deep melt pools promote <001> growth at +45°, as
explained above, forming a < 011>//BD orientation. If the curvature of
the melt pool bottom is large, a layer of <001>//BD orientation forms
originating from the center of the melt pool bottom, contributing to the
formation of the CLM [2,33,34]. Shallow melt pools promote <001>
growth parallel to BD, forming <001>//BD orientation [5]. The
extremely small hatch spacing unifies the heat flow direction to one
inclined direction from the BD, providing a texture where the <001> is
inclined from the BD [33]. Therefore, efforts are being made to change
the melt pool shape to modify the texture [31,35-37]. However, this
approach did not yield <111>//BD-oriented single crystals. In this
study, a complete set of three different single-crystal-like textur-
es—<001>//BD, <011>//BD, and <111>//BD—was achieved via a
new strategy of aligning the scanning direction of the heat source with
the symmetry of the crystal (including the choice of round-trip or
one-way), rather than the melt pool shape control. The laser irradiation
conditions (laser power, scanning speed, layer thickness, and hatch
spacing) were the same for the three SSs in this study, thus, the melt pool
shapes are approximately equal. The design of SSs based on crystal
symmetry has not been studied previously and provides important in-
sights into texture control with PBF.

5.6. Anticipated impact on advancements in component design and
manufacturing

The ability to produce components with various crystal orientations
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reported in this study is expected to be groundbreaking for conventional
component design guidelines. In particular, the conventional design
method using computer-aided design (CAD), which defines only the
shape of the component, will evolve into a new design method that in-
cludes SSs defined for each location inside the component. As a result,
the anisotropy of the mechanical properties of each location can be
incorporated within the component as a design guideline, which is ex-
pected to revolutionize the conventional component design methodol-
ogy. Topology optimization, in which 3D printing originally excels [38],
will lead to the simultaneous optimization of topology and internal
structure. This advancement not only expands the range of controllable
functions but also contributes to achieving higher mechanical properties
limits, leading to further weight reduction without compromising per-
formance. While recent multi-material topology optimization (MMTO)
can use heterogeneous materials with different Young’s moduli
(assuming polycrystals with isotropic Young’s modulus) and simulta-
neously optimize their arrangement and shape [39,40], in the new
design strategy proposed in this study, optimization similar to MMTO is
possible by utilizing the anisotropy of a single material.

Fig. 11 illustrates two representations of the mechanical function-
alization of products: the suspension arm as a mechanical component
and the hip implant as a biomedical device, through superimposed
control of shape and internal texture, as proposed in this study. Topol-
ogy optimization and/or shape customization are the well-documented
advantages of conventional AM. However, the local stress concentra-
tion, which is unavoidable, can be alleviated by increasing stiffness
through the control of crystal orientation, and severe strain shielding of
the bone in the case of bone devices can be alleviated by decreasing
stiffness. Furthermore, if the required strength properties are different
for different parts of the product, the SS can be adjusted for each part to
provide the required crystal orientation and strength properties
(Fig. 12). The findings of this study provide new insights into component
design methodology that incorporates scanning strategies (information
on the orientation to be created) into the 3D model, rather than
designing only the shape in CAD.

6. Conclusion

In this study, we explored the mechanism behind single-crystal for-
mation by LPBF and proposed a novel heat-source scan strategy to
achieve <111>//BD-oriented single crystal, which has not been previ-
ously demonstrated. We succeeded in forming <111>//BD-oriented
single-crystal-like texture for the first time, and completed three types of
single crystals with <001>, <011>, and <111>//BD orientations. As a
result, by utilizing the <001> orientation for the lowest Young’s
modulus and the <111> orientation for the highest Young’s modulus,
we developed a framework for fabricating products with extremely large
Young’s modulus anisotropy.

The formation of single crystals is governed by the self-adjustment of
crystal orientation, which minimizes crystallographic misorientation
and, consequently, interface energy. This adjustment occurs at both the
melt-pool truck interface formed by reciprocal scanning and at the
fusion boundary where solid-liquid interfaces meet in the melt pool.
This mechanism provides an insight into the control of crystallographic
texture by PBF and can be applied to materials that exhibit different
crystal structures and/or crystal growth directions.

Finally, the achievements of this study could be definitive to
component design guidelines. In particular, superimposing the design of
compartment-dependent crystallographic textures on conventional
shape optimization represents a novel strategy for product mechanical
design, achievable only through AM.
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