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Additive manufacturing (AM) enables the production of complex, net-shape
geometries. Additionally, in AM of metal and ceramics, which has received
less attention, the microstructure and texture of the product can be arbitrarily
controlled by selecting appropriate process parameters, thereby enabling
unprecedented superior properties. This paper discusses recent progress
pertaining to texture evolution mechanisms and control methods, with an
emphasis on selective laser melting. One of the unique characteristics of AM is
that the texture can be varied as a function of position within the product by
controlling the scan strategy. The transient behavior of the texture and the
factor used to control it via the scan strategy are discussed. In addition, the
texture evolution behavior of face- and body-centered cubic as well as noncubic
materials is discussed. The importance of the crystallographic “multiplicity” of
the preferential crystal growth direction is described to understand the evo-

lution behavior of the texture in such materials.

INTRODUCTION

Recently, additive manufacturing (AM) has
attracted considerable attention for a_%plication in
important manufacturing processes.’ The most
significant advantage of AM is that it allows the
production of complex, net-shape geometries”° that
cannot be achieved using standard manufacturing
techniques such as casting or forming. Hence, AM has
been applied to fabricate various products, including
those with a hollow structure, three-dimensional
complex porousous bodies, and custom-developed
products. Moreover, in some cases, AM has been
combined with topology optimization.':'2

Another notable characteristic of metal AM, which
has received less attention compared with shape con-
trol, is the wide control that is possible over microstruc-
ture and texture.'®*! In particular, texture control, i.e.,
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crystal orientation control, is one of the most important
factors governing the properties of materials, in addi-
tion to their mechanical properties such as strength,**~
4 ductility,*>** Young’s modulus,***" and wear resis-
tance,’® as well as other functional properties such as
magnetism*® and corrosion resistance.’® Hence, precise
crystal orientation control can result in unprecedented
superior properties.

There are two strategies to control the texture:
random polycrystallization to obtain isotropic prop-
erties,”~* and the synthesis of single-crystalline or
strongly texture-oriented material to obtain aniso-
tropic properties.'®*! Powder bed fusion processing
is widely used for metal AM. Two methods exist,
using either a laser or electron beam as the heat
source. These used to be called selective laser
melting (SLM) and electron beam melting (EBM),
but are currently called laser beam powder bed
fusion (L-PBF) and electron beam powder bed fusion
(EB-PBF), respectively. Regarding texture control,
the formation of texture during AM has been
reported for more than a decade, but its intentional
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control has not been sufficiently studied, particu-
larly in EB-PBF.'*17 In contrast, strategies for the
deliberate free control of texture in L-PBF has
become a popular topic recently. Hence, the delib-
erate usage of texture to induce new, superior
functionality in products has become popular in
recent years.Z”31:5%56 Jtg discussion is thus empha-
sized herein.

Texture development is assumed to be governed
by the balance between the thermal gradient at the
solid-liquid interface, the migration velocity of the
solid-liquid  interface, and the melt-pool
shape.?021:31:34 However, the detailed mechanisms,
such as the variation in texture depending on the
material, have not yet been clarified sufficiently.
Herein, recent progress pertaining to the under-
standing of texture evolution mechanisms and
control methods for L-PBF, primarily those applied
in our group, is described. The combination of
intentional control over texture as well as compli-
cated, near-net shape enables the creation of a
hierarchical structure in the product, thereby pro-
viding a new opportunity for inducing superior
property control in novel manufacturing processes.

VARIATIONS IN TEXTURE WITH L-PBF
PROCESS PARAMETERS

It is well known that the preferential growth
direction of columnar cells during solidification of
face-centered cubic (fcc) and body-centered cubic
(bcc) metals is generally parallel to <100>.%7
Regarding the solidification process in the melt pool
in powder-bed-fusion-type AM of metals, columnar
cells tend to grow parallel to the heat-flow direction,
which is almost perpendicular to the tangential
direction of the melt-pool boundary,?®?"%% if the
effect of epitaxial growth is negligible. Hence, the
texture evolution characteristics in L-PBF can vary
depending on the fabrication process parameters via
their effect on the heat flow direction and the
resulting change in the melt-pool shape.

It is generally known that the dimensional accu-
racy of products obtained by L-PBF is governed by
the energy density E, expressed as

P
E=an 1)

where P, v, d, and h indicate the laser power, laser
scanning speed, scan pitch, and accumulation thick-
ness of the powder, respectively. A precisely shaped
body with good dimensional accuracy can be obtained
by selecting a suitable E-value for L-PBF. However,
in products fabricated using the same E-value, the
texture varies depending on the P, v, d, and A values.
Ishimoto et al. previously investigated this phe-
nomenon in a bec-structured Ti-15Mo-5Zr-3Al
(wt.%) alloy for application as an implant mate-
rial. 2”591 Herein, more precise results are pre-
sented. Five different Ti-15Mo-5Zr-3Al specimens
were fabricated via L-PBF with a fixed E-value of 50

Table I. Laser conditions used to fabrication bcc-
Ti-15Mo-5Zr-3Al samples shown in Fig. 2.

Specimen no. 1 2 3 4 5

Laser power (W) 75 150 225 300 360
Scan speed (mm/s) 250 500 750 1000 1200

The other parameters of scan pitch (d) and accumulation
thickness of the powder (2) were fixed at 0.1 mm and 0.06 mm
for all specimens.

J/mm?® while P and v were varied systematically
(Table I). The X-scan strategy was applied in this
study, where the laser is scanned bidirectionally
(zigzag) in one direction (x-direction). In this study,
the scanning and build direction were set parallel to
the x- and z-direction. A schematic illustration of the
X-scan strategy is shown in Fig. 1a.

In all five conditions, rectangular specimens with
precise shape were successfully fabricated, but the
textures that evolved in them differed significantly.
Figure 2a, b, ¢, d and e shows crystal orientation
maps taken by electron backscatter diffraction
analysis in scanning electron microscopy (SEM-
EBSD) on the y—z section, i.e., the plane perpendic-
ular to the scanning x-direction. Figure 2a, b, ¢, d
and e correspond to fabrication condition 1-5 in
Table I, respectively. Below the orientation maps,
the corresponding {100} and {110} pole figures are
shown. Condition 5 shown in Fig. 2e corresponds to
the si%niﬁcant texture evolution reported previ-
ously.?” The evolution of strong texture with <001>
aligned along the scanning x-direction and <110>
along the y- and z-directions is shown in Fig. 2e
However, when the laser power or scanning speed
was decreased, the degree of texture evolution
gradually weakened. Under condition 5, the growth
of grains with the same orientation color along the
building z-direction was significant beyond the
melt-pool boundaries, suggesting epitaxial grain
growth along the z-direction. In samples fabricated
at a lower scanning speed, the elongation of grains
with the same orientation color along the z-direction
was observed; however, the crystal orientation in
those grains showed a wide distribution other than
red (ie., <001>), resulting in weaker texture.
Furthermore, under fabrication condition 1, the
growth of grains along the z-direction itself was
disturbed, resulting in the formation of almost
random texture. To quantitatively evaluate the
degree of alignment of the crystal orientation in
the product, the P value has been proposed.*’ Along
the <uvw> direction, it is defined as cos® o ,pu=,
where o_,,,,~ is the smallest angle between the
observation direction and one of the equivalent
orientations of <wvw>. The maximum value of
P_ ..~ 1s 1, and the closer it is to 1, the stronger the
crystal orientation alignment of <uvw> along the
observation direction.
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Fig. 1. Schematic of (a, b) scan strategy and corresponding texture, and (c, d) their evolution mechanisms during L-PBF of bcc-Ti-15Mo-5Zr-3Al
alloy using the (a, c) X-scan or (b, d) XY-scan methods. Figures reprinted from fig. 1 of Ref. 40 with minor modification, under the terms of the

Creative Commons CC-BY license.

Figure 2f and g show the variations in the
measured P_qgo- value along the scanning x-direc-
tion, and of P_119- along the y- and z-directions
when using the indicated fabrication process
parameters. In these plots, the P value in a random
polycrystal is indicated by a dotted gray line for
reference. As expected from the crystal orientation
maps, the P values in condition 1 were close to those
in ideal random polycrystals, with both P_19o~ and
P_110- increasing almost monotonically with
increasing scanning speed. This finding clearly
demonstrates the formation of stronger texture with
increasing scanning speed at the same E-value.

To clarify the physical origin of such texture
variations, microstructural observations were con-
ducted.”® Figure 3a and b shows SEM images of the
building z-surface of samples fabricated at the
lowest (condition 1) and highest scanning speed
(condition 5). The difference in scanning speed
affected the morphology of the melt pool. As the
scanning speed of the laser was increased, so did the
length of the melt pool. Consequently, the three-
dimensional shape of the melt pool changed, as

illustrated schematically in Fig. 3c and d. Note that,
when the melt pool was observed on the x—z section,
which is perpendicular to both the scanning and
build direction, the heat-flow direction becomes
almost parallel to the build direction in the wide
region of the melt pool in the sample fabricated at
high scanning speed, owing to the low curvature of
the melt-pool interface. In contrast, the heat-flow
direction will be largely inclined with respect to the
build direction in the sample fabricated at low
scanning speed. Indeeed, in the microstructure on
the x—z section in Fig. 3e and f, elongation of
columnar cells along the z-direction was predomi-
nantly observed in the sample fabricated at the
highest scanning speed in Fig. 3f, but the elongation
direction of columnar cells was largely inclined in
the sample fabricated at the lowest scanning speed
in Fig. 3e. This can be ascribed to the well-known
fact that columnar cells in the melt 2pool tend to
elongate along the heat-flow direction.?*?!?®

The results shown in Fig. 2 clearly demonstrate
that the control over the crystal orientation of
columnar cells along the x-direction, i.e., the
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Fig. 2. (a—e) SEM-EBSD crystal orientation maps and corresponding {100} and {110} pole figures (below) showing texture variation based on
laser power and scanning speed, measured on y-z section perpendicular to the scanning x-direction, in Ti-15Mo-5Zr-3Al alloy specimens
fabricated using the X-scan strategy. The L-PBF process parameters correspond to conditions 1-5 in Table |, respectively. (f, g) Variations in
P_001~ measured along the scanning x-direction, and P- 440 measured along the y- and z-directions versus fabrication process parameters.
Some figures reprinted from Figs. 3-5 from Ref. 59 with permission from the Journal of Smart Processing.

alignment of <001> along the x-direction, is one of the
notable factors affecting the evolution of strong tex-
ture. The observations shown in Fig. 3 suggests that
this can be accomplished by inducing two-dimensional
growth of columnar cells, restricted to the y—z section
perpendicular to the scanning x-direction. This is
discussed further in the next section.

TEXTURE DEVELOPMENT MECHANISM
IN FCC AND BCC MATERIALS

Texture formation in powder-bed-fusion-type AM
products has been reported for more than a decade,
e.g., in the work by Al-Bermani et al. * However, its
deliberate application to induce new, superior func-
t10na11ty in products has only started recently, e eg.
in the studies by Ishimoto et al.,?” Sun et al., "
etc. Ishimoto et al. clarified the strong texture
evolution mechanism in cubic-symmetry materials
fabricated by L-PBF, by considering the findings
presented in the previous section that “strong

texture is developed in the product in which the
elongated cells are controlled to be grown along the
z-direction when observed on the x-z section”,*” b
appropriate selection of L-PBF fabrication process
parameters. In addition to the X-scan method
presented in the previous section, the XY-scan
approach, in which the laser is scanned bidirection-
ally but with a rotation of 90° after each layer, is
frequently used for product fabrication. The devel-
opment of completely different textures in some
cubic-symmetry materials depending on the scan
strategy has been reported in L-PBF products, for
example, in Refs. 25,27,31,32. Focusing on the
above-mentioned Ti-15Mo-5Zr-3Al alloy, strong
<001> and <110> alignment occurs along the
scanning (x) and build (z) directions in the sample
obtained using the X-scan method, as shown in
Figs. 1a and 2e, respectively. By contrast, the XY-
scan method is known to yield strong <001>
ahgnment along all the x-, y-, and z-directions,?’
as shown in Fig. 1b.
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Fig. 3. (a, b) SEM images showing the change in melt-pool shape with scanning speed. (c, d) Schematic indicating the variation in the three-
dimensional shape of the melt pool. (e, f) Higher-magnification images of microstructure observed on x—z section, showing variation in elongation
direction of columnar cells. Samples fabricated under condition 1 (a, c, e) or 5 (b, d, f) in Table I. Some figures reprinted from figs. 7 and 8 from

Ref. 59 with permission from the Journal of Smart Processing.

The texture formation mechanism depending on
the scan strategy as proposed in Ref. 27 is shown
schematically in Fig. 1c and d. For the X-scan
sample, observations of the microstructure on the y—
z section show boundaries of columnar grains
located at the centers of the melt pools. In the left
and right half of the melt pool, two directional cell
growths elongated along — 45° and 45° from the
building direction are observed, respectively. SEM-
EBSD analysis clarified that the crystallographic
orientation in the left half of the formerly solidified
pool and the right half of the next solidified pool
were completely identical. As described previously,
the crystallographic direction of the elongated cel-
lular microstructure almost corresponded to
<100>, which is the preferential %‘rowth direction
in most cubic-symmetry materials.®” It is notewor-
thy that the cellular microstructure on the x—z
section was elongated almost parallel to the build
direction when strong texture was developed, as
described in the previous section and Fig. 3f. This
indicates that the primary and subsequent sec-
ondary growths of the cellular microstructure,
which were both parallel to <100>, occurred

predominantly in the plane perpendicular to the
scanning direction, under the condition where
strong texture evolved. Consequently, the remaining
<001> cells were aligned almost parallel to the
scanning direction. On the y—z section, the elon-
gated cells at the left and right side of the melt pool
meet after migration of the liquid—solid interfaces
and form a grain boundary with small angle misori-
entation at the center of the melt pool. In the
equilibrium state of cell growth, they tend to grow
along — 45° and 45° from the build direction,
because the primary and secondary elongation
directions of the cell on both sides of the melt pool
tend to maintain the < 100 > direction to facilitate
epitaxial growth. As a result of the +45° growth in
the <100> cells on the y—z section, <110> was
preferentially oriented along the build z-direction in
the X-scan sample.

In contrast, when using the XY-scan approach,
observation of the microstructure clarified that the
elongated <100> cells generated around the melt-
pool bottom grew along the build z-direction, while
the other elongated <100> cells generated around
the upper wall of the pool grew vertically with
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respect to the build direction during the X-scan, as
indicated in Fig. 1d. In the melt pool generated by
the subsequent Y-scan, equivalent cellular growth
was observed. This is due to the maintenance of an
identical crystal orientation in both scan regions to
minimize the interfacial energy derived from epi-
taxial growth. If the <100>-oriented cell growth
occurs in =+45° direction during the XY-scan as
observed in the X-scan, <100> cannot grow in a
continuous direction in the following Y-scan layer.
Thus, such £45° growth is not favored in the XY-
scan. Consequently, <100> was fixed along the two
scan (x- and y-) and build z-directions in the XY-scan
sample, as shown in Fig. 1d.

It is noteworthy that, for both the X-and XY-scan
methods, the elongated < 100> cells grew primarily
along two orthogonal directions in the plane per-
pendicular to the scanning direction (on the y—z
section). This fixes another <001> direction along
the scanning direction, resulting in the evolution of
single-crystal-like, strong crystallographic texture.
Hence, the alignment of <001> along the scanning
direction because of preferential growth of cells in
the y—z section, described in the previous section,
becomes the most significant factor governing the
texture evolution behavior in cubic-symmetry mate-
rials. This finding that the <100> alignment along
the scanning direction is the stronger factor differs
from conventional thinking, i.e., that the crystal
alignment along the build direction is the most
important. This conclusion is further validated by
a study of L-PBF on single-crystalline startin%
plates with several different crystal orientations.*
Using the abovementioned texture control, Ishi-
moto et al. successfully reduced the Young’s mod-
ulus of the implant material along a specific
direction.?’” Following that study, many other
papers reporting positive control of the crystal
orientation to control product functionality have
been published.?337:38

As described above, the melt-pool shape signifi-
cantly affects the texture development behavior via
the change in the growth direction of the elongated
cells. Because the melt-pool shape varies with the
energy density during L-PBF, as shown in the
previous section, texture variations depending on
the laser power are expected under specific circum-
stances. Sun et al. reported the variation in the
texture of stainless steel 316L, where the preferen-
tial alignment along the build direction could be
changed from <001> to <011> by increasing the
laser power combined with a change in scan strat-
egy between a single scan and bidirectionally scan
perpendicular to the melt-pool elongation direc-
tion.?° They suggested a relationship between the
melt-pool geometry and crystallographic texture
formation based on kinetic Monte Carlo simula-
tions.?° The formation of a shallower (flattened)
melt pool induced growth of elongated cells along
the vertical growth, resulting in the formation of
<001> texture.

Furthermore, Sun et al. recently reported the
evolution of “hybrid” <001> and <011> textures in
an X-scan product, as shown in Fig. 4, afforded by
appropriate process parameter control.>> This
unique texture is known as the “crystallographic
lamellar microstructure” (CLM). The crystallo-
graphic orientation relationship between the major
and minor regions, shown by green and red in
Fig. 4c, respectively, are as follows:

In x-axis: major < 100> //minor < 110>
In y-axis: major <011> //minor <110>
In z-axis: major <011>//minor <001 >

That is, the texture in the major region is the
same as that observed in the single-crystalline
specimens shown in Figs. 1a and 4b, but the texture
in the minor region is rotated by 90° around the y-
axis with respect to the major region. This indicates
that the basic texture formation mechanism of the
CLM is similar to that of the <011> texture shown
in Fig. 1c; however, the <001>-textured cells were
elongated along the vertical direction only at the
center of the melt pool, where the curvature of the
melt-pool boundary was smallest, as shown in
Fig. 4c. Note that the texture at the central minor
region is similar to that developed in the XY-scan
product shown in Fig. 1b, but rotated by 45° around
the z-axis. This might be owing to the epitaxial
growth of cells in the minor region with respect to
the major region, while maintaining the vertical
growth of the cells along the build z-direction. It was
found that the development of CLM primarily
improved the material properties of stainless steel
316L via strengthening of the product, simultane-
ously showing corrosion resistance superior to com-
mercially obtained specimens.?® The development of
CLM was also recently reported in an Inconel 718
Ni-based superalloy.*!

Note that the validity of this idea to understand
the texture formation mechanism by focusing on the
melt-pool shape has recently been reported for not
only L-PBF but also EB-PBF products®® (Fig. 5).
EB-PBF with higher heat-source energy induces the
formation of a melt pool with flattened shape. This
induces vertical growth of columnar cells along the
z-direction even in the X-scan mode, as shown in
Fig. 5c. As a result, the same texture as observed in
the XY-scan product in Fig. 5d is developed, in
contrast to the L-PBF case. This is the reason
described in the “Introduction” for why the texture
control is limited in EB-PBF compared with L-PBF
products.

LOCAL CONTROL OF TEXTURE
BY CHANGING SCANNING STRATEGY
AT EACH POSITION

The advantage of AM is that the scan strategy can
be changed depending on the position in the prod-
uct. As described in the previous section, changing
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Fig. 4. (a—d) Crystal orientation maps in stainless steel 316L specimens fabricated using the X-scan strategy with (a) crystallographic lamellar
microstructure (CLM) and (b) single-crystalline texture, observed along x-, y-, and z-direction, respectively, by SEM-EBSD. (c, d) Corresponding
higher-magnification crystal orientation maps along z-axis, observed at top surface of samples on y—z section. Arrows indicate direction of cell
elongation as +45° (green) or vertically oriented (red). (e) Schematic illustration showing crystallographic orientation relationship between major
and minor regions in CLM. Figures reprinted from figs. 1 and 2 from Ref. 33 with minor modification under the terms of the Creative Commons

CC-BY license (Color figure online).

the scan strategy during L-PBF can change the
evolution of the texture in the product, i.e., the
evolution of the <110> texture in the X-scan and
<100> texture in the XY-scan, along the build z-
direction. Hence, a method enabling precise local-
ized texture control (resulting in mosaic-like tex-
ture) is required to achieve products with enhanced
functionality; For example, the strength and
Young’s modulus of Ti-15Mo-5Zr-3Al alloy for use
in biomedical implants must be adjusted appropri-
ately to adapt to the stress field in the actual
application in vivo to reduce stress shielding of
bone,’” as shown conceptually in Fig. 6a. In con-
ventional processes such as casting and forging,
such localized control of texture is impossible;
however, it is possible when using AM by changing
the scan strategy accordingly, as shown in Fig. 6b.
One of the first studies targeting localized texture
control in L-PBF was conducted by Geiger et al. %°
They focused on L-PBF of Inconel 738LC using
three different scan strategies, i.e., XY-scan, + 45°
— 45° scan, and 67°-rotation scan, in each layer. By
changing the scan strategy in a specimen, they
demonstrated that texture and elastic anisotropy
could be customized along the build-up direction by
stacking different scanning regimes during the
sequential build-up process at each position. Some
related studies pertaining to not only L-PBF3%-6465
but also EB-PBF!%%¢ have also been reported. In

case of EB-PBF, the focus is mainly of the mixture of
<001> growth and random-oriented growth. Sofi-
nowski et al. reported locally customized L-PBF
manufacturing for stainless steel 316L.>° They
successfully embedded cylinder-like controlled tex-
ture and changed the local texture pointwise with
high spatial resolution. In addition, they reported a
unique variation in texture by changing the scan
direction by 1° in each layer.

It is noteworthy that, in the study by Sofinowski
et al., at every 1° rotation of the scan direction, it
seems that the texture did not show a continuous
change but a discrete variation.®® This implies the
appearance of a transient region in the texture
when the scan strategy is changed during L-PBF.
This was clearly elucidated in a recent study.*’
Figure 7a, b, c, d, e and f shows crystal orientation
maps measured in a Ti-15Mo-5Zr-3Al sample where
the scan strategy was changed periodically during
the L-PBF fabrication process. In that study, two
different scan variation schemes were applied,
alternating between X-scan and XY-scan as shown
in Fig. 7a, b and ¢ or between X-scan and Y-scan as
shown in Fig. 7d, e and f. The scan strategy was
changed every 30 layers. Figures 7(a, d), (b, e), and
(c, f) indicate the crystal orientation colors when
analyzed along the x-, y-, and z-direction, respec-
tively, on y—z cross-section. In Fig. 7, the positions at
which the scan strategy was changed are indicated
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Fig. 5. Schematics showing the differences in evolution behavior of crystallographic texture between L-PBF and EB-PBF products: (a) X-scan in
L-PBF, (b) XY-scan in L-PBF, (c) X-scan in EB-PBF, and (d) XY-scan in EB-PBF. Figures reprinted from fig. 15 in Ref. 62 under the terms of the

Creative Commons CC-BY license.

by horizontal gray lines. The evolution of the
mosaic-like texture was confirmed for both changing
schemes, demonstrating the effectiveness of scan
strategy control in L-PBF, as described above. It is
noteworthy that the transient behavior of the
texture differed depending on the scan strategy.
When alternating between X-scan and XY-scan, the
area fractions where <110> and <100> textures
evolved differed significantly. Nevertheless, the
scan strategy was changed alternatively with the
same period of 30 layers. As shown in Fig. 7b and c,
which show the crystal orientations along the y- and
z-direction, respectively, the area fraction exhibiting
<100> texture indicated by red was much wider
than that exhibiting <110> texture indicated by
green.

Furthermore, when alternating between X-scan
and Y-scan as shown in Fig. 7d, e and f, the nature
of the evolved texture itself was changed by the
alternation of the scan strategy. In the ideal X-scan,
crystal orientation alignments of <100>, <011>,
and <011> are expected along the x-, y-, and z-
direction, respectively, as shown in Fig. lc. Simi-
larly, in the ideal Y-scan, the evolution of <011>,
<100>, and <011> crystal orientation alignment
is expected along the x-, y-, and z-direction, respec-
tively. Hence, when focusing on the crystal orienta-
tion along the z-direction, only alignment along
< 011> (shown in green) is expected, since <011>

is the typical direction in the texture evolved in the
X-scan and Y-scan samples. However, the observa-
tions in Fig. 7f demonstrate that an unexpected
<100> texture (shown in red), with <100> aligned
along the z-direction, evolved in the transient zone
between the X-scan and Y-scan, with a relatively
large area fraction.

These results demonstrate that the texture for-
mation mechanism is not governed only by the scan
strategy, but also the “texture stability,” associated
with the ease of epitaxial growth of columnar cells
with respect to the preexisting base (matrix), plays
an important role. The “texture stability” was
further quantitatively discussed in the study using
single-crystalline starting plates.*°

TEXTURE EVOLUTION IN NONCUBIC
MATERIALS; CRYSTAL SYMMETRY
AS CONTROLLING FACTOR

One of the well-known merits of AM is that it can
be used to fabricate products with complex geome-
tries that cannot be fabricated using standard
manufacturing techniques; this includes high-tem-
perature structural materials, which often exhibit
brittleness at room temperature.®”~"® Fabrication of
ceramic materials such as alumina, silicon carbide,
calcium phosphate, and zirconia via selective laser
processing including SLM (L-PBF) and selective
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Fig. 6. (a) Conceptual illustration showing localized control of texture (mosaic-like texture) in bone plate implant used for fixating fractures. (b)
The real product in which mosaic-like texture was developed, fabricated by L-PBF in our group.
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Fig. 7. Crystal orientation maps showing variation in texture by changing scanning strategy during fabrication of bcc-Ti-15Mo-5Zr-3Al samples by
alternating changes between (a—c) X-scan and XY-scan, and (d-f) X-scan and Y-scan. Observations on y—z section; colors indicate crystal
orientation along (a, d) x-, (b, e) y-, and (c, f) z-direction. Positions where the scanning strategy changed are indicated by horizontal gray lines,
and positions where the resultant change in texture occurred are indicated by dashed blue and red lines. Figures reprinted from fig. 2 in Ref. 40
under the terms of the Creative Commons CC-BY license.
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laser sintering (SLS) has been conducted.”” 3! How-
ever, texture control of such ceramic materials has
been little reported.®?

We recently reported L-PBF fabrication of tran-
sition- metal d1s1hc1de products C11,—MoSi,”® and
C40-NbSi,,?® which are expected to be used at
temperatures exceeding 1200 °C. If texture devel-
opment can be controlled in these products, their
high-temperature strength and creep resistance
could be improved.®>®¢ The cited study revealed
that the texture formation behaviors in these sili-
cides differed significantly from those observed in
cubic-structured (fce, bee) materials described in the
previous section.

Figure 8 shows representative pole figures of L-
PBF-fabricated samples of (a) cubic (bce) Ti-15Mo-
57Zr- ?;Alé27 (b) tetragonal MoSi,,”® and (c) hexagonal
NbSi,.”” In bee-Ti, different single-crystalline tex-
tures with <011> and <100> aligned along the
build direction were developed using the X-scan and
XY-scan strategies (Fig. 1). However, the features of
the texture for tetragonal MoSi, and hexagonal
NbSiy were different. In tetragonal MoSi,, a single-
crystalline texture was developed in the X-scan
sample, with the build z- and scanning x-directions
parallel to <100] and [001], respectively. However,
only a fiber-like texture with the build z-direction
parallel to <100] was developed without a single-
crystalline texture in the XY-scan sample. Here, the

mixed notation of {hkl) and <uvw], which differen-
tiates the first two indices from the third that does
not play the same role as the first two, is used for
MoSi, because of the tetragonality of the C11,
crystal structure. By contrast, only a fiber-like
texture with [0001] parallel to the build z-direction
was developed in both the X- and XY-scan samples
in hexagonal NbSi,. These different texture evolu-
tion features derive from the difference in crystal
symmetry, which affects the “multiplicity” of the
preferential growth direction in them, as summa-
rized in Fig. 9.

The C11;, structure in MoSi, contains a tetragonal
unit cell, wherein three bcc lattices are stacked
along the c-axis as shown in Fig. 9a. The preferen-
tial growth direction of the elongated cells in MoSi,
was parallel to <100].°° In L-PBF of MoSi,, growth
of the columnar cells occurred primarily in the plane
perpendicular to the scanning x-direction in sam-
ples with strong texture, similar to that explained
for Fig. 3f. Hence, in the X-scan sample, preferential
growth of the cells parallel to <100] and subsequent
lateral growth parallel to <010] occurred on the y—=
section because the [100] and [010] directions are
crystallographically equivalent in the tetragonal
crystal. Consequently, [001], which is perpendicular
to both [100] and [010], aligned along the scanning
x-direction. Hence, a single-crystalline texture
developed, similar to the fecc and bee materials.

XY-scan

B-Ti
(cubic: bece)

Z // building

direction
1)—-—»"

X // scanning
direction

MoSi,
(tetragonal)

{0001} - {1120}'2

NbSi,
(hexagonal)

(0001} (1120} z

e

Fig. 8. Comparison of variations in pole figures with scan strategy in cubic (bcc) Ti-15Mo-5Zr-3Al, tetragonal MoSi,, and hexagonal NbSis.
Figures reprinted under the terms of the Creative Commons CC-BY license from flg 1in Ref. 27, fig. 2 in Ref. 55, and fig. 3 in Ref. 56, hence the
intensity level for pole figure is not normalized in each material. Details regarding L-PBF fabrication conditions for each sample are available in

Refs. 27,55,56.
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Fig. 9. (a) Relationship among crystal structure, preferential growth direction of elongated cell, and texture developed in L-PBF. (b) Schematic
illustration of variations in developing features of texture with crystal structures during X-scan and XY-scan processes in cubic (bcc) Ti-15Mo-5Zr-
3Al, tetragonal MoSi,, and hexagonal NbSi,. Figures reprinted from fig. 5 in Ref. 56 under the terms of the Creative Commons CC-BY license

(Color figure online).

In the case of the XY-scan in MoSi,, however, the
crystal orientations in the first X-scan and the
following Y-scan regions could not be matched,
unlike the cases of fcc and bcc materials. This is
because the a-axis and c-axis are not crystallo-
graphically equivalent in tetragonal C11,—-MoSi; as
shown in Fig. 9a. Hence, a single-crystalline texture
could not be developed for C11,-MoSis in the XY-
scan, and only a weak fiber texture, with the <100]
cell growth direction parallel to the building z-
direction, developed in the XY-scan sample as
shown in Fig. 8b.

In L-PBF of hexagonal NbSis, the preferred cell
growth direction was <0001>.°® It is noteworthy
that <0001> is only one direction in the unit cell of
the hexagonal crystal. This differs from <100> in
cubic materials, wherein the three directions are
parallel to <100>. Moreover, this differs from
<100] in tetragonal C11,—MoSis, wherein the two
directions are parallel to <100] in the unit cell, as
denoted by the crystallographic multiplicity in
Fig. 9a with red arrows. Hence, during the growth
process of the elongated cells in NbSi,, the primary

elongation direction was parallel to <0001>, but
the subsequent lateral growth (secondary growth)
direction on the y—z section was arbitrary because
only one <0001> axis exists in the hexagonal
crystal. Therefore, a single-crystalline texture was
absent, and a fiber-like texture developed, with only
<0001> parallel to the build direction, in hexago-
nal NbSiy. This occurred similarly in the XY-scan.
Hence, no significant changes were observed in the
texture of the samples. It is noteworthy that similar
texture formation was reported in a hexagonal
close-packed Mg alloy.?” To develop such fiber-like
texture in cubic materials, a 67° rotation scan
should be performed after each layer (Rot-scan).?!

FUTURE PERSPECTIVES REGARDING
TEXTURE CONTROL IN AM

As explained above, future technologies for AM of
metals and ceramics will evolve not only as tradi-
tional recognition-based shape control tools, but also
as innovative tools that allow free control of crystal
orientation and microstructure. The combination of
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Anisotropic texture
and microstructure
for high—temperature
creep resistance

Isotropic texture
and equiaxial grain
microstructure for
fatigue resistance

and low—temperature
toughness.

Fig. 10. Conceptual diagram of high-performance turbine blades that can be manufactured only by using the AM process. (The EBSD map is just
an image that conceptually shows columnar grains and equiaxed grains, not taken from an actual Ni-based superalloy).

arbitrary shape control with control of material
properties via texture control will enable the devel-
opment of high-performance products not realizable
to date. One example is the development of the high-
functionality implant material shown in Fig. 6.
Another example that focuses on aerospace compo-
nents is high-performance turbine blades. As shown
in Fig. 10, the portion of the blade that receives
centrifugal force due to rotation is composed of
columnar grains or single crystal whose crystallo-
graphic orientation is controlled, while the lower,
fixed portion is composed of random polycrystalline
equiaxial grains to ensure fatigue resistance and
low-temperature toughness. In these ways, multi-
functional products that cannot be manufactured by
conventional casting technology will be developed in
the near future by focusing on simultaneous control
of shape and texture in AM products for application
in various fields.

To expand such applications, it is desired to
increase the number of materials whose texture
can be controlled during the AM process. As
described herein, the potential for texture control
has been found for many metals and some ceramics,
regardless of their crystal structure. However,
texture control by AM has not yet been fully
achieved in Ti-6Al1-4V,'%%892 which is important
as a biomaterial, or TiAl alloys,”*®® which are
important as a high-temperature heat-resistant
materials. The reason is that both of these alloys
exhibit solid-state phase transformation at high

temperatures. Since texture control by AM is based
on control over the solidification process, it is
difficult to suppress the destruction of the texture
by solid-state phase transformation during the
cooling process. Texture control in such materials
might be achieved by achieving variant control
during the phase transformation via cooling under
stress loading or a magnetic field,*® although this
requires further investigation.

CONCLUSION

Although precise shape control during fabrication
has been prioritized in AM, texture control is also
important because it is a unique feature of metal AM.
The recent developments described herein enable
intentional control of the texture in a product. The
combination of precise texture control with compli-
cated, near-net-shape control enables a hierarchical
structure to be created, in which the properties are
isotropically or anisotropically controlled in different
scales from atomistic to millimeter scale, hence
enabling unprecedented superior properties.

To control the texture in L-PBF samples, the
following must be considered:

1. The L-PBF process parameters must be con-
trolled to achieve two-dimensional growth of
columnar cells, restricted to the y—z section
perpendicular to the scanning x-direction, such
that the evolution to strong texture can be
realized.
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2. The alignment of <001> along the scanning
direction, as a result of the preferential growth
of cells on the y—z section, is the most significant
factor governing the texture evolution behavior
in cubic (fce, bee) materials.

3. The texture formation mechanism is governed
not only by the scan strategy but also by the
texture stability, which is associated with the
ease of epitaxial growth of columnar cells with
respect to the preexisting base (matrix).

4. In materials with noncubic crystal symmetry,
different textures develop as compared with
those observed in cubic materials. The crystal-
lographic multiplicity of the preferential crys-
tal growth direction is one of the primary
factors governing the features of their tex-
tures.
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