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A near-p Ti alloy with a highly anisotropic single-crystal-like p grain structure was fabricated on a polycrystalline
pure-Ti substrate by laser powder bed fusion (LPBF) using a flat-top laser with bidirectional scanning and 90°
hatch rotation. The as-fabricated specimen had an acicular microstructure with 12 « variants. p-annealing fol-
lowed by air-cooling revealed the growth of columnar f grains with a (001) orientation in the build direction
from the center outward with increasing height, which formed a highly anisotropic p grain structure with a

(001) orientation in the build direction and (100) or (010) orientation along the scan direction with low-angle
grain boundaries (LAGBs) in the § matrix. The predominant (2110)-oriented and minor (1012)-oriented a phases
precipitated in the (001)-oriented p matrix according to the Burgers orientation relationship. The (1012)-ori-
ented o phase was found to form on some LAGBs. Notably, a single o variant was widely distributed without
forming multiple-variant clusters across the highly anisotropic p grain structure.

1. Introduction

Additive manufacturing (AM) processes enable the fabrication of
three-dimensional objects by the layering of materials, which enables
the preparation of tailored microstructure and grain-structure distribu-
tions within parts. Traditionally, Ti-alloy parts used for high-
temperature applications, such as high-pressure compressor blades in
jet engines, undergo thermo-mechanical processing to achieve a
microstructure comprising equiaxed o and lamellar structures—a bi-
modal microstructure optimized for achieving creep and low-cycle-
fatigue resistances [1]. While this bi-modal microstructure is distrib-
uted throughout the entire processed part, AM processes enable the
formation of suitable microstructures in regions dominated by creep or
fatigue.

Microstructural parameters affect fatigue properties of Ti alloys [2].
For example, large sizes of equiaxed a and prior p grains shorten their
low-cycle-fatigue lifetime [3,4]. Notably, in a—p Ti alloys, the a-phase
texture resulting from variant selection is crucial, as the formation of a
single or a few of o variants degrades the fatigue properties [5,6].
Therefore, the formation of multiple a variants enhances fatigue resis-
tance. The formation of grain structures, refinement of grains, and

formation of several a variants using AM processes have been previously
reported for Ti alloys ([7-10]). The details of a-variant selection during
AM processes will be discussed later. A single-crystal structure offers
superior creep resistance by mitigating detrimental grain-boundary ef-
fects, such as grain-boundary sliding and diffusion-induced grain-
boundary migration. Single crystals of pure Ni and Ni-base superalloys
have been successfully fabricated via powder bed fusion (PBF) without
using single-crystal seeds [11-16]. However, there are limited reports
on the formation of single-crystal structures in Ti alloys using AM pro-
cesses. It is known that creep deformation in a-phase Ti alloys with a
hexagonal-close-packed (hcp) lattice is highly anisotropic and depen-
dent on the orientation of the creep load. Grains oriented along the c-
axis of the hcp lattice parallel to the load direction exhibit greater
resistance to creep compared to those oriented perpendicular to the load
direction [17,18]. This phenomenon is mainly attributed to slower self-
diffusion and solute diffusion along the c-axis as well as challenging
activation of (0001)(1120) basal and {1010}(1120) prismatic slip sys-
tems in grains with the c-axis oriented parallel to the load direction
[17,18]. The formation of single-crystal § grain structure and control of
a-variant selection in Ti alloys, therefore, can facilitate the production of
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creep-resistant microstructures, offering enhanced flexibility in micro-
structure design for high-temperature applications, such as high-
pressure compressor blades.

Single crystals have been fabricated by electron-beam PBF (EB-PBF)
without the use of single-crystal seeds [11-15]. However, fabricating
such single crystals via laser PBF is difficult owing to the use of Gaussian-
type lasers, which form a semielliptical melt-pool geometry on the plane
perpendicular to the scan direction (SD) because of their decaying in-
tensity profile where the maximum intensity is at the spot center and
zero intensity is along the beam radius [16]. Thus, the solidification-cell
growth direction is continuously tilted from the edge to the center of the
melt pool, which results in the formation of high-angle grain boundaries
(HAGBs) and hinders continuous epitaxial growth in the build direction
(BD) [16,19,20]. However, a flat-top laser with uniform intensity over
the spot area [21] has been used to realize planar melt-pool geometry on
the plane perpendicular to SD in pure Ni to enhance epitaxial growth
aligned with the (001) orientation of the face-centered cubic (fcc) lat-
tice in the BD [16]. Moreover, the epitaxial growth in the (001) direc-
tion was shown to deviate by 45° from the SD on the SD-hatch direction
(HD) plane [22]. Consequently, using bidirectional laser scanning with
90° hatch rotation on the SD-HD plane yielded a single-crystal structure
with (001) and (101) textures parallel to (||) the BD and SD, respec-
tively [16,22]. The preferential growth direction of cubic crystals,
including fcc and body-centered cubic (bec) crystals, is parallel to (001)
and is aligned along the highest-thermal-gradient direction at the so-
lidification front during crystal growth [23-25]. Therefore, the planar
melt pool produced during LPBF using a flat-top laser can also be used to
form single crystals of other metals or alloys with a cubic crystal
structure [16].

In Ti alloys, the bee f phase solidifies from a molten state. With LPBF,
the growth of columnar p grains occurs predominantly in the BD during
solidification [10,26-301, which can result in a strong (001)||BD texture
and weaker textures in the in-plane direction on the SD-HD plane
[29,30]. Furthermore, bidirectional scanning using a Gaussian-type
laser on p-Ti alloys has led to strong (001)|/BD and (100)||SD textures
with 90° HD rotation between layers or strong (001)||SD and (101)|BD
textures with no HD rotation between layers, which are accompanied by
the formation of HAGBs [31,32]. For the growth of the single-crystal
structure, it is important to minimize the deviation of (001)-oriented
bcce growth from the BD at the rear of the melt pool on the SD-BD plane
and at the relatively narrow center of the planar melt pool on the HD-BD
plane. However, optimizing temperature distribution and melt-pool
geometry for Ti alloys is essential because these factors are strongly
dependent on material types, such as Ti or Ni, and their thermal prop-
erties [33,34]. For instance, in Ti-6Al-4 V, the high laser absorption by
powder particles and low thermal conductivity leads to a longer tailing
and higher depth-to-width ratio of the melt pool compared to materials
such as Inconel 718, 304 stainless steel, and AlSi10Mg [33].

The use of a flat-top laser during LPBF enables the formation of a
wider and flatter region on the melt-pool surface compared with the case
of using a Gaussian-type laser, which enhances (00 1)-oriented epitaxial
growth along the BD and promotes grain selection, suppressing HAGB
formation.

A single B grain can transform into 12 variants of the a phase [35]
according to the Burgers orientation relationship (BOR) [36] during
cooling in the (a 4+ p) dual-phase region. However, certain o variants
form preferentially (i.e., variant selection) because of underlying factors
such as strain energy accommodation [35,37,38], dislocations [39], B
grain misorientation [37,40-46], the prior B-grain-boundary plane [47],
and the texture memory effect [48,49]. a-variant selection plays an
influential role in the evolution of textures, and the texture of the a
phase affects the mechanical properties including creep resistance as
mentioned before [50,51]. This study explored the feasibility of using a
flat-top laser in LPBF to form highly anisotropic single-crystal-like f
grain structures without HAGBs to tailor the anisotropic textures and o
variant selection of near-p Ti alloys. Ti-6Al-2Sn-4Zr-6Mo (wt%) (Ti-
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6246) was selected as a representative near-f Ti alloy.
2. Materials and methods

Specimens were fabricated in an Ar atmosphere using a selective
laser melting system (SLM 280 HL; SLM Solutions, Germany) equipped
with a flat-top laser having a beam diameter of 700 um. The beam profile
of the flat-top laser in the SLM 280-type machine was detailed by Pilz
et al. [29]. To observe the melt-pool geometry, single tracks of the laser
were analyzed by using Ti-6246 plates (TIMET, USA) without a powder
coating. The laser power and scan speed in the single-track analysis were
varied in the range of 250-350 W and 100-450 mm/s, respectively.
Plasma-atomized Ti-6246 powder (Advanced Powders & Coatings, Inc.,
Canada) was used to fabricate multilayers. The D1, Dsg, and Dgg values
of the powder size distribution were 25.3, 41.1, and 63.7 um, respec-
tively. The p-transus temperature of Ti-6246 was approximately 1221 K.
Multilayers were fabricated by using the following combination of
optimized laser parameters: a laser power of 300 W, scan speed of 250
mm/s, hatch space of 120 ym, and layer thickness of 30 um. Laser
scanning was performed bidirectionally with 90° rotation of the HD at
each layer. In this study, the BD was represented by the Z axis, and the
SD was parallel to the X and Y axes and perpendicular to the Z axis. The
HD and SD changed at each layer because of the 90° rotation of the HD.
Cylindrical specimens with a diameter of 12 mm and height of 30 mm
were fabricated on polycrystalline pure-Ti substrates. The powder stage
was not heated. After fabrication, the specimens were first heated in an
Ar-filled quartz capsule at 1233 K in the f region for 1.2 ks and then air-
cooled. All specimens were sectioned and ground with abrasive paper
(#320 and #600) and were mechanically polished by using diamond (9,
3, and 1 pm) and colloidal silica suspensions. Scanning electron micro-
scopy (SEM; JEOL JSM-7001F) and electron backscatter diffraction
(EBSD) were performed to characterize the microstructures of the
specimens. EBSD analysis was conducted on SD/HD-BD cross-sections
with dimensions of 800 ym x 6400 pym, 800 um X 1200 um, 37 um X
80 um, and 16 pm x 35 um at step sizes of 4, 2, 0.1, and 0.06 um. EBSD
data with confidence index values of >0.1 were analyzed using TSL OIM
8. The subgrain boundaries, low-angle grain boundaries (LAGBs), and
HAGBs were classified according to misorientations of 2°-5°, 5°-15°,
and >15°, respectively. In the pole figure analysis, grains were defined
by adopting a grain tolerance angle of 2° to distinguish o variants
formed in p-phase regions with misorientations of >2°. The constituent
phases were identified by X-ray diffraction (XRD) using a SmartLab
diffractometer (Rigaku, Japan) with Cu Ka (A = 1.5418 A) radiation
generated at 45 kV and 200 mA.

3. Results and discussion
3.1. As-fabricated and p-annealed microstructures

As shown in Fig. 1, an acicular microstructure was observed at a
height of 29 mm in the as-fabricated specimens (Fig. 1a). In Ti alloys, the
B phase transforms to martensitic phases such as o or o during rapid
cooling [52-54]. In Ti-6246, «" phase formation has previously been
detected in microstructures after quenching from high temperatures (e.
g., 1143 K-1253 K) in the (a + p) dual-phase region and f single-phase
region (for example, see [55,56]).

Fig. 2 shows that the XRD pattern of the as-fabricated specimen
indicated a microstructure with a and f§ phases, which was attributed to
the decomposition of the martensitic o’ phase after its formation from
the p phase to o and p phases. The decomposition of the o’ phase can be
promoted by heat accumulation and a low cooling rate if the laser-
scanning speed during fabrication is lowered [57-59]. In this study,
grain boundaries were occasionally detected by observing thin lines of
the grain-boundary « in SEM images (arrow A in Fig. 1a). The adjacent §§
grains across such grain boundaries exhibited minor misorientations.
For example, inverse pole figure (IPF) maps of the a phase in the BD
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Fig. 1. (a) Backscattered-electron image of the as-fabricated microstructure including the grain boundary a (arrow A) on the cross-section parallel to the build
direction (BD). (b) Electron backscatter diffraction (EBSD) phase map and (c) inverse pole figure (IPF) map of the « phase in the BD. (d) Pole figures of the § phase in
grains C and D. (e) Pole figures of the o phase in grain D. (f) Backscattered-electron image of the -annealed microstructure on the cross-section parallel to the BD. The

analysis area in (c) has dimensions of 16 ym x 35 um with a step size of 0.06 pym.
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Fig. 2. X-ray diffraction patterns of the as-fabricated and f-annealed speci-
mens. Peaks corresponding to o, as observed in a Ti-Mo system [54], are
superimposed on the peaks corresponding to the B-annealed specimen.

showed two f grains C and D across the grain boundary B (Fig. 1c).
Grains C and D had a misorientation of only 5° (Fig. 1d), which indicates
almost parallel bce alignment between them. The precipitated a phase
was ultrafine, and twelve o variants with six {0001}-pole pairs were
detected in grain D (Fig. 1e). The as-fabricated specimen was heated at
1233 K in the p single-phase region for 1.2 ks and then air-cooled.
Subsequently, thicker o precipitates and grain-boundary o were
clearly observed (Fig. 1f). The XRD results indicated that the f-annealed
microstructure comprised o and f§ phases formed during the air-cooling
afterward (Fig. 2). The feet of the o peaks were slightly broadened be-
tween the o and o’ peak positions.

3.2. Crystallographic texture and f grain misorientation of the f-annealed
specimen

Fig. 3 shows IPF maps in the BD for the (Fig. 3a—d)  and (Fig. 3e)
phases and (Fig. 3f-i) in the X direction along the SD/HD for the f phase
on the Y-Z (SD/HD-BD) plane of the p-annealed specimen at heights of
15, 20, 25, and 30 mm.

The centerline of the cylindrical specimen is marked by a dashed
line. IPF maps along the Y direction (SD/HD) are given in the Supple-
mentary Material (Fig. S1). The formation of thicker o precipitates
during air-cooling revealed the orientation distribution of the f§ grains
(Fig. 3a—-d). Narrow columnar f grains with various orientations close to
(001), (101), and (111) grew at the height of 15 mm (Fig. 3d). f grains
with the (001)||BD orientation grew and became thicker with increasing
height, whereas grains with other orientations grew obliquely upward
and outward especially at the heights of 20, 25, and 30 mm (Fig. 3a—c).
Concurrently, a uniform (001)||BD texture became dominant from the
center outward at the heights of 25 and 30 mm and uniform (100)||SD/
HD and (010)||SD/HD textures gradually formed with increasing height
(Fig. 3f-g, Fig. Sla and b in the Supplementary Material). However, the
(100) and (010) orientations tended to align to the SD/HD after the
(001) orientation aligned to the BD. For example, at a height of 20 mm,
the (100) orientation of p grains with the (001)||BD texture inclined
from SD/HD (boxes in Fig. 3¢ and h). At a height of 25 mm, most grains
at the same distance from the center showed the (100) orientation along
the SD/HD (red-dashed box in Fig. 3g). Similarly, (001)|BD and
(101)||SD/HD textures at a height of 25 mm (blue-dashed box in Fig. 3b
and g) transformed into (001)|[BD and (100)||SD/HD textures at a
height of 30 mm with the same distance from the center (blue-dashed
box in Fig. 3a and f).

As shown in Fig. 4, the growth of § grains at the center with
(001)|BD, (100)||SD/HD, and (01 0)||SD/HD textures was indicated by
an increase in the maximum intensity of the IPF maps in the X, Y and Z
directions (IPF-X, IPF-Y, IPF-Z) for a region spanning 800 um x 1200 um
and at heights of 30 (Fig. 4a—c) and 15 mm (Fig. 4e-g). Contour maps of
IPF-Z, IPF-X, and IPF-Y for the p phase were obtained for an area of 800
um x 1200 um at heights of 15, 20, 25, and 30 mm at the center and both
sides of the central area (Fig. 4i-k). The intensity increased with height
for the (001), (100), and (010) orientations. Moreover, the maximum
intensities of IPF-X and IPF-Y for the p phase increased later than that of
IPF-Z because the (100) and (01 0) orientations aligned with the SD/HD
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Fig. 3. IPF maps of (a—d) p and (e) a phases in the Z direction (BD) at heights of (a, e) 30, (b) 25, (c) 20, and (d) 15 mm for the as-f-annealed specimen. IPF maps of
the p phase in the X direction (SD/HD) at heights of (f) 30, (g) 25, (h) 20, and (i) 15 mm for the as-p-annealed specimen. The analyzed area has dimensions of 800 um
x 6400 um with a step size of 4 um. The centerline of the cylindrical specimen is shown by a dashed line.

later than the (001) orientation aligned with the BD.

The o phase in the (001)-oriented f region uniquely exhibited a
predominant (2110) orientation in the BD (Fig. 3e), which is because
[1120] exhibits a 5° misorientation from [001] when [1210] is aligned to
[111] during formation of the a phase according to the BOR [60]. The
(2110) intensity was greater at a height of 30 mm than at 15 mm
(Fig. 4d, h) because f grains with the (001)||BD texture grew at 30 mm.
The misorientation of adjacent p grains was within the range for LAGBs.
Fig. 5 shows the IPF maps along the Z, X, and Y directions for the f
(Fig. 5a—c) and «a phases (Fig. 5d-f) at the center of a p-annealed spec-
imen at a height of 30 mm. The {001}/{1 1 0}-pole figures of the f phase
with (001)|BD, (100)||SD/HD, and (010)|SD/HD textures in the
analyzed area presented a cubic-type {100} (001) texture component

(Fig. 5g). The point-to-point misorientation of the § phase along the
arrow in Fig. 5a was less than 8° (Fig. 5h). Notably, the formation of the
grain-boundary o was observed along LAGBs (arrows in Fig. 5d).

Fig. 6 shows IPF maps of the p (Fig. 6a) and a phases (Fig. 6b) in the
BD for the magnified area near the grain boundaries in Fig. 5a and d.
Grain boundary a formed continuously on grain boundaries between
grains A and B and occasionally between grains A and C. The point-to-
point misorientation along the arrow in Fig. 6a indicates formation of
grain-boundary a along LAGBs (Fig. 6d). The p grain misorientation can
be further minimized by increasing the height of the specimen or further
optimizing the process parameters. These results demonstrated that a
flat-top laser can be used in LPBF to fabricate Ti-6246 with a bcc single-
crystal structure and LAGBs without using single-crystal seeds.
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Fig. 4. IPF maps of the (a—c, e-g) p and (d, h) o phases in the Z (BD), X, and Y (SD/HD) directions at heights of 30 and 15 mm in a p-annealed specimen. Contours of
maximum intensity for (i) IPF-Z, (j) IPF-X, and (k) IPF-Y of the § phase of a p-annealed specimen obtained for an 800 uym x 1200 pm area on the Y-Z (SD/HD-BD)

plane at the center and on both sides of the central area at a height of 15-30 mm.

3.3. Texture formation of a single-crystal-like /3 grain structure

The development of textures in LPBF using Gaussian-type and flat-
top lasers has been extensively studied for cubic metallic alloys
including Ti alloys [10,19,27-32,61,62]. With a Gaussian-type laser,
increasing the energy density, such as by reducing the scan speed and
increasing the laser power, yields a deeper melt pool. The deep melt pool
causes (001) epitaxial growth from a semielliptical fusion line toward
the melt-pool center upward on the HD-BD plane, which is accompanied
by competitive grain growth [19,61]. In addition, the continuously in-
clined (001) epitaxial growth relative to the BD on the SD-BD plane and
relative to the SD on the SD-HD plane at the rear of the melt pool cause
the formation of (101)||BD and/or (111)|BD textures owing to the
curved surface of the melt pool [19,61]. Decreasing the energy density,
such as by increasing the scan speed and decreasing the laser power,
generates a shallower melt pool with a less curved surface, which pro-
motes solidification-cell growth in the BD [19,61]. Thus, the laser scan
speed is a highly influential process parameter on the melt-pool geom-
etry. Increasing the scan speed is effective for decreasing the depth-to-
width ratio and decreasing the depth of the melt pool [63,64],
although it tends to lead to a finer grain size because of the faster cooling

rate [65]. A flat-top laser can be used to obtain a shallow and planar melt
pool at low laser scan speeds [16,66]. Fig. 7 shows the backscattered-
electron images of the cross-section of fusion tracks scanned by the
flat-top laser in this study. A faster scan speed resulted in a narrower,
shallower, and flatter melt-pool geometry. Notably, under an insuffi-
cient laser energy density, intensity deviations in the flat-top beam
profile [29] may lead to an inhomogeneous temperature distribution on
the plate surface. This can induce inhomogeneous thermal Marangoni
flows dominantly in a narrow and shallow melt pool, leading to the
formation of an asymmetric melt pool, as shown in Fig. 7(c). Even when
a flat-top laser beam scans over the powder bed at a low energy density,
irregular flows can arise owing to the dominance of spherical melt flow
and their merging, accompanied by thermal Marangoni flow [67,68].
Consequently, this can also generate an asymmetric melt pool. In this
study, a laser power of 300 W and scan speed of 250 mm/s yielded a
planar and symmetric fusion line at the center. These settings were
adopted to fabricate multilayer specimens, which enhanced the growth
of a bee structure along the (001) orientation close to the BD. The bec 8
phase grows fastest along the (001) orientation, which is aligned with
the highest-thermal-gradient direction at the solidification front (i.e.,
almost perpendicular to the melt-pool surface) [23-25]. Therefore,
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Fig. 7. Backscattered-electron images of the cross-sections of single fusion
tracks scanned using a flat-top laser beam at different laser scan speeds: (a) 300
W and 100 mm/s, (b) 300 W and 250 mm/s, and (c) 300 W and 450 mm/s.

grains with the (001)||BD texture grew epitaxially from the planar melt-
pool surface outgrew grains with other textures in this study (Fig. 3a-d).

As noted previously, the alignment of the (001) orientation in the BD
occurred earlier than the alignment of the (100) and (010) orientations
to the SD/HD. In such a planar melt pool, the grain growth was more
dominant in the BD than in the in-plane direction (i.e., perpendicular to
the BD). One important difference between the single-crystal-like p grain
structure of Ti-6246 in this study and the previously reported single-
crystal structure of pure Ni [16,22] is the texture along the SD. Pure
Ni had (001)|BD and (101)||SD textures, whereas Ti-6246 had
(001)||BD, (100)||SD, and (01 0)||SD textures. In pure Ni, the epitaxial
growth of the fce structure in the (001) orientation deviated by 45° from
the SD at the rear of the melt-pool surface on the SD-HD plane [22].
Then, the 90° rotation of the bidirectional laser scanning for each layer
resulted in the (101)||SD texture [22]. In a study employing EB-PBF for a
B Ti alloy, a shallow and wide melt pool was generated that resulted in
the occasional growth with (100) or (010) orientations in the HD in
addition to the growth with the (001) orientation in the BD at the sides
despite the melt-pool surface being inclined by approximately 45° from
the HD on the HD-BD plane [69]. Another study that used a laser to melt
the surface of a Ni-base single-crystal superalloy substrate demonstrated
that orthogonal dendrites grew along the [001], [100], and [010] di-
rections from the curved melt-pool surface during scanning along the
[100] direction on the (001) plane [70,71]. In addition, [010] den-
dritic growth, which was perpendicular to the SD and parallel to the
substrate surface, was observed at the sides of the melt pool near the
surface [70,71]. In this study, however, the epitaxial growth of the bcc
structure with the (010) orientation (i.e., perpendicular to the SD and
parallel to the HD) can be more dominant than that parallel to the SD on
the SD-HD plane as the laser moved in the SD. In contrast to the case of
pure Ni [16,22], a higher laser-scanning speed in this study caused the
formation of a more elongated melt-pool tail in the SD. This promoted
epitaxial growth with a (010) orientation in the HD (i.e., perpendicular
to the SD) at the sides of the melt pool. These facts explain why the
(001) orientation of the p grains aligned to the BD before the (100) and
(010) orientations aligned to the HD and led to the development of the
(100)||SD/HD and (01 0)||SD/HD textures during the bidirectional laser
scanning with 90° HD rotation between layers (Fig. 3f and g, Fig. Sla
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and b in the Supplementary Materials). Thus, the dominant epitaxial
growth of the (001) orientation in the BD and (010) orientation in the
HD led to the single-crystal-like § grain structure with (001)|BD,
(100)||SD/HD, and (010)||SD/HD textures.

3.4. Distribution of a variants in the f-annealed specimen

The growth of (001)-oriented f grains in the BD with LAGBs was
observed in the B-annealed specimens. The orientations of p grains B and
C (Fig. 6a) matched in terms of the bcc poles of {110}, {111}, and
{100} (Fig. 6e). In contrast, p grains A and B/C exhibited a 5° misori-
entation in the pole figures (Fig. 6e). In these (3 grains, the precipitated o
phase exhibited predominant (2110)|/BD and minor (1012)|/BD textures
(Fig. 6b). Grain-boundary o with the (1012)||BD texture formed on the
LAGBs. Pole figure analysis (Fig. 6e and f) indicated that the a phases
formed under the BOR (i.e., {0001}4||{110} and (2110)4[|(111)p).
Thus, the o phases comprised six variants with four {0001} poles.
Furthermore, the o precipitate with the (1012)||BD texture had two
variants a2 and a3 (Fig. 6g). Inter-variant misorientation can be classi-
fied into six types of axis-angle pairs [72]. Variants a2/a3 of the a
precipitates and a4/a5 of grain-boundary a shared common {0001} axes
and rotated 10° about the common axes (Fig. 6f), which suggests that the
axis-angle misorientations of a2/a3 and a4/a5 were of the [0001]/
10.53° type [72]. In addition, al/a3 and a2/04 shared [1120] axes
rotated 120° about the common axes, which suggests that they belonged
to the [1120]/60° type [72]. The formation of multiple variants of « laths
with a basket-weave microstructure and misorientations of [1120]/60°
and [0001]/10.53° types have been reported for forged [37,40,41] and
additively manufactured o—f Ti alloys [26,73,74].

Several previous studies have considered a variant selection of o—f
and near-p Ti alloys in AM [26,30,73,74]. In this study, a unique «
variant was identified in Ti-6246 after p annealing at 1233 K for 20 min
followed by air-cooling. a variant selection is greatly affected by the
evolution of the microstructure during the transformation of the p phase
to o + B phases. During slow cooling from the single p phase region,
grain-boundary o first forms at f-grain boundaries, having the BOR with
one of the adjacent f grains. Then, Widmanstatten colonies grow from
the grain-boundary « into the p grain with the same orientation as the
grain-boundary o according to the BOR [40,41,43,75]. In this case, the
first colonies to form dominate and disrupt other colonies occupying the
B grain, which causes the formation of only a few « colonies or a single
colony in each grain depending on the cooling rate. Therefore, a stronger
B-phase microtexture leads to the stronger formation of the a-phase
microtexture. In contrast, more rapid cooling leads to the development
of basket-weave or acicular microstructures that form multiple-variant
clusters of a laths with inter-variant misorientations in the p matrix
[37,38]. The clustering of multiple variants has mainly been attributed
to minimization of  the transformation-induced strain
[26,35,37,38,73,74]. For example, in the as-cast p-rich Ti alloy, fine «
phase precipitated and clusters of three o variants with an inter-variant
misorientation of [1120]/60° were dominantly formed during the
growth of semi-coherent o phase with residual elastic energy [38]. In the
present study, however, p-annealing followed by air-cooling predomi-
nantly led to (2110)-oriented a precipitation with a widely distributed
al variant across LAGBs in highly anisotropic single-crystal-like B
grains, and clusters of multiple variants did not form. Such a large se-
lection of a single a variant across LAGBs has not been previously re-
ported. The strain accumulation induced by fabrication can be reduced
by p-annealing, although a strain gradient region persisted in the p grain
(e.g., the region shown in the kernel-average misorientation map with
variants a2/a3 in Fig. 6¢). The application of LPBF using a flat-top laser
to pure Ni [76] primarily caused the low dislocation density during
annealing between 873 and 1273 K for 16 h and the arrangement of
statistically stored dislocations instead of geometrically necessary dis-
locations, which resulted in an insignificant change in the cell-wall
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misorientation. The low dislocation density observed in the specimen
derived from the flat-top laser further decreased with increasing
annealing temperature and annealing duration, causing static recovery
[76]. Herein, the dislocation density in the p matrix of the as-fabricated
specimen may have been inherently low because of fabrication using a
flat-top laser beam. In addition, the as-fabricated specimen was heat-
treated at 1233 K in the f-single-phase region for 20 min, which is 12
K above the p-transus temperature. This § annealing likely altered the
dislocation density and morphology within the § matrix. The process of
a-variant selection in this study may be associated with dislocation
density, morphology, and types, such as edge or screw dislocations,
present in the § matrix [39], which can be affected by annealing tem-
perature, annealing duration, and cooling rate. The effect of such
dislocation or cell distributions on the single-variant distribution
observed in this study will be analyzed in future studies.

4. Conclusions

The single-crystal structure exhibits superior creep resistance, while
creep deformation of the a-phase along the c-axis of the hcp lattice is
much harder than deformation perpendicular to the c-axis. The appli-
cation of LPBF using a flat-top laser to Ti-6426 resulted in the formation
of a highly anisotropic single-crystal-like  grain structure with
(001)|BD, (100)||SD/HD, and (010)||SD/HD textures and LAGBs
without requiring the use of single-crystal seeds. p-annealing followed
by air-cooling induced precipitation of a predominant (2110)-oriented o
phase and minor (1012)-oriented a phase from the (001)-oriented
matrix under the BOR. A (1012)-oriented grain-boundary a was also
observed along some LAGBs. Notably, a single o variant was widely
distributed in the f single-crystal-like structure without forming
multiple-variant clusters.

The c-axis of the single a variant was almost perpendicular to the BD
and deviated by ~45° from the SD according to the BOR. This indicates
that aligning the (0001) orientation of the single o variant in the single-
crystal p-grain structure along the highest-load direction of the Ti-alloy
object can improve creep resistance. Furthermore, if we can align the c-
axis perpendicular to the BD and to the SD through variant selection, it
would expand the scope for microstructure design flexibility, which can
be focused in future research. The results of this study provide novel
insights into the process of obtaining single-crystal bcc structures in p-Ti
alloys and controlling o variant selection in near-f Ti alloys for high-
temperature applications of LPBF products such as high-pressure com-
pressors used in jet engines.
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