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This study presents, for the first time, a bi-directional ap/y lamellar microstructure achieved in a y-titanium
aluminide (y-TiAl) alloy via laser powder bed fusion (LPBF). In the as-built condition, the microstructure was
predominantly composed of the oy phase, in which a crystallographic lamellar microstructure (CLM) consisting
of two differently oriented crystallographically textured layers was established. In the major layer, the {0001}
direction was oriented perpendicular to the building direction (BD), whereas in the minor layer, it was nearly
aligned parallel to the BD. After heat treatment the previously formed CLM was preserved, thereby governing the
orientation of the subsequently formed oy/y lamellae according to the Blackburn orientation relationship.
Therefore, a bi-directional ay/y lamellar microstructure was obtained, with lamellae oriented parallel (0°) and
perpendicular (90°) to the BD in the major and minor layers, respectively. The individual nano-hardness mea-
surements revealed values of 9.3 & 0.4 GPa for the major layer and 10.4 + 0.8 GPa for the minor layer, which are
much higher than those of y-TiAl alloys produced by other processing methods. This unique microstructural
formation was primarily enabled by a peritectic reaction-based alloy design combined with process-induced
crystallographic texture control, highlighting a new pathway for microstructural design of y-TiAl alloys and
potentially enabling improved mechanical performance.

1. Introduction lamellar structures with a parallel orientation (0°) to the loading di-

rection through directional solidification (DS) techniques [4]. The use of

y-titanium aluminide (y-TiAl) alloys are considered promising
lightweight structural materials for high-temperature applications due
to their excellent creep resistance and oxidation stability [1,2]. Notably,
y-TiAl alloys have successfully replaced Ni-based superalloys in the in-
termediate temperature environments (~750 °C) [2,3]. However,
despite these advantages, the operational temperature limit of y-TiAl
alloys has remained stagnant for several decades, and extending their
temperature capabilities is still a significant challenge [2].

One effective approach to achieving a breakthrough in the high-
temperature mechanical performance of y-TiAl alloys is to obtain

a specific seed alloy in the DS technique is one of the fundamental ap-
proaches for controlling lamellar orientation [5,6]. However, the seed
materials must meet critical requirements [6-8], and the compositional
differences between master alloys and seed materials lead to issues such
as uneven compositional distribution, which can lead to compositional
inhomogeneity and potentially deteriorate the properties of the pro-
duced materials. Moreover, DS techniques require strict control of pro-
cessing conditions, and it is difficult to fabricate large components with
complex shapes.

Meanwhile, additive manufacturing (AM) enables the direct
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fabrication of near-net-shaped components from three-dimensional
computer-aided design data through layer-by-layer powder fusion
using a scanning heat source [9], and has recently emerged as an
advanced manufacturing technique for a wide range of metallic mate-
rials, such as titanium, aluminium, nickel, and magnesium alloys
[10-13]. In laser powder bed fusion (LPBF), a representative AM tech-
nique, products are manufactured by stacking the melt pools generated
by focused beams as individual units. Steep thermal gradients are
inherently formed within these melt pools, allowing crystallographic
texture control through adjustment of the melt pool geometry [14,15].
The formation and control of the crystallographic texture using the LPBF
have been demonstrated to be highly effective in tailoring the perfor-
mance of various metallic materials [16-21]. Therefore, LPBF can be
considered a promising platform for achieving single-crystal-like
microstructural control beyond conventional DS techniques, offering
new opportunities for controlling lamellar orientation in y-TiAl alloys.

However, studies on lamellar orientation control in y-TiAl alloys
processed by LPBF remain limited, as the intrinsic brittleness of these
alloys has directed most research efforts toward understanding cracking
mechanisms and achieving high densification during processing
[22-25]. Furthermore, the microstructures reported to date are pre-
dominantly polycrystalline with random orientations [26,27], and such
microstructures are not fundamentally different from those obtained by
conventional processing routes, including casting followed by cyclic
heat treatments or hot working with subsequent microstructural control
[28-30]. In addition, the repetitive thermal cycles and rapid cooling
rates associated with AM further complicate lamellar orientation control
in y-TiAl alloys undergoing complex phase transformations.

Nevertheless, a limited number of recent studies have demonstrated
both the feasibility and effectiveness of fabricating directionally aligned
lamellar microstructure in y-TiAl alloys by AM, particularly using the
direct laser deposition (DLD) process [31,32], while, to the best of our
knowledge, lamellar orientation control in y-TiAl alloys processed by
LPBF has not yet been reported. The motivation for employing LPBF lies
in its ability to locally tailor lamellar orientation via spatially controlled
melt pool interactions, enabling location-specific microstructural con-
trol, thereby offering greater design freedom than DLD.

Here, we demonstrate a bi-directional ay/y lamellar microstructure
in a y-TiAl alloy processed by LPBF, achieved through a peritectic
reaction-based alloy design combined with process-induced crystallo-
graphic texture. This work elucidates the mechanisms of lamellar
orientation control in LPBF-processed y-TiAl alloys and provides insights
relevant to enhanced mechanical performance.
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2. Materials and methods
2.1. Raw powder characteristics and sample fabrication

Fig. 1(a and b) shows the particle size distribution and a represen-
tative image of the spherical y-TiAl alloy powder prepared by gas at-
omization. The powder had a median particle size (dy,) of 30.4 pm and a
nominal composition of Ti-46Al-6Nb-0.5W-0.5Cr-0.3Si-0.1C (at.%,
KIMS #16 alloy). As shown in Fig. 1(c), cubic samples with dimensions
of 5 mm (depth) x 5 mm (length) x 5 mm (height) were fabricated using
an LPBF machine (EOS M290, EOS, Germany). The bidirectional scan-
ning strategy along the x-axis was applied with laser power, scanning
speed, hatch distance, and layer thickness of 180 W, 1000-1800 mm/s,
80-100 pm, and 40-60 pm, respectively. The building chamber was
filled with argon gas to avoid a reaction, and the baseplate was pre-
heated to 200 °C.

2.2. Characterization

The as-built specimens were sectioned, and the cross sections were
mechanically polished using emery papers, followed by final polishing
with colloidal silica. The relative density of the fabricated specimens
was evaluated using an optical microscope (OM; BX60, Olympus, Japan)
and ImageJ software. The microstructures of specimens were observed
by a field-emission scanning electron microscope (FE-SEM; JIB-4610F,
JEOL, Japan) equipped with an electron backscatter diffraction system
(EBSD; NordlysMax3, Oxford Instruments, UK). To investigate the
microstructural evolution after heat treatment, heat treatment was
conducted at 800 °C for 3 h followed by air cooling. Prior to heat
treatment, the specimens were sealed in a quartz tube. After heat
treatment, microstructural characterization was performed using the
same procedures as those applied to the as-built specimens. In addition,
the phase constitution of the samples was analyzed by X-ray diffrac-
tometry (XRD; X'pert PRO, Philips, The Netherlands) using a Cu target at
an acceleration voltage of 40 kV and a current of 30 mA, and further
analysis was conducted using a transmission electron microscope (TEM;
JEM-ARM200F, JEOL, Japan). Mechanical properties were evaluated by
nanoindentation tests (ENT-1100a, ELIONIX, Japan) with a maximum
load of 4.9 mN and a holding time of 10 s, employing a Berkovich
indenter.

Fig. 1. (a) Particle size distribution of the raw powder, (b) typical SEM image of the y-TiAl alloy powder used in this study, and (c) schematic illustration of the

specimen dimensions and the applied scanning strategy.
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3. Results and discussion

3.1. Phase transformation in y-TiAl alloys and alloy design for
crystallographic texture control by LPBF

In the y-TiAl alloy, the solidification modes are generally classified as
B, peritectic, and «a solidification depending on the alloy composition
[33,34]. As summarized in Table 1, although the primary solidification
phase and the subsequent transformation sequence differ, the § — o and
a — y phase transformations during solidification follow well-defined
phase relationships between the constituent phases. That is, the p — «
transformation follows the Burgers orientation relationship (Burgers
OR) where {110}3//(0001), and <111>p//<11 2 0>, while the o — y
transformation follows the Blackburn orientation relationship (Black-
burn OR) where {0001}42//{111}, and <11 2 0>4//<1 1 0>,
respectively [35,36]. Therefore, the final ay/y lamellar orientation is
determined by the crystallographic texture of the primary phase and the
orientation relationships between the constituent phases during subse-
quent phase transformations.

While p-solidified y-TiAl alloys theoretically involve up to twelve
possible « variants during the p — o phase transformation, these o var-
iants do not transform with equal probability, a phenomenon commonly
referred to as variant selection. This variant selection is influenced by
various factors, including transformation-induced shape strain and
interfacial energy [37,38], which makes the formation of a single «
variant difficult to achieve. In addition, processing-related factors,
particularly the high cooling rates characteristic of AM, promote
massive transformation, which in turn leads to the development of weak
and randomly oriented crystallographic textures [23,39]. As a result, the
lamellar orientation in p-solidified y-TiAl alloys cannot be effectively
controlled owing to the complex § — «a transformation behavior.

In contrast, a-solidified y-TiAl alloys undergo a relatively simple
phase transformation during solidification and exhibit preferential
growth of the o phase along the <0001> direction due to its hexagonal
crystal structure [6,40], which is expected to facilitate lamellar orien-
tation control. However, variations in scanning strategy and the asso-
ciated changes in melt pool geometry in LPBF do not significantly affect
the resulting crystallographic texture formation. The {0001} orientation
remains predominantly aligned parallel to the building direction (BD),
independent of the scanning strategy [41]. This behavior originates
from the crystal symmetry of the hexagonal phase, specifically the
limited multiplicity of preferential growth directions of the cells, which
governs crystallographic texture development in the LPBF.

Therefore, a peritectic-solidified y-TiAl alloy, the KIMS #16 alloy,
was designed in the present study. As illustrated in Fig. 2(a), the most
significant difference from other solidification modes is the presence of a
three-phase region (L + p + «), which is enabled by the addition of
fB-stabilizing elements [6,42]. In addition, the peritectic « phase nucle-
ates at the interface between the primary f§ phase and the liquid (Fig. 2
(b)), and its orientation is inherited from the primary f§ phase through
the Burgers OR [43]. According to the orientation relationships between
the p and o phases described above, twelve possible a variants with
different growth directions can theoretically form during the solid-state
phase transformation. However, only one of these variants is preferen-
tially selected to envelop a given f} phase through the peritectic reaction,
leading to the formation of coarse columnar grains. We therefore hy-
pothesize that this solidification pathway promotes the development of

Table 1
Solidification modes and corresponding phase transformation sequences in
y-TiAl alloys.

Solidification mode Phase transformation sequence

B solidification
Peritectic solidification
« solidification

Lol+p-oPp-oPpta—a—-a+y
LoLlt+p-oL+pta—-PB+aL+a)—a—-aty
Lol+a—-sa-pf+a—-a—-a+y
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a strong crystallographic texture during the LPBF, while offering greater
flexibility for crystallographic texture control through variations in melt
pool geometry.

3.2. Effect of LPBF process parameters on densification and
microstructural characteristics

In order to explore the effect of LPBF process parameters on densi-
fication, specimens were fabricated under various processing condi-
tions. Fig. 3(a) presents the relative density of the fabricated samples as
a function of the applied volumetric energy density (VED), which is
defined as

P

VED =—-

vdt =

Where P is the laser power, v is the scanning speed, d is the hatch dis-
tance, and t is the layer thickness. A general increase in relative density
was observed with increasing VED. Nevertheless, fully crack-free spec-
imens were not achieved within the investigated processing window,
which is attributed to the high crack susceptibility of intrinsically brittle
v-TiAl alloys. The highest relative density of 97.0 + 0.4% was obtained
at a VED of 38 J/mm® (t: 0.06). As shown in Fig. 3(b and c), the OM
images indicate that cracks distributed in the cross-section of the y-z
plane were the main defects limiting high densification. In addition,
most cracks were oriented parallel to the BD, while curved crack mor-
phologies were also observed.

Fig. 4 presents SEM-EBSD results obtained from the crack region to
further understand the origin of these cracks. As indicated by the arrows
in the band contrast image, distinct cracks can be clearly observed in the
analyzed region (Fig. 4(a)). The corresponding phase map reveals the
presence of the y phase formed around the crack region, highlighted by
the blue circle (Fig. 4(b)). Furthermore, the inverse pole figure (IPF)
map shown in Fig. 4(c) indicates that the cracks are preferentially
located along the boundaries between differently oriented columnar
grains. These columnar grain boundaries exhibit a high misorientation
angle of 89° and 81° (Fig. 4(d)), suggesting that the key factors of crack
initiation in the present study are associated with the presence of the y
phase and high-angle grain boundaries (HAGBs).

During the LPBF process, the fabricated specimens experience
repeated melting and solidification under complex thermal histories. In
particular, the previously solidified regions can be affected by heat
accumulation from adjacent or upper scan tracks. As a result, several
phases coexist in y-TiAl alloys fabricated by the LPBF process, and high
thermal residual stresses occurring at the interfaces between these
different phases can act as driving factors for crack formation [22,27].
This is mainly attributed to the mismatch in the coefficients of thermal
expansion (CTE) among the B,as, and y phases in y-TiAl alloys. The
differences in CTE become larger during the cooling [44], which can
generate significant local stresses at the phase interfaces, making these
regions potential sites for crack initiation. Moreover, previous studies
reported that HAGBs are favorable locations for crack nucleation due to
stress concentration [17,19], as the large misorientation between adja-
cent grains impedes slip transfer and causes localized stress accumula-
tion at the grain boundaries. Therefore, optimizing the process
parameters to minimize phase transformations and promote the for-
mation of a single-phase microstructure with strong crystallographic
texture is beneficial, as it reduces the fraction of HAGBs, which may
facilitate densification.

Fig. 5 shows phase maps, IPF maps colored according to the crys-
tallographic orientation along the y-direction, and the corresponding
{0001} pole figures (PFs) of the ay phase for several process parameter
conditions. In the phase map (Fig. 5(a-d)), the volume fraction of the y
phase formed due to the heat accumulation effect from adjacent scan
tracks decreased from 19.6% to 1.5% with increasing v and decreasing t,
resulting in a microstructure closer to a single-phase condition.
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Fig. 2. (a) Schematic phase diagram of the ternary Ti-Al-M system, where M denotes a f-stabilizing element, and (b) schematic illustration of the growth mor-

phologies of the a and f phases during the peritectic reaction.
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Fig. 3. (a) Relationship between the relative density and VED. (b, ¢) OM im-
ages of the y-z cross-sections of the samples showing representative
cracking behavior.

Moreover, as confirmed from the IPF maps and PFs (Fig. 5(e-1)), the
{0001} direction was alternately oriented either perpendicular or par-
allel to the BD, indicating the formation of a crystallographic lamellar
microstructure (CLM). Such layered structures in three-dimensional
space are closely associated with the melt pool geometry during the
LPBF process [45,46], and the detailed formation mechanisms will be
discussed in a later section.

Meanwhile, at a relatively low v of 1200 mm/s (Fig. 5(e)), an inho-
mogeneous CLM was observed in the IPF maps, although the PF indi-
cated the presence of two dominant orientations (Fig. 5()).
Furthermore, the fine equiaxed y phase formed within the ay phase re-
gions, which weakened the crystallographic texture. On the other hand,
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when the v increased to 1400 mm/s, the volume fraction of the y phase
decreased, leading to a reduction in crystallographic texture weakening.
Moreover, the {0001} orientation perpendicular to the BD became more
dominant than the parallel orientation (Fig. 5(j)). However, the increase
in v also caused a reduction in the melt pool depth (D), resulting in
locally unstable crystallographic texture formation and epitaxial growth
along the BD, as indicated by the black arrows (Fig. 5(f)). To improve
this instability, the ¢t was reduced to 0.04 mm, which promoted stable
epitaxial growth and a more uniform crystallographic texture along the
BD (Fig. 5(g, k). Lastly, when the v was further increased to 1600 mm/s,
the additional decrease in D again resulted in unstable crystallographic
texture formation (Fig. 5(h, 1).

Additional observations of the melt pool geometry as a function of v
further support the previously observed microstructural characteristics
(Fig. 6). At a relatively low v of 1200 mm/s, a wider melt pool width (W)
was formed. Under a d of 0.08 mm, the overlapping melt pool region
became relatively large, which promoted the formation of equiaxed y
phases and resulted in an inhomogeneous crystallographic texture due
to excessive heat accumulation and remelting. In contrast, at a v of 1400
mm/s, an optimal remelting condition together with a sufficient D under
a reduced t of 0.04 mm led to the formation of a stable crystallographic
texture with a minimal fraction of the y phase. However, when the v was
further increased to 1600 mm/s, insufficient remelting occurred due to
the reduced W and D, resulting in unstable crystallographic texture
formation despite the reduced y phase fraction. Consequently, the
optimal condition in this study was determined to be a P of 180 W, a v of
1400 mm/s, a d of 80 pm, and a t of 40 pm. Although this condition did
not exhibit the highest relative density, it still showed a relatively high
densification of 96.4 + 0.6%. More importantly, it provided the most
stable crystallographic texture with a low fraction of the y phase.

It should be noted that further improvement in relative density is still
required for practical applications. However, the primary focus of the
present study is on crystallographic texture and lamellar orientation
control rather than on densification optimization. To achieve high
densification in LPBF-processed y-TiAl alloys, several studies have
employed strategies such as the addition of nanoparticles or circular
oscillating scanning to promote the formation of fine equiaxed grains
[26,47]. Such equiaxed microstructure can more effectively accommo-
date strain and suppress the crack formation compared to columnar
microstructures [48]. However, nanoparticles-induced equiaxed grain
formation is accompanied by increased randomness in crystallographic
texture [25,47], which hinders the formation of an aligned lamellar
microstructure. Alternatively, the application of a high substrate pre-
heating temperature may be considered as a feasible approach to further
improve the relative density of LPBF-processed y-TiAl alloys [49].
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Fig. 4. (a—c) Band contrast image, phase map, and IPF map obtained from the cracking region. (d) Misorientation angle profiles between adjacent grains along lines 1

and 2 are indicated in (c).

3.3. Crystallographic texture evolution and its formation mechanism
under the optimized LPBF condition

Fig. 7(a, b) shows the phase and IPF maps obtained on three
orthogonal planes of the as-built sample under the optimal processing
condition identified in this study. Considering only the phase constitu-
tion, the phase fractions were 97.6 + 0.3% for the oy phase and 2.3 +
0.3% for the y phase, indicating that the microstructure was predomi-
nantly composed of the oy phase. In addition, the IPF maps reveal that
the ay phase is partitioned into major and minor layers with an
approximate volume fraction of 7:3, which share an identical crystal
structure but exhibit distinctly different crystallographic orientations.

The corresponding partial {0001},{11 20}, and {101 0} PFs of the a,
phase within the major layer are shown in Fig. 7(c). The {0001} PF
exhibits a strong intensity concentration perpendicular to the BD,
whereas no localized intensity concentration is observed in the {11 2 0}
and {101 O} PFs. In contrast, the minor layer displays an opposite
orientation distribution. The PFs indicate that the {0001} direction is
parallel to the BD, although a slight deviation is observed, while no
strongly concentrated intensity appears in the {112 0} and {101 0} PFs
(Fig. 7(d)). Hence, the overall crystallographic texture is represented by
the combined PFs shown in Fig. 7(e). It is worth noting that the CLM
consisting of the major and minor layers evolves, which is commonly
observed in cubic-based materials fabricated by the LPBF [45,50-52].
Although rarely addressed for crystallographic texture formation in
hexagonal materials, the evolution of crystallographic texture demon-
strated strong {0001} alignments along the BD, which is the so-called
basal fiber texture under various process parameter conditions such as
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scanning strategies and scanning speed [41,53]. To the best of the au-
thors’ knowledge, the formation of the CLM in hexagonal-based mate-
rials fabricated by LPBF has not been reported.

To understand the unique CLM development in the present study, the
melt pool morphology and the corresponding crystallographic texture
were characterized on the y—z using the SEM image and IPF map within
the same region (Fig. 8(a and b)). Black dashed lines indicate melt pool
boundaries, and the red dashed line denotes the melt pool centerlines.
The results reveal that the off-center region of the melt pool is associated
with the formation of the major layer crystallographic texture, whereas
the center of the melt pool corresponds to the minor layer. Each layer
exhibits the identical crystallographic orientations that extend contin-
uously across multiple melt pools, indicating that grains grow epitaxi-
ally along the BD.

In addition, the detailed growth directions of the elongated cellular
microstructure (yellow arrows) were examined in the major and minor
layers, respectively (Fig. 8(c and d)). In the off-center region of the melt
pool, corresponding to the major layer, the thermal gradient is directed
inward, perpendicular to the curved melt pool boundaries, and upward
toward the melt pool surface. Thus, the cellular microstructure grows at
approximately +45° relative to BD. Additional observations on the x-z
plane in the major layer revealed that the cellular microstructure is
elongated almost parallel to the BD (Fig. 8(e—g)), which further sup-
ports that the parabolic shape of the off-center region of the melt pool
generates a thermal gradient tilted by approximately +45° relative to
the BD on the y-z plane. In contrast, the curvature at the center of the
melt pool is reduced and the thermal gradient becomes predominantly
vertical, resulting in cellular microstructure growth along the BD. This
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Fig. 5. (a-d) Phase maps, (e-h) IPF maps, and (i-1) {0001} PFs for the y—z plane under various process parameter conditions. Each vertical set of images corresponds
to the same processing condition, and the black arrows represent the unstable epitaxial growth regions.

Fig. 6. Cross-sectional images taken in the y-z plane near the top surface showing melt pool morphologies at scanning speeds of (a) 1200 mm/s, (b) 1400 mm/s, and

(c) 1600 mm/s.

difference in cellular growth behavior within melt pool can be explained
by previously reported experimental observations and thermal simula-
tions [45,50-52]. Under certain conditions, the thermal gradient at the
bottom of the melt pool becomes well aligned with the BD, indicating
that the normal direction of the solid-liquid interface is nearly parallel
to the heat-flow direction. Consequently, cellular growth tends to occur
along the BD in this region, which corresponds to the center of the melt
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pool, resulting in cellular microstructures that are elongated parallel to
the BD. In contrast, in the off-center region of the melt pool, the inclined
thermal gradient promotes cellular growth tilted relative to the BD,
leading to the formation of differently oriented grains within the melt
pool.

Considering the alloy design and microstructural observation results
shown above, the unique CLM formation in this study can be depicted as
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of the cellular microstructure in the major and minor layers, respectively. (e-g) SEM-BSE image, corresponding IPF map, and high-magnification image obtained

from the major layer region on the x-z plane.

illustrated in Fig. 9. The melt pool shape plays a key role in crystallo-
graphic texture formation because it is involved in the thermal gradient
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direction, which is generally directed perpendicular to the melt pool
boundaries. Simultaneously, the elongated cell microstructures coincide
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with the direction of the thermal gradient. For metallic materials with
relatively low thermal conductivity, such as Ti-based alloys, the melt
pool typically exhibits an elongated tail inclined along the laser scanning
direction [54]. As a result, the thermal gradient is tilted from the vertical
upward direction toward the scanning direction (Fig. 9(a)). It means that
the crystal growth direction is tilted away from the BD.

However, with reciprocating laser scanning (e.g., along the +x and
—x directions), the melt pools generated by successive scan tracks
exhibit oppositely tilted thermal gradient directions on the x-z plane
(Fig. 9(b)). When these adjacent melt pool tracks overlap, the opposing
tilts effectively compensate each other, leading to a thermal gradient
that is aligned in the vertical direction. Therefore, the crystal growth
direction becomes self-adjusted between neighboring tracks toward a
common vertical upward orientation. Such self-adjustment is likely
driven by a reduction in interfacial energy associated with crystallo-
graphic misorientation at the interfaces between adjacent melt pool
tracks [15,50], which are also demonstrated in the Fig. 8((e-g).

As a result, identical crystallographic orientations are established
across adjacent melt pool tracks within the major layer. In addition, the
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parabolic shape of the melt pool y—z plane provides a thermal gradient
tilted by approximately £45° relative to the BD within the melt pool
boundaries (Fig. 9(c)). Herein, because the KIMS #16 alloy was inten-
tionally designed to undergo peritectic solidification, the a phase formed
through the peritectic reaction is crystallographically inherited from the
primary B phase via the Burgers OR [43,55]. Accordingly, the +45°
tilted growth behavior of the cellular microstructure can be interpreted
as reflecting the primary f§ growth direction along <001>, which ulti-
mately manifests as a (011) preferential orientation along the BD in the §§
phase (Fig. 9(d)). In this case, one of the six equivalent {011} planes of
the p phase, highlighted in yellow, is favorably aligned with the common
vertical upward thermal gradient. This alignment suggests that the
corresponding {011} plane is dominantly selected during the subse-
quent § — o phase transformation. Therefore, the {0001} orientation of
the oy phase is tends to align perpendicular to the BD in the major layer.
However, the presence of an inherent atomic misfit (5.25°) between the
p and o phases [56], induces rotations along the x and z directions,
resulting in weak and dispersed orientation distribution in the {11 2 0}
and {101 0} planes.
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On the other hand, in the case of the minor layer at the center of the
melt pool, the microstructural evolution is influenced primarily by one-
way laser scanning (Fig. 9(e)). As mentioned above, the thermal
gradient is tilted from the vertical upward direction toward the scanning
direction, which means that the primary p phase grows along the <001 >
direction inclined away from the BD (Fig. 9(f)). This tendency may
become more pronounced in the present study because a relatively high
v of 1400 mm/s was employed, which promote the instability of <001>
crystal growth parallel to the BD at the melt pool center. In comparison,
under a lower v of 1200 mm/s, the {0001} orientation of the ay phase
was observed to form more stably parallel to the BD (Fig. 5(i)).
Accordingly, although the cellular microstructure direction is observed
to be parallel to the BD on the y—z plane, it is expected to be tilted in
three dimensions (Figs. 8(d) and 9(g)). Such growth instability can lead
to the formation of the oy {0001} planes from multiple possible {110}
planes of the p phase, as schematically indicated by variants [I]-[IV],
resulting in the {0001} of ay planes that are macroscopically parallel to
the BD with a certain degree of deviation from the ideal orientation.

3.4. Evolution of the bi-lamellar microstructure after heat treatment

The as-built specimen fabricated under the optimized condition was
heat treated at 800 °C for 3 h followed by air cooling to investigate the
microstructural evolution. This heat-treatment condition was inten-
tionally selected to examine the stability of the CLM near the typical
service temperature of y-TiAl alloys. To evaluate the phase constitution
associated with this heat treatment, the typical XRD profiles of the
samples before and after heat treatment were compared (Fig. 10(a)). The
as-built sample consists predominantly of the oy phase with a minor
fraction of the y phase. After heat treatment, the predominant oy phase
transforms into the y phase, which is further confirmed by the phase map
shown in Fig. 10(b). Interestingly, the CLM formed in the as-built
specimen is maintained after heat treatment. Accordingly, the IPF map
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after heat treatment still exhibits the characteristic lamellar structure,
consisting of the pink (major layer) and yellow (minor layer) regions
(Fig. 10(c)). However, previous studies have reported that CLM struc-
tures may become unstable at higher heat-treatment temperatures (e.g.,
900 °C) and can disappear due to recrystallization, leading to the for-
mation of an equiaxed y phase with a random crystallographic texture
[57,58].

On the other hand, the y phase generally precipitates from the oy
phase, leading to the formation of an ay/y lamellar microstructure [59].
This lamellar microstructure obeys a specific orientation relationship
{0001}42//{111}, and <11 2 0>42//<1 1 0>, which is the so-called
Blackburn OR [36]. Therefore, similar intensity concentrations are
observed in the PFs of both the y and ay phases (Figs. 10(d and e) and
Fig. 7(c and d)). Especially, the highest intensity concentration (black
circled) of the {111}, appears perpendicular to the BD in the major layer
(Fig. 10(d)), whereas it is oriented nearly parallel to the BD in the minor
layer (Fig. 10(e)). In other words, the ay/y lamellar direction is parallel
to the BD in the major layer (0°) and nearly perpendicular to the BD in
the minor layer (90°), demonstrating the establishment of a
bi-directional ay/y lamellar microstructure.

For a more detailed observation of ay/y lamellar microstructure,
additional TEM observations were conducted. Fig. 11(a and b) presents
the example of the direct observation of ay/y lamellar microstructure of
the main layer in the y-z plane with the corresponding selected area
electron diffraction (SAED) pattern. In particular, the bright field (BF)
image indicates that the oy/y lamellae are aligned parallel to the BD,
which is more clearly observed in the inset image showing the lamellar
alignment. On the other hand, Fig. 11(c and d) exhibits another set of
ap/y lamellar microstructure, in which the BF images reveal ultrafine
az/y lamellae with a mean spacing of less than 15 nm. This spacing value
is significantly smaller than those typically reported for conventionally
processed y-TiAl alloys, where lamellar spacings are commonly in the
range of 25-50 nm depending on the alloy composition and heat
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Fig. 10. (a) XRD profiles of the as-built and heat treatment samples. (b, c) Phase and IPF maps obtained on the y-z plane after heat treatment. Partial y phase PFs

corresponding to the (d) major and (e) minor layers, respectively.
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// [112]y

Fig. 11. (a, b) TEM image of the ay/y lamellar microstructure and its corresponding SAED pattern obtained from the major layer, showing a,/y lamellae aligned
parallel to the BD. (c, d) Representative TEM image and corresponding SAED pattern, confirming the Blackburn OR of ay/y lamellae and y twin.

treatment conditions [28,29]. Additionally, the corresponding SAED
pattern confirms the Blackburn OR of ay/y lamellae and the y twin.
These results confirm that the orientation of the ay/y lamellar micro-
structure can be controlled through crystallographic texture control via
the LPBF process, and followed by appropriate heat treatment.

The control of the ap/y lamellar orientation is strongly demanded for
expanding applications of y-TiAl alloys, as it directly governs their
anisotropic mechanical properties and deformation behavior.

14

*: P <0.05

1(a)

12

10

Nanohardness (GPa)

Major layer Minor layer

Fig. 12. (a) Average nano-hardness values of the major and minor layers along the BD, and (b) representative of the indentation load-displacement curve. *:

< 0.05.
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Accordingly, the nano-indentation tests were performed to evaluate the
mechanical anisotropy and the high strength associated with the
controlled lamellar orientation. The measured nano-hardness was 9.3 +
0.4 GPa for the major layer and 10.4 + 0.8 GPa for the minor layer with
the different penetration depth (Fig. 12(a and b)). Notably, both values
are much higher than those of the ay/y lamellar microstructures of
v-TiAl alloys produced by different manufacturing processes, as sum-
marized in Table 2.
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Table 2
Comparison of compositions, microstructures, and corresponding nano-
indentation hardness of y-TiAl alloys fabricated by various methods.

Composition(at.%) Fabrication Nanohardness
B2 phase  ay/y y phase
lamellae
Ti-44A1-6Nb-1.2Cr [60] Arc melting 7.65 +
0.17
Ti-43A1-5Nb-3.5Cr-1Zr Induction skull 8.16 + 7.06 + 6.03 £
[61] melting 0.58 0.29 0.66
-8.15 +
0.05
Ti-43A1-5Nb-3.5Cr-1Zr DS 7.52 + 6.30 + 5.49 +
[62] 0.66 0.25 0.49
—-9.75 + -7.70 + —6.56 +
0.99 0.30 0.31
Ti-43A1-4Nb-2Mo-0.5B Forging 8.5 6.8 5.3
[63]
Ti-43Al [64] EB-DED 7.8-8.3
Ti-46Al-6Nb-0.5W- LPBF 9.3+0.4
0.5Cr-0.3Si-0.1C (This -10.4 +
study) 0.8

The enhancement in nano-hardness can be explained by the
following factors. As represented in Fig. 11(c and d), the ay/y lamellar
spacing of the LPBF sample after subsequent heat treatment was
extremely fine. It was revealed that the ultrafast cooling rate charac-
teristic of LPBF (on the order of 10° K/s) results in the formation of a
supersaturated oy phase [27,65], and subsequent heat treatment gives
rise to ultrafine lamellar spacing [39,66]. As is known, in the lamellar
microstructure with densely alternating y and ay plates, dislocation
motion across the lamellar interfaces requires a high applied stress,
thereby establishing a Hall-Petch relationship between lamellar spacing
and mechanical strength [67,68]. In addition, the enhancement in
nano-hardness is also attributed to the anisotropic deformation behavior
of the ap/y lamellar microstructure. Depending on the lamellar orien-
tation relative to the loading axis, the deformation modes can be clas-
sified into soft (45°) and hard (0° and 90°) directions, where soft
directions correspond to longitudinal deformation modes with slip
planes and slip directions parallel to the lamellar boundaries, whereas
hard directions are governed by mixed or transverse deformation modes
with slip planes inclined relative to the lamellar boundaries and slip
directions either parallel or inclined [66,69]. When stress is applied to
the soft direction, deformation occurs primarily in the y phase on the
{111} planes parallel to the lamellar boundaries, and slip does not pass
through the lamellar interfaces. In contrast, in the hard orientation, slip
on the {111} planes in the y phase occurs across the lamellar boundaries,
which increases the resistance to dislocation motion and leads to higher
strength [70]. Therefore, the improved nano-hardness values originate
from the ultrafine lamellar spacing and the controlled ay/y lamellar
orientation achieved by the LPBF process.

Nevertheless, the present study does not directly demonstrate the
macroscopic mechanical properties of the bi-directional ay/y lamellar
microstructure due to the limitations of the current specimens. How-
ever, previous studies have reported that similar lamellar microstruc-
tures can lead to significant improvements in material toughness [71].
Such improvements are commonly attributed to crack-tip deflection and
step-like crack propagation, and this mechanism is similar to the
multiple-cracking behavior observed in laminated composite materials
[72]. Therefore, although the comprehensive evaluation of macroscopic
mechanical properties remains an important topic for future investiga-
tion, the present results suggest that the control of bi-directional ay/y
lamellar microstructure may provide a new methodology for enhancing
the mechanical performance of y-TiAl alloys.
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4. Conclusion

In this study, a peritectic solidification-based alloy design combined
with optimized LPBF process parameters was employed to achieve
crystallographic texture formation and control of the ay/y lamellar
orientation. The main findings of this work can be summarized as
follows:

1. The CLM was successfully obtained in a y-TiAl alloy via the LPBF
process, representing the first observation of such a microstructure in
hexagonal materials. The CLM consists of two differently oriented
crystallographically textured layers, where the {0001} direction is
oriented perpendicular to the BD in the major layer and nearly
parallel to the BD in the minor layer.

. After heat treatment, the as-built CLM was preserved up to the
typical service temperature range of y-TiAl alloys and governed the
orientation of the ay/y lamellae by Blackburn OR, leading to the
formation of a bi-directional ay/y lamellar microstructure with
lamellar orientations of 0° and 90° in the major and minor layers,
respectively.

. The controlled ay/y lamellar microstructure resulted in significantly
enhanced nano-hardness compared with y-TiAl alloys fabricated by
other manufacturing methodologies, which is attributed to the ul-
trafine lamellar spacing and pronounced anisotropic mechanical
behavior.
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