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The application of additive manufacturing (AM) to Ni-based superalloys has attracted considerable attention
because it enables the production of high-temperature parts that are lighter, integrally formed, and less
expensive. However, single-crystal fabrication of precipitation-hardened Ni-based superalloys using AM remains
challenging. This study demonstrates that a single crystal (SX) of the IN738LC Ni-based superalloy can be
fabricated via laser powder bed fusion (PBF-LB) and the quality of the built SX part can be improved via optimal
thermal annealing. The as-fabricated part exhibits inhomogeneities in crystal orientation: the central area is a
single crystal, whereas the edges are polycrystalline. The crystal orientation of the single-crystal region is largely
affected by gas flow during the build, which could be detected by the in-process melt pool monitoring system.
Additionally, significant solute-element segregation is observed in the microstructure of the single-crystal region,
consistent with the distribution predicted by the multi-phase-field simulation. Notably, we found that anomalous
grain growth, induced by optimal annealing at 1200 °C, selectively expands the SX region while eliminating
solute-element segregation, thereby improving the overall quality of the single-crystal part. These findings
provide insight into the development of single-crystal fabrication via the PBF-LB process for aerospace and
energy applications.

1. Introduction electron beams, which fuse the metal powder particles into bulk solids,

and epitaxial growth occurs during solidification in the direction of the

Single-crystal (SX) growth of Ni-based superalloys has been investi-
gated for applications in high-temperature environments [1], such as in
jet-engine turbines and power generation, because grain boundaries
often serve as crack initiation sites in these environments. Further in-
creases in the operating temperatures of SXs are required to meet the
demands for improving the efficiency, output, and durability of their
applications.

Additive manufacturing (AM) technologies have attracted attention
for the fabrication of Ni-based superalloys [2,3]. AM can easily build
three-dimensional (3D) parts with complex geometries, and the oper-
ating temperature of the parts can be increased by optimizing cooling
channels. Among the wide range of AM techniques available, powder
bed fusion (PBF) is a preferred technique for metal AM [4-8]. In the PBF
process, metal products are built layer-by-layer by scanning laser or

temperature gradient perpendicular to the solid-liquid interface [9,10].
Thus, achieving a specific crystallographic texture within the product
has recently become possible by optimizing the scanning conditions
[11-14]. Although there are small local angular differences in the sol-
id-liquid interface direction of the melt pool, the growth orientations
align as the layering progresses under appropriate process conditions.
Numerous studies have aimed to use PBF techniques to obtain SX
parts composed of pure Ni [15] and Ni-based superalloys, such as IN718
[16-18], IN-738 [19], Haynes 282 [19,20], SRR99 [21], CMSX-4 [22],
and Hastelloy-X (HX) [23]. Recently, an SX IN718 alloy with a uniform
crystal orientation in the electron backscatter diffraction (EBSD)-in-
verse pole figure (IPF) map was obtained using electron beam (EB)-PBF
with the p-helix scanning strategy as reported in Ref. [18]. This strategy
mimics the conventional selector method in the casting process for SX
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growth. Fig. 1 shows schematic illustrations of the p-helix method: the
p-helix scan simulates the conventional SX growth selector method, in
which a single crystal is grown by unidirectional solidification as it
passes through a mold with a spiral channel. In the p-helix method,
narrowing the scan line spacing allows adjacent beam scans to overlap
most of the melted region and align the crystal growth direction within
the layer (Fig. 1a). Furthermore, rotating the scanning direction 90°
clockwise for each layer makes the crystal growth direction spiral
(Fig. 1b). Only the crystal with the preferred growth direction, i.e.,
[001] for face-centered cubic (FCC), can continue to grow, resulting in
SX growth.

In a previous study [24], the p-helix method was applied to the laser
PBF (PBF-LB) processing of 316 stainless steel specimens. SX growth was
successfully achieved using a conventional Gaussian beam, as shown in
Fig. 1c. Moreover, the deeper melt pool of the PBF-LB process resulted in
higher growth-direction selectivity in the building direction compared
with that in the PBF-LB with a top hat profile beam and the electron-
beam PBF (PBF-EB) process. However, inhomogeneities were present
in the crystal-orientation and solute-element distributions: poly-
crystalline regions were formed at the edges of the built part, and strong
solute-element segregation occurred between the interdendritic regions
(Fig. 1d1-1d2). These inhomogeneities must be eliminated to produce
SXs with the required mechanical properties. Furthermore, solute-
segregated regions exhibit reduced solidus temperatures and abnormal
precipitation behavior [25]. Heat treatment must be conducted with
consideration of the phase stability of the solute segregation regions to
eliminate elementally inhomogeneous regions.

This study examines the impact of thermal annealing on the crystal
orientation and elemental distribution of p-helix scanning fabricated SX
parts of the y’-precipitation hardened Ni-based superalloy IN738LC.
This alloy operates at a higher temperature (930 °C) compared to
weldable Ni-based superalloys such as IN718 (770 °C) and Hastelloy-X
(720 °C), which are currently employed in AM [26]. The as-fabricated
SX part exhibits polycrystalline grains at its edges and solute segrega-
tion within the interdendritic regions. Additionally, non-equilibrium
precipitates are present in the solute-segregated regions. The influence
of heat treatment on microstructural evolution was examined, demon-
strating that appropriate heat treatment can concurrently eliminate so-
lute segregation and crystalline inhomogeneity.
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2. Methods
2.1. SX fabrication experiment

IN738LC blocks with dimensions of 10 mm x 10 mm x 15 mm were
fabricated using a PBF-LB machine (EOS M290) with p-helix scanning,
which rotates the raster direction clockwise by 90° (Fig. 1a). We used
the EOS NickelAlloy IN738 powder, produced by VIGA gas atomization.
Table 1 lists the alloy composition of the IN738LC powder. The laser
power (P), scanning speed (V), layer thickness, and scanning line
spacing (d) were 300 W, 1000 mm s, 50 um, and 30 pm, respectively.
These parameters were determined based on our previous study of 316 L
stainless steel [24], followed by a series of trial builds on the Ni-based
alloy to optimize the conditions for obtaining the SX part. The melting
and solidification behaviors during laser irradiation were monitored in-
process using an EOSTATE MeltPool Monitoring system.

To investigate the effects of thermal annealing on the crystal orien-
tations and microstructures, the fabricated SX samples were cut into
plates with dimensions of 5 mm x 5 mm x 1 mm using an electrical
discharge machine (Tainatec, DKV7732), and thermally annealed and
cooled to room temperature under vacuum (<10 Pa) in the vacuum
furnace (FULL-TECH FT-1650-60R). The heat treatment temperatures
were 1000, 1100, 1200, and 1300 °C, which are close to the solution
temperatures of carbides and the y’ phase of the IN738LC alloy (1120 °C
[27] and 1235 °C [28], respectively).

The fabricated parts were etched in a nitrate etching solution
composed of 31 mL HNO3, 6 mL HF, and 63 mL Hy0 at room temper-
ature for 10 min to examine the microstructure in the melt regions. The
cross-sections of the as-fabricated and annealed samples were observed
using field-emission scanning electron microscopy (FE-SEM; JEOL JIB-
4610F), and the crystal orientation and elemental distributions were
analyzed using an FE-SEM equipped with an EBSD detector (Oxford
Instruments NordlysMax®) and an energy dispersive X-ray spectroscopy
(EDS) analyzer (Oxford Instruments X-MaxN 20), respectively. The
samples were also analyzed using X-ray diffraction (XRD; Rigaku
SmartLab SE) to evaluate the precipitation phases. The Cu Ka source was
used, and the scanning range was 20°-90° with a step size of 0.01°.

2.2. MPF simulation

Two-dimensional multi-phase-field (MPF) simulations were per-
formed using Microstructure Evolution Simulation Software (MICRESS)
[29-33] with the TQ-Interface for Thermo-Calc [34]. Notably, as the
solidification growth rate increases, the segregation coefficients

4
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Fig. 1. (a,b) Schematic of the p-helix scanning strategy. (¢) SEM-EBSD IPF-Z map and (d) SEM-SEI images of the YZ cross-section of the PBF-LBed 316ss SX part [24].
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Table 1
Composition of the IN738LC powder (mass%).
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Ni Al Co Cr Fe Mo Nb Ta Ti

Zr B C o N Si S P

Bal. 3.44 8.64 16.18 3.80 1.76 0.87 1.75 3.52

2.66 0.07 0.004 0.13 0.014 0.010 0.03 0.002

<0.008

approach 1, and fluctuations at the solid/liquid interface are suppressed
by interfacial tension. Additionally, at the solid/liquid interface, growth
with a cellular morphology occurs at a solidification rate above the
absolute stability according to limit, R,s, as predicted by the Mullins-
Sekerka theory [35]: Ras = (ATo Dp)/(k I'), where ATy, Dy, k, and I
are the difference between the liquidus and solidus temperatures,
equilibrium partition coefficient, solute diffusivity in the liquid, and the
Gibbs-Thomson coefficient, respectively. We proposed in the previous
study [25] that the absolute stability limit, Rag, could be used as an
indicator to evaluate the degree of deviation from equilibrium. We
demonstrate that the microstructure formation in the PBF-LB process of
the Ni-based superalloy with the large ATy (134 K), which directly de-
termines Rag, can be reproduced using the conventional PF model [25].
Table 2 shows the simplified composition for the PF simulation, and ATy
is evaluated as 103 K using Thermo-Calc software. Thus, we used the
conventional MPF model also in this study. The Gibbs free energy and
diffusion coefficient of the system were calculated using the TCNI10
thermodynamic database [36] and MOBNI5 mobility database [37],
respectively. The MPF simulations assumed a two-phase system con-
sisting of liquid and FCC phases only. The simulation domain was 5 pm
x 100 pm, and the grid size (Ax) and interface width were set to 0.025
and 0.1 pm, respectively. The interfacial mobility between the solid and
liquid phases was set to 1.0 x 10~8 m* J~! s~. Initially, one crystalline
nucleus with the [100] crystal orientation was placed at the bottom left
of the simulation domain, with the liquid phase occupying the
remainder of the domain. The model was solidified under the conditions
of a cooling rate of 1.0 x 10° K s™! and a temperature gradient of 1.0 x
107 Km !, which are typical of conditions encountered in the PBF of Ni-
based superalloys [25,38]. The crystal orientation and elemental dis-
tributions of the solidified model were examined.

3. Results and discussion
3.1. Crystal orientation and microstructure of the as-fabricated SX

Fig. 2al-a3 show EBSD-IPF maps of the cross-sections of the spec-
imen fabricated using p-helix scanning, and Fig. 2b shows an EBSD grain
boundary map with a misorientation threshold of 7° indicated by red
lines. The crystal orientation of the fabricated specimen could be divided
into three regions. In Region I, the crystals near both ends of the fabri-
cated specimen grew in an inclined direction with a polycrystalline
microstructure. In Region II, the crystals grew parallel to the building
direction as they moved from Region I to the +Y direction, and the
crystal grains were oriented mainly along <100> in the X-, Y-, and Z-
directions. In Region III, the crystal orientation was the highest, and the
SX was oriented toward <100> in the X-direction and <110> in the Y-
and Z-directions (BD). Magnified EBSD-IPF maps of Region III are shown
in Fig. 2c1-c3. The (100) orientation distribution function (ODF) is
shown in Fig. 2c4. The crystal structure was highly oriented, indicating
that the SX could be fabricated using PBF-LB with p-helix scanning. We
attribute the polycrystalline microstructure near the edge region to non-
uniform melt-pool size arising from differences in heat accumulation
during processing.

Fig. 3a and 3b show the SEM cross-sectional images of the XZ and YZ
planes of the built part of the SX. There are differences in melt pool
shapes across scanning directions: the melt pools formed by the +x scans
are uniform, with a depth of 313 pm. In contrast, the shallower melt
pools formed by the +y scans have a different depth. The difference in
melting and solidification behavior during y-direction scanning was
detected by in-process monitoring. Fig. 3c shows the intensities of the
on-axis light signals obtained using the in-process monitoring system
during the X and Y raster layer fabrications. The intensities were almost
the same during the Y raster (+x scans), but the intensity during the —y
scan was greater than that in the +y scan. However, the light intensities
detected in the —y scan were approximately two times greater than
those in the +y scan during the X raster fabrication, and the lower in-
tensity detected during the +y scan was roughly the same as that during
the +x scan. These results indicate that the in-process monitoring system
can detect differences in the melting and solidification behavior. The
anisotropy in the melt pool shapes along the x- and y-directions may
have been caused by the gas-flow effect, even though the laser scanning
was isotropic in the x- and y-directions [24,39], because the PBF ma-
chine used argon as a shielding gas. The argon gas flows directly above
the build plate in the —y direction and sweeps away the fumes generated
by the laser irradiation in the —y direction. This flow blocks laser irra-
diation of the powder bed and reduces the laser intensity during the —y
scan. The gas-flow effect is also discussed by combining experimental
observations of the formed melt pool with computational thermal-fluid
dynamics simulations, including the gas phase [39].

Fig. 3d-3f show schematics of the stacking layers in the narrow-
spacing scanning. During a Y raster scan, all the regions melted by
the X raster scan are overlapped by the scan with a narrow spacing
(Fig. 3e). Consequently, only crystal grains grown perpendicular to the
melt pool boundary remain, and the crystal growth direction is aligned
within the layer. The temperature gradient direction of almost the entire
region was tilted by approximately 45° relative to the building direction,
i.e., the [110] direction relative to the X and Z directions, which is in
agreement with the crystal orientation of the experimentally fabricated
SX part (Fig. 2a—2c). The melt pool depth of the Y-raster layer was larger
than that of the X-raster layer. Therefore, the layers formed by +X raster
scans were remelted during the +Y raster scans (Fig. 3f), and the +Y
raster scans determined the crystal growth direction. Furthermore, only
crystals oriented at +45° were selected for growth by changing the
raster directions; thus, the built part formed an SX. In PBF-LB with
Gaussian-shaped beam, deep melt pools are formed. It has previously
been proposed that specific crystal orientations such as (100) and (110)
planes can be fabricated by controlling the laser scanning strategy
[11-14]. Furthermore, in our previous study on the SX fabrication of
single-crystal 316 L steel using the p-Helix scanning, we reported the
hypothesis that gas flow influences the process, causing +Y raster
scanning (£x scanning) to become the dominant growth direction and
thereby inducing a (110) crystal orientation. In the present study, we
successfully employed in-process monitoring to directly observe the
differences in melting behavior, yielding results that support the pro-
posed mechanism for the formation of crystal orientation.

Fig. 4a and 4b show a magnified IPF-Z map and the corresponding

Table 2

Composition used in the PF simulation (mass%).
Ni Al Co Cr Fe Mo Nb Ta Ti w B C
Bal. 3.44 8.64 16.18 3.80 1.76 0.87 1.75 3.52 2.66 0.004 0.13
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Fig. 2. (al)-(a3) EBSD inverse pole figure (IPF) maps. (b) EBSD grain boundary map with misorientation threshold of 7° indicated by red colored lines. (c1)-(c3)
Magnified maps indicated by the rectangle in al. (c4) (100) orientation distribution function (ODF) of the pole figures from the EBSD measurements in c1-c3. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. SEM cross-sectional images of the (a) XZ plane and (b) YZ plane of the SX built part. (¢) Intensity profiles obtained by the in-situ monitoring system during X
and Y raster scans, (d)—(f) Schematic illustrations of the stacking layers in indicating the shape of melt-pools (thick lines), the direction of crystal growth (thin lines),
and remaining solid part (light orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fine grain

Single crystal

Fig. 4. (a) Magnified IPF-Z map of the top of the SX region (Region III) and (b) the corresponding kernel average misorientation (KAM) map. (c) SEM secondary
electron image (SEI) of the SX region (Region III). (d1, d2) Schematic illustration of the mechanism for fine-grain formation near the surface region.

kernel average misorientation (KAM) maps of the top of the SX area in
region III, respectively. The KAM map shows that zigzag-shaped high-
strain areas form in Region III with a period of approximately 200 pm,
corresponding to four times the layer thickness. A zigzag pattern can
also be observed in the SEM cross-sectional secondary electron image
(SEI) shown in Fig. 4c. During p-helix scanning, the crystal growth di-
rection within the layer is aligned with the narrow scanning line spacing
(Fig. 1a). Furthermore, the crystals to be grown are selected by rotating
the scanning direction 90° clockwise for each layer (Fig. 1b) and making
the crystal growth direction spiral. The formation of these stray grains
(Fig. 4b) indicates that the selection of crystal grains occurs during layer
stacking. However, crystals with slightly different orientations survived
grain selection by p-helix scanning, and thus very thin crystals with
different orientations were introduced.

It is worth noting that fine polycrystalline grains with a diameter of
approximately 20 pm can be observed in the surface regions of the SX
part (Fig. 4a). The fine-grain microstructure is formed in the region
where the deep and shallow melt pool formations are repeated (Fig. 3a).
Fig. 4d1-4d2 show schematic illustrations of the microstructural for-
mation. The crystal growth direction changed drastically at the melt
pool boundary, which possibly prevented epitaxial growth of the crystal
grains, and thus a polycrystalline microstructure was formed. However,
the thickness of the surface polycrystalline layer is approximately 190
pm, which is shallower compared to the melt pool depth of 313 pm
formed during +Y rastering (+x scanning), considering the layer
thickness of 50 pm. Consequently, this polycrystalline layer is suggested
not to influence the crystal orientation of the bulk region, as it undergoes
remelting during the formation of the subsequent layer.

Fig. 5a shows the XRD profile of the as-built sample. The peaks can be
identified as FCC, y’ intermetallic, and various carbide and boride
phases. The carbide and boride phases could not be definitively identi-
fied as specific phases such as MC, MB,, or M3B, because multiple
candidates were present, and the XRD peaks could not be conclusively

assigned to a single phase. Conversely, the precipitate behavior differs
from that predicted by the equilibrium thermodynamic calculations, as
shown in Fig. 5b. It is well-known that strong solute-element segregation
occurs in the micron or submicron-sized fine interdendritic regions due
to the rapid cooling rate (up to 10% K s71) unique to the PBF-LB process
[25,40-42]. Moreover, this strong solute-element segregation affects the
precipitation behavior [25,43]. Notably, this precipitation is involved in
hot cracking in PBF-LB fabricated parts [43], and understanding the
solute-element segregation is essential for producing reliable PBF-LB
fabricated parts while suppressing cracks. The SX part also contains
strong solute-segregation in the entire regions, as shown in the SEM SEI
image and the corresponding EDS maps in Fig. 5¢ and 5d. The EDS re-
sults show the solute-element segregation of Ti, Nb, and Mo occurring at
the interdendritic regions. This solute-element segregation behavior is
expected to enhance the formation of carbides and borides. We also
confirmed that there are almost no differences in the solidification cell
structure between the SX and polycrystalline regions.

To determine the stability of the strong solute-element segregation,
an MPF directional solidification simulation was performed. Fig. 6a and
6b show the MPF models during solidification, colored by phase
(Fig. 6a) and Ti concentration (Fig. 6b). Dendrites grew parallel to the
heat-flow direction, and all the computational domains after solidifica-
tion were in the FCC phase. Strong solute-element segregation can be
observed in the interdendritic regions. Fig. 6¢ and 6d show the con-
centration profiles along the line perpendicular to the growth direction
at the center of the completely solidified model. B, C, Nb, Mo, Ti, Ta, and
W segregated and were concentrated in the interdendritic regions,
whereas the concentrations of Al, Cr, Co, and Fe in the interdendritic
regions were lower. Notably, B segregated in the interdendritic regions,
but the segregation behavior was inhomogeneous across the various
segregated regions. This solute segregation tendency agrees with the
experimental results (Fig. 5c and d). The most pronounced segregation
occurred for Ti. In contrast, for C, the ratio of the segregated amount to
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Fig. 5. (a) XRD profile of the as-built sample. (b) Volume fraction of the constituent phases in thermodynamic equilibrium calculated for the alloy composition as a
function of temperature. (c,d) SEM SEI and the corresponding SEM-EDS elemental distributions of the Polycrystalline (Region I) and SX regions (Region III).

the alloy composition was remarkable.

The stability of the solute-element segregation and its effects on
precipitate formation were considered based on the thermodynamic
equilibrium calculations. Fig. 6e and f show the chemical potentials and
diffusion coefficients, respectively, of the solute elements for the FCC
phase at 800 °C calculated using the composition of the solidified model
(Fig. 6¢ and d). All the elements exhibited non-uniform distribution of
chemical potentials and diffusion coefficients along the perpendicular
direction. It is suggested that the segregation can be relaxed easily by
heat treatment. In contrast, solute-element segregation is predicted to
significantly affect the formation behavior of the precipitate phases;
Fig. 7 shows the fractions of the precipitate phases at 800 °C obtained by
equilibrium calculations using the concentration profiles of the solidi-
fied model. The approximate compositions of the precipitate phases o,
M>3Ce, M2B, and MB; phases are Cry 33Nig.1Cog.1Feg.0sMog. o5, (Cra1Mos)
Cs, (Cry.33Moge7)B, and TiBy, respectively, and these fractions are
increased significantly in the segregated region. Thus, solute-element
segregation is suggested to promote the formation of non-equilibrium

precipitates.

3.2. Improved quality of the PBF-LB fabricated SX through optimized
thermal annealing

Thermal annealing experiments were conducted to eliminate the
polycrystalline edge regions and increase the quality of the PBF-LB
fabricated SX. Fig. 8al, 8bl, and 8cl show the EBSD IPF and KAM
maps of the SX parts subjected to heat treatments at 1000 °C, 1200 °C,
and 1300 °C for 1 h, respectively. The SX regions remained after
annealing at 1000 °C (Fig. 8al). Moreover, the zigzag-patterned high-
strain regions can also be observed in the KAM maps. In contrast, pol-
ycrystallization occurred in the polycrystalline and SX regions annealed
at 1300 °C (Fig. 8cl), and equiaxed polycrystalline grains with di-
ameters of approximately 100-200 pm were formed. The width of the
polycrystalline region could only be decreased by heat treatment at
1200 °C (Fig. 8b1) compared with the width of the as-fabricated sample
(Fig. 2al-2a3). Therefore, the SX parts were subjected to longer
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annealing durations, i.e., 10 h and 24 h at 1200 °C, and the EBSD and
corresponding KAM maps of the annealed samples are shown in Fig. 8b2
and 8b3. The polycrystalline regions, Regions I and II, were reduced in
size by the thermal treatment. Thus, these results demonstrate that the
SX region can be grown using optimized thermal annealing. We consider
the driving force for single-crystallization during annealing is twofold:
first, the cellular structure present in the as-built part makes the initial
microstructure thermodynamically unstable; second, decreasing grain

boundaries further reduces the system's total free energy. We propose
that further optimized thermal processing can diminish the remaining
polycrystalline regions, as these areas are less stable than single-crystal
region.

We suggest that the polycrystallization occurs via a melting and
crystallization mechanism promoted by the solute segregations. Fig. 9a
shows local solidus and liquidus temperatures obtained from equilib-
rium calculations using the concentration profiles of the fully solidified
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MPF model (Fig. 6). The temperatures depend on local composition, and

(a1) 1000°C, 1h
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the solidus temperature decreases and the liquidus temperature in-
creases in the segregation region, compared with the solidus tempera-
ture of 1242 °C and the liquidus temperature of 1335 °C for the alloy
composition. The volume fraction of the liquid phase at 1300 °C is
higher in almost all regions, as shown in Fig. 9b. The polycrystallization
under the thermal treatment at 1300 °C (Fig. 8cl) is suggested to occur
via liquid-phase formation enhanced by the solute segregations, as
schematically illustrated in Fig. 9c1-c3; a PBF-LBed SX part contains
solute segregated regions (Fig. 9c1) and is partly melted after being
subjected to 1300 °C (Fig. 9¢2). Subsequently, the liquid regions crys-
tallize and grow during cooling (Fig. 9¢3). As a result, the polycrystalline
microstructure is supposed to be formed (Fig. 8c). Notably, the as-
fabricated SX part in this study contains the geometrically necessary
dislocations (GNDs), as observed in the KAM maps (Fig. 4b). Moreover,
PBF-fabricated alloy parts have been reported to contain high-density
dislocations at the cell interfaces [4,44]. The dislocations are supposed
to be present in the SX sample. These defects are suggested to enhance
atomic migration and promote the grain growth during heat treatment
at 1300 °C (Fig. 8c).

Fig. 10al-10a3 show the SEM-SEI and the corresponding EDS Ti
distribution of the sample treated at 1000 °C, 1200 °C, and 1300 °C for 1
h, respectively. No segregation of solute elements was observed after the
heat treatments. These results indicate that segregation in the SX sam-
ples can be eliminated by thermal annealing at the optimized temper-
ature for single crystallization. This relaxation behavior is consistent
with simulation predictions (Fig. 6e and 6f), which indicate that segre-
gation is a non-equilibrium phenomenon. In contrast, precipitate
behavior depends on the annealing temperature: the precipitates are
eliminated when annealed at 1300 °C, whereas they remain present in
the sample thermally treated at and below 1200 °C, even above the
solution temperature for IN738LC [27]. The XRD patterns shown in
Fig. 10b indicate that the precipitation phases increased with annealing
at 1200 °C compared to the as-built sample. Fig. 10c shows the fractions
of the precipitate phases at 1200 °C obtained through equilibrium cal-
culations using the concentration profiles of the fully solidified MPF

(b1) 1200°C, 1h

Fig. 8. EBSD inverse pole figure (IPF) orientation maps and the corresponding KAM maps of SX samples subjected to thermal treatments: (al) 1000 °C for 1 h, (b1)
1200 °C for 1 h, (b2) 1200 °C for 10 h, (b3) 1200 °C for 24 h, (c1) 1300 °C for 1 h.
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model (Fig. 6). The MB, phase, approximately TiB,, was stable even
above the solution temperatures, suggesting that the precipitates, whose

formation is promoted by solute element segregation, are difficult to
eliminate.

Table 3
Summary of the effects of thermal treatments on the PBFed SX samples.
Sample condition As-built 1000 °C 1200 °C 1300 °C
Texture SX SX SX Polycrystalline
-+ Polycrystalline + Polycrystalline
Segregation and precipitation in SX Segregations Precipitates Precipitates —

+ Precipitates
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We summarize the obtained results in Table 3 to provide guidelines
for optimal thermal treatment to obtain a fully SX Ni-based superalloy
using the PBF-LB process. The as-built sample fabricated by PBF-LB was
SX in the central part, while polycrystalline microstructures were pre-
sent in the edge regions. Solute element segregations and the associated
precipitation of carbides and borides were observed within the crystal
grains. The changes in texture varied with annealing temperature: Heat
treatment below 1100 °C showed little change. Heat treatment at
1200 °C expanded the single-crystal region toward the fully SX. Heat
treatment at 1300 °C resulted in recrystallization. This recrystallization
is suggested to result from local melting of segregated regions with low
melting points. These heat treatments also resulted in relaxation of so-
lute segregation. Meanwhile, the precipitates formed in the segregated
areas remained even after heat treatment at 1200 °C, which is higher
than the typical solution temperature. We propose an optimized heat
treatment condition based on the findings of this study. First, the as-built
part produced by PBF-LB are heat-treated at 1200 °C to promote single
crystallization and relax solute segregation. Then, the precipitates are
solution-treated at a temperature just below the solidus temperature. In
this study, although the target geometry is a simple cubic, we demon-
strate that by controlling the scanning strategy, heat accumulation can
be managed to promote single-crystal formation even in more complex
components. We also consider one of the key contributions of this work
to be that the polycrystalline region near the edge can be reduced
through heat treatment. These advantages would become even more
pronounced when applied to more complex structures. On the other
hand, polycrystalline regions are present along the edges in the single-
crystal materials fabricated in this study (Regions I and II). Further-
more, stray grains are observed within the single-crystal region (Region
III). Achieving a more uniform crystal orientation in the as-fabricated
state is expected by using a shaped beam, a technology that has
garnered significant attention in recent years, and the study is currently
underway.

Avoiding hot cracks is required to produce reliable PBF-LB fabricated
Ni-based superalloy parts, and crack susceptibility is related to solute-
element segregation and accompanying precipitation [44]. In fact, a
crack was visible in the edge region of the PBF-LB fabricated SX part
(Fig. 2al-a3), which exhibited strong inhomogeneity in the elemental
distributions (Fig. 5b). It is necessary to solidify the part with no solute-
element segregation to suppress hot cracking during building. Currently,
control of rapid solidification conditions in the PBF process has been
proposed for use to suppress solute-element segregation [6]. As
described in the Method section, interfacial tension suppresses fluctua-
tions at the solid/liquid interface during rapid solidification beyond the
Ras. It can be suggested that an alloy designed to have a low Rag can be
solidified without cellular morphology, yielding a crack-free SX part.
The design of Ni-based superalloys with low Rpg using the Bayes opti-
mization technique is currently underway.

4. Conclusion

This study demonstrated that PBF-LB SX growth can be achieved by
applying the p-helix scanning strategy to the ' precipitation-
strengthened Ni-based superalloy IN738LC. The crystal orientation of
the SX regions was <100> in the X-direction and <110> in the Y- and Z-
directions. This was explained by the difference in the melt pool shapes
formed by +y scans, which could be detected by the in-process melt pool
monitoring system. The SX region was expanded by optimal thermal
annealing. Additionally, heat treatment could eliminate the in-
homogeneity in the elemental distributions formed during rapid cooling.
This study exhibits a pathway toward fully single-crystallization of Ni-
based superalloys, which can assist in the development of advanced
high-temperature materials for a broad range of aerospace and energy
applications.
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