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Solute segregation significantly affects material properties and is a critical issue in the laser powder-bed fusion
(LPBF) additive manufacturing (AM) of Ni-based superalloys. To the best of our knowledge, this is the first study
to demonstrate a computational thermal-fluid dynamics (CtFD) simulation coupled multi-phase-field (MPF)
simulation with a multicomponent-composition model of Ni-based superalloy to predict solute segregation under
solidification conditions in LPBF. The MPF simulation of the Hastelloy-X superalloy reproduced the experi-
mentally observed submicron-sized cell structure. Significant solute segregations were formed within interden-
dritic regions during solidification at high cooling rates of up to 1.6 x 10° K s71, a characteristic feature of LPBF.
Solute segregation caused a decrease in the solidus temperature (Ts), with a reduction of up to 38.4 K, which
increases the risk of liquation cracks during LPBF. In addition, the segregation triggers the formation of carbide
phases, which increases the susceptibility to ductility dip cracking. Conversely, we found that the decrease in Tg
is suppressed at the melt-pool boundary regions, where re-remelting occurs during the stacking of the layer
above. Controlling the re-remelting behavior is deemed to be crucial for designing crack-free alloys. Thus, we
demonstrated that solute segregation at the various interfacial regions of Ni-based multicomponent alloys can be
predicted by the conventional MPF simulation. The design of crack-free Ni-based superalloys can be expedited by
MPF simulations of a broad range of element combinations and their concentrations in multicomponent Ni-based
superalloys.

CMSX-4 [1,17] are also suitable for their sufficient creep resistance
under higher temperature conditions. However, non-weldable alloys are

1. Introduction

Additive manufacturing (AM) technologies have attracted consider-
able attention as they allow us to easily build three-dimensional (3D)
parts with complex geometries. Among the wide range of available AM
techniques, laser powder-bed fusion (LPBF) has emerged as a preferred
technique for metal AM [1-5]. In LPBF, metal products are built
layer-by-layer by scanning laser, which fuse metal powder particles into
bulk solids.

Significant attempts have been made to integrate LPBF techniques
within the aerospace industry, with a particular focus on weldable Ni-
based superalloys, such as IN718 [6-8], IN625 [9,10], and Hastelloy-X
(HX) [11-14]. Non-weldable alloys, such as IN738LC [15,16] and

difficult to build using LPBF because of their susceptibility to cracking
during the process. In general, a macro solute-segregation during so-
lidification is suppressed by the rapid cooling conditions (up to 10°
K s’l) unique to the LPBF process [18]. However, the solute segregation
still occurs in the interdendritic regions that are smaller than the
micrometer scale [5,19-21]; these regions are suggested to be related to
the hot cracks in LPBF-fabricated parts. Therefore, an understanding of
solute segregation is essential for the fabrication of reliable
LPBF-fabricated parts while avoiding cracks.

The multiphase-field (MPF) method has gained popularity for
modeling the microstructure evolution and solute segregation under
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Table 1
Parameters used in the CtFD simulations.
Parameter Symbol  Value Reference
Density at 298.15 K p 8.24gcm 3 [
Liquidus temperature Ty, 1628.15 K [*]
Solidus temperature Ts 1533.15K [*]
Viscosity at Ty, 7 6.8gm 's! 1
Specific heat at 298.15 K Cp 0.439J g1 K! [
Thermal conductivity at 298.15K 1 10.3Wm 1K! 1
Surface tension at T;, n 1.85J m2 ]
Temperature coefficient of surface dy/dT —25%x10*Jm™2 [*]
tension K?!
Emissivity E 0.27 [31]
Stefan-Boltzmann constant o 567 x 10 8 Wm 2 [31]
K4
Heat of fusion AHgp, 2.76 x 10> J g ! [32]
Heat of vaporization AHpy 4.29 x 10%J g’1 [32]
Vaporization temperature Ty 3110 K [32]

" Calculated using JMatPro v11.
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Fig. 1. (a) Optical microscopy image and SEM-EBSD (b) IPF-Z, (c) IPF-X, and
(d) IPF-Y maps of the cross-section of melt region.

rapid cooling conditions [5,20-28]. Moreover, quantifiable predictions
have been achieved by combining the MPF method with temperature
distribution analysis methods such as the finite-element method (FEM)
[20] and computational thermal-fluid dynamics (CtFD) simulations
[28]. These aforementioned studies have used binary-approximated
multicomponent systems, such as Ni-Nb binary alloys, to simulate
IN718 alloys. While MPF simulations using binary alloy systems can
effectively reproduce microstructure formations and segregation be-
haviors, the binary approximation might be affected by the chemical
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interactions between the removed solute elements in the target multi-
component alloy. The limit of absolute stability predicted by the
Mullins-Sekerka theory [29] is also crucial because the limit velocity is
close to the solidification rate in the LPBF process and is different in
multicomponent and binary-approximated systems. The difference be-
tween the solidus and liquidus temperatures, ATy, directly determines
the absolute stability according to the Mullins-Sekerka theory. For
example, the AT, values of IN718 and its binary-approximated Ni-5 wt
%ND alloy are 134 K [28] and 71 K [30], respectively. The solidification
rate compared to the limit of absolute stability, i.e., the relative
non-equilibrium of solidification, changes by simplification of the sys-
tem. It is therefore important to use the composition of the actual
multicomponent system in such simulations. However, to the best of our
knowledge, there is no MPF simulation using a multicomponent model
coupled with a temperature analysis simulation to predict solute
segregation in a Ni-based superalloy.

In this study, we demonstrate that the conventional MPF model can
reproduce experimentally observed dendritic structures by performing a
phase-field simulation using the temperature distribution obtained by a
CtFD simulation of a multicomponent Ni-based alloy (conventional
solid-solution hardening-type HX). The MPF simulation revealed that
the segregation behavior of solute elements largely depends on the re-
gions of the melt pool, such as the cell boundary, the interior of the melt-
pool boundary, and heat-affected regions. The sensitivities of the various
interfaces to liquation and solidification cracks are compared based on
the predicted concentration distributions. Moreover, the feasibility of
using the conventional MPF model for LPBF is discussed in terms of the
absolute stability limit.

2. Methods
2.1. Laser-beam irradiation experiments

Rolled and recrystallized HX ingots with dimensions of 20 x 50 x
10 mm were used as the specimens for laser-irradiation experiments.
The specimens were irradiated with a laser beam scanned along straight
lines of 10 mm in length using a laser AM machine (EOS 290 M, EOS)
equipped with a 400 W Yb-fiber laser. Irradiation was performed with a
beam power of P = 300 W and a scanning speed of V = 600 mm s,
which are the conditions generally used in the LPBF fabrication of Ni-
based superalloy [8]. The corresponding line energy was 0.5 J mm L.
The samples were cut perpendicular to the beam-scanning direction for
cross-sectional observation using a field-emission scanning electron
microscope (FE-SEM, JEOL JSM 6500). Crystal orientation analysis was
performed by electron backscatter diffraction (EBSD). The sizes of each
crystal grain and their aspect ratios were evaluated by analyzing the

EBSD data.
2.2. CtFD simulation

CtFD simulations of the laser-beam irradiation of HX were performed
using a 3D thermo-fluid analysis software (Flow Science FLOW-3D®
with Flow-3D Weld module). A Gaussian heat source model was used, in
which the irradiation intensity distribution of the beam is regarded as a
symmetrical Gaussian distribution over the entire beam. The distribu-
tion of the beam irradiation intensity is expressed by the following
equation.

. 2nP 212
qzniexp(f—). (€D)]

Here, P is the power, R is the effective beam radius, r is the actual
beam radius, and 5 is the beam absorption rate of the substrate. To
improve the accuracy of the model,  was calculated by assuming mul-
tiple reflections using the Fresnel equation:



M. Okugawa et al.

Additive Manufacturing 84 (2024) 104079

Fig. 2. Backscattered electron images of (a) lower half of the melt pool (black square area in Fig. 1a), (b) bottom of the melt pool, and at heights of (c) 20, (d) 40, (e)

60, and (f) 80 ym from the bottom of the melt pool.

(2)

1 {1 + (1 — ecosh)®

1 &2 — 2ecosf + 2cos’6
1 1+ (1 + ecosd)’ ’

2 €2 4 2ecosl + 2cos20

¢ is the Fresnel coefficient and 0 is the incident angle of the laser. A
local laser melt causes the vaporization of the material and results in a
high vapor pressure. This vapor pressure acts as a recoil pressure on the
surface, pushing the weld pool down. The recoil pressure is reproduced
using the following equation.

AH, T
Precoil = Apoexp{ RTI;V (1 - Tv) :| . (3)

Here, po is the atmospheric pressure, AHpy is the latent heat of
vaporization, R is the gas constant, and Ty is the boiling point at the
saturated vapor pressure. A is a ratio coefficient that is generally
assumed to be 0.54, indicating that the recoil pressure due to evapora-
tion is 54% of the vapor pressure at equilibrium on the liquid surface.

Table 1 shows the parameters used in the simulations. Most param-
eters were evaluated using an alloy physical property calculation soft-
ware (Sente software JMatPro v11). The values in a previously
published study [31] were used for the emissivity and the Ste-
fan-Boltzmann constant, and the values for pure Ni [32] were used for
the heat of vaporization and vaporization temperatures. The Fresnel
coefficient, which determines the beam absorption efficiency, was used
as a fitting parameter to reproduce the morphology of the experimen-
tally observed melt region, and a Fresnel coefficient of 0.12 was used in
this study.

The dimensions of the computational domain of the numerical model
were 4.0 mm in the beam-scanning direction, 0.4 mm in width, and
0.3 mm in height. A uniform mesh size of 10 pm was applied throughout
the computational domain. The boundary condition of continuity was

applied to all boundaries except for the top surface. The temperature
was initially set to 300 K. P and V were set to their experimental values,
i, 300W and 600 mms ’, respectively. Solidification conditions
based on the temperature gradient, G, the solidification rate, R, and the
cooling rate were evaluated, and the obtained temperature distribution
was used in the MPF simulations.

2.3. MPF simulation

Two-dimensional MPF simulations weakly coupled with the CtFD
simulation were performed using the Microstructure Evolution Simula-
tion Software (MICRESS) [33-37] with the TQ-Interface for
Thermo-Calc [38]. A simplified HX alloy composition of
Ni-21.4Cr-17.6Fe-0.46Mn-8.80Mo-0.39Si-0.50 W-1.10C0-0.08 C (mass
%) was used in this study. The Gibbs free energy and diffusion coeffi-
cient of the system were calculated using the TCNI9 thermodynamic
database [39] and the MOBNi5 mobility database [40]. The equilibrium
phase diagram calculated using Thermo-Calc indicates that the
face-centered cubic (FCC) and o phases appear as the equilibrium solid
phases [19]. However, according to the
time-temperature-transformation (TTT) diagram [41], the phases are
formed after the sample is maintained for tens of hours in a temperature
range of 1073-1173 K. Therefore, only the liquid and FCC phases were
assumed to appear in the MPF simulations. The simulation domain was 5
x 100 pm, and the grid size Ax and interface width were set to 0.025 and
0.1 um, respectively. The interfacial mobility between the solid and
liquid phases was set to 1.0 x 10~8 m* J=! s71. Initially, one crystalline
nucleus with a [100] crystal orientation was placed at the left bottom of
the simulation domain, with the liquid phase occupying the remainder
of the domain. The model was solidified under the temperature field
distribution obtained by the CtFD simulation. The concentration
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Fig. 3. (a—c) Snapshots of the CtFD simulation of laser-beam irradiation: (a)
Top, (b) longitudinal vertical cross-sectional, and (c) transversal vertical cross-
sectional views. (d) z-position of the solid/liquid interface during melting and
solidification.

distribution and crystal orientation of the solidified model were exam-
ined. The primary dendrite arm space (PDAS) was compared to the
experimental PDAS measured by the cross-sectional SEM observation.
In an actual LPBF process, solidified layers are remelted and resoli-
dified during the stacking of the one layer above, thereby greatly
affecting solute element distributions in those regions. Therefore,
remelting and resolidification simulations were performed to examine
the effect of remelting on solute segregation. The solidified model was
remelted and resolidified by applying a time-dependent temperature
field shifted by 60 pm in the height direction, assuming reheating during
the stacking of the upper layer (i.e., the upper 40 pm region of the
simulation box was remelted and resolidified). The changes in the
composition distribution and formed microstructure were investigated.

3. Results
3.1. Experimental observation of melt pool

Fig. 1 shows a cross-sectional optical microscopy image and corre-
sponding inverse pole figure (IPF) orientation maps obtained from the
laser-melted region of HX. The dashed line indicates the fusion line. A
deep melted region was formed by keyhole-mode melting due to the
vaporization of the metal and resultant recoil pressure. Epitaxial growth
from the unmelted region was observed. Columnar crystal grains with an
average diameter of 5.46 + 0.32 pm and an aspect ratio of 3.61 £ 0.13
appeared at the melt regions (Figs. 1b-1d). In addition, crystal grains
growing in the z direction could be observed in the lower center.

Fig. 2a shows a cross-sectional backscattering electron image (BEI)
obtained from the laser-melted region indicated by the black square in
Fig. la. The bright particles with a diameter of approximately 2 pm
observed outside the melt pool. It is well known that MgC, M23Cg, 6, and
p precipitate phases are formed in Hastelloy-X [41]. These precipitates
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Fig. 4. (a) Cooling rate, (b) temperature gradient, and (c) solidification rate at
the solid/liquid interface as a function of the height from the bottom of the melt
pool, evaluated from the temperature distributions by the CtFD simulation.

mainly consisted of Mo, Cr, Fe, and Ni; The p and MgC phases are rich in
Mo, while the 6 and My3C¢ phases are rich in Cr. The SEM energy
dispersive X-ray spectroscopy analysis suggested that the bright parti-
cles are the stable precipitates as shown in Fig. S2 and Table S1.
Conversely, there are no carbides in the melt pool. This suggests that the
cooling rate is extremely high during LPBF, which prevents the forma-
tion of a stable carbide during solidification. Figs. 2b—2f show magnified
BEI images at different height positions indicated in Fig. 2a. Bright re-
gions are observed between the cells, which become fragmentary at the
center of the melt pool, as indicated by the yellow arrow heads in
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Figs. 2e and 2f.
3.2. CtFD simulation

Fig. 3a—c show snapshots of the CtFD simulation of HX at 2.72 ms,
with the temperature indicated in color. A melt pool with an elongated
teardrop shape formed and keyhole-mode melting was observed at the
front of the melt region. The cooling rate, temperature gradient (G), and
solidification rate (R) were evaluated from the temporal change in the
temperature distribution of the CtFD simulation results. The z-position
of the solid/liquid interface during the melting and solidification pro-
cesses is shown in Fig. 3d. The interface goes down rapidly during
melting and then rises during solidification. The MPF simulation of the
microstructure formation during solidification was performed using the
temperature distribution. Moreover, the microstructure formation pro-
cess during the fabrication of the upper layer was investigated by
remelting and resolidifying the solidified layer using the same temper-
ature distribution with a 60 pm upward shift, corresponding to the layer
thickness commonly used in the LPBF of Ni-based superalloys.

Fig. 4a—c show the changes in the cooling rate, temperature gradient,
and solidification rate in the center line of the melt pool parallel to the z
direction. To output the solidification conditions at the solid/liquid
interface in the melt pool, only the data of the mesh where the solid
phase ratio was close to 0.5 were plotted. Solidification occurred where
the cooling rate was in the range of 2.1 x 10°-1.6 x 10° K s™1, G was in
the range of 3.6 x 10°~1.9 x 10’ K m~!, and R was in the range of 8.2 x
1072-6.3 x 107! m s~. The cooling rate was the highest near the fusion
line and decreased as the interface approached the center of the melt
region (Fig. 4a). G also exhibited the highest value in the regions near
the fusion line and decreased throughout the solid/liquid interface to-
ward the center of the melt pool (Fig. 4b). R had the lowest value near
the fusion line and increased as the interface approached the center of
the melt region (Fig. 4c).

3.3. MPF simulations coupled with CtFD simulation

MPF simulations of solidification, remelting, and resolidification
were performed using the temperature-time distribution obtained by the
CtFD simulation. Fig. 5 shows the MPF solidified models colored by
phase and Mo concentration. All the computational domains show the
FCC phase after the solidification (Fig. 5a). Dendrites grew parallel to
the heat flow direction, and solute segregations were observed in the
interdendritic regions. At the bottom of the melt pool (Fig. 5d), planar
interface growth occurred before the formation of primary dendrites.
The bottom of the melt pool is the turning point of the solid/liquid
interface from the downward motion in melting to the upward motion in
solidification. Thus, the solidification rate at the boundary is zero, and is
extremely low immediately above the molt-pool boundary. Here, the
lower limit of the solidification rate (R) for dendritic growth can be
represented by the constitutional supercooling criterion [29], Vs = (G x
Dy) / AT, and planar interface growth occurs at R < V. D, and AT
denote the diffusion coefficient in the liquid and the equilibrium
freezing range, respectively. The results suggest that planar interface
growth occurs at the bottom of the melt pool, resulting in a dark region
with a different solute element distribution. Some of the primary den-
drites were diminished by competition with other dendrites. In addition,
secondary dendrite arms could be seen in the upper regions (Fig. 5c),
where solidification occurred at a lower cooling rate. The fragmentation
of the solute segregation near the secondary dendrite arms is similar to
that observed in the experimental melt pool shown in Figs. 2e and 2f,
and the secondary dendrite arms are suggested to have appeared at the
center of the melt region. Fig. 6 shows the PDASs measured from the
MPF simulation models, compared to the experimental PDASs measured
by the cross-sectional SEM observation of the laser-melted regions
(Fig. 2). The PDAS obtained by the MPF simulation becomes larger as
the solidification progress. Ghosh et al. [21] revealed by the phase-field
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interdendritic region and (c1, c2) interior of the dendrite.

method that the PDAS decreases as the cooling rate increases under the
rapid cooling conditions obtained by the finite element analysis. In this
study, the cooling rate decreased as the interface approached the center
of the melt region (Fig. 4a), and the trends in PDAS change with respect

to cooling rate is same as the reported trend [21]. The simulated trends
of the PDAS with the position in the melt pool agreed well with the
experimental trends. However, all PDASs in the simulation were larger
than those observed in the experiment at the same positions. Ode et al.
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[42] reported that PDAS differences between 2D and 3D MPF simula-
tions can be represented by PDAS,p = 1.12 x PDAS3p owing to differ-
ences in the effects of the interfacial energy and diffusivity. We also
performed 2D and 3D MPF simulations under the solidification condi-
tionsof G=1.94 x 10’ Km 'and R = 0.82m s ! (Fig. S1), and found
that the PDAS from the 2D MPF simulation was 1.26 times larger than
that from the 3D simulation. Therefore, the cell structure obtained by
the CtFD simulation coupled with the 2D MPF simulation agreed well
with the experimental results over the entire melt pool region consid-
ering the dimensional effects.

Fig. 7bl and cl show the concentration profiles of the solidified
model along the growth direction indicated by dashed lines in Fig. 7a.
The differences in concentrations from the alloy composition are also
shown in Fig. 7b2 and c¢2. Cr, Mo, C, Mn, and W were segregated to the
interdendritic regions, while Si, Fe, and Co were depressed. The solute
segregation behavior agrees with the experimental observation [43] and
the prediction by the Scheil-Gulliver simulation [19]. Segregation
occurred to the highest degree in Mo, while the ratio of segregation to
the alloy composition was remarkable in C. The concentration fluctua-
tions correlated with the position in the melt pool and decreased at the
center of the melt pool, which was suggested to correspond to the lower
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cooling rate in this region. Conversely, droplets that appeared between
secondary dendrite arms in the upper regions of the simulation domain
exhibited a locally high segregation of solute elements, with the same
amount of segregation as that at the bottom of the melt pool.

3.4. Remelting and resolidification simulation

The solidified model was subjected to remelting and resolidification
conditions by shifting the temperature profile upward by 60 um to
reveal the effect of reheating on the solute segregation behavior. Fig. 8a
and b shows the simulation domains of the HX model after resolidifi-
cation, colored by phase and Mo concentration. The magnified MPF
models during the resolidification of the regions indicated by rectangles
in Fig. 8a and b are also shown as Fig. 8c and d. Dendrites grew from the
bottom of the remelted region, with the segregation of solute elements
occurring in the interdendritic regions. The entire domain become the
FCC phase after the resolidification, as shown in Fig. 8a. The bottom of
the remelted regions exhibited a different microstructure, and Mo was
depressed at the remelted regions, rather than the interdendritic regions.
The different solute segregation behavior [44] and the microstructure
formation [45] at the melt pool boundary is also observed in LPBF
manufactured 316 L stainless steel. We found that this microstructure
was formed by further remelting during the resolidification process,
which is shown in Fig. 9. Here, the solidified HX model was heated, and
the interdendritic regions were preferentially melted while concentra-
tion fluctuations were maintained (Fig. 9al and a2). Subsequently,
planer interface growth occurs near the melt pool boundary where the
solidification rate is almost zero, and the dendrites outside of the
boundary are grown epitaxially (Fig. 9b1 and b2). However, these
remelted again because of the temperature rise (Fig. 9c1 and c2, and the
temperature-time profile shown in Fig. 9e). The remelted regions then
cooled and solidified with the abnormal solute segregations (Fig. 9d1
and d2). Then, dendrite grows from amplified fluctuations under the
solidification rate larger than the criterion of constitutional supercooling
(Fig. 9d1, 9d2, and Fig. 8d). It has been reported [46,47] that temper-
ature rising owning to latent heat affects microstructure formation:
phase-field simulations of a Ni-Al binary alloy suggest that the release of
latent heat during solidification increases the average temperature of the
system [46] and strongly influences the solidification conditions [47]. In
this study, the release of latent heat during solidification is considered in
CtFD simulations for calculating the temperature distribution, and the
temperature increase is suggested to have also occurred due to the
release of latent heat.

Fig. 10b1 and 1cl show the solute element concentration line pro-
files of the resolidified model along the growth direction indicated by
dashed lines in Fig. 10a. Fig. 10b2 and 10c2 show the corresponding
differences in concentration from the alloy composition. The segrega-
tion behavior of solute elements at the interdendritic regions (Fig. 10bl
and 10b2) was the same as that in the solidified model (Figs. 7b1l and
7b2). Here, Cr, Mo, C, Mn, and W were segregated to the interdendritic
regions, while Si, Fe, and Co were depressed. However, the concentra-
tion fluctuations at the interdendritic regions were larger than those in
the solidified model. Moreover, the segregation of the outside of the melt
pool, i.e., the heat-affected zone, was remarkable throughout remelting
and resolidification. Different segregation behaviors were observed in
the re-remelted region: Mo, Si, Mn, and W were segregated, while Ni, Fe,
and Co were depressed. These solute segregations caused by remelting
are expected to heavily influence the crack behavior.

4. Discussion

4.1. Effect of segregation of solute elements on liquation cracking
susceptibility

Strong solute segregation was observed between the interdendritic
regions of the solidified alloy (Fig. 7). In addition, the solute segregation
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position indicated by dashed line in (al-d1).

behavior was significantly affected by remelting and resolidification and
varied across the alloy. Solute segregation can be categorized by the
regions shown in Fig. 11al-1a4, namely the cell boundary (Fig. 11al),
interior of the melt-pool boundary (Fig. 11a2), re-remelted regions
(Fig. 11a3), and heat-affected regions (Fig. 11a4). The concentration
profiles of these regions are shown in Fig. 11b1-11b4. Solute segrega-
tion was the highest in the cell boundary region. The solute segregation
in the heat-affected region was almost the same as that in the cell
boundary region, but seemed to have been attenuated by reheating
during remelting and resolidification. The interior of the melt-pool
boundary region also had the same tendency for solute segregation.
However, the amount of Cr segregation was smaller than that of Mo. A
decrease in the Cr concentration was also mitigated, and the concen-
tration remained the same as that in the alloy composition.
Fig. 11c1-11c4 show the chemical potentials of the solute elements for
the FCC phase at 1073 K calculated using the compositions of those
interfacial regions. All the interfacial regions showed non-constant
chemical potentials for each element along the perpendicular direc-
tion, but the fluctuations of the chemical potentials differed by the type
of interfaces. In particular, the fluctuation of the chemical potential of C
at the cell boundary region was the largest, suggesting it can be relaxed
easily by heat treatment. On the other hand, the fluctuations of the other
elements in all the regions were small. The solute segregations are most
likely to remain after the heat treatment and are supposed to affect the
cracking susceptibilities.

The solidus temperatures Ts, the difference between the liquidus and
solidus temperatures (i.e., the brittle temperature range (BTR)), and the
fractions of the equilibrium precipitate phases at 1073 K of the inter-
facial regions were calculated as the liquation, solidification, and
ductility dip cracking susceptibilities, respectively. At the cell boundary
(Fig. 12al), interior of the melt-pool boundary (Fig. 12al), and heat-
affected regions (Fig. 12al), the internal and interfacial regions
exhibited higher and lower Ts compared to that of the alloy composition,
respectively. The lowest T was obtained with the composition at the cell
boundary region, which is the largest solute-segregated region. It has
been suggested that strong segregations of solute elements in LPBF lead
to liquation cracks [16]. This study also supports this suggestion, and

liquation cracks are more likely to occur at the interfacial regions
indicated by predicting the solute segregation behavior using the MPF
model. Additionally, the BTRs of the cell boundary, interior of the
melt-pool boundary, and heat-affected regions were wider at the inter-
dendritic regions, and solidification cracks were also likely to occur in
these regions. Moreover, within the solute segregation regions, the
fraction of the precipitate phases in these interfacial regions was larger
than that calculated using the alloy composition (Fig. 12c1, 12¢2, and
12c4). This indicates that ductility dip cracking is also likely to occur at
the cell boundary, interior of the melt-pool boundary, and in
heat-affected regions. Contrarily, we found that the re-remelted region
exhibited a higher Ts and smaller BTR even in the interfacial region
(Fig. 12a3 and 12b3), where the solute segregation behavior was
different from that of the other regions. In addition, the re-remelting
region exhibited less precipitation compared with the other segregated
regions (Fig. 12c3). The re-remelting caused by the latent heat can
attenuate solute segregation, prevent T from decreasing, decrease the
BTR, and decrease the amount of precipitate phases. Alloys with a large
amount of latent heat are expected to increase the re-remelting region,
thereby decreasing the susceptibility to liquation and ductility dip
cracks due to solute element segregation. This can be a guide for
designing alloys for the LPBF process. As mentioned in Section 3.4, the
microstructure [45] and the solute segregation behavior [44] at the melt
pool boundary of LPBF-manufactured 316 L stainless steel are observed,
and they are different from that of the interdendritic regions. Experi-
mental observations of the solute segregation behavior in the
LPBF-fabricated Ni-based alloys are currently underway.

4.2. Applicability of the conventional MPF simulation to microstructure
formation under LPBF

As the solidification growth rate increases, segregation coefficients
approach 1, and the fluctuation of the solid/liquid interface is sup-
pressed by the interfacial tension. The interface growth occurs in a flat
fashion instead of having a cellular morphology at a velocity above the
absolute stability limit, Ry, predicted by the Mullins-Sekerka theory
[29]: Ras = (AT Dy) / (k I') where ATy, Dy, k, and I” are the difference
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between the liquidus and solidus temperatures, equilibrium segregation thermodynamic parameters obtained by the TCNI9 thermodynamic
coefficient, the diffusivity of liquid, and the Gibbs-Thomson coefficient, database [39]. The calculated R, of HX was 3.9 m s ! and is ten times
respectively. larger than that of the Ni-Nb alloy (approximately 0.4 m s~ 1) [20]. The

The R,s of HX was calculated using the equation and the HX alloy was solidified under R values in the range of 8.2 x 1072-6.3 x
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10! ms~!. The theoretically calculated criterion is larger than the
evaluated R, and is in agreement with the experiment in which dendritic
growth is observed in the melt pool (Fig. 5). In contrast, Karayagiz et al.
[20] reported that the R of the Ni-Nb binary alloy under LPBF was as
high as approximately 2m s}, and planar interface growth was
observed to be predominant under the high-growth-rate conditions.
These experimentally observed microstructures agree well with the
prediction by the Mullins-Sekerka theory about the relationship between
the morphology and solidification rates.

In this study, the solidification microstructure formed by the laser-
beam irradiation of an HX multicomponent Ni-based superalloy was
reproduced by a conventional MPF simulation, in which the system was
assumed to be in a quasi-equilibrium condition. Boussinot et al. [24] also
suggested that the conventional phase-field model can be applied to
simulate the microstructure of an IN718 multicomponent Ni-based su-
peralloy in LPBF. In contrast, Kagayaski et al. [20] suggested that the
conventional MPF simulation cannot be applied to the solidification of
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the Ni-Nb binary alloy system and that the finite interface dissipation
model proposed by Steinbach et al. [48,49] is necessary to simulate the
high solidification rates observed in LPBF. The difference in the appli-
cability of the conventional MPF method to HX and Ni-Nb binary alloys
is presumed to arise from the differences in the non-equilibrium degree
of these systems under the high solidification rates of LPBF. The results
suggest that R, can be used as a simple index to apply the conventional
MPF model for solidification in LPBF. Solidification becomes a
non-equilibrium process as the solidification rate approaches the limit of
absolute stability, Rys. In this study, the solidification of the HX multi-
component system occurred under a relatively low solidification rate
compared to Ry, and the microstructure of the conventional MPF model
was successfully reproduced in the physical experiment. However, note
that the limit of absolute stability predicted by the Mullins-Sekerka
theory was originally proposed for solidification in a binary alloy sys-
tem, and further investigation is required to consider its applicability to
multicomponent alloy systems. Moreover, the fast solidification, such as
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in the LPBF process, causes segregation coefficient approaching a value
of 1 [20,21,25] corresponds to a diffusion length that is on the order of
the atomic interface thickness. When the segregation coefficient ap-
proaches 1, solute undercooling disappears; hence, there is no driving
force to amplify fluctuations regardless of whether interfacial tension is
present. This phenomenon should be further investigated in future
studies.

5. Conclusions

We simulated solute segregation in a multicomponent HX alloy
under the LPBF process by an MPF simulation using the temperature
distributions obtained by a CtFD simulation. We set the parameters of
the CtFD simulation to match the melt pool shape formed in the laser-
irradiation experiment and found that solidification occurred under
high cooling rates of up to 1.6 x 10° K s ™.

MPF simulations using the temperature distributions from CtFD
simulation could reproduce the experimentally observed PDAS and
revealed that significant solute segregation occurred at the interden-
dritic regions. Equilibrium thermodynamic calculations using the alloy
compositions of the segregated regions when considering crack sensi-
tivities suggested a decrease in the solidus temperature and an increase
in the amount of carbide precipitation, thereby increasing the suscep-
tibility to liquation and ductility dip cracks in these regions. Notably,
these changes were suppressed at the melt-pool boundary region, where
re-remelting occurred during the stacking of the layer above. This effect
can be used to achieve a novel in-process segregation attenuation.

Our study revealed that a conventional MPF simulation weakly
coupled with a CtFD simulation can be used to study the solidification of
multicomponent alloys in LPBF, contrary to the cases of binary alloys
investigated in previous studies. We discussed the applicability of the
conventional MPF model to the LPBF process in terms of the limit of
absolute stability, R,s, and suggested that alloys with a high limit ve-
locity, i.e., multicomponent alloys, can be simulated using the conven-
tional MPF model even under the high solidification velocity conditions
of LPBF.
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