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� The mechanism that powder features
influence non-equilibrium
solidification was revealed.

� The formation of r phase and
shrinkage void in interdendritic
region was suppressed in PREP
sample.

� High solidification rate obtained by
melting on PREP powder layer
contributed to the microsegregation
suppression.

� The effect of molten pool morphology
on solidification rate was determined
by the thermal properties of powder
layer.
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a b s t r a c t

For components built by powder bed fusion with electron beam (PBF-EB), the resulting microstructure
arising from non-equilibrium solidification, microsegregation and the formation of interdendritic phases
significantly affects the material properties. Notably, the powder characteristics influence the heat
absorption and conduction, thereby altering the molten pool behavior and solidification parameters.
However, the effect of the powder feedstock on solidification during PBF has not been widely investi-
gated. In this study, a CoCrMo alloy was fabricated using powders prepared by gas-atomization (GA)
and plasma rotating electrode process (PREP). Under the given operating conditions, samples built using
the two powders were characterized and compared. By performing multi-scale numerical simulations,
melting and solidification were visualized and analyzed to elucidate the mechanism through which
the powder characteristics influence the non-equilibrium solidification behavior during PBF-EB. The
study revealed that after appropriate size control, compared with the GA powder, the PREP powder
had a smaller specific surface area and higher sphericity; thus, the generated powder layer exhibited
higher heat absorption and dissipation rates. Therefore, a high solidification rate was facilitated, thereby
suppressing microsegregation. These findings contribute to PBF knowledge related to feedstock, proving
to be an essential reference for selecting and optimizing metallic powders applicable to additive
manufacturing.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A controlled microstructure is a vital prerequisite for improving
the suitability and stability of additively manufactured
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components [1]. Powder bed fusion (PBF) can be categorized into
two methods based on the heat source: PBF with laser (PBF-L)
and PBF with electron beam (PBF-EB) [2]. In addition to the mate-
rial composition [3,4], the PBF processing conditions, including the
machine parameters [5,6], environmental status [7,8], heat treat-
ment [9], and feedstock characteristics [10,11], synthetically gov-
ern the final solidification microstructure and performance.

During PBF, rapid and non-equilibrium solidification occurs in
a highly transient manner, and a translating molten pool forms
within the powder layer, producing unusual microstructure of
multi-component alloys [12]. In addition to the size and morphol-
ogy of the solidified grains, the substructures resulting from
microsegregation and associated interdendritic phase significantly
influence the mechanical properties [13] and hot cracking resis-
tance [14]. The enrichment of solute elements in the interden-
dritic melt alters the local thermodynamics and promotes
second-phase formation [15]. The matrix and interdendritic
phases react differently to force and deformation, thereby deteri-
orating their mechanical properties. Moreover, the formation of a
long-chain-shaped interdendritic phase with a low melting point
results in liquation cracking [16]. Therefore, research has focused
on controlling non-equilibrium solidification in MAM-built
components.

Previous studies have shown that element partitioning and the
degree of microsegregation depend on the solidification parame-
ters [17]. Particularly, the solidification rate (i.e., solid–liquid inter-
face velocity) is crucial for determining the degree of
microsegregation. Solute trapping occurs when the solidification
rate is higher than the partial element diffusion rate at the solidi-
fication front, because of incomplete element partitioning [18]. Nie
et al. [19] studied the relationship between molten pool thermal
conditions and Nb microsegregation during the solidification of a
direct energy deposition (DED)-built Inconel 718 alloy. They found
that a low-temperature gradient with a high cooling rate (i.e., a
high solidification rate) decreases the Laves phase fraction. Simi-
larly, simulation studies conducted by Kumara et al. [20] andWang
et al. [21] determined the number of reduced Laves phases with an
increased cooling rate, which was generated by a low-power input.
Xiao et al. [22] compared two laser modes of DED and found that,
compared to the continuous-wave laser, the quasi-continuous-
wave laser suppressed Nb segregation and Laves phase formation
because of the increased solidification rate. Wang et al. [23] evalu-
ated the effect of the laser scan speed on microsegregation in a
PBF-built Fe-C alloy and concluded that a high scan speed accom-
panied by a high solidification rate resulted in a low interdendritic
segregation ratio because of solute trapping. Moreover, Chen et al.
[24] and Zhang et al. [25] performed an additional substrate cool-
ing process using water and liquid nitrogen to promote rapid solid-
ification and suppress microsegregation.

To date, to achieve microsegregation control, most existing
studies, including those mentioned above, have focused on altering
the solidification rate by manipulating the power, scan speed, and
environmental conditions (e.g., substrate cooling). Notably, in PBF,
powder characteristics, such as particle size distribution, morphol-
ogy, and surface features, influence heat transfer, thereby altering
the molten pool behavior and solidification conditions [26]. A pre-
vious study showed that the amounts of interdendritic phases and
shrinkage voids were significantly different in samples built using
two Inconel 718 alloy powders (gas-atomization (GA) and the
plasma rotating electrode process (PREP)) [27]. Under a given oper-
ating condition, the utilization of powders with different charac-
teristics affects solidification. However, most studies have
primarily evaluated the effect of the bulk properties of the powder
layer (e.g., packing density and layer thickness) on the quality of
the formed alloy [28], whereas few studies have been conducted
to explore the mechanism through which the powder characteris-
2

tics influence the non-equilibrium solidification behavior during
PBF-EB.

CoCrMo (CCM) alloys are widely used in bone implants. Consid-
ering the advantages of PBF, custom-shaped implants are consid-
ered more favourable [29]. Elucidating the relationship between
the solidified microstructure and powder characteristics will pro-
vide a novel theoretical basis for defect suppression and flexible
microstructure control. Therefore, in this study, following our pre-
vious study [27] using Inconel 718 alloy powder, the effect of the
CCM alloy powder characteristics on the non-equilibrium solidifi-
cation behavior in PBF-EB was examined. PBF-EB of the CCM alloy
was performed using two CCM alloy powders prepared by GA and
PREP. The two powders exhibited different particle size distribu-
tions (PSDs) and particle morphologies. Under a given building
condition, samples built with two different powders were charac-
terized, and the solidification microstructure and compression
properties were compared. During PBF-EB, EB interacts with the
powder layer to form a high-speed moving molten pool, accompa-
nied by rapid solidification [30]. It is difficult to acquire solidifica-
tion parameters, microstructure evolution, and spatial solute
distribution using the experimental method from this highly tran-
sient and localized process [31]. Therefore, a multi-scale numerical
simulation framework was developed. The framework consists of
simulations accounting for powder spreading, molten pool forma-
tion, and solidification based on the discrete element method
(DEM), computational thermal-fluid dynamics (CtFD), and phase
field (PF). Melting and solidification were visualized and analyzed
to demonstrate the mechanism through which powder character-
istics influence non-equilibrium solidification during PBF-EB. The
findings of this study contribute to PBF knowledge related to feed-
stocks, proving to be an essential reference for selecting and opti-
mizing metallic powders applicable to additive manufacturing.
2. Materials and methods

2.1. Materials and experiments

Two types of CCM powders prepared by GA (Sanyo Special Steel
Co., Ltd., Himeji, Japan) and PREP (Fukuda Metal Foil & Powder Co.,
Ltd., Kyoto, Japan) methods were used for PBF-EB manufacturing.
Fig. 1 shows the scanning electron microscopy (SEM) images,
PSD, and circularity of the two powders. Many irregularly shaped
particles were observed in the GA powder, resulting from the tur-
bulent impact of high-speed gas flow on the molten metal during
the GA process [32,33]. In contrast, most PREP powders exhibit a
near-perfect spherical shape. PREP allows the formation of spheri-
cal powders through centrifugal granulation such that melt droplet
translation follows a relatively stable trajectory and does not easily
interfere with other droplets [34]. The high-sensitivity (HS) circu-
larity of the two powders was evaluated using image analysis. In
addition to the particle morphology, the two CCM powders showed
differences in PSD, which was measured using a laser diffraction
particle size analyzer. The chemical compositions of the two low-
carbon (<0.15, mass%) CCM alloy powders (Table 1), which were
examined using inductively coupled plasma atomic emission spec-
troscopy, showed subtle differences. The effect of this composition
differences on solidification will be examined using phase-field
simulation. By applying the average composition as the input, a
phase diagram (Supplementary Material 1) illustrating the equilib-
rium phase fraction as a function of temperature was acquired
using Thermo-Calc [35] and suggested that no carbides were pre-
sent, whereas the r phase may be embedded in the c-FCC matrix
after solidification.

Regarding PBF-EB manufacturing, the cuboid samples with an
edge length of 10 mm were fabricated on a baseplate of SUS304



Fig. 1. SEM microscopy of the CCM powders fabricated by (a) GA and (b) PREP and their corresponding (c) PSD and (d) HS circularity.

Table 1
Chemical composition (mass%) of CCM alloy powders.

Cr Mo Si Mn Fe C N Ni O Co

GA 27.45 6.21 0.43 0.51 0.33 0.027 0.117 <0.05 0.0006 Bal.
PREP 27.30 5.71 0.39 0.45 0.09 0.048 0.078 <0.05 0.0014 Bal.
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stainless steel using an Arcam� A2X machine (Arcam, GE Additive,
Sweden). In the xy-scanning mode, the scanning direction was
rotated by 90� per layer (Supplementary Material 2). The block
samples were sectioned along the building direction using a wire
electric discharge machine. After grinding and polishing, the solid-
ified microstructure was observed by electron backscattered
diffraction (EBSD) and SEM using a backscattered electron (BSE)
detector. Focused ion-beam milling was conducted to prepare
samples for scanning transmission electron microscopy (STEM)
observations. The lattice structure and local elemental distribution
were identified using STEM energy-dispersive X-ray (EDX) map-
ping. Compression tests were performed to evaluate the mechani-
cal properties.
2.2. Multi-scale numerical simulation

A multi-scale numerical simulation framework was developed
to simulate powder layer spreading, molten pool formation, and
solidification based on DEM, CtFD, and PF, respectively (Supple-
mentary Material 2). The simulations are described in Sections
2.2.1, 2.2.2, and 2.2.3.
2.2.1. DEM simulation for powder layer generation
A numerical model of the powder layer spreading was estab-

lished using DEM to simulate the dynamic particle behaviour
[36]. According to the governing force–displacement/rotation for-
mulas, the particle–particle and particle–object interactions at
the contact point are generated. The soft-contact mode allows for
particle overlap, such that the contact force is calculated depend-
ing on the deformation [37]. In this study, a powder bed generation
3

analog was simulated using Yade, an open-source DEM framework
[38]. Taking the PSD and powder mechanical properties as inputs,
the three-dimensional arrangement data of the powder layer after
spreading can be obtained [39]. A detailed description of the con-
tact law (the nonlinear elastic Hertz–Mindlin no-slip contact
model) and energy dissipation approach (viscous damping), which
are suitable for the analysis of the actual metallic powder layer
spreading during PBF, can be found in a recently published article
[26]. The physical property-related parameters applied in the DEM
simulation are listed in Supplementary Material 3. Notably, in the
conventional DEM simulation, the powder particles were set to
perfect spheres by default. A special particle clumping treatment
was implemented to assemble the particles, by which irregular
particles, such as elongated and satellite particles, could be con-
structed [27]. For the GA powder, the proportion of clumped parti-
cles was adjusted to match the experimental powder sphericity.
Therefore, it is possible to evaluate particle morphology-related
effects.
2.2.2. CtFD simulation for molten pool formation
An energy beam irradiates the powder layer to form a high-

speed moving molten pool, which occurs through transient and
localized heat and mass transfer processes [40]. To accurately
acquire solidification information, including the molten pool
geometry and solidification parameters, a numerical model for
PBF-EB under specific environmental and operating conditions
was established. A 3D numerical melting model was developed
using FLOW-3D� [41]. The physical effects (i.e., buoyant flow, Mar-
angoni convection, and vapor recoil pressure) that determine the
fluid behavior and necessary heat transfer modes (i.e., conduction,
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convection, and radiation) are included. An EB with a certain pen-
etration depth was modelled as a volumetric heat source. Melting
simulations of the two powders were performed using the DEM 3D
powder layer data as the geometric configuration of the CtFD com-
putational domain. The solidification parameters (i.e., the temper-
ature gradient and solidification rate) of the evolutive solidification
front were obtained. A description of the CtFD modeling with sali-
ent features for PBF-EB, the thermophysical properties of the CCM
alloy, and parameters related to the simulation implementation
are available in literature [42,43].

2.2.3. PF simulation for solidification with micro-segregation
The PF method is a powerful approach for the quantitative mod-

eling of complex microstructural evolution kinetics [44]. Combined
with the temperature and composition, the PF can simulate non-
equilibrium processes. A 2D solidification model was established
using a commercial PF software, MICRESS� [45] which was devel-
oped based on the multi-PF concept [46] and allows the manage-
ment of multi-component alloys during various processes, such
as solidified grain growth [47] and solid-state phase transforma-
tion [48]. The required thermodynamic data and atomic diffusion
mobility that govern the microstructure evolution with solute dif-
fusion can be obtained through direct coupling with the CALPHAD
database via the interface with Thermo-Calc. For the CCM alloy, the
PF simulation included Co, Cr, Mo, Mn, Si, and Fe. The 2D compu-
tational domain was placed in a 1D thermal field, where the tem-
perature gradient originated from the bottom up, and was coupled
with a constant cooling rate at the bottom. The initial c-FCC nuclei,
whose [0 0 1] preferred crystal growth orientation was parallel to
the temperature gradient, were placed at the bottom of the compu-
tational domain. Coupled with the thermal field obtained from the
CtFD simulation, the PF simulation allows the illustration of non-
equilibrium solidification behavior with spatial solute distribution.
The parameters used in the PF simulations are listed in Supplemen-
tary Material 4.
Fig. 2. EBSD inverse pole figure maps and pole figures of the samples fabricated usi
crystallographic orientations are indicated along the normal direction (ND). The grain s
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3. Results

3.1. Microstructure and compression property

The PBF-EB-built CCM cuboid samples were fabricated using GA
and PREP powders. The processing parameters (power = 600 W,
scan speed = 1000 mm/s, line offset = 200 lm, preheating
temperature = 1123 K, nominal layer thickness = 70 lm) were
applied based on a previous study [49] to ensure excellent forming
quality. Fig. 2 shows the grain morphology and crystallographic
textures of the two samples. In both the GA and PREP samples,
the columnar grain arrays are parallel to the building direction
(BD, z-axis) with strong h0 0 1i alignments along the z-axis and
a h0 0 1i fiber texture around the z-axis in the xy-plane, which is
a result of the competitive growth of epitaxial grains within a typ-
ically directional temperature gradient [50,51]. Because most
grains are columnar, in addition to the normal grain diameter,
the grain size is characterized by the grain intercept length. The
number of horizontal intercept lines was one-third of the number
of EBSD scan rows. The results showed almost no difference
between the as-built GA and PREP samples in terms of the grain
morphology, grain size, and crystallographic texture.

Fig. 3 shows the BSE micrographs of the grain substructure in
the two samples. Generally, the cellular dendrites grew parallel
to the BD owing to the thermal flow direction and epitaxial growth
feature during PBF-EB. By comparing the two samples, it was found
that whether at the top or middle of the GA sample, the bright pre-
cipitates appeared at the interdendritic region, and some are long
and chain-like. Notably, similar to the interdendritic phase, some
striped voids are also arranged at the interdendritic region. These
voids are thought to be caused by solidification shrinkage. The
interdendritic shrinkage void is formed owing to the liquid feeding
deficiency at the interdendritic region during solidification [52]. In
contrast, in the PREP sample, the number of interdendritic phases
was significantly reduced compared with that in the GA sample,
ng the (a) GA and (b) PREP powders. The sectioned view is parallel to BD. The
ize is characterized by the (c) grain diameter and (d) grain intercept length.



Fig. 3. BSE micrographs of the grain substructure at the (a)(c)(e)(g) top and (b)(d)(f)(h) middle of the (a)(b)(c)(d) GA and (e)(f)(g)(h) PREP samples.

Y. Zhao, H. Bian, H. Wang et al. Materials & Design 221 (2022) 110915
and solidification shrinkage in the interdendritic region was rarely
observed. The density that was measured through the Archimedes
method showed a higher value in the PREP sample (8.275 g/cm3)
than that in the GA sample (8.067 g/cm3). Overall, according to
the observed grain structure and substructure, the utilization of
the two powders did not affect grain growth; however, the differ-
ences between the GA and PREP samples were reflected in the
number of the interdendritic phases and shrinkage voids.

The high-angle annular dark-field (HAADF) micrograph and
diffraction patterns in Fig. 4(a) and (c), respectively, show that
the interdendritic phase had a BCC structure with a lattice constant
of 0.873 nm. There was no carbide present in the low-carbon CCM
alloy. The STEM-EDX maps in Fig. 4(b) show that Mo, Cr, Si, Mn,
and Fe were enriched in these phases. Thus, the bright precipitates
5

distributed in the interdendritic region were verified to be the r
phase, which is a brittle phase with low fracture toughness and
precipitates incoherently in the interdendritic region or grain
boundary [53].

Metallographic observations have local limitations. If the
microstructural differences observed above were widespread
throughout the two samples, there would be differences between
the two samples in terms of mechanical performance. The brittle
r phase is not conducive for coordinated deformation between
the dendrite branch and interdendritic region, and the shrinkage
voids provide crack sources that trigger failure under microlocal
stresses [54]. Therefore, the compression tests were performed at
room temperature. The stress–strain curve in Fig. 5 shows that
the PREP sample exhibits a higher strength than the GA sample.



Fig. 4. (a) High-angle annular dark-field micrograph. (b) STEM-EDX maps show that Mo, Cr, Si, Mn, and Fe are enriched. (c) Diffraction pattern of the interdendritic phase
indicates a BCC structure.

Fig. 5. Curves of compressive stress versus strain obtained by the compression
tests.
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However, the yield stress is almost equal between the two sam-
ples, and it can be observed that the difference in strength is
because the PREP sample shows a significantly higher work-
hardening rate than the GA sample. The difference between the
PREP and GA samples in work hardening can be related to the fact
that the GA sample has many voids, as shown in Fig. 3(a)–(d).
Voids are the sites where dislocations are absorbed and extin-
guished during plastic deformation, which results in a low work-
hardening rate. In contrast, the lack of voids in the PREP sample
can be expected to result in a higher work-hardening behavior
than the plastic deformation of the void-containing matrix. The
EBSD microstructure observation results in Fig. 2 show almost no
differences in the grain morphology, crystallographic texture, and
6

grain size of the two samples. Considering the above, the work-
hardening rate of the GA sample was significantly lower than that
of the PREP sample because the GA sample contained a large num-
ber of voids. Therefore, it can be inferred that the individual sub-
structure characteristics shown in Fig. 3 are widespread
throughout the GA and PREP samples. As mentioned above, the for-
mation of the interdendritic phase and shrinkage void is related to
the solidification parameters and microsegregation [55]; thus, the
powder characteristics influence the non-equilibrium solidification
during PBF-EB.
3.2. Simulation results

To accurately characterize the response of the different pow-
ders to heat transfer during PBF-EB, it is necessary to obtain pow-
der layers with properties close to those of the actual processing
[56]. Several types of preset particle clumps with elongated and
satellite-like shapes were constructed by assembling default
spheres in the DEM simulation. Subsequently, by adjusting the pre-
set particle proportions with an irregular shape, the GA powder
sphericity used for the DEM simulation matched the actual
sphericity. In addition to assigning the corresponding PSD, the
GA and PREP powders in the simulation consisted of particle
clumps and perfect spheres, respectively. Moreover, because the
densely solidified part is thinner than the porous powder layer,
the practical thickness Ln can be expressed as Ln = L0 + Ln-1 (1–
qp), where L0 is the nominal thickness and Ln-1 and qp are the thick-
ness and packing density of the previous layer, respectively. The
evolution of the thickness and packing density from the first layer
to the final steady layer by performing DEM simulations for each
layer is shown in Supplementary Material 5. Because the GA pow-
der had a larger overall size than the PREP powder and contained
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irregular particles, the final steady (i.e., the practical) GA powder
layer was thicker and had a lower packing density than the PREP
powder layer.

The geometric powder layer data were inputted as the compu-
tational domain for the CtFD melting simulation. Because the fluid
flow intrinsically influences the temperature field, the solidifica-
tion parameters at the solidification front, including the tempera-
ture gradient (G) and solidification rate (R), are also affected by
the molten pool behavior. In the simulations, the solidification
front was represented by a cell collection whose solid fraction
was greater than zero and less than one. The boundaries were con-
sidered as the isotherms of the liquidus and solidus. The G and R in
this study were determined from the three cross-sections perpen-
dicular to the scanning direction in the solidified computational
domain after the molten pool with a steady state had passed.
Fig. 6(a) and (b) show cut views of the CtFD-simulated molten
pools via single-track melting of the GA and PREP powders. Nota-
bly, the molten pool within the PREP powder layer had a smaller
volume and a more inclined S/L interface than that within the GA
powder layer, which indicates that the different powder layers
exhibited diverse heat transfer behaviors in response to the EB
irradiation. Moreover, the solidification parameters shown in
Fig. 6(c) indicate that higher R values were obtained when the PREP
powder layer was melted compared to that in the case of the GA
powder layer. A high R value facilitates microsegregation suppres-
sion owing to solute trapping, which is the primary reason for the
lower interdendritic phase in the PREP sample. The impact of the
Fig. 6. CtFD-simulated molten pools formed by single-track melting on the (a) GA

Fig. 7. Evolution of element concentrations in the liquid during the Scheil solidificati
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solidification parameters on microsegregation should be verified
by PF simulation.

Fig. 7 shows the evolution of element concentrations during the
Scheil solidification simulation. There was a subtle difference
between the chemical compositions of the two powders. Although
the curves representing the compositions of the two powders did
not completely overlap, the elemental segregation trends were
consistent. As solidification proceeded, the liquid phase was grad-
ually enriched with Mo, Si, Mn, and Fe, and these elements were
substantially consistent with the interdendritic r-phase con-
stituents, which indicated that the r-phase formation was caused
by microsegregation. Mo exhibited the most notable segregation
trend during solidification as the key forming element of the r
phase. Therefore, non-equilibrium solidification was characterized
by the spatial distribution of the Mo concentration in the PF simu-
lation. The mean values of the solidification parameters (i.e., the G-
R point group centroid in Fig. 6) were applied as the 2D thermal
field in the PF simulation. As an example, the solidification process
obtained by performing the PF simulation with the GA powder
composition and the corresponding G-R values as the input is
shown in Supplementary Material 6. With the dendrite growth,
Mo gradually segregated into liquid between the dendrites. After
solidification, chain-like Mo enrichment zones were formed with
a distribution pattern similar to that of the r phase in the experi-
mental microstructure (Fig. 3).

To verify whether the compositional differences between the
two powders affect solidification, PF simulations were performed
and (b) PREP powder layers with corresponding (c) solidification parameters.

on simulation based on the chemical composition of the GA and PREP powders.



Fig. 8. PF simulations with the compositions of the (a) GA and (b) PREP powders and the mean G-R values corresponding to the GA powder as the input. (c) PF simulation with
the compositions of the PREP powders and the mean G-R values corresponding to the PREP powder as the input. (d) Quantitative data of the Mo concentration at the dotted
line.
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with the GA (Fig. 8(a)) and PREP (Fig. 8(b)) powder compositions
and the same mean G-R values corresponding to the GA powder
as the input. Under a consistent thermal field, this slight composi-
tional difference between the GA and PREP powders did not affect
the solidification or degree of microsegregation. However, when
the mean G-R values corresponding to the PREP powder were input
with the PREP powder composition, the Mo enrichment in the
interdendritic regions decreased. The results reveal that the chem-
ical composition difference does not affect solidification. Thus, the
difference in the substructure characteristics between the GA and
PREP samples originated from the different heat absorption and
conduction behaviors. In other words, the high R obtained by the
PREP powder layer melting contributed to microsegregation sup-
pression because of enhanced solute trapping and, subsequently,
less interdendritic r phases. Moreover, a comparison of Fig. 3(c)
(d) and (g)(h) shows that the substructures are mainly cellular
dendrites; however, because of the significant degree of microseg-
regation in the GA sample, the protrusion or secondary dendrite
arm is more developed than that in the PREP sample. This phe-
nomenon can hinder liquid feeding in the interdendritic region
during solidification, inducing shrinkage void formation.

4. Discussion

4.1. Effect of solidification rate on micro-segregation

The experimental and simulation results confirmed that the
lower number of r phases and the few shrinkage voids in the
interdendritic region of the PREP sample resulted from a limited
degree of microsegregation during solidification. Melting on the
PREP powder layer exhibited a high R to suppress microsegregation
owing to the enhanced solute trapping effect. The beam scan speed
directly influenced the R value of the translating molten pool [57].
For the CCM alloy system, the R value affecting microsegregation
can be determined by single-track melting experiments at different
8

beam scan speeds. Fig. 9 shows the cross-sectional BSE micro-
graphs of the melted region of single-track melting on the CCM
alloy baseplate. With an increase in the scan speed, the number
of interdendritic r phases decreased. By performing the corre-
sponding CtFD simulations, the solidification parameters shown
in Fig. 10(a) and (b) illustrate that a faster beam scan causes a
greater R. In the schematic (Fig. 10(c)), solute elements are ejected
from solid to liquid during solidification, thereby accumulating
ahead of the solidification front. Solute partitioning was deter-
mined using element diffusion kinetics. Thus, if R is higher than
the solute diffusion rate, solute trapping occurs to reduce the con-
centration difference between the solid and liquid phases after
solidification. Single-track melting experiments also verified that
the microsegregation behavior of the CCM alloy system studied
here could indeed be controlled by manipulating the R value.

4.2. Effect of powder characteristics on solidification rate

As discussed in Section 4.1, R is directly affected by the scan
speed. When the scan speed (i.e., the molten pool translation
speed) is fixed, the R variation depends on the molten pool geom-
etry, which is determined by the heat transfer behavior of the sur-
rounding solid [58,59]. The schematic in Fig. 11 shows that because
the direction of R is perpendicular to the solid–liquid interface,
there is a geometric relationship between R and the scan speed
V: R ¼ V cos h, where h is the included angle between R and V. Thus,
when V is a constant, a higher R corresponds to a smaller angle h.
Notably, the molten pool geometry was affected by the heat
absorption and conduction behavior when the powder layer was
irradiated with the EB. On one hand, for a high heat absorptivity
powder layer, the melt mass formed in a unit time is large, result-
ing in a molten pool with a large volume and depth. On the other
hand, for a high-heat-conductivity powder layer, the latent heat
generated at the solidification front can be dissipated in time,
forming a molten pool with a small length. Therefore, when the



Fig. 10. (a) Solidification parameters obtained by performing CtFD simulations of single-track melting on the CCM alloy baseplate. (b) Box plots showing that the faster the
beam scan, the higher the R. (c) Schematic showing that as solute partitioning is determined by element diffusion kinetics, a high R allows microsegregation suppression
because of the enhanced solute trapping effect.

Fig. 9. BSE micrographs of the melted region of single-track melting on the CCM alloy baseplate with 1000 W power and at scan speeds of (a)(d) 100, (b)(e) 300, and (c)(f)
1000 mm/s.
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scan speed is constant, h is reduced for a deep and short molten
pool, which increases R.

The net heat absorbed by the powder layer (Player) depends on
the difference between the EB power (Peb) and radiation heat emit-
ted from the heated powder layer (Prad). Based on the Stefan–Boltz-
mann law, Player can be expressed as:

Player ¼ nPeb � elayerrA T4
s � T4

a

� �
; ð1Þ

where n is the EB energy efficiency, elayer is the powder layer emis-
sivity, r is the Stefan-Boltzmann constant, A is the specific powder
layer surface area, and Ts and Ta are the surface and ambient tem-
peratures, respectively. The emissivity of the porous powder layer
differs from that of a dense solid (esolid). elayer is a function of poros-
ity / and is expressed as follows: [60]
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elayer ¼ 0:908/2

1:908/2 � 2/þ 1
�

esolid 2þ 3:082 1�/
/

� �2
� �

esolid 1þ 3:082 1�/
/

� �2
� �

þ 1

þ /2 � 2/þ 1
1:908/2 � 2/þ 1

esolid: ð2Þ

Therefore, a powder layer with a high emissivity (elayer) and
large specific surface area (A) exhibited a low heat absorption rate.
Next, the thermal conductivity of the porous powder layer (jlayer)
is also a function of the packing porosity / and is approximated
as follows:

jlayer ¼ jsolid 1� /ð Þ3; ð3Þ



Fig. 11. Schematic showing the geometric relationship between the solidification rate R and scan speed V.
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where jsolid is the thermal conductivity of the dense solid.
Therefore, a powder layer with a high packing density (1� /) exhi-
bits a high thermal conductivity and, subsequently, a high heat dis-
sipation rate. Notably, when the EB interacts with a material, the
reflection observed when a laser is used cannot be seen; thus, n
is nearly unaffected by the surface profile. In summary, in the
PBF-EB case, the thermal properties of the powder layer are deter-
mined by the product of the emissivity, specific surface area
(elayer � A), and packing density (1� /Þ:

The GA and PREP powders studied differ in size and morphol-
ogy. Fine powders have a high packing density and specific surface
area [61]. The irregular powder has a large specific surface area and
low packing density, unlike the perfect spherical powder, which
has the highest packing density [62]. In the DEM simulation, in
contrast to the irregular GA powder and spherical PREP powder,
an additional powder with a PSD similar to that of the GA powder
and containing perfectly spherical particles (GA-spheres) was cre-
ated. Thus, the effects of the individual particle sizes and morphol-
Fig. 12. DEM-simulated powder layers of the (a) GA, (b) GA-sphere, and (c) PREP powd
sphere powder has the same PSD as the GA powder, but the particles are perfect sphere
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ogy on R can be clarified. Fig. 12 shows the DEM-simulated powder
layers for the three powder types. As shown by the corresponding
packing density and specific surface area, although the GA powder
contained irregular particles, the PREP powder had the largest
specific surface area owing to its small size, which also resulted
in the highest packing density. Moreover, the GA-sphere powder
was the same size as the GA powder and contained only spherical
particles; thus, its packing density was higher than that of the GA
powder. Furthermore, the GA-sphere powder had the smallest
specific surface area among the three because its mean size was
larger than that of the PREP powder. Table 2 lists the calculated
thermal properties of the three powder layers based on the mean
values shown in Fig. 12(d). The emissivity of the porous powder
layers (elayer) was higher than that of the dense solid layers
ðesolid); however, the difference between the three powder layers
was insignificant. Because the net heat absorbed depends on
elayer � A, the powder layer heat absorption rate increases with
decreasing A. Moreover, the thermal conductivity (i.e., heat dissi-
ers with the (d) corresponding specific surface area and packing density. The GA-
s.



Table 2
Calculated variables related to the thermal properties of the three powder layers shown in Fig. 12.

esolid jsolid A 1� / elayer elayer � A jlayer

GA 0.3 34.5 30.09 0.340 0.4912 14.78 1.36
GA-sphere 23.29 0.346 0.4918 11.45 1.43
PREP 34.45 0.393 0.4951 17.06 2.09

Unit of thermal conductivity j: W/(m�K).
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pation rate) of the powder layer increases with increasing 1� /.
Therefore, although the heat absorption rate of the PREP powder
layer with a small particle size was low, the highest heat dissipa-
tion rate was beneficial for increasing R. Notably, compared with
the GA powder layer, the GA-sphere powder layer with spherical
particles had high heat absorption and dissipation rates, which
were favorable for a high R.

The spatial relationships between the solidification front nor-
mal and scanning directions are illustrated in Fig. 13 by process-
ing the CtFD simulation results to verify the effect of the powder
characteristics on R. The scanning, vertical, and horizontal direc-
tions are represented by blue, green, and red, respectively.
Therefore, the spatial direction color was determined by the
angle between the solidification front normal and each axis.
Fig. 13(a) shows the grid collection of half of the solidification
front evolving with the translating molten pool. Compared with
the GA powder, the GA-sphere and PREP powders showed more
grids in a color close to blue, that is, a small angle between R
and V. The R box plot in Fig. 13(b) also shows that the melting
of the GA-sphere and PREP powder layers generated a high R,
suppressing microsegregation owing to enhanced solute trap-
ping, and subsequently restraining the formation of the r phase
and shrinkage void.

In summary, on the premise of proper size control, compared
with the GA powder, the PREP powder has a small specific surface
area and high sphericity; thus, the generated powder layer exhibits
high heat absorption and dissipation rates. Consequently, a high R
is facilitated, enhancing solute trapping and suppressing microseg-
regation during PBF-EB-induced nonequilibrium solidification.
Fig. 13. (a) CtFD simulation results showing the spatial relationships between the norm
and horizontal directions are represented by blue, green, and red, respectively. The color g
(b) The corresponding box plot of R.
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5. Conclusions

In this study, a PBF-EB-built CCM alloy was fabricated using GA
and PREP powders of different particle sizes and morphologies. The
mechanisms through which the powder characteristics influence
the non-equilibrium solidification behavior were determined. The
conclusions are as follows.

There was almost no difference in the grain morphology, grain
size, or crystallographic texture between the GA and PREP samples.
However, the formation of the r phase and shrinkage voids in the
interdendritic region was suppressed in the PREP sample, unlike
that in the GA sample.

According to the simulation results, compared with the melting
of the GA powder, the high R obtained by melting the PREP powder
layer contributed to the suppression of microsegregation owing to
the improved solute trapping.

The effect of the molten-pool morphology on R is determined by
the thermal properties of the powder layer. The high-heat-
absorptivity powder layer generated a molten pool with a large
depth, whereas the high-heat-dissipation powder layer induced a
molten pool with a small length. For a deep or short molten pool,
the angle between R and the scanning direction was reduced,
which increased R.

Upon appropriate size control, compared to the GA powder, the
PREP powder had a small specific surface area and high sphericity;
thus, the powder layer exhibited high heat absorption and dissipa-
tion rates. Consequently, a high R was facilitated, enhancing solute
trapping and suppressing microsegregation during PBF-EB-induced
none-quilibrium solidification.
al direction of the solidification front and scanning direction. The scanning, vertical,
rid close to blue indicates a small angle between R and V and, subsequently, a high R.
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Although the above conclusions may differ for different materi-
als, the mechanism should be universal and provide an essential
reference for selecting and optimizing metallic powders applicable
to additive manufacturing. In future work, systematic comparative
research on the multiple types of powders used in PBF will be con-
ducted. Considering the premise of maintaining the spatial distri-
bution of particles and environmental consistency during PBF, a
feasible experimental method for measuring the thermal physical
properties of the powder layer will be implemented, and a feed-
back iteration will be formed with the numerical simulation to
obtain more universal, accurate, and quantitative research
conclusions.
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