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ARTICLE INFO ABSTRACT
Keywords: The deformation behavior and strengthening mechanism of Inconel 718 with a hierarchical structure composed
Additive manufacturing of microscale crystallographic lamellar microstructure (CLM) and nanoscale cellular structure, fabricated by laser

Nickel superalloys
Crystallographic texture
Cellular structure
Strengthening mechanism
Neutron diffraction

powder bed fusion, were clarified via nanoscale microstructural and in-situ neutron diffraction analyses. The CLM
is a layered structure parallel to the building direction (BD) and consists of relatively wide main and narrow sub-
layers with (110) and (100) orientations, respectively, with respect to BD. This is the first study to demonstrate
that the yield stress of the alloys depends strongly on deformation stresses of the sub-layers, even though Schmid
factors of the primary slip system for both layers are the same. The sub-layer continues to deform elastically even
beyond the micro-yield point of the main layer, which results in the macroscopic strengthening at an early stage
of deformation. On the other hand, the cellular structure is formed in both layers, associated with a dendritic cell
growth along (100) direction, Nb segregation between the cells and an accumulation of dislocations to decrease a
residual stress. The cell boundaries with numerous dislocations and Nb segregation act as a strong barrier to
dislocation motion resulting in a stress increase through the Hall-Petch law, even though they are low-angle grain
boundaries. The spacing and morphology of the cell boundary depend strongly on fabrication conditions. The
optimized cellular structure provides significant strengthening comparable to or greater than that caused by
large-angle grain boundaries, thereby increasing the macroscopic strength of the alloys through hardening of the

sub-layer.
1. Introduction excellent high-temperature strength and oxidation resistance [1-4]. In
recent years, further strengthening of Ni-based superalloys is desired for
Ni-based superalloys are widely used in high-temperature environ- realizing higher efficiency in aircraft engines and power generation
ments such as aerospace and power generation facilities because of their systems. Many practical Ni-based superalloys such as Inconel 718 alloys
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are precipitation-strengthened alloys, wherein the y’ (L1, structure:
Nis(Al, Ti)) and y ** (DOyp structure: NisNb) phases are precipitated
coherently in the y phase (face-centered cubic (fcc) structure). Conse-
quently, the researches and developments of various new alloys focusing
on the morphology of the y” and y*’ phases are being actively carried out
[5-8]. Meanwhile, innovations have also been made in manufacturing
processes for Ni-based superalloy products in recent years. In particular,
researches on metal additive manufacturing (AM) technique which is a
new fabrication process for metal products are being vigorously pursued
[9,10].

The typical AM process of powder bed fusion (PBF) for metallic
materials has attracted considerable attention for metal products,
particularly for applications in the aerospace, energy and biomedical
industries, where a high degree of complexity is required [11-14]. In the
PBF process, metallic parts with complex shapes and internal structures
can be manufactured directly by melting and layering metal powder
layers with a focused laser or electron beam based on three-dimensional
(3D) computer-aided design data. In addition to Ni-based superalloys,
extensive studies have been made on the use of the PBF process for
manufacturing various structural materials such as Ti alloys [15,16], Fe
alloys [17,18], Al alloys [19,20], intermetallic materials [21-26] and
high entropy alloys [27-29], focusing on improving dimensional accu-
racy and reducing defects. Moreover, the relationship between the
microstructure and mechanical properties of the alloys has also been
investigated. The results reveal that PBF alloys prepared under specific
process conditions exhibit unique microstructures and excellent me-
chanical properties, compared to those of conventionally cast or forged
alloys [30-34]. Ishimoto et al. reported that a significant reduction in
Young’s modulus can be achieved by imparting a single-crystalline
microstructure to p-type Ti alloys using the laser PBF (L-PBF) process
[35]. Further, Todai et al. developed an electron beam PBF process for
TiAl alloys to obtain a unique layered microstructure that consists of two
regions with completely different microstructural morphologies, and
they succeeded in improving the room temperature (RT) ductility of the
alloys [36]. The formation of these unique microstructures can be
attributed to the important features of the PBF process, such as dynamic
temperature variations in and near the melt pool and repeated thermal
effect from the melt pool [37,38]. Thus, the PBF process is accredited as
a novel metal part manufacturing process that is useful and effective for
controlling not only the shape but also the microstructure and me-
chanical and/or functional properties of the metal parts [39,40].

More recently, Gokcekaya et al. revealed that Inconel 718 alloys
which have a unique lamellar structure with a width of several tens of
micrometers, parallel to BD, can be obtained using the L-PBF process
under appropriate process parameters and scan strategy [41]. The
conventional lamellar structure is multilayered microstructure with
different crystalline structures, such as the ferrite (a) / cementite phases
for Fe alloys and the bee (B) / hep (o) phases for Ti alloys. However, the
newly discovered lamellar structure in Inconel 718 alloys formed after
the L-PBF process is composed of two layers with the same crystal
structure (the y phase) but different crystallographic orientations. Thus,
this layered structure is referred to as a crystallographic lamellar
microstructure (CLM) [41]. The relatively wide main layer and narrow
sub-layer are oriented in the (110) and (100) orientations, respectively,
with respect to BD. In addition, each layer has a columnar cellular
structure with an average spacing of several hundred nanometers.
Similar nanoscale cellular structures have been observed in poly-
crystalline Fe and Cu alloys prepared by L-PBF [42-44]. The cellular
structure consists of the columnar dislocation cells of which boundaries
are accompanied by segregation of certain elements. It was also found
that the Inconel 718 rods with the hierarchical structure composed of
the CLM and nanoscale cells show excellent mechanical properties and
large strength anisotropy [41,45]. The ultimate tensile strength of the
alloys in BD is higher than 1000 MPa, even without precipitation of the
vy’ and y’’ phases. Undoubtedly, this remarkable increase in strength is
accompanied by the unique hierarchical microstructure. Thus, the
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mechanical properties of Ni-based superalloy components are expected
to be significantly improved by controlling the morphology of the hi-
erarchical structure through the optimization of the L-PBF fabrication
process. However, the effects of the process conditions such as the laser
power (P) or input energy density (ED) on these microstructures, espe-
cially the formation mechanism and morphology of nanoscale cellular
structure, are still unclear. In addition, although several previous studies
suggested that the cellular structure improves the strength of the alloys
[42-44], the effects of the CLM and the cellular structure on strength,
including the deformation behavior of each layer and influence of their
morphologies, have not yet been clarified in detail.

In the present study, the characteristics of the CLM and cellular
structure formed in the Inconel 718 alloys fabricated by L-BPF were
investigated by electron microscopy analyses at various scales and
quantitative elemental analysis by 3D atom probe (3DAP) tomography
techniques. Moreover, the deformation behaviors of the main and sub-
layers in the CLM were investigated via in-situ neutron diffraction
(ND) technique and numerical simulation using the crystal plasticity
finite element method (FEM). The effects of the microstructure on the
mechanical properties of the alloys were also examined, focusing on the
morphology of the cellular structure.

2. Experimental
2.1. Sample fabrication by L-PBF

Inconel 718 powder with an average particle diameter of approxi-
mately 30 pm produced by Ar gas atomization was used as a raw ma-
terial in the present study. The chemical composition of the raw powders
is listed in Table 1. Rectangular rods with dimensions of 10 x 10 x 30
mm (short rod, Fig. 1(a)) and 10 x 10 x 60 mm (long rod, Fig. 1(b))
were fabricated using the EOS M290 L-PBF system. The layer thickness
(h) for each fed powder layer was 60 pm and BD was parallel to the
longitudinal direction of the rods. To obtain the CLM, the process pa-
rameters and scanning strategy were determined according to our pre-
vious study [41]. A Yb-fiber laser was scanned bidirectionally in the
x-direction (scan direction, SD) for every layer at a scan speed (v) of
1000 mm/s and a hatch spacing (d) of 80 pm. Six process conditions with
different P (240-360 W) were used for the fabrication of the rods. The
values of ED for these conditions were calculated to be between
50.0-75.0 J/mm3 according to Eq. (1).

ED=—— )

Three types of the rods prepared with minimum, medium and maximum
P values (P = 240, 300 and 360 W, respectively) were selected for the
detailed microstructural analyses and deformation behavior in-
vestigations. The values of ED for the fabrication conditions with the
minimum, medium and maximum P are 50.0, 62.5 and 75.0 J/mm?,
respectively. Hereafter, the three types of the rods are referred to as low
(ED = 50.0 J/mm?®), middle (62.5 J/mm?®) and high ED (75.0 J/mm?>)
rods. In addition, to understand the effect of the cellular structure on the
mechanical properties, some high ED rods were heat treated at 1373 K
for 1 h to remove the cellular structure (hereafter, referred to as HT
sample).

2.2. Microstructural characterization

The microstructure was observed via a scanning electron microscope
(SEM) equipped with an electron backscattered diffraction (EBSD) de-
tector, a transmission electron microscope (TEM), a scanning TEM
(STEM) and 3DAP tomography. The TEM and STEM observations were
performed at accelerating voltages of 300 kV and 200 kV, respectively.
3DAP analyses were performed in voltage pulse mode with a pulse
fraction of 20 % at a base temperature of 30 K. The acquired 3DAP
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Table 1
Chemical composition of Inconel 718 raw powder (wt. %).
Ni Cr Nb Mo Ti Al Co Cu Si Mn Fe
Raw powder 51.4 19.8 5.5 3.2 1.1 0.55 0.01 0.10 0.04 0.01 Bal.
(c) 20
R=5
N 1.5
N e
/T T I
5.0
SR Thickness:0.5 (mm)

(a) (b) 60
d
@ o

30
z(BD) z(BD)
’ | | 2110 ’ k——>| £r10 Thickness:2.0 (mm)
<——> 2.
X(SD) 10" (mm) XD 10 (mm)
(e) Neutron beam
Loading
direction

—90° scattering

detector bank
(Observing loading ~

axial direction)

L% —|=—Slit (5x5 mm)

+90° scattering
detector bank
(Observing
transverse direction)

Tensile specimen

Fig. 1. Schematic drawings of the short (a) and long (b) rods fabricated by L-PBF and specimen configurations for the tensile tests (c) and in-situ ND analyses (d). (e)

Schematic drawing of the setup for the in-situ ND analyses.

datasets were analyzed using IVAS 3.8.16 software. Specimens for STEM
and 3DAP analyses were fabricated by a standard lift-out method using
dual-beam focused ion beam (FIB)/SEM system.

2.3. Mechanical testing

The tensile properties of the rods fabricated by L-PBF at the six
different ED were evaluated using an Instron-type testing machine at RT
in air with an initial strain rate of 1.7 x 10~* s}, The specimens for the
tensile tests with gauge dimensions of 5.0 x 1.5 x 0.5 mm were cut from
the center of the short rods using electro-discharge machining (Fig. 1
(c)). The loading axis was set parallel to the longitudinal direction of the
rods (in other words, parallel to BD). In addition, the influence of the
morphology of the nanoscale cellular structure on the hardness of each
layer of the CLM was investigated using nanoindentation tests at y-z
cross section with a maximum load of 19.6 mN. The specimens for these
mechanical tests were polished mechanically using both waterproof
emery papers and colloidal SiO; suspensions.

2.4. Deformation behavior analysis

To understand the elastic and plastic deformation behaviors of the
main and sub-layers of the CLM, in-situ ND measurements under tensile
loading were performed using a time-of-flight engineering diffractom-
eter TAKUMI (BL19) at the Materials and Life Science Experimental
Facility of the Japan Proton Accelerator Research Complex (J-PARC).

The tensile specimens with gauge dimensions of 30.0 x 2.0 x 2.0 mm
(Fig. 1(d)) were pulled at RT in air with an initial strain rate of 1.7 x 1074
s7! using a tensile loading machine placed on the sample stage of
TAKUMI. The specimens for the in-situ ND analyses were cut from the
center of the long rods by electro-discharge machining and polished to a
mirror surface using the same method as those used for the tensile tests.
They were mounted horizontally on a loading machine and inclined at
45° with respect to the incident direction of the neutron beam. The ND
patterns for the loading axial and transversal directions were measured
using two detector banks with 5 mm collimators and scattering angles of

+90°, as illustrated in Fig. 1(e). Note that the ND patterns for the loading
axial direction were analyzed in this study. Details of the measurement
setups are well described in ref [46,47]. Diffraction patterns were
extracted at a constant time interval (10 s) corresponding to a nominal
strain increment of 0.17 % until the strain reached 4.6 % to investigate
variations in the lattice strain of the main and sub-layers during defor-
mation. The lattice strain related to the {hkl} diffraction plane (epx) was
calculated by

dyq — d.2
Ehkzzw 2)

where d,?) and djy represent the lattice spacings of the {hki} plane in the
stress-free and stress-loaded states, respectively. The ND patterns were
analyzed by single-peak analysis using the Z-Rietveld software [48] to
evaluate dh% and dpy. The diffraction peaks attributed to the (220) or
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(200) planes were used to investigate epx of the main or sub-layers,
respectively.

In addition, the crystal plasticity FEM was employed to understand
the development of ey of both main and sub-layers during deformation
evaluated by the in-situ ND analyses. The numerical analysis was per-
formed using a static explicit large deformation FEM with a rate-
dependent crystal plasticity constitutive model [49]. A finite element
mesh used in this study was identical to the model used in the previous
study [45] where main and sub-layers are explicitly modelled as similar
to actual lamellar structure with crystal orientations for each layer
(Fig. S1). The {111}<110> slip system which is the primary slip system
in fcc metals was implemented in the calculation model. The detailed
calculation method and material parameters employed in this numerical
analysis are described in the previous paper [45] and supplementary
note (Tables S1 and S2).

2.5. Numerical simulation of solidification behavior

In order to discuss the formation mechanism of the cellular structure,
solidification conditions such as the temperature gradient (G) and
cooling rate (CR) of the melt pool were analyzed numerically based on
computational thermal-fluid dynamics (CtFD). The CtFD simulations of
a laser-beam irradiated on Inconel 718 were performed using a 3D
thermo-fluid analysis software (Flow Science. FLOW-3D® with Flow-3D
Weld module [50]). In this numerical analysis, a Gaussian heat source
model, wherein the irradiation intensity distribution of the beam has a
Gaussian distribution over the entire beam, was used as the heat source.
The intensity distribution (g (r.)) of the laser beam at a beam radius (r,)
is expressed as

. 2nP 2r2
q(re) :FeXP(_r_2> 3)

e e

where 5 and r, represent the beam absorption rate of Inconel 718 and
effective beam radius (88 pm), respectively. n was calculated assuming
multiple reflections using the Fresnel equation with a Fresnel coefficient
of 0.135. A high vapor pressure is generated at the melt pool surface
because of the evaporation of the alloy. This vapor pressure acts as a
recoil pressure (Precoi1) on the surface, which pushes the melt pool down.
Precoil can be reproduced using

AHLV ( Tv>:|
Precoil = APpex 1-— 4
recoil 0€Xp |: Rc TV T

where A, Py, AHyy, R, Ty and T represent the ratio of the recoil pressure
caused by evaporation to the vapor pressure on the liquid surface in the
equilibrium state, atmospheric pressure (1 atm), latent heat of vapor-
ization, gas constant, vaporization temperature and absolute tempera-
ture, respectively. The parameters required for the simulation are listed
in Table 2. In this study, the value of A was assumed to be 0.54, the same
as in the previous studies [37]. The emissivity (e) and Stefan-Boltzmann
constant (os.g) were taken from previous study [51], while the average
values calculated from the molar ratios and the pure metal values [52]
were used as AHpy and Ty. However, most parameters listed in Table 2
were evaluated using alloy property calculation software (Sente soft-
ware. JMatPro v12 [53]). The computational domain (6.0 mm in SD, 0.8
mm in width and 0.3 mm in BD) consists of a uniform mesh (10 x 10 x
10 pm) throughout the domain. Continuous boundary conditions were
applied to all boundaries except for the top surface. The value of T was
initially set to 353 K. This calculation focused on the solidification
behavior in the melt pool formed during the second beam scan of the two
consecutive beam scans to consider the thermal effects of adjacent beam
scans. The scanning conditions of the laser beam, v and d, were fixed at
their experimental values of 1000 mm/s and 80 pm, respectively. In
contrast, P was varied according to the experimental values and set to
240, 300 and 360 W.

Acta Materialia 303 (2026) 121696

Table 2
Parameters used in the CtFD simulations.
Parameter Symbol  Value Ref.
Density at 298.15 K ) 8.230 g/cm® 1
Liquidus temperature Ty 1622 K [*1
Solidus temperature Ts 1382 K [*]
Viscosity at Ty, H 0.0929 g/cm/s [*]
Specific heat at 300 K Gp 4.0392 x 10° erg/g/K  [*]
Thermal conductivity at 298.15 K Arc 1.116 x 10° erg/cm/ [*]
s/K
Surface tension at Ty, YL 1792 g/s2 [*]
Temperature coefficient of surface dy/dT —0.287 J/m%*/K [*1
tension
Emissivity E 0.27 [51
Stefan-Boltzmann constant 0s.B 5.67 x 10° W/m?%/K*
Heat of fusion AHg, 2.31 x 10° erg/cm/s/
K
Latent heat of vaporization AHiy 6.46 x 10%° erg/cm/ [52]
s/K
Vaporization temperature Ty 3218 K [52]

" Calculated using JMatPro v12.
3. Results

3.1. The hierarchical microstructure of the Inconel 718 rods fabricated by
L-PBF

3.1.1. Effect of ED on the morphology of the hierarchical microstructure

Fig. 2(a)-(c) show x, y and z projections of the EBSD-inverse pole
figure (IPF) maps of low (a), middle (b) and high ED (c) rods taken in the
y-z cross-section. All rods have the CLM consisting of the <110>//BD-
oriented main layers alternating with the <100>//BD-oriented sub-
layers. Furthermore, the (100) and (110) directions of the main and
sub-layers were parallel to SD (x-direction), respectively. These results
mean that both layers are oriented in the (110) direction with respect to
the y-direction according to the crystallographic relationships. It should
be noted that the average widths of the main and sub-layers in these rods
are approximately 55 pm and 25 pm, respectively, regardless of ED.
Fig. 2(d)-(f) show the typical SEM-backscattered electron (BSE) images
of the y-z cross-section of the rods. The white lines in the images indicate
the melt pool boundaries. The sub-layer is located at the center of the
melt pool, with the main layers on either side. As investigated in detail in
previous studies, preferential solidification to the (100) orientation is
one of the most important factors in the formation of the crystallo-
graphic texture in the L-PBF process [41,54]. Furthermore, the shape of
the melt pool, particularly the flatness (radius of curvature) of the bot-
tom, contributes to the formation of the main and sub-layers with
different crystallographic orientations [41,54]. The flat geometry of the
melt pool bottom delivers stable heat flow and solid/liquid interface
migration along BD at the bottom of the melt pool, which results in the
formation of the <100>//BD-oriented sub-layer at the center of the melt
pool. On the other hand, the main layer is formed by the migration of the
solid/liquid interface at 45° to BD on both sides of the melt pool.

As shown in Fig. 2(d)-(f), a fine cellular structure with a white
contrast can be seen in both the main and sub-layers of all rods. It should
be noted that there are significant differences in the orientation of the
cellular structure in each layer. That in the main layer is oriented at 45°
to BD (Fig. 2(g)), whereas that in the sub-layer is parallel to BD (Fig. 2
(h)). The orientation of the cellular structure is parallel to the solidifi-
cation direction of each layer, which suggests that the cell formation is
closely related to the solidification of the melt pool. It should be also
noted that the cell spacing (1) differs markedly between the main and
sub-layers. Fig. 2(i) shows the ED dependences of average A at the central
areas of the main and sub-layers (e.g., indicated by yellow circles in
Fig. 2(e)). 1 of the sub-layer in each rod is narrower than that of the main
layer regardless of ED based on the Student’s t-test (ps < 0.001). While
there is no noticeable difference in 4 of the main layers with different ED
according to the Tukey’s honestly significant difference (HSD) test (pt >
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Fig. 2. Typical x, y and z projections of EBSD-IPF maps (a)-(c) and SEM-BSE images (d)-(f) taken in the y-z cross-section of low (a), (d), middle (b), (e) and high (c),
(f) ED rods. Enlarged SEM-BSE images of the main (g) and sub-layers (h) in high ED rod. (i) Variations in average 1 at the central areas of the main and sub-layers as a

function of ED.

0.05), 1 of the sub-layers decreases significantly from approximately 780
nm to 510 nm with decreasing ED (pr < 0.001).

3.1.2. Characterization of the cellular structure

The cellular structure of low ED rod was further analyzed by TEM.
Typical TEM-bright field (BF) images of the sub-layer taken from SD and
BD are shown in Fig. 3(a) and (b), respectively. The dislocations are
tangled to form a dislocation cell, and the columnar dislocation cells
with a high density of dislocations are aligned parallel to BD. The
spacing between the dislocation cells (400-600 nm) is in good agree-
ment with 1 given by SEM-BSE observation in Fig. 2. The dislocation

density of the cell interior region is lower than that of the dislocation cell
boundary region. However, by TEM analysis, the dislocation density of
the cell interior is evaluated to be approximately 3.0 x 10'* m™2, which
is equivalent to that of the 10 % cold-rolled Ni-based superalloys [55].
The selected area electron diffraction (SAED) patterns obtained from
areas labeled as (c)-(e) in Fig. 3(b) are shown in Fig. 3(c)-(e), respec-
tively. Note that the beam direction was adjusted to [001] in area (c)
when obtaining these SAED patterns. The absence of superlattice spots
attributed to the y’ and y’” phases in these SAED patterns indicates that
these phases are not precipitated in the as built rods. It should be noted
that the beam direction at (d) and (e) slightly deviates from [001]



K. Cho et al.

Acta Materialia 303 (2026) 121696

Fig. 3. Typical TEM-BF images of the sub-layer in low ED rod taken from SD (a) and BD (b). (c)—(e) SAED patterns obtained from the areas indicated in (b).

direction. For instance, the beam direction at (e) is rotated by approxi-
mately 2° with respect to that at (c). These results suggest that the cell
boundary is a low-angle grain boundary (LAGB) with tilt and/or twist
components of several degrees.

Fig. 4 shows STEM-high-angle annular dark field (HAADF) image (a)
and STEM-energy dispersive spectroscopy (EDS) elemental maps (b)-(j)
obtained from the sub-layer of low ED rod, visualizing the elemental
partitioning in the cell boundary region with a width of approximately
60 nm and the cell interior region. Nb, Mo and Ti are enriched and Ni, Cr
and Fe are depleted in the cell boundary region. Further, fine particles
enriched in Nb, Ti, Al, C or O can be seen in the cell boundary region,
suggesting the presence of metal carbides (MC) (white arrow), a Laves
phase (yellow arrow) and an oxide of aluminum (red arrow) [56,57].
However, the volume fractions of these precipitates are very low and
their effects on the mechanical properties seem to be negligible. The 3D
atom map of Nb and C for the specimen containing the MC precipitate
within the cell boundary region is shown in Fig. 5(a). Note that the MC
particle ensures that the cell boundary was included within the 3DAP
specimen. The 1D compositional profiles analyzed along the white
arrow in Fig. 5(a) are provided as Fig. 5(b) and (c). Nb, Mo and Ti are
enriched in the cell boundary region, while Cr and Fe are depleted,
which is consistent with the STEM-EDS elemental maps presented in
Fig. 4. As summarized in Table 3, the average Nb content in the cell
boundary region is approximately 6.4 at %, more than three times
higher than that in the cell interior region (approximately 1.8 at %).
Furthermore, Ti and Mo are segregated in the cell boundary region at
approximately 2.0 at % and 1.9 at %, respectively, and they are twice as
much as those inside the cell (Ti: approximately 1.0 at %, Mo: approx-
imately 1.2 at %). In contrast, Cr and Fe concentrations are approxi-
mately 20.1 at % and 15.3 at %, respectively, in the cell boundary
region, which are lower than those inside the cells (Cr: approximately
22.8 at %, Fe: approximately 20.1 at %). This cellular segregation of
specific elements and the small misorientation of several degrees be-
tween neighboring cells are consistent with typical features of the

dendritic structure formed during solidification. Therefore, the cellular
structure is considered to be essentially the same as the dendritic
structure without secondary arms. However, the distinct difference from
typical dendritic solidification is the development of columnar disloca-
tion cells at the cell boundary region. Therefore, the morphology of the
dislocation cell and the relationship between the dislocation cell and
segregation region were investigated in detail using STEM analyses.
STEM-HAADF images of the central areas in the sub-layers taken
from BD reveal the different morphology of dislocation cells between
low and high ED rods (Fig. 6(a) and (b)). Note that the bright contrast in
the STEM-HAADF images refers to the diffraction contrast indicating the
presence of dislocations, as the Z-contrast difference is negligibly small
in the images obtained from these particular samples. As shown in Fig. 6
(a), line-like narrow dislocation cells with a width of only a few tens of
nanometers can be observed in low ED rod. In contrast, dislocation cells
with a width of several hundreds of nanometers are formed in high ED
rod (Fig. 6(b)). Not only the morphology of the dislocation cell, but also
the morphology of the segregation region differs between low and high
ED rods. Nb concentration maps of the areas marked by white squares in
Fig. 6(a) and (b) are shown in Fig. 6(c) and (d), respectively. The width
of the segregation region of low ED rods is approximately 60 nm, while
that of high ED rods is much wider, spreading to approximately 100 nm.
Fig. 6(e) and (f) show enlarged STEM-HAADF images of cell boundaries
with narrow (in low ED rod) and wide (in high ED rod) dislocation cells,
respectively, and the contrast intensity profiles of the STEM-HAADF
images and Nb concentration profiles analyzed by STEM-EDX along
the white arrows crossing the cell boundaries. Note that the high
contrast intensity of the HAADF images suggests that dislocation is
present in the area. It should be noted that the narrow dislocation wall is
located at both edges of the segregation region (cell boundary) where
the Nb concentration reaches approximately 5.5 at %, while there are
few dislocations inside the region, as shown in Fig. 6(e). This result
suggests that the narrow dislocation wall is formed by accumulation of
the dislocation at the interface between the segregation and cell interior
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Fig. 4. Typical STEM-HAADF image (a) and elemental maps (b)-(j) of the sub-layer in low ED rod taken from BD using STEM-EDS. (b) Ni, (c) Cr, (d) Nb, (e) Mo, (f)
Ti, (g) Al, (h) Fe, (i) C and (j) O.

regions. In contrast, the wide dislocation cell completely overlaps the II as follows:

spread segregation region with a relatively low Nb concentration

(approximately 4.0 at %) (Fig. 6(f)). According to these differences in Type L: a narrow dislocation cell wall (a few tens of nanometers) at
the morphologies of the dislocation cell and segregation region such as both edges of the high Nb segregation region (approximately 5.5 at
Nb content, the cell boundaries can be divided into two types: type  and %) (Fig. 6(e)),
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Table 3

Average compositions of alloying elements at cell boundary and interior of low
ED rod evaluated by 3DAP analyses and kj, 5 of each element. kq of each element
in the y matrix calculated by Thermo-calc [62] are also shown in the table.

Nb Ti Mo Cr Fe
Cell boundary (at. %) 6.4 2.0 1.9 20.1 15.3
Cell interior (at. %) 1.8 1.0 1.2 22.8 20.1
ki 0.3 0.5 0.6 1.1 1.3
ko 0.20 0.42 0.63 1.07 1.18

Type II: a wide dislocation cell wall (several hundreds of nanome-
ters) in the low Nb segregation region (approximately 4.0 at %)

(Fig. 6(f).

It should be noted that the type II is peculiar feature in high ED rod,
whereas type I was observed in middle and low ED rods, indicating that
a relatively high ED is a prerequisite for the development of the type II
cell boundary.

3.2. Mechanical properties of Inconel 718 rods with the hierarchical
microstructure

3.2.1. Macroscopic strength of the rods

The tensile strength of Inconel 718 rods which have the unique hi-
erarchical microstructure was examined at RT. Fig. 7 shows the yield
stresses (6¢.2) of the rods fabricated under different ED conditions. ¢ 5 of
the rods increases from approximately 539 MPa to 572 MPa with
decreasing ED, although these rods have a similar microstructure (i.e.,
CLM) on the microscopic scale. Further, all rods exhibit a considerably
higher strength than HT specimen (approximately 423 MPa) where the
nanoscale segregation and dislocation cell wall comprising the cellular

structure were eliminated by the heat treatment while maintaining the
CLM (Fig. S2). These results indicate that the cellular structure signifi-
cantly contributes to the strengthening of the alloys.

3.2.2. Deformation behavior of the main and sub-layers

The variations in lattice strain of the main layer (e220) and sub-layer
(e200) of low, middle and high ED rods during tensile loading were
measured via in-situ ND analyses to clarify the deformation behavior of
each layer of the CLM. The ND patterns of each rod taken from BD before
tensile deformation are shown in Fig. 8(a). The diffraction peaks from
the (220) or (200) planes of the y phase attributed to the main or sub-
layers, respectively, can be observed. The peaks from the (311) and
(111) planes of the y phase are also measured. However, these peaks are
significantly smaller than those of the (220) and (200), indicating that
the rods have a strong crystallographic texture. It is noted that the peak
attributed to the (110) plane of the y’ and y’* phases is not detected in all
rods. This result is consistent with electron diffraction analysis using a
TEM (Fig. 3) and indicates that the y > and y’’ phases are not formed in
the all rods.

Fig. 8(b) shows variation in €259 and e3¢ as a faction of applied true
stress (6app). The deformation behavior of the rods can be divided into
three stages according to the deformation state of each layer. In stage I
up to oapp ~ 410 MPa, £330 and e399 of the main and sub-layers,
respectively, increase linearly with increasing capp. This means that
the main and sub-layers undergo elastic deformation in stage I. The
difference in values of the slope between e3¢ and e29g is due to the
elastic anisotropy [58]. The diffraction elastic constants (Ep) for the
<110>-oriented main and <100>-oriented sub-layers evaluated by the
slopes are 189 GPa and 161 GPa, respectively. On the other hand, in
stage II, the slopes of 299 of the main layer start to decrease in all rods
when 6,,, exceeds 410 MPa. In contrast, the slopes of exgo of the
sub-layer increase in the stage. In stage III, a further increase in o,pp
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causes to the decrease in slopes of £29¢. Same behavior was also obtained
in a crystal plasticity FEM analysis. Fig. 9(a) shows calculated lattice
strain (ecpxy) of the main (ecaz0) and sub-layers (ec200) as a function of
the true stress. It is demonstrated that both ec220 and ecogg of the main
and sub-layers increase linearly with increasing the true stress during
stage I. However, in stage II (start from black arrow), the slope of eca20
and eca0p becomes smaller and larger, respectively, than those in stage I.
Furthermore, as observed in the experimental result, further stress
(white arrow) is necessary to reduce the slope of ecagg of the sub-layer
(Stage III). Fig. 9(b) displays average slip rate (Rg)jp) indicating the ac-
tivity of the {111}<110> slip in each layer. In stage I, the main and
sub-layers undergo elastic deformation, resulting in their Rg;, being
zero. In stage II, an increase in Ry, of the main layer is observed,
indicating that only the main layer starts plastic deformation. The high
Rgiip in both layers at stage IIl implies that both layers deform plastically.
These results obtained by the in-situ ND and numerical analyses indicate

that the main layer undergoes plastic deformation prior to the sub-layer.
The micro-yielding phenomenon, in which plastic deformation begins in
the main layer before the onset of macroscopic yield, can also be
observed from stress partition between the main and sub-layers. The
stresses (op) partitioned in the main (6220)) and sub-layers (o29¢) were
calculated by Eq. (5).

Otk = Enxna %)

Fig. 8(c) shows o220 and o590 of high ED rod as a function of applied true
strain (e,pp), along with applied stress-strain (S-S) curve of the rod. It
should be noted that these curves are corresponding to S-S curves of the
main and sub-layers. The main layer reaches its yield point (black
arrow) before the specimen yields macroscopically (stage II). On the
other hand, the sub-layer continues to undergo elastic deformation in
stage II and reaches its yield point (white arrow) simultaneously with
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Fig. 7. Macroscopic 0p of Inconel 718 rods with the hierarchical micro-
structure fabricated by L-PBF as a function of ED.

the macroscopic yield stress of the specimen (stage III). This unique
deformation behavior induces a drastic increase in o209 of the sub-layer
in stage II due to the elastic interaction between the main and sub-layers.

It is interesting to note that the deformation stress of the sub-layer
increases with decreasing E, as shown in Fig. 8(d). For example, the
sub-layers of high and low ED rods start plastic deformation at o,pp of
approximately 539 MPa and 575 MPa, respectively. Table 4 presents the
deformation stresses of the main and sub-layers and the macroscopic o¢ 2
of each rod. The deformation stress of the sub-layer is in good agreement
with 69 2 of each rod, whereas that of the main layer is approximately
410 MPa which is much lower than ¢y » and is independent of ED. This
finding implies that not only the wide main layer but also the narrow
sub-layer should deform plastically for the macroscopic yielding of the
alloys with the CLM. Consequently, the macroscopic ¢ 2 of the alloys is
determined by the strength of the sub-layer.

3.2.3. Microscopic strength of the main and sub-layers

To better understand the differences in deformation stress between
the main and sub-layers, the strength of each layer was investigated via
nanoindentation tests. Fig. 10 shows the average nanoindentation
hardness (Hpano) of the main and sub-layers in low, middle and high ED
rods, measured at the central area of each layer. Although Hy,n, of the
main layer tends to increase slightly with decreasing ED, there is no
statistical difference according to the Tukey’s HSD test (pr > 0.05). In
contrast, Hyano Of the sub-layer increases significantly with decreasing
ED (pr < 0.001). These results correspond reasonably well with the ED
dependences of the deformation stress of the main and sub-layers, as
revealed by the in-situ ND analyses (Fig. 8, Table 4). Moreover, it should
be noted that Hypap, of the main and sub-layers of all rods are at least 18
% higher than those of HT sample (approximately 3.5 GPa (for both
main and sub-layers)) without the cellular structure. This clearly in-
dicates that the nanoscale cellular structure significantly contributes to
the strengthening of each layer.

4. Discussion

The effects of ED on the morphology of the unique hierarchical
microstructure of Inconel 718 rods fabricated by the L-PBF process were
examined. The variations in the morphology of the CLM such as a
crystallographic orientation and a width of each layer are nearly inde-
pendent of ED in the range of 50.0-75.0 J/mm?. However, A of the
nanoscale cellular structure formed in the sub-layer decreases markedly
with decreasing ED. Further detailed analyses of the cellular structure
revealed that the dislocation cell wall is located at both edges of the
segregation region (type I cell boundary), except in high ED rod. In
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contrast, the type II cell boundary consisting of the overlapping dislo-
cation cell and segregation region is formed in high ED rod. Moreover,
in-situ ND study suggests that the macroscopic tensile strength of the
rods is strongly affected by the deformation stress of the sub-layer.

The formation mechanism of the cellular structure is discussed based
on detailed observation results of the cell boundary and solidification
conditions, together with CtFD simulations. Furthermore, the relation-
ships between the microstructure and strength of the alloys are also
discussed particularly focusing on the role of the CLM in the deformation
behavior and a new strengthening mechanism caused by the cellular
structure.

4.1. Microstructural evolution

4.1.1. Formation mechanism of the cellular structure

As shown in Fig. 2(g) and (h), the columnar cellular structure is
formed parallel to the solidification direction of each area. In addition, it
was clarified that the cell boundary is a LAGB with a segregation of the
specific elements, as shown in Figs. 3(c)-(e) and 4. These findings
indicate that the formation of the cellular structure is attributed to
dendritic solidification. However, it is difficult to explain formation of
the dislocation cell wall, another important feature of the cellular
structure, solely in terms of dendritic solidification. It is well known that
a large thermal stress (residual stress) is developed in the course of the L-
PBF process due to the super-rapid cooling after solidification and ex-
ceeds the yield stress of the alloys [59,60]. Therefore, a large number of
dislocations are introduced in the rods to decrease the residual stress,
which leads to the formation of columnar dislocation cells.

Fig. 11 shows schematic illustrations of the formation mechanism of
the cellular structure. The cell formation is divided into two stages: so-
lidification (Fig. 11(a)) and cooling (Fig. 11(b)). During dendritic so-
lidification in the melt pool, the dendrite grains (cells) grow
preferentially so that <100> direction is parallel to the heat flow. As in
typical dendritic solidification, each dendrite grain has a misorientation
of several degrees, thereby resulting in the formation of a LAGB con-
taining geometrically necessary dislocations (GNDs) (Fig. 11(a) I). In
general, GNDs are periodically introduced at the LAGBs, depending on
the misorientation angle [61]. However, the cell wall with tangled dis-
locations is not directly formed by the GNDs because the number of GND
at the LAGBs is not large enough to form the dislocation cell. Further-
more, Nb, Mo and Ti with equilibrium partition coefficients (ko) <1 are
condensed in the liquid phase at the dendrite tip which is the interface
between the liquid and solid phases, while Cr and Fe with k greater than
1 are enriched in the solid phase. Consequently, a segregated region with
high amounts of Nb, Mo and Ti is formed at the cell boundary (Fig. 11(a)
II). Concentration ratios of the alloying elements between the cell
boundary (segregation region) and the cell interior (kg/) evaluated from
STEM-EDX analyses are listed in Table 3. These values are in good
agreement with ko for each element in the y matrix calculated using
Thermo-Calc [62]. The kg1 of Nb has the largest deviation from 1,
suggesting that Nb has the highest partitioning tendency. After solidi-
fication, super-rapid cooling causes formation of thermal stress, which
results in the introduction of numerous dislocations through stress
relaxation (Fig. 11(b) I). The large difference in Nb content between the
segregation region and cell interior has a pronounced effect on the
motion of the dislocations introduced in this stage. The enrichment of
Nb of which atomic radius is approximately 18 % larger (146 pm) than
that of Ni (124 pm), causes a large lattice strain and increases the shear
modulus of the segregation region. Therefore, solid-solution strength-
ening becomes stronger in the segregation region than that in the cell
interior, thereby preventing the penetration of the dislocation into the
cell boundary. Moreover, the segregation of Nb decreases a stacking
fault energy (SFE) of the cell boundary region [63]. Thus, the stacking
fault between the partial dislocations widens when the dislocations
penetrate into the segregation region [64]. Rodary et al. performed
molecular dynamics calculations and found that the addition of only 3 at
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function of &,pp. (d) Enlarged view of the region in which the sub-layer yielded in (b).

% of Al which lowers SFE of pure Ni reduces the velocity of dislocation
glide in Ni alloys by more than one order of magnitude [65]. This study
suggests that the glide velocity of the dislocations entering the segre-
gation region decreases rapidly. This may also lead to the accumulation
of the dislocations at the edge of the segregation region. In addition,
when the dislocation exits the segregation region to the cell interior with
a higher SFE, the width of the extended dislocation must be narrower.
Therefore, dislocation requires further shear stress to leave the segre-
gation region, depending on the difference in the SFE of each region
[66]. In this way, the dislocations introduced to decrease the residual
stress are accumulated around the segregation region, resulting in the
formation of type I cell boundary at both edges of the segregation region
(Fig. 11(b) II). Formation mechanism of type II cell boundary is dis-
cussed in 4.1.2.
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4.1.2. Effect of ED on the morphology and characteristics of the cellular
structure

As shown in Fig. 2(i), the morphology of the cellular structure
strongly depends on E. A decreases with decreasing E, and this tendency
is more pronounced in the sub-layer than in the main layer. The for-
mation of the cellular structure begins with rapid dendritic solidification
without secondary arms. Therefore, the morphology of the cellular
structures is considered to be influenced by solidification conditions
such as G and CR, which are supposed to vary depending on E.

The effects of ED on G and CR of the melt pool were numerically
analyzed using a CtFD simulation. Fig. 12(a) and (b) show ED de-
pendences of G and CR at the central areas of the main and sub-layers,
respectively. Although G does not change significantly in both areas,
CR increases with decreasing E. The increase in CR can be attributed to
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Table 4
Deformation stresses of the main and sub-layers and macroscopic ¢ » of low,
middle and high ED rods.

Low ED Middle ED High ED
Deformation stress of main layer (MPa) 410 404 412
Deformation stress of sub-layer (MPa) 575 555 539
Macroscopic op 5 (MPa) 572 555 539
©
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Fig. 10. Hpano of the central areas of the main and sub-layers in low, middle
and high ED rods.

the decrease in the maximum temperature of the melt pool, caused by
the decrease in E. It should be noted that the increase in CR is particu-
larly taken place in the sub-layer, as shown in Fig. 12(b). This phe-
nomenon is thought to be related to the ED dependence of the melt pool
shape. The depth of the melt pool depends on ED more significantly than
the width (Fig. S3). The rapid shallowing of the melt pool at low ED leads
to the fast CR in the sub-layer [67].

The Lipton-Glicksman-Kurz (LGK) model shows the relationship
between primary dendrite arm spacing (lppas) and solidification con-
ditions [68]. This model is expressed as

Appas = (

where I's;, D;, ATy and R represent the Gibbs-Thomson coefficient,

727'[2 FSLDL A To

k (6)

1/4
) G 12R-1/4
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diffusion coefficient in the liquid phase, degree of supercooling at the
dendrite tip and solidification rate, respectively. It is clear from Eq. (6)
that Appas corresponding to cell spacing increases linearly with
increasing G V2RV4 defined as the LGK parameter. Fig. 12(c) shows the
variations in the LGK parameters with ED at the central areas of the main
and sub-layers. Note that the values of R are calculated by dividing CR
by G. The LGK parameters decrease approximately 10 % and 18 % in
main and sub-layers, respectively, with decreasing ED from 75 J/mm? to
50 J/mm?®. The more marked decrease in the LGK parameter in the sub-
layer is due to the strong ED dependence of CR. As summarized in Fig. 12
(d), the average 1 measured via microstructure observation (Fig. 2(i))
and the LGK parameters at central area of each layer have a linear
relationship regardless of ED and whether it is the main or sub-layer.
This result indicates that the ED dependence of 1 is caused by varia-
tions in the solidification conditions.

Another effect of increased ED on the morphology of the cellular
structure is the formation of the type II cell boundary in high ED rod. In
type II boundary, wide dislocation cell overlaps with the segregation
region with relatively low Nb concentration (Fig. 6(f)). Dendritic so-
lidification and subsequent stress relaxation during cooling are insuffi-
cient to explain the formation of the type II cell boundary. As reported in
the numerical simulation studies on thermal history during the process,
a heat affected zone with a range of several tens to hundreds of micro-
meters is formed in the vicinity of the melt pool [69]. This temperature
distribution in the zone shifts to higher temperatures and the zone ex-
tends over a wider area with increasing E. Therefore, in the case of high
ED conditions, Nb enriched in the segregation region is diffused by the
thermal effect from the melt pool during adjacent and/or upper layer
beam scanning. This thermal effect also activates the motion of the
dislocation in the dislocation cells. When Nb concentration in the
segregation region decreases below a certain value, the dislocations at
the type I boundary can penetrate into the region, thereby resulting in
the formation of the type II cell boundary.

4.2. Effect of the hierarchical microstructure on tensile strength

4.2.1. Deformation behavior of Inconel 718 rods with CLM

The deformation behavior of metallic materials depends strongly on
their crystallographic orientations. In particular, the anisotropy of
plastic deformation follows the Schmid law. As shown in Fig. 2(a)-(c),
the three rods with different ED values have CLM, and the crystallo-
graphic orientations of the main and sub-layers with respect to the load
axis are (110) and (100) orientations, respectively. The maximum
Schmid factors for {111}<110> slip which is the primary slip system of
the fee structure at (110) and (100) orientations are the same at 0.408.
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Therefore, according to the Schmid law, if the critical resolved shear
stresses (CRSSs) of {111}<110> slip in the main and sub-layers are also
the same, both the layers should start to deform plastically under the
same applied stress. Since Hpano of the main and sub-layers of high ED
rod are comparable, the strength and CRSS of each layer are also ex-
pected to be similar (Fig. 10). However, the in-situ ND experiments
reveal that the main layer exhibits micro-yielding prior to the sub-layer
in high ED rod (Fig. 8). The elastic anisotropy may contribute to the
preferential deformation of the main layer. As described above, the
diffraction elastic constants of the <110>-oriented main layer (189
GPa) is higher than that of <100>-oriented sub-layers (161 GPa). If a
load is applied parallel to BD, the local strains in the main and sub-layers
along the loading direction should be the same. Thus, the stress parti-
tioned in the main layer with high Young’s modulus is greater than that
in the sub-layer according to Hooke’s law. Therefore, the main layer
starts plastic deformation earlier than the sub-layer. In CLM alloys, both
the main and sub-layers must be plastically deformed in order to reach
macroscopic yielding (Table 4). Thus, the delay in the plastic deforma-
tion of the sub-layer leads to macroscopic strengthening at an early stage
of deformation and increases macroscopic 6 2.

This strengthening due to the CLM is more pronounced for low and
middle ED rods. As indicated in Fig. 10, Hpapo of the main layer is
insensitive to ED, while that of the sub-layer increases significantly with
decreasing ED. Consequently, the strength and CRSS of the sub-layer are
higher than those of the main layer in low and middle ED rods. There-
fore, the plastic deformation of the sub-layers in these rods is further
delayed compared with that in high ED rod, resulting in a significant
increase in the macroscopic strength of the alloys (Fig. 8). This means
that the strength of the CLM alloys can be improved by further increase
in the strength of the sub-layer.

4.2.2. Influence of the cellular structure on the strength

As described in Fig. 10, the main and sub-layers are strengthened by
the cellular structure. Therefore, let us discuss the relationship between
morphology of the cellular structure and the macroscopic strength of
rods, focusing on the spacing of the cellular structure. The relationship
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between average Hpano and 2712 of the main and sub-layers for low ED,

middle and high ED rods are shown in Fig. 13(a). Except for high ED rod,
Hpano value exhibits a good linear relationship with A~1/2 for both layers,
indicating that the Hall-Petch relation holds between Hyapo and 4. Fig. 13
(b) shows the Hall-Petch plots of macroscopic 6¢ 3 and 2712 of the sub-
layer for all tensile tested rods. The macroscopic strength of the alloys
which excludes the high ED rod increases with decreasing 1 of the sub-
layer, clearly satisfying the Hall-Petch relationship as follows,

6o = 0 + kA /2 @]
where 6( and k represent the yield stress of the rods without the cellular
structure and the Hall-Petch coefficient, respectively. This result sug-
gests that the cellular structure can cause refinement strengthening
through the accumulation of mobile dislocations at cell boundary,
similar to the high-angle grain boundary (HAGB). Here, it should be
noted that the type II cell boundary is observed only in high ED rods,
while the cell boundary in middle and low ED rods is type I (Fig. 6). This
means that the Hall-Petch relation shown in Fig. 13 corresponds to the
type I boundary. Furthermore, it should also be noted that the k value in
Fig. 13(b) is 77 MPaeum'/2, which is comparable to or higher than that
reported for polycrystalline pure Ni (68 MPaopml/ 2) [70]. The cellular
structure with the type I cell boundary has a high strengthening ability,
though that is a kind of LAGB. These results indicate that the formation
of the type I cell boundary in the sub-layer results in significant
strengthening of the as built rod. Moreover, the intercept of the
Hall-Petch line, which corresponds to o¢ in Eq. (7), is 463 MPa, which is
approximately 10 % higher than ¢ 2 of HT sample (423 MPa). This is
because not only the cellular structure but also the dislocations in the
cell interior were relaxed from approximately 3.0 x 10'* m™ (as built
low ED rod) to 6.5 x 102 m™2 in HT sample (Fig. S2). This suggests that
the dislocation in the cell interior also contributes to the strengthening
of the rods.

As mentioned above, the Hall-Petch relation shown in Fig. 13 cor-
responds to the type I cell boundary. On the other hand, high ED rod
contains the type Il boundary. It is interesting to note that Hyapo and 6¢ 2
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of the main and sub-layers for low, middle and high ED rods (a) and o¢ » and 1712 of the sub-layer for tensile

of high ED rods with the type II cell boundary are lower than those type of cell boundary. Therefore, the strengthening mechanism by the
expected from the Hall-Petch plots for the type I cell boundary in low cellular structure is discussed in the next section, focusing on the type of
and middle ED rods (Fig. 13). These results indicate that the strength- cell boundary.

ening ability of the cellular structure depends on not only A but also the
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4.2.3. Strengthening mechanism afforded by the cellular structure

As shown in Fig. 13(b), 692 of low and middle ED rods can be
expressed by the Hall-Petch relationship focusing on 1 of the sub-layer.
This result indicates that the cell boundary acts as a strong obstacle to
the motion of mobile dislocations. In the case of the type I cell boundary
wherein the dislocation cell wall is formed at the edges of the segrega-
tion region, the mobile dislocations introduced by the deformation
cannot pass through the dislocation cell wall and the segregation region.
As a result, the mobile dislocations accumulate outside of them (Fig. 14
(a)). This is the same phenomenon as the dislocation pile-up at HAGB.
For the shear deformation to be transmitted to adjacent cell, a new
dislocation source must be activated at the position riype; away from the
tip of piled up dislocations, where is the opposite side across the cell
boundary region (Fig. 14(a)). When considered in the same way as the
Hall-Petch strengthening, the shear stress (zg) on the slip plane caused
by the dislocation piled-up at the dislocation cell wall is given by [71],

(a)

Segregation
(High Nb concentration)

Dislocation cell

Acta Materialia 303 (2026) 121696

2\ 12
T3 = (E‘) (t—10) (8

where r is a distance from the leading dislocation, 7 and 7( represent the
applied shear stress and shear stress hindering the motion of dislocation,
respectively. Note that 7 is the stress similar to the lattice resistance of
the Peierls potential. When 7 at riyep; exceeds the critical stress (z¢) for
the formation of the new dislocation source, the shear deformation
propagates across the cell boundary, resulting in yielding (Fig. 14(a)).
00.2 and k that represents the strengthening ability of the cell boundary
can be expressed in Eqgs. (9) and (10), respectively, using the Taylor
factor (Mt) and Eq. (7) [72].

602 =Mrto+2MrteV/TA V2 =65+ ki 712 (C)]

k =2MqytcVT (10)
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Eqg. (10) indicates that the strengthening ability of the cell boundary
depends on r. This can account for the difference in strengthening ability
between the type I and II cell boundaries. At the type II cell boundary
observed in high ED rod, the mobile dislocations can enter the segre-
gation region because the Nb concentration is decreased by approxi-
mately 1.5 at % due to the thermal effect from the melt pool of the
adjacent and/or upper layer beam scanning (Fig. 6(e), (f)). In this case,
the mobile dislocations accumulate at the dislocation cell wall formed
within the segregation region (Fig. 14(b)). As a result, the distance riypen
from the leading dislocation to the new dislocation source in the adja-
cent cell is shorter than riy,er. On the other hand, 7¢ is constant regardless
of the type of cell boundary. Therefore, at the type II cell boundary, 7p at
Tiypen €xceeds 7¢ at lower 7, compared with type I, resulting in low
strength of high ED rod (Fig. 13). Moreover, according to Eq. (10), k for
the type II cell boundary should be lower than that of the type I cell
boundary. Thus, the Hall-Petch relationships of the type I (low and
middle ED rods) and II (high ED rod) cell boundaries between the Hy,,0
and 4~V of the main and sub-layers of each rod are shown in Fig. 14(c).
The intercepts of the Hall-Petch lines for the type I and II cell boundaries
are comparable to each other (type I: 3.3 GPa, type II: 3.7 GPa). In
contrast, as expected from Eq. (10), the slope (kpano) for the type II (0.41
GPaepm'/?) cell boundary in high ED rod is significantly lower than that
of type I (0.86 GPaepm'/?) in low and middle ED rods. This result in-
dicates that the type I cell boundary induces more effective refinement
strengthening, compared with the type II cell boundary. Thus, the cell
boundary type as well as the cell spacing plays an important role in
strengthening by the nanoscale cellular structure formed by the L-PBF
process.

5. Conclusions

The effects of ED on the morphology of the CLM and nanoscale
cellular structure in Inconel 718 alloys fabricated by the L-PBF process
were investigated. The deformation behavior and strengthening mech-
anism of the alloys were also examined, focusing on the morphology of
the cellular structure. The following conclusions were drawn from the
present study:

1. The CLM consisting of the main layer with <110>//BD orientation
and the sub-layer with <100>//BD orientation can be obtained by L-
PBF with appropriate ED values in the range of 50.0 J/mm? to 75.0
J/mm®. In this ED range, the width of each layer is constant
regardless of ED.

2. The boundary of the cellular structure is a LAGB accompanied with
numerous dislocations and segregation of Nb, Mo and Ti. The den-
dritic solidification contributes to the formation of the segregation
region and subsequent stress relaxation during cooling of the
columnar solidified area leads to the development of the dislocation
cell wall. The dislocations are basically located at both edges of the
segregation region (type I cell boundary).

3. CR of the melt pool increases with decreasing ED, resulting in a
decrease in 4, which is more pronounced in the sub-layer. On the
other hand, high ED condition leads to the formation of the cellular
structure with dislocations penetrating into the segregation region
(type II cell boundary) in addition to an increase in A.

4. In-situ ND study proves that the main layer in the CLM undergoes
plastic deformation prior to the sub-layer. A stress partitioning be-
tween the main and sub-layers occurs at an early stage of deforma-
tion, and consequently the elastic deformation of the sub-layer
contributes to the macroscopic strengthening.

5. Although the cell boundary is a LAGB, significant Hall-Petch
strengthening can be obtained. This is because the dislocation cell
walls formed in the vicinity of the segregation region act as a pile-up
site for the mobile dislocations introduced by the deformation. The
strengthening ability of the cellular structure depends on the type of
cell boundary.

16

Acta Materialia 303 (2026) 121696

6. The type I cell boundary provides significant strengthening compa-
rable to or greater than that caused by large-angle grain boundaries,
thereby increasing the macroscopic strength of the rods through
hardening of the sub-layer.
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