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ABSTRACT
Alloys fabricated via laser powder bed fusion (LPBF) exhibit superior strength. This study investigates
the individual strengthening effects of the nanometre-sized cellular andmicrometre-sized crystallo-
graphic lamellar structures in the LPBF-fabricated Inconel 718 alloy by selectively eliminating these
structures through heat treatment and a novel laser scanning strategy, respectively. While cellular
structures increased the yield strengthby approximately 38%, lamellar structures contributed toonly
a marginal 2% increase. This finding demonstrates the remarkable strengthening effect of cells on
LPBF products. This study highlights that cells are notmerelymicrostructures but are critical features
governing the exceptional strength of LPBF products.
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1. Introduction

Laser powder bed fusion (LPBF) enables precise fab-
rication of complex 3D structures. The small melt
pools generated by the laser beam undergo rapid solid-
ification, resulting in unique crystallographic textures
and microstructures specific to LPBF. Notably, LPBF-
produced materials exhibit significantly higher strength
than their cast or wrought counterparts [1–3] primar-
ily due to the formation of hierarchical microstruc-
tures [4–6]. However, because multiple microstructural
features coexist in LPBF products depending on the
alloy, the reinforcing effect of individual features remains
unclear. Attempts to modify a single feature often fail
because other features are typically affected.

The Inconel 718 (IN718) alloy is one of the most
widely usedmaterials in LPBF [7]. Twomainmicrostruc-
tures have been reported in LPBF-fabricated IN718. First
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is the crystallographic lamellar microstructure (CLM)
[8], formed through a±X scanning strategy (±X_SS)
(Figure 1(a)) involving bidirectional laser scanning in
the x-direction across each layer. The <011> //build
direction (BD)-oriented single-crystal (SC)-like texture
commonly forms under the ±X_SS [9–12]. However,
in Ni-based alloys, CLM formation is more common
[8,13–16]. The <011> //BD-oriented SC-like texture
develops owing to <001> -directed cell growth inclined
±45° from BD [12]. The CLM consists of grains with
the same crystal growth behavior and <011> //BD ori-
entation as the SC-like texture (main layer) and grains
with <001> //BDorientation betweenmain layers (sub-
layer), stacked alternately in the y-direction (Figure 1(b
and c)) [8]. In the sub-layer, <001> -directed cells
grow parallel to BD in response to the vertical down-
ward heat flow at the melt pool bottom [8]. Studies have
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Figure 1. Schematics of the scanning strategy used to obtain (a)
CLM and (e) SC-like texture. (b, f ) Inverse pole figure (IPF) maps
and (c, g) 001 pole figures representing the resulting texture,
along with (d, h) illustrations of preferential crystallographic ori-
entation in the product. The colour of the IPF map corresponds to
the crystallographic orientation projected into the BD. The arrows
in the pole figure (c) indicate the intensity derived from the crystal
orientation of the sub-layer.

reported that CLMs enhance product strength at both
room and high temperatures [8,17] and contribute to
strength anisotropy [8].

Second is the nanometre-scale cellular microstructure
characterized by micro-segregation, dislocation accu-
mulation, and Laves phases at cell boundaries [18–20].
Segregation arises from compositional partitioning dur-
ing solidification [21], and dislocations are likely intro-
duced by thermal stresses during fabrication [18,22].
These cellular structures align with the <001> crys-
tallographic direction, parallel to their growth, and sig-
nificantly enhance LPBF-fabricated alloy strength [18].
However, their exact mechanical contributions remain
uncertain owing to interactions with other microstruc-
tural features [19,23].

In this study, we quantitatively determined the
mechanical contributions of these two microstructures

in LPBF-fabricated IN718 by using two microstructural
modifications: (1) a new laser scanning strategy to elimi-
nate the lamellar structure and (2) heat treatment condi-
tions to selectively remove cellular microstructures with-
out altering the crystallographic texture.

2. Materials andmethods

A gas-atomized IN718 spherical powder (EOS, Ger-
many) was used for LPBF fabrication with M290
printer (EOS). A 10× 10× 12mm3 rectangular prod-
uct was fabricated under high-purity argon gas flow
using±X_SS (Figure 1(a)) with optimized laser condi-
tions for CLM formation [8]. Next, a novel SS (CLM-
eliminative±X_SS) was developed to eliminate the
<001> //BD-oriented CLM sub-layer, while maintain-
ing identical laser irradiation conditions. As epitaxial
growth dominates the crystal orientation in upper lay-
ers, stable growth occurs when the antiparallel heat flow
direction aligns with the <001> easy growth direction
in cubic alloys. To disrupt this, we modified the scanning
path by shifting it in the y-direction by half the hatch dis-
tance (Figure 1(e)). Additionally, the hatching direction
was reversed between −y and +y for each layer to pre-
vent the formation of diagonally propagating sub-grain
boundaries (Supplementary Figure S1).

Some samples underwent heat treatment at 1080
°C—a temperature exceeding the solvus of γ ’, γ ’’, δ

and Laves phases [18,24]—for 1 h in argon to elimi-
nate the cellular microstructure, including Laves phases,
without additional precipitation. For microstructural
analysis the specimen cross-section was abraded using
emery papers up to #4000 and then polished using col-
loidal silica for a mirror finish. The melt-pool trace
and cellular microstructure were investigated using field-
emission scanning electron microscopy (FE-SEM; JIB-
4610F, JEOL, Japan). Crystallographic texture was ana-
lyzed using an electron backscatter diffraction (EBSD)
system (NordlysMax3, Oxford Instruments, UK) on the
FE-SEM, at a 20 kV accelerating voltage and 2µm step
interval. Inverse pole figure (IPF) maps and corre-
sponding pole figures were calculated, with pole inten-
sities expressed in multiple of uniform distribution
(MUD). Transmission electron microscopy (TEM; JEM-
3010, JEOL) at 300 kV was used to observe the cellular
structure. TEM samples were thinned using a twin-jet
machine (Tenupol-3, Struers, Denmark) with a solution
comprising 20 vol% sulfuric acid and 80 vol% methanol
at –10 °C.

For mechanical testing, 4× 4× 10mm3 rectangular
specimens were cut from the product, and compres-
sion tests were performed (N = 3). Before testing, the
side surfaces were polished to a mirror finish to observe
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slip lines. The compression force was applied parallel to
the 10mm length (corresponding to BD) at an initial
strain rate of 1.67× 10–4 s–1. The individual and com-
bined effects of the lamellar and cellular microstructures
on the yield strength were statistically analyzed using
two-way analysis of variance, with P < 0.05 considered
statistically significant.

3. Results and discussion

Figure 1 compares the scanning strategies and the result-
ing crystallographic textures with and without CLM
elimination. Under±X_SS, the expected CLM formed
[8], while implementing the new scanning strategy
yielded a highly oriented SC-like texture (Figure 1(f
and g)), with homogeneous formation confirmed across
entire specimen (Supplementary Figure S2). The pref-
erential orientation of this texture aligned with that of
the main layer in the CLM (Figure 1(d)), with <011>

preferentially oriented in the BD (z-direction) and y-
direction, and <001> in the scanning (x-) direc-
tion (Figure 1(h)). Notably, the MUDmax in the CLM
(Figure 1(c)) was lower than that in the SC-like texture
(Figure 1(g)). This is because the polar intensity distribu-
tion was dispersed owing to the presence of layers with
two different orientations in the CLM specimen. The
MUDmax calculated from the CLM main layer was 38.7,
nearly equivalent to the orientation degree of SC-like tex-
ture. This indicates that the SC-like texture represents
a CLM structure in which the <001> //BD-oriented
sub-layer has been eliminated. Figure 2 illustrates how
the sub-layer formation was suppressed. Under±X_SS,
the <001> //BD-oriented sub-layer epitaxially grew
upwards across multiple melt pools (thick white arrows
in Figure 2(a)). In contrast, the sub-layer was rarely gen-
erated in the new scanning strategy (Figure 2(b)). When
<001> //BD grains were accidentally generated near the
center of the melt pool, they did not grow to the upper
layers (Figure 2(c)) because these irregular grains with
<001> //BD had an easy growth direction parallel to
the BD, whereas the heat flow direction (red arrow in
Figure 2(c)) in the melt pool of the next layer had a large
angular difference from <001> . Rather than inheriting
the <001> //BD orientation, new grains were gener-
ated that grew <001> approximately along the heat
flow direction. Incidentally, the <011> //BD-oriented
region inherited its crystallographic orientation by epi-
taxial growth in a direct (white arrows) or side-branching
fashion (light blue arrows) [25] from the immediate or
adjacent solidification zone.

Tuning laser conditions and resultant melt pool
dynamics is a key strategy for crystallographic texture
control [8,26,27], but optimization can be limited by the

incompatibility between the conditions for texture stabi-
lization and other targets such as sufficient densification
[8]. In contrast, the scanning strategy of this study, which
hindered the epitaxial growth of sub-layers by shift-
ing the heat flow direction, effectively allowed to obtain
SC-like texture with a prominent orientation (compare
Figure 1(f) with the specimen produced at 360W and
1400mm s–1 in Figure 2 of reference [8]). Furthermore,
texture reproducibility was remarkably high over across
an entire region of specimens (Supplementary Figure S2)
and even between specimens. Prominent SC-like textures
are of great benefit in applications where grain bound-
aries can be a weak point, such as in turbine blades and
components used in corrosive environments.

Similar SC-like textures could be obtained without
reversing the hatch direction (Supplementary Figure
S1). However, diagonally extending sub-grain bound-
aries were evident (Supplementary Figure S1(g)). Diag-
onal growth does not have the growth inhibition mech-
anism described in Figure 2(c) when stray grains occur;
therefore, the stray grains can feasibly grow across lay-
ers (Supplementary Figure S1(f and g)). As a result, the
overall texture intensity was reduced without reversing
the hatch direction (Supplementary Figure S1(d and h)).

Next, the cellular microstructures were eliminated by
heat treatment. In the as-built specimen, Nb, Mo, and
Ti enrichment (Figure 3(a) and Supplementary Figure
S3), dislocation accumulation (Figure 3(b)), and dis-
persed Laves phases (Figure 3(c)) in the intercell region
were observed. After heat treatment, the segregation and
Laves phases disappeared, and the dislocation density
was largely decreased (Figure 3(e and f)). Dislocation
densitywas reported to be reduced byhalf after heat treat-
ment at 980 °C for 1 h [24]. In this study, the specimen
was heat treated at 1080 °C for 1 h, and the dislocation
density was expected to be even lower. As previously
reported [18], spherical inclusions that do not disappear
with heat treatment are carbides (arrows in Figures (c
and f), typically NbC [18]) that exhibit a dissolution tem-
perature of 1265 °C [28] and sizes of 20–150 nm [18].
The carbides did not show discernible size or distri-
bution changes after heat treatment, and their strength
contribution before and after heat treatment can be con-
sidered negligible. Importantly, changes in the crystal-
lographic texture, including recrystallization and grain
growth, were rarely observed, as shown in Figure 3(d and
g) and Supplementary Figure S4, which were taken from
the same region of the same specimen before and after
heat treatment. The exhibited thermal stability of textures
in IN718 produced in LPBF for short heat treatments at
temperatures below 1100 °C was consistent with previ-
ous reports [29,30]. However, recrystallization has been
reported after heat treatment at 1080 °C for more than
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Figure 2. (a, b) SEM images of a cross-section perpendicular to the laser scanning direction, highlighting the cell microstructure and
overlaidwith a trace of themelt pool boundary. Thedifference in scanning strategies and the epitaxial growth at themelt pool boundaries
are clearly depicted. White arrows indicate direct epitaxial growth at the melt pool boundary, while light blue arrows show epitaxial
growth through ‘side branching’ [25], where the direction of cell growth is orthogonal, yet maintains the crystal orientation. (c) Grains
with < 001> //BD orientation suddenly appeared at the center of themelt pool. In the subsequent layer, the crystal orientation was not
inherited because the < 001> -oriented grain was in contact with the melt pool side wall.

Figure 3. (a, e) EDS maps of Nb; (b, c, f ) TEM bright-field images; (d, g) IPF maps ((a–d) before and (e–g) after heat treatment). The
arrowheads and arrows in (c, f ) indicate Laves phase and carbide particles, respectively, and the arrowheads in (d, g) indicate Vickers
indentations made as location markers.

Table 1. Classification of the four samples prepared in this study
based on the presence or absence of lamellae and cells.

CLM_AB SC_AB CLM_HT SC_HT

Lamellae ◦ — ◦ —
Cells ◦ ◦ — —

AB: as-built, HT: heat treated.

4 h or above 1100°C [18,30]. Therefore, the heat treat-
ment condition adopted in this study can be considered
to have reduced dislocations as much as possible.

Four types of specimens with distinct microstructure
combinations were prepared by combining the afore-
mentioned processes: CLM_AB with lamellae and cells,
SC_AB with cells alone, CLM_HT with lamellae alone,
and SC_HT without lamellae or cells (Table 1).

Figure 4 shows the variation in the yield stress.
The cells significantly increased the yield stress by 38%

(453–627MPa) for the specimen with the SC-like tex-
ture and by 42% (463–659MPa) for the specimen with
the CLM (P < 0.05) (Table 2). However, the increase
in strength owing to the presence of lamellae, which
was statistically significant (P < 0.05), was limited, rang-
ing from 2.0% for specimens without cells to 5.1%
for specimens with cells. To understand this slight but
definite strength increase due to the lamellar struc-
ture, it is beneficial to consider the slip transfer at
the interface between the <011> //BD-oriented main
and <001> //BD-oriented sub-layers. Livingston and
Chalmers [31] introduced the stress-transfer coefficient
(N12), which indicates the difficulty of slip propagation
through the boundary between two crystals with dif-
ferent orientations. As the CLM obtained in this study
exhibited prominent orientations of 38.7 and 50.3 in
MUDmax for the main and sub-layers, respectively, and
the main layer exhibited an orientation similar to that of
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Figure 4. Comparison of yield stress as influenced by the pres-
ence of lamellae and cells. ∗: P < 0.05.

the SC-like texture, the slip transfer mechanism is rele-
vant. When a plastic deformation occurs without accom-
panying cracking or a grain boundary slip, the continuity
at the grain boundary of the adjacent grains must be
maintained with identical shear stress values of crystal A
(P1) and B (P2). Thus, the N12 was described as.

P2 = P1 · N12 = P1 · [(e1 · e2)(g1 · g2)
+ (e1 · g2)(e2 · g1)], (1)

where e1 and e2 are the slip plane normal directions and
g1 and g2 are the slip directions (Supplementary Figure
S5). A value of N12 closer to 1 indicates that the shear
stress can easily be transferred to the slip system of the
adjacent crystal. Therefore, the smaller N12 is, the more
resistant the slip transmits through the interface, thereby
increasing the strength. TheN12 of a single-crystal is con-
sidered equal to 1. The N12 of the CLM was calculated
as 0.819, indicating a moderate resistance to stress trans-
fer between the <011> //BD and <001> //BD grains,
which resulted in improved mechanical properties of the
CLM specimens compared to those of the SC-like mate-
rial. Furthermore, altering the loading axis changes the
combination of active slip systems between the main and
sub-layers, thereby decreasing theN12 value and increas-
ing the contribution of the CLM to the strength [8].

With regard to strengthening by the cell microstruc-
ture, some researchers have argued that it exerts a sim-
ilar contribution to that of grain boundaries (strength-
ening follows the Hall–Petch relationship) [32]. Other
researchers have suggested that cells may not exhibit sim-
ilar strengthening effect as grain boundaries butmay offer

Table 2. Significance (P-values) of lamellae, cells, and their inter-
action on mechanical property. P < 0.05 considered statistically
significant.

Factor Effect of lamellae Effect of cells Interaction

P-value 0.0011 9.2× 10−11 0.030

resistance to grinding dislocations, but may not com-
pletely arrest them [19,33]. Some researchers argue that
cells, which are essentially a type of elemental segrega-
tion, unlike grain boundaries, accumulate dislocations at
high densities and strongly hinder theirmovement owing
to the presence of chemically caused lattice disorder [34].
This study revealed that the cell is a dominant factor
for the strength of LPBF-fabricated IN718, to the extent
that it increased the yield stress by approximately 40%.
The crystallographic <001> growth coincided with the
direction of cell elongation; therefore, the 111<011>

slip systems of IN718 with the FCC structure always
interact with the high-density cell boundaries as it grids
(Figure 5(a)). There is no path to avoid the cells, and
it is subject to resistance by the cells independent of
the loading axis. Figure 5(b and c) shows the slip traces
that appeared on the sample surface. In the CLM_AB
specimen with cells, the cell lines and dislocation traces
intersected, clearly indicating that the dislocations grid
through cell boundaries.

Interestingly, the two-way ANOVA showed a syn-
ergistic effect (interaction) between the strengthening
effects of lamellae and cells (Table 2). Specifically, lamel-
lae strengthening is enhanced when a lamellar structure
is introduced into a cell-reinforced matrix. In general,
strength increases owing to basic strengthening mecha-
nisms, such as solid solution strengthening, precipitation
strengthening, and grain boundary strengthening, and it
can be linearly additive. The findings of this study suggest
an interaction between the strengthening mechanisms of
the unique LPBFmicrostructures, which is not simply an
additive effect. Further, they provide insights into a more
efficient strengthening effect than the additive effect of
conventional strengthening. Furthermore, it has recently
been shown that the introduction of additional artifi-
cial interfaces using compartments composed of these
cells and lamella-containing materials as basic units and
adjoining them horizontally and/or vertically in different
orientations of the compartments further increases the
strength of the material [35].

4. Conclusion

This study quantitatively determined the contributions
of cellular and lamellar microstructures to the mechan-
ical properties of LPBF-fabricated IN718 by selectively
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Figure 5. (a) Schematic representation of the cell network and its geometric relationship to the 111-slip plane in FCC crystals. Dislo-
cations consistently interact with cells. Slip traces on the specimen surface after mechanical testing for (b) CLM_AB and (c) CLM_HT
specimens. Yellow and light blue lines represent slip traces and cell boundaries, respectively.

eliminating them through distinct methods. A novel
laser scanning strategy successfully removed the lamel-
lar structure, while heat treatment erased the cellular
microstructure without altering crystallographic texture.
The results revealed that cellular structures were the
dominant factor in the exceptional strength of LPBF-
fabricated IN718, contributing significantly more than
lamellar structures. These findings provide valuable
insights into optimizing mechanical properties in alloys
where cellular structures form naturally during solid-
ification in LPBF. Rather than viewing them as mere
microstructural features of LPBF-fabricated alloys intro-
duced by rapid solidification and thermal cycling, cel-
lular microstructures should be deliberately utilized as
strengthening elements in alloy design for advanced
mechanical performance.
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