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A novel strengthening mechanism involving hierarchical interfaces self-assembled and/or artificially introduced
into Inconel 718 (IN718) via laser powder bed fusion (PBF-LB/M) additive manufacturing (AM) has been
discovered for the first time. The structures processed by applying two different scanning directions depending
on the region have customized hierarchical interfaces that are formed by self-organization of the microscale
lamellar structure comprising distinctively different crystal orientations and artificial control of local texture for
mesoscale building blocks. The underlying mechanism of strengthening of the structures is clarified using
experimental and numerical approaches. Numerical crystal plasticity finite element analysis successfully re-
produces the experimental deformation behavior, including the stress-strain curves and anisotropic changes in
the shape of the structures, revealing improvements in the mechanical properties by mechanical interaction
owing to plastic anisotropy of the lamellar structure. A systematic numerical analysis of the deformation
behavior of structures with a higher density of mesoscale interfaces between regions with different local textures
suggests possible improvements in the mechanical properties, showing a 13 % increase in 0.2 % proof stress in
the optimum structure. Additionally, excellent peak mechanical properties are observed owing to the competi-
tion of mechanical interactions between regions with different local textures and a decrease in plastic anisotropy
owing to the activation of additional slip modes of the lamellar structure.

1. Introduction misorientations at the melt pool center, where solidification fronts from

the right and left halves of the melt pool encounter, realizing the

Additive manufacturing (AM) is a promising technology for forming
complicated three-dimensional structures [1-6]. Among various AM
technologies, the laser-powder bed fusion (PBF-LB/M, which is also
frequently referred to as LPBF) technique has attracted considerable
attention owing to its superior surface finishing with highly precise
building capability than other AM approaches. Recently, a novel tech-
nique for controlling the texture of metallic materials using PBF-LB/M
AM has been developed [7], wherein a strong single-crystal-like
texture is formed depending on the process parameters, including scan
strategy. For FCC and BCC metals, the preferential growth direction of
the columnar cells is the <100> direction [8]. Under this condition, the
crystallographic orientation could be self-adjusted to minimize
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single-crystal-like texture [9]. This technique could open new horizons
for metal AM applications. As simultaneous control of shape and crys-
tallographic texture can be achieved using the developed technique,
novel applications with controlled local textures can be realized. For
example, the local stiffness of structural components such as turbine
blades [10] can be optimized by providing different crystallographic
textures in each region. Structural components with optimized textures
are expected to show significantly improved performance because the
different principal stress directions for each region could be different for
general non-uniform and/or multi-axial loading conditions. An alter-
native possible application is in metamaterials comprising multiple
building blocks with different crystallographic orientations. Elastic and
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Fig. 1. PBF-LB/M IN718 with self-organized lamellar microstructure. (a) SEM image of spherical powder of IN718. (b) Schematic of crystallographic lamellar
microstructure (CLM) formation. (¢) Inverse pole figure (IPF) map of lamellar structure. (d) SEM image of cellular microstructure [22].

plastic anisotropies, which predominantly cause the
orientation-dependence of the deformation behavior of materials, can
lead to mechanical interactions owing to elastic and plastic in-
compatibility at the interface between different crystal orientations
[11-15]. Recent studies on the deformation behavior of oligocrystals
have also indicated non-uniform deformation owing to mechanical
interaction between several grains [16-19]. While past bicrystal studies
have suggested possible modifications to mechanical properties by
strong mechanical interactions [20,21], the influence of mechanical
interactions on the deformation behavior of multiple grains has not been
investigated systematically because the possible combinations are
limited owing to difficulties in the fabrication of structures with
controlled local texture by conventional processing techniques.
Contrarily, the novel texture control technique using PBF-LB/M can
enable the production of structures comprising multiple grains with a
wide variety of local crystal orientation combinations.

Gokcekaya et al. [22] reported the excellent mechanical properties of
a novel PBF-LB/M Inconel 718 (IN718) with a self-organized crystallo-
graphic lamellar microstructure (CLM) consisting of two distinctively
different crystal orientations. As the microscale lamellar interface is
parallel to both the scanning and building directions, a hierarchical
structure containing various lamellar interface configurations can be
formed by changing the scanning direction according to the region.
Although the mechanical properties of the hierarchical structure differ
owing to mechanical interactions at interfaces with various combina-
tions of lamellar directions, the deformation behavior of such hierar-
chical structures can be highly heterogeneous. Therefore, numerical
calculations are required to predict the deformation behavior and
optimize the hierarchical structure.

The finite element method (FEM) is widely used to analyze and

predict the mechanical properties of structures with arbitrary shapes.
Although topology optimization of additively manufactured three-
dimensional (3D) structures using FEM has been conducted exten-
sively [23-25], conventional FEM with phenomenological constitutive
equations that do not consider crystal orientations fails to predict the
deformation behavior of materials with strong plastic anisotropy.
Conversely, FEM with a crystal plasticity constitutive model [26,27] can
reasonably predict the deformation behavior of materials with strong
plastic anisotropy because the deformation mechanism at the crystal
scale, such as dislocation motion on the slip plane, is explicitly consid-
ered as shear strain within continuum mechanics. Therefore, the pre-
diction and exploration of mechanical properties of 3D structures with
controlled local textures is possible based on a systematic numerical
analysis using FEM with a crystal plasticity constitutive model.

In this study, strengthening of hierarchically structured PBF-LB/M
IN718 is achieved by introducing self-organized microscale and artifi-
cially introduced mesoscale interfaces. Initially, the elastic and plastic
anisotropies of a self-organized microscale lamellar microstructure are
experimentally and numerically evaluated. The experimental results of
the deformation behavior is numerically reproduced by crystal plasticity
FEM analysis, where several slip modes are suppressed owing to me-
chanical interaction at the microscale lamellar interfaces, causing
anisotropic deformation behavior of the lamellar structure. Subse-
quently, the deformation behaviors of three structures comprising two
building blocks with different local textures depending on the scanning
direction are examined. Finally, a significant increase in the strength of
the multi-story structure is numerically explored using the mechanical
interactions of the micro- and mesoscale interfaces. From systematic
calculations, the maximum strength of the multi-story structure is
determined by a competition between the increase due to mechanical
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Fig. 2. Hierarchical structures consists of two building blocks. (a) Schematic of
two building blocks. (b) SINGLE structure. (c) UD structure. (d) LR structure. (e)
UDLR structure. Yellow lines in (¢)~(e) indicate interfaces between different
building blocks.

interaction at artificially introduced mesoscale interfaces and the
decrease due to weakened plastic anisotropy of the lamellar structure
owing to the activation of additional slip systems.

2. Experimental and numerical procedures

2.1. PBF-LB/M IN718 with crystallographic lamellar microstructure
(CLM)

The fabrication of IN718 specimens is based on a previous study
[22]. Specifically, a spherical powder obtained by gas atomization was
used for PBF-LB/M with an EOSINT M290 (EOS GmbH Electro Optical
Systems), as shown in Fig. la. Bidirectional laser scanning was per-
formed along a given axis with a controlled laser power, scan speed, and
scan pitch of 360 W, 1000 mm/s, and 80 pm, respectively. Crystallo-
graphic lamellar microstructure (CLM) was formed [22], as schemati-
cally shown in Fig. 1b. An inverse pole figure (IPF) map obtained by
scanning electron microscope (SEM) / electron backscatter diffraction
(EBSD) measurements of the CLM is shown in Fig. 1c, where the x- and
z-directions correspond to the scanning and building directions (BD),
respectively. The lamellar microstructure comprised the main layer and
sub-layer with distinctively different crystal orientations. The [100] and
[011] directions of the main layer in the crystal coordinate system
corresponded to the x- and z-directions, whereas the [110] and [001]
directions of the sub-layer corresponded to the x- and z-directions, as
schematically illustrated in Fig. 1c. The average width ratio of the main
and sub-layers was 7:3 [22]. An SEM image of the cellular microstruc-
ture is shown in Fig. 1d, where the arrows indicate the cell elongation
directions corresponding to the <100> direction [22]. The regions
around the green arrows parallel to BD exhibited crystal orientation of
the sub layer, as shown in Fig. 1c. Conversely, the regions around the red
arrows, tilting +45° from BD, exhibited crystal orientation of the main
layer. Thus, the main and sub-layers in the CLM were distinguished by
their anisotropic cellular structures, as shown in Fig. 1d. Details of the
CLM formation mechanism are available in the previous report [22].
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2.2. Hierarchical structures comprising two building blocks

Section 2.1 discusses the lamellar microstructure formed by x-
directional scanning. Further, a similar fabrication process was applied
in the y-direction for the scanning direction in place of the x-direction,
and the lamellar structure and crystal orientations were rotated 90°
about BD, as schematically illustrated in Fig. 2a. Hereafter, the
elementary blocks with lamellar structures constructed by x- and y-scans
are referred to as the building blocks in this study. Using the two
building blocks, various 3D structures were fabricated by allocating
different building blocks from one region to another. Four types of
structures comprising 2x2x2 blocks were built for this study, as sche-
matically shown in Fig. 2b-e: SINGLE, UD, LR, and UDLR structures. The
SINGLE structure (Fig. 2b) comprised only one type of building block. In
the upside-downside (UD) structure (Fig. 2c), different types of building
blocks were allocated as upside and downside. For the left-right (LR)
structure (Fig. 2d), different types of building blocks were allocated to
the left and right regions. In the UDLR structure (Fig. 2e), different types
of building blocks were placed alternately. Notably, the UD, LR, and
UDLR structures artificially introduced mesoscale interfaces between
different building blocks, as indicated by the yellow lines in Fig. 2c—e.

2.3. Measurement of elastic constants

The orthorhombic elastic stiffness components of the present mate-
rial were experimentally measured using resonant ultrasound spectros-
copy (RUS) [28] combined with laser Doppler interferometry (LDI) [29]
at room temperature. Two cubic CLM specimens with dimensions of
~4x4x4 mm were cut from the as-processed PBF-LB/M material using
a spark-erosion cutting machine. In the RUS analysis, the vibration
frequency was swept from 200 kHz to 1.2 MHz to determine the reso-
nance frequencies of the sample. The obtained resonance frequencies
were used for LDI analysis to determine the vibration mode of each
frequency. From the experimentally measured orthorhombic elastic
stiffness, single crystal elastic constants assuming cubic symmetry were
identified using an inverse Voigt-Reuss-Hill (iVRH) approximation [30,
31].

2.4. Evaluation of compressive loading behavior

The deformation behavior of the material was experimentally eval-
uated by compressive loading tests at room temperature. For the
compressive loading tests, specimens of dimensions 5x5x12.5 mm
were prepared by electrical discharge machining. Uniaxial compressive
loading tests were performed with an initial strain rate of 1 % / min.
under displacement control.

To specify the active slip modes during compression in the SINGLE
structure, slip line analysis was performed. Before compression, the
sample surfaces were polished with colloidal silica and were chemically
etched for 10 min. using an etchant (HF: HNO3: H,O = 31: 6: 63). After
compression, slip lines were observed using a field emission scanning
electron microscope (FE-SEM; JSM-6500 F, JEOL).

2.5. Crystal plasticity finite element analysis

Numerical analysis was performed using a static explicit large
deformation FEM with a rate-dependent crystal plasticity constitutive
model [26]. The {111}<110> slip system of face centered cubic (FCC)
metals was implemented in the model. The power-law type equation in
Eq. (1) was used to calculate the slip rate for an i-th slip system.

» ) T(i> 1/m
79 = posgn(c?) 20 )}

where j,, m, and ) denote the reference slip rate, strain rate sensitivity
exponent, and resolved shear stress for the i-th slip system, respectively.
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Table 1
Definition of twelve slip modes of the {111}<110> slip system.
1 2 3 4 5 6
(111)[110] (111)[011] (111)[101]  (T11)[110]  (111)[011]  (I11)[101]
7 9 10 11 12
(11T)[110]  (11T)jo11]  (11T)[101]  (111)[110]  (1T11)[011]  (111)[107]
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Fig. 3. Experimental results of compressive loading for PBF-LB/M IN718 with
CLM (SINGLE structure). (a) Stress-strain curve and deformed shape of spec-
imen after 10 % compression. (b) Backscatter electron image of deformed
specimen after 2 % compression. (c) Schematic of possible slip systems for
horizontal slip line.
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In this study, j, = 0.0001 s~ and m = 0.02 were used. In Eq. (1), g?
represents the reference stress for the i-th slip system, which corresponds
approximately to critical resolved shear stress (CRSS) when m is close to
zero. The hardening law for g!) was used, as given by Eq. (2).

0
U ]
7 dr

)| @)

where Q@ denotes the interaction matrix between slip systems i and j. In

this study, Voce-type hardening law in Eq. (3) was used to calculate 70
in Eq. (2).

~0) _ ) W, i) 05T
7V =1y + (TO +0, 1") 1—exp| — 0 3)
1

1
where 70 s 1(1 s

strain hardemng for each slip system. For a detailed discussion on the
deformation mechanism based on the crystal plasticity analysis, 12
modes of the {111}<110> slip system were defined, as presented in
Table 1.

(i) , and 9(1i) denote the material parameters that describe

3. Compressive loading behavior and underlying deformation
mechanism of PBF-LB/M IN718 with crystallographic lamellar
microstructure (CLM)

3.1. Experimental results

3.1.1. Compressive loading behavior

Fig. 3a shows the relationship between stress and plastic strain of
compressive loading tests for PBF-LB/M IN718 with the CLM (SINGLE
structure) at room temperature. Similar to the tensile loading behavior
observed in previous research [22], PBF-LB/M IN718 with CLM
exhibited a high yield stress. After yielding, the stress—strain curve
exhibited a nearly linear hardening to ~10 % compression.

The deformed shape of the specimen after compressive loading to a
compressive plastic strain of ~10 % is shown in Fig. 3a, wherein ob-
servations correspond to the x-z and y-z surfaces. These observations
indicate anisotropic changes in the shapes of the specimens. The broken
yellow lines in the observed images, which show parallel straight lines
on both sides of the specimen, emphasize the change in the specimen
shape. The x-z surface shows slight bulging, where the middle part of
the specimen expands in the x-direction. Conversely, the y-z surface
shows that the side surfaces remain straight after compression, implying
that the horizontal expansions in the x- and y-directions are significantly
different. In the x-direction parallel to the lamellar interface, a much
larger expansion is induced in the lamellar structure.

3.1.2. Slip line observation

A backscattered electron image (BEI) of the sample surface of the
SINGLE structure after 2 % compression is shown in Fig. 3b, where the
green and red arrows indicate the growth directions of the cells in the
main and sub-layers, respectively. The broken lines in Fig. 3b corre-
spond to the lamellar interfaces between the main and sub layers. As
indicated by the thick black lines in Fig. 3b, most of the slip lines appear
horizontally in both the main and sub-layers. The geometrical re-
lationships between the slip lines and the crystal orientations for each
layer are shown in Fig. 3c. The horizontal slip line in the main layer
appears due to the activation of the slip system with a slip plane of {111}
and/or {11 1}. Contrarily, in the sub-layers, a slip system with a {111}
and/or {111} slip plane induces a horizontal slip line.

3.2. Crystal plasticity analysis

Crystal plasticity analysis was performed to analyze the underlying
mechanism of the experimental results for PBF-LB/M IN718 with the
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Table 2
Experimentally measured elastic stiffness components of additively manufactured IN718 [GPa].
11 C22 C33 C12 €13 €23 Caq Css Co6
Sample 1 239.7 295.8 281.7 139.5 150.0 94.7 50.2 110.6 90.4
Sample 2 238.5 297.4 287.2 142.5 150.5 94.0 49.5 111.3 91.2

Table 3
Estimated elastic stiffness components of the single crystal exhibiting cubic
elastic symmetry [GPa].
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Fig. 4. Orientation dependence of Young’s modulus of single crystal elastic
constants which were estimated from experimentally measured elastic stiffness
components of additively manufactured IN718.

CLM, as shown in Fig. 3. For realistic calculations, we used the single-
crystal elastic constants that were identified based on measurements
of the present material, as described in the Section 3.2.1. The material
parameters of the Voce-type hardening law in Eq. (3) were identified by
fitting the experimental stress-strain curve in Fig. 3a, as described in
Section 3.2.2.

3.2.1. Single-crystal elastic constants

Table 2 presents the experimentally measured elastic stiffness values
of the two samples of the present PBF-LB/M IN718. Nine independent
elastic stiffness components were obtained by assuming orthorhombic
elastic symmetry. The difference in stiffness between the two samples
was less than 2.2 %, indicating that the measurement method was highly
accurate and that the samples were appropriate for the averaged poly-
crystal properties. From the nine averaged components of elastic stiff-
ness and Euler angles, which were obtained from the SEM/EBSD
analysis of the samples, three independent elastic stiffness components
for a single crystal exhibiting cubic elastic symmetry were estimated by
the iVRH approximation [30,31], as shown in Table 3.

Although the single-crystal elastic constants are close to previously
reported values for the elastic stiffness of IN718 [32-34], the c¢1; and c44
values obtained in this study are slightly smaller and higher than the
previous values, respectively. The orientation dependence of Young’s

modulus as a function of angle 6 which is defined by the angle of rotation
along [OlT] from [100] to [011], is shown in Fig. 4, where the highest
and lowest Young’s moduli are 297 and 99 GPa for [111] and [100],
respectively. The anisotropy ratio calculated using 2c44 / (c11 — €12) is
relatively high at 3.455. Thus, the single-crystal elastic constants are
used for crystal plasticity analysis.

3.2.2. Calculated compressive loading behavior

Fig. 5a shows the analysis model of the CLM (SINGLE structure) and
the boundary conditions for the compressive loading analysis using the
crystal plasticity FEM. The initial crystal orientations were set as the
ideal orientations for each layer (Fig. 1c). Displacements in all directions
of the bottom surface and the x- and y-directions of the top surface were
constrained, whereas all the side surfaces were traction-free. An incre-
mental displacement in the negative z-direction was applied to the top
surface in accordance with the experimental strain rate of 1 % / min.
The material parameters of the Voce-type hardening law in Eq. (3) were
identified by fitting the experimental stress-strain behavior of the SIN-
GLE structure. Table 4 lists the material parameters for the analysis.

The stress—strain curves of the experimental and calculated results
are presented in Fig. 5b for comparison, where the calculated deformed
shape of the specimen after 10 % compression is indicated. The calcu-
lated stress-strain curve (solid line) shows good agreement with the
experimental results (red symbols). The calculated deformed shape of
the specimen qualitatively reproduces the experimental results pre-
sented in Fig. 3a. The calculated deformation anisotropy is quantified by
induced strain components during compressive loading, as presented in
Fig. 5¢ and d. The relationships between calculated averaged strain
COMPONENts &xy, &y, Yxy» Yyz» and yzx and the compressive strain are
shown in Fig. 5c. Only &y, shows a continuous increase with compressive
strain, thereby indicating significant plastic anisotropy in the present
lamellar structure. An enlargement of the early stage of deformation
(Fig. 5¢) is shown in Fig. 5d. Although deformation up to ~0.3 % is
approximately elastic, the strain component shows clear anisotropy
(Fig. 5d). While ¢,y is induced slightly in Fig. 5d, a much larger increase
in &y is observed. Hereafter, the model shown in Fig. 5a, which re-
produces the experimental deformation behavior of the SINGLE struc-
ture, is referred to as the SINGLE model.

3.2.3. Underlying deformation mechanism of the CLM

Fig. 6a shows schematics of the 12 modes of the {111}<110> slip
system in the main layer of the SINGLE model. The Schmid factors for
each mode are listed in Table 5. In the main layer, slip modes 1, 3, 4, and
6 exhibit the highest Schmid factors of 0.41, while the other eight modes
exhibit Schmid factors of zero. The calculated relationship between the
average slip rate for each slip mode and the compressive strain in the
main layer is presented in Fig. 6b. As anticipated, the four slip modes
with the highest Schmid factors are equally activated during compres-
sive loading, whereas the other slip modes show negligible activity
(Fig. 6b). Schematics of 12 slip modes in the sub-layer of SINGLE model
is shown in Fig. 6¢. The Schmid factors for such modes in Table 5 show
that slip modes 2, 3, 5, 6, 8, 9, 11, and 12 exhibit the highest Schmid
factors of 0.41, whereas the other four modes exhibit Schmid factors of
zero. The average slip rate for each slip mode of the sub-layer in Fig. 6d
shows that slip modes 5, 6, 11, and 12 are equally activated throughout
the compressive loading. Importantly, slip modes 2, 3, 8, and 9 are not
activated, although they exhibit the highest Schmid factors, similar to
the activated slip modes 5, 6, 11, and 12. The observed results are
consistent with the experimental observations in Fig. 3, where only the
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Fig. 5. Calculated results of deformation behavior of the SINGLE structure model. (a) Schematic of analysis model and boundary conditions. (b) Comparison of
stress-strain curves between experimental and calculated results, where calculated shape of specimen after 10 % compression is indicated. (c) Relationship between
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Table 4
Material parameters used in Eq. (3), [MPa].
o o “ “
250 1 1000 500

horizontal slip lines are shown in the sub-layer. The suppression of the
slip modes in the sub-layer is attributed to the mechanical interaction
between the main and sub-layers. Fig. 6e shows distributions of stress
component oy, at a compressive strain of 0.01 %, where only the main or
sub-layers are visualized to emphasize the stress distribution on in-
terfaces. When the loading direction is along the z-axis, stress in the x-
direction is induced at the interfaces between the main and sub-layers.
Compressive and tensile stresses oy, are induced in the main and sub-
layers, respectively. Similarly, compressive and tensile stresses oy, are
induced in main and sub-layers at compressive strain of 10 %, respec-
tively, as shown in Fig. 6f.

The stress in the x-direction (Fig. 6e and f) can be reasonably
explained as resulting from elastic and plastic anisotropies. The me-
chanical interaction between the main and sub-layers is induced owing
to the difference in the strain components during compression. For
elastic deformation of a single crystal with main and sub-layer orien-
tations, the third column of the elastic compliances in the sample

coordinates exhibits the strain component ratios that are induced during
uniaxial loading in the z-direction. The elastic compliances for the main
layer and sub-layer in the sample coordinates were calculated by using
the elastic stiffness presented in Table 3 and the transformation matrix
for stresses or strains in the matrix form [35]. The detailed procedure for
the present material is described in Supplementary Note 1.

1.0085 —0.41 —0.41 0 0 0
—0.41 0.5047 0.0943 0 0 0
| —0.41 0.0943 0.5047 0 0 0 .,
Smain]= |79 0 0 28361 0 o |[107/GPa]
0 0 0 0 08209 0
0 0 0 0 0 08209
4
0.5047 0.0943 —0.41 0 0 0
0.0943 05047 —0.41 0 0 0
| 041 —0.41 1.0085 0 0 0 ,
Ban] =1 g 0 0 0820 o o |[107/GPal
0 0 0 0 08209 0
0 0 0 0 0 2836
5)

On normalizing the third column of Eq. (4) by [Smain]33, €xx and &y
under &,; = 1 for the main layer are —0.812 and 0.187, respectively.
Similarly, on normalizing the third column of Eq. (5) by [Ssup)s3, €xx and
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Table 5
Schmid factors for z-directional loading.
No. 1 2 3 4 5 6 7 8 9 10 11 12
Main 0.41 0.00 0.41 0.41 0.00 0.41 0.00 0.00 0.00 0.00 0.00 0.00
Sub 0.00 0.41 0.41 0.00 0.41 0.41 0.00 0.41 0.41 0.00 0.41 0.41
£yy under &,, = 1 for the sub-layer are —0.407 and —0.407, respectively. in the x-y plane during compression in the z-direction. The difference in
Thus, the elastic deformation of the main layer is strongly anisotropic in the elastic anisotropies induces mechanical interactions between the
the x-y plane, whereas the sub-layer shows isotropic elastic deformation main and sub-layers. As a consequence of elastic mechanical interaction,
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the SINGLE model comprising a single building block exhibits significant
elastic anisotropy (Fig. 5d), where &, is predominantly induced during
compression in the z-direction from the beginning of deformation.

Considering elastic—plastic deformation, the main layer shows a
strong anisotropic deformation, whereas the deformation of the sub-
layer is isotropic, as discussed in Supplementary Note 2. The strong
anisotropy originates from the suppression of slip modes 2, 3, 8, and 9,
as mentioned above. The suppression of slip modes 2, 3, 8, and 9 in the
sub-layer causes a strong plastic anisotropy in the sub-layer, because the
activities of slip modes 5, 6, 11, and 12 induce tensile plastic strain only
in the x-direction during compressive loading in the z-direction. The
activated slip modes 1, 3, 4, and 6 in the main layer, as shown in Fig. 6b,
induce tensile plastic strain only in the x-direction, similar to the case of
a single crystal with a main layer orientation, as shown in Supplemen-
tary Note 2. Consequently, reflecting the plastic anisotropies of the main
and sub-layers, the SINGLE model comprising a single building block
exhibits strong plastic anisotropy, as shown in Fig. 5c. Strong plastic
anisotropy leads to plastic incompatibility at the interface between
different building blocks, thereby modifying the mechanical properties,
as reported in previous bicrystal studies [20,21] and as discussed in
Section 4.

4. Strengthening by introduction of meso-scale interfaces
4.1. Experimental results of hierarchically structured PBF-LB/M IN718

The relationships between stress and plastic strain during compres-
sive loading tests for the SINGLE, UD, LR, and UDLR structures at room
temperature are shown in Fig. 7a. The deformation behavior depends on
the structure. Compared to that of the SINGLE structure, the flow stress
levels of the UDLR and LR structures are significantly higher, whereas
the UD structure exhibits only a slight increase in the flow stress level.
The UDLR and LR structures show equally higher yield stresses than the
SINGLE and UD structures. After yielding, the stress—strain curves of all
structures show nearly linear hardening up to 10 % plastic strain in
compression.

The deformed shapes of the specimens after compressive loading to a
compressive strain of ~10 % are shown in Fig. 7b and c, which present
observations of the x-z and y-z surfaces of the deformed specimens,
respectively. The observations indicate anisotropic changes in the
shapes of the specimens. Particularly, the UD structure exhibits a large
horizontal expansion on the lower side in Fig. 7b, whereas the horizontal
expansion is much larger on the upper side in Fig. 7c. The anisotropic
change in shape, which depends on the region in each structure, is re-
flected by the anisotropy of the CLM, as shown in Figs. 3 and 5.

This study focuses on hierarchical interfaces self-assembled and/or
artificially introduced into IN718 via PBF-LB/M and their contribution
to the strength of IN718. However, since IN718 is generally used after
heat treatment for solutionization and aging, the effects of heat treat-
ment must also be considered. A standard heat treatment with this alloy
described in Supplementary Note 3 [36] was conducted on the UDLR
structure that showed the highest strengths in the as-built condition
(Fig. 7a). After heat treatment, the characteristic CLM was maintained
without collapsing owing to grain growth and/or recrystallization
(Fig. S2a), indicating the high thermal stability of the microstructure
with hierarchical interfaces. Furthermore, owing to the persistence of
the hierarchical interfaces, the anisotropic deformation behavior similar
to that observed in the as-built specimen was also maintained (Fig. S2b).
The 0.2 % proof stress was more than twice that of the as-built specimen
(over 1300 MPa) indicating significant strengthening owing to precipi-
tation of the strengthening phases (y° and y”) [36]. Based on this
peculiar deformation behavior, a similar relative strength relationship
after heat treatment as in the as-built condition is assumed, but should
be clarified in future studies.
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comprising two building blocks. (a) Schematic of UD, LR, and UDLR structure
models. (b) Calculated stress-strain curves of AM structures.

Table 6
Calculated mechanical properties of each model.
Model SINGLE UD LR UDLR
Young’s modulus 186.80 187.84 187.87 187.95
E, GPa
0.2 % proof stress 617.20 618.81 636.61 638.55
oy, MPa
Strain hardening 322.17 327.71 357.15 359.45

6109 — Oy, MPa

4.2. Crystal plasticity analysis for hierarchical structures

4.2.1. Analysis models

In this section, the elastic and plastic deformation behaviors of the
hierarchical structures in Fig. 2c—e are numerically examined using
crystal plasticity FEM. The analysis models of each structure are shown
in Fig. 8a, where the gray and blue regions correspond to the main and
sub-layers, respectively. Red lines in the schematic show interfaces be-
tween different building blocks, which are referred to as “mesoscale
interfaces” in this study. Each block is modelled using two sub-layers
sandwiched between the main layers. For this study, the volume frac-
tions of the main and sub-layers are set as 70 and 30 %, respectively, in
accordance with the actual lamellar structure shown in Fig. 1. The in-
fluence of the number of layers within a block is presented in Supple-
mentary Note 4.

4.2.2. Calculated compressive loading behavior

Fig. 8b shows the calculated stress—strain curves which were derived
from the applied displacement at the top surface of the model and the
total nodal force at all nodes on the top surface. The calculated flow
stress levels differ significantly depending on the model. The UDLR and
LR models exhibit equally higher flow stress levels than the UD and
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deformed shape of the specimens is indicated.

SINGLE models, which is in good agreement with the experimental re-
sults shown in Fig. 7a. From the calculated stress-strain curves in
Fig. 8b, the Young’s modulus, 0.2 % proof stress, and the amount of
strain hardening from yielding to a compressive strain of 10 % for each
model are calculated. Table 6 lists the computed data. The Young’s
modulus is derived from the nominal stress and nominal strain at a
compressive strain of 0.01 %. The 0.2 % proof stress is calculated using
the calculated stress, strain, and Young’s modulus for each model. For
this study, the amount of strain hardening is defined as the increase in
compressive stress from the yield strain, which denotes the strain at a
plastic strain of 0.2 %, to a compressive strain of 10 %. As shown in
Table 6, the Young’s modulus, 0.2 % proof stress, and strain hardening
depend on the structure. Compared to the Young’s modulus of the
SINGLE model, those of the other models exhibited slightly higher
values. Particularly, the UDLR model exhibits the highest Young’s
modulus. The volume fractions of each layer are identical for all models.
Therefore, all models have the same volume fraction of regions where

the [011] or [001] loading is applied. Consequently, the difference in
Young’s moduli presented in Table 6 can be attributed to the artificially
introduced mesoscale interfaces between the building blocks. While the
difference of Young’s modulus in Table 6 is small, this difference is much
larger than a computational error. The calculations with the isotropic
elasticity in Supplementary Note 5 reveal that Young’s modulus of all
the models are exactly the same.

4.2.3. Underlying deformation mechanism

The elastic and plastic deformation behaviors of the AM structure
comprising two building blocks exhibit clear differences depending on
the structure, as shown in Table 6 and Figs. 7 and 8. To understand the
structural dependence, the underlying deformation mechanisms of the
constituent building blocks are discussed in detail.

The calculated distributions of &y and &y, in all models at a
compressive strain of 0.01 % are shown in Fig. 9a and b, where plastic
deformation is negligibly small (A negligibly small plastic strain is



T. Mayama et al.

Table 7
Calculated total strain energy [Nm].
Model SINGLE UD LR UDLR
0.01 % 2.873x107* 2.908x107* 2.907x107* 2.911x107*
10 % 15.90 16.16 16.79 16.88

induced even at a small stress other than zero when the rate-dependent
equation in Eq. (1) is used.) Beside each distribution, the calculated
results of the deformed lamellar structure are indicated for reference to
the configurations of each layer, where the gray and blue regions
correspond to the main and sub-layers, respectively. In the SINGLE
model, much larger strain e, is induced in Fig. 9a whereas only negli-
gibly small strain €, is induced in Fig. 9b. Thus, the deformation of the
lamellar structure exhibits a strong anisotropy. Accordingly, during
compression in the z-direction, the expansion parallel to the lamellar
interfaces in the x-direction is quite large, whereas almost no thickness
change occurs normal to the lamellar interfaces.

The calculated distributions of &y, and &,y at a compressive strain of

a)
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10 % are shown in Fig. 9¢c and d, respectively. The strain distributions
are qualitatively similar to those at a compressive strain of 0.01 %, as
shown in Fig. 9a and b. Furthermore, similar to the experimental ob-
servations in Fig. 7b and c, the changes in the shape of the specimens
show significant differences depending on the structure. In the SINGLE
model, large strain &y, is induced (Fig. 9c), whereas only a negligibly
small strain &y, is induced, as shown in Fig. 9d. Thus, the deformation of
the lamellar structure exhibits strong anisotropy. The anisotropic
deformation behavior of the building block explains the strain distri-
butions of all the models in Fig. 9c and d. For instance, the lower region
of the UD model indicates a large expansion in the x-direction parallel to
the lamellar interfaces, as shown in Fig. 9c. Contrarily, the upper region
of the UD model shows significant expansion in the y-direction, which is
parallel to the lamellar interfaces (Fig. 9d). The influence of elastic
anisotropy on the deformation behavior of the lamellar structure con-
sisting of the main and sub-layers is discussed in Supplementary Note 5.

Mechanical interactions at the mesoscale interfaces between
different building blocks owing to elastic and plastic anisotropies, as
mentioned above, cause modifications in the mechanical properties
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Fig. 11. Typical models of multi-story structures with artificial interfaces.

depending on the structure, as shown in Table 6. During the numerical
analysis for this study, all models are subjected to displacement on the
top surface. Therefore, the force applied to the deformed model can be
derived by dividing the total strain energy by the displacement. In other
words, the difference in the mechanical properties depending on the
structure, as described in Table 6 and Figs. 7 and 8, can be related to the
strain energy stored during deformation. The strain energy was calcu-
lated via Gaussian integration of the scalar product of the stress tensor
and strain tensor at all integration points in the finite element models.

Table 7 lists the total strain energy calculated for each model during
compression to 0.01 and 10 %. As anticipated, the SINGLE model shows
the smallest total strain energy compared with other models, thereby
explaining the smallest Young’s modulus, 0.2 % proof stress, and strain
hardening of the SINGLE model compared with those of other models, as
shown in Table 6. The difference in total strain energy among UD, LR,
and UDLR models is small at 0.01 %, thereby clarifying the small dif-
ference in Young’s modulus between the UD, LR, and UDLR models.
Contrarily, the clear difference in the total strain energy at a compres-
sive strain of 10 % between UD, LR, and UDLR models is attributed to
the dissimilarity in the flow stress level, as shown in Fig. 8b. Particularly,
the total strain energy values for the SINGLE and UD models are
distinctively smaller than those for the LR an UDLR models. This result is
consistent with the difference in yield stress (Fig. 8 and Table 6), where
the LR and UDLR models exhibit higher yield stress than the SINGLE and

UD models.

To better understand the distribution of the stored strain energy, the
average strain energy density in the x-y plane at each position z, as
shown by the bright blue region in Fig. 10a, is calculated. The average
strain energy density as a function of position z at a compressive strain of
0.01 and 10 % is shown in Fig. 10b and c, respectively. Compared to the
SINGLE model, the LR model shows a higher energy density, except near
the middle of the sample at a compressive strain of 0.01 %. The increase
in energy density is attributed to the vertical mesoscale interface be-
tween different building blocks, which results in a pronounced increase
in the total strain energy of the LR model compared to that of the SINGLE
model, as shown in Table 7. The average energy density fluctuates along
BD in the UD and UDLR models. Near the middle of the sample (near the
horizontal mesoscale interface), the average energy densities of the UD
and UDLR models are smaller than that of the SINGLE model. However,
a larger energy density in most regions results in a larger total strain
energy of the UD and UDLR models, as listed in Table 7. Interestingly,
the relationships at a compressive strain of 10 % (Fig. 10c) are quali-
tatively similar to those at a compressive strain of 0.01 % (Fig. 10b),
although the amount of plastic deformation is quite different between
the two cases. This difference can probably be attributed to the simi-
larity in the elastic and plastic anisotropies of the present material, as
indicated by Fig. 5¢ and d.
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4.3. Possible strengthening of multi-story structure

As shown in Table 6 and Figs. 7 and 8, the mesoscale interfaces be-
tween the building blocks effectively improve the mechanical proper-
ties. Thus, the introduction of more mesoscale interfaces into the
material can lead to further improvements in the mechanical properties.
In this section, possible strengthening of the AM structure is explored

12

numerically using systematic calculations.

Schematics of some analysis model examples with different number
of mesoscale interfaces are shown in Fig. 11, where the red line indicates
the mesoscale interfaces. Solo, Dual, and Quad models contained 0, 1,
and 2 mesoscale interfaces in the x-y plane structure, respectively. For
each model, ten different models with different numbers of stories (1, 2,
3,4,5,6, 8,10, 15, and 20) were prepared, and the dimensions of the
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models were kept constant at 5x5x12.5 mm. In Fig. 11, the terms x1,
x2, x4, x10, and x 20 indicate the model with 1, 2, 4, 10, and 20 stories,
and Solo_x1, Solo_x2, Dual_x1, and Quad_x2 correspond to the SIN-
GLE, UD, LR, and UDLR models of this study, respectively.

The calculated stress-strain curves of the Solo, Dual, and Quad
models are shown in Fig. 12a, b, and c, respectively. These results
indicate comparisons between models with different number of stories
(or different number of mesoscale interfaces). The stress—strain behavior
depends on the number of stories in all models. From the obtained re-
sults, the dependence of the number of stories on the Young’s modulus,
0.2 % proof stress, and increase in stress from yielding to a compressive
strain of 10 % is calculated, as shown in Fig. 12d, e, and f. Overall, all
values tend to increase with the number of stories to ~10 or 15 stories.
On considering Solo models, all values increase from 1 to 10 stories.
However, all values slightly decrease from 10 to 20 stories, implying that
the mechanical properties of the present AM structure can have an op-
timum number of stories rather than a monotonic increase. In the case of
the Solo model, the optimum number of stories is found to be 10, as
shown in Fig. 12d, e, and f. Furthermore, the increases in mechanical
properties correlate to total strain energy stored in the structure, similar
to Fig. 10 and Table 7. Supplementary Note 6 presents the total strain
energy stored in multi-story structures.

The appearance of the optimal number of stories for mechanical
properties can be reasonably explained relative to the dependency of the
slip system activity on the number of stories. The activities of the slip
modes in the main and sub-layers of the Solo models with 2, 4, 10, and
20 stories are shown in Fig. 13. The activity of the main layer of the
Solo_x2 model in Fig. 13a indicates that the four equivalent slip systems,
1, 3, 4, and 6, with the same Schmid factor shown in Table 6, are pre-
dominantly activated. Slip modes 7, 9, 10, and 12 with a Schmid factor
of zero increase the activity (Fig. 13b, ¢, and d) compared to the negli-
gibly small activity of modes 7, 9, 10, and 12 (Fig. 13a). Additionally, on
comparing Fig. 13a, b, ¢, and d, the activity of slip modes 1, 3, 4, and 6 is
found to decrease with an increase in the number of stories. Thus, the
contribution of the main layer to the macroscopic compressive defor-
mation decreases with an increase in the number of stories because only
slip modes 1, 3, 4, and 6 induce strain in the loading direction.
Conversely, the activities of the slip modes in the sub-layer (Fig. 13e, f, g,
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and h) show a change in the dominant slip modes from 5, 6, 10, and
11-2, 3, 8, and 9 with an increase in the number of stories. Although slip
systems 2, 3, 8, and 9 are suppressed owing to the mechanical interac-
tion between the main and sub-layers, as explained in Section 5.1, the
slip systems are enhanced by an increase in the number of stories.
Importantly, the contribution of the sub-layer to macroscopic
compressive deformation increases because the activity of slip systems
2,3,5,6,8,9, 10, and 11 induces strain in the loading direction.

The distributions of &y, in the Solo_x2 and Solo_x20 models are
shown in Fig. 14a where both the x-z surface and the y-z cross-sectional
plane are visualized. The schematic in Fig. 14a indicates the visualized
regions, where broken lines show the regions removed to visualize the
cross-sections. Although no significant difference in ¢,, occurs between
the main and sub-layers in Solo_x2, compressive strain is much larger in
the sub-layer compared to that in the main layer of Solo_x20. Fig. 14b
shows the average value of &, in the main and sub-layers at a
compressive strain of 10 %, as a function of the number of stories in the
Solo models. The average values of the strain component ¢,, in the main
layer and sub-layer were calculated by averaging the total strain
component zz at all integration points in main layer and sub-layer,
respectively. With an increase in the number of stories, the sub-layer
is responsible for a larger compressive strain compared to the main
layer, which leads to a decrease in the plastic anisotropy in the lamellar
structure because of the larger slip activity of slip systems 2, 3, 8, and 9,
which are suppressed in the SINGLE structure. The decrease in plastic
anisotropy causes a decrease in the mechanical interaction at the arti-
ficially introduced mesoscale interfaces, which results in a decrease in
the strength of the AM structure. In conclusion, the optimum number of
stories in the AM structure appears owing to the competition between
strengthening by mechanical interaction between the building blocks
with strong plastic anisotropy and a decrease in the plastic anisotropy of
the lamellar structure.

Finally, the mechanism for the appearance of optimum properties is
numerically confirmed by additional calculations with the suppression
of slip systems 2, 3, 8, and 9 in the sub-layer, as shown in Fig. 14c. The
calculated stress—strain curves for the Solo models with the suppression
of slip systems 2, 3, 8, and 9 in the sub-layer are shown in Fig. 14d. As
the number of stories increases, the stress level increases monotonically.
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The maximum stress at a compressive strain of 10 % in the Solo_x20
model is more than 1600 MPa, which is much larger than the maximum
stress of ~1200 MPa for Solo_x10, as shown in Fig. 12a. The suppression
of slip systems 2, 3, 8, and 9 in the sub-layer maintains a strong plastic
anisotropy of the lamellar structure even for structures with large
numbers of stories, leading to a monotonic increase in strength.

5. Conclusions

In this study, we achieved, for the first time, strengthening of IN718
alloy by introducing self-organized microscale lamellar interfaces and
artificially introduced mesoscale interfaces into 3D structures via PBF-
LB/M AM. The underlying mechanism of the improved mechanical
properties and a possible strategy for further strength improvement are
explored by numerical analysis based on a crystal plasticity FEM. A
summary of the contributions of this study is as follows.

1. Based on the measured elastic constants and crystallographic texture
of the strongly oriented AM IN718 alloy fabricated via PBF-LB/M,
the elastic stiffness components of an IN718 alloy single crystal
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exhibiting cubic elastic symmetry are determined as ci;
223.0 GPa, c12 = 152.5 GPa, and c44 = 121.8 GPa using the iVRH
approximation.

2. The experimental results of compressive loading tests for hierar-

chically structured PBF-LB/M IN718 consist of two building blocks of
a lamellar structure with different scanning directions, showing a
clear dependence of the yield stress and flow stress levels on the
combination and configuration of the building blocks.

3. The underlying deformation mechanism of PBF-LB/M IN718 with

hierarchical interfaces is numerically evaluated using crystal plas-
ticity FEM. Self-organized microscale lamellar interfaces between
the main and sub-layers induce additional stress owing to elastic and
plastic anisotropies that cause the suppression of active slip modes in
the sub-layer, resulting in strong plastic anisotropy of the lamellar
structure. The plastic anisotropy of the lamellar structure induces
mechanical interactions at artificially introduced mesoscale in-
terfaces between the building blocks with different scanning di-
rections. The additional strain energy originating from the
mechanical interaction at the mesoscale interfaces increases the
macroscopic stress. Consequently, the mechanical properties,
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including Young’s modulus, 0.2 % proof stress, and strain hardening,
are improved by the introduction of mesoscale interfaces.

4. Crystal plasticity analysis of the structure with a larger number of
mesoscale interfaces shows better mechanical properties as the total
strain energy increases. The numerical results exhibit possible opti-
mum structures relative to the Young’s modulus, 0.2 % proof stress,
and strain hardening.

5. The appearance of peak properties is due to the competition between
an increase caused by mechanical interactions at the mesoscale in-
terfaces between different building blocks and a decrease due to the
weakened plastic anisotropy of the building blocks owing to the
activation of additional slip modes.
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