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Abstract

A hatching-distance-controlled lattice of 65.1C028.2Cr5.3Mo is additively manufactured via laser powder bed fusion with
a couple of periodic and aperiodic arrangements of nodes and struts. Thus, the proposed lattice has an amorphous-inspired
structure in the short- and long-range orders. From the structural perspective, an artificial intelligence algorithm is used to
effectively align lattices with various hatching distances. Then, the metastable lattice combination exhibits an unexpectedly
high specific compression strength that is only slightly below that of a solid structure. From the microstructural perspective,
the nodes in the newly designed lattice, where the thermal energy from laser irradiation is mainly concentrated, exhibit an
equiaxial microstructure. By contrast, the struts exhibit a columnar microstructure, thereby allowing the thermal energy
to pass through the narrow ligaments. The heterogeneous phase differences between the nodal and strut areas explain the
strength-deteriorating mechanism, owing to the undesirable multi-phase development in the as-built state. However, solid-
solution heat treatment to form a homogeneous phase bestows even higher specific compression strength. Furthermore,
electrochemical leaching leads to the formation of nanovesicles on the surface of the microporous lattice system, thereby
leading to a large surface area. A more advanced valve cage for use in a power plant is designed by using artificial intelli-
gence both to (i) effectively preserve its mechanical stiffness and (ii) actively dissipate the generated stress through the large
surface area provided by the nanovesicles.

Keywords Hatching-distance-controlled lattice - Amorphous-inspired structure - Metastable lattice combination -
Heterogeneous phase differences - Artificial intelligence

1 Introduction

A hatching-distance-controlled microporous lattice consisting
of broadly and densely distributed nodes and highly raveled
and entangled struts is additively manufactured via laser pow-
der bed fusion (LPBF). The uniform distribution of pores and
random arrangement of ligaments are repeated through precise
laser control to several hundreds of micrometers. The micropo-
rous lattice has unexpectedly strong resistance to external pres-
sure and force due to the unique strengthening mechanism [1].
From a morphological perspective, this can be explained by
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the amorphous-inspired, glass-like form, in which the nodes
have a certain level of short-range translational periodicity but
are highly conjugated by the struts, which exhibit long-range
aperiodicity [2]. Meanwhile, from a structural perspective, an
external load can be resisted to an extent that depends more on
the nodal connectivity than on the strut constitution, despite
the low relative density (lightweight characteristic) of the
material [3]. In addition, the microporous lattice is provided
with a large surface area due to the formation of nanovesicles
thereon after electrochemical leaching.

Upon rapid solidification with a high cooling rate in
the range of 10* to 107 K s, the additively manufactured
65.1C028.2Cr5.3Mo lattice structure (with the nominal
chemical composition of Co-based Inconel) exhibits a com-
bination of face-centered-cubic (fcc) and hexagonal close-
packed (hcp) phases [4, 5]. The small fraction of hcp phase
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is stabilized well beyond the minimum required tolerance
due to repeated thermal cycling during continuous laser irra-
diation annealing of the entire structure [6]. Furthermore,
there are clear differences between the phases in the nodal
and strut areas in the cellular structure [7, 8]. In the nodal
area, the thermal energy generated by laser irradiation can-
not flow because it is insulated by the adjacent powder with
low thermal conductivity [7, 8]. Moreover, the abnormally
large equiaxial dendrites that commonly appear in the as-
cast microstructure are present, along with the secondary
phases (e-hcp, segregates, and precipitates) [4, 5, 9]. Com-
paratively, the strut area is mainly composed of the primary
y-fce phase because the thermal energy can rapidly and eas-
ily proceed along the thin ligament pathway [4, 5]. Thus, the
negative interactions between the two neighboring (hetero-
geneous) phases deteriorate the microstructural uniformity,
particularly at the interfacial boundaries, thereby leading to
concentrated residual and thermal stresses [10, 11]. This, in
turn, significantly decreases the deformation resistance, par-
ticularly concerning the compression strain [10-12]. How-
ever, tailoring the heterogeneous mixture of primary and
secondary phases to a more homogeneous microstructure
through heat treatment (HT) ultimately provides the novel
lattice with superior mechanical strength [10, 11].

Based on the lattice integration and microstructural unifica-
tion, an artificial intelligence (AI) algorithm is required in order
to configure the metastable alignment of the amorphous-inspired
lattices. In particular, we determine how the as-determined meta-
structure of the lattice combination leads to an abnormally high
elastic modulus compared to the relative density (i.e., an unex-
pectedly high specific compression strength). Thereafter, we
apply the hierarchical lattice system to the outer plate of a topo-
logically optimized valve cage used in a power plant after iden-
tifying the stress-bearing regions and removing the unnecessary
stress-free regions. Subsequently, Al is simultaneously applied to
design a compatible lattice alignment that offers high mechanical
stiffness along with a large surface area. In this respect, the Al-
based design satisfies the conflicting requirements of auxiliary
strength along with the ability to extract the residual and thermal
stresses that accumulate due to the heat generated inside the valve
cage when recycling hot and cold fluids.

2 Experimental

2.1 Additive manufacturing of the solid and lattice
structures

Before the process, a vacuum of around 1x 1072 torr was cre-
ated, and then a protective atmosphere (< 100 ppm of oxygen)
was then backfilled to approximately 1 atm. All of the solid and
lattice structures with different hatching distances (80 (solid),
150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750,
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or 800 um (lattices)) were additively manufactured by apply-
ing a laser intensity of 170 W, layer thickness of 40 pm, spot
size of 80 um, and laser speed of 1.4 mm s~'. The build rates
were around 5-20 cm® h™, according to the structural composi-
tion. A specific layer orientation (245° rotation per layer) was
used for laser irradiation to develop the 65.1C028.2Cr5.3Mo
structures on an identical 65.1C028.2Cr5.3Mo substrate with
a diameter of 250 mm and thickness of 10 mm. The additively
manufactured 65.1C028.2Cr5.3Mo structures were electro-
chemically leached (5.0 V and 0.2 A) in a hydrogen chloride
solution (containing 50 wt.% each of H,O and HCl) to (i)
remove the remaining powder loosely solidified on the inner
and outer grids and (ii) form the nanovesicles on their surfaces.
Subsequently, the powder-free structures were solid-solution-
treated at 1200 °C for 2 h, followed by rapid cooling to 25 °C
within 10 min via gas quenching, aging at 500 °C for 30 min,
and slow cooling to 25 °C in a furnace.

2.2 Physical evaluation and chemical
characterization

The chemical composition of the 65.1C028.2Cr5.3Mo pow-
der was measured using an inductively coupled plasma—opti-
cal emission spectrometer (ICP-OES; Optima 8300, Perkin
Elmer, USA). The concentrations of oxygen and carbon con-
tained in the 65.1C028.2Cr5.3Mo powder were determined
using an oxygen/nitrogen analyzer (ON-900, Eltra GmbH,
Germany) and a carbon/sulfur analyzer (CS-800, Eltra
GmbH, Germany), respectively. The powder’s particle size
distribution was determined using a particle size analyzer
(PSA; LS13 320, Beckman Coulter Inc., USA) equipped
with a laser-driven scattering measurement detector. High-
precision X-ray microcomputed tomography (u-CT; vitomelx
M300, Baker Hughes Company, USA) was employed to
investigate the presence and absence of the remaining pow-
der embedded in the lattice after electrochemical leaching.
The p-CT system was operated at 300 kV with a micro-focus
tube and 180 kV with a nano-focus tube to scan the inside
of the lattice. The morphology of the precursor powder and
microstructures of the additively manufactured structures
were studied using scanning electron microscopy (SEM;
JSM-5800, JEOL, Japan). Electron backscattering diffrac-
tion (EBSD) analysis was carried out using SEM (SU70,
Hitachi, Japan) equipped with an accessory (NordlysNano,
Oxford, UK) to investigate the grain orientations in the
solid and lattices before and after HT. The diffraction pat-
terns and elemental compositions of the different regions
of the as-built lattice structure with a hatching distance
of 800 um were determined by selected area electron dif-
fraction (SAED) and energy-dispersive X-ray spectros-
copy (EDS) with transmission electron microscopy (TEM;
JEM-ARM200F, JEOL, Japan). The crystalline phase
changes in the powder and structures were determined via
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X-ray diffraction (XRD; D/Max—-2500VL/PC, Rigaku Inter-
national Corp., Japan) analysis at 40 kV and 250 mA over a
20 range of 20-90°. Roughness testing (SJ—410, Mitutoyo,
Japan) to determine the degree of evenness and regularity
on the top planes of the solid and lattice structures was con-
ducted with a passing speed of 0.1 mm s~! and measured
distance of 5.0 mm while applying a diamond tip. The heat
transfer coefficients of the solid and lattice structures were
measured as a function of temperature by using a disc-type
thermometer in an insulated container. The specific surface
area was determined via N, adsorption/desorption isotherms
based on the Brunauer-Emmett—Teller (BET) method by
using the analysis port of a physisorption and chemisorption
analyzer (Autosorb—iQ, Quantachrome Instruments, USA).

2.3 Compression testing

The compression testing for all the solid and lattices was sim-
ply regulated according to the American Society for Testing
and Materials (ASTM) E9 — 09. The single-modal (hatching
distances of 80, 200, 400, 600, or 800 um) and multi-modal
(2-, 4-, or 8-lattice combinations with thin boards of 0, 1,
or 2 mm) solid and lattice structures fabricated using LPBF
were prepared for compression testing by using a universal
testing machine (Insight—100, MTS Systems, USA) at room
temperature under a crosshead speed of 2.0 mm min~'. The
solid and lattice structures having different hatching distances
can be classified by their most prominent deformation mecha-
nism during compression testing, that is, either bending or
stretching. In the compressive (engineering) stress—strain
curves, the solid and lattices with a hatching distance of
200 pm or less exhibited bending-dominant structures. By
contrast, those with a hatching distance of 400 pm or more
exhibited stretching-dominant structures from a morpho-
logical perspective, increasing their structural load-bearing
capacities. However, the geometrical perspective was differ-
ent. Thus, the conventional cellular structures adopted bend-
ing- or stretching-dominant structures according to their unit
cell geometries; for example, the diagonal, diamond, and
gyroid structures are bending-dominant, whereas the octa-
hedral, octet, and kagome structures are stretching-dominant.
When subjected to compressive stress, the structure exhibits
the linear elastic modulus behavior with the gradient rep-
resenting its coefficient value until its elastic limit, after
which the yield point is exceeded and the structure bends or
stretches and eventually fractures. From a mechanical per-
spective, the elastic modulus of the bending-dominant cel-
lular structure in particular is given by Eq. (1):

E/E~/®/p)s (1)

where E is the elastic modulus of the cellular structure, E is
the elastic modulus of the solid, p is the density of the cellular

structure, and p, is the density of the solid. Comparatively,
when subjected to compressive stress, the elastic modulus of
the stretching-dominant cellular structure is linearly propor-
tional to its relative density and can be described by Eq. (2):

E/E~F/p) @)

where the same indexes, given in Eq. (1), are used as the
parameters of the cellular structure. In the compression test-
ing, the relationship between the elastic modulus and the
relative density distinguishes the bending- or stretching-
dominant cellular structure. The elastic modulus and initial
yield strength of the stretching-dominant cellular structure
are typically considerably higher than those of the bend-
ing-dominant cellular structure with the same relative den-
sity, which makes the former structure attractive for use in
lightweight structural components. Meanwhile, Maxwell’s
stability criterion also gives the condition under which
the structure primarily deforms by bending or stretching.
Specifically, the question of whether the lattice structure
is bendable or stretchable is determined by the standard
stability equation for the 3D structure, given here as Eq. (3):

M=b-3j+6>0, 3)

where j and b denote the numbers of nodes and struts,
respectively, in the unit cell. Nevertheless, the boundaries
of the nodes and struts in the hatching-distance-controlled
lattice structures are ambiguous, and their counting is even
more challenging. In addition, the node connectivity of the
cellular structure plays an important role in defining its
deformation mechanism. For example, the node connectiv-
ity Z of an octet truss unit cell with an fcc cellular structure
is Z=12. This type of connectivity offers stretching-dom-
inant deformation. Finally, the area under the compressive
stress—strain curve from the initial stage up to the densi-
fication strain is evaluated as the energy absorbed by the
structure. The specific energy absorption () is defined as
the work (W) performed per unit density when the lattice is
compressed in a uniaxial manner up to the ultimate strain or
fracture strain, as given by Eq. (4):

end
y=W/p= / ode, “4)
0
where p denotes the mass density, o is the axial stress, and
e is the work-conjugated strain. Furthermore, the compres-
sion behaviors of the single-modal structures with hatch-
ing distances of 80 (solid), 400, or 800 pm were analyzed
using a commercial finite element analysis (FEA) software
package (Abaqus, Dassault Systemes Simulia Corp., France)
and compared to those reported experimentally. The linear
static analysis was performed only in the elastic region for
finite element modeling (FEM) to confirm the compression
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behaviors of the solid and lattices. The finite element type
was performed based on a four-node three-dimensional (3D)
tetrahedron element. The number of meshes was 112,965
for the solid. The lattices with hatching distances of 400
and 800 um were composed of 1,865,743 and 776,335
meshes, respectively. No friction occurred in the regions
where all the nodes and struts in the hatching-distance-con-
trolled lattices were connected. Consequently, each lattice
was combined and modeled to become a single model. To
evaluate the feasibility of applying deep learning (Python,
Python Software Foundation, USA), a convolutional neural
network (CNN) was utilized as a more advanced structure
design strategy to develop a complex 12-lattice combina-
tion using the solid and lattices with hatching distances of
80, 200, 300, 400, 500, 600, 700, and 800 um to ensure a
yield strength of 300.0 MPa and thin board of 1 mm as an
example. After using the CNN to determine the 12-lattice
combination with an intercalating layer of 1 mm compris-
ing 700/300/400/500/300/600/300 (7 lattices in the upper
block) and 300/800/300/600/300 (5 lattices in the lower
block), FEM was employed to simulate the target yield
strength of the lattice combination based on previous sin-
gle- and multi-modal compression testing. It arranged the
intercalating layer between the upper and lower blocks. The
high specific compression strength is specifically derived
from a network of nearly balanced lattices that are parti-
tioned by the 1-mm-thick intercalating layer. Thus, each
lattice can be considered as a unit cell (building-block) of
the cellular structure. Moreover, each lattice is aligned so
as to effectively resist the external load under compression,
even though the unit cell itself exhibits the amorphous-
inspired, glass-like structure. Due to the equivalent stress
gradient distribution of the lattice combination according
to the coordinated partitioning, it was postulated that the
12-lattice structure with 7 lattices in the upper block and 5
lattices in the lower block would produce a yield strength of
close to 300.0 MPa. This was computationally verified by
the FEM analysis. Subsequently, the actual yield strength
of the lattice combination in the experiment was measured
and compared to the calculated simulation result. This is
an example of the use of deep learning to design a meta-
structure based on the desired yield strength, along with the
subsidiary application of FEA to simulate the compression
testing of the meta-structure, and the experimental confirma-
tion of the statistical and simulation results of the additively
manufactured meta-structure.

2.4 Topological optimization and strategic
alignments of the solid and lattice structures

A 3D scanner (ZS-3040, Laser Design Inc., USA) replicated

the original valve cage used in the power plant. The origi-
nal part was fabricated via casting, forging, and machining.
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Anti-glare powder was sprayed onto the structure’s surface
to suppress laser reflection, facilitating more accurate 3D
scanning. The data were obtained as an ASC file comprising
point clouds. The file was transformed into an STL file by
combining meshes, followed by a final change into an STP
file comprising faces and solids. Subsequently, FEM was
employed to simulate an equivalent stress distribution on
the original part, and topological optimization was utilized
to develop a novel part in which the stress-bearing regions
in the original part were maintained, and the unnecessary
(stress-free) regions were eradicated. In other words, topo-
logical optimization minimizes the structural compliance
(maximizes the deformation resistance), thus resulting in a
reduced volume. The technique used in the present study is
based on a solid isotropic material with penalization (SIMP),
which is dependent on mesh fidelity; SIMP uses a penalized
stiffness model to correlate between the volume and strength
as follows:

E(x) = p(x)PE’, p > 1 and / p(X)AQ < V; 0 px) < 1,x €Q,
Q
®)]

where E is the elastic modulus of the element, p is the den-
sity of the element, p is the penalization factor, E” is the orig-
inal elastic modulus, Q is the designed space domain that
is eligible for optimization, and x is the individual element.
The total volume of domain optimization must be equal to or
less than the volume constraint V. The equation determines
the optimal space layout by iteratively changing the density
of each element in the FEM. If the element is not highly
stressed, the relative density decreases because the element
is not necessary for structural strength, whereas if the ele-
ment is highly stressed, its relative density increases to the
initial volume (full relative density). As a result, the relative
density of the structure is reduced by lowering the mass
per original volume while maintaining the structural feature
in the design perspective. Meanwhile, the thermal energy
gradient distribution of the topologically optimized part
was simulated using commercially available fluid dynam-
ics analysis software (FLOW-3D, Flow Science Inc., USA).
The CNN determined the effective alignments of 15 types
of lattices (including a solid form) with hatching distances
of 80, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600,
650, 700, 750, and 800 um to constitute the hierarchical lat-
tice system on the outer plate of the topologically optimized
valve cage. Each lattice was assigned a number, from unit
cell 1 (Ul) to 15 (U15), and these were then arranged into
3D configurations with 18,451 elements to make the sections
similar in shape to the original part. Considering that the
increased thickness of the buffer board helped improve the
sustainability of the hierarchical lattice system, the thickness
of the intercalating layer was controlled at each boundary
between the lattices. All of the possible configurations of
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3, 5, and 7 different compartments (referred to as compo-
nents in programming) that produced equivalent stress and
thermal energy gradient distributions were generated, along
with the following three types of lattice combinations: (i)
5 lattices with hatching distances of 80 (solid), 200, 400,
600, and 800 pum:; (ii) 8 lattices with hatching distances of
80 (solid), 200, 300, 400, 500, 600, 700, and 800 um; and
(iii) 15 lattices with hatching distances of 80 (solid), 150,
200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750,
and 800 um, while taking a high mechanical stiffness and
large surface area (50% of each maximum) into considera-
tion. Some of these were then used as the dataset for deep
learning. For example, to achieve cohesion on the outer plate
with 7 components and 15 lattices with various hatching dis-
tances, the number of configurations was 157 (170,859,375).
The dataset was determined as 17,086 (one-ten thousandth
of all possible configurations). Once the CNN model learned
the most effective alignment by using the lattice combina-
tions in the dataset, it was able to accurately partition the
lattices to maximize the mechanical stiffness and surface
area. Based on this information, the valve cage was addi-
tively manufactured using LPBF. The human-intelligence
and FEM-based meta-structures (Table 1), which were fabri-
cated using various additive manufacturing (AM) techniques
and methods, were compared to our Al-augmented meta-
structure in terms of relative density and mechanical strength
(thus, specific compression strength). These structures were
selected based on the specific requirements of various target
applications and transportation systems.

3 Results and discussion

3.1 Controlling lattice porosity by varying
the hatching distance during laser irradiation
and subsequently removing the residual
powder by using electrochemical leaching

The photograph in Fig. la depicts the as-fabricated
microporous lattice with a hatching distance of 800 pm,
showing nanovesicles on its surface, and without any
powder remaining after electrochemical leaching. The
overlapping conjugation of struts provided the micropo-
rous lattice with broadly and densely distributed nodes,
thereby forming relatively well-ordered periodic arrays.
Thus, a deliberate application of this cellular structure
resulted in a large surface area. Figure 1b presents repre-
sentative u-CT images of the lattice, whose dimensional
accuracy was evaluated by considering both horizontal
and vertical slices. Consistently with the intended geo-
metrical design, the shapes of the cross-sectional struts
observed in the p-CT slices contain highly entangled ape-
riodic ligaments, although a few of them have already been

slightly disrupted by the residual and thermal stresses that
occurred after laser irradiation. Figure 1c presents a lat-
tice, free of any remaining powder, owing to post-process-
ing via electrochemical leaching. The powder (Fig. 1d)
can loosely solidify on the inner and outer grids of the
main lattice, causing energy instability [13, 14]. When
such powder is present, it can deflect the cracks and/or
cause the deficiencies to slide out, thereby deviating from
the conventional fracture mechanism (i.e., the initiation
of elastic deformation, which propagates at the expense
of plastic deformation, ultimately leading to a plateau in
the plastic deformation, and complete fracture) [13, 14].
Thus, removing the residual powder (Fig. le) increased
the unprecedented specific mechanical strength of the
newly created lattice (by lowering the relative density but
increasing the mechanical strength and deformation resist-
ance) [9, 15]. Figure Ir presents the measured distribution
for the cross-sectional surface area, as determined from
the combination of nodes with periodic translation and
randomly distributed struts. The graph depicts a broad
Gaussian distribution and suggests an average specific
surface area of 0.012 m? g~!, which is significantly lower
than the actual specific surface area of 0.226 m* g~ deter-
mined from the BET analysis, as shown in Fig. 1s. This
is because the u-CT analysis only determined the specific
surface area of the pores on the lattice, while the BET
analysis included both the lattice pores and the nanovesi-
cles on the nodes and struts [16, 17]. In detail, the laser
spot size of 80 um provided the thin nodes and struts in the
lattice structure. Thus, the ligaments had an average diam-
eter of 80 um. In addition, the nanovesicles (with an aver-
age cellular size of 420 nm) were formed by electrochemi-
cal leaching, and were homogeneously distributed on the
nanostructured surfaces, which exhibited a high specific
surface area of 0.226 m? g~'. The surface roughness R,
of the cross-sectional variation along the axis crossing the
x—y plane of the lattice was evaluated for the lattice with
a hatching distance of 800 um. As a result, the repeated
alignment of the nodes and struts and vacant pores in the
cellular structure yielded an average R, value of 89.8 um,
which indicates significantly greater protuberances than
on the solid (R,=4.1 um) (Fig. 1t). In the surface rough-
ness analysis, although there were poorly repeated peaks
in a slightly routine pattern over a distance of 800 um,
indicating the presence of nodes, some peaks were missing
owing to the disconnected struts. Overall, there was some
variability in the presence of nodes with a certain amount
of translational periodicity, which differed from the struts
in an aperiodic arrangement. Figure lu depicts the varia-
tion in the heat transfer coefficient in terms of the porosity
of each lattice structure [18—21]. While the heat transfer
coefficient of the solid increased linearly with increasing
temperature from 400 to 700 K, owing to a pronounced
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Fig.1 a A photograph of the 65.1C028.2Cr5.3Mo structure with
a hatching distance of 800 pm after removing the excess powder by
electrochemical leaching. b The u-CT image of the lattice shows the
pore-size distribution. ¢ The specific surface area of the lattice meas-
ured using the u-CT images. The core (d) was still slightly infilled
with the powder due to less electrochemical leaching in this area,
whereas the edge (e) was fully etched, which reveals the morphology
of the nodes and arrangement of the struts. r, s The specific surface

conduction-dominant effect [14, 22]. Meanwhile, the heat
transfer coefficient of the lattice with a hatching distance
of 800 um increased exponentially owing to heat convec-
tion along the nodes and struts, in addition to heat conduc-
tion in the material. This is because there was no contact
between the lattice structure and the heat source within
the vacuum environment (107 bar), although heat conduc-
tion along the ligaments of the material might influence
the heat transfer coefficient a little. A random but broad
distribution of nanovesicles throughout the network struc-
ture of the lattice (even covering the inside of the lattice)
further increased the heat transfer coefficient. As shown in
Fig. 1f—q, although the nodes were relatively sufficiently
ordered, the distribution of the struts was random on the
top plane, despite the continuous laser pathway, because
many of them became disconnected or were missing from
the main ligaments of the lattice. In the short-range order,
the nodes conjugated with the struts exhibited a periodic
arrangement, whereas the struts in the long-range order

area of the lattice measured using the u-CT images and BET analysis.
t A comparison of the roughness testing results for the lattice struc-
tures with hatching distances of 80 (solid), 200, 400, 600, or 800 um.
u A comparison of the heat transfer coefficients of the lattices on the
side plane. SEM images of the cellular structure at various magnifica-
tions: f-k the top plane before and after leaching, respectively, and
l-q the side plane before and after leaching, respectively

were disconnected and occasionally absent. This created
an amorphous-inspired, glass-like structure with a disor-
dered configuration [23-25].

3.2 Comparison of the solid and lattice
microstructures

As shown in Fig. 2a, although laser irradiation accurately
applied to the powder bed fabricated a lattice with a hatch-
ing distance of 800 um over the microstructure, two distinct
phases (one each in the top and side planes) were generated [7,
8]. As deduced from the specific microstructure, the heat gen-
erated by the selective laser melting process was concentrated
in the nodal area because the thermal energy could not be
transferred by the adjacent powder with low thermal conduc-
tivity [7-9]. Thus, the heat became concentrated and hardly
flowed along the interconnected struts below, thereby forming
fine equiaxial dendrites (Fig. 2b—e). By contrast, when the
strut area was tightly conjugated close to the nodal area, the

@ Springer
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Fig.2 a A schematic illus-
tration of the heat-transfer
mechanism in the as-built
65.1C028.2Cr5.3Mo lattice
additively manufactured with

a hatching distance of 800 um
before HT. b—e The top-plane
images show the formation of
(i) equiaxial dendrites in the
nodal area, where the thermal
flow was hindered by loosely-
attached regions or empty
spaces, and (ii) columnar den-
drites in the strut area, where
the thermal energy flowed easily
along the entangled longitudinal
ligaments during AM. (f-i) The
side-plane images show fewer
acicular dendrites compared to
the microstructures in the solid.
j—m The top-plane images show
that the melt pools generated
by laser irradiation disappeared
and were replaced by blunt-
shaped columnar dendrites
within distinguishable grains
from the inner core to the exter-
nal surface along the direction
of heat extraction, irrespective
of the nodal and strut areas.
n—q The side-plane images
show blunt-shaped columnar
dendrites comprising only the
primary y-fcc phase

thermal energy spread throughout the highly branched liga-
ment pathway without suppressing heat transfer, thus leading
to the formation of fine columnar dendrites within the micro-
structure [26]. Both the columnar dendrites comprising the
lighter-colored fcc phase (JCPDS No. 00—15-0806) and the
equiaxial dendrites comprising the darker-colored hcp phase
(JCPDS No. 01-089-4308) were present in the protuberant
side plane (Fig. 2f—i) with overlapping connections to the
fan-shaped melt pools [4, 5]. The thermal energy becomes
concentrated at the bottom peripheral region of the cellular
structure (opposite to laser irradiation) [27-29]. This led to
the formation of more e-hcp phases with unexpectedly large
equiaxial dendrites, which commonly appear in the as-cast

@ Springer

microstructure [6, 30]. This was because the thermal energy
was trapped and could not be transferred when the struts were
disconnected. However, when the struts were interconnected,
the heat obtained from direct laser irradiation was able to flow
smoothly in the upper and core regions of the cellular struc-
ture [26, 31]. Furthermore, the partial area of the e-hcp phase
transformed from the y-fcc phase and became abundant and
more stable owing to the subsequent annealing process in the
lattice during repeated thermal cycling caused by continuous
laser irradiation [27, 32-34]. Meanwhile, the intermetallic
compounds segregated at the interfacial boundaries between
the two phases were percolated in higher amounts, possibly
because of their high energy states [9, 27]. At the same time,
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the carbides and oxides were precipitated out at the interfacial
boundaries, irrespective of whether they were in the top or
side planes [9, 27]. After HT was performed to disperse the
constituent elements in the lattice homogeneously, all of the
melt pools disappeared from both the top (Fig. 2j—m) and side
(Fig. 2n—q) planes of the microstructures. This left only the
blunt-shaped columnar dendrites comprising the y-fcc phase
all over the grains. The developed directions of the columnar
dendrites mostly radiated from the core to the outer surface of
the lattice [6, 30]. Therefore, the thermal energy flowed along
these directions and facilitated cooling [35]. In addition, the
segregates and precipitates isolated at the inter-dendritic and
grain boundaries (many were present in the melt pools) were
dissolved owing to their active diffusion at high decomposi-
tion temperatures [35].

The grain boundary maps, phase maps, kernel average mis-
orientation (KAM) maps, and inverse pole figure (IPF) maps
corresponding to the image quality (IQ) maps of the EBSD
micrographs in Fig. 3 compare the grain morphologies and
growth directions, phase constituents, crystallographic dis-
tortions, and crystallographic orientations of the additively
manufactured lattice structure with a hatching distance of
800 um before and after HT. First, before HT, the low-angle
grain boundaries (LAGBs; 1° <0< 5°), distinct phase constit-
uents, and distinct crystallographic distortions were revealed
by the contrast-distinguished color micrographs of the lattice
(Fig. 3c). In particular, the red-lined regions indicate the pres-
ence of highly dense LAGBs (2.13 c¢m in length within the
overall length of 9.91 cm) that were mostly aligned along the
grains. Based on the micrograph, the crystalline defects and
microstructural abnormalities were similarly aligned along the
grain boundaries and even more differentiated after identify-
ing the y-fcc and e-hcp phases in the phase map (Fig. 3d) [4,
5, 14, 36, 37]. Then, the as-printed lattice was developed with
the elongated grains distributed from the center to the edge of
each melt pool perpendicular to the direction of laser irradia-
tion in the IPF map (Fig. 3f). This distribution is more com-
monly found in the top-plane microstructure of the additively
manufactured solid structure (Fig. S7f). However, bearing
in mind the similarity to the crystallographic orientation of
each grain in the as-printed solid structure, the grain orienta-
tions in the lattice were highly associated with the (0 0 1) and
(1 1 0) planes for the y-fcc phase in the nodes or along the
struts mainly composed of the elongated grains. By contrast,
in some of the nodal regions, the equiaxial grains with the
preferred (0 0 O 1) plane for the e-hcp phase were predomi-
nant, especially in the peripheral area of the lattice, wherein
heat flow was prevented owing to the empty spaces or loosely
attached powder with low thermal conductivity [38, 39].

Figure 4a reveals the formation of y-fcc and e-hcp phases
with distinct interfacial boundaries in the nodal and strut
areas of the lattice. Figure 4b and ¢ show that the nanosized
precipitates mainly were dispersed along the interfacial

boundaries between the y-fcc and e-hcp phases (Fig. 4d).
Figure 4g shows a high-magnification TEM image of entan-
gled Cr,(Co,Mo), Co;Mo,Si, Cr,;C¢, and MoC precipitates
that had accumulated at the interface between the y-fcc
and e-hcp phases. The lattice fringe measurements in each
region revealed the presence of the y-fcc (Fig. 4k), pre-
cipitate (Fig. 4g), and e-hcp (Fig. 40) phases. Various spot
and dot patterns were apparent from the SAED analyses
performed on each phase. These corresponded to the y-fcc
phase of 65.1C028.2Cr5.3Mo adjacent to the e-hcp phase
and segregates and precipitates with the distinct patterns,
which collectively deteriorated the compression strain of
the lattice [6, 30, 35, 40, 41]. In addition, EDS mapping
across the interfaces was performed to evaluate the chemi-
cal compositions of the y-fcc, precipitate, and e-hcp phases
(Fig. S8). The negative effect on the compression strength
of the as-built 65.1C028.2Cr5.3Mo lattice was primarily
related to the multiple phases along the interfacial bounda-
ries, and this effect increased the densities of voids, dis-
locations, and stacking faults, which additionally reduced
the compression strain [8, 40, 42, 43]. Furthermore, their
morphologies at the interfacial boundaries were irregular
rather than smooth and spherical, thereby straightening the
propagation of cracks and fractures, further reducing the
mechanical strength [27]. During the highly active diffusion
process generated by laser irradiation, the initially formed
segregates and precipitates became isolated at the interfa-
cial boundaries. This destabilized the microstructures in
both the top and side planes due to the presence of the sec-
ondary phases [9, 27]. In terms of the solidification process,
the results suggest that the interfacial boundaries could
serve as favorable sites for segregation and precipitation due
to their ability to stimulate nucleation. After the nucleates
were formed, however, phase growth was inhibited by the
uneven distributions of the segregates and precipitates at the
interfacial boundaries [9, 15, 27]. Consequently, the micro-
structural uniformity was deteriorated, particularly at the
interfacial boundaries due to (i) the formation of segregates
and precipitates with differing crystallographic properties,
potentially leading to residual and thermal stresses, and (ii)
the negative interactions between the two neighboring (het-
erogeneous) phases [9, 14, 15, 27]. Thus, it significantly
decreased the deformation resistance, particularly concern-
ing the compression strain.

3.3 Compression strengths of the solid and lattice
structures and determination of the optimum
lattice combination by using the deep learning
model

Figure 5a presents photographs of the as-built solid and

lattices with hatching distances of 80, 200, 400, 600, and
800 um, while Fig. 5b presents their respective compressive
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Grain diameter (um)

Average grain
size: 24.7 pm

¥ =
5
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Average grain
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n
(1

Fig.3 a, i The IQ maps; b, j the grain size distributions; ¢, k the
grain boundary maps (red:<5° boundary; green:>5° and<15°
boundaries; blue:>15° boundary); and d, 1 the phase maps of the
additively manufactured 65.1C028.2Cr5.3Mo lattice structure before
and after HT. e, m The KAM maps (color contrast images from blue

(engineering) stress—strain curves based on their relative
densities (8.3, 7.7, 6.3,3.3,and 2.3 g cm_3). Compared to
the standard solid with a yield strength of 895.6 MPa, all
the lattices exhibited much lower values owing to vacant
spaces within these structures. However, their specific

@ Springer
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to red according to the misorientation density); f, n the IPF maps; and
g, h, and o the pole figures (g and o for the y-fcc phase and h for
the e-hcp phase) of the hatching-distance-controlled lattice structure
before and after HT

yield strengths were high enough (98.2, 95.8, 92.1, and
88.5 MPa cm® g~!, respectively) compared to the solid
structure (107.9 MPa cm?® g™!). This was due to (i) their
amorphous-like composition and (ii) densely distributed
nodes crosslinked with highly entangled struts. It can be
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Fig.4 a—c The TEM images of the as-built 65.1C028.2Cr5.3Mo lat-
tice (800 um hatching distance) show the segregates and precipitates
along the interfacial boundaries between the y-fcc and e-hcp phases,
which significantly affected the compression strength. d The low-
magnification; e—f, i—j, and m—n intermediate-magnification; and g,
k, and o high-resolution TEM images with the corresponding lattice
fringe measurements. h, 1, and p The SAED patterns of (h) the seg-
regates and precipitates, (1) primary y-fcc phase, and (p) secondary
e-hep phase. The XRD patterns of the 65.1C028.2Cr5.3Mo structures

20 (degree)

with hatching distances of 80 (solid), 200, 400, 600, or 800 um: q
before HT, showing that the small amount of the secondary e-hcp
phase in the primary y-fcc phase increased distinctively owing to
greater heat condensation in the peripheral area of the disconnected
melt pools (where the thermal energy could not flow easily through
the powder with low heat conductivity) than in the core area; r after
HT, indicating that the lattices with the heterogeneous phases became
homogeneous, thereby suppressing the formation of the secondary
phases (e-hcp, segregates, and precipitates)
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Fig.5 a, b The compression strengths of the as-built lattices gradu-
ally decreased with increasing hatching distances because of their
lower relative densities and hollower structures. However, the lattices
showed unexpectedly high compression strengths owing to (i) their
amorphous-like structures and (ii) the presence of highly overlapped
nodes with densely aligned struts. ¢ After the removal of the pow-
der from the lattices via electrochemical leaching, the collapse was

concluded that the specific lattice structure is robust owing
to the combination of periodically arranged nodes in the
short-range order and aperiodic glass-like struts in the long-
range order. In detail, the nodes played a significant role in
withstanding the applied stress because they were tightly
overlapped and crosslinked by the struts [44]. In addition,
they tended to be uniformly aligned along the continuous
laser irradiation pathway, thus displaying a crystal-like

@ Springer

induced along the planes when the external load was applied. This
may be due to the reduction in the deformation behavior of the bound
powder, as indicated by considerable smoothing of the undulations in
the compression testing graphs. d Meanwhile, the lattices had higher
compression strengths after HT owing to (i) the uniform formation of
only the primary y-fcc phase, irrespective of the nodal and strut areas,
and (ii) the removal of the residual and thermal stresses

morphology. By contrast, the struts in the as-built structure
were firmly but randomly connected to the adjacent nodes
owing to the active diffusion initiated by laser irradiation,
thus presenting a non-crystalline, glass-like morphology
[44, 45]. Consequently, the impact energy was directly trans-
ferred, absorbed, and dissipated in the network structure of
the lattice, leading to an increase in its mechanical strength
[9]. This contrasts with the results for the conventional
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structures, which rely on the constitutions and thicknesses
of their struts [13, 39]. In the case of the as-built structure,
however, the external pressure and force were broadly trans-
ferred by the densely distributed nodes crosslinked with the
highly entangled struts [39]. These struts resisted the applied
load by using their combined strength in the elastic defor-
mation region or by resisting the impact energy through the
plastic deformation region over the inner and outer grids.
Therefore, the struts that were involved in the thin entangled
ligaments of the as-built structure served as effective stress
transmitters [46]. Instead of being distributed throughout
the entire structure, the transfer of external load was par-
tially blocked by the already disconnected struts, or by the
formation of additional cracks and fractures. Thus, part of
the impact energy was scattered and canceled out, thereby
resulting in an unexpectedly high specific compression
strength [45, 46]. Moreover, the powder existing outside and
naturally inside the cellular structure was loosely attached
to the ligaments during laser irradiation. Consequently,
the initiation of cracks and fractures due to the back stress
resulting from the accumulation of voids, dislocations, and
stacking faults (i.e., the Bauschinger effect) tended to pro-
ceed randomly. This, in turn, resulted in fluctuation in the
compression stress—strain curve of the cellular structure [13,
14]. Thus, removing the powder from each cellular structure
using electrochemical leaching improved the specific com-
pression strength marginally (Fig. 5¢) [9, 15, 47]. Figure 5d
shows the improvement in the compression strength of each
cellular structure caused by HT. For example, even the lat-
tice structure with a hatching distance of 800 um had a yield
strength and strain of 288.8 MPa and 7.3%, respectively,
which were much higher than those of the as-built lattice
(203.6 MPa and 6.0%) and after powder removal (224.3 MPa
and 6.2%), despite having a significantly lower relative den-
sity of 2.1 g cm™. This was because HT produced the y-fcc
phase uniformly over the microstructure and alleviated the
residual and thermal stresses generated by strong laser irra-
diation. The decrease in the grain size from 24.7 to 18.2 um,
even in the thin nodes and struts of the microporous lattice,
contributed to the increased strength, consistent with the
Hall-Petch effect. Annealing (HT) alleviated the residual
stress in the hatching-distance-controlled lattice structure
and reduced the densities and distributions of crystalline
defects and microstructural abnormalities, thereby improv-
ing its compression strain.

The compression testing results for the single- or multi-
modal structures with 2-, 4-, or 8-lattice combinations
are presented in Fig. 6, Fig. S9, and Fig. S10. Based on
these results, the lattice alignment derived via deep learn-
ing was used to generate a specific lattice combination
of 700/300/400/500/300/600/300 in the upper block and
300/800/300/600/300 in the lower block, along with a
1-mm-thick intercalating layer. This was aimed at achieving

a compression yield strength of 300.0 MPa. During the par-
titioning of 8 lattices with hatching distances of 80 (solid),
200, 300, 400, 500, 600, 700, or 800 um, their respec-
tive compression strengths emerged in the predetermined
regions. Thus, the deep learning process created distinc-
tive metastable geometric patterns based on the partitions
in these regions [46, 48, 49]. By using the lattice align-
ment as the output, the deep learning process assigned the
higher-strength lattices with lower hatching distances to the
side of the upper block and the opposite side of the lower
block. Then, based on the FEA of the lattice combination
(Fig. S10), the upper block exhibited more partitions and,
hence, more complex equivalent gradient stress was distrib-
uted along the meta-structure. The lower block could allevi-
ate the equivalent gradient stress directly transferred from
the upper block, thereby concentrating each equivalent stress
in the lattices with higher hatching distances. Consequently,
the equivalent stress concentration and distribution explain
how the lattice combination can achieve the target com-
pression strength. The previous compression testing results
determined that a greater number of partitions decreased the
yield strength of the lattice combination, whereas increas-
ing the thickness of the intercalating layer improved the
compression strength. Thus, the CNN determined that the
lattices with lower hatching distances were often assigned
to the upper block to achieve the required yield strength of
300.0 MPa. There were comparatively fewer partitions in the
lower block. Thus, the strength of each lattice was consid-
ered more critical than that of each lattice in the upper block.
The remaining lattices were assigned to support the entire
structure, irrespective of whether they were in the upper or
lower blocks.

We report the Al-configured metastable alignment of
lattices to maintain an abnormally high specific compres-
sion strength via the integrated use of laser-irradiated lat-
tices with high hatching distances [50-55]. The metastable
alignment of the lattice combination leads to a high elastic
modulus compared to the relative density. This is because
the deformation mechanism is stretching-dominant rather
than bending-dominant, which helps to resist the external
load more effectively [45, 56-58]. Moreover, due to the rela-
tionship between E/ E, and (p / p,)", the as-designed meta-
stable structure is more susceptible to the elastic modulus
than is the conventional cellular structure. This is because
the conventional cellular structure is dominated by the rela-
tive density, which is controlled by the strut constitution
and thickness [45, 56-58]. In addition, the balance of col-
lapse and the similarity of alignment between the lattices
were considered as additional critical factors for obtaining
a lattice alignment that provides a high-strength metasta-
ble structure [45, 56-58]. For example, when lattices with a
hatching distance of 400 um or less were specifically placed
next to the partitions, it was better to use lattices with similar
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Fig.6 Compression strength evaluations of the multi-modal lattice
structures comprising a 2, b 4, or ¢ 8 lattices. d Al was used to sug-
gest the 12-lattice combination of 700/300/400/500/300/600/300 (7 in
the upper block) and 300/800/300/600/300 (5 in the lower block), to

hatching distances on the opposite side to ensure the bal-
ance of collapse during compression testing. Furthermore,
the compression testing results of the Al-augmented cel-
lular structure with the specific lattice combination demon-
strated the desired distinctive integration of highly brittle
and considerably more ductile behaviors [26, 31, 39, 50-52].
Specifically, the highly brittle behavior occurred because
the densely distributed nodes that were crosslinked with the
highly entangled struts effectively prevented the applied load
from being transmitted through the entire structure owing
to the high elastic modulus compared to the relative density.
Meanwhile, the considerably more ductile behavior arose
due to the generation of a consistent plateau region in which
the ligaments could buckle [26, 31, 39, 50-52]. These find-
ings confirmed the modification from a fracture-dominated
failure mode to a buckling-dominated failure mode, accom-
panied by suppression of the catastrophic failure observed
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achieve a yield strength of 300.0 MPa. FEM was used to calculate the
yield strength of the meta-structure. Finally, the actual yield strength
of the additively manufactured lattice combination was measured
experimentally via compression testing

in the conventional cellular structure [45, 56-58]. Overall,
the compression stress—strain curve revealed a more-or-less
highly elastic behavior, followed by a linear response in
the plateau region, in contrast to the catastrophic fracture-
dominated behavior of the conventional cellular structure
[45, 56-58]. Thus, the Al-augmented metastable structure
efficiently maintains its high specific compression strength
and ultralight relative density without undergoing substantial
degradation [26, 31, 39, 50-52, 59]. This is due to the nearly
linear relationship between its elastic modulus and relative
density [26, 31, 39, 50-52]. Consequently, the current study
successfully designed a deep-learning-derived lattice com-
bination that was verified by means of FEA and can poten-
tially attain the target compression strength of 300.0 MPa
under experimental compression testing. In practice, the
actual compression strength of the lattice combination was
299.1 MPa, which is extremely close to the statistically
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deep learned and computationally calculated compression
strengths of the lattice combination.

3.4 The high-performance lattice structure
additively manufactured using the deep
learning model

A case study on the topological optimization of a valve
cage used in a power facility was conducted in this study,
as depicted in step 3 of Fig. 7. For topological optimization,
we analyzed how the equivalent stress was distributed on the
valve cage when the external pressure and force interacted
with the part with a unique orientation while excluding any
structural deformation of the planes and sheets in the top
and bottom faces [13, 32, 60]. Based on this topological
optimization, the geometric boundary was comparted to

Step 1 scan of the original part

Step 5: Arrangement of the lattices on the topologically optimized valve cage

Lattice number

obtain a maximum equivalent stress of slightly less than
one-third of the yield strength (416.2 MPa). This, in turn,
was based on the previous compression testing of the aged
65.1C028.2Cr5.3Mo structure that was additively manufac-
tured along the vertical direction. Thus, the volume reduc-
tion was maximized until the safety factor was slightly
higher than 3.0. From a geometrical perspective, the newly
designed part sufficiently surpassed the required mechanical
stiffness and deformation resistance. However, hot and cold
fluids recycled inside the topologically optimized valve cage
caused the accumulation of thermal stress, which under-
mined the part’s durability and hindered fulfilment of the
power facility’s high safety requirement. As depicted in step
4 of Fig. 7, the thermal energy gradient distribution of the
topologically optimized valve cage according to the hot fluid
flow differed for each component. The top plate was less
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Fig.7 Step 1: Photographs and schematics of the original part
before topological optimization. Step 2: The equivalent stress gra-
dient distribution in the original part under the applied pressure
(3 MPa) and force (5000 N) to verify the solid deposition and space
removal during AM. Step 3: Topological optimization to maximize
the stiffness and minimize the weight of the part so that it can bear
the maximum equivalent stress of 410.0 MPa (close to one-third of
the yield strength (416.2 MPa) for the aged 65.1C028.2Cr5.3Mo
solid additively manufactured along the vertical direction) while
reducing its weight by more than 43%. Step 4: The residual and
thermal stresses caused during the recycling of hot and cold fluids
become concentrated and accumulated on the main components of
the valve cage. Thus, to effectively dissipate the residual heat out

Enw similarity (18.6%) Enough similarity (95.9%) High similarity (99.5%3

Training time (day)

to the valve cage, maximize the heat exchange effect, and lower the
heat accumulation, the previously designed lattice structures with
various hatching distances were attached to the outer plate of the
topologically optimized part. Step 5: Three lattice combinations
with various hatching distances (5 lattices: 80 (solid), 200, 400,
600, and 800 pm; 8 lattices: 80 (solid), 200, 300, 400, 500, 600,
700, and 800 um; and 15 lattices: 80 (solid), 150, 200, 250, 300,
350, 400, 450, 500, 550, 600, 650, 700, 750, and 800 pum) were
arranged on three separate compartments (3, 5, and 7) with an iden-
tical number of elements (18,412) on the outer plate of the topologi-
cally optimized valve cage based on attaining a high compression
strength and large surface area in the combined ratio of 50%: 50%
of their maxima by using deep learning
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thermally stressed because the hot fluid only passed through
the fluid-flow passages, and the stem piston obstructed the
fluid flow. By contrast, on the bottom plate, the thermal
stress was mainly concentrated between the fluid-flow pas-
sages. Thus, it is better to use lattices with lower hatching
distances in the regions with lower thermal stress because
thermal conductivity predominates over heat convection in
these lattices. The bottom-plate regions subjected to higher
thermal stress due to the hot fluid flow under the stem pis-
ton required lattices with higher hatching distances of up
to 800 um. In this way, the thermal stress could be allevi-
ated more rapidly by draining the generated thermal energy
via the lattices with larger surface areas. After combining
the structural and thermal stress gradient distributions, the
top plate required denser lattices, whereas the bottom plate
required sparser lattices.

Figure 7 (steps 5 and 6) illustrates various combinations
of lattice structures according to the numbers of separated
compartments and lattices. Each compartment can construct
these structures differently to achieve maximum mechanical
stiffness and thermal release performances. As shown, the
use of a combination of 15 lattices (80 (solid), 150, 200,
250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, and
800 um) for all 7 compartments in the topologically opti-
mized part maximized its heat-exchange capability. Mean-
while, a combination of 5 lattice structures (80 (solid), 200,
400, 600, and 800 um) in 3 compartments (2 compartments
in the top plate and 1 compartment in the bottom plate)
took the least time to construct. As determined by using
the CNN, the part with the fewest lattices in each separate
compartment required a combination of lattices with lower
hatching distances, including the solid (80 um). However,
the resulting heat extraction performance was poorer than
that achieved by using a combination of lattice structures
with higher hatching distances [48, 49]. Thus, although
the valve-cage part that was constructed using mainly the
solid was structurally stable, it was more vulnerable to
the accumulation of thermal stress. The output from the
CNN indicated using the lattice with a hatching distance
of 400 um only when the ratio between the equivalent and
thermal stresses was set to 50%: 50% of their maxima. This
selection imparted structural stability and thermal steadi-
ness; the results were similar even in the cases of 100%
equivalent stress or 100% thermal stress. Although the CNN
recognized these factors, it presented only one of the many
possible lattice combinations. For example, when the part
was required to be established using 7 compartments and 15
lattices to achieve the expected results, it included the high-
est thermal energy-dissipation area that matched the lat-
tice with a hatching distance of 750 um. However, this was
smaller than that of the lattice with a hatching distance of
800 pm when considering only the thermal energy extrac-
tion. Thus, the lattice with a hatching distance of 750 pm
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was suggested because of the structural stability require-
ment. Meanwhile, each boundary (referred to as a com-
partment herein) within which the cellular structure was
applied satisfied the continuity requirement by connecting
to the thin intercalating layer of 160 um, which allowed for
the smooth transfer of load between the compartments [9].
However, the heat extraction capability deteriorated because
of the intercalating layer, which improved the structural sta-
bility relative to its thickness and vice versa. In addition, the
analysis time for identifying the effective alignment among
the lattice combinations was influenced by the numbers of
separated compartments and lattices. The longer-aligned
lattice combinations provided more accurate alignments
of the cellular structures (step 6 of Fig. 7). In principle,
it is better to obtain highly precise alignment data, espe-
cially for the parts used in a power facility, which require
high durability and safety, irrespective of the time needed
for the analysis. However, the composition of the training
dataset used to complete the analysis took several tens or
hundreds of days. Fortunately, only 10 days were required to
reach a sufficient alignment (validation) accuracy of 95.9%
compared to an analysis time of 150 days for an accuracy
of 99.5%. Furthermore, the lattice alignment was highly
accurate and reasonably intuitive. For example, the circular
region in the bottom plate matched the lattice with a hatch-
ing distance of 700 um with a validation accuracy of 95.9%,
compared to 99.5% when using the lattice with a hatch-
ing distance of 750 um. However, the lower analysis time
had an accuracy of only 18.6% after 3 days. This yielded
a poor lattice alignment that degraded both the stiffness
and heat extraction performance. Moreover, the resulting
performance was weaker even than that obtained via topo-
logical optimization only. Consequently, by combining the
lattices with various hatching distances in pairs with the
most widely spaced compartments aligned on the outer
plate of the topologically optimized valve cage, we were
able to maximize the mechanical stiffness (minimize the
structural deformation). At the same time, we were able to
provide effective heat extraction, thereby reducing the dam-
age caused by fatigue and stress in the valve cage. Hence,
the efficient lattice alignment computed using the CNN can
provide an evolutionary pathway for the design for additive
manufacturing (DfAM) of a valve cage for use in a power
facility, thus leading to the optimum performance levels
in terms of mechanical stiffness and surface area [61-64].

4 Conclusion

Regarding the deep-learning-augmented DfAM, various
hatching-distance-controlled lattices with nanometer-scale
vesicles generated by electrochemical leaching on the sur-
faces of micrometer-scale nodes and struts via the LPBF
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process were aligned to obtain a high mechanical stiffness
and large surface area (50% of each maximum) on the
outer plate of the valve cage. Upon retention of the unex-
pectedly high specific compression strengths, these novel
lattices were characterized by the amorphous-inspired
structure with periodic and aperiodic arrangements in the
short- and long-range orders, respectively, and the pres-
ence of densely distributed nodes and highly entangled
struts. Their microporous and nanovesicular structures can
broadly and rapidly emit the thermal energy to the outside
of the lattice combination to prevent heat accumulation
(concerning the thermal safety) of the part mainly used in
the power facility. In addition to removing the powder to
reduce the deformation behavior and induce the smooth
transfer of load during compression testing, adding an
intercalating layer between the lattices prevented mutual
propagation between the lattices after each breakage by
absorbing the deformation energy according to its thick-
ness. As such, the Al successfully configured the metasta-
ble alignments of the amorphous-inspired lattices. Based
on this approach, a more advanced valve cage was fabri-
cated by following all the tenets of AM from A through
Z to check the possibility of using it in a practical (even
commercial) power plant.
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