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Abstract

This study explores the application of lattice structures as internal support architectures
in the fabrication of Inconel 718 components via Laser Powder Bed Fusion (L-PBF), build-
ing upon previous research on beam-based FCCZ supports. Two representative lattice ty-
pologies were investigated: the node and beam-based FCCZ (face centered cubic with Z
direction reinforcement struts) structure and the triply periodic minimal surface (TPMS)
Schoen Gyroid cell. The aim was to assess how the transition from a discrete beam-node
architecture to a continuous surface topology influences manufacturability, thermal sta-
bility, and mechanical performance. Finite Element Method (FEM) simulations in Ansys
accurately predicted distortions and residual stresses during the L-PBF process, showing
strong agreement with stereomicroscope measurements. Specifically, the maximum di-
rectional deformation reached 0.32 mm for the FCCZ sample versus 0.17 mm for the Gy-
roid, with corresponding peak residual stresses of 1328 MPa and 940 MPa, respectively.
After fabrication, the samples underwent solution treatment and double aging according
to AMS 2774 and AMS 5662 standards. Vickers microhardness increased from about 320
HVO0.3 in the as-built condition to 500 HVO0.3 after heat treatment (+55%), with overall po-
rosity remaining below 1%. Microstructural analysis using optical microscopy (OM),
scanning electron microscopy (SEM), and transmission electron microscopy (TEM) re-
vealed that heat treatment partially homogenized the microstructure but did not achieve
complete recrystallization, leaving localized dendritic regions and undissolved Laves
phases, particularly near the lattice. The precipitation of y’ and d phases enhanced hard-
ness and mechanical uniformity, as confirmed by Vickers microhardness testing. Quanti-
tatively, the Gyroid topology exhibited approximately 40% lower deformation and defect
density than the FCCZ structure, confirming its superior manufacturability and thermal
stability. These findings provide practical guidance for selecting lattice topologies for sup-
port architectures in L-PBF Inconel 718 components where thermal stability and shape
preservation during build are critical.
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1. Introduction

According to the regulatory committees ASTMF42 and ISOTC261, powder bed fu-
sion (PBF) and direct energy deposition (DED) are the primary metal additive manufac-
turing (MAM) technologies [1,2]. These processes involve the melting of raw material,
usually in the form of micrometric powder. Laser Powder Bed Fusion (L-PBF) is particu-
larly noteworthy in the field of MAM because it can produce high-performance metallic
parts by melting metal powder layer by layer using a high-precision laser beam. The L-
PBF process has a high degree of flexibility, allowing the creation of customised parts and
the production of geometries with intricate details, and near-net-shape accuracy [3,4]. Ow-
ing to its high spatial resolution and process controllability, L-PBF is particularly effective
in manufacturing lattice structures, which are increasingly applied in aerospace, biomed-
ical, and energy sectors due to their excellent strength-to-weight ratio, high surface area,
and enhanced heat transfer performance [5-9]. These structures allow for significant re-
ductions in component weight and raw material consumption while offering design flex-
ibility and functional optimization, such as improved thermal management and vibration
damping [10]. Inconel 718 is a nickel-based superalloy known for its exceptional mechan-
ical properties, including high creep and fatigue resistance at elevated temperatures, mak-
ing it ideal for applications like jet engines and gas turbines [11]. It is widely used in ad-
ditive manufacturing, especially L-PBF, due to its resistance to strain-age cracking during
post-weld heat treatment [12,13]. The L-PBF process creates a complex microstructure in
Inconel 718, featuring an austenitic y matrix and various secondary phases like v’ (Ni3(Al,
Ti)), v” (Ni3Nb), and 6 (Ni3Nb) [14]. These phases are crucial for the alloy’s strength but
can also reduce ductility and corrosion resistance. Heat treatments, such as solution treat-
ment and aging, are essential to optimize the microstructure by promoting the precipita-
tion of v’ and y” phases, thereby enhancing the material’s mechanical performance [15].
The primary aim is to assess the adaptability of geometric variables in fabricating lattice
specimens via L-PBF to achieve specific mechanical and microstructural characteristics.
Specifically, the study focuses on two representative lattice typologies: the node and
beam-based FCCZ structure and the triply periodic minimal surface (TPMS) Schoen Gy-
roid cell. The comparison aims to elucidate how the discrete node-and-beam framework
of the FCCZ structure contrasts with the continuous surface morphology of the Gyroid
lattice in terms of printability, process stability, thermal management, and mechanical be-
havior after heat treatment.

Building upon the findings of a previous investigation [16], which demonstrated the
manufacturability and functional advantages of FCCZ beam-based support in L-PBF, this
study extends the analysis through a direct comparison with Gyroid structures. The latter
are recognized for their intrinsic self-supporting capability and high thermal dissipation
efficiency — properties that make them particularly suitable for integration as internal sup-
port architectures in critical components such as those used in aerospace or high-temper-
ature applications.

While FCCZ lattices have been shown to provide a favorable balance between ther-
mal management and ease of post-processing removal due to their beam-based design,
the Gyroid topology —defined by a continuous and smooth minimal surface —offers su-
perior geometric continuity and mechanical load distribution, which can enhance process
stability during printing and improve component reliability under service conditions.
Therefore, this study aims to identify the trade-offs between these two lattice architectures
and to establish design and processing guidelines for optimizing manufacturability, post-
processing efficiency, and in-service performance of Inconel 718 lattice-based support for
high-performance, thermally demanding applications.
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In this context, the present study adopts a multiscale comparative approach, where
lattice topology is evaluated not only at the geometric level, but also in terms of the result-
ing thermal response, defect formation, and microstructural evolution.

In summary, while our previous investigation [16] focused exclusively on beam-
based FCCZ lattice structures used as internal support for the fabrication of metallic com-
ponents via L-PBF, the present study extends that framework by directly comparing
beam-node and TPMS-based topologies within the same functional context. The specific
objective is to elucidate how transitioning from a discrete, strut-based architecture (FCCZ)
to a continuous minimal-surface geometry (Gyroid) influences manufacturability, defect
formation, and thermo-mechanical behavior when these lattices are employed as support
architecture for metallic parts. This work addresses a clear gap in the current literature, as
comparative analyses between beam-based and TPMS lattice cells have rarely been con-
ducted with reference to their role as support structures in the additive manufacturing of
metallic components. By integrating finite element simulations, experimental validation,
and detailed microstructural and mechanical characterization, the present study estab-
lishes design and processing guidelines for optimizing support-type lattice architectures
in high-performance L-PBF Inconel 718 applications—enhancing both manufacturability
and post-processing efficiency.

2. Materials and Methods

In this study, n-Topology software (nTop 5.12, nTopology, Inc., New York, NY, USA)
was used to model lattice specimens with a TPMS Gyroid unit cell pattern, while Siemens
NX (v. 2302, Siemens Digital Industries Software, Plano, TX, USA) was used for specimens
with an FCCZ unit cell pattern. The lattice specimens featured variable geometric param-
eters, including cell size and strut diameter (or wall thickness for Gyroid cells). Figure 1a,c
present the three-dimensional models of the FCCZ and Gyroid unit cells, respectively.
Three lattice specimens were modelled for each cell topology, with unit cell volume vary-
ing over time due to changes in strut diameter keeping cell size constant. These variations
are listed in the Design of Experiment (DoE) detailed in Table 1. The lattices measured 8 x
8 x 8§ mm, with each specimen having a top plate thickness of 3 mm and a bottom plate
thickness of 0.8 mm. The lattice structures were not fabricated directly on the construction
platform to ensure adequate heat dissipation during the manufacturing process via the
bottom plate. The CAD models of the samples with the respective ID code are shown in
Figure 1b,d.

Table 1. Lattice samples with variable unit cell topology (FCCZ and Gyroid) as a function of unit

cell volume.

Unit Cell Topology Sample ID Code  Cell Size (mm) Strut Diameter (mm)

A2F 2 0.3
FCCZ B2F 2 04
C2F 2 05
A2G 2 0.3
Gyroid B2G 2 0.4
C2G 2 05
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(a)

Figure 1. CAD models of the unit cell (a) FCCZ and (c) Gyroid and of samples (b) A2F, B2F, C2F
and (d) A2G, B2G, C2G.

The failure characteristics and geometrical defects of the samples were examined by
scanning electron microscopy (SEM) using a TESCANTM VEGA3® LMU (TESCAN, Brno,
Repubblica Ceca) system. Based on these observations and the findings reported in our
previous work [16], samples A2F and B2F were excluded from further analysis due to
significant geometrical defects and surface damage revealed during preliminary SEM in-
spections, including incomplete strut fusion, excessive upper-plate warping, and local-
ized material collapse. These configurations, characterized by smaller strut diameters and
lower relative densities, were found to be unsuitable for providing the mechanical stiff-
ness and thermal stability required for effective support performance during L-PBF.

Consequently, and in continuity with the earlier study, the present work extends the
analysis by introducing the Gyroid lattice as a topological counterpart to the previously
investigated FCCZ structure, focusing on the C2F and C2G configurations. These repre-
sent the most manufacturable and functionally relevant designs within the experimental
matrix. Although the two lattices differ topologically, the FCCZ being a discrete, beam-
based structure and the Gyroid a continuous TPMS, the selected specimens share identical
geometric parameters (cell size = 2 mm; strut/wall thickness = 0.5 mm). This enables a
direct, one-to-one comparison under identical dimensional and processing conditions,
isolating the influence of topology on manufacturability, heat dissipation, and defect for-
mation.

Samples A2G and B2G were not characterized, as their inclusion would have hin-
dered a controlled comparison between the two topologies under matching geometric pa-
rameters. Therefore, the comparative mechanical and metallographic analyses were fo-
cused exclusively on C2F and C2G, ensuring full consistency with the experimental frame-
work established in the previous publication, where only the C2F configuration was char-
acterized in detail, and providing a rigorous basis for assessing how topology governs the
performance of L-PBF lattice supports.

It is important to note that the exclusion of the A2 and B2 variants does not compro-
mise the generality of the conclusions. The deformation and defect trends observed in
these lower-density structures were consistent with those identified in C2F, confirming
that the Gyroid topology systematically exhibits improved heat dissipation and reduced
residual stress accumulation across different relative densities. The decision to focus the
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quantitative comparison on the C2 series thus provides a reliable and representative
framework for understanding how topology influences the performance of lattice struc-
tures used as internal supports in metallic component fabrication

The exclusion of the lower-density variants does not compromise the generality of
the conclusions, as their preliminary observations already confirmed the same defor-
mation and defect trends observed in C2F, thereby supporting the validity and represent-
ativeness of the comparative analysis presented here.

FEM simulations of the printing process for these samples were performed using An-
sys Additive suite Workbench 2020 R1, which facilitates virtual prototyping under vari-
ous conditions. The software can simulate mechanical deformations from thermal effects
or incorporate explicit thermal phenomena. The simulations used the nominal STL files of
the CAD models and L-PBF process parameters, with the model divided into tetrahedrons,
following the basic software settings outlined in Table 2. All the process parameters listed
in the table and implemented in the simulation are consistent with those employed in the
LPBF process, corresponding to the default EOS M290 DMLS parameters for Inconel 718
[16,17]. Although scanning speed, laser power, shielding gas temperature and other pro-
cess parameters are also known to significantly affect melt-pool stability, heat flow and
defect formation in L-PBF, in the present study all process parameters listed in Table 2
were kept constant on purpose in order to isolate the influence of the geometric variables
(cell size and strut/wall thickness) and topology (beam-based FCCZ vs. TPMS Gyroid).

Table 2. Setting of simulation parameters, corresponding to the EOS M290 DMLS default process

parameters for processing Inconel 718 [16,17].

Material Inconel 718
Layer thickness 40 pm
Laser power 285 W
Scanning speed 960 mm/s
Hatch distance 100 pm
Build plate preheating temperature 80 °C
Powder temperature 80 °C
Gas temperature 22°C
Layered tetrahedron size for lattice structures 0.2 mm
Layered tetrahedron size for base plate 4 mm

The thermo-mechanical analyses were performed in ANSYS Additive Workbench
(v2020 R1, ANSYS Inc., Canonsburg, PA, USA) using the predefined Inconel 718 material
from the Additive Manufacturing Materials Library. This library provides temperature-
dependent thermophysical data for powder/solid states (density, specific heat, thermal
conductivity) and standard mechanical constants; the curves are used internally by the
solver and can be inspected in Engineering Data. No manual modification of the material
curves was applied. This approach follows ANSYS guidance and reflects updates made
to Inconel 718 datasets in recent releases [18].

In detail, the simulations carried out considered the following phases, printing, cool-
ing and cutting of the part from the build plate, to qualitatively verify that the virtual
model in Ansys gives strain and residual stress values comparable to the real ones.

The samples were fabricated on an EOS M250 L-PBF (EOS GmbH, Krailling, Germania)

machine using atomised Inconel 718 powder as the feed stock. The following table (Table
3) shows the chemical composition in weight percentage (wt.%) of Inconel 718, as given in
the EOS technical data sheet [19].
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Table 3. Chemical composition (wt. %) of the Inconel 718 feedstock [19].

Fe Ni Cr Nb Mo Ti Al Other
Balance 50-55 17-21 4.75-550 2.80-3.30 0.65-1.15  0.20-0.80 <1.0

The L-PBF process was performed with laser power and scanning speed according
to the predefined core-skin scanning pattern as shown in Table 2, where the values of the
process parameters set not only for the simulation but also for the sample printing are
shown. A laser spot of 0.08 mm was used, and an inert gas atmosphere of argon was es-
tablished. The heating of the build platform was set to 80 °C.

To compare the manufactured samples with their corresponding simulated models,
the top-plate profiles were examined and measured using a Leica DVM6 stereomicro-
scope. These observations were used to assess the profile shape and quantify the distor-
tion magnitude along the build direction (Z-direction) induced by the manufacturing pro-
cess.

Two metallographic specimens were extracted from each of the C2F and C2G com-
ponents by sectioning them along the build direction (YZ plane) using an electric dis-
charge machine (SIMO s.r.1, Ancona, Italy). For each configuration, one specimen was re-
tained in the as-built condition, while the other was subjected to heat treatment to inves-
tigate the differences in mechanical and microstructural behavior between the two states.
Specifically, solution annealing followed by double aging was performed in accordance
with the AMS 2774 and AMS 5662 aerospace material specifications [20,21]. The process
involved heating to 954 °C for 1 h, air cooling, reheating to 718 °C for 8 h, furnace cooling
to 621 °C, holding for 18 h for precipitation hardening, and finally air cooling to room
temperature.

For metallographic analysis, the YZ surfaces of the as-built (C2F-AB, C2G-AB) and
heat-treated (C2F-HT, C2G-HT) samples were mechanically polished with silicon carbide
paper up to 4000 grit, followed by mirror polishing with diamond paste to 0.25 um. Opti-
cal microscopy (OM) was performed using a Leica DMi8 microscope to examine surface
features on the YZ plane and identify defects such as porosity and inclusions. Porosity
analysis was carried out using Image] software (v. 1.54p, National Institutes of Health,
Bethesda, MD, USA) [22] on optical micrographs to quantify pore size and spatial distri-
bution. Quantification was performed separately for the upper plate and lattice regions,
distinguishing between lattice nodes and struts, using 15 micrographs per area.

To reveal the alloy microstructure before and after heat treatment, samples were
chemically etched at room temperature using a solution composed of 28 mL acetic acid,
28 mL nitric acid, and 44 mL hydrochloric acid.

Further microstructural characterization of the L-PBF Inconel 718 and its evolution
after heat treatment was performed by SEM using a Zeiss™ Supra 40° (Carl Zeiss AG,
Oberkochen, Germany) field-emission microscope equipped with a Bruker™ Quantax
Z7200° EDS (Billerica, MA, USA) microanalysis system. TEM analyses were conducted us-
ing a Philips™ CM20® (Philips, Amsterdam, Paesi Bassi) transmission electron microscope
operating at 200 kV, fitted with a nitrogen-cooled, double-tilt sample holder. Phase and
constituent identification were carried out by selected area electron diffraction pattern
(SAEDP) indexing using CaRIne Crystallography 3.1 software. Thin discs for TEM analy-
sis were mechanically thinned to 25-35 pm and subsequently ion-milled using a Gatan™
PIPS (Gatan Inc., Pleasanton, CA, USA) with Ar* at progressively reduced angles from 8°
to 4° to achieve electron transparency. To ensure statistical reliability, three discs were
examined for each experimental condition.

Vickers microhardness measurements were carried out on all samples under both AB
and HT conditions using a QNESS® 60 A+ EVO (QATM GmbH, Golling an der Salzach,
Austria) automatic microhardness tester, with an applied load of 300 gF and a dwell time
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of 10 s, to assess local mechanical behaviour across various surface positions. Measure-
ments were carried out under the same conditions on the upper plate of each specimen.
Three systematic indentations were performed every 0.5 mm for 15 times in the YZ plane,
covering the entire area of the plate surface. Additionally, further Vickers microhardness
tests were carried out along the lattice walls of the C2G-AB and C2G-HT samples and in
the lattice struts and nodes of the C2F-AB and C2F-HT samples. In these regions, inden-
tations were spaced 0.25 mm apart to cover the entire area of the struts (C2F) and walls
(C2G). Finally, the average hardness obtained for each sample was reported together with
its standard deviation.

3. Results and Discussion
3.1. Preliminary Defect Detection and Failure Analysis

SEM analysis was carried out to evaluate the surface integrity and deformation be-
havior of the L-PBF Inconel 718 lattice specimens, focusing on the influence of lattice to-
pology under identical geometric parameters. Figure 2 compares the as-built morpholo-
gies of two lattice specimens, called B2F and B2G.

Although the two lattices differ in topology, the FCCZ being a beam-based, stretch-
dominated structure and the Gyroid a smooth, surface-based TPMS, both were fabricated
using the same process parameters. As already documented in our previous work [16],
the B2F specimen exhibited several manufacturing-related defects, including pronounced
top-plate warping, strut discontinuities, and localized node bulging due to excessive ther-
mal accumulation and insufficient heat dissipation during the printing process. Such de-
fects are again visible in Figure 2a, reproduced here for comparison.

Conversely, the B2G specimen shown in Figure 2b displayed significantly fewer de-
fects. The continuous nature of the Gyroid topology provided improved heat flow and
stress redistribution during solidification, resulting in fewer discontinuities and a
smoother surface morphology compared to the beam-based FCCZ lattice. Nevertheless,
some degree of top-plate warping is still present, albeit less pronounced than in B2F, sug-
gesting that even the TPMS architecture was not fully effective in mitigating thermally
induced distortions. Hence, neither of these topologies, in their current geometrical con-
figuration, can be considered optimal for supporting overhanging structures or efficiently
dissipating heat during L-PBF.

To further highlight these differences, Figure 3 compares the C2F and C2G specimens.
The SEM image of the C2F sample (Figure 3a) shows a limited yet still noticeable warping
of the upper plate, less pronounced than in the B2F specimen, along with minor strut de-
fects and local discontinuities, consistent with previous observations for beam-based lat-
tices [16]. Among the beam-based configurations, the C2F lattice demonstrated the most
stable behavior, primarily due to its higher volume fraction, which improved thermal
management and reduced deformation during the L-PBF process. For this reason, it was
selected for further microstructural and mechanical characterization. In contrast, the C2G
specimen shown in Figure 3b exhibits a more uniform morphology, smoother strut sur-
faces, and an absence of discontinuities within the lattice network. The continuous geom-
etry of the Gyroid topology enhances structural stability and promotes more efficient heat
dissipation, thereby minimizing thermal stresses and associated warping during fabrica-
tion.

Considering these findings, the subsequent metallographic and mechanical charac-
terization was focused exclusively on the C2F and C2G samples, which share identical
geometric parameters but represent fundamentally different topologies.
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Figure 2. SEM images of lattice specimens with identical cell size and wall/strut thickness but dif-
ferent topologies: (a) B2F sample with FCCZ beam-based lattice structure and (b) B2G sample with
continuous Gyroid TPMS topology, showing reduced strut discontinuities and smoother surface

morphology.

SEM images of samples A2F and A2G are not included to avoid redundancy. These
specimens exhibited similar or even more pronounced defects than B2F and B2G, mainly
due to their lower volume fractions and higher geometric compliance and were therefore
excluded from further analysis.

(a) (b)
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Figure 3. SEM comparison between specimens C2F (a) and C2G (b) fabricated with identical geo-
metric parameters (cell size and wall/strut thickness). The Gyroid-based C2G exhibits fewer surface
defects, lower warping, and enhanced structural stability of the top plate compared to its beam-

based counterpart.

3.2. FEM Analysis

Figure 4a,b presents the results of the FEM analysis conducted using Ansys® Work-
bench 2020 R1. The results are expressed in terms of directional deformations measured
along the z-axis, at the end of the printing phase and after the removal of the component
from the build plate. Specifically, Figure 4a,b highlight markers indicating the maximum
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directional deformation along the z-axis (in mm) measured in the interface region between
the lattice structure and the upper plate, particularly near the edges, where significant
distortion of the plate is observed. The maximum directional deformation recorded is 0.32
mm for the C2F sample, while the C2G sample exhibits a maximum deformation of 0.17
mm. It is therefore evident that the C2F sample exhibits the most significant distortions,
as it has a lattice structure that is more compliant than that of the C2G sample. Conse-
quently, it is less effective at dissipating the heat generated during the printing process. It
should be noted that the simulation results for the C2F sample have already been pre-
sented and discussed in [16].

After the components were removed from the build plate, the maximum stress
reached was approximately 1328 MPa for the C2F sample (Figure 4c) and 940 MPa for the
C2G sample (Figure 4d), with both samples showing this peak stress in the interface re-
gion between the lattice structure and the upper plate. While the maximum stress ob-
served in the C2G sample remains acceptable, as it does not exceed the yield strength of
Inconel 718, which ranges from 724 MPa to 1241 MPa, the C2F sample exceeds this yield
strength, indicating the possibility of permanent plastic deformation. This could increase
the risk of cracks or defects in the affected area, especially if there are local variations in
process conditions or microstructure. In addition, the FEM-predicted residual stress mag-
nitudes are not only used to interpret the deformation mechanisms of the two topologies,
but they also provide quantitative guidance for downstream process decisions. In practice,
these stress levels can be used to identify whether standard stress relief cycles are suffi-
cient, or whether adjusted dwell times or modified step-solution treatments may be re-
quired. Therefore, in the present study, the FEM output should be regarded as a process-
planning tool, enabling a rational definition of post-processing strategies rather than only
a descriptive comparison of the two topologies.

?;pzrosi:;z;;:zlggzlrﬁi:non(z.Axis) (a)

Unit: MPa
Global Coordinate System

C: AM Structural Analysis

Type: Directional Deformation(Z.Axis)
Unit: MPa

Global Coordinate System

(b)

Time: 2881 Time: 2881
3.1987 x 10 1.6991 x 107
2.7375 x 10 1.4869 x 107
2.2750 x 107 1.2738 x 107
1.8125 x 107 1.0606 x 107
1.3500 x 10" 8.4750 x 102
8.8750 x 102 6.3438 x 102
4.2500 x 102 4.2125 x 102
-3.7500 x 103 2.0813 x 10?2
-5.0000 x 103 -5.0000 x 10+

C: AM Structural Analysis (c) (d) C: AM Structural Analysis

Type: Equivalent (Von-Mises) stress
Unit: MPa
Global Coordinate System

Type: Equivalent (Von-Mises) stress
Unit: MPa
Global Coordinate System

Time: 2881 Time: 2881

1.3281 x 10° 9.3994 x 102
1.1730 x 10° 8.2250 x 10?
1.0050 x 10° 7.0500 x 10?
8.3800 x 102 5.8750 x 10?
6.7000 x 10? 4.7000 x 10?
5.0300 x 10? 3.5250 x 102
3.3500 x 10? 2.3500 x 102
1.6800 x 102 1.1750 x 10?
0.0000 0.0000

Figure 4. FEM results showing (a,b) the maximum directional deformation (along the z-axis) ex-
pressed in mm for samples C2F and C2G, respectively, and (c,d) the Von Mises equivalent stress
(MPa) for C2F and C2G after removal from the build plate.

The higher stress concentration observed in the C2F sample can be directly attributed
to the intrinsic characteristics of its beam-based FCCZ topology, which promotes localized
heat accumulation and mechanical constraint at the nodal junctions where multiple struts
intersect. These nodes act as both thermal and mechanical concentrators, generating steep
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temperature gradients during layer deposition and inducing nonuniform solidification
shrinkage. Consequently, the regions surrounding the node-plate interface exhibit the
highest residual stresses and distortions, as also predicted by the FEM model.

This behavior is consistent with the experimental observations discussed in Section
3.4, where the C2F lattice exhibited a higher density of keyhole-type porosity and local
melt-pool instabilities, typically occurring near nodal regions identified as stress hot spots
in the simulation. As reported in our previous study [16], such localized overheating and
steep thermal gradients can drive the process into a partial keyhole regime, in which recoil
pressure fluctuations and vapor-cavity collapse result in gas entrapment and pore for-
mation [23-25]. These keyhole-type pores, frequently observed at or near the FCCZ nodes,
are the most critical regions for crack initiation and distortion during cooling, coincide
with the areas of maximum residual stress predicted by the FEM model. This correlation
further reinforces the strong coupling between thermal imbalance, stress accumulation,
and defect formation within the FCCZ architecture [26].

In contrast, the Gyroid topology —characterized by a continuous, curvature-smooth
minimal surface-promotes more uniform heat dissipation and stress redistribution
throughout the build. Its continuous morphology eliminates discrete junctions and miti-
gates localized thermal peaks, thereby minimizing recoil-pressure instabilities within the
melt pool [27]. Consequently, both FEM simulations and experimental results consistently
show that the C2G specimen develops lower residual stresses (approximately 940 MPa),
experiences smaller distortions, and exhibits no keyhole-type porosity, confirming its su-
perior thermal stability and manufacturability under identical process parameters.

These findings reinforce the physical connection between topology-dependent heat
flow, stress evolution, and defect formation, establishing a coherent link between numer-
ical predictions and microstructural evidence.

The superior manufacturability of the Gyroid topology can be attributed to its con-
tinuous, triply periodic minimal surface, which provides an uninterrupted heat-conduc-
tion path during L-PBF compared with the discrete, node-dominated load paths of the
FCCZ lattice. In practice, the Gyroid’s curvature-smooth surface distributes laser-induced
heat more uniformly both in-plane and through the build thickness, mitigating steep local
temperature gradients and reducing the amplitude of thermal cycles at feature junctions.
This results in lower residual stress accumulation, reduced distortion, and a more stable
melt pool, in which Marangoni convection and recoil-pressure oscillations are less likely
to destabilize the surface and trigger a transition to the keyhole regime.

Conversely, in the FCCZ geometry, the discrete strut nodes concentrate both heat
flow and mechanical constraint, promoting localized overheating and keyhole-type pore
nucleation when the energy input becomes excessive (Section 3.4). These trends are con-
sistent with previous studies reporting that TPMS/Gyroid surfaces enhance thermal
spreading and melt-pool stability, whereas steep thermal gradients amplify Marangoni-
driven instabilities and keyhole pore formation during L-PBF [28-33].

3.3. FEM Analysis vs. Experimental Results

The comparison between the simulated models and the printed geometries was con-
ducted through stereomicroscope observations. The deformation profile of a portion of
the upper plate was extracted, and directional deviations were measured at specific points
on the upper plate along the XY plane. The results, presented in Figure 5, demonstrate a
robust correlation between the simulated models and the real components regarding both
the deformation trend and the numerical values of directional deformations (along the z-
axis) measured in the XY plane of the upper plate, confirming the reliability of the soft-
ware used. In both the C2F and C2G samples, a slight curvature of the plate towards the
negative Z direction was observed, resulting in compression of the upper surface. A
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reversal in the deformation trend is observed, with the deformation increasing in magni-
tude from the central area towards the edges of the plate. The extent of deformation was
quantified at specific points on the plate in both the simulated models and the correspond-
ing points on the actual samples. The upward curvature in the negative Z direction of the
upper plate in the C2F sample (Figure 5a) is more pronounced than that observed in the
upper plate of the C2G sample (Figure 5b), as indicated by the deformation values ex-
pressed in mm. The increased distortion observed in the C2F sample can be attributed to
its less massive FCCZ lattice structure, which is less effective at dissipating the heat gen-
erated during the manufacturing process than the Gyroid structure.

Figure 5. Comparison of directional deformations along the z-axis, measured in millimetres, be-
tween the Ansys model and the real geometry (stereomicroscope measurements) for the upper
plate of samples (a) C2F and (b) C2G.

3.4. Assessment of Microstructural and Mechanical Behaviour in As-Built and Heat-Treated
Conditions

Figure 6 presents the optical micrographs acquired along the YZ plane from the up-
per plates of both lattice configurations in the as-built (AB) and heat-treated (HT) condi-
tions: (a) C2F-AB, (b) C2F-HT, (c) C2G-AB, and (d) C2G-HT.

The upper plates of both samples exhibit very similar microstructural features before
and after heat treatment. In the as-built condition, both C2F and C2G display the charac-
teristic arc-shaped melt-pool boundaries resulting from the laser scan strategy, with par-
tially overlapping pools and columnar grains aligned with the build direction (Z). The
morphology of the melt pools and the cellular dendritic structure within the y matrix are
nearly identical between the two samples, confirming that the top-plate solidification be-
havior is primarily governed by the process parameters rather than by the underlying
lattice topology.

After the AMS 2774 + AMS 5662 heat treatment (Figure 6b,d), both samples show
partial recrystallization and a reduction in melt-pool contrast, while some elongated co-
lumnar grains are still visible. The microstructures of C2F-HT and C2G-HT remain largely
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comparable, indicating that the thermal response and recrystallization kinetics are equiv-
alent under the applied cycle. These observations demonstrate that the heat treatment
promotes similar microstructural evolution in both lattice types, supporting the validity
of the subsequent comparative analyses.

The micrograph along the YZ plane in a region of the lattice structure of the C2F-AB
sample (Figure 7a) shows that the porosities, although randomly distributed along the
whole lattice, are more diffuse and characterised by larger voids in the area close to the
nodes, due to the rapid change in thermal diffusivity during the production process as
different struts are joined together. This result is in line with expectations, since the sud-
den changes in cross-sectional area (YZ plane) that occur during the printing phase of the
component lead to significant instability phenomena in the melt pool. The porosities are
localised within the melting pools, as can be seen from the micrographs in Figure 7a, and
most of these are keyhole-type porosities [16]. The formation of keyhole-type melting
pools is usually due to excessive energy being absorbed by the powder bed, resulting in
the laser beam penetrating too deeply. The formation of deep melting pools can also be
attributed to Marangoni flow, which is melt flow from the hot centre to the edges of the
pool due to the difference in surface tension induced by the strong thermal gradient. This
was also confirmed by the work of Salem et al. [34], where microstructural analysis
showed deep melting pools under keyhole conditions at high laser powers and relatively
low scan speeds. The presence of few small spherical porosities can also be detected,
which is mainly due to the gas trapped in the powder bed during the production process
[16]. Figure 7b shows that sample C2G-AB exhibits no significant porosity near the lattice
region.

| Melt poolboundaries
: crossed by grains

Figure 6. Optical micrographs of the upper plate (YZ plane) of samples: (a) C2F-AB and (c) C2G-AB,

I

100 pm

displaying epitaxial grain growth across melt pool boundaries; (b) C2F-HT and (d) C2G-HT, show-

ing columnar grains formed after heat treatment with partially retained dendritic substructures.

To quantitatively support the qualitative observations reported in Figures 6 and 7, a
detailed porosity analysis was conducted on both C2F and C2G samples in the as-built
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(AB) and heat-treated (HT) conditions. The measurements were performed using Image]
software on high-resolution optical and micrographs acquired from both the upper plate
and the lattice regions.

The results are summarized in Table 4, which reports the average porosity percent-
ages and standard deviations for each configuration, along with the corresponding re-
gions of analysis.

The variation in defect rates in L-PBF lattice samples fabricated with identical process
parameters can be attributed to differences in lattice cell geometries and their impact on
heat distribution, laser penetration, and residual stresses. Moreover, the Image] analysis
confirmed that while the C2F sample exhibits both “keyhole-type” porosities (average
area approximately 792 + 217 um?) and smaller spherical gas-trapped pores (approxi-
mately 50 + 7 pum?), the Gyroid structure (C2G) shows a more uniform and defect-free
morphology, with no evidence of keyhole voids. This behavior is attributed to the contin-
uous minimal-surface topology of the Gyroid, which promotes a more uniform energy
distribution and melt-pool stability during the L-PBF process. The smoother curvature
and absence of sharp intersections enhance heat dissipation, minimizing localized over-
heating, and thereby suppressing the formation of keyhole-type defects typically associ-
ated with excessive local energy input.

These quantitative results, together with the microstructural observations, confirm
that the Gyroid topology exhibits superior manufacturability and process stability com-
pared to the FCCZ lattice under identical processing conditions.

Table 4. Quantitative evaluation of porosity (area percentage) in C2F and C2G samples before and

after heat treatment.

Porosity (%)
Upper Plate Lattice
C2F-AB 0.1309 + 0.0003 1.688 +0.003
C2G-AB 0.078 + 0.004 1.287 +0.002
C2F-HT 0.1316 + 0.0005 1.923 +0.005
C2G-HT 0.071 + 0.003 1.186 + 0.002

The values obtained indicate that the porosity levels in the Gyroid lattice are signifi-
cantly lower than in the beam-based FCCZ structure, particularly in the lattice regions,
where the total void fraction is reduced by approximately 40% compared with C2F. For
both topologies, the difference between the AB and HT conditions is minimal, confirming
that the standard AMS heat treatment does not significantly influence the overall density,
as already observed in the previous study [16].

(b)

Figure 7. Micrographs showing defects in terms of porosity observed along the YZ plane in a region
of the lattice structure of the samples (a) C2F-AB and (b) C2G-AB.
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Additionally, energy density and laser penetration vary between lattice geometries.
The FCCZ structure tends to cause irregular laser absorption, whereas the more massive
Gyroid structure achieves more uniform energy distribution. Residual stresses, typically
higher in intricate geometries such as FCCZ, further contribute to defect formation, while
Gyroid structures distribute these stresses more evenly, thereby reducing defect occur-
rence.

In the C2F sample, heat treatment resulted in differential recrystallization within the
same component. This behavior arises from the different thermal inertias of the solid plate
and the lattice structure, which cause variations in heat distribution during treatment. The
lattice, having a larger exposed surface area than the solid upper plate, likely experienced
different heating and cooling rates. As shown in Figure 8a, the microstructure within the
lattice region of the C2F-HT sample exhibits less recrystallization and retains more non-
equilibrium dendritic features compared with the upper plate microstructure shown in
Figure 6b. These results, consistent with both as-built and heat-treated conditions, were
previously documented and discussed in detail in [16].

This uneven recrystallization influences the material’s microstructure and mechani-
cal response, potentially affecting the overall performance of the component. For the same
reasons, similar microstructural differences are observed between the C2F-HT and C2G-
HT samples. Specifically, the heat treatment induced a lower degree of recrystallization
in the C2F lattice, Figure 8a, compared with the lattice region of the C2G-HT sample, Fig-
ure 8b, indicating that the FCCZ-based lattice exhibits a distinct thermal response during
heat treatment and a greater retention of dendritic structures.

(b)

Figure 8. Microstructures along the YZ plane of the lattice regions in (a) C2F-HT and (b) C2G-HT
samples, showing heat-treatment-induced columnar grains with partially retained dendritic sub-

structures.

Figure 9a presents a low-magnification SEM image of the upper plate area of the
C2G-AB sample, revealing a very fine cell-dendritic microstructure. In this region, the sec-
ondary arms of the dendritic structures are entirely suppressed, allowing only the pri-
mary arms to develop. As observed in the micrographs in Figures 6¢ and 7, as well as in
the SEM image in Figure 9a, the growth directions of the dendrites are not perfectly par-
allel to the build direction but are instead inclined by a few degrees. Additionally, within
a single melt pool, cell dendrites can grow in various directions and may be interrupted
by adjacent cell dendrites, a phenomenon also reported in the literature by Deng et al.
[35]. The variation in the size and orientation of these solidifying cell substructures is
driven by the high temperature gradient and rapid cooling rate characteristic of the L-PBF
process. As a result, the growth orientation of the dendrites aligns with the direction of
the maximum temperature gradient. This indicates that the temperature field within the
melt pool is highly complex, with turbulent motion inducing a reversal of the thermal
gradient. Figure 9b presents a bright-field (BF) TEM image of sample C2G-AB, revealing
thin cell substructures with a high density of dislocations concentrated along the cell
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walls. The dark, irregularly shaped block-like precipitates observed near the grain bound-
aries, as indicated by the arrows in Figure 9b, have been identified as Laves phases.

20 pm EHT = 20,00 kv Signal A = SE2 Mag= 142KX

WD = 7.0mm Aperture Size = 60.00 ym

Figure 9. (a) SEM image showing melt pools and the orientation of columnar dendritic substruc-
tures along the YZ plane; (b) TEM image of the C2G-AB sample along the YZ plane, highlighting

the presence of Laves phases.

The SEM image in Figure 10a illustrates that in the C2G-HT sample, compared to the
C2G-AB sample, the boundaries of the melt pools and many directional dendritic micro-
structures have been dissolved. Several needle-like o (NisNb) phases are present within
the grains and along the grain boundaries, with some precipitates also found in the inter-
dendritic regions, as indicated by the black rectangles in Figure 10a. This observation
aligns with findings reported in the study by Li et al. [36]. The formation of interdendritic
O precipitates preserves the visibility of the intragranular columnar structure after heat
treatment. SEM imaging also identifies other precipitated phases, likely v* (Nis (Al, Ti))
phases, which may form within the y matrix both inside grains and near grain boundaries,
with an acicular morphology. The y’ phases reinforce the y matrix, while the 6 phases,
precipitating at grain boundaries, act as barriers to dislocation movement, enhancing re-
sistance to deformation at high temperatures and under sustained loads. However, the
persistence of undissolved Laves phases in the matrix after the AMS-standard heat treat-
ment has critical implications for the long-term performance of L-PBF Inconel 718 compo-
nents intended for high-temperature service. Laves phases, typically rich in Nb and seg-
regated at interdendritic regions, act as brittle intermetallic compounds that locally de-
plete Nb from the y matrix, thereby reducing the formation of strengthening v" and y”
(NisNb) precipitates [37]. Their presence therefore limits complete precipitation harden-
ing and leads to heterogeneous mechanical behavior, particularly in areas subjected to
cyclic or thermally induced loading.

From a mechanical standpoint, Laves phases act as crack initiation sites under tensile
or cyclic stress, promoting fatigue-crack propagation along interdendritic boundaries
where residual micro-segregation persists. Several authors have shown that these phases
can significantly reduce fatigue life and creep resistance by acting as barriers to dislocation
glide and by concentrating local stress at brittle-matrix interfaces [36,38]. Furthermore, in
lattice or thin-wall structures such as those considered here, their effect can be magnified
because of the higher surface-to-volume ratio and the presence of stress concentrators in-
herent to geometry.

These observations of precipitated phases in the C2F-HT sample partially align with
the findings presented in the research by Li et al. [36] and Zhang et al. [38]. Consequently,
this microstructure cannot be considered ideal. The TEM bright-field (BF) micrograph in
Figure 10b, together with the corresponding SAED patterns shown as the inset, confirms
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the identification of the precipitated phases. This method is essential for distinguishing
phases based on their crystal structure, as many of the precipitates observed in SEM are
morphologically and compositionally similar. The cellular structures highlighted in both
light and dark colours in Figure 10b represent the y matrix, but with different crystallo-
graphic orientations.

SEM and TEM analyses performed on a localized area of the upper plate of sample
C2F revealed microstructural features identical to those observed in the corresponding
region of sample C2G. For this reason, the related results are not reproduced here, as they
have already been comprehensively presented and discussed in [16].

The results presented in this work confirm that the standard AMS 2774 + AMS 5662
heat-treatment schedule, although industrially relevant and effective in promoting pre-
cipitation hardening, was not sufficient to achieve complete homogenization and dissolu-
tion of the interdendritic Laves phases in L-PBF-fabricated lattice structures. This limita-
tion arises from the unique thermal history of additively manufactured components, char-
acterized by extremely rapid solidification rates, strong micro-segregation, and the for-
mation of fine cellular dendritic substructures, which differ substantially from those of
conventionally processed materials for which AMS specifications were originally defined.

In the present specimens, residual Laves and 0 phases persisted even after the stand-
ard solution plus double-aging cycle, particularly within the lattice regions exhibiting
higher surface to volume ratios and faster local cooling during the build. As discussed in
the previous paragraphs, the presence of such retained phases may locally deplete Nb
from the y matrix, thus limiting the precipitation of strengthening y” and v” phases dur-
ing aging and potentially reducing the alloy’s creep and fatigue resistance under service
conditions.

Although the AMS treatment remains the most practical route for ensuring process
standardization in aerospace manufacturing, several recent studies have demonstrated
that slightly modified post-processing routes can better accommodate the fine-scale seg-
regation and sub-grain features typical of L-PBF materials. These include the introduction
of a homogenization step at 1065-1080 °C for 1-2 h before solution annealing [15,36,38-
40] or an increase in the solution temperature to approximately 980-1000 °C to promote
more complete dissolution of Nb-rich phases without significant grain growth. In addition,
combining Hot Isostatic Pressing (HIP) with the subsequent double-aging cycle has been
reported to effectively reduce both porosity and micro-segregation.

Accordingly, while the present study deliberately employed the AMS-standard treat-
ment to preserve industrial comparability, the results suggest that a slightly modified
heat-treatment route, including a brief homogenization or HIP step before the conven-
tional double aging, could enhance microstructural uniformity and mechanical perfor-
mance in L-PBF lattice structures. Future work will explore such optimized post-pro-
cessing strategies to achieve full Laves dissolution and improved long-term stability of
additively manufactured Inconel 718 supports.
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Figure 10. (a) SEM images of the C2G-HT sample microstructure, highlighting the 9, ', and Laves
precipitate phases; (b) Low-magnification TEM bright-field (BF) image of the C2G-HT sample
along the YZ plane, showing the y austenite cellular substructure and the precipitated needle-like
0 and Y’ phases, as well as block-shaped Laves phases.

Vickers microhardness characterization was conducted on the YZ plane of the C2F
and C2G samples in both the AB and HT conditions. For each sample, microhardness
measurements were conducted on both the upper plate and the lattice structure. Figure
11 displays the microhardness profiles (WHV, 300 gf) measured on the upper plate along
the build direction (YZ plane) of the C2F-AB (Figure 11a), C2G-AB (Figure 11b) C2F-HT
(Figure 11c) and C2G-HT (Figure 11d) samples. For the C2F-AB sample, the average mi-
crohardness on the upper plate is 308 + 16 HV, with values higher near the edge and in-
terface with the lattice and lower towards the core [16]. The C2G-AB sample shows a
higher average microhardness of 329 + 12 HV. In the HT condition, both C2F and C2G
samples exhibit similar microhardness values of approximately 497 + 10 HV. The greater
standard deviation in AB samples, compared to HT ones, is due to a less uniform micro-
structure, residual stresses, printing defects, and thermal fluctuations. Heat treatment en-
hances microstructural uniformity, reduces residual stresses, and minimizes defects, re-
sulting in lower variability and standard deviation in microhardness.

Figure 12a presents a column chart comparing average microhardness values and
their standard deviations along the YZ plane for C2F-AB and C2F-HT samples, focusing
on the upper plate, lattice nodes, and struts. Both AB and HT samples show distinct peaks
in average microhardness, characterized by significant standard deviations, especially
within the lattice structure. This variability is due to the presence of numerous pores in-
troduced during manufacturing, particularly in the lattice structure, including the struts
and nodes. Figure 12b shows a bar chart of average microhardness values and standard
deviations for the C2G sample along the upper plate and three lattice walls (one central
and two near the edges) in the YZ plane, before and after heat treatment. The relatively
higher standard deviation observed for the C2F samples, particularly within the lattice
regions, can be attributed to their heterogeneous microstructural features, such as the
presence of melt-pool boundaries, partially recrystallized zones, and variable heat-af-
fected regions around the struts. In contrast, the C2G samples, characterized by a contin-
uous wall morphology and more homogeneous heat distribution, exhibited lower
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variability in hardness. This behavior further confirms the superior thermal stability of
the Gyroid topology during the L-PBF process, resulting in more uniform precipitation
strengthening after heat treatment.
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Figure 11. HV microhardness profiles (300 gf) of the upper plate collected in the growth direction
of (a) C2F-AB, (b) C2G-AB, (c) C2F-HT and (d) C2G-HT samples.

(a) CF  EEAB EEHT (b) €6 E=AB ERHT
550
500
450
400
350
300
250
200
150
100
50
[}

Microhardness (uHV)

Microhardness (pHV)

Plate Plate Lattice Lattice Lattice Lattice

Plate Plate Lattice Lattice Lattice Lattice Lattice Lattice
struts  struts node  node

1 I c c T r

Figure 12. Comparison of average microhardness values with standard deviations obtained along
the YZ plane for (a) C2F-AB and C2F-HT samples, measured on the upper plate, lattice nodes, and
struts, and (b) C2G-AB and C2G-HT samples, measured on the upper plate and on the lattice near
the outer walls (left and right) and the central wall.

The increase in hardness observed in the heat-treated samples compared to the as-
built condition is primarily attributed to significant phase precipitation resulting from
heat treatment. TEM micrographs (Figure 10b) identify the predominant 6 phases, with v’
phases also contributing significantly. The y’ phases precipitate during the double aging
process at 718 °C and 621 °C, strengthening the material and enhancing its hardness. Sim-
ilar findings have been reported by Deng et al. [35] and Zhang et al. [38]. Implementing a
high-temperature homogenization step or reducing the aging duration could promote the
precipitation of the y” phase. Further studies are required to assess whether these modi-
fications may enhance mechanical properties, including microhardness. Nevertheless,
since this work strictly followed the heat treatment procedures prescribed by Aerospace
Material Specifications AMS 2774 and AMS 5662, no conclusive evidence can be drawn
beyond the observations reported in the referenced literature [16]. Additionally, Chaman-
far et al. [37] observed that a small amount of 6 phase can inhibit grain growth by pinning
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grain boundaries, which enhances strength and hardness through grain boundary
strengthening [37]. However, excessive 0 phase content can reduce strength, as it depletes
Nb and hinders the precipitation of v” strengthening phases.

It is important to emphasize that the mechanical assessment presented in this study
is based exclusively on Vickers microhardness measurements, which provide a localized,
yet statistically representative indication of the strengthening effects associated with vy’
phase precipitation following the AMS 2774 + AMS 5662 heat-treatment cycle. While hard-
ness does not directly quantify global mechanical properties, such as tensile or fatigue
behavior, it remains a sensitive metric for evaluating microstructural consistency and the
precipitation response within L-PBF Inconel 718.

The comparable hardness levels measured across the upper plates and lattice regions
of both the C2F and C2G samples indicate that the applied heat treatment promoted a
similar degree of microstructural stabilization in both topologies. This finding demon-
strates that, despite differences in geometrical configuration and heat dissipation during
the L-PBF process, both architectures achieved a comparable degree of strengthening.
Consequently, the microhardness results provide valuable insight into the effectiveness
of the thermal treatment and the intrinsic uniformity of the alloy’s microstructural re-
sponse.

Future work will incorporate nanoindentation and miniaturized tensile testing to es-
tablish quantitative correlations between local hardness, yield strength, and strain-hard-
ening behavior within the lattice structures. Nonetheless, the current microhardness al-
ready offers meaningful insight into the microstructural response and strengthening po-
tential of L-PBF Inconel 718 lattice architectures under industrially relevant processing
conditions.

4. Conclusions

This study extended the previous investigation on Inconel 718 lattice structures fab-
ricated via L-PBF [16], focusing on a comparative assessment between beam-based FCCZ
and TPMS-based Schoen Gyroid architectures. Building upon earlier results, where the
FCCZ structure demonstrated suitability as an internal support for upper plates under
specific geometric constraints, the present work broadened the analysis to include the Gy-
roid topology, with the aim of assessing its potential as an advanced support structure for
complex geometries.

Finite Element Method (FEM) simulations performed in Ansys confirmed the capa-
bility of the software to accurately predict thermal and mechanical deformations both dur-
ing the L-PBF process and after removal from the build platform. In detail, FEM simula-
tions predicted maximum directional deformation of 0.32 mm and residual stress of 1328
MPa for the FCCZ sample, versus 0.17 mm and 940 MPa for the Gyroid, indicating a 40—
45% reduction in both distortion and peak stress when using a continuous TPMS geome-
try. These results were experimentally validated through stereomicroscope measure-
ments showing close numerical agreement.

Microstructural characterization, carried out specifically on the C2F and C2G
samples, both in the as-built and heat-treated conditions, led to the following

main outcomes:

e Defect formation and porosity: Quantitative metallographic analysis revealed that
the Gyroid lattice exhibited approximately 40% lower porosity than the FCCZ struc-
ture in the lattice region (approximately 1.2% vs. 1.7%, Table 4), with complete sup-
pression of keyhole type defects observed in the beam-node architecture. This
demonstrates that the Gyroid’s smooth curvature effectively mitigates local over-
heating and recoil-pressure instabilities during laser melting.
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e Microstructural evolution: Heat treatment according to AMS 2774 + 5662 induced
partial recrystallization and precipitation of v’ and d phases in both lattices, increas-
ing Vickers microhardness from 308 + 16 HV for C2F-AB sample and 329+12 HV for
C2G-AB sample to microhardness values of approximately 497+10 HV on average
corresponding to an increase of about 55-60% compared to the as-built condition.
These results confirm that the Gyroid topology exhibits a more uniform hardness
distribution and improved microstructural consistency compared to the FCCZ struc-
ture, reflecting a greater thermal stability of melt pool solidification and heat treat-
ment response, factors that are critical for ensuring reliable mechanical performance
in service.

e  Persistent secondary phases: TEM observations confirmed the presence of residual
Nb-rich Laves phases after the AMS cycle, potentially limiting complete precipitation
hardening and long-term creep or fatigue performance. These findings highlight the
need for optimized homogenization or HIP + aging treatments to fully dissolve inter-
dendritic phases in additively manufactured Inconel 718 lattices.

When comparing the two lattice topologies, the Gyroid structure demonstrated clear
advantages over the FCCZ configuration. Its TPMS-based continuous surface promoted
more uniform thermal gradients during fabrication, reducing local stress concentrations
and deformation, as confirmed by FEM predictions and post-process measurements. Ad-
ditionally, the smoother curvature transitions and absence of sharp nodes improved pow-
der flow and melt-pool stability, minimizing defect formation and enhancing overall
structural integrity. These characteristics make the Gyroid topology particularly well-
suited as a self-supporting structure for L-PBF fabrication of complex Inconel 718 compo-
nents, where mechanical reliability and geometric accuracy are essential. Overall, this
study confirms that TPMS-based designs, specifically the Schoen Gyroid, represent a
promising alternative to conventional beam-based lattices such as the FCCZ, offering a
combination of mechanical robustness, improved manufacturability, and superior perfor-
mance as internal supports for demanding applications.
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Abbreviations

The following abbreviations are used in this manuscript:

TPMS Triply Periodic Minimal Surface
FCCZ Face Centered Cubic with Z Struts

PBF Powder Bed Fusion

DED Direct Energy Deposition

L-PBF Laser Powder Bed Fusion

OM Optical Microscopy

SEM Scanning Electron Microscopy

TEM Transmission Electron Microscopy

BF Bright-Field

FEM Finite Element Method

DoE Design of Experiment

AB As-Built

HT Heat Treated

HIP Hot Isostatic Pressure
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