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Abstract

The ability to manufacture complex design geometries via Additive Manufacturing (AM) has led to a rapid growth in advancing the design
methods, fabrication, and application of Triply Periodic Minimal Surface (TPMS) lattices with minimal surface topologies. Due to its zero-mean
curvature, TPMS lattices can be additively manufactured without any sacrificial support structures and offer both design and manufacturing
engineers, unprecedented control over the local physical properties (surface area, relative density, etc.) and local mechanical properties (flexural
strength, Young's modulus, etc.). TPMS lattices are of high interest for a wide range of applications such as biomedical implants, energy
absorption, and surface fluidic applications such as heat exchangers, and energy storage. Recent advancements in functionally graded TPMS
lattice design by varying local lattice geometry has shown to result in different mechanical performance. However, there have been limited studies
in understanding the functional grading of AM process conditions (e.g., Laser-Powder Bed Fusion in this study) and lattice sheet thickness to
better map the design-processing conditions-properties. The goal of this study is to achieve similar mechanical properties in TPMS sheet lattices
with two different TPMS sheet thicknesses by varying laser processing conditions (e.g., contour and hatch conditions in this study). Quasi-static
tensile testing of solid samples with corresponding AM conditions and 3-point bending tests of TPMS lattices were performed in accordance with
ASTM E8 and ASTM E290, respectively. It was observed that the flexural properties of the 0.75mm and 0.25 mm TPMS lattices are similar and
exhibit different properties with different scan strategies and speed variations under contour-only and hatch-only laser scanning strategies. Also,
the 0.75 mm TPMS sheet lattices exhibited 79% higher flexural stiffness than the 0.25mm sheet lattices. It was also observed that this observed
trend was reversed in the case of tensile properties. Findings from this study can provide new directions towards achieving gradient TPMS lattice
designs with varying local mechanical performance by grading the laser scanning strategies to achieve desired mechanical properties and surface
topologies.

© 2024 The Authors. Published by ELSEVIER Ltd. This is an open access article under the CC BY-NC-ND license
(https://creativecommons.org/licenses/by-nc-nd/4.0)

Peer-review under responsibility of the scientific committee of the NAMRI/SME.

Keywords: TPMS; LPBF; gradient design, mechanical properties,

1. Introduction

Triply Periodic minimal surfaces (TPMS) are
mathematically defined non—intersecting surfaces that divide
3-dimensional space into multiple repeatable and non-
intersecting domains that are self-supporting, i.e. do not require
sacrificial support during additive manufacturing (AM)
processing, [1]. The diamond and gyroid TPMS are the most
well-known surfaces and have been extensively investigated

for topology-driven material development [2]. TPMS cellular
materials hold multiple advantages over conventional strut and
plate-based cellular architecture. Their robust mathematical
design structure and ease of functional grading allow for the
rapid implementation of topology-driven models for achieving
unique mechanical properties such high strength-to-weight
ratio, high energy absorption, high surface-to-volume ratio, and
high thermal conduction [3]. The smooth topology of TPMS
surfaces lacks sharp edges and stress concentration points and

2213-8463 © 2024 The Authors. Published by ELSEVIER Ltd. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0)

Peer-review under responsibility of the scientific committee of the NAMRI/SME.



A. Shaikh et al. / Manufacturing Letters 41 (2024) 1046—1054 1047

the stretching-dominated architecture of TPMS lattices
provides superior mechanical performance compared to lattices
with  bending architecture. = Micro-scale  topological
imperfections caused during manufacturing can have a
significant effect on macro-scale mechanical properties [4].
TPMS surface topologies have a significant advantage over
conventional plat-strut type lattices owing to their zero mean
curvature and large surface areas. [5,6]

TPMS based lattices have been implemented in a wide range
of applications involving fluid structure interactions, batteries,
catalytic converters, and fuel cells owing to their high surface
are to volume ratio [7]. Ouda et al., (2020) [8] redesigned feed
spacers using TPMS structures for direct contact membrane
distillation and reverse osmosis. TPMS based feed spaces were
found to be more effective at reducing fouling and enhancing
turbulence than their commercially available counterparts.
Elliot et al (2017) [9] investigated the topologies of biofilter
media carriers that determine the performance of moving bed
biofilm reactors used for wastewater treatment. Media carriers
redesigned with sheet network and gyroid topologies had
comparable rates of ammonia removal to that of commercially
available media. Al-Ketan et al (2019) [10] fabricated and
tested TPMS based ceramic catalytic substrates based on solid-
network and sheet network designs. TPMS based substrates
showed a reduced pressure drop with higher compressive
strength and the highest in gyroid sheet network substrates.
Werner et al (2015) [11] created Lithium-ion/sulphur energy
storage system with an ultrathin 3D gyroidal electrolyte phase.
A stable open-circuit voltage was observed in their
electrochemical  analysis demonstrating battery like
functionality with a significantly smaller footprint than similar
2D thin layer design. TPMS based heat exchangers designed
by Femmer et al (2015) [12] have better performance when
compared to flat sheet heat exchangers. TPMS based
reinforcements have also been used to enhance the mechanical
properties  of  interpenetrating  phase  composites
(IPC). Biomedical applications such as tissue engineering have
also benefitted from the mathematically driven topological
attributes of TPMS structures. [13] Rajagopalan et al, (2006)
[14] presented an early study on TPMS based scaffolds for
tissue regeneration. The influence of scaffold architecture on
tissue regeneration parameters such has cell seeding and
settling speeds have been studied extensively by previous
investigators.

Additive manufacturing has played a significant role in the
fabrication of lattices with TPMS topologies. Due to their self-
supporting nature [26], TPMS lattices can be additively
manufactured with high dimensional accuracy using different
AM processing methods such as Stereolithography ([15],[16],
[17],[18]) Laser Powder Bed Fusion ([19],[21],[22]) and
material jetting ([23],[24],[25]) at a wide range of materials
such as titanium, stainless steel, polymers and ceramics.
Depending on the AM process, TPMS-enabled smooth curved
surfaces facilitate post-processing procedures such as powder
and resin removal. To the best of the authors’ knowledge, there
are limited studies on the exploration of processing conditions
(e.g., laser power, scan speed, and scanning strategy) on the
resulting microstructure, AM process induced defects and

ultimately, mechanical properties of TPMS lattice-structured
metal parts, especially Ti6Al4V produced by LPBF. Qu et al.
(2021) [34] explored optimal process parameters for micro-
scale LPBF of SS316L, determining them through cubes and
thin-walled TPMS gyroid structures of different sheet
thickness. They achieved a component density of 99.7% with
an energy density of 100 J/mm? using specific parameters, and
identified a parameter set resulting in 100pm thin and
continuous walls with superior dimensional accuracy. Hussain
et al. (2024) [35] conducted a comprehensive study
investigating the phase transformation behaviour of NiTi shape
memory alloy (SMA) TPMS lattices fabricated via LPBF.
Their findings emphasize the importance of considering the
interplay between structural geometry, material properties, and
process parameters in the design of SMA structures.
Specifically, they observed significant effects of scanning
speed and laser power on the thermal behaviour of both
primitive and gyroid TPMS samples.

In this paper, the effects of laser processing conditions on
the mechanical properties of TPMS surface lattices are
systematically investigated. The goal of this study is to achieve
similar mechanical properties with 2 different TPMS sheet
thicknesses. The motivation for this study is to enable the
design and manufacturing of gradient thickness lattice
structures with similar mechanical properties and functionally
graded density. Such locally engineered properties are highly
desirable for applications such as robotics, fracture-fixation
implants, and light-weight structures. To this end, TPMS
lattices with two sheet thicknesses were characterized using
mechanical testing (3-point bending test). Mechanical test
coupons were manufactured using LPBF. Micro-CT was used
to better understand the as-built component densities of the
samples manufactured.

2. Methodology
2.1. Design and Manufacturing

The TPMS gyroid topology was modeled in nTopology
(version: 4.9.3, New York, USA), using two different sheet
thickness 0.25mm and 0.75mm, respectively. The designed
relative densities (p*) of 0.25mm and 0.75mm sheet
thicknesses are 0.048 and 0.145 and is calculated using
(Pratice/Psolid) [34]. Using the process parameters detailed in
Table 1, 3DXpert (version 2022, 3D Systems, Inc., USA) was
used to generate the build plan (Figure 1) for the fabrication of
the study specimens using nominal parameters in the ProX
DMP 320 (3D Systems, Inc., USA) L-PBF machine produce
each sample. Six distinct process variations were implemented,
each employing one of two different scan strategies (Figure 2)
to induce different processing conditions (i.e., scan speed and
scan pattern) (Table 1). For each strategy, the scan speed was
adjusted from its nominal speed, with variations involving both
a 15% increase and a 15% decrease. A control sample was also
manufactured with the default machine specified nominal
process parameters (Table 2). The feedstock material utilized
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Figure 1. LPBF build plate with different fabricated sample groups of TPMS
gyroids of 0.25 mm and 0.75mm
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Figure 2. Laser scanning strategies: Contour vs Hatch.

was commercially available biocompatible Ti-6Al1-4V ELI
(Grade 23) spherical powder within the size range of 15-45um
(composition: Ti - balance, Al - 6.0, V - 4.0, C-0.03, Fe - 0.1,
O - 0.1, N - 0.01, 3D Systems Inc., USA). The effective spot
size, determined by the implemented laser process parameters
and powder size distribution, is approximately 100um.
Following the layer-by-layer metal additive manufacturing
process, the specimens were separated from the substrate using
non-contact wire electric discharge machining (Wire-EDM).

Laser Scan Layer Beam Hatch Hatch
power speed thickness diam at type distance
(W) (mm/s) (um) focus (um)

(um)
245 1250 60 60 Strip 82

Nominal
Speed

C_Nom_0.25

15% C+15Nom_0.25
Higher

Contour only Speed

15% C-15Nom_0.25
Lower
Speed

Nominal
Speed

0.25 mm H_Nom_0.25

15% H+15Nom_0.25
Higher

Hatch only Speed

15% H-15Nom_0.25
Lower
Speed

trol_0.25
Control Sample Control_

Nominal
Speed

C_Nom_0.75

15% C+15Nom_0.75
Higher

Contour only Speed

15% C-15Nom_0.75
Lower
Speed

Nominal
Speed

H_Nom_0.75
0.75 mm - om-

15% H+15Nom_0.75
Higher

Hatch only Speed

15% H-15Nom_0.75
Lower
Speed

trol_0.75
Control Sample Control_0.7

Table 1. Experimental parameter space, where nominal speed is 1250 mm/s.

Table 2. L-PBF process parameters for control sample Ti-6Al-4V ELI (Grade
23)

2.2. Morphological analysis

Micro computed tomography (micro-CT) was performed on
the representative witness coupons of 100mm x 10mm x 100
mm across the seven groups to evaluate the morphological
parameters of the as-built parts in a General Electric Pheonix
V]tome|xL 300 micro/nanoCT system. The 300-kV microfocus
tube was used exclusively for imaging of these scans as the
smaller 180-kV nanofocus tube did not supply sufficient power
to achieve good X-ray transmission. For each sample, 1700
images were acquired on a 2024x2024 detector grid at a voltage
of 210kV and 50uA current. Setting detector distance and
sample position yielded a voxel size of 10um. Reconstruction
of raw image stacks was completed using Volume Graphics
(VG2022). Images were reconstructed as 32-bit volume files.
(Figure 6) For each specimen, reconstructed 32-bit images with
the dimensional information were used as an input in the Avizo
software (version 2021.2, Amira-Avizo, FEI, Thermo Fisher
Scientific, USA). Binarization of the specimen image was done
by thresholding which divided the part into void/pore space and
solid material. Pore morphology analysis including the volume
percentage of porosity and pore size distribution were
calculated using Avizo from the binary images.

2.3. Surface characterization

To evaluate the surface roughness of the as built specimens,
Mitutoyo Surface Tester 178-561-12A was used with a stylus
tip radius of 2um. The surface roughness tester was calibrated
initially by determining the Ra value for a reference precision
calibration specimen. Subsequently, a random tensile sample
was selected from each study group, and surface roughness
measurements were conducted on five different regions of each
sample. The evaluations encompassed assessing the Ra
(roughness average), Rz (average maximum height of the
profile), and Rq (root mean square roughness) of each surface.
The rationale for investigating surface roughness is to correlate
mechanical performance with surface topology of interest to
applications such as orthopaedic implants where anatomy-
specific sites require tailored surface roughness.



A. Shaikh et al. / Manufacturing Letters 41 (2024) 10461054 1049

2.4. Mechanical characterization
2.4.1. Digital image correlation (DIC)

Digital image correlation (DIC) was employed with an aim
to quantify full-field strains on the surface of the study
specimens during quasi-static tensile and three-point bending
tests. The DIC images were captured using a Flea3 digital
camera (FLIR Systems, Inc., USA) with an 8.8 MP resolution
at a frequency of 0.5 Hz. The post-processing involving the
computational % strain analysis on the recorded images was
performed on the commercial software Vic-3D software
(Version 7, Correlated  Solutions, Inc., USA).
The sample preparation for DIC involved generating black
speckle patterns through first spray-painting the specimens
with white paint, then following a 10-minute drying period. A
pressure-controlled airbrush was used to apply random black
speckles onto the imaging surface of the specimens.

2.4.2. Quasi-static tensile testing

A total of three samples per study group were subjected to
quasi-static tensile test on 30 kN load frames (MTS Inc., USA).
According to the ASTM ES8 standard [20], displacement control
was applied at a displacement rate of 2 mm/s during the tensile
testing. The test was carried out until the samples experienced
failure. Stress-strain curves were computed from load frame
load-displacement data. For every test specimen, the elastic
modulus (E), yield stress (oy), ultimate tensile strength (Syr)
was calculated from the stress-strain curves. Elastic modulus
was determined as the slope of the linear elastic region, and the
yield stress was calculated using the 0.2% offset of the elastic
modulus line.

2.4.3. Flexural strength characterization

The three-point bending tests were conducted on 2 samples
per study group of both 0.25 mm and 0.75 mm sheet
thicknesses using load frames equipped with bending fixtures
and a static load limit of 30 kN. A displacement control rate of
0.008 mm/s was implemented, following the guidelines of
ASTM E290 [36]. Testing concluded upon specimen fracture
or the observation of a sudden drop in the applied load. From
the bending plots, maximum flexural stiffness was calculated
which is the ratio of maximum load to the maximum
deformation.

2.5. Statistical analysis

The statistical analysis was performed using the Minitab
Statistical Software Version 21.1.0 (2023 Minitab, LLC.)
Statistical significance was assessed using one-way ANOVA,
followed by Tukey's test for conducting pairwise comparisons
among the various study groups.

3. Results
3.1. Surface characteristics of as-built Samples

Surface characterization was performed to assess the surface
roughness, employing three key parameters: Ra, Rz, and Rq.
The investigation yielded noteworthy insights consistently
across all the 3 processing conditions (Figure 3, Figure 4, and
Figure 5). The control sample was observed to have the lowest
surface roughness (Ra-7.56 pm) among all examined samples,
indicating a baseline for minimal irregularities on the surface.
In the case of the hatch strategy, any deviation from nominal
scan speed corresponded to an increase in surface roughness.
This observation suggests a sensitivity of surface roughness to
changes in the scan speed for the hatch strategy, emphasizing
the need for careful consideration when implementing
variations in this parameter. Conversely, for the contour
strategy, deviations in scan speed from its nominal value
resulted in a reduction in surface roughness. This trend
indicates a contrasting effect compared to the hatch strategy.

Boxplot of Ra
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Figure 3. Boxplot of Ra for the different sample groups
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Figure 4. Boxplot of Rq for the different sample groups.
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Figure 5. Boxplot of Rz for the different sample groups.

3.2. Morphological properties

Micro-CT analysis was conducted to compute the density
(%) of different sample groups. According to the findings
shown in Figure 6, the sample group "Contour Only Nominal
Speed" exhibited a slightly lower density compared to all the
other samples. These results imply minor variations in relative
density values among the remaining groups, except for the
"C_Nom" sample group. The overall trend suggests a similarity
in density across most of the samples, indicating that the
employed contour and hatch scan strategies, along with their
respective variations in scan speed, do not lead to substantial
differences in relative density.

C Nom (97.57%) C+15Nom (99.97%) C-15Nom (99.98%) H_ Nom (99.99%)

H+15Nom (99.99%)

H-15Nom (99.99%)

Control Sample (99.99%)

Figure 6. Relative densities (%) of different sample groups.

3.3. Quasi-static tensile responses

Quasi-static tensile responses were collected from various
dog bone samples subjected to different Ti6AI4V AM scan
processing conditions, as detailed in Table 3. The stress-strain
curves derived from static tensile tests facilitated the
determination of ultimate tensile strength (UTS) and elongation
(%). As shown in Figure 7, Sample 2 (C+15Nom) showed the
highest UTS of 1194.9867 MPa, while the Sample C_Nom
showed the lowest UTS of 60.14 MPa. Samples C+15Nom, C-
15Nom, H Nom, H+15Nom, and H-15Nom exhibited UTS
values ranging closely around 1133 to 1194 MPa, suggesting

A. Shaikh et al. / Manufacturing Letters 41 (2024) 10461054

consistent performance and stability despite variations in scan
speed and scan strategies. Similarly, the control sample lies
closely within this consistent trend with a UTS of 1175.833
MPa. The analysis of variance (ANOV A) yielded a significant
p-value of 0.0005, indicating differences among the sample
groups. However, employing the Tukey method of comparison
with a 95% confidence level (Table 4) reveals that Sample 1
(C_Nom) is significantly different from all other sample
groups. In contrast, the remaining six sample groups share the
same letter group, signifying that they are not statistically
different from each other in terms of ultimate tensile strength.
This emphasizes the general homogeneity of UTS among all
the sample groups except C_Nom.

Sample Ultimate Tensile Elongation Elastic Modulus
Strengths  (Sut) (%) (MPa)
(MPa)
C_Nom 60.14 + 18 - 3172 +320.22
C+15Nom  1194.98 +18.55 20.27+0.66  8518.73 +629.75
C-15Nom 1133.74 £47.35 19.57+2.45 9438.62 +229.04
H_Nom 1154.90 £43.22 18.37+2.64 952542 +241.35
H+15Nom  1137.46 +43.18 17.37+1.46 9517.29+9532
H-15Nom 1192.97 +£41.82 17.48+£1.45 9672.67 +339.84
LT60 1175.83 £ 54.74 20.81+£2.45 9553.3+36.86

Table 3. Summary of the mechanical tensile properties.

Comparison of Ultimate Tensile Strength (Mean of n=3)
1400

1200 ‘IZ e

1000
800

600

UTS (MPa)

Sample Nomenclature
B8C_Nom BC+15Nom BC-15Nom @H_Nom ®H+15Nom BH-15Nom ®Control

Figure 7. Comparison of Ultimate Tensile Strengths.

Nomenclature N Mean _ Grouping
C+15Nom 3 1195.0 A
H-15Nom 3 1193.0 A

LT60 3 11758 A
H_Nom 3 11549 A
H+15Nom 3 11375 A
C-15Nom 3 11337 A
C_Nom 3 60.14 B

Means that do not share a letter are significantly different.

Table 4. Tukey UTS mean- comparison of sample groups.
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The % elongation was also compared for all the sample
groups (Table 3) except the contour nominal speed (C_Nom),
reason being it has the lowest strain under tension, and hence
was excluded from the tensile elongation analysis due to its
minimal elongation behavior. From the comparison (Figure 8),
the control sample exhibited the highest tensile elongation
(20.81%), indicating superior deformability before reaching
fracture. The ANOVA yielded a p value of 0.232 (p value >
0.05) indicating no significant differences between all the
sample groups. This conclusion is consistent with the Tukey
method of comparison of the group means with a 95%
confidence level. (Table 5).

Comparison of % Elongation (Mean of n=3)

THu

n

o
T

Elongation (%)

Sample Nomenclature
@C+15Nom @C-15Nom BH Nom @H+I15Nom @H-15Nom ®Control

Figure 8. Comparison of % Elongation.

Nomenclature N Mean Grouping
LT60 3 20.81 A
C+15Nom 3 20273 A
C-15Nom 3 19.57 A
H_Nom 3 18.37 A
H-15Nom 3 17.483 A
H+15Nom 3 17.367 A

Means that do not share a letter are significantly different.
Table 5. Tukey % elongation comparison of sample groups.

The outcomes obtained from Digital Image Correlation
(DIC) tensile test analysis revealed a consistent trend in the
percentage strain across all sample groups. Notably, the
observed percentage strain closely follows the same trend as
for the calculated percentage elongation for each of the sample
groups.

In addition, the elastic modulus was also calculated and
compared for the different sample groups. From the
comparison in Figure 9, the sample group C_Nom showed the
lowest elastic modulus of 3172 MPa, and the sample group
C+15 Nom showed an elastic modulus of 8518.73 MPa. All the
other sample groups exhibited Elastic modulus values ranging
closely from around 9438.62 to 9672.67 MPa. The Tukey
method of comparison with a 95% confidence level (Table 6)
reveals that Sample 1 (C_Nom) and Sample group 2
(C+15Nom) are significantly different from all other sample
groups and share different letter groups. In contrast, the
remaining six sample groups share the same letter group,

signifying that they are not statistically different from each
other in terms of elastic modulus.

Comparison of Elastic Modulus (Mean of n=3)

12000
BC_Nom
BEC+15Nom
BC-15Nom
OH_Nom
BEH+15Nom
BEH-15Nom
H Control

10000

8000

6000

4000

Elastic Modulus (MPa)

2000 r

Sample Nomenclature

Figure 9. Comparison of Elastic Modulus.

Nomenclature N Mean Grouping
H-15Nom 3 9673 A

LT60 3 95533 A
H_Nom 3 9525 A
H+15Nom 3 95173 A
C-15Nom 3 9439 A
C+15Nom 3 8519 B
CNom 3 3173 C

Means that do not share a letter are significantly different.
Table 6. Tukey Elastic modulus comparison of sample groups.

3.4. Flexural behavior

Quasi-static three-point bending responses for TPMS gyroid
of 0.25 and 0.75mm sheet thickness are presented in Figure 11
and Figure 12. Based on Figure 11, force-displacement curves
for the 0.25 mm TPMS gyroid structures, it was observed that
the sample subjected to the contour-only nominal speed
exhibited the lowest deformation behavior. In contrast, all other
samples displayed an increasing trend of deformation behavior,
surpassing that of the control sample. On the other hand, for the
0.75mm sheet thickness TPMS gyroid structures (Figure 12), it
was observed that the deformation behavior was almost similar
for all the sample groups, except for the contour only nominal
speed scan strategy.

Control Sample_0.75mm CH15Nom_0.75mm

Figure 10. DIC strain data for control sample and C+15Nom for 0.75mm
gyroid sheet thickness lattices.
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Figure 11. Average Load vs Deformation curves 0.25 mm sheet thickness
TPMS lattices.
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Figure 12. Average Load vs Deformation curves 0.75 mm sheet thickness
TPMS lattices.

An increasing trend in flexural stiffness for both sheet
thickness was observed as seen in Figure 13 across all the
sample variations from the control sample, except the C_Nom.
Also, as expected the flexural stiffness of 0.75 mm sheet
thickness is seen to be higher than 0.25mm sheet thickness

Flexural Stiffness Comparison

@Stiffness (0.25 mm) B Stiffness(0.75 mm)

25000

20000
15000

10000

5000.
L=m NN HE NN EN N

C_Nom C+15 C-15 H_Nom H+15 H-15 Control
Sample

Flexural Stiffness (N/mm)

Sample Nomenclature

Figure 13. Comparison of maximum flexural stiffness for 0.25 mm and
0.75 sheet thickness TPMS lattices.

lattice structure.

4. Discussion
4.1. Tensile Testing

Interestingly, similar mechanical properties, specifically
Ultimate Tensile Strength (UTS), elastic modulus, and %
elongation were observed, except for the contour only with
nominal scan speed (C_Nom) strategy which stands different.
Most variations, including different scan strategies and varied
speeds, did not induce significant deviations in UTS and elastic
modulus. This suggests that the mechanical properties of the
manufactured components remain largely unaffected by
alterations in the scanning parameters. The UTS of Ti6Al4V
manufactured by LPBF AM with different scan speed and
strategy variations and constant laser power of 245W found in
this paper is consistent with the literature. ([23], [24], [25],

[26])
4.2. Surface roughness

In general, deviations from the control sample in terms of
scan speed and strategy tend to result in an increase in surface
roughness. This observation aligns with expectations, as
variations in scan speed and strategy are anticipated to generate
a relatively less stable and controlled melt pool at the surface.
The consequence of this less controlled process manifests as
more irregular surface roughness, contributing to the observed
increase. ([27], [28], [29])

4.3. Micro- CT

The micro-CT results for LPBF additively manufactured
Ti6Al4V have revealed consistently excellent density across
various parameters. Interestingly, a key insight emerges from
this analysis: within a range of £15% from the nominal speed,
no deviation from nominal density is expected. It is important
to note that the laser power should be constant. This
observation holds significant implications as it can be treated
as a concurrent design and processing variable in LPBF
additive manufacturing process using Ti6Al4V alloy. Carrozza
et al. [37] conducted a study where they printed multiple thin-
walled Ti6Al4V structures using Laser Powder Bed Fusion
(LPBF). They observed a correlation between the width of the
specimens and their porosity, microstructure, and hardness.
Despite lower wall thickness (300 um) and channel diameter (1
mm), Ti6Al4V alloy demonstrated good processability, with
observed relative density values ranging from 97% to 99%.
Also, Wu et al. [38] suggested that higher porosity levels could
be expected in thin Ti6A14V structures due to the unpredictable
melt pool shape in this context, potentially leading to increased
process-related defects. Based on the literature, it is anticipated
that higher levels of porosity will be observed in structures with
a 0.25 mm sheet thickness compared to those with a 0.75 mm
thickness, even under optimal process parameters.
Consequently, the authors plan to conduct further examinations
of the morphological properties, using micro-CT imaging, on
thin sheet TPMS, and include microstructure characterization
in future studies.
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4.4. Flexural Behavior

To the best of authors' knowledge, this study is the first to
report on the flexural behavior of the different lattice sheet
thickness with varying process scan strategy and speed
conditions. The gyroid's flexural stiffness proportionally varies
between 0.25 mm and 0.75 mm thicknesses, as anticipated.
Moreover, scan parameter deviations impact flexural stiffness,
generally resulting in increased stiffness from the control
sample. This increase in stiffness implies a transition toward
less ductile material response. A substantial rise in flexural
stiffness, ranging from 48% to 79%, was noted in the 0.75 mm
sheet thickness lattice in comparison to the 0.25 mm sheet
thickness lattice. This significant increase underscores the
considerable impact of sheet thickness on flexural stiffness,
suggesting a notable difference in structural rigidity between
the two thickness variants. The results from DIC (Figure 10)
show an agreement in strain-maps for all samples of the same
sheet thickness (with the exception of sample C_Nom for both
study groups). A comparative visualization between two
sample groups (the 0.75mm thick control and sample
C+15Nom) are shown for a visual comparison of strain
distribution during testing at a displacement of 0.125 mm and
a force of 328.6 N.

5. Conclusion

This study comprehensively explored the manufacturing of
Triply Periodic Minimal Surface (TPMS) lattices using Laser-
Powder Bed Fusion (LPBF) and investigated the influence of
laser scan parameters on mechanical properties. Notably,
consistent mechanical tensile properties were achieved across
various scan strategies and speeds, except for the contour-only
nominal speed (C_Nom) strategy. Surface roughness exhibited
an expected increase with deviations from the control sample,
aligning with the anticipated influence of scan speed and
strategy on melt pool stability. Micro-CT results for Ti6Al4V
showcased excellent density, emphasizing a valuable design
rule: within a £15% range from the nominal speed, maintaining
constant power, no deviation from this excellent density was
expected. Unprecedented insights into the flexural behavior of
TPMS lattices, particularly the significant increase in stiffness
with 0.75 mm thickness compared to 0.25 mm, were
uncovered. This suggested the potential for functional grading
of lattice designs by varying laser scanning strategies. These
findings provided a crucial foundation for achieving uniform
mechanical properties and functionally graded density in lattice
structures, unlocking new possibilities for diverse applications.
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