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Abstract: Laser powder bed fusion (LPBF) is an emerging technique for the fabrication of triply
periodic minimal surface (TPMS) structures in metals. In this work, different TPMS structures such
as Diamond, Gyroid, Primitive, Neovius, and Fisher–Koch S with graded relative densities are
fabricated from 316L steel using LPBF. The graded TPMS samples are subjected to sandblasting to
improve the surface finish before mechanical testing. Quasi-static compression tests are performed
to study the deformation behavior and energy absorption capacity of TPMS structures. The results
reveal superior stiffness and energy absorption capabilities for the graded TPMS samples compared
to the uniform TPMS structures. The Fisher–Koch S and Primitive samples show higher strength
whereas the Fisher–Koch S and Neovius samples exhibit higher elastic modulus. The Neovius type
structure shows the highest energy absorption up to 50% strain among all the TPMS structures. The
Gibson–Ashby coefficients are calculated for the TPMS structures, and it is found that the C2 values
are in the range suggested by Gibson and Ashby while C1 values differ from the proposed range.

Keywords: laser powder bed fusion; 316L steel; porous structure; triply periodic minimal surface;
deformation behavior; energy absorption; surface morphology

1. Introduction

The advances in computer-aided design (CAD) and additive manufacturing (AM),
have led to the realization of complex geometries in metallic materials [1,2]. The new
design concepts, such as topology optimization, can enable the reduction in weight without
compromising the performance of a metal part. The combination of AM techniques and
topology optimization has resulted in fabrication of light weight triply periodic minimal
surface (TPMS) structures with high energy absorption efficiency, better vibration reduction,
and good biocompatibility [3,4]. The TPMS structures are used as shock absorbers in
spacecrafts and high-speed trains due to their high energy absorption capabilities [5,6].
LPBF is one of the most widely used metal AM techniques to fabricate complex metal
TPMS structures with high accuracy [7–11]. The LPBF is a layer-by-layer manufacturing
process in which the laser beam selectively melts and joins the metal powder layers until
the desired part is fabricated [11–13].

The TPMS structures are classified as bending- or stretching-dominated. The bending-
dominated TPMS structures like Tetrakaidecahedron and BCC display longer stress plateau
regions, whereas the stretching-dominated TPMS structures like octet-truss soften after
yielding [14,15]. The desired yield strength and Young’s modulus can be obtained by
optimizing the size and the geometry of the unit cells in metal TPMS structures. The
periodic unit cells in TPMS structures are typically defined by using mathematical equations.
These equations allow controlling the pore size, the zero-mean curvature, and the surface
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area in TPMS unit cells. Diamond, Gyroid, and Schwartz are the commonly used unit cell
types in metal TPMS structures. Numerous studies have been conducted to understand
the correlation between the unit cell characteristics and the mechanical properties of metal
TPMS structures [16–18]. Gibson et al. established a model to determine the effect of
relative density on the mechanical properties of the TPMS structures [14]. Al-Saedi et al.
conducted a similar study and determined the Gibson–Ashby co-efficients for functionally
graded F2BCC lattice structure with the help of experiments and calculations [19]. The
TPMS structures with smooth and continuous curves are known for their high-strength
and energy absorption capabilities [20,21]. Likewise, Al-Ketan et al. concluded that the
sheet-based TPMS structures tend to show a higher energy absorption and better load
bearing capacity compared to solid TPMS structures [22].

316L steel has been extensively studied using LPBF because of its widespread use
in structural and functional applications [23]. Bonatti et al. compared the shell-based
TPMS structures with that of truss lattices in 316L steel and found that the TPMS structures
showcased superior mechanical properties compared to the truss lattices with the same
density [24]. Yang et al. compared the compressive behavior of SLM-manufactured 316L
steel uniform and graded Gyroid lattices. It was established that the graded lattices had
improved mechanical properties compared to the uniform Gyroid lattices [25]. In a similar
study conducted by Yang et al., the effect of sandblasting on the compressive and fatigue
behavior of uniform 316L steel Gyroid lattice, it was found that the overall mechanical
behavior of the Gyroid sample improved after sandblasting [26]. The surface morphology,
mechanical response, and microstructure of uniform TPMS structures have been extensively
studied [27–29].

The relationship between mechanical properties and grading approaches for func-
tionally graded TPMS samples have been studied [25,30–33]. The mechanical properties
of functionally graded Diamond sample was investigated by Han et al. [33]. They found
that the functionally graded nature of the diamond sample led to layer-by-layer failure
mechanism. This is different from the uniform Diamond structure where the sample failed
due to the formation of diagonal shear bands. In a study conducted by Liu et al. [31], the
effect of changing cell type, cell size, and relative density was investigated. Acceleration of
biodegradation of functionally graded TPMS structures were reported by Li et al. [32]. They
found that the topology of TPMS lattices improved the degradation of metals. However,
the functionally graded TPMS structures are underexplored especially in structures like
Fisher–Koch S and Neovius compared to Gyroid, Diamond, and Primitive structures.

The aim of this study is to analyze the surface morphology, the mechanical proper-
ties, and the energy absorption of functionally graded TPMS structures such as Gyroid,
Diamond, Primitive, Neovius and Fisher–Koch S fabricated from 316L steel using LPBF.
The relative density of the structures was designed to vary from 30% to 70%. The samples
were sandblasted to improve the surface finish and compressive tests were performed to
measure the mechanical response and energy absorption capability. Further, Gibson–Ashby
model was implemented to determine the pre-factor coefficients C1 and C2.

2. Fabrication and Experimental Procedure
2.1. Design of TPMS Structures

As shown in Figure 1, five TPMS structures (i.e., Diamond, Gyroid, Primitive, Neovius,
and Fisher–Koch S) were designed by using an open source TPMS generator MS Lattice, [34].
The size of the samples was maintained at 8 mm × 8 mm × 8 mm with each unit cell
being 2 mm × 2 mm × 2 mm. The relative density of the samples varied from 30%
to 70% along the x-direction as shown in Figure 1. The TPMS designs were converted
into 3D stereo-lithography (STL) files, which were imported into Solidworks. Two end
plates, each with the thickness of 1 mm, were added at the top and the bottom of the
structures to support the compressive loading. The files were then imported to Materialise
Magics (© Copyright Materialise 2021, Leuven, Belgium) to assign the supports and the
corresponding process parameters for 3D printing. Equations (1)–(5) represent the nodal
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approximations of the TPMS structures, and their porosity is governed by the constant K as
defined by Al-Ketan et al. [34]:

Diamond: f (x, y, z) = sin(x) × sin(y) × sin(z) + sin(x) × cos(y) × cos(z) + cos(x) × sin(y) × cos(z)
+ cos(x) × cos(y) × sin(z) − K

(1)

Gyroid: f (x, y, z) = sin(x) × cos(y) + sin(y) × cos(z) + sin(z) × cos(x) − K (2)

Primitive: f (x, y, z) = cos(x) + cos(y) + cos(z) − K (3)

Neovius: f (x, y, z) = 3 × (cos(x) + cos(y) + cos(z)) + 4 × cos(x) × cos(y) × cos(z) − K (4)

Fisher-Koch S: f (x, y, z) = cos(2x) × sin(y) × cos(z) + cos(2y) × sin(z) × cos(x) + cos(2z) × sin(x) × cos(y) − K (5)
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2.2. Powder Preparation and Fabrication 
The TPMS structures shown in Figure 1 were fabricated from 316L steel using LPBF 

printer SLM 125 HL (SLM Solutions Group AG, Lübeck, Germany). The printer is 
equipped with a 400 W Ytterbium fiber laser and has a building volume of 125 mm × 125 
mm × 125 mm. A total of three samples for each TPMS design were fabricated as shown 
in Figure 1f. The scanning electron microscopy (SEM) micrograph of the gas-atomized 
316L steel powder obtained from SLM solutions AG is shown in Figure 2a. Image J [35] 
software was used to determine the particle size of the fresh powder and a histogram of 
the particle size distribution was obtained as seen in Figure 2b. The average powder 

Figure 1. Designed TPMS structures with relative density varying from 30% to 70% and build
direction (BD) indicated by the arrow and types: (a) Diamond; (b) Gyroid; (c) Primitive; (d) Neovius;
(e) Fisher–Koch; (f) As-built samples on the build plate.

2.2. Powder Preparation and Fabrication

The TPMS structures shown in Figure 1 were fabricated from 316L steel using LPBF
printer SLM 125 HL (SLM Solutions Group AG, Lübeck, Germany). The printer is equipped
with a 400 W Ytterbium fiber laser and has a building volume of 125 mm × 125 mm × 125 mm.
A total of three samples for each TPMS design were fabricated as shown in Figure 1f. The
scanning electron microscopy (SEM) micrograph of the gas-atomized 316L steel powder
obtained from SLM solutions AG is shown in Figure 2a. Image J [35] software was used
to determine the particle size of the fresh powder and a histogram of the particle size
distribution was obtained as seen in Figure 2b. The average powder particle size was found
to be 30 µm. The composition of the fresh 316L steel powder is listed in Table 1.
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Figure 2. (a) SEM micrograph of powder; (b) particle size distribution of commercial SLM solutions
316L powder.

Table 1. The chemical composition of 316L steel powder obtained from SLM solutions.

Element Fe Cr Ni Mo Nb + Ta Mn Si P S C N O

Mass fraction (%) Bal 16–18 10–14 2–3 - 2 1 0.045 0.03 0.03 0.1 -

The laser power (LP = 200 W), scan speed (SS = 800 mm/s), hatch spacing (HS = 120 µm),
layer thickness (LT = 30 µm), and the stripes scan strategy were used for the fabrication
of 316L steel TPMS samples. The above-mentioned process parameters were suggested
by the manufacturer SLM solutions Group AG. The energy density (Ev) used during the
fabrication process is 69.45 J/mm3, which is calculated as [10,13,36]:

Ev =
LP

SS × HS × LT
(6)

2.3. Experimental Procedure

A wire electrical discharge machine was used to remove the as-built TPMS samples
from the steel substrate. The samples were ultrasonically cleaned in iso-propyl alcohol.
Subsequently, the samples were sandblasted using a Shop Fox M1114 benchtop Sandblaster
and 100 grit aluminum oxide sand with a pressure of 60 psi for 30 s on each side to remove
the unmelted powder particles uniformly from all sides. Surface morphology was analyzed
using a Keyence VHX-970FN digital microscope.

Density measurements were performed using the Archimedes method as described
by Ma et al. [27]. A Veritas Precision Balance with a sensitivity of 0.0001 g was used for
the density measurements. The room temperature quasi-static compression tests were
conducted using an Instron 5969 universal testing machine equipped with a 50 kN load
cell. A constant strain rate of 10−3 sec−1 was applied along the x-direction (30% dense
side) for a maximum displacement maintained at 50% for each sample. Using the load vs.
extension data from the compression test, the stress vs. strain curves were obtained. The
stress values were calculated by dividing the force by the cross-sectional area of the sample
and the strain was determined by dividing the displacement by the sample height. A total
of 3 samples were tested for each TPMS design and the average values for yield strength
and Young’s modulus are reported.
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3. Results and Discussion
3.1. Surface Morphology and Ensity Analysis

The surface finish and the density of the TPMS samples significantly affect their
mechanical properties [37]. Thus, it is important to ensure that the samples are fabricated
without any large defects. The optical micrographs of the as-built TPMS samples are
shown in Figure 3a–e. In general, no macroscale defects were observed in all the samples.
However, rough surfaces were found along the struts due to the presence of unmelted
powder particles on the side and the overhang surfaces. The unmelted powder particles
form during the laser scanning which leads to the partial melting of adjacent powder
particles on the side and the overhang surfaces along the designed path (highlighted with
red arrows) as shown in Figure 3a–e.
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(c) Neovius, (d) Primitive, and (e) Fisher–Koch S and the corresponding surfaces after sandblasting
for (f) Diamond, (g) Gyroid, (h) Neovius, (i) Primitive, and (j) Fisher–Koch S samples.

The samples were sandblasted to remove the unmelted powder particles and improve
the surface finish of the TPMS samples as the presence of unmelted powder particles on
LPBF samples can be detrimental to the mechanical behavior [26]. From Figure 3f–j, we
can observe that the sandblasting effectively removed the unmelted powder particles. The
surfaces of sandblasted TPMS samples at different regions are shown in Figure 4. The
optical micrographs confirm that there are no macroscale defects such as cracks, pores,
and deformation, thus indicating the good manufacturability of the TPMS structures using
LPBF technique. One can also notice a gradual change in the dimensions of the struts as
the part density changes from 70% porous at the top to 30% porous at the bottom.
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The TPMS samples were cleaned In an ultrasonic bath after sandblasting and a pre-
cision balance was used to measure the mass of the samples in air and water. The part
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densities of the samples were calculated which are presented in Table 2. The achievement of
near fully dense samples is usually expected in solid parts fabricated by the LPBF process
due to layer-by-layer melting. Due to the functionally graded nature of the TPMS speci-
mens and the small unit cell size of 2 mm, it was noticed that the part density values were
lower, which is consistent with the literature [38]. The lower part density values can be
due to shrinkage, lack of fusion between powder particles, and unmelted powder particles
in the more porous (70% porous side) region consisting of larger overhang sections and
thermal stresses as it was fabricated without support structures [16,39]. We observed that at
more porous regions, there are some discontinuities in the struts of the samples leading to
weak intersections as the features are closer to the threshold of the laser spot size. The melt
pool size in LPBF technique is larger than the spot size of the laser. Thus, the scan contour
tracks compensate for this by shifting inwards as reported by [40]. The contour tracks also
partially melt the powder particles adjacent to the walls and therefore cause more powder
particles to adhere to the surface. These process-related factors lead to marginal increase
or decrease in the thickness of the struts which further justifies the small deviations in the
part density of the samples as also noticed by Al-Ketan et al. [41].

Table 2. The part densities of the sandblasted TPMS samples.

Sample Diamond Gyroid Neovius Primitive Fisher–Koch S

Part Density (%) 98.87 ± 0.12 99.71 ± 0.23 98.82 ± 0.13 98.99 ± 0.13 98.03 ± 0.12

3.2. Quasi-Static Compression Analysis

The compressive stress–strain curves of the TPMS samples are shown in Figure 5a
(up to 50% strain) and Figure 5b (up to 10% strain). The tests were performed with the
loading direction perpendicular to the build direction (see Figure 1). The Young’s modulus
was obtained by calculating the slope of the linear elastic region and the compressive yield
strength was determined by using 0.2% offset approach [39]. The stress–strain curves
indicate that after initial elastic region, the structures deform plastically and continue to
absorb energy and it is followed by the densification stage, where the samples behave like
a solid material as there is a large self-contact area. A similar deformation behavior was
observed by Li et al. for 316L steel Gyroid structures [16]. Figure 6 compares the Young’s
modulus and yield strength values for the 5 TPMS structures. The Fisher–Koch S specimen
shows the highest Young’s modulus value of 6.96 GPa followed by the Neovius (6.74 GPa)
and Gyroid (4.46 GPa) samples. The Diamond and the Primitive samples exhibit lower
Young’s modulus of 3.36 GPa and 2.28 GPa, respectively. The Fisher–Koch S sample has the
highest yield strength of 129 MPa. The Primitive sample yields at 95.9 MPa. The Diamond
and Neovius type samples have similar yield strength values in the range of 81–83 MPa
and the Gyroid sample exhibits the lowest yield strength of 71.3 MPa.

The section views of the designed unit cells along with the loading direction are shown
in Figure 5c. The stress–strain curve in Figure 5b indicated that the Gyroid sample has
the lowest yield strength compared to the other samples and this can be attributed to the
lack of structural continuity to the upward facing surface (highlighted in red). As the load
is applied, the highlighted surface is not able to transfer the load to the layers below it
and thus yields at a strain value of 1.7%. A similar trend can be observed for Diamond
(2.6% strain) and the Neovius (1.4% strain) samples, where there is a lack of continuity
between the struts and the main portion of the respective designs. The Primitive and
the Fisher–Koch S samples have better structural continuity between the upward-facing
surfaces and the rest of the main portion of the TPMS design. Thus, the Fisher–Koch S and
Primitive TPMS designs have higher yield strength values as the load is transferred across
the samples more uniformly compared to the other TPMS samples. The Young’s modulus
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of functionally graded materials with loading applied parallel to the grading direction can
be predicted by applying the rule of mixtures such that [41]:

1
Egraded

=
1
m ∑m

i=1
1
Ei

(7)

Here, the cross-sectional area is assumed to be constant and unchanged throughout
the loading direction, and the thickness of each layer is L/m where L is the total length
of the specimen and m is the number of layers. This has been discussed in detail by
Maskery et al. [42].
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The deformation of samples at different strains (ε) was captured by recording the
images as shown in Figure 7. During the first 15% strain, the samples expand laterally
by forming a radius along the edge of the TPMS cubes as shown in Figure 7 (highlighted
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with dotted lines for the 15% strain images). The plastic deformation starts at about 1.1%
and 1.2% strain for the Gyroid and Neovius samples, respectively. Whereas the plastic
region for the Diamond and the Fisher–Koch S samples begins at 1.3% and 2% strains. The
Primitive sample has the largest elastic deformation range up to 4% strain. Until 50% strain,
no sudden reduction in stress is observed indicating there is no brittle fracture during
compression. The samples did not deform with a diagonal shear, but rather deformed
layer-by-layer as observed in Figure 7. Similar findings were reported by Yang et al. and
Han et al. [25,33].
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The Young’s modulus and yield strength for different relative densities of metallic
foams can be predicted using the Gibson–Ashby model [14]. The formulae of the Gibson–
Ashby model are as follows:

E
Eo

= C1

(
ρ

ρo

)2
(8)

σ

σo
= C2

(
ρ

ρo

)1.5
(9)

where E, ρ, and σ are the apparent compressive modulus, the density, and the compressive
yield strength of open-cellular structures, respectively. E0, ρ0, and σ0 are the respective
values for the fully dense materials and C1 and C2 are Gibson–Ashby coefficients. Bulk
compressive yield strength and elastic modulus of 316L steel alloy are taken to be 205 MPa
and 193 GPa, respectively [2]. The E, ρ, and σ for the TPMS structures were determined
from the experimental stress–strain measurements. The determined values for C1 and C2
for every sample are listed in Table 3. The obtained C1 and C2 values can be used in further
studies for the TPMS structures with porosity levels varying from 30% to 70% without
mechanical testing. The values for C1 and C2 depend on the material and the lattice type.
From Table 3, we can observe that the C1 values are out of the range given by Gibson and
Ashby. This can be attributed to the differences in the parameters of the LPBF process as
also noted by Zhao et al. and Yan et al. [21,43]. It is well known that the process parameters
of the LPBF process play a significant role in determining the properties of the as-built
specimens as discussed extensively by Ravichander et al. [8,12]. Additionally, the range
of values defined by Gibson and Ashby was established for the mechanical properties of
metallic foams. The C2 values agree with the range given by Gibson and Ashby.

Table 3. Gibson–Ashby coefficient values for different TPMS lattices.

Coefficients Given Range of
Gibson–Ashby Coefficients Diamond Gyroid Primitive Neovius Fisher–Koch S

C1 0.1–4 0.0396 0.0567 0.0285 0.0753 0.0717
C2 0.1–1 0.7369 0.6830 0.9053 0.7210 1.0554

3.3. Energy Absorption

The lattice structures are known for their low density and high energy absorption
capabilities. Thus, they can be used in protective devices, implants, and in aerospace
components. The cumulative energy absorption per unit volume (Wv) is widely utilized to
determine the energy absorption capability of the lattice structures. The energy absorption
per unit volume up to 50% strain was calculated using the following equation:

Wv =

0.5∫
0

σ(ε)dε (10)

where ε is the strain, and σ(ε) is the stress related to ε during the compression test. According
to the ISO13314 standard [44], compressive stress–strain curves were integrated for the
energy absorption characterization. Origin was used to integrate the area under the stress–
strain curves. The cumulative energy absorption–strain curves are shown in Figure 8a, and
the total energy absorbed values are presented in Table 4. It can be observed from Figure 8a
that the cumulative energy absorption increases steadily, which is then followed by an
exponential increase due to the increase of density as well as the structural stiffness after
the layers collapse. From Table 4, we can note that the Neovius (479.62 MJ/m3) sample
absorbed the most energy followed by the Primitive (384.95 MJ/m3) and Fisher–Koch S
(373.08 MJ/m3) samples. The Gyroid (296.67 MJ/m3) and the Diamond (242.90 MJ/m3)
samples absorbed the second lowest and lowest energy per unit volume, respectively. From
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the sectional view of the Neovius design in Figure 4c, we can see that the highlighted
portion of the struts collapse leading to the densification of the sample, and it is further
supported from Figure 5a, where we can notice that the Neovius sample has a small plateau
stress region and larger densification region compared to the other samples. A similar trend
can be observed for the Fisher–Koch S and Primitive samples. On the contrary, the Diamond
and the Gyroid TPMS samples have a larger plateau stress region and start densifying
around the 15% strain mark. The energy absorption capabilities depend significantly on
the TPMS structure and its deformation behavior than the density [4]. This can be observed
in the initial energy absorption–strain curves presented in Figure 8b as the Fisher–Koch
S sample absorbs more energy at the beginning and then the Neovius sample absorbs
more energy from the 12.5% strain value. From Figure 8a, it can be observed that the Wv
values gradually increase for all TPMS samples during compression, and it is due to the
layer-by-layer deformation behavior with improved load-bearing capabilities to absorb
more energy during the compression process.

Table 4. Energy absorbed values for different TPMS lattices.

Diamond Gyroid Primitive Neovius Fisher–Koch S

Energy
Absorbed
(MJ/m3)

242.90 ± 6.1 296.67 ± 3.9 384.95 ± 7.1 479.62 ± 9.8 373.08 ± 6.4
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The exponential increase in the energy absorption for functionally graded samples
differs from the linear increase of the energy absorption values observed for uniformly
graded samples as reported by Sun et al. [4]. This change is due to the functionally graded
nature of the samples. The functionally graded samples thus provide a more predictable
energy absorption profile leading to more applications where undesirable failure modes in
lattices structures can be eliminated and the benefit of the high specific energy absorption
can be retained.

4. Conclusions

In this work, different functionally graded 316L steel lattice structures were designed
and fabricated using LPBF process. The fabricated samples were then sandblasted to
improve the surface finish of the samples. Surface morphology, quasi-static compression,
and energy absorption capabilities were studied. The key findings of this study are:

• Sandblasting was found to be a viable post processing technique to remove the adhered
powder particles and thus improve the surface finish.
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• Quasi-static compression analysis reveals that the all TPMS samples fail layer-by-layer
deformation. The samples expanded laterally by forming a radius along the edges.

• The Fisher–Koch S sample showed the highest yield strength and Young’s modulus.
The Gyroid and the Primitive structures resulted in the lowest value for yield strength
and Young’s modulus.

• The Gibson–Ashby model was determined for all the functionally graded TPMS
structures based on the experimental results.

• The Neovius structure was found to absorb the most energy (479.62 MJ/m3) compared
to the other TPMS structures up to 50% strain values.

The compressive and energy absorption behaviors will be beneficial for engineers to
design and fabricate functionally graded 316L steel TPMS structures. The results indicate
that the underexplored functionally graded Neovius and Fisher–Koch S offer greater energy
absorption and yield strength values for impact and light weighting applications.

Author Contributions: G.K.: Conceptualization, Supervision, Writing—review and editing; B.B.R.
and S.H.J.: Methodology, Analysis, Writing—original draft. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by a University of Texas System STARs award.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Srihari, S.; Bharath, B.R.; Narges Shayesteh, M.; Nahid, S.; Amirhesam, A. Investigation of the strength of different porous lattice

structures manufactured using selective laser melting. In Proceedings of the SPIE Smart Structures + Nondestructive Evaluation,
Long Beach, CA, USA, 22 April 2020.

2. Maconachie, T.; Leary, M.; Lozanovski, B.; Zhang, X.; Qian, M.; Faruque, O.; Brandt, M. SLM lattice structures: Properties,
performance, applications and challenges. Mater. Des. 2019, 183, 108137. [CrossRef]

3. Wang, Y.; Ramirez, B.; Carpenter, K.; Naify, C.; Hofmann, D.C.; Daraio, C. Architected lattices with adaptive energy absorption.
Extreme Mech. Lett. 2019, 33, 100557. [CrossRef]

4. Sun, Q.; Sun, J.; Guo, K.; Wang, L. Compressive mechanical properties and energy absorption characteristics of SLM fabricated
Ti6Al4V triply periodic minimal surface cellular structures. Mech. Mater. 2022, 166, 104241. [CrossRef]

5. Sychov, M.; Lebedev, L.; Dyachenko, S.; Nefedova, L. Mechanical properties of energy-absorbing structures with triply periodic
minimal surface topology. Acta Astronaut. 2018, 150, 81–84. [CrossRef]

6. Marsolek, J.; Reimerdes, H.-G. Energy absorption of metallic cylindrical shells with induced non-axisymmetric folding patterns.
Int. J. Impact Eng. 2004, 30, 1209–1223. [CrossRef]

7. Farhang, B.; Ravichander, B.B.; Venturi, F.; Amerinatanzi, A.; Moghaddam, N.S. Study on variations of microstructure and
metallurgical properties in various heat-affected zones of SLM fabricated Nickel–Titanium alloy. Mater. Sci. Eng. A 2020,
774, 138919. [CrossRef]

8. Ravichander, B.B.; Amerinatanzi, A.; Moghaddam, N.S. Study on the Effect of Powder-Bed Fusion Process Parameters on the
Quality of as-Built IN718 Parts Using Response Surface Methodology. Metals 2020, 10, 1180. [CrossRef]

9. Farhang, B.; Ravichander, B.B.; Ma, J.; Amerinatanzi, A.; Moghaddam, N.S. The evolution of microstructure and composition
homogeneity induced by borders in laser powder bed fused Inconel 718 parts. J. Alloys Compd. 2022, 898, 162787. [CrossRef]

10. Ravichander, B.B.; Mamidi, K.; Rajendran, V.; Farhang, B.; Ganesh-Ram, A.; Hanumantha, M.; Moghaddam, N.S.; Amerinatanzi,
A. Experimental investigation of laser scan strategy on the microstructure and properties of Inconel 718 parts fabricated by laser
powder bed fusion. Mater. Charact. 2022, 186, 111765. [CrossRef]

11. Ravichander, B.B.; Thakare, S.; Ganesh-Ram, A.; Farhang, B.; Hanumantha, M.; Yang, Y.; Moghaddam, N.S.; Amerinatanzi, A.
Cost-Aware Design and Fabrication of New Support Structures in Laser Powder Bed Fusion: Microstructure and Metallurgical
Properties. Appl. Sci. 2021, 11, 10127. [CrossRef]

12. Bharath Bhushan, R.; Behzad, F.; Nahid, S.; Amirhesam, A.; Narges Shayesteh, M. Analysis of the deviation in properties
of selective laser melted samples fabricated by varying process parameters. In Proceedings of the SPIE Smart Structures +
Nondestructive Evaluation, Long Beach, CA, USA, 22 April 2020.

13. Ravichander, B.B.; Rahimzadeh, A.; Farhang, B.; Moghaddam, N.S.; Amerinatanzi, A.; Mehrpouya, M. A Prediction Model for
Additive Manufacturing of Inconel 718 Superalloy. Appl. Sci. 2021, 11, 8010. [CrossRef]

14. Ashby, M.F.; Gibson, L.J. Cellular Solids: Structure and Properties; Press Syndicate of the University of Cambridge: Cambridge, UK,
1997; pp. 175–231.

15. Ashby, M.F. The properties of foams and lattices. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2006, 364, 15–30. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.matdes.2019.108137
http://doi.org/10.1016/j.eml.2019.100557
http://doi.org/10.1016/j.mechmat.2022.104241
http://doi.org/10.1016/j.actaastro.2017.12.034
http://doi.org/10.1016/j.ijimpeng.2004.06.006
http://doi.org/10.1016/j.msea.2020.138919
http://doi.org/10.3390/met10091180
http://doi.org/10.1016/j.jallcom.2021.162787
http://doi.org/10.1016/j.matchar.2022.111765
http://doi.org/10.3390/app112110127
http://doi.org/10.3390/app11178010
http://doi.org/10.1098/rsta.2005.1678
http://www.ncbi.nlm.nih.gov/pubmed/18272451


Materials 2022, 15, 8294 13 of 14

16. Li, X.; Xiao, L.; Song, W. Compressive behavior of selective laser melting printed Gyroid structures under dynamic loading. Addit.
Manuf. 2021, 46, 102054. [CrossRef]

17. Li, P.; Ma, Y.E.; Sun, W.; Qian, X.; Zhang, W.; Wang, Z. Fracture and failure behavior of additive manufactured Ti6Al4V lattice
structures under compressive load. Eng. Fract. Mech. 2021, 244, 107537. [CrossRef]

18. Yu, S.; Sun, J.; Bai, J. Investigation of functionally graded TPMS structures fabricated by additive manufacturing. Mater. Des. 2019,
182, 108021. [CrossRef]

19. Al-Saedi, D.S.J.; Masood, S.H.; Faizan-Ur-Rab, M.; Alomarah, A.; Ponnusamy, P. Mechanical properties and energy absorption
capability of functionally graded F2BCC lattice fabricated by SLM. Mater. Des. 2018, 144, 32–44. [CrossRef]

20. Han, L.; Che, S. An Overview of Materials with Triply Periodic Minimal Surfaces and Related Geometry: From Biological
Structures to Self-Assembled Systems. Adv. Mater. 2018, 30, e1705708. [CrossRef]

21. Zhao, M.; Liu, F.; Fu, G.; Zhang, D.Z.; Zhang, T.; Zhou, H. Improved Mechanical Properties and Energy Absorption of BCC
Lattice Structures with Triply Periodic Minimal Surfaces Fabricated by SLM. Materials 2018, 11, 2411. [CrossRef]

22. Al-Ketan, O.; Lee, D.-W.; Abu Al-Rub, R.K. Mechanical properties of additively-manufactured sheet-based gyroidal stochastic
cellular materials. Addit. Manuf. 2021, 48, 102418. [CrossRef]

23. Yusuf, S.M.; Chen, Y.; Yang, S.; Gao, N. Microstructural evolution and strengthening of selective laser melted 316L stainless steel
processed by high-pressure torsion. Mater. Charact. 2020, 159, 110012. [CrossRef]

24. Bonatti, C.; Mohr, D. Mechanical performance of additively-manufactured anisotropic and isotropic smooth shell-lattice materials:
Simulations & experiments. J. Mech. Phys. Solids 2019, 122, 1–26. [CrossRef]

25. Yang, L.; Mertens, R.; Ferrucci, M.; Yan, C.; Shi, Y.; Yang, S. Continuous graded Gyroid cellular structures fabricated by selective
laser melting: Design, manufacturing and mechanical properties. Mater. Des. 2019, 162, 394–404. [CrossRef]

26. Yang, L.; Yan, C.; Cao, W.; Liu, Z.; Song, B.; Wen, S.; Zhang, C.; Shi, Y.; Yang, S. Compression–compression fatigue behaviour of
gyroid-type triply periodic minimal surface porous structures fabricated by selective laser melting. Acta Mater. 2019, 181, 49–66.
[CrossRef]

27. Ma, S.; Tang, Q.; Han, X.; Feng, Q.; Song, J.; Setchi, R.; Liu, Y.; Liu, Y.; Goulas, A.; Engstrøm, D.S.; et al. Manufacturability,
Mechanical Properties, Mass-Transport Properties and Biocompatibility of Triply Periodic Minimal Surface (TPMS) Porous
Scaffolds Fabricated by Selective Laser Melting. Mater. Des. 2020, 195, 109034. [CrossRef]

28. Sander, G.; Thomas, S.; Cruz, V.; Jurg, M.; Birbilis, N.; Gao, X.; Brameld, M.; Hutchinson, C.R. On The Corrosion and Metastable
Pitting Characteristics of 316L Stainless Steel Produced by Selective Laser Melting. J. Electrochem. Soc. 2017, 164, C250–C257.
[CrossRef]

29. Tancogne-Dejean, T.; Spierings, A.B.; Mohr, D. Additively-manufactured metallic micro-lattice materials for high specific energy
absorption under static and dynamic loading. Acta Mater. 2016, 116, 14–28. [CrossRef]

30. Leong, K.F.; Chua, C.K.; Sudarmadji, N.; Yeong, W.Y. Engineering functionally graded tissue engineering scaffolds. J. Mech. Behav.
Biomed. Mater. 2008, 1, 140–152. [CrossRef]

31. Liu, F.; Mao, Z.; Zhang, P.; Zhang, D.Z.; Jiang, J.; Ma, Z. Functionally graded porous scaffolds in multiple patterns: New design
method, physical and mechanical properties. Mater. Des. 2018, 160, 849–860. [CrossRef]

32. Li, Y.; Jahr, H.; Pavanram, P.; Bobbert, F.; Puggi, U.; Zhang, X.-Y.; Pouran, B.; Leeflang, M.; Weinans, H.; Zhou, J.; et al. Additively
manufactured functionally graded biodegradable porous iron. Acta Biomater. 2019, 96, 646–661. [CrossRef]

33. Han, C.; Li, Y.; Wang, Q.; Wen, S.; Wei, Q.; Yan, C.; Hao, L.; Liu, J.; Shi, Y. Continuous functionally graded porous titanium
scaffolds manufactured by selective laser melting for bone implants. J. Mech. Behav. Biomed. Mater. 2018, 80, 119–127. [CrossRef]

34. Al-Ketan, O.; Abu Al-Rub, R.K. MSLattice: A free software for generating uniform and graded lattices based on triply periodic
minimal surfaces. Mater. Des. Process. Commun. 2021, 3, e205. [CrossRef]

35. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 Years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

36. Ravichander, B.B.; Favela, C.; Amerinatanzi, A.; Moghaddam, N.S. A Framework for the Optimization of Powder-Bed Fusion Process;
SPIE: Long Beach, CA, USA, 2021; Volume 11589.

37. Heinl, P.; Müller, L.; Körner, C.; Singer, R.F.; Müller, F.A. Cellular Ti–6Al–4V structures with interconnected macro porosity for
bone implants fabricated by selective electron beam melting. Acta Biomater. 2008, 4, 1536–1544. [CrossRef]

38. Rajagopalan, S.; Robb, R. Schwarz meets Schwann: Design and fabrication of biomorphic and durataxic tissue engineering
scaffolds. Med. Image Anal. 2006, 10, 693–712. [CrossRef]

39. Yánez, A.; Herrera, A.; Martel, O.; Monopoli, D.; Afonso, H. Compressive behaviour of gyroid lattice structures for human
cancellous bone implant applications. Mater. Sci. Eng. C 2016, 68, 445–448. [CrossRef]

40. Van Bael, S.; Kerckhofs, G.; Moesen, M.; Pyka, G.; Schrooten, J.; Kruth, J. Micro-CT-based improvement of geometrical and
mechanical controllability of selective laser melted Ti6Al4V porous structures. Mater. Sci. Eng. A 2011, 528, 7423–7431. [CrossRef]

41. Al-Ketan, O.; Lee, D.-W.; Rowshan, R.; Abu Al-Rub, R.K. Functionally graded and multi-morphology sheet TPMS lattices: Design,
manufacturing, and mechanical properties. J. Mech. Behav. Biomed. Mater. 2020, 102, 103520. [CrossRef]

42. Maskery, I.; Aremu, A.; Parry, L.; Wildman, R.; Tuck, C.; Ashcroft, I. Effective design and simulation of surface-based lattice
structures featuring volume fraction and cell type grading. Mater. Des. 2018, 155, 220–232. [CrossRef]

http://doi.org/10.1016/j.addma.2021.102054
http://doi.org/10.1016/j.engfracmech.2021.107537
http://doi.org/10.1016/j.matdes.2019.108021
http://doi.org/10.1016/j.matdes.2018.01.059
http://doi.org/10.1002/adma.201705708
http://doi.org/10.3390/ma11122411
http://doi.org/10.1016/j.addma.2021.102418
http://doi.org/10.1016/j.matchar.2019.110012
http://doi.org/10.1016/j.jmps.2018.08.022
http://doi.org/10.1016/j.matdes.2018.12.007
http://doi.org/10.1016/j.actamat.2019.09.042
http://doi.org/10.1016/j.matdes.2020.109034
http://doi.org/10.1149/2.0551706jes
http://doi.org/10.1016/j.actamat.2016.05.054
http://doi.org/10.1016/j.jmbbm.2007.11.002
http://doi.org/10.1016/j.matdes.2018.09.053
http://doi.org/10.1016/j.actbio.2019.07.013
http://doi.org/10.1016/j.jmbbm.2018.01.013
http://doi.org/10.1002/mdp2.205
http://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://doi.org/10.1016/j.actbio.2008.03.013
http://doi.org/10.1016/j.media.2006.06.001
http://doi.org/10.1016/j.msec.2016.06.016
http://doi.org/10.1016/j.msea.2011.06.045
http://doi.org/10.1016/j.jmbbm.2019.103520
http://doi.org/10.1016/j.matdes.2018.05.058


Materials 2022, 15, 8294 14 of 14

43. Yan, C.; Hao, L.; Yang, L.; Hussein, A.Y.; Young, P.G.; Li, Z.; Li, Y. (Eds.) Chapter 7-Functionally graded TPMS. In Triply
Periodic Minimal Surface Lattices Additively Manufactured by Selective Laser Melting; Academic Press: Cambridge, MA, USA, 2021;
pp. 219–281.

44. Zhang, M.; Yang, Y.; Wang, D.; Song, C.; Chen, J. Microstructure and mechanical properties of CuSn/18Ni300 bimetallic porous
structures manufactured by selective laser melting. Mater. Des. 2019, 165, 107583. [CrossRef]

http://doi.org/10.1016/j.matdes.2019.107583

	Introduction 
	Fabrication and Experimental Procedure 
	Design of TPMS Structures 
	Powder Preparation and Fabrication 
	Experimental Procedure 

	Results and Discussion 
	Surface Morphology and Ensity Analysis 
	Quasi-Static Compression Analysis 
	Energy Absorption 

	Conclusions 
	References

