'LI:LI::.!
gttty
e

o

Journal of

M

T
&
L.

o Composites Science

Article

Mechanical and FEA-Assisted Characterization of Fused
Filament Fabricated Triply Periodic Minimal Surface Structures

Nikolaos Kladovasilakis

check for

updates
Citation: Kladovasilakis, N.;
Tsongas, K.; Tzetzis, D. Mechanical
and FEA-Assisted Characterization of
Fused Filament Fabricated Triply
Periodic Minimal Surface Structures.
J. Compos. Sci. 2021, 5, 58. https://
doi.org/10.3390/jcs5020058

Academic Editor:

Francesco Tornabene

Received: 19 January 2021
Accepted: 11 February 2021
Published: 17 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Konstantinos Tsongas

and Dimitrios Tzetzis *

Digital Manufacturing and Materials Characterization Laboratory, School of Science and Technology,
International Hellenic University, 57001 Thessaloniki, Greece; n.kladovasilakis@ihu.edu.gr (N.K.);
k.tsongas@ihu.edu.gr (K.T.)

* Correspondence: d.tzetzis@ihu.edu.gr

Abstract: This paper investigates the mechanical behavior of additive manufactured Triply Periodic
Minimal Surface (TPMS) structures, such as Gyroid, Schwarz Diamond and Schwarz Primitive. Fused
Filament Fabrication (FFF) technique was utilized in order to fabricate lattice structures with different
relative densities, at 10%, 20% and 30%, using Polylactic acid (PLA). The test specimens were formed
by structural TPMS unit cells and they were tested under quasi-static compression. A finite element
analysis (FEA) was performed in order to predict their stress-strain behavior and compare with the
experimental results. The results revealed that each architecture influences the mechanical properties
of the structure differently depending on the impact of size effect. The structures were designed as
sandwich structures (with a top and bottom plate) to avoid significant deterioration of the mechanical
behavior, due to the size effect and this was achieved at high relative densities. The Schwarz Diamond
structure demonstrated the highest mechanical strength compared with the other architectures, while
the Gyroid structure also revealed a similar mechanical performance. In addition, Schwarz Primitive
structure showed increased energy absorption especially during plastic deformation. The overall
results revealed that the integrity of the mechanical properties of the studied TPMS FFF printed
structures deteriorates, as the relative density of the structures decreases.

Keywords: fused filament fabrication (FFF); lattice structures; Triply Periodic Minimal Surface
(TPMS) structures; finite element analysis; material characterization; quasi-static compression

1. Introduction

Nowadays, owing to the involvement of additive manufacturing (3D Printing) tech-
niques, topology optimization through lattice designs, has been studied experimentally and
it could be applied in various industries; indicatively in aerospace, automotive, biomechan-
ical engineering and so forth [1,2]. There is a plethora of lattice structures either naturally
formed (foams, bones etc.) or artificially formed, through 3D printing and other manufac-
turing techniques. Artificially formed lattice structures provide unique properties to the
structure, such as high amount of energy absorption, high porosity and high surface area
to volume ratio which offer comprehensive advantages for application like packaging, ther-
mal and acoustic isolation, biomechanical and mechanical applications [3,4]. Specifically,
according to the review article of Mahmoud and Elbestawi [5], there are studies with 3D
printed medical implants, which demonstrate similar porosity to the human bones due to
their cellular structure, in order to facilitate cells, blood and nutrients diffusion for tissue
regeneration purposes [6,7]. Besides, bone implant applications and in accordance with
the review of Henriquez et al. [4], additive manufactured polymer structures, could be
utilized in another medical application, such as scaffolds [8,9] or as stent implants [10,11].
In addition, Tao and Leu [12] have utilized topology optimization through lattice structures,
with the aim of manufacturing lightweight mechanical components. Even more, the use
of lattice geometries results in high surface area-to-volume ratio structures, suitable for
applications such as catalysts [13] and heat exchanges [14].
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However, it is evident from the existing literature [3,15] that the lattice structures affect
the mechanical response of a whole structure. According to Simone and Gibson [15], the
decrease in the mechanical properties of lattice structures occurs due to the size effect. The
size effect is mainly influenced by the relative density (foam structure) and the geometric
parameters of each lattice structure. In particular, the mechanical properties of a structure,
such as elastic modulus and yield strength, appear to be different from a solid material,
which is the reason why an effective elastic modulus is usually calculated. The majority of
the literature on this topic has focused on geometries consisting of strut structures. These
studies have shown that elastic modulus is affected as follows Ej,tice / Esolid = Cn (Prelative) ™
and yield strength as follows: Ojattice/ Osolid = Cm (Prelative) ™- The variables C,, Cpy, nand m
are variables influenced by geometry, that is, for each lattice structure applied. The variables
Cn and Cp, range from 0.1 to 4.0, while the variables n and m could vary from 1.0 to 2.0
for stretching-dominated and bending-dominated mechanical behavior, respectively [16].
Increased exponential indices (n and m), may lead to intense size effect phenomena at low
relative densities [17-19]. The current literature on lattice Triply Periodic Minimal Surface
(TPMS) structures shows that the same phenomenon appears on such structures as well.
Nevertheless, according to studies of Al-Katen et al. [20] and Li et al. [21], TPMS geometries
have smaller exponential coefficients than lattice structures with struts. Indicatively, the
behavior of sheet-TPMS structures is closer to stretching-dominated behavior, which means
that n and m could be close to the value one; hence, the size effect on these structures is
significantly smaller [22-24]. Thereby, the values of all mechanical properties and especially
the elastic modulus and yield strength were reduced for lattice structures due to the size
effect. This decrease, in proportion to the relative density, causes a significant reduction in
mechanical properties values up to 70-80% for relative densities of less than 15% [3].

It is widely known that the mechanical properties of 3D printed parts differ as com-
pared to the mechanical properties of parts manufactured with traditional fabrication
methods, such as injection molding in the case of thermoplastics [25]. The reduction
of mechanical properties is mainly due to the 3D printing technique (Fused Filament
Fabrication-FFF, Selective Laser Sintering-SLS, etc.), the build orientation and the print-
ing parameters (print speed, layer thickness, etc.) [26]. There is a plethora of studies that
demonstrate the changes in mechanical properties especially in relation with the 3D print-
ing parameters [27-29]. When the part contains lattice structures, the reduction of the
mechanical properties is even greater. Therefore, it is important to propose a design that
avoids compromising the mechanical performance and investing the response of such FFF
printed structures.

Based on the above, the current research is focused on lattice structures, which con-
sist of TPMS elements, such as Gyroid, Schwarz Diamond and Schwarz Primitive. The
examined mechanical properties of such TPMS structures are the stiffness, the effective
elasticity modulus and the yield strength, with respect to the relative density and changing
architecture. The aim was to reduce the impact of the size effect, to identify the compressive
yield strength of each geometry and observe fracture modes that could predict the mechan-
ical behavior of each TPMS geometry. More specifically, this study targets to reduce the
phenomenon of size effect; in order to achieve that, the TPMS unit cells” dimensions (length
and thickness) should be comparatively large to the whole structure. For that reason, solid
plates were also fabricated on the upper and bottom side of the specimens creating novel
sandwich-like structures, in order to maintain the structural integrity of the specimens.
The innovation of this research focuses on the use of low-cost fuse filament fabrication
(FFF) method to study the mechanical behavior of TPMS structures, since the majority of
investigations for such structures focus on using more advanced 3D printing technologies
and FFF on such structures is not commonly investigated in literature, according to the
authors” knowledge. The 3D printing material used was Polylactic acid or polylactide
(PLA), which is low-cost and biocompatible polymer suitable for medical use [30]. Subse-
quently, mechanical tests were carried out on the 3D printed TPMS structures to examine
and compare their performance. The experimental data were curve-fitted with the results
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of finite element analysis in order to derive predictive patterns of the mechanical behavior
of the TPMS architectures at different relative densities.

2. Design and Experimental Methods
2.1. Procedure of Design and 3D Printing of Lattice Structures

Minimal surfaces are surfaces that have the characteristic of an average curvature of
zero at every domain’s points. When these minimal surfaces are periodic and develop at
three dimensions are called Triply Periodic Minimal Surfaces (TPMS). TPMS are divided
into balanced and unbalanced surfaces; in this study balanced TPMS are examined, that
are surfaces divided into equal volumes in each unit cell. Nowadays, there is a plethora
of tools that could extract the unit cell’s coordinates of each TPMS. The most widespread
and reliable technique leading to TPMS-like topologies is through the utility of Fourier
transform equations. This method results in a combination of trigonometric equations
defined as follows: ®(x,y,z) = t. Where @ is the total formula for the minimum surface and
tis the level-set constant [31]. According to existing literature [32,33], there are displayed
below the precise functions of the TPMS geometries (Gyroid, Schwarz Diamond, Schwarz
Primitive) and their unit cell’s structures (Figure 1) which were studied in this paper:
Gyroid

sinx cosy + siny cosz + sinz sinx =t (1)

Schwarz Diamond
Sinx siny sinz + sinx cosy coSz + COSX Siny COSZ + COSX COSy cOosz = t )

Schwarz Primitive
COSX + €OSy + cosz =t 3)

(b) (c)

Gyroid Schwarz Schwarz

Diamond Primitive

Figure 1. Unit cell of each Triply Periodic Minimal Surface (TPMS) structure: (a) Gyroid, (b) Schwarz Diamond (SD),

(c) Schwarz Primitive (SP).

In order to generate the TPMS geometries the SpaceClaim software was used, which
is included in the ANSYS™ software platform. This software contains algorithms, which
allow the formation of various lattice structures. The design was completed by applying
the above equations and setting the variable t = 0, as according to Zheng et al. (2018),
for t = 0 the mechanical performance of the TPMS structures is optimal. Thus, specimens
with different lattice structures were designed as cubes and with outer dimensions of
50 mm x 50 mm x 50 mm, which contain 64 TPMS unit cells of 12.5 mm each (4 x 4 x 4).
Also, solid plates of 2 mm thickness at the top and bottom of the specimens were designed
to maintain the specimen’s integrity and to uniformly distribute the applied loads, as
illustrated in Figure 2. The thickness of each unit cell was the main variable that affects the
relative density; hence in Table 1, the thickness value for each specimen, is presented.
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Relative Density Relative Density Relative Density
10% 20% 30%
- . .
Schwarz
Diamond
Schwarz
Primitive
Figure 2. 3D CAD models of Gyroid, SD and SP TPMS structures (4 x 4 X 4 unit cells).
Table 1. Element Thickness of Gyroid, SD and SP TPMS structures.
Relative Density
TPMS Structure
10% 20% 30%
Thickness Gyroid 0.65 mm 1.3 mm 1.95 mm
Thickness Schwarz Diamond 0.67 mm 1.33 mm 2 mm
Thickness Schwarz Primitive 0.54 mm 1.07 mm 1.61 mm

Polylactic acid (PLA) filament of 2.85 mm diameter, named as Prima™ Easy-Print,
was used for FFF (Fused Filament Fabrication) technique by a BCN3D Sigma R17 printer.
The open-source Cura software was used to determine the printing parameters as well as
the slicing of the specimen’s geometries. For the manufacturing of the TPMS specimens,
no support structures were needed since these designs were self-supported during the
printing procedure. Table 2 shows the 3D printing parameters for all the TPMS specimens.

Table 2. General 3D printing parameters of all the TPMS specimens.

Printing Parameters Values
Layer Height 0.2 mm
Wall Thickness 0.54-2 mm (depending on applied unit cell)
Infill 100%
Printing Temperature 210 °C

Printing Speed 60 mm/s
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2.2. Microstructure Characterization of the FFF Printed TPMS Structures

The microstructure and fracture characteristics of 3D printed TPMS structures were
observed using an optical microscope. The Dino-Lite Pro HR AM 7000/ AD7000 digital
microscope having 5 MP resolution and 220 times of magnification was used, which was
placed on a precision controlled adjustable table. The TPMS structures were captured with
an optical microscope prior and after compression testing.

2.3. Nanoindentation and Compression Properties of the Base FEFF Material

The mechanical properties of the PLA material were calculated using the nanoinden-
tation technique. This procedure is necessary in order to verify the precise mechanical
properties of the feedstock PLA material and provide accuracy to the finite element models,
before conducting the experiments. The SHIMADZU DUH-211S (Dynamic Ultra Micro
Hardness Tester) equipment was used to calculate the elastic modulus. Details of calcula-
tions and employed formalisms can be found in previous work [34-38]. For the current
work, the force used for the indentation was 20 mN. At least ten measurements, scattered
on the surface of the PLA filament, were performed in order to obtain reliable results.

2.4. Compression Testing of FFF Printed TPMS Lattice Structures

The static uniaxial compression loading tests were performed on TPMS specimens
with a universal testing machine Testometric-M500-50AT equipped with 50 kN load cell. All
the TPMS specimens were pressed between hardened steel compression platens containing
a spherical seat to overcome any small misalignment along the load train. Lubrication
was applied on the surfaces of both upper and lower platens. The test specimens were
placed between the moving head and fixed head of the test machine where the compressive
strain in these tests reached up to 60% of the original specimen’s length, which is the point
where the densification of the specimens occurs. The strain rate was selected at 5 mm/min
compressive strain rate [39]. All experimental data correspond to the average of at least
five different measurements.

2.5. Finite Element Analysis Assisted Simulation of the Mechanical Behavior of the FFF
TPMS Structures

A finite element model (FEM) has been developed in order to extract the stress-strain
behavior of the 3D printed TPMS structures. It should be noted that the Finite Element
Analysis (FEA) for these structures focused on the elastic section of stress-strain diagram,
that is, elastic modulus and yield strength, while the post-softening behavior was simulated
by utilizing Prony series relaxation model. This model is sophisticated enough to provide a
good quantitative fit to any polymer over an extended period [40]. That way, the behavior
of the PLA material after yielding was assumed to deform viscoelastically. ANSYS™
software was used for the finite element analysis and static structural module was selected
to simulate the quasi-static loading. In mechanical solutions from ANSYS, viscoelasticity is
implemented through the use of Prony series. The values of shear modulus, u and bulk
modulus, K (related to the elastic modulus E and Poisson’s ratio n) are not constant and
can be represented by Prony series in viscoelasticity [40]:

i=1

N .
u(t) = po [1 =Y et 1 )

K(i’) = Kp

N
1-Y Ke "/ Ti"] )
i=1

where pg and Kj are the instantaneous shear and bulk moduli and the y; and K; are the
dimensionless shear and bulk relaxation moduli associated with relaxation times 7;* and
7K corresponding to deviatoric and volumetric viscosities, respectively. Shear and bulk

moduli are represented by a decaying function of time ¢. Therefore, several pairs of relative
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moduli y#; and relaxation time 7; have been provided as input to the FE model, which
represented the amount of stiffness lost at a given rate.

The mesh consisted of tetrahedrals for the lattice structures and hexahedrals for the
upper and lower plates. In order to ensure the mesh-independent response, a convergence
study was performed. Based on the convergence results performed for elastic response of
the TPMS structures, an average element size of 0.9 mm was considered to be adequate to
obtain acceptable accuracy in the calculated responses. The post-softening was simulated
for an adjacent strain region beyond the yield point, approximately up to a strain of 25%.
Attempting to simulate the entire deformation region would be rather complicated due to
the post-softening process that occurs when crushing these structures [3].

3. Results
3.1. Material Properties and Fabrication of FFF TPMS Specimens

The characterization of the mechanical properties of the filament material used for
the fabrication of the specimens is considered essential before conducting the experiments
involving the TPMS structures. Figure 3a illustrates the load-depth curves obtained from
nanoindentation testing the PLA filament, while Figure 3b portrays a typical stress-strain
curve of compression tests of 3D printed PLA cylindrical specimens (with a 29 mm diameter
and 12.5 mm height). Following the calculations of the Oliver and Pharr approach [41],
the elastic modulus of the PLA filament used in the current work seemed to not diverge
compared to values found in the open literature [42]. These values are directly comparable
with the results obtained from the compression tests, as shown in Table 3. However, the
strain fields in indentation are not uniform, therefore also the strain-rate fields are uniform
either; thus, a monotonically direct comparison of rate dependence to compression tests
should be assumed with carefulness [43].

(b)
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Figure 3. (a) Force-depth results of the nanoindentation tests of the polylactic acid (PLA) filament material and (b) compres-

sive stress-strain results of 3D printed cylindrical PLA specimens.

Table 3. Properties of the filament material.

Properties PLA

Density (e/cm?) Elastic Modulus from Elastic Modulus from Compressive Yield
yi8 Nanoindentation Test (MPa) Compression Tests (MPa) Strength (MPa)
1.25 3700 £ 115 3400 £ 130 60 £5

A black colored PLA spool was used to 3D print the TPMS structures. Figure 4
illustrates the 3D printed specimens at the various relative densities, while Table 4 shows
the printing time and weight of each specimen. As expected, the higher the relative density,
the heavier the specimens are and subsequently more time consuming. The produced
specimens appeared to have high dimensional accuracy. Moreover, existing research [34,35]
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has shown that when the direction of the bonds between the layers is perpendicular to the
direction of compressive loads, the maximum compressive strength is achieved. Therefore,
for the fabrication of test specimens, the ZXY orientation according to ASTM [44] standard
was selected, which also is the optimal print orientation.

Relative Density Relative Density Relative Density
10% 20% 30%
. .
Schwarz
Diamond
Schwarz
Primitive

Figure 4. 3D-Printed TPMS specimens with different relative densities.

Table 4. Structural Properties of 3D Printed Specimens.

TPMS Relative Density of Actual Relative Weight of Time of
Lattice Volume Density Specimen (gr.) Printing
10% 16.7% 28.18 ~4h
Gyroid 20% 26.1% 44.04 ~5h and 30 min.
30% 35% 59.06 ~7 h and 30 min.
10% 16.7% 28.18 ~4h
Schwarz 20% 26.1% 44.04 ~5 h and 30 min.
Diamond 30% 35% 59.06 ~7 h and 30 min.
10% 16.7% 28.18 ~4h
Schwarz 20% 26.1% 44,04 ~5 h and 30 min.

Primitive 30% 35% 59.06 ~7 h and 30 min.
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3.2. Morphology Characterization of FFF TPMS Structures

Figure 5 presents the deformation behavior of each TPMS structure under the applied
loads. It also shows the condition of each structure for different strains (0%, 5% and
10%). The local microstructure of the TPMS specimens was qualitatively examined at 15%
strain using optical microscopy as shown in Figure 6. It portrays the images that were
extracted showing characteristic fracture areas of the unit cell of each structure, such as the
detachment of layers, the intense shear stresses effect and the stress concentration regions.
It is also worth mentioning that the direction of compressive loads was at vertical direction.

Strain Strain Strain
0% 5% 10%
L=

Gyroid
100
Schwarz
Diamond
100
Schwarz
Primitive

Figure 5. Comparison of deformation frames at 0%, 5% and 10% strain for 20% relative density Gyroid, Schwarz Diamond
and Schwarz Primitive structures.
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The Schwarz Primitive structure in both Figures 5 and 6 show intense shear stress
events, which result in the material rupture in the diagonal direction of the specimen.
Furthermore, each unit cell fails, with detachment of layers, in the region with the maxi-
mum curvature. Still, it is worth noting that such structure withstands loads on the unit
cell’s layer closest to the point of application of force. For this reason, the upper layer
breaks first, while the rest layers are less affected. In contrast to other structures, in the
case of the specimens having a Gyroid structure no strong shear effects were observed
in Figures 5 and 6. Also, it appears that this particular structure accumulates the stresses at
the center of the specimens and more specific in the boundaries of each unit cell, thereby
leading to their failure, with detachment of layers and crashing of each unit cell. The shear
stresses involved in Schwarz Diamond structures appear to be more intense than of that
in Gyroid. Such stresses are not capable to lead to an immediate fracture of the specimen
and only a progressive deformation of the structure is observed. Typically, failure of such
specimens occurs when the columns of the structures are subjected to high stresses due to
global pressure and eventually the fracture of the specimen commences.

(b) (d)

Figure 6. Fracture areas at 15% strain for (a,b) Schwarz Primitive, (¢,d) Gyroid and (e f) Schwarz
Diamond TPMS structures.

3.3. Mechanical Behavior of FFF TPMS Structures Supported by FEA

The architectures of the selected cellular units govern whether the structures de-
form in a stretching-dominated mode or a bending-dominated mode [3]. A stretching-
dominated cellular structure demonstrates higher strength and stiffness compared to a
bending-dominated structure at the same relative density. The typical load-displacement
responses of FFF printed Gyroid, Schwarz Diamond and Schwarz primitive structures,
under uniaxial compressive loading is illustrated in Figure 7. It can be easily observed
that the Schwarz Diamond and Gyroid structures revealed a clear stretching-dominated
behavior, in Figure 7a,b, respectively. Schwarz primitive structures displayed a hybrid
behavior between the stretching- and bending-dominated modes. This could be verified by
the decrease of high loads, revealing localized bending and uniform stresses at both low
and high relative density, as shown in Figure 7c. These fluctuations in strength are more
noticeable for the 30% relative density.
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Figure 7. Comparison between finite element analysis (FEA)-determined and experimental compres-
sion tests for: (a) Gyroid, (b) SD, (c) SP TPMS structures and (d) a bar chart of the stiffness values for
all the TPMS structures.
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It is shown that the Gyroid, Schwarz diamond and Schwarz primitive TPMS structures,
have reached an ultimate compression load of 17,415 N, 21,504 N and 12,520 N, respectively.
The maximum deformation was set 32 mm for all the specimens and as they further
deform this leads to the densification of the structures. In Figure 7d, the results portray
clearly that Schwarz Diamond structures showed the highest stiffness for all relative
densities. The Gyroid architecture specimens revealed a slight decrease of 21% compared
to SD. SP demonstrated a 42% decrease compared to SD at relative density of 30%. This
difference increases for low relative densities due to the magnification of the size effect.
This phenomenon was expected since the stiffness is expressed as the ratio of force to
displacement and is directly affected by the size effect.

The simulation results of the force-displacement data have been plotted as illustrated
in Figure 7, where it can be easily seen that these values converged with the experimental
results. Thus, the assumption of a combined linear and viscoelastic material model of each
TPMS structure was considered correct. The mesh quality and the material properties were
sufficiently accurate in the present study, since the differences between the experimental
post-softening and numerical relaxation response were scarcely noticeable, as shown in
Figure 7. Figure 7 also shows the FEA results simulating viscoelastic responses of Gyroid,
SD and SP structures at different relative densities. Note that the decay is rapid in the
beginning. This is due to the exponential function of the Prony series. In this case, relative
modulus varied from 0.8 to 1.2, while relaxation time was assumed 150 s. The response
becomes asymptotic, showing that the maximum force at time equal to 150 s decreases to
nearly half of the maximum force at the beginning of the solution, as expected. It should
be noted that relaxation starts to occur at the beginning of the solution and this model
experiences a multiaxial state of stress, explaining why the latter force value is not exactly
half of the ultimate strength.

Figure 8 shows the comparison of the experimental and FEA stress-strain curves.
Prony series have been used to investigate the relation between cellular architecture and
its effective behavior. Table 5 shows the compressive yield strength values and the base
material uniaxial elastic modulus at different relative densities. As shown in Table 5, the
compressive yield strength values of the TPMS structures are significantly lower compared
to those of the base thermoplastic PLA (yield strength at 60 MPa).

Table 5. Mechanical Properties of the finite element analysis (FEA) printed TPMS structures.

Effective Elastic Compressive Yield Strength Compressive Yield Strength
Type of Specimen Modulus Elat (Experimental) (FEA)
(MPa) Oexp (MPa) Ofea (MPa)

Gyroid (p = 10%) 2708 27.33 27.11
Gyroid (p = 20%) 2804 39.82 39.89
Gyroid (p = 30%) 2928 55.76 53.55
Schwarz Diamond (o = 10%) 2624 24.17 25.83
Schwarz Diamond (o = 20%) 2685 42.52 39.32
Schwarz Diamond (p = 30%) 2896 56.67 51.71
Schwarz Primitive (o = 10%) 2250 15.44 17.61
Schwarz Primitive (p = 20%) 2334 25.15 33.63
Schwarz Primitive (p = 30%) 2713 41.11 47.50

The finite element analysis results were similar to the experimental data measured
for Gyroid and Schwarz Diamond structures. Schwarz Primitive specimen’s FEA results
were similar to the experimental results of the elastic section of the stress-strain diagram.
The E modulus mean value was determined to be 3550 MPa and this was in agreement
with nanoindentation and compression results and another work on 3D printed PLA [36].
However, due to the influence of manufacturing method (FFF printing) and size effect, the
effective elastic modulus ranges between 2250-2928 MPa for TPMS structures (Table 5).
This phenomenon is similar to the impact of the size effect on stiffness of the TPMS
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structures. Since these particular architectures, reveal a post-softening beyond the yield
point, the finite element analysis returned comparable results to those of the experiments
in the early stage of viscoelastic deformation. Thus, the results of the experimental and
FEA almost coincide up to 25% of the ultimate strain, as shown in Figure 8.
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Figure 8. Comparison between experimental and FEA-determined stress-strain curves for (a) Gyroid, (b) Schwarz Diamond
and (c) Schwarz Primitive TPMS structures at different relative densities.
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As presented in Figure 9a, the Gyroid structure generally exhibited higher effective
elastic modulus compared to the other TPMS structures. It can be observed that the
Schwarz Primitive structures were influenced by the size effect compare to the Schwarz
Diamond and Gyroid structures, since the percentage reduction reached up to 17% between
SP30 and SP10. In Figure 9b, the Schwarz Diamond structure demonstrated the highest
strength, followed by the Gyroid, while the lowest strength was observed for the Schwarz
Primitive specimens. It is worth noting that as the relative density decreases, the mechanical
properties deteriorate, regardless of the TPMS structure, due to the intense impact of
size effect.
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Figure 9. (a) Effective elastic modulus and (b) compressive yield strength for each TPMS structure.

To sum up, the mechanical properties of 3D printed TPMS lattice structures differ
from the mechanical properties of the filament material and 3D printed PLA cylindrical
specimens. This difference was further increased when the part contains lattice struc-
tures [20,45,46]. When an object contains lattice structures with low relative density, the
phenomenon of size effect becomes apparent and the mechanical properties of the structure
are significantly reduced. The mechanical properties of the structures studied in this work
were influenced by both the 3D printing procedure and the size effect. The first concern was
to reduce the size effect, hence the length of unit cells was selected at 12.5 mm, while the
thickness values ranged between 0.6 to 2 mm. Solid parts were also used in the structure to
enhance the mechanical properties exploiting the advantages of sandwich-like structures,
with upper and lower plates of 2 mm thickness [47]. In order to minimize the 3D printing
effect in the mechanical properties, the smallest available nozzle (0.4 mm) was used for
3D printing to achieve the minimum layer thickness. An attempt was also made to find
the optimum print orientation, always keeping in mind the limitations of the FFF printing
technique and the complexity of the TPMS surfaces. Hence, the ZXY orientation was
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chosen according to ISO/ASTM52921-13 [48], which leads to optimal mechanical behavior
for compression testing.

3.4. Energy Absorption of the FFF TPMS Structures

The energy absorption study of a lattice structure is essential due to the fact that
the high energy absorption rate is a fundamental property for these structures and their
applications [3,20,49]. For this reason, it is important to calculate the energy absorption per
unit volume regardless the size of test specimens for each TPMS structure.

Since there is no corresponding standardization for the absorption of energy in plastic
cellular materials, the methodology for calculating the energy absorption for metal cellular
materials standardization was used [48]. This means that the energy absorption per volume
of each structure during a compressive load is calculated by the equation:

€0

W, = /Uds (6)

0

where, W, is the amount of energy absorption per volume (MJ/m?), g is the maximum
strain limit, which refers to the maximum strain before densification occurs, that is, 60%,
o is the compressive stress (MPa or N/mm?) and ¢ is the strain. Moreover, with the
appropriate transformation of the above equation (Equation (1)) the energy absorption
per mass can be calculated for each structure of the specific energy absorption (SEA) W,
(kJ/kg). The necessary transformation for this calculation is:
Wy
= 7
W == )
where p is the density of the 3D printing material.

Based on the above equations, the energy absorption of each structure is inextricably
linked to the surface areas below the stress-strain curves extracted by compressive loading
experiments. After extracting the stress-strain curves from compression tests supported by
FEA, the energy absorption per volume for each lattice structure and relative density was
calculated by numerically solving the equation. The trapezoidal method was used for the
numerical solution of the integral of the equations. More specifically, the energy absorption
value was calculated for each structure and relative density by the following formula:

€60%
W, = / ode =
0

0(0) +20(er) + .. + rleeon)] - ®

N =

where 7 is the number of points and it was determined from the experimental stress-strain
curves. This number was around 14,400 that is, the displacement (60% of strain) of the
specimens was given by the testing machine as 14,400 points in order to simulate the
quasi-static mode of the experiment.

Figure 10a portrays an indicative stress-strain diagram for all TPMS structures at
relative density of 20%. The numerical results for energy absorption per unit volume are
shown in Figure 10b. It is worth mentioning that energy absorption is measured up to
60% strain, hence the highest amount of energy absorption derived from the plastic defor-
mation section. Moreover, the energy absorption performance of all the TPMS structures
was configured by three distinct regions of the stress-strain diagram. Initially there is
the elastic section which provided significant amount of energy due to maximum com-
pressive strength, then the post-softening effect occurred reducing the energy absorption
rate. Finally, a plateau-like was created and large amount of energy were absorbed until
the densification.
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Figure 10. (a) Indicative Stress-strain curves for all the TPMS structures at relative density of 20%
(up to 60% strain); (b) Energy absorption per volume comparison between different lattice structures
(up to 60% strain).

The results reveal that Schwarz Primitive structures absorbed the highest amount
of energy for 20% and 30% relative densities, however, the Schwarz Primitive structures
with 10% relative density were brittle leading to reduced strength, thus to lower energy
absorption (Figure 10b). Furthermore, these structures absorbed lower amounts of energy at
the elastic region, however beyond yielding point the energy absorption rate was increased,
especially after post-softening effect, that is, after 8%. Gyroid structures had a remarkable
energy absorption performance for all relative densities due to their high yield strength
and the early densification that occurred at these specimens. Schwarz Diamond structures
absorbed the lowest amount of energy from these three structures, despite the fact that they
had demonstrated the highest compressive strength. It is worth mentioning that extensive
post-softening phenomena led to these results. Overall, the under study TPMS structures
have demonstrated high energy absorption amounts and could be considered as promising
candidates for impact applications, where high crashworthiness structures are needed.

4. Conclusions

This paper investigated the mechanical behavior of FFF printed lattice structures,
which are included in the TPMS family (Gyroid, Schwarz Diamond and Schwarz Primitive).
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Specimens were FFF printed as sandwich-like structures and their mechanical behavior
was determined with quasi-static compressive experiments, supported by finite element
analysis. The stress-strain behavior in the FE model for the 3D printed TPMS structures
was determined by curve-fitting the experimental compression data. Schwarz Primitive
structure was mostly affected by the size effect and this led to a significant deterioration
of its structural integrity. Schwarz Primitive geometry exhibited a similar to bending-
dominated behavior with the presence of strong shear stresses, resulting in diagonal failure
of the specimens. However, Schwarz Primitive structure have shown the highest amount
of absorbed energy among the other TPMS structures, since it continued to withstand
high loads after yielding point. Gyroid structure revealed the highest performance in
terms of stiffness and elastic modulus. The boundaries of the Gyroid unit cell were the
weakest regions and the failure typically initiated from there. In addition, Gyroid structures
have shown substantial energy absorption rate, due to the combination of their high
yield strength and limited post-softening effect. Schwarz Diamond structures portrayed
the highest strength among the studied TPMS structures. This phenomenon could be
possibly attributed to the fact that Schwarz Diamond structures have superior material
distribution within the volume’s domain and therefore the stresses could be distributed
more effectively. Schwarz Diamond and Gyroid structures were moderately deteriorated
from the size effect due to the novel sandwich-like structures, which helped to maintain
their structural integrity. Therefore, both Schwarz Diamond and Gyroid structures revealed
a clear stretching-dominated behavior.
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