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ABSTRACT

The aim of this study is to investigate and benchmark the physical and elastic properties of strut-based
lattice structures produced by selective laser melting from 316L stainless steel material, which has many
uses in various sectors. Within the scope of the presented study, the relative density and relative elastic
modulus for 27 types of strut-based lattice structures of different sizes with simple cubic (SC), body-
centered cubic (BCC) and face-centered cubic (FCC) geometry were evaluated and compared.
Numerical analyzes were utilized due to the evaluated design and dimensional configuration diversity,
and consistent results were obtained with the studies published in the previous literature. The findings
of the study showed that for all lattice structure types, volume fraction increases with the increasing
diameter and decreases with the increasing cell size. With the utilization of same strut diameter and cell
size FCC type lattice structures exhibit the highest volumetric fill while SC type lattice structures exhibit
the lowest. The increase in the volume fraction increases the relative elastic modulus. For the same
volume fraction, SC lattices represent the highest relative elastic modulus while FCC lattices indicate
the lowest.

Keywords: Additive Manufacturing. Selective Laser Melting. Strut-based Lattice Structures. Design.
Finite Element Analysis.

1. INTRODUCTION The first introduction of strut-based lattice
Among the different advantages offered by structures  emerged  with  conventional
additive manufacturing (AM) technologies, it is manufacturing techniques, and their application
remarkable that more complex designs can be area have subsequently expanded thanks to their
realized without affecting product and suitability for many different AM methods [3].
production costs too much [1]. Thanks to these

complex designs, different aspects of product Today, among the major additive
functions can be improved. Examples of these manufacturing methods grouped according to
improvements are weight reduction, customized international standards, different methods such
geometries, integrated components  with as powder bed fusion, material extrusion,
reduced assembly requirements, and high- material jetting and photopolymerization stand
performance internal channels in terms of heat out among the ones suitable for lattice structures
and flow [2]. There are different methods of production [4]. Powder bed fusion additive
achieving weight reduction among these manufacturing (PBF-AM) which covers several
examples, and the two most common methods sub process types such as Selective Laser
are topology optimizations and the use of lattice Melting (SLM) has the widest application area
structures. Lattice structures are designs whose when it comes to metal alloys [5]. In order to
unit geometry consists of struts, shells or triply understand the reasons for this situation, it will
periodic minimal surfaces (TPMS), and this unit be useful to pay attention to the advantages of
geometry repeats each other in different PBF-AM. In this context, the precision
directions and fills the selected volume. superiority of the PBF-AM method, which is

based on the principle of laying a very thin
powder layer on a build platform and melting
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and solidifying the powders in the layer with the
help of a focused energy source (laser for SLM)
is compelling. Moreover, the metal material
variety in SLM is quite good and many alloy
groups based on aluminum, cobalt, iron, nickel,
steel, and titanium are appropriate for this
method [1], [6], [7]. The steel grades available
for SLM include but not limited to 316L,17-
4PH, 18Ni-300, H13, PM2000 and SAF2705

[8].

Amidst the listed steel grades, 316L is an
austenitic stainless steel applied by various
industries including aviation, chemical and food
processing, marine, power generation and
environmental treatment. As the result of
ongoing attempts since the beginning of early
2000s, 316L can now successfully processed by
SLM yielding to fully dense material properties.
316L steel grade is also a notable research topic
for the SLM production of lattice structures. For
the current state-of-the-art, the types of lattice
structures produced by SLM from 316L are
gyroid [9], face-2-centered cubic (F2CC) [10],
X-shaped [11], octet truss [12], (Z reinforced

body-centered cubic) BCCZ [13], [14], cubic
[15], octahedral [16], BCC [17], [18], [19] and
gradient [20]. As can be seen through listed
literature there are many studies on the SLM
production of lattice structures from 316L, but
there is a certain gap of a comprehensive
benchmark between various lattice types and
geometrical characteristics. Furthermore, the
different approaches in the current literature
exposes different reports and there is no
compatibility between these [9]-[19]. In order to
examine this situation in more detail and to
understand it better, literature review was
conducted and the results of different studies
were observed. In the review, physical and
elastic values given in some publications were
used directly, while in others, physical and
elastic values were extracted by making indirect
calculations from different gquantities such as
force, area, and deformation given in the
publications. Table 1 summarizes previous
studies on lattice structure production with
SLM using 316L stainless steel.

Table 1. Previous studies on lattice structure production with SLM using 316L stainless steel.

ﬁg‘f' Scope of the Study Data Collection Method D;ili?;i\(/& ) Elalzteilc&;g/\/?% )
[9] Experimental investigation Direct retrieve from publication 16.87 13.57
[12] Numerical investigation Indirect calculation 20 19.3

[13] Experimental investigation Direct retrieve from publication 3-14 0.13-2.6
[16] Experimental investigation Direct retrieve from publication 12.8 0.3

[17] Experimental investigation Indirect calculation 42 30.5

[19] Experimental investigation Indirect calculation 45.7 7.7-12.3

Considering the cost of the SLM process and
316L  stainless steel materials, it is
understandable that different lattice structures
and their geometric properties cannot be
included in a single study by the same research
group or institute. For this reason, this
publication was presented to fill the gap in the
literature, and the physical and elastic properties
of 27 different combinations were compared in
total by changing the strut diameter at 3 levels
and cell size at 3 levels for each of the 3-
essential strut-based lattice structures.

2. MATERIALS AND METHODS

This paper numerically investigates and
benchmarks the physical and elastic properties
of 316L cubic lattice structures. To fulfill this
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aim, simple cubic (SC), body-centered cubic
(BCC) and face-centered cubic (FCC) lattice
structures were designed with a commercial
computer-aided design (CAD) software. After
describing the geometrical characteristics,
analytical models were introduced to calculate
volume fraction and implemented by using
MATLAB software. These analytical models
were verified by calculating the volume fraction
ratios with the values extracted from the CAD
models of lattice structure and full cubic
volumes. Later on, finite element analyses
(FEA) were employed by using ANSYS
software and FEA set-up was fine-tuned by
verification with the experimental values taken
from previous literature and mesh sensitivity
analyses. Finally, full set of lattice structures
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were simulated and benchmarked in terms of
physical and elastic properties.

2.1. Design of Lattice Structures

According to published literature, SC, BCC and
FCC type lattice structures are among the
common ones which employ struts and they are
also called as strut-based lattice structures
accordingly [21]. The so-called struts are

represented as cylinders with a constant
diameter and they act like bridges between the
joining point of lattices. These joining points are
arranged similar to atomic lattices and SC has
its points in the corner of the cubes, while BCC
and FCC have additional ones at body or face
centers. Figure 1 shows 8 cubic lattices of each
type with joining points, struts, diameters and
other geometrical characteristics.

Representative Unit Cell

d: Strut Diameter

8 (2x2x2)

n:

(SC)

In the context of the current study, 3 levels were
determined for strut diameters and cell
dimensions. For all lattice structure types of SC,
BCC and FCC, cell sizes were selected as 3mm,
4mm and 5mm. Together with this, strut
diameters were determined as 0.6mm, 0.8mm
and 1mm. For the lattice structures studied in
this publication, abbreviations are used to
include the structure name, then the cell size,
and finally the beam diameter. For example, a
BCC structure with a cell size of 3mm and a
beam diameter of 1mm is called BCC-a3-d1.
Finally, it is worth emphasizing that all cubic
lattices were designed with 4 cells in each of the
3 axes (n=64 (4x4x4)), and there are prismatic
bodies at the top and bottom of the lattice
systems to represent the physical compression
state.

2.2. Analytical Modeling of Volume Fraction
After explaining the geometrical characteristics,
analytical models were introduced to calculate
volume fraction and implemented using

(BCC)
Figure 1. Cubic lattices of each type with joining points, struts, diameters and other geometrical characteristics
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a: Unit Cell Size

MATLAB software. In order to calculate the
volume fraction, first of all, the number of struts
in the unit cell (b) was considered. Accordingly,
there are 10 struts in the SC type unit cell, 8
struts in the BCC type unit cell and 24 struts in
the FCC type unit cell. However, when the
whole lattice structure is taken into account and
the adjacent cells are considered, it is seen that
the unit cells of the SC and FCC type lattices
share their struts with the neighboring cells. For
this reason, the number of struts per unit cell of
these two types should be taken as 1/4. As can
be seen from Figure 1, in BCC type lattices, the
unit cell does not share its struts with
neighboring cells.

Subsequently, the strut lengths of the lattice
structures were calculated according to the unit
cell size. While the strut lengths for SC type
lattice structures are the same as the unit cell
size, the strut lengths of BCC type lattice
structures are equal to half of the body diagonal
length and FCC type lattice structure strut
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lengths are equal to half of the face diagonal
length. Later on, cross sectional areas of each
strut were included in the calculation according
to area of circle equation.

The volume of each lattice structure type was
obtained by multiplying all the aforementioned
calculations with each other. However, it should
be noted that the struts were calculated as full
length and for certain types, the excess due to
overlapping at the joining points should be
subtracted from the total volume. For example,
overlaps are present in the FCC type lattice
structures at the joining points of 24 struts and
additional volume representing them must be
subtracted from the total volume.

The final equation can be derived by
multiplying the overall calculations with the
number of cells (n) and dividing that with the
volume of full cube. Introduced models of
volume fraction ratio for each lattice structure
type are provided below. Equation 1 is used for
SC type lattice structures, while Equation 2 is
used for BCC and Equation 3 is used for FCC.

100.(12.a.m.7? —%.n.r3) 1)
a3
V3 48
100. (8. a.Tn.rZ - T.n.r3) @)
a3
V2 48
100.(12.a.77r.r2 —?.n.r3) 3)
a3

These analytical models were verified by
calculating the volume fraction ratios with the
values extracted from the CAD models of lattice
structure and full cubic volumes. According to
the conducted verifications, equations show
good convergence with CAD models and for
various configurations of SC, BCC and FCC
lattice structure types, and the differences
between two methods are less than 2%.

2.3. Numerical Modeling

This paper numerically investigates elastic
properties of 316L cubic lattice structures by
employing finite element analyses (FEA) using
ANSYS software. The essential physical and
mechanical properties of bulk 316L used for the
current study were derived from ANSYS
software material database, and are presented in
Table 2.
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The boundary conditions were defined by
employing displacements at the top face of the
upper prismatic body along -Z axis, and also
applying fixed constraint at bottom face of the
lower prismatic body. Figure 2 exhibits the
displacement boundary condition with letter
“A” and fixed constraint boundary condition
with letter “B”. In order to verify the FEA
model with the experimental values, an up-to-
date scientific publication was selected as
reference [17], and boundary conditions were
applied accordingly. In this respect, a total of
12mm displacement was determined for an
interval of 12s time and a force reaction probe
was utilized at the fixed constraint face for
monitoring reaction forces.

Table 2. Bulk 316L properties (Derived from

ANSY'S database)
Property Unit Value
Reference oC 50 400 600
Temperature
Density 10° kg/m® 7955 7840 7685
Elastic 1
Modulus 10 Pa 195 180 155
Poisson
Ratio - 026 031 0.32
Yield 8
Strength 10° Pa 243 165 1.25
Ultimate
Tensile 108 Pa 5.65 (constant)
Strength

Different mesh types and variable mesh sizes
were applied for upper/lower prismatic bodies
and BCC type lattice structure. 3D hexahedral
elements with 20 nodes (Hex20) were used for
upper/lower prismatic bodies since the
geometries of prismatic bodies were suitable for
the adoption of Hex20 mesh type. Gradient
mesh element sizes were defined for Hex20
elements starting with a minimum of 1.5mm
and ending up to a maximum of 4mm.
Contrarily, quadratic tetrahedral elements with
10 nodes (Tetl0) were used for the lattice
structures. This is because lattice structures
consist of intersecting struts and Tet10 mesh
element is a better geometrical fit to lattice
structures than Hex20. In the selection of the
dimensions of the Tet10 elements, attention was
paid to ensure that the element dimensions were
smaller than 1/8 of the strut diameter, and thus,
an acceptable level of geometrical convergence
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to the circular cross section of the beams was
achieved. Mesh metric statistics were also used
to verify the quality of the elements and high
quality with reasonable aspect ratios were
obtained in more than 95% of the elements.

] b)

Figure 2. a) Displacement (A) and fixed constraint

(B) boundary conditions, b) Close-up view of mesh
elements.

After the mesh element type was determined
and the initial dimensions were selected, mesh
element sensitivity analyzes were performed to
confirm the reliability of the model. In order to
carry out this verification, lattice structures with
a cell size of 3mm and a strut diameter of 0.8mm
like in the reference article [17] were subjected
to FEA using the initial mesh element types and
sizes. In accordance with the scope of this study,
the reaction forces in the elastic region were
extracted with the aforementioned reaction
force probe and compared with the results of the
reference article [17]. While the reaction force
values shown by the experimental results in the
reference article [17] at the deformation levels
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of 0.4mm, 0.6mm, 0.8mm, 1.2mm, 1.6mm and
2.0mm were approximately 19500N, 39000N,
48000N, 55000N and 60000N, they are
18622N, 38847N, 49030N, 56078N and
61300N according to FEA simulation results.
As the comparisons indicated a convergence
which is better than 5%, it has been evaluated
that further mesh size alterations provide
negligible improvements, and considering the
computational costs, it is beneficial to stay
within the initially determined gradient mesh
element size ranges.

The last thing to highlight in terms of numerical
modelling, was the calculation of relative
elasticity modulus based on the FEA results.
After reaction forces were obtained through the
related probe which was implemented in FEA,
the cumulative sum of those forces (3 Fg) was
calculated and they were divided by the
minimum areas (4,,;,) Of each lattice structure
configuration. By this way, the effective
stresses (as5) Were derived (see Equation 4).
Effective strains () on the lattice structures
were also derived through dividing each
deformation increment (AH) by the initial
lattice structure height (Hy) (see Equation 5).
Final calculation was performed to reach
elasticity modulus of lattice structures (E;s) via
dividing the effective stresses by effective
strains (see Equation 6).

Ocff = Z FR/Amin (4)
gepr = AH/H, ®)
Es= Ueff/feff (6)

3. RESULTS AND DISCUSSIONS

Figure 3 shows lattice volume fractions for
different type of lattice structures depending on
the cell size and strut diameter. As can be seen
from Figure 3, for all lattice structure types,
volume fraction increases with the increasing
diameter and decreases with the increasing cell
size. It is also obvious that with the utilization
of same strut diameter and cell size (for example
d=1mm and a=3mm) FCC type lattice structure
exhibits the highest volumetric fill while SC
type lattice structures exhibit the lowest. Still,
same volume fraction can be utilized for
different lattice structure types by altering their
dimensions. For example, an approximate
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volume fraction ratio of 10% can be achieved
with a SC type lattice of d=1mm and a=5mm
while the same ratio is also possible with a BCC
type lattice of d=0.8mm and a=5mm.

SC Lattice Volume Fraction
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Figure 3. Lattice structure volume fractions for; a)
SC type, b) BCC type, c) FCC type.

As for the elastic properties, FEA simulation
results gave clear indications when considering
deformations and forces which arose due to
displacement of the upper prismatic body
towards compression. Result plots were smooth
and no singularities or peaks were observed (see
Figure 4).

The results obtained in the presented research
were compared with previously reported studies
in the literature. For this comparison, attention
was paid to the similarity of the lattice structure
type, as well as the structure dimensions or
volume fraction, between the current study and
previous studies. In addition to these, care was
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taken so that the test method in the experimental
studies, which was adopted as a reference for
comparison, was similar to the compression
method that was analyzed numerically in this
study. This is because the test method has a
major impact on the elastic modulus results,
even if the same material, same lattice type,
same cell size and same strut diameter are used.
In a study conducted by Jiang et al. [22], it was
seen that while compression and tensile tests
gave similar results to each other, flexural tests
revealed 6 times higher elasticity modulus for
FCC type lattice structures. Another important
aspect while comparing numerical analyzes and
test results, especially for geometries as small as
lattice structures, is that the use of nominal
design and the actual geometry will cause
significant changes in mechanical responses.

Carraturo et al. [12], examined this type of
situation by performing numerical analyzes on
nominal geometry and as-built geometry with
manufacturing tolerance, and show that
structures with the same material exhibit two
different reaction forces as 1000N and 2500N,
due to compressive loading. In the assessment
performed by considering the aforementioned
aspects, the SC cubic structure was evaluated
first and compared with the experimental data
published by Hajnys et al. [23], and the elastic
modulus, which was experimentally reported as
9.01GPa, was found to be 9.8GPa in the
configuration having similar volume fraction
ratio. Afterwards, an additional comparison was
made for BCC type lattice structures and in the
study published by Yasa et al. [19], the reported
21GPa value for samples produced from 316L
material in the XZ direction was found to be
22.6GPa in the analyzes performed for BCC
structures with similar volume fraction.

Finally, for FCC type lattice structures, a
comparison was made with the publication of
Kohnen et al. [24], which reported the test
results as 11GPa. In this publication, 12.3GPa
elastic modulus was obtained for FCC lattice
structures with similar volume fraction ratio. It
is interesting to see that all the values obtained
as the result of the numerical analyzes in this
study were approximately 10% higher than the
experimental test results with which they were
compared. Although it is not possible to fully
explain the reason for this situation due to the
fact that the experimental results are taken from
the literature, it is interpreted that the nominal
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geometries used in numerical analyzes without
any defects can exhibit higher mechanical
attributes than the actual samples produced with
some defects such as surface roughness or
undesired porosities.

Figure 4. FEA result plots for BCC type lattice
structure; a) Initial condition, b) Intermediate
deformation (6mm) condition.

After obtaining the results and calculating the
elastic modulus as described in the materials
and methods section, it could be stated that
elastic modulus is highly dependent on the
lattice structure type and volume fraction.
Figure 5 shows the relative elastic modulus and
its dependence on the volume fraction. In the
figure, blue, green and red colors correspond to
different lattice structure types of BCC, FCC
and SC. The different markers of circle, square
and triangle indicates the cell sizes of 3mm,
4mm and 5mm. These attributes can also be
observed through the legend. Furthermore, each
series show 3 levels of strut diameters as
d0.6mm, d0.8mm and d1.0mm.

Similar to the previous studies in the literature,
it is visible that the increase in the volume
fraction increases the relative elastic modulus
[9]-[19]. For all lattice structure types, this
increase is much pronounced for the
configurations which have 3mm cell sizes
(BCC-a3, FCC-a3, SC-a3). This increase is also
correlated with increasing strut diameter from
d0.6mm to d1.0mm for each series. The reason
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for this can be interpreted as a nearly 2-fold rise
in volumetric occupancy with the increase in
strut diameters of the lattices, which are already
more congested due to the smaller 3mm cell
size.

Another important aspect worth to emphasize is
the relative elastic modulus difference between
BCC, FCC and SC lattices. In this respect, SC
lattices represent the highest relative elastic
modulus while FCC lattices indicate the lowest.
To explain this situation with an example, it will
be necessary to look at the points that provide a
relative elastic modulus of 0.18 for lattices with
a cell size of 3mm (a3) and their intersection
with the horizontal axis, which shows the
volume fraction (see Figure 5). As a result of
this examination, it can be seen that among
lattice structures with a cell size of 3mm and a
relative elastic modulus of 0.18, the volume
fraction of BCC is about 0.35, FCC is about
0.45, and SC is about 0.25. When the studies in
the literature are reviewed, it is understood that
similar trends have been reached [4].

Apart from the previous experimental and
numerical studies, it would also be beneficial to
benchmark the findings with previous analytical
models. The analytical models, first introduced
by Gibson and Ashby and later developed by the
same group of researchers, is one of the most
referenced models in the literature, with its
correlation between the volume fraction of
porous structures and their material properties.
These models examine porous structures in two
main groups as bending-dominated and stretch-
dominated [25]. While the ratio of elasticity
modulus of lattice structures (E;s) to elasticity
modulus of solid material (E;s) is proportional
to the square of the density (p) or volume
fraction for bending-dominated structures
(Equation 7), it is directly proportional to the
volume  fraction in  stretch-dominated
counterparts (Equation 8).

ELS/ES — C(pLS/pS)Z (7)

B /= €5 py) ®)

In this publication, calculations have been made
according to the relevant analytical models [25]
and the results are included in Figure 5. In the
figure, continuous black lines correspond to
bending-dominated behavior and dashed black
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lines correspond to stretch-dominated behavior.
As can be seen from Figure 5, the only type of
lattice structure that exhibits a closer stance to
stretch-dominated behavior is the SC lattice
structure. This result is consistent with the
previous literature [26]. But it should be noted
that, this behavior is only valid for compressive
loading, which is the case for this study.
Another obvious result seen in Figure 5 is that
FCC type lattice structures tends to display
bending-dominated behavior. This is also in line
with what has been reported in the previous
literature [27].
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4. CONCLUSIONS

This paper investigates the physical and elastic
properties of lattice structures produced by
SLM from 316L stainless steel material. 27
combinations of 3 different lattice structures
(BCC, FCC and SC), 3 different cell sizes and 3
different diameters, were examined. Analytical
and numerical calculation methods were
performed in order to identify physical and
elastic properties. The calculations have been
verified by the experimental studies in the
previous literature and an acceptable level of
convergence has been achieved. The results of
the benchmarks can be summarized as follows:

e For all Ilattice structure types, volume
fraction increases with the increasing
diameter and decreases with the increasing
cell size.

e With the utilization of same strut diameter
and cell size FCC type lattice structures
exhibit the highest volumetric fill while SC
type lattice structures exhibit the lowest.

e It could be stated that elastic modulus is
highly dependent on the lattice structure
type and volume fraction.

e The increase in the wvolume fraction
increases the relative elastic modulus. This
increase is much pronounced for the
configurations which have smaller cell
sizes.

e For the same volume fraction, SC lattices
represent the highest relative elastic
modulus while FCC lattices indicate the
lowest.

e SC lattice structures exhibit a closer stance
to stretch-dominated behavior and FCC
type lattice structures tends to display
bending-dominated behavior under
compressive loading.
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