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ABSTRACT

With the development of the additive manufacturing method, the production of lattice
structures with complex geometries attracts increasing attention. These lattice structures can be
designed with the desired properties, and they are encountered in many areas such as automotive,
aerospace and aviation, and manufacturing industries, as they offer the freedom to control their
physical, mechanical and geometric properties. The high strength characteristic of lattice structures
that can be designed at any scale makes these structures useful for producing different designs. Since
the mechanical responses of the lattice structures depend on the lattice design parameters, such as the
large number of independent struts forming the lattice, cell size and cell geometry, the mechanical
behaviour of these structures should be examined. In this study, a porous lattice structure with four
different cell models, namely Dode Medium, Diamond, Rhombic Dodecahedron, and Dode Thin, was
produced by Selective Laser Melting (SLM) method. In order to reveal the mechanical properties and
deformation responses of the porous lattice structures, they were analyzed under compression test and
by the finite element method, and experimental and numerical procedures were compared. The effect
of the compression test on the lattice properties and how the deformation is distributed throughout the
lattice structure were investigated. The finite Element Analysis and Digital Image Processing (DIP)
method was used to determine how the lattices deform. The results obtained will be useful for
designing new metallic lattice structures with more excellent deformation resistance in future studies.
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in additive manufacturing varies, it is important to

1. Introduction

Advances in additive manufacturing have led
to the ability to create new models with the freedom to
control the design of lattice structures. Advanced design
optimization is an important criterion in structures
produced with additive manufacturing. Thanks to the
control of the design parameters of the lattice structures,
their mechanical, physical and thermal properties can
vary [1]. These design parameters are depend on the
internal architecture of the cellular structure, the cell
model, size, and properties of the parent material used in
production. For example, polymer structures with
random cell arrangement often exhibit bending-
dominant behavior in cell supports during elastic
loading [2] or bending bending appears to be the
dominant behavior in beams and struts during elastic
loading in metal three-dimensional truss structures [3].
Therefore, although the main production material used
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analyze the mechanical performance of the parts. In
particular, it is important to know more about how the
behavior of metal lattice structures under mechanical
tests is affected by design parameters. Considering the
studies in the literature on this subject; Doyoyo et al.
investigated the effects of ruptures caused by plastic
yielding and elastic buckling on both tensile and
bending responses in metallic lattices subjected to
multiaxial loads [4]. Nayfeh et al. The octettruss and the
mechanical analysis of the stresses occurring in the
struts of a two-dimensional model. The analyzes
showed that the elastic properties of both models are
relatively close to each other [5]. Wang et al. They
developed a mathematical method to show the
relationship between the characteristic parameters of
porous structures and their mechanical properties. They
fabricated the porous structures with a 3D metal printer
and tested their mechanical properties under varying

© SME



Journal of Manufacturing Engineering, March 2023, Vol. 18, Issue. 1, pp 001-010

axial loads. According to the results of these tests, they
concluded that a design with a porous structure
increases the biomechanical performance, and its
mechanical properties change as the pore diameter and
density change [6]. Mehboob et al. The produced lattice
structures were subjected to tests under compression,
bending and torsional loads. They determined that the
structures with a pore ratio of 47.3% showed the best
mechanical properties [7]. Ghahramanzadeh et al.
developed a model using finite element analysis to
optimize the pore diameter of the porous structure and
determined the optimum pore diameter as 35um [8]
Soro et al. The mechanical properties of titanium
scaffolds with 60% and 70% porosity levels were
investigated by finite element analysis under
compressive loads. As a result of the analysis, they
emphasized the importance that the stress distribution of
porous scaffolds depends on the pore shape and pore
diameter [9]. Akbay et al. performed compression tests
on porous models with varying cell density and shape
geometry using different unit cell models.As a result of
the tests, it was investigated how the deformation was
distributed along the scaffolds and the results of the
changing cell models were compared [10]. In addition to
experimental measurements, Wallach et al. worked on
unit cell modeling to calculate the elastic modulus,
uniaxial compressive strength and shear strength of
sandwich structures with pyramidal lattice cores [11].
As can be seen in the literature, studies on the design
parameters of porous lattice structures are quite
common. In this study, the effect of cell geometry
change on the lattice properties, the deformation
response under compression test and how the
deformation is distributed along the lattice were
investigated. The deformation response and the resulting
error patterns on the models displayed using a high-
speed camera were examined. Finite element analysis
method was used and simulations were made to
understand the relationship of material strain rate with
the change of unit cell models. The Digital Image
Processing (DIP) method was used to obtain
information about how the lattices were deformed.
Figure 1 illustrates the methodology of the present
work.

2. Methodology

2.1 Design of Lattice Structures

In this study, four different lattice structures,
namely Diamond, Dode Medium, Dode Thin and
Rhombic Dodecahedron, are discussed. The porous
models designed using Computer Aided Design
software were saved in STL format and transferred to a
Concept Laser metal printer. The unit lattice cells, the
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cellular cubes obtained for each unit lattice, isometric
and front views for each lattice structure are shown in
Figure 2 together with the lattice dimensions (mm).
According to the design, the number of struts and the
strut diameter of the porous models are given in Table.1.
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Table 1 Number of Struts and Diameters of Porous

Models

Model Names Number of  Strut Diameter

Strut (mm)
Diamond 13531 4.73
Dode Medium 13948 453
Dode Thin 11388 4.16
Rhombic 8664 4.36
Dodacahedron

High purity argon gas was used as the shielding
gas to make the oxygen content in the environment less
than 0.1% throughout the production process. SLM
processing parameters are shown in Table.2. After
fabrication the porous lattice structures were allowed to
cool at room temperature and then fabricated models
were cut from the substrate using a wire electric
discharge machining (EDM) process.

Table 2 Machining Parameters

Property Value
Layer Thickness (Minimum) 15— 30 um
Laser System Fiber Laser
Focal Diameter 50 pm
Inert Gases Argon
Maximum Scanning Speed 7mls

2.2 Compression Test

Compression  tests were performed to
investigate the deformation behaviour of each lattice
structure. SHIMADZU AG-IC device was used to
perform the compression tests. (Fig. 3) The compression
speed is set to 10 mm/min and the ramp speed of the
machine is set to 0.07 mm/min. Compression tests were
carried out until the force decreased with increasing
displacement. In order to minimize the friction force on
the contact surfaces of the porous models, a flat plate is
placed on the unit to be tested.
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Fig. 3 SHIMADZU AG-IC Compression Test
Machine and Test Sample Example
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Porous models are placed in the middle of the
plate to ensure that the displacement is applied evenly.
The lattice deformation was characterized using an
image processing method used to track the
displacements of predefined points on the models.
Images were recorded with an ELP brand 8 MP camera.
The camera is positioned at a distance of 80 mm from
the workpiece and fixed focus. During the compression
test, load-displacement curves were analyzed to
compare the deformation behaviour of the porous
models via yield and condensation points. The
condensation point of the porous structures was defined
as the location where adjacent buttresses began to come
into contact with each other so that the measured
displacements were then used to calculate the axial and
lateral deformation of the models. Data from the
compression test were exported and analyzed in
Microsoft Excel.

2.3 Finite Element Analysis

To ensure that the simulation conditions are
consistent with the compression test, the finite element
analysis method simulated the mechanical behavior
under the compression test on full-size models of four
different porous lattice structures. The force and
boundary conditions to be applied to porous structures
have been determined by considering the literature [12-
14]. CoCr was chosen as the material. A tetrahedral
mesh with an average size of 0.5 mm was used to model
the four structures. End plates of minimum thickness
were placed on the top and bottom of the model to
ensure that the overall mechanical properties were not
affected before the load was applied. The simulation
process is as similar as possible to the actual test (Fig.
4). Simulation was performed at the same loading speed
as the experiment. The model was fixed by applying full
restraint to the bottom plate for uniform distribution of
the load.

. Fixed Support

Displacement

Fig. 4 Example of Finite Element Analysis
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2.4 Digital Image Processing

To assess the reliability of digital image
processing, a preflight was applied before each run was
tested. The displacement of a point in the porous
structures during the compression test takes different
values depending on the position of the fixed and
movable jaws, so the maximum displacement
corresponds to the end portion of the porous models
facing the movable jaw. The minimum displacement is
positioned to correspond to the fixed jaw-facing portion.
Point tracking was applied to the images taken with the
camera within the image processing method. Before the
compression test, a point was assigned to the corners
and edges of the samples. (Fig.4a) The attributes of
these points are recorded in the program, and the
displacement amounts of the points are calculated as the
image progresses. The new position of the tracked point
is marked in each frame of the image. (Fig.4b) As a
result of the experiment, the unit deformation was
calculated by using the axial total displacement values
of the points (Equation 1).

d=V(x1 —x2)% + (y1 —y,)?
(1)

(x1,yl) and (x2,y2) given in the equation
represent the first and last coordinate values of the
points. The value of the displacement amount of the
points in pixels is expressed by d. The number of points
is n and db is the unit displacement amount.

Fig. 5 Tracking the Corner and Edge Points of the
Pores with the Digital Image Processing Method a)
Before Compression Test b) After Compression Test
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Figure 5 shows the displacement versus time
measured by the DIC and reported by the machine for a
control sample. Both curves are linear in time as a
constant rate of displacement is applied. For both
configurations, maximum deformation and maximum
stress were observed at the crack tips. A maximum
deviation of 3% was found between the two samples.

3. Discussion And Results

3.1. Compression Test Results

All compression tests were performed under a
load of 100 kN, with a data rate of 10 points/s and a
ramp rate of 0.07 inches/min of the machine to ensure
full deformation. The produced porous lattice structures
were placed between two fixed plates in the
compression test device, and the compression test was
repeated. The values obtained as a result of the
compression test were calculated as shown in Equation
2 and Equation 3, and the Stress — Percent Elongation
graph was created.

ob=Pi /A0

)
eb= li-lo /lo = Al/]

3

Stress-Percent Elongation graph of porous
models is given in Figure. 6. In the porous models; the
stress was measured as 73.6 MPa in the highest
Diamond model and 19.9 MPa in the lowest Dode Thin
model. The Dode Medium model reached the maximum
stress during the experiment, but the compression test
could not be continued because the deformation
response of the model resulted in sudden breakage.
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Fig. 6 Stress-Percent Elongation Graph of Porous
Models
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Three tests were performed on each sample to
obtain statistically correct results and both mean and
standard deviation values are given in Table.3. The
stresses in the porous models peaked at low strains and
decreased until the onset of a second peak value. It can
be easily understood that these peak stress values are
evidence of the existence of the stress-dominated
collapse mechanism. Another finding that should be
taken into account is that the stress peaks lose their
visibility as the unit cell size decreases.

Table 3 Porosity Ratio, Average Compressive
Strength and Maximum Compressive Strength
Values of Porous Lattice Models

c
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Dode Medium 82.1 58.7 2.1 72.9
Diamond 85.8 64.3 1.7 73.6
Rhombic

Dodecahedron 84.9 34.5 1.5 45.3
Dode Thin 80.5 12.4 2.2 19.9

When the stress — percent elongation curves of
porous lattice structures are examined, it is seen that
three different regions occur for all four lattice
structures in the case of compressive loading. (Fig.7)

a)Elastic Stage b)Plastic Stage

¢)Aggregation

Fig. 7 Example of Three-Stage Deformation of
Porous Lattice Structures a) Elastic Deformation
Phase b) Plastic Deformation Phase ¢) Aggregation
Phase
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As a result of the compression tests, it is seen
that the material changes at a certain rate in response to
the increasing stress. The first deformation that occurs is
elastic, and the unit deformation that occurs in response
to the applied stress in this region changes linearly.
Some struts in the porous structure showed a tendency
to collapse at the end of the first zone (Fig. 6a). While
the stress value in the plastic region remains
approximately constant for a long time, the deformation
continues. Plastic deformation occurs continuously until
all cells collapse completely. The deformation that
occurred at the end of the second region is not
reversible, that is, the plastic deformation has occurred
(Fig.7b). In this region, called the aggregation phase, the
stress increased rapidly in a steep manner.

The toughness values were calculated to find
the porous models' plastic deformation ability and the
energy absorbed until the breaking point. According to
the stress results shown in Figure 5, the fastest
deforming model is the Dode Thin model, and the
toughness value decreased as the deformation rate
increased. Dode Thin model gave the lowest stress
values and in parallel with this situation, the lowest
toughness value was seen in the Dode Thin model.

(Fig.8)
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Fig. 8 Toughness Values of Porous Lattice Structures
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The plastic deformation that occurs in porous
models depends on the high energy absorption
capability of the structure. High energy absorption
ability at high-impact velocities is the main objective in
such porous structures [15]. Therefore, compression
tests are performed to verify the suitability of lattice
structures as energy absorbers at high-impact velocities.
Since the collapse point of the truss structures are the
points where the stress is maximum, they are typically
where the struts are connected to each other.
Observation of cracked surfaces under the compression
test indicates plastic deformation, although this is
difficult to detect consistently and with high pressure,
cracking was observed in the parts of the struts far from
each other, which is supported by the literature [16].

3.2 Finite Element Analysis Results

The finite element analysis method was used to
analyze the deformation occurring in four porous lattice
structures under the same load. This study provided the
theoretical basis for the impact strength capacities of
porous lattice structures.

Three boundary conditions were assigned to
the porous models before analysis. First, a flat surface is
determined at the base of the porous model, which
prevents any displacement in the direction of the applied
force. The second boundary condition was fixed at the
plate corresponding to the desired strain at the top of the
porous model. Third, a fixed attachment point that
prevents lateral movement of the porous model was
determined. The porous models were meshed with the
tetrahedral structure model representing the size of the
meshing elements, and the analysis was started after all
necessary steps were completed. As a result of the
analysis, it has been observed that the highest stress
values occur especially in the places where the struts in
the porous models join at small angles and around the
nodes. Considering the studies in the literature, a
guantitative comparison was made by comparing the
ratio of the average stress (cAVG) calculated as the
average of the maximum stress (6MAX) obtained in the
middle of the uprights [17-19]. Figure.9 shows the stress
distribution for porous lattice structures under
compression loading.
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Fig. 9 Finite Element Analysis of Porous Models Compression Test Simulation Images
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For the Diamond cell geometry, the stress
values found (>12000 MPa) are roughly 4 times higher
than the stress values found for the Dode Thin cell
geometry. Similar stress levels were observed in Dode
Medium and Rhombic Dodecahedron cell geometries.
In addition, the ratio of maximum stress to average
stress is around 1.60 for Dode Thin cell geometry and
1.14 for Diamond cell geometry (Table.3). This showed
that there was a more even distribution of stress in the
Diamond model, which was also supported by the
literature [20]. Negative maximum principal stress (red
color) was not observed on the vertical supports for all
four lattice structures, indicating that all the struts of the
lattice structures were compressed equally. [21,22]

3.3 Digital Image Processing Results

In the images taken during the compression
test, the location of the endpoints along the x-axis and y-
axis passing through the center of each pore of the
samples are marked (Fig.10). By following these points,
unit displacement amounts were calculated according to
equation 1 at the end of the experiment (Table.4).

Fig. 10 Pore Deformation Tracking Points

Table 4 Unit Displacement Values of Tracked Points
on the Samples

Model Names Unit

Displacement (db)
Diamond 32,643
Dode Medium 47,002
Dode Thin 58,347
Rhombic 49,337
Dodecahedron
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Pore damage is most visible in the Dode Thin
sample. The lowest tensile strength of the Dode Thin
specimen in the compression test and left element
analysis confirms this result. The unit damage in the
sample pores is as large as 45% of the image size.
Similarly, the Diamond sample is the sample with the
least pore damage in parallel with the compression test
and finite element analysis. The pressure-resistant
nature of the cell geometry ensured that the pore
damage remained at the rate of approximately 25%.
Dode Medium and Rhombic Dodecahedron samples had
similar pore damage values (~36-38%). Sudden fracture
effect is observed in both samples. Damages started
with crack initiation at the nodes highlighted in red in
Figure 10. Similar deformation responses were observed
in all porous specimens subjected to the compression
test. Local shear deformation was observed in the
structure in the porous models with compressive stress
(Fig.11).

Fig. 11 Local Shear Deformation Example

Although compression deformation areas were
observed in different parts of the models, collapses
occurred at the node locations. In the porous structures,
fracture occurred at approximately 45° according to the
strain distributions. This shows that the models do not
directly break under the compression test but instead
break in the transitions between the struts. In the
compression tests, it was observed that the stress
increased with the increase in the number of unit cells
and the strut diameters, and cracks formed when 450
inclination occurred after buckling [23]. The locations
of the physical defects found were classified as point
defects. (Fig.12)
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Fig. 12 Under Compression Test Pore Deformation Graphics

When point deformation is followed when the
unit cell size increases, the number of cells in the porous
lattice structure decreases. However, when the struts in
the lattice structure are long, it has been observed that
the part undergoes deformation during mechanical tests
because the amount of protrusions in the structure is
high [24]. Porous structures with a cross-lattice
structure, such as Dode Thin, have been observed to
have approximately 30% less strength than horizontal
and vertical lattice structures, such as Diamond [25].
The analysis of the distribution of stresses around the
nodes of the lattice structures more clearly understands
the behaviour of the porous lattice structures during the
compression test. Stress distributions occurring in
various parts of porous structures are shown with point
densities in the same part. The point deformation
analysis allowed us to examine the behaviour of the unit
cell geometries constituting the porous lattice structures
under the compression test. It gave information about
the density distribution of the plastic deformation
passing through the nodal centres of the Ilattice
structures (Figure 12).
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Plastic deformation has been observed
intensively in the nodes of the unit cells and the studies
in the literature have supported that the deformation of
the lattice structures during compression is due to the
rotation of the axes in the nodes [26].

4. Results

The SLM method produced the lattice structure
with four different unit cell models made of CoCr alloy,
and its deformation behaviours were investigated under
compression tests and simulations. The stress-percent
elongation curve for porous lattice structures was
determined by the analysis of compression tests. Based
on the results of the compression tests of the porous
lattice structures, the deformation occurred in three
stages. The stress distribution at the nodes of the lattice
structures first caused elastic deformation depending on
the unit cell model used. As the compression test
continued, the cells decreased in size, and the second
stage, plastic deformation, was observed with
compression. Then, the aggregation phase was observed
as the unit cells were stacked on each other. The
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simulation results obtained from the finite element
analysis agreed with the experimental results; thus, it
has been a guide to determine the desired mechanical
properties of the porous lattice structures in future
studies. A sensitive camera was used during the
compression test, and it was observed that all lattice
structures did not form obvious macro defects, such as
large cracks. Since the lattice structures deform and
break along the force direction when the load is applied,
the angle and unit cell model at which the struts are
connected in each unit cell should be determined by
considering the deformation response of the struts after
the load is applied to the porous lattice structures. The
dependence of the mechanical properties on the lattice
design parameters used has been a reference for future
studies. In future research, more unit cell models with
varying densities and load states will be explored using
different materials to analyze porous lattice structures.
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