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Abstract: Due to their high specific strength, toughness, and corrosion and wear resistance char-
acteristics, CoCrMo alloys are widely used in different industries and applications: wind turbines
and jet-engine components, orthopedic implants, dental crowns, etc. The aim of this paper is to
investigate the effect of lattice parameters on the compressive behavior of laser powder bed fusion
(LPBF) parts from CoCrMo material. Build orientation, volume fraction, and lattice type are chosen
as input parameters or control factors, and compressive yield strength (c), elastic modulus (E), and
specific energy absorption are chosen as the output or performance parameters for optimization.
The Taguchi experimental design method is used in the arrangement of lattice parameters during
experimental studies. The level of importance of the lattice parameters on ¢, E, and specific energy
absorption is determined by using analysis of variance (ANOVA). At the same material volume
fractions, Diamond specimens showed higher ¢, and specific energy absorption than Gyroid and
Primitive specimens, except oy at 0.4 volume fraction, where a Gyroid specimen showed the best
result. The experimental and statistical results revealed that volume fraction and build orientation
were found to be the major and minor effective factors, respectively, for all performance parameters
(oy, E, and specific energy absorption). The effect of volume fraction on ¢y, E, and specific energy
absorption was found to be 85.11%, 91.83%, and 57.71%, respectively. Lattice type was found to be the
second-ranking factor, affecting 0y, E, and specific energy absorption with contributions of 11.04%,
6.98%, and 39.40%, respectively. Multi objective optimization based on grey relation analysis showed
that a Diamond specimen with 0.4 volume fraction and 45° build orientation was the best parameter
set for the investigated performance outputs.

Keywords: additive manufacturing; laser powder bed fusion; build orientation; volume fraction;
lattice type

1. Introduction

The necessity of using light and durable materials in aviation, automotive, sports,
and biomedical industries has led researchers to investigate different types of materials
and structures in several applications. Lattice structures are one type of such structures
that have received great attention in recent years. These are three-dimensional structures
consisting of one or more repeating unit cells [1]. Compared to solid monolithic structures,
these structures have been used in different applications due to their ability to absorb higher
energy, to provide higher sound insulation, and their thermal management capability [2,3].
Lattice structures can be categorized as strut-based lattice structures, shell lattice struc-
tures, and triply periodic minimum surface (TPMS) lattice structures in terms of their
geometrical shapes [4].
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TPMS lattice structures are three-dimensional structures formed by mathematical
equations, and have zero mean curvature. They were first investigated by Schwarz in 1856.
He expressed the surfaces created as Diamond and Primitive. Neovius further advanced the
study and obtained a Primitive cubic (C(P)) surface [5]. In the 1960s, Schoen proposed IWP
(I-Graph-Wrapped Package), FRD (F-Rhombic Dodecahedron), and G (Gyroid) surfaces [6].
Fischer and Koch in 1987 [7] and Gozdz and Holyst in 1990 [8] discovered new TPMS
surfaces after their long studies.

Complex geometries of TPMS structures make the manufacturing of these structures
very difficult, but today, additive manufacturing (AM) provides novel solutions for the
production of different types of TPMS structures. Laser Powder Bed Fusion (LPBF) is
one of the metal AM processes where metal powders are placed on a build plate with an
amount of pre-defined thickness by recoater blade, and a laser source is used to selectively
melt the powder according to computer-aided design geometry in an inert gas atmosphere.
When one layer is scanned and melted, the build plate is lowered with an amount of layer
thickness, and the new layer of powder is laid on the previous layer. This process continues
until the final part is fully formed [9].

In scientific literature, a number of studies have focused on the mechanical properties
of different types of TPMS lattice structures produced by AM. In terms of their mechanical
behaviors, TPMS structures can show stretch-dominated or bending-dominated behav-
iors [10]. It was reported that Primitive structures have higher elastic modulus (E) and
compressive strength, and show stretch-dominated behavior than Diamond and Gyroid
structures, which have bending-dominated behaviors, based on the experimental results
with selective laser-sintered specimens from PA 2200 material. Therefore, it was suggested
to use Primitive structures in applications where high strength is needed, and Diamond
and Gyroid structures in applications where high strain before plastic deformation is
needed [11]. In another study, Restrepo et al. [12] compared ceramic Primitive-, Gyroid-,
and Diamond-type lattice structures, and concluded that Primitive showed the highest
E and yield strength (¢y,), whereas Gyroid showed the lowest values. Castro et al. [13]
compared the compressive behavior of Diamond, Primitive, and Gyroid TPMS structures
from Visijet M3 Crystal material with different volume fractions (0.2, 0.3, and 0.4). Their
study revealed that a Diamond structure with 0.4 volume fraction showed the highest
elastic modulus and yield stress. On the other hand, a Diamond structure with 0.2 volume
fraction showed the lowest elastic modulus, and a Primitive structure with 0.2 volume
fraction showed the lowest yield stress. Abueidda et al. [14] compared the mechanical
properties of selective laser-sintered Gyroid structures with Neovius, IWP, and Primitive
structures from PA 2200 material. They stated that Neovius and IWP structures showed
the highest and a Primitive structure showed the lowest compressive strength and energy
absorption ability. Al Mahri et al. [15] studied the quasi-static and dynamic response of
Gyroid, Diamond, IWP, Primitive, and Fisher Kock TPMS lattice structures produced with
an LPBF process from 316L stainless steel. Their results revealed that IWP showed the
highest and Primitive showed the lowest plateau stress in both loading conditions. In
terms of energy absorption ability, Diamond offers the highest and Primitive offers the
lowest values. Zhang et al. [16] stated that a Diamond structure showed higher mechanical
properties than Gyroid and Primitive structures produced with LPBF from 316L stainless
steel material. Liang et al.’s study [17] on 316L stainless steel LPBF-manufactured Gyroid
and Primitive structures showed that the Primitive structure showed stretch-dominated
behavior, and the Gyroid structure showed bending-dominated behavior. Moreover, the
Primitive structure showed higher energy absorption ability than the Gyroid structure at
low relative densities. Novak et al. [18] compared quasi static and dynamic compressive be-
havior of LPBF-produced 316L stainless steel Diamond, Gyroid, IWP, and Primitive TPMS
structures, and stated that the Diamond structure showed the highest and the Primitive
structure showed the lowest plateau stress and specific energy absorption. Shi et al. [19]
investigated compressive and energy absorption behavior of LPBF-produced Ti6Al4V Gy-
roid, Primitive, Diamond, and IWP TPMS structures, and stated that the Gyroid and IWP
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structures showed higher plateau stress and energy absorption than other TPMS structures.
They also stated that for Gyroid and IWP structures, elastic modulus and yield stress
increased with increasing relative density. It is clear from this short literature survey that
the mechanical properties of different types of AM-produced TPMS lattice structures in the
literature might be contradictory due to the manufacturing methods, defects, dimensional
variations, and surface roughness of manufactured specimens [4].

Apart from the type, the mechanical properties of TPMS lattice structures are affected
by build orientation and volume fraction [20]. Cai et al. [21] investigated the effect of
porosity on mechanical properties of PLA Diamond TPMS structures. They stated that
low-porosity samples had 3 times higher yield stress and 2.5 times higher elastic modulus
than high-porosity samples. The build orientation effect on mechanical properties was
studied by Alsalla et al. [22] for LPBF-manufactured 316L Gyroid lattice structures. They
stated that vertically-oriented samples showed 60% higher ¢, than horizontally-oriented
ones. The main reason for the effect of different build orientations on the mechanical
properties is the different porosity values for build parts. Delroisse et al. [23] stated that
LPBF-manufactured AlSi10Mg vertically-built samples showed a lower amount of porosity
than samples with different build angles. It is also worth noting that build orientation
affects the microstructural development in LPBF-printed specimens. In LPBE, usually,
columnar grains oriented in the build direction are formed [24], and these grains are
long and thin at the bottom of the specimens near the build plate due to large thermal
gradients and high cooling rates [25] and become coarser at higher build heights due to
the lower thermal gradients between successive layers [26]. However, the microstructure
development in lattice structures is more complicated and diverse [27], which affects the
mechanical properties of the printed specimen [28].

As can be seen from the aforementioned literature, there has been many studies
performed about investigating the effect of build orientation, volume fraction, and different
types of lattice structures on mechanical performance, especially on E and oy. It is also
very important to know the significance of the effect of these parameters on mechanical
properties so that the design engineer can have the knowledge to change the parameters
in the right order to acquire the intended strength and improve the quality of AM parts.
However, most of the research works focused on the effect of process parameters on
mechanical properties. For instance, in one of the studies, laser power, scan speed, hatch
spacing, and layer thickness were chosen as design parameters, and correlations between
these parameters were shown in LPBF-produced Inconel 718 specimens [29]. In another
study, Dong et al. [30] used Taguchi analysis to find the optimum process parameters
for the mechanical properties of fused deposition modelled ABS lattice parts. They used
nozzle temperature, print speed, fan speed, and layer height as input parameters to be
optimized for two different type of lattice structure: horizontal and inclined struts. To
the best of the authors” knowledge, there are limited studies on the percent contribution
of geometrical parameters (build orientation, volume fraction, and lattice type) on the
mechanical properties of TPMS lattice-structured metal parts produced by LPBE. Moreover,
most of the research works related with LPBF processes used Ti6Al4V, 316L stainless
steel, AlSi10Mg, and nickel-based superalloys such as Inconel 718. Moreover, it was
observed that no studies have focused on the mechanical properties of Gyroid, Diamond,
and Primitive lattice structures produced by LPBF from CoCrMo material so far. In their
study, Park et al. [31] used CoCrMo powder material to produce IWP and Neovius TPMS
structures with the LPBF method and compared the mechanical properties of these lattices
under compression.

To fill these gaps, this experimental research focuses on the impact of three different
parameters (build orientation, volume fraction, and lattice type) on E, ¢y, and the specific
energy absorption of lattice structures produced by LPBF using CoCrMo alloy. The Taguchi
experimental design method is used in the settings of lattice parameters during experimen-
tal studies. The level of importance of the lattice parameters on E, oy, and specific energy
absorption is determined by using analysis of variance (ANOVA) analysis.
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2. Materials and Methods
2.1. Design of Experiment Based on Taguchi Method

One of the disadvantages of classical experimental design methods is their complexity
and difficulty. Additionally, when the number of input parameters increases, large number
of experiments have to be carried out. Moreover, the LPBF method currently has a high
cost; therefore, rather than performing a full factorial design of experiment, reducing the
quantity of specimens and cost is essential by using other experimental methods. For
these reasons, in this study, the Ly orthogonal array based on the Taguchi method was
used to optimize ¢, E, and specific energy absorption values. According to the Taguchi
method, the Lg orthogonal array table consists of three control parameters and three levels
as shown in Table 1. The combination of these parameters and levels for each specimen are
shown in Table 2.

Table 1. Lattice parameters used in the experiments.

Lattice Parameters Symbol Level 1 Level 2 Level 3
Volume fraction A 0.2 0.3 0.4
Build orientation (°) B 45 60 90
Lattice type C Gyroid Diamond Primitive

Table 2. Experimental design using L9 orthogonal array.

Specimen No A B C
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

Process parameters (laser power, laser spot size, hatch spacing, layer thickness, etc.)
also affect the mechanical behavior of LPBF-produced parts. However, in this study, only
geometrical parameters were considered. There are different geometrical parameters that
can be used as design variables, but volume fraction, build orientation, and lattice types
were chosen in this study, since they are the basic parameters that need to be taken into
account in lattice design studies. Gyroid, Diamond, and Primitive lattice types are widely
used in different applications. Therefore, these three lattice types were chosen in the study.
It is well known that 45° with respect to build plate is the threshold value under which any
overhang surfaces need to be supported in the LPBF process. Therefore, 45, 60, and 90°
build orientations were chosen as design variables. Lastly, preliminary studies showed that
0.5 and larger volume fraction values resulted in nearly bulk, solid pieces. Therefore, three
different volume fraction values less than 0.5 were used in the study.

In each experiment, three performance characteristics, namely, 0y, E, and specific
energy absorption were investigated. In the Taguchi method, a loss function is used to
calculate the deviation between the experimental value and the desired value. This loss
function is further transformed into a signal-to-noise (S5/N) ratio. There are several S/N
ratios available depending on the type of characteristics; lower is better (LB), nominal is best
(NB), and higher is better (HB). Since higher ¢, E, and specific energy absorption means
higher performance, HB is selected for obtaining optimum lattice parameter characteristics.
The S/N ratio for HB can be calculated by using Equation (1).

lw—n 1
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where 1 denotes the S/N ratio calculated from the observed values (unit: dB), y; represents
the experimentally observed value of the ith experiment, and n is the repeated number of
each experiment [32].

The S/N ratios determined from the experimental observed values were statistically
studied by ANOVA to explore the effects of each input parameter on the observed values
and to elucidate which building parameters significantly affected the observed values.

2.2. Specimen Design and Manufacturing

Primitive, Diamond, and Gyroid structures are three types of TPMS structures mod-
elled with the mathematical formulas below:

Primitive: cosx + cosy + cosz = ¢ 2)
Guyroid: sinx X cosy + siny X cosz + sinz X cosx = c (©)]
Diamond: cosx X cosy X cosz — sinx X siny X sinz=c 4)

In these expressions, x = 27tX/Ly; y = 2Y/ Ly; z=2nZ/L,; Ly, Ly, and L, are unit cell
dimensions; c is a constant; and X, Y, and Z are the number of unit cells in the x, y, and z
directions, respectively [33]. In this study, 8 mm unit cell dimensions and 4-unit cells in
each direction were used. Therefore, specimens with 32 mm x 32 mm X 32 mm dimensions
were modelled and manufactured.

Primitive, Diamond, and Gyroid structures were modelled using Siemens NX 12 soft-
ware (Siemens AG, Munich, Germany). The specimens were located on the build plate,
as shown in Figure 1, where the powder recoater direction is from right to left. For each
configuration of 3 factors, three specimens, in other words, repetitions, and a total of
27 specimens were produced in two builds.

Figure 1. Build layout. Black arrow shows powder recoater direction.

After 3D CAD model preparation, the build layout was converted into stl format
to be used in the LPBF machine. The specimens were manufactured using a Concept
Laser M2 LPBF machine (Concept Laser GmbH, Lichtenfels, Germany) with 50 um layer
thickness, 180 W laser power, 1500 mm/s scanning speed, and 60 pm hatch spacing
under an Argon gas environment. Gas atomized spherical CoCrMo powder material with
10-45 pm particle size from GE Additive (GE Additive, Molnlycke, Sweden) was used in
the production. CoCrMo alloys have very high specific strength, toughness, corrosion,
and wear resistance, and due to these characteristics, they are used in different industries,
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ranging from aviation to biomedical industries. Wind turbine and jet engine components,
dental and orthopedic implants, hip and knee joints, etc. are some of the applications in
which CoCrMo material is used [34,35]. Due to these superior characteristics and wide
application areas, CoCrMo powder material was used in the present study. The chemical
composition of the powder is shown in Table 3.

Table 3. Chemical composition of CoCrMo powder.

Element Co Cr Mo C Ni Fe Mn, Si Others
wt% Bal. 27.0-30.0 5.0-7.0 Max. 0.35 Max. 0.50 Max. 0.75 Max. 1.0 Max. 0.58

After manufacturing, a wire electrical discharge machine (Agie Charmilles Ltd., Biel,
Switzerland) with a wire thickness of 0.3 mm and an average cutting speed of 5 mm/min
was used for removing specimens from the build plate.

2.3. Test and Analysis

Quasi-static compression tests were performed on an Instron 5985 universal testing
machine (Instron Inc., Norwood, MA, USA) with a fixed strain rate of 1 x 1073 s~ 1,
Compression tests were performed up to 70% strain for all specimens. Load displacement
curves were obtained after compression tests, and then, these curves were converted into
stress-strain curves by taking 1024 mm? (32 mm x 32 mm) specimen area as cross-sectional
area. Energy absorption (the area under load—displacement curve) was calculated by using
Matlab software (2019b, MathWorks, Natick, MA, USA). After compression tests, specimen
weights were measured with a Sartorius GC 1603 SOCE model weight measuring device.
Specific energy absorption was then calculated by using energy absorption per unit mass.
For ANOVA analysis, Minitab software (19.2020.1, Minitab Inc, State College, PA, USA)
was used. Three tests were performed for each specimen, and average values of ¢, E, mass,
and energy absorption were used in the analysis.

3. Results and Discussions

All the specimens were manufactured without any specific production problem, as
shown in Figure 2.

Figure 2. Manufactured specimens. Numbers on the figure represent the specimen no.

3.1. Quasi Static Compression Test Results

Average values of ¢y, E, and specific energy absorption for all specimens are shown
in Table 4. Diamond specimens showed the highest and Primitive specimens showed the
lowest 0y, and specific energy absorption, respectively. One exception is that for 0.4 volume
fraction, the Gyroid specimens outperformed the Diamond specimens in terms of ¢,. For all
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volume fractions, Gyroid specimens showed the highest and Primitive specimens showed
the lowest E, respectively.

Table 4. 0, E, mass, and specific energy absorption values for all specimens.

Specimen No oy (MPa) E (GPa) Specific Energy Absorption (J/g)
1 76.40 = 1.10 2.34 £0.07 30.11 £ 0.91
2 103.35 £3.15 2.15£0.04 37.74 £1.02
3 62.36 = 1.86 1.79 £ 0.02 19.39 £ 0.64
4 158.24 + 3.68 3.42 £0.13 51.36 = 1.35
5 78.52 £2.12 3.02 £0.09 36.02 - 0.88
6 136.46 £ 2.85 3.47 £ 0.04 4214 +1.23
7 196.73 £ 2.25 4.10 +=0.15 39.41 £ 1.15
8 236.34 £+ 3.60 520 £0.22 47.47 +£1.02
9 218.10 £ 3.54 470 £0.12 49.66 + 1.42

structures [4].

140

120

100

8

Stress (MPa)

@
3

Stress—strain graphs for all specimens under compressive loading are shown in
Figures 3-5. It is well known that lattice structures generally go through three stages under
compressive loads: elastic, plastic, and densification. In the elastic stage, the behavior
of the lattice structure is elastic. When the yield limit is exceeded, the material deforms
plastically. It was shown in different studies that the stress required for plastic deformation
of bending-dominated structures is constant, whereas it oscillates for stretch-dominated

vos,

= = -Specimen 1 (Gyroid)
Specimen 2 (Diamond)

Specimen 3 (Primitive)

02 03 04 05 06 07
Strain (mm/mm)

Figure 3. Stress—strain graph for specimens with 0.2 volume fraction.

300
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g
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Specimen 4 (Diamond)
Specimen 5 (Primitive)
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0.2 03 0.4

Strain (mm/mm)

Figure 4. Stress—strain graph for specimens with 0.3 volume fraction.
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Figure 5. Stress—strain graph for specimens with 0.4 volume fraction.

In Figures 3-5, elastic, plastic, and densification regions can be clearly identified,
where all specimens showed elastic behavior at low strains (0.1). For all specimens, the
plastic collapse phenomena were observed at the onset of yield point.

It is well known that volume fraction has a great influence on the mechanical prop-
erties of lattice structures [36]. The Gibson—-Ashby model is widely used to predict the
compressive strength at various volume fractions or relative densities:

3/2
O _ C <p0> (5)

O‘y o]

where 0y, and p, are the yield strength and density of full dense part, respectively. On the
other hand, 0, and p are the yield strength and density of lattice part, respectively. Cis a
scaling factor, ranging from 0.1 to 1 [37]. From Figures 3-5 and Table 4, it is clear that all
specimens showed higher ¢, E, and specific energy absorption at higher volume fractions,
consistent with the Gibson-Ashby model. Zhang et al. [38] found similar results for stainless
steel 316L Gyroid specimens produced by LPBE. They stated that all layers of the specimens
collapsed simultaneously during compression and higher volume fractions resulted in
higher oy, E, and specific energy absorption. Gyroid specimens showed a fluctuating
plateau stress from 20-25% strain up to 70% strain, at which point, densification starts. In
the plateau regime, several humps were observed. During compressive loading, struts
or walls in the lattice structure collapse due to the cracks resulting in a drop of the stress.
These struts or walls squeeze, resulting in an increase in stress up to the next fracture. This
collapsing and squeezing of struts or walls is the main reason for the oscillating behavior of
compressive stress—strain curves in lattice structures [39]. The difference between Gyroid
specimens from Diamond and Primitive specimens is that Gyroid specimens have two
layers in one unit cell, whereas Diamond and Primitive specimens have only one layer
in one unit cell [19]. It is clear that with the increase of volume fractions, fluctuations
in the plateau regime increase due to higher stiffness of the Gyroid specimens [15]. For
Gyroid specimens, the onset stress of densification was 100 MPa for specimen 1, 190 Mpa
for specimen 6, and 320 MPa for specimen 8, indicating that volume fraction increase has a
great influence on the stress value at which densification begins. For Gyroid specimens, the
deformation behavior in the densification stage was a rapid stress increase similar to those
of solid parts [40]. At the end of the plateau regime and at the onset of the densification
regime, specimens showed nearly full densification (resembling a solid, bulk part), meaning
that much higher loading needs to be applied to get a small increase in strain.
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Similar to the Gyroid specimens, Diamond specimens at higher volume fractions also
continued to deform with more fluctuations beyond the elastic region when compared to
the same specimens with lower volume fractions due to higher stiffness [15]. Diamond
specimens (specimen 2, 4, and 9) showed a fluctuating plateau stress from 20-22% strain up
to 60-70% strain, at which point, densification starts. The onset stress of densification for
Diamond specimens was 125 MPa for specimen 2, 250 MPa for specimen 4, and 310 MPa
for specimen 9. The trend with respect to volume fraction is similar to Gyroid specimens,
meaning that volume fraction increase has a great influence on the stress value at which
densification begins. Like Gyroid specimens, and also solid parts, the deformation behavior
in the densification stage was a rapid stress increase.

Primitive specimens (specimen 3, 5, and 7) showed a fluctuating plateau stress from
5-15% strain up to 60-70% strain, at which point, densification starts. These specimens
showed high fluctuations in the plateau regime compared to Gyroid and Diamond speci-
mens. The onset stress of densification for Primitive specimens was 55 MPa for specimen 3,
130 MPa for specimen 5, and 240 MPa for specimen 7. Primitive specimens also showed
a rapid stress increase behavior in densification stage, and the stress at the initiation of
densification increased with increasing volume fraction.

3.2. ANOVA Results
3.2.1. ANOVA for oy,

The main effect plot for 0y is shown in Figure 6. It is clear that ¢, increases with an
increase in volume fraction from 0.2 to 0.4 or with a decrease in build orientation from
90° to 45°. The optimal parameter set for oy, was obtained at 0.4 volume fraction, and
45° build orientation with a Diamond structure. The worst parameter set related with o,
was obtained at 0.2 volume fraction, and 90° build orientation with Primitive structure.
During the compressive loading of lattice structures, cells collapse and walls of TPMS
structures buckle. Higher volume fraction means less tendency for buckling due to less
wall slenderness [4]. Therefore, higher 0y was observed at higher volume fractions.

Volume Fraction Build Orientation Lattice Type
220

200 /
180

160 | / Py

Mean
°

140 S —
120
100

g0 &
0.2 0.3 0.4 45 60 90 Gyroid Diamond Primitive

Figure 6. Main effect plot for oy,

The relative importance of the input parameters with respect to 0, was investigated
using ANOVA. ANOVA results for oy are shown in Table 5. In this table, DF stands for
degree of freedom of the related parameter; Adj SS stands for adjusted sum of squares which
are the measures of variations; Adj MS stands for adjusted mean squares, which measure
how much variation the related parameter explains; F-value is used to calculate p-value,
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which is used for evaluating the statistical significance of the related parameter. The percent
contribution in Table 5 shows the relative importance of that parameter on the result (in
this case, o). According to the analysis, the most and the least effective input parameters
with respect to oy are volume fraction and build orientation, respectively. The major factor
affecting the oy is volume fraction, with a contribution of 85.11%, whereas lattice type was
found to be the second ranking factor, with 11.04% contribution. The percent contribution
of build orientation on oy was found to be insignificant (0.12%). Any change in build
orientation resulted in a negligible change in the mean values, as represented in Figure 6.
However, it is also clear from Figure 6 that a change in volume fraction resulted in a
relatively much higher increase in mean values, consistent with Table 5.

Table 5. ANOVA results for oy,

Source DF Adj SS Adj MS F-Value p-Value Contribution
Volume Fraction 2 29,080.7 14,540.3 22.83 0.042 85.11%
Build Orientation 2 40.7 20.3 0.03 0.969 0.12%

Lattice Type 2 3772.7 1886.3 2.96 0.252 11.04%
Error 2 1274.0 637.0 3.73%
Total 8 100.00%

3.2.2. ANOVA for E

Main effect plot for E is shown in Figure 7. It is clear that E increases with an increase in
volume fraction from 0.2 to 0.4. The optimal parameter set for E was obtained at 0.4 volume
fraction, and 60° build orientation with a Gyroid structure. The worst parameter set related
with E was obtained at 0.2 volume fraction, and 45° build orientation with a Primitive
structure. The higher E values for Gyroid specimens when compared with Primitive
specimens was also observed in [41].

Volume Fraction Build Orientation Lattice Type

5.0

4.5 /

4.0- /

Mean
/
/

35 / T
3.0 / AN .

2.5 /

2.0
0.2 0.3 0.4 45 60 90 Gyroid Diamond Primitive

Figure 7. Main effect plot for E.

ANOVA results for E are shown in Table 6. According to the analysis, the most
and the least effective input parameters with respect to E are volume fraction and build
orientation, respectively. The major factor affecting the E is volume fraction, with a con-
tribution of 91.83%, whereas lattice type was found to be the second ranking factor, with
a 6.98% contribution. The percent contribution of build orientation on E was found to be
insignificant (0.45%).
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Table 6. ANOVA results for E.
Source DF Adj SS Adj MS F-Value p-Value Contribution

Volume Fraction 2 9.94482 4.97241 125.32 0.008 91.83%
Build Orientation 2 0.04869 0.02434 0.61 0.620 0.45%
Lattice Type 2 0.75636 0.37818 9.53 0.095 6.98%
Error 2 0.07936 0.03968 0.73%

Total 8 100.00%

Although the build orientation exhibited low relative importance on ¢y, and E, it was
also stated in some of the studies that strut/wall orientation (the orientation of struts in
strut-based lattice structures, or the orientation of walls in TPMS-type lattice structures with
respect to build or loading direction) changes with respect to build or loading direction,
which results in a change in mechanical properties [42—44].

3.2.3. ANOVA for Specific Energy Absorption

The main effect plot for specific energy absorption is shown in Figure 8. Specific energy
absorption increases with an increase in volume fraction from 0.2 to 0.4 or with a decrease in
build orientation from 90° to 45°. The effect of volume fraction on specific energy absorption
was also investigated by Zhang et al. [38], and a similar relation was observed. The optimal
parameter set for specific energy absorption was obtained at 0.4 volume fraction, and 60°
build orientation with a Diamond structure. The worst parameter set related with specific
energy absorption was obtained at 0.2 volume fraction, and 90° build orientation with
a Primitive structure. At higher volume fractions, Diamond specimens showed higher
fluctuations or humps in the plateau regime than Gyroid and Primitive specimens, which
increases the area under the stress—strain graph, and energy absorption behavior. Therefore,
a Diamond structure is more feasible in energy absorption applications than Gyroid and
Primitive structures. Novak et al.’s study [18] also showed that Diamond specimens
outperformed Gyroid and Diamond specimens in terms of specific energy absorption.

Volume Fraction Build Orientation Lattice Type

48 -

46 - A

42 / \‘"\

Mean

38 / \
36 / ‘\“\
34

32 /

30

0.2 0.3 0.4 45 60 90 Gyroid Diamond Primitive

Figure 8. Main effect plot for specific energy absorption.

ANOVA results for specific energy absorption are shown in Table 7. According to
the analysis, the most and the least effective input parameters with respect to specific
energy absorption are volume fraction and build orientation, respectively. The major
factor affecting the specific energy absorption is volume fraction, with a contribution
of 57.71%, whereas lattice type was found to be the second ranking factor, with 39.40%



Metals 2022, 12,1104 12 of 15

contribution. The percent contribution of build orientation on specific energy absorption
was found to be 2.63%.

Table 7. ANOVA results for specific energy absorption.

Source DF Adj SS Adj MS F-Value p-Value Contribution
Volume Fraction 2 474.152 237.076 221.11 0.005 57.71%
Build Orientation 2 21.647 10.823 10.09 0.090 2.63%

Lattice Type 2 323.695 161.848 150.95 0.007 39.40%
Error 2 2.144 1.072 0.26%
Total 8 100.00%

3.2.4. Multi Objective Optimization Based on Grey Relation Analysis

Since volume fraction, build orientation and lattice type have different effects on o, E,
and specific energy absorption, and since the optimal condition of these parameters for each
of the performance outputs are different, as stated in Sections 3.2.1-3.2.3, a common single
optimal condition for these three performance outputs needs to be evaluated by using multi
objective optimization techniques. In this study, grey relation analysis was used, which is
an efficient way of finding optimum process parameters involving multiple responses. The
main effect plot for the three performance responses (¢, E, and specific energy absorption)
is shown in Figure 9. It is clear that the Diamond specimen with 0.4 volume fraction and
45° build orientation outperformed in terms of three outputs. Primitive specimen with
0.2 volume fraction and 90° build orientation showed the worst results.

Volume Fraction Build Orientation Lattice Type
920

80

70 e

Mean

60 T
50
40

30
0.2 0.3 0.4 45 60 90 Gyroid  Diamond Primitive

Figure 9. Main effect plot for multiple responses.

4. Conclusions

In this study, the effects of volume fraction, build orientation, and lattice type on
compressive behavior of LPBF-manufactured CoCrMo specimens were investigated. Based
on the experimental and statistical results, the following conclusions can be drawn:

1.  Gyroid, Diamond, and Primitive specimens showed elastic behavior at low strains
(10%). When exceeding yield point, a sudden plastic collapse was observed for
all conditions.

2. Diamond specimens showed higher 0y and specific energy absorption than Gyroid
and Primitive specimens at the same volume fractions, except ¢y, for 0.4 volume
fraction, where the Gyroid specimen outperformed the Diamond specimen. For E
values, Gyroid specimens outperformed Diamond and Primitive specimens for all
volume fractions.
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3. A volume fraction of 0.4, and 45° build orientation with a Diamond structure was
found to be the best parameter set for oy. On the other hand, a 0.4 volume fraction,
and 60° build orientation with Gyroid structure was the best parameter set for E.
Finally, the Diamond structure with 0.4 volume fraction and 60° build orientation
showed the highest specific energy absorption.

4. Multi objective optimization based on grey relation analysis showed that the Diamond
specimen with 0.4 volume fraction and 45° build orientation was found to be the
single optimum parameter set common for all three output parameters.

5. For all performance parameters (0, E, and specific energy absorption), volume
fraction and build orientation were found to be the major and minor affecting
factors, respectively.

The scope of the study was constrained to three design parameters and three per-
formance outputs. However, the following considerations can be taken into account as
future studies:

e In the present study, 0.2, 0.3, and 0.4 volume fractions and 45, 60, and 90° build
orientations were selected, and ANOVA analysis was based upon the mechanical
performance results of these variables. A wider and intermediate range of volume
fractions and build orientations can be used to better estimate the effect of these
parameters on mechanical properties.

e  The effect of dimensional variations, microstructure, and surface roughness on me-
chanical properties can also be evaluated.

e In the present study, only quasi-static compression tests were performed. The effect of
design parameters on dynamic response of TPMS lattice structures can be investigated.
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