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Abstract This paper investigates the effect of designs and
process parameters on the dimensional accuracy and compres-
sive behavior of cellular lattice structures fabricated using se-
lective laser melting (SLM). Two unit cell types, square pyr-
amid and truncated cube & octahedron from the Computer
Aided System for Tissue Scaffolds (CASTS), an in-house de-
veloped library system were used. Powder adhesions occur on
the struts of the lattice structures. The thickness of powder
adhesion on the struts decreases with an increase in laser pow-
er or laser scan speed. The elastic constant in compression of
the lattice structures increases with an increase in relative den-
sity, and ranged from 7.93+2.73 MPa to 7.36+0.26 GPa.
Analysis of Variance (ANOVA) is also carried out to deter-
mine the significance of various process and design parame-
ters on the dimensional accuracy and compressive strength of
the lattice structures. The processing parameters, such as laser
power and laser scan speed have no significant effect on the
elastic constant but have a significant effect on the powder
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adhesion on the struts, which in turn, affects the dimensional
accuracy. However, geometrical design parameters such as unit
cell type and strut diameter have significant effects on the elastic
constant but not dimensional accuracy of the lattice structures.
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Introduction

Additive manufacturing (AM) refers to a group of techniques
that fabricate part directly layer by layer. These technologies are
poised to influence new designs and new applications in mul-
tiple fields such as aerospace [1], automotive [2], biomedical
[3—7], electronics [8] and even consumer goods such as fashion
and jewelry [9]. Selective laser melting (SLM) is one of these
technologies that can be used to produce fully functional me-
tallic parts directly [10—12]. The SLM process begins with
splitting a component into layers and each of those layers is
built on top of each other and fused together, layer after layer,
by a laser power source until the part is fully formed [13, 14].
Rather than being sintered, the powders are melted completely
which gives parts that are fully dense [11]. One of the key
advantages of SLM is the ability to manufacture parts with
complex geometries and lightweight structures, such as cellular
lattice structures. Lattice structures can offer high performance,
such as high strength to weight ratio, good thermal and acous-
tic insulation which makes them suitable for high value
industrial applications such as aerospace and medical [15].
Titanium and its alloys are commonly used as biomaterials
for implants due to their high biocompatibility and corrosion
resistance [16]. However, like other metallic biomaterials, ti-
tanium has elastic moduli higher than that of human bones.
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Table 1  Test parameters used in compression tests for cellular lattice structures
Sample shape Sample dimensions (mm) Strain rate (/min) Reference
Cube 1=25,w=25h=15 0.0267 [1, 15]
1=14,w=14,h=245 0.0408 [20]
Cylinder d= 6,h=12 0.0167 [19]
d=10,h=17 0.1059 [21]

Human bones have wide range of elastic constants, for exam-
ple from 6.9 GPa to 25.0 GPa[17], however, for commercially
pure titanium fabricated by SLM, elastic constants can be
100 GPa [6]. This mismatch in modulus can result in an ad-
verse effect called “stress shielding” [18]. “Stress shielding”
induces an unfavorable stress distribution at the bone-implant
interface, resulting in slower bone healing and remodeling [7,
18]. Through the introduction of porosity by creating lattice
structures, it is possible to minimize this adverse effect via the
reduction of elastic moduli of the implants. By using SLM,
there is greater liberty in designing porosity on the implants.
Various studies have been conducted in the fabrication of
cellular lattice structures using SLM. This process has shown
great potential in this area. Yan et al. evaluated the manufac-
turability and performance of SLM produced periodic cellular
lattice structures, which are designed using a repeating unit
called gyroid consisting of circular struts and a spherical core.
The effect of unit cell size on the manufacturability, density
and compression properties of the manufactured structures was

Table 2 Standard test parameters and sample designs
Standard Sample Sample Strain rate
shape dimensions ratio  (/min)
ASTM E9 Cylinder 1.50r2 0.005
ISO 13314-2011  Cylinder cube  Between 1 and 2 Between 0.06
to 0.6

investigated [1, 15]. Van Bael et al. evaluated the robustness
and controllability of the production of porous Ti6Al4V struc-
tures by comparing the fabricated parts to the design, in terms
of pore size, strut thickness, porosity, surface area and structure
volume [19]. Lin et al. investigated the radiographic character-
istics and mechanical properties of a topologically optimized
lumbar interbody fusion cage made of Ti6Al4V by SLM [20].
Despite the studies conducted, there is limited information on
the effect of design and processing parameters of SLM on the
quality and mechanical properties of cellular lattice structures.

Fig. 1 SEM micrograph of the cpTi powder
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Fig. 2 CAD files for fabrication by SLM

Various research groups have also carried out compression
tests on cellular lattice structures fabricated by SLM. It was
found that the design of test such as sample shape, sample
dimensions and compressive deformation rate used in these
works were not standardized. The variations of compressive
test method reported are tabulated in Table 1 [1, 15, 19-21].

There are differences in the design of the test samples and
method as there is no additive manufacturing specific stan-
dards in this area. Furthermore, all of these published works
differ from ASTM E9 and/or ISO 13314-2011. According to
the standards, cylinder samples are recommended, although
the ISO standard also allows samples with rectangular cross
sections. For the published work that used cylinder samples,
the deformation rates deviate from both standards, without
any rationale stated.

The compressive deformation rate has to be set such that
the strain rate experienced by the samples are constant
throughout. The compressive deformation rate and strain rate
is related by the following equation:

. compressive deformation rate
strainrate =

height of test sample
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Fig. 4 Chessboard scanning strategy used in SLM

Using a standardized strain rate minimizes the differ-
ences in results obtained due to the effect of strain rate
on hardening behavior which may be present in some
materials [22-25]. The recommended strain rate in
ASTM E9 is 0.005 /min, however, ISO-13314-2011
stated a range of strain rates between 107> /s and 1072
/s (0.06 and 0.6 /min). The difference in strain rates
recommended may be due to ASTM E9 standard is
designed from solid while ISO 13314-2011 is designed
for porous structures. The test parameters from ASTM
E9 and ISO 13314-2011 is listed in Table 2.

In this paper, the feasibility of adapting ASTM E9
standard for compression testing on cellular lattice struc-
tures fabricated by SLM was studied. The effect of pro-
cessing parameters and geometrical designs on the dimen-
sional accuracy and the compressive behavior of cellular
lattice structures fabricated using SLM are also investigat-
ed. Dimensional accuracy of the SLM process affects the
mechanical properties of the lattice structures fabricated.
From the compression tests, the eclastic constant of the
lattice structures generated can be determined to evaluate
the suitability of these designs for implants applications.
Analysis of variance (ANOVA) is carried out to determine
the significance of various processes and design parame-
ters on the dimensional accuracy and compressive
strength of the lattice structures.

Experimental Details
Materials
The cellular lattice structures were fabricated using commer-

cially pure titanium (cpTi, ASTM B348 grade 2, LPW
Technology Ltd, UK) gas atomized powder with particle size

SEM
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Table 3 Factors considered in

experiment design Factor Level
High (+) Low (-)
A Unit cell geometry Square pyramid Truncated cube & octahedron
B Strut diameter (mm) 0.8 0.6
C Laser power (W) 360 240
D Laser scan speed (mm/s) 800 400

distribution of 5 to 40 wm. The scanning electron microscope
(SEM) image of the cpTi powder is shown in Fig. 1.

Design of Cellular Lattice Structures

The computer aided design (CAD) models of the cellular lat-
tice structures were designed and generated using Computer
Aided System for Tissue Scaffolds (CASTS), the in-house
developed library system consisting of 13 different polyhedral
units that can be assembled into scaffold structures using pro-
grammed algorithms [3, 26]. The polyhedral units chosen for
this study were square pyramid and truncated cube & octahe-
dron [26]. The dimensions of the repeating unit cell were 1 mm
by I mm by 1 mm. The detailed illustrations of CASTS have
been described by Naing et al. and Chua et al. [27, 28].
The generated CAD models are shown in Fig. 2.

Selective Laser Melting
The fabrication of the samples was carried on a SLM 250HL

machine made by SLM Solutions Group AG, Germany. The
detailed process sequence is shown in Fig. 3.

Using the CAD files generated, the 3D models are
then sliced into layers of predetermined thickness.
During the SLM process, the laser scans and selectively
melts deposited titanium powder based on the cross-
section of these slices. Once the cross-section is
scanned completely, the mechanical building platform
lowers by the same amount as the thickness of the
slices and a new powder layer is deposited. This is then
followed by laser melting of selective area again. The
process cycle continues and repeats until the 3D part is
formed fully based on the CAD model. The parts can
then be removed from the platform and used directly.

The SLM machine is equipped with a Gaussian beam fiber
laser of power up to 400 W with a focus diameter of 80 wm.
All processes occurred in an argon environment with less than
0.05 % oxygen. This prevents oxidation and material degra-
dation by pick up of interstitial elements such as oxygen and
nitrogen during the process. Any chemical reaction between
the molten material and the surrounding environment during
the process is restricted [11]. This work used sectorial (island
or chessboard) scanning strategy during the SLM process [29,
30]. The scanning strategy is shown in Fig. 4. This scanning

Table 4 Parameters of the lattice

structures fabricated by SLM Specimens Unit cell geometry Strut diameter (mm) Laser power (W) Laser scan
speed (mm/s)
1 Square pyramid 0.6 240 400
2 800
3 360 400
4 800
5 0.8 240 400
6 800
7 360 400
8 800
9 Truncated cube & octahedron 0.6 240 400
10 800
11 360 400
12 800
13 0.8 240 400
14 800
15 360 400
16 800
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Fig. 5 Top view of the as
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strategy has been reported to minimize thermal stresses
formed during the process [29, 30].

Design of Experiment Using Analysis of Variance

A 2* factorial design is chosen by disregarding the porosity of
the lattice structures and the hatch spacing during the SLM
process. The factors and their two levels for the 2* factorial
design are listed in Table 3.

The particular laser powers and scan speeds were chosen
because these combinations of parameters can produce bulk
cpTi samples of relative density close to 100 % in preliminary
experiments, compared to theoretical density of cpTi (4.51 g/
cn).

Based on the design of experiment, the following lattice
structures described in Table 4 were fabricated by SLM for
ANOVA.

ANOVA uses a test statistics called the F statistic to test the
null hypotheses. From the F distribution table, with

probability of 1 % in which the null hypothesis is rejected
when it is actually true, i.e., the factor is concluded that it is
significant when it is not, the control limit F value is 16.26. If
the F, value of factor A (Unit cell geometry), B (Strut diam-
eter), C (Laser power) or D (Laser scan speed) is higher than
the control limit, the ANOVA results indicate that the respec-
tive factor is significant in affecting the results.

Mechanical Characterization

The fabricated samples are cylindrical and have designed
height of 22 mm and diameter of 10 mm, which are used as
test coupons for compression tests based on ASTM E9 which
recommended that compression test specimens be in the form
of solid circular cylinders, where feasible. The length to diam-
eter ratio of close to 2 is best adapted for high strength mate-
rials according to ASTM E9.

Uni-axial compression tests were carried out, at room tem-
perature (25 °C), to assess the compressive properties of the

Fig. 6 Side view of the as
fabricated samples with their

Strut diameter (mm)

corresponding CAD image
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Fig. 7 SEM images of fully

Strut diameter (mm)

formed struts
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lattice structures, each with 3 replicates, by using Instron Static
Tester Series 5569 (Instron, United States) equipped with a 50
kN load cell. The loading speed was set at a constant of 0.4 mm/
min, so as to maintain a constant strain rate for all tests as
recommended by ASTM E9. The loading rate (compressive
deformation rate) gives a strain rate of 0.02 /min. The strain
rate is chosen not to follow ASTM E9 as due to the short height
of the samples, since setting the strain rate in accordance to
ASTM E9 will result in a low loading speed of 0.1 mm/min.
A low loading speed is not recommended due to the high per-
centage fluctuations of the mechanical component of the tester
during the tests. A high strain rate recommended by ISO-
13314-2011 can lead to abnormal strain hardening behav-
ior in titanium [22-24]. To ensure consistency, the test sam-
ples are all strained at a uniform rate, without sudden changes,
to minimize the effects of different strain rates [23, 24, 31].
The compression tests were carried out until axial deforma-
tion of the samples was equal to 50 % or when the maximum
loading of 50 kN was reached, whichever came first. The

stress—strain curves and elastic constants in compression of
the as-fabricated samples were then obtained through the com-
pression tests. The as-fabricated samples replicate the shapes
of the CAD files designed for this experiment, as shown in
Figs. 5 and 6. The samples show that the designed CAD
models can be fabricated successfully using SLM.

Metrological Characterization

The overall dimensions of the as-fabricated lattice struc-
tures were measured using digital Vernier calipers of
0.01 mm accuracy (ABS Digimatic Calipers, Mitutoyo
Corporation, Japan). The sample dimensions were de-
rived from the average of 3 points on each of the 3
replicates of the as-fabricated samples. The struts of the
as-fabricated samples underwent micro-morphological
characterization using JSM-5600LV Scanning Electron
Microscope (JEOL Ltd, Japan). The same equipment
was also used for measurement of the strut size using

Table 5  Strut diameter of lattice structures

Actual strut diameter (mm)

Square pyramid Truncated cube & octahedron
Laser power (W) Scanning speed (mm/s) Designed strut Design strut Designed strut Designed strut

diameter 0.6 mm diameter 0.8 mm diameter 0.6 mm diameter 0.8 mm
240 400 0.255+0.083 0.222+0.132 0.263+0.146 0.282+0.116
240 800 0.212+0.092 0.206+£0.084 0.208+£0.053 0.217+0.061
360 400 0.152+0.091 0.186+0.090 0.177+0.114 0.201+0.068
360 800 0.135+0.073 0.122+0.072 0.165+0.088 0.145+0.055

SEM
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Fig. 8 SEM images showing
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the SEM images. The strut diameters were measured
based on the fully formed strut, without taking into con-
sideration of powder adhesion to the struts, which will be
discussed later in this paper. For every SEM image, 10
values of the strut size were measured and the average value
was taken. A similar method was used to measure the powder
adhesion thickness on the struts.

Results and Discussion
Dimensional Accuracy

The built samples have an average height of 21.86+0.11 mm
and diameter 0£9.99 +0.09 mm. The results show that, in term
of diameters, the SLM process have high accuracy (shown by
the average value which is closed to the designed 10 mm) and
high precision (shown by the small standard deviation).
However, the individual samples may deviate slightly from
the designed value because the laser scan area was set with a
contour spacing of 0.13 mm which may attribute to a tolerance
of similar value. In general, the samples are shorter than the
designed height. This can be attributed to the electrical dis-
charge machining (EDM) wire cut employed to remove the
samples fabricated from the substrate plate. The actual test
samples did not follow the standardized geometry outlined
in ASTM E9 and ISO 13314-2011, however, they are consis-
tent with each other, which will eliminate any variation in
results due to height difference from the specified values of
the standards.

Figure 7 show the SEM images of the as-fabricated sam-
ples with different designs and process parameters. Sample

measurements of strut diameters were also marked in red in
the figures. It is observed that the struts of the lattice
structures are solid, connected and continuous, indicat-
ing good melting of the powder during the SLM pro-
cess. The variation between the strut designs in CAD and the
actual struts may be due to the laser power fluctuations during
the SLM process.

The actual strut diameters of square pyramid and truncated
cube & octahedron lattice structures are shown in Table 5.

The experimental strut diameters are found to be smaller than
the designed values of 0.6 and 0.8 mm. The smaller experimen-
tal strut diameters compared to the designed value can be attrib-
uted to the following reasons. Firstly, the CAD is sliced and
scanned using the designed scan strategy with a contour spacing
of 0.13 mm. The contour scan results in partially melted metal

r——
Fully
formed

Unmelted strut

cpTi
particles
SLM
Contour
scan
-—
Powder
adhesion
e

Fig. 9 Schematic of formation of powder adhesions on the struts

SEM
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Fig. 10 Thickness of powder adhesions on struts

particles bonded onto the struts, instead of forming the contin-
uous struts. Powder adhesions onto the strut are shown in Fig. 8.
Secondly, the melt pool size of the scan vectors did not reached
the boundaries of a strut as the laser spot size of 80 um is
smaller than input hatch spacing of 0.1 mm.

The results obtained contradict some of the findings made
when porous metal structures were manufactured by SLM done
by other groups. Yan et al. found the strut sizes of the SLM-
manufactured gyroid lattice structures were higher than the de-
signed value [15]. Van Bael et al. evaluated the Ti6Al4V porous
structure fabricated by SLM through micro-CT image analysis
and reported the increase in strut size compared to the designed
value [19]. The contradiction between the results occurred be-
cause the other groups considered the powder adhered to the
struts as part of the struts, however, powder that are not melted
behave differently from SLM processed metal, especially un-
der compression loading. Hence, the adhered powder is not
regarded as part of the struts in this study.

From Fig. 8, it can be observed that there are a lot of
adhered powder particles on the struts of the lattice structures.
Similar phenomenon has also been observed in the titanium
porous structures fabricated using SLM by Pattanayak et al.
[13]. The presence of these particles on the struts may be due

Table 6 Powder adhesion thickness of lattice structures

to partial melting phenomenon of the raw titanium particles on
the boundary of the solid struts due to the contour laser track,
which was only scanned once. These partially melted particles
then adhere to the fully formed struts that underwent repeated
melting due to the melt pool overlap as a result of hatch spac-
ing setting. A schematic explaining the formation of powder
adhesion on the struts is shown in Fig. 9.

Heat treatment can be carried out to make the partially
melted titanium particle fuse and bond with the laser melted
strut, thus, increasing the dimensional accuracy [13]. Due to
powder adhesion on the struts of lattice structures, different set
of parameters may be required for fabrication as compared to
fabrication of parts with bigger cross sections.

The actual amount of powder adhesion is quantified by
measuring the thickness of partially melted particles adhered
to the struts as shown in Fig. 10.

The resulting powder adhesion thicknesses of square pyr-
amid and truncated cube & octahedron lattice structures are
shown in Table 6.

It can be observed that at fixed laser power, the powder
adhesion thickness on the struts decreases with increasing
scanning speed. At higher scanning speed, the energy trans-
ferred to the powder particles is lower, resulting in lesser par-
tially melted powder particles formed during the contour scan
of the struts, which decreases powder adhesions around the
struts. This finding coincides with the results obtained by
parametric study done by Loh ef al. on width of single melt
track during SLM process [32].

At a fixed scan speed, the powder adhesion thickness on the
struts decreases with an increase in laser power. At higher laser
power, the energy transferred to the powder particles is higher
during the contour scan, resulting in more fully melted powder
particles forming the struts, which results in lower powder
adhesions around the struts. In addition, surrounding powder
particles may have evaporated at higher laser power due to the
higher energy transferred to them, resulting in temperatures
that exceed boiling point of cpTi. Evaporated particles are
blown away by the flow of argon gas during the SLM process.

Fluctuations in the thickness of powder adhesion, even
within a single strut, are observed. This is due to the inherent

Powder adhesion thickness (mm)

Square pyramid Truncated cube & octahedron
Laser power (W) Scanning speed (mmys) Designed strut Design strut Designed strut Designed strut
diameter 0.6 mm diameter 0.8 mm diameter 0.6 mm diameter 0.8 mm
240 400 0.433+0.042 0.532+0.07 0.550+0.045 0.472+0.048
240 800 0.335+0.026 0.335+0.042 0.446+£0.022 0.364+£0.026
360 400 0.388£0.054 0.361+0.021 0.433+0.035 0.454+0.036
360 800 0.370+0.038 0.325+0.031 0.342+0.032 0.380+0.029

SEM
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Table 7 Table of ANOVA for powder adhesions of the lattice
structures

Source of Sum of Degrees of Mean Fo
variation squares freedom square

A 1.76x 1073 1 1.76 %1073 5.24
B 122x107° 1 122x107° 0.04
C 2.12x1072 1 2.12%1072 62.84
D 6.72x107 1 6.72x1073 19.96
AB 1.56x10°* 1 1.56x107* 0.46
AC 2.03%x107° 1 2.03%107° 0.43
AD 1.44%x 107 1 1.44x107* 0.06
BC 8.10x107° 1 8.10x107° 0.24
BD 342107 1 342x107* 131
CD 5.63%x107° 1 5.63x107° 1.02
ABC 441%x107* 1 441%x1074 0.21
ABD 722%107° 1 722x107° 0.17
ACD 3.42x107% 1 3.42x107 1.02
BCD 7.29%10% 1 7.29%107* 2.16
ABCD 1.00x 107 1 1.00x 107 030
Error 1.68x107° 5 337x107*

Total 3.22x1072

fluctuation of the power of the laser module in the SLM ma-
chine, even during continuous scan of a single strut.
Furthermore, the powder used has a range of sizes which will
also result in variation in the thickness of powder adhesion.

Analysis of variance

The analysis of variance (ANOVA) was performed to evaluate
the factors with significant effects on the thickness of powder
adhesion on the struts. The results of the ANOVA is
shown in Table 7.

Since only the F, value of factor C (62.84) and D (19.96)
are higher than the control limit (16.26), the ANOVA results
indicate that out of the four factors, only laser power and laser
scan speed are significant factors that affect the thickness of
powder adhesion on the struts of the lattice structures. Design

Table 8 Elastic constant of lattice structures

parameters, such as unit cell geometry and strut diameter, do
not have a significant effect on the thickness of powder adhe-
sion on the struts of the lattice structures.

From ANOVA, it has also been proven statistically that
laser power has the most significant effect on thickness of
the powder adhesion on the struts of lattice structures. This
finding is in agreement with the results obtained from the
parametric study done by Loh et al. which states that a change
in laser power has a larger effect on the melt width than a
change in laser scan speed [32].

Compressive Properties

The resulting elastic constant in compression of square pyra-
mid and truncated cube & octahedron lattice structures are
shown in Table 8. The slope of the straight-line portion of
the stress—strain curve is established to define the elastic con-
stant. The standard variations in the elastic constant may be
due to the varying amount of powder adhesion on the struts
which in turn, affects the compressive properties of the lattice
structures.

In order to determine the repeatability of the sample and
test design chosen, the coefficient of variance (COV) for elas-
tic constant in compression of all the samples are calculated
and tabulated in Table 9.

It is determined that the COV of all the data sets are low
(less than 1), which indicates good repeatability of the test
method designed.

In general, the lattice structures fabricated using the
square pyramid unit cells have higher elastic constants
than the lattice structures of truncated cube & octahedron
unit cells. This is because the designed and actual poros-
ity of the square pyramid unit cells is lower than that of
the truncated cube & octahedron unit cells, as shown in
Table 10. The designed porosities are obtained by com-
paring the volume of CAD models of a full dense cylin-
der and the lattices structures. The experimental porosi-
ties are obtained by density measurements of the lattice
structures and comparing it to theoretical density of cpTi,
which is 4.51 g/em’.

Elastic constant (GPa)

Square pyramid Truncated cube & octahedron
Laser power (W) Scanning Designed strut Design strut Designed strut Designed strut
speed (mm/s) diameter 0.6 mm diameter 0.8 mm diameter 0.6 mm diameter 0.8 mm
240 400 1.170+£0.158 7.358+£0.257 0.112+0.046 0.276+£0.029
240 800 0.422+0.113 4.087+0.299 0.316+0.101 0.305+0.036
360 400 0.450+0.102 4.210+0.428 0.0547+0.040 0.268 £0.064
360 800 0.838+£0.165 2.534+0.140 0.008 +£0.002 0.250+0.011

SEM
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Table 9  Coefficient of variance of elastic constant of lattice structures

Coefficient of variance

Square pyramid Truncated cube & octahedron
Laser power (W) Scanning speed (mm/s) Designed strut Design strut Designed strut Designed strut
diameter 0.6 mm diameter 0.8 mm diameter 0.6 mm diameter 0.8 mm
240 400 0.135 0.035 0.411 0.105
240 800 0.268 0.073 0.320 0.118
360 400 0.227 0.102 0.731 0.239
360 800 0.197 0.055 0.250 0.044

Due to the design flexibility of the lattice structures, the
elastic constant of the lattice structures can range from 7.93
+2.73 MPa to 7.36+0.26 GPa. This shows the versatility of
design of cpTi lattice structures in various applications, espe-
cially for orthopedic implants where bones have wide range of
elastic constants, for example from 6.9 GPa to 25.0 GPa [17].
Therefore, the lattice structure design for both model and strut
size can be adjusted according to the various needs of an
orthopedic implant. This is one of the pronounced advantages
of using an additive manufacturing technology to fabricate
orthopedic implants.

Using the Gibson—Ashby model [33], the compressive
modulus at different relative densities can be estimated as
follows,

E 2
Ee(2)
E, 0

where E and p are the apparent Young’s modulus and density
of the lattice structures, E, and p, are the elastic modulus,
density of fully dense material, respectively.

Bulk compressive elastic modulus of cpTi is taken from the
fabricated fully dense cylinders. Hence, E,=16.66
+1.93 GPa. C; is a constant that can be calculated based on
the compression test results after fitting the suggested formula.
In this study, C; was calculated to be 0.377 and 0.206, for the

Table 10  Designed and experimental porosity of lattice structures

square pyramid and truncated cube & octahedron unit cells,
respectively. The experimental values of Young’s modulus
and the theoretical values based on the Gibson-Ashby model
is tabulated and plotted in Table 11 and Fig. 11.

It is observed that the compressive modulus of the
as-fabricated lattice structures increases with an increase
in relative density, which is consistent with the predic-
tion from the Gibson-Ashby model. From Fig. 11, it can
be seen that there are differences between experimental-
ly tested and Gibson-Ashby model estimated Young’s
modulus. The differences between the theoretical and
experimental values may be attributed to the residual
stress inherent due the SLM process, waviness and
roughness of the strut surfaces [1]. It can also be due
to the disregard of the SLM process parameters and
geometrical shapes of unit cells of the lattice structures
by the Gibson-Ashby model. The model also disregards
the powder adhesion on the strut which will affect the
compressive properties of the lattice structures and
failed to take into account the type of failure underwent
by the lattice structures.

For the square pyramid lattice structures, the typical stress—
strain curve is plotted in Fig. 12. The graph is plotted using
result from 0.6 mm strut diameter specimen, fabricated with
240 W laser power and 400 mm/s scanning speed.

Porosity

Square pyramid Truncated cube & octahedron
Laser Power (W)  Scanning Designed strut Designed strut Designed strut Designed strut

Speed (mm/s) diameter 0.6 mm diameter 0.8 mm diameter 0.6 mm diameter 0.8 mm

Designed Experimental Designed Experimental Designed Experimental Designed Experimental
240 400 0.532 0.549+£0.005 0.306 0.413+0.009 0.804 0.716+£0.001 0.754 0.809+0.001
240 800 0.720+0.037 0.393+0.010 0.792+0.003 0.768 +0.002
360 400 0.771+0.001 0.380+0.002 0.793 £0.002 0.773+£0.001
360 800 0.686+0.030 0.393+0.003 0.681+£0.013 0.832+0.001
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Table 11  Experimental and theoretical values of elastic constant

Unit cell geometry — Strut Gibson—Ashby  Experimental

diameter (mm) model (GPa) young’s
modulus (GPa)
Square pyramid 0.6 1.376 0.687
0.8 3.025 4.547
Truncated cube 0.6 0.132 0.112
& octahedron g 0.208 0238

It is observed that the stress—strain curve for square pyra-
mid lattice structures shows an elastic region with a relative
high degree of linearity (region A), followed by a second
elastic region of lower degree of linearity (region B). This is
due to the vertical and diagonal struts handling the load at the
initial start of the loading, accounting for the first linear region.
Buckling occurs from region B. When the vertical struts start
to buckle, the loading is handled by only the diagonal struts of
the lattice structure, accounting for the second linear region.
The samples underwent permanent deformation after the com-
pression. This behavior is also observed in lattice structures
made of 316L stainless steel using SLM [15].

For the truncated cube & octahedron lattice structures, the
typical stress—strain curve is plotted in Fig. 13. The graph is
plotted using result from 0.8 mm strut diameter specimen, fab-
ricated with 240 W laser power and 400 mm/s scanning speed.

It can be observed that the lattice structures made from the
truncated cube & octahedron unit cells have an elastic defor-
mation region (region A), follow by a plateau region in which
the stress fluctuates (region B), and finally a densification
region characterized by a rapid stress increase (region C).
Buckling occurs from region B and stress fluctuation in this
region is a characteristic of brittle fracture. This is in contrast
with the square pyramid lattice structures which exhibit duc-
tile behavior. The samples underwent permanent deformation
and fracture after the compression. The brittle behavior is also
observed in Ti6Al4V cellular structures fabricated by electron
beam melting (EBM) [34].

—4—Gisbon-Ashby model ~@-Experimental values

Compressive Modulus (GPa)

0.1 0.2 03 0.4 05 0.6 0.7 0.8
Relative Density

Fig. 11 Theoretical and experimental values of elastic constant

Stress(MPa)

m/
o

Fig. 12 Typical stress—strain curve for square pyramid
lattice structures

} Strain (%)

The square pyramid and truncated cube & octahedron lattice
structures exhibit the same shape of stress—strain curve respec-
tively, as shown in Figs. 12 and 13, however, some differences
such as different slope within the elastic region, can be identi-
fied within specimens of the same unit cells. The differences in
the graph can be attributed to reasons such as difference in strut
diameters as a results of the difference in processing parameters
and designed values as discussed previously.

The difference in compression behavior of square
pyramid and truncated cube & octahedron cellular lattice
structures can also be observed from the compressed samples
as shown in Fig. 14.

The ductile behavior of the square pyramid cellular lattices is
characterized by a near-linear buckling of the samples shown by
the linearity of the compressed shapes. However, the brittle be-
havior of truncated cube & octahedron cellular lattices are shown

&

Stress (MPa)
g

0

o 5 w0 15 w0 30 35 40 a5 50

Strain (%)

Fig. 13 Typical stress—strain curve for truncated cube & octahedron
lattice structures

SEM
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Fig. 14 Compressed samples of
square pyramid and truncated

Square pyramid

Truncated cube & Octahedron

cube & octahedron cellular
lattice structures

by random buckling of the samples, characterized by the wavy
buckling, and random flaking of the compressed shapes [35].

Analysis of variance

The analysis of variance (ANOVA) was performed to evaluate
the factors with significant effects on elastic constant of the
lattice structures. The results of ANOVA is shown in Table 12.

Since only the F, value of factor A (36.84) and B
(24.60) are higher than the control limit (16.26), the
ANOVA results indicate that out of the four factors,
only cell geometry and strut diameter are significant
factors that affect the elastic constant of lattice struc-
tures. SLM process parameters, such as laser power
and laser scan speed, do not have a significant effect

Table 12  Table of ANOVA for compressive elastic modulus of the
lattice structures

Source of Sum of Degrees of Mean Fo
variation squares freedom square

A 237%x107 1 2.37%107 36.84
B 1.58 x107 1 1.58 x 107 24.60
C 1.85x10° 1 1.85% 10° 2.87
D 1.65%10° 1 1.65 % 10° 2.56
AB 1.35%x107 1 1.35% 107 20.98
AC 1.31x10° 1 1.31x10° 291
AD 1.87x10° 1 1.87 % 10° 2.03
BC 1.05% 10° 1 1.05% 10° 1.63
BD 1.40 % 10° 1 1.40x 10° 2.14
CD 3.70% 10° 1 3.70% 10° 2.18
ABC 1.38x10° 1 1.38x10° 1.92
ABD 1.23x10° 1 1.23x10° 0.57
ACD 5.74%10° 1 5.74%10° 0.89
BCD 2.77x10% 1 2.77%10% 0.04
ABCD 416%10° 1 4.16%10° 0.01
Error 3.22x10° 5 6.44%10°

Total 6.58 %107

on the elastic constant of lattice structures. The insignif-
icance of process parameters on compressive strength is
also observed by Chlebus et al. [36].

From ANOVA, the interaction between cell geometry and
strut diameter is also significant in affecting the elastic con-
stant of the lattice structures. Both cell geometry and strut
diameter affect the porosity of the lattice structures, which
influences the elastic constant. It has also been proven statis-
tically that cell geometry has the most significant effect on
elastic constant of the structures.

Conclusion

This study investigates the feasibility of using adapted ASTM
E9 for cellular lattice structures fabricated by SLM. The fabri-
cated structures are also characterized mechanically and dimen-
sionally. The lattice structures investigated are made of two types
of unit cells, namely, the square pyramid and the truncated cube
& octahedron unit cells. The major findings of this research are:

1. Test method from ASTM E9 can be adapted as a standard-
ized test method for cellular lattice structures fabricated by
AM or specifically, SLM. By using coefficient of variance,
the repeatability of the adapted test method is shown.

2. It is observed that the struts of the lattice structures are
solid, connected and continuous, indicating good melting
of the powder during the SLM process.

3. The experimental strut diameters are found to be smaller
than the designed values. The decrease in strut diameter
compared to the designed value can be attributed to the
scan strategy used which included the contour scan and
powder adhesion that occurred during the process.

4. Due to the occurrence of powder adhesion on struts of
lattice structures, different set of parameters, such as lower
laser power and higher scanning speed, may be required
for fabrication as compared to fabrication of parts with
bigger cross sections. At a fixed scan speed, the thickness
of powder adhesion on the struts decreases with an
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increase in laser power. At fixed laser power, the thickness
of powder adhesion on the struts decreases with an in-
crease in scanning speed. Using ANOVA, it is concluded
that the SLM processing parameters, such as laser power
and laser scan speed, have significant effect on the powder
adhesion thickness. However, design parameters such as
unit cell geometry and strut diameter have no significant
effect.

Compressive behavior of the lattice structures can be al-
tered by the geometrical design. The square pyramid lattice
structures exhibit ductile behavior under compression
while the truncated cube & octahedron lattice structures
have a brittle characteristic. Using ANOVA, it is concluded
that the SLM processing parameters, such as laser power
and laser scan speed, have no significant effect on the elas-
tic constant of lattice structures. The elastic constant of
lattice structures can be significantly altered with geomet-
rical design of the unit cells as well as the strut diameters.
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