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Nowadays, functionally graded lattice structures have become popular due to their low weight
and high strength. Additionally, flexibility of designing various layers and orientation made them very
good candidates for bone implants. In this study functionally graded lattice types Gyroid, SplitP and
Diamond were constructed into cylindrical geometry. The aim was to design a lattice structure which
can provide similar relative density levels with the human bone, high strength and high load carrying
capacity. Functionally graded lattice samples made of AISi10Mg are printed by selective laser melting.
Functionally graded lattice structures are evaluated by conducting quasi-static compression experiments.
The effects of lattice structures on specimens’ compression performance are investigated by analyzing

surface morphology and deformation behavior.
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1. INTRODUCTION

From the first step to last, human and human body itself live in continuously movement
state thanks to our anatomical and biomechanical structure. Humans state, humans subjected to
not only static but also dynamic load conditions. Even though, human body is well adapted to
these conditions, there is a probability of failure of bone structure in future life. Through the
years biomedical sector has been working on implant technologies to imitate properties of
human bone structure. However, this imitation requires certain types of performances such as
ability to bone cell ingrowth, biocompatibility, gradient density variation etc. [1-3]. Recently,
research has focused on finding replacement to conventional bone repair methods like
autografts and allograft which can cause complications or require the right donors. Prosthetic
alternatives for bigger bone areas exist but are expensive due to biocompatible materials and
specific manufacturing requirements. Promising research is scaffold-based bone implant which
possess porosity inside of the structure that can support bone growth through cellular adhesion.
This phenomenon called “osteointegration” which is related with the biocompatibility of live
bone tissue of the implant and consequently bone tissue repairs. Conventional strut based
scaffolding applications have limitation in stress concentration and altering properties of the
design. Newer works use surface-based structures such as Triply periodic minimal surfaces
(TPMS). TPMS structures are derived from mathematical formulas. In literature, TPMS-based
designs require high surface areas and strength such as load carrying scaffolds, static mixers
and heat exchangers and in much research outweigh than traditional designs. In literature and
engineering research, TPMS-based structures have shown unique results in many fields. For
example, high hydrogen density, low pressure drops in catalytic substrates, acoustic isolation,
high surface- volume ratio and so on. For biomedical fields, TPMS structures provide cell
adhesion and mass flow with low-pressure drop-in bone tissue engineering. Also functionally
grading their properties such as density the bone's elastic modulus can be matched and stress
shielding avoided. Meanwhile, uniform TPMS lattices are versatile, they don’t imitate the
complex density transitions within human bone. This limitation can be improved by
functionally graded structures where density varies directionally and can be further improved
by topology optimization. To welcome complex loading cases, the implant structure required
to be a varying in volume fraction, sequential layer collapse behavior and graded density.
Therefore, Functionally Graded (FG) structures are offered not only as a particular structure but
also as a broad meaning of topological or geometrical grading. Functionally Graded (FQ)

structures are also widely used in aerospace, nuclear energy, defense and tooling industries.



Triply Periodic Minimal Surfaces: Engineering applications

Biomedical Chemical Civil Mechanical Nuclear

(Construction)
Fuel Rods

Dental Materials Structural

e.g. Root analogues e.g Catalvtic substrates e.g. Bridge bearings

Acoustic

e.g Sound absorbers

BTE Process Hydraulic

e.g. Scaffolds e.g Hvdrogen Storage e.g Static mixers

Energy
e.g Heat Exchangers

Thermal

e.g. Energy Storage

Figure 1. Summary overview of TPMS applications [47].

Recent advancements in additive manufacturing (AM) have caused the cost-effective
manufacturing of complex structures. Although conventional manufacturing methods are
widely in use, their limitations of constructing complex geometry, environmental impact and
high energy consumption made them inferior against AM technologies. Additionally, their
compassion was investigated in many research and AM parts found better in terms of energy
absorption, uniformity of microstructure [3-7]. AM can provide manufacturing of metal
components and periodic lattice structures thanks to Selective Laser Melting technologies.
thanks to high cooling rates, fine surfaces (15-80 um) and high strength, Laser Powder Bed
Fusion (L-PBF) method implemented. As powder material AISi10Mg used due to good
mechanical strength, adequate hardness, and dynamic properties as well as low weight [8,9].
The generation of STL files were created by using nTop (nTopology, New York, NY, USA).
In addition, 6 various Triply Periodic Minimal Surface (TPMS) lattice structure modelled, and
density gradients applied through lattice structures. After design and production steps, the
surface state had been investigated via Optical Microscope (OM). In addition, mechanical
performance analysis is completed via quasistatic compressive test instruments. The last but
not least homogenization approach implemented to compare and analysis behavior of single
unit cell.

The aim of this study is investigating FG lattice structures and their performance analysis
regarding design, production and mechanical performance. After the result of this study, it is
expected that by imitation of density gradient in human bone can be applied to metal

components and their performance can be a good candidate for biomedical applications.
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1.1.  Additive Manufacturing

Additive Manufacturing (AM) is a manufacturing process of joining materials to make
objects from 3D model data via adding layer by layer. AM was born with the name “Rapid
Prototyping” (RP). RP was invented in the 20" century. RP is used to explain the process that
makes a prototype of final product before the industrialization stage. The result of this process
was investigated and tested to create accurate models and consequently the final product. It
was the first method that allowed to create 3d object from CAD model.

This was the first step. Afterwards, AM has grown a lot, and it is used in many fields.
Rapid prototyping term is no longer exists since it is unnecessary to explain the concept of the
process. Especially, this manufacturing technique, allows industry for design of new parts and
tools. However, the AM method’s greatest benefits still lie with small batch production. Due
to its high machine and job time. Nonetheless, AM can affect the cost and job time as shown

in the graph.

Part cost &
(€/part)

Additive
Manufacturing

I

|
Traditional :
Manufacturing |
|

|

I

I

COI‘ITI plexity
Design for

Manufacturing Design for Functionality

Figure 2. relation between. part cost and complexity for AM and others [47].

AM is very advantageous not only for prototyping but also for complex geometries. AM
can provide the ability to create specific shapes and internal surfaces that would not be

possible with conventional techniques [48].



As above-mentioned paragraph the first name of the AM was rapid prototyping. The
man who patented this was the Japanese Hideo Kodama from Nagoya research industry in
1980. However, due to economic problems, he couldn’t take full patent. Couple years later in
1985, French electrochemical engineer who is Alain Mehaute invented the stereolithography
(SLA) process. Meanwhile, Chuck Hull from the USA patented the same process and set up
a 3D printing system to commercialize this discovery. The first product of SLA was
commercialized in 1988. In SLA, thanks to UV light materials like liquid resins,
photopolymers can be turned into solid to create parts. Therefore, nowadays Chuck Hull is
known as the father of the SLA. In addition, stereolithography name was given to the file
format for the AM which is “STL file”. Afterwards, Carl Deckard from the USA created the
Selective Laser Sintering (SLS) process for reducing costs and time in the machine industry.
Meanwhile, Scott Cramp also was designing a machine that could print 3D parts. By mixing
the was with polyethylene he printed 3D parts. After printing the couple of toys, he realized
that this process could be automated. Thus, “Fused Deposition Modeling” (FDM) discovered.

Later, AM processes became popular. At the end of 20" century SLS and FDM technology find
its place in the Europe market. In seven years, the market had increased and lots of companies
invested in AM processes such as Selective Laser Melting (SLM) and Binder Jetting (BJ).
Thanks to this rapid growth of the market, cad tools for 3D printing developed and became
available for its users. Also, some medical research had been conducted in the nineties which
lead to endless options for the medical industry. Early years of 21st century also was key time

for AM. Due to, organ replacement in medical field market had grown a lot [48].
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Figure 3. system development of AM [47]



1984 - Chuck files US patent 4,575,330 for SLA

1987 - Rapid Prototyping became a commercial reality

1990 - Layer manufactured parts used as casting patterns

1995 - Layer manufactured parts used as tools

2000 - Layer manufactured parts
used as production parts

2011 - 49,000 machines globally
(in total since 1984)

== 2013 — 348 machines for
metals (+76% in one year)

Figure 4. history of AM [47].

Despite conventional manufacturing methods, AM process requires solely some basic
dimensioning, material and a small amount of operational knowledge regarding printing
machine. A major advantage of additive manufacturing is ability to print parts with complex
geometrical surfaces. This ability provides almost free design possibilities and precise control
over not only external but also internal structures. This advantage has fundamentally evolved
into final products from the way components are designed. The key advantages of additive

manufacturing include:

e The ability to generate smaller parts with complex topologies which can be
challenging to reach using conventional methods.

e Minimal waste and material efficiency which leads to environmental
benefits.

e The possibility of reducing part mass by including material for only specific
properties.

e Ability to facilitate simpler assembly processes by decreasing the number
of machine elements.

AM has become more famous over the past few decades due to increasing request for
complex, high special components. AM often requires only 3D model to produce a almost
finished part. Between 2010 and 2015, additive manufacturing related research and
development reached 30% annual growth. AM is now becoming more applicable across nearly
all industries. These sectors are mainly automotive, mechanical, medical implant and
aerospace with a specific focus on producing lightweight structures which offer high

performance at decreased cost. This change has gained attention in manufacturing technology



for cellular materials, which combine high strength with strong impact resistance and energy
absorption characteristics [34].

Basically, it works layer by layer according to Computer Aided Design (CAD) data and
the way of creation, thickness of layer plays crucial role in quality of printed parts [10]. AM

process have 8 steps:

CAD

STL convert

File transfer to machine (g-codes)
Machine setup

Printing

Part removal

Post processing

PN D=

Application

Figure 5. Slicing procedure of some parts for automotive field.

1.1.1. Powder Bed Fusion Process

Powder bed fusion (PDF) is a process in which thermal energy selectively fuses regions
of a powder bed. All PBF methods share a basic characteristic such as one or more thermal
energy sources to induce fusion between powder particles. However, as an energy source

Laser Powder Bed Fusion (LPBF) laser, Electron Beam Melting (EBM) high intensity



electron beam is being used. These methods are also called Selective laser melting (SLM)
processes. Basically, specific areas of the powder bed are scanned along predefined lines
thanks to energy source. The heated region which is substrate is cooling down and solidifies,
forming a new layer of product. After initial layer formation, the powder rack moves upward
to spread new material required to print the new layer. The building platform lowers down
which equal thickness of new layer, and rack transfers the powder to the melting zone to build
new surfaces. The same step continues until the final layer is obtained. Even though PBF
methods are widely implemented in research where high strength and energy absorption
performances are required, they are expensive and are not well adapted for mass production
[11,12]. However, to design complex shape and graded lattice formation makes these methods

superior then other conventional manufacturing methods.

! X-Y Scanning

CO, Laser > - §> Mirrors
" Laser Beam
IR heater /.
Counter-Rotating Powder Bed
Powder Leveling /—\j{;\\\\f\\ 7
Roller Hﬁ? L
¥
=
1 Build
Feed Platform
Cartridges
Figure 6. Schematic of PBF process [10]
1.1.1.1. Electron beam melting

The electron beam melting (EBM) process directs a high energy electron beam to
melt metal powder particles for AM. This technique takes place in a high vacuum

environment to prevent oxygen involvement into the manufacturing process. In electron



beam melting, metal powders are put into build volume and melted by machine-
controlled beam source. This process temperature can increase up to 1100 degrees. The
cooling rates during EBM can vary from 10 to 10° K/s to enable control on
solidification parameters like the thermal gradient. By adjusting the electron beam's
position, speed and current, it’s possible to affect the cooling rate which in turn affect
the grain size. This provides heterogeneity for nucleation and refines grain structure
along solidification area. Finally, EBM has major advantages including low residual

stress and oxidation in the final product [43].

Electron Gun
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Laser beam
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Figure 7. EBM process [44].

1.1.1.2. Laser Powder Bed Fusion
Laser powder bed fusion (LPBF) melts the metal powder with laser beam. This
technique involves expanding a thin layer of powder on the build chamber. Unmelted

powder in the build chamber provides supports parts as they are built. After each layer



cools down, the build platform lowers down, allowing a new layer of powder to be
expanded and melted on the previous layer. Cooling rates can vary from 103 to 10% K/s
and this rapid cooling rate can affect finer grain structure. LPBF is highly
advantageous for complex parts, also supports a wide range of materials and mostly
requires low number of supports. It provides efficient approaches for fabricating

intricate gradient structures [44].

1.1.1.2.1. Aluminum Alloys for PBF

Nowadays, the most used Aluminum alloys for LPBF are based on Al-Si
foundry alloys as the Si-based eutectic provides perfect castability and
manufacturability. But these alloys typically reach 150-300 MPa and therefore
don’t meet expectations for higher strengths. Higher strength materials are
beneficial by increasing potential for load bearing, light-weighing and cost savings.
However, it’s evident that major challenges are linked to development of high
strength aluminum alloys in LPBF. Additionally, printability and defects were
critical issues. Nevertheless, some strategies have been introduced into research
field and these challenges were outcome by science. For example, designing new
alloys for specific LPBF applications and adaptation of existing high-strength
alloys to LPBF [49]. To summarize Aluminum alloys for LPBF:

e They "re know with their lightweight and cost effective

e Good strength, hardness and thermal properties which become
good candidates for many fields

e Good post process finishing

e Excellent corrosion resistance and low density



Figure 8. Engine tank printed with AISi10Mg [50].

1.2.  Cellular Materials

Cellular solids are formed up of an interconnected network of solid struts or plates which
form the edges and faces of cells. The simplest example of cellular material is honeycombs in
which hexagonal cells of the bee. Basically, the cells are polyhedral that pack in 3d cellular
material foams. If the cell is only made by cell edges the foam is called open-celled. If the
faces are solid too, it becomes closed-cell geometry. The most important property of a cellular
material is its relative density which is the ratio between density of cellular and bulk structure.
Generally, all materials can be foamed. These are mainly polymers, metals, ceramics etc.
Usually, cellular solids have relative densities lower than 0.3. Additionally, the cell size is
another important parameter which can affect mechanical and thermal properties of the
material. Cell shape is also another important parameter; when the cells equiaxed type the

properties are isotropic [13].

1.2.1. Cancellous Bone
Most bones possess a very detailed structure. It consists of compact bone and a core of
porous cellular which is called cancellous or trabecular bone. Due to aging through time, to
avoid loss of mass of cancellous bone, artificial hip implant widely applied. As it can be seen
in the figure, the cellular structure of cancellous bone is made up of an interconnected network

of rods.
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Figure 9. SEM images show the cellular structure of trabecular bone. (a) Sample derived
from the femoral head, showing low-density, open-cell, rod-like structure. (b) Sample derived
from the femoral head, showing a higher density, perforated plate-like structure. (c) Sample
derived from the femoral condyle, of intermediate density, present an oriented structure, with

rods normal to parallel plates.

In literature, the relative density of cancellous bones differs between 0.05 to 0.7.

Additionally, the relative density of bone which is less than 0.7 classified as “cancellous “[13].

2. Lattice Structures

2.1.  Functionally Graded Lattice Structures

Lattice structures are porous type structures that combine 3D unit cells periodically with
a certain relative density which is the ratio between cellular and bulk structure. Lattice
structures are also known for their good performance in topology, manufacturability and
stiffness. Relative density is a key parameter in the design of lattice structures and the main
variable used to control lattice features by gradient density. The example of uniform lattice

structures is various such as bamboo, beetles and fish outer skin etc.
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Figure 11. Ladybeetle forewing microstructures [17].

However, when requirements vary from case to case, adaptation of these lattice structures
according to performance becomes crucial. Functionally graded lattice structures (FGLS) are
non-uniform lattice structures designed with a density gradient ordered by given function
whether that can be mechanically or thermally and biologically. FGLS play an important role
in innovative manufacturing technologies. Due to its tunable and customizable properties FGLS
are extensively used in AM sectors [15-16]. Thanks to advance progress in design software
computation expenses for exploring new geometries with materials have lowered. FGLS
provides multiple options for reducing the number of elements in assembly while decreasing

weight and manufacturing expenses.
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The arrangement of density gradient to specific regions of the lattice enables optimized
structures which can effectively respond to loads, high strength and stiffness. Additionally,
FGLS can also be tailored for localized deformation of lattice layers from lowest density layer
to the highest. Furthermore, they can be designed for mimicking microstructure of cortical and

cancellous bones due to ability of both dense and highly porous regions in geometry [18].

2.1.1. Triply Periodic Minimal Surface (TPMS) Lattice Structures

Triply periodic minimal surfaces (TPMS) are surfaces with mean curvature of

Zero and periodic structures in x-y-z coordinates [19,20]. TPMS structures have shown
to be a versatile candidate of scaffolding and possess good stress distribution under
loading due to its geometrical features [20-22]. Therefore, TPMS are considered as
promising biomaterial lattice structures for future research. TPMS structures also have
self-supporting features that do not require build of support in SLM technology [24].

In literature, it also mentioned that mean surface curvature of TPMS structures is also like

the trabecular bone structure.

Furthermore, a study suggests that TPMS- based biomaterials are promising for
improving tissue regeneration performance. Therefore, TPMS structures have been

widely studied via AM technology.

In one research study, TPMS-based biomaterials (i.e. primitive, gyroid and
diamond) each of structural porosity evaluated in terms of their mechanical properties,
fatigue performance. It was found that some TPMS structures exhibit ideal performance
of elastic modulus and yield strength of trabecular bone. Additionally, permeability for
tissue regeneration was in range within bone structure [25].

Some TPMS structures are:
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Figure 12. single Gyroid unit cells and 3D volume [26]

Figure 13. Diamond and SplitP TPMS structures [26,28].
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3. STATE OF ART

To understand the behavior of lattice or cellular materials, first it must be clarified which
parameters are involved in the study and their effects on the cell.

There are 3 variables: these are material, elative density and cell topology or shape [29].
To be identified as a cellular solid, relative density must be lower than 0.3 [13]. Shape and cell
topology are related with the understanding of the mechanical response of lattice structures.

There are two types of response exist which are bending-dominated and stretch
dominated. As it can be seen in the figure 7 below M is the Maxwell number which represents

a basic form of prediction of mechanical behavior of the lattices.
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— « —  Compression p P P
=+ = Bending 1 l 1
/. Strut , . ’ .
R .
. . . |
7 AY / / A ‘/ N
O ® o ® 00
N ’ S ’ . ./
. . ‘ . AN
N , AN P 1,
.—» Node . .
P P ;
M <0 Under-stiff M = 0 Just-stiff M > 0 Over -stiff
Bending-dominated response Stretch -dominated response

Figure 14. Stretch-dominated and bending-dominated structures [14].

The selection of one of these topologies depends on the preferred performance for the
lattice and the features of material for manufacturing. However, the response of the lattice
structure is mainly representative of stress-strain curves.

As can be seen in the figure below, there are three main stages that represent behavior.

1. Linear elastic region characterized by young modulus (E)

Deformation in this region is mainly due to bending struts.

2. Plastic region
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Material exhibits plastic yielding and long collapse plateau. This can be attributed to the

creation of plastic hinges at the nodes. If the material is brittle this region will fluctuate due to

brittle fracture [30].

3. Densification region

Simply, the bending — dominated lattice will have large plateau stress, a big area in
which stress being constant and increasing strain. This region also represents energy
absorption behavior (good for protective equipment) of the structure until the failure.
Considering stretch — dominated structure, the curve shows a higher yield strength.
Additionally, deformation mechanism will be only tension and compression modes.
Therefore, stretch — dominated lattices are adequate for light — weighting and bending

dominated lattices more suitable for energy absorption [24,30].
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Z PN @ [T
E Edenmﬂcation : 'densification
__linear elasticity ; - B finear elasticity '
(bending) : (bending) :
0 Strain, g,, 2% 0 Strain, &, Ep tan,

Figure 15. Compression behavior of bending-dominated (a) and stretch- dominated (b) lattice structures [30].

3.1.

When the literature researched regarding the functionally graded lattice structures, it

Literature

was realized that there are several research which focus on crashing response, energy

absorption performance, mechanical and failure models etc.

The FGLs mainly designed such as:

1. Density grading along parallel or perpendicular to building direction

2. Same density values but different unit cell size

3. Uniform structure comparison with thickness graduation and void size

graduation
4. Relative density variation from inside to outside is like cancellous bone

structure.
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In 2019, Gyroid cellular structures with grading density along different directions had
been investigated and manufactured by SLM. Samples were designed with density grading
parallel and perpendicular to the building direction and their mechanical performances under

compressive loading were compared with uniform lattice structure.

Density decreasing )

(c)
G2-GCS

15% —

20% 17.5% 15% 12.5% 10%

|
15%

Figure 16. The images of (a) uniform Gyroid unit cell, (b) continuous Gyroid with the gradient along z axis, and (c)
continuous Gyroid with the gradient along y axis [31].

It had been stated that cellular structures with density gradient perpendicular to building
orientation exhibited similar deformation to uniform unit cellular structures. Additionally,
perpendicular graded density increased the strength of the material. Another important result
was structures with density graded parallel to building direction had distinct layer-by-layer
collapse failure. Additionally, they also provided a large strain resistance before densification

region reached [31].
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Figure 17. Layer by layer collapse behavior

In another research, compressive failure modes of double gyroid structures with different
cell size compared. It had been stated that cell size played a crucial role in the failure mechanism
of metal AM lattices. Furthermore, small cell size structure had better performance against low-

strain failure caused by crack propagation.

Figure 18. 3D model of the gyroid lattice (a) and pictures of AlSilO0Mg SLM manufactured specimens (b). The
specimens in (b), from left to right, contain cells of size 9, 6, 4.5 and 3 mm [32].
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Figure 19. Crack initiation and propagation [32].

In 2022, 3d gyroid structured fabricated by EBM. Therefore, morphological and
mechanical characteristics of samples were investigated. Samples mechanical properties were
tested with quasi static compressive test machine. Consequently, deformation mode of
cylindrical samples was similar, and they had shear bands with 45-degree angle. This result is
also attributed as barreling effect which means phenomena by friction between sample and

platen [45].
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UC5

Figure 20. Representative failure behavior of samples [45].

Another research had been conducted in 2022. In this work, there were three different 17-
4 PH gyroid lattice design procedures i.e., thickness graded, size graded and uniform.
Mechanical performance and energy absorption performance under uniaxial compression test
were compared. As a result, it was stated that uniform structure had better mechanical
performance than graded ones.

Furthermore, some defects were detected in thin-walled regions within graded samples.
However, graded samples had layer-by-layer collapse behavior and consequent light weight.
Therefore, it had been found that this result was relevant to bending-dominating behavior and

it sustained larger strain than uniform samples [33].
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Figure 22. layer-by-layer collapse behavior of samples [33].
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In another research, they studied hybrid and functionally graded novel designed cellular

lattice structures and their mechanical properties.

sp"t_p Octet

Gyroid Face-Centered Cubic

%

Diamond Body-Centered Cubic
(b (b-) (b-iii)

Figure 23. Three cylinders with different radius and the same height (b-ii) Three surface-based unit cells (names are
shown on the figure), and (b-iii) Three Beam-based unit cells [34].

The novel design consists of cylindrical hybridization approach by merging three
different unit cells: body-centered (BCC), face -centered (FCC) and octet from beam-based
structures and gyroid, splitp, diamond from surface-based structures. These models were

divided into hybrid and functionally graded lattice structure (gradient based) subcategories.

The difference between the subcategories were mainly in hybrid models only cell types
were changed. As a variant for FGLs were thickness and unit cell sizes. Additionally, Polylactic

acid (PLA) was used as material and fused filament deposition selected for AM process.

Afterwards, compression tests were conducted to evaluate ultimate strength, specific
energy absorption and failure performance. Consequently, it had been stated that functionally
graded lattice structures, if surface based or beam based or not showed improved mechanical
performance than hybrid lattice structures. These were attributed to the effect of unique design.
Another important result was varying mechanical performances of beam-based FGLs. While
ultimate strength increased in the first model, it decreased for second and third. So that this was
explained an effect of positioning of the unit cells, relative density and the buckling phenomena

[34].
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The last but not least, in 2021 researchers investigated mechanical behavior of TPMS
cellular structures (Diamond, Gyroid, IWP, and Primitive) which were printed by the powder
bed fusion technique using stainless steel 316L powder and conducted compression test with
different loading velocities. Also, dynamic deformation characteristics were captured by using
infrared thermography. Consequently, samples undergo strain softening (hardening) which

means deterioration of strength with increasing strain in continuous loading [46].
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Figure 24 Deformation modes of TPMS specimens [46].
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3.1.1. Numerical Simulation Theory

To predict the behavior of lattice structures, simulation methods are frequently
implemented into studies. One and most famous one is The Finite Element Method (FEM).
FEM is generally implemented to investigate mechanical performance of solid models. Even
though it can provide accurate simulation results, it requires a complex and time-consuming
meshing procedure. As complexity of the part increases, the computational efforts rise
dramatically, especially for the lattice structures where the number of elements scale up with
3

By treating material as an infinite medium and evaluating microscopic behavior of the
unit cell, it is possible to define material performance at macroscopic level. This method is
called homogenization [24].

Multiscale modeling is an approach where the analysis of material is conducted at one
length scale, however the results are connected to various material features at a different
length scale. Homogenization methods reduce significant savings in computational time.
Additionally, in composites there is no need to model the whole structure of the composites.

Homogenization can be also applied to lattice materials by simplifying the assumption where

the lattice presents one phase [41].
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4. MATERIAL AND METHOD

4.1. Design of Lattice Structures

In this procedure, FGL models were constructed via Ntopology software. Before setting
dimensions for the models, human bone was taken as an example in terms of volume fraction
variation as in figure below. Furthermore, as it has been stated in the literature relative density
values were set to in range with cancellous bone which is around 0.4 to 0.8 g/cm? [35]. As it
can be seen in the figure below, cancellous bone has spongy like, and its volume and porosity

vary from core to the outer shell.

Macrostructure | Microstructure | Sllb-micmstructure| Nanostructure

Figure 25. Inner structures of human cortical and cancellous bone [36].

Totally six cylindrical FGLs models were built. These consist of three different layouts
of Splitp, Gyroid and Diamond structures. The rest of the models were built fully Diamond,
Gyroid and Splitp. Additionally, cell sizes were kept constant for every sample. Furthermore,

little off-set values were implemented to facilitate the merger between intersect cylinders.
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1%t sample Cell type Cell size | Radius Relative Height
(mm) (mm) density (mm)

Split P 10x10x10 2,6 0,705
Gyroid 9x9x9 5,6 0,448
Diamond 10x10x10 10 0,419
2" sample Split P 10x10x10 2,6 0,708
Diamond 9x9x9 5,6 0,531
Gyroid 10x10x10 10 0,346
3rdsample Gyroid 10x10x10 2,6 0,492
Split P 9x9x9 5,6 0,528
Diamond 10x10x10 10 0,386

25 mm
4th sample Gyroid 10x10x10 2,6 0,492
Gyroid 9x9x9 5,6 0,448
Gyroid 10x10x10 10 0,346
5thsample Diamond 10x10x10 2,6 0,617
Diamond 9x9x9 5,6 0,531
Diamond 10x10x10 10 0,419
6t sample Split P 10x10x10 2,6 0,708
Split P 9x9x9 5,6 0,580
Split P 10x10x10 10 0,467

Table 1. Design parameters for functionally graded lattice structures
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Figure 26. TPMS Lattice structures a) SplitP b) Gyroid c¢) Diamond

Figure 27. I8 sample
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Figure 28. 2" sample

Figure 29. 3 sample
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Figure 31. 5" sample
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Figure 32. 6" sample

30



Figure 34. Before and after applying offset

4.2. Production and Material

The specimens were printed by using a Print Sharp M250 laser powder bed fusion
(LPBF) machine. Print Sharp 250 is a medium volume machine for LPBF activities.
Thanks to its flexible configuration with easily removable parts, a full powder change can
be made in less than 2 hours [50]. Additionally, this system works with 0,5 kW Ytterbium
(YD) fiber laser, which focuses on the laser source to a spot size varying from 70 to 100
micrometers (Lm).

The AlSi10Mg powder was used for printing. This material commonly used aluminum
alloy due to its lightweight and good mechanical strength. To facilitate controlled ambient
while printing process, the build volume was filled with argon gas at a flow rate of 7 liters
per minute (I/min). This flow rate, in motion at a speed of 1.43 m/s. In addition, keeping
oxygen level below 0.1% to avoid oxidation of the material was very important

throughout the whole printing process.
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Meanwhile, for minimizing residual stress and mitigate anisotropic behavior, a rotating
scanning strategy was applied to the process. To avoid stress concentrations and
symmetry along laser path, the commonly used angle setting 67 degrees was applied. In
addition to facilitate the thermal conductivity and ensure good melting of powder during
fusion, the build plate was preheated to 100°C. Therefore, this preheating phase prevented

warping, and the quality of structure improved.

Figure 35. Print sharp 250 LPBF machine [50].

Building volume: 258x258x330
Build rate: 12-30cm’/h (depending on material used and
part geometry)
Deposition layer height: 0.02 - 0.1mm
Layer width: 0.1mm (single track width)
Laser power: 500W single mode IR fiber laser

Table 2. Technical data [50].
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4.3. Surface Characterization

To observe the quality of printed samples, samples were cut in a cut-off machine at the
laboratory of the DISAT department of the Politecnico di Torino. Afterwards, samples
were polished to get rid of scratches from the cutting procedure. In this process, samples
were polished with six different abrasive paper in rotating plate of polishing machine.

Furthermore, images were taken from  Optical Microscope (OM).

5 mm

Figure 37. Cutting and Normal surface of the 2" sample
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5 mm

5 mm

Figure 38. Cutting and Normal surface of the 3" sample

5 mm

5 mm

Figure 39. Cutting and Normal surface of the 4" sample
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5 mm

Figure 40. Cutting and Normal surface of the 5" sample

5 mm

Figure 41. Cutting and Normal surface of the 6" sample
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As can be seen in the pictures almost all TPMS structure types were intact. However,
when we look from top and cut the surface of 3™ sample, there is a small droplet shape
void. This phenomenon can be attributed to the relationship between melting pool and
process parameters. In literature, it has been stated that disrupted movements of melt pool
can affect porosity, and improper wetting can trigger balling effect (spherical droplets).
This instability is called Plateau-Rayleigh instability [37-38]. Therefore, this event can
cause variation in thickness of next powder layer then cause binding defect between layers
[37].

4.4. Mechanical Performance

Uniaxial compression tests were performed. Samples were placed between two plates.
While the upper one was moving with a constant strain which was 2 mm/min up to the
densification of the pressed lattice structure, bottom plate was fixed. Uniaxial loading was

applied parallel to the building direction along the z axis.

S. RESULTS AND DISCUSSION

5.1. Compression Test
From the experimental test result in laboratory, stress-strain curves were extracted. From

the Force (Newton) and displacement (mm) values.

F
O'=Z
Al
S:E

Basically, all samples had similar stress-strain behaviors so that they can be divided into
4 stages: the first stage is the linear elastic region, and the second one is elastic-plastic stage

which has yield point. Then third is yield plateau and the last is densification stage.
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From the 1% to 6" sample there was a certain elastic region until yield points and then
stress increased rapidly with a linear behavior just like in Hook’s law. Afterwards, curve

elastic-plastic stage starts.

The elastic-plastic stage has a long increasing part after the elastic region and then stress
will decrease after reaching yield point. This phenomenon is called the strain softening
process. Afterwards densification starts and continuously increases [42]. This is due to the
surfaces piling and encountering each other and causes an increase in the stress. Finally,
all samples had stretch-dominated behavior and as mentioned in the literature, this is

advantageous for a lightweight design [40].

Compression Test
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Figure 42. Stress-strain diag. of 1st sample
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Figure 44. Stress-strain diag. of 3rd sample
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Figure 45. Stress-strain diag. of 4th sample
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Figure 46. Stress-strain diag. of 5th sample
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Compression Test
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Figure 47. Stress-strain diag. of 6th sample
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Figure 48. Stress-strain diag. of all samples
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UCS UCStrain E Yield
(ultimate compressive | (ultimate compressive (Young Modulus Strength
stress MPa) strain %) MPa) (MPa)
1% sample 105.28 66.18 118.73 89.39
ond sample 150.85 67.72 216.58 110.03
3rd sample 100.83 67.70 99.45 89.39
4th sample 76.27 76.96 56.89 71.32
5th sample 139.26 64.21 152.08 110.10
6t sample 175.79 69.01 205.70 133.24

Table 2 Results of compression test

When we analyze the results of compression test, FGL models with varying lattice in type
along the model have similar results with uniform lattice structures. However, when we
compare UCS values of specimens’ 6™ sample is superior to other samples. When we look at

UCStrain values, the first three samples have similar failure behavior.

5.1.1. Young Modulus

By evaluating all stress-strain curve from data, it was possible to derive the Young's
Modulus as an index of the stiffness of the specimens. As mentioned in literature, Young's
Modulus can be derived from linear elastic region. Basically, taking slope of the linear line
defined between two different stress limits. When all results considered, stiffness of
samples are in line with the UCS results. For example, even though slightly lower in UCS
2" sample (Split P, Diamond Gyroid) higher young modulus than the rest. Additionally,
6™ sample (fully Split P) has the second highest stiffness value. Another interesting result
was 5™ sample (fully Gyroid) has good UCS and young modulus values among others.
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Figure 49. Young modulus diag. of samples
5.1.2. Yield Strength

216,58

Sample 2

The yield strength of specimens corresponds to the point where material begins to deform

plastically. This value, often referred to to determine the maximum allowable load in stress

calculations. The values that were taken from Stress-Strain curves show that yield values

are parallel to the UCS and Young modulus results.
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Figure 50. Yield strength diag. of samples
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5.1.3. Specific Energy Absorption

As it has been stated in the literature the area under the elastic region of Stress-Strain
curve can give the toughness capacities of the materials [39]. Basically, energy absorbance
until failure. However, in this study the sample did not fail so that beginning of
densification stage was taken as limiting point [40].

Therefore, the specific energy absorption (SEA) is calculated as:

where:

o is the stress (in MPa or N/mm?),

€ is the strain

1) s €
SEA(J/g) == = Jo ; as _ Gp(e*) de

Where M is the mass of the lattice structure, F'is the force, AE is the total energy absorbed
by the material, which can be calculated by the area under the load-displacement curves.
Generally, a higher toughness represents a better energy absorption capacity of the cellular
material [24]. As can be seen in the figure above, sample-3 which is composed with
diamond from outer diameter and integrated SplitP sample-6 has better energy absorption

capacity than other samples.
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Figure 51. Specific Energy Absorption diag. of samples

5.2 Simulation Analysis

As mentioned in numerical simulation theory section, simulation is a key for predicting the
behavior of lattice structures. In this study, homogenization was applied to compare different
types of lattice structures with the same unit cell. The homogenization was applied using
nTopology software, to evaluate the mechanical and displacement behavior of the lattice
structure. This method allows to obtain stiffness matrix for a given geometry. Inside of
nTopology there is a feature which runs the entire simulation. By starting from implicit body to

surface mesh then remeshing stage for quadratic solid mesh was performed.

Afterwards, to define homogenize unit cell, Fe solid model and volume mesh defined by
setting specific edge length with minimum feature size values. Finally, to run the
homogenization material which AlSi10Mg was defined. In addition, software sets boundary
conditions and forces. The six forces (3 axials, 3 shears) are applied. As a result, it was possible
to get the displacement in a specific direction (in this case Z coordinate due to compression)
and directional stiffness. This directional stiffness allows us an idea of how geometry behave
according to different coordinates.

The following figures explain:

e Theimages of mesh that applied
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e Theimage of displacement (mm) in the Z-direction
e The directional stiffness with the young modulus
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Figure 52. Displacement of Diamond cell
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Figure 53. Displacement of Gyroid cell
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Figure 54. Displacement of Splitp cell

Figure 55. Young modulus of Gyroid
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Figure 56. Young modulus of Diamond
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Figure 57. Young modulus of SplitP

TPMS Displacement (mm) Young Modulus (GPa)

homogenized structures

Diamond 5,74 25,97

Gyroid 6,21 19,32

SplitP 5,89 31,87

Table 3. Homogenization simulation analysis
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Finally, when displacement along Z-directions is considered, Diamond and SplitP TPMS
structures had lower deformation than gyroid. Another result was, SplitP homogenized TPMS
structure had superior young modulus than other structures. This result is also proportional to

compression test results.

5.3. Deformation Mode

The deformed structures are illustrated below in Fig. presenting the FGL’s from 1* to
the 6™ sample respectively. All the lattice structures exhibit similar behavior in elastic
regions where the displacement increases proportionally. As stress increases, the strain rate
also increases. Consequently, all lattice structures reach the highest point in terms of an
applied load, after which the stress decreases dramatically. As explained above all samples
were stretch dominated and they undergone buckling and collapses. In literature, the same
event occurred on beam-based structures which were stretch-dominated [34].

In another research, stretch-dominated lattice structures presented the same stress-strain
behavior as in this study. Additionally, they had strain softening due to buckling of struts
[42].

Figure 58. Deformation modes of all samples
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Figure 60. Strain softening and buckling of struts in the literature [42].
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5.4. Metallography Images

When all metallography images were investigated from OM, there were small voids and
cracks in microscale in between transition layers. This can be attributed to the off-set
settings during design procedure in the nTopology software. Because to create union there
had to be applied some off-set values to fill gaps as in Fig. below.

However, this delamination weren’t monitored during observation of transition layers.
Another reason also can be attributed to the approximate thickness values between these

regions.

250 pm

: S ;
o 100 pm

Figure 62. OM image of 1st sample
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Figure 63. Transition layer without off-set

Figure 64.Transition layer without off-set




6. CONCLUSION

In this study by varying relative density and unit cell size of TPMS samples were designed

to imitate cancellous bone of human body. In the experimental part, samples were printed and

their mechanical, energy absorption and surface characteristics were evaluated. The aim of this

study was to contribute to structural applications of functionally graded lattice structures.

All in all, when all results are considered summary of this work can be listed as follows:

AUTPMS FGL structured had stretch-dominated behavior and undergone
strain softening during compression test. According to literature review,
AlSi10Mg stretch-dominated samples can be applied in load carrying
purposed designs,

In terms of compressive strength, energy absorption and young modulus
there wasn "t any strict difference in between composed and one unit cell
designs,

6" sample which is designed from one-unit SplitP cell had superior
ultimate compressive strength, young modulus and specific energy
absorption.

The 2nd sample, which was composed of 3 different TPMS cells (SplitP,
Diamond and Gyroid) had the second best mechanical and specific energy
performance after the 6" sample.

When homogenization numerical analysis and experimental results are
compared SplitP had superiority in terms of mechanical properties.

All samples had the same deformation mode and undergone buckling
phenomena.

OM pictures show that macroscale transition of layers was smooth and
without defects. However, in microscale it was evident that there were
cracks and delamination,

For the future, the study can be improved regarding process and design parameters.

Therefore, the difference between design and production stages can be reduced to minimum.
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7. APPENDIX

Figure 65. OM image of 2nd sample

Figure 66.0M image of 3rd sample

Figure 67. OM image of 4th sample
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Figure 68.0M image of 5th sample

Figure 69. OM image of 6th sample

Figure 70. Surface images of 1st sample

54



Figure 71. Surface images of 2nd sample

Figure 72. Surface images of 3rd sample

Figure 73.Surface images of 4th sample



Figure 74. Surface images of Sth sample

Figure 75. Surface images of 6th sample
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