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Abstract

Additive manufacturing (AM), also known as three-dimensional (3D) printing, is widely recognized as a

catalyst for advancements in the fields of biofabrication, aerospace, and automobile manufacturing. These

advancements can be attributed to AM’s unique ability to fabricate intricate porous lattice structures with

distinctive properties using a layer-by-layer manufacturing approach. However, more research needs to be done to

validate the properties of lattice structures to advance the knowledge on them and to encourage their application.

The presented research investigates the mechanical properties of FCC, BCC, and Gyroid lattice structures

fabricated through stainless steel 316L laser powder bed fusion. Relative porosity analyses, optical microscope

analyses, and compression tests were conducted to measure these properties. Afterward, the results are discussed

and the following conclusions are made: 1) The measured experimental porosity percentages of all created

structures were found to be lower than the designed porosity percentages. 2) The average measured strut

diameter lengths of the created structures were found to be bigger than the designed strut diameter lengths.

3) Based on the Young’s modulus analysis, it can be concluded that in general lower porosity percentages

corresponded to higher Young’s moduli. 4) On average, the Gyroid lattice type structures possessed the highest

Young’s moduli and Yield strengths. 5) The Gyroid lattice type structures also performed best in terms of energy

absorption capabilities. Overall, this study highlights the potential of AM build lattice structures and emphasizes

the significance of lattice structures in achieving desired mechanical performance for various applications.
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1 Introduction and literature analysis

Additive manufacturing (AM), also known as three-dimensional (3D) printing, has been regarded as a catalyst in
the progress of the development of the research �eld of biofabrication [1]. Advancements in AM have signi�cantly
simpli�ed the creation of healthcare solutions for client-speci�c problems. Without AM technologies, it would have
been extremely di�cult, if not impossible, to produce customized healthcare products such as implants [1]. Not
only can AM provide similar structures as their real biological counterparts, but with the right structure, it can
also provide structures for implants that induce the generation and regeneration of living tissue [1]. The use of AM
in biomaterial production allows the development of lattices that can be extremely complex, leading to distinctive
mechanical, physical, and biological properties [2]. These advancements can be attributed to AM's unique ability to
create complex shapes due to its layer-by-layer manufacturing approach, granting designers immense freedom [2]. It
o�ers the advantage of creating complex lattice structures without limitations, enabling microscale lattice structure
fabrication that addresses the challenges associated with controlling internal architecture [3]. Furthermore, AM
is regarded as a key component of Industry 4.0, representing the fourth industrial revolution [4]. The technology
has demonstrated its value in multiple sectors such as medical and dentistry, automotive, and aerospace [4]. It
o�ers several current advantages, including personalized manufacturing, the production of complex and optimized
parts, short-series manufacturing, and on-demand local manufacturing [4]. Ongoing advancements in the process
development of AM technologies and materials, focusing on aspects like speed, costs, and availability, continue to
create new opportunities for businesses [4]. The presented research aims to further investigate and enhance the
knowledge of the mechanical properties of stainless steel 316L lattice structures through laser powder bed fusion,
followed by conducting compression tests to measure these properties.

1.1 Applications

Functionally graded materials (FGMs) that can be created by additive manufacturing have been gaining attention
in the scienti�c community lately. Miteva et al. [5] de�ne FGM as 'an advanced material that exhibits a gradual
change in material properties in at least one spatial direction'. However, the authors emphasize that FGMs are still
being developed. Especially the medical �eld can greatly bene�t from these relatively new structures when applied
to implants. The porosity of an implant is an important characteristic of high-performing implants. The use of
a porous implant accelerates the cell regeneration process within its structure, thereby enhancing the implant's
�xation with the host bone [6]. The designs that can be used by AM technologies to print porous implants are
numerous, and AM's ability to precisely control the shape and size of these porosities is also impressive [6].
Mechanical properties also play an important role in implant functionality. Currently, implants have a signi�cantly
di�erent elastic modulus compared to the host bone, resulting in a substantial gap in elastic modulus. This dis-
crepancy can lead to aseptic loosening, which may eventually require revision surgery [7]. In this regard, FGM
structures can help by reducing the elastic modulus compared to fully dense implants.
Furthermore, AM-produced porous biomaterials that are used for implants must exhibit high fatigue strength, be-
cause the implant must be able to withstand many loading cycles within its lifetime [2]. Research has estimated
that due to the average patient's daily walking habit, the implant experiences 2 million load cycles annually [8].
Another important aspect to consider is stress mechanics. The primary mode of loading for human bone and its
replacement implant is compression [2]. This is not problematic in terms of fatigue for most continuous materials,
due to a crack-closure e�ect that prevents further crack propagation [2]. However, this e�ect may not always occur
in porous biomaterials; even under external compression, porous biomaterials can develop internal tensile stresses
within individual trusses [2]. The resulting amount of tensile stresses is dependent on the type of unit cell [2].
Examples of unit cells include the gyroid and cube unit cells [9], which will be elaborated on later in this report.
Lastly, the research conducted by Dubey et al. [10] highlights that the design of functionally graded porous ma-
terials is considered a pioneering strategy for improving implants and achieving speci�ed characteristics through
compositional and structural gradation, allowing for the customization of mechanical properties in a particular
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direction.
The functionally graded porous structure can be achieved through two methods: smooth transition porosity gra-
dients or stepwise porosity gradients. In the stepwise gradient, di�erent sections with their respective porosity
percentages are created, and these sections may or may not be separated by solid walls. Figure 1 illustrates an
example of a stepwise porosity gradient structure with walls.
Functionally graded materials are particularly valuable in materials and devices that operate under extreme con-
ditions, such as high-temperature gradients and mechanical loads [5]. Therefore, FGMs hold great promise for
applications in aerospace engineering, which often need to be used in environments characterized by high temper-
atures, high speeds, extreme pressures, and radiation exposure. Examples of Aerospace Engineering applications
include rocket nozzles, heat exchange panels, solar panels, turbine wheels, space plane noses, and combustion cham-
ber protective layers, body components, rocket engine components, re
ectors, camera housings, caps, and leading
edges of missiles and space shuttles [5].

Figure 1: Stepwise porosity gradient. Each section has its uniform porosity percentage and these sections are
separated by solid walls.

1.2 Powder bed fusion process and Process parameters

The AM method chosen to create porous lattice structures for this research is the Powder Bed Fusion (PBF)
method. To create a metal object with PBF, the metallic powder is spread over a platform, and a laser is used to
melt speci�c areas of the powder particles based on data from an STL �le. The molten metal quickly solidi�es to
form a metallurgical bond that penetrates through the baseplate. Once a layer has been processed, the manufac-
turing table is lowered by the layer thickness, and a new powder layer is applied to the manufacturing table before
it is laser scanned and molten again. After a layer is molten, it merges with the previously solidi�ed layer. These
steps are repeated for each layer until the desired object is manufactured [11].
The quality of parts that are produced by additive manufacturing methods depends heavily on the chosen geomet-
rical and process parameters [12]. The literature recognizes that the energy density in powder bed fusion processes
mainly in
uences the relative density of the produced parts [12]. The Volumetric Energy Density (VED) is most
commonly used to explain experimental data. The VED property is de�ned by the most important PBF process
parameters and can be calculated as follows[12]:

Ed = P=(vhd) (1)
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in which Ed is the VED [J=mm3], P is the laser power [W ], v is the scan speed [mm=s], h is the hatch dis-
tance [mm], and d is the layer thickness [mm]. Although the VED is generally used in research, there have been
numerous criticisms regarding the actual e�ectiveness of using it as a design parameter, due to the fact that it
does not accurately represent the transfer of e�ective energy to the powder bed; it should involve material proper-
ties as well [12]. Ferro et al. [12] proposed a modi�ed formulation that more accurately represents experimental data.

Another important parameter in terms of defects is the laser path in which the material is produced. There
exist several laser paths, such as uni-directional scanning, bi-directional scanning, and 45-degree line scanning [13].
Typically, the design of the laser path involves the optimization of parameters in pre-existing patterns and their
combination [14].

1.3 Unit cells

There are several types of unit cells that can be chosen for the creation of porous lattice structures. Examples
of unit cell structures can be found in Figure 2 [15]. The most basic type of unit cells is the unit cells that are
based on the fundamental structures of crystals on an atomic level. These unit cells are the body-centered cubic
(BCC) unit cells and the face-centered cubic (FCC) unit cells. Derivatives of these fundamental unit cells can also
be created by combining them or adding vertical struts to the structure, as can be seen in Figures 2(b), (d), and
(e)[15]. Triply Periodic Minimal Surface (TPMS) lattices have also been gaining attention due to their ability to
avoid building up concentrations of stress, in contrast to the basic types of unit cells that were mentioned before
[16]. Also, the structure of the TPMS is widely regarded as a perfect geometric representation for describing the
natural biomorphic forms found in human bones [17]. TPMS unit cells are based on mathematical algorithms and
display three-dimensional periodicity, zero mean curve, and big surface areas. An example of a TPMS unit cell is
the Gyroid unit cell shown in Figure 2(f).

Figure 2: Di�erent types of unit cells that can be used for the design of porous lattice structures: (a) FCC, (b)
F2CC,Z, (c) BCC, (d) BCC,Z, (e) F2BCC,Z, (f) Gyroid, (g) Cubic Diamond (CD), (h) Ansys Space-Claim diamond.
[15]
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1.4 Mechanical property measurements and Analysis

The mechanical properties of lattice structures are often determined based on the data of uni-axial compression
tests. Based on the data gathered by the compression machine, stress-strain curves can be created. A stress-strain
curve is a graphical representation of the relationship between stress (force per unit area) and strain (deformation
per unit length) in a material. The properties that can be derived from a stress-strain curve include:

1. Elastic modulus or Young's modulus: This is a measure of the sti�ness of a material, and it represents the
slope of the linear portion of the stress-strain curve. It is calculated by dividing the stress by the corresponding
strain in the elastic deformation region.
2. Yield strength: This is the stress at which a material begins to display plastic deformation, which means it does
not return to its original shape after the applied stress is removed and the deformation is permanent.
3. Ductility: This refers to the ability of a material to undergo plastic deformation without fracturing, and it is
determined by the amount of strain that a material can sustain before failure.
4. Toughness: This is a measure of the ability of a material to absorb energy. In compression, it is represented by
the area under the stress-strain curve up to the densi�cation strain.

However, typical stress-strain curves of FGMs are di�erent than those of standard materials. An illustration
[18] of a typical FGM stress-strain curve can be seen in Figure 3. The FGM stress-strain curve consists of 3
stages: the elastic stage, the quasi-plateau stage, and the densifying stage. During the elastic stage, the material
deforms elastically, meaning that it returns to its original shape when the stress is removed. However, beyond a
certain point, known as the yield point or yield strength, the material begins to deform plastically, meaning that
it permanently deforms even when the stress is removed. The plateau stress is the stress level reached during this
plastic deformation stage, at which point the material can undergo signi�cant plastic deformation with only a small
increase in stress. Because the stress in the plateau stage often oscillates when FGM is compressed, it is called
the quasi-plateau stage for FGM stress-strain curves. FGMs exhibit remarkable energy absorption capabilities,
characterized by a prolonged plateau range and manageable quasi-plateau stress levels [19]. The densi�cation stage
is a phase in the stress-strain curve of a material where the material experiences a signi�cant increase in stress
with little to no increase in strain [20]. During this stage, the material is compressed and its volume is decreasing,
resulting in an increase in density.
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Figure 3: Typical FGM stress-strain curve displaying three important stages [18]: the Elastic stage, the Quasi-
plateau stage, and the Densifying stage.

The International Organization for Standardization (ISO) [21] also created a �gure and de�ned important
properties in the FGM stress-strain curve. A modi�ed version of it can be seen in Figure 4. The quasi-elastic
gradient is de�ned as the 'gradient of the straight line determined within the linear deformation region at the
beginning of the compressive stress-strain curve'[21]. The plateau stress,� pl , is the 'arithmetical mean of the
stresses at 0.1 percent or smaller strain intervals between 20 percent and 30 percent or 20 percent and 40 percent
compressive strain'[21]. The plateau end,� ple , is the 'point in the stress-strain curve at which the stress is 1.3 times
the plateau stress'[21]. Lastly, the energy absorption of the structure, also known as the toughness, can be de�ned
as follows: 'the area under the stress-strain curve up to 50 percent strain or up to the plateau end strain'[21].

Figure 4: FGM stress-strain curve [21]. 1: quasi-elastic gradient. 2: elastic gradient. 3: �rst maximum compressive
strength. � pl is the plateau stress and� ple is the plateau end.
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2 Research Objective and Scope

The current Chapter discusses the problem that motivated the research of the presented study. Subsequently, a
research objective is set and research questions are posed to reach that objective. Lastly, the scope is demarcated.

2.1 Problem description

As can be read in the introduction, several relevant applications can make use of (gradient) porous lattice structures
from the upcoming Additive Manufacturing revolution. Therefore, research on these structures has high importance.
It is important to know their mechanical properties because the properties determine whether the lattice type is
suitable for certain applications. Di�erent applications require di�erent properties. Even though the properties
of many lattice types have been studied already, more comparisons should be made to validate these properties.
Therefore, the problem that the research aims to solve is that there is a knowledge gap that needs to be �lled and
validated to con�dently select the right lattice structure for the right application and to improve and encourage the
usage of porous lattice structures. An additional reason for this research is that the Engineering and Technology
Institute Groningen (ENTEG), for whom this study was conducted, has not created many lattice structures and
has not measured their properties yet, therefore they wanted to determine the quality of the build of the structures
and compare the measured mechanical properties to the existing data. Good results would allow the University of
Groningen to do more research on lattice types and advance the knowledge of porous lattice structures that have
not yet been researched (as much).

2.2 Research Objective

Both aforementioned motivations illustrate that this research has a highly explorative nature and for both motiva-
tions, the goal of the presented research is to measure the properties of lattice type structures and compare these
to existing literature. The speci�c lattice types selected for study will be further in the following Research Scope
subsection. Research questions were established to reach the goal of the research. The following research questions
were posed:

Research Questions:

1. What is the quantitative di�erence between the actual porosity percentages of the created lattice structures
and their theoretically designed porosity percentages?
2. Which lattice type exhibits the highest average Young's modulus and Yield strength among the studied struc-
tures?
3. Which of the researched lattice types displays the highest Speci�c Energy Absorption (SEA) and Toughness
for a deformation of 80 percent or a maximum load capacity of 80 kN, depending on the stop condition of the
compression machine?

The posed research questions adhere to S.M.A.R.T. (Speci�c, Measurable, Attainable, Relevant, Time-bound)
objectives to ensure that the research questions are appropriate and can be answered within the time frame of the
research.

Research Question 1. Speci�c: The question focuses on determining the porosity percentages of the lattice
structures in comparison to their theoretical designs. Measurable: The porosity percentages can be measured
quantitatively by measuring the weight of the structure, allowing for a direct comparison between the actual and
theoretical values. Attainable: Measuring the porosity percentages of the lattice structures is feasible through ex-
perimental methods and analysis. Relevant: The question addresses a crucial property (porosity) that determines
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the suitability of the lattice structures for speci�c applications. Time-bound: The question involves measuring the
porosity percentage of the created porosity by weighing and comparing it to the designed theoretical porosity."

Research Question 2. Speci�c: The question aims to identify the lattice type with the highest average Young's
modulus and Yield strength among the studied structures. Measurable: Young's modulus and Yield strength can
be measured through mechanical testing, allowing for a quantitative comparison between di�erent lattice types.
Attainable: Conducting compression tests on the lattice structures is feasible, providing data to determine their
mechanical properties. Relevant: Young's modulus and Yield strength are crucial mechanical properties that impact
the structural performance of lattice structures in various applications. Time-bound: The question can be answered
within the time frame of the research by conducting the necessary mechanical tests and analyzing the results.

Research Question 3. Speci�c: The question focuses on identifying the lattice type with the highest Speci�c En-
ergy Absorption (SEA) and Toughness at a speci�c deformation level. Measurable: Speci�c Energy Absorption and
Toughness can be quantitatively measured through analysis of the same compression tests data, enabling a direct
comparison between lattice types. Attainable: Conducting compression tests and analyzing the energy absorption
and toughness of the lattice structures is achievable within the research framework. Relevant: Speci�c Energy
Absorption and Toughness are critical factors in applications where the lattice structures need to withstand and
dissipate energy e�ectively. Time-bound: The question can be answered within a speci�c time frame by conducting
deformation tests and analyzing the results for di�erent lattice types.

In summary, all three research questions are speci�c, measurable, attainable, relevant, and time-bound, aligning
with the S.M.A.R.T. objectives. They provide clear targets to reach the objective of this research project, ensuring
the project has a well-de�ned focus and can be successfully conducted within the time frame of the research.

2.3 Research Scope

The scope of the property measurements was limited to the aforementioned mechanical properties, namely the Yield
Strength, Young's Modulus, Speci�c Energy Absorption, and Toughness. These properties are of high importance
for many applications. However, there are more important mechanical properties that have been studied such as
fatigue life [22], Vickers Hardness [23], and Poisson's ratio, but these were not measured due to the limited amount
of time. The number of studied unit cell types had to be limited as well for the same reason. Eventually, the
decision was made to compare the mechanical properties of the FCC, BCC, Gyroid, and Voronoi lattice structures.
The Voronoi lattice structure is made out of randomized points in space that are connected by struts. Figure 5
displays the selected BCC, FCC, and Gyroid unit cells and the Voronoi lattice structure (since the Voronoi unit
cells are randomized, thus there exists no standard Voronoi unit cell) for the research project in nTopology design
software.
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Figure 5: The selected unit cells (a) BCC, (b) FCC, (c) Gyroid, and (d) Voronoi lattice structure in nTopology
design software.
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3 Methodology and Materials

This chapter discusses the methods and materials that were used to research the properties of the lattice structures.

3.1 Software and design setup

The lattice structures were digitally designed using nTopology software [24], a modern CAD (Computer-Aided
Design) platform gaining popularity for additive manufacturing. To streamline the design process, a summary
of porosity percentages was generated for BCC, FCC, Gyroid, and Voronoi cubes with di�erent Unit Cell Side
Lengths (UCSL) and Strut Diameters (SD). By referring to the table, the approximate SD or UCSL required to
achieve the desired porosity percentage for a speci�c unit cell side length in BCC, FCC, and Gyroid structures could
easily be determined and would ease the design process. Additionally, two curves were created where one displays
the relationship between the porosity percentage and the SD and the other displays the relationship between the
porosity percentage and the UCSL. After these overviews and curves were created, two sets of structure designs
were constructed for the BCC, FCC, Gyroid, and Voronoi lattice types.

3.2 Experimental setup

3.2.1 Powder bed fusion process parameters

The structures were created with the SLM 125 HL PBF machine with a build volume of 125x125x125 mm available
at the Advanced Production Engineering department of Rijksuniversiteit Groningen. The process parameters that
were used to carry out the manufacturing process of the porous lattice structures can be found in Table 1.

Table 1: Used PBF Process Parameters

Layer Thickness 50 �m

Laser Power 275 W

Scanning Speed 700 mm/s

Hatch Spacing 100 �m

3.2.2 Stainless Steel 316L powder

The structures were made from Stainless Steel (SS) 316L powder, which was used as the feedstock material for
the Powder Bed Fusion machine. The chemical composition of the as-received SS 316L powder [25] is displayed in
Table 2.

Table 2: The chemical composition of the as-received SS 316L powder [25].

Element Weight Percentage

Chromium (Cr) 17.5 min. to 18.0 max

Nickel (Ni) 12.5 min. to 13.0 max

Molybdenum (Mo) 2.25 min. to 2.5 max.

Carbon (C) Max. 0.03

Manganese (Mn) Max. 2.00

Phosphorous (P) Max. 0.025

Sulfur (S) Max. 0.010

Silicon (Si) Max. 0.75

Nitrogen (N) 0.1

Iron (Fe) Balance
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3.3 Analysis and test methods

3.3.1 Porosity and Optical Microscope Analysis

Following the creation of the structures using the PBF machine, an optical microscope was utilized to examine the
lattice structures. Sample structures were mounted and subsequently ground and polished as a preparation for the
microscope analysis. Optical microscope images were captured and analyzed manually and digitally with image
processing software ImageJ [26]. The PBF-created structures were compared to the CAD-designed structures. The
porosity percentages of the struts were not measured with the optical microscope analysis. Although it is worth
noting that it is possible to create struts with densities above 99 percent (i.e. near full density) with Additive Man-
ufacturing techniques such as Powder Bed Fusion. For example, Choy et al. [27] achieved densities of 99 percent for
86 percent of their designed struts and the remainder of the struts had a density of at least 96 percent. However,
the relative porosity percentages of the created lattice structures and of the designed theoretical lattice structures
were compared. To compare the relative porosity percentages of the created structures with the designed structures'
assigned porosities, the structures were weighed. With the measured weight of the experimental structures (i.e. the
Experimental weight), the relative porosity percentages of the structures could be determined with Formula 2:

Relative porosity percentage = (Vc � (WE =� powder )=(Vc)) � 100 (2)

In which the relative porosity [%] percentage can be calculated with the volume of the cubeVc [mm3], the weight
of the experimental structure WE [g] and the density of the powder � powder [g=mm3].
For the created structures, the dimensions of the cubes were 25 mm x 25 mm x 25 mm, thus the cube volume used for
the calculation is 15625 cubic millimeters. The density of the used SS316L powder is 8 grams per cubic centimeter,
which is equal to 0.008 grams per cubic millimeter. The experimental porosity percentages were determined with an
adapted formula. The weight over powder density term is replaced with the volume of the designed structure, which
is determined by the nTopology CAD software. Afterwards, the strut diameters of the created lattice structures
were measured with the optical microscope and compared to the theoretical strut diameter length. The main
purpose of this analysis is to evaluate the quality of the printed structures compared to the designed structures
and to �nd an explanation for any discrepancies between the designed porosity percentages and the experimental
porosity percentages.

3.3.2 Compression test analysis

The properties of the uniform porosity structures were assessed through compression tests, where the structures
were subjected to uni-axial loading at a rate of 0.01 mm per second. The compression process employed a machine
with two stop conditions. The �rst condition involved stopping the compression force when the structure achieved
a deformation of 80 percent, equivalent to a displacement of 20 mm. Alternatively, compression was halted if
the compression force reached a magnitude of 80 kN. Although the machine had a load capacity of 100 kN, a
maximum compression of 80 kN was employed for safety considerations during the property measurements. The
data obtained from these compression tests encompassed time, applied load, and axial displacement. The gathered
load and displacement data were converted to stress and strain data. To do so, the load was divided by the original
area of the specimens, and the displacement data was divided by the original length of the specimen. Afterwards, the
converted data allowed for the creation of stress-strain curves. The mechanical properties, Young's Modulus, Yield
Strength, Toughness, and Speci�c Energy Absorption (SEA), were determined from the plotted stress-strain curves.
The Young's modulus is equal to the value of the slope of the elastic region in the stress-strain curve. Afterwards,
the Yield strength was determined with the 0.2 percent o�set method. To use the method, a parallel line with a
�xed slope equal to the Young's modulus is drawn from the horizontal axis of the plot. The starting point of this
line is positioned at a strain axis o�set of 0.2 percent. The intersection point of the stress-strain curve and the 0.2
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percent o�set line indicates the material's yield point. The energy absorption capabilities were determined in terms
of toughness and Speci�c Energy Absorption (SEA). The toughness can be calculated by calculating the integral
of the stress-strain curve up until a set point. In this study, that point was determined to the point at which one
of the two stop conditions was met, i.e. a strain of 0.8 or the maximum load capacity of the compression machine
of 80 kN. The SEA values were determined by dividing the toughness by the mass density of the cellular structure
[28]. The speci�c energy absorption property was used, because it allows us to compare the energy absorption per
weight, which is an important property for many applications.
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4 Results and Discussion

This Chapter displays the results of the methods that were mentioned in Chapter 3 and subsequently discusses the
results. The following subjects are commented on: the design results, the porosity analysis, the optical microscope
analysis and lastly, the compression test analysis

4.1 Design of lattice structures

The current subsection shows and discusses the results of the porosity and design parameter relationships, the
designs of the two structure sets, and lastly the manufactured structures.

4.1.1 Porosity and design parameter relationships

Overviews and curves of the relationships between the relative porosity of the structures and the design parameters
were created to facilitate the design process. First, a summary of the relationships between the Unit Cell Side
Length (UCSL) [mm], the Strut Diameter (SD) [mm], and the Filled Volume (FV) [ mm3] and porosity percentage
[%] were created. The software provided the volume data for the �lled design, i.e. the FV. Therefore, the porosity
percentages were calculated with the following formula, which is a modi�ed version of Formula 2: Relative porosity
percentage = (((50 * 50 * 50) - FV) / (50 * 50 * 50)) * 100. Here, the volume of the cube, Vc, is equivalent to 50
* 50 * 50, as the designs in the summary utilized cubes with a length of 50 millimeters.

Additionally, two curves were created where one displays the relationship between the porosity percentage and
the SD and the other displays the relationship between the porosity percentage and the UCSL. These curves can
be observed in Figure 6. The volume of the cube for the calculated data of the curves was 25 mm * 25 mm * 25
mm.

14



Table 3: Overview of porosity percentages for varying strut diameters and unit cell side lengths. Abbreviations:
UCSL = Unit Cell Side Length, SD = Strut Diameter, FV = Filled Volume.

Figure 6: Curves that show the relationship between the porosity percentage and (a) the strut diameter (mm) and
(b) the unit cell side length (UCSL) (mm)

4.1.2 First structure design set

Initially, the number of structures that could be produced and tested within the research time frame had not yet
been determined. Therefore, the initial set of structures consisted of three types created for BCC, FCC, Gyroid, and
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Voronoi architectures. The �rst type is structures with uniform porosity percentages and only with an outer solid
wall. These structures had porosity percentages of 60, 70, 80, and 90 percent and the outer walls had a thickness
of 0.2, 0.4, and 0.5 millimeters. The second type of structure possessed the same uniform porosity percentage.
However, these structures were divided into 4 sections that were surrounded by solid walls of again a thickness of
0.2, 0.4, and 0.5 millimeters. The third and last type of structure in this �rst set possessed a stepwise porosity
gradient. The same 4 sections as the uniform porosity version were included, but instead of a uniform porosity
percentage, the porosity percentage went from 60 percent on the outside to 90 percent on the inside, with increments
of 10 percent. Figure 1 displays this porosity gradient structure. The purpose of designing and producing these
three types of structures was to analyze their deformation behavior and make comparisons among them. Examples
of all three types of structures are illustrated in Figure 7.

Figure 7: Example structures of the �rst design set containing (a) BCC Uniform porosity of 80 percent with 0.5
mm outer wall thickness structure, (b) BCC uniform porosity of 70 percent structure with 0.4 mm wall thickness
and multiple sections with walls, and (c) BCC stepwise porosity gradient structure with 0.5 mm wall thickness.
Multiple sections with varying porosities are separated by walls.

4.1.3 Second structure design set

However, due to a lack of time, it was concluded that the number of structures was too big to design, produce,
and test. Therefore, a new set of structure types was devised for the BCC, FCC, Gyroid, and Voronoi lattices. In
this set, 4 types of structures per lattice type were created. The �rst type is a structure with a uniform porosity
and without outer walls. Porosity percentages of 60, 70, 80, and 90 percent were used again. In the previous set
of structures, these structures had an outer wall as well, but in hindsight, this outer wall hinders the visibility of
the deformation when the structure will be compression tested. Therefore, it was decided to not use outer walls
for any structure anymore. The second type is a structure that contains a stepwise porosity gradient going from
60 to 90 percent with increments of 10 percent. The sections are separated by a wall with thicknesses of 0.2 mm,
0.4 mm, and 0.5 mm. The third type contains the same type of stepwise porosity gradient, except it does not
contain the walls in between the sections. The fourth and last type is a structure that contains a smooth transition
porosity gradient. A ramp function is used to linearly change the thickness of the struts. The thickness of the
struts on the outside corresponds with a porosity of 60 percent, whereas the thickness of the struts on the inside
corresponds with a porosity of 90 percent. As a result of such a smooth transition, the overall porosity of this type
of structure ranged between 67 and 69 percent for the BCC, FCC, Gyroid, and Voronoi lattice types. Examples of
these structures can be seen in Figure 8.
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Figure 8: Example structures of the second design set containing structures (a) Voronoi 90 percent uniform porosity,
(b) BCC stepwise porosity gradient with 0.4 mm walls, (c) Gyroid stepwise porosity gradient without walls structure,
and (d) FCC smooth transition porosity gradient.

To design the structures with the desired uniform porosities or desired porosities per section, the unit cell size
for lattice types BCC, FCC, and Gyroid and the spacing between random points for Voronoi were kept constant,
whereas the strut diameter (or thickness) was variable. Because the unit cell size is constant for every type of
structure per lattice type, the types can be compared to each other. The Gyroid structure could not have the same
unit cell size as the BCC and FCC unit cells, because if the unit cell size is smaller than 6 mm for Gyroid structures,
it is not feasible to assign a porosity of 90 percent to it while additionally having at least a strut diameter of 0.3
mm. It is required for every structure to have at least a strut diameter of 0.3 mm, since the laser spot diameter is
already 0.08 mm, and with the melting pool the diameter is 0.110 mm. In order to be on the safe side for building
the structure, it was chosen to at least incorporate 3 hatches for every strut. The data of the designs can be found
in Table 4, Table 5, and Table 6.
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Table 4: Uniform Porosity structures data. Abbreviations: UCSL = Unit Cell Side Length, SD = Strut Diameter,
PS = Point Spacing.

Table 5: Stepwise porosity gradient structures with walls data. Abbreviations: UCSL = Unit Cell Side Length, SD
= Strut Diameter, PS = Point Spacing.
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Table 6: Stepwise porosity gradient structures without walls data. Abbreviations: UCSL = Unit Cell Side Length,
SD = Strut Diameter, PS = Point Spacing.

4.1.4 Manufactured structures

Eventually, after the second design set was created, it was decided that due to the small time frame, only the 12
structures with uniform porosity percentages of 60 percent, 70 percent, 80 percent, and 90 percent for FCC, BCC,
and Gyroid would be manufactured with the PBF machine. A picture of the created structures can be seen in
Figure 10. The structures that were created are cubes with sides that have a length of 25 millimeters. At �rst, the
designed structures would have sides with a length of 50 or 60 millimeters. However, due to the printing bed of the
available PBF machine at the Rijksuniversiteit Groningen being relatively small (125x125) and having a limited
amount of time and resources, the dimensions of the structure were decided to be smaller to create more structures
per manufacturing cycle. Therefore, cubes with sides of length 25 millimeters were chosen. With a cube side length
of 25 millimeters, 12 cubes can �t onto the printing bed, as can be seen in Figure 9.

Figure 9: Printing Bed. The dimensions of the printing bed are 120 millimeters by 120 millimeters, but there are
screws in the corners of the printing bed that limit the amount of usable space.
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Figure 10: The created uniform porosity structures. From left to right: FCC, BCC, and Gyroid structures. From
up to down: 60, 70, 80 and 90 percent uniform porosity.

4.2 Porosity analysis and microscopy

This subsection displays and discusses the results of the porosity analysis and the optical microscope analysis.

4.2.1 Porosity analysis

Subsequently, the relative porosity percentages of the structures were determined as outlined in Chapter 3.3.1.
Figure 11 and Figure 12 provide an overview of the comparison. As can be observed in the Figures, the experimental
porosity percentages are consistently lower than the designed porosity percentages. On average, the experimental
relative porosity percentages of the uniform porosity structures were 7.3 percent lower than the designed relative
porosity percentages.

Figure 11: Relative porosity analyses for lattice type structures (a) BCC, (b) FCC and (c) Gyroid.
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Figure 12: Comparison between the designed relative density and the experimental relative density.

4.2.2 Optical microscope analysis

After the structures had been created, an optical microscope analysis was conducted on the morphology of the
structures as described in Chapter 3.3.1. Multiple images were taken of each structure at a 2.5x magni�cation
to measure the strut diameter lengths of the created structures. Higher magni�cation images were not necessary
for the purpose of measuring these lengths. Measurements were taken randomly, but close to the middle of the
strut. Figure 13 displays examples of such measurements for the di�erent lattice types. At least 20 measurements
were taken per structure and the average values of those length measurements were compared to the designed strut
diameter lengths. Figure 14 shows the results of the comparison between the measured experimental strut diameter
and the designed strut diameter. Pictures of the structures were also captured to compare the porosity sites between
the di�erent relative porosity percentages of the lattice types. Such a comparison can be seen in Figure 15.

Because it had already been established in Figure 11 that the porosity percentages of the created structures were
lower than the intended designed porosity percentages, it was expected to see an increase in the strut diameters
of the structures that can be observed from the data of the comparison between the measured experimental strut
diameter and the designed strut diameter displayed in Figure 14. It can also be observed that when the porosity
percentage of the structures increases, the relative di�erence between the measured experimental strut diameter
lengths and the designed strut diameter lengths increases as a result. However, the data from Figure 11 suggests
that the di�erence in porosity percentage remains relatively stable when the desired porosity percentage of the
structures is increased. The reason for that may be that the volume of porosity defects relative to the total volume
of the structure increases as well, as the images of the BCC lattice structures in Figure 15 suggest. However, this
proposed explanation must be further researched with quantitative methods.
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Figure 13: 2.5x magni�cation optical microscope images of (a) BCC, (b) FCC, and (c) Gyroid structures. The
yellow lines serve as examples of the diameter length measurement for the di�erent lattice types.

Figure 14: Percentage of di�erence between the measured diameter lengths and the designed diameter length.
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