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Abstract  

This report was based on the project at Aalen University in the scope of the curricular 

subject of the thesis, inserted in the study program of the master’s degree in Mechanical 

Engineering – Industrial Production. The project had a duration of six months.  

The project goal was to study the manufacturing process of metal parts using Fused 

Filament Fabrication (FFF). The FFF is a technique in which a fused filament is deposited 

controlled over or adjoining previous deposited filaments, leading to the construction of a 

structural part.  

To realize the evaluation of mechanical properties of FFF three dimensional (3D) printed 

parts it was performed in four main tasks: First, specimens were printed at 0º with three 

different infill patterns (gyroid, tri-hexagon, and quarter cubic) and two different infill 

densities (25% and 40%). The printing of these specimens was intended to perform density 

tests, tensile tests, and roughness tests. Secondly, small cubes with the same infill density 

(100%) were printed but with different infill patterns (gyroid, tri-hexagon, and quarter cubic) 

so that it was possible to compare the roughness on the different faces of the cube. These 

infill patterns and infill densities were chosen, to complement studies previously done by 

other colleagues. Third, 0°, 45°, and 90° specimens were printed with support structures to 

perform the charpy v test. However, performing these tests was impossible because the 

debinding and sintering company could not deliver the parts in time. At last, a cost analysis 

of the FFF process and the Selective Laser Melting (SLM) process in the production of a 

compressor turbine was made. 

With the tests performed throughout this study, it was possible to conclude that the 

debinding and sintering process influences the weight of the specimens and the infill density 

and pattern have an influence on the mechanical behaviour of the specimens. 

Keywords: 3D Printing, Additive Manufacturing, Fused Filament Fabrication, BASF 

Ultrafuse 316L, Sintering. 
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 Introduction 

This research work was based on the project at the University of Aalen in the scope of 

the curricular subject of the thesis, inserted in the study program of the master’s degree in 

Mechanical Engineering – Industrial Production of the Escola Superior de Tecnologia e 

Gestão (ESTG) – Politécnico de Leiria. The project had a duration of six months.         

The project aims to study the behaviour of FFF printed specimens with different infill 

densities and patterns. For this, several specimens were printed, and then these were 

subjected to roughness, tensile strength, and density tests and performed a cost comparison 

between FFF and SLM technology. With this project, it was possible to make the practical 

application of the knowledge and theoretical-practical skills acquired during the 

undergraduate of Engineering and Industrial Management and the master’s thesis.  

This report is structurally divided into four chapters.  

This chapter is where a straightforward approach is made to the objective of this thesis. 

The second chapter presents the evolution of additive manufacturing (AM), the definition, 

process, advantages and limitations, application, and materials of AM. Also, in this chapter 

is presented and explains all the additive manufacturing process categories according to 

ISO/ASTM 529000, the additive manufacturing technology for metals are presented too. In 

the end, the support structures are explained to whom it works. The third chapter explains 

all the methodology used in the practical part and is presented the results and analysis of the 

results. Finally, the last chapter presents the conclusion of the studies derived from the FFF 

process.  



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

2 

 Literature Review 

2.1. Evolution of Additive Manufacturing  

Rapid prototyping was born in 1980, providing the early stages for Additive 

Manufacturing. Hideo Kodama files the first 3D printing patent application, describing a 

rapid prototyping system using ultraviolet (UV) light to harden the photopolymer material. 

After that, in 1986, Charles Hull patented Stereolithography and founded 3D Systems. In 

1988, Carl Deckard filed a patent for selective laser sintering (SLS). This patent was issued 

in 1989 and was later licensed to DTM Inc, which 3D Systems later acquired. Also, in the 

same year, the fused deposition modeling (FDM) technology was patented by Scott Crump. 

This technology applies materials in a series of additive layers by mathematically slicing and 

orienting models. Crump established Stratasys and filed a series of patents that protected the 

FDM technology till 1986 (Sculpteo 2022).  

 

Figure 1 - Stratasys 3D Printer (Sam Davies 2020)  

At the beginning of the 90s, Wilifried Vancraen founded Materialise, the First Rapid 

Prototyping Service Bureau, established in Belgium, focused on researching and developing 

solutions for the knowledge transfer to AM equipment. A year later, in 1991, was created 

laminated object manufacturing (LOM) was by Helisys. This process prints in 3D using 

unrolled paper and glued layer by layer. In 1994, Solidscape created the first 3D wax printer, 

ModelMaker. (Education Department at the Museum of Arts and Design 2022). 

In 2000, Materialise launched the Mammoth Stereolithography AM machine, based on 

the Stereolithography process, which has a build area of more than two square meters. This 

enables the large-scale creation of 3D objects in one piece through the successive addition 

of liquid polymer hardened using a laser beam. Two years later, in 2002, Fast, High-Quality 

3D Objects becomes available, and in 2003, Arcam launches the first commercial Electron 
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Beam Melting (EBM) system. This system melts metal powder together, layer by layer, 

using an electron beam in a high-temperature vacuum (Anon 2022b).  

In 2006, EOS processed cobalt chrome, and stainless steel emerged as the first laser-

melting AM equipment. After that, in 2007, Objet introduced the Connex series of 3D 

printers that enable users to combine two different materials in a single print job in various 

combinations that produce up to fourteen different levels of hardness, texture, and shading. 

Again, with no assembly, forms range from rigid to rubber, dense to hollow and translucent 

to opaque (Education Department at the Museum of Arts and Design 2022).  

In 2009, 3D printing got its first standard reference guide. Seventy individuals from 

around the world meet at the American Society for Testing and Materials (ASTM) 

International to establish ASTM Committee F42 on Additive Manufacturing Technologies 

(Education Department at the Museum of Arts and Design 2022).  

In 2011, ISO Technical Committee 261 was established after an initiative from German 

Institute for Standardization (DIN) based on VDI Guidelines on “Rapid Technologies”. 

After that, ISO and ASTM signed a Partnership Standards Development Organization 

(PSDO) agreement and published AM standards like EN ISO/ASTM52921-13 Standard 

Terminology for Additive Manufacturing-Coordinate Systems and Test Methodologies, EN 

ISO/ASTM 52900-15 Additive Manufacturing – General principles – Terminology, among 

others (Boivie 2022).   

Later in 2012, Stratasys Ltd merged with Objet Geometries Ltd. This company 

manufactures 3D printers and materials for prototyping and production (Stratasys 2022b). 

In 2014, NASA took a 3D printer into space and successfully used it on the International 

Space Station. Then in 2015, announcing the first commercial sale of “bioink” that allows 

the 3D printing of body tissue. This was quickly followed in 2016 with a Dublin lab 

announcing that they could print human bone and cartilage. In 2018, the first family moved 

into a fully 3D printed home, and in 2019, the world’s largest functional 3D printed building 

was completed (All3DP 2022c).   

According to Statista, the global additive manufacturing market is expected to grow 17% 

through 2023, as the applications for the technology increases and metal additive becomes 

more and more viable (Autodesk 2021).  
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2.2. Additive Manufacturing  

Additive manufacturing is defined by ISO/ASTM 52900:2015 as joining materials to 

make parts from 3D model data, usually layer upon layer, as opposed to subtractive 

manufacturing and formative manufacturing methodologies (ISO/ASTM 2015).  

Additive manufacturing closes some of the gaps and limitations in conventional 

manufacturing. Through greater flexibility in the design of parts that can be complex and 

customizable, there is also a reduction in material waste, a lower risk of human error, and 

greater precision than in conventional processes. In short, the AM process are ideal to print 

small lots and complex parts (Praveena et al. 2022). Figure 2 shows the comparison between 

additive manufacturing and conventional manufacturing.  

 

Figure 2 - Additive Manufacturing VS Conventional Manufacturing (Hinke 2017) 

The evolution of computer modeling systems intrinsic to developing new prototyping 

technologies resulted in the reduction of model manufacturing by traditional means. Rapid 

Prototyping is generally used to describe the manufacture of physical models directly from 

a Computer Aided Design (CAD) model, based on the use of a set of technological processes 

and information technologies (Alves 2014). 

2.2.1. 3D Printing Process  

All technologies and processes that use additive manufacturing follow a similar 

workflow. First, the drawings are generated in appropriate software, then the files are 

converted, printing is done, and finally, if necessary, post-processing is performed. There 

are fundamental stages in the additive manufacturing process, shown in a diagram in Figure 

3. 
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 Figure 3 - 3D Printing Process (Anon 2022a) 

The first step, the 3D model, is created in a CAD modeling system. New design 

prescriptions and standards are currently appearing, providing the designer with a way to 

mitigate the limitations of the technologies and increase the functional performance of the 

final fabricated parts, known as design for additive manufacturing (DfAM) (Nieto and 

Sánchez 2021). It is also necessary to consider the orientation of the parts, support for the 

parts, and structure of parts that are difficult to build, such as thin walls, small slots or holes, 

and protruding elements. In this step, the constraints associated with the production phase, 

such as dimensions, tolerances, material, and equipment, must be considered. Next, the 3D 

model built in the CAD modeling system is converted to Standard Triangle Language (STL) 

format. This file is a geometric description of the part volume through the triangles. After 

that, the STL file is transferred to the AM equipment. Soon after, the part is built, the material 

is deposited layer-by-layer to produce the desired product at this stage. Finally, some 

additive manufacturing techniques may require some form of post-processing, such as 

cleaning and polishing, among others (Marques 2020).  

2.2.2. Advantages and Limitations of Additive Manufacturing  

Like all other manufacturing processes, additive manufacturing also presents advantages 

and limitations, like: 

The AM allows design parts to incorporate impossible complexity in complex 

geometries using other methods. Intricate features, such as conformal cooling passages, can 

be incorporated directly into a design. Parts that previously required assembly and welding 

or brazing of multiple pieces can now be grown as a single part, which makes for greater 

strength and durability. Designers are no longer restricted by the limitations of traditional 

machines, and they can create parts with greater design freedom. Time savings, when it is 

necessary to design and produce prototypes, parts are manufactured directly from a 3D CAD 

file, which eliminates the cost and lengthy process of having fixtures or dies created. Plus, 

changes can be made mid-stream with virtually no interruption. Weight savings, by 
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incorporating organic structures into designs, designers can eliminate substantial weight 

while maintaining the part’s strength and integrity (General Electric 2022).  

With a wide range of materials, unlike conventional manufacturing processes 

(subtractive), AM allows the application of materials that would be very difficult to work on 

using other types of processes. However, with size limitations, AM only allows 

manufacturing inside the building area, meaning that there are dimensional constraints for 

each AM process that cannot be exceeded (Marques 2020). Otherwise, it is necessary to use 

hybrid additive manufacturing, that requires to print the final part in several small parts and 

then use welding and machining processes to combine the individual parts in one.  

In some cases, layer-by-layer deposition introduces precision errors, meaning that the 

final component needs to go through post-processing processes to improve surface quality 

(Marques 2020). 

Depending on the part that needs to be produced, the production speed can be influenced 

by the process used, complexity, and size of the part, and the AM process can take from a 

few hours until a few days (Pratheesh Kumar et al. 2021).  

Post-processing, AM certain level of post-processing is required, because surface 

finishes and dimensional accuracy can be of lower quality than other manufacturing 

methods. In addition, the layering and multiple interfaces of additive manufacturing can 

cause defects in the product, like poor layer deposition and superficial quality, whereby post-

processing is needed to rectify any quality issues (Unleashed 2022). 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

7 

2.2.3. Additive Manufacturing Applications  

Additive manufacturing can have various applications, as its technologies and materials 

constantly evolve. In Figure 4, the sectors where AM can be applied are shown. 

 

Figure 4 - Additive Manufacturing Applications (Adapted from Beyhan and Arslan Selçuk 2017)  

Rapid tool manufacturing has emerged with the need to manufacture tools with high 

complexity. With this method, it is possible to obtain a tool in a short period of time, with 

fewer steps during its manufacturing process, which translates into cost and time savings 

(Junk and Tränkle 2011). 

 

Figure 5 - Conventional Manufacturing VS Rapid Tooling (Junk and Tränkle 2011) 

One example of this method is the manufacture of injection moulds with internal cooling 

channels, as presented in Figure 6. 
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Figure 6 - Internal Cooling Channels (Gomes 2014)  

Another application of additive manufacturing is the creation of prototypes. With the 

increase in the quality surface finish and dimensional accuracy, the manufacturing of 

prototypes simplifies the product development process, as shown in Figure 7. 

 

Figure 7 - Result of the integration of AM (Enoch Olalere 2022)  

 

Additive manufacturing can be involved in a product's production phase, as presented in 

Figure 8. 
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Figure 8 - Production Phase of a Product with AM (Adpated from Mário Correia 2021)  

It is also possible to manufacture components for the automotive industry with additive 

manufacturing. Additive technology is genuinely becoming essential to the automotive value 

chain by disrupting traditional supply chains. From prototyping to mass production of 

engine, transmission, and chassis components, the automotive industry is ready to evaluate 

how additives can drive greater returns on investment (Gomes 2014). Figure 9 presents a 

highly alloyed tool steel gear hob manufactured by GE Additive.  

 

Figure 9 - Steel Gear Hob (GE Additive 2022a)  

Another application of additive manufacturing is the medical industry to produce 

prosthetics or implants has evolved its industry, obtaining a customized component very 

quickly and at a lower cost which has driven the introduction of this technology (Gomes 

2014). Figure 10 shows an orthopaedic implant.  
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Figure 10 - Orthopedic Implants (GE Additive 2022a)  

2.2.4. Conventional Manufacturing Materials VS Additive Manufacturing 

Materials  

In this chapter, it is possible to compare the materials used in conventional 

manufacturing with the materials used in additive manufacturing. The materials that can be 

used in each conventional machining process are presented in Table 1. 

Table 1 – Conventional Manufacturing Materials (Formlabs 2022)  

Process Materials 

CNC machining (turning, drilling, boring, 

milling, reaming) 

Hard thermoplastics, thermoset plastics, 

soft metals, hard metals 

Electrical discharge machining Hard metals 

Laser cutting 
Thermoplastics, wood, acrylic, fabric 

metals 

Water jet cutting 
Plastics, hard and soft metals, stone, glass, 

composites 

 

Several types of materials can be used in additive manufacturing, ranging from 

polymers, ceramics, metals, composites, and natural materials (food). For example, metal 

additive manufacturing takes additive manufacturing and applies it to exclusively metals, 

and these advances allowed the creation of new objects with better properties and resistance. 

Table 2 are presented some materials that can be used in the AM process.  
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Table 2 – Additive Manufacturing Materials (Adpated from Bourell et al. 2017)  

Processes Materials 

Vat Photopolymerization  
Photo-sensitive resins, eventually filled with 

ceramic or metallic nanoparticles  

Material Extrusion Polymers and composites 

Powder Bed Fusion Polymers, metals, and ceramic powders 

Material Jetting  Polymers and composites  

Binder jetting Polymers, metal, and ceramic powders 

Sheet Lamination Paper, metal, and polymers 

Directed Energy Deposition Metal, polymers, powders, and filaments 

2.3. Process Categories of Additive Manufacturing  

According to ISO/ASTM 529000, additive manufacturing can be divided into seven 

categories: vat photopolymerization, material jetting, binder jetting, material extrusion, 

powder bed fusion, sheet laminating, and direct energy deposition. Table 3 shows the 

categories and which technologies each one uses.  

Table 3 – Categories of Additive Manufacturing 

Category Process Technologies 

1 Vat Photopolymerization SLA, DLP, CLIP, DPP 

2 Material Jetting DOD, Polyjet, NPJ 

3 Binder Jetting CPJ 

4 Material Extrusion FDM, FFF 

5 Powder Bed Fusion SLS, SLM, EBM, MJF 

6 Sheet Lamination LOM, UC 

7 Direct Energy Deposition 
LENS, LDW, EBAM, 

WAAM 
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2.3.1. Category 1 – Vat photopolymerization 

Vat photopolymerization is an AM process in which a photo-sensitive liquid in a vat is 

selectively cured by light-activated polymerization. Layer-by-layer, a 3D physical object is 

built until conclusion. (ISO/ASTM 2015).  

The vat photopolymerization 3D printing technologies include the following:  

• Stereo Lithography (SLA); 

• Direct Light Processing (DLP); 

• Continuous Liquid Interface Production (CLIP) by Carbon; 

• Daylight Polymer Printing (DPP) by Photocentric. 

 

In this process, the build platform is lowered downwards from the top of the resin vat 

by the layer thickness. A UV light cures the resin layer-by-layer, the platform continues to 

move downwards, and additional layers are built on top of the previous. After completion, 

the vat is drained of resin, and the object is removed (Loughborough University 2021c). In 

Figure 11 is illustrated the Vat Photopolymerization Process.  

 

Figure 11  - Vat Photopolymerization Process (Make 2022a)  

This process uses plastics, polymers, and resins as materials. This technology has 

excellent applicability in medical modeling, which enables the creation of accurate 3D 

models of various anatomical regions of a patient based on data from computer scans. The 

high resolution of this technique also makes it ideal for all types of prototyping and mass 

production. Vat polymerization processes are excellent at producing parts with fine details 

and a smooth surface finish. This makes them ideal for jewellery, investment casting and 

many dental and medical applications. Material developments have also allowed the printing 

of low-run injection moulds. The main limitations for vat polymerization are the build size 

and part strength (Make 2022c).  



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

13 

2.3.2. Category 2 – Material Jetting  

Material jetting is an additive manufacturing process in which droplets of build material 

are selectively deposited (ISO/ASTM 2015). This technique ensures that the part is produced 

layer-by-layer by using photopolymers, metals, or waxes that solidify when exposed to light 

or heat. In addition, the material jetting manufacturing process allows different materials to 

be 3D printed within the same part (Make 2022d).  

The material jetting printing technologies include the following: 

• Drop On Demand (DOD); 

• PolyJet by Objet; 

• NanoParticle Jetting (NPJ) by Xjet.  

Material jetting dispenses a photopolymer from hundreds of tiny nozzles in a printhead 

to build a part layer-by-layer. This allows material jetting operations to deposit build-

material in a rapid line-wise fashion. As the droplets are deposited into the build platform, 

they are directly cured and solidified using UV light. Material jetting processes require 

support, often 3D printed simultaneously during the build from a dissolvable material. The 

support material is then removed during the post-processing step (Make 2022d). In Figure 

12 is illustrated the Material Jetting Process. 

 

Figure 12 - Material Jetting Process (Make 2022a)  

The material jetting process uses polymers, plastics, and metal. With the process, 

achieving an excellent level of detail, high precision, smooth surface finish, and low material 

waste is possible.  In addition, it is possible to print parts in multiple colours. However, this 

technology has a high cost, and it uses UV-activated photopolymers means that the material 

loses its mechanical properties over time and can become brittle. In addition, support 

material is required (Make 2022d).  
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2.3.3. Category 3 – Binder Jetting  

Binder jetting is an additive manufacturing process in which a liquid bonding agent is 

selectively deposited to join powder materials  (ISO/ASTM 2015).  

The binder jetting 3D printing process includes the following techniques: 

• ColorJet Printing (CPJ) by 3D Systems 

In the first step of this process, the powder material is spread on the build platform using 

a roller. After that, the printhead deposits the binder adhesive on top of the powder where 

needed, and the thickness of the model layer lowers the build platform. Next, another layer 

of powder is spread over the previous layer. Finally, the object is formed where the powder 

is bonded to the liquid (Loughborough University 2022a). Figure 13 shows the Binder 

Jetting Process. 

 

Figure 13 -  Binder Jetting Process (Make 2022a)  

The binder jetting process can work with various materials, including metals, sands, and 

ceramics. Some materials, like sand, require no additional processing. This technology can 

be used, in parts that require good aesthetics and form, such as architectural models, 

packaging, toys, and figurines (Make 2022a). 

2.3.4. Category 4 – Material Extrusion  

Material extrusion is an additive manufacturing process in which material is selectively 

dispensed through a nozzle or orifice (ISO/ASTM 2015). 

The material extrusion 3D printing process includes the following techniques: 

• Fused Deposition Modeling (FDM); 

• Fused Filament Fabrication (FFF). 
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In this process, the filament is fed from a coil through a moving heated extruder head or 

extruder. The molten material is forced out of the extruder’s nozzle and is deposited first 

onto the building platform, which can be heated, for extra adhesion. Then, the following 

layers are added on top of the previous layers, fused upon deposition of the material in its 

melted state (Make 2022b). In Figure 14 is illustrated the Material Extrusion Process.  

 

Figure 14 - Material Extrusion Process (Make 2022a)  

A wide variety of materials can be extruded, for example, thermoplastics, such as 

Acrylonitrile Butadiene Styrene (ABS), PolyLactic Acid (PLA), High-Impact Polystyrene 

(HIPS), Thermoplastic PolyUrethane (TPU). Printing with metal and paste-like materials 

such as ceramics, concrete, and chocolate can be extruded using this 3D printing technique 

(Make 2022a). 

2.3.5. Category 5 – Powder Bed Fusion  

The powder bed fusion is an additive manufacturing process in which thermal energy 

selectively fuses regions of a powder bed (ISO/ASTM 2015). This 3D printing technique 

enables manufacturing a vast range of geometrically complex products using a heat source, 

mainly laser or electron beams, to fuse powder particles layer-by-layer, forming a solid part 

(Make 2022c). 

The different Powder Bed Fusion methods includes: 

• Selective Laser Sintering (SLS); 

• Selective Laser Melting (SLM); 

• Electron Beam Melting (EBM); 

• Multi Jet Fusion (MJF) by HP.  

The powder bed fusion process starts with a material layer spread over the build platform 

by a roller. Next, a laser fuses the model first layer or first cross selection, and a new layer 
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of powder is spread over the previous layer using a roller. Then, more distant layers are fused 

and added, and the process is repeated until the entire model is created (Loughborough 

University 2021a). In Figure 15 is presented the Powder Bed Fusion Process. 

 

Figure 15 - Powder Bed Fusion Process (Make 2022a)  

The powder bed fusion process uses powder-based materials, metals and polymers like 

nylon, steel, titanium, aluminium, and cobalt chrome, among others (Loughborough 

University 2022).  

2.3.6. Category 6 – Sheet Lamination  

Sheet lamination is an additive manufacturing process in which sheets of material are 

bonded to form a part (ISO/ASTM 2015).  In this process, thin sheets of material are bonded 

layer-by-layer to form a single piece cut into a 3D object (Siemens Software 2022).  

This process includes the following techniques:  

• Laminated Object Manufacturing (LOM); 

• Ultrasonic Consolidation (UC).  

In this process, the material is first positioned on the cutting bed. Next, the material is 

bonded over the previous layer using adhesive. The required shape is then cut from the layer 

by laser or knife, and the process is repeated until the entire model is created (Loughborough 

University 2021b). In Figure 16 is illustrated the Sheet Lamination Process. 
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Figure 16 - Sheet Lamination Process (fabheads 2022)  

This process is low cost and easy to handle material, but the strength and integrity of 

models are reliant on the adhesive used. Also, the cutting can be very fast due to the cutting 

route only being that of the shape outline, not the entire cross-sectional area. On the other 

hand, finishes can vary depending on paper or plastic material but may require post-

processing to achieve the desired effect (Loughborough University 2021b).  

2.3.7. Category 7 – Direct Energy Deposition  

Direct energy deposition (DED) is an additive manufacturing process in which focused 

thermal energy is used to fuse materials by melting as they are being deposited (ISO/ASTM 

2015). This technique makes it possible to manufacture a wide range of complex products 

by applying a heat source, such as a laser or electron beam, to fuse powder particles layer by 

layer. 

This process includes the following techniques:  

• Laser Engineering Net Shape (LENS®); 

• Aerosol Jet Technology by Optomec; 

• Laser Deposition Welding (LDW) and Hybrid Manufacturing by DMG MORI;  

• Electron Beam Additive Manufacturing (EBAM).  

DED uses a five-axis arm with a nozzle that moves around a fixed object, and the 

material is deposited onto an existing surface of the object. Then the material is melted using 

a laser, electron beam, or plasma arc upon deposition. Further material is added layer-by-

layer and solidifies, creating or repairing new material features on the existing object 

(Loughborough University 2022). Figure 17 shows the Direct Energy Deposition Process. 
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Figure 17 - Direct Energy Deposition Process (Make 2022a)  

This technology uses metals such as aluminium, copper, titanium, stainless steel, tool 

steel, copper-nickel alloys, and several steel alloys (Make 2022c).  

2.4. Additive Manufacturing for Metals Technologies  

Five of the seven categories of AM presented in chapter 2.3 – material jetting, binder 

jetting, material extrusion, powder bed fusion, and direct energy deposition – can integrate 

processes that produce metal parts. Therefore, this chapter will present the workflow of these 

technologies processes and equipment. 

Printing with metals brings some advantages, like high repeatability count on a printer 

architecture and workflow, the lowest oxygen exposure and content consistently below 

25ppm results in high part quality, low Total Cost of Operation (TCO) through almost full 

material usage, low Argon consumption, robust material databases count on parameters 

thoroughly developed and tested and lowering the time needed to get your production up 

and running (3D Systems 2022a) . 

2.4.1. Material Jetting  

Nano Particle Jetting  

The NanoParticle Jetting™ technology uses a liquid dispersion methodology. A liquid 

suspension containing selected build material solid nanoparticles is jetted onto the build tray 

to manufacture detailed parts additively. These liquid suspensions serve as the base materials 

for the Xjet AM process, unlike most existing ceramic and metal AM technologies that 

utilize hazardous and hard-to-handle powders. In addition, liquid dispersion makes it 

possible to simultaneously jet a unique soluble support material (XJET 2022). Figure 18 

represents all the workflow of this process.  
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It is challenging to use metal in this technology to enable the metal to be deposited in a 

liquid form so it can be jetted from inkjet nozzles. To do this, nano-sized particles suspended 

within a liquid formula must be used, eliminating inefficient lasers. This metal liquid formula 

can be jetted from the printing heads. The metal materials are packaged within specially 

adapted cartridges that are easily loaded by hand into the X-jet system. After sending the 

STL file to the print, the printhead deposits a fine layer of metal liquid droplets and support 

material onto the system build tray at each printhead pass. The metal part builds up as the 

tray descends the metal liquid formula, and the support material forms thousands of printing 

nozzles simultaneously. The temperature of up 300ºC causes the liquid jacket (coating) 

around the metal nanoparticles to evaporate, allowing the stochastic metal particles to 

achieve virtually the same metallurgy and density as traditionally made metal parts. After 

printing, the support component, which is made of different material, is easily disintegrated, 

and removed to finalize the printed parts' process through sintering. Depending on the 

application of the part, this may still undergo post-processing (XJet 2019).  

Materials  

The NPJ enables the additive manufacturing of ceramic and metal parts, using materials 

like zirconia, alumina, stainless steel, and soluble supports (XJet 2022). 

Advantages and Disadvantages  

This technology has some advantages and disadvantages, which are presented in Table 

4.  

 

 

3D CAD Model STL File Slicing Software
Cartridge 
Loading

Material Jetting
Support 
Material 
Removal 

Final Sintering Post-Procesing 

Figure 18 - Nano Particle Jetting Workflow 
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Table 4 – Advantages and Disadvantages of Nano Particle Jetting (Xjet 2022) (Manufactur3D 2022)  

Advantages Disadvantages 

Good part quality (isotropic uniformity, good 

levels of detail and extremely low shrinkage). 

New technology (It is a new technology and 

too early to use in part production). 

Geometrical freedom (complex geometries, 

fine details, nearest net shapes and smooth 

surfaces). 

Small material library (The material library is 

tiny for use in different applications). 

Operational efficiency (automated support 

planning, hands-free support removal). 

High cost (The technology has high costs 

associated with it). 

 

Equipment 

The Xjet Carmel 1400M (Figure 19) is an example of equipment used in NanoParticle 

Jetting™ technology. This machine uses patented NanoParticle Jetting technology to 3D 

print with ceramic and metal materials (Xjet 2022).  

 

Figure 19 - Xjet Carmel 1400M (Aniwaa 2022)  

This machine allows users to 3D print complex parts without worrying about support 

structures. Moreover, it avoids wasting material due to its technology only using the precise 

amount of material, among others (Aniwaa 2022). Table 5 presents some system 

specifications of The Xjet Carmel 1400M. 

Table 5 – Xjet Carmel 1400M Specifications (Aniwaa 2022)  

Xjet Carmel 1400M Specifications 

Build Tray 2 trays, 500 x 140 mm  

Layer Thickness 8 microns 

Building Speed Up to 1.0 mm height per hour 

Dimensions (w/h/d) 310 x 212 x 185 cm 

Weight 3 tons 

Operating Temperature 18ºC – 25ºC 
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Applications  

The NanoParticle Jetting™ technology addresses many applications such as short-run 

production batches, on-demand production, and functional prototyping.  

 

Figure 20 - NanoParticle Jetting Applications (Xjet 2022)  

In Figure 20 are presented some parts that can be produced through the NPJ technology. 

With this technology, it is possible to produce metal AM parts with levels of detail, finish, 

and precision that by conventional manufacturing would not be possible.  

2.4.2. Binder Jetting  

Two examples of the binder jetting process are the desktop metal shop system and the 

desktop metal production system. 

Desktop Metal Shop System  

The shop system is the first metal binder jetting designed to bring metal 3D printing to 

machine shops. This system comprises a printer, a powder station, and a furnace. In Figure 

21 is presented the metal shop system.  

 

Figure 21 - Metal Shop System (Desktop Metal Inc 2022)  

Process 

The process is very similar to the Studio System, in the first step, the secure, web-based 

software creates build plans from STL or CAD files, automatically generating media and 
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control parameters based on the part geometry and material. After that, the file is sent to the 

printer, and for each layer, the printer spreads metal powder across the build bed and 

precisely jets a binding agent to bond loose powder and define part geometry. Layer-by-

layer, metal powder and binder are deposited until the entire build volume is packed with 

bound parts and surrounding loose powder. The next step is the depowder, and once an entire 

build is complete, the build box is removed and placed in a powder station for bulk and fine 

depowering, with the help of a hand-held air pick. Next, loose powder is removed from the 

parts and recovered via a built-in powder recycling system with powder sieving. At last, 

occurs the sinter, where the depowered parts are placed onto trays in a shop-safe, high-

throughput furnace for batch sintering (Desktop Metal Inc 2022).  

Benefits  

The shop system has a software that simulates the parts of complex forces experienced 

during sintering and automatically adjusts the geometries that, once printed, will sinter to the 

original, intended design specifications. This eliminates the problem of part shrinkage and 

distortion. This system also has a high-speed, single-pass print engine that produces high-

quality metal parts at up to 10x the speed of laser powder bed fusion systems, so it is possible 

to print hundreds or thousands of metal parts daily (Desktop Metal Inc 2022).  

Applications  

With a desktop metal shop system, it is possible to manufacture products for the 

following areas: manufacturing, tooling, automotive, consumer, electronics, and oil & gas.  

The gear shift knob (Figure 22) is an example of mass customization, and this textured 

gear shift knob can be printed to customer specifications. On-demand manufacturing of 

custom knobs is enabled with the Shop System – expanding design flexibility and avoiding 

warehousing costs. This system also allows for a dramatic cost reduction compared to 

traditional manufacturing methods (Desktop Metal Inc 2022).  
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Figure 22 - Gear Shift Knob (Desktop Metal Inc 2022) 

Another example is a bulb nozzle (Figure 23), this part is a custom nozzle for use in 

chemical processing. Traditional manufacturing of this part would require casting followed 

by extensive secondary machining on a 5-axis CNC. Because only a few hundred of this 

nozzles needed to be manufactured, it was an excellent fit for the Shop System. By printing, 

the entire order of nozzles could be produced on the Shop System in less than a week, with 

only one secondary thread-tapping operation required (Desktop Metal Inc 2022).  

 

Figure 23 - Bulb Nozzle (Desktop Metal Inc 2022) 

Desktop Metal Production System  

The production system is high-speed metal 3D printing for mass production. This has 

bidirectional printing, where all steps of the printing process, like powder deposition, 

spreading, compacting, ballistic suppression, and binder jet printing, are applied with each 

pass. In Figure 24 is presented the metal production system.  
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Figure 24 - Metal Production System (Desktop Metal 2022b) 

Process 

This system features a single-pass bi-directional jet. All steps of the printing process – 

powder deposition, spreading, compacting, ballistic suppression, and binder jetting – are 

applied with each pass over the build area. Layer-by-layer, metal powder and binder are 

deposited until the entire build volume is packed with bound parts and surrounding loose 

powder. When a build is complete, the build box is removed and replaced with a new box 

for the next build. The completed build box is moved to a depowdering station where the 

loose powder is removed, and parts are prepared for sintering. The depowdered parts and 

loaded into an industrial furnace where they are heated to temperatures near melting. The 

remaining binder is removed, causing the metal particles to fuse and the parts to densify 

(Desktop Metal 2022b). 

Benefits  

The production system is a binder jetting system with high-resolution printing. It can 

print parts with excellent surface finish and incredibly fine features, with a resolution of 

1200x1200 dpi and layers heights of 50 µm (Desktop Metal 2022a).  

This system also used the same low-cost powders used in the metal injection moulding 

(MIM) industry, allowing customers to access an established powder supply chain with the 

scale required to support volume production and a variety of readily usable alloys. In 

addition, as much as 99% or more of the loose powder recovered during the process can be 

recycled, driving further cost efficiencies while reducing waste (Desktop Metal 2022a). 

Applications  

With a desktop metal production system, it is possible to deliver the speed, quality, and 

cost-per-part needed for metal 3D printing to compete with traditional manufacturing. 
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The Parking Shift Bracket (Figure 25) is used in the parking brake assembly of a 

continuously variable transmission. This part would require a complex die and multiple 

secondary operations to be produced via traditional powder metallurgy techniques. The 

production system eliminates the need for tooling, dramatically reducing lead times, 

reducing part costs, and enabling the redesign of this part to consolidate an assembly into a 

single part (Desktop Metal 2022b).  

 

Figure 25 - Parking Shift Bracket (Desktop Metal 2022b) 

Ntopology Gear (Figure 26), this gear features a complex internal lattice structure only 

achievable via 3D printing.  This part features a complex lattice structure used to lightweight 

the part while still providing strength. The production system allows manufacturing complex 

geometries that cannot be manufactured any other way (Desktop Metal 2022b). 

 

Figure 26 - Ntopology Gear (Desktop Metal 2022b) 

2.4.3. Powder Bed Fusion  

Two examples of the powder bed fusion process are selective laser sintering and 

selective laser melting.  
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Selective Laser Sintering  

Selective laser sintering is a powder-based layer-additive manufacturing process 

generally meant for rapid prototyping1 and rapid tooling (Kumar 2003). The typical SLS 

setup configuration involves a low-power laser source with a scanning mechanism, a 

computer control system, a platform to build the part, a roller to spread the feed material 

above the platform, and two powder feed chamber chambers build chamber. Figure 27 

presents the workflow of the Selective Laser Sintering process.  

 Like the other AM processes, the SLS also starts with making a CAD model of the part 

produced. The CAD model will then be stored in an STL format, and the model is then sliced 

into layers and sent to the SLS machine. After this, the SLS process begins, and a controlled 

quantity of powder is fed into the platform by raising the piston inside the powder feed 

chamber. The feed chamber is then spread evenly over the platform using a roller. Finally, 

the powder particles over the platform are preheated considerably below their melting 

temperature using heating mechanisms such as resistance, infrared, and feed cartridge 

heaters. Further, based on the CAD model’s sliced data, a high-power laser beam is scanned 

through the cross-sectional area defined by the layer. The laser beam directed to the powder 

bead heats the powder particles. Hence, they melted wholly or partially, resulting in the 

fusion of particles. When the first layer is completed, the piston in the build chamber moves 

down to a height equal to the layer thickness. Simultaneously, the piston from the feed 

chamber moves up to the same height and feeds the material into the platform. The spreading 

mechanism then levels the feed powder through the platform. Therefore, a new layer of 
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Spread a layer of 

metal powder by a 
roller

Powder particles are 
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A low powder laser 
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until builds the 
complete part

Remove the support 
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Figure 27 - Selective Laser Sintering Workflow 
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powder deposition is obtained, and now the laser is scanned over the powders to create a 

second layer sintered to the underlying one. This process is repeated several times until the 

complete 3D component is built and the support material is removed. The un-sintered 

particles removed from the build chamber can be recycled (M. Bhuvanesh Kumar, P. 

Sathiya, and M. Varatharajulu, 2021).  

Materials 

A wide range of materials has been used in SLS. A number of those materials make SLS 

superior to other techniques for rapid prototyping when materials' characteristics depend on 

the type of process. The materials include wax, cermet, ceramics, nylon/glass composite, 

metal-polymer powders, metals, nylon, and carbonate (Kumar 2003). 

Advantages and Disadvantages 

The Selective Laser Sintering technology has advantages and disadvantages, as shown 

in Table 6.  

Table 6 - Advantages and Disadvantages of Selective Laser Sintering (3D Systems 2022b) 

Advantages Disadvantages 

Recycle material, reduce the material waste. 

It is not possible to achieve the best quality in 

appearance with the best mechanical 

properties. 

Geometric freedom  

complex geometries, such as monolithic 

designs, lightweight components, and mass-

customized products. 

Requires support structures. 

Get superior accuracy, part resolution, edge 

definition, and surface finish with 3D Systems' 

SLS solutions. 

SLS parts have a grainy surface finish and 

internal porosity that may require post-

processing if a smooth surface or water 

tightness is required. 

 

Equipment 

The ProX™ 500 Plus is a cutting-edge Selective Laser Sintering production 3D printer 

from 3D Systems that create injection moulding-grade parts without expensive tooling, the 

ProX™ 500 Plus prints possible to use several materials in Figure 28 presents the machine.  
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Figure 28 - ProX™ 500 Plus (Protocom 2022)  

Table 7 presents some specifications of The ProX™ 500 Plus.  

Table 7 - ProX™ 500 Plus Specifications (Protocom 2022) 

Machine Specifications 

Print Envelope Capacity 381 x 330 x 457 mm 

Scanning speed Fill: 12 m/s | Outline: 3.5 m/s 

Volume build rate 2 l/h 

Layer thickness 0.08 - 0.15 mm 

Laser Power/Type 100 W / CO2 

 

Applications 

The SLS technology is used in different industries to produce aerospace hardware, 

medical and healthcare, military hardware, and short-run end-use components.  

The air seat buckles have been rethought to reduce the aeroplane's weight so that fuel 

consumption can be reduced. These still have the same design and geometry as a 

conventional seat buckle. However, they have been optimized to use new production 

processes for laser-synthesized metals to obtain a lighter product. Figure 29 is an example 

of a seat buckle.  

 

Figure 29 - Air Seat Buckles (3DPrint.com 2019) 
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Selective Laser Melting   

The SLM technology appeared in 1998 and used materials such as plastic, glass, and 

ceramics in its process, but with the evolution of technologies came SLM. The only 

difference between these processes is that SLM uses metal as a material because it has a 

laser with more power (GE Additive 2022e). Figure 30 presents the workflow process of the 

SLM technology.  

 

 

The SLM is a powder bed fusion additive manufacturing process. This technology uses 

one or more lasers to melt ultra-thin layers of metal powder to build 3D parts. The parts are 

built from CAD files and converted into slice files, and these files are then uploaded to the 

SLM machine. During the SLM process, the recoated moves across the build platform, 

evenly spreading a thin layer of fine metal powder. Next, a cross-section of the part is melted 

based on a layer of a slice file. Finally, the build platform is lowered, and the next layer of 

powder is distributed and melted. Although in the case of multiple lasers, overlapping areas 

are stitched together to create a seamless part, the superior gas flow within the build chamber 

helps to keep a clean environment ensuring better part quality. When the part is completed, 

the platform is raised and removed from the build chamber, and the excess powder is 

removed from the finished part (GE Additive 2021).  

The definition of parameters can influence the result of the final part. The optimization 

of these parameters has a direct influence on the characteristics of the manufactured part, 

such as surface finish, microstructure, and mechanical properties. In the SLM technique, it 

is necessary to take into consideration the following parameters: laser power (1), laser speed 
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Figure 30 - Selective Laser Melting Workflow 
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(2), layer thickness (3), the distance between laser passes (4), the diameter of the laser beam 

(5) and processing path (6) (Bartolomeu 2015). In Figure 31, identify the parameters.  

 

Figure 31 - SLM Parameters (Bartolomeu 2015) 

Materials 

With Selective Laser Melting, it is possible to use the following materials: stainless steel, 

aluminium-based alloys, nickel-based alloys, titanium-based alloys, and copper-based 

alloys, among others (SLM Solutions 2022b). Like other materials, processing aluminium 

in SLM technology causes an often-reactive atmosphere, so a controlled atmosphere is 

required for oxide reduction. In laser aluminium casting, a nitrogen atmosphere is usually 

used since the reaction of aluminium with nitrogen forms aluminium nitride, which 

contributes to good densification of the part. There are also studies on argon and helium 

atmospheres (Santos 2014). 

Advantages and Disadvantages  

In Table 8 are presented the advantages and disadvantages of the SLM process:  

Table 8 - Advantages and Disadvantages of Selective Laser Melting (Matmatch 2022) 

Advantages Disadvantages 

Quality metal parts using metal powders 

allows a homogeneous build-up of 

components. 

High surface roughness and high residual 

stress. 

Several materials can be used with this 

technology. 
Deficiency of quality on-line control. 

Allows the creation of complex and unique 

shapes. 

It requires an inert gas supply, but when it is 

used, aluminium and titanium as a material 

require argon. 

High recyclability of the raw material. 
Difficulty in removing powder from small 

channels. 
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Equipment  

The increased functionality given by metal processing by this technology has resulted 

in many applications and equipment needs that meet diverse target markets. Figure 32 shows 

an example of an SLM machine.  

 

Figure 32 - SLM 500 (SLM Solutions 2022d) 

The universally usable machine with high productivity from SLM Solutions is ideally 

suited for the series production of complex build parts. It is specifically designed for use in 

the production environment. It serves as the flagship AM system for high-volume metal 

additive manufacturing. In addition, the SLM 500 offers fully automated powder 

management (3D Natives n.d.). In Table 9 is presented the SLM 500 specifications.  

Table 9 - SLM 500 Specifications (Solutions 2020) 

Machine Specifications 

Build Envelope (L x W x H) 500 x 280 x 365 mm 

Variable Layer Thickness 20 μm - 90 μm 

Beam Focus Diameter 80 - 115 μm 

Maximum Scan Speed 10 m/s 

Machine Dimensions (L x W x H) 6080 x 2530 x 2620 mm 

 

Applications  

Selective Laser Melting technology has applications in the aerospace and defence 

industry, automotive industry, energy industry, healthcare industry, tooling industry, and 

research industry.  

The manufacture of rocket components requires many criteria factors to be taken into 

consideration. Not only is consequent, lightweight construction essential, but materials must 

also be able to withstand exceptionally high stresses and temperatures. Additionally, the 
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manufacturing costs for their complex geometries are very high when limited to 

conventional manufacturing processes (SLM Soluctions 2022). An example of these 

applications is the monolithic thrust chamber, presented in Figure 33. 

 

Figure 33 - Monolithic Thrust Chamber (SLM Soluctions 2022) 

With the production of the Monolithic Thrust Chamber through additive manufacturing 

instead of conventional machining, it is possible to simplify manufacturing and minimal 

post-processing despite complex structure to avoid tooling wear when processing is too 

difficult to machine nickel-based alloy. Also, it is possible to directly integrate multiple parts 

and interior features, e.g. internal ducts (SLM Soluctions 2022).  

Another example of an SLM technology application is a single-piece extrusion tool, 

shown in Figure 34. Technical hoses are used in many different industries. The production 

takes place with the help of an extruder, in which a screw conveyor transports material 

through a cylinder. The material is heated to a homogeneous mass and pressed through the 

tool at the end of the extruder. After the melt has the desired shape, the material is cooled 

(SLM Solutions 2022a).  

 

Figure 34 - SLM Application (SLM Solutions 2022c) 

Instead of using conventional manufacturing, this part was produced with additive 

manufacturing using the AM. As a result, it was possible to create an integrated, reduced 

assembly design, combining individual components into one. Also, the production efficiency 
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is considerably improved, thanks to the ability of this process to integrate interior features 

into a reduced assembly (SLM Solutions 2022a).  

Electron Beam Melting  

The EBM process utilizes a high-power electron beam that generates the energy needed 

for high melting capacity and high productivity. In addition, the hot process allows for the 

production of parts with no residual stress, and the vacuum ensures a clean and controlled 

environment (GE, 2022). Figure 35 represents all the workflow of this process. 

  

An optimized build file is sliced and into the Arcam EBM system, following this, metal 

powder is loaded into the machine, the build chamber is then closed, and a vacuum is created 

to ensure a clean, controlled environment that allows, that allows for the processing of 

reactive material. Next, the Arcam EBM layering system evenly distributes a thin layer of 

powder on the build area. A powerful 6 KW electron beam heats the powder bed to the 

optimal ambient temperature and then proceeds to melt the powder, first contour melting 

and then hatch melting. The electron beam unit generating the beam contains no moving 

parts, allowing for extremely fast and accurate beam control. The built environment is kept 

hot, reaching temperatures exceeding 1000ºC, resulting in no residual stresses and allowing 

for the processing of crack pro materials. As each layer is completed, the build is lower, and 

the fresh layer of build powder is raked over it. This process repeats drawing the build one 

layer at a time. Finally, the tank is extracted when the build is complete, and the Arcam EBM 

machine is prepared for the next build (GE 2022).  
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Figure 35 - Electron Beam Melting Workflow 
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Materials  

The materials used in this technology are essentially alloys of titanium and chromium-

cobalt, having as most important customer industry the area of implants and medical 

prostheses, in addition to all areas where the high performance of titanium is relevant 

(3Dnatives 2022b). 

Advantages and Disadvantages 

Table 10 shows some of the advantages and disadvantages of using the Electron Beam 

Melting technology. 

Table 10 - Advantages and Disadvantages of Electron Beam Melting (All3DP 2022b) (3Dnatives 2022b) 

Advantages Disadvantages 

Geometrical Freedom. 

Precision. The electron beam is wider than the 

laser beam at the powder level, reducing 

accuracy. 

Manufacturing speed. The electron beam can 

separate from heating the powder in several 

places simultaneously, which significantly 

speeds up production. 

Small print volume (max. 350-mm diameter 

and 380-mm height). 

Pre-heating the power before it melts limits the 

deformations and thus reduces the need for 

reinforcements and supports during 

manufacturing. 

Expensive machines and materials. 

 

Equipment 

The Arcam EBM Q10plus (Figure 36) is GE Additive’s electron beam melting machine 

explicitly designed for the cost-effective production of orthopaedic implants. In addition, the 

Q10plus is used to produce high-volume implants with advanced trabecular structures (GE 

Additive 2022d).  
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Figure 36 -  Arcam EBM Q10plus (GE Additive 2022b) 

The Q10 plus machine has a small machine footprint with a powder handling system to 

support the additive process. Table 11 presents the machine specifications.  

Table 11 - Arcam EBM Q10plus Specifications (GE Additive 2022b) 

Machine Specifications 

Max. build size (W x D x H) 200 x 200 x 200 mm 

Max. beam power 3kW 

Minimal part resolution 
0.75mm (70um layer parameter 

set/theme) 

He consumption, build process 1 liter / hour 

He consumption, ventilation 50-75 liters / build 

Size (W x D x H) 2112 x 1134 x 2758 mm 

CAD interface Standard: STL 

 

The Arcam EBM A2X (Figure 37) machine was designed essentially to process 

materials at high temperatures, such as titanium, titanium aluminide, and refractory alloys. 

 

Figure 37 - Arcam EBM A2X (GE Additive 2022c) 

This machine is ideal for material studies because it operates in a vacuum, providing a 

clean and controlled environment and minimising the risk of contamination. In addition, this 
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machine uses electrons as energy carriers, provides deep energy penetration, and low 

reflection in the powder (GE Additive 2022c). Table 12 presents the machine specifications. 

Table 12 - Arcam EBM A2X Specifications (GE Additive 2022c) 

Machine Specifications 

Max. build size (W x D x H) 200 x 200 x 380 mm 

Max. beam power 3kW 

Max. EB translation speed 8,0 m/s 

He consumption, build process 1 l/h 

He consumption, ventilation 50 -75 liters / build 

Size (W x D x H) 1,850 x 900 x 2,200 mm 

CAD interface Standard: STL 

 

Applications 

The EBM technology can be used to produce parts for the orthopaedic industry, as it 

offers significant freedom of design and higher build volume. In addition, thanks to part-

stacking capability, this combination allows for manufacturing complex and detailed 

orthopaedic implants. Figure 38 shows an example of one acetabular cup.  

 

Figure 38 - Acetabular Cup (GE Additive 2022f) 

In the production of acetabular cups, the AM replaces traditional coatings with 3-

Dimensional lattice structures, which improve initial fixation and allow for faster fusion and 

bone in-growth. With the production of acetabular cups in additive manufacturing, it was 

also possible: up to 58% improved time to market 14-22 weeks with EBM technology, 

compared to 26-38 weeks with traditional manufacturing and improved osseointegration, the 

optimal pore size is 650 µm, standard coating pore sizes are only 100-300 µm, with EBM 

400-800 µm pore sizes are achievable (GE Additive 2022f).  
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Also, this technology can be used in the aerospace industry, as it as allows produce 

lightweight components with a very efficient buy-to-fly ratio. Figure 39 shows an example 

of sleek turbine blades.  

 

Figure 39 -  Sleek Turbine Blades (GE News 2022) 

2.4.4. Direct Energy Deposition  

Laser Engineered Net Shaping 

LENS systems use directed energy deposition, where high-powered lasers build 

structures layer-by-layer directly from powdered metals, alloys, ceramics, or composites to 

produce fully dense parts with excellent mechanical and fatigue properties. Figure 40 

represents the workflow of this process. 

 

 

 

 

First, a CAD model is developed, then the CAD model will be stored in an STL format, 

and the model is then sliced into layers and communicated to the EBM machine. The LENS 

process is housed in a hermetically sealed chamber purged with argon so that the oxygen 

and moisture levels stay below 10 parts per million. This keeps the part clean, preventing 

oxidation. The metal powder feedstock is delivered to the material deposition head by 

Optomec’s proprietary powder-feed system, which can precisely regulate mass flow. Once 

a single layer has been deposited, the material deposition head moves to the next layer. By 

building up successive layers, the whole part is constructed. When complete, the component 

3D CAD Model STL File Slicing Software
Prepare the 

machine 

Deposit the frist 
layer of material

Deposit the next 
layer 

Repeat the 
process until the 

whole part is 
constructed

Post-Procesing 

Figure 40 - Laser Engineered Net Shaping Workflow 
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is removed and can be heat-treated, hot-isostatic-pressed, machined, or finished in any 

customary manner (Ahn 2021). 

Materials   

LENS systems process engineering common materials such as stainless steel, tool steels, 

titanium alloys, and cobalt alloys. This technology can also process other materials, 

including zirconium, tantalum, tungsten, aluminium, bronze, refractory metals, and some 

ceramics (Optomec 2022d).  

Advantages and Disadvantages  

When using Laser Engineered Net Shaping technology to produce a part, it is possible 

to find some advantages and disadvantages, as shown in Table 13. 

Table 13 - Advantages and Disadvantages of Laser Engineered Net Shaping (Semetay 2007) (Izadi et al. 2020) 

Advantages Disadvantages 

Ability to fabricate with multiple materials and 

create functionally graded materials, owing to 

the multiple powder feed lines. 

Distortion results from the uneven heating and 

cooling of the part during the process. 

They have reduced environmental impact. They are used for simple geometry. 

Ability to process non-reactive and reactive 

metals. 
Residual stress is significantly higher. 

 

Equipments 

The LENS CS 800 System (Figure 41) has an extensive range of processing capabilities 

from attractive geometric part contours at lower powers up to high power, high deposition 

rate cladding applications.  

 

Figure 41 -  LENS CS 800 System (Optomec 2022c) 

The CS 800 comes standard with a Siemens 840D controller and can operate in up to a 

simultaneous 5-axis with the Master CAM/LENS plug-in. In addition, it can be equipped 
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with up to four powder feeders allowing for functional grading or special alloy blending 

during a build. Table 14 presents some specifications of this machine.  

Table 14 - LENS CS 800 Specifications (Optomec 2018) 

Machine Specifications 

Build envelope 800 x 600 x 600 mm 

Controlled atmosphere O2 levels < 10 ppm 

Laser deposition head LDH 3. X with 4-tip nozzle 

Fibre laser 500 W 

CNC Controller Siemens 840D 

 

Applications  

The LENS technology has applications in hybrid manufacturing, materials discovery, 

medical implants, blisk repair, and component repair.  

Hybrid manufacturing is the term used to describe combining metal additive 

manufacturing technology with conventional, subtractive technology, enabling each process 

to work together on the same machine and even on the same part (Optomec 2022a). Figure 

42 shows an example of a hybrid part.  

 

Figure 42 - Hybrid Part (Optomec 2022a) 

Hybrid manufacturing machines simplify metal fabrication applications such as net 

shape rapid prototyping, hybrid manufacturing, in-situ repair, manufacturing rework, and 

more. In this example, subtractive machining was used to fabricate the housing base, and 

additive manufacturing was used to build and finish the thin wall structures all on the same 

machine (Optomec 2022a).  

Another example of an application of the LENS technology is the repair of blisk. This 

technology can precisely add material to worn or damaged blisks and airfoils to restore their 
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profile. Integrally bladed rotors, also known as blisks, provide many operational and 

performance benefits over traditional multi-component designs. However, they can cost tens 

or even hundreds of thousands of dollars to manufacture, and consequently, replacing 

damaged blisks can significantly increase in-service operational costs (Optomec 2022b). 

Figures 43 and 44 present the blisk before LENS leading edge repair and after.  

 

Figure 43 - Blisk (Before) (Optomec 2022b) 

 

Figure 44 -  Blisk (After)  (Optomec 2022b) 

The challenge, therefore, is to develop an effective repair technique that can guarantee 

that all airfoils can be repaired – for if one airfoil is unrepairable, the entire blisk must be 

scrapped. To respond to this challenge, a front edge has been developed for repair using 

Stellite® 21, a cobalt-based wear-resistant material (Optomec 2022b).  
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Laser Metal Deposition  

Laser metal deposition (LMD) is an additive manufacturing process for metals. This is 

the most common designation for this process, but it is also known as direct metal deposition 

(DMD) and laser-direct energy deposition (L-DED) (TRUMPF 2021). In Figure 45 is 

represented the workflow of this process.  

 

The starting point is a 3D CAD model subdivided into layers of a defined thickness. The 

actual part is fabricated by a repeating process of applying new material layers and 

transferring the geometrical information of each layer into the material using a laser beam 

(Gasser, Gerhard Backes, et al. 2010). First, the laser beam heats the part in place and creates 

a molten bath. Next, a fine metallic powder comes from a nozzle in the optical processing 

system, sprayed directly into the molten bath. There this powder is melted and binds to the 

base material. The metal powder is deposited layer-by-layer on the base material, where it 

fuses with the substrate without forming any pores or cracks. The shielding gas normally 

used is argon. The optical processing system moves through the piece with automatic control 

to apply in lines, surfaces, and shapes. The smart sensor system ensures that the layer 

thickness is uniform at all points. This method can apply successive metal coatings of either 

the same or even a different material (TRUMPF 2021). 

Materials   

In laser metal deposition, it is possible to use a wide variety of materials, like cast iron, 

nickel alloys, cobalt alloys, titanium alloys, aluminium, and copper, among others 

(TRUMPF 2021).  

Figure 45 - Laser Metal Deposition Workflow 
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Advantages and Disadvantages  

Table 15 presents some advantages and disadvantages of the laser metal deposition 

technology.  

Table 15 - Advantages and Disadvantages of Laser Metal Deposition (Thomas 2022) (Gasser, Backes, et al. 2010)  

Advantages Disadvantages 

Freedom of form 
The process is very complex, requiring trained 

operators to tune LMD machines 

Improvement of mechanical performance of 

high-value products 
Surface finishes can be rough and porous 

Customization 

LMD is mainly suited for small components, 

as larger ones take a long time to print because 

of the low deposition rate. 

It can be used on existing and uneven surfaces 

Oxygen contamination is more common in 

LMD, which increases shield gas wastage and 

the risk of brittleness/part failure. 

 

Equipment 

The 5-axis TruLaser Cell 3000 (Figure 46) laser machine allows welding and cutting in 

two and three dimensions. In addition, the 3D laser machine is suitable for overlay welding. 

In the case of larger quantities of parts, the machine can be automated according to the 

customer’s needs (Trumpf 2022). 

 

Figure 46 - TruLaser Cell 3000 (TRUMPF 2022) 

This machine used by the Laser Metal Deposition technology has the following 

specifications, shown in Table 16. 
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Table 16 - TruLaser Cell 3000 Specifications (TRUMPF 2022) 

Machine Specifications 

Max. Speed of the shaft, parallel to 

the x-axis, y-axis, and y-axis 
50 m/min 

Mas. acceleration parallel to the x-

axis, y-axis, and y-axis 
10 m/s2 

Max. laser power 8000 W 

Available lasers TruDisk, TruFiber, TruDiode 

 

Applications  

The laser metal deposition technology can be used for repairs, additive manufacturing, 

coatings, and gap filling during welding. It is a principle with broad applications in the 

aerospace, energy, and heavy industries, the automotive industry, research and development, 

tool and mould making, and medicine, among others (TRUMPF 2021). An example of these 

applications is the fan blade shown in Figure 47. 

 

Figure 47 - Fan Blade (TRUMPF 2021) 

Additive manufacturing using LMD provides considerable design freedom, even in the 

case of delicate and highly complex geometries. Create components from scratch or add 3D 

structures to base shapes (TRUMPF 2021). 
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2.4.5. Material Extrusion  

Fused Deposition Modeling  

The FDM technology is a layer additive manufacturing process to produce prototype 

and end-use parts. Figure 48 presents the workflow process of this technology. Figure 48 

represents the Fused Deposition Modeling Workflow.  

 

 

 

 

 

 

This process begins by creating a CAD model of a part and then converting it into STL 

format, then, the file is sliced into layers, and the data is transferred to a machine that 

constructs the part layer-by-layer upon a build platform. First, thin thread-like spools of the 

filament-based feedstock material and support material are used to create each cross-section 

of the part. Next, the uncoiled material is slowly extruded through to dual heated nozzles. 

The extrusion nozzles lay down support and filament material upon the preceding layers. 

The extrusion nozzle moves in a horizontal XY plane while the build platform moves down, 

building the part layer by layer. Finally, the finished part is removed from the build platform 

and cleaned as support material (Solid Concepts 2010). If the part is made of metal, it needs 

to undergo the debinding and sintering process, and they can be necessary applied post-

processing in part. In the process of printing a part, it is necessary to take into account the 

following parameters: layer thickness, the type of filling of the parts, the deposition 

orientation, the width of the deposited filaments, the diameter of the printer ribbon, the 

deposition temperature, the base temperature, among others. These parameters influence the 

surface finish of the parts as well as the mechanical properties and geometric resolution 

(Lopes 2015).   
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Figure 48 - Fused Deposition Modeling Workflow 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

45 

Materials 

The material used with this technology is a solid filament made of thermoplastics or 

metal. This filament is characterized by extreme length relative to its cross-section. Many 

materials can be used, like ABS plus, ABS-M30i, Polylactic Acid, Nylon 12 Carbon Fiber, 

Polycarbonate (PC) (Stratasys 2022a), Ultrafuse 316L, and Ultrafuse 17-4 PH.  

Advantages and Disadvantages 

Table 17 presents some positive and negative points of the FDM technology. 

Table 17 - Advantages and Disadvantages of Fused Deposition Modeling (Harshit K. Dave and Sandip T. Patel 

2022) 

Advantages Disadvantages 

FDM is more affordable, accessible, and cost-

effective.  

Surface quality (shape deviation and surface 

finish).  

The process is relatively clean and safe and 

does not require the use of harsh chemicals.  
High-detail prints are hard to achieve.  

Feedstock materials are very diverse.  Unsuitable for thin-walled products. 

 

Equipment 

Artillery Sidewinder X2 is a 3D printer that uses FDM technology which comprises a 

large-size printing area, an automatic bed levelling, and a tempered glass platform (Artillery 

2020). Figure 49 shows an example of this machine.  

 

Figure 49 - Artillery Sidewinder X2 (Artillery 2020) 

This machine used by the Fused Deposition Modeling technology has the following 

specifications, shown in Table 18. 
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Table 18 – Artillery Sidewinder X2 (Artillery 2020) 

Machine Specifications 

Build Volume 300 x 300 x 400 mm 

Layer Resolution 0.1mm – 0.35mm 

Build speed 60mm/s – 150mm/S 

Number of extruders 1 

 

Applications  

FDM technology can produce complex functional parts, prototypes, and function testing 

in small quantities. Figures 50 a) and 50 b) show some examples of products that can be 

printed using this technology. 

 

Figure 50 - Application examples of FDM technology (PTZ Prototypen GmbH 2022) (Ampower 2022) 

 

 

Fused Filament Fabrication  

Fused filament fabrication is an additive manufacturing technology in which a fused 

filament is deposited in a controlled manner over or adjoining previous deposited filaments, 

leading to the construction of a structural part (Yin, He, and Ye 2021). The study developed 

during the thesis uses this technology. Is presented, in the Figure 51, the workflow process 

of this technology. 

a) b) 
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The first step is the preparation and slicing, where the CAD is done and then translated 

into an STL, and that is the input to a slicer, which will convert the model into g-code.  After 

this, the part is printed in the printer, where a heated nozzle ejects molten metal, depositing 

it in thin layers, one on top of another, onto a print bed, eventually forming the 3D printed 

part. The filament is led to the extruder, which uses torque and a pinch system to feed and 

retract the filament in precise amounts. After, a heather block melts the filament to use a 

usable temperature. The heated filament is pushed through the nozzle, and the extruded 

material is laid down on the model where it is needed. The print head or bed is moving to 

the correct X/Y/Z positions for placing the material.  After the part is printed, there is the so-

called Green Part. It is a part containing a polymeric carrier with a metal. The Green Part 

must then go through the debinding process, where most of the binder is removed, and the 

model enters its next phase, the so-called Brown part. At the end of the process, the part is 

sintered, in here is performed a heat treatment obtains the metal part (Hélio Rui Caldeira da 

Silva 2008). In Figure 52, the sintering phases are presented. In phase 1, the powder is loose. 

After that, in the early phase, there is an increase in the interparticle contact area and density. 

In the intermediate phase, there is a further increase in the contact area, a phase characterized 

by continuous pore channels along three-grain edges. In the final stage, the pore channel 

elimination occurs along three-grain boundaries.  
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Figure 51 - Fused Filament Fabrication Workflow 
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Figure 52 - Sintering Phases (Nguyen Van, Koundinya Sistla, and van Kempen 2016) 

Materials  

This technology also used a solid filament made of thermoplastics or metal. With the 

FFF technology, it is possible using the following materials: Ultrafuse 316L and Ultrafuse 

17-4 PH.  

Advantages and Disadvantages  

In Table 19 is presented some benefits and some drawbacks of FFF (BASF 2022a):  

Table 19 - Advantages and Disadvantages of Fused Filament Fabrication 

Advantages Disadvantages 

Fast printing. Low speed. 

Easy to implement. Detail resolution. 

Easy operation. Reduced mechanical properties. 

Large range of engineering materials. Surface Finish (visible layer lines). 

 

Equipment and Applications  

With FFF, we can use different type of technologies, such as Desktop Metal, filament 

feedstock, feedstock rods, and feedstock directly.  

Desktop Metal Studio System  

The Studio System (Figure 53) was developed by Desktop metal, a company founded in 

2015. This system is a two-part solution that streamlines metal 3D printing, prints the part, 

and places it in the furnace for sintering.  
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Figure 53 - Metal Studio System (Desktop Metal 2022c) 

The printer of this system extrudes bound metal rods, eliminating requirements 

associated with metal AM. The furnace first heats parts to remove all binders from parts, 

then ramps up the temperature to a near-melting point to deliver industrial-strength sintering. 

Built-in temperature profiles are tuned to every build and material, ensuring uniform heating 

and cooling without the residual stresses introduced in laser-based systems (Desktop Metal 

2022d). In Table 20 are presented the metal studio system specifications. 

Table 20 - Metal Studio System Specifications (Desktop Metal 2022c) 

Machine Specifications  

External Dimensions 94.8 x 82.3 x 52.9 cm 

Build envelope  300 x 200 x 200 mm 

Build plate Heated, up to 70 °C 

Nozzle diameter 0.40 mm and 0.25 mm 

Supported file types 
STL, IGES, JT, STEP, VDA-FS, 

U3D, VRML and native file types 

 

Studio System Process  

The printing process of this technology consists of four steps: preparation, printing, 

sintering, and post-processing.  

In the first step, the secure, web-based software creates build plans from STL or CAD 

files, automatically generating media and control parameters based on the part geometry and 

material. In addition, it can directly process the CAD file.  After the file is sent to a printer, 

layer by layer, a green part is built by extrusion of bonded metal bars – metal powder bonded 

by polymer binders – in a process called Bound Metal Deposition™. Once printed, the parts 

are placed in the furnace. As the part is heated to temperatures near melting, the binder is 

removed, and metal particles fuse, causing the part to densify up to 98%. At the end of the 
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process, optional finishing methods, such as machining or shot blasting, can be applied for 

critical tolerances and finishes. Finally, support structures are removed manually  (Desktop 

Metal 2022d). 

Studio System Materials  

Depending on the finishing and the resistance that the part being produced needs, the 

studio system can use five materials: stainless steel 17-4 PH, stainless steel 316L, steel H13, 

steel 4140, and copper (CODI 2022).  

Benefits of Studio System  

The Studio System extrudes bound metal, which eliminates many safety requirements 

often associated with metal 3D printing while enabling new features like fully closed-cell 

infill for lightweight strength (CODI 2022). 

Studio System Applications  

With a desktop metal studio, it is possible to manufacture products for the following 

areas: the automotive industry, consumer goods, education, machine design, heavy industry, 

and manufacturing tooling.  

The Rook Chess Piece (Figure 54) is a unique chess piece design that can easily be 3D 

printed without the long lead times and costs associated with tooling. The Studio System’s 

high-resolution print head produces small parts with fine features and a surface finish. Using 

the 3D printer, it is possible to have a cost reduction of 52,68% (Desktop Metal 2022d).  

 

Figure 54 - Rook Chess Piece (Desktop Metal 2022d) 

Another example is a Putter (Figure 55), and this is typically cast or machined. 

Manufacturers can achieve excellent material properties with the Studio System without 

tooling or expensive CNC machining. This system allows for the customization of parts like 

putters, so each player can have a design that is best suited to them. Moreover, when those 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

51 

designs go into mass production, they can be manufactured via binder jetting. Using the 3D 

printer, it is possible to have a cost reduction of 94,00% (Desktop Metal 2022d). 

 

Figure 55 – Putter (Desktop Metal 2022d) 

2.5. Support Structures  

Support structures hold up elements of a 3D printed part that have no supporting material 

during manufacture (Fast Radius 2022). Supports are created simultaneously as the model, 

usually from the same material but with different printing parameters, to be easily removable 

(Kechagias et al. 2022). 

In additive manufacturing, support structures are required in several processes to sustain 

overhanging parts, and to produce metal components. However, supports are typically 

hollow or cellular structures removed after metallic AM. Thus, they represent a considerable 

waste of material, energy, and time employed for their construction and removal (Strano et 

al., 2012). In this context, it becomes increasingly evident that it is necessary to understand 

the mechanical behaviour of this structure to make the process faster, and with lower costs 

without compromising the strength of the parts produced by it (Martins 2016). 

Support structures are used in almost all 3D printing technologies and help ensure a 

part's printability during the 3D printing process. Supports can help to prevent part 

deformation, secure a part to the printing bed, and ensure that parts are attached to the main 

body of the printed part. Parts with complex design features like overhangs, holes, and 

bridges are more challenging to print. Since these features are likely to collapse if not 

supported, support structures can aid in preventing collapse during the printing process. 

Supports can also work as heat dissipaters in processes with high temperatures, as with metal 

3D printing. With metal AM technologies, support structures help to draw heat away from 

the part preventing residual stresses that occur due to high temperatures experienced during 

the printing process (AMFG 2022). 
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2.5.1. Support Structures Disadvantages  

Using support structures brings some disadvantages to the printing process, such as 

(AMFG 2022):  

Material costs: Support generation will require additional material during the printing 

process, increasing both time and material costs. It is also important to note that supports are 

not reusable and are usually disposed of, resulting in wasted material.    

Limited geometric freedom: When manually removing supports, hand or tool access 

must be factored in when designing supports. However, this can restrict you from designing 

specific geometries that require support structures but cannot be reached by hand or tool. 

Extra time: Designing a part to accommodate support structures and designing the 

supports themselves requires extra time.  

Additional post-processing: Once a part is complete, it will have to be removed, 

sometimes manually, increasing the time needed for post-processing.   

Risk of damage: Removing supports may leave marks on the surface of a part, which 

can affect its dimensional accuracy and aesthetics. Additionally, when supports are 

incorrectly placed on fine features, these can break off along with the support structure – 

ruining a part all together. 
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2.5.2. Characteristics of 3D Printing Technologies in Support Structures 

Table 21 presents the Characteristics of 3D Printing Technologies, the technology and 

material used, whether the technology requires support structures and what their functions 

are. 

Table 21 - Characteristics of 3D Printing Technologies in Support Structures (Adapted from Jiang, Xu, and 

Stringer 2018) 

3D Printing 

Category 
Technologies Material Used 

Need 

Support 

Structures? 

Functions of Support Structure 

For 

Thermal 

Dissipation 

For 

Printability 

For 

Plate 

Balance 

Vat 

photopolymerization 
SLA Photopolymers Yes  X X 

Binder jetting 3DP 
Powder 

materials 
Yes  X X 

Material jetting MJM 
Liquid 

materials 
No    

Powder bed fusion 

SLM 

Powder 

materials, 

including 

stainless steel, 

tool steel, 

cobalt chrome, 

titanium and 

aluminium 

Yes X X X 

EBM Metal powder Yes X X X 

Material extrusion FDM 
Thermoplastic 

material 

Yes 

 
X X X 

Directed energy 

deposition 
LENS Metal powder 

Yes 

 
X X X 

Sheet lamination LOM 
Adhesive 

backed paper 

No 

 
   

 

2.5.3. When using support structures  

1) When an angle exceeds 45°, the overhanging element generally requires support, or 

the weight of the unsupported material will cause the element to collapse and the print to fail 

(Fast Radius 2022).  Figure 56 presents an example of when it is necessary to use support 

structures; on the left if the overhang is 45° or less taken from the vertical, support is 

generally not needed, and on the right if the overhang is greater than 45° taken from the 

vertical, supports are generally needed (Fast Radius 2022).  
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Figure 56 - Support Structures (Fast Radius 2022) 

2) The ‘YHT’ principle - when conceived as 3D printed models, standing upright, the 

letters Y, H, and T help illustrate the necessity for additive manufacturing support structures. 

This principle is illustrated in Figure 57. 

The letter Y: Two arms extend from the letter Y at 45° – the angle of their overhang 

does not necessitate support structures. The further the overhang angle exceeds 45°, the more 

likely support structures will be needed. 

The letter H: If the two vertical elements of the letter H are within 5 mm of each other, 

it may be possible to 3D print the horizontal element of the H with a bridge. If the vertical 

elements are further than 5mm apart, the horizontal element may require support structures. 

The letter T: The two arms of the letter T extend from the vertical element at 90° and 

will require support structures. 

 

Figure 57 - YHT principle (Filament2Print 2022) 

2.5.4. Types of Support Structure 

Not-Soluble Supports  

There are two main support structures in 3D Printing: tree supports and linear supports.  

Tree supports resemble branches or trunks. Tree supports may enclose a part and fit 

neatly to angled surfaces for easy removal. Tree supports can be designed, applied, and tested 
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quickly as part of a 3D printing project, enabling rapid iteration. In addition, their branch-

like structure means they can reach out over distances to support specific areas. The 

advantage of using this type of 3D printing support is that it is easier to remove and does not 

significantly damage the contact points with the part. However, this type of support is only 

appropriate for non-flat projections (3DLAB 2022). Figure 58 presents an example of tree 

supports.  

 

Figure 58 - Tree Supports (3DLAB 2022) 

Linear supports: Resembling walls and with various mounting points, linear supports 

are printed perpendicular to a part’s surface, often with a lattice structure (Fast Radius 2022). 

This type of support is the most used in 3D printing since it works for almost any projection. 

However, these supports are complicated to remove and much more likely to cause damage 

to the model’s surface (3DLAB 2022). Figure 59 presents an example of linear supports.  

 

Figure 59 -  Linear Supports (3DLAB 2022) 

Soluble Supports  

There are still soluble support structures. If the printer is a double extruder printer, one 

of the extruders can be used to print the model, and the other can be used to print the support 

structure (material soluble in water). Once printing is complete, wash the support structure 

by immersing the model in water, this removal method reduces the risk of damage to the 

model and facilitates post-processing work (3DLAB 2022).  
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The range of options in FFF 3D printers with dual extruders expands, as it is not 

necessary to use the same material for the part and the supports. This opens the door to using 

materials soluble in solvents that do not dissolve the part material. This makes it possible to 

use dense substrates in contact with the part, ensuring an excellent finish on the contact 

surface (Filament2Print 2022). 

When the support material is chosen, it is necessary to consider the characteristics of the 

material. The material must be soluble in a solvent that does not damage the properties of 

the material used in the part. In addition, the print temperature must be compatible with the 

part material; it should have good adhesion with the material used in the part; it should be 

easy to print and have good adhesion between layers. The main types of soluble support 

materials are soluble in an organic solvent, soluble in water using an activator, and soluble 

in water. Water soluble support structure materials are among the most sought after by the 

industry since it does not need organic solvents or alkaline solutions, making them the safest 

and most affordable alternative for most users (Filament2Print 2022). Figure 60 presents an 

example of a part with support structures made of Aqusys 180. 

Figure 60 - Support Structures - Aqusys 180 (Filament2Print 2022) 

2.5.5. Support pattern 

Different patterns are available for printing support structures, resulting in sturdy or 

easy-to-remove support. Figure 61 shows which a user can choose from: 

 

Figure 61 - Support Patterns (Ultimaker Support 2022b) 

2.5.6. Removing Support Material  

After the part is sintering, it is necessary to remove the support structures. If the support 

structure is soluble, the material of the support structure can be removed by simply 
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dissolving the material in water. For example, first, it is necessary to submerge the print in 

water (Figure 62), after the supports are dissolved, rinse the print with water to remove any 

excess of the support structure material, then let the print dry completely and apply additional 

post-processing to the build material if desired (Ultimaker 2022a).   

 

Figure 62 - Support Material – Soluble (Ultimaker 2022a) 

If the support structure is not soluble (Figure 63), it is necessary to break the support 

structures from the build material, using pliers to grab, twist, and pull the supports. First, it 

is required to remove the walls of the support structure with a gripping plier. After removing 

most of the support structure, the remaining parts can be pulled from the build material, and 

in the end, apply additional post-processing to the build material if desired (Ultimaker 

2022a).   

 

Figure 63 - Support Structure - Not Soluble (Ultimaker 2022a) 

2.5.7.  How to avoid support structures 

1. Choose the optimal part orientation 

Choosing the correct part orientation can have a significant impact on the printing time, 

costs, and a part’s surface roughness. In addition, depending on a part’s orientation (vertical, 

horizontal, or angled), fewer or more support structures may be needed (AMFG - 

Autonomous Manufacturing 2022). 
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The build orientation of an AM part refers to the direction orthogonal to the layers of 

the object being fabricated. AM part orientations play an essential role in AM processes as 

they profoundly influence the properties of the final part, influence the mechanical 

behaviour, the nature, and amount of support structure needed (Thrimurthulu, Pandey, and 

Reddy 2004). In addition, the part orientation affects the support contact area, surface 

roughness, build time, and cost of the fabricated part. Figure 61 illustrates a “T” example. 

The left needs the most support material (see Figure 64 a), followed by the example 

illustrated in Figure 64b, while Figure 64c does not need any support. However, different 

support orientations influence the final printed mechanical properties (Jiang et al. 2018).  

 

Figure 64 - T example (Jiang et al. 2018) 

This example demonstrates that a part can be built up in different ways. Each side of a 

part can have a different surface attached to the print bed, meaning that the need for support 

can vary, and depend heavily on the part's orientation. 

2. Optimize the support structures 

When supports cannot be avoided, they should be optimized to use as little material as 

possible, and to speed up the printing process. For example, topology optimization can 

design supports with lattice structures, reducing the support volume, and saving material. 

With many 3D printing processes, commonly used support generation techniques are limited 

to producing strictly vertical structures. These are not space-efficient, mainly when there are 

many regions to be supported high above the print bed (AMFG - Autonomous 

Manufacturing 2022). 

3. Use fillets and chamfers 

Fillets and chamfers can be an alternative solution to creating support structures for 

overhanging surfaces greater than 45 degrees. Essentially, these features turn an angle 
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greater than 45 degrees into an angle lower than 45 degrees and can be added to a part's 

interior or exterior (AMFG - Autonomous Manufacturing 2022). 

4. Split the part  

It can often make sense for very complex 3D models to print the part separately and 

assemble them afterwards. This will reduce the number of supports and speed up the printing 

process while saving material (AMFG - Autonomous Manufacturing 2022). 
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 Methodology 

This chapter will present the various experimental procedures used throughout this 

study.  To carry out this project four tasks were defined, these being the following: the first 

task was to print specimens with different types of infill patterns and infill densities, to 

perform density, tensile and roughness tests; the second task was to print small cubes with 

100% infill and different patterns to perform roughness tests on the different faces of the 

cubes; the third task was to print specimens at 0º, 45º and 90º with support structures to 

perform impact tests; the fourth task was to design a part with application in the automotive 

industry, do the costing of the process and compare the FFF with SLM technology. Figure 

65 presents a flowchart with all the steps performed.   

  

Figure 65 - Methodology Workflow 
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To print all the parts to perform the different studies, they were first developed in 

Solidworks software, Ultimaker Cura software and then printed on the Ultimaker S3-3D 

printer (Figure 66). 

 

Figure 66 - Ultimaker S3 (Ultimaker 2022b) 

In Table 22 are presented the Ultimaker S3 specifications.  

Table 22 - Ultimaker S3 Specifications (Ultimaker 2022b) 

Ultimaker S3 Specifications 

Technology Fused Filament Fabrication 

Print Head 

Dual-extrusion print head with a 

unique auto-nozzle lifting system and 

swappable print cores 

Build Volume (XYZ) 230 x 190 x 200 mm 

Layer Resolution 

0.25 mm nozzle: 150 - 60 micron  

0.4 mm nozzle: 200 - 20 micron 

0.6 mm nozzle: 300 - 20 micron 

0.8 mm nozzle: 600 - 20 micron 

Build Speed < 24 mm3/s 

Build Plate Heated glass build plate (20 - 140 °C) 

Software 
Ultimaker Cura, Ultimaker Connect 

Ultimaker Cloud. 

 

The Ultimaker Cura software is a default slicing, so the slicer converts the 3D model into 

a G-code file that will provide the 3D printer with all the necessary instructions for printing 

(3Dnatives 2022a). 
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In this specific study, the nozzle used was the CC 0.6 mm. This is used for shorter print 

times, and improved efficiency – resulting in easier optimization of composite applications 

(Reichelt elektronik 2022).  

 

Figure 67 - Nozzle CC 0.6 (Reichelt elektronik 2022) 

The Ultimaker print core CC 0.6 (Figure 67) prints with bigger line widths, meaning that 

the composite applications will be ready as quickly as possible – saving time in a busy, 

hardworking environment that requires efficiency and speed (Reichelt elektronik 2022). 

The material used to print the specimens was the BASF Ultrafuse 316L Metal. This is 

made from 80% 316L stainless steel particles in a polymer base and is non-magnetizable 

with high corrosion resistance (BASF Forward AM 2022). The 316L metal is composed of 

nickel, iron, chromium, and molybdenum, the melting point is 164ºC, and the density is 5.4 

– 5.8 𝑔/𝑐𝑚3. This material can be used for functional prototyping, medical equipment, 

automotive parts, chemical pipes, pumps, valves and mould inlays with near-surface cooling 

(BASF Forward AM 2022). Table 23 presents the filament properties.   

Table 23 - Ultrafuse 316L Properties (BASF Forward AM 2022) 

Ultrafuse 316L Properties 

Filament Diameter 1.75 mm / 2.85 mm 

Tolerances ± 0.05 mm / ± 0.075 mm 

Roundness ± 0.05 mm / ± 0.075 mm 

Bending Radius 5 ± 1 mm / 10 ± 3 mm 

Spool Length 250 m / 100 m 

Spool Weight: 3 Kg / + 3% 
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3.1. Different Infill Density and Pattern  

The first task developed in this study was to print specimens with different infill densities 

and patterns to perform density, tensile, and roughness tests. Figure 68 presents all the 

workflow of this task.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 68 - Workflow Task 1 
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3.1.1. Print Settings and Process 

The specimens used in this first practical part, shown in Figure 69 and Figure 70, have 

the following dimensions:  

• Length: 102 mm; 

• Width: 10 mm; 

• Thickness: 5 mm.  

 

 

 

 

 

 

 

 

In Ultimaker Cura the specimens were parametrized. In this step, the specimens were 

scaled, and all the print settings (Table 24), like layer height, wall line count, top and bottom 

layers, infill density, infill pattern, and infill line direction, among others.  

Table 24 - Print Settings 

Print Settings 

Layer Height [mm] 0.1 

Wall Line Count 2 

Layers Top/Bottom 6 

Printing Temperature [ºC] 240 

Plate Temperature [ºC] 100 

Print Speed [mm/s] 25 

 

Figure 69 - 3D Specimens 

Figure 70 - 2D Specimens 
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In the Ultimaker Cura, it is necessary to define the print settings and scale the specimens 

before starting the print. When we print a part, it is necessary to consider the shrinkage, so 

it is required to scale the specimens. With the Ultrafuse 316L Metal, it is recommended to 

scale the part up by 119.82% in the X and Y, then scale the Z up by 126.10% for printing 

(BASF 2022b).   

Through the following equations, it is possible to convert between shrinkage and 

oversizing factors.  

𝑆 = 1 −
𝐿𝑠

𝐿𝑔
;  𝑂𝐹𝑆 =

𝐿𝑔

𝐿𝑠
;  𝑂𝐹𝑆 =

1

1 − 𝑆
 ; 𝐿𝑔 =

𝐿𝑠

1 − 𝑆
    

Where S is the shrinkage, OFS is the oversizing factor, Ls is the length of the sintering 

part (in mm), and Lg is the length of the green part (in mm) (BASF 2022b).  

After entering all the printing settings, the slicing will start, and the file is saved to the 

removable disk.  

 

 

 

 

Afterwards, the preparation of the printer is done. First, it is necessary to clean the build 

platform with ethanol, and then, put dimafix glue, which provides a grip between the build 

platform and the print material in this way the test specimens are firmly attached, and the 

warping effect is avoided. After this, it is necessary to clean the nozzle.  

To perform the tests, printing the metal tensile of each infill pattern with different infill 

densities was necessary. When choosing an infill pattern, it is necessary to consider: the 

required strength, the visual quality of the top surface, the direction and kind of flexibility 

necessary, the printability of the pattern, and the printing time (Ultimaker Support 2022a). 

The infill density defines the amount of metal used inside the print. A higher infill density 

means more metal inside the print, leading to a more robust object (Ultimaker Support 

2022b). 

Figure 71 - Slicing Specimens 
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This study used three infill patterns: gyroid, tri-hexagon, and quarter cubic. Figure 72 

presents the infill patterns used respectively.  

 

Figure 72 - Infill Patterns 

The gyroid infill pattern combines waves throughout the pattern, giving excellent 

flexibility with good strength for the lowest weight, higher tensile and compressive strength 

throughout the model (isotropic), shorter printing time, less material used, and looks great 

without shells. Conversely, the printer vibration can be higher with denser infill percentages 

and increased slicing time (All3DP 2022a).  

The tri-hexagon pattern has a mixture of triangles and hexagonal shapes interspersed 

throughout the object. It does this by creating three sets of lines in three different directions, 

but in a way that they do not intersect in the same position. As a result, this infill is solid in 

the horizontal direction and has equal strength in each horizontal direction. Hence, excellent 

shear resistance requires many top skin layers to get an even top surface (Fernandez-Vicente 

et al. 2016).  

The quarter cubic pattern is a 3D pattern, that has a multiple infill lines adjacent. In this 

pattern, heavy loads dissipate weight to the internal structure. Reduced pillowing effect for 

top layers because long vertical pockets of air aren’t produced, and bridging distance for this 

pattern is long, so it can negatively affect top surface quality. It is not the best infill pattern 

when the goal is to save on filament material and time. So, it would help if it did not use this 

pattern where it is unnecessary to have higher strength (Fernandez-Vicente et al. 2016). 

When the printing is started, the specimens begin printing (Figure 73). After the parts 

are printed, removing them from the build plate is necessary. For this purpose, the EMAG 

Emmi-100 HC is used. This machine is a small helper designed for professional cleaning. 

The plate is placed submerged at 60°C for 30 to 45 minutes. The last step is removing the 
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build plate and the machine parts and cleaning everything. After this, the specimens are 

ready to be sent to the company to perform the debinding and sintering.  

 

 

 

 

 

 

During the printing process of the specimens, there were some problems. Initially, seven 

specimens were put to print, but during and after printing, the specimens suffered warping. 

This occurs due to material shrinkage, which causes the corners of the print to lift and detach 

from the build plate. Figure 74 shows the specimens with warping.  

 

 

 

 

Cooling is one of the main causes of warping. Material contracts when cooling and can 

cause the material to pull on itself. Materials must be adequately cooled before the next layer 

is added, but excessive cooling should be avoided to ensure a smooth, warp-free print. For 

this reason, instead of printing seven specimens at once, we printed four and three specimens 

at a time. Table 25 presents the printing time and the material used to print all the necessary 

specimens. 

 

 

Figure 73 - Printed Specimens 

Figure 74 - Specimens With Warping 

102 mm 
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Table 25 - Specimens Information 

Infill Pattern 
Infill 

Density 
Quantity Printing time 

Grams of  

filament used 

Meters of  

filament used 

Gyroid 25% 3 3H24 67 2.19 

Gyroid 25% 4 4H31 89 2.91 

Gyroid 40% 3 3H49 77 2.50 

Gyroid 40% 4 5H06 102 3.33 

Tri-Hexagon 25% 3 3H24 66 2.15 

Tri-Hexagon 25% 4 4H30 88 2.87 

Tri-Hexagon 40% 3 3H48 77 2.50 

Tri-Hexagon 40% 4 5H04 102 3.33 

Quarter Cubic 25% 3 3H29 66 2.16 

Quarter Cubic 25% 4 4H35 88 2.88 

Quarter Cubic 40% 3 3H52 77 2.50 

Quarter Cubic 40% 4 5H08 102 3.33 

 

Debinding and Sintering  

After all the specimens are printed, the next step is debinding and sintering. These 

processes were performed in the company Elnik Systems GmbH. The first step is debinding, 

and this was performed according to the BASF process at 110°C with 𝐻𝑁𝑂3> 98%. As 

explained before, debinding removes the required binders to enable the printing process. The 

catalytic debinding is a thermochemical process in which green parts are exposed to gaseous 

nitric acid (HNO3) in a nitrogen atmosphere and heated. During this process, formaldehyde 

that is present in the parts during debinding can react with oxidizing agents. It should be 

noted that the explosion limit of formaldehyde with oxygen is 4.5% by volume. Also, it is 

necessary to consider that there is a slow reaction between formaldehyde and nitric acid, so 

high doses of nitric acid should be avoided. To achieve a safe process and based on a 50-

liter debinding furnace, a nitric acid feed of typically 30 ml/h and a purge gas (nitrogen) with 

a capacity of 500l/h must be provided. The debinding process is complete when a minimum 

debinding loss of 10.5% is reached. In this process, it is necessary to consider that the thicker 

the part, the longer the debinding time required (BASF 2022b).  

After the debinding, the part goes to the next phase, the sintering. This process combines 

the metal particles in the brown part into a solid mass. It is carried out under pressures and 
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temperatures below the melting point of the material to maintain the part’s shape. To 

executes the sintering process, a 100% clean and dry hydrogen atmosphere with a dew point 

below 40ºC must be ensured. Also, as a sinter carrier, it is recommended to use an Al2O3 

with a purity of 99,6%, for example, Frialit® Al2O3. 

A typical sintering cycle consists of a ramp from:  

1. Room temperature – 5K/min – 600ºC (hold 1H) 

2. 600ºC – 5K/min – 1380ºC (hold 3H) 

3. Furnace cooling  

In the early stage of the sintering process, burned binder components remain, and the 

pyrolysis products should be extracted using a fan (BASF 2022b). 

After the sintering process, the metal part is obtained. Due to its transition from a porous 

brown part to a dense “white” state, the part's dimensions are reduced. This size reduction is 

typically referred to as shrinkage.  

3.1.2. Tests and Results Obtained  

After all the specimens were synthesized, they were used to perform various tests. First, 

a weight comparison was made of the specimens before and after sintering, then the density 

of the specimens was determined, tensile and roughness tests were also performed.  

 Weight of the Tests Specimens  

To verify the weight increase or decrease after sintering, the specimens were weighed 

after printing, in the green state, and after sintering. Figure 75 shows the results obtained for 

40% density infill, and Figure 76 shows the results obtained for 25% density infill.  
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By analysing the graphs, it is possible to see that all the specimens suffered a decrease 

in weight after sintering, due to microstructure rearrangement and elimination of the binder 

present in the part.  On average, both specimens with 25% infill and 40% infill reduced their 

weight by 2,727 grams, which is 11.256%. The specimens with the quarter cubic pattern and 

25% infill exhibited the highest reduction of height (2,922 grams), followed by the 

specimens with the gyroid pattern and 40% infill (2,825 grams). On the other hand, the 

specimens with the gyroid pattern with 25% infill exhibited the lowest reduction (2,530 

grams).  

Density Test 

After the weight of the specimens, the volume was measured to determine the density. 

Density is the ratio of mass to volume of a body, i.e., the concentration of mass per unit 

volume. Therefore, the expression for density is: 

𝑑 =
𝑚

𝑉
 

In the International System, the unit for mass is the kilogram (𝐾𝑔) and for volume is the 

cubic meter (𝑚3). Thus, the International System unit for density is the kilogram per cubic 

meter (𝐾𝑔/𝑚3).  

To measure the volume of the specimens, a measuring cylinder with a scale and water 

was necessary, as shown in Figure 77. 
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The volume is recorded without the specimen, then placed into the measuring cylinder, 

and the volume value is recorded. This procedure was done with three specimens of each 

standard and infill. The table with weight, volume, and density data for each test specimen 

is shown in Appendix A. In addition, in Figure 78, the results obtained from the density of 

the different specimens are presented.  

With the analysis of Figure 78, it is possible to conclude that the specimens with 25% 

infill have a lower density than specimens with 40% infill. The highest density value of 

24,132 𝑚3 was demonstrated by the specimens with the tri-hexagon patter and 40% of infill. 

On the other hand, the lowest density value is 18,337 𝑚3 for the specimens with the tri-

hexagon pattern and 25% infill.  

Tensile Test  

In order to study the behaviour of the specimens, tensile tests were performed on several 

metallic specimens with different infills and patterns. To perform the tensile tests, the 

machine Zwick Z100 (Figure 79) was used.  
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Before performing the tests, the specimens' thickness and width were measured using a 

micrometre (Figure 80). Appendix I shows the measurements obtained from each one. 

 

Next, the machine was prepared for testing by defining all the set-up in Figure 81. 

Figure 79 - Zwick Z100 

Figure 80 - Micrometer 

Figure 81 - Setup of the Machine 
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After all parameters are set, the machine is ready to start testing. First, the specimen was 

placed in the tensile machine. Tensile tests were performed on all specimens until failure, or 

if no failure occurred until the defined upper limit. Figure 82 presents some examples of 

specimens after the tensile test has been performed. 

 

Finally, the results obtained were collected and analysed. Data treatment was performed 

to compare the specimens' maximum strength with different infills and patterns, as presented 

in Appendices J, L, M, N, O, P and Q.  

After processing all the necessary data, bar graphs were created so that it was possible 

to make a visual analysis of the behaviour of the different specimens. Figure 83 shows the 

results obtained on specimens with an infill density of 25% and 40%. 
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With the analysis of Figure 83, it is possible to verify that the specimens with the highest 

strength are Gyroid with 40% infill, for presenting a more uniform pattern, and that the 

specimens with the lowest strength are Tri-Hexagon with 25% infill. In addition, the gyroid 

pattern generally presents a higher resistance in relation to the other patterns.  

In Figure 84, the results obtained in this study are compared with studies performed by 

other colleagues. The results obtained with the 25% infill and 40% infill specimens are 

represented in green.  

With the analysis of Figure 84, it is possible to verify that the specimens with the highest 

strength are those with the gyroid pattern. In contrast, the specimens with the lowest strength 

are those with the tri-hexagon pattern. The specimens with 100% infill and gyroid pattern 

exhibited the highest strength with 471,783 MPa, and the specimens with the lowest strength 

with 164,693 MPa are tri-hexagon patterns with 10% infill. Furthermore, it is also possible 

to verify that the higher the percentage of infill used, the higher the strength of the specimen.  

Figure 85 presents the values of Rp for FFF and SLM technologies. After the analysis, 

the specimens with the highest strength are those with 100% infill and the gyroid pattern. 

The technologies were compared with these values.  
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By analysing Figure 85, it is possible to see that the FFF technology presents the lowest 

elastic limit value of 303,60 MPa. In contrast, SLM technology presents the highest elastic 

limit value of 500 MPa. This means that a part manufactured using SLM technology gets 

maximum stress or force per unit area within a solid material that can arise before the onset 

of permanent deformation than with FFF technology.  

Figures 86, 87, 88, 89, 90, and 91 show the tensile stress-strain curves of the specimens 

printed with the different patterns and percentage of density infills. Comparing the pattern 

tri-hexagon, the specimens with 40% of infill exhibited the highest ultimate strength and 

strain at break. In the pattern gyroid, the specimens with 25% exhibited the highest ultimate 

strength and strain at break. Also, in the pattern quarter cubic, the specimens with 25% 

exhibited the highest ultimate strength and strain at break.  
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Figure 88 - Comparison of Tri-Hexagon Pattern with 40% Infill 

Figure 87 - Comparison of Gyroid Pattern with 40% Infill 
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Figure 89 - Comparison of Gyroid Pattern with 25% Infill 

Figure 90 - Comparison of Quarter Cubic Pattern with 25% Infill 
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Specimen number 25 (pattern gyroid with 25% infill) exhibited the highest ultimate 

strength and strain at break, followed by specimen number 18 (pattern gyroid with 25% 

infill). The highest ultimate strength of 336 MPa and strain at break of 40% were 

demonstrated by specimen number 25 printed with the pattern gyroid and 25% of infill. On 

the other hand, specimen number 1 printed with the pattern tri-hexagon and 25% infill 

showed the lowest ultimate strength of 193 MPa and a strain at break of 10%.   

Surface Roughness Test  

Roughness is important when determining whether a surface is suitable for a specific 

purpose. Rough surfaces often wear out more quickly than smoother surfaces. Rougher 

surfaces usually are more vulnerable to corrosion and cracks but can also aid in adhesion. A 

roughness tester is used to quickly and accurately determine a material's surface texture or 

surface roughness (PCE Instruments 2022). With this test, it is possible to obtain the value 

of Ra and Rz.  

Ra (mean roughness value) is a calculated average of the absolute individual values of 

a measured section that deviates upwards or downwards from the ideal profile line. 

Furthermore, the Rz (mean roughness depth) is the distance between an individual 

measurement section's highest peak and lowest valley. The average roughness depth is 

determined from the individual value of five individual roughness depths determined one 

after the other in a line (PCE Instruments 2022). 
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Before starting the roughness tests, preparing the equipment Surfcom Touch is 

necessary. Figure 92 shows the equipment used to perform the tests.   

 

 

 

 

 

 

The first step is to switch on the unit then a suitable parameter is selected:  

• Measuring speed: 0.3 mm/s;  

• Cutoff (λc): 0.8 mm;  

• Measuring length (Ln): 4 mm. 

 

 

 

 

 

After determining the parameters, the sample is clamped and measured from left to right. 

Then the measurement is started, and afterwards, the diagram is created. In the end, it is 

necessary to export the measurements from the unit to the computer using the Zeiss Support 

Warrel software. With the roughness test, the mean roughness value (Ra), the mean 

roughness depth (Rz), the primary profile curve, and the roughness profile curve can be 

obtained. In Table 26 is presented the Ra Values, Table 27 presents the Rz Values, and 

Figure 94 shows the results obtained with the roughness test in specimen 1. The other results 

are in Appendices B, C, D, E, F, and G. 

 

Figure 92 - Surfcom Touch 

Figure 93 - Parameteres 
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Table 26 - Ra Values 

Ra 

40% 25% 

Tri-Hexagon Gyroid Quarter Tri-Hexagon Gyroid Quarter 

2,979 2,471 2,016 2,889 3,857 3,150 

2,676 2,626 1,224 3,353 3,969 3,372 

2,871 2,778 2,125 3,077 3,825 2,511 

3,651 2,448 1,336 3,140 3,624 2,664 

2,878 2,605 1,359 3,362 3,914 2,648 

3,381 2,583 1,238 3,333 3,442 2,491 

3,132 3,065 1,271 3,395 2,943 2,612 

3,535 2,524 1,188 2,926 3,915 2,598 

2,778 2,889 0,904 3,050 3,531 2,436 

3,098 2,665 1,407 3,169 3,669 2,720 

 

Table 27 - Rz Values 

Rz 

40% 25% 

Tri-Hexagon Gyroid Quarter Tri-Hexagon Gyroid Quarter 

20,628 16,339 10,909 20,147 33,167 20,444 

20,255 20,402 6,427 24,112 33,183 19,870 

21,381 19,019 8,832 22,356 28,991 17,064 

21,977 17,730 7,758 27,144 26,550 20,659 

20,011 17,072 7,143 28,776 27,679 16,913 

20,105 16,710 7,126 27,448 22,743 19,450 

20,763 19,599 6,741 26,482 20,377 18,421 

21,816 17,976 6,955 27,813 29,080 19,815 

21,024 21,806 5,015 23,704 27,744 17,291 

20,884 18,517 7,434 25,331 27,724 18,881 
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Figure 94 - Roughness Test Results 
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After realizing roughness tests in all the specimens, all data was processed, and values 

of Ra and Rz were collected. Therefore, Appendix H has the values of Ra and Rz.  

To compare the values, bar graphs were created to visualise the behaviour of the 

roughness of the different specimens. Figure 95 shows the results obtained from the average 

roughness value in specimens with a 25% and 40% infill density. 

With the analysis of Figure 95, it is possible to conclude that the specimens with a 

density infill of 40% have a lower value of Ra. In addition, the pattern quarter cubic with 

40% of infill presented a lower roughness value, and the pattern gyroid with 25% of infill 

presented a higher roughness value. 

 Figure 96 presents the results obtained from the roughness depth value in the 

specimens with a 25% and 40%.  
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Figure 96 - Rz Results with 25% and 40% of Infill Density 
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With the analysis of Figure 96, it is possible to conclude that the specimens with a 

density infill of 40% have a lower value of Rz. In addition, the pattern quarter cubic with 

40% of infill presented a lower roughness value, and the pattern quarter cubic with 25% of 

infill presented a higher roughness value.  
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3.2. Cubes Roughness Test 

The second task developed in this study was to print small cubes with same infill density 

and different infill patterns (gyroid, tri-hexagon, and quarter cubic). This aims to compare 

the roughness of the cubes face. Figure 97 presents all the workflow of this task.  

 

Figure 97 - Workflow Task 2 
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First,  1 𝑐𝑚3 (10 𝑚𝑚 𝑥 10 𝑚𝑚 𝑥 10 𝑚𝑚) cubes were drawn in Solidworks (Figure 

98), and then the document was saved in STL format and opened in Ultimaker Cura.  

 

 

 

 

 

 

In Ultimaker Cura software, the print settings, like infill density, infill pattern, layer 

height [mm], wall line count, layers top/bottom, printing temperature [ºC], plate temperature 

[ºC] and print speed [mm/s] were defined. Table 28 presents the print settings used.  

Table 28 - Print Settings 

Print Settings 

Layer height [mm] 0.1 

Wall line count 2 

Layers top/bottom 6 

Printing temperature [ºC] 240 

Plate temperature [ºC] 100 

Print speed [mm/s] 25 

 

 In total, nine cubes had to be printed: three with 100% infill density with the gyroid 

pattern, three with 100% infill density and with the tri-hexagon pattern, and three with 100% 

infill and with the quarter cubic pattern. Table 29 presents all the information about the 

cubes.  

 

Figure 98 - 2D Cube 
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Table 29 - Cubes Information 

Infill 

Density 

Infill 

Pattern 
Qty 

Time 

[H] 

Grams of 

filament 

used [g] 

Meters of 

filament 

used [m] 

Image 

100% Gyroid 3 52 15 0,5 

 

100% 
Tri-

Hexagon 
3 50 15 0,5 

 

100% 
Quarter 

Cubic 
3 50 15 0,5 

 

 

After all the print settings are set, it is necessary to clean the build platform with ethanol, 

put dimafix glue in the build platform so that during printing, the test pieces are firmly 

attached to it and do not lift, and clean the nozzle. Finalizing the last step, the printer is ready 

to start the job. After the cubes finished printing, the build plate was put in the EMAG 

machine for 30 minutes at 60º to detach the cubes from the plate. When the cubes get 

separated, the build plate is removed from the machine, and the cubes are cleaned. Figure 99 

shows some of the cubes.  

 

 

 

 

Figure 99 - Cubes Before and After Sintering 
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After this, the specimens are ready to be sent to the debinding and sintering company. 

The sintered cubes present different roughness on their faces. The cube has a flatter surface 

on the top face, and on the side face, it is possible to see the filament layers, as shown in 

Figure 100 and Figure 101. 

 

 

 

 

 

 

 

 

 

 

 

To compare the roughness between the top face and the side face, was performed a 

roughness test on both faces. The other results are in Appendices R, S, T, U, V, and X. The 

workflow and software used to perform the roughness measurement were the same as 

explained above for the roughness measurement on the specimens. The results are presented 

in Figure 102. 

1.0 mm 

1.0 mm 

Figure 100 - Top Face of the Cube 

Figure 101 - Side Face of the Cube 
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With the analysis of Figure 102, it is possible to conclude that the cubes with the tri-

hexagon pattern exhibited the lowest roughness value of 1,186 µm and the lowest roughness 

depth of 6,924 µm. On the other hand, the cubes with the quarter cubic pattern exhibited the 

highest roughness value of 2,227 µm and the highest roughness depth of 11,374 µm.  

 

 

 

 

 

 

 

By analysing Figure 103, it is possible to conclude that the cubes with the tri-hexagon 

pattern exhibited the highest roughness value of 9,355 µm and the highest roughness depth 

value of 49,721 µm. In contrast, the cubes with the gyroid pattern exhibited the lowest 

roughness value of 3,478 µm and the lowest roughness depth value of 16,775 µm. However, 

the roughness of the cubes should not change depending on the type of infill used, since the 

infill does not influence the outside of the part. 

In conclusion, depending on the cube face, the roughness varies. For example, the tri-

hexagon pattern exhibited a lower roughness value and roughness depth in the top face, but 
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Figure 103 - Ra and Rz of the Side Face 
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the side faces exhibited a higher roughness value and roughness depth because of the printing 

procedure layer-by-layer, they are the edge of the printed filament. 

3.3. Support Structures and Charpy V Test  

The objective of the Charpy impact test to ISO 148-1 is to determine the impact energy 

and the impact strength of a metal. The test indicates whether the metal is tough or brittle. 

In addition, the tough/brittle transition can be determined based on the temperature. Impact 

strength is a material characteristic value. Metals with high impact strength can absorb shock 

and impact energies without breaking. This test is often used in the steel industry during pipe 

manufacturing and inspecting the pipes (ZwickRoell 2022).  

Principle – This test consists of breaking a notched specimen with a single blow from a 

swinging pendulum under the conditions hereafter. The notch is the specimen with specified 

geometry and is in the middle between two supports, opposite the struck location. The energy 

absorbed in the impact test is determined (ISO 2006).  

The impact resistance test determines the amount of energy that the material absorbs 

during fracture. This absorbed energy measures a given material’s notch toughness and is a 

tool to study temperature-dependent ductile-brittle transition. In the case of Charpy or Izod, 

the impact is induced by a pendulum hammer on the sample. The residual energy of the 

hammer is measured (Centexbel - VKC 2022). 

The Charpy V-notch-CVN impact test, also known as the Charpy V- notch test, is a 

standard test used to measure the impact energy absorbed by a material during fracture. The 

notch provides a point of stress concentration within the specimen and improves the 

reproducibility of the results. By breaking a specimen, the absorbed energy is computed by 

working out the potential energy lost by a pendulum. This test initiates by placing the 

specimen on the two ends at an anvil and struck on the opposite face by a pendulum (Figure 

104). The specimen is fractured and the pendulum swings through, the height of the swing 
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being a measure of the amount of energy absorbed in fracturing the specimen (Total Materia 

Article 2019). 

 

Figure 104 - Charpy V Test (Centexbel - VKC 2022) 

This test is generally used for quality control and determination of the impact resistance 

of the materials.  

Impact tests are used in studying the toughness of the material. A material's toughness 

is a factor in its ability to absorb energy during plastic deformation. Brittle materials have 

low toughness because of the small amount of plastic deformation they can endure. The 

impact value of a material can also changes with temperature. Generally, at lower 

temperatures, the impact energy of a material is decreased. The size of the specimen may 

also affect the value of the Izod impact test because it may allow a different number of 

imperfections in the material, which can act as stress risers and lower the impact energy 

(Mechanical Testing & Research 2022). 

For the Charpy v tests, specimens with different angles (0º, 45º, and 90º) and support 

structures were designed in Solidworks. Figure 105 presents all the workflow of the third 

task of this study.  
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Figure 105 - Workflow Task 3 
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First, the test specimens (Figure 106) were designed in Solidworks, according to a 

standard ISO 148-1 specifies the dimensions for a so-called normal specimen (ZwickRoell 

2022): 

• Length:55 mm; 

• Width: 10 mm; 

• Thickness:10 mm; 

• The notch must be placed in the centre of the length as a V or U. 

 

 

 

 

After the specimen was designed in Solidworks, it was passed to the Ultimaker Cura 

software, where the print settings were defined, sliced, and then saved to the removable.  

In Ultimaker Cura software, the print settings, like infill density, infill pattern, layer 

height [mm], wall line count, layers top/bottom, printing temperature [ºC], plate temperature 

[ºC], and print speed [mm/s] were defined. Table 30 presents the print settings used.  

Table 30 - Print Settings of Task 3 

Print Settings 

Layer height [mm] 0.1 

Wall line count 2 

Layers top/bottom 6 

Printing temperature [ºC] 240 

Plate temperature [ºC] 100 

Print speed [mm/s] 25 

 

Three test specimens were printed at 0º, with 100% infill density and gyroid pattern.  

Table 31 presents the information relative to these specimens.  

Figure 106 - Specimen Charpy V Test 
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Table 31 - Chapy V Test Specimens Information 

Qty Infill Density Infill Pattern Time 
Grams of 

filament used 

Meters of 

filament used 

3 100% Gyroid 7H20 1.48 g 4.83 m 

 

 

  

 

 

3.3.1. Support Structures 45º  

After printing the specimens with 0º, the 45° specimens for the impact test were designed 

in Solidworks. Several support structure options were realized to select the best options later, 

and these are presented below. 

Option 1  

In Option 1, the support structures were designed with 0.4 mm of thickness and a space 

between them of 2 mm, as shown in Figure 108. 

 

 

 

 

 

In Figure 109, it is possible to see how the connection between the support structure and 

the part is made. This type of connection seeks to reduce the contact area to facilitate 

removal. 

 

Figure 107 - Specimens with 0º 

Figure 108 - Support Structures 45º - Option 1 
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In this option, the thickness of the support structure is low, so this structure will not hold 

the specimen part. For this reason, this option was discarded.  

Option 2  

In Option 2, the support structures were also designed with 0.4 mm of thickness and 2 

mm of space between them. However, instead of using a support structure across its entire 

width, it was divided into two, as shown in Figure 110. This option was discarded because 

the thickness of the support structure is minimal.  

 

 

 

 

 

Option 3  

Option 3, support structures, were also designed with 0.4 mm of thickness and a space 

between them of 2 mm. Figure 111 shows Option 3.  

 

 

 

 

 

Figure 109 - Connection Option 1 

Figure 110 - Support Structures 45º - Option 2 

Figure 111 - Support Structures 45º - Option 3 
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In Figure 112, it is possible to see how the connection between the support structure and 

the part is made. This type of connection seeks to reduce the contact area as much as possible 

to facilitate removal. 

 

 

 

 

However, this option was excluded because the connection between the support 

structure and the part during the sintering process is unreliable since it can break.  

Option 4  

In Option 4 the support structures were designed with 2 mm of thickness and a space 

between them of 4.5 mm. Figure 113 shows Option 4.  

 

 

 

 

 

The connection between the support structure and the part is made. This type of 

connection seeks to increase the contact area so that the support structure does not break 

during the sintering process. This support structure option was one of the chosen.  

Option 5 - Mesch Structure  

In Option 5, support structures were designed with a mesh pattern with 2 mm of 

thickness and with a space between them of 4.5 mm. Figure 114 shows Option 5.  

 

 

Figure 112 - Connection Option 3 

Figure 113 - Support Structures 45º - Option 4 
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This support structure option was one of the chosen to be possible to compare the 

behaviour of this design pattern with option 4. Nevertheless, during the printing, the PLA 

was not working with the metal, so later, this option was discarded too.  

3.3.2. Support Structures 90º 

After designing the 45° specimens for the impact test, the specimens were designed with 

90º in Solidworks. Also, several support structure options were realized to select the best 

options later, and these are presented below. 

Option 1  

In Option 1, only one support structure was designed, and the base of the specimens was 

rectangular, as shown in Figure 115. 

 

 

 

 

 

This support structure option was discarded because during the sintering process, the 

specimens undergo shrinkage, and with the rectangular base, the shrinkage would not be 

proportional.  

 

 

Figure 114 - Support Structures 45º - Option 5 

Figure 115 - Support Structures 90º - Option 1 
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Option 2  

Option 2 was design with two support structures, and the base of the specimens is round, 

as shown in Figure 116. 

 

 

 

 

 

This option of the support structure was one of the chosen ones. However, due to its 

round base, the sintering process will suffer proportionally shrinkage and the two support 

structures stabilising the specimens. 

Support Structures Chosen  

Finally, the support structures chosen for the 45º are the linear support structures with 2 

mm of thickness and a space between them of 4.5 mm, for the 90º are the two support 

structures. Table 32 presents all the support structures chosen.  

Table 32 - Support Structures Chosen 

Degree 

Nº of 

support 

structures 

Type of 

support 

structure 

Image 

45º - Linear 

 

90º 2 - 

 

 

Figure 116 - Support Structures 90º - Option 2 
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After choosing the support structures to be used, the Solidworks file was passed into 

STL format and opened in Ultimaker Cura to set all print settings. In Table 33, is presented 

the print settings. 

Table 33 - Print Settings Specimens with Support Structures 

Print Settings 

Layer height [mm] 0.1 

Wall line count 2 

Layers top/bottom 6 

Printing temperature [ºC] 240 

Plate temperature [ºC] 100 

Print speed [mm/s] 25 

 

Figure 117 and Figure 118 presents the specimens during the slicing, printing and after 

printing.  

 

 

 

 

 

 

 

 

 

 

 

Figure 117 - Charpy V Test Specimens with 45º 

Figure 118 - Charpy V Test Specimens with 90º 
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After printing all the specimens, when the parts were sent to the debinding and sintering 

company, they said they would only be able to do the job at the end of September. 

Consequently, it was not possible to obtain results in chapter 3.3.  

3.4. Cost Analysis 

In the last part of the experimental tasks, a part with application in the automotive 

industry, a turbo compressor wheel, was designed in Solidworks. After the part was designed, 

a cost analysis was performed, comparing the production of the same part using FFF 

technology and SLM technology. In Figure 119 is represented all the Workflow of Task 4.  
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Figure 119 - Workflow Task 4 

To manufacture the turbo compressor wheel using conventional manufacturing, the part 

must be designed (CAD), and then the part design was passed to CAM and CNC. Next, the 

production of the part begins with cylindrical turning, where a single tool removes material 

from the rotating part, and revolution surfaces are obtained. After that, the part is milled to 

obtain the turbine blades, and then the part is drilled, where a cylindrical hole is created, this 

operation is performed with a tool with two cutting edges at the end, called a drill. Finally, 

if necessary, post-processing is performed.  
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To produce the turbo compressor wheel using FFF technology the process begins by 

creating a CAD model of the part and then converting it into STL format. The file is sliced 

into layers, and the data is then transferred to the 3D printer, which constructs the part by 

depositing the filament layer-by-layer. After the printed part is debinded and sintered, post-

processing is performed, if necessary, like heat treatments or machining processes.  

By producing the part using FFF technology, it is possible to achieve a shorter production 

time, reduced material waste, and reduced labour costs. In Figure 120, it is presented the 

workflow for producing the part using conventional manufacturing and additive 

manufacturing.  

 

3.4.1. Turbocharger 

One of the challenges, many engines’ makers face, is how to admit more air into the 

combustion chamber. This problem can be solved by using a turbocharger. The turbocharger 

comprises two parts, the turbine (hot section) and the compressor (cold section), as shown 

in Figure 121. 

Conventional 
Manufacturing

3D CAD Model

CAM

Cylindrical Turning 

Milling 

Drilling 

Post-Processing

Compressor Wheel 

FFF

3D CAD Model

3D Printing  

Debinding and Sintering 

Post-Processing

Compressor Wheel 

Figure 120 - Conventional Manufacturing VS FFF Technology 
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Figure 121 – Turbocharger (Eagle Ridge GM 2022) 

To get more air into the engine, a turbocharging system starts with the engine exhaust 

gas, and this power is essentially wasted in naturally aspirated engines. This exhaust gas is 

channelled into the turbo, where it spins a turbine wheel. This highly engineered wheel spins 

quite fast, reaching a speed of up to 280000 rpm. The higher the speed of the turbine wheel, 

the more gases enter the turbo. On the other side of the turbine wheel, connected by a shaft, 

is a compressor wheel. These two wheels turn together, and the rapid spinning allows the 

compressor to suck in large amounts of ambient air and compress it. As a result, the air is 

very dense and has a higher temperature. This air then passes through a charge air cooler, 

which is cooled, and gains an even higher density before entering the engine. Compressed 

air allows the engine to burn more fuel effectively, making for highly efficient engine 

operation. With a turbocharger, engine makers no longer have to build more significant 

engines to get more power. Instead, they can use smaller, more efficient boosted engines and 

then match the power of the larger engine while consuming less fuel and emitting 

significantly less CO2.  

3.4.2. Design and Print  

First, the turbo compressor wheel was designed in Solidworks software, and this wheel 

is composed by 10 blades. as shown in Figure 122. 

Figure 122 - Turbo Compressor Wheel 
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In Figure 123 a) and 123 b) is presented the design of the turbo compressor wheel in 2D.   

 

 

 

 

 

After the part was designed, it was imported to Cura software, where the part was sliced 

(Figure 123 a) and printed on the Ultimaker S3, with the parameters shown in Table 34. 

Table 34 - Printer Settings  

Printer Settings 

Layer height [mm] 0.1 

Wall line count 2 

Layers top/bottom 6 

Printing temperature [ºC] 240 

Plate temperature [ºC] 100 

Print speed [mm/s] 25 

 

Table 35 shows the number of parts printed, the infill density and pattern, the printing 

time of the turbo compressor wheel, and the material used on the original part. The part was 

scaled down to print to test if it is possible to print using FFF technology. 

Table 35 - Print Settings of the Turbo Compressor Wheel 

Quantity 1 

Infill Density 100% 

Infill Pattern Gyroid 

Printing Time [H] 36H 

Grams of Filament Used [g] 724 

Meters of Filament Used [m] 23.65 

 

a) b) 

Figure 123 - 2D Turbo Compressor Wheel  
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As it is possible to see in Figure 124 c), there were some printing flaws on the top of 

the piece. This may have happened because the thickness of the veneers on the upper part is 

very thin, and the equipment used is not specific for printing this material. 

 

 

 

 

 

3.4.3. Cost of FFF Technology VS Convectional Manufacturing  

In order to develop a simplified cost model, the following assumptions were considered:  

• The machine is operational (good machine uptime) 90% of the time. 

• Electricity expenses were not considered.  

• That specialized employees are needed, the average gross salary in Portugal of 

1050€ was considered, which results in a value of 6€/H.  

• Only the working days - 251 days.  

The equation below was used to realize the cost of each of the technologies. In this 

equation, the main activities of the different stages necessary to produce the part included, 

such as part design, material, part manufacturing time, necessary labour, and post-

processing.  

𝐶𝑡𝑝𝑎𝑟𝑡 = 𝐶𝑑 + 𝐶𝑚 + 𝐶𝑠 + 𝐶𝑑𝑠 + 𝐶𝑝𝑝 

Where 𝐶𝑡𝑝𝑎𝑟𝑡 is the total cost of the part, 𝐶𝑑 is the design cost, 𝐶𝑚 is the cost of the 

machine, 𝐶𝑠 is the cost of the material/stock, 𝐶𝑙 is the cost of labour, and 𝐶𝑝𝑝 is the cost of 

the post-processing. The following explains each of the costs. 

Cost of FFF Technology  

Design Costs 

To produce the turbo compressor wheel, it first has to be designed using software, in this 

case, Solidworks. In the part design phase, the function of the part can be improved through 

a) b) c) 

Figure 124 - Printing Turbo Compressor Wheel 
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computer simulation, generative design, and topology optimization. To calculate the design, 

its cost takes into account the design time (𝑇𝑑), the labour cost (𝐶𝑙), and overheads cost 

(𝐶𝑜), such as the cost of the software. These costs also included the time and software to 

perform the part slicing. 

𝐶𝑑 = 𝑇𝑑 × (𝐶𝑙 + 𝐶𝑜) 

To design the turbo compressor wheel in Solidworks and to run simulations, it took 8 

hours, then the file was converted to STL, and the software Cura was used to set all the print 

parameters and slice the part. This took approximately 15 minutes. Furthermore, it was 

assumed that the Solidworks license cost 4500€/year.  

𝑇𝑑 = 8 + (15 ÷ 60) = 8,25 𝐻 

𝐿𝑖𝑐𝑒𝑛𝑠𝑒 𝑡𝑖𝑚𝑒 = 251 𝑑𝑎𝑦𝑠 × 24 = 6024 𝐻 

𝐶𝑜 =
𝑇𝑑 × 𝑆𝑜𝑙𝑖𝑑𝑤𝑜𝑟𝑘𝑠 𝑃𝑟𝑖𝑐𝑒

𝐿𝑖𝑐𝑒𝑛𝑠𝑒 𝑡𝑖𝑚𝑒
=

8,25 × 4500

6024
= 6,16€/𝐻 

𝐶𝑑 = 8,25 × (6 + 6,16) = 100,32€ 

To design and slice the turbo compressor wheel cost 100,32€.  

Machine cost 

To produce a turbo compressor wheel by FFF technology, the Ultimaker S3 printer was 

used, this printer has a cost of 4.700,50€. To calculate the design, the cost takes into account 

the cost of purchase (𝐶𝑝), the build time (Tb), the number of parts (𝑁), and the machine's 

useful life (𝑌𝑙𝑖𝑓𝑒).  

𝐶𝑚 =
𝐶𝑝 × 𝑇𝑏

𝑁 × 0.9 Ylife
 

It takes 36 hours to print the turbo compressor wheel. Also, the machine use can thus be 

regarded as five years based on its usual depreciation time. In one year, the machine is used 

for approximately 5000 hours, and the total machine utilization over the five years can be 

considered 25 000 hours, as indicated in the equation below. 

𝑌𝑙𝑖𝑓𝑒 = 5 𝑦𝑒𝑎𝑟𝑠 × 5000 𝐻 = 25000 𝐻 
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𝐶𝑚1 =
4700,50 × 36

1 × (0.9 × 25000)
= 7,52€ 

Also, the costs of separating the part from the building plate were considered in the 

machine costs. This process usually takes 30 to 45 minutes. To perform this action, the 

EMAG machine is used and costs 629,95€. It was also considered that the machine use could 

thus be regarded as five years based on its usual depreciation time, and in one year, the 

machine is used for approximately 2500 hours.  

𝑇𝑏 = 45 ÷ 60 = 0,75𝐻 

𝑌𝑙𝑖𝑓𝑒 = 5 𝑦𝑒𝑎𝑟𝑠 × 2500 𝐻 = 12500 𝐻 

𝐶𝑚2 =
629,95 × 0,75

1 × (0.9 × 12500)
= 0,04€ 

So, the total machine costs will be the sum of the Ultimaker S3 printer and the EMAG. 

as shown below:  

𝐶𝑚 = 𝐶𝑚1 + 𝐶𝑚2 = 7,52 + 0,04 = 7,56€ 

Material Costs 

To determine the material cost needed to produce the part, the material price was 

checked, and then how much material was needed to produce one part. 

𝐶𝑠 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑈𝑠𝑒𝑑 × 𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑠𝑡 

𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙
 

When using FFF technology, the material used was BASF Ultrafuse 316L Filament 1,75 

mm for the production of the part. Knowing that this material costs 460€ for 3Kg and to 

produce the part it is necessary 724g of material. 

𝐶𝑠 =
724 × 460 

3000
= 111,01€ 

To produce the turbine, the material cost will be 111,01€.  

Debinding and Sintering Costs 

To perform the debinding and sintering of the part, the BASF company provides a 

service that is voucher-based, each voucher purchased entitles the processing maximum of 
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1 kg of parts and includes the cost of returning the processed parts. Each voucher has a cost 

of 60€/Kg. The turbo compressor wheel weighs 733g. So next, the price for debinding and 

sintering has been presented in part. 

𝐶𝑑𝑠 =
733 × 68,95

1000
= 50,54€ 

Debinding and sintering of the turbo compressor wheel has a cost of 50,54€.  

Post-Processing Costs 

If this costing model process was more complex and detailed, the cost of part quality 

verification, such as dimensional control and part surface quality, and post-processing cost 

such as heat treatments could have been considered. However, since this is a simple model, 

these were not considered.  

𝐶𝑝𝑝 = 0€ 

Final Costs 

The final cost to produce one turbo compressor wheel using the FFF technology is 

269,43€.   

𝐶𝑡𝑝𝑎𝑟𝑡 = 100,32 + 7,56 + 111,01 + 50,54 + 0 = 269,43€ 

By analysing Figure 125, it can be seen that the highest cost to produce the turbo 

compressor wheel is the material with a percentage of the total value of 41%. The lowest 

cost represents the machinery needed with a percentage of 3%.  

 

 

 

 

 

 

 
Figure 125 - FFF Technology Costs 
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Cost of SLM Technology  

Design Costs 

As in FFF technology, in SLM technology, the turbo compressor wheel is designed in 

Solidworks. To calculate the design costs, the equation below was used. 

𝐶𝑑 = 𝑇𝑑 × (𝐶𝑙 + 𝐶𝑜) 

To design the turbo compressor wheel in Solidworks, it took 2 hours, then the file was 

converted to STL, and the software Cura was used to set all the print parameters and slice 

the part. This took approximately 15 minutes. Furthermore, it was assumed that the 

Solidworks license cost 4500€/year.  

𝑇𝑑 = 8 + (15 ÷ 60) = 8,25 𝐻 

𝐿𝑖𝑐𝑒𝑛𝑠𝑒 𝑡𝑖𝑚𝑒 = 251 𝑑𝑎𝑦𝑠 × 24 = 6024 𝐻 

𝐶𝑜 =
𝑇𝑑 × 𝑆𝑜𝑙𝑖𝑑𝑤𝑜𝑟𝑘𝑠 𝑃𝑟𝑖𝑐𝑒

𝐿𝑖𝑐𝑒𝑛𝑠𝑒 𝑡𝑖𝑚𝑒
=

8,25 × 4500

6024
= 6,16€/𝐻 

𝐶𝑑 = 8,25 × (6 + 6,16) = 100,32€ 

The design cost of the part for SLM technology is 100,32€, the same cost as for FFF 

technology.  

Machine cost 

To produce a turbo compressor wheel by SLM technology, the Kurtz Ersa Alpha 140 

was used. Although this printer has a cost of 85000 €, calculating the design cost that will 

take into account the cost of purchase (𝐶𝑝), the build time (Tb), the number of parts (𝑁), 

and the machine's useful life (𝑌𝑙𝑖𝑓𝑒).  

𝐶𝑚 =
𝐶𝑝 × 𝑇𝑏

1 × 0.9 Ylife
 

To calculate the build time of the part using the Kurtz Ersa Alpha 140, it was considered 

that:  

• Part height: 48 𝑚𝑚 

• Average area of the part: 4111,37 𝑚𝑚2 
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• Layer height: 0,05 𝑚𝑚 

• Focus diameter: 0,075 𝑚𝑚 

• Printer speed: 550 𝑚𝑚/𝑠 

First the number of layers of the part was determined by dividing the height of the part 

by the height of one layer:  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑦𝑒𝑟𝑠 =
48

0,05
= 960 𝑙𝑎𝑦𝑒𝑟𝑠 

Then, the total area of the part was calculated by multiplying the average area of the part 

by the number of layers:  

Total area of the part = 4111,37 × 960 = 3946915,20 𝑚𝑚2 

Next, the area of the focus diameter was obtained by multiplying the printer speed by 

the focus diameter:  

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑜𝑐𝑢𝑠 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 550 × 0,075 = 41,25 𝑚𝑚2/𝑠 

Finally, the printing time of the part was determined by dividing the total area of the part 

by the area of the focus diameter:  

𝐵𝑢𝑖𝑙𝑑 𝑇𝑖𝑚𝑒 =
3946915,20

41,25
= 95682,79 𝑠 

The build time was multiplied by 2, in order to consider the laser time:  

𝐵𝑢𝑖𝑙𝑑 𝑇𝑖𝑚𝑒 = 95682,79 × 2 = 191365,58 𝑠 

𝐵𝑢𝑖𝑙𝑑 𝑇𝑖𝑚𝑒 =
191365,58 𝑠 

360
= 53 ℎ𝑜𝑢𝑟𝑠 

It takes 53 hours to print the turbo compressor wheel, with SLM technology. Also, the 

machine use can thus be regarded as five years based on its usual depreciation time. In one 

year, the machine is used for approximately 5000 hours, and the total machine utilization 

over the five years can be considered 25 000 hours, as indicated in the equation below. 

𝑌𝑙𝑖𝑓𝑒 = 5 𝑦𝑒𝑎𝑟𝑠 × 5000 𝐻 = 25000 𝐻 

𝐶𝑚1 =
85000 × 53

1 × (0.9 × 25000)
= 200,22€ 
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Material Costs 

To determine the material cost needed to produce the turbo compressor wheel, it is 

necessary know how much material is needed to produce one part and the price of the 

material.  

𝐶𝑠 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑈𝑠𝑒𝑑 × 𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑠𝑡 

𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙
 

When using SLM technology, the material used is 316L Stainless Steel Powder for the 

production of the part. Knowing that this material costs 68,62€ for 1Kg. To find out the 

amount of material used to produce the part, from the volume of the part and the density of 

the material, the following equation was used: 

𝑑 =
𝑚

𝑉
↔ 𝑚 = 𝑑 × 𝑉 

Knowing the volume of the part is 0,000150424 𝑚3 and the density of the material is 

8027 𝐾𝑔/𝑚3, we get the following: 

𝑚 = 8027 × 0,000150424 = 1,207 𝐾𝑔 

After the mass of material was determined, the material costs were calculated (in this 

calculation only the useful powder is considered): 

𝐶𝑠 =
 1,207 × 68,62 

1
= 82,82€ 

To produce the turbo compressor wheel, the material cost will be 82,82€.  

Debinding and Sintering Costs 

By producing the part through the SLM technology, this doesn’t need to perform the 

debinding and sintering process, consequently, this cost will be 0€.  

𝐶𝑑𝑠 = 0€ 
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Post-Processing Costs 

If this costing model process was more complex and detailed, the cost of part quality 

verification, such as dimensional control and part surface quality, and post-processing cost 

such as heat treatments could have been considered. However, since this is a simple model, 

these were not considered.  

𝐶𝑝𝑝 = 0€ 

Final Costs 

As shown below, the final cost to produce one turbo compressor wheel using the SLM 

technology is 383,36€. 

𝐶𝑡𝑝𝑎𝑟𝑡 = 100,32 + 200,22 + 82,82 + 0 + 0 = 383,36€ 

By analysing Figure 126, the highest cost to produce the turbo compressor wheel by 

SLM technology is the machinery with a percentage of the total value of 52% and the lowest 

cost represents the material0 with a percentage of 22%.  

 

 

 

 

 

 

 

In Figure 127 the total costs to produce the turbo compressor wheel with the FFF and 

SLM technologies, are presented.  

 

 

 

Figure 126 - SLM Technology Costs 
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By analysing the Figure 127, it is possible to conclude that the FFF technology is cheaper 

than the SLM technology. Using FFF technology to produce one turbo compressor wheel, 

will result in financial costs savings of 113,93€. Furthermore, with FFF technology it is 

possible to achieve a shorter build time (36H) than with SLM technology (53H). 

 

Figure 127 - Comparison of FFF and SLM Technology Costs 
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 Conclusion 

With this work and through printing specimens with 25% and 40% infill density and tri-

hexagon, gyroid and quarter cubic patterns, it was possible to evaluate the mechanical 

properties of FFF 3D printed parts, such as weight, strength, and roughness, and it was also 

possible to perform a cost analysis of this technology.  

After analysing all the results obtained, it is possible to conclude that: 

After the debinding and sintering process, the specimens with 25% and 40% of infill 

density suffered an average reduction in weight of 2,727 grams, due the microstructural 

rearrangement and the elimination of the binder present in the part, during this processes. 

The strength of the specimen depends on the infill density and pattern used, i.e., the 

higher the density of the infill used, higher is the strength, also the pattern that shows the 

best behaviour is gyroid, and the one with the lowest strength value is quarter cubic. With 

the performed tests it is possible to verify that the specimens with the better tensile behavior 

are constituted with 100% of infill density and the gyroid pattern. In other hand, the 

specimens with the worst tensile behavior are constituted with 10% of infill density and the 

tri-hexagon pattern.  Compared to the SLM process, the metal FFF technology has a lower 

performance, this can be explained by the melting of the material that takes place in SLM 

technology, as opposed to FFF technology where the material is only sintered, that will 

influence the microstructure of the material.  

Although the specimens were printed with the same layer height (0,1 mm) and with the 

same number of layers on the top and bottom (6), there were some differences in the 

roughness of the specimens. With 25% infill density they have a higher Ra and Rz value 

with the gyroid pattern and a lower value with the quarter cubic pattern. Specimens with 

40% infill density have a higher Ra and Rz value with the tri-hexagon pattern and a lower 

value with the quarter cubic pattern. However, it was expected that the roughness between 

the different specimens would be similar, once the infill should not influence the surface, 

this can be because the roughness was measured after the tensile tests, in which they suffered 

some deformations. 

With the analysis of the cubes, it was possible to verify that due to the layered filament 

deposition, the roughness depends on the cube face. One of the consequences of using FFF 
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technology is the layer bonding, how the part construction is done by deposition of a 

filament, a “belly” is created between consecutive layers, so the layers are not well 

compacted, which causes increased roughness. The side face has a higher roughness value 

and roughness depth, and the top face has a lower roughness value and roughness depth. 

The Charpy V impact test were impossible to be performed and to obtain any results or 

conclusions due to the scarcity of time. However, these will be published in future reports.  

Concerning the cost analysis, it was possible to determine that for producing the turbo 

compressor wheel, the FFF technology is cheaper and faster than the SLM. In this study by 

using FFF technology to produce the part, will result in financial costs savings of 113,93€. 

Also, with FFF technology the investment made in machinery is lower and with this 

technology it is possible to print in an open chamber, as opposed to the SLM technology, 

that requires a chamber filled with inert gas. However, it is important to note that the SLM 

equipment selected for comparison on this study has a kinematics quite different from 

several other SLM equipments. While the Kurtz SLM machine has a Cartesian kinematics, 

other SLM equipment use a galvanometric head to govern the LASER trajectory on the XY 

plane. Although, another relevant factor is that metal FFF process can be considered a low-

cost process for metal parts and, thus, the comparison to a SLM machine should be 

performed considering a lower-cost LASER-based equipment. If in this study had been 

chosen an equipment with a galvanometric head to control the LASER trajectory on the XY 

plane, the build speed would be in the order of 7m/s to 10m/s and in this way SLM 

technology would be faster.  

Based on the present study, future research works could focus on study the densification 

and porosity after sintering; study the influence of sintering on layer interface; and 

microstructural evaluation of sintered parts. 
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Appendix A 

Specimen Weight [Kg] 
Volume Before 

[m^3] 
Density Before 

[Kg/m^3] 
Volume After [ml] 

Density After 
[Kg/m^3] 

Density differnce 
[Kg/m^3] 

  

1 0,0199 0,000069 288,261 0,000074 268,784 19,477   

2 0,0200 0,000069 289,812 0,000074 270,230 19,582 SD 1,688 

3 0,0201 0,000069 291,101 0,000073 275,151 15,951 Average  18,337 

8 0,0232 0,000068 340,941 0,000073 317,589 23,352   

9 0,0233 0,000068 342,338 0,000073 318,890 23,448 SD 1,036 

10 0,0233 0,000068 342,044 0,000074 316,449 25,595 Average  24,132 

15 0,0232 0,000068 341,147 0,000073 319,972 21,175   

16 0,0233 0,000067 347,194 0,000072 323,083 24,111 SD 1,107 

17 0,0235 0,000067 350,582 0,000072 328,517 22,065 Average  22,450 

22 0,0209 0,000067 313,534 0,000072 291,608 21,925   

23 0,0207 0,000066 313,939 0,000069 300,290 13,650 SD 4,215 

24 0,0204 0,000064 319,250 0,000069 296,116 23,134 Average  19,570 

30 0,0194 0,0000635 305,008 0,000068 284,824 20,184   

32 0,0195 0,0000630 309,762 0,000067 291,269 18,493 SD 1,063 

34 0,0196 0,0000625 313,456 0,000067 292,403 21,053 Average  19,910 

40 0,0225 0,0000620 362,306 0,000067 337,789 24,517   

41 0,0223 0,0000620 360,113 0,000066 338,288 21,825 SD 1,380 

42 0,0225 0,0000615 365,805 0,000066 340,864 24,941 Average  23,761 
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 Appendix B - Tri-Hexagon | 25% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

130 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

131 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

132 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

133 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

134 

Appendix C - Tri-Hexagon | 40% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

135 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

136 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

137 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

138 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

139 

 Appendix D -Gyroid | 40% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

140 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

141 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

142 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

143 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

144 

 Appendix E – Gyroid | 25% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

145 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

146 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

147 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

148 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

149 

 Appendix F - Quarter Cubic | 25% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

150 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

151 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

152 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

153 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

154 

Appendix G - Quarter Cubic | 40%  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

155 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

156 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

157 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

158 

 

 





Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

0 

Appendix H  

Ra 

40% 25% 

Tri-Hexagon Gyroid Quarter  Tri-Hexagon Gyroid Quarter  

2,979 2,471 2,016 2,889 3,857 3,150 

2,676 2,626 1,224 3,353 3,969 3,372 

2,871 2,778 2,125 3,077 3,825 2,511 

3,651 2,448 1,336 3,140 3,624 2,664 

2,878 2,605 1,359 3,362 3,914 2,648 

3,381 2,583 1,238 3,333 3,442 2,491 

3,132 3,065 1,271 3,395 2,943 2,612 

3,535 2,524 1,188 2,926 3,915 2,598 

2,778 2,889 0,904 3,050 3,531 2,436 

3,098 2,665 1,407 3,169 3,669 2,720 

Rz 

40% 25% 

Tri-Hexagon Gyroid Quarter  Tri-Hexagon Gyroid Quarter  

20,628 16,339 10,909 20,147 33,167 20,444 

20,255 20,402 6,427 24,112 33,183 19,870 

21,381 19,019 8,832 22,356 28,991 17,064 

21,977 17,730 7,758 27,144 26,550 20,659 

20,011 17,072 7,143 28,776 27,679 16,913 

20,105 16,710 7,126 27,448 22,743 19,450 

20,763 19,599 6,741 26,482 20,377 18,421 

21,816 17,976 6,955 27,813 29,080 19,815 

21,024 21,806 5,015 23,704 27,744 17,291 

20,884 18,517 7,434 25,331 27,724 18,881 
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Appendix I 

Nº Density Infill Thickness [mm] Widht [mm] 

1 

25% Tri-Hex 

4,89 6,01 

2 4,83 5,92 

3 4,85 5,94 

4 5,02 5,9 

5 4,94 5,93 

6 5,02 5,98 

7 4,93 6,01 

8 

40% Tri-Hex 

4,97 6,04 

9 4,96 6,07 

10 4,92 5,96 

11 4,94 5,98 

12 4,96 5,89 

13 4,89 5,96 

14 4,93 5,92 

15 

40% Gyroid 

4,97 5,96 

16 4,91 5,97 

17 4,89 5,89 

18 4,9 5,93 

19 4,86 5,94 

20 4,95 6,01 

21 4,92 5,93 

22 

25% Gyroid 

5,01 5,96 

23 4,98 5,98 

24 4,96 6,02 

25 4,83 5,98 

26 4,96 5,86 

27 4,82 5,87 

28 4,86 5,88 

29 
25% Quarter Cubic 

4,97 5,95 

30 4,98 5,97 
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31 4,90 6,05 

32 4,94 6,04 

33 4,93 5,94 

34 4,86 6,02 

35 4,93 5,87 

36 

40% Quarter Cubic 

4,90 6,07 

37 4,87 6,07 

38 4,84 6,00 

39 4,86 6,06 

40 4,94 6,04 

41 4,85 6,07 

42 4,91 6,08 
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Appendix J  

Tri-Hexagon  

25% 40% 

Nº Rp0.2 [MPa] Rm [MPa] Nº Rp0.2 [MPa] Rm [MPa] 

1 88,226 193,414 8 104,622 260,817 

2 90,879 223,001 9 104,283 263,918 

3 90,879 223,001 10 108,622 276,979 

4 95,482 214,262 11 108,558 279,059 

5 90,859 213,315 12 108,123 258,284 

6 97,381 211,016 13 108,277 255,217 

7 94,238 225,408 14 108,944 255,619 

Average  90,879 214,262 Average  108,277 260,817 

SD 2,974 10,150 SD 1,849 9,141 

 

Gyroid  

40% 25% 

Nº Rp0.2 [MPa] Rm [MPa] Nº Rp0.2 [MPa] Rm [MPa] 

15   299,640 22   305,626 

16 103,605 286,951 23   305,626 

17 105,542 312,862 24   309,656 

18 106,391 318,270 25   336,548 

19 112,440 322,126 26 104,462 317,298 

20 106,520 304,395 27   261,004 

21 104,847 307,127 28 67,605 208,899 

Average  105,967 307,127 Average  86,034 305,626 

SD 2,808 11,034 SD 18,429 39,953 
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Quarter Cubic  

25% 40% 

Nº Rp0.2 [MPa] Rm [MPa] Nº Rp0.2 [MPa] Rm [MPa] 

29 92,406 256,954 36   280,569 

30 89,966 241,843 37   274,055 

31 92,275 245,397 38   299,237 

32 92,334 250,625 39 96,393 295,248 

33 93,430 249,199 40     

34   230,728 41     

35   261,254 42     

Average  92,334 249,199 Average  96,393 287,908 

SD 1,140 9,313 SD 0,000 10,325 
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 Appendix L – Tri-Hexagon | 25%  
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 Appendix M –Tri-Hexagon | 40%  

 

 

 

 

 

 

 

 

 

 

 

 

0

50

100

150

200

250

300

0 5 10 15 20 25

St
an

d
ar

d
 f

o
rc

e
 [

M
P

a]

Strain [%]

Tri-Hex 40% - 8

0

50

100

150

200

250

300

0 5 10 15 20 25

St
an

d
ar

d
 f

o
rc

e
 [

M
P

a]

Strain [%]

Tri-Hex 40% - 9

0

50

100

150

200

250

300

0 5 10 15 20 25

St
an

d
ar

d
 f

o
rc

e
 [

M
P

a]

Strain [%]

Tri-Hex 40% - 10

0

50

100

150

200

250

300

0 5 10 15 20 25
St

an
d

ar
d

 f
o

rc
e

 [
M

P
a]

Strain [%]

Tri-Hex 40% - 11



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

3 

  

  

 

. 

 

 

 

 

 

 

 

 

 

 

0

50

100

150

200

250

300

0 5 10 15 20 25

St
an

d
ar

d
 f

o
rc

e
 [

M
P

a]

Strain [%]

Tri-Hex 40% - 12

0

50

100

150

200

250

300

0 5 10 15 20 25

St
an

d
ar

d
 f

o
rc

e
 [

M
P

a]

Strain [%]

Tri-Hex 40% - 13

0

50

100

150

200

250

300

0 5 10 15 20

St
an

d
ar

d
 f

o
rc

e
 [

M
P

a]

Strain [%]

Tri-Hex 40% - 14



Evaluation of Mechanical Proprieties of Fused Filament Fabrication 3D Printed Parts 

4 

Appendix N - Gyroid | 40%  
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Appendix O - Gyroid | 25%  
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Appendix P - Quarter Cubic | 25%  
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Appendix Q - Quarter Cubic | 40  
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Appendix R – Tri-Hexagon | Side 
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Appendix S – Gyroid | Top 
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Appendix T – Quarter-Cubic | Top 
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Appendix U – Tri-Hexagon | Top 
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Appendix V – Gyroid | Side 
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Appendix X – Quarter Cubic | Side 
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