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Abstract 

There is the need in industry to produce increasingly complex parts with lower costs. However, the 

traditional manufacturing processes impose limits in the complexity of the parts created and, 

simultaneously, the cost of its manufacturing makes production unfeasible by those methods. For that 

reason, additive manufacturing methods have been receiving increasing attention and investment.  

Even if additive manufacturing processes have developed significantly since its origin, there are still 

limitations that hamper its fully adoption. In processes such as Laser Powder Bed Fusion, obtaining 

parts with characteristics comparable to its counterparts produced by traditional methods is still a 

challenge, especially when using reactive alloys, such as Ti6Al4V, and for industries with tight 

tolerances and requirements, such as the biomedical or aerospace. 

 

To overcome this matter, it is necessary to have in-depth knowledge of how the process parameters 

relate with each other and with the properties obtained in the final part. 

 

This work sought to understand how process parameters as the laser power and speed, hatch 

distance or build plate position affect the final part properties. A fixation plate for the biomedical 

industry was produced and its mechanical properties, surface finish and dimensional accuracy were 

investigated. To predict which parameters had most influence in each property a statistical software 

was utilized to create Design of Experiments, analyse the results and obtain optimized parameter sets 

for each property. 
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Resumo 

Há crescente procura da indústria por métodos que permitam produzir peças de maior complexidade 

e com custos mais reduzidos. Contudo, os processos de fabrico tradicionais impõem limites na 

complexidade das peças que permitem criar e ao mesmo tempo resultam em custos que inviabilizam 

a produção de certas peças mais complexas. Por esse motivo, os processos de manufatura aditiva 

têm vindo a receber crescente atenção e investimento.  

Ainda que estes métodos tenham registado um desenvolvimento significativo desde a sua origem, 

existem ainda limitações associadas aos mesmos que impossibilitam que estes substituam os 

métodos de manufatura comuns. Em processos como L-PBF, a obtenção de produtos com 

características que se encontrem ao mesmo nível dos seus pares produzidos pelos métodos 

tradicionais é ainda um desafio, em especial utilizando ligas como a de Ti6Al4V para indústrias com 

especificações e requerimentos particulares, como a biomédica ou aeroespacial. 

Para ultrapassar este problema, é necessário compreender em profundidade como todos os 

parâmetros associados ao processo se relacionam entre si e com as propriedades mecânicas, com o 

acabamento superficial e com as deformações da peça final.  

Este trabalho procurou compreender de que forma os parâmetros associados ao processo como a 

potência e velocidade do laser, a distância entre cordões ou a posição em que as peças são criadas, 

influenciam as propriedades finais obtidas. Para tal, um implante foi produzido e as suas propriedades 

mecânicas, acabamento superficial e precisão dimensional foram investigadas. Para prever quais os 

parâmetros com maior influência em cada propriedade, um software estatístico foi utilizado para o 

Design of Experiments, análise dos resultados e obtenção de conjuntos de parâmetros otimizados 

para cada propriedade. 

 

 

Palavras-chave: ligas de titânio, titânio, manufatura aditiva, L-PBF, parâmetros do processo. 
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 Introduction 

Additive Manufacturing (AM) allows the creation of parts, layer-by-layer, from a CAD model. This 

model is sliced in thin layers with the use of a software and the part is then built by melting, sintering 

or depositing the feedstock material, one layer at the time, according to the information for each layer. 

It refers to a large range of manufacturing processes that can be used for various materials, types of 

feedstock and heat sources, according to the product specifications. [1]  

 

Industries such as the medical or aerospace seek for more cost-effective strategies to manufacture 

more complex parts without the need to assemble and have been major driving forces in AM 

technologies development. From higher build sizes and build rates to better control and monitoring 

systems, producing parts with comparable or even superior mechanical properties in the as-built state 

as the ones produced by conventional manufacturing methods is the ultimate goal of AM. [2]. 

However, the overall quality of the products produced by AM is still an obstacle when compared to 

their counterparts produced by the traditional manufacturing methods and as such there is the 

necessity to fully understand how to improve the characteristics and properties of the parts produced 

with AM technologies by optimizing the process parameters.  

 

 Objectives 

The objective of this work is to understand how main process parameters can influence surface finish, 

microstructure and mechanical properties in a specific metallic wrist fixation plate produced by Laser 

Powder Bed Fusion (L-PBF) using Ti6Al4V alloy.  

 

 Thesis structure 

The present work is divided in five chapters: Introduction, Additive Manufacturing, Titanium parts 

produced by L-PBF, Experimental Approach, Results and Discussion, Conclusions and References. 

Chapter 1 presents additive manufacturing and the objectives of this work. Chapter 2 introduces the 

principles of additive manufacturing with focus on metal additive manufacturing and reviews the work 

previously developed in L-PBF. Chapter 3 presents a literature review on titanium and details titanium 

alloys characteristics as a feedstock material for parts printed by L-PBF. Chapter 4 shows the 

experimental work developed along with the materials and equipment used. Chapter 5 presents the 

results and its analysis and Chapter 6 shows the main conclusions and suggestions for future work.  
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 Additive Manufacturing 

 Introduction 

AM is defined by ASTM as the “process of joining materials to make objects from 3D model data, 

usually layer upon layer, as opposed to subtractive manufacturing methodologies”, the latter involving 

the production of objects by removing material from a bulk solid. It is also be known by additive 

fabrication, layer manufacturing or freeform fabrication. 

AM started more than 30 years ago in the rapid prototyping field, with the purpose of producing non-

structural products mainly for design. Since then has evolved to produce complex structural products 

with geometries difficult or impossible to produce by the conventional manufacturing methods, and the 

objective became to replace those methods. It has several advantages compared with existent 

manufacturing methods: production of more complex shapes, reduce the need for parts assemble or 

reduce material waste associated with subtractive methods. [3] 

According to ISO/ASTM 52900, there are seven different AM processes to create objects layer by 

layer by extruding, jetting, photo-curing, laminating or fusing the feedstock materials. These materials 

go from metals, polymers, ceramics and glasses to biomaterials and composites, in the form of 

filaments, liquids, powders or pellets.  

 Metal AM 

Metal AM allows the production of parts from pure metals and alloys by melting and solidification. The 

several existing technologies can be classified according to the type of feedstock used and how it is 

deposited or to the heat source, among others. The processes are included into two main categories: 

Powder Bed Fusion or Direct Energy Deposition. To further classify the process, it can be sorted 

according to the heat source: Laser beam, Electron beam, Gas Metal arc and Plasma arc. Additional 

nomenclature regarding the type of feedstock separates the processes in Powder Bed, Powder Fed 

and Wire Fed. In the Powder Bed methods, the powder is spread across the build plate for each layer 

and melted. For Powder Fed systems, the deposition is made through a nozzle to the melt pool. In 

Wire Fed systems, the wire is deposited and melted by the heat source along the laser path. A 

schematic representation of the different processes according to the different classifications is 

represented in Figure 2.1. Figure 2.2 shows schematics of some of the processes referred.  
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Figure 2.1 - Metal AM categories and processes. 

 

 

Figure 2.2 - Diagrams of Metal AM processes: a) Laser Direct Energy Deposition, b) Electron Beam Direct 
Energy Deposition, c) Gas Metal Arc Direct Energy Deposition, d) Laser Powder Bed Fusion (adapted from [3]) 
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Among the existing methods, the most used are L-PBF, Electron Beam Powder Bed Fusion (EB-PBF) 

and Laser Direct Energy Deposition (L-DED). These methods can be known for other denominations - 

which arise from the trademark names from the machine manufacturer (Table 2.1).  

Table 2.1 – Terminologies and variants for metal AM processes. [4] 

Method Other terminologies 

L-PBF 

Selective Laser Melting (SLM), Laser Beam Melting 

(LBM), Direct Metal Laser Sintering (DMLS), Laser 

Metal Fusion (LMF), LaserCUSING or industrial 3D 

printing 

EB-PBF Electron Beam Melting (EBM) 

L-DED 

Laser Metal Deposition (LMD), Direct metal 

Deposition (DMD), Laser Engineered Net Shaping 

(LENS), laser cladding or laser deposition welding 

 

Although since they first appear metal AM processes evolved greatly, there are still challenges to 

overcome nowadays in the production of parts by AM powder bed systems: the residual stresses 

induced in the parts by the process, the surface quality, the production of overhanging structures 

since it requires additional support structures, the unpredictable obtained microstructures and 

associated mechanical properties derived from the complex thermal cycle the powders suffer and the 

elimination of defects related with the process itself. [1] 

 

 Laser Powder Bed Fusion 

  Process 

The process starts with the generation of an STL file from a CAD model of the part, which is the 

common step to all metal AM processes. A layer of the metal powder is then laid over the build plate 

that functions as the substrate upon which the part is formed and the heat source will selectively melt 

the layer (Figure 2.3). This step repeats until the final 3D part is completed, being the layers of powder 

spread with the aid of a recoater blade or a levelling system after the build plate is lowered by the 

height of a layer, that can go from 20 to 100 µm. [2] Usually support structures are built between the 

part and the build plate to facilitate its removal, to support overhanging zones of the part if existent 

and to control deformation.  
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Figure 2.3 - Schematics of L-PBF machine and process. [4] 

The dimensions of the building areas can reach up to 800×400×500mm3 and the powder can either 

be fed by a hopper or provided by a container next to the build chamber. In the end of the process, 

the remaining powder can be sieved and used again to produce another part. The laser beam is 

directed with a galvanometer and scans the powder with a speed that can reach 15 m/s. [4][5] When 

the laser beam scans the powder bed, its energy is transferred into heat due to the absorption in the 

powder surface, and the metal powders are molten. [6] The absorbed heat is transferred by radiation, 

conduction and Marangoni convection, being the latter the major driving force for the convective flow 

of liquid metal in the melt pool. The dimensions of the originated melt pool will depend on the amount 

of incident heat, heat transfer and molten metal flow (Figure 2.4). [3]  

 

Figure 2.4 – Melt pool dynamics on PBF AM. [3] 

 

During the process, and due to the complexity of the melt pool dynamics, chemical reactions may 

occur, and by-products can be generated, deriving from the high energy laser beam interaction with 

the powder. The most common are the welding plume, which consists on a plasma plume (ionization 
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of the gas over the melt pool), metal vapour (alloying element vaporization), spatter (expelled liquid 

metal due to instabilities on the melt pool) and ejected powder (caused by the welding plume). These 

by-products can have a direct influence on the process, causing beam attenuation by blocking the 

laser path and defect creation due to the redeposition of the by-products. [7][8] 

Table 2.2 refers to L-PBF systems by different manufacturers and respective operating conditions 

Table 2.2 - L-PBF systems and operating conditions. [9]  

System Build volume (mm) Energy source 
Beam 

diameter (µm) 

Layer 

thickness 

(µm) 

SLM (SLM250) 250×250×350 
400W Nd:YAG 

laser 
~80 20-50 

EOS (EOS400) 400×400×400 1000W: fibre laser ~80 40 

Concept Laser 

(M2) 
250×250×300 200W: fibre laser 70-200 30 

Renishaw 

(RenAM 500 M) 
250×250×350 

500W: Ytterbium 

fibre laser 
75 30-60 

Concept Laser 

(X LINE 2000R) 
800×400×500mm 

2×1000W: fibre 

laser 
100-500 30-150 

 

  Process parameters and influence on properties 

The process parameters are responsible for the characteristics of the parts produced. Some authors 

defined more than 100 parameters for the PBF techniques. [2] However, the present work will focus 

on the ones considered most relevant for the microstructure, surface finishing, dimensional accuracy 

and mechanical properties in parts produced by L-PBF. The parameters directly associated to the 

process and other parameters that may affect the parts properties (such as powder characteristics) 

should always be evaluated together since examining them individually can lead to inaccurate 

conclusions.  
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Figure 2.5 – Relationship between manufacturing process, process parameters, thermal and solidification 

phenomena, microstructure and mechanical properties. (Adapted from [10]). 

The process parameters effect on different phenomena happening in the process and their mutual 

interactions are not always clear. 

Laser type 

Different types of lasers can be used for metals in powder bed fusion processes such as CO2 lasers, 

Nd:YAG lasers and Yb-fibre lasers (Table 2.3).[11] The type of laser used will influence the 

consolidation of the powder particles in the sense that the different types of laser can achieve different 

energy densities. The laser absorption for different materials depends on the laser wavelength – for 

metals, absorption decreases as the wavelength increases. [12] Besides, the laser mode – 

continuous or pulsed – will have a relevant role in consolidation. [13] The most used lasers in L-PBF 

are the single mode fibre lasers in continuous wave mode that emit radiation with a wavelength of 

1060 nm-1080 nm in the near infrared (NIR). [4] Although pulsed wave lasers are used and allow to 

obtain better dimensional accuracy - the use of a pulsed laser was shown to reduce the size of the 

heat affected zone-, an increase in the induced residual stress was observed in the final parts when 

compared with continuous laser. [14]  

The typical spot sizes for additive manufacturing are between 50 and 180 µm.  

Table 2.3 – Laser types and respective specifications. [11]  

Laser CO2 Nd:YAG Yb-fiber 

Wavelength 9.4, 10.6 µm 1.06 µm 1.07 µm 

Power Up to 20 kW Up to 16 kW Up to 10 kW 

Operation mode Continuous & pulse Continuous & pulse Continuous & pulse 

Pulse duration Hundreds ns-tens µs Few ns-tens ms Tens ns-tens ms 

Fiber delivery Not possible Possible Possible  
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Energy density 

The energy density represents the energy applied to the powder bed and is often used to compare 

parts when varying process parameters such as power, scan speed, hatch distance or layer 

thickness. There are several ways to define this parameter and it is found on literature in form of 

linear, surface or volumetric energy density. The most common form is energy per unit volume of 

powder [15][16]: 

𝐸 =
𝑃

𝑣ℎ𝑡
 (1) 

Where P is the laser power, v is the scan speed, h is the hatch distance and t is the layer thickness. 

Energy density has been extensively studied as a parameter in studies related with the level of 

porosity obtained in AM parts. Obtaining full density in the final part can be considered one of the 

main objectives in AM and the energy density input to the powder affects the resulting density. It was 

reported that excessive energy density (>292 J/mm3) could lead to pores with sizes in the order of 

50m due to the keyhole effect. In addition, insufficient energy density was revealed to be the source 

of voids (>100 µm in length) due to a lack of powder particle melting. It was concluded that using 

energy densities in the range 58-292 J/mm3 could reduce porosity to less than 0.05%. [17]  

In terms of microstructure, energy density was observed to influence the formation of an ultrafine 

lamellar α+β structure (which enhances the part mechanical properties). Decreasing energy density 

promotes the formation of the acicular α’-martensite. [15] 

Laser power 

Laser power is one of the parameters involved in the energy density input to the powder bed. By 

increasing laser power (maintaining all other parameters constant), it is possible to achieve higher 

heat penetration depths. The effect of laser power combined with the scan speed has been the focus 

in several studies to obtain operating windows for the porosity of produced parts. These process 

windows define zones of power/scan speed to achieve certain results in porosity. (Figure 2.6) 

 

 

Figure 2.6 - Process window for Ti6Al4V samples produced by L-PBF. [15] 
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In addition, laser power was proven to have significant effects on properties such as surface 

roughness – for increasing laser power, less balling effect was observed. It was reported that the 

increasing laser power can have beneficial effects in the microstructural homogeneity. [18] 

 

Scan speed  

Scan speed is the velocity at which the laser beam scans the metal powders and has an effect on the 

melting and solidification of the layers. Low scanning speed increases the interaction time between 

the laser and the powder. This is advantageous combined with an appropriate laser power since it 

allows the complete melting and avoids defect formation. However, for high laser powers vaporization 

can be observed creating defects. It was reported that scan speed is the dominant influence on 

porosity when combined with a high laser power. [18]  

Exposure time and Point distance  

When referring to a pulsed laser, the scan path is controlled by attributing an exposure time and a 

point distance. The exposure time corresponds to the time of the laser pulse in each point, while the 

point distance is the space between consecutive points. To compare with continuous laser, an 

approximation can be made by dividing the point distance by the exposure time – however, it is a 

rough approximation since it does not account for scanner jump and laser delays. [19] 

Scan strategies  

The scan strategy is the pattern followed sequentially by the individual melt tracks. [4] It affects the 

heat transfer to the powder layer, the powder melting and solidification and, consequently, defect 

formation. [20] The scan strategies were reported to be able to influence the grain structure formation. 

Either equiaxed or columnar grains can be formed by adopting different scan strategies across layers, 

influencing the thermal gradients. [21] Regarding the microstructure, independently of the scan 

strategy, α’-laths growing inside the columnar β-grains can be observed. [22] Concerning surface 

finish, a study showed that using scan strategies such as zigzag or meander patterns can lead to un-

melted particles and higher surface roughness as well as irregular solidification. [18] 

 

Figure 2.7 - Common scan strategies: (from left to right) meander, stripes, chessboard and total fill. 

Hatch distance 

Defined as the distance between the centre lines of two successive laser scans, has an effect on the 

heat input to the powder layer. [2] Decreasing hatch distance increases the overlapping of the melt 

lines leading to porosity increase in the final part due to the inability of the gases to escape from the 



10 
 

melt pool. [18] Although, hatch distances that result in an excessively small percentage of overlap are 

not recommended since can result in unmelted particles. 

Hatch angle 

The hatch angle is the angle between the laser scanning directions on consecutive layers (Figure 

2.8). [23] 

 

Figure 2.8 - Rotation in lines neighbouring planes. [23] 

The hatch angle will influence the anisotropy of the final part. Its influence was studied for a stainless 

steel, by measuring the tensile properties for different hatching angles. The anisotropy is reduced by 

having the biggest layer interval, characterized by N (Figure 2.9). The interval number indicates after 

how many layers the melt line direction matched with the direction of the first melt line, being the best 

result 105°, producing parts with the minimal anisotropy in its properties. [23] 

 

Figure 2.9 - Diagram of intervals under different hatch angles. [23] 

Layer thickness 

The powder layer thickness corresponds to the height of the layer of powder deposited and to the 

distance that the build plate is lowered. To achieve better overall quality of the final part, it is 

preferable to use smaller layer thickness, which will be limited by the size of the powders used. [24] 

The layer thickness also has an influence on the resulting microstructure – it was shown that four 

different values for layer thickness (from 30 to 90 µm) were able to originate four different 

microstructures. [4] 

Support structures 

The support structures are needed for fixation of the part to the build plate, to provide support and 

avoid displacement during the printing and contribute to heat dissipation. These structures help 

reducing the deformation of the parts and can be built in different shapes and sizes, according to the 

process requirements. Since the structures must be removed in the end of the production, its 
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positioning and size should reflect a balance between the benefits they provide in the reduction of the 

part deformations and the finishing post-treatments that would be needed for their removal. [4] 

Build plate pre-heating 

The pre-heating is usually done at temperatures from 200 to 500°C aiming the reduction of the 

distortions caused by the thermal gradients.[4] Pre-heating of the powder bed results in slower cooling 

rates promoting a more suitable microstructure. [25] 

Process chamber atmosphere 

The process is carried out inside a chamber with controlled atmosphere. The oxygen content is 

maintained below 0,1% by feeding nitrogen or argon to the chamber depending on the material being 

used. By providing a controlled atmosphere, the interactions between the metal powder and the 

surrounding gas are minimized and the melt is protected from oxidation. The inert gas flow also helps 

in the removal of secondary products from the melt such as spatter or fumes. [4] The presence of an 

inert gas flow inside the built chamber can influence the parts according to their relative location to the 

source of gas. It was shown that the gas flow can affect the part porosity due to the re-deposition of 

impurities generated by the process. Regarding the porosity, the flow rate and the flow pathway were 

shown to influence the properties of Ti6Al4V parts. [21] 

Build orientation 

It is defined as the angle between the longitudinal axis of a part and the vertical axis of the build. [23] 

When selecting the build orientation for a determined part, several factors should be considered. The 

dimensional accuracy and surface finishing can be influenced by the angle at which the part is printed  

The direction of the recoater movement should also be taken into account since the possible 

deformations originated during the printing process due to residual stress may cause the recoater to 

contact with the part, possibly damaging the recoater and invalidating the build. 

Other parameters 

Some parameters related with processes performed pre or post part production can affect the 

properties of the actual final part obtained. 

Powder characteristics such as its flowability, density or particle distribution are variables present 

before the printing process itself. The production of the powder is the first critical step since different 

methods can produce powders with diverse characteristics and quality – influencing both production 

and final part cost. The most used techniques are gas, plasma or water atomization – being the latter 

not suitable for titanium or other reactive materials. Rotary atomization and plasma rotating electrode 

are two other processes available. [3] In the case of titanium and its alloys, low-cost processes are 

being investigated or already in use. The diverse production methods result in different powder 

morphologies, sizes or chemical compositions. In gas atomization, the gas can influence the 

microstructure and phase composition of the powders and, consequently, impact on the final part 

properties. [4]  
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The size of the powders has to be carefully chosen, being the typical powder sizes for L-PBF between 

10 and 60 µm. [3] It must balance the resolution to be achieved in the parts and a decent powder 

flowability. Larger powders produce parts with poor resolution and tolerances but small particles, 

although enhancing surface quality and fill the interstitial space between bigger particles decreasing 

porosity, tend to agglomerate and decrease the powder flowability. Besides, smaller particles have an 

higher cost. [26][27] The characteristics of the powder, the granulometry and apparent density are 

also related with the absorptivity of the powder layer, being the latter higher than the one of the bulk 

material. [7]  

After the part is printed several operations can be performed to improve its characteristics. Particles of 

loose powder may be attached to the surface and can be removed with brushes, compressed air or in 

an ultrasonic bath. Besides, since the as-built parts might have high roughness, porosity and residual 

stresses due to the process, some techniques can be used to homogenise the surfaces and improve 

mechanical properties. These methods include shot-peening, bead-blasting or blasting. In blasting, 

the powder used for the printing can be used as the blasting media. [28] Thermal treatments can be 

used too. The thermal treatments can be used not only to reduce the residual stresses but also to 

improve the mechanical properties by changing the microstructure. [29]  There are usually three 

types: 

1. Annealing above the usual stress relief cycle but below the β transus temperature; 

2. Two stage heat treatment, first above β transus temperature and quenching to obtain a 

martensitic phase and a second tempering below β transus temperature; 

3. Hot Isostatic Pressing (HIP) – combining heat treatment with applied pressure. [1] 

The parameters associated can comprise treatment temperatures, thermal cycles, among others. 

  Process control and monitoring systems 

To broadly adopt AM in different industries it is necessary to ensure the quality of the parts produced. 

Monitoring and control of the process is essential not only to detect defects during the production but 

also to control the production process itself, avoiding defects.  

The melt pool geometry and its temperature are the crucial parameters to be monitored.[3] For that 

purpose, previous studies utilized an in-line camera system with a high-speed camera and a 

photodiode. This system allows both the measurement of the melt pool size and the analysis of the 

radiation emitted. To control the system, a closed-loop feedback can be used to stabilize the melt pool 

and control the temperatures – method patented by Concept Laser. Pyrometry systems can also be 

utilized to measure and monitor the temperatures on the build area. IR cameras are another option on 

non-contact thermal measurements. [30] 
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  Common defects 

The most common defects in L-PBF are the “balling” phenomenon and undesired porosity (Figure 

2.10). [2] The balling effect is characterized by the formation of spheroidal beads in the molten metal. 

This can result from insufficient wetting of the previous layer and from the surface tension gradient 

formed in the melt pool. It happens at very high scanning speeds when the melt pool tends to 

elongate and become unstable. [3][26] The balling phenomenon limits not only the process resolution 

due to the formation of discontinuous tracks, but also the mechanical properties because it 

compromises the correct deposition of the following layers. [31]  

 

Figure 2.10 - Common defects observed in Ti6AL4V parts produced by L-PBF process: a) spherical porosities, b) 

balling effect. [15] 

 

Regarding porosity defects, two types of porosity shapes were observed: spherical and irregularly-

shaped (Figure 2.11). Spherical pores are typically small (less than 100 µm) while the second type is 

usually slit-shaped. Both types are originated by distinct sources. The spherical porosity can be 

generated by the powder used, which can have pores due to the gas atomization process, that result 

in microscopic porosity in the part. Entrapment of shielding gas in the melt pool can generate 

porosities as well. Besides, the high power used can lead to keyhole mode melting that can generate 

melt instability leading to voids of entrapped vapor.[3] The second type is also known as lack of fusion 

holes and is generated by incomplete fusion of powders due to low energy input. The defect is further 

formed due to poor bonding of the next layer or the existence of un-melted powder particles [20] 
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Figure 2.11 - Porosity defects in parts produced by L-PBF process: a) spherical porosity induced by keyhole 
effect, b) spherical and slit-shaped porosity. [3] 

Cracking can also be observed, mainly deriving from the residual stresses in the parts. There are 

mainly three types of cracks that can be observed in AM components. The first is solidification 

cracking, the second is liquation cracking and the last is delamination.[3][32] The high cooling rates 

experienced in the process produce a great temperature gradient that generates residual thermal 

stress in the part. This residual stress often induces crack initiation and propagation. Cracks are more 

likely to initiate at the surface of the as-built part due to the characteristic surface roughness, being 

the latter attributed to partially melted powders and the stair step effect (which is defined as a stepped 

approximation by layers of curved and inclined surfaces. [20][31] 
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 Titanium parts produced by L-PBF 

 Titanium and Titanium alloys 

The use of titanium and its alloys has been growing since the 1950’s due to its properties such as 

specific resistance, corrosion resistance, biocompatibility, high-temperature resistance and strength, 

among others. There are 20 to 30 titanium alloys which are commercially available and each has 

different characteristics depending on the constituent phases. [29] 

At room temperature, titanium has a hexagonal close packed (HCP) structure – the α-phase – that 

transforms into a body centered cubic structure at 888°C – the β-phase.  

The addition of alloying elements to pure titanium, will change the temperatures of the phase 

transformation and produce a two-phase field where both phases are present. The extent of the 

constituent phases will vary according to the percentage and characteristics of the alloying elements. 

Alloying with elements such as aluminum or oxygen will raise the temperature at which the 

transformation α+β→β occurs – acting as α-phase stabilizers. Elements such as vanadium or 

molybdenum act as β stabilizers – lowering the temperature at which the transformation α+β→β 

occurs.  

The several titanium alloys available can be classified according to the volume fraction and 

morphology of α and β phase present. There are 5 categories where the alloys can be incorporated: α 

alloys, near α, α+β, near β and β, depending both on the starting microstructure and cooling rate 

(Figure 3.1). The alloy will present different mechanical properties according to the phases present. 

 

Figure 3.1 - Quasi-vertical section of ternary titanium alloys diagram [1] 
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One of the most used alloys is Ti6Al4V, representing 50% of the commercialized titanium alloys. It is a 

+ alloy, developed in the 1950’s with a good balance of mechanical properties, plastic workability, 

heat treatability and weldability. The aluminium addition stabilizes the α-phase while vanadium 

provides an increased stability of the β-phase. The equilibrium microstructure at room temperature is 

a combination of α and β phases (more α, but still some retained β). [29][33] However, the 

microstructure obtained is a function of the cooling rate. The transformation temperatures of Ti6Al4V 

can be observed in the CCT diagram (Figure 3.2) 

 

Figure 3.2 - Ti6Al4V alloy CCT diagram [34] 

The temperatures at which the α+β→β phase transformation occurs for Ti6Al4V (Table 3.1), as well as 

the influence of cooling rates (Table 3.2) in the final phase composition of the alloy, have to be taken 

into account so the desired properties are obtained (Table 3.3). 

Table 3.1 - Temperatures of phase transformations in Ti6Al4V alloys [34] 

Phase transformation Temperature 

𝑻𝜶+𝜷→𝜷
𝒏𝒔  890 

𝑻𝜶+𝜷→𝜷
𝒑𝒔

 930 

𝑻𝜶+𝜷→𝜷
𝒇

 985 

𝑻𝜷→𝜶+𝜷
𝒔  950 

𝑻𝜷→𝜶+𝜷
𝒇

 870 

ns - nucleation start 

pc - precipitation start 

s - start 

f - finish 
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Table 3.2 - Resulting phase composition in Ti6Al4V for different cooling rates. [34] 

Cooling rate (°C/s) Phase composition 

48 - 18 α'(α’’) 

9 α+α’(α’’) 

7 α+α’(α’’) 

3,5 α+α’(α’’)trace+β 

1,2 – 0,04 α+β 

0,024 – 0,004 α+β 

 

Table 3.3 - Properties of Ti6Al4V. [7] 

Properties Ti6AL4V 

Hardness (HV) 300 ± 30 

Young’s Modulus (GPa) 110 ± 10 

Yield strength (MPa) 800 – 1100 

Tensile strength (MPa) 900 – 1200 

Elongation (%) 13 – 16 

Transition α/β phase (°C) 995 

Thermal conductivity (W/(mK)) 7 

 

 Microstructure and influence on mechanical 

properties 

Titanium is one of the materials with more potential for AM due to a combination of factors. In the 

liquid state titanium is highly reactive to oxygen, nitrogen, hydrogen and carbon, making it difficult to 

produce by conventional methods such as casting.[26] Besides, it has broad applications in different 

industries (such as aerospace and biomedical) due to its properties though AM is a suitable substitute 

to the costly manufacturing methods associated to the production of titanium parts.  

When a part is created layer-by-layer, the individual lines are melted and recrystalized and from that it 

is expected to obtain a fine grained microstructure that will differ from the α+β dispersion obtained by 

conventional manufacturing methods. [23] During the L-PBF process, the material is subjected to a 

complex thermal cycle that involves [4]: 

• Rapid heating - above the melting temperature (Tm); 

• Rapid solidification of the molten material; 

• Several re-heating and re-cooling cycles caused by the deposition of the next layers. 

For this reason, the microstructure of the final part will result from this complex cycle and is commonly 

a meta-stable microstructure, difficult to predict, as well as the phase composition. 
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The components solidify first as β phase and the grains grow from the boundary to the centreline of 

the melt pool. The successive  laser scans promote crystal growth along several layers (Figure 3.3). 

[33][35] As such, macrostructurally the alloy have both equiaxed and columnar grains, the latter 

corresponding to β grains. Upon cooling, β phase transforms to α'-martensite for high cooling rate and 

to α for slow cooling rate. Since for L-PBF process there is a high cooling rate – between 12000˚C/s 

and 40000˚C/s, depending on the energy input – the first type of transformation occurs.[15]  

 

 

Figure 3.3 - Optical micrograph of as-build Ti6Al4V on a) frontal plane and b) lateral plane, showing grain growth 
along layers. [36] 

Epitaxial grain growth was observed for Ti6Al4V produced by different AM methods, oriented in the 

build direction with grain sizes bigger than the layer thickness (Figure 3.4 (a) and Figure 3.5 

(a)).[4][23]  

A needle-like α'-martensite structure was reported in several studies (Figure 3.4 (b) and Figure 3.5 

(b)). However, by varying the process parameters it is possible to originate different microstructures. 

Figure 3.6 shows the different microstructures obtained in a study where parts were printed with 

several values of layer thickness. 
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Figure 3.4 - Ti6Al4V structure produced by L-PBF (as-build conditions) (a) elongated grains in the build direction 
and (b) needle-like martensitic microstructure. [4] 

 
Figure 3.5 - (a) Optical micrograph of Ti6Al4V in the vertical direction and (b) SEM image showing the α’ -

martensite needles formed from the columnar β [15] 

 
Figure 3.6 - Ti6Al4V microstructure variation with layer thickness. (a) Fine columnar prior β-grains filled with α’ 

martensite using a layer thickness of 30 µm, (b) ultrafine lamellar α+β using a layer thickness of 60 µm, (c) 
acicular α’ with minor α+β lamellae using a layer thickness of 90 µm and (d) α’ martensite formed inside the prior-

β grains in (a). [4] 

 

a b 



20 
 

The resulting microstructure has an important role in the mechanical properties obtained in the parts 

produced. Microstructural parameters such as the β-grain size, the size of the colonies of α-phase 

lamellae and of the α-lamellae itself and the morphology of the interlamellar interface (Figure 3.7) as 

well as the morphology of the phases will influence the mechanical performance of the alloy (Table 

3.4). [34] In Ti6Al4V, it was observed that α-colony or α-lath width are the most influential 

microstructural parameters for the mechanical properties being the typical α-lath width reported in the 

literature smaller than 1 m. [4] 

 

 

Figure 3.7 - Parameters of the lamellar microstructure: D - prior β-grain size, d - α-lamellae colony size, t – α-

lamellae thickness [34]. 

 

Table 3.4 - Microstructures of Ti6Al4V produced by L-PBF reported in the literature. [4] 

Microstructure Yield Stress (MPa) Elongation (%) 

Acicular α’ 1040 ± 10 / 1000 8,2 ± 0,3 / 8,5 

α + α’ 840 6,8 

Fine α’ in columnar prior-β 1143 ± 30 4,89 ± 0,6 

Fine acicular α’ 1137 ± 20 7,6 ± 2 

 

Reference values from the literature for the mechanical properties of as built Ti6Al4V parts (Young’s 

modulus, yield strength, UTS, elongation) are presented in Table 3.5. The data is relative to as-built 

samples produced in both vertical and horizontal directions.  

Table 3.6 shows the hardness reference values for as-built, heat treated and HIPed samples in the 

horizontal and vertical directions. 
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Table 3.5 - Ti6Al4V mechanical properties reported in the literature.  

Sample 
Build 

orientation 

Young’s 

Modulus 

(GPa) 

Yield 

strength 

(MPa) 

UTS (MPa) 
Elongation 

(%) 
Reference 

As built 

Horizontal 

105 ± 5 1137 ± 20 1260 ± 8 7.6 ± 2 

[37] 

94 1125 1250 6 

109.2 ± 3.1 1110 ± 9 1267 ± 5 7.28 ± 1.12 

- 800 967 ± 11 3.45 ± 0.19 

- 1060 ± 50 1230 ± 50 10 ± 2 [33] 

112 1043 1248 8.5 [23] 

Vertical 

102 ± 7 962 ± 47 1166 ± 25 1.7 ± 0.3 

[37] 

- 770 920 ± 5.2 4.44 ± 0.94 

- 1070 ± 50 1200 ± 50 11 ± 3 [33] 

111 1088 1201 10.6 [23] 

 

Table 3.6 - Hardness reference values for parts produced with Ti6Al4V.  

 Hardness (HV) 

Reference 

Sample Horizontal direction Vertical direction 

As – build 320 ± 12 (direction non-specified) [33] 

Heat treated 368 ± 10 372 ± 7 Provided by the 

powder supplier 
HIPed 352 ± 9 360 ± 7 

 

 

 Surface quality and influence on mechanical 

properties 

The surface quality can be quantified by the surface roughness and the literature refers to different 

sources for it. A study states that there are two main reported contributors to the surface roughness:  

non-flat layers edges or layers roughness and the roughness of the metal surface itself (Figure 3.8). 

[27] Another study says that the surface roughness can have other two types of origins: the stair step 

effect and the improper melting of powder and the balling effect.[3] The surface quality is also 

influenced by the “stair step” effect.[31] In parts produced by AM, and particularly L-PBF, the high 
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surface roughness obtained is one of the critical issues to be addressed since as-built parts often fail 

due to the poor surface finish. Stress concentration occurs in the surface defects that act as crack 

initiators, leading to failure. [38][39] Apart from the case of certain medical devices, for which it was 

shown that surfaces with a determined roughness are desired for better implant fixation and cell 

differentiation, [40] the objective is to obtain levels of roughness similar to the counterparts produced 

by conventional manufacturing methods. To achieve these levels, a combination of factors should be 

taken into account: the powders used to the production of the parts, the machine used and several in-

process parameters, the build orientation and the post-treatments that can be used. [10][41] Although 

there are post treatments available, it would be ideal that they wouldn’t be necessary or, by optimizing 

the printing process itself, they would be used only for specific applications. These post-finishing 

operations add time and cost to the production of the parts, compromising the advantages provided 

by additive manufacturing processes. [31]  

 

 

Figure 3.8 – Representation of the contributors to surface roughness: a) layer roughness, b) actual metal 
roughness. Z+ shows the build direction. [27] 

 

To have a low production time, the powder layer thickness and the scan speed must increase. The 

limiting factors for these two parameters are that currently L-PBF processes powder layers with a 

thickness in the range of the 20 to 30 µm and, with increasing scanning speed, the defects formed 

(such as porosities) are an issue. Thus, it can be concluded the increasing build rate can decrease 

surface quality, after a certain limit. [6][10][42] Surface roughness was also proven to increase with 

increasing hatching space and powder size and can vary according to the position within the part. [10] 

There are studies that relate several processing parameters of L-PBF technique with the surface 

roughness obtained in the final part. The results are summarized in Table 3.7.  
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Table 3.7 – L-PBF process parameters and surface roughness reported in the literature for Ti6Al4V. 

Part State 

Laser 

power 

(W) 

Focus 

diameter 

(µm) 

Scanning 

speed 

(mm/s) 

Powder 

size 

(µm) 

Hatch 

distance 

(µm) 

Layer 

thickness 

(µm) 

Energy 

density 

(J/mm3) 

Roughness 

(µm) 
Reference 

Test specimens As-built 200 - - - - 30 45,33 Ra = 12 [38] 

 

As-built 350 - - - - 30 - Ra = 16,3 ± 0,4 [41] 

 

As-built 150 35 290 - 25 30 - Ra = 8,5 ± 1,5 [43] 

 

HIPed 200 35 400 - - 60 - Ra = 3,388 [29] 

Tensile specimens 

(45° build orientation) 
As-built - - 1200 44 - 30 54,3 Ra = 17,9 ± 2,0 [44] 

Tensile specimens As-built 280 200 1200 45 140 - - Sa > 7,5 [45] 
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 Experimental Approach 

 Overview 

The experimental work aimed the optimization of the process parameters to the production of a 

specific part – a fixation plate – and is schematized on Figure 4.1. The main requirements regarding 

the part were related with its surface finish and dimensional accuracy, which had not been satisfactory 

in previously produced parts. Measurements were taken to the latter to identify critical features. Since 

the machine default process parameters revealed inappropriate to produce these parts according to 

the information given by the measurements, the pertinent parameters in terms of surface finish, 

dimensional accuracy and mechanical properties were identified from the literature. The relevant 

parameters for each of the characteristics were then varied in the Design of Experiments (DOE). In 

each DOE, different parts were produced. DOE 1 aimed the study of the mechanical properties and, 

as such, tensile test bars were printed on Prints 1 and 2. Tensile tests, hardness measurements, 

density measurements and microstructural analysis were performed in those parts. For DOE 2, 

medical devices were produced in Print 1 and its surface roughness was measured to collect data 

relative to the relation between the process parameters and the parts surface finish. DOE 3 allowed 

the study of the dimensional accuracy of the parts produced when the parameters were varied. To 

understand this relation, fixation plates were produced in Print 3 with the parameters indicated in this 

DOE and were then measured and compared with the initial ones to capture the variations. The 

parameters not referred in the DOEs were kept constant.  

 

Figure 4.1 - Overview of the experimental approach. 
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 Material 

The material used to produce the parts was Ti6Al4V from AP&C produced by plasma atomization, with 

a density of 4.43 g/cm3. The composition of the powder material is presented on Table 4.1. The 

powder size distribution was between 15 and 45 µm and is represented in Figure 4.2. 

Table 4.1 - Composition of the material used to produce the samples according to the manufacturer. 

Element 

Weight percent 

Grade 23 

Titanium 88.75-91.0 

Aluminum 5.50-6.50 

Vanadium 3.50-4.50 

Carbon  0.02 

Oxygen 0.10-0.12 

Nitrogen 0.02 

Hydrogen 0.010 

Iron 0.05-0.20 

Copper <0.10 

Tin <0.10 

Yttrium <0.005 

Other max. each 0.1 

Other max. total 0.4 

 

 

Figure 4.2 – Powder size distribution of the material used to produce the samples according to the manufacturer. 
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 RenAM 500PM details 

The machine used to produce the parts has an associated software for build preparation, QuantAM. 

This software gives freedom to the user not only to create personalized support structures and define 

part orientation but also to attribute tailored machine settings for the material and geometry being 

printed. For that purpose, the software divides the parts layers in different zones: 

• Upskin – final “f” layers of the part; 

• Downskin – first “x” layers of the part; 

• Volume – all the layers in between.  

Besides, a layer is divided in two zones: 

• Borders – “n” laser scan lines that contour each layer; 

• Hatch – laser scan lines in the rest of the layer. 

The process parameters can be selected separately to each of the zones referred previously. In 

addition, the software allows some specific settings for these different zones: 

• Remelt of Upskin or Downskin – additional “y” re-exposures in a Upskin or Downskin layer; 

• Replace with Upskin or Downskin – substitution of “z” Volume layers with Upskin or Downskin 

parameters; 

• Beam compensation – displaces the center of the path of the laser in the borders towards the 

volume area. 

Other parameters can be altered but were not used in the present work. The relevant parameters kept 

constant for all the prints are presented on Table 4.2. The laser beam diameter was kept constant 

except when the beam compensation strategy was applied. 

Table 4.2 - Constant parameters used. 

Parameter Value 

Layer thickness 30 µm 

Point distance 55 µm 

Angle between layers 67° 

Scan strategy Stripe 

Laser diameter  75 µm 

Laser frequency 100 kHz 
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 Design of Experiments  

  DOE 1  

To study the effects of process parameters on the mechanical properties, screening DOE 1 was 

created with the values identified on Table 4.3 – a low and a high value was attributed to each 

parameter. The parameters for the print given by the DOE are presented in the Appendix I.  

Table 4.3 – High and low values for each parameter in mechanical properties screening DOE. 

Parameter 

Value 

Low High 

Border laser power 75 W 225 W 

Volume laser power 225 W 375 W 

Border scan speed 1000 mm/s 1200 mm/s 

Volume scan speed 2000 mm/s 2200 mm/s 

Hatch spacing 40 µm 60 µm 

Build plate position* 0 1 

*The build plate position considered is relative to the argon flow in the build chamber, being 0 the closer position 

to the argon flow inlet and 1 the further.  

 DOE 2 

The second DOE was created to study the effect of process parameters on the surface characteristics 

with the parameters on Table 4.4. A high and a low value were attributed to each parameter and the 13 

sets of parameters given by the screening design are presented in the Appendix I. 

Table 4.4 – High and low values for each parameter in surface finish screening DOE. 

Parameter 

Value 

Low High 

Downskin remelt 1 3 

Downskin replace 1 3 

Upskin remelt 1 3 

Upskin replace 1 3 

Border laser power 150 W 250 W 

Orientation -35° 180° 
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 DOE 3 

A third screening DOE was created to determine the impact of process parameters on the dimensional 

accuracy with the inputs shown on Table 4.5. The sets of parameters used are presented in the 

Appendix I. 

Table 4.5 – High and low values for each parameter in dimensional accuracy screening DOE. 

Parameter 

Value 

Low High 

Downskin remelt 1 5 

Downskin replace 1 5 

Upskin remelt 1 3 

Upskin replace 1 3 

Number of borders 2 6 

Beam compensation 0 120 µm 

 

 DOE 4 

To determine the final optimized parameters, screening DOE 4 was created combining the optimal 

results from the previous DOEs. The high and low value for each parameter is presented on Table 4.6 

and the sets of parameters used are shown in the Appendix I. 

Table 4.6 – High and low values for validation print. 

Parameter 

Value 

Low High 

Downskin remelt 2 3 

Downskin replace 3 5 

Upskin replace 1 2 

Border laser power 225 W 232 W 

Number of borders 4 5 
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 Print  

The prints were performed based on the sets of parameters given by the DOEs referred previously. It 

is important to refer that for cost optimization purposes, some prints contained other parts that are 

removed from the images and their presence during the print may affect the characteristics of the parts 

for this study – it will be mentioned in each print if other parts were present and its effects will be 

discussed further if found relevant. The medical parts and the fixation plates are not presented due to 

confidentiality reasons. For all the parts the scan order was the same: in each layer, the laser scanned 

first the edge area (border), followed by the inside area (volume). 

  Horizontal tensile test bars  

The tensile test bars were produced in Print 1 and 2, with the parameters from DOE 1, with 

dimensions defined according to ASTM E8. 39 bars were produced (13 in Print 1 and 26 in Print 2). 

The build plates are shown in Figure 4.3 and Figure 4.4. Other parts were produced in Print 1 and its 

location is specified in Figure 4.3.a) by the light grey square and the blue shapes.  

 

Figure 4.3 - Part distribution in the build plate for Print 1 in a) Top view with location of other printed parts and b) 

Side view. 
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Figure 4.4 - Parts distribution in the build plate for Print 2 in a) Top view and b) Side view. 

The orientation of the tensile test bars was defined to minimize both the possible residual stress 

derived from the printing process and the amount of supports to be removed.  The support structures 

created had a circular section with 1.25 mm diameter and 3 mm minimum height corresponding to the 

distance of the part from the build plate. The print details are presented on Table 4.7 and Table 4.8. 

Table 4.7 - Print 1 details for the tensile test bars. 

Layers 433  

Part Volume 66092 mm3 

Support Volume 14868 mm3 

Build Time 19 h 39 mins 

Build Height  13 mm 

 

Table 4.8 - Print 2 details.  

Layers 466 

Part Volume 132759 mm3 

Support Volume 38215 mm3 

Build Time 43 h 39 mins 

Build Height  14 mm 
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  Medical devices  

The parts were produced in Print 1 with the process parameters according to DOE 2 and its location in 

the build plate is represented by the light grey square. The details for the print are presented in Table 

4.9. The support structures created had a circular section with 1.25 mm diameter and 3 mm minimum 

height. 

 

Figure 4.5 – Parts distribution in the build plate for Print 1 – the medical devices location is represented by the 
grey square. 

Table 4.9 - Print 1 details for the medical devices. 

Layers 308 

Part Volume 1103 mm3 

Support Volume 1002 mm3 

Build Time 1 h 12 mins 

Build Height  9.25 mm 
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  Fixation plates  

A set of 22 fixation plates was produced in Print 3 with the parameters given by DOE 3 and their 

location on the build plate is represented on Figure 4.6 by the grey square. Other parts were printed in 

the same build plate and their location is presented on Figure 4.6 by the blue shape. The print details 

are shown on Table 4.10. The support structures created had a circular section with 1.25 mm diameter 

and 3 mm minimum height. 

 

Figure 4.6 – Parts distribution in the build plate for Print 3. 

Table 4.10 - Print 3 details.  

Layers 1719 

Part Volume 41814 mm3 

Support Volume 20169 mm3 

Build Time  17 h 52 mins 

Build Height  51.59 mm 
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  Validation print  

A set of 14 fixation plates with the parameters obtained from DOE 4 was produced on Print 4 and its 

location on the build plate is represented on Figure 4.7 by the grey shape. Other parts were printed on 

the right-hand side of the build plate being its location represented by the blue shape. The support 

structures for the parts had a circular section with 1.25 mm diameter and 3 mm minimum height. The 

details of the print are shown on Table 4.11. 

 

 

Figure 4.7 – Parts distribution in the build plate for Print 4. 

 

Table 4.11 - Print 4 details.  

Layers 1709 

Part Volume 10805 mm3 

Support Volume 2264 mm3 

Build Time 9 h 21 mins 

Build Height  51.29 mm 
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 Equipment and Software 

  DOE  

Minitab 18 software was used to produce the DOE and analyze the results. Minitab is a statistical 

software that allows the creation of different types of DOEs (among others) and the study of the effects 

of the inputs on a determined output or several outputs.  

  Parts design 

The design of the tensile test samples was made in the software Magics from Materialise. This 

software allows the preparation of STL files for AM including the creation of support structures. The 

design of the medical devices and fixation plates is property of the company.  

  L-PBF system 

The L-PBF system used in this work was Renishaw RenAM 500PM (Figure 4.8), a laser power bed 

fusion system with a build volume of 250 mm × 250 mm × 350 mm, equipped with a 500 W ytterbium 

fibre laser and a monitoring system that allows acquiring data relative to the laser and melt pool. It has 

automated powder sieving and recirculation and allows open access to parameter editing.  

 

Figure 4.8 - Renishaw RenAM 500PM. 

Software 

The Renishaw software QuantAM was used to create the parts distribution on the build plate, the 

support structures utilized in the parts and to edit the process parameters for the print.  
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  Sample preparation 

The first step in the samples preparation for all prints was the removal of the remaining powder by 

placing the parts (before removal from the build plate) in an ultrasonic bath.  

All the tensile test bars were removed from the build plate with a band saw while the medical devices 

and fixation plates were removed with nippers. The supports of all parts were removed with nippers. 

The tensile test coupons surface was ground to obtain equivalent surface finish and eliminate surface 

defects that could affect the tensile test results. 

For the metallurgical analysis of the tensile test bars, the samples were sectioned with a Buehler 

AbrasiMet 2 cut-off saw with an abrasive cutting disk for titanium and mounted with a Buehler 

SimpliMet 2000 hot mounting press. The samples were ground with SiC paper up to grid 1200 and 

polished utilizing diamond paste up to 3 m in an automatic polisher, and polished manually with 1 m 

diamond paste. The Kroll’s reagent was used to etch the samples for the microstructure analysis.  

 Measurements and microstructure analysis 

The dimensional measurements of the fixation plates and the microstructure analysis were performed 

with a Keyence VHX-2000 digital microscope (Figure 4.9) which has an associated software that 

allows the measurement of the sample being analyzed. 

 

Figure 4.9 - Keyence VHX-2000 digital microscope. 
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 Surface Roughness  

An Alicona InfiniteFocus (Figure 4.10) was used to perform the measurements of surface roughness. 

The surface measurements are taken automatically after defining the area to be analyzed. It has a 

vertical resolution of up to 10 nm. 

 

Figure 4.10 - Alicona InfiniteFocus for surface roughness measurements. 

 

  Mechanical properties analysis  

For the tensile tests, an Instron 3369 tensile test machine (Figure 4.11) with a 50 kN load cell was 

used. An extensometer was utilized to measure the strain associated. The microhardness was 

analyzed with a Shimadzu HMV-2 microhardness tester (Figure 4.12). 

 

Figure 4.11 - Instron tensile testing machine. 
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Figure 4.12 – Shimadzu Vickers microhardness tester. 

 

  Density measurements 

To analyze the density of the samples produced the liquid displacement method was used based on 

ASTM B311. To perform the measurements, the apparatus shown on Figure 4.13 was used, including 

an analytical balance Mettler Toledo XS204 with 0.0001g sensitivity. The liquid utilized was 

isopropanol. For the measurements, a section of each of the horizontal tensile test bars produced on 

Print 1 was used. 

 

Figure 4.13 - Balance and apparatus for density measurements. 
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 Results and Discussion 

 Critical features 

The dimensional analysis of the features of the fixation plates was the starting point of the 

experimental work and aimed to compare the dimensions of the samples printed before the beginning 

of this study with the dimensions specified by drawing. Figure 5.1 shows an example of a fixation 

plate, similar to the product studied. It has two distinct areas, a flat area and a wider and curved area 

to match the curvature of the bone where it is applied. The dimensions measured correspond to the 

holes and its features in the flat area, from 1 to 5.  

 

Figure 5.1 - Wrist fixation plate (example). 

The dimensions were separated by category – diameter, radius, distance and angle – and the results 

are presented below (Figure 5.2 to Figure 5.7). The target value corresponds to the dimensions 

specified by drawing, being the error bars the tolerances.  

 

Figure 5.2 – Measured and target diameter for feature 1, 3, 4 and 5. 
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Figure 5.3 - Measured and target radius for features 3a, 3b, 3c and 3d. 

 

Figure 5.4 - Measured and target radius for features 4a, 4b, 4c and 4d. 

 

Figure 5.5 - Measured and target distances between features. 
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Figure 5.6 - Measured and target angles for feature 3a, 3b, 3c and 3d. 

 

Figure 5.7 - Measured and target angles for features 4a, 4b, 4c and 4d. 

From the analysis of the measurements taken it can be observed: 

• The diameter measurements indicate that feature 3 has the higher deviation from target, 

followed by feature 4. Feature 1 has a significant deviation from the target value but is in the 

specifications defined by the tolerances. Feature 5 has a smaller deviation from the target 

value, but the average value is out of specification.  

• The radius measurements present a significant deviation from the target values, for both 

feature 3 and 4. In the two cases, the areas c and d have higher deviations than a and b. 

• Distances between features do not have a substantial deviation from the target when 

compared with the previous measurements presented. 

• The angles measured in feature 3 do not present significant deviation from target, being 

mostly in the specifications. For feature 4, the observed deviation is lower than in feature 3 - 

the measured angles do not have a significant deviation from the target. 
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Maintaining the dimensions specified by drawing is a challenge in this process due to several possible 

sources of error, as reported in other studies.[46] The inaccuracies were reported to be originated by 

the layering process that can induce deformations caused by the recoater movement. In addition, 

thermal influences can generate defects from melt pool instabilities affecting the consolidation during 

material solidification and, consequently, dimensional accuracy. To minimize the deformation, the 

study of the specific parameters and orientation used to each geometry is addressed.  

In the part studied, the build orientation has been selected previously accounting the recoater 

movement and was maintained constant at approximately 35°. The results from the measurements 

show that some of the features are more complex to print in this orientation and it was considered 

when choosing the strategies followed in the DOEs. 

 

 Mechanical properties 

To determine the effects of process parameters in the mechanical properties, tensile tests were 

performed in the tensile test bars produced with the several sets of process parameters. Density 

measurements were performed in a section of each of the tensile test bars produced in Print 1. 

Microhardness measurements were taken in a cross section of the bars in Print 1 and metallurgical 

analysis was made in the same cross section.  

 

 Tensile tests 

The tensile tests were performed in the 39 tensile test bars with the sets of parameters from screening 

DOE 1 and the results of Young’s modulus, Yield strength, UTS and elongation were obtained (Table 

5.1). The stress vs strain curves are shown in Appendix II. The test coupons surface was polished, so 

the effect of surface roughness characteristic of the printing process would be negligible. Some of the 

tensile test bars suffered a slight deformation (Figure 5.8) resulting from the thermal stresses inherent 

to the process frequently reported and discussed [3]. The tests were performed with a constant 

crosshead speed of 5 mm/min.  
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Table 5.1 - Young's modulus, UTS, Yield strength and elongation results obtained from the stress vs strain plots.  

Set 
Young’s 

modulus (GPa) 
UTS (MPa) 

Yield strength 

(MPa) 

Elongation 

(%) 

1 108.47 ± 2.29 1222.25 ± 13.82 1072.00 ± 11.79 3.415 ± 0.90 

2 119.44 ± 13.46 1220.63 ± 50.40 1111.00 ± 23.30 2.22 ± 0.93 

3 110.60 ± 3.31 1238.32 ± 8.72 1097.00 ± 9.02 3.44 ± 0.18 

4 108.80 ± 3.94 1220.43 ± 19.43 1063.00 ± 20.01 3.05 ± 0.77 

5 108.89 ± 3.61 1200.38 ± 43.07 1073.00 ± 18.50 2.745 ± 0.98 

6 105.89 ± 3.24 1206.25 ± 15.31 1037.00 ± 14.19 2.75 ± 0.47 

7 111.52 ± 10.55 1189.56 ± 60.48 1056.00 ± 10.12 2.84 ± 1.45 

8 112.91 ± 7.56 1220.10 ± 14.81 1086.00 ± 12.50 3.53 ± 0.99 

9 116.16 ± 11.29 1246.15 ± 13.40 1078.00 ± 13.53 3.23 ± 0.94 

10 105.94 ± 10.26 1220.05 ± 18.52 1073.00 ± 25.94 4.51 ± 1.51 

11 111.08 ± 6.89 1224.39 ± 20.48 1076.00 ± 14.93 2.95 ± 0.57 

12 113.97 ± 6.91   1151.95 ±143.21 1082.00 ± 3.51 2.94 ± 1.73 

13 112.42 ± 10.07 1209.97 ± 15.20 1074.00 ± 20.11 2.69 ± 0.90 

 

 

Figure 5.8 - Tensile test bar deformation (parameter set 12). 
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The results for the Young’s modulus (between 105.89 and 119.44 GPa), UTS (between 1151.95 and 

1246.15 MPa), Yield strength (between 1037 and 1111 MPa) are in accordance to the values reported 

in previous studies. [23][33][37] In addition, these results are satisfactory according to the standard 

ASTM F136 - Wrought Titanium-6Aluminum-4Vanadium ELI Alloy for Surgical Implant Applications 

Parts, that refers to the type of implant here studied. The elongation values (between 2.22 and 4.51%) 

are lower than the expected. The values found in the literature go from 3.45% to 10%. The best 

average result for each property is highlighted in Table 5.1. 

It can be seen from the stress vs strain plots (Appendix II) that all samples failed in the plastic domain 

as it is usually observed in similar studies. [37] The results for UTS and Yield strength were expected 

to be higher than the observed for traditionally manufactured samples. Contrarily, both Young’s 

modulus and elongation results are expected to be lower. [47][48] These expectations were verified in 

this study – the obtained microstructure resultant from the rapid cooling rate of the L-PBF process 

confers lower ductility but higher strength than common Ti6Al4V alloys.  However, most elongation 

results are lower than the observed in the literature. A further analysis of the stress vs strain curves 

shows there is variability between samples coming from different prints, being that difference 

particularly remarkable for the elongation results. Several samples from Print 1 present significant 

discrepancy in elongation results from the equivalent samples from Print 2, which can be identified 

from the standard deviations of the measurements (Table 5.1). The variability between prints was 

previously reported and it is known to be inherent to the process. [49] Besides, in Print 1, other parts 

were present in the build plate. The argon flow in the build chamber can have failed to remove the 

byproducts resultant from the phenomena happening in the melt pool allowing its deposition in 

neighbour parts, originating defects. Porosity could be an additional source for this variability since it 

was observed the ductility is affected by the existence of pores or other defects in the parts. [50]  

 Density analysis 

The density analysis aimed to understand the relation between the mechanical properties and existent 

porosity in the samples. The individual density results along with the formulas used to calculate the 

latter are presented in Appendix II. On Figure 5.9 the average results for each parameter set can be 

observed.  

 

Figure 5.9 - Average density results for each parameter set. 
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The results observed (between approximately 97.6 and 98.5%) are comparable to the results reported 

in other studies – from 83% until 99.6% [46] for the same alloy processed by L-PBF. Figure 5.10 

shows the evolution in elongation with part density. Although the range of elongation results is limited, 

it seems to increase with increasing density values, as detected in other experiments. [50]  

 

 

Figure 5.10 - Elongation vs part density. 

 

Parameter set 3 registered the highest density result of 98.489% and was produced with an energy 

density of 125 J/mm3. Several studies related the density of the parts produced with the energy 

density applied to the powder bed, defining processing windows where the porosity could be reduced 

by using the appropriate energy density. [2][16][46] All studies have in common the definition of three 

different zones for energy density, where distinct phenomena happen: 

1. The energy density is not enough to completely melt the powder particles, originating low density 

values; 

2. The energy density applied is excessive, inducing porosity due to instabilities on the melt pool; 

3. The energy density applied is appropriate, and density is greater than 99.9%. 

Figure 5.11 shows a similar tendency. For energy density < 60 J/mm3, the density observed is lower 

(97.6%). When increasing the energy density (> 60 J/mm3) the density values increase until reaching 

140 J/mm3, at which the density appears to start decreasing.  
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Figure 5.11 - Energy density vs sample density. 

It can be considered the interval where the higher density results were obtained in this study is 60 to 

140 J/mm3. Although, any of the results is higher than 99.9%, as previously reported. This can be 

related to the method accuracy – the apparatus used for the density measurements was printed in-

house and may have degraded after being in contact with the media for the measurements and 

absorbed liquid. 

 

  Microhardness 

Microhardness measurements were taken in 5 locations of a cross section (Figure 5.12) of the 13 sets 

produced in Print 1 with a load of 1.961 N for 20 seconds. The average results are shown in Figure 

5.13 and the results for each location in each parameter set are shown in Appendix II . 

 

Figure 5.12 - Hardness measurements locations. 
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Figure 5.13 - Average hardness per sample set. 

The average results obtained for each parameter set are in the same order as the values reported in 

the literature.[33] The literature presents values higher than 320 to over 500 HV [1][51], while in this 

study the samples registered hardness values from 312 to 446 HV. In addition, the results for most of 

the samples are higher than the values provided by the powder supplier as it was expected, since the 

samples produced were not heat treated nor HIPed. The martensitic ’ phase characteristic of the high 

cooling rates resultant from the L-PBF process is a harder phase than the + microstructure that 

results from heat treating the material. The obtention of ’ phase in the samples is confirmed and 

discussed in the metallurgical analysis in the next section. Parameter set 6 and 10 show the higher 

results in the hardness measurements (397.8 and 396.2 HV, respectively). By analysing the results on 

Minitab, it was observed the parameter that had the highest impact on the hardness results was the 

power used to scan the volume area of the samples, followed by the hatch space. The plot in Figure 

5.14 shows both hardness results variation with power and hatch space follow the same trend, being 

the higher values associated with a hatch space of 50 µm and a power of 300 W. 

 

Figure 5.14 - Hardness with power and hatch space. 
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  Microstructure analysis  

The metallurgical analysis was performed in a cross section of the 13 sets produced in Print 1, 

similarly to the hardness measurements. Figure 5.15 shows the microstructure obtained in the 

samples produced. In L-PBF processes, the laser melts the alloy powder which will subsequently 

solidify and preferentially form  phase. Upon the high cooling rate of the process (103-108 Ks-1)[18], 

the martensitic ’ phase forms since the cooling rate is higher than the 410 Ks−1 suggested as the rate 

for martensitic α’ formation. [52] 

   

Figure 5.15 - Optical microscopy image of the microstructure of samples with the parameter sets 1 (left) and 10 
(right). 

The ’ martensitic microstructure obtained in all the samples corresponds to the results observed in 

previous studies with Ti6Al6V.[53] Elongated grains can be observed in the building direction as a 

result of the temperature gradients during the deposition of subsequent layers. It is also possible to 

observe the constituent layers in the horizontal direction, as observed in other studies.[48]  

  Optimized parameters 

A factorial DOE was created, and the results from the tensile tests presented previously were 

introduced on Minitab to study the effect of the variables in these properties. The parameter that had a 

higher influence in the mechanical properties was the power used to scan the volume area of each 

sample. An optimization plot was generated to define the set of parameters expected to produce the 

optimal tensile properties (maximization of all properties) based on the tests performed (Table 5.2). 

Table 5.2 - Parameter set obtained from Optimization plot for mechanical properties study. 

Parameter 

Border 

Laser 

Power (W) 

Volume 

Laser 

Power (W) 

Border 

Scan 

Speed 

(mm/s) 

Volume 

Scan 

Speed 

(mm/s) 

Hatch 

Space (m) 

Build plate 

position 

Optimal 

result 
225 225 1000 2000 40 1 

 



48 
 

 Surface roughness 

The roughness measurements were performed in 7 different areas of each of the 13 medical devices 

with the sets of parameters indicated in screening DOE 2. The areas were chosen to obtain a 

representative sample of the complete surface of the part. The average roughness value for each area 

is presented in Table 5.3, and the measurements taken can be seen on Appendix 3. 

Table 5.3 - Average roughness values for each area of the 13 samples. 

Area Ra (µm) 

1 1.93 ± 0.50 

2 1.83 ± 0.44 

3 2.32 ± 0.73 

4 1.62 ± 1.96 

5 2.48 ± 1.61 

6 1.23 ± 1.11 

7 1.14 ± 1.35 

 

The average values measured are considerably lower than the values usually reported in the literature 

for as-build parts, previously presented on Table 3.7. However, the standard deviation values for some 

of the samples are not reasonable and that may be due to the fact that the samples were built in 

distinct orientations, as referred in other studies. [36] When printing the samples, the same area can 

present an acceptable value in a determined build orientation while presenting a very poor result in 

other orientation. The obtained Ra values were introduced in Minitab and a factorial DOE was 

generated. By analysing the results, the previous assumption was confirmed and further 

comprehended: the roughness is highly influenced by the orientation and depends on the complexity 

of the measured area. As it can be observed in Figure 5.16, all areas with exception for areas 6 and 7, 

follow the same trend in the registered roughness. For areas from 1 to 5, the -35° orientation has an 

adverse effect in the roughness obtained. This result can be related with the presence of unmelted 

powder particles attached to the parts, as it is regularly observed in the L-PBF process. [36] In 

addition, some of the strategies utilized to improve the surface finish, such as remelting several times 

the Upskin and Downskin layers, may have potentiate this effect when considering the heat is being 

applied to small (<1mm) and detailed areas.  
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Figure 5.16 - Roughness in each area with part orientation. 

 

For area 6 (flat surface without complex features) the roughness results are approximately constant, 

independently on the orientation, which can be justified by the low complexity of the area. In area 7, 

the higher roughness result was observed in the 0° orientation. In this orientation, area 7 was in 

contact with the support structures – its removal process may have caused the high roughness in the 

surface.  

 

  Optimized parameters 

An optimization plot was created on Minitab to find the set of parameters expected to produce the 

optimal roughness result (minimum roughness) which is presented on Table 5.4. 

Table 5.4 - Parameter set obtained from Optimization plot for roughness study. 
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 Dimensional accuracy 

The measurements of the features in each fixation plate (Figure 5.17 to Figure 5.22) produced with the 

parameter sets given by screening DOE 3 were introduced in Minitab.  

 

Figure 5.17 - Measured and target diameter for features 1, 3, 4 and 5. 

 

 

Figure 5.18 - Measured and target distance between features. 
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Figure 5.19 - Measured and target radius for features 3a, 3b, 3c and 3d. 

 

 

Figure 5.20 - Measured and target radius for features 4a, 4b, 4c and 4d. 
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Figure 5.21 - Measured and target angles for features 3a, 3b, 3c and 3d. 

 

Figure 5.22 - Measured and target angles for features 4a, 4b, 4c and 4d. 

From the measurements taken it can be observed: 

• The diameter measurements deviation from the target value became smaller for most of the 

features, except for feature 5. 

• The distance measurements are within specification, except for the distance between feature 2 

and feature 3. 

• The average radius values are closer to the value specified by drawing, however present a high 

standard deviation, being outside the tolerances, specially features 3d and 4d. 

• The overall angle measurements are acceptable, being more accurate for feature 3 than for 

feature 4. 

In general terms, it can be observed that the accuracy of the features improved by implementing some 

of the strategies available in the printing process to increase the dimensional accuracy. A factorial 
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DOE was then created to determine the relation between those strategies and the accuracy obtained - 

the beam compensation proved to have higher impact in the feature’s accuracy. This parameter is a 

measure of the laser beam diameter offset. When attributing a value higher than 0 to this parameter, 

the path followed by the center of the laser beam in the border area is displaced towards the volume 

area. This results in a correction of the dimensional enlargement of features caused by the laser 

diameter when scanning a border. In the case of feature 5, where the deviation from the target value is 

particularly noticeable, the effect of the beam compensation strategy can be observed on Figure 5.23.  

 

Figure 5.23 - Deviation from target value with beam compensation for feature 5. 

The higher deviations from the specifications was registered with a beam compensation of 120 µm, 

followed by 0 µm and finally 60 µm. Being the laser beam diameter of 75 µm, applying 120 µm beam 

compensation increases the feature diameter, since it dislocates the center of the laser path inside by 

more than 3 times the radius of the laser beam. When no compensation is applied (0 µm), the laser 

melts more material than the specified in the STL file (corresponding to the laser radius). For 60 µm 

beam compensation, the lowest deviations were observed since the dislocation represents 1.6 times 

the radius of the laser beam. 

 Optimized parameters 

To find the optimal set of parameters (dimensions obtained equal to target defined by drawing) among 

the range of values indicated by the screening DOE, an optimization plot was produced and indicated 

the set of parameters on Table 5.5. 

Table 5.5 - Parameter set obtained from Optimization plot for dimensional accuracy. 
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  Verification build for optimized parameters 

Combining the results for the optimized parameters from the previous DOEs, a final DOE was created 

to determine and validate the optimized parameter set for the fixation plate. After the final parts were 

printed, the dimensional accuracy and surface roughness were evaluated. 

Dimensional accuracy  

The measurements were performed in the samples produced and are presented in Figure 5.24 to 

Figure 5.29.  

 

Figure 5.24 – Previous results, measured and target diameter for features 1, 3, 4 and 5. 

 

Figure 5.25 - Previous results, measured and target distance between features. 
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Figure 5.26 - Previous results, measured and target radius for features 3a, 3b, 3c and 3d. 

 

 

Figure 5.27 - Previous results, measured and target radius for features 4a, 4b, 4c and 4d. 

3a 3b 3c 3d

DOE 3 results 0,0304 0,0295 0,0300 0,0323

Measured 0,0275 0,0277 0,0273 0,0298

Target 0,0310 0,0310 0,0310 0,0310

0,0000

0,0050

0,0100

0,0150

0,0200

0,0250

0,0300

0,0350

0,0400

R
a
d
iu

s
 (

in
)

Feature

Radius measurements 

4a 4b 4c 4d

DOE 3 results 0,0292 0,0298 0,0312 0,0334

Measured 0,0267 0,0270 0,0262 0,0281

Target 0,0310 0,0310 0,0310 0,0310

0,0000

0,0050

0,0100

0,0150

0,0200

0,0250

0,0300

0,0350

0,0400

0,0450

R
a
d
iu

s
 (

in
)

Feature

Radius measurements 



56 
 

 

Figure 5.28 - Previous results, measured and target angles for features 3a, 3b, 3c and 3d. 

 

Figure 5.29 - Previous results, measured and target angles for features 4a, 4b, 4c and 4d. 

From the measurements it can be noticed: 

• The diameter values accuracy for features 1, 3 and 4 did not improve and for feature 1 and 5 even 

diminished.  

• The distance measurements are more accurate than the previous results. All the results registered 

are in the drawing specifications. 

• The radius average values decreased in comparison with the resulting from the DOE 3 for the 

dimensional accuracy, however present a lower standard deviation. The average size of the 

features is smaller than the specified target, contrary to the previous DOE parts. 

• The angle values observed are further from the target than the one observed in the parts from 

DOE 3. 

The parts did not suffer deformation from thermal stresses, since the distance between features are 

within specification. However, smaller features evaluated by the radius show lower accuracy than the 

ones of DOE 3. The angle measurements are directly influenced by the radius in each feature and 

consequently present poor results as well. These results can be explained by a printing issue. The 
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argon flow in the build chamber was deficient, registering values lower than the recommended by 

Renishaw. The gas flow in the build chamber not only maintains the inert atmosphere but also 

removes the by-products resultant from melt pool phenomena and avoids their presence in the path of 

the laser. The vaporized particles presence in the laser path can affect the laser beam properties such 

as the energy or the spot size. [54] All the printed parts built with insufficient argon flow values 

presented an inadequate surface quality with an unusual amount of unmelted powder particles 

attached to the parts surface, which can be explained by insufficient energy being delivered, not being 

able to completely melt the powder. The unmelted powder particles deform the features, which will not 

correspond to the CAD model. This is particularly relevant when the features have small dimensions 

and tight tolerances, as the case of features 3 and 4.  

Roughness measurements 

The roughness measurements were taken in 6 different locations of each sample to have a 

representative area of each part surface. The results from these measurements (Table 5.6) aimed to 

obtain the final set of parameters for the fixation plate studied. The results for each area in each 

sample can be seen in Appendix 3. 

Table 5.6 - Roughness measurements for validation print parts. 

Sample Ra (µm) 

1 2.87 ± 0.58 
 

2 2.86± 0.38 
 

3 3.09 ± 0.55 
 

4 2.65 ± 0.43 
 

5 2.25 ± 0.33 
 

6 2.97 ± 0.41 
 

7 2.91 ± 0.29 
 

8 2.70 ± 0.19 
 

9 2.70 ± 0.90 
 

10 2.84 ± 0.26 
 

11 2.97 ± 0.41 
 

12 2.83 ± 0.37 
 

13 3.08 ± 0.34 
 

14 2.90 ± 0.38 

 

The results show few variations between roughness in the samples, and a low standard deviation in 

the measurements, proving the existence of a uniform surface roughness across the part. Sample 5 

registered the lower value of surface roughness, which is lower than the usually reported values in the 

literature, presented previously on Table 3.7. The optimized parameter set is then associated with this 

sample.  
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 Conclusions  

Producing parts by L-PBF processes with comparable characteristics to its counterparts produced by 

traditional manufacturing methods has been studied for many years and is still a challenge. Thermal 

treatments and machining after the production of the part are the most commonly used strategies to 

achieve the desired characteristics, but the goal is to produce a final part by manipulation of the 

process parameters without having to perform post processing.  

To produce the part studied, the optimal parameter set was achieved regarding mechanical properties, 

surface finish and dimensional accuracy. The main conclusions relative to these three aspects are: 

1. Mechanical properties: 

• Young’s modulus, UTS and Yield strength results were satisfactory, according to the standards for 

medical devices produced with the same alloy (ASTM F136 - Wrought Titanium-6Aluminum-

4Vanadium ELI Alloy for Surgical Implant Applications Parts), for the range of process parameters 

applied. 

• The elongation results increase with increasing density values, for the range of parameters 

utilized; 

• The energy density interval of 60 to 140 J/mm3 produced the highest density parts.  However, any 

of the densities results was higher than 98.489%. 

• The power in the volume area and the hatch space are the parameters with the highest influence 

on the hardness results. The highest hardness values were registered with a power of 300 W and 

a hatch space of 50 µm; 

• The microstructure obtained was fully ’ martensitic with elongated grains in the building direction. 

However, since the parts are to be used in the medical field, and ASTM F136 is applied and 

requires a dispersion of α+β phases, the parts would still need thermal treatment to achieve this 

requirement. 

2. Surface finish: 

• The roughness is mainly influenced by the part orientation and depends on the geometry 

complexity of the measured area. In this study, the -35° orientation had a negative impact in the 

roughness obtained. 

3. Dimensional accuracy 

• The beam offset has a high impact on the accuracy of the features – applying a beam offset of the 

same magnitude of the laser beam diameter sets the features dimensions in the values specified 

in the CAD file; 

• The argon flow has an important influence on the accuracy of the parts dimensions – insufficient 

flow in the build chamber is detrimental to the accuracy achieved in the parts features. 

To produce the fixation plate, the optimized parameter set obtained is given on Table 6.1. It results 

from the four DOEs performed and was confirmed by the dimensional and roughness measurements. 

Although the mechanical properties were not tested for the samples produced in the validation print, it 
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can be assumed the α’ martensitic microstructure is observed due to the cooling rate associated to the 

process and consequently, the mechanical properties are maintained in the absence of internal 

defects. 

Table 6.1 – Optimized parameter set for the fixation plate. 

Parameter 

Downskin 

Remelt (Number of exposures) 2 

Replace (Number of layers) 4 

Upskin 

Remelt (Number of exposures) 3 

Replace (Number of layers) 2 

Number of borders 4 

Beam offset (µm) 75 

Power (W) 

Volume  225 

Borders 225 

Scan speed (mm/s) 

Volume 2000 

Borders 1000 

Hatch space (µm) 40 

Build plate position 1 

 

 

 Future Work 

 

As previously referred, L-PBF technology has still some challenges to overcome and understand. In 

this study it was possible to determine an optimized set of parameters for a determined range of 

process parameters within the machine capabilities. However, more studies should be addressed in 

the future to gain more understanding of the process and parts characteristics: 

• Broaden the processing windows to the full capabilities of the Renishaw RenAM 500 PM, 

• Take full advantage of the integrated process monitoring system, 

• Test a α’ martensite decomposition strategy into α+β phases referred in other studies [55] applied 

to this specific fixation plate, due to its requirements for the medical field. 
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 Appendix  

 Appendix I  

  Process parameters  

8.1.1.1.  Mechanical properties study 

Table 8.1 - Parameters for mechanical properties study on Print 1. 

Sample 

Parameter 

Border 

Laser 

Power (W) 

Volume 

Laser Power 

(W) 

Border 

Scan 

Speed 

(mm/s) 

Volume 

Scan 

Speed 

(mm/s) 

Hatch 

spacing 

(µm) 

Build plate 

position 

1 150 375 1200 2200 60 1 

2 150 225 1000 2000 40 0 

3 225 300 1200 2000 40 1 

4 75 300 1000 2200 60 0 

5 225 375 1100 2200 40 0 

6 75 225 1100 2000 60 1 

7 225 225 1200 2100 60 0 

8 75 375 1000 2100 40 1 

9 225 225 1000 2200 50 1 

10 75 375 1200 2000 50 0 

11 225 375 1000 2000 60 0.5 

12 75 225 1200 2200 40 0.5 

13 150 300 1100 2100 50 0.5 
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8.1.1.2.  Surface finish study 

Table 8.2 - Parameters for surface finish study on Print 1. 

Sample 

Parameter 

Downskin 

remelt 

Downskin 

replace 

Upskin 

remelt 

Upskin 

replace 

Border 

Power (W) 

Orientation 

(°) 

1 2 3 3 3 250 180 

2 2 1 1 1 150 0 

3 3 2 3 1 150 180 

4 1 2 1 3 250 0 

5 3 3 2 3 150 0 

6 1 1 2 1 250 180 

7 3 1 3 2 250 0 

8 1 3 1 2 150 180 

9 3 1 1 3 200 180 

10 1 3 3 1 200 0 

11 3 3 1 1 250 -35 

12 1 1 3 3 150 -35 

13 2 2 2 2 200 -35 
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8.1.1.3.  Dimensional accuracy study 

Table 8.3 - Parameters for dimensional accuracy study on Print 3. 

Sample 

Parameter 

Downskin  Upskin  
Number of 

borders 

Beam 

compensation 

(µm) Remelt Replace Remelt Replace 

1 5 5 3 3 6 60 

2 1 1 1 1 2 60 

3 5 5 1 3 6 120 

4 1 1 3 1 2 0 

5 5 1 3 1 6 120 

6 1 5 1 3 2 0 

7 1 5 3 3 2 120 

8 5 1 1 1 6 0 

9 1 5 1 1 4 120 

10 5 1 3 3 4 0 

11 5 5 2 1 2 120 

12 1 1 2 3 6 0 

13 5 1 1 2 2 120 

14 1 5 3 2 6 0 

15 3 1 3 3 2 120 

16 3 5 1 1 6 0 

17 1 3 3 1 6 120 

18 5 3 1 3 2 0 

19 1 1 1 3 6 120 

20 5 5 3 1 2 0 

21 3 3 2 2 4 60 

22 3 3 2 2 4 60 
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8.1.1.4. Validation print 

Table 8.4 - Parameters for Print 4. 

Sample 

Parameter 

Downskin  Upskin Number of 

borders 

Border Laser 

Power (W) Remelt Replace Replace 

1 3 5 1 4 225 

2 3 4 2 4 228.5 

3 2 5 1 5 232 

4 3 3 1 5 225 

5 2 4 2 4 225 

6 3 3 2 4 225 

7 2 3 2 5 232 

8 2 4 1 5 228.5 

9 2 3 1 4 228.5 

10 3 5 2 5 228.5 

11 3 4 1 5 232 

12 2 5 2 5 225 

13 3 3 1 4 232 

14 2 5 2 4 232 
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 Appendix II  

  Stress vs strain plots 

The stress vs strain plots for each sample with each parameter set are presented below. Samples 

produced in Print 1 are identified as b1 while samples from Print 2 are identified as b2. 
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Figure 8.1 - Stress vs strain plots obtained from the tensile tests for the 13 parameter sets. 
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  Mechanical properties for each sample 

Hardness 

Table 8.5 - Hardness measurements for each location in each tensile test bar produced in Print 1. 

Parameter set 

Location 

1 2 3 4 5 Average 

Hardness (HV) 

1 345 312 378 331 381 349.4 ± 30 

2 396 413 363 376 365 382.6 ± 21 

3 366 405 394 373 407 389 ± 19 

4 375 374 396 425 401 394.2 ± 21 

5 330 313 345 416 359 352.6 ± 39 

6 420 446 356 388 379 397.8 ± 35 

7 377 378 323 367 351 359.2 ± 23 

8 385 426 361 392 359 384.6 ± 27 

9 398 383 360 410 406 391.4 ± 20 

10 384 422 377 438 360 396.2 ± 33 

11 398 349 342 399 367 371 ± 27 

12 344 390 393 396 365 377.6 ± 22 

13 404 399 369 340 408 384 ± 29 

 

 

  Density results 

The density was calculated according to the formula: 

𝜌 𝑠𝑎𝑚𝑝𝑙𝑒(𝑔. 𝑐𝑚−3) =  
𝑚𝑠𝑎𝑚𝑝𝑙𝑒,𝑖𝑛 𝑎𝑖𝑟×𝜌𝑙𝑖𝑞𝑢𝑖𝑑

𝑚 𝑠𝑎𝑚𝑝𝑙𝑒,𝑖𝑛 𝑎𝑖𝑟−𝑚𝑠𝑎𝑚𝑝𝑙𝑒,𝑖𝑛 𝑙𝑖𝑞𝑢𝑖𝑑
  

To obtain the percentual density, the following formula was utilized: 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (%) =
𝜌𝑠𝑎𝑚𝑝𝑙𝑒

𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 
× 100, 

where 𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 is the density of the powder, provided by the supplier in the material datasheet. 
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Table 8.6 - Density measurements for each tensile test bar produced in Print 1. 

Sample Density (%) 

1 98.35 ± 0.23 

2 97.99 ± 0.26 

3 98.49 ± 0.64 

4 98.05 ± 0.23 

5 98.18 ± 0.30 

6 98.24 ± 0.36 

7 97.67 ± 0.27 

8 98.26 ± 0.27 

9 98.35 ± 0.31 

10 98.37 ± 0.37 

11 98.15 ± 0.23 

12 98.31 ± 0.28 

13 98.29 ± 0.40 
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 Appendix 3 

  Roughness results – Print 3 

Table 8.7 - Roughness measurements for each sample produced in Print 3. 

Sample 

Roughness (m) 

Area 

1 2 3 4 5 6 7 

1 1.44 1.69 2.42 0.83 2.29 0.24 0.25 

2 1.92 1.06 0.79 0.37 2.48 1.76 3.86 

4 2.29 1.62 2.31 0.30 1.58 2.58 0.36 

5 2.15 1.41 1.57 0.37 2.01 3.50 3.92 

6 2.09 2.22 2.25 1.35 1.76 0.45 1.07 

7 1.62 1.43 1.79 0.20 1.18 2.75 2.04 

8 1.50 2.43 3.04 1.55 2.49 0.78 0.23 

8 1.43 1.98 2.10 1.64 2.45 0.04 0.31 

9 2.15 1.77 2.66 1.59 2.34 0.53 0.39 

10 1.44 1.64 1.90 0.42 2.37 0.53 0.39 

11 1.64 1.96 2.65 2.23 2.46 0.91 0.58 

12 3.13 2.70 3.67 2.63 1.27 1.18 1.22 

13 2.33 1.89 2.99 7.59 7.59 1.27 1.01 
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  Roughness results – Verification print 

Table 8.8 - Roughness measurements for each area on each sample of verification build. 

Sample 

Roughness (m) 

Area 

1 2 3 4 5 6 

1 3.43 2.31 3.50 2.55 3.21 2.22 

2 3.15 2.47 2.57 3.47 2.68 2.84 

3 3.25 3.33 3.96 2.61 2.92 2.46 

4 2.52 2.31 3.40 2.60 2.21 2.85 

5 2.76 1.96 2.48 2.09 1.90 2.33 

6 3.13 2.95 2.43 2.79 3.67 2.86 

7 3.33 2.96 2.86 3.08 2.49 2.72 

8 2.34 2.90 2.73 2.80 2.72 2.69 

9 2.86 2.67 3.43 0.99 3.45 2.82 

10 2.75 2.41 2.98 2.98 2.79 3.15 

11 2.89 2.72 3.31 2.83 3.58 2.47 

12 3.49 2.92 2.66 2.42 2.66 2.85 

13 3.39 3.16 2.78 2.58 3.14 3.43 

14 3.24 3.40 2.62 2.95 2.78 2.39 

 


