
 

 

 

 

 
 

 

 

 

 

Francisca Isabel Teixeira Salgueiro 
 

 

 

 

NUMERICAL AND EXPERIMENTAL ANALYSIS 

OF THE L-PBF ADDITIVE MANUFACTURING 

PROCESS OF ALUMINIUM ALLOYS 
 

 

 

 

 

 

 

 

Dissertação no âmbito do Mestrado Integrado em Engenharia Mecânica, na 

especialidade de Produção e Projeto orientada pelo Doutor Rodolfo Lisboa 

Batalha e pelo Professor Doutor Diogo Mariano Simões Neto e apresentada ao 

Departamento de Engenharia Mecânica da Faculdade de Ciências e Tecnologia da 

Universidade de Coimbra 

 

 

 

 

Julho de 2022 

 

 





 

 
 

Numerical and experimental analysis of the L-
PBF additive manufacturing process of 
aluminium alloys 
Dissertation submitted in partial fulfilment of the requirements for the degree of 
Master in Mechanical Engineering in the speciality of Manufacturing and Design 
 
 

Análise numérica e experimental do processo de fabrico 
aditivo L-PBF em ligas de alumínio  
 

Autor 

Francisca Isabel Teixeira Salgueiro 
 

Advisors 

Dr. Rodolfo Lisboa Batalha 
Prof. Diogo Mariano Simões Neto  
 

Committee  

Chair 
Professor Doutor João Paulo da Silva Gil Nobre 

Professor Auxiliar da Universidade de Coimbra 

Member 
Professora Doutora Marta Cristina Cardoso Oliveira 

Professora Associada da Universidade de Coimbra 

Advisor 
Doutor Rodolfo Lisboa Batalha 

Investigador do Instituto da Soldadura e da Qualidade 

 

Institutional collaboration 

 

Instituto da Soldadura e da Qualidade 

 

Coimbra, July 2022





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Nobody escapes the dream of flying, of going beyond the limits of the space where he 

was born, of seeing new places and new people. But knowing how to see in each thing, in 

each person, that something that defines them as special, a singular object, a friend, is 

fundamental.” 

Antoine de Saint-Exupéry. 

 

 





 

 

  Acknowledgements 

 

 

Francisca Isabel Teixeira Salgueiro  i 

 

Acknowledgements 

The realization of this master's thesis had important support and incentives from 

people without whom it would not have become a reality nor would it have been possible to 

achieve it. I have always been taught to thank you so it is time to do.  

To Professor Diogo Neto and Doctor Rodolfo Batalha for their guidance, support, and 

availability, for the knowledge they both conveyed to me and for each critical opinion that 

allowed me to evolve and solve the doubts and problems that I came across during the 

completion of this work. Thanks again for all the encouraging words. I feel like we were an 

amazing team. 

Thanks to the Mechanical Engineering Department for providing all the resources 

necessary to carry out the simulations and some measurements included in this dissertation 

and to the Welding and Quality Institute, for accepting me and for providing me with a 

phenomenal experience that I will never forget. 

To my parents, who always gave me wings to fly and gave me the opportunity to 

always choose whatever it was and the only mission they assigned me was: to be happy 

every day. Thank you for being so present in my life and supporting me in any dream. Are 

the best. 

To my sister who is a force of nature, a giant thanks you for being light every day not 

only in my life, but in the lives of everyone around her, for being a second mother and 

supporting me every day without exception. 

To my friends who have been with me since the beginning of college and who have 

shared the most random things with me. With them I lived incredible and transformative 

moments. You are part of my heart forever and you know that you have become like sisters 

to me. I am proof that when there is love there is no distance. 

To those who were like a second home during this journey, a thank you to all of them, 

for their support, for the conversations, for the animation, for the help throughout this 

process, for becoming much more than co-workers. Not every day was good, but they were 

all worth it. It was wonderful.  

 



 

 

Numerical and experimental analysis of the L-PBF additive manufacturing process in aluminium alloys 

 

 

ii  2022 

 

This research work was sponsored by national funds from the Portuguese Foundation 

for Science and Technology (FCT) under the project with reference PTDC/EME-

EME/31657/2017 and by European Regional Development Fund (ERDF) through the 

Portugal 2020 program (PT2020) and the Centro 2020 Regional Operational Programme 

(CENTRO-01-0145-FEDER-031657). 

 

 

 

 



 

 

  Abstract 

 

 

Francisca Isabel Teixeira Salgueiro  iii 

 

Abstract 

The fast growth of the additive manufacturing processes over the past years has been 

motivated by their ability to produce parts directly from a computer-aided design file in a 

layer-by-layer fashion. The metal powder-based additive manufacturing processes have 

attracted the attention of aerospace, energy and automotive industries, in order to produce 

on-demand engineering parts with complex geometrical features. Nevertheless, the 

occurrence of manufacturing defects remains an important unsolved issue. The proper 

selection of the process parameters is vital to producing components without defects.  

The main objective of the present study is the numerical and experimental analysis of 

the Laser-Powder Bed Fusion (L-PBF) for two different aluminium alloys for the powder 

material (AlSi10Mg and Al-6.3Cu). A design of experiments was carried out considering 

different combinations of laser power and scanning speed for three different geometries: (i) 

single track scanning; (ii) hollow thin-wall cube; (iii) cantilever. The effect of the multi-layer 

deposition was evaluated using hollow thin-wall cubes, while the cantilevers were used for 

evaluating the residual stresses generated both during the manufacturing process and after 

the heat treatment. The finite element modelling of the L-PBF manufacturing process was 

carried at two different scales: (i) meso-scale analysis and (ii) macro-scale analysis.  

Regarding the single tracks built on the substrate, the track width increases either by 

increasing the laser power or decreasing the scanning speed. Despite the variability in the 

experimental data, the numerical predictions of the melt pool size are in agreement with the 

experimental measurements. The measured melt pool height is significatively larger for 

AlSi10Mg in comparison with the one obtained for Al-6.3Cu powder mixture. On the other 

and, for large values of laser power the melt pool depth is significatively larger for Al-6.3Cu 

powder mixture in comparison with the one obtained for AlSi10Mg. Using the same process 

parameters to build the hollow thin-wall cubes, the obtained wall thickness is significatively 

larger than the melt pool width obtained in the single track. This is a consequence of the low 

thermal conductivity of the powder bed surrounding the part under building. The residual 

stresses were indirectly measured using the cantilever deflection after the partial cutting 

operation. The cantilever profile after the cut is only slightly influenced by the process 

parameters studied (laser power, scanning speed, hatch distance, layer thickness and laser 
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emission mode). Applying the heat treatment to the cantilever geometry, the deflection 

resulting from the cutting operation is very small. 

 

Keywords: Additive manufacturing, Laser-powder bed fusion, Design of 
experiments, Numerical modelling, AlSi10Mg, Al-6.3Cu. 
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Resumo 

O rápido crescimento dos processos de fabrico aditivo nos últimos anos foi motivado 

por sua capacidade de produzir peças diretamente de um projeto assistido por computador, 

camada por camada. Os processos de fabrico aditivo à base de pó metálico têm atraído a 

atenção das indústrias aeroespacial, energia e automotiva, com o objetivo de produzir peças 

de engenharia com características geométricas complexas. No entanto, a ocorrência de 

defeitos de fabrico continua a ser um problema não resolvido. A seleção adequada dos 

parâmetros do processo é vital para a produção de componentes sem defeitos.  

O objetivo principal deste estudo é a análise numérica e experimental do processo de 

fabrico aditivo Laser-Powder Bed Fusion (L-PBF) para duas ligas de alumínio (AlSi10Mg 

e Al-6.3Cu). Foi realizado um desenho de experiências considerando diferentes 

combinações de potência do laser e velocidade de varrimento para três geometrias diferentes: 

(i) trilha; (ii) parede fina; (iii) cantilever. Os cantilevers foram usados para avaliar as tensões 

residuais geradas durante o processo de fabrico e após o tratamento térmico. A simulação de 

elementos finitos do processo L-PBF foi realizada em duas escalas diferentes: (i) meso-

escala e (ii) macro-escala.  

Em relação às trilhas construídas no substrato, a largura da trilha aumenta com o 

aumento da potência do laser ou com a diminuição da velocidade de varrimento. Apesar da 

variabilidade nos dados experimentais, as previsões numéricas do tamanho da poça de fusão 

estão de acordo com as medições experimentais. A altura da poça de fusão medida é 

significativamente maior para AlSi10Mg em comparação com a obtida para a mistura de pó 

Al-6.3Cu. Por outro lado, para grandes valores de potência do laser a profundidade da poça 

de fusão é significativamente maior para a mistura de pó Al-6.3Cu em comparação com a 

obtida para AlSi10Mg. Usando os mesmos parâmetros de processo para construir as paredes 

finas, a espessura de parede obtida é significativamente maior do que a largura da poça de 

fusão obtida na trilha única. Esta é uma consequência da baixa condutividade térmica do 

leito de pó que envolve a peça em construção. As tensões residuais foram medidas 

indiretamente usando a deflexão do cantilever após a operação de corte parcial. O perfil do 

cantilever após o corte é apenas ligeiramente influenciado pelos parâmetros de processo 

estudados (potência do laser, velocidade de varrimento, distância entre vetores, espessura da 
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camada e modo de emissão do laser). Aplicando o tratamento térmico à geometria do 

cantilever, a deflexão resultante da operação de corte é muito pequena. 

 

Palavras-chave: Fabrico aditivo, Fusão a laser em leito de pó, Desenho de 
experiências, Modelação numérica, AlSi10Mg, Al-6.3Cu. 
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1. INTRODUCTION 

1.1. Additive manufacturing 

Additive Manufacturing (AM), popularly called 3D printing, is the term for the layer 

wise manufacturing. This emerging technology allows creating parts directly from a 

Computer-Aided Design (CAD) file in a layer-by-layer fashion, as shown in Figure 1.1. 

Initially, the object geometry is created in CAD, which is them exported into a file, usually 

in STL format. Subsequently, this 3D geometry is imported into a slicing software, where 

the geometry is divided in individual slices of constant thickness. Finally, each layer slice is 

filled using an available tool path strategy, which is used by the 3D printing machine to 

generate the final object layer-by-layer [1].   

 

Figure 1.1. General process workflow of Additive Manufacturing from CAD model to 3D object [2]. 

 

The fast growth of the AM processes in the last years has been motivated by their 

ability to produce functional parts with high added value, avoiding the design constraints of 

traditional manufacturing processes. The unlimited design freedom of AM is ideal to 

produce engineering parts with complex geometrical features [3]. Besides, the short 

development time and the efficient use of raw materials (minimum waste), make this 

manufacturing process ideal for producing parts on-demand. Indeed, AM processes are now 

increasingly used in aerospace [4], automotive [5] and medical [6] industries because of 

many unique attributes. Figure 1.2 presents some examples of components with complex 

geometry obtained by AM processes. Since the AM can be performed using diverse 

materials (plastics, metals and ceramics) [7], there is an extensive variety of potential 
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products [8]. Today, AM is already adopted in a wide application spectrum, such as 

jewellery, footwear, architecture, engineering, automotive and aerospace industries [9]. 

According to [8], the AM industry could generate an economic impact of $230 billion to 

$550 billion per year in 2025.  

 

 

Figure 1.2. Examples of components obtained from additive manufacturing processes [7]. 

 

Recently, the AM technologies were classified into seven categories: (1) binder jetting, 

(2) directed energy deposition, (3) material extrusion, (4) material jetting, (5) powder bed 

fusion, (6) sheet lamination and (7) vat photopolymerization [10]. Figure 1.3 shows 

schematically each category of AM according to standard ASTM. The present work is 

focused on laser-powder bed fusion (L-PBF), which is based on a thermal energy selectively 

that melts regions of a powder bed. The L-PBF process is described in the next section. 

 

 

Figure 1.3. Classification of additive manufacturing technologies into seven categories according to the 
ASTM International [11]. 

1.2. Laser-Powder Bed Fusion (L-PBF) of Al-based Materials 

AM has attracted much attention over the past years, particularly metal powder-based 

technologies [12]. Indeed, metal powder-based AM processes are now increasingly used in 

aerospace [4] and automotive [5] sectors. The laser-powder fed fusion (L-PBF) is one of the 

most popular metal powder-based technologies [13]. A laser beam is used as the heat source 

to melt and fuse thin layers of metallic powder, creating a melt-pool. The process is suitable 
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to produce almost fully dense final, including the eventual pointwise control of 

microstructure [14] and mechanical properties [15]. 

Figure 1.4 presents schematically the building chamber of an L-PBF system, which is 

composed by a laser system, a build platform, and a powder delivery platform. The powder 

bed is contained in an inert atmosphere or partial vacuum to provide shielding of the molten 

metal. The powder layers are deposited on top of the base plate, using a recoating system to 

create each powder layer. The material is consolidated layer-by-layer using a laser beam. 

The steps required to build a part using the L-PBF technology are: (i) spread of a uniform 

layer of powder with the assistance of a roller or rake; (ii) melting the predefined areas of 

the powder layer with subsequent solidification after cooling; (iii) lowering build platform 

to accommodate the next powder layer; (iv) repeat steps (i) to (iii) until the build is complete; 

(v) removal of unnecessary powder and part extraction; (vi) post-processing when necessary. 

 

 

Figure 1.4. Schematically representation of L-PBF technology [16]. 

 

The raw material used in the L-PBF process is micro sized metal powder with process 

specific granulometry and morphology, which influence the manufacturing process result. 

The morphology and the powder size of the powders affects the quality of the component. 

For these reasons in the L-PBF process, the use of spherical powders is recommended. The 

powder produced via gas atomization are preferred to those that are water-atomized, which 

are more irregular [17]. 
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Although the metal powder-based AM processes present some advantages over 

traditional manufacturing processes, several issues remain unsolved. The cyclic melting and 

solidification processes generate complex heat transport and physical mechanisms, which 

can lead to defects [18]. The most common defects include porosity, rough surfaces, warping 

and part distortions due to residual stresses, cracking and delamination [19]. Figure 1.5 

presents some examples of manufacturing defects arising in components obtained by L-PBF. 

Thus, the manufacturing defects and their consequences on the quality and mechanical 

performance of produced parts are currently a major concern. Hence, it is essential to 

understand the mechanisms behind the generation of each defect, allowing to obtain defect-

free parts by selecting appropriate process parameters [20].  

 

 
Figure 1.5. Examples of manufacturing defects arising in components obtained by L-PBF [13]. 

 

The repeated heating and cooling conditions on the workpiece generates large 

temperature gradients [21]. Thus, high levels of thermal residual stresses are induced in the 

produced part [22]. Accordingly, parts produced by L-PBF processes can comprise 

significant distortion, particularly in thin-walled features [23]. The tensile residual stresses 

have a detrimental effect on the mechanical performance of final parts, including premature 

failure during the building process [24] and poor fatigue performance [25]. Moreover, they 

affect the mechanical properties of the components [26]. Thus, the application of post-

treatments to as-built parts (heat treatment and hot isostatic pressing) is a standard approach 

to homogenizing the microstructure, eliminate anisotropy and undesirable tensile residual 

stresses [27]. The stress relief heat treatment was modelled by [28] to study the effect of the 

post-processing parameters (temperature and dwell time) on the stress field in a simple 

cantilever beam produced in Ti6Al4V. The numerical results show that the plastic yielding 

contributes to approximately 25% of the reduction in the residual stresses. 
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The process parameters define the cooling rate and solidification mode, which have a 

strong influence on the resulting microstructure and mechanical properties. The L-PBF 

process comprise several parameters to be set [29], which can be divided into four groups: 

(i) laser beam; (ii) laser scanning; (iii) powder properties and (iv) build environment. 

Moreover, the interaction between process parameters is not clearly understood. Hence, a 

proper combination of process parameters is required to obtain a fully functional mechanical 

component. Currently, the process optimization is carried out by trial-and-error, relying on 

experimental campaigns, which are very expensive and time consuming [30]. Although the 

experimental approaches provide relevant physical insights into the AM processes, the in-

situ measurement of some variables can be challenging, namely the residual stress field [31] 

and the temperature field. Thus, the adoption of virtual simulation tools is fundamental to 

accelerate the fine-tuning of the L-PBF process parameters [32].  

Several computational methods have been recently developed for modelling L-PBF 

process, at different length- and time-scales [33]. The numerical models are commonly 

divided into three length scales: namely micro-, meso- and macro-scale models [34]. Micro-

models deal with the melt pool dynamics, comprising the interaction between the laser beam 

and the powder particles [35]. The objective of the meso-models is the study of laser tracks, 

namely the interaction of the laser beam with the powder bed (usually assumed continuous). 

On the other hand, the macro-models address the entire geometry of the workpiece to be 

built, allowing the prediction of residual stress and part distortion. Figure 1.6 presents the 

macroscopic thermal finite element modelling of the L-PBF used in the building of an 

impeller with 4 spiral blades. This model allows to predict the temperature distribution and 

evolution in the build workpiece and non-melted powder during the L-PBF process at the 

macroscale. 

  
Figure 1.6. Description of the part to be constructed and temperature profile (after dwell time) obtained 

from the thermal finite element analysis [36]. 
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The numerical simulation of the L-PBF process provide a proper understanding of the 

physics behind the manufacturing process, allowing to define the suitable process window 

[37], process optimization [38]. Nevertheless, the accurate and efficient numerical analysis 

of AM processes is very challenging, due to the multiphysics phenomena across multiple 

scales (see Figure 1.7). In fact, the challenges in the computational modelling are manifold: 

complex material behaviour, phase transitions, thermo-mechanical coupling, high 

temperature gradients, different length and time scales, etc. [39]. Thus, up to date, the 

numerical analysis is mainly focused on simple geometries [40,41]. In fact, the traditional 

thermo-mechanical modelling approaches require an impracticable high computational time 

to predict residual stresses and part distortion [42]. Consequently, multiscale modelling 

methods have been developed for an effective analysis of these processes [43]. The 

numerical simulation is crucial for understanding the complex relationship between process–

structure–property–performance, in powder-based AM [44,45]. The study carried out by 

Mukherjee and Debroy [46] shows that a digital twin of 3D printing machine can reduce the 

number of trial-and-error tests, reduce defects and shorten time between the design and 

production. 

Applying both 3D thermal simulation and experimental data, it was found that the 

scanning strategy affects the resulting thermal field and, consequently, the intensity of the 

developed thermal stresses and deformations [47]. Using different scanning strategies, the 

results shown that the proper selection of the scanning strategy is particularly important for 

parts with a surface of uniform dimensions in both directions than for parts featuring long 

and narrow plane surfaces.  

 

Figure 1.7. Physical effects and processes taking place during AM [48]. 
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Aluminium alloys due to their low density, high specific strength-to-weight ratio and 

hight resistance against corrosion have a very broad field of application. However, the 

aluminium powders are not widely used in the L-PBF process due to some difficulties [49]. 

The high reflectivity of the aluminium increases the laser power required for melting. 

Besides, higher laser powers are required due the high thermal conductivity of the aluminium 

in comparison with other materials (steel and titanium), leading to the rapid dissipation of 

heat away from the scanned track. Nonetheless, the main obstacle to the effective melt 

processing of aluminium alloys is oxidation, leading to oxide formation inside the part [50]. 

Despite the oxygen present in the build chamber, the most important characteristics of the 

powder feedstock for L-PBF are the powder particle size distribution and the morphology 

[51].  

The pore size, distribution, and morphology in AlSi10Mg samples built using L-PBF 

was studied by computed tomography on small volumes [52]. The measured pores ranged 

from under 5 μm up to slightly over 100 μm. Besides, they exhibited a range of shapes from 

spherical to ellipsoidal, as well as irregular morphologies. Substantial variations in the pore 

size distributions were found as a function of process conditions. The fabrication and 

characterization of high strength Al-Cu alloys processed using L-PBF was evaluated in [53], 

aiming to achieve a high relative density for the fabricated 3D structures. They concluded 

that the volumetric energy density is a rough indicator for high relative density parts, but 

with limited accuracy. The experimental tests showed that in order to achieve high relative 

densities a melting depth of approximately 3 layers was required. 

1.3. Aims of the study and dissertation outline 

The aim of the present work is to perform a numerical and experimental analysis of 

the L-PBF additive manufacturing process, considering two different aluminium alloys 

powder material (AlSi10Mg and Al-6.3Cu). The main objective is the proper selection of 

the process parameters for each aluminium alloy in order to obtain parts without 

manufacturing defects.  

Additionally, the laser emission mode is studied, using continuous and pulsed laser 

modes. A design of experiments is proposed considering different combinations of laser 

power and scanning speed for single tracks deposited on the substrate. In addition to the 
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single tracks, multi-layer geometries are also considered, namely hollow thin-wall cubes and 

cantilevers.  

The effect of multi-layer deposition for a single track is evaluated using hollow thin-

wall cubes, while the cantilevers are used for evaluated the residual stresses generated both 

during the manufacturing process and after the heat treatment. The numerical simulation of 

the L-PBF manufacturing process comprises the meso-scale analysis of each single track 

(also in the hollow thin-wall cubes) using the in-house developed finite element code 

DD3IMP and the macro-scale analysis of the cantilevers using the commercial code 

Simufact Additive. The numerical predictions are compared with the experimental 

measurements in order to assess the accuracy and reliability of the numerical models.  

This section presents the structure of the work, as well as a brief summary of the topics 

covered in each chapter. 

Chapter 1: presents the motivation for this study in the framework of the emerging 

additive manufacturing. A brief description of the L-PBF technology aluminium alloys is 

presented, highlighting the main advantages and drawbacks. The approaches currently 

adopted in the numerical modelling of this AM process are described, as well as the 

objectives for the present work. 

Chapter 2: contains the experimental procedure, namely the characterization of the 

metallic powders (AlSi10Mg and Al-6.3Cu) and the design of experiments carried out for 

different build geometries. The manufacturing conditions adopted to build each part 

geometry (single tracks, thin-walls and cantilevers) are properly defined. 

Chapter 3: describes in detail the finite element models used in the numerical 

simulation of the L-PBF process at different length-scales. 

Chapter 4: presents the main results obtained in the present study, comprising both 

experimental measurements and numerical predictions. 

Chapter 5: summarizes the main conclusions obtained from the results presented in 

the previous chapters. 

 

 



 

 

  EXPERIMENTAL PROCEDURE  

 

 

Francisca Isabel Teixeira Salgueiro  9 

 

2. EXPERIMENTAL PROCEDURE  

The present study was carried out at the Welding and Quality Institute (ISQ: Instituto 

da Soldadura e da Qualidade), which is a private, independent and accredited entity. The 

ISQ offers engineering, consultancy, inspection and testing services and R&D and 

innovation activities. Present in 14 countries and with 7 offices in Portugal, ISQ is an 

organisation that provides scientific-technological support by promoting continuous 

improvement, innovation and the safety of people and property in industry and services. The 

development of the present research work was performed in the Welding and Additive 

Manfuacturing lab of ISQ Taguspark (Lisbon), which integrates the Materials and 

Technologies unity of the Research, Development and Innovation department.  

2.1. Materials 

Two different aluminium alloys were analysed in the present study, namely the 

AlSi10Mg and the Al-6.3Cu alloy. Both powders were inert gas atomized in order to obtain 

a spherical morphology and to minimize oxidation of the powder particles. The aluminium 

alloy AlSi10Mg comprises aluminium alloyed with silicon of mass fraction up to 10%, small 

quantities of magnesium and iron, along with other minor elements. The chemical 

composition of the powder, specified by the material supplier, is listed in Table 2.1.  

 

Table 2.1. Chemical composition of the AlSi10Mg powder supplied by Renishaw (wt.-%). 

Al Si Mg Fe N O Ti Zn Mn Ni Cu Pb Sn 

Balance 9-11 0.25-0.45 <0.25 <0.20 <0.20 <0.15 <0.10 <0.10 <0.25 <0.25 <0.25 <0.25 
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(a) (b) 

Figure 2.1. Equipment used to prepare the Al-6.3Cu alloy for use in the L-PBF process: (a) drying oven used 
to remove the powders humidity; (b) drum hoop mixer device used for blend metal powders. 

 

The Al-6.3Cu alloy was obtained by mixing pure aluminium and copper powders 

(99.9% of purity, supplied by Sigma Aldrich). Accordingly, the mixture comprises 63g of 

Cu powder and 937g of Al powder, resulting in 1kg of the Al-6.3Cu alloy for use in the L-

PBF process. The powders were dried under vacuum for 1 h at 120ºC in the ThermoFisher 

Scientific VacuTherm VT 6060 M vacuum oven (see Figure 2.1 (a)). The powder mixture 

was obtained by mixing the two powders using a drum hoop mixer (JEL RRM Mini-II, J. 

Engelsmann AG) for 20 minutes at a speed of 35 rpm, as shown in Figure 2.1 (b). 

The powder particle size distribution of each alloy (AlSi10Mg and Al-6.3Cu) was 

measured by dry-sieving. Four different sieves were adopted to segregate the powder 

particles into five size categories, namely size of 63µm, 45µm, 38µm, and 20µm. The sieving 

was performed in a CISA Sieve Shaker BA200N (Figure 2.2 (a)) during 15 minutes using 

an amplitude of 0.5 mm. For analysis of the cross-section of the powder particles, the sample 

was prepared using the manual grinder and polisher EcoMet30, which is shown in Figure 

2.2 (b). The optical microscope used in the evaluation of particle morphology is shown in 

Figure 2.2 (c).  
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(a) (b) (c) 

Figure 2.2. Equipment used in powder granulometry analysis: (a) CISA Sieve Shaker BA200N; (b) manual 
grinder and polisher EcoMet30; (c) Zeiss optical microscope. 

2.2. Sample Preparation 

The effect of the main process parameters on the final quality of the components 

obtained by L-PBF manufacturing process was evaluated using different geometries. 

Accordingly, a design of experiments was carried out considering different combinations of 

laser power and scanning speed for three different geometries: (i) single track scanning; (ii) 

hollow thin-wall cube; (iii) cantilever. 

2.2.1. L-PBF equipment  

All samples were manufactured using a Renishaw RenAM 500S Flex system, which 

is shown in Figure 2.3 (a). The RenAM 500S Flex system features a build volume of 250 

mm × 250 mm × 350 mm. The system uses a 500 W ytterbium fiber laser (Yb:YAG) with a 

wavelength of 1070 nm and spot size of 80 μm, which operates under argon protective gas 

(purity of 99.999%) to prevent oxidation. In this study, samples were manufactured using 

continuous wave (CW) and modulated wave (MW) laser emission modes, with equivalent 

input energy densities.  

The samples were produced with the reduced build volume (RBV) setup, which allows 

smaller builds, with a maximum build volume of 78 mm × 78 mm × 50 mm. The RBV is a 

tool to test new materials and parameters for use on AM systems. The geometry of the 

adopted substrate has a thickness of 9 mm and width of 77.4 mm. All the experiments were 

performed on AW5083 aluminium alloy substrates. 
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(a) (b) 

Figure 2.3. Renishaw system for L-PBF additive manufacturing: (a) RenAM 500S Flex; (b) substrate geometry 
used in the reduced build volume. 

 

2.2.2. Single track deposition  

The effect of laser power and scanning speed on the single-track deposition quality 

was evaluated using a design of experiments. Hence, eighty different configurations of 

parameters were evaluated for the AlSi10Mg alloy, varying the laser power, the scanning 

speed and the laser emission mode. For the Al-6.3Cu alloy, sixty different combination of 

parameters were studied. In both cases, the thickness of the powder layer was 30 μm, the 

single-track length was 20 mm and the distance between adjacent tracks was 1.025 mm.  

Figure 2.4 (a) presents the single tracks configuration for the AlSi10Mg alloy, as well 

as the set of process parameters adopted in each one. The laser power was varied between 

100 W and 300 W, while the scanning speed was in the range 100 mm/s and 2500 mm/s. 

The laser emission mode was studied, comparing CW and the MW, as shown in Figure 2.4 

(a). In the case of MW, the equivalent scanning speed is defined by the exposure time, which 

was 40 µs, and the point distance, which was between 4 µm and 100 µm.  

Figure 2.4 (b) presents the configuration of the single tracks performed for the Al-

6.3Cu alloy and the set of process parameters adopted in each one. In this case, the laser 

power was varied from 100 W to 300 W, with a scanning speed between 100 mm/s and 1500 

mm/s. The reduction of the scanning speed range was a consequence of the results obtained 

for the larger values of scanning speed in the design of experiments carried out for 
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AlSi10Mg. Thus, the point distance range used in the MW was between 4 µm and 60 µm, 

keeping the exposure time in 40 µs. 

 

  
(a) (b) 

Figure 2.4. Configuration and process parameters used in the single-track scanning: (a) AlSi10Mg; (b) Al-
6.3Cu powder mixture. 

 

Figure 2.5 (a) and Figure 2.5 (b) present the experimental observation of the single 

tracks deposited on the substrate for the alloy AlSi10Mg and for the Al-6.3Cu powder 

mixture, respectively. The location of each single-track carried out in the design of 

experiments can be easily identified by comparing Figure 2.4 with Figure 2.5. 

The melt-pool size obtained for each set of process parameters was indirectly assessed 

by measuring the single-track deposited on the substrate. Accordingly, the substrate was 

sectioned by abrasive cutting (Labotom-5 from Struers) in the transverse direction at mid-

length of the track. The samples containing the cross-section of each single-track were 

embedded in resin and then grinded and polished using the same procedure previously used 

for the powder. The samples were etched by using Keller’s reagent for 30 seconds. Then, 

both the height, the depth and the width of each single-track were measured in the optical 

micrographs. 
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(a) (b) 

Figure 2.5. Experimental observation of the single-tracks deposited on the substrate: (a) AlSi10Mg; (b) Al-
6.3Cu powder mixture. 

 

2.2.3. Hollow thin-wall cubes  

To take into account the multi-layer feature of the L-PBF additive manufacturing 

process, hollow thin-wall cubes were built. The main dimensions of the geometry are shown 

in Figure 2.6, namely the top view and the lateral view of the geometry. The width of the 

rectangular cross-section is 3.4 mm and the length is 4 mm, while the height is 5 mm. The 

effect of the laser power, scanning speed and laser emission mode on the quality of the 

hollow thin-wall cube was evaluated using a design of experiments. Consequently, forty 

different configurations of parameters were evaluated for the AlSi10Mg alloy. The thickness 

of the powder layer was 60 μm, while each cross-section of the hollow thin-wall cube was 

built using a single scan strategy (perimeter in the clockwise direction). 

 

Figure 2.6. Geometry and main dimensions of the hollow thin-wall cube produced by L-PBF. 



 

 

  EXPERIMENTAL PROCEDURE  

 

 

Francisca Isabel Teixeira Salgueiro  15 

 

 

  
(a) (b) 

Figure 2.7. Hollow thin-wall cubes of AlSi10Mg: (a) configuration of the process parameters; (b) 
experimental observation. 

 

Figure 2.7 (a) presents the distribution of the hollow thin-wall cubes on the substrate 

for the AlSi10Mg alloy, including the set of process parameters adopted in each case. The 

laser power was varied between 100 W and 300 W, with a scanning speed from 100 mm/s 

to 2000 mm/s. The laser emission mode was also studied, but the comparison between CW 

and MW was carried out only for 100 W of laser power and up to 1000 mm/s of scanning 

speed, as shown in Figure 2.7 (a). Accordingly, for the MW laser emission the exposure time 

was 40 µs and the point distance was varied between 4 µm and 40 µm. Figure 2.7 (b) presents 

the top view of the hollow thin-wall cubes built on the substrate. 

2.2.4. Cantilevers 

To evaluate the level of residual stresses in the parts produced by L-PBF additive 

manufacturing process, cantilevers with different set of parameters were built with the 

AlSi10Mg powder. Figure 2.8 presents the geometry and the main dimensions of the adopted 

cantilever beam. After the printing process, the cantilever is only partially removed from the 

substrate. All the thin vertical supports are cut, but the left-most bulky part of the cantilever 

remains attached to the substrate. Subsequently, the cantilever deformed mainly due to the 

normal stress along the cantilever length.  
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Figure 2.8. Geometry and main dimensions of the cantilever used to evaluate the residual stresses. 

 

 

The effect of both the laser power, the scanning speed, the hatch distance, the layer 

thickness and the laser emission mode were evaluated for the cantilever geometry using a 

design of experiments. Consequently, eight different combinations of process parameters 

were evaluated for the aluminium alloy AlSi10Mg, which are listed in Table 2.2. The set of 

parameters was selected according to the results obtained for hollow thin-wall cubes, namely 

the uniformity of the wall. In all cases, the laser scanning strategy adopted was the meander 

with an interlayer rotation of 67º. The thickness of each powder layer was 60 μm, except for 

the cantilever #7, which uses all process parameters recommended by Renishaw company 

for the aluminium alloy AlSi10Mg (30 μm of powder layer thickness). The design of 

experiments comprises values of laser power ranging between 100 W and 300 W, while the 

scanning speed ranges between 100 mm/s and 2250 mm/s. The values of hatch distance 

selected for the cantilevers are identical to the measured wall thickness for the same values 

of laser power and scanning speed. Hence, the hatch distance ranges between 0.09 mm and 

0.628 mm, as shown in Table 2.2. The volumetric energy density (VED, J/mm³) used in each 

cantilever is listed in Table 2.2, which was calculated by: 

 𝑽𝑬𝑫 =
𝑷

𝒗 × 𝒉 × 𝒕
 (2.1) 

where P denotes the laser power, v is the scanning speed, h is the hatch distance and t defines 

the layer thickness. 
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Table 2.2. Definition of the process parameters used in each cantilever built with AlSi10Mg powder. VED is 
the volumetric energy density in J/mm³.  

Cantilever 

ID 

Laser 

power [W] 

Scanning 

speed [mm/s] 

Hatch distance 

[mm] 

Layer 

thickness [μm] 

Laser 

mode 

VED 

(J/mm3) 

1 200 200 0.225 60 CW 74.1 

2 200 500 0.135 60 CW 49.4 

3 250 500 0.195 60 CW 42.7 

4 250 1000 0.123 60 CW 33.9 

5 300 100 0.628 60 CW 79.6 

6 300 500 0.325 60 CW 30.8 

7 350 2250 0.090 30 MW 57.6 

8 100 500 0.110 60 MW 30.3 

 

 

Figure 2.9 presents the obtained cantilevers according to the process parameters listed 

in Table 2.2. Due to the small size of the substrate used in the RBV, each substrate comprises 

at maximum 3 cantilevers, requiring the use of 3 substrates to complete the design of 

experiments. In order to evaluate the geometric distortion induced by the thermal stress, each 

cantilever was cut from the substrate using wire electrical discharge machining (wire-EDM, 

outsourced). After cutting from the substrate, the cantilever will bend upwards. The 

distortion of each cantilever was measured before and after the removal from the substrate 

using a profilometer Mitutoyo surface test SJ-410, as shown in Figure 2.10. The profile of 

the upper surface of each cantilever was evaluated along the entire length and at the half-

width of the cantilever.  

 

 

Figure 2.9. Printed cantilevers for AlSi10Mg using different combinations of process parameters (beam 
power, scanning speed, hatch distance, layer thickness and laser mode). 
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(a) (b) 

Figure 2.10. Measuring the cantilever profile with Mitutoyo surface test SJ-500: (a) experimental setup; (b) 
detail of the probe during the measurement. 

 

2.3. Heat treatment  

The successive thermal cycles arising in the L-PBF leads to the generation of severe 

residual stresses in the built components. The residual stresses are largely spatially non-

uniform, which can be detrimental for the mechanical properties. Also, during the building 

process, they can reduce the dimensional accuracy and lead to geometrical defects, such as 

distortion and layer delamination [13]. Accordingly, heat treatment for residual stress relief 

is a common practice in L-PBF. Usually, it is applied before the produced parts are cut from 

the substrate to avoid distortion. According to [54], the heat treatment conditions must be 

chosen carefully to avoid undesirable phenomena such as precipitation or phase changes. 

The proper selection of the heat treatment parameters can lead to a reduction of the residual 

stresses in about 70-90%. 

The effect of the heat treatment on the residual stresses was evaluated in the present 

study for the cantilever geometry obtained with the printing process parameters suggested 

by Renishaw (cantilever #7 in Table 2.2). Hence, two cantilevers produced under identical 

conditions, one of which was submitted to a heat treatment and the other without post-

processing heat treatment. The procedure adopted in the heat treatment was according to 

Renishaw. The parts were incorporated into protective gas boxes containing argon (three 

purges were performed) and then placed inside the furnace (Nabertherm NW200 in Figure 
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2.11). This thermal treatment consisted of heating to 300ºC and keeping the cantilever at for 

2 hours and then slowly cooling down inside the furnace. 

 

 

  
Figure 2.11. Oven Nabertherm NW200 used in the heat treatment of the cantilevers. 
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3. FINITE ELEMENT MODELLING 

3.1. Meso-scale modelling  

The numerical analysis of the L-PBF additive manufacturing process can be carried 

out at meso-scale, allowing the study of the interaction of the laser beam with the powder 

layer. In the present work, the meso-scale thermal analysis was carried out using the in-house 

finite element code DD3IMP. The evolution of the temperature field during the deposition 

of single tracks can be predicted, by replicating the design of experiments described in 

Section 2.2.2 and 2.2.3. 

3.1.1. Transient thermal analysis  

The differential equation governing the transient heat conduction, within a continuous 

medium with arbitrary volume, can be derived from the first law of thermodynamic. The 

solution of the heat equation provides the temperature T with respect to time t, expressed as 

follows: 

 𝑘 (
𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2 +
𝜕2𝑇

𝜕𝑧2) + �̇� = 𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
 , (3.1) 

Where k is the thermal conductivity coefficient, ρ denotes the mass density, cp is the specific 

heat and �̇� is the power generated per volume in the workpiece. In order to take into account 

the effects of Marangoni convection on the melt pool, the thermal conductivity of the liquid 

is artificially increased [55]. The proposed model considers the heat loss by convection and 

radiation between the exposed powder bed surface and the environment. The heat exchange 

by convection to the environment on the top surface of the powder bed is determined by: 

 𝑞𝑐 = ℎ𝑐(𝑇 − 𝑇0) (3.2) 

where hc is the convective heat transfer coefficient and T0 is the environment temperature. 

A value of 5 W/(m2K) was chosen for hc to account for free convection. The remaining 

surfaces (side walls and bottom surface) are assumed thermally isolated. The radiative heat 

losses were accounted for the top surface of the powder bed, given by: 

𝑞𝑟 = 𝜀𝜎(𝑇4 − 𝑇0
4) 
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where 𝜀 is the surface emissivity, which was taken as 0.8 and 𝜎 is the Stefan Boltzmann 

constant and T0 is the environment temperature T0=290 K.  

3.1.2. Heat source  

Due to the powder bed packing density, the incident laser radiation is reflected between 

the particles, increasing the absorption depth in comparison to bulk solid. Thus, the laser 

heat input is modelled by the volumetric Gaussian heat source proposed by Goldak et al. 

[56]. The power density distribution for a hemispherical shape heat source model can be 

expressed as: 

 �̇� =
2𝛽𝑃

𝜋𝑟0
3 𝑒𝑥𝑝 {−2

𝑥2 + 𝑦2 + 𝑧2

𝑟0
2 } (3.3) 

where P is the power of the laser source, β is the absorptivity and r0 denotes the radius of the 

laser beam. The absorptivity of 18% for AlSi10Mg powder material is used according to 

[57]. The radius of the laser beam adopted in the numerical simulations was 40 μm. The 

schematic diagram of laser beam irradiating on the powder bed surface is presented in Figure 

3.1, highlighting the Gaussian distribution of the power density.  

 

 

 

Figure 3.1. Schematic diagram of laser beam irradiating on the powder bed surface [58]. 

 

 

The numerical modelling of the laser emission modes is presented in Figure 3.2 for 

P=200 W, comparing the CW and the MW for equivalent values of scanning speed (400 
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mm/s). While in the CW the laser is always switch on, in the case of the MW the laser is on 

(30 µs) and off (10 µs), which corresponds to 40 µs of exposure time. Besides, the point 

distance is 16 µm in CW laser mode, as shown in Figure 3.2. 

 

 

  
(a) (b) 

Figure 3.2. Modelling the laser emission modes for P=200 W: (a) CW and v=400 mm/s; (b) MW with 40 µs of 
exposure time and 16 µm of point distance. 

 

3.1.3. Numerical model  

Since the L-PBF process comprises the material phase transformation from powder to 

liquid, which then cools down to solidification, three material phases were considered in the 

simulation: powder, solid and liquid. The powder material switches to liquid when the 

temperature rises to the melting point (840 K) and the liquid material solidifies when the 

temperature cools down to the melting point (bidirectional transformation). All thermal and 

physical properties were assumed constant in the numerical simulation (see Table 3.1). In 

order to account for the convective heat transfer within the melt pool, the thermal 

conductivity coefficient of the liquid phase was artificially increased up to 800 W/mK. On 

the other hand, mass density of the powder phase was 60% of the solid AlSi10Mg, due to 

the assumption of 0.6 for the packing factor of the powder bed. Besides, the adopted thermal 

conductivity coefficient of the powder was 10 times smaller than that of the same bulk 

material due to the porosity in the powder bed [59]. 
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Table 3.1. Thermo-physical properties of AlSi10Mg (solid material) [source: Addimen]. 

ρ [kg/m3] cp [J/kg·K] k [W/m·K] Tm [K] 

2680 900 160 840 

 

The geometry of the initial domain used in the thermal modelling of the single-track 

deposition is presented in Figure 3.3 (a). The substrate is a parallelepiped with 3.5 mm 

length, 1 mm half-width and 1 mm of thickness. Due to symmetry conditions, only half width 

is modelled, as shown in Figure 3.3. The thickness of the powder layer is 30 μm in the region 

above the substrate. The adopted non-conforming finite element mesh (3 levels of mesh 

refinement) is composed by 158,340 hexahedral linear finite elements, as shown in Figure 

3.3 (b). In order to reduce the computational cost, the mesh is refined only in the vicinity of 

the laser scan vector, which has 1.5 mm of length. Accordingly, the minimum element size 

is 4 μm in both longitudinal and transversal directions, while in the vertical direction is 3.75 

μm. 

 

 
 

(a) (b) 

Figure 3.3. Geometry and finite element mesh used in the numerical modelling of the single-track scanning: 
(a) solution domain composed by the substrate and powder layer; (b) detail of the mesh around the 

symmetry plane. 

 

Figure 3.4 presents the geometry of the domain used in the thermal modelling of the 

hollow thin-wall cubes. In order to avoid the numerical issues related with the multi-layer 

deposition modelling, a single layer deposition was studied considering a multi-track 

deposition (four edges). Nevertheless, the 40th layer deposition was selected to avoid the 
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deposition of the first couple of layers, which can be significantly influenced by the closer 

presence of the substrate. Therefore, this layer was scanned over solidified layers of the 

hollow thin-wall cube, i.e. the initial wall has 2.34 mm of height, as shown in Figure 3.4 (b). 

Since the thickness of the additively manufactured hollow cube is strongly dependent of the 

selected process parameters, namely laser power and scanning speed, two different values 

of wall thickness were considered in the model (t0=0.2 mm and t0=0.4 mm). The thickness 

of each powder layer is 60 μm but the total powder bed height after the current layer 

deposition is 2.4 mm, as shown in Figure 3.4 (a). The substrate is a parallelepiped with 6 

mm × 6 mm × 4.80 mm, while the cross section of the hollow cube presents 4 mm of length 

and 3.4 mm of width. The adopted non-conforming finite element mesh (4 levels of mesh 

refinement) is composed by 99,534 hexahedral linear finite elements, as shown in Figure 3.4 

(c). In order to reduce the computational cost, the mesh is refined only in the vicinity of each 

laser scan vector. Accordingly, the minimum element size is 25 μm in both longitudinal and 

transversal directions, while in the vertical direction is 30 μm.  

 

 

  

 

 

(a) (b) (c) 

Figure 3.4. Geometry and finite element mesh used in the numerical modelling of the hollow thin-wall 
cube: (a) entire solution domain; (b) solution domain without powder; (c) detail of the mesh in the corner. 

 

3.2. Macro-scale modelling  

In the present study, the numerical analysis of the L-PBF additive manufacturing 

process at macro-scale is carried out resorting to the commercial software package Simufact 
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Additive. This mechanical analysis allows to predict residual stresses and distortions in real 

(macro) build geometries. The printing process of the cantilever geometry can be evaluated 

in detail, including the effect of the heat treatment on the resulting sample deflection after 

cutting operation.  

 

3.2.1. Simufact Additive 

Simufact Additive is a commercial software solution for the simulation of metal-based 

additive manufacturing processes. This software package cover two different process: (i) 

Powder Bed Fusion Processes; (ii) Metal Binder Jetting. The module regarding the metal 

powder bed fusion process, which will be adopted in the present study, contains three 

options: mechanical, thermal and thermo-mechanical. Nevertheless, only the mechanical 

module was used for this study. This software uses the following numerical methods for 

modelling the L-PBF process and to predict part distortion: (a) Finite Element Method 

(FEM); (b) Inherent Strain Method.  

 

 

  
(a) (b) 

Figure 3.5. Effect of temperature on the mechanical properties of AlSi10Mg: (a) Young modulus; (b) flow 
stress evolution [source: Simufact material database]. 

 

Since the purpose of the macro-scale simulation is the printing process of the cantilever 

(see Figure 2.8), the geometry was imported to the Simufact Additive using the STEP file. 

Since this geometry does not requires support structures, the cantilever is placed directly 
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over the substrate (assumed rigid in the simulation). The powder material properties of the 

AlSi10Mg used in the numerical analysis were obtained from the software library. Figure 

3.5 (a) presents the evolution of the Young modulus with the temperature required to define 

the elastic behaviour, together with the Poisson ration of 0.34. The effect of the temperature 

on the flow stress curves is presented in Figure 3.5 (b), highlighting the reduction of the 

material strength with the temperature increase. The thermal expansion coefficient adopted 

for AlSi10Mg was 2.06×10-5 1/K. 

 

 

 

(a) 

 
(b) 

 

(c) 

 
(d) 

Figure 3.6. Finite element mesh used in the simulation of the cantilever geometry: (a) global lateral view of 
the coarse mesh (element size: 0.5 mm); (b) detail of the coarse mesh; (c) global lateral view of the fine 

mesh (element size: 0.25 mm); (d) detail of the fine mesh 
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Hexahedral finite elements (voxel elements) are used in the numerical simulation. The 

discretization of the cantilever geometry was carried out using two different meshes, which 

are presented in Figure 3.6. The element size of the coarse mesh is 0.5 mm, while the fine 

mesh contains elements with 0.25 mm of size. The total number of elements defining the 

fine mesh is about 8 times larger than in the coarse mesh. The cutting stage simulates a cut 

through the defined horizontal plane to partially detach the cantilever from the base plate in 

multiple time steps. This cutting operation was carried out after the build operation, using 

eight time steps to gradually release the cantilevers from the substrate (cutting from the right-

side to the left-side). 

 

3.2.2. Inherent strain method 

The Simufact Additive software predicts residual stress and part distortion through the 

inherent strain method, which has been successfully adapted to L-PBF processes in a multi-

scale [60]. The inherent strain method employs strains that are inherited from the thermo-

mechanical process and allows for calculation of the deformed shape. The strategy reduces 

the complex thermo-mechanical simulation to a mechanical analysis, which makes the 

simulation much faster while having a limited trade off in accuracy. The trade-off commonly 

affects stresses that may be predicted less accurately in some cases than they would be with 

an in-depth thermo-mechanical analysis.  

The inherent strain is the sum of the strains due to plastic deformation, thermal 

expansion and phase changes. If the total strain developed during a laser scan is 𝑒tot and the 

elastic strain is denoted by 𝑒e, then: 

 𝑒𝑡𝑜𝑡 = 𝑒𝑒+𝑒𝑝 + 𝑒𝑡 + 𝑒𝑝ℎ𝑎𝑠𝑒 (3.4) 

where 𝑒𝑝 is the plastic deformation, 𝑒𝑡 is the strain due to the thermal expansion and 𝑒𝑝ℎ𝑎𝑠𝑒, 

denotes the strain due to phase changes. Then, the inherent strain is defined by: 

 𝑒∗ = 𝑒𝑡𝑜𝑡 − 𝑒𝑒. (3.5) 

This strain is used as the initial strain to calculate the residual stress and the distortion 

developed during the building process. The system of equations used in FEM for static 

mechanical analysis of elastic materials is: 

 [𝐾]{𝑢} = {𝑓∗} (3.6) 
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where [𝐾], {𝑢} and {𝑓∗} represent the elastic stiffness matrix, nodal displacement vector and 

nodal force vector induced by the inherent strain, respectively.  

The numerical prediction of residual stresses and part distortion using the macro-scale 

part model requires the calibration of the inherent strain. The calibration procedure for the 

inherent strain takes into account a combination of machine, process parameters and 

material. The idea behind the algorithm is the comparison of simulation data with 

experimental measurements. Simufact Additive recommends the building of a cantilever, 

which is then partially cut off from the build platform to measure bending. The bending 

value of the cantilever, along with the process conditions, is used to calculate inherent strain 

in the calibration procedure. Note that for every combination of material and process 

parameters, a new calibration is required [61].  

The calibration procedure can be divided into two categories: isotropic and orthotropic 

inherent strains. In the isotropic calibration, the inherent strains in x-direction are set equal 

to the strains in y-direction 𝜀𝑥𝑥=𝜀𝑦𝑦, while the orthotropic calibration considers 𝜀𝑥𝑥≠𝜀𝑦𝑦. 

Therefore, isotropic calibration requires the manufacturing of a single cantilever, while the 

orthotropic calibration requires the manufacturing of at least two cantilevers, one in x and 

one in y direction. Figure 3.7 presents the menu of the Simufact Additive used to define the 

starting values for the inherent strains used in the calibration procedure. The default values 

for AlSi10Mg are listed in Table 3.2, which were adopted in the numerical simulations of 

the cantilever. 

 

 

Figure 3.7. Menu of Simufact Additive containing the starting values for the inherent strains used in the 
calibration procedure. 

 



 

 

Numerical and experimental analysis of the L-PBF additive manufacturing process in aluminium alloys 

 

 

30  2022 

 

Table 3.2. Default values of each component of the inherent strain for AlSi10Mg. 

εxx  εyy εzz 

-0.0058 -0.0022 -0.03 
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4. RESULTS AND DISCUSSION 

4.1. Powder granulometry 

Figure 4.1 (a) presents the obtained powder particle size distribution of the AlSi10Mg 

alloy. The mean particle size calculated from cumulative weight is between 45 μm and 63 

μm. In addition to particle size, particle morphology was also measured for AlSi10Mg. Thus, 

Figure 4.1 (b) presents the cross-section of powder particles obtained under a microscope 

after to determine the particles shape, which is approximately spherical. 

 

 
 

(a) (b) 

Figure 4.1. Characterization of the AlSi10Mg powder: (a) particle size distribution; (b) cross-section of the 
powder particles. 

 

Figure 4.2 (a) and Figure 4.2 (c) presents the powder particle size distribution of pure 

Al and pure Cu, respectively. The Al powder particles has a d50 ≈ 55 μm, which is the same 

range as the AlSi10Mg powder. On the other hand, the Cu powder particles shows a d50 ≈ 

45 μm, which is slightly smaller than pure Al powder. The particle morphology for Al and 

Cu is shown in Figure 4.2 (b) and Figure 4.2 (d), respectively. The powder particles shape 

is approximately spherical, particularly in the case of the Cu powder. 
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(a) (b) 

 

 

(c) (d) 

Figure 4.2. Characterization of pure powder: (a) particle size distribution of Al powder; (b) cross-section of 
Al powder particles; (c) particle size distribution of Cu powder; (d) cross-section of Cu powder particles. 

 

4.2. Single track scanning  

The design of experiences applied to the single tracks comprises eighty different set 

parameters for AlSi10Mg and sixty different set parameters for Al-6.3Cu alloy. Both 

experimental and numerical analysis was performed to identify the proper combination of 

process parameters to obtain uniform tracks. 
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4.2.1. Single track quality 

Figure 4.3 presents the top view of the single tracks of the AlSi10Mg alloy built with 

different values of laser power and scanning speed. Globally, the track width increases either 

increasing the laser power or decreasing the scanning speed. Nevertheless, with a lower laser 

power and higher scanning speed the track is missing or discontinuous. Considering the laser 

power of 100 W, the track is missing for scanning speed values larger than 500 mm/s. On 

the other hand, for large values of power and small values of scanning speed overmelting is 

observed, namely for the lowest scanning speed (100 mm/s) and values of power larger than 

200 W. The influence of the laser emission mode (CW or MW) on the deposition quality is 

not evident by visual inspection. 

The top view of the single tracks of Al-6.3Cu built with different values of laser 

power and scanning speed is shown in Figure 4.4, comparing the two laser emission modes 

evaluated. The same trend is observed for the Al-6.3Cu alloy regarding the effect of the 

process parameters. However, for the same set of process parameters, the scanned track is 

more uniform using Al-6.3Cu in comparison with AlSi10Mg, as shown by comparing Figure 

4.3 and Figure 4.4. Besides, the width of the scan track seems more uniform using the MW 

laser mode, particularly for the highest laser power and lower scanning speed (see Figure 

4.4). This is a consequence pulsed mode of the laser, which avoids long stretching of the 

melt pool as in the continuous laser mode. 
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(a)  (b) 

Figure 4.3. Design of experiments for single-track scanning of AlSi10Mg for laser mode: (a) CW; (b) MW. 
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(a)  (b) 

Figure 4.4. Design of experiments for single-track scanning of Al-6.3Cu for laser mode: (a) CW; (b) MW. 
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The visual inspection of each single-track scanning (Figure 4.3 and Figure 4.4) allows 

to divide the tracks into three categories: (i) uniform; (ii) non-uniform and (iii) 

discontinuous. Figure 4.5 presents this classification for the single tracks obtained 

experimentally for the AlSi10Mg alloy. The uniformity (good quality) of the tracks is 

obtained for small values of scanning speed (≤ 1000 mm/s) and at least intermediate values 

of laser power. Globally, values of scanning speed larger than 1000 mm/s yields 

discontinuous tracks (poor quality), even for large values of laser power. This corresponds 

to low values of energy density. The influence of the laser emission mode (CW or MW) on 

the deposition quality is also shown in Figure 4.5, comparing the quality of the deposited 

tracks. It is seen that with the MW a wider processing window is obtained for uniform tracks. 

 

  
(a) (b) 

Figure 4.5. Morphology of the single tracks obtained experimentally for AlSi10Mg using the laser mode: (a) 
CW; (b) MW. 

 

  

(a) (b) 

Figure 4.6. Morphology of the single tracks obtained experimentally for Al-6.3Cu using the laser mode: (a) 
CW; (b) MW. 
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The classification for the single tracks obtained experimentally for the Al-6.3Cu alloy 

is shown in Figure 4.6. The main difference between the AlSi10Mg and Al-6.3Cu appears 

for higher values of laser power and scanning speed, where a wider processing window is 

obtained for uniform single tracks in the case of the Al-6.3Cu alloy. 

The shape and dimensions of the melt pool were observed in the transverse cross-

section of the substrate with the single-tracks. The cross-section view of each single track of 

AlSi10Mg using the laser emission mode CW and MW is presented in Figure 4.7 and Figure 

4.8, respectively. The melt pool height is very high in some cases, particularly for v = 100 

mm/s and CW laser mode, but also for large values of scanning speed and laser power in 

case of MW laser mode. 
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Figure 4.7. Cross section view of each single track of AlSi10Mg for CW laser mode. 
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Figure 4.8. Cross section view of each single track of AlSi10Mg for MW laser mode. 

 

The cross-section view of each single track of Al-6.3Cu using the laser emission mode 

CW and MW is presented in Figure 4.9 and Figure 4.10, respectively. In opposite to the 

AlSi10Mg powder, the melt pool height is very low in all set of process parameters for Al-

6.3Cu. However, the melt pool depth is very large using CW laser mode for P=300 W. 

Despite the easy identification of each single track in the top view of Figure 4.4, the cross 

section presents some voids in the location of the tracks, which indicating material remotion 

from the substrate instead of material addition, probably resulted from the chemical etching. 
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Figure 4.9. Cross section view of each single track of Al-6.3Cu for CW laser mode. 
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Figure 4.10. Cross section view of each single track of Al-6.3Cu for MW laser mode. 

 

The predicted melt pool shape is presented in Figure 4.11 for AlSi10Mg, comparing 

CW and MW laser modes for P=200 W and different scanning speed values. In case of CW 

laser emission mode, the predicted track is always continuous due to the assumptions 

adopted in the numerical model, which differs from the experimental observation (Figure 
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4.5). Besides, the melt pool is larger for small values of scanning speed. For all values of 

scanning speed presented, there are melting of the substrate, which guarantee the connection 

of the track to the substrate. Nevertheless, adopting the MW laser emission mode, the track 

width can be non-uniform for large values of scanning speed (see Figure 4.11 (c)). Besides, 

the geometry of the melt pool seems more spherical using the MW laser mode. 
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(a) (b) (c)  
Figure 4.11. Predicted material phase in single tracks for AlSi10Mg comparing CW and MW laser modes for 

P=200 W using: (a) v=1000 mm/s; (b) v=1500 mm/s; (c) v=2000 mm/s. 

 

The top view of the interface between powder layer and substrate for AlSi10Mg using 

the MW laser mode is presented in Figure 4.12 (a), allowing to quantify the connection of 

each single track with the substrate. Indeed, the single track is discontinuous for P=200 W 

and v=2000 mm/s due to the large value of point distance (80 µm) for 40 µs of exposure 

time. Note that this is the cross-section at the interface with the substrate, i.e. 30 μm under 

the top surface of the powder bed. Considering the entire design of experiments, the 

influence of both beam power and scanning speed on the track interface morphology is 

shown Figure 4.12 (b). The uniformity of the track interface is obtained for large values of 

laser power and small values of scanning speed. On the other hand, discontinuous tracks are 

obtained particularly for large values of scanning speed and lower values of laser power. 

This data allows a proper definition of the process parameters to be used in L-PBF process 
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to avoid either non-uniform or discontinuous tracks. These numerical predictions are in 

agreement with the measurements (Figure 4.5 (b)), i.e. the uniform track is obtained for 

scanning speed values up to 1000 mm/s when P = 300 W and for scanning speed values up 

to 500 mm/s when P = 150-250 W. 

 

  
(a) (b) 

Figure 4.12. Predicted single tracks for AlSi10Mg using the MW laser mode: (a) top view of the interface 
between powder layer and substrate; (b) influence of the beam power and scanning speed on the track 

interface morphology. 

 

4.2.2. Melt pool dimensions 

The melt pool dimensions (width, height and depth) of each single track were 

evaluated from the optical micrographs. Figure 4.13 (a) shows the cross-section of the track 

of AlSi10Mg obtained with CW laser mode using P=150 W and v=200 mm/s, while Figure 

4.13 (b) presents the track produced with P=200 W and 100 mm/s. The reduction of the 

scanning speed to the minimum value (100 mm/s) and slight increase of the laser power 

leads to a significant increase of the melt pool height, as shown in Figure 4.13 (b). 

Nevertheless, the melt pool depth is approximately the same for both set of process 

parameters.  
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(a) (b) 

Figure 4.13. Shape of the track cross-section for AlSi10Mg using the CW laser mode: (a) P=150 W and v=200 
mm/s; (b) P=200 W and 100 mm/s.  

 

  
(a) (b) 

Figure 4.14. Shape of the track cross-section for Al-6.3Cu using the CW laser mode: (a) P=200 W and v=500 
mm/s; (b) P=300 W and 200 mm/s. 

 

Regarding the Al-6.3Cu alloys, the track cross-section is presented in Figure 4.14 for 

two different set of process parameters and using CW laser mode. The increase of the laser 

power from 200 W to 300 W and the slight decrease of the scanning speed from 500 mm/s 

to 200 mm/s leads to substantial increase of the melt pool depth. Besides, the melt pool 

height is very small or inexistent for Al-6.3Cu powder mixture. Therefore, the very clear 

identification of each track in the top view (Figure 4.4) for Al-6.3Cu can be just a 

modification of the substrate surface without significative material deposition. The vertical 

crack within the zone of the melt pool (Figure 4.14 (b)) results from the thermal material 

contraction occurring during the cooling, leading to significative residual tensile stresses due 

to the constraints imposed by the large stiffness of the substrate.  
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The influence of the laser power and scanning speed on the measured melt pool width, 

height and depth for the AlSi10Mg alloy is presented in Figure 4.15, Figure 4.16 and Figure 

4.17, respectively. The measurements were carried out only for the tracks assumed uniform 

according to Figure 4.5. Globally, the melt pool width increases with the increase of the laser 

power, particularly for MW laser mode. The maximum values obtained for the melt pool 

width are around 230 µm (see Figure 4.15). The effect of the process parameters on the melt 

pool height is clearer for MW laser mode (Figure 4.16 (b)), where the increase of the laser 

power together with the decrease of the scanning speed leads to an increase of the melt pool 

height. For some combinations of process parameters, the melt pool height is larger than the 

powder layer thickness, which was 30 μm. On the other hand, the expected effect of the 

process parameters on the melt pool depth is stronger for CW laser mode (see Figure 4.17 

(a)). The melt pool depth can achieve 50 μm for the largest value of laser power, as shown 

in Figure 4.17 (a). 

 

  
(a) (b) 

Figure 4.15. Effect of laser power and scanning speed on the measured melt pool width for AlSi10Mg using 
the laser mode: (a) CW; (b) MW. 
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(a) (b) 

Figure 4.16. Effect of laser power and scanning speed on the measured melt pool height for AlSi10Mg using 
the laser mode: (a) CW; (b) MW. 

  
(a) (b) 

Figure 4.17. Effect of laser power and scanning speed on the measured melt pool depth for AlSi10Mg using 
the laser mode: (a) CW; (b) MW. 

 

The numerical prediction of the melt pool width, depth and length for AlSi10Mg is 

presented in Figure 4.18, Figure 4.19 and Figure 4.20, respectively. Generally, the predicted 

melt pool size (width, depth and length) is lower using the MW laser mode because during 

25% of the time the laser is switched off (see Figure 3.2 (b)) and therefore less energy is 

introduced into the melt pool. The sharp variation of the melt pool size with the scanning 

speed is related with the mesh size used in the numerical simulations, which is unable to 

define accurately the melt pool size/dimension, particularly the width and depth. 

Nevertheless, the melt pool size increases with the increase of the laser power and with 

reduction of the scanning speed. The predicted melt pool width ranges between 90 μm and 
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240 μm (Figure 4.18). Regarding the melt pool depth, the maximum value predicted was 65 

μm. However, for the small laser power (P=100 W) the energy was not enough for melting 

the substrate (null depth), particularly for MW laser mode (Figure 4.19 (b)). Comparing the 

melt pool width (Figure 4.18) with the melt pool length (Figure 4.20), the predicted melt 

pool shape is approximately circular (top view). The increase of the predicted melt pool 

length for P=100 W and scanning speed values larger than 1000 mm/s using the CW laser 

mode (Figure 4.20 (a)) is a consequence of the lack of connection between the scanned track 

and the substrate (Figure 4.19 (a)).  

 

  
(a) (b) 

Figure 4.18. Effect of laser power and scanning speed on the predicted melt pool width for AlSi10Mg using 
the laser mode: (a) CW; (b) MW. 

  
(a) (b) 

Figure 4.19. Effect of laser power and scanning speed on the predicted melt pool depth for AlSi10Mg using 
the laser mode: (a) CW; (b) MW. 
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(a) (b) 

Figure 4.20. Effect of laser power and scanning speed on the predicted melt pool length for AlSi10Mg using 
the laser mode: (a) CW; (b) MW. 

 

The influence of the laser power and scanning speed on the measured melt pool width, 

height and depth for the Al-6.3Cu alloy is presented in Figure 4.21, Figure 4.22 and Figure 

4.23, respectively, considering only the uniform tracks according to Figure 4.6. 

 

  
(a) (b) 

Figure 4.21. Effect of laser power and scanning speed on the measured melt pool width for Al-6.3Cu using 
the laser mode: (a) CW; (b) MW. 
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(a) (b) 

Figure 4.22. Effect of laser power and scanning speed on the measured melt pool height for Al-6.3Cu using 
the laser mode: (a) CW; (b) MW. 

  
(a) (b) 

Figure 4.23. Effect of laser power and scanning speed on the measured melt pool depth for Al-6.3Cu using 
the laser mode: (a) CW; (b) MW. 

 

Globally, the melt pool width is ranging between 150 µm and 200 µm, except for the 

CW laser mode and P=300 W, where the measured melt pool width achieves up to 500 µm, 

as shown in Figure 4.21 (a). The melt pool height is significantly larger adopting the MW 

laser mode in comparison with the CW laser mode. In fact, using the CW laser mode the 

melt pool height is at most 20 µm, as shown in Figure 4.22 (a). This value is significatively 

lower than the measurements carried for AlSi10Mg under identical process parameters 

(Figure 4.16 (b)). Adopting the MW laser mode, the measured melt pool height is slightly 

larger than the powder layer thickness (30 μm). The measured melt pool depth is very high 

for P=300 W and using the CW laser mode (see Figure 4.23 (a)). Except for this set of 
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parameters, the melt pool depth is about 50 μm when the CW laser mode is adopted. Thus, 

globally the melt pool depth obtained for Al-6.3Cu powder mixture is larger than the one 

obtained for AlSi10Mg.  

4.3. Hollow thin-wall cubes 

Figure 4.24 presents the top view of each hollow thin-wall cube built using AlSi10Mg 

and the CW laser mode.  
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(a) (b) (c) (d) (e) (f) (g)  
Figure 4.24. Design of experiments for the hollow thin-wall cube using AlSi10Mg and CW laser mode for 

scanning speed: (a) 100 mm/s; (b) 200 mm/s; (c) 400 mm/s; (d) 500 mm/s; (e) 1000 mm/s; (f) 1500 mm/s; 
(g) 2000 mm/s. 

 

The design of experiments covers different values of laser power and scanning speed. 

Globally, the wall thickness increases either increasing the laser power or decreasing the 

scanning speed. Therefore, the thick wall was obtained for P=300 W and v=100 mm/s, as 

may be seen in Figure 4.24. On the other hand, for small values of laser power and large 

values of scanning speed, the wall can be discontinuous, i.e. some voids are visible in the 

walls. These results are in agreement with the observations carried out for the single tracks 
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deposited on the substrate (Figure 4.3). The top view of each hollow thin-wall cube built 

using AlSi10Mg for P=100 W and the MW laser mode is shown in Figure 4.25. Since the 

values selected for the laser power are very low, the obtained thin-wall is discontinuous for 

all values of scanning speed adopted in the design of experiments. Despite the discontinuity 

of the built walls, the increase of the scanning speed leads to a global decrease of the 

thickness (see Figure 4.25).  
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(a) (b) (c) (d) (e)  
Figure 4.25. Design of experiments for the hollow thin-wall cube using AlSi10Mg and MW laser mode for 

scanning speed: (a) 100 mm/s; (b) 200 mm/s; (c) 400 mm/s; (d) 500 mm/s; (e) 1000 mm/s. 

 

The influence of both the laser power and the scanning speed on the measured wall 

thickness of the built hollow cube for AlSi10Mg is presented in Figure 4.26 for both CW 

and MW laser emission modes. In order to take into account the variability in the 

experimental measurements from microscopic pictures, the thickness was evaluated in each 

edge of the cross-section of the hollow cube. Besides, in case of discontinuous walls, the 

evaluation was performed in the continuous portions of the edge. The maximum average 

thickness obtained was 0.77 mm. Nevertheless, using the same values of process parameters 

(P=300W, v=100mm/s, CW) and powder material, the melt pool width measured in the 

single track was lower than 0.15 mm (Figure 4.15). Therefore, the thickness of the wall is 

significatively larger than the melt pool width obtained in the single track under identical 

conditions. This is a consequence of the heat flux, which is directly affected by the geometry 

of heat conduction. Although the substantial variability in the measurements (error bars), the 

global increase of the wall thickness with the increase of the laser power and reduction of 

the scanning speed is visible. Besides, the difference between CW and MW is not noticeable.  
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(a) (b) 

Figure 4.26. Effect of laser power and scanning speed on the measured wall thickness of each hollow cube 
for AlSi10Mg using the laser mode: (a) CW; (b) MW. 

 

Figure 4.27 presents the predicted material phase at the end of the 40th layer deposition 

in the hollow thin-wall cube for P=300 W and v=200 mm/s using the CW laser mode, 

highlighting the influence of the initial wall thickness (0.2 mm or 0.4 mm) used in the 

numerical model. The lower value for the initial wall thickness (0.2 mm) was selected from 

the predicted melt pool width in the single track (Figure 4.18) for the same process 

parameters. The width of the track corresponding to this deposited layer is approximately 

constant along the entire laser path, but it is larger when the initial wall thickness is lower 

(0.2 mm). In fact, for 0.2 mm of initial wall thickness the predicted track width was 0.4 mm, 

while using 0.4 mm of initial wall thickness the predicted track width was 0.3 mm. Note that 

the remelted wall is not visible in Figure 4.27 because it is under the deposited material.  

The temperature field (below the melting point) predicted immediately after the 40th 

layer deposition (before cooling stage) in the hollow thin-wall cube is presented in Figure 

4.28 for P=300 W and v=200 mm/s using the CW laser mode. The hot region of the hollow 

thin-wall cube is larger when the initial wall thickness is lower. In fact, the temperature of 

half of the deposited layer is higher than 345 K for t0=0.2 mm, while this region is reduced 

to about 1/3 for t0=0.4 mm. Since the thermal conductivity of the powder bed was assumed 

10x lower in comparison with the solid material [62], the heat flux occurs mainly in the walls 

(solid material). Thus, the heat transfer from the volumetric heat source to the surrounding 

is stronger when the wall is thicker, leading to a faster heat dissipation (Figure 4.28 (b)).  
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(a) 

 
(b) 

Figure 4.27. Predicted material phase at the end of the 40th layer deposition in the hollow thin-wall cube for 
P=300 W and v=200 mm/s using the CW laser mode for AlSi10Mg: (a) 0.2 mm of initial wall thickness; (b) 

0.4 mm of initial wall thickness. 

 

T [K]

  
(a)  (b) 

Figure 4.28. Predicted temperature field immediately after the 40th layer deposition (before cooling) in the 
hollow thin-wall cube for P=300 W and v=200 mm/s using the CW laser mode for AlSi10Mg: (a) 0.2 mm of 

initial wall thickness; (b) 0.4 mm of initial wall thickness. 
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The predicted material phase in the cross-section at the middle of a laser scan of the 

hollow thin-wall cube for P=300 W and v=200 mm/s is shown in Figure 4.29, comparing 

the influence of the initial wall thickness used in the simulation. The cross-section area of 

the melt pool is smaller (including the remelted zone) when the initial wall thickness is 

thicker since the heat flux in the vertical direction is easier (more solid material). Although 

the heat source is always located in the top surface of the powder bed (higher temperature), 

the heat is dissipated through the initial wall. However, thinner walls hinder the heat transfer 

since the thermal conductivity of the powder bed is significantly lower. This highlights the 

importance of multi-layer deposition modelling for accurate prediction of the wall thickness. 

 

 

 

 
Figure 4.29. Predicted material phase in the cross-section (middle of edge) at the 40th layer deposition in 

the hollow thin-wall cube for P=300 W and v=200 mm/s and using the CW laser mode for AlSi10Mg. 

 

4.4. Cantilevers 

The effect the process parameters selected to build the cantilevers of AlSi10Mg alloy 

was evaluated. Accordingly, eight different combinations of process parameters were 

selected according to Table 2.2. Besides, cantilever #7 was built in duplicate to evaluate the 

effect of the heat treatment on the residual stresses and sample deflection. 
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4.4.1. Residual stresses and sample deflection 

Figure 4.30 presents the lateral view of the cantilever geometry before and after the 

partially cutting operation. The wire electrical discharge machining (EDM) was carried in 

two different horizontal planes, i.e. cutting at the lower face of the thin vertical supports (see 

Figure 4.30 (a)) or cutting at the upper face of the thin vertical supports (see Figure 4.30 (b)). 

Only cantilevers #4 and #5 were cut at the upper face of supports. 

 

 

 

 

 
(a) (b) 

Figure 4.30. Location of the cutting plane used in the cantilevers: (a) lower face of the support structure; (b) 
upper face of the support structure. 

 

Figure 4.31 presents the measured cantilever deflection profile before and after the 

cutting operation using the contact profilometer. The upper surface of each cantilever is 

approximately horizontal before the cutting operation. Nevertheless, the surface roughness 

of all sampled is very high, as highlighted in Figure 4.31, which is a characteristic of the L-

PBF process. After the cutting operation, the cantilever bends upwards and the maximum 

vertical deflection occurs in the right side of the cantilever. Considering the cutting at the 

lower face of the thin vertical supports (Figure 4.30 (a)), the effect of process parameters on 

the cantilever profile after cut is presented in Figure 4.31 (a)-(c). On the other hand, when 

the cut is performed at the upper face of the thin vertical supports (Figure 4.30 (b)), the effect 

of process parameters on the cantilever profile after cut is presented in Figure 4.31 (d). 

Globally, the cantilever deflection is larger when the cut plane is located at the interface 

between the sample and the substrate. Besides, the cantilever profile after cut is only slightly 

influenced by the process parameters studied (laser power, scanning speed, hatch distance, 

layer thickness and laser emission mode). The maximum vertical deflection measured in the 
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cantilevers ranges between 2.2 mm and 2.5 mm when the cut plane is located at the interface 

between the sample and the substrate. 

 

  
(a) (b) 

  
(c) (d) 

Figure 4.31. Effect of process parameters on the measured cantilever deflection profile before and after 
cutting: (a) cantilevers #1 and #2; (b) cantilevers #3 and #6; (c) cantilevers #7 and #8; (d) cantilevers #4 and 

#5 with cutting operation performed at the upper face of the thin vertical supports. 

 

Using the finite element simulation at macro-scale, the predicted σxx stress component 

field before and after cutting is presented in Figure 4.32. The influence of the process 

parameters (laser power, scanning speed, and hatch distance and layer thickness) was 

neglected in the numerical model since the default values of the inherent strain method (see 

Table 3.2) were adopted in all simulations. In order to assess the influence of the mesh size 

on the numerical results, two different meshes are adopted (Figure 3.6) in the numerical 

simulation. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4.32. Predicted σxx stress component field in the cantilever: (a) before cutting stage using the coarse 
mesh; (b) before cutting stage using the fine mesh; (c) after upper cut using the coarse mesh; (d) after 

upper cut using the fine mesh; (e) after lower cut using the fine mesh 

 

The impact of the mesh on the numerical solution for the residual stress field is small, 

as highlighted in Figure 4.32. Nevertheless, the computational cost increases from 8 minutes 

up to 110 minutes when the mesh is refined. Besides, effect of the cut plane location (upper 

or lower) is evaluated numerically. After the material deposition and before cutting stage, 

the solid region of the cantilever contains tensile residual stresses along the length direction. 

However, the stress field presents a gradient in the vertical direction, increasing from the 

bottom to the upper face, as shown in Figure 4.32. After partial cutting stage, occurs the 

residual stress relief, which is more significant when the cut plane is located at the upper 
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face of the thin vertical supports since the presence of the vertical supports (ribs) induces a 

stress concentration. 

The predicted vertical displacement field in the cantilever after cut is presented in 

Figure 4.33, comparing the situations upper and lower cut in the numerical simulation. The 

cantilever deflection is larger when the cut plane is located at the interface between the 

sample and the substrate, which is in agreement with the experimental measurements (see 

Figure 4.31). Figure 4.34 (a) shows the predicted cantilever profile after cutting operation, 

evaluated in the upper face of the cantilever, which is close to a parabola. The mesh 

refinement leads to a slight reduction of the deflection values. 

 

 

[mm] 

 

(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.33. Predicted vertical displacement field in the cantilever after cutting stage: (a) upper cut using 
the coarse mesh; (b) upper cut using the fine mesh; (c) lower cut using the coarse mesh; (d) lower cut using 

the fine mesh. 
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(a) (b) 

Figure 4.34. Effect of the cutting position on the predicted cantilever distortion: (a) numerical prediction; 
(b) experimental measurements. 

 

Figure 4.34 (b) presents the comparison between the experimental measurements of 

the maximum vertical deflection and the numerical predictions. Although the use of default 

values for the inherent strains (see Section 3.2.2), the numerical predictions are in good 

agreement with the experimental measurements. Indeed, considering the cut plane located at 

the lower face of the thin vertical supports, the difference between numerical and 

experimental values of maximum vertical deflection is lower than 10%. Nevertheless, this 

difference increases up to 40% when the cut plane is located at the upper face of the thin 

vertical supports.  

Using the experimental measurements of the maximum vertical displacement in each 

cantilever (Figure 4.34 (b)), the isotropic calibration of the inherent strains was carried out 

in the Simufact Additive. This allows to obtain the inherent strains associated to each set of 

process parameters used in the experimental campaign (Table 2.2), which can be further used 

in the numerical analysis of more complex geometries. Table 4.1 presents the obtained 

values for each cantilever, i.e. for different combinations of process parameters, namely laser 

power, the scanning speed, the hatch distance, the layer thickness and the laser emission 

mode. 
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Table 4.1. Inherent strain values obtained with the isotropic calibration procedure (Simufact Additive) for 
cantilever built with AlSi10Mg powder. 

Cantilever 

ID 

Target vertical 

deflexion [mm] 

Achieved vertical 

deflexion [mm] 

Inherent strain 

𝜀𝑥𝑥=𝜀𝑦𝑦 

Inherent strain 

𝜀zz 

1 2.21 2.23 -0.0034 -0.03 

2 2.22 2.24 -0.0034 -0.03 

3 2.37 2.37 -0.0037 -0.03 

4 1.62 1.61 -0.0031 -0.03 

5 1.29 1.29 -0.0024 -0.03 

6 2.53 2.54 -0.0043 -0.03 

7 2.46 2.46 -0.0040 -0.03 

8 2.29 2.29 -0.0035 -0.03 

4.4.2. Heat treatment  

The lateral view of the cantilever subjected to heat treatment is presented in Figure 

4.35, comparing the geometry before and after the cutting operation. Applying the heat 

treatment, the cantilever deflection after the cut is negligible when compared with the 

deflexion for the same process parameters and cut but without heat treatment (cantilever #7), 

which was presented in Figure 4.31 (c). Therefore, the heat treatment is effective in 

significantly reducing the deflexion of the components after cutting the support structures. 

 

  
(a) (b) 

Figure 4.35. Lateral view of the cantilever after the heat treatment: (a) before cut; (b) after cut. 

 

The predicted σxx stress component field before the heat treatment (after build), after 

the heat treatment and after cutting is presented in Figure 4.36. The stress gradient in the 

vertical direction of the cantilever is strongly reduced applying the heat treatment. However, 

the global level of tensile residual stress increased, particularly in the region near the left-

most bulky part of the cantilever. On the other hand, a significant residual stress relief occurs 

after the cutting stage, as shown in Figure 4.36 (e)-(f). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4.36. Predicted σxx stress component field in the cantilever: (a) before heat treatment using the 
coarse mesh; (b) before heat treatment using the fine mesh; (c) after heat treatment using the coarse 

mesh; (d) after heat treatment using the fine mesh; (e) after cut using the fine mesh; (f) after cut using the 
fine mesh 

Figure 4.37 (a) presents the predicted cantilever profile after the cutting operation, 

comparing the samples with and without heat treatment. Indeed, the maximum vertical 

deflection is reduced from 2.3 mm without heat treatment down to 0.25 mm with the 

application of the heat treatment. After the heat treatment, the cantilever deflection resulting 

from the cutting operation is very small due to the nearly uniform residual stress distribution 

through the thickness (vertical direction of the cantilever). Figure 4.37 (b) presents the 

measured cantilever deflection profile before and after the cutting operation, considering the 

process parameters listed in Table 2.2 corresponding to the cantilever #7 and posterior heat 

treatment. The difference between the profile obtained before and after the cut is negligible. 

In fact, the cantilever after the heat treatment and before the cutting operation already shows 
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a slight deflection. The numerical prediction is in agreement with the experimental 

observation of the cantilever deflection. 

 

 

  
(a) (b) 

Figure 4.37. Effect of the heat treatment on the cantilever distortion after lower cut: (a) numerical 
prediction using two different meshes; (b) experimental measurements. 
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5. CONCLUSIONS 

The metal powder-based additive manufacturing processes have attracted the attention 

of several industries by allowing to produce parts with complex geometry, avoiding the 

design constraints of traditional manufacturing processes Nevertheless, the complex heat 

transport and physical mechanisms occurring during the cyclic melting and solidification 

process leads to the occurrence of different manufacturing defects. Therefore, the main 

objective of the present study is the proper selection of the process parameters to be used in 

the Laser-Powder Bed Fusion (L-PBF) process. Two different powder materials (AlSi10Mg 

and Al-6.3Cu) were studied, using both numerical and experimental analysis. Hence, 

different combinations of process parameters were used to build three different geometries: 

(i) single track scanning; (ii) hollow thin-wall cube and (iii) cantilever. The finite element 

modelling of the L-PBF manufacturing process was carried at two different scales: (i) meso-

scale analysis using the in-house finite element code DD3IMP and (ii) macro-scale analysis 

of the cantilevers using the Simufact Additive. The numerical predictions were compared 

with the experimental measurements. 

Concerning the single tracks of AlSi10Mg and Al-6.3Cu built on the substrate, the 

track width increases by increasing the laser power and decreasing the scanning speed. 

Despite the variability in the experimental data, the numerical predictions of the melt pool 

size are in agreement with the experimental measurements performed in the cross-section of 

each scanned track. The measured melt pool height is significatively larger for AlSi10Mg in 

comparison with the one obtained for Al-6.3Cu powder mixture. On the other and, for large 

values of laser power the melt pool depth is significatively larger for Al-6.3Cu powder 

mixture in comparison with the one obtained for AlSi10Mg. The numerical model highlights 

that the interface between powder layer and substrate for AlSi10Mg using the modulated 

wave laser emission mode can be uniform, non-uniform or discontinuous depending on the 

adopted point distance (scanning speed).  

The effect of the multi-layer deposition was evaluated using hollow thin-wall cubes. 

Using the same process parameters to build the hollow thin-wall cubes using AlSi10Mg, the 

obtained wall thickness is significatively larger than the melt pool width obtained in the 

single track. This is a consequence of the low thermal conductivity of the powder bed, i.e. 
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the heat generated by the laser beam is dissipated mainly through the walls, which present a 

small cross-section for the heat flux. The numerical results value highlighting the influence 

of the preceding wall thickness (0.2 mm or 0.4 mm). For 0.2 mm of initial wall thickness the 

predicted track width was 0.4 mm, while using 0.4 mm of initial wall thickness the predicted 

track width was 0.3 mm. This shows the importance of multi-layer deposition modelling for 

accurate prediction of the wall thickness. 

The cantilevers were used evaluate the residual stresses generated both during the 

manufacturing process and after the heat treatment. The residual stresses were indirectly 

measured using the cantilever deflection after cut operation. Nevertheless, the results show 

that cantilever profile after cut is only slightly influenced by the process parameters studied 

(laser power, scanning speed, hatch distance, layer thickness and laser emission mode). 

Despite the use of default values for the inherent strains, the numerical predictions are in 

very good agreement with the experimental measurements, i.e. the difference between 

numerical and experimental values of maximum vertical deflection is lower than 10%. 

Applying the heat treatment to the cantilever geometry, the deflection resulting from the 

cutting operation is very small. Therefore, the adopted heat treatment (300ºC for 2 hours) is 

effective in significantly reducing the deflexion of the components after cutting the support 

structures. 

5.1. Future work 

Since the time to develop this study was very limited while the scientific research on 

AM processes is growing exponentially, some suggestions for future works are proposed: 

• Produce hollow thin-wall cubes and cantilevers using the Al-6.3Cu powder mixture 

in order to assess the importance of the powder characteristics on the built quality. 

Use different portions of Cu in the Al-6.3Cu mixture since the thermo-physical 

properties of the Cu are significatively different from the ones of the Al.  

• Study the thickness gradient along the hollow cube height for different combination 

of process parameters. Comparison between numerical and experimental data.  

• Measure residual stresses in the cantilever by hole-drilling method and by x-ray 

diffraction method and compare both measurement techniques. Evaluate the impact 

of the different heat treatments (holding temperature and time) on the residual 

stresses.  
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