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Resumo 

 

 

O processo de manufatura aditiva por fusão em leito de pó com feixe de elétrons tem 

demonstrado enorme potencial para aplicações na indústria aeroespacial e médica, 

especialmente com a liga Ti-6Al-4V. No entanto, as peças fabricadas por esse inovador 

processo apresentam superfícies com acabamento considerado grosseiro em comparação com 

tecnologias de fabricação mais tradicionais como a usinagem. O estudo da qualidade 

superficial é de grande importância considerando seus efeitos positivos e negativos na 

funcionalidade e durabilidade de peças mecânicas. A fusão em leito de pó por feixe de 

elétrons é um processo com grande variabilidade devido aos complexos fenômenos físicos 

que os materiais são submetidos durante o processamento, e por isso o estudo de variáveis de 

processo é fundamental para a um maior entendimento e possível melhoria de qualidade do 

processo. Este trabalho contribui para o estudo do processo em questão ao explorar o tema da 

qualidade superficial e estabelecer a relação entre a variação de espessura de parede e a 

rugosidade superficial na liga Ti-6Al-4V. 

 

Palavras-Chave: Manufatura aditiva, Fusão em leito de pó por feixe de elétrons, Rugosidade 

superficial, Espessura de parede 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Abstract 

 

The additive manufacturing process of electron beam powder bed fusion has shown great 

potential for applications in the aerospace and medical industries, especially with Ti-6Al-4V. 

However, parts manufactured by this innovative process display surfaces with a rough finish 

compared to more traditional manufacturing technologies such as machining. The study of 

surface quality is of great importance considering its positive and negative effects on the 

functionality and durability of mechanical parts. Electron beam powder bed fusion is a 

process with great variability due to the complex physical phenomena that the materials 

undergo during processing, and therefore the study of process variables is fundamental for a 

better understanding and for improving the process altogether. This work contributes to the 

study of the process in question by exploring the theme of surface quality and establishing the 

relationship between build thickness and surface roughness for the Ti-6Al-4V alloy. 

Keywords: Additive manufacturing, Electron beam powder bed fusion, Surface roughness, 

Build thickness 
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1 INTRODUÇÃO 

 

1.1 Contextualização e motivação 

 

Processos de manufatura aditiva (MA) são aqueles cuja fabricação de peças e objetos é 

feita através da adição de material, em contraste com processos subtrativos (como a 

usinagem) e conformativos (como forjamento e fundição). A manufatura aditiva é realizada a 

partir de modelos digitais tridimensionais obtidos através de softwares CAD (computer-aided 

manufacturing) ou por tecnologias de digitalização 3D, sendo preparados para fabricação por 

softwares de funcionalidade análoga a CAM (computer-aided manufacturing) (GIBSON; 

ROSEN; STUCKER, 2015). Atualmente, são diversas as tecnologias de manufatura aditiva 

definidas pela norma ISO/ASTM 52900, sendo que todas elas compartilham de vantagens 

significativas com relação aos processos fabricação considerados mais tradicionais. O fato de 

a manufatura aditiva ser um processo de natureza digital permite uma maior automação da 

manufatura, e a não necessidade de ferramental específico como moldes de fundição e 

fixações para usinagem tornam esse processo flexível o suficiente para permitir fabricação de 

baixo volume mantendo-se o valor unitário (MOLITCH-HOU, 2018). Isso faz com que 

processos de manufatura aditiva viabilizem a customização em massa, onde produtos podem 

ser customizados individualmente dentro sistemas de fabricação de larga escala, como é o 

caso de aparelhos auditivos intra-auriculares com MA (REEVES; TUCK; HAGUE, 2011). A 

natureza digital dessas tecnologias também permite uma maior descentralização da 

manufatura, o que geraria grande impacto nas cadeias logísticas globais (BEN-NER; 

SIEMSEN, 2017). A manufatura aditiva expande as possibilidades em estratégias de 

economia circular, principalmente no desenvolvimento de processos que prolongam a vida 

útil de produtos através de reparos ou upgrades (SAUERWEIN et al., 2019). Por fim, a 

manufatura aditiva possibilita a fabricação de peças com geometrias complexas, que em 

muitos casos não seriam viáveis ou até possíveis de serem produzidas por outros processos de 

fabricação, além da liberdade de projeto oferecida que permite a redução de componentes em 

produtos (DIEGEL; NORDIN; DAMIEN, 2019).  

  Embora seja uma categoria de processos relativamente novos, tecnologias de 

manufatura aditiva já se mostraram competitivas no âmbito industrial. Um exemplo recente de 
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como a manufatura aditiva foi integrada a processos de larga-escala vem da General Motors, 

que devido a uma alteração de projeto de última hora, recorreu ao processo de manufatura 

aditiva Multi Jet Fusion da HP para a fabricação de cerca de 60.000 componentes poliméricos 

para o lançamento do veículo Chevrolet Tahoe modelo 2022 (WAKEFIELD, 2022). No caso 

de aplicações com metais, alguns processos de manufatura aditiva têm se destacado nesta 

última década, como é o caso da fusão em leito de pó para aplicações no setor aeroespacial. 

Um caso notável é o da Avio Aero, empresa italiana que utiliza do processo de fusão em leito 

de pó por feixe de elétrons (EB-PBF) para fabricação de lâminas de turbinas para o motor a 

jato GE9X utilizado em aeronaves Boeings modelo 777X (GE ADDITIVE, 2022). Esse 

processo de manufatura aditiva permite que tais peças sejam fabricadas em TiAl, sendo que 

antes sua fabricação era viável apenas em Inconel 718, uma liga duas vezes mais pesada. A 

Avio Aero conta com cerca de 62 equipamentos de EB-PBF e está ampliando sua produção 

para 60.000 peças por ano. Outra aplicação em que fusão em leito de pó com ligas de titânio 

se destaca é no setor médico. Mesmo com custos mais elevados em comparação com 

processos tradicionais, seu uso é justificado dada a capacidade de personalização e 

complexidade geométrica oferecida pela manufatura aditiva, que podem facilitar 

procedimentos cirúrgicos e acelerar a recuperação de pacientes, aumentando o conforto do 

paciente e reduzindo cargas em sistemas de saúde privado e públicos (VANMEENSEL et al., 

2018). 

Mesmo se provando um processo adequado para aplicações industriais em escala, ainda 

há diversas barreiras que impedem o uso de processos manufatura aditiva de forma mais 

abrangente. Segundo relatório da Hubs em 2021, cerca de 1.500 profissionais que atuam com  

manufatura aditiva apontaram o elevado custo de processo e baixa qualidade de peças como 

as maiores barreiras para uma maior implementação de tecnologias de manufatura aditiva 

(Figura 1). Esse também é o caso de processos de fusão em leito de pó metálico, que além das 

questões de custo de equipamento e matéria-prima, ainda apresentam muitos os problemas de 

confiabilidade, reprodutibilidade e controle de qualidade de peças, sendo ainda mais 

desfavorável em casos de aplicações em setores aeroespacial e médico, onde o controle da 

qualidade é mais rígido (BAE; DIGGS; RAMACHANDRAN, 2018).  
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Figura 1. Fatores que impedem o uso mais abrangente de tecnologias de manufatura aditiva segundo 

pesquisa da Hubs em 2021 (HUBS, 2021). 

 

  Isso é ainda pior no caso do processo com feixe de elétrons, que mesmo sendo mais 

eficiente no processamento de ligas de titânio e ofereça maior produtividade, produz peças 

com acabamentos superficiais notadamente mais grosseiros do que outros processos que 

utilizam lasers como fonte de energia (JARDINI et al., 2017). Embora superfícies com níveis 

de rugosidade superficial elevados segundo padrões da indústria sejam benéficos em alguns 

casos, elas costumam ser indesejáveis para a maioria das aplicações dado seus efeitos 

negativos no desagaste e durabilidade de peças. Quando possível de ser realizado, o pós-

processamento de peças para acabamento superficial se mostra eficiente no controle da 

rugosidade, embora adicione ainda mais custos a fabricação, sobretudo considerando 

processos alternativos de acabamento que devem ser utilizados no caso de peças com 

geometrias complexas (BAGHERIFARD; GUAGLIANO, 2021). No mais, processos de fusão 

em leito de pó executam um processamento de material de natureza complexa, introduzindo 

enorme variabilidade no processo como um todo. Metodologias para a adoção desses 

processos para fabricação de produtos de uso final envolvem extensa pesquisa para validação 

e otimização de processo, sendo geralmente baseadas em técnicas de tentativa-e-erro (BAE; 
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DIGGS; RAMACHANDRAN, 2018; MOLITCH-HOU, 2018), o que eleva ainda mais 

investimento inicial e a barreira de entrada. 

Com isso, o estudo da influência de variáveis de processo e outros aspectos da 

fabricação na rugosidade superficial em processos de fusão em leito de pó por feixe de 

elétrons se mostra de grande importância, seja para a avaliação de metodologias para controle 

dos níveis de rugosidade ou para aumentar a compreensão sobre o processo como um todo, 

sendo esta última fundamental para o aumento da qualidade e confiabilidade nesses processos 

(SAMES et al., 2006). O estabelecimento dos efeitos de variáveis de processo na rugosidade 

também é de grande valor para o desenvolvimento de novas pesquisa área, já que suas 

influências podem ser consideradas durante o planejamento experimental de novos estudos e 

evitando assim interferências de fatores externos àqueles investigados. Existe hoje 

considerável literatura sobre as relações entre variáveis de processo e rugosidade superficial 

em processos EB-PBF, sobretudo com a liga Ti-6Al-4V visto sua relevância nas aplicações 

com esse processo. Embora não seja considerada estritamente uma variável de processo, a 

geometria de peças se mostra relevante no desenvolvimento microestrutural e nas 

propriedades mecânicas de peças de Ti-6Al-4V por fusão em leito de pó por feixe de elétrons. 

Entretanto, a literatura sobre a relação entre aspectos geométricos e o acabamento superficial 

ainda é muito limitada, e embora haja evidencias que a variação na espessura de parede seja 

fonte de variabilidade na rugosidade superficial de Ti-6Al-4V, não existe nenhuma relação 

estabelecida de forma concreta na literatura.  

 

1.2 Objetivos 

 

1.2.1 Objetivo geral 

 

Este trabalho tem como objetivo geral verificar a influência da variação de espessura de 

parede na qualidade superficial da liga Ti-6Al-4V no processo de fusão em leito de pó por 

feixe de elétrons uma vez que foi verificada uma lacuna de pesquisa ao explorar o tema. 
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1.2.2 Objetivos específicos 

 

Para atingir o objetivo geral deste trabalho, foram delimitados os seguintes objetivos 

específicos:  

 

i. Realizar uma análise bibliométrica para validar a motivação desse estudo. 

ii. Efetuar uma revisão sistemática da literatura para identificar as variáveis de 

processo a serem consideradas no estudo. 

iii. Estabelecer potenciais efeitos da espessura de parede na qualidade de superfícies 

fabricadas em diferentes orientações por fusão em leito de pó por feixe de 

elétrons em Ti-6Al-4V. 

 

1.3 Procedimentos metodológicos 

 

Segundo as classificações de tipos de pesquisa de GIL (2017), este trabalho se 

categoriza como uma pesquisa de caráter descritivo, onde se procura estabelecer relações 

entre variáveis através da utilização de técnicas padronizadas de coleta de dados. Para se 

cumprir os objetivos específicos do trabalho, foram utilizados diferentes procedimentos 

técnicos, entre eles a análise bibliométrica, a revisão sistemática da literatura, e a pesquisa 

experimental. Os métodos e procedimento empregados estão resumidos na Figura 2.  

A análise bibliométrica é uma técnica de pesquisa de caráter quantitativo que avalia o 

quadro de produção acadêmica através de dados indexados em bases de conhecimento. Essa 

técnica pode ser utilizada para validação ou confirmação no desenvolvimento de estudos ou 

para melhor direcionar e hierarquizar a alocação de recursos em projetos de pesquisa. No caso 

deste trabalho, a análise bibliométrica foi utilizada para validar a motivação do estudo, 

verificando quantitativamente a relevância do estudo da liga Ti-6Al-4V e da rugosidade 

superficial em processos de fusão em leito de pó por feixe de elétrons. Por outro lado, a 

revisão sistemática de literatura, de caráter qualitativo, foi utilizada para maior compreensão 

do processo de fabricação em questão, das dificuldades e melhores práticas na medição e 

caracterização de superfícies de peças fabricadas por dito processo, e para identificar as 

variáveis do processo que afetam a rugosidade superficial da liga Ti-6Al-4V. Os resultados 
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obtidos nesta etapa foram essenciais tanto para o planejamento experimental como para a 

interpretação dos resultados obtidos nessa última etapa. Finalmente, a pesquisa experimental 

foi empregada para o avaliar os efeitos da espessura de parede na rugosidade superficial da 

liga em questão, sendo a coleta e processamento de dados executado estritamente conforme 

normas técnicas ISO, ABNT e ASTM. 

  

 

Figura 2. Diagrama dos métodos e procedimentos técnicos utilizados em cada etapa da pesquisa. 

 

1.4 Limitações do trabalho 

 

Na etapa de pesquisa experimental, foi utilizado um equipamento táctil (perfilômetro) 

para medição das superfícies, e isso gerou algumas limitações neste trabalho.  

A medição de superfícies com esse tipo de equipamento requer peças com formas 

relativamente triviais e dimensões pré-estabelecidas conforme a qualidade superficial 

esperada segundo norma ABNT/ISO 4288. Com isso, foi necessário que a geometria dos 

corpos-de-prova desenvolvidos para esse experimento fosse simples, contrastando com uma 

das grandes vantagens de processos de manufatura aditiva: a liberdade geométrica. Entretanto, 

mesmo com corpos-de-prova com geometrias simples, este trabalho se mantém relevante visto 

que a literatura carecia de quaisquer estudos que estabelecessem de forma concreta a relação 

entre as variáveis estudadas. Sendo assim, este trabalho deve servir de base para outras 

pesquisas que avaliem superfícies curvilíneas ou com geometrias complexas. No mais, alguns 

casos de aplicação de manufatura aditiva de metais podem teoricamente se beneficiar deste 
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estudo, como no caso de fabricação de peças com aletas retas, cuja geometria pode se 

assemelhar com as dos corpos-de-prova deste estudo e onde rugosidade superficial possui 

efeitos relevantes em fenômenos de transferência de calor.  

Outra limitação imposta pelo tipo de equipamento utilizado é a sua capacidade de 

avaliação de superfícies. Equipamentos de medição de superfície tácteis possuem uma menor 

sensibilidade a pequenos detalhes topológicos quando comparados com equipamentos com 

tecnologias sem contato. Equipamentos como o perfilômetro utilizado neste trabalho também 

são capazes de registrar apenas perfis de superfície em linha reta. Embora a medição de 

rugosidade de perfil ainda seja o padrão na indústria metalmecânica, eles são considerados por 

alguns autores insuficientes para avaliação das superfícies geradas por processos de fusão em 

leito de pó metálico. Todavia, a medição de superfícies com equipamentos tácteis e 

parâmetros de rugosidade de perfil continuam sendo as mais frequentes em estudos com ligas 

metálicas por fusão em leito de pó, como será descrito neste trabalho.  

 

1.5 Organização do trabalho 

 

Este texto foi estruturado no formato alternativo de dissertação conforme estabelecido 

pela Comissão Central de Pós-Graduação (CCPG) da UNICAMP no parecer CCPG Nº 

001/2019. O texto está dividido em quatro capítulos: 

 

• No Capítulo 1 são dados o contexto e a motivação do trabalho, assim como os 

objetivos, os métodos de pesquisa empregados e as limitações do trabalho. 

• No Capítulo 2 são apresentados três artigos que compõem a pesquisa deste 

trabalho, sendo dois deles já publicados e um submetido para revista 

internacional.  

• No Capítulo 3 é realizada uma discussão visando uma análise dos resultados dos 

artigos como um todo. 

• No Capítulo 4 são apresentadas as conclusões gerais deste trabalho, além de trazer 

recomendações para pesquisas futuras. 



17 

 

• O Anexo A traz informações a respeito da reutilização dos artigos publicados em 

trabalho acadêmico conforme estabelecido no parecer CCPG Nº 001/2019 da 

Comissão Central de Pós-Graduação (CCPG) da UNICAMP. 
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2 ARTIGOS DESENVOLVIDOS 

 

O corpo deste trabalho é composto por três artigos científicos que foram concebidos 

durante o desenvolvimento dessa pesquisa. O primeiro deles foi publicado no I Congresso 

Brasileiro de Manufatura Aditiva (ISBN 978-65-86861-62-4) em novembro de 2020 e traz 

uma visão geral da pesquisa acadêmica em processos de EB-PBF e defeitos de qualidade 

associados. O segundo artigo, publicado na revista Additive Manufacturing (ISSN 2214-8604) 

em novembro de 2022, faz uma profunda revisão da literatura a respeito da rugosidade 

superficial da liga Ti-6Al-4V processada por fusão em leito de pó por feixe de elétrons. Além 

dos mecanismos por traz da geração de rugosidade, foram também revisadas as técnicas de 

medição e caracterização de superfícies, os processos de acabamento superficial, e as 

variáveis de processos que foram verificadas afetar a rugosidade final de peças. O terceiro 

artigo, submetido para a mesma revista Additive Manufacturing em outubro de 2022, reporta 

da pesquisa experimental realizada para estabelecer a relação entre a variação de espessura de 

parede e rugosidade superficial em corpos-de-prova de Ti-6Al-4V. Todos os artigos estão na 

língua inglesa segundo requisitos do congresso e da revista em questão. 
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Abstract 

Metal Powder Bed Fusion technologies have been increasingly applied for end-use part 

production over the last years, with important contributions to the medical and aerospace 

sectors. Despite the rapid and constant improvement, additively manufactured parts still 

cannot fully comply with the strict quality standards associated with these industries, being a 

major barrier to the broader adoption of such technologies. This study aimed to identify the 

trends and main research topics on defects in Electron Beam Melting (EBM) through 

bibliometric analysis. Bibliometrics is a quantitative statistical analysis of scientific 

publications that provides an overview of the structured knowledge in a given research topic. 

The results reveal a worldwide growing interest in the topic over the last ten years, mostly 

focused on Titanium alloys and defects such as internal porosity and elevated surface 

roughness. Influences of such defects in the mechanical performance of parts are extensively 

studied by the scientific community, including post-processing treatments such as Hot 

Isostatic Pressing (HIP) and surface finishing. The findings obtained by this study should 

enhance the understanding of how this research field is evolving and the way it is structured 

worldwide. 
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1. Introduction 

 

Until very recently, additive manufacturing (AM) processes were commonly referred to 

as rapid prototyping (RP), which reflects what is still, to date, the main application of these 

technologies. However, the last ten years have seen exponential growth in expenditure for 

end-use parts production by AM processes, as shown in Figure 1 [1]. Layer-by-layer additive 

methods allow the creation of complex shapes that are usually impossible to achieve through 

traditional manufacturing techniques while eliminating the need for specific tooling and 

enabling mass-customization at low costs [2]. AM would also positively impact the 

environment through localized production and higher efficiency in raw material processing 

[3]. 

 

 

        

Figure 1. Annual expenditure on final part production by AM worldwide, in billions of dollars (US$). 

Adapted from [1].  

 

 Electron Beam Melting (EBM) is a powder bed fusion (PBF) process defined by 

ISO/ASTM 52900 as a “process in which thermal energy selectively fuses regions of a 

powder bed”. EBM differs from other PBF processes by using a high-energy electron beam 

rather than a laser to melt metallic powder material. EBM is known for processing titanium 

alloys more efficiently than other PBF processes due to the higher absorption capacity of 
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electron beams in these materials and for the higher scanning speeds provided by its 

electromagnetic control [4]. The metallic parts produced are free of residual stresses as the 

manufacturing chamber is kept at high temperatures (650°C to 1000 °C) and, as such, 

eliminates the need for thermal post-processing. EBM technology is often applied by the 

aerospace industry, most noticeably for manufacturing high-performance jet engine blades for 

the new Boeing 777X [5]. The medical area also benefits from the flexibility offered by 

additive manufacturing techniques, and by the end of 2018, over 100,000 hip cup implants 

were successfully produced by EBM [6].  

Unfortunately, PBF processes are notoriously known for problems of repeatability and 

reproducibility, partially due to the high complexity associated with these processes and the 

difficulties that remain in understanding and controlling them [7]. In addition, parts 

manufactured specifically by EBM display a level of quality that is insufficient for many 

industrial applications [8]. In truth, Vo et al. [9] attribute poor part quality and repeatability as 

the most significant barriers to the broader adoption of PBF processes in the industry. Most of 

the quality issues associated with EBM originate from defects classified by Cooke and Soons 

[10] into four distinct groups: (1) geometric and dimensional defects, (2) surface defects, (3) 

microstructure, and (4) mechanical properties. The many potential causes of quality-related 

defects in EBM are a constant object of study by many authors who aim to identify and 

analyze the phenomena behind its occurrence. Grasso and Colosimo [11] categorize the 

sources of errors in metallic PBF processes into three distinct groups, with Sames et al. [12] 

adding a fourth: 

 

1. Equipment-induced defects, such as those generated by failures in the electron beam 

scanning system, in the raw material deposition system, optical aberrations due to lack 

of calibration, disturbances in the manufacturing chamber environment, among others. 

2. Process-induced defects, such as the thermal expansion of the material, instabilities in 

the melt pool, warping, electrostatic repulsion, vaporization of the metallic material, 

among many others. 

3. Defects originated from the 3D digital model, including those generated during the 

conversion and approximation of CAD files onto triangular meshes surfaces. 

4. Powder-induced defects, directly related to the metallic feedstock material quality. 
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Sames et al. [12] also emphasize the importance of understanding quality-related issues 

and the mechanisms associated with them as they contribute to a better understanding of the 

physical phenomena and consequently help to improve the quality and reliability of the 

process as a whole. This is a crucial milestone for a breakthrough of EBM in the industry as 

an end-use part manufacturing method. With this in mind, the present study focuses on 

exploring the research trends on defects associated with EBM using bibliometric tools and 

indicators. The most cited publications were closely analyzed to identify the main research 

topics and the lines of studies developed. While there have been review articles on process-

related defects in EBM, none has used such an exploratory approach and methodology as of 

this work.  

 

2. Materials and Methods 

 

 Bibliometric analysis is a quantitative research method that evaluates measurable data 

from academic publications through mathematical and statistical techniques. It relies on large 

publication databases and provides an overview of a scientific field from which a deeper 

analysis can be performed. This study was based on data acquired from books, journals, and 

proceedings indexed on the Web of Science (WoS) database. The data collection was 

performed at the WoS online search platform and was done iteratively to obtain the most 

relevant dataset within the target subject area. The search terms that were revealed to be most 

suitable are displayed in Table 1. These terms were searched in titles, abstracts, and keywords 

of indexed papers published between 2011 and 2020, with the data collection performed in 

October 2020.  

 

Table 1. Search terms used for dataset collection at the Web of Science database. 

Topic Operator Term 

1 -  “Additive Manufacturing”, “AM” 

2 AND  “Electron Beam”, “Electron Beam Melting”, “Selective 

Electron Beam Melting”, “EBM”, “SEBM” 

3 AND  “Defect”  
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 The initial dataset of publications was exported and analyzed one by one to verify the 

compatibility and relevance to the present study. Around 35% of all publications were 

discarded for being related to other manufacturing processes, such as laser PBF and other 

electron beam processes (wire feed, welding), as well as EBM publications unrelated to 

defects altogether. By such, the final dataset was guaranteed to have only specific and relevant 

data for the subsequential processing and analysis. Most data were processed using Microsoft 

Excel, with the exception of the keyword analysis which was performed by the VOSviewer 

software. This analysis examines the occurrence of keywords in a database and evaluates their 

relationships according to their correlation. A keyword co-occurrence network (KCN) is a 

graphical representation of the most outstanding keywords in a database and how they relate 

with each other, thus providing meaningful insights into the knowledge patterns of a research 

area [13]. Both the author’s keywords and those generated by the WoS database (Keywords 

Plus®) were considered for this analysis. Some keywords had to be standardized so that they 

were counted correctly. For example, “Ti-6Al-4V” and “Ti6Al4V”, although spelled 

differently, have the same meaning and were considered equivalent. The KCN was created 

with keywords with a minimum occurrence of 7 times. Finally, the 20 most cited publications 

from the dataset were further studied as they are considered the most valuable and important 

publications in the area [14]. 

 

3. Results 

 

The final dataset comprised 156 research papers published between January 2011 and 

October 2020. There has been a gradual increase in the number of articles published in the 

period, as shown in Figure 2. This considerable growth reveals the importance and current 

relevance this subject has gained over the last years, confirming the premise of this study and 

its initial motivation. The dataset is mainly composed of research articles published in 

journals (82%), with the remaining being proceedings papers (13%) and reviews (5%). Table 

2 shows the ten journals with the most publications on the topic, accounting for more than half 

(55%) of all articles and reviews from the dataset. By far, the most studied material in the 

dataset is Ti-6Al-4V (72%), followed by Inconel 718 (17%) and Ti-48Al-2Cr-2Nb (4%). 

Other materials include Stainless Steel (316L), Co-Cr-Mo, and other Titanium alloys.  
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Figure 2. Number of publications per year (from January 2011 through October 2020). 

 

Table 2. Top 10 journals in number of publications on the topic.  

  Source 
Number of 

Publications 

  Additive Manufacturing  13 

  International Journal of Fatigue 11 

  Materials Science and Engineering 10 

  Materials 9 

  Materials Characterization 7 

  Acta Materialia 5 

  Journal of the Minerals, Metals & Materials Society (JOM) 5 

  Journal of Alloys and Compounds 5 

  Journal of Materials Engineering and Performance 5 

  Journal of Materials Processing Technology 5 

 

The analysis performed by the VOSviewer software showed a total of 26 different 

keywords with a minimum frequency of 7 occurrences each. The correspondent KCN of this 

analysis is seen in Figure 3 as a density map, which highlights the most critical regions within 

the bibliometric study [13]. The map follows a thermal color palette, in which the color 

intensity assigned to each item refers to the total number of occurrences of that keyword while 

their positions on the map reveal the strength of the correlations among them. The central 
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cluster with warmer colors is composed of the following keywords: “Microstructure”, 

“Mechanical Properties”, “Fatigue”, “Surface roughness” and “Ti-6Al-4V”, together with the 

ones directly related to the search terms such as “Additive manufacturing” and “EBM”. Other 

keywords with high occurrence include “Porosity”, “Heat treatment”, “Titanium Alloy” and 

“Laser”. 

The 20 most cited publications are responsible for 64% of all the 5021 citations from the 

156 publications in the dataset. More than half of these articles are experimental works 

focused on either (1) characterizing and understanding defect generation in EBM, (2) 

verifying the influence of defects on mechanical performance, or (3) analyzing the 

effectiveness of post-processing treatments and mitigation strategies for avoiding defects. The 

remaining are bibliographic reviews and articles presenting mathematical simulation models 

of the EBM process concerning defect generation. Out of the 20 most cited publications, the 

defects analyzed were mostly porosity and elevated surface roughness, sometimes 

simultaneously and often presenting solutions for mitigation or post-processing. 

 

 

Figure 3. Density keyword co-occurrence network (KCN) based on the dataset collected. 
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4. Discussion 

 

The growing interest in EBM process defects by the academic community is illustrated 

by the increasing number of publications covering the topic over the last years (Figure 2). 

This growth pattern is similar to the annual expenditure on end-part production by AM shown 

in Figure 1, which is very coherent since current fabrication standards are very strict 

concerning the overall part’s quality. 

Moreover, both the KCN (Figure 3) and the analysis of the most cited publications 

showed great concern with the mechanical performance of as-built parts produced by EBM, 

specifically those related to fatigue. In fact, the International Journal of Fatigue is the second 

journal in number of publications within the dataset, with 11 articles. Although mechanical 

properties are determined mainly by their microstructure, they are also strongly influenced by 

micro and macroscopic physical defects. Internal porosity and surface roughness are 

notoriously known for their negative influences on static and dynamic performance [15, 16]. 

The concern with mechanical properties and fatigue life could be explained partially due to 

the great interest of both aerospace and medical industries in EBM, where components are 

frequently subjected to cyclical efforts. This hypothesis is also supported by the materials 

studied by the publications, in which Ti-6Al-4V is predominant. This alloy is best known for 

its low density and superb mechanical properties, being developed specifically for aircraft 

structural applications. Ti-6Al-4V is also widely used for producing medical implants as it 

presents high biocompatibility and corrosion resistance. The most prominent post-processes 

used in EBM parts are hot isostatic pressing (HIP) and surface finishing processes such as 

machining and shot peening. These are often applied for addressing internal porosity and 

surface roughness, respectively, and both their effectiveness and influences on overall 

mechanical properties are the main subject of many publications within the dataset. Mitigation 

strategies such as process parameter optimization are also often proposed, usually verified 

through experimental methods or computer simulation. Finally, different non-destructive 

inspection methods like micro XCT are extensively applied and studied by publications within 

the dataset to access internal integrity of EBM manufactured parts, mostly regarding porosity 

and crack initiation. Many publications have also proposed in-situ monitoring and control 

systems, where both hardware and software systems are developed.  
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5. Conclusions 

 

 This study has provided an overview of research activities and trends in process defects 

in EBM via a bibliometric analysis of scientific publications from the last ten years. A total of 

156 publications composed the final dataset used for the analysis, which led to the following 

conclusions: 

 

• Most studied materials in regard to EBM process defects are Ti-6Al-4V (72%), 

Inconel 718 (17%) and Ti-48Al-2Cr-2Nb (4%).  

• Internal porosity and surface roughness are the most common defects addressed by 

the publications. 

• The influence of process defects on mechanical properties is extensively explored, 

especially for fatigue performance.  

• Post-processing techniques such as HIP and surface finishing processes are largely 

applied for addressing the afore-mentioned defects, and their effects on mechanical 

properties and microstructure are the focus of numerous publications within the 

dataset.  

• Defect mitigation strategies such as process parameter optimization are widely 

studied, either through experimental studies or mathematical simulations.  

• Micro XCT is the main non-destructive inspection method for checking and 

measuring internal defects such as porosity. In-situ monitoring is also a popular 

solution proposed to assess the internal integrity of parts during the manufacturing 

process.  
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Abstract 

Electron beam powder bed fusion (EB-PBF) has been given much attention in recent years for 

its potential in the aerospace and medical industries, particularly with Ti-6Al-4V. However, 

these processes produce parts with inherent rough surface finishes, impacting the performance 

and generating additional challenges and costs with surface post-processing. This review 

examines the primary mechanisms responsible for surface roughness generation in EB-PBF 

and the process variables that have been verified to influence the surface quality of Ti-6Al-4V 

parts. The challenges in surface metrology of metallic PBF parts are also discussed, as are 

new perspectives and guidelines for future research. 
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1. Introduction 

 

The use of additive manufacturing (AM) processes for end-use parts have been steadily 

growing over the past decade. Powder bed fusion (PBF) processes were one of the first AM 

processes to be used in industrial activities with polymers and eventually with metals, being 

employed today by various distinct sectors. These processes utilize an energy source for 

selectively sintering or fusing successive layers of a fine powder feedstock material. Laser 

PBF processes (L-PBF) [1] use one or more laser beams as energy sources and are currently 

the most common AM technology for processing metals. Other energy sources for PBF 

processes include the electron beam (EB), in which kinetic energy from accelerated electrons 

is converted to thermal energy upon impact into the powder bed [2]. This particular process is 

known commercially as Electron Beam Melting, and while detailed explanations of this 

process can be found elsewhere [3], it is worth highlighting the main distinctions with laser 

processes. For instance, the electron beam is controlled by electromagnetic lenses instead of 

the mirror deflecting mechanism of laser systems, allowing faster scanning speeds as there are 

no moving parts [4]. Parts produced by electron beam powder bed fusion processes (EB-PBF) 

[1] are also not affected by the adverse effects of the different laser beam incidence angles 

that are known to affect the final quality of parts [5]. Moreover, electron beams are also more 

homogenously absorbed by metallic powders than lasers  and can reach farther into the 

material powder bed [6]. However, EB-PBF also differs from laser processes in aspects 

beyond the energy source. EB-based processes happen in a near-vacuum chamber to avoid the 

deflection of electrons by air molecules, with a small amount of Helium gas to secure the 

chemical stability of reactive metals [4]. The lack of a constant inert gas flow as it is required 

in L-PBF is also beneficial for EB-PBF since the mechanical properties and quality of parts 

are influenced by the gas inlet's position and flow direction [7]. Another noteworthy 

difference between EB and laser PBF processes is that the powder bed and build chamber are 

kept at high temperatures throughout the entire EB-PBF process, producing parts free of 

residual stresses [8]. The high internal temperatures in EB-PBF are achieved through 

preheating stages performed at each newly deposited layer, heating the material to around 

60% of its melting point to sinter the feedstock powder particles [9]. Besides elevating the 

temperatures, the powder sintering is required to avoid particle repulsion and create 

conductivity paths for the incident electrons on the powder bed [10,11]. A sintered powder 
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bed also provides a more solid base for building overhang structures and allows the 

production of stacked parts for increased productivity, a strategy known as nesting [12]. 

Most applications involving EB-PBF rely on high-performance alloys such as Inconel 

718 and Ti-6Al-4V. The latter offers excellent mechanical performance and high corrosion 

resistance, being initially developed by the aerospace industry, where the strength-to-weight 

ratio is of utmost importance [13], while AM's geometric freedom creates opportunities for 

further mass reductions in aerospace components [14]. The superior corrosion resistance and 

biocompatibility of Ti-6Al-4V make this alloy also suitable for medical implants. In this case, 

AM's design freedom was already proven valuable, with Ti-6Al-4V EB-PBF manufactured 

acetabular cup implants passing the mark of 100,000 implanted patients in 2018 [15]. Ti-6Al-

4V is also one the most investigated materials with EB-PBF in academia, being in almost 70% 

of all papers and publications in the reviewed literature for this study on surface roughness, 

followed by Inconel 718 (Figure 1). 

Though EB-PBF has proven suitable for processing Ti-6Al-4V for high-demand 

applications, it is not without its challenges. Besides issues related to internal porosity and 

anisotropy, the surface quality of EB-PBF parts is considered poor compared to other 

fabrication methods such as machining. The additive layer-stacking method of PBF processes 

generates significantly different surfaces within the same part. Surfaces strictly parallel to the 

build platform, like the top and bottom surfaces, are formed by one single layer, whereas the 

side or lateral surfaces are made by several stacked layers, creating a superficial stepping 

effect. The processing phenomena experienced by the top and lateral surfaces during 

manufacturing also contribute to the notably different surface appearance and texture [16,17], 

as seen in Figure 2. Top surfaces generally display a significantly better surface quality 

compared to lateral ones. For Ti-6Al-4V parts produced by EB-PBF, the Ra roughness values 

for top surfaces usually range from 1 to 13 µm [18–20], and its topology is dominated by weld 

tracks left by the electron beam scanning paths [19,21]. The lateral surfaces, on the other 

hand, display Ra values that range between 15 to 50 µm [20,22–26], constituting a roughness 

level comparable to rough manufacturing processes like sand casting, sawing, hot rolling, and 

forging [27]. The topology of lateral surfaces is characterized by a rippled structure caused by 

successive layer stacking and the presence of partially melted powder particles attached to 

them (Figure 2) [28–32].  
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Figure 1. Summary of studied materials for EB-PBF in papers and publications in the reviewed 

literature.  

 

Surface quality affects the functionality and performance of mechanical components in 

diverse ways. According to Thomas [33], it influences the static contact of surfaces, being an 

critical factor in calculating limits and fits, as well as in thermal and electrical contact 

conductance. The author also emphasizes the impacts of surface finish in tribology, having 

profound effects on friction, lubrication, and wear, being particularly relevant in automotive 

components such as engines and transmissions [33]. It also influences the aesthetic perception 

of products [34], and its optical properties [35]. Leary et al. [36] highlight a few metal PBF 

applications with "roughness-critical functional requirements," including those that involve 

dynamic loads, medical implants, and thermofluidics applications. 

For EB-PBF processes specifically, the adverse effects of the associated surface 

roughness in fatigue are very established [37]. EB processes generate distinct surface 

structures that will be detailed in Section 4, but they act as stress concentration points that 

stimulate fatigue cracking [38,39]. Fractography analyses show that fatigue cracks in EB-PBF 

with Ti-6Al-4V start from micro-notches on the surface and then propagate [23,40–42], being 

directly correlated to its higher surface roughness levels. In fact, surface roughness was 

verified to be the most critical aspect regarding fatigue performance in EB-PBF, even more 

impactful than porosity defects [41–44]. Still, proper surface finishing processes have shown 

promising results in improving the fatigue life of EB-PBF parts. Kahlin et al. [38] showed that 
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machined and polished specimens of Ti-6Al-4V had fatigue limits 75% higher than those in 

the as-built condition. Vayssette et al. [45] compared the multiaxial high cycle fatigue 

performance of Ti-6Al-4V specimens by EB-PBF in the as-built condition and with chemical 

polishing, with the latter showing an improved fatigue limit of around 46%. Though proven 

beneficial to increasing fatigue performance, both traditional or alternative surface finishing 

processes can be particularly challenging with PBF parts, as will be detailed in Section 3.  

 

 

Figure 2. The visual appearance of EB-PBF Ti-6Al-4V (a) top and (b)(c) lateral surfaces obtained via 

optical (a) and SEM (b)(c) microscopy. 
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Surface roughness is known to positively influence living cell attachment [46,47], 

therefore the surface roughness in EB-PBF parts for medical applications such as implants is 

also proficiently studied. The particular topology of EB-PBF surfaces creates a more 

extensive contact surface between implant and organism, promoting better adhesion levels 

according to experiments by Thomsen et al. [48] with Ti-6Al-4V. The same phenomenon was 

confirmed in later studies [49–51] with the same alloy and process, though the optimal levels 

of surface roughness for enhanced cell attachment are still debatable. Nevertheless, the 

roughness levels of as-built EB-PBF with Ti-6Al-4V were found beneficial to blood 

coagulation processes that favor healing in implants as well [22]. Another positive effect of 

the roughness levels of EB-PBF in the medical sector was verified by Lindsay et al. [52] for 

transcutaneous implants. Traditionally machined and EB-PBF Ti-6Al-4V parts were 

compared in terms of osseointegration and contamination by external agents. The AM 

specimens in the as-built condition consistently outperformed the machined parts in both the 

mechanical and microbiological barrier tests  [52].  

The effects of surface roughness in fluid systems such as heat exchangers or in 

conformal cooling channels of dies are also worth noting since these are identified as suitable 

applications for PBF processes [36]. Surface roughness can profoundly affect the performance 

and service life of these systems, either positively or negatively. The as-built roughness levels 

of EB-PBF can enhance the convective heat transfer through surfaces [53], though in cooling 

channels, it can cause severe pressure drops and create difficulties for unprocessed powder 

removal after manufacturing [54].  

The correlation between process variables and the parts' resulting properties is crucial, 

especially for sensitive manufacturing processes like EB-PBF, in which materials undergo a 

series of heating cycles and rapid melting [55]. While the influence of process variables on the 

surface roughness of EB-PBF parts has been investigated, any definitive correlations are 

challenging to establish primarily due to this process's complexity and novelty. This work 

aims to explore the literature regarding the influence of process variables on surface 

roughness of Ti-6Al-4V by EB-PBF to provide insights valuable for new experimental 

research in related fields and to access the potential of controlling the surface quality through 

process optimization. 

This review starts by discussing the various surface metrology methods utilized for 

evaluating metal PBF surfaces (Section 2). Section 3 describes some surface finishing 
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processes reported with this alloy and process, while the main mechanisms behind the distinct 

topology and roughness of EB-PBF surfaces are introduced in Section 4. Section 5 details the 

process variables known to influence the surface roughness of Ti-6Al-4V specifically, 

whereas Section 6 mentions other process-related factors contributing to surface roughness in 

EB-PBF and provides recommendations for future works. 

 

2. Surface metrology of metal PBF parts 

 

Every manufactured surface deviates from its intended ideal, and the geometric 

divergences affect many functional aspects as already mentioned. Whitehouse [56] 

characterized the surface deviations according to their causes and wavelength scale: 

 

• Roughness: superficial irregularities associated with the manufacturing process, like 

tool marks from machining processes and impressions left by grinding or polishing. 

• Waviness: superficial irregularities caused by improper manufacturing, including 

machinery's poor performance or miscalibration, with longer wavelengths than 

roughness. 

• Form error: dimensional and geometrical deviations of greater wavelengths, caused by 

inaccuracies in machinery's slides or guideways, or by thermal distortion. 

 

Figure 3 illustrates a typical surface profile comparing its roughness and waviness 

components. Surface profiles have two main domains: the amplitude or height of the profile, 

and its wavelength [33]. The amplitude and wavelength scale of roughness and waviness 

differ significantly, and these surface features are usually evaluated independently as they are 

generated from separate mechanisms and affect the function of parts differently. This study 

focuses on the roughness component and the microphysical irregularities that characterize the 

surface texture of EB-PBF. There are two complementary approaches to surface roughness: 

one is concerned with its influence on functional aspects, while the other utilizes surface 

measurements to gauge and control manufacturing processes [57]. Since the roughness is 

highly susceptible to changes in the process, any noticeable variation in roughness parameters 
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can indicate process deviations, making surface metrology a powerful tool for quality control 

[58].   

 

Figure 3. A typical surface profile and its waviness and roughness components. 

 

2.1 Surface roughness measurement 

 

Different surface measurement techniques can extract the topography information from 

a sampled surface. The instruments involved in surface metrology predominantly consist of 

tactile devices with a stylus or non-contact instruments based on optical instruments [29]. EB-

PBF processes produce naturally rough surfaces for reasons that will be further explored in 

Section 4, but its inherent surface characteristics, such as sharp protrusions, deep recesses, and 

undercuts, present several challenges for measurement regardless of the type of instrument 

[31]. 

Tactile-based methods with stylus remain the industry's most used surface measurement 

methods due to their operational simplicity, low-cost equipment, and good repeatability 

[59,60]. However, contact-based methods can underperform depending on the scale of 

interest. Figure 4a illustrates a surface profile measurement with a probing stylus. The amount 
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of topographic details registered by the stylus depends on its tip cone's size and shape, 

sometimes acting as a low-pass filter for small-scale features [60]. There are also concerns 

when measuring low hardness materials since the stylus can cause irreversible damage to the 

surfaces. Besides these operational challenges, tactile methods face additional obstacles when 

measuring EB-PBF surfaces. These methods can usually register only one-dimensional 

profiles, being intrinsically limited for assessing the heterogeneous and anisotropic surfaces 

created by metal PBF processes [61]. Nevertheless, contact methods with stylus probing are 

well-established and highly reproducible, being verified as the most common method used for 

surface evaluation of metal AM parts [59].  

A wide variety of optical-based devices can be utilized for surface metrology through 

various measurement techniques. Contactless surface measurement excludes the risk of 

surface damage and has fewer accessibility limitations compared to stylus instruments (Figure 

4b). For metallic PBF parts, typical measuring techniques with optical instruments include 

focus variation microscopy, confocal microscopy, and coherence scanning interferometry 

[59]. All these methods are used for areal surface evaluation, in which three-dimensional data 

is acquired from a sampling area instead of a linear profile [62]. For this reason, optical-based 

methods are seen as a more complete way of assessing the roughness of metallic PBF parts 

[16,63,64], although not without limitations. According to Leach et al. [61], the abrupt 

alternation of dark and bright regions of deep recesses and sharp protrusions, plus non-

uniform optical properties due to surface oxidization, are among the biggest challenges for 

optical measurement with PBF. Moreover, every optical system depends on materials' 

reflective properties, and some contactless methods have been reported to be inadequate for 

measuring the highly reflective top surfaces of metallic PBF parts [18]. It is also worth noting 

that optical instruments cannot effectively capture undercut surface features like in tactile 

methods (Figure 4b). 

In such cases, inspection technologies such as x-ray computer tomography (XCT) were 

reported to capture and measure reentrant and undercut surface features of metallic PBF parts 

[65,66]. These technologies have been used in elaborate measurement procedures that extract 

topographic information from XCT data of inspected surfaces [67]. However, XCT usually 

lacks the appropriate spatial resolutions for capturing the smallest surface details of metallic 

PBF parts, although increasingly investigated as an alternative surface measurement method 

[68]. 2D imaging devices such as scanning electron microscope (SEM) are also commonly 
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used for qualitative analysis of metal PBF surfaces as they cannot measure topographic height 

information directly [58,62]. 

 

 

Figure 4. Schematics of surface profile measurements and the registered profile with (a) stylus probing 

and (b) optical device. 

 

No single surface measurement instrument or technique can accurately capture the exact 

topographies of metal PBF surfaces on their own. Several authors [59–61] point toward using 

a combination of methods for more precisely accessing all the surface features and the 

roughness of PBF parts. The ultimate goal of the surface measurement and the subsequent 

planned analysis should also be considered when selecting instruments and measurement 

methods. 

 

2.2 Test artifacts for surface evaluation of AM processes 

 

Test or benchmark artifacts are tools used for quantitative performance evaluations of 

capabilities and limitations of manufacturing systems or processes [69]. For AM processes, 

Mahesh [70] has classified the benchmark artifacts into three categories according to their 

final purposes: 
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• Geometric benchmark parts for evaluating the geometric and dimensional accuracy 

• Mechanical benchmark parts for mechanical properties characterization 

• Process benchmarking parts used for process parameters optimization 

 

Geometric test artifacts designed explicitly for AM processes usually come with a 

diversity of features to evaluate not only the process's geometrical and dimensional accuracy 

but also its repeatability, minimum feature size, and surface texture [71]. Townsend et al. [59] 

state that most test artifacts designed solely for surface assessments focus on the relationship 

between roughness and surface orientation. The truncheon [72] (Figure 5a) was one of the 

first surface test artifacts for AM,  initially designed for stereolithography processes but also 

used for metal PBF processes [73]. It comprises a series of tilted flat surfaces with 5-degree 

increments to analyze different orientations in relation to the build platform. ISO/ASTM 

52902 [74] proposes a series of geometric test artifacts for AM processes, including those 

specific for surface texture evaluation. These artifacts are composed of six labeled plates tilted 

in 15-degree increments (from 0° to 90°) that can be individually detached for tactile and 

optical measurements (Figure 5b). Overall, the experiments in the reviewed literature 

followed a similar approach to that of the ISO/ASTM standard, relying on test artifacts 

comprised of flat plates or disks manufactured in different orientations and slopping angles. 

Some studies have also measured the surfaces of mechanical test parts to evaluate the 

roughness before testing. 

 

Figure 5. Different test artifacts used for surface evaluation in AM processes based on (a) Reeves [73], 

(b) ISO/ASTM 52903, and Galati et al. [76].  

 

A few considerations must be deemed when selecting or designing artifacts for surface 

measurement with metal PBF processes. Besides the concerns with build time, material 
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consumption, and accessibility, test parts should be appropriately sized for measurement 

according to the techniques that will be employed. Moreover, support structures must be 

avoided in regions that will be measured since they leave witness marks on the interface with 

the part, thus altering the original surface topology. In addition, Galati et al. [75] recently 

verified the need to maintain a constant wall cross-section in surface test artifacts as the 

dissimilar thermal behavior caused by varying thickness affected the final surface roughness 

in a past study [76]. With that in mind, the authors developed a new test artifact (Figure 5c) 

that can be built without support structures and allow measuring all surfaces (external and 

internal) while maintaining a constant cross-section throughout the build. 

 

2.3 Surface roughness characterization 

 

To be able to quantify and compare surface roughness information, the measured 

topographic data is converted to standardized parameters in a process known as surface 

characterization [59]. This process is described by international standards such as ISO 4287 

[77] for profile surface characterization and ISO 25178-2 [78] for areal characterization and 

involves filtering stages to separate waviness from roughness and the selection of appropriate 

roughness parameters. Regardless of the type of measured data (profile or areal), the 

standardized parameters for roughness are mainly divided into amplitude, spatial, and hybrid 

parameters. Amplitude and spatial parameters quantify the two primary domains of surface 

topographies: height and wavelength, respectively, whereas hybrid parameters combine the 

two [79]. Amplitude parameters used to be considered more relevant as they were thought to 

better relate to function [56], although few amplitude or spatial parameters can be directly 

correlated to functional properties. Moreover, there has been a historical preference by the 

industry to utilize average amplitude parameters, which reflects the primary use of surface 

metrology as a quality control tool for manufacturing [33]. 

The heterogeneous surface structures produced by AM processes also pose significant 

challenges for surface characterization. Lou et al. [64] state that the current characterization 

methods are inadequate for the complex topology of AM parts and even more so for metal 

PBF processes. According to the authors, new roughness parameters should be developed to 

better describe the unique characteristics of AM surfaces, along with new filtering and 

characterization methods. Even with considerable challenges in surface metrology for metal 
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PBF processes, there are no standardized procedures for inspection and characterization, 

although ISO/ASTM 52902 [74] recommends the use of some roughness parameters for 

evaluating AM surfaces in general. These suggested parameters include the profile arithmetic 

mean deviation (Ra), maximum height of profile (Rz), the skewness (Rsk), and the kurtosis 

(Rku) of the height distribution, as well as their correspondent areal parameters – Sa, Sz, Ssk, 

and Sku, respectively. The Ra average parameter is defined by ISO 4287 [77] and computes 

the arithmetic mean deviation in microns (µm) from peaks and valleys about the mean line 

(Figure 6). The skewness and kurtosis (Rsk and Rku) parameters describe the relationship 

between the height distribution of the sampled profile and a Gaussian distribution, with the 

first providing indications of a predominance of peaks or valleys and the second the sharpness 

of the profile [59]. 

The lack of established surface inspection procedures for metal PBF processes leads to a 

very dispersed environment in academia, often making the comparison of results across 

studies impractical. For the reviewed literature, the arithmetic mean height (Ra or Sa) is by far 

the most common parameter used for quantifying the surface roughness of EB-PBF parts, 

regardless of the measurement method, followed by the root mean square deviation (Rq/Sq) 

and the maximum height of the profile (Rz/Sz). The same trend was observed by other studies 

[18,19,59,60], for metal PBF processes in general. According to Triantaphyllou et al. [18], the 

Ra profile parameter is how several metal PBF equipment manufacturers characterize and 

control their own processes, even though it is considered a poor parameter for AM surface 

evaluation [80]. Due to the prevalence of this parameter in the literature, the discussion of 

surface roughness in this review will be done mainly around Ra values. 

 

 
Figure 6. Representation of the arithmetic mean deviation (Ra) roughness parameter in an actual 

stylus-measured EB-PBF surface. 
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3. Surface finishing processes 

 

Given the relatively high surface roughness and irregular topology of metallic PBF 

parts, surface finishing processes are very often required to make parts comply with 

dimensional and structural requirements. New and existing surface finishing processes have 

been adapted to more efficiently post-process metal PBF surfaces and their unique 

characteristics. Bagherifard and Guagliano [81] categorized the different finishing processes 

used in AM in general based on their intrinsic characteristics: 

 

• Mechanical surface finishing processes, with methods that remove material from 

surfaces, like machining and grinding, and methods that induce plastic deformation to 

homogenize surfaces, such as peening and sand blasting. 

• Chemical and electrochemical surface finishing processes, in which chemical solutions 

are used to remove material from surfaces in a controlled manner, including processes 

such as chemical etching and electrochemical polishing. 

• Laser-based surface finishing processes, where material can be either removed from 

surfaces, such as in laser ablation methods, or altered by local re-melting as in laser 

polishing processes. 

 

The authors [81] include a fourth category - surface coating processes - although it 

relates more to inducing specific surface functions than controlling dimensional or roughness 

aspects. A few factors must be considered for selecting the appropriate finishing processes for 

EB-PBF, such as the final surface quality requirements, the properties of the treated material, 

the part geometry, and its final application [82]. 

Mechanical finishing processes were the most typical methods utilized within the 

reviewed literature. These processes are regarded as the most effective in enhancing the 

mechanical properties of metallic AM parts, regardless of the inherent mechanism (material 

removal or deformation) [82]. Among the mechanical finishing processes, conventional 

machining remains the most common for metallic PBF parts, being reported to reduce the 

surface roughness of Ti-6Al-4V parts by EB-PBF to Ra levels as low as 0.05 µm [83]. 

Machining operations can also achieve the desired dimensional accuracy of parts and remove 
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near-surface defects such as pores depending on the depth of cut [30], both of which are 

highly beneficial to fatigue. However, Ti-6Al-4V can be particularly tough to machine due to 

its high chemical reactivity, low thermal conductivity, and relatively low modulus of elasticity 

[84,85]. Mechanical finishing techniques based on plastic deformation have also become 

widespread with metallic PBF parts. Although the finished surfaces might not be as smooth as 

in material removal processes, these methods can improve the mechanical properties by 

inducing compressive residual stresses on the surface, promoting near-surface pore closure, 

and refining surface grain [86]. Soyama and Takeo [87] analyzed the effects of various 

peening surface treatments on the roughness and fatigue performance of Ti-6Al-4V specimens 

by both L-PBF and EB-PBF. Shot peening was by far the most effective, reducing Ra values 

from 19.3 µm to around 5 µm in EB-PBF specimens, while cavitation peening only showed a 

marginal reduction. However, the observed effects on fatigue were very significant for both 

treatments since they introduced similar levels of compressive residual stresses on the 

surfaces, with a 75% increase in fatigue strength at N=10^7 for cavitation peening and 95% 

for shot peening in EB-PBF parts [87].  

While peeing techniques can be more flexible in dealing with highly complex structures 

than conventional machining, mechanical surface finishing processes are limited to accessible 

regions. For treating internal surfaces and channels in EB-PBF, or even intricate structures 

like lattice and cellular geometries, chemical and electrochemical surface finishing processes 

can be very effective [82]. These processes work the entire geometry of parts as they are 

completely submerged, and the amount of material removed is usually controlled by the 

composition of the solution, exposure times, temperature, and electrical voltage and current in 

the latter case [88]. Lhuissier et al. [31] showed that a chemical etching process with a 

Hydrofluoric acid (HF) and Nitric Acid (HNO3) solution could uniformly reduce the Ra 

roughness of Ti-6Al-4V struts by EB-PBF from around 35 to 20 µm in 60 minutes. The 

authors observed a more rapid roughness reduction in the first 20 minutes of the process, 

when the partially melted powder particles were preferably removed. The underlying surface 

irregularities were smoothed in the remaining 40 minutes at a much slower pace [31]. 

Electrochemical polishing processes are faster than chemical etching, though restricted to 

conductive materials, and could lead to dimensional issues in the treated parts if not properly 

controlled [88]. Wu et al. [89] showed that, with proper solution and parameters, the Ra 
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roughness of Ti-6Al-4V specimens by EB-PBF could be reduced from around 24 to 4.5 µm in 

only 20 minutes. 

Lastly, laser-based finishing processes are also viable options for post-processing 

metallic PBF parts. The most usual techniques include laser polishing, in which pulsed lasers 

re-melt micrometer-thin layers of material on surfaces, and laser ablation, where higher 

energy lasers vaporize the irregular surface structures. For Ti-6Al-4V by EB-PBF, laser 

polishing techniques were reported to reduce the Sa roughness values by 75 to 90% [90,91]. 

However, it was also verified that significant effects on the surface microstructure were 

induced, along with high levels of tensile residual stresses, local oxidation, and a small 

agglomeration of re-melted material on the edges of polished surfaces [90,91]. Laser ablation, 

on the other hand, has shown the potential to reduce Ra roughness values by 80% without the 

issues reported with laser polishing, to levels as low as 5 µm, according to Genna and Rubino 

[92], although the results are known to be highly dependent on the process parameters [93].  

 

4. Causes of surface roughness in EB-PBF 

 

Although often linked to the layer-stacking building technique of AM, the high 

roughness levels in EB-PBF parts are due to various causes. Three main mechanisms behind 

roughness generation in these surfaces were identified when reviewing the present literature 

on the subject, and they will be detailed in this section. 

 

4.1 The staircase effect 

 

The stepping pattern observed in lateral surfaces of EB-PBF parts is known as the 

staircase effect [73,94,95]. It is a topographical defect inherent to all AM technologies that 

produce geometrical and dimensional variations between the digital 3D model and the 

manufactured part, illustrated in Figure 7. Naturally, surfaces strictly parallel to the build 

platform, like top surfaces, are not affected [62]. 

The staircase effect is characterized by a directional peak-and-valley topographical 

pattern along the Z direction that contributes to the total surface roughness of lateral surfaces 

[28,96]. The international standard for surface profile measurement (ISO 4287 [77]) clearly 

indicates that the measurement direction must be perpendicular to the direction of the lay, 
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which is the predominant surface pattern generated during the manufacturing process [97]. 

For AM processes, the lay corresponds to the stepping pattern produced by the staircase 

effect, and so all surface profile measurements should be performed along the build direction 

(Z). However, for EB-PBF with Ti-6Al-4V, the reported Ra values obtained from profile 

measurements performed both along and across the build direction showed little difference - 

only up to 4 µm on average [18,19,98]. While this can be considered a small contribution 

considering the level of roughness in lateral surfaces, the severity of the staircase effect on the 

surface quality of EB-PBF parts relies on factors detailed in Section 5. 

 

 

Figure 7. The staircase effect and its inherent geometrical deviation from the CAD model 

 

4.2 Partially melted powder particles adhesion 

 

Another mechanism known to contribute to the highly irregular surface topology in EB-PBF 

is the adhesion of unprocessed feedstock powder particles to the solid surfaces [30,93,99–

101]. This phenomenon is caused by high-heat diffusion from the solid part to the surrounding 

feedstock powder, which is enough to partially melt powder particles. These particles then 

attach to solid surfaces and create the many round protuberances observed in Figure 8 [41]. 

The resulting irregularities are believed to contribute the most to the surface roughness of EB-

PBF, and as such, this phenomenon is considered the dominant mechanism of roughness 

generation by some authors [102,103]. While particle adhesion is known to affect all surfaces, 
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it seems to be more evident in overhang and down-facing surfaces [63]. The adhesion of 

powder particles is more severe in EB-based processes than in laser processes due to higher 

thermal radiation by the electron beam [17] and the preheating stages that sinter the powdered 

material around the solid part. 

 

4.3 Process deviation  

 

EB-PBF processes involve complex multi-physics interactions caused by the high-speed 

scanning and rapid material phase change [2,24]. As such, the melt pool experiences different 

hydrodynamic effects throughout the melting and solidifying stages, giving shape to irregular 

surface structures of stochastic nature that contribute to the overall roughness [104]. 

 

 

Figure 8. Partially melted feedstock particles and overflown material on lateral surfaces of Ti-6Al-4V 

by EB-PBF 

 

Thermocapillary effects such as the Marangoni flow [105], can promote horizontal 

movement in the material inside the melt pool, and during the electron beam scanning, 

material tends to flow toward the edges of the scanned track, leading to the formation of wavy 

structures on top surfaces [106]. The turbulent hydrodynamic effects can be severe enough to 

make the melt pool overflow into the edges of the solid part [104]. creating surface 

protrusions on lateral surfaces of EB-PBF parts as indicated in Figure 8. These structures from 
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overflow material have been identified by several authors in Ti-6Al-4V specimens, being 

sometimes referred to as "plate-pile" stacking irregularities [31,41,107,108].  

Other anomalies caused by melt pool instabilities and unoptimized process parameters 

can also produce surface defects that add to the irregular topology of EB-PBF parts. Porosity 

is a common defect in metal PBF processes and can be observed both in bulk and on the 

surfaces of parts, with the latter constituting deep recesses on the surface [109]. Porosity in 

EB-PBF is attributed to lack-of-fusion phenomenon and to process deviations such as balling 

and particle spatter. Lack-of-fusion occurs when an insufficient energy density is provided to 

the powder bed during the electron beam scanning, leading to unmelted regions that form 

pores and voids [9,110]. However, if too much energy is provided, Plateau–Rayleigh 

instabilities can break the melt pool to reduce its surface energy, ejecting small sphere-like 

particles and creating voids in EB-PBF parts [111–113].  

It is worth mentioning that the irregularities and defects caused by hydrodynamic effects 

and process deviations are believed to be the main responsible for crack initiation on surfaces 

in EB-PBF with Ti-6Al-4V [19,114]. 

 

5. Influence of process variables on the surface roughness of Ti-6Al-4V 

 

Gibson et al. [99], categorized the process parameters of metal PBF processes into four 

groups: (1) laser or EB-related parameters, (2) scan-related parameters, (3) powder-related 

parameters, and (4) temperature-related parameters. In order to discuss the surface roughness 

of EB-PBF parts, two additional process variables must be considered: the internal 

arrangement of parts and their build orientation inside the chamber. The fishbone diagram in 

Figure 9 shows all the process variables verified to affect the surface roughness of Ti-6Al-4V 

by EB-PBF in the reviewed literature, while Table 1 highlights the most relevant experimental 

studies on the subject. This section will detail each process variable in Figure 9 through a 

slightly different categorization scheme. 



49 

 

 

Figure 9. Fishbone diagram of process variables verified to influence the surface roughness of Ti-6Al-

4V parts produced by EB-PBF processes. 

 

Table 1. Summary of experimental studies regarding process variables and surface roughness of Ti-

6Al-4V by EB-PBF. 

Category Reference Process variables Surfaces 

evaluated 

Measurement 

instruments 

Roughness 

parameters 

Feedstock 

powder 

related 

Karlsson et al. 

[115]  

Powder size 

distribution,  

Layer thickness 

Lateral (vertical) Scanning 

Electron 

Microscope 

- 

Karlsson et al. 

[116] 

Layer thickness Lateral (vertical) Optical Ra 

Build 

orientation 

and part 

arrangement 

Sidambe et al. 

[95] 

Surface orientation 

(to build platform) 

Top and lateral 

(vertical, upskin) 

Optical Sa, Sq, Sku, 

Ssk, Sp, Sv, Sz 

Persenot et al. 

[108] 

Surface orientation 

(to build platform) 

Top and lateral 

(vertical, upskin, 

downskin) 

X-ray 

tomography 

Ra, Rt 

Galati et al. [76] Slopping angle Top and lateral 

(vertical, upskin, 

downskin) 

Tactile Ra 

Galati et al. [75] Slopping angle Lateral (vertical, 

upskin, downskin) 

Tactile and 

optical 

Ra, Rq, Rz, 

Sa, Sq, Sz 
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Borrelli et al. 

[98] 

Surface orientation 

(to build chamber) 

Lateral (vertical) Tactile Ra 

Kotzem et al. 

[117] 

Surface orientation 

(to build chamber) 

Lateral (vertical) Tactile and X-

ray tomography 

Ra 

Jamshidinia and 

Kovacevic [118] 

Distance between 

parts 

Lateral (vertical) Optical Sa 

Electron 

beam and 

scanning 

strategy 

Safdar et al. 

[102] 

Beam current,  

Focus offset, 

Scanning speed 

Lateral (vertical) Optical Ra, Rq 

Scharowsky et 

al. [119] 

Beam current,  

Line offset, 

Scanning speed 

Top Optical Ra 

Silvestri et al. 

[120] 

Beam current,  

Line offset, 

Scanning speed 

Top Optical Sa 

Wang et al. [121] Beam current,  

Focus offset,  

Speed function, 

Multibeam 

Lateral (vertical) Tactile and 

optical 

Ra 

Prisco et al. 

[122] 

Focus offset,  

Line offset, 

Scanning speed 

Top and lateral (not 

specified) 

Tactile Ra 

Klingvall et al. 

[123] 

Line offset, 

Number of 

contours 

Lateral (vertical) Tactile Ra 

Shrestha and 

Chou [106] 

Speed function Top Optical Ra, Rq, Rt 

 

 

5.1 Feedstock powder  

 

The metallic powder used as feedstock material by metal PBF processes can be 

produced by various methods[124,125] and is comprised of particles that vary in size and 

shape. According to Dowling et al. [96], the powder's morphology, which includes the particle 

size distribution and shape characteristics, is an essential process variable for the repeatability 

and reproducibility of metal PBF processes. The morphology determines the flowability and 

the packing density of the powder bed, which in turn affects its thermal conductivity and 
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optical penetration, thus also affecting parts' microstructure, porosity, and surface quality 

[96,124,126–129].  

EB-PBF processes, in particular, require larger-sized powder particles to help counteract 

powder spreading effects due to electrostatic repulsion [130]. The powder size distribution is 

defined in terms of particle diameter, and the most common size distribution found in 

reviewed literature for EB-PBF is in the range of 45 - 105 µm for Ti-6Al-4V. A significant 

amount of authors attribute the rougher surface finish of EB-PBF parts to its larger powder 

particles, especially when compared to L-PBF processes that utilize finer powder 

[25,26,41,103,131]. Smaller-sized powder particles have indeed been verified to produce 

better surface finishes on top and lateral surfaces in L-PBF [127,132]. Sinico et al. [129], in 

particular, showed that very fine powder (10 – 30 µm) of Maraging steel resulted in a 

significant decrease of Ra values in lateral surfaces, even when compared to a slightly coarser 

powder (15 – 45 µm). Since powder particle adhesion is considered by many authors the 

primary mechanism behind roughness generation in EB-PBF, it should be expected that 

powders with smaller size distributions would positively impact the surface quality. However, 

for EB-PBF with Ti-6Al-4V, Karlsson et al. [115] concluded that finer powder particles are 

more likely to adhere to surfaces. In this study, a visual comparison through SEM 

micrographs was performed in parts produced by powder size distributions of 25 – 45 µm and 

45 – 100 µm using the same layer thickness. The authors also mention that the underlying 

peaks and valleys of parts produced with finer powder appeared more regular and smoother, 

presumably due to the more densely packed powder layers. Nonetheless, it should be noted 

that no surface measurement and characterization were performed, and the process parameters 

for the builds with finer powder were not optimized since this material is not officially 

supported by the EB-PBF equipment manufacturer [115]. 

The overall quality of the powder can also lead to higher surface roughness in EB-PBF. 

The unprocessed powder of each build can be reutilized up to a limited number of times and is 

usually mixed with new fresh powder [125]. he number of reuse times can directly affect the 

powder's chemical composition, particle morphology, and microstructure [133,134]. Tang et 

al. [135] believe that the changes in particle morphology could potentially affect part's surface 

quality in EB-PBF. After each reuse, Ti-6Al-4V powder particles became less spherical and 

more naturally rougher, becoming significantly distorted after the 16th and 21st reuses [136–

138]. he particles also tend to cluster as they are repeatedly sintered together, and the recovery 
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process with pressurized air can fracture these clustered particles, increasing the distortions 

that can affect the final roughness of parts [135]. Yet, no surface roughness assessment has 

been made to verify the possible effect of highly reused Ti-6Al-4V powder. 

The particle size distribution also determines the minimum layer thickness that can be 

used in a specific build [64,139], which affects the surface roughness in its own way, as will 

be described next. 

 

5.2 Layer thickness 

 

Layer thickness, or layer height, is a process parameter common to all AM processes 

that define the physical thickness of each layer created at a time. Typical values for layer 

thickness in EB-PBF processes are 50 and 70 µm [115], above the 20 – 50 µm range of L-

PBF processes [140,141]. It is a major process parameter in metal PBF processes that affects 

many process variables, including build time, detail resolution in Z , and generation of defects 

like porosity [140], and the surface quality. Regarding surface quality, layer thickness impacts 

the severity of the geometric deviations caused by the staircase effect: the thicker the layers, 

the more parts deviate from the original CAD geometry (Figure 7).  

Many authors associate the coarser surface finish of EB-PBF parts relative to L-PBF 

with the thicker layers used in EB processes [25,28,29,95,131]. Körner et al. [104] verified 

through numerical simulations that increased layer thickness might also contribute to the 

surface roughness of EB-PBF as it facilitates melt pool movement and material overflow. 

Still, only a few studies experimentally investigated the influence of layer thickness on the 

roughness of lateral surfaces of Ti-6Al-4V parts. In a first study, Karlsson et al. [115] found 

no differences in the surface quality of builds with layer thicknesses of 50 and 70 µm, 

although no measurement or characterization was performed - only comparison through SEM 

images. Later, Karlsson et al. [142] evaluated the roughness of lateral surfaces of  Ti-6Al-4V 

specimens produced with 25 and 50 µm layer thicknesses. The specimens showed a similar 

level of Ra roughness, although the authors claim that the overall surface quality of the lower 

layer thickness parts looked better in SEM micrographs.     
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5.3 Build orientation 

 

In AM processes, build orientation refers to how parts are oriented inside the 

manufacturing chamber in relation to the build platform [1]. The build orientation of parts is 

defined prior to the manufacturing job and directly influences the total number of parts that 

can be fitted inside the build chamber. It also sets the maximum build height of each 

manufacturing run and, consequently, their build times [123]. The build orientation was also 

verified to affect the part's microstructure and mechanical properties [101,108,143], its 

dimensional accuracy [98,144], the manufacturability of small-scale features [145], and the 

generation of lack-of-fusion defects [146]. The build orientation evidently defines how each 

surface of a part will be produced, either as a top or lateral surface - and for the latter, whether 

they will be facing upwards (upskin surfaces) or downwards (downskin surfaces), as 

illustrated in Figure 10a. It also determines the location, quantity, or even the necessity of 

support structures, thus having a substantial influence on the surface quality [95]. It was 

mentioned that the roughness of top and lateral surfaces differ significantly, but upskin and 

downskin lateral surfaces also show distinct topologies and roughness levels. Table 2 

summarizes some studies that analyzed the roughness of Ti-6Al-4V with EB-PBF in different 

orientations. Relatively large dispersion of Ra values can be noted across different studies for 

one specific surface orientation, and that is due to various factors, including the surface 

measurement methods utilized and process parameters. Still, by comparing the results within 

same studies, it is possible to notice a discrepancy in Ra values between vertical, upskin, and 

downskin lateral surfaces. 

According to Galati et al. [75], the topology of upskin surfaces is dominated by the 

staircase effect and process deviation roughness. In terms of sloping angle, the authors 

verified a positive linear relationship between Ra/Sa roughness values and sloping angles for 

upskin surfaces. This means the roughness worsens with the increasing of sloping angles 

between upskin surfaces and the build platform. This outcome was explained by the different 

heat transfer effects the material experience during solidification. In upskin surfaces with low 

sloping angles, the just melted material has a larger surface area in contact with previous solid 

layers, and the solid body underneath acts as a heat sink that inhibit heat transfer to the 

surrounding powder particles [75]. 
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Figure 10. (a) Surface orientation of PBF parts and (b) surfaces with different sloping angles. 

 

 

Table 2. Summary of Ra roughness values obtained from surfaces with different orientation in EB-

PBF with Ti-6Al-4V. 

Surface  

orientation 

Powder size 

distribution (μm) 

Layer height 

(μm) 

 

Ra (μm) 

 

Reference 

Top  49 – 98 70 1 – 6 Triantaphyllou et al. [18] 

25 – 45 50 4 – 10 Nicoletto et al. [19] 

45 – 105  50 3 – 11 Galati et al. [76] 

Lateral vertical 

(90°) 

49 – 98 70 30 – 40 Triantaphyllou et al. [18] 

25 – 45  50 17 – 25 Nicoletto et al. [19] 

45 – 105 50 26 Borrelli et al. [98] 

45 – 105  50 26 – 28 Greitemeier et al. [43] 

Lateral upskin (60°) 49 – 98 70 44 – 48 Triantaphyllou et al. [18] 

45 – 105  50 18 – 33 Galati et al. [76] 

Lateral downskin 

(60°) 

49 – 98 70 32 – 50 Triantaphyllou et al. [18] 

45 – 105  50 17 – 20 Galati et al. [76] 
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Downskin surfaces are often considered to be rougher than upskin, with surfaces 

dominated by partially melted particles adhered instead [40,63]. These surfaces are built on 

unsupported regions, as shown in the diagram in Figure 10. The effect of gravity on the melt 

pool in these unsupported areas can cause the melted material to sag into the powder bed 

below and create protrusions when the overflown material is solidified [18,147,148]. Layer 

building over these unsupported regions also favors the heat transfer towards the sintered 

powder bed right below, causing more particles to partially melt and attach to the downskin 

surfaces [75]. Regarding the inclination of downskin surfaces, Galati et al. [75] verified a 

negative linear relationship between Ra/Sa roughness and the sloping angle instead, with the 

more tilted surfaces showing the highest values. The lower the angle, the larger the 

unsupported regions and the heat transfer toward the powder bed below (Figure 10b). 

 

5.4 Position on build chamber 

 

Besides build orientation, the way parts are positioned and manufactured inside the 

build chamber can also affect the roughness generation in EB-PBF processes. The 

arrangement inside the build chamber can determine the total number of parts that can be 

fitted, ultimately impacting batch production times and unit cost. The position of parts in L-

PBF processes has been proven to affect their final roughness due to the laser incidence spot 

deformation [149,150] the direction of inert gas flow and recoater movement [151–153].  

Although these factors are not applicable to EB-PBF processes, there is evidence that 

the position of parts can influence the surface finish of Ti-6Al-4V parts. Borrelli et al. [98] 

noticed that parts produced at the four corners of the build platform consistently displayed 

slightly higher Ra values than other parts, even more so in the surfaces facing the outward 

directions. These corner parts were built very close to the limits of the build platform, and the 

authors attribute this adverse behavior towards roughness to the less efficient heat dissipation 

of these regions. Their hypothesis was that heat was trapped in the narrow space between the 

solid part and the boundaries of the build chamber, inducing more powder particles to attach 

to the outward-facing surfaces [98]. Galati et al. [76] and Kotzem et al. [117], also observed a 

similar tendency, especially in parts positioned closer to the EB-PBF equipment door. It is 

worth noting that the position of parts along the Z direction had no significant influence on 

surface roughness [98].  
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Yet, the relative position between Ti-6Al-4V parts inside the EB-PBF build chamber 

has been proven to affect their surface quality. Jamshidinia and Kovacevic [118] verified an 

inverse relationship between the spacing distance of thin-walled parts and their surface 

roughness: the closer two distinct surfaces were positioned, the higher their Sa roughness 

values were. Similar to Borrelli et al. [98], the authors explain this behavior as being due to 

the increased accumulation of thermal energy in the regions between parts with shorter 

spacing distance, which ultimately favors the adhesion of partially melted particles. 

 

5.5 Energy Density 

 

The size and shape of the melt pool are determined, among other aspects  [154], by the 

total amount of energy supplied by the energy source and absorbed by the powder bed, which 

in turn depends on interdependent and mutually interacting process parameters of the PBF 

process [99,141]. For EB-PBF, in particular, the process parameters are dynamically 

controlled by a proprietary algorithm, making the study of individual parameters very 

challenging. For this reason, researchers rely on theoretical variables for calculating the total 

energy input levels. Among the most usual variables are the linear energy density [122,155] 

and the volumetric energy density, the latter of which is defined as: 

 

                                       𝐸𝑣 =  
𝑃

𝑉𝑠 × 𝐻𝑠× 𝑡 
                                                                  (1) 

 

For EB-PBF specifically, P (W) is the power of the electron beam,   (mm/s) the 

scanning speed of the electron beam,   (mm) the hatching space between scan lines, and   

(mm) the layer thickness of the build. The electron beam power is a function of both the 

accelerating voltage and the current, though it is controlled by the current (in mA) alone since 

the accelerating voltage is kept constant in EB-PBF equipment [155,156]. The hatching space 

is the physical distance between two adjacent tracks, and for EB-PBF processes, it is 

determined by the line offset parameter [9,130]. The scanning speed is the actual translational 

velocity of the electron beam and can be either dynamically controlled by the speed function 

parameter or be assigned a fixed value in manual control operation [120]. The layer thickness 

was already discussed in 5.2, and all these parameters are illustrated in Figure 11.  
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Another parameter closely related to the energy density input is the focus of the electron 

beam. The focus is controlled by a process parameter called focus offset, which is the current 

(in mA) that defocuses the electron beam from the sharpest calibrated position [155,157]. 

Defocusing the electron beam can sometimes enlarge the EB spot size up to a point but at the 

expense of producing shallower melt pools [158]. It is worth noting that the EB spot size is 

ultimately controlled by a combination of the beam current and focus offset parameters 

through a non-linear relationship that is not disclosed by the EB-PBF equipment manufacturer 

[159]. The energy density affects many aspects of EB-PBF parts since the size and 

temperature of the melt pool is known to influence the microstructure [123,160], the chemical 

composition [119], and the porosity of Ti-6Al-4V parts [24,156]. 

The energy density also significantly affects the surface quality of top surfaces in EB-

PBF with Ti-6Al-4V. Guo et al. [156] observed that lower energy density levels, achieved by 

reduced beam current and higher scanning speeds, lead to top surfaces dominated by cavities 

and lack-of-fusion pores. The authors claim that there was not enough energy to melt the 

whole powder region properly, and a gradual increase of the energy density with higher beam 

current values and slower scanning speeds produced much denser and smoother surfaces. 

Similar results were observed by Shrestha and Chou [106], in which the higher energy density 

levels obtained by only reducing the scan speed produced denser and flatter surfaces. 

The energy density also significantly affects the surface quality of top surfaces in EB-

PBF with Ti-6Al-4V. Guo et al. [163] observed that lower energy density levels, achieved by 

reduced beam current and higher scanning speeds, lead to top surfaces dominated by cavities 

and lack-of-fusion pores. The authors claim that there was not enough energy to melt the 

whole powder region properly, and a gradual increase of the energy density with higher beam 

current values and slower scanning speeds produced much denser and smoother surfaces. 

Similar results were observed by Shrestha and Chou [109], in which the higher energy density 

levels obtained by only reducing the scan speed produced denser and flatter surfaces. 

As mentioned in Section 4.3, the topology of top surfaces is dominated by wavy 

structures located at the edges of each melted track. Employing larger melt pools can re-melt 

some of these structures from adjacent scan tracks and improve these surfaces. Higher energy 

density levels elevate the melt pool's temperature and reduce its surface tension, increasing the 

width of the melt track [120] and benefiting the surface quality, but only up to a point. 

Excessive energy density can cause intense hydrodynamic instabilities in the melt pool, 
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producing highly distorted structures on top surfaces [156] or, in extreme cases, leading to 

material vaporization that produces highly damaged top surfaces [8,110]. 

Still, using higher energy density levels can be a suitable strategy for roughness control 

on top surfaces, as verified by Prisco et al. [122] with Ti-6Al-4V specimens. According to the 

authors, besides reducing the scanning speed, increasing the focus offset values created a 

defocused beam spot large enough to re-melt the ridges of adjacent scan tracks. Another way 

of achieving these results is by reducing the distance between adjacent melting tracks through 

the line offset parameter [119,122,130]. This strategy induces scan tracks to overlap more 

while increasing the energy density as per (1). 

 

 

Figure 11. Schematic of the electron beam and scanning strategy process variables. 

 

It is also worth mentioning the individual influence of parameters when the energy 

density is kept constant during the top surface melting. Silvestri et al. [120] verified that using 

higher levels of beam current and scanning speeds individually while maintaining the total 

energy density constant produced top surfaces with lower Sa roughness in Ti-6Al-4V 

specimens by EB-PBF. According to the authors, although the total amount of energy input is 

maintained, the thermal diffusion times are lower at higher scanning speeds, which results in 

higher temperatures in the melt pool that are beneficial to surface roughness. 
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As for the lateral surfaces, the energy density also plays a central role in the surface 

quality EB-PBF with Ti-6Al-4V, but mostly due to partially melted particles. Increased 

energy density levels lead to thermal accumulation in parts and high-temperature gradients 

towards the surrounding powder bed region, thus enabling more particles to partially melt and 

adhere to surfaces [102,159]. This seems to be the case as either increasing the beam current 

and reducing the scan speeds [102,121] or reducing the scanning speeds only [122]. resulted 

in rougher lateral surfaces in Ti-6Al-4V. On the other hand, the influence of the focus offset 

in the roughness of lateral surfaces showed mixed results with EB-PBF with Ti-6Al-4V. For 

Safdar et al. [102], decreasing the focus offset from 25 mA to 10 mA produced lateral 

surfaces with much higher roughness, which according to the authors, is due to the 

concentrated electron beam that leads to higher energy densities. Prisco et al. [122] on the 

other hand, tested three different levels of focus offset – 4, 10, and 20 mA – that showed no 

influence on the surface roughness of lateral surfaces.  

It is also important to highlight the impact of energy density in the process deviation 

roughness by anomalies like balling. Yan et al [161] verified through multi-physics modeling 

that the energy density from the electron beam must be sufficient enough to melt solid 

substrate below the powder bed. Suppose the energy provided is only enough for the powder 

particles to melt or the melt pool is not as deep as to reach the layer below. The melted 

material would cluster into isolated agglomerates (balls) to reduce the surface energy, but 

according to the authors, a properly melted substrate should avoid the balling effect as the 

melted particles can spread to reduce the surface energy [161]. 

 

5.6 Scanning Strategy  

 

The scanning strategy in EB-PBF comprehends both the powder bed heating stages and 

the melting process [159]. The powder bed heating is done by a defocused electron beam and 

consists of 3 separate stages: (1) preheating of the entire build platform, (2) preheating regions 

closer to the where melting process will take place, and (3) a post-heating stage performed 

after the melting process to either heat up or cool down the layer [10,162]. However, a 

sintered powder bed favors the thermal conductivity between the solid part and surrounding 

powder [163], which in turn contribute to the melting and adhesion of particles to the surfaces 

[164], even more so considering the already elevated temperature of the surrounding powder 
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in EB-PBF processes [8]. As such, it would be expected that the role of the preheating stages 

in the roughness generation had been investigated, but no experimental studies were found in 

the reviewed literature. 

The scanning strategy of the melting process relates to individual paths that the electron 

beam follows to purposely melt the powder and create solid layers. Figure 12 exemplifies the 

melting of a single layer. This process is divided into two separate stages: the first involves 

melting the perimeters, which can be up to 5 concentric contour lines [10]. This stage is also 

known as contouring, and for EB-PBF processes, the default themes perform it with a spot 

melting strategy called Multibeam [3,123,165,166]. This function is specific to EB-PBF 

processes since the translational speeds of electron beams are much higher when compared to 

lases, allowing several melt pools to be simultaneously active. Unlike typical continuous 

fusion, in the Multibeam strategy, the electron beam rapidly shifts between several points 

along a scanned track, promoting faster scanning and increasing productivity [167]. It is also 

claimed that the smaller melt pools created by this strategy reduce the thermal gradient toward 

the surrounding powder and leads to better surface finishes [123,167]. However, a comparison 

between Multibeam and a continuous melting strategy for the contours performed by Wang et 

al. [121] showed that the non-multispot strategy was able to produce surfaces with lower Ra 

values for Ti-6Al-4V, though with the worst dimensional accuracy. The authors also verified 

that the parameters of the Multibeam function had some impact on the surface roughness on 

lateral surfaces of Ti-6Al-4V by EB-PBF, among them the number of beam spots, the spot 

time, and the distance between two consecutive spots. The number of spots determines the 

total number of active melt pools [55], and was the dominating factor in affecting roughness 

according to the authors, with a higher number of spots producing better-finished surfaces. A 

combination of shorter spot time, which is the total amount of time that the electron beam 

melts each spot, and reduced distances between spots also produced better results in terms of 

Ra roughness [121]. 

The second melting stage involves melting the bulk of the part, as illustrated in Figure 

12. This is known as rastering or hatching since continuous parallel tracks are melted in 

varying patterns to produce the inner regions of the parts. The direction and the pattern of the 

hatching are altered between consecutive layers to avoid anisotropy [159]. It is worth 

mentioning that EB-PBF parts can be produced by hatching strategies only - without contours 
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- yielding faster build times although producing extremely rough surfaces as verified by 

Mallipeddi et al. [168] with Ti-6Al-4V. 

 

 

Figure 12. Diagram of the scanning strategy for the contour and fill pattern. 

 

The scanning speed and line offset parameters are also linked to the scanning strategy, 

although their influences on surface roughness were already discussed in the context of energy 

density (Section 5.5). Still, the effects of the line offset for the contours (contour offset) along 

with the number of perimeters also showed some influence on the side surfaces of EB-PBF 

with Ti-6Al-4V, although practical results were not obtained by Klingvall et al. [123]. 

 

6. Future research and outlook 

 

Another factor contributing to surface roughness in EB-PBF processes is the geometry 

of parts. The effect of geometrical features and attributes, such as wall-thickness of parts, have 

also been investigated in terms of surface roughness, although not extensively. Safdar et al. 

state that thicker walls produced higher levels of Ra roughness in Ti-6Al-4V by EB-PBF. The 

authors claim that the increased energy required to melt these bulkier structures promoted 

more particles to partially melt and adhere to lateral surfaces partially. The results later 

observed by Razavi et al. [40] and Karlsson et al. [116] contradict these findings, with the 

thin-walled specimens displaying the worst Ra roughness levels compared to the thicker ones, 

though with different thickness levels. Yet, more recent studies by Segersäll et al. [169] 
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showed that the part's thickness did not influence the roughness of Ti-6Al-4V specimens. 

More research on the matter is required to investigate further the role of geometry and wall-

thickness in the surface roughness of EB-PBF parts. The influence of the powder size 

distribution and the layer thickness, although claimed by many authors as the main drivers of 

surface roughness generation in EB-PBF, still demand additional experimental evidence for 

the actual influence of these parameters to be established. The effects of the preheating stages 

should also be explored due to their role in surface roughness, as explored in this review. With 

that said, the high costs associated with the EB-PBF equipment operation and the feedstock 

material can hinder experimental studies in the field. Numerical simulations have gained 

much traction over the past decade, including those to predict surface roughness [9]. 

It is also worth mentioning some guidelines for future research in the area. A deep 

understanding of the subject is often made impractical by how experiments are conducted and 

the results are published. Though properly established procedures for the surface 

measurement of metallic PBF parts are still to be conceived, ISO/ASTM 52902 [74] provides 

a good starting point, and its guidelines should be followed when designing an experiment. As 

a general recommendation, all the evaluated surfaces must be duly identified when publishing 

results, along with all the methods and parameters used for measurement and characterization. 

In addition, the feedstock material information, the EB-PBF equipment model, the final 

orientation and disposition of parts inside the build chamber, and the relevant process 

parameters described in Section 5 should also be clearly stated. 

 

7. Conclusion 

 

This study reveals the growing effort by the academic community to better understand 

and correlate EB-PBF process variables with the surface roughness of Ti-6Al-4V parts, which 

also indicates the relevancy of this field of study. EB-PBF has already shown a great potential 

for industrial applications, and its inherent rough surface quality plays a central role, both 

positively and negatively. Yet, surface metrology for metallic PBF parts remains a very 

challenging task with the present measurement and characterization methods and techniques. 

Practical and experimental correlations are very challenging to establish in EB-PBF 

processes due to the highly interrelated process parameters and differences between 

measurement and characterization methods. Still, the main mechanisms behind surface 
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roughness generation in EB-PBF were reviewed, as well as the process variables and 

experimental correlations obtained for Ti-6Al-4V specifically. The opportunities for future 

research in the area were also covered, along with recommendations and guidelines that 

would allow the community to better interpret the results. 

Overall, the relationship between process variables and surface roughness of EB-PBF 

can better serve the purpose of comprehending the process rather than controlling the 

roughness entirely. To that end, surface finishing processes still present the best solution for 

fine roughness control, despite their many limitations regarding AM parts. 
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Abstract 

Electron beam powder bed fusion (EB-PBF) is an additive manufacturing technology (AM) 

that can efficiently process high-performance alloys such as Inconel 718 and Ti-6Al-4V for 

aerospace and medical applications. However, EB-PBF produces parts with relatively high 

surface roughness levels, which can be either a negative aspect in terms of wear and fatigue or 

a positive one for the osseointegration of medical implants. For this reason, a deeper 

understanding of surface roughness generation in this manufacturing process is crucial. In this 

work, a full factorial Design of Experiments (DoE) was designed to evaluate the effects of the 

build (or wall) thickness in the surface roughness of Ti-6Al-4V by EB-PBF. The profiles of 

surfaces built in three orientations (vertical, upskin, and downskin) were collected by a tactile 

profilometer and characterized. The results show that the build thickness affects not only the 

surface roughness but also in ways that differ according to the surface orientation. 
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1. Introduction 

 

In general, Titanium alloys are known for exhibiting high heat resistance, superior 

mechanical performance, and biocompatibility. Ti-6Al-4V, in particular, is an alpha-beta 

titanium alloy with superb specific strength, being historically employed in the military and 

civil aviation sectors. While this alloy remains valuable for the aerospace and defense 

industries [1], it has also become of interest to the automotive [2,3] and biomedical [4,5] 

sectors due to its wear and corrosion resistance. Yet, Ti-6Al-4V is an alloy that is difficult to 

process using traditional manufacturing methods. Its elevated melting point (1670 °C) and 

high chemical reactivity with oxygen and nitrogen make casting it challenging and costly 

[6,7]. Moreover, its relatively low modulus of elasticity and low thermal conductivity also 

create many challenges for conventional machining [8,9]. Nevertheless, the additive 

manufacturing (AM) technology of powder bed fusion (PBF) has proven to be very efficient 

for processing titanium alloys, creating parts with comparable and even superior mechanical 

properties [10].  

The electron beam powder bed fusion (EB-PBF) process, defined by ISO/ASTM DIS 

52900 [11], uses a scanning electron beam as the thermal energy source to melt metallic 

powders and create dense solid layers one at a time. In EB-PBF, each newly deposited layer 

of powder material is subjected to two scanning stages: the feedstock powder heating steps, 

known as preheating and post-heating, and the powder melting process per se. Besides 

ensuring a constant temperature profile across the powder bed, the powder heating stages 

loosely sinter the feedstock material to create conductivity paths for incident electrons and to 

avoid powder particle repulsion [12–14]. There are two consecutive preheating steps in EB-

PBF: the first utilizes a fast-scanning defocused electron beam that raises the temperature of 

the entire powder bed homogeneously (Figure 1a), while the second step provides additional 

heating only to the regions where the melting process will take place next [15,16]. The 

melting process utilizes a focused electron beam to fuse the powder material by selectively 

scanning specific regions of the bed, constructing solid cross-sectional layers of the desired 

parts. This stage usually consists of two steps: contour and hatch scanning melting. The 

contour (or contouring) step melts the perimeters of the parts, which can be made of several 

concentric lines [13]. By default, the contouring in EB-PBF is performed with a spot-melting 

strategy known as MultiBeam, in which several active melt pools are formed along a line 
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(Figure 2a) for faster scanning and supposedly better surface quality [17]. However, the spot-

melting strategy in EB-PBF was verified to produce parts with worse surface quality when 

compared to parts produced with continuous contour scanning strategies, though the latter 

displayed the worst dimensional accuracy [18,19]. The hatch (or hatching) scanning step 

melts the bulk of parts utilizing a fast and high-power electron beam in continuous scanning 

strategies (Figure 1c), most times performed in a rotating square pattern to avoid anisotropy 

[16,20]. Finally, after the melting stage, a post-heating step takes place to balance the 

temperature on the powder bed as a whole, either to heat up some areas of the bed or to allow 

them to cool down [13]. 

 

 

Figure 1. Preheating (a), contouring (b), and hatching (c) build sequences of an EB-PBF process [15]. 

Published under a Creative Commons Attribution-NonCommercial-NoDerivs 2.5 License. 

 

The EB-PBF process offers a few advantages over the PBF processes with laser 

energy sources (L-PBF). EB-PBF, also known commercially as Electron Beam Melting 

(EBM), is carried out in a high-vacuum chamber to avoid deflection electrons, though this 

also ensures the chemical stability of reactive metals such as Ti-6Al-4V by maintaining an 

inert environment inside [21]. The absorption efficiency of lasers in metallic materials is 

dependent on the material's reflectivity, whereas, for electron beams, it is only marginally 

dependent on the density of the material, allowing EB-PBF to operate with higher scanning 

speeds and reduced power consumption compared to L-PBF [22]. In addition, the high 

temperatures kept inside the manufacturing chamber in EB-PBF significantly reduce the 

residual stresses in the final parts compared to L-PBF [23]. 

EB-PBF also shows great potential in producing high-performance Ti-6Al-4V parts. 

The geometric freedom AM technologies offer opens up many opportunities for lightweight 

part design for aerospace applications [24] and intricate designs optimized for biomedical uses 

[25]. However, one of the industry's impediments to the broader adoption of this particular 

https://creativecommons.org/licenses/by-nc-nd/2.5/
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manufacturing process is the intrinsic rough surface finish of EB-PBF parts. Generally 

speaking, the surface roughness levels found in EB-PBF parts are comparable to some sand 

casting and forging processes [26], with Ra roughness values up to 50 μm [27,28]. While 

surface roughness is often associated with undesirable effects on friction and wear of moving 

parts, its impact on the integrity of parts under dynamic loads is probably the most severe for 

EB-PBF parts. It has been demonstrated that the irregular surface morphology characteristic 

of EB-PBF parts promotes stress concentration and crack initiation points along the surface, 

significantly reducing fatigue performance [29–34]. While traditional and alternative 

surfacing methods have been shown to improve the fatigue life of Ti-6Al-4V parts by EB-

PBF [35–39], besides the operational challenges of surface-processing complex geometry and 

internal regions, these additional processing steps can add substantial costs to an already 

expensive manufacturing process [40]. Still, rough surface finishes are not always undesirable 

in terms of functionality. The as-built roughness level of EB-PBF parts is known to positively 

affect cell proliferation, blood coagulation, and the osseointegration of Ti-6Al-4V orthopedic 

and dental implants [41–47].  

According to the literature [48], the leading causes for the surface roughness generation 

in EB-PBF are: (1) the staircase effect, (2) the adhesion of partially melted powder particles, 

and (3) the irregular surface morphology created by melt pool instabilities and process 

deviation. The staircase effect refers to the dimensional and geometrical deviations of 

additively manufactured surfaces due to this process's layer-stacking nature. The severity of 

the staircase effect is highly dependent on the orientation of each surface during 

manufacturing [28,49–52], as illustrated in Figure 2. The top surfaces are built strictly parallel 

to the build platform and are not affected by the staircase effect. These surfaces display the 

best surface finishes overall, with Ra roughness values reported up to 13 μm [53] as they are 

only partially affected by powder particles' adhesion. The adhesion of partially melted powder 

particles is considered by many authors the primary mechanism behind surface roughness in 

EB-PBF [54,55] and is closely related to the thermal interactions that occur during processing. 

The significant temperature difference between the melted areas and the powder bed generates 

a high thermal gradient toward the enclosing unprocessed powder. The heat transferred to the 

surrounding area is enough to partially melt adjacent powder particles that attach to the solid 

surfaces [20,56,57]. This phenomenon generates surfaces covered by round protuberances of 

the same size magnitude as the feedstock powder particles (Figure 2). The irregular surface 
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morphology created by the EB-PBF process is also closely related to its intrinsic thermal 

interactions, particularly by the hydrodynamic effects experienced by the molten material 

during phase changes [58]. Thermocapillary effects and melt pool instabilities can displace 

molten material that solidifies and form sharp protuberant structures on EB-PBF surfaces 

[29,50,59,60]. Other defects, such as lack-of-fusion irregularities, can occur when the thermal 

energy provided by the electron beam in a particular region is not enough to fully melt the 

powder particles, leading to the formation of elongated voids and pores in parts[12,61]. 

 

 

Figure 2. Illustration of an EB-PBF part with surfaces produced in different orientations. 

 

It can be noted that the surface quality of EB-PBF parts is clearly related to the thermal 

interactions the material experiences. As such, all process parameters related to energy and 

heat transfer could potentially influence the surface topology parts. The electron beam 

parameters, such as beam current, focus offset, and scanning speeds, were all verified to 

influence the surface roughness of Ti-6Al-4V parts [19,54,62–66]. Other factors associated 

with heat transfer inside the build chamber were discovered to affect the surface roughness as 

well, including the arrangement of parts in the build chamber, which can create pockets of 

energy accumulation in the powder bed [67–70]. Accordingly, it would be expected that the 

geometry of parts would also influence the surface roughness to some extent, as it directly 

impacts the total energy required for melting the powder region and the subsequent cooling 

rates. While the build (or wall) thickness of parts was proved to affect the microstructure [71–

73] and the mechanical properties of parts [74,75], the relationship between build thickness 

and surface roughness is not yet thoroughly understood.   
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Safdar et al. [54] verified the influence of build thickness and other process parameters 

on vertical surfaces (built at 90°) of Ti-6Al-4V specimens by EB-PBF. The results revealed a 

tendency of increasing surface roughness with increasing thickness, which the authors 

explained as being due to the higher energy required to melt and build thicker geometries. The 

higher energy density employed would then promote more surrounding powder particles to 

attach to the surfaces, creating rougher surfaces altogether. Karlsson Algardh et al. [76] 

evaluated the influence of build thickness and powder size distribution on the roughness of 

lateral surfaces built vertically. According to the authors, the Ra roughness of Ti-6Al-4V 

specimens with build thicknesses of 0.5, 1.0, 2.0, and 5.0 mm showed a trend slightly opposite 

to that of Safdar et al. [54], with thinner samples exhibiting higher roughness values instead. 

This trend was also observed by Razavi et al. [77], though with slightly different thickness 

levels (1.0, 3.0, and 5.0 mm). Besides evaluating the fatigue behavior of said specimens, 

Razavi et al. [77] also investigated the roughness of inclined surfaces built at 45°, both upskin 

and downskin according to Figure 2. According to the authors, these inclined surfaces seemed 

to follow the same trend as observed in the vertical surfaces. The authors claim that the reason 

for this is the reduced quantity of electron beam scan lines required for producing thinner 

geometries, which can lead to irregular surface morphology and surface build defects [77]. 

More recently, Segersäll et al. [78] also examined the influence of build thickness on the 

surface roughness and fatigue of EB-PBF parts. Ti-6Al-4V specimens of 1.5, 2.1, and 2.7 mm 

thicknesses were produced in different build orientations and had their surfaces measured and 

characterized by four different methods. However, according to the authors, the build 

thickness did not seem to influence the surface quality in the study. 

The disparity between the results in these studies can be due to a number of factors. As 

already discussed, surface roughness in EB-PBF is highly dependent on the thermal 

interactions and the process parameters that control the electron beam and the scanning 

strategy; hence the use of different process parameters would evidently interfere with the 

results regarding the influence of build thickness. However, the process parameters utilized 

for specimen fabrication in each of the studies mentioned were not described in detail, making 

the assessment and comparison of the results impractical. The part arrangement inside the 

build chamber, which is also known to affect the surface roughness in EB-PBF, was also not 

sufficiently described in these studies or even reported whether it was considered for the 

experiment design. Moreover, the experiments of all the above studies were designed to 
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explore other factors of EB-PBF, including the fatigue performance and the effects of other 

process variables on the resulting surface roughness, potentially introducing more variability 

in an already sensible manufacturing process.  

Besides its relevancy in the functional performance of parts, the study of surface 

roughness in EB-PBF is also critical for better understanding this manufacturing process and 

helping improve parts' reliability and quality [79]. Recognizing the relationship between build 

thickness and surface roughness can also help researchers design better experiments since 

varying wall thickness was already reported to disrupt experimental studies in EB-PBF with 

surface roughness [51]. A deeper understanding of surface-related aspects in EB-PBF requires 

analyzing surfaces built in distinct orientations and with sufficient replicates to account for the 

high variability of this process. The present literature regarding the relationship between build 

thickness and surface roughness lacks both, with usually only one specimen per thickness 

analyzed and very few studies examining non-vertical surfaces. Considering the dissimilar 

results and lack of extensive analysis in the literature, this work aims to contribute to the 

understanding of the EB-PBF process by investigating the effects of varying build thicknesses 

on the surface roughness of Ti-6Al-4V. To that end, an experiment has been devised 

considering the various process variables affecting the surface quality of EB-PBF to evaluate 

vertical and inclined surfaces, producing sufficient replicates for statistical significance. 

 

2. Materials and methods 

 

2.1 Specimen design and fabrication 

 

Two different specimens were designed for this experiment: one for vertical surface 

analysis (Figure 3a) and an inclined specimen for analyzing both upskin and downskin 

surfaces (Figure 3b). The inclined specimens were designed with a 65° slopping angle to 

ensure a successful build without requiring support structures, thus allowing the measurement 

and characterization of the downskin as-built surfaces. Both specimens were purposely 

dimensioned for tactile roughness measurements considering an evaluation length of 40 mm, 

according to the guidelines of ISO 4288 [80] for the expected range of Ra roughness. The 

specimens were produced with nominal thickness values of 0.5, 1.0, 2.0, 2.5, 3.0, and 4.0 mm, 

with four repetitions per thickness, totalizing 48 specimens (24 vertical and 24 inclined). The 
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thickness levels were selected according to their verified influence on the mechanical 

properties of parts produced by EB-PBF [74,75] and to cover a wide range of values. The EB-

PBF equipment employed in this experiment was the Arcam Q10plus machine by GE 

Additive (GE, USA). The Ti-6Al-4V feedstock powder utilized was also supplied by GE 

Additive, with a particle size distribution ranging from 45 to 105 μm. 

 

 

Figure 3. Vertical (a) and inclined (b) specimens designed for tactile surface measurement. 

 

All specimens were produced using the EB-PBF machine's default theme for this 

material for a layer height of 50 μm (Ti6Al4V_Q10plus version 5.2.23). The most relevant 

process parameters for the preheating and melting stages are reported in Table 1, while the 

arrangement of specimens inside the build chamber is illustrated in Figure 4. The thicker 

samples were positioned closer to thinner ones in an attempt to avoid dissimilar thermal 

accumulation in the powder bed, and all specimens were positioned with equal distances 

between them to reduce and equalize the energy accumulation effects in the surface roughness 

[70] as much as possible. 

Once produced, the unprocessed powder around the specimens was removed by an 

abrasive blasting process using Arcam's Powder Removal Station (PRS) system. Each 

specimen was then identified prior to removal to record the exact position it was produced in 

the build platform. No additional process was required to detach the specimens from the build 

platform since the contact area between them was minimal, and each part could be removed 

manually. 
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Table 1. Machine build parameters used for specimen fabrication. 

Preheat Preheat Focus offset 44 mA 

  Heating focus offset 100 mA 

  Offset to part 4 mm 

  Surface temperature 940 C 

 Preheating I  Max beam current 16 mA 

  Beam speed 18000 mm/s 

  No. of repetitions 2 

  Average current 0 mA 

  Line order 20 

  Line offset 0.4 mm 

 Preheating II Max beam current 19 mA 

  Beam speed 18000 mm/s 

  No. of repetitions 2 

  Average current 5.4 mA 

  Line order 20 

  Line offset 0.4 mm 

Melt Contours Number of contours 3 

  Block offset True 

 Outer contour Beam current 5 mA 

  Max beam current 5 mA 

  Speed 750 mm/s 

  Line offset 0.22 mm 

  Focus offset 5 mA 

 Inner  contour Beam current 8 mA 

  Max beam current 8 mA 

  Speed 800 mm/s 

  Line offset 0.135 mm 

  Focus offset 5 mA 

 Hatch Use rotating hatch  True 

  Linear current compensation True 

  Beam current 15 mA 

  Max beam current 30 mA 

  Manual speed 4530 mm/s 

  Speed function 60 

  Line offset 0.20 mm 

  Focus Offset 36 mA 
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Figure 4. (a) Part arrangement for all 48 specimens fabricated and (b) distribution of specimens based 

on geometry and build thickness (in mm). 

 

2.2 Surface measurement and characterization 

 

The surfaces were measured with a Talysurf PGI 830 tactile profilometer (Taylor 

Hobson, UK) equipped with a 2.0 μm conical diamond tip. A sampling length of 50 mm was 

registered with a measurement speed of 0.5 mm/s, and three parallel measurements were taken 

for each surface in a direction perpendicular to the lay (Figure 5a) according to the 

recommendations in ISO/ASTM 52902 [81]. A total of 288 profile measurements were 

obtained from the 96 surfaces. The surface roughness characterization was performed using 

the Mountains® 9 software (Digital Surf, France). A cut-off filter of 8 mm was used 

according to ISO 4288 [80] for the expected Ra roughness values, with an evaluation length 

of 5 cut-offs (40 mm) with a half cut-off distance discarded from the start and end of each 

sampling length. 

The roughness parameters used for the analysis were the arithmetic mean deviation 

(Ra), the root mean square deviation (Rq), the skewness (Rsk) and kurtosis (Rku) of the 

profile, as well as the peak parameters of the total height of the profile (Rt) and the maximum 

height of profile (Rz). The average roughness parameters Ra and Rq assess the profile's 

deviations about the mean line within an evaluation length, with Ra being the most common 
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roughness parameter used by the industry. The profile's skewness (Rsk) gauge the even 

distribution of peaks and valleys in a given profile, whereas the Kurtosis (Rku) measures the 

profile's sharpness. The peak roughness parameters of Rt and Rz determine the maximum 

peak-to-valley distances in the profile. All these roughness parameters were selected 

according to their prevalence in the literature on surface roughness with EB-PBF [82] and 

according to the recommendations of ISO/ASTM 52902 [81]. The waviness component of the 

profiles was not analyzed as its contribution to the roughness investigation of EB-PBF 

appears to be minor [51]. All measured profiles were characterized individually, and the mean 

roughness parameters were calculated for each surface. Finally, some surfaces were also 

observed under a ZEISS EVO MA 15 (Zeiss, Germany) scanning electron microscope to 

investigate differences in surface morphology. 

 

 

Figure 5. Procedure for surface roughness measurement via stylus profilometer. 

 

2.3 Preliminary and statistical analysis  

 

A preliminary analysis was performed to verify whether the position of the specimens in 

relation to the build chamber influenced their surface roughness. No significant variation in 

the average roughness parameters was found for same-thickness specimens built in different 

locations of the build platform, so they could be considered replicas for the subsequent 

analysis. A full factorial analysis was performed for the Ra values considering the prevalence 

of this parameter in the literature for surface roughness. The factorial analysis comprised two 

factors: the surface orientation (vertical, upskin, and downskin) and the build thickness levels 

(0.5, 1.0, 2.0, 2.5, 3.0, and 4.0 mm), with four replicates each. The remaining roughness 

parameters were also reported and plotted to support the analysis. 
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3. Results 

 

All specimens displayed Ra values ranging from 21 to 35 μm, well within the expected 

range for EB-PBF with this alloy. Table 2 shows the numerical results for the full factorial 

analysis performed for Ra, and the interaction plots for orientation and build thickness can be 

seen in Figure 6. Other results from the factorial analysis are found in Appendix A. The build 

thickness affected the surface roughness of vertical, upskin, and downskin surfaces 

differently, and for this reason, the results for each type of surface will be presented and 

analyzed separately in the following sections. 

 

Table 2. ANOVA results for the factorial analysis of Ra versus thickness and surface orientation. 

Source DF Adj SS Adj MS F-Value P-Value 

Model 17 1022.44 60.143 64.25 0.0000 

  Linear 7 862.99 123.284 131.69 0.0000 

    Thickness 5 36.92 7.385 7.89 0.0000 

    Surface orientation 2 826.06 413.032 441.21 0.0000 

  2-Way Interactions 10 159.45 15.945 17.03 0.0000 

    Thickness*Surface orientation 10 159.45 15.945 17.03 0.0000 

Error 54 50.55 0.936   

Total 71 1072.99    

 

 

Figure 6. Interaction plot for Ra roughness versus build thickness and surface orientation. 
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3.1 Vertical surfaces 

 

Table 3 shows the average values of the roughness parameters for each thickness level 

of the vertical specimens. The Ra values were in the range of 22 and 29 μm, which is 

consistent with the literature for this orientation [27,33,67]. The boxplot graphs for each 

roughness parameter are displayed in Figure 7. The 0.5 mm specimens consistently showed 

the highest surface roughness values across all parameters, with Ra ranging from 26.21 to 

28.80 μm. The 1.0 and 2.0 mm specimens had the best overall surface quality, with the lowest 

recorded Ra of 21.90 μm belonging to a 2.0 mm specimen. The remaining specimens all 

displayed similar roughness levels among themselves, falling within the 24 – 25 μm range. 

The profile skewness (Rsk) values for the 0.5 mm specimens indicate a predominance of 

valleys in the surface morphology compared to other thickness levels. SEM images of vertical 

surfaces with the highest and lowest Ra values are displayed in Figure 8. It can be noted that 

both surfaces show comparable levels of adhered particles, although the underlying surface 

morphology of the 0.5 mm specimen displays deep valleys structures not observed in the 2.0 

mm specimen. 

 

Table 3. Mean values for the roughness parameters of vertical surfaces. 

Thickness (mm) Ra (μm) Rq (μm) Rz (μm) Rt (μm) Rsk Rku 

0.5 27.49 34.40 187.16 223.72 -0.1399 2.92 

1.0 23.80 29.83 167.13 196.97 0.0063 2.93 

2.0 22.96 28.91 163.45 199.21 0.0382 3.01 

2.5 24.60 30.83 170.88 207.57 -0.0166 2.97 

3.0 25.09 31.52 173.17 206.38 -0.0811 2.95 

4.0 25.z02 31.43 176.97 208.44 -0.0727 2.97 
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Figure 7. Boxplots graphs for Ra, Rq, Rz, and Rt roughness parameters of vertical surfaces. 

 

 

Figure 8. SEM micrographs for vertical surfaces with thicknesses of (a)(b) 0.5 mm (Ra = 28.80 μm) 

and (c)(d) 2.0 mm (Ra = 21.90 μm). 
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3.2 Upskin surfaces 

 

Table 4 shows the roughness parameters for the thickness levels of the upskin surfaces, 

while the boxplot graphs are displayed in Figure 9. The surface roughness levels of the upskin 

surfaces were the highest among all surface orientations, with Ra values ranging from around 

28 to 35 μm. The Ra and Rq roughness levels were very similar across nearly all specimens, 

with the exception of the 1.0 mm specimens at notably lower levels. Nevertheless, the Rt and 

Rz peak parameters found for the 0.5 mm specimens were comparatively lower than the 2.0 - 

4.0 mm specimens, which agrees with the lower Rku values of these thinner specimens that 

indicate an absence of extreme peaks or valley structures. The 1.0 mm specimens also 

exhibited Rsk values closer to zero compared to all other thickness levels. This indicates a 

surface morphology with a similar peak-to-valley ratio for the 1.0 mm specimens rather than 

the predominant peak topology of all the other specimens. SEM images of a 0.5 and a 1.0 mm 

specimen are displayed in Figure 10. Both images reveal the distinct protuberant structures of 

upskin surfaces, but the 1.0 mm specimen (with the lowest Ra value recorded) appears to have 

more partially melted particles adhered to its surfaces, particularly under the protuberant 

structures. 

 

Table 4. Mean values for average and peak roughness parameters of upskin surfaces. 

Thickness (mm) Ra (μm) Rq (μm) Rz (μm) Rt (μm) Rsk Rku 

0.5 32.42 39.86 201.76 233.89 0.2012 2.05 

1.0 28.94 36.01 197.46 234.77 - 0.0205 2.87 

2.0 33.58 41.64 222.93 265.10 0.0961 2.80 

2.5 32.26 39.82 204.92 235.52 0.1701 2.73 

3.0 33.03 40.86 214.29 249.94 0.2066 2.74 

4.0 33.34 41.14 214.73 257.73 0.1238 2.85 
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Figure 9. Boxplots graphs for Ra, Rq, Rz, and Rt roughness parameters of upskin surfaces. 

 

 

Figure 10. SEM micrographs for upskin surfaces with thickness of (a)(b) 1.0 mm (Ra = 28.03 μm) and 

(c)(d) 0.5 mm (Ra = 33.90 μm). 
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3.3 Downskin surfaces 

 

The roughness parameters obtained from the downskin surfaces are displayed in Table 

5, and the boxplot graphs are in Figure 11. Overall, the Ra values of downskin surfaces are 

comparable to vertical specimens. However, the roughness parameters of the 0.5 mm 

specimens were consistently lower than the other specimens, with Ra ranging between 20.77 

and 21.99 μm, while the remaining thickness levels were around 24 to 28 μm. This is a novel 

result in the literature. The profile's skewness (Rsk) values of the downskin surfaces were 

typically positive, indicating a predominance of peaks in their surface profiles, except for the 

0.5 and 4.0 mm specimens with Rsk much closer to zero, suggesting a more balanced surface 

morphology. Figure 12 shows SEM images of the downskin surfaces of a 0.5 mm and a 2.0 

mm specimen. Both surfaces are characterized by protrusions and partially adhered particles, 

though the protrusions seem more apparent for the 2.0 mm specimen (Figure 12d). 

 

Table 5. Mean values for average and peak roughness parameters of downskin surfaces. 

Thickness (mm) Ra (μm) Rq (μm) Rz (μm) Rt (μm) Rsk Rku 

0.5 21.37 26.87 154.99 186.35 0.0857 3.06 

1.0 25.49 31.93 173.40 208.89 0.2879 3.01 

2.0 27.10 34.02 187.03 234.36 0.2305 3.07 

2.5 26.72 33.49 182.86 223.05 0.2352 2.96 

3.0 26.63 33.23 181.33 223.16 0.2087 2.95 

4.0 24.80 30.98 167.50 208.86 0.0268 2.91 
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Figure 11. Boxplots graphs for Ra, Rq, Rz, and Rt roughness parameters of downskin surfaces. 

 

 

Figure 12. SEM micrographs for downskin surfaces with thickness of (a)(b) 0.5 mm (Ra = 20.95 μm) 

and (c)(d) 2.0 mm (Ra = 28.28 μm). 
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4. Discussion 

 

Since the topology and the severity of mechanisms behind the surface roughness 

generation in PBF differ according to the orientation, it could be expected that the build 

thickness would affect vertical, upskin, and downskin surfaces differently. The results from 

the experiment confirm this hypothesis. To better interpret the results towards the influence of 

build thickness on the surface roughness, the discussion of the results will be done separately 

for each surface type. Still, some aspects of the experiment remain relevant for the analysis 

regardless of the surface orientation. Since all specimens were produced with the same 

feedstock powder, and the inclination angle of each specimen type was kept constant (90° for 

vertical surfaces and 65° for upskin and downskin surfaces), the influence of the staircase 

effect on the surface roughness can be considered minimal in this experiment. Therefore, the 

effects of build thicknesses on the final surface roughness should either be due to attached 

powder particles or irregular surface morphology generated by the process itself. 

 

4.1 Vertical surfaces 

 

The most unusual behavior observed in the results for the vertical surfaces is the 

consistently higher roughness parameters of the 0.5 mm specimens, a result similar to that of 

Karlsson et al. [76] (though with distinct Ra levels). To try and understand this behavior, one 

should consider the scanning strategy for melting differently sized cross-sectional layers 

during processing, illustrated in Figure 13. Larger cross-sections (Figures 13a and 13b) are 

built by the two melting steps described earlier: the contours are melted first with a spot-

melting strategy, whereas the solid interior is melted with the hatch melting strategy. If a fixed 

number of contours is set for the entire build, then reducing the cross-sectional layer area 

would decrease the region built by hatch scannings until the layer is fully melted by contours 

only (Figure 13c). Further reductions in the cross-sectional area would trigger the "Block 

Offset" function, in which one single contour line is employed to melt a given region [83], as 

illustrated by Figure 13d. 
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Figure 13. Scanning strategies for varying cross-sectional areas in EB-PBF. 

 

The 0.5 mm vertical specimens had the smallest cross-sectional area of all specimens 

and were entirely built by low-power contour scans (Table 1), meaning that lower thermal 

energy was being provided to those particular regions. In order to keep a uniform temperature 

distribution in the powder bed, the post-heating step compensates for this difference by 

providing additional energy to cooler regions, such as those close to smaller cross-sectional 

areas [53]. According to Galati et al. [51], the extra energy provided to smaller cross-section 

areas during the post-heating step could elevate the temperatures in the surrounding powder 

bed region to a point where more powder particles could partially melt and attach to solid 

surfaces. This circumstance would be plausible to explain the higher roughness values of the 

vertical 0.5 mm specimens. However, by analyzing the SEM images in Figure 8, the quantity 

of partially melted particles in the 0.5 mm specimen (Ra = 28.27 μm) and the 2.0 mm 

specimen (Ra = 21.69 μm) appears to be very similar, suggesting that a different mechanism 

could be responsible for the contrasting surface quality.     

Razavi et al. [77] claim that the fewer scan lines required to melt smaller cross-

sectional areas could result in insufficient melting and, therefore, the creation of irregular 

surface structures and open defects that contribute to a rougher surface finish. While this 

could explain the behavior observed for the vertical surfaces in the present study, the reasons 

might also be due to the process parameters employed for melting reduced cross-sections. In 

EB-PBF, the outer contours are usually melted using a low-powered electron beam to 

purposively not induce surrounding powder particles to melt and attach to surfaces. This is 

how the specimens were produced in this experiment, as Table 1 shows the reduced beam 
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current parameter of 5 mA for outer contours compared to 8 mA for inner contours. 

Considering the line offset values set for the contours (Table 1), it can be agreed that the 0.5 

mm specimens were primarily built using the outer contours scannings. Creating entire parts 

with low-power electron beams via a spot-melting scanning strategy could lead to inadequate 

melting and lack-of-fusion surface defects characterized by open cavities and deep recesses in 

the surface [84]. The negative skewness values found for the 0.5 mm specimens (that 

indicates the predominance of valleys over peaks) and the deep recesses observed in Figure 8b 

could be associated with lack-of-fusion defects, a condition that the 2.0 mm surface (Figure 

8d) does not show. 

 

4.2 Upskin surfaces 

 

The upskin surfaces had the highest roughness parameters among all surface 

orientations in this study. While many authors claim upskin surfaces exhibit a better surface 

quality compared to vertical and downskin surfaces, this is only true for more shallow 

inclination angles [51]. Triantaphyllou et al. [28] observed that, for a 60° inclination angle, the 

upskin surfaces of Ti-6Al-4V specimens showed higher Ra roughness values than both the 

vertical and correspondent downskin surfaces, the same behavior observed for the inclined 

specimens at built 65° in this study. 

The upskin surfaces of 0.5 mm specimens did not follow the same behavior observed 

for the vertical surfaces, with Ra and Rq values comparable to the 2.0 to 4.0 mm specimens. 

Besides the fact that surfaces built with different orientations are affected differently by the 

roughness generation mechanisms, the slightly larger cross-sectional area of inclined 

specimens may also have played a role in this case. The diagram in Figure 14 shows that, for 

an inclination angle of 65°, the cross-sectional area of inclined specimens is approximately 

10% larger than the cross-section of vertical specimens of the same thickness. While this 10% 

increase could seem minor, it could be enough to allow more inner contour scans to be 

performed, increasing the total amount of energy provided to the area and possibly reducing 

the defects induced by insufficient melting. The study by Brown et al. [63] with L-PBF and 

304L shows that a slight increase in the hatching area percentage can be enough to almost 

completely remove surface lack-of-fusion defects in thin-walled parts. While this is not 

strictly the case here since no hatch scans were used to build the 0.5 mm specimens, it is 
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indicative that higher-powered scans can reduce the lack-of-fusion defects, especially for the 

thinner parts. 

The 1.0 mm specimens displayed the lowest roughness parameters among all upskin 

surfaces, and the reason for this behavior is yet to be understood. The SEM images in Figure 

10a and Figure 10b show a 1.0 mm specimen surface with a seemly higher number of adhered 

particles than the 0.5 mm specimen, which can be counter-intuitive considering the lower 

roughness levels of the 1.0 mm upskin surface. It should not be discarded that the presence of 

partially melted particles in between the peak structures could lessen the overall height of the 

profile during measurement with a profilometer. This could also explain the distinct skewness 

values for the 1.0 mm upskin surfaces that indicate a more balanced peak and valley ratio 

when compared to the remaining specimens. Additional surface analysis would be required to 

explain this behavior, either with optical equipment or x-ray computer tomography (XCT) 

technologies. 

 

 

Figure 14. Horizontal cross-sectional areas of vertical and inclined specimens. 
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4.3 Downskin surfaces 

 

The results for the downskin surfaces reveal a behavior that is novel to the literature, 

in which thinner 0.5 mm specimens display better surface quality compared to the 1.0 - 4.0 

mm ones. In fact, the downskin surfaces of 0.5 mm specimens had the lowest roughness 

parameters of this entire experiment. According to the literature [51, 53], the surface 

morphology of downskin surfaces is dominated by partially melted attached particles and 

irregular surface structures. The latter are created by unsupported molten material in the melt 

pool pulled by gravity that penetrates the powder bed underneath [85], creating protrusions 

typical of downskin surfaces. This vertical displacement of molten material is aggravated by 

deeper melt pools generated by higher levels of accumulated thermal energy [86]. These 

distinct structures can be observed in the SEM images in Figure 12, being inherently different 

from the protrusions observed in the upskin surfaces (Figure 10), which in turn are created by 

overflown material from lateral movement of the melt pool instead.  

Considering that the 0.5 mm specimens are primarily built with low-powered contour 

scans compared to the thicker specimens, perhaps the relatively lower energy provided during 

melting can positively affect the roughness of downskin surfaces. Shallower melt pools 

alleviate the vertical displacement of molten material and therefore reduce the extent of the 

protrusions characteristic of downskin surfaces. The SEM images in Figure 12 also seem to 

support this argument. While both surfaces are covered by a comparable number of partially 

melted particles, the downskin protrusions are more apparent in the 2.0 mm specimen (Figure 

12d) than in the 0.5 mm specimen (Figure 12b). 

 

5. Conclusion 

 

In this study, an experiment was designed to evaluate the relationship between build 

thickness and surface roughness of Ti-6Al-4V specimens produced by EB-PBF. All the 

process variables known to affect the final roughness in EB-PBF were considered in the 

experimental design to reduce the interference of external factors. The experiment was also 

designed to include a sufficient number of replicates for statistical significance. The profiles 

of surfaces built in three different orientations were measured and characterized strictly 
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according to ISO 4288 [80] and ISO/ASTM 52902 [81] The main findings of this study can 

be summarized as follows: 

 

• The specimen build thickness affects the surface roughness, particularly for thicknesses 

lower than 1.0 mm. The build thickness was also verified to have different effects on 

surfaces depending on their build orientation. 

• For vertical (90°) surfaces, 0.5 mm-thick specimens displayed the highest roughness 

parameters compared to thicker specimens ranging from 1.0 to 4.0 mm. 

• For upskin surfaces built at 65°, the 1.0 mm specimens showed the best surface quality 

overall, with the thinner 0.5 mm specimens having Ra roughness values comparable to the 

2.0 - 4.0 mm specimens. 

• For downskin surfaces built at 65°, the 0.5 mm specimens showed significantly lower 

surface roughness parameters, a novel result to the literature.  

• The causes for these different behaviors may be associated with the scanning strategy and 

electron beam parameters used for melting reduced cross-sectional areas. 
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Appendix A. Supplementary data 

 

 

Figure A.1. Pareto chart for the full factorial analysis. 

 

 

Figure A.2. Residual and histogram charts from the full factorial analysis. 
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3 DISCUSSÃO 

 

 

Os resultados deste estudo podem ser relacionados com cada um dos objetivos 

específicos definidos, que por sua vez estão vinculados com cada um dos três artigos 

elaborados. O primeiro artigo, intitulado “Defects in Electron Beam Melting: a bibliometric 

analysis”, atende ao primeiro objetivo específicos, enquanto o segundo (“A review on the 

influence of process variables on the surface roughness of Ti-6Al-4V by electron beam 

powder bed fusion”) cumpre o segundo objetivo específico. Da mesma forma, o terceiro artigo 

submetido a publicação (“The effects of varying build thickness on the surface roughness of 

Ti-6Al-4V by electron beam powder bed fusion”) atende ao terceiro e último objetivo 

específico. 

Os resultados obtidos pelo primeiro artigo revelam a relevância do tema da qualidade no 

processo de fusão em leito de pó por feixe de elétrons visto o aumento do número de 

publicações no tema nos últimos 10 anos. Conforme apontado pelo estudo, esse aumento 

parece acompanhar o de gastos relacionados a fabricação de peças de uso final por processos 

de manufatura aditiva. A análise das palavras-chave das publicações no tema também indica 

que o tópico da rugosidade superficial possui um foco maior até do que o da porosidade, 

principalmente quando associado aos seus efeitos na vida em fadiga. A liga Ti-6Al-4V 

também se mostrou o material prevalente em estudos no tema de qualidade de peças 

produzidas por EB-PBF. Com isso, pode-se dizer que a motivação deste trabalho é válida 

considerando o grande interesse da comunidade acadêmica na rugosidade superficial e nessa 

liga, além do fato de que o tema de mitigação e controle de rugosidade através de variáveis de 

processo estar muito presente nos estudos com maior número de citações.  

A revisão sistemática da literatura apresentada no segundo artigo do Capítulo 2 também 

se mostrou de grande utilidade no contexto deste trabalho. Os resultados obtidos nessa etapa 

foram cruciais para o desenvolvimento e planejamento do experimento, de forma a excluir ao 

máximo qualquer interferência de outros fatores na rugosidade superficial que não fosse 

relativa àquela da espessura de parede. Apenas considerando-se todas as variáveis de processo 

que afetam a qualidade superficial em EB-PBF foi possível obter resultados inéditos e com 

significância estatística na etapa experimental deste trabalho. A revisão da bibliografia 

também revelou as dificuldades em se comparar pesquisas e resultados de artigos nessa área 
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devido a forma como eles são reportados em suas publicações. Esse artigo por si só já 

contribui para a área de conhecimento ao fazer recomendações de normas técnicas a qual 

pesquisadores devem seguir caso queriam que seus resultados contribuam ainda mais para o 

avanço da pesquisa na área. 

A pesquisa experimental foi bem-sucedida em verificar a relação entre espessura de 

parede e a rugosidade superficial de Ti-6Al-4V por EB-PBF, e por isso pode-se dizer que o 

presente trabalho contribui tanto para o maior entendimento do processo com feixe de elétrons 

como forma bases para que estudos mais aprofundados no tema sejam realizados. O fato de 

ter se verificado uma relação entre a espessura e a rugosidade deve ser notado por 

pesquisadores da área a fim de que seja considerado em experimentos futuros. Mesmo com as 

limitações deste estudo – as geometrias simples dos corpos-de-prova e a medição de 

rugosidade por um equipamento táctil – foi possível verificar comportamentos inéditos no 

quesito de espessura e rugosidade superficial. Embora esse trabalho tivesse como escopo 

apenas a verificação da relação entre as variáveis, o uso de outras tecnologias de medição de 

superfícies pode se mostrar útil para entendimento mais aprofundados dos resultados aqui 

observados. Nesse contexto, o uso de modelos e simulações matemáticas também deve 

contribuir na compreensão dos mecanismos que levaram aos comportamos aqui observados.  

 

 

4 CONCLUSÃO 

 

 

A questão da qualidade superficial em processos de fusão em leito de pó metálico possui 

um papel importantíssimo devido aos efeitos na performance mecânica e em quesitos 

biomédicos. Os resultados obtidos neste trabalho contribuem para a maior compreensão do 

processo com feixe de elétrons ao suprir uma lacuna de pesquisa e evidenciar comportamentos 

inéditos entre a espessura de parede e rugosidade superficial da liga Ti-6Al-4V. Uma análise 

bibliométrica para validação da motivação do estudo e da escolha da liga foi realizada, 

enquanto a revisão sistemática da bibliografia permitiu o que o experimento para investigação 

dos efeitos da espessura de parede na rugosidade superficial fosse bem-sucedido e reportado 

de forma a contribuir com trabalhos futuros. 
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Tanto os resultados já publicados na revisão bibliográfica como aqueles obtidos na etapa 

experimental deste trabalho são pertinentes para o desenvolvimento de futuras pesquisas na 

área. O primeiro condensa grande parte da literatura no tema e propõe recomendações de 

normas internacionais para a medição, caracterização, e publicação de resultados, enquanto a 

pesquisa experimental evidencia uma relação que deverá ser explorada com maior 

profundidade e considerada em planejamentos experimental no tema.  

Trabalhos futuros podem focar tanto no entendimento aprofundado dos comportamentos 

observados neste trabalho, como também avaliar se tais comportamentos também são vistos 

em espécimes com formas curvilíneas ou geometrias intricadas. Também pode ser explorada 

se a variação do ângulo de inclinação dos corpos-de-prova influenciaria na forma pela qual a 

espessura afeta a rugosidade. 
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ANEXO A – AUTORIZAÇÃO DE USO DOS ARTIGOS 

PUBLICADOS 

 

Abaixo são apresentadas as autorizações para que os artigos já publicados fossem 

apresentados nesse trabalho e o comprovante de submissão do artigo. O primeiro artigo possui 

autorização explicita da comissão organizadora do Congresso Brasileiro de Manufatura 

Aditiva. O segundo artigo, publicado na revista Additive Manufacturing, segue as regras 

gerais para reprodução da editora Elsevier. Os termos de copyright da editora garantem aos 

autores a reprodução do conteúdo em teses e dissertações acadêmicas contanto que não 

tenham fins comerciais. A Elsevier também garante à instituição (UNICAMP) a publicação de 

dissertações que contenham manuscritos e artigos por ela publicada contanto que sejam 

explicitados os links (DOI) para a publicação da editora. Por fim, a última imagem traz uma 

captura de tela da plataforma da revista Additive Manufacturing com o título e data da 

submissão do artigo em questão. 
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Captura de tela da plataforma da revista Additive Manufacturing com a data de submissão 

formal do artigo intitulado “The effects of varying build thickness on the surface roughness of 

Ti-6Al-4V by electron beam powder bed fusion”. 
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