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Resumo 

A tendência atual de produção personalizada, juntamente com as necessidades industriais 

em produzir componentes leves e de complexidade cada vez mais elevada, têm 

exponenciado o desenvolvimento tecnológico de processos de fabrico numa nova época 

designada como a 4ª Revolução Industrial. Neste seguimento, tem-se verificado uma 

elevada procura por novas soluções industriais em fabrico flexível, nas quais se destaca 

atualmente o Fabrico Aditivo (AM). No entanto, a liberdade de projeto atribuída pelo AM vem 

ao custo de desvantagens significativas e inerentes a esta tecnologia de fabrico, tais como 

baixa produtividade, rugosidades e precisões grosseiras e peças com defeitos metalúrgicos. 

Para ultrapassar estas limitações, tem-se explorado a possibilidade de combinar o AM com 

outras tecnologias em novas cadeias de fabrico inseridas no ramo do Fabrico Aditivo Híbrido 

(HAM). Os desenvolvimentos iniciais em HAM basearam-se na utilização combinada de 

várias fontes térmicas ou na combinação de AM com operações de maquinagem, mostrando 

progressos no que toca a produtividade e qualidade das peças. Mais recentemente, têm-se 

desenvolvido novas abordagens de fabrico no ramo de HAM com especial foco na 

integração de operações de deformação plástica de metais em chapa, tubo e massa. De 

forma geral, estas abordagens validam a transferência da flexibilidade inerente ao AM para 

processos de deformação plástica convencionais, mas estão ainda bastante limitadas em 

investigações meramente científicas com vaga aplicação industrial.   

Nestas circunstâncias, o objetivo principal desta tese passa por expandir a aplicabilidade do 

HAM com operações de deformação plástica investigando a sua viabilidade para utilização 

industrial. Este objetivo será alcançado com a seguinte abordagem dupla: (i) estudo extenso 

sobre as propriedades mecânicas e metalúrgicas de metais depositados por AM e (ii) 

desenvolvimento de novas abordagens híbridas com operações de deformação em chapa, 

tubo, massa e ligações mecânicas, que serão apresentadas individualmente.  

A caracterização experimental de metais depositados combina metodologias/procedimentos 

novos e existentes para avaliação de microestrutura, dureza, porosidade, morfologia de 

fraturas e, mais importante, enformabilidade. Resumidamente, os metais depositados 

mostram comportamentos anisotrópicos peculiares atribuídos pelas suas características 

microestruturais que provêm dos ciclos de aquecimento-arrefecimento durante a sua 

deposição. As caracterizações fornecem uma compreensão extensa sobre o comportamento 

de metais depositados, essencialmente quando estes são submetidos a deformações 

plásticas elevadas  

O desenvolvimento de novas abordagens híbridas recorre a investigações numéricas e 

experimentais com base nos resultados provenientes da caracterização dos metais 
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depositados. Estas investigações permitiram correlacionar a enformabilidade dos metais 

depositados com os limites do processo através da análise de aspetos tais como 

escoamento de material, cargas do processo, valores de extensão críticas e dano dúctil. No 

final, validaram-se todas as abordagens híbrida desenvolvidas com o fabrico de peças como 

provas de conceito que demonstram a viabilidade na hibridização de AM com deformação 

plástica em novas cadeias disruptivas de fabrico.  

 

 

Palavras-chave: Fabrico Aditivo; Fabrico Híbrido, Deformação Plástica; Trabalho 

Experimental; Método dos Elementos Finitos.  
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Abstract 

The trend of mass customization and the need in industry to efficiently produce lightweight 

parts of increasingly complexity is pushing traditional manufacturing technologies to their 

limits in a time known as the 4th industrial revolution. For this purpose, researchers and 

companies have been searching for novel and highly-flexible manufacturing solutions 

whereby additive manufacturing (AM) stands out. However, the design freedom provided by 

AM comes at the cost of severe economic/technological limitations such as low productivity, 

metallurgical defects, rough surface quality and lack of precision. 

To overcome these limitations, manufacturing researchers have explored the possibility of 

combining the principles of AM with other technologies in what is now known as Hybrid 

Additive Manufacturing (HAM). The initial developments of metal HAM were based on the 

utilization of multiple thermal energy sources and combination of AM with metal cutting to 

improve productivity and quality of the built parts. However, a more recent trend is visible in 

the literature aimed at combining AM with plastic deformation operations by implementing 

procedures taken from sheet, tube and bulk forming. This trend shows potential in 

transferring the flexibility of AM to traditional forming processes but is still restricted to 

scientific works that are completely detached from any industrial applicability.   

Under these circumstances, the aim of this thesis is to expand the applicability of HAM with 

metal forming operations by investigating on its industrial feasibility. This goal will be attained 

with a two-fold approach: (i) extensive study on the mechanical and metallurgical properties 

of deposited metals by AM and (ii) development of novel integrations in the field of HAM with 

selected operations around sheet, tube, bulk and joining-by-forming disclosed apiece.  

The experimental work on the characterization of deposited metals combines state-of-the-art 

and newly proposed methodologies/procedures to evaluate the microstructure, hardness, 

porosity, fracture morphology, and most importantly, formability. In general terms, metals 

built by AM show peculiar and strong anisotropic behaviors attributed by microstructure 

features that are generated by the heating and cooling cycles during deposition. The 

characterization work provides new understanding of the extent to which deposited metals 

materials are ductile enough to undergo the significant plastic deformations of conventional 

metal forming operations. 

The development of novel HAM approaches is accomplished by means of combined 

numerical and experimental investigations that take into consideration the results from the 

material characterization work. This allowed correlating the workability of the deposited 

metals with process failure by evaluating on aspects such as material flow, process loads, 

critical strains, and ductile damage. In the end, each hybrid approach is further validated with 



iv 
 
 

 

the fabrication of benchmark concept-proof parts that showcase the feasibility of hybridizing 

AM with metal forming in cutting-edge manufacturing chains. 

 

 

Keywords: Additive Manufacturing; Hybrid Manufacturing; Metal Forming; Experimentation; 

Finite Element Modelling. 
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1. Introduction 

The trend of mass customization and the need in industry for producing lightweight parts of 

increasingly complexity in terms of overall shape or tailor-designed features is challenging 

the manufacturing industry in significantly upgrading production chains to their limits in a time 

known as the 4th Industrial Revolution (Dilberoglu et al., 2017). In this view, the need for 

providing products and/or services that best fit consumption needs while maintaining near 

mass production efficiency is of great importance (Jiao et al., 2003). For this purpose, the 

development of new production strategies for small/medium production batches can give rise 

to value-added manufacturing by reducing lead times and high investments of mass 

production routes regarding equipment, tooling or worker training. 

In case of manufacturing industries fields such as automotive, aerospace, naval, biomedical, 

machinery, energy production, etc, the development of new production strategies intersects 

other state-of-the-art manufacturing trends such as lightweight part construction, new 

material design or conceptualization of novel manufacturing processes. With the above-

mentioned trends, flexibility in manufacturing is expected to increase and consequently foster 

new opportunities and goals in value-added manufacturing that are today blocked by 

traditional manufacturing boundaries. 

In today’s manufacturing industry, the most profit in value-added manufacturing is obtained 

by injecting material into a mould or subtractive processes (Levy et al., 2003). However, 

injection technologies such as metal casting or polymer injection still present considerable 

difficulties regarding changeover cycles for small/medium batches, causing them to be 

unaffordable in such cases due to the high-cost equipment used. Subtractive processes are, 

by contrast, ideal for manufacturing parts in small batches, but are limited by the low 

manufacturing efficiency concerning high lead times and substantial material waste. 

As means for overcoming the above-mentioned limitations, additive manufacturing (AM) is 

beginning to take over an important role in today’s manufacturing industry, presenting itself 

as the key for producing highly customized components with sophisticated shapes. The 

technology surrounding AM (also known as 3D printing) diverges from other manufacturing 

technologies in a way that the workpiece mass is increased instead of being reduced or 

maintained constant, as in the case of material removal or injection processes. These 

techniques work by adding up fused material into a baseplate/workpiece layer-by-layer that, 
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after completely cooled and solidified, concludes once the total height of the part is achieved. 

Although originated for the production of polymer prototypes, AM has been significantly 

developed to much further capabilities, being as of today capable of fabricating end-use parts 

with structural integrity and performance reliability for other materials, such as metals. 

However, Metal AM (MAM) is still hindered by severe drawbacks in terms of part quality 

(precision and surface quality), production rates, high equipment cost and fragmented 

scientific knowledge. These limitations compromise the sustainability of AM as it was shown 

by Yoon et al that denoted specific energy consumptions (per unit of mass of raw material) 

about 150 times higher than those of casting, forging or machining (Yoon et al., 2014). 

For solving the drawbacks mentioned above, hybrid manufacturing solutions have been 

emerging to allow combining the principles of MAM with conventional manufacturing 

technologies, such as metal cutting. The idea of integrating these two technologies for small 

batch production of customized parts is a good example of a well-established hybrid solution 

for fabricating parts with significant gains in quality and productivity (Merklein et al., 2016). 

More recently, newer hybrid solutions that integrate metal forming operations with AM and 

metal cutting operations, were recently developed with the main purpose of extending the 

applicability domain to a sustainable production of complex parts while minimizing its 

dependence on the batch size. This novel research field intends to explore different 

hybridized routes that implement state-of-the-art bulk, sheet or tube forming processes to 

alter the shape of MAM parts while minimizing material scrap. Although being a quite recent 

research field, the available literature already shows an interesting compendium of vastly 

distinct integrations of both AM techniques and metal forming operations for achieving 

various goals that can range from building optimized preforms to depositing tailored features 

on plastically deformed components. Most of these works display noteworthy results that 

validate the employment of hybrid manufacturing approaches for countering some of the 

most concerning limitations of AM, but also help forecasting on the need for further 

developing and evaluating the feasibility of using hybrid additive manufacturing routes (HAM) 

for worldwide industrial applications. 

Under these circumstances, the main objective of this thesis is to present novel advances on 

this new emerging hybridization of MAM with forming operations. For this purpose, 

investigations around sheet, tube and bulk metal forming of AM parts were developed in 

newly assembled HAM solutions to obtain advantages that would be difficult or even 

impossible to reach if the combined processes were utilized separately.  

The thesis is structured in eight chapters with Chapter 1 being the present Introduction.  

Chapter 2 begins with an overview on AM and a further discussion the working principles and 
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main characteristics of the processes applicable to metals. Afterwards, the state-of-the-art 

insights on hybrid manufacturing are presented starting with a revision of its earlier 

classifications and ending with the emergence of hybrid additive manufacturing. 

Chapter 3 starts by providing an overview of the main research publications in metal hybrid 

additive manufacturing (HAM) focusing the combination of MAM with metal forming. 

Afterwards, the aims and scope of the thesis are presented as well as a brief summary of the 

work plan involved in the following four Chapters. 

Chapters 4, 5 and 6 include the developed work centered on additively manufactured metal 

materials when solicitated under sheet, tube and bulk forming conditions respectively. These 

three Chapters are presented with a two-fold structure. Firstly, descriptions, implementations 

and results of the associated experimental methodologies used for characterizing the 

formability, deformation mechanisms and properties of materials will be presented. Secondly 

and finally, each Chapter includes a developed novel hybrid additive manufacturing solution 

supported by numerical simulations with finite element modelling (FEM) and by the 

characterization results. 

Chapter 7 includes the development of an additional HAM application in the field of joining-

by-forming.  

Finally, Chapter 8 provides a summary of the contributions reached from the overall work 

together with forthcoming ideas for further investigation in the field of hybrid additive 

manufacturing.  
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2. Hybrid Additive Manufacturing 

In this chapter, the ongoing developments on Hybrid Manufacturing (HM) are presented with 

a special focus on those that comprise integrations of Metal Additive Manufacturing (MAM) 

with other processes. However, before exploring this research field, it is firstly essential to 

have a clear comprehension of the working principles and main characteristics of AM 

processes, while focusing those applied to metals. Moreover, the definitions utilized for 

stating and classifying what in fact is considered as a “HM process/route” are not yet 

standardized nor consensual among the scientific community. In fact, they have been 

constantly changed or adjusted over the last 20 years. 

To allow comprehending the aspects mentioned above, this Chapter will be divided in three 

main subchapters. The first subchapter provides the development timeline, classification and 

main characteristics of AM processes with a special focus on those applied for metals. The 

second subchapter presents the early definitions and classifications of HM and concludes 

with a proposed up-to-date classification that includes the hybridization of MAM. Finally, the 

third subchapter includes an overview of the main research applications that were crucial for 

widespreading the field of Hybrid Additive Manufacturing (HAM).  

2.1. Metal Additive Manufacturing 

2.1.1 Development timeline in a glimpse 

The first developments in additive manufacturing (AM) surged in the early 1980’s by Hideo 

Kodama, who worked on the utilization of ultraviolet lights to harden polymers and create 

solid objects (Kodama, 1981). However, AM began to be considered as a manufacturing 

technology only at the late 1980’s with the development of stereolithography (SLA) by 

Charles Hull and fused deposition material (FDM) by Scott Crump (Crump, 1991; Hull, 1990). 

Both processes were used to fabricate three-dimensional parts by layering polymers in thin 

horizontal cross-sections with the assistance of a localized thermal energy source: ultraviolet 

light in SLA and electric heated end of a nozzle in FDM. 

The commercialization and subsequent utilization of the first AM equipment in the early 

1990’s allowed in-house fabrication of polymer prototypes with significantly reduced lead time 

and explains the reason why AM was initially referred to as ‘rapid prototyping’. Since then, 
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innovations in equipment and material allowed to significantly expand the applicability 

domain of AM from prototypes into costumer-oriented parts for machinery, electronics, 

aerospace, automotive and medicine, among others, using a wide spectrum of materials that 

include polymers, ceramics, composites and metals. 

The use of additive manufacturing in metals, which are the most commonly used engineering 

materials, only started in the early 1990’s with the development of binder jetting by Ely Sachs 

and co-workers (Sachs et al., 1993), Figure 2.1a. The utilization of inkjet style printer heads 

in binder jetting to spray successive layers of metal powders with adhesives and stick them 

together for shaping three-dimensional parts, explains the origin of the term ‘three-

dimensional printing’ (or, simply ‘3D printing’) as a widespread synonym for ‘additive 

manufacturing’. 

The development of lasers capable of delivering the high amounts of energy that are needed 

for processing metal powders in sintered or fused states in the mid 1990’s paved the way to 

the development of a process known at the time as direct metal laser sintering (DMLS) 

(Shellabear & Nyrhilä, 2004), and to the commercialization of the first equipment for metal 

additive manufacturing (MAM). DMLS was an extension to metals of selective laser sintering 

(SLS), Figure 2.1b, that started to be developed in the late 1980’s by Carl Deckard (Deckard, 

1989) for the additive manufacturing of polymers (Ning et al., 2005). In the late 1990’s, 

Arcam from Sweden introduced an alternative thermal energy source in the form of an 

electron beam for metal additive manufacturing applications (Larson, 1998). 

 
Figure 2.1 Pioneering equipment inventions in the field of Additive Manufacturing (AM): 

(a) Binder Jetting (Sachs et al., 1993). 
(b) Selective Laser Sintering (Deckard, 1989). 

In parallel with the development of lasers, Dickens et al. presented a process named as ‘3D 

welding’ capable of producing near net shape metal parts by retrofitting and combining 

conventional welding machines with robots (Dickens et al., 1992). The process opened the 

way to the combination of electric arc and computed added manufacturing (CAM) software to 
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control the tool paths and the start and stop points of the performance of the welding torch 

and wire feeder that are needed to convert a model into a three-dimensional metal part. 

Although Dickens et al. (1992) and Prinz and Weiss (1993) are considered to be among the 

first developers of wire-arc additive manufacture (WAAM), the working principle of using an 

electric arc as the thermal energy source and welding wire as feedstock to manufacture large 

components had already been successfully applied previously. 

Since these pioneering breakthroughs, there have been significant new developments and 

applications in the field of MAM. In what follows, a classification of the different additive 

manufacturing processes will be presented, followed by a brief explanation of their working 

principles and discussion on its main characteristics, with strong emphasis on those 

applicable to metals. 

2.1.2 Classification 

The EN ISO/ASTM 52921 standard (ASTM, 2015) classifies additive manufacturing (AM) 

processes into seven different categories (Figure 2.2). Four of these categories are 

nowadays utilized to build metal parts; binder jetting (BJ), powder bed fusion (PBF), sheet 

lamination (SL) and direct energy deposition (DED). The other three categories; vat 

photopolymerization (VP), material jetting (MJ) and material extrusion (ME) can also be 

linked towards metal additive manufacturing but only within an indirect process planning.  

 
Figure 2.2 Classification of additive manufacturing with identification of its direct and indirect suitability to build 

metal parts (adapted from the EN ISO/ASTM 52921 (2015) standard). 
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The difference between direct and indirect metal additive manufacturing (MAM) processes is 

related to the use given to the built parts. In direct MAM, the metal parts are built as final 

products and are straightforwardly fabricated in accordance with the design specifications 

and requirements. In indirect MAM, the built parts consist of master patterns/tools that are 

subsequently used by traditional manufacturing processes to obtain the final metal parts 

(Montero et al., 2020). 

As a result of this, indirect MAM cannot be uncoupled from traditional manufacturing 

processes, such as investment casting, sand casting (Mitra et al., 2019), die casting and 

injection molding (León-Cabezas et al., 2017), and is largely focused on 3D printing of non-

metallic materials such as polymers, photopolymers, ceramics, waxes, resins or composites. 

2.1.2.1 Direct MAM 

Direct MAM processes are mainly inserted in the following four categories utilized to build 

metal parts (Figure 2.2): binder jetting (BJ), powder bed fusion (PBF), sheet lamination (SL) 

and direct energy deposition (DED). 

Binder jetting consists of spraying a stationary loose bed of powder placed on a build 

platform with a liquid adhesive through an inkjet style printer to stick layers of powder 

together into the desired cross-section, layer-by-layer (Sachs et al., 1993) (Figure 2.3a). The 

build platform is lowered after the creation of each layer to allow shaping the following layer 

until a ‘green part’ with low strength and relative density in the order of 60% is obtained. The 

green part is then heated in a controlled atmosphere to remove the adhesive and to sinter 

(bond) the individual particles together into a dense metal part. The increase in density 

during sintering is obtained via shrinking and loss of dimensional precision, which are 

considered to be the main drawbacks of binder jetting (Ziaee & Crane, 2019). 

Sheet lamination consists of joining thin metal sheets layer-upon-layer (via a system of feed 

rollers), to build a single piece that is subsequently cut out by milling into the required part 

(Figure 2.3b). Adhesive bonding, ultrasonic welding and friction stir welding can be used to 

join the successive sheets on top of one another (Derazkola et al., 2020). 

Friction stir welding starts nowadays being also associated to an emergent category of direct 

MAM, named ‘friction-based additive manufacturing’, which is centered in multi-layer 

construction with metal feedstock other than sheets (Figure 2.3c). This category is not listed 

in Figure 2.2, (adapted from the EN ISO/ASTM 52921 standard), and includes additive 

friction stir (AFS), and friction surfacing (FS). AFS uses a non-consumable tubular tool to 

generate heat and performs the consolidation by plastic deformation of the metal powder that 

flows through the tube and is deposited onto a baseplate. FS was initially developed as a 

surface coating process (Palanivel & Mishra, 2017) and uses a metal consumable rod that is 
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rotated and pressed against the baseplate to generate successive boundary layers for 

building the parts. 

 
Figure 2.3 Schematic representation of the working principle of additive manufacturing categories applicable for 

processing metals into three-dimensional parts: 
(a) Binder Jetting (BJ). 
(b) Sheet Lamination (SL). 
(c) Friction Surfacing (FS). 
(d) Powder Bed Fusion (PBF). 
(e) Direct Energy Deposition (DED).  

Powder bed fusion fabricates metal parts by slicing its geometry into layers and adding the 

individual particles of powder together one layer at a time on a build platform by means of a 

focused thermal energy source (Figure 2.3d) (Bhavar et al., 2014). The processing route is 

similar to that of BJ because the powder remains static inside the build platform and is 

selectively bonded layer-by-layer according to a predefined two-dimensional path until 
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obtaining the required part shape and height. However, in contrast to solid-state joining with 

a liquid binder in BJ, PBF employs a thermal energy source for joining by fusion the 

individual particles of powder together.  

Direct energy deposition fabricates metal parts by feeding powder or wire through a nozzle 

onto the build part where it is melted by means of a focused thermal energy source 

(Figure 2.3e) (Saboori et al., 2017). The process circumvents the use of binders and differs 

from PBF because the feedstock flows through a feeding device and melts at the exact time 

of deposition, instead of remaining static inside the build platform during construction of the 

part, layer-by-layer. 

In contrast to binder jetting (BJ) and sheet lamination (SL), which have a limited number of 

commercial applications (DebRoy et al., 2018), both powder bed fusion (PBF) and direct 

energy deposition (DED) have a broad applicability in the construction of three-dimensional 

metal parts. For this reason, the forthcoming subchapters will be centered on both PBF and 

DED processes because of their key role in MAM with exception to the following subchapter 

that includes a brief description on indirect MAM processes. 

2.1.2.2 Indirect MAM 

Indirect MAM consists of three categories that are mainly used to build polymer and high-

filled polymer parts made from mixtures of metals and/or ceramic powders with polymers: vat 

photopolymerization (VP), material jetting (MJ) and material extrusion (ME). The applicability 

of these processes to the fabrication of pure or alloyed metal parts is scarce. 

Vat photopolymerization creates three-dimensional parts by selectively curing and bonding 

together (by cross-linking) special liquid resins (called photopolymers) through light-activated 

polymerization (ultraviolet light). This category includes laser-based processes such as 

stereolithography (SLA) and direct light processing (DLP) that are performed by building up 

single photopolymer layers (SLA) or full two-dimensional patterns (DLP) while integrating a 

recoating mechanism (Appuhamillage et al., 2019). A variant known as two-photon 

lithography can be utilized for high-precision construction, in which ultraviolet-induced 

polymerization occurs solely in the area of interference between the two laser beams (Oran 

et al., 2018). The major drawbacks of photopolymers are related to overall costs, which is 

higher than that of thermoplastics, and difficulties in fabricating stiff parts. 

Material jetting (MJ) create parts by depositing droplets of liquid photopolymer resin layer-

upon-layer (via inkjet style printer heads) that are cured and bonded together by exposure to 

ultraviolet light (Yap et al., 2017). The process uses the same type of printer head technology 

of binder jetting but while binder jetting deposits liquid adhesive onto a stationary loose bed 

of powder placed on a build platform in order to solidify the cross section of the part, layer-
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upon-layer, material jetting deposits the build-materials directly on the part under 

construction. 

Additive manufacturing processes based on material jetting are among the most precise and 

capable of producing smooth surfaces with fine details and high accuracy. However, its 

utilization is limited by the cost of the photopolymers, by its limitations in strength and by 

restrictions on the size of the parts due to its long processing run times. The latter may be 

circumvented by the use of two or more print heads. This is the case, for example, of a 

process known as ‘drop-on-demand’ (DOD) used to produce the polymer patterns of 

investment casting, which uses two print heads; one for depositing the build material and the 

other to deposit a dissolvable support structure that facilitates the overall design of the three-

dimensional printing path (Z. Li et al., 2014). 

Material extrusion deposits a thermoplastic polymer layer-upon-layer to build a three-

dimensional part by pushing the polymer through a heated nozzle in a continuous stream 

(Gonzalez-Gutierrez et al., 2018). In fused filament fabrication (FFF), material extrusion is 

performed with filaments that are pushed by driving wheels into a liquefier and, afterwards, 

into the nozzle for subsequent deposition. This technique is very effective for processing a 

vast amount of thermoplastic materials, but only if the feedstock filaments can be properly 

spooled and are rigid enough to be pushed by the driving wheels. Fused deposition modeling 

(FDM) that was previously mentioned in subchapter 2.1.1 is another important process 

belonging to this category. 

Material extrusion based processes are not as fast or accurate as other additive 

manufacturing processes. However, their utilization is relatively widespread for the cost-

effective fabrication of non-functional prototypes due to the low cost of thermoplastic 

materials such as Nylon, PLA and ABS. 

2.1.3 Powder bed fusion and direct energy deposition 

Figure 2.4 presents a classification of the main MAM processes belonging to the categories 

of powder bed fusion (PBF) and direct energy deposition (DED). The classification 

distinguishes between the type of thermal energy source for heating the feedstock (laser 

beam, electron beam and electric arc) and the supplied feedstock format (powder and wire). 

Furthermore, MAM processes based on electric arc and on using wire feedstock can be 

grouped under an individual subcategory extracted from DED designated as ‘wire arc 

additive manufacturing’ (WAAM). 
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Figure 2.4 Classification of the metal additive manufacturing (MAM) processes belonging to the two categories 

(PBF and DED) with widespread application in the construction of three-dimensional metal parts. 

2.1.3.1 PBF processes 

The two PBF-based processes listed in Figure 2.4 – laser powder bed fusion (LPBF) and 

electron beam powder bed fusion (EBPBF) – can be utilized to build complex prototypes and 

end-use metal parts with good resolution, reduced material wastage and efficient recycling of 

the un-melted powder and are primarily differentiated by the source of thermal energy. 

Laser powder bed fusion (LPBF), which is one of the oldest MAM processes, utilizes a laser 

beam thermal energy source to selectively melt and consolidate powder into solid shapes 

layer-upon-layer (Figure 2.5a). Reflective mirrors are used to move the laser beam according 

to a pre-defined two-dimensional scanning path in controlled environment atmospheres of 

argon or nitrogen, depending on whether the metal is reactive or not. 

LPBF is a mature MAM process with a significant amount of literature focused on the final 

properties of the built parts made from an extensive range of metal alloys 

(Bhavar et al., 2014).The widespread use of this process combined with the continuous 

improvement of equipment by manufacturers allows, nowadays, obtaining deposition rates of 

up to 0.1 kg/h and surface roughness in the range of 10 to 20µm. This explains the 

exponential growth of LPBF equipment worldwide sales in recent years (Wohlers, 2017). 
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Figure 2.5 Schematic representations of MAM processes that perform under PBF working principles: 

(a) Laser Powder Bed Fusion (LPBF). 
(b) Electron Beam Powder Bed Fusion (EBPBF). 

The working principle of electron beam powder bed fusion (EBPBF) is similar to that of LPBF 

and the main difference is the source of thermal energy for melting the powder that in case of 

EBPBF is an electron beam instead of a laser beam (Figure 2.5b). The change in the source 

of thermal energy is accompanied by several other modifications in the equipment because 

the electron beam is generated under controlled vacuum conditions and is focused and 

deflected by means of electromagnetic lenses instead of mirrors. Pre-heating the feedstock 

to temperatures around 0.5 to 0.6 of its melting temperature is usually required to avoid 

powder spreading originated from electrostatic charging (also designated as ‘powder 

pushed-away phenomenon’) (Murr et al., 2012). 

The utilization of EBPBF is not as widespread as LPBF in both research and industry. Still, 

EBPBF has paved its way towards certain industrial applications, especially when it comes to 

handle difficult-to-process materials such as cobalt and nickel alloys, titanium aluminides, 

niobium, pure copper or even cellular materials (Körner, 2016). The maximum deposition 

rates of EBPBF are slightly higher than those of LBBF and capable of reaching values up to 

0.2 kg/h with surface roughness in the range of 15 to 30µm. 

2.1.3.2 DED processes 

The main differences between the DED-based processes listed in Figure 2.4 originate from 

the sources of thermal energy and the systems used to deliver the feedstock and ensuring its 

simultaneous deposition and melting during construction of the parts. 
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Laser direct energy deposition (L-DED) utilizes the working principles of laser cladding to 

build three-dimensional metal parts, layer-by-layer (Figure 2.6a). The feedstock can be either 

powder or wire; in case of powder, the material is segmented and fed through the laser head 

(usually coaxially), whereas in case of wire, the material is instead fed using an independent 

system, separated from the laser head. The maximum deposition rates using wire feedstock 

can reach values up to 2 kg/h, and surface roughness is typically above 30 µm. The process 

can be robotized to enhance path motion flexibility for the constructing of complex three-

dimensional parts because it does not require the use of controlled environmental chambers 

(Thompson et al., 2015). Shielding gases flowing from the laser head protect the melt pool 

from oxidation and act as carriers to assist powder transfer to the melt pool. 

 
Figure 2.6 Schematic representations of MAM processes that perform under DED working principles: 

(a) Laser Direct Energy Deposition (L-DED). 
(b) Electron Beam Direct Energy Deposition (EB-DED). 
(c) Gas Metal Arc Direct Energy Deposition (GMA-DED). 
(d) Gas Tungsten Arc Direct Energy Deposition (GTA-DED). 
(e) Plasma Arc Direct Energy Deposition (PA-DED).  

The working principle of electron beam direct energy deposition (EB-DED) is similar to that of 

L-DED apart from the substitution of the laser beam source of thermal energy by an electron 
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beam operating under controlled vacuum conditions (Fuchs et al., 2018) (Figure 2.6b). The 

process works exclusively with wire feedstock due to poor handling of metal powder flow in 

vacuum, which compromises the final quality of the parts. 

EB-DED enables large scale fabrication with deposition rates ranging from 3 to 10 kg/h, 

depending on the material and part features. The high deposition rates and large melt pools 

give rise to significant thermal stresses which require substrate and fixture considerations in 

some circumstances. The surface roughness of the built parts is irrelevant due to the 

necessity of performing secondary operations to obtain the final parts. 

The processes grouped under the sub-category WAAM (wire arc additive manufacturing) in 

Figures 2.6c, 2.6d and 2.6e refer to those using an electric arc as the source of thermal 

energy and having working principles similar to those of arc welding processes. WAAM-

based processes are generally less accurate but faster than L-DED, due to deposition rates 

that may reach 5 to 6 kg/h. They are also more efficient than L-DED due to the larger energy 

requirements that are needed to turn electrical energy into a laser beam.  

With regard to the comparison between WAAM and EB-DED, it may be said that deposition 

rate is higher, but accuracy is lower. However, the appeal of WAAM-based processes in 

research institutions and industry having their own welding equipment results from the fact 

that by purchasing the required CNC mechanisms or installing the equipment into existing 

robots it is relatively easy and inexpensive to create a MAM system with capability of 

producing large size parts in short time spans. 

Gas metal arc welding GMAW, in which an electric arc is established between the tip of a 

consumable wire (electrode) that is fed automatically through a nozzle into the weld pool 

under the protection of inert or active shielding gases, is the most widespread technology 

utilized in WAAM (Williams et al., 2016), under the designation of gas metal arc direct energy 

deposition (GMA-DED) (Figure 2.6c). This is attributed to the fact that GMA-DED is the 

simplest and cheapest process to implement due to its direct wire-feeding, which is coaxial 

with the nozzle of the welding torch. 

The other two WAAM-based processes included in Figure 2.6; gas tungsten arc direct energy 

deposition (GTA-DED) (Baufeld et al., 2010) and plasma arc direct energy deposition (PA-

DED) (Martina et al., 2012), use electric arcs that are formed between a non-consumable 

electrode (typically made of tungsten) and the metal part under construction (Figures 2.6d 

and 2.6e). The working principles of these two processes are based on gas tungsten arc 

welding (GTAW) and plasma arc welding (PAW) equipment (B. Wu et al., 2018) and, 

therefore, the feedstock wire is not supplied through the nozzle (as for GMA-DED) but 

through an additional wire feeding unit.  
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Because the electric arc in PA-DED has greater energy concentration, better stability, and 

less thermal distortion than in GTA-DED, the deposition rates are higher than those in GTA-

DED. In fact, PA-DED remains as the only electric arc-based MAM process that can also use 

powder as feedstock(Haiou Zhang et al., 2003). However, changing the feedstock format 

from wire to powder excludes this particular variant of PA-DED from the sub-category of 

WAAM since this designation is only valid for electric arc based MAM processes that build 

parts layer-by-layer using a wire feedstock.  

2.2 Hybrid Manufacturing 

2.2.1 Definition  

Researchers have been struggling over the proper definition to be given to the term 'hybrid 

manufacturing' since its use started to be widespread in the late 1990’s. Rajurkar et al. 

defined ‘hybrid machining’ as a combination of two or more material removal processes 

(Rajurkar et al., 1999). Because this description was somewhat vague due to the fact that 

combinations of two or more material removal processes are intrinsic to most subtractive 

manufacturing routes, Kozak and Rajurkar decided to readjust the definition by requiring that 

the performance characteristics of hybrid machining processes must be considerably 

different in good terms from those of the individual processes when performed separately 

(Kozak & Rajurkar, 2000).  

Aspinwall et al. further enhanced the definition of ‘hybrid machining’ by considering that a 

combination of two or more material removal processes could only be considered ‘hybrid’ if 

they were applied independently on a single machine (Aspinwall et al., 2001). In case the 

material removal processes were applied simultaneously, the integration should rather be 

named as ‘assisted’. 

In parallel with these initial attempts in defining ‘hybrid machining’, the metal forming 

community was also using the term ‘hybrid’ to characterize manufacturing routes built upon 

the combination of different forming processes such as, for example, extrusion and 

electromagnetic forming (Jäger et al., 2011). 

In the early 2010’s, the awareness that the term ‘hybrid manufacturing’ should be used in a 

broader perspective to include other processes than machining led some authors to 

associate ‘hybrid manufacturing’ to the fundamentals of each combined process, namely to 

the different forms of energy that are used at the same time in the same processing zone 

(Nau et al., 2011). 

In recognition of this, the International Academy for Production Engineering (CIRP) proposed 

a definition of hybrid manufacturing processes as those ‘based on the simultaneous and 
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controlled interaction of process mechanisms and/or energy sources/tools having a 

significant effect on the process performance’. However, subsequent debate about the 

wording ‘simultaneous and controlled interaction’ requiring the process mechanisms and/or 

energy sources/tools to interact more or less in the same processing zone and at the same 

time gave rise to the following two subsequent definitions of hybrid manufacturing            

(Zhu et al., 2013). 

(a) A narrow definition of hybrid manufacturing (HM) based on the previous definition 

requiring different process mechanisms to be used in the same processing zone; 

(b) An open definition of hybrid manufacturing (HM) based on the combination of two or 

more established manufacturing processes into a new combined set-up. 

The narrow definition looks at hybrid manufacturing from a concurrent point of view, in which 

two or more processes are combined in-situ at the same time. The open definition looks at 

hybrid manufacturing from a process sequence point of view and is strongly related to the 

gains of employing innovative combined manufacturing approaches instead of traditional 

ones. Also, the combined processes no longer require using dissimilar technologies, as 

demonstrated by Araghi et al. who successfully integrated stretch forming and incremental 

forming (i.e. two plastic deformation processes), into an innovative hybrid set-up (Araghi et 

al., 2009). Another example can be found in a patent invented by Jäger et al. on combining 

deep drawing and cold forging in a single punch stroke for producing composite products that 

allows compiling multiple combinations of materials (Jäger et al., 2012). Schematic 

representations and final products obtained from the aforementioned hybrid approaches are 

shown in Figure 2.7a and Figure 2.7b. 

 
Figure 2.7 Hybrid approaches that combine dissimilar metal forming operations (Lauwers et al., 2014): 

(a) Combination of stretch forming with incremental forming. 
(b) Combination of deep drawing with cold forging.  



18 
 
 

 

2.2.2 Classification 

Revisitation of the above-mentioned definitions by Lauwers et al. (2014), resulted in the 

classification of hybrid manufacturing in two main groups (Figure 2.8). The first group 

(labelled as ‘I’) recovers the narrow (concurrent) view of hybrid manufacturing and contains 

processes where two or more energy sources/tools are combined and have a synergetic 

effect in the processing zone. The group is further divided into two subgroups: I.A – 

containing the assisted processes, in which a secondary process is priory utilized for 

assisting the primary process in-situ, and I.B – containing the mixed processes, in which two 

or more processes are simultaneously employed. 

The second group (labelled as ‘II’) is related to the open definition of hybrid manufacturing 

and accounts for the processes where the synergetic effects are obtained by controlled 

combination of processes acting separately in order to fabricate parts in a more efficient and 

productive way. The combination of boss forming and upsetting to connect a sheet to the end 

of a tube (Alves et al., 2018) and the combination of partial cutting, bending and sheet-bulk 

forming to produce lap joints in metal sheets (Pragana et al., 2018) are two examples 

belonging to this group. 

 
Figure 2.8 Updated HM classification from a previous work of Lauwers et al. (2014) by including Hybrid Additive 

Manufacturing approaches (HAM). 

As discussed above, we can conclude that the classification of hybrid manufacturing shown 

in Figure 2.8 evolved from the original concept exclusively focused on machining to a 
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broader concept that includes other manufacturing processes and routes. However, the roots 

behind the original classification by Lauwers et al. (2014) (refer to the dashed region in 

Figure 2.8) are deeply associated to the utilization of primarily processed raw materials in the 

form of ingots, plates, sheets, rods, tubes, profiles, powders, pellets, etc... 

Taking into consideration the emergence of novel hybrid manufacturing routes built upon the 

utilization of additively deposited materials via combination of additive and traditional 

manufacturing processes to fabricate parts that are difficult (or, even impossible) to be 

obtained by each of the processes separately, there is a necessity of modifying the original 

classification of Lauwers et al. (2014) to include two new subgroups II.A and II.B (Figure 2.8). 

The subgroup II.A includes the controlled application of process mechanisms on primarily 

processed raw materials. The subgroup II.B - hybrid additive manufacturing (HAM) - contains 

the controlled application of process mechanisms on additively deposited materials and the 

controlled application of additive manufacturing on primarily processed raw materials 

previously subjected to traditional manufacturing processes. 

The vision behind this new classification paves the way for the hybridization of additive 

manufacturing with traditional manufacturing processes with the goal of increasing its 

applicability domain and overcoming its limitations related to low productivity, rough surface 

quality and lack of dimensional precision (Table 2.1). Conversely, hybridization of additive 

manufacturing may also serve to add flexibility and foster new applications of traditional 

manufacturing processes/routes, as it will be further detailed in the following Subchapter.  

Table 2.1 Dimensional tolerances of additive manufacturing and other forming and machining processes 
(adapted from Nielsen & Martins, 2021). 

Manufacturing processes 
ISO IT Tolerance grade (ISO 286) 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Hot forging (impression-die)                

Hot forging and sizing (near-net shape)                

Warm forging                

Cold forging (precision forging)                

Turning                

Milling                

Grinding                

Honing                

Lapping                

Additive Manufacturing                

         

Scale: Standard range:   Under favorable conditions:    
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2.3 Hybridization of Metal Additive Manufacturing 

2.3.1 Metal HAM with multiple thermal energy sources 

Metal hybrid additive manufacturing based on utilizing multiple thermal energy sources 

belongs to the group I.A (assisted processes) of Figure 2.8 because the thermal energy 

sources only assist the primary additive manufacturing process. The idea started to attract 

attention in the early/mid 2000’s and has roots on the development of novel hybrid welding 

processes capable of overcoming the limitations of laser welding regarding gap restrictions, 

coating damage and blowhole formation within the molten material (Ono et al., 2002), by 

assisting the laser with supplemental energy provided by an electric arc. 

The concept of using multiple thermal energy sources was, eventually, transferred from 

fusion welding to the field of metal additive manufacturing (MAM) to increase process stability 

by providing supplemental energy. Zhang et al. for example, proposed the utilization of a 

laser to assist plasma arc direct energy deposition (PA-DED) systems (Zhang et al., 2006a). 

The authors evaluated this new hybrid manufacturing assisted process, known as ‘hybrid 

laser-plasma deposition manufacturing’ in another publication, and concluded about its 

capability in obtaining rapid thick and uniform coating deposition, and better mechanical 

properties than those offered by the original (non-assisted) PA-DED systems 

(Zhang et al., 2006b). 

 
Figure 2.9 Schematic representations and examples of results obtained by implementing hybrid additive 

manufacturing approaches with multiple thermal energy sources:  
(a) GMA-DED assisted by a laser thermal energy source (Zhang et al., 2018). 
(b) GTA-DED assisted by a laser thermal energy source (Wu et al., 2020). 
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More recently, Zhang et al. developed a laser assisted GMA-DED system 

(Zhang et al., 2018) for building thin-walled aluminum specimens and proved the 

effectiveness of the concept in controlling and improving the overall dimensions and surface 

uniformity of the deposited walls (Figure 2.9a). Other researchers focused on evaluating and 

analyzing the performance of this new hybrid additive manufacturing process regarding its 

microstructure (Liu et al., 2020) and deposition strategy (R. Li et al., 2020). 

Wu et al. utilized a laser assisted GTA-DED variant to build aluminum specimens 

(Figure 2.9b), which revealed good microstructure and smaller incidence of cracks and pores 

when compared with specimens built by other AM processes (Wu et al., 2020). For these 

reasons, it was possible for the authors to obtain aluminum depositions with higher yield 

stresses, ultimate tensile stresses and elongations to those referenced for depositions 

performed merely with GTA-DED. 

2.3.2 Metal HAM with material removal processes 

The hybridization of metal additive manufacturing (MAM) with material removal processes 

(also designated as, ‘subtractive manufacturing processes’) can be grouped into two different 

categories: 

(a) Utilization of material removal processes at post-processing level in order to obtain 

the geometry precision, the dimensional tolerances and the surface quality required 

for the built part. 

(b) Integration of material removal processes during a manufacturing sequence to obtain 

parts that would be impossible (or very difficult and expensive) to produce individually 

either by additive manufacturing or by material removal operations. 

The first category consists in the most common technological combination regarding MAM 

and material removal operations in a big portion of industrial sectors. The reason for this is 

related with the effectiveness of this combination in the view of solving severe MAM 

drawbacks associated to part quality such as geometric precision and surface conditions, 

and thus ensuring that built parts meet the desired design specifications. One, among many 

examples of the aforementioned, is the removal of the ‘stair-case’ profile of metal built parts 

shown in Figure 2.10a. 

However, the implementation of material removal processes in this category is usually done 

only at a post-processing level in dedicated machining equipment separated from the MAM 

system utilized for depositing the near-net-shape parts. For this reason, category (a) does 

not account for continuous multi-tasking approaches that allow depositions and material 

removal stages to be planned in a flexible manner.  
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Nevertheless, it is impossible to underestimate the importance of category (a) in lowering the 

overall material and energy consumption. This is further recognized in case of processing 

expensive and difficult-to-work materials such as titanium or nickel-based super alloys 

because the reduction of the buy-to-fly (BTF) ratio (Figure 2.10b), which is the ratio of the 

mass of the initial workpiece to the one of the finished part, ensured by the hybridization of 

metal additive manufacturing (MAM) with material removal at post-processing level is very 

effective in lowering the overall manufacturing cost and material waste (Seow et al., 2019). 

 
Figure 2.10  Schematic representations of major contributions provided by the utilization of material removal 

stages to post-process metal built parts by MAM:  
(a) Utilization of material removal processes to eliminate the ‘stair-case’ profile of metal built parts. 
(b) Comparison of BTF ratios for a traditional material removal operation and a combined additive-

machining approach. 

The second category mentioned above, which involves more complex process planning in 

hybrid additive manufacturing systems allows producing a wide variety of complex parts with 

intricate features but also includes simple parts as that shown in Figure 2.11. In fact, the 

attempt of using metal removal operations at ‘post-processing level’ (i.e. after conclusion of 

the MAM cycle) in the built part shown in Figure 2.11 is not feasible due to restricted cutting 

tool access. In cases like this, machining of the overhanging edges, shallow sections or 

complex features must be carried out in conjunction with material deposition during the 

manufacturing route (Luo & Frank, 2010). Additionally, the utilization of hybrid additive 

manufacturing systems is ideally also compatible in cases where material removal is 

intended only at the end of the manufacturing route, i.e. as post-processing.  
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Figure 2.11  Combination of metal additive manufacture and material removal during the fabrication sequence to 

allow building the final metal part. 

The integration of metal additive manufacturing with material removal processes from the 

perspective of the above-mentioned second category began in the mid 1990’s. Fessler et al. 

and Klock et al. combined an earlier type of L-DED system consisting of a laser with a 

coupled powder feeding system, (an equipment that was widely used for laser cladding at the 

time), with high-speed milling machines to perform material removal operations at 

intermediate stages of metal deposition (Fessler et al., 1996; Klocke et al., 1996). By doing 

so, it was possible for the authors to improve the inaccuracy, surface roughness and stair-

case effect originated from metal depositions by L-DED. 

However, research in metal HAM with material removal only began to expand and 

consolidate in the mid 2000’s through customization of either the MAM processes and/or the 

material removal operations. Kerschbaumer and Ernst for example, revisited the earlier 

concepts and provided further insights in tool path generation, performance of the laser 

power source and powder feeding customization strategies (Kerschbaumer & Ernst, 2004) 

(Figure 2.12a). Sreenathbabu et al. integrated GMA-DED into a CNC milling system for 

machining irregular layers into a more precise planar shape (Sreenathbabu et al., 2005). 

Song et al. assembled two GMA torches and a laser in a milling machine to obtain a hybrid 

multi-tasking system capable of delivering a more precise and selective metal deposition by 

means of an automated AM tool-switching facility (Song et al., 2005) (Figure 2.12b). 
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Figure 2.12 Photographs taken from the interior of hybrid additive manufacturing (HAM) systems developed in the 

mid 2000’s that integrate: 
(a) L-DED with milling (Kerschbaumer & Ernst, 2004). 
(b) GMA-DED and L-DED with milling (Song et al., 2005). 

In the same line of developing hybrid multi-tasking systems, Kovacevic and Valant patented 

a six-axis robotic system for building metal parts with plasma and laser-based deposition 

capabilities (Kovacevic & Valant, 2006). Xinhong et al. developed a system combining PA-

DED additive manufacturing and milling to fabricate an aeroengine double helix integral 

impeller made from a nickel super alloy (Xinhong et al., 2010). 

These examples and others not mentioned above, stimulated the machine tool industry to 

develop and commercialize the first hybrid additive manufacturing systems in the earlies 

2010’s. The company DMG Mori introduced the LASERTEC 65 3D Hybrid system that 

combines material deposition by L-DED (using a laser head with material deposition through 

a coaxial nozzle) within a fully integrated 5-axis milling machine (Woodcock, 2014).  

The company Mazak introduced the Integrex i-400 AM also based in the combination of L-

DED with 5-axis machining capabilities (Hybrid Manufacturing Technologies, 2014). In fact, 

most of the available in-house and commercial hybrid additive manufacturing systems are 

nowadays based on DED technology due to its greater flexibility for combining additive and 

subtractive processes into a single machine (Manogharan et al., 2015). 

The first hybrid additive manufacturing system based on PBF technology was the Lumex 

Avance-25 by the company Matsuura (Matsuura, 2020). The system combines material 

deposition by LPBF with milling and is gaining attention for its potential of perfecting external 

contours, surface roughness and corrosion characteristics in dies and molds (Ahn, 2011). In 

an effort to increase flexibility of metal deposition the company 3D-hybrid is nowadays 

offering the possibility of integrating GMA-DED, L-DED and cold spray heads (commonly 

used in coating applications) into CNC machining centers (3D-hybrid, 2020). These 
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developments demonstrate the current willingness from industrial companies in exploring and 

taking profit from the working principles of hybrid additive manufacturing (HAM) at their 

fullest. 
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3 Integration of hybrid additive manufacturing with metal 

forming 

This Chapter is aimed at detailing on the applicability of hybrid additive manufacturing (HAM) 

with metal forming stages by presenting state-of-the-art approaches inserted in this field. In 

this view, it is worth mentioning that these approaches can be stated as “hybrid” just by 

showing synergistic contributions on combining working principles of the additive and forming 

technologies. Hence, material removal operations do not need to be present in such 

approaches in order for them to be considered as a part of hybrid manufacturing but may in 

fact be integrated if necessary. 

This Chapter will be divided in three main subchapters. The first subchapter provides a 

compendium of hybrid additive state-of-the-art works that made use of metal forming 

operations followed by an individual analysis on the main contributions of each. The second 

subchapter is intended to critically analyse and discuss on what is missing for fully exploring 

the potential of HAM with metal forming operations. This chapter will be of great importance 

since it will bridge the hybrid additive state-of-the-art works with the developments presented 

in this thesis on the following Chapters. Finally, the third subchapter provides the aim and 

scope of this thesis as well as a summary of its overall workplan. 

3.1 State-of-the-art 

The hybridization of metal additive manufacturing (MAM) with forming processes in which 

medium or large batches of semi-finished parts are produced by forming and additional 

functional elements are subsequently added by additive manufacturing, is recognized as an 

effective approach for extending the conventional forming process routes into the fabrication 

of tailor-made (customer-oriented) end-use products (Merklein et al., 2016). 

On another view, metal HAM with forming processes has also been used for constructing 

additively manufactured preforms with optimized geometries to ensure defect-free flow and 

die filling with minor metal losses during small batch, single-stage, forming operations 

(Silva et al., 2017).  

Finally, there is also the possibility of combining MAM with forming processes to improve the 

properties of the deposited metals both during and at the end of a process route. In 
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connection to this it is worth mentioning that the utilization of MAM to improve the surface of 

forming tools (e.g. improve hardness, wear and oxidation resistance of tools) (Hofmann et al., 

2015) is not considered here because it does not fit within the definition of hybrid 

manufacturing given in Chapter 2. The fabrication of metal forming tools by additive 

manufacturing (Junker et al., 2015) is not, for the same reasons, included in what follows. 

Taking into consideration the previous framework, it is possible to group the combination of 

metal additive manufacturing (MAM) with forming processes into four different categories that 

will be elaborated apiece hereinafter: 

- Integration with processes to improve the properties of the deposited metals. 

- Integration with bulk forming processes. 

- Integration with sheet forming processes. 

- Integration with joining by forming processes. 

3.1.1 Integration with processes for property improvement  

The roots of combining metal hybrid additive manufacturing (metal HAM) with processes to 

improve the properties of the deposited metals are found in mechanical surface treatments. 

The first integration to be considered in this subchapter finds additional roots on the 

application of pressure along the weld beads produced by friction stir welding as a mean of 

controlling residual stresses and distortions (Altenkirch et al., 2009). This process, hereafter 

designated as ‘surface rolling’, subjects the weld bead surfaces to plastic deformation by 

means of a rigid and highly polished roller in order to improve surface finish and induce 

compressive stresses. Regarding the latter aspect, surface rolling showed suitability for 

counteracting the thermal-based tensile residual stresses that usually lead to longitudinal or 

transverse distortions. 

Distortions can be a significant problem in welding that oblige expensive post-weld repairing 

procedures for overcoming it but can be even more significant in MAM since thermal energy 

changes during heating and cooling occurs in multiple instants (once per deposited layer). 

On this matter, Colegrove et al. performed the first application of surface rolling to the 

successive deposited layers of WAAM-based processes (Colegrove et al., 2013) 

(Figure 3.1a). The procedure was carried out after each new layer had cooled to near 

ambient temperature and results demonstrated its positive influence in reducing thermal-

based tensile residual stresses and distortions. Additionally, surface rolling also showed 

improvements in the final microstructure by reducing the average grain size due to dynamic 

recrystallization induced by plastic deformation.  

Around the same time as the aforementioned work, Zhang et al. encompassed a different 
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approach for the utilization of surface rolling in metal depositions (Zhang et al., 2013). In this 

work, the authors proposed a strategy for the application of pressure on deposited layers of 

WAAM-based processes by focusing on the in-situ utilization of the roller on the deposited 

layers directly behind the deposition torch. Hence, the approach investigated by Zhang et al. 

(2013) can be seen as hot surface rolling while Colegrove et al. (2013) use cold surface 

rolling, since the latter allows that the deposited layers cool at near-ambient temperature 

before them being compressively rolled.  

 
Figure 3.1 Metal HAM with surface rolling: 

(a) Schematic representation of the HAM approach with emphasis given to the modification of the 
metallurgical structures (reduction of grain size and its effect on residual stresses). 

(b) Results obtained by Colegrove et al. (2017) that demonstrate metallurgical (left) and mechanical 
(right) improvements in HAM with rolling 

The above-mentioned works by Colegrove et al. (2013) and Zhang et al. (2013) showed a 

clear impact on the subject and have been further developed in various subsequent 

publications for exploring processing aspects such as rolling tool profile, compressive load 

magnitudes, top and/or lateral rolling, testing different metal alloys, and others. For instance, 

Colegrove et al. revealed the positive influence of surface rolling on the mechanical 

properties (yield strength, ultimate tensile strength and elongation) of the deposited materials 
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due to modification of undesirable columnar microstructures (the main contributors for 

anisotropic behavior in deposited metals) into refined equiaxed microstructures 

(Colegrove et al., 2017) (Figure 3.1b). 

Another type of integration of metal additive manufacturing (MAM) with processes aimed at 

improving the properties of the deposited metals is the utilization of shot peening on the 

successive layers of WAAM-based processes for relieving residuals stresses and minimizing 

distortions (Prinz & Weiss, 1993). In shot peening the surface of each deposited layer is 

impacted repeatedly with small hard balls to cause plastic deformation and compressive 

stresses, but contrary to surface rolling it causes no considerable variation in the overall 

shape of the deposited layers. 

Bamberg extended the utilization of metal HAM with shot peening by proposing the 

combination of L-DED with other variants of shot peening (Figure 3.2a) such as ultrasonic or 

laser shock peening, based on the utilization of high-frequency oscillations from piezoelectric 

transducers or laser pulses from high-power lasers (Figure 3.2b), respectively 

(Bamberg et al., 2012). The author claimed its utilization for hardening selective areas of 

additively manufactured blade elements of gas turbines belonging in aircraft engines. Since 

then, metal HAM with peening has grown significantly as a mean of enhancing the properties 

of built parts for applications in military, aerospace, automotive and biomedical industries 

(Sealy et al., 2018). 

In the view of inducing compressive stresses on deposited metal parts, Lu et al. performed 

laser shock peening stages on titanium specimens obtained by LPBF (Lu et al., 2020). 

Figure 3.2c shows the residual stresses plotted in depth for as-built and peened specimens 

and demonstrates a clear change from tensile to compressive states-of-stress, which in turn 

circumvents the appearance of distortions on deposited parts. 

Other works such as the one developed by Uzan et al. explored how metal HAM with 

peening can improve the fatigue life by inducing compressive stresses that are capable of 

delaying the initiation of fatigue cracks (Uzan et al., 2018). The authors investigated the 

effect of shot peening on the fatigue resistance of aluminum alloy specimens obtained by 

LPBF and demonstrated its positive effect on the fatigue resistance and fatigue limit as 

shown in Figure 3.2d. Fractography of the cracked specimens also revealed that shot 

peened specimens showed a much deeper crack initiation site in comparison with specimens 

that had not undergone shot peening after LPBF. 
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Figure 3.2 Metal HAM with peening: 
(a) Schematic representation of metal deposition by L-DED combined with shot peening. 
(b) Schematic representation of metal deposition by L-DED combined with laser shock peening. 
(c) Results obtained by Lu et al. (2020) on the effect of laser shock peening in inducing compressive 

stresses on titanium specimens deposited by LPBF. 
(d) Results obtained by Uzan et al. (2018) on the effect of shot peening in improving the fatigue 

resistance of aluminium specimens deposited by LPBF. 

Other applications such as the one proposed by Sokolov et al. investigate the integration of 

MAM with hot rolling as a thermomechanical post-treatment solution for large-scale parts of 

titanium alloys produced by L-DED (Sokolov et al., 2020). Results disclosed by the authors, 

confirmed advantages in decreasing residual porosity and inducing microstructural changes 

in the deposited material that contributed to improve the ultimate tensile strength and the 

elongation at break. 

The combination of MAM with hot forging through the utilization a customized WAAM torch 

was recently proposed by Duarte et al. as an alternative solution for decreasing residual 

porosity, refining the microstructure and improving the mechanical properties of the 

deposited material (Duarte et al., 2020). The customized torch is equipped with a hammer 

placed inside the gas nozzle that is activated by a vibrating actuator for locally performing in-

situ plastic deformation of the deposited material at high temperature (Figure 3.3). 
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Figure 3.3 Schematic representation of the customized torch equipped with a hammer placed inside the gas 
nozzle and of the main electrical scheme (Duarte et al., 2020). 

3.1.2 Integration with sheet forming processes  

The integration of metal additive manufacturing (MAM) with sheet forming processes 

comprises combinations with bending, deep drawing, and incremental sheet forming. 

Regarding metal HAM with bending, most of the published works have been focused on 

incorporating three-dimensional functional features on flat sheets. Silva et al. and Li and 

Rapthadu proposed hybrid additive manufacturing routes in which sheets are bent and three-

dimensional features are added by deposition with WAAM followed by machining (Li & 

Rapthadu, 2017; Silva et al., 2017). In case the accessibility to the region of the sheet where 

the features are to be added is limited by gravity constrains of the deposition torch and/or by 

accessibility constrains of the cutting tool, Li and Rapthadu (2017) proposed the sheet to be 

first bent into an intermediate configuration, where the features can be easily added, and 

subsequently bent to the final configuration. The authors concluded that the hybrid approach 

can provide additional geometry creation capabilities and better accessibility to additive 

manufacturing (Figure 3.4). 

Butzhammer et al. investigated the possibility of adding features on a Ti-6Al-4V sheet by 

LPBF before or after sheet bending (Butzhammer et al., 2017). They concluded that adding 

the features before bending leads to a reduction in formability, but they also observed that 

adding the features after bending is challenging due to the irregularities available on the bent 

sheet surfaces. Shear destructive tests for evaluating the connection strength between the 

deposited features and sheets revealed that adding the features before or after bending does 

not influence the connection strength between the two parts, which is higher than that of a 

monolithic machined part of identical geometry subjected to bending. 
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Figure 3.4 Schematic representation of the addition of three-dimensional features by LBPF before and after 
sheet bending (adapted from Li and Rapthadu, 2017). 

In a subsequent work, Papke et al. investigated the influence of the stress state resulting 

from the bending operation on the connection strength between the deposited features and 

sheets (Papke et al., 2018a). The authors deposited features on either the compression and 

tension sides of a bent sheet and concluded that the connection shear strength is lower for 

features added on the compression sides. 

Rosenthal et al. performed an investigation on the bending of additively manufactured 

(LPBF) flat sandwich sheets of Hastelloy X (Rosenthal, Hahn, et al., 2019; Rosenthal, Platt, 

et al., 2019). Results allowed concluding that additive manufactured semi-finished sheets 

can be successfully used in subsequent forming operations and numerical simulation can be 

carried out in a manner identical to that performed in anisotropic wrought sheets but using an 

anisotropic Drucker-Prager yield criterion to capture the tension-compression asymmetry of 

the deposited material. They also concluded that the material behavior is different from that 

of wrought rolled sheets being highly influenced by the thermal history of the additive 

manufacturing process. 

Metal HAM with deep drawing has been mainly focused on incorporating features in drawn 

sheets or constructing blanks for subsequent drawing operations. Ahuja et al. were among 

the first researchers to integrate metal additive manufacturing with deep drawing and utilized 

LPBF to add cylindrical features on top of pre-drawn and drawn titanium sheets (Ahuja et al., 

2015) (Figure 3.5). The authors developed a customized clamping mechanism for attaching 

the drawn sheet inside the LPBF system and tested the bonding resistance between the 

deposited features and the sheets by means of destructive shear tests. The low shear 
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resistance values obtained for the cylindrical features constructed on the deep drawn sheets 

were attributed to uneven powder distribution causing un-melted areas, which were 

confirmed by means of scanning electron microscopy analysis, and to changes in local heat 

conduction resulting from the geometry and condition of the deep drawn sheet surfaces. 

 

Figure 3.5 Integration of metal additive manufacturing with deep drawing to add a cylindrical feature on top of a 
deep drawn titanium alloy sheet (Merklein et al., 2016). 

Bambach et al. evaluated two different hybrid additive manufacturing (HAM) routes based on 

the combination of tailored laser cladding by L-DED and deep drawing (Bambach et al., 

2017a; Bambach et al., 2021), with the objective of improving the performance, saving 

weight and reducing the risk of excessive thinning or fracture:  

(a) Increase the stiffness of deep drawn sheets through local reinforcement by tailored 

laser cladding instead of using thicker blanks; 

(b) Reinforce the critical thickness sections of the blanks by tailored laser cladding prior to 

hole-flanging. 

Destructive tests on specimens produced by the first hybrid manufacturing route revealed an 

increase in stiffness of 95% when compared to conventional (non-reinforced) specimens, 

while only accounting for 6% increase in weight. The result is interesting for lightweight 

construction design and fosters the utilization of tailored laser cladding as an effective, low 

cost, alternative to the use of tailor blanks (Figure 3.6). Limited formability in hole expansion 

due to the occurrence of cracks around the radius of the flanges led the authors to anticipate 

difficulties in using tailor laser cladded blanks as semi-finished products for subsequent sheet 

forming operations. Still, authors claimed that plastic deformation of the clad reinforcements 

is viable up to some extend and will benefit from the superimposition of pressure. 



37 
 
 

 

 

Figure 3.6 Local reinforcement to minimize deflection of a deep drawn component subjected to a force 
(Bambach et al., 2017a): 

(a) Geometry of the original deep drawn component. 
(b) Local reinforcement by means of welded, soldered or glued patchwork blanks; 
(c) Local reinforcement by tailored laser cladding; 
(d) Photograph of the original and tailor laser cladded components. 

A similar approach by Schulte et al. allowed the fabrication of deep drawn components 

having various teeth geometries from orbital formed tailored blanks with local material 

deposition by LPBF (Schulte et al., 2020). The influence of having additively manufactured 

elements on the formability of sheets was recently revised by Hafenecker et al. who varied 

the geometry and number of three-dimensional cylindrical pins deposited on a blank and 

performed a combined theoretical and experimental investigation to quantify the influence of 

the pins on the overall formability (Hafenecker et al., 2020). 

Regarding incremental forming, Hölker et al. were the first to propose in a patent to integrate 

metal deposition by L-DED, single point incremental forming and material removing or 

surface finishing in a single machine while using a single workpiece clamping setup (Hölker-

Jäger et al., 2014). However, the first paper on HAM integrated with incremental forming was 

the one of Lopez et al. that performed single point incremental forming of aluminum 

AlSi10Mg sheets produced by LPBF and measured the evolution of the residual stresses on 

the inner and outer surfaces of the sheets during the forming process (López et al., 2018). 

In a subsequent work, Ambrogio et al. revisited the utilization of additive manufacturing to 

locally reinforce commercial sheets and proposed the utilization of LPBF to deposit tailored 

layers of material in selected regions of the blanks to be used in single point incremental 

forming (Ambrogio et al., 2019) (Figure 3.7). Results confirmed the advantages of tailored 

sheets regarding geometric accuracy and reduction of sheet thinning in the regions subjected 

to more pronounced plastic deformation, widening its applicability domain to more complex 

shapes. 
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Figure 3.7 Metal HAM with incremental forming proposed by Ambrogio et al. (2019): 
(a) Reinforced commercial sheet with metal deposited by LPBF. 
(b) Final incrementally formed tailored sheet. 
(c) Final incrementally formed highly tailored sheet. 
(d) Original (left) and final (right) incrementally formed sheet with a customized LPBF feature added at the 

centre. 

3.1.3 Integration with tube forming processes  

Shirizly and Olev presented the first and only integration to date of additive manufacturing 

with tube forming operations (Shirizly & Dolev, 2019). The authors utilized metal deposition 

by GMA-DED to fabricate tubular preforms that were subsequently machined and plastically 

deformed by both forward and backward external tube spinning operations to reduce wall 

thickness and produce longer tubes (Figure 3.8). Tests carried out in low carbon and 

stainless steels allowed concluding that the deposited preforms can successfully be used to 

produce tubes with mechanical properties similar or even better than those of parts produced 

from wrought (fully dense) preforms. 

 
Figure 3.8 Schematic drawing of metal HAM with tube spinning as proposed by Shirizly and Olev (2019). 
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3.1.4 Integration with bulk forming processes  

Silva et al. investigated the formability of an aluminum alloy AA5083 deposited by WAAM 

(GMA-DED) by means of upset formability tests on cylindrical and tapered specimens 

machined out from the deposited material (Silva et al., 2017). Results confirmed the excellent 

ductility of the deposited material showing a fracture locus in the principal strain space similar 

to that of wrought (fully dense) test specimens made from the same aluminum alloy. 

Silva et al. (2017) also carried out an experimental-numerical analysis of a cold heading 

operation performed on a deposited preform of the same aluminum alloy. Results showed 

that compressive dominant stress states commonly found in bulk forming promote the 

closure of voids (i.e. increase of relative density) and improve the properties of the deposited 

material through strain hardening (Figure 3.9). 

 
Figure 3.9 Cold heading of a preform made from a deposited aluminum alloy AA5083 (adapted from Silva et al., 

2017). 
(a) Finite element computed distributions of effective strain, relative density and ductile damage at the 

instant of deformation where cracks are triggered. 
(b) Evolution of the strain loading path up to fracture in the principal strain space. 

Sizova and Bambach investigated the high temperature deformation behavior of Ti–6Al–4V 

deposited by LPBF by compressing cylindrical test specimens after heat-treatment and 
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analyzing the evolution of microstructure (Sizova & Bambach, 2017). Results showed that 

the microstructure of the deposited material could be refined during hot working and allowed 

authors to conclude that complex forgings of titanium could in the future be manufactured in 

a single forging stage using shape-optimized preforms produced by additive manufacturing. 

Zhang et al. also focused on the high temperature deformation behavior of Ti-6Al-4V 

deposited by LPBF to investigate the influence of strain and strain rate on the evolution of 

microstructure, porosity, and micro hardness (Zhang et al., 2017). The experiments were 

carried in a Gleeble testing machine and results showed that compression improved the 

microstructure, decreased the porosity by values up to 75% and decrease the anisotropy of 

the deposited material. 

Papke et al. investigated the formability of an AISI 316L stainless steel deposited by LPBF 

with compression tests (Papke et al., 2018b). The comparison of results with wrought 

(commercial, fully dense) test specimens showed that although no significant differences 

occurred in the hardness of the preforms, the layer-wise structure of the deposited material 

had a significant influence in material flow and justified the differences in the formability of 

deposited and wrought materials for strain values above 0.2.  

Hirtler et al. utilized a WAAM (GMA-DED) system installed in a robot to analyze the 

possibility of adding functional elements by additive manufacturing on semi-finished parts 

produced by forging (Hirtler et al., 2018). For this purpose, aluminum AlSi12 was deposited 

on top of a T-section forged from an aluminum rod in an attempt to decrease the number of 

forging stages, diminish material wastage, and reduce tool wear and forging defects caused 

by the extensive plastic deformation associated to the fabrication of high ribs by conventional 

forging (Figure 3.10). Results demonstrated the overall feasibility of the hybrid manufacturing 

route, but further investigation was claimed to be necessary for enhancing material bonding 

of the first additive manufactured material layer. 

 

Figure 3.10 Metal HAM with cold forging experiments from the work of Hirtler et al (2018) with integration of 
forging (left), milling (centre) and metal deposition by GMA-DED (right). 

In a subsequent publication, Bambach et al. performed a similar work on titanium for 

demonstrating the feasibility of the above-mentioned hybrid manufacturing route in difficult-

to-process materials (Bambach et al., 2020). A second example consisting of a titanium 
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turbine blade was included to validate the feasibility of using additive manufacturing to 

produce preforms for subsequent forging operations. 

Meiners et al. revisited the possibility of adding functional elements by additive manufacturing 

on semi-finished parts produced by forging by considering material deposition by WAAM and 

L-DED on a forged T-section (Meiners et al., 2020). They concluded that higher deposition 

rates of WAAM are advantageous for hybrid manufacturing of Ti-6Al-V4 aerospace forgings 

due to benefits in both manufacturing costs and processing time. 

Another type of metal HAM with bulk forming was recently proposed by Michl et al. who 

utilized WAAM (GMA-DED) installed in a robot to produce annular preforms of deposited mild 

steel ER 70 S-6 with optimized mass distribution for subsequent ring rolling operations (Michl 

et al., 2020). The authors concluded that combination of WAAM with ring rolling is viable to 

improve efficiency and costs in complex ring rolled parts due to elimination of the upsetting, 

profiling and piercing operations that are utilized to produce the annular preforms in 

conventional manufacturing routes (Figure 3.11). 

 

Figure 3.11 Metal HAM with ring rolling operations as proposed by Michl et al. (2020): 
(a) Schematic comparison of conventional manufacturing and additive manufacturing routes to fabricate 

annular preforms for ring rolling. 
(b) Front and top view of the initial and final stages of the ring rolling operation. 

3.1.5 Integration with joining by forming processes  

Recent years have seen a growing interest in the application of joining by forming processes 

for the assembly of structural components (Weber et al., 2021). Elimination of the 

metallurgical problems caused by the heating-cooling cycles and by the incidence of hard 

and brittle intermetallic compounds with the aptitude to join dissimilar materials are some of 
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the reasons that justify the interest in replacing conventional welding, fastening and adhesive 

bonding by joining by forming. Hybridization of additive manufacturing with joining by forming 

processes further extends this interest by adding flexibility, environmental compliance and 

adequacy for producing small, medium and large batches of joints. 

Ucsnik et al. were the first to combine additive manufacturing with joining by forming to 

produce double-lap shear joints made of an inner stainless steel core and two outer carbon 

fiber reinforced plastic (CFRP) layers (Ucsnik & Kirov, 2011). GMA-DED was utilized to 

deposit pins with different shapes (cylinder, ball head and spike) on the inner stainless steel 

sheets, so that they would fully penetrate the upper and lower CFRP sheets and create a 

mechanical interlocking after pressing the three sheets together by upsetting. 

Silva et al. also utilized additive manufacturing and joining by forming to ‘create mortise-and-

tenon’ joints between two overlapped metal-metal and metal-polymer sheets (Silva et al., 

2019). The authors utilized GMA-DED with a 6-axis robot to deposit rectangular cross section 

pins (tenons) on top of aluminum sheets while mortises (drilled cavities) were cut out on the 

adjacent aluminum or polycarbonate sheets. Subsequent upset compression of the free 

length of the tenons ensured the mechanical locking between the two sheets to be joined 

(Figure 3.12). 

 

Figure 3.12 Metal HAM with joining by forming operations to produce mortise-and-tenon joints between lapped 
sheets of similar/dissimilar materials. The photographs show a monolithic aluminum joint (left) and an 
aluminum-polycarbonate joint (right) (adapted from Silva et al., 2019). 

Destructive tensile (pull-out) tests on the obtained mortise-and-tenon joints revealed two 

different detachment modes. In case of monolithic aluminum joints, the sheets were 

separated by shearing off the tenon whereas in case of aluminum-polycarbonate joints 

separation was accomplished by plastic deformation of the polycarbonate mortise while the 

tenon is drawn by means of the applied pull-out loading. 
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3.2 A critical analysis  

Advances in HAM with metal forming operations have been very significant if one considers 

the short time span where all of them took place. In fact, most of the HAM approaches 

described in subchapter 3.1 began only to emerge at around 2014 with the patented 

integration of MAM, incremental forming and metal cutting in a single machine by Hölker et 

al. (2014). The only exceptions are the ones involving property improvement operations such 

as surface rolling and peening (subchapter 3.1.1.) which are predominant in the available 

literature concerning HAM. This is due to the similarities between the fundaments and 

working principles of metal AM and welding, from where similar mechanical and metallurgical 

defects originated by the heating-cooling cycles are frequently detected. Hence, metal HAM 

with rolling or peening was a logical step towards solving some of the inherent AM defects 

regarding part quality due to their proved capabilities of accomplishing similar achievements 

in welding (Colegrove et al., 2013). 

However, the remaining HAM approaches (subchapters 3.1.2 – 3.1.5) are different since 

most of them are centered on integrating conventional metal forming operations currently 

used to form near-net-shape or end-use parts instead of being merely directed at improving 

material properties. In this matter, the investigations require standard knowledge and 

experience on plastic deformation as well as laboratory-controlled machine-tools and 

equipment for replicating industry-based metal forming operations at a more discrete level. 

This explains why nearly all HAM works on integrating sheet, tube or bulk forming operations 

found in the literature are being mainly developed by researchers belonging to the fields of 

manufacturing/metal forming. Moreover, it further supports the high variety of metal forming 

processes that have been successfully combined with metal AM in such a short time span. 

Nevertheless, combinations between HAM with metal forming remain mainly restricted to 

investigations that are not yet capable of bridging the fundaments of these approaches with 

state-of-the-art applications in sectors belonging to the manufacturing industry. Regarding 

this issue, the following three main reasons were contemplated as the ones currently 

undermining the potential of HAM with metal forming: (i) behaviour of deposited metals, (ii) 

complicated multitasking and (iii) lack of end-use products. 

Reason (i) is related with limited knowledge on the workability of materials to be shaped in 

metal forming operations. This knowledge is crucial to carefully plan the working schedules, 

stages and sequences involved in metal forming by acquainting the plastic (irreversible) 

deformation that materials can undergo without failing. However, the workability surrounding 

metals deposited by MAM is still a significantly vacant field since most works on HAM with 

metal forming are highly focused in technological combinations instead of fully 
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comprehending how additively manufactured metals behave under different solicitations.  

This drawback is further highlighted in case of deposited materials by MAM which tend to 

show deteriorated ductility due to metallurgical defects arising from the multiple heating-

cooling of MAM (Kok et al., 2018). Examples on this subject are seen in the works of López 

et al. (2018) and Bambach et. al. (2017b) that reported premature metallurgical damage 

caused by coarse microstructures, porosities or bead overlapping in incremental forming 

(Figure 3.13a) and hole flanging (Figure 3.13b) experiments on additively manufactured 

metal sheets.  

 
Figure 3.13 Metallurgical defects found in HAM with sheet forming works that led to premature failure by fracture 

on the experiments presented by: 
(a) López et al. (2018) with incremental forming tests in aluminum sheets obtained by LPBF. 
(b) Bambach et al. (2017b) with hole flanging tests in aluminum tailored sheets/blanks reinforced with L-

DED. 

Reason (ii) concerns the variety of machine-tools and equipment needed to employ HAM 

approaches which can lead to difficulties in carefully planning the best multitasking route for 

a specific application. For this purpose, sequencing flexibility in HAM plays a key role in 

scheduling an optimum job sequence that will allow fulfilling the potential advantages of HAM 

in comparison to traditionally separated additive/forming routes. Novel works on this subject 

such as the one proposed by Rossy and Lanzetta started to investigate on proper hybrid 

additive/subtractive manufacturing planning/scheduling (Rossi & Lanzetta, 2020). However, 

proper planning/scheduling of metal forming within HAM approaches is a highly unexplored 

research field at the time being due to the novelty involved in such combinations. 

Finally, Reason (iii) concerns the lack of concept-proof components or prototypes in the 

different works proposing novel hybrid HAM approaches with metal forming processes. In 

fact, most of these works described in subchapter 3.1 develop workplans and testing 

procedures that allow demonstrating some of the contributions brought upon by HAM but are 
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not enough for directly linking the investigations with objectified and stringent state-of-the-art 

demands from manufacturing consumers.  

This drawback gains increased proportions by taking into account the technological 

combinations required for implementing hybrid solutions in an industrial scale. For this 

matter, the economic benefits of implementing hybrid multitasking approaches must 

compensate traditional (and cheaper) manufacturing ones with value-added production of 

components that would be arduous or even impossible to obtain by any way other than HAM. 

In the spirit of overcoming this drawback, Merklein et al. explored a novel HAM chain for 

producing gear components by replacing conventional forming operations with metal 

deposition by LPBF (Figure 3.14). The authors validated the work by producing a gear 

prototype with customized features and emphasize the suitability of the developed hybrid 

chain for small batch production (Merklein et al., 2021).  

 

Figure 3.14 Schematic representation of the HAM route developed by Merklein et al. (2021) for producing 
customizable gears in small batches. Computer assisted designs (CAD) and a photograph of a final 
gear are included in the bottommost of the Figure.  

3.3 Aim and scope 

The previously elaborated subchapters 3.1 and 3.2 allow clarifying ‘both sides of the coin’ 

related with the upsides and downsides involved in transferring HAM to today’s industrial 

paradigm which can also be seen as its opportunities and challenges. The opportunities can 

be somehow linked to the positive outcomes obtained from each HAM research work. 

However, a too-big portion of attention is being given in conceptualizing and experimenting 

new technological combinations which ends up neglecting the need to further develop on 

what is yet invented and published in the literature. Moreover, other challenges associated to 

lack of proposals and concept-proof examples for replicating applications foreseen in HAM 
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end up undermining any possible attention from industrial sectors in implementing such 

approaches. 

Under these circumstances, this thesis is aimed at providing solutions for the above-

mentioned drawbacks in order to widespread the applicability of HAM with metal forming 

operations in the manufacturing sector. For this matter, the behaviour of additively 

manufactured metals under different shapes and formats will be extensively analyzed and 

subsequently replicated in approaches and applications surrounding HAM. However, before 

investigating on disruptive technological combinations between MAM and metal forming it is 

firstly essential to fill the gap concerning the knowledge on the workability of deposited 

metals which is of much need to allow exploring the proposed HAM approaches at their 

fullest. 

For this purpose, the following four chapters (4, 5, 6, 7) of the thesis will comprise a two-fold 

investigation as follows: 

1) Analysis and characterization of the behaviour of deposited metals by means of 

different experimental methods and procedures on specimens that resemble conditions 

of sheet, tube and bulk forming.  

2) Development of novel integrations in the field of HAM that comprise again sheet, tube 

and bulk forming while also adding a further application within the technology of joining-

by-forming.  

With the two-fold structure presented above, it is possible to further elaborate on each HAM 

approach developed in the course of the thesis only after firstly investigate on the particular 

characteristics/features of the deposited metals that are envisioned to influence the overall 

performance of each approach. In this view, it is worth mentioning that quantifying the 

amount of plastic deformation that each deposited material may undergo up to failure (i.e., 

formability limits) is of high interest as well as evaluating other features residing in the 

materials in a metallurgical scale. Furthermore, this structure will be divided in a similar 

manner to the one done in Subchapter 3.1, with the following Chapters 4, 5 and 6 being 

centered on sheet, tube and bulk forming conditions respectively. The remaining Chapter 7 

will be based on the particular case of integrating HAM with joining by forming. 

With this work, a link can be established between experimental testing procedures and 

technological breakthroughs as a way of corroborating when, how and why failure is 

expected to occur in the implemented HAM approaches in a similar way to what is done in 

traditional metal forming processes. This is crucial for fulfilling the scope of the thesis, since it 

will allow concluding if the developed HAM approaches are in fact feasible when compared 

with the technologies of additive/forming/subtractive manufacturing considered separately.  
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3.3.1 Workplan for characterizing the deposited materials 

Table 3.1 summarizes the workplan used for characterizing the deposited metals that will be 

built and tested along Chapters 4, 5 and 6 to foster a proper and well-defined inclusion in the 

developed HAM approaches. For this purpose, the AISI 316L stainless steel was used and 

built with two different MAM processes: the electric arc-based GMA-DED and laser-based 

LPBF with a wire and powder feedstocks respectively. This allowed metal depositions to 

carry out under optimized processing parameters for retrieving specimens and samples in 

conditions and formats that reassemble the ones of sheet, tube and bulk technologies of 

metal forming. The reason for choosing a laser-based MAM process for producing bulk 

specimens instead of an electric arc-based one will be explained in the following subchapter. 

Table 3.1 Summary of the workplan involved in the experimental tests for characterizing metals obtained by 
additive manufacturing. 

Format Sheet specimens Tube specimens Bulk specimens 

Feedstock 

material 

AISI 316L 

(wire) 

AISI 316L 

(wire) 

AISI 316L 

(powder) 

MAM process GMA-DED GMA-DED LPBF 

Formability 

tests 
Tensile tests Tensile tests 

Tensile and compression 

tests 

Microscopic 

analysis 

Microstructure 

Fractography 

 

Microstructure 

Microhardness 

Fractography 

Macrostructure 

Microhardness 

NDTs N.A. N.A. Density measurements 

 

The formability tests to-be carried out in the following Chapters comprise tensile and 

compression tests following methods and procedures that will be further detailed in their 

respective subsections. Moreover, diverse microscopic analysis to evaluate on 

microstructure, hardness, porosity, fracture morphology, and others will play a key role in 

corroborating the main findings from the mechanical tests. Additionally, non-destructive tests 

were also conducted as means for further evaluating the quality of the as-built metal 

depositions. 

3.3.2 Workplan for implementing novel HAM approaches 

Table 3.1 summarizes the workplan used for developing and implementing novel HAM 

approaches that comprise metal forming and material removal operations. The structure is 

again divided according with the integrated metal forming technology (identical to the 
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workplan shown in subsection 3.1.1.) but adds the integration of joining by forming with 

MAM. For sheet, tube and bulk forming integrations, the deposited material (AISI 316L 

stainless steel) and associated MAM processes (GMA-DED and LPBF) remain the same as 

the ones introduced priorly while in the hybrid joining by forming approach the aluminium 

alloy AA5356 was deposited by GMA-DED and used for this application only.  

Table 3.2 Summary of the workplan involved in implementing novel hybrid additive manufacturing (HAM) 
approaches with metal forming operations.  

Technology Sheet forming Tube forming Bulk forming 
Joining by 

forming 

Deposited 

material 
AISI 316L s AISI 316L AISI 316L AA5356 

MAM process GMA-DED GMA-DED LBPF GMA-DED 

Metal forming 

processes 

Single point 

incremental 

forming (SPIF) 

Tube expansion 

Tube flanging 
Coin minting Upsetting 

Material removal 

operations 
Milling Turning 

Electric discharge 

machining (EDM) 
Drilling 

Finite element 

modelling (FEM) 
No Yes Yes Yes 

 

The comprised operations for the different metal forming technologies are single point 

incremental forming (SPIF), tube expansion and flanging, coin minting and upsetting. From 

these operations, the one based on coin minting can be distinguished from the remaining 

ones due to its specific applicability towards manufacturing coins. Since coins are made from 

small sized disk-shaped specimens with intricate features, LPBF had to be exclusively used 

for this application due to geometric and dimensional needs that are way beyond those 

provided by electric arc-based MAM processes, such as GMA-DED.  

Regarding metal cutting, different operations such as milling, turning, electric discharge 

machining (EDM) and drilling were used. These operations were chosen according with the 

required construction needs for each integrated HAM approach that will be further detailed 

along Chapters 4, 5, 6 and 7 of the thesis. Moreover, numerical simulations with the Finite 

Element Method (FEM) were carried out for supporting the experimental findings obtained 

during the development of the proposed HAM approaches. These simulations were 

developed for replicating the metal forming stages and were crucial not only for analyzing 

specific behaviors in the metal flow but also to parametrize the process variables of each 
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HAM approach in an optimal manner before proceeding with the experiments. Further 

information on the numerical models used for each simulated metal forming operation will be 

given in the following Chapters. 
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4 Hybrid additive manufacturing with sheet forming 

This Chapter will be focused on integrating hybrid additive manufacturing (HAM) with sheet 

metal forming operations. For this matter, the Chapter is presented in two main subchapters: 

one based upon experimental characterizations of metal sheets built by MAM (4.1) and the 

following intended to present novel technological developments in the field of Hybrid Additive 

Manufacturing (HAM) with integrations of sheet metal forming. 

In subchapter 4.1, the mechanical behavior will be analyzed with methodologies and 

procedures to be presented as well as evaluations on macro and microscale features 

residing in the deposited materials. The scientific findings from the aforementioned 

subchapter will be of great importance for supporting the integration of HAM with sheet metal 

forming presented in subchapter 4.2. In this subchapter, a hybrid multi-tasking approach will 

be presented for the first time ever with metal deposition by WAAM, material removal 

operations and incremental forming with a semispherical tool (single point incremental 

forming – SPIF). 

4.1 Material characterization  

The characterization of sheet shaped metal depositions is centered on analyzing its 

anisotropic behaviour and formability limits by fracture. For this purpose, metal depositions in 

AISI 316L stainless steel were carried out to allow retrieving tensile test specimens. 

Moreover, specimens with similar geometry to the aforementioned ones were retrieved from 

commercial wrought sheets made of the same metal alloy and further tested in the same 

conditions for reference purposes. 

The methodology includes tensile testing of specimens obtained from different orientations to 

the building direction with digital image correlation (DIC) to characterize the strain loading 

paths and to determine the onset of failure by fracture. Results are plotted in principal strain 

space and later transformed, for the first time ever with an additively manufactured sheet, 

into the space of effective strain vs. stress-triaxiality using the constitutive equations of Hill 

(1948) plasticity criterion. Microscopic observations and analysis of the fracture surfaces will 

support the presentation by giving insights on the microstructure of the additively 

manufactured sheets and establishing a link between the formability limits and the crack 

opening mode. 
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4.1.1 Materials 

The experimental work was carried out in commercial wrought and additively manufactured 

AISI 316L stainless steel sheets. The latter were produced by Gas Metal Arc Welding Direct 

Energy Deposition (GMA-DED) using a feedstock supplied in the form of wire (with 1 mm of 

diameter) directly through a gas metal arc welding torch. The molten feedstock was 

deposited layer-by-layer onto a baseplate with the assistance of the thermal energy provided 

by the electric arc. High-purity (99.99%) argon gas was used as shielding to protect the 

molten feedstock from oxidization. The utilized GMA-DED system consisted of a 3-axis CNC 

router equipped with a gas metal arc welding power source LUC 400 Aristo 400 (from 

ESAB). Hot-rolled plates of AISI 316L stainless steel with 20 mm thickness were used as 

baseplates.  

The metal depositions were carried out by means of single-bead path patterns with variable 

starting points at each deposited layer. Since it was planned to evaluate the mechanical 

behaviour of the deposited material under sheet forming processing conditions, the 

parameters were optimized for the purpose of producing thin-walled parts while maintaining a 

stable electric arc throughout depositions. Small lateral reinforcements were included at the 

ends of the deposited parts to increase the overall stiffness and to minimize the effects of 

thermal-based distortions. The resulting as-built parts had approximately 200 mm height, 200 

mm length and 4 mm thickness. Figure 4.1 provides the deposition strategy and a 

photograph of an as-built part. The parameters utilized in the deposition are summarized in 

Table 4.1. 

 

Figure 4.1 Metal deposition of stainless-steel AISI 316L parts: 
(a) Schematic representation of the deposition strategy used for building the stainless-steel AISI 316L 

parts. 
(b) Photograph of the as-built parts. 
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Table 4.1 GMA-DED processing parameters used for depositing AISI-316L stainless-steel parts. 

Current (A) Voltage (V) 

Wire feed 

speed 

(m/min) 

Travel speed 

(m/min) 

Gas flow rate 

(l/min) 

Layer height 

(mm) 

100 16.5 6 0.6 10 1.8 

After deposition, the as-built parts were post-processed by milling to obtain a uniform 

thickness of 1 mm and to ensure a surface quality similar to that of the commercial wrought 

AISI 316L sheets. 

4.1.2 Methodology 

4.1.2.1 Formability tests 

The commercial wrought and additively manufactured AISI 316L stainless steel sheets were 

subjected to tension at room temperature. The tests were performed according with the 

ASTM standard E8/E8M (ASTM, 2010) in an INSTRON 5900 universal testing machine, and 

the specimens were cut out from different orientations to the building direction by water jet 

(Figure 4.2a). A minimum of six test specimens for each direction and for both materials were 

utilized in the experiments. 

 

Figure 4.2 Schematic representations of the: 
(a) Tensile test specimens cut out from the milled surface of the deposited parts 
(b) DIC setup that was utilized for measuring the surface strains during testing. 

Measurements of the surface strains during testing were carried out with a digital image 

correlation (DIC) system (Figure 4.2b). For this purpose, the specimens were painted in white 

and subsequently sprayed along the original gauge length with a stochastic black dot pattern. 
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The DIC system utilized by the authors was the model Q-400 3D (from Dantec Dynamics) 

equipped with two 6-megapixels resolution cameras with 50.2 focal lenses and f/8 aperture. 

The measuring region (refer to Figure 4.2b) was illuminated with a spotlight and the images 

were acquired with a frequency of 20 Hz (20 images per second). The measurements 

performed by the DIC system during tensile testing were subsequently post-processed with 

the INSTRA 4D software from Dantec Dynamics for measuring the surface strains. A 

correlation algorithm was used with a facet size and grid spacing of 13 and 7 pixels. 

The onset of failure by fracture cannot be directly obtained from the surface strains 

determined from DIC due to the inhomogeneous plastic deformation of the material located in 

the crack neighborhood. As a result of this, the methodology to obtain the fracture strains 

required measuring the initial thickness 𝑡  of the specimens before deformation and the final 

average thickness 𝑡  of the specimens along the cracked surfaces with a stereomicroscope 

Mitutoyo TM-505B to obtain the gauge length strain at fracture 𝜀  in the thickness direction, 

𝜀 = 𝜀 = 𝑙𝑛
𝑡

𝑡
 (4.1) 

The average thickness 𝑡  along the cracked surfaces (Figure 4.3a) was determined as, 

𝑡 =
∑ 𝑡

𝑛
 (4.2) 

 
Figure 4.3 Schematic representation of the procedure utilized to obtain the fracture strains: 

(a) Measurements of the average thicknesses of the specimens along the cracked surfaces. 
(b) Plotting of the fracture strains in the principal strain space.  

Then, assuming the minor strain 𝜀  to remain constant after necking and equal to the last 

value obtained from the DIC system (Magrinho et al., 2019), the major strain 𝜀  at fracture 

was calculated from material incompressibility (Figure 4.3b), as follows, 

𝜀 = − 𝜀 + 𝜀  (4.3) 
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This procedure allowed determining and plotting the fracture formability limit (FFL) 

associated to crack opening by tension (mode I) in the principal strain space. 

4.1.2.2 Transformation to the effective strain vs. stress-triaxiality space 

The fracture forming limit (FFL) can alternatively be plotted in the effective strain 𝜀 ̅vs. stress-

triaxiality space 𝜀̅ = 𝑓(𝜂), where 𝜂 = 𝜎 /𝜎  is the ratio between the hydrostatic stress 𝜎  and 

the effective stress 𝜎 (Figure 4.4b). In this type of representation, ductility is directly linked to 

the states of stress that material experiences throughout deformation instead of being linked 

to the strain loading paths, like in principal strain space (Figure 4.4a).  

 

Figure 4.4 Schematic representation of the fracture forming limits of sheets associated to crack opening by 
tension (mode I) and by in-plane shear (mode II) in the: 

(a) Principal strain space. 
(b) Effective strain vs. stress-triaxiality space. 

The transformation of the strain loading paths and of the corresponding fracture strains from 

principal strain space (Figure 4.4a) to the effective strain vs. stress-triaxiality space (Figure 

4.4b) made use of the constitutive equations associated to Hill’s 48 yield criterion (Hill, 1948), 

𝐹(𝜎 − 𝜎 ) +  𝐺(𝜎 − 𝜎 ) + 𝐻(𝜎 − 𝜎 ) + 2𝐿𝜏 + 2𝑀𝜏 + 2𝑁𝜏 = 1 (4.4) 

where 𝐹, 𝐺, 𝐻, 𝐿, 𝑀, 𝑁 are material-dependent constants and 𝑖 = 1, 2, 3 are the principal 

directions along the axes of anisotropy. The reason for choosing Hill’s 48 plasticity criterion 

was due to the anisotropic behaviour of the additively manufactured AISI 316L stainless steel 

sheets (Kok et al., 2018), and to its suitability and ease for algebraic treatment.  

Under these circumstances and considering the tensile tests to be carried out under plane 

stress loading conditions (𝜎 = 0), the constitutive equations associated to Hill’s 48 yield 

criterion allow writing the major 𝑑𝜀  and minor 𝑑𝜀  in-plane strain increments as a function of 

the applied stresses as follows, 
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𝑑𝜀 =
𝑑𝜀̅

𝜎

1

1 + �̅�
𝜎 + 𝑟(𝜎 − 𝜎 )  (4.5) 

𝑑𝜀 =
𝑑𝜀̅

𝜎

1

1 + �̅�
𝜎 + 𝑟(𝜎 − 𝜎 )  (4.6) 

In the above equations, the effective strain increment 𝑑𝜀 ̅and the effective stress 𝜎 are given 

by, 

𝑑𝜀̅ =
1 + �̅�

√1 + 2�̅�
𝑑𝜀 + 𝑑𝜀 +

2�̅�

1 + �̅�
𝑑𝜀 𝑑𝜀  (4.7) 

𝜎 = 𝜎 + 𝜎 −
2𝑟

1 + 𝑟
𝜎 𝜎  (4.8) 

and �̅� denotes the normal anisotropy coefficient obtained by averaging the anisotropy 

coefficients along different orientations, 

�̅� =
𝑟 ° + 𝑟 ° + 2𝑟 °

4
 (4.9) 

The principal stresses (𝜎 , 𝜎 ) can be related to the effective stress 𝜎 by replacing the stress 

ratio 𝛼 = 𝜎 𝜎⁄  as function of the slope 𝛽 = 𝜀 /𝜀  of the strain loading paths in equation (4.8), 

𝜎 =
𝜎

1 −
2�̅�

1 + �̅�
𝛼 + 𝛼

     
(4.10) 

𝜎 =
𝛼𝜎

1 −
2�̅�

1 + �̅�
𝛼 + 𝛼

   
(4.11) 

where the stress ratio 𝛼 is given by, 

𝛼 =
𝜎

𝜎
=

(1 + �̅�)𝛽 + �̅�

(1 + �̅�) + 𝑟𝛽
 (4.12) 

From the above equations (4.10) and (4.11), the stress-triaxiality ratio 𝜂 = 𝜎 /𝜎 can be 

written as follows, 

𝜂 =
𝜎

𝜎
=

𝜎 + 𝜎

3𝜎
=

√1 + 2�̅�

3

1 + 𝛽

1 +
2�̅�

1 + �̅�
𝛽 + 𝛽

   (4.13) 
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Finally, by considering equations (4.7) and (4.13) it is possible to obtain the following 

mathematical expression for transforming the in-plane surface strains (𝜀 , 𝜀 ) from principal 

strain space into the effective strain 𝜀 ̅vs. the stress-triaxiality 𝜂 = 𝜎 /𝜎 space, 

𝜀̅ =
1 + �̅�

3

𝜀 + 𝜀
𝜎
𝜎

   (4.14) 

This transformation will be applied for the first time ever to additively manufactured sheets 

produced by means of an electric arc-based process. 

4.1.2.3 Microstructural and fractography analysis 

The microstructure of the deposited AISI 316L stainless steel sheets was analyzed in an 

optical microscope BA310 MET-H (Motil). The metallographic samples were extracted from 

the as-built parts and subsequently cleaned and polished. Polishing was performed with a 

Struers LabPol-30 system using sandpaper sheets with grit sizes varying from 600 to 2000 

and diamond polishing pastes varying from 6 to 1 μm roughness. After polishing the samples 

were electrochemically etched by immersion in chromium acid under an electrical voltage of 

9 V for revealing the microstructure. 

The fractured surfaces of the specimens were analyzed with a scanning electron microscope 

(SEM) JSM-7001F (from Jeol). For this purpose, fractographic samples were cut from the 

regions of the tested specimens where cracks were triggered and ultrasonically cleaned to 

allow correlating its morphology with the crack opening mechanism (mode I, by tension). 

4.1.3 Results and discussion 

4.1.3.1 Flow curves 

The flow curves for the additively manufactured (AM) and commercial wrought (CW) 

AISI 316L stainless steel sheets are plotted in Figures 4.5a and 4.5b, respectively. Different 

labels ‘L’, ‘I’ and ‘T’ are included in each figure to indicate the specimens that were cut out 

from the longitudinal (0 degrees), inclined (45 degrees), and transverse (90 degrees) 

directions to the building or rolling directions. 

As seen, the test specimens cut out from the additively manufactured sheets provide different 

flow curves along the three different directions, showing an anisotropic behaviour and a clear 

dependence of the stress response from the built direction. In contrast, the flow curves 

obtained from the specimens cut out from the commercial wrought sheets are practically 

identical, indicating an isotropic material behaviour. 
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Figure 4.5 Flow curves for the: 
(a) additively manufactured (AM) AISI 316L stainless steel sheets. 
(b) commercial wrought (CW) AISI 316L stainless steel sheets. 

The mechanical properties of the additively deposited and commercial wrought sheets are 

summarized in Table 4.2, in which the average values of the property X under consideration 

are determined by means of the following equation, 

𝑋 =
𝑋 + 𝑋 + 2𝑋

4
     (4.15) 

Table 4.2 Mechanical properties of the additively deposited and commercial wrought AISI 316L stainless steel 
sheets. 

Material Commercial wrought AISI 316L Additively Manufactured AISI 316L 

Direction L 0º I 45º T 90º Avg. L 0º I 45º T 90º Avg. 

Yield stress 

𝝈𝒚 [MPa] 

320.7 

±4.4 

313.5 

±3.1 

310.5 

±3.8 

314.6 

±7.4 

395.6 

±5.0 

410.2 

±5.5 

392.5 

±4.5 

403.6 

±9.6 

Elongation 
at break [%] 

64.9 

±3.3 

63.6 

±3.5 

61.2 

±4.1 

63.3 

±4.3 

23.7 

±5.1 

54.5 

±10.1 

41.4 

±9.8 

43.5 

±22.6 

 

As seen in Table 4.2, the average yield stress of the deposited sheets surpasses that of the 

commercial wrought sheets by approximately 100 MPa. This value is almost unaffected by 

the orientation of the specimens when each direction of the deposited and commercial 

wrought sheets is considered separately.  

In contrast, the elongation at break is very distinct within the different test specimens that 

were cut out from the additively manufactured sheets, and their individual and average 

values are considerably smaller than those of the commercial wrought sheets. These are 

clear signs that: (i) the ductility of the deposited sheets is smaller and (ii) the average 

elongations at break values have no physical meaning due to their high standard deviations. 
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4.1.3.2 Strain loading paths 

Figures 4.6a and 4.6b show the experimental strain loading paths 𝜀 = 𝑓(𝜀 ) determined 

from DIC for the deposited and commercial wrought sheets subjected to tension along three 

different directions (L, I and T). As expected, the evolutions obtained for the commercial 

wrought sheets show no influence of the orientation of the test specimens (Figure 4.6b) 

because all the strain loading paths have a slope 𝛽 = 𝑑𝜀 /𝑑𝜀 ≅-1/2 typical of pure tension.  

However, when it comes to the additively manufactured sheets, none of the strain loading 

paths follows a monotonic evolution with a constant slope 𝑑𝜀 𝑑𝜀⁄ = − 1 2⁄  (Figure 4.6a). In 

fact, the orientation of the test specimens seems to play a key role in material deformation 

and in the corresponding strain loading paths.  

 

Figure 4.6 Experimental strain loading paths along the three different directions for the: 
(a) additively manufactured (AM) AISI 316L stainless steel sheets subjected to tension. 
(b) commercial wrought (CW) AISI 316L stainless steel sheets subjected to tension. 

Considering, for example, the specimens cut out from the transverse (T) direction, results 

show that the strain paths start be close to pure shear (𝑑𝜀 /𝑑𝜀 = −1) and gradually evolve 

towards pure tension. In case of the specimens cut out from the longitudinal (L) direction, 

results show that strain paths evolve from pure tension towards plain strain deformation. But 

the most peculiar result is that provided by the specimens cut out from the inclined direction 

(I), which present strain paths typical of plane strain deformation throughout the test, 

meaning that the width of the specimens remains approximately constant from the beginning 

to the end of the test.  

The question to be raised at this point is whether the above-mentioned evolution of strain 

paths from pure tension (L) to plane strain (I) or from pure shear (T) to plane strain (I) is 

progressive for test specimens cut out from other inclined directions than the 45 degrees (I)?  
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Figures 4.7a, 4.7b and 4.7c show that, surprisingly, there is no progressive evolution of the 

strain paths because the test specimens cut out from directions inclined by 30 and 60 

degrees to the built direction also undergo plane strain deformation conditions (with minor 

deviations) from the beginning to the end of testing. This is a clear sign of the influence of the 

building direction on the stress response of the deposited material and will be better 

understood when analysing the results from microstructure observations. 

In connection to this, Figure 7d shows pictures of the in-plane deviations obtained from DIC 

for the test specimens that were cut out with 30, 45 and 60 degrees of inclination to the 

building direction. As seen, there is evidence of localized deformations with noticeable sharp 

linear changes in color that coincide with the orientation of each inclined specimen (refer to 

the blue arrows at the rightmost side of the pictures). 

 

Figure 4.7 Experimental results obtained by DIC for the: 
(a) strain loading paths in specimens cut out with 30 degrees to the building direction. 
(b) strain loading paths in specimens cut out with 45 degrees to the building direction 
(c) strain loading paths in specimens cut out with 60 degrees to the building direction 
(d) in-plane deviations on inclined specimens (30°, 45° and 60°) at the early testing stages. 
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4.1.3.3 Anisotropy 

The anisotropic behaviour of the additively manufactured sheets was characterized by 

means of the anisotropy coefficients 𝑟 , where the subscript 𝑖 refers to the three different 

directions (L – 0º, I – 45º and T – 90º) of the test specimens, 

𝑟 =
𝑑𝜀

𝑑𝜀
     (4.16) 

Figure 4.8a shows the evolution of the minor 𝜀  and thickness strains 𝜀  from the beginning 

to the end of testing for each direction, where 𝜀 = −(𝜀 + 𝜀 ) was obtained by combining the 

incompressibility material condition with the surface strains (𝜀 , 𝜀 ) determined by means of 

DIC (Figure 4.8b). The values obtained for the commercial wrought sheets are once again 

included for reference purposes (in black). 

 

Figure 4.8 Experimental results obtained by DIC on anisotropy that show the: 
(a) evolutions of the anisotropy coefficients 𝑟 = {𝑑𝜀 /𝑑𝜀 }  for the additively manufactured and 

commercial wrought AISI 316L stainless steel sheets.  
(b) distributions of the surface strains at the instant immediately before cracking for the commercial 

wrought ‘I-cw’ and additively manufactured ‘I-am’ tests specimens cut out with 45 degrees of 
inclination. 

As seen in Figure 4.8a, the anisotropy coefficients 𝑟  of the deposited sheets along each 

direction (L, I, T) diverge significantly from those obtained for the commercial sheets (𝑟 ≅ 1, 

refer to the black dashed line). In particular, the peculiar deformation mode experienced by 

the specimens cut out with 45 degrees inclination to the building direction is characterized by 

constant anisotropy coefficients 𝑟 ≅ 0, in close agreement with the experimental observation 

that these specimens do not change width during tension (refer to 𝜀 ≈ 0 for the specimen 

labelled as ‘I-am’ in Figure 4.8b). 

Another result obtained from Figure 4.8b is the inclined linear changes in color through the 
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gauge length of the test specimen cut out from the additively manufactured sheets, which are 

not observed in commercial wrought sheets, and are in close agreement with the in-plane 

deviations that were previously observed in Figure 4.7b. 

4.1.3.4 Microstructural and fractography observations 

Figure 4.9 presents photographs obtained from the microstructural observations of the 

metallographic samples obtained from additively manufactured and commercial wrought 

sheets. As seen, the microstructure of the deposited sheets (Figure 4.9a) consists of 

columnar grains generated by a dendritic growth with primary arms aligned with the building 

direction. This orientation is consistent with the temperature gradient of the heating-cooling 

cycles that result from the melting and solidification of the deposited layers that constitute the 

as-built parts and give rise to more grain boundaries in the transverse and inclined directions 

than in the longitudinal direction. 

 

Figure 4.9 Microstructure and photographs of the test specimens along different orientations for the: 
(a) additively manufactured AISI 316L stainless steel. 
(b) commercial wrought AISI 316L stainless steel. 

The longitudinal direction is also more affected by the interlayers of remelted crystals (refer to 

the bottom region of the leftmost microstructure of Figure 4.9a). These interlayers exist at the 

boundaries of each deposited layer due to heat dissipation through the solidified layers and 

baseplate, which is more relevant than other heat dissipation modes. The above-mentioned 

observations justify the results of section 4.1.3.1, namely the elongation at break values of 
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Table 4.2, in which the smallest values are listed for the longitudinal direction. 

In contrast to the above, the photographs shown in Figure 4.9b allow concluding that the 

microstructure of the commercial wrought sheets consists of regular equiaxial grains. These 

differences in microstructure explain the anisotropic behavior of the deposited material, 

namely the reason why its mechanical behavior varies with the alignment between loading 

and building directions. The photographs of the fractured test specimens cut out from the 

additively manufactured sheets also show several surface striations that coincide with the 

building direction, in close agreement with the in-plane deviations obtained from DIC that 

were disclosed in Figure 4.7d. 

It is also important to notice that the presence of surface striations is not an exclusive feature 

of the inclined (I) test specimens because both the longitudinal (L) and the transversal (T) 

test specimens cut out from the additively manufactured sheets show easily visible striations 

(Figure 4.9a). This result allows concluding on the existence of local deformations within the 

primary arms of the dendrites that compose the microstructure of the deposited sheets, 

which tend to be more noticeable in case of the inclined (I) test specimens. 

The observations performed in the Hitachi S-2400 scanning electron microscope (SEM) 

allowed analyzing the morphology of the surface where cracks were triggered in the test 

specimens cut out from both the deposited and the commercial wrought sheets. 

Figures 4.10a and 4.10b include photographs obtained with a magnification of 600x and 

3000x for both type of specimens that are characterized by dimple-like structures typical of 

fracture after plastic deformation (ductile fracture).  

Moreover, because the dimples are circular it may be concluded that regardless of the strain 

loading paths varying between the pure shear and plane strain deformation, the crack 

opening mode is always by tension (mode I of Fracture Mechanics). This conclusion will be 

further corroborated in the next section focused on plotting the macroscopic fracture strains 

in the principal strain space and in the effective strain vs. stress-triaxiality stress space. 

The fractography observations performed on the deposited specimens (Figure 4.10a) also 

tend to show a coarser and more stochastically sized dimpled structure when compared 

directly to the one shown for the commercial wrought specimens (Figure 4.10b). The reason 

for this may once again be related to the heterogenous microstructure of the deposited 

sheets, which give rise to small dimples due to nucleation of micro-voids at grain boundaries 

and to the appearance of larger dimples caused by micro-void coalescence.  
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Figure 4.10 Scanning electron microscopy (SEM) of the fracture surface of test specimens cut out from: 
(a) the additively manufactured AISI 316L stainless steel sheets. 
(b) the commercial wrought AISI 316L stainless steel sheets. 

4.1.3.5 Fracture forming limit 

The procedure described in Subchapter 4.1.2.1 allowed determining the fracture strains and 

plotting the fracture forming limits (FFL) of the additively manufactured AISI 316L stainless 

steel sheets. The results are given by the solid square markers of Figure 4.11a.  

The strain loading path evolutions before and after necking are plotted by means of solid and 

dotted lines and the average results obtained from the commercial wrought sheets are 

included in black for comparison purposes. Fracture strains are included as open black 

square markers. 

As seen, the fracture strains of commercial wrought sheets surpass those of the additively 

manufactured sheets by 40 to 60%, depending on the orientation. However, these fracture 

strains values combined with the results obtained from the microstructural and fractography 

observations allow concluding that the additively deposited sheets are ductile enough to 

safely withstand the large plastic deformations that are typical of sheet metal forming 

operations. 
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Figure 4.11 Fracture forming limits of the additively manufactured AISI 316L stainless steel sheets in the: 
(a) Principal strains space. 
(b) Effective strain vs. stress-triaxiality space. 

The fracture strains obtained from the entire set of tensile test specimens are in different 

regions of the second quadrant of the principal strain space and are located on a black 

straight dashed line 𝜀 = 0.74 − 0.93 × 𝜀  falling from left to right with a slope equal to -0.93. 

This line is the fracture forming limit (FFL) and its slope is very close to the theoretical value 

of ‘−1’ (Martins et al., 2014). 

Figure 4.11b plots the previously mentioned loading paths and fracture forming limit (FFL) in 

the effective strain vs. stress-triaxiality space after performing the transformation of strains 

based on Hill’ 48 plasticity criterion that was described in Subchapter 4.1.2.2. As seen, only 

the specimens cut out from the commercial wrought sheets present a constant stress-

triaxiality 𝜂 = 𝜎 /𝜎 = 0.33 characteristic of pure tension. All the specimens cut out from the 

additively deposited sheets present different stress-triaxiality ratios that evolve during the test 

due to the dendritic-based microstructure and strong anisotropic behaviour of the material. 

The specimen cut out from the inclined direction (I) present a near constant stress-triaxiality 

𝜂 = 𝜎 /𝜎 = 0.57 corresponding to plane strain loading conditions. 

The fracture forming limit (FFL) is now given by the dashed black curve shown in Figure 

4.11b and the dotted lines correspond to predicted evolutions in between necking and 

fracture. In connection to this, it worth noting that fracture in the test specimen cut out from 

the inclined direction seems not to be preceded by necking because the loading evolution 

determined from DIC goes up to the onset of fracture. These differences in behaviour are 

once again attributed to the dendritic-based microstructure of the additively manufactured 

sheets. 
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4.2 HAM with incremental forming 

From all of the state-of-the-art works on integrating metal additive manufacturing (MAM) with 

metal forming, the ones that comprise sheet metal forming operations are undoubtedly 

predominant in this novel research field. These works started surging in the early 2010’s 

within the scope of fabricating high-performance customized forming tools and dies with 

enhanced properties and shape definition as a way of enabling a more efficient production of 

complex metal parts made from sheets (Ahn, 2011;Junker et al., 2015). 

However, these primal ideas evolved into hybrid solutions that directly MAM and sheet metal 

forming operations such as bending, deep drawing, hole flanging or incremental forming. At 

the time being, the role played by MAM in the aforementioned solutions can be classified into 

two main groups: (i) the customization of the plastically deformed sheets with functional 

elements and (ii) the building of additively manufactured sheets that will be subsequently 

deformed. Moreover, the second group can be further subdivided by considering the 

expected use of the additively manufactured sheets (refer also to Table 4.3): 

I. Customization of tailored blanks with local reinforcements - used to increase the 

stiffness of commercial wrought sheets and to prevent excessive thinning during 

forming (Bambach et al., 2017). 

 

II. Fabrication of sandwich sheets with specially designed core structures and optimized 

properties - used to minimize weight without compromising the formability of the 

sheets (Rosenthal, Platt, et al., 2019). 

By looking at Table 5.1, it is seen that most applications of HAM with sheet metal forming are 

concentrated in Subgroup I. as well as a clear predominance of laser-based metal deposition 

for either building local reinforcements on commercial sheets or additively manufacturing 

sandwich sheets from scratch. However, the rationale of adding flexibility to the overall 

construction of complex sheet metal parts is still an open research field and can be 

expanded by considering for instance the patented proposal of Hölker et al. (Hölker et al., 

2014) of integrating incremental forming, metal deposition by L-DED and material removal in 

a single hybrid system (Figure 4.12a).  

With this idea in mind, utilizing electric arc-based metal deposition (WAAM) instead of a 

laser-based process for the same purpose is seen as an appellative change in an industrial 

point of view since manufacturing companies already own welding equipment and can easily 

buy or build the required CNC mechanisms. Moreover, WAAM systems are more efficient 

than laser-based ones in terms of material, energy and time consumptions fostered by the 

significantly higher deposition rates provided by this technology.  
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Table 4.3 Morphology and fabrication of additively manufactured sheets with references to their use in sheet 
metal forming. 

Subgroup I. II. 

Morphology 

 

 

 

 

Fabrication by 

MAM  

Laser Powder Bed Fusion 

Laser Direct Energy Deposition 
Laser Powder Bed Fusion 

Sheet metal 

forming 

operations 

Deep drawing (Schulte et al., 2020) 

Incremental forming (Ambrogio et 

al., 2019) 

Hole-flanging (Bambach et al., 

2017) 

Bending (Li & Rapthadu, 2017) 

Bending (Rosenthal, Hahn, et al., 

2019) 

Deep drawing (Rosenthal et al., 

2021) 

 

Under these circumstances, this subchapter of the thesis will investigate on the feasibility of 

employing a hybrid multi-tasking processing route comprising metal deposition by WAAM, 

material removal by milling and incremental sheet forming (Figure 4.12b). For this purpose, 

metal forming experiments will be carried out for producing truncated conical shapes from 

deposited and commercial AISI 316L stainless steel sheets, with the latter being intended for 

comparison purposes.  

The investigation comprises measurements of the strain loading paths and of thickness 

variations as well as fractography analysis on the morphology of the surfaces the cracks 

triggered during the tests. The subchapter will then end by putting the developed HAM 

approach to test with the construction of a complex truncated eight-lobe conical shaped part 

as a way of clarifying the benefits of the approach against conventional MAM/material 

removal systems. 
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Figure 4.12 Hybrid additive manufacturing with sheet forming operations: 
(a) as proposed by Holker et al. with incremental forming, metal deposition by L-DED and milling 

(adapted from Hölker-Jäger et al., 2014). 
(b) as proposed in this thesis with metal deposition by WAAM, milling and incremental forming. 

4.2.1 Materials 

The materials utilized in this segment were the same as the ones that were characterized in 

subchapter 4.1 – additively manufactured (by GMA-DED) and commercial wrought AISI 316L 

stainless steel sheets. Regarding the first, the procedures for metal deposition such as the 

utilized WAAM-based system and processing parameters were also kept unchanged.  

The deposition strategy for building the AISI 316L sheets was carried out again by single 

bead path patterns with variable starting points at each deposited layer and with a torch 

working angle of 90 degrees. The overall dimensions of the as-built depositions were of 265 

mm length and 225 mm height with approximately 4 mm thickness. Side wall reinforcements 

with 50 mm width were again included to counteract thermal-based distortions and to assist 

supporting the subsequent metal forming experiments, as it will be further explained in the 

following subchapter.  



71 
 
 

 

4.2.2 Methodology 

4.2.2.1 Integration of forming in hybrid AM systems 

Incremental sheet forming was utilized as a benchmark process to assess the integration of 

forming operations in hybrid AM systems containing additive and subtractive manufacturing 

(Figure 4.13a). The choice of single point incremental forming (SPIF) was due to its well-

known ability to plastically deform sheets to their limits of formability and thickness reduction 

and also to it being a flexible sheet forming process that allows obtaining parts with variable 

three-dimensional geometries using only a simple tool with a semispherical tip 

(Silva et al., 2008). The tests were carried out with 8 mm diameter semispherical tip tool and 

the tool trave speed was of 100 mm/min. 

 

Figure 4.13 Processing route to fabricate truncated conical shapes in AISI 316L stainless steel sheets: 
(a) Integration of incremental sheet forming in a hybrid system equipped with additive (WAAM) and 

subtractive (milling) manufacturing. 
(b) Conventional incremental forming of a commercial sheet. 
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Preparation of the deposited U-shaped part to incremental forming required post-processing 

by milling to simultaneously ensure good surface conditions and a uniform thickness of 

approximately 1 mm. This operation was carried out at the centre of the thin-walled part on 

both sides within the regions that are expected to be in contact with the forming tool during 

the experimental tests.  

Moreover, and as will be seen later in the following subchapter, the U-shaped geometry also 

avoids the use of pressure pads/blank holder and backing plates (Figure 4.13a), which are 

mandatory in conventional incremental forming of metal sheets (Figure 4.13b). Results 

obtained with commercial AISI 316L sheets are included for comparison purposes. 

Strain grid analysis (Silva et al., 2011) was carried out in both additively manufactured and 

commercial wrought sheets to determine the strain loading paths and the corresponding 

strains at the onset of fracture. The experimental procedure involved electrochemical etching 

a grid of circles with 2.5 mm of initial diameter on the bottom surfaces of the undeformed 

sheets and measuring the major and minor in-plane strains by means of a computerized 

digital camera measuring system (GPA-100 model from ASAME) (Figure 4.14). This system 

allows an instant strain measuring of the deformed circles by taking as reference their initial 

dimensions of 2.5 mm diameter. 

 

Figure 4.14 Schematic representation and photograph of the strain grid analysis carried out with a digital camera 
system (exemplified for a commercial AISI 316L stainless steel sheet specimen). 

4.2.2.2 Fractography analysis 

The fractured surfaces of the incrementally formed parts were analyzed with a scanning 

electron microscope (SEM) Hitachi S-2400. For this purpose, fractographic samples were cut 

from the regions where cracks were generating and ultrasonically cleaned to allow 

characterizing its morphology and determining the crack opening modes. This analysis was 

carried out in the truncated conical shaped parts obtained from commercial wrought and 

additively manufactured sheets. 
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4.2.3 Results and discussion 

4.2.3.1 Formability limits 

The comparison of the mechanical performance of the deposited AISI 316L stainless steel 

with that of a commercial wrought sheet of the same metal alloy carried out in Subchapter 

4.1 allowed gaining a better understanding on the influence of the deposited material 

microstructure on formability. With the determination of the fracture forming limit of this highly 

anisotropic material, it becomes possible to predict the amount of plastic deformation that this 

material can withstand without showing any evidence of cracking within the regimes of the 

solicitations imposed by the experimental tests. This prediction is of paramount important for 

assessing the integration of metal forming in HAM systems and was carried out by analyzing 

the incremental forming of deposited U-shaped parts and by comparing its overall formability 

with that of a commercial AISI 316L sheet. 

Figures 4.15a and 4.15b shows the evolution of the major and minor true strains along the 

meridional direction in principal strain space for both the deposited and commercial sheets 

respectively. The resulting gauge length strains at fracture are plotted as solid circular 

markers and were obtained by means of the same procedure that was utilized in 

experimental tensile tests based on thickness measurements (Subchapter 4.1.2.1). 

 

Figure 4.15 Strain loading paths, fracture strains and photographs of incrementally formed truncated conical 
shapes made from: 

(a) Deposited (AM) AISI 316L stainless steel U-shaped parts (𝐵𝐷 refers to the building direction) 
(b) Commercial wrought (CW) AISI 316L stainless steel sheets. 

Note: The unfilled markers correspond to measurements obtained by strain grid analysis while the solid 
markers correspond to fracture measurements with a stereomicroscope.  

In both plots presented in Figures 4.15a and 4.15b, a graphical illustration of the fracture 

forming limit (FFL) for each material was included (refer to the red pointed line). In case of 
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the deposited material, the FFL included in Figure 4.15a corresponds exactly to the one 

determined with the experimental tensile tests previously shown in the results and discussion 

of Subchapter 4.1 (4.1.3.5). For the commercial material, quantifying the limits at fracture 

would require more tests carried out with different solicitations. Still, a FFL was also included 

in this plot by considering the fracture strains of the experimental tensile tests and a 

theoretical slope value of ‘-1’(Martins et al., 2014). Results confirm that the truncated conical 

shapes are formed under plane strain loading conditions and that gauge length strains at 

fracture are close to the FFL plotted in each graph and retrieved from tensile tests with 

longitudinal, inclined and transverse test specimens. 

Circle grid analysis (CGA) also reveals that formability of the commercial AISI 316L sheet is 

higher (around 50 to 60%) than that of the deposited AISI 316L, allowing to reach major true 

strains at fracture 𝜀 = 1.3. The reason for this difference is not due to changes in the crack 

opening mechanism, which is by tension in both cases, but to differences in the 

microstructure of the deposited and commercial AISI 316L stainless steel. In fact, SEM 

images of the fracture surfaces retrieved from the two different incrementally formed parts 

(deposited and commercial) reveal circular dimpled structures typical of crack opening by 

tension (Figure 4.16). This observation is in good agreement with the fracture strains being 

close to the FFL as previously shown in Figures 4.15a and 4.15b and to failure being 

triggered by tension (mode I of fracture mechanics) in both deposited and commercial AISI 

316L sheets. 

 

Figure 4.16 SEM images of the cracked surfaces under magnifications of 3000x for: 
(a) incrementally formed AISI 316L deposited U-shaped parts. 
(b) incrementally formed AISI 316L commercial sheets. 

4.2.3.2 Striations and thickness variation 

The particularities of the deposited AISI 316L microstructure, namely the existence of 

dendrites with primary arms aligned with the AM build direction, are once again responsible 

for the striations that are visible on the side wall of the truncated conical shapes. The 

striations are attributed to the growth of stable necks within the primary arms of the dendrites 
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and give rise to significant planar anisotropy. These striations were identified in the 

experimental tensile tests presented in subchapter 4.1 and can also be seen in the detailed 

photographs enclosed in Figure 4.15a. In this Figure, it is shown that cracks are triggered in 

a direction parallel to the striations as these locations are inclined to the loading direction 

applied to the primary arms of the dendrites. In other words, cracks are triggered in directions 

compatible with those of the inclined tensile test specimens carried out in subchapter 4.1, 

which were found to provide the poorer formability results. This same phenomenon can also 

be seen in Figure 4.17a with visible striations along the building direction (refer to the blue 

arrow with the designation of ‘BD’) and with the fractures located exactly at 45 degrees to it 

(Section (B) of Figure 4.17a). 

 

Figure 4.17 Wall thickness variations of truncated conical shapes produced by incremental sheet forming of 
deposited AISI 316L stainless steel ‘U-shaped’ parts:  

(a) Variation of wall thickness with depth for two different meridional cross-sections (A) and (B). 
(b) Photograph of a meridional cross-section (A) of a region where striations are not visible. 
(c) Photograph of a meridional cross-section (B) of a region where striations and fracture are visible. 
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Cross-section (A) extracted from a smooth region without striations provides a uniform 

thinning until fracture whereas cross-section (B) extracted from a region where striations are 

highly noticeable reveals a non-uniform (oscillatory) thickness measurements until fracture. 

These differences are visible in the cross-section photographic details of Figures 4.17b and 

4.17c respectively and the non-uniform thinning pattern is attributed to multiple growth of 

stable necks within the primary arms of the dendrites. 

4.2.3.3 Towards the Fabrication of Complex AM Parts 

The choice of utilizing incremental forming as a benchmark process to evaluate the potential 

of hybrid AM systems containing additive, subtractive and forming manufacturing stages was 

further considered by producing the part shown in Figure 4.18. The goal was to fabricate a 

truncated eight lobe conical shape by incremental forming with a hemispherical-ended tool 

from a deposited U-shaped part of AISI 316L with 130 mm length, 130 mm height and 50 mm 

side wall width. The as-build U-shaped part was milled only in the region to be plastically 

deformed in order to ensure good surface conditions and a uniform thickness of 

approximately 1 mm. 

 
Figure 4.18 Top and bottom view of a truncated eight lobe conical shape produced by a hybrid processing route 

comprising metal deposition by WAAM, milling and incremental forming. 

The fabrication of a similar part in a hybrid AM system solely having additive and subtractive 

manufacturing capabilities would not only require a significant amount of extra material to be 

deposited, and subsequently machined out to obtain the desired shape, as it would raise 

difficulties in machining due to the small thickness and sharp concave corners of the 

truncated eight lobe conical shape. Another advantage of the deposited U-shaped geometry 

is the artificial constraint provided by its baseplate and the side walls, which allow forming the 

required shape without using a backing plate and a blank holder. The utilization of these tool 

components is mandatory in conventional incremental forming of commercial sheets.  
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The above conclusion is relevant because it means that incremental forming can be directly 

performed on top of the post-processed regions of the deposited material without extra tool 

requirements. This shortens the overall processing time and enhances the flexibility to 

produce complex AM ready-to-use parts specially in case of using a hybrid multi-tasking 

system to allow metal deposition, material removal and plastic deformation in a single 

clamping. 
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5 Hybrid additive manufacturing with tube forming 

This Chapter will be focused on integrating hybrid additive manufacturing (HAM) with tube 

metal forming. For this matter, the Chapter will be presented in three main subchapters. The 

first subchapter will be based upon experimental characterizations of metal tubes built by 

MAM (5.1). The following subchapters will comprise developments in the field of Hybrid 

Additive Manufacturing (HAM) with two different tube forming operations: one with tube 

expansion (5.2) and the following with tube flanging (5.3). 

In subchapter 5.1, the mechanical behavior will be analyzed with methodologies and 

procedures to be presented with corroborations given by microstructure analysis of the 

deposited materials. The scientific findings from this subchapter will be then utilized to 

support the integrations of HAM with tube metal forming presented in subchapters 5.2 and 

5.3. Subchapter 5.2 will investigate on the feasibility of implementing end forming operations 

in tubes (tube expansion) in both mechanical and metallurgical points of view. Subchapter 

5.3 will instead provide a more specific application of tube end forming (tube flanging) in 

HAM as a way of enabling flexible support-free construction of a benchmark tool model. 

5.1 Material characterization  

The characterization of tube shaped metal depositions is centered on analyzing its 

anisotropic behaviour and formability limits by fracture in a similar fashion to what was done 

in Chapter 4 with deposited sheets. For this purpose, tensile test specimens were retrieved 

from additively manufactured and commercial wrought AISI 316L stainless steel tubes where 

the latter will be used for comparison purposes. However, carrying out conventional tensile 

tests with specimens retrieved from longitudinal direction (length) of the tubes is not enough 

for fully analyzing the anisotropic behaviour of the material. 

Under these circumstances, the proposed methodology combines conventional and ring 

hoop tension tests (RHTT) for characterizing the strain loading paths and to determine the 

onset of failure by fracture along different orientations. With RHTT, it is possible to determine 

the transverse mechanical properties of tubes with ring specimens taken from the 

circumferential direction of the tubes that are placed over two close-fitting D-shaped 

mandrels connected to the grips of a universal testing machine (Petersen et al., 1996; 

Petersen et al., 1998). An extension of the RHTT to an inclined orientation of 45 degrees 
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between the longitudinal and circumferential ones was proposed recently by Mousavi et al. 

and was also included in the methodology (Mousavi et al., 2018). Measurement of the 

surface strains during RHTTs and TTs in commercial and additively manufactured stainless 

steel tubes were carried out by digital image correlation (DIC) and the geometries for the ring 

test specimens were also revisited in order to evaluate their appropriateness in 

characterizing additively manufactured metal tubes. The overall test specimen geometries 

can be seen in Table 5.1 and are grouped by: (i) specimen orientation (transverse, inclined 

and longitudinal) and (ii) number of dumbbell geometries (one or two). 

Table 5.1 Geometries of the tensile specimens included on the proposed methodology for characterizing 
additively manufactured metal tubes. 

Specimen ID One dumbbell geometry) Two dumbbell geometries 

Transverse RHTT  

  

Inclined RHTT 

  

Longitudinal TT 
 

5.1.1 Materials 

The conventional and ring hoop tension tests were performed in commercial and additively 

manufactured AISI 316L stainless-steel tubes. The commercial tubes were utilized in the as-

supplied condition whereas the additively manufactured tubes were fabricated by GMA-DED 

in a 3-axis CNC system equipped with a gas metal arc welding machine LUC Aristo 400 

(from ESAB).  

The GMA-DED feedstock material was supplied as a wire with 1 mm diameter through a 

welding torch and melted, at the time of deposition, onto a built tubular preform with 

approximately 42 mm of outer diameter and 5 mm of wall thickness. Metal deposition was 

performed one layer at a time with a single bead in a criss-cross pattern for evenly 

distributing the heating-colling cycles and to avoid concentrating the overlapped beads along 

the same planar coordinates of the preform (Figure 5.1a). The shielding gas was 99.9% of 

Argon and the main GMA-DED processing parameters are identical to those utilized in 

Chapter 4 (refer to Table 4.1 of Subchapter 4.1.1).  
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Afterwards, the deposited AISI 316L stainless-steel preforms were machined into tubes for 

providing a geometry identical to that of the commercial tubes (40 mm of outer diameter,1.5 

mm of wall thickness and 200 mm of total length) (Figure 5.1b). 

 

Figure 5.1 Experimental procedure used to obtain additively manufactured tubes ready-to-test: 
(a) Schematic representation of the criss-cross deposition strategy used in the AISI 316L stainless-steel 

tubular platforms obtained by WAAM. The blue circles represent the 4 starting points of the criss-
cross deposition strategy in each layer 

(b) Photographs of the deposited preforms and of the machined tubes. 

5.1.2 Methodology 

5.1.2.1 Formability tests 

Mechanical characterization of the commercial and additively manufactured AISI 316L tubes 

involved determination of the stress-strain curves in the longitudinal (L), transverse (T) and 

45º degrees inclined (I) directions, evaluation of the anisotropy coefficients and 

representation of the strain loading paths and respective fracture gauge strains in the 

principal strain space. 

The conventional tensile specimens were extracted from the tubes by machining. Those 

obtained from the longitudinal direction were subjected to conventional tension tests (TTs) in 

accordance with the ASTM standards E8/E8M (ASTM, 2010), whereas those obtained from 

the transverse and inclined directions were placed over two close-fitting D-shaped mandrels 

and subjected to stretching by means of the RHTT. Due to the absence of a standard 

procedure applicable to the RHTT of metal tubes, it was decided to use the guidelines of the 

ASTM standards D2290-00 (ASTM, 2003) applicable to RHTTs performed on plastic or 

reinforced plastic tubes, which recommends the use of a self-aligning testing fixture like that 

used throughout this work and shown in Figure 5.2. Both the conventional and ring hoop 

tension tests were carried out at room temperature in an INSTRON 5900 universal testing 

machine. 
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Figure 5.2 Schematic representations of the fixtures utilized for ring hoop tension testing (RHTT) of specimens 
obtained from the tube along the: 

(a) Transverse (circumferential) direction. 
(b) Inclined direction. A photograph of the fixture ready-to-test was coupled in the Figure.  

The evolution of the surface strains during tensile and ring hoop tension tests was obtained 

by means of a digital image correlation (DIC) system (Figure 5.3a). The procedure required 

painting the specimens with a white uniform background colour, and then spraying its 

surfaces of interest with a stochastic black speckle pattern (refer to the detail in Figure 5.3a). 

Once installed in the appropriate fixtures for conventional or ring hoop tension testing, the 

specimens were illuminated with a spotlight and the strains were measured by means of a 

DIC commercial system from Dantec Dynamics (model Q-400 3D). The system is equipped 

with 2 cameras with 6 megapixels of resolution and focal lenses of 50.2 mm with an aperture 

of f/8. The frequency of image acquirement was set to 20 frames per second and the 

correlation algorithm was performed with the INSTRA 4D software. 

As previously mentioned, the ring test specimens were prepared with one and two (located 

180º degrees apart) dumbbell geometries (Figure 5.3b). According to the above-mentioned 

ASTM D2290-00 standards applicable to plastic or reinforced plastic tubes, the utilization of 

two dumbbell geometries is optional and its utilization is not usual in RHTTs performed on 

metal tubes. However, as shown latter in the presentation, the use of two dumbbell 

geometries is important for the stress-strain characterization of both commercial and 

additively manufactured tubes. 
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Figure 5.3 Experimental procedures used in the proposed methodology for: 
(a) Measuring the surface strains during the tests with a digital image correlation system (DIC). 
(b) Determining the gauge length strains at crack initiation. The procedure is exemplified with the inclined 

ring specimens with either one or two dumbbell geometries.  

The anisotropy coefficients 𝑟  of the specimens along the longitudinal (L-0º degrees), inclined 

(I-45º degrees) and transverse (T-90º degrees) directions were calculated by means of the 

ratios of the plastic strain in the width direction (𝜀 ) to that in the thickness direction (𝜀 ), 

𝑟 =
𝑑𝜀

𝑑𝜀
     (5.1) 

where ‘𝑖’ denotes the inclination of the specimen with respect to the tube longitudinal 

direction (length). Since DIC is only capable of providing values for the surface strains 

(𝜀 , 𝜀 ), equation (5.1) can be rewritten by assuming material incompressibility, as follows, 

𝑟 = − 
(𝑑𝜀 )

 (𝑑𝜀 + 𝑑𝜀 )
    (5.2) 

At the end of the tests, the thickness 𝑡  was measured along the cracks (refer to the detail in 

Figure 5.3b) with a stereomicroscope Mitutoyo TM-505B to make it possible to determine the 

‘gauge length’ strains at crack initiation. 

5.1.2.2 Microstructure analysis 

The microstructure of the deposited AISI 316L stainless steel tubes was analyzed with an 

optical metallographic microscope (Motic model BA310 MET-H). For this purpose, 

metallographic samples were removed from the as-built preforms, cleaned and ground with a 

series of silicon carbide (SiC) paper up to 1200 grit, polished with 6 μm and 1 μm diamond 

suspensions and then subjected to electrochemical etching by immersion into chromic acid 

under a voltage of 9 V to reveal the grain boundaries.  
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5.1.3 Results and discussion 

5.1.3.1 Strain loading paths 

Figure 5.4 presents the experimental strain loading paths obtained from DIC for the 

conventional and ring hoop tension tests performed on specimens machined from 

commercial AISI 316L stainless steel tubes. The strain paths measured for specimens with 

one (Figure 5.4a) and two (Figure 5.4b) dumbbell geometries are not influenced by the 

number of dumbbell geometries and their slopes are almost identical and close to that of 

pure tension (refer to the black dashed lines with slope d𝜀 d𝜀 = −2⁄  included in both 

Figures 5.4a and 5.4b).  

 

Figure 5.4 Strain loading paths of the conventional and ring hoop tension tests performed in specimens 
machined from commercial AISI 316L stainless tubes with: 

(a) One dumbbell geometry. 
(b) Two dumbbell geometries. 

The strain paths obtained with the specimens machined from the additively manufactured 

AISI 316L stainless steel tubes (Figure 5.5) showed two fundamental differences compared 

to those obtained with the specimens machined from the commercial AISI 316L stainless 

steel tubes. Firstly, the strain paths retrieved from the three directions show significant 

differences such as deviations towards pure shear for specimens extracted from the tube 

transverse (T) direction and a strong deviation towards plane strain of the specimens 

extracted from the tube inclined (I) direction. In fact, these particular behaviours are familiar 

to the ones found for sheet formability tests presented in the former Subchapter.  

Secondly, the strain loading paths obtained from the ring hoop tension tests performed on 

specimens with one (Figure 5.5a) and two (Figure 5.5b) dumbbell geometries are similar but 

not as close as in the case of those machined from the commercial AISI 316L stainless steel 
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tubes. For instance, the strain loading paths along the inclined direction (refer to the 

evolutions on Figure 5.5 illustrated in red) for specimens with two dumbbell geometries are 

nearly coincident to plain strain conditions where 𝑑𝜀 ≅ 0. In other words, the utilization of 

one or two dumbbell geometries has some influence in the experimental strain paths for the 

additively manufactured tubes. 

 

Figure 5.5 Strain loading paths of the conventional and ring hoop tension tests performed in specimens 
machined from additively manufactured (AM) AISI 316L stainless tubes with: 

(a) One dumbbell geometry. 
(b) Two dumbbell geometries. 

5.1.3.2 Anisotropy 

The reason for the above-mentioned differences in the results obtained with commercial and 

additively manufactured tubes is attributed to anisotropy, as can be seen from the evolution 

of the anisotropy coefficients 𝑟 = 𝑑𝜀 𝑑𝜀⁄  in Figure 5.6a. In fact, while the anisotropy 

coefficients are practically constant (𝑟 ≅ 1) during the tests carried out with commercial tube 

specimens, the same does not happen for the additively manufactured ones. Major variations 

are observed in the RHTT performed in the inclined and transverse directions in close 

agreement with the accentuated deviations of their strain paths from pure tension towards 

plane strain deformation and pure shear, respectively (refer also to Figure 5.6). 

Deviation towards plane strain deformation conditions of the test specimen machined from 

the inclined direction of the additively deposited tubes is also seen in Figure 5.6b, in which it 

is possible to observe that it undergoes a much smaller reduction in width than the reference 

specimen machined from the commercial tube. The distribution of surface strains measured 

by DIC also shows repeated colour patterns in close agreement to the striations seen at the 

surface of the specimens. This phenomenon is attributed to the growth of stable necks in 
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multiple locations placed within the primary arms of the dendrites (such as those observed in 

Chapter 4 with sheet specimens) and will be further addressed at the end of this subchapter. 

 

Figure 5.6 Anisotropy in commercial and additively manufactured AISI 316L stainless-steel tubes: 
(a) Evolution of the anisotropy coefficient 𝑟 = 𝑑𝜀 𝑑𝜀⁄  for the tensile and ring hoop tension tests 

performed in specimens with two dumbbell geometries. 
(b) Experimental 𝜀  (major) and 𝜀  (minor) in-plane strains obtained through DIC for the test specimens 

machined from the inclined directions. 

Although the analysis shown in Figure 5.6 was constructed by considering only the results 

obtained from specimens with two dumbbells, the decision on which geometry is more 

appropriate to use has not been conclusive so far. This subject will be addressed in more 

detail in the last part of this subchapter with the presentation and discussion of the stress vs. 

stress curves obtained for the commercial and additively manufactured tubes. However, 

before doing that, the fracture strains corresponding to the onset of cracking will firstly be 

determined and plotted to allow a complete overview of the formability limits in additively 

manufactured AISI 316L tubes. 

5.1.3.3 Formability limits 

The strain loading paths previously presented in Figure 5.5 correspond to the evolution of 

surface strains up to the onset of plastic instability. The fracture strains at the onset of 

cracking cannot be directly obtained from the DIC measurements because non-

homogeneous deformation makes their values extremely sensitive to the location of the 

selected measured points at the crack neighbourhood (Magrinho et al., 2021). 

As a result of this, the authors decided to combine the information obtained from DIC with the 

measurements of the specimen thicknesses 𝑡  along the cracks to obtain the ‘gauge length’ 

strains. The methodology consisted in first obtaining the thickness strain at fracture 𝜀  by 

means of, 



87 
 
 

 

𝜀 = 𝑙𝑛
𝑡

𝑡
    (5.3) 

where, 𝑡  is the initial thickness and 𝑡  is the average thickness of the specimens at the 

cracked surfaces. Then, assuming plane strain deformation conditions to prevail after the 

onset of plastic instability, the minor strain 𝜀  (width strain) at fracture was assumed to 

remain constant and equal to the last measurement by DIC, and the major strain 𝜀  at 

fracture to be obtained from material incompressibility, as follows, 

𝜀 = − 𝜀 + 𝜀     (5.4) 

The fracture strains obtained for the additively deposited AISI 316L tubes are shown in 

Figure 5.7 and confirm the above-mentioned deviation of the ring hoop tension tests towards 

pure shear (T) or plane strain deformation (I) conditions. The inclined black dashed line 

passing through the fracture strains obtained from the tensile and ring hoop tension tests has 

a slope d𝜀 d𝜀 = −1,03 ⁄ , (closed to the theoretical value of ′ − 1′ (Martins et al., 2014)) and 

is named as the fracture forming limit (FFL) of the additively manufactured AISI 316L tubes. 

 

Figure 5.7 Strain loading paths and corresponding fracture strains for the additively manufactured AISI 316L 
stainless-steel tubes in the principal strain space.  

The gauge length strains of the commercial tubes are indicated by a single circular solid 

marker because there is no drift towards pure shear or plane strain during the tensile and 

ring hoop tension tests. As seen, the fracture strains are higher than those obtained for the 

additively deposited tubes due to better formability. Nevertheless, the mechanical behaviour 

of the additively manufactured AISI 316L tubes is shown to be ductile enough to safely 

endure large plastic deformations even though the quantification of such is highly dependent 

on the angular relation between loading and building directions.  
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5.1.3.4 Flow curves 

Determination of the flow (stress-strain) curves of the commercial and additively 

manufactured tubes along the three different directions required combination of the load and 

strain measurements that were acquired during tensile test and ring hoop tension by the load 

cell of the universal testing machine and the DIC system. The calculation of the true stress 

during the tensile test is calculated by means of the following equation, 

𝜎 =
𝐹

𝐴
=

𝐹

𝐴  exp (−𝜀 )
    (5.5) 

where 𝐹 is instantaneous force obtained from the load cell, and 𝐴 = 𝑤 × 𝑡 is the 

instantaneous cross-sectional of the tension test specimens (Figure 5.8a – left) with the latter 

being obtained from the initial cross-sectional area 𝐴  from the strain measurements given by 

the DIC system. 

For the ring hoop tension test specimens (transverse and inclined), differences associated 

with the geometry and with the testing procedures require using other equations for 

calculating the true stresses that are dependent on the number of dumbbell geometries: one 

(Figure 5.8a - centre) or two (Figure 5.8a - right), 

𝜎 =
𝐹

𝑤𝑡 + 𝑊 𝑡
 →   one dumbell geometry (5.6) 

𝜎 =
𝐹

𝑤𝑡 + 𝑤𝑡
=

1

2

𝐹

𝑤𝑡
 → two dumbell geometries    

(5.7) 

In equation (5.6), it is assumed that the testing loads are distributed not only in the dumbbell 

geometry of the ring specimens but also in the opposite region located 180º apart with a 

constant width 𝑊 = 10 𝑚𝑚 > 𝑤. This consideration needs to be accurate because if not, 

inhomogeneous deformation on both sides of the specimens with one dumbbell geometry will 

take place. In equation (5.7), the calculations are more straightforward by require only to 

divide the applied load 𝐹 obtained from the load cell by a factor of 2 resulting from having two 

equally dimensioned cross-sectional areas located 180º degrees apart.  

The resulting stress-strain curves for the three different directions are shown in Figure 5.8b 

for ring hoop specimens with one dumbbell geometry and Figure 5.8c for ring hoop 

specimens with two dumbbell geometries. This analysis will begin only by considering 

specimens machined from commercial AISI 316L stainless steel tubes as a way of 

determining which of the two alternatives allows retrieving the most accurate flow curves.  
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Figure 5.8 Flow curves of the commercial AISI 316L stainless-steel tubes: 
(a) Cross-sectional areas 𝐴 where tensile stress 𝜎 is applied for conventional tensile tests (left) and ring 

hoop tension tests on specimens with one (centre) or two (right) dumbbell geometries. 
(b) Flow curves for the longitudinal (L), transverse (T) and inclined (I) directions obtained from 

conventional and ring hoop tension tests on specimens with one dumbbell geometry. 
(c) Flow curves for the longitudinal (L), transverse (T) and inclined (I) directions obtained from 

conventional and ring hoop tension tests on specimens with two dumbbell geometries. 

The consequences of using ring hoop tension test specimens with a single dumbbell 

geometry (Figure 5.8a – centre) for determining the stress-strain curves are visible in Figure 

5.8b. As seen, the curves obtained from the different directions do not match, despite the 

strain loading paths being uninfluenced by the specimen orientation and their anisotropy 

coefficients being almost equal (𝑟 ≅ 1) and remaining practically constant during the tests, 

as shown in the former subchapters.  

The reason for obtaining these results is attributed to the following two main causes: (i) firstly, 

the distribution of stretching is uneven and, therefore, it is not correct to assume that the load 

applied in the reduced cross-sectional area is equal to 𝐹/2, and (ii) secondly, it is not correct 

to assume that the full cross-sectional area 𝑊 × 𝑡  located 180 degrees apart remains 

unchanged during the tests. These aspects do not affect the results obtained with specimens 



90 
 
 

 

having two dumbbell geometries as seen in Figure 5.8c where all flow curves are practically 

colinear and independent from the orientation of the specimen as expected from a material 

with an isotropic behaviour (such as the one of commercial AISI 316L tubes). 

The main conclusion resulting from what was mentioned above is that although ring hoop 

test specimens with one dumbbell geometry can be appropriate for characterizing the 

formability limits at the onsets of plastic instability and cracking, they should not be utilized to 

determine the stress-strain curves of tubes along the three different directions. The above 

conclusion is further supported by the photographs of the ring hoop tension test specimens 

machined from additively manufactured tubes that are included in Figure 5.9a. As seen, 

several inclined striations that ripple along the surface located 180º degrees apart from the 

reduced cross-sectional area (refer to the red ellipse in Figure 5.9a) clearly demonstrate that 

the corresponding cross-sectional area is subjected to plastic deformation and, therefore, its 

value 𝐴 cannot be assumed as the original undeformed area value 𝐴 = 𝑊 𝑡  for stress 

calculation purposes. 

 

Figure 5.9 Flow curves of the additively manufactured AISI 316L stainless-steel tubes. 
(a) Photographs of ring hoop tension test specimens with one dumbbell geometry showing several 

inclined striations that ripple long the surface located 180º degrees apart from the dumbbell region. 
(b) Stress-strain curves for the longitudinal (L), transverse (T) and inclined (I) directions obtained from 

tensile tests and from ring hoop tension tests performed on specimens having two dumbbell 
geometries. 

(c) Columnar microstructure with dendritic growth aligned to the building direction utilized for depositing 
the tube shaped preforms.  

Under these circumstances, Figure 5.9b includes only the stress-strain curves obtained from 

conventional tensile tests and ring hoop tension tests performed on ring specimens with two 

dumbbell geometries. Differences in the stress responses along the three directions 

(longitudinal, transverse, and inclined) are attributed to the anisotropic behaviour of the 

additively manufacture tubes.  
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In addition to what was said above, it is important to mention that the stress-strain curves 

included in Figure 5.9b are almost identical to those obtained for the sheet formability tests 

discussed in subchapter 4.1 with specimens machined from additively manufactured AISI 

316L stainless-steel sheets. In fact, the differences in the stress-strain curves of commercial 

and additively manufactured materials are due to differences in their microstructure, namely 

the dendritic based microstructure of the materials obtained by GMA-DED that is clearly 

shown in Figure 5.9c.  

Moreover, the processing parameters utilized for depositing the tube shaped preforms are 

identical to those used for building the sheet shaped depositions of Chapter 4. For this 

reason, it is understandable that both depositions (sheet shaped and tube shaped) 

experience similar flow curves because the only difference between the procedures utilized 

for building them is related with the deposition path. This result further validates the proposed 

methodology for characterizing the behaviour of additively manufactured metal tubes. 

5.2 HAM with tube expansion 

The applicability of tube forming operations in the field of hybrid additive manufacturing 

(HAM) is still a completely open research field. By looking back at Chapter 3 where the 

available peer works on combining HAM with metal forming were presented, only one 

application of tube forming was found. This application, proposed by Shirizly and Dolev, 

comprised tube spinning in optimized WAAM built preforms to produce thin tubes with 

increased length (Shirizly and Dolev, 2019). However, the fabrication of customized features 

in additively manufactured hollow semi-parts (like tubes) in small lead times could benefit 

from tube end forming operations such as expansion, reduction, flaring or inversion 

(Almeida et al., 2006) as a way of achieving new levels of applicability and flexibility that are 

not yet efficiently attainable in conventional additive manufacturing routes.  

An example on the above concerns deposition of complex-shaped features such as 

suspended overhangs which is difficult to accomplish with conventional MAM processes 

belonging to the powder bed fusion (PBF) and direct energy deposition (DED) categories.  

In PBF processes, the fabrication of parts with complex-shaped features cannot avoid using 

support structures during metal deposition, as it is schematically shown in the left side of 

Figure 5.10a. These support structures are crucial for preserving the overall geometric 

integrity of the parts during construction and for preventing the occurrence of defects and 

failures such as deformations, dross formation or warpage, but must be removed afterwards. 

The problem is that post-processing operations to properly remove these support structures 

are usually time and energy consuming and may, in some cases, not fully achieve the 

desired objectives (Lefky et al., 2017). 
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In case of DED, recent published work shows that the use of support structures in parts with 

overhang features or hollow sections can be avoided by using deposition strategies based on 

multi-directional paths that are carried out in robots with multiple degrees of freedom 

(Ding et al., 2017). However, this requires difficult programming, expensive hardware and 

can be complicated to accomplish when the parts are large or complex-shaped 

(Yuan et al., 2020). Moreover, even the most sophisticated deposition strategies are limited 

by an inclination threshold of the thermal heat source above which the deposited material 

layers will give rise to irregular shapes with severe undulations (commonly designated as 

‘humps’) (Kazanas et al., 2012). 

 

Figure 5.10 Building overhangs in axisymmetric hollow MAM-based parts using: 
(a) PBF (left) with details of the support structures and DED (right) with details of the humps. 
(b) The new proposed HAM approach based on the integration of tube expansion in metal additive 

manufacturing (MAM). 

Humping (shown at the right side of Figure 5.10a) is a well-known defect in down hand fusion 

welding processes and its occurrence can be minimized by reducing the travel speed of the 

heat source (Yuan et al., 2020). However, the implementation of such a solution in DED is 

not feasible because it would inevitably lead to a reduction in the material deposition rate and 

to a worsening of the already low productivity of these processes when compared to 

conventional manufacturing (Yoon et al., 2014). 

By considering the limitations mentioned above, the hybridization of MAM with tube end 

forming may facilitate the construction of overhanging features in rotationally symmetric 

hollow parts because it eliminates the need of support structures and prevents the formation 

of humps without resorting to expensive hardware and complex deposition strategies. In fact, 

the rationale behind this integration would only require building up the tube shaped preforms 
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by MAM while tube end forming operations would later allow shaping specific sections into 

their desired geometry as schematically shown in Figure 5.10b. with overhangs on 

rotationally symmetric hollow parts.  

Under these circumstances, the main objective of subchapter 5.2 is to investigate on the 

feasibility of integrating a tube end forming process in a metal additive manufacturing route. 

The selected tube end forming process is expansion with a rigid tapered conical mandrel and 

because its workability limits are mostly dependent on the wall thickness reduction at the 

tube edges caused by tension states-of-stress (Cristino et al., 2019), it is of paramount 

importance to understand if the wire-arc additively manufactured tubes can withstand the 

large plastic deformations that are commonly reached in expansion.  

For this purpose, a combined numerical-experimental investigation was carried out aimed at 

characterizing the strain loading paths and the in-plane strains at the onset of necking and 

fracture during the expansion of tubes deposited by wire-arc additive manufacturing. Results 

are compared against the formability limits previously obtained by means of tensile and ring 

hoop tension tests (subchapter 5.1) where commercial wrought tubes are once again 

included for reference purposes. Further analysis based on microstructure, microhardness 

and fractography observations are included to help understanding the differences that were 

found against the results obtained from commercial wrought tubes. 

5.2.1 Materials 

The materials utilized in this subchapter were the same as the ones that were characterized 

in subchapter 5.1 – additively manufactured and commercial wrought AISI 316L stainless 

steel tubes. Regarding the first, the procedures for metal deposition (WAAM system and 

processing parameters) were also identical. 

The deposition strategy for building the AISI 316L sheets was carried out again by criss-

cross patterns with variable starting points at each deposited layer and with a torch working 

angle of 90 degrees. Afterwards, the tubes were machined by turning until having an outer 

radius 𝑟  = 20 mm, a wall thickness 𝑡  = 1.5 mm and a length 𝑙 =  70 mm (Figure 5.11). 

The goal was once again to obtain tubes with dimensions and surface quality like those of 

the wrought commercial stainless steel AISI 316L tubes that will be used for reference 

purposes. However, in typical hybrid metal additive manufacturing routes resulting from the 

integration of tube end forming with additive manufacturing there will be no intermediate 

machining operations unless strictly necessary. 
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Figure 5.11 Schematic procedures used for preparing additively manufactured AISI 316L tubes: 

(a) Building the tubular preforms by WAAM. 
(b) Machining of the preform to obtain a tube with the required dimensions and surface quality. 
(c) Photograph of a tube ready-to-test. 

5.2.2 Mechanical characterization 

The flow curves of the commercial wrought and additively manufactured AISI 316L stainless 

steel tubes are shown in Figures 5.12a and 5.12b respectively along three different 

orientations: longitudinal (building direction), transverse (90 degrees) and inclined (45 

degrees). These curves correspond to the ones obtained in Subchapter 5.1 with the 

proposed methodology involving conventional and ring hoop tension tests, where the later 

have two dumbbell geometries.  

 
Figure 5.12 Flow curves of: 

(a) Commercial wrought (CW) AISI 316L stainless-steel tubes. 
(b) Additively manufactured (AM) AISI 316L stainless-steel tubes. 
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In the particular case of the additively manufactured material, the average flow curve was 

also added (refer to the flow curve of Figure 5.12b illustrated in black) and will be used in the 

finite element models involving deposited tubes. The yield stresses for each orientation and 

for each material are presented in Table 5.2.  

Table 5.2 Yield stresses in the longitudinal (L), transverse (T) and inclined (I) directions. 

Material 𝝈𝒚𝑳 (MPa) 𝝈𝒚𝑻 (MPa) 𝝈𝒚𝑰 (MPa) 

Commercial wrought AISI 316L tubes 510.1 504.7 477.3 

Additively manufactured AISI 316L tubes 421.2 377.5 327.9 

 

The mechanical characterization of the tubes also included Vickers microhardness 

measurements in a Mitutoyo HM-112 with an indentation load of 4.905 N (HV0.5) and a 

loading time of 10 s. The measurements were performed on samples that were halved 

lengthwise along different positions with a constant distance between indentations of 2 mm. 

5.2.3 Methodology 

5.2.3.1 Tube expansion tests 

The tube expansion tests were carried out at ambient temperature in an Instron SATEC 1200 

hydraulic testing machine with a crosshead speed of 5 mm/min. Figure 5.13a shows a 

schematic representation and a photograph of the active tool components that were utilized 

in the expansion of the commercial wrought and additively manufactured tubes with a rigid 

tapered conical mandrel. The mandrel had an inclination angle of 30 degrees and a tubular 

sleeve was included to prevent local buckling during axial compression of the commercial 

and deposited tubes. Molybdenum disulphide grease (MoS2) was utilized as lubricant on the 

contact surfaces between the tapered conical mandrel and the inner tube radius. 

The outer surface of the tube specimens was painted with a white uniform background colour 

and sprayed with a stochastic black speckle pattern to allow measuring the evolution of the 

meridional ε  and circumferential ε  surface strains by means of digital image correlation 

(DIC) (Figure 5.13b). For this purpose, the edges of the tubes were illuminated with a 

spotlight and the strains were automatically measured by means of a commercial DIC system 

from Dantec Dynamics (model Q-400 3D). The system is equipped with 2 cameras with 6 

megapixels of resolution and focal lenses of 50.2 mm with an aperture of f/11. The frequency 

of image acquisition was set to 10 frames per second and the correlation algorithm made use 

of the INSTRA 4D software. 
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The onset of necking in the surface strain evolutions with time, was determined by means of 

the procedure proposed by Magrinho et al. and Cristino et al. previously used in bulk forming 

(Magrinho et al., 2018) and tube forming (Cristino et al., 2019). The procedure combines the 

surface strains and the expansion load evolutions with time to identify the surface strain 

values (𝜀 ,  𝜀 )  at the point corresponding to the drop in load, because plastic instability 

refers to a condition beyond which tube expansion should continue under a falling load 

(Figure 5.13c).  

 

Figure 5.13 Tube expansion tests with a rigid tapered conical mandrel inclined by 30 degrees: 
(a) Schematic representation and photograph of the active tool components. 
(b) Experimental setup utilized by the digital image correlation system (DIC). 
(c) Procedure used to obtain the onset of necking with the combined strain and load evolutions with time. 
(d) Procedure used to obtain the onset of fracture with measurements of the tube wall thickness after 

cracking 𝑡  at the end of tube expansion.  

The onset of fracture corresponds to the strain pairs (𝜀 ,  𝜀 ) of the rectangular solid marker 

in principal strain space (Figure 5.13d) and was obtained from the gauge length strains at the 

tube edge locations where cracks were triggered. The procedure involved determination of 
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the thickness strain at fracture  𝜀  by measuring the tube wall thickness before 𝑡  and after 𝑡  

cracking (refer to the section AA’ in Figure 5.13d) with a stereomicroscope Mitutoyo TM-

505B, 

𝜀 = 𝑙𝑛
𝑡

𝑡
    (5.8) 

The circumferential strain at fracture  𝜀  was then determined assuming material 

incompressibility and that the onset of necking (𝜀 ,  𝜀 ) corresponds to the point in principal 

strain space where the strain loading path changes towards plane strain (𝑑𝜀 = 0) due to 

localization of plastic deformation, 

 𝜀 = − 𝜀 + 𝜀   with  𝜀 = 𝜀      (5.9) 

5.2.3.2 Microstructure and fractography observations 

Radial and longitudinal oriented metallographic samples were prepared for observing and 

analyzing the microstructure of the material subjected to different amounts of plastic 

deformation. The samples were cut out from different regions of the expanded tubes with a 

high-speed circular disk saw, cleaned and ground with sandpaper sheets having grit sizes of 

400 to 1200 and polished using polycrystalline diamond suspensions (6 μm and 3 μm) and 

colloidal silica suspension (0.25 μm). Afterwards the samples were chemically etched by 

immersion in Kalling’s No.2 reagent for revealing the grain boundaries. The observations 

were performed in an optical microscope (Motic model BA310 MET- H). 

The morphology of the cracked surfaces and the expected crack opening modes were 

analyzed with a scanning electron microscope (SEM) JSM-7001F (from Jeol). The required 

samples were cut out from the tube expanded regions where cracks were formed and 

subsequently subjected to ultrasonic cleaning. 

5.2.4 Finite element modelling 

The expansion of the commercial wrought and additively manufactured tubes was 

numerically simulated with the in-house finite element computer program i-form3 (Nielsen 

and Martins, 2021). The program is built upon the flow formulation and employs a control 

volume approach with velocities 𝑢  as the primary unknowns of the following modified weak 

form of the quasi-static force equilibrium equations to include sliding with friction between 

objects, 

𝜎 𝛿𝐷 𝑑𝑉 + 𝜎 𝛿𝐷 𝑑𝑉 − 𝑡 𝛿𝑢 𝑑𝑆 + 𝜏 𝛿𝑢
| |

𝑑𝑆 = 0    (5.10) 
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The main symbols in (5.10) are the deviatoric Cauchy stress 𝜎 , the hydrostatic stress 𝜎 , 

the rate of deformation 𝐷 , the volumetric rate of deformation 𝐷 , the tractions 𝑡  applied on 

the boundary 𝑆  of the control volume, and the friction shear stress 𝜏  and the relative sliding 

velocity 𝑢  on the contact interfaces 𝑆  between objects.  

The constitutive equations relating the deviatoric Cauchy stress 𝜎  with the rate of 

deformation 𝐷  were based on the von Mises isotropic and Hill (1948) anisotropic yield 

criteria for the wrought commercial and additively manufactured tubes, respectively. 

In case of the Hill (1948) plasticity criterion, the constitutive equations are as follows, 

𝐹 𝜎 − 𝜎 + 𝐺(𝜎 − 𝜎 ) + 𝐻 𝜎 − 𝜎 + 2𝐿𝜏 + 2𝑀𝜏 + 2𝑁𝜏

=
2

3
(𝐹 + 𝐺 + 𝐻) 𝜎   

(5.11) 

where the material-dependent constants 𝐹, 𝐺, 𝐻, 𝐿, 𝑀, 𝑁 were determined assuming that 

𝜎 = 𝜎 = 𝜎  and 𝜎 = 𝜎 = 𝜎 = 𝜎 . These two assumptions considered that the 

tubes are anisotropic with symmetry in material properties along the transverse (T) direction. 

This is because different RHTT specimens machined from the transverse (T) direction and 

having dumbbells in various locations around the perimeter of the tubes were found to 

provide similar flow curves and yield stresses values (Figure 5.14). 

 
Figure 5.14 Representation of the tensile and ring-hoop test specimens with indication of the 𝑥, 𝑦, 𝑧 frame utilized 

in the finite element modelling of tube expansion. 

The first of the above-mentioned assumptions was further confirmed by performing stack 

compression tests in cylindrical test specimens made from three individual disks with 10 mm 
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diameter and 3 mm height. The disks were cut out from the wall thickness of the original 

tubular parts by electro discharge machining in different locations around the tube perimeter 

(refer to the orthogonal regions I, II, III and IV of Figure 5.15a) and the obtained the flow 

curves shown in Figure 5.15b allow verifying that the additively manufactured AISI 316L 

stainless-steel tubes behave equally along their perimeter. 

 

Figure 5.15 Stack compression tests with cylindrical test specimens cut out along the perimeter of the additively 
manufactured AISI 316L stainless steel tubes: 

(a) Schematic representation and photograph of the regions where the specimens were cut from. 
(b) Flow curves obtained from stack compression tests. 

By combining the aforementioned two assumptions with the yield stress values in the 

longitudinal (L), transverse (T) and inclined (I) directions that are given in Table 5.2, it is 

possible to obtain the normalized coefficients of the Hill (1948) plasticity criterion (Hill, 1948) 

that are included in Table 5.3. In this Table, it was assumed that 𝑁 = 3 due to difficulty in 

obtaining its experimental value in a tube. The ratio parameter 𝑥  was used to normalize the 

coefficients so that 𝐹 + 𝐺 + 𝐻 = 3.  

Table 5.3 Anisotropy coefficients of the Hill’s 1948 plasticity criterion for the wire arc additive manufactured AISI 
316L stainless-steel tubes. 

Hill 48 

coefficient 
F G H L M N 𝒙𝑯 

Equation 
𝑥

2𝜎
 

𝑥

2𝜎
 

𝑥

𝜎
−

𝑥

2𝜎
 

3𝑥

2𝜎
 

3𝑥

2𝜎
 − 

3

𝐹 + 𝐺 + 𝐻
 

Normalized 

value 
0.86 0.86 1.28 4.14 4.14 3 − 

Figure 5.16 shows a typical finite element model utilized in the numerical simulations of tube 

expansion with a rigid tapered conical mandrel. The tubes were discretized with 

approximately 70.000 hexahedral elements and the active tool parts were discretized by 
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means of rigid spatial triangular elements. Friction between the tubes and the active tool 

parts was modelled assuming constant friction 𝜏 = 𝑚𝑘, where 𝑘 is the shear flow stress and 

𝑚 is the friction factor. A value of 𝑚 equal to 0.1 was applied on the contact surfaces 

between the tube and the active tool parts after checking the finite element predicted loads 

and material flow that best matched the experimental measurements. 

 

Figure 5.16 Finite element model utilized in the numerical simulation of tube expansion with a rigid tapered 
conical mandrel showing details of the tube and of the active tool parts 

The onset of failure by cracking was modelled by means of the void-growth ductile damage 

based criterion of McClintock (McClintock, 1968), because cracks open by tension (mode I of 

fracture mechanics) at the tube edges (Cristino et al., 2019), 

𝐷 =
𝜎

𝜎
𝑑𝜀 ̅ (5.12) 

Subsequent crack propagation was performed by means of a deletion technique in which 

elements are removed from the mesh when the corresponding damage reached a critical 

value 𝐷 . The central processing unit (CPU) time for a typical analysis using a 

convergence criterion for the velocity field and residual force equal to 10  was 

approximately 4 hours on a computer equipped with an Intel i7-6950X CPU processor. 
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5.2.5 Results and discussion 

5.2.5.1 Formability and deformation mechanisms 

The procedure for determining the surface strains at the onset of necking described in 

Subchapter 5.2.3 was applied to evolutions with displacement by multiplying the testing time 

with the crosshead speed of the hydraulic testing machine (5 mm/min). Figure 5.17 shows 

the load and the surface strains evolutions with displacement during the expansion of 

additively manufactured (AM) and commercial wrought (CW) AISI 316L stainless steel tubes 

with a tapered conical punch. The corresponding numerical predictions are also included in 

the Figures (refer to the dashed blue and black lines in Figures 5.17a and 5.17b). 

 

Figure 5.17 Load and surface strain vs. displacement evolutions with enclosed photographs of tube expansion 
tests with a rigid tapered conical punch for: 

(a) Additively manufactured AISI 316L stainless steel tubes. 
(b) Commercial wrought AISI 316L stainless steel tubes. 

As seen in the Figure 5.17a and 5.17b, the peak loads are equal to 116.3 kN and 128.9 kN 

for the two types of tubes and are obtained for displacement values respectively equal to 
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32.8 mm and 32.1 mm. The meridional 𝜀  and circumferential 𝜀  strain evolutions obtained 

from DIC are enclosed in the same figures where the load vs. displacement evolutions are 

plotted and allow concluding that the strain pairs at the onset of necking (𝜀 ,  𝜀 ) for both the 

AM and the CW tubes are equal to (0.49,-0.2) and (0.71,-0.38), respectively. Moreover, the 

numerical predictions of loading coincide to the experimental results obtained from the 

hydraulic press.  

Transformation of the meridional 𝜀  and circumferential 𝜀  strain vs. displacement evolutions 

(Figure 5.17) to principal strain space 𝜀 = 𝑓(𝜀 ) (Figure 5.18) allows concluding that both 

strain loading paths are linear up to the onset of necking, and that the overall formability of 

the CW tubes is greater than that of the AM tubes. Figure 5.18a also allows concluding that 

while the slope 𝑌 of the strain loading path of the CW tubes is approximately equal to ‘1.9’ (in 

good agreement with uniaxial tension of isotropic materials), that of the AM tubes is shifted 

towards the right-hand side and presents a slope equal to ‘2.9’ because of the strong 

anisotropic behaviour of the AM tubes that was previously seen in Subchapter 5.1.  

 

Figure 5.18 Formability of additively manufactured (AM) and commercial wrought (CW) tubes when expanded 
with a rigid tapered conical mandrel: 

(a) Experimental (DIC) and finite element predicted (fem) strain paths in the principal strain space. 
(b) Details of an AM tube after expansion showing striations and earing defects. 
(c) Details of a CW tube after expansion showing the alignment between cracking and the weld bead 

used to produce the tube. 

The expanded end of the additively manufactured tube photographed in Figure 5.18b further 

implies the presence of an anisotropic material flow by showing wavy edges (earing) and 

striations in its inner surface. In contrast, the commercial wrought tube photographed in 
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Figure 5.18c presents a much more uniform surface unaffected by earing but also showing 

that the crack was triggered in alignment to the weld bead utilized in the production of these 

tubes.  

Still, a good agreement is again noticed not only in the experimental and numerical predicted 

strain loading paths but also in the correspondence between the fracture strains and the FFL 

of the additively manufactured AISI 316L tubes determined in Subchapter 5.1. The first 

agreement can be further confirmed with the images of Figure 5.19 that show distributions of 

the circumferential strain 𝜀  obtained at an instant close to the onset of necking by means of 

DIC and finite element modelling. These images allow evidencing the contrast between the 

homogenous deformation at the expanded edge of the commercial wrought tube along its 

perimeter against the more irregular distributions of the circumferential strain 𝜀  on the 

additively manufactured tube that lead to earing defects. 

 

Figure 5.19 Finite element and experimental DIC distributions of the circumferential strain 𝜀  for an instant of time 
close to the onset of failure by necking on: 

(a) Commercial wrought AISI 316L tubes. 
(b) Additively manufactured AISI 316L tubes. 

5.2.5.2 Damage and fractography analysis 

As previously mentioned, the expanded tube edges are subject to uniaxial tension (or, near 

uniaxial tension) in which 𝜎  is the main acting stress. The thickness stress 𝜎 = 0 and, 

therefore, the surfaces of the expanded tube edges are regions under plane stress 

deformation conditions, as may be inferred from the finite element predicted distributions of 

𝜎  that are shown in Figure 5.20a. 
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Figure 5.20 Determination of the ductile damage on the expansion of additively manufactured (AM) and 
commercial wrought (CW) tubes: 

(a) Finite element predicted distribution of thickness stress 𝜎  at different expansion instants in AM tubes. 
(b) Experimental evolution of effective strain with stress triaxiality for the additively manufactured and 

commercial wrought AISI 316L. The shaded blue and gray areas of the plot correspond to the critical 
ductile damage of the AM and CW tubes respectively.  

Taking the above conclusion into consideration it is possible to transfer the experimental 

strains obtained by DIC from principal strain space presented priorly to the space of effective 

strain 𝜀 ̅vs. stress-triaxiality 𝜂 = 𝜎 /𝜎 by means a simple analytical procedure based on the 

application of the following two equations derived from Hill 48 yield plasticity criterion and 

associated constitutive equations (Hill, 1948),  

𝜀̅ =
1 + �̅�

(1 + 2�̅�)
𝜀 + 𝜀 +

2�̅�

(1 + �̅�)
𝜀 𝜀   (5.13) 

𝜎

�̄�
=

1 + 2�̅�

3√1 + 2�̅�

(1 + 𝛽)

1 +
2�̅�

1 + �̅�
𝛽 + 𝛽

 
(5.14) 

In the above equations, the symbol �̄� denotes the effective stress, 𝜎  is the hydrostatic 

(mean) stress, 𝛽 = 𝑑𝜀 𝑑𝜀⁄  is the slope of the strain loading path at a specific strain pair 

(𝜀 , 𝜀 ) and �̅� is the normal anisotropy taken as 0.7 and 1 for the additively manufactured and 

wrought commercial AISI 316L stainless steel tubes calculated from the anisotropy results 

found in the tensile tests present in Subchapter 5.1.  

The result of the transference is shown in Figure 5.20b, and the two-coloured areas that are 

bounded by the loading paths and the vertical axis are the experimental critical values 𝐷  
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of the ductile damage criterion (McClintock, 1968) for the additively manufactured (AM) and 

commercial wrought (CW) AISI 316L stainless steel tubes, 

𝐷 = 0.16          𝐷 = 0.17 (5.15) 

As shown in Figure 5.20b and equation (5.15) the formability of the commercial wrought 

tubes is greater than that of the additively manufactured tubes, but the latter are still very 

much capable of withstanding large plastic deformations. The experimental critical values 

𝐷  of ductile damage shown in equation (5.15) were utilized in finite element modelling of 

tube expansion to identify the onset of failure by cracking and to perform subsequent crack 

propagation by means of the element deletion technique that was previously described in 

subchapter 5.2.4. The result for the additively manufactured tubes is shown in Figure 5.21. 

 

Figure 5.21 Finite element predicted distribution of ductile damage according to McClintock (1968) criterion after 
crack initiation and propagation with an enclosed photograph of an additively manufactured tube. 

Observations obtained by SEM on the morphology of the fractured surfaces obtained in the 

expansion of AM and CW tubes shown in Figure 5.22 further validate on the above. In fact, 

the images taken from the fracture of the AM expanded tubes (Figure 5.22a) reveal a dimple 

based structure with a highly stochastic size and depth. This structure is typical of ductile 

fracture with crack opening by tension (mode I of fracture mechanics) along the 

circumferential direction and therefore compatible with a void growth and coalescence-based 

McClintock damage criterion considered in the former analysis.  

Additionally, the average size of the dimples and of the micro-voids in the AM cracked 

surfaces are larger than in the corresponding CW cracked surfaces (Figure 5.22b). This last 

observation is once again due to the heterogenous microstructure (Wang et al., 2020) 

observed in the AM tubes and explains the reason why the CW tubes can withstand larger 

plastic deformations until failure by cracking. Still, because the morphology of the fracture 
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surfaces of the AM tubes is mainly composed of small size dimples, it is understandable why 

they can undergo significant plastic deformations typical of tube end forming operations. 

 

Figure 5.22 SEM of the fracture surfaces of the: 
(a) Additively manufactured AISI 316L stainless steel tubes. 
(b) Commercial wrought AISI 316L stainless steel tubes. 

5.2.5.3 Microstructure  

Figure 5.23 shows the original microstructure of the additively manufactured (AM) and 

commercial wrought (CW) AISI 316L stainless steel tubes that were obtained from 

metallographic samples cut out from the cylindrical unexpanded regions. The images were 

obtained under three different magnifications. 

The vertical lines that are seen in Figure 5.23a are due to a dendritic growth of columnar 

grains with primary arms aligned with the building direction and the secondary arms bonding 

the neighboring grains together. The dark and bright regions in the figure are sequences of 

δ-ferrite phases (dark regions) embedded in an γ-austenite matrix (bright regions) 

(Jin et al., 2020). This type of microstructure is typical of stainless-steel as-built parts 

produced by wire-arc additive manufacturing (WAAM) because the heating-cooling cycles 

resulting from material deposition layer-by-layer promote the growth of grains along the 

temperature gradient (Ji et al., 2017).  
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The dendritic growth of columnar grains with primary arms aligned with the temperature 

gradient (building direction) justifies the anisotropic mechanical behaviour of the AM tubes 

that is, for example, observed with the earing defects shown priorly in the expanded tube 

ends (Figure 5.18). Moreover, variations of the heating-cooling rates along the interfaces of 

the deposited layers can further promote the development of finer and messier dendrites as it 

is shown in the upper region of the leftmost picture of Figure 5.23a. 

 

Figure 5.23 Microstructures of metallographic samples observed with an optical microscope and taken from the 
original unexpanded regions of: 

(a) additively manufactured AISI 316L tubes 
(b) commercial wrought AISI 316L tubes 

The vertical lines that are seen in the microstructure of the CW tubes (Figure 5.23b) 

correspond to residual δ-ferrite phases that were elongated during the production of the 

tubes by rolling and profiling (Ahmed et al., 2013). Because the CW tubes were annealed to 

homogenize the microstructure resulting from rolling, profiling and electric resistance welding, 

their final microstructure is equiaxial with stable polygonal grain features (Kumar, 2010), as it 

is shown in the rightmost image of Figure 5.23b. 

Figure 5.24 presents several microstructures of the expanded AM tubes with a tapered 

conical punch. The microstructures were taken from metallographic samples cut out from the 

expanded regions of the tubes across two different longitudinal and radial directions (refer to 

the scheme included in Figure 5.24a). 
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Figure 5.24 Microstructures obtained with an optical microscope on the expanded regions of AISI 316L stainless 
steel tubes: 

(a) Schematic representation of the radial and longitudinal directions from where the metallographic 
samples were retrieved.  

(b) Radial direction under small plastic deformation. 
(c) Radial direction under large plastic deformation. 
(d) Circumferential direction under small plastic deformation. 
(e) Circumferential direction under large plastic deformation. 

The observation of the microstructures along the radial directions (Figures 5.24b and 5.24c) 

reveals changes along the perimeter of the AM tubes attributed to material reaction against 

the tensile circumferential state-of-stress imposed by the tube expansion process. In fact, 

when plastic deformation of the tubes is small, the top view of the columnar dendritic 

structure remains unchanged with regular spacing between the secondary arms of the 

dendrites (Figure 5.24b). But, when the circumferential strain 𝜀  associated to the increase in 

tube diameter becomes larger there is a noticeable sharp elongation of the circumferentially 

stretched grains (Figure 5.24c). 
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In addition to what was mentioned above because the tensile circumferential state-of-stress 

is perpendicular to the dendritic growth it may give rise to local deformations along the grain 

boundaries (Wu et al., 2019). This phenomenon is responsible for coarsening the surface of 

the expanded tubes with several vertical striations that ripple along the tube length as it is 

shown in subchapter 5.2.5.1 (Figure 5.18). 

The observation of the microstructure along the longitudinal direction (Figures 5.24d and 

5.24e) also reveals changes relative to the original microstructure of the unexpanded tubes. 

Firstly, the primary arms of the dendrites are 30 degrees inclined to the building direction due 

to the semi-angle of inclination of the tapered conical punch. Secondly, because the 

meridional strains 𝜀  are compressive, the response of the dendritic columnar grains is not to 

elongate but, instead, to constrict the primary arms of the dendrites. For this reason, the 

secondary arms of the dendrites are much more assimilated within the matrix for larger 

plastic deformations (Figure 5.24e) than for smaller ones (Figure 5.24d). 

5.2.5.4 Microhardness  

Figure 5.25 shows the evolution of the Vickers microhardness (HV0.5) as function of the 

vertical position 𝑍 (Figure 5.25a). Three different regions labelled as 𝐴, 𝐵 and 𝐶 

corresponding to distinct microhardness measurements and microstructures are identified. 

Region 𝐴 corresponds to the baseplate used for producing the AM tubes and is characterized 

by near constant values of 304 HV up to the interface between the baseplate and the first 

deposited layer of material, where a sudden peak of 350 HV is measured. This 

microhardness peak is due to a predominant refined grain structure at the interface between 

the baseplate and the first deposited layer of material, originated by a rapid solidification of 

this layer owing to a very efficient dissipation of heat through the baseplate (Xie et al., 2020). 

Region 𝐴 does not exist in the CW tubes. 

Region 𝐵 refers to the unexpanded length of the AM and CW tubes. Average microhardness 

values of 313.0 ± 8.1 HV and 282.5 ± 3.1 HV were respectively obtained for the two types of 

tubes. The larger deviations from the average microhardness value of the AM tubes are 

related to the irregular dendritic growth caused by the heat-cooling dissipation cycles at the 

interfaces between the layers (refer to microstructures in Figure 5.22a) and, therefore, to the 

locations in the microstructure where the indentations were made (Tapoglou & Clulow, 

2021).This reason also explains why the average microhardness value of the AM tubes is 

slightly greater than that of the CW tubes. 

Region 𝐶 contains the microhardness measurements along the expanded sections of the AM 

and CW tubes. The results obtained for the AM tubes are coherent with the microstructures 
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along the meridional direction (Figures 5.24d and 5.24e), which denoted assimilations of the 

secondary arms of the dendrites within the matrix as plastic deformation becomes more 

pronounced. In fact, these assimilations can be seen as a slight grain refinement 

phenomenon that will give rise to strain hardening and to an increase in microhardness 

within these regions (Rajput et al., 2020). 

 

Figure 5.25 HV0.5 microhardness measurements along the length of commercial and deposited AISI 316L 
stainless steel tubes: 

(a) Schematic representation of the procedure utilized in the measurements.  
(b) Evolution of the microhardness with the vertical distance 𝑍. 

The results obtained for the CW tubes reveal a greater hardness growing rate than that of 

the AM tubes in close agreement with the results obtained for the tensile and ring hoop 

tension tests presented in Subchapter 5.1 that showed a more significant strain hardening in 

the respective flow curves (subchapter 5.1.3.4). The finer grain size of the initial 

microstructure of the CW tubes also explains the greater hardness growing rate. Peak values 

of microhardness of 393.1 HV and 473.2 HV were measured near the expanded edges of the 

AM and CW tubes, respectively. 

5.3 HAM with tube flanging 

The overall work developed in Subchapter 5.2 allowed retrieving two main conclusions on 

the feasibility of utilizing tube end forming operations in novel hybrid additive manufacturing 

(HAM) routes. The first conclusion is related with the ductility of the deposited material (AISI 

316L stainless steel) when subjected to tension states-of-stresses, which was shown to be 

considerably near to the one found in commercial wrought tubes of the same metal alloy. 

With this conclusion, it is clear that metal preforms obtained by WAAM can be properly 

shaped by means of large plastic deformations without reaching the onsets of necking or 

fracture. The second conclusion was on the numerical predictions of material flow, loads, 
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strains and ductile damage that followed closely to the ones obtained from the experimental 

tests. This shows that the proposed numerical modelling was suitable for replicating the 

behaviour of the material during the experiments and thus should be identically suitable for 

the purpose of modelling other metal forming operations on the same material. 

Both these conclusions are important because they open the path for further developments 

in the widely open field of HAM with tube forming. However, it is worth mentioning that the 

developments described in Subchapter 5.2 were only possible by testing the deposited tubes 

within the same conditions of the commercial ones. This necessity implied machining of the 

deposited preforms to obtain tubes with a uniform thickness, diameter, and surface quality 

because all these would not be possible to obtain with any metal additive manufacturing 

process in the as-built condition (i.e. with no post-processing stages). By taking this in 

consideration, it is therefore important to develop novel HAM solutions that do not require 

complete machining stages on the as-built parts since these operations are highly time and 

energy consuming and may end up hindering any industry attractiveness.  

Under these circumstances, another HAM approach comprising tube end forming will be 

presented in the current Subchapter as a way of bringing light to possible forthcoming 

applications regarding this field. The proposed idea is to build flat flanges on the edges of the 

deposited tubes in the as-built condition as schematically shown in Figure 5.26a. For this 

purpose, flanges are again built using tube end forming operations but unlike to what was 

done in Chapter 4 (HAM with incremental sheet forming) this operation is followed by further 

metal deposition stages. This means that building the flanges – hereafter designated as tube 

flanging – will have the main purpose of supporting the remaining construction by MAM while 

being intentionally kept in the part. By doing this, all metal deposition stages can be carried 

out using 3-axis motion systems as a replacement for complex deposition strategies and 

systems while also avoiding the use of support structures – support-free construction – that 

are commonly found in powder bed fusion (PBF) processes. 

Moreover, the idea schematized in Figure 5.26a can give rise to other purposes other than 

support-free construction as shown in Figure 5.26b. In this Figure, two axisymmetric walls 

(internal and external) are firstly deposited and, afterwards, tube flanging is then applied in 

the internal one. If applied correctly, the flanged edge of the internal wall can intersect the 

external one for the purpose of creating hollow regions (with no material) which will be 

contained within the parts. Then, follow-up metal depositions will allow consolidating the 

whole part together by generating a welding bond between the flanged wall, the external wall 

and the newly-deposited layers. 
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Figure 5.26 Schematic representation of the proposed HAM with tube flanging operations for:  

(a) enabling support-free construction. 
(b) creating hollow regions within the parts. 

Fabricating semi-finished parts with stiff hollow regions fits well within several manufacturing 

trends, such as lightweight construction. However, the applicability domain of having hollow 

regions built in a feasible and efficient manner in parts is of particular interest in the industrial 

sector of tool manufacturing. This sector, nowadays focused on ensuring precise production 

of tools such as dies, molds, inserts, fixtures, etc, to match production of end-use parts with 

increasingly strict quality standards, is rethinking continuously on how to maximize the 

productivity enabled by state-of-the-art tools (Ahn, 2011).  

Within this scope, one leading idea is on the utilization of multidirectional cooling channels 

that are built along an arbitrary profile, designated as conformal cooling channels (CCC) 

(Figure 5.27). The incorporation of CCC in dies, molds or baseplates is stimulating due to its 

potential for shortening cooling times in hot-working processes such as polymer injection, 

casting, hot forging, welding or hot extrusion by promoting a fast and efficient heat 

dissipation that, in turn, optimizes the overall production cycles (Hölker et al., 2013). 
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Figure 5.27 Comparison of conventional cooling systems (single channel, serial cooling, baffle and isobar 
systems) against state-of-the-art ones known as conformal cooling channel systems (CCC – 
rightmost). The schematic representations exemplify on a plastic injection molding operation.  

For this purpose, a combined numerical- experimental investigation was again carried out to 

investigate if hollow regions such as those shown in the rightmost of Figure 5.26b can in fact 

be obtained by means of tube flanging. The experiments consisted in flanging tests on the 

edges of deposited as-built tube specimens (i.e. without machining) to determine the the 

expanded flange radius. The goal of these tests is to find the maximum flange radius that can 

be obtained while avoiding occurrences of fracture, buckling and external inversion, whereby 

numerical predictions obtained by finite element modelling will again support the 

investigation. In the end, a proof-of-concept tool model was built using the optimum 

conditions found in the tube flanging tests. 

5.3.1 Materials 

The experiments of the current subchapter made use of AISI 316L stainless steel tube 

shaped depositions. For this purpose, metal depositions were carried out with an 99.9% 

argon shielding gas in the same system used in subchapters 5.1 and 5.2 with a 1 mm 

diameter wire and hot-rolled AISI 316L baseplates having a 15 mm thickness. Unlike the 

former subchapters, no commercial wrought tubes were used in the experiments of the 

present subchapter (5.3).  

Regarding the deposition strategies, several changes were made in terms of processing 

parameters and deposition strategies. Figure 5.28 schematizes the three different deposition 

strategies utilized for building one axisymmetric hollow region – hereafter designated as 

chamber – and the final machining stage on the final as-built surfaces.   
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Figure 5.28 Schematic front and top views of the different stages in the proposed hybrid procedure: 
(a) 1st deposition strategy, applied for building base walls. 
(b) 2nd deposition strategy, applied for building the edge walls. 
(c) 3rd and final deposition strategy, applied for closing the chamber by consolidating together the base 

and flanged edge walls. 
(d) Finishing of the functional as-built surfaces by turning 

In the 1st strategy (Figure 5.28a), the internal and external (base) walls of the chambers are 

built with a concentric double-bead path. For each layer, the transition between the adjacent 

beads is performed with a radial step-over (refer to the green arrows in the details of 

Figure 5.28a – top view). This transition is continuous, meaning that no cooling time was 

implemented in between deposition of the adjacent concentric beads. After depositing one 

layer, the step-over coordinates are 90 degrees rotated to avoid concentrating overlapped 

beads. The processing parameters used for building the internal and external base walls of 

the chambers are identical.  

In the 2nd strategy (Figure 5.28b), a thinner (edge) wall is deposited onto the internal base 

wall deposited priorly. This is accomplished with a concentric single-bead path that follows a 

higher travel speed to allow minimizing the building rate and, consequently, the thickness of 

the wall. The starting point of each path is again 90 degrees rotated between layers. As seen 

in Figure 5.28b, the edge wall can be built vertically but it may also comprise a certain 

inclination. Both alternatives will allow testing two different methods (𝐼 and 𝐼𝐼) of tube flanging 

which will be further explained in the following subchapter. 
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Finally, the 3rd strategy (Figure 5.28c) is carried out on top of the flanged edge wall in order 

to consolidate the part by closing the chambers and restarting the metal deposition stages. In 

this strategy, concentric multi-bead paths were used with proper bead overlapping to avoid 

unfilled regions between the adjacent beads. Repeating this hybrid procedure will define the 

number of chambers belonging to the final part, which is obtained by turning of its as-built 

surfaces to provide proper precision and surface quality (Figure 5.28d). 

The processing parameters utilized in each deposition strategy described above are 

disclosed in Table 5.4.  

Table 5.4 Processing parameters used for each metal deposition strategy described above and schematically 
shown in Figure 5.28. 

Metal 

deposition 

strategy 

Current 

(A) 

Voltage 

(V) 

Wire Feed 

Speed 

(m/min) 

Travel 

Speed 

(m/min) 

Layer 

height 

(mm) 

Step-over 

distance 

(mm) 

1st  

100 16.5 6 

0.6 2.5 3 

2nd 1 0.8 – 1 – 

3rd 0.6 2.2 3 

 

5.3.2 Methodology 

5.3.2.1 Tube flanging tests 

Tube flanging experiments were performed at room temperature on a hydraulic testing 

machine Instron SATEC 1200 kN in quasi-static operating conditions. For these experiments, 

MoS2 lubricant was utilized in order to minimize the effect of interface friction (between the 

utilized tools and specimens) during testing. The experiments were carried out by means of 

two different methods depending on the geometry of the edge wall (Figure 5.29a) – method 𝐼 

for vertical walls (Figure 5.29b) and method 𝐼𝐼 for inclined walls (Figure 5.29c). 

In method 𝐼, a two-stage tube forming sequence is encompassed: an initial tube expansion 

stage where the tube is compressed against a rigid truncated punch followed by an upsetting 

stage with a flat punch for obtaining a plane flange. In a way, this method consists in an 

adaptation of conventional external tube inversion for which a profiled die is traditionally 

utilized to generate inside-out metal flow by means of axial compression (Rosa et al., 2004). 

These operations were performed without using a tubular sleeve tool in contrast to the 

expansion tests of Subchapter 5.2. 



116 
 
 

 

Method 𝐼𝐼 is simpler because it only requires a single tube forming operation in the form of 

upsetting with a flat punch. However, this method comes at the challenge of firstly depositing 

the edge walls with a certain inclination to allow shaping the leading edge of the tube into a 

plane flange. Similarly to method 𝐼, no tubular sleeve tool was used for the upsetting stage. 

 

Figure 5.29 Creation of overhangs between the external and internal base walls: 
(a) Deposition of vertical or inclined single bead edge walls. 
(b) Two-stage tube forming sequence for flanging vertical edge walls - Method 𝐼. 

(c) Single-stage tube forming operation for flanging inclined edge walls - Method 𝐼𝐼. 

5.3.2.2 Experimental work plan 

The main goal of tube flanging tests on as-built tube shaped depositions is to determine the 

maximum flange radius that can be created without showing signs of: (a) tube buckling, (b) 

tension crack opening and (c) tube inversion, which are schematically presented in Figure 

5.30. For this purpose, metal depositions were carried out only with the 1st and 2nd deposition 

strategies, with the 1st strategy being used only for depositing the internal axisymmetric walls. 

Determination of the maximum flange radius 𝑟  achievable while circumventing the defects 

mentioned above will allow defining the dimensions of the external wall built with the 1st 

deposition strategy that in turn maximizes the radial size of the chambers.  

 

Figure 5.30 Schematic representation for the formability failure modes in tube flanging of additively manufactured 
tubes in the form of buckling (left), tension crack opening (middle) and external tube inversion (right). 
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A summary of the experimental work plan regarding tube flanging is presented in Table 5.5 

coupled with representations of the geometric parameters. Regarding the tests, the proposed 

work plan comprises both methods 𝐼 and 𝐼𝐼 and is further divided in three specimen 

geometries with variable height (refer to Table 5.5 – IDs . 1, .2, .3). In the case of thickness at 

either the base 𝑡  or edge 𝑡  walls of the specimens, approximate values are given due to the 

surface waviness of as-built tubes resulting from metal deposition by GMA-DED.  

Table 5.5 Summary of the work plan for tube flanging tests on deposited AISI 316L tubes. 

Method Specimen ID 
tb 

(mm) 
te 

(mm) 
r0 

(mm) 
h0 

(mm) 
re 

(mm) 
he 

(mm) 

𝑰 

𝑰. 𝟏 

𝑰. 𝟐 

𝑰. 𝟑 
~ 5 ~ 3 20 

10* 

15* 

20* 

25** 

27.5** 

30** 

8.7** 

13** 

17.4** 

𝑰𝑰 

𝑰𝑰. 𝟏 

𝑰𝑰. 𝟐 

𝑰𝑰. 𝟑 

- 

25* 

27.5* 

30* 

8.7* 

13* 

17.4* 

 

* after deposition 

** after deformation 

The values of the initial outer tube radius 𝑟  were chosen to be near to the ones considered 

in tube expansion tests carried out in Subchapter 5.2. The values for the expanded tube 

radius 𝑟  and height ℎ  obtained by tube expansion (𝐼) shown in Table 5.5 were estimated by 

assuming material incompressibility at the edge of tubes. The same values for those 

obtained with metal deposition (𝐼𝐼) were designed to be similar to the previous for 

comparison purposes. 

5.3.3 Finite element modelling 

The numerical simulations of tube flanging in additively manufactured tubes was again 

carried out with the in-house finite element computer program i-form3 

(Nielsen and Martins, 2021). For this purpose, the computational approach utilized in the 

simulations of tube expansion (equation (5.9) in subchapter 5.2.4) was again used as well as 
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the Hill 48 anisotropic yield criteria for modelling the material (equation (5.11) and Table 5.3 

of subchapter 5.2.4). 

Two finite element models were built for simulating the material flow in tube flanging with 

regard to both methods presented priorly. For method 𝐼 (Figure 5.31a), the as-built tubes are 

modelled vertically and are flanged at the edge by means of two sequential operations: 

expansion with a conical truncated mandrel followed by upsetting with a flat punch.  

For method 𝐼𝐼 (Figure 5.31b), the as-built tubes are modelled with a 30 degrees inclined 

edge wall and are flanged at the edge by means of a single upsetting operation carried out 

with a flat punch.  

 

Figure 5.31 Initial finite element models utilized in the numerical simulations of:  
(a) Tube flanging according to method 𝐼. The model used for simulating the first operation 

(tube expansion) of this method is shown. 
(b) Tube flanging according to method 𝐼𝐼. The model used for simulating the first and only operation 

(upsetting) of this method is shown. 

The tubes were discretized with a total number of elements between 45.000 and 62.000 

hexahedral elements (depending on their dimensions) and the active tool parts were 

discretized by means of rigid spatial triangular elements. In case of the tubes, the rough 

surface quality of the deposited walls was not considered in the models. Friction was 

modelled by means of the law of constant friction 𝜏 = 𝑚𝑘, where 𝑚 is the friction factor and 

𝑘 is the shear flow stress. A slightly higher value for the friction factor 𝑚 = 0.2 than to the one 

used in the simulations of Subchapter 5.2 (𝑚 = 0.1) was considered because the as-built 

tubes suffer from a much coarser surface quality than to those previously machined by 

turning (subchapter 5.2.1). 
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5.3.4 Results and discussion 

5.3.4.1 Wall geometry 

The roughness of the as-built tubes with either vertical and inclined edge walls was analyzed 

with cross-sectioned samples shown in Figure 5.32. At first glance, it can be seen that the 

deposition strategies were suitable for building thin base walls with thinner edge walls 

deposited on top of the former ones as intended. Moreover, the inclined walls utilized in 

method 𝐼𝐼, were successfully built without requiring complex deposition strategies or even 

support structures. The inclination of the walls was near to 30 degrees with no evidence of 

dripping or structural collapse. Still, two common defects of metal deposition by WAAM are 

seen: humping and rough surface quality.  

 

Figure 5.32 Cross-sections and measurements of the surface waviness (SW) on: 
(a) As built tubes with vertical edge walls – method 𝐼. 
(b) As built tubes with inclined edge walls – method 𝐼𝐼. 
(c) Notation utilized for determining the surface waviness (SW) index.  

Humping is visible in the edge of both vertical and inclined edge walls. This is due to the 

increase in the travel speed of the torch on the course of the 2nd deposition strategy as a way 

of allowing deposition of thinner walls. Additionally, rough surface qualities can be detected 

in all tube walls shown in Figures 5.32a and 5.32b due to the high build rates of WAAM. To 

analyze this factor, the surface waviness index SW was calculated by dividing the difference 

between full and effective cross-areas with the sum of heights of layers under consideration 

(Yehorov et al., 2019) as schematized in Figure 5.32c, 

 𝑆𝑊 =  
𝐹𝑢𝑙𝑙 𝑎𝑟𝑒𝑎 − 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎

∑ 𝐿𝑎𝑦𝑒𝑟 ℎ𝑒𝑖𝑔ℎ𝑡
 (𝑚𝑚) (5.16) 
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For this estimation, full and effective quadrilateral-shaped areas were considered, and 𝑆𝑊 

indices were calculated for both base and edge walls. The 𝑆𝑊 values are included in 

Figure 5.32 and allow denoting a fine waviness for all as-built walls with a peak value of 0.28 

in case of the inclined edge walls utilized for method 𝐼𝐼. If material removal operations were 

to be included for improving the quality of the walls, the 𝑆𝑊 index would provide predictions 

of the machining allowance. For this reason, it is essential to minimize the value of 𝑆𝑊 as 

much as possible for reducing the material waste by machining if such operations were to be 

included in intermediate stages of the proposed HAM approach. 

5.3.4.2 Flanging of as-built tubes obtained by WAAM 

Figure 5.33a provides the load-displacement evolutions of the tube flanging operations 

involved in method 𝐼: tube expansion with a rigid punch (open square markers) and upsetting 

with a flat punch (open circle markers). Three evolutions for each operation are shown 

according to the tube geometries previously disclosed in the experimental work plan (IDs 

𝐼. 1, 𝐼. 2, 𝐼. 3). Finite element predictions on the load-displacement evolutions are present for 

specimen 𝐼. 3 (refer to the red pointed and dashed lines of Figure 5.33a). 

 
Figure 5.33 Results obtained from flanging tests of as-built tubes according to method 𝐼: 

(a) Experimental load-displacement evolutions of the tests on three different geometries with one 
numerical evolution for specimen 𝐼. 3 (fem). The red solid markers represent premature conclusion of 
the tests due to appearance of defects (external inversion and tension crack opening) 

(b) Photograph and finite element model of specimen 𝐼. 3 with crack opening by tension in regions where 
the critical ductile damage (McClintock criterion) 𝐷 = 0.16 of the material is reached. 

Regarding expansion of as-built tubes, the operations were successfully accomplished for all 

specimens by increasing the expanded tube radius 𝑟  while showing no signs of crack 

opening nor tube buckling. The evolutions for the different tests show a near collinearity 
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between all tests indicating that the dimensions of the as-built specimens regarding edge 

wall thickness and diameters were uniform.  

From the upsetting operations, it is seen that the loads are significantly higher than the ones 

used in the expansion of the as-built tubes. This is mostly due to strain hardening of the 

deposited material, which is driven by the prior expansion of the as-built specimens. 

Additionally, while the previous plastic deformation stage was successfully accomplished for 

all specimens, the same cannot be said for the upsetting stage used in method 𝐼. In fact, 

specimens 𝐼. 2 and 𝐼. 3 failed as a consequence of excessive circumferential strain loading 

but in different manners: while the first started to externally invert around the leading edge, 

the second reveals a crack opened by tension as seen in the photograph of Figure 5.33b. 

The numerical prediction of the tube at the onset of fracture justifies on the former by 

revealing that the critical ductile damage of the material 𝐷 = 0.16  (McClintock criterion 

calibrated in subchapter 5.2) was reached at the tube edge. 

Hence, specimen 𝐼. 1 remained as the only one that could withstand the imposed plastic 

deformation into building a plane flange. However, the upsetting loads for this specimen in 

particular are shown to be significantly higher due to wall thickening during the early stages 

of compression. This result is important to take in consideration because it could limit the 

applicability of method 𝐼 in certain hybrid additive manufacturing systems that may not safely 

reach such loading capacities in the same way as conventional hydraulic presses do.  

Figure 5.34a provides the load-displacement evolutions of the tube flanging operations 

involved in method 𝐼𝐼 which consist in a single upsetting stage with a flat punch. Again three 

evolutions are shown according to the tube geometries in consideration (IDs 𝐼𝐼. 1, 𝐼𝐼. 2, 𝐼𝐼. 3). 

As seen, the load-displacement evolutions follow similar paths for all tested specimens with 

the first load peak being approximately equal in terms of magnitude and displacement. This 

means that flanging of the as-built inclined tubes begins to occur at similar conditions which 

allows concluding that inclined edge walls have a uniform thickness between specimens. 

In terms of formability, an interesting result concerns the absence of any tension crack 

opening on flanges obtained under method 𝐼𝐼 in contrast to those obtained with method 𝐼. 

This is because method 𝐼𝐼 does not require any prior tube expansion operations to fabricate 

inclined edge walls, since this stage is replaced by inclined metal deposition. For this reason, 

the inclined edge walls can be plastically deformed into plane flanges with a single operation 

without reaching the critical ductile damage of the material, as shown in Figure 5.34b where 

maximum values of 𝐷 ≈ 0.10 < 𝐷  were found.  
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Figure 5.34 Results obtained from flanging tests of as-built tubes according to method 𝐼𝐼: 
(c) Experimental load-displacement evolutions of the tests on three different geometries with one 

numerical evolution for specimen 𝐼𝐼. 3 (fem). The red solid marker represents premature conclusion 
of the tests due to appearance of defects (external inversion). 

(d) Photograph and finite element model of specimen 𝐼𝐼. 3 showing the occurrence of external inversion 
at the edge wall with low ductile damages values (McClintock criterion). 

Nonetheless, external inversion around the leading edge of the as-builts tubes was also 

found to occur in specimen 𝐼𝐼. 3 due to circumferential strain loading on the tube edge. Still, 

the resultant material flow after inversion is stationary and therefore is not at risk of failing by 

cracking as seen in Figure 5.34b. To conclude, the remaining specimens 𝐼𝐼. 1 and 𝐼𝐼. 2 were 

successfully deformed into building plane flanges around their edge as intended.  

A summary of the results obtained from tube flanging along both methods I and II is enclosed 

in Table 5.6. This summary includes photographs of the deformed tubes, the individual 

values of the resultant flange radius 𝑟  and notes concerning the appearance or absence of 

defects.  

From the observed defects, tension crack opening and external tube inversion were found to 

occur but no signs of wrinkles due to buckling were noticed. This means that having a thicker 

base wall than the edge (deformed) one allowed the specimens to have a proper stiffness so 

that all plastic deformation occurs only at the later. Moreover, specimen 𝐼𝐼. 2 provided the 

largest flange radius 𝑟  without compromising its geometry with any defects whatsoever. For 

this reason, the metal deposition and tube forming stages for obtaining the flanges of 

specimen 𝐼𝐼. 2 were replicated to build the intended the tool model because they allow 

obtaining the largest chambers in a safe manner.  
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Table 5.6 Summary of results obtained from flanging tests on as-built deposited AISI 316L tubes. 

Method Specimen ID 𝒓𝒇 (mm)                      Defects 

𝑰 

𝐼. 1 30.9 
 

No defects were detected 

𝐼. 2 - 
 

Failed by tube inversion 

𝐼𝐼. 3 - 
 

Failed by tensile crack opening 

𝑰𝑰 

𝐼𝐼. 1 27,9 
 

No defects were detected 

𝐼𝐼. 2 32,4 
 

No defects were detected 

𝐼𝐼. 3 - 
 

Failed by tube inversion 

 

 

5.3.4.3 Support-free construction of a tool model 

The implementation of the proposed HAM approach involving tube flanging was carried out 

to evaluate the potential that such methodology may bring in the aim of enabling supportless 

construction. The cross-section view of the fabricated benchmark tool model can be seen in 

Figure 5.35 (a), for which a total of five axisymmetric chambers were incorporated on the 

interior of the model by carrying out the procedures of method 𝐼𝐼.  

On the top region of the model, two radially adjacent chambers were also successfully built. 

In the end, material removal by turning was utilized for providing a smoother surface quality 
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on the external contours of the model. The overall cross-section shape of the chambers is 

slightly irregular due to surface waviness that exists on the contour walls which once they are 

closed by tube flanging, become impossible to machine. A possible solution for removing the 

aforementioned surface waviness could be to integrate intermediate machining operations 

such as milling priorly to each tube forming operation.  

Figures 5.35b presents schematic representations of rapid tooling ideas that can take 

advantage of shallow chambers for promoting conformal cooling in optimum lead times. For 

this type of applications, the utilization of intermediate machining operations (such as drilling) 

may be inevitable in order to build the connections between chambers to define the coolant 

flow.  

 
Figure 5.35 Implementation of the proposed HAM with tube flanging approach for enabling support-free 

construction in the field of tooling: 
(a) Photograph of the fabricated tool model. 
(b) Schematic representations of applications in the field of polymer injection molding (mold and core) 

with conformal cooling channels (CCC). 

Nevertheless, the incorporation of shallow regions on the interior of parts may serve for 

purposes other than building advanced tools, like for instance, reducing weight of parts in 

general. In fact, by weighting the fabricated tool model (Figure 5.35a) and, afterwards, 

compare it to the estimated weight of a filled part with identical outer shape, a total weight 

reduction of approximately 46% was achieved. For these reasons, it is concluded that the 

proposed HAM approach can be applied to multiple purposes and be seen as an active and 

flexible solution for producing complex MAM end-use parts. 
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6 Hybrid additive manufacturing with bulk forming 

This Chapter will be focused on integrating hybrid additive manufacturing (HAM) with bulk 

metal forming. For this purpose, the Chapter is presented in two main subchapters: one 

based upon experimental characterizations of bulk shaped metal depositions built by MAM 

(6.1) and the following intended to present novel technological developments in the field of 

Hybrid Additive Manufacturing (HAM) with integrations of bulk metal forming (6.2).  

In subchapter 6.1, the deposited materials will be analyzed and characterized using 

methodologies and procedures to be presented with a special focus on part density. In the 

following subchapter (6.2), a novel HAM approach will be presented for the first time ever 

comprising metal deposition by LPBF, material removal operations and coin minting to 

produce collection coins of high commercial value. 

6.1 Material characterization 

The overall procedures utilized for characterizing bulk shaped metal depositions presented in 

this thesis deviate slightly from those presented in the former subchapters for sheet 

(subchapter 4.1) and tube (subchapter 4.2) depositions. The reason for this is due to the 

present segment drawing from metal deposition by Laser Powder Bed Fusion (LPBF), 

whereas sheet and tube shaped depositions made use of the electric arc-based process 

known as GMA-DED. Although being both part of the same manufacturing technology, the 

main characteristics of parts built by either GMA-DED or LBPF are very distinct. For instance, 

the quality of LPBF parts can be significantly higher in terms of geometric precision due to 

the fine and selective depositions rates provided by this process that are not by all means yet 

achievable with GMA-DED.  

However, the selective depositions of LPBF imply using highly complex deposition strategies 

for building three-dimensional parts with a strong dependence on the laser scanning path. 

Moreover, metal deposition by LPBF is very sensitive to processing parameters which have 

been found to significantly influence the mechanical properties and density of built parts. This 

remark becomes even more evidenced by taking into account the high amount of processing 

parameters typically considered during metal deposition by LPBF which include laser power, 

scan speed, spot size, layer thickness, among others. In fact, a big portion of peer works 

related with LPBF are on finding the optimum sets of processing parameters to allow building 
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high quality parts in the perspective of providing reproducible guidelines for real end-use 

applications. 

Under these circumstances, shifting from GMA-DED to LPBF for building bulk shaped 

depositions implies prioritizing subjects other than formability differently to what was 

presented in the former subchapters. The work presented in the current subchapter will begin 

by analyzing the influence of different sets of processing parameters on the quality of LPBF 

depositions. For this purpose, the AISI 316L stainless steel alloy will be again used and the 

chosen quality criterion will be associated with porosity (density) measurements on bulk 

specimens with two techniques: micrograph analysis and Archimedes method. The optimum 

set of processing parameters for obtaining metal depositions with high density will afterwards 

be utilized for building compressive and tensile bulk test specimens to investigate on the 

formability of the material. Measurements of the surface strains during testing were carried 

out by digital image correlation (DIC) in commercial and additively manufactured specimens 

to evaluate the strain loading paths and corresponding formability limits.  

6.1.1 Energy density literature survey 

The high variability for the multiple LPBF processing parameters typically studied in the 

available literature demanded settling a range of certain parameters based upon their 

reproducible quality. If ‘quality’ is to be related with the mechanical properties and density of 

built parts, as in case of this work, well-known LPBF parameters such laser power, hatch 

spacing, scan speed and spot size schematically shown in Figure 6.1a and others such as 

powder particle size or layer thickness are known to have a direct impact on part the 

outcome of the process (Hitzler et al., 2018). A way to accommodate four of the 

aforementioned parameters into a single one is based upon the determination of the energy 

density 𝐸  (J/mm3) by knowing the laser power 𝑃, the hatch spacing ℎ , the layer thickness 𝑡 

and the scan speed 𝑣 as follows, 

𝐸 =
𝑃

 ℎ  𝑡 𝑣
  𝐽

𝑚𝑚3  (6.1) 

Estimations of the energy density 𝐸  are very common in LPBF parametrization studies 

because they facilitate handling and studying the combined effect of multiple processing 

parameters involved in the process. These estimations found in the available literature 

allowed plotting their corresponding values according to the obtained part density as 

presented in Figure 6.1b.  
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Figure 6.1 Evaluation of the main processing parameters on metal deposition by LPBF: 
(a) Schematic top-view representation of the processing parameters. 
(b) Results for part density as a function of energy density available in the literature. 

The evolutions presented in Figure 6.1b are specific for LPBF based works with AISI 316L 

stainless steel feedstock that allow establishing a narrow optimal range of energy density 

values between 67.5 J/mm3 and 135 J/mm3 (refer to the gray vertical dashed lines in 

Figure 6.1b) if one considers relative densities results above 99%. Additional information on 

the evaluated parameters in each of the referenced works considered in the plot can be 

found in Annex A. This estimated optimal range of energy density values will serve as the 

basis for settling the processing parameters to be analyzed in terms of the achievable part 

density as it will be presented and discussed on the following subsections. 

6.1.2 Materials 

6.1.2.1 Density evaluation 

Density measurements were performed on AISI 316L stainless steel bulk specimens built by 

LPBF. For this purpose, a customized LPBF machine manufactured by ADIRA with a 400 W 

fiber laser, focus diameter range of 60-600 µm and minimum layer thickness of 25 µm was 

used. The feedstock material consisted in a gas atomized AISI 316L powder (supplied by 

LPW Technologies) with a particle size distribution of D90 = 46 µm. The chemical composition 

of the feedstock material as specified by the material supplier LPW Technology is depicted in 

Table 6.1. 

Table 6.1 Chemical composition of the AISI 316L powder feedstock (LPW Technology). 

Element Fe Cr Ni Mo Mn Cu Mn Others 

%weight Balance 18.0 13.0 2.5 2.0 0.5 0.03 <1 
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The specimens used for analyzing the effect of the processing parameters on density were 

built with a 10 mm edge cubic geometry as shown in Figure 6.2a. For this purpose, two 

different laser scan strategies were considered: stripes and chessboard. In the stripes 

strategy, the scan is made with all the scan vectors parallel to each other (Figure 6.2b). The 

chessboard strategy instead divides the build area into several small squares (also known as 

‘islands’) where each square has the scan vectors rotated by 90˚ in comparison with the 

adjacent squares (Figure 6.2c). After melting one layer of powder, all vectors are rotated by 

67 degrees in order to avoid repeating the scan orientation during layer-by-layer 

construction.  

As indicated in Figures 6.2b and 6.2c, each scan strategy allows building samples with 

different vector sizes 𝑣  (15 or 10 mm for the stripes scan strategy and 5 or 1 mm for the 

chessboard scan strategy). Moreover, both strategies comprise equally distributed vectors in 

which the offset distance between them corresponds to the hatch spacing ℎ .  

 

Figure 6.2 Metal depositions by LPBF used to quantify density as a function of the processing parameters: 
(a) Photograph of an as-built 10 mm cubic sample. 
(b) Top-view illustrations of the stripes scan strategy (vector sizes 𝑣  of 15 or 10 mm). 

(c) Top-view illustrations of the chessboard scan strategy (vector sizes 𝑣  of 5 or 1 mm). 

Table 6.2 shows the nomenclature and processing parameters for each group of samples 

that were evaluated in terms of density. These parameters were selected with accordance to 

the optimum pre-defined range for energy densities found in the available literature of 67.5 

and 135 J/mm3 having mid values included as well. The remaining LPBF processing 

parameters not mentioned in Table 6.2 were kept constant with values of 0.08 mm for the 

spot size, 0.05 mm for the layer thickness and 800 mm/s for the laser scan speed. Also, an 

inert gas atmosphere of Argon was kept at constant pressure inside the LPBF machine 

chamber during construction.  
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Table 6.2 also allows previewing the sequence of analysis that will be presented on the 

results and discussion section of this subchapter. The effect of the hatch spacing and vector 

size on part density will be evaluated individually followed by an energy density evaluation on 

the same matter. For this last one, laser power variations were exclusively required (refer to 

sample #ED2 presented in Table 6.2) to include different values of energy density. 

Table 6.2 Sample nomenclature and corresponding processing parameters for evaluating their effect on part 
density.  

Sample 
no. 

Power 
(W) 

 Gas 
atm. 

Hatch 
spacing (mm) 

Scan 
strategy 

Vector size 
(mm) 

Energy Density 
(J/mm3) 

Hatch spacing influence study 

HS1 270  Argon 0.05 Stripes 15 135.00 

HS2 270  Argon 0.08 Stripes 15 84.38 

HS3 270  Argon 0.10 Stripes 15 67.50 

Vector size influence study 

VS1 270  Argon 0.10 Chess 1 67.50 

VS2 270  Argon 0.10 Chess 5 67.50 

VS3 270  Argon 0.10 Stripes 10 67.50 

VS4 270  Argon 0.10 Stripes 15 67.50 

Energy density influence study 

ED1 270  Argon 0.10 Stripes 15 67.50 

ED2 245  Argon 0.08 Stripes 15 76.56 

ED3 270  Argon 0.08 Stripes 15 84.38 

ED4 270  Argon 0.05 Stripes 15 135.00 

 

6.1.2.2 Formability evaluation 

The experimental work carried out for analyzing the bulk formability of metal depositions by 

LPBF required building specimens with different shapes and dimensions to the 10 mm cubic 

shaped ones presented earlier. For this purpose, cylindrical shaped metal depositions were 

constructed with 30 mm diameter and 60 mm height to allow fitting the overall shape of the 

depositions with that of the formability specimens. In this segment, the feedstock material of 

AISI 316L stainless steel powder was the same as the one mentioned in the former 

subsection (supplied by LPW Technologies) but a DMG Mori Lasertec 30SLM 2nd Gen LPBF 

machine was instead used.  

Shifting of the LPBF machine required implementing slight changes in some of the 
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processing parameters that were initially kept constant for the analysis of part density. Still, 

the overall processing parameters used for building the cylindrical depositions (Table 6.3) are 

compatible with the optimum pre-defined range of energy density values that allows 

retrieving LPBF depositions with high density. Stripes scan strategy comprising a vector size 

of 5 mm was used because of its appropriateness into replicating equally distributed divisions 

in each layer for defining the cylindricity of the depositions. All depositions were built up 

along the z-axis as shown in Figure 6.3 which also schematizes the scan strategy and 

processing parameters presented in Table 6.3. 

Table 6.3 LPBF processing parameters used for depositing AISI-316L stainless-steel cylinders. 

Laser Power 

(W) 

Spot size 

(mm) 

Scan speed 

(mm/s) 

Layer 

thickness 

(mm) 

Hatch 

spacing 

(mm) 

Vector size  

(mm) 

Gas 

atm. 

250 0.10 750 0.05 0.10 5 Argon 

 

 

Figure 6.3 Schematic representation of the deposition strategy and parameters used in LPBF for the deposition 
of ø30 mm cylinders along the z axis. 

6.1.3 Methodology 

6.1.3.1 Density measurements 

Density measurements on the LPBF built samples were performed with two different 

techniques: one based upon the Archimedean buoyancy principle and other with micrograph 

analysis. Before proceeding with the measurements, the as-built samples were firstly cleaned 

and grinded with sandpaper up to 1000 grit. Afterwards, the measurements were carried out 

without requiring chemical etching.  

Micrograph analysis made use of different cross-sections that were sliced from the built 
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samples and subsequently evaluated: three horizontal cross-sections with a minimum 

distance of 1 mm and one vertical cross section as shown in Figure 6.4a. From the resultant 

cross-sectioned samples, ten micrographs taken from each (area field of 2.5 x 2.5 mm2) were 

obtained with an optical microscope and further processed in ImageJ software. Processing of 

the micrographs in ImageJ was performed by applying to them a black-and-white contrast 

with adjustments on threshold values to highlight the pores as exemplified in Figure 6.4b.  

The number and area percentage of pores in each image was identified and measured by 

performing a minimum of five density measurements in each micrograph and the average 

values and standard deviations for each were considered. These measurements allow so to 

obtain the relative density on each micrograph that are then averaged to quantify the relative 

density of the different groups of samples.  

 

Figure 6.4 Density measurements on LPBF built samples by means of micrograph analysis: 
(a) Sliced cross-sections where the measurements were carried out. 
(b) Schematic representation and examples of microscopic results obtained during the analysis.  

The Archimedes method for measuring density of parts consists in comparing the dry and 

immerse weight of the specimen before and after being immersed in a fluid to obtain its 

density with the following equation, 

𝜌 =
𝑚

𝑚 − 𝑚
𝜌   (6.2) 

where 𝜌  is the sample density, 𝑚  is the dry mass of the sample, 𝑚  is the immerse mass of 

the sample and 𝜌  is the fluid density. Since the micrograph analysis presented above only 

allows obtaining values for relative densities, the same result was obtained with the 

Archimedes method by dividing the measured density of the LPBF built sample 𝜌  with the 

one of a commercial (fully dense) AISI 316L stainless steel rod. To do so, the procedure 

elaborated hereby was repeated for samples sliced from a wrought rod in order to provide 
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the commercial reference density of AISI 316L stainless steel ≈ 8 g/cm3 . 

The measurements were performed in a Sartorius 410 BP 410S scale with maximum weight 

of 410 g and a resolution of 0.001 g. All measurements were carried out using deionized 

water and its temperature-dependence on the fluid density 𝜌  was considered. A schematic 

representation of the procedure can be seen in Figure 6.5. Five measurements for both dry 

and immerse mass were performed for each specimen and the average value for both was 

considered. 

 

Figure 6.5  Density measurements on LPBF built samples by means of the Archimedes method by weighting the 
associated dry 𝑚  (left) and immerse 𝑚  (right) masses.  

6.1.3.2 Microhardness 

Vickers microhardness measurements were performed along a vertical line in the centre of 

samples with a distance of 0.5 mm between consecutive indentations. These measurements 

were conducted on samples built with different values of energy density to allow identifying 

its effect on hardness (Figure 6.6). The equipment used was a Mitutoyo HM-112 Vickers 

hardness tester with applied loads of 4.905 N for a duration of 10 seconds (HV0.5). 

 
Figure 6.6  Microhardness measurements on LPBF built samples with indentations displaced at 0.5 mm along a 

vertical line. 
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6.1.3.3 Formability tests 

The bulk formability tests were carried out at room temperature in two different machines: an 

Instron SATEC 1200 kN hydraulic testing machine used for compression tests and INSTRON 

5900 universal testing machine used for tensile tests. The geometries and dimensions of the 

testing specimens are depicted in Table 6.4.  

Table 6.4 Geometries of the bulk formability test specimens 

Geometry 

 

Cylindrical 

(C1) 

Tapered 

(T1)            (T2) 

Flanged 

(F1)           (F2) 

Round dogbone 

(RD) 

𝒉𝟎, 𝒍𝟎 (mm) 20 25 25 20 20 24 

𝒅𝟐 (mm) - 25 25 25 20 10 

𝒅𝟏 (mm) 20 15 20 15 15 6 

𝒉𝟏 (mm) - 5 5 5 5 - 

Lubrication Dry Dry Dry Dry Dry - 

Velocity 

(mm/min) 
5 5 5 5 5 5 

As seen in Table 6.4, the experimental work plan comprises conventional bulk formability 

tests with upset specimens having cylindrical, tapered and flanged geometries in addition to 

round dogbone specimens tested under tension. The cylindrical compression specimens 

were tested according with the guidelines provided by the ASTM standard E9 (ASTM E9, 

2000) while tests on tapered and flanged compression specimens were adapted from peer 

investigations by Ermen et al. where both these geometries were proposed for the first time 

(Erman et al., 1983). The dimensions for the tensile round dogbone specimens were selected 

according to the ASTM standard E8/E8M (ASTM, 2010). All specimens shown in Table 6.4 

were obtain with turning operations on the LPBF cylinders built using the DMG Mori Lasertec 

30SLM 2nd Gen machine (Figure 6.7a).  

Evolutions of the surface strains were obtained with the DIC commercial system model Q-

400 3D from Dantec Dynamics equipped with two 6-megapixels resolution cameras with 50.2 
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mm focal lenses and f/11 aperture (Figure 6.7b). The measuring regions of the specimens 

were painted in white and sprayed with a stochastic black dot pattern. During testing the 

measuring regions were illuminated with a spotlight and images were acquired with a 

frequency of 10 Hz. The correlation algorithm was performed with the INSTRA 4D software. 

 

Figure 6.7 Methodology for determining and plotting the results obtained from bulk formability tests: 
(a) Retrieving bulk specimens from the LPBF built cylinders by turning. 
(b) Experimental setup utilized in digital image correlation (DIC). 
(c) Schematic representation of the instant where cracks are triggered (fracture onset). 
(d) Combination of load and strain-time evolutions for determining the fracture onset. 
(e) Typical plot of a strain loading path obtained by DIC in the principal strain plane. 

The methodology used for tensile testing made use of the same DIC system in a similar 

manner to what was done for tensile tests on sheet and tube shaped specimens 

(subchapters 4.1 and 5.1 respectively). For this purpose, the strain loading paths were 

obtained by DIC while the corresponding fracture strains were determined with diameter 

measurements of the cracked surfaces using the stereomicroscope Mitutoyo TM-505B. 

6.1.4 Results and discussion 

6.1.4.1 Density vs. hatch spacing 

Figure 6.8a plots the results for relative density as a function of hatch spacing (samples HS1, 

HS2 and HS3). The plot was built with measurements obtained by means of two different 

techniques: Archimedes method (bars illustrated in blue) and micrograph analysis (bars 

illustrated in grey).  
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Figure 6.8 Results on the effect of hatch spacing in part density: 
(a) Graphical plot of the measurements with the Archimedes method and micrographic analysis. 
(b) Micrograph of sample HS1 (hatch spacing of 0.05 mm). 
(c) Micrograph of sample HS2 (hatch spacing of 0.08 mm). 
(d) Micrograph of sample HS3 (hatch spacing of 0.1 mm). 

The obtained plot depicts the negative effect that the hatch spacing has on the density of the 

samples built by LPBF. In fact, the best results were obtained with the lowest hatch spacing 

considered in the experimental work plan having a value of 0.05 mm. The respective relative 

densities were of 99.655% and 99.889% obtained the Archimedes method and micrograph 

analysis respectively.  

The influence of hatch spacing in the density outcome is coherent with previous works such 

as the one performed by Yasa et. al. High hatch spacing values can eventually lead to 

insufficient overlapping between consecutive scanning vectors which promotes the 

appearance of pores in unmolten areas that consequently reduce the overall density of LPBF 

built samples (Yasa et al., 2010). This effect can be observed on representative micrographs 

of samples HS1, HS2 and HS3 presented in Figures 6.8a, 6.8b and 6.8c. The pores become 

more irregular and unmolten areas increase as hatch spacing increases. 
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6.1.4.2 Density vs. vector size 

Figure 6.9a plots the results for relative density as a function of the vector size (samples 

VS1, VS2, VS3 and VS4) in a similar format to what was done in the previous analysis 

centered on the hatch spacing. 

Identically to the previous analysis, the vector size too shows a negative effect on the density 

of LPBF built samples denoting a maximum density result for the lowest vector size 

considered in the work plan with density values 99.480% and 99.920% with the Archimedes 

method and micrograph analysis respectively.  

 

Figure 6.9  Results on the effect of vector size in density: 
(a) Graphical plot of the measurements with the Archimedes method and micrographic analysis. 
(b) Micrograph of sample VS1 (vector size of 1 mm). 
(c) Micrograph of sample VS2 (vector size of 5 mm). 
(d) Micrograph of sample VS4 (vector size of 10 mm). 

Even though the effect of vector size on density has not yet been extensively studied in 

previous research, one possible explanation could be that for a longer vector size, porosity 

tends to increase due to lack of fusion in the overlapping zone between consecutive vectors, 

as stated by Meiners (Meiners, 1999). The results corroborate Meiners’ hypothesis, showing 
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that an increase in vector size corresponds to a higher number of aligned pores at the vector 

overlapping zone, as presented in Figures 6.9a, 6.9b and 6.9c. 

6.1.4.3 Density vs. energy density 

Figure 6.10a plots the results for relative density as a function of the energy density (samples 

ED1, ED2, ED3 and ED4) again with blue bars showing the measurements taken from the 

Archimedes method and gray bars taken from micrograph analysis. In this case, the effect of 

the energy density on density is not as linear as in the former ones showing optimal results 

with the intermedium energy density value of 76.56 J/mm3. The obtained samples were near-

fully-dense showing relative density values of 99.655% and 99.889% for the Archimedes 

method and micrograph analysis. 

 

Figure 6.10 Results on the effect of the energy density in density: 
(a) Graphical plot of the measurements with the Archimedes method and micrographic analysis. 
(b) Micrograph of sample ED1 with a relative density of 97.5%. 
(c) Micrograph of sample ED1 with a relative density of 99.992%. 

The non-linear pattern observed in density as a function of the supplied energy density 

during LPBF based construction has been observed in peer works (Cherry et al., 2015). Low 
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energy density values usually lead to higher porosities due to an increase of unmolten areas 

within the layers since not enough energy is supplied to properly melt the powder feedstock. 

Increasing the energy density by changing process parameters such as laser power, laser 

scan speed or hatch spacing can promote a more efficient flow of the molten material, thus 

filling the pores and increasing density. Nonetheless, if the energy density is too high, part 

density decreases due to vaporization of low melting point elements. For instance, traces of 

oxygen and carbon may react due to the high temperatures of the process, resulting in the 

formation of CO and CO2 fumes which can remain entrapped within the samples and will 

consequently generate pores. 

The question to be raised at this point is on which density measurement technique provides 

the most accurate results. Regarding the available literature on this subject, there does not 

seem to be a clear consensus about the most appropriate method for density measurements 

in LPBF samples. For instance, Spiering and Levy highlight the effectiveness of using the 

Archimedes method (Spierings and Levy, 2009), whereas Yasa et al refers that the 

Archimedes method may not be the best method to properly measure the density of LPBF 

built samples or parts due to the possible presence of unmolten powder particles within the 

pores (Yasa et al., 2010).  

In this work, all of the average density results obtained with the Archimedes method denote 

lower relative densities when compared with those obtained with micrograph analysis for the 

same groups of samples. However, it can also be seen that almost all measurements 

obtained through micrograph analysis present significantly higher standard deviations. The 

reason for this is related with micrograph results being strongly dependent on the location 

where the samples are sliced and thus do not provide results from the whole samples, but 

rather from selected sections. These sections can provide either negative or positive results 

in a highly stochastic manner as shown in Figures 6.10b and 6.10c respectively. These 

figures show micrographs taken from the same group of specimens (ED1) and show relative 

density measurements of 97.5% and 99.992% whereas the total average density of samples 

ED1 was of 99.8%. However, it is also worth mentioning that micrograph analysis as well as 

x-ray scanning may be of need do get further insight on size, shape and distribution of pores 

(Spierings et al., 2011). 

6.1.4.4 Microhardness 

Figure 6.11 plots the Vickers hardness measurements (HV0.5) taken from samples with 

variable energy density values (ED1, ED2, ED3 and ED4). The highest average hardness of 

234.1 HV was obtained for specimens built with an energy density of 84.38 J/mm3 while the 

lowest hardness of 225.2 HV was found for specimens built with an energy density of 135 
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J/mm3. With energy densities of 67.50 J/mm3 and 76.56 J/mm3, the respective sample 

hardnesses were of 230.0 HV and 228.9 HV showing that the obtained values are 

approximately constant and therefore independent from the energy density variations carried 

out when building the samples by LPBF.  

Different conclusions can be found, for instance, in the work of Cherry et al. which showed 

clear variations on the hardness of LPBF built AISI 316L samples as a function of the energy 

density (Cherry et al., 2015). However, Cherry et al. only arrived at this conclusion because 

their workplan included using energy density values under 50 J/mm3 and above 200 J/mm3 

that are fairly misplaced from the optimum range presented at the beginning of 

subchapter 6.1. For this reason, the authors showed that hardness measurements would 

progress to a near constant value for highly dense LPBF built samples which corroborates 

the high density results shown in the former plots (Figures 6.8a, 6.9a and 6.10s) with the 

near constant measurements of hardness plotted in Figure 6.11. 

 

Figure 6.11 Hardness measurements at different points of the samples with different energy densities (ED1, ED2, 
ED3 and ED4). 

6.1.4.5 Formability limits 

Figure 6.12 shows the experimental load-displacement and strain-displacement evolutions 

for the bulk compression tests carried out in specimens retrieved from LPBF built cylinders. 

These evolutions were obtained by multiplying the duration of each test with the crosshead 

speed of the hydraulic press used during the tests (5 mm/min) and are presented for the 

cylindrical (C1 – Figure 6.12a), tapered (T2 – Figure 6.12b) and flanged (F2 – Figure 6.12c) 

specimens.  

Regarding the evolutions for the upset loads, monotonical growths are seen with the 

increase of the displacement up to a point where the load starts increasing exponentially due 
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to strain hardening of the deposited AISI 316L stainless steel. Moreover, no sharp drops on 

the loading evolutions are seen whatsoever. Similarly, the strain-displacement evolutions 

also denote steady growths throughout all bulk compression tests. These remarks allow 

concluding on the absence of any crack triggering in the experimental tests that were ended 

prematurely due to the following reasons: values of upset loads reaching magnitudes near 

the maximum capacity of the hydraulic press and extreme closure of the DIC measuring 

window due to near contact between the upper and lower compression platens.  

 

Figure 6.12 Experimental load-displacement and strain-displacement evolutions with photographs before and 
after testing for the: 

(a) Cylindrical specimens (C1) retrieved from LPBF built cylinders.  
(b) Tapered specimens (T2) retrieved from LPBF built cylinders. 
(c) Flanged specimens (F2) retrieved from LPBF built cylinders. 
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The limitations mentioned above make it impractical to change the geometry of the 

specimens as a way of characterizing fracture failures modes under bulk compressions tests. 

For instance, if one would increase the overall dimensions of the specimens, it would be 

possible to overcome the extreme closure of the DIC measuring window, but much higher 

loads far beyond the maximum capacity of the hydraulic press would be needed for reaching 

the fracture strains of the deposited material. Conversely, performing tests on small sized 

specimens would make DIC measurements to be unworkable for these testing conditions.  

Nonetheless, the results shown in Figure 6.12 still manage to demonstrate particularities on 

deformation mechanisms of the LPBF deposited AISI 316L when subjected to compressive 

states-of-stress. For instance, the photograph of the tapered (T2) specimen after testing 

(Figure 6.12b – right) shows an almost cylindrical shape due to large plastic deformation on 

the tapered regions of the specimen. The same can be said for the flanged specimen (Figure 

6.12c – right) whereas the upper and lower regions with a reduced initial diameter of 15 mm 

are practically unnoticeable again due to large deformations along the specimen height.  

In fact, the flanged region of this specimen (initial diameter of 25 mm) where surface strain 

measurements were carried out by DIC denotes an almost unchanged thickness (initial value 

of 5 mm) with 𝜀 ≅ 0 while the circumferential strain 𝜀  increases significantly to values above 

0.3 (Figure 6.12c – left). These results further demonstrate the high ductility of the AISI 316L 

stainless steel when deposited by LPBF.  

The strain loading paths for the entire set of bulk formability tests carried out for the 

deposited AISI 316L are presented in Figure 6.13a within the principal strain space. The 

evolutions follow similar paths to those commonly obtained when testing traditionally 

processed metals (Magrinho et al., 2018). The cylindrical specimens (C1) fall beneath the 

pure compression region and experience a progressive vertical growth as consequence of 

friction between the platens and the specimen. The flanged specimens (F1 and F2) behave 

in near plane strain conditions within their outer ring region where the measurements took 

place. Finally, the tapered specimens (T1 and T2) show evolutions located in the mid of the 

former ones with final strain measurements that are indicative of pure tension. 

The transformation of results from the principal strain space to the space of effective strain 

vs. stress-triaxiality was carried out with the same mathematical procedure utilized in the 

sheet forming tests (Chapter 4). For this case, the procedure was further simplified by 

assuming that the material is homogenous and isotropic �̅� = 1 reducing the Hill (1948) 

constitutive equations to the ones of the Von Mises yield criterion. The resulting plot is shown 

in Figure 6.13b with the additional formability results attained from the round dogbone tensile 

tests (refer to the green diamond markers). These results show crack opening in mode I (by 



144 
 
 

 

tension) which allow predicting the fracture forming limit (FFL) of the LPBF built AISI 316L 

stainless steel (shown by the green dashed line of Figure 6.13b).  

 
Figure 6.13 Strain loading paths of the LPBF built AISI 316L bulk specimens in the: 

(a) Principal strain space. 
(b) Effective strain vs. stress-triaxiality space.  

Note: The stress-triaxiality space includes fracture strains obtained from round dogbone (RD) tensile tests 
to provide a prediction of the fracture forming limit (FFL) of the material.  

The presented FFL is not reliable since its prediction was based only on the fracture strains 

resulting from the tensile tests with round dogbone specimens. For this matter, novel testing 

procedures are needed for obtaining fracture strains under different stress-triaxiality ratios 

that must overcome the ductile behavior of the material. Still, the predicted FFL presented in 

Figure 6.13b falls close to the last DIC measurements obtained with flanged specimen tests. 

Regarding cylindrical and tapered specimen tests, the observed differences could be due to: 

(i) high ductility of the material or (ii) differences in the expected crack opening mode. In fact, 

if cracks would open by out-of-plane shear (mode III of Fracture Mechanics) along the free 

surfaces, as typically occurs in bulk forming (Martins et al., 2014), the resulting fracture 

strains would be linked with the out-of-plane shear fracture forming limit (OSFFL) of the 

material.  

6.2 HAM with coin minting 

Coin minting is an old metal forming process dating back to the time when dies were hand 

made by artisans known as engravers. The 1st industrial revolution and the development of 

the first steam-power coining presses open the way for the establishment of modern mints 

and to mass production of coins made from non-precious metals. Mass produced coins 

(circulating coins) are distinguished from collection coins (brilliant uncirculated and proof 
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coins) because they have much lower levels of sharpness, detail and finishing. Collection 

coins have the highest quality requirements and are high value-added collectables produced 

in small batches. 

Globalization opened the possibility for mints to trade collections coins around the world 

instead of being mainly restricted to providing currency for national central banks. However, 

this new business opportunity came with the challenge of mints being able to present 

innovative and technologically bold products. This explains the reason why mints are 

nowadays strongly committed to the development of innovative collections coins with 

complex shapes and/or alternative new materials (Afonso et al., 2019). 

Following this trend, a novel HAM approach is proposed for the production of collection coins 

combining metal deposition, metal cutting and bulk metal forming, being grouped in four 

stages. Firstly, additive manufacturing with a laser powder bed fusion (LPBF) system is 

utilized to construct cylinders of deposited metal by sweeping the geometry of coin blanks 

along their thickness direction axis. Secondly, wire electro-discharge machining (wire-EDM) 

is used for slicing the LPBF built cylinders into multiple disks having a pre-defined thickness. 

Thirdly, a polishing stage is utilized to prepare the surfaces of the individual blanks. Finally, 

coining in a press-tool system is carried out to emboss and impress the lettering and other 

reliefs on the coin surfaces (Figure 6.14a). 

The new HAM approach allows fabricating collection coins with complex intricate contoured 

holes containing the following geometrical features that are difficult, (or even impossible), to 

obtain in conventional wrought blanks by means of blanking, laser cutting, water jet or wire-

EDM: (i) very small holes (refer to ‘A’ in Figure 6.14b), (ii) tears (‘B’) with very small angles 

inside two adjacent sides, (iii) overhang corners (‘C’) that are not connected to the remaining 

geometry of the blanks and (iv) small bridges (‘D’) between the centre and the outer regions 

of the blanks. All the aforementioned features are detailed in Figure 6.14b with the designs of 

two prototype coins (‘Rooster’ and ‘Eagle’) that were utilized in the investigation.  

If blanking was used, punches and dies would likely fail by fracture when attempting to cut 

very small holes and tears with small inside angles. The minimum allowable diameter hole in 

laser cutting is typically 20% of the sheet thickness, meaning that for a blank with 2 mm 

thickness, the diameter hole should be larger than 0.4 mm. This value is near to the 

dimensions required for the eyes of the eagle and rooster in the prototype coins but the tears 

with small inside angles would create problems for the laser beam to accurately move and 

cut along two adjacent sides that are almost coincident. Water jet is also not appropriate 

because the process is not capable of producing accurate holes below 2.5 mm of diameter. 

Wire-EDM requires the contours of each blank to be produced individually (blank-by-blank), 
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increasing the overall production time and cost compared to that of the new proposed HAM 

approach. Moreover, geometrical features like the eyes of the eagle are simply not possible 

to be obtained by wire-EDM. 

 
Figure 6.14 New HAM approach for producing collection coins: 

(a) Schematic representation showing the integration of laser powder bed fusion, wire electro-discharge 
machining, polishing and coin minting. 

(b) Blank designs for the prototype ‘Rooster’ and ‘Eagle’ coins with details of their geometric features. 

Production of collection coins by additive manufacturing without resorting to any secondary 

operation would also be unviable due to three main reasons. Firstly, the difficulty of 

producing the reliefs of the obverse coin surfaces without introducing a significant number of 

structural supports. Secondly, a matter of productivity, because it is faster and more efficient 

to build a cylinder by additive manufacturing and slice it into individual coin blanks than to 

build one coin blank at a time. Finally, the quality requirements in terms of sharpness, detail 
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and finishing that are only capable of being fulfilled by including polishing and coin minting 

operations in the hybrid manufacturing route.  

Under these circumstances, this subchapter draws from the fabrication of blanks with 

complex intricate contoured holes by combination of additive manufacturing, wire-EDM and 

polishing to the analysis of the feasibility of minting these blanks in conventional press-tool 

systems. Experimentation and finite element modelling of coin minting follows recent 

publications in the field aimed at analysing the progressive embossing and impressing of 

lettering and other reliefs, the evolution of the force with die stroke and the maximum 

bending moment transmitted to the press-tool system derived from misalignment of the 

resultant vertical force at the end of coin minting. Finite element modelling was used again 

for supporting the investigation and will consider, for the first time ever, the initial porosity of 

the coin blanks based upon procedures and results from the material characterization 

subchapter (6.1).  

6.2.1 Materials 

The coin blanks were obtained from LPBF built cylinders having a 27.5 mm diameter and a 

60 mm height that were constructed following the deposition procedures utilized in 

subchapter 6.1.2.2. The cylinders were built up along the z-axis to minimize the use of 

support structures and to improve the overall efficiency and quality of the material 

depositions.  

In contrast to the full 30 mm diameter cylinders utilized in subchapter 6.1, the cylinders built 

for extracting coin blanks were featured with the hollow regions intended for each prototype 

coin (‘Rooster’ or ‘Eagle’). For this purpose, the deposition strategy was planned by dividing 

each layer in six powder bed regions that are subsequently melted with parallel scan vectors 

having a maximum size of 5 mm. In order to allow optimum cooling of each melted region, 

the melting sequence was grouped as exemplified in Figure 6.15a with the ‘Rooster’ cylinder 

(refer to ‘1’, ‘2’, ‘3’, etc, as the order of melted powder bed regions). After building one layer, 

the scan vectors and powder bed regions are rotated by 63.5 degrees to avoid accumulation 

of overlapped beads. 

Wire electro-discharge machining (wire-EDM) and surface polishing operations were then 

utilized to slice the cylinders into individual 2.2 mm thickness coin blanks with appropriate 

quality requirements. Wire-EDM operations were performed using a Charmilles Robofil 190 

machine with 0.25 diameter wire. With these operations, it was possible to not only extract a 

minimum of 20 disks per cylinder having a uniform thickness but also to slightly improve the 

surface roughness around the obverse (bottom) and reverse (top) faces of the disks. Still, the 

faces of the sliced disks end up showing a surface quality highly detached from that of 
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conventional blanks used for collection coins which justifies the need for comprising a 

surface polishing stage before minting. For this purpose, a Struers LabPol-30 polishing 

machine was utilized for improving the surface finishing of the blanks by using fine grit and 

sandpapers (600 to 2000 grit) and diamond suspensions of 6 and 1 μm. The evolution of the 

surface quality of the ‘Rooster’ and ‘Eagle’ coin blanks is shown in Figure 6.15b. 

 

Figure 6.15 Deposition and preparation of the ‘Rooster’ and ‘Eagle’ coin blanks: 
(a) LPBF deposition strategy exemplified for the ‘Rooster’ built cylinder 
(b) Photographs showing the evolution of the surface quality along the different stages of the HAM 

approach: after deposition (left), after wire-EDM (mid) and after polishing (right).  

6.2.2 Methodology 

6.2.2.1 Relative density 

Porosity of the coin blanks and of the prototype coins after minting was determined by 

measuring their relative densities using the Archimedes’ buoyancy method. The procedure 

followed closely to the one described in subchapter 6.1.3.1 for which the laboratory precision 

balance Sartorius 310 BP 410S was again used. The reference densities were obtained from 

specimens extracted from a commercial AISI 316L stainless steel rod (fully dense material). 

The obtained average relative densities 𝑅 are shown in Table 6.5 for the coin blanks and the 

resultant prototype coins. With these results, it is once again seen that metal deposition by 

LPBF using the optimum range of processing parameters presented in subchapter 6.1.1 
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allows obtaining relative density values close to unity. Moreover, the average relative 

densities of the prototype coins slightly surpass those of their respective coin blanks. This 

result will be further explored in the results and discussion subchapter.  

Table 6.5 Average relative densities of the blanks and coins. The wrought sample is included for reference 
purposes.  

 Wrought sample HAM blank HAM coin 

Density (g/cm3) 7967 7937 7953 

Relative density 𝑹 1 0.996 0.998 

 

6.2.2.2 Flow curves 

The flow curve of the deposited material was determined by means of compression tests 

using cylindrical specimens with an identical geometry to those used in the formability tests 

of subchapter 6.1. The specimens were cut out from the constructed cylinders along three 

different directions (x,y,z). and tested on a hydraulic testing machine with a crosshead speed 

equal to 5 mm/min. 

The compression tests were carried out at room temperature, and the differences in the 

stress responses along three directions (𝑥, 𝑦, 𝑧) were found to be negligible. This observation 

confirmed that the deposited metal is isotropic and allowed expressing the average flow 

curve resulting from the compression tests through the following Ludwik–Hollomon equation: 

𝜎 =  1325.6 𝜀 .    (𝑀𝑃𝑎) (6.3) 

6.2.2.3 Coin minting tests 

Coin minting tests were carried out in a press-tool system (Figure 6.16a) installed in the 

Instron Satec hydraulic testing machine. The tool consists of two (upper, lower) bolsters, an 

upper die holder, a pair of reverse and obverse dies, and a collar with an inner flat surface. 

The dies were made from AISI D3 cold work steel and were heat treated by hardening and 

tempering having a hardness of 700 HV. The collar was made of tungsten carbide.  

The features of the reverse and obverse dies include a central recess of 0.15 mm where no 

contact will occur with the ‘Rooster’ and ‘Eagle’ coins. The remaining features are the letters 

which are placed away from the centre axis of the coins and the external rim that has a depth 

of 0.20 mm. Photographs and schematic solid (3D) and surface (2D) representations on the 

pair of obverse-reverse dies utilized for minting both coins are shown in Figure 6.16b 
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Figure 6.16 Tools used in the coin minting experiments comprising HAM blanks: 
(a) Schematic representation and detail of the press-tool system. 
(b) Photographs, surface details and depth coordinates of the reverse and obverse dies.  

6.2.3 Finite element modelling 

Numerical modelling of coin minting was performed with the in-house finite element computer 

program i-form (Nielsen & Martins, 2021). The program is based on the finite element flow 

formulation and the models utilized in the simulation considered the additively manufactured 

blanks as a continuum medium with an initial average relative density 𝑅 < 1 (refer to the 

measurements shown in subchapter 6.2.2.1). 

The finite element formulation is based on the weak form of Markov’s rate of energy 

variational statement applied to the plastic deformation of porous metals,  

 𝜎 𝛿𝜀̅ 𝑑𝑉 − 𝑡 𝛿𝑢 𝑑𝑆 = 0 (6.4) 
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where 𝑡  denotes the tractions applied on the boundary 𝑆 , 𝛿𝑢  is an arbitrary variation in the 

velocity (because the flow formulation is set-up in terms of velocities), and 𝜎  and 𝜀̅ ̇  are the 

apparent effective stress and effective strain rate given by, 

𝜎 = 𝐴𝐽 + 𝐵𝐼 = √𝐶 𝜎        𝜀 ̅ ̇ =
2

𝐴
𝐷 +

1

3(3 − 𝐴)
𝐷  (6.5) 

In the above equations, 𝐽  is the second invariant of the deviatoric stress tensor, 𝐼  is the first 

invariant of the stress tensor, 𝜎  is the effective stress of the wrought (fully dense) material, 

𝐷  is the deviatoric plastic rate of deformation tensor, 𝐷 = − �̇� 𝑅⁄  is the volumetric rate of 

deformation applied to porous metals, and 𝐴, 𝐵, 𝐶 are material-dependent constants related 

to the plasticity criterion utilized in numerical modelling (Table 6.6).  

Table 6.6 Parameters 𝐴, 𝐵 and 𝐶 of the Doraivelu et al. plasticity criterion (Doraivelu et al., 1984) as a function 
of the relative density 𝑅 of the deposited (porous) metal. 

𝐴 𝐵 𝐶 

(2 + 𝑅 ) (1 + 𝑅 ) 3⁄  (2𝑅 − 1) 

 

The constitutive equations for the plastic deformation of porous metals are given by, 

𝐷 =
𝜀̅ ̇

𝜎

𝐴

2
𝜎 + (3 − 𝐴)𝜎 𝛿  (6.6) 

where 𝜎  is the deviatoric stress tensor, 𝜎  is the mean (hydrostatic) stress and 𝛿  is the 

Kronecker delta. In case of having relative densities 𝑅 = 1 (fully dense condition) gives that 

𝐴 = 3 and removes the influence of the hydrostatic stress on the onset of yielding. In other 

words, this means that the Doraivelu plasticity criterion recovers the von Mises yield function 

when the material is fully dense (Doraivelu et al., 1984). 

The formulation shown in equation (6.6) allowed modelling the additively manufactured 

blanks as porous deformable objects and required discretization of their volume by means of 

non-structured three-dimensional meshes with approximately 110.000 hexahedral elements 

(Figure 6.17). The discretization made use of four layers of elements across the thickness 

and a higher density of elements in the outer region where lettering and other features are 

impressed. The dies and collar were modelled as rigid objects and were discretized by 

means of spatial triangular contact-friction elements. The central processing unit (CPU) time 

for a typical finite element simulation was approximately equal to 48h on a computer 

equipped with an Intel i7-6950X CPU using a convergence criterion for the velocity field and 

residual force equal to 10 . 
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Figure 6.17 Finite element models of the blanks and dies for minting the ‘Rooster’ (left) and ‘Eagle’ (right) 

prototype coins.  

6.2.4 Results and discussion 

6.2.4.1 Material flow 

The first topic to be addressed is the evaluation of the coin minting performance of additive 

manufactured blanks in conventional press-tool systems. This is done by analyzing the finite 

element predicted evolution of the compressive z-stresses (pressure) in the reverse and 

obverse surfaces of coin samples. For this purpose, the distributions of pressure on both 

sides of the ‘Rooster’ and ‘Eagle’ coins are presented in Figure 6.18 along four different 

percentages of the total die stroke  

The dark red color corresponds to pressures close to zero and, therefore, to regions that are 

not in contact with the dies. The other colors evolving from light red to dark blue correspond 

to increasing values of pressure applied by the dies. As seen, the centre of both coins 

remains free of contact up to the end of stroke due to the centre recess existing in both die 

surfaces. In contrast, the outer region plastically deforms to fill the intricate details of lettering 

and other reliefs while also allowing adjustments on the diameter of the coin with regard to 

the geometry of the collar. 
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Figure 6.18 Finite element predicted distribution of pressure (z-stress; MPa) at 1%, 40%, 75% and 100% of the 
total die stroke for the: 

(a) ‘Rooster’ prototype coin. 
(b) ‘Eagle’ prototype coin. 

Figure 6.19a presents the finite element predicted evolutions of relative density as a function 

of the die stroke during minting of the ‘Eagle’ prototype coin. These evolutions follow closely 

to the above-mentioned characteristics of material flow showing significant increases in the 

outer ring, (as porosity is eliminated in this region due to the high compressive pressures) 

and remains almost unchanged in the centre of the coin, where there is no contact with the 

dies. 

The photographs on both sides of the ‘Eagle’ coin shown in Figure 6.19 complement both 

pressure and density analysis by evidencing the continuous impressing of lettering and other 

reliefs on the coin surfaces as the die stroke increases. Moreover, the analysis of material 

flow also confirms the excellent ductility of the additively deposited blanks, which allowed 

fabricating the prototype coins with no signs of incomplete die filling and fracture. 
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Figure 6.19 Minting of the “Eagle” coin at 0%, 40%, 75% and 100% of the total die stroke: 
(a) Finite element predicted distribution of relative density (%). 
(b) Photographs of blank/coin obverse and reverse surfaces.  

The results shown in Figures 6.18 and 6.19 also confirm on the absence of defects such as 

incomplete die filling or fracture during fabrication of the prototype coins. Moreover, the fact 

that the coins remain free of contact up to the end of stroke at the centre regions will be 

crucial for avoiding excessive minting loads or bending moments as it will be shown in the 

following subchapters. 

However, both ‘Eagle’ and ‘Rooster’ coins possess hollow regions of comparatively big 

dimensions that can be subjected to inner material flow at the ending stages of coin minting. 

This is due to the significant pressures imposed by the dies that become more significant for 

higher die strokes.  

Figure 6.20 shows the top view of the normalized velocity field 
𝑣

𝑣  where 𝑣  is the 

resultant xy-velocity of the material flow and 𝑣  is the velocity of the upper drive tool plate 

(upper die). This fields are presented for a hypothetical 125% die stroke and allow denoting 

that several hollow regions will progressively close while some regions may even experience 

self-contact (refer for instance to the comb of the ‘Rooster’ or the wings of the ‘Eagle’ in 

Figure 6.20).  
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Figure 6.20 Normalized finite element velocity vectors 
𝑣

𝑣  for the reverse side of the ‘Rooster’ and ‘Eagle’ 
coins at 125% of the total die stroke. 

The phenomenon mentioned above implies that the design of additive manufactured coin 

blanks with hollow regions must include corrections to compensate for their deformation. This 

applies also to designs with absence of centre recesses in both the coin blank and dies 

because only with corrections to compensate deformation it is possible to obtain the final 

desired geometry of the coins. 

Although the solution to this problem was somehow obvious, it should be noted that the 

possibility of minting a coin without applying pressure at the centre opens the possibility for 

this region to retain the original texture of additive manufacturing, thereby creating innovative 

aesthetic effects in collection coins. Moreover, it also allows, if the coin blanks are produced 

one by one directly from additive manufacturing, to incorporate complex three-dimensional 

reliefs at the centre that would be impossible to obtain by coin minting. These are two 

important innovative possibilities that are open by the new proposed HAM approach that 

combines additive manufacturing and forming. 

6.2.4.2 Eccentricity of the vertical resultant force 

Embossing and impression of lettering and other reliefs on the coin surfaces are responsible 

for inducing non-symmetric distributions of pressure during coin minting. The lack of 

symmetry in the pressure gives rise to a vertical (compressive) resultant force that is not 

aligned with the centre z-axis of the dies and, therefore, creates bending moments on the 

press-tool system. Because these bending moments may create difficulties in die filling and 

reduce the overall press-tool life, it is important to calculate them so that corrections in the 

design of the coins and dies are made, if necessary, before fabricating the blanks and the 

dies.  
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Figure 6.20 shows the point of application (𝑥, 𝑦) of the resultant vertical force at the end of 

coin minting. As seen, the misalignment towards the centre line of the dies is relatively small 

and equal to approximately 0.15; 0.21 and 0.21; 0.28 (mm) in the 𝑥 and 𝑦 directions for the 

‘Eagle’ and ‘Rooster’ coins, respectively. Consequently, the bending moment 𝑀 resulting 

from the eccentricity of the vertical resultant forces is given by, 

𝑀 = 𝑀 𝚤 + 𝑀 𝚥 = 73.4 𝚤 +  102.9𝚥  (𝑁. 𝑚)    

𝑀 = 𝑀 𝚤 + 𝑀 𝚥 = 88.2 𝚤 + 117.6 𝚥  (𝑁. 𝑚) 
(6.7) 

and requires no need to design corrections in both the coins and dies. 

 

Figure 6.21 Finite element calculated point of application (𝑥, 𝑦) of the resultant vertical force at the end of coin 
minting in the reverse and obverse dies. 

6.2.4.3 Load vs. die stroke in collection coin minting 

In conventional coin minting, the compression loads are commonly characterized by sudden 

increases from zero to high values in the magnitude of hundreds of kN in a few tenths of a 

millimeter. The experimental and finite element computed evolutions of the force vs. die 

stroke that were obtained for both prototype coins under investigation exhibit similar trends 

with three well-defined stages (refer to the designations 𝐼, 𝐼𝐼, 𝐼𝐼𝐼 within the red dashed lines of 

Figures 6.22a and 6.22b). 

Stage 𝐼 corresponds to a steep increase of the force with die stroke. In this stage, the blank 

is compressed, and its diameter increases in a free, unconstrained manner until it comes into 

contact with the inner collar surface. For this reason, the overall material flow inside the blank 

is preferentially directed towards the outside. Stage 𝐼𝐼 is when the embossing and 

impressing of the lettering and other features start to take place on the reverse and obverse 
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sides of the blanks. As a result of this, the outer regions of the blanks experience some 

increases of density by progressively closing pores due to the highly compressive states-of-

stresses. Finally, stage 𝐼𝐼𝐼 starts when the blanks begin to contact with the inner collar 

surface. For this reason, the pressures (and consequently, the coin minting loads) begin to 

increase at a higher rate which in turn helps filling all the die reliefs into obtaining well-

defined features on a brilliant surface finishing.  

Moreover, the load evolutions shown during Stage 𝐼𝐼𝐼 grow in a much lower rate that those 

observed in conventional coins (without hollow regions) due to generalized material flow 

constraints of the latter (Alexandrino et al., 2019). This can be advantageous in terms of the 

overall life expectancy of the dies and collar belonging to industrial press-tool minting 

systems.  

 

Figure 6.22 Experimental and finite element predicted evolutions of load as a function of the die stroke and of the 
obtained coins for: 

(a) The ‘Rooster’ prototype coin. 
(b) The ‘Eagle’ prototype coin. 
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7 Hybrid additive manufacturing with joining  

In this Chapter, the final integration of hybrid additive manufacturing (HAM) and metal 

forming of this thesis will be presented. This integration is aimed at mechanically joining 

metal hollow section profiles with carbon fibre reinforced plastic (CFRP) sheets by combining 

metal deposition by wire-arc additive manufacturing (WAAM) with upset compression stages. 

The latter plays an important role in the HAM approach because it allows creating 

mechanical interlocks that maintain the integrity of the joints, as it will be further shown. 

Unlike Chapters 4, 5 and 6 where the development of each HAM approach was supported by 

subchapters intended for characterizing the deposited materials, this Chapter will be entirely 

focused on process development by exploring the combination of additive manufacturing and 

joining. The investigation begins by outlining the workability limits of the process by means of 

an analytical model that combines plastic deformation, instability and fracture. Experimental 

and finite element modelling are utilized to develop the overall joining process and to validate 

the established analytical model. In the end, pull-out and shear destructive tests are carried 

out to evaluate the mechanical performance of the joints. 

7.1 HAM with joining by forming 

Aluminium profiles are widely used in construction, architectural and industrial applications 

because of their ability to combine high bending, lightweight design and torsional stiffness 

with corrosion resistance at low cost. Hollow section aluminium profiles are produced by 

extrusion with narrow tolerances and low net weight, making them suitable for lightweight 

metal structures with good mechanical properties, good appearance and surface finishing, 

and little maintenance requirements (Kleiner et al., 2003). The main difficulty with aluminium 

profiles is their assembly in structures made up of various individual elements because low 

cost profiles with simple (e.g. round, square or rectangular) hollow sections do not have extra 

fixing and interlocking features for easy assembly, like those available in complex and more 

expensive profiles. In most cases, joining by welding, fastening or adhesive bonding 

(Figure 7.1) has to be used despite the limitations and drawbacks of these traditional joining 

technologies (Mori et al., 2013). 

Fusion welding (Figure 7.1a), for example, produces residual stresses resulting from the 

thermal heating-cooling cycles and requires using clamps and jigs to prevent distortions. 
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Problems of weldability may also be critical when joining aluminium profiles in structures due 

to the high melting point oxide film that remains intact after aluminium has melted (Barnes & 

Pashby, 2000a). Moreover, weldability limitations arising from sheet materials with very 

different chemical, mechanical and thermal properties may compromise the overall quality of 

the joints. 

The use of fasteners in aluminium structures (Figure 7.1b) is not affected by residual 

stresses and thermal-induced distortions but often require the utilization of connection 

accessories, which may limit their applicability for aesthetic or weight reasons (Barnes & 

Pashby, 2000b). Other constraints are associated with the maximum force that fasteners can 

safely withstand and from the availability of easy access to both sides of the profiles and 

structures. 

The use of adhesive bonding (Figure 7.1c) in aluminium structures requires careful surface 

preparation and the use of clamps and jigs to ensure the application of uniform pressure 

during the curing time. Additionally, adhesive bonded joints are limited by ageing, durability 

and crashworthiness, and their use may raise environmental concerns related to the 

utilization of epoxy or solvent-based systems (Chastel & Passemard, 2014). 

 
Figure 7.1 Cross joint consisting of two square hollow section profiles obtained with: 

(a) Fusion welding (exemplified with gas metal arc welding). 
(b) Fasteners with connection accessories. 
(c) Adhesive bonding with jigs. 

More recently, Weber et al. showed that die-less hydroforming can also be utilized to join 

simple hollow section profiles by interference-fit resulting from the residual normal stresses at 

the contact interfaces after unloading (Weber et al., 2020). However, the applications seem 

to be restricted to the assembly of profiles by their ends and no solutions were proposed to 

cross or inclined joining of profiles. 

Under these circumstances, this subsection is intended to investigate on the possibility of 

combining additive manufacturing and joining by forming to connect simple hollow section 

aluminium profiles. The work is focused on the cross joints consisting of square hollow 

section aluminium profiles (Figure 7.2a) subsequently fixed onto sheets (Figure 7.2b). As 
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seen, the profiles will be fixed on composite strips/sheets but it is worth mentioned that 

metals and polymers could also have been used. 

The proposed process is based upon the ‘mortise-and-tenon’ joining by forming concept 

originally proposed by Bragança et al. for joining sheets perpendicular to one another with a 

single upset compression stage (Bragança et al., 2017). A variant of this concept was later 

proposed by Silva et al. who used wire-arc additively manufactured (WAAM) tenons onto 

metal sheets for obtaining aluminium-aluminium and aluminium-polycarbonate lap joints 

(Silva et al., 2019). Thereby, the proposed process extends the former one proposed by Silva 

et al. to the connection of square hollow section aluminium profiles with dissimilar materials 

(composite stripes/sheets) by compressing the WAAM tenons into obtaining a mechanical 

interlocking similar to that obtained in riveting with no protrusions (Figure 7.2c). Moreover, 

the WAAM tenons are to be compressed on the as-built condition in a simple and 

straightforward manner, whereas Silva et al. required using milling operations for improving 

the shape and dimensions of the tenons.  

 
Figure 7.2 Cross joint consisting of square hollow section profiles obtained by combination of additive 

manufacturing and joining by forming: 
(a) Schematic representation of the overall joining process. 
(b) Extension to fix the cross joint to a sheet/plate with a detail of the tenons and mortises.  

7.1.1 Analytical model 

The new proposed process combines WAAM with joining by forming to obtain cross joints of 

hollow section profiles. The connections are performed by ‘mortise-and-tenon’ joints in which 

the aluminium profiles are fixed with the help of a strip accessory or assembled onto a sheet 

(Figure 7.2b). For this purpose, the tenons are fabricated by WAAM and the mortises are 
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drilled with a countersunk hole. The schematic detail included in Figure 7.3a presents the 

main variables of the joining by forming stage during which the tenons are compressed by a 

flat punch for creating a mechanical interlock with the mortises. 

The analytical model for designing the new ‘mortise-and-tenon’ round joints considers the 

tenon to plastically deform under homogeneous, axisymmetric isotropic conditions. Since the 

material flow of the tenon is incompressible, the initial height ℎ  of the tenon can be written 

as a function of the strip (or sheet) thickness 𝑡 and of the ratio 𝑟 𝑟  between the top (larger) 𝑟 

and the bottom (smaller) 𝑟  radius of the mortise countersunk hole (Figure 7.3a), as follows, 

ℎ =
𝑡

3
  

𝑟

𝑟
+

𝑟

𝑟
+ 1  (7.1) 

This equation can be plotted with a red solid curve line rising from left to right in the process 

applicability window where the tenon initial height ℎ  acts as a function of the radius ratio 𝑟 𝑟  

(Figure 7.3b). 

 
Figure 7.3 Analytical modelling for joining by forming of an axisymmetric mortise and tenon joint: 

(a) Notation and schematic representation of the WAAM tenon before and after compression. 
(b) Process window showing the tenon height ℎ as a function of the ratio 𝑟 𝑟  between the larger and the 

smaller radius of the countersunk mortise hole.  

The dashed black lines enclosed on the process window schematized in Figure 7.3b present 

the workability limits that are expected to restrict the geometry of the tenons and/or mortises 

due to different occurrences. The leftmost vertical dashed line corresponds to the absence of 

mechanical interlocking when the mortise countersunk hole becomes cylindrical (that is, 

when 𝑟 = 𝑟 ). Values for 𝑟 < 𝑟  would imply having situations with inverted mortise 

countersunk holes where the larger radius would be on the bottom, which were disregarded 

in the investigation.  
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The rightmost vertical dashed line is related to ductile fracture and denotes the critical 

deformed radius 𝑟 = 𝑟  at the onset of cracking of a tenon with initial radius 𝑟 when subjected 

to upset compression. Since the analytical model assumes homogeneous axisymmetric 

deformation of the tenons, the circumferential strain at the onset of cracking 𝜀  is determined 

from, 

𝜀 = 𝑙𝑛  
𝑟

𝑟
  (7.2) 

Finally, the horizontal dashed line corresponds to the critical height ℎ  (𝑟 ) of a tenon with 

initial radius 𝑟  above which asymmetric deformation and plastic instability (buckling) will be 

triggered. Both values for the critical radius 𝑟  and critical height ℎ  will be obtained from 

experiments. 

The above-mentioned dashed lines allow establishing the process workability limits within the 

blue area of Figure 7.3b, and to utilize the red solid line located inside this area to design the 

‘mortise-and-tenon’ joints. Finally, it is worth noting that design parameters inside the blue 

area but located above or below the red solid line correspond to tenons that are taller or 

shorter than the required height ℎ  (Equation (7.1)), respectively. The consequence of using 

such design parameters is the occurrence of protrusions above the strip (or sheet) surfaces 

or the under filling of the mortise countersunk holes, as it will be further shown. 

7.1.2 Materials 

The square hollow section profiles utilized in the experiments were made from aluminium 

AA6063-T6 with 40mm side length and 2mm wall thickness. The strips/sheets were made 

from a carbon fibre reinforced polymer (CFRP) with 2.5 mm thickness. The tenons were 

produced by GMA-DED and involved single bead deposition paths using a 1 mm diameter 

aluminium AA5356 wire deposited on the outer surface of the square hollow section 

aluminium profiles by means of a Kuka 6-axis robot equipped with a Fronius TPS 4000 cold 

metal transfer welding machine.  

The shielding gas was 99.9 % argon and the parameters utilized in the GMA-DED 

depositions are summarized in Table 7.1. 

Table 7.1 Processing parameters utilized for depositing aluminum AA5356 tenons by GMA-DED. 

Current  

(A) 

Voltage  

(V) 

Wire feed speed 

(m/min) 

Travel speed 

(m/min) 

Layer height 

(mm) 

Gas flow rate  

(l/min) 

70 16 6 0.4 1.2 19 
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7.1.3 Methodology 

7.1.3.1 Mechanical characterization 

The flow curves of the aluminium AA5356 deposited material and of the aluminium AA6063-

T6 square hollow section profiles were obtained by compression and stack compression 

tests, respectively. The compression tests of the deposited aluminium AA5356 were 

performed in cylinder test specimens with 10 mm diameter and 10 mm height produced by 

GMA-DED. The stack compression tests of the AA6063-T6 square hollow section profiles 

were carried out in cylinder test specimens that were assembled by pilling up five circular 

discs with 10 mm diameter and 2 mm thickness each. The discs were machined out from the 

supplied aluminum profiles. 

The compression tests described above were performed at room temperature on a hydraulic 

testing machine (Instron SATEC 1200 kN) with a cross-head speed equal to 5 mm/min up to 

effective strain values approximately equal to 0.6. Beyond this value of strain, the flow curves 

disclosed in Figure 7.4 were extrapolated by means of power-law hardening models  

(Ludwik-Holomon). 

 
Figure 7.4 Flow curves of the deposited aluminium AA5356 and of the square hollow section profiles made from 

aluminium AA6063-T6. 

Tensile tests in specimens taken at 0, 45 and 90 degrees with respect to the longitudinal 

direction were utilized to obtain the mechanical properties of CFRP sheets. The tests 

followed the guideline provided by the ASTM D 638-14 standard (ASTM, 2016) and the 

obtained mechanical properties are summarized in Table 7.2. 
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Table 7.2 Mechanical propertied of the carbon fibre reinforced polymer (CFRP) sheets. 

 Modulus of elasticity 𝑬  

(GPa) 

Yield strength 𝝈𝒚  

(MPa) 

Elongation at break 

(%) 

0 degrees 37.6 ± 2.0 575.2 ± 14.8 1.5 ± 0.03 

45 degrees 52.6 ± 0.4 792.3 ± 15.5 1.5 ± 0.03 

90 degrees 58.3 ± 3.1 666.6 ± 7.4 1.1 ± 0.07 

Average 50.8 ± 7.5 678 ± 76.2 1.4 ± 0.18 

 

The critical height ℎ  above which asymmetric deformation and plastic instability (buckling) 

are triggered was obtained by subjecting a set of tenons with initial radius 𝑟 = 2.5 𝑚𝑚 and 

various heights ℎ  in the range 5 – 20 mm to upset compression with a flat punch. Figure 7.5 

presents a scheme of the experimental procedure and includes a picture of a tenon with a 

critical initial height ℎ = 15 𝑚𝑚 that failed by buckling under asymmetric deformation. 

Similar tests were performed to obtain the critical deformed radius 𝑟  at the onset of cracking. 

The experimental procedure and the photograph of a sample test case are enclosed at the 

rightmost of Figure 7.5. All the tests schematized in Figure 7.5 were carried out in similar 

conditions to those used for determining the material flow curves. 

 

Figure 7.5 Schematic representation of the upsetting of tenons with different initial heights ℎ  to determine the 
critical height ℎ  above which deformation is asymmetric due to buckling and the critical deformed 
radius 𝑟  at the onset of failure by fracture. Pictures for each test case are enclosed. 

7.1.3.2 Fabrication and testing of the cross joints 

The experimental procedure utilized for fabricating cross joints of square hollow section 

profiles is schematized in Figure 7.6 and involves three stages. Firstly, the cylindrical tenon is 

deposited by GMA-DED on the surface edge of two adjacent profiles. Secondly, a special 

purpose mandrel is introduced inside the profiles to give additional support to the region of 

the adjacent profiles to safely withstand the compression loads where the mechanical 
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interlocking will be made. Thirdly and finally, the tenon is compressed against a strip or a 

sheet with the appropriate pre-drilled mortise countersunk hole to obtain the required 

mechanical interlocking while avoiding any material protrusions above the surface of the 

CFRP sheets.  

 
Figure 7.6 Scheme of the experimental procedure to obtain a cross joint consisting of two square hollow section 

profiles. The numbers 1,2,3 are the time stamps of the different stages. 

The sequence schematized in Figure 7.6 is based on a typical ‘unit cell’ cross joint which is 

intended to be representative of the overall joining process for applications that involve 

assembling multiple cells. 

The performance of the cross joints was assessed by means of destructive shear and pull-

out tests that involved detaching the square hollow section profiles from the strips or sheets 

(Figure 7.7). The objective was to determine the maximum forces that the cross joints can 

withstand before failing. The destructive pull-out tests were performed in the hydraulic testing 

machine (Instron SATEC 1200 kN) whereas the destructive shear tests were performed 

INSTRON 5900 universal testing machine. 

 

Figure 7.7 Shear (left) and pull-out (right) destructive tests performed on the cross joints assembled with CFRP 
strips/sheets.  
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7.1.4 Finite element modelling 

The numerical simulations of the joining by forming stage of the new process to fabricate 

cross joints of square hollow profiles were carried out with the in-house finite element 

computer program i-form2 (Nielsen & Martins, 2021). The computer implementation of the 

flow formulation was based on the extended rigid-plastic Markov’s principle of minimum 

plastic work to include incompressibility and contact between deformable bodies, 

𝜎 𝛿𝐷 𝑑𝑉 + 𝜎 𝛿𝐷 𝑑𝑉 − 𝑡 𝛿𝑢 𝑑𝑆 + 𝜏 𝛿𝑢
| |

𝑑𝑆 

+ 𝐾 𝑔 𝛿𝑔 + 𝐾 𝑔 𝛿𝑔 + = 0    
(7.3) 

In first term, 𝜎 𝛿𝐷 = 𝜎𝛿𝜀̅̇ is the increment of plastic power per volume unit, where 𝜎, 𝜀̅̇ 

denote the effective stress and strain rate. The second term is handled by relaxation of the 

incompressibility condition of the velocity field 𝜎 = 𝐾𝐷  where 𝐾 is a large positive number 

known as the ‘penalty’. The third term handles surface tractions and velocities on the surface 

𝑆  of the control volume while the fourth term takes care of the frictional effects along the 

contact interface 𝑆  between the plastically deformed bodies and the tools. The symbols 𝜏  

and 𝑢  of the fourth term denote the friction shear stress and relative sliding velocity of the 

tenons and mortises along the contact interfaces with the tools. 

The fifth and sixth terms refer to the contact between deformable bodies (tenons, mortises 

and profiles) along their interfaces defined by means of 𝑁  pairs extracted from the element 

surfaces utilized in the discretization. The symbols 𝑔 , 𝑔  are the normal and tangential gap 

velocities in the contact pairs, which are penalized by large numbers 𝐾 , 𝐾  to avoid 

penetration. However, the sixth term of equation (7.3) was not used in the present 

simulations because the deformable bodies were allowed to slide with friction along their 

contact interfaces. Details on the computational implementation described above can be 

found elsewhere (Nielsen et al., 2013). 

Numerical modelling of the joining by forming stage of the new process to fabricate cross 

joints of square hollow profiles made use of rotational symmetric finite element models in 

accordance with the analytical model presented in Subchapter 7.1.1. The regions of interest 

(‘unit cells’, Figure 7.3a) required discretization of the longitudinal cross section of the tenons 

and mortises by means of approximately 1500 and 4500 quadrilateral elements, respectively 

(Figure 7.8). 
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Figure 7.8 Finite element model before and after joining the aluminium profiles to a CFRP sheet. 

The tenons made from deposited aluminium AA5356 (yellow body of Figure 7.8.) were 

modelled as plastically deformable bodies whereas the mortises available in CFRP strips or 

sheets (green body of Figure 7.8.) were modelled as elastic deformable bodies. The cross 

sections of the square hollow aluminium profiles (blue body of Figure 7.8.) were also 

considered plastically deformable bodies and were discretized through 4000 quadrilateral 

elements. 

The tools were modelled as rigid objects and discretized through linear contact-friction 

elements. A constant friction factor 𝑚 = 0.1 was utilized after checking the finite element 

predicted upsetting loads that best matched the experimental data. The central processing 

unit (CPU) time for a typical finite element simulation was below 20 minutes on a computer 

equipped with an Intel i7-6950X CPU. 

7.1.5 Results and discussion 

7.1.5.1 Process workability window 

The first set of results was focused on the determination of the onset of bucking and fracture 

of deposited aluminium AA5356 tenons with an initial radius 𝑟 ≅ 2.5 𝑚𝑚 to establish the 

workability limits of the joining by forming stage of the new proposed process for joining 

square hollow aluminium profiles. As mentioned earlier (Subsection 7.1.3), buckling was 

experimentally observed to occur in tenons with an initial critical height ℎ = 15 𝑚𝑚. The 
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onset of cracking was experimentally observed to occur when the radius of the deformed 

tenons grows beyond 𝑟 = 5 𝑚𝑚 which corresponds to a circumferential strain at fracture 

𝜀 = 0.69. 

The above-mentioned main variables and workability limits of the proposed joining by forming 

process allow establishing the process window showing the tenon height ℎ  as a function of 

the ratio 𝑟
𝑟  between the larger and the smaller radius of the mortise countersunk hole as 

shown in Figure 7.9a. 

 
Figure 7.9 Joining by forming stage of cross joints consisting of two square hollow aluminium profiles.  

(a) Process workability limits based on the analytical model and experimental values at the onset of 
buckling and fracture (𝑟 ≅ 2.5 𝑚𝑚, 𝑡 = 2.5 𝑚𝑚) 

(b) Cross section of the joints corresponding to the unit cells A (left) and B (right);  
(c) Cross section of the joints corresponding to the unit cells C (left) and D (right); 

The photographs enclosed in Figures 7.9b and 7.9c on the cross section of the unit cells 

𝐴, 𝐵, 𝐶, 𝐷 show successful fixing of the aluminium profiles to the CFRP strips (or sheets). 

However, only cells 𝐴 and 𝐶 ensure a proper filling of the mortise countersunk hole with the 

upset compressed tenon. The design conditions of unit cell 𝐵 located above the red solid line 

derived from Equation (7.1) (refer to Figure 7.9a) gives rise to protrusions of the compressed 

tenons above the surface of the strips (or sheets). Under filling of the mortise countersunk 

holes is observed for unit cell 𝐷, whose design conditions are located below the red solid 

line. 

Finite element results of the above-mentioned test cases are included in Figure 7.10 and 

show a good agreement with the experimental observations. Numerical models are able to 

capture the formation of protrusions and the under filling of the mortise countersunk holes. 
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Figure 7.10 Initial mesh and finite element predictions of the material flow for: 

(a) Unit cell 𝐴 (ℎ = 3.6 𝑚𝑚, 𝑟 𝑟 = 1.4) 

(b) Unit cell 𝐵 (ℎ = 4.6 𝑚𝑚, 𝑟 𝑟 = 1.4) 

(c) Unit cell 𝐶 (ℎ = 4.9 𝑚𝑚, 𝑟 𝑟 = 1.76) 

(d) Unit cell 𝐷 (ℎ = 3.8 𝑚𝑚, 𝑟 𝑟 = 1.76) 

The finite element prediction of ductile damage presented in Figure 7.11 is focused on unit 

cell 𝐸 of Figure 7.9a that is located beyond the vertical dashed line corresponding to failure 

by fracture. Since surface cracks appear to be triggered by out-of-plane shear (mode III of 

Fracture Mechanics) which is typical of compressive bulk forming operations (Martins et al., 

2014), the accumulation of ductile damage was calculated by means of the uncoupled 

normalized Cockroft and Latham criterion with the following expression (Cockroft & Latham, 

1968), 

𝐷 =
𝜎

𝜎
𝑑𝜀 ̅   (7.4) 

The finite element results disclose a significant accumulation of ductile damage in the outer 

surface of the tenon where cracks were experimentally found to occur. Both the CFRP sheet 

and the top surface of the aluminium profile show little to no accumulation of ductile damage 

and, therefore, do not fail by fracture. 
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Figure 7.11 Finite element prediction of accumulated ductile damage at the onset of fracture for unit cell 𝐸 

according to the uncoupled normalized Cockcroft–Latham criterion. 

7.1.5.2 Upsetting loads 

Figure 7.12a shows the experimental and numerical predicted load-displacement evolutions 

in the joining by forming stage of unit cell 𝐶 (refer to Figures 7.9 and 7.10c). As seen, two 

numerical predicted evolutions are included in the Figure: one obtained from the finite 

element models described in subchapter 7.1.4 (dark solid line of Figure 7.12a) and an 

additional one obtained from a modified finite element model that considered the aluminum 

profile to be a rigid (undeformed) body (light dashed line of Figure 7.12a).  

The experimental load values of unit cell 𝐶 (solid circle markers of Figure 7.12a) allow 

concluding that the maximum expected compression forces are around 30 kN, enabling the 

operation to be easily performed on site. Moreover, both numerical predicted values match 

the experimental ones up to a displacement of approximately 2.3 mm. After this instant, 

some differences can be seen that allow understanding how the mechanical behaviour of the 

aluminum profiles affects the material flow of the deformed tenon as well as on the resultant 

upsetting loads. 

Considering the finite element results obtained when assuming the aluminum profiles to be 

deformable bodies, the final upsetting loads are identical to the experimental ones. The slight 

differences on the evolutions between the displacements of 2.3 and 3 mm can be attributed 

to underestimation of the elastic deformation of the CFRP sheets and of the plastic 

deformation taking place at the aluminium profiles resulting from modelling the mandrels as 

rigid tools.  
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Figure 7.12 Experimental and finite element results on loading and material flow with emphasis given to the 

differences on having a deformable or rigid aluminium profile: 
(a) Experimental and finite element evolutions of the upsetting load with displacement for unit cell 𝐶 of 

Figure 7.9a. 
(b) Numerical predicted material flow at the final upsetting stage when considering a deformable (top) 

and rigid (bottom) aluminum profile. 

However, when assuming the aluminum profiles to be rigid bodies, the associated load 

evolution experiences an exponential growth with a maximum load value around 60 kN. This 

result is incoherent with the experimental data, allowing to conclude that the aluminum 

profiles do in fact experience some deformation mostly centered around the bottom of the 

deposited tenon as shown in Figure 7.12b. Still, this analysis also shows that a rigid (or in 

other words, highly resistant) profile can promote a complete filling of the mortise 

countersunk hole. This condition could only be obtained by either replacing the profile 

material with a more resistant one or, conversely, replace the AA5356 wire feedstock with a 

more easily malleable material. In case of this work, the aforementioned deformations were 

expected to occur due to the very similar flow curves of both aluminums (subchapter 7.1.3.1) 

that further justify using a special purpose mandrel during the upsetting stages. 

7.1.5.3 Destructive tests 

Pull-out and shear destructive tests were carried out to determine the maximum forces that 

the new joints can withstand without failure. Figure 7.13 shows the evolution of these forces 

with displacement for the two different types of tests carried out in a unit cell 𝐶 cross-joint.  

As seen, a pull-out force of 1.2 kN was needed to obtain the first movement of the joint, 

which only failed by detachment of the individual components at 2 kN and after experiencing 
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a total displacement of approximately 0.6 mm. The shear failing force was slightly higher and 

approximately equal to 3.2 kN. The reason why the amount of pull-out displacement until 

failure is larger than the shear one is because the CFRP sheet forces the tenon to deform 

and reduce its top diameter leading to a steady growth of the destructive load up until 

detachment of the tenons from the aluminum profile occurs around their weld bead. 

 
Figure 7.13 Experimental evolution of the pull-out and shear destructive forces with displacement for unit cell 𝐶 

(Figure 7.9a) with photographs of the specimens after failing. 

7.1.5.4 Multiple cell configuration for lightweight structural applications 

Figure 7.14 shows the working sequence to produce the lightweight structural panel 

disclosed in the bottom right picture. Details of the mounting of the square hollow profiles are 

provided in order to understand how mandrels can have access to all the locations where 

mechanical interlocking is made.  

As seen, the tenons were deposited on the intersections between the longitudinal and 

transverse square hollow profiles as a way of benefiting from the additional strength provided 

by the vertical profile wall during joining by forming. Moreover, it also allows to selectively join 

the profiles to each other before joined by forming due to the weld beads between the 

intersecting regions of the square hollow profiles and the first deposited layer of each tenon. 

Still, it is worth mentioning that the tenons could also have been deposited on the side wall of 

the profiles. The resulting lightweight structural panel was obtained by upsetting a total of 

twelve additively manufactured tenons with the main process variables of unit cell 𝐶 of 

Figure 7.9. 
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Figure 7.14 Application of the new proposed hybrid joining by forming process to produce lightweight structural 

panels made from square hollow section aluminium profiles and CRFP sheets. 
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8 Conclusions and future work outlooks  

This thesis proposes novel solutions in the emerging research field of hybrid additive 

manufacturing (HAM) addressing those that include metal forming operations. The proposed 

manufacturing solutions are aimed at widespreading the industrial applicability of HAM by 

developing novel integrations between the technologies of additive manufacturing (AM), 

metal cutting and metal forming as well as providing extended knowledge on the workability 

of deposited metals. Moreover, the implementation of ecological and value-added HAM 

solutions brings out significant outcomes that may gather the attention of the manufacturing 

industry for the production of complex end-use parts in small to medium batches. 

The state-of-the-art review of additive and hybrid manufacturing presented in the Chapter 2 

was important for providing a clear overview of the history, working principles and different 

definitions and categories involved in the classification of AM and HM processes/routes with 

emphasis in those applicable to metals. Firstly, it was possible to categorize and summarize 

the more widespread MAM processes according to their working principles in order to help 

understanding on how, where, and why these processes may or may not be used given their 

main characteristics. Secondly, the definition of ‘hybrid manufacturing’ was reviewed to 

enlarge its applicability into the emergent novel hybrid manufacturing routes built upon the 

controlled application of process mechanisms on additively deposited materials and the 

controlled application of additive manufacturing on materials subjected to traditional 

manufacturing.  

The special emphasis on the hybridization of additive manufacturing with sheet, tube, bulk 

and joining by forming processes given in Chapter 3 brings light into its potential on: (i) 

overcoming the limitations of additive manufacturing related to low productivity, metallurgical 

defects, rough surface quality and lack of dimensional precision and (ii) adding flexibility and 

fostering new applications with traditional manufacturing processes/routes. 

The behaviour of sheets deposited by WAAM (Chapter 4) was found to be substantially 

different from that of commercial wrought sheets, having noticeable changes in the flow 

stress, anisotropy coefficients, strain loading paths and fracture strains. These differences 

are attributed to a dendritic-based microstructures with primary arms aligned with the building 

direction that give rise to a columnar (anisotropic) microstructure. The tensile tests carried 

out with specimens cut from sheets with different orientations show unusual strain loading 
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paths that can range from pure shear to plane strain deformation conditions, but still revealed 

failure by tension in all cases. The fracture forming limit (FFL) of the additively manufactured 

sheets was bellow 40 to 60% to that of commercial wrought sheets, showing by all means a 

ductile behaviour that enables integrations of sheet metal forming and additive 

manufacturing.  

The incremental forming tests carried out with additively manufactured sheets showed 

fracture strains consistent to the FFL obtained from the tensile tests. The feasibility of this 

hybrid approach that combines AM, material removal and incremental forming was validated 

with the fabrication of a truncated eight lobe conical shape prototype. This approach shows 

advantages in regard to solely using additive-material removal capabilities due to difficulties 

in obtaining the small thickness and sharp concave corners of the conical shape. Also, the 

fact that no backing plates and blank holders were needed for producing the part 

emphasizes the capacities of the proposed HAM approach for shortening the overall 

processing time while enhancing its flexibility for producing complex end-use parts.  

The behaviour of tubes deposited by WAAM (Chapter 5) required revisiting the testing 

procedures concerning ring hoop tensile testing by proposing tests on ring specimens with 

two dumbbell geometries. This modification allowed avoiding uneven stretching conditions on 

the tube specimens that was crucial for properly characterizing not only the additively 

manufactured tubes but also the commercial wrought ones, where the later were utilized to 

validate the proposed methodology. The deposited tubes were shown to be ductile as well as 

strongly anisotropic due to their dendritic-based microstructure, having also flow curves and 

critical strain values close to those found for deposited sheets (Chapter 4).  

The capabilities of the deposited tubes for withstanding large plastic deformations fostered 

the applications of HAM approaches involving tube expansion and tube flanging. Tube 

expansion tests were carried out with a 30 degree tapered conical mandrel on deposited 

tubes that were priorly machined. The tests showed that deposited tubes are appropriate for 

creating flares and other overhanging geometries with simple metal forming procedures 

without resorting to complex deposition strategies/equipment and to the utilization of 

additional support structures. Moreover, finite element modelling of tube expansion 

operations performed with deposited tubes must consider their anisotropic behaviour and is 

suitable to replicate the strain loading paths, the critical ductile damage the required forming 

forces of the tubes.  

The contributions of tube expansion tests mentioned above can be seen as mixed between 

material characterization and process implementation. This is because the deposited tubes 

had to be completely machined by turning to allow comparing results to those of commercial 



181 
 
 

 

tubes, which may not be feasible in HAM applications. Therefore, tube flanging tests were 

carried out on as-built deposited tubes in the view of enabling support-free construction. The 

proposed hybrid route was evaluated by means of two methods – method 𝐼 with a two-stage 

tube flanging sequence on vertically deposited walls and method 𝐼𝐼 with a single tube 

flanging operation on inclined deposited walls. Both methods allowed obtaining plane flanges 

at the edge of the deposited tubes without defects such as tensile crack opening, plastic 

instability or external inversion, but method 𝐼𝐼 was less affected by high accumulations of 

ductile damage or excessive compression loads. In the end, a benchmark tool model was 

built with five axisymmetric shallow chambers contained on its interior with an achieved 46% 

weight reduction. These chambers can have a big impact on rapid tooling ideas with 

conformal cooling channels but may also be utilized for lightweight design of end-use parts.  

The overall work developed around the AM process of LPBF (Chapter 6) implied carrying out 

an initial optimization of its processing parameters for providing high quality (dense) metal 

depositions. With this in mind, it was possible to set out an optimal range of processing 

parameters for producing LPBF samples with densities above 99%. Density measurements 

with the Archimedes method and micrograph analysis validated the overall work and showed 

that LPBF can in fact produce high quality depositions without needing post-processing 

operations. The bulk formability tests carried out in specimens built under optimum 

processing parameters were ineffective in characterizing the failure modes of the material, 

meaning that further methodologies are of need for accomplishing this goal. Still, the 

formability tests results are able to demonstrate the significant ductile behaviour of materials 

deposited by LPBF when solicitated under compression states-of-stress.  

The above-mentioned conclusions fostered the proposal of a new HAM route for producing 

collector coins with complex and intricate geometries that would be hard or even impossible 

to produce in any other way. This route involves metal deposition by LPBF, wire electric-

discharge machining, polishing and coin minting, and may foster new creative guidelines for 

coin sculptors and designers that can make use of shape-optimized blanks with complex 

geometries to come up with disruptive coins of significant added value. Coin minting tests 

carried out with two prototype coins confirm the good ductility of LPBF blanks that can easily 

withstand extreme compressive pressures of approximately 1800 MPa without failure by 

cracking. The complexity of the blank holes prevents material flow to be fully constrained at 

the end of coin minting leading to significant reductions in the maximum minting loads. 

Finally, the combination of WAAM with joining by forming (Chapter 7) for assembling cross 

joints of square aluminum profiles with composite strips/sheets was also effectively 

developed under a novel HAM approach. The workability limits were established by means of 

an analytical model comprising plastic deformation, instability, and fracture. The experimental 
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and finite element results validated the conceptualization of the joints resulting from the 

analytical model under a selected set of process design variables. The destructive pull-out 

and shear tests on representative unit cells demonstrate the mechanical performance of the 

joints allow concluding that the proposed hybrid process can easily and effectively replace 

existing solutions based on welding, fastening or adhesive bonding. The proposed joining 

process also circumvents the need to design extra fixing and interlocking features in low cost 

hollow section aluminium profiles for easy assembling. 

8.1 Future work outlooks 

The overall work developed and presented in this thesis provides some solutions to the 

limited industrial applicability of hybrid additive manufacturing (HAM) with integrated metal 

forming operations. However, there is still much to investigate on this matter for fulfilling the 

potential of HAM by making use of its foreseen opportunities for overcoming its intrinsic 

implementation challenges. In what follows, some outlooks and perspectives of future 

research work on HAM are proposed. 

One of the major research topics related with AM is on the utilization of post-processing heat 

treatments for transforming the typical columnar microstructures of deposited metals into a 

more equiaxed and uniform one. This idea could be transferred into the field of HAM by 

employing such post-operations on deposited preforms before forming. By doing so, it may 

be possible to obtain the following contributions: (i) improvements on the ductility of the 

deposited metals up to an equal or superior level to those of commercial metals or 

(ii) avoiding the appearance of surface striations between the primary arms of dendrites such 

as those seen in the sheet and tube forming experiments of Chapters 4 and 5. Additionally, 

post-processing may also be carried out with metal forming operations such as surface 

rolling or peening while providing similar contributions.  

Another major research topic on AM has been on finite element modelling of the material 

deposition along the performance of different processes belonging to the DED and PBF 

categories. In this view, numerical models of the temperature distributions and thermal 

stresses and strains in AM have been recently investigated with close similarities to older 

multi-pass welding models and used for predicting build failing or distortions. However, with a 

deeper comprehension of the melt pool dynamics and its effect on the heating-cooling cycles 

of AM, it could be possible to precisely predict on the geometry of the different layers that 

constitute the built part. This information would allow extracting the contours of the 

reassembled part into a body with a 3D mesh that considers its intrinsic AM features such as 

surface waviness. By doing this, numerical modelling tools could be used in a more efficient 

and economical manner for optimizing the processing parameters of AM by taking into 
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consideration its final outcome from either the additive or metal forming stages.  

The final proposal of further work in the field of HAM is related with the hot workability of 

deposited metals. This subject has already been investigated in recent years in applications 

that comprise MAM and forging operations by performing different tests on deposited 

specimens heated to certain temperatures. However, hot working of deposited metals with 

sheet, tube or bulk forming operations by making use of its residual high temperatures right 

after deposition is a subject that is still absent from the available literature. As it is commonly 

done, for instance, in forging operations, hot working may allow the deposited metals to 

deform under decreased loads up to higher plastic deformations without triggering cracks 

and in some cases may even promote recrystallization of their microstructure. Moreover, 

cooling times can be minimized or even completely removed from the manufacturing route, 

resulting so in shortening the overall production cycles. If employed in an HAM system, hot 

working of deposited metals could be accomplished onsite while profiting the most from the 

residual high temperatures of the preforms/features deposited by MAM.  

 



184 
 
 

 

 



A1 
 
 

 

Annex A – Overview of processing parameters and resulting part 

density from past works on building AISI 316L stainless steel 

samples with LPBF
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Laser 

power 

[W] 

Energy 

Density 

[J/mm3] 

Gas atm. 

Hatch 

spacing 

[mm] 

Layer 

thickness 

[µm] 

Scan 

speed 

[mm/s] 

Spot 

size 

[µm] 

Vector 

size 

[mm] 

Powder 

particle 

size [µm] 

Relative 

density 

range 

[%] 

References 

15-30 - - 0.08-0.24 75 900-1500 - - 40 50-60 Dewidar et 

al. 2007 

80 - Nitrogen 0.025-

0.075 

100 50-500 100 - 1-50 30-87 Morgan et 

al. 2004 

30-90 40-90 Argon - 50-75 40-640 - - 22 69-99 Meier and 

Haberland, 

2008 

104 33.330-

106.670 

- 0.130 30 250-800 200 - D10=6.3-

15.64 

D50=15.05

-37 

D90=30.79

-59.69 

99.530 

σ=0.082 

99.330 

σ=0.070 

Spierings 

and Levy, 

2009 

85-105 - - 0.020-

0.125 

20-40 ≈150-510 200 - - ≈94.100-

99 

99.968 

Kruth et al. 

2010 

100 

 

- - 0.081-

0.126 

30 300 180 1-10 - 98.4-98.8 Yasa et al., 

2010 

85-105 - - 0.125 30 50-380 200 - - 99.230-

99.968 

Yasa et al., 

2011 

104 ≈33-101 - 0.130 30-45 175-800 - 5 D10=7.12-

15.26 

D50=15.12

-37.7 

D90=24.17

-55.54 

≈94.300-

99.500 

 

Spierings et 

al., 2011 
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150-

400 

- Argon 0.150 30 500-2250 54 5 - ≈89-

99.500 

Kamath et 

al., 2014 

380 98.700-

108.570 

Argon 0.025-

0.120 

50 625-3000 80 - 20-63 >99 Sun et al., 

2016 

180 41.810-

209.030 

Argon 0.124 50 200-1000 70 - 15-45 91.160-

99.620 

Cherry et al., 

2015 

50-100 31.700-

79.900 

- 0.070-

0.150 

30 417-1250 87 - D50≈35 ≈52-

99.700 

Miranda et 

al., 2016 

175 - Argon -1 60 700 - - - 93.8 – 

97.5 

Merterns et 

al., 2014 

200 - - 0.050-

0.110 

30 1000-

2500 

90 - D10=7.12 

D90=24.17 

86.900-

98.900 

Cloots et al., 

2013 

104 34.300-

97.200 

- 0.120 30 300-850 200 - D10=6.3 

D90=30.8 

90.200-

99.300 

Spierings et 

al, 2011 

75-175 63-547 Nitrogen 0.040-

0.060 

 

100 80-200 - - 36.6 80.400-

98.510 

Laohaprapa

non et al., 

2012 

100 - - 0.126 30 175-380 180 1-10 - 95.830-

98.880 

Kruth et al., 

2012 


