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Abstract 

This work was developed within the scope of the dissertation for the conclusion of 

the Integrated Master’s Degree in Metallurgical and Materials Engineering and was 

elaborated during the curricular internship at Fraunhofer Institute IWS.  

Additive manufacturing (AM) promises to revolutionize the way parts are made, by 

allowing the production of parts layer by layer directly from digital data. This unique 

ability has tremendous potential, which cannot be matched by conventional 

manufacturing technologies. This lead to a growth of AM parts for structurally critical 

components, where the need for qualification and quality control is paramount. In 

this field, work has been done in the qualification of processes. However, there is 

still a need for qualification of final parts after production. This dissertation gives a 

closer look on the application of non-touching methods for nondestructive testing of 

AM metal parts. 3D scanning and X-ray computed tomography (CT) were used to 

evaluate parts made through laser powder bed fusion (LPBF), electron beam melting 

(EBM) and direct energy deposition (DED). It was performed geometrical comparison 

against the CAD model and porosity analysis. The results show the limitation of AM 

processes in manufacturing features with dimensions below 0.5 mm and without 

porosity.It was also highlighted the unique capacity of CT to provide the required 

inspection for AM parts, while pointing out the limitations and precautions needed 

when using these methods. 
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Resumo 

Este trabalho foi desenvolvido no âmbito da dissertação para a conclusão do curso 

de Mestrado Integrado em Engenharia Metalúrgica e de Materiais e foi elaborado 

durante o estágio curricular no Instituto Fraunhofer IWS. 

O fabrico aditivo (AM) promete revolucionar o modo como as peças são feitas, 

permitindo a produção por camadas diretamente a partir de dados digitais. Essa 

possibilidade única tem enorme potencial que não consegue ser igualada por 

tecnologias de fabrico convencional. Devido a isto, regista-se um crescimento na 

aplicação de peças de fabrico aditivo em componentes estruturais, onde a 

qualificação e controlo de qualidade são primordiais. Nesta área, têm sido feito 

progressos na qualificação de processos. Contudo, existe a necessidade de 

qualificação final de peças antes da aplicação. Esta dissertação explora a aplicação 

de métodos não destrutivos e sem contacto no controlo de peças metálicas de fabrico 

aditivo. São utilizadas digitalização 3D e tomografia computorizada (CT) para 

examinar peças fabricadas por fusão seletiva por laser (LPBF), fusão por feixe de 

eletrões (EBM) e deposição por energia direta (DED). Foi estabelecida comparação 

geométrica em relação ao modelo CAD e análise de porosidade. Os resultados 

demonstram a limitação dos processos de fabrico aditivo em reproduzir detalhes com 

dimensões inferiores a 0,5 mm e sem porosidade. Também se destacou a capacidade 

única da tomografia computorizada em realizar a inspeção necessária a peças 

produzidas por fabrico aditivo, além de se apontarem as limitações e precauções 

necessárias ao usar este método de inspeção. 
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Zusammenfassung 

Diese Dissertation entstand zum Abschluss des integrierten Masterabschlusses 

„Metallurgical and Materials Engineering“ im Rahmen eines Forschungsaufenthalts 

am Fraunhofer IWS. 

Im Zuge des zunehmenden Einflusses von generativen Fertigungsverfahren in der 

Produktion von strukturellen Bauteilen entsteht die Notwendigkeit der 

Produktqualifizierung und Qualitätskontrolle.  

Aufgrund der einzigartigen Fähigkeiten dieser Fertigungsverfahren müssen neue 

Methoden und Strategien der Qualitätskontrolle eingesetzt werden, wobei 

insbesondere auf dem Feld der Prozessqualifizierung Fortschritte gemacht werden. 

Darüber hinaus bleibt die Notwendigkeit der Qualitätskontrolle der finalen Bauteile 

bevor diese zum Einsatz kommen. 

Diese Arbeit behandelt integritätserhaltende Methoden zur Untersuchung mittels 

generativer Fertigungsverfahren hergestellter Metallbauteile. Die Arbeit 

konzentriert sich hierbei auf die 3-dimensionale Bildgebung mit einem speziellen 

Fokus auf die Computertomographie (CT). Untersucht wurden mit den Verfahren der 

selektiven Laserschmelze (LPBF), der Elektronenstrahlschmelze (EBM) und der 

direkten Energiedeposition (DED) hergestellte Bauteile. Diese wurden hinsichtlich 

ihrer Porosität analysiert und zur Untersuchung der geometrischen Originaltreue mit 

„computer-aided design“- Modellen (CAD) verglichen.  

Die Ergebnisse dieser Studie zeigen die Grenzen generativer Fertigungsverfahren 

insbesondere im Rahmen der Produktion von kleineren Strukturen unter 0.5 mm 

Größe und hinsichtlich des Qualitätskriterium Porosität. Außerdem werden 

Kapazitäten wie auch Grenzen der 3-dimensionalen Bildgebung für die 

Qualitätskontrolle generativ erzeugter Bauteile beleuchtet. Auf Basis der CT-

Untersuchungstechnik wird auf den Einfluss unterschiedlicher Parameter für die 

Volumen- und Porositätsbestimmung und die Notwendigkeit der Standardisierung von 

Untersuchungsparametern eingegangen.  
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1. Introduction 

The materials and methods used in the production of products have always been a 

key point in the history of humankind, defining major turning points in its evolution. 

Additive manufacturing (AM) technologies have been coined as “the third industrial 

revolution” by the Economist magazine [1], in which states that it will revolutionize 

the production of goods, changing the actual general paradigm of large centralized 

production to reduce cost and with little customization, to a more customized, made 

by demand, and with a simplified supply chain [2]. These technologies have unlocked 

new methods of creating new products, allowing a wide range of geometric shapes 

that were impossible or extremely costly through more conventional manufacturing 

methods (casting, machining, forging, among others), along with a high efficiency 

usage of raw material and energy, making it also a more environmentally friendly 

process due to the efficient use of material [2, 3]. 

Despite the optimism surrounding AM technology, and its rapid evolution since it 

emerged thirty years ago, it has still challenges to overcome. One of the major 

barriers to its widespread application, is the qualification of parts for final 

application, where it must be ensured the repeatability, dimensional precision, 

surface finish, mechanical properties, among others [4–6]. This leads to the use of 

quality control systems to quantify, control, identify and plan new strategies to deal 

with these issues. Ensuring quality in final applications, turning AM into a reliable 

and mainstream manufacturing process [4–7]. 

 2. Additive Manufacturing 

AM technology emerged in the late eighties through the stereolithography process 

from 3D Systems that solidifies layers of liquid polymer sensitive to ultraviolet lights. 

This also gave birth to the .stl file format that is still used today in Computer Aided-

Manufacturing (CAM) [8, 9]. Formerly, AM was known as rapid prototyping (RP) and 

used to quickly create prototypes directly from digital data. This allowed the 

reduction of time during design, concept testing, client approval and feedback during 

development [7, 8, 10]. However, with further progress in the technology, the parts 

that were produced were closer to an end product than a prototype, making the 

designation of RP unfitting, requiring a new and more suitable designation of additive 
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manufacturing. With this transition, AM changed its main field of application to areas 

with special interest like the aerospace, automotive and biomedical industries [6, 7, 

10, 11].  

Nowadays, AM has diverged in many different manufacturing approaches like powder 

and wire feed, powder bed, laminates etc.; and diverse processes, like fused 

deposition modeling (FDM), selective laser sintering (SLS), electron beam melting 

(EBM), etc. This has led AM to move on from its original polymeric materials and 

widen the material possibilities. The broader offer of materials  available now ranges 

from polymers, ceramics, composites and various alloys of metals , even reaching 

food and biologic materials like tissue and cells [2, 7, 11–15]. 

With all this variety came the necessity of an official definition and standardization 

by ISO and ASTM, which defines AM has “A process of joining materials to make 

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

manufacturing methodologies” [5, 16]. In AM, the production of a part is made 

through a 3D Computer-Aided Design (CAD) model, where the 3D model is sliced and 

each layer is a cross-section of the 3D part, then the AM machine creates the part 

layer by layer until the final part is achieved. This allows a direct fabrication of 

complex forms, transforming a 3D problem in 2D layers, making the design not being 

constrained by the manufacturing process, dismissing the use of additional tools and 

fixtures like in subtractive manufacturing [7, 10, 17]. 

AM machines work under a layer-based approach, where the thinner each layer is, 

closer it will be to the original 3D model. AM machines differ predominantly on the 

way that the layers are created, bonded and materials that can be used, affecting 

aspects like mechanical properties, accuracy, velocity, among others [7].  

Generally, AM process can be divided in three basic core procedures, pre-processing, 

processing and post-processing [7, 12, 18, 19]. Pre-processing are activities related 

to design and conceptualization in the 3D CAD software. Parts can also be scanned 

from existing physical parts, being later corrected in the CAD software [7, 12]. Once 

the 3D model is created, it is then transformed in .stl/.amf, which is a triangulated 

representation of the model, being the .amf format the international standard by 

ASTM/ISO, contemplated in the ISO/ASTM 52915:2016 standard [7, 9, 12, 20, 21]. 

Then it’s loaded into the machine software, here is defined the position, orientation 
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and number of the same part to be made, with the possibility for scaling to account 

for shrinkage, coatings or machining. The second step is processing, where are 

defined the machine setup with features like layer thickness, passage velocity, 

deposition rate, atmosphere, etc. And then the part is built, which is mainly an 

automated process. Finally comes post-processing, that involves collecting of surplus 

material, removal of supports, surface finish like sanding, polishing, sand blasting, 

painting, etc. or even machining to final dimensions. Parts might also require further 

treatments to achieve the desired mechanical properties, like heat treatment, hot 

isostatic pressing (HIP) or impregnation by another material [5, 7]. 

2.1. Applications 

The applications of AM are very broad, ranging from simple hobbyist type FDM printer 

to make simple models to industrial applications. One of the first examples of tool 

making was in the foundry to make wax patterns and later, for sand moulds [7, 17]. 

Besides final parts AM is also used to make tools for: assemble, inspect and ship 

parts. These are used for example as: forming tools, quality control jigs, fixtures for 

components in assembly lines, alignment guides, supports for packing, etc. [6, 7, 10, 

11, 22]. The production of AM parts is required when the requirements are: 

 High product complexity – impossible or very complicated to make in other way 

(like milling or moulding) due to geometrical constrains [7, 23]; 

 Simplifying components - that require the joining of several parts in one simpler, 

more efficient, better performing and lighter part [6, 7, 24]; 

  Small scale production - replacing parts (for example due to the bankruptcy of 

the company that produced it), for maintenance of machines or repair of moulds 

[6, 7, 11, 23]; 

 High demand for product customization – like in the biomedical field for 

prosthetics, due to the need to be adjusted to each patient [7, 11, 23]; 

 Material processing - making parts of materials that are expensive and/or costly 

to process like Inconel or titanium alloys [5–7, 25]. 

Due to AM’s amazing potentialities, it has been growing as an industry itself, with 

the Wohlers Report of 2016 reporting an impressive compound annual growth rate 

(CAGR) of 31.5%, representing a total of 5.165 billion dollars in all AM products and 
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services worldwide [26–28]. Its expectations of growth and predicted impact in 

industry drew several research institutes and governments’ attention, spanning many 

strategic investments plans and funded projects for research and development. Like 

European Union plan Horizon 2020 where AM falls within the Key Enabling 

Technologies category [29, 30], United Kingdom innovation plan [31] or United States 

of America [27, 32]. 

3. Metal Additive Manufacturing Techniques 

AM applied to metals is an area that has received a lot of attention recently, mainly 

because of its capacity to create complex parts with an excellent buy-to-fly ratio 

(relation between weight of material used to make the component and the weight 

of the component made). AM  enables the processing of metals that are difficult to 

process by other more conventional means [5, 7, 33].  

Metal AM techniques produce metallic parts using indirect or direct methods. Indirect 

methods uses polymer based binders and coated powders that require further 

processing like impregnation with metals or sintering of the part [6, 7, 11]. The direct 

methods produce parts through melting or sintering of metal powders. This work will 

focus in techniques that produce usable metal parts directly from the machine 

through full melting. These techniques have their own advantages/disadvantages 

and typical defects, but there is a link between build rate, power and 

quality/resolution. Also, it can be expected a decrease of feature quality/resolution 

as the build rate increases (Figure 1). This is an important aspect to retain because 

it will manage the expectations of what can be anticipated by the techniques 

addressed next [5, 7, 12]. 

 

Figure 1 -  Relationship between build rate, power and definition of AM processes [5]. 
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3.1. Powder/Wire feed 

Feed systems are typically designed as direct energy deposition (DED). This process 

uses a moving deposition head with a focused heat source to melt feedstock material 

under a protective atmosphere (Figure 2). Each pass creates a track of solidified 

metal to make up the layers and build up three-dimensional objects. Deposition is 

made by moving the deposition head, substrate or a combination of both [5, 11]. 

In DED with powders the typical deposition rates are between 25–40 g/h, using a 

laser or electron beam as heat source. The melting forms a small molten pool (0.25-

1 mm diameter and 0.1- 0.5 mm depth) where the powder is transported by the 

protective atmosphere gas (typically argon). Each layer has a typical thickness of 

0.25-0.5 mm and is generated by consecutive overlapping tracks, with overlap 

usually being 25% of the track width. This results in a re-melting of previously 

deposited material and welding to the layer below, making dimensional control in 

the building direction (Z axis) challenging. This can be attenuated by employing a 

close loop feedback system to correct thickness variations during building [7, 34]. 

 

Figure 2- Schematics of a generic AM powder feed system [5]. 

The kinetic energy of powder particles being fed from the nozzle into the melt pool 

is greater than the effect of gravity on powders during flight, which allows non-

vertical deposition to be just as effective as vertical deposition. However, there is a 

delicate balance between pressure to protect the melt from oxidization and powder 

delivery without causing excessive disturbance to the melt pool. Whatever the case, 
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not all powder is captured by the melt pool, which requires precautions for the 

recovery of the unused powders in a clean state for recycling [7, 35]. 

Coaxially supplied powder feedstock allows the ability of tailoring compositions and 

microstructure during deposition, due to the very high cooling rates (103-105ºC/s) 

and by adding different composition powders into the molten pool in specific 

locations of the part. This capacity creates parts with technologically unique 

proprieties, like negative Poisson ratio (physically unusual) or ductile metals with 

negative thermal expansion (unavailable in nature) [7, 35].  

In wire feed DED the process is similar, with wire being feed instead of powder. Using 

wire allows almost 100% feedstock capture efficiency (minus the splatter from the 

melt pool) and higher deposition rates of 0.7 kg/h. This makes wire feed more 

adequate for simple geometries, larger size components, with less contamination, 

lower porosity and lower material costs. Wire is readily available and cheaper than 

metal powders thus making it very cost-competitive [7, 36, 37]. 

DED is mainly used for build geometrically complex large parts, repair of worn or 

damaged components and add value to simple parts where small features protrude, 

which, through traditional milling, would require a lot of machining from the block, 

originating a significant volume of waste material. Most AM machines come with pre-

programed parameters for the materials sold by machine manufactures. However, 

DED is highly dependent of the material, application and geometry, leading them to 

be sold frequently as flexible platforms, which imposes users to discover the correct 

parameters for their specific situation. This process of experience gaining can be 

costly and time consuming [7, 34, 35]. 

The main limitations of DED processes are the poor resolution and surface finish, 

being the lowest comparatively with other AM processes, with accuracy’s better than 

0.25 mm in the Z axis and a roughness of less than 25 μm difficult to obtain. For 

those reasons DED is commonly found associated with Computer Numerical Control 

(CNC) milling machines in order to mill the part to final dimensions. Another 

drawback is the difficulty to make overhanging structures like internal channels. This 

is due to the lack of support during the build, which might require support structures, 

that need to be removed after build, adding cost to production and affecting the 

final part quality [7, 38]. 
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3.2. Powder bed fusion (PBF) 

Powder bed fusion processes are carried in a chamber under controlled atmosphere 

where the power source scans the powder bed according to the CAD model and melts 

layer after layer (Figure 3). In each layer the powder bed moves down and a 

roller/rake adds a new layer of powder. The thermal energy of subsequent scans is 

sufficient to re-melt a portion of the previous layer and bond the layers to each 

other, forming  layers with thicknesses ranging from 0.02 to 0.15 mm [5, 7, 35, 39]. 

In these processes the accuracy is typically higher in the X and Y axis than in the Z, 

because this last is governed by less controllable variables like powder deposition 

layer and melting thickness between layers [7, 39]. 

 

Figure 3 - Schematics of a generic AM powder bed system [5]. 

One typical phenomenon’s that occurs in this kind of system is balling. This effect 

happens because of poor selection of scanning speed and power input of the power 

source, making the surface tension forces overcome the gravitational and adhesion 

forces (Figure 4- a). It can be highly detrimental for part quality, leading to porous 

parts, weak bonding between layers, inefficient spreading of powder and 

delamination. A way to avoid the problem is to select correctly the parameters by 

making a process parameter (Figure 4– b) [7, 35, 39, 40].  

 

Figure 4 a) - Process parameter map for single track scans of AlSi10Mg [39]. b) - Five tests tracks made in M2 
steel in argon atmosphere with CO2 laser and 1.1 mm spot size [7]. 

 

a) b) 
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3.2.1.  Laser Powder Beam Fusion (LPBF) and Electron-Beam Melting (EBM) 

LPBF and EBM are the two main techniques used in powder bed fusion method, where 

the main differences between them is the power source and atmosphere used. 

LPBF is also commonly known by selective laser melting, although this is a name of 

a machine manufacturer. In LPBF the power source is a laser which is guided and 

controlled by galvanometers. There are different types of lasers used, CO2, Nd:YAG 

and fiber lasers. Each one has different ranges of energies, laser modes (continuous 

wave, pulsed) and wavelengths that have different absorptivity by materials used 

(Figure 5). For atmosphere, LPBF uses inert gas like argon or nitrogen  to avoid metal 

oxidation during processing [7, 12, 35, 41]. 

 
Figure 5 - Optical absorption of metals versus wavelength (micrometers) [7]. 

LPBF is used for production of small parts that are limited to the build volume of the 

machine, with the largest build volume of 630 x 400 x 500 mm [42]. The minimum 

feature size reported is 0.04-0.2 mm and an accuracy of 0.05-0.2 mm. It suffers from 

some typical imperfections, like melt pool instabilities, that lead to low quality of 

down facing surfaces and upper surfaces roughness, risk of internal pores, possibility 

of delamination and high residual stresses. It might also require the build of 

anchoring supports to avoid warpage, but add the risk of distortion of small features 

when removing them. However, LPBF has the advantages: of producing full dense 

parts (even over 99.9%) in a direct way without the need of post-processing, like 

sintering of HIPing; has one of better surface finish in AM metal processing 
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techniques; can reproduce fine details and make small parts; suited to process a 

large array of metals and can be used for polymers [7, 25, 40, 43]. 

In other hand, EBM power source is a high-energy electron beam powered by high 

voltage, typically 30 to 60 kV, under vacuum atmosphere (<10−1 Pa) [12, 41, 44]. The 

beam is guided by electromagnetic lenses and heating is made through the absorption 

of kinetic energy from incoming electrons [7, 41]. 

This leads to absorption of electrons by the powder and an increase in negative 

charges which may cause two negative effects. First, if the repulsive force on the 

negatively charged particles overcomes the gravitational and frictional forces 

holding them in place, a rapid ejection of powder particles from the powder bed will 

occur, originating a powder cloud that will block the beam. Secondly, the 

increasingly negative charges in the powder bed particles will repel the incoming 

negative charged electrons, creating a more diffuse beam [7].  

This phenomenon’s dictate that the powders must be highly conductive and scan 

strategies must avoid the build-up of regions with negative charged particles. The 

repelling effect leads to a larger diameter beam, thus resulting in a bigger melt pool 

size and larger heat-affected zone. This leads to a larger minimum feature size, 

larger powder particles, thicker layers, lower resolution and surface finish when 

compared with LPBF [7, 41]. 

However, the use of electron beam has also advantages, for example: 

 Is more energetically efficient and cheaper than lasers with comparable 

energies; 

 Is particularly suited for processing highly reflective metals such as aluminum; 

 Since the process is held under vacuum, it allows some removal of gases that 

normally occur in metal castings, being well suited for metals with a high 

affinity to oxygen, such as titanium; 

 The scanning speed is also much higher than LPBF, which is limited by the 

inertia of the galvanometers, since EBM uses electromagnetic lenses that can 

almost instantaneously change beam direction, being highly beneficial when 

building nonsolid parts with designed porosity; 
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 The temperature in EBM is also more uniform throughout the build. This is 

achieved by defocusing the electron beam and scanning rapidly over the 

substrate, which allows a rapid and uniform preheating. This uniformity 

originates less residual stress and warpage [7, 45, 46].  

4. Metallic powders 

Today there are many metals suitable for AM, with several being proprietary of the 

brands that produce the machines. However, there are characteristics like powder 

size, shape, size distribution and composition, that are known to determine various 

aspects of the final part [7, 47].   

Powder size for most commercially available metals is typically 10-50 µm, with a 

spherical shape which is the result of the gas atomization. This shape allows for 

higher apparent density that is around 50-60% for most metals. This shape also 

improves surface finishing and powder flowability. Finer powders will result in higher 

apparent density and produce parts with higher final density, better mechanical 

properties, higher accuracy, thinner layers and better surface finish, since they have 

a higher surface area, absorbing energy more efficiently than coarser particles.  

However, decreasing particle size may create some problems because surface energy 

increases, making the powder more reactive and for certain materials the presence 

of oxygen can make them burn or explode. They also have more tendency to become 

airborne settling in surrounding surfaces, leading to clouded optics and reduced 

sensor sensitivity. Another problem is that interparticle friction and electrostatic 

forces increase, resulting in a loss of flowability thus affecting powder delivery [7, 

35, 39, 40, 44, 47] 

Pre-alloyed powders are the most common composition of metallic AM powders, with 

various metals available, being the most used and researched metals titanium, 

nickel, iron and aluminum based alloys [5–7, 35, 44]. 

The titanium based alloys are mainly used in aeronautical and medical fields because 

of their chemical, mechanical and biocompatibility. Within these, the most studied 

alloy is Ti6Al4V because of the strong business case that can be developed around 

the low volume production of complex titanium parts [5, 35, 44]. 
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Nickel based alloys are used due to the tensile properties, corrosion and oxidation 

resistance at high temperatures. Being normally developed for high performance 

components in jet engines and gas turbines. These alloys have high susceptibility to 

cracking during processing, with difficult elimination by just adjusting process 

parameters. Post-processing like HIP is required to regain and improve mechanical 

properties, with nearly fully dense parts being produced [35]. 

Iron based alloys are common in AM processes, being stainless, tool and high speed 

steels the most common alloys, although they have limited densification because 

iron and chromium have high reactivity to oxygen, which leads to the formation of 

oxides.  Also the high carbon content tends to segregate to the melt surface, 

reducing wettability and causing the melt to spheroidize rather than flow. This high 

carbon content also tends to form complex interfacial carbides at grain boundaries 

which increases brittleness [35]. 

Aluminum based alloys are one of the most difficult to process, mainly because of 

high susceptibility of aluminum to oxidation. Although the upper oxide film 

evaporates, the oxide at the sides of the pool remain intact, reducing wettability 

and creating regions of weakness and porosity. Adding to this problem there is also 

the high reflectivity, high thermal conductivity, and poor flowability of the light 

aluminum powders [35]. 

Metal powders are expensive (>50 €/kg), making recycling of the unused powder an 

important factor for the cost efficiency of AM. Powders should be handled correctly, 

preferably under protective atmosphere. This way, they don’t suffer from significant 

changes from build to build in, particle shape and size distribution, packing density 

and chemical composition. If so they can be reused, with new additions of virgin 

powder to compensate for the used powder between builds and screening of the 

powders through a 60 µm sieve to remove sintered particles [7, 46, 48, 49]. 
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5. Quality Control in Additive Manufacturing 

Qualification and certification of parts made by AM processes has been identified by 

various authors [5, 7, 27, 50, 51] as one of main challenges for the widespread 

adoption of AM in structurally critical components. Traditionally the qualification of 

parts is made by extensive non-destructive and destructive test in hundreds of copies 

of the final product. This kind of statistical evaluation is a slow and expensive process 

in any type of production, but in AM processes it also negates many of the identified 

advantages, namely, low-volume or one-off printings. With this problem, the 

qualification of AM parts demands a different approach from traditional methods [5, 

50, 52]. 

5.1. Approaches for quality control of AM parts 

Due to the unique capabilities of AM, two ways of qualification of AM parts arise. 

One of them through the control of the parameters, where these were thoroughly 

studied and standardized and the part is “certified-as-you-build”. The other through 

the control of the final proprieties by non-destructive methods [51, 53, 54].  

Methods for qualification of AM parts through the build must accurately predict if 

the parts will meet the specifications and ensure repeatability, consistency and 

reliability across different AM machines. In order to achieve this, the pyramid plan 

on Figure 6  outlines the strategy to ensure quality on final parts [50].  

 

Figure 6 - AM quality pyramid, adapted from [50]. 
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On top of the pyramid is Quality parts, where is defined in the beginning of the 

project the level of quality needed for the application [50, 55].  On second level 

there is Build planning and Build monitoring, which are linked by feedback control 

and in which most research work is being made [4, 7, 35, 56–61]. Build planning is 

focused on the pre-build stage and consists in advanced computational models that 

simulate the build. They take physical phenomena that occur during the build and 

associate them with the build parameters to predict the final properties of the part. 

This allows the development of building plans that adjust input parameters to avoid 

defects and improve proprieties. However, the physics involved in metal AM are quite 

complex, which creates a challenge in the creation of models that simulate multiple 

factors at the same time. This method of certification of parts is still requires more 

investigation because of the limited knowledge about some physical processes that 

occur during the build; the physical phenomena aren’t properly mathematically 

described; and such complex simulations require high-performance computing 

facilities that can withstand such heavy computational loads [50, 51, 60]. 

Build monitoring is focused in control of the parameters during build, to predict final 

properties and microstructure based on real-time inspection, thermal history or melt 

pool monitoring [50, 62]. This can be achieved employing the equipment summarized 

on Table 1.  

Table 1 - Various sensing equipment used in AM ,adapted from [50]. 

Sensing equipment Objective 

Accelerometers 
Measure vibration of the print head during powder feed deposition and 

detect potential anomalies [63]. 

Ultrasound sensors 
Ensure the final part is free of internal voids that create stress 

concentrations which lead to premature part failure [64]. 

High-resolution 
photography 

Allows for near real-time inspection of parts in the build chamber [65]. 

Thermal imaging 
Monitors size, shape, and relative temperature distribution of the melt 

pool [58]. 

Pyrometry 
(photodiode) 

Measures light intensity at a single point and correlates to temperature 
[58]. 

The methods, though quite precise in prediction, originate large volumes of data. 

For example, video data that includes enough detail of the melt pool and a frame 

rate sufficiently fast to keep up with the motion of the laser can result in a file with 

size around 1500 TB for a six-hour build. The reduction of the area filmed can be 

achieved through a series of mirrors to provide the tracking view of the laser beam 
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to the melt pool, but even this solution results in a file of 12.7 TB for a six-hour build 

[50]. 

The effective application of such data is made through feedback control, where the 

data is used in real time and in closed-loop to correct and take action against 

detected anomalies. This capability to correct deviation from the build planning 

ensures consistent geometries, surface finishes and material properties. The 

machines that use this system show superior results, as shown in Figure 7.  

 
Figure 7 - Results of feedback control on LPBF of a closed overhand with 5mm lenght or diamter. Left - no 

feedback control, Right - With feedback control [50]. 

At pyramid base are general quality control procedures that are applied to any 

manufacturing process, where the raw material (powder) should be carefully 

controlled, periodic calibrations performed, standards followed, with the creation 

of a body of knowledge around the experience in the process  [50]. International 

standards are essential to ensure uniformity and consistency across multiple 

machines and manufactures. However, these are quite recent and started being 

published in the year of 2013, with new appearing every year, in an effort of ASTM 

and ISO organizations to keep up with the fast pace of development of AM 

technologies [5, 50, 51, 66, 67]. 

This concept of a born certified is very promising for the qualification of AM parts; 

it is still in its infancy. This requires the control of final parts through non-destructive 

techniques (NDT) to be employed as complement, substitution or for correlation with 

build parameters. Although many of these provide vital information about part 

health, they are also limited on the general analysis of the part [54].   

5.2. X-ray Computed Tomography (CT) 

One of the most promising techniques in the quality control of AM parts is X-ray CT. 

This method allows scanning of all surfaces of an object, even if they are inside a 
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part (e.g., cooling channels), it enables volume and wall thickness measuring as well 

porosity (intended or accidental) and cracks analysis. The result of the CT is a fully 

digitalized combination of various qualitative and quantitative measurements from 

a single non-destructive experiment. This capacities of the CT systems are excellent 

tools to analyze and qualify parts made by AM, since the data obtained can be used 

for a direct comparison with the CAD file that served as building base. Those findings 

can also be used to understand the complex relations between design (size and 

shape) and building parameters (power source, orientation, build speed, etc.), and 

be employed on the building of algorithms for process modeling and simulation, to 

further improve build planning methodologies [7, 52, 68–70]. 

Despite all the possibilities and the large volume of research done [54, 68–73], there 

are still issues that need to be addressed. These focus mainly on quantification of 

error and accuracy, since in CT analysis there are many parameters that can be 

changed. The existing standards focus on dimensional measurements, like the 

popular VDI/VDE 2630. However, even in this standard is advised that measurement 

error can be smaller when measuring test specimens than in measuring real 

workpieces. This challenge is greater in porosity analysis since many factors affect 

the measurements, making the creation standards even more difficult [74, 75]. 

5.2.1.  Working mechanism and parameters 

There are many types of CT scans, with different X-ray sources, configurations and 

strategies, like the ones used in medicine. However, in this work it will be focused 

on industrial CT scan for materials inspection. CT scans use electrically generated 

high intensity X-rays to inspect parts. These X-rays pass through the object which 

suffer from attenuation due to absorption or scattering, which become associated 

with different gray values. Then are detected by the detector that register the image 

projection. The part is rotated 360º in front of the X-ray source and hundreds of 

projections are taken from different angles (Figure 8 - a), being the output thousands 

of cross-sectional images. These images are stacked together, and through 

mathematical algorithms are created 3D voxels (3D analog of the pixel with the 

associated gray value) which form the 3D reconstruction of the object, outlined on 

Figure 8 - b [7, 48, 75, 76]. 
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Figure 8 –a) Projection reconstruction principle [77]; b) Flat panel CT working principle [78]. 

The typical hardware on a CT machine are the X-ray tube, manipulator table and 

detector panel. There are various types of radiation sources but the most common 

are vacuum X-ray tubes that project X-rays in a cone-beam configuration. These 

consist in a cathode (tungsten filament) and an anode inside a vacuum tube, between 

which an electrical potential is applied, originating an electron beam. This electrons 

collide against a target, converting their kinetic energy into thermal (98%) and 

electromagnetic energy in the form of a continuous spectrum of X-rays (Figure 9) 

[78–81].  

 

Figure 9 – Typical reflection X-ray tube [78]. 
 

Having a small focal spot is important for the spatial resolution of the CT. Being the 

X-rays tubes classified as macro, micro and nanofocus, in which, the smaller spot 

size the smaller feature resolution is possible. Although, with the reduction of the 

spot size, the energy will be focused on a smaller area, leading to an excessive 

heating of the target. Therefore many machines employ a water cooling system to 

reduce this problem. However, in the limit, it constrains the energy of the X-rays 

 

b) a) 
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that can be applied. The X-ray tube current and voltage are variables that can be 

chosen by the operator within a specific machine range, where the current affect 

the intensity (amount of radiation), without modifying the quality (penetration) of 

the emission spectrum, while voltage affects both [78, 79, 81].  

The other important hardware component is the detector which converts incoming 

X-rays to electrical signals. The most common type are the scintillators, which 

exploit the fact that certain materials emit visible radiation when exposed to X-rays. 

The resulting visible light is then converted to a electrical signal that can be used by 

the computer to recreate the projection [78, 81]. 

The manipulator controls the position of the object and must be properly calibrated 

to avoid image errors. The relationship between X-ray source, detector and object 

is important, since it influences the size of the projection on the detector. The closer 

the object is to the source and the further the detector is, the larger the geometrical 

magnification will be. Larger geometrical magnification is good for resolution but 

will originate blurriness on the edges, reducing perceptibility of the boundaries 

(Figure 10) [78, 80, 81]. 

 

Figure 10 - Image magnification and blurring by moving the object towards the source having a finite X-ray 

spot. FOD- Focus object distance; FDD – Focus detector distance  [78]. 

The software on CT plays a vital role and are used for reconstruction and analysis. 

The reconstruction software creates 3D volumes that are made of voxels, through 

the various 2D projections with the associated measured intensity of the X-rays 
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transmitted through the object cross section (gray values). To do this there are 

various algorithms like the Feldkamp, CERA, Radon, among others. The analysis 

software has the function of surface detection, visualization of the 3D object and 

dimensional analysis. The surface detection of the 3D object is done by various 

methods: assigning a threshold gray value to the “edge voxels” or interpolation 

between maximum gray values derivatives, among others [78, 79, 81–84].  

The generated images by the CT can have discrepancies with the actual object. 

These manifest as artifacts which are artificial features that don’t correspond to the 

physical object. Artifact content is one of the most difficult aspects of image quality 

to control or quantify, being almost impossible to have a reconstruction without 

them. Mitigating them is done by the careful setting of parameters or through the 

use of filters during reconstruction step. There are various type of artifacts like beam 

hardening artifacts, ring artifacts, edge artifacts, noise, among others. 

Beam hardening is one of the more common when using polychromatic X-ray sources, 

because low energy photons (soft X-rays) are attenuated more quickly than high 

energy photons (hard X-rays). The consequence is that only the harder X-rays pass 

through the objet, making the total attenuation no longer being a linear function, 

which will lead to and underestimation of the attenuation inside the sample. This 

will result in the reconstructed object appearing lighter on outside than in the core. 

This will affect surface determination since it affects the threshold value, leading to 

a loss of features when selecting the threshold gray value. The most practical 

approach to remedy this effect is to use a thin plate of aluminum, copper, brass or 

lead in front of the X-ray source to filter the softer X-rays (Figure 11 – a). The choice 

of material and thickness is dependent of on the attenuation of the material being 

analyzed and its thickness, with operator experience playing a major role. Although, 

there are software’s (e.g. SpekCalc) that suggest the power, filter material and 

thickness for the specific material being analyzed. Another example is ring artifacts. 

They appear on the reconstructed image as concentric rings, with their center on 

the rotational axis of the CT. They appear because of non-linearity of signal, ageing 

of the detector or suboptimal calibration before the scan (Figure 11 – b) [68, 72, 78–

81, 85, 86]. 
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Figure 11 – CT artifacts examples. a) Effect of beam hardening without and with a physical filtering of the X-
ray [78]. b) Ring artifact. 

Other common artifact is noise. It is defined as an unwanted and randomly 

distributed disturbance of signal that tends to obscure the image, reducing resolution 

and contrast (Figure 12). 

 

Figure 12 - Example of image noise [87]. 

It I impossible to have CT images without some degree of noise. It appears mainly 

for two reasons, statistical noise and interaction with matter. Statistical noise is 

governed by the number of X-ray photons absorbed by the detector. A good way to 

understand this effect is using an example of traditional radiography where is used 

X-ray sensitive film. Even after exposing uniformly the film to X-rays, it will reveal 

at close inspection that only a number of small grains have been exposed. This effect 

translates to the scintillator detectors used on CT, where they will originate a fine-

grain image. Although unavoidable, it can be reduced by increasing the scan time, 

reducing the frame rate of the detector or by increasing the output of the X-ray 

source [79, 80, 87].   

The other source of noise is the interaction of X-rays with matter. There are three 

types of interactions that can occur, coherent scattering, photoelectric absorption 

and Compton scattering.  Compton scattering is the one that originates noise and 

occurs when high energy X-ray photons interact with the electron on the outer shell 

a) b) 
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of the atoms. This outer electron is bound with very little energy to the atom, so 

when the X-ray photon collides with it, the electron is ejected and the photon 

diverted from the initial direction [80, 81, 87]. 

There are many factors that can affect CT analysis ranging from the software to the 

hardware passing by the operator settings (Figure 13). All this possibilities make the 

measurement of uncertainty a difficult task, justifying the delay on the emission of 

new standards [74, 75, 78, 88]. 

 

Figure 13 - Influence factors CT [81]. 

 

5.3. 3D Scanning 

Scanning of an object using optical means is widely used to reverse engineer objects 

in AM. So the natural step was to use this technique to do the opposite, apply it for 

geometrical quality control of AM parts. There are various method to optically 3D 

scan an object, like photogrammetry, laser triangulation, structured light, among 

others. All these systems work through triangulation, in which light is projected into 

the object, then it reflects to the camera and by knowing the distance between 

camera and light source is possible to calculate de distance.  

This work will be focused on structured light method of fringe projection. These 

scanners are used for reverse engineering and quality control of a wide array of part 

sizes on different industries like casting, forging, injection moulding, tool making, 

among others. The easy operation of this equipment allows a rapid inspection of 
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simple parts and the conversion to digital of physical models and prototypes with a 

good accuracy and resolution. They work by projecting a fringe pattern onto the 

object which will distort the lines depending on the object profile. Then the camera 

captures the distorted fringe images into the computer that analyzes the images and 

calculates millions of points of the object surface (Figure 14). All these points will 

form a point cloud that will originate a triangulated mesh representation of the 

object [89–96].  

  

Figure 14 - Working mechanism of structured light 3D scanner devices [97]. 

Fringe projection systems can use one or more cameras to capture the images, which 

will increase the area registered in each capture. These systems are simple to set 

and operate giving resolutions up to 0.02 mm, although they struggle when scanning 

transparent or highly reflective surfaces. This issue can be overcome by spraying the 

surfaces with some kind of powder to allow surface recognition. Another problem is 

when scanning objects bigger than the field of view of the scanner, since the various 

frames need to aligned accurately to reproduce the objects. There are three main 

strategies to overcome this. One of them is the alignment of frames through the 

software, where it aligns the frames using the unique geometry of the object through 

a sophisticated algorithm that try to understand the surface. However this kind of 

guess work doesn’t always produce the best results since they tend to accumulate 

measurement error. The second method is employ gyroscopes and accelerometers to 

locate the scanner in space in relation to the object. The third and most common 

method is the use of markers. These are high contrast objects that work as reference 

coordinates, allowing the software to locate in space the scan in relation to the 

object (Figure 15). These markers can be placed into the object or on the base; 

however, there must be always three markers on the field of view of the scanner 

[89, 91, 92, 95, 98]. 
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Figure 15 - Positioning system using markers [99]. 

5.4. Demonstrators 

An important tool when testing any manufacturing method is the use of standardized 

test parts. AM is not different, being used demonstrators also known as artifacts.  

These have complex geometrical features known to the AM processes and are 

designed to test the limits of the process with features like overhangs, thin wall 

structures, among others (Table 2). Besides benchmarking the AM process, these also 

allow for optimization of the processes iteratively, by choosing more suitable 

parameters and materials [54, 73, 100, 101]. 

Table 2 – Geometric features and their intended purpose [101]. 

Feature Purpose 

Flat base Flatness and straightness. 

Cube Squareness, parallelism, linear accuracy and repeatability. 

Cylindrical hole Roundness, cylindricity, accuracy and repeatability of radius (internal). 

Sphere Sphereness, relative accuracy and repeatability of continuously changing 

surface. 

Solid cylinder Roundness, cylindricity, accuracy and repeatability of radius (external). 

Hollow cylinder Roundness, cylindricity and coaxially of cylinders. 

Cone Concity, sloping and profile and taper. 

Angled surfaces Angularity, accuracy and repeatability of angled surfaces. 

Over the years several authors have proposed different demonstrators [100–105], 

with varying purposes, features,  sizes and complexity. One of the most known is the 

one suggested by the National Institute of Standards and Technology (NIST) (Figure 

16). 
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Figure 16 - Proposed demonstrator by the National Institute of Standards and Technology (NIST) [105]. 

However, the proposed demonstrators often lack some important features. For 

example, angled structures or internal channels. These omissions lead to the 

development of the Fraunhofer IWS demonstrator that was specifically designed to 

test metal AM processes. This demonstrator has all the features defined by the best 

practice design of demonstrators and was designed to be fully scalable like showed 

on Figure 17 and Figure 18. 

 

Figure 17 - Fraunhofer IWS demonstrator developed to evaluate different challenging geometrical features. 

 

Figure 18 - Horizontal cut of the demonstrator highlighting the internal channels. 
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6. Experimental procedures 

In this chapter it will be made a general explanation on the specific equipment and 

software used in order to better comprehend the reasons and challenges faced when 

using CT and 3D scanning for quality control. In this work were made various 

experiments as described in Table 3 in order to determine their advantages and 

limitations.  

Table 3 - Performed experiments. 

Measuring 
equipment 

Part Material Process Objective 

CT Demonstrators 
Inconel 718 

Ti6Al4V 
AlSi10Mg 

LPBF 
EBM 

Geometrical comparison against CAD 

CT and 3D 
scanner 

Nozzle 
Demonstrator 

Ti6Al4V 
Inconel 718 

EBM 
LPBF 

Comparison of CT against 3D 
scanning in geometrical comparison 

against CAD 

CT Cubes Inconel 718 DED Porosity analysis 

Reconstruction 
software 

Cube Inconel 718 DED 
Assessment of reconstruction 

parameters on porosity analysis 

 

6.1 Computer tomography 

To perform a CT inspection specific steps were made using certain software. To 

better understand these steps they are outlined on Figure 19. 

 

Figure 19 - Steps performed on the CT inspection with focus on the machine and software used and parameters 
needed to define in each stage. 

6.1.1.  Equipment 

The computer tomograph used in this work was an YXLON FF35 CT made by YXLON 

(Figure 20). This equipment is ideally suited for inspection of small to medium sized 

items such as electronic devices, small metal parts, and small castings, among others 

[106]. The maximum part limit size is Ø 300 x 500 mm height and 30 kg.  
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Due to the necessity of high accuracy the atmosphere temperature inside the 

machine is controlled and all the moving parts are laid on a granite base which are 

controlled by high precision Heidenhain encoders. 

The CT is equipped with a FXE-225.48 microfocus 225 kV reflection X-ray vacuum 

tube and an YXLON flat panel model 2530 with 1792x2176 pixel size. This setting 

allowed for minimum focal spot size of <6 µm with a minimum detail recognizability 

of <3 µm and a maximum permissible error (MPE) equal to 8 μm+L/75 (where  L is 

the length in mm) according to the VDI 2630-1.3 directive. 

 

Figure 20 - Computer tomograph YXLON FF35 CT used. 

In order to analyze the parts some steps were taken into consideration. First the 

parts were placed on the machine in a way that all the surface was projected on to 

the detector but with minimum travel path of the X-rays through the part. To keep 

the part in the correct position was used a support made of expanded polystyrene 

attached to a magnetic spiked support (Figure 21). It was chosen expanded 

polystyrene as a support material due to its low density comparing with the parts 

analyzed. The use of support material will prevent noise and post-processing work 

to eliminate the supports from the reconstructed 3D object. 

 

Figure 21 - Placement of the demonstrator inside the CT. 
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When the part was correctly placed on the machine it was defined the parameters 

for the X-ray tube, detector and positioning. This was attained with the help of the 

live image that shows the image that is being captured at that moment by the 

detector. X-ray tube and detector parameters were also defined with the assistance 

of the live histogram (Figure 22). The parameters were different for each part 

because of density and size difference between them, leading to different 

parameters and filters being used for different parts. The suggested values present 

on standard ISO 15708-2:2017 were used as a reference (Annex A). 

 

Figure 22 - YXlON FF35 CT live menu. 
 

Once the X-ray tube, detector and position parameters were chosen it was made a 

detector calibration. This step was made every time that these parameters were 

changed to avoid artifacts and have a clear image. In this work was only performed 

the Air calibration, where the operator needs to move the tube/part so that no 

object is present in front of the detector. After this, the CT captures images with 

the X-ray tube OFF and ON, averaging the detector readings and correcting possible 

distortions or noise on the detector. Finally, was defined the type of scan and 

reconstruction parameters; in this work, it was only used the circular scan option. 

Live histogram 

Live image 
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6.1.2. Software 

6.1.2.1.  YXLON Reconspooler 

This reconstruction software comes with the CT machines made by YXLON and uses 

the CERA algorithm created by Siemens. It allows adjustment of various parameters 

(Annex B) that makes it a very powerful software for the reduction of noise, artifacts 

as well image corrections. The parameters for this software were chosen on the last 

step of the scanning routine definition, but the reconstruction can be remade with 

the recorded data with a different set of parameters. 

In this work the image correction parameters were kept the same for all of the 

samples, but the reconstruction volume size was changed in order to have a 

compromise between file size and voxel size; since a bigger reconstruction volume 

will originate a 3D object with smaller voxel size and better resolution but a much 

larger file size, making all kind of future analysis time consuming. So in order to have 

the smallest file size possible without being detrimental for the analysis, it was 

always chosen a voxel size smaller than the characteristic that was analyzed. 

6.1.2.2.  VGStudio MAX 3.0 

The VGStudio software was developed by Volume Graphics for visualization and 

analysis of CT data and it is capable of perform various geometrical and material 

analysis. Geometrically it can do coordinate measurements, tolerance analysis, wall 

thickness analysis, comparison with the 3D CAD, among others. In material analysis 

it is capable of measure and quantify porosity, inclusions, cracks, analyze fiber 

composites, simulate mechanical resistance of the part with the detected defects 

and simulate transport phenomenons on porous/fibrous materials. In this work was 

used VGStudio MAX 3.0 for porosity analysis and comparison with the 3D CAD.  This 

software was used following a specific procedure. First it was needed to register the 

part in space then was made the surface determination of the 3D object and finally 

the analysis (porosity or comparison). 

6.1.2.2.1  Registration 

Registration of the 3D object in space was needed because most of the times the 

scanned part is not perfectly centered on the axis or it was tilted on for better X-ray 
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path. This made the analysis on the 2D projection images more difficult, since they 

were not parallel with the axis of the CT, making the capture of images for reporting 

more challenging since the 2D image are locked once registered (Figure 23). 

 

Figure 23 - 2D and 3D views of a part in VGStudio Max 3.0. a) Incorrectly registered; b) Correctly registered 
with the back plane of the sample through Simple 3-2-1 Registration. 

Registration is also key when performing the Nominal/actual comparison since the 

CAD and the 3D object need to be aligned the best way possible in order to have a 

correct analysis. VGStudio MAX 3.0 provides various options to do this, but on this 

work it was only used the Best Fit Registration for the geometrical analysis and the 

Simple 3-2-1 Registration for the porosity analysis. 

In Best Fit Registration there are references to which the 3D volume of the scanned 

part can be registered. It can be registered against a CAD model or a region of 

interest (ROI), that is a clipped region of a 3D object. The software uses a Gaussian 

best fit through the analysis of millions of points that define the objects, while the 

3-2-1 Registration works by defining a primary (e.g., a plane), a secondary (e.g., a 

line) and an optional tertiary datum reference (e.g., a point) for the object [107]. 

6.1.2.2.2.   Surface determination 

The surface determination is a very important step since it influences all further 

analysis. It works by determining the boundary between air and part through the 

gray values. The software allows various methods to determine this like, defining the 

gray value manually, through ROI’s or intervals. However in this work it was used the 

automatic option to reduce operator influence. So the software automatically 

determines this through the calculation of the mean between the material and air 

mean on the histogram peeks (Figure 24), that results on a ISO value that will 

determine the surface with sub-voxel precision (it does not simply follow the voxel 

a) b) 
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grid) (see Figure 25). Although sometimes this process is not so straightforward due 

to noise, edge artifacts and beam hardening. 

 

Figure 24 - Histogram. a) VGStudio MAX 3.0 histogram; b) Histogram illustration and correspondence. 

 

Figure 25 - Surface determination process through gray value means [108]. 

Another tool provided by the software is the Advanced Surface Determination that 

defines the material boundary by locally adapted gray values. The same gray value 

will be interpreted differently depending on the surrounding voxels within a 

determined search distance from the ISO value (Figure 26). This creates a more 

accurate determination of the part surface. Because it will compensate for local 

deviations originated from beam hardening or other artifacts. This tool also has the 

option of Starting contour healing, which removes noise particles outside the object 

and voids from inside. This is important for future porosity analysis, since the 

porosities won’t be identified properly if they are considered to be part of the 

surface. 

 

Figure 26 - Detail of the advance surface determination of an object corner with different gray values due to 
an edge artifact.   

a) b) 
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In this work were used the parameters of automatic ISO value determination with 

the Advance surface determination active, with a default search distance of 4 voxels 

and a starting contour healing for remove particles and all voids.  These parameters 

were chosen to reduce the dependency on the operator and minimize 

uncertainty/errors related to the operator.  

6.1.2.2.3.  Actual/Nominal comparison 

This tool was used to determine the deviation of the analyzed parts. It allows for 

comparison of volumes against CAD and mesh objects in order to detect deviations 

of the original build file at different tolerances. The result of the analysis is a report 

with deviation histogram (example in Annex C), cumulative histogram (Annex D) and 

deviation colored volume [107]. 

6.1.2.2.4.  Porosity/Inclusion analysis 

For porosity analysis the tool Porosity/Inclusion Analysis was used, that investigates 

voxel data for internal imperfections and provides detailed analysis results with 

information on each individual defect as well as overall statistical information. The 

generated report contains information like position, size, surface, and volume of 

each individual defect.  

The defect analysis works through algorithms to check each voxel to determine if it 

might be a defect and then it checks if it matches with the specified gray value and 

filters set by the user (Figure 27). The algorithms provided are the Only threshold 

and VGDefX. In the Only threshold analysis each voxel gray value is examined and if 

it is below the specified value, then it is considered a defect. On the other hand, 

VGDefX is a more sophisticated algorithm since it allows for gray value variations, 

includes noise reduction for seed point location, and can detect defects which are 

connected to the surrounding air [107] (see Annex E). It also offers several probability 

criteria according to which the defects will be detected (see Annex F). 
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Figure 27 - Pore detection process, from seed to neighborhood analysis[109]. 

For the analysis it was necessary to define the void maximum gray value (Void max.)  

and filters. Void max. can be defined manually through example area or by Auto 

threshold mode. This last one, uses the histogram calculate the Void max., whether 

by deviation or interpolation. 

On deviation, this value is calculated through the material gray value of the surface 

determination; here it adds the standard deviation of the material plus the mean 

gray value of the material peak multiplied by a deviation factor (Equation 1). The 

deviation factor specifies a factor for the standard deviation of the material peak of 

the gray value distribution. This mode is more adequate for multi material analysis. 

𝑉𝑜𝑖𝑑 𝑚𝑎𝑥. =  𝑚𝑒𝑎𝑛𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 + 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 × 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

Equation 1 - Equation for Void max. through deviation [107]. 

Interpolation also uses the surface determination gray value but also the background 

peak value. This method works through Equation 2 to determine the Void max. On 

this it adds the mean background gray value to the difference between the material 

and background gray value, that is then multiplied by the defined interpolation 

factor. Interpolation is more suitable for mono material analysis because of the 

distinct peaks of material and background on the histogram. 

𝑉𝑜𝑖𝑑 𝑚𝑎𝑥. =  𝑚𝑒𝑎𝑛𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 + (𝑚𝑒𝑎𝑛𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 − 𝑚𝑒𝑎𝑛𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) × 𝑖𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

Equation 2 - Equation for Void max. through interpolation [107]. 

Filters can also be defined before performing the analysis. These are based on 

probability, minimum/maximum defect size, compactness and sphericity range (see 

Annex G). However, they can be also filtered post-analysis, by selecting the defects 

identified with the filter parameters and eliminating them. 
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6.2. 3D scanning 

To digitize parts to 3D objects, by using the 3D scanner the septs outlined on Figure 

28 were followed.  

 

Figure 28 - Steps followed for 3D scanning. 

6.2.1.  Equipment 

For the 3D scanner analysis the GOM ATOS Core fringe projector with stereo cameras 

was used. The 3D scanner has various scanner sizes for different applications, being 

that on this work the models 45 and 135 were used. The difference between them is 

pointed on Table 4. The larger measuring area allows shorter scanning times and 

fewer image captures because of the acquisition of a larger area in each acquisition.  

However, it has higher point spacing and consequently a lower resolution. 

Table 4 - Different specification of the GOM ATOS CORE 45 and GOM ATOS CORE 135 [96]. 

 ATOS CORE 45 ATOS CORE 135 

Measuring area 45 x 30 mm 135 x 100 mm 

Working distance 170 mm 170 mm 

Point spacing 0.02 mm 0.05 mm 

In order to obtain a 3D rendering of the scanned part, some sample preparation was 

needed. First the markers were attached to the part; they were placed in a way that 

the scanner always detects three markers at any given point. Then the parts where 

lightly sprayed with penetration testing spray (Helling NORD-TEST – Developer U89), 

where the objective was not to test cracks or pores but to reduce the reflectivity of 

the scanned parts. After this the part was attached to the base plate using adhesive 

putty. Finally more markers to the base plate where attached, in order to further 

ensure the three point detection requisite.  

Then the scan was made, making a capture and then rotating the part around 30º, 

repeating the process until all the part was scanned. After this the extra height 

added by the putty was trimmed of the 3D object. In the end the 3D object was 

transformed in a .stl file for further analysis. 
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6.2.2. Software 

6.2.2.1.  GOM ATOS Professional 

It is a software created by GOM to control de GOM 3D scanners and generate the 3D 

object through the cloud points obtained through the scanner. It also self-monitors 

the calibration status, transformation accuracy and if the part as moved during 

scanning. This software allows polygon mesh generation, editing and sectioning, as 

well quality control through various tools, for example, comparison against CAD, 

measurement of individual points and their deviation [110].  

It works by controlling automatically the exposure time of the projector, tracking in 

real time the position of the identified markers, part and projector, that are 

displayed on the computer screen while the part is being scanned (Figure 29).  

 

Figure 29- Scan of a part with GOM ATOS 135. Scanned area and live cam on the computer screen. 

 
 

6.3. Measurements 

6.3.1.  Geometric analysis 

For the geometric analysis it was used as a standard part the demonstrator developed 

by Fraunhofer IWS which was built using the LPBF and EBM techniques. This 

demonstrator was developed to assess the process capacity of AM processes between 

different machines and manufactures. It was also analyzed the capacity of this 

demonstrator to perform these functions. The technical drawing detailing some 

dimension can be found in Annex H. 
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6.3.1.1  LPBF demonstrators 

The LPBF demonstrators were built to determine the capacity of the demonstrator 

to test machines with different materials. The three demonstrators were made on 

different institutes with different materials and machines, as seen on Table 5. 

Table 5 - LPBF demonstrators used for the geometrical analysis. 

Institute Machine Material Demonstrator 

Fraunhofer IWS Renishaw AM 250 Inconel 718 

 

Fraunhofer IPK 
SLM Solutions 

SLM250HL 
Ti6Al4V 

 

Fraunhofer IWU 
Concept laser M2 

cusing 
AlSi10Mg 

 

 

6.3.1.2.  EBM demonstrators 

The EBM demonstrators were all made on an Arcam A2X using Ti6Al4V and the same 

parameters of beam speed 700-4530 mm/s and beam power 5-17 mA. These 

demonstrators were built to study the effect of the support structures on the swelling 

defect. For this different support structures grid size were built, like those shown on 

Figure 30. 

 

Figure 30 - EBM Ti6Al4V demonstrators made on Arcam A2X with different square base sizes: a) 6x6 mm square 
size; b) 5x5 mm square size; c) 4x4 mm square size; d) 3x3 mm square size.   

b) a) d) c) 
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6.3.1.3.  CT analysis of the demonstrators 

The demonstrators where scanned on the CT using different parameters (Annex I), 

because they were made of different materials, leading to different X-ray 

attenuations. The reconstruction parameters were the same for all demonstrators 

(Annex J) but the Reconstruction Volume Size was changed to have the minimum file 

size with the voxel size bellow 0.1 mm. On the Surface determination the parameters 

were the same for all demonstrators expect the Inconel 718, where the Surface 

determination was made using the starting contour of the CAD file, because of the 

noise on the reconstructed volume (Annex K). 

Then they were analyzed on VGStudio MAX 3.0 using the Actual/Nominal comparison 

tool with three tolerance distances, 0.1, 0.5 and 1 mm. They were registered using 

Best Fit Registration because there weren’t clear points to align the parts, since AM 

parts can surfer warpage and shrinkage.  

The EBM Ti6Al4V and LPBF AlSi10Mg demonstrator had supports that needed to by 

trimmed off in order to make the Best Fit Registratiton.  For this it was used the 

VGStudio MAX 3.0 in which was used the clipping box tool to “cut off” the supports 

from the demonstartors. Then was created a ROI from the clipped object and used 

for the geometric comparison with the CAD. 

6.3.2. Comparison of CT against 3D scanning 

For the comparison of CT against 3D scanning it was chosen two different parts, the 

LPBF Inconel demonstrator and jet nozzle (Annex L). This choice was made because 

when using the 3D scanner it’s impossible to scan the internal features. So it was 

also used a nozzle that had a more simple geometry, allowing for total scan by both 

methods and working as a direct comparison between them. While in the 

demonstrator it was used to scan of the top features and work as an indirect 

comparison. 

In the indirect comparison it was used the Inconel 718 demonstrator made by LPBF. 

It had already been CT scanned on the previous geometrical comparison experiment. 

For the 3D scanning it was used the GOM ATOS 45 with 0.4 mm markers size and the 
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demonstrator wasn’t turn over to ensure maximum accuracy during scanning of the 

features and the lack of a sturdy fastening point (like a screw base). 

For the direct comparison it was used a Ti6Al4V nozzle produced by the EBM machine 

Arcam A2X where it was used a beam speed of 4000 mm/s and beam power 15 mA.  

The CT parameters for scanning, reconstruction and surface determination of the 

parts are present on Annex I, Annex J and Annex K. For the 3D scanner it was used 

the GOM ATOS 135 with 0.8 mm marker size, where the part was scanned all around, 

starting of the top while inclining the rotating table (Figure 31). After both sides 

were scanned they were joined on the GOM ATOS Professional, using as reference 

points the markers that where attached to the nozzle. 

 

Figure 31 – a) Nozzle made by EBM with Ti6Al4V, b) Scanning of the nozzle using the GOM ATOS 135 and an 
inclinable turning table. 

Then the 3D objects were compared against the CAD file on VGStudio MAX 3.0 using 

the Nominal/Actual comparison option. The objects were registered with the CAD 

using the Best fit registration and then performed the analysis with three maximum 

deviation values of 0.1 mm, 0.5 mm and 1 mm. 

6.3.3. Porosity Analysis 

For the porosity analysis were used seventeen samples made of Inconel 718 (Figure 

32). These samples were made at Fraunhofer IPK using the DED machine TruLaser 

Cell 7020 with the build parameters in Annex N, resulting in cubes with the 

dimensions present on Annex O. These were generated according to the design of 

experiments using the statistical experimental planning software Visual-Xsel from 

a) b) 
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CRGRAPH. The goal was to study the effect of different build parameters on final 

density. 

 

Figure 32 - Inconel 718 cubes made by DED process on TruLaser Cell 7020. 

The density was determined through two methods: Archimedes method and porosity 

analysis by CT. For both methods was used the reference value of 8.19325 g/cm³ for 

Inconel 718 [111]. The measurements were done on Fraunhofer IPK according to the 

standard DIN EN ISO 3369.  

On the CT analysis the parameters used for the scan, reconstruction and surface 

determination were kept constant, which can be seen in greater detail on Annex I, 

Annex J and Annex K. On the reconstruction parameters the reconstruction volume 

of 512 hpc (horizontal pixel count) was chosen because it originated a voxel size 

below 0.1 mm and a small file size of ±250 MB. This volume size allowed for a fast 

porosity analysis (around ten minutes) and permitted loading all 3D objects to a 

single project file. If other reconstruction volume size was used, for example ISO 

voxel, the file would have around 16 GB and the analysis time of more than eight 

hours per sample, which was not practical or realistic in any real world application.  

The porosity analysis was made using the VGDefX algorithm with the parameters 

presented on Annex M; three analysis where made with different parameters to 

determine the difference in porosity detected. It was changed the Void max. value 

through the Interpolation factor and the filters applied but kept constant the Analysis 

parameters (see Annex E). On the first analysis the interpolation factor and filter 

were chosen by the operator for each sample in order to achieve the most correctly 

identified pores. For each sample the operator would choose the parameters and 

then travel through the horizontal 2D section of the sample to verify that the pores 
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have been correctly identified. For the second and third analysis the interpolation 

factor and filters were kept constant for all samples that were chosen through 

various analysis in order to find the best parameters that identified all the pores with 

minimum noise. The parameters chosen were: interpolation factor 1.4 and 

probability threshold 0.3 for the second and interpolation factor 1 and probability 

threshold 1 for the third one. Interpolation was used to guarantee uniformity through 

all samples on the second and third analysis. This option allowed the Void max. gray 

value to be always the same middle point between peak values, despite slight 

differences between histograms. 

Analysis parameters were chosen based on the type of defect to be identified 

(pores). It was chosen Noise reduction - High, because it was verified that it reduced 

the misidentified pores without affecting the correctly identified ones. 

6.3.4. Reconstruction settings assessment 

In this work it was investigated the influence of the reconstruction settings on the 

detected volume and porosity. For this it was performed nine reconstructions of the 

same Inconel 718 cube with different reconstruction parameters. These parameters 

were changed one at a time between reconstructions while the others were kept 

constant, like represented in Annex P. The values on parameters are the ones that 

appear by default when they are activated. 

Afterwards the surface determination and porosity analysis were made using the 

same parameters as for previous experiments (Annex K) and porosity analysis with 

interpolation factor 1 and probability 1 (Annex Q). 
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7. Results and Discussion 

7.1 Geometric analysis 

7.1.1.  LPBF demonstrators 

CT was fully capable of digitize the metal LPBF parts, like shown on Figure 33. This 

allowed the comparison with the original build CAD file, holistic analysis of all the 

part including the small features. 

For the Inconel 718 demonstrator it was necessary the use of the CAD as a contour 

for surface determination, since nickel has a high X-ray attenuation. In order to 

achieve full penetration it was required also higher energy X-ray and a denser filter 

(1 mm lead). However, on the center of the demonstrator the contrast was not 

enough for correct reconstruction through advanced mode surface determination, 

although on the 2D projection the inner geometries were clearly visible. The use of 

the CAD file as a starting contour allowed the software to locally adapt on the correct 

place the best gray value depending of the surrounding voxels. 

 

Figure 33 - Digitized Ti6Al4V LPBF demonstrator. 

The visual comparison analysis of the demonstrators shows that LPBF was capable of 

reproduce almost all features with minimum warpage and shrinkage, see Figure 34. 

The demonstrator made of Ti6Al4V wasn’t capable of reproducing the solid 

cylindrical features with sizes inferior to 0.1 mm and overbuild the thin walled 

structures (Figure 34 – a). 

The Inconel 718 demonstrator was the only that could reproduce all the features 

despite the 0.1 mm solid cylindrical features showing a high deviation value. 

However, this high deviation value is due to warping during handling of the part. It 

also appears to have more shrinkage on the corners of the features (Figure 34 – b). 
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The AlSi10Mg demonstrator wasn’t capable of reproduce the features with sizes 

inferior to 0.1 mm, while also suffering warpage on a corner (Figure 34 – c). The lack 

of the thin features might be due to the difficulty in processing aluminum through 

LPBF. The high reflectivity of these powders decrease the energy absorption and 

because the features are very small they require that the laser stays very short time 

on those spots, which may have been insufficient time for effective melting. 

 

Figure 34 - Demonstrator comparison at ±0.5 mm tolerance with CAD file. a) Ti6Al4V LPBF demonstrator; b) 

Inconel 718 LPBF demonstrator; c) AlSi10Mg LPBF demonstrator. 

One of main advantage of CT is the capability to analyze internal features like the 

ones present in the demonstrators. With this internal visualization it can be 

concluded that the LPBF processes were capable of reproducing the internal channels 

present in the CAD file (Figure 35).  

However, some internal defects and deviations were detected in CT analysis; the 

Ti6Al4V demonstrator showed the typical drop shaped defect of closed overhang 

structures, that contributed for the deviation of this demonstrator (Figure 35-a)). 

The Inconel 718 demonstrator was the one that better reproduced the internal 

channels with minimum deviation, as seen visually in Figure 35 – b), while the analysis 

of AlSi10Mg demonstrator showed an obstruction on the 1 mm diameter channel, 

(purple color in Figure 35 – c).  

a) b) 

c) 

c) 
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Figure 35 - Internal channels deviation at ±0.5 mm. a) Ti6Al4V LPBF demonstrator; b) Inconel 718 LPBF 

demonstrator; c) AlSi10Mg LPBF demonstrator. 

The Nominal/Actual comparison analysis on VGStudio MAX 3.0 was also capable of 

generating quantifiable percentage value for the deviation, like shown on Figure 36. 

The analysis also provided the deviation from the determined values that are 

represented on top of the bars on Figure 36. However, the values are very small 

because of the large number of measurements that the software performs. 

The analysis of the deviation values reiterate that Inconel 718 demonstrator has low 

deviation values. This might be to two reasons: first, due to the use of the CAD to 

make the surface determination, since the software will try to determine the surface 

closer to the CAD file; the second, due to the higher melting temperature of Inconel 

(±1250 ºC), which allows for a smaller melt pool size and better control, resulting on 

less deviation and capability to reproduce finer features.  

Through the analysis of Figure 36 it can be inferred that the LPBF processes weren’t 

capable of making parts within tolerances below 0.5 mm, despite the values in the 

bibliography for the accuracy of LPBF machines is around ±0.04 mm  [35]. There are 

many factors that might affect the dimensional accuracy of the parts, like the laser 

power, layer thickness, scanning strategy and direction, among others. These 

a) 

c) 

b) 
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parameters require a careful setting of parameters and an experienced user. 

However, it’s known that the particle size of the powders used will affect the 

dimensional accuracy. Being the average particle size of the powders of 20-50 µm, 

one particle will lead to a precision difference of 0.05 mm. In addition to this, the 

laser spot diameter is usually 50-100 µm, which originates a molten pool with sizes 

varying from 120 to 150 µm. With this dimensions in mind, the precision difference 

results in a half width of the molten pool, originating a theoretical maximum 

dimensional accuracy of 0.1 mm [112]. This inferences demonstrate one common 

problem, that is the exaggeration of machine capacities by the machines makers. 

 

Figure 36 - Deviation values at different tolerances of the LPBF demonstrators. 

 

7.1.2. EBM demonstrators 

The CT analysis was also capable of analyzing the EBM demonstrators. Even though, 

the placement inside the CT was different from the ones made through LPBF. This 

was because of the supports on the demonstrators increased the travel path of the 

X-rays. This required that the EBM demonstrators were placed on the horizontal 

instead of the parallel position like the LPBF ones. 

 

Figure 37 - EBM demonstrator with 3x3 mm base square size. 
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The EBM demonstrators didn’t reproduce accurately the features on the CAD file, 

since they suffered from swelling on the Z direction that distorted the overall part 

and also shrinkage around the part.  The swelling defect has been studied by various 

authors [113–117] and indicates that high beam energies of 300 J/m or above where 

used (Annex R). The exact mechanism that originates swelling is still unclear, but 

seems to be linked with excessive temperature and surface tension effects on the 

weld pool, being more predominant on sharp corners of the parts. 

 

Figure 38 - Comparison of the EBM demonstrators against the CAD file at ±0.5mm tolerance. A) 6x6 mm; b) 5x5 

mm; c) 4x4 mm; d) 3x3 mm square size. 
 

CT analysis of the internal channels shows that the excessive temperature used 

during the EBM process led to the sintering of powder inside the internal channels of 

all demonstrators (Figure 39).  This sintered powder obstructed totally the channels 

and was impossible to remove by finishing processes. 

a) 

c) 

b) 

d) 
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Figure 39 – Comparison between the CAD at ±0.5 mm tolerance with a perpendicular cut of the EBM 

demonstrators. a) 6x6 mm; b) 5x5 mm; c) 4x4 mm; d) 3x3 mm square size. 

Comparison of deviation percentage of EBM demonstrators at different tolerance 

distances (Figure 40) revealed a positive effect of smaller square grid size that 

promotes higher heat transfer from the part to the base, which results in less swelling 

and distortion. But even at ±1 mm tolerance the demonstrators didn’t reach a 

minimum threshold of 10% deviation to be considered good parts. The 6x6 mm 

demonstrator displayed visually the highest distortion, thought displaying slightly 

best results at ±0.1 mm and ±1 mm tolerance (85.8 and 32.8 % respectively). This 

improvement might be due to the Best fit registration of the part made on VGstudio 

MAX. This kind of registration will tend to match the part to the CAD file by 

minimizing the deviation and because the demonstrator was so deformed it could fit 

them in such a way that masked the deviation. 

 

Figure 40 - Deviation of the EBM demonstrators at different tolerances.   
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7.1.3.  Overview of LPBF and EBM  

For an overview of the LPBF and EBM processes it was compared the EBM 

demonstrator that displayed lower deviation values (3x3 mm grid) against the ones 

produced through LPBF. Figure 41 shows that EBM had a much higher deviation values 

than the LPBF, reported on chapter 3.2.1. It was also noted that the higher precision 

of LPBF remains even when different materials are used. 

However, this variation of the results also highlights the necessity of careful 

parameter selection and the high user experience when producing parts through AM 

processes. This precautions undermine the common notion of AM as a direct CAD to 

part technology that only needs a push of a button to produce a part. 

 

Figure 41 – Comparison of deviation of the EBM demonstrator 3x3 mm and the LPBF demonstrators at different 
tolerances. 

 

7.2. Comparison of CT against 3D scanning 

Both techniques could digitize the simple geometry of the nozzle made by EBM, but 

in the 3D scanner it is noticeable a loss of surface texture (Figure 42 – b). Since the 

access to interior of the nozzle is difficult for the 3D scan, this resulted in a missing 

spot on the interior of the nozzle digitalization, marked green on Figure 42 – d). On 

the other hand, the CT didn’t have any difficulties to perform the scan.  

The loss of surface texture on the 3D scanner might be due to two factors: the spray 

used to reduce the reflection of the metal part, or the minimum feature resolution 

of the 3D scan GOM ATOS 135. The loss of surface texture could be reduced by using 

a finer spray powder, as well a 3D scanner with higher resolution like the GOM ATOS 

45. Nevertheless, when using this 3D scanner with a smaller scanning area the 
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scanning time will be much longer and the need of more image captures will 

increase, leading to the risk of increasing the error measurement. 

 

Figure 42 - EBM nozzle scanned by CT and 3D scanner. a) CT reconstruction front view; b) 3D scanner, front 
view; c) CT half cut; d) 3D scanner half cut. 

 

Both CT and 3D scan made 3D objects that during the comparison with CAD showed 

the shrinkage that occurred on the Z direction on the base of the nozzle (Figure 43). 

 

Figure 43 - Nominal/actual comparison of the nozzle at ±0.5 mm tolerance. a) Comparison against the CT object; 

b) Comparison against the 3D scanned object. 
 

The nominal/actual comparison of both scans against the CAD file reveals similar 

results, but a highest divergence is more noticeable at ±0.1 mm tolerance (Figure 

44). Ideally both measurements should give the same deviation values. The present 

results might be explained by the fact that the markers used appear on the surface 

a) b) 

d) c) 

a) b) 
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of the nozzle after the scan, although the GOM ATOS Professional trims them flat 

with the part, leaving a flat spot (Figure 45 – a). 

 

Figure 44 - Comparison of the CT and 3D scanning against the same CAD file at different tolerances. 

Another reason is the apparent periodic deviation that appears around the nozzle 

that is especially visible on the comparison at ±0.1 mm tolerance (Figure 45 – b)). 

These strips of deviation indicate that measurement error is being introduced during 

the rotation and tilting of the part during scan. 

 

Figure 45 - 3D scanned nozzle. a) Detail of the marker used on the nozzle; b) Comparison of the 3D scanned 
nozzle with the CAD file at ±0.1 mm tolerance. 

Concerning to 3D scan of the LPBF Inconel 718 demonstrator the part wasn’t tilted 

to ensure maximum accuracy of the features on the top of the demonstrator, which 

originated large gaps of the scan (Figure 46 - a). Nevertheless the resulting 3D 

digitalization of the demonstrator was enough to make a deviation analysis of the 

individual features present on top of the demonstrator (Figure 46 – b). 

The deviation of the three set of features measured are presented on the Table 6. 

These results show that deviation tends to increase for smaller features and that 
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sizes below 0.5 mm are largely over built, which is consistent with previous 

experiments done in this work, described on the Geometric analysis chapter 7.1.1. 

 

Figure 46 – a) 3D scan of the LPBF demonstrator made of Inconel 718; b) Detail of the compact volumes. 

 

Table 6 - Deviation of the measured features through 3D scan on the LPBF demonstrator made of Inconel 718. 

Feature Objective 
Dimension 

(mm) 
Deviation (%) 

Cylinders Cylindricity 

0.5 -24 

1 -12 

1.5 -9 

2 -6 

Overhangs Angle 

15 2 

30 -4 

45 0 

60 -1 

75 -4 

Compact 
volumes 

Thickness 

0.1 193 

0.5 -34 

1 -9 

1.5 -8 

2 -7 

Comparing 3D with the CT analysis, CT scan can also make similar feature 

measurements but presents the advantage of inspection of the internal geometries, 

as can be seen in Figure 47. This renders 3D scanning more adequate for simple 

geometries with swallow holes where it is possible to make some accuracy 

measurements and deductions of part quality, being an economic approach for part 

inspection, since an industrial 3D scanner can cost around 30000 € and a CT scan 

more than 500000 €. In terms of time taken to scan a part, both methods present 

almost the same time of around two hours. The 3D scan is more labor intensive, 

requiring more sample preparation, needing the placement of markers, powder 

spraying and manual rotation of the part. The 3D scan can be automatized through 

a robotic arm or other method, which performs always the same routine. However, 

this is not viable for AM industry where the objective is a total flexibility on the parts 

b) a) 
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produced. On the other hand, after the parameters are set on the CT the scan is 

made automatically, but the result of the two hours scan it’s only known at the end. 

If the results have a lot of artifacts/noise, the scan must be repeated with different 

parameters, taking an additional two hours. In the 3D scan this problem doesn’t 

appear since the capture of the object is displayed on the computer screen while 

the scan is being made. 

 

Figure 47 - Horizontal cut of the Ti6Al4V LPBF demonstrator and comparison with CAD. 

 

7.3. Porosity Analysis 

One of the main advantages of CT scanning is the possibility to analyze porosity, 

inclusions and cracks in a non-destructive way. In this work the porosity present on 

the Inconel 718 cubes was identified (Figure 48) and was clearly visible on the 2D 

projections (Figure 48 – d)). The porosity present in the cubes was uniformly 

distributed, with the exception of cube nº 14 where it displayed an elongated form. 

However, during the course of this work the parameters chosen for the porosity 

analysis revealed as a major factor, since they influence heavily the amount of 

porosity detected. 
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Figure 48 - Porosity analysis of cube nº2 with interpolation factor 1 and probability filter 1. a) 3D front view 
with 70% transparency; b) 3D side view with 70% transparency; c) 2D front view; d) 2D front view without 

analysis. 

 

The parameters influenced so much the detection that it could make pores pass 

completely undetected (Figure 49 - a). This is due to the fact that increasing the 

interpolation factor makes possible the detection or lighter gray values. This allows 

the detection of pores with low contrast (Figure 49 – b). However, it will also increase 

the amount of noise detected because of the different gray shades along the part. 

 

Figure 49 - Porosity analysis of cube nº14. a) Interpolation factor 1 and probability 1; b) Interpolation factor 1.4 
and probability 0.3. 

 

a) b) 

c) d) 

a) b) 
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The detection of lighter gray values will also influence the shape and volume of the 

detected porosity, since it will detect more voxels on the surrounding pore (Figure 

50 - a)). In addition the sharpness of the pore image leads to some uncertainty to 

the exact limits of the pore (Figure 50 – b)). 

 

Figure 50 – Front view of a pore on cube nº3. a) Analysis of the pore with different parameters. Green - 
interpolation factor 1.4 and probability 0.3; blue- interpolation factor 1, probability 1; b) Pore without 

analysis. 

It was also noted that the detection of lighter gray values made the porosity shape 

change to a more elongated form (Figure 51). That might be due to two different 

reasons: one of them being the true nature of the pore being detected, that has a 

tendency to grow in the build direction; the other reason might be due to streak 

artifacts, since the cubes were mounted parallel to the X-ray source and the 

narrower part of the cube is on the Z direction.  

 

Figure 51 - Side view of a pore on cube nº3 with different parameters. a) Interpolation factor 1 and probability 
1; b) Interpolation factor 1.4 and probability 0.3. 

 

Build direction (z axis) 

a) b) 

b) a) 
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By analyzing the average between the characteristics of the porosity detected 

through different parameters, it can be noticed the decrease on sphericity and 

compactness values when analyzing lighter gray shades. It also increases the 

detection of noise (small dimension pores falsely identified) that reduce the average 

size of the detected porosity (Table 7).  

Table 7 - Average of different characteristics detected through different parameters. 

Conditions 
Average 

sphericity 

Average 

compactness 

Diameter average 

(mm) 

Average nº of 

pores identified 

Interpolation 1 

Probability 1 
0.59 0.31 0.50 36 

Interpolation 1.4 

Probability 0.3 
0.57 0.28 0.47 118 

Comparing the results of relative density through CT analysis and Archimedes method 

(Figure 52), it can be seen that the analysis through VGStudio MAX 3.0 was capable 

of identifying the porosity but it didn’t quantify precisely the amount of porosity on 

the samples. Setting different sets of parameters for the porosity analysis didn’t 

make the quantity of porosity detected greatly diverge. Even with the operator 

choosing the best parameters for each sample in order to ensure that the pores had 

been identified, wasn’t enough to provide results below 99% relative density. The 

difficulty to measure porosity accurately was also noted by other authors [68, 71]. 

The difficulty might be due to the inability of the CT analysis in detecting pores with 

a diameter inferior to 0.1 mm, which might be present on the samples. They might 

not appear on the analysis because this pore size is below the resolution capacity of 

the CT for this kind of material, or during the reconstruction the selected options 

suppressed those pores through the averaging of gray values and bad pixel reduction. 
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Figure 52 - Relative density obtained by CT with different analysis parameters and Archimedes method. 

Archimedes method measures all pores indiscriminately disregarding size, sphericity 

and compactness of the pores. The morphology of the pores could be measured by 

CT and correlated with the building parameters ( 

Annex N). However, in this work it wasn’t detected any relationship between build 

parameter’s and porosity shape.  The results on the morphology of the porosity was 

dependent of the parameters chosen for the porosity analysis, which also hindered 

the conclusions taken.  

The relative density value is also dependent on the total volume. Figure 53 shows 

the total volume determined for each Inconel cube through CT and Archimedes 

method. The volume determined through CT registered a deviation mean of -1.2 

±0.6% from the one registered through Archimedes method. Although the Archimedes 

method had an average measurement error of 0.5% it is not enough to justify the 

difference of relative density between the two methods, but highlights the tendency 

of CT to slightly under detect volumes, mainly due to image sharpness and artifacts. 

However, it shows the high accuracy capacity of CT in these kind of measurements. 
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Figure 53 - Total volume for each Inconel cube done by CT and Archimedes method.   
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The current standards for CT mainly focus on dimensional accuracy measurements 

and there are lacking standards for porosity analysis. The only way to improve the 

porosity results through CT would be to calibrate the CT parameters to match the 

porosity measured through microscopy. For this it would be necessary to analyze a 

sample through CT, identify the porosity present on the sample and then make a 

metallographic analysis of the sample where a specific pore would be measured 

through microscopy. Afterwards, the parameters used on the porosity analysis on 

VGStudio MAX 3.0 would be selected to match with the measurements made through 

microscopy. The scan and reconstruction parameters would also need adjustment in 

order to match the overall porosity identified on the microscopy and the volume 

measured by Archimedes method.  

This kind of destructive method process might be adequate for measuring large series 

but it is not a very practical process to measure one of a kind of AM parts. One 

solution would be the suggestion by P.Hermanak and S. Carmignato [118], by using a 

reference object with demountable pins that have micro milled defects on the 

surface, which are used for calibration. This method has also various short comings 

like: 

 The need to make pins of the same material as the one analyzed; 

 It doesn’t account for sample thickness, that influences X-ray penetration and 

gray value distribution along the sample; 

 The geometry of the samples influence the appearance of artifacts that hinder 

the surface determination, which will affect the volume of the sample 

detected. 

7.4. Reconstruction settings assessment 

During the CT analysis one of the steps is to define the reconstruction parameters 

for the reconstruction on the YXLON Reconspooler. To evaluate the effect of the 

parameters on the proprieties of the reconstructed object these parameters were 

changed one at a time while keeping the others constant.  

In Figure 54 it is represented the total volume of cube nº3 measured by Archimedes 

method and CT with different reconstruction parameters. The variation of the 

reconstruction parameters resulted on a mean total volume of 1838 ± 1 mm3 with the 
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highest value of 1841 mm3 for all filters inactive. The values are all lower than the 

1860 ±10 mm3 measured by the Archimedes method. These results show that CT 

analysis has certain difficulty with high precision measurements comparing with well-

established physical methods. Although, the reconstruction parameters didn’t affect 

greatly the volume detected, they highlight the variation that can be achieved 

through the parameters selected during reconstruction.  

 

Figure 54 - Total volume of cube nº3 measured through CT with different deactivated reconstruction 
parameters and Archimedes method. 

This difference from the volume measured through Archimedes method might be due 

mainly to two factors: magnification and artifacts. 

Magnification is done by approaching the sample to the X-ray source: this enlarges 

the image on the detector and allows the observation of smaller defects but also 

increases edge blurriness, which in turn affects the volume detected during surface 

determination. This effect increases for smaller samples since they need higher 

magnification to avoid the use of a very large reconstruction volume size, which 

would increase exponentially the file size. It might also be expected an increase of 

the effect of the reconstruction parameters on the volume detection, since they will 

reduce noise and average out the blurriness.  

The main type of artifacts that might affect the volume detected are beam hardening 

artifacts; this kind of image defect affected the reconstruction mainly on sharp 

edges, which have thinner section and therefore lower attenuation of X-rays. This 

originated darker gray values that affected surface determination. 
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The porosity detected on cube nº3 was also different for the different parameters as 

shown on Figure 55. The mean porosity volume detected during the variation of the 

filters was 0.7 ± 0.3 mm3 (reconstruction volume is not a filter); this value is lower 

than the one obtained through Archimedes (25.9± 0.2 mm3). Previous studies by 

other authors [68] also state the inferior detection of porosity in comparison with 

Archimedes method.  

 

Figure 55 - Total porosity volume detected through CT with different reconstruction parameters and 
Archimedes method. 

 

The lowest value detected was for all inactive filters (0.2 mm3). This setting was the 

one that registered a higher total volume but it generated image projections with a 

lot of noise (Figure 56). This leads to a difficulty on the detection of the pores since 

the parameters chosen for the porosity analysis (Noise reduction – High) eliminated 

many of the pores. 
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Figure 56 – Front view 2D projection of cube nº3 with all filters disable. 

On the other hand the parameter that registered more porosity was the 

Reconstruction volume. This parameter was set to ISO voxel that automatically sets 

the horizontal pixel count according to the current detector settings that curiously 

is always 2166. This originated a voxel size of 0.013 mm and a file size of 16 GB, 

while the reconstruction volume of 512 originated a voxel size of 0.054 mm and a 

file size of 236 MB. This lower voxel size allowed the detection of more noise but 

with smaller dimensions (Figure 57). 

 

Figure 57 - Front view 2D projection of cube nº3 with reconstruction volume size set to ISO voxel – 2166 hpc. 
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8. Conclusions and Outlook 

AM is truly a digital era production method as it opens new doors and has true 

potentialities in making complex geometries and difficult processing metals while 

reducing time between concept to final part, allowing an economic production of 

one-of-a-kind parts. However, AM is to a certain extent, a victim of media attention, 

that so many times happens in science due to excessive optimism on a newly 

discovered process. The internship developed at Fraunhofer Institute IWS allowed 

the sight of the state of the art of development in AM and the challenges that need 

to be overcome until AM becomes a more widely applied production method and turn 

out as an alternative to conventional production methods. One of the main 

challenges in AM is the qualification and certification of parts, being identified as a 

critical issue when AM is adopted for the production of structurally critical 

components.  The qualification of parts through optimization of build parameters 

and in build monitoring still needs more development and research; quality control 

on the final part is for the time being the only method to control the quality of AM 

parts. For this CT is the method that allows a more complete non-destructive 

inspection, allowing dimensional measurement of inner features and verification of 

porosities/cracks. 

In this work there were compered CT and 3D scanner in quality control through 

several experiments. On the geometric comparison with the CAD file of the 

demonstrators the CT was capable of analyze them internally and provide a value 

for total deviation. In the analysis of the demonstrators made through LPBF they 

registered different deviation values, with the best result being the one made of 

Inconel 718 by Fraunhofer IWS in a Renishaw AM250. During the geometric analysis 

of the Inconel demonstrator, the high X-ray attenuation caused a possible reduction 

of the deviation values made by VGStudio MAX 3.0 during the Best fit registration. 

The analysis of the deviation of all demonstrators at different tolerances revealed 

that the machines couldn’t reproduce accurately features with sizes below 0.5 mm. 

The analysis of the EBM demonstrators showed a reduction swelling effect when using 

supports with smaller square grid sizes. However, the high energy/temperatures 

used still caused some swelling and sintering of the powders inside the internal 

channels which caused higher deviation in comparison with the ones made through 

LPBF. The demonstrator developed by Fraunhofer IWS proved to be a good standard 
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to test different institutes, machine limits and materials. Nevertheless, it is 

recommended that the demonstrator should be thinner, to allow a better X-ray 

penetration for high attenuation materials. 

The comparison of CT against 3D scan highlighted some challenges when measuring 

parts with 3D scan. It demonstrated the difficulty of analyzing highly reflective 

objects, requiring the use of powder to mask the brightness, which hindered the 

surface resolution and accuracy. Also it was showed that the rotation of the nozzle 

during scan introduced a periodic deviation around the part and that the markers 

used appear on the scanned 3D object; so 3D scanned nozzle displayed a higher 

deviation value when comparing with the results through CT.  

The scan of the top features on the Inconel 718 demonstrator using the 3D scan 

revealed that the features with size of 0.1 mm were largely overbuild. This result 

matches the previous conclusion made in the geometric comparison of the 

demonstrators, where it is stated that the LPBF machine couldn’t reproduce 

accurately features with sizes inferior to 0.5 mm. This results render 3D scanner as 

a good and more economic approach for quality control of the geometrical accuracy 

on external features in parts made by AM. 

In the analysis of seventeen samples made of Inconel 718 through DED, the CT was 

able to determine the volume of the sample with minimum deviation of -1.2 ±0.6%, 

besides identifying the porosity and its distribution on the samples. However, it was 

unable to quantify correctly the total volume of the porosity, which resulted in a 

higher relative density in comparison to the result through Archimedes method. The 

main reason for this difference stems from the resolution limits of the CT, since it 

was unable to detect porosity with a diameter size inferior to 0.1 mm. Further study 

into the porosity analysis parameters in VGStudio MAX 3.0 also revealed that the 

quantity and morphology of the identified pores changed with the different 

parameters. Being that the detection of lighter gray values allowed the detection of 

pores with lower contrast, but increased detection of noise. It also reduced the 

sphericity/compactness of the pores, which became more elongated.  

Finally, the study of the reconstruction parameters revealed that they don’t vary 

significantly the determined volume (1838 ±1 mm3) for the analyzed sample, 

although, it was lower than the volume measured through the Archimedes method 
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(1860 ±10 mm3). This difference is mainly due to magnification and beam hardening 

artifacts. On the porosity analysis the variation of parameters registered an average 

porosity of 0.7 ± 0.3 mm3 that was significantly lower than the determined through 

Archimedes method (25.9 ±0.2 mm3). The higher porosity registered was 13.3 mm3 

for the ISO voxel, but the 2D projections reveal that much of identified porosity was 

noise. 

The results on this work confirm that CT is a technique that fills many of the needs 

for non-destructive quality control of AM parts, with 3D scan as an economic 

alternative. Although it was also shown that it is very reliant on of the parameters 

set with a three level dependency between the three main stages of scanning, 

reconstruction and analysis. In each stage, there are even more parameters that can 

be changed that might modify the final measurements. All this variation makes it 

very difficult to quantify the accuracy of the CT and its traceability, revealing the 

necessity for more standards that uniform the measurements through different 

machines and operators. CT is also a time-consuming procedure that requires several 

hours to set, run, analyze and generate a report for each new part. In the present 

time, CT machines are more optimized for industrial measurement of large series of 

parts. But with the expected growth of the AM market, future CT machines should 

be more focused on the necessities of the AM industry to shorten time scanning and 

analyzing. This specialization might come with the possibility to import CAD/.stl part 

file and also the definition of the material to be analyzed which would allow the 

machine to suggest and pre-set the best strategy and parameters, as for example, 

part placement, power to use, filter material and thickness. Such possibilities would 

also decrease the variation of the results between different CT machines. 

In this work the challenges faced in practice when using non-touching methods for 

quality control of AM parts were thoroughly explored. With CT being the most 

complete approach for part inspection of AM parts, providing a very good picture of 

the health of the part. Nonetheless there are still some issues that need to be better 

understood before CT is used as a final approval method. However, with the 

resolution of these issues, the towering problem of quality control in AM could be 

finally solved, making the great promises of AM be a little closer to the present. 
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Annexes 

Annex A - 10% transmission thicknesses for various materials and energies [119] 
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Annex B - Parameters for the YXLON CERA Reconspooler [93] adapted. 

Parameter Description 

Iso Voxel The “reconstruction volume size” parameter is automatically set 
to the horizontal pixel count according to the current detector 
settings. 

Reconstruction 
Volume Size 

Size of the reconstruction volume. Depending on the set size, 
there is a shorter runtime for a lower level of detail or a longer 
runtime for a higher level of detail. The resulting voxel size is 
displayed under the slide control. It results from the geometric 
enlargement, the detector size and the set volume size. 

Beam 
Hardening 
Correction 

Reducing beam hardening artefacts. After this function has been 
activated, a filter - as well as an object material - can be 
selected. In addition, the thickness of the filter material can be 
set. 

32 Bit float 
Volume 

The reconstructed volume is represented by 32-bit floating-point 
values. When the option is active, the reconstructed volume 
requires twice as much memory. The option should be used when 
there are bright objects in the reconstructed volume. 

Truncation 
Correction 

With the option enabled, an attempt is made to reduce barreling 
effects by extrapolation. The option should be enabled when the 
inspection object partially moves out of the image during 
rotation or, due to sub-optimum illumination, barreling effects 
can be seen in the reconstructed volume. 

Noise 
Reduction 
(Projection 
Space) 

Enable noise reduction on the projections. Noise reduction can 
be adjusted with the following two parameters, Range Sigma 
and Spatial Sigma. 

Range Sigma Strength of the edges that should be retained despite 
smoothing. Higher values produce a stronger smoothing effect. 

Spatial Sigma Strength of the edge retaining smoothing effect. 

Noise 
Reduction 
(Volume 
Space) 

Enable noise reduction on the reconstructed volume. Noise 
reduction can be adjusted with the following three parameters, 
Iteration, P1 and P2. 

Iterations Number of filtering iterations. Higher values produce a stronger 
smoothing effect. 

P1 Width at half the maximum of the influence curve used for 
edge retaining. Higher values produce a stronger smoothing 
effect. 

P2 Offset of the influence curve used for edge retaining. Higher 
values produce a stronger smoothing effect. 

Ring Artifact 
Reduction 

Enable “retrospective” ring object correction. In contrast to 
the option in the scans, this correction does not change the 
projections permanently. 
As a result, an initial “strong” correction can be reversed even 
with repeated reconstruction. 
The stronger the objects expected, the higher the parameter 
must be set. A higher value, however, is at the cost of 
resolution in the reconstructed volume. 
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For the ring object correction values between 0 and 3 can be 
set: 
– 0: Correction switched off. 
– 1: Rings with a width up to 2 pixels can be reduced. 
– 2: Rings with a width up to 4 pixels can be reduced. 
– 3: Rings with a width up to 8 pixels can be reduced. 
 
Large values can cause even non-annular structures to be 
smeared. 

Bad Pixel 
Reduction 

Enable correction of individual defective pixels in the 
projections. The correction can be adjusted with the following 
four parameters, Filter size, Global Threshold, Low Domain 
Deviantion and High Domain Deviation. 

Filter Size Edge length in pixels of the region used for bad pixel reduction. 

Global 
Threshold 

Grey value for the division in the “lower domain” (dark areas) 
and the “upper domain” (bright areas). 

Low Domain 
Deviation 

If a pixel of the lower domain deviates by this percentage from 
the mean value of the region defined in the “Filter size” 
parameter, its value is replaced by the median of the 
neighboring pixels. 

High Domain 
Deviation  

If a pixel of the upper domain deviates by the set percentage 
from the mean value of the region defined in the “Filter size” 
parameter, its value is replaced by the median of the 
neighboring pixels. 

Median Filter Size of the median filter mask in pixels. Larger values provide a 
stronger filter effect. 
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Annex E - VGDefX Porosity/ Inclusion analysis menu. 
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Annex F - Controls in the Analysis parameters section for the VGDefX algorithm. Adapted from [107]. 

Control Description 

Noise 
reduction 

Specifies a noise reduction mode to filter the data when looking 
for seed points. Several (adaptive) Gauss filters (Low, Low 
adaptive, Medium, Medium adaptive, High, High adaptive).  
The raw data is not modified. 

Probability 
criterion 

Specifies the criterion according to which the defects will be 
grown and their probability calculated, being size, pore or 
contrast. 

Analysis 
area 

Specifies the area of the selected volume/ROI on which the 
VGDefX algorithm will be performed. The analysis area is based on 
the surface determination of the volume. 
This option does not change the actual surface determination. 
This is an internal representation used for defect analysis only. 
• From surface (as seen): uses the area within the original surface 
determination. 
• Internal cleaning, small: also includes small defects that are 
separated by the determined surface from the material. 
• Internal cleaning, all: also includes larger defects that are 
separated by the determined surface from the material. This will 
use the outermost parts of the determined surface only for defect 
analysis. 
• Overall closing: also includes defects that are separated by the 
determined surface from the material. This is achieved by 
performing a closing with the specified number of voxels. 

Surface 
sealing 

Off: restrains the defect growing according to the Material 
definition parameters and Probability criterion. 
• On: restrains the defect growing to the analysis area. To avoid 
detecting ‘false’ defects along the surface, due to the partial 
volume effect, you can reduce the area by the selected number of 
voxels. 
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Annex G - Controls in the general filters section. Adapted [107]. 

Control Description 

Probability 
threshold 

All potential defect areas passing the size check will be further 
processed by several analysis stages. 
These stages try to differentiate between real defects and artifacts 
by utilizing sophisticated image processing algorithms. Each 
detected defect is tagged with a value indicating the probability 
that it is a real defect. 
Specify the Probability threshold in a way that only defects with a 
probability above the threshold will be included in the list. 
Start with a Probability threshold of zero if you run the defect 
detection on a new data set for the first time to make sure you do 
not filter real defects from the list. There is no absolute value for 
the threshold applicable to all data sets. 
 
The following figure shows two defects with different probabilities, 
where the defect on the left-hand side has a ten times higher 
probability than the defect on the right-hand side: 

 
Min. size Specifies the minimum defect size. Depending on the selection in 

the drop-down field, this parameter refers to the volume, radius, 
or diameter of a defect. 

Max. size Specifies the maximum defect size. Depending on the selection in 
the drop-down field, this parameter refers to the volume, radius, 
or diameter of a defect. When specifying the Max. size of the 
defect, consider that longish cracks have a rather large volume and 
that an accumulation of nearby very small defects might be 
interpreted as one large defect. Specify the Max. size rather 
generously. 

Compactness 
range 

Specifies the range for the compactness of the defect, i.e., the 
ratio between the volume of the defect and the volume of the 
circumscribed sphere.  

𝐶𝑜𝑚𝑝𝑎𝑐𝑡𝑛𝑒𝑠𝑠 =  
𝑉𝑑𝑒𝑓𝑒𝑐𝑡

𝑉𝑠𝑝ℎ𝑒𝑟𝑒
 

Sphericity 
range 

Specifies the range for the sphericity of the defect, i.e., the ratio 
between the surface of a sphere with the same volume as the 
defect and the surface of the defect. 

𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑖𝑡𝑦 =  
𝐴𝑠𝑝ℎ𝑒𝑟𝑒

𝐴𝑑𝑒𝑓𝑒𝑐𝑡
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Annex K - Surface determination parameters for the analyzed samples. 

Sample 
Material 

definition 

Advanced mode 

Starting contour 
Starting contour 

healing 

Search 
distance 

(mm) 

D
e
m

o
n
st

ra
to

rs
 

EBM 1 Automatic 
As defined in 

histogram 
Remove particles and 

all voids 
0.43935 

EBM 2 Automatic 
As defined in 

histogram 
Remove particles and 

all voids 
0.43935 

EBM 3 Automatic 
As defined in 

histogram 
Remove particles and 

all voids 
0.43935 

EBM 4 Automatic 
As defined in 

histogram 
Remove particles and 

all voids 
0.43935 

Titanium 
aluminide 

Automatic 
As defined in 

histogram 
Remove particles and 

all voids 
0.35334 

Inconel 718 Automatic CAD 
Remove particles and 

all voids 
0.5 

Aluminum Automatic 
As defined in 

histogram 
Remove particles and 

all voids 
0.30167 

Nozzle Automatic 
As defined in 

histogram 
Remove particles and 

all voids 
0.22401 

Cubes Automatic 
As defined in 

histogram 
Remove particles and 

all voids 
0.21813 
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Annex N - Build parameters of the Inconel 718 cubes. Parameters generated by the statistical experimental 
planning software Visual-Xsel. 

Cube 
nº 

Laser 
Power 

(W) 

Laser 
velocity 
(mm/s) 

Powder mass 
flow (rpm) 

1 800 850 3.75 

2 1250 725 2.75 

3 1250 725 2.75 

4 1250 725 2.75 

5 1250 918.3375 2.75 

6 1700 850 1.75 

7 800 600 1.75 

8 1250 725 1.2033 

9 1700 600 3.75 

10 553.985 725 2.75 

11 1946.015 725 2.75 

12 1700 850 3.75 

13 1250 725 4.2967 

14 800 600 3.75 

15 1250 531.6625 2.75 

16 1700 600 1.75 

17 800 850 1.75 
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Annex O - Dimension of the DED cubes made of Inconel 718. 

Cube 
nº 

Height 
(mm) 

Width 
(mm) 

Length  
(mm) 

1 9.3 15 15 

2 8.5 15 15 

3 8.5 15 15 

4 9 15 15 

5 9.7 15 15 

6 8.1 15 15 

7 9.9 15 15 

8 9.9 15 15 

9 10.1 15 15 

10 9.2 15 15 

11 6.5 15 15 

12 9.7 15 15 

13 12.6 15 15 

14 9.2 15 15 

15 10 15 15 

16 9.1 15 15 

17 16 15 15 
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Annex R - Process window for EBM of Ti-6Al-4V. Blue circles mark samples with more than 1% porosity, while 
red circles mark pronounced swelling of the top surface [117]. 

 


