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Abstract 
The aerospace industry is constantly striving to becoming more economical and 

environmentally friendly. One of many efforts to achieve this is the Lightcam project which in 

this case is evaluating the use of additive manufacturing in the form of electron beam melting 

in conjunction with the nickel-based superalloy, Alloy 718. This combination is not fully 

explored and examined. For this purpose, a demonstrator vane was produced and it was 

subsequently evaluated in this thesis. The evaluation was performed in as-built condition and 

was divided in non-destructive testing, evaluation of these methods and metallographic review 

to confirm the results, and potentially revealing more properties. 

 

The non-destructive testing was performed using conventional radiography and computed 

tomography. Both methods struggled to deliver complete and reliable results, for varying 

reasons. Radiography could deliver results of the whole vane, but these were impossible to 

evaluate due to the rough surface created by the electron beam melting process. The computed 

tomography on the other hand was not affected by the rough surface and produced usable, 

though not complete, results of the vane. The reason for the computed tomography’s inability 

to deliver complete results was the material, varying thickness and complex geometry of the 

vane. As a complement and to verify the results from the non-destructive testing, a 

metallographic examination was conducted. 

 

These tests were conducted with the aim of answering the following three questions: 

 

➢ What non-destructive testing methods are suitable to evaluate Alloy 718 components 

manufactured with electron beam melting? 

- Neither radiography nor computed tomography are suitable as a sole evaluation 

method, for various reasons. All surface dependent methods were deemed unsuitable 

without testing due to the rough surface.  

➢ What types of defects and in what quantity can they be found in the produced vane? 

- Defects found are: Porosity and lack of fusion, both found as internal and partially 

external and in varying sizes.  

➢ Where are the defects located? 

- Pores are mainly found in the center of sections modeled to a 3mm thickness. Lack 

of fusion was found between build layers in all thicknesses.  

Apart from these results, hardness was found to vary depending on build height, increasing 

from the bottom towards the top. Microstructure was also found to vary with the build height, 

but always consisting of either equiaxed or columnar grains.  

 

 

 

Keywords 
Additive Manufacturing (AM), Electron Beam Melting (EBM), Alloy/Inconel/Inco 718, Non-

Destructive Testing (NDT), Radiography, Computed Tomography (CT), Metallography. 
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1 Introduction 
The aerospace industry, like many other industries, is constantly challenged to find more 

economical and environmentally friendly solutions. One way of accomplishing this challenge 

is to explore the field of Additive Manufacturing (AM), or 3D printing as AM is more 

commonly called, and its promising properties. AM enables the production of more complex, 

lightweight designs. Simultaneously, significantly reducing the waste material that’s associated 

with more traditional manufacturing techniques such as forgings with subsequent processing 

steps e.g. milling. This leads to a production process that potentially requires less energy in 

total. By reducing the weight of the components in an aircraft, in this case the engine, lower 

fuel consumption is achievable. All these factors contribute to reducing the environmental 

impact, both during manufacturing and in service. Thereby taking one of the many small steps 

needed towards a more sustainable and environmentally friendly aviation industry.     

 

GKN Aerospace, a major manufacturer in the aerospace industry, is supplying components at 

various levels to aircrafts that account for 90% of commercial flight [1]. In order to stay 

competitive, lead the development and manufacturing of high performance components, they 

are now looking towards expanding their already existing AM processes [2]. Through the 

project Lightcam new AM methods and applications are introduced. In this case introducing 

electron beam melting (EBM) in combination with materials relatively untested in this context, 

namely the nickel-based superalloys. A demonstrator vane made of Alloy 718, a nickel-based 

superalloy has been manufactured by University West in Trollhättan, Sweden. This vane is one 

of the first complex geometries ever built in the machine at University West. The vane, which 

is seen in Figure 1 was produced using this state-of-the-art AM method and equipment, supplied 

by a Swedish company called ARCAM [3]. This vane was manufactured in a ARCAM A2x 

machine, with the recommended settings supplied by ARCAM for Alloy 718. 

 

Since this method is still under development there are questions to be answered. There are 

uncertainties regarding this method. First the quality of the manufactured components is not 

fully explored, it is not fully known what microstructure, strength and hardness is achieved, and 

what defects can be found. There are 

also questions on how these 

components are to be evaluated and 

certified. The aerospace industry has 

high demands on testing before 

products can be introduced in critical 

applications such as engines. 

Normally components of high 

importance are evaluated using Non-

Destructive Testing (NDT). To answer 

some of these questions the 

demonstrator vane will be tested and 

the testing methods used will also be 

evaluated.  

  

 
Figure 1 – The vane 
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1.1 Aim 
Lightcam is a learning process which has several aims, two of them being able to explain what 

happens with superalloys during EBM and how to ensure the EBM process stability. This is to 

further develop the AM processes to being more viable alternatives in production. The main 

focus of this thesis is on the evaluation of defects using NDT. Attention will also be payed to 

the components other properties, such as microstructure and hardness. 

1.2 Research questions 
Conduct a metallographic examination of the vane with the aim of answering these questions: 

➢ What NDT-methods are suitable to evaluate Alloy 718 components manufactured with 

EBM? 

➢ What types of defects and in what quantity can they be found in the produced vane? 

➢ Where are the defects located? 

1.3 Project limitations 
No literature review will be made regarding metallography and destructive testing in general. 

Only the information retrieved during other parts of the literature review and existing expertise 

within GKN Aerospace, University West and previous work experience will be used for this 

thesis. This is done due to the vast range of material available within the different areas is 

impossible to screen through within the time limitations this thesis work is subjected too. 

 

The material testing will only be done on the one component supplied by University West. The 

testing will only focus on those types of defects that are of interest to GKN Aerospace and 

University West. Normally this kind of product for the aerospace industry, made using this 

method, has been given a post-processing in the form of Hot Isostatic Pressing (HIP). In this 

thesis work, the material will only be examined in as-built condition, before HIP. 

2  Background 
This thesis work will be done within the framework of the project Lightcam - High performance 

lightweight components with additive manufacturing. Lightcam is a collaboration research 

project between various intuitions, universities and companies. The project is aiming to widen 

the usage of EBM and Selective Laser Melting (SLM), introducing these methods to new 

applications and materials. In this case using these methods with nickel-based superalloys 

intended for use in high temperature, high stress environments, such as a jet engine. [4] 

 

Members of this research project are: 

➢ Swerea IVF  

➢ Swerea KIMAB 

➢ Chalmers university of technology (Gothenburg, Sweden) 

➢ University West (Trollhättan, Sweden) 

➢ GKN Aerospace Sweden AB 

➢ Siemens Industrial Turbomachinery 

➢ Höganäs Sweden AB 

 

The vane used for this thesis evaluation is produced using the standard parameters set by 

ARCAM, as previously stated. The different process parameters influence both the materials 

microstructure and defects (in terms of type, quantity and location) and therefore the properties 
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of the final product. These variations in parameters have been studied by Tammas-Williams et 

al. [5] however there is still work to be done in this area. Hence, one of the different dissertations 

conducted, within the Lightcam project in Trollhättan, investigates these different parameters 

and what happens when they are changed. Aiming towards optimization of the parameters for 

the EBM process using Alloy 718. This thesis acts as a support within Lightcam, giving a 

baseline examination to compare with when parameters are changed, enabling comparative 

evaluation of future work. 

3 Method 
The methodology for this thesis was based on the recommendations from GKN Aerospace and 

is divided into literature review, NDT and metallography. 

3.1 Literature review 
With the help from both GKN Aerospace and supervisor from the university, literature within 

the respective fields was sourced. Within all the respective fields subjected to the literature 

review (Alloy 718, NDT and AM) the review was done in a systematic, methodical and critical 

way. The literature came from a wide variety of sources, ranging from journalistic articles, peer 

reviewed papers, books and webpages which are shown in the bibliography.  

 

The same methodology has been used in the three different fields of the literature review, which 

start with a broad analysis on the subject. The review was then gradually narrowed down into 

the more specific topics needed for this project. The knowledge gained within these three 

different areas was then combined, enabling the work to progress both with regards to testing 

but also the ability to analyze the data and make conclusions from the test results.  

 

The main sources of information for the literature review regarding Alloy 718 were books on 

the general subject, narrowing down to nickel-based superalloys, and reports regarding the 

specific alloy. Book recommendations came from both GKN Aerospace, Superalloys II and 

ASM handbooks, and thesis examiner, Materials Handbook. IEEE xplore searches completed 

the search for literature regarding Alloy 718 using terms such as “Alloy/Inconel 718”, “nickel-

based superalloys” and ”superalloys”. The ASM handbooks were later used for more than just 

the alloy literature review, as they cover a wide range of various areas e.g. powder and welding.  

 

The literature regarding NDT was recommended and supplied from the level-III (Radiographic) 

at GKN Aerospace. These books were Nondestructive Testing Handbook - Nondestructive 

Testing Overview, which give a broad, not so detailed presentation of the NDT field and 

Nondestructive Testing Handbook - Radiographic Testing, which in detail and depth describes 

the radiographic NDT methods. Both books are part of the American Society for Nondestructive 

Testing family of handbooks regarding NDT use in the industrial sector.  

 

ARCAM-publications along with the book Additive Manufacturing Technologies (which was 

found via the university library) were used as sources of information for the AM part of the 

literature review. These sources were chosen to supply both the detailed information on 

ARCAM's EBM method and a more general explanation of today’s AM. To further investigate 

where research is headed and what has been done, the university library and IEEE xplore was 

searched for relevant documentation, using terms like “additive manufacturing” and “electron 

beam melting”. 
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3.2 Non-Destructive Testing 
The NDT part of the material investigation was conducted using two different methods, 

conventional radiography and computed tomography (CT). The main reasons for choosing 

these two different methods off non-destructive testing were that they enable examination of 

material properties within the material and not just on the surface. The fact that previous 

experience from radiography existed, and that all non-destructive testing methods require large 

amounts of skills and knowhow to guarantee acceptable outcome, made this method highly 

suitable as a first test. CT was chosen to complement the radiography as it enables a three-

dimensional evaluation of the vane and its properties before the cut-ups.  

3.2.1 Radiography 
To ensure that results of the radiographic testing is valid and replicable an operations instruction 

was created, see Appendix I for the full operations instruction. This operations instruction was 

created in such a way that it complies with all the rules and regulation that GKN Aerospace sets 

on all radiographic operations instructions used in production. These rules and regulations are 

in turn based on the standard ASTM E1742.  

 

The radiographic testing was conducted at one of the radiographic departments at GKN 

Aerospace in Trollhättan. All the equipment used is calibrated and certified on a regular basis 

complying with the rules and regulations set at GKN Aerospace and the aero industry in general.    

 

The digital radiography was preformed using part of the same setup as the conventional, only 

views 3b and 3c in Appendix I were used. This is because these views sufficiently covered the 

whole vane The plate used for this was of the High-Resolution type and was scanned using a 

Carestream CR system Industrex HPX-1 with the following settings: 25 microns, Low, 50 

Photomultiplier. The digital radiography was only used as a comparison (no evaluation was 

made on these) to the conventional method and for use as illustrations in the report. 

3.2.2 Computed Tomography 
The computed tomography was performed externally, because GKN Aerospace in Trollhättan 

lack the equipment necessary. The external partner chosen to perform these tests was Carl Zeiss 

AB, a well know partner within this field and previously used by GKN Aerospace for similar 

tests. For this reason, no operations instruction can be presented (as for the conventional 

radiography). Analysis of the files supplied by Carl Zeiss AB was performed using the software 

MyVGL 3.0. Carl Zeiss AB supplied a defect analysis which aided the evaluation of the CT-

scan. Furthermore, a manual analysis in the software was used to find defects the supplied 

analysis had missed.   

3.3 Metallography 
Metallographic examination was chosen as a complement to the non-destructive testing as it 

can yield results with higher certainty and enables evaluation of microstructure. The 

metallographic and related destructive testing was initiated by analysis of the CT-scan results 

in conjunction with the existing expertise within the Lightcam project to determine suitable and 

interesting locations to examine. The chosen areas are shown in Figure 2 (in future reference to 

samples it refers to the numbering in this figure) and these areas cover sections with a modelled 

thickness ranging from 1 to 10mm. 
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Figure 2 – Selection of cut-up sections and their numbering. Arrows indicate examined surface. 
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To be able to analyze the chosen sections suitable samples had to be made, suitability refers to 

both size and condition. The cuts were made using laboratory cutting machines with cooling to 

avoid unwanted heat treatment of samples. The samples were then mounted in Buehler Epomet 

G, a Bakelite epoxy mixture. Grinding and polishing were done in several steps down to 3µm 

diamond suspension to assure good and useable samples, see Table 1 for complete step 

description. 

 
Table 1 – Grinding and polishing steps 

Grinding disc 

(µm): 

Time (min): Force (N): Rotation, disc 

(RPM): 

Rotation, head 

(RPM): 

240 2 35 300 60 

125 2 35 300 60 

75 2 35 300 60 

45 2 35 300 60 

9 (polishing) 5 25 150 60 

3 (polishing) 5 25 150 60 

 

Metallographic analysis was performed using scanning electron and light optical microscopy 

(SEM/LOM). These methods were used to evaluate both defects and microstructure. Hardness 

test were made using micro-vickers with a force of 1 kgf, commonly referred to as HV1. The 

test force was chosen as it was estimated to be the highest suitable force for the smallest sections 

according to EN-ISO 6507-1:2006. Hardness testing was performed at several locations 

(samples 3, 6, 8, 11, 12 and 13) to evaluate the effect of different build phenomena created by 

the parameters used in creation, e.g. at locations of different build heights and wall thicknesses. 

Samples were hardness tested and reviewed for porosity in un-etched condition and 

microscopically examined in both un-etched and etched condition. Etching was performed 

electrolytically with a 10% oxalic acid until the required results were obtained, approximately 

for 30 seconds, ±10s. 
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4 Technical description 
The different areas in the literature review is presented below. They give a basic knowledge 

and show some of the history within the subjects related to this thesis. 

4.1 Alloy 
The word alloy is an old term with the meaning of an admixture of a precious metal combined 

with metal(s) of lesser value.  

 

An alloy consists of two parts: 

 

➢ Solvent, this is the major element also known as base metal or parent metal. 

 

➢ Solute, this is the element(s) that is/are added to the solvent also known as alloying 

element(s). 

 

There can only be one solvent but many solutes, depending on the properties that are desired of 

the material. By variating these different elements and the percentage, different material 

properties can be achieved. Each element plays a specific part in the mixture giving the material 

it`s set of characteristics. 

 

Structurally, two kinds of alloys exist, single phase and multiphase. Characteristics of the single 

phased alloy is that it is composed of crystals with the same structural type (BCC, FCC, HCP). 

The crystals produce a solid solution by the different elements “dissolving” together and 

forming a homogenous crystalline structure which normally is the structure of the solvent. 

When the solute elements are joined together with the solvent, they can do so either like 

substitution atoms or interstitial atoms. When they form together in a substitutional solid 

solution, the different atoms are roughly of the same size. In the case of interstitial type, the 

solute atom is small enough to fit between the solvent atoms. Unlike single phased the 

multiphase alloys creates mixtures rather than solid solutions. The multiphase alloys consist of 

an aggregation of two or more different phases. The different phases within the alloy are 

different from each other either in composition or structure. [6] 

4.1.1 Superalloys 
There are three main groups of superalloys, nickel-based, cobalt-based and iron-nickel-based. 

Common for all superalloys is their unique abilities of maintaining high tensile and yield 

strengths, creep and fatigue resistance in temperatures where other metals wouldn’t [7]. These 

unique abilities have made them extremely popular in e.g. the aero industry. 

4.1.2 Alloy 718 
Alloy 718 is a high-strength, corrosion-resistant, high temperature, nickel-based superalloy. 

Utilized widely in jet engines due to its mechanical properties at high temperatures. Its room 

temperature yield strength of ~1200MPa is comparable to that of high strength steel and 

titanium alloys [8]. It also has a wide operating range, deemed suitable for service between -

250°C and 700°C. When heated to 700°C the yield strength drops to ~900MPa, but is still high 

enough to be beneficial for many applications. [9] 

 

In Alloy 718 the nickel is alloyed with a wide range of different elements, see Table 2 for full 

composition. For comparison see Appendix II, showing the metal composition of the powder 

used for the manufacturing of the vane evaluated in this thesis. The different elements form a 

multiphase structure with a main FCC crystal structure. [10] 
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Table 2 - Limiting Chemical Composition [11] 

 

Element Content, % 

Nickel 50.00-55.00 

Chromium 17.00-21.00 

Iron 11.10-22.80 

Niobium 4.75-5.50 

Molybdenum 2.80-3.30 

Titanium 0.65-1.15 

Aluminum 0.20-0.80 

Cobalt 1.00 max 

Carbon 0.08 max 

Manganese 0.35 max 

Silicon 0.35 max 

Phosphorus 0.015 max 

Sulfur 0.015 max 

Boron 0.006 max 

Copper 0.30 max 

 

Within Alloy 718 a variety of different phases can appear, all have an influence on the 

mechanical properties. The commonly found phases are MC, TiN, δ, Laves, γ’, γ”, and where 

the γ’ and γ” phases are the main strengthening phases. The factors that contribute to the 

existence and precipitation behavior of these phases are primarily the amount of Nb, the time 

and temperature of heat treatment. Of the strengthening phases, γ” is considered as the phase 

with the highest contribution to the strength. It forms in the temperature ranging from 700-

900°C with a BCT crystal structure. The γ’-phase forms in the temperature ranging from 600-

700°C with a FCC crystal structure. [7] [12]  

 

To further optimize the alloys properties, by precipitating the strengthening phases, different 

heat treatments are used, both prior to and after welding. Different treatments can improve 

certain characteristics, however sometimes this is done at the cost of other properties. For 

example, a double aging treatment at 720°C and 620°C in combination of a pre-aging solution 

treatment at 1040°C is beneficial when aiming at a high tensile strength, rather than impact 

strength. A higher solution treatment temperature of 1090°C to 1150°C increases impact 

strength, however, inversely this will sacrifice some of the tensile strength. This change in 

characteristics is caused by changes in microstructure, more specifically in this case a change 

in grain boundary presence. [9] 

 

During the development of Alloy 718 the competing alloys of similar strength all had problems 

with weldability, especially in thicker samples. Alloy 718 represented an advancement for 

superalloys in this aspect. Part of the reason to the weldability of Alloy 718 is its relatively slow 



9 

aging response, leading to decreased problems with strain age cracking. This property is 

connected to the use of Nb as an alloying element. [13] 

 

Just as γ’ and γ”-phases contribute to the strengthening properties the Laves phase has the 

opposite effect, deteriorating the mechanical properties. It does this by consuming large amount 

of Nb, resulting in a matrix depleted of Nb, which is the main hardening element. This phase 

forms with a HCP crystal structure. It does this in heavily segregated regions, regions in which 

cracks have a tendency to propagate through [14]. Regarding welding, Laves phases also form 

in the fusion zone of weldments. A post-weld heat treatment can however remove the laves as 

these are dissolved when exposed to temperatures in excess of 1100°C. [9] 

4.2 Metal powder 
Metal powder can be produced using different methods and the vane evaluated is made by 

powder produced using gas atomization (GA). Production of GA powder is done by the flow 

of molten metal through a high-velocity gas stream, often inert gases such as nitrogen, argon or 

helium. An overview of the GA process can be viewed in Figure 3. This creates powder particles 

spherical in shape and with a smooth surface (ideally), something which is favorable when the 

powder is to be used for high stress application such as parts for aero-engines. Despite its many 

good qualities, the process is not without flaws. Problems occurring in this process are for 

example internal porosity and satellites. The problem with internal porosity comes mainly from 

the gas flow, especially when argon is used. The gas, in small quantities can be trapped within 

the individual powder particles causing micro porosity. At the same time the gas is crucial in 

the process to preserve powder cleanliness, meaning that the oxygen content of the powder isn’t 

higher than that of the molten metal prior to atomization. Satellites are when smaller particles 

attach themselves to larger particles. The most probable cause for this is the circulation of gas 

within the atomizing chamber causing smaller particles to collide with larger, partly molten 

particles. [15] 

 

 
Figure 3 – The GA process [16] 

Particles produced by GA can vary in size from 10 to 300µm, and are determined by the gas-

to-metal ratio. The metal flow in conventional GA processes range from about 1 to 90 kg/min 

with a gas flow ranging from 1 to 50 m3/min. The gas pressure can range from 0.35MPa to 

4MPa with an effective speed depending on the nozzle ranging from 20 m/s to supersonic 
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(velocities as high as Mach 3 is achievable). The process temperature varies depending on the 

material to be atomized. [15] 

4.2.1 Superalloy powder 
Most of the superalloys in powder form are pre-alloyed, meaning that the material that is used 

as input to the atomization process is already an alloy of correct chemical composition. This 

means that all powder particles in themselves have identical and correct chemical composition. 

Alloy 718 in powder form has a matching chemical composition as cast Alloy 718 shown in 

Table 2, and can be, as stated previously, compared to Appendix II. Because of this, the benefits 

of heat treatment as described under 4.1.2 can be applied on powder as well. [15]. J.W. Sames 

[17] have during his work proposed an optimal solution heat treatment for Alloy 718 powder 

components built with EBM of a solution treatment at 1120°C for 2hr prior to any form of aging 

or HIP. This to reset phase variation in the as-fabricated part.   

 

Once the powder is produced care must be taken not to contaminate the powder with materials 

that will affect the properties adversely. Normal procedure includes special containers for the 

purpose and controlled environments in several steps to ensure that the quality of the powder is 

maintained until use in production [15]. Further information regarding powder and handling is 

found in section 4.3.3. 

4.3 Additive manufacturing 
Additive manufacturing is the collective name for methods used for the manufacturing of 

products by adding material in layer by layer, rather than in the traditional subtracting way [18]. 

This giving AM one of its key advantage over traditional manufacturing, the significant 

reduction in waste material. Material usage can be reduced into a third or less depending parts 

and processes [19], [20]. To produce parts by adding material in a layer-wise order a 3D-model 

is produced using CAD to describe the part to be produced, which then can be translated to 

layers with different shapes. The process from 3D-model to final product can vary in some way 

but the overall generic process can be summed up in the 8 stages shown in Figure 4 below.   

 

 
Figure 4 – Generic AM process [18]  
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There are several different methods of AM techniques, the most commonly used (when metal 

is used as the building material) are laminar manufacturing, powder-bed technologies and 

deposition technologies. Within these three different areas further classification is done based 

on the feedstock material used, the processing method and lastly the energy source. This is 

illustrated in Figure 5 to give an overview of the various number of alternative routes available 

within the AM family. The route highlighted in green is the process used for manufacturing of 

the vane in this thesis work and will be further described in section 4.3.1. [18] 

 

 
Figure 5 – AM technologies and their methods, additive materials, processing methods and energy sources. Modified 

from [21] 

Another advantage with AM, apart from the significant reduction in waste material, is its ability 

to produce products with features that would be hard, or impossible, to machine using 

subtractive manufacturing. This includes internal features or features in tight locations. AM 

facilitates lightweight designs, which may have been impossible or too expensive to create with 

other methods, by only adding material where needed. Furthermore, AM can create a wide 

range of products, including newly designed products, without the need of additional tooling or 

molds. This is often beneficial when producing low volume products or prototypes. This ability 

is the reason to why AM is sometimes referred to as rapid prototyping. 

4.3.1 Electron beam melting 
Electron beam melting uses an electron beam to melt the powder and form the product. The 

electron beam is created in the same way that its done in electron beam welding. In which an 

electron gun consisting of three major parts, generate the electron beam: 

 

➢ Cathode, heated emitter source of electrons with a negative potential. 

➢ Grid cup, specially shaped electrode. 

➢ Anode, electrode with ground potential. 

 

Electrons are emitted from the cathode and accelerated to a high velocity and then passed 

through the anode where they are formed in to a focused electron beam. The high velocity of 

the electrons leads to a significant amount of kinetic energy which is transformed into heat upon 

impact with the powder. [22] 
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As the beam of electrons can be interrupted by colliding with gas molecules EBM is performed 

in vacuum1. This vacuum also helps in keeping the powder out of contact with reactive gases, 

such as oxygen. To further improve this protection a small amount of inert gas is often used as 

extra protection to dilute the remaining air, particularly the reactive oxygen.  [18], [19] 

 

The electrons` negative charge makes them susceptible to control via magnetism. In this case, 

it is achieved with the use of fast responding magnetic coils. Making it possible to control the 

beam position almost instantaneously. This fast response introduces the possibility of a faster 

process by melting the powder in a pattern rather than working its way from one end to another 

in a linear fashion. The beam is usually used in three steps per layer with different patterns and 

energy input, as shown in Figure 6. The first of these three steps is always a pre-heating of the 

powder bed using the electron beam instead of separate heaters, illustrated in Figure 6a. Figure 

6b also shows the beams fast movement by showing that it melts powder at several points 

simultaneously by quickly changing position. This will reduce residual stresses that would 

otherwise occur when increasing process speed. [18]  

 

 
Figure 6 – Image from manufacturing. Arrows indicating movement of beam focus point. 

a) Beam scanning over the whole surface to preheat the powder layer.  

b) Melting of contour lines.  

c) Filling of larger sections. 

As mentioned above there are several different building patterns used in EBM. Where the most 

common method is based on first melting the contour of the part and later filling the 

encapsulated shape, where part thickness is more than the maximum contour thickness. These 

different melting methods lead to different properties, such as porosity, lack of fusion and 

microstructure. Therefore, the balancing between contour lines and filling must be considered 

in production. Previous work has shown that the transition between contour and filling is a 

sensitive area where extra caution should be taken and thorough review should be made. [5] 

 

With a given set of parameters certain part thicknesses could be extra sensitive, where these 

transition areas make up a relatively big part of the thickness, rather than having only contour 

lines or mostly filling. Using ARCAM’s recommended settings the contour consists of 3 lines, 

experience within Lightcam shows that this gives a contour melt of approximately 1mm. These 

settings make 3mm thick sections prone to porosity as they are then made using ~1mm contour 

on each side and ~1mm fill. Apart from the variation in building patterns, a wide range of 

parameters can be adjusted during the build process e.g. beam intensity and speed all 

influencing the properties of the final product. Another well-known problem with EBM is that 

this process leaves a rough surface on the finished part. This rough surface is created by 

unmelted or partly melted powder particles sticking to the melted material, as can be seen in 

                                                 
1 Chamber pressure of <5×10-2 Pa.  
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Figure 7. For this reason it's always recommended to manufacture the part slightly bigger than 

the desired size, enabling room for post processing removing the rough surface. [5] 

 

 
Figure 7 – The surface of a EBM-manufactured component viewed using SEM at x50 magnification. Showing the 

particles fused to the surface. 

The negative charge, as described previously, also means that the electrons are sensitive to 

magnetism that may be out of control. Since the powder, that is struck by the beam, is 

bombarded by electrons these particles build up a negative charge. This negative charge is 

repelling incoming electrons causing the beam to lose some of its focus and potentially causing 

other issues. To reduce this problem, the powder bed must have sufficient conductivity and the 

beam is made more diffuse to not build up a too strong negative charge. This leads to a decrease 

in resolution of the manufactured part. [18] 

4.3.2 Electron beam melting’s effect on mechanical properties 
In EBM, the powder is heated to an elevated temperature. The powder is melted in a way that 

results in a microstructure more similar to that of cast products and with a lower porosity than 

comparable AM methods, such as SLM [18]. However, the microstructure and amount of 

porosity is still distinguishable from conventionally produced material (cast/wrought) [17].  

 

In a study on mechanical properties of parts made using EBM, in this case parts made of 

titanium alloys, performed by Khalid Rafi. H et al. [23] an impact of build orientation can be 

seen. The build direction can e.g. affect the tensile strength. It also shows how the rough surface 

can have an impact on the mechanical properties, machined and as built parts were compared. 

A small excerpt from the results of this study can be seen in Table 3. This data shows that 



14 

consideration shall be made regarding build orientation and post-processing to get the wanted 

properties; potentially a tradeoff between cost/build time and the properties wanted. However, 

another report, made by A. Antonysamy [24], shows less impact of orientation and location in 

the build platform while showing that the EBM-produced parts have properties according to 

specified standards. Whether these differences in results from the two reports are due to 

different ARCAM models, methods or other sources is unknown. 

 
Table 3 – Mechanical properties reported by Khalid Rafi. H et al. [23] 

 Stress at Yield (MPa) Ultimate tensile stress (MPa) 

As-built vertical 782 842 

As-built horizontal 844 917 

% increase 8 9 

Machined vertical 869 928 

Machined horizontal 899 978 

% increase 4 5 

4.3.3 Powder in additive manufacturing 
As previously described in section 4.2.1 there are considerations to make regarding the powder 

handling in conjunction with AM. Since the powder bed methods use melting as fusion method 

the surrounding, unmelted, powder is affected as heat is transferred between adjacent particles. 

This, in combination with the pre-heating of the powder, lead to some undesired effects. The 

main problem this leads to is that some of the powder particles tend to fuse together, giving 

larger particles which may affect production quality if this powder is reused. To decrease the 

amount of waste material, procedures can be applied stating what mixtures of used and new 

powder is to be used while maintaining satisfactory quality. [18] 

 

Another side effect of the heating in powder bed processes is that the heat transfer from the 

melted particles can fuse adjacent powder particles to the melted particles. This can give the 

product a skin of partially melted particles which often have higher porosity than the fully 

melted parts. This part growth can be compensated by adjusting parameters such as heat input 

and time spent in elevated temperature, offsetting the melting beam and/or performing some 

sort of post processing treatment, depending on the needed quality of the final product. [18] 

4.4 Non-Destructive Testing 
The field of NDT has developed often hand in hand with the development of new, stronger and 

lighter materials, ensuring that these materials, such as Alloy 718, are utilized to their maximum 

potential. By implementing NDT into to the production chain many benefits can be found. This 

in turn has given NDT its wide spread application in many industrial sectors, especially within 

those industries where the demands on quality are high e.g. the aero industry. [25] Some of 

these benefits are:  

 

➢ Ensuring product integrity, and in turn reliability 

➢ Avoiding failures 

➢ Enabling better product design 

➢ Ensuring operational readiness 

 

There is a wide range of different NDT methods, ranging from those that only can detect surface 

defects, such as penetrant testing, to those that can detect defects within the material, such as 

radiographic testing. In addition, there are several other NDT methods all with its unique 

features, making the field of NDT applicable in several different areas, and on a wide range of 
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materials. Some of these methods are, electromagnetic testing, magnetic particle and flux 

leakage testing and ultrasonic testing. Apart from NDT methods ability to detect defects, such 

as cracks and porosity, it can be utilized in a much more versatile way. For example, it can also 

be used to detect variations in structure, determining material and coating thicknesses among 

others. [25]  

4.4.1 Radiography 
Several different techniques within the radiographic family exists, the early ones fluoroscopy 

and film radiography to the more modern ones such as tomography and digital X-ray [26]. They 

all utilize X-rays, which are short wave-length electromagnetic radiation. Historically film 

radiography has been the most utilized method in the industry. However, the newer methods 

such as digital X-ray and tomography are now beginning to replace film radiography. In some 

cases, the transition to the newer methods have already been made. All these methods share 

many features such as radiation source, features that has its foundation in the film radiography, 

hence this will be the main method described in this section. 

 

The radiation used for film radiography can come from one of two different sources. Either X-

ray tubes that uses electricity to create X-rays, or by naturally occurring materials such as 

radium and iridium that emit gamma rays [26]. Since the end result of both these sources are 

the same (the finished radiograph), and X-ray tubes is the utilized source in the thesis no further 

description regarding the gamma ray emitting sources will be done. 

 

When X-rays are generated by X-ray tubes 

they are done so by a cathode (-) and an 

anode (+) in vacuum, see Figure 8 for the 

basic layout of an X-ray tube. The cathode 

with its tungsten filament, placed in a 

focusing cup to help the flow of electron hit 

the target, is heated to a high temperature 

at which point electrons are released. The 

electrons are then accelerated towards the 

anode. This acceleration is caused by the 

simple fact that the negatively charged 

electrons are attracted by the positive 

anode. The number of electrons released from the cathode depends on the temperature of the 

filament which in turn is controlled by the current, ranging from 1 to 10 A. The flow of electrons 

between the cathode and the anode is directly measurable in mA, normally ranging from 0.3mA 

to 20mA, and this is the measurement of the X-rays intensity. When the electron flow strikes 

the anode, they do so on a tungsten plate called the target. The target is set on an offset angle 

from the electron flow at around 60-70°, this so that the X-rays created can be utilized. It is at 

this point when the electrons collide with the target that the X-rays are produced. However, 

only around 2% of the total amount of energy that is created here is converted to X-rays the rest 

becomes heat. Therefore, the anode is often made of copper, due to its high thermal 

conductivity, enabling good transference of the excess heat. The whole setup is covered in a 

lead lining, that eliminates unwanted scatter, with a beryllium window in line with the target, 

allowing the desired X-rays to pass through. [26] 

 

When the X-rays penetrate the object being radiographed, the amount of X-rays that will pass 

through is in direct relation to the density of the material, the less dense the more X-rays will 

pass through. For example, if the object being radiographed has a crack in it, the crack having 

Figure 8 – Basic X-ray tube layout 
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a lower density (or non) than the surrounding material, the crack will appear as a darker area 

(shape) on the finished radiograph. This difference between the radiographic density or 

blackening is called contrast (a high contrast is always desirable, it makes it easier to detect 

small defects), making it susceptible to evaluation. [26] 

 

The film used to intercept the X-rays, creating the radiograph, is made with a core of a flexible 

polyester where it on both side has been covered with a radiation sensitive emulsion. This 

emulsion is made from fine silver halide compound, usually silver bromide. These particles can 

vary in size, the finer the particles, the higher quality of the finished radiograph. These sensitive 

silver compounds, when struck by X-rays changes its physical structure. After the film, has 

been exposed to radiation and before it can be evaluated it must be developed. This can either 

been done by hand or automatically, usually this is done automatically but the steps involved 

are the same in both processes. The film is passed through a development bath, causing the 

silver compound to form in to black metallic silver creating the image. To stop the development, 

the film the passes through a rinsing. After this the film passes through a fixing bath, which 

eliminates all unexposed emulsion. The process is then completed with a second rinsing and 

lastly dried. [26] 

 

In comparison, digital radiography has films that doesn’t need a development through 

chemicals to create radiographs for evaluation. Digital films are put through a scanner, that 

creates an image file and then erasing the film making it ready for reuse. Significantly reducing 

both the film cost and the overall production time 

 

The final quality of the finished radiograph is dependent on a variety of factors. As stated 

previously the contrast and silver halide particle size effect the quality. Another contributing 

factor to the finished quality is sharpness. The sharpness is in turn dependent on three factors, 

internal sharpness, geometrical unsharpness (Ug) and movement sharpness. The internal 

sharpness depends on the film used and the voltage used to create the X-rays, higher voltage 

decreases quality. Geometrical unsharpness, is determined by the following formula;  

 

𝑈𝑔 =  
𝐹 ∙  𝑡

𝐷
   (𝑚𝑚) 

𝐹 = 𝐹𝑜𝑐𝑢𝑠 𝑠𝑝𝑜𝑡 (𝑑𝑒𝑝𝑒𝑛𝑑𝑠 𝑜𝑛 𝑡ℎ𝑒 𝑡𝑎𝑟𝑔𝑒𝑡)   
𝑡 =  𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑏𝑗𝑒𝑐𝑡 𝑏𝑒𝑖𝑛𝑔 𝑟𝑎𝑑𝑖𝑜𝑔𝑟𝑎𝑝ℎ𝑒𝑑 

𝐷 =  𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡𝑎𝑟𝑔𝑒𝑡 𝑡𝑜 𝑡ℎ𝑒 𝑓𝑖𝑙𝑚 

 

Movement unsharpness, as the name suggests comes from any undesirable movements during 

the exposure. All these factors should be held as low as possible, or be eliminated as in the case 

of movement sharpness.   

 

Another factor that can have a negative effect on the final quality, is something called 

backscatter. X-rays tend to bounce around, creating backscatter. Measures to eliminate 

backscatter influences on the finished radiograph must therefore be taken. The most effective 

way of eliminating this is by protecting the backside of the film with a protective plate, 

preferably of lead. [26] 

 

To determine if a finished radiograph holds up to the quality required, so called image quality 

indicators are used. The most commonly used (and the ones used in this thesis) are hole quality 

indicators. This is a small rectangular piece of metal (the same material that is being tested) 

with three holes in it. The thickness of the indicator is usually 2% of the tested material, 
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therefore the indicators used vary depending on the thickness of the material being tested. The 

three hole diameters are T, 2T and 4T, where T is the thickness of the quality indicator. A 

commonly used standard is 2-2T (desired in this thesis), where the first 2 indicates that the 

thickness of the indicator is 2% of the tested material, giving the ability to determine (roughly) 

the thickness of the tested material without having access to the physical part. 2T indicates that 

the hole with the 2T diameter must be visible on the finished radiograph for it to be acceptable. 

If these requirements are meet, the finished radiograph holds a 2% sensitivity, and indications 

as small as 2% of the material thickness can be found and evaluated.   

4.4.2 Computed Tomography 
Computed tomography, was first developed for use within medicine but was soon adopted by 

industry for its possibility of creating accurate internal imaging of objects, without using 

destructive testing and for measuring. The source of X-rays used for this technique are 

generated via the same X-ray tubes as in conventional radiography. A screen then absorbs the 

X-rays, working in the same way as in digital radiography.  

 

To create the desired 3D model, thin 2D slices of the object are put together creating a 3D 

model. The various 2D slices are created by the principle of triangulation, also used in 

conventional radiographic to determine the depth of a discontinuity. In conventional 

radiographic, triangulation works by comparing two radiograph, where the X-ray source has 

been moved. This creates two different radiograph that can be compared. By measuring and 

calculating various variables the depth of a discontinuity can be determined. Figure 9 illustrates 

this technique and the variables of interests. In CT either the X-ray source, the detector or the 

object moves continuously as images are taken from the different angels. All these different 

images are then via a computer superpositioned, creating the finished 3D image enabling an in-

depth examination of the object. In the same way that conventional radiographic quality is 

determined by various factors as described in 4.4.1, CT quality shares many of these factors 

e.g. contrast. [26] 

 

 
Figure 9 – Example of triangulation and relevant variables. 

4.5 Hot isostatic pressing 
Products manufactured for use in the aerospace industry that are manufactured using powder 

bed methods are currently expected to have undergone a HIP-process. HIP is a process that uses 

inert gas, heat and high pressure, commonly to remove internal defects in products made with 

powder metallurgy. After the process the products are considered 100% dense and free from 

internal porosity. [27] 
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5 Results and analysis 
The test results show that the main defects found in the vane are porosity and lack of fusion. 

The defects variate in size and the majority are found in areas with a 3mm thickness. Apart 

from pores, lack of fusion is found between build layers in all thicknesses. Regarding 

microstructure, the surface regions are dominated by a equiaxed grain structure that transit to a 

columnar grain structure in the center. The hardness varies from the bottom to the top, with a 

hardness of 313HV at the bottom and 436HV at the top. Future reference to numbered samples 

refer to the numbering in Figure 2. 

5.1 Radiography 
The rough surface described in section 4.3.1, immediately caused problems during the initial 

radiographic tests in the form of X-ray diffractions, a significant reduction in sensitivity and a 

variable material thickness to be penetrated. The diffractions were caused by the deflection of 

the X-rays when they hit the rough surface, creating false indications. The variable material 

thickness, leads to a variable radiographic density to evaluate, making it difficult to distinguish 

e.g. porosity from variation in thickness. An illustration of this problems is given in Figure 10, 

where a) is a simpler illustration and b) is more similar to the actual results. 

 

 
Figure 10 – Change in thickness and experienced radiograph result, with a) being simplified and b) being more realistic 

example. An examination of b) reveals that the porosity free left side of b) hardly differs from the right portion with 

pores in it when looking at apparent density, this shows the problem of examining the radiographs and to determine 

what is caused by the surface and what is caused by porosity. 

As previously stated in 4.4.1 a 2% sensitivity is desired and is achieved when the 2T hole is 

visible on the corresponding quality indicator. However, due to the rough surface of the vane 

2% sensitivity was unachievable. To determine the sensitivity achieved in these tests a 

sensitivity test was performed. This was done by placing hole quality indicators in ascending 

order from .06” (the indicator that should be visible) and up, Figure 11 shows this and that .43” 

is the smallest 2T hole visible2. The sensitivity obtained is then determined by this formula, 

stated in ASTM E1025: 

∝ =  
100

𝑥
 ∙  √

𝑇 ∙  𝐻

2
=  

100

3.27
 ∙  √

0.22098 ∙  0.508

2
= 7.245% 

 

𝑋 = 𝑆𝑒𝑐𝑡𝑖𝑜𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑡𝑜 𝑒𝑥𝑎𝑚𝑖𝑛𝑒𝑑 𝑖𝑛 𝑚𝑚 

𝑇 = 𝐼𝑄𝐼 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑖𝑛 𝑚𝑚 

𝐻 = 𝐻𝑜𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (2𝑇) 𝑖𝑛 𝑚𝑚 
  

                                                 
2 The visible .43” 2T hole is indicated by the red circle and arrow in Figure 11. But due to the 

poor quality of the radiographs and the figure itself this may be difficult to see in this report. 

However, it was clearly visible under the right circumstances using the right equipment.  
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As shown above, the sensitivity during these tests was 7.245% (over 3.5 times lesser quality 

than aspired). The combination of these factors makes the results from the radiography 

unreliable and a clear statement of what is seen on the radiographs can’t be made, as stated by 

the level III Radiographic at GKN Aerospace: 

 
No reliable examination and subsequent evaluation of radiographs, taken on products created by the 

EBM process before post-processing with the rough surface, can be made. Possible lack of fusion and 

porosity can be found on the radiographs, however, due to the rough surface and the problems that it 

creates, one can’t say with absolute certainty that these indications in fact are true indications and not 

false indications, created by the problems associated with the rough surface. 

 

 
Figure 11 – Sensitivity test, showing that the .43" 2T hole is visible 

The radiograph and visual examination show that the vane has two different textures, the 

transition of these on a radiograph is shown in Figure 12 along with a complete radiograph 

result. The transition from the first texture to the next occurs at ~44mm above the step at the 

bottom of the vane. Log files from production, seen in Figure 14, show that the production 

speed increased (indicated by a decrease in time spent per layer) at ~45mm above that step. The 

change in production speed was caused by the fact that the vane was produced together with 

other parts of varying height, and several parts were just high enough to end at this height. 

Around this height (within 1mm), the total cross sectional area of produced components 

decreased with approximately 40%. The build setup with co-produced components can be seen 

in Figure 13, where the yellow parts have a height equal to that of the line separating the two 

textures. This change in production speed leads to a change in heat input over time and heat 

transfer to the surroundings. When examining this crossing and the two different textures during 

the metallography, no clear differences in microstructure, hardness or defects could be found. 

The only difference found was varying shrinkage of the sections, where the lower portion has 

~0.2mm thinner wall sections (measured on 3mm sections). 
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Figure 14 - Output from LogStudio 4 

 

  

 
Figure 12 – Complete radiograph (View 3B). The change in 

texture also shown here, indicated by the arrows. 

 

 
Figure 13 – Build setup. 
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5.2 Computed Tomography 
Due to a wide variation in material thickness to scan during the CT a complete scan off the 

entire vanes was unobtainable. As shown in Figure 15, large portions of the thin walls near the 

“back” end of the vane could not be successfully scanned. Fortunately, these areas were of 

lesser interest as these regions are made using only contour melting which is shown by 

Tammas-Wiliams et al. [5] to be less prone to defects. Instead, as suggested in section 4.3.1, 

the areas with a 3mm thickness which has the mixture of contour and fill melting that is known 

to be error prone are of more interest. 

 

 
Figure 15 – Over all CT results. Showing the areas that couldn´t be scanned. 

The automatic defect analysis supplied by Carl Zeiss AB detected 112 pores in the range of 

0.50mm to 2.48mm diameter with volumes from 0.07mm3 to 0.83mm3. All pores detected in 

the analysis were located in areas that are modelled to a 3mm thickness. These areas are shown 

in Figure 16 along with the CT result. Further analysis revealed a lot more porosity than what 

was indicated in the defect analysis. A rough estimation is that the analysis has detected and 

reported around 10-15% of the total amount of existing porosity3. Most pores were still in areas 

with a 3mm modelled thickness. Figure 17 shows different sections of the vane where both the 

porosity found by the analysis are indicated in blue as well as the porosity found during the 

manual analysis, which can be observed as darker areas. In Figure 17 a), b), d) and e) the same 

region is shown from different angles and depths; the 3mm thick “stiffener” running along the 

total build height, which has proven to be the most porosity dense region of the vane.  

 

                                                 
3 This estimation is based on a comparison of cross sections and then manually counting the 

amount of porosity and comparing that to the porosity found by the analysis. However, it should 

be stated here that this is only an estimation. Factors such as inaccurate counting of porosity 

and inexperience (with the possibility of counting of false indications) must be taken into 

consideration. 
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Figure 16 – 3D model with 3mm thick areas highlighted in red to the left and CT-result, with supplied  

analysis highlighting pores in red, to the right 

 
Figure 17 – Sample from CT-result. a) “stiffener” b) “Stiffeners” c) leading edge at the top d) second “stiffener” e) 

“stiffeners”.  
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5.3 Metallography  
As indicated by the CT results, the 3mm sections were proven to contain the highest quantity 

of pores in all build heights. The pores vary in size from smaller ones, <0.2mm in diameter to 

the biggest found of 2.54mm (larger than any found by the CT analysis). An effort was made 

to try and find the largest pore found by the automatic defect analysis in the CT during the 

metallography. This to examine the accuracy of the automatic analysis. Unfortunately, due to 

insufficient accuracy in both the CT results and the metallographic process, this was not 

achievable. However, a confirmation of the CT results was obtained in another way, using the 

largest pore found during the metallography. This pore was localized in the CT, the position 

corresponded well with the cut-up. Regarding size, with the basic analysis tools available in 

MyVGL, it was measured to 2.6mm and it can be seen in Figure 18. 

 

 
Figure 18 – Comparison between CT and cut-up 
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In all 3mm section the pores are centered, creating what can be interpreted as chain porosity 

running parallel to the contour. Figure 19 showing pores running along the whole of sample 2. 

When 3mm sections transitions to thicker sections e.g. 5mm sections, the pores observed in the 

center of the 3mm sections continues in to the 5mm section. An illustration of this can be seen 

in Figure 20. Showing sample 13, where the 3mm thick sections (with a high concentration of 

pores) transition to thicker sections and a smaller number of pores follow in the same line, 

indicated by the red line. However, when examining thicker sections, that doesn’t have this 

transition, little or no pores are found. Apart from pores, lack of fusion was found between build 

layers at all heights and thicknesses. These are clearly visible in great numbers and in varying 

sizes in sample 7, shown in Figure 21. 

 

 
Figure 19 – Sample 2 showing chain porosity running in the 

middle, along the whole sample. 

 

 
Figure 20 – Sample 13, showing how the pores in the 3mm section continues in to the thicker section. 
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Figure 21 – Merged pictures of sample 7, lack of fusion in between the build layers. 

In all thickness sections, lack of fusion stretching from the 

surface in to the material was observed. These vary in 

sizes, with the longest found being 1.22mm on a 2.32mm 

thick section, see Figure 22.The lack of fusion is therefore 

covering more than 50% of the total thickness. All 

different thickness sections are prone to shrinkage, with 

shrinkage between 20-45%. The worst effected thickness, 

with the 45% shrinkage is those modeled to 2mm, that has 

shrunk to a ~1mm thickness, as can be seen in Figure 23. 

 
Figure 23 – Comparison of measurements, manufactured component and CAD-model 

 
Figure 22 – Lack of fusion in sample 

11, 3mm modeled thickness, stretching 

from the surface in to the material. 
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Hardness was measured (in samples 3, 6, 8, 11, 12 and 13) and found to range from 313HV 

close to the bottom to 436HV closer to the top. Results from the hardness testing can be viewed 

in Figure 24. As hardness may be related to δ-phase, which forms between 800°C and 1000°C 

the estimated time spent in this range is also plotted, something that will be discussed in section 

5.3.  

 

 

 
Figure 24 – Hardness test results along with estimated time between 800°C and 1000°C. Distance from substrate is 

estimated on values between 40 and 100mm as the tested samples do not contain component edges to measure against 

as reference. Note the inverted time axis. Reference values for Alloy 718 are from M. Fisk et al. [28] 
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In etched condition the different grain structures were revealed. Closest to the edges a equiaxed 

grain structure was dominating whereas in the middle columnar grains are dominant. The 

different grain structures and the transition between them, seen in different planes and in 

different regions are shown in Figure 25 to Figure 30 using LOM.  

 

  

 
Figure 27 – Grain structure of sample 14, trailing edge of vane 

 

 
Figure 25 – Grain structure of sample 14, trailing edge of vane 

 

 
Figure 26 – Grain structure of 

sample 10, 1mm section 
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Figure 28 – Grain structure of sample 7, “stiffener” 

 

 
Figure 29 – Grain structure of sample 15, bottom section of the vanes trailing edge 
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Images of the components microstructure at high magnification were retrieved when viewing 

samples at different heights (samples 1, 5, 12 and 15) using SEM. These images can be seen in 

Figure 31 to Figure 34. The images show that microstructure, like the hardness, varies with the 

height in the component. This was deemed to be linked to the heat those layers are subjected to 

during manufacturing.  

 

 
Figure 30 – Grain structure of sample 15, bottom section of the vanes trailing edge 
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Figure 31 – SEM-pictures, x500 

 

 
Figure 32 - SEM-pictures, x1000 

 

 



31 

 

 
Figure 33 – SEM-pictures, x2000 

 

 
Figure 34 - SEM-pictures, x5000 
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6 Discussion 
When viewing these results, one must have in mind that the tests and the following results 

comes from a single vane. There can´t be talk of any quantity results in this thesis.  

 

Regarding the non-destructive testing that was performed, it´s clear that the two different 

methods struggled, both having their respective weakness. The radiography suffered hard from 

the rough surface but was still capable of producing results from all parts of the vane, although 

impossible to interpret. Although the radiography results, for their intended use, were 

impossible to evaluate the fact remains that the change in textures was found. Something that 

probably wouldn´t have been found otherwise, since it is barely (if all, probably wouldn´t have 

been detected if we didn´t know where to look for it) visible on the CT results. The CT on the 

other hand could find porosity despite the surface, though it lacked the capability to get all areas 

covered due to the size, geometry and material of the vane. Of these two the CT is by far the 

most usable method, but not without its drawbacks.  

 

The reason for the change in texture, was during this thesis never fully investigated and 

therefore we can only speculate on this. The most likely reason for it as reported in section 5.1, 

and that it was discovered during the radiography, is the slight difference in wall thickness as 

radiography is sensitive to variation in material thickness. If this is the only reason, or if there 

are others, is impossible for us to say. But the fact that this deviation coincide so well with the 

reduction in build time per layer in build height, can’t be a coincident and in our meaning, must 

have something to do with it.  

 

The porosity analysis provided with the CT, that as previously stated only reported around 10-

15% of the total amount of porosity, came with a statement from the contact at Carl Zeiss AB 

that this should only be viewed as a proof of concept. Proof of concept in this meaning that a 

porosity analysis can be done on this type of material with a complex geometry, not that it has 

detected and reported the total amount of existing porosity. He also added that with the data 

available a more thorough analysis could be done. However, this would require a large amount 

of manual filtering to find the parameters that would detect the most amount of true porosity 

whilst filtering out the false indications. A process that would take a long time and without any 

guarantee of better results, so it was deemed unnecessary. 

 

When looking at the etched samples in both LOM and SEM, we can clearly see different phases. 

We can´t with absolute certainty say what phase is which, but we can speculate. In our opinion 

δ, carbides and γ-matrix is present, see Figure 35. We are less certain, but claim that γ’ and γ” 

are present. One of the main reasons for this uncertainty regarding phases is the etching process. 

The used process in this thesis may not be the ideal process to visualize all phases, this in 

combination with little or no previous experience with etching may have resulted in less than 

ideal etching. When looking at the δ-phase which consume large amount of Nb, the fluctuation 

in hardness from the bottom to the top becomes clear. The δ-phase in itself is not a hardness 

weakening phase, but the fact that it consumes Nb, which in turn leads to a decrease of γ” 

resulting in a lower hardness as γ” is the main strengthening phase. The presence of the δ-phase 

is linked to the heat that the component is subjected to during manufacturing and it is stated 

that δ-phase is formed when the material is subjected to temperatures in the range of 800°C to 

1000°C. This and the δ-phases indirect link to hardness was the reason for plotting time spent 

in that temperature range together with the hardness. When viewing the graph shown in Figure 

24, the two factors seem to be correlated, this together with the SEM images revealing that the 

microstructure changes lead us to believe this is all related and acts as an indication for the need 

of thermal post processing.  
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Figure 35 – SEM images from sample 15 with indication of potential phases 

7 Conclusions 
Looking back at the problem formulation and the aim of answering the three questions, it can 

be done in the following manner.  

 

➢ What NDT-methods are suitable to evaluate Alloy 718 components manufactured with 

EBM? 

 

Neither radiography nor CT is suitable as a sole evaluation method.  

The reason for that radiography doesn’t work for the evaluation of as built EBM 

components, as explained in previous sections, is the rough surface and the impact that 

this have on the radiographic process. CT on the other hand is not effected by the rough 

surface and can produce reliable results on as built EBM components. With the major 

drawback that it in this case due to the complex design, material and varying thickness 

couldn´t deliver a complete scan of the whole vane. Lastly, surface dependent methods 

such as eddy current and penetrant is excluded as NDT methods, due to the rough 

surface. 

 

➢ What types of defects and in what quantity can they be found in the produced vane? 

 

The defects found are: Porosity and lack of fusion, both found as internal and partially 

external. The partially external are open and connected to the surface, and can perhaps 

act as crack initiation. Most of both the porosity and the lack of fusions are assessed, 

mostly because of their morphology, to be process induced. The CT’s automatic 

analysis showed 112 defects and was estimated to find 10-15% of the defects visible in 

the CT-results. In the metallographic analysis more defects were visible, a total amount 

was not estimated but significantly more than the CT showed if no lower limit was set. 

 

➢ Where are the defects located? 

 

Pores are mainly found in the center of the sections modeled to a 3mm thickness. Lack 

of fusion on the other hand was found between build layers in all thicknesses. There 

are no considerable differences regarding quantity and size of the defects when it 
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comes to height-position in the vane. There was an equal amount of defects in the 

bottom of the vane as it is at the top.   

 

Apart from answering the three research questions conclusions can be made regarding the 

microstructure, hardness and presence of different phases. The microstructure consists of two 

different grain types, equiaxed and columnar both dominating different sections of the vane. 

The hardness increases with build height, from 313HV in the bottom to 436HV near the top. 

This increase in hardness is indirectly related to the variating presence of δ-phase. In addition 

to δ-phase, clear indications of the presence of other phases are visible and their presence too 

is variating with height. 

7.1 Future research 
As there is a notable amount of porosity and that these pores are formed in vacuum there is a 

good chance that a HIP-process will reduce porosity. For this reason, it would be interesting to 

redo this thesis work on a HIP'ed vane to see the difference.  

 

This thesis, as stated in the background, acts as a support within Lightcam enabling comparative 

research when process parameters are changed, these tests will likely be repeated on parts made 

using other parameters. 

 

Hardness and microstructure changed in different heights a heat treatment to homogenize the 

component is also preferable to investigate. This may be done in conjunction with the HIP-

process. 

 

If the process parameters are changed in a way that reduces the roughness of the surface the use 

of conventional radiography may be re-evaluated, as the roughness is the reason for the non-

conclusive radiographic results. 
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Appendix I 

         
                                                                Radiographic Technique Sheet           
Supplier: 

GKN Aerospace 
Supplier Code: 

N/A 
Address: (Street, postal code, state and city) 

Flygmotorvägen 1 
46181, Trollhättan 
Sweden 

 Operation no. 

N/A 

NDT Facility: 

GKN Aerospace Sweden, Trollhättan 

Internal Material Number: 

N/A 
Written by: 

 

Part/Drawing Number: 

N/A 
Method Standard: 

ASTM E1742 
Part Name: 

Demonstrator vane 
Acceptance specification: 

N/A 

8 Technique Parameters 9 View 1a 10 View 1b 11 View 1c 12 View 1d 13  14  

Area Radiographed 
See appendix 

view 1a-d 
See appendix 

view 1a-d 
See appendix view 

1a-d 
See appendix 

view 1a-d 
  

Setup description 
See appendix 

view 1a-d 
See appendix 

view 1a-d 
See appendix view 

1a-d 
See appendix 

view 1a-d 
  

X-Ray Tube used Y.TU.160 D02 Y.TU.160 D02 Y.TU.160 D02 Y.TU.160 D02   

Kilovoltage (kV) 150 130 130 125   

Milliamperage (mA) 18,6 18,6 18,6 18,6   

Time (seconds) 90 72 48 36   

Focal /Part Distance (mm) 1000 1000 1000 1000   

Maximum Part to Film Distance (mm)       

Geometric Unsharpness (Ug in mm) 0,066 0,066 0,066 0,066   

Focal Spot Size (mm) 5,5 5,5 5,5 5,5   

Angle of Exposure 90° 90° 90° 90°   

Film Brand and Type AGFA D4 AGFA D4 AGFA D4 AGFA D4   

Film Size (cm) 10x24 10x24 10x24 10x24   

Lead Screens, Thickness, mm (F and B) F+B 0,027 F+B 0,027 F+B 0,027 F+B 0,027   

Number of exposures per view 1 1 1 1   

Number of Film Per Exposure 1 1 1 1   

Total Number of Films per View 1 1 1 1   

Max. Number of Parts per Film 1 1 1 1   

Part Material IN 718 IN 718 IN 718 IN 718   

Applicable Part Thickness (mm) 5-11 5-11 5-11 5-11   

IQI Material and Type IN ASTM E1742 IN ASTM E1742 IN ASTM E1742 IN ASTM E1742   

IQI Size ,31” ,37” ,12” ,25” ,12” x2 ,12” x2   

Shim/Block Material IN ASTM E1742 IN ASTM E1742 IN ASTM E1742 IN ASTM E1742   

Shim/Block Thickness ,31” ,37” ,20” ,25” ,20” ,16” ,16” ,12”   

Process Used (i.e. Tig / EB, Casting, 
Braze, etc.) 

EBM EBM EBM EBM   

Processing Temperature 29° 

Processor, Chemistry, Manufacturer AGFA NDT S ECO/G135, G335 

 
NDT Facility Remarks: 
C-V 

N.D.T. Facility Level III Signature:    
 
Tommi Vilkman  
Name (Printed) 

Date: 
2017-02-27 

15  
 

Review and Remarks: 
                                                                                                               

                                                                                                                                                               
 
 

NDT Customer approval signature:                                                                                         
 
 

 
 
Name (printed)   

Date: 
 
 
 

 □ Approved                                  □ Rejected 
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                                                                Radiographic Technique Sheet           

Supplier: 

GKN Aerospace 
Supplier Code: 

N/A 
Address: (Street, postal code, state and city) 

Flygmotorvägen 1 
46181, Trollhättan 
Sweden 

 Operation no. 

N/A 

NDT Facility: 

GKN Aerospace Sweden, Trollhättan 

Internal Material Number: 

N/A 
Written by: 

 

Part/Drawing Number: 

N/A 
Method Standard: 

ASTM E1742 
Part Name: 

Demonstrator vane 
Acceptance specification: 

N/A 

16 Technique Parameters 17 View 2a 18 View 2b  19 View 2c 20 View 3a 21 View 3b 22 View 3c 

Area Radiographed 
See appendix 

view 2a-c 
See appendix view 

2a-c 
See appendix view 

2a-c 
See appendix view 

3a 
See appendix 

view 3b-c 
See appendix view 

3b-c 

Setup description 
See appendix 

view 2a-c 
See appendix view 

2a-c 
See appendix view 

2a-c 
See appendix view 

3a 
See appendix 

view 3b-c 
See appendix view 

3b-c 

X-Ray Tube used Y.TU.160 D02 Y.TU.160 D02 Y.TU.160 D02 Y.TU.160 D02 Y.TU.160 D02 Y.TU.160 D02 

Kilovoltage (kV) 150 130 130 150 100 125 

Milliamperage (mA) 18,6 18,6 18,6 18,6 18,6 18,6 

Time (seconds) 90 72 48 90 36 72 

Focal /Part Distance (mm) 1000 1000 1000 1000 1000 1000 

Maximum Part to Film Distance (mm)       

Geometric Unsharpness (Ug in mm) 0,0605 0,0605 0,0605 0,154 0,154 0,154 

Focal Spot Size (mm) 5,5 5,5 5,5 5,5 5,5 5,5 

Angle of Exposure 90° 90° 90° 90° 90° 90° 

Film Brand and Type AGFA D4 AGFA D4 AGFA D4 AGFA D4 AGFA D4 AGFA D4 

Film Size (cm) 10x24 10x24 10x24 10x24 10x24 10x24 

Lead Screens, Thickness, mm (F and B) F+B 0,027 F+B 0,027 F+B 0,027 F+B 0,027 F+B 0,027 F+B 0,027 

Number of exposures per view 1 1 1 1 1 1 

Number of Film Per Exposure 1 1 1 1 1 1 

Total Number of Films per View 1 1 1 1 1 1 

Max. Number of Parts per Film 1 1 1 1 1 1 

Part Material IN 718 IN 718 IN 718 IN 718 IN 718 IN 718 

Applicable Part Thickness (mm) 4-11 4-11 4-11 8-11 3-5 5-8 

IQI Material and Type IN ASTM E1742 IN ASTM E1742 IN ASTM E1742 IN ASTM E1742 IN ASTM E1742 IN ASTM E1742 

IQI Size ,43” ,37” ,31” ,25” x3 ,25” x2 ,43” ,37” ,31” ,25” x3 ,25” x2 

Shim/Block Material IN ASTM E1742 IN ASTM E1742 IN ASTM E1742 IN ASTM E1742 IN ASTM E1742 IN ASTM E1742 

Shim/Block Thickness ,43” ,37” ,31” ,28” ,25” ,20” ,20” ,16” ,43” ,37” ,31” ,09” ,08” ,06”  ,25” ,20” 

Process Used (i.e. Tig / EB, Casting, 
Braze, etc.) 

EBM EBM EBM EBM EBM EBM 

Processing Temperature 29° 

Processor, Chemistry, Manufacturer AGFA NDT S ECO/G135, G335 

 
NDT Facility Remarks: 
C-V 

N.D.T. Facility Level III Signature:    
 
 
 
 
Tommi Vilkman  
Name (Printed) 

Date: 
2017-02-27 

23  
 

Review and Remarks                                                   

NDT Customer approval signature:                                                                                         

 
 
Name (printed)      

Date: 
 

 □ Approved                              □ Rejected 
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                                                                Radiographic Technique Sheet           

Supplier: 

GKN Aerospace 
Supplier Code: 

N/A 
Address: (Street, postal code, state and city) 

Flygmotorvägen 1 
46181, Trollhättan 
Sweden 

 Operation no. 

N/A 

NDT Facility: 

GKN Aerospace Sweden, Trollhättan 

Internal Material Number: 

N/A 
Written by: 

 

Part/Drawing Number: 

N/A 
Method Standard: 

ASTM E1742 
Part Name: 

Demonstrator vane 
Acceptance specification: 

N/A 

24 Technique Parameters 25 View 4 26 View 5a  27 View 5b 28  29  30  

Area Radiographed 
See appendix 

view 4 
See appendix view 5a-

b 
See appendix 

view 5a-b 
   

Setup description 
See appendix 

view 4 
See appendix view 5a-

b 
See appendix 

view 5a-b 
   

X-Ray Tube used Y.TU.160 D02 Y.TU.160 D02 Y.TU.160 D02    

Kilovoltage (kV) 100 140 120    

Milliamperage (mA) 18,6 18,6 18,6    

Time (seconds) 36 72 72    

Focal /Part Distance (mm) 1000 1000 1000    

Maximum Part to Film Distance (mm)       

Geometric Unsharpness (Ug in mm) 0,154 0,154 0,154    

Focal Spot Size (mm) 5,5 5,5 5,5    

Angle of Exposure 90° 90° 90°    

Film Brand and Type AGFA D4 AGFA D4 AGFA D4    

Film Size (cm) 10x24 10x24 10x24    

Lead Screens, Thickness, mm (F and B) F+B 0,027 F+B 0,027 F+B 0,027    

Number of exposures per view 1 1 1    

Number of Film Per Exposure 1 1 1    

Total Number of Films per View 1 1 1    

Max. Number of Parts per Film 1 1 1    

Part Material IN 718 IN 718 IN 718    

Applicable Part Thickness (mm) 3-5 5-8 5-8    

IQI Material and Type IN ASTM E1742 IN ASTM E1742 IN ASTM E1742    

IQI Size ,25” x3 ,31” ,25” x2 ,25” x2    

Shim/Block Material IN ASTM E1742 IN ASTM E1742 IN ASTM E1742    

Shim/Block Thickness ,09” ,08” ,06” ,31” ,28” ,25” ,20” ,16”    

Process Used (i.e. Tig / EB, Casting, 
Braze, etc.) 

EBM EBM EBM    

Processing Temperature 29° 

Processor, Chemistry, Manufacturer AGFA NDT S ECO/G135, G335 

 
NDT Facility Remarks: 
C-V 

N.D.T. Facility Level III Signature:    
 
 
 
 
Tommi Vilkman  
Name (Printed) 

Date: 
2017-02-27 

31  
 

Review and Remarks: 
                                                                                                               

                                                                                                                                                               
 
 

NDT Customer approval signature:                                                                                         
 
 

 
 
Name (printed)      

Date: 
 
 
 

 □ Approved                                  □ Rejected 
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Appendix 

View 1a-c 
Written by: 

 
N.D.T. Facility Level III Signature:    
 

Date: 

 

Part/Drawing Number: 

N/A 
Part Name: 

Demonstrator vane 
NDT Customer approval signature:                                                                                         
 

Date: 
 

Remarks: 
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Appendix 

View 2a-c 
Written by: 

 
N.D.T. Facility Level III Signature:    
 

Date: 

 

Part/Drawing Number: 

N/A 
Part Name: 

Demonstrator vane 
NDT Customer approval signature:                                                                                         
 

Date: 
 

Remarks: 
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Appendix 

3a 
Written by: 

 
N.D.T. Facility Level III Signature:    
 

Date: 

 

Part/Drawing Number: 

N/A 
Part Name: 

Demonstrator vane 
NDT Customer approval signature:                                                                                         
 

Date: 
 

Remarks: 
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Appendix 

View 3b-c 
Written by: 

 
N.D.T. Facility Level III Signature:    
 

Date: 

 

Part/Drawing Number: 

N/A 
Part Name: 

Demonstrator vane 
NDT Customer approval signature:                                                                                         
 

Date: 
 

Remarks: 
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Appendix 

View 4 
Written by: 

 
N.D.T. Facility Level III Signature:    
 

Date: 

 

Part/Drawing Number: 

N/A 
Part Name: 

Demonstrator vane 
NDT Customer approval signature:                                                                                         
 

Date: 
 

Remarks: 
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Appendix 

View 5a-b 
Written by: 

 
N.D.T. Facility Level III Signature:    
 

Date: 

 

Part/Drawing Number: 

N/A 
Part Name: 

Demonstrator vane 
NDT Customer approval signature:                                                                                         
 

Date: 
 

Remarks: 
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Appendix III 

 

 

 

 

 

 

[Removed due to confidentiality] 

 

 


