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Abstract 

Additive Manufacturing (AM), commonly known as 3D printing is a production method that utilises 
repeated addition of layers in order to produce a final shape. AM utilises less raw material and does not 
have drawbacks such as tool wear and material wastage as seen in conventional machining. However, 
they do have drawbacks such as poor surface and internal defects.  A common practice in AM is the 
fabrication of contour and bulk region using separate parameters. 

 The aim of this project was to study the effects of various process parameters on the contour properties. 
The process parameters considered were scanning speed, beam current and focus offset. The Nickel alloy 
Inconel 718 was utilised in Electron Beam Melting (EBM) to fabricate the test specimen. The samples used 
in this project were in an as-built condition which was priorly subjected to tensile testing for a different 
project. The tests performed in this project are hardness testing and microstructural investigation about 
grains, precipitates and the various defects. 

 The test results helped to understand the effect of various process parameters on the hardness and 
microstructure of the samples. The samples with lower scanning speed had higher hardness and lesser 
lack of fusion than samples with higher speed. In the case of varying beam current, the samples with 
higher beam current had higher hardness values and fewer lack of fusions. Similarly, the effects of varying 
two or more process parameters were also studied and their findings recorded. The microstructure 
consisted of a large number of shrinkage porosities in the bulk and contour regions. The presence of 
Niobium rich precipitates at grain boundaries and the grain structure for various process parameters were 
identified and recorded. 
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1. Introduction 

This master’s thesis was carried out at Element Materials Technology AB, Linköping, in 

cooperation with the Division of Engineering Materials at Linköping University during the 

spring semester of 2019. The master thesis is a part of a bigger project called the Suman-Next, 

in collaboration with University West and multiple industrial organizations. 

The scope of this master thesis was to investigate the effect of process parameters on the contour 

properties in Inconel 718 (IN718) structures fabricated by electron beam melting (EBM). The 

hardness testing was carried out and a microstructural analysis with the help of scanning 

electron microscope (SEM) was performed to help better understand the EBM process and its 

applications. 

1.1 Corporate Presentation 

Element Materials Technology, hereafter referred to as Element, is a testing company known 

for its services in material testing, product qualification, inspection and certification in the field 

of Aerospace, Oil and Gas; Infrastructure, Transportation, Fire and other sectors. The company 

operates from over 180 locations spread across 30 countries on 5 continents. The company has 

high competence in material testing including metals, polymers, lubricants and non-destructive 

testing. It also provides education in the areas of materials and welding process. 

When compared to traditional manufacturing technologies, additive manufacturing is a rather 

new technology and has been gaining popularity. Element with competence in materials testing 

and inspection has determined to understand the properties of additively manufactured 

components. This thesis has been carried out towards reaching that goal. This thesis aims to 

better help understand the various effects of process parameters on parts fabricated by electron 

beam melting. 

1.2 Problem Description 

Additive manufacturing (AM) process, commonly known as 3D printing has been gaining 

popularity as the future of manufacturing. Powder bed-based AM methods use a laser or an 

electron beam to melt and fuse the feedstock material in a layer-by-layer fashion. As a result, 

AM allows the fabrication of parts with internal geometries that are near impossible to fabricate 

with conventional methods [1]. A common build strategy during AM of metals is to build 

component by melting the bulk and the contour using separate parameters. AM like any other 

manufacturing technique has its drawbacks such as dimensional tolerance, surface finish and 

internal defects. While some of the defects may be removed by postprocessing, the use of a 

component in as-built condition will require a good understanding of the contour properties. 

Understanding the relationship between the build parameters of EBM and the microstructure of 

parts fabricated using this technique will allow for a better understanding of the contour 

properties of AM parts.  

The potential use of AM in the fabrication of Ni superalloys could be beneficial if the 

advantages of AM technology are considered [2]. But, the limited knowledge regarding 

superalloys makes them difficult to be applied for AM. Hence, in this thesis, the microstructure 

of the samples fabricated by varying the process parameters will be investigated. The relation 

between the process parameters and the hardness of the sample will also be determined. The 
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information obtained from this thesis help better understand the material properties which in 

future may simplify the fabrication of superalloys with AM processes. 

1.3 Research Questions 

To further clarify the scope of this thesis, the following research questions have been 

formulated. 

1. What are the effects of change in process parameters on the microstructure of the contour 

region? 

2. How does the change in process parameters effect the hardness of the material? 

3. How to improve the effects of process parameters on the microstructure of the contour 

region? 
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2. Theory 

2.1 Additive Manufacturing 

Additive manufacturing, commonly known as 3D printing is a process of layer by layer addition 

of material in order to produce parts of desired geometry. The technique was formerly used in 

rapid prototyping of parts, but in recent years has been gaining favour due to its broad 

possibilities and applications. 

 The process of additive manufacturing typically begins with a 3D computer-aided design 

(CAD) model of the part in question. The CAD model is then sliced into smaller layers, with 

the help of a slicing software which provides codes for the tool path required by the 3D printer 

to print the part [1]. The wide range of advantages offered by AM such as reduced use of raw 

materials, energy efficiency, reconfigurability and the ability to manufacture complex internal 

structures make this technique very promising.  

AM is broadly classified based on the type of raw materials and techniques used such as Fused 

Deposition Modelling, Stereolithography, Selective Laser Melting and Electron Beam Melting 

[3]. The various AM processes are can also be broadly classified into AM for metals and other 

materials as seen in Figure 2-1. AM for metals is further divided into direct energy deposition 

and powder bed fusion. This project work utilizes samples manufactured by the process of 

electron beam melting. 

 

Figure 2-1 A broad classification of AM process in metals 

2.2 Electron Beam Melting 

EBM is a powder bed fusion technique similar to the selective laser melting (SLM). While SLM 

uses a laser to melt the powdered raw material, EBM uses an electron beam Figure 2-2. The 

electron beam has a voltage in the order of 30 to 60 kV. The process is carried out in a high 

vacuum chamber to avoid environmental interactions while fabricating metal parts [3].  
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Figure 2-2 Parts of an EBM machine. Photograph by Sebastian Brandtberg, used with 

permission 

EBM is a registered trademark of Arcam. The application for a patent describing the principle 

of EBM was applied in the year 1993. Arcam AB was founded in the year 1997 and continued 

the process behind commercializing the idea of EBM [4]. The process of EBM utilizes a high 

power electron beam that generates enough energy to melt the powder material. The process is 

carried out in a vacuum system build chamber which provides a base pressure of 5x10-5 mbar. 

The partial pressure of Helium is also introduced at 4x10-3 mbar to maintain the heat conduction 

and cooling of the product [5]. As the process is carried out in a vacuum and very high 

temperature, the resulting products lack residual stresses and have a microstructure free from 

martensite.  
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2.2.1 Process Description 

Figure 2-3 illustrates the process of powder bed fusion, which is the same technique used in 

EBM. The process of using EBM for AM begins with the heating up of the print bed. The print 

bed is raised to a fraction of the melting temperature in order to facilitate the complete melting 

of the powder material and to increase the speed of the process.  

 

Figure 2-3 Powder bed fusion process 

An initial layer of the powder material is spread on to the build surface. During the initial 

heating of the powder, a more diffused beam is used to heat the substrate. The thermal 

oscillation occurs, as the beam is turned on and off in order to maintain the required temperature 

for the production. Once the first layer is completely melted into the required shape, the melt is 

allowed to cool. This can either be done fast with the help of helium or slow with just vacuum 

[6]. Once cooled, the print bed is lowered by the height of one layer and a new layer of the raw 

material is spread on to the print bed as the next layer is fabricated. This process is carried out 

until a component of the desired shape and size is obtained [1].  

2.2.2 Build Parameters 

In EBM, there are many build parameters which can be optimized in order to achieve variable 

structures and microstructure [7]. The most commonly varied build parameters are beam 

current, speed, focus offset, scan sequence and build temperature.  

 

Figure 2-4 Effect of low focus (left) and high focus (right) on melt pool 

The variation in the focus of the beam, for example, helps control various parameters such as 

the size of the melt pool and depth to which the powder has been melted. This can be seen in 

Figure 2-4. A less focused beam will have lower temperatures and result in lower temperature 

gradients. This also results in a larger but shallow melt pool being formed. On the other hand, 

a higher focus of the beam will result in higher temperatures and deeper penetration of the raw 
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material. This leads to more powder material being melted in a single pass and a microstructure 

which has been changed accordingly [8]. 

The quality of the powder utilized can also play an important role in determining the quality of 

the part fabricated. The ASTM F3049-14 describes the powder characteristics which play a role 

in affecting the final component produced. These characteristics are size distribution, chemical 

composition, morphology, flowability, and density [9]. These characteristics result in a mixture 

of measures based on both theoretical and empirical-based methods. It is essential for the 

powder to have good flowability, as it directly affects the density of the part. A large powder 

size density (PSD) will lead to poor flowability and a small PSD will lead to poor packing 

density [10].  

 

Figure 2-5 Arcam A2X EBM machine internal view (left) external view (right). Picture 

credit Olov Johansson Berg 

The samples provided for this thesis work involved the variation of three build parameters, 

beam voltage, focus offset and speed. The samples were fabricated at University West using an 

Arcam A2X EBM machine seen in Figure 2-5. The powder raw material used to fabricate the 

samples were also provided by Arcam. 

2.2.3 Microstructure 

The parts obtained from the EBM process have a microstructure that comprises of parallelly 

arranged elongated grains in the build direction as seen in Figure 2-6. The microstructure is 

often spatially dependent and sensitive to the building height of the sample. 

 

Figure 2-6 Schematic representation of elongated grain structure along build direction 

Spatial dependence is generally attributed to the thermal exposure of the material during the 

build process [11]. The axial solidification is caused due to the alignment of the thermal gradient 
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with the build direction [12]. The microstructure obtained from this process is similar to the 

directional solidification (DS) observed during casting. DS is a technique used to control the 

microstructure of cast alloys [13]. Single crystal parts are often manufactured using this 

technique, it allows for conditions where a single grain is allowed to grow to the length of the 

required component resulting in no additional grain boundaries [14]. It is also a common 

practice used to improve the fracture and creep resistance in turbine blades. Similarly, as the 

layer is melted and remelted, the increasing hight of the material acts as a way to control the 

microstructure of the component being fabricated. 

2.3 Superalloys 

Superalloys are the group of alloys that are produced to perform at elevated temperatures. These 

alloys are generally in face-centered cubic (fcc) structure. While their initial applications were 

in the aero engines, today their application has broadened to various different fields such as 

nuclear reactors, heat exchangers, marine industry and industrial turbines. Superalloys are 

generally of three types, nickel-, iron- or cobalt-based. In addition to these base materials, 

superalloys have large amounts of alloying elements which are aimed at improving the material 

properties [15]. Superalloys normally have a modulus of elasticity in the vicinity of 207 GPa 

and can vary between 172 GPa to 241 GPa at room temperature [16]. As superalloys have an 

elevated operating condition, they usually are expected to operate above 0.6 times the melting 

temperature (Tm). For example, if the melting temperature of the superalloy is 1400℃, the alloy 

is expected to have an operating temperature of 840℃.  

2.4 Nickel 

Nickel is one of the most versatile industrial metals. Nickel alloys are often used in applications 

involving a higher degree of thermal and corrosion resistance. Nickel has a general fcc crystal 

structure throughout its temperature range. It has a density of 8.902 g/cm3. It has a Tm of 1450℃ 

and is ferromagnetic at ambient temperature [13]. The most important industrial application of 

nickel is as an alloying agent in ferrous elements. Another important use of nickel is as a base 

metal for various alloying. Nickel and nickel-based alloys are widely used today due to their 

corrosive and high-temperature resistance combined with the stress and fatigue properties [16] 

[17]. 

2.5 Inconel 718 

Inconel 718 is a high strength and corrosion resistant nickel-chromium alloy used typically at a 

temperature range of 650℃ to 740℃. The ease of fabricating IN718 combined with the good 

tensile, fatigue, creep and rupture strength has lead to a wide range of applications for this 

material. The parts fabricated with this material include parts for aircraft, rockets, cryogenic 

tanks, turbine engines, etc. IN718 despite being a high strength alloy, has a slow response to 

age hardening resulting in good weldability. It also does not require stress relief [18].  

Due to its several interesting properties, IN718 is also preferred to manufacture parts using the 

AM processes. However, fabrication of IN718 by AM process such as EBM may lead to 

undesirable phase formations. As a result, there have been growing interests in the properties 

of IN718 fabricated by AM process to better understand its applications [19]. 
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2.5.1 Composition 

The composition of Inconel 718 based on weight percentage is given in Table 1. IN718 has a 

higher Fe, Mo and Nb content with lower Ti and Al wt% than other Ni-based alloys. This results 

in high strength and corrosion resistance combined with good weldability and post welding 

crack resistance. The result is also an excellent creep-rupture strength at temperatures up to 

700℃ [13] [18] [20]. 

Table 1 Nominal composition in wt% for Inconel 718 

Element Wt% 

Ni 50-55 

Cr 17-21 

Fe Bal 

Co 1 max 

Mo 2.80-3.30 

Nb 4.75-5.50 

Ti 0.65-1.15 

Al 0.20-0.80 

C 0.08 max 

Mn 0.35 max 

Si 0.35 max 

B 0.06 

Cu 0.30 

 

2.5.2 Microstructure 

The microstructure of nickel (Ni) and nickel alloys has several different phases. The phases 

primarily depend on the composition and the conditions involved during the fabrication. The 

composition of the alloy is often altered in order to focus on the desired properties of the 

material [21] [22]. 

Gamma Phase (γ) 

The gamma phase exhibits an FCC structure seen in Figure 2-7 and constitutes the matrix phase 

for all superalloys in general. In the case of IN718, the FCC structure primarily consists of Ni. 

It is important to maintain the stability of the matrix with respect to the crystal structures a 
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change in phase transformation may lead to poor high-temperature properties. The phase 

changes leading to this generally occurs during the extended periods of operation or during 

thermal cycling [23]. 

 

Figure 2-7 The γ phase has FCC structure and all atoms belong to Ni 

Gamma Prime Phase (γ') 

A binary Ni-Al system exhibits various phases other than a traditional FCC phase as seen in 

Figure 2-8. These phases exhibit characteristics such as significant direction or covalent 

bonding leading to exact stoichiometric relations between the Ni and Al atoms. They also lead 

to the formation of crystal structures with Ni-Al bonds rather than Ni-Ni or Al-Al bonds [23].  

The binary composition of Ni-Al alloys often has a γ / γ' microstructure, with both phases 

coherent. The Al atoms are located at the edges with Ni atoms at the face center. The properties 

of the superalloy often crucially depend on the coherence of these two phases. 

 

Figure 2-8 The γ' phase has FCC structure with Ni represented by dark face atoms and 

Al represented by light corner atoms 

Gamma Double Prime Phase (γ'') and Delta (δ)  

In Ni-Fe superalloys containing trace amounts of Nb, the primary strengthening precipitate is 

not the γ' but a body-centered tetragonal structure. The structure is similar to the γ' but is double 

the length in one direction as seen in Figure 2-9. 
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Figure 2-9 The γ'' phase has BCT structure with Ni represented by dark atoms and Nb 

represented by light atoms 

This phase is hence called gamma double prime (γ''). The alloys with γ'' phase often allow the 

formation of delta (δ) phase in overaged conditions. The presence of δ phase, which is softer 

than γ'' phase should result in a decrease in the hardness values of the material [24]. The 

formation of δ occurs between 650 to 980℃ and their characteristics are highly dependent on 

the temperature. 

2.6 Hardness Testing 

The term hardness refers to the ability of the material to resist indentation, deformation or 

penetration from another body, the larger the resistance to indentation, the larger will be the 

hardness of the material. In the middle ages, the hardness of metal was determined by striking 

it against wood or stone. This was a very crude way to determine the hardness of metals with 

higher hardness. However, in the 20th century Brinell, Rockwell and Vickers defined 

standardized methods of testing that is still followed today [24].  

Most hardness testing methods followed today are similar to each other. It involves a sharp tip 

or a small ball which is used to press against the test specimen with a pre-determined load to 

generate a standard force. The indent generated on the test specimen is used to determine the 

hardness.  

2.6.1 Vickers Test 

The Vickers hardness test was founded as an alternative to the Brinell hardness test in 1921. 

Like all hardness tests, the purpose of this test is to determine the resistance of a material to 

plastic deformation. Vickers hardness test is often preferred over other testing methods for its 

versatility and its broad scale which can accommodate almost all materials. The unit of the 

hardness values given by this test method is called Vickers Pyramid Number (HV) or Diamond 

Pyramid hardness (DPH) [25] [26]. 
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Figure 2-10 Vickers hardness test parameters 

The Vickers hardness test utilizes diamond square base pyramid indenter shown in Figure 2-10. 

The angle at the tip of the pyramid is 136°. The hardness (HV) of the material is calculated 

using equations 1 and 2. 

𝐻𝑉 =
𝑇𝑒𝑠𝑡 𝐹𝑜𝑟𝑐𝑒

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎
=

𝐹(𝑘𝑔𝑓)

𝐴𝑠 (𝑚𝑚2)

    1 

The surface area (As) of the indentation is calculated as  

𝐴𝑠 =
𝑑𝑣

2

2𝑠𝑖𝑛
𝛼

2

=
𝑑𝑣

2

1.8544
     2 

Where, 

α = Face angle of the diamond indenter = 136° 

dv = Mean Vickers indentation diagonal length (mm)  

2.7 Microscopy 

The microscopy covers a major part of the microstructural investigation to be carried out in this 

master thesis. To better understand the microstructural changes occurring during the process of 

EBM, it is necessary to carry out a complete microstructural analysis of the samples. Due to a 

large number of samples in this thesis, the microscopy phase of this thesis was divided into two 

major parts, the light optical microscopy and the scanning electron microscopy.  

2.7.1  Light Optical Microscopy (LOM) 

Light optical microscopy involves the exposure of the samples to a source of bright light 

available within the microscope. The bright light reflects off the surface of the sample causing 

a contrast due to the surface variations. These variations help better understand the 

microstructure of the sample. Different functions such as brightness, focus and exposure can be 

varied in order to better view the microstructure. The microstructure can either be viewed 

through the ocular or on a computer with the help of interface software.    

2.7.2 Scanning Electron Microscopy (SEM) 

The scanning electron microscope was  first commercially produced in 1965 by Cambridge 

Scientific Instrument Company. Unlike the light optical microscopy, electron microscopy 

applies the bombardment of electron rather than an intense light source to obtain magnified 

images of the sample. The sample is stored inside a vacuum chamber during operation. The 



12 

process utilises a careful application of electromagnetic fields to focus negatively charged 

electron particels at desired locations of the sample. It yields far greater magnification than light 

microscopy due to the short waves of the electrons which are roughly four times shorter than 

light waves. While the resolution is theoretically limited to wavelengths, the LOM has 390 to 

700 nm, which is far less than that of electron microscope, which at 100kV acceleration voltage 

can have 0.004 nm [27] [28]. 

2.7.3 Electron Backscatter Diffraction (EBSD) 

Electron backscatter diffraction (EBSD) is widely used to collect crystallographic data from 

surface analysis. It is based on electron diffraction by crystalline solids. EBSD systems allow 

for automatic pattern acquision and crystallographic mapping by distribution function, 

misorientation analysis and crystal orientation imaging [29]. It provides a better resolution than 

X-ray diffraction and is competing with transmission electron microscopy (TEM) based 

techniques [30] [31]. However, due to the as built condition and the large number of samples, 

the EBSD will not be included in the scope of this thesis.   
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3. Method 

3.1 Test Specimen Data 

The samples used for this investigation were fabricated using an Arcam A2X EBM machine at 

University West. Prior to carrying out this thesis, the samples were subjected to tensile testing, 

which was a part of a different workpackage in the Suman next project. The specimes after 

fracture among each of the samples were used to carry out this project. Two of the samples were 

fabricated using standard build parameters for reference purpose with 5mm thickness. The 

remaining samples were fabricated using 16 different build parameters and varying thickness 

of 3mm and 5mm for each sample. Hence a total of 34 samples were utilised to carry out this 

investigation. The build parameters for each of the samples can be found in APPENDIX 1 – 

Hardness Data. 

3.2 Sample Preparation 

During the sample preparations, care was taken to make note of the build direction and the 

fractured region in order to obtain accurate data from the tests. Adequate safety equipments 

such as lab coats, gloves and goggles were used to maintain the safety standards and regulations. 

The sample preparation process was brocken down into three principal stages. 

3.2.1 Sample Cutting 

The samples were first cut along the build (longitudinal) direction. This was carried out with 

the help of the Struers Discotom-2 cutting machine. The cutting wheel used was the Struers 

50A25 250x1.5x32mm profile. The samples were cut at mid-width of the tensile bar with an 

offset of roughly 1-2 mm in order to account for the multiple stages of polishing that would be 

carried out. A moderate cutting rate was utilized and adequate coolant was provided to ensure 

the samples did not over heat and to maintain a straight cutting line.  

3.2.2 Sample Mounting 

 

Figure 3-1 Sample after mounting 
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Once cut, the samples were hot mounted. This was carried out with the Struers Prontopress-2 

and the Struers Prontopress-10. A minor engraving was made on the surface of each sample in 

order to mark the build direction which was later removed during the polishing process. 

PolyFast was used as the hot mounting material to prepare the samples as seen in Figure 3-1. 

A mild grinding was also performed to get rid of the sharp edges resulting from the mounting 

process for safe handeling.  

3.2.3 Sample polishing 

Finally, the mounted samples were polished using the Struers Rotopol-31 grinder/polisher. The 

Struers metalog method D program was utilized to polish the samples. The program consisted 

of two grinding and polishing steps each. The first step was the use of MD-Piano 220 surface, 

diamond abbrasive, water as lubricant, a rotational speed of 300 rpm and a force of 40 N for a 

duration of 3 minutes. The second step was  the use of MD-Allegro surface along with DiaPro 

9 µm suspension, speed of 150 rpm and force of 30 N for 3 minutes. The third step involved 

MD-Dac surface with a 3 µm suspension, 150 rpm speed and a force of 30 N for 3 minutes. The 

final step was the use of MD-Chem surface with OPS suspension, speed of 150 rpm and force 

of 15 N for a duration of 2 minutes. In between step of the polishing process the gloves were 

changed to avoid mixing of suspensions on the samples. Finally the samples were cleaned with 

ethanol and hot air dried before begining the testing phase.   

3.3 Hardness Testing 

The hardness tests were performed using a Qness Q10 A+ testing machine. The Vicker’s 

hardness test method was used to determine the hardness of various samples seen in Figure 

3-2. The test method HV1 was utilised with a load of 1kg (9,807N). The testing standard ISO 

6507 was followed to perform the hardness test.  

 

Figure 3-2 Hardness testing carried out as per testing standard ISO 6507 

A total of 10 indents were made on each sample, while maintaining the minimum distance 

between each indent. Furthermore, the indents were made at the middle of the bulk material, 

along the build direction of the specimens. The hardness test was performed at the center of the 

sample to determine the hardness of the sample as a whole and no just the contour region.  A 

minimum distance 5 to 7mm was maintained from the edge of the sample to the first indent in 

order to avoid the regions affected by clamping and fracture during the tensile tests.  
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3.4 Microstructural Investigation 

The microstructural investigation was carried out in several phases due to the large number of 

samples. The light optical microscopy was carried out, followed by the use of scanning electron 

microscopy. 

3.4.1 Light Optical Microscopy 

The light optical microscopy was carried out with the use of a Leica DM4000 M light 

microscope. This was used to carry out an overall microstructural investigation of all the 

samples prepared. It involved the inspection of the microstructure, grain arrangement and the 

variation of the grain growth to each process parameters. It also enabled the observation of 

various defects and grainstructure in each of the samples. The process involved the observation 

of the samples at various magnifications between 50x and 500x. The various differences 

observed between each process parameter were noted. 

3.4.2 Scanning Electron Microscopy 

The samples with interesting microstructural properties were selected for observations under 

the SEM. At least one sample from each process parameter and thickness was selected for 

microstructural investigation in the SEM. The HITACHI S-3700N SEM was used for this part 

of the microstructural investigation. With several times the magnification than a light optical 

microscope, the SEM enabled further analysis of the pores, inclusions and other anomolies 

which were not possible with the LOM. It was also used to determine and map the composition 

at various locations of the samples. 
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4. Results 

4.1 Hardness Test 

The hardness of the samples varies greatly with changes in build parameter seen in Figure 4-1. 

For samples with varying speed, it is observed that the average hardness for sample number 2 

to 8  increases with a dercease in speed. While the specimens of sample 2 fabricated at 75% 

speed yield an average hardness of 403HV and 414HV for 3mm and 5mm respectively, the 

specimens of sample 8 fabricated at a lower speed of 30% have a hardness of 433HV and 

425HV for 3mm and 5 mm respectively. It is also seen that the HV for 5 mm specimens among 

samples 2 to 8 yield a higher hardness value on an average than 3mm. The exceptionally high 

hardness seen in the case of 3mm specimen of sample 8 is due to higher hardness in isolated 

locations. 

 

Figure 4-1 Average hardness measurements for various samples under HV1 (1Kg load) 

testing condition 

The only process parameter changed in sample 15 and 16 is the beam current. For sample 15 

both specimens show a similar average hardness of 404HV. However, sample 16 shows a 

significant difference between 3mm and 5 mm specimes with their hardness being 403HV and 

430HV respectively. 

It is seen from the result obtained that among samples 18 to 26, all specimens of thickness 3mm 

show a higher hardness than their corresponding 5mm specimens. It can also be observed that 

for specimens with varying process parameters such as beam current, focus offset and speed, 

there is a clear increase in the hardness values of samples with beam current 225% than those 

with beam current 150%. The samples 25 and 26 with beam current 225% have a higher average 

hardness of 460HV and 422HV for 3mm specimens and 411HV and 400HV for 5 mm specimes. 
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The samples 23 and 24 have lower beam current of 150% and lower average hardness of 412HV 

for 3mm specimens and 403HV and 396 HV for 5mm specimens respectively. 

In some samples, the hardness values differed significantly from the other samples with same 

parameter. These were due to isolated locations near voids and imperfections. These values 

were ignored and the average hardness values were considered for each sample. Among all 

samples tested, the highest hardness average were seen in the 3mm specimens of samples 19, 

22 and 25 with hardness values of 451HV, 464HV and 460HV respectively. The exact hardness 

values for each individual samples may be found in APPENDIX 1 – Hardness Data. 

4.2 Microstructure 

The microstructural analysis of the samples shows a large number of features, each varying 

with change in process parameters. A general grain structure observed under an SEM can be 

seen in Figure 4-2.  

 

Figure 4-2 Grain structure for reference sample observed under an SEM 

4.2.1 Grains 

The analysis of the grains shows, the presence of elongated grains along the build direction. 

The grains vary largely with changes in specific process parameters. The reference samples 

show thick elongated grains at the bulk area and thin short grains at the contour regions.  

In samples with varying speed (sample no. 2, 3, 7 and 8), the 3mm specimens show a thin and 

short grain structure in the contour region, while the bulk region mainly comprises of thick and 

long grains. The 5mm specimen however show a more detailed microstructure than the 3 mm 

specimens. The contour region comprises of thinner and shorter grains than those found at the 

bulk regions which are significantly longer. The grain structure at the contour-bulk interface 

region shows the change in grains from one region to the other. It is seen from Figure 4-3 that 

sample number 8 with lower speed the 3mm specimen has grains at the contour regions that are 

thicker than sample number 2 with higher speed, however there don’t seem to be significant 
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changes in their lengths. The 5mm specimens at low speed has thicker grains at the bulk region 

than the specimens fabricated at higher speed.  

 

Figure 4-3 Grain formations in samples with varying speed. a) 3mm specimen of sample 8 

with speed 30%. b) 3mm specimen of sample 2 with speed 75%. 

As seen in Figure 4-4, the samples with focus offset 230% and varying beam current of 150% 

and 225% (sample no. 17 and 19 respectively), the sample 19 with a higher beam current 225% 

shows a microstructure with grains at contour being thin and short while compared to the long 

and thick grains at the bulk region. This is not the case in sample 17 with a lower beam current 

150% which shows grains of non-uniform thickness at the contour region. 

 

Figure 4-4 Grain structure formation with focus offset 230%. a) Sample 17 with beam 

current 150%. b) Sample 19 with beam current 225% 

It can be seen from Figure 4-5 a similar trend is observed in the case of samples with focus 

offset 500% and varying beam current of 150% and 225% (sample no. 18 and 20 respectively). 

The sample 20 with higher beam current 225% has a thinner grain structure at the contour and 

thicker grains bulk regions. However, sample 18 has thicker and shorter grains at contour unlike 

sample 20 but has thick long grains at the bulk region.   

 

Figure 4-5 Grain structure formation with focus offset 500%. a) Sample 18 with beam 

current 150%. b) Sample 20 with beam current 225% 
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Finally, the samples 21 to 26 has process parameters similar to samples 15-20 but have speed 

maintained at 75%. This, however, does not seem to significantly affect the grain structure of 

the samples. As seen in Figure 4-6, the grain structure variations observed due to change in 

beam current is similar to those observed among samples 15 to 20. The grains at the contour 

regions of these samples with speed at 75% appear to be longer than the grains observed at the 

contour region of samples with standard speed. However, a greater number of samples and 

wider range of varying speeds may be required to elaborately understand the effects of the 

process parameters. 

 

Figure 4-6 Grain structure of samples 21 to 26. All samples have a speed of 75%. Figures 

a), c) & e) are samples 21, 23 & 24 with beam current 150% while b), d) & f) refer to 

samples 22, 25 & 26 with beam current of 225% 

4.2.2 Phases and Precipitates 

The samples etched and observed under a SEM show the presence of precipitates. The use of 

BSE-mode in the SEM shows the presence of precipitates in light colour and the grains in dark 

colour. The precipitates observed to be light in colour due to the presence of heavier metals in 

their composition. The presence of these precipitates can be observed at the grain boundaries 

for all samples. The elemental mapping of the region carried out in the SEM shows that the 

primary composition of these precipitates is Niobium (Nb) as seen in Figure 4-7. Further 

analysis also shows the composition of the precipitates and the various elements at different 

energy levels as seen in Figure 4-8. 
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Figure 4-7 a) The presence of precipitates at grain boundaries observed under SEM. b) 

Elemental mapping showing precipitates to be rich in Nb 

 

Figure 4-8 Element composition of precipitates at various energy levels 

4.2.3 Porosities and Defects 

The porosities observed in the various samples are broadly belonging to three different 

categories. The porosities caused by the escaping of gases trapped inside the sample called gas 

porosities, the porosities caused by the shrinkages during cooling called shrinkage porosities 

and finally lack of fusion. 

 

Figure 4-9 Presence of gas porosities in samples 
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The porosities observed in a uniform circular or globular shape are gas porosities caused by the 

escaping of gases trapped in between the layers. While the size of these porosities varies in each 

sample, their distinct shape enables easy identification and differentiation from other porosities 

as seen in Figure 4-9. Gas porosities are observed in almost all samples at varying locations. 

 

Figure 4-10 Presence of shrinkage porosities in samples 

Porosities are also observed in the form of small clusters with uneven shapes as seen in Figure 

4-10. These porosities are a result of shrinkages occurring due to cooling of the specimen. These 

porosities are mostly visible in the bulk region as well as the contour regions, but not as much 

in the contour-bulk interface region as seen in Figure 4-11. 

 

Figure 4-11 Higher concentration of shrinkage porosities observed at bulk and contour 

regions 

Finally, the large pores observed are caused as a result of lack of fusion between the powder 

particles. This is evidently visible under the light optical microscope. These porosities are of 

irregular shape and size. The lack of fusion can also be observed to follow a specific pattern 

with variations in certain process parameters of the sample as seen in Figure 4-12. The relation 

between the lack of fusion and process parameters has been elaborately explained in section 

4.2.4. 
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Figure 4-12 Lack of fusion among powder particles. 

4.2.4 Lack of Fusion 

The lack of fusion observed under the LOM further elaborates the microstructure of the 

samples. The analysis of the lack of fusion was performed by scoring the samples on a scale of 

1 to 5 with 1 meaning low lack of fusion and 5 meaning high lack of fusion APPENDIX 2 – 

Lack of Fusion. From Figure 4-13 it is seen that for all samples, the 3mm specimen have a 

lack of fusion at the bulk region while the 5mm specimens show a lack of fusion at the contour-

bulk interface. 

 

Figure 4-13 Lack of fusion among various samples. a) 5mm specimen. b) 3mm specimen 

For samples with varying speeds, the sample 2 with a higher speed 75% shows more lack of 

fusion than sample 8 with speed 30% showing lesser lack of fusion. Hence sample 2 was scored 

5 while sample 8 received a score of 2. This can be better understood by looking at Figure 4-14. 
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Figure 4-14 Lack of fusion among samples of 3mm thickness with varying speed. a) Sample 

2 with speed 75%. b) Sample 8 with speed 30% 

In the case of samples with varying beam current, it is seen that sample 16 with higher beam 

current 225% has fewer lack of fusion and scored at 2 and 3 for 3mm and 5mm specimen 

respectively, while sample 15 fabricated with beam current of 150% had high lack of fusion 

and scored at 4 for both 3mm and 5mm specimens as seen in Figure 4-15. 

 

Figure 4-15 Lack of fusion among samples of 3mm thickness with varying beam current. a) 

Sample 16 with beam current 225%. b) Sample 15 with beam current 150% 

Samples 21, 23 and 24 were fabricated with the parameters of lower beam current of 150%, 

varying focus offset between 230% to 500% and speed 75%. These samples show higher lack 

of fusion. On the other hand, the samples 22, 25 and 26 were fabricated with the parameters of 

beam current 225%, varying focus off set between 230% - 500% and speed 75%. These 

samples, however, show lesser lack of fusion as seen in Figure 4-16. This trend is observed to 

remain constant for both 3mm and 5mm specimens irrespective of variations in their thickness. 

The observations of lack of fusion at bulk region for 3mm specimen and at contour-bulk 

interface region for 5mm specimens can also be seen.  
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Figure 4-16 Lack of fusion among samples of 5mm thickness with varying beam current, 

speed and focus offset. a) Higher lack of fusion with beam current 150%. b) Lower lack of 

fusion with bam current 225% 

This trend is found similar for all samples with varying process parameters such as focus offset, 

speed and beam current. The samples with higher beam current showed scores of 3 to 5 for all 

specimen, while the samples with lower beam current were score between 1 to 3. 
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5. Discussion 

5.1 Hardness Test 

The hardness results obtained for the various samples were affected with changes in process 

parameters as seen in Figure 4-1in section 4.1. The change in hardness due to process parameter 

such as speed may be more easily identified than the other process parameters due to the 

increased number of samples being availabe. The hardness values for most samples were in a 

similar range and in some cases, higher than those obtained from previous studies [8]. However, 

the process of electron beam melting and the as-built condition of the samples may have also 

played an important role in the hardness values observed.  

The hardness of samples with varying speed show an increasing trend with decrease in speed. 

This is true for both 3mm as well as 5mm specimens of each sample. Upon comparing the 

hardness values, the sample with low speed of 30% had a higher hardness 433HV and 425HV 

for 3mm and 5mm respectively. In the case of sample with higher speed of  75% the hardness 

values were lower. Comparing these results with reference samples (5mm thick) at speed 100% 

further supports the findings.  

In the case of samples with varying beam current as process parameter, the samples with the 

higher beam current had a higher hardness. The samples with beam current of 225% showed a 

higher hardness value than those with a lower beam current of 150%. This appeared to be the 

case for all samples with a similar change in process parameters. In the case of samples with 

change in speed, beam current and focus offset, that is, a change in three different process 

parameters, it was found that the samples with higher beam current have higher hardness results. 

It must also be considered that the variations in speed and beam current results in variation in 

cooling rate, which may affect the results obtained. Perhaps, a wider range of focus offset than 

just 230% and 500% may have enabled a more detailed analysis of the effect of focus offset as 

a process parameter. 

The as built nature of the samples means that the δ phase of the samples is unchanged, which is 

not the case if post pocessing treatments had been carried out. This could lead to the observation 

of higher hardness values such as 460HV observed in some samples as supported from previous 

studies [24]. While, the analysis of the distribution of the δ phase in each of the 34 samples may 

have led to a deeper understanding of the effect of process parameters on the hardness of the 

samples, it was not possible to do so, given the scope, number of samples and the current time 

frame. 

5.2 Microstructure 

5.2.1 Grains 

The observation of the samples showed that the grain structure is similar to the appearence 

expected from the study referred to in section 2.2.3. The axial solidification was caused due to 

the alignment of the thermal gradient with the build direction of the sample [12]. The 

appearance of thick long grains at the bulk region and thin short grains in the contour regions 

was a common sight in most samples. It is also known that microstructure is often spatially 

dependent and sensitive to the building hight of the sample. The spatial dependency is a result 

of thermal exposure of the material during the fabriaction process [11]. 
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In samples with varying speed, it was found that the sample with lower speed 30%  comprises 

of thicker grains than the sample with high speed 75%. This is observed in both 3mm and 5mm 

specimens of each sample. This may be because the dentritic spacing and grain sizes decrease 

significantly with higher scanning speed for remelted layers [33]. The samples with varying 

beam currernt also show changes in the grain structure. The sample number 19 with higher 

beam current 225% had a thin and long grain structure at the contour region than sample number 

17 with beam current of 150%. The grains at the bulk region are thicker in the case of sample 

19 than in sample 17. This pattern was seen in both 3mm and 5mm specimens of samples 17 

and 19. 

The grain structures in samples with three different varying process parameters were similar to 

the grain structures observed in sample number 17 and 19. There apperars to be similar 

differences among the grain dimensions and orientation with changes in parameters. While the 

change in speed and beam current showed a significant change in grain structure, the parameter 

lik focus offset does not seem to significantly affect these changes. A wider range of speed for 

different samples could have helped better understand the grain structure.  

5.2.2 Phases and prcipitates 

The precipitates found in Figure 4-7 were found to be primarily composed of Nb. This was 

determined with the help of element mapping carried out in the SEM. The Nb-rich precipitates 

are most likely the δ phase. Studies that have been previously carried out also support this 

finding [34] [35]. The δ phase mostly appear along the grain boundaries in the the form of small 

globular shapes. They appear light in colour while looking with the help of a backscatter 

detector in the SEM due to their composition of heavier metals. Due to the limitations in the 

resolution of the SEM the presence of the γ' and γ'' phases were not observed. The average size 

of the γ' phase is around 60nm and that of γ'' phase is between 30-60 nm [6].  

The presence of δ phase varies with change in process parameters. The exact effect of 

parameters in formation of the δ phase is difficult to determine. An essential element in 

understanding the formation of the δ phase was to know the melting temperature of the powder 

material for various samples. In general, the formation of the δ phase precipitate occurs at about 

960℃ [35]. However, the difficulty in isolating the build temperatures of the sample is due to 

the inability to determine the temperature inside the build chamber which is caused by the 

absence of any form of temperature guages or sensors. The fabrication of the samples was 

carried out by first melting the contour regions then the powder at the bulk region. The variation 

in the cooling of the molten powder may be a cause behind the formation and non uniform 

distribution of the δ phase precipitates observed along the grain boundaries.  

5.2.3 Porosities and Lack of Fusion 

The presence of a large number porosities of different nature were observed in all samples. The 

nature and number of porosities varied at the contour, bulk and contour-bulk interface regions 

of each sample with change in process parameters. The porosities observed mainly belonged to 

three catagories, gas porosities, shrinkage porosities and lack of fusion. 

From Figure 4-9, the presence of circular or globular shaped porosities appear to be the gas 

porosities. As the process of EBM is carried out in a vacuum, the process of EBM is not 

expected to directly result in formation of gas porosities. The porosities may be caused by the 

presence of gases in powder particles which when melted are directly transfered to the sample 

[8]. It may also suggest that the formation of oxides on the surface of powder particles during 
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their reuse may lead to formation porosities. The quality of the powder used in fabrication of 

the samples also affects the porosities. The exact number of these porosities and their relation 

to changes in process parameters was not carried out in the scope of this project.  

Another form of porosities observed in the samples is the formation of porosities of irregular 

shape and smaller in size than the gas porosities  as seen in Figure 4-10. These porosities are 

often visible in groups of large numbers and spreading across larger regions, unlike the gas 

porosities which were found in isolated locations. The shrinkage porosities were observed in all 

samples, however at various locations. In most samples a large number of these poosities were 

observed in the bulk region of the samples. Shrinkage porosities were observed in the contour 

regions as well, but their number is lesser than that observed at the bulk. It was also expected 

that shrinkage porosities would be most evident at the contour-bulk interface region due to the 

difference in cooling rate, however, it is not so. The distribution of these porosities is better 

observed in the 5mm specimens rather than the 3mm specimens due to increased thickness and 

the presence of a clear boundry among the bulk, contour and interface regions of the sample.  

Some porosities observed were larger in size and visible to the naked eye. These porosities were 

a result of lack of fusion between the particles. The porosities may also be the result of other 

factors such a lack of material and variations in process parameters as seen from previous 

studies [36] [37]. The lack of fusion was seen to follow a specifc trend in both 3mm and 5mm 

specimens of all samples. The lack of fusion in 3mm specimens was primarily seen at the bulk 

region, while the 5mm specimens had these defects at the contour-bulk interface region. The 

presence of the lack of fusion in 3 mm specimens appearing to be in the bulk region may also 

be a result of the thickness of the sample. It must also be noted that the smaller thickness of 

3mm specimens may indicate that the contour-bulk interface region and the bulk region exist at 

the same location. It leads to the consideration that while most 3mm specimens have lack of 

fusion at the center, it is difficult to determine if that region is the bulk or the contour-bulk 

interface. 

These porosites were also observed to vary with change in process parameters. In samples with 

varying speed, it was observed that the sample number 2 with higher speed 75% had more lack 

of fusion, while sample number 8 with low speed 30% had lesser lack of fusion. There were 

similar observations made for change in beam current. While the samples with lower beam 

current of 150% showed higher lack of fusion, samples with beam current 225% appeared to 

have lesser lack of fusion. The observation being that less heat input results in more lack of 

fusion. This trend is similar for samples in which speed and focus offset were also varied along 

with change in beam current. However, the exact effect of changes in parameters such as speed 

and focus offset on lack of fusion were not determined due to fewer number of samples with 

varying process parameters.   

5.3 Sources of Errors 

The possibilities of errors occuring either during the manufacturing of the samples or their 

testing is always reduced, but never completely avoided. These errors occur due to conditions 

that can not be forseen during the early stages of the project. This chapter addresses those 

sources of errors which may have affected the outcome of the results. 

One of the early observations made during the light optical microscopy was the presence of 

needle like precipitates in one of the reference samples which was not present in any other 

sample. This was primarily caused due to the location of the sample on the build plate and the 

initial height of the sample. It goes to show that the build parameters have not been fully 
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optimized. As a result it also shows that the results obtained in this report are applicable for the 

build parameters of these samples and is not applicable for the overall build of Iconel 718 using 

EBM process. 

The number of samples in this study, while adequate to determine some effects of the process 

parameters, was not enough to address all the possibilities. For example, the low number of 

samples with varying focus offset made it difficult to determine the exact effects of the variation 

of this parameter. A wider range of variations of focus offset and speed in samples with three 

varying process parameters would have yielded more accurate findings. 

The presence of large lack of fusions and surface defects may have significantly affected the 

hardness values in case of some samples. Placement of the hardness indents at locations near 

pores could have resulted in reading that were not exactly accurate. While a series of indents 

were made to determine the avarage hardness, it could still prove to be only near optimal 

readings and not exact. The possible effects of γ'' in the microstructure can not be determined 

by the experiments carried out in this thesis. This is due to the limitations of the scanning 

electron microscope. 

Finally, the nature and formation of the grain sizes have been compared for various process 

parameter. The pictures of grain structure obtained from the light optical microscope for each 

samples may vary due to factors such as quality of surface finish, etching parameters such as 

voltage and duration and lastly the light optical microscope parameters. The maginfication and 

quality of images could have affected the comparison and study of the grain structures during 

the project. While care was taken to avoid all sources of errors, it is not possible to completely 

remove them.   

5.4 Future Scope 

There are several possible areas in which future studies may be carried out to better understand 

the effects of process parameters on the properties of Inconel 718. 

The samples used in this study are in an as-built condition. Hence, use of hot isostatic pressing 

or other post processing techinques may effect the results obtained. An increased number of 

samples with a wider range of varying parameters may also provide a deeper and more eloborate 

understanding of the microstructure and the build process. 

A detailed study of the cause and distribution of the various porosities and lack of fusion may 

help identify the cause of defects observed in the samples. The lack of fusion being largely 

located at the central region of the 3mm specimens which may either be the bulk or the contour-

bulk interface region and 5mm specimens having lack of fusion in the contour bulk-interface 

region. The study of the distribution of the shrinkage porosities that are abundantly present at 

the bulk and contour regions, but significantly lesser in the contour-bulk interface regions needs 

to be addressed. 

Further elaborate anlysis of the variation of precipitates at the grain boundries and their 

reactions to the process parameters may also help improve the quality of Inconel 718 parts 

manufactured in the future using EBM. The use of EBSD may also yield results that may 

complement the findings of this study.  

The fractography of the tensile tested samples provided may also be performed to understand 

the effects of changes in process parameters. There is also room for topography optimisation to 
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address the poor surface finish obtained in the case of as-built additive manufactured 

components. 

5.5 Resource utilization and Environment 

Additive manufacturing is often viewed as a more sustainable form of manufacturing, in the 

sense that it utilises only the raw materials required for the manufacturing of the part. It also 

hilights the lack of wasteage in raw materials used in conventional manufacturing processes 

such as machining. AM also removes the possibilites of any form of tool wear which is a 

common problem found in conventional manufacturing. The resources conserved in tool 

manufacturing and raw material waste is significantly high in the this manufacturing process. 

While conventional manufacturing requires wasted raw materials to be re-melted and purified 

before they can be used again, it requires a large amounts of resources to do so. In the case of 

additive maufacturing the powder materials can be collected and reused with lesser effort, but 

in the case of EBM, it is different as it requires the sintering of powder is before they can be 

segregated and reused. However, past studies have also shown that Inconel 718 can be utilised 

without much effort [38]. Better understanding of the properties of reused powder parts is 

necessary to determine the quality of such products. In the long run they may help better 

understand the limitations of the process and help provide a more environmental friendly and 

sustainable solution to manufacturing. 

While AM may reduce tool costs and material wastages, it is wrong to assume that it does not 

have any drawbacks. One of the primary drawbacks of the AM process is the poor surface finish 

obtained. This is also the case for parts produced from EBM process. The various post 

processing techniques such as laser polishing, abrasive blasting, centrifugal finishing and so on, 

all have their draw backs. The energy utilised for post processing means an increased energy 

and resource utilised for manufacturing which essentially means that there is no significant 

benefit to the environment. The post processing techniques help improve the fatigue strength of 

the products, thereby improving the life of the products. 

Overall, AM is a relatively new manufacturing process. While it may not replace the 

conventional machining practices, it is important to fully grasp its potential, strength and 

drawbacks before determining its value. With adequate research and optimisation AM may 

prove to be a valuable addition to a sustainable and eco friendly manufacturing of components. 
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6. Conclusion 

• The samples with a lower scanning speed have a higher hardness value than samples 

with higher scanning speed. 
• The samples with higher beam current have a higher hardness value than samples with 

lower beam current. 
• The lack of fusion in 5mm specimen was found to be distinctly concentrated along the 

contour-bulk interface region.  
• The 3mm specimen showed lack of fusion in the center, which makes it difficult to 

exactly determine if the lack of fusion is at the bulk or the contour bulk interface region, 

as the both appear to be in the same central area of the specimen.  
• The samples with higher beam current have fewer lack of fusion than the samples with 

lower beam current. 
• Comparison of the hardness values and the lack of fusion, shows that the samples with 

a fewer lack of fusion have higher hardness values.  
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APPENDIX 1 – Hardness Data 
Table 2 Hardness data 

Sample 
Number 

Parameter 
3mm 
(HV) 

5mm 
(HV) 

1 Reference   409.70 

1 Reference B26    405.50 

2 Speed 75% 403.90 413.90 

3 Speed 60% 401.90 410.80 

7 Speed 40% 405.30 427.40 

8 Speed 30% 433.60 425.40 

15 Beam current 150% 404.80 404.20 

16 Beam current 225% 403.20 430.40 

17 Current 150%, FO 230% 408.80 416.50 

18 Current 150%, FO 500% 436.00 397.30 

19 Current 225%, FO 230% 451.50 415.60 

20 Current 225%, FO 500% 419.90 409.60 

21 Speed 75%, Current 150% 439.80 396.50 

22 Speed 75%, Current 225% 464.20 424.50 

23 Speed 75%, Current 150%, FO 230% 412.00 403.50 

24 Speed 75%, Current 150%, FO 500% 412.10 396.00 

25 Speed 75%, Current 225%, FO 230% 460.70 410.60 

26 Speed 75%, Current 225%, FO 500% 421.50 399.90 
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APPENDIX 2 – Lack of Fusion 
Table 3 Lack of fusion rated on a scale of 1 to 5 

Sample 
Number 

Parameter 

Lack of Fusion rated from 
1 to 5: 1=less and 

5=more 

3mm 5mm 

1 Reference   5.00 

1 Reference B26    2.00 

2 Speed 75% 5.00 1.00 

3 Speed 60% 3.00 2.00 

7 Speed 40% 3.00 3.00 

8 Speed 30% 2.00 2.00 

15 Beam current 150% 4.00 4.00 

16 Beam current 225% 2.00 3.00 

17 Current 150%, FO 230% 5.00 4.00 

18 Current 150%, FO 500% 5.00 4.00 

19 Current 225%, FO 230% 3.00 3.00 

20 Current 225%, FO 500% 2.00 2.00 

21 Speed 75%, Current 150% 3.00 4.00 

22 Speed 75%, Current 225% 1.00 3.00 

23 Speed 75%, Current 150%, FO 230% 4.00 3.00 

24 Speed 75%, Current 150%, FO 500% 5.00 4.00 

25 Speed 75%, Current 225%, FO 230% 2.00 3.00 

26 Speed 75%, Current 225%, FO 500% 2.00 3.00 

 

 


