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Abstract 
Selective Electron Beam Melting (SEBM) is a promising powder bed Additive Manufacturing (AM) technique for near net-
shape manufacturing of high-value titanium components. However, as with every emerging technique, the manufacturing 
processes can still be greatly improved and optimised. In particular, the links between AM settings and the resulting sample 
porosity is of great interest, as the fatigue life of SEBM parts is currently dominated by the presence of porosity. In this study, 
the size, volume fraction, and spatial distribution of the pores in model samples have been characterised in 3D, using X-ray 
Computed Tomography (CT), and correlated to the SEBM process variables. A strong relationship was found with the 
different beam strategies used to contour, and infill by hatching, a part section. The majority of pores were found to be small 
spherical gas pores, concentrated in the infill hatched region. Rarer irregular shaped pores were mostly located in the contour 
region and have been attributed to a lack of fusion between powder particles. 

Keywords: Titanium, Additive Manufacture, Selective Electron Beam Melting, Pores, Defects, X-ray Computed 
Tomography, Fatigue. 

1  Introduction 
Additive manufacturing describes a family of technologies in which material is deposited and consolidated in successive layers 
using a focused heat source to build up a component from 2D slices [1]. AM techniques offer the capability of manufacturing 
more mass efficient designs with topographically optimised geometries, directly from computer aided designs, without 
extensive machining. The Selective Electron Beam Melting (SEBM) system developed by Arcam AB, who is currently the 
only commercial supplier, employs a rapidly scanned electron beam focused by electromagnetic lenses with sufficient energy 
to melt the precursor powder layers [2]. This system typically uses two main scanning strategies (termed contouring and 
hatching, respectively) to first melt the outline of each 2D section and then ‘fill in’ the outline by rastering the beam within the 
section boundary. For fatigue critical components, the presence of even a small number of residual defects is still an important 
consideration and the presence of defects currently dominates high cycle fatigue life in non-HIPed AM parts. Such pores 
mainly originate from trapped gas, but larger defects can also arise when there is a lack of powder fusion [3]. In addition, 
cracks originating from pores located near a component surface are known to result in the shortest fatigue life [4]. Therefore, 
being able to characterise the morphology and location of porosity in SEBM-AM specimen is of prime importance, and linking 
the porosity features to the SEBM manufacturing parameters is required to minimise the deleterious effects of defects and thus 
improve the quality of SEBM-AM parts. The objective of this study was, therefore, to develop a better understanding of the 
relationships between the melting strategies and the resulting defects by characterising with CT (in conjunction with 2D 
destructive techniques) the morphology, size, volume fraction, and spatial distribution of pores found within a component. 

2  Experimental method 

2.1 Additive Manufacturing 
The specimens were built from Ti–6Al–4V pre-alloyed plasma atomised powder feestock (supplied by Arcam, with particle 
size ranging fom 45 up to 100 μm in diameter) at the University of Sheffield in an Arcam S12 SEBM machine (control 
software EBMControl 3.2 Service Pack 2 [2]). Before deposition, the build chamber was put under controlled vacuum 
(< 2 × 10−3 mbar) wih a backfilling of helium. The first layer of powder was deposited onto a 210 mm square 10 mm thick 
stanless steel baseplate preheated with the electron beam up to 730 °C. A thermocouple was used to record the temperature of 
the baseplate throughout manufacturing. Prior to melting each layer, the powder was preheated and sintered by rapidly 
scanning the electron beam in order to maintain the target build temperature (730 °C) and to reduce charging of the powder 
during the higher energy-density melting stage. This included two consecutive steps with a defocused beam, with Preheat I 
scanning the entire bed and Preheat 2 then pre-scanning only the areas to be melted, expanded by 5 mm from their section 
edges. In the standard build sequence, this is then followed by the melting stage, which uses a more concentrated beam and 
employs two separate beam rastering strategies detailed in the following paragraph. 
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In the melting stage, firstly three “contour” passes were used to melt the outter surface of each 2D section slice, starting at the 
section edge and moving inwards. The contour strategy used a technology known as MultiBeam, which rapidly moved the 
beam so that several separate melt pools are kept active at one time. As a result of the MultiBeam settings, 50 melt pools were 
present during the outer contour and 10 during the inner contours. In the outer contour pass, each melt pool was translated 
more slowly and with a lower power than for the inner two. The centre of each section was then ‘filled in’ by rastering the 
beam in a ‘snaking’ melt strategy known as “hatching” (i.e. with a back and forth beam motion following a continuous path). 
The sample stage was then moved downwards by 70 μm (to achieve the correct layer height), and the next layer of powder was 
dispensed from hoppers and spread with a rake. The hatching direction was rotated by 90° between each layer.  
 
To examine the effect of the process parameters on porosity, simple cuboid specimens with the geometry defined in Figure 1a, 
were manufactured directly onto the base plate. The cuboids were orientated in the build chamber such that the orthogonal 
hatch directions (x and y) were aligned with their outer faces. One build cycle was used to manufacture one set of specimens to 
examine the effect of varying the implementation of the individual contour and hatching strategies investigated in the present 
study. The melt strategies of interest are detailed in Figure 2. 
 

  
a) cuboid test sample geometry and 

associated dimensions 
b) image showing, from left to right, examples of an as-built sample, virgin powder in a 

polyimide tube, and machined down µCT specimens from edge and centre of a built specimen. 

Figure 1: The geometry and corresponding examples of samples analysed by CT. 
 

First, the C0 condition, served as a reference for porosity assessment. It was a melt strategy composed by 3 successive 
countour passes followed by hatching. All the other melt strategies were compared to these reference additive manufacturing 
settings. Specimen C1 was manufactured only with countour passes (no hatching) whilst specimen C2 only by hatching (no 
contouring). Specimen C3 had 2 extra countour passes (for a total of 5) before the hatching was performed, and specimen C6 
had a standard 3 countour passes but the hatching was then performed along a single direction (unidirectional hatching). 
 

   

a) C0: standard (3 x contour + hatching) b) C1: contour only c) C2: hatching only 

  

 

d) C3: 5 x contour + hatching e) C6: 3 x contour + unidirectional hatching  

Figure 2: Schematic diagrams of the melt strategies investigated in the present study. 
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2.2 X-ray computed tomography 
The defect population was assessed by CT in the feedstock powder and, following manufacturing, in the test parts. A Nikon 
Metrology 225/320 kV Custom Bay system was used to obtain an overview of the full cuboid specimens, whereas a Zeiss 
Xradia Versa 500 system was used to investigate at higher resolution the powder feedstock and regions of interests machined 
out of the cuboid samples. A detailed overview of the instruments and experimental settings used is given in Table 1. 
 
The CT data were analysed using Avizo Fire 8 software with segmentation by the Otsu method [5]. Analysis was performed to 
characterise porosity, in terms of volume, equivalent spherical diameter, aspect ratio, orientation, and spatial distribution. The 
tomography data were also compared to measurements made by conventional optical microscopy from 2D sample sections in 
the x–y and x–z planes. Further information on the experimental details can be found in [6]. 
 

Table 1: Instruments and settings used to acquire the CT data. 

 

3  Results 

3.1 Porosity assessment on powder feedstock 
Results from the CT porosity assessment of the powder feedstock are presented in Figure 3. The measured grain size 
distribution fell within the 45 to 100 µm range (supplier data), except for 8 % of the particles. Tomography allows, on one 
hand, to determine the amount and size of the gas pores trapped inside the powder grain feedstock but also, on the other hand, 
to focus on the size distribution of the porous grains. From Figure 3b, it can be seen that a significant fraction of the larger 
powder particles contained pores. 6.4% of the particles of 40 μm in size had internal pores, whereas none were detected in 
particles smaller than this size.  For particles of 80 µm and above in equivalent diameter, the fraction of porous particles raised 
to values above 10 %.  
 

  
a) CT rendering showing example of powder 

particles (dark grey) containing gas pores (red) 
b) size distributions of all powder particles and only particles containing porosity 

Figure 3: CT porosity assessment of powder feedstock. 

3.2 Porosity, pore morphology, alignment and spatial distribution 
A summary of the global porosity found in full cuboids (low resolution), feedstock powder, and regions of interest from 
cuboids (high resolution) are gathered in Table 2. From the high resolution results, it can be seen that overall the pore volume 
fraction measured for the SEBM process is low and in the range 0.05–0.2 %. This figure can be assumed to be a lower bound 
because the µCT system could not detect pores below 5 µm in diameter and this would be expected to generate only a slight 
underestimate, as such pores contribute little to the overall porosity volume. To assess pore size distributions and volume 
fractions, a lower pore size cut-off of 2×2×2 (8) voxels was therefore used and for morphological analysis, only objects with a 
minimumvolume of 5×5×5 (125) voxels have been analysed, which is in line with current resolution limits presented in the 
literature [7-9]. 
 
The morphology of SEBM pores was assessed in both 2D and 3D using scanning electron microscopy and X-ray computed 
tomography, respectively. Examples of typical pores obtained by SEBM additive manufacturing are presented in Figure 4. The 
data coming from the 2D analysis reaveal that most of the porosity was circular in cross section (similar to Fig. 4a) and ranged 
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in size from 5 up to 160 µm. These pores clearly correspond to the spherical pores reconstructed from the CT that are designed 
as type “i” and “ii” in Figure 4c. They represent the vast majority of the pores encountered as less than 3 % of the pores have 
an aspect ratio superior to 1.5 [6]. A rare example of a higher aspect ratio pore, which appears to be two spherical pores joined 
together, is shown as type iii in Fig. 4c. An example of a small lack of fusion defect, rarely observed by SEM, is shown in 
Fig. 4b and an irregular flaw that is equivalent to this defect is shown in 3D in Fig. 4c, designated as flaw type iv. Also shown 
in Fig. 4c, is a larger rare 190 μm irregular pore (type v), observed by CT near the edge of the sample. No corresponding SEM 
or optical 2D representations were found for this flaw type, because of its low frequency occurrence. 
 

Table 2: Summary of the average porosity statistics obtained by CT from full sample low resolution scans and from high resolution scans of 
different regions within the standard cube sample, C0 (Also shown for comparison purposes are the data obtained by standard metallography 

and optical microscopy analysis of sample C0). 

 
 

  
 

a) SEM data: 2 circular pores 
(backscattered image along x-z 
plane, vertical build direction) 

b) SEM data: a more irregular lack of fusion 
pore (backscattered image along x-z plane, 

vertical build direction) 

c) CT data: spherical pores, small (i) and large (ii ) 
(blue); (iii ) two near spherical pores joined together 
(turquoise); irregular pores, small (iv) and large (v) 
irregular (red). The build direction is z while x and y 

denote the hatching directions. 

Figure 4: Example of typical pores found in SEBM-AM specimens. 

 

Regarding the alignment of the pores, Figure 5 shows the orientation distributions of the major axis of elongated pores, relative 
to the build direction (z) and the beam raster directions (x and y) for specimen C0. It appears that the pores have their largest 
axis strongly orientated close to the x–y plane (Fig. 5b), whereas the rotation angle around the build direction shows no 
preferential alignment with the orthogonal scanning pattern (Fig. 5a). Hence, irregular pores were found to be elongated in the 
plane of the deposited layers but were not strongly orientated relative to the beam raster directions. 
 

  

a) Orientation distributions determined from the angle of the pore 
major axis to the build direction 

b) Orientation distributions determined from the rotation of the pore 
major axis around the build direction in the x–y plane, relative to one 

of the hatching raster directions 

Figure 5: Orientation distributions of irregular pores (lower resolution dataset from the standard cuboidal sample C0). 
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The pore spatial distribution for specimen C0 is provided in Figure 6. The 3D CT dataset rendering has been projected along 
the build direction, to allow better visualisation of the spatial distribution of all the coarse (> 25 μm) pores found within the 
proximity of the sample edges. Fig 6a represents the pore volume fraction as a function of the distance from the specimen edge 
for all the pores detected, whilst Fig. 6c and 6e only show the volume fractions of regular (aspect ratio ≤ 1.5) and irregular 
porosity (aspect ratio > 1.5), respectively. Since it was only possible to measure the aspect ratio of pores greater than 
125 voxels in size, the volume fraction of these pores is also shown in Fig. 6 for comparison purposes. 
 

 
 

a) pore spatial distribution for all pores b) 3D rendering of all pores projected onto the x–y plane 

 
 

c) pore spatial distribution for regular pores only d) 3D rendering of regular pores onlyprojected onto the x–y plane 

  
e) pore spatial distribution for irregular pores only f) 3D rendering of irregular pores only projected onto the x–y plane 

Figure 6: Lower resolution analysis of the standard sample C0 showing the variation in porosity volume fraction in the x–y plane with 
distance from the sample surface (In all images, the approximate width of the regions melted by contouring and hatching are denoted by the 

background colour). 

Fig. 6a clearly indicates that the larger pores (> 125 voxels) make up the majority of the measured pore volume. It is also 
apparent from Fig. 6 that the standard specimen had a low volume fraction of pores near its edge, within a distance consistent 
with where the powder was melted by the contouring passes, whereas in the middle hatching region the average pore density 
was substantially higher. Moving inwards, two peaks in porosity are also observed in the data in Fig. 6a. The first smaller peak 
(noted I in Fig. 6a) is at a distance of ~0.8 mm from the section surface, which coincides with a position close to the location of 
the last contour pass and the edge of the hatching region (shown by the dark to light grey transition in Fig. 6). However, there 
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is a much larger second peak (II) in pore volume fraction, between ~1.5 and 2 mm from the specimen surface (in the x–y 
plane), near the edge of the hatching region. From Fig. 6c and 6d, it is clear that both peaks are almost entirely due to porosity 
with a spherical morphology. It is also notable that moving in from the surface, in the initial 0.7 mm, the porosity is almost 
entirely irregular (Fig. 6e and 6f), whereas further away from the surface, irregular porosity only makes up a small fraction of 
the total pore volume fraction. 

3.3 Effect of different melting strategies 
The low resolution CT data obtained for all specimens are shown in Figure 7 and the resulting spatial distribution graphs are 
plotted in Figure 8. Similarly to Figure 6, the 3D rendering of the entire pore population detected for each specimen has been 
projected onto the x-y plane in Fig. 7. It is a very convenient way to qualitatively assess the difference resulting from the 
several melting strategies, and it appears clearly that changing the machine settings drastically affect the amount of porosity 
and its location.  
 

   
a) C0: standard (3 x contour + hatching) b) C1: contour only c) C2: hatching only 

  

 

d) C3: 5 x contour + hatching e) C6: 3 x contour + unidirectional hatching  

Figure 7: Pore spatial distribution from 3D CT data (Pores are represented in red and projected along the x-y plane). 

 
For example, specimen C1 was produced only by contouring across the entire section (no hatching) and had an average pore 
volume fraction much lower than that seen for the standard build. In addition, this build did not show any strong peaks in void 
density (Fig. 8a). In contrast, sample C2 (Fig. 7c), which was produced by hatching only across the entire section (no 
contouring), had a higher pore density than the original standard sample C0 and a peak in pore volume fraction at a distance of 
1.1–1.3 mm from its edge, similar to the second peak (II) seen in the standard build (Fig. 6). It is notable that this peak had 
moved outwards by the same distance (0.8 mm) as the extra hatching length required when contouring was turned off. This 
larger peak must therefore result only from hatching and not from the interaction between the hatching and contouring regions. 
Furthermore, when the number of contour passes was increased from 3 to 5, as for specimen C3 (Fig. 7d), the pore spatial 
distribution plot is similar to that of specimen C0, only shifted inwards by an amount consistent with the width of the two extra 
countour passes (2 x 0.25 mm mm): the surface layer with low porosity became wider and the first smaller peak in pore density 
(I in the standard sample) moved inwards to 1.3–1.4 mm (Fig. 8b). In contrast, when the turning function was turned off 
(sample C6) and the hatching was performed by sweeping in a single direction, (right to left in Fig. 7e) the first peak became 
far more pronounced, while the second peak disappeared. However, it also appears that there is a tendency for pores to be left 
closer to the end (left) of a hatch track than the start (right). Therefore, it can be concluded that peak I is probably generated by 
the end of the hatching lines whereas peak II can be linked to the turning function. 
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a) C1 contour only and C2 hatching only b) C3 5 x contour + hatching 

 
c) C6 3 x contour + unidirectional hatching 

Figure 8: Effect of process modification, compared to the standard recommended settings (sample C0), on the pore volume fraction 
distribution with distance from the build edge, from lower resolution XCT scan data. The average volume fraction for the whole sample is 

given in the figure legend. 

4  Discussion 
The present study is in good agremement with previous SEBM-AM literature [3, 10-12], as the majority of the porosity (97 %) 
encountered were small spherical pores, less than 100 µm in diameter. Such pores were shown in Fig. 4a and Fig. 4c as types i 
and ii . Due to their smooth spherical morphology, it is likely that these pores are gas bubbles trapped during solidification of 
the melted powder [10]. As the AM process is carried out under vacuum, the main source of gas pores is thought to be the 
argon gas trapped during manufacturing by plasma atomisation of the powder feedstock. Porosity characterisation of the virgin 
powder in Fig. 3 clearly demonstrates significant levels of porosity in the larger powder grains (> 10 % for grains > 80 µm). 
Data in Table 2 indicate that although the volume fraction of pores in the powder is 0.09 %, against 0.18 % in the consolidated 
material; the number density (pores per unit solid volume) was an order of magnitude higher within the powder feedstock. 
Even if the pores in the powder are significantly smaller than their parent powder grains (maximum ~ 100 µm), gas bubbles 
can potentially expand in the melt pool or even coalesce as shown in Fig. 4c (type iii). More concerning for AM specimens, in 
particular for fatigue applications, is the presence of irregular shaped pores. Such pore can act as stress concentrator and 
therefore dramatically shorten the specimen’s fatigue life. Irregular pores were found to form a minor fraction (3 %) of the 
pore population, but with a wide size range, from 18 µm up to 190 µm. The smaller irregular pores (type iv in Fig. 4c) had a 
morphology that suggests they developped from a lack of fusion and arise from small voids left between partially melted 
powder particles [6]. 
 
The main observation regarding the porosity spatial distribution is the fact that it can be greatly influenced by the melting 
parameters, i.e. contouring and hatching in the present work. A substantially lower average porosity was repeatedly found in 
the contouring region than in the hatching area, which had a far larger pore volume fraction (Table 2), although in the hatch 
region they were mainly spherical gas pores. In the standard sample (C0) section, peaks in porosity were found at two specific 
locations on the spatial pore distribution plot (Fig. 6a): a smaller narrow peak (I) in pore volume fraction at ~0.9 mm from the 
edge, where relatively large spherical pores dominated (Fig. 6b); and a larger peak (II) build up sharply at depth of 1.6 mm 
before decaying towards the build centre. Similar results have been reported in the literature [11], whith porosity being located 
near the edge of the hatch region in non-optimised builds. In the present study, the pore location was linked to the edge of the 
hatching lines. When only contouring was employed to manufacture the specimen (C1), very low porosity level was reached 
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and no peak was present on the porosity profile (Fig. 8a). Conversely, when only hatching was used (C2) both peaks were still 
present, and shifted outwards by a similar amount to that of contouring passes that were removed (0.8 mm in Fig. 8a). In 
addition, when the contouring was increased from 3 to 5 passes, both peaks were moved inwards by the corresponding amount 
(0.5 mm in Fig. 8b). Finally, when the turning function was disabled, and the hatching happenend along a single direction, only 
peak I remained, with pores being located mainly at the end of the hatching track. These results demonstrate that the peak I is 
linked to porosity being pushed forward by the solidification front and dumped at the end of the hatching track, whereas 
peak II is linked to the turning function which increases the probability of gas pore remaining trapped in the melt pool close to 
the edge of the hatching area (energy density too low at the edge of hatching area [6]). 

5  Conclusion 
This study employed X-ray computed tomography to obtain a better understanding of the defects present in SEBM-AM 
specimens. We demonstrated the extensive amount of information that can be gained using CT, in addition to destructive 2D 
techniques, in order to further characterise and understand the SEBM additive manufacturing process. The morphology, size, 
volume fraction and spatial distribution of pores found in powder feedstock and SEBM test samples were characterised. Pores 
were show to be mainly spherical and small in size, originating from argon contamination of the powder feedstock; with few 
irregular shaped pores (3 %) resulting most likely from a lack of fusion between powder grains. The pores/defects have been 
conclusively shown not to be randomly distributed, and a strong correlation was found with the process parameters and 
strategies used to outline (contouring) and infill (hatching) a part section, making their impact on fatigue life potentially more 
significant. Under standard build conditions, two peaks in porosity were seen at depths of 0.9 mm and 1.6–2 mm. Both peaks 
were related to the edge of the hatching region. The first peak was formed by gas bubbles being pushed to the edge of each 
hatch pass and subsequently deposited at the end of the hatch line. The second peak is thought to be due to the effect of the 
turning function within the hatching region. The understanding gained here allows for significant improvements to be made by 
relatively simple adjustements to the standard equipment settings. A more in-depth study on the effects of the processing 
parameters on defects can be found in [6]. 
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