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ABSTRACT

The current study investigated the relationship between the inclination angle, porosity and 
surface roughness as a resultant of overhanging during the manufacturing of parts from 
Ti6Al4V material through the Aeroswift laser powder bed fusion platform. It is known that 
surface roughness and porosity are among the main drawbacks for parts manufactured by 
laser powder bed fusion. From the study, X-ray microCT and optical microscope were used 
to characterise the resulting surface roughness and surface porosity. The obtained values of 
roughness were plotted against the angle for the manufactured parallelepipeds. It was 
observed that angles with a high surface roughness resulted in high porosity levels. This
difference is attributed to the build orientation of the samples.

1. INTRODUCTION 

Laser powder bed fusion (LPBF) is an additive manufacturing technique that entails a 
consolidation of pre-deposited powder layers by laser beam to form 3D objects. The key 
objective of LPBF process is to create dense components with minimal defects [1]. Fully 
dense objects can be produced on the LPBF technique with mechanical properties 
corresponding or even higher than those created by traditional methods. But manufacturing 
overhanging parts in LPBF without supports can lead to deformation, redistribution of 
powder layer during processing that, in turn, results in flaws on edges and increased 
roughness of the surfaces. The aforementioned defects affect the product life cycle of the 
produced components.

Previous studies have indicated that changing any of the processing parameters or properties 
of powder contribute to the formation of pores [2], [3]. Herzog et al. [4] explained that 
pores act as linkages if fatigue cracks are introduced on the surface. Qiu et al. [5] studied 
the relationship between surface texture and porosity on Ti6Al4V cube samples fabricated at 
varying scanning speeds and powder layer thicknesses. Tian et al. [6] found that surface 
roughness is improved by increasing scanning speed, whereas Calignano et al. [7] found that 
decreasing hatch distance and low scanning speed improves surface finish. Wang et al [8]
investigated defects caused by process parameters for inclined surfaces by fabricating tubes 
with different angles. Yadroitsev et al. [3], Aboulkhair et al. [9] studied different processing 
parameters required to fabricate fully dense parts using LPBF platform. In [10] and [11] it 
was determined through x-ray microCT that although HIPing process can close pores, the 
size of the pores affects the efficiency of the process in eliminating porosity. In addition, 
the fatigue life and behaviour of AM parts depend on surface roughness, porosity, material 
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and microstructure, amongst others [12] [13] [14]. All these characteristics, in turn, depend 
on employed powder, process parameters, scanning and building strategies, etc. Thus, the 
performance of LPBF components are linked with the specific material and equipment used 
for manufacturing. Therefore, surface characterization for the specific AM process and 
powder is necessary to assess the fatigue performance of LPBF parts. It is well established 
and understood that surface roughness with effective notches in the surface, act as stress 
concentration sites leading to crack initiation under cyclic loading conditions. This, coupled 
with the requirement to produce complex parts where surfaces cannot be machined or 
smoothened on hidden surfaces, makes it important to optimize the surface finish. The aim 
of this research is to identify a relationship between roughness and porosity for samples (in 
the form of a parallelepiped) manufactured at different angles by the Aeroswift platform
(Figure 1). This is the basis in fabricating complex objects with different inclination angles 
without the need of supports on the Aeroswift system.

2. METHODOLOGY

The LPBF platform used to produce samples is the Aeroswift platform which uses Ytterbium 
fibre laser with a maximum power output of 5 kW. The powder used is pre-alloyed gas 
atomised Ti6Al4V alloy (grade 5) supplied by TLS Technik. Spherical powder had equivalent 
diameters d10=22-27 m, d50=35-40 m and d90=51-56 m. Samples were processed in an 
argon filled environment. The powder layer thickness during the processing of the samples
was maintained at 50 µm. The manufactured test samples are parallelepipeds with 
inclination angles from 25° to 90° with 5° increment. This study consisted of two different
set of samples (A and B) which were orientated in the Y-Z direction (set A) and X-Z
direction (set B), see Figure 1. Surface roughness in general depends on powder material, 
delivering system and processing. Variability of surface roughness is more pronounced at 
the periphery of the build platform where gas inlet/outlet is placed and close to the start 
of recoating process than at the centre [15]. Back-and-forth or bi-directional scanning 
strategy was used during laser processing, i.e. laser beam scans samples along Y axis; the 
scanning starts closest to X = 0 and moves in the positive X-direction. In other words, 
scanning starts closest to the extraction and moves away from it. This is because the 
protection gas flow is in the negative x-direction and causes the process “smoke” –
evaporated material and small particles from spattering - to move in the same direction 
that defeats the purpose of the extraction. It must be pointed that only hatching was used 
to build samples, contouring was not used in this study. 
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Figure 1: Parallelepiped samples with inclination angles from 25° to 90.

Samples A and B have been manufactured on two solid baseplates: samples with 25-55
inclination angles and with 60-90 – on another baseplate (Figure 1). As-built samples 
connected through these baseplates were removed from the baseplate and analysed (Figure
2). The baseplates of the test artefact, in turn, was attached to the larger Aeroswift build-
plate using block type support structures. The block type support structures were previously 
studied in [18]. After completion of the building process, samples were characterised in an 
as-built condition using microCT. MicroCT was previously used in [10], [11] and [16] to 
define the possibilities of using this tool as a quality measuring instrument for parts 
produced by additive manufacturing process. In addition, microCT was also found to provide 
ease of gathering data especially for hard to reach surfaces [16].

For this study microCT was used to measure surface roughness parameter, arithmetic mean 
height (Sa) for each downward facing surface on area of 6 mm×12 mm. Sa can be 
represented by the following equation:

Sa = | (x, y)|dxdy (1)

where Z(x, y) is deviation of manufactured surface from designed values. 

Root mean square deviation Sq evaluated over the complete 3D surface was also analysed to 
discriminate between surfaces produced at angles from 25 to 90 degrees (2):

Sq = (x, y)dxdy
 

 
(2)

Largest peak height (Sp) and valley depth (Sv) within the definition area were evaluated as 
(3):

Sp = max ( , ) Sv = min ( , ) (3)
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Skewness of the surface (Ssk) that represents the degree of symmetry of the surface heights 
measured correspondingly designed surface was calculated from deviation Z(x,y) as (4):

Ssk = [ (x, y)dxdy] (4)

It is important to note, that the sign of the skewness indicates on predominance of peaks 
(Ssk>0) or valleys (Ssk<0) of the surface.

Porosity was estimated by microCT scans on the area 20% near the edges (most of middle of 
flat surface) with resolution of 20 m to find correlation between porosities and inclination 
angles (Figure 2).

Furthermore, surface pores and surface roughness on the samples was qualitatively 
characterised using Olympus optical microscope BX51M which uses stream essential 
software.

Figure 2: Example of microCT scans of manufactured LPBF samples where porosity was 
analysed.

3. RESULTS

3.1 Deformation of as-built samples

High residual stresses resulted in the deformation of the samples as shown in Figure 2 
during LPBF and after separation from the solid baseplate. The blue colour overlay of the 
design file shows the actual parts have higher deformation for sets A. As known, maximal 
principle stress in LPBF samples develops along scanning direction [19].

Accumulation of residual stress in samples from set A that were scanned along the long side 
(Y direction in Figure 1) caused higher deformation in comparison with the set B after 
separation from the solid baseplate: maximum warping of 3.92 mm in Z direction was in set 
A versus 0.76 mm in set B.
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(a) (b)

(c) (d)

Figure 3: MicroCT scans of manufactured LPBF samples at different inclination angles
versus designed shape coded with blue colour, from left to right– set A: 25-55 (a), 60-90

(b); set B: 25-55 (c), 60-90 (d).

3.2 Surface roughness characterisation

A representation of the surface roughness of downskin surfaces for sets A and B are shown 
in Figure 4 as colour heights map. An angle 25° for both sets had deviations from the CAD 
design; set A had higher roughness for all angles (Figure 4, Table 1).

(a)

(b)

Figure 4: MicroCT reconstruction of surfaces versus an inclination angle: set A (a) 
and set B (b).
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Table 1: Area roughness of downskin surfaces obtained from CT scans 

Inclination 
angle

Sa, m Sq, m Sp, m Sv, m Ssk

set A set B set A set B set A set B set A set B set A set B

90 41 23 48 28 192 154 158 84 0.2 1

85 52 23 60 29 155 91 218 123 -1.0 0.1

80 41 24 48 29 168 147 195 112 -0.7 0.8

75 36 24 43 29 140 142 176 130 -0.6 0.4

70 35 25 41 30 151 110 173 117 -0.6 0.4

65 35 26 42 32 187 117 188 151 -0.3 0

60 37 23 44 28 164 86 171 129 0 0.1

55 35 20 43 26 158 130 189 105 -0.3 0.5

50 45 22 52 27 177 143 201 98 0.1 1.0

45 49 28 57 35 224 186 218 124 0.3 1.0

40 56 27 64 33 239 140 266 140 0.2 0.9

35 68 36 74 43 243 205 279 141 0.1 0.7

30 73 39 79 46 262 209 320 152 0.4 0.2

25 83 54 90 60 347 195 304 185 0.4 -0.3

The measured surface is the downskin which has been previously identified to possess the 
worst surface roughness in comparison with the top LPBF surfaces where special scanning 
strategies were used [7], [18]. Furthermore it can also be noted that the Sa and Sq values
improved as the inclination angle increase (Figure 5). An angle 25° for both set A (90 µm) 
and set B (60 µm) had the worst surface roughness with a linear decrease of Sq which can 
be observed up to an angle of 55° (Figure 5).

Figure 5: MicroCT measured root mean square deviation Sq evaluated over 3D surfaces 
versus inclination angle.

The formation of the decreasing roughness with an increasing angle can be attributed to 
factors such as improved stair stepping effect and diminishing heat dissipation into loose 
powder (Figure 6a). In addition, Poyraz et al. [18] stated that poor surface quality in 
overhanging objects can be attributed to the lack of heat dissipation for overhanging 
objects. On the other hand, set A Figure 5 shows trend in wherein the surface roughness 
increased at 85 significantly and set B after angle increment from 40° had roughness that 
was independent on inclination angle. However, the expected/normal was regained at 25°
to 55° where the surface roughness decreased due to increase of the building angle.
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(a)

(b) (c)

Figure 6: Stair stepping effect with inclination angle (a); scanning strategy for set A (b) and 
set B (c)

Another important observation is that the orientation of the samples also had an effect on 
the results. When comparing the difference in roughness for set A and B (Table 1), at an 
angle of 25° set A had a roughness value Sq of 90 µm compared to set B which had a 
roughness value of 60 µm at the same angle of 25 . A similar observation can be made at 
higher angles i.e. 55° reports roughness of 3 µm for set A while set B reports 26 µm at the 
same angle of 55°. For vertical samples, Sq also for set A was 1.7 times higher in 
comparison with set B. This difference can be attributed to the scanning strategy that was 
used for manufacturing these samples. For set A, downskin roughness was formed by lateral 
sides (Figure 6b) and “bottom parts” of the scanned tracks; in set B, start-stop surfaces of 
single tracks formed layer were associated with downskin surface (Figure 6c).

Interesting observation was done when skewness of the surface was analysed: set B had 
predominant peaks (except 25 ) – positive values of Ssk – with minimum at 65 inclination 
angle (Figure 7). For set A, from 25 to 50 degrees, peaks prevailed, then from 55 , valleys 
started to predominate and Ssk had negative values up to 85 . Notch-like surface features 
of AM samples (such as valleys) can act as stress-concentration sites when a sample is 
loaded and it is related to poor fatigue properties [12]. Conversely, peaks are not expected 
to act as stress concentrators. Maximum height of the surface that summarizes the peak 
and to valley height (Sz=Sp+Sv) is shown in Figure 8. By microCT scans, Sz values of 300-
600 m were found for set A samples, and 200-400 m for set B. 
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Figure 7: Ssk evaluated over 3D surfaces versus inclination angle for sets A and B.

 

Figure 8: Maximum height Sz evaluated over 3D surfaces versus inclination angle for sets A 
and B.

For a chosen laser power, scanning speed and layer thickness, lower roughness in set B was 
found and thus it is preferred to build at X-Z orientation in order to improve the surface 
finish. Sz values can be used from a tolerance point of view - for estimating how much 
material needs to be removed in the case of machining, for example. 

3.3 Porosity 

In general, porosity of samples near downskin surfaces was less than 0.1%: from 0.008% to 
0.06% for set A and 0.002-0.017% for set B as microCT scans analysis showed. Porosity
tended to decrease with an angle of inclination for set A; negative correlation coefficient 
between porosity and inclination angle for set A was found –0.726. Figure 9a presents 
porosity near the down skin surface area and Figure 9b shows maximal pore size with 
inclination angles received by CT scans. Maximum pore size was found of 400 m for set A 
and 200 m for set B. Figure 10 shows a comparison of surface roughness together with 
surface pores obtained using optical microscope between the inclination angles of 25° and 
55° for sets A and B. Surface roughness is represented in the form of rugged contour 
profiles on the edges. This kind of a profile is referred to in [6] as contour profile which 
becomes more pronounced on the downward facing surface as a result of building with 
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lower heat exchange for overhanging part of the sample and, correspondingly, higher 
rugged profile on the downward surface and increased level of surface roughness. 

(a)

(b)

Figure 9: Porosity of the samples near the surface and maximum pore size versus
inclination angle for sets A and B.

Furthermore, large surface pores seen in Figure 10(a) closer to the surface edges, which are 
in agreement with the attained level of surface roughness for an angles of 25-45°. This 
suggests that the orientation of a part combined with the low overhanging angle was not 
only found to contribute to high surface roughness, but also to the formation of pores closer 
to the surface. The formation of these defects also can be attributed to the high laser 
power and scanning speed used by the Aeroswift platform to increase LPBF productivity.
The capillary instability of molten metal as a result of the high scanning speed can lead to 
non-continuous tracks and creates splashing of liquid droplets thus affecting next layer 
deposition resulting in uneven layer of powder layers leading to the formation of pores [9].
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(a) (b)

(c) (d)

(e) (f)

Figure 10: Optical microscope cross sections of downskin surfaces for Sample A (a; c & e) 
and for Sample B (b; d & f) at different inclinations of (25; 55 & 90) respectively.

 

4 CONCLUSIONS

This study compared the effect of inclination angles on downskin surface roughness and 
porosity of LPBF parts near downskin edges produced by high laser power Aeroswift system
from Ti6Al4V powder with fixed process-parameters. From the study it was determined that 
a relationship exists between an angle and surface roughness. The overall best surface 
roughness for downskin in terms of Sa and Sq was determined to be at 55-60° for both tested 
samples (set A and B). Porosity of samples was less than 0.1% and slightly decreased with 
inclination angle for set A. It can be concluded that angle below 55° should be avoided when 
building parts using the LPBF system.
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