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Abstract. Additive Manufacturing (AM) systems are unique in terms of fast production and lead
time to market. South Africa has built the AM Laser Powder Bed Fusion (LPBF) machine called
Aeroswift with the world’s largest build volume and highest speed. Surface roughness of LPBF
parts depends on process-parameters. High surface roughness and deformations during
processing limit the application of this technology for certain industrial applications that require
high precision. This study characterises the surface roughness for self-supported parallelepipeds
samples produced using the Aeroswift platform. Test artefact parallelepipeds were built with 0-
90 degrees sloping angles with respect to the building direction. Surface roughness for the as-
built samples was analysed using Mitutoyo SURFTEST SJ-210 system and Zeiss Smartzoom 5
digital microscope. It was found that roughness values were higher for the bottom surfaces
(overhang part) compared to upward surfaces, as expected. This was attributed to the higher
amount of attached partially melted powder particles that were observed on the downward
surface. Absolute values of Ra and Rz versus scanning direction and slope angle were found and
analysed.

1. Introduction

Additive manufacturing (AM) is described by ASTM F2792 as a method of joining materials to create
parts from 3-D model data with a layer-by-layer process as opposed to conventional techniques, also the
3D printing term is often used synonymously with additive manufacturing [[1]]. Laser powder bed
fusion (LPBF) or selective laser melting, direct metal laser sintering and LaserCusing are AM processes
that use a laser to consolidate powder material to create a 3D object. The melting of consecutive layers
of powder is achieved through the laser beam energy. Moreover, standard metallic powders that melt
completely are used, thus ensuring the mechanical properties match 100 percent density or even beat
conventional techniques [[2]]. LPBF is a layer by layer manufacturing technique therefore complex
geometries can be produced [[3]]. Furthermore, the complexity of the product does not increase the cost
[[4]]. However, the more complex the part the more difficult it is to carry-out post processing treatment
[[5]]. The common types of post processing: include support structure removal, improving surface
finish, post heat treatment etc. Bremen et al. [[2]] stated that improving the surface finish is the most
costly of the post processing treatments of LPBF parts. Due to the growing interest for parts
manufactured by LPBF, it is important to define limitations at an earlier phase of design [[6]]. Therefore,
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designers for AM are encouraged to possess a quality control or inspection tool to predict the level of
the resulting surface roughness before parts are manufactured. The proposed tools include fabricating
test artefacts with varying angles to characterise different surfaces topographies. Commonly used test
artefacts comprise parallelepipeds, truncheons etc. Figure 1 shows one example of a test artefact.

v A

Figure 1: Truncheon test artefacts studied by Strano et al [[7]]

Covarrubias and Eshraghi [[5]] conducted a study on two different types of test artefacts: parallelepipeds
and cubes with varying angles. The cubes had inclinations of 45°, 60°, 75° and 90°. The parallelepipeds
had of seven rectangular cubes with angles from 0° to 90° with a 15° increment between the angles.
Similarly, Strano et al. [[7]] investigated surface texture on a truncheon with sloping angles from 0° to
90° with a 5° increment between the angles. Barari et al. [[8]] performed a study on cusp geometry with
different angles. These studies found that a decrease in angle towards the base-plate is associated with
increased surface roughness. Also the downward facing surfaces for overhanging objects have been
identified to possess a poor surface quality than upward surfaces. Similarly, it was found that surface
guality improves as the sloping angle increases from the base plate.

Authors did not give a distinct difference in the roughness for the two surfaces, downskin and upskin.
The downskin is defined as the downward facing surface whereas upskin is defined as the upwards
facing surface. However, this study seeks to address the difference between the two surfaces for as built
Ti6Al4V samples of parallelepipeds, with angles from 25° to 90° shown in Figure 2. This will be
achieved by comparing the arithmetic mean average (Ra) and ten-point height (Rz) as a function of an
angle for both upskin and downskin surfaces.

2. Materials and Methods

2.1. Materials characterization

All samples were fabricated using gas atomised pre-alloyed Ti6Al4V (grade 5) powder. Ti6Al4V
amongst all the titanium grades is the widely used alloy due to its good mechanical properties [[9]].
Furthermore, parts that are manufactured with Ti6Al4V are lightweight which makes it ideal for
aerospace application. The powder used to build the samples is supplied by TLS Technik and has a
powder distribution of 20 to 60 um. The chemical composition for the Ti6Al4V is shown in Table 1.

Table 1: Chemical composition of employed Ti6Al4V powder.

Al V C Fe @) N H Y Zn Sn Ti

6..8% 3.96%  0.006% 0.161% 0.087%  0.008 0.002 <0.01 <0.002 <0.004 balance

2.2. Methods

Before the building process the powder was dried at 120°C in an oven for 3-4 hours to remove moisture.
During processing, an inert argon atmosphere was used to avoid oxidation and the amount of oxygen
was maintained below 500 ppm. Layer thickness was maintained at 50 pum which is the distance equated
to the movement of the z-axis. To build the samples, bi-directional scanning strategy was used. The
Aeroswift platform uses the ytterbium laser with a wavelength of 1076 nm and a maximum power output
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of 5 kW. This machine has a build volume of 2000 mm x 600 mm x 600 mm. After completing the
building process, samples were submerged in an ultrasonic-bath for 10 minutes in water. The surface
roughness for the samples was measured according to 1SO 427:1997 [[10]] using a Mitutoyo Surftest
SJ-210. The samples were measured in the as-built condition, meaning no surface finishing was
conducted. The stylus, which is the measuring tip of the instrument, was made to traverse perpendicular
to the scanning direction to account for the stair-stepping effect. Scanning direction is described in [[7]]
as a direction in which the laser traverses, and [[5]] defines that stair effect occurs as a result of additive
manufacturing layer by layer fabrication process. Roughness parameters Ra and Rz in [[11]] can be
represented as follows:

Ra =1 [jly(oldx &)

1
Rz ==
n

e pi — Xi=q Vi) (2)

Where | is sampling length, p; is vertical distance from the highest peak and vi the lowest valley within
five sampling lengths. Ten-point height (Rz) evaluates the average value of five highest peaks and five
lowest valleys within the measured sampling length [[11]]. The sampling length that was used is 2.5 mm
based on the standard [[10]]. Subsequently, a non-contact 3D Zeiss Smartzoom 5 digital microscope
was used to validate and evaluate surface morphology. The tested samples had angles from 25° to 90°
with a 5° increment.

Figure 2: Fabricated test artefact parallelepipeds samples showing angles from 25° to 90° (left to
right)

3. Experimental Results and Discussions

3.1. Surface roughness characterization:

A total of 14 upskin surfaces and 14 downskin surfaces were tested and data for these surfaces were
measured in three different places for each surface and averaged. The profile of the resulting surface
roughness (Ra) for both downskin and upskin surfaces as a function of building angle for parts
manufactured on the Aeroswift platform are represented in Figures 3 and 4, respectively.
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Figure 3: Ra values for downward facing surfaces

As expected, it can be seen from Figure 3 that angle 25° had the highest roughness value of all the
manufactured angles of 46.4 um which is a significant amount. This is a result of un-melted powder
particles that adhere to the surface of the part during processing especially when the build angle is low
(25°). This can be supported by the image in Figure 6(a), which shows high peaks representing
unevenness of the surface. According to Triantaphyllou et al. [[12]] the increased roughness for
downskin surfaces is a result of gravity and capillary forces where the melt pool sags into the un-melted
powder particles. As the melt pool solidifies, it causes the surrounding un-melted powder particles to
attach on the surface thereby increasing roughness. Furthermore; poor surface roughness at lower angles
was found to be a result of the stair stepping effect as previously reported by Covarrubias and Enshragi
[5], Barari et al. [[8]] and Kaji and Barari [[13]]. As observed from the results a 65° angle generated a
better surface quality than all other angles. This can be confirmed by the low peaks as seen in the Figure
6¢. This is because in LPBF as the sloping angle increases from the base plate it is associated with better
staircase effect. This confirms a similar trend that was observed by Strano et al. [[7]] where it was found
that better surface quality can be achieved at the angle of 75° as opposed to 90°. On the other hand,
Covarrubias and Enshragi [[5]] showed that the Ra and h (Rz) values in AM can be predicted according
to the analytical equation presented by:

_ Lt
h= sin() (3)
Ra predicted = %n((:;) 4

Where h is the distance between consecutive step edges, L:is the layer thickness, and o is the inclined
angle. This approach was previously used by Reeves and Cobb [[15]] for surface deviation modelling
of stereolithography components. The latter equation 4 neglect that LPBF processed parts had round
corners, it assumes an ideal environment with perfect sharp edges which make it not ideal for quantifying
the degree of surface roughness (Figures 3 and 4). Predicted Rz values (Figures 5a and b) were calculated
taking into account about 50% shrinkage of powder material and 50 um distance equated to the
movement of the z-axis (see equation 3).

According to the measured roughness values seen in Figure 4, initially the roughness value increase
from 25° to 35 °and subsequently formed a zig-zag profile until 90°. From the graph it can be deduced
that both 75° and 35° had the highest peaks whereas angle 85° had the lowest Ra value of 19,5 um.
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Figure 4: Ra values for upward facing surfaces

Since Ra is the mean value of the whole profile, Rz values also were investigated to analyse individual
peaks and valleys (Figure 5a and b). The qualitative analysis for angle 25°, 65° and 90° are represented
in Figure 6(b) (d) (f) below for comparison with the previous trend in Figure 4. The melt pool for the
top surface does not directly solidify on top of the un-melted powder as in the case of the downskin as
previously mentioned. The zig-zag trend might be aggravated by stair-stepping effect especially for
smaller sloping angles wherein as the angle increases partially sintered powder particles contributed to
the higher roughness. It is well known in literature that angles less than 45 degrees are greatly influenced
by stair stepping effects [[5]]. This type of profile has been defined by Strano et al. [[7]] and Krol and
Tanski [[14]] who stated that the amount of powder concentration of un-melted particles sticking on the
edges increases as the inclination angle rises towards the vertical direction. Furthermore, because at low
angles the particle size is smaller than the step edges, as the angle increases the edges become smaller
thus leading to a higher concentration of partially sintered particles thus resulting in an increased poor
surface quality.
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Figure 5: Rz values for downward (a) and upward (b) facing surfaces.

3.1.1. Qualitative analysis of surface roughness

Figure 6 (a) to (f) show the difference between the downward facing surface on the left and the upward
facing surface on the right. As it can be seen, the noticeable difference from the 3D images is from the
downskin surfaces comprised of large peaks compared to upskin surfaces. Furthermore the samples on
the downskin showed greater irregularities or unevenness on to their surface.

b) 25° angle upskin

a) 25° angle downskin
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¢) 65° angle downskin

e) 90°angle downskin ) 90° angle upskin

Figure 6: 3D surface reconstructions by optical microscope for different angles. Blue colour is
valleys, red colour is peaks.

4. Conclusion

The aim of this study was to highlight the fundamentals of the level of surface roughness that can be
expected on the as-built components produced by the Aeroswift platform. Based on Figure 2, it was
determined that better surface roughness of downskin can be achieved when building at angles between
40° and 90°. There were no significant differences in surface roughness of upskin surfaces versus slope
angle. Thus, upskin surface morphology depends on process parameters and scanning strategy.
According to the obtained results, it can be concluded that powder particles and staircase-effect played
a key role in the degree of roughness mostly for downskin surfaces. The collected data of the surface
roughness is the first step in diagnosing the as-built manufactured component and will advise the suitable
angles to use before parts are manufactured by the Aeroswift platform.
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