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Selective Laser Melting (SLM) is an additive manufacturing technique widely used today for producing metal
components. This method enables the fabrication of geometrically complex parts while reducing costs and production
time compared to traditional manufacturing techniques. However, a notable drawback of SLM is its tendency to
produce high surface roughness and superficial defects such as balling, porosity, debris, and waviness. This study
evaluates the effects of modifying two manufacturing parameters—scanning speed and laser power—on the final
surface roughness. To achieve this, cylindrical specimens were fabricated using various combinations of these
parameters, and the resulting surface roughness metrics (Sa, Sq, Ssk, Sku, Sdr, among others) were measured
using an optical 3D surface roughness measurement instrument. A Taguchi L8 design was applied to analyse the
influence of the manufacturing parameters on the measured roughness characteristics. This study investigates the
influence of laser power and scanning speed on surfaces manufactured through Selective Laser Melting (SLM) and
their effects on the previously described roughness parameters. The authors observed that the manufacturing
parameters have varying impacts on the final surface roughness of components produced via SLM. Due to the
inherent characteristics of the process, a specific combination of parameters that reduces roughness within a
specimen's layer may increase roughness at the layer boundaries. These findings underscore the complex
relationship between manufacturing parameters and surface roughness in SLM-produced parts, emphasizing the
need for strategies, such as surface finishing post-treatments, to achieve the desired surface quality.
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1 INTRODUCTION

The Selective Laser Melting (SLM) technique is an additive manufacturing (AM) method that enables the production
of metal components directly from a 3D model [1, 2]. This technology has recently gained significant popularity in
research and industry [3]. SLM reduces production time and costs compared to traditional manufacturing methods
such as forging or machining [4, 5]. Additionally, it facilitates the fabrication of customized materials with complex
geometries, making it highly applicable in industries like orthopedic implants and material science [6, 7, 8].

Despite its numerous advantages, the SLM process faces challenges due to its inherent characteristics. These
include manufacturing defects, low dimensional accuracy, pores, cracks, and high surface roughness [9, 10, 11, 12,
13]. Such defects can lead to issues such as premature fatigue failure, increased friction, residual stresses, and the
need for extensive post-processing, ultimately raising the cost of the final product [14, 15, 16, 17].

Properly selecting and adjusting manufacturing parameters in the SLM process is critical to minimizing these defects.
Parameters such as scan speed, laser power, and laser scanning strategy are widely recognized in the literature as
critical factors in reducing surface defects [18, 19, 20].

This article presents an experimental and statistical analysis to identify the optimal manufacturing parameters for
reducing surface roughness and enhancing surface quality in cobalt-chromium alloy components produced via SLM.
Furthermore, it explores how these parameters influence various surface roughness metrics.

2 SURFACE ROUGHNESS IN PIECES MANUFACTURED BY SELECTIVE LASER MELTING

Components manufactured using the Selective Laser Melting (SLM) technique typically exhibit a final surface
roughness (Sa) ranging from 10 um to 30 um [21]. This high surface roughness poses significant challenges,
particularly for applications where the components are in contact with other surfaces. Increased roughness elevates
the friction coefficient, which can ultimately lead to premature failure of the component [22, 23].

SLM-manufactured components are widely used in producing metal orthopedic implants tailored to individual
patients. However, implants with high surface roughness values are more prone to bacteria colonization, wear debris
formation, residual stresses, cracks, and premature failure [24, 25].

The inherent characteristics of the SLM process directly impact the resulting surface roughness. As a layer-by-layer
manufacturing method, the process involves melting a material layer with a laser to achieve the desired shape. Once
the melted layer solidifies, a new layer of powder is deposited on top, and the laser melts this layer to build upon the
previous one. This sequence is repeated until the entire component is complete [4, 26].
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During the melting phase, a molten material pool forms, exhibiting temperature gradients between its surface and
the bottom, where it contacts the substrate [27]. These temperature differences affect the pool's surface tension,
causing droplets of varying sizes to detach. These droplets are then dispersed across the surface due to a
phenomenon known as the Marangoni effect [28, 29].

The Marangoni effect inherent to the SLM process contributes to forming defects such as debris and balling.
Additionally, the process can result in unmelted or over-melted sections of material, leading to cracks, pores, and
waviness. These defects, debris, and balling significantly influence the final surface roughness [30, 31].

Several studies, including those by Maleki et al., Singla et al., and Sreekanth et al., have highlighted the importance
of adjusting manufacturing parameters, such as scanning speed and laser power, to minimize defects and improve
final surface roughness in the SLM process [32, 33, 34]. For instance, Babu et al. reported that increasing laser
power can reduce balling defects, whereas Elsayed et al. observed that higher scanning speeds can decrease final
surface roughness [13, 35, 36].

3 METHODS AND MATERIALS
3.1 Materials

The Selective Laser Melting equipment used in this study was an MYSINT 100 from Sisma® [37]. The components
manufactured were cylindrical, with 10 mm x 7 mm dimensions. The material employed was cobalt-chromium alloy,
type Starbond Easy Powder 30®; this material has a grain size range of +10/-30 um and is designed explicitly for
SLM applications [37].

Table 1 presents the manufacturing parameters that remained constant throughout the experiment.
Fig 1 illustrates the dimensions, shape, and build direction of the specimens used in the experiment.

VN

Building
direction

10mm

Fig. 1. Dimensions, shape, and build direction of the specimens used in the experiment

Table 1. Manufacture parameters kept constant during the experiment

Parameter Value
Hatch laser 50 um
Layer thickness 30 um
Air speed 3m/s
Number of layers 538
Oxygen level 50 %
Material used CoCr (Starbond Easy Power 30)
Grain size +10/-30 um

Surface roughness was measured using an optical 3D measurement instrument, the Alicona Infinite Focus G5, part
of the Precision Dimensional Metrology Laboratory at the Universidad Nacional [38]. This equipment utilizes Focus-
Variation technology and is capable of measuring surface roughness in the um and sub-pm range [39]. The
measurement area was 9667.05 pm in width by 1624.33 pm in height. On average, 8,166,115 elements were
analyzed using a cut-off wavelength (Ac) of 8000.00 um, according to ISO 16610-71, linear planar, order 2.

3.2 Methods

This study employed a fractional Taguchi L8 design, which was generated using Minitab Statistical Software® with
the DOE-Taguchi tool [40].

For this experiment, two factors were varied: scanning speed and laser power. The levels for each factor were
selected based on the literature and the equipment's allowable limits.

Table 3 presents the factors, their levels, and the corresponding combination values used in this investigation.
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Table 2. Combination of parameters used. Source: Authors

Scan speed [mm/s] Laser power [W]
500 75
500 125
600 75
600 125
700 75
700 125
800 75
800 125

The roughness for each combination of manufacturing parameters was measured in two different regions of the
piece: the base of the cylinder and the side of the cylinder, with five repetitions per measurement.

The optimal set of manufacturing parameters was selected using the "smaller-the-better" criterion, with a significance
level of 95%. The roughness measurement had an uncertainty of 0.04 um.

3.3 Roughness parameters measured.

For this research were measured three different roughness parameters, each serving a specific purpose in metrology.
The surface parameters measured were as follows:

Sa- Arithmetic mean height: This parameter is widely used in surface engineering investigations. It
represents the arithmetic mean of the absolute value of the height of the sampling area. However, Sa alone
may not adequately describe the surface topography since different surfaces with varying peaks and valleys
can yield the same Sa value. To provide a more comprehensive understanding of surface smoothness, it
is recommended to report Sa alongside additional parameters such as Sz or Sdr [41, 42].

Sg-Root means square height: This parameter, among Sa, are the more frequently parameters used for
describing a surface. But as well as Sa, this parameter fails in describing the differences present between
the peaks and valleys, and between different surface textures.

Sz- Maximum surface height: This is the addition of the maximum height of the highest peak and the
deepest valley [42].

Sdr- Developed interfacial area radio: This parameter quantifies the percentage of the additional surface
area contributed by texture compared to the planar definition area. When Sdr equals zero, it indicates an
ideally flat surface [42, 43].

Ssk- Skewness: This parameter quantifies the degree of skewness in the roughness profile, describing the
surface’s asymmetry. A Ssk equal to zero describes a surface with symmetric distribution of peaks and
valleys around a median plane.

Sku- Kurtosis: this parameter describes the nature of the surface. A Sku higher than 0 indicates a surface
with mainly high peaks, and a Sku lower than 3 describes a surface with predominantly valleys.

Vmc (p,q)- Core material volume: this volume parameter indicates the texture between the peaks and the
valleys. This parameter is useful for tribological applications [42, 43].

4 RESULTS AND DISCUSSION.

Table 4 shows the roughness results obtained at the base of the cylinder. Table 5 presents the roughness results
obtained for the side of the specimens.

Table 3. Roughness values obtained from the different combinations of manufacturing parameters.

Scanning speed [m/min] | Laser power [W] | Sa [um] | Sq[um] | Sz [um] | Sku Ssk | Sdr[%] | Vmc [ml/m?]
30 75 45.6 57.4 395.5 2.9 0.36 31.0 51.2
30 125 22.8 28.6 272.2 3.3 0.08 7.5 26.3
36 75 36.9 47.5 518.1 4.3 0.6 49.1 40.3
36 125 21.8 27.3 229.2 2.9 0.23 7.5 24.9
42 75 24.4 32.3 361.9 6.2 0.83 39.0 26.4
42 125 13.6 17.4 195.8 | 3.70 | 0.08 8.7 14.9
48 75 16.0 20.7 571.6 | 10.0 | -0.03 32.6 17.8
48 125 22.2 27.9 206.6 3.2 0.33 9.8 24.8

Table 4. Roughness surface parameters obtained for the side of the specimens. Source: Authors

Scanning speed [m/min] | Laser power [W] | Sa[um] | Sq[um] | Sz [um] | Sku | Ssk | Sdr[%] | Vmc [ml/m2]

30 75 6.4 8.8 112.3 99 | 1.8 44.4 6.4
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Scanning speed [m/min] | Laser power [W] Sa[um] | Sq[um] | Sz [um] | Sku | Ssk | Sdr[%] | Vmc [mI/m2]
30 125 4.0 5.3 69.0 6.8 | 1.0 11.2 4.3
36 75 8.9 12.9 2073 | 124 | 2.2 78.5 8.4
36 125 7.8 10.3 167.3 53 | 0.7 28.8 8.5
42 75 9.8 13.1 152.2 6.0 | 1.4 85.0 9.9
42 125 10.2 135 115.9 52 | 1.2 93.3 10.3
48 75 10.1 13.6 158.9 6.3 | 1.4 87.2 10.2
48 125 9.1 11.7 116.1 39 | 05 46.3 10.14

4.1  Analysis of results

After conducting the statistical analysis, it was concluded that the manufacturing parameters have different effects
on surface roughness for the Sa and Sq variables, depending on the measured specimen area. For these parameters,
it was observed that the scanning speed affects the Sa parameter differently depending on the direction of the
manufacturing process. To reduce the surface roughness (Sa) at the base of the cylinder, the scanning speed needs
to be decreased; however, this adjustment leads to an increase in the Sa value on the top surface of the cylinder.
This same trend was also observed for the Sq parameter.

Fig 2 illustrates the behavior of surface roughness (Sa) based on different manufacturing parameters. For the base
of the specimens, increasing the scanning speed reduces surface roughness (Sa), while increasing the scanning
speed on the sides of the specimens increases the Sa value.

Regarding the effect of laser power on surface roughness, the trend is consistent across different areas of the

specimens: increasing the laser power decreases surface roughness (Sa). However, the impact of laser power on
surface roughness is greater at the base than on the sides of the specimen.

a) Main Effects Plot for Sa (base) b) Main Effects Plot for Sa (Side)
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Fig. 2. Main effects plot for Sa across different areas of the specimens: (a) base, (b) side

The same behavior was observed for the surface roughness parameters Sq and Sz, with the manufacturing
parameters exhibiting the same trends.

On the other hand, the surface roughness parameters Sku, Ssk, and Sdr did not follow the same trends concerning
the manufacturing parameters. For the Sku parameter, the manufacturing parameter with the most significant effect
was the scanning speed. In contrast, the most significant factor for the surface parameters Ssk and Sdr was the laser
power. Similarly, it was observed that the effect of scanning speed depends on the manufacturing direction and the
area being measured.

It is also worth noting that Sku and Ssk should be measured together to accurately describe the surface, as the
combination of these two parameters can effectively characterize the surface. However, the statistical analysis
revealed that no combination of parameters resulted in a symmetric distribution of peaks and valleys on the surface.
The analysis of variance conducted for Sa and Vmc did not provide significant evidence that any of the selected
manufacturing parameters had a substantial impact on the surface roughness response. In contrast, for the Sz and
Sdr parameters, only the laser power parameter significantly influenced the surface roughness. These findings
suggest that the selected manufacturing parameters have varying effects on different surface roughness parameters.

On the other hand, for the surface roughness parameter Sdr, it was found that laser power had the most significant
influence on the final surface roughness. Interestingly, each manufacturing parameter affected Sdr differently
depending on the area measured. For the base of the specimen, laser power had the most significant impact, with
an increase in laser power resulting in a flatter surface. However, on the sides of the specimens, achieving the same
effect required an increase in scanning speed.

Fig 3 shows the plot of the main effects of the manufacturing parameters on the Sdr results. Although the general
trend of each manufacturing parameter is consistent across the entire specimen, the surface roughness parameter
Sdr in each area is influenced by different manufacturing parameters.
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a) Main Effects Plot for Sdr (base) b) Main Effects Plot for Means Sdr (side)
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Fig. 3. Mean effects plot for the Sdr roughness parameter: (a) base, (b) side

Regarding the roughness parameters Svk, Spk, and Vcm, it is concluded that manufacturing parameters, laser
power, and scanning speed significantly influence these parameters. Nevertheless, the behavior of these roughness
values is similar to the roughness parameters evaluated previously. Depending on the area evaluated, the influence
of laser power and scanning speed has a different effect on the surface roughness parameters Svk, Spk, and Vcm.
In this case, it can be observed that increasing the scanning speed decreases the value of the roughness parameters
on the sides but, at the same time, increases the value of these roughness parameters on the base of the specimens.

Fig 4 shows the mean effect plot for the roughness parameter Vmc. In this plot, it can be seen that the influence of
laser power on the specimen affects the entire tested area uniformly. On the other hand, the scanning speed affects
the side and the base of the specimen in opposite ways. On the base of the specimen, increasing the scanning speed
increases the surface roughness (Vmc), while at the same time, this increase in scanning speed decreases Vmc on
the sides of the specimens.

a) Main Effects Plot for Vme (side) b)

Main Effects Plot for Vme (base)
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Fig. 4. Mean effects plot for the Sdr roughness parameter: (a) base, (b) side

Based on the results, insufficient evidence exists to conclude that the selected manufacturing parameters significantly
impact the roughness response variable. However, for the roughness parameters Sz and Sdr, it was observed that
the scanning speed does influence the surface roughness. In contrast, none of the selected parameters affected the
roughness response variable for Sa and Vmc. This model had a standard deviation of 70.3%.

4.2 Difference obtained between the side and the base of the piece.

This investigation evaluated six surface roughness parameters commonly used to describe surface topography in
terms of peaks, valleys, and smoothness, as defined by ISO 25178 [44]. These parameters were selected to identify
the most effective manufacturing parameters in reducing surface roughness.

Analyzing the results presented in Fig 2, Fig 3, Fig 4, it can be concluded that the manufacturing parameters of laser
power and scanning speed do not exert the same influence on all surface roughness parameters. Specifically, for
the base of the specimens, the scanning speed significantly affects the Sa and Vmc parameters, while it has no
significant impact on the Sz and Sdr parameters.

On the other hand, the scanning speed significantly affects all the evaluated roughness parameters for the side of
the cylinder, indicating a consistent relationship between this manufacturing parameter and surface roughness. In
contrast, the laser power does not significantly impact the parameters in this region. These findings suggest that the
choice of manufacturing parameters influences surface roughness differently depending on the specific region of the
piece being analyzed.
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Table 6 shows the nomenclature used in the comparison of means used to compare the final surface roughness
obtained on each combination of manufacturing parameters.

Fig 5 shows the plot compares treatments (combinations of parameters) with the roughness Sa obtained. It highlights
that a specific set of manufacturing parameters designed to reduce surface roughness Sa on the side of the piece
may result in higher surface roughness on the base of the piece. It can be observed that reducing the surface
roughness on the base of the pieces manufactured by SLM requires an increase in scanning speed. However,
increasing the scanning speed simultaneously increases the surface roughness on the side of the same piece and
vice versa.This phenomenon can be attributed to the inherent nature of the SLM process.

Similar findings have been reported by Elsayed et al., Rezaei et al., Yan et al., and Ozel et al. [35, 45, 46, 47] in their
respective investigations. The SLM process is influenced by various thermodynamic effects that vary depending on
the specific part of the manufactured piece. For the base of the piece, surface roughness is primarily affected by the
laser strategy, as this area is more susceptible to the markings left by the laser [48].

Additionally, it has been observed that when the laser power is high and the scanning speed is low, the surface
tension within the molten pool increases. This causes portions of the melted material to detach from the pool and
migrate to other surface areas due to the Marangoni effect, thus exacerbating the balling effect on the surface [28,
49]. The phenomenon described above also occurs on the sides of the piece: “layer border.” However, due to the
remelting process during the manufacture of each layer, the balling effect created is remelted on the surface, thereby
reducing its impact on the layer border [9, 50].

Conversely, the layer border undergoes a distinct physical effect that alters the surfaces in this area. This effect is
attributed to the reheating process that occurs during the layer-by-layer process of SLM. As a result, the grains of
the material undergo a recrystallization process, leading to the formation of grains with different sizes and shapes
depending on the laser power and scanning speed parameters. Specifically, when both the scanning speed and laser
power are high, the temperature and cooling rates increase, giving rise to a specific type of grain known as equiaxial
grains. [46, 51].

The grains formed during this process exhibit a specific orientation known as columnar dendrites, which leads to
waviness on the side of the pieces. Additionally, the Marangoni effect in this process results in the formation of small
balling on the surface, referred to as debris [28, 29].

Fig 6 shows the columnar dendrites observed in one of the specimens manufactured using SLM.

Fig 7 shows the differences in the obtained surfaces. On the base of the piece, the primary defects affecting surface
roughness are the laser track and the balling caused by the Marangoni effect. On the side, particularly at the "layer
border,” waviness caused by the columnar dendrites and a distinct surface pattern resulting from the remelting
process can be observed.

For the Selective Laser Melting technique, it is impossible to reduce surface roughness uniformly across the entire
piece in a single process. In this case, it is recommended to apply manufacturing parameters that yield a similar
roughness across the whole piece. This approach ensures a more homogeneous surface, which is beneficial for
subsequent surface finishing during post-processing [52, 53].

Table 5. Nomenclature used to compare surface roughness in Figure 3-4

Set of parameters Part of the piece Sa (um)
Al 500 mm/s - 75 W Base 45.57
A2 500 mm/s - 75 W Side 6.37
Bl 500 mm/s — 125 W Base 22.79
B2 500 mm/s — 125 W Side 4.01
C1 600 mm/s — 75 W Base 36.88
Cc2 600 mm/s — 75 W Side 8.99
D1 600 mm/s — 125 W Base 21.77
D2 600 mm/s — 125 W Side 7.87
El 700 mm/s — 75 W Base 24.38
E2 700 mm/s — 75W Side 9.82
F1 700 mm/s — 125 W Base 13.62
F2 700 mm/s — 125 W Side 10.17
Gl 800 mm/s — 75 W Base 16.03
G2 800 mm/s — 75 W Side 10.14
H1 800 mm/s — 125 W Base 22.19
H2 800 mm/s — 125 W Side 9.10
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5 CONCLUSIONS

From this investigation, it can be concluded that no single set of manufacturing parameters for the Selective Laser
Melting process can uniformly reduce the final surface roughness across all surfaces of a piece. The inherent nature
of the process causes variations in surface roughness in different parts of the same piece. Furthermore, efforts to
reduce roughness in one area using specific parameters may inadvertently increase roughness in another area,
highlighting the region-dependent influence of manufacturing parameters on surface roughness.

The study also demonstrates that different manufacturing parameters have distinct effects on the analyzed roughness
parameters. Based on these findings, it is recommended to use a set of manufacturing parameters that result in
consistent or homogeneous roughness across all piece surfaces. Following this, surface finishing post-processing
can be applied to reduce surface roughness further. This approach is essential for achieving a uniform surface
roughness after post-processing, as the initial roughness significantly influences the final roughness following surface
finishing.
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