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Effect of hatch spacing in selective laser melting process of Ti-6Al1-4V alloy on finished
surface roughness: A computational study
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Abstract
The Selective Laser Melting (SLM) process is a promising additive manufacturing technology

29 January 2024 for producing complex metal parts. However, this process has certain limitations, including lack of
Accepted date: fusion and defects, which can hinder its industrial applications. These challenges can be addressed
28 May 2024 by determining the appropriate overlap percentage parameters. This study used numerical simulation
to explore the effect of overlap percentage on multi-track melting in the SLM process for Ti-6Al-4V.

The simulation results categorize the multi-track melting morphologies into two distinct groups. The

Keywords: first group, (0% to 40% overlap), displays consistent surface roughness with an average Ra value of

Selective laser melting; 7 um. In contrast, the second group (50% to 60% overlap), shows non-uniform shapes. Specifically,
Overlap;

Multi-tracks;

the three central tracks in this group present an Ra value of approximately 4 um. However, when all
five tracks of this group are taken into account, the average Ra rises to 14 um. These differences in
CFD simulation;
Ti-6Al-4V

surface roughness can be attributed to factors like energy density and the Marangoni effect. Both
melt pool depth and shrinkage depth in the overlap area are significant as they might contribute to
the risk of the lack of fusion defects. The insights from this research hold potential in shaping scanning
pattern strategy design.

1. Introduction simulations to multi-track and multi-layer SLM processes to investigate

further process parameters, including scanning patterns and hatch

Selective Laser Melting (SLM) process is a typical layer-based ~ spacing. All these details are provided in Table 1 [13-16].

method in metal additive manufacturing (MAM). In the SLM process,
the laser source with high power is employed as a moving heat energy
for melting metal powders for fabricating metallic parts with complex
geometries [1]. The SLM process finds widespread applications in
various industries, including automotive, acrospace, and medical fields
[2]. The SLM process generally involves many physical phenomena,
particularly heat transfer, phase transformation and molten fluid flow
[3]. Nevertheless, these phenomena take place rapidly in a small area,
resulting in in-situ experiments that are difficult for observation.
Therefore, simulation modeling is an essential tool for observing and
explaining the formation of physical phenomena throughout the SLM
process and for investigating the impact of processing parameters on
forming quality [4].

Many researchers are implementing numerical simulations to study
heat transfer and fluid flow during the SLM process across a variety of
materials. They especially focus on single-track laser melting models,
considering process parameters such as laser power, scanning speed,
and layer thickness [5-12]. Additionally, some researchers extend their
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In addition, the simulation modeling procedure typically begins
with a validation process using experimental data in a single-track
melting simulation. The process parameters, including, laser power,
scanning speed, and layer thickness from the experimental data are
necessary to ensure the model's reliability [17].

The multi-track melting in each layer or multi-layer was developed
from the single-track melting with more variation of process parameters
in multi-track such as hatch spacing and scanning pattern. These
parameters have significant effects on the surface quality and defect
of porosities, which are the main disadvantages of SLM process
fabrication [18]. These defects are the main challenge to achieve the
desired surface quality and fully dense finished parts [19]. Previous
research studies have found alternative ways to improve the surface
quality with the finishing process including mechanical, chemical, and
thermal processes [20]. In addition, some researchers [18,21] used
the Ra and Rz roughness values to indicate the improvement of the
surface roughness.
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Table 1. List of single-track and multi-track SLM simulation research works.

Journal Materials Simulation type
[51, [6], [7], [8] Ti-6Al-4V single-track melting
[9], [10] SS 316L

Therefore, this research aims to investigate the influence of hatch
spacing parameter in terms of overlapping percentage which is
indicated by using Volume Energy Density (VED) to compare the
different VED values effects on the surface roughness and melt pool
formation including melt pool depth and overlap depth in multi-tracks
SLM. This study focuses on medical-grade Ti-6Al-4V titanium alloy,
utilized as metal powder and solid substrates, extensively used in medical
devices like orthopedic and dental implants due to its biomechanical
properties, such as elasticity and fatigue strength, mirroring human
bone. Ti-6Al-4V's excellent corrosion resistance ensures the long-term
durability of implants in the human body. It is also biocompatible,
lightweight, and offers superior strength-to-weight ratio compared to
other alloys. [22,23].

The findings of this study can help to enhance the surface quality
which is related to the porosity reduction and nearly full dense of
finished parts. This method can also reduce the number of finishing
processes and increase the productivity of the SLM process

2. Numerical setup

2.1 Powder bed generation model

The powder bed generation model is based on the principles of
particle movement and particle contact, using the Discrete Element
Method (DEM) to describe the movement in linear and angular
momentum [24].

The DEM is a numerical technique used to calculate the individual
particle velocities in the x, y, and z directions, encompassing both
translational and angular movement of the particles, in accordance
with Newton's second law of motion. Figure 1. illustrates the particle-
to-particle force model used in DEM simulations. The contact forces
between particles are determined by Equations (1-3).

Particle interaction force in normal direction:

Fni = —ksdln—1nn (un)n )
Particle interaction force in tangential direction:

Fti =-n¢(u'— (u"n)n) )
Total particle interaction force:

’

bo=riirs L =x-xidl=l-Ln - sw=uy-w (3

where x; is a coordinate vector of the center of individual particle-i,
1; is the particle radius, kg is spring constant, m; is particle mass,
u; is particle velocity vector, 7 is the drag coefficient.
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Figure 1. Particle-to-particle force model by DEM.
2.2 Thermo-fluid model

Many complex physics such as heat transfer, fluid dynamics and
other phenomena are involved in the SLM process. These phenomena
can be solved using the governing equations of mass, energy, and
momentum as expressed in Equations (4) shows the mass conservation
in SLM process [25,26]:

L4V (W) =0 )
where v is the velocity of liquid metal, p is the metal density,

Due to thermal expansion induced non-uniform density the density
distribution of molten pool, it is crucial to consider the buoyancy effects.
Therefore, the momentum conservation equation is as follows [26]:

—+vrv=

(uV? — VpV) + 2+ Fp ®)

where u is the viscosity, p is pressure, t is time, § is gravity. f,; is
the buoyancy force, which is calculated and described by Equation (6)
[26]:

—

Fp = g8(T - T,) (6)

where £ is the thermal expansion coefficient, T is temperature,
T is the liquidus temperature.

The surface tension in materials becomes particularly relevant
when metal powder transforms into a liquid phase on the top surface.
This change in surface tension is a consequence of heat and mass
transfer within the melting area and can result in the occurrence of
the phenomenon termed "Marangoni effects,”" which involves high
thermal gradients. The surface tension is defined by Equation (7).

(1) = 3, + L(T-T,) @)
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where y is the surface tension at temperature, y, is the surface
. . . . d
tension at melting temperature, Tp,, is melting temperature, and #

is the surface tension coefficient with temperature dependent.

The Volume of Fluid (VOF) model, a computational method, is
employed to accurately capture and represent the surface morphology
of the melt track during the SLM process [26], as demonstrated in
Equation (8):

i_f +V.(vF) =0 (8)

The energy conservation equation is represented in Equation (9)
[26]. The enthalpy (H) shown in Equation (9) is employed to account
for the phase transformation phenomenon occurring between the solid
and liquid phases during the SLM process. Additionally, the recoil
pressure is utilized to describe the fluid flow phenomena of molten
metal at the surface of the molten region when the temperature at the
molten pool surface exceeds the boiling point of material. The recoil
pressure is defined by Equation (10) [27,28].

OH | o 1
T P OMH = 2(VKVD + Qu, ©

=T,
P, = 0.54Pyexp (AH, FT:,)

(10)

Where Py is the saturation pressure, R is gas constant and 7} is
the boiling temperature of material.

2.3 Laser heat source model
In this study, the laser heat source model was characterized by

a Gaussian distribution, is employed as the moving laser heat source
above the metal particle bed. The laser heat source model is as

follows [29]:
=27 +(-v)
xp| —2 D

P aser
Ql — Miaser e
aser 7Dy

(11)

Where Quaser is the laser power, # is the absorption coefficient,
Ppraser 1s the laser power, Dy is the laser diameter, xg and yg are the
center coordinates of the laser beam.

2.4 Material properties

The material properties of Ti-6Al-4V alloys employed in the
numerical simulation are shown in Table 2 [30]. Meanwhile, the thermal-
physical properties with temperature dependent, including density,
thermal conductivity, and specific heat are obtained from [31].

2.5 Computational configuration and processing parameters
The computational model setup starts with the generation of the

powder bed using FLOW-DEM software to create a CAD file for the
metal powder. Subsequently, the CAD file representing the geometry

of metal powder is imported into the CFD simulation software FLOW-
AM to simulate various aspects, including temperature distribution,
molten pool dynamics, and multi-tracks melting. The computational
domain for both single-track and multi-track melting processes is
depicted in Figure 2. It should be noted that for an accurate representation
of heat distribution similar to actual processing conditions, the domain
would require significantly greater length and width than the current
domain size. However, due to computational resource constraints,
the model employs a simplified domain size. The element size within
the melting area is set to 5 pm, while it is 8 um for coverage over the
substrate and the surrounding atmosphere.

A metal powder, comprising particles with diameters ranging
from 12 pm to 31 pm, was deposited onto solid substrates measuring
1,200 pum x 2,000 pm x 300 pm (width % length x height). The layer
thickness of the powder bed was set at 60 pm. Within the computational
domain, specific boundary conditions were applied to control heat
transfer. These conditions included convection and radiation exclusively
on the top surface. Additionally, atmospheric pressure was set at the
upper boundary. In this work, the simulation of single-track melting
was firstly modeled to validate with experiment results from previous
work of Kouprianoff ef al. [33]. Then, simulation of multi-tracks melting
was performed to examine the influence of the overlap percentage
parameter. The number of multi-track melting for the study are five
tracks. Moreover, the volumetric energy density (VED) in the study
ranges from 22 J-mm to 50 J-mm3. The laser power and scanning
speed are set at 170 W and 1200 mm-s~!, respectively. The VED is
defined as the ratio of laser power (P) to the product of scanning
speed (v), hatch spacing (h), and layer thickness (Lt), as illustrated
in Equation (12).

Laserpower (P)

VED = (12)

Scanningspeed (v) x Layerthickness (L;) x Hatchspacing (h)

2.6 Overlap percentage, melt track depth and overlap depth

This study aims to study the influence of hatch spacing parameter
which represents an overlap percentage that effects on the quality of
melting tracks listed in Table 3, in this study defined as bi-directional
scanning pattern with different overlap percentage from 10% to 60%
respectively.

Melt Region
05 05 07 08 09 10
il

Laser heat
source

1@‘@

Figure 2. The computational domain for both single-track and multi-track
melting process.
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Table 2. Material properties used in the simulation [31].

Material properties Value

Solidus temperature 1877 K
Liquidus temperature 1933 K
Boiling temperature 3533 K

Latent heat of melting 3.5x 10° J-kg™!

Latent heat of evaporation

7.34 x 10° J-kg™!

Table 3. Process parameters for the present study.

Overlap percentage (%) Hatch spacing (um) VED (J-mm™)
10 106 24
20 94 27
30 83 30
40 71 35
50 59 42
60 47 53

The schematic of the melt pool with the parameters in (a) single
— track melting and (b) multi — tracks melting in cross section view
was illustrated in Figure 3.

overlap (%)= (“=" ) 100 (13)

where w is the melt pool width, d is the melt pool depth which
is measured from the surface substrate to the bottom of melt pool,
doveriap 1s the melt pool depth in overlap zone, /4 is the hatch spacing
parameter, Sh is the shrinkage distance and Shoveriap is the shrinkage
distance in overlap zone which are measured from the height of the
layer thickness of 60 um as the reference. The overlap percentage
was calculated by using this equation with the parameters of width,
w and hatch spacing, A.

Powder bed surface

overlap

(@) ()

Figure 3. schematic of melt pool in cross section view with parameters (a)
single — track melting and (b) multi — track melting.
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Figure 4. Mesh convergence analysis.
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2.7 Mesh convergence analysis

Mesh convergence analysis stands as a crucial step in ensuring
the model's reliability, and it was undertaken to determine the optimal
mesh size for this study. Mesh sizes ranging from 10, 8, 6, 5, 4.5, to
4 um were employed, corresponding to total mesh counts of 0.15, 0.29,
0.67, 1.16, 1.61 and 2.28 million elements, respectively. The mesh
convergence analysis centered on the melt pool width in single-track
melting were illustrated in Figure 4. The results revealed that the melt
pool width converged as the mesh size reduced to 5 um. However,
further reduction in mesh size below 5 um resulted in a significant
increase in computational time. Taking both mesh convergence and
computational efficiency into account, a mesh size of 5 pum was chosen
for the numerical simulations in this study.

3. Results and discussion
3.1 Model validation in single — track melting

In this study, the model validation was conducted by comparing
the numerical and experimental results of melt pool shape from
Kouprianoff et al. [33]. The L-PBF machine of EOSINT M280,
with a building platform of 250 mm x 250 mm, was used to build
the experimental parts. Figure 5(a) shows the experiment results of
melt pool shape with the scale bar. Figure 5(b) displays the melt pool
shape with the color bar of the melt region from unmelt region in blue
to melted region in red.

The numerical results were averaged from three different cross-
sectional views at 300 pm, 500 pm, and 700 pm of the melt track
length along the x—axis as illustrated in Figure 2. The average numerical
results of melt pool width and depth equal to 118 um and 35.4 pm,
whereas the experiment results of melt pool width and depth around
115 um and 35 pm respectively. The comparison of width and depth
between the numerical results and experimental results demonstrated
that the simulation model yields minor differences of less than 3%
when compared with the experimental results. These findings indicated
the reliability of the simulation model and its applicability to this study.



Effect of hatch spacing in selective laser melting process of Ti-6A1-4V alloy on finished surface roughness: A computational study 5

Figure S. Comparing melt pool shape in cross-sectional view between (a)
experimental results from Kouprianoffet al. [33], and (b) numerical results.

3.2 Temperature distribution and melt pool formation

Figure 6 displays the simulation results for temperature distribution
on the metal powder and melt pool formation, presenting top view
for a 10% overlap percentage. The temperature distribution of the
powder bed is represented by a color contour. The results reveal that
at 830 us, Figure 6(a) shows the melting temperature of the melt track
continuing above the liquidus temperature at the end of the first track.
Figure 6(b) illustrates the scenario at time 1660 us, where the laser
continues moving from the first to the second melting track, following
a bi-directional scanning pattern and overlapping with some area of
the first track. By 2490 ps, as seen in Figure 6(c), the solidification
time of the melting track is longer than the previous track, resulting
in a longer temperature contour above liquidus temperature on melting
track due to the heat accumulation in the powder bed. The laser source
continues moving, reaching the end of the fourth and fifth tracks at
times 3320 us and 4150 ps, respectively, as depicted in Figures 6(d-¢).
The simulation concludes at 5000 ps, with five melting tracks undergoing
cooling until they reach a temperature below the solidus, resulting in
the formation of solidified tracks as shown in Figure 6(f).

Moreover, during the solidification process, the first track is
surrounded by metal powders on both sides, leading to a symmetric
temperature distribution, as shown in Figure 6(a). In contrast, the
temperature distribution in the subsequent second, third, fourth, and
fifth tracks is asymmetric. This asymmetry arises because, during
solidification, one side is bordered by a previously solidified track,
and the other side by metal powders, which possess lower thermal
conductivity than the solid layer (refer to Figures 6(b-d), and Figure(f)).
Additionally, the formation of evaporation recoil pressure on the molten
pool's surface—when the molten metal exceeds its boiling point—
causes the surface to depress under laser beam irradiation. As depicted
in Figure 6(a), this results in a continuous and smooth morphology
for the first solidified track. After completing the first track, the laser
heat source moves in the opposite direction to form the second track.
During the scanning of the second track, the molten metal from this
track can merge with that of the first, leading to an expansion of
the molten pool in the second track, as observed in Figure 6(b). This
expansion is attributed to the reversal of the molten metal flow from
the first track, driven by the intense centrifugal motion induced by
the Marangoni effect in the second track. The flow dynamics within
the molten pool for the third, fourth, and fifth tracks demonstrate
similar characteristics, as illustrated in Figures 6(c), (d), and (f).

Additionally, the multi-track melting simulation model was
evaluated by matching the outcomes from the current simulation
upon the completion of the second track with those from Chen et al.
[34], which encompass both numerical and experimental findings.

Chen et al. utilized parameters such as a laser power of 250 W,
scanning speed of 600 mm-s™', hatch spacing of 60 pm, and layer
thickness of 50 pm. In contrast, this study used a laser power of 170 W,
scanning speed of 1200 mm-s™!, hatch spacing of 59 um, and layer
thickness of 30 um. The melt track widths were measured at 166 um
in Chen ef al.'s study and 179 um in the current analysis. The wider
melt track width in this study can be attributed to the bi-directional
scanning pattern, which maintains a continuous moving heat source
for the next track. Conversely, Chen et al. employed a unidirectional
pattern, which involves pausing the moving heat source while
transitioning to the next track.

The temperature tracking results, depicted in Figure 7, were
collected using a temperature probe positioned at the center of the
third melting track. Figure 7 illustrates these results, with different
colored lines on the graph representing various case studies ranging
from 10 to 60 percent overlap. At lower overlap percentages, the
temperature exceeds the liquidus line only when the laser passes over
the probe in the third track. However, at higher overlaps of 50 percent
or more, the temperature consistently remains above the liquidus line.
This behavior suggests that the metal powder starts melting as the
laser moves through the second track, undergoes remelting within
the third track, and experiences further remelting after the laser traverses
the fourth track. These observed phenomena can significantly influence
the evolution of the fabricated parts.

15t track 4™ track

830 us 3320 ps
2" track 5% track
1660 ps 4150 ps
3% track cooling
2490 ps 5000 ps

Temperature

t 473 1000 1500 2000
A X —’ 4 _l

Figure 6. The simulation results of temperature distribution on the metal
powder and melt pool formation from a top view in case of 10 percent overlap.

6000

5000 -

) =

=} =)

=3 =3

S} S}
L

liquidus temperature

2000 4=ccccemom====

Temperature (K)

1000 A

0 1000 2000 3000 4000 5000

Time (us)
—10% —20% —30% 40% 50% —60%

Figure 7. Temperature profile of the probe at middle of third track on different
case studies.
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3.3 Influence of overlap percentage effects on surface
roughness

Figure 8 illustrates the simulation results for the surface morphology
of multiple melting tracks and the formation of the melt pool, as viewed
from the top. According to the simulation results, the surface morphology
of the multi-track melting can be categorized into two groups. The first
group, with overlap percentages ranging from 0% to 40%, exhibits
uniform melt pool surface morphologies in terms of shape and melt
track height across each track. Conversely, the second group, with overlap
percentages exceeding 50%, displays notable differences in surface
morphology, with non-uniform melt pool shapes and heights, especially
in the case of 60% overlap. These phenomena are influenced by the
effects of energy density and the Marangoni effect, induced by surface
tension gradients.

Moreover, the surface morphology of the melting track, under
varying overlap percentages, can impact the surface roughness, denoted
as Ra. The Ra value of the first group, measured across five melting
tracks, is around 7 pm, with the VED ranging from 24 J-mm™ to
35 J-mm. Notably, the three middle melting tracks within this group
displayed a similar average Ra value of approximately 6 pm. In contrast,
the second group, which consists of cases with overlap percentages
of 50% and 60%, exhibited notably higher Ra values, averaging
around 14 pm with the VED ranging from 42 J-mm to 53 J-mm™.
Upon closer examination of three melting tracks in this group,
excluding the initial and final tracks, a significantly lower average
Ra value of approximately 4 pm was observed. It is crucial to note
that cases in the first group with a 10% overlap percentage exhibited
certain issues, such as un-melted powder and spatter, making them
more susceptible to defects. The surface roughness, Ra, for each case
is listed in Table 4.

3.4 Influence of overlap percentage effects on melt pool
depth and overlap depth

The measurements presented in Figure 3 were taken from the
surface of the substrates and serve as a reference point to determine
both the depth and shrinkage of the melt pool on each track. The term
'melt pool depth' is used to describe this depth measurement, while
the measurement between tracks is termed the 'melt pool overlap depth.'
Similarly, 'shrinkage depth' refers to the shrinkage measurement, and
the measurement between tracks is called the ‘shrinkage overlap depth.'
The results for melt pool depth, overlap depth, shrinkage depth, and
shrinkage overlap depth, visualized in Figure 8 from a cross-section
view, are plotted as shown in Figure 9 and Figure 10.

Table 4. Surface roughness, R, at half-track length.

In the first three cases, the depths of the five melting tracks have
overlapping percentages ranging from 10% to 30%, resulting in minor
variations in depth. However, for cases with overlap percentages
ranging from 40% to 60%, especially in the last track, a significant
increase in melt track depth is observed. This phenomenon can be
attributed to the adoption of higher overlap percentages, which leads to
increased heat accumulation within the melt tracks during the process,
as illustrated in Figure 9(a). Furthermore, as the overlap percentage
escalates from 10% in the initial case to 60% in subsequent cases,
a gradual and linear increase in the overlap depth is noticeable. These
trends are clearly depicted in the results shown in Figure 9(b).

In Figure 10(a), it is observed that for the first track, the shrinkage depth
increases with the rise in overlap. From the second to the fourth track, the
shrinkage depth experiences a more significant increase, particularly
when the overlap reaches 50% and 60%. However, for the fifth track, the
shrinkage depth decreases as the overlap increases. In Figure 10(b), a slight
increase in shrinkage overlap depth is noted with the rise in overlap.
overlap 10%

overlap 20% overlap 30%

Melt Region

xL»y (a2)

overlap 40%

300 pm
—

300 pm “ “ “
—

Figure 8. Examples of surface morphology in top view and melt track formation
in cross-section view at finish time.

Case overlap (%) R, of 5 tracks (um) R, of 3 tracks (um)
0 6.5 6.6
10 7.7 6.7
20 6.6 6.7
30 6.1 6.3
40 6.5 6.1
50 14.3 4.5
60 14.4 34
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Melt pool depth Melt pool overlap depth
(ﬂ) Case overlap (b) Case overlap
10% 20% 30% 40% 50% 60% 10% 20% 30% 40% 50% 60%

WTrackl STrack2 #®Track3 Track4 BTrack5 HPoint A = Point B = Point C Point D

© Pointa Pointb  Pointc  Pointd

AIALIALA

Trackl  ppack2 Track3 Track4 Track 5

Figure 9. (a) Melt pool depth, (b) Melt pool overlap depth, (c) reference points for melt pool overlap depth (Point A-D) and shrinkage overlap depth (Point
a-d) of six simulation cases.
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Figure 10. (a) Shrinkage depth, and (b) Shrinkage overlap depth of six simulation cases.

Powder bed surface Powder bed surface
(a 1) Shrinkage overlap depth (bl) Shrinkage overlap depth
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Figure 11. Comparison between: (al) schematic and data of shrinkage overlap depth and melt pool depth (a2), (b1) schematic and data shrinkage overlap
depth and melt pool overlap depth (b2).
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While considering the multi-layer SLM process, the depth, and
the shrinkage of the melt track of each layer could affect the condition
of the built part. In Figure 11(a), the melt pool depths are nearly close
to the shrinkage overlap depths in all cases. However, in Figure 11(b),
the melt pool overlap depths are less than the shrinkage overlap depths
in all cases, especially in the smaller overlap cases, which could create
a potential for the lack of fusion defects in the multi-layer melting part.
These results could provide supporting information for determining
the sufficient energy density and designing scanning strategies to
prevent defects during the SLM process.

4. Conclusions

In this study, the impact of overlap percentage on multi-track
melting in the Selective Laser Melting (SLM) process for Ti-6A1-4V
was investigated through numerical simulations. The results from
this study can be contributed as follows:

1. The numerical results closely matched experimental data from
Kouprianoff et al. on single-track melt pool shape, showing less than
3% differences in width and depth. The model was also applied to
this multi-track melting studies.

2. Temperature monitoring with a probe at the third track's center
highlighted that overlap percentages crucially influence thermal
dynamics, showcasing how previous tracks affect subsequent ones.
Specifically, with overlaps of 50% or more, temperatures surpass the
liquidus point even before the laser scans the next track, indicating
early melting of the forthcoming track due to heat buildup from
adjacent tracks.

3. The overlap percentage critically influences melt track surface
roughness. Lower overlaps lead to defects from un-melted particles,
whereas higher overlaps improve roughness but can result in irregular
melt pool shapes. This underscores the need for careful optimization
of overlap to achieve both desired surface quality and consistency.

4. Overlaps significantly influence melt pool depth, overlap depth,
and shrinkage depth. Lower overlaps result in minor variations in
depth values. Conversely, higher overlaps lead to a significant increase
in depth due to increased heat accumulation and recoil pressure.
Furthermore, the values of overlap and shrinkage depth gradually
increase within multi-track melting. These results also affect the
quality of the produced parts, as they may contribute to the risk of lack
of fusion defects.

The findings of this study provide guidance for fine-tuning SLM
process parameters, including refining scanning pattern strategies,
and determining the appropriate energy density, to improve the surface
roughness, quality and consistency of 3D-printed parts.
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