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ABSTRACT

Selective laser melting (SLM) presents significant assets for both industrial and
academic fields. However, the process parameters selection is yet challenging. It
presents tens of parameters to be carefully selected, including laser power and
speed, bed thickness, hatching space, and other parameters, for the manufacturing
of parts with high density. This paper provides a deeper understanding of the
processing parameters’ effect on the evolution of the product’s density. A series of
numerical simulations of porosity is achieved on Ansys Additive© software and it
shows the evolution of the relative density at different laser powers and scan speeds.
Numerical results show that low laser power and accelerated scan lead to the
generation of a small melt pool, and consequently low density. In the opposite case,
at high power and slow scan, the created melt pool is wide enough to avoid porosity
and generate fully dense products. The product density is proportionally related to
the melt pool size. Hence, it could be estimated through the correlation with the melt
pool width, which enables the perfect selection of the hatching space for the selected
set of parameters.
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processing parameters, numerical analysis.

Selective Laser Melting, porosity,

1. INTRODUCTION

Selective laser melting (SLM) is a powder-based
additive manufacturing (AM) process allowing the 3D
printing of metals. This innovative technology
produces metallic products, layer by layer, in a single
step and with no specific tooling [10]. In addition to its
potential in the freedom of design, SLM produces parts
with high surface finish and improved mechanical
properties [5]. Furthermore, through the adjustment of
the processing parameters, the product density could be
controlled. In fact, some applications in the medical
and dental fields require a porous structure to simulate
human bone behaviour [14]. Nevertheless, other
applications, specifically with mechanical performance,
require fully dense structures [15]. Herzog et al. [8]
announced that enhancing the pat density is considered
the main objective in AM process optimization. The
authors stated in their review that the part density
should be higher than 99.5% in order to be classified as
dense material. Vast literature revealed the relationship

between product density and its mechanical properties.
Baufeld et al. stated the value of 6% for porosity to
avoid the gas caption. Otherwise, exceeding this limit,
the material’s mechanical properties remarkably
decrease [2]. Fera et al. showed that the mechanical
properties of materials processed by SLM are
comparable to those traditionally produced. An
exception of the materials presenting high porosity was
highlighted [4]. Maskery et al. explained the
deterioration of the mechanical properties by the fact
that residual porosity in the product facilitates the
propagation of cracks that influences its mechanical
characteristics [12].

These findings point to the importance of the
production of parts with high density for the
enhancement of their mechanical properties. Thus,
SLM processing parameters have to be carefully
selected, which is considered to be a challenging task.
In fact, SLM is considered a complex process that
simultaneously clusters several complex phenomena at
a multiscale. Therefore, it is not evident to control the
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quality of the parts during the process [7]. Furthermore,
this technology presents multiple parameters to be
perfectly selected, which hardens the responsibility of
decision-making during the pre-processing stage. SLM
process parameters are related to the laser source, such
as the laser power and beam width, to the material, like
the powder size and morphology, to the bed thickness,
or they may be related to the scanning strategy like the
scan speed and hatching space [6]. Each parameter
from those previously listed influences the product
porosity that needs to be investigated. In most cases, as
the printing machine already has fixed parameters
(beam width, power, and speed) and the powder-related
parameters are dictated by the powder supplier, the
powder thickness and hatching space remain to be
correctly chosen. As for the powder layer, it is selected
in most cases considering the geometrical tolerances
and the printing time. On the other hand, the hatching
space is preferred in order to prevent unmelted regions
regarding the melt pool geometry.

The effect of the processing parameters, mainly
the laser power, scan speed, layer thickness, and
hatching space, on the density of the products
processed by SLM was briefly reported in the
literature. Generally, small intervals of these
parameters were discussed, therefore their effects on
the resulting density were not evident [11, 13].
Furthermore, the correlation between the melt pool
dimensions and the product density was not clearly and
explicitly described.

In this paper, the porosity and melt pool
dimensions of the 316L SS are predicted through a
series of numerical investigations developed on Ansys
Additive © software. The effect of the scan speed, laser
power and hatching space on the product density is
discussed. In this study, extended intervals of the laser
power and the scanning speeds are considered. The
relationship between the melt pool dimensions and the
relative density is highlighted, allowing the possibility
to predict the density through the depth and width of
the melt pool that resulted from a single track.
Consequently, a conspicuous method for the processing
parameters selection is developed. In section 2 of the
paper, a description of the numerical model is detailed
and the used equations, as well as the boundary
conditions and the model inputs and outputs, are listed.
In section 3, the relationship between the melt pool
dimensions and the resulting density is discussed. The
numerical results related to the melt pool depth and
width as well as the product density, are presented in
section 4. In this section, the effect of the laser power
and the scan speed of the melt pool dimensions and
consequently of the relative density, as well as the
effect of the hatching space on the density, are
discussed. The main results are concluded in section 5.

2. NUMERICAL MODELLING

The numerical simulations are developed through a
new module from Ansys© software, the so-called

Ansys Additive©. Porosity analysis is carried out
through a thermal model where the heat transfer
equation described by equation 1 [9] is used.

pC (5+ WITLIT) + {137 {a} = § ()

Where p, C, T, {q}, G, {L} and {v} represent the
material density, the specific heat, the temperature, the
heat flux vector, the heat generation rate per unit
volume, an operator vector and the velocity vector for
mass transport of heat. For this thermal model, the heat
source is considered a simple volumetric Gaussian laser
model. The model geometry is cubic with a volume of
(3 mm)3. Thermal boundary conditions of the model
are summarized in table 1.

Table 1. Thermal boundary conditions (BC)

Position Boundary conditions
Upper face Uniform convection
Base plate Fixed temperature

Lateral faces Adiabatic BC

In this study, a particular focus on stainless steel
is established for its remarkable properties and its
demand in engineering applications. Furthermore, this
material is the only available steel in the software
database. The wused material properties are
temperature dependent for the solid state as well as
for the liquid state.

The powder layer is modelled as a homogenous
solid with a conversion coefficient between the solid
and powder parameters. The model is meshed as a
Cartesian grid with a constant size of 15 um in the
horizontal directions. In the vertical direction, which
is the building direction, the mesh is dynamic and
depends on the layer thickness value.

The model’s inputs, illustrated in figure 1 and
summarized in table 2, are divided into fixed
parameters and variable parameters. The fixed
parameters are selected like the values mostly
reported by literature and according to the software
recommendations. As for the variable parameters,
their selection is achieved to englobe a large number
of combinations. Three values of laser power are
selected to perform simulations on relatively low,
medium, and high powers. The scan speed is selected
to predict the evolution of both the melt pool and
density, as the scan accelerates. Therefore, a series of
scan speeds are chosen, starting from the slow scan
(400 mm/s) to the accelerated scan (2000 mm/s) with
steps of 100 mm/s.

3. RELATIONSHIP BETWEEN DENSITY
AND MELT POOL SIZE

During SLM, a laser beam selectively fuses powder to
the melting temperature. As the powder melts, a melt
pool is formed and moved through the scanning line.

102

VOLUME 33 (YEAR XXXIII) 2022



ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI

FASCICLE XII

Machine parameters for a typical rotating stripe scan pattern

Baseplate

Hatch Spacing

Starting Layer Angle The next layer will have
the scan lines rotated by

Layer Rotation Angle

Fig. 1. Schematic illustration of the model inputs [1]

Table 2. Numerical model inputs

Model inputs Values
Sample dimensions (mm) 3x3x3
& | Base plate temperature (°C) 80
1'52 E Laser beam diameter (um) 100
i © | Slicing stripe width (mm) 10
8 | Starting layer angle (°) 57
Layer rotation angle (°) 67
Layer thickness (um) 70
o £ Hatching space (um) 100, 150
g g Laser power (W) 100, 200, 300
T S Scan speed (mm/s) 400-2000 with
> 8 steps of 100
mm/s

This line is called a single bead or also a weld.
The laser scans the proposed surface, according to the
scanning strategy, line by line, and is separated by a
small distance, the so-called “hatching space”. When
the totality of the surface is scanned, the platform
moves down by the value of the layer thickness, a
new layer of powder is spread, and the scan of the
new layer begins.

As an undesirable consequence of both
horizontal (in the powder bed plane) and vertical (in
the building direction) scans, unmelted regions could
occur, as illustrated in figure 2.

The weld’s width will certainly affect the choice
of the hatching space. In fact, as the hatching space
(H) is higher than the melt pool width (W), an
unmelted powder localized between two consecutive
lines remains. The overlap distance (H) is directly
proportional to the melt pool width (W) (equation 2).

Overlap =x X W 2
Where x is the proportionality factor (0 < x < 1).

The relationship between the selected hatching space
and the melt pool depth is described by equation (3):

H=W —Overlap =W X (1 —x) 3)

Unmelted

/ powder

Layer +——  Melt pool
thickness (T)

Building R d
direction ' [Ia[chjné
space (H)

Fig. 2. Schematic illustration of the unmelted powder
between the scanned lines

In the opposite case, as the hatching space is
lower than the melt pool width, the consecutive welds
are overlapped, and no porosity is generated in the
horizontal direction. Figure 3 presents a schematic
configuration of the two cases where the hatching
space is higher and lower than the weld width. This
figure illustrates the two possible choices of the
hatching space in relationship to the melt pool width.
In the first configuration (Fig. 3a), the hatching space
(H1) is larger than the melt pool width. In this case,
the created weld is too far from the consecutive one
and does not fuse with it. Consequently, metallic
powder remains between these two tracks. In the
opposite configuration (Fig. 3b), the hatching space
(H2) is lower than the melt pool depth. In this case,
the consecutive tracks fuse together within a so-called
distance overlap. Consequently, no powder remains
between the consecutive welds. In the vertical
direction, the melt pool (MP) depth should exceed 1.5
times the layer thickness in order to avoid the Lack of
Fusion (LOF) between two consecutive layers.
Otherwise, unmelted powder remains between layers.
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Scan direction
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Fig. 3. Schematic illustration of the relationship
between the hatching space and the MP width

4. RESULTS AND DISCUSSION
4.1, Melt Pool Size

The achieved simulations allowed the traceability of
the melt pool size (depth and width) as the scan speed
increased at different values of laser power. Figures 4
(a) and (b) present the melt pool depth and width for
the concerned combinations.

350
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Fig. 4. Melt pool evolution at various scan speeds for
different values of laser power: a) depth; b) width

Obviously, for all values of the laser power,
both melt pool depth and width decrease as the scan
accelerates. Such observation is consistent and in
accordance with the physical phenomena. In fact, at
an accelerated scan, there is not enough time to form a
wide melt pool and to penetrate in depth as well. On
the contrary, at a low scan speed, a deeper and wider
melt pool is formed. The effect of the laser power is
observed mainly for low values of the scan speed. For
low powers, the melt pool depth is about 50 pum,
which is too small (smaller than the layer thickness of

70 um) to fuse with the substrate. As the laser power
increases, the melt pool depth increases, which is
anticipated. In fact, more energy is absorbed by the
metallic powder when the laser power is higher.
Consequently, a deeper melt pool is generated. The
highest power (400 W) generates a deep melt pool of
about 350 pm, which equals 5 times the layer
thickness. Despite the fact that this melt pool ensures
the prevention of the LOF, it could generate another
type of defect.

As for the melt pool width, the same evolution is
observed, except for its moderated increase as the
laser power increases.

4.2. Relative Density

The relative density that results from using the
selected combinations of laser power, scan speed and
a fixed hatching space of 100 um, is presented in
figure 5.

—#%—P 100 W
—8—P200W
—0—P300W
—0—P400W

Relative density (%)

300 800 1300 1800
Scan speed (mm/s)

Fig. 5. Relative density for several combinations of
laser power and scan speed for a constant hatching
space (100 pum)

At a constant hatching space (100 pm), the
relative density decreases as the scan speed increases
for all series of laser powers. For the lowest power
(100 W), the maximum density is about 85%, which
is too low to be accepted. As the scan accelerates, the
relative density sharply decreases, and then it almost
remains constant beginning from 800 mm/s, which is
similar to the melt pool width evolution for the same
power value. This low density is attributed to the
small melt pool generated at this power.

As the laser power increases, the relative density
increases and reaches the full density for high powers
and low scan speeds.

This finding favourably correlates with the melt
pool size evolution. Hence, for high powers and low
scan speeds, a large and deep melt pool is created
which prevents both horizontal and vertical lack of
fusion. In this case, no unmelted powder remains
between welds, and no porosity is generated. On the
other hand, when the scan speed increases the melt
pool size decreases, and porosity is formed. The low
density is conceivably generated due to a lack of
fusion between two consecutive horizontal welds. In
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fact, this defect appears if the hatching space is too
large to create a sufficient overlap between two
consecutive welds, as illustrated in figure 3 (a). In this
case, an overlapping distance of 37.5% of the melt
pool (x=0.375) is proposed. Thus, as the hatching
space is fixed at 100 um, the laser power-scan speed
combination that generates a melt pool under 160 pm
will present porosity (relative density < 100%).

In order to study the effect of the hatching space
on the relative density, two values are investigated
(100 pm and 150 pum). The evolution of the relative
density as the scan speed accelerates at a constant
power of 300 W (arbitrarily chosen) is presented in
figure 6. Results show that the relative density
generated in low scan speed is 100%, representing full
density, in both cases. However, the density generated
by higher hatching space drops to lower values of
scan speed. This result is already anticipated by the
relationship between the hatching space and the melt
pool width. In fact, when the hatching space equals
100 um, fully dense products are generated as the
melt pool width is over 160 um. As for the new value
of hatching space (150 um), porosity begins to appear
at higher values of the melt pool width. Below 100%,
the relative density decreases, as the scan accelerates
for both cases. It can be remarked that higher hatching
space leads to lower density.
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Since the relative density depends on laser power,
scan speed, thickness, and hatching space, this can be
expressed by the volumetric energy density. This
energy is the ratio of the laser power to the product of
the speed, thickness, and hatching space [16], as
described in equation 4.

VED = —— (4)
S.T.H
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Fig. 6. Relative density evolution for different scan
speeds at a constant laser power of 300 W and
different values of hatching space
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Fig. 7. Relative density as function of the volumetric energy density for a constant hatching space
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Fig. 8. Part density obtained at different energy densities showing the relationship
between the resulting porosity and the input energy density [3]
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Figure 7 illustrates the evolution of the relative
density in terms of volumetric energy density (VED).
Results show that the energy density proportionally
increases with the volumetric energy density. Low
energy density displays low laser power and high scan
speed, presenting the combinations that generate a
small melt pool. On the other hand, high energy
density is generated with high laser power and slow
scan speed, which are favourable conditions for the
generation of large melt pools. This proves the
previously mentioned relationship between the melt
pool size and the volumetric energy density.

Relatively high densities (> 90%) are highlighted
in the red dashed zone. This zoomed part of the curve
depicts that the energy values beyond 35 J/mm? are
the most effective (generating porosity higher than
95%). These results correlate well with experimental
findings and are presented in figure 8. Chen et al. also
proposed that the effective energy zone (E2O) covers
values ranging between 35 and 70 J/mm? [3].

5. CONCLUSIONS

Selective laser melting (SLM) is known for its

potential in producing superior quality parts.

However, the product’s mechanical properties are

remarkably affected by the residual porosity. Thus,

the printed parts should have a density of over 99.5%.

Nevertheless, in order to control the residual density,

the effect of the processing parameters has to be

deeply understood.

In this study, an investigation of the effect of the
laser power and the scan speed on the melt pool size,
accordingly to the resulting density, has been made.
Hence, the relationship between the relative density
and the melt pool depth and width was established.
Furthermore, full density could be predicted through
both melt pool width and hatching space, through a
proportionality equation. Numerical simulations
performed by Ansys Additive © software were
carried out. In light of this study, the following
conclusions can be drawn:

o as the laser power increases, the melt pool depth and
width increase too due to the rising input energy
absorbed by the metallic powder.

e as the laser scan accelerates, the time required for
the absorption of the input energy by the powder bed
decreases, leading to a decrease in the melt pool
dimensions.

o the same evolution of the melt pool size is observed
for the product’s relative density.

e at a slow scan, the density reached the maximum
value of 100% (fully dense product) and then
decreased as the scan speed increased and as the
laser power decreased.

¢ the product density could be estimated from the melt
pool width through the selected hatching space.

On the other hand, high laser power and low scan
speed lead to a large melt pool and a high density. As
for the hatching space, it has an inversely proportional

relation with the relative density. To combine all these
processing parameters (laser power, scan speed,
hatching space and layer thickness), the evolution of
the relative density in terms of volumetric energy
density was investigated. An effective zone for the
generation of fully dense material is highlighted.
Results were in accordance with the experimental
results reported by the literature.
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