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Abstract: Direct-Powder Bed Selective Laser Processing (D-PBSLP) is considered a promising tech-
nique for the Additive Manufacturing (AM) of Silicon Carbide (SiC). For the successful D-PBSLP
of SiC, it is necessary to understand the effects of process parameters. The process parameters are
the laser power, scanning speed, hatching distance, and scanning strategies. This study investigates
the effect of scanning strategies on the D-PBSLP of SiC and ensures that other process parameters
are appropriately selected to achieve this. A numerical model was developed to obtain the proper
process parameters for the investigation of scanning strategies in this work. Different scanning
strategies available in the commercial Phoenix 3D printer manufactured by 3D Systems, such as
concentric in–out, linear, inclined zigzag, and hexagonal, have been investigated. It was concluded
that the zigzag strategy is the best scanning strategy, as it was seen that SiC samples could be printed
at a high relative density of above 80% without a characteristic pattern on the layer’s top surface.
SiC samples were successfully printed using different laser powers and scanning speeds obtained
from the numerical model and zigzag strategy. Additionally, complex geometry in the form of triple
periodic minimum surface (gyroid) was also successfully printed.

Keywords: selective laser processing; SiC; simulation; scanning strategy

1. Introduction

Silicon carbide (SiC) is considered one of the most important ceramic materials due
to its superior properties, advantages, and wide application in many fields [1,2]. SiC ad-
vantages are wear resistance, good electrical conductivity, high heat transfer capacity, and
thermal stability in harsh environments [3]. Therefore, SiC has been used to improve the
reliability and the efficiency of many devices used in aircraft, electric cars, and telecommu-
nications [4]. However, the unique properties of SiC make it is difficult to manufacture it
without obstacles. Generally, the manufacturing of SiC can be performed using traditional
techniques used with most ceramic materials, such as casting, extrusion, pressing, and
injection molding [5–8]. The use of these techniques must be followed with post-processing
operations to reach the final product, and the complexity is limited.

Additive Manufacturing (AM) can offer highly complex parts with minor post-processing
operations [9–11]. AM is a developing technology that can produce parts from 3D CAD
models, as defined by ISO/ASTM 52900 [12]. There are seven techniques of AM, namely,
extrusion, binder jetting, material jetting, vat photopolymerization, direct energy deposition,
sheet lamination, and powder bed selective laser processing (PBSLP). AM of SiC, using
techniques such as binder jetting, extrusion, and material jetting, requires mixing another
binder material with SiC powder, which needs to be removed using post-processing operations
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that cause shrinkage. These operations also affect the material properties and increase the
production and finishing costs [13,14].

PBSLP, as shown in Figure 1, is a promising manufacturing technique for the AM of
SiC where it can, to some extent, overcome the previously described problems. There are
two types of PBSLP: direct and in-direct. Direct-PBSLP (D-PBSLP) means that a laser source
selectively sinters a pure material, while indirect-PBSLP means that another material is
mixed with the powder acting as a binder and then removed by post-processing operations.

Figure 1. Schematic representation of the PBSLP process.

The problem with SiC is that it does not have a melting phase, but it starts to de-
compose at approximately 2800 ◦C [15]. For this reason, many authors have focused on
indirect-PBSLP [16–23]. Meyers et al. [24] studied the selective laser sintering of reaction-
bonded SiC. They mixed SiC powder with silicon (Si) powder and then sintered the mixture
using a laser source. The laser source decomposed SiC powder into silicon and carbon.
The carbon reacted with the primary silicon powder (liquid) and formed SiC particles.
Liu et al. [25] studied the improvement of SiC ceramic parts by the combination of three
different processes: Laser Sintering (LS), Cold Isostatic Pressing (CIP), and Reaction Sinter-
ing (RS). They could increase the density by 2.1%. Song et al. [26] optimized the structure
of a SiC/Si composite ceramic prepared by SLS. Streek et al. [27] studied the laser micro
sintering of Si-SiC powder with different laser powers and focal positions. They were
able to produce SiC parts with the remaining Si inside, which is considered a drawback.
Löschau et al. [28] printed Si/SiC powder using the PBSLP techniques. They used different
layer thickness, laser power, and scanning speed and printed different shapes of SiC parts.

From the presented literature review, it can be noted that the research rate for PBSLP
of SiC is considered low, and almost all the previous studies focused on the indirect PBSLP
of SiC where they used a binder material to print SiC. The process parameters (laser power,
scanning speed, hatching distance, layer thickness, and scanning strategies) are a key
factor for the D-PBSLP of SiC to be successful. Of all the process parameters, the scanning
strategy has an essential influence on the successful PBSLP, as reported in many previous
studies related to metallic materials [29–31], and its effects have not been reported yet
for the PBSLP of SiC. Therefore, this study focuses on investigating the effect of scanning
strategies on the D-PBSLP of SiC. Additionally, the other process parameters (laser power,
sintering speed, and hatching distance) used in scanning strategy investigation should be
selected appropriately.
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The study starts with developing a numerical model for the proper selection of the pro-
cess parameters. Then, the parameters obtained from the numerical model were used to in-
vestigate the effect of the scanning strategies. Finally, SiC complex geometry was printed us-
ing the best scanning strategy and process parameters obtained from the numerical model.

2. Methodology
2.1. Numerical Procedures

When the laser source starts to scan the powder using a specific laser power and
sintering speed, a part of this power is absorbed by the powder, while the remaining
part is back-scattered into the surroundings. The simulation of powder sintering is a
complex process, and, in this study, the following assumptions were considered to make it
mathematically modelled: (1) the laser heat source has uniform distribution; (2) the powder
bed is a continuous medium; and (3) there are no losses due to evaporation. Additionally,
it is worth mentioning that the developed model considered all the existed heat transfer
mechanisms such as conduction, radiation, and convection.

2.1.1. Numerical Model Development

The heat transferred from the laser source to the powder bed can be described by the
energy Equation (1) according to [32]:

ρCp
∂T
∂t

= ∇·(k ∇ T) + Sh (1)

where ρ, Cp, T, k, t, and Sh represent the density, specific heat, temperature, thermal
conductivity, time, and laser heat source, respectively. The laser heat source per unit
volume (W/m3) can be modelled according to [32] and was assumed to have a Gaussian
distribution as described by Equation (2):

Sh = βIoα exp

(
−2

(x− vxt)2 +
(
y− vyt

)2

ω2 − αz

)
(2)

where β, Io, α, v, and R are the material absorptivity, laser intensity, absorption coefficient,
scanning speed, and laser radius, respectively. The parameters x and y were used to control
the laser source movement on the powder layer (scanning strategy).

The absorption coefficient was estimated according to [33]. The laser intensity can be
calculated according to [32] as follows:

Io =
2P

π ω2 (3)

ω =
Db

2× 2.146
(4)

where ω is the characteristic laser radius and Db is the laser beam diameter. It is worth
mentioning that a User-Defined Function (UDF) for the governing equations was devel-
oped, compiled, and solved using ANSYS FLUENT 2020R1 to model the laser source as
described by Equation (2) according to [32]. Additionally, the UDF considered the phase
transformation from solid phase to sintered phase based on the sintering point of SiC
where any region in the model with a temperature above the sintering point is considered
a sintered region. User Defined Memory (UDM) available in ANSYS FLUENT 2020R1 was
used to monitor and save the sintered region during the movement of the laser.

The initial and boundary conditions used in this study are shown in Figure 2 and
described by Equations (5) and (6):

T(x, y, z)t=0 = TO (5)
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− k(
∂T
∂z

) =
.

Sh − hcov(Ta − Ts)− σ
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where Ta is the ambient temperature, Ts is the powder surface temperature, σ is the Stefan
Boltzmann constant,
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Additionally, the developed numerical model considered the SiC material properties
as a function of temperature according to our previous study [34] on the developed UDF.

2.1.2. Model Geometry and the Computational Domain

The model geometry used in this study consists of three parts representing the base
plate, the scanned powder layer, and the un-scanned powder, as shown in Figure 3. The
powder particles were assumed to be a continuous medium as described previously. Only
one layer was considered in the analysis as this is enough to predict the process parameters’
effect. The dimensions of the model are summarized in Table 1. The model was created
using ANSYS Design Modeller 2020R1 and meshed using ANSYS Mesher 2020R1.

Figure 3. The model geometry used in the analysis (not to scale).



Appl. Sci. 2022, 12, 788 5 of 20

Table 1. Model dimensions.

Parameter Baseplate Powder Layer

Length (mm) 4 3
Width (mm) 2.5 1.5

Thickness (mm) 1 0.022

2.1.3. Numerical solution

ANSYS FLUENT 2020R1 was used to solve the numerical model; as described in
Section 3, the laser heat source is defined using a user-defined function (UDF) containing all
the laser parameters, including laser power, laser spot diameter, and sintering speed. The
numerical procedure followed in this study is described by the flow chart shown in Figure 4.
The computational domain (the mesh) is shown in Figure 5, where the ANSYS Mechanical
Meshing Tool was used. Very fine discretization was used for the powder layer and slightly
coarse was used for the unscanned powder and the baseplate. To confirm this, the results
obtained from the model due to poor mesh quality were avoided. Three different levels of
mesh discretization (A, B, and C) were considered in this study. The element type used in
mesh discretization is hexahedral element type. The number of elements for mesh A, B,
and C are 280,576, 1,000,576, and 1,540,576, respectively. The mesh density analysis was
summarized in Table 2. The maximum temperature values were 2376.3 K and 2379.4 K for
the last two meshes (levels) with a difference of 0.13%, which is considered low. Therefore,
any discretization after level C would be valid and give accurate results, and therefore, the
third level mesh size (2 µm discretization) was used in this study. Additionally, it is worth
mentioning that the time step size used in this study was 0.00001 s, while the number of
iterations per time step was 20 iterations/time step. These values were selected and tested
to obtain more accurate results for the temperature and sintering contours. Moreover, all
measurements were performed when the laser beam temperature became stable.

Figure 4. Flowchart of the model solution procedure.
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Figure 5. The computational domain (the mesh) used in the analysis (not to scale).

Table 2. Discretization levels used in the analysis.

Mesh A B C

Mesh
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2.2. Experimental Procedures
2.2.1. Powder Characterization

Alpha-SiC powder without any additives was used for the D-PBSLP of SiC. Mersen
Boostec® supplied the powder with a purity of 98.5 % and d50 = 14 µm. Figure 6 shows the
morphology of the used powder. The SEM images show that the powder has an irregular
shape, which can cause problems during layer depositing because of highly developed
inter-friction between particles. Therefore, initial testing was carried out, and the SiC
powder could be successfully deposited with a layer of 22 µm into the powder bed.
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Figure 6. SEM of SiC powder [34].

2.2.2. Sample Preparation and Characterization

The commercial Phoenix 3D printer manufactured by 3D Systems and equipped with
a fiber laser of 300 W maximum power (laser wavelength = 1060 nm, spot size = 70 µm)
was used for D-PBSLP of SiC samples. SiC samples with a size of 10 × 10 × 8 mm3 were
printed to study the effect of the scanning strategies on the D-PBSLP of SiC, while samples
of 10 × 10 × 4 mm3 were printed for sintering speed investigation. Different scanning
strategies available in the Phoenix 3D printer, such as concentric in–out, hexagonal, linear,
and zigzag (Figure 7), were investigated in this study. The zigzag strategy is inclined
with 45◦. The hexagon size used in the hexagonal strategy is 700 µm, and the scanning
pattern inside the hexagon is inclined in a zigzag manner at 45◦ and repeats randomly
until scanning the powder layer. Argon inert gas was used to prevent the oxidation of the
powder during the printing process. It is worth mentioning that the commercial Phoenix
3D printer is equipped with a system for powder layer compaction, and 100% compaction
was used for all samples.

Figure 7. Scanning strategies used in this study: (a) Concentric in–out, (b) Hexagonal, (c) Linear and
(d) Inclined Zigzag.
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Different characterization methods such as relative density measurements, 3D mi-
croscopic analysis, SEM imaging, and XRD analysis were used for the evaluation of the
printed samples. Relative density was measured by the Archimedes method. The quality
of the sample surfaces was checked using a 3D microscope (LEICA DM 4000 M). Bruker
D8 was used for XRD analysis and JEOL JEM 6060 LV was used for SEM images.

3. Results and Discussion
3.1. Model Validation

To confirm and validate that the results obtained by the numerical model, the model
was compared with the available data acquired by Zhang et al. [35]. There is a good
agreement between the two results, with a maximum error of 3.34%. Additionally, in order
to re-confirm the model validation, the temperature contour obtained from the numerical
model (Figure 8b) with the same conditions reported in [32,36] and the temperature contour
captured using a thermal camera [32,36] confirm a good agreement with a calculation error
of 1.24 % (Figure 8a).

Figure 8. (a) Numerical model validation with Zhang et al. [35], (b) Temperature contour [34]
obtained using the same conditions used in [32,36].
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3.2. Numerical Results

The laser power and sintering speed are essential parameters in the PBSLP of SiC.
Using a low laser power with high sintering speed may lead to un-sintered powder particles,
and using a high laser power with low sintering speed may lead to the decomposition of
SiC and build failure. Therefore, using suitable laser power values and sintering speed is
the key factor for successful D-PBSLP of SiC. The developed model was used to determine
the suitable laser power values for different sintering speeds of 500, 250, and 100 mm/s
using 22 µm layer thickness. The recommended laser power values were selected based
on achieving full sintering of the layer thickness and adhering it with the layer below.
Additionally, the predicted laser power should give a maximum temperature below the
decomposition point of SiC. SiC starts to decompose when the temperature exceeds 2800 ◦C
to form liquid silicon and carbon [37]. Therefore, it is recommended to keep the maximum
temperature during PBSLP below the decomposition point of SiC. For sintering speeds of
500 mm/s, it was found that using a laser power of 15% (45 W) of the printer, maximum
power (300 W) was able to sinter the layer thickness, but without adhering it to the
layer below. Increasing the laser power to 20% (60 W) was found to sinter the layer
thickness, adhere it to the baseplate and give a maximum temperature distribution below
the decomposition point of SiC, as can be seen in Table 3. Therefore, it is recommended
to use a laser power of 20% (60 W) with 500 mm/s sintering speed. The same procedure
was followed with other sintering speeds, and the recommended laser power values are
summarized in Table 4. Figure 9 gives the laser power range for different scanning speeds
of 500, 250, and 100 mm/s.

Table 3. Laser power selection for sintering speed of 500 mm/s.

Sintering
Speed, mm/s

Laser
Power, W Sintering Contour Temperature Contour, K

500 15%
(45 W)
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Table 4. Laser power selection for sintering speeds of 250 and 100 mm/s.

Sintering Speed, mm/s Laser Power, W Sintering Contour

250 15%
(45 W)
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Hatching distance is another critical parameter that controls the contact between
adjacent paths. Using a high hatching distance value leads to unconnected scanning paths
that affect the printed part’s mechanical properties. Additionally, small hatching distance
values increase the building time and heat accumulated inside the part during the building.
Therefore, it is crucial to use a suitable hatching distance value. The developed model was
used to predict the hatching distance value by calculating the sintering path width for each
scanning speed with the recommended laser power. The hatching distance should be less
than the scanning path width to connect the adjacent paths. Table 5 summarizes the width
of the scanning path for each sintering speed with the laser power, according to the results
obtained in Tables 3 and 4. The sintering path widths were 38, 43, and 48 µm for 500, 250,
and 100 mm/s sintering speeds, respectively. It can be noted that using a low sintering
speed led to an increased sintering path width as the interaction time between the laser
and the powder increased and, therefore, more particles were sintered. In order to connect
the adjacent sintering paths together, it is recommended to select the hatching distance to
be 35 µm (half the laser spot size) for all the sintering speeds.

Table 5. The width of the scanning path for each sintering speed with the laser power.

Sintering
Speed, mm/s

Laser Power,
Wa Sintering Contour Sintering Path

Width, µm

500 60 W
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3.3. Experimental Results

As described previously, this study investigates the effect of scanning strategies on
the D-PBSLP of SiC and shows the best scanning strategy to be used. Four SiC samples
(10 × 10 × 8 mm3) were printed using the parameters obtained from the numerical model
(100 mm/s scanning speed, 32 W laser power, 35 µm hatching distance, 22 µm layer
thickness, and with different scanning strategies such as linear, zigzag, concentric in–out,
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and hexagonal), as can be seen in Figure 10. The samples were successfully printed using
the parameters obtained from the numerical model, and this proved the capability of the
numerical model to predict the suitable process parameters even for materials that are
difficult to print using a D-PBSLP technique, such as SiC. It is worth mentioning that
there is a breakage at the corner of the sample printed using linear strategy, and this
happened during the removal from the base plate as the samples were strongly attached to
the baseplate.

Figure 10. SiC samples printed using the process parameters obtained from the numerical model
with different scanning strategies.

To evaluate the effect of scanning strategies on the D-PBSLP of SiC, all samples’ relative
densities were measured, and the results are summarized in Figure 11. Almost all scanning
strategies gave a close relative density value. Both linear and concentric strategies obtained
good relative density values of 76.6% and 79.9%, respectively. Zigzag and hexagonal
strategies obtained the highest relative densities of 81.6% and 82.5%, respectively.

Figure 11. Relative densities for SiC samples printed with different scanning strategies.

Optical microscopic analysis was used to check the top surface of the samples, as
shown in Figure 12. A flat surface without any characteristic pattern was achieved using
zigzag and linear strategies. For the concentric in–out strategy, a characteristic pattern
has appeared on the sample’s top surface. This pattern is in two intersecting lines, which
made an “X” shape on the layer’s top surface. The developed numerical model was used to
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simulate two connected paths in this scanning strategy, and it was found that when the laser
changed its direction, a sharp increase in temperature occurred, as can be seen in Figure 13.
This sharp increase in temperature is high enough to decompose the material at the point
of rotation. There are four points per cycle, and therefore, the X shapes were formed at the
end of scanning. To avoid this pattern, a modification required for this scanning strategy.
The hexagonal strategy also showed a characteristic pattern on the sample’s top surface
where the hexagon shapes can be seen. It can be concluded that these characteristic patterns
that occurred in both concentric and hexagonal strategies make them ineffective for the
D-PBSLP of SiC. Based on the measured relative density and the layer’s top surface pattern,
the zigzag strategy can be considered the best strategy for PBSLP of SiC.

Figure 12. Three-dimensional microscope images for SiC sample top surfaces printed using different
scanning strategies.

SEM images (Figure 14) were used to check the morphology for hexagonal, zigzag,
and concentric in–out strategies on the sample’s top surface. The sintered surface was
observed in hexagonal and zigzag strategies without any characteristic pattern. The level
of porosity can be clearly seen where it is high in the case of the concentric strategy and
low for both the hexagonal and zigzag strategies. Additionally, in the concentric in–out
strategy, laser tracks are apparent on the layer’s top surface and the laser rotation positions.
No cracks can be seen in any strategy. The linear sample was not checked using SEM due
to the low relative density as the vacuum process required to start the SEM analysis failed
many times.
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Figure 13. The peak occurring in the temperature history of the concentric in–out strategy when the
laser source was changing its direction.

Figure 14. Cont.



Appl. Sci. 2022, 12, 788 15 of 20

Figure 14. SEM images for SiC samples printed using different scanning strategies.

The X-ray diffraction spectrum of the SiC sample (Figure 15) produced by D-PBSLP
using the zigzag strategy showed that SiC phases of silicon and carbon exist. This means
that partial decomposition occurred, and this was expected due to the scanning strate-
gies that generated high-temperature peaks during scanning when starting a new path.
Figure 16 shows the temperature history (maximum temperature at the laser spot center)
for the zigzag scanning strategy, where temperature peaks are clearly shown. These peaks
can be eliminated by developing a new scanning strategy.

After investigating the scanning strategies’ effects and seeing that the zigzag strategy
shows a promising result for the direct SLS of SiC, SiC samples (10 × 10 × 4 mm3) were
printed with different sintering speeds and laser powers (as predicted from the numerical
model), a 35 µm hatching distance and the zigzag strategy are shown in Figure 17. The
samples were successfully printed using these parameters. However, it can be noted that
the sample base has some deterioration, which is mainly due to its removal from the
base plate. Additionally, the samples printed using 500 mm/s and 250 mm/s show layer
degradation along the sample thickness. This is due to the low interaction time between
the laser and the powder when using high scanning speeds. Relative density was used to
evaluate the printed samples. A relative density of 84% was achieved for sample A, while
81% was achieved for samples B and C.



Appl. Sci. 2022, 12, 788 16 of 20

Figure 15. XRD spectra of the SiC powder and SiC manufactured part by D-PBSLP. (a) XRD spectra
of the SiC powder; (b) XRD spectra of the SiC powder.
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Figure 16. Focused view for two scanning paths using the inclined zigzag strategy.

Figure 17. SiC samples printed using laser power and sintering speed, as predicted from the numeri-
cal model, and zigzag scanning strategy.

After studying all the process parameter effects, trials for the printing of complex
shapes were investigated. The triple periodic minimum surface (gyroid) was successfully
printed using a laser power of 32 W, 100 mm/s scanning speed, 35 µm hatching distance,
and the zigzag scanning strategy, as can be seen in Figure 18. The dimensions of the gyroid
are (10 × 10 × 8 mm3), which is a challenge to be printed using D-PBSLP, and this proves
the power of the developed numerical model to obtain the proper process parameters.
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Figure 18. Triple periodic minimum surface (Gyroid) printed using the optimized process parameters.

4. Conclusions and Future Study

The scanning strategies’ effects on the D-PBSLP of SiC were studied experimentally
and numerically. Four scanning strategies, which are available in the commercial Phoenix
3D printer were considered in this study. These scanning strategies are concentric in–out,
hexagonal, linear, and zigzag. The following points are concluded from this study:

1. D-PBSLP OF SiC is possible through the optimization of the process parameters.
2. The numerical model effectively predicts the process parameters even for hard to

print materials such as SiC.
3. For scanning strategies’ effects, the concentric in–out and hexagonal strategies are

ineffective in the D-PBSLP of SiC due to the characteristic pattern on the layer’s top
surface. Additionally, the linear strategy gave a low relative density value compared
to other scanning strategies.

4. The Zigzag strategy can be considered the best suitable strategy to be used with SiC,
as it succeeds in giving a flat top surface without any characteristic pattern and a good
relative density of more than 80%. Printing of SiC complex shapes using D-PBSLP
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was achieved using the proper process parameters obtained from the developed
numerical model.

For future study, evaluating the mechanical properties should be covered.
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