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Abstract

The study was carried out to investigate the manufacturing possibility of Silicon Carbide (SiC) by
direct Powder Bed Selective Laser Processing (PBSLP) experimentally and numerically. The
experimental study was carried out by means of PBSLP while the numerical study was accomplished
by developing a CFD model. The CFD model simulates accurately realistic conditions of the PBSLP
process. A user-defined code, that describes the process parameters such as laser power, scanning
speed, scanning strategies, and hatching distance has been developed and compiled to ANSYS
FLUENT 2020 R1. Also, the model was validated with the available published data from the literature.
The model was used to deeply analyse and support the results obtained through the experimental
runs. Different values of laser power and scanning speeds with scanning strategy in the form of a
continuous linear pattern and rotated by 90 degrees between layers were studied. The laser power is
ranging from 52W to 235 W while the scanning speed is ranging from 300 to 3900 mm s~ . The results
showed that the direct PBSLP of SiC is possible with the optimization of the process parameters. Layer
thickness and hatching distance are the most important parameters that needed to be optimized. Also,
the laser power and scanning speed needed to be adjusted so that the scanning temperature was
between the sintering and the decomposition limits. The good agreement between experimental and
simulation results proved the power and ability of the developed CFD model to be a useful tool to
analyse and optimize future experimental data.

Nomenclatures

Cp Specificheat Jkg 'K )
Temperature (K)

k Thermal conductivity(Wm ™" K1)

A\ Laser heat source (Wm_3)

t Time (s)

A Material absorptivity

1, Laser intensity (Wm™?)

« Absorption coefficient (m ")

Ve Laser velocity in x direction (ms ")

v Laser velocity in y direction (ms ")

P Pressure (Pa)

w Laser characteristic radius (m)
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D, Laser spot diameter (m)

T, Initial temperature of powder layer (K)

T, Surroundings temperature (K)

heony Heat convection coefficient (Wm ™2 K1)

Greek Symbols

p Density (kgm )

€ Radiation coefficient

o Stefan-Boltzmann constant (Wm ™ 2K~ *)

1. Introduction

Silicon Carbide (SiC) is considered an important ceramic material as it is an enabling technology for many
applications because of its excellent properties such as its high mechanical stiffness, low density, wide bandgap,
low coefficient of expansion, high thermal stability, and resistance to corrosive environments [1]. These
applications are high-power microwave devices for commercial and military systems; electronic devices (LED’s,
MOSFET’s); high temperature electronics/optics for automotive, space telescope mirrors in aerospace, laser
mirrors and well-logging [2—4]; rugged MEMSs (micro-electro-mechanical sensor) devices for hostile
environments; gas and chemical sensors for internal combustion engines, furnaces, and boilers; and solar-blind
UV photodetectors [5]. Depending on the application, SiC can be manufactured using many techniques such as
extrusion, casting, and die pressing [6—10]. All the mentioned techniques can produce only semi-finished
products and post-processing operations such as machining and sintering are needed to produce the final
product. But the problem with the post-processing operations is that they are costly operations and can cause
many problems such as shrinkage and distortion [11, 12]. Also, producing of complex parts of SiC is a challenge
in using these traditional techniques.

Additive manufacturing (AM) can offer the solution for all the previous problems. AM is a manufacturing
technique that can be used to produce parts additively layer by layer using the CAD file of the part [13]. AM has
many techniques such as powder bed selective laser processing (PBSLP) [14], binder jetting, sheet lamination,
and direct energy deposition [15]. PBSLP is an AM technique that can be used to produce parts additively
through the deposition and sintering/melting of a powder layer. First, by using certain software, the CAD model
of the part that needed to be manufactured is sliced into several layers. Then, a layer of powder with a thickness
equal to the thickness of the sliced layer in the model is deposited. At the end, a laser source with certain power
and scanning speed is used to scan this layer according to the sliced CAD model. The previous steps are repeated
producing the part [16, 17]. PBSLP of ceramic materials can be used to produce dense parts with the same
properties of the bulk material with accurate dimensions without any need for post-processing operations to
reach the final product [18].

However, the application of this technique in ceramics is facing many problems. The most important
problems are high melting/sintering point of ceramic materials and low thermal conductivity [19-22]. The high
melting/sintering point of ceramic materials with the sudden increase in the temperature (in order of 104
seconds) causes high thermal shock to the material [23, 24]. The low thermal conductivity of ceramic materials
makes the heat generated by the laser heat source to be kept inside the material and prevent it to be diffused away.
As aresult, nonhomogeneous heating and cracks are developed [18, 25]. Suocheng et al [26] studied the
performance improvement of SiC/Si composites manufactured by the combination of PBSLP/Combining
reaction-bonded (RB) processes. Subrata and Partha [27] investigated the developed cracks in SiC particulate
manufactured by PBSLP to be used in aluminium based metal matrix composite. Hon and Gill [28] applied the
PBSLP techniques to produce SiC particulates to be used in composite material. Xiong et al [29] studied the
effects of using dual binders on the accuracy, microstructure and mechanical properties of SiC particulates used
in composites. Nelson et al [30] investigated the PBSLP of SiC powders coated with polymer. Hua et al [31]
studied the addition of silicon effect on the microstructure, mechanical and thermal properties of Carbon fiber
reinforced silicon carbide composite (C;/SiC) manufactured by PBSLP. Laizhen et al [32] studied the cracks
developed in SiC particulates produced by PBSLP to be used in metal matrix composites. Xiong et al [33] studied
effects of binders on the dimensional accuracy and mechanical properties of SiC particulates used in composite
materials manufactured by PBSLP. Meyers et al [34] manufactured SiC parts using PBSLP process. Also, many
previous studies [35-38] focused on indirect PBSLP of SiC and other ceramic materials.

From the above literature review, there is a real need to study the PBSLP of SiC as all previous studies focused
only on printing SiC particulates to be used for composite materials. Also, PBSLP of SiC is still exhibiting some
fatal defects, including low densities and poor mechanical properties. SiC does not have a melt phase under
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Figure 1. Scanning electron microscopy (SEM) image showing the morphology and XRD pattern (Hexagonal and rhombohedral SiC
phases are present) of the Alpha-Silicon Carbide powder (Mersen Boostec").
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Figure 2. Boundary and initial condition used in the study.

normal atmospheric conditions but instead decomposes at temperatures in excess of 2545 °C into liquid Si and
solid C[39]. In consequence, pure selective laser melting of silicon carbide cannot be achieved. This paper,
therefore, focuses on the manufacturing of SiC by direct PBSLP and figuring out the effect of the process
parameters.

2. Experimental details

2.1. Powder characterization

Alpha-Silicon Carbide powder supplied by Mersen Boostec” with a purity of 98.5 % and ds, = 14 zzm was used
in this study. The morphology and the XRD analysis of the powder is shown in figures 1 and 2, respectively. The
SEM images shows that the powder did not have a spherical shape (The powder has irregular shape) as it used to
be in PBSLP. The irregular shapes of the powder can cause problem in layer depositing due to high developed
friction between particles. Therefore, initial testing was carried out and the SiC powder could be deposited as a
layer of 25 pum into the powder bed successfully. The XRD indicates that Hexagonal and rhombohedral SiC
phases are present in the used powder.

2.2. Laser sintering

PBSLP of SiC was performed on a commercial ORLAS CREATOR 3D printer (250W YD Fiber laser, laser
wavelength = 1070 nm, spot size = 40 ym). Various batches of cubes were scanned to study the effects of
PBSLP main process parameters on the sintering and decomposition of SiC. Laser powers (P) of 52 to 235 W and
scanning speeds (v) from 300 to 3900 mm s~ ' were used, while the layer thickness was kept constant at 25 ym
and the hatching distance at 40 ym. The laser scanning strategy was a continuous linear pattern and rotated by
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Table 1. The thermo-physical properties of SiC used in analysis.

Property Value References
Density, kg/m’ 3210 Mersen Boostec”
Specific heat —0.0005T? + 1.2911T + 337.13,(T < 1273.15) Mersen Boostec®, [38,39]
J/kg-k 0.0201 T + 1285.9,(1273.15 < T < 2200)

1330, (T > 2200)
(T, temperature in K)

Thermal conductivity w/kg-k 0.0002 T>70.4427 T +295.88, (T < 1273.15)
(T, temperature in K) —8E-05T 45.676,(1273.15 < T < 2200)
5.5,(T > 2200) Mersen Boostec®, [38,39]
(T, temperature in K)
Sintering point, K >2525 Mersen Boostec®[38, 39]
Latent heat of sintering, J /kg 370000
Absorptivity 0.55 measured

90 degrees between layers. To prevent oxidation of the powder, an inert argon gas atmosphere was used. The
process of PBSLP of SiC in the printer follows the following steps: (i) a layer of SiC powder is deposited on the
machine bed by the recoater; (ii) the laser beam starts to scan the layer selectively; (iii) the building bed is lowered
by one layer thickness and another layer is deposited above the previously scanned layer. The previous steps are
repeated until producing the full part. The building chamber is filled with argon gas.

3. Model development

The transferred heat from the laser source to the powder layer is simulated in the developed model by a user-
defined code (UDF) for the laser heat source according to Moser et al [40] and the material properties as a
function of temperature. The code is compiled and solved using ANSYS Fluent 2020 R1. The Energy equation
used to describe the heat transferred from the laser source to the material powder is as follows [40, 41]:

pCp%—Yl: =V.kVT)+ S, (€))

WhereT, p, Cpand k is the temperature, density, specific heat, and thermal conductivity, respectively. For SiC
powder, the material properties such as the thermal conductivity and specific heat are expressed as a function of
temperature according to Mersen Boostec”, [38, 39] and showed in table 1 . The heat source S, in equation (1) is
representing the laser source which has a Gaussian profile and can be written as follow [40]:

2 G = 1ty +2 U= Vyt)z - az)

(@)

Sy = Al « exp(—
w

Where «v is the effective absorption coefficient, A is the material absorptivity, I, is the laser intensity, w s the laser
characteristic radius, and according to [40]:

2P
I, = > 3)
™ W
o= L (4)
DP
2 x 2.146

Dy, in equations (4) and (5) is the average powder particle diameter. The factor of 2.146 in equation (5) was
derived from calculating the distance from the laser centre at which the laser intensity distribution has

I/I, = 1/€2(0.135). This allow I, to be easily and more accurately calculated by using the characteristic radius
according to [40]. Initial and boundary conditions used in this analysis are shown in figure 2 and are according to
equations (5) and (6) as follows:

T(x, y, 2)i—0 = To (6)

oT i
—k(g =Sy — heow(T, — T) — 0e(T; — TH (7)
Where T, is the room temperature and is set to 300 K, i, is the heat convection coefficient, T, is the powder
layer initial temperature, T; is the surroundings temperature, ¢ is the radiation coefficient, and o is Stefan-
Boltzmann constant.
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Figure 3. The model geometry and computational domain used in the analysis.
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Figure 4. Mesh density analysis.

Table 2. Geometrical model and dimensions.

Parameter Base plate Powder layer
Length (mm) 6.4 6
Width (mm) 6.4 6
Thickness (mm) 0.5 0.025

Also, the melting and solidification module available in Ansys Fluent [41] was used to calculate the sintering
region happened during the scanning process.

4. Numerical methodology

In this section, a description of the physical geometry and the computational domain used in the analysis is
presented followed by a description for the numerical solution procedure of the governing equations. The
validation of the obtained results with experimental results is also provided.
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Figure 5. Validation of the developed model results with Zhang et al [39] and mesh density analysis.

Temperature

Figure 6. Temperature contour obtained by the numerical model using conditions close to those used in the studies reported in [35]
and [40].

4.1. Model geometry and the computational domain

The model geometry and the computational domain (mesh) used in the analysis is shown in figure 3. The model
consists of three parts: the base plate, the scanned powder, and the un-scanned powder. The un-scanned powder
is concluded in the model to take into consideration the heat transferred to it. The dimensions of the model are
summarized in table 2.

4.2. Model validation and mesh density analysis

The CFD model was solved using ANSYS FLUENT 2020 R1 in a transient mode. Thee time step size and number
of iterations per time step used in the numerical solution were selected and tested to give more fine results
without any effects on the obtained temperature and contours of sintering pool. The timestep size used in this
study was 0.00001 s and the iterations per time step was 20. Also, all measurements were performed when the
laser beam temperature become stable (no change in the temperature with the scanning time). Three different
mesh edge sizes (25 m, 10 gm and 5 psm) were used in the mesh density analysis where the obtained
temperature from each mesh edge size is showed in figure 4. The results showed there is a big difference in the
calculated temperature between the mesh edge size 25 ym and 10 gm. Reducing the mesh edge size from 10 ym

6
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Figure 7. SiC cubes glued onto the 3D printer support.

Table 3. The laser powers and scanning speeds used in this study. Grey = used / White = not used.

Scanning Laser power (W)
speed mm/s

to 5 um, gave a small difference between the calculated temperature. Regarding the error percentage with the
experimental results, the mesh size 5 ;sm gave about 3.3 % which is considered acceptable. Therefore, the mesh
edge size 5 pm was used in this study as it gave a very close result and to reduce the solving time.

The obtained results using the mesh edge size 5 yum were compared with the available data from Zhang et al
[42] as shown in figure 5. The comparison showed that there is a good agreement between the two results. The
maximum error between them was 3.34%. Another validation was carried out for the confirmation of model
validation. The temperature contour as shown in figure 6 obtained by the numerical model using conditions
close to those used in the studies reported in [40, 43] and the contour captured using a thermal camera as shown
in figure 7(c) of [40, 43] confirms a good agreement with a calculation error of 1.24 %.

5. Results and discussion

5.1. Experimental results

To assure the additive manufacturing of the samples, good sintering conditions must be reached since there is no
binder or liquid phases to join the powder particles together. In these terms, first built layers are crucial. To
assure this important fact, SiC cubes (10 x 10 x 10 mm) were glued onto the baseplate 3D printer, as can be seen
in figure 7, to avoid the metal and SiC interaction and ensure the sintering and construction of the first layers.
Moreover, the addition of small cubes as new supports, facilitates the recuperation and characterization of the
manufactured samples. Different laser power values (ranging from 52W to 235W) and scanning speed values
(ranging from 300 to 3900 mm s~ ') were used to PBSLP of SiC as summarized in table 3. These parameters were
chosen because they are the maximum and minimum value allowed for laser power and scanning speed by the
3D printer used. The objective is to test experimentally the entire range of parameters to find the range of values

7
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1y

Figure 9. (a) Manufactured SiC exhibits partial sintering (52 W-900 mm s~ ') and (b) manufactured SiC exhibits decomposition
(76 W-300 mm s~ '): low (left) and high (right) magnification.
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Figure 10. XRD spectra of the 76 W and 300 mm s~ ' SiC manufactured part.
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Figure 11. Laser spot temperature contour for the 76 W-300 mm's ' and 52 W-900 mm s~ ' samples.

for which the PBSLP of SiC is possible in accordance to the simulation results. The obtained results are showed
in figure 8. These SiC samples manufactured by PBSLP failed either due to very fast scanning speed or very high
laser power, which leads to full SiC decomposition. There are two samples, using 52W with 900 mm s~ and
76W with 300 mm s~ ', that succeeded to PBSLP of SiC but with defects. These two samples were analysed using
SEM (figure 9) to determine the sintering and/or decomposition during the process.

The results showed that only two samples exhibit different structure of the top surface. The sample
manufactured using 52 W-900 mm s~ shows clusters of particles as can be seen in figure 9(a). The sample
manufactured using 76 W-300 mm s~ !shows, in figure 9(b), a characteristic pattern with needle-like
protrusions in tracks parallel to the scanning directions of the laser. This originated from the hatch distance and
the scanning strategy (linear with 90° degrees rotation between each layers).

For the sintering/decomposition state, the sample manufactured using 52 W-900 mm s~ showed partial
sintering and no melting was observed as can be seen in figure 9(a). On the other hand, in figure 9(b), using 76
W-300 mm s~ ', melted regions can be observed, probably originated by the SiC decomposition, resulting in
resolidified silicon. To interpret the melted regions of the SiC manufactured samples, since SiC has not a liquid
phase, XRD spectra of the 76 W-300 mm s~ ' sample is shown in Figure 10. The phases present in the SiC
manufactured sample are silicon carbide and silicon, therefore, since initially just Alpha-SiC was supplied to the
printer, these melted regions are resulting from a beginning of SiC decomposition leading to a-SiC and Si (with
CO, release). By contrast, Si was not observed by XRD for the 52 W-900 mm s~ ' sample.

9
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5.2. Numerical results

The numerical model was used to analyse the PBSLP of one deposited layer for the 76 W-300 mm s~ ' and 52
W-900 mm s~ cases to deeply understand and see what happened during the scanning process. Also, to clearly
illustrate the results from the experimental study. Figure 11 shows the temperature contour of the laser spot for
76 W-300 mms ' and 52 W-900 mm s~ . The case 76 W-300 mm s~ gives high temperature distribution
values compared to the case 52 W-900 mm s~ ' due high power and low scanning speed used. The maximum
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temperature reaches 5000 K (This value is based on numerical calculations and cannot be obtained in reality as
the material will be evaporated before reaching this value) for the case 76 W-300 mm s~ ' at the laser spot centre,
which means that all powder located in this region will be totally decomposed and evaporated. The case of

52 W-900 mms ™' gives a maximum temperature of 2606 K at the laser spot centre, which is above the sintering
limit of SiC. So, this condition is more promising than the case of the 76 W-300 mm s~ ' sample.

Figure 12 shows the history for the maximum temperature of laser spot centre during scanning process for
both cases. The time that the case 52 W-900 mm s~ ' consumed to finish 3 paths, the 76 W-300 mm s~ ' sample
finished only 1 path. For the case 52 W-900 mm s~ ', the temperature history lied between the sintering and the
decomposition limits so that sintering happened without decomposition, as revealed in the SEM analysis
showed in figure 9(a). However, as can be seen in figure 9(a), a partial sintering is observed but there are also un-
sintered powder. This can be interpreted by figures 13 and 14 that show the sintering region for two adjacent
paths using the conditions 52 W-900 mm s~ and 76 W-300 mm s, respectively. Figure 13 shows that there are
un-sintered powders between the adjacent paths, and this mainly caused the partial sintering shown in
figure 9(a). This problem can be solved by optimizing the hatching distance. Also, figure 13 shows that the laser
beam was not able to sinter the whole layer thickness so that lower layer thickness values are recommended.

For the case 76 W-300 mm s~ ', figure 12 shows that the temperature history is high above the decomposition limit
leading effectively to the partial decomposition of SiC and the formation of elemental Si as supported by XRD analysis
(figure 10). Figure 14 shows the decomposition region of two adjacent paths for the case 76 W-300 mm s~ ', where the
powder located in the path of the laser beam will be decomposed and formed the grooves showed in the SEM analysis
in figure 9(b). Also, there is a partially sintered region between adjacent paths as showed in figure 14, which explains the
peak formation in the parallel tracks showed in the SEM analysis in figure 9(b). By measuring the average width of the
grooves showed in the SEM image in figure 9(b), an experimental value of approximately 40 ym is found while it is 36.5
pmin figure 14 (numerical value) with 8.5% percentage error. The good agreement in the experimental /modelling
coupling approach proves the ability of the developed model to effectively and accurately simulated the PBSLP process.

6. Conclusions and future study

The PBSLP of SiC was studied experimentally and numerically. The PBSLP was performed on a commercial
ORLAS CREATOR 3D printer. The laser powers used ranged from 52 to 235 W and the scanning speeds ranged
from 300 to 3900 mm s~ ' were used. The layer thickness was kept constant at 25 yzm and the hatching distance at
40 pm. The following points are concluded from this study:

1. The PBSLP of SiC is highly possible with the optimization of the process parameters.

2. Many values of laser power and scanning speed were used to study the PBSLP of SiC and only the conditions
52W-300 mm s~ and 76W-900 mm s~ ' have been successful to manufacture SiC with however defects.

3. Using the case 52W-300 mm s~ ', there was un-sintered region found in the SEM analysis. When the
developed numerical model used to analyse this condition, it was found that the input heat was not able to
sinter the powder between the adjacent paths and the whole depth of the powder layer. This is mainly due to
the hatching distance and the layer thickness used. These parameters have to be study and optimize for
successful PBSLP of SiC.

4. Under the condition 76W-900 mm s~ ', the manufactured SiC exhibited more defects due to the high input
heat to the powder, which produces tracks (peaks and grooves) on the surface of the printed layer.

5. A more precise guide for the selection of the laser power and the scanning speed for PBSLP of SiC is still
necessary.

6. The developed numerical model proved its ability to be effectively used in the optimization of the process
parameters for successful PBSLP of SiC.

For future study, the developed numerical model is going to be used to optimize the layer thickness and the
hatching distance for successful PBSLP of SiC. Also, a guide for the selection of the laser power and the scanning
speed currently in progress should be achieved. Also, the effect of the process parameters on the quality of SiC
samples will be analyzed in the coming study.
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