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composite materials [1–5]. Its significance lies in its excep-
tional characteristics, including high compressive strength, 
high elastic modulus, low density, chemical and thermal sta-
bility, outstanding hardness, wear resistance, and advanced 
optical quality [6–8]. Traditionally, SiC components have 

1  Introduction

Silicon Carbide (SiC) is a crucial ceramic material widely 
used in cutting-edge applications, including sensors, 
biomedical devices, aerospace, power electronics, and 
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Abstract
SiC is susceptible to decomposition into Silicon and Carbon during. D-LPBF when exposed to temperatures above its 
decomposition threshold. This study investigates the impact of various laser scanning strategies; linear, concentric in-out, 
zigzag, and hexagonal patterns. The temperature history effects of these scanning strategies were investigated to observe 
the SiC degradation and its impact on the phase composition. A thermal simulation model was developed to analyse tem-
perature evolution under each scanning pattern. Results showed that concentric in-out, zigzag, and hexagonal strategies 
involving frequent changes in laser direction generated localised high-temperature peaks. These peaks enhanced layer 
bonding but also triggered partial decomposition of SiC. However, the linear strategy lacked sufficient thermal peaks, 
resulting in poor interlayer adhesion and overlapping defects. Quantitative phase analysis was conducted using Rietveld 
refinement of X-ray diffraction (XRD) data. The hexagonal strategy resulted in the highest decomposition, yielding 18% 
Si and 5.66% C, while the zigzag strategy demonstrated the lowest decomposition, with 8.84% Si and 1.07% C. The study 
highlights the critical role of scanning strategy in balancing layer quality and decomposition, underscoring the need for 
optimised scanning patterns to mitigate degradation in LPBF of ceramics, such as SiC.
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been manufactured using well-established industrial 
approaches, such as pressing, casting, and extrusion [9–11], 
which have been used since the 1990 s [9]. However, some 
specialised applications demand more sophisticated manu-
facturing approaches beyond the capabilities of these tra-
ditional methods. Additive Manufacturing (AM) offers a 
promising solution for fabricating complex designs. AM is 
an innovative technology that constructs parts directly from 
3D CAD models through a layer-by-layer process [10]. The 
American Society for Testing and Materials (ASTM) clas-
sifies seven main AM techniques: binder jetting, vat poly-
merisation, material jetting, direct energy deposition, sheet 
lamination, and Laser Powder Bed Fusion (LPBF).

Among the various AM techniques applicable to SiC, 
such as photopolymerization, material jetting, extrusion, 
and binder jetting, LPBF has recently gained significant 
attention for its capability to fabricate complex components 
[11–14]. LPBF of SiC is divided into two main approaches: 
Direct LPBF (D-LPBF), which uses pure SiC powder as 
feedstock, and Indirect LPBF (In-LPBF), where SiC pow-
der is mixed with a binder material.

Previous research has focused on the In-LPBF of SiC and 
its process parameters. Meyers et al. [15] studied In-LPBF 
of reaction-bonded SiC using silicon as a binder material. 
They investigated the effects of varying laser power and 
scanning speed while keeping other parameters constant. 
Their work produced complex SiC geometries with high 
relative density, which was further improved through den-
sification processes. Liu et al. [16] increased the relative 
density of SiC ceramic parts produced by In-LPBF using 
cold isostatic pressing (CIP) and reaction sintering (RS). 
Song et al. [20] focused on optimising the structure of SiC/
Si composites using In-LPBF. Streek et al. [17] examined 
the sintering of Si/SiC powder composites (with Si as a 
binder) under various laser powers, successfully built SiC 
parts, but with residual Si. Löschau et al. [18] also stud-
ied the In-LPBF of SiC powder, employing dissimilar 
laser powers and scanning speeds to print various complex 
shapes. Geng et al. [19] demonstrated that the incorpora-
tion of Al₂O₃–Y₂O₃ additives in D-LPBF of SiC promotes 
liquid-phase formation and accelerates densification while 
suppressing SiC decomposition. Wang et al. [20] reported 
that silicon addition through hybrid laser PBF and chemical 
vapour infiltration processing significantly improved micro-
structural integrity and mechanical strength by enhanc-
ing interparticle bonding and reducing residual porosity. 
Despite these advancements, previous studies reveal that 
SiC’s In-LPBF involves a costly manufacturing process. 
This typically includes preparing the SiC-binder composite, 
followed by laser sintering, debinding, sintering, and den-
sification. Additionally, challenges such as shrinkage and 
achieving satisfactory physical and mechanical properties 

remain significant obstacles to using In-LPBF with SiC and 
ceramics in general [13, 21].

D-LPBF can be regarded as one of the most advantageous 
AM techniques for ceramic materials, as it enables direct 
printing without the need for feedstock modification. In 
contrast to many other AM techniques that require the incor-
poration of binding agents or additives to facilitate process-
ing, D-LPBF utilises pure ceramic powders. For example, 
material jetting techniques necessitate mixing ceramic pow-
ders with photocurable resins, where densification primar-
ily occurs within the polymeric matrix rather than through 
ceramic–ceramic bonding. By eliminating such dependen-
cies, the D-LPBF process allows the fabrication of ceramic 
components with high dimensional accuracy and minimal 
shrinkage. Aforementioned limitations that are typically 
observed in binder-based AM techniques during debind-
ing or sintering stages. Moreover, D-LPBF often does not 
require post-processing steps such as debinding and sinter-
ing, further enhancing its efficiency and suitability for the 
direct fabrication of dense, geometrically precise ceramic 
parts, in contrast to other AM techniques that necessitate 
post-processing steps [22, 23].

Although D-LPBF could overcome challenges encoun-
tered by other AM techniques, there are still barriers pre-
venting D-LPBF from being applied efficiently to the AM 
of SiC. The high sintering point and rapid sintering rate of 
SiC during D-LPBF generate significant high-temperature 
gradients along the scanning path. The varying temperature 
history leads to the initiation and propagation of cracks, the 
development of residual stress, and the distortion of the part 
upon removal from the support structure [24, 25]. Numer-
ous earlier studies focused on finding a solution to these 
difficulties by applying preheating onto the powder bed to 
decrease the temperature difference and mitigate the effect 
of the high melting point of ceramic powder [26, 27]. How-
ever, the strategies proposed by these studies were strug-
glled by difficulties, which were not practically feasible.

Moreover, the success of the D-LPBF approach strongly 
depends on the comprehensive optimisation of laser pro-
cessing parameters, including laser power, scanning speed, 
hatch spacing, and scanning strategy. In the author’s previ-
ous studies, which demonstrated the feasibility of fabricat-
ing SiC using LPBF and highlighted that process parameter 
optimisation is both feasible and highly effective [14, 28, 
29]. Furthermore, the authors found that the scanning strat-
egy plays a critical role in determining the quality of the 
fabricated parts and in mitigating defect formation during 
the D-LPBF process. Additionally, the authors have investi-
gated several scanning strategies and found that hexagonal 
and zigzag patterns yielded auspicious results, achieving 
up to 84% relative density without any post-densification 
treatments and, in contrast, maintaining the capability to 
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fabricate geometrically complex components. For further 
details on the influence of scanning strategies in the D-LPBF 
of SiC, readers are referred to our previous work [30].

A significant challenge with SiC D-LPBF is that it lacks 
a liquid phase and decomposes at temperatures above 2800 
°C. As a result, many researchers prefer In-LPBF meth-
ods over direct approaches [9–15]. The author’s previous 
study [30] highlighted the decomposition process occurring 
during LPBF, where SiC breaks down into Si and C. This 
decomposition poses a major challenge, adversely affecting 
the mechanical and physical properties of SiC parts pro-
duced via D-LPBF. Furthermore, our findings indicated that 
even with optimised D-LPBF processing parameters, it is 
challenging to keep the temperature far from the decompo-
sition temperature of SiC [30]. This difficulty arises because 
scanning strategies significantly influence the temperature 
profile during scanning, creating temperature peaks at spe-
cific locations sufficient to induce SiC decomposition.

Therefore, this study aims to examine the temperature 
history profiles associated with various scanning strategies, 
including linear, zigzag, concentric in-out, and hexagonal 
patterns. To achieve this goal, a quantitative phase analy-
sis was performed on both the feedstock powder and the 
printed SiC parts. The samples were produced by choos-
ing four scanning strategies, assessing SiC decomposition 
under each strategy. In the experimental part of the study, 
the numerical model was updated, and this version exam-
ines the process parameters used in SiC D-LPBF and col-
lects the temperature history of the sintered area. Rietveld 
X-ray diffraction (XRD) phase analysis was used to esti-
mate the phase compositions of the produced SiC samples 
quantitatively.

2  Methodologies

2.1  Numerical modelling

The simulation model employed in this paper has been thor-
oughly described and developed in our earlier publications 
[28, 30]. The model includes the laser parameters required 
for laser-powder bed interaction in the simulation study, 
temperature dependent material properties, boundary condi-
tions and printer dependent factors. Additionally, the model 
solves several fundamental governing equations, which are 
essential for accurately representing the D-LPBF process. 
The energy equation, Eq. (1), is employed to describe the 
heat transfer from the laser source to the powder bed, as also 
reported in [31].

ρ Cp
∂ T

∂ t
= ∇ . (k ∇ T) + Sh� (1)

Where ρ , Cp, T , k, t, and Sh is the density, specific heat, 
temperature, thermal conductivity, time, and the laser heat 
source, respectively. To describe the laser heat source (Eqs. 
(5), (3), and (4)) [28], a User-Defined Function (UDF) was 
developed, compiled, and solved in ANSYS FLUENT 
2020R2. Additionally, the SiC material properties as a func-
tion of temperature were considered, as per our previous 
study.

Where ρ, Cp, T, k, t, and Shdenote the density, spe-
cific heat capacity, temperature, thermal conductivity, time, 
and laser heat source, respectively. To model the laser heat 
source (Eqs. (5)–(4)) [31], a User-Defined Function (UDF) 
was developed, compiled, and implemented in ANSYS 
FLUENT 2020R2.2

Sh = AIoα exp(− 2 (x − vxt)2 + (y − vyt)2

ω 2 − α z)� (2)
 

Io = 2P

π ω 2 � (3)
 

ω = Db

2
� (4)

 

Where A, I₀, v, t, α, ω, and D_b represent the powder absorp-
tivity, laser intensity, scanning speed, time, absorption coef-
ficient, laser characteristic radius, and laser beam diameter, 
respectively.

It is worth noting that the laser intensity was calculated 
based on the laser characteristic radius, as described in Eq. 
(3) according to [31], while the absorption coefficient was 
estimated following the approach reported in [32]. Addi-
tionally, the temperature-dependent material properties of 
SiC were incorporated, as detailed in our previous study 
[33] and presented in Table 1.

The initial and boundary conditions applied in this study 
are illustrated in Fig. 2. Heat transfer occurs by conduction 
from the scanned layer to the base plate, as well as by both 
radiation and convection from the top surface of the layer 
to the surroundings. Equations (5) and (6) describe these 
boundary and initial conditions applied to the model. No 
preheating was applied in this study; hence, the initial tem-
perature was set to T₀ = 300 K in Eq. (5).

T (x, y, z)t=0 = TO� (5)

−k(∂ T

∂ z
) = Ṡh − hcov (Ta − Ts) − σ ε(T 4

a − T 4
s )� (6)

Where hcov , σ  and ε are the convection coefficient, emis-
sivity, and Stefan-Boltzmann constant, respectively.
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was created using ANSYS Design Modeller 2020R2. To 
analyse the thermal history of each scanning strategy, only 
a single layer was considered, with the behaviour replicated 
in subsequent layers. The computational domain (mesh) is 
depicted in Fig. 1(b), where a fine mesh structure is applied 
to the powder layer and a coarser mesh is used for the base 
plate and unscanned powder sections.

The numerical solution procedure for the model is illus-
trated in Fig. 2, starting with the development of the model 
geometry. A mesh density test was performed to ensure that 
low-quality mesh sizing did not affect the results. Three 
meshes were tested, with edge sizes of 5 μm, 2.5 μm, and 
2 μm. The test compared the maximum temperature values 
and the time required to solve one timestep for each mesh 
size. As shown in Fig. 3, the maximum temperature val-
ues stabilised for mesh sizes of 2 μm and 2.5 μm, with a 
maximum error of 0.13%, which is very low. Consequently, 
it was determined that any mesh discretisation finer than 
2.5 μm effectively reduces errors resulting from poor dis-
cretisation while optimising computational time and cost. 
Therefore, a mesh edge sizing of 2 μm was utilised in this 
paper. Furthermore, a convergence study was carried out to 
ensure the numerical stability and accuracy of the model 
with respect to transient simulation time settings. Several 
timestep values (1 × 10⁻⁵, 5 × 10⁻⁵, and 1 × 10⁻⁴ s) and itera-
tion numbers per timestep (10, 15, and 20) were evaluated. 
The convergence criteria were established based on the sta-
bilisation of residuals (below 10⁻⁶ for the energy equation) 
and the consistency of key simulation outputs, including the 
maximum sintered region temperature and geometry (length 
and depth). The results showed that decreasing the timestep 
below 1 × 10⁻⁵ s or increasing the iteration number beyond 

Furthermore, the UDF was developed to monitor the sin-
tering process based on the calculated temperature, where 
any region with a temperate above the sintering point of 
SiC is considered a sintered region. This helps to test the 
used process parameters numerically and see if they can 
sinter the powder layer or not. Regarding the computational 
domain used to solve the model, Table 2 provides a sum-
mary of the model dimensions. The computational model 
geometry used in the numerical calculations comprises 
three distinct components: the base plate, the powder layer, 
and the unscanned powder, as shown in Fig. 1(a), which 

Table 1  The thermo-physical properties of SiC used in analysis
Property Value Ref.
Density, kg/
m3

3210  [30]

Specific heat
J/kg·K

−0.0005 T2 + 1.2911 T + 337.13, (T ≤ 
1273.15)
0.0201 T + 1285.9, (1273.15 < T < 2200)
1330, (T > 2200)
(T, temperature in K)

 [14]

Thermal 
conductivity 
Wkg·K
(T, tempera-
ture in K)

0.0002 T2 −0.4427 T + 295.88, (T ≤ 
1273.15)
−8E-05 T + 5.676, (1273.15 < T < 2200)
5.5, (T > 2200)
(T, temperature in K)

 [14]

Sintering 
point, °C

< 2525  [30]

Emissivity 0.7
Absorptivity 0.55 Measured

Table 2  Dimensions of model geometry
Item Length (mm) Width (mm) Thickness (mm)
Base plate 11 11 0.5
Powder layer 10 10 0.022

Fig. 1  (a) Computational model illustrating the unscanned powder layer, scanned region, and baseplate; (b) computational domain used in the 
analysis. (Not to scale.)

 

1 3



The International Journal of Advanced Manufacturing Technology

that the model could produce results very close to those 
obtained experimentally. For additional information on the 
model validation process, the reader is recommended to 
check our previous studies [28, 30]. The model was formu-
lated using a single-layer domain to isolate the scanning-
strategy-dependent temperature response while maintaining 
computational efficiency. This configuration captures the 
dominant in-scan thermal gradients that govern the decom-
position of SiC. Although multi-layer heat accumulation 
is not explicitly included, its influence is conceptually dis-
cussed based on the expected increase in baseline tempera-
ture with layer buildup.

20 led to variations of less than 2% in these key param-
eters. Therefore, a mesh edge size of 2 μm and a timestep 
of 1 × 10⁻⁵ s with 20 iterations per step were selected as the 
optimal parameters.

Numerical modelling is a powerful tool for analysing and 
investigating findings from experimental research in depth. 
However, to ensure the effectiveness of these numerical 
models, it is crucial to validate them against experimental 
data, thereby simulating real-world scenarios and verifying 
the accuracy of the results obtained from the models. There-
fore, in our previous studies, we validated the LPBF model 
with real-world scenarios of SiC’s LPBF and demonstrated 

Fig. 3  Mesh density analysis 
performed with various mesh 
edge sizes to evaluate their effect 
on the simulation results and to 
determine the optimal mesh size 
for this study

 

Fig. 2  Flowchart illustrating the 
procedure for solving the numeri-
cal model
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strategy, the hatching pattern is angled at a 45° angle. 
The hexagonal strategy utilised a hexagon size of 700 
μm, with the inside laser-scanning pattern also inclined 
at 45° and randomly repeated across the layer. For all 
investigated scanning strategies, no inter-layer rotation 
was applied; the same scanning strategy was maintained 
across all layers. Argon was used to prevent and control 
oxidation during the D-LPBF. The process chamber was 
purged with argon at a continuous flow rate of 20 L/
min, maintaining an oxygen level below 0.1% to ensure 
an inert atmosphere and prevent the formation of SiO2. 
Finally, All samples were intentionally positioned at 
the center of the build platform to minimize variations 
associated with gas flow dynamics and powder spreading 
uniformity. Moreover, the ProX® DMP200 printer 
incorporates a patented recoating system consisting 
of a primary recoater blade followed by a secondary 
cylindrical element. This recoating mechanism ensures 
consistent powder delivery and improved uniformity 
across each deposited layer, thereby further mitigating 
any positional effects on powder bed quality.

  

2.2.2  Sample characterisation

Various characterisation approaches were employed to 
consider the quality of the printed SiC samples, including 
optical microscopic imaging and scanning electron 
microscopy (SEM) imaging. SEM images were also 
processed using ImageJ for quantitative porosity estimation 
as described in Sect. 3.4. For quantitative phase analysis, 
Rietveld XRD phase analysis was utilised. In the Rietveld 
Refinement, characteristics of the X-ray diffraction 
pattern, such as peak height, width, and position, are used 
to define aspects of the material’s structure. The Rietveld 
refinement technique compares a theoretical pattern profile 
with a measured profile and refines it using the least-
squares method. This study utilised Material Analysis 
Using Diffraction (MAUD) software for the Rietveld 
refinement of SiC powder and printed samples. Before 
refinement, the software was calibrated with LaB6 powder 
XRD diffraction to create a virtual XRD instrument within 
MAUD. This calibration process was required as various 
XRD instrument-related parameters within MAUD. The 
MAUD was used to analyse the SiC phases quantitatively 
after calibration.

2.2  Experimental analysis

2.2.1  Feedstock and D-LPBF

The α-SiC powder used in this study was supplied by 
Mersen Boostec® (France) with a purity of 98.5% and 
a median particle size (d10) of 20 μm (The d10value is 
approximately 4 μm, while the d90value is around 30 μm). 
The particle distribution diagram is shown in Fig. 4(a). The 
powder morphology, examined by SEM images in Fig. 4(b), 
exhibited irregular particle shapes, which can increase inter-
particle friction and potentially lead to difficulties during 
layer deposition. Such irregularity may also increase friction 
between particles and the baseplate, thereby affecting the 
uniformity of powder spreading. Consequently, it was 
necessary to assess the powder’s flowability prior to its use 
in the LPBF process. Powder flowability was evaluated 
using the dynamic angle of repose method, a standardised 
characterisation technique recommended by ASTM for 
assessing the flow behaviour of powders in additive 
manufacturing applications [33]. In this study, the angle of 
repose was measured using a Powder Characteristics Tester 
(PT-S, Hosokawa Micron Ltd, U.K.), yielding an average 
value of 41° [28], which falls within the acceptable range for 
powder bed-based AM processes [33, 34]. To ensure strong 
adhesion of the first printed layers to the build platform, SiC 
round plates (Mersen Boostec®, France) with a diameter 
of 65 mm were used as the baseplates. These plates were 
securely attached to the machine’s build platform using 
a Permabond adhesive, as shown in Fig. 4(c). Initial 
deposition trials confirmed that the SiC powder could be 
spread uniformly and smoothly across SiC round plates, as 
illustrated in Fig. 4(d). Furthermore, the phase composition 
of the SiC powder was analysed using X-ray diffraction 
(XRD), as presented in Fig. 4(e). The results revealed the 
presence of two primary SiC phases: hexagonal SiC (6 H) 
and cubic SiC (3 C).

The samples were built using a ProX® DMP200 printer 
from the 3D Systems company. The printer features a fibre 
laser with a maximum power of 300 W, operating at a 
wavelength of 1060 nm, and provides a variable spot size. 
Square samples (10 × 10 mm2) with a thickness of 0.2 mm 
were printed to examine SiC decomposition employing dif-
ferent strategies for laser scanning. The layer thickness and 
laser spot diameter were maintained consistently at 22 μm 
and 70 μm, respectively. The numerical model outlined in 
Sect. 2.1 was used to determine the optimal laser power and 
scanning speed necessary for evaluating different scanning 
strategies.

The Phoenix 3D printer can support multiple 
scanning strategies, as illustrated in Fig. 5. In the zigzag 

Fig. 4  Comprehensive characterisation of the SiC powder: (a) particle 
size distribution (PSD); (b) SEM micrograph of the SiC powder mor-
phology; (c) SiC circular plates bonded to the printer baseplate; (d) 
smooth deposition of SiC powder on the SiC circular baseplate; and 
(e) XRD pattern of the SiC powder
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3.2  SiC samples and temperature profile

Investigating the thermal profile or history for various 
scanning strategies during the LPBF of SiC is crucial for 
understanding the decomposition behaviour of SiC and 
its correlation with the temperature history. This insight 
is essential for developing mitigation strategies and tech-
niques to eliminate or reduce this decomposition during the 
D-LPBF of SiC. Therefore, the developed numerical model 
has been utilised to simulate real-world scenarios of differ-
ent scanning strategies during the D-LPBF of SiC and obtain 
the temperature profile for each scanning strategy. Addition-
ally, SiC samples were printed to investigate the decompo-
sition occurring with each scanning strategy. Although the 
printed specimens in this study were as thin as 0.2 mm, the 
results provide preliminary insights into the fundamental 
effect of scanning strategies on the decomposition of SiC. 
The decomposition tendency is expected to increase with 
part thickness because thermal accumulation progressively 
raises the baseline temperature. Future work will therefore 
extend both the model and experiments to multi-layer builds 
to quantify this scaling effect and establish process windows 
for thicker SiC components. The following sections provide 
an in-depth analysis of the thermal history associated with 
various scanning strategies and a comprehensive examina-
tion of the corresponding printed SiC samples.

It is worth highlighting that the numerical model in the 
subsequent sections, while simulating various scanning 
strategies, considers only a single-layer scanning 

3  Results and discussion

3.1  D-LPBF processing parameters

The selection of appropriate laser power and scanning 
speed is crucial for effectively applying the D-LPBF 
technique in ceramic material printing. A numerical model 
was used to determine the optimal laser parameters. 
Previous studies on LPBF have shown that slower scanning 
speeds are generally more efficient. Increased speeds can 
lead to powder dispersion due to the laser beam’s inertia, 
which may negatively affect the quality of the printed 
components [35, 36]. This research employed a constant 
scanning speed of 250 mm/s and a hatching space of 35 μm 
to investigate the effect of various scanning strategies on 
the phase composition resulting from D-LPBF processing, 
based on the previous corpus [37]. The model was then run 
to determine the necessary power value of the laser to sinter 
the layer thickness. Figure 6 presents the results for various 
laser power settings, illustrating both the sintering depth 
in vertical cross-sections and the temperature distribution 
on the layer’s top surface. The findings showed that a 40 
W laser power was insufficient to fully sinter the 22 μm 
layer, whereas 45 W achieved complete sintering. At this 
power level, the peak surface temperature reached 3200 
K, exceeding the point at which SiC decomposes (around 
2.800 °C) [38]. Notably, this high temperature was confined 
to the laser’s focal point. Table 3 summarises the processing 
parameters used in this study.

Fig. 5  Schematic illustration of 
the scanning strategies examined 
in this study [30], representing 
linear, concentric in-out, zigzag, 
and hexagonal patterns
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3.2.1  Concentric in-out strategy

Figure 7 (a) displays SiC samples scanned with the concen-
tric in-out strategy. For phase analysis, only ten deposited 
layers were examined to assess the impact of this scanning 
method. The manufactured parts exhibit various surface 
imperfections, including channels and voids. Figure 7(b) 
provides a detailed view of the top surface, revealing the 
distinct tracks created by the laser during the scanning pro-
cess. Additionally, two intersecting lines forming an ‘X’ 
appear to be visible on the surface, with a small void at the 
centre of the intersection. This phenomenon is further inves-
tigated through simulations using the developed model to 
gain a better understanding of the dynamics involved in the 
scanning process.

Figure 8 illustrates the progression of the highest tem-
peratures recorded while scanning with the concentric in-
out method over approximately 70 ms. When the laser starts 
scanning, temperature spikes are particularly high due to the 
shorter scanning paths, which result in the formation of a 

process, whereas the experimental setup involved ten 
layers. However, given the relatively small number of 
layers considered (10 layers) and the limited scanned 
area (approximately 10 mm²), the thermal profile across 
successive layers is expected to be nearly identical. The 
cooling time between consecutive layer scans allows 
sufficient dissipation of accumulated heat, resulting in 
comparable thermal conditions for each layer. Therefore, 
simulating a single layer provides a representative 
description of the process while significantly reducing 
computational cost and time, which are considerable in 
LPBF thermal modelling in this study.

Table 3  LPBF processing parameters used in this study
No Item Value
1 Laser power, W 45
2 Scanning speed, mm/s 250
3 Layer thickness, µm 22
4 Hatching space, µm 35
5 Inert gas Argon

Fig. 6  Temperature distribution on the top surface of the layer and vertical cross-section sintering contours obtained with 40 W and 45 W laser 
power values and 250 mm/s scanning speed
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protuberances aligned along the scanned rows parallel to 
the laser scanning directions. The scanning strategy and 
the variations in laser movement during the scanning pro-
cess primarily influence this pattern. As the laser movement 
changes, the direction of these protuberances shifts accord-
ingly. Additionally, there is a noticeable spacing between 
scanned rows of protuberances that follow the scanning 
paths, attributed to the hatching space used between scan-
ning paths. The presence of these protrusions contrib-
utes to the elevated porosity observed in the SiC samples, 
which could potentially be mitigated by optimising powder 
bed properties in future research. Figure 9 also features a 
focused image highlighting the small protuberances, with 
the dark grey sintered SiC visible.

central hole in the specimen (highlighted by the dashed red 
circle). These temperature spikes recur periodically during 
scanning as the laser beam rotates at directional changes, 
creating an “X” mark on the sample’s surface. Such tem-
perature variations negatively affect SiC decomposition, as 
discussed in Section ‎3.3. To improve this scanning strategy, 
it is essential to mitigate the heat buildup from short scan-
ning paths and the temperature surges caused by the laser’s 
rotation, both of which contribute to the decomposition of 
SiC.

SEM analysis was conducted on samples scanned 
using the concentric in-out strategy to assess the porosity 
and structure of the sintered SiC components (see Fig. 9). 
The layer surface displays a distinct arrangement of small 

Fig. 8  Temperature progression 
history of the top surface scanned 
with the concentric in-out 
strategy

 

Fig. 7  SiC specimens (1 × 1 × 0.2 
cm³) scanned using the concen-
tric in-out strategy: (a) as-built 
samples, (b) focused image of the 
layer top surface of the samples

 

1 3



The International Journal of Advanced Manufacturing Technology

concentric in-out method. Despite the initial benefits of the 
zigzag approach, defects are present at the corners of the 
samples, as shown in Fig. 10(b). This close-up of a SiC sam-
ple printed using the inclined-linear strategy reveals small 
areas of material removal at the corners and visible small 
holes, indicating porosities.

The proposed model was employed to analyse the 
inclined zigzag scanning strategy and identify the root 
causes of the defects observed. Figure 11 illustrates the tem-
perature profile for this scanning approach, where a limited 
number of paths were considered to reduce computational 

3.2.2  Inclined-Zigzag strategy

Figure 10(a) shows SiC samples fabricated using the 
inclined zigzag scanning approach, with a SiC disk serving 
as the baseplate. The samples display well-defined geomet-
ric forms, smooth surfaces, and straight edges, suggesting 
that this method holds promise for D-LPBF of SiC parts. 
In contrast to the samples produced with the concentric in-
out technique, these samples feature flat surfaces without 
the characteristic patterns found in the latter. Visual inspec-
tion indicates that surface porosity is lower than that of the 

Fig. 10  SiC samples (1 × 1 × 0.2 
cm³) built using the inclined 
zigzag strategy (a) and a focused 
view of the layer’s upper surface

 

Fig. 9  SEM of the upper layer surface illustrating laser paths and defects resulting from the concentric in-out strategy
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rate, allowing the system to approach a quasi-steady ther-
mal regime where energy input and dissipation are nearly 
balanced. This controlled thermal accumulation results in 
short, non-destructive overheating cycles that suppress SiC 
decomposition while promoting sintering.

SEM images showcasing the surface morphology of the 
top layer are shown in Fig. 12. Figure 12(a) shows that the 
inclined rows of raised features, aligned with the laser scan-
ning paths, reflect the scanning strategy used on the top layer 
surface. These features form a uniform and smooth pattern, 
starkly contrasting with the unique X-pattern generated by 
the concentric in-out scanning strategy. The gaps between 
tracks are visible due to the hatching distance, so optimis-
ing parameters such as scanning speed and laser power is 
recommended. The raised features are also associated with 
porosity, similar to the concentric in-out strategy. Figure 
12(b) provides a closer view of a specimen’s corner, where 
localised heating in the narrow corner led to the decomposi-
tion and removal of SiC powder.

load. It is evident that a significant temperature rise occurs 
as the laser completes one path and transitions to the next. 
In this approach, the laser’s new starting point is posi-
tioned near the endpoint of the previous path, which retains 
residual heat and results in a sharp temperature increase. 
The temperature subsequently decreases gradually as the 
laser continues along the new path. Furthermore, the scan-
ning time for each path progressively increases because the 
inclination in the scanning strategy extends the length of the 
scanning paths.

The temperature history obtained from numerical results 
using a zigzag scanning strategy shows periodic temperature 
fluctuations with peak values ranging from 3500 to 3600 
K (Fig. 11). Although this temperature value approaches 
the SiC decomposition limit (~ 2800 °C), its short duration 
prevents significant decomposition. As the scan progresses, 
the interval between successive peaks gradually increases, 
indicating a gradual increase in cumulative heat accumula-
tion. The decreasing temperature gradient slows the cooling 

Fig. 12  SEM images of the top 
surface layer printed using the 
inclined zigzag strategy

 

Fig. 11  Temperature progression 
history of the top surface scanned 
with the zigzag strategy (25 scan-
ning tracks shown for clarity)
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interrupted zigzag paths. The temperature elevation caused 
by the zigzag pattern primarily impacts the central region of 
the part, whereas it has a minimal effect on the edges, unlike 
the inclined zigzag strategy.

Figure 15(a) displays the microstructure of the topmost 
surface layer, characterised by an almost solid appearance 
with very low porosity. The sintered particles are densely 
packed and are separated by a web of microchannels, as 
illustrated in Fig. 15(b). These microchannels indicate the 
high relative density achievable with this scanning method. 
A detailed view of the SiC particles and the microchannels 
is provided in Fig. 15(c).

3.2.4  Linear strategy

Figure 16(a) displays SiC samples printed using the linear 
strategy, with a focus on a thickness of 0.2 mm to study the 
effects of this strategy. The samples show numerous defects, 
including damaged edges and porosities. Additionally, layer 
shifting is observed, as illustrated in the microscopic view in 

3.2.3  Hexagonal strategy

Figure 13(a) illustrates printed SiC samples produced using 
the hexagonal scanning method, which delivered the best 
performance for LPBF processing of SiC. The samples 
exhibit distinct square geometries with minimal surface 
irregularities, except for faint hexagonal patterns visible on 
the uppermost layer. In addition, minor porosity is evident, 
appearing as isolated, tiny voids scattered across the surface.

The numerical simulation was employed to investigate 
the hexagonal scanning strategy, with the corresponding 
temperature distribution depicted in Fig. 14. The zigzag 
pattern within the hexagonal layout is visible, revealing a 
significant temperature spike when the laser initiates each 
new path. This temperature increase represents a key chal-
lenge for this scanning technique. After completing the 
zigzag phase, the process transitions to border scanning, 
demonstrating a comparatively lower temperature profile. 
This variation is attributed to the continuous and longer 
paths of border scanning, as opposed to the shorter, more 

Fig. 14  Temperature progression 
history of the top surface scanned 
with the hexagonal strategy

 

Fig. 13  SiC samples (1 × 1 × 0.2 
cm³) built using the hexagonal 
strategy (a) and focused view of 
the layer’s upper surface
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beginning of each scanning path. These dips are attributed 
to the time when the laser is turned off while repositioning 
for the next scan, followed by the time needed to heat the 
SiC powder to its sintering temperature. Layer shifting can 
occur when consecutive layers do not adequately adhere, 

Fig. 16(b). This shifting is problematic because it affects the 
dimensional accuracy of the printed part. A numerical model 
was employed to understand the cause of this shift. The 
maximum temperature history from the numerical model, 
shown in Fig. 17, reveals several temperature dips at the 

Fig. 16  SiC samples (1 × 1 × 0.2 
cm³) printed using the linear 
scanning strategy: (a) overall 
view of the as-built samples on 
the substrate, (b) magnified view 
of the upper surface, and (c) 
detailed surface region show-
ing incomplete sintering, pore 
distribution, and sharp corner 
formation

 

Fig. 15  SEM images of SiC specimens scanned using the hexagonal strategy
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spacing determined by the hatching distance. The images 
also reveal a notable amount of porosity. Quantitative areal 
porosity was determined from representative SEM images 
using ImageJ by threshold segmentation and particle anal-
ysis. The resulting values (25.73%, 9.99%, 6.30%, and 
21.59% for Figs. 9, 12 and 15, and 19, respectively) con-
firmed that the hexagonal and zigzag strategies yielded the 
lowest areal porosity. These findings suggest that the linear 
scanning strategy is unsuitable for SiC LPBF processing.

3.3  Rietveld XRD phase analysis

Quantitative analysis of SiC phases poses challenges with 
traditional X-ray diffraction due to the overlapping diffrac-
tion peaks of different SiC phases. To accurately analyse SiC 
phases across the studied scanning strategies and assess the 
impact of temperature history on each sample, we employed 
the Rietveld method, as detailed by Hongchao and Chan-
glin [39]. Figure 20 displays the X-ray diffraction spectra 
for the feedstock powder and SiC samples scanned using 
concentric in-out, inclined zigzag, and hexagonal strate-
gies (the linear strategy was excluded due to layer shifting, 
rendering it unsuitable for D-LPBF of SiC). The feedstock 
powder shows the presence of two SiC phases: SiC-6 H 
and SiC-15R. Post-LPBF, additional carbon and silicon 
phases emerged, indicating SiC decomposition. Despite the 
parameters being adequate to sinter SiC particles without 
decomposition, temperature peaks during scanning with 
different strategies contributed to this phase transformation. 
Table 4 lists the quantities of each phase in the SiC powder 
and the SiC samples processed with various scanning strat-
egies. The hexagonal strategy displayed more silicon and 

with the recoater’s force sufficient to cause this movement. 
This issue is evident from the temperature history of this 
scanning strategy, where the scanning temperature reaches 
around 3200 K. Although this temperature is sufficient for 
sintering the 22 μm layer, it is inadequate for achieving 
proper adhesion to the underlying layer.

In contrast, other scanning strategies with temperature 
peaks during scanning facilitated better layer adhesion, pro-
viding enough support to resist the recoater’s force. How-
ever, the linear strategy’s lack of temperature peaks during 
scanning led to poor adhesion and subsequent layer shifting. 
Raising the laser power to resolve this issue is not recom-
mended, as it would surpass the decomposition threshold 
of SiC.

Figure 18 displays the sintering contours for the linear 
strategies, inclined zigzag, and concentric in-out methods, 
illustrating both the top surface and a cross-sectional plane 
to assess the sintering depth. For the linear strategy, the ver-
tical section (yz section at x = 0.1 mm) plane shows either no 
bonding or minimal bonding between the current scanned 
layer and the one beneath it. This lack of strong adhesion 
leads to the layer shifting observed with this strategy. Con-
versely, the other scanning methods show distinct adhe-
sion between layers, effectively preventing such shifting. 
The hexagonal method demonstrates the deepest adhesion, 
indicating the most effective layer bonding among all the 
strategies.

Figure 19 shows the SEM images of the sintered struc-
ture of SiC samples fabricated using the linear scanning 
strategy. Consistent with previous methods, the top surface 
exhibits a clear pattern of small, raised features arranged 
in linear rows, aligned with the scanning paths, with the 

Fig. 17  Temperature progression 
history of the top surface scanned 
with the linear strategy

 

1 3



The International Journal of Advanced Manufacturing Technology

strategy, decomposition mainly occurred at points where 
the laser changed direction, generating temperature peaks 
as previously described. Conversely, the zigzag strategy 
exhibited lower decomposition than the concentric in-out 
and hexagonal strategies because temperature peaks were 

carbon than the concentric in-out and zigzag strategies, indi-
cating greater SiC decomposition. This increased decompo-
sition in the hexagonal strategy is attributed to the very short 
and numerous laser track paths, which created temperature 
peaks at the start of each new path. In the concentric in-out 

Fig. 18  Sintering phase progression with the employed scanning strategy at different locations as indicated
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hinder such modifications. Future advancements in SiC 
LPBF printers should focus on developing new scanning 
strategies designed explicitly for ceramics to address these 
issues effectively. The significant decomposition observed 

confined to the borders rather than within the scanning area. 
Developing a new scanning strategy is crucial for mitigating 
these temperature peaks and preventing SiC decomposition. 
However, current limitations with the 3D printer software 

Fig. 20  X-ray diffraction (XRD) 
spectra of SiC printed using vari-
ous scanning strategies

 

Fig. 19  SEM images of SiC samples printed using the linear scanning strategy
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layer shifting. To mitigate layer shifting observed in the lin-
ear strategy in D-LPBF of SiC, this can contribute to future 
studies that apply short-strip or alternating scanning strate-
gies or preheating techniques to improve interlayer adhe-
sion without exceeding the SiC segregation threshold. The 
concentric in-out strategy also proved ineffective due to 
creating distinctive surface patterns. Conversely, both the 
zigzag and hexagonal strategies successfully avoided these 
problems. X-ray diffraction and quantitative phase analysis 
of SiC samples produced using various scanning strate-
gies revealed decomposition into silicon and carbon. This 
decomposition was attributed to temperature peaks gener-
ated by the scanning strategies, which exceeded the decom-
position point of SiC, leading to the formation of silicon and 
carbon within the SiC parts. significant variations in phase 
retention and by-product formation. For the SiC-6 H pow-
der, the Concentric In–Out strategy resulted in the highest 
retention (97.63% ± 9.03), followed by the Zigzag (87.48% 
± 2.3) and Hexagonal (76.31% ± 0.05) strategies. In con-
trast, the SiC-15R phase was almost completely decom-
posed under all scanning strategies, with negligible residual 
content. Silicon and carbon by-products were observed to 
accumulate differently depending on the scanning strategy; 
for instance, the Hexagonal strategy resulted in the high-
est silicon (18.01% ± 0.01) and carbon (5.66% ± 0.014) 
content. These results demonstrate that scanning strategy 
strongly influences the thermal decomposition behavior and 
phase evolution of SiC during D-LPBF, providing a quan-
titative foundation for optimizing processing conditions in 
future studies.Developing new scanning strategies is crucial 
for advancing the successful D-LPBF of SiC.

Authors contribution  Mohamed Abdelmoula and Alejandro Montón 
Zarazaga carried out the research for this study and were responsible 
for writing and organising the final manuscript. All authors reviewed 
and approved the final version of the manuscript.

Funding  Open access funding provided by the Scientific and Tech-
nological Research Council of Türkiye (TÜBİTAK). This project 
has been funded by the European Union’s Horizon 2020 Framework 
Program for Research and Innovation (2014–2020) under the Marie 
Skłodowska-Curie Grant Agreement No. [764935].

Data availability  The authors confirm that the data supporting the 
results of this study are available in the article and/or its supplemen-
tary materials.

in the hexagonal scanning strategy is due to heat accumula-
tion behaviour. In this scanning strategy, the laser beam is 
traced through short, adjacent scan tracks before complet-
ing a discrete boundary traversal. Each new scan results in 
a rapid increase in temperature due to localised heat accu-
mulation at the scan starting point. Frequent microheating 
causes multiple transient temperature peaks that exceed the 
SiC decomposition threshold (~ 2800 °C) and cause the SiC 
to decompose into Si and C.

Furthermore, adjacent short laser lines, due to the lim-
ited time available for heat transfer, create overlapping 
high-temperature thermal zones. This accumulation further 
increases the peak temperature. Repeated peak formations, 
in turn, reduce the thermochemical stability of SiC. In con-
trast, zigzag and concentric in-out strategies create a more 
uniform heat distribution across the scanned area, reduc-
ing the frequency and intensity of temperature overshoots 
responsible for decomposition. The emergence of separate 
Si and C phases due to SiC decomposition is expected to 
impact the mechanical integrity of printed parts negatively. 
The silicon phase is softer than SiC, and the tendency for 
carbon to accumulate in pores and along grain boundar-
ies acts as crack initiation sites in the printed sample. For 
instance, it has been reported in the literature that micro-
structural heterogeneity, including phase distribution and 
grain boundary characteristics in SiC structures, affects the 
fracture toughness of silicon carbide materials [40]. Because 
the resulting heterogeneous structure is expected to reduce 
strength, future studies investigating mechanical behaviour 
should be planned. 

4  Conclusions and future study

Direct Laser Powder Bed Fusion (D-LPBF) of SiC poses 
a considerable challenge due to the risk of SiC decompo-
sition at high temperatures during the sintering process. 
This study developed a numerical model to predict optimal 
laser sintering parameters, such as laser power and scan-
ning speed, and evaluated their effectiveness across various 
scanning strategies, including linear, hexagonal, zigzag, 
and concentric in-out. The results indicated that the linear 
strategy is unsuitable for SiC D-LPBF due to issues with 

Table 4  SiC phase quantity at different scanning strategies
Strategy SiC Powder Concentric In-out Zigzag Hexagonal
SiC-6 H 97.63% ± 9.03 78.99% ± 1.85 87.48% ± 2.3 76.31% ± 0.05
SiC-15R 2.36% ± 0 2.01% ± 00 4.61E-4% ± 00 0
Silicon - 15.77% ± 0.35 8.84% ± 0.694 18.01% ± 0.01
Carbon - 3.25% ± 0.15 1.07% ± 0.694 5.66% ± 0.014
Rwp (%) 8.53 14.07 17.56 14.04
Rexp (%) 4.20 4.93 4.601 4.79
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