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Abstract
Additive manufacturing of silicon carbide (SiC) is challenging due to uncontrollable 
quality, surface roughness of fabricated parts, expensive post-processing, and 
long production times for customized components. Developing cost-effective, 
rapid manufacturing techniques that maintain high quality and design freedom is 
therefore highly desirable. In this study, laser powder bed fusion (LPBF) followed 
by ultra-fast post heat treatment was applied to produce SiC-based composites 
using silicon and carbon powders as raw materials. The influence of processing 
parameters on silicon-carbon reaction and sintering was investigated. Boron carbide 
was used as an additive to enhance sintering. Substantial SiC formation occurred 
despite the limited heating time. Boron carbide influenced both SiC formation and 
grain growth. The maximum Vickers hardness (1218 HV0.2) was achieved in boron 
carbide-containing heat-treated samples printed at a laser power of 48 W. This novel 
approach enables the efficient fabrication of SiC-based composites with enhanced 
hardness, underscoring the potential of LPBF for cost-effective and customizable 
ceramic component manufacturing.

Keywords: Laser powder bed fusion; Selective laser melting; Silicon carbide; Ultra-fast 
heating; High-speed temperature scanner; Reactive sintering

1. Introduction
Silicon carbide (SiC) is an advanced ceramic with high hardness, strength, thermal 
conductivity, and chemical stability, making it suitable for cutting tools, armor, 
aerospace components, and electronics.1 Conventional manufacturing methods, such 
as dry pressing,2 slip casting,3 tape casting,4 and injection molding,5 enable achieving 
high performance of ceramic; however, machining to obtain more complex geometries 
is challenging. Ceramics have poor machining performance because of their brittleness, 
low shear strength, and excessive tool wear.6,7 Therefore, the production of components 
with near-net-shape designs is crucial.

Recent advances in laser powder bed fusion (LPBF) technologies have enabled 
the successful fabrication of high-performance metallic materials with tailored 
microstructures and mechanical properties.8-10 These techniques have demonstrated 
notable achievements in producing dense, defect-minimized components with superior 
strength and hardness. However, despite such successes in metals, the application of 
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these AM methods of SiC remains highly challenging due 
to its high melting point,11 intrinsic brittleness, and low 
fracture toughness.12 Most reported SiC-based materials 
rely on complex, high-temperature sintering, which limits 
scalability and compatibility with AM.

Recently, AM of SiC has garnered the attention of 
industrial leaders and researchers. Considering that 
the mechanical properties of the ceramic are a sign of 
its defects, many researchers focused on improving the 
strength of SiC. Table  1 summarizes different AM and 
traditional techniques to manufacture SiC.

Although the post-processing of additive-manufactured 
samples plays a crucial role in the density and mechanical 
properties thereof,17 this technology has not yet achieved 
the production of fully defect-free components. Overall, 
traditional manufacturing technologies result in higher 
density and sometimes significantly higher mechanical 
properties than AM. Consequently, there is a clear research 
gap in developing processing routes for SiC-based systems 
that can deliver competitive mechanical performance 
while being more time-efficient, cost-effective, and 
environmentally friendly.

The present work responds to this challenge by 
exploiting the advantages provided by LPBF, in addition 
to its high geometric flexibility and the ability to fabricate 
complex near-net-shape components directly from digital 
models.26,27 This design freedom is particularly significant 
for ceramics and composites, where conventional shaping 
methods are constrained by brittleness and strict processing 
requirements.28,29

However, ceramics are generally challenging to process 
via laser-based AM.30 Several studies have reported 
varying outcomes depending on the feedstock and process 
parameters. Meyers31 produced SiC parts with ~95% 
relative density by LPBF using a mixture of 67 wt% SiC and 
33 wt% Si, followed by carbon impregnation and molten 
silicon infiltration.31 Zou et al.32 used SiC with short carbon 
fibers, followed by two-stage carbonization and silicon 
infiltration.

Ghaltaghchyan et al.33 fabricated SiC preforms via direct 
LPBF using a bimodal mixture of SiC, Si, and hexagonal 
boron nitride, which reached up to 87% relative density 
and a Young’s modulus of 59.8 ± 0.3 GPa without post-
processing.33 These studies highlight the importance of 
feedstock selection, process parameters, and heating rates 
in achieving high-density, mechanically robust SiC parts.

This article aims to present a novel approach for 
manufacturing SiC using selective laser melting within 
LPBF technologies. In this method, the feedstock containing 
silicon and activated carbon is rapidly heated by the laser 

beam, promoting the in situ formation of SiC within the 
printer’s chamber. The process consolidates material layer 
by layer while simultaneously enabling chemical reactions 
between the constituent powders, effectively combining 
AM with in situ reactive phase formation.

The influence of LPBF process parameters on SiC 
formation was investigated. The effect of boron carbide 
(B4C) on reactions and subsequent post-processing was 
studied. This is the first study to apply an ultra-high 
heating rate of 3400°C/min during post-processing of the 
LPBF-printed samples for the purposes of enhancing Si–C 
reaction and densification.

2. Materials and methods
2.1. Powder feedstock preparation

The first powder feedstock (Feed 1) was prepared using 
silicon powder (microcut <20 µm; SILGRAIN, Elkem ASA, 
Norway) mixed with activated carbon (Lach:  ner, Czech 
Republic). The second feedstock (Feed 2) was obtained 
by adding 5 wt.% B4C (particle size 1–7 µm, purity >98%; 
Sigma Aldrich, Germany) powder into the Feed 1 as a 
sintering additive. The composition of both feedstocks is 
presented in Table 2.

In Feed 1, a slightly higher fraction of silicon was 
used, compared to stoichiometric calculations, to ensure 
complete reaction with carbon and to compensate for 
potential losses or incomplete conversion during the rapid 
laser heating process. This excess of silicon facilitates 
the formation of dense SiC while minimizing residual 
unreacted carbon.

Initial powders were mixed in acetone using a magnetic 
stirrer for 30 min inside a closed jar. The lid of the jar was 
then removed, and the stirrer was heated while stirring 
continued to facilitate the drying of the feedstock. The final 
drying of powder was performed in the forced air-drying 
oven WGLL-65BE series (FAITHFUL, China) at 80°C for 3 h.

2.2. LPBF

The solid samples were built with dimensions of 10 × 10 × 
5 mm. The LPBF process was carried out in a pure argon 
environment with an oxygen level kept below 0.1%. The 
printing parameters were systematically varied to identify 
the optimal process window. Parameter optimization 
was based on multiple output responses, including visual 
inspection for macroscopic defects, X-ray diffraction 
(XRD) analysis to assess phase composition (SiC-to-Si 
ratio), and practical considerations such as energy 
efficiency and processing stability.

Macroscopic quality was first assessed through visual 
inspection, focusing on surface integrity, the presence 
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of cracks, and signs of warping. Phase composition was 
evaluated using XRD analysis to determine the SiC-
to-Si ratio and to identify any potential decomposition 
or formation of secondary phases. Processing stability 

includes build repeatability and powder recoating behavior 
during fabrication. Finally, energy input was optimized to 
avoid excessive overheating or material degradation while 
still achieving adequate densification. These combined 

Table 1. Various techniques for SiC processing

Composition Method of sintering and 
conditions

Density and 
porosity

Mechanical properties References

Si+α‑SiC Direct laser 
sintering+phenolic resin 
infiltration with liquid silicon 
infiltration 

Up to 84% SiC 
content

Young’s modulus: 285±5 GPa
Flexural strength: 162±7 MPa
Hardness: 2045±252 HV

13

SiC+Si Direct laser powder bed 
fusion with chemical vapor 
infiltration

78.3% Compressive strength: 90±8 MPa 14

Whisker‑reinforced SiC Binder jetting and chemical 
vapor infiltration

2.77 g/cm3 Flexural strength: 200 MPa
Fracture toughness: 3.4 MPa m1/2

Elastic modulus (with nanoindentation): 458 GPa

15

SiC Selective laser 
sintering+precursor 
infiltration and pyrolysis

2.59 g/cm3 Flexural strength: 220 MPa 16

SiC+10 wt.% Al2O3–Y2O3 Stereolithography+liquid 
phase sintering

78.2±1.36% Flexural strength: 77±5.2 MPa 17

SiC Stereolithography+precursor 
infiltration and pyrolysis

82.6±0.48% Flexural strength: 184.2±8.5 MPa 17

SiC+Si powder Stereolithography+liquid 
silicon infiltration

96.2±0.32% Flexural strength: 210.4±10.3 MPa 17

SiC+Si (5.2 vol.%) Binder jetting 2.89 g/cm3 Flexural strength: 385±25 MPa
Fracture toughness: 5.93±0.32 MPa m1/2

18

SiC Spark plasma sintering, 
2050°C

3.187 g/cm3 Young’s modulus: 440±20 GPa
Flexural strength: 490±70 MPa
Hardness: 20±2 GPa to 32±0.7 GPa

19

SiC+1.65 wt% Al Hot pressing, 28 MPa, 2100°C 3.20–3.21 g/cm3 Hardness: 24.6±0.5 HV1 (GPa)
Strength: 705±63 MPa

20

SiC+2.52 wt.% AlN Hardness: 23.3±0.3 HV1 (GPa)
Strength: 640±100 MPa

SiC+1 wt.% C+0.25 wt.% B4C Hardness: 26.9±1.0 HV1 (GPa)
Strength: 447±113 MPa

SiC+α‑Al2O3+graphite Bidirectionally pressing, 
sintering in air, 1400–1550°C

Open porosity of 
43.4%

Flexural strength: 24.0 MPa 21

SiC+carbon black Reaction bonding with 
molten silicon at 1600°C, 20 
min under vacuum

<50%, 2.85 g/cm3 Flexure strength: 260±50 MPa to 310±40 MPa 22

SiC+B4C Uniaxially compacting under 
180 MPa, infiltrated with 
liquid silicon at 1480°C 

2.79–2.92 g/cm3 Young’s modulus: 343–353 GPa
Flexural strength: 171–270 MPa
Hardness: 1534±202 to 1963±331 HV

23

Amorphous carbon 
black+micro‑spherical 
carbon+molten Si

Uniaxial die‑pressing at 
80 MPa for 60 s, thermal 
treatment at 1550–1850°C

3.14 g/cm3 Young’s modulus: 443 GPa
Hardness: 25.3 GPa

24

SiC+paraffin‑based binder Injection to a mold, thermal 
debinding, four times 
impregnation with phenolic 
resin and pyrolysis, and 
infiltration with silicon

3.14±0.02 g/cm3 Flexural strength: 225±52 MPa 25
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factors were used to identify the most effective and reliable 
set of processing parameters. Table  3 summarizes the 
main printing parameters applied for the consolidation of 
powders.

2.3. Heat treatment

The high-speed temperature scanner (HSTS) technique 
was used to heat the printed samples.34 Each sample was 
enclosed in a carbon envelope, which was heated directly by 
an electrical current, following a programmed temperature 
schedule managed by a PC-assisted controller. The heating 
process occurred in an argon-protective atmosphere at a 
controlled heating rate. The samples were heated at a rate of 
3400°C/min up to 1730°C and cooled down at 100°C/min. 
The dwell time was 3 min.

The selected sintering temperature of 1730°C 
was chosen considering the melting point of silicon 
(~1410°C),35 to ensure the formation of liquid silicon and 
thereby promote its reaction with carbon to form SiC. The 
sintering temperature was kept below the decomposition 
temperature of SiC.

The chosen maximum heating rate of 3400°C/min 
for the HSTS setup was based on our earlier research, 
which showed that elevated heating rates enhance SiC 
formation.36 Under slow heating conditions, the initially 
formed SiC layer acts as a diffusion barrier between silicon 
and carbon powders, hindering further reaction. Rapid 

heating reduces this effect by promoting more uniform 
reaction throughout the entire material.

These parameters were selected to promote rapid Si–C 
reaction and densification while reducing excessive grain 
growth, secondary phase formation, or thermal damage to 
the preforms.

The temperature of the samples was monitored using 
tungsten-rhenium thermocouples positioned at the center 
of each sample. The thermocouples’ output signals were 
processed through a multichannel acquisition system 
and logged by a computer. Throughout the process, both 
the temperature profile and the applied current were 
continuously documented.

2.4. Characterization

To examine the porosity and microstructural 
characteristics, the produced rectangular samples were 
put in epoxy resin, cross-sectioned, and polished in 
the direction perpendicular to the printing plane. The 
universal grinding and polishing device was applied (Qpol 
GO model, Mammelzen, Germany).

A scanning electron microscope (SEM; Prisma E, 
Thermo Fisher Scientific, Hillsboro, OR, USA), equipped 
with an energy dispersive spectroscopy detector, was 
employed. Samples were subjected to coating with a thin 
layer of gold to provide sufficient conductivity.

The composition of the samples after the printing and 
heat treatment was determined by means of XRD using 
a Mini Flex 600 X-ray Diffractometer (Rigaku, Japan) 
with these settings: 40  mA, 40  kV, Cu Kα radiation, 
λ = 0.1542 nm, and a step size of 0.02°. The samples were 
broken and ground for analysis.

The Vickers hardness of the heat-treated samples was 
measured using FALCON 600G2FA Automated Hardness 
Testing System (INNOVATEST Europe BV, Maastricht, 
Netherlands). The indenter has a square base with a 136° 
angle between opposite faces. The load applied to the 
indenter was 0.2 kgf.

The carbon concentration in feedstock and samples was 
measured through combustion in an induction furnace above 
2000°C in the presence of oxygen and a catalyst. This converts 
the element into gaseous CO₂, which was then separated and 
measured sequentially by infrared absorption. The elemental 
analyzer ELEMENTRAC CS (ELTRA Elemental Analyzers, 
Germany) was used in this regard.

3. Results and discussion
3.1. Feedstock characterization

The flowability of the feedstock powders has a significant 
impact on their distribution on the LPBF printing platform. 

Table 2. Composition of raw powders for LPBF printing

Feedstock number Composition

Feed 1 Si (72 wt.%)+C (28 wt.%)

Feed 2 Si (68.4 wt.%)+C 
(26.6 wt.%)+B4C (5 wt.%)

Abbreviation: LPBF: Laser powder bed fusion.

Table 3. The main printing parameters for the LPBF process

Printing parameters Values tested in 
experiments

Optimized 
values

Laser power (W) 30–50 48

Powder layer thickness (μm) 25–35 35

Hatch distance (μm) 60–80 60

Focal length of the focusing lens (mm) 4; 9.8; 14 4

Rotation between layers (°) 60; 90 60

Exposure time (μs) 40; 80; 120; 160 40

Point distance (μm) 5–15 5

Baseplate material Ti, SiC SiC

Heating of baseplate (°C) RT; 100; 150 100

Abbreviations: LPBF: Laser powder bed fusion; RT: Room temperature.
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The flowability is influenced by the size and form of the 
particles. Microstructural analysis indicates that both final 
powder mixture particles contained angular structures and 
did not exhibit aggregation (Figure 1).

The powders were not as spherical as preferred for 
ideal flowability; however, mixing within the acetone 
environment positively influenced the powder distribution 
in a 2D layer. It is assumed that acetone acts as a dispersing 
agent, reducing interparticle forces and preventing 
agglomeration of fine particles during mixing. This results 
in a more uniform microscale distribution of silicon and 
carbon powders, improving feedstock homogeneity. 
Moreover, wet mixing also breaks down soft agglomerates 
that persist in dry mixing, and after solvent evaporation, 
a finely dispersed powder with reduced clustering is 
obtained, enhancing powder flow and layer uniformity.

Although spherical powders are generally preferred 
in LPBF due to superior flowability and packing density, 
angular powders can provide unique benefits for processing 
ceramics. The irregular geometry of angular particles 
promotes multiple internal reflections of the incident laser 
beam on the particle surfaces. This effect enhances light 
absorption compared to smooth, spherical powders, which 
is particularly advantageous for highly reflective ceramic 
systems such as silicon and SiC.37 Ultimately, a balanced 
feedstock structure was obtained, where the non-spherical 
particles enabled uniform spreading on the baseplate 
and provided adequate absorptivity and sinterability for 
efficient LPBF processing.

The powder mixtures were processed using selective 
laser melting, a unique technique under the umbrella of 
LPBF. Powder distribution on the building platform was 
assessed visually. In case of local accumulation of powder, the 
platform height and the tension of the leveling rubbers on 
the wiper were adjusted. After the adjustments, printing was 
conducted in a pure argon atmosphere to prevent oxidation.

The elemental analysis indicates that the carbon content 
in Feeds 1 and 2 is 21% and 20%, respectively. These are 
slightly lower than the carbon content in a raw material 
(Table 2).

3.2. LPBF

Laser power was identified as a critical parameter governing 
the printing process. At powers below 31 W, only partial 
sintering occurred, yielding highly brittle samples that 
disintegrated upon removal from the platform. Conversely, 
powers above 48 W led to excessive energy input, causing 
sparking, smoke generation, and the formation of brittle 
parts. Hence, the range of 31–48 W was established as 
optimal for stable fabrication. The influence of sintering 
agents, particularly B4C, on the sinterability and silicon-
carbon reaction was investigated, too. The complete set of 
samples fabricated by LPBF is summarized in Table 4.

3.3. Effect of laser focus and exposure time

Exposure time was varied between 40 and 160 μs to 
optimize energy input. Although XRD showed a modest 
increase in the SiC/Si ratio with higher exposure times 
(Figure 2B), the improvement was limited, and 40 μs was 
therefore considered sufficient to balance productivity and 
SiC formation.

Compared to exposure time, focal length had a stronger 
influence. According to Equation I, increasing the focal 
length enlarges the spot size, thereby reducing energy 
density.

ds = 4λf/πD� (I)

where ds represents spot size (diameter of the laser 
beam at the focal point); λ represents laser wavelength; f 
represents focal length of the focusing lens; and D represents 

Table 4. List of LPBF‑printed samples

Sample 
ID

Composition Laser 
power 

(W)

Focal 
length 
(mm)

Exposure 
time (μs)

Post‑ 
processing

S1 Feed 1 31 4 40 No

S2 Feed 1 36 4 40 No

S3 Feed 1 48 4 40 No

S2H Feed 1 36 4 40 Yes

S3H Feed 1 48 4 40 Yes

S4 Feed 1 48 9.8 40 No

S5 Feed 1 48 9.8 80 No

S6 Feed 1 48 9.8 160 No

S7 Feed 1 48 14 40 No

S8 Feed 2 31 4 40 No

S9 Feed 2 36 4 40 No

S10 Feed 2 48 4 40 No

S9H Feed 2 36 4 40 Yes

S10H Feed 2 48 4 40 Yes

Abbreviation: LPBF: Laser powder bed fusion.

Figure  1. SEM images of final raw powders—Feed 1 (A) and Feed 2 
(B)—at high magnification (10 000×)
Abbreviation: SEM: Scanning electron microscopy

BA
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input beam diameter before focusing. Therefore, a longer 
focal length results in a larger spot size. Reducing the focal 
length from 14 mm to 4 mm increased local energy input, 
which enhanced the SiC-to-Si ratio (Figure 2A).

3.4. Effect of B₄C as a sintering agent

The influence of B4C on the microstructure of LPBF-
printed samples was studied. The cross-sections of the 
samples S3 and S10 are illustrated in Figure 3.

SiC-based ceramic was chosen as the substrate of all 
the samples, due to its ability to enhance adhesion of the 
feedstock. Figure 3A illustrates the microstructure of the 
LPBF-printed sample S3 using Feed 1. The as-obtained 
SiC–Si grains had elongated structures with different 
sizes. However, the sintering process left enormous 
pores in the samples. Adding 5 wt.% B4C led to reduced 
porosity (Figure  3B). Overall, the samples (S8, S9, S10) 
containing B4C in the feedstock (Feed 2) exhibited a more 
uniform structure with fewer pores compared to the 
feedstock without an additive. Moreover, B4C enhanced 
carbidization of silicon. XRD analysis showed that the 
Si-to-SiC ratio decreases when using B4C in the feedstock 
(S9 and S10) compared with the B4C-free samples (S2, S3) 
(Figure  3C). As it has been mentioned in the literature, 
the incorporation of B4C changes the microstructure and 
reaction kinetics of SiC.38 During the reactive sintering 
process, boron–silicon–carbon liquid phase forms, which 
enhances both the sintering of SiC and its formation.39,40

The Redfield analysis showed that the obtained SiC 
content in the printed samples (S1, S2, S3) was ~45 %. 
Thus, this indicates that raising laser power from 31 W to 
48 W does not influence the rate of interaction between 
Si and C when Feed 1 is utilized. However, samples 
containing B4C (S8, S9, and S10) show another behavior. 
The increased amount of SiC from 50% to 55% necessitated 

a laser power increase from 31 W to 36 W (in S8 and S9, 
respectively). The further increase of laser power to 48 W 
does not influence the SiC content (in S10). In all of these 
cases, it was possible to obtain samples with clearly defined 
contours (Figure 3D).

Although the SiC fraction achieved in this study 
reached ~55%, with residual silicon remaining after post-
printing heat treatment. Residual silicon can compromise 
high-temperature performance, including thermal 
stability and oxidation resistance, significantly limiting the 
material’s maximum service temperature and restricting its 
use in harsh environments.38 However, it can also enhance 
machinability in certain applications. For applications 
requiring high thermal or chemical stability, strategies to 
further increase SiC formation are necessary.

Future experiments will focus on maximizing SiC 
formation by combining extended dwell times, multi-step 

Figure 2. XRD analysis of LPBF-printed samples at different focal length (A) and exposure time (B)
Abbreviations: LPBF: Laser powder bed fusion; XRD: X-ray diffraction

BA

Figure  3. The samples after LPBF printing using Feed 1 and Feed 2. 
(A) Microstructure of S3; (B) Microstructure of S10; (C) XRD analysis of 
S2, S3, S9, and S10; (D) LPBF-printed samples. Magnification: 200× (A–B)
Abbreviations: LPBF: Laser powder bed fusion; XRD: X-ray diffraction

DC

BA
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heating protocols (controlled pre-heating stages and ramp 
rates), and optimized feedstock composition with potential 
sintering aids. These strategies are expected to enhance 
Si–C reaction kinetics, promote uniform SiC growth, and 
achieve higher carbidization levels in the printed samples.

Another limitation is the discrepancy between the 
intended and actual carbon content in the feedstock. This 
reduction likely arises from the partial loss of fine carbon 
particles during wet mixing, drying, and handling, which 
prevented the full incorporation of the initially added carbon 
into the final powder mixture. The lower carbon content 
may have limited the Si–C reaction, reducing the final SiC 
fraction and influencing the microstructure and hardness 
of the printed samples. Consequently, the presented results 
may underestimate the maximum achievable SiC formation 
under the selected processing conditions.

Compared to the literature reported in Table 1, where 
SiC densification typically requires multi-step infiltration 
or hot pressing, our results highlight that direct LPBF with 
B4C achieves comparable SiC formation in a single step, 
albeit with some residual porosity.

3.5. Heat treatment of LPBF-printed samples

Our previous research demonstrated that the heating rate 
strongly influences the Si–C reaction mechanism and 
yield.36 At high heating rates, silicon melts and wets the 
carbon surface before a continuous SiC layer can form, 
thereby accelerating Si–C interaction. Figure 4 presents the 
microstructure and XRD patterns of heat-treated samples 
(S2H, S3H, S9H, and S10H).

Microstructural analysis revealed that the samples 
consisted of silicon, SiC, and pores. Samples without B4C 
exhibited a heterogeneous microstructure, characterized 
by unevenly distributed fine SiC grains within the silicon 

matrix (Figure 4A and B). Samples produced at higher laser 
power (S3H and S10H, at 48 W) were less homogeneous 
compared to those fabricated at lower power (S2H and 
S9H). XRD and SEM analyses confirmed that the highest 
SiC content was obtained in sample S9H, which contained 
B4C and was processed at 36 W (Figure  4C and E). At 
higher power (for S10H), coarser SiC grains were observed 
(Figure  4D), although the overall SiC content was lower 
than in sample S9H.

During the LPBF process, silicon reacts with carbon 
to form SiC. However, the initially formed SiC may act as 
a diffusion barrier, limiting further carbidization during 
subsequent heat treatment. At higher laser powers, larger 
amounts of SiC were generated, and post-treatment 
primarily promoted the growth and coarsening of existing 
SiC grains (Figure 4D). In contrast, post-heat treatment of 
sample S9 facilitated additional Si–C interaction, leading 
to the nucleation of new SiC grains and the enlargement of 
pre-existing ones.

These results indicated that B4C not only facilitates 
the Si–C reaction but also improves microstructural 
uniformity. This observation is consistent with earlier 
reports that B₄C promotes transient B–Si–C liquid 
phase formation, enhancing diffusion and carbidization 
efficiency.40,41 Furthermore, our results demonstrate that 
excessive laser energy input can promote grain coarsening 
and reduce effective SiC yield, in line with literature on laser 
processing, where localized overheating is known to limit 
densification by promoting exaggerated grain growth.42

Compared to conventional sintering or infiltration-based 
approaches, where SiC densification often requires prolonged 
thermal treatments at >2000°C,43,44 the combined effect of 
B₄C addition and optimized laser power in our study enabled 
significant SiC formation and improved microstructural 

Figure  4. The LPBF-printed samples following heat treatment at a rate of 3400°C/min up to 1730°C (A–D) and XRD analysis of these samples (E). 
(A) Microstructure of S2H; (B) Microstructure of S3H; (C) Microstructure of S9H; (D) Microstructure of S10H; (E) XRD analysis of S2H, S3H, S9H, and 
S10H. Magnification: 50× (A–D)
Abbreviations: LPBF: Laser powder bed fusion; XRD: X-ray diffraction

DCBA E
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quality at relatively lower processing temperatures. This 
highlights the potential of direct LPBF combined with 
reactive agents for producing SiC-based materials with 
tailored microstructures in a single-step process.

The Vickers hardness values of samples S2H, S3H, S9H, 
and S10H, measured with a 0.2 kgf load, were 1168, 933, 
1091, and 1218, respectively. Indentations were performed 
on SiC grains. Among them, sample S10H exhibited the 
highest hardness, which can be attributed to the coarse SiC 
grain size. Since the SiC grains are embedded in a silicon 
matrix, the measured hardness values may be lower than 
those of pure SiC. A similar observation was reported by 
Chaugule et al.,45 who showed that in 3D-printed Si–SiC 
composites, the hardness of the silicon regions was nearly 
half that of the SiC regions.45 In our case, the smaller 
SiC grain size and the surrounding silicon phase likely 
contributed to the measured hardness values.

For comparison, the hardness of dense monolithic SiC 
typically exceeds 2000 HV, depending on grain size and 
processing route.46,47 The lower values obtained in this 
work can be explained by the presence of residual silicon 
and porosity, which reduce the effective hardness of the 
composite microstructure. Nevertheless, the achieved 
hardness values fall within the range reported for reaction-
bonded Si–SiC systems, highlighting the potential of LPBF 
combined with post-treatment for fabricating mechanically 
robust SiC-based parts.

4. Conclusion
LPBF of SiC from silicon and carbon powders was 
successfully performed. The effects of printing parameters 
and the addition of B4C on the process yield were 
systematically investigated. As-fabricated samples 
contained up to 55 % SiC, with B4C promoting the 
carbidization of silicon during the LPBF process.

The printed samples were subjected to fast heat 
treatment, with a heating rate of 3400°C/min up to 1730°C 
and a dwell time of 3  min. Enhanced carbidization was 
observed in B4C-containing samples produced at lower 
laser power. After heat treatment, samples containing B4C 
printed at higher laser power exhibited larger SiC grains 
and achieved the highest Vickers hardness of 1218 HV0.2.
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