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A B S T R A C T   

This research is focused on the development and production of SiC-based granulates for reactive laser sintering. 
Ceramic slurries with different compositions of SiC, Si, C powders, and PVA binder were subjected to spray 
drying. Carbon source in form of latex was proposed to avoid a reaction of Si with H2O in alkalic pH caused by 
the presence of carbon in the slurry. It was observed that the latex was beneficial for improvement of the 
flowability. Selected granulates were subjected to laser processing using two different methods. The first one 
where SiC-based granulates were spray deposited on a SiC substrate and laser treated with single pulse working 
of the laser. The second method where a pressed green sample of SiC were processed by the continuous working 
mode of the laser. Results revealed that the use of the continuous work mode during laser processing allowed to 
produce Reaction Sintered SiC (RBSiC).   

1. Introduction 

Conventional sintering of pure SiC is generally time-and energy- 
consuming. The shaping freedom is limited by the conventional sinter
ing techniques (hot pressing, pressureless sintering, recrystallization 
sintering, microwave sintering [1]) as well as post-machining, due to the 
high hardness and wear resistance of SiC [2]. Direct reactive laser sin
tering of Reaction Bonded SiC (RBSiC) by the use of SiC-based granulates 
with Si and C addition for sintering can be a new way to solve these 
problems. It can be further modified in order to use 3D imaging to 
develop additive manufacturing method of RBSiC sintering, which will 
allow for far greater shape freedom of the finished product [3]. Silicon 
carbide is a suitable material for laser processing due to its material 
properties such as high thermal shock resistance, high-temperature 
stability, low coefficient of thermal expansion, high thermal conduc
tivity, and high light absorptivity in the visible and near-infrared range 
[2]. This allows to withstand extreme temperatures that are induced 
locally by high powered laser beam. 

Ceramic materials are typically manufactured by bottom-up 
methods, which are defined as processes that use powder-based mate
rials to firstly prepare a desired shape and then are followed by sintering. 
This leads to limitations in terms of possible geometry of the final 

product. Because of high temperatures needed for ceramics to form a 
liquid phase and increase the diffusion rate, reactive sintering aids (Si, 
SiO2, B, B4C, Al, Be) [1] can be introduced to the systems for sinterability 
enhancement. In case of laser techniques such as Selective Laser sin
tering (SLS), the reactants are generally prepared as a powder or gran
ulate. During processing, the powder is subjected to a high-power laser 
beam which allows for local consolidation of materials. 

Silicon carbide (SiC) and Silicon Nitride (Si3N4) are considered 
suitable to be used as both: porous materials and dense elements for 
structural applications. The advanced ceramic SiC is characterized by a 
combination of specific properties such as low density, high thermal 
conductivity, high melting point (Tm = 2600 ◦C [4]), excellent ablation 
and wear resistance, high strength at both room and elevated temper
atures, high thermal and chemical stability, excellent corrosion resis
tance and low thermal expansion coefficient [2]. This makes it suitable 
for its application in high temperature environments. The idea of reac
tive sintering of SiC is widely known [5–11]. Due to multi-stage pro
cessing, overall complexity, and limitations in obtainable shapes, most 
of these production methods are limited for applications requiring a high 
density of the material such as thermal shielding, electromagnetic wave 
shielding, high performance brake systems; and highly porous materials 
e.g. filters for air pollution, wastewater, molten metal, and exhaust 

* Corresponding author. AGH University of Science and Technology, Faculty of Material Science and Ceramics, Kraków, Poland. 
E-mail address: huebnerj@agh.edu.pl (J. Huebner).  

Contents lists available at ScienceDirect 

Open Ceramics 

journal homepage: www.sciencedirect.com/journal/open-ceramics 

https://doi.org/10.1016/j.oceram.2023.100492 
Received 25 July 2023; Received in revised form 27 September 2023; Accepted 14 October 2023   

mailto:huebnerj@agh.edu.pl
www.sciencedirect.com/science/journal/26665395
https://www.sciencedirect.com/journal/open-ceramics
https://doi.org/10.1016/j.oceram.2023.100492
https://doi.org/10.1016/j.oceram.2023.100492
https://doi.org/10.1016/j.oceram.2023.100492
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceram.2023.100492&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Open Ceramics 16 (2023) 100492

2

gases. SLS can be a solution that would allow the manufacturing of parts 
with advanced geometry. 

Different SiC production methods were already developed, which 
can be divided into two groups. The first one is focused on obtaining 
materials with high density:  

• Reaction bonded SiC (RBSiC) with different sintering aids, able to 
obtain high relative density [12,13].  

• Molten silicon infiltration of C/SiC preform, which allows fabrication 
of dense reaction bonded Si/SiC [14].  

• Pyrolysis of ferrocene-modified polycarbosilane (PCS) mixed with 
inert filler Si3N4 powders followed by heat treatment up to 1400 ◦C 
which led to dense structure [15].  

• Hot-pressed SiC/Si3N4 doped by AlF3 and MgF2 with high density, 
high thermal conductivity, and enhanced mechanical properties [5].  

• SiC reinforced by Si3N4 whiskers prepared by in situ reaction of SiC/ 
Si with N2 in order to produce SiC/Si3N4 composite. The uniform 
distribution of Si3N4 whiskers throughout the volume of a sample 
provided a high density of material [9].  

• Laser-induced gas phase reaction synthesis of SiC/Si3N4 dense 
composite [8]. 

The second group consists of processes suitable for the 
manufacturing of highly porous structures that keep a relatively high 
strength of SiC-based ceramics as shown below: 

• Porous SiC/Si3N4 obtained by freeze casting followed by carbo
thermal reduction reaction [7].  

• Porous SiC/Si3N4 ceramics obtained by chemical vapor infiltration 
and reaction which used paper preforms [11].  

• Highly porous SiC/Si3N4 obtained by reaction sintering method with 
the addition of Y2O3 as sintering aid [10].  

• Protein-based gel casting followed by a modified SPS method in 
order to produce highly porous (60–70%) SiC/Si3N4 foams [16]. 

The shaping limitations of the traditional processing methods can be 
solved by the application of additive manufacturing (AM) methods such 
as selective laser sintering (SLS) [12] or others including slip casting, 
freeze casting, or gel casting followed by sintering process [6,7,16]. The 
SLS method is still in a development stage in the field of ceramic ma
terials. It uses powder reactants that are sintered by laser beam and 
offers the possibility to manufacture geometrically complex parts. This 
grants the possibility to modify and adjust the process in order to obtain 
the desired final properties such as controllable porosity, gradient 
structures and high dimensional accuracy by a small spot size. 

The powders needed for successful SLS processing of SiC-based ce
ramics need to meet specific requirements. One parameter used widely 
to describe the quality of powders is flowability. It gives information 
about the significance of inter-particle forces in powders subjected to 
free fall [17]. It can be described by various parameters. The most used 
one is the Hausner ratio, which is defined as the relation between tapped 
density (dtap) and apparent density of the powder (dapp) [17]:  

H = ρtap/ρapp                                                                                         

It is useful as it reflects particle-to-particle friction [18]. The closer 
the value is to 1, the better flowability of the tested powder as seen in 
Table 1. Values considered to be good enough for SLS, range from 1.00 
to 1.25 [19]. 

Because SiC powders are characterized by a rough particle shape, 
which lowers the flowability, it is necessary to develop a new prepara
tion route that allows to obtain spherical granulates that are suitable for 
SLS. Additionally, in order to improve the sinterability of such material, 
the introduction of various sintering aids is necessary. 

Previously conducted studies used commercially prepared SiC 
granulates/powders that were further mixed, by mechanical methods, 
with sintering additives. On the contrary, the approach proposed in this 
study is based on a modification of the initial granulate composition. It 
was possible through careful analysis and optimization of the spray 
drying process which starts with the preparation of ceramic slurry. This 
allowed to obtain granulates with designed compound content (SiC, Si, 
and C with a very small addition of binding agent in the form of PVA or 
latex particles). As a result, manufactured powders are characterized by 
spherical shape (especially granulates with latex) which is translated to 
great flowability properties necessary for the SLS process. Because of the 
one-step nature of the spray drying process, it resulted in a very ho
mogenous distribution of different compounds throughout every single 
granule which ensures uniform microstructural properties after SLS. 

The novelty presented in this research is a one-step production 
method with high control of final granulate properties in comparison to 
previously used methods employing the mixing of commercially avail
able powders with sintering aids. The SLS proved to be successful in 
producing dense SiC-based materials. The addition of fine Si particles 
have two main purposes. Firstly, it enables formation of a liquid phase 
necessary for consolidation because of its low melting point MPSi =

1414 ◦C. Si also can react with carbon, either introduced separately to 
the system or originating from organic binders in the granulate. The 
spray drying method was previously proved as suitable for production of 
oxide powders for laser manufacturing [20–23]. 

2. Material and methods 

2.1. Spray drying of granulates 

Commercially available powders of SiC F2000 (SIKA Fiven, Norway), 
Si 1–5 μm (Atlantic Engineer Equipment, USA), Si 0.5 μm (US Research 
Nanomaterials, USA), and C PAK1000 (Rütgers CarboTech GmbH, 
Germany) were used for ceramic slurry preparation. In order to prepare 
the slurry PVA addition (MW = 31000 ÷ 50000 g/mol, 99%, Sigma 
Aldrich, USA) was used as a binder. Latex polystyrene 50 wt% water 
suspension (Trinseo, USA) of spherical shape (d = 450 nm) was used for 
preparation of selected granulates as an alternative carbon source. 
Slightly acidic pH of about 5.5–7.0 was controlled by adding HCl or 
NH4OH (0.01 mol water solution) in the appropriate amount. The 
preparation of SiC-based granulates by spray drying was conducted 
using a Büchi Mini Spray Dryer B-290 (Büchi Labortechnik, 
Switzerland). Spray drying was performed with a two-fluid nozzle in co- 
current mode. 

2.2. Selective laser sintering 

Laser sintering was conducted on a prepared surface in an isolated 
reaction chamber (JK Laser 5000, JK Laser, UK). It is equipped with Nd: 
YAG fiber laser with a wavelength of 1064 nm, which is suitable for SiC 
processing (absorptivity of this wavelength by SiC ≈ 78% [24]). Spray 
deposition employing airbrush (Patriot-105, Badger, USA) was used for 
consequent layer deposition. This no-contact method uses alcohol or 
water-based dispersions for the deposition of thin layers, which prevents 
accidental destruction of granules before sintering. Nitrogen was used as 
a shielding gas in order to prevent oxidation. Additionally, some of the 
granulates were pressed into green samples and subjected to laser 

Table 1 
Hausner ratio.  

Hausner Ratio Flow character 

1.00–1.11 Excellent 
1.12–1.18 Good 
1.19–1.25 Fair 
1.26–1.34 Passable 
1.35–1.45 Poor 
1.46–1.59 Very poor 
>1.60 Bad  
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processing with the same parameters in order to investigate sintering of 
a single SiC layer. 

2.3. Granulate and sample analysis 

Initial powders and obtained granulates were characterized by 
means of SEM (Tescan VEGA3, Tescan Instruments, Czech Republic), 
helium density (Ultrapyc 5000, Anton Paar, Austria), water loss upon 
heating (140 ◦C), tapped (1000 automated cycles of compacting the 
powder by tapping glass cylinder with granulate and measuring weight 
and volume) and apparent density (free falling of granulate through 
funnel to 1 cm3 cup and measuring weight), Hausner ratio, flowability 
analysis (PFT Powder Flow Tester, Brookfield, Canada) and BET Specific 
Surface Area (SSA) (SA 3100 Surface Area Analyzer, Beckman Coulter, 
Germany) and particle size distribution (LS 13 320 Laser Diffraction 
Particle Size Analyzer, Beckman Coulter Inc. USA). Water dispersions of 
SiC, both used Si powders and C were subjected to Zeta Potential anal
ysis (ZetaProbe 75 Analyzer, Colloidal Dynamics, LLC, USA). Refractive 
indexes, extinction coefficients, and dielectric constants, needed for 
analysis, were taken from Ref. [25] for SiC, Ref. [26] for Si, and Ref. [27] 
for C. 

Sintered samples were examined by means of optical microscopy, 
SEM microscope (NOVA NANO SEM 200, FEI, Netherlands) equipped 
with EDS (EDAX, Germany) analyzer and XRD analysis using PAN
alitycal X-Ray Diffractor (Malvern Panalytical, United Kingdom). Sin
tered samples were subjected to optical microscopy observations using 
LEICA DM2500 M (LEICA, Germany) and microstructure characteriza
tion using SEM microscope (NOVA NANO SEM 200, FEI, Netherlands) 
equipped with EDS (EDAX, Germany) analyzer. Additionally, selected 
sample were analyzed by means of helium density using AccuPyc II 1340 
(Micromeritics Instruments, USA). 

3. Results 

3.1. Spray drying 

Fig. 1 presents SEM images of the used powders showing their basic 
morphology. It can be observed that all of the powders are characterized 

by rough, irregular shapes. It is known that flowability of powders is 
closely related to interparticle forces. Because of that, the particle shape 
is strongly determining the flow behavior of powder. The packing den
sity of non-spherical particles will be reduced in comparison to spherical 
ones. This leads to increased distances between centers of the gravity of 
the particles, which as a consequence lowers its homogenous ability to 
free flow [17]. Because of the small particle size of used powders (less 
than 10 μm), attractive electrostatic, capillary and Van der Waals forces 
dominate. This is especially true for irregularly shaped rough powders. It 
was found that the more spherical and smoother surface of a particle, the 
lower Van der Waals forces are, which further decreases the uncon
trolled agglomeration of such powders [28]. Table 2 contains analysis 
data for initial powders. 

The high Hausner ratios given in Table 2 implement, that none of 
commercially available powders could be considered as passable flow
able. As a solution, spray drying of SiC- based granulates was proposed 
and developed. The preparation of such materials requires careful 
optimization of the process parameters together with the initial 
composition of the ceramic slurry. It was prepared by mixing SiC and Si 
powder (with the optional C addition) with organic binders and distilled 
water in calculated proportions. Zeta potential measurements of the 
commercially available powders were necessary in order to define the 
pH range that allows for the co-dispersing of all the mixed particles – 
Fig. 2. 

The data obtained from the analysis gives the basic information of pH 
in which SiC ceramics should be processed. In this case, the pH should be 
slightly acidic (range between 6 and 7). Additionally, it is clearly visible 
that the addition of C will lead to an increase of pH (IEPSiC ≈ 4,85, IEPSi 
≈ 0,90, and IEPC ≈ 8,05). The high isoelectric point (IEP) of carbon was 
most likely caused by chemical groups introduced during preparation 
method. It was previously reported that production method of carbon 
powder can significantly increase the base IEP point of active carbon of 
about 5.48 [29]. This has to be taken into account since fine Si powder is 
prone to reaction with water in pH > 8.5 with an extensive H2 release. It 
can lead to ignition during spray drying due to given friction during 
atomization. As a result, pH control was necessary. The pH adjustments 
of the slurry were made using 10 vol% 0.1 molar NH4OH (increasing pH) 
or 1 vol% 0.1 molar HCl/HNO3 (decreasing pH) water solutions. After 

Fig. 1. SEM images of initial commercially available powders: A) SiC F2000; B) C PAK1000C) Si (0.5 μm); D) Si (1–5 μm).  
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initial trials with both Si powders and C, it was observed that fine Si 
powder cannot be combined with C in the same slurry. Higher pH 
(caused by the introduction of C) led to an extensive reaction between Si 
and H2O with the release of explosive hydrogen:  

Si + H2O → SiO2 + H2↑                                                                        

Due to high Specific Surface Area (SSA) of the fine Si pH adjustment 
was not successful. Introduced Clˉ and NO3ˉ ions promote corrosion of Si 
in water which contradicts the pH reduction effect. On the contrary, it 
was easy to modify the pH of mixtures with coarser Si powder. Polyvinyl 
alcohol (PVA) was selected as a binder in the form of 10 wt% water 
solution. 

Another carbon source was proposed in form of spherical latex in 
order to prevent increase in pH of slurries. It was introduced to the 
system in form of fine spheres (dlatex = 450 nm) as a 50 wt% water 
dispersion. The amount of residual carbon originating from latex was 
calculated based on the conducted pyrolysis of a known amount of SiC- 
based granulate and latex for 4 h at 800 ◦C in an air atmosphere using a 
tube furnace. It allowed to determine the amount needed for a stoi
chiometric reaction between carbon and Si addition in granulate. 

Optimization of the spray drying parameters guaranteed the prepa
ration of high-quality granulates with a spherical shape, single modal 
particle size distribution, and acceptable flowability. The final compo
sitions of the used SiC-based slurries are collected in Table 3 below. 

It was discovered that slurries containing coarser Si powder with 
more than 30 vol% of solid load (SiC and Si content combined) were 
difficult to process due to nozzle clogging. This could be due to a 
strongly increasing viscosity. However, the successful production of 
granulates with 35 vol% (S1) and 33 vol% solid load (L1) slurries was 
possible despite initial problems. The SiC to Si volume ratio in the 
produced granulates after spray drying was about 5 to 1. Optimized 
parameters for all granulates were as follows: inlet temperature =

150 ◦C,  

feed rate = 7 ml/min, aspirator rate = 80%, air flow = 473 l/h.                      

3.2. Granulates characterization 

The produced granulates were analyzed by means of particle size 
distribution, tapped and apparent density, flowability (rheological 
analysis), and H2O content. The results are collected in Table 4. 

All of produced granulates have a Hausner ratio which is considered 
passable for laser processing. It is especially true for granulates with 
latex (L1, L2, L3) with low values between 1.13 and 1.19. This confirms 
that spray drying is a suitable method for manufacturing SiC-based 
granulates, which have a fair flowability (Hausner ratio <1.25) and 
contain the addition of Si and C particles to enable a reactive laser sin
tering and liquid phase favorable for consolidation. The morphology of 
prepared materials is shown in Fig. 3. 

It can be observed that S1, S2 and C1 granulates are characterized by 
the presence of rough particles on the surface. It is directly connected to 
the shape of the commercially available powders used for the prepara
tion of the ceramic slurry. On the contrary, granulates produced with 
latex addition have a smooth surface. It occurred as a result of filling 

Table 2 
Initial powders’ basic characterization data.  

Powder SSA [m2/g] ρHe [g/cm3] ρtap [g/cm3] ρapp [g/cm3] Hausner ratio 

SiC F2000 4.67 3.30 0.92 0.61 1.51 
Si (0.5 μm) 8.29 2.35 0.66 0.45 1.47 
Si (1–5 μm) 0.98 2.37 1.08 0.58 1.86 
C PAK1000 1050.43 2.39 0.50 0.33 1.52 

SSA – Specific Surface Area. 
ρHe – Helium density. 
ρtap – tapped density. 
ρapp – apparent density. 

Fig. 2. Zeta potential of all 3 types of used powders - SiC, fine Si (0.5 μm), 
and C. 

Table 3 
Composition of SiC-based slurries for spray drying.  

IDa Si 
powder 

SiC 
content 
(vol%) 

Si 
content 
(vol%) 

C content 
(relation 
to Si) 

PVA 
content 
(vol% of 
solid load) 

Water 
content 
(vol%) 

S1 0.5 30 5 – 5 balance 
S2 1–5 25 5 – 5 balance 
C1 1–5 25 5 0.95 5 balance 
L1 0.5 27 6 0.97 3 balance 
L2 0.5 25 5 0.97 3 balance 
L3 1–5 25 5 0.97 3 balance  

a Where S – Si; C – Si and C; L – latex and Si. 

Table 4 
Analysis data of spray-dried granulates.  

IDa (Si 
particle 
size in 
μm) 

d10 

[μm] 
d50 

[μm] 
d90 

[μm] 
ρtap 

[g/ 
cm3] 

ρapp 

[g/ 
cm3] 

Hausner 
ratio 

H2O 
content 
[%] 

S1 (0.5) 6.79 15.98 32.48 0.87 0.66 1.31 0.71 
S2 (1–5) 6.98 16.22 33.28 0.92 0.71 1.30 0.41 
C1 (1–5) 7.07 17.17 39.47 0.92 0.72 1.27 0.35 
L1 (0.5) 7.23 15.93 34.20 0.94 0.80 1.17 0.47 
L2 (0.5) 6.23 13.93 29.19 0.91 0.76 1.19 0.63 
L3 (1–5) 6.23 13.78 29.14 0.94 0.83 1.13 0.37 

d10, d50, d90 – particle diameter of granulate. 
ρtap – tapped density. 
ρapp – apparent density. 

a Where S – Si; C – Si and C; L – latex and Si. 
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gaps between SiC and Si particles by the fine latex spheres as visible in 
Fig. 4A and B. The differences are also reflected in the Hauser ratio 
measurements (Table 4). The values are significantly smaller for gran
ulates with latex addition. Furthermore, granulates were inserted into a 
resin (Duracryl Plus, Spofa Dental, Czech Republic) and mechanically 
polished (down to 1 μm diamond dispersion) in order to reveal the inner 
morphology of the granulates. A representative image is shown in 
Fig. 4C. It can be seen that roughly shaped SiC particles are closely 
packed inside the granule. No internal defects such as cracks or hollow 
cores were observed in any of the six produced granulates. 

Rheological analysis results are collected in Fig. 5. The measurement 
was conducted according to the numerical Jenik classification [26] 
based on the flow function ff which is the ratio of the major principal 
consolidation stress σ1 and the unconfined failure strength σc. By 
superimposing simply defined flow onto flow function diagrams, it is 
possible to directly assign the investigated granules to one of five flow 
types: non-flowing, very cohesive, cohesive, easily flowing, free flowing, 
corresponding to the behavior of the granules during flow. The recorded 
flow functions classify all the tested granules as easy flowing (4 < ff <
10) as can be seen in Fig. 5A. The best characteristic was recorded for 
granule L1, whose flow function in the consolidation stress range up to 
10 kPa lays on the easy flowing/free flowing field separation line (ff =
4). The lowest values of the consolidation ratio were recorded for 
granules L2 and L3, but the recorded curves are still in the middle of the 
easy flowing field. Overall, all granules flowed very well and there was 
little difference between them. The measured changes in bulk density 
(Fig. 5B) confirm the relatively small differences between the 

rheological properties of the tested granules - the recorded increases are 
proportional for all of them. Noticeably higher bulk density values were 
recorded for granules L1-L3 than for the other granules. For this mea
surement, the poorer rheological properties become apparent in the 
form of a faster increase in bulk density as a function of consolidation 
stress. For the investigated granules, the recorded increments are com
parable. Measurements of the effective angle wall friction (Fig. 5C) and 
effective angle internal friction (Fig. 5D) divided the tested granules into 
two groups - L1-L3, for which the smallest values were recorded, and the 
others C1, S1, S2, for which slightly smaller values were recorded. It 
confirms that latex addition allowed for improvement of flowability. It is 
especially true for granulate L1 for which recorded values of effective 
angle wall friction and effective angle internal friction were the smallest. 

3.3. Selective laser sintering 

Laser sintering was used for the direct production of RBSiC by a 
single step method. The main advantage of this method is one step 
sintering process. Laser beam locally delivers energy in form of the 
electromagnetic wave to the material surface, in order to sinter small 
part of ceramic powders at once. Adjustment of different process pa
rameters can be used to produce porous, dense, or gradient structures 
with shaping freedom. Processing was conducted by two techniques, 
producing varying results. The first one uses a granulate/isopropyl 
alcohol dispersion (30/70 vol%) to spray deposit granulates on a hot 
pressed SiC substrate - layer thickness of about 80 μm. The second 
method employed granulates pressed into circular green samples: d =

Fig. 3. SEM images of the morphology of SiC-based granulates.  

Fig. 4. SEM image of L3 (0.5) granule, B) spherical latex particle on the surface of L3 granule, C) L3 granule cross-section.  
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25 mm, h = 3 mm, p = 10 MPa. Both types of prepared samples were put 
into the isolated reaction chamber. It was filled with N2 to an over
pressure of 1 atmosphere in order to prevent excessive oxidation during 
laser processing. A schematic representation of the laser apparatus setup 
is presented in Fig. 6. The processing of samples was conducted using a 
fiber Nd:YAG laser with a wavelength of 1064 ± 10 μm. The laser 
scanner head equipped with an optical mirror system allowed for precise 
control of laser beam movement. 

Based on experimental trials, the processing parameters were 
adjusted in order to produce crack-free material with no delamination 
between layers and are shown in Table 5. It was observed that 
depending on the sample preparation method, different laser working 
modes were more beneficial for processing. Single Sector Pulse mode 
with a small diameter of the laser beam was used for spray-deposited 
samples. On the contrary, the continuous work mode was more benefi
cial for pressed samples that are characterized by higher density than the 
spray-deposited samples. It was necessary to significantly lower the 
power density by increasing beam diameter because of an occurring 
material decomposition during continuous laser processing. 

As can be seen in Fig. 7, the decomposition of the SiC granulates of 
the L1 (0.5) composition can be observed in form of brighter areas 
around the parts subjected to increased laser power. It was caused by the 
evaporation of silicon during high-energy processing. It was determined 
that too fast scanning speed did not allow for sufficient energy absorp
tion from laser beam necessary for temperature increase that stimulates 
reactive sintering of granulate. Additionally, it is visible that laser power 
of 30 W and more, resulted in delamination of laser treated granulate 
from the substrate. On the contrary, laser power of 5 and 10 W did not 
provide enough energy for proper sintering – it was found later that 
material is breaking apart during cleaning. After removal of excess 
granulate followed by SEM observations, it was determined that area 
marked on Fig. 7 is characterized by the most homogenous 
microstructure. 

Fig. 5. Rheology of SiC granulates A) Unconfined Failure Strength, B) Bulk density, C) Effective Angle of Wall Friction, D) Effective Angle of Internal Friction.  

Fig. 6. Schematic representation of laser apparatus.  

Table 5 
Laser processing parameters.  

Sample preparation route Spray deposited Pressed green sample 

Working mode Single Sector Pulse Continuous 
Laser beam diameter [μm] 40 200 
Track spacing [mm] 0.01 0.01 
Scanning speed [m/s] 0.05 0.025 
Power [W] 20 20 
Max power density [W/cm2] 3.18e+6 1.27e+5 
Frequency [kHz] 20 – 
Pulse duration [μs] 10 –  
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Because of that, it was selected for element mapping performed by 
the SEM-EDS technique on the granulate-substrate boundary as shown 
in Fig. 8. The differences between SiC substrate and laser-treated SiC 
granulates are easily noticed. The latter is characterized by a porous 
structure, with visible granulate particles sintered together (higher 
magnifications in Fig. 10), while hot pressed SiC substrate shows pres
ence of elongated needle-like grains that formed during prolonged high 
temperature exposure under high pressure conditions. The marked 
boundary area is slightly enriched with oxygen – which was most likely 
absorbed on the particle surface during spray drying and then reacted 
with SiC-based material during laser action. It shows higher concen
tration in this area because of lack of repetitive laser beam action, which 
induces removal of excess oxygen, in comparison to material in the 
center of processed shape. Similarly, carbon depletion in the same area 
is caused by SiC decomposition during which Si and C reacts with 

oxygen and form SiO2 and CO2 respectively. 
Observations performed by optical microscopy on laser-sintered SiC 

green samples, shows that a power of 20 W and a laser beam diameter of 
200 μm lead to satisfactory result (Fig. 9A). An increased power led to an 
excessive formation of cracks between the laser scanning tracks 
(Fig. 9B). Additionally, it was observed that a higher laser power 
resulted in decomposition of SiC which can be observed as an increased 
bright gray area on the sample surface. Due to these observations, the 
sample obtained from the L1 (0.5) SiC granulates with a power of 20 W 
was selected as the one for further investigation. 

SEM analysis of the same samples allowed to measure the depth of 
laser treatment inside the pressed granulates. It was confirmed that the 
depth of sintering reached about 75 μm (Fig. 10A). Observations of the 
sintered surface revealed a porous uniform microstructure with no 
visible cracks (Fig. 10B). Sintered granulate maintained their initial 

Fig. 7. Effect of changed parameters on L1 SiC granulate deposited on bulk SiC ceramic substrate – high power led to extensive decomposition of material and 
recrystallization of Si and SiO2 on the surface (white areas on the left). 

Fig. 8. SEM EDS map analysis of sintered spray deposited L1 granulate on SiC substrate – best quality of the sintered sample is marked; B) SEM element maps of the 
area with sintered granulates and substrate. 
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shape and can be observed in Fig. 10B and C. Their sizes are similar to 
previously measured granulate particles (15–20 μm). Laser action led to 
the decomposition of latex particles previously visible on the granulates 
surface. 

In order to check the phase composition of the sintered samples, XRD 
analysis was carried out on a sample obtained from the L1 (0.5) gran
ulate using 20 W laser power, that possessed the best microstructure 
(Fig. 10). The results (Fig. 11) confirmed that most of the material was 
SiC (96.2%). Some residual Si (2.4%) and C (1.4%) were present in the 
material after laser treatment, but it was most likely located at the 
surface. When compared to the initial amount of Si in this granulate The 
final amount of SiC shows that a reaction between additionally 

introduced Si and C occurred during laser action. The SiO2 was not 
detected by XRD – the amount of formed SiO2 phase was too low to be 
detected by the XRD method. Additionally, it could possess an amor
phous structure which makes it even more difficult to detect in such 
small amounts. Selected sample obtained from pressed granulate 
(granulate L1) was analyzed by means of helium density. The calculated 
average value of relative density after 5 measurements was 41.62 ±
9.53%. This is lower than the results obtained in similar studies using 
polymer preforms manufactured by laser processing which were pro
cessed further to obtain SiC structures [30]. 

4. Discussion 

The preparation of slurry with pure carbon was problematic due to a 
drastic increase in pH, which led to the reaction of Si with water 
releasing hydrogen that could explode during spray drying. This was 
solved by replacing carbon powder with latex in form of 50/50 wt% 
water dispersion as a carbon source. It had an additional effect of 
smoothening granules’ surface, which was beneficial for flowability. The 
organic carbon sources are widely known as a possible solution while 
sintering RBSiC either as gas [31] or liquid/solid sintering aid [32]. 

Previous research states that the design and production of granulates 
have to meet a collection of different parameters to make granulates 
suitable for Additive Manufacturing processes [17,33]. However, two 
main principles had been agreed on: the spherical and large granules 
exhibit better flow behavior than small and rough particles [34,35], 
maximum packing of powders can occur when the size ratio of coar
se/fine particles is higher than 1:10 while there is at least about 70 vol % 
of coarse particles [36,37]. Based on that, the Hausner ratio and rheo
logical analysis of the prepared granulates show very promising results 
and are defined as, at least, easy flowable or better. Modification of 
granulate composition was possible in terms of the introduction of Si as 
an additional sintering aid that can react with C in order to directly 

Fig. 9. Optical microscope images of surface of laser-treated L1 SiC granulates pressed into green samples – more power caused excessive cracking of the material.  

Fig. 10. SEM images of laser-treated L1 SiC granulates: A) fracture – depth of sintered material reaches about 75 μm; B) and C) surface–sintered particles of granulate 
can be observed. 

Fig. 11. XRD pattern of laser-sintered L1 (0.5) SiC granulate.  
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produce Reaction Bonded SiC during laser processing. Similar ideas 
were successfully employed using Direct Laser Sintering [12] and the 
Silicon infiltration method [14]. However, above mentioned experi
ments, needed at least two technological steps: preparation of preform 
and gas infiltration/pyrolysis reaction, in order to produce RBSiC. The 
approach presented in this study shows that Laser Processing of RBSiC 
can be done in one step. Additionally, the SiC/Si/latex granulate pro
duction method can be scaled up to industrial quantities relatively 
easily, because of the used spray drying technique, which is widely 
known and used in many different branches (not only the ceramic 
industry). 

The laser treatment was conducted using two approaches. The first 
one showed that spray-deposited SiC granulates on hot-pressed SiC can 
be sintered by the use of a small diameter of the laser beam operating 
with very short and high-energy pulses. Because of the rapid laser ac
tion, it was difficult to properly control the process which led to the 
decomposition of the material exposed to the high-energy laser beam. 
Therefore, a different approach was proposed. Granulate pressed into a 
green sample was subjected to a continuous work laser treatment. It 
allowed for a better control of the process parameters because of a much 
lower energy density. 

The L1 (0.5) granulate processed with a laser power of 20 W was 
selected for further investigation. Optical microscope and SEM obser
vations confirmed the uniformity of the material. The morphology of the 
sintered layers was highly porous. XRD analysis confirmed that most of 
the Si reacted with C to SiC originating from both PVA binder and latex. 
No SiO2 was detected in the sample. The calculated relative density of 
sinter proves that SLS of granulate manufactured by spray drying can be 
laser processed in order to obtain porous SiC. Based on that it can be 
stated that RBSiC was successfully obtained in a single step process. 

5. Conclusions 

Conducted experiments lead to the following conclusions:  

• Spray drying can be successfully used as a production method of SiC- 
based granulates with significantly improved flowability in com
parison to commercially available powders  

• The explosion hazard of using fine active carbon in combination with 
pure silicon in water-based ceramic slurries has to be considered. 
This follows due to a significant shift to an acidic pH value leading to 
the reaction between silicon and water with the release of explosive 
hydrogen  

• The addition of latex as an alternative carbon source for reaction 
with silicon was beneficial for the flowability of obtained granulates, 
it also allowed for the reaction between Si and C during laser sin
tering resulting in RBSiC  

• It is possible to use spray-dried SiC-based granulates for a successful 
laser sintering after appropriate optimization of the granulation 
process  

• It is possible to upscale spray drying for industrial quantities because 
of its popularity in many different industries  

• The laser-sintered material possessed porous morphology with no 
cracks observed  

• XRD analysis confirmed that most of the introduced silicon and 
carbon reacted with each other, thus a direct reaction bonding of SiC 
was successfully performed in a single step approach via selective 
laser sintering  

• SLS of granulate obtained by spray drying can be successfully used to 
sinter porous SiC 

Because it was confirmed that granulates possess good flowability 
and a composition that allows a direct reaction bonding during laser 
sintering, further investigation on larger-scale structures is planned 
using other laser systems. This will allow for mechanical testing of ob
tained material as well as porosity measurements. Further investigations 

will also aim to directly produce porous SiC filters (sterile water filters) 
containing a gradient structure with pore sizes down to 300 nm using the 
spray-dried granulates and selective laser sintering. 
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