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FULL LENGTH ARTICLE

Production of Si3N4 porous beads via carbothermal reduction and nitridation 
technique
Gülsüm Topateş a and Ayse Kalemtaşb

aDepartment of Metallurgical and Materials Engineering, Ankara Yıldırım Beyazit University, Ankara, Turkey; bDepartment of Metallurgical 
and Materials Engineering, Bursa Technical University, Bursa, Turkey

ABSTRACT
Si3N4 porous beads were produced from direct carbothermal reduction and nitridation of 
spheres composed of carbon+SiO2 mixtures. A simple one–step sol–gel templating technique 
was used to prepare carbon+SiO2 (molar ratio of carbon/SiO2 was set as 4) containing spheres 
with a diameter of 2 mm. A natural and abundant biopolymer, alginate, is used as a sacrificial 
template to produce porous Si3N4 ceramic beads. Carbothermal reduction and nitridation 
process was conducted at two different temperatures (1500 and 1550°C) and atmospheres 
(pure nitrogen and 5% hydrogen in nitrogen) to observe the effect of process parameters on 
the yield of Si3N4. Porous beads with a smooth shape and without any deformation were 
successfully obtained after the carbothermal reduction and nitridation process. X–ray powder 
diffraction studies showed that the use of H2 increased the amount of Si3N4 formed by 
accelerating the reduction and nitridation reactions. Microstructural investigations revealed 
oxide addition changed grain morphology from fiber–like to short, angular geometry. This 
microstructural development showed that the addition of oxide powder increased the amount 
of liquid phase formed during the heat treatment process and changed carbothermal reduc-
tion and nitridation mechanism from vapor–solid to vapor–liquid solid.
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1. Introduction

Porous oxide and non–oxide ceramics can be fabri-
cated via various techniques such as gel casting [1–5], 
freeze–casting [6–8], partial sintering [9–14], foaming 
[15,16], 3D printing [17–19], replica [20–23], and using 
fugitive additives [9,12,24–26] etc. Carbon black [27– 
29], starches [9,21,30], sawdust [31,32], and some other 
fugitive materials are used to provide high open por-
osity content and enhance achieving highly intercon-
nected porosity. Adjusting the pore amount, as well as 
pore size and distribution, is a challenging task for the 
production of porous ceramics.

In the last decade, porous and poly–hollow ceramic 
microspheres have recently been subjected to systematic 
research to produce porous oxide and non–oxide cera-
mics [33–36]. Poly–hollow ceramic spheres can facilitate 
controlling the porosity amount, pore size and size dis-
tribution, and pore morphology of the porous ceramics. 
Also, the type of porosity, open or closed porosity, can 
be managed by the usage of the porous or poly–hollow 
ceramic spheres as a reinforcement for the production of 
porous ceramics or composites, respectively. Valorization 
of porous and hollow ceramic spheres for the fabrication 
of porous ceramics is a challenging issue, but porous 
micro and nano–ceramic spheres are known for a long 
while and have a wide application area. Owing to 
their unique characteristic properties such as low density, 
high porosity, ample interior space, high surface area, 

a mechanically and thermally stable structure, high and 
reproducible performance, and providing an opportunity 
to use economical materials, hollow and porous ceramic 
and composite spheres have various applications [37–39]. 
It is also possible to achieve hierarchically porous struc-
tures via various production techniques, and it is possible 
to tailor the interior and exterior surface of the spheres to 
design the microstructure depending on the desired 
application area. The spherical shape of these porous 
structures provides many favorable properties such as 
flowability, very good mobility, and high packing effi-
ciency [40]. Ceramic and composite spheres can be used 
for various applications in biomedical areas such as hard 
tissue regeneration, cement, drug delivery, delivery of 
antibiotics, protein delivery, bioreactors, and can be 
used as filler or packing materials in many biomedical 
applications [41]. Also, these porous ceramic spheres 
can be used for numerous applications such as insulation, 
radiant burners, catalyst support, adsorption–separation, 
solar cells, filters, sensing devices, wastewater treatment, 
energy storage, pigments, coatings, thermostable materi-
als, and as reinforcement for foams for the structural 
applications [42–46]. These micro and nano–ceramic 
spheres have been used in many industrial applications 
in combination with different types of materials.

Fabrication of hollow/porous ceramic spheres is car-
ried out via various processing techniques such as sacri-
ficial core [47–49], spray drying [50–53], solvothermal 
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process [54–58], nozzle reactor and microwave–assisted 
solvothermal synthesis [59], soft (templating vesicles, 
emulsions, micelles, etc.) and hard (templating silica, 
carbon, etc.) templating [45,60–67], multi–template 
[68], sol–gel templating [69–71], pseudomorphic synth-
esis [72], cathode plasma electrolysis [73], hydrothermal 
processing [74–77], emulsion microencapsulation [78], 
sonochemical [68], and emulsion evaporation [53,79].

It is well known that carbothermal reduction–nitrida-
tion (CRN) of SiO2 is an attractive method to manufac-
ture Si3N4 powders with controlled grain morphology. 
Use of natural starting materials, relative lower CRN 
temperatures and possibilty of tailoring final Si3N4 pow-
der make CRN one of the prevalent methods used dur-
ing the fabrication of Si3N4. Formation of Si3N4 via CRN 
reaction takes place in two steps; 1. SiO2 source is 
reduced into SiO that is in gaseous form, 2. this SiO is 
nitrided into Si3N4 by the presence of carbon. The CRN 
technique has been extensively studied for the produc-
tion of Si3N4 powder [80–84]. Limited studies have 
shown the potential of CRN for the production of bulk 
Si3N4 ceramics. Li et al. successfully obtained porous Si3 

N4 ceramic tubes by carbothermal reduction of diato-
mite preforms [84]. Topateş showed Si3N4 foams can be 
produced by a combination of CRN and replica techni-
ques [23]. Zhao et al. prepared Si3N4 hollow micro-
spheres by using the template method combined with 
the CRN method [66,80–83,85]. In this study, sodium 
alginate is used as an in situ gelling templates to pro-
duce SiO2+ carbon containing millimeter–sized macro-
beads. Designed porous Si3N4 beads were achieved via 
direct CRN of sodium alginate+SiO2+ carbon containing 
macro beads at 1500 and 1550°C for 5 hours at two 
different sintering atmosphere conditions. This study is 
going to be the first work in the literature carried out on 
the production of porous macro Si3N4 beads with mm– 
size via in situ gelling templates followed by a CRN of 
sodium alginate+carbon+SiO2 containing macro beads.

2. Experimental procedure

SiO2 (Ege Nanotek Ltd., Turkey; average particle size: 
10 μm) and carbon (Isaf N 220, Tüpraş Co., Turkey; 
surface area: 112 m2/g) sources were mixed with 
a molar ratio of carbon/SiO2 was set to 4. To observe 
the effect of additives on CRN process, 5 wt. % of Y2O3 

(H.C. Starck Berlin) was used. Homogeneous slurries 
were obtained by ball mill (MSE Technology, Turkey) 
at a speed of 160 rpm with Si3N4 balls for 24 h. The 
slurries were dried in a rotary evaporator and the 
sieved through a 125 μm screen.

SiO2 and carbon containing bead production was per-
formed via the following steps. Three grams of sodium 
alginate (Katki Dunyası, Turkey) was dissolved in 100 mL 
distilled water by stirring overnight at room temperature. 
A homogenous slurry containing 4.7 g SiO2+ carbon mix-
ture and 100 mL sodium alginate solution was prepared 

in a planetary ball mill at a rotation speed of 350 rpm for 
30 minutes. The cross-linking calcium chloride (CaCl2) 
solution was prepared by mixing 1.0 g of CaCl2 (Katki 
Dunyası, Turkey) in 100 mL distilled water by magnetic 
stirring at room temperature for 1 hour. Prepared aqu-
eous sodium alginate+SiO2+ carbon solution was added 
dropwise into CaCl2 aqueous solution at room tempera-
ture using a 60 mL hypodermic syringe through a needle 
under constant stirring at room temperature. The algi-
nate–ceramic composite beads are formed via cross- 
linking in the CaCl2 solution for at least hour (Figure 1). 
Then beads are removed from the solution via sieving and 
washed with distilled water for many times. Macroscopic 
investigations depicted that spherical millimeter–sized 
sodium alginate+SiO2+ carbon containing macrobeads 
were fabricated.

Sodium alginate, a natural polymer, was used as an 
in–situ gelling template to produce designed spherical 
porous ceramic macro beads. The sodium alginate’s 
thermal behavior was investigated by thermogravi-
metric–differential thermal analysis (TG–DTA) (TA, 
SDT650) between 20–1000°C under a nitrogen atmo-
sphere with a heating rate of 10°C/min.

Prepared spheres were placed into Al2O3 crucible 
and heat treated in Al2O3 tube furnace (MTI GSL– 
1700X–II, USA) under two different atmospheres (% 
99.99 nitrogen and %95 nitrogen+%5 hydrogen) and 
temperatures (1500 and 1550°C). The applied heating 
rate was 7°C/min and duration was 5 hours. The com-
position and heat treatment parameters of the spheres 
were summarized in Table 1. Higher carbon+SiO2 ratio 
that accelerates the CRN rate via enlarging the contact 
area between carbon and silica particles formed excess 
carbon after CRN reaction. This excess carbon was 
burned in an air atmosphere at 700°C for 4 h.

After the heat treatment process, X–ray diffraction 
(XRD) (Rigaku MiniFlex–600, Japan) examination was 
done for all spheres. Spheres were ground in an agate 
mortar and sieved through a 63 μm screen before XRD 
analysis. Scanning electron microscope (SEM) (Hitachi 
SU–500, Japan) equipped with X–ray energy dispersive 
spectroscopy was used to observe the microstructural 
development.

3. Results and Discussion

3.1. Phase development of Si3N4 beads

Sodium alginate is a natural biopolymer, and in the cur-
rent work, it was used as a template to achieve designed 
ceramic beads via the sol–gel process. Figure 2 reveals TG, 
DTA, and DTG curves for the sodium alginate. TG curves 
depicted that sodium alginate began to lose weight just 
after 35°C, and the weight loss reached 100% at lower 
than 900°C under nitrogen atmosphere.

Figure 3. shows the XRD patterns of Si3N4 beads with-
out Y2O3 addition. For composition A1 and A2, α–Si3N4 

1198 G. TOPATEŞ AND A. KALEMTAŞ



and SiC are the two major phases obtained. Higher tem-
peratures (>1450°C), the presence of impurities, the addi-
tion of free Si and lower nitrogen pressure are the results 
of the formation of undesirable SiC phase [85]. At high 
temperatures, Si3N4 becomes unstable, as the nitrogen 
pressure isn’t sufficient, SiC formation is being 
observed [85].

Besides these phases, unreacted SiO2 is also present 
in the samples that show the CRN yield was lower. The 
effective parameters on the efficiency of CRN reaction 
are carbon to SiO2 ratio, crucible design, nitrogen 
pressure, the particle size of starting powders, oxide 
additives, etc. To obtain a higher yield of Si3N4, the 
contact between carbon and SiO2 should be perfect. 

Increased contact promotes the formation of SiO gas 
that is the first step of Si3N4 formation. The use of 
excess carbon than the stoichiometric amount of CRN 
is the one approach to increase the contact area of 
starting powders [81]. Therefore, higher carbon 
amounts have been selected for the complete reduc-
tion of SiO2. Arık et al. [86] studied various carbon/SiO2 

ratios from 1.5 to 7.5. For the lowest ratio, some 
amount of sepiolite was detected. When the ratio 
increased to 4, they detected some amount of C that 
shows the conversion of SiO2 was fulfilled [86]. In 
another study, the yield of Si3N4 increased from 20% 
to 90% as the carbon to SiO2 ratio doubled from 2 to 4. 
The design of crucible was also investigated in the 

Figure 1. Fabricated sodium alginate+SiO2+ carbon containing beads in CaCl2 aqueous solution.

Table 1. Compositions and heat treatment conditions of beads used in the study.

Bead
SiO2 

(wt. %)
Carbon 
(wt. %)

Y2O3 

(wt. %) Atmosphere CRN temperature (oC)

A1 55.56 44.44 – N2 1500
A2 55.56 44.44 – N2 1550
A3 55.56 44.44 – N2+ H2 1550
B1 55.56 44.44 5 N2 1500
B2 55.56 44.44 5 TabN2 1550
B3 55.56 44.44 5 N2+ H2 1550

JOURNAL OF ASIAN CERAMIC SOCIETIES 1199



same study. Graphite crucible with holes at the bottom 
and pure alumina crucible without holes were used. 
The holes enabled the flow of nitrogen through the 
powders, removal of CO gas, and further proceedings 
of the CRN reactions. Conversely, gaseous products 
were concentrated in Al2O3 crucible due to a lack of 
nitrogen flow and reduced the yield of Si3N4 around 
10% [81]. Even a higher ratio was selected in this study, 
the use of non–perforated Al2O3 crucible during the 
CRN of spheres can be the reason of unreacted SiO2. 
The poor nitrogen flow and accumulation of products 
of the CRN process may shift the reaction left for A1 
and A2. The other reason for lower reaction efficiency 
can be the larger particle size of starting powders. Shan 
et al. investigated the effect of particle size by milling 
SiO2 powder for various hours. Increasing milling time 
reduced the particle size of SiO2 from 100 μm to 10 μm, 
enhanced the CRN process, and produced finer β– 
grains [87].

Several studies used a gas mixture of N2+ H2 to 
accelerate the CRN rate. To increase the reaction 

yield, the CRN process was conducted under N2 

+ H2 for A3. SiO2 and SiC phases disappeared, the 
formation of β–Si3N4 was observed. Even though 
the use of hydrogen isn’t thermodynamically 
favored owing to higher partial pressure, the higher 
mobility of hydrogen removes this disadvantageous 
situation. Rahman and Riley increased the extent of 
nitridation from 20% to 55% after changing the 
atmosphere to N2+ H2.

Oxide additives contribute to the formation of 
a liquid phase, and this liquid phase changes the Si3 

N4 formation from vapor–solid transport to vapor– 
liquid–solid transport. α–Si3N4 is nucleated from SiO 
vapor, while β–Si3N4 forms from the deposition of SiO 
in the liquid phase and supersaturation of β phase in 
this liquid. The addition of Y2O3 into the starting mix-
ture promotes the formation of the liquid phase during 
the CRN process. As given in Figure 4, higher amount 
of β–Si3N4 was generated with a small amount of α 
phase. Also, Y4Si2O7N2 was detected as the secondary 
phase.

Figure 3. XRD measurements of Si3N4 beads without Y2O3 addition (α: α–Si3N4,: β–Si3N4,:SiO2: SiC).

Figure 2. (a) TG–DTA and (b) TG–DTG curves for the sodium alginate under nitrogen atmosphere.
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3.2. Microstructural development of Si3N4 beads

Figure 5 (a,b) illustrate the size and morphology of 
beads before and after the CRN process. A smooth 
sphere bead was produced from a carbon and SiO2 

mixture with a diameter of 2.10 mm. The calculated 
shrinkage value for B3 is 17% after CRN, some defor-
mation was observed on the beads due to this shrink-
age. The solid inner structure of the bead can be seen 
from Figure 5 (c). Fibers were generated on the surface 
of the bead from A3, as seen in Figure 5 (d). The length 
of fibers varied between 200 μm composed of α–Si3N4 

from XRD given in Figure 3.
The detailed microstructural investigations of 

beads were carried out, and the images were given 
between Figure 6 (a)–(d). Very fine and isometric 
grains were produced for bead A1 (Figure 6 (a)). 
Grains were agglomerated and lose packing of 

these agglomerates produced a porous structure. 
The morphology of grains differed as the parameters 
of CRN changed. Increasing temperature and use of 
hydrogen in the CRN atmosphere resulted in the 
formation of fiber–like grains in A3 (Figure 6 (b)). 
The width of the fibers was the submicron size, and 
the length was between 200 μm. Rahman and Riley 
used the N2+ H2 atmosphere during the CRN process 
of rice husk. They produced α phase with whisker 
form and concluded that coarser starting powder 
promoted the formation of whiskers [88]. Also, this 
grain shape suggested generation of Si3N4 took 
place via a typical vapor–solid mechanism [89]. As 
Y2O3 was added as additive oxide, the formation 
mechanism of Si3N4 changed from vapor–solid to 
vapor–liquid–solid. For B1, two types of grain shape 
were observed; fiber–like and fine, equiaxed grains 

Figure 4. XRD measurements of Si3N4 beads with Y2O3 addition (α: α–Si3N4, β: β–Si3N4, Y: Y4Si2O7N2).

Figure 5. SEM images of beads (a) B before CRN, (b–c) B3 after CRN, and (d) formation of fibers in A3.
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in Figure 6 (c). Larger and hexagonal cross–sectioned 
Si3N4 grains were produced for B3 (Figure 6 (d)) after 
changing the temperature and atmosphere of CRN. 
Higher temperature induced the growth of β–grains 
and also some agglomerated structures due to the 
increased amount of liquid phase.

Compositional changes in B3 were further character-
ized by EDX as given between Figure 7 (a)-(c). As seen 
from the EDX data (Figure 7 (b)), the aggregates com-
prised Ca, O and Y besides Si and N. CaCl2 used as cross– 
linking solution is the possible source for Ca entity. An 
excessive amount of liquid phase produced through the 
contribution of CaCl2, this results coalescence of grains. 
On the other side, hexagonal, equiaxed grains formed 
individually (indicated by point 2) contained Si and N as 
major elements as given in Figure 7(c). C was also 
detected from both points due to the incomplete burn– 
out of excess carbon.

4. Conclusions

The sol–gel templating technique, using sodium algi-
nate as a gel–forming biopolymer, followed by thermal 
treatment is, a facile technique for the preparation of 
millimeter–sized porous ceramic macro beads. In this 
study, designed porous Si3N4 beads were achieved via 
direct CRN of sodium alginate+SiO2+ carbon containing 
macrobeads at 1500 and 1550°C for 5 hours at two 
different sintering atmosphere conditions. This study is 
going to be the first work in the literature carried out on 
the production of porous macro Si3N4 beads with mm– 
size via in situ gelling template followed by a CRN of 
sodium alginate+carbon+SiO2 containing macro beads.

Porous Si3N4 beads with mm–size were successfully 
produced via CRN of carbon SiO2 powder mixtures. 
CRN enabled a simple and cost–effective approach 
for fabrication. Inspite of higher shrinkage value, 

Figure 6. Microstructures of (a) A1, (b) A3, (c) B1, and (d) B3 beads.

Figure 7. (a) SEM image and EDX spectra of (b) aggregate and (c) individual grains from B3 beads.
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smooth beads with a solid inner structure was 
achieved.

CRN parameters and composition directly affected 
the yield of Si3N4 and morphology of grains. The pure 
nitrogen atmosphere reduced the reaction efficiency 
and caused SiC formation. Use of 5% hydrogen in 
nitrogen enhanced reactions and prevent SiC genera-
tion. Y2O3 has a positive contribution to the CRN pro-
cess by promoting the formation of a liquid phase, 
a higher amount of β–Si3N4 produced by the super-
saturation of grains from this liquid phase.

Porous Si3N4 beads can be promising materials for 
various applications such as implants, drug delivery, 
filtration, membrane, and sensing applications.
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