
Vol.:(0123456789)1 3

Journal of the Australian Ceramic Society (2023) 59:823–835 
https://doi.org/10.1007/s41779-023-00876-w

RESEARCH

Seeded silicon nitride powders obtained by carbothermal 
reduction—nitridation of diatomite and various sources of carbon

Aleksandra Šaponjić1   · Svetlana Ilić1 · Tanja Barudzija1 · Ana Radosavljević Mihajlović2 · Maja Kokunešoski1 · 
Branko Matović1

Received: 24 January 2023 / Revised: 14 March 2023 / Accepted: 26 March 2023 / Published online: 5 April 2023 
© The Author(s) under exclusive licence to Australian Ceramic Society 2023

Abstract
In this paper, the effects of the addition of silicon nitride seeds on the phase composition, particle size, and shape of silicon 
nitride powders obtained by carbothermal reduction-nitridation were studied. Environmentally friendly natural raw mate-
rial, diatomaceous earth, was used as a Si precursor. Three different carbon sources were used: activated carbon, carbonized 
sucrose, and carbon cryogel as reducing agents in the molar ratio C/SiO2 = 5. To obtain better-quality Si3N4 powder, the 
commercial α-Si3N4 powder was added into starting mixtures as seeds in four different quantities. The X-ray diffraction, 
specific surface area, infrared spectroscopy with Fourier transform, and scanning electron microscopy were employed to 
characterize the obtained powders. Sucrose as a carbon source enables a major reduction of SiO2 and the onset of β-Si3N4 
crystallization at a lower temperature (1350 °C) as well as the complete absence of diatomaceous earth relics. It indicates 
that the carbothermal reduction-nitridation takes place faster in contrast to the other two carbon sources.
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Introduction

Due to unique combination of properties, such as high tem-
perature stability, thermal shock resistance, high hardness 
and toughness, and wear and corrosion resistance, silicon 
nitride (Si3N4) powder is important for the production of 
specific structural materials that pave the way for widespread 
use in the field of engineering [1]. Silicon nitride (Si3N4) 
has found application in the automotive, rocket, electronic, 
petrochemical, metallurgical, and chemical industries in the 
production of ball bearings, cutting tool, sealing rings, noz-
zles, and gas turbines.

The main issue in the commercial production of this 
material is the high cost of the raw materials and additives 
used in the synthesis of Si3N4 powder, which are most often 
rare earth oxides (RE2O3; RE: Y, Ce, Yb, Lu) as well as 

very high synthesis temperature [2–4]. Direct nitridation 
of silicon as one of the methods for silicon-nitride synthe-
sis is performed in an atmosphere of N2, N2/H2 or NH3 at 
temperatures higher than 1100 °C, but lower than the melt-
ing point of Si (1410 °C). Alpha modification of silicon 
nitride (α-Si3N4) is the main reaction product (Eq. 1), as 
β modification of Si3N4 occurs only in the presence of the 
liquid phase. The liquid phase is formed in the presence of 
impurity elements that form low-temperature eutectics [5].

One of the most promising methods for the production 
of non-oxide ceramic powders with important technical 
uses is the carbothermal reduction reaction (CRR). The 
process of carbothermal reduction and nitridation is a reac-
tion between a mixture of carbon and SiO2 precursors in 
a flowing atmosphere of N2 in the temperature range of 
1400–1500 °C. The carbothermal process starts also from 
very cheap and harmless raw materials (SiO2, C, N2). Addi-
tionally, the reaction is endothermic and no special infra-
structure is necessary [6–8].

The overall reaction takes place in several steps. The first 
step is to obtain SiO (g) by reducing SiO2(s) with C(s) (Eq. 2):

(1)3 Si + 2 N
2
→ Si

3
N

4
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The resulting carbon monoxide can further reduce SiO2 
to SiO (Eq. 3):

C can also react with carbon dioxide and form CO (Eq. 4):

The gaseous product (SiO) from reactions denoted by 
Eqs. 2 and 3 reacts with N2 and form Si3N4 according to 
Eqs. 5 and 6:

The final product obtained by this method depends on 
many factors: C/SiO2 ratio, nitrogen flow rate, reaction tem-
perature, SiO2, and C particle sizes, as well as their spe-
cific surfaces, impurities, etc. The carbothermal reduction 
and nitridation method have significant advantages over the 
direct nitridation method. This procedure offers the possi-
bility of an economically attractive production route from 
naturally occurring materials and the obtained powders are 
fine (nano range) and well homogenized [9–15].

The advantages of diatomaceous earth as a natural min-
eral raw material are reflected in its availability and quantity 
in landfills after the exploitation of coal in surface mines. 
Diatomite is a siliceous, sedimentary rock consisting princi-
pally of the fossilized skeletal remains (frustules) of diatom, 
a unicellular aquatic plant related to the algae. The terms 
diatomite and kieselguhr are used synonymously for dia-
tomaceous earth. The highly developed surface area with 
numerous finely developed pores (micro to nanometer scale) 
over the surface of diatom frustules and siliceous composi-
tion provides an opportunity to use diatomite as a Si precur-
sor for the synthesis of various non-oxide powders based 
on Si3N4 by carbothermal reduction and nitridation (CRN). 
The silica of the fossilized diatom skeleton closely resembles 
opal or hydrous silica in composition (SiO2·nH2O) [13]. In 
addition to bound water, varying between 3.5 and 8%, the 
siliceous skeleton may also contain, in solid solution, or as 
part of the SiO2 complex, alumina, small amounts of organic 
components, and lesser amounts of iron, alkaline earth, and 
alkali metals. These oxides promote the conversion process 
by the formation of a liquid phase with a low melting point, 
thus significantly decreasing the temperature of carbother-
mic reduction and nitridation reactions. Also, these oxides 
can favorably affect the sintering process of the obtained 
powders by acting as additives, which can be further benefi-
cial for the mechanical and high-temperature properties dur-
ing the sintering of ceramic materials based on Si3N4 [16]. 

(2)SiO
2
(s) + C(s) → SiO(g) + CO(g)

(3)SiO
2
(s) + CO(g) → SiO(g) + CO

2
(g)

(4)C(s) + CO
2
(g) → 2CO(g)

(5)3 SiO(g) + 3 C(s) + 2 N
2
(g) → Si

3
N

4
+ 3 CO(g)

(6)3 SiO(g) + 3 CO(g) + 2 N
2
(g) → Si

3
N

4
+ 3 CO

2
(g)

In the work of others and our previous work, it was shown 
that diatomaceous earth, due to its chemical composition, 
genesis, and submicrometer particle size and porosity, can be 
successfully used to obtain non-oxide powders (Si3N4, SiC, 
Si3N4,/SiC) [9, 12–15, 17–20]. Kang et al. showed that the 
added silicon nitride seeds can further enhance the proper-
ties of the obtained powders by controlling particle size and 
morphology during synthesis [21]. The mentioned group of 
authors also used commercial alpha silicon nitride H. Starck 
LC 12-SX as seeds in an amount of 0–2.0 mass%. Depend-
ing on abundant sources of silica and carbon source, the 
CRN method is expected to produce high-purity, fine silicon 
nitride powder [22, 23].

In this paper, the effect of three different carbon sources 
and the amount of silicon nitride seeds on the phase com-
position, particle size, and morphology of synthesized 
silicon nitride powders was preliminarily examined. Dia-
tomaceous earth was used as a naturally abundant source 
of silica whereas activated carbon, carbonized sucrose, and 
carbon cryogel were used as carbon sources. Commercial 
powder, α-Si3N4 as seeds was added in starting mixtures as 
nucleation centers to accelerate reactions that occur during 
the process of carbothermal reduction and nitridation as well 
as to obtain fine silicon nitride powder. Phase evolution dur-
ing carbothermal reaction and nitridation in three starting 
reacting mixtures without seeds was also followed. One of 
the goals of this work was to find the effect of each carbon 
sources on the phase composition and morphology of the 
obtained Si3N4 powders.

Experimental

Chemical treatment of diatomaceous earth

As-recieved diatomaceous earth was chemically treated 
with a 1 M HCl solution (p.a. 37%, BDH Prolabo) to reduce 
the content of iron oxide Fe2O3. The chemical composition 
of as-received and chemically treated diatomaceous earth 
(hereafter DE) is given in Table 1.

Preparation of starting mixtures

During the preparation of the starting mixtures, diatoma-
ceous earth and the corresponding carbon source were 
homogenized in a FRITSCH-Pulverisette 9 vibratory mill for 
2 h in a tungsten carbide (WC) vessel with an engine speed 
of 900 min−1. The used silica source was a diatomaceous 
earth from the Kolubara basin (Republic of Serbia). As men-
tioned above, three different sources of carbon were used 
for carbothermal reduction, industrially obtained activated 
carbon (Miloje Zakić – Kruševac, hereafter AC), sucrose 
(C11H22O11, Alfa Aesar, p.a., SBET = 4 m2/g, hereafter S) and 
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chemically synthesized carbon cryogel (hereafter CC). Car-
bon cryogel was obtained by pyrolyzing RF cryogels in an 
inert atmosphere as described in the literature [24]. Constant 
C/SiO2 ratio = 5 was used throughout all experiments, cal-
culated according to remained carbon in carbonized sucrose 
and carbon cryogel. The stoichiometric ratio C/SiO2 was 
chosen to be 5, because this ratio gave the best results in the 
CRN reaction, although the other stoichiometric ratios had 
been examined [17]. It has been experimentally proven that 
the C/SiO2 (activated carbon used as a source of carbon) 
molar ratio has a significant role in the synthesis of silicon 
carbide [13]. If this ratio is below 4 [1–3], the reaction of 
formation SiC is incomplete, while if the molar ratio is more 
than 5, in addition to SiC, there is an excess of carbon in the 
system. It is experimentally determined by X-ray diffraction 
analysis that in samples with a molar ratio of C/SiO2 = 1, 2, 
3 thermally treated at temperatures from 1250 to 1500 °C, 
in addition to newly formed Si3N4/SiC, unreacted SiO2 also 
remains [18]. Silicon dioxide remains unreacted, due to the 
insufficient carbon content required for the complete reduc-
tion of silicon dioxide. In samples with a molar ratio of C/
SiO2 = 5, an excess of carbon remains in the system in addi-
tion to Si3N4/SiC. In this case, it is necessary to introduce 
an additional thermal treatment (annealing at 700 °C in an 
air atmosphere) to remove the excess carbon and obtain pure 
Si3N4/SiC powder. Excess carbon ensures better contact 
between the powder particles of the starting reactants, to 
obtain Si3N4/SiC as the final product.

As reference mixtures, seed-free mixtures with the same 
carbon sources were prepared at first. These mixtures were 
subjected to thermal treatments at 1350 °C and 1450 °C for 
2 h, in the controlled nitrogen flow atmosphere. The tem-
perature conditions were selected according previous experi-
mental practice.

Three series of samples of diatomite and corresponding 
carbon-containing seeds (commercial powder α-Si3N4) were 
homogenized for 2 h in a vibratory mill. Commercial powder 
Si3N4 was subsequently added and further homogenization 
was continued for 1 h in a vibratory mill. The first series 
of samples represent mixtures of diatomaceous earth and 
activated carbon containing 5–20 wt.% α-Si3N4. The second 
series of samples represent mixtures of diatomaceous earth 
containing surose and 5–20 wt.% α-Si3N4 was performed 
differently. Mixture DE/S was obtained by immersing dia-
tomaceous earth in a solution (saturated solution of sucrose/

distilled water) and homogenizing on a magnetic stirrer at 
room temperature, after which it was dried at 110 °C. The 
obtained mixture was carbonized for 4 h at 1000 °C, under 
a flowing atmosphere of nitrogen. The third series of sam-
ples represent mixtures of diatomaceous earth and carbon 
cryogel containing 5–20 wt.% α-Si3N4. Also, these samples 
were subjected to thermal treatment at 1350 °C and 1450 °C 
for 2 h, in the controlled nitrogen flow atmosphere. The gas 
flow was kept at 0.05 l/min until 200 °C. The heating of 
the alumina reactor was carried out in a furnace with a SiC 
heating element. Abbreviations of synthesized samples are 
presented in Table 2.

Specific surface area, SBET was calculated using the gravi-
metric McBain method. The reaction products were ana-
lyzed by X-ray diffraction (XRD) analysis, infrared spectros-
copy, and scanning electron microscopy. Average particle 
size measurements were done by laser diffraction (LD), 
method with Mastersizer 2000 device. Sample powders were 
recorded on a diffractometer which is part of the SIEMENS 
D500 automated system. Patterns were recorded with CuKα 
radiation (λ = 1.54184 Å), at a current in an X-ray tube of 
20 mA and a voltage of 35 kV, passed through a Ni-filter. 
The Debye–Scherrer formula D = kλ/β cos θ [25] was used 
to determine the average crystallite size. With β represent-
ing full width at half maximum (FWHM) in radian, λ is the 
wavelength (nm), θ is Bragg’s diffraction angle, and shape 
constant k is 0.9.

Infrared (IR) spectra were recorded on a spectrophotom-
eter model Perkin-Elmer 597 in the range of 4000–200 cm-1, 
using the KBr pastille method.

Table 1   Chemical composition 
of as received and chemically 
treated diatomite (DE) (wt %)

Sample SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Weight 
loss 
(1000 °C)

As rec.DE 73.68 12.28 3.29 0.72 0.44 1.01 0.12 8.26
DE 76.58 11.34 1.72 1.22 0.44 0.9 0.11 7.13

Table 2   Abbreviations of synthesized samples. Temperatures 1350 °C 
labeled as 1 and 1450 °C as 2. Carbon sources are denoted: AC, acti-
vated carbon; S, sucrose; and CC, carbon cryogel

Samples Non seeded samples Seeded samples

Carbon 
source

1 (1350 °C) 2 (1450 °C) 1 (1350 °C) 2 (1450 °C)

AC DE/AC/1 DE/AC/2 DE/AC/1/5–
20

DE/AC/2/5–
20

S DE/S/1 DE/S/2 DE/S/1/5–
20

DE/S/2/5–20

CC DE/CC/1 DE/CC/2 DE/CC/1/5–
20

DE/CC/2/5–
20
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The morphology of the powders was examined with a 
scanning electron microscope JEOL JSM-3500, an electron 
beam with a diameter below 1 μm at a voltage of 30 keV. Prior 
to analysis, the powder samples were steamed with gold.

Determination of carbon content

Residual carbon content from the reaction products was 
removed by oxidation in air at a temperature of 700 °C. The 
mass of each individual sample was measured immediately 
after the end of the carbothermal reduction process and after 
oxidation in the air. The difference between these two masses 
is the residual carbon content. In this way, the reactivity of 
each individual mixture with the change of temperature and 
time of thermal treatment was also examined.

Results and discussion

The reaction of carbothermal reduction and nitridation takes 
place at the contact points of SiO2-solid carbon. It is known 
that the carbon structure significantly determines the specific 
surface area and porosity parameters affecting the rate of 
the carbothermal reduction reaction [13]. Since the contact 
surface between the carbon source and the SiO2 source is 
very important for the rate and mechanism of the reaction, 
a specific surface was the determined area of the pulverized 
starting reducing agents and starting mixtures. Activated 
carbon and carbon cryogel materials are known to be highly 
specific surfaces and developed porosity. Also, the dimen-
sions of the pores are very important because they directly 
influence both, the availability of the surface to the carbon 
source and the intermolecular forces acting on the surface. 
Specific surface area, SBET, mean particle sizes, porous char-
acteristics of pulverized starting materials reducing agents, 
and starting mixtures are shown in Tables 3, 4, and 5. In 
order to determine the contribution of each carbon precur-
sors during the grinding and homogenization process, all 
three starting carbon sources were pulverized separately 
under the same preparing conditions (Table 4).

After grinding of the starting reducing agents, there is 
an increase in the specific surface area in the case of carbon 

cryogel and activated carbon without significant change in 
terms of porosity parameters (Table 4). In the case of car-
bonized sucrose, there is a significant increase in specific 
surface area. Namely, during the grinding process, micropo-
res that developed during carbonization process of sucrose 
open, which is probably the cause of a significant increase 
in the specific surface area (Tables 3 and 4). Therefore, it 
can be expected that mixture containing sucrose as a carbon 
source (DE/S) will be the most reactive in the carbothermal 
reduction process.

XRD patterns of the examined samples without seeds 
(DE/AC/1, DE/AC/2, DE/S/1, DE/S/2 DE/CC/1, and DE/
CC/2) sintered at 1350 °C and 1450 °C (labeled in Table 2) 
are shown in Fig. 1. At a lower temperature of 1350 °C 
(DE/AC/1), the cristobalite (SiO2) phase is still present, 
in samples for all three carbon sources (Fig. 1). However, 
silicon oxi nitride, sinoite (Si2ON2), β-Si3N4, and β′-sialon 
(Si3Al3O3N5) are also present indicating that reduction of 
SiO2 started at 1350 °C. So, the obtained composite powders 
are comprised of silicon carbide (SiC, moissanite), as the 
major crystalline phase at 1450 °C in all three starting mix-
tures is present with β-Si3N4 and β′-sialon (Si3Al3O3N5). As 
the β modification of Si3N4 appears only with the presence 
of a liquid phase, the formation of β-Si3N4 is encouraged by 
the presence of impurities (alkaline and alkaline earth metal 
oxides from diatomaceous earth) that form low-temperature 
eutectics or by nitriding above the melting temperature of 
silicon.

The formation of this final product (SiC) can be explained 
by equations given elsewhere in detail [19].

The instability of the Si3N4 phase at 1450 °C in the pres-
ence of CO (Fig. 1) can be explained by the following reac-
tion (Eq. 7):

Thus, CO (g) could be one of the reasons for decreasing 
of the Si3N4 phase.

Therefore, at a lower temperature, the carbothermal 
reduction reaction takes place much faster in the initial stage. 
If the solid sample has a large specific surface and contains 
a large number of micropores, the attractive forces from the 

(7)Si
3
N

4
(s) + 3 CO(g) ⇒ 3 SiC(s) + 3 SiO(g) + 4 N

2
(g)

Table 3   Specific surface area, SBET, mean particle sizes, and porous 
characteristics of starting materials (AC, activated carbon; S, sucrose; 
and CC, carbon cryogel). Rp, pore diameter

Starting 
materials

SBET 
(m2/g)

Rp (nm) Smeso 
(m2/g)

Smic (m2/g) Vmic 
(cm3/g)

DE 7 - - - -
AC 53 2.3 45 8 0.006
S 4 - - - -
CC 465 2.0 298 167 0.08

Table 4   Specific surface area, SBET, mean particle sizes, and porous 
characteristics of pulverized reducing agents (AC, activated carbon; 
S, sucrose; and CC, carbon cryogel)

Pulverized 
starting mix-
tures

SBET (m2/g) Smeso (m2/g) Smic (m2/g) Vmic (cm3/g)

AC 60 54 4 0.003
S 261 15 246 0.11
CC 595 298 297 0.14



827Journal of the Australian Ceramic Society (2023) 59:823–835	

1 3

opposite walls of the micropores overlap, and the force act-
ing on the adsorbent molecule (reaction gas molecule: SiO, 
CO) will be much higher compared to the attractive forces 
acting in open pores of larger dimensions. Based on the pre-
sented results, we can conclude that in the initial stage of 
carbothermal reduction when dominant reactions involve the 
release of various gaseous products (SiO and CO) carboth-
ermal reduction reactions occur faster in samples with large 
specific surface area and a high proportion of micropores 
(developed microporosity). Hadjar et al. also confirmed the 
fact that the surface properties of diatomaceous earth during 
the process of carbothermal reduction are greatly influenced 
by the surface properties of the reducing agent [13].

X-ray diffraction patterns of powders obtained by thermal 
treatment of the seeded samples at 1350 °C and 1450 °C 
(Table 2), designated DE/AC/1/5–20, are shown in Fig. 2a 
and b. Weak and diffuse peaks with d values: 4.32; 3.88; 
3.37; 2.89; 2.60, 2.55, 2.32 2.16, and 2.08 Ǻ for sample DE/
AC/1/5 originate from α-Si3N4 (Fig. 2a). A wide background 
in the area of 2θ angles from 20 to 25° indicates low crystal-
linity of the powders obtained at 1350 °C. Reflections char-
acteristic for SiO2 modification, cristobalite (d values: 4.07 
and 2.51 Ǻ) are also observed. The presence of cristobalite 
represents unreacted SiO2 from diatomaceous earth and indi-
cates that under these conditions carbothermal reduction and 
nitridation are not complete. The intensity of characteristic 
α-Si3N4 peaks, increases with increasing content of α-Si3N4 
seeds, which is expected. Kang et al. showed that the added 
silicon nitride seeds are strikingly influenced by the α-Si3N4 
and the reduction rate of silica is relatively slow when seeds 
are absent [21]. Also, the α-Si3N4 is producible at a rela-
tively high partial pressure of SiO (g) (reactions (2) and (3), 
introduction part) while β-Si3N4 is considered to be obtained 
because of the lower partial pressure of SiO (g) [21]. These 
observations were confirmed by the results shown in Figs. 1 
and 2.

The same series of samples, designated as DE/AC/2/5–20 
were subjected to another heat treatment at 1450 °C (Fig. 2b) 
to determine the effect of temperature on the reaction prod-
ucts. The transformation products (DE/AC/2/5) showed very 
strong α-Si3N4 peaks, followed by the reflections of β-Si3N4 
(d values: 3.29; 2.65; and 2.49 Ǻ) and β′-sialon (Si3Al3O3N5) 
(d values: 3.32; 2.72; and 2.51 Ǻ). Si2ON2 phase (sinoite) 
and silicon carbide (SiC) are also detected [12]. This 

behavior can be explained by the partial melting of diato-
mite at this temperature. Thus, the micro-porous structure is 
harmed and the surface area is dramatically reduced with the 
presence of a liquid phase which will decrease the transport 
of reaction gasses. Under normal conditions, α-Si3N4 was 
produced by the CRN process, but liquid phases of oxides 
such as Na2O, K2O, MgO, CaO, and Fe2O3 contained in the 
diatomite occurred due to eutectic reaction, led to the forma-
tion of β-Si3N4 instead of α-Si3N4 [12, 19]. The intensity of 
peaks of α-Si3N4 on the XRD pattern of the sample obtained 
at 1450 °C DE/AC/2/20 was gradually decreased with an 
increase in the content of seeds while peaks of β -Si3N4 and 
β′-sialon (Si3Al3O3N5) almost completely disappear.

Aluminum-rich species in diatomaceous earth (the pres-
ence of aluminum silicate, clay component in the diatoma-
ceous earth) improved the nitridation process thereby ena-
bling the formation of SiAlONs [19, 25]. The formation of 
β′-sialon (Si3Al3O3N5) according to the following reaction:

This phase (Si3Al3O3N5) has also very good mechanical 
and physical properties as composite powder with Si3N4 and 
SiC, can be interesting for the production of specific struc-
tural materials [26–29].

XRD patterns of powders obtained by thermal treatment 
of samples designated as DE/S/1/5–20 and DE/S/2/5–20 at 
1350 °C and 1450 °C are shown in Fig. 2c and d. XRD pat-
tern of sample DE/S/1/5 is characterized by low crystallin-
ity, which is indicated by a wide background in the area of 
angles 2θ = 20–25°. Weak reflections (d values: 3.29; 2.65; 
and 2.49 Ǻ) indicate the beginning of β-Si3N4 crystallization 
(α to β-Si3N4 phase transformation). This data also indicates 
the beginning of carbothermal reduction. Also, cristobalite is 
present (d values: 4.08Ǻ). For sample DE/S/1/10, reflections 
with d values: 3.32; 2.72, and 2.51 Ǻ indicate the beginning 
of β′-sialon (Si3Al3O3N5) crystallization at 1350 °C. The 
presence of silicon cabide (SiC) is also indicative.

At 1450 °C, samples DE/S/2/5–20, silicon oxi nitride, 
sinoite (Si2ON2), of α-Si3N4, β-Si3N4, β′-sialon (Si3Al3O3N5), 
and silicon cabide (SiC) reflections are observed (Fig. 2c). 
The presence of β′-SiAlON (Si3Al3O3N5) is indicated by 
reflections with d values: 3.32; 2.72; and 2.51 Ǻ.

(8)
3Al

2
O

3
2SiO

2
+ 4SiO

2
+ 15C + 5N

2
→ 2Si

2
Al

3
O

2
N

3
+ 15CO

Table 5   Specific surface area, 
averge particle size and porous 
characteristics of pulverized 
starting mixtures (19)

Sample SBET (m2/g) Average particle 
size (µm)

Smeso (m2/g) Smic (m2/g) Vmic (cm3/g)

DE/AC 364 8.6 8 356 0.07
DE/S 141 2.8 8 133 0.06
DE/CC 263 22.7 106 157 0.16
DE 7 23.8 - - -
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XRD patterns of samples DE/CC/1/5–20 and DE/CC/2/5–20 
(thermaly treated at 1350 °C and 1450 °C) are shown in Fig. 2d 

and f, respectively. At 1350 °C, characteristic peak intensities of 
α-Si3N4 increase as expected (d values: 4.32; 3.37; 2.88; 2.60; 
2.55Ǻ) while SiO2 content decreases with increasing content of 
commercial α-Si3N4 powder (d values: 4.08 and 2.5 Ǻ, cristo-
balite) and low crystallinity is indicated by a wide background 
in the area of angles 2θ = 20–25° (Fig. 2e).

After thermal treatment at 1450 °C, at the lowest content 
of commercial α-Si3N4 powder (sample DE/CC/2/5) reflec-
tions with d values: 3.29; 2.65; and 2.49 Ǻ and are indica-
tive for phase transformation α in β-Si3N4 (Fig. 2f). Based 
on a comparison of the intensity of reflections characteris-
tic for β-Si3N4, this phase reaches a maximum in sample 
DE/CC/2/10. Diffuse and weak reflections (d values: 3.32; 
2.72; and 2.51 Ǻ) indicate the beginning of crystallization 
of β-Si3N4 reflections are observed, β′-SiAlON (Si3Al3O3N5) 
and silicon carbide (SiC). With a further increase in the 
commercial α-Si3N4 powder, content over 10%, the inten-
sity of β-Si3N4 reflections decreases, and SiO2 appear in the 
form of cristobalite. Based on the comparison of the reflec-
tion intensities of the sample DE/CC/2/5 and DE/CC/2/10 
obtained at 1450 °C (Fig. 1f) are significantly higher crys-
tallinity compared to the same samples obtained at 1350 °C 
(Fig. 2e). This data indicates that an increase in temperature 
of 100 °C has a favorable effect on the course of carboth-
ermal reduction and nitridation process for samples with a 
smaller content of commercial α-Si3N4 powder (DE/CC/2/5 
and DE/CC/2/10). However, increasing content of commer-
cial α-Si3N4 powder (over 10 wt.%) and CTRN temperature 
to 1450 °C did not produce any further increase in reduction 
and nitridation for a series of samples containing seeds.

Using sucrose, at 1350 °C crystallization of β′-sialon 
(Si3Al3O3N5) and β-Si3N4 begins at 10 wt.% of α-Si3N4 
(sample DE/S/1/10, Fig. 2c). This indicates that sucrose is a 
more efficient carbon source at a lower temperature, for the 
reaction of carbothermal reduction and nitridation than acti-
vated carbon and carbon cryogel. An explanation can also be 
found in the method of preparation of the starting mixtures. 
A mixture of diatomaceous earth and activated carbon as 
well as a mixture of diatomaceous earth and carbon cryogel 
are physical mixtures of two powdered materials. In contrast 
to that, in a mixture of diatomaceous earth and sucrose, car-
bon is introduced in the form of a solution which allowed its 
penetration in all free space in diatomaceous earth particles 
and remains in the channels of diatomaceous earth during 
carbonization. During the carbonization process sucrose 
turns into carbon that envelops the exterior and interior of 
diatomite particles. This data results in higher reactivity of 
diatomaceous earth and sucrose because the surface which 
is in contact with carbon is much larger than in the case of 
the other two powder mixtures (i.e., carbon sources).

Figure 3 presents a graphical representation of changes 
in residual carbon content with changing of seed content 
and thermal treatment temperature for easier following 
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Fig. 1   Comparative XRD patterns of examined samples without 
Si3N4 seeds: DE/AC/1 (1350 °C) and DE/AC/2 (1450 °C) (a), DE/S/1 
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and understanding of phase composition confirmed by 
X-ray diffraction. Oxidation of the obtained powder after 
the completion of the carbothermal reduction process is in 
practice a common way to determine the residual carbon 

content as an important indicator of the mixture reactiv-
ity [12]. The reactivity trend of each mixture depends 
on the type of carbon precursor. As can be seen from the 
graphs, the carbon content of all three carbon precursors 
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decreases as temperature increases. However, with the 
increase of the temperature to 1450 °C, a larger amount 
of carbon participates in the reduction reaction of SiO2 
from diatomaceous earth, and therefore the carbother-
mal reduction takes place faster for samples containing 
sucrose as a carbon precursor (Fig. 3). These results also 

indicate that the carbon source is extremely important for 
the speed of reactions that take place during carbothermal 
reduction, which is confirmed by XRD patterns in Figs. 1 
and 2 [10–20].

In all three cases of carbon sources, the average crystal-
line size of the α-Si3N4 and β-Si3N4 slightly decreases with 
the increasing amount of seeds (Table 6). Crystalline size for 
all processing temperatures is in the nanometer range (about 
20–30 nm) for α-Si3N4 and for β-Si3N4 (about 10–25 nm). 
Although values of the average particle size of the com-
mercial α-Si3N4 powder are in the micrometer range (about 
44 µm, Table 7) the obtained α and β-Si3N4 powders are 
below this value.

The IR spectra of samples obtained at 1350  °C and 
1450 °C, designated as DE/AC/1/5–20 and DE/AC/2/5–20 
are shown in Fig. 4a and b. The wide stretched bands of 
relatively low intensity at about 1100 cm−1 and 470 cm−1 are 
assigned to the characteristic absorption of the Si–O bond 
[26], which are characteristic of cristobalite. The low crys-
tallinity of these samples is indicated by wide and stretched 
bands. The absorption band in the region of about 490 cm−1 
is assigned to the characteristic absorption of the Si–N bond 
and belongs to α-Si3N4, consistent with the XRD results.

The spectra of samples DE/AC/2/5 and DE/AC/2/10 
obtained at 1450 −C show the absorption bands in the area 
of about 490 cm−1 and at 570 cm−1 slightly lower intensity 
are generally assigned to the characteristic absorption of 
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Fig. 3   Carbon content of examined samples: DE/AC/1/5–20 (1350  °C), DE/AC/2/5–20 (1450  °C), DE/S/1/5–20 (1350  °C), DE/S/2/5–20 
(1450 °C), DE/CC/1/5–20 (1350 °C), and DE/CC/2/5–20 (1450 °C)

Table 6   Average crystalline size (nm) of obtained Si3N4 (α and β 
modification)

Reducing agent Sample α-Si3N4 (101) 
(nm)

β-Si3N4 (101) 
(nm)

Activated carbon DE/AC/1/5 32 23
DE/AC/1/10 29 17
DE/AC/1/15 28 17
DE/AC/1/20 27 17
DE/AC/2/5 31 24
DE/AC/2/10 28 17
DE/AC/2/15 26 17
DE/AC/2/20 23 16

Sucrose DE/S/1/5 30 26
DE/S/1/10 29 14
DE/S/1/15 28 13
DE/S/1/20 22 13
DE/S/2/5 28 17
DE/S/2/10 28 17
DE/S/2/15 26 15
DE/S/2/20 25 14

Carbon cryogel DE/CC/1/5 31 21
DE/CC/1/10 31 19
DE/CC/1/15 30 17
DE/CC/1/20 27 15
DE/CC/2/5 38 14
DE/CC/2/10 31 11
DE/CC/2/15 26 8
DE/CC/2/20 23 8

Table 7   Properties of commercial powder α-Si3N4 (H. Starck LC 
12-SX)

a Manufacturer data
b Calculated by XRD Debye–Scherrer formula (Zeigler 1978)

SBET (m2/g) Crystallite 
size (nm)b

β Si3N4
a (wt. 

%)
O2a (wt.%)a Average 

particle sizea 
(μm)

18.5 44,35 (100) 6 1.8–2.1 0.1
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the Si–N bond and belong to α and β-Si3N4 (Fig. 4b). As 
the content of α-Si3N4 increases to 15 wt.%, the intensity 
of the absorption band at 570 cm−1 decreases. The band at 
1040 cm−1 is common for SiAlONs and silicon nitride which 
certifies the existence of SiN4 tetrahedrons in the lattice. 
In the range of 930–1050 cm−1, the spectrum of SiAlON 
most closely resembles (overlaps) that of β-Si3N4. Absorp-
tion bands in the area of 800–600 cm−1 appear due to the 

replacement of Si–N bond with Al–N and Al–O bonds in 
the β-Si3N4 lattice at dissolving of Al2O3 in it, and is com-
mon for SiAlONs [27]. However, in this range, an intense 
absorption band in the region of 800–760 cm−1, is the result 
of valence vibrations of Si–C (absorption band in the area 
around 843 cm−1) is common for SiC.

IR spectra of samples, designated as DE/S/1/5–20 and 
DE/S/2/5–20 obtained at 1350 °C and 1450 °C, respectively 
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are shown in Fig. 4c and d. The spectra of samples DE/S/1/5 
and DE/S/1/10, (1350 °C) show broad bands of low intensity 
in the range of about 1100 cm−1 and 469 cm−1 are charac-
teristic of SiO2 (cristobalite) and indicate low crystallinity 
of the obtained powder. The disappearance of the peak at 
about 900 cm−1 in the spectrum of sample DE/S/1/10 may be 
related to forming of the SiAlON phase during carbothermal 
reaction and nitridation [26]. Also in the spectrum of sample 
DE/S/1/10 bands characteristic of α and β-Si3N4 (490 and 
570 cm−1) can be observed. A rather weak absorption band 
in the area around 850 cm−1 is common for SiC (sample 
DE/S/2/20, obtained at 1450 °C).

IR spectra of samples, designated as DE/CC/1/5–20 and 
DE/CC/2/5–20 obtained at 1350 °C and 1450 °C are shown 
in Fig. 4e and f. Wide, stretched bands of low intensity in 
the region of about 1100 and 469 cm−1 for samples DE/
CC/1/5 and DE/CC/1/10 are characteristic absorption of the 
Si–O bond and belong to SiO2 modification, cristobalite. At 
1450 °C, in spectra of samples DE/CC/2/5 and DE/CC/2/10 
absorption bands of higher intensity in the region at about 
490 cm−1 and 570 cm−1 belong to α and β-Si3N4. Also in the 
spectrum of samples DE/CC/2/15 and DE/CC/2/20 bands at 
about 1100 cm−1 and 470 cm−1 are assigned to the charac-
teristic absorption of the Si–O bond [26]. Absorption band 
in the area around 850 cm−1 is common for SiC (samples 
DE/CC/1/5–20 and DE/CC/2/5–20). Results obtained by 
infrared spectroscopy are in good agreement with results 
obtained with XRD analysis.

The morphological features of obtained powders were 
studied by scanning electron microscopy (SEM). Figure 5 
shows the SEM of obtained samples DE/AC/1/5 (a), DE/
AC/2/5 (b), DE/AC/1/20 (c), and DE/AC/2/20 (d).

Morphologically, the powders obtained at both 1450 °C 
and 1350 °C were largely agglomerated. In the sample DE/
AC/1/5 obtained at 1350 °C, there is a complete absence of 
diatomaceous earth relics (Fig. 5a), in contrast to sample 
DE/AC/1/20 obtained at the same temperature (Fig. 4c). The 
morphological characteristics of the starting diatomaceous 
earth were retained (sample DE/AC/1/20, Fig. 5c). For the 
sample DE/AC/2/5 obtained at 1450 °C larger irregular 
particles were observed (Fig. 5b). The powder DE/AC/2/20 
consists of very fine nanometer polygonal particles, which 
are characteristic of silicon nitride crystals (Fig. 5d).

SEM of samples DE/S/1/10, DE/S/2/10 (Fig. 6a and b) and 
DE/S/1/20, DE/S/2/20 (Fig. 6c and d). At 1350 °C both sam-
ples DE/S/1/10 and DE/S/1/20, an almost complete absence 
of diatomaceous earth relics is observed (Fig. 6a and c). This 
data indicates that the reaction of carbothermal reduction and 
transformation of α → β-Si3N4 in this mixture takes place faster 
and at 1350 °C (XRD, Fig. 1). At 1450 °C the obtained pow-
ders with regular polygonal shape and a higher crystallinity 
are characteristic for α-modification of silicon nitride, while 
the elongated particles are typical for β-Si3N4 (Fig. 6b and d).

SEM of samples DE/CC/1/10 (a), DE /CC/2/10 (b), DE 
/CC/1/20 (c), and DE/CC/2/20 (d). Sample DE /CC/1/10, 
obtained at 1350 °C and 1450 °C individual powder particles 

Fig. 5   SEM images of obtained 
samples: DE/AC/1/5 (1350 °C) 
(a), DE/AC/2/5(1450 °C) (b) 
DE/AC/1/20 (1350 °C) (c) and 
DE/AC/2/20 (1450 °C) (d)
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of irregular shape are observed (Fig. 7a). Unlike sample DE /
CC1/10, sample DE /CC/1/20 (Fig. 7c) has relics of diatoma-
ceous earth, which indicates lower powder crystallinity. Also, 

the powders obtained at 1350 °C, as in the case of a mixture 
of diatomaceous earth and activated carbon (Fig. 5c), consist 
mainly of agglomerated relics of diatomaceous earth. These 

Fig. 6   SEM images of obtained 
samples: DE/S/1/10 (1350 °C) 
(a), DE/S/2/10 (1450 °C) (b) 
DE/S/1/20 (1350 °C) (c), and 
DE/S/2/20 (1450 °C) (d)

Fig. 7   SEM images of obtained 
samples: DE/CC/1/10 (1350 °C) 
(a), DE/CC/2/10 (1450 °C) (b), 
DE/CC/1/20 (1350 °C) (c) and 
DE/CC/2/20 (1450 °C) (d)
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relics indicate that this temperature is not sufficient for com-
plete carbothermal reduction, also confirmed by X-ray diffrac-
tion and infrared spectroscopy (Figs. 1 and 4). However, the 
powder obtained at 1450 °C consists of agglomerated grains 
of polygonal habitus (Fig. 7b and d).

Conclusion

The process of carbothermal reduction and nitridation was 
used in the synthesis of silicon nitride powders as an inex-
pensive method using cheap and harmless raw materials.

Diatomaceous earth and various sources of carbon were 
thermally treated for 2 h at 1350 and 1450 °C. Three differ-
ent carbon sources were used: activated carbon, carbonized 
sucrose, and carbon cryogel. The obtained starting powders 
were homogenized with commercial α-Si3N4 powder (H. 
Starck LC 12-SX) in four different quantities 5, 10, 15, and 
20 wt. %. The effect of added silicon nitride seeds on the 
phase composition and particle morphology was investigated.

From the results, the following conclusions are summarized:
The results indicate that the onset of β-Si3N4 crystallization 

at 1350 °C is observed at a content of 10 wt.% commercial 
α-Si3N4 powder when sucrose was used carbon source. This 
indicates that sucrose is a far more efficient carbon source at a 
lower temperature, for the reaction of carbothermal reduction 
and nitridation relative to activated carbon and carbon cryo-
gel. At 1450 °C, by using the same mixture with the addition 
of 10% of α-Si3N4 seeds, a composite powder composed of 
α-Si3N4, β-Si3N4/Si3Al3O3N5 was obtained. An explanation 
can be found in the method of preparation of the starting mix-
tures, where carbon source was introduced into SiO2 precursor 
via solution. Major reduction of SiO2 diatomaceous earth took 
place at 1450 °C and phase transformation of α → β-Si3N4 
when active carbon and carbon cryogel were used as carbon 
sources. Thus, reaction products depend on the reaction tem-
perature and the carbon sources rather than the seed content.

Powders obtained at higher temperatures were compos-
ite powder composed of α-Si3N4, β-Si3N4/Si3Al3O3N5, the 
crystalline size is in the nanometer range (about 20–30 nm) 
for α-Si3N4 and smaller for β-Si3N4 (about 10–25 nm). The 
nanometer crystallite size of obtained composite powders 
allows designing of the advanced materials with improved 
physical and chemical properties.

Sucrose also revealed morphological advantages over 
two other carbon sources, activated carbon and carbon cry-
ogel. The complete absence of diatomaceous earth relics 
in those samples indicated the onset of the carbothermal 
reduction and nitridation at a lower temperature (1350 °C) 
leading to the polygonal particles at a higher temperature 
(1450 °C) which is characteristic for silicon nitride crystals.

In this regard, sucrose can be considered a more efficient car-
bon source relative to activated carbon and carbon cryogel [30].
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