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The Carbothermal Reduction of Silica
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The aim of this study is to examine the effect of MgO and Y2O3 to the carbothermal reduction and nitridation
of silica. The synthetic silica, MgO and Y2O3 powders were premixed (4wt% MgO–6% Y2O3, 5% MgO–5% Y2O3

and 6% MgO–4% Y2O3) in the starting reactants depending on the final powder composition. Carbon black was
added to the silica (SiO2) above the stoichiometric amount of oxygen (C/SiO2 ratio of 3). The carbothermal
reduction and nitridation process was carried out in a tube furnace at 1400 ◦C, 1450 ◦C, and 1475 ◦C for 3 h under
nitrogen gas atmosphere. The synthesized Si3N4 powder properties were examined by using X-ray diffraction,
scanning electron microscopy–energy dispersive X-ray spectrosopy. In this study, MgO and Y2O3 powders dispersed
in the final Si3N4 powder more homogeneously and thus formable and sinterable the starting mixing material is
produced.
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1. Introduction

Silicon nitride ceramics of superior properties such
as high hardness, high temperature strength, excellent
thermal shock resistance, oxidation-proof and chemi-
cal corrosion-proof have been widely used in the field
of energy, metallurgy, machinery, and aerospace indus-
tries [1, 2]. These materials are used heavily in cutting
tools, ball bearings, motor valves, and the other wear
resistant tools [3]. Techniques applied to fabricate sili-
con nitride include: direct nitridation of silicon, high-
temperature decomposition of silicon diimide, SiO vapor
ammonolysis, and carbothermal reduction and simulta-
neous nitridation (CRN) of silica. Amongst these met-
hods, the CRN route is one of the most cost effective
routes for industrial production [4]. The carbothermal
reduction takes place according to the following overall
reaction [5]:

3SiO2 + 6C + 2N2 = Si3N4 + 6CO. (1)
It is generally accepted in the literature that this reaction
occurs through the formation of an intermediate SiO va-
pour phase, according to the following reactions [6, 7]:

SiO2(s) +C(s) = SiO(g) +CO(g), (2)

3SiO(g) + 3C(s) + 2N2(g) = Si3N4(s) + 3CO(g). (3)
Moreover, the competitive formation of silicon carbide
has been reported at temperatures higher than 1500 ◦C.
Si3N4 occurs in two phases α and β. The α phase powder
is the generally preferred raw material for manufacturing
compacted bodies because of the favourable microstruc-
tural characteristics obtained during the β transforma-
tion at high temperatures [5].
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Si3N4 ceramics are prepared by liquid phase sintering:
at typical temperatures ≥ 1700 ◦C, sintering additives
form a melt, which dissolves the α-Si3N4 crystallites.
β-Si3N4 nuclei grow by reprecipitation [8]. Generally, me-
tal oxides, such as MgO, Al2O3, Y2O3, Yb2O3, La2O3,
and Lu2O3, were used as sintering additives [9–11], which
can react with Si3N4 and SiO2 on the surface of Si3N4

powder at a high temperature to form M–Si–O–N liquid
phase. Besides of oxide additives, nitrides, such as AlN,
YN, TaN, Mg3N2 and Be3N2 have also been adopted as
additives to manufacture silicon nitride ceramics [12].

The aim of this study is to synthesize and characte-
rize of silicon nitride containing Y2O3 and MgO. Conse-
quently, silicon nitride is produced by the carbothermal
reduction and nitridation of silica at a low temperature
with these additives.

2. Experimental procedure
For the CRN of silica (SiO2), high purity (99%) silica

of nearly colloidal range (14 µm) was used to as raw ma-
terial and it was supplied from EGE Kimya A.S. Activa-
ted charcoal (100% purity) was used as a reducing agent
and it was supplied by TÜPRAŞ (Turkish Petroleum Re-
fineries Co). MgO and Y2O3 powders (99.9% purity)
were supplied by Alfa Aesar. Carbon black was added
to the high purity SiO2 above the stoichiometric amount
of oxygen (C/SiO2 ratio of 3). MgO and Y2O3 powders
were added at different rates depending on the final pow-
der composition (Table I). Dry mixing was performed by
ball milling for 10 h with alumina balls for all compositi-
ons. The differential thermal analysis–thermogravimetric
(DTA-TG) analysis was applied to the one of the pre-
pared mixtures (SiO25MgO–5Y2O3–C). Later, the car-
bothermal reduction of silica was carried out in an at-
mosphere controlled tube furnace. For all compositions,
the synthesis was performed under the nitrogen gas flow
(1 l/m) at 1400 ◦C, 1450 ◦C, and 1475 ◦C for 3 h. After
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the CRN process, the powder products were heated in
air for 1 h at 900 ◦C for residual carbon burning. Ta-
ble I gives the identification code for each powder with
its production conditions in the CRN process.

TABLE I

The codes and production parameters for powders.

Composition Sample code
SiO2+%4MgO-%6Y2O3 4MY
SiO2+%5MgO-%5Y2O3 5MY
SiO2+%6MgO-%4Y2O3 6MY

A DTA was carried out using a differential thermal
analyser (TA Instrument Q-600). X-ray diffraction ana-
lysis was performed using a Rigaku Ultima X-ray diffrac-
tometer and CuKα radiation. A JEOL 6060 LV scanning
electron microscope with EDS was used for microstruc-
tural analysis.

3. Results and discussion

For the SiO2+%5MgO+%5Y2O3+C mixture was car-
ried out the DTA-TG test under N2 gas atmosphere to
determine the temperatures of the reduction and nitri-
ding reactions and obtained graph was given in Fig. 1.
In the around 200 ◦C the weight loss was observed due to
absorbed moisture in the TG curve. The onset tempe-
rature for the second weight loss was 450 ◦C approxima-
tely due to the reduction of SiO2. The nitridation stage
was seen after reduction of SiO2 around 1300 ◦C. In a
previous work [13], the reduction and nitridation tempe-
ratures of SiO2 were determined from the DTA analyses
as 850 ◦C and 1400 ◦C, respectively. These temperatures
were decreased with the presence together of MgO and
Y2O3.

Fig. 1. The DTA–TG curves of SiO2 + %5MgO +
%5Y2O3 + C mixture.

In Fig. 2a–c the XRD analyses were given of the pro-
duced samples with the CRN process. Given in Fig. 2a in
the sample 4MY, α-Si3N4 was obtained at 1400 ◦C for 3 h,
in addition Mg2SiO4 and Y2SiO5 phases occurred in a
small amount. The formation of an amorphous phase was
observed at 1450 ◦C. This formation disappeared with
increase of temperature to 1475 ◦C and β-Si3N4 amount
was increased. This was caused decrease of the intensities
of α phase. As seen from the XRD analyses of samples

Fig. 2. The XRD analysis of samples: (a) 4MY,
(b) 5MY, (c) 6MY after CRN process.

5MY (Fig. 2b), the CRN took place at 1400 ◦C. The pro-
duced powder at 1400 ◦C was fully converted to α and
β-Si3N4, and a minor amount of Y2SiO5 and Mg2SiO4

(forsterite) phases as expected were present. The com-
position and contents of the sintering aids strongly af-
fect the microstructure and mechanical properties of sili-
con nitride ceramics. Metallic oxides (e.g., MgO, Y2O3,
and Al2O3) or rare earth metal oxides (e.g., La2O3 and
Yb2O3) are frequently used as sintering aids [14].

Mg2SiO4 shows good refractoriness due to high melting
point (≈ 1890 ◦C), low thermal expansion, good chemi-
cal stability, and excellent insulation properties even at
high temperatures [15]. As an important phase in the
SiO2–Y2O3–Si3N4 phase diagram, Y2SiO5 is frequently
identified as a precipitated phase at the grain boundaries
of sintered Si3N4 with Y2O3 or Y2O3+ SiO2 as sintering
aids. It was confirmed that Y2SiO5 can improve the high-
temperature performance of silicon nitride [16, 17]. It was
thought that the presence of these phases in the powders
as-synthesized can improve the high temperature proper-
ties after the sintering of the powders. Figure 2c gives the
XRD analyses of samples 6MY. As clearly seen from the
XRD data, α − β Si3N4, Y2SiO5 and Mg2SiO4 phases
were formed in sample 6MY as sample 5MY at 1400–
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1450–1475 ◦C for 3 h after the carbothermal reduction
and nitridation process. It is known that α-Si3N4 star-
ting powders have a higher reactivity and are used more
widely than β-Si3N4 powder. When β-Si3N4 powder is
used as starting powder, the formation and densification
of the elongated β-Si3N4 grain are rather difficult [18].
Consequently, there was a high amount of α-Si3N4 and a
low amount of β-Si3N4 in the produced powders in this
study.

The morphology, structure and elemental analysis of
the as-synthesized powder have been characterized with
SEM and EDS techniques. The SEM micrographs of the
produced powders are shown in Fig. 3. It is clearly seen
that powder products have different morphologies, as na-
nosized whiskers, irregular shaped small particles, and
equiaxed small grains. The typical widths of the whis-
kers are in the range of 100–500 nm, also small particles
are nanosized, too. With increased Y2O3 amount the
whisker structure was increased (Fig. 3e–f). MgO-Y2O3

was added into SiO2 by CRN process in this technique,
therefore the nanosized α-rich Si3N4 is produced with
a homogeneous additives distribution in the structure at
low temperature (1400 ◦C–3 h). Adding a rare earth alone
(< 10 wt%) is not as effective as sintering aid concurrent
additions of rare earth and metal oxides are usually done
to increase the sinterability [19]. When the synthesizing
conditions (amount and type of additives and tempera-
ture) are compared with the previous works [12, 13, 20],
it is seen that these conditions are better.

Fig. 3. The SEM analyses of sample: (a) 4MY at
1400 ◦C, (b) 4MY at 1475 ◦C, (c) 5MY at 1400 ◦C,
(d) 5MY at 1475 ◦C, (e) 6MY at 1400 ◦C and (f) 6MY
at 1475 ◦C after CRN process.

4. Conclusions

In this work, Si3N4 powders were synthesized by car-
bothermal reduction and nitridation process from high
purity SiO2 with Y2O3–MgO additives. Here, the effect
of composition and temperature was investigated. Ac-
cording to the analysis results, the optimum conditions
were determined as %5MgO7+%5Y2O3+SiO2 mixture
and 1400 ◦C. The grain size and whiskers’ widths of the
powders produced under these conditions are submicron
and in the range of 100–500 nm, respectively. The po-
sitive effects of using Y2O3–MgO as pre-additive oxides
in SiO2 on the yield of Si3N4 in CRN process were clear
from the outcomes of this research in terms of reaction
temperature and time.
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