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Abstract

A study was undertaken to production of Si3N4 powders by carbo-thermal reduction and nitridation (CTRN) of diatomite. Test

samples were prepared by mixing 99% purity and mean powder size of 2.4 mm of carbon black and maximum particle size of 150
mm diatomite with C/SiO2 molar ratio 4. Prepared sample was subjected to CTRN process at temperatures of 1300, 1350, 1400, and
1450 �C for 4, 8, and 16 h. CTRN process was conducted in an atmosphere controlled tube furnace in nitrogen flow 5 cm3/min. All
products were examined by XRD and SEM-EDX to determine the transformation, morphology and chemical composition. The

results showed that the best Si3N4 transformation occurred at 1400 �C for 16 h.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Silicon nitride (Si3N4) is an attractive structural ceramic
owing to its high temperature strength, toughness, wear
resistance and thermal stability due to the low coefficient
of thermal expansion. Because of these properties silicon
nitride is the most promising material especially for high
temperature engineering applications.1�3 A variety of
methods and techniques have been employed by various
investigators to produce silicon nitride powders from
raw materials as silicon source.4�11 The well-known
techniques are direct reaction between silicon (Si) and
nitrogen (N2), and carbothermal reduction of silica
(SiO2) with a source of carbon and at the same time,
nitridation of it with nitrogen gas.1,12,13

Nitridation of metallic silicon powder:

3Si sð Þ þ 2N2 gð Þ !
1200�1500�C

Si3N4 sð Þ ð1Þ

Carbo-thermal reduction of SiO2 in nitrogen atmosphere:
3SiO2 sð Þ þ 6C sð Þ þ 2N2 gð Þ !
1200�1700�C

Si3N4 sð Þ þ 6CO gð Þ ð2Þ
To produce silicon nitride powders different raw mate-
rials (volcanic ash, kaolinite, illite, sepiolite, and zeolite)
as a silicon source have been used by various
investigators.14�17 In this study diatomite as silicon
source has been used.

Diatomite is a siliceous, sedimentary rock consisting
principally of the fossilized skeletal remains of diatom, a
unicellular aquatic plant related to the algae. The terms
diatomaceous earth and kieselguhr are used synon-
ymous with diatomite. The silica of fossilized diatom
skeleton closely resembles opal or hydrous silica in
composition (SiO2.nH2O). 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, small amounts of associated in organic com-
ponents—alumina, principally—and lesser amounts of
iron, alkaline earth, alkali metals, and other minor
constituents. Processed diatomite possesses an unusual
particulate structure and chemical stability that lends
itself to applications not filled by any other form of
silica. Foremost among these applications is its use as a
filter aid, which accounts for over half of its current
consumption. Its unique diatom structure, low bulk
density, high absorptive capacity, high surface area, and
relatively low abrasion are attributes responsible for its
utility as a functional filler and as an extender in paint,
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paper, rubber, an in plastics; and thermal insulating
material; polish, abrasive to name a few representative
applications.18�20
2. Experimental procedure

2.1. Material

The diatomite, used throughout the investigation as
source of silica, was obtained from the Kızılcahamam
area of Turkey. Chemical composition of as-received
diatomite is given in Table 1. Initially, XRD, DTA and
SEM-EDX analyses were performed on the diatomite
samples. XRD analysis indicated that diatomite had a
completely amorphe structure and DTA–TG curves
showed that until 320 �C diatomite had lost 2.8% of its
weight which are related to the release of surface water
and the zeolitic water of diatomite (Fig. 1). SEM
micrograph showed that the porously morphology of
as-received diatomite (Fig. 2). Carbon black with 99%
purity was used as the source of carbon, and its specifi-
cations are given in Table 2. The nitrogen gas used
contained less than 5 ppm O2 and H2O.

2.2. Effect of the heating on behavior of diatomite

Sapless of diatomite were heated for 4 h in a furnace
open to atmosphere at temperatures of 500, 800, 900,
1000, 1100, 1200, 1300, 1400, and 1450 �C. The heating
rate to the desired temperature was approximately 5 �C
min�1. The furnace was held at the desired temperature
with accuracy of �5 �C, and then cooled at 5 �C min�1 to
room temperature. Then all of the products were analysed
by XRD and SEM EDX to determine the structural
transformation taking place during the heating.

2.2.1. XRD and SEM analysis
XRD analysis of the products heated up to 800 �C

showed no formation of phase other than those
belonging to amorph structure of diatomite. The pro-
duct maintained the porously morphology of diatomite.
Firstly at 900 �C, peak of diatomite slightly disappeared
while the peaks of cristobalite and quartz appeared. At
1100 �C, peaks of quartz totally disappeared and all of
the characteristic peaks of cristobalite appeared. At
1200 �C the intensity of cristobalite peaks increased
relative to the peak intensity at 1100 �C. Oxides of
Al2O3, Fe2O3, CaO, MgO, TiO2, Na2O, and K2O in the
diatomite-structure formed liquid phase due to eutectic
reactions at 1200 �C, and the porously morphology of
diatomite agglomerated (Fig. 3). At 1300–1450 �C, cris-
tobalite phase was maintained with some increase in peak
intensities corresponding to more crystallization (Fig. 4).

2.3. Carbo-thermal reduction and nitridation (CTRN)
of diatomite

Diatomite was thoroughly mixed with carbon black in
C/SiO2 molar ratio of 4. Mixing was performed in a mill
with alumina balls for 10 h. Then four-gram sample of
the mixture was put in graphite boat having dimensions
15 mm�30 mm�60 mm. Then the boat was placed in
an atmosphere-controlled tube furnace (Fig. 5) and then
heated to test temperature in nitrogen (N2) flow of 5
cm3/min, and maintained for predetermined time.
Under the identical test conditions, CTRN process for
four mixtures was performed at 1300, 1350, 1400, and
1450 �C for 4, 8, and 16 h. Carbonitriding reaction was
followed by the weight loss, the weight change was
determined by weighing the samples before and after the
reaction process. Residual carbon after reaction was
determined through a loss on ignition (air) at 800 �C for
2 h. Then all products obtained at different tempera-
tures and times by CTRN process were characterized by
using X-ray Diffraction with Cu Ka radiation at 40 kV
and 30 mA, Scanning Electron Microscopy (SEM), and
Energy Dispersif X-ray (EDAX) (Jeol JSM 6400-Noran
Instrument Series II). The ratio of a/b Si3N4 was esti-
mated from XRD peak heights.
3. Results and discussion

3.1. Temperature

From XRD results it was seen that, carbo-thermal
reduction and nitridation did not take place at 1300 �C.
XRD and SEM-EDX analysis results were similar to
the ones belonging to the fired diatomite at the same
temperature. This result means that no reaction of SiO2

took place at this temperature. It is common believe
that SiO2 will not be reduced at this temperature.13,16

First transformation peaks were recorded in CTRN
processing at 1350 �C. These peaks were partly belong-
ing to a-Si3N4, b-Si3N4, and cristobalite peaks (Fig. 6).
Temperature is still not sufficient for complete reduction
of SiO2

13,16,21 so partial reduction and nitridation took
place.

Major reduction of SiO2 took place at 1400 �C. The
transformation products showed very strong Si3N4

peaks for all CTRN process times (Fig. 7). Increasing
CTRN temperature to 1450 �C did not produced any fur-
ther increase in reduction and nitridation. This is explained
by partial melting of diatomite at this temperature. Thus
Table 1

Chemical analysis of the diatomite (wt.%)
SiO2 A
l2O3 F
e2O3 C
aO M
gO N
a2O3 K
2O T
iO2 P
2O5 L
oss of ignition
88.32 3
.47 0
.48 0
.42 0
.26 0
.17 0
.28 0
.18 0
.10 5
.84
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Fig. 1. DTA–TG curves of diatomite.
Fig. 2. SEM micrograph of diatomite.
Table 2

Specifications of carbon black
Reflection (%, with toluene)
 325 mesh—sieve oversize (%)
 Moisture (%)
 Density (g/l)
 Sulfur (%)
Min. 80
 Min. –
 Min. –
 Min. 320
 Min. –
Max. –
 Max. 0.1
 Max. 2.5
 Max. 380
 Max. 1
H. Arik / Journal of the European Ceramic Society 23 (2003) 2005–2014 2007



Fig. 3. SEM micrograph of diatomite heated at 1200 �C for 4 h.
Fig. 4. XRD patterns of diatomite heated for 4 h at various temperatures (800–1450 �C).
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micro-porous structure harmed and surface area dra-
matically reduced with the presence of liquid phase
which will decrease the transport of reaction gases. At
1450 �C, similar results were obtained for all treatment
times but the XRD peaks were weaker (Figs. 8 and 9).

After 4 and 8 h CTRN treatment at 1400 and 1450 �C
cotton-like structure was formed on the top of the boat
and also on the walls of the tube furnace. XRD results
showed that this cotton-like product consist of a-Si3N4,
b-Si3N4, and SiC phases. 1450 �C is accepted as critical
temperature in the literature for CTRN process.16 At
this temperature SiC may form instead of Si3N4. In this
study, XRD analysis of the products obtained at 1400
and 1450 �C for 4 and 8 h CTRN process showed that
approximately 5–10 wt.% of resulting products was
belonging to silicon carbide phase (Fig. 10).

From the stoichiometry of the carbonitriding reac-
tions it is clearly deduced that there is a direct relation
between the consumed carbon (residual carbon) and the
weight loss of the samples. If only carbonitriding reac-
tions occurred it would be easy to calculate the residual
carbon according to the weight loss. However, in the
‘‘Diatomite–C–N2’’ reactions the removal of SiO(g)

always occurred. In this case, reactions (4) and (5) takes
Fig. 5. Carbo-thermal reduction and nitridation set-up: 1=nitrogen cylinder, 2=pressure regulator, 3=rotameter, 4=plastic hose, 5=graphite end

connector, 6=alumina furnace tube, 7=furnace, 8=sample boats, 9=anti-radiation block, 10=dissociation bottle.
Fig. 6. XRD pattern of CTRN product obtained at 1350 �C for 16 h.
H. Arik / Journal of the European Ceramic Society 23 (2003) 2005–2014 2009



place. These reactions cause a higher weight loss per
carbon gram consumed than the carbonitriding reaction
and consequently the residual carbon content of sam-
ples is higher than the theoretical one expected by car-
bonitriding. In Table 3 some values of residual carbon
determined by calcination in air and the theoretical
residual carbon contents (wt.%) are shown. Table 3
shows that with increasing the CTRN temperature and
duration the amount of the reduction and nitridation of
diatomite is also increasing.
SEM analysis showed that resulting products
obtained at 1400 and 1450 �C for 4 and 8 h CTRN
process basically have two different morphology as
fibrous and hexagonal prisms. While fibrous transfor-
mation structure is covering the top of the graphite
boats, hexagonal prisms were located at the bottom of
the boats (Fig. 11). The products obtained at 1400, and
1450 �C for 16 h CTRN process have predominantly
hexagonal Si3N4 particles formed at the bottom of the
graphite boats. Hexagonal Si3N4 particles have
Fig. 7. XRD pattern of CTRN product obtained at 1400 �C for 16 h.
Fig. 8. XRD pattern of CTRN product obtained at 1450 �C for 4 h.
2010 H. Arik / Journal of the European Ceramic Society 23 (2003) 2005–2014



approximately 1–5 mm width and 5–10 mm in length
(Fig. 12a and b). From the SEM analysis it was seen
that a complete reduction and nitridation of SiO2 took
place on these products. The composition of resulting
product was analyzed by EDAX, as indicated in
Fig. 12c. After CTRN process the transformation pro-
duct has only 2% wt. Al, and 1.99% wt. Fe as impu-
rities. It is known that the K2O, Na2O, and MgO are
largely lost at the carbo-thermal reduction stage.25 SEM
micrographs of product obtained at 1450 �C for 16 h
CTRN process were similar to those of the product
obtained at 1400 �C for 16 h CTRN process (Fig. 13).

3.2. Duration

Strongest Si3N4 peaks are belonging to 16 h CTRN
processing, but at 1400, and 1450 �C major Si3N4 for-
mation took place for 4, and 8 h processing. The overall
Fig. 9. XRD pattern of CTRN product obtained at 1450 �C for 16 h.
Fig. 10. XRD pattern of fibrous Si3N4 taken from top of the graphite boat (CTRN at 1400 �C for 4 h).
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stoichiometric equation for the carbothermal nitridation
synthesis of Si3N4 is as follows reaction:11

3SiO2 sð Þ þ 6C þ 2N2 gð Þ ! Si3N4 sð Þ þ 6CO gð Þ ð3Þ

This reaction is envisaged to proceed via a nucleation
and growth process. First, SiO is formed at the contact
points of C and SiO2.

SiO2 sð Þ þ C sð Þ ! SiO gð Þ þ COð Þ gð Þ ð4Þ

Once CO is formed, SiO may form by the reduction of
SiO2 with CO

SiO2 sð Þ þ CO gð Þ ! SiO gð Þ þ CO2 gð Þ ð5Þ

C sð Þ þ CO2 gð Þ ! 2CO gð Þ ð6Þ
The SiO reacts to form new Si3N4 nuclei in the follow-
ing manner:

3SiO gð Þ þ 3C sð Þ þ 2N2 gð Þ ! Si3N4 sð Þ þ 3CO2 gð Þ ð7Þ

If the reaction occurs at a pre-existing nucleus, then a
gas-phase growth reaction will occur over the graphite
boats (Fig. 11).

3SiO gð Þ þ 3CO gð Þ þ 2N2 gð Þ ! �-Si3N4 sð Þ þ 3CO2 gð Þ ð8Þ

For longer CTRN duration cotton-like products dis-
appeared. It is believed that a-Si3N4 transformed into
more stable b-Si3N4

22,23 and then major transformation
took place in the boat direct to b-Si3N4 by the following
reaction:
Table 3

Results of carbothermal reduction and nitridation of diatomite
CTRN

duration (h)
CTRN temperature

(�C)
Crystalline phases

by XRD a/ba
Reaction weight

loss (wt.%)b
Theoretical residual

carbon (wt.%)c
Real residual

carbon (wt.%)d
4
 1350
 30/70
 15.9
 29.1
 34.9
8
 1350
 25/75
 16.3
 28.7
 33.3
16
 1350
 20/80
 16.6
 28.4
 33.1
4
 1400
 40/60
 30.6
 13.4
 20.2
8
 1400
 30/70
 33.3
 11.7
 17.6
16
 1400
 15/85
 36.4
 8.6
 15.8
4
 1450
 35/65
 30.8
 14.2
 19.5
8
 1450
 20/80
 32.3
 11.7
 16.0
16
 1450
 10/90
 35.6
 9.4
 16.8
a Calculated from XRD peak heights.
b Measured by weighting the original and the reacted samples.
c Calculated using the initial C content of samples.
d Measured by calcination in air at 800 �C for 2 h.
Fig. 11. SEM micrograph of a-Si3N4 fibers on the top of the carbon boat obtained at 1400 �C for 8 h.
2012 H. Arik / Journal of the European Ceramic Society 23 (2003) 2005–2014



3SiO2 sð Þ þ 6C þ 2N2 gð Þ ! b-Si3N4 sð Þ þ 6CO gð Þ ð9Þ

In the literature,19�21 higher temperatures but shorter
duration are proposed for CTRN processing. Times up
to 20 h have been reported but 6–8 h are recommended.
In this work, removing of some impurities such as CaO,
MgO, Na2O3, K2O and complete transformation of
diatomite to Si3N4 structure took place at 1400, and
1450 �C for 16 h CTRN treatments.

3.3. Products

XRD pattern of the sample that maximum transforma-
tion was observed, showed that all peaks were related to
b-Si3N4. Under, normal conditions, a-Si3N4 was produced
by CTRN process, but liquid phases of oxides such as
K2O, TiO2, Fe2O3, and CaO contained in the diatomite
occurred due to eutectic reaction, led to the formation of
b-Si3N4 instead of a-Si3N4.

24 The intensity of peaks of
a-Si3N4 on the XRD pattern of 4 h-processed product was
gradually decreased with increase of CTRN duration. As a
result, formation of b-Si3N4 instead of a-Si3N4 was con-
trolled by oxides in diatomite and by the duration. SEM
studies indicated that powder sample contained the parti-
cles of two different morphologies. Approximately 15% of
the powder sample had fibrous structure with 0.5–3 mm in
diameter and 10–40 mm in length (Fig. 12a), and rest of it
consisted of hexagonal prisms with dimensions of 1–5 mm.
Fig. 12. SEM micrograph with EDAX analysis of CTRN product obtained at 1400 �C for 16 h: (a) general appearance of the transformation pro-

duct in the graphite boat; (b) high magnification of globular morphology; (c) result of EDAX analysis taken from a single globular particle.
H. Arik / Journal of the European Ceramic Society 23 (2003) 2005–2014 2013



4. Conclusion

1. Si3N4 could be synthesized by CTRN process from

diatomite. C/SiO2 molar ratio of 4, temperature of
1400 �C and duration of 16 h are recommended.

2. Impurity oxides like Al2O3, K2O, TiO2, Fe2O3 and

CaO promotes formation of b-Si3N4 instead of
preferred a-Si3N4.

3. In the CTRN process, carbon reduces SiO2 to

pure silicon. Then pure silicon reacts with N2 to
form Si3N4.
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