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In this paper, production of Si3N4 powders by using sepiolite obtained from Turkish deposits was
carried out via Carbo-Thermal Reduction and Nitridation (CTRN). Two different sepiolites and carbon
black were used for silica and carbon source to prepare specimens with a C/SiO2 molar ratio of 4. The
CTRN processes were conducted in atmosphere-controlled tube furnace under nitrogen flow of 5
3
cm /min at 1420°C for 10 h. After powder characterization with XRD, SEM and EDX, synthesized
powders were compacted into pellets by uniaxial at 25 MPa and then isostaticaly at 300 MPa separately.
Following, the pellets were pressureless sintered under 1 bar nitrogen atmosphere at 1650, 1725, 1775
and 1800°C for 1 h. Resultant microstructures, hardness and fracture toughness were investigated by
XRD, SEM-EDX and Vickers diamond indenter. Consequently, Si3N4 powders synthesized from the
sepiolite specimens were pressureless sintered without any sintering additives. Optimum mechanical
properties were obtained from the pellet sintered at 1775°C. Hardness and fracture toughness of this
specimen were determinated 14 Gpa and 5 MPa m1/2 respectively.
Key words: CTRN, sepiolite, Si3N4
INTRODUCTION
Silicon nitride has attracted most attention among the
advanced structural ceramic materials in the research
and industrial community due to its overall excellent
mechanical properties including high strength, high
hardness, high fracture toughness, good oxidation
resistance, advanced wear resistance, good thermal
shock behavior and strength retention at both room and
elevated temperature, Xu et al. (2002), Rongjun et al,
(1999), Li et al. (2004). The combination of these unique
properties has made the Si3N4 one of the most studied
ceramic in the last 15 - 20 years, Castanho et al. (1997),
Li and Redinger (1997). On account of its outstanding
properties, silicon nitride has long been regarded as one
of the leading candidate materials in a number of
applications, such as gas turbine engines and other high-
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temperature structural applications (exhaust valves, heat
exchange, seals, pistons and combustion chambers) as
well as cutting tools, Ribeiro and Strecker (2004), Lee et
al. (2004), Costa Oliveria et al. (2000). Si3N4 crystallizes
in the two hexagonal modifications as α and β, Mukerji
(1993), Zeigler et al. (1987). In general α-Si3N4 are in the
form of equiaxed grains with high hardness and good
wear resistance but low fracture toughness, whereas βSi3N4 have elongated grains with high fracture toughness
but relatively low hardness, Rosenflanz (1999). It is difficult to densify silicon nitride into usable-strength ceramics
without sintering aids due to its covalent nature of
bonding and low diffusion coefficients. Y2O3, MgO, Al2O3
and rare-earth oxides have been found to be effective
sintering aids for Si3N4, Gao et al. (2001). The various
currently available methods for synthesis of Si3N4 are
summarized in Table 1, Hirata et al. (2000), Halamka et
al. (2003) Zeigenbalg et al. (2001). Zhou et al. (2002).
Despite the Si3N4 produced in process (4) has impurities,
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Table 1. Processes frequently used for synthesis of silicon nitride.

Process
1. Direct nitridation of
silicon
2. Silicon diimide process

General reaction
3Si (s) +2N2 (g)

o

−1500 C
1200


→ Si3N4 (s)

SiCl4 (l) + 6NH3 (g)

o

30 − ( +70 C )
−

→ Si(NH)2 (s) + 4NH4Cl (s)
o

C
3Si(NH)2 (s) 1600

→ Si3N4 (s) + N2 (g) + 3H2 (g)

3. Vapor phase reaction
process

3SiCl4 (g) + 4NH3 (g)
3SiH4 (g) + 4NH3 (g)

4.Carbothermal reduction
of SiO2 in nitrogen
atmosphere

o

−1350 C
1100


→
o

−1350 C
1100


→

3SiO2 (s) + 2N2 (g) + 6C(s)

the carbothermal reduction is the cheapest process, Koc
and Kaza (1998). The CTRN process is carbothermal
reduction of silica with a source of carbon and at the
same time, nitridation of it with nitrogen gas, Arık et al.
(1999), Arık (2003). The clay mineral sepiolite used as
the source of silica for nitridation is a hydrated
magnesium silicate with theoretical half unit cell formula
Mg8Si12O30 (OH)4(OH2)4 8H2O, Esmer and Yeniyol
(1999). It has an orthorhombic crystal structure and
occurs α and β form, Sarıiz and Nuhoglu (1992). Sepiolite
2
has about specific surface area of 550 - 700 m /g. In the
Turkish deposits, it is designated as white, beige and
brown, Kadir and Arık (1999). Brown sepiolite was
selected in this study because it has highest grade silica.
Gas pressure sintering (GPS) and pressureless sintering
are the most attractive techniques produced silicon nitride
based ceramic bodies, Ayas et al, (2004). Furthermore;
some of the powders after nitridation were suitable for
pressureless sintering due to presence of retained
intermediate oxides and nitrides in starting powders, Kurt
and Davies (1999).
According to data derived from literature, due to using a
cheap readily available raw materials, CTRN process is
the cost-effective method for producing Si3N4 powders
and pressureless sintering is the most convenient forming
process in the point of reducing the cost of silicon nitride
based ceramics. The aim of this paper is to compare the
sinterability and the microstructure of Si3N4 produced
from two different sepiolite compositions without any
sintering additives. The main purpose is cost reduction of
the final ceramic products, using cheaper starting
materials, synthesising method and sintering process.

Si3N4 (s) + 12HCl (g)
Si3N4 (s) + 12H2 (g)
o

−1700 C
1200


→

Si3N4 (s) + 6CO(g)

Figure 1. Characteristic SEM micrograph of sepiolite with
cotton like morphology.

by treating in HCl solition ( 0.1 M HCl). During leaching, control of
acid concentration (thus pH) is very significant and should be
sustained at pH 4. Otherwise, fibrous structure is harmed. In this
study, sepiolite was also used as as-received besides enriched
one. In this way, two different sepiolites were used for preparing of
starting compositions. Chemical composition of as-received and
enriched brown sepiolite are given in Table 2. Carbon black with
99% purity used as the source of carbon was provided from
(YARPET Co., Turkey) and its specifications are given in Table 3.
CTRN process was used for synthesising Si3N4 ceramic powders
form two different sepiolite compositions. Uniaxial and isostatic
pressing were used for forming of Si3N4 ceramic powders and
pressureless sintering was used for obtaining final products.
Preparing of starting compositions

MATERIALS AND METHODS
The brown sepiolite, employed as a source of silica in the present
study, was obtained from Turktaciri area located in south of AnkaraPolatlı (Figure 1). XRD results showed that as received sepiolite
samples consist of about 90% sepiolite and 10% dolomite. Dolomite
was removed by leaching process. For this purpose, it was enriched

Firstly, as-received brown sepiolite was calsined at 450°C for 5h in
order to remove volatile contents. After calcination, it was crushed
in dimensions which can be charged in mechanical alloying attritor
and grinding in it by using silicon nitride ball with charge ratio
(sepiolite: ball, 1: 4) and then average particle size was measured
as 29.81, 25.94 m for as-received and enriched brown sepiolites
respectively. Based on C/SiO2 molar ratio, weight of each one of
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Table 2. Chemical composition of as-received and enriched brown sepiolite (wt %).

Sepiolite
As-received
Enriched

SiO2
50.05
55.90

Al2O3
1.17
1.19

Fe2O3
0.49
0.66

CaO
6.00
1.73

MgO
25.5
24.00

Na2O
0.05
0.04

K2O
0.17
0.39

TiO2
0.12
0.25

Loss of ignition
16.86
1.52

Table 3. Specifications of carbon black.

Reflection (%, with toluene)
Min.
80
Max.
-

325 Mesh – sieve oversize
Min.
Max.
0.1

(%)

Moisture (%)
Min
Max.
2.5

Density (g/l)
Min. 320
Max. 380

Sulfur (%)
Min.
Max. 1

Table 4. Weights and mixing ratios of the constituent for two different
sepiolite compositions

C/SiO2 molar ratio
Carbon black (g)
Sepiolite (g)
Total mixture (g)
SiO2 (g)
Mixtures
Sepiolite
ratio (%)
Carbon black

As-received
4
10.01
25
35.01
12.51
71.4
28.6

Enriched
4
11.18
25
36.18
13.97
69.01
38.9

Table 5. Results of carbothermal reduction and nitridation of sepiolite.

Samples
As-received
Enriched

CTRN
Duration (h)
10
10

CTRN
Temperature (°°C)
1420
1420

Crystalline phases Reaction weight
b
a
loss(wt. %)
by XRD α/β
β
30/70
30/70

Theoreticalresidu
c
al carbon (wt. %)

Realresidual
d
carbon(wt. %)

5
7

6.6
22.7

63.3
67.1

a

Calculated from XRD peak heights.
Measured from weight alterations before and after CTRN.
Calculated using the initial C content of the samples.
d
Measured by holding of reacted product at 650 oC for 2h.
b

c

the constituent was calculated as wt. % for two different sepiolite
compositions (Table 4). The starting sepiolite powders and carbon
black were carefully weighed as calculated above and two different
sepiolite powders were homogeneously mixed with carbon black
separately by using a planetary ball mill for 5 h in a plastic jar and
silicon nitride ball (200 g). Thus, two different compositions were
prepared for CTRN process.
CTRN process
Following the composition-preparing step, the mixed powders were
poured into graphite boats (2 g) having dimensions (10 X 20 X 100)
mm and covered with a thin layer in it for CTRN processes. CTRN
processes were conducted in atmosphere-controlled tube furnace
(ALSER) under nitrogen flow. Then the boats were inserted into the
centre of tube furnace where there is no heat alterations at desired
temperature and closed its covers. Selected parameters for CTRN
process are given in Table 5. After this process, the weight change

was determined by weighing the samples before and after the
CTRN process. To remove residual carbon, the reacted product
was held at 650°C for 2 h in a laboratory furnace and it was burned
out. The products were characterized by performing XRD, SEMEDX and powder particle size measurement.
Powder forming and sintering
Reacted powder products after characterization were compacted
into pellets (about 2 g) without using any sintering additives by
pressing uniaxially in a cylindrical mold of 17 mm diameter and then
isostatically in a rubber mold under 25 and 300 MPa respectively.
Subsequently, the pellets were coated with the boron nitride (BN)
powder and placed into a graphide crucible protected with BN. The
green pellets were either pressureless sintered in a graphide resistance furnace (ASTRO) under 1 bar nitrogen atmosphere at 1650,
1725, 1775 and 1800 °C for 1 h. Heating rate of the furnace was
20°C min-1 till 600 and 15°C min-1 between 600°C desired tempera-
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Figure 2. XRD pattern of CTRN powder product used as-received mixing for C/SiO2
molar ratio of 4 at 1420oC for 10 h.

tures. At the end of the sintering, the furnace was cooled to room
temperature by turning off. Following the sintering, pellet samples
were characterized by XRD, SEM, SEM-EDX analysis. Sintering
density was measured by the Archimedes method. For mechanical
test analyses, pellet samples sintered at 1775°C were polished
using SiC grinding papers selected with grades from 400 to1200.
Final polishing was carried out with 3 and 1 m diamond polisher.
The hardness and fracture toughness of the polished pellets were
measured using a Vickers diamond indenter on the polished
surface with a 0.3 kg load held for 15 S. Polished pellets were
indented at 10 different locations and average hardness and fracture toughness were determinated according to these indentation.
KIC values were calculated using the following equation, Kurama et
al. (2002):
KIC =

0,02( E / H )1 / 2 * F / c 3 / 2 * 0,0316

Where; KIC is fracture toughness (MPa m1/2), E the Young’s
modulus (320 GPa), H the Vickers hardness (GPa), F load (N), c
crack length ( m).

RESULTS AND DISCUSSION
Powder characterization after CTRN
From XRD results of two different powder samples
(Figures 2 and 3) it was seen that all peaks belonged to
-Si3N4 and -Si3N4, having characteristic peaks 4.29,
2.97, 2.59, 2.30 and 6.56, 3.30, 2.67, 2.49 and 1.75
respectively. Also and peak intensities of two samples
were similar to each other and / ratios were approximately 70/30. This is because, the impurities MgO and

CaO got -Si3N4 content increased while iron impurities
gets -Si3N4 content increased, Ashkin (1997). In Table 5
with the aim of determinig the performance of transformation to Si3N4 real and theoretical residual carbon
quantities were calculated. It seemed that real and
theoretical residual carbon quantities approximately
similar for as-received samples. Enriched samples had
real residual carbon more than as-received one because
reaction was high in speed and some products were
spread on the inner surface of the tube furnace. As for
SEM results (Figures 4 and 5), there were no significant
differencies between two powder samples. About 30% of
samples had elongated grains while remainder had
hexagonal equiaxed grains with dimensions 0.5 - 4 m.
Particular structure of Si3N4 was seperately seen and
partially sintering each other (Figure 6). This results
supported XRD results and showed suitability of selected
parameters for CTRN. It is quite important that determining types and quantities of impurites in powders before sintering because these impurites played as sintering
additives and some of them enhancing sinterability like
Al2O3, MgO (Kurt and Davies, 2001). EDX results showed
that as-received sample in Figure. 7 had a significant
quantity impurites (15%), much of them were Al and Ca.
Enriched sample in Figure 8 had a slightly lower quantity
impurites (9%) than as-received one but still quantity of
these impruties was more than necessary for sintering. A
very common sintering additive is Y2O3, which reacts with
SiO2 layer forming on the surface of Si3N4 particles, forms
a silicate melt and enhances sintering to high densities,
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Figure 3. XRD pattern of CTRN powder product used enriched mixing for C/SiO2 molar ratio of 4
at 1420 oC for 10h.

Figure 4. SEM micrograph of powder product after CTRN used asreceived samples; Particular structure of Si3N4 was separately
seen and partially sintering each other.

Ribeiro and Strecker (2004), Lee et al. (2004), Costa
Oliveria et al. (2000). Al2O3 and MgO are other two
significant sintering additive besides Y2O3 and these
metal oxides have been usually used with together
different ratios (generally between 5 - 10%) for sintering

Figure 5. SEM micrograph of powder product after CTRN used
enriched samples; Particular structure of Si3N4 was seperately
seen and partially sintering each other.

of Si3N4 owing to one series negativeness becoming their
using alone, Bjorklund et al. (1997), Ling and Yang
(2005). In this respect, in this study, impruties existing in
combination with Si3N4 had an advantage for sintering.
Also the other advantage for sintering depends on
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Figure 6. High magnification SEM micrograph of hexagonal Si3N4 structure;
hexagonal equiaxed grains with dimensions 0,5-4 m.

Figure 7. EDX analysis of powder product after CTRN used as-received samples.
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Figure 8. EDX analysis of powder product after CTRN used enriched samples.

the mixing process of sepiolites-carbon black, average
particle size was decreased 12.15, 11.91 m for asreceived and enriched brown sepiolites respectively. Al
and Mg based impruties in Si3N4 may be tolerable
because these impruties already have been used as
sintering additives. As for Ca, although the amount of this
impurities looks like accept-able limit but indeed, this
amount was more than necessary in molecular level for
sintering in comparison with Y2O3 because molecular
weight of Y2O3 is approxi-mately four times more than
that of CaO.
Pellet characterization after sintering
The density results of two different pellet samples are
shown in Figure 9. Substantial densification was
achieved in pellet used powder product synthesized as
received mixing because this product includes more
impurities behaving like sintering additive than enriched
one. Nevertheless, it was seen that density of both samples increased with increasing sintering temperature on
account of forming more liquid phase.
XRD results of the sintered pellets indicated that the

Figure 9. Sintering density of pellet samples

-Si3N4 peaks much more than -Si3N4 (Figures 10 - 15).
Normally -Si3N4 transforms to -Si3N4 exceeding at 1400
C but in this study powder products after CTRN included
highly CaO and this inhibited the
phase
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Figure 10. XRD pattern of pellet sample used as-received mixing after sintering at 1650 oC for 1 h.

Figure 11. XRD pattern of pellet sample used enriched mixing after sintering at 1650 oC for 1 h.

Bagci and Arik

Figure 12. XRD pattern of pellet sample used as-received mixing after sintering at 1725 oC for 1 h.

Figure 13. XRD pattern of pellet sample used enriched mixing after sintering at 1725 oC for 1 h.
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Figure 14. XRD pattern of pellet sample used as-received mixing after sintering at 1775 oC for 1 h.

Figure 15. XRD pattern of pellet sample used enriched mixing after sintering at 1775 oC for 1h
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Figure 16. SEM micrograph of the pellet sample after
sintering at 1650 ºC used as-received samples.
Figure 18. SEM micrograph of the pellet sample after sintering at
1725 ºC used as-received samples.

Figure 17. SEM micrograph of the pellet sample after sintering
at 1650 ºC used enriched samples.

transformation, Mukerji (1993), Zeigler et al. (1987).
Depending upon higher CaO including, pellet samples
used as-received powders were much more resistant
towards
transformation. -Si3N4 posseses a significant advantage which the amount of intergranular
phase is reduced by the transient liguid phase being
absorbed into the matrix -Si3N4 during sintering, Mandal
and Thompson (1999). Also -Si3N4 final product exibites
increased hardness but low toughness. To increase
toughness of -Si3N4, some -Si3N4 increasing seedig
were intentionally added in -Si3N4 matrix. According to
XRD results after CTRN, products were already included
30% -Si3N4. SEM results supported XRD results and in
addition to characterisric equiaxed morphology of Si3N4, it is seemed that needle like morphology (with high
aspect ratio) was developed in both pellet samples
because of the above reasons. The amount of this morphology increased with increasing sintering temperature
(Figures 16 - 21). This was an advantage for combination
of hardness and toughness of final products. For mecha-

Figure 19. SEM micrograph of the pellet sample after sintering at
1725 ºC used enriched samples.

Figure 20. SEM micrograph of the pellet sample after sintering at
1775 ºC used as-received samples.

320

Sci. Res. Essays

ratio of impurities in ceramics powders.
A few study was conducted to determine the optimum
parameters for production of Si3N4 powders by CTRN
method using Turkish sepiolite, Arık et al (1999); Kurt and
Davies (1999). But powder products weren't pressed and
sintered in these studies and only enriched sepiolite was
used. Powder product synthesized from sepiolite was
pressureless sintered using different carbon source, Kurt
and Davies (2001). In the current work, sepiolite was
used as-received as well as enriched one. The produced
powders were sintered, pressed at different parameters
and than investigated for their mechanical properties.
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Figure 21. SEM micrograph of the pellet sample after sintering at
1775 ºC used enriched samples.
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