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Production of silica-based ceramics sintered under nitrogen atmosphere
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Abstract

Nitride silica-based ceramics were prepared by sintering under nitrogen atmosphere
using rice husk ash and bagasse ash as raw materials. X-ray Fluorescence
Spectrometry (XRF) and X-ray Diffractometor (XRD) studies revealed that the main
phase of rice husk ash (after calcined at 600°C for 6 h.) was amorphous silica, whereas
the sugarcane bagasse ash contained quartz and CaCOj3. Thus, both ashes would be a
good source for silica. Two batches of the 100 wt% rice husk ash (RHA100) and the
mixture of 50 wt% rice husk ash and 50 wt% bagasse ash (RHAS0BAS50) were wet
milled using planetary ball milling machine, and were then dried at 90°C. The powders
were uniaxially pressed at the pressure of 150 MPa. The disk shape samples were
sintered at 1300-1500°C in the nitrogen atmosphere with gas flow rate of 600 ml/min.
The physical and mechanical properties of the sintered disk shape samples were
determined. The phase structure and microstructure of the samples were investigated
using XRD and SEM techniques, respectively. The main phases obtained after
sintering were cristobalite, tridymite, o and B-silicon nitride and SiC. The RHAS0BAS0
sample sintered at 1450°C showed the optimum properties with low firing shrinkage, low

1. Introduction

Rice and sugarcane are major agricultural crops of
Thailand, producing rice husk and sugarcane bagasse as
byproducts. These can be used as biofuel in power
plants. Rice husk ash (RHA) and sugarcane bagasse
ash (BA) are left after combustion, and they are rich
of silica and carbon. Although these can be used for
soil modification in agricultural applications, abundant
quantities remain. RHA is an attractive waste material as
it has high silica content (93-97% for acid treated
RHA) [1]. BA is also high in silica (60-70%) and also
contains high calcium [2]. The extraction of silica
from other agricultural wastes, such as bamboo leaf
and groundnut shell has also been interested [2]. Thus,
RHA and BA are alternative sources of silica, with
applications in glass, tile, brick, refractory making,
engine components, metal cutting, and crucibles [3-7].

The production of silicon-based ceramics, such as
Si3N4, SIALON, SiC, and their composite, has been
attracting attention from researchers due to their high
strength and thermal stability. One well-known method
of silicon nitride (Si3N4) production involves direct
reaction between silicon (Si) and nitrogen (N): 3Si(s) +
2Na(g) — SizNu(s) [8]. SiC can be produced by the
Acheson process, using carbothermal reduction of
silica by carbon in an electric arc furnace. However,
the cost of the raw materials and production is quite
high. Thus, alternative methods and techniques have
been proposed to produce nitride silica-based ceramics
from cheaper raw materials such as rice husk or bamboo

water absorption and high strength.

leaf [9-13]. Several studies have reported the production
of high purity silica from RHA treated with acid prior to
high temperature calcination. [12,14,15] A composite of
SiC and Si3N4 was obtained by carbothermal reduction
of rice husk under a nitrogen and argon atmosphere at
1450°C. [12]

High purity silica [2,14] and non-oxide nitride silica-
based ceramics [16] including, SiC [17] and SiC/Si3N4
composite [12], have been produced from rice husk.
The use of BA in ceramic applications has also been
reported, producing cement [ 18], aggregate for concrete
[19], floor tiles [20], and silica nanoparticles [21].
However, the use of BA or mixtures of RHA and BA,
has not been intensively studied for production of
nitride silica-based ceramics. One such technique
involves sintering under a nitrogen atmosphere. The
present work used an uncomplicated method to fabricate
nitride silica-based ceramics from RHA and BA.
Mixed phases of oxide and nitride silica-based
ceramics were expected. The physical and mechanical
properties, phase structure, and microstructure were
investigated.

2. Experiment procedure

2.1 Materials

Ceramics were prepared using RHA and BA as
main raw materials. The available rice husk (from a
rice paddy production in Nakornpatom province,
Thailand) and BA (from a biomass power plant, Lopburi,
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Thailand) were calcined in the oxidation atmosphere
at 600°C for 6 h using an electric furnace. The
calcination greatly influence the decomposition of
organic matter the rice husk and BA. The chemical
composition and phase structure of these calcined
materials were obtained using XRF (Bruker, S8
TIGER) and XRD (PANalytical, X’pert Pro),
respectively. The microstructures were observed using
SEM (Hitachi, S-3400N Type II)

2.2 Fabrication by sintering under nitrogen
atmosphere

Two test samples were prepared: calcined rice
husk (RHA100) and a mixture of RHA and BA at
50:50 by weight (RHASOBAS0). These were
planetary ball milled (Fritsch Pulverisette 5) using
water as a medium for 1 h at a rotational speed of 200
rpm. Polyvinyl alcohol (3 wt% PVA) and polyethylene
glycol (1 wt% PEG) were used as a binder and a
lubricant, respectively. The milled slurry was oven
dried at 90°C. The resulting powders were sieved
through mesh#200 (75 pm), and were then uniaxially
pressed into a die with a diameter of 13 mm at 150
MPa. The disk-shaped samples were sintered in an
alumina tube furnace at a heating rate of 5°C-min’!
t01300, 1350, 1400, 1450 and 1500°C.

Nitrogen gas (99%) was flowed at 600 ml-min’' to
create a nitrogen atmosphere. Sample preparation is
shown as Figure 1.

Calcined rice husk (RHA) / mixed RHA and BA
(RHA100 and RHA50BAS50)

|

| Mixing and milling using planetary ball milling l

' Drying in an oven at 90°C |

!

| Sieve through mesh#200 (75 pm) l

' Uniaxial pressing at 150 MPa |

!

Sintering at the temperature of 1300-1500°C
(N2 atmosphere of 600 ml-min")

Sintered samples

Figure 1. Preparation of nitride silica-based ceramics
via direct nitridation).

2.3 Characterization of the sintered samples

After sintering, the bulk density, apparent density,
apparent porosity (%), and water absorption (%) of the
RHA100 and RHA50BAS0 samples were determined
using Archimedes principle (ASTM standard C20).
The firing shrinkage of the samples was measured

following ASTM C326-09 [22]. The thermal conductivity
of the samples sintered at 1450°C was measured using
a Thermal Constant Analyzer (Hot Disk TCA).

The indirect tensile strength (Bazilian test) (Figure 2)
was determined using a universal testing machine
(Tinius Olsen, HS0KS). The test was carried out at the
compression rate of 5 mm/min. The indirect tensile
yield strength was calculated according to equation (1).

ITS = 2P/DT )

where ITS is indirect tensile yield strength

P is the applied load
D  is the disk diameter
T is the sample thickness

H Load, P (N)

[ |

D : Disk shape sample

Figure 2. Schematic of Bazilian test for tensile strength.

The compressive strength and modulus of rupture
(MOR) of the 1450°C samples were also measured
using the universal testing machine.

The phase structures of samples were investigated
using XRD (BRUKER, D8 Discover series 2) using
CuK,(A=1.5406 A). The measurements were obtained
at 20 of 10° to 80° with the step size of 0.02°and the
step time of 2 s. Samples sintered at 1500°C were
excluded Dbecause they partly melted. The
microstructure and elemental composition of the
1450°C samples were analyzed using SEM and EDS
(JEOL model JSM-6480LV).

3. Results and discussion

3.1 Chemical compositions, phase structures
and microstructures of RHA and BA

Table 1 shows the chemical composition of the
calcined RHA and BA, determined by XRF. The RHA
comprised 93.7 wt% silica. The BA comprised 57.6
wt% silica and 12.4 wt% calcium oxide. The XRD
pattern shown in Figure 3 suggested that the major
phase of the RHA was amorphous silica, as a broad
peak was observed at a 20 scattering angle of 15 to
30°. The major phases of the calcined BA were quartz
(Si0y), calcite (CaCO3),and potassium oxide (K20), as
shown in Figure 4. Since both RHA and BA contained
significant silica, they provide a potential alternative
source for the fabrication of nitride silica-based
material. SEM images of the RHA and BA particles
(Figure 5) showed a rough and porous surface, which
should enhance the nitridation reaction.
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Table 1. Chemical composition of RHA and BA
calcined at 600°C for 6 h.

Chemical Calcined Calcined BA
composition RHA (wt%) (Wt%)
SiO; 93.7 57.6
CaO 0.57 12.4
AL Os - 4.61
K.O 1.43 4.11
MgO 0.21 2.73
Fe O3 445 ppm 2.63
P»0Os 0.44 1.55
SOs 0.18 0.98
Na,O 882 ppm 0.38
TiO> - 0.3
1000
900 ® Quartz-SiO,
Z 800
§ 700
S 600
500
Z 400 .
2 300
= 200
100
0
10 20 30 40 50 60 70 80
20 (degree)

Figure 3. XRD pattern of RHA calcined at 600°C.
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&
2
g ]
8 L o . o Aftercalcined at 600°C
-
= T | B e . e uee
l Before calcined
JA A ~ A M

10 20 30 40 50 60 70 80
20 (degree)

Figure 4. XRD patterns of BA (before and after
calcination).
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Figure 5. SEM images of RHA and BA calcined at
600°C.

3.2 Characterization of sintered samples
3.2.1 Physical properties

As can be seen from Figure 6 (a) and (b), the bulk
density and apparent density of the RHAS5S0BAS50
sample increased as the sintered temperature was
increased from 1300 to 1500°C, whereas those of
RHA100 were lower and remained constant. The water
absorption and porosity (%) of RHASOBAS0 markedly
reduced as the sintering temperature increased,
whereas the water absorption of RHA100 slightly
increased (Figure 6 (c) and (d)). Figure 6 (e) shows
that the firing shrinkage of the RHAS0BAS0 samples
increased as the sintering temperature increased. The
addition of BA may encourage densification during
sintering through pore reduction. At 1500°C, distortion
was observed in the RHA50BAS0 sample. Its high Ca
content may induce a glassy phase, as Ca normally
acts as flux, which may lower the melting point.

3.2.2 Thermal conductivity

For samples sintered at 1450°C, the thermal
conductivity of RHA100 was 0.7785 W-mK-! and that
of RHAS0BAS0 was 0.5774 W-mK-'. From the
previous results, the RHAS0BASO sample had a
higher bulk density and lower water absorption, while
the thermal conductivity was lower, suggesting that
another mechanism may account for the low thermal
conductivity.

® 3
= =#=RHA100
=25 —o-RHA50BAS0
(9]
2,
z
172]
g 1 55 —s ~— <
o
ERRE
L
2051
(=9
<0
1300 1350 1400 1450 1500

Temperature (°C)

Figure 6. Plots of (a) bulk density, (b) apparent density, (¢) water absorption (%), (d) porosity (%) and (e) firing
shrinkage (%) as a function of sintering temperature for RHA100 and RHA50BAS50 samples.
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Figure 6. Plots of (a) bulk density, (b) apparent density, (c) water absorption (%), (d) porosity (%) and (e) firing
shrinkage (%) as a function of sintering temperature for RHA100 and RHAS0BAS50 samples. (continue)

3.2.3 Mechanical properties

The indirect tensile strength of sintered samples is
shown in Figure 7. The strength of the RHA100
samples decreased as the sintering temperature
increased beyond 1350°C. The highest strength was
observed for the RHAS0BAS0 sample sintered at
1500°C in a nitrogen atmosphere. As shown in Figure
6 (a) and (c), this sample had the highest density and
lowest water absorption. However, a sintering
temperature of 1500°C is not optimal since distortion
took place. The optimum sintering temperature for all
samples in this study was 1450°C.

W
S

~4—RHA100
~@-RHA50BAS0

(3o
W
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W
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1300

1400 1450 1500

Temperature (°C)

1350

Figure 7. Plots of the indirect tensile strength as a
function of the sintering temperature for the RHA100
and RHAS0BAS0 samples.

The compressive strength of the RHA100 and
RHAS50BAS0 samples sintered at 1450°C were 50.30

and 50.15 MPa, respectively, and the modulus of
rupture (MOR) were 13.08 and 36.84 MPa. However,
the MOR of RHAS0BAS50 was higher than that of
RHA100. The MOR results were similar to the
indirect tensile strength.

3.2.4 Phase structures of sintered samples

The XRD patterns of the 1300 to 1450°C samples
are shown in Figures 8 and 9. The major phases
observed were cristobalite, tridymite, SiC, o-SizNy4
and B-SizNy. Cristobalite was the major phase at the
temperature of 1300°C. As the temperature increased,
the tridymite peak intensity increased in both RHA100
and RHAS0BAS5S0 samples. However, in the
RHA50BAS0 sample, the cristobalite peak reduced as
the temperature increased, so that tridymite dominated
at 1450°C. In the RHA100 sample, no decline in the
cristobalite peak was observed. This could be the
effect of calcium (Ca) and potassium (K) (alkali ions)
presented in the sugarcane bagasse ash, which agree
with the work of Shinohara [1], where the present of
3% K:0 in the RHA sample showed the dominant of
tridymite phase above 1000°C. In addition, the minor
phase of Si3N4 was observed in both samples as SiO2
may reacted with C from the remained organic matter
after the calcination of the raw materials, and N gas.
The reaction mechanism of this transformation is
described by the following reaction equation (2). [8]

3Si02() + 6Cs) + 2N2(g) = Si3Nag) + 6COyg) 2)

J. Met. Mater. Miner. 30(2). 2020
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Figure 8. XRD patterns of RHA100 sintered at 1300-
1450°C.

3.2.5 SEM and EDS analysis of sintered samples

Figure 10 shows SEM images with their
corresponding EDS attached for the polished and acid
etched 1450°C RHA100 and RHAS0BAS0 samples.
Higher porosity was observed in RHA100 sample
agreeing with the physical properties shown in Figure
6. This may also related to the mechanical properties
as reported in section 3.2.3. The lower strength in
RHA100 may be due to higher porosity. There were
two major phases present in the SEM image of
RHA100 sample, whereas at least three phases were
observed in RHAS5S0BAS50 samples. Although the
nitride phases were not clearly observed in XRD
results for both RHA100 and RHASOBAS50 samples,

A Tridymite-SiO»

A ' Cristobalite-SiO2
K ® B-SizN,
| 4 * 0-SizNg
- A SiC
IET | TV P
=}
=
S e
7]
] o
S M \o.--«--»\/\.....llk o Ao 1350°C
N '
A W 1300°C
[N W(
10 20 30 40 50 60 70 80

20 (degree)

Figure 9. XRD patterns of RHAS0BAS0 sintered at
1300-1450°C.

the EDS analysis revealed that there were Si, N, O, C,
Ca and K in the RHA 100 samples and Si, N, O, C, Ca
and Al in RHAS50BAS50 samples, indicating the
present of nitride phase in these samples (9-10 wt% of
nitrogen). In RHA100, two phases were the lighter
grey phase containing Si, O, Ca, K and N, and the dark
grey phase containing Si, O and C. For the
RHAS0BAS0 sample, the distribution of small closed
pores was obviously seen throughout the lighter grey
phase (spot 2). The EDS analysis indicated that this
phase contained high Ca (16.5 wt%), which would be
the phase derived from the bagasse ash. The small
closed pore may give rise to the lower thermal
conductivity of this sample as reported in section
3.2.2.
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Figure 10. SEM images of RHA100 and RHASOBAS0 at 1450°C and EDS analysis.

4. Conclusions

1. The feasibility of producing nitride silica-based
ceramic from rice husk and sugarcane bagasse ash was
studied by sintering in nitrogen atmosphere. XRD
results suggested that the mixed phases obtained after
sintering consisted of cristobalite, tridymite, a-SizNy,
B-SizsN4, and SiC. The EDS analysis confirmed the
present of nitrogen in both RHA100 and RHAS0BAS0
samples.

2. Although the common form of the crystalline
silica in the high temperature (1470-1727°C) treated
materials is cristobalite. The present of Ca and K ions
in BA may stabilize tridymite phase in RHAS0BAS0
sample sintered at the temperature above 1400°C.

3. The addition of the bagasse ash (RHAS0BAS50
sample) encouraged the densification in nitride silica-
based ceramics, and provided the better properties for
the sample sintered at 1450°C.

4. The optimum sintering temperature for both
RHA100 and RHAS50BAS50 samples was 1450°C.
Although the higher strength was obtained at the
sintering temperature of 1500°C, the sample distortion
occurred.
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