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The main objective of this study is to evaluate the use of different wastes as a raw material

in  the fabrication of insulation refractory. These wastes are fly ash, rice husk (RH), rice husk

ash  (RHA) and fired refractory grog. Various samples are prepared with different composi-

tions based upon partial and fully replacement of clay by FA. Rice husk is used as an additive

to  produce the pores in the matrix. The specimens are prepared by semi dry process and

sintering is performed at 800–1000 ◦C in air atmosphere. Numerous physical, mechanical

and thermal characterizations like apparent porosity (AP), bulk density (BD), cold crush-

ing  strength (CCS), linear shrinkages, X-ray diffraction (XRD), scanning electron microscope

(SEM) and thermal conductivity measurements of fired samples are done. The results show

that  the use of waste materials decreases the thermal conductivity and bulk density of

the  insulation refractory. Cold crushing strength of the 100 wt.% waste materials sample is

around 15 MPa. This promising characteristic suggests that these wastes materials may lead

to  be used as a potential material for the preparation of insulation refractories. The use of

waste materials may be economically attractive and technically feasible.

©  2018 SECV. Published by Elsevier España, S.L.U. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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El objetivo principal de este artículo es evaluar el uso de diferentes residuos como mate-

ria  prima en la fabricación de aislantes refractarios. Estos desechos son cenizas volátiles,

cascarilla de arroz (rice husk [RH]), cenizas de cascarilla de arroz (rice husk ash [RHA]) y grog

refractario cocido. Se prepararon varias muestras con diferentes composiciones basadas en

la  sustitución parcial y total de arcilla por cenizas volátiles. La cascarilla de arroz se usó

como  un aditivo para producir poros en la matriz. Las muestras se prepararon mediante un

proceso semiseco y la sinterización se realizó a una temperatura de 800 a 1.000 ◦C en atmós-
aron numerosas caracterizaciones físicas, mecánicas y térmicas, como
fera  de aire. Se realiz
porosidad aparente (apparent porosity [AP]), densidad aparente (bulk density [BD]), resistencia

al  aplastamiento en frío (cold crushing strength [CCS]), contracciones lineales, difracción de

rayos  X (X-ray diffraction [XRD]), microscopio electrónico de barrido (scanning electron micro-

scope [SEM]) y mediciones de conductividad térmica de las muestras cocidas. Los resultados
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muestran que el uso de materiales de desecho reduce la conductividad térmica y la densi-

dad aparente del aislante refractario. La resistencia al aplastamiento en frío de la muestra

de  materiales de desecho al 100% en peso es de unos 15 MPa. Esta prometedora caracterís-

tica sugiere que estos materiales de desecho podrían utilizarse como material potencial

para la preparación de aislantes refractarios. El uso de materiales de desecho puede ser

económicamente atractivo y técnicamente factible.

© 2018 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo

cia C

increases the performance but also attractive with respect
la  licen

Introduction

Presently, energy conservation is one of the most vital points
for the industry. Therefore, the improvement of the thermal
efficiency of industrial furnaces used in the ferrous and non-
ferrous industries is becoming essential. The energy losses
through furnaces can be effectively reduced by high per-
formance thermal insulation materials used for lining the
inside of furnaces [1]. This increases the use of insulating
and low thermal conductivity materials. On the other hand,
new demand of industries is to utilize the industrial waste
materials into commercial products. The benefits are saving
energy, saving natural resources and reducing waste disposal.
Engaged in this thought, use of wastes, will be a way of sinking
the cost of ceramics products. A wide variety of waste materi-
als have been studied for production of insulation bricks such
as paper processing residues [2,3], sludge [4–6], petroleum coal
dust [7], coal ash [8], rice husk ash [9,10], beverage indus-
try [11,12], olive [13,14] and wheat [15] have been widely
investigated. However, to the best of our knowledge, no such
investigation for insulation ceramic materials produced with
combination of ingredients are fly ash (FA), RHA, RH, refractory
grog and clay.

Continue rise in energy demand in emerging countries
causes higher usage of coal in thermal power plants. This coal
burning by-product is recognized as fly ash, which pollutes
the environment and damage cultivated land. Production of
FA depends on the various inorganic and organic constituents
of the coal [16]. In India coal is of low grade having high ash
content around 30–45 wt.%, fly ash produced at coal thermal
power stations. Worldwide production of FA is approximately
776MT per-annum whereas India’s annual production is esti-
mated around 169MT [17]. This huge amount of FA, if not
utilized in right quantity, it will be hazardous to environment.

Therefore, it is needed of making alternative technology in
order to reduce its possible environmental impacts. FA is a
silico-aluminium or low calcium material that makes it suit-
able to use as a source of geo-polymerization reaction [18,19].

Table 1 – Identification and batch composition of samples.

Samples Ball clay (wt.%) Fly ash (wt.%) 

s-1 50 0 

s-2 40 10 

s-3 30 20 

s-4 20 30 

s-5 10 40 

s-6 0 50 
C BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Due to these properties FA gives excellent mechanical strength
and good resistance to fire and acid attack. This statistic leads
to encourage the researchers to find different applications of
FA. Several authors have studied the utilization of FA in dif-
ferent fields for examples of the glass-ceramics [20], inorganic
foams [21], zeolites [22], silicon carbides [23], paving blocks
[24], tiles [25] and mullite [26].

One of the largest produced crop in the world is rice. Rice
husk (RH) is the surface cover of rice grain, which has two
interlocking halves. During rice processing around 20% of
the rice paddy produces RH in the rice mills [27]. Dumping
of RH is an important issue in those countries that culti-
vate large amounts of rice because it takes very long time
to decompose [28]. Normally, RH contains 70–85% organic
substance such as cellulose, lignin, etc. and rest inorganic
components such as silica, alkalis and trace elements [29,30].
Generally, RH is used as a fuel in the boilers for producing
energy through direct combustion or by gasification. These
causes further environmental pollution as well as disposal
problem when it is burnt, ∼20% of its weight is converted
into ash is called rice husk ash (RHA). Characteristics of RHA
depend on environmental circumstances of its origin as well
as the route acquired during burning conditions of the husk
[31]. It contains 80–97% of amorphous silica and this sil-
ica shows better reactivity than crystalline silica present in
quartz [32]. Different studies are performed in order to uti-
lize the RHA silica for preparation of different ceramics i.e.
glazes preparation [33], borosilicate [34], cordierite [35], mul-
lite [36], forsterite [37], silicon carbide [38] and refractory bricks
[39].

The main objective of the present study was to provide a
new route to utilize the fly ash, refractory grog, rice husk ash
and rice husk as pore-forming agents in a composition of insu-
lation refractory. The use of these waste materials not only
RHA (wt.%) Grog (wt.%) RH (wt.%)

30 15 5
30 15 5
30 15 5
30 15 5
30 15 5
30 15 5

to environment, sustainability and economy. This technology
may be extended for the production of insulation refractory
bricks.
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xperimental  procedure

ulverized rice husk (RH) and rice husk ash (RHA) were col-
ected from local rice mills, where RH used as a fuel to produce
HA. This RHA contained trace amount of volatile matter as
ell as carbon. To eliminate this carbon from RHA it was fur-

her heated at 600 ◦C for 2 h and passed through mesh size
f 150 �m.  FA was collected from “Simhadri Super Thermal
ower Plant” (NTPC) situated in Andhra Pradesh, India. It was
roduced after burning of coal and its properties depended
n the composition of coal and efficiency of boiler. FA also
eat treated at 700 ◦C to remove the possibility of any unburnt
arbon in the fly ash and sieved to a particle size of ≤90 �m.
ired refractory grogs were collected from refractory industry.
he particle size of grogs was ≤350 �m.  The ball clay was pur-
hased from Ace Cone Ceramics Ltd., Bikaner, India, contained
2 wt.% SiO2 and 33 wt.% Al2O3.

In this study six different samples were prepared with dif-
erent compositions containing FA, RHA, RH, refractory grog
nd ball clay as tabulated in Table 1. In the compositions,
lay was replaced by FA, whereas other ingredients were
emaining constant. At the very first stage, all ingredients
ere crushed and passed through the different sizes of sieves

.e. grog (≤350 �m),  ball clay (≤90 �m),  fly ash (≤90 �m),  RHA
≤150 �m),  RH (≤75 �m).  Then all ingredients were weighed
ccording to batch composition and then mixed by dry milling
rocess for 20 min  at 300 rpm in ball mill. After ball milling,

east amount of water has been added for semi-dry mixing and
he whole mass was mixed for 15 min  prior to shaping. Rect-
ngular (40 mm × 10 mm × 2.5 mm)  samples were prepared by
niaxial hydraulic press at a pressure of 120 MPa. The pressed
amples were dried in an electric air oven at 110 ◦C for 24 h
nd then firing were done at different temperature from 800
o 1000 ◦C for 2 h in air atmosphere with heating and cooling

ate of 3 ◦C/min.

The crystalline phases of ingredients and fired samples
ere investigated with XRD and data was collected at a scan-
ing rate of 5◦/min for 2� in a range from 10◦ to 90◦ with

Fig. 1 – XRD curve of (a) heat treated RHA, (b) heat tre
 á m i c a y v i d r i o 5 8 (2 0 1 9) 115–125 117

the help of “Rigaku Desktop Miniflex II X-Ray Diffractome-
ter” equipped with Ni filter and Cu K� radiation (�) 1.54056 Å
(serial no: HD20972, Rigaku Corporation, Tokyo, Japan). The
surface morphology of the insulation refractory samples was
inspected by scanning electron microscopy (SEM) (ZEISS, EVO
18-2045). Differential thermal and thermogravimetric analysis
(DTA–TGA) was carried out for RH in an oxygen atmosphere
with a heating rate of 5 ◦C/min with the help of “KEP Tech-
nologies, Setaram Scientific & Industrial Equipment, France
(Model-Labsys, serial no-560/51920)”. The chemical composi-
tion of raw materials was examined by the X-ray fluorescence
(XRF) (Philips PW 2400, Netherlands). The apparent poros-
ity (AP) and bulk density (BD) of refractory specimens were
estimated by Archimedes method. Total linear shrinkage of
fired samples was determined based on the ASTM C356-10
[40]. Cold crushing strength (CCS) and flexural strength were
determined according to the method defined in ASTM C133
by Universal Testing Machine, Tinius Olsen, H10KL-I0129 [41].
The thermal conductivity values of the fired samples were
measured by hot cross-wire method using thermal conduc-
tivity measurement apparatus (VBCC, LOC: 441A102-0005).

Results  and  discussion

Characterization  of  raw  material

The chemical composition of RHA is presented in Table 2 and
found that, heat treated RHA contains greater than 93% of
SiO2. Fig. 1(a) shows the XRD image  of heat treated RHA, which
indicate that RHA consists of amorphous silica only. This defi-
ciency of long range ordering permits them to react more
easily and efficiently with additional surrounding materials.
Fig. 2 shows the DTA–TGA curve of pulverized rice husk up to
1000 ◦C in air atmosphere. Around ∼75 wt.% of organic mat-

ter of RH was removed when temperature was raised up to
480 ◦C and no further changes in weight occurs up to 1000 ◦C,
this remaining 25 wt.% material is amorphous silica. So, it can
be used as pore forming agent for ceramics because it will

ated fly ash, (c) refractory grog, and (d) ball clay.
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Fig. 2 – DTA–TGA cur

Table 2 – Chemical composition of heat treated fly ash,
RHA, ball clay and refractory grog.

Compound (wt.%) RHA Fly ash Grog Clay

SiO2 93.28 57.37 62.71 56.14
Al2O3 – 29.78 32.17 25.67
CaO 0.53 8.41 – 0.94
Fe2O3 0.41 1.83 1.49 2.74
Na2O 2.75 0.54 1.32 0.63
P2O5 1.18 – – –
TiO2 0.21 1.07 0.92 0.35
K2O 1.22 0.32 0.87 0.78
MgO 0.27 0.68 0.52 0.32
RuO2 0.15 – – –

samples and mean values are shown in Fig. 4(a) and (b) respec-
L.O.I. – – – 12.44

produce pores by combusting itself which is a fundamental
requirement of insulating refractory [42].

The chemical composition of FA majorly constituted with
silica (SiO2), alumina (Al2O3), calcium oxide (CaO) and ferric
oxide (Fe2O3). Fig. 1(b) shows the XRD diffraction pattern of

heat treated FA, which contains mainly crystalline phase of
mullite and quartz. Fig. 3(a) exhibits the particles morphol-
ogy of the FA; which is shown that the particles are almost

Fig. 3 – SEM images of (a
ve of rice husk.

spherical and average size ∼5.28 �m,  as estimated from SEM
micrograph by software entitled as “Image J1.48V”.

The chemical composition of grogs and ball clay are shown
in Table 2, which contains silica as a major component. Typi-
cal XRD pattern of grogs and clay is shown in Fig. 1(c) and (d),
respectively. Grog contains mainly crystalline form of silica
and mullite. Consequently, clay contains mainly crystalline
phase of quartz, lower amounts of silicates and carbonates.
Fig. 3(b) shows the SEM image  of ball clay powder, it exhibits
irregular-shaped particles with average particle size around
∼7.58 �m.

Characterization  of  fired  insulation  brick  samples

Porosity of insulating material has a lot of importance with
regards to the performance and applications. Insulating prop-
erties (thermal conductivity) of bricks depend on the total
porosity present in the specimen. The apparent porosity (AP)
and bulk density (BD) measurements are done for all sintered
tively. It has been observed that incorporating FA by replacing
clay in the composition results in significant changes in AP
and BD. Apparent porosity increases from 38% to 53% and

) fly ash and (b) clay.
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Fig. 4 – (a) Apparent porosity and (b) bulk density of fired
s

b
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tion decreases the total linear shrinkage at 800 C. Significant
amples.

ulk density decreases from 1.52 gm/cm3 to 1.05 gm/cm3 at
00 ◦C, similar trends is reported by Otero et al. [43]. RH burns
hrough firing process and forms pores in the structure by

eleasing CO2 [44]. When clay is replaced by FA liquid phase
ecreases, results formed pores cannot be filled completely at
00 ◦C. As a result densification kinetics is decreases during

Fig. 5 – XRD analysis of fired sa
 á m i c a y v i d r i o 5 8 (2 0 1 9) 115–125 119

low temperature firing at 800 ◦C. The decrease in density may
be due to lower weight of FA then ball clay. When temperature
is increased from 800 to 1000 ◦C, geopolymerisation reaction
takes place [19]. RHA contains amorphous silica that is more
active, this silica starts diffusion reaction with others grains
when increasing the firing temperature than 800 ◦C [32]. This
diffusion of grains and geopolymerisation reaction are elimi-
nates the pores between grains, aid the decreases of porosity
and increases in bulk density with increasing temperature.

The typical X-ray diffraction patterns of fired samples
are shown in Fig. 5. It is indicated that the samples are
mixing of polycrystalline and amorphous broad band. Com-
paring the XRD patterns, we may observe that the intensity of
crystallinity has increased significantly with increasing firing
temperature 800 ◦C–1000 ◦C. JCPDS data are used to determine
the various phases developed after firing i.e. quartz (SiO2),
mullite (3Al2O3·2SiO2) and anorthite (CaO·Al2O3·2SiO2). How-
ever, all samples consist of crystalline silica (SiO2) as the major
phase and with enhancement of FA content in the composi-
tion mullite phases intensities are increased.

The change in linear dimension that has happened in the
test sample before and after firing is called linear shrinkage or
expansion. Table 3 shows the mean values of linear shrink-
age for the ceramic samples fired at 800, 900 and 1000 ◦C
along with flexural strength and CCS. It has been seen that
the total shrinkage in the all-inclusive refractory samples are
quite less i.e. 1.5–5.5%. These results can be imposed to the
fired raw materials incorporated in the composition (50–95%)
and rice husk addition leads to a decrease in the total lin-
ear shrinkage. However, increase of firing temperature causes
of enhancement in linear shrinkage of refractory samples.
With increasing temperature may be low melting oxides in
the clay mineral increase the melted products in the structure
causes increase the shrinkage values as well. Based on the
results in Table 3, reduction of clay amount in the composi-

◦

linear shrinkage is observed when temperature rises at 1000 ◦C
for all samples which may be explained as a result of removal
of pores and inter-granular spaces during the firing.

mples at 800 and 1000 ◦C.
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Table 3 – Shrinkage, flexural strength and CCS of fired sample at different temperatures.

Samples Shrinkage (%) Flexural strength (MPa) CCS (MPa)

800◦C 900◦C 1000◦C 800◦C 900◦C 1000◦C 800◦C 900◦C 1000◦C

Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.

s-1 1.90 0.05 2.86 0.08 4.27 0.08 10.28 0.2 8.13 0.3 12.86 0.34 22.56 0.42 19.73 0.24 24.22 0.35
s-2 1.84 0.07 2.61 0.05 4.11 0.09 9.35 0.2 7.46 0.2 13.28 0.19 21.82 0.37 18.96 0.36 24.56 0.24
s-3 1.63 0.04 2.47 0.09 4.02 0.10 8.72 0.25 7.83 0.26 13.89 0.34 18.45 0.28 19.35 0.42 24.80 0.19
s-4 1.56 0.06 2.43 0.07 4.47 0.09 6.02 0.16 9.64 0.34 14.06 0.21 16.83 0.30 20.72 0.37 25.93 0.51
s-5 1.59 0.05 2.35 0.06 4.78 0.08 5.76 0.24 10.12 0.17 15.54 0.27 15.32 0.45 21.46 0.36 27.38 0.45
s-6 1.70 0.07 2.58 0.07 5.02 0.09 4.84 0.27 11.89 0.28 17.11 0.24 14.45 0.24 22.42 0.27 31.54 0.37

ge o
Fig. 6 – SEM ima
Fig. 6 exhibits the surface morphology of the fractured cross
sectional surface of fired sample. SEM analyses indicate a typi-
cal foamy structure with open and close pores at 800 ◦C. There
f fired samples.
is no preferential orientation or shape of pores. It is seen that
FA content has the mark influences on the pore structure,
pore size, and pore distribution of insulation refractory [45].
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Fig. 7 – EDX analysis of fired s-1 and s-6 samples at 800 ◦C.

Fig. 8 – Bending strength curve of fired sample at 800, 900 and 1000 ◦C for s-1, s-4 and s-6.

Fig. 9 – Relation between CCS and porosity.



 d e c

via energy transfer between vibrating atoms by phonons, pho-
tons, electrons, ions, etc. For refractory materials, phonons
and photons are the key media for thermal conductivity, and
122  b o l e t í n d e l a s o c i e d a d e s p a ñ o l a

Porous structures are also formed by the burning of RH, which
contents ∼80% of organic matter. With increasing firing tem-
perature, sintering neck is grown and the pores are shrinking.
Accordingly, the pore size is decreased and densification level
increases [46]. The EDS analyses are performed to find out the
elemental composition of the samples. Fig. 7 show the EDX
analysis of 0 and 50 wt.% of FA content sample fired at 800 ◦C.

Mean values of flexural strength of fired samples is shown
in Table 3 and Fig. 8 shows the bending strength curves of
some selective fired samples at room temperature. Flexural
strength is decreased with increasing ratio of FA in refrac-
tory, especially when firing temperature is 800 ◦C. The values
of flexural strength are decreased from 10.28 to 4.84 MPa due
to increasing of porosity and pore size as shown in SEM
image. Therefore, crack concentration in the non-ductile body
is increases; as a result less value of stress is required for
breaking [47]. However, strength is increased with tempera-
ture due to the higher sintering degree of the samples and the
development of crystalline phases by the reaction of FA and
RHA silica. As understood from this study waste concentration
in the body and firing temperatures of bricks have significant
effects on strength of refractory.

Cold crushing strength (CCS) is a very important param-
eter for insulating bricks. CCS of the samples as shown in
Table 3 are measured at room temperature after firing at 800,
900 and 1000 ◦C for 2 h. It is found that these insulating sam-
ples have shown good mechanical strength, these results may
be attributed to the presences of fired refractory grogs into the
composition. Refractory grogs act as a non-shrinkage mate-
rial that increasing the stress resists ability of the bricks [39].
Table 3 shows that the CCS of samples is decreased with
the increase in fly ash addition. CCS values are decreased
to almost 36% for fully replacement of clay with FA when
firing at 800 ◦C. Due to presence of higher percent of open
pores may cause the loss of strong bonding in the structure
results decrease the CCS of bricks [48]. CCS values of samples
are remarkably improved with firing at higher temperature. It
has seen that decrease in porosity and increases in bulk den-
sity with increasing temperature. As a result, CCS of bricks
is increased with increasing firing temperature of insulating
refractory. Usually, it is considered that CCS of brick specimens
mostly depend on their density, porosity and pores size distri-
butions [49]. A linear relationship was observed between CCS
and total porosity for samples fired at 800 ◦C as shown in Fig. 9.

The thermal conductivity measurement is quite essen-
tial for insulation refractories. Many  factors like application
temperature, chemical and mineralogical compositions, com-
plexity of structure and defect are affecting the thermal
conductivity of refractories. Fig. 10(a)–(c) shows the temper-
ature dependence thermal conductivity of fired samples at
800, 900 and 1000 ◦C respectively, measurement are performed
at temperatures 200 ◦C, 600 ◦C and 1000 ◦C. It is seen that the
thermal conductivity coefficient of all samples are enhanced
with the increasing firing temperature of samples. It may be
due to decrease in porosity with increasing firing temperature.
Thermal conductivity values of samples decreases with the

addition of FA may be due to increase of apparent porosity and
decreases of densification. This porosity acts as a fence to the
flow of heat and as a result thermal conductivity of samples
drop [42]. Fig. 11 shows the relationship of between thermal
 e r á m i c a y v i d r i o 5 8 (2 0 1 9) 115–125

conductivity and apparent porosity of fired samples at 800 ◦C.
In sample s-6 the conductivity slightly increases may be the
effect of pore size. The effects of radiation on pore conduc-
tivity are increased with the increasing pore volume. Pores
of large size are increasing the conductivity whereas small
pores remain a good barrier to radiation effect with increas-
ing temperature [50]. It is seen that the thermal conductivity
values is increased with increasing measurement tempera-
ture of conductivity. Heat transfer through a solid happens
Fig. 10 – Temperature dependent thermal conductivity of
different samples fired at (a) 800 ◦C, (b) 900 ◦C and (c)
1000 ◦C.
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Fig. 11 – Relation between therma

heir contribution depends on the temperature mainly. At low
emperatures (<300 ◦C) energy flow in materials mainly occurs
ia lattice vibrations (phonons) at speed of sound and signif-
cantly decreased to a lower value at higher temperatures,

here the photon conductivity (radiation) mainly governed
he conductivity. Generally, photon conductivity (radiation)
ncreased with increasing temperature in crystalline materi-
ls, which is the principal mechanism of energy travel at high
emperature through the materials [51]. This mood is a fast
equence of absorptions and emissions, of photons that trans-
er at the speed of light. This type of conduction is exclusively
ital in porous ceramics like above refractory. As a result ther-
al  conductivity of s-1 samples fired at 800 ◦C is 0.65 W/m  K

or 200 ◦C and 2.56 W/m  K for 1000 ◦C.

onclusions

t is established that substantial amounts of waste materials
an be used to fabricate insulation refractory. The properties
f insulation samples incorporating fly ash, rice husk ash, rice
usk and fired refractory grog are investigated. Use of different
astes as a raw material in fabrication of insulation refracto-

ies can be a significant way of recycling for final disposal of
hese abundant wastes. Varying the FA content in mixtures
t is possible to improve the insulation properties of sintered
odies. Results show excellent low thermal conductivity, high
orosity, low density, good electrical resistivity, moderate CCS
nd flexural strength. Sample s-6 fired at 800 ◦C can be envis-
ged as a refractory material to be used for insulation purpose.
he obtained results show that it would be promising for the

arge-scale synthesis of insulation bricks.
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