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Utilization of coal fly ash as a raw material for refractory production

Rinyapat SUKKAE?, Somkeat SUEBTHAWILKUL?, and Benya CHERDHIRUNKORN?®"

Thammasat University, Klong Luang, Pathum Thani, 12120, Thailand
2The Siam Refractory Industry Co., Ltd, Ban Mo, Saraburi, 18270, Thailand

*Corresponding author e-mail: benya@tu.ac.th

Received date:
15 September 2017
Accepted date:
20 January 2018

Abstract

Keywords:
Fireclay brick
Coal fly ash
Fire clay

1. Introduction

Refractory are widely used in many industries
such as glass, iron, and ceramic industries.
Because of high refractoriness, good corrosion
resistance and good thermal shock resistance,
fireclay bricks are one of the most popular
refractories.  Fireclay bricks are made of clay
minerals consisting of 18-44% alumina and 50-60%
silica. Fireclay bricks are inexpensive and easy to
produce. Therefore, the production of fireclay
bricks has been constantly increased due to the high
demand. The reduction in production cost is very
important. One of the ways to lower the production
cost is to use the cheaper raw materials.

The large amount of industrial wastes have been
generated over the last few decades, causing the
environmental problem. Among all industrial
wastes, coal fly ash is one of the solid waste
produced during the coal combustion process.
Kalyoncu [1] reported that in USA, during 2001,
about 20% of by-product was generated from coal
combustion process. Coal fly ash is the major
combustion product component (more than 58%)
[1]. which is collected using a electrostatic
precipitator and a mechanical filter before being
ejected to the atmosphere. Landfill is a general
practice for disposal this coal fly ash. The major
chemical compositions of coal fly ash are SiOp,
Al;03, Ca0, Fe203 and SOz [2]. The use of coal fly
ash has been found in many products such as
cement, concrete, brick, geopolymer and light-

In this research, fireclay bricks were produced using fire clay and coal fly ash as
raw materials. Coal fly ash was added to the mixture from 10-50 wt%. The disk shape
samples were sintered at the temperatures of 1,100-1,400°C. The mechanical
property, thermal property, phase structure and microstructure of the fireclay bricks
were studied. It was found that coal fly ash can be used in the fabrication of fireclay
bricks. The lower linear shrinkage and lower thermal conductivity were obtained as
the higher amount of coal fly ash was added. However, bulk density and strength
were lower in the samples contained coal fly ash. The effects of coal fly ash on the
phase structure and microstructure of the fireclay bricks were investigated using
XRD and SEM technique, respectively. Mullite phase decreased with the higher coal
fly ash added, whereas anorthite phase increased.

weight aggregate for construction industry [2-6].
However, less than 40% of the total amount of coal
fly ash has been utilized [3]. Anja et al. [7] report that
coal fly ash can be used as the mechanically
activated microfiller in the production of refractory
bauxite shotcrete. Hassan et al. [8] studied the effect
coal fly ash on some refractory properties of
alumino-silicate clay for furnace lining. The results
showed that the addition of coal fly ash in alumino-
silicate clay could decrease the physical property
such as linear shrinkage and apparent porosity of the
refractory. In addition, Gonzalez et al. [9] reported
that the addition of fly ash in refractory insulating
bricks possessed good mechanical strength and low
thermal conductivity.

In this research work, the fabrication of fireclay
brick using coal fly ash and fire clay as raw
materials was carried out. The physical, thermal and
mechanical properties, phase structure, and
microstructure of fireclay brick were investigated in
order to study the feasibility of using coal fly ash as
the raw material in fireclay brick production.

2. Materials and methods

2.1 Raw materials and characterization

In this work, the commercial fire clay (from the
Siam Refractory Industry Co., Ltd.) and coal fly ash
(waste from SCG Packaging Public Co., Ltd.) were
used as raw materials for fireclay brick fabrication.
Phase structures of raw materials were characterized

DOI: 10.14456/jmmm.2018.16



Utilization of coal fly ash as a raw material for refractory production

using X-ray diffractometer, XRD (PaNalytical, X’
Pert PRO). The samples were measured at 26 of 10°
to 70° with step size of 0.02° and step time of 2s. The
chemical compositions of these raw materials were
analysed using X-ray fluorescence spectroscopy,
XRF (RIGAKU, MEXCG).

2.2 Sample preparation

The fire clay and coal fly ash were weighed and
mixed according to the compositions as shown in
Table 1. The dry mixtures were planetary milled at
the rotational speed of 200 rpm for 60 min. The
milled powder was sieved through the sieve number
100 (150 pum), and was then uniaxially pressed into
a die with a diameter of 31.50 mm at the pressure of
150 MPa in order to form a disk shape samples.
After that the samples were sintered in an electric
furnace at the temperatures of 1,100 to 1,400°C for
60 min with the heating rate of 5°C/min. The flow
chart for the sample preparation is shown in Figure
1

Raw materials
Fire clay + Coal fly ash (0-50 wt%)

!

Dry mixing and milling

!

Uniaxial pressing at 150 MPa

{

Sintering at the temperatures of
1,100-1,400°C

Heating rate = 5°C/min.
Soaking time = 60 min.

Fireclay brick samples

Figure 1. The fabrication of fireclay brick samples.

Table 1. The compositions for the mixtures of coal fly
ash and fire clay.

Samples Raw materials
Coal fly ash Fire clay
(Wt%) (Wt%)

FO 0 100

F10 10 90

F20 20 80

F30 30 70

F40 40 60

F50 50 50

2.3 Characterization of sintered samples

The bulk density and water absorption were
determined according to Archimedes principle
(ASTM standard C20). The linear shrinkage of the
fireclay brick samples was measured according to
ASTM standard C326-09 [10]. The universal
testing machine (Tinius Olsen, H50KS) was used
for mechanical test. In this study, Brazilian test
(Indirect tensile test) was employed in order to
study the mechanical property of the sintered
samples. The disk shape sample was placed under the
load cell as shown in Figure 2. The strength of the
samples was determined according to equation (1)
where P is applied load, D is diameter of the sample
and L is thickness of the sample.

2P

o=— Q)

DL

l Load (P)

Diameter (D)

<

Thickness (L)

Figure 2. lllustration of disk sample placed under the
load cell for Brazilian test.

The phase structure of the sintered fireclay brick
samples was determined using XRD technique
(PaNalytical, X* Pert PRO). The sintered samples were
measured at 26 of 10° to 70° with step size of 0.02°
and step time of 2 s. Microstructures of the sintered
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samples were investigated using Scanning electron
microscope (SEM; Hitachi S-3400N). Thermal
conductivity of the samples was determined using
a thermal constant analyzer (Hot Disk TCA).

3. Results and discussion

3.1 Phase structure, chemical composition
and particle size of raw materials

The XRD pattern shown in Figure 3 indicates
that the major phases of the fire clay are quartz
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(SiO2) and kaolinite (Al2Si2Os(OH)4). The major
phases of coal fly ash are quartz, anhydrite (CaSQO.),
calcite (CaCOgs), hematite (Fe.Os3) and alumina
(Al203) as shown in Figure 4. A hump peak was also
observed at the scattering angle 26 ~ 20-35° in this
XRD pattern indicating the amorphous phase.

The chemical compositions of these raw materials
determined using XRF technique are shown in Table
2. The fire clay composed mainly of silica (55.4
wt%) and alumina (36.4 wt%). The coal fly ash
consists of 34 wt% silica, 25.1 wt% calcium oxide
and 25 wt% alumina.
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Figure 3. XRD pattern of the as received fire clay.
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Figure 4. XRD pattern of coal fly ash.
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Table 2. The chemical compositions of raw materials. 3.2 Physical properties of fireclay brick

samples
Chemical Fire clay Coal fly ash
composition  (wt%) (Wt%) 3.2.1 Bulk density and water absorption
Sio, 55.4 34 _

The plots of bulk density and percentage water

AlO, 36.4 25 absorption as a function of sintering temperatures are
Ca0o 0.152 25.1 shown in Figures 5 and 6, respectively. The results

indicate that the addition of coal fly ash could cause
Fe O, 4.81 7.56

the reduction in bulk density of the samples. Since the
SO, 0.107 4.56 density of coal fly ash (about 2.2 g/cm3) is lower than

KO 163 105 the density of clay (about 2.6 g/cm?), the addition of
, . . ’ .

: coal fly ash could cause the low density of the sintered

TiO, 114 0.968 samples. Figure 6 shows that the water absorption of

i 0,

pzo5 0.105 0.885 the samples Wlth 10. to 20 wi% of coal fly ash

decreased as the sintering temperature increased up to

cl ) 0.246 1,300°C. In addition, the water absorption of the

MnO 0.0326 0.144 samples with more than 30% coal fly ash decreased as

BaO 0.0085 0.0912 the smterlng tempgratu_re m_creased upto 1,25(_)°C. The

further increase in sintering temperature in these

Sro 0.0068 0.0767 samples could cause the high water absorption and

LOI 0.2081 0.3191 low bulk density as the forming of porosity and

deforming of the samples.

23

Bulk density (g/cm’)

1100 1nsoe 1200 1250 1300 1350 1400
Temperature (“C)

Figure 5. Relationship between the bulk density of the sintered samples and the sintering temperature for the
fireclay brick samples with various coal fly ash contents.

Water absorption (%a)

1oa 188 1200 (E20) 1300 (EET) 1400

Temperature (°C7)

Figure 6. Relationship between the water absorption of the sintered samples and the sintering temperature for
the fireclay brick samples with various coal fly ash contents.
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3.2.2 Linear shrinkage

The plots of linear shrinkage for the samples
contained various coal fly ash contents as a function
of sintering temperature are shown in Figure 7. The
linear shrinkage of the samples with 10-20 wt% of
coal fly ash (F10 and F20) increased gradually as
the sintering temperature increased up to 1,300°C,
whereas the linear shrinkage of the samples with
more than 30 wt% of coal fly ash (F30-F50)
increased up to the sintering temperature of
1,250°C. This indicated that the densification
occurred at the sintering temperature of 1,300°C for
F10 and F20 and 1,250°C for F30 to F50. The
further increase in sintering temperature caused the
reduction of linear shrinkage and the shape
deforming of the sample (F40 and F50). As reported
in the previous section, the maximum bulk density
and lower water absorption were obtained in these
samples at the same temperatures (1,250°C for F30-
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F50 and 1,300°C for F10-F20). Consequently, the
optimum sintering temperature would be 1,300°C
for low coal fly ash samples (F10-F20) and 1,250°C
high coal fly ash samples (F30-F50). The present of
alkaline (Ca) in coal fly ash could act as flux
causing the densification at lower temperature.

3.3 Mechanical property

Figure 8 shows the effect of sintering temperature on
Brazilian tensile strength of fireclay brick samples. The
highest strength was obtained in the sample without
coal fly ash. For the low sintering temperatures
(lower than 1,250°C), the strength of all samples
was relatively low due to the high porosity of the
samples. For the sample contained high amount of
coal fly ash (F30- F50), the lower strength was
obtained in all sintering temperatures. The F40 and F50
samples sintered at the temperature more than 1,300°C
were deformed and could not be measured.

Linear shrinkage (%)

114 s 1200

1250 130 1350 1400

Temperature (°C)

Figure 7. Relationship between the linear shrinkage of the sintered samples and the sintering temperature for the

fireclay brick samples with various coal fly ash contents.

40,00

:

Brazilian tensile strength (MPa)
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Figure 8. Relationship between the Brazilian tensile strength of the sintered samples and the sintering temperature
for the fireclay brick samples with various coal fly ash contents.
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3.4 Thermal property

Thermal conductivity of the samples with coal fly
ash sintered at the temperature of 1,250°C to 1,400°C is
shown in Figure 9. The results indicated that the
addition of coal fly ash could cause the lower thermal
conductivity in the samples since the higher porosity
was observed in the samples contained coal fly ash.

3.5 Phase structures

The XRD patterns of the fireclay brick samples
sintered at temperature of 1250°C are shown in

Figure 10. The main phases for the sample FO and
F20 were mullite (3Al;032Si0;), quartz, and
cristobalite (SiOz), whereas anorthite (CaAl,Si>Osg)
and mullite phases were found in samples with
higher coal fly ash contents (F30, F40, and F50).
However, the intensity of mullite phase decreased
with the higher coal fly ash contents in the samples,
whereas the anorthite phase increased. In addition,
anorthite phase was reported [11-12] to be a porous
phase which could cause the lower thermal
conductivity observed in the previous section.

—=F0 =B-F10
=20 k(]
=m=F40 —-F50

Thermal conductivity (W/mK)
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Figure 9. Thermal conductivity of fireclay brick at different coal fly ash: fire clay ratio.
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Figure 10. XRD patterns of fireclay brick samples sintered at the temperature of 1250°C.

J. Met. Mater. Miner. 28(1). 2018

121



122

F30

Figure 11. SEM images of fireclay brick samples sintered at 1,250°C.

3.6 Microstructure of fireclay brick

The microstructures of the fireclay brick
samples (FO to F50) sintered at 1,250°C are shown
in Figure 11. The SEM images showed the
heterogeneous structure in all samples. The pore
wall was unconsolidated. The sample FO and F10
has various pore and crack sizes. However, the
larger pore size was found in the samples with
higher amount of coal fly ash (F20 to F50). As the
coal fly ash increased, the pore wall became denser,
grains grew larger, and grain shape became obvious
which might cause the lower strength in these
samples. Generally, the exist of porosity could
affect the properties of materials such as low density
and low thermal conductivity because air trapped in
the pore is a better thermal insulator [9].

4. Conclusions

4.1 Coal fly ash and fire clay could be used in the
fabrication of fireclay bricks. It can improve the
physical properties such as lower the linear
shrinkage and thermal conductivity. However, it
caused the reduction in mechanical property.

4.2 The SEM images showed the higher porosity and
the larger pore size in the samples with coal fly
ash increase, which could cause the low thermal
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conductivity, higher water absorption, lower bulk
density and lower strength.

4.3 The suitable sintering temperature for the samples
FO to F20 would be 1,300°C whereas the samples
F30 to F50 would be sintered at 1,250°C for the
optimum properties.
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