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Abstract: High calcium-fly ash (HCFA) collected from the Mae Moh electricity generating plant in Thailand was utilized as a raw material for
ceramic production. The main compositions of HCFA characterized by X-ray fluorescence mainly consisted of 28.55wt% SiO,, 16.06wt%
Al,03, 23.40wt% CaO, and 17.03wt% Fe,Os. Due to high proportion of calcareous and ferruginous contents, HCFA was used for replacing the
potash feldspar in amounts of 10wt%—40wt%. The influence of substituting high-calcium fly ash (0-40wt%) and sintering temperatures
(1000—-1200°C) on physical, mechanical, and thermal properties of ceramic-based materials was investigated. The results showed that the in-
corporation of HCFA in appropriate amounts could enhance the densification and the strength as well as reduce the thermal conductivity of
ceramic samples. High proportion of calcareous and ferruginous constituents in fly ash promoted the vitrification behavior of ceramic samples.
As a result, the densification was enhanced by liquid phase formation at optimum fly ash content and sintering temperature. In addition, these
components also facilitated a more abundant mullite formation and consequently improved flexural strength of the ceramic samples. The op-
timum ceramic properties were achieved with adding fly ash content between 10wt%—30wt% sintered at 1150—1200°C. At 1200°C, the max-
imum flexural strength of ceramic-FA samples with adding fly ash 10wt% —30wt% (PSW-FA(10)—(30)) was obtained in the range of
92.25-94.71 MPa when the water absorption reached almost zero (0.03%). In terms of thermal insulation materials, the increase in fly ash addi-
tion had a positively effect on the thermal conductivity, due to the higher levels of porosity created by gas evolving from the inorganic decom-
position reactions inside the ceramic-FA samples. The addition of 20wt%—40wt% high-calcium fly ash in ceramic samples sintered at 1150°C
reduced the thermal conductivity to 14.78%-49.25%, while maintaining acceptable flexural strength values (~45.67-87.62 MPa). Based on
these promising mechanical and thermal characteristics, it is feasible to utilize this high-calcium fly ash as an alternative raw material in clay
compositions for manufacturing of ceramic tiles.

Keywords: ceramic materials; high-calcium fly ash; strength; thermal conductivity

1. Introduction

A large amount of coal fly ash (CFA) has been generated
from coal-based thermal power plants from several kinds of
industries throughout the world every year. It is estimated
that the world production of fly ash generated in 2003 was
around 430 Mt and will continue to grow in the future [1].
Commonly, these solid wastes are disposed in landfills caus-
ing severe environmental problems including water and air
pollution, and environmental hazards. Thus, the utilization of
fly ash as a value-added product has been widely focused,
from the economic viewpoint and solving environmental is-
sues caused by them. Being rich in SiO, and AL,O;_ as well as
a low-cost resource material, fly ash is considered as a suit-
able candidate for wide usage in several applications, such as
soil amendment [2-3], gas adsorbents [4—5], water purifica-
tion [3], catalyst [6—8], and construction and building materi-
als [9-19]. Among these applications, the utilization of fly
ash in the construction and building materials including ce-
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ment [9-11], geopolymer [12-15], and ceramic materials
[16-19], have been put into practice. Besides cement and
geopolymer applications, fly ash has been extensively used
as an alternative resource and a low-cost raw material for re-
placing ceramic components such as quartz and potash feld-
spar to improve the densification as well as reduce the sinter-
ing temperature in ceramic tiles [16—19].

Dana et al. [16] substituted quartz by Swt%—15wt% fly
ash in a triaxial porcelain composition to enhance the densi-
fication and strength of ceramic tiles. The optimum temper-
ature of 1150-1300°C improved the densification with a
maximum density of 2.46 g/cm’, while fly ash contributed to
enhance the strength up to 70.5 MPa at 1300°C with the
sample containing 15wt% fly ash. Mukhopadhyay et al. [17]
studied the replacement of both quartz and feldspar by fly ash
in a porcelain composition to maximize the valorization of
fly ash. They reported that the maximum flexural strength of
samples was achieved with the addition of 30wt% fly ash, at
72.3 MPa, with the apparent porosity almost being 0. In addi-
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tion, Luo et al. [18] investigated the steps involving the al-
kali activation pre-treatment of CFA for preparing fully ash-
based ceramic tiles and reported that the fully ash-ceramic
product with the alkali treatment showed the superior sinter-
ing properties, such as low firing temperature and higher
strength of 50 MPa with water absorption value of 0. Wang et
al. [19] utilized high alumina-fly ash (HAFA) with
30wt%—80wt% for producing ceramic tiles and suggested
that the presence of impurities (i.e., CaO and Fe,O;) in
HAFA, which not only narrowed down the densification
temperature, but also lessened the bloating temperature of
ceramic tiles. At 1300°C, the ceramic sample with 70wt%
HAFA demonstrated the highest flexural strength with a rel-
atively apparent porosity of only 0.13%.

However, most of the studies have mainly focused on the
use of fly ash with low calcium content (<10wt%) in ceramic
production for enhancing solely the physical-mechanical
properties. Thus, to our knowledge, there has been no report
involving the utilization of fly ash with high calcium content
for preparing ceramic-based tile products in terms of both
physical-mechanical and thermal properties. The valoriza-
tion of fly ash as a partial raw material for ceramic produc-
tion has positive effect in terms of reducing the need to use
natural raw materials, mitigating the accumulation of fly ash
residues, minimize environmental impact, and importantly,
increase high-value products [18].

Therefore, this work aimed to utilize high-calcium fly ash
(HCFA) collected from Mae Moh generating plant of the
electricity generating authority of Thailand, which is annu-
ally generated ~3 million tons [20], as a raw material for
ceramic production. High-calcium fly ash (HCFA) contain-
ing high amounts of calcium content, more than 20wt%, was
used for replacing the potash feldspar in amounts of
10wt%—-40wt%. The green samples are sintered at various
temperatures between 1000 and 1200°C. The effect of fly ash
substitution on the physical, mechanical, and thermal proper-
ties of the fly ash-based ceramic products was investigated.
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2. Experimental
2.1. Raw materials

The main raw materials for ceramic production consisted
of kaolin (Amarin Ceramics Co., Ltd., Thailand), ball clay
(Compound Clay Co., Ltd., Thailand), potassium feldspar
(Amarin Ceramics Co., Ltd., Thailand) as a fluxing agent,
and quartz (Cernic International Co., Ltd., Thailand) as a
filler. All raw materials had an industrial grain size of less
than 45 pm (325 mesh). Coal fly ash (CFA) collected from
the Mae Moh electric power generation plant in Lampang
(Thailand) was utilized as an additional raw material. The
chemical compositions of all raw materials were determined
by X-ray fluorescence (XRF; Rigaku ZSX Primus) analysis
as demonstrated in Table 1.

2.2. Specimen processing

The ceramic compositions were prepared by mixing
50wt% clay (30wt% kaolin and 20wt% ball clay), 10wt%
quartz, and Owt%—-40wt% potassium feldspar. Fly ash was
used to replace feldspar proportion in different amounts as
shown in Table 2. All raw materials were homogeneously
mixed by wet ball milling with distilled water for 5 h using an
alumina media. Then, the slurry was dried at 100°C for 24 h
and ground in a disc grinding mill machine. Subsequently,
the mixed powder was then passed through a 60-mesh screen
(250 um) and was hydraulically compacted using an uniaxial
pressing to form a bar-shaped specimens (3 mm x 4 mm x 30
mm) at 92 MPa and disc specimens with a diameter of 35
mm at 82 MPa, respectively. The green density of specimens
was in the range of 1.75-1.80 g/cm’. After that, the green
specimens were sintered in a muffle furnace at different tem-
peratures in the range of 1000—1200°C for 1 h with a heating
rate of 5°C/min. The specimens were naturally cooled down
to room temperature in the furnace. The sintered specimens
were designed as PSW-FAO for the sample without the addi-
tion of fly ash, and PSW-FA(10)—~(40) for the samples with

Table 1. Chemical composition of the raw materials wt%
Raw material Si0,  AlLO3 CaO Fe,O; SO, K,0 MgO Na,0O TiO, P,0s MnO ZrO, LOI
Kaolin 4749 35385 0.02 1.18 0.04 1.78 0.10 0.03 0.06 0.04 0.05 0.01 12.86
Ball clay 50.88  29.25 0.23 2.66 0.09 3.40 0.29 0.18 1.05  0.06 0.02 0.05 11.67
Quartz 99.40 0.05 0.13 0.02 0.01 0.02 0.05 0.02 — — — — 0.22
K-feldspar 64.65 16.11 0.79 0.26 0.13 1555  0.06 1.15 0.04 034 0.01 — 0.53
Coal flyash 2855 16.06 2340 17.03 7.37 2.17 2.44 1.72 048  0.25 0.14 0.03 0.64
Note: LOI—Loss on ignition.
Table 2. Batch composition of ceramic samples
. Raw material composition / wt% .
No. Formulation - Fly ash addition / wt%
Kaolin Ball clay Quartz K-feldspar
1 PSW-FAO0 20 30 10 40 0
2 PSW-FA10 20 30 10 30 10
3 PSW-FA20 20 30 10 20 20
4 PSW-FA30 20 30 10 10 30
5 PSW-FA40 20 30 10 0 40
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the addition of fly ash (10wt%—40wt%). A flow chart of the
experimental procedure is shown in Fig. 1.

Kaolin, ball clay, Fly ash
quartz, feldspar (FA 0—40wt%)
[ ]

v

s N

Ball milling

v
Drying
v

Grinding & sieving

Uniaxial dry
pressing

Sintering
at 1000—1200°C

[ PSW-FA sample ]

Fig.1. Schematic diagram of experimental procedure.

2.3. Characterization

The chemical composition of the raw materials was de-
termined by X-ray fluorescence spectroscopy (XRF; Rigaku
ZSX Primus). The particle size and distribution of the fly ash
particles were measured using laser diffraction by Master-
sizer 2000 (Version 5.54 Serial Number: MAL 1021434,
Malvern Instrument Ltd.). The crystalline phases of raw ma-
terials and prepared ceramic samples were performed by X-
ray diffraction (XRD; PANalytical X’pert pro and XRD;
Bruker, D8 ADVANCE, 40 kV and 30 mA, Cu-K, radiation).
The sample was scanned in a diffraction angle range from
10° to 90° with a step size of 0.04. The weight percentage of
crystalline phases in each sample was quantitatively ana-
lyzed using DIFFRAC.EVA software (version 5.0).

The physical properties including the bulk density, water
absorption, and open porosity of the sintered samples were
determined by the Archimedes method using distilled water
as the liquid media. The linear shrinkage was achieved by
measuring the length of samples before and after the sinter-
ing process. The three-point bending strength at room tem-
perature was measured with a span of 20 mm and a crosshead
speed of 0.5 mm/min (Instron model UTM 8872). The mi-

(a) O Anhydrite
® Quartz
* Magnetite
0 CaFeO,

Intensity / a.u.

10 20 30 40 50 60
20/ (°)

crostructure of the polished surfaces was characterized by us-
ing a scanning electron microscope (SEM; HITACHI,
SU5000). Energy dispersive X-ray spectroscope (EDS;
HORIBA, X-Max) was used for the elemental analysis of
chemically etched surfaces. Thermal conductivity measure-
ment was performed on the disk shape (35 mm in diameter
and 5 mm in thickness) at the room temperature using a
thermal conductivity analyzer (TPS2500S, Hot Disk).

3. Results and discussion
3.1. Characterization of fly ash and other raw materials

The major chemical components of fly ash were silicon
dioxide (Si0O,), aluminum oxide (AlLO;), calcium oxide
(Ca0), and ferric oxide (Fe,0;), along with a small amount of
magnesium oxide (MgO), potassium oxide (K,0), titanium
oxide (Ti0,), sodium oxide (Na,O), sulfur trioxide (SO;), and
phosphorus pentoxide (P,Os) as exhibited in Table 1. High
amount of CaO (23.40wt%) might have resulted from the
lime slurry injected during the air pollution control proced-
ure [21]. Additionally, due to the high content of calcium ox-
ide (more than 20wt%), this fly ash was classified as class C
according to ASTM C618 [1]. The XRD result showed that
the main mineral phases of fly ash included quartz (Si0O,), an-
hydrite (CaSO,), magnetite (Fe;O,), and calcium iron oxide
(CaFe0,), respectively (Fig. 2(a)). The morphology of fly ash
consisted of spherical particles with a median diameter of
29.01 pm as demonstrated in Fig. 2(b) and (c).

The chemical compositions and crystallinity phases of
other raw materials are shown in Table 1 and Fig. 3. Kaolin
and ball clay mainly consisted of SiO, and Al,O; with a small
amount of CaO, MgO, Fe,0;, K,O, etc. From the XRD res-
ults, kaolinite and quartz were found as the main phases in
clay materials. These clays contributed to plasticity during
the formation of the green body. In addition, the quartz is
more than 97% pure silica, which is commonly applied as a
filler to reduce distortion and shrinkage in the ceramic mater-
ials. Meanwhile, K-feldspar as a fluxing agent involving
lowered the liquid formation temperature, mainly composed
of Si0,, AL,0;, and K,O [18]. Being rich in SiO,, AL,O;, and
CaO, fly ash can be utilized as an additional raw material (a
feldspar substitute) for ceramic tile production.

3.2. Post-sintering properties of sintered samples

3.2.1. Physical and mechanical properties
The sintered color of samples with different additions of
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Fig. 2. Fly ash characterization: (a) XRD pattern, (b) SEM micrograph, and (c) particle size distribution.
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Fig. 3. XRD patterns of raw materials: (a) kaolin, (b) ball clay, (¢) quartz, and (d) K-feldspar.

fly ash sintered at 1000—1200°C is observed by the naked eye
as displayed in Fig. 4. Colors of the ceramic-fly ash samples
changed on increasing the high calcium fly ash content and
sintering temperature. The ceramic samples without fly ash
addition (PSW-FAOQ) changed to a brown color after sinter-
ing at 1200°C. Whereas, the increasing fly ash content in
ceramic body resulted in a more reddish-brown color and be-
came dark for the sample of PSW-FA sintered at a higher
temperature. This was due to the increase of Fe,O; content in
the ceramic matrix [22-23].

PSW-FA10 PSW-FA20 PSW-FA30 PSW-FA40,

1000°C

.

1050°C

1100°C

1150°C

1200°C

Color changing of ceramic-(0—40wt%)FA samples at
different temperatures from 1000 to 1200°C.

Fig. 4.

In this study, the ceramic-(0—40wt%)FA samples were
successfully prepared at the temperature range of 1000—
1200°C. The influence on physical properties of sintering

temperature and the replacement of K-feldspar with high-cal-
cium fly ash (0-40wt%) were investigated. The linear
shrinkage, bulk density, open porosity, and water absorption
are shown in Fig. 5(a)~(d). Fig. 5(a) illustrates the linear
shrinkage of ceramic-fly ash samples as a function of sinter-
ing temperature. The maximum value of linear shrinkage was
7.6%—-11.9% obtained at 1200°C. It can be observed that the
linear shrinkage of samples was significantly affected due to
the replacement of feldspar by fly ash. The addition of fly ash
in high content (20wt%—40wt%) decreased the shrinkage
considerably at temperature up to 1150°C. This expansion
might be due to the decomposition of CaSO, from fly ash
compositions at high temperatures which generates sulfur di-
oxide gas (SO,) as shown in Eq. (1) [19,24]. Therefore,
CaSO, compounds cannot detected in the PSW-FA speci-
mens at high sintering temperature as shown in the XRD res-
ults (section 3.2.2). In this case, CaSO, contained in fly ash
acted as a foaming agent to produce the coalescent pores in-
side ceramic bodies during sintering process. Additionally,
another possible reason of this expansion could be resulted
from either the expansion of O, generated from the trans-
formation of Fe,0; to Fe;O, or the expansion of gas en-
trapped into the close pore at high temperature (~1200°C)
[17,19,25-26].

~1100-1200°C

CaSOy, Ca0+S0, 7T +0.50, 7 (1)

The evolution of the bulk density with sintering temperat-
ure ceramic-fly ash samples is displayed in Fig. 5(b). The
results indicated that the densification of ceramic-FA
samples increased significantly with raised sintering temper-
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open porosity, and (d) water absorption.

atures, and reached a maximum value of 2.06-2.44 g/cm’ at
1200°C. It can be noted that the increase of sintering temper-
ature contributed to accelerating the further generation of the
liquid phase, which can fill the pore, leading to a reduction of
porosity in the samples and promotion of densification
[24,27]. The bulk density reached to 2.38-2.43 g/cm’ at
1200°C as the fly ash content increased to 10wt%—30wt%
(PSW-FA10, PSW-FA20, and PSW-FA30), which is con-
sistent with that of the reference samples (PSW-FAO, 2.44
g/cm’) and dense porcelain tiles (2.3-2.5 g/em’) [28-29]. It
indicated that the appropriate amount of high calcium-fly ash,
with the presence of calcium oxide and ferric oxide, im-
proved the densification of samples. According to the liquid
formation during the sintering process, these alkaline metal
oxides in fly ash enhanced the generation of low melting li-
quid phase, leading to the improvement of densification of
samples [24]. However, the addition of higher fly ash
(40wt%) influenced significantly in the decrease of bulk
density at temperature range of 1100-1200°C. This may be
due to the higher level of porosity generating from the gas
evolving inside the ceramic-FA samples, which corresponds
to the open porosity values.

Fig. 5(c) shows the open porosity of ceramic-fly ash
samples as a function of temperature, where the porosity of
the ceramic-FA samples decreased as the sintering temperat-
ure increased. The open porosity drastically decreased after
sintering at 1100°C for all samples. The lowest porosity was
0.06%—0.08% for PSW-FA(10)—30) sintered at 1200°C. The
result indicated that the substitution of fly ash containing
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Physical properties of ceramic-(0—40wt% FA)samples at different temperatures: (a) linear shrinkage, (b) bulk density, (c)

CaO in an appropriate amount improved the densification de-
gree of ceramic-FA products by increasing the viscous flow
into the inter-granular pores at high temperature. Con-
sequently, the smaller pore size or/and lower porosity were
obtained. This result corresponded with the findings of a pre-
vious work reported by Hossian et al. [23], who investigated
the replacement of K-feldspar by silt and wollastonite and
found that the apparent porosity reduced significantly to
0.45% when adding 20wt% silt and 30wt% wollastonite at
1130°C. They suggested that a high quantity of CaO in a
wollastonite composition aided the densification by improv-
ing viscous flow. As a result, the pore size considerably
shrank and the packing of samples effectively increased lead-
ing to higher density and lower porosity.

In terms of the water absorption as shown Fig. 5(d), these
values were less than 5% for PSW-FA(0)—(20) samples
sintered at 1150°C. At a higher temperature of 1200°C, the
water absorption of PSW-FA(10)—~(30) continuously dropped
to 0.03%, which is lower than the ISO 13006 standards (<
0.5wt%) [30]. Whereas the clay-based product (PSW-FAOQ)
showed a slightly higher water adsorption value of 0.06%.
Unfortunately, the addition of fly ash up to 40wt% (PSW-
FAA40) resulted in the increase of water absorption at 7.23%
at a high temperature (1200°C). This result indicated that the
excessive alkali metal oxide in fly ash and the heat treatment
of ceramic-FA samples caused an overfiring effect [17,29].
This phenomenon resulted from high proportion of alkaline
earth oxide (i.e., CaO, K,0) and ferruginous oxide constitu-
ents found in ceramic mixtures containing high content of fly
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ash. Generally, these components promoted the vitrification
behavior of ceramic samples. In case of CaO component, it
acted as a modifier of slilicate networks. The Ca*" ions can
diffuse into the liquid phase and therefore, promote the de-
polymerization of silicate networks leading to lowering the
viscosity of the liquid phase [25,31]. As a result, the densific-
ation was enhanced by liquid phase formation at optimum fly
ash content and sintering temperature. However, the excess-
ive fluxing agents with high temperature beyond vitrification
(apparent porosity < 0.5%), the open pore of ceramic samples
became to zero, whilst the close porosity increased consider-
ably leading to bloating. The reason of bloating may come
from the expansion of gases trapped inside the close pores at
high temperature. In this work, therefore, the increase of wa-
ter absorption rate resulted from more porosity generating in-
side the ceramic body can be observed for PSW-FA40
sample, which is consistent with the increase in the open

porosity as shown in Fig. 5(c) [17,26]. i(l)g | = FAO = FA10 = FA20 = FA30 = FA40
The flexural strength of ceramic-(0—40wt%)FA speci- 90 |
mens sintered at 1000-1200°C is displayed in Fig. 6. The § 80 |
flexural strength of ceramic-(0—40wt%) FA specimens was a = 70t
function of the sintering temperature. At 1150°C, the flexur- 2 60 -55013006 ceramic tile:
o exural strength > 35 MPa
al strength of ceramic containing fly ash (10wt%—20wt%) % 50 [(Group Bla)
was higher (70.92-87.62 MPa) than that of the ceramic g 40
sample (PSW-FAO, 67.36 MPa). This result agreed well with = 301
the findings of Dana et al. [16], who studied the influence of 20F
fly ash on porcelain composition by replacing quartz. They 10y

reported that the strength of Swt%—15wt% fly ash containing
samples (35—65 MPa) was found to be greater than that of the
reference batch (25-45 MPa) at high temperature, 1150—
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1250°C. They also suggested that the higher strength resul-
ted from the formation of a large amount of low silica glass in
the presence of fluxing components including CaO, Fe,O;,
K0, and Na,O facilitating a more abundant mullite forma-
tion. It was also confirmed that the fly ash addition with high
CaO content contributed to promote a more effective densi-
fication of the ceramic samples, and consequently a higher
flexural strength was obtained [32]. When increasing tem-
perature up to 1200°C, the maximum flexural strength of
ceramic-FA samples with adding fly ash 10wt%—30wt% was
obtained in the range of 92.25-94.71 MPa. Based on ISO
13006 (1998), ceramic-(10wt%—40wt%)FA samples sintered
at 1150-1200°C can be classified as an absorption group B
(pressed), because their water absorption and strength values
fitted into this classification, as shown in Table 3.

1000 1050 1100 1150 1200
Temperature / °C

Fig. 6. Flexural strength of ceramic-FA specimens.

Table 3. Classification and properties of ceramic-FA samples

No. Samples Fly ash / wt% Sintering temperature / °C Water adsorption / % Flexural strength / MPa
PSW-FA10 10 1200 0.03 94.71
Group Bla PSW-FA20 20 1200 0.03 92.25
PSW-FA30 30 1200 0.03 94.07
Group BIb PSW-FA10 10 1150 0.62 87.62
Group Blla PSW-FA20 20 1150 3.43 70.92
Group BIIb PSW-FA40 40 1200 7.23 65.63
Group BIII PSW-FA30 30 1150 11.70 56.33
PSW-FA40 40 1150 17.97 45.67

3.2.2. Phase analysis and microstructure

Phase compositions and microstructure characteristics of
samples are considered as important parameters involving
both physical and mechanical properties. The influence of
sintering temperature on the difference of phase composi-
tions of ceramic containing fly ash specimens is exhibited in
Table 4 and Fig. 7(a). At lower temperature (1000-1050°C),
the crystalline phases of fly ash derived ceramic samples
were mainly quartz (SiO,, JCPDS: 00-046-1045) and
anorthite (CaAlLSi,Os, JCPDS: 00-041-1481) with small
amount of calcium sulphate (anhydrite (CaSO,4), JCPDS: 00-
037-1496). With increasing the sintering temperature (1100—
1200°C), the quartz phase decreased significantly, while the

intensity of anorthite increased gradually. The mullite con-
tent (3A1,05-2Si0,, JCPDS: 00-019-0776) increased with the
temperature for the samples with fly ash content of
(10-30)wt%, while the reduction of mullite content was ob-
served at the sample containing high fly ash content of
40wt% (PSW-FA40). As illustrated in Table 4 and Fig. 7(a),
the calcium sulphate disappeared at the temperature above
1050°C, due to the CaSO, decomposition leading to the ex-
pansion of gas entrapped into the close pore at high temperat-
ure as mentioned in section 3.2.1.

Fig. 7(b) shows the X-ray diffraction patterns of the
samples with different fly ash addition (0-40wt%) sintered at
1200°C. It was found that the crystalline phases of the fly
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Table 4. Phase analysis of selected PSW-FA samples sintered at 1000-1200°C

Crystallinity / wt%
Sample Temperature / °C . - - Amorphous / wt%
Quartz Anorthite Anhydrite Mullite
1000 41.0 8.4 2.2 — 484
1050 41.5 11.8 0.7 — 459
PSW-FA10 1100 31.8 10.7 — 7.8 49.8
1150 28.6 11.6 — 9.0 50.7
1200 28.4 9.4 — 12.8 493
1000 31.3 26.7 1.9 — 40.2
1050 254 28.2 2.2 — 442
PSW-FA20 1100 19.9 31.4 — 6.4 4222
1150 9.1 394 — 5.0 46.5
1200 6.6 30.1 — 12.0 51.3
1000 332 13.9 2.7 — 50.2
1050 33.9 13.5 2.0 — 50.6
PSW-FA30 1100 24.8 24.9 — 8.2 42.1
1150 14.8 329 — 8.7 43.7
1200 13.3 26.5 — 11.8 48.4
1000 27.9 23.6 7.1 — 46.5
1050 21.7 34.6 1.5 — 42.2
PSW-FA40 1100 16.0 34.8 — 5.5 43.7
1150 9.0 43.7 — 34 44.0
1200 3.2 50.9 — 4.5 41.4
(a) QQuartz A Anorthite (b) Q Quartz M Mullite A Anorthite
M Mullite O Anhydrite A
Q 1200°C Q0,0
22 8 MMM o o o | S, MM Q Q  FA40
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Fig. 7. XRD patterns of samples: (a) PSW-30FA samples sintered at 1000-1200°C and (b) PSW-FA samples with different fly ash

contents (0—40wt%) sintered at 1200°C.

ash-free ceramic samples (PSW-FAOQ) consisted of quartz
(SiO,, JCPDS: 00-046-1045) and mullite (3AL,0;2Si0,,
JCPDS: 00-019-0776), which was generally found at a high-
er sintering temperature (1200-1300°C). The formation of
mullite led to the improvement of densification and strength
of samples. Meanwhile, the crystalline phases detected in the
ceramic-(10wt%—40wt%)FA  samples were anorthite
(CaAl,Si,04, JCPDS: 00-041-1481), quartz, and mullite. The
formation of anorthite might be due to the reaction between
metakaolinite (Al,O;-2Si0,) in the clay composition with
CaO species in the fly ash, according to Eq. (2) [32].

3A1,05 - 2Si0; +4Si0, + 3Ca0 — 3[Ca0 - AL,O5 - 2Si0;,]
2
As a result, the incorporation of fly ash 40wt% resulted in
the reduction of quartz and consequently, the formation of

anorthite increased significantly. Moreover, the higher pro-
portion of mullite was observed because of the high amount
of alkaline and alkaline earth oxide in fly ash (i.e., CaO, K,0O,
Na,O, and MgO) facilitating the crystallization of mullite
[33-34].

Fig. 8 shows the SEM micrographs of samples with dif-
ferent fly ash contents in the range of 0-40wt% sintered at
1200°C. The SEM examination confirmed the change in
porosity of sintered ceramic samples was due to addition of
fly ash. A denser structure and a uniform micro-pore distri-
bution were distinctly observed in the sample PSW-FAOQ. The
increase of fly ash content in the range of 10wt%—-30wt%
promoted a high quantity of liquid phase during the sintering
process, which can easily fill up the open pores [16,33].
Therefore, the samples with 10wt%—30wt% had a sintered
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microstructure and appeared as isolated pores with a size of
5-20 um. However, the higher proportion of porosity was
found on the fracture surface of the ceramic sample with
40wt% fly ash. This porosity may be due to the evolution of
gas from the inorganic decomposition reactions inside the
ceramic-FA samples. This high porosity was consistent with
the increase in water absorption and the decrease in strength

Int. J. Miner. Metall. Mater., Vol. 29, No. 8, Aug. 2022

as mentioned above (section 3.2.1). In addition, Fig. 9 exhib-
its well-formed needle-shaped secondary mullite forming a
network distributed throughout the sample PSW-FA10 and
PSW-FA30 [34]. SEM—-EDS analysis indicated that the ele-
ments of needle-like mullite crystals mainly consisted of Si
and Al with small amounts of fluxing elements such as Ca,
Fe, and K.

Fig. 8. SEM micrographs of the ceramic-(0—40wt%)FA samples after sintered at 1200°C: (a) PSW-FAO0, (b) PSW-FA10, (c) PSW-

FA20, (d) PSW-FA30, and (¢) PSW-FA40.

During sintering process, high proportion of alkaline earth
oxides (i.e., CaO, Na,O, K,0) in fly ash can function as a
modifier of slilicate networks to decrease the viscosity of the
liquid phase leading to the increase in the mass transfer rate.
Meanwhile, the presence of Fe*" promoted the formation of
mullite from the glassy phase by replacing AI’" in its struc-
ture [16-17]. Thus, the primary mullite can be initially
formed at temperature around 1100°C [35], while the growth
of secondary mullite can be described on the enhanced form-
ation and lower melting point of glassy phase, allowing dis-
solution—reprecipitation in the glass at lower sintering tem-
perature ~1200°C [36-37]. The formation of the needle-
shaped mullite at the lower temperature (1200°C) has been
reported by Dana et al. [16], who confirmed that mullite
formation can be observed at the low temperature (1150—
1200°C) for ceramic containing fly ash (Swt%—10wt%). Ad-
ditionally, ceramic containing fly ash bodies with lower
quartz content and higher alkaline species (i.e., CaO, Fe,0;,
Na,O). Meanwhile, Mukhopadhyay et al. [17] suggested that
the formation of needle-shaped secondary mullite can be
found throughout the ceramic-(25wt%—30wt%)FA samples
sintered at the temperature of 1250°C. The interlocking and
uniform distribution of these secondary mullite needles in the
glassy matrix contributed to promoting the flexural strength.
Thus, these high levels of mullite crystals in the matrix con-
tributed toward the development of the flexural strength re-

markably, reaching a maximum value of 94.07-94.71 MPa at
1200°C.
3.2.3. Thermal property

Fig. 10 shows the effect of fly ash content in the range
0—-40wt% and sintering temperature (1000-1200°C) on
thermal conductivity. The thermal conductivity of the fly ash
containing ceramic samples is strongly influenced by the fir-
ing temperature. A rise of the sintering temperature in-
creased the thermal conductivity of the ceramic-FA samples.
Zhang et al. [38] suggested that the high temperature could
reduce the level of porosity inside the sample and then im-
prove the densification, which directly affect the thermal
conductivity. As a result, the thermal conductivity of samples
with 10wt%—40wt% fly ash contents at 1150°C, 0.66—1.25
W-m "K' showed quite lower values compared to that of
samples with 10wt%—40wt% fly ash contents at 1200°C,
0.86-1.28 W-m"-K™'. Meanwhile, the thermal conductivity
significantly decreased with the increase in fly ash addition,
due to the higher levels of porosity created by gas evolving
from the inorganic decomposition reactions inside the ceram-
ic-FA samples. In terms of thermal insulation materials, the
addition of 20wt%—40wt% high-calcium fly ash in the
ceramic samples sintered at 1150°C reduced the thermal con-
ductivity to 14.78%49.25%, while maintaining superior
flexural strength values (~45.67-87.62 MPa) as shown in
Fig. 11. Based on these promising mechanical and thermal
characteristics, it is feasible to utilize high-calcium fly ash as
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Fig. 9. SEM micrographs and EDS analysis of the ceramic-FA samples sintered at 1200°C: (a) PSW-FA10, (b) PSW-FA20, (¢)
PSW-FA30, and (d) PSW-FA40.

an alternative and a low-cost raw material in clay composi- onmental impact associated with the disposal of high-calci-
tions for ceramic tiles manufacturing and preventing envir- um fly ash.
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Fig. 11. Thermal conductivity and strength of the ceramic-
(0—40wt%)FA samples after sintered at 1150-1200°C.

4. Conclusion

Ceramic samples containing fly ash were successfully pre-
pared by adding high calcium fly ash in the proportion of
10wt%—40wt% sintered at 1000-1200°C. The replacement
of K-feldspar with high-calcium fly ash (10wt%—40wt%) in-
fluenced the physical, mechanical, and thermal properties of
the clay-based ceramic compositions. The incorporation of
fly ash in appropriate amounts could enhance the densifica-
tion and the strength of samples. The presence of fluxing
components in fly ash, particularly CaO and Fe,0;, facilitat-
ing a more abundant mullite formation and consequently im-
proving flexural strength of ceramic samples. The samples
with 10wt%—-40wt% fly ash sintered at 1150-1200°C could
fulfill the ISO standard and offered high flexural strength in
the range of 45.67-94.71 MPa. The optimum ceramic prop-
erties were achieved with adding fly ash content between
10wt%—30wt% sintered at 1150-1200°C. At 1200°C, the
maximum flexural strength of ceramic-FA samples with
adding fly ash 10wt%—30wt% was obtained in the range of
92.25-94.71 MPa, when the water absorption had almost
reached zero (0.03%). In terms of the property of thermal
conductivity, the addition of 20wt%—40wt% high-calcium fly
ash in ceramic samples sintered at 1150°C reduced the
thermal conductivity to 14.78%—49.25%, while maintaining
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an acceptable flexural strength values (~45.67-87.62 MPa).
Based on these superior mechanical and thermal character-
istics, it is feasible to utilize high-calcium fly ash as an altern-
ative raw material in clay compositions for ceramic tiles
manufacturing and preventing environmental impacts associ-
ated with the disposal of high-calcium fly ash.
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