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Fly ash-based frit as a sintering aid for ceramic body
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alumosilicate ceramics. However, direct use of fly ash reveals obstacles such as high porosity, black core,

cracking, and swelling. This work synthesized frit by melting a mixture of fly ash, quartz, limestone, and

soda. TG-DSC analysis showed that the glass transition point of the frit occurs at approximately 600

degrees Celsius. Ceramic bodies from raw mixes containing various frit amounts were prepared and

characterized. The results showed that with 4% being frit, the firing temperature could be reduced by 30

degrees Celsius, along with decreased water absorption and increased flexural strength. Besides, no

swelling, cracks, or black cores occur. These observations indicate that fly ash-based frit is viable a

sintering aid in ceramic production.

1. Introduction

Fly ash is the solid residue from coal combustion, characterized
by high SiO, and Al,O; contents. Most of the generated fly ash is used
in construction worldwide, mainly as a pozzolan additive for concrete
and cement, mine backfill, and reclamation of low-lying areas [1, 2].
However, for safety reasons, fly ash containing high levels of CaO and
unburnt carbon is not suitable as a pozzolanic additive for building
materials [3]. As a result, a large amount of fly ash remains in storage
sites, causing environmental concerns such as wind-blown dust [4]
and heavy metal release into surface water and groundwater [5, 6].

Ongoing attempts focus on utilizing fly ash as a raw material in
other applications with a higher added value, such as toxic flue gas
absorbents [7, 8], industrial wastewater treatment [9-11], and raw
material for bricks [12, 13], tiles [14, 15], refractory materials [16,
171, glass [18, 19], and glass ceramics [20, 21]. However, when using
fly ash as a raw material for bricks and tiles, there are apparent
defects that should be addressed, including black cores, swelling,
cracking, and low bulk density [22, 23].

Table 1. Raw materials chemical composition.

Studies on waste co-treatment in brick and tile production show
that waste glass can reduce the sintering temperature while improving
the product's physical properties [24, 25]. This approach motivates the
present study to synthesize glass from fly ash by the frit manufacturing

technique and use it as a flux for ceramic tile.

2. Methodology

This work used fly ash, quartz, limestone, soda ash, clay, kaolin,
and feldspar as raw materials for frit and ceramic bodies. Their
chemical compositions are shown in Table 1. The frit was synthesized
from fly ash (46.9 wt.%), limestone (22.8 wt.%), quartz (14.9 wt%),
and soda (15.5 wt.%). In each batch, 100 g of the powdered raw mix
was fed into high alumina crucibles and melted at 1450 °C. After 30
minutes of holding at this temperature, the molten product was
poured into a water bath to form frit. The glass transition temperature
of the frit was determined by TG-DSC thermal analysis with a heating

rate of 10 °C/min in the air on a Setaram Labsys Evo instrument.

Material Chemical composition (wt. %)
Si0, Al,04 Fe,0, Ca0 MgO K,0 Na,O TiO, LOI

Fly ash” 52.16 23.65 5.97 1.94 1.09 3.30 0.19 0.91 9.46
Quartz 98.4 0.71 0.14 0.03 0.00 0.15 0.00 0.00 0.36
Limestone 0.11 0.31 0.01 52.53 0.43 0.00 0.00 0.00 41.27
Soda 0.05 0.05 0.00 0.08 0.00 0.00 56.55 0.00 36.3
Clay 60.5 20.07 6.04 0.21 0.85 2.63 0.33 0.9 6.73
Raw kaolin 58.06 24.6 3.72 0.28 0.35 1.77 0.24 0.89 8.5
Feldspar 74.68 14.36 0.17 0.35 0.4 6.12 2.38 0.03 1.14

“The fly ash is collected from Mong Duong I power plant, Vietnam.
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The raw mixes of ceramic bodies comprise clay (45%), kaolin
(44%), felspar (11 — 1%), and frit (O — 10%), as presented in Table 2.
They are labeled as FO, F2, F4, F6, F8, and F10, with the digits
representing the weight percent of frit. Sample FO sintered at 1170 °C
is taken as the reference. The raw mix was ground in a ball mill until
passing the openings of a 0.063 mm sieve and then dried to a constant
weight. The dried samples were cooled to room temperature, pounded
until passing the openings of a 1.0 mm sieve, mixed with 5% water,
and incubated in sealed plastic bags for 24 hours to distribute their
moisture content evenly before forming into 101,2 x 20,5 x 11 mm
bars. They were dried at 110 °C for at least 4 hours before firing in an
electric furnace at 1170, 1150, and 1140 °C. The heating rate of the
furnace was 10 °C/min. The samples were held at the sintering
temperature for five minutes before being cooled naturally. The
crystalline phases of the obtained ceramic bodies were characterized

on a Brucker D2 Phaser X-ray diffractometer.

Table 2. Ratio (wt.%) of materials in the ceramic raw mixes.

Sample label | Clay Kaolin Feldspar Frit
FO 45 44 11 0
F2 45 44 9 2
F4 45 44 7 4
F6 45 44 5 6
F8 45 44 3 8
F10 45 44 1 10

3. Results and Discussion

Differential scanning calorimetry (DSC) shows the glass
transition point (T,) at approximately 600 °C (Figure 1). Following
this transition is crystallization, represented by an exothermic peak at
634 °C. However, due to the dominance of melting, this exothermic
peak is relatively small, and a deep heat absorption due to melting
was evident at 767 °C. Along with heat absorption, possible oxidation
of ferrous oxide causes a continuous increase in weight between 400 —
800 °C. These observations suggest that the frit might be an effective
flux for liquid sintering.

Two crystalline phases, quartz (PDF # 96-900-9667 ) and
mullite (PDF # 96-900-5503), are evident in all of the sintered
ceramic samples (Figure 2 and Figure 3). X-ray diffraction analysis
on samples sintered at 1170 °C showed that the crystallinity of
quartz decreases with increasing frit content, indicated by a decrease
in diffraction intensity. In addition, the amount of amorphous phase
also increased with frit content, as indicated by the increase of
diffraction peak tails height in the range of 2-theta below 40
degrees. These observations suggest that the frit had provided an
additional liquid phase content during the sintering and caused
partial melting of quartz. Frit does not seem to affect the

crystallinity of the mullite phase.
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Figure 1. TG-DSC analysis of fly ash-based frit.

X-ray diffraction patterns of samples with four weight percent
being frit (F4) are shown in Figure 3. As the sintering temperature
decreases from 1170 °C to 1140 °C, there is an increase in the
crystallinity of quartz and a decrease in the diffraction peak tails
height, indicating a reduction in the liquid phase content during

sintering.
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Figure 2. X-ray diffraction patterns of the ceramic bodies with

different frit content.
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Figure 3. X-ray diffraction patterns of F4 sintered at 1140, 1150, and

1170 °C.
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Notably, no black core, crack, or swelling was found in all the
studied ceramic samples. In addition, the porosity of the frit-added
samples is comparable and even lower than that of the reference (FO,
sintered at 1700 C)

Frit positively affects the physical properties of the sintered
ceramic samples. As presented in Figure 3, the 1170 °C-sintered series
exhibits a decrease in the water absorption and apparent porosity and
an increase in the flexural strength as the frit content increase from 2
to 8%. The turning point of this trend occurred at the frit content of
8%, above which the flexural strength decreases even though a
decrease in water absorption and apparent porosity is evident. The
excessive glass phase in the sintered sample, suggested by X-ray
analysis, explains this phenomenon.

Observation from the 1170 °C-sintered series suggests that it is
possible to reduce the sintering temperature with frit addition. For the
1140 and 1150 °C-sintered series, with 2% of the raw mix being frit, a
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significant decrease in water absorption and porosity was observed,
but no improvement in flexural strength was seen. For the 1150 °C-
sintered series, the flexural strengths of F4 (52.4 MPa), F6 (60.2 MPa),
and F10 (59.2 MPa) are comparable to that of the reference (54.2
MPa), while flexural strength of F8 is 12 MPa higher than that of the
reference. For the 1140 °C- sintered series, the flexural strengths of F6
(51.2 MPa), F8 (57.7 MPa), and F10 (55.3 MPa) are compared to that
of the reference. The abnormality of F10 is explained by a greater
amount of the glass phase caused by excessive flux. Besides, there
might be a co-existence of closed pore openings under pressure and
high liquid phase viscosity at a low sintering temperature, making
pore filling difficult.

Fly ash-based frit melting process consumes heat, but in return,
it provides an ability to reduce the sintering temperature of ceramic
tiles by 20-30 °C at low frit contents. This possibility of reducing

sintering temperature offers an effective solution for fly ash recycling.

Water absorption, wt.%

Frit content (wt.%)

80
70
60
50
40 —0— 1170

30 + e 1150

Flexural strength, MPa

20 e 1140

10 4

0 T T T T ]
0 2 4 6 8 10

Frit content (wt.%)

Figure 4. Physical properties of ceramic samples sintered at 1400, 1500, and 1700 °C.

4. Conclusion

Fly ash-based glass prepared by the frit synthesis technique has

a glass transition point of approximately 600 degrees C. It behaves as

an effective sintering aid for ceramic tile without creating black cores,
swelling, or cracking. The synthesis of frit is energy-consuming.
However, adding 4-6 wt % frit to ceramic tile raw mix makes it

possible to reduce the sintering temperature by 20-300C while
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maintaining the flexural strength above 40 MPa. Detail calculations on

the heat balance between frit synthesis and ceramic tile sintering are

needed to promote fly ash-based frit as a ceramic sintering aid.
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