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Abstract

This research aims to study the modification of fly ash mixed with Dan Kwian clay, dolomite,
feldspar, and kaolin for ceramic production. A triaxial blend model was chosen to design raw
material content. Firing shrinkage, water absorption, and Rockwell hardness were applied for
the specimen test. The incompatibility of mixed raw material illustrated the cracking, breaking,
and deformation including the melting of specimens after the firing process. The tendency of
firing shrinkage increases whereas water absorption decreases at higher temperatures. The
reasonable mixed raw material obtaining dolomite, Dan Kwian clay, and fly ash of 60 wt%, 20
wt%, and 20 wt%, respectively, calcined at 1,200 °C served the stable firing shrinkage,
relatively low water absorption, and the highest Rockwell hardness. The product of the ceramic
plant pot fabricated as the preliminary test with the recommended condition demonstrated a
satisfying smooth surface, strength, and shininess.

Keywords: Fly ash, Dan Kwian clay, Triaxial blend model, Firing shrinkage, Water absorption,
Rockwell hardness

1. Introduction

Throughout the world, much research is being proceeded on the benefit of waste products to
either avoid an expanding toxic threat to the environment or to streamline present waste
handling techniques by making them rather affordable [1]. Since broad-scale coal firing for
power generation began in the 1920s, abundant millions of tons of ash and related by-products
have been generated [2,3]. The quantity of fly ash (coal waste), released by manufacturing and
thermal power plants has been increasing throughout the world, and the displacement of a large
amount of fly ash (waste material) has become a serious environmental problem [2,3].
Meantime, the present annual production of coal ash worldwide is estimated at 600 million
tonnes, with fly ash constituting around 500 million tonnes at 75-80% of the total ash produced
[4]. A considerable quantity of ash is still ridden in landfills and/or lagoons at a significant cost
to the utilizing companies and thus to the consumers, while the world utilization of ash is only
16% of the total ash [2]. Nowadays, finding means of utilizing fly ash is an extremely important
field of research. In Thailand, Mae Moh coal-fired power plant (Lampang province, Thailand)
mostly generated lignite fly ash [5], which is output between 3.0 to 3.5 million tons of fly ash
per year and 1.5 to 2.0 million tons of bottom ash per year [6]. Fly ash is known to be used to
replace Portland cement to decrease production costs and increase product properties, but it is
not very helpful. Notwithstanding, normal chemical compositions of fly ash contain quartz
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(Si203), anorthite (CaAl2Si20s), hematite (Fe20s3), etc., which are similar to raw materials of
ceramic tile [7]. At the same time, the ceramics industry employs clay in the manufacture of
bricks, generic ceramics, glass, heavy clay products, aggregates, tiles, and refractory products
[8]. Dan Kwian clay is one famous clay for the household ceramic industry at Nakhon
Ratchasima (Thailand) because it is simple to fabricate, and firing resistant, providing unique
beauty derived from the nature of iron or iron rust in Dan Kwian clay [9].

In this work, the study of fly ash mixing with Dan Kwian clay, dolomite, feldspar, and kaolin
is presented. Three factors containing three raw materials were designed through the triaxial
blend model. Firing shrinkage, water absorption, and Rockwell hardness were chosen to test
the physical property of specimens. The chemical compositions in the best composition
condition were analyzed and offered to fabricate the ceramic plant pot as a prelim product
ahead of recommending it to the ceramic industry.

2. Raw materials and methods

The raw materials with the chemical contents used in this work were inferior dolomite
(CaMg(CO0:s)2), feldspar (KAISizOg- NaAlSizOs- CaAl.Si>0s) [10], kaolin (Al2Si2Os (OH)a4),
Dan Kwian clay (75wt%SiO2-16Wt%Al>03-5wt%Fe.03-1wt%K,0) [11], and fly ash
(41wt%Si02-20wt%Al203-14wt%Fe,03-11wt%CaO-6wt%MgO-4wt%NaO-other
chemicals) [12]. Dan Kwian clay was provided by Mitdinpow Ceramic, Dan Kwian subdistrict,
Chok Chai District, Nakhon Ratchasima (Thailand). Fly ash was supplied by Mae Moh coal-
fired power plant, Mae Moh district, Lampang (Thailand). Dolomite, feldspar, kaolin, and clear
glaze in the technical grade were bought by Compound Clay Co. Ltd.

The weight percentage of specimens is divided into 3 factors using a triaxial blend model as
demonstrated in Figure 1 (Factor 1 including dolomite, Dan Kwian clay, and fly ash, factor 2
consisting of feldspar, Dan Kwian clay, and fly ash, and factor 3 comprising kaolin, Dan Kwian
clay, and fly ash. The preparation process is shown in Figure 2. Dan Kwian clay was dried
under sunlight for about 8 h and crushed to powder. The crushed Dan Kwian clay was soaked
in water overnight and then stirred until the solution becomes homogenous, the aging process
proceeded for 12 h. The prepared Dan Kwian clay powder was blended with feldspar, kaolin,
or fly ash employing suitable water according to each factor and a triaxial blend. The blended
materials were homogeneously stirred. Thirty-six specimens for each factor were formed using
the plaster molding with a width of 2 mm, length of 12 mm, and height of 1.5 cm. Specimens
were calcined at 800 °C and 1,200 °C (each temperature consisting of 108 specimens from 3
factors) for 6 h with a heating rat at 5 °C/min.
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Figure 1 Triaxial graph representing the weight percent of the solution composition
with different factors.

‘ Drying Dan Kwian clay ‘

| Crushing Dan Kwian clay to powder ‘

‘ Soaking Dan Kwian clay powder with water for overnight ‘

‘ Stirring Dan Kwian clay powder until homogenous ‘

‘ Aging for overnight ‘

| Filtering and drying ‘

| Blending with other raw material using the reasonable water ‘

‘ Formation and calcination at 800 °C and 1200 -C ‘

Figure 2 Preparation of Dan Kwian clay for blending with other raw materials.

After calcination, the remained specimens (without deformation, melting, or broken to powder
during the calcination procedure) were then tested to obtain the firing technological properties
related to the firing shrinkage, water absorption, and Rockwell hardness. The firing shrinkage
(ASTM C 326) was obtained by the length of the samples before (L) and after (L,) the calcine
stage and were calculated with equation (1).
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Firing shrinkage (%) = LBL;LA (1)
B

The water absorption was calculated for each specimen, using the formula in Equation (2),
according to ISO 10545-3.

W, _W;

o @
Where W is the weight of the dry specimen, W, is the weight of the wet specimen.

Rockwell hardness measurement was performed with an HR-150A (Laizhou Exp., Shandong,
China), and this was carried out under ASTM E18 standard test method. The chemical
compositions of the promising condition were obtained using an energy-dispersive X-ray
fluorescence (EDXRF; EDAX Smart Insight, ORBIS PC, NJ, USA). The selected composition
condition was molded to be the ceramic plant pot via wheel throwing.

3. Results and discussions

Water absorption (%) =

According to the calcination of specimens before physical tests, most specimens cracked or
broken to powder during the firing process, especially at 800 °C. This result may be due to the
inappropriate raw material composition. The deformation or melting of specimens mostly
occurs at 1,200 °C because some raw material (feldspar) can reduce the transformation
temperature resulting in the deformation of specimens at a low temperature [13]. The
percentage of firing shrinkage with the different factors calcined at 800°C is listed in Table 1.
As seen in Table 1, factors 1 and 2 demonstrated the firing shrinkage lower than that of factor
3. The higher firing shrinkage was remarked in factor 3 due to the dehydroxylation process of
the kaolin. [14]. However, the negative percent firing shrinkage shown with some specimens
owing to the enlargement of mixed material during to calcination process, and the phase
transformation of the different chemical compositions [15]. The zero percent firing shrinkage
can be observed in specimens no. 5, 7, 8, 11, 12, 13, and 14 for factor 1 and specimens no. 12
and 13 for factor 2. These results suggested that the raw material content provides compatibility
with their chemical composition.

Table 1 The percentage of firing shrinkage with the different factors calcined at 800°C

No. Firing shrinkage (%) at 800 °C No. Firing shrinkage (%) at 800 °C
Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3
1 1 -10 3 19 1 1 3
2 n.d.* -7 3 20 n.d.* 1 3
3 n.d.* -9 3 21 n.d.* n.d.* 3
4 1 -6 3 22 1 2 3
5 0 -2 3 23 1 2 3
6 n.d.* 1 3 24 3 1 3
7 0 1 4 25 1 1 4
8 0 1 3 26 1 1 3
9 n.d.* 1 3 27 n.d.* n.d.* 3
10 n.d.* 1 3 28 n.d.* n.d.* 3
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11 0 1 5 29 2 2 5
12 0 0 3 30 2 1 3
13 0 0 3 31 1 2 3
14 0 1 5 32 1 1 5
15 nd>* n.d.* 3 33 1 2 3
16 1 1 4 34 1 n.d.* 4
17 2 2 3 35 -1 n.d.* 3
18 2 1 3 36 -2 n.d.* 3

n.d.* (Not detected): specimens are cracked or become powder during the calcination
procedure.

Table 2 presents the compositions of specimens in terms of the different factors and the
measured values for firing shrinkage at 1,200 °C. As illustrated in Table 2, only factors 1 and
3 provided the firing shrinkage data, whereas all specimens in factor 2 are melted or deformed.
The mixed feldspar in the composition of specimens caused the melting of specimens in factor
2 because the chemical composition of feldspar acts as a sintering aid promoting the firing
process at a lower temperature [16]. The higher firing shrinkage can observe in factor 3 while
some specimens disclose the lower and negative firing shrinkage (the explanation as above
mentioned). Nevertheless, specimens no. 5, 7, and 13 in factor 1 remained a zero firing
shrinkage compared to the calcination at 800 °C.

Table 2 The percentage of firing shrinkage with the different factors calcined at 1,200 °C

No. Firing shrinkage (%) at 1,200 °C No. Firing shrinkage (%) at 1,200 °C
Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3

1 2 n.d.** 9 19 -1 n.d.** 7

2 0 n.d.** 9 20 -2 n.d.** 7

3 -1 n.d.** 9 21 4 n.d.** 7

4 -2 n.d.** 9 22  nd.** n.d.** 7

5 0 n.d.** 7 23 nd.** n.d.** n.d.**
6 -5 n.d.** 8 24 nd.>** n.d.** 8

7 0 n.d.** 9 25 8 n.d.** 10

8 -1 n.d.** 7 26 3 n.d.** 9

9 -2 n.d.** 6 27  nd.** n.d.** 8

10 nd** n.d.** 6 28 nd.** n.d.** 5

11 3 n.d.** 10 29 nd.** n.d.** 9

12 2 n.d.** 10 30 nd** n.d.** 11

13 0 n.d.** 6 31 nd** n.d.** n.d.**
14 -1 n.d.** 6 32 nd** n.d.** n.d.**
15  nd** n.d.** 8 33  nd** n.d.** n.d.**
16 5 n.d.** 8 34 nd** n.d.** n.d.**
17 4 n.d.** 8 35 nd** n.d.** n.d.**
18 1 n.d.** 7 36 nd** n.d.** n.d.**

n.d.**: specimens are deformed or melted during the calcination procedure.
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Table 3 demonstrates the water absorption data fired at 800 °C. As can be seen, factors 1 and
3 revealed relatively higher average water absorption (20% of factor 1 and 21% of factor 3)
whereas lower average water absorption (13%) obtaining in factor 2. This information indicates
the porosity of raw materials such as SiO, and Al>Oz contained in factors 1 and 3 resulting in
higher water absorption [17,18]. Moreover, the mixed dolomite is relatively highly absorbed
in water [19]. Meantime, feldspar may accelerate the melting point causing the decrease of
porosity in the raw material [20]. The lowest water absorption of each factor is No. 36 (10.1%),
No. 13 (10.2%), and No. 34 (14.1%) for factors 1, 2, and 3, respectively.

Table 3 The percentage of water absorption with the different factors calcined at 800 °C

No Water absorption (%) at 800 °C No Water absorption (%) at 800 °C
Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3

1 27.2 13.3 31.3 19 19 13 19.7
2 n.d.* 14.1 29.5 20 nd* 13.2 16.7
3 nd. * 12.5 31.1 21 nd* n.d.* 16

4 25.7 13.4 28.3 22 19 13.2 20.2
5 25 12.5 30.2 23 20.7 14.2 20.4
6 n.d.* 11.5 27.3 24 17.7 14.6 20.4
7 25.1 12.1 26.7 25 18 14 16.2
8 24.5 135 25.9 26 194 15.4 17.2
9 n.d.* 12.2 25.7 27 nd* n.d.* 16.1
10 nd* 10.5 24.5 28 n.d. n.d.* 15.7
11 253 10.9 22.8 29 164 14.5 17

12 239 10.2 25.5 30 16.8 14.5 16.4
13 20.9 10.2 26 31 165 13.47 17.1
14  20.6 13.4 21.1 32 16.6 n.d.* 15.6
15 nd* n.d.* 22.5 33 152 14.2 14.8
16 194 12.7 20.8 34 158 n.d.* 14.1
17 211 12.9 22 35 164 n.d.* 14.3
18 139 13.9 19.5 36 10.1 n.d.* 15.4

n.d.*: specimens are cracked or become powder during the calcination.

Table 4 presents the water absorption with the different factors calcined at 1,200 °C. As shown,
all specimens in factor 2 are deformed or melted during the firing process regarding the addition
of the sintering aid as above mention. Meanwhile, the averaged water absorption of 18% and
12% is illustrated in factors 1 and 3, respectively. Compared to the calcination of 800 °C, the
water absorption decreased on average by 2% (factor 1) and 9% (factor 3) because the phase
transformation (the densification of the body promoting partial removal of porosity) led to a
noticeable reduction in porosity of raw materials could occur at a relatively high calcination
process [21]. The lowest water absorption of each factor is No. 5 (15%) and No. 26 (0.8%) for
factors 1 and 3, respectively.
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Table 4 The percent of water absorption with the different factors calcined at 1,200 °C

No Water absorption (%) at 1,200 °C No Water absorption (%) at 1,200 °C
Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3

1 17.9 n.d.** 16.6 19 194 n.d.** 11.8

2 18.7 n.d.** 16.6 20 20.6 n.d.** 9.5

3 17.9 n.d.** 20.1 21 203 n.d.** 9.9

4 19.8 n.d.** 18.3 22  nd.** n.d.** 9

5 15 n.d.** 19.4 23 nd.** n.d.** n.d.**

6 17.7 n.d.** 20.2 24 n.d** n.d.** 5.6

7 17.9 n.d.** 15.9 25 16.6 n.d.** 1

8 175 n.d.** 16.8 26 174 n.d.** 0.8

9 18.5 n.d.** 17.1 27  n.d>** n.d.** 6.1

10 nd** n.d.** 15.1 28 n.d.** n.d.** 8.1

11  16.2 n.d.** 12.1 29 nd.** n.d.** 6.5

12 16.7 n.d.** 12.8 30 nd** n.d.** 1.3

13 15.2 n.d.** 13.4 31  nd** n.d.** n.d.**

14 18 n.d.** 13.7 32  nd** n.d.** n.d.**

15 nd.** n.d.** 7.8 33 nd** n.d.** n.d.**

16 16 n.d.** 10.23 34  nd** n.d.** n.d.**

17  20.8 n.d.** 12.1 35 nd** n.d.** n.d.**

18 16.4 n.d.** 14.3 36 nd** n.d.** n.d.**

n.d.**: specimens are deformed or melted during the calcination.

Corresponding to interpretation in Table 4, the suitable raw material composition calcined at
800 °C can be recommended to factor 2 No. 12 with feldspar, Dan Kwian clay, and fly ash of
40 wt%, 40 wt%, and 20 wt%, respectively and No. 13 with feldspar, Dan Kwian clay, and fly
ash of 40 wt%, 30 wt%, and 30 wt%, respectively owing to the zero firing shrinkage and low
water absorption. At the calcination of 1,200 °C, the reasonable content for the ceramic
production is factor 1 comprising No. 5 with dolomite, Dan Kwian clay, and fly ash of 60 wt%,
20 wt%, and 20 wt%, respectively, and No. 13 with dolomite, Dan Kwian clay, and fly ash of
40 wt%, 30 wt%, and 30 wt%, respectively because of the unchanged shape and relatively low
water absorption. All reasonable specimens were measured hardness by the Rockwell C scale
technique, which is listed in Table 5. As seen in Table, a similar result is presented for all
specimens (>120 HRC). Nonetheless, No. 5 in factor 1 calcined at 1,200 °C showed the highest
hardness value (128 HRC).

Table 5 Rockwell hardness of the appropriate composition for each calcination temperature

Calcination of 800 °C (factor 2) Calcination of 1,200 °C (factor 1)
No. 12 122 HRC No. 5 128 HRC
No. 13 120 HRC No. 13 127 HRC
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Regarding unchanged shape, relatively low water absorption and the highest hardness value
for specimen No.5 at calcination of 1,200 °C (factor 1), the final chemical compositions are
presented in Table 6. The main chemical compositions are CaO, SiO», Al.O3z and Fe.O3 which
are relative to the chemical composition of raw materials.

Table 6 EDXRF analysis of specimen No.5 at calcination of 1,200 °C for factor 1

Chemical composition SiO> A0z K:O CaO0O MnO Fe;0O3 2ZnO  SrO
Content (%) 174 156 0.3 543 0.1 12.1 0.1 0.1

Thus, specimen No.5 in factor 1 with calcination of 1,200 °C was chosen to form the product
of a ceramic plant pot as demonstrated in Figure 3. After forming the plant pot structure (Figure
3 (a)), the stable structure can be observed and provided a satisfying smooth surface and
shininess after being coated with clear glaze along with the firing process (Figure 3 (b)).

(@)

Figure 3 Product of a ceramic plant pot using the raw material composition of No. 5
(calcined at 1,200 °C) with dolomite, Dan Kwian clay, and fly ash of 60 wt%, 20 wt%, and
20 wt%, respectively: (a) before and (b) after coating with clear glaze and firing process.

4. Conclusion

The fly ash mixed with Dan Kwian clay, dolomite, feldspar, and kaolin to produce ceramic was
introductory studied. The triaxial blend model helped in finding the reasonable raw material
content through three factors. Improper raw material composition caused cracking or breaking
of specimens (calcined at 800 °C) and deformation or melting of specimens (calcined at 1,200
°C). The firing shrinkage tends to increase when calcined at a higher temperature whereas water
absorption tends to be decreased. Specimens No. 5, 7, and 13 in factor 1 for both calcined at
800 °C and 1,200 °C provided zero percent firing shrinkage. Among all specimens, No. 36 in
factor 3 (calcined at 1,200 °C) reached the lowest water absorption of 0.8%. In summary, the
recommended raw material composition to produce ceramic is No.5 in factor 1 calcined at
1,200 °C with dolomite, Dan Kwian clay, and fly ash of 60 wt%, 20 wt%, and 20 wt%,
respectively due to zero percent firing shrinkage, acceptable water absorption, and highest
hardness. The product of the ceramic plant pot formed as the preliminary test showed a
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satisfying smooth surface, strength, and shininess which could be applied in the ceramic
industry.
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