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Abstract

Floor tile body recipes were prepared using graime quarry waste (GFQW) and oll
palm fiber ash (OPFA) as raw materials with clead§ined physical and chemical properties
at single sieve residues and different fast fiemdgderatures under industrial conditions. The
most suitable formulations with the correspondingtimum moisture contents were
determined and further fired at different peak tempures under laboratory conditions in
order to establish their vitrification ranges armdimum firing temperatures. The tested peak
firing temperatures were varied at 20°C intervatenf 1140 to 1180°C for floor tile bodies.
The physical and thermal properties of the firediés such as colour, water absorption, linear
firing shrinkage, and bulk density were measuragttfermore, consideration was given to
the phase and microstructural evolution of the tgpead tile bodies. X-ray fluorescence, and
X-ray diffraction (XRD) in combination with thermogyvimetry were used to analyse the
phases formed before and after firing. The expertalgesults showed that it was possible to
obtain a floor tile body with the properties in amtance with TIS 37-2529.

Keywords: oil palm fiber ash, granite fine quarry waste, pemature, floor tiles, micro-
structure

1. Introduction

According to the analysis of the
domestic and overseas research and
achievements, some wastes are similar in
composition to the natural raw materials
used in the ceramic tiles [1-4]. These
materials are not only compatible but also
beneficial in the fabrication of them.
Therefore, upgrading industrial wastes to
alternative ceramic raw materials becomes
interesting, both technically and economi-
cally, for a wide range of applications [5].
Waste materials for the ceramic industry
have been classified into three categories
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[6]: fuel ash waste with high contents of
organic or carbon-rich substances, with
high calorific added-value; fluxing wastes
(improve sinterability of ceramic body, or
glassy phase former); and plasticity con-
trolling waste which affect green body
preparation, (likely shrinkage controller),
both drying and firing.

The southern Thailand region is
an area that has a large quantity of granite
guarries. A growing amount of granite
fine quarry waste (GFQW) reaches up to
15wt.% of the aggregate production.

Another type of waste, which
derives from the large palm oil factories in
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southern Thailand, approximately 5% of
oil palm fiber ash (OPFA) is carried out of
the boiler (around 80C) by flue gases in
order to generate steam for thermoelectric
energy in a factory operation. It needs to
be disposed of in a landfill outside the
factory premises so that it causes the least
disturbances to the main factory operation.
The best solution of the disposal problem
of GFQW and OPFA is to decrease the
quantity for disposal with utilization of
both wastes in industry. Hence, more
productive use of them would have
environmental benefits such as reducing
air, water and land pollution. Many
previous works have cited GFQW and
other ash waste in the production of
ceramics [7-10] and tiles [11-17].

The objective of this work is to
further investigate the use of GFQW as
alternative ceramic raw materials in the
ceramic tile production and find out the
optimum OPFA incorporation of the tile,
without degrading their properties based
upon the Thai Industrial Standard (TIS).

2. Experimental

Raw Material

The GFQW sample was taken
from raw material stockpiled in the
production area, which were generated in
a crushing process of granite quarry
(Wang Pai), located about 15 km from
Chana district, Songkhla and OPFA incor-
porated in the tile body was provided from
the waste of burning of oil palm fiber fuel
in the boiler of the Nam Hong Palm Oil
Industry Company, situated in Khao Pha-
nom district, Krabi province. These raw
materials were dried in an air oven at
110°C for 8 h, the GFQW was ground in a
ball mill for 3 h and then each of them
was sieved through mesh 200. Afterwards,
both raw materials were submitted to the
following characterization techniques, in-
cluding chemical com-position obtained
by X-ray fluorescence (XRF, Philips
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Model PW2400), and mineral compo-
sition identified by X-ray diffraction
(XRD, Philips X'Pert MPD). The patrticle
size distribution was measured by a laser
diffraction analyzer (Beckman Coulter LS
230). The differen-tial thermal analysis
(DTA) of the OPFA sample was simul-
taneously conducted in GTA model
PerkinElmer, DTA7 instru-ment operating
under a flow of nitrogen (20 ml/min) and
heating rate of 1@/min until the maxi-
mum temperature range, from 30 to
130C°C. Its thermal behavior was also
measured on a thermogravi-metric
analyzer (TG) PerkinElmer, TGA7at a
heating rate of 10°C/min in nitrogen
atmosphere, over the temperature range
from 50 to 1200°C. GFQW body mixtures
containing 0, 10, 20, and 30 wt.% of
OPFA were homogenized for 15 min in a
dry plastic mixer (Table 1). Moisture was
then adjusted, according to the standard
compaction test, which is known as
optimum moisture content (OMC) [18].
All specimens were cured at room
temperature for 24 h and then prepared
mixtures were axially pressed into test
squares (115 mm 115 mmx 10 mm in
the size of green tile specimens) under
pressure of 100 bar (about MPa), and
kept in an oven at 1@5°C for 8 h.
Subsequently, they were sintered in air for
8 h at 1146C, 1160C and 1186C in an
electric furnace under a heating rate of
2°C/min until 500C, soaked 0.5 hr, and
continued with heating rate of°G/min
until reaching the designed maximum
temperature, followed by 0.5 h soaking.
The tile specimens were cooled down to
room temperature in the furnace. Unfired
samples were characterized by the meas-
urement of working moisture [19], drying
shrinkage [20], and modulus of rupture
[21].
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Table 1: GFQW tiles mixtures and opti-
mum moisture content recipes

Mixture Raw materials oMC
Items (wt.%) %
GFQW OPFA
GFQW
or 100 0 9.00
OPFAO
OPFA10 90 10 11.00
OPFA20 80 20 11.50
OPFA30 70 30 12.70

The following properties were
measured on the sixty fired specimens:
water absorption, bulk density, linear
shrinkage, weight loss, electrical resis-
tance, rebound hardness, Vickers inden-
tation, and modulus of rupture. The water
absorption capacity was determined
according to TIS procedures [22-23]. The
bulk density was measured by dividing the
fired mass by the average external
volume. The linear shrinkage was ob-
tained by the length of the samples before
and after the firing stage using a Vernier
caliper OKURA (precision 0.05 mm) [24].
Open porosity and pore size distribution
was calculated from water absorption and
specific gravity. Furthermore, the electri-
cal resistance was determined by a
MegaOhmmeter (C.A 6525). Vickers
indentation was used to characterize the
hardness (k) using a digital micro
hardness tester (Highwood Brand model
HWDM-3). The fired specimens were
submitted to appropriate ten constant
loads of the 300 g [25] with dwell time of
15 s each one according to ASTM C1327
procedure [26].

Determination of the flexure
strength (FS) was carried out by a Univer-
sal Testing Machine (HOUNSFIELD H
100KS) using a three point loading device
with a constant cross-head speed of 1.8
mm/min. The strength was calculated
from the breaking load using the formula:
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S= 2PL/3bd? (1)

whereS = flexural strength (kgf/ch), P =
load (kg),L = span (cm)b = breadth (cm)
andd = thickness (cm).

Moreover, stress intensity factor
or fracture toughness (K was calculated
from the following equation given by
ASTM E 399 [27]:

2
d> ZS(K'CJ
Ovys

whered = the specimen thickness,,s =

the yield strength.

In addition, the major crystalline
phases of the selected fire specimens were
also identified by XRD. The micro-
structure characterization of the raw
materials and the fracture surfaces of the
previous tested specimens was observed
by scanning electron microscopy (SEM)
using a model JSM-5200, (JEOL).

()

3. Result and Discussion

3.1 Characterization of raw materials

The particle size distribution of
OPFA and GFQW are illustrated in Figure
1. The uniformity is rather similar and the
main feature of significance is the
generally larger particle sizes in the OPFA
(between 1 and 16um, with average
particle size of 9um, whereas in the
GFQW of 1-36 um, the average is 23
um). It should be kept in mind that the
difference in particle size distribution and
the non-plastic characteristics of both
wastes, particularly for high OPFA con-
tents, might introduce some difficulties in
the shaping process.

The mineral composition of
GFQW is composed basically of quartz
(31.85%), albite (48.83%), microcline
(17.54%), and muscovitél.79%). The
OPFA presents a typical composition and
is constituted mainly by SiD Al,Os,
CaO, and KO, with small amounts of
FeO; (Table 2). The loss on ignition
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(LOI) is higher (3.33%) as the OPFA is
associated with volatile components,
organic matter and decomposition of
carbonates (CaO). The high alkaline earth
and alkaline oxide content (CaO and
K,0), indicates the flux potential of the
OPFA. The significant amount of £&&; in
both raw materials (2.13 and 3.11%) is
responsible for the reddish color of the
fired specimens.
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Figure 1: Particle size distribution of raw
materials

Table 2: Main chemical composition of
raw materials (wt.%)

Waste GFQW OPFFA
Type
SIO, 67.91 57.45
Al 04 15.07 1.53
Fe03 2.13 3.11
CaO 1.10 12.22
K,0O 6.95 12.00
Na,O 5.28 -
LOI 0.77 3.33

However, the DTA thermogram
result of OPFA displayed two endother-
mic events (Figure 2). The first endother-
mic peak at 989.9°C is suggestive of a
polymorphous transformation of carbon-
ate and the last endothermic effect near
1122.7°C was caused by melting (Tm),
indicating the presence of quartz and
feldspars (orthoclase and plagioclase). It
can be due to a structural reorganization,
cristobalite nucleation. The second effects
can be a crystallization process.
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Furthermore, for the thermo-
gravimetry (TG) and DTA curves for
residue in air atmosphere, the TG curve
presents six decomposition stages. The
water loss occurred (<1%) in the first
stage (Ti 100°C), and in the last five
temperature ranges (208°C, 399°C, 580°C,
712°C and 973°C) the weight loss was
0.59, 0.63, 0.97, 142 and 4.76%,
respectively, which can be attributed to
the decomposition of carbonates. The TG
plot shows a composition of up to 91%
which indicates the presence of silicates
(quartz, plagioclase, orthoclase and mica).
The results obtained from TG and DTA
are supported by XRD and XRF studies.

The SEM micrograph of GFQW
particles shows irregular forms and sharp
smooth surfaces as well as some other
show angular corners (Figure 3a). On the
contrary, OPFA patrticles exhibit spherical
form, round surfaces and some have pores
and subangular corners (Figure 3b).
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Figure 2: Thermal analysis on OPFA

Figure 3: SEM photomicrograph of a)
GFQW and b) OPFA
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3.2 Mineralogical identification of tiles

XRD phase analysis was carried
out on the OPFAZ20 tile fired at 1140,
1160 and 118TC. The material shows the
presence of two major crystalline phases,
namely, quartz and cristobalite in all of
the different fired tile bodies, and
microcline residue only at 1140°C. It can
be observed that the presence of the peak
intensity of cristobalite increased signifi-
cantly corresponding to the sintered tem-
perature (Figure 4). A possible explana-
tion is the richness in Sg&and rather low
amounts of the other compositions. The
peaks are attributed to the forming of $iO
phases.
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Figure 4: X-ray diffraction patterns of
OPFA20 tile and sintered at different
temperatures

3.3 Physical properties of tiles

The water absorption of GFQW
tile ranged from 0.25 of GFQW tile
(1180°C) to 0.58 of OPFA30 tile
(1140C). It can be observed that the
increase in the OPFA replacement gives
rise to an increase in the water absorption,
and also depends on the firing temperature
(Figure 5a). The water absorption values
decrease significantly at 118D. This
behavior is related to the lower viscosity
of the liquid phases produced and the
consequently improvement in the densi-
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fication process produced at these
temperatures. According to TIS-37, the
maximum allowed value of water
absorption is 3% for commercial use of
the floor tile. In particular, GFQW
material appears very compact, having a
low residual porosity. The temperature
effects on the linear shrinkage (Figure 5b),
is similar to the weight loss (Figure 5c). It
can be seen that the specimens fired at
1140C to 1180C displayed similar
behaviors, where a dramatically increase
of variation in the 0% to 10%OPFA
content is noticeable. Nevertheless, less
linear shrinkage is a factor that may
contribute to reduce the risk of appearance
of cracks and dimensional defects in tiles.
On the other hand, an excessive amount of
OPFA or GFQW can promote cracks due
to low particle bonding and, consequently,
reduce the mechanical strength.

Variation of bulk density ranged
from 1700 kg/m (OPFA30) up to a
maximum of 1870 kg/fh (GFQW). The
increase in the amount of OPFA addition
causes a reduction in the tile density
(Figure 5d). The main reason for such a
result is the burning of OPFA addition as
an organic material, which can easily burn
out during the sintering period. These bulk
density values are, in general, lower than
commercial tile and they are a con-
sequence of the particle sintering and
microstructure. The total porosity values
of tile specimens are in the range of
11.93% (GFQW at 118C) to 15.83%
(OPFA30 at 114%C).

The electrical resistance ranged
from 1.93 MYmm (GFQW at 118%C) to
7.61 MQ/mm (OPFA30 at 114Q). It can
be observed that the increase in OPFA
increases the electrical resistance (Figure
5f). Therefore, the increase in water ab-
sorption, total porosity, linear shrinkage,
weight loss and electrical resistance, as
well as the decrease in bulk density with
OPFA addition, are a consequence of the
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higher changes involved, changing the
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Figure 5: Effect of temperature and OPFA content on a) wakesorption, b) linear firing
shrinkage, c) weight loss, d) bulk density, e) lt@arosity, and f) electrical resistance of

GFQW tiles

3.4 Mechanical properties of tiles

Vickers hardness ranged from
5.06 GPa of OPFA3O0 tile to 5.44 GPa of
GFQW tile. Rebound hardness is between
230 HV (OPFA30 at 114C) to 468 HV
(GFQW at 1180C). Both Vickers hard-
ness (Figure 6a) and rebound hardness
(Figure 6b) decreased followed by an

15

increase with the growth of the OPFA
content, despite the firing temperature.
Furthermore, the modulus of
rupture (MOR) values vary from 19.61 to
39.26 MPa, where the highest values are
displayed for the specimens fired at
1180CC with OPFAZ20 tile (Figure 6c). All
fired temperature curves show some
increase and decrease in MOR with the
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increase of OPFA content. Nevertheless,
at temperatures above 1240 there is
transformation from quartz to cristobalite,
which has a considerably high strength
due to mineral recrystallization (Figure
3), and probably the effect of OPFA
content becomes secondary. According to
Thai standard (TIS 36, TIS 37), it can be
observed that, after firing at 118D, all
tiles can be used as watt20 MPa) and
floor (=25 MPa) tiles. Otherwise, based
on firing at 1160C, only GFQW,
OPFA10 and OPFAZ20 tiles can be graded
as wall tile.

Considering, the OPFA30 tiles,
they can be used to produce ceramics with
water absorption lower than 3%. At
1140CC, tiles do not have sufficiently high
strength values to satisfy the requirements
for ceramic tiles. The most interesting
results, in the case of K have been
obtained for the OPFA20 materials (at
1180C°C), with values in the range of 1.80-
2.44 MPa.mf®. Fracture toughness values
(Figure 6d) are calculated in a range from
0.94 MPa.nf? (GFQW) to 2.44 MPa.l{f
(OPFA20). It looks too high for
production of tiles (2.0 MPaXf) in spite
of no glaze application.
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Figure 6: Variation of GFQW tiles with firing temperature a@PFA replacement of a)
Vickers hardness, b) rebound hardness, ¢) modtilugpture and d) fracture toughness

3.5 Microstructure of tiles

Microstructural observation (Fig-
ure 7) on the fracture surface of OPFA20
specimens sintered at 1P40) 1160C and
1180°C by SEM revealed the evolution of
the sintering process with the rise in the
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sintering temperature. The effect is intensi-
fied in view of the mass flux from the
glass grain to the ceramic matrix, under the
exerted capillary forces. Pore formation
has been possibly assisted by the forma-
tion of gas-bubbles.
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For firing at 1140C, the texture
displays a rough microstructure, with
insignificant bonding between particles
and a lot of interconnecting pores (Figure
7a), an indication that the sintering process
has barely started, and of £@as release
during evolution of ceramic texture (Figs.
7b, 7c, 7d). This behaviour is attributed to
the unavailability of the crystalline parti-
cles to undergo viscous flow [28].

Besides firing at 116@, more
particles are bonded (grain growth) and the
presence of a liquid phase transition at the
firing temperature is obvious (round
smooth surfaces are characteristic of the
presence of liquid during the sintering
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1160°C

process) (Figure 7e). This is a clear sign
that the sintering process is underway
(Figs. 71, 7g, 7h). Unlike firing at 118G,
there are signs of transgranular fracture
(strong interface, glassy bonds between
grains) and well defined grain boundaries,
and many isolated rounded pores can be
clearly observed (Figure 7i). The tile tex-
ture reached the final sintering stage at this
temperature. At 118C the specimens
present a structure with few pores and
signs of vitrification (Figs. 7j, 7k and 7I).
As vitrification proceeds, the amount of
glassy phase increases and the concen-
tration of dissolved gases in the glassy
phase decreases.

1180°C
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d)

Figure 7: Backscattered electron image of the fracture sagat OPFA-GFQW tiles fired at
1140°C of OPFA a) 0%, b) 10%, c) 20%, d) 30%; &0PC of OPFA e) 0% f) 10%, g) 20%,
h) 30% and at 1180°C of OPFA i) 0%, j) 10%, k) 20f30%

4. Conclusion

The present experimental investi-
gation result in this work, provided the
optimal proportion of the GFQW materials
in the batch (OPFA20) and firing tempera-
ture of 1180C. The reduction in the
vitrification temperature of the mix would
also contribute significantly to the econo-
mical production of tiles.

The new unglazed GFQW tiles
fulfill the requirements of the TIS-36 and -
37 standards,flbor and wall tile$ and
exhibit superior properties comparing to
the commercial ceramic tiles, with regards
to water absorption and MOR. There are
no major defects of the characteristics of
the final pro-duct. The GFQW substitutes
for some of the expensive minerals used in
com-mercial tile compositions and lowers
the product cost. Further, this GFQW is in
powder form, thus requiring less grinding
time, resulting in energy saving, and more
importantly, waste reduction.
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