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Abstract. Quartz and kaolin were partially substituted by sand stone dust (a siliceous byproduct of Indian stone
cutting and polishing industries) in a traditional triaxial porcelain composition consisting of kaolin, quartz and
feldsper. The effect of substitution upon heating at different temperatures (1050-1150°C) were studied by measuring
the linear shrinkage, bulk density, porosity and flexural strength. Qualititative phase and microstructural analysis
on selected samples were carried out using XRD and SEM/EDX technique. The results show that the samples of all
the batches achieved higher density (2-50 g/cc) and almost full vitrification (<0-1% apparent porosity) at around
1115°C compared to around 1300°C for traditional triaxial porcelain composition. As high as 70 MPa flexural
strength was obtained in most of the vitrified samples. No significant variation in physico-mechanical properties was
observed in between the composition. XRD studies on selected samples show presence of mainly quartz phase both at
low and high temperatures. SEM photomicrographs of the 1115°C heated specimen show presence of quartz grain

and glassy matrix. Few quartz grains (20-40/m) are associated with circumferential cracks around them.
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1. Introduction

A traditional porcelain composition consists of around
50 wt% kaolin, 25 wt% quartz and 25 wt% feldspar. The role
of each of these raw materials on the physico-mechanical
behaviour of such triaxial porcelain has been studied in detail
by several researchers (Sane and Cook 1951; Mattyasovsky
1957; Kingery 1976; Hamano et al 1992; Maity and Sarkar
1996; Carty and Senapati 1998). Due to gradual depletion
of naturally occurring minerals, there is a strong need to
evolve alternate source of raw materials which are abun-
dantly available as overburden wastes. In such attempts,
many workers have utilized solid industrial wastes as alter-
native source of alumino silicate and fluxing mineral by
replacing a part of quartz, clay and feldspar in triaxial porce-
lain composition (Marghussian and Yekta 1994; Das et al
2000; Kumar et al 2001; Shah and Maiti 2001; Ghosh et al
2002; Basin et al 2003; Dana and Das 2003, 2004; Dana
et al 2004; Sarkar et al 2010). Dana et al (2004) sub-
stituted a part of quartz by fly ash in triaxial porcelain
composition and found higher strength due to better mu-
Ilitization. Kumar et al (2001) and Shah and Maiti (2001)
observed that replacement of 25-30 wt% of kaolinitic clay
by fly ash is beneficial as it has close resemblance with clay
in their chemistry and due to inherent presence of micro-
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crystalline components such as quartz and mullite. In another
study, the same authors produced anorthite porcelain by
replacing part of quartz by fly ash and part of feldspar by
blast furnace slag which has several advantageous proper-
ties. Tai et al (2002) also reported the presence of anorthite
phases using non-plastic raw material. Few workers (Sersale
et al 1976; Colella et al 1981; Marghussian and Yekta 1994;
Ghosh et al 2002) observed that alkaline earth oxide present
in slag favours early maturing of porcelain bodies due to their
strong fluxing action. It was reported by Das et al (2000)
that iron ore tailing (solid waste generated by iron ore min-
ing industries) with high silica content favours formulation of
ceramic tile body composition. In the recent work of Sarkar
et al (2010), high strength vitrified ceramic tile has been
developed utilizing electric arc furnace slag of iron and steel
industry and other highly siliceous clayey minerals.

India is endowed with high quality natural stones like
sandstone, marble stone, granite etc. The country produces
more than 27% of the total stones produced all over the world
and has more than 11% export share in World’s total stone
export. This massive industry operates mainly through stone
crushing and polishing operation which generates crystalline
silica dust and has been linked to chronic lung disease and
increased risk of tuberculosis. Moreover, exposure to res-
pirable crystalline silica causes silicosis, which ultimately
leads to lung cancer and other chronic renal diseases includ-
ing rheumatoid arthritis (Gottesfeld et al 2008). Hence, this
deadly solid waste has been the subject of great concern to
the public and government agencies.
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In the present study, an attempt has been made to utilize
sand stone dust as one of the inexpensive sources of raw
materials as a full replacement of quartz and part replace-
ment of clay in triaxial porcelain body. The stone dust has
been characterized with respect to chemical composition,
mineral phases, particle size distribution etc. Several batch
compositions were formulated using sand stone dust, diffe-
rent types of locally available clays and feldspar. The products
developed have been characterized with respect to physico-
mechanical properties using standard techniques. XRD and
SEM techniques have been used to identify the phases and to
study their microstructural features.

2. Experimental

The raw materials used in the present study were sand stone
dust generated by one of the Indian stone cutting and poli-
shing industries. Different varieties of clays and feldspar
available were collected from Indian sources. Gravimetric
method was utilized to determine SiO, and Al,Oz; whereas
Fe,03, CaO and MgO were estimated volumetrically
(Hillebrand and Lundell 1953). Na,O and K,O were deter-
mined by flame photometry and loss on ignition by usual
technique. Phase analysis of stone dust, feldspar and one
representative clay were done by X-ray diffraction method
(Philips make X-ray diffractometer, model PW 1730) using
Cu-K radiation at a scanning speed of 2°/min. Particle size
of stone dust and one representative clay have been mea-
sured using particle size analyser (Malvern make). Based on
the chemical analysis and XRD results, six batch composi-
tions were formulated. The batch compositions are shown in
table 1.

1 kg batch of each composition as per table 1 were
prepared by the common ceramic processing. The batches
were separately pot milled with water for 4 h in a porce-
lain pot using alumina balls to obtain homogeneous mix
and required fineness. The slurry obtained was screened and
oven dried at 110 £ 10°C for 24 h. Loosely agglomerated
powder was passed through 60 mesh BS sieve and mixed
uniformly with 6-8% water and then uniaxially pressed at
350 kg/cm? specific pressure. Adequate number of bars of
dimension 100 x 15 x 5 mm were fabricated and oven dried
at 110 £ 10°C for 24 h. Few samples were initially fired
at 1000°C, however, no strength development was observed.
Then the samples were heated at different temperatures in

Table 1. Batch composition (wt%).

Batch  Stone

code dust  Feldspar Clayl Clay2 Clay3 Clay4
C1 55 18 27 - - -
Cc2 55 18 - 27 - -
C3 55 18 - - 27 -
C4 55 18 15 12 - -
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the range of 1050-1150°C with soaking for 2 h. The rate of
heating was kept at 3°C/min in all the cases and a total heat-
ing schedule of 6 h was maintained. Few tiles of commer-
cial size (200 x 100 mm) and pavement blocks of hexa-
gonal and dumb bell shaped were also fabricated utilizing
optimum composition. The heated samples were characteri-
zed in terms of physico-mechanical properties along with
microstructural analysis. Result reported here is the average
of 5 samples with &+ 0-5% variation in between the samples.
Linear shrinkage of the samples was measured after firing at
different temperatures by calculating the difference in length
(after and before firing) in terms of percentage. Bulk den-
sity and apparent porosity were determined by conventional
liquid displacement method using Archimedes’s Principle
in water medium. Flexural strength was measured as three-
point bending strength using an Universal Testing Machine
(Make Instron, Model 5500 R) for the samples having a
dimension of 100 x 15 x 5 mm. The phases formed in vitri-
fied samples were identified using X-ray diffraction method.
Microstructural analysis was done on the polished section
of fractured surface of the samples in a scanning electron
microscope (make Leica model S430i).

3. Results and discussion

3.1 Raw materials and composition

Chemical analysis of raw materials excluding loss on ignition
are given in table 2. Stone dust powder sample collected from
one source of stone cutting and polishing industry contains
727 wt% SiOy, 10-19 wt% Al O3, 4-1 wt% Fe; 03, 4-5 wt%
(K,O + Na,O) and 4-43 wt% alkaline earth oxides (CaO+
MgO). Clays of different varieties are highly siliceous and
ferruginous type with higher amount of Fe,Os. Feldspar
is normal potash type generally used in porcelain body
composition.

X-ray diffraction pattern of stone dust, one clay sam-
ple and feldspar is shown in figure 1. It may be observed
that stone dust contains mainly quartz phase. The identifica-
tion of this phase by XRD is very important as one of the
major phase quartz in a triaxial porcelain system is substi-
tuted by this stone dust material. Quartz is found as a major

Table 2. Chemical analysis of starting raw materials.
Constituents  Stone

(Wt%) dust Feldspar  Clay 1 Clay2 Clay3
SiO, 727 74-96 72-14 66-19 6127
Al,O3 1091 12-94 15-12 14-53 16-64
Fe;03 41 0-26 2-19 6-06 9-09
TiO; 0-66 0-03 0-39 0-77 0-97
CaO 2-89 0-13 0-26 0-61 1-19
MgO 1-54 0-01 0-06 1-1 1-17
Na,O 2-53 1.92 0-36 0-92 1-44
K>0O 2.04 926 4.24 3.04 2-59
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Figure 1. X-ray diffractogram of stone dust, clay and feldspar.
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Figure 2. Particle size distribution analysis diagram of stone dust.
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Figure 3. Particle size analysis of one typical clay sample.
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phase in clay sample. Hence, stone dust is suitable for partial
replacement of quartz and clay also. Feldspar was found as
orthoclase (K,0-Al,03-6S10;) in the XRD pattern and it is
commonly accepted as a fluxing mineral in the triaxial porce-

Table 3. Particle size distribution of stone dust and one typical
clay.
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lain system. The particle size spectra of stone dust and one
typical clay have been given in figures 2 and 3, respectively.
Figure 2 depicts dsy (mean diameter) of sand stone to be of
40 micron and the mean diameter (dsp) of clay sample is
18 microns (figure 3). The overall particle size distribution
calculated from the above figures is given in table 3. The
results revealed that stone dust generated during cutting and
polishing is sufficiently fine and clay is finer than stone dust.

The oxide compositions of each batch excluding loss on
ignition are shown in table 4. It may be observed that all the

Size Percentage Percentage .. . .. . . .
. compositions are highly siliceous in nature with considerable
(microns) (stone dust) (clay) . . .
amount of alkali, alkaline earth and Fe, O3 content. Such high
~100 5.96 5.4 SiO; containing body in presence of higher amount of alkali,
[<100 >50] 22.79 8.22 alkaline earth oxides and Fe,Os may favour formulation of
[<50 >20] 3421 27.72 ceramic tile body as reported in literature (Das et al 2000;
[<20 >10] 17-25 20-09 Sarkar et al 2010).
[<10 >5] 9.79 16:17
[<5>2] 8-40 19-2
<2 1-60 32 3.2 Densification and flexural strength
A general trend of increasing bulk density (BD) with increase
Table 4. Oxide composition of batches in heating temperature up to 1115°C was observed for all the
: batches beyond which the values fall down slightly which
Constituents may be due to formation of more glassy phases (figure 4).
(Wt%) Cl 2 C3 C4 The increasing trend of densification is due to decrease in
apparent porosity on heating. Combined presence of Fe,Os,
SiO; 72-96 71-35 70-02 7224 alkali and alkaline earth minerals promoted the densifica-
AL O3 12-38 12.22 11-80 12-31  tion at early temperature and full vitrification is obtained at
Fe;03 2:90 3:95 476 3:37 1115°C. Johnson and Park (1982) and Choudhuri (1974) also
TiOz 0-47 0-57 0-62 051 observed similar effect of Fe, 03, alkali and alkaline earth
CaO 1-89 1-.98 2-14 1-93 . . . . . . .
MeO 0.87 115 .17 1.0 oxides towards earlier vitrification of porcelain bodies. High-
NaiO 1.84 1.99 213 1.9 est density (2-5 g/cc) is achieved with almost nil porosity at
K,O 3.03 3.61 3.49 3.79  1115°C for all the batches. Similarly, apparent porosity at
1080°C varies (figure 5) between 7 and 25% but at 1115°C
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5 251
L
£ —5
2
B}
3
x
@ 27
15 ; ; . . . .
1040 1060 1080 1100 1120 1140 1160

Heating Temperature(°C)

Figure 4. Variation in bulk density with heating temperature.



Table 5. True density and relative density (%) of different sam-
ples after sintering at various temperatures.

Temperature
°C) Sample code Cl C2 C3 Cc4
1050°C True density 292 3.14 292 2.83
Relative density (%) 69-5 74.0 74.0 70-0
1080°C True density 260 252 259 26
Relative density (%) 78 92 84 76
1115°C True density 246 246 245 246
Relative density (%) 99 > 99
1150°C True density 2-44 238 241 239
Relative density (%) > 99
30 -

25 1 —

20 A

Apparent porosity (%)
o
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it is almost nil for all the batches. Table 5 compared true den-
sity and relative density of all the batches heated at different
temperatures. Almost 100% relative density is obtained in all
the samples heated at 1115°C.

In general, linear shrinkage in such type of composite body
is mainly due to sintering within and between the compo-
nents present and generated in the system. In the present
study, the linear shrinkage of all the batches increases up to
1115°C (figure 6) beyond which the value became almost
constant. The shrinkage value at the vitrified temperature
(1115°C) varies between 10 and 13% which seems to be at
higher side than normal porcelain body. This is mainly due
to the formation of more glassy phases in the system.

The flexural strength of all the batches increases with
increase in heating temperature as expected and very high
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Figure 5. Variation in apparent porosity with heating temperature.
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Figure 6. Variation in linear shrinkage with heating temperature.
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Figure 8. X-ray diffractogram of C3 sample heated at 1080°C.

strength in the range of 70-75 MPa is obtained at a vitri-
fied temperature of 1115°C (figure 7). Beyond this tem-
perature, the strength drastically reduced due to forma-
tion of glassy phases at higher temperature which support
the observation on decrease in B.D. beyond 1115°C. C3
batch obtained highest strength (approx. 75 MPa) due to
their lowest R,O:R’O ratio (R =K, Na & R’ =Ca0, MgO)
and moderately higher SiO,:Al,O3 ratio. Other batches
with slightly higher R,O:R’O ratio possesses slightly lower
strength (closer to 70 MPa) than C3 batch. Dana et al (2005)
also observed similar effect of fly ash and slag in specific
combination on strength development at higher temperature.
The superior strength value of such vitrified tiles will be
highly useful for application on floor subjected to heavy load.

Figure 9. X-ray diffractogram of C3 sample heated at 1115°C.

3.3 Phase and microstructural studies

Samples of C3 batch heated at 1080°C and 1115°C were
selected for phase analysis as a typical case. XRD patterns
are given in figures 8 and 9, respectively. No major diffe-
rences have been observed in both XRD patterns. The major
phase was found to be quartz and this was due to the pres-
ence of silica which was as high as 70-73%. Compared to
figure 8 (1080°C heated C3 specimen), the number of quartz
peaks and their intensity was found to be lesser in figure 9
(1115°C heated C3 specimen). At the vitrified temperature of
1115°C, a small portion of SiO, must have dissolved in the
glassy matrix.
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The microstructural analysis of C3 samples heated at
1080°C and 1115°C are given in figures 10 and 11, respec-
tively. Microstructure of the samples heated at 1080°C
(figure 10) reveals very little vitrification and the matrix
shows mainly quartz grains loosely bounded but uniformly
distributed. Lots of pores are also seen. Figure 11 represents
compact microstructure of the samples vitrified at 1115°C. In
this case, quartz grains are distributed uniformly in the glassy
matrix. Circumferential cracks are also seen in some of the
quartz grains due to thermal expansion mismatch between
quartz and glassy phases. Such type of cracks are not seen
in quartz grain of 1080°C heated sample since glassy matrix
is not predominant in this structure. EDX analysis of vari-
ous phases of the specimens heated at 1115°C are indicated
in figure 11. The composition of the glassy phases is not
uniform throughout the matrix.

3.4 Prototype development

In order to study the thermal stability and dimensional tole-
rance of C3 composition, few larger sized prototype sam-

Figure 10. SEM picture of polished C3 sample heated at 1080°C.
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ALO;3 | 1853
SiO, | 71.06
KO |5.67
CaO | 341
Fe;03 | 1.33

AlLO;3 | 22.85
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KO 471
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Figure 11.

SEM picture of polished C3 sample heated at 1115°C.

ples (tiles of 200 x 100 mm) size and pavement block of
hexagonal and dumb bell shape were produced using higher
capacity hydraulic press. The common die available in the
laboratory was used for this development. The process
parameters were kept similar to those used during laboratory
experimentation. Few samples were also polished to see the
surface appearance. The general product properties obtained
after heating at 1115°C are given below. The dimensional
tolerance was found to be within specifications and strength
value is much superior in comparison to commercially avail-
able similar kind of products. The vitrified tiles on polishing
show no surface pores and other visible defects.

Major properties Values in developed samples
Dimensional tolerance: +0-5%
Thickness tolerance: +0-5%
Rectangularity: + 0-6%
Apparent porosity: < 0-5%

> 600 kg/cm?
7 (minimum)

Flexural strength:
Moh’s scale hardness:

Photographs of vitrified pavement blocks and floor tiles
produced in the laboratory are given in figures 12a and b,
respectively.
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Figure 12. Photographs of pavement blocks and tiles developed
at our laboratory.

4. Conclusions

Partial substitution of quartz and kaolin by sand stone dust
in a triaxial porcelain composition was found to be ben-
eficial towards improvement in flexural strength and early
vitrification at 1115°C. Presence of considerable amount of
alkali and alkaline earth minerals in the sandstone dust and
clayey minerals were responsible for early vitrification. Fur-
ther, use of such overburden industrial byproduct reduces the

M K Haldar and S K Das

cost of raw materials and thermal energy without altering the
required physico-mechanical properties of ceramic tiles for
application in building industries.
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