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Abstract:

New production systems developed in recent years made it possible to improve
different aesthetic appearance and large sizes for porcelain stonewares. In order to produce
these tiles, optical and mechanical properties of the porcelain stonewares should be
improved. Optical and mechanical propetrties also related with microstructure. In this study,
spodumene, alumina and zircon were used to improve the microstructure of the porcelain
stonewares and consequently their optical and mechanical properties. The wear resistance of
porcelain stonewares is the one of the most important mechanical properties. In this study, a
different test method was used because the existing wear test methods on the tiles were
insufficient. The solid particle impingement method using alumina particles was used to
determine wear resistance of the porcelain stoneware bodies.
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properties.

1. Introduction

Porcelain stonewares have a wear resistance test method used as standard (ISO
10545-5 and 10545-6). However, this method is inadequate especially in porcelain stoneware
products. For this reason, most of the tile manufacturers offer their own test methods in
addition to the standard test. This article introduces a new perspective for wear resistance.
Porcelain stonewares are made of clay, quartz, kaolin and feldspar. The white porcelain
stonewares also contain zircon (Zr0O,.SiO,) and alumina (Al,O;) due to the whiteness and
mechanical properties of these raw materials [1, 2]. Porcelain stoneware bodies with superior
surface mechanical characteristics, chemical resistance and whiteness were obtained using
zircon and alumina powders. Due to the excellent chemical and wear resistance and high
hardness properties of these powders, these raw materials were used in this study [2, 3].
Zircon (Zr0,.Si0,) is also used as an opacifier due to its opacifying effect in porcelain
stoneware production [1]. Opacity is the result of the difference between the refractive index
of an opacifier and that of matrix. As the difference between the refractive indexes of the
opacifier and that of matrix increases, more satisfactory opacity can be obtained. Also, the
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increase in the number of crystals increases the number of reflective surfaces that increase the
opacity of the body [1-4]. Alumina has remarkable mechanical properties. Especially, there
are lots of advantages on strength characteristics for high or low-alumina porcelains [5].
Alumina has also a good opacifying properties due to their higher than average refractive
indices [6]. New production systems made it possible to improve aesthetic appearance and
large sizes for porcelain stonewares. In order to improve aesthetic appearance and large sizes,
optical and mechanical properties of the porcelain stonewares should be improved.

In this study, it was investigated to effect of alumina and zircon powders on optical
and mechanical properties of porcelain stonewares. Optical properties were improved using
zircon. Mechanical properties were improved using alumina and spodumene. The decrease in
liquid phase viscosity at higher temperature resulted from spodumene addition. The decrease
in the viscosity contributed to rise up in the amount of mullite and the growth of mullite
crystals [7, 8]. In this study, the presence of alumina, zircon and mullite crystals provided the
improvement of mechanical properties.

2. Materials and Experimental Procedures

Clay, kaolin, feldspar and quartz were used for producing standard (STD) body.
Alumina and zircon was also used to investigate the effect of these materials on optical and
mechanical properties of porcelain stoneware. After grounding process, uniaxial press was
used to form granules in a 5 cm x 10 cm die. The press pressure is 450 kg/cm’. Drying
process was performed at 110 °C. All samples were fired at 1210 °C for 60 min (Carbolite
CWF 12/13). XRF was used for analysing of the chemical compositions (Rigaku, ZSX
Primus XRF). X-ray diffraction (XRD) was used for phase analyses of the fired samples
between 5° to 55° (with CuKa radiation, Rigaku Rint 2200, scanning speed of 2°/min).
MAUD software programme was used for analysing Quantitative phase analyse. In order to
determine microstructural properties the scanning electron microscope was used (SEM, Zeiss
EVO 50EP). The bulk densities and the total porosities of the samples were obtained from
Helium pycnometer (Quantachrome Model MVP-1 Multipycnometer) and Archimedes
method. The mechanical properties such as, hardness, elastic modulus, wear behaviours and
bending strength were investigated. The elastic module was determined using ultrasonic test
method (Olympus Panametrics Model 5800 Computer Controlled Pulsar/Receiver, Tektronix
TDS 1012 Two Channel Digital Storage Oscilloscope) [8]. Micro-hardness tests were
performed on fired samples, at the indentation loads of 0.96 N (Galileo Durametria, Viskers
HV1 OD). The wear resistance measurements of porcelain stonewares were carried out by
particle/sand erosion testing method using alumina sand (Fig. 1).
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Fig. 1. Schematic figure of solid particle erosion test system.

The diameter of Alumina particle is 50 um. The velocity and the flow rate of the alumina sand
are 74 m.s” and 2.5 gr.min’ respectively [8]. In this study, the different impact angles (30°,
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45°, 60° and 90°) were used. The test was conducted according to ASTM G76-13 standard.
Vickers hardness measurements were conducted using HV0.2, and load (0.5 kgf). Hardness
test was carried under the laboratory conditions on GALILEO Digi25R Vickers tester.

3. Results and Discussion
3.1. Chemical analysis

As can be seen in Table I, STD body is made of Na feldspar, quartz, two type of
kaolin and three type of clay. SW1, SW2 SW3 and SW4, made of clay B, kaolin A, sodium
feldspar, quartz, zircon, alumina and spodumene. Spodumene was also used at a ratio of 1 and
2 % in this study. Spodumene was used instead of Na-feldspar. SW1 contains clay, kaolin B,
quartz, sodium feldspar, zircon, and alumina. SW2 is made of clay B, kaolin B, quartz,
sodium feldspar, zircon, and alumina. Spodumene was also used in SW2 in a ratio of 1wt%.
instead of sodium feldspar. SW3 is made of clay A, kaolin A, clay B, sodium feldspar, zircon,
alumina and spodumene. SW4 body contains spodumene in a ratio of 2wt%. instead of
sodium feldspar. SW2, SW3 and SW4 bodies do not contain any quartz content. Table II
shows Seger oxide ratios. As seen on Table II, the opacity increased with addition of alumina
and zircon. The opacity value of the samples was calculated by correlating seger molar ratios
and refraction index of ALO; and ZrO..

Tab. I Chemical compositions of raw materials.

Lol. SiO; Al O3 Fe,03 TiO; CaO MgO Na,O KO Li,O | ZrO;

Kaolin A 10.01 65.01 23.0 0.500 | 0.500 [ 0.200 | 0.150 [ 0.200 [ 0.300 -

Quartz 0.430 97.63 0.730 0.180 0.030 | 0.100 | 0.010 0.011 | 0.470 -

Na Feldspar | 0.501 71.11 | 17.400 | 0.051 0.240 | 0.600 | 0.101 9.360 | 0.340 -

Clay A 10.000 | 59.01 26.0 1.200 1.500 | 0.600 [ 0.100 | 0.100 | 2.00 -

Clay B 8.500 59.01 25.00 1.000 1.500 | 0.600 | 0.700 0.600 2.70 -

Clay C 7.500 65.00 21.50 2.500 1.300 - - 0.100 | 2.00 -

Kaolin B 0.510 78.79 | 13.340 | 0.020 | 0.160 | 4.780 | 0.010 [ 2.100 | 0.040 -

Spodumene | 0.360 65.20 | 25.130 | 0.150 0.050 | 0.210 | 0.100 0.340 | 0.570 | 7.50

Zircon - 33.00 - - - - - - - - 66.0

Alumina 0.530 0.007 99.0 0.016 | 0.002 | 0.005 - 0.330 - - -

“Lol: loss of ignition

Tab. II Seger oxide ratios.

NaQO / Na20
Si02+ A]zOg S102 / A1203 L120 /NaZO A]203+ZI'02 Opacity

K20 +K20
STD 11.907 6.579 7.506 0.761 - 1.571 2.765
Swi 11.446 5.866 8.491 0.785 - 1.797 3.239
SwW2 9.759 4.814 8.188 0.759 0.029 1.801 3.243
SW3 10.684 4.167 6.016 0.787 0.033 2.068 4.073
Sw4 10.596 4.151 5.878 0.767 0.067 2.240 4.050

3.2. Phase analysis (XRD)

Fig. 2 and Table III show phase analyses and quantitative phase analyses (QPA) of
the samples respectively. Mullite, quartz, albite and glassy phase were detected in STD. For
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SWI1, SW2, SW3 and SW4 bodies; albite, quartz and mullite embedded in glassy phase,
zircon and alumina crystals were also detected. As can be seen from QPR analyses of the
samples, spodumene addition contributes to increase the amount of mullite. The amount of
quartz crystal in STD and SW1 bodies is higher than that of SW2, SW3 and SW4 bodies due
to the fact that these bodies contain quartz. With the spodumene addition in SW2, SW3 and
SW4 bodies, mullite crystals amount increased because of the fact that spodumene
(L,0.ALLO;.4Si0,) is highly effective fluxing agent [7-9]. The addition of spodumene is
responsible for decreasing in the viscosity of the liquid phase and also results in a further
quartz and albite dissolution. As can be seen in QPR analysis, the decrease in the viscosity
resulted in the growth of mullite crystals and also contributed to increase in the amount of
mullite crystals [7, 8]. Although the amount of the mullite crystal increased, the total amount
of crystal decreased slightly compared to the STD body, because the addition of spodumene
resulted in a decreased in the viscosity of liquid phase and increase in the dissolution of the
albite and quartz crystals [7].
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Fig. 2. XRD graphs of the fired samples, Q: Quartz, Ab: Albite, M: mullite,
A: Alumina, and Zr: Zircon.

Tab. III Quantitative phase analyses of the samples.

Quartz Albite Glassy Zircon | Mullite | Alumina Total'
(%) (%) Phase (%) (%) (%) Crystalline

(%) Phase

STD 17.23 1.36 76,01 - 5.40 - 23.89
SW1 21.0 7.02 61.0 3.17 6.38 1.15 38.72
SW2 7.88 8.64 71.8 2.50 7.74 1.3 28.06
SW3 7.2 1.50 77.0 4.5 8.0 1.70 22.9
SW4 6.69 1.5 76.9 4.01 8.9 1.5 22,6

3.3. Technological properties

Table IV shows the technological properties of the samples. Although total porosity
increased, bulk density and bending strength increased. The decrease in the viscosity of liquid
phase due to the addition of spodumene resulted in a rising up in densification rate [7-10].
The decrease in the viscosity also resulted in an increase in the amount of mullite crystals
[11]. The increase in the densification rate provided to obtain denser and higher strength
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bodies than STD. According to literature, mullite hypothesis, the dispersion-strengthening
hypothesis and the matrix reinforcement are theories explaining the strength of porcelains.
Especially, mullite hypothesis explains that the strength is directly related to the interlocking
of fine mullite needles in porcelain bodies [11, 12]. As can be seen Table III, the increase in
amount of mullite crystals was responsible for higher strength than STD body. The addition
of zircon and alumina also is responsible for higher strength bodies than STD due to their
higher elastic modulus [5, 13]. The addition of zircon and alumina contributed to the increase
of strength by affecting the second phase on the bodies [13-15].

CIElab method was used for colour analysis. According to this method, 3 main
parameters are used to determine tile whiteness and colour. The L* parameter refers to
brightness, i.e. L: 100 means full whiteness, and L: 0 means full black. a’ parameter refers to
the red-green colour range and b~ parameter refers to the yellow-blue colour range [1, 16].
The green colour is in the negative direction (-a’) and the red colour is in the positive
direction (a"). The blue colour is in the negative direction (-b") and the yellow colour is in the
positive direction (b"). The whiteness of the samples SW1, SW2, SW3 and SW4 increased
with the addition of zircon and alumina, while the green colour and the yellow colour slightly
increased. However whiteness is the most important parameter for super white porcelain.

Tab. IV Technical results of STD, SW1, SW2, SW3, and SW4.

. Porosity Colour
Bulk Bending Water Measurement
Density | strength | absorption Open Closed Total
(glem?) | ( N/mm?) (%) porosity | porosity | porosity | L* a* b*
(%) Po) | (%) Be) | (%) (Pp)

STD 2.36 50 0.15 0.40 548 5.88 752 | 1.50 | 10.5
SW1 2.39 54 0.00 0.00 8.9 8.9 852 [ 0.71 | 6.5
SW2 2.40 61 0.00 0.00 7.01 7.01 86.0 | 0.14 | 7.66
SW3 247 64 0.00 0.00 5.92 5.92 86.1 [ 05 [ 7.87
SW4 248 70 0.01 0.00 9.02 9.02 85.8 | -0.1 | 8.02

3.4. Solid particle erosion test and mechanical properties (SPE)

The graphs showing the mass loss, time and angles (30°, 45°, 60° and 90°)
relationship obtained from the SPE is shown in Fig. 3 and Fig. 4. According to many
literatures, the most important parameter affecting mass loss and/or wear rate is impingement
angle [17, 18]. As can be seen in Fig. 3 and Fig. 4, although there is a linear increase in mass
loss depending on time; when the angle of impact changes, the mass loss decreased after a
certain angle [17, 18]. Fig. 5 shows 2D and 3D surface and crater depth graph of SW4 for
different impact angle 30°, 45°, 60° and 90°. The 3D surface images of SW1, SW2, SW3 and
SW4 bodies at 60° impact angle was shown in Fig. 6. Fig. 7 shows the 2D surface images of
SWI1, SW2, SW3 and SW4 bodies at 60° impact angle. SPE was performed according to
ASTM G 76-04 [19]. Mass loss, wear rate, hardness, bending strength and elastic modulus of
the samples are also given in Table V, Table VI and Table VII respectively. As seen on Fig. 3
and Fig. 4, the highest mass loss and wear rate depending on both angle and time, was
observed in STD body. Especially, the increase in mullite amount with the addition of
spodumene, and the addition of zircon and alumina resulted in a decrease in the mass loss and
wear rate for SW1, SW2, SW3, and SW4 bodies compared to the STD body. Alumina and
zircon addition have an important effect on mass loss for the developed bodies (SW1, SW2,
SW3, and SW4). As seen on Table III, the body having the least total amount of alumina and
zircon is SW2 body among the developed bodies. Nonetheless, the highest mass loss was
observed in SW2 body among the developed bodies up to 60°. According to results of mass
loss and wear rate, the wear resistance was increased in the developed bodies compared to the
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STD body. Fig. 5 and Fig. 6 show that the boundaries of the erosion crater surface area are
clearly visible with 3D surface maps. At all angles (15°, 30°, 45°, and 90°), samples affected
by abrasive particle impingement and damage zones from which the material was removed
are clearly visible in 3D surface topography images taken by a non-contact laser profilometer.
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Fig. 3. Time-dependent mass loss variation for impact angles a) 30°, b) 45°, ¢) 60° and d) 90°,
1: SW4, 2.SW3, 3: SW2, 4: SW1, 5: STD.
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Fig. 4. Change of mass loss due to impact angle in samples; 1: SW4, 2:SW3, 3: SW2, 4:
SW1, 5: STD.

However, in this study, it was determined that the wear rate did not only depend on
microstructure and mechanical properties but also depended on angle of impingement. As
seen in Table III, Table V and Table VI, it was found that even in bodies containing the
highest ratio of the crystalline phase, the mass loss and wear rate values showed a variation
depending on the impact angle. The main erosion mechanism of the ceramic bodies for lower
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impact angle is due to the particle sliding. The mechanism for impact angle 90° is the peening
on the flat surface [20]. Immediately after the formation of the crater (since the particles are in
a vortex) it slides on its wall and continues peening only in the centre of the crater. Some
authors stated that the elastic modulus of the target material seem to be an important factor in
low angle impact erosion and for slurry erosion and dry impact. The increase in elastic
modulus increases the rate of erosion [20]. However, in this study, it was observed that as the
elastic modulus increases the rate of erosion decreases. Most of the literatures about erosion
explained that materials are categorized as brittle or ductile based on the rates of erosion.

Tab. V The mass loss of the samples for 8" min.

Mass Mass Mass Mass
loss(mg) for | loss(mg) for | loss(mg) for | loss(mg) for
30° 45° 60° 90°
STD 59.3 81.5 92.9 52.9
SW1 39.6 61.6 78 34.3
SW2 51.5 67.8 82.3 34.7
SW3 39.2 59 78.1 38.25
SW4 40.5 65.8 74 32.35
Tab. VI The wear rate of the samples.
Wear rate Wear rate Wear rate Wear rate
(mg/min) (mg/min) (mg/min) (mg/min)
for 30° for 45° for 60° for 90°
STD 3.787 5.095 5.835 6.390
SW1 2.462 3.887 4.777 3.705
SW2 3.155 4.167 5.075 3.830
SW3 2.497 3.655 4.765 4.599
SW4 2.535 4.063 4.507 3.765
Tab. VII Hardness, Bending strength and elastic modulus of the samples.
STD SW1 SW2 SW3 Sw4
Hardness (HV) 535 677.93 | 73291 751.16 884.12
Elastic Modulus (Gpa) 60 68 74 81 83
Bending strength
(N/mm?) 50 54 61 64 70

Ductile materials (pure metals etc.) have a maximum erosion rate with low impact
angles from 15° to 30°, whereas the maximum impact erosion rate is generally seen in 90° for
brittle materials [21]. In this study, the maximum rate of erosion is obtained at impingement
angle (90°) for STD body, which shows the brittle nature of ceramics. However, the
maximum rate of erosion is obtained at impingement angle (60°) for SW1, SW2, SW3 and
SW4 bodies. Erosion rate decreased at impingement angle (90°). Although ceramic materials
are normally defined as brittle, the transition from brittle to ductile behaviour was observed
easily. The transition to ductile behaviour occurs as soon as the wear rate decreases.
Depending on the degree of wear at which erosion is maximum and/or minimum, the kind of
material can be determined. The maximum wear is between 80° and 90° for brittle material.
For the ductile material, the maximum wear is between 15° and 30° whereas the wear is
between 45° and 60° for the semi-ductile materials [22-23]. As seen on Fig. 4, after 60°, semi
ductile behaviour was observed in SW1, SW2, SW3 and SW4 bodies [22-25]. But, STD body
showed brittle behaviour. In this study, it was showed that the combination of spodumene,
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zircon and alumina increased the abrasion resistance of porcelain stonewares and the brittle
nature of the porcelain stonewares is made semi ductile. This was confirmed by maximum
erosion at 60° [22-24]. As can be also seen in Table VII, the addition of high elastic modulus
materials, such as alumina and zircon, together with the spodumene increasing the amount of

mullite contributed to increase hardness, elastic modulus and strength approximately 30-
40 %.
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Fig. 5. 2D and 3D Surface and crater depth graph of SW4 for different impact angle a) 30° b)
45° ¢) 60° and d) 90°.
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e
Fig. 6. The 3D surface images of samples at 60° impact angle for different samples a) SW4 b)
SW3 c) SW2 and d) SW1 e) STD.
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Fig. 7. The 2D surface images of samples at 60° impact angle for SW1, SW2, SW3, SW4 and
STD.

3.5. Microstructural analysis (SEM)

SEM and EDX micrographs of the samples are shown in Fig. 8. All images include
both impingement surface and etched surface. Mullite, quartz and the glassy phase were
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detected for all samples. Pores are also seen in microstructure due to solid impingement test.
Primary Mullite (PM) crystals defined as cuboidal crystals from clay agglomerate relicts [7,
12, 26]. Secondary Mullite (SM) characterised as elongated needle-shaped crystals from
Primary Mullite crystals [27]. As mentioned before, the addition of alumina and zircon
together with the spodumene increasing mullite crystals contributed to increase hardness,
elastic modulus and strength [28]. Both needles and cuboidal mullite crystals are common in
all bodies. The white coloured crystals seen in the images are zircon crystals.

Fig. 8. SEM and EDX micrograph of (a): STD, (b): SW1, (c): SW2, (d): SW3,
(e): SW4.

4. Conclusion

In this study, the optical, mechanical and microstructural properties of the porcelain
stoneware bodies were investigated. In order to improve the porcelain stoneware properties
the certain ratio of spodumene, alumina and zircon were added in the composition. The
addition of spodumene, alumina and zircon improved the technological, mechanical and
microstructural properties. Bulk density increased while water absorption decreased. With the
addition of zircon and alumina whiteness of the developed samples increased due to their
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opacifying effect. Hardness, bending strength and elastic modulus increased. Hardness,
bending strengths and elastic modulus increased approximately 30-40 % compared to the
standard body. Wear resistance was improved compared to standard body. Although ceramics
are known as brittle, they have been shown to exhibit semi ductile behaviour depending on
the angle of impact and the addition of spodumene, zircon and alumina. As soon as the impact
angle of the developed samples exceeded 60°, it was found that wear rates decreased
immediately due to semi ductile behaviour. However, standard body did not exhibit any
ductile behaviour. STD body exhibits brittle behavior for all impact angles.
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Caxncemax: Hosu cucmem npousgoormwe passujen y nocieomux HeKonuKo 200Uutd je 008eo 00
Moeyhrocmu nobomuara ecmemcekoz u3eaedd 8eUKux npoussooa 00 nopyeiana. /la ou ce
0obune maxkge nioye, ONMUYKA U MeXaHuuxka ceojcmea mpeba da 6y0y nobomuwana. Ta
ceojcmea cy nogesama ca MuKpoCmMpyKmypom. Y oeom pady, cnooymew, aiymuHa u
YUPKOHUJYM CY KOpUWYEHU 0a Ou ce nobo./buana MUuKpoCcmpyKknypa nopyeiana a mume u
onmuyka u mexarnuuxa ceojcmea. OmnopHocm Ha xabare je jeOHa 00 HAj3HAYAHUJUX
MexaHuuxkux ceojcmasa. Kopuwhenu cy paznuuumu memoou anaiusze omnopHoCmu Ha
xabamwe. Memodom yoapa ynompebom yecmuya arymure o0peouia ce OmnopHoCm Ha
xabaree npou3e00a 00 nopyenanda.

Kuwyune peuu: nopyenan, memooa yoapa, omnopHocm Ha xabarbe, ONMU4Ka c60jCmea.
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