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Abstract

Flawed and broken wastes obtained from the production of Bone China were used for formulating Bone China body recipe
instead of albite, quartz and bone ash as the same chemical composition of original Bone China body. The amount of kaolin and
clay were used as the same amount of the Bone China body due to obtain optimum plastic behaviour. This study was carried
out in two steps. At the first step, compositions were fired at the original firing temperature of Bone China as 1250 °C and at
the second step, compositions were fired at 1200 °C. Water absorption and pyroplastic deformation results of the bodies were
measured. XRD and SEM determined the phase and microstructural evaluation of the bodies, respectively. As the amount of the
Bone China waste increased amount of the glassy phase increased, anorthite and quartz were decreased. Technical properties of
the bodies changed parallel to the microstructural changes. As the amount of bone waste increased in the compositions, optimum
technical properties of the compositions were obtained at 1200 °C.
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1. Introduction

As a ceramic material, Bone China is a highly specialized product and is the basis of the word’s most attractive and expensive
types of tablewares, mainly due to its translucency, whiteness, bright glaze, decoration quality and high strength (Kara & Stevens,
2002). It was first developed and and commercially sold by Josiah Spode Il in Stoke on Trend at 1794 A.D. (Rado, 1981).

Dodd (1964) has defined Bone China as a vitreous translucent pottery made from a body of the following approx. composition
(Dodd, 1964),

Calcined Bone: 45-50 %
China Clay: :25-30 %
Cornish Stone : 25-30 %

The overall microstructure of Bone China lies in the eutectic region of 11% tricalcium phosphate, 38% silica and 51% anorthite
with a melting temperature of 1290 +/-5 °C. If the firing proceeds slowly at temperature just above 1250 °C, the deformation parts
may occur. Therefore, the firing should be conducted in nonequilibrium conditions, forming the fired phases that are anorthite, p-
Calcium tri phosphate and a siliceous glass (Carus et al., 2012, .Igbal et al, 2000; Douglas et al, 2015)

The main role of bone ash is to form crystalline phases and its main constituent is hydroxyapatite (Ca(OH)2.3Cas(PO4)2), which
decomposes forming calcium oxide (CaO) and B-tricalcium-phospate (B-Cas(PO4)2), according to the following reaction:

Ca(OH),.3Ca3(PO4); —»CaO+H,0+3'B-Ca3(PO.). Q)

Lime released during the process rapidly reacts with dehydrated kaolinite (Al203.2Si02), forming anorthite (CaO.Al;03.2Si0,)
(Braganca & Bergman, 2008):

CaO+ A|203.28i02 —> CaO.AI203.28i02 (2)

Bone ash or calcined bone in the manufacturing of Bone China, making Bone China generally more durable and translucent than
kaolin based porcelain but one of the most expensive raw material for tableware industry (Douglas et al., 2015, Batista&Hand,
2001). Therefore it is the one of the important parameter for determining the cost of the Bone China ware. On the other hand, it is
important to remark that calcination and cleaning of bones can cause some pollution; mainly regarding burning of combustible
gases. Therefore, not only because of its high price but also because of its environmental effects, utilization of Bone China wastes
is important for tableware industry.

Several authors have recently investigated the microstructural development of Bone China body (Kara, 2004; Kara & Stevens ,
2002) but the effect of Bone China waste on the sintering behavior of Bone China body has not been studied. In this study, effect
of Bone China wastes on the sintering behavior of Bone China production was investigated.

2. Experimental Procedure

Bone waste was washed with distilled water and grinded by jet mill (Ceramic instruments). The particle size of the grinded Bone
China waste and the other unplastic raw materials (bone ash, quartz and albite) were measured by laser diffraction method using
Malvern Master Sizer 200 G model and the results were given in Table 1. Chemical compositions of Bone China, bone ash, quartz,
albite, kaolin and clay were given in Table 2. Bone China wastes were used in the Bone China recipe instead of albite, quartz and
bone ash as BAO5: 5%, BA10:10%, BA15:15% and BA20:20%. The recipes were designed to obtain the chemical analysis of the
basic Bone China recipe without waste (BA0O).

To prepare the batches, raw materials were dispersed in an aqueous slip containing 70 wt. percentage solid and 0.01 wt. percentage
dispersant (Na-silicate). After then, mixed for 1 h using IKA RW 20 digital mixer. The slurries were screened with 60 mesh (250
um) sieves. Slips were poured into the bar shaped plaster moulds for pyroplastic deformation measurement. Samples were fired at
the firing cycles as given in Fig. 1. Dimensions of the bars were 3.5 cm x 20 cm x 1 cm. Water absorption values were determined
by water saturation and Archimedes principle (1SO 10545-3).

The pyroplastic index (PI) of each samples were determined by three point test method after firing: where h is the thickness of the
body, S the maximum deflection and L the distance between the refractory supports as indicated in Fig. 2 (Conserva et al., 2017).

PI=4h%/3L*S (3)

The detection of the phases formed in the fired products was performed with a Rigaku Rint 2000 X-ray diffraction device. A full
profile interpretation by Rietvelt refinement was carried out with the GSAS-EXP GUI software package. In addition, for
microstructural examinations, secondary electron images were taken with scanning electron microscopy (SEM, Zeiss Supra 50
V/P) at the fractured surfaces of the samples leached with 10% diluted HF. Light transmission of the fired samples were measured
by TES 1332-lux meter according to TS EN 1184.
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3.  Results And Discussion

XRD patterns of the samples of BA0OO and BAZ20 fired at HT01 were given in Fig. 3 and obtained quantification of crystalline and
glassy phases by Rietvelt refinement of the XRD patterns were given in Fig. 4.

The phases obtained in the sample of BAQOO (also Bone China) were; anorthite, cristobalite, quartz and glassy phase. Bone China
bodies have high light transmission because the refractive index of the anorthite phase is close to the glassy phase (glass phase;1.5
and anorthite;1,58) ( Guingor, 2018). Despite the same chemical composition of the whole bodies, the reason of the decrease of
anorthite phase is the formation of glassy phase was increased as the amount of waste increased in the body composition. "The
anorthite phase" from Bone China waste dissolved in the glassy phase and therefore the amount of anorthite in the composition
decreased.

The total amount of quartz and cristoballite were decreased as the amount of waste increased in the compositions. Because of the
increased amount of the glassy phase formation, quartz and cristobalite dissolved in the glassy phase. Cristobalite is a high
temperature silica polymorph being stable in the temperature range of 1470-1705 °C, but also occurs out of its stability field as a
metastable phase. Cristobalite also develops at T<1000 °C from SiO; glass. Upon cooling, B-cristoballite turns into its tetragonal
a phase at 270 °C, not being able to overcome the activation energy barrier to change into the stable silica phase (Pagliari et al..,
2013)

Despite the absence of aluminium phosphate in the microstructure of Bone China body, aluminium phosphate started to form when
the waste was added into the Bone China body composition. The amount of aluminium phosphate was increased as the amount of
waste increased. Aluminium phosphate formed as a result of the reaction of PO4 and alumina released from anortite crystals
dissolved from waste.

The water absorption (WA) results of the sintered samples are shown in Fig 5. Water absorption of the samples were decreased as
the amount of waste in the composition was increased. This result showed that by introducing Bone China waste, a notable
reduction in the sintering temperature occurred. As the amount of liquid phase in the microstructure increases, gaps between the
grains are filled with the liquid phase and the density of the sample increases. The amount and viscosity of the glassy phase is a
determiner for the rate of sintering. Decreased viscosity of the glassy phase increases the sintering rate of the polycrystalline
ceramic (Lerdprom, 2014; Gungdr & Ay, 2018). The viscosity of the glassy phases formed in the samples were determined
according to Lakatos et al (1972) and the results were given in Fig. 6.

The viscosity of the glassy phases increased as the amount of Bone China waste increased. The reason of the increased sintering
rate was the increased amount of glassy phase. The viscosity of the glassy phases were increased because of the increased
dissolution of quartz as the amount of waste increased. The viscosity-temperature relationship of the glasses depends on the
displacement behaviour of cations with silica (Hulsenberg a.o., 2008).

The pyroplastic deformation results of the samples fired HT001 were given in Table 3. The pyroplastic deformation behaviour of
the samples were increased as the amount of glassy phase in the microstructure of the samples increased. Because of the increased
amount of the glassy phase, slippage tendency of the grains increased at the maximum temperature of firing process and as a result
of increased slippage tendency pyroplastic deformation increased. Backscattered electron (BSE) images of the fractured surfaces
of the specimens produced after firing at HTO1 are given in Fig. 7.The main phase of the microstructures for the samples of B A0O
and BA20 was anorthite. The another phase that determined for BA20 was aluminium phosphate also determined by XRD analysis.

According to the experimental results, samples fired at 1250 °C, sintering rate was increased as a result of increased waste in the
compositions. According to these results, in order to save energy by reducing the firing temperature of the samples, the sintering
rate of the samples were examined by firing at lower temperature than the first step of the study as shown in Fig. 1. The water
absorption and pyroplastic deformation results of the samples were given in Table 4. The water absorption of the samples were
decreased and the pyroplastic deformation of the samples were increased as the amount of waste increased. When the results of
water absorption and pyroplastic deformation index results of the sample of BA20 fired at HT02 were compared with the Bone
China (BA00) which was fired at HT01, the water absorption and pyroplastic deformation values are similar.

Rietvelt analysis results of the samples fired at HT02 were given in Fig. 8. When the phase contents of the bodies are examined in
comparison with the waste excluded Bone China, the samples containing 20 % of the waste fired at 1200 ° C have similar phases
and ratios with the waste excluded sample which was fired at 1250 ° C.

4,  Conclusion

Bone China waste bodies when fired at the Bone China firing cycle (1250 °C) had higher amount of glassy phase and lower amount
of crystalline phases. As a result of dissolution of Bone China waste, amount of glassy phase increased.

This change in the microstructure decreased the water absorption value but increased the value of pyroplastic deformation. When

the firing temperature was lowered to 1200 °C, samples with Bone China waste and the original Bone China fired at 1250°C had
similar water absorption values and also similar values were obtained for pyroplastic deformation. The reduction of firing
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temperature obtained for Bone China waste bodies is explained by the microstructural evoluation of the samples. Because nearly
the same microstructure was obtained by the samples with Bone China waste.

Tables

Table 1. Particle size analysis results of the raw materials.

d0,1)  d©05)  d(0,9)

pm pm pm

Quartz 4.5 21.1 65.2

Albite 49 24.3 72.1

Bone Ash 5.3 22.5 72.5
Bone

Waste 7.4 29.15 81.52

Table 2. Chemical composition results of the raw materials.

SiO2 AlkOs CaO MgO KO NaO Fe0s3 TiO2 P20s LOI  Total

BAOO 5196 1211 187 18 072 0.01 0.01 001 1078 3.9 100
Quarz 9963 011 0.01 0.01 0.04 01 0.07 001 0.02 - 100
Albite 69.31 205 0.1 01 021 0957 0.1 01 0.01 - 100
Kaolin 47.09 3815 001 001 112 003 034 004 001 132 100
Clay 474 3682 001 001 171 002 038 005 002 1358 100
Bone Ash 0.9 19 505 14 135 215 0.3 - 372 43 100

Table 3. Pyroplastic index results of the samples fired at HTO1.

Sample Pl (cm(10%))
BAOQO 7.90
BAO5 9.12
BA10 10.24
BA15 11.49
BA20 12.84

Table 4. Water absorption and pyroplastic index results of the samples fired at HTO02.

Water Absorption

Sample % Pl (cm(10®))
BAOQO 211 4.70
BAOQ5 1.68 5.61
BA10 1.32 6.29
BA15 0.89 7.29
BA20 0.57 8.11
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Fig 1. Firing cycles of the samples
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Fig.2. Positioning of the sample before and after firing for pyroplastic index assay.
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Fig 3. XRD analysis results of the samples fired at 1250 °C A quartz, % : cristoballite, '+ anorthite, + : Aluminum
Phospate.
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Fig 4. Rietvelt analysis results of the samples fired at HTO1.
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Fig. 6. Viscosity of the glassy phases of the samples fired at HT01.
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Fig. 7. SEM and EDX images of the samples fired at HTO; (a) BAOO (b) BA20
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Fig 8. Rietvelt analysis results of the samples fired HT02.
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