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Abstract 

In this paper, the effect of composition of the glaze and the sintering process on the 

pyroplastic deformation of bone china was investigated. Besides the glaze compo-

sition and heating cycle, the other parameters that affect the pyroplastic defor-

mation such as body composition, body and glaze density and thickness were kept 

at the constant values. In the glaze composition, the rate of SiO2/Al2O3 was 

changed from 8.58 to 11.20, the amount of Na2O, K2O, CaO and MgO were kept at 

the constant values. The melting behavior of the glazes was examined by heat mi-

croscopy. The phases were determined by X- ray diffraction. Pyroplastic defor-

mation and thermal expansion measurements were taken on the samples. Morpho-

logical and chemical characteristics of the samples was investigated by SEM and 

EDX, respectively.  The pyroplastic deformation of the samples increased as the 

rate of SiO2/Al2O3 increased in the glaze composition due to the changes in the 

microstructure of the body such as the dissolution of the crystals and increasing the 

amount of the glassy phase and increasing the thickness of interlayer between the 

glaze and the body. 

Özet  

Bu çalışmada, sır kompozisyonunun ve sinterleme sürecinin pyroplastik defor-

masyon davranışı üzerine etkileri incelenmiştir. Sır kompozisyonu ve ısıl çevrim 

süreci dışındaki, pyroplastik deformasyon davranışını etkileyebilecek olan; bünye 

kompozisyonu, sır ve bünye yoğunluk ve kalınlıkları gibi parametreler sabit tu-

tulmuştur. Sır bileşiminde SiO2/Al2O3 oranı 8.58-11.20 aralığında değiştirilirken 

Na2O, K2O, CaO ve MgO  içeriği sabit değerlerde tutulmuştur. Sırların ergime dav-

ranışları ısı mikroskobu ile incelenmiştir. Mikroyapıda oluşan fazlar XRD analizi 

ile tespit edilmiştir. Numunelerin morfolojik ve kimyasal karakteristikleri ve 

kimyasal bileşimleri sırasıyla, SEM ve EDX analizleri ile incelenmiştir. Numunel-

erin pyroplastik deformasyonu sır kompozisyonunda SiO2/Al2O3 oranı arttıkça art-

mıştır. Çalışma verileri bu sonucun sır kompozisyonunda SiO2/Al2O3 oranının art-

ması ile mikroyapıda oluşan kristallerin çözünmesi, cam faz miktarının  artışı ve sır

-bünye ara tabaka kalınlığının artışı ile ilgili olduğunu göstermiştir.  
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1 . INTRODUCTION 

Bone China is a highly specialized product in terms of its appear-

ance; being exceptionally white and translucent makes it the world’s 

most expensive type of tableware [1]. It is a highly crystalline white-

ware that exhibits good resistance to edge chipping and high flexural 

strength. During firing, the deformation of whiteware may have a 

complex origin because of its polycrystalline microstructure. In the 

case of glazed ware the interrelation between the glaze and the body 

during the heat treatment process must be considered. The main 

interrelation factors are; 1- the tension, because of the difference of 

thermal expansion of the body and the glaze, 2- thickness of the 

glaze and 3- development of interlayer, as a result of diffusion and 

dissolution phenomena between the glaze and the body. Thus glaze 

and body do not behave as independent layers because of the pres-

ence of such an interlayer, which affects the properties of the final 

product [2, 3]. A wide interface indicates a substantial dissolution of 

the body by the glaze and vice versa. Also the glaze-body interlayer 

may be higher or lower in thermal expansion than  the glaze or the 

body due to localized variations, e.g. quartz grains at the interface 

[4]. The reaction at the interlayer must be sufficient to hold the glaze 

to the body. The amount of glaze penetration also affects glaze fit. 

The amount of penetration can vary drastically and depends chiefly 

on the glaze and body composition and the characteristics of them, 

such as particle size and distribution, the thickness of the glaze and 

the amount, size and the morphology of the pores [2]. 

As the gloss firing approaches its peak temperature, the glassy 

phase’s viscosity in the interlayer between glaze and the body de-

creases as a result of the changed composition of the interlayer due 

to the reaction between glaze and body. It should not be so low as to 

cause distortion by the gravitational effect during the sintering pro-

cess. Viscosity should be in the appropriate value to provide higher 

surface stress than the gravity force’s stresses. Viscous liquid silicate 

forms at the firing temperature and acts as a binder for the body. The 

amount and viscosity of the liquid phase should be acceptable and 

sufficient for densification. In excess amount and formation of vitre-

ous glassy phase, slippage occurs between the particles.  
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As the temperature increases, the amount of glassy phase increas-

es and viscosity decreases. Due to the increased amount of glassy 

phase and decreased of its viscosity, creep behavior accelates and 

causes the product to deform. [5-7]. 

In  this study, effect of the composition of the glaze and the sin-

tering process on the pyroplastic deformation of bone china was 

investigated. Except for the glaze composition and heating cycle, 

the other parameters that effects the pyroplastic deformation such 

as body composition, body and glaze density and thickness were 

kept at the constant values. The results were evaluated and inter-

preted considering the affect of  the glaze composition on the  

pyroplastic behavior of the product.  

2. METHODS  

Bone china body composition was studied according to the litera-

ture review [7] and developed by the experimental studies. 

Chemical analysis and average particle size (d0.5)results of the 

raw materials for bone china body and glaze compositions were 

given in Table 1. The chemical results of the raw materials were 

determined by the X-ray fluorescence method using X Lab 2000– 

Spectro and the particle size distribution of the raw materials 

were measured by diffraction method using Malvern Master Sizer 

2000 G model. Since the raw materials were used in ground 

form, the mixtures were prepared in a mixer without milling. 

Bone ash, albite, K– feldspar, quartz and clay were used in the 

body composition. The chemical composition of the bone china 

body was given in Table 2. Raw materials were dispersed in an 

aqueous solution to prepare the batches. Slip that containing 70 

wt percentage solids and 0.015 wt percentage dispersant (Na-

silicate) was mixed for 1 h using IKA RW 20 digital mixer. The 

slurries were screened by 60 mesh (250 μm) sieves. Slips were 

poured into the bar shaped plaster molds. The dimension of the 

bars was 3.5 cm×20 cm×1 cm. 

Table 1. Chemical analysis and average par ticle size [d(0.5)] results of the raw mater ials used for  body and glaze  

 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 SO3 P2O4 L.O.I. d(0.5) 
µm 

Bone Ash 2.3 1.2 0 55.2 0.1 0.2 0 0 0 40.9 0.1 5.24 

K-Feldspar 68.9 20.5 0.1 0.4 0.2 0.1 9.6 0 0 0 0.2 4.28 

Kaolin 49.3 36.1 0.3 0.1 0.1 0.1 0 0.1 0.1 0 13.9 3.15 

Clay 51 35 0.3 0.2 0.1 0.1 0.3 0.2 0 0 12.9 2.45 

Quartz (for 
glaze) 97.7 1.2 0.2 0.2 0 0.1 0.3 0 0 0 0.2 3.92 

Quartz (for 
body) 97.7 1.2 0.2 0.2 0 0.1 0.3 0 0 0 0.2 14.12 

Albite 67.6 19.4 0.1 0.4 0.2 11.8 0.2 0 0 0 0.2 4.52 

Whiting 0.8 0 0 55.6 0.5 0.1 0 0 0.1 0 42.8 5.19 

Dolomite 0 0 0 36.6 17.1 0 0 0 0.1 0 45.6 4.87 
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The aim of this study is to determine the effect of glaze composi-

tion and sintering process on the pyroplastic deformation behav-

iour of bone chine and to explain the reasons of the changed be-

haviour.  
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The whole substrates were shaped in the same dimensions and densi-

ties for eliminating the parameters of the thickness and densites. 

After shaping, substrates were biscuit fired at 1000 °C to increase 

their strength for experimental studies such as glazing and transport-

ing to the kiln. Initial glaze recipe was also developed by experi-

mental studies and its rate of SiO2/Al2O3 was changed. Commercial 

quartz, albite, K- feldspar, whiting (CaCO3), dolomite and kaolin 

samples were used to produce six glazes. Seger analyses of the glaz-

es were given in Table 3.  After accurate weighing of all raw materi-

als, carboxyl methyl cellulose (CMC), sodium tripolyphosphate 

(STPP) and water were mixed in a jet mill for 15 min. Glazes were 

applied to biscuit fired bone china body by spray gun at the density 

of 1.40-1.41 gr/cm3 and in the thickness of 400 µm. The thickness of 

the glazes was measured by a pocked pen microscope (e.j. payne 

ceramic, X50, MIC050). Whole glazes were applied in the same 

density and thickness for eliminating the effect of thickness and 

density on the pyroplastic deformation of glaze.  

Heat microscopy analyses of the prepared glazes were investigated 

using Misura 3.32-ODHT-HSM 1600/80 (Expert System Solutions) 

brand and model using a dual-cam contactless optical dilatometer. 

The measurement was carried out at a temperature of 1400 ⁰C for 30 

minutes and at a total firing time of 180 minutes. Glazed samples 

were fired in the laboratory type kiln with two different sintering 

parameters coded HT01 and HT02. For HT01;  heating rate was 10 

kmin-1, dwelling temperature was 1250 ºC and the dwelling time was 

40 minutes. For HT02; heating rate was 10 kmin-1, dewelling tem-

perature was 1250 ºC and the dwelling time was 80 minutes. The 

viscosities of the glassy phases were calculated according to Lakatos 

[8]. Viscosity of the glassy phase was calculated at the maximum 

temperature that the samples exposed. The maximum temperatures 

that the samples exposed were determined by the seger rings (Ferro, 

STH 291). The maximum exposed temperature was 1258 °C for 

HT01 and 1264 °C for HT02. Pyroplastic deformation of the sam-

ples was measured as indicated Conserva at all [9].The pyroplastic 

index (PI) of each samples was determined by three point test meth-

od 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. 1.  

The detection of the phases formed in the fired product was carried 

out with a Rigaku Rint 2000 XRD device. For microstructural exam-

inations, secondary electron images were taken with scanning elec-

tron microscopy (SEM, Zeiss Supra 50 VP) at the samples’s frac-

tured surfaces. A full profile interpretation by Rietvelt refinement 

was carried out with the GSAS-EXP GUI software package. 
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 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 TiO2 P2O4 L.O.I. 

Bone China Body 35.8 21.4 0.2 19.5 0.1 0.2 1.6 0.1 0.1 14.3 - 

Table 2. Bone China body composition (wt% ) 

Table 3. Seger analysis of the glaze recipes  

BCG 01 0.17 Na2O       

 0.01 K2O 0.42 Al2O3 
  

 0.75 CaO  3.62 SiO2 8.58 SiO2/Al2O3 

 
0.07 MgO    

BCG 02 0.17 Na2O    

 0.01 K2O 0.40 Al2O3 
  

 0.75 CaO  3.65 SiO2 9.02 SiO2/Al2O3 

 
0.07 MgO    

BCG 03 0.17 Na2O    

 0.01 K2O 0.39 Al2O3 
  

 0.75 CaO  3.68 SiO2 9.49 SiO2/Al2O3 

 
0.07 MgO    

BCG 04 0.17 Na2O    

 0.01 K2O 0.37 Al2O3 
  

 0.75 CaO  3.71 SiO2 10.01 SiO2/Al2O3 

 
0.07 MgO    

BCG 05 0.17 Na2O    

 0.01 K2O 0.35 Al2O3 
  

 0.75 CaO  3.74 SiO2 10.58 SiO2/Al2O3 

 
0.07 MgO    

BCG 06 0.17 Na2O    

 0.01 K2O 0.34 Al2O3 
  

 0.75 CaO  3.76 SiO2 11.20 SiO2/Al2O3 

  0.07 MgO       
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(a) 

(b) 

Fig.1. Positioning of the sample before (a) and after  (b) 

firing for pyroplastic index assay 

Fig. 2. XRD patterns (A: anor thite, W: wicklockite,  Q: quar tz) 

3. RESULTS AND DISCUSSION 

XRD analysis results of the bone china body without glaze after 

fired at HT1 and HT2 were given in Fig 2. Anorthite 

(CaO.Al2O3.2SiO2) was the primary crystalline phase and the 

other crystalline phase was whitlockite (Ca9Mg(PO4)6(HPO4)). 

The formation of anorthite in the whiteware compositions de-

pends on the composition and also the amount of the source of 

CaO in the composition. Another important parameter is the 

firing conditions.  [10]. Whitlockite occurs in dental calculi and 

other abnormal calcifications in the human body, and also has 

been found in terrestrial rocks and ostensibly in meteorites [11]. 

It is thought that the existence of whitlockite in the microstruc-

ture was related to the existence of bone ash as the source of 

CaO, MgO and P2O5 and also the water that used for preparing 

the body slurry. According to Bronsted-Lowry theory, an acid is 

a proton donor and a base is a proton acceptor. So the base takes 

up proton while the acid gives up the proton. Due to the amphi-

protic properties of water, it acts as a proton donor and a proton 

acceptor and, the hydrogen ion is simply a proton.  

The Reitveld analysis results of the fired bodies were given in Table 

4. As the dwelling time increased from 40 minutes to 80 minutes, 

amount of anorthite and whitlockite decreased because of the crys-

tal’s dissolution. Gungor [10] also indicated that formed anorthite 

was dissolved in the glassy phase when the dwelling time was pro-

longed. Though the maximum temperature that the samples fired at 

HT01 and HT02 was the same, holding time at the maximum temper-

ature were different. According to Seger rings, the temperature that 

the body exposed at the maximum temperature was 1258 °C for 

HT01 and 1264 °C for HT02. The calculation for determining the 

viscosity was done by this temperature values. Viscosities of the 

glassy phases were also given in Table 5. The viscosity of the glassy 

phase in the sample that fired at HT02 lower than the sample fired at 

HT01. Although the amount of SiO2 and Al2O3 in the glassy phase 

increased while anorthite dissolves, in the meantime amount of CaO 

and MgO also increased. 

Table 4. Rietveld anaysis results of the samples,  

  Rietveld analysis 

Glassy phase viscosity 
(logPa*s) 

 
Quartz Anorthite Whitlockite Amorphous (Glassy) 

 

*BC/HT01 12.27 34.17 16.21 37.35 4.284 

*BC/HT02 11.39 32.11 14.32 42.18 3.937 

* BC/HT01* Bone China body fired at HT01, * BC/HT02* Bone China body fired at HT02. 

9 

Nonmetal oxide react with water to produce an acidic solution [12]. 

P2O5 is a nonmetal oxide and it produces an acidic solution with water 

and hydrogen ion is released from this reaction. During firing, whit-

lockite ((PO4)6PO3OH )formed due to the reactions between CaO, 

MgO, P2O5 and H+. 
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 The thermal expansion coefficient (CTE) results of the glazes fired 

at HT01 was given in Table 5. CTE  of the glazes were increased as 

the content of Al2O3 increased and SiO2 decreased in the glaze com-

position. CTE of the body was 53.2x 10-6/°C.  CTE difference be-

tween the glaze and body decreases as the content of Al2O3 in-

creased in the glaze composition. A glaze will be in a state of com-

pression if it has a lower coefficient of thermal expansion then the 

body. As a glazed white ware piece is cooling after it has been fired, 

stresses build up in the glaze and body due to the thermal expansion 

mismatch between the two. The body wants to contract more than 

the glaze, which causes the glaze to be placed in compression and 

the body in tension. This should cause an increase in strength be-

cause ceramics break when placed in tension. If the glaze is placed 

in too much compression, however, shivering can occur. When the 

glaze has a higher coefficient of thermal expansion than the body, 

the glaze is placed in a state of tension and a result called crazing 

can occur. [13, 14]. In this study, there was no crazing problem after 

firing. CTE difference between bone china glaze and body could be 

until 10,1% (the difference between the body and the glaze with the 

lowest CTE, BCG06) and in the further studies, an optimum differ-

ence of CTE between bone china glaze and body should be studied. 

The pyroplastic deformation results of the samples were given in 

Table 6. As the difference in thermal expansion between the glaze 

and the body increased, the samples’s pyroplastic index increased.  

However when the CTE of glaze decreases, it is in compression. 

From this point, it could be specified that the thermal expansion of 

the glaze did not affect the increasing pyroplastic deformation. SEM 

images of the samples were given in Fig. 2. Bubble intensities of the 

glazes increased as the rate of SiO2/Al2O3 in the glaze increased. A 

lower surface tension favors the release and removal of gas bubbles 

during the heat treatment of glaze, a higher surface tension will fa-

vour the increase of the bubbles during the cooling of glaze [15]. 

Small increments of alumina have marked effects upon the maturity 

temperature, the viscosity and surface tension of the glaze, increas-

ing all [16].  

Table 5. Thermal expansion coefficient  (CTE) results of the glazes 
and standard deviation values 

Sample α500x10
-7  (K-1) σ 

BCG 01 50.7 0.1 

BCG 02 50.3 0.0 

BCG 03 49.8 0.1 

BCG 04 49.1 0.1 

BCG 05 48.5 0.0 

BCG 06 47.6 0.1 

However in this study, in contrast to this information, bubble con-

centration increased as the amount of Al2O3 decreased. Heat mi-

croscopy analysis was performed to investigate the cause of this 

contrast. Heat microscopy analysis results of the samples were 

given in Fig 3. The start of melting temperatures of the samples of 

BCG01 and BCG06 were 1194 and 1228 °C respectively. The end 

of melting temperatures of the samples of BCG01 and BCG06 were 

1257 and 1273 °C respectively. As obtained by seger rings, glazes 

were exposed to 1258 °C for HT01 and 1264 °C for HT02. The 

higher temperature significantly decreases the glaze’s viscosity and 

thereby increase the buoyancy of the gas bubbles, which rise more 

rapidly and sweep many of the smaller bubbles along [16].  

The viscosities of the glazes fired at HT01 and HT02 were given in 

Fig 4. Viscosities of the glazes increased for both the samples that 

fired at HT01 and HT02 as the amount of Al2O3 increased. There-

fore, the increase in the amount of Al2O3 has made the zone more 

refractory and reduced the amount of the bubbles.  Bubble popula-

tion is influenced by the glaze and body composition and by choice 

of batch materials. Interaction layers, when in the glassy liquid state 

can also be expected to have different viscosities and surface ten-

sions and consequently to release bubbles in the system at very 

different rates [17]. Flux migration from the glaze into the body 

would tend to retard the fusion of the interfacial zone behind the 

surface [16]. Therefore the same glaze fired on different bodies can 

give quite different surface qualities [17]. For a better understand-

ing of the effect of body and glaze interaction on the bubble popu-

lation of the glaze, it is useful to make a systematic study by chang-

ing the glaze and body compositions together. The pyroplastic in-

dex results of the samples that fired at HT01 and HT02 were given 

in Table 6. Pyroplastic deformation of the samples fired at HT02 

were higher than the samples fired at HT01. As indicated in XRD 

and Rietveld analysis results, relative intensities of the crystalline 

phases fired at HT01 were higher than the sample fired at HT02. It 

indicated that the amount of glassy phase of the sample fired at 

HT02 was higher than the sample fired at HT01. Glassy phase in 

the whiteware body, which is a viscous liquid at high temperatures, 

responsible for undesired shape distortion at high temperature [18]. 

The pyroplastic deformation increased as the dwelling time in-

crease due to the increased glassy phase and decreased amount of 

anorthite and whitlockite.  

The thickness of the interlayers was measured using SEM and the 

results revealed that as the rate of SiO2/Al2O3 decreased, the thick-

ness of the interlayer also decreased. Increased interlayer thickness 

caused an increase in pyroplastic deformation. As the amount of 

glaze penetrated into the body increased, amount of the glassy 

phase increased in the body and consequently the tendency of pyr-

plastic deformation increased. Kara et al [17] indicated that inter-

layer composition changes as a result of subsequent diffusion of 

chemical spices from glaze into the body and vice versa.  
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(a)  (b)  

(c)  
(d)  

Fig. 4. Heat microscopy analysis of the glazes of BCG01 and BCG06. 

Fig. 3. SEM images of the samples (a) BCG 06 fired at HT01, (b) BCG 01 fired at HT02, (c) BCG 04 fired at HT02, (d) BCG 

06 fired at HT02 
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Table 6. The pyroplastic index results of the unglazed 

and glazed samples and standard deviation values 

Body/Glaze 
Heat Treat-

ment 
PI (cm-1(10-5)) σ 

BC/BCG 01 
HT01 4.75 0,117 

HT02 5.42 0,105 

BC/BCG 02 
HT01 4.91 0,109 

HT02 5.49 0.166 

BC/BCG 03 
HT01 4.98 0.104 

HT02 5.57 0.146 

BC/BCG 04 
HT01 5.11 0.115 

HT02 5.71 0.095 

BC/BCG 05 
HT01 5.39 0.119 

HT02 5.92 0.124 

BC/BCG 06 
HT01 5.37 0.131 

HT02 6.21 0.069 

Glaze viscosity during the firing process was the parameter that de-

termines the rate of penetration of the glaze to the substrate. The 

results of the calculated viscosities of the glazes were given in Fig 5. 

The viscosities of the glazes increased as the rate of SiO2/Al2O3 de-

creased. In the contact zone between the body and the glaze, the 

original raw products are no longer stable; a reaction occurs which 

favors the incorporation of atoms from the glaze into the body and 

from the body to glaze, diffusion being the mechanism responsible 

(a) 

(b) 

Fig. 5. EDX result of the samples of (a) BCG01 and    (b) BCG06 
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for such migration elements [2, 3]. During firing, as the glaze’s vis-

cosity decreased, the glassy phase’s viscosity in the interlayer de-

creased and the crystalline phases in the microstructure of the body 

dissolved and the amount of the glassy phase and also the thickness 

of the interlayer increased and pyroplastic deformation increased . 

4. Conclusion 

The anorthite and whitlockite crystals in the composition of the body 

dissolved in the glassy phase due to the elongation of the dwelling 

time at 1250 °C. With the dissolution of the crystals, amount of the 

glassy phase increased and the deformation tendency of the body 

increased. 

The tension that the body was exposed change as the result of the 

changed in the thermal expansion coefficient difference between the 

glaze and the body. The thermal expansion coefficient of the glazes 

increased as the amount of Al2O3 increased and SiO2 decreased in 

the glaze composition and the difference between the CTE of the 

glaze and the body decreased.  

Despite the constant composition of the body, the samples coated 

with different glazes exhibited different pyroplastic deformation 

behavior at the same firing cycle. At this point, the determining fac-

tor is the ''interlayer''. Interlayer composition and also thickness 

changed according to the composition of the glaze and the body. The 

interlayer composition was also a determinant for creep behavior by 

affecting the viscosity of the glassy phase and as much as the amount 

of liquid phase formed in the microstructure of the bone china body 

during firing.  
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In this study, due to the changed glaze composition and heating 

cycle, the composition of the interlayer between the glaze and the 

body changed. As a result of changed interlayer composition, the 

thickness of the interlayer changed because the penetration capacity 

of interlayer throughout to the body increased as the rate of SiO2/

Al2O3 increased in the glaze composition. As the thickness of inter-

layer increased, the pyroplastic deformation of bone china also in-

creased.  
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