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ABSTRACT

 In order to improve the hardness of commercial bone china, we attempted to control the glost firing temperature and apply a

chemical strengthening process. When the glost firing time was longer or its temperature was higher than normal conditions, the

hardness was improved by approximately 5%. The chemical strengthening process also enhanced the hardness of the glaze by

more than 13% compared with bone china. It is believed that the enhancement of the hardness of the glaze was related to the

development of residual compressive stress in the glaze due to 1) the increase in the calcium phosphate phase in the interface

layer between the body and the glaze after firing, and 2) the increase of the K+ concentration on the glaze surface during the

chemical strengthening process.
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1. Introduction

ince the development by Thomas Frye of United King-

dom in 1749, bone china kept being developed to cur-

rently enjoy the position of a the highest-class living

pottery.1) Domestically, the production of bone china began

in 1970's, and no difference in the current quality level from

advanced products can be seen. Recent bone china products

show a strength higher than about 100MPa and a fracture

toughness on the level of about 2 MPam1/2, demonstrating

that mechanical characteristics are excellent in comparison

with other tablewares.2) Since 2000’s, efforts to increase the

strength of bone china have been attempted through

improving raw materials, such as controlling the silica par-

ticle size of china body itself 3-5) or changing compositions of

the glaze.6-8)

 Glaze for bone china began with SiO
2
-PbO-K

2
O system

having a PbO content of more than 40wt%, which is being

suppressed recently in the glaze for china due to the envi-

ronment and safety problems.1) So, a variety of lead-free frit

glazes were filed for patents and commercialized also. B
2
O

3
-

SiO
2 

system, called ABS(Advanced Borosilicate), Bismuth-

Silicate system, in which PbO substituted by bismuth oxide,

Zinc-Strontium system and so on belong to the lead-free frit

glazes.9-11) Though ABS glaze is known to have a lower

refractive index and less glossy than lead system or bismuth

system, it is widely used because it is less costly than other

glazes.12)

 Recently, chemical strengthening technique, which is

applied to the glass cover for smart phones, was attempted

to ceramic dental crown to improve its hardness of glaze

layer.13-14) This technique also improved the strength of pot-

tery coated high-fired glaze in the recent study.15)

 As described earlier, although bone china products have

recently achieved much improvement in strength and

toughness, demand is also continued for improvement in

hardness of the glass surface to reduce scratches by such

tools as fork or knife. So, in the this study, as received state

of ABS glaze in bone china were checked first, and changes

in hardness of the glaze layer were observed when con-

trolling the glaze firing conditions or applying the chemical

strengthening process. 

2. Experimental Procedure

Specimens were the bone china products made by H-com-

pany with the firing temperature of 1150oC and holding

time of 30 minutes (denoted as “as-received” in the figures

and the tables, and so on, herein). Tables 1 and 2 show the

compositions and thermal properties of the body and the

glaze obtained through ICP analysis and dilatometry. Since

lead-free glaze for bone china is made into a glass pow-

der(frit) by vitrification and pulverization unlike other gen-

eral glazes, vitreous layer can be easily formed when heat-

treated above the softening point. However, because the frit

glaze consists only of vitreous material lacking in plasticity

and adhesion, a small amount of inorganic binder is mixed

for use to supplement it. For the inorganic binders, the clay

such as bentonite is representative, and New Zealand

kaolin was used in this study.16) As-received samples were

heated to 1150, 1200, 1250oC, respectively, at rising rate of

S
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10oC/min. and additionally fired for 30 minutes followed by

furnace cooling. In order to identify the effects of chemical

strengthening in bone china, as-received and refired sam-

ples were subjected to be immersed in a molten bath of

100% KNO
3 
for 6 h at 450oC and 500oC, respectively. Bath is

the equipment dedicated to chemical strengthening.

 Hardness of bone china glaze was measured using micro

Vickers hardness tester (Shimadzu, HMV 2T E, Japan). To

check for residual stresses inside the glaze, both side sur-

faces of the specimen were subjected to mirror polishing

after being processed to the thickness of 0.2 mm and resid-

ual stresses were measured using the strain meter (Han-

KookLab, HKL-HPASM-S200, Korea). For measurements

of glass transition temperatures and thermal expansion

coefficients, a dilatometer (Netzsch, Dilatometer 402C, Ger-

many) was used. Status of presence of crystalline phases

inside the glaze was checked through a polarizing micro-

scope (Nikon, OPTIPHOT-POL, Japan) and a scanning elec-

tron microscope (Jeol, SEM-6701F, Japan). Microstructures

of the interfacial layer were observed after etching in 5vol%

HF solution for 30 seconds. Penetration depths and concen-

trations of K+ ions after chemical strengthening were

checked by EDS (Energy Dispersive spectroscopy, Oxford,

Aztec, UK).

3. Results

Figure 1 shows the change in the hardness of glaze

according to firing conditions. Depending on the firing con-

ditions of the glaze, its hardness increase by about 5% in

comparison with as-received sample. To statistically ascer-

tain the effects of additional firing, a significant difference

in hardness with firing condition was predicted by a 2-sam-

ple t-test ; 1) null hypothesis : there is no difference in the

average value of hardness as a function of firing tempera-

ture conditions, 2) alternative hypothesis : the average

value of hardness increases when firing temperature is

higher and time is longer (confidence level : 95%). The com-

parative analysis results between each conditions are

shown in Table 3. The alternative hypothesis could be

adopted as the p-value was within confidence level (p < 0.05)

according to the test result. So, if firing temperature

increased or time lengthened, it could be considered that the

hardness of commercial products increased statistically by

about 5% and commercial pottery production process has

room for improvement.

Figure 2 shows the change in residual stresses as a func-

tion of firing condition. Reheat treated samples had a rela-

tively high compressive strength as compared with as-

received sample. From such result, the hardness may be

considered to have been increased as the change in firing

temperatures produced compressive stresses inside the

glaze. In the case of commercial products without additional

heat treatment, it was difficult to measure the residual

stress due to the small particles inside. They were esti-

mated to remain unmelted New Zealand kaolin, which was

Table 1. Compositions of Body and Glaze of Bone China (wt%) 

SiO
2

Na
2
O B

2
O

3
Li

2
O CaO Al

2
O

3
ZnO K

2
O ZrO

2
MgO P

2
O

5

Body 27.3 0.47 - 0.12 30.7 12.7 0.02 0.78 0.01 0.51 25.1

Glaze 57.5 6.88 6.2 1.63 8.05 11.8 3.02 2.99 1.63 0.08 -

Table 2. Properties of Body and Glaze of Bone China

Sample
CTE*(50-500

oC)
(×10-6/

oC)
Tg

(
oC)

Young’s modulus
(GPa)

Stress optic coefficient
(nm/cm)/(kgf/cm2)

Body 8.73 - 80 -

Frit 8.43 × 10−6/
oC 526.6 - -

Glaze (Frit : kaolin = 10 : 1) 8.41 × 10−6/
oC 545.3 79 3.798

*CTE : Coefficient of Thermal Expansion

Fig. 1. Change in hardness as a function of firing condi-
tions.

Table 3. p-Values of 2-sample t-Test Analysis as a function of
Firing Conditions

1150
oC 60 min 1200

oC 60 min 1250
oC 60 min

As-received
(1150

oC 30min.)
0.021 0.026 0.011

1150
oC 60min. - 0.638 0.507

1200
oC 60min. - - 0.342
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used as an inorganic binder for frit glaze. Figure 3 shows

small particles in a cross section of the glaze layer in com-

mercial products using a polarizing microscope. Particles,

indicated by an arrow in Fig. 3, are shown the polarization

diffraction interference. Thus, they were thought to be the

crystalline phases of several micrometers. Because the New

Zealand kaolin composes of 50.4wt% of silica and 35.5wt%

of alumina, a general commercial firing condition, 1150oC

and 30 minutes, is reckoned not to react and melt Kaolin

sufficiently together with frit.17) 

Figure 4 compares the change in hardness in accordance

with firing and chemical strengthening conditions. As com-

pared with as-received sample, there was about 13% of

enhancement effect through chemical strengthening except

for 1250oC. Meanwhile, the higher effect of hardness

enhancement was observed at a chemical strengthening

temperature of 500oC compared with 450oC. To identify this,

the penetration depths for K+ ions inside the glaze were

checked through EDS line scan, which is shown in Fig. 5.

Except for the specimens additionally fired at 1250oC, the

strengthening depths of about 10 μm at 500oC, and of 5 μm

at 450oC were observed.

4. Discussion

As shown in Fig. 1, when as-received samples were

reheated at the same or higher temperature, improvement

in hardness can be affirmed to the extent that a statistically

significant difference occurred. According to Goodier's the-

ory recited by Kingery, residual stresses are produced in the

glaze layer as shown in the Eq. (1).18)

σ
gl
 = E(T

0
− T

1
)(α

gl
− α

b
)(1 − j)(1 − 3j + 6j2) (1)

where, σ
gl
 is the stress in the glaze on an infinite slab, T

0

the temperature when there is no stress in the glaze, T
1
 new

temperature, E the elastic modulus of the glaze, α
gl
 the CTE

of the glaze, α
b
 the CTE of the ceramic body, and j is the

thickness of the glaze/the thickness of the body.

Since the thickness ratio(j) for the glaze layer and the

body has a very small value, the j value is practically negli-

gible, simplifying the Eq. (1) to the Eq. (2).

σ
gl
 = E(T

0
− T

1
)(α

gl
− α

b
) (2)

The CTE of glaze is smaller than body minutely and the

difference is 0.32 × 10−6/oC. The estimable compressive

stress inside the glaze is 12MPa in the calculation according

to Eq.  (2). It has a very large difference from the value mea-

sured by the strain meter of 80 ~ 110 MPa. To generate

Fig. 2. Residual stresses as a function of firing condition ;
(a) 1150oC - 30min(as-received), (b) 1150oC - 60min,
(c) 1200oC - 60min. and (d) 1250oC - 60min.

Fig. 3. Polarizing microscope image of as-received bone
china (× 400).

Fig. 4. Variation of hardness with firing conditions and ion
exchange temperatures.
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more than the measured compressive strength of 80 MPa in

glaze, there should be a difference between CTEs of glaze

and body by more than 2 × 10−6/oC, theoretically. Kara et al

have shown that a reaction layer is developed between the

body and the glaze during heat treatment process and diffu-

sion occurs from the body to the glaze or from the glaze to

the body.12,19) In the present study, the similar reaction layer

was also observed distinctly with an increase in the firing

temperatures, which is shown in Fig. 6. Ichiko has pre-

sumed that such reaction layer has about an intermediate

value of CTEs between the glaze and the body, reducing

internal residual stresses.20) We has also studied the rela-

Fig. 5. Depth profile of potassium as a function of firing conditions after chemical strengthening at 450 and 500oC.

Fig. 6. SEM images of interface as a function of firing conditions (a) 1150oC - 30 min (as-received), (b) 1150oC - 60 min, (c) 1200oC -
60 min. and (d) 1250oC - 60min.
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tionship between reaction layer and residual stress, obtain-

ing the results that a compressive stress higher than

50 MPa could be produced in the glaze layer when the reac-

tion layer had a thickness larger than 30 μm with a CTE of

14 × 10−6/oC which was higher than that of the body or the

glaze.21) Fig. 7 shows a cross section of the glaze layer fired

at 1200oC, where the round particles had calcium and phos-

phorus as the main component while the needle-shaped

ones were affirmed to be an oxide consisting of calcium, alu-

minum and silicon as the main components. Kara et al

found that the needle-shaped crystals were Anorthite, the

round particles a calcium phosphate-based phase, presum-

ably hydroxyapatite (HAp) or β-tricalcium phosphate (TCP).

Both HAp and TCP are the materials with a CTE higher

than 10x10-6/oC and considered as the major cause for for-

mation of residual stresses in the glaze; the CTE of HAp is

13.59 × 10−6/oC,22) and the CTE of TCP 12 × 10−6/oC.23) There-

fore, the compressive stress formed in bone china glaze is

not caused by the difference in CTE between the glaze and

the body, but may be believed to be formed by the differ-

ences in CTEs between the reaction layer and the glaze as

well as between the glaze and the body.

Meanwhile, the fact that the enhancement effect of hard-

ness is greater at 500oC than at 450oC upon chemical

strengthening is considered to be caused by the compressive

stress inside the glaze before chemical strengthening.

Varshneya has studied that the driving force for ions to pen-

etrate into the glass is reduced when compressive stresses

exist inside the glaze before chemical strengthening pro-

cess.24) Because a large amount of compressive stress was

produced inside the glaze after additional heat treatment,

the diffusion of the ions became difficult as claimed by

Varshneya. So, the chemical strengthening temperature

needs to be higher for K+ ions to diffuse into the glaze.

 In the case of specimens heat treated at 1250oC, the effect

of hardness enhancement was relatively low even after

chemical strengthening. Kucuk et al, reported that alkali

ions in glass are volatilized slowly above 1050oC and are

accelerated above 1300oC.25) So, it was presumed that the

firing at 1250oC induces a decrease in the amount of Na+

ions on the glaze surface and chemical strengthening effect

is reduced because the ion-exchange depends on inter-diffu-

sion according to the concentration gradients of Na and K

ions. The amounts of potassium on the glaze surface after

reheat treatment and chemical strengthening is shown in

Fig. 8. Relatively small potassium amounts of were detected

in the case of firing at 1250oC than at other temperatures.

Lastly, the side effect, whether chemical strengthening

affects the color of transfer papers decorating commercial

products, was checked. As shown in Fig. 9, the decorating

colors was not changed at all after chemical strengthening,

so this process is expected to be applied to bone china for

improving it glaze surface hardness. 

Fig. 7. EDS Analysis of two types of particles in interface
layer of the specimens fired at 1200oC for 60 min. (a)
round (b) needle-like.

Fig. 8. Change of potassium concentration of surface as a
function of firing conditions after ion exchange at
500oC for 6 h.

Fig. 9. Changes in the color of the transfer paper before and
after chemical strengthening.
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5. Conclusions

 To improve hardness of the glaze layer in bone china as

the pronoun for luxury tableware, the status of glaze was

inspected and either the firing conditions were changed or

the chemical strengthening process was additionally

applied.

In the case of commercial products, kaolin as an inorganic

binder could not sufficiently react with frit and the glaze

could be completely vitrified. When more than 30 minutes of

time at the firing temperature of 1150oC was added or the

temperature was raised slightly higher, the hardness of the

glaze increased by about 5%. It was attributed to form the

interface layer which have higher CTE than 10x10-6/oC

between the glaze and the body. When chemical strengthen-

ing at 500oC was applied to bone china with heat treatment,

the glaze hardness enhanced by about 18% as compared

with commercial products. The compressive stress layer

formed on the glaze surfaces more than 10 μm due to inter-

diffusion between Na+ ions in the glaze and K+ ions in the

molten bath of KNO
3
.

As a conclusion, enhancement of the resistance to living

scratches can be expected for bone china products through

an increase in the surface compressive stresses in the glaze

layer when the glaze of bone china is sufficiently vitrified

below 1200oC and chemical strengthening at 500oC is

applied to bone china.
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