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ABSTRACT

In order to improve the hardness of commercial bone china, we suggested a chemical strengthening process and new glaze for

its process. New glaze contained about two times more Na2O and Al2O3 and had a higher transition temperature than that of

commercial frit. Chemical strengthening enhanced the hardness of the new glaze-coated bone china by over 30% compared to

that of commercial product. The change of glaze composition influenced potassium ion diffusion distance and depth of strength-

ened layer during chemical treatment. After chemical strengthening of new glaze-coated bone china, the residual compressive

stress inside the glaze was measured and found to be greater than 160 MPa.
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1. Introduction

ince the invention of bone china by Thomas Frye in the

UK in 1749, bone china has become a high quality

ceramic ware.1) Bone china production in Korea started in

the 1970s, and the domestic quality level has now come to

be on par with products manufactured in advanced nations.

The material properties of bone china have continued to be

improved since the 2000s through various efforts including

the enhancement of the ingredient materials and glaze.2-8)

The Frit glaze used in bone china widely uses ABS

(Advanced Borosilicates) without lead, including B2O3-SiO2,

Bismuth-Silicate, and Zinc-Strontium.9-11) Especially, the

ABS glaze most used in Korea has been reported to have a

low refractive index and less gloss compared to lead-based

or bismuth glazes;12) however, these are difficult to distin-

guish with the naked eye. 

With regard to chemical strengthening techniques, appli-

cation research has been carried out with the aim of improv-

ing the surface hardness of dental crown products.13,14)

Recently, there have been efforts to enhance the surface

hardness of bone china due to problems of hygiene, and

research by Kim et al. reported the strengthening of glaze

by varying the bone china curing conditions and applying

chemical strengthening to regular ceramics.15-17)

In this study, as a follow up to a previous study,17) new

glaze compositions advantageous for chemical strengthen-

ing were proposed. Based on the degree of the improvement

and the glass reinforcement mechanism, the presented glazes

were analyzed to determine their improvement of the hard-

ness through chemical strengthening.

2. Experimental Procedure

The glaze used for comparison in this study was the com-

mercially available bone china glaze manufactured by H

company. Although there was a restriction that the entire

composition of the commercial glaze cannot be revealed, the

contents of the core materials, Al2O3 and Na2O, were 7.4 and

6.3 wt%, respectively (Table 1). The composition of the Frit

presented in this study was varied by increasing the SiO2

and Al2O3 contents with the prediction that the resulting

product would be stronger in comparison to a glass struc-

ture. The Na2O content was more than double that of the

reference commercial Frit. Compared to other alkaline

earth oxides, CaO addition was disadvantageous for chemi-

cal strengthening, so the CaO content was decreased to less

than about 1/3 in comparison to that of the commercial

product.18) The thermal expansion coefficient of the glaze

was set at 9.3 × 10−6/oC(50 ~ 500oC), similar to that of the

body.

The Frit glaze is composed only of glass, so plasticity and

adhesive strength are lacking; thus, a small amount of inor-

ganic binder was included to compensate for the lacking

properties. The inorganic binder was composed of clay such

as Kaolin and Bentonite. When an inorganic binder is

added, the glass transition temperature (Tg), dilatometeric

softening point (Tdsp), and half-sphere temperature (T1/2),

observed by high temperature microscope, slightly increase

for the glaze. This phenomenon was thought to be due to the

increased SiO2 and Al2O3 content from the inorganic binder

in the Frit. Table 1 shows the composition and thermal
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properties of the body and glaze.

The mixture of the Frit and inorganic binder was glazed

on a 10 inch dish through spray coating, followed by curing

for 3 h at the curing temperature of 1100oC. The curing was

carried out in the commercial tunnel kiln at H company.

The lead-free Frit glaze for the bone china underwent vitri-

fication in advance to produce a powder unlike that of regu-

lar glaze, so the vitrification reaction occurred conveniently

through high temperature heat treatment of the Frit and

inorganic binder mixture, producing the glaze layer. 

In order to investigate the chemical strengthening effect

of bone china, the specimens were chemically strengthened

in a chemical strengthening reactor at 420, 450, 480, and

510oC for 3, 6, and 12 h each using a 100% KNO3 melt. The

specimens for chemical strengthening were prepared by cut-

ting the flat portion at the center of the 10 inch plates into

dimensions of 20 × 20 mm2.

The hardness of the bone china glaze was measured using

a micro hardness tester (Shimadzu, HMV 2T E, Japan). In

order to determine the residual stress within the glaze, the

specimens were processed to a thickness of 0.2 mm, followed

by mirror surface finishing on both sides. The residual

stress was measured using a polarizing microscope (Nikon,

Optiphot-POL, Japan) and an automatic strain viewer

(HanKook Lab, HKL-HPASM-S200, Korea). The glass tran-

sition temperature and coefficient of thermal expansion

were measured using a Thermomechanical Analyzer (TA,

TMA Q400, U.S.A). After the chemical strengthening, the

K+ ion penetration depth and concentration were measured

using EDS (Energy Dispersive spectroscopy, Oxford, Aztec,

UK).

3. Results and Discussion

Figure 1 shows the chemical strengthening results of the

ceramic specimens with the various glaze compositions and

chemical strengthening temperatures. The newly proposed

glaze for chemical strengthening was found to result in

hardness improvements of more than approximately 30%

compared to the case of the commercial glaze. In the case of

composition X, 12 h chemical strengthening at 480oC come

to a maximum value of 8.46 GPa; the hardness of the com-

mercial glaze was 6.3 GPa.

The hardness of the glaze before chemical strengthening

was around 6.3 ~ 6.5 GPa, which was similar to that of the

commercial product (6.3 GPa). Since Al2O3 is already known

to strengthen the glass structure and improve its hard-

ness,19-22) the increase in the Al2O3 content for the proposed

glaze was predicted to result in hardness improvement

before strengthening. However, because the Na2O content

increased simultaneously, this effect was thought to be

diminished.

For the chemical strengthening at 420oC, which tempera-

ture is lower than the glass transition temperature, the

hardnesses of the new glaze compositions increased accord-

ing to time (Fig. 1(a) and (b)). This result showed that the

stress within the glass continued to increase during the dis-

persion of potassium ions. Although the commercial product

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

X Y Z Ref +

SiO2 60.5 61.0 59.0 ★

Al2O3 13.0 12 10.0 7.4

B2O3 2.0 2.0 3.0 ★

CaO 2.0 3.0 3.0

RO 20 (★)MgO 3.0 2.0 3.0

ZnO 5.5 5.5 5.5

Na2O 12.0 13 13 6.3

K2O 2.0 1.5 1.5
R2O 6.0 (★)

Li2O - - -

etc. 5.0

Therm.

Frit / Frit+Binder F F+B F F+B F F+B F F+B

CTE × 10−6/oC
(100 - 300oC)

9.7 8.3 9.1 7.3 9.3 8.5 8.2 7.9

Tg(oC)* 592 648 598 615 584 618 481 494

Tdsp(
oC)** 627 696 632 653 618 656 535 544

T1/2(
oC)*** 1009 1134 1015 1079 989 1061 950 1012

+ Commercial Frit
* Tg : Glass Transition Temperature (1013.3 Poise)29)

** Tdsp : Dilatometric Softening Point (1011.3 Poise)30)

*** T1/2 : Half Sphere Temperature measured by High Temp. Microscope (104.6 Poise)30)

★ : Unable to publish



May  2018 New Glaze Composition for Chemical Strengthening of Bone China 301

showed a similar tendency, change in the hardness pla-

teaued over time when the chemical strengthening tem-

perature was above 450oC. This result was determined to be

due to the chemical strengthening temperature approach-

ing the glass transition temperature of 560oC for the com-

mercial glaze. However, for the new glaze compositions with

high glass transition temperatures, it was observed that the

hardness steadily increased with time even for the chemical

strengthening at 480oC. Except for composition X, after 3 h

the chemical strengthening at 510oC showed a decreasing

trend rather than an increasing one for the other composi-

tion glazes (Fig. 1(d)). It was determined that relaxation

phenomenon did not occur because the glass transition tem-

perature of the composition X glaze was relatively higher

than those of the two other compositions;20) the transition

temperature difference resulted from the difference in the

alumina content.

Figure 2 shows the change of depth of layer according to

various chemical strengthening temperatures and times. It

has been reported that during the fabrication of chemically

strengthened glass, the chemical strengthening depth or

depth of layer (DOL) mostly increase when the chemical

strengthening temperature and time are increased.20,23) In

order to investigate this effect, the K+ ion penetration depth

within the glass was examined using EDS line scanning;

Fig. 3 shows the results for the chemical strengthening case

at 450oC. As can be observed in each image, the K+ ion dis-

persion depth increased with time. It was found that the K+

dispersion depth due to chemical strengthening increased

with time. According to Nordberg et al., the rate of K+ dis-

persion is proportional to t1/2.24) Also, the dispersion depth

abides by the general Arrhenius equation, and so the depth

increases as the temperature increases.25) Despite this, the

occurrence of the stress relaxation phenomenon, in which

the hardness decreases as the chemical strengthening tem-

perature increases, was due to the viscous behavior near the

transition temperature.20) This phenomenon signifies the

existence of an industrially optimal processing time and

temperature. Thus, for the glaze proposed in this study, in

terms of the appropriate strengthening temperature and

time, the optimal processing conditions appear to be 480oC

and 3 ~ 6 h.

The hardness variation with respect to the temperature

for the fixed chemical strengthening time of 3 h is shown in

Fig. 4. Compared to the commercial glaze, the proposed

glaze for chemical strengthening was found to improve the

Fig. 1. Change of hardness according to chemical treatment temperatures and times.
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hardness by more than 30%. In the case of composition X, a

hardness of approximately 8.3 GPa was obtained through

chemical strengthening at 510oC for 3 h, while the hardness

of the commercial glaze was 6.3 GPa.

The increase in the hardness through chemical strength-

ening was thought to be due to an increase in the internal

stress. Fig. 5 shows polarized microscope images of the

newly proposed glaze and commercial glaze specimens after

chemical strengthening. As can be observed in the figure,

the newly proposed glaze can be observed to have four dif-

ferent colors, representing the glaze layer surface, glaze

layer center, reaction boundary layer between the glaze and

body, and the body. Fig. 6 shows observation results

obtained using an automatic strain viewer for the residual

stress of specimen X, which underwent chemical strength-

ening at 480oC for 12 h. As can be observed, the compressive

strength of the surface layer (approximately 162.8 MPa) is

clearly shown and the tensile stress of the reaction bound-

ary layer can be observed. For the commercial product that

did not undergo chemical strengthening, a stress of 43.3

MPa was obtained using the thermal expansion coefficient

difference between the glaze and body, according to Eq.

(1),26) shown below.

 (1)

Here, σgl: residual stress within the glaze, E : Young’s modu-

lus of the glaze, T0 : temperature with no residual stress

within the glaze, T1 : new temperature, αgl : thermal expan-

sion coefficient of the glaze, αb: thermal expansion coeffi-

cient of the body

As found in the previous study, compressive stress is gen-

erated in bone china glaze due to the reaction boundary

layer, which has a high thermal expansion coefficient.16)

Currently, the needle-like boundary layer was predicted to

be anorthite (CaO·Al2O3·2SiO2), with a very high thermal

expansion coefficient of around 15 ~ 16 × 10−6/oC.27) Figs. 7

and 8 show the microstructure and EDS composition analy-

sis results for specimen X. The needlelike phase was also

observed through a polarized microscope and was found to

have a relatively higher Al2O3 content compared to the glass

layer; the needlelike phase did not contain any Zn compo-

nent. Additionally, calcium phosphate particles were observed.

σg/ = E T0 T1–( ) αg/ αb–( )

Fig. 2. Change of depth of layer according to various chemical strengthening temperatures and times.
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According to the report of Ichiko, this was predicted to be

hydroxyl apatite, with a very high thermal expansion coeffi-

cient of around 14 × 10−6/oC.

On the other hand, for the commercial product (Fig. 7(a)),

the reaction boundary layer was not observed to form. Its

cause was predicted to be due to one of the following: 1) the

temperature was too low to induce crystallization because

the curing temperature of the commercial product was low

at about 1100oC or 2) the Al content within the commercial

Frit was relatively low. For the newly proposed glaze, the

Al2O3 content was high at over 40% and the Ca concentra-

tion was relatively low in the glaze compared to the body,

dispersing the Ca ion into the glaze and providing an advan-

tage for the formation of a reaction boundary layer between

the glaze and body.

The previous study revealed that sufficient curing of the

bone china glaze at 1200oC produced a calcium phosphate

compound and Anorthite layer with a large thermal expan-

sion coefficient in the middle layer between the glaze and

body, increasing the surface compressive stress of the glaze

layer during the cooling process. However, the maximum

effect obtained through the curing temperature increase

resulted in a hardness increase of only about 5%. Another

method of ceramic hardness enhancement was to form low

thermal expansion crystalline phases in the glaze.28) How-

ever, it is difficult to apply to bone china, because its glaze

loses glossy.

Therefore, the glaze for chemical strengthening proposed

in this study was expected to provide the basis for obtaining

a high hardness product while maintaining the transpar-

ency of the bone china glaze.

4. Conclusions

In order to improve the surface hardness of high-quality

Fig. 3. Depth profile of potassium and sodium according to chemical strengthening times at 450oC.

Fig. 4. Change of hardness according to chemical strengthen-
ing temperatures for 3 h.
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ceramic bone china, a new glaze composition for effective

chemical strengthening was proposed.

The proposed glaze doubled the amounts of Na2O and

Al2O3 for chemical strengthening. Chemical strengthening

of the bone china with the proposed glaze applied resulted

in a hardness improvement of more than 30%. The optimal

Fig. 5. Polarizing micrographs of glaze layer section (X400): (a) sample X, (b) Y, (c) Z strengthened chemically at 480oC for 12 h
and (d) commercial product without treatment.

Fig. 6. Residual stress in the glaze layer section: (a) sample X strengthened chemically at 480oC for 12 h and (b) commercial
product without treatment.
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conditions for chemical strengthening of 480oC for 12 h or

510oC for 3 h were expected to be sufficient to reach the

highest property values.

Although a chemically strengthened layer of greater than

40 μm was formed through the chemical strengthening pro-

cess, chemical strengthening with excessive temperature

increases or extended time durations resulted in a decreas-

ing hardness trend, and this was in agreement with the

case of general chemically strengthened glass. The surface

compressive stress obtained through chemical strengthen-

ing was more than 160 MPa, which was a hardness increase

of more than 3 times the compressive stress due to the ther-

mal expansion between the glaze and body. 
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