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Abstract

New anorthite porcelain bodies using only nonplastic raw materials, such as feldspar, quartz, and aluminous cement, without
using a binder were fabricated, and their properties were investigated. The green strength was relatively high due to hardening by
the hydration reaction of the aluminous cement with the feldspar in a moist atmosphere. The phases found in the green body were

feldspar, CaAl2O4, CaAl4O7, a-quartz and a small amount of CaAl2Si2O8
.4H2O. The phases in the fired body were a-quartz,

anorthite, glass and a small amount of a-Al2O3; cristobalite formed only at a quartz content of 60 wt.%. Higher flexural strength at
a composition containing 30 wt.% feldspar is attributed both to fewer crack origins as a result of appropriate vitrification and to
greater residual stress caused by the larger difference in the thermal expansion coefficient between the glass matrix and the quartz

and anorthite grains. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Porcelains are generally fabricated using quartz, feld-
spar, and clay minerals which act as plastic raw materi-
als. These feldspar–quartz–clay systems are well known
as the basis for a porcelain body. The fabrication of a
porcelain body using plastic raw materials has been long
established.1�4 Many studies have been performed for
the improvement of the mechanical strength of porce-
lain bodies.4�6 The strength of a fired body increases by
controlling the size of quartz grains to approximately 30
mm. The residual stress in a fired body is one of the main
factors to increase the strength, because a strong com-
pressive stress generated in the glassy phase surrounding
the quartz grains as a result of the large difference in the
thermal expansion coefficient between the glassy phase
and the quartz grains, resists crack extension.7,8 The
replacement of quartz by a-alumina6,9 and an increase
of the mullite content10 strengthen the fired body.
The resources of high-grade plastic raw materials

have recently begun to become depleted, especially in
Japan, Korea and North America. However, it needs
much cost to refine low-grade plastic raw materials.

Thus, a new approach to the development of porcelain
bodies without using plastic raw materials is necessary.
Plastic raw materials are normally required because they
provide plasticity for forming, and transform into glass
and crystalline phases during firing. In the present
study, the plastic raw materials have been replaced by
an aluminous cement (calcium aluminate cement). The
aluminous cement can increase the green strength by the
hydration reaction11 in moist atmospheres without
using any binder or plastic raw materials. It also melts
with the feldspar and quartz during the firing process,
and the melted glassy phase crystallizes and becomes
anorthite (CaO.Al2O3

.2SiO2).
12

The purpose of this study is to try the fabrication of a
new anorthite porcelain body that possesses high-strength
without using a binder, and which is fabricated using only
nonplastic raw materials, such as feldspar, quartz and
aluminous cement. The physical and mechanical proper-
ties of the resultant porcelain bodies are also investigated.

2. Experimental procedure

2.1. Raw materials

The starting materials were alkali feldspar (Nishini-
hon kohgyo, Japan) of 20–60 wt.%, silica stone (Ube
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industries, Ltd., Japan) of 20–60 wt.% and aluminous
cement (Ube industries, Ltd., Japan) fixed to 20 wt.%.
As-received feldspar was milled in a pot mill for 6 h.
The average particle sizes of the feldspar, silica stone
and aluminous cement used are 5.7, 4.6 and 14.5 mm,
respectively. The chemical compositions of the raw
materials are shown in Table 1. Silica stone consisted of
almost pure quartz, which is hereafter designated as
quartz, and the aluminous cement consisted of CaAl2O4

and CaAl4O7.

2.2. Sample preparation

The starting powders were mixed with various ratios
in a planetary mixer for 40 min. The content of added
water was 20 wt.%. Fig. 1 shows the body compositions
on a ternary diagram. The symbol of 262 in the text means
that the mixing ratio of feldspar, quartz and aluminous
cement is 20, 60 and 20 wt.%, respectively. The mixed
powders were pressed under a pressure of 10 MPa into
bars having approximate dimensions of 3.3�5�40 mm.
Hydration time was kept for 6, 12, 24 and 48 h at room
temperature in moist atmosphere and then the bars were
dried in an oven for 24 h at 50 �C. The firing was per-
formed in an electric furnace for 1 h at 1300 �C. The
heating rate was 10 �C/min over the temperature range
of 25–1000 �C and 5 �C/min in the temperature range of
1000–1300 �C. The cooling rate was 10 �C/min.

2.3. Measurements and analyses

The bulk density of the green body was calculated
using the weight and dimensions, �3.3�5�40 mm. The
bulk density of the fired body was determined by water
immersion, based on ASTM C20. For surface observa-
tion, the specimens were cut using a diamond cutter and
then ground by SiC abrasive paper, followed by polish-
ing with diamond paste (3 and 1 mm) and lapping oil. The
polished surface of the porcelain bodies was observed by
scanning electron microscopy (SEM, ABT, Japan). The
polished surface was also etched by 2% HF solution for
1 h. X-ray diffraction (XRD, Philips, Holland) analyses
were conducted using Cu Ka radiation to determine the
phases in the green and fired bodies. The samples were
milled in an alumina mortar and then milled in a vibra-
tion mill for 30 s. XRD analyses were also conducted to
determine interplanar spacing in the fired bodies. Linear

shrinkage was measured using the length direction
before and after the firing. Water absorption was mea-
sured based on JIS-R2205. The flexural strengths of
�3�4.5�36 mm specimens were measured by using a
three-point bending test(Shimadzu, AGS-5KND, Japan)
with a lower span of 30mm under a crosshead speed of 0.5
mm/min, based on JIS-R1601. The surface condition of
the measured samples was as-dried in the green bodies,
and that for the fired bodies was as-fired. The number of
samples used varied between five and seven.

3. Results and discussion

3.1. Effect of hydration time in green bodies

The effect of hydration time on the strength in the
green body without using any binders and plastic raw
materials was investigated. Fig. 2 shows flexural
strength of the green body (green strength) with hydra-
tion time in the feldspar–quartz–aluminous cement sys-
tem (30, 50, 20 wt.%, respectively). The green strength
increases with increase of hydration time, slightly up to
12 h, and more markedly up to 24 h. The strength is
almost constant at hydration times of 24 to 48 h. The
bulk density of the green body also increases with
increasing hydration time up to 24 h and then the value
remains constant in the range from 24–48 h, as shown in
Fig. 3. Fig. 4 shows X-ray diffraction patterns of the 352
green body with hydration time. The phases found in
the green body are feldspar, a-quartz, CaAl2O4, and

Fig. 1. Ternary diagram showing compositions of the bodies. A, Alu-

minous cement.

Table 1

Chemical compositions of raw materials (wt.%)

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O Ig.loss Total

Feldspar 67.72 17.52 0.17 0.01 0.13 0.10 3.31 10.64 0.39 99.99

Silica stone (quartz) 98.10 1.00 0.20 99.30

Aluminous cement 0.55 70.38 0.14 28.13 0.20 99.40
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CaAl4O7. The CaAl2O4 phase content decreases with
increasing hydration time and the phase disappears
almost completely at the hydration time of 24 h. How-
ever, the CaAl4O7 phase was stable for a hydration time
of 48 h. On the other hand, calcium aluminum silicate
hydrate (CaAl2Si2O8

.4H2O) forms at a hydration time
of 24 h. Schneider13 showed that the reaction of alumi-
nous cement and water produced the metastable
hydrates, CaO.Al2O3

.10H2O and 2CaO.Al2O3
.8H2O at

temperatures of 25 �C or lower, and the stable phases,
3CaO.Al2O3

.6H2O and Al2O3
.3H2O at elevated tem-

perature. In the present study, CaAl2Si2O8
.4H2O is

formed by the hydration reaction of the aluminous cement
with feldspar in the moist atmosphere. The increase of
flexural strength in the green body is due to hardening by
the hydration reaction, even though the body was formed
under low pressure without using any binders and plastic
raw materials. The hydration time in all the samples
thereafter is set at 24 h in moist atmospheres.

3.2. Preparation and properties of green bodies

The green bodies are prepared with various mixture
ratios in the feldspar–quartz–aluminous cement system.
Fig. 5 shows the change in green strength as a function
of composition. The green strength increases slightly
with increasing feldspar content, and decreasing quartz
content, at a constant aluminous cement content (20
wt.%). The aluminous cement reacts with the feldspar,
being a less stable raw material than the quartz in the

Fig. 2. Variation of green strength of 352 body with hydration time.

F, Feldspar; Q, Quartz; A, Aluminous cement. Error bars show the

minimum and maximum values observed.

Fig. 3. Bulk density of 352 body with hydration time.

Fig. 4. X-ray diffraction patterns of 352 body with hydration time. F,

Feldspar; Q, Quartz; A, Aluminous cement.

Fig. 5. Variation of green strength as a function of composition in green

bodies. Error bars show the minimum and maximum values observed.
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moist atmosphere. Addition of 20 wt.% aluminous
cement provides a green body of sufficient strength for
handling without requiring firing at higher temperature.
Fig. 6 shows the bulk density of the green body with
various mixture ratios. The bulk density increases
slightly with increasing feldspar content.

3.3. Fabrication of porcelain bodies

Fig. 7 shows X-ray diffraction patterns as a function
of composition in the fired body heated at 1300 �C for 1
h. The firing temperature is fixed at 1300 �C because the
composition of the glaze and underglaze decoration is
approximately based on the temperature of 1300 �C.
The XRD patterns show that a-quartz, anorthite, glass
and a small amount of a-Al2O3 are formed at all the
batch compositions. However, cristobalite is formed
only in the 262 fired body with a larger amount of
quartz. Fig. 8 shows the microstructure etched by 2%
HF solution in several fired bodies. The large quartz
particles remain in the 262 body. In the 622 body, how-
ever, a large amount of glass phase is etched away by
the HF solution, with pores resulting from over-firing at
the same firing temperature of 1300 �C. The 352 body
with a highly siliceous glass is less etched by the HF
solution, indicating uniform microstructure and appro-
priate firing. By calculating the integrated intensity of
the quartz (100) plane in the 352 raw material mixture
and the 352 fired body, the residue of quartz is about 7
wt.% of the total starting quartz content, 50 wt.%. The
peak of anorthite increases slightly as shown in Fig. 7.
The CaAl4O7 present in the green body disappeared
during the firing process. Anorthite is formed by crys-
tallization from the glassy phase produced from the
feldspar, quartz and aluminous cement.12 The anorthite
was also synthesized from kaolin and CaCO3,

14 and
SiO2, CaCO3 and Al2O3.

15 In the case of the 30 and 40

wt.% feldspar contents, the features of the X-ray dif-
fraction patterns are very close to those of a mullite
porcelain body,16 in which the mullite is replaced by
anorthite. In general, feldspar melts at around 1100 �C
and the melted glass that plays a flux role makes the
small quartz particles melt easily. Hamano and Hir-
ayama7 showed that a small amount of a-cristobalite
was formed by the addition of 40 wt.% quartz to pot-
tery stone. Carty and Senapati17 also reported that cris-
tobalite was crystallized either from the glassy phase or
by the direct conversion of quartz. If all the feldspar is
melted and 10 wt.% quartz is melted in the respective 262
and 622 mixtures during the firing process, then the SiO2

content in the glassy phase is higher in the 262 than in the
622 mixtures. The highly siliceous glass is easy to crys-
tallize to cristobalite because it is melted from higher
quartz content, i.e., 262 mixture.

3.4. Properties of the porcelain bodies

Fig. 9 shows the bulk density as a function of composi-
tion in the fired bodies. The density of the fired body exhi-
bits a maximum value at addition of 30 wt.% feldspar.
Generally, the more the alkali-oxides content increases, the
lower the viscosity of the glassy phase becomes. In the
alumina–feldspar–kaolin system,9 the addition of feldspar
lowers the body vitrification temperature. However, the

Fig. 6. Bulk density as a function of composition in green bodies.

Error bars show the minimum and maximum values observed.

Fig. 7. X-ray diffraction patterns with various compositions in fired

bodies. F, Feldspar; Q, Quartz; A, Aluminous cement.
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lower viscosity at a larger amount of feldspar can
induce pores in the body by gas evolution during firing.
Fig. 10 shows SEM micrographs of the polished surface
as a function of composition in the fired bodies. The
addition of larger amounts of feldspar increases the
pore size. The decreased density with increasing feldspar
content above 40 wt.% feldspar is attributed to the for-
mation of pores in the bodies in the presence of a large
amount of low viscosity glass phase during firing. The

addition of aluminous cement as a substitute for clays
forms anorthite in all the fired bodies. The density of
anorthite (2.76 g/cm3)18 is low compared with that of
mullite (3.16 g/cm3).19 In this study, the density is rela-
tively low as 2.07 to 2.27 g/cm3 due to the formation of
anorthite.
Fig. 11 shows the change of flexural strength with var-

ious compositions in the fired bodies. Flexural strength
attains a maximum value at the addition of 30 wt.% feld-
spar. In general, quartz particles play a skeleton role in the
fired body and, hence, an appropriate quartz amount
should be kept for higher strength. Less feldspar addition,
i.e. higher quartz content makes the quartz skeleton
increase in the glass matrix, as shown in Fig. 7.
Fig. 12 shows the interplanar spacing of the quartz

(112) plane in the fired bodies. The interplanar spacing
of the quartz standard is shown as a dotted line. The
larger interplanar spacing in the fired bodies means that
there is a larger residual tensile strain of the quartz grain
in the fired body.20 Hence, a compressive stress is pro-
duced on the glassy phase that surrounds the quartz
grain in the fired body. The addition of 30 wt.% feldspar
(352 body) exhibits a maximum value in the interplanar
spacing. The 352 body produces a strong prestress
effect7,8,20 owing to the large difference in the thermal
contraction between the glassy phase and the quartz
grains during the cooling process.

Fig. 8. Microstructure etched by 2% HF solution in (a) 262, (b) 352, (c) 442 and (d) 622 fired bodies.

Fig. 9. Bulk density as a function of composition in fired bodies.
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On the other hand, a higher feldspar content lowers
the density due to the formation of large pores, as
shown in Figs. 9 and 10(d). The large pores can act as
fracture origins, with a decrease in the flexural strength.
A small amount of cristobalite is formed in the 262

fired body with higher quartz content. The thermal
expansion coefficient of cristobalite is larger than that of

quartz. However, Carty and Senapati17 explained the
strength increase in cristobalite porcelain based on the
fact that the cristobalite grains were much smaller than
the quartz grains. The cristobalite also produced lower
strain during the cooling process because the inversion
temperature (225–250 �C) of cristobalite is lower than
that (573 �C) of quartz. On the other hand, anorthite

Fig. 10. SEM photographs of polished surface of (a) 262, (b) 352 (c) 442 and (d) 622 fired bodies.

Fig. 11. Variation of flexural strength with various compositions in

fired bodies. Error bars show the minimum and maximum values

observed.

Fig. 12. Interplanar spacing of quartz (112) plane with various com-

positions in fired bodies. - - - - Quartz (112) standard.
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crystalline phase in the fired body is formed by the
addition of aluminous cement as a substitute for clays.
The thermal expansion coefficient of crystalline anor-
thite is about 4�10�6 �C�1.21 A strong prestress is pro-
duced on the glassy phase that surrounds the anorthite
grains by the large difference in the thermal expansion
coefficient between the glassy phase and the anorthite
grains. Higher flexural strength in the 352 body thus is
attributed to fewer fracture origins by appropriate
vitrification, and to stronger prestress caused by the
larger difference in the thermal expansion coefficient
between the glass matrix and the quartz and anorthite
grains during the cooling process.
Fig. 13 shows linear shrinkage with feldspar content

at a constant amount of aluminous cement. The linear
shrinkage decreases with increasing feldspar content.
The viscosity of glassy phase is lowered by a larger
amount of glassy phase with increasing feldspar content
and the low viscosity glassy phase induces pores in the
body during the firing process. Hence, larger pores form
with increasing feldspar content in the fired body, as
shown in Fig. 10. The pores of larger size with increas-
ing feldspar content lead to smaller linear shrinkage in
the fired body.
Water absorption is measured to investigate the extent

of densification in the fired body. Fig. 14 shows the
change in water absorption with feldspar content at a
constant amount of aluminous cement. Water absorp-
tion is small in the ranges 20–50 wt.% feldspar. The
water absorption becomes almost 0 at an addition of 30
wt.% feldspar (352 body), which presents a maximum
flexural strength as shown in Fig. 11. The very small
water absorption indicates that the fired body is well
densified even with nonplastic raw materials. However,
the water absorption increases with addition of 60 wt.%
feldspar (622 body). Such higher feldspar content leads
to large pores in the fired body and even at the surface
due to a low viscosity glass phase during over-firing, as

shown in Fig. 10(d). Increased water absorption in the
622 body is due to the pores formed at the surface
caused by over-firing.

4. Conclusions

A new anorthite porcelain body from feldspar–
quartz–aluminous cement system without using any
binders and plastic raw materials was fabricated at the
temperature of 1300 �C and the properties were investi-
gated. The green body is hardened by the hydration
reaction of aluminous cement with feldspar in moist
atmospheres. The phases formed in the fired body are a-
quartz, anorthite, glass and a small amount of a-Al2O3;
cristobalite only forms with a higher quartz content.
The flexural strength of the 352 fired body is increased
by the fewer crack origins due to appropriate vitrifica-
tion and stronger prestress. The addition of aluminous
cement as a substitute for clays exhibits a relatively high-
green strength and lowers the density due to formation of
anorthite in all the fired bodies. A new porcelain body
can be produced using nonplastic raw materials without
using any binders.
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