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In this study, to replace zirconia-based white glaze, 3 wt% TiO, was added to CaO-Al,0;-SiO,-ZnO with a translucent glaze,
and ZnO and Al,O; were added to suppress the yellowing of TiO,. According to the type and amount of additives, the crys-
tal phases (X-ray diffraction, XRD) and microstructures (scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS)) of the glazes were analyzed, and the whiteness, gloss, reflectance, and absorption coefficient were mea-
sured. XRD and SEM analyses revealed the presence of plate-like (SiO,) and needle-like (Al, 443Cay 49, N2y 49951,5005) crystal
phases that affected the whiteness of the glaze. The gloss of the specimen was significantly reduced (to <40) with the addition
of ALO;. Color analysis results revealed a yellow index (b") ranging from 2.8% to 4.9% and whiteness ranging from 89%
to 93% for all the specimens, which were similar to the values for the zirconia-based white glaze. Reflectance analysis in the
visible range (300—800 nm) using Ultraviolet—visible-near-infrared spectrophotometer (UV-ViS-NIR) indicated a decrease in
reflectance in the wavelength range of 400-500 nm and an increase in reflectance in the wavelength range of 500-700 nm.
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Introduction viable opacifiers [5, 10-12]. However, the emission of
trace amounts of radioactive substances is a problem,
Glaze, which is used in the ceramic industry, is necessitating alternative opacifiers to replace zircons [13,
a glassy film coating used to protect the surfaces 14]. TiO, functions as a nucleating agent or opacifier
of various ceramic products from contamination and when added to glazes, is relatively cost-effective, and
chemical corrosion [1, 2]. In particular, in the sanitary has high utility. However, its opacification performance
ware industry, opaque glazes are primarily used for is lower than that of traditional zircons, and when added
their sanitary aesthetic effect, providing a satisfactory to alkaline glazes, it tends to produce ivory- or cream-
appearance, and they can be mixed with coloring oxides colored opaque glazes, necessitating additional measures
to achieve a variety of colors [3, 4]. Opaque glazes to inhibit yellowing [4, 9].
used in sanitary ware are manufactured by uniformly Research is actively ongoing to improve the properties
dispersing fine opacifiers in various mineral raw of ceramic glazes by adding various oxides to suppress
materials such as clay, feldspar, or quartz or by utilizing the yellowing caused by TiO.. Sijia et al. reported an
high-refractive-index crystalline phase development to improvement in whiteness with the addition of CaO
achieve diffuse-reflective properties [4-8]. to form titanite (CaTiSiOs) crystals in the glaze [15].
Representative opacifier materials include SnO,, Keriman reported the development of both sphere-shaped
7Z10,, and TiO,. Among these, SnO, can effectively titanite (CaTiSiOs) and needle-shaped zinc orthotitanate
create opacity through simple technical methods such (TiZn,O4) crystal phases by adjusting the contents of
as addition. However, it more expensive than zircon, TiO, and ZnO, which resulted in the formation of a
making it less suitable for mass production [4, 9]. Zircon white glaze [16]. Wahab et al. reported glass with
(Z1Si04) and zirconia (ZrO,) can form white opaque added ZnO, which increased opacity by breaking Si-
crystalline phases with a high refractive index (1.94) O-Si bonds in the glass to form non-bridging oxygen
and possess excellent mechanical properties and thermal (NBO) sites, while Boudeghdegh et al. reported that
and chemical stability, making them commercially ZnO influences the whiteness and mechanical properties
depending on the composition [1, 17]. Marcin et al.
*Corresponding author: suggested that high-refractive-index crystal phases, such
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phases through the addition of ZnO [10]. Marcin et al.
reported the manufacture of white glazes for sanitary
wear using needle-shaped anorthite crystal phases [4].

In this study, opaque glazes were produced in a CaO-
ALO;-S10,-Zn0O-based glaze by adding 3 wt% TiO..
7ZnO and ALO; were added to suppress yellowing, and
the crystal-phase formation and microstructural changes
were examined with different amounts of the additives.
We also investigated the changes in the surface optical
properties.

Experimental Procedure

In this study, a sanitary wear glaze with a composition
based on CaO-Al,05-Si0,-ZnO without a ZrO, opacifier
was selected as the starting material, and its chemical
composition was analyzed using X-ray fluorescence
spectroscopy (ZSX Primus, Rigaku Co., Japan). To
control the opacification properties of the glaze, additives
were used, including ZrO, (Kojundo Chemicals, Ltd.,
Japan; 98%, ~1 um), ZnO (Kojundo Chemicals, Ltd.,
Japan; 3 N, ~1 um), ALO; (Kojundo Chemicals, Ltd.,
Japan; 4 N, ~1 um), and TiO, (Kojundo Chemicals, Ltd.,
Japan; 3 N, ~2 um) were mixed. The batch composition
of the experimental glaze are presented in Table 1. The
mixed raw materials were subjected to 24 h of dry
milling using a ball mill with zirconia balls (diameters =
5 and 20 mm) for mixing and grinding. To analyze the
sample, a slurry was prepared (glaze powder:D.I water,
10:7), after which a glaze with a thickness of 800 um
was coated on an alumina substrate using a doctor blade.
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and gloss of the glaze surface were analyzed using a
spectral colorimeter (NR100 Precision Colorimeter, 3NH
Technology Co., China) and a gloss meter (NOVO-
gloss, RHOPOINT, UK), to which the KS L 5113 and
ASTM (C584-81 standards were applied, respectively.
The whiteness was analyzed using a Dgs illuminant
according to Equation (1).

Whiteness = 100 — /(100 — L)2 + a? + b2 @)

The reflectance of the glaze surface was measured
using an UV-ViS- NIR spectrophotometer (Cary 5000,
Varian Co., USA), and the analysis was conducted
over the wavelength range of 300-800 nm using an
integrating sphere. The color of the glaze was predicted
using the Kubelka-Munk model, according to the
reflectance (R), absorption (K), and scattering (S) of
light using Equation (2).

K/S = (1-R)2R ©)
Results and Discussion

Table 2 presents the chemical composition of the
original glaze. In the sanitary ware glaze of this study,
Si0; (62.05 wt%), ALO; (8.28 wt%), CaO (9.78 wt%),
and ZnO (2.68 wt%) were observed as the main
components, and alkali/alkaline earth oxides such as

Table 2. Chemical composition of the original glaze.

Each of the prepared samples was sintered in a SiC box Component wt (%)
electric furnace (heating rate = 0.32 °C/min, maximum S0 62.05
temperature = 1230 °C). The temperature and holding ’ )
time were identical to the heat-treatment conditions used ALO 8.28
for sanitary ware manufacturing. Ca0 9.78
X-ray diffraction (XRD) analysis (MiniFlex II, Rigaku MgO 1.40
Co., Japan) with Cu-Ko radiation was performed to 7n0O 2.68
analyze the crystal phase and crystallinity of the Na,0 135
glazes with respect to the mixing ratio. After the K.0 %3
glaze was etched in a 3 wt% solution of HF for 3 s, : '
the microstructure of the glaze surface was examined Fe,0s 0.25
using scanning electron microscopy (SEM, Nova Nano StO 1.62
SEM450, FEI Company, USA), and a quantitative Zr0, 0.17
component analysis of the glaze surface was performed L O 1 10.09
using energy-dispersive X-ray spectroscopy (EDS, Total 100
APOLLO X, AMETEK Inc., USA). The whiteness
Table 1. Batch composition of the experimental glaze (wt%).
Sample Zr5 ZT5-3 ZT7-3 ZT10-3 ATS-3 AT7-3 ATO9-3
Original glaze 100 100 100 100 100 100 100
ALO; - - - - 5 7 9
ZnO - 5 7 10 - - -
TiO; - 3 3 3 3 3 3

Zx0, 5
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K0 (2.33 wt%), Na,O (1.35 wt%), MgO (1.40 wt%),
and SrO (1.62 wt%) were observed in insignificant
quantities [10]. To observe changes in color and surface
optical properties according to various types of fluxes,
we used a starting composition different from that
of typical sanitary ware glazes, excluding zirconium
minerals. Owing to the use of mineral raw materials,
significant loss on ignition(L.O.I) occurred during the
heat treatment, which was due to the water of both
crystallization and adsorption and the combustion of
organic matter [18].

Figure 1 shows the XRD analysis of the crystalline
phases of the glaze samples sintered at 1230 °C for
different quantities of ZrO,, ZnO, and TiO,. In the Zr5
specimen, which has a composition similar to that of
conventional commercial glazes, both zircon (ZrSiOs,
ICSD 98-009-6733) and cristobalite low(SiO,, ICSD
98-007-4530) crystalline phases were observed. They
are attributed to the added ZrO, component, with Zr*"
cations disrupting existing Si-O-Si bridging bonds,
leading to the formation of a new crystalline zircon
phase [19]. In contrast, specimens with added ZnO
and TiO,, regardless of the amount, exhibited a typical
amorphous peak form. This is attributed to ZnO acting
as a flux, reducing the viscosity and surface tension of
the glass and interfering with the nucleation-promoting
role of TiO,, which resulted in the amorphous form of
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Fig. 1. XRD patterns of glaze with different additives; ZrO,,
ZnO and TiO..
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Fig. 2. XRD patterns of glaze with different additives; ALO;
and TiO..

the glaze [16].

Figure 2 shows the XRD analysis of the crystalline
phases of the glaze samples sintered at 1230 °C for
different quantities of ALO; and TiO,. In the ATS-
3 specimen, to which ALO; and TiO, were added at
5 and 3 wt%, respectively, a typical amorphous peak
form was observed. When the TiO, content was fixed
at 3 wt% and ALO; was added at 7 and 9 wt%, as
in the AT7-3 and AT9-3 specimens, the crystalline
phase anorthite—sodium (Al].4ggcao_491N30_499$i2,50603) ‘was
observed. This is attributed to be the result of a structural
phase transition induced by temperature, pressure, and
chemical composition, where some of the Ca*" ions
present in the anorthite (CaAl,Si,Os) crystalline phase
were substituted with Na™ ions, forming a crystalline
phase belonging to the alkali feldspar called Ca-albite
((Na,K),«CaAl;«Si;«Os) [20, 21]. Furthermore, it is
assumed that the addition of ALO; in certain amounts
(6-12 mol%) reduces the glaze melt solubility and
increases the viscosity, leading to the formation of the
anorthite—sodian crystalline phase [22, 23].

Figure 3 and 4 show SEM images of the microstructure
of the glaze sintered at 1230 °C with different quantities
and types of additives. In Figure 3, the microstructural
results for the Zr5 and ZT specimen groups (ZT5-3,
ZT7-3, and ZT9-3) indicate that in all specimens,
the crystalline phases within the glass matrix were
partially aggregated. In the Zr5 specimen, in addition
to plate-like crystalline phases with a size of 1 um,
bed-like crystalline phases with a size of 5 pm were
observed, and it was confirmed that these needle-like
and plate-like crystalline phases were separated from
each other. In the case of the ZT specimen group,
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100um

100pm

100pm

Fig. 3. SEM image of the glaze surface with different additives;
7r0,, ZnO and TiO,.

although the XRD analysis in Fig. 1 did not show any
crystalline peaks, microscopic structural analysis using
SEM confirmed the presence of minute crystalline
phases. These crystalline phases were distributed over
the entire glaze volume, indicating that they were the
result of crystalline phases appearing below the XRD
detection threshold [24]. High-resolution XRD typically
detects crystalline phases at approximately 2 wt%, and
analyzing crystalline phases below 2 wt% using XRD
is challenging [25]. Fig. 4 shows the microstructural
results for the AT specimen groups (AT5-3, AT7-3, and
AT9-3). In all the specimens, needle-shaped crystalline
phases with sizes ranging from 5 um to 20 pm were
evenly distributed. In the case of ATS5-3, despite the
amorphous nature of the XRD peaks, minute aggregated
crystalline phases were observed in the microstructure.
Notably, as the amount of ALO; added increased, the
size of the observed crystalline phases decreased from
20 um to a few pm, while their quantity significantly
increased. C. Siligardi et al. reported that increasing
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- 100pm

Fig. 4. SEM image of the glaze surface with different additives;
A1203 and T102

Fig. 5. SEM image of the glaze surface with different additives
etched by different time (left : Os, right : 3s).
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AlLO; results in the formation of a significant amount of
anorthite and a densification of the microstructure in the
glaze. This is believed to be the result of a change in
viscosity due to the increased Al,O; content at the same
composition, which promotes crystallization behavior of
the glaze [26]. This is attributed to the role of TiO, as
a nucleating agent, which limits the growth space of
the nuclei during the crystallization process, leading to
a gradual reduction in the crystalline particle size and a
significant increase in their quantity, ultimately resulting
in a dense distribution [27].

Figure 5 shows SEM images of the microstructure
of the AT specimen group (AT5-3, AT7-3, and AT9-
3) shown in Figure 4 before and after etching. Before
etching, specimen AT5-3 exhibited a typical amorphous
microstructure with no visible crystalline phases,

whereas specimens AT7-3 and AT9-3 exhibited rod-
shaped crystalline phases. In contrast, as shown on the
right (specimens after 3 s of etching), crystalline phases
were observed in all the specimens. In particular, in the
ATS5-3 and AT7-3 specimens, a continuous network
of separated phases characteristic of spinodal phase
separation was observed throughout the microstructure
[28]. ALO; typically influences the viscosity and phase
separation mechanism of glass, and as its content
increases, it can alter the nucleation and growth during
spinodal decomposition. In this glaze, it was inferred that
as the ALO; content increased, the extent of spinodal
phase separation in the microstructure decreased [29,
30]. In particular, for the ATS5-3 specimen with the
lowest AlLO; content, the spinodal phase separation
dominated, and a small amount of the crystalline phase
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Fig. 6. SEM image and EDS spectra of glaze surfaces with different additives.
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was partially formed within the glaze volume, indicating
an amorphous peak [25].

Figure 6 shows the results of the EDS analysis of the
different crystalline phases observed in the Zr5, ZT10-3,
and AT7-3 specimens, which were identified through
microstructural analysis. The bed-like crystalline phase
observed in the Zr5 specimen was confirmed to be
composed of zircon particles consisting of Zr (14 at%)
and Si (32 at%). In contrast, the plate-like crystalline
phase observed in the ZT10-3 specimen was primarily
composed of Si (49 at%). Typically, TiO, added to
glass compositions based on silica has been reported to
slow crystallization and enhance the structure of silica.
In the case of the ZT specimen group in this study,
which had TiO, added, a small amount of Si-based
crystalline phase was detected [31]. The needle-shaped
crystalline phase observed in the AT7-3 specimen was
identified as anorthite—sodian, and it was composed of
Ca, Al, Si, and Na, which is consistent with the results
of the crystalline phase analysis using XRD in Fig.
2. Generally, anorthite(Ca-feldspar) has a tetragonal or
lamellar crystal structure, whereas calcium feldspar with
a high Na" ion content exhibits elongated ribbon-shaped
crystalline phases. In this study, the observed crystalline
phases were believed to have relatively long rectangular
shapes, indicating that some Ca" ions were replaced
with Na'" ions [21, 32].

Figure 7 shows the results of analyzing the gloss of
the glaze sintered at 1230 °C with different quantities
and types of additives in accordance with ASTM C584-
81. If the 60° measured value was >70 GU, the glaze
was classified as high gloss, and if it was <10 GU,
the glaze was classified as matte [33]. The Zr5 and ZT
specimens (ZT5-3, ZT7-3, and ZT10-3) exhibited high
gloss of >80 GU, which was attributed to the increase
in the ZnO content, reduced surface tension, minimized
defects, and formation of a smooth surface [22, 34]. In
contrast, the AT specimens (AT5-3, AT7-3, and AT9-
3) exhibited a matte finish of approximately 30 GU.
Generally, it is known that needle-like crystal shapes
increase surface roughness compared to plate-like crystal
shapes, and as surface roughness increases, it scatters
light, reducing glossiness. This is believed to be the
result of enhanced surface roughness due to the presence

Table 3. CIE Lab of glaze with different additives.
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Fig. 7. Gloss of the glaze surfaces with different additives.

of needle-like anorthite crystal shapes, as depicted in
Fig. 4, causing a decrease in gloss and resulting in a
difference in glossiness compared to the ZT specimen
group [35]. Also, the presence of amorphous crystalline
phases, which form in crystallized glass or glazes, tends
to increase the viscosity of the residual glass, making
the glass surface rougher and inducing light scattering,
which reduces the gloss of the glaze surface [4, 23,
36]. It was concluded that the presence of anorthite
containing Al,O; reduced the gloss of the glaze surface.

Table 3 presents the results for the whiteness of the
glaze sintered at 1230 °C with different quantities and
types of additives obtained using the CIE Lab parameters
and the KS L 5113 standard. In general, the lightness
value (L") indicates a proportional relationship with
whiteness, while the yellowness index (b") indicates
an inversely proportional relationship with whiteness
[33, 37]. Generally, the addition of TiO, results in the
formation of opaque glazes that are ivory or cream-
colored rather than white. But all the specimens exhibited
whiteness values similar to those of the Zr5 specimen,
where zircon crystalline phases were observed. This is
believed to have resulted from the effect of ZnO, which
increases the reflectance of visible light, reducing the
absorption of blue light and yellowing, leading to high
whiteness values. Additionally, it is attributed to the
increased light scattering caused by the high refractive

Sample L b’ Whiteness

7r5 93.38+0.05 -0.81+0.03 2.07+0.06 93.01+0.06
ZT5-3 93.57+0.07 1.00+0.03 3.77+0.13 92.48+0.10
ZT7-3 92.43+0.23 -0.66+£0.04 4.95+0.08 90.93+0.16
ZT10-3 89.99+0.13 -0.43+0.15 4.58+0.13 88.98+0.16
AT5-3 92.50+0.24 -0.82+0.02 3.97+0.45 91.47+0.39
AT7-3 92.27+0.17 -0.71+£0.04 2.85+0.18 91.74+0.10
AT9-3 93.15+0.10 -0.82+0.07 3.46+0.27 92.28+0.20
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index anorthite formed by the addition of ALO; [12, 38].
All the specimens exhibited whiteness values similar to
those of the Zr5 specimen (93), where zircon crystalline
phases were observed. For the ZT specimen group,
L™ decreased from 92.48 to 88.98 as the amount of
added ZnO increased. For the AT specimen group, a
slight increase in L* was observed with the addition
of ALO;. In the case of glass, an increase in NBO
within the structure affects the absorbance. Zinc oxide
(ZnO), which acts as a flux, induces the formation of
NBO by breaking the Si-O-Si network upon addition
[17]. Therefore, it can be inferred that as the amount
of added ZnO increases, the absorption of light due
to NBO increases, reducing the whiteness and L" of
the glaze.

Figure 8 presents the results for the reflectance in
the wavelength range of 300-800 nm for specimens
sintered at 1230 °C with different quantities and types
of additives. The reflectance is directly proportional to
L" and exhibits changes in graph shape according to
a” and b, indicating a close correlation between the
CIE Lab parameters and reflectance [39, 40]. Bondioli
et al. reported that the shape of the reflectance graph
changed depending on the color development of the
glaze, with yellow glazes exhibiting an increase in
the yellow wavelength range (565-600 nm) and blue
glazes exhibiting an increase in the blue wavelength
range (400-500 nm) [40]. Accordingly, upon observing
the graph shapes, it was confirmed that all specimens
exhibited a decrease in reflectance in the 400-500 nm
wavelength range and an increase in reflectance in the
500-700 nm wavelength range. This is believed to be
influenced by the yellow index (b") of the glazed surface,
as indicated by Table 3 [37, 40, 41]. In contrast, the Zr5
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Fig. 8. Reflection of the glaze surfaces with different additives;
(a) ZrO,, ZnO and TiO;; (b) ALO; and TiO,.
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Fig. 9. Absorption edge of the glaze surfaces with different
additives; (a) ZrO,, ZnO and TiO,; (b) ALO; and TiO..

specimen exhibited a relatively high reflectance in the
400-500 nm wavelength range compared with the ZT
and AT specimens, exhibiting linear reflectance in all
wavelength ranges. This is attributed to the added ZrO,
component having a tetragonal crystal structure within
the glass, which strengthened the glass network structure
by forming Zr-O-Si bridges, increasing the viscosity,
reducing the amount of NBO, and resulting in reduced
optical absorption [42]. In addition, the Zr5 specimen
reflected all wavelengths of light, resulting in the highest
whiteness. Compared with the ZT5-3 specimen, which
had the highest L" in the 400-500 nm wavelength
range, the Zr5 specimen exhibited higher reflectance
[41, 43]. Furthermore, for the AT specimen group, no
significant differences were observed in the CIE Lab
parameters; therefore, the changes in reflectance were
not pronounced.

Figure 9 shows the K/S values derived using the
Kubelka-Munk model according to the results shown
in Fig. 8. The vertical axis represents the (I-R)*
(2R) value denoted as K/S, which is derived from
a model that relates the characteristics of the light
absorption coefficient (K) and scattering coefficient (S)
to reflectance. This model has been applied to predict
color changes [44]. With increasing amounts of ZnO
and Al,O; additives, there was a tendency for absorption
in the violet-indigo wavelength range (380-420 nm)
to increase. This is attributed to increases in the a’
and b" values, as shown in Table 3 [45]. Typically,
the introduction of ZnO causes the collapse of the
[SiO4] structure, shifting the absorption band to longer
wavelengths. In this study, as the amount of added
ZnO increased, the absorption band shifted from 407
to 420 nm [17]. However, for the AT specimens, there
was no significant shift in the absorption band with the
increasing ALO; content. This is because in contrast
to the ZT specimen group, there were no significant
differences in the CIE Lab parameters, indicating that
the absorption wavelength band did not change.
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Conclusion

In this study, an opaque glaze was produced in a
Ca0O-ALOs-Si0,-ZnO system by adding 3 wt% TiO,,
and ZnO and ALO; were added to inhibit yellowing.
In XRD and SEM analyses, specimens with ZnO
and TiO, additives exhibited small amounts of SiO--
related crystalline phases, whereas specimens with
ALO; and TiO, additives exhibited anorthite—sodian
(Al 435Ca0.491Nag 499512 50605) crystalline phases. Moreover,
increasing the amount of the ALO; additive reduced the
size of the crystalline phases and increased the number
of crystalline phases. Specimens with ZnO and TiO,
additives exhibited gloss values of >80 GU, which
are similar to those of commercial glazes, whereas
specimens with ALO; and TiO, additives exhibited a
matte appearance with 30 GU because of the needle-like
anorthite—sodian crystalline phases. All the specimens
exhibited slight yellowing compared to the reflectance
in the 400-500 nm wavelength range; however, they
exhibited whiteness values of 88.98-92.48, which are
similar to those of conventional commercial white
glazes, when compared to the reflectance in the 500-
700 nm wavelength range. By adding 3 wt% TiO,,
Zn0, and ALO; to the CaO-ALOs-Si0»-ZnO glaze, an
opaque glaze with a white color was produced that can
potentially replace zircon glazes.
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