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Abstract

The microstructure and surface properties of ceramic glaze are influenced by chemical composition, particle size distribu-
tion, glaze application conditions, and firing parameters. This study specifically focused on the influence of glaze particle
size distribution on the thermal behavior, microstructure, and surface appearance of barium frit based ceramic glaze in the
floor tile firing process. The investigation involved examining the impact of four distinct particle size dimensions (d50:
5.7 pm, 6.8 pm, 7.5 pm, 10.9 pm) on the glaze properties by using hot stage microscopy, X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), color and gloss measurements. The studies indicated that celsian is the dominant phase
in the glaze structure. The sintering and softening temperatures of glazes decreased with the increase of milling time. A
decrease in the particle size of the glaze slurry increased the whiteness index. As the average particle size (d50) of the
glaze decreased, the number of crystals was also increased. The investigation results also suggested a relation between
specular reflection and milling time. As the milling time extended, there was a corresponding increase in the magnitude

of glossiness.
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Introduction

Ceramic glaze comprises carefully chosen raw materials.
After grinding and appliying to a ceramic body, it undergoes
a firing process, resulting in transformation into a vitrified
coating, whether in whole or part. Glaze imparts chemi-
cal neutrality, impermeability to liquids and gases, ease of
cleaning, a smooth surface, and resilience against abrasion,
scratches, and mechanical stress [1, 2].

In addition to its functional attributes, the glaze plays a
crucial role in the aesthetic appeal of the ceramic tile. The
aesthetic features encompass a wide range of surface fin-
ishes, including varying degrees of gloss and matte, color
differences, and distinctive surface appearances [3]. The
integration of both aspects is vital from a commercial per-
spective, primarily related to the surface properties of the
glazes [1, 4]. The glaze compositions used for producing
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matt glazes in tile manufacturing are generally made up of
frits and other raw materials, so that the glazes’ appearance
could be due to the presence of crystals. The crystals found
in a matt glaze may come from (a) the addition of raw mate-
rials to the glaze composition, which remains undissolved
in the glassy phase formed during firing, (b) crystallisation,
during firing of the glaze composition of crystalline phases
from the glassy matrix that forms during firing [5]. Common
variations include lime matte with wollastonite (CaSiOj)
crystals and zinc matte with willemite (Zn,SiO,) crystals
[6]. In addition to wollastonite and willemite-based glaze,
so-called barium matts in producing matt glaze surfaces
have spread in glazed ceramic tile production. These glazes
comprise frits with a high BaO content, which, according
to the literature surveyed, give rise to celsian crystallisation
(BaAl,Si,0q) [5].

Matt glazes present a higher surface roughness than that
found in glossy glazes. This surface roughness causes multi-
ple reflections of incident light, reducing the amount of light
reflected in the specular direction and, therefore, producing
a loss of gloss. The quantity of light reflected depends not
only on the surface roughness but also on the refractive index
of the material and the angle of incident light. Typically, the
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surface roughness of matte glazes results from including
crystals. However, whether this roughness is due to crystals
near or on the surface or an increase in glaze viscosity in
the molten state remains unverified. The presence of these
crystals is believed to impede optimal surface stretching. It
should be taken into account that any glaze with very high
viscosity, even without crystals, yields a matt surface since
it impedes adequate smoothness of the surface [5, 7].

Typically, the microstructure of glaze consists of a pre-
dominant amorphous phase, enclosed bubbles, and a mini-
mal proportion of crystalline phase [8]. The changes in
microstructure in matte glazes impact both aesthetic and
functional properties. The microstructure development is
influenced by the chemical composition, particle size distri-
bution of the glaze, and the conditions of glaze application
and firing parameters.

When the literature studies examining the effect of glaze
particle size distribution (PSD) on the glaze are generally
evaluated, it is observed that the relevant studies can be cat-
egorized into research on the impact of PSD on its thermal
properties [9, 10], studies on its influence on the microstruc-
ture [11-13], studies on its effect on the optical properties of
the glaze [4, 14, 15], and studies on its effect on the func-
tional properties of the glaze [16, 17].

Natalia et al. investigated the effect of PSD of two types
of single-firing transparent lead glazes commercial glazes
on the glaze melting behavior. They used differential ther-
mal and thermogravimetric analysis and hot-stage micros-
copy to examine the relationship between particle size and
the thermal behavior of the glaze. They didn’t reported any
data about surface appearance and microstructure in their
study [9].

Jiyuan et al. investigated the PSD of sanitaryware glaze
on the surface appearance of glaze. Thermal behavior of the
glazes with different particle sizes (from 2.14 to 2.78 pm.)
was investigated by a hot stage microscope. The study did
not report color indices, glossiness, and microstructure anal-
yses [10].

Wattanasiriwech et al. investigated the impact of glaze
powder particle size and glaze layer thickness on a dolomite
body. They applied a fritted glaze with five different average
particle sizes to a pre-fired body, which was then glaze-fired
at 1000 °C for 60 min in an electric furnace. Their investi-
gations unveiled that when the average particle size of the
glaze powder was around 1 micron or smaller, the glaze
coating displayed a proclivity to develop cracks and eventu-
ally manifested cloudiness, attributed to the abundance of
bubbles within the glaze layer [11]. In the study, color mea-
surements and microstructure analyses were not reported.

Amaros et al. investigated the sinter-crystallization
kinetics of a glaze within the SiO,-Al,05-CaO-MgO-SrO
system, leading to the devitrification of anorthoclase and
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diopside. The study involved three different particle size
distributions for the glazes, with average particle size dis-
tributions of 9.6 um, 4.0 pm, and 0.65 pm. Their findings
indicated that as the average particle size (d50) of the glaze
decreased, there was an observed increase in the number of
crystals, accompanied by a reduction in the size. However,
they didn’t examine the thermal behavior and the optical
characteristics of glaze and used a laboratory kiln in their
study [12].

Amoros et al. explored how the distribution of particle
sizes influences the formation of the glaze microstructure
and firing shrinkage across different firing temperatures.
Their study employed a thermal treatment approach, involv-
ing heating at a 15 K/min rate to reach the firing tempera-
ture, conducted in a laboratory kiln [13]. They didn’t report
glaze optical characteristics in the study.

Felisbino et al. also studied the particle size dimension
effect of matte glaze on the glossiness of the glaze. The
study findings indicated a direct proportionality between
specular reflection and milling time; therefore, as the glaze
milling time increased, there was a corresponding increase
in the magnitude of glossiness. In the study, thermal analy-
ses, color measurements, and microstructure analysis were
not reported [14].

Bernardin investigated the influence of PSD on the sur-
face appearance of glazed tiles. It was demonstrated that
decreasing the glaze particle size has reduced molten glaze
viscosity, which caused uniformity in the glass layer and
produced a glaze with a smooth surface [15]. In the study
laboratory type kiln was used for the experiment. The study
did not report the influence of particle size distribution on the
the thermal behavior of glaze and microstructure evolution.

Partyka and Lis studied the effect of the particle size
distribution of raw materials on the optical properties of
sanitary glaze compositions. The samples were prepared
in laboratory and they grouped the raw materials in three
category; -quartz based, feldspar based, and others. They
noticed that the preparation of glazes by using controlled
grain size raw materials can advantageously influence the
surface properties of ceramic glazes. Decreasing the grain
size of zirconium silicate can notably improve glaze white-
ness and glossiness, albeit with a potentially adverse effect
on roughness. It was advised to independently optimize the
grain sizes of quartz and feldspar to attain the most favor-
able surface features in the glaze [4].

Previous studies in the literature have highlighted the
significance of particle size distribution (PSD) as a crucial
factor in determining glaze properties. Nevertheless, these
experiments predominantly involved laboratory firing con-
ditions and did not involve a holistic approach. To fill this
gap in the literature, this study aimed to determine a relation-
ship between particle size distribution, thermal behavior,



Journal of the Australian Ceramic Society

Table 1 Particle size distributions of glaze suspensions

Glaze Code  Milling time (minutes) d(0.1) d(0.5) d(0.9)
D2 20 1.800 10.906 37.116
D3 30 1.447 7.571 28972
D4 40 1.553 6.862 26.761
D5 50 1.382 5.761  22.111

microstructure, and optical properties in the glazes prepared
with barium-based frits. The investigation was carried out
under the industrial porcelain tile firing regime.

Experimental methods
Ceramic glaze preparation

This study involved a glaze formulation that incorporated
8% kaolin by weight and standard additives into a commer-
cial frit composition rooted in a Si0,-Al,0;-Ca0-BaO-ZnO
system.

Aqueous suspensions of the mentioned glaze, incorporat-
ing 0.2% sodium carboxymethylcellulose and 0.2% sodium
tripolyphosphate by weight, with a solids volume fraction
of 0.70, underwent wet milling in a laboratory mill to yield
distinct glaze particle size distributions. In the study, differ-
ent milling durations therefore different particle size dimen-
sions, were determined by considering the glaze milling
durations and sieve residues commonly used in the ceramic
tile industry and the studies in the literature. When evalu-
ating studies concerning the effect of particle size on the
ceramic glaze surface, it has been observed that the grinding
durations in these studies range from 5 to 60 min [9, 10, 14,
15, 17] and d50 of the glazes varies in a wide range from
11.20 to 0.65 pm [9, 10, 12, 13, 15, 17]. Within this context,
the current study also considered this range in the literature,
incrementally increasing the duration from 20 min with
intervals of 10 min, up to 50 min. The particle size distri-
butions of the glaze after the milling stage were analysed
using a laser diffractometer with a resolution of 0.5 mm, and
the results are provided in Table 1. Varying the milling time
from 20 to 50 min yields d50 values for D2—-D5 that range
from 10.906 um to 5.761 um.The milling time utilized in
the study and the obtained average particle size values (d50)
are also consistent with the study conducted by Tasgkiran et
al. [17], which investigated the effect of particle size distri-
bution on the optical and chemical resistance of floor tile
glazes.

Table 2 Chemical composition of the frit

The chemical composition range of the frit composition
is given in Table 2. The recipes worked in the study were
named based on grinding time. Recipes grind for 20, 30,
40 and 50 min were respectively labeled as D2, D3, D4 and
D5 glazes.

The glaze slurries formulated exhibited a measured
density ranging from 1.80 to 1.81 g/cm?® and fluidity corre-
sponding to an outflow time from a 4 mm Ford Cup equiva-
lent to 18-20 s. The prepared aqueous glaze suspensions
were applied to commercial raw porcelain tile bodies using
a 0.8 mm glaze applicator. The glazed porcelain bodies were
dried at 110 °C for 30 min. The glazed porcelain tile sam-
ples were then fired in an industrial fast-fired gas kiln at a
temperature of 1210 °C for a total duration of 39 min.

Characterization of fired glazed samples

The color parameters L*, a*, and b* and the samples’ gloss-
iness (measured at an angle of 80 °) were determined by
using a Minolta CR-300 series chromometer. To ensure the
accuracy of the results, color and glossiness measurements
were repeated three times for each sample, and the average
of the obtained data was calculated.

The thermal behavior of the samples was examined using
a heating microscope (Misura 3 HSM Hot-stage micros-
copy, Expert Systems, Srl, Modena, Italy). Glaze powders
were prepared through uniaxial dry pressing in a cylindrical
mold (2 mm x 3 mm) and then subjected to heating, with a
temperature ramp from room temperature to 1300 °C at a
rate of 10 °C per minute. The characteristic temperatures
of the samples were determined through automatic software
analysis (Misura 3.32), which calculated geometric param-
eters based on the sample’s shape.

X-ray diffraction analysis (XRD) was conducted using
a Rigaku Miniflex 600 diffractometer at 40 kV and 15 mA.
Glazed samples were scanned in the range of 20, 20-80 °.
The microstructure of the glazed tiles was investigated
using scanning electron microscopy (Hitachi Regulus 8230
with EDS).

Results and discussion
Thermal characterization of glazes
In glazes, densification is achieved through sintering in the

presence of a viscous flow at temperatures slightly above
the glass transition temperature (Tg), forming a densely

Oxide Wt.% Na,O K,O CaO

BaO ZnO

ALO, B,0, Sio,

Ba-based frit 1-5 1-5 7-15

7-15 7-15

10-18 1-8 45-55
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Table 3 Characteristic temperatures of glazes

Temperature (°C) D2 Glaze D3 Glaze D4 Glaze D5 Glaze
Sintering T. 868 848 852 834
Softening T. 872 850 854 836
Sphere T. - - - -

Half Sphere T. 1162 1156 1156 1156
Fusion T. 1166 1166 1162 1172

packed layer with minimal porosity [3]. The hot stage
microscope plays a crucial role in this process. It provides
valuable information such as the sintering of grains (starting
from milled material), softening of the glaze sample, and
the temperatures or intervals where these phenomena occur
[18]. The sintering temperature, as determined by the hot
stage microscope, is the temperature at which the sample
exhibits a dimensional variation equivalent to 5% of the
initial image acquired, considered as 100%. The softening
point is achieved when liquid phases become apparent on
the surface of the sample. Subsequently, notable changes
in the sample’s shape occur as a result of the surface ten-
sion exerted by the liquid phases. The sphere temperature
is a significant stage in the glaze melting process. At this
temperature, the sample predominantly consists of liquid
phases, and the sample’s shape is governed by surface ten-
sion. However, certain glasses characterized by high den-
sity and low surface tension may not attain the sphere point.
The half sphere temperature is reached when the height of
the sample is half the width of the base. When the sample’s
height decreases to less than one-third of the base, it is
inferred that the sample has fully liquefied, indicating it has
reached the melting point [19].

The effect of the glaze particle size on the thermal behav-
ior of studied glazes is shown in Table 3. With the average
particle size in the studied glazes decreasing from 10.906
to 5.761, the sintering and softening temperatures have
respectively decreased from 868 °C to 834 °C and 872 °C
to 836 °C. None of the studied glazes showed sphere tem-
perature. No correlation has been reached between the par-
ticle size distribution of the glaze and the half sphere and
fusion temperatures of the samples. It can be seen that the
glaze sinterability increases with decreasing mean particle
size. This result is consistent with the literature. Gorodlova
et al. studied the impact of particle size reduction on glaze-
melting behavior. The study used two types of commercial
single-firing transparent lead glazes. They milled the glaze
at different milling times (0 min., 5 min., 10 min., 20 min.,
and 60 min.), and they investigated the PSD effect on glaze
melting behavior by using a hot stage microscope, optical
dilatometer, and making differential and thermogravimetric
analysis. Their results also indicated that glazes with lower
mean size values began to sinter and deform at lower tem-
peratures [9]. In another study, Li et al. examined the impact
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Fig. 1 XRD patterns of the studied ceramic glazes (C: Celsian)

of particle size distribution in raw glazes on the appear-
ance of glazed surfaces. They subjected the raw glazes to
milling in a ball mill for 15, 20, 30, and 40 min to achieve
this. The resulting glaze slurries were applied to green bod-
ies intended for sanitary wares. After application, dried
samples underwent firing at 1220 °C in a laboratory elec-
tric furnace. The researchers analyzed the thermal behavior
of the glazes using a hot-stage microscope and conducted
differential and thermogravimetric analyses. Their observa-
tions revealed that smaller particle-sized glazes exhibited
easier melting [10]. Taskiran et al. explored the impact of
glaze particle size distribution on the surface properties
of floor tile glazes. They used a commercial matt frit and
raw materials to produce matt glazes. Glaze compositions
were milled with alumina balls for 10, 20, 30, and 40 min.
After applying the glaze to the porcelain tile, the glazed tiles
were fired in an industrial fast-firing regime. A hot-stage
microscope investigated the thermal behavior of the glazes.
They also indicated that glaze sinterability is increased with
decreasing mean particle size from 11.2 pmto 7.26 um [17].
The decrease in sintering and softening temperatures can be
attributed to the increased contact points between particles
trigger material transport and influence the viscous flow of
glaze systems [9, 20, 21].

Microstructure and phase analysis

Figure 1 represents the crystalline phases after sintering the
glazes through the different milling times. Celsian phase
is the only phase detected in all samples. Altindel et al.
explored the influence of variations in BaO-Al,O; on BAS
glass-ceramic glaze. They observed the initiation of cel-
cian crystallization at temperatures approximately between
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800 and 820 °C and 909-918 °C [22]. In another study,
Da Silva et al. recorded the crystallization of BaAl,Si,Og in
BAS glass-ceramic over a temperature range of 870 °C to
1050 °C [23]. Therefore it can be stated that the maximum
temperature in the study which is 1210 °C is enough for
celsian crystallization.

The intensity of the peaks decreased with increasing
milling time in XRD analysis (Fig. 1). This result is not con-
sistent with the literature. Tagkiran et al. observed anorthite
and free quartz peaks in their study. They reported that the
peak intensity of the anorthite phase increased with increas-
ing milling time and they explained this result with crystal-
lization. They indicated that the crystallization is increased
with decreased particle size for the same sintering regime
and glaze composition [17].

Backscattered SEM images with low magnification
(500X) of the glazes in Fig. 2 show higher crystallization in
the glaze structure. With the increase of the milling time and
thus lower particle size distribution, there is a notable rise
in the amount of crystal phase within the glassy phase. This
result is seen in the difference between D2 and D5 SEM
images (Fig. 3). Bubbles are seen in all the glaze micro-
structures. In all ceramic glazes, air bubbles occupy specific
volumetric fractions and exhibit diverse size distributions,
dependent on the products’ nature and the manufacturing
conditions. These bubbles may arise from gases released by
the support during firing, air trapped among frit particles in
the green compact or the inclusion of air bubbles present in
the suspensions utilized for wet glaze application [24].

Fig.2 FESEM-BSE images of
the cross-section of the studied
ceramic glazes (magnification

500X); (a) D2, (b) D3, (¢) D4,
(d) D5

Figure 3 shows that the needle-like crystal size generally
varies between 2 and 7 um. Based on the grinding time, the
SEM images indicate no noticeable change in crystal grain
size and shape in the obtained glaze microstructures.

Figure 4 and Table 4 present the EDS patterns and ele-
ment wt% measured in the matrix of glazes, whereas Fig. 5
and Table 5 depict those measured within the crystal phase
of the glazes. The elements detected in the glassy phase are
Na, K, Ca, Zn, Al, Si and O and the elements detected in the
crystal phase are Na, K, Ba, Zn, Al and Si. A clear correla-
tion emerges from the results - the Ba content in the matrix
is crystallized as celsian crystals. This result aligns with the
XRD analysis, clarifying the findings.

Optical properties

The critical optical features include the percentage of spec-
ular reflection, influencing brightness, and the quantity of
transmitted light, determining color, depth, saturation, etc.
These characteristics are contingent upon the fraction of dif-
fusely transmitted light. The opacity and coverage proper-
ties of ceramic glazes hinge on the extent of diffuse light
reflection from the top surface before reaching the bot-
tom surface. In the case of translucent glasses, most light
needs to be transmitted, with only a portion being diffusely
reflected. The opacifying capability is thus reliant on light
scattering induced by particles or nuclei within the binary
system, directly linked to the secondary phase’s size, shape,
concentration, and refractive index [25]. Hence, for optimal
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Fig. 3 FESEM-BSE images of
the cross-section of the studied
ceramic glazes (magnification
2500X); (a) D2, (b) D3, (¢) D4,
(d) D5
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Fig.4 EDS patterns of the glazes taken from the glassy phase; (a) D2, (b) D3, (¢) D4, (d) D5

Table 4 Element wt%. measured in the cross-section of the glassy phase FESEM- EDX

Glaze (0] Na Al Si Ca Zn K
D2 52.69 1.53 6.73 22.36 7.36 9.33 -
D3 50.48 2.62 7.16 23.17 7.59 6.99 1.99
D4 50.19 2.62 8 23.98 7.80 7.43 -
D5 50.04 1.93 7.72 23.15 7.67 8.02 1.47
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Fig.5 EDS patterns of the glazes taken from the crystal phase; (a) D2, (b) D3, (¢) D4, (d) D5

Table 5 Element wt%. measured in the cross-section of the crystal phase FESEM-EDX

Glaze O Na Al Si Ba Zn K

D2 42.98 0.95 11.68 21.37 18.58 1.76 3.18
D3 42.10 0.87 12.42 20.860 19.77 - 3.99
D4 39.02 - 10.83 20.84 22.19 3.05 4.06
D5 40.87 1.20 11.85 20.78 21.45 - 3.86

light scattering, or, in other words, to enhance diffuse reflec-
tion, secondary phase particles need a refractive index
significantly different from the matrix and a particle size
comparable to the wavelength of the incident light. Addi-
tionally, maintaining a relatively high concentration of the
second phase is crucial to ensure a substantial number of
points for diffuse reflectance [26].

The refractive index of most glazes and ceramic enam-
els within silicate and borosilicate systems typically falls
between 1.48 and 1.65. Consequently, opacifying agents
need to possess a considerably higher refractive index.
Indeed, the higher the refractive index of the opacifying
agent, the greater the whiteness of the glaze. An ideal opaci-
fying agent should produce tiny particles in silica matrix
liquids while remaining entirely inert to the glass phase.
Chemically, these agents must exhibit high inertia and insol-
ubility in the glass matrix at low temperatures, precipitate
within the glass cooling range, and display high solubility in
glass at melting temperatures. This results in the opacifying
agents forming through the recrystallization of the liquid
medium, generating tiny crystals and achieving high cov-
erage. This mechanism creates various opaque glasses and

glazes, including white zirconium frits and titanium dioxide
enamels utilized in glazing applications [26].

Color (L*, a*, b*) and gloss (80 °) values of the glazes
and photos of the glazes are represented in Figs. 6 and 7,
respectively. According to the CIELAB model, L* = 0 rep-
resents black, L* = 100 represents white, a* is green-red at
the horizontal axis, and b* is yellow-blue at the vertical axis
[1]. Figure 6 shows that glaze milling time increases glazes’
L* values, whereas a* and b* values are decreased. Pho-
tos of the glaze surfaces also show that that the whiteness
increase from sample D2 to sample D5. Higher L* values of
the glazes indicated an insignificant increase in whiteness
with increased milling time. Because of the same crystal
type and matrix obtained in the studied glazes, this result
could be linked to the presence of a more significant amount
of celsian crystals, which was confirmed by SEM obser-
vations (Fig. 3). The higher amount of crystals caused a
high number of diffuse reflectance points, therefore, higher
whiteness.

Results also show that with the increase in milling time,
the glossiness of the glazes also increases. Glossiness
is related to the amount of light reflected in the specular
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L*
Glossiness

b#
D2 D3 D4 D5
Fig.6 Colour (L*, a*, b*), gloss (80 °) values of the glazes
(@) ®) © @

Fig. 7 Photos of the glaze surfaces: (a) D2, (b) D3, (¢) D4, (d) D5

direction. The amount of reflected light is influenced not
only by the surface roughness but also by the refractive
index of the material and the angle of incident light [5]. For
this study, the refractive index of the glaze can be assumed
the same; therefore, the amount of reflected light and glossi-
ness can be attributed to surface roughness. As a result of
extended milling time, the particle size has reduced, causing
an expansion in its surface area and consequently enlarg-
ing the contact region between particles. When applied to
a ceramic surface, the glaze yielded a smoother appearance
with minimal roughness, giving it a stretched appearance.
The decrease in particle size gradually stretched the glaze
surface, leading to an improved glaze reflection [15]. The
results for particle size distribution and glossiness relation
are consistent with the literature. Earlier research focused on
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examining the influence of particle size distribution on the
surface appearance of glazes. These studies demonstrated
that an extended glaze milling time resulted in a heightened
level of specular reflection, thereby enhancing glossiness [5,
14, 15].

Conclusions

In this study, it has been shown that the sintering and soften-
ing temperatures of the glazes prepared with barium-based
frits decrease with milling time. It can be attributed to the
higher surface energy of milled particles, which is respon-
sible for an increased driving force in the sintering process.
Additionally, a more significant number of contact points
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between particles initiates material transport and affects the
viscous flow of glaze systems.

The microstructure analysis showed that Celsian crystals
are dispersed in the glassy matrix in the glazing structure. It
was observed that regardless of the milling time, the needle-
like Celsian crystals exhibited particle sizes varied between
2 and 7 microns. As the milling time increases, resulting in a
finer particle size distribution, there is a noticeable increase
in the quantity of crystal phase within the glassy phase.

Glaze whiter index (L*) and gloss values increase with
milling time. Due to the same crystal type and matrix
acquired in the investigated glazes, higher L* values may
be attributed to the higher concentration of Celsian crystals,
as verified through SEM observations. The increased abun-
dance of crystals results in more diffuse reflectance points,
leading to elevated whiteness. The increase in glossiness
can be ascribed to the decrease in particle size, leading to a
gradual stretching of the glaze surface and improved glaze
reflection.

The results of this study would be helpful not only for
floor tile glazes prepared with Ba-based frits but also for Ba-
based glass ceramics and other frit-based glazes.
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