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Abstract
The frites by mole fraction of 2.5 SiO2, 0.20 Al2O3, 0.15 B2O3, 0.15ZnO, 0.17K2O, 0.67CaO systems in
three ratios of S including 0.37(denoted by F1frites ),0.31(F2), 0.24(F3) (S=K2O/CaO+ZnO) were studied.
ZnO powder with 500 nm (N series) and >1μm sizes (F series) opted from the recycled Zn ingots dusts
and commercially ZnO respectively, were used as the raw materials.

By decreasing the S ratio, the Molar Volumes of frites were decreased, The glass transition ΔTg(=-154ºC),
and the crystallization temperatures ΔTp (=+17ºC) values were decreased and increased respectively. It
was shown that the GS (glass stability) values are independent of the Zinc Oxide's powder size, while the
Molar Volumes of N series were lower than the F ones.

The Zinc Silicate (Willemite) beside Anorthite and Parawollastonite phases were crystallized in the
resulted glazes. The hardness values were in 700-850 Hv range, the transparency and whiteness were
higher than 80 and 60 respectively.  

1. Introduction
It is well known that, Zinc oxide, ZnO, is an environmentally friendly and technically important semi-
conductor [1]. Due to a unique combination of electrical and optical properties, it is one of the most
attractive semiconductors. Besides this, its potential applications are catalysis, optoelectronic devices,
sensors and photovoltaic devices. ZnO can be synthesized in a wide range of particle sizes and shapes
[2]. ZnO-CaO-Al2O3-SiO2 system used in industry to produce transparent and glossy glazes [3].

In the case of ZnO application for glaze, It was shown that [3], in the smaller quantities, ZnO acts as a
flux. It works especially strongly in the glazes with the high contents of SiO2 and Al2O3. It enhances the
gloss of the glazes and improves the performance of opaque glazes. However, this compound is
expensive and many attempts have been done before, to change the glaze's formulation in a way that the
ZnO amount decreased [4, 5, 6]. In the recent research [4], it was shown that the glaze rich in ZnO would
be crystallized in the calcium silicate form. This phase formation could be avoided by the alumina
addition in 2 to 4 wt. %. In addition, the alumina source in this study supplied from kaolinite increases the
resulted glaze transparency. In other research [5] it was shown that by blending two transparent and opal
frites, the ZnO content decreased to 0.5 wt.% but the density and crystalline phases of this frites were not
discussed at all. In other work [6], it was shown that zircon in substitution of zinc oxide improves the
mechanical properties of the glaze but they demonstrated that the zinc oxide plays an important role in
the whiteness controlling. Moreover, their experiments showed that the whiteness (up to 85.7%) and
flexural strength (47.61 MPa) at the maximal content of zircon (14.5 wt. %) and a low content of ZnO (2.5
wt. %) were accomplished.

Willemite (Zn2SiO4) - gahnite (ZnAl2O4) are the main crystalline phases of ZnO-CaO-Al2O3-SiO2 glazes,
which formed with different morphologies. The kinetics of the seed's formation and the growth of



Page 3/24

willemite and gahnite crystals in such materials have been widely reported [7]. Willemite crystals exhibit
different morphologies, varying with the melt's viscosity, which that is depended on the glaze composition
, the crystal growth temperature, and on the cooling rate of heat treatment [8].

On the other hand, Nanometric particles were developed in the typical glaze systems for innovative
surface characteristics in �oor and wall tile industries [9]. So imparting of the nano particle technology
adheres a greater attention to the ceramic products via yielding outstanding properties [10]. The use of
ZnO nanoparticles (NPs) has generated serious concern about their fate, transportation, and toxicity in
the environment. ZnO in glaze industry supposed as a modi�er that could be dissolved faster than the
alkaline oxide and decreased the glass viscosity around the Tg temperature [11]. It has been
demonstrated, that the major effects in the melting kinetics and the major variations in reaction paths are
directly attribute to the particle size distributions of the batch components [12]. In this work, the �ne size
sample was generated by upgrading of Halid bearing Zinc Oxide concentrate from the recycling of Zn
ingots dusts [13].

However, the mixed effect of alkaline oxides and ZnO was not investigated. Therefore, in this attempt, the
focus was on the ZnO compound with two different sizes (sources) through the different K2O/CaO+ZnO
ratios, to determine how will ZnO particle sizes distribution in�uence on glass melting, frites density, and
�nal color of the glazes. The frites characters (crystallization and Molar Volume) and the resulted glazes
were studied.

 Several transparent frit formulations containing synthetic and commercial available ZnO powders in
varying amounts were prepared under laboratory conditions. Physical properties of the 500-nano and a
micrometer ZnO powder containing glazes (including density, glass forming ability, crystalline phases,
glass stability, FT-IR, hardness and colors) were compared.

2. Experimental Procedure
 Fine ZnO powder was generated at the laboratory scale by a sustainable and environmentally friendly
process of upgrading of HZO (Halide bearing Zinc Oxide) concentrate. First, chemical, mineralogical and
physical properties of this Nano -ZnO and a standard ZnO provided commercially were measured. Then,
six frit compositions containing different ZnO powders by varies S=K2O/CaO+ZnO ratios were prepared
under laboratory conditions. The composition in wt. % of the frites, were chosen from reference[14], as
these types of glasses are very sensitive to phase separation, the selected compositions were chosen
from the center of compositional triangle proposed by [14] to avoid the opal appearance (Fig.1). 

The frites composition were 2.5 SiO2, 0.20 Al2O3, 0.15 B2O3, (0.15+x) ZnO, (0.17+y) K2O, (0.67-z) CaO (in
mole fraction). The raw materials of the frites were, (K 2CO3 Merck, Art No. 7734, Germany), CaCO3

(Merck, Art No. 5828, Germany), Al2O3 (Merck, Art No. 5550, Germany), B2O3 (Merck, Art No 7783
Germany), ZnO (CAS Number, 13 463) and pure optical grade silica (Azandarian Mining Company, Iran).



Page 4/24

The S values were varied in 0.37, 0.31, 0.24 relations and the resulted frites were denoted by the F1, F2,
F3, respectively as shown in the Table1.

Batches mixed in an agate mortar, and were melted in a platinum crucible at the temperature range of
1450-1550 °C. The melts were held for 2 hrs. and then quenched in cooled water. The obtained frites were
grinded using fast milling, screened by 400 mesh sieves and the resulted frites were mixed with different
additive to prepare the slurry with 1.5 g/cm3 density. Table 2 shows the wt. % of the additives to make the
slurry. Formerly the slurries were sprayed on the �red commercial wall tile. Firing were carried out at 1070
ºC-1160ºC for 3 minutes [15]. The total �ring time was 90 minutes.

The heat treatments were done in a tubular furnace. DTA analysis was performed on the 60 mg frites
powder heated at 10°C/min up to 1200°C in a platinum crucible in air (model Netch Germany). Al2O3 was
used as the reference material. The in�exion point of the endothermic drift on the DTA curve is reported
as Tg [9]. XRD analysis were performed using an (PHILIPSPW3710) advanced diffraction system with a
Cu Kα radiation (l.5404 Å).Dilatometer softening point (Td) and CTE was also measured by dilatometer
(model Netzsch 402E Germany).The microhardness of the samples were measured by indentation
technique using Vickers indenter (model MVK-H21). The measurement was done by applying a 100 g
load for 15 s. It was taken the average of 10 measurements. Before measurements, the sample surface
was polished with 3 µm alumina powder to get

good reactive surface. Scanning electron microscopy (SEM) JEOLJXA-840 was used in order to observe
the microstructure and EDX analysis. Samples were mounted onto the sample holder, they were polished
and etched then were coated with gold, and then studied with SEM.

L*a*b* color parameters of colored glazes were measured for an illuminant D65, following the CIE-L*a*b*
colorimetric method recommended by the CIE (Commission Internationale del’Eclairage). In this system,
L* is the degree of lightness and darkness of the color in relation to the scale extending from white
(L*=100) to black (L*=0). a* is the scale extending from green (-a*) to red (+a*) axis and b* is the scale
extending from blue (-b*) to yellow (+b*) axis.

Fig. 2 shows the XRD patterns of the commercial and nano –synthesized ZnO . It is obvious that the
resulted synthetic Nano-ZnO is pure and the peaks are wide.

In order to compare the Cp values of the used ZnO powder, as the raw materials and to compare the
melting behavior of the batches, the Cp values of different ZnO powders were measured by DSC, and were
presented in Fig.3.

As expected, the synthesized powder at high temperature than 600ºC has at least 0.4 Jg/ºC lower value
comparing to the commercial one. This event could led to different thermal properties of obtained glaze,
which will be discussed �owingly.
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The particle size analysis of the two studied powder and morphologies were evaluated but considering to
the agglomeration event in Nano sized powder by Malvern analysis, the exact size of nano powder was
not con�rmed, but however give us the image of particle size distribution. Figs. 4 shows the PSA of the
used powders.

However, it can be said that the synthesized ZnO powder has narrow PSA, and more than 40 vol. % of the
used synthesized powder is smaller than 1 micron .

Molar volume calculations2.1.

The molecular weights of the frites were also calculated as described and using these molecular weights
and density, the molar volumes of the frites can be calculated from following expression:

Here, Vm is molar volume, ρ is the density of the sample and M is the molecular weight of the sample.
Helium Pycnometry measured the frites density.

3. Results
3.1. Melting of frites

The XRD patterns of the obtained frites were presented in Fig.5.

The obtained densities, the melting temperatures of six series of the frites with two different ZnO powder
size and the calculated values of molar mass and (Coe�cient of Thermal Expansion) CTEs were
presented in Table 3.

It can be seen that by the increasing of the S ratio (from 0.24 to 0.37) the melting temperatures values of
frites were decreased (from 1550 to 1450ºC respectively). In frites, CaO and K2O normally function as
network modi�ers (ZnO could be has two roles intermediate or modi�er) and induce a decrease of the Tm

[15].

The variation of molar volumes and S ratios with respect to the ZnO particle sizes (PSA) as a raw
material used in frites batches were presented in Fig.6.

The Thermal Expansion Coe�cient (CTE) values with various S ratios can be predicted using Appen’s
equation as follows [16]
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Where pi is the mole fraction of individual oxides and fi is a characteristic factor for each oxide. fi for ZnO

is 5.0 × 10−6,  B2O3 is −5.0× 10−6,  SiO2 is 3.8 × 10−6 , Al2O3 is −3.0× 10−6,  CaO is 13.0 × 10-6  and K2O is

42.0 × 10−6/K. It can be seen that by decreasing the S ratio, the CTE values of the frites decreased from
6.28×10-6/K to 6.96×10-6/K. In order to compare the resulted CTE of the obtained glazes and the tile's
body, the expansion of the used substrate Tile was measured in Fig. 7.

The difference of thermal expansions of the two different tile and glaze compositions linked to each
other gives rise to stress in these materials.

3.2. The DTA results

 The thermal analysis of the obtained frites were compared as well in Fig.8 and Table 4. The Tg values of
frites were not observed sharply and they were recorded in broad temperature range. Also, the
crystallization peaks of the samples were not sharp corresponded to the surface crystallization. (However
by differentiating of the heat �ow graph the onset of Tg were obtained )

The compositions (N1-F1, N2-F2, N3-F3) were the same but the characteristic temperatures were altered
(the melting temperatures were changed as well).

The variation of characteristic temperatures Tp, Tg, Tp-Tg by the S ratio with two different ZnO sizes were
presented in Figs. 8.

The higher the value of glass transition temperature of a frit, the greater the stability of its elastic
properties [17,18]. In order to compare the glass stability of the frites with different ZnO particles sizes
and S ratios, the TP /Tm and Tp -Tg/Tm values vs. frit compounds were represented in Fig.8c and Fig.8d.

This �gure shows that the stability of the frites increases as the network modi�er contents increase.

FT-IR Evaluation

In Fig.9, the infrared absorption spectra of the experimental frites with different compositions are shown.
The absorbance of the spectra were compared to the values given in the literature [19,20,21]. In
spectrums, the IR bands are identi�ed as follows: the Si-O(s) stretching mode is located in the range
10000-1200 cm-1, the Si-O (b) bending mode is found around 800cm-1. Band at 650  cm -1is assigned to
the symmetric stretching vibration of Si-O- (Si, Al) between the tetrahedral in N3 and F2 samples.

As the alkali oxide (K2O) content increased (in F1 sample), the position of the maximum absorbance of

the Si-O(s) band shifts towards lower values, until 1044cm-1.

3.4. Sintering of resulted glazes

Series of sintering conditions at slow and high cooling as well as heating rates were done on F, N glazes
that were applied on the �red tile. Keeping the �ring temperatures in such a way that the surface of the
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glazes would not be phase separated, colored changed or warped by the naked eye. The �ring
temperatures were increased up to 1180ºC, to obtain the gloss appearance on glazes surfaces.

The heat treatments conditions used and the resulted glaze's appearance were shown in Table 5.

By decreasing the heating rates, the diffusivity increases in the frit and it will promote phase separation.
On the other hand, the fast heating rate (90 minutes heating time) led to the higher crystallization
temperature, compared to the slow heating rates (150 minutes).

 On the other hand, fast heating rates (60 mins, heating.) led to warping of glazed samples due to the
thermal gradient in samples. This damage occurs mainly during the cooling, because the bisque tend to
shrinks after the fast expanding that may not well-matched with the glaze's shrinkage.

3.5 Phase Evaluation

Fig. 10 shows the phase evaluations of heat treated F2 , F1 and F3 frites at 1000ºC -30 min. in 90
minutes heating time .

The low crystallinity (low peak's intensity) of F1 sample was seen in Fig.10. In F3 sample, (with higher Trg

values) the relative intensities of characteristic XRD peaks of wollastonite phase were 3 orders higher
than the F1 one.

The phase’s evaluations of the resulted sintered glazes at 1060ºC (3 min holding time and 90 minutes
heating) on the tile's body were presented in Fig.11..

The Wollastonite phase remains in the F1 sample by the temperature (ΔT=+60), but in the case of F2, F3
samples the crystalline phases (Wollastonite ) change to the Calcium Aluminum Silicate(Anorthite)phase
which could be related to the low glass stability(GS) of these system. Calcium Aluminum Silicate
(Anorthite) was con�rmed by the Si-O-Al vibrations at 650 cm -1 by the FT-IR results in F2,F3 samples.

The Calcium Silicate and Wollastonite phases remained in N1, F1 and N3 samples by increasing the
temperature but the Anorthite phase was appeared in F3 sample.

The XRD peak's intensities (and hence the crystallization ability) were higher in F2 and N2 samples
compared to the other sample.

Although F1, N1 compositions have more ZnO content in composition, but the Willemite (Zinc Silicate)
phase was not detected in F1, N1,F3,N3 systems, whereas the Zinc Silicate phase was developed in F2
glaze. It can be related to the ZnO4 unites formation which was demonstrated by FT-IR located at 566.82

cm-1 wavelength.

3.6 Micro hardness
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 The resulted Vickers micro hardness values, crystalline phases of the glazes are also compared in Table
6.

3.7 Optical Properties

The CIE Lab parameters gloss values of the F1 to F3 glazes are given in Table 7. As can be seen, The F1
and F2 glazes present the high gloss values but the F3,N3 glazes show the low GU values corresponded
to the higher calcium silicate crystallization [22]. Also the a* value in F1 sample describe the light red
color in the glaze. Since the mentioned glazes had been applied onto the Tile without using an engobe
layer , utilizing a suitable engobe would enhance their whiteness.

L values and traces amounts of a and b reveal the tendency of both glass ceramic glazes to the white
color. The whiteness index of both were obtained around 65%.

3.8 Microstructural Evaluation

The etched and polished surfaces of the samples were presented in Figs.12. All samples show the
prismatic morphology which is the characteristic form of pyroxene minerals (Parawollastonite, Anorthite,
Calcium Silicate). These crystalline phases have 7.3×10-6/K,4.9×10-6/K,5.4×10-6/K Thermal Expansion
Coe�cients,(CTE) respectively. The lower CTE of these crystals led to the micro cracks formation around
the crystalline phases in samples.

The needle like crystals of Willemites could be observed in F2 and N2 samples as well.

By comparing the XRD peak's intensities and the SEM micrographs of the F1 and N1 samples in Fig.12b
it is clear that the crystalline volumes are lower than the N3,N2,N1 sample's .Likewise the F3 sample has
almost the smaller prismatic like crystals than the N3 and N2 samples. The micrographs by high
magni�cation are presented in Fig12 b.

The relict morphology of Wollastonite in F1, N2, samples are clearly observed but the F3 and N3 samples
shows rounded morphology that could be related to Anorthite and Parawollastonite respectively [23].

Discussion
In this work, it was shown that, although the ZnO amount in F1 sample was higher than F3 but the K2O
role as modi�er is responsible for the decreasing of the melting temperature. This means that K2O can
breaks up the network more effectively than ZnO and CaO, respectively. K2O has a lower IFS than ZnO,
and CaO, thus the decreased the Tm in F1. In addition, the potassium ions lead to an increase in the size
of the interstices of the glass network and increase the free volume of the network. Therefore, F1 frites
has larger molar volumes than the other frites. This offsets the increase in the atomic weight and causes
a decrease in the density of the frit.
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In addition, the low temperature melting points (also crystallization temperatures) of �ne-ZnO bearing
system (N type) could be related to the pronounced physical interactions of ZnO with the silicate chains.
The �ne-ZnO particles pass lower elastic modulus in comparison with the silicate neat, which caused to
arresting of the degradation of silicate chains at lower temperatures through the decreasing of ZnO
powder size in frit batch .

On the other hand, by increasing the S ratio the Tg values were increased (ΔTg=154ºC) but the
crystallization temperatures were almost unchanged or few increased (ΔTp=17ºC). The increased of Tg
values corresponded to the decreased NBO (None Bridging Oxygen) amounts and rigid glass network.

The �ne grade frites show 30% higher GFA(glass forming ability), the stability increases up to 4.7% in the
�ne grade bearing sample (N1) as well, thus it can be said that the �ne grade melt has a high viscosity
between Tg and Tm typically exhibits a high GFA with a low required cooling rate. The slope and trend of
GFA values (Tp- Tg/Tm) in �ne ZnO grade bearing frites are sharper than coarse grade ones.The
increased stability factor from 0.60(F3) to 0.64(F1) expected from the decrease of elastic moduli. .
However, due to the little differences between the glass stability of F and N samples their �ring
temperatures were not different su�ciently. F3 sample has higher sintering and crystallization
temperature compared to the F1 and F2 glazes but because of the K2O the CTE of the glazes were high.

the CTE of the glazes (6.9×10-6/K -6.2×10-6/K) are lower than the CTE of the body (7.4×10-6/K to 9.9×10-

6/K) when the compressive stress (due to the unsuitable heating time and temperature) exceeds the
strength of glaze, the tile-glaze system will be warped. It was seen in some of the sintered samples.

The Si-O bending vibration (around 800 cm-1) decreases in F1 and F2 frites. The observed low frequency
band at 466 cm-1 in all the frites samples (F1, F2, N1, N2) was due to vibration of Zn2+ metal cations [24].
The zinc ions have the mixed oxygen coordination numbers of four and �ve; the interconnections
between SiO4 and ZnO are diverse. Either zinc can exist as a network former (tetrahedral coordination)
which forms discrete ZnO tetrahedral or as a network modi�er (octahedral co-ordination) which breaks up
the amorphous silica structure [27-25]. The shift of IR re�ection that is related to ZnO in the case of N3
and F3 sample toward the higher wave number could be related to the tetrahedral coordination of ZnO in
these systems [26]. The weak band located at 566.82 cm-1 ascribed to the symmetric stretching
vibrations of the ZnO4 groups in F2 ,F1 samples as well.

By comparing the N1,N2 samples with the F1,F2 sample's transmittance bands at 780-800 cm-1 the shift
of the peaks to lower transmittance band in the case of N samples occurred, it can be deduced that the
ZnO3 units were formed instead of ZnO4 units in N samples [17]. By using nano size ZnO perhaps (in
N1,N2) the melt layer at low temperature forms and the Si-O-Zn bonds could not be arranged well which
con�rmed by FT-IR results

At the temperature above 1000◦C several processes occurred simultaneously including disintegration of
wollastonite phase as well as the crystallization of the Willemite and Calcium Aluminum Silicate phases
in the F2, N2 and F1,N3 samples respectively. The formation of Willemite phase requires both Zn and Si
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cations to interact with each other. The probability and feasibility of such mobility and the interaction
would be higher and the diffusion might occurred in a liquid phase of F2 phase.

The F3 glaze has the highest hardness value that can be related to the Anorthite phase with 6 Mohs
hardness [27]. The higher relative mole fraction of divalent cations in the residual glass phase of F3 and
N3 samples compared to the F2 and N2 ones could be caused to the higher hardness as well. In the F1
and N1 glazes, high percentage of amorphous phase (XRD result) and Wollastonite (with 4.4 Mohs
hardness) phase led to the low hardness value.

Both F3 and N3 glazes have the lower gloss values in comparison to the F1 sample. In fact, the effective
formation of crystalline phases in these glazes (Anorthite and Wollastonite) declines their surface
smoothness and conducts their appearance to the white matte status. The F2 sample has the Willemite
phase but perhaps the Anorthite phase formation degraded the gloss value of this system.

The K2O evaporation from the surface of glazes results in Wollastonite transformation to
Parawollastonite. In F3 and N3 samples the K2O wt.% is lower and could cause to the phases
differences. 

Conclusion
In this study, the frites in SiO2, Al2O3, B2O3, ZnO, K2O, CaO compositions were studied. The S=K2O/ CaO+
ZnO ratios were 0.37(F1), 0.31(F2), 0.24(F3) in the frites batches

It was shown that, Zinc (ZnO) size has the main role in the melting point of wall tile's glazes. The molar
volumes of the �ne grade ZnO frites are higher than the others.

According to DTA characteristic temperatures, the �ne grade ZnO in the frits composition usually
increases the glass-forming ability compared to the sample with micronized size ZnO. The onset of the
glass's transition point will be boarded, in the case of �ne bearing samples.

The �ne-bearing sample is more stable than the micronized containing sample.. Also by comparing the
glass stability of �ne and coarse bearing ZnO frites it can be say that in the F1, the stability increases up
to 4.7% compared to N1.

The particle size distribution has also an effect on the crystalline phases of glazes on the Tile surface.
The �ne grade ZnO containing glazes (N samples) have almost Wollastonite phase as the dominate
phase.

The XRD patterns revealed that at the K2O/ZnO+CaO =0.31 ratio the Willemite phase (ZnSi2O6) beside
Anorthite phase was crystallized in the commercial ZnO containing glazes.

According to FT-IR spectrums by using the nano size ZnO (synthetic powder) perhaps the melt layer at the
low temperature forms and the Si-O-Zn bonds could not be arranged well which con�rmed by XRD as
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well.
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Tables
Table1.The wt. % of used oxides in F1, F2 and F3 systems

frites composition K2O SiO2 Al2O3 B2O3 CaO ZnO K2O/ CaO+ ZnO

F1 7.5 60.1 8.2 4.2 12.7 7.1 0.37

F2 6.5 60.1 8.2 4.2 15.2 5.8 0.30

F3 3.5 60.1 8.2 4.2 17.7 4.3 0.24

Table 2 the wt. % of additives used in slurries

The additive Water Clay CMC

Weight percent 40 5 0.5

Table 3 the density and the melting temperatures of three series of the frites

name S=K2O/CaO+ZnO Molar
mass(g)

Melting
temperature ©

Density

(g/cm3)

Molar
Volume

CTE×10-6/K

F1 0.377 249.72 1450 2.54 98.31 6.96

F2 0.31 246.811 1470 2.55 96.78 6.88

F3 0.24 243.52 1550 2.53 96.25 6.28

N1 0.377 249.72 1350 2.56 97.54 -

N2 0.31 246.811 1400 2.58 95.63 -

N3 0.24 243.52 1450 2.55 95.49 -

Table 4. Characteristic DTA' peaks temperatures of frites 
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TP-Tg TP ºC Tg ºC Characteristic temperatures

310 928 618 F1

226 930 704 F2

173 945 772 F3

295 889 594 N1

226 916 690 N2

135 860 725 N3

Table 5 the sintering temperatures and the sintering time of obtained glazes with respect to appearance

Name Sintering
temperatureº©

60
minute

90 minute 150 minute 210 minute

F1 1060 warping transparent opaque Cracked
surface

F2 1080 warping good Phase
separated(p.s)

cracked

F3 1160 warping good p.s p.s

F1 1180   Matt-white Matt-white  

F2 1180 white Matt-white Matt-white Cracked
surface

F3 1180 white white white cracked

N1 1060 Raw
glaze

good - Cracked
surface

N2 1060 Raw
glaze

good - cracked

N3 1060 warping good - Cracked
surface

Table 6 .The micro hardness and crystalline phases of glazes heat treated at 1060ºC for 3 minutes with
90 minutes heating time
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name S microhardness(Hv) Crystalline phase

F1 0.377 730±14 Wollastonite

F2 0.31 744±20 Anorthite + Willemite

F3 0.24 817±35 Anorthite

N1 0.377 755±16 Calcium Silicate

N2 0.31 635±-53 Wollastonite+ Willemite

N3 0.24 742±-42 Wollastonite

Table 7 The CIE Lab parameters gloss values of the glazes

Sample L* a* b* c* Specular Gloss(GU)

F1 57.51 9.56 -5.95 11.27 86.1

F2 74.41 1.7 0.47 1.77 83.2

F3 76.53 2.33 -0.04 2.33 67.30

N1 65.14 6.74 3.87 7.77 82.3

N2 68.05 5.41 2.64 6.02 84.3

N3 63.12 6.3 4.41 8.1 52.3

Figures
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Figure 1

The F1,F2, F3 compositions were selected from the center of compositional triangle proposed by [14]
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Figure 2

The XRD patterns of the (a) nano –synthesized (b) commercial ZnO
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Figure 3

The Cp values of Nano and micro size of used ZnO powder measured by DSC,

Figure 4



Page 19/24

a the commercial ZnO powder particle size analysis b The SEM micrograph of the commercial ZnO
powder c the synthesized ZnO powder d The SEM micrograph of the synthesized ZnO powder

Figure 5

The XRD amorphous pattern of obtained frite F2 and F1

Figure 6

The molar volumes vs. S ratio with respect to ZnO's PSA
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Figure 7

The dilatometer result of tile's body
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Figure 8

The DTA results of obtained frites by 10ºC/min heating rate a The variation Tp,Tg, Tp-Tg/Tm
temperatures by the S ratio in �ne grade system b The variation Tp, Tg, Tp-Tg/Tm temperatures by the S
ratio in micronic system c The Tg/Tm values vs. glass S ratio in micronic and �ne ZnO bearing system d
The Tp-Tg/Tm values vs. S ratio in micronic and �ne ZnO bearing system



Page 22/24

Figure 9

The FT-IR spectrums of F1,F2, F3, N1,N2,N3 glasses , the intensity of bending vibration of F2,F1 at 800 cm
-1 are weak

Figure 10
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heat treated F2 , F1 and F3 at 1000ºC for 30 min. in 90 minutes heating time .

Figure 11

XRD results of heat-treated glazes at 1060ºC for 3 min. in 90 minutes heating time.(zn: Willemite (zinc
silicate),w: wollastonite, CAS: Calcium Aluminum Silicate,CS: Calcium Silicate)
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Figure 12

a The SEM micrographs of polished and etched glazes by ×2000magni�cation (scale bar corresponded
to 10μm) b The SEM micrographs of polished and etched glazes by ×10000magni�cation (scale bar
corresponded to 2μm)
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