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Abstract: This paper focuses on the effect of the ZrSiO /ZnO ratio on the properties of the glaze to be used on ce-

ramic sanitary-ware. Structural and morphological characterization of these glazes was identified by XRD, SEM,
FTIR, and Raman Spectroscopy. Furthermore, thermal properties of the glazes were determined by DTA and TG
techniques. Besides, flexural strength, Vickers microhardness, whiteness, and chemical resistance of the glazes were
investigated experimentally. XRD analysis showed that zircon and quartz the crystalline phases in the fired glaze
layer. It was found that an increase of the ZrSiO /ZnO weight ratio from 3.85 to 67, causes an increase in the zircon

crystallite particle size from 203.90 to 288.86 A. From DTA, it was observed that by increasing ZrSi0 /ZnO ratio,

the crystallization temperature of zircon decreases. The glaze exhibits the highest whiteness value when the ratio of

ZrSi0 /ZnO became 12.60.

Keywords: Glaze, Ceramic sanitary-ware, ZrSiO4/Zn0 ratio, Vickers Microhardness, Whiteness.

1. INTRODUCTION

A ceramic raw glaze can be prepared from
a mixture of specified raw materials such as
alumina, kaolin, wollastonite, silica, feldspar,
calcite, talc, dolomite, zinc oxide [1], stannic
oxide, zirconia and zircon [2]; after being ground
and applied onto a ceramic body. This mixture
transforms either wholly or partially into a
vitrified coat during a firing process [3]. Glazes
are used to provide waterproofing protection
to bodies, increase the mechanical durability,
chemical inertness, abrasion and scratch
resistance [4,5]. They are also appreciated for
their aesthetic aspects [6]. (color, transparency,
opacity, glossiness, smoothness, whiteness,
etc.). In general, a highly opaque glaze is
favorable for sanitary-ware products. The glaze
opacity is obtained by the interaction between
the crystalline phase that is dispersed in the
glassy matrix and the incident light, resulting in
the reflection and dispersion of the light. Thus,
the greater the difference between the refractive
indexes of the opacifier and the glassy matrix,
the higher the opacity [7].

o o

Zircon (ZrSiO,) is often used in ceramic
glazes as an opacifier, due to its high refractive
index [8]. It is a highly refractory mineral [9],
with a high melting point, low coefficient of
thermal expansion, high thermal conductivity
[10], high hardness and low solubility [11]. It is
the most commonly used opacifier for ceramic
glazes [12]. A major characteristic of zircon
is the strength of the ZrO,-SiO, bonds so that
significant amounts of energy are needed to
break these bonds [13]. Several studies have
investigated the effect of added zircon on the
properties of glazes. In this context, Castilone
et al. [14]. addressed the crystallization of
zircon in stoneware glazes as a function of
its amount added to the glaze. The authors
concluded that the quantity of zircon that
crystallizes is a function of the amount of zircon
added. When zircon additions are lower than 3
wt.%, most of it is dissolved into the melt and
does not, afterward, recrystallize in the glaze.
From 3 to 13 wt.%, more ZrSiO, crystallizes
in proportion to the amount added. When the
ZrSiO, addition is superior tol3 wt.%, all the
zircon is crystallized.
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Usually, ZnO additions improve the glossiness
of glaze and decrease the viscosity. This promotes
the spreading of the melt over the substrate leading
to the formation of a uniform layer. ZnO increases
the surface tension of the glaze [15] and contributes
to glaze opacity which leads to the formation of a
high-quality glaze [16,17] The role of ZnO in glazes
generally resembles that of alkaline earth oxides.
Also, the dissolution rate of ZnO is somewhat
faster at slightly lower temperatures than that of
alkaline earth oxides. According to Tulyaganov et
al., ZnO favors the early formation of the glassy
matrix, resulting in highly homogeneous and dense
structures [18]. The introduction of small amounts
of ZnO (<2%) into glazes enhances the fusion
and promotes a smooth perfect surface. When the
amount of ZnO increases in the glaze, it acts as a
refractory, and saturation of the glaze with ZnO
results in crystalline texture [19]. Also, the opacity
of a zircon bearing glaze will increase, in the
presence of ZnO [20].

Because zircon and ZnO are among the most
important oxides commonly used in the ceramic
sanitary-ware, we have investigated in this work the
impact of ZrSiO,/ZnO ratio on the physicochemical
properties of sanitary-ware glazes. Moreover,
this research aims to define the optimum glaze
composition for obtaining better whiteness and
higher mechanical properties.

2. EXPERIMENTAL PROCEDURE
2.1. Sample Preparation

In the present work, nine formulations of
sanitary-ware glazes with varying ZrSiO,/ZnO
ratio have been experimentally investigated. The
starting raw materials used for the preparation
of the glazes were kaolin Remblend denoted as
RMB, sodium feldspar, quartz, calcium carbonate,
dolomite, zircon, and ZnO; all are of industrial
grade. More precisely, kaolin RMB was provided
by Imerys Minerals Ltd; it originates from a large
open pit in kaolinized granite near St. Austell,
Cornwall, UK. Sodium feldspar was derived from
Cine, Aydin of Turkey. Quartz, calcium carbonate,
and dolomite were used respectively from
different regions in Algeria, Bir el-Ater (Tebessa),
Constantine, and Djelfa. Zircon was provided by
Chilches Materials under the brand MICROZIR,
Castellon, Spain. ZnO was supplied by Maghreb
conception Industry (MCI) from Algeria. Chemical
compositions were determined with the X-ray
fluorescence spectrometer Rigaku ZSX Primus IV
(see Table 1). The proportions of materials used in
the glazes and the ZrSiO,/ZnO ratio are reported in
Table 2 (in weight %).

To prepare the glazes, the raw materials, in
suitable proportions were wet milled up to 1%

Table 1. Chemical compositions of raw materials (wt.%).

Oxides KI:ICIIIIB“ H\CE st ;T::::r Quartz c::l:::::e Dolomite ZrSio, Zn0O
ALO, 36.50 31 18 0.45 0.09 0.03 0 0
Ca0 0.07 0.2 0.70 0.80 55.63 31.45 0 0
Fe,O, 1.01 1.2 0.06 0.40 0.02 0.03 0.08 0
MgO 0.30 0.4 0.20 0.13 0.01 20.38 0 0
K,O 2 21 0.30 0.20 0 0 0 0
Na,O 0.10 0.2 10 0.09 0 0 0 0
Sio, 48 52 70 98.5 0.06 0.20 35 0
TiO, 0.05 1 0.09 0.04 0 0.02 0.15 0
Zn0O 0 0 0 0 0 0 0 98
Zr0, 0 0 0 0 0 0 65 0

L.O.1* 12 12 0.40 0 43.80 47 1 1.90

*L. O. | = Loss. On. Ignition.
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Table 2. Compositional range (wt.%) and ZrSiO,/ZnO ratio of experimental raw glazes.

Glazes Kaolin | Sodium Quartz Calcium Dolomite 7rSi0 7n0 ZrSi04/Zn0

Notation RMB feldspar carbonate 4 ratio
G, 6 34 26 10 7 13.50 3.50 3.85
G, 6 34 26 10 7 14 3 4.66
G, 6 34 26 10 7 15 2 7.50
G, 6 34 26 10 7 15.50 1.50 10.33
G, 6 34 26 10 7 15.75 1.25 12.60
G, 6 34 26 10 7 16 1 16
G, 6 34 26 10 7 16.25 0.75 21.66
G, 6 34 26 10 7 16.50 0.50 33
G, 6 34 26 10 7 16.75 0.25 67

residue using a sieve of 63 um. This was followed
by wet crushing of all raw materials in a porcelain
jar for 3 h. The mixture: balls: water ratio was 1:
1: 0.5. To increase the milling efficiency [20], we
used a deflocculating agent, namely, sodium silicate
(Purity: 99.9%, grade ACS reagent, ratio SiO,:
NaO, superior to 2.4: 1). After this procedure, the
obtained suspension particles were smaller than 63
pum. The fluidity of the glaze slurries was determined
by a measurement of the time which the glaze slip
passing through a 100 ml Ford cup (opening 2.6
mm); the Ford cup time values vary between 20 and
26 s. The density of the glaze suspension to cover the
ceramics was 1.700-1.740 g/cm?®. This suspension
was applied on dried ceramic bodies by spraying,
using a compressed-air sprayer and then fired in a
tunnel kiln for 21 h at a maximum temperature of
1250 °C under industrial conditions, i.e. oxidizing
atmosphere. It should be noted that the ceramic
bodies were provided by the Sanitary Ceramics
Society (SCS) Company of El-Milia-Algeria, which

contains 27 wt. % kaolin RMB, 27 wt.% ball clay
(Hycast VC was provided by Imerys Minerals Ltd),
16 wt.% sodium feldspar and 30 wt. % quartz. The
mean thickness of applied glazes was in the range
of 0.2-0.4 mm after the firing cycle.

A computed Seger formula [21, 22] is given in
Table 3. These values correspond to those found in
the case of successful glazes in ceramic sanitary-
ware, where SiO, is the major oxide for all samples
ranging from 2.238 to 2.515, while AL O, content
ranges from 0.199 to 0.220.

2.2. Methods of Characterization

The crystalline phases were identified by X-ray
diffraction with Advance Bruker D8 diffractome-
ter using Cuko radiation (A\=1.5406 A). X-ray pat-
terns were recorded in the 20 range from 10 to
70°. Crystallite size D of the phase was estimated
from X-ray using the Scherrer equation (1) [23]:

Table 3. Computed Seger formula of the studied glazes.

Na,0 | K0 Ca0 | Mgo | znO | ALO, | Fe0, | SO, | TiO, | zrO

.

0.129 0.007 0.601 0.164 0.100 0.199 0.002 2.238 | 0.002 | 0.165

N

0.131 0.006 0.609 0.166 0.087 0.202 0.002 2.277 | 0.002 | 0.174

w

0.135 0.006 0.628 0.171 0.060 0.208 0.002 2.359 | 0.002 | 0.192

N

0.137 0.007 0.637 0.174 0.045 0.211 0.002 2.402 | 0.002 | 0.201

o

0.138 0.007 0.642 0.175 0.038 0.213 0.002 2.424 | 0.002 | 0.206

o

0.139 0.007 0.647 0.176 0.031 0.215 0.002 2.446 | 0.002 | 0.211

I~

0.140 0.007 0.652 0.179 0.023 0.216 0.002 2.469 | 0.002 | 0.216

oo

0.141 0.007 0.657 0.179 0.016 0.218 0.002 2.492 | 0.002 | 0.221

OO0 0 0606

()

0.142 0.007 0.662 0.180 0.008 0.220 0.002 2.215 | 0.002 | 0.226
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where D is the grain average size (A), K is a
constant (of the order of about 0.9, known as the
Scherrer constant), A is the X-ray wavelength, B is
the full width at half maximum (FWHM) of the
peak (radians) and 6 is the Braggs angle (degree).

The morphology of crystalline particles and
microstructure of the glazed layer were inves-
tigated using a Scanning Electron Microscope
(SEM) (WD S, JEOL JSM 6360LV).

The infrared transmission spectra were ob-
tained using the same weight of the glazes pow-
der dispersed in KBr pellets (Purity: 99.9%, FTIR
spectroscopic grade). The data is recorded by
IR Affinity Shimadzu Japan spectrophotometer
in the range 1400-400 cm™'. Information on the
chemical structure [24] of the studied glazes, was
inspected also by Raman spectroscopy. Raman
spectra were obtained using a Raman spectrom-
eter LabRam HR (Horiba) in the range of 100 to
1200 cm™. The 632.8 nm line of an Nd: YAG laser
was used as the exciting radiation with a power
within 17 mW.

The thermal behavior of glazes was analyzed by
differential thermal analysis and thermogravimetric
(DTA/TG), carried out simultaneously on STA 409
equipment for temperatures up to 1200 °C, with a
heating rate of 10 °C/min in air atmosphere. The
mass of the sample used was 116 mg and alumina
powder was used as reference material.

The percentage of water absorption (AA) was
determined using the following procedure.The
sample was dried for 12 h at 100 °C and its weight
(mi) measured using a digital scale with 0.01 g
accuracy; then, it was immersed in boiling water
for 2 h, cooled for 12 h and its mass weighed (mf)
again. The percentage of water absorption (AA)
was calculated from the equation (2):

AA% = 100 (=) )
1

where m, is the wet mass (g) and m, is the dry

mass (g).

This parameter is commonly used in the indus-
try to quantify the degree of porosity and to es-
timate whether the prepared sanitary-ware glazes
meet the technical requirements [25].

The flexural strength (S,) of the glazed spec-
imen was measured after firing on a three-point
bending test conducted on a NETSZH universal
testing machine. The data is then converted to
flexural strength by applying the formula (3):

3 PL
A= 3
where P is the failure load (N), L is the distance
between supports (90 mm), b is sample width (20
mm) and h is sample thickness (20 mm).

An Affri DM2D Digital Micro Hardness Tester
with a Vickers diamond indenter was used to mea-
sure the microhardness of glazes surface, loading
at 1000 gf, with an application time of 25 s. All
indentations were performed on polished surfac-
es and cross-sections of the glazed layer. Fifteen
measurements were made on different regions
of each sample under laboratory conditions. The
Vickers microhardness is calculated using the
equation (4):

F
HV = 1.8544; 4)

where F is the applied test load in (N), d is the
average of two indentation diagonal lengths in
(um) and 1.8544 is a geometrical constant of the
diamond pyramid [26].

The whiteness was evaluated with a colorim-
eter Dr Langer micro color DATA STATION (ac-
cording to DIN 5033 standard). The appearance
of the surface of the glazes was also visually in-
spected in terms of homogeneity and the presence
of defects (bubbles, cracks).

Chemical resistance of glazes is often
classified visually after exposure to different
aqueous solutions according to standard meth-
ods. In this work, the chemical resistance of
all samples was tested according to the NF
D14-506 and NF D14-508 standard tests, by
soaking test pieces in size 24 mm X 24 mm at
room temperature in test solutions like hydro-
gen peroxide 20 volumes (6% W/V, grade ACS
reagent), potassium permanganate (0.6 M, pu-
rity: 98.3%, grade ACS reagent) [27] and citric
acid (10%, purity: 99.5%, grade ACS reagent).
Afterward, they were treated with dilute hy-
drochloric acid (3%, grade ACS reagent) and
an aqueous solution of sodium hydroxide as

B I o
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alkali (3%, purity: 99%, grade ACS reagent)
for 7 days at 20 °C [28]. The glazes were then
visually inspected to verify possible changes in
color and surface morphology.

Based on the dependence of the properties of
glazes upon composition, it is possible to com-
pute the coefficients of thermal expansion. The
thermal expansion coefficient (, which influences
the adherence of the glaze onto the ceramic body,
was calculated according to the Appen formula
(5). This law states that each oxide has a different
contribution to the final o value [29]:

1077
100

a= 2. 4 P (%)
where is the oxide factors (Appen series) (°C)
and is the molar percentage of each oxide present

in the glaze.
3. RESULTS AND DISCUSSIONS
3.1. X-ray Diffraction Analysis

Fig. 1 shows the X-ray diffraction pattern
of the fired samples G, and G,. The diffraction
peaks could be attributed to zircon, as identi-
fied by using the JCPDS database file 06-0266
and quartz JCPDS database file 01-0649. It may
be observed that zircon is the main crystalline
phase for different ratios of ZrSiO,/ZnO. It is
clear that zircon remains stable even after a fir-
ing 1250 °C [30].

1200
1000 g — 6

z Z: Zircon
800 Q Quatz

Intensity (a.u.)

2()

Fig. 1. X-ray diffraction patterns of G1 and G9 glazes after
firing at temperature 1250 °C.

o o

The values of crystallite grain sizes deduced
from the most intense line broadening of the (200)
zircon peak (26=27.11°) which estimated from the
Scherrer equation for samples G, and G, are 203.90
and 288.86 A, respectively. Noteworthy, the crystal-
lite size increases with the increasing ZrSiO,/ZnO
ratio. ZnO promotes zircon crystallization during
the heating process and leads to very stable opaque
coatings [31]. Voevodin reported that the optimum
size of the grains of the opacifier that provided max-
imum dulling is 0.2-1.0 pm [32]. Besides, the exis-
tence of zircon crystals with particle size approach-
ing the wavelength of incoming light improves light
to scatter and thus, ensures opacification 13.

3.2. Scanning Electron Microscopy (SEM)

The microstructural observations of glazes G,
G,, G, and G, with different ZrSiO,/ZnO ratios are
shown in Fig. 2. As can be seen all of them exhibit
similar features. The surface of all glazes is com-
pletely densified and some white zircon crystals
(indicated by rectangles in Fig. 2) are observed.
Also, pieces of the dark zone (indicated by circles
in Fig. 2) which are surrounded by clusters of zir-
con crystals can be found. These dark areas seem
to be the quartz crystals, according to the X-ray
diffraction pattern shown in Fig. 1. Also, the zir-
cons and quartz crystals are dispersed in the glass
matrix (indicated by arrows in Fig. 2). Schab-
bach et al. studied the effect of grain and shape
of zircon crystals on the opacity of ceramic glaze.
They found that fine particles are always need-
ed for high opacity [33]. Wang et al. studied the
clustering of zircon in raw glaze and found that
the cluster of zircon crystals are the results of the
combined effects of the releasing of gas and liquid
phase formed from the melting of fusible compo-
nents. In step of formation of the liquid phase,
bubbles enable zircon to move and aggregate at
their boundaries. As the gas releasing, these crys-
tals are difficult to return to their initial position
because of the high viscosity of the melt [34].

3.3. FTIR and Raman Spectroscopy
In Fig. 3, the FTIR spectra of the studied

glazes are presented. It shows broad bands due
to the overlapping effects of vibration and rota-
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Fig. 2. SEM micrograph of the a) G1 sample, b) G4 sample, c¢) G5 sample and d) G9 sample, showing zircon (indicated by

rectangles), quartz (indicated by circles) and glass phase (indicated by arrows).
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Fig. 3. FTIR spectra of the elaborated glazes.

tion of structural groups which are characteristic
of solids in the vitreous state. We note the pres-
ence of at least three bands at 1140, 780, and 470
cm [35,36]. It can be observed that all the bands
are quite broad. From this observation, we con-
cluded that the studied glazes have a disordered
structure. The characteristic IR band of pure silica
corresponding to the asymmetric vibration of the
bridging Si—O-Si bands within SiO, tetrahedra is
observed at 1140 cm™ [36]. This band is moved
to a lower frequency at 1120 cm™ in G, and G,
indicating that Si—-O-Si is perturbed by the pres-
ence of a significant amount of zircon [37]. More-
over, the band at 780 cm, is related to Si—O—(Si,
Al) symmetric stretching vibrations between SiO,

units. The band appears near 607 cm™ and thus
could be ascribed to the Si—-O—Zr vibration modes
[38]. It is noteworthy that the transmittance of this
band increases with the increase in the amount of
the introduced zircon. Furthermore, the bands at
470 and 410 cm™, are due to the bending vibration
of O-Si-0O and O-Al-O [39].

The Raman spectra of the two glazes G, and G,
are represented in Fig. 4. While the strong band
anti-symmetric stretching of the SiO, group is
observed near 1008 cm, the band near 975 cm™!
is assigned as a Si-O stretching band [40]. Other
Raman bands of ZrSiO, at 438, 357, and 224 cm’!
are present in the spectra of the two glazes [41].
Intense external lattice vibrations occurring in the

¥y 97
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Fig. 4. Raman spectra of the two glazes G1 and G9.
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Fig. 5. DTA/TG analysis of the glazes G, and G, samples.

bands 224, 213, and 201 c¢cm, in the G, and G,
spectra, confirm the presence of the zircon crys-
talline phase with a tetragonal unit cell 42..

3.4. Thermal Analysis

Fig. 5 shows DTA/TG graphs of the G, and
G, samples. In the temperature range 200-600
°C, there is a change in mass revealed by the TG
curve; it is due to the removal of water adsorbed
into the pores and dehydroxylation of the kaolin-
ite [43]. The loss of mass calculated from the TG
curve ranges from 5.02 to 5.12% in G, and G,. The
endothermic effect in the range 542-580 °C, was

o o

observed in DTA associated with the dehydroxyl-
ation of kaolinite [44]. Small endothermic peaks
at about 710 and 825 °C are related to the decoms
position of calcium carbonate and dolomite, re-
spectively [45,46], with a loss of mass equivalent
to 2.11%. It is worth noting that the exothermic
peak associated with zircon crystallization gener-
ally occurs at about 990 °C [47,48]. Thus, from
DTA thermographs, it is evident that the exother-
mic peak position moves to higher temperatures
with the decrease of theZrSiO,/ZnO ratio. The
temperature of the crystallization of zircon in the
sample G, is estimated 990 °C, which is higher
than that of sample G, with ZrSiO,/ZnO equal to
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Fig. 6. Effect of ZrSiO,/ZnO ratio on flexural strength of glazes.

12.60 estimated at 976 °C; therefore, the crystalli-
zation temperature of glaze appears to scale with
the decrease of ZrSiO,/ZnO ratio.

3. 5. Percentage of Water Absorption, Flexural Strength,
Vickers Microhardness and Whiteness of Experimental
Glazes

Results of the percentage of water absorption
study of the glazes are presented in Table 4; it can
be seen that the percentage of water absorption
values range from (0.05 £0.02) to (0.15 £0.05%).
The reason for these low values could be a high
degree of vitrification [49]. This aspect is linked
to the formation of the liquid phase at high firing
temperature which penetrates the pores, closing
them and isolating adjacent pores, promoting thus
the densification between particles and reducing
porosity [50].

Fig. 6 shows the influence of the ZrSiO,/ZnO
ratio on the flexural strength of glazed-ceramic
specimens, as a function of the ZrSiO,/ZnO ratio.
As mentioned above, all the glazes with differ-
ent compositions featured good densification
degrees, with main crystals phases as zircon and
quartz dispersed in the glass phase with low po-
rosity. This is ascribed to the high values of flex-
ural strength (see Table 4). The flexural strength
of glazed sample G1 with 3.85 ZrSiO,/ZnO ratio
is at its maximum, which is (62.27 + 4.72 MPa).
It is interesting to note, that the flexural strength
of all samples ranges from (48.18 + 2.04 MPa) to
(62.27 £ 4.72 MPa). These values are satisfacto-
ry in terms of flexural strength for glazed sani-
tary-ware.

Microhardness results are presented in
Table 4. It should be pointed out that the increase
of porosity in the glaze surfaces would result in

Table 4. Percentage of water absorption, flexural strength, microhardness of Vickers and whiteness of the prepared glazes.

Glazes Percentage of water absorption | Flexural strength Microhardness Whiteness
(%) (MPa) (MPa) (%)
G, 0.05 £0.02 62.27 £4.72 4858.41 +470 75.20
G, 0.06 £ 0.03 58.59 +5.34 5877.05 £ 129 79.70
G, 0.14 £ 0.02 50.53+2.21 6026.97 + 304 79.50
G, 0.06 £0.03 48.18 £2.04 6486.40 £ 214 82.20
G, 0.11 £ 0.06 55.05 £ 6.67 6165.35 + 271 87.00
G, 0.15 £ 0.05 53.87 £4.03 6023.91 + 820 79.50
G, 0.11+0.04 56.39 £ 3.45 5875.82 £ 201 84.40
G, 0.11+0.01 53.27£2.10 6587.81 + 241 82.40
G, 0.06 £ 0.02 48.87 +3.98 5729.35 £ 223 85.80

& & o
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the occasional formation of irregular indentation
impressions. As mentioned above, the porosity
values, measured through the percentage of wa-
ter absorption (%), are very low that leads to the
improvement of surface quality of samples. More
importantly, the microhardness of glazes is not
only related to both crystalline and glassy matrix-
es [51], but also to the porosity of the glaze sur-
face [52]. The decreasing of porosity values and
enrichment of the glass phase with zircon crystals
contribute to improving the microhardness. The
microhardness of the crystal is greater than that of
the glass. The highest value (6587.81 + 241 MPa)
was registered on sample G, with a ZrSiO,/ZnO
ratio of 33; which is due to the presence of a large
number of zircon crystals in the glassy matrix.

According to Table 4, the values of white-
ness are close to 100%; typical of whiteness for
ceramic sanitary-ware. An increase in the white-
ness value (87.00%) is observed for G, glaze, due
to the presence of zircon crystals. To understand
this, Aparici et al. [53] examined the effect of the
firing cycle on the whiteness of a glaze. The au-
thors found a direct proportionality between the
volume fraction of zircon crystals and the white-
ness index of the glaze. However, decreasing ZnO
content in glaze reduces the whiteness; because
ZnO is linked to the improvement of color devel-
opment and augments the brightness as well as it
enhances the glaze surface quality [47]. These de-
sirable effects of ZnO in opaque glazes, appear in
connection with the presence of zircon. The sur-
face appearance of all glazes was homogeneous
and defects- free (bubbles, cracks), because of
the small amount of ZnO. It is known that large
amounts of this oxide may cause crawling, pin
holing and pitting [54].

The highest value for the whiteness (87.00%)
together with a high value for flexural strength
(55.05 = 6.67 MPa) and high microhardness of
Vickers (6165.35 + 271 MPa) were measured for
the sample G, with a ZrSiO,/ZnO ratio of 12.60.

3.6. Chemical Resistance of the Obtained Glazes
Based on NF D14-506 and NF D14-508 stan-
dards, all glazes are classified as Class AA; there

are no significant changes on the surfaces of the
samples after the tests. All glazes have shown

o o

very good chemical resistance to both dilute hy-
drochloric acid and a solution of sodium hydrox-
ide. This good resistance can be attributed to the
presence of zircon which is thought to improve
chemical resistance [55]. Moreover, the dissolu-
tion of zinc oxide into the glass phase increases
significantly the chemical resistance of the result-
ing glaze 17, [56].

3.7. Theoretical Calculations

The thermal expansion coefficient is calcu-
lated and listed in Table 5. As the ZrSiO,/ZnO
ratio grows to 67, the thermal expansion co-
efficient decreased, and the glazed specimens
become more thermally stable. This is due to
a smaller thermal expansion coefficient mis-
matches between the glazes and the ceramic
body, which is equal to 42.10 x 107 °C-'. The
thermal expansion coefficient of glazes should
be 10% lower than the thermal expansion coef-
ficient of the ceramic body 45., to ensure strong
bonding in the glaze-ceramic system [57]. This
is achieved by raising the zircon content as
mentioned above. Consequently, this finding
confirms the absence of crazing and crack-
ing problem caused by strain effect due to the
thermal expansion coefficient mismatch of the
glaze and the body. Plesingerova et al. found
that if the thermal expansion coefficient of the
glaze be higher than that of the body, a consid-
erable tensile stress which exceed the strength
of glaze will crack it during cooling process.
Also, the thinner layer of glaze (200-250 pum),

Table 5. Thermal expansion coefficient of the glazes.

Thermal expansion coefficient
(x107°CY)
59.91
59.71
59.30
59.09
58.99
58.88
58.78
58.68
58.57
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the richer the crack [58]. Besides the composi-
tion and phases of glazes, the flexural strength
of glazed specimen depends on the difference
in glaze-body thermal expansion coefficient
mismatch and the thickness of interface layer
between them. It seems that ZnO plays also
role in decreasing the thermal expansion coef-
ficient of the glaze [59].

4. CONCLUSIONS

We have evaluated the effect of ZrSiO,/ZnO
ratio on the properties of opaque glaze, and more
importantly, we have determined the optimal
composition. According to the results mentioned
above, it can be said that:

1.  XRD results identified zircon and quartz as
a crystalline phases in glaze independently
of the ZrSiO,/ZnO ratio.

2. According to SEM, crystals of zircon and
quartz embedded in the glassy matrix for
different ZrSiO,/ZnO ratios.

3. DTA/TG analysis suggested that the zircon
crystallization temperature slightly increas-
es with the decrease in ZrSiO,/ZnO ratio.

4. The flexural strength of glazed ceramics
not only depends on the composition and
phases, but also on the difference in the
glaze-body thermal expansion coefficient
mismatch and the thickness of interface lay-
er between them.

5. The optimal sample G5 corresponding to
the ZrSiO,/ZnO ratio of 12.60 has a high
flexural strength (55.05 = 6.67 MPa), high
microhardness of Vickers (6165.35 + 271
MPa) and in particular higher whiteness (up
to 87%).

6. The results were satisfactory in terms of
whiteness, surface texture and microhard-
ness, and therefore, meet the requirements
of standard tests for glazed ceramic sani-
tary-ware.
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