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Abstract

The addition of fine-grained polycrystalline tetragonal zirconia (3% Y,03;-TZP, or 3Y-TZP) to conventional, single-firing, cera-
mic glazes was studied with the aim to enhance their hardness, fracture toughness and wear resistance for floor tile applications.
The stability of the added tetragonal zirconia towards solution in the glaze and/or zircon crystallization was found strongly
dependent on glaze composition, firing treatment, and on the way of preparing the samples (uniaxially-pressed pellets or thin-layer
coatings). 3Y-TZP remained stable in fast-fired pellets, but partial crystallization of prismatic zircon microcrystals (2-3 pm)
occurred in samples prepared as thin-layer coatings. Addition of 10-30 wt.% of 3Y-TZP to a conventional single-firing glaze that
was industrially enameled (thin films) onto low-porous floor tiles, promoted an important enhancement of Vickers microhardness
(H, from 6.0 to 8.4 GPa), fracture toughness (Kjc from 1.35 to 2.23 MPa m'/?), and wear resistance (PEI abrasion number from 2
to 5). The achieved reinforcement was higher with 3Y-TZP than with zircon addition, and must be attributed to the stress-induced
transformation-toughening mechanism promoted by the undissolved stabilized tetragonal zirconia, and also to partial zircon crys-
tallization. The possibility of obtaining ceramic coatings mechanically reinforced with 3Y-TZP additions, while also maintaining a
glossy aspect, was also confirmed. © 2002 Published by Elsevier Science Ltd.
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1. Introduction

Mechanical properties of brittle materials can be
improved by the introduction of metastable tetragonal
zirconia particles, either added or precipitated in situ
during the annealing treatment.! The tetragonal-to-
monoclinic martensitic transformation of zirconia
grains is accompanied by volume and shear strains
which can act to counteract the tensile stress field gen-
erated at the tip of a propagating crack, resulting in an
enhancement of fracture resistance or toughness. The
tetragonal polymorph of zirconia can be stabilized at
room temperature by appropriate doping with oxides
such as CaO, MgO, Y,03, CeO», etc., and depending on
the type and content of doping oxide, fully-stabilized
zirconia (FSZ), partially-stabilized zirconia (PSZ), or
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fine-grained polycrystalline tetragonal zirconia (TZP)
are obtained. These stabilized zirconias, especially
yttrium-doped TZP because of its good mechanical
properties (high flexural strength, hardness, and fracture
toughness),>™ are widely used to prepare composite
materials with optimal tribological properties in both
ceramic>® or glassy matrices. The glassy matrix which
has received deeper attention is based on silica, and, in
this case, tetragonal zirconia precipitation has been
observed during the calcination of gels,”® or during the
crystallization of glasses of the system ZrO,-SiO,.°
However, much less attention has been devoted to the
introduction of stabilized zirconia in more complex
vitreous systems as those employed in the formulation
of ceramic glazes for wall and floor tiles. Formulations
of ceramic glazes, composed by a mixture of a wide
number of acid (SiO», B,O3, ZrO,, TiO,), basic (Na,O,
K>O, MgO, CaO, BaO, ZnO, PbO) and amphotere
(Al,05) oxides, are carefully developed or tailor-made to
satisfy both aesthetical (gloss, transparency or opacity,
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color, etc) and technical requirements (compatibility
with the clay tile and with the firing schedule, chemical
resistance, and good mechanical properties to withstand
severe wear, stress and/or impact conditions derived
from use, etc). Usually, reinforcement of ceramic glazes
is obtained ecither with the addition of highly refractory
crystalline phases of high hardness and/or strength
values (corundum, mullite, zircon, rutile, -spodumene,
andalucite) which remain insoluble and stable in the
glassy matrix, or with the in situ devitrification of the
reinforcement phase (zircon, diopside, B-spodumene)
during glaze annealing.!%!! Instead of tetragonal zirco-
nia, monoclinic zirconia (m-ZrO,, or baddeleyite) is
commonly employed in complex ceramic glaze for-
mulations as a nucleation agent,'> with the aim to pro-
mote zircon devitrification, which confers opacity and/
or an improvement of mechanical properties. Concern-
ing the use of stabilized tetragonal zirconia, Hoche et
al.!3 reported the beneficial effects on mechanical prop-
erties of the formation of transformable tetragonal
ZrO, in glass-ceramics belonging to the system MgO-
Ca0O-Al,03-Si0, doped with N and ZrO,. Generali et
al.'* studied the M,0-CaO-ZrO,-SiO, glass—ceramic
system (with M =Li, Na, and K), and found that tetra-
gonal zirconia precipitates were not stable enough, due
to the strong tendency for devitrification of Ca—Zr sili-
cate (2Ca0-4Si0,-Zr0,). The low stability of tetragonal
zirconia was also corroborated by Monros et al.'> when
introducing Ca-partially-stabilized zirconia (Ca-PSZ)
obtained by sol-gel procedures in the formulation of
conventional ceramic glazes.

With respect to the difficulties to accomplish an in situ
devitrification process of tetragonal zirconia precipitates
having the appropriated morphology and size, the direct
addition of stabilized tetragonal zirconia to the glaze
can be an alternative way to achieve optimal conditions,
in terms of composition, microstructure and/or mor-
phology. By using this method, an improvement of the
mechanical properties of the ceramic glaze is observed.
Unfortunately, tetragonal zirconia and dopant ions (Ca,
Mg, Y, etc.) readily react with molten ceramic glazes
during the firing treatment, being dissoluted or incor-
porated in to the glassy phase. Studies performed on the
stability of zirconia-based oxygen sensors in molten
glazes show that Ca and Mg are more easily dissolved
than Y.!'6!7 Leaching stabilizing ions out of the glass
results in a progressive destabilization of tetragonal zir-
conia, and the transformation into the monoclinic form
(m-Zr0O») gives rise to a degradation of the mechanical
properties. Addition of yttrium-stabilized tetragonal
zirconia seems to be highly more efficient to enhance the
mechanical properties of ceramic glazes than Ca- and/or
Mg-doped zirconia.

The current work explores the use of yttrium-stabi-
lized polycrystalline tetragonal zirconia (3Y-TZP) as a
mechanically reinforcing additive of conventional sin-

gle-firing ceramic glazes. Single-firing ceramic glazes
coated onto floor or wall tiles are normally fired at
temperatures around 1100-1200 °C in single and fast
thermal cycles of about 50 min (or less). In such rapid
conditions, solution of tetragonal zirconia grains in the
melt and/or zircon devitrification could not be fully
completed, and a significant amount of transformable
tetragonal zirconia could remain undissolved and be
effective in toughening the ceramic glaze.

2. Experimental
2.1. Raw materials

A commercial polycrystalline tetragonal zirconia sta-
bilized with 3 mol% of yttrium (3Y-TZP) supplied by
Tosoh Corporation was selected to be added to con-
ventional single-firing ceramic glazes formulations. This
powder consists in spherical agglomerates (granules) of
sizes between 5 and 40 pm, being compressed the domi-
nant fraction between 10 and 20 um. The typical crys-
tallite size is about 25 nm, and the specific surface area
(estimated by BET analysis) is 16 m?/g. XRD analysis
of 3Y-TZP powder indicated the presence of a minor
quantity of monoclinic zirconia in addition to the tetra-
gonal grains (the approximate monoclinic phase content
was estimated around 8 wt.%).

A coarse zircon powder (ZrSiO4) commonly used in
the glaze industry (known as Zircosil-300, or ZS-300,
and supplied by NIX Cristal) was also added to glazes
that were coated by following a typical industrial pro-
cedure, detailed later in this work, in order to com-
pare with 7-ZrO, induced effects. The mean grain size of
the ZS-300 powder is about 9 pm, with 90 wt.% of
particles below 30 pm, and 60 wt.% below 13 um.

Two representative formulations of conventional sin-
gle-firing transparent ceramic glazes, supplied by
Esmalglass, S.A. and referenced as L and H, were
selected for the present study. Both glazes were used as
frits (previously melted at higher temperatures and
quenched in water to room temperature to obtain an
amorphous glass). The approximate oxide composition
(wt.%) of both ceramic glazes can be seen in Table 1.
Glaze H has considerably higher silica content, while
glaze L is Al,O;- and B,O;-richer (absent in glaze H).
Due to the higher amounts of B,O3; and earth-alkaline
oxides, glaze L melts at a considerably lower tempera-
ture than glaze H (melting temperature around 1150
and 1240 °C, respectively).

2.2. Sample preparation
Samples were prepared in two different ways: (i) pellets

and (ii) industrially produced film coatings. In the pre-
liminary studies, cylindrical pellets (2 cm of diameter)
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Table 1

Approximate oxide composition (wt.%) of the transparent ceramic glazes (frits) employed in the study

Frit or glaze % (Na,O +K,0) % (CaO+MgO) % ZnO % B,03 % Al,O3 % Si0,
L 6 15 10 3 8 58

H 6 14 9 - 6 65

were obtained by uniaxial pressing of dry powders (4 g/
pellet). To obtain a homogeneous distribution of all the
raw materials components, both of L and H frits were
previously milled in an agate mortar and the fraction
below 45 pm was mixed with the corresponding quan-
tity of 3Y-TZP. This operation was carried out in dry
conditions and without grinding media to prevent
changes in size and morphology of tetragonal zirconia
grains, and also to avoid transformation to the mono-
clinic form, generally induced by grinding. 1823

In the second part of the study, mixtures of glaze L
with different quantities (10, 20 and 30 wt.%) of 3Y—
TZP or ZS-300 powders were homogenized in water
following two distinct procedures (A and B, described
below). Resulting enamel slurries were spray-coated
(after reological control) as film layers onto stoneware
floor tiles (33x33 cm format) of low porosity, ensuring
the application of a constant thickness. In samples
homogenized by procedure A, 300 g of the mixture was
dispersed in water (150 ml), with some common minor
additives (diluted solution of carboxymethylcellulose,
CMC, as binder, and Tripolyphosphate, TPF, as def-
floculant), and then this batch was electrically stirred
during 1-2 min. In procedure B, 300 g of the starting
mixture made of glaze (at this time made of coarse and
un-milled frit) and 3Y-TZP or ZS-300 powders were
ball-milled during 50 min (alumina grinding media),
using water (120 ml) as dispersant media, and minor
additives (0.06 wt.% of NaCl, 0.15 wt.% of CMC, and
0.15 wt.% of TPF). Method B corresponds to the com-
monly used process in the ceramic glaze industry, and
was adopted in order to assess the possible effect of ball
milling process on the stability of the tetragonal zirco-
nia. Optimal reological conditions (viscosity and den-
sity) of slurries were adjusted, when necessary, by small
additions of water and/or TPF. The density values of
the as-prepared slurries changed from 1620 to 1820 g/l,
and their viscosity values were kept below 0.14 Pas. All
the spray-coated samples were dried at 100 °C during 2
h, and then fired in an industrial furnace.

2.3. Firing schedules

Pellet samples were fired up to 1200 °C in laboratory
electrical kilns following two different firing schedules:
(1) a slow firing cycle consisting of a 2 h 45 min heating
ramp up to 1200 °C, a soaking time of 1 h at this tem-
perature, and a slow cooling down of 4-5 h to room

temperature, and (ii) a 51 min fast-firing cycle (indus-
trial schedule) with a 20 min heating ramp up to
1200 °C, a 5 min soaking time at this temperature, and a
19 min cooling down to room temperature.

Industrially deposited samples onto floor tiles were
single-fired (green bisque and glaze layer at once in a
single cycle), following a 42 min fast cycle in a roller
single-layer industrial furnace. This cycle consisted of a
20 min heating ramp until 1200 °C, followed by a
soaking period of 5 min at maximum temperature, and
then a cooling step of 17 min to room temperature.

2.4. Characterization techniques

X-ray diffraction (XRD) of the fired pellets and
industrial vitro-crystalline coatings was carried out with
a Rigaku diffractometer using Ni filtered CukK,, radia-
tion, in order to assess the stability of the tetragonal
zirconia towards dissolution in the glaze and/or the zir-
con devitrification processes. Further information was
obtained by scanning electron microscopy (SEM) char-
acterization of the samples, performed with a Hitachi
S4100 electron microscope equipped with EDX analy-
sis. Pellet samples were cut in thin layers, polished with
diamond paste and C-graphite sputtered prior to SEM
observation.

The mechanical properties (Vickers microhardness:
H,, fracture toughness: Kjc, and abrasion resistance) of
the industrially coated glazes onto tiles were also mea-
sured. To estimate H, values, 5-7 indentations were
made on different regions of each sample by applying a
load of 9.8 N (pure glaze samples were indented at a
lower load of 4.9 N). A Shimadzu-M micro-hardness
indenter was used. The length of the indentation diag-
onals (2a) and of the cracks (1) generated from each
indentation apex were measured by using an optical
microscope. The fracture toughness, Kjc, was calculated
from Niihara et al.’s relationship?* which is valid when
the crack-to-indent ratio (1/a) is inferior to 2.5:

Kic = 0.055H,a'*(l/a)~/?

The abrasion resistance of enameled samples was
determined using a standarized test (International
Standard ISO 10545-7), widely known as PEI abrasion
test. The principle of this method is based on rotation of
an abrasive load (steel balls of different diameters) on
the surface of the sample (glazed tile), and on the
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assessment of the wear level by means of visual com-
parison of abraded and non-abraded tiles. According to
the number of revolutions necessary to produce a visible
abrasion failure, samples are classified from PEI class 0
(lowest abrasion resistance) to PEI class 5 (highest
abrasion resistance, that also requires that samples have
passed the test specified in ISO 10545-14 for resistance
to stains).

Finally, selected optical properties (gloss and trans-
parence/opacity) of the glaze coatings were also mea-
sured. The gloss (60° geometry) was measured with a
Multi-Gloss 268 Minolta Reflectometer, following
standard procedures (DIN 67 530, ISO 2813, ASTM D
523, and BS 3900 Part DS5), while transparency or opa-
city was determined by measuring the whiteness index
(ASTM 1925) with a Perkin Elmer spectrophotometer.
The whiteness index can be easily correlated with the
opacity, since the lower this index, the whiter and the
more opaque is the sample.

3. Results
3.1. Preliminary studies with pellet samples

To analyze the effect of glaze composition and melt-
ing temperature on 3Y-TZP stability, several pellets of
both glazes (L and H) were prepared, containing or not
10 wt.% of zirconia-based powder. These pellets were
fired at 1200 °C following a very long cycle (8-9 h).

Pure glaze pellets remained amorphous (non-crystal-
line) after the firing treatment (as expected for trans-

3000 -

parent glazes). According to XRD results (see Fig. 1a—)
3Y-TZP stability was found much higher in glaze H. In
fact, the reaction between zirconia-based material and
glaze L (more fusible) was almost complete. In a first
step, martensitic-type transformation to the monoclinic
structure must have occurred followed by the solution
on glaze and reaction with silica to give zircon (ZrSiOy).
In glaze H, however, XRD characterization still shows
the presence of a large amount of unreacted (stabilized)
3Y-TZP, despite the appearance of zircon and the pre-
sence of small amounts of m-ZrO,. These observations
clearly denote an incomplete reaction between 3Y-TZP
and H glaze phases. SEM analyses confirmed these
results. In glaze L the original 3Y-TZP granules still
visible (Fig. 2a) are almost completely transformed in
fractured zircon monoliths (labeled as Z) surrounded by
fine rounded-shaped monoclinic zirconia grains. Those
grains (labeled as M) are better seen at a higher magni-
fication ratio (Fig. 2b and c). Fig. 2d shows EDX spot
analysis of a zircon grain. The presence of inter- and
intra-granular cracks (indicated with black arrows in
Fig. 2a) could be due to the volume expansion asso-
ciated with zircon formation and/or with the #-to-m
martensitic transformation of ZrO,. Microcracking
could also be due to the stabilized crystalline phases
(ZrO, and ZrSiO4) having a thermal expansion sub-
stantially different from that of the residual glaze, or to
the anisotropy of thermal expansion of larger ZrSiO4
grains. On the contrary, in glaze H the newly formed
monolithic zircon grains are much rare and seems to
correspond to an early formation stage (as can be seen
at the bottom of the SEM detail presented in Fig 2c¢).

°20

Fig. 1. XRD patterns corresponding to fired pellet samples: (a) slow-fired glaze L, (b) slow-fired glaze L+ 10 wt.% 3Y-TZP, (c) slow-fired glaze
H+ 10 wt.% 3Y-TZP, and (d) fast-fired glaze L+ 10 wt.% 3Y-TZP. Crystalline phases: T (tetragonal ZrO,), M (monoclinic ZrO,), Z (ZrSiOy4), Q

(quartz), and Y (Y,03).
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Therefore, differences in composition of the ceramic (higher stability in glaze H than in glaze L). Further
glaze (higher silica content and absence of boron oxide studies should be conducted to better understand the
in glaze H, etc.) and in the melting temperature (glaze H contribution of both individual oxides and melting
shows higher refractoriness) cause important effects on temperature to such stabilization (research which is
the stabilization of polycrystalline tetragonal zirconia beyond the scope of the present study).
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i EDX spectrum of
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Fig. 2. SEM micrographs of slow-fired (8-9 h cycle) pellets obtained with a 10 wt.% addition of 3Y-TZP to glaze L [(a) at a magnification of 1000,
and (b) at a magnification of 3000] and to glaze H [(c) at a magnification of 3000], and EDX spectrum (d) obtained on analyzing the grain labeled as
Z (zircon crystallization). Inter- and intra-granular cracks are indicated with arrows. M and T labels refer to m- and t-zirconia grains.
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Fig. 3. SEM micrograph (a) and EDX spectrum (b) of a detail of the pellet obtained with a 10 wt.% addition of 3Y-TZP to glaze L fired to 1200 °C
with a rapid cycle (51 min). The image shows the fine (0.3 pm) and round-shaped grains of #-ZrO, (constituting the 3Y-TZP spherical aggregates)
that still have not been solved in the glaze or reacted to form zircon.
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To analyze the effect of firing treatment duration, a
pellet made of 10 wt.% of 3Y-TZP + glaze L was fast-
fired up to 1200 °C during only 51 mi This firing sche-
dule is similar to that employed in industrial processes.
In such rapid thermal cycles, it is more probable that
3Y-TZP will be kept stable and less formation of zircon
would be expected. Effectively, XRD characterization
(see Fig. 1d) confirms that an important amount of tet-
ragonal zirconia remains in the pellet after this firing,
without the occurrence of either martensitic-type trans-
formation to monoclinic zirconia (a similar m-ZrO,

content to that of the 3Y-TZP raw material was
observed) or zircon crystallization. The absence of zir-
con crystals was also confirmed by SEM, since only
spherical 3Y-TZP aggregates made of fine (0.3 pm)
rounded-shaped grains are seen (see Fig. 3a, and the
corresponding EDX spectrum in Fig. 3b). Therefore,
even in those ceramic glazes in which the tetragonal
zirconia phase is less stable (glaze L), the use of rapid
firing schedules allowed to obtain vitro-crystalline gla-
zes mostly consisting of fine-grained and stabilized
(undissolved) tetragonal zirconia.

Pellets of glaze L +10-30 wt-% 3Y-TZP (51-min fast-firing cycle )
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Fig. 4. XRD patterns corresponding to fast-fired (51-min cycle) pellets of glaze L with additions of 0 (i), 10 (ii), 20 (iii) and 30 (iv) wt.% of 3Y-TZP
(a) or of ZS-300 (b). Crystalline phases: T (tetragonal ZrO,), M (monoclinic ZrO,), and Z (zircon, ZrSiOy).
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Glaze L was then selected in the second part of the
study to conduct industrial fast-firing tests, preparing
the samples as film coatings. Prior to the realization of
the industrial tests, pellets with increasing amounts (10,
20 and 30 wt.%) of 3Y-TZP or zircon (ZS-300) were
prepared and fired in a laboratory-scale electrical fur-
nace following the same rapid cycle (51 min). These tests
served as comparison between pellet samples and
industrially prepared coatings, since the stability of tet-
ragonal zirconia grains added is expected to be rather
different in both cases, due to differences in diffusion
processes, exposure to kiln atmosphere, and interfacial
contact between grains and glaze. XRD patterns of the
fast-fired pellets (see Fig. 4a and b) shows that both 3Y—
TZP and zircon phases remain stable, irrespective of the
addition level. Moreover, the XRD peaks area of added
crystalline phases (#-ZrO, and ZrSiO,4) is observed to
rise in correlation with their amounts.

3.2. Industrial tests with fast-fired industrial coatings

According to the experimental methodology described
in Section 2.2, two different series of samples (A and B)
were prepared as film coatings having several contents
of 3Y-TZP or ZS-300, which were coated onto low-
porous floor tiles. As-prepared samples were referenced
as shown in Table 2. Fast-fired coatings were char-
acterized by XRD and by SEM/EDX techniques.
Mechanical and optical properties were also measured.

3.2.1. XRD characterization

XRD patterns of fast-fired coatings are given in
Figs. 5 and 6. The reactivity of 3Y-TZP towards the
molten glaze was found much higher in fast-fired coat-
ings than in the homologous pellet samples (cf. Figs. 5
and 4a). On the contrary, zircon-doped samples seem to
exhibit similar stability towards the glaze (linear trends
are observed between zircon peaks area and the added
amount), irrespective of the preparation method (either
pellets—Fig. 4b, or coatings—Fig. 6) and of the homo-
genization procedure (compare Fig. 6a and b). For 3Y—
TZP doped coatings (Fig. 5), significant zircon crystal-
lization occurred. Samples with doping levels up to 20
wt.% show more intense zircon XRD peaks than those
of tetragonal zirconia, and stable crystals of this doping

agent (neither dissolved in the glaze nor reacted with
silica to form zircon) are only dominant for high addi-
tion levels (30 wt.%). The lower stability of the tetra-
gonal phase in fast-fired industrial coatings when
compared with pellet samples is probably related to
better homogenization and lower average particle size of
the former ones (especially B coatings), and to the pro-
motion of diffusion processes and exposure to kiln
atmosphere (in fine layers).

On the other hand, some differences in the reactivity
of 3Y-TZP grains towards the glaze were evident as a
result of the use of different homogenization procedures
(A or B). By comparing Figs. 5a and b, results show
that for low Y-TZP contents (typically 10 wt.%) zircon
crystallization was Kkinetically more favorable (more
intense zircon XRD peaks) for coatings made with pro-
cedure B than for films prepared according to A proce-
dure. Indeed, well-developed zircon crystallization is
observed in B2 sample, while A2 sample is highly
amorphous. This increasing reactivity observed in B2
sample can be related to the best homogenization con-
ditions and to the particle-size reduction (enhancing the
interfacial contact area between the 3Y-TZP grains and
the glaze) achieved by the intense milling process carried
out before spray-coating operation. However, the effect
on t-ZrO, stabilization of the distinct homogenization
procedure was not so important for higher 3Y-TZP
contents (=20 wt.%) and, in both types of samples (A
or B), increasing amounts of tetragonal zirconia
remained stable in the glaze the higher the 3Y-TZP
content. Regarding to monoclinic zirconia, this phase
was only present as minor phase in the films. This
means that if a relevant martensitic transformation
from tetragonal to monoclinic ZrO, occurred (induced
by yttrium dissolution into the glassy phase and also by
the previous grinding process), the solution of the
resultant monoclinic phase in the glaze, or its reaction
with silica to form zircon are very fast processes.

3.2.2. Microstructural (SEM|EDX) characterization
SEM/EDX analyses of fast-fired industrial coatings
are in general accordance with XRD results and give
additional valuable information about the dominant
processes that govern the development of final ceramic
glaze characteristics. SEM micrographs of 3Y-TZP

Table 2
Nomenclature of the samples industrially enameled as film coatings
ZrO, phase added Homogenization Without +10 wt.% +20 wt.% +30 wt.%
to glaze L procedure addition
3Y-TZP A Al A2 A3 A4

B Bl B2 B3 B4
ZS-300 A Al A5 A6 A7

B Bl B5 B6 B7
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containing films are shown in Fig. 7a—f. It is easy to
confirm the different level of zircon crystallization by
comparing micrographs of coatings B2, B3, and B4 with
their homologous A2, A3 and A4. Only rare and amor-
phous ZrO, aggregates (as the one shown in Fig. 7a)
can be seen by in sample A2, while an important volu-
metric fraction of elongated prismatic zircon micro-
crystals (sizes between 1 and 3 pm) may be seen in B2
coating. Also in agreement with XRD results, coarse
and more abundant zircon crystals are observed in A3
sample. A detailed view of Fig. 7c shows prismatic zir-
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con crystals (2-3 pum, labeled as A), together with par-
tially solved tetragonal zirconia aggregates (labeled as
C) made of sub-micrometric round-shaped grains
(around 0.2 um in size). The volumetric fraction of such
aggregates is higher than that of zircon crystals in B3
sample, similarly to what is observed in coatings A4 and
B4. In addition, zircon and #-ZrO, grains may be seen
more regularly dispersed or homogenized in B coatings
than in A coatings (compare micrographs of Fig. 7e and
f), as a result of the intense pre-milling step followed in
the former.

A coatings of glaze L with TZP additions (1200°C/ 42-min cycle)
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Fig. 5. XRD patterns of coatings of glaze L homogenized with procedure A (a) and B (b) with various additions of 3Y-TZP (10, 20 and 30 wt.%),
and fast-fired using a 42-min industrial cycle. Crystalline phases: T (tetragonal ZrO,), M (monoclinic ZrO,), and Z (ZrSiOy,).
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Micrographs of zircon-containing films are shown in
Fig. 8a to d. Coarse and heterogeneously shaped zircon
particles (from 2-3 to 30 pm) seem to be effectively
stable (insoluble) in the glaze. These zircon crystals are
also more homogeneously dispersed and present smaller
average sizes in B coatings (see Fig. 8¢ and f): They
seem to have a more amorphous character, due to the
presence of less sharp edges, and these observations
suggest stronger reactivity towards the glaze. The
amount and size of stabilized crystals close to the glaze
surface, as well as the homogenization level accom-
plished in the crystal dispersion, are all decisive factors
influencing the mechanical and optical properties of the
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final vitro-crystalline glazes, as shown in the next sec-
tion.

3.2.3. Mechanical and optical properties

A summary of the measured optical (60°-gloss and
whiteness index) and mechanical properties (H,, Kic,
and abrasion resistance) of the industrial coatings is
presented in Table 3, together with the dry weight of the
glaze layer that was spray-coated on each sample.
Standard deviation values on the measured mechanical
parameters are included between brackets.

As expected, the addition of 3Y-TZP or zircon crys-
tals increases all the relevant mechanical parameters (H,

A coatings of glaze L with ZS-300 additions (1200°C/ 42-min cycle)
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Fig. 6. XRD patterns of coatings of glaze L homogenized with procedure A (a) and B (b) with various additions of ZS-300 (10, 20 and 30 wt.%),

and fast-fired using a 42-min industrial cycle. Crystalline phase: Z (ZrSiOy).
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and Kjc), in accordance with increasing formation of
reinforcing crystalline phases (ZrSiO4 in samples with
zircon addition, and ZrSiOy4 plus tetragonal zirconia in
samples with 3Y-TZP addition). Moreover, the
achieved reinforcement was considerably higher in
samples with 3Y-TZP than in samples with zircon
addition. On the one hand (see Table 3), H, values are
rather similar, since an equivalent volumetric fraction of
reinforcing crystals was obtained in both cases (accord-
ing to XRD patterns). On the other hand, a substantial
increase in fracture toughness is observed in samples
with 3Y-TZP (K;c values higher than 2 MPa m'/?,

IMATBE

except in the A2 sample), since the presence of tetra-
gonal zirconia in these samples allows an additional
reinforcement of the ceramic glaze by the transforma-
tion-toughening mechanism. The use of different
homogenization procedures (A or B) before the spray-
coating step did not produce a relevant and clear effect
on H, and Kjc values.

Some optical microscope images of Vickers indenta-
tions performed on representative samples are shown in
Fig. 9. The brittle character of the transparent single
firing glaze (L) is denoted in Fig. 9a by the spalling
phenomenon caused by an indentation performed with

3.75 pym

® 300, pm
i

38 B 8m

%180 -

Fig. 7. SEM micrographs (secondary electron detector) of industrial coatings with 3Y-TZP additions: (a) A2 (magnification of 2500), (b) B2
(magnification of 2000), (c) A3 (magnification of 3000), (d) B3 (magnification of 8000), (¢) A4 (magnification of 100), and (f) B4 (magnification of
100).
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Fig. 8. SEM micrographs (secondary electron detector) of industrial coatings with ZS-300 additions at a magnification of 500: (a) A6, (b) B6, (c) A7,

and (d) B7.

Table 3

Weight of glaze layer spray-coated, optical properties (60°-gloss and whiteness index) and values of Vickers microhardness (H,) fracture toughness
(Kic) (standard deviation between parentheses) and PEI abrasion resistance number, corresponding to industrial coatings of glaze L with additions
either of 3Y-TZP or of ZS-300 crystals

Enameled sample ~ Weight of dry glaze ~ Gloss (60°) ~ Whiteness index*  Vickers micro hardness, =~ Toughness, Abrasion

spray-coated (g) H, (GPa) KicNiihara) (MPa m!'/2)  resistance
(PEL)®

Glaze (L)

Al 56 95 17.8 5.9 (0.4) 1.30 (0.10) 2

Bl 52 97 16.4 6.1 (0.5) 1.42 (0.05) 2

L+3Y-TZP

A2 54 94 15.3 7.1 (0.5) 1.60 (0.18) 3

B2 60 66 11.0 6.9 (0.4) 2.09 (0.17) 4

A3 55 46 10.3 8.4 (0.5) 2.23 (0.53) 4

B3 52 75 8.6 7.3 (0.2) 2.19 (0.30) 5

A4 66 33 9.7 7.7 (0.8) 2.13 (0.28) 4

B4 52 95 7.9 7.3 (0.4) 2.19 (0.24) 5

L+ZS-300

AS 59 93 16.1 6.6 (0.4) 1.63 (0.17) 3

BS 82 95 15.1 6.3(0.2) 1.58 (0.06) 3

A6 61 93 16.2 7.2(0.3) 1.79(0.15) 3

B6 58 96 13.4 7.5(0.4) 1.88 (0.13) 4

A7 64 92 16.6 7.5(1.2) 1.84 (0.19) 3

B7 61 95 12.8 7.2(0.3) 1.98 (0.10) 4

4 Measured according to ASTM 1925 standard.

® Measured according to international standard ISO 10545-7.
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c)

d)

Fig. 9. Optical microscope images of some micro-indentations performed on industrial coatings of glaze L: (a) indentation on sample Al (pure glaze)
produced with a load of 4.9 N and observed with lens 5 (0.142 pm pixel), (b) indentation on sample B1 (pure glaze) produced with a load of 9.8 N
and observed with lens 4 (0.285 pm/pixel), (c) indentation produced on sample A3 (20% 3Y—TZP) with a load of 9.8 N and observed with lens 4, and
(d) indentation on sample A6 (20% ZS-300) produced with a load of 9.8 N and observed with lens 4.

a small load (4.9 N). Fig. 9b corresponds to an inden-
tation on B 1 sample and shows the presence of long
cracks that are extended from each apex of the inden-
tation. The improved Kjc values of the A3 sample can
be explained by the crack-shielding effect caused by the
presence of dispersed zircon and/or tetragonal zirconia
crystals (see the considerably shorter indentation cracks
in Fig. 9c), and also by the possible transformation-
toughening mechanism provided by tetragonal zirconia
grains. As expected, the mean (average) size of the
indentation cracks (1) generated in zircon-containing
samples is considerably higher than that observed in
samples with equal concentration of 3Y-TZP (see
Fig. 9c and d). In fact, the average indentation crack
length is 23.2 um for A3 (20 wt.% 3Y-TZP doped
sample), 31.1 pm for A6 (20 wt.% ZS-300 containing
sample), and 48.3 pm for Al (pure glaze).

On the other hand, the abrasion resistance of the
industrial coatings of glaze L tends to strongly increase
by the addition of 3Y-TZP or zircon grains. PEI abra-
sion number of pure glaze coatings (Al and BI) is rela-
tively low (PEI=2), as expected for a transparent, non-
crystalline coating, while PEI values of 4 or even of 5
(observed on 3Y-TZP containing samples) are achieved
for doped samples. As may be appreciated in Table 3,

PET abrasion values of 3Y-TZP containing coatings are
always higher than those of homologous ZS-300 doped
samples. This result can be attributed to the combined
benefic effects of zircon crystallization (as elongated crys-
tals) and of the presence of stabilized tetragonal grains.
The wear resistance of ceramic or glass—ceramic materials
is governed by fracture and plastic deformation phenom-
ena.?> According to the literature,>® martensitic transfor-
mation of TZP is mechanically induced while abrading
TZP-containing materials. As a result, a compression
zone forms in the abraded superficial layer that prevents
or makes more difficult the formation and propagation
of micro-cracks in the contact surface. Accordingly,
martensitic transformation of tetragonal grains can
have a positive role on abrasion resistance. B coatings
also present higher abrasion resistance values than the
homologous A coatings. The improved abrasion resis-
tance of the former must be due to the more homo-
geneous dispersion of the crystals in these samples. In
fact, the volumetric fraction of ¢-ZrO, and/or ZrSiO,
grains in the glaze is rather similar in B and A coatings,
according to XRD patterns (except in A2 and B2 sam-
ples), and the amount of transformable #-ZrO, is not
expected to have diminished considerably as a con-
sequence of pre-milling step in B coatings.
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Concerning the optical properties (see Table 3), sam-
ples become more opaque or whiter (lower whiteness
index) with increasing levels of 3Y-TZP or zircon crys-
tals. The opacity of 3Y-TZP containing samples is
higher than zircon-doped ones, which can be explained
by the higher refraction index of ZrO, (2.19-2.20) with
respect to that of zircon (1.90-2.05): The corresponding
values for common ceramic glaze are about 1.5-1.6.
Opacity of B samples is also higher than A. Considering
the 60°-gloss measurements, samples with zircon addi-
tion exhibited high gloss values (92-96), but similar to
those of coatings without crystals addition (95 and 97
for Al and B1 samples, respectively). The gloss of 3Y—
TZP doped coatings is strongly affected by the overall
amount and relative proportion of zircon and tetra-
gonal zirconia crystalline phases. Sample B4 (30 wt.%
3Y-TZP) shows a very good compromise between
highest toughness (2.2 MPa m'/?) and abrasion resis-
tance values (PEI 5) and the maintenance of a very high
gloss value (95), which suggests the possibility of pro-
ducing a strong mechanical reinforcement of ceramic
glazes by the addition of polycrystalline tetragonal zir-
conia without compromising the glossy aspect.

4. Conclusions

The insolubility or stability of added tetragonal zir-
conia in the glaze and/or the occurrence of zircon crys-
tallization was found to be strongly dependent on glaze
composition, firing treatment, and on preparation
method (uniaxially pressed pellets or film coatings).
TZP remains stable in fast-fired pellets, but partial
crystallization of prismatic zircon micro-crystals occur-
red in samples prepared as film coatings, in which dif-
fusion processes are promoted by decreasing the
thickness of the glaze and by the exposure to kiln
atmosphere. Zircon crystallization in fast-fired glaze
coatings is kinetically favored for low 3Y-TZP contents
when 3Y-TZP powder is previously ball-milled together
with the frit during the homogenization treatment.

Addition of 10-30 wt.% of 3Y-TZP powder to a
conventional single-firing glaze, that is industrially
enameled (as film coating) onto low-porous floor tiles,
produces a significant enhancement of Vickers micro-
hardness (H, from 6.0 to 8.4 GPa), fracture toughness
(K¢ from 1.35 to 2.23 MPa m'!/?), and wear resistance
(PEI abrasion number from 2 to 5). This mechanical
reinforcement was found to be higher than that due to
zircon addition, and must be attributed to the beneficial
effect of the stress-induced transformation-toughening
mechanism produced by the stabilized tetragonal zirconia.

The opacity of the ceramic glazes increased with the
addition of zircon and of 3Y-TZP crystals. Promising
results have been obtained for sample B4 (30 wt.% 3Y—
TZP), which exhibits the highest toughness (2.2 MPa

m'/?) and abrasion resistance (PEI 5) values, but still
shows a very high gloss value (95). This result corre-
sponds to the achievement of an interesting compromise
between mechanical reinforcement of ceramic glazes by
inclusion of polycrystalline tetragonal zirconia, and the
maintenance of a suitable glossy aspect.
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