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bstract

he aim of this investigation was the surface functionalization of industrial ceramic tiles by soluble salts addition to improve mechanical properties
resistance to scratch and wear) preserving the aesthetical aspect of the final product. This objective was pursued through the application of different
olution of zirconium capable to be transformed in zirconia nanoparticles during the material sintering. The solutions, in different concentrations,

ere deposited (300 g/m2) on unglazed green tiles by air-brushing. The obtained products were polished and characterized in terms of microstructure,

urface micromechanical and technological properties based on the UNI EN ISO reference rules. The final aesthetical aspect of the products and
he obtained hue variation were evaluated by means of UV–vis spectroscopy and colorimetric analysis.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

The unglazed fine porcelainized stoneware tile, also called
orcelainized stoneware or grés, is a product used both for inter-
al and external applications in building field. Low-porosity,
igh mechanical, abrasion, chemical and stain resistance make
his material ideal to flooring areas with elevated public use.1,2

ts high technical properties are mainly due to an extremely
intered body composed of different crystalline phases (anor-
hite, mullite and quartz) immersed in a vitreous matrix.3,4 In
he ceramic tiles industrial field, the porcelainized tiles have
ecome more and more important with regard to its spread
rom very few market shares limited as to their application
elds to more and more diversified ones; the result has been a
lear increase in production volumes. This product, which was
ormerly considered only from a technical standpoint, nowa-
ays shows high aesthetical potentialities allowing its use for
ver-refined purposes. In particular, the surface hardness of the
nglazed porcelainized tiles allows mirror-polished surfaces that

ive to this product a high aesthetical quality. The main prob-
em is that this material, even if it has a very low open porosity
about 0.1% as to the absorbed water, and 0.5% according to
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he mercury porosimetry), has an internal closed porosity of
round 6%, with pore sizes range from 1 to 10 �m. This poros-
ty appears during the polishing phase, where about 0.5–1 mm
f the superficial layer is removed, causing a superficial microp-
rosity that increases the tendency to the product dirtiness. There
re many ways of intervention (some of them have already been
idely adopted) as for example using transparent polymeric

ayers, however the mechanical properties and chemical dura-
ility of these coatings are often very poor.5 The development
f functionalized surfaces has recently been under the focus
f nanotechnology, i.e. by investigating self-cleaning surface
sing TiO2 nanoparticles.6–10 For example, in a recent work,
he authors reported the possibility of surface functionaliza-
ion of industrial ceramic tiles by sol–gel technique to improve
oth wear resistance and cleanability of unglazed surfaces.11

iO2–SiO2 binary films were deposited by air-brushing on fired
iles obtaining a photocatalytically active building materials, a
elf-cleaning and self-sterilizing surface that, moreover, might
egrade several organic contaminants in the surrounding envi-
onment by UV radiation activation.

One of the main interesting properties of nanoparticles,
haracterized by a mean diameter below the light wavelength,

s their transparency if applied on a substrate or dispersed in

matrix. To take advantage of this property, the aim of this
tudy was oriented in the application of different solution of
irconium capable to be transformed in zirconia nanoparticles

mailto:federica.bondioli@unimore.it
dx.doi.org/10.1016/j.jeurceramsoc.2009.08.012
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uring the material sintering. The goal was the obtainment of
surface with a higher sinterisation degree with respect to the

eramic body. Over the years, zirconium oxide (ZrO2) has been
argely used because of its chemical and physical properties,
uch as excellent chemical resistance, high refractoriness, wear
esistance and hardness. In this work to improve mechanical
roperties preserving the aesthetical aspect of the final product,
our different zirconium-based solution were applied by air-
rushing on ceramic tiles before the sinterisation step. The idea
s not different from that of “soluble salts”, the conventional
ame used for new products for coloring unglazed ceramic
aterials. Originally developed as an alternative to conventional

oloring with solid pigments, soluble salts are aqueous solutions
f organic complexes of chromophore metals. These solutions
re able to color the surface layer of ceramic material and
ue to their properties of penetration and diffusion, they reach
depth of several mm, making it possible to polish finished

roducts without affecting the decoration. Soluble salts can be
epresented by the following generic formula:

e(L)n·nH2O

here Me is the metallic ion and L the complexing agent,
enerally an organic derivate that is completely decomposed
nto non-hazardous products, such as CO2 and H2O, during
he ceramic firing. In this work, the chromophore ion was
ubstituted by zirconium and four different soluble salts were
esigned and developed. The obtained solutions, in different
oncentrations, were deposited (300 g/m2) on unglazed green
iles. After an industrial thermal treatment, the obtained prod-
cts were polished and characterized in terms of microstructure,
urface micromechanical and technological properties based on
he UNI EN ISO reference rules. The final aesthetical aspect of
he products and the obtained hue variation were evaluated by

eans of UV–vis spectroscopy and colorimetric analysis.

. Experimental
.1. Solution preparation and application

Zirconium solutions were especially prepared by METCO
nd referred as sol ZrX Y where X is the counter ion type used

t
s

�

able 1
hemical composition of the prepared solutions.

ommercial name Sample code Zr content (wt%)

108 Zr1 0 7.4
Zr1 1 3.7
Zr1 2 1.85
Zr1 3 0.93
Zr1 4 0.46
Zr1 5 0.23

321 Zr3 0 9
Zr3 1 4.5
Zr3 2 2.25
Zr3 3 1.13
Zr3 4 0.56
Zr3 5 0.28
n Ceramic Society 30 (2010) 11–16

nd Y is the dilution performed. The starting solution, in fact,
as diluted up to 5 times in order to evaluate the best conditions

n terms of penetration and mechanical properties. I.e. Y is equal
o 0 when the solution was used as received, equal to 5 when the
olution is diluted 5 times. Table 1 lists in detail the zirconium
ontent in the starting solutions.

The application of sols was performed by air-brushing12

n unglazed green tiles. To obtain a laboratory scale tile,
he atomized powder with a common composition for porce-
ainized stoneware, kindly provided by Marazzi Group, I,
as uniaxially pressed at 40 MPa to produce round samples

40 mm diameter, 5 mm thickness). The deposition technique
as chosen, on a laboratory scale, taking into account the

ndustrial applicability and the possible technological solu-
ions necessary to implement these surface treatments in the
ndustrial traditional process. During the air-brushing appli-
ation, the substrates were kept at a distance of about 14 cm
rom the air-brush applicator. Each sample was coated with
00 g/m2 of solution. After this treatment, the compacts were
ried at 105 ◦C up to constant weight and then fired in a
emi-industrial kiln at Tmax 1210 ◦C with a cycle of 60 min.
ll the obtained samples were also polished in order to
btain mirror-polished surfaces removing 0.5 mm of superficial
ayer.

.2. Tile characterizations

The densification obtained after the sintering step was
escribed in terms of water absorption, as required by UNI
N ISO 10545.3, together with linear shrinkage. The effect
f zirconia on the tile color was determined by performing
olor measurements on both untreated and treated tiles by
V–Vis spectroscopy (model Lambda 19, Perkin Elmer) using

he CIELab method in order to obtain L*, a* and b* values.13

he method defines a color through three parameters, L*,
*, and b*, measuring brightness, red/green and yellow/blue
olor intensities, respectively.14 The method allows, moreover,

o define a color difference as �E*, based on the relation-
hip:

E∗ = [(�L∗)2 + (�a∗)2 + (�b∗)2]
1/2

(1)

Commercial name Sample code Zr content (wt%)

F335 Zr2 0 7.4
Zr2 1 3.7
Zr2 2 1.85
Zr2 3 0.93
Zr2 4 0.46
Zr2 5 0.23

G009 Zr4 0 8
Zr4 1 4
Zr4 2 2
Zr4 3 1
Zr4 4 0.5
Zr3 5 0.25
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here �L*, �a* and �b* measure the differences in lumi-
osity and in chromaticity between two colors. In this
ay the hue variation due to the coating step were deter-
ined.
To evaluate the effect of the coating on the tile appearance, the

loss of the samples was measured by a Novo Gloss Trio appa-
atus; measurements were performed by using 60◦ as standard
eometry.

In order to qualitatively examine the crystalline phases
eveloped by soluble salts, X-ray diffraction measurements
XRD) were carried out on the samples using a conven-
ional Bragg–Brentano diffractometer (X’PERT PRO, Philips
esearch Laboratories) with Ni-filtered Cu K� radiation. The
atterns were recorded in the 5–80◦ 2θ range at room tem-
erature, with a scanning rate of 0.001◦/s and a step size of
.02◦. To verify the influence of soluble salts applications on
cratch resistance, scratch tests (Micro-Combi tester) with lin-
arly increasing load (0.1–30 N, scratch speed of 1 mm/min)
ere performed on the samples using a Rockwell indenter with
pherical tip, 100 �m radius. At least, three scratches were per-
ormed on each coating, with the minimum distance between
wo scratches set at 4 mm to achieve results representative of
he average response over greater surfaces. The critical loads

a
g
a
c

Fig. 1. SEM micrographs of Zrl 0 (a), Zrl 5 (c) and untreated tile (d
n Ceramic Society 30 (2010) 11–16 13

c1 (first crack) and Lc2 (edge spallation) were determined by
ptical microscopy. Finally, the microstructure of the samples
as investigated by scanning electron microscopy (SEM) using
XL 30 instrument (Philips) coupled with an energy disper-

ion spectroscopy (EDS, INCA) equipment over gold-coated
amples.

. Results and discussion

Sintering degree was studied in terms of linear shrinkage
LS%) and water absorption (WA%) as a function of applied
olution concentration. The obtained results, from a techno-
ogical point of view, assure that the proposed treatment is
ompatible with the industrial production. In particular, the
ater absorption, strictly related to the material microstruc-

ure and to the open porosity, significantly decreases (from
.28 to 0.16%), independently to the counter ion present in
olution, as the zirconium concentration is increased with
espect to the commercial material (0.3%). This behavior is

lso confirmed by the microstructural analysis of surfaces. In
eneral, in fact, the surface had a higher sinterisation degree
s the utilized solution is concentrated (Fig. 1). The figure
learly showed that Zr1 0 sample has an higher compaction

) surfaces. EDS spectra (b) of white crystals in Zrl 0 samples.
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Table 2
�E* and gloss values of the prepared coatings.

Sample code �E* Gloss (GU) Sample code �E* Gloss (GU)

Zr1 0 1.16 5.40 ± 0.44 Zr2 0 1.40 5.02 ± 0.13
Zr1 1 0.94 5.70 ± 0.12 Zr2 1 0.83 4.86 ± 0.05
Zr1 2 0.38 4.90 ± 0.14 Zr2 2 0.72 4.96 ± 0.09
Zr1 3 0.32 4.72 ± 0.16 Zr2 3 0.86 4.92 ± 0.08
Zr1 4 0.27 4.74 ± 0.11 Zr2 4 0.43 4.66 ± 0.24
Zr1 5 0.35 4.80 ± 0.10 Zr2 5 0.44 4.62 ± 0.08

Zr3 0 3.83 4.06 ± 0.05 Zr4 0 2.69 4.82 ± 0.04
Zr3 1 1.98 4.50 ± 0.07 Zr4 1 1.00 4.86 ± 0.05
Zr3 2 1.63 4.62 ± 0.35 Zr4 2 0.96 5.04 ± 0.21
Zr3 3 0.90 4.84 ± 0.05 Zr4 3 0.94 4.88 ± 0.04
Zr3 4 0.86 4.56 ± 0.29 Zr4 4 0.90 4.82 ± 0.04
Zr3 5 0.92 4.68 ± 0.13 Zr4 5 0.89 4.86 ± 0.05
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In order to qualitatively examine the crystalline phases devel-
oped by the soluble salts, X-ray diffraction measurements
(XRD) were carried out on the samples (Fig. 3). The figure
Fig. 2. SEM images of the cross

hile the Zr1 5 sample has a surface comparable with that
f untreated tile. Moreover, the images clearly show as the
resence of white crystals, that can be attributed to zirconia
hase as underlined by EDS spectra, decreases as the dilution is
ncreased.

In Table 2, �E* between the treated tile surfaces and the
ntreated tile surface are reported. The table clearly shows that
n general the value is >1 with the as received solution (ZrX 0).
s the dilution is increased, �E* decreases indicating that there

s not a visible hue variation due to the solutions application with
espect to the untreated tile. This result underlines that the zir-
onia nanoparticles are well dispersed in the matrix. A different
ehavior is observed in Zr3 samples where the �E* values are
igher then 1 up to the Zr3 2 sample. This behavior is due to the
ower penetration rate of this solution for higher concentrations.
n Fig. 2 the SEM micrographs obtained on the cross-section of
r1 0 and Zr3 1 samples underlined that in these cases the zir-
onia particles were confined very close to the surface allowing
o internal strain and thus to the superficial crack of the samples.
In Table 2, the gloss measured on the prepared samples is
lso reported. This parameter that is correlated to the surface
oughness of the samples is always slightly lower than that of
ntreated surface (5.30 ± 0.14 GU) indicating that the deposited

F
s

ons of Zrl 0 and Zr3 1 samples.

olutions do not extensively modify the roughness of the sam-
les, in agreement with the images reported in Fig. 1.
ig. 3. XRD patterns of Zrl 1 sample (a) in comparison with that of untreated
ample (b). Q = quartz; A = anorthite; Z = t-zirconia.
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Fig. 4. SEM images of the

learly showed that in the treated samples tetragonal zirconia
hase (ICDD #00-017-923) is present. This metastable phase is
robably stabilized by the nanometric dimension of particles15

r by CaO presents in the matrix.
To verify the effect of zirconia nanoparticles on scratch resis-

ance, scratch tests with linearly increasing load were performed
n the samples. In Table 3 the critical load values are reported
or the obtained samples. In this characterization the ZrX 0 and
r3 1 and Zr3 2 samples were eliminated for the superficial
efects previously determined. Regarding the as obtained sam-
les, only the LC2 values are reported because the roughness of

he surfaces does not allow to determine the LC1 values. In gen-
ral, as the dilution is increased LC2 decreases indicating a direct
orrelation with the superficial mechanical properties. In fact, a

able 3
econd critical load (LC2) and third critical load (LC3) of the obtained samples.

ample code LC2 (N) as obtained LC1 (N) LC2 (N)

Polished

ntreated tile 7.8 ± 0.4 3.5 ± 0.2 8.7 ± 0.1

r1 1 10.0 ± 0.2 4.0 ± 0.3 8.2 ± 0.1
r1 2 9.8 ± 0.1 3.9 ± 0.4 8.0 ± 0.2
r1 3 9.0 ± 0.4 5.1 ± 0.2 11.0 ± 0.5
r1 4 7.2 ± 0.3 5.3 ± 0.3 11.1 ± 0.3
r1 5 6.8 ± 0.7 4.2 ± 0.1 9.4 ± 0.3

r2 1 9.4 ± 0.1 3.9 ± 0.1 7.7 ± 0.4
r2 2 9.3 ± 0.1 4.1 ± 0.2 7.9 ± 0.5
r2 3 7.0 ± 0.4 4.2 ± 0.1 7.7 ± 0.3
r2 4 7.2 ± 0.5 4.6 ± 0.2 10.6 ± 0.2
r2 5 5.5 ± 0.3 3.6 ± 0.5 7.2.0 ± 0.1

r3 3 8.6 ± 0.4 4.2 ± 0.2 8.2 ± 0.3
r3 4 8.6 ± 0.5 4.8 ± 0.3 9.1 ± 0.2
r3 5 7.6 ± 0.5 3.8 ± 0.5 8.9 ± 0.4

r4 1 7.2 ± 0.2 3.9 ± 0.4 8.6 ± 0.5
r4 2 7.0 ± 0.3 4.0 ± 0.3 8.4 ± 0.4
r4 3 6.2 ± 0.1 4.0 ± 0.4 9.1 ± 0.1
r4 4 5.8 ± 0.5 4.4 ± 0.6 9.5 ± 0.1
r4 5 5.8 ± 0.3 4.4 ± 0.1 9.4 ± 0.6
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-sections of Zr4 1 sample.

igher dilution allows to an higher penetration with zirconia par-
icles that do not crystallized on the surface. In particular, Zr1 1
ample has the higher value (10.0 N) with an increase of 22%
ith respect of untreated sample (7.8 N). Finally, the Zr4 solu-

ion does not allow, even at higher concentration, to an increase
f the mechanical properties.

Regarding the polished samples, the table evidenced a con-
rary behavior. The LC1 and LC2 values increase as the dilution
s increased. During the polishing step, in fact, 0.5 mm of
uperficial layer is removed and, consequently, in the samples
haracterized by lower penetration and higher zirconium con-
entration also the zirconia particles are removed. In Fig. 4, as
epresentative, the Zr4 1 sample before polishing. In this sample
he penetration of zirconium solution is very low and zirconia
articles can be observed only up to almost 100 �m of depth.

Finally, Zr1 4 sample has the higher LC2 value (5.3 N) with
n increase of 36% with respect of untreated polished sample
3.5 N).

. Conclusion

The obtained results show that the scratch resistance gener-
lly increases by the addition of zirconium soluble salts. The
ncreasing, however, significantly depends on the counter ion
resent in solution that directly affects the penetration ability of
he zirconium solution. In particular, both in as fired and in pol-
shed samples, the Zr1 solution, in the optimized dilution (Zr1 1
nd Zr1 2), seem to allow to the higher improve of mechanical
roperties.
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