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Abstract

Glass and glass-ceramic coatings on ceramic tiles have been manufactured by plasma-spraying high-performance CAS (in wt%—SiO,, 60%:;
Al, 03, 15%; Ca0, 23%; others, traces) and CZS (in wt%—SiO,, 50%; CaO, 31%; ZrO,, 16.5%; Al,03, 2%; others, traces) glass frits. The CZS
system has a surface crystallization at about 1050 °C. Such behaviour would not easily allow to obtain a fully crystalline bulk glass-ceramic, but
the defectiveness of the plasma-sprayed coating supplies many nucleation sites. Thus, it becomes completely crystalline and well sintered after a
850 °C for 30 min + 1050 °C for 15 min treatment. The CAS frit, designed not to produce significant crystallization, is well sintered after a 850 °C for
30 min + 950 °C for 30 min thermal treatment, but remains too brittle due to its glassy nature. A 1050 °C treatment allows a few pseudowollastonite
crystals to form in a glassy matrix; their formation also hinders sintering. Thus, mechanical properties are inferior to heat-treated plasma-sprayed

CZS.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Generally, glazing of ceramic substrates involve the dry or
wet application of a powdered material onto a raw or fired sub-
strate and subsequent firing of the substrate together with the
glaze, in order to achieve sintering. Obviously, this processing
technique imposes many limitations on the choice of glazing
materials; in particular, the glaze must have the same firing tem-
perature and same thermal expansion coefficient as the substrate,
in order to properly sinter both and to prevent thermal residual
stresses.! This means that high mechanical properties systems
cannot be applied because they often have high melting points
and high processing temperatures as well. Traditional ceramics
are often coated with glassy or glass-ceramic glazes, due to their
combination of adequate wear resistance and esthetical quali-
ties; however, glasses or glass-ceramics with high mechanical
strength also have high T, so that they must be mixed with low-
melting-point compounds and low-Ty, frits, reducing the overall
glaze mechanical properties. Such troubles could be circum-
vented by thermal spraying techniques. They basically consist in
feeding the coating material, as a powder or as a wire, in a hot gas
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jet, where it is melted and accelerated towards a substrate, which
is kept at low or moderate temperature. The torch passes over the
substrate several times, so that the coating consists in a superpo-
sition of layers made by flattened and solidified droplets (called
splats or lamellae).>> Repeated torch passes cause some ther-
mal cycling to the previously-deposited coating layers. Among
thermal spraying techniques, the plasma-spraying is probably
the fittest to spray glass powders: the hot gas jet consists in a
plasma flux, whose high temperature make it suitable for spray-
ing ceramic materials in general.* However, plasma-spraying
has seldom been tested with glasses, except for a few cases,”
especially in the biomedical field.3 Should a post-process ther-
mal treatment on the sprayed coating be needed, the treatment
temperature would be much lower than traditional firing pro-
cesses, so that thermal expansion mismatch is definitely less
important.

2. Experimental

Two industrially manufactured frits, which are commonly
employed (in little amounts, due to the above mentioned fir-
ing troubles) as constituents of tile glazes, have been cho-
sen. They belong to the CZS system (nominal composition (in
wt%)—Si0;, 50%; CaO, 31%; ZrO2, 16.5%; Al,03, 2%; oth-
ers, traces; expressly designed for devetrifiction!?), and to the
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Table 1

Plasma torch operating parameters

Nozzle diameter 6 mm

Power 600 A x 72V =43.20kW
Spraying distance 115 mm

Number of passes 3 pre-heating; 27 spraying
Carrier gas type and flow rate Ar, 3slpm

Ar, 50 slpm; Hp, 14 slpm
Ar at 7.5 x 10° Pa through
two nozzles

80-140°C

Plasma gas composition and flow rates
Cooling system

Substrate temperature during deposition

CAS one (nominal composition (in wt%)—SiO,, 60%; Al,O3,
15%; CaO, 23%; others, traces), respectively. Spray powders
with suitable particle size distribution were produced by wet ball
milling (planetary-moving mill, 500 g of frit+ 500 g of 25 mm
diameter alumina balls + 300 g water in 1 I porcelain jars), sim-
ulating the conventional ceramic milling process. Powders were
characterized by chemical analysis (ICP-AES, Liberty 200, Var-
ian), differential thermal analysis (DSC 404, Netzsch), grain size
distribution analysis (Particle Sizer Analysette 22, Fritsch), X-
ray diffractometry (PW 3710, Philips, CuKa radiation). The
thermal expansion coefficient was measured on bulk samples
(DIL 404, Netzsch). The activation energies for crystallization
(E,) were calculated using Kissinger’s equation!®!! and DTA
results with different heating rates (5, 10, 15 and 20 °C/min).
Heat treatments were performed on bulk CZS samples in an
electric kiln, (10 °C/min heating rate, isotherms at 1050 °C for
5, 15, 30 and 60 min and at 1150 °C for 30 min, slow cooling).
Heat-treated bulk samples were subjected to scanning electron
microscopy (SEM, XL-30, Philips) and XRD to better assess
the crystalline phases formation.

Coatings were plasma-sprayed at Centro Sviluppo Materi-
ali S.p.A. (Castel Romano, Italy) using a Sulzer-Metco F4-MB
torch in a controlled atmosphere plasma spray (CAPS, co-shared
with University La Sapienza, Roma) plant run in APS mode,
with operating parameters listed in Table 1. Industrially manu-
factured porcelainized stoneware tiles and porous tile bodies and
were employed as substrates; they were grit blasted with 500 pm
alumina grits (Sulzer-Metco Metcolite-C) before deposition.

To achieve densification and crystallization of sprayed coat-
ings, the following heat treatments were performed:

1. 15°C/min heating to 850 °C, 30 min isotherm, 15 °C/min
heating to 950 °C, 30 or 60 min isotherm, slow cooling; these
treatments shall be referred to as 9-30 or 9—60, respectively;

2. 15°C/min heating to 850 °C, 30 min isotherm, 15 °C/min
heating to 1050°C, 15min (only for CZS) or 30min
isotherm, slow cooling; these treatments shall be referred
to as 10-15 or 10-30, respectively.

As-sprayed and heat-treated coatings microstructures have
been assessed by SEM (as-sprayed and polished surface, cross-
section) and XRD. The diffraction patterns have been acquired
also on ground samples (100 wm has been removed with SiC
abrasive papers) to check the depth of the crystallization along
the coating thickness. Measured mechanical properties include

Vickers microhardness on polished surface and cross-section
(HX-1000 indenter, Remet), indentation fracture toughness
(using high-load Vickers indentations, measuring the cracks
lengths through SEM and employing the Lankford formula in the
calculationslz), elastic modulus (four-points bending test, Z010
testing machine, Zwick/Roell) and deep abrasion resistance
according to EN 10545.6 norm (AP/87 abrasimeter, Ceramic
Instruments). The latter is an abrasion test were a flux of alumina
particles with mean diameter around 180 pm falls tangentially
to a rotating steel disk, pressed by a fixed load against the
tested surface; the results are expressed as the ratio between
the wear volume, in cubic millimetres, and the sliding distance,
in metres). Acid resistance tests (4 days contact with HCI 18%,
visual inspection and methylene blue treatment) have also been
performed. Porcelainized stoneware and high-performance tra-
ditional industrial glazes were also tested for reference. Vickers
microhardness and fracture toughness were also measured on
cast bulk CAS and CZS glass samples.

3. Results

The chemical analysis of the frits substantially confirm the
nominal compositions.

From DTA curves, it follows that CZS has T, ~ 780 °C and
crystallizes at about 1050°C (the exact temperature slightly
changes with the heating rate; Fig. 1A), forming wollastonite-
2M, CayZrSi4O17, and minor amount of larnite and baghda-
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Fig. 1. DTA-curves of CZS frit (A) and CAS frit (B).
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dite; two endothermal peaks around 1240 and 1360 °C probably
reflect some phase transition or melting. CAS has Ty ~ 760 °C,
a weak exothermal peak at about 1120 °C and an endothermal
one at about 1170 °C (Fig. 1B). CZS has E, =457 kJ/mol, while
E, =507 kJ/mol for CAS. The values for CZS are coherent with
those reported for similar glass compositions,'? where it has
been found to decrease with addition of network modifiers. The
crystallization process is usually controlled by long-range diffu-
sion, which is easier in glasses where network modifiers weaken
the three-dimensional network. Since the present CZS system
does not contain significant amounts of modifiers, the diffusion
process is difficult, explaining the high activation energy value.
The smaller DTA exothermal crystallization peak and the higher
E, for CAS glass indicates that it has lower tendency to crystal-
lization than CZS.

An almost complete surface crystallization is achieved on
the surface of CZS bulk samples after heat treatment (Fig. 2A),
but the cross-sectional depth of the crystallized surface layer
is only a few microns, with a maximum of 50 um after the
1150 °C for 30 min treatment (Fig. 2B). In particular, the many
small CaZrSi4O1, crystals, which tend to cluster on the sur-
face, extend only to a very limited depth (generally not higher
than a few microns), while dendritic wollastonite crystals extend
to a higher depth. These observations clearly indicate that the
CZS system has a superficial crystallization. Very long treatment
times would be necessary to develop a fully crystalline bulk CZS
glass-ceramic.

Fig. 2. SEM micrographs of the surface (A) of bulk CZS glass treated at 1050 °C
for 60 min and cross-section (B) bulk CZS glass treated at 1150 °C for 30 min.

The linear thermal expansion coefficients (100°C<T<
500°C) of the CZS and CAS systems are 7.48 x 107¢ and
6.81 x 1076°C~!, respectively; for porcelainized stoneware
and porous bodies, they are 8.49 x 1076°C~! (100°C<
T<600°C) and 7.94x107%°C~! (383°C<T<823°C),
respectively. Both frits cannot therefore be employed as the
only constituent of a glaze if it is to be applied by above
described conventional techniques, as they would develop
unacceptable compressive residual stress which would plas-
tically deform the tile during cooling and crack the coating
itself.

According to laser granulometry, in the 20-100 wm range
are included the 50% of CZS frit and the 54% of CAS frit,
with the latter being slightly coarser. The particle size distri-
bution is therefore suitable for plasma-spraying, even tough it
is quite broad, which is undesirable for spraying parameters
optimization.'3 The milling and classification operations would
thus need a specific optimization research.

The as-sprayed CZS coating (Fig. 3A) has 11.4% aver-
age porosity (image analysis), which is quite high, but not
too different from literature porosity values for plasma-sprayed
coatings.'* The CAS as-sprayed one (Fig. 3B) is more defective.
Both the coatings show a broad band in the diffraction patterns,
with no detected crystalline phase peaks (Fig. 4A and B, pattern
a). They both present the lamellar microstructure of plasma-

Fig. 3. Cross-section of as-sprayed CZS (A) and CAS (B) coatings on porous
tile bodies.
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Fig. 4. XRD patterns of the plasma-sprayed coatings. All the examined coat-
ings had ground surfaces. For sake of clarity, the labelling of the peaks concerns
just the main ones of the different crystalline phases. (A) CZS coatings in the
as-sprayed condition (a), after 850 °C for 30 min + 950 °C for 30 min (b), 850 °C
for 30 min + 950 °C for 60 min (c) and 850 °C for 30 min + 1050 °C for 30 min
(d) thermal treatment; CZSO, CayZrSizO1,; W, wollastonite-2 M (CaSiOs3); L,
larnite (B-Ca,SiO4); B, baghdadite (Ca3ZrSi;Og). (B) CAS coatings in the
as-sprayed condition (a), after 850 °C for 30 min + 950 °C for 30 min (b) and
850°C for 30 min+ 1050 °C for 30 min (c) thermal treatment; AN, anortite
(CaAl,SizOg); PW, pseudowollastonite (a-CaSiO3).

sprayed coatings. White areas at the splat boundaries are a glassy
phase richer in Ca and Zr. Notwithstanding the flaws of the coat-
ing, the interface with the substrate has low defectiveness. The
defectiveness of as-sprayed coatings might be ascribed to differ-
ent reasons: the broad particle size distribution, the low thermal

Table 2
Mechanical properties of tested materials

conductivity of glasses which hinders heating and melting of
the middle region of sprayed particles, the low density of glasses
when compared to other engineering ceramics usually employed
in thermal spraying (like alumina and zirconia) resulting in lower
particle speed (the particle density affects the viscous drag) and
lower kinetic energy upon impact. The higher defectiveness of
CAS as-sprayed coatings is partly due to the difference between
the two glass compositions (different density and viscosity of
molten droplets), but mainly to the different grain size distribu-
tion of the CAS starting powders: the effect of increasing particle
size distribution on higher porosity of plasma-sprayed coatings
(mainly because of increased amount of unmolten material) has
been widely discussed in literature.!? The coatings defective-
ness results in insufficient cohesion, thus causing low hardness
and elastic modulus as compared to the corresponding bulk glass
samples, and also low fracture toughness, with splat boundaries
as preferential crack propagation paths (Table 2). Thus, wear
mainly occurs by brittle splats removal along splat boundaries,
consistently with literature data on other materials.'> Acid resis-
tance is not particularly good in as-sprayed coatings too, because
the high defectiveness causes a high overall exposed surface
area.

CZS and CAS 9-30 (Fig. SA and B) and 9-60 samples show
optimal sintering and adhesion to the substrate, but insignif-
icant crystallization (Fig. 4A and B). Cohesion is enhanced,
increasing Vickers microhardness and fracture toughness, but
not up to the values of bulk glasses, which, being almost com-
pletely free of pores, represent the highest possible cohesion
for these systems. Abrasion resistance increases, approaching
or overcoming the best glazes (Table 2). The wear damage is
now mainly due to brittle cracks propagation across the glass;
the splat-like microstructure being lost.

CZS 10-30 and 10-15 samples (Fig. 6A) are considerably
sintered (5% porosity from image analysis) and almost com-
pletely crystallized. X-ray diffraction peaks of the crystalline
phases definitely prevail over the broad glassy band both on
as-treated coatings surface and on ground surface (Fig. 4A, pat-
tern d), suggesting that all of the coating thickness is equally
crystallized, as SEM images show. In particular, from SEM

Material Vickers microhardness, Hy Fracture toughness, K1 (MPa m! 2) Normalized wear volume, Elastic modulus,
(kg/mm?) V, (mm?>/m) E (GPa)
Porcelainized stoneware 420+ 46 (25) 1.628 +0.475 1.552 72
Industrial glaze 415 £48 (25) - 2.080 -
As-sprayed CZS 457 £ 82 (25) (cross-section) 0.371+0.217 3.198 31
9-30 CZS 511 £78 (25) (cross-section) 1.112£0.141 2.390 -
9-60 CZS 498 444 (25) (cross-section) 0.900 £ 0.165 1.540 -
10-30 CZS 622 4+ 99 (50) (cross-section) 2.144 +0.446 1.194 110
10-15 CZS 594 + 85 (50) (cross-section) 2.535+0.623 0.720 -
Bulk CZS glass 575 £40 (25) 1.584£0.216 - 95
Bulk CZS annealed glass 640 4+ 63 (50) Not measurable (layer too thin) -
As-sprayed CAS 401 £+ 68 (10) (cross-section) Not measurable (too defective) 5.044 -
9-30 CAS 451 £ 63 (25) (cross-section) 1.123+£0.146 1.898 -
10-30 CAS - - 1.612 -
Bulk CAS glass 515 £66 (25) 1.711 £0.154 - 84

Microhardness indentation load is indicated in parenthesis.
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Fig. 5. Cross-section of CZS (A) and CAS (B) coatings on porous tile bodies,
thermally treated at 850 °C for 30 min + 950 °C for 30 min.

images, many groups of very small (<1 wm) white crystals in
a dendritic darker matrix are found; by EDS and XRD results
they are CayZrSi4O1, and wollastonite-2 M, respectively. Crys-
tal size is smaller in the 10-15 coating. The interface with the
substrate is excellent, because, during the sintering stage, the
glass infiltrates the substrate porosities, and, at higher tempera-
ture, crystals grow from the interface itself. The surprisingly
high crystallinity degree of 10-30 and 10-15 CZS coatings
when compared to bulk heat-treated CZS is probably caused
by the many preferential surface nucleation sites represented
by defects and substrate interface. Moreover, splat boundaries
have developed a similar composition to CaZrSisO12, prob-
ably because a slight glass phase separation takes place within
molten droplets during plasma-spraying; they probably enhance
the splat boundaries effect as preferential nucleation sites. As a
consequence of the large crystallization, a definite increase in
Hy (approaching heat-treated bulk CZS surface), E (very high
for such glass-ceramics) and Kj. (higher than bulk CZS glass
and porcelainized stoneware) is found, indicating full exploita-
tion of CZS capabilities. Higher K. explains the better abrasion
resistance than porcelainized stoneware; frequent crack deflec-
tions due to several small crystals is the microstructural reason
for toughening. The higher number of smaller grains in 10-15
CZS coating causes more deflections, thus maximizing wear
resistance. Unfortunately, 10-30 and 10-15 CZS coatings do

Fig. 6. Cross-section of CZS (A) and CAS (B) coatings on porous tile bodies,
thermally treated at 850 °C for 30 min + 1050 °C for 30 min.

not have optimal chemical resistance, a selective attack on wol-
lastonite being clearly perceivable from SEM micrographs: this
is an intrinsic limit of the present glass-ceramic composition,
which can be overcome employing a different system, develop-
ing more acid-resistant phases. It must be considered that some
colour difference is also noticed on porcelainized stoneware
(generally regarded as the most chemically resistant among tra-
ditional ceramic tile materials) after methylene blue treatment.

CAS 10-30 coating (Fig. 6B) has formed some anorthite and
pseudowollastonite, but is still mainly glassy (Fig. 4B, pattern
c). This crystallization has also blocked sintering, so, a quite
high porosity is found. Therefore, mechanical properties are not
significantly enhanced.

4. Conclusions

High resistance coatings on ceramic substrates can actu-
ally be manufactured by plasma-spraying. Suitable post-process
thermal treatments are needed; if they are correctly performed,
the coating micromechanical properties and abrasion resistance
definitely overcome the best industrial glazes and of unglazed
porcelainized stoneware. The properties enhancement achieved
after the thermal treatment is due to cohesion enhancement
because of sintering and to toughening because of complete crys-
tallization. The latter occurs thanks to the peculiar, splat-like,
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defective microstructure of plasma-sprayed coatings providing
preferential sites for nucleation, especially if surface nucleating
systems (like the CZS one) are considered. Bulk CZS sam-
ples, where no other nucleation site exists except the surface
itself, have a much slower crystallization kinetic, as confirmed
by the high crystallization activation energy, and do not fully
devitrify. The CAS glass is intrinsically unable to fully crys-
tallize (small DTA crystallization peak and very high crystal-
lization activation energy); thus, coatings remain mostly glassy.
The thermal treatment can improve cohesion, but no tough-
ening is therefore possible; so, mechanical properties cannot
reach crystallized CZS levels. This indicates that the employ-
ment of glass-ceramics is preferable for mechanical properties
optimization.
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