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bstract

lass and glass-ceramic coatings on ceramic tiles have been manufactured by plasma-spraying high-performance CAS (in wt%—SiO2, 60%;
l2O3, 15%; CaO, 23%; others, traces) and CZS (in wt%—SiO2, 50%; CaO, 31%; ZrO2, 16.5%; Al2O3, 2%; others, traces) glass frits. The CZS

ystem has a surface crystallization at about 1050 ◦C. Such behaviour would not easily allow to obtain a fully crystalline bulk glass-ceramic, but
he defectiveness of the plasma-sprayed coating supplies many nucleation sites. Thus, it becomes completely crystalline and well sintered after a
50 ◦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

0 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
rystals to form in a glassy matrix; their formation also hinders sintering. Thus, mechanical properties are inferior to heat-treated plasma-sprayed
ZS.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Generally, glazing of ceramic substrates involve the dry or
et application of a powdered material onto a raw or fired sub-

trate and subsequent firing of the substrate together with the
laze, in order to achieve sintering. Obviously, this processing
echnique imposes many limitations on the choice of glazing

aterials; in particular, the glaze must have the same firing tem-
erature and same thermal expansion coefficient as the substrate,
n order to properly sinter both and to prevent thermal residual
tresses.1 This means that high mechanical properties systems
annot be applied because they often have high melting points
nd high processing temperatures as well. Traditional ceramics
re often coated with glassy or glass-ceramic glazes, due to their
ombination of adequate wear resistance and esthetical quali-
ies; however, glasses or glass-ceramics with high mechanical
trength also have high Tg, so that they must be mixed with low-
elting-point compounds and low-Tg frits, reducing the overall
laze mechanical properties. Such troubles could be circum-
ented by thermal spraying techniques. They basically consist in
eeding the coating material, as a powder or as a wire, in a hot gas

∗ Corresponding author. Tel.: +39 0592056206; fax: +39 0592056243.
E-mail address: lucalusv@unimore.it (L. Lusvarghi).
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ture-final; Hardness

et, where it is melted and accelerated towards a substrate, which
s kept at low or moderate temperature. The torch passes over the
ubstrate several times, so that the coating consists in a superpo-
ition of layers made by flattened and solidified droplets (called
plats or lamellae).2,3 Repeated torch passes cause some ther-
al cycling to the previously-deposited coating layers. Among

hermal spraying techniques, the plasma-spraying is probably
he fittest to spray glass powders: the hot gas jet consists in a
lasma flux, whose high temperature make it suitable for spray-
ng ceramic materials in general.4 However, plasma-spraying
as seldom been tested with glasses, except for a few cases,5–7

specially in the biomedical field.8,9 Should a post-process ther-
al treatment on the sprayed coating be needed, the treatment

emperature would be much lower than traditional firing pro-
esses, so that thermal expansion mismatch is definitely less
mportant.

. Experimental

Two industrially manufactured frits, which are commonly
mployed (in little amounts, due to the above mentioned fir-

ng troubles) as constituents of tile glazes, have been cho-
en. They belong to the CZS system (nominal composition (in
t%)—SiO2, 50%; CaO, 31%; ZrO2, 16.5%; Al2O3, 2%; oth-

rs, traces; expressly designed for devetrifiction10), and to the

mailto:lucalusv@unimore.it
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.119
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Table 1
Plasma torch operating parameters

Nozzle diameter 6 mm
Power 600 A × 72 V = 43.20 kW
Spraying distance 115 mm
Number of passes 3 pre-heating; 27 spraying
Carrier gas type and flow rate Ar, 3 slpm
Plasma gas composition and flow rates Ar, 50 slpm; H2, 14 slpm
Cooling system Ar at 7.5 × 105 Pa through
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From DTA curves, it follows that CZS has Tg ≈ 780 ◦C and

crystallizes at about 1050 ◦C (the exact temperature slightly
changes with the heating rate; Fig. 1A), forming wollastonite-
2 M, Ca2ZrSi4O12, and minor amount of larnite and baghda-
two nozzles
ubstrate temperature during deposition 80–140 ◦C

AS one (nominal composition (in wt%)—SiO2, 60%; Al2O3,
5%; CaO, 23%; others, traces), respectively. Spray powders
ith suitable particle size distribution were produced by wet ball
illing (planetary-moving mill, 500 g of frit + 500 g of 25 mm

iameter alumina balls + 300 g water in 1 l porcelain jars), sim-
lating the conventional ceramic milling process. Powders were
haracterized by chemical analysis (ICP-AES, Liberty 200, Var-
an), differential thermal analysis (DSC 404, Netzsch), grain size
istribution analysis (Particle Sizer Analysette 22, Fritsch), X-
ay diffractometry (PW 3710, Philips, Cu K� radiation). The
hermal expansion coefficient was measured on bulk samples
DIL 404, Netzsch). The activation energies for crystallization
Ea) were calculated using Kissinger’s equation10,11 and DTA
esults with different heating rates (5, 10, 15 and 20 ◦C/min).
eat treatments were performed on bulk CZS samples in an

lectric kiln, (10 ◦C/min heating rate, isotherms at 1050 ◦C for
, 15, 30 and 60 min and at 1150 ◦C for 30 min, slow cooling).
eat-treated bulk samples were subjected to scanning electron
icroscopy (SEM, XL-30, Philips) and XRD to better assess

he crystalline phases formation.
Coatings were plasma-sprayed at Centro Sviluppo Materi-

li S.p.A. (Castel Romano, Italy) using a Sulzer-Metco F4-MB
orch in a controlled atmosphere plasma spray (CAPS, co-shared
ith University La Sapienza, Roma) plant run in APS mode,
ith operating parameters listed in Table 1. Industrially manu-

actured porcelainized stoneware tiles and porous tile bodies and
ere employed as substrates; they were grit blasted with 500 �m

lumina grits (Sulzer-Metco Metcolite-C) before deposition.
To achieve densification and crystallization of sprayed coat-

ngs, the following heat treatments were performed:

. 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;

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

As-sprayed and heat-treated coatings microstructures have
een assessed by SEM (as-sprayed and polished surface, cross-

ection) and XRD. The diffraction patterns have been acquired
lso on ground samples (100 �m has been removed with SiC
brasive papers) to check the depth of the crystallization along
he coating thickness. Measured mechanical properties include
Ceramic Society 27 (2007) 623–628

ickers microhardness on polished surface and cross-section
HX-1000 indenter, Remet), indentation fracture toughness
using high-load Vickers indentations, measuring the cracks
engths through SEM and employing the Lankford formula in the
alculations12), elastic modulus (four-points bending test, Z010
esting machine, Zwick/Roell) and deep abrasion resistance
ccording to EN 10545.6 norm (AP/87 abrasimeter, Ceramic
nstruments). The latter is an abrasion test were a flux of alumina
articles with mean diameter around 180 �m falls tangentially
o a rotating steel disk, pressed by a fixed load against the
ested surface; the results are expressed as the ratio between
he wear volume, in cubic millimetres, and the sliding distance,
n metres). Acid resistance tests (4 days contact with HCl 18%,
isual inspection and methylene blue treatment) have also been
erformed. Porcelainized stoneware and high-performance tra-
itional industrial glazes were also tested for reference. Vickers
icrohardness and fracture toughness were also measured on

ast bulk CAS and CZS glass samples.

. Results

The chemical analysis of the frits substantially confirm the
ominal compositions.
Fig. 1. DTA-curves of CZS frit (A) and CAS frit (B).
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coatings. The CAS as-sprayed one (Fig. 3B) is more defective.
Both the coatings show a broad band in the diffraction patterns,
G. Bolelli et al. / Journal of the Euro

ite; two endothermal peaks around 1240 and 1360 ◦C probably
eflect some phase transition or melting. CAS has Tg ≈ 760 ◦C,
weak exothermal peak at about 1120 ◦C and an endothermal
ne at about 1170 ◦C (Fig. 1B). CZS has Ea = 457 kJ/mol, while
a = 507 kJ/mol for CAS. The values for CZS are coherent with

hose reported for similar glass compositions,10 where it has
een found to decrease with addition of network modifiers. The
rystallization process is usually controlled by long-range diffu-
ion, which is easier in glasses where network modifiers weaken
he three-dimensional network. Since the present CZS system
oes not contain significant amounts of modifiers, the diffusion
rocess is difficult, explaining the high activation energy value.
he smaller DTA exothermal crystallization peak and the higher
a for CAS glass indicates that it has lower tendency to crystal-

ization than CZS.
An almost complete surface crystallization is achieved on

he surface of CZS bulk samples after heat treatment (Fig. 2A),
ut the cross-sectional depth of the crystallized surface layer
s only a few microns, with a maximum of 50 �m after the
150 ◦C for 30 min treatment (Fig. 2B). In particular, the many
mall Ca2ZrSi4O12 crystals, which tend to cluster on the sur-
ace, extend only to a very limited depth (generally not higher
han a few microns), while dendritic wollastonite crystals extend

o a higher depth. These observations clearly indicate that the
ZS system has a superficial crystallization. Very long treatment

imes would be necessary to develop a fully crystalline bulk CZS
lass-ceramic.

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

w
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The linear thermal expansion coefficients (100 ◦C < T <
00 ◦C) of the CZS and CAS systems are 7.48 × 10−6 and
.81 × 10−6 ◦C−1, respectively; for porcelainized stoneware
nd porous bodies, they are 8.49 × 10−6 ◦C−1 (100 ◦C <
< 600 ◦C) and 7.94 × 10−6 ◦C−1 (383 ◦C < T < 823 ◦C),

espectively. Both frits cannot therefore be employed as the
nly constituent of a glaze if it is to be applied by above
escribed conventional techniques, as they would develop
nacceptable compressive residual stress which would plas-
ically deform the tile during cooling and crack the coating
tself.

According to laser granulometry, in the 20–100 �m range
re included the 50% of CZS frit and the 54% of CAS frit,
ith the latter being slightly coarser. The particle size distri-
ution is therefore suitable for plasma-spraying, even tough it
s quite broad, which is undesirable for spraying parameters
ptimization.13 The milling and classification operations would
hus need a specific optimization research.

The as-sprayed CZS coating (Fig. 3A) has 11.4% aver-
ge porosity (image analysis), which is quite high, but not
oo different from literature porosity values for plasma-sprayed

14
ith no detected crystalline phase peaks (Fig. 4A and B, pattern
). They both present the lamellar microstructure of plasma-

ig. 3. Cross-section of as-sprayed CZS (A) and CAS (B) coatings on porous
ile bodies.



626 G. Bolelli et al. / Journal of the European

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, Ca2ZrSi4O12; W, wollastonite-2 M (CaSiO3); L,
larnite (�-Ca2SiO4); B, baghdadite (Ca3ZrSi2O9). (B) CAS coatings in the
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phases definitely prevail over the broad glassy band both on

T
M

M

P
I
A
9
9
1
1
B
B
A
9
1
B

M

s-sprayed condition (a), after 850 C for 30 min + 950 C for 30 min (b) and
50 ◦C for 30 min + 1050 ◦C for 30 min (c) thermal treatment; AN, anortite
CaAl2Si2O8); PW, pseudowollastonite (�-CaSiO3).

prayed coatings. White areas at the splat boundaries are a glassy

hase richer in Ca and Zr. Notwithstanding the flaws of the coat-
ng, the interface with the substrate has low defectiveness. The
efectiveness of as-sprayed coatings might be ascribed to differ-
nt reasons: the broad particle size distribution, the low thermal

a
t
c

able 2
echanical properties of tested materials

aterial Vickers microhardness, HV

(kg/mm2)
Fracture toughn

orcelainized stoneware 420 ± 46 (25) 1.628 ± 0.475
ndustrial glaze 415 ± 48 (25) –
s-sprayed CZS 457 ± 82 (25) (cross-section) 0.371 ± 0.217
–30 CZS 511 ± 78 (25) (cross-section) 1.112 ± 0.141
–60 CZS 498 ± 44 (25) (cross-section) 0.900 ± 0.165
0–30 CZS 622 ± 99 (50) (cross-section) 2.144 ± 0.446
0–15 CZS 594 ± 85 (50) (cross-section) 2.535 ± 0.623
ulk CZS glass 575 ± 40 (25) 1.584 ± 0.216
ulk CZS annealed glass 640 ± 63 (50) Not measurable
s-sprayed CAS 401 ± 68 (10) (cross-section) Not measurable
–30 CAS 451 ± 63 (25) (cross-section) 1.123 ± 0.146
0–30 CAS – –
ulk CAS glass 515 ± 66 (25) 1.711 ± 0.154

icrohardness indentation load is indicated in parenthesis.
Ceramic Society 27 (2007) 623–628

onductivity of glasses which hinders heating and melting of
he middle region of sprayed particles, the low density of glasses
hen compared to other engineering ceramics usually employed

n thermal spraying (like alumina and zirconia) resulting in lower
article speed (the particle density affects the viscous drag) and
ower kinetic energy upon impact. The higher defectiveness of
AS as-sprayed coatings is partly due to the difference between

he two glass compositions (different density and viscosity of
olten droplets), but mainly to the different grain size distribu-

ion of the CAS starting powders: the effect of increasing particle
ize distribution on higher porosity of plasma-sprayed coatings
mainly because of increased amount of unmolten material) has
een widely discussed in literature.13 The coatings defective-
ess results in insufficient cohesion, thus causing low hardness
nd elastic modulus as compared to the corresponding bulk glass
amples, and also low fracture toughness, with splat boundaries
s preferential crack propagation paths (Table 2). Thus, wear
ainly occurs by brittle splats removal along splat boundaries,

onsistently with literature data on other materials.15 Acid resis-
ance is not particularly good in as-sprayed coatings too, because
he high defectiveness causes a high overall exposed surface
rea.

CZS and CAS 9–30 (Fig. 5A and B) and 9–60 samples show
ptimal sintering and adhesion to the substrate, but insignif-
cant crystallization (Fig. 4A and B). Cohesion is enhanced,
ncreasing Vickers microhardness and fracture toughness, but
ot up to the values of bulk glasses, which, being almost com-
letely free of pores, represent the highest possible cohesion
or these systems. Abrasion resistance increases, approaching
r overcoming the best glazes (Table 2). The wear damage is
ow mainly due to brittle cracks propagation across the glass;
he splat-like microstructure being lost.

CZS 10–30 and 10–15 samples (Fig. 6A) are considerably
intered (5% porosity from image analysis) and almost com-
letely crystallized. X-ray diffraction peaks of the crystalline
s-treated coatings surface and on ground surface (Fig. 4A, pat-
ern d), suggesting that all of the coating thickness is equally
rystallized, as SEM images show. In particular, from SEM

ess, KIc (MPa m1/2) Normalized wear volume,
Vn (mm3/m)

Elastic modulus,
E (GPa)

1.552 72
2.080 –
3.198 31
2.390 –
1.540 –
1.194 110
0.720 –
– 95

(layer too thin) –
(too defective) 5.044 –

1.898 –
1.612 –
– 84
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ig. 5. Cross-section of CZS (A) and CAS (B) coatings on porous tile bodies,
hermally treated at 850 ◦C for 30 min + 950 ◦C for 30 min.

mages, many groups of very small (≤1 �m) white crystals in
dendritic darker matrix are found; by EDS and XRD results

hey are Ca2ZrSi4O12 and wollastonite-2 M, respectively. Crys-
al size is smaller in the 10–15 coating. The interface with the
ubstrate is excellent, because, during the sintering stage, the
lass infiltrates the substrate porosities, and, at higher tempera-
ure, crystals grow from the interface itself. The surprisingly
igh crystallinity degree of 10–30 and 10–15 CZS coatings
hen compared to bulk heat-treated CZS is probably caused
y the many preferential surface nucleation sites represented
y defects and substrate interface. Moreover, splat boundaries
ave developed a similar composition to Ca2ZrSi4O12, prob-
bly because a slight glass phase separation takes place within
olten droplets during plasma-spraying; they probably enhance

he splat boundaries effect as preferential nucleation sites. As a
onsequence of the large crystallization, a definite increase in
V (approaching heat-treated bulk CZS surface), E (very high

or such glass-ceramics) and KIc (higher than bulk CZS glass
nd porcelainized stoneware) is found, indicating full exploita-
ion of CZS capabilities. Higher KIc explains the better abrasion
esistance than porcelainized stoneware; frequent crack deflec-

ions due to several small crystals is the microstructural reason
or toughening. The higher number of smaller grains in 10–15
ZS coating causes more deflections, thus maximizing wear

esistance. Unfortunately, 10–30 and 10–15 CZS coatings do

p
a
b
t

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

ot have optimal chemical resistance, a selective attack on wol-
astonite being clearly perceivable from SEM micrographs: this
s an intrinsic limit of the present glass-ceramic composition,
hich can be overcome employing a different system, develop-

ng more acid-resistant phases. It must be considered that some
olour difference is also noticed on porcelainized stoneware
generally regarded as the most chemically resistant among tra-
itional ceramic tile materials) after methylene blue treatment.

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

. Conclusions

High resistance coatings on ceramic substrates can actu-
lly be manufactured by plasma-spraying. Suitable post-process
hermal treatments are needed; if they are correctly performed,
he coating micromechanical properties and abrasion resistance
efinitely overcome the best industrial glazes and of unglazed

orcelainized stoneware. The properties enhancement achieved
fter the thermal treatment is due to cohesion enhancement
ecause of sintering and to toughening because of complete crys-
allization. The latter occurs thanks to the peculiar, splat-like,
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zirconia coatings. Acta Materialia, 2003, 51, 5319–5334.
15. Westergärd, R., Erickson, L. C., Axén, N., Hawthorne, H. M. and Hogmark,
28 G. Bolelli et al. / Journal of the Euro

efective microstructure of plasma-sprayed coatings providing
referential sites for nucleation, especially if surface nucleating
ystems (like the CZS one) are considered. Bulk CZS sam-
les, where no other nucleation site exists except the surface
tself, have a much slower crystallization kinetic, as confirmed
y the high crystallization activation energy, and do not fully
evitrify. The CAS glass is intrinsically unable to fully crys-
allize (small DTA crystallization peak and very high crystal-
ization activation energy); thus, coatings remain mostly glassy.
he thermal treatment can improve cohesion, but no tough-
ning is therefore possible; so, mechanical properties cannot
each crystallized CZS levels. This indicates that the employ-
ent of glass-ceramics is preferable for mechanical properties

ptimization.
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