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bstract

n this study, three different industrial frits BaO–Al2O3–SiO2 (BAS), CaO–MgO–Al2O3–SiO2 (CMAS), CaO–ZrO2–Al2O3–SiO2 (CZAS) have
een deposited on porcelainized stoneware tiles by plasma spraying. In the as-sprayed conditions, the microstructure of the coatings is defective
ecause of pores, microcracks and low intersplat cohesion. Hot stage microscope and differential thermal analysis measurements made on the glass
owders allowed to characterize the frits thermal behaviour. Post process thermal treatments have been arranged, following these indications as well

s preliminary tests, in order to achieve the lowest porosity and the highest resistance to abrasion. At the chosen temperatures, a microstructural
mprovement has been induced, but in the BAS specimens, an optimal sintering has not been accomplished because of the unavoidable full
verlapping of the sintering and crystallization processes.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

All traditional glazing techniques involve application of a
lip on a green (single-firing) or on a fired body (double fir-
ng) and the firing of the glaze + substrate system.1 This implies
wo main drawbacks: the requirement of glazes with the same
ring temperature and almost the same thermal expansion coef-
cient as the substrate. These requirements impose limits on
lazes compositions, preventing the adoption of systems with
igh mechanical properties: in fact, common glazes have poorer
uperficial mechanical properties than unglazed porcelanized
toneware. In plasma spraying, instead, the substrate is only
oderately pre-heated, and should a post-process thermal treat-
ent be needed, the temperature would be significantly lower

han that of traditional firing processes.2 So, thermal incompat-
bility troubles are greatly lessened.

A plasma torch consists of a tungsten cathode, a water-cooled
opper anode with a central nozzle, and a gas feeding system;

n arc is struck between the cathode and the anode, across the
as flux, so that ionization of atoms and molecules transform
he gas into a hot (up to 14,727 ◦C) and high-velocity plasma.3

∗ Corresponding author. Tel.: +39 0592056206; fax: +39 0592056243.
E-mail address: lucalusv@unimore.it (L. Lusvarghi).
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he coating material, in powder form, is radially fed into the
lasma flux just outside the nozzle exit: the particles are there-
ore dragged and heated by the plasma itself, so that they melt and
ccelerate towards the substrate. The melted droplets impact on
he substrate, flattening and solidifying in a few microseconds,
ssuming a typical lamellar (or splat-like) morphology. Among
hermal spraying techniques, the plasma-spraying is probably
he fittest to spray glass powders. However, plasma-spraying
as seldom been tested with glasses, except for a few cases,
specially in the biomedical field.4–7 Recently, further stud-
es on plasma sprayed glasses have been performed from the
oint of view of the mechanical properties, both in composite
oatings with alumina as reinforcement,8–11 and as glaze substi-
utes on traditional ceramics substrates.2,12 The latter research
oncerned an industrial high quality glass composition based
n the CaO–ZrO2–SiO2 (CZS) system. Thanks to the viscous
roperties and thermal behaviour of the glass, the results were
ery promising, notwithstanding the need of a post deposition
eat treatment due to the poor microstructure of the as-sprayed
pecimens.

The aim of this paper is to investigate three plasma sprayed

ndustrial glass frits, which can act as glazes on stoneware tiles,
nd to check which properties of the base glass compositions are
equired to achieve a good sintering and crystallization of the
oatings by means of a post process thermal treatment. For sake

mailto:lucalusv@unimore.it
dx.doi.org/10.1016/j.jeurceramsoc.2007.03.032
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Table 1
Chemical composition of industrial frits

Frit Oxides (wt%)

BAS 40.0% BaO, 18.3% Al2O3, 41.7% SiO2

CMAS 23.3% CaO, 9.2% MgO, 19.3% Al2O3,
47.7% SiO2 and 0.5% K2O
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Table 2
Critical temperatures of the frits

Frit Tg (±2 ◦C) Tc (±2 ◦C) Tsint (±2 ◦C)

BAS 630 778 830
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ZAS 25.9% CaO, 12.9% ZrO2, 13.8% Al2O3,
47.4% SiO2

f comparison, microhardness, toughness and abrasion resis-
ance have been investigated also on unglazed porcelainized
toneware tiles and on a high quality industrial glaze made of a
lassy matrix reinforced with corundum grains.

. Experimental procedure

.1. Powders production and characterization

Three industrial frits expressly designed for devitrification
Colorobbia ITALIA, S.p.A., Italy), whose nominal chemical
omposition is listed in Table 1, have been employed in this
tudy. Plasma sprayed coatings properties strongly depend on
he powder size distribution.13 Keeping the other process param-
ters fixed, a higher average diameter of the particles usually
auses a higher amount of porosity in the coating and vice
ersa. Thus, the frits have been intensively ball milled (sintered
lumina balls). Measurements of the average diameter were per-
ormed in water (Laser Size Analyser, Malvern Instruments,

alvern, Worcestershire, United Kingdom). On the other hand,
ery fine crushed powders possess a poor flowability, leading
o possible stops of the spraying due to clogs in the feeder sys-
em. For this reason, they have been subsequently spray dried
NERO Atomizer, Denmark) to get a spherical shape; in this
ase the measurements of average diameter were performed in
ry conditions. Tap density measurements (DENSI-TAP IG/4,
A.TEC. Giuliani, Torino, Italy) were performed to assess

he flowability improvement considering the compressibility
ndex (C.I. = [(Vi − Vf) × 100)/Vi], where Vi and Vf are the ini-
ial volume of the powder and the final volume after the test,
espectively) as main parameter according to the ASTM D4164

tandard. Scanning electron microscopy (SEM, XL-30, FEI,
indhoven, The Netherlands, equipped with energy dispersive
pectrometer, EDS) and X-ray powders Diffractometry (XRD,
W 3710, Philips, Cu K� radiation) have been used to study

p
p
c
k

able 3
praying parameters for the glass coatings (A) and the single splats experiment (B)

arameters BAS CMA

ozzle d = 6 mm d = 6
ower 38.9 kW 38.6
praying distance 100 mm 100 m
arrier gas Ar 3.5 slpm Ar 3
lasma gas Ar 45 slpm + H2 14 slpm Ar 5
umber of passes (A) 10 pre-heating and 60 spraying;

(B) 3 pre-heating and 1 spraying
(A) 5
(B) 3

ooling system Ar, 7 bar Ar, 8
MAS 735 910 884
ZAS 790 Tc1 = 1037; Tc2 = 1127 900

he powder shape and crystallinity. Differential thermal analy-
is (DSC 404, Netzsch-Gerätebau, Selb/Bavaria, Germany) has
een performed to obtain the critical temperatures of the frits,
uch as glass transition and crystallization temperature (Tg, Tc);
esides, sintering tests on pressed powder have been carried out
ith a hot stage microscope (Misura HSM ODHT, Expert Sys-

em Solutions, Modena, Italy) to find the sintering temperature
Tsint) for the three frits (Table 2).

.2. Coating manufacturing

Plasma-spraying runs have been performed at Centro
viluppo Materiali (Roma, Italy) using CAPS (Controlled
tmosphere Plasma Spray, shared with Università ‘La
apienza’, Roma) system equipped with an F4-MB torch,

n Atmospheric Plasma Spraying (APS) mode, using operat-
ng parameters listed in Table 3. Substrates were unglazed
orcelanized stoneware tiles grit blasted with 500 �m alumina
articles before deposition. Depositions with the same spraying
arameters, but with a torch single pass, were also performed in
rder to investigate the single splats and correlate their properties
nd morphology to the properties of the coatings. Single splats
ave been deposited on a polished glass substrate because the
ery low roughness of this material allows a better observation
f splats morphology than a porcelanized stoneware substrate,
hose average roughness is always higher than 1 �m.

.3. Coating characterization

The plasma sprayed coatings characterization was carried
ut with XRD and scanning electronic microscopy on pol-
shed cross-sections (mounted in resin, ground with 400, 800,
000, 2000 mesh SiC papers and polished with 3 and 0.5 �m

oly-crystalline diamond suspension). Image analysis was also
erformed on 400× backscattered SEM images to determine
oating porosity (three images have been examined for each
ind of coatings; UTHSCSA Image Tool v. 3.0 software).

S CZAS

mm d = 6 mm
kW 38.1 kW

m 100 mm
.5 slpm Ar 3.5 slpm
0 slpm + H2 15 slpm Ar 50 slpm + H2 16 slpm

pre-heating and 55 spraying;
pre-heating and 1 spraying

(A) 5 pre-heating and 50 spraying;
(B) 3 pre-heating and 1 spraying

.5 bar Ar, 8 bar
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oughness measurement was performed by mechanical pro-
lometry (RUPAC, TR-200, Milano, Italy), determining the Ra
arameter (UNI ISO 4287-1).In order to assess the microme-
hanical properties of the coatings, Vickers microhardness
Open Platform, CSM Instruments, Switzerland; 15 indenta-
ions, loading time 15 s, load = 0.25 N) on cross-sections and
ndentation fracture toughness (10 Vickers indentations, load-
ng time 15 s, load = 2 N), measuring the cracks lengths through
ptical microscopy and employing in the calculations the
vans–Charles14 (1.1) and Evans–Wilshaw15 (1.2) formulae

IC = 0.0824 × P

c3/2 (1.1)

IC = 0.079 ×
(

P

a3/2

)
× log

(
4.5a

c

)
(1.2)

here KIC = MPa × m0.5, a is the half diagonal of the indentation
�m), c the crack length (�m), and P is the load (mN)), have
een evaluated on the specimens. A simple dry sand-steel wheel
est, using a 200.1 mm diameter Fe360A steel wheel rotating at
5 rpm, FEPA 80 alumina grains (180 �m average particle diam-
ter) as abrasive medium with a 1 g/lap mass flux, and applying
40.2 N normal load (Ceramic Instruments AP/87 abrasime-

er, Sassuolo, Italy), with results expressed as the ratio between
he wear volume in mm3 and the sliding distance in mm, has
een performed to measure the abrasion resistance of the plasma
prayed coatings (six wear tracks for each sample after 7, 14
nd 21 disk revolutions). This ratio has been labelled with Vmm
hen representative of the test outcomes after 7 wheel revolu-

ions and with Vmm average, when regarding the mean of the
alues measured after 7, 14 and 21 revolutions.

.4. Post-process heat treatments

In order to improve the microstructure and mechanical prop-
rties of the as-sprayed coatings, thermal treatments in an
lectric kiln have been performed on BAS, CMAS and CZAS
oatings in order to induce sintering and crystallization. As
emonstrated in previous works,2,12 a thermal treatment is nec-
ssary to enhance the microstructure of the coatings, i.e. to sinter
he glass. To fully induce an overall improvement of the proper-
ies, as already experimentally determined in the CZS case,2,12

he heat treatment should also be able to transform the layer
rom a glass to a glass ceramic material, i.e. induce the nucle-

tion and growth of crystals from the base glass through the
hole thickness of the coating. The latter requirement should
e potentially fulfilled, if surface crystallization is the main pro-
ess occurring in the glass coating, because pores, interfaces,

b
o
m
o

able 4
etails of the thermal treatments

omposition/heat treatment Sintering step (Tstep1) (10 ◦C/min)

AS Single isotherm at 778 ◦C for 30 min
MAS Single isotherm at 850 ◦C for 60 min
ZAS Single isotherm at 900 ◦C for 60 min

a Since the crystallization process was detrimental to the coating microstructure (S
eramic Society 27 (2007) 4575–4588 4577

icrocracks and all the “free-surfaces” of the as-sprayed lay-
rs should act as heterogeneous nucleation sites, allowing a
omplete devitrification of the coating. Thus, a double isotherm
hermal treatment should perform both tasks: the first isotherm
t Tstep1 is a “sintering step”, whose aim is closing cracks and
onnected porosity; the second isotherm at Tstep2 is a “crys-
allization step”, whose purpose is changing the nature of the
oating (from vitreous to crystalline). To better understand the
volution of the changes caused in the coatings by the heat treat-
ents, the samples have been investigated both after one single

sotherm at Tstep1, and after a complete double isotherm first
t Tstep1 and then at Tstep2 (labelled as Tstep1 + Tstep2). In order
o choose the isotherm temperatures (Tstep1, Tstep2) and suitable
oaking times, many preliminary heat treatments on the coatings
ave been performed. The samples have been subsequently char-
cterized in order to find the ones, which underwent an optimal
intering (lowest amount of porosity and number of microc-
acks) and crystallization (largest number of crystals widespread
hrough the coating thickness) process. In some cases, Tstep1 and
step2 did not coincide with the critical temperatures (Tsint, Tc)
f the correspondent glass compositions (Table 4): such dis-
repancy is probably caused by some unavoidable differences
etween the conditions (kiln chamber much bigger than DTA
urnace, different sample size, etc.) in which the experiments on
he glass powders and coatings have been executed. The same
ind of characterization performed on the as-deposited coatings
as been carried also on the heat-treated samples.

.5. Bulk sample characterization

In order to get further information on the properties of the
lasses and glass ceramics, bulk glasses and sintered sam-
les have been investigated. Bulk glass samples were obtained
y melting the glass powders in platinum crucibles and cast-
ng them into graphite moulds. They have also undergone
nnealing treatments in order to relax internal stress induced
y fast cooling. Dilatometry has been performed on bars
5 mm × 5 mm × 5 mm obtained from bulk samples by cutting
nd grinding. A crystallization study has been performed on bulk
amples: crystallization isotherms were performed at Tstep2 for
MAS and BAS samples and at Tc1 for CZAS. In all cases, the

ate of heating was 10 ◦C/min, 30 min isotherm. Samples were
ooled to room temperature inside the kiln after heat treatments.
eat treated samples surface and cross section were observed

y means of a SEM. XRD was also performed on the surfaces
f the samples to study the crystalline phases formed by ther-
al treatments. The crystallization study has been also carried

ut on sintered samples: the powders were wetted with 5 wt%

Sintering step + crystallization step (Tstep1 + Tstep2) (10 ◦C/min)

Double isotherm at 778 ◦C for 30 min + 830 ◦C for 30 min
Double isotherm at 850 ◦C for 60 min + 967 ◦C for 30 min
Double isotherm at 900 ◦C for 60 min + 950 ◦C flasha

ection 3.4.2) the furnace was switched off once reached Tstep2.
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f distilled water and uniaxially pressed in 40 mm diameter
isks under 40 MPa load. The pressed disks were sintered and
rystallized in an electric kiln, using the same thermal cycles
escribed in Table 4 for thermally treated plasma sprayed coat-
ngs. Cross sectional samples from sintered disks were observed
hrough SEM and their surfaces were subjected to XRD. Vick-
rs microhardness and indentation fracture toughness have also
een measured on the bulk and sintered samples in the same
xperimental conditions described above.

. Results and discussion

.1. Powders characterization

All powders studied show a monomodal distribution and the
verage diameter was in all cases ∼10 �m for ball milled pow-
ers and ∼15 �m for spray dried powders. The difference in
heir size distribution can be seen in Fig. 1. Ball-milled and
pray-dried powder morphologies are quite different, in particu-
ar, as can be seen in Fig. 2, the milled powder is composed
y small particles with irregular, angular shape, whereas, in
he spray-dried case, the fine particles are agglomerated in
pherical-shaped aggregates, enhancing the powder flowabil-
ty. The tap-density analysis confirmed the enhancement of the
owder flowability after spray drying having found a decreas-
ng of the C.I. in all cases: BAS, C.I.crushed = (30.1 ± 1.9),
.I.spray dried = (23.5 ± 0.5); CMAS, C.I.crushed = (28.2 ± 3.9),
.I.spray dried = (21.1 ± 0.2); CZAS, C.I.crushed = (28.0 ± 2.3),
.I.spray dried = (22.4 ± 0.6). Differential thermal analysis data

Table 2) indicate that all three frits show a clear crystalliza-

ion peak, CZAS a second one at higher temperature. In Table 2,
he highest sintering rate temperatures (Tsint) for the three com-
ositions obtained by sintering tests on pressed powders are also
hown. X-ray patterns revealed that CMAS and CZAS frits are

ig. 1. Particle size distribution for CMAS: (A) ball-milled powder and (B)
pray dried powder.
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ig. 2. SEM micrographs of CMAS: (A) ball-milled powder and (B) spray-dried
owder.

ompletely glassy, instead BAS pattern shows some low inten-
ity peaks relating to hexacelsian phase (Ba0.808(Al1.71Si2.29)O8
CPDS 088-1050).

.2. Bulk glass samples characterization

The coefficients of thermal expansion (CTE,
00 ◦C < T < 600 ◦C) of BAS glass is 8.27 × 10−6 ◦C−1,
or CMAS glass is 7.72 × 10−6 ◦C−1, whereas, for CZAS glass
s 8.25 × 10−6 ◦C−1. BAS and CZAS CTE values are quite sim-
lar to typical porcelanized stoneware value (8.5 × 10−6 ◦C−1),
nstead CMAS one is lower. XRD characterization on the
urface of BAS bulk glass sample after thermal treatment shows
he crystallization of two phases (Table 5): hexacelsian as main
hase (Ba0.808(Al1.71Si2.29)O8, JCPDS 088-1050) and celsian
BaAl2Si2O8, JCPDS 018-0153). CZAS samples treated at
037 ◦C crystallized wollastonite-1A (CaSiO3, JCPDS 084-
654) as main phase and wollastonite-2M (CaSiO3, JCPDS

43-1460) on their surface. In the CMAS crystallized sample,
eaks of anorthite (CaAl2Si2O8 JCPDS 01-073-0265) as main
hase and of diopside (CaMgSi2O6 JCPDS 025-0154) are
learly present. The crystallized thickness was around 250 �m
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Table 5
Degree of crystallization of the samples and crystalline phases

CMAS sample Degree of crystallization Crystalline phases

As-sprayed None –
Coating Tstep1 Low Anorthite, diopside
Coating Tstep1 + Tstep2 High Anorthite, diopside
Sintered Tstep1 Low Anorthite, diopside
Sintered Tstep1 + Tstep2 High Anorthite, diopside
Crystallized bulk On surface (few �m) Anorthite, diopside

BAS sample Degree of crystallization Crystalline phases

As-sprayed None –
Coating Tstep1 Low Hexacelsian, celsian
Coating Tstep1 + Tstep2 High Hexacelsian, celsian
Sintered Tstep1 Low Hexacelsian, celsian
Sintered Tstep1 + Tstep2 High Hexacelsian, celsian
Crystallized bulk On surface (250 �m) Hexacelsian, celsian

CZAS sample Degree of crystallization Crystalline phases

As-sprayed None –
Coating Tstep1 None –
Coating Tstep1 + Tstep2 Low Wollastonite 1A, wollastonite 2M, anorthite (minor phase)
Sintered Tstep1 None –
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intered Tstep1 + Tstep2 Low
rystallized bulk On surface (few �m)

n the CZAS 15 mm thick sample; while in the BAS and CZAS
nes, it was just around few microns (Table 5). Probably,
MAS glass devitrifies more easily than the other frits due to
higher tendency to crystallization. Therefore, crystallization

n bulk samples, in all cases, occurs only on the surface and not
n the whole specimen, making the manufacturing of a glass
eramic material almost impossible.

.3. Single splats characterization

The characteristics of single splats, keeping constant the
ubstrate on which they are collected, strongly depend on the
rocess parameters (plasma flame temperature, velocity of the
ases, distance from the substrate, etc.), on the quenching phe-
omena occurring on the substrate and on the coating material
roperties. All these causes are deeply correlated. The follow-
ng observations are mainly phenomenological and qualitative,
eing quantitative measurements out of the aim of this paper,
ut they will be subject of future, further research.

Two broad types of glass splat morphologies have been iden-
ified in the samples of all the three frits, obtained with only
ne pass of the torch: pancake-like and flower-like shape.16

ig. 3C illustrates these morphologies. Pancake-like shape is
ypical for well-melted particles that flatten completely before
olidification. These particles usually achieve good adhesion on
he substrate. From an overhead view they present a circular
hape. Instead, flower like shape is typical for overheated par-
icles (near vaporization temperature), particles impacting with

xcessively high kinetic energy or particles which start solid-
fication before complete spreading. When they impact on the
ubstrate, they create radial fine droplets of material: thus, the
hape of the splat is very irregular.17–21 In the micrographs, the

i
s
u
e

Wollastonite 1A, wollastonite 2M
Wollastonite 1A, wollastonite 2M

ushroom-like shape, characterized by a un-melted core and an
xternal circular zone,16 is absent. Probably, this is related to
lassy nature of these coating materials: for temperature higher
han Tg, viscosity can be low enough to get a good flattening.

If the splats have a large size, quenching stresses generate
racks inside the splats,22 as can be noticed in Fig. 3. All kind
f splats show a large number of pores, which can be one of
he main causes of the high defectiveness of as-sprayed coat-
ng (paragraph 3.4.1). All three frits present the same two splats

orphology but their distribution on the substrate is different
Fig. 3A–C). The difference in splats distribution depends on
rits viscosity during deposition: in fact, at T > Tg, viscosity
trongly influences the flowability of glassy materials. CZAS
amples present less pores in the splats than the other frits
Fig. 3C) and the local composition of the splats is quite homoge-
ous. In BAS e CMAS single splats samples, instead, local
ompositional differences can be noticed in backscattered elec-
ron micrographs, where the lighter areas indicate a higher
mount of barium (Fig. 3A) and calcium (Fig. 3B), respectively.
s expected, such phenomenon is still present if more layers are
eposited and thick coatings are built (see Section 3.4.1).

.4. Coatings characterization

.4.1. Microstructure of the as-sprayed coatings
The as-deposited coatings are all thicker than 300 �m

Fig. 4). Similarly to crystalline ceramic plasma sprayed coat-
ngs (hard oxides, for example), they are characterized by often

nterconnected microcracks induced by relaxation of thermal
tresses.23–26 As expected, the porosity is mostly open and irreg-
lar, while it assumes a globular shape mainly because of gas
ntrapment during the deposition process and, maybe, because
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Fig. 4. SEM micrographs (backscattered electrons), cross-section; (A) BAS as-
ig. 3. Micrographs of single splats samples for BAS (A), CMAS (B) and CZAS
C).

f a local high degree of glass flowing caused by the overheat-
ng of previously deposited layers induced by the impinging
articles or the plasma flame. For these reasons, such coatings
re not watertight. Interlamellar porosity, probably due to the
elatively low velocity of the impinging particles in the plasma
et,27,28 is also present. Porosity measurements by image analy-
is show high values for all the three coatings: BAS = (18 ± 1)%;
MAS = (14 ± 3)%; CZAS = (13 ± 2.5)%. In these cases, never-

heless, the coating materials are glasses, whose viscosity can be
ow enough to allow deformation or coalescence of splats even
f the temperature is far from the melting point. Thus, the typical
amellar structure and the splats boundaries are clearly identified
nly if local compositional differences have been induced dur-
ng the deposition and lamellar solidification process, as quite
lear in BAS and CMAS samples backscattered electron micro-
raphs (Fig. 5A and B), where the lighter areas indicate a higher

mount of barium and calcium, respectively. Plasma spraying is
process where thermal energy is strongly involved3: when the

orch passes over and over the sample building the coating, it

sprayed, (B) CMAS as-sprayed and (C) CZAS as-sprayed.
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ig. 5. Details of SEM micrographs (backscattered electrons), cross-section;
A) BAS as-sprayed and (B) CMAS as-sprayed.
an heat the surface causing local diffusion along splat bound-
ries. A very rapid quenching of the splats keeps the coating in
vitreous state, preventing devitrification, as demonstrated by
RD analysis (Fig. 6 curve A, Table 5).

ig. 6. XRD patterns of as-sprayed and thermally treated CMAS coatings.
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.4.2. Microstructure of the thermally treated coatings
The “as-sprayed” condition can be considered a sort of “pre-

intering” state, because many microstructural flaws are present,
ut the cohesion of the coating and its adhesion to the substrate
re much higher than untreated glass powder simply pressed on a
ubstrate. In Table 5, a global view of the qualitative crystalliza-
ion degree reached by the various samples and the crystalline
hases formed in the “as-sprayed” condition and after thermal
reatment are shown.

Because of the crystallization behaviour of the BAS com-
osition, it has been impossible to separate the sintering from
he crystallization process (Table 5). Heterogeneous nucleation
f hexacelsian (main phase) and celsian (monoclinic structure)
ook place, especially around pores, through the whole thickness
f the coatings, at Tstep1. Thus, at that temperature, a concur-
ent formation of crystals prevented closing the porosity, even
f some cracks have been closed (Figs. 7A and 8A). The open
orosity remained quite high (9.5 ± 0.5%). Besides, notwith-
tanding the good matching between the CTE of the substrate
nd the coating, the interface is heavily damaged with a crack
unning all along it (Fig. 8B). This latter phenomenon is another
onsequence of the overlapping of sintering and crystallization,
s the glass is prevented from flowing and conforming easily
o the substrate at the interface. The abovementioned behaviour
f the coatings clearly demonstrate that, in order to consistently
hange the microstructure from the “as-sprayed” state to a well
intered one, no major crystal growth must take place while
erforming the sintering isotherm. For the same reasons, the
rystallization treatment of BAS at Tstep1 + Tstep2 has not brought
ny significant microstructural improvement (Fig. 9A; porosity,
15 ± 3)%).

In CMAS and CZAS cases, the treatment at Tstep1
nduced a good sintering, decreasing and closing the poros-
ty (CMAS = 6.5 ± 0.5%; CZAS = 3.5 ± 0.5%), eliminating the
racks and improving the interface with the substrate (Fig. 7B
nd C). In both CMAS and CZAS cases, the crystallization pro-
ess has not significantly interfered with sintering (Fig. 6 curve
for the CMAS case).
After the double isotherm treatment, in CMAS the two main

hases were diopside and anorthite (Table 5). In CMAS, the
rowth of crystals occurred after the flowing of the glass at the
ubstrate interface. Thus, diopside and anorthite developed at
he interface and the adhesion of the coating, which was mainly

echanical after spraying, became also chemical (Fig. 10). A
oderate but not negligible increase of porosity (11 ± 1%) has

een recorded in the CMAS coatings after significant devitri-
cation (Fig. 9B), but it has not been possible to establish if
r which of the two crystalline phases played the main role
n the phenomenon, being deeper and further studies needed.
s far as the CZAS composition is concerned, in the prelim-

nary tests it was found that if the soaking time at the second
sotherm was kept too long or the isotherm temperature was too
igh, a dramatic increase of porosity was observed (Fig. 11),

ogether with the formation of wollastonite and anorthite, with
a2ZrSi4O12 as minor phase. The CZAS frit has been manu-

actured adding alumina to a CZS glass system. In a previous
aper,29 a CZS glass was plasma sprayed and heat treated under
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ig. 7. SEM micrographs, cross-section; (A) BAS Tstep1, (B) CMAS Tstep1 and
C) CZAS Tstep1.

imilar conditions, without any significant increase of porosity.
he present CZAS system has been obtained by adding alumina

o the former CZS composition. While the CZS system formed

ollastonite and Ca2ZrSi4O12 as main crystalline phases, the
ZAS mainly forms wollastonite and anorthite. Thus, the for-
ation and growth of anorthite is likely to be the cause of this

etrimental change in the microstructure, which can become

a
s
a
n

ig. 8. SEM micrographs (backscattered electrons), details of cross-sections;
AS coating treated at Tstep1: (A) black arrows indicating celsian crystals close

o pores and (B) white arrows indicates a crack running along the interface.

ncontrolled. Thus, a “flash” treatment at 950 ◦C (the temper-
ture has been just reached, no isotherm) has been performed
porosity = 6 ± 1%) to avoid the worsening of the microstruc-
ure of CZAS coatings (Fig. 9C): unfortunately, the considerably
educed formation of anorthite was associated with a overall low
egree of crystallization, which became a major drawback. The
ain crystalline phases obtained with this thermal treatment are

gain wollastonite in the two forms (1A and 2M).

.5. Sintered glass samples characterization

Considering CMAS, sample treated at Tstep1 shows a quite
igh degree of crystallization (anorthite and diopside) and
lower porosity (5%) than the coating treated at the same

emperature (7% due to high defectiveness of the starting as-
prayed samples). The crystalline phases forming after the
ouble isotherm treatment (Tstep1 + Tstep2) occur also in the ther-
ally treated coatings (anorthite and diopside). The porosity is
bout 8%, lower than the coating case (11%). Pore size is very
mall (<10 �m); the sample shows a good degree of sintering
nd crystallization occurred in its whole volume (heterogeneous
ucleation likely occurred). BAS sintered glass samples show
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possible. On the contrary, in a material which does not have
an ideal cohesion, weak links can collapse and cause higher
deformation as in the case of the untreated coatings, whichever
the tested composition. Considering CMAS coatings, it can
ig. 9. SEM micrographs, cross-section: (A) BAS Tstep1 + Tstep2, (B) CMAS

step1 + Tstep2 and (C) CZAS Tstep1 + Tstep2.

he same problems as coatings: a good sintering cannot be
chieved. Thus, the samples show a low cohesion and very high
orosity: a microstructure more similar to pressed powder than
sintered system. The porosity of the single isotherm treated
ample is about 13%. CZAS sample treated both with single
nd double isotherm has a very low porosity and very small
ores, about 1%, due to the high cohesion reached by sintering.
n the CZAS sintered sample treated with double isotherm, the

F
t

ig. 10. Diopside and anorthite crystals developed at the interface with the
ubstrate in CMAS coating treated at Tstep1 + Tstep2.

rystallization degree is very low, due to the very short soaking
ime at Tstep2: indeed, the same problem related to anorthite
rystallization was also observed in sintered CZAS samples
Table 5).

.6. Mechanical properties

.6.1. Vickers microhardness
Fig. 12 indicates Vickers microhardness for the different

pecimens. Considering the bulk samples of the three frits, their
icrohardness are always higher than in the as-sprayed coat-

ngs case: in fact, a cast bulk glass has the highest cohesion
ig. 11. SEM micrograph (backscattered electrons), cross-section; CZAS
reated at 900 ◦C for 30 min + 1050 ◦C for 30 min.
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3.6.2. Fracture toughness
Fig. 13A and B indicate indentation fracture toughness

for the different materials calculated with the two different
ig. 12. Vickers microhardness (load = 0.25 N) for coatings, sintered and bulk.

e noticed that the coating treated with the double isotherm
rocess is harder than the one treated with a single isotherm
rocess. In particular, the coating treated at Tstep1 + Tstep2 has a
lightly higher microhardness than the bulk glass sample and the
ndustrial high-performance glaze, probably because the forma-
ion of a glass ceramic “composite” microstructure significantly
trengthens the material. The enhanced cohesion of the coatings
lso improved its hardness. Nevertheless, crystallized bulk glass
as higher microhardness than the crystallized coating (since
t has no defects), but the crystallization of the bulk involved
ust the first 250 �m of the sample thickness. Single and dou-
le isotherm treated coating hardness values are quite similar to
alues obtained for the corresponding sintered samples.

In the BAS case, even if a good crystallization is achieved, the
ohesion is very low due to incomplete sintering, therefore hard-
ess never overcomes that of the bulk glass nor that of the high
erformance glaze. Thus, in order to improve mechanical prop-
rties of a plasma sprayed glass ceramic coating, before inducing
rystallization, it is necessary to enhance its microstructure
hrough a good sintering. Hardness was not measurable on sin-
ered BAS samples, because the cohesion is too poor to allow
roper indentations to be performed, due to the above-mentioned
verlapping of sintering and crystallization. For the same reason,
ardness values obtained for as-sprayed and thermally treated
oatings are quite similar.

After the treatment at Tstep1, CZAS coatings are very well sin-

ered and the hardness has greatly improved. Double isotherm
reatment produced only a limited crystallization that does
ot enhance hardness and produces also a more defective
icrostructure worsening the coating cohesion (both in the coat-

F
w

eramic Society 27 (2007) 4575–4588

ngs and glass sintered samples), probably because of anorthite
ormation. However, it is very important to notice that all the
hermally treated coatings of the three frits have higher micro-
ardness than porcelanized stoneware.
ig. 13. Fracture indentation toughness for the different materials calculated
ith Evans–Charles (A) and Evans–Wilshaw (B) formulas.
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ormulas. The absolute values are different, but the relative
rends do not change. Fracture toughness is strongly depen-
ent on microstructure and less on structure than microhardness,
ecause microstructural features can significantly affect stresses
istribution in a material, and hence, alter cracks formation and
ropagation. Therefore, a material with many pores and defects
ill be less though than a dense material, while the presence
f reinforcing phases will help increasing toughness. Higher
IC values measured for bulk glass samples can been explained
y the above-mentioned consideration, because, thanks to their
xcellent cohesion, their microstructure does not present signif-
cant defects. Porcelanized stoneware has high toughness too,
ecause it has a compact microstructure and it is reinforced by
rystalline phases as quartz and mullite. The toughness could not
e measured by indentation on as-sprayed samples: the presence
f many microcracks and pores and the low cohesion of the coat-
ng did not allow an acceptable reading of the cracks induced by
he Vickers diamond tip.

The microstructure of CMAS coating heated at Tstep1 shows
relatively high residual porosity without crystalline phases to

einforce the material, so it has lower KIC than porcelanized
toneware. The toughness value for the corresponding sintered
ample treated at Tstep1 is higher than the coating value, because
t has a more compact microstructure (lower porosity). CMAS
oating thermally treated at Tstep1 + Tstep2 has a good fracture
oughness, higher than porcelanized stoneware, bulk glass sam-
les and industrial glaze, because of the formation of anorthite
nd diopside crystalline phases in the whole coating thickness.
oreover, in order to induce a measurable cracking by indenting,
higher load (6 N) than in all other tests had to be exception-

lly chosen. The potential benefits offered by crystallization are
ully exploited, because frequent crack deflections due to sev-
ral small crystals obstacle crack propagation and increase KIC
f the coating.

BAS microstructure was still defective after the thermal treat-
ents: both for coatings and for sintered samples, toughness
as experimentally not measurable, because multiple cracking

nd material crushing under the indenter occurred due to the
oor cohesion. BAS bulk has a toughness value comparable with
ndustrial glaze one.

Considering CZAS coating treated at Tstep1, even if the
icrostructure is very good (due to full sintering), KIC is still

ow both for coating and sintered samples, since no toughening
y crystalline phases occurs. Heat treatment at Tstep1 + Tstep2
oes not significantly improve the toughness of CZAS coatings,
emaining much lower than the typical values recorded on porce-
anized stoneware, because they are not fully crystallized and the
ew crystals are unable to reinforce the material. Nevertheless,
hanks to them and to the improvement of the microstructure,
ccording to the Evans-Charles formula, the indentation fracture
oughness was increased almost up to the typical values recorded
n a high quality glaze.
.6.3. Deep abrasion resistance
Fig. 14 indicates the deep abrasion resistance for all tested

oatings, glaze and stoneware. All kind of as-sprayed coatings
ave a quite low abrasion resistance, being the wear volume

r
a
t
m

ig. 14. Abrasion resistance for the different materials: (A) Vmm at seven laps
nd (B) Vmm average (7, 14 and 21 laps).

t least twice than the one measured for the industrial glaze
Fig. 14A). Well sintered coatings (CMAS, CZAS) have a higher
ohesion, indicated also by the hardness increase, but they still
emain more brittle than porcelanized stoneware because their
ature is still vitreous and no crystalline phases are present as

einforcements, as formerly noticed: thus, they still display lower
brasion resistance (Fig. 14B). The morphology of the abrasion
rack on CMAS coatings treated at Tstep1 observed through SEM

icrographs (Fig. 15A) shows smooth fracture surfaces with
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ig. 15. Abrasion trace micrograph of thermally treated CMAS coatings: (A)

step1 and (B) Tstep1 + Tstep2.

racks propagating rather straightforwardly and undisturbed.
AS coatings treated at Tstep1 did not show any significant

mprovement because the microstructure was still defective and
he crystallization degree still low (Table 5). It must be noticed
hat only CMAS treated at Tstep1 + Tstep2 was more resistant than
he industrial glaze and porcelanized stoneware, because it was
ully devitrified becoming a glass ceramic coating: the pres-
nce of crystalline grains in samples treated at Tstep1 + Tstep2
inders crack propagation through the coating, enhancing abra-
ion resistance. In fact, the morphology of the abrasion track on
MAS coatings (Fig. 15B) is quite irregular with cracks, which
ppear to have undergone several deflections. This indicates that,
s predictable, brittle fracture is the most important abrasion
echanism. Considering CZAS coatings after the Tstep1 + Tstep2

reatment, abrasion resistance never exceeded the value mea-

ured for porcelanized stoneware because it was impossible to
btain at the same time their full crystallization and preserv-
ng the good microstructure reached through sintering (anorthite

s
m

Fig. 16. Average roughness, Ra, of the samples.

rystal growth leads to an uncontrollable increase of porosity).
AS response to abrasion after the crystallization step is just
lightly better than in the Tstep1 case, because of a higher degree
f devitrification induced in the samples.

.6.4. Roughness
Values of surface roughness obtained for both as-sprayed and

hermally treated coatings for the three frits are listed in Fig. 16.
omparing CMAS and CZAS as-sprayed coating with their cor-

esponding samples treated at Tstep1, it can be observed that, in
oth cases, roughness is decreased by thermal treatment. Dur-
ng the sintering, glassy phase present in these samples reaches
quite low viscosity and the surfaces becomes smoother, pro-
ucing a roughness decrease. This phenomenon is more evident
n CZAS sample due to the high sintering degree reached. In
AS samples, average roughness has about the same values for
s-sprayed and thermally treated coatings, because full sinter-
ng never occurs. In CMAS samples, the difference in roughness
s very slight passing from coating treated at Tstep1 to coating
reated at Tstep1 + Tstep2, because at Tstep1 the coating already
s very compact, thanks to the good sintering. Moreover, at
step1 + Tstep2, solid crystal grains block the viscous flow of
lassy phase. The possible difference in specific volume val-
es between crystal phase and glassy phase may also wrinkle
he samples surfaces.

. Conclusions
Three different industrial frits have been successfully plasma
prayed on porcelainized stoneware tiles. The as-sprayed
icrostructures were fully vitreous and very defective: pores,
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racks due to thermal stresses relaxation and very rough and
rregular surfaces were present. Post-process thermal treatment
nhanced the microstructure in many cases, but the degree of
mprovement strongly depended on the thermal behaviour of the
oating materials. A proper combination of sintering and crystal-
ization allowed to fully exploit the coating material, changing it
nto a glass ceramic one, with micromechanical and wear prop-
rties comparable or superior to porcelainized stoneware and an
igh quality industrial glaze, taken as standard for comparison.
onsequently, some general conclusions on plasma spraying
f glass and glass ceramics coatings can be drawn. In the as-
prayed conditions the coatings are always defective (pores,
nter- and intralamellar cracks) so they must be thermally treated
o be comparable to glazes produced with standard techniques
r to become watertight. In some applications, such as bio-
lasses, these post-process treatments could be not mandatory,
ecause permeability to liquids and porosity are often required.
n any case, proper heat treatments always improve the coatings
echanical properties. The highest improvement in mechanical

roperties is obtained when controlled crystallization of suit-
bly chosen glass compositions is achieved. Particularly, full
xploitation of the devitrification is successful only if sintering
nd crystallization do not overlap significantly. Moreover, the
ind of crystalline phases, hence, the mother glass composition,
ust be carefully chosen, because their formation can some-

imes induce an unacceptable increase of porosity. Thus, future
evelopments of this research will focus on the formulation of
lass compositions, whose properties have to match the two lat-
er points, in order to achieve very high quality glass ceramic
oatings (small amount of porosity, high toughness induced
y crystallization). Other further developments concern a more
etailed study in order to correlate spray conditions, glass prop-
rties (viscosity, surface tension, etc.) and resulting splat and
oating microstructure.
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