
Journal of the European Ceramic Society 26 (2006) 2561–2579

Plasma-sprayed graded ceramic coatings on refractory materials
for improved chemical resistance

G. Bolelli, V. Cannillo, C. Lugli, L. Lusvarghi ∗, T. Manfredini
Dipartimento di Ingegneria dei Materiali e dell’Ambiente, Facoltà di Ingegneria, Università di Modena e Reggio Emilia,
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Abstract

Plasma-sprayed ceramic coatings were manufactured on sintered alumina–mullite refractory bricks to improve their chemical resistance to
molten glass. Mullite and alumina powders were employed. Graded layered coatings were designed and produced, to reduce the thermal expan-
sion mismatch with the substrate: in all cases, the upper layer consisted in pure alumina (very resistant to chemical attack); alumina–mullite
intermediate layers were added to match the low thermal expansion of the porous substrates. Plasma-sprayed coatings definitely improved
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oth the abrasion resistance and the chemical resistance to long-time (8 h at 1400 ◦C) contact with molten glass, since the coating preserved its
riginal microstructure. However, in thermal shock tests, some transverse cracks appeared; thus, thermal cycling tests in presence of molten
lass indicated that, after a few cycles, the glass can penetrate down to these cracks. The tested samples were studied by means of scanning
lectron microscopy (SEM) with energy dispersive spectrometry (EDS) and X-ray diffraction (XRD).

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Thermal spraying techniques are well known produc-
ion routes for thermal and chemical resistant coatings.1–3

ompared to other coating processes, thermal spraying tech-
iques allow the deposition of very thick coatings (up to
mm or more),1,4,5 a wide choice in coating materials (met-
ls and alloys, oxide and non-oxide ceramics, composite
aterials),5,6 relatively short production times, and automa-

ion of the coating process. In fact, they usually consist in
elting and accelerating powder particles towards a sub-

trate by means of a hot gas jet7; thus, the only requirement
s that the coating material must have a stable liquid phase
n a sufficiently large temperature range, without thermal
issociation or vaporization. Plasma-spraying is a particu-
ar thermal spraying technique where the hot jet accelerating
he particles is a plasma jet, produced by a dc electric arc

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

struck between a tungsten cathode and a water-cooled copper
anode across a plasma-forming gas flow (generally consist-
ing of a mixture of a primary gas like Ar and a secondary
gas like H2) inside a plasma torch. The exceptionally high
temperatures which a plasma can reach (up to 15000 ◦C
in its core) allow virtually any material to be melted and,
consequently, to be employed as a coating material.4,6,7 In
particular, plasma spraying is very suitable for the produc-
tion of pure ceramic coatings. Thus, because of the good
thermal stability and chemical resistance of many ceram-
ics, plasma spraying is widely employed in the manufactur-
ing of thermal barrier coatings, which must stand very hot
gas flows and provide thermal insulation to the substrate.1

Thermally sprayed coatings with high-temperature chemi-
cal resistance requirements have often been considered for
applications such as internal combustion engines (gas tur-
bine engines and reciprocating endothermal engines), burners
and waste incinerators.8–10 However, the contact with chemi-
cally aggressive molten materials at high temperature and the
simultaneous presence of mechanical actions due to convec-
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.07.066
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tive flows or stirring devices, which occur in molten mate-
rials processing plants (glass manufacturing plants, primary
metallurgy plants), require some components to tolerate an
even more aggressive environment than those above men-
tioned. Thermally sprayed coatings have seldom been tested
under these very demanding conditions.11,12 In some cases,
thermally sprayed Pt coatings have been proposed for the
glass industry: Pt is renown for its chemical stability in
almost every environment, but such coatings are, obviously,
extremely expensive.13 Mo and its alloys are also employed,
but their use is limited to some water-cooled components13;
besides, the dissolution of metal ions in the glass may alter
its optical properties, which is an unacceptable drawback in
many glass applications.

In particular, molten glass processing furnaces gener-
ally require the employment of very expensive electrofused
alumina–zirconia–silica refractories in order to bear the
chemical action of molten glass.14 Sintered ceramics (which
would cost up to 15–20 times less) are also employed in such
applications, but the glass quickly infiltrates the pores and
starts dissolving the material much faster, eventually disrupt-
ing the refractory. If a low porosity, chemically resistant, thick
pure alumina coating could be deposited onto the surface
of a sintered refractory brick, it would significantly hinder
molten glass percolation and consequent refractory dissolu-
tion. Thus, coated sintered refractories could, at least partly
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ical resistance than alumina. Graded plasma-sprayed ther-
mal barrier coatings have already been considered in several
articles,15–19 but they were not tested under very corrosive
environments, and they always consisted of a metal–ceramic
system, whereas a ceramic–ceramic graded coating is con-
sidered in the present research.

2. Materials and characterization

2.1. Substrates and coating production

Two different commercial alumina–mullite based sintered
refractories, with commercial designation EP and EXTRA55,
supplied as (220 mm × 110 mm × 60 mm) bricks, were
employed in this study. Their nominal chemical composition
and physical characteristics are listed in Table 1. Mechan-
ical dilatometry (DIL 404, Netzsch, 10 ◦C/min heating up
to 1200 ◦C) has been performed in order to assess the ther-
mal expansion coefficient, which is a key parameter for
the choice of the coatings layers sequence. Furthermore,
they have been characterized through X-rays diffraction (PW
3710, Philips, Cu K� radiation), SEM (Philips XL40), and
mercury porosimetry (Micromeritics Autopore II 9215), in
order to determine the actual porosity value.

Three commercially available thermal spray ceramic
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because structural mechanical resistance must be taken into
ccount as well), replace the expensive electrofused ones. It
hould be considered that surface regeneration of worn com-
onent by thermal spraying is also possible: after a simple
rit-blasting operation, new coatings can be deposited onto
he worn surface. Being thermal spray torches relatively small
nd easy to handle (they could even be hand-operated), they
ould be employed for refractories regeneration inside the
elting furnace, avoiding or retarding the extremely expen-

ive, difficult and time-consuming furnace dismantling oper-
tion.

In this study, some low cost alumina–mullite sintered
efractories were coated by means of plasma spraying, aim-
ng at the production of a pure alumina top coating. Although
ure alumina would show excellent chemical resistance in
ontact with many molten materials (not only glass, but also
olten Al for instance), pure alumina sintered refractories are

xpensive because alumina cannot be sintered in a low-cost
tmospheric pressure sintering process; hot pressing tech-
iques are required which are obviously not easily applicable
o a refractories mass production. However, since alumina
ossesses a higher thermal expansion coefficient (CTE) than
ommon alumina–mullite based porous refractories, if a pure
lumina layer was directly sprayed onto the refractory sub-
trate huge thermal expansion mismatch stresses would arise.
o lessen this trouble, graded coatings have been designed:
nderlying alumina–mullite layers have been sprayed before
he alumina top coat, to exploit the thermal expansion coeffi-
ient of mullite. A mullite-containing top coat has never been
onsidered, since mullite possesses definitely lower chem-
owders have been employed for coatings production:
−45 + 15 �m mullite powder (Saint Gobain #1020), a
45 + 15 �m alumina powder (Saint Gobain #153PT) and a
31 + 3.5 �m alumina powder (Sulzer Metco 105SFP). The

owder characteristics have been checked by means of SEM
maging, X-rays diffraction and particle size measurement
Particle Sizer Analysette 22, Fritsch). The coatings have
een plasma-sprayed in air plasma spraying (APS) mode,
ith a C.A.P.S. plant equipped with a Sulzer Metco F4-MB
lasma torch with a 6 mm diameter nozzle (C.S.M. S.p.A.,
ome, Italy, co-shared with Università La Sapienza, Rome,

taly). Spray parameters are listed in Table 2. The substrates
ere (110 mm × 60 mm × 10 mm) refractory plates, cut from

he sintered bricks. A literature study has proven that the
oughness of a sintered refractory allows proper coating
dhesion12 without any pre-deposition treatment step: how-
ver, in this case, the substrates surfaces have been altered
y the cutting operation. Thus, grit blasting was performed,
ith alumina grits (Sulzer Metco Metcolite-C) and a vacuum

able 1
ominal chemical and physical properties of employed refractory substrates

ominal properties EP EXTRA55

ominal chemical composition
Al2O3 37% 55%
SiO2 58% 40%
Fe2O3 1.9% 2%
Impurities Bal. Bal.

ompressive strength (kg/cm2) 500 550
aximum working temperature (◦C) 1360 1475
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Table 2
Plasma-spraying parameters

Diameter and position of powder injector 1.5 mm internal diameter; 7 mm distance from torch axis; 6 mm distance from torch nozzle
Plasma gases flow rates Ar: 45 Slm for 30 vol.% mullite layer in two-layered coatings; 50 Slm in all other cases; H2:15 Slm
Voltage (V) × current (A) 65 V × 600 A (alumina layer); 73 V × 690 A (30 vol.% mullite layer in two-layered coatings);

65 V × 630 A (in all other cases)
Deposition distance 105 mm (30 vol.% mullite layer in two-layered coatings); 100 mm (in all other cases)
Torch traverse speed 500 mm/s

Note: Slm: standard litre per minute; 1 Slm = (1/6) × 10−4 S m3/s.

operated hand-held blasting gun. A double feeding apparatus
was employed for the alumina–mullite mixed layers produc-
tion, the two pure ceramic powders being simultaneously fed
into the plasma jet with the desired flow, in order to achieve
the proper layer composition. To take into account the differ-
ent flowability and deposition efficiency of the two different
powders, preliminary tests were performed, spraying (with
a fixed number of torch passes) pure alumina and pure mul-
lite coatings with the same torch parameters employed in
the composite layers deposition: to get the optimal tailor-
ing of the layers, the ratio between the thicknesses of the
two coatings was used to adjust the feeding parameters. The
reliability of this method has already been demonstrated in a
previous work.20 The employment of a double feeder appara-
tus enables a great flexibility in the number and composition
of layers with minimum time expenditure, whereas the use
of pre-mixed powders in a single feeder would limit the
choice in layers composition and cause a great time consump-
tion because of repeated feeder unloading/reloading with the
proper powder.

Two series of coatings were produced: the first one con-
sists in two-layered coatings, the low number of layers being
intended to minimize the coating cost; the second one con-
sists in three-layered coatings on EXTRA55 substrates and
four-layered ones on EP substrates, in order to lower thermal
expansion coefficient mismatches between different layers.
M

as the results section will show, it possesses lower thermal
expansion coefficient, thus it is more likely to cause thermal
expansion mismatch troubles. Details of the layers composi-
tion are given in Table 3.

The composite layers were produced using the coarser
alumina powders, because powders with a grain size distri-
bution as similar as possible must be used in the production
of plasma-sprayed composite coatings in order to achieve
a homogeneous phases distribution, as shown by former
studies.20 The finer alumina powder, instead, was employed
in the production of the top coating, in order to achieve
the lowest possible porosity and minimum pore dimensions:
the higher the top coating compactness, the better its chem-
ical resistance and its barrier effect against molten mate-
rial percolation. Details of feeding parameters are given in
Table 4.

2.2. Microstructural characterization and abrasion
resistance

Cross-sectional coating samples were cut from the coated
refractories, cold-mounted in resin, ground with 400, 800,
1000 mesh SiC papers, polished with 3 �m and 0.5 �m dia-
mond paste and observed through SEM. Image analysis was
performed on 400× and 1000× SEM micrographs (UTH-
SCSA Image Tool 3.0) to assess the porosity; image analysis
w
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mullite
, 1st spr

A 3PT/8.

M 20/3 rp

N layer i
ore layers were employed for the EP substrate because,

able 3
ayers composition

1st layer 2nd layer

wo-layered coating (1st series) 100% Alumina 70 vol.% Alu
hree-layered coating (2nd series,
EXTRA55 substrate)

100% Alumina 70 vol.% Alu

our-layered coating (2nd series, EP
substrate)

100% Alumina 70 vol.% Alu

able 4
eeding parameters for layered coatings

Top alumina layer 30 vol.%
coatings

lumina powder/disk revolution
speed/carrier gas flow

Metco
105SFP/12 rpm/Ar
3.5 Slm

S.G. #15

ullite powder/disk revolution
speed/carrier gas flow

– S.G. #10

ote: The same feeding parameters were employed for the 30 vol.% mullite
as also performed on SEM micrographs of refractories

3rd layer 4th layer

0 vol.% mullite None None
0 vol.% mullite 35 vol.% Alumina, 65 vol.% mullite None

0 vol.% mullite 35 vol.% Alumina, 65 vol.% mullite 100% Mullite

layer (in two-layered
ay run)

65 vol.% mullite layer Pure mullite layer

4 rpm/Ar 3.3 Slm S.G.
#153PT/4.2 rpm/Ar
3.3 Slm

m/Ar 3.3 Slm S.G.
#1020/6.5 rpm/Ar
3.3 Slm

S.G.
#1020/10 rpm/Ar
3.3 Slm

n two-, three- and four-layered coatings.
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to ascertain the reliability of the technique by comparison
with the mercury porosimetry results. X-ray diffraction was
performed on the upper and lower surfaces of the coatings
to determine the crystalline phases; diamond papers were
employed to ground the substrate away from the coating
lower surface.

Since refractories (and, more generally, components
designed to process molten materials) are also subject to wear,
as formerly mentioned, dry particle abrasion resistance of
both coated and uncoated samples was tested by means of a
dry particles—steel wheel test (Ceramic Instruments AP/87),
with a Fe360 steel wheel rotated at 75 rpm and pressed by a
40.2 N normal load against the sample surface in presence
of a tangential flux (1 g per disk revolution) of corundum
particles (FEPA 80: 180 �m mean particle diameter). The
results are expressed as wear volume per unit sliding dis-
tance of the disk (mm3/m). Although the test is carried out
at room temperature, while the materials undergo mechani-
cal loading at high temperature, the results can give useful
qualitative indications about the performances of the different
materials.

2.3. Thermal shock resistance

All the coatings were subjected to cyclic thermal shock
testing: five (60 mm × 20 mm × 10 mm) samples (numbered
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of mixtures law employed in this study is:

αc = Ealumina αalumina Valumina + Emullite αmullite Vmullite

Ealumina Valumina + Emullite Vmullite
(1)

where αc = thermal expansion coefficient of the compos-
ite layer (◦C−1); Ealumina, Emullite = Young’s moduli of the
single constituents (GPa); αalumina, αmullite = thermal expan-
sion coefficient of the single constituents (◦C−1); Valumina,
Vmullite = volume fraction of the constituents.

Since the elastic moduli and thermal expansion coeffi-
cients of thermally sprayed materials often differ significantly
from those of corresponding massive materials,22 they have
been directly measured on free-standing plasma-sprayed alu-
mina and mullite samples, deposited using the same param-
eters as the formerly described coatings.

As thermal shock testing involved high-temperature treat-
ments (1300 ◦C and 1400 ◦C isotherms), it has been assumed
that the most significant stresses were developed during cool-
ing: at such very high temperatures, indeed, stress relax-
ation through creep becomes possible. Therefore, the thermo-
mechanical properties which must be employed in the above
formula are those of thermally treated coatings, which may
possess relevant differences from those of untreated coatings
due to the occurrence of a significant degree of microstruc-
tural (i.e. sintering) and structural (i.e. phase transformation)
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rom 1 to 5) were cut from the coated plates, heated in an
lectric kiln at 15 ◦C/min up to 1400 ◦C for the EXTRA55
ubstrate and 1300 ◦C for the EP substrate, left at 1400 ◦C or
300 ◦C for 30 min, rapidly extracted and left in air at room
emperature for 30 min in order to cool them down com-
letely. Two different operating temperatures were chosen
ecause of the different operating temperature upper limits
f the two materials. Sample number 1 was then removed
nd analysed, while the others were subjected to further
hermal shocks by inserting them into the kiln (which has
een left at the chosen operating temperature) for 30 min and
ulling them out again, that is at room temperature. The num-
er of the sample corresponds to the number of the thermal
ycles performed on it (up to 5). The thermally shocked sam-
les were visually inspected to determine the presence of
acroscopic cracks; cross-sectional SEM samples were then

btained as above described: SEM observation allowed fur-
her characterization of sample cracking and inspection of the

odifications in the coating microstructure. X-ray diffrac-
ometry was also performed on both the upper and lower
urfaces of the coatings, in order to verify the occurrence of
hase transitions.

To interpret the experimental observations and get a better
nderstanding of the thermal shock behaviour of the lay-
red systems, a modified rule of mixtures approach21 was
dopted to qualitatively estimate the thermal expansion coef-
cients of alumina–mullite composite layers. Even though
uch approach has very limited accuracy for the present case,
t can be useful in obtaining a rough qualitative estimate of
he thermal behaviour of the various layers. The modified rule
hanges,23,24 which shall be highlighted in Section 3. Thus,
lasma-sprayed alumina and mullite self-standing samples
ere subjected to a 1400 ◦C thermal treatment before elas-

ic modulus and thermal expansion coefficient measurement.
he elastic modulus has been measured by depth sensing
ickers microindentation (MicroCombi Tester, CSM Instru-
ents, Switzerland: 1 N indentation load, 0.8 N/min load-

ng and unloading rate, 15 s loading time) on free-standing
oatings cross-sections, mounted in resin and polished; the
liver–Pharr formula25 has been employed. An average of
0 measurements has been used in all cases. For refer-
nce, the elastic modulus of the as-sprayed self-standing
amples (before the heat treatment) has also been mea-
ured. The CTE has been measured by a recently patented
on contact optical dilatometer (Misura ODLT, Expert Sys-
em Solutions, Modena, Italy; Fig. 1). Thin rectangular
50 mm × 10 mm × 1 mm) samples are placed into a furnace
ith their extremities illuminated by two beams of light; two
igital cameras continuously monitor the extremities posi-
ion during sample heating and record the thermal expansion
urve, from which the thermal expansion coefficient can be
alculated. The furnace heating rate is 10 ◦C/min up to a max-
mum temperature of 1150 ◦C.

.4. Chemical resistance

The chemical resistance of coatings to molten glass was
lso tested. A frit employed in metals glazing, chemically
ery aggressive due to the presence of significant amounts of
a2O, CaO, NiO, MnO2, Fe2O3, ZnO, CoO, was used. Pow-
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Fig. 1. Schematics showing the dilatometer used for the measurement of
the coefficients of thermal expansion of alumina and mullite self standing
samples.

ders obtained by ball milling the frit were laid onto a coated
sample; the sample was then put into an electric kiln, heated
up to 1400 ◦C (EXTRA55 substrate) or 1300 ◦C (EP sub-
strate) at 15 ◦C/min, left at the operating temperature for 8 h,
then slowly cooled down inside the kiln. The samples were
visually inspected, then cut, mounted in resin, and observed
through SEM to assess the actual frit penetration inside the
coating. Uncoated refractory samples were also tested for
reference.

To assess the combined effect of thermal cycling and
chemical attack, the coatings on EXTRA55 substrate were
also subjected to a combined test: before each thermal cycle,
a certain amount of glass powder was laid on the coating.

The thermo-chemically cycled samples were visually
inspected, observed through SEM and subjected to X-ray
diffractometry.

3. Results and discussion

3.1. The characterization of powders and substrates

Table 5 summarizes the powder characteristics. Particle
size ranges measurements are very similar to the nominal
values, although the coarser alumina powder possesses a
higher average particle diameter than nominally declared.
It is important to notice that the powders have a quite nar-
row particle size distribution, as it is required for the proper
optimisation of parameters.

X-ray diffractometry indicated that �-Al2O3 and mul-
lite (3Al2O3·2SiO2) are the main crystalline phases present
in both refractory substrates employed; cristobalite (a crys-
talline phase of SiO2 which is metastable at room tempera-
ture) is also present in EP substrates, some cristobalite and
zircon exist in the EXTRA55 substrate. SEM micrographs
show that these materials are very porous and heterogeneous,
with large grains separated by huge voids (Fig. 2A and B),
clearly indicating sintering difficulties due to the refractory
nature of these compounds. In particular, the micrographs
i
a
t

Table 5
Spray powders characteristics

Powder Appearance and
manufacturing

Nominal chemical com

Fine alumina, Metco 105SFP
(−31 + 3.5 �m nominal)

Angular, fused and
crushed

Al2O3 99.89 wt%, NaO
Fe2O3 0.01 wt.%, SiO

Coarse alumina, Saint Gobain
#153PT, (−45 + 15 �m nominal)

Spherical, plasma
densified

Al2O3 99.6 wt%

Mullite, Saint Gobain #1020
(−45 + 10 �m nominal)

Angular, fused and
crushed

Al2O3 77 wt.%, SiO2

Na2O 0.20 wt.%, Fe2O
0.08 wt.%, others: <0.5
Fig. 2. SEM micrographs of sintered refractories. White arrows in
ndicate the presence of large alumina grains (some of them
re indicated by white arrows in Fig. 2A and B) poorly bonded
o the surrounding material.

position Phases (from XRD) Particle size distribution

0.09 wt.%,

2 0.01 wt%
�-Al2O3 <31 �m: 98%, <16 �m: 57.5%,

<5.5 �m: 3.5%, <2.8 �m: 1.2%
�-Al2O3, �-Al2O3 <80 �m: 93.75%, <40 �m:

56.27%, <20 �m: 12.69%,
<10 �m: 1.12%

22.5 wt.%,

3

0 wt.%

Mullite (3Al2O3·2SiO2) <80 �m: 99.77%, <40 �m:
84.72%, <20 �m: 31.93%,
<10 �m: 5.04%, <1 �m: 1.68%
dicate some large alumina grains: (A) EXTRA55; (B) EP.
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Table 6
Refractory substrates measured properties

EP EXTRA55

Porosity (mercury porosimetry) 24% 19%
Porosity (image analysis) 19% 18%
Thermal expansion coefficient (×10−6 ◦C−1) 4.85 (200 ◦C < T < 1200 ◦C) 5.73 (200 ◦C < T < 1200 ◦C)
Normalized wear volume (mm3/m) 12.7 ± 1.8 4.3 ± 0.5

The measured properties of the substrates are listed in
Table 5. Confirming qualitative observations, the porosity
determined from mercury porosimetry is around 20% for
both substrates, indicating the material has poor sintering
due to the low reactivity of these ceramic phases at high tem-
perature. The results from mercury porosimetry and image
analysis are quite similar, indicating that image analysis can
be considered a reliable porosity evaluation technique for the
substrates. As far as the coatings are concerned, the speci-
men preparation could cause pull-outs, so that the measured
porosity value got by image analysis can be higher than the
actual one. Nevertheless, this possible overestimation does
not interfere with our design of the coatings, because, at
most, the final consequence is being more strict in the pow-
der and spraying parameters choice to improve the coating
quality.

The thermal expansion coefficients are very important for
the interpretation of thermal shock test results. The recorded
thermal expansion curves are not completely linear, proba-
bly because of distorsive phase transitions which cristobalite
undergoes during heating, with significant volume change26;
the values reported in Table 6 are average values measured
between 200 ◦C (to exclude the initial instrumental drift) and

1200 ◦C. It can be seen that they are considerably low values
when compared to that of plasma-sprayed alumina, which is
reported in literature17 to be about 7.24 × 10−6 ◦C−1; thus,
pure alumina cannot be directly sprayed onto the refrac-
tory: according to the substrate, a 2.39 × 10−6 ◦C−1 or a
1.51 × 10−6 ◦C−1 difference in thermal expansion coeffi-
cients would cause very high thermal expansion mismatch
stresses, particularly when cooling the system down from
very high temperatures. If the coating plus substrate sys-
tem is heated up to very high temperatures, close to the
upper operating limit of the substrate, some creep relaxation,
which limits the compressive stresses arising in the coating
and the consequent tensile ones in the substrate, becomes
possible, but if the system is then cooled down to low tem-
perature, tensile stresses arise in the coating, which may cause
transversal cracking through the coating or delamination at
the coating–substrate interface. A very simple finite elements
estimate of such stresses, with a software which accurately
accounts for the actual coating microstructure, i.e. porosity
and thermo-mechanical properties of the different phases,27

gives an average tensile stress of 90 MPa in the whole coat-
ing and of 280 MPa close to the interface when cooling down
from 1400 ◦C to 25 ◦C, meaning that complete coating fail-

F ate, cro
m

ig. 3. SEM micrographs of two-layered coating on EXTRA55 substr
ullite–70 vol.% alumina layer, detail; (D) interface with substrate, detail.
ss-section: (A) general view; (B) alumina layer, detail; (C) 30 vol.%
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ure would very likely occur. This is the reason why layered
systems were employed.

3.2. Microstructure and wear resistance of coatings

Fig. 3A–D shows the microstructure of the as-sprayed
two-layered coatings; it can be noticed that the alumina top
layer has a low porosity microstructure (Figs. 3B and 4):
the porosity determined by image analysis is, in all cases,
comparable to some high-quality plasma-sprayed coatings
described in literature.28–30 The lower layer (Fig. 3C) has
a slightly more defective microstructure, with higher poros-
ity, which, apart from pull-outs caused during the specimen
preparation, may be due both to rounded pores, which are
attributable to gas entrapment, and to microcracks, caused
by thermal shocking. The larger particle size of the employed
powders, non optimal spraying parameters (in particular, for
the two-layered coating, an excessively high 50 kW oper-
ating power in the plasma torch was employed), and the
different in-flight and solidification progress of mullite and
alumina might be the causes of such higher porosity. Lit-
erature works indicate that mullite splats generally display
no or little microcracking, because mullite possesses excel-
lent thermal shock resistance31; alumina splats are renown
to develop much microcracking upon solidification, because
they relax the tensile quenching stresses.32 These phenom-
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particularly because the substrate and the coating contain the
same phases (alumina and mullite).

SEM micrographs analysis has shown no major
microstructural differences between the three- and four-
layered coatings with the simpler ones (see porosity values
in Fig. 4). The interface between the coating and the sub-
strate still appears to be very strong, as well as the adhesion
between alumina and mullite splats and between the different
layers. It can be noticed that the mullite layer has a com-
pletely different microstructure from the alumina one, with
few microcracks, poorly distinguishable splat interfaces and
more rounded pores. This is similar to former results.33

X-ray diffraction on all of the coatings indicates that
alumina mainly appears as the metastable �-Al2O3 phase,
with a low amount of �-Al2O3, whose presence reflects the
existence of unmelted or partially melted particles. The for-
mation of a metastable, lower density cubic (spinel-like)
structure instead of the stable hexagonal corundum struc-
ture due to extremely rapid splat quenching is a well known
phenomenon.32 In the mullite layer, mullite diffraction peaks
and a broad diffraction band (centred around 2θ = 26◦), char-
acteristic of a glass phase, coexist. The alumina peaks which
are detected are due to the 30 vol.% alumina layer, which
has been reached in some spots after polishing because of
the large waviness of the coating, reflecting the grit-blasted
surface waviness. Since molten mullite contains a significant
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prayed
na seem to take place in this case as well. In fact, in the
omposite layer, the alumina splats display a high micro-
racks density, while mullite splats are almost crack-free.
o cracks along the interfaces between alumina and mullite

plats can be noticed, indicating excellent adhesion: this is
robably due to their high chemical affinity. The adhesion to
he substrate looks very strong as well (Fig. 3A and D); while
lasma-sprayed ceramic coatings on metallic substrates only
evelop mechanical bonding to the substrate surface asperi-
ies, in this case some chemical interaction occurs, as it has
ormerly been reported in literature for similar systems,12

Fig. 4. Porosity of all the layers in as-s
mount of silica, a typical glass forming oxide and consider-
ng the extremely high cooling rates of plasma-sprayed splats,
he formation of a glassy phase is quite logical. This fact has
lready been reported in literature,33 although the used oper-
ting parameters are, in this case, much different. In ref. 33
ndeed, the mullite coating was completely glassy, and pos-
essed a slightly different microstructure. The crystalline part
f this coating might both be due to partial crystallization, or
o unmelted particles. The low width of diffraction peaks may
upport the latter interpretation, but this is not a conclusive
vidence. More research is needed on this matter.

two-, three- and four-layered coatings.
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The dry particles abrasion resistance of these coatings,
which possess a quite dense top layer, exceeds that of the
refractory substrates by more than one order of magnitude
(wear volume: EP = 12.5 mm3/m; EXTRA55 = 4.25 mm3/m;

alumina top coating = 0.7 mm3/m). Indeed, the refractories
display very poor wear resistance, even lower than other
traditional ceramic materials, whose dry particles abrasion
resistance has been tested, under the same experimental
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ig. 5. Digital images of thermally shocked samples. Contrast has been electroni
0 mm long and their width varies from 15 to 20 mm: (A) two-layered coating on E
our-layered coating on EP substrate.
cally enhanced to highlight the thermal shock cracks. All the samples are
XTRA55 substrate; (B) three-layered coating on EXTRA55 substrate; (C)
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conditions.34 Since all the layered coatings possess the
same, thick alumina top layer, no significant differences exist
between their performances.

3.3. Thermal shock resistance

Fig. 5A–C is the thermally shocked sample: it can be
noticed that, in the two-layered coating (Fig. 5A), no major
cracks are present after one cycle, but further cycles cause
thermal shock damage. After the second cycle, some cracks
are formed; more cracks exist when the samples undergo three
cycles; but no more cracks appear in the subsequent cycles.
The cracks propagate perpendicularly to the substrate and
transversally to the sample longer side; this clearly means
that tensile stresses developed in the alumina layer during
cooling caused them. Furthermore, cracks in the refractory
substrate parallel to the interface exist at the sample ends,
they have probably been caused by the high interfacial shear
stresses which are developed in these areas. The fact that no
coating delamination across the interface took place confirms
the strength of the adhesion to the substrate. Microstructural
and micromechanical investigation can help highlighting the
thermal behaviour. SEM micrographs (Fig. 6A and B) show
deep changes in the alumina layer immediately after the
first cycle: the splat-like microstructure was lost (compare
Fig. 6B to Fig. 3B), rounded grains are visible, together
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grain growth process by sintering of splats and merging of
nearby grains. Since �-Al2O3 possesses a higher density than
�-Al2O3, the phase transformation causes a shrinkage of the
crystals, thus resulting in increased porosity. The fact that
the coating did not crack due to this phase change (in fact, no
cracks were noticed immediately after the samples were taken
out of the kiln after the first shock cycle) can be due to two rea-
sons. On the one hand, since the as-sprayed coating possesses
limited cohesion and since sintering and phase transforma-
tion occur simultaneously, some of the newly formed crystals
were allowed to shrink quite freely before too much sintering
occurred. On the other hand, it seems from SEM micrographs
that sintering occurred to a greater degree in the direction
perpendicular to the substrate, across splat interfaces, whose
contact points probably act as pre-existing necks, and to a
lesser one in the direction parallel to the substrate, probably
because intra-splat microcracks obstacled it. Thus, vertical
microcracks remain, allowing crystals shrinkage in the direc-
tion parallel to the substrate interface.

In the composite layer, the alumina splats, after one ther-
mal shock cycle, were analogously transformed (Fig. 7),
while mullite looks unchanged. The latter behaviour could
be explained with the high temperature needed to sinter mul-
lite (>1600 ◦C).35

Thermo-mechanical properties (elastic modulus, thermal
expansion coefficient) for plasma-sprayed self-standing alu-
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ered co
ith some microcracks, which are probably due to resid-
al thermal stresses, and porosity significantly increased. As
xpected,24 X-ray diffractometry indicates that the coating
ow mostly consists in �-Al2O3, with a very small amount
f metastable phases such as �-Al2O3 and �-Al2O3. It can
hus be argued that, during heating, enough energy was sup-
lied to the material for the � → � phase transition to occur
nd that a limited degree of sintering along the splat inter-
ace could take place. Therefore, the splat-like microstructure
isappeared because of sintering, similarly to other stud-
es on high-temperature heat treated plasma-sprayed ceramic
oatings23; phase transformation, and possibly also crystal
rain growth phenomena, resulted in rounded crystal grains.
he definitely lower diffraction peaks width in the thermally
hocked samples than in the as-sprayed ones indicates that
he average grain size has largely increased, confirming a

Fig. 6. SEM micrographs of thermally shocked alumina layer in two-lay
ina and mullite layers are reported in Table 7. The increase
n the elastic modulus after the thermal treatment is a con-
equence of sintering, in accordance with ref. 23, and is
ertainly unfavourable for thermal shock resistance, because
stiffer material develops higher stresses in the presence

f CTE mismatches. The higher elastic modulus increase
or alumina (≈23%) than for mullite (≈12%) also confirms
he higher degree of sintering occurring for alumina than
or mullite. No other major microstructural changes occur
n the subsequent cycles, as porosity does not perceivably
ncrease after the first cycle (Fig. 8). The alumina crystallo-
raphic transformation after one cycle is complete, leaving
-alumina as only phase. The continuous superposition of

esidual stresses leads to cracking; thus, the number of macro-
copic cracks increases, reaching its maximum after the third
ycle. SEM micrographs (Fig. 9) indicate that most of the

ating on EXTRA55: (A) cross-sectional view; (B) cross-section, detail.
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Fig. 7. SEM micrographs of thermally shocked 30 vol.% mullite–70 vol.% alumina layer in two-layered coating on EXTRA55: (A) cross-sectional view; (B)
cross-section, details.

Table 7
Thermo-mechanical properties of self-standing plasma-sprayed alumina and mullite

E (GPa), before heat treatment E (GPa), after heat treatment α (◦C−1), 100–1000 ◦C after heat treatment

Al2O3 215.73 ± 15.07 264.39 ± 41.67 7.69 × 10−6

Mullite 147.25 ± 19.61 164.22 ± 33.33 4.93 × 10−6

cracks start at the coating surface and propagate vertically
across the coating, down to the substrate, but cause no inter-
facial delamination. Instead, cracks parallel to the interface
are sometimes present in the refractory, like the one shown in
Fig. 9. Transverse cracks are probably due to the high tensile
stresses which develop in the alumina layer both because of
its high thermal expansion coefficient and of temperature gra-
dients occurring during cooling, due to the insulating nature
of these materials. These latter non-steady-state effects cause
an additional tensile stress in the top layer. The longitudinal
cracks in the substrate are probably due to the shear stresses
which arise around the interface because of thermal expan-
sion coefficients mismatch; the fact that cracking never occurs
at the interface but inside the substrate itself confirms the
excellent adhesion strength.

The three-layered coatings (Fig. 5B) appear to possess
an improved thermal shock resistance; in fact, almost no
cracks appear even after two cycles, few are present after
three cycles, and no more are formed in the following cycles.

F
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Furthermore, cracks in the refractory parallel to the inter-
face are absent or definitely smaller. This clearly indicates
that the more gradual transition between the thermal expan-
sion coefficient of the substrate and the alumina top coating
lessens all the thermal stresses. From SEM micrographs
(Fig. 10A–C for three-layered coating; Fig. 11 for mullite
layer in four-layered coating: other layers are analogous to
the former ones) and X-ray diffraction, it appears that the alu-
mina top layer still undergoes the same phase transformation
with porosity increase (Fig. 8), while, in the underlying lay-
ers, mullite does not undergo major microstructural changes.
Thermal shock microcracks are still visible in the composite
layers, and still it seems that they are mainly initiated inside
the alumina splats (Fig. 12). SEM micrographs of thermal
shock macrocracks (Fig. 13A–C) highlight a very interest-
ing phenomenon: cracks do not propagate straightforwardly
across the coating, as it happened in the former case, but
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ig. 8. Porosity of all the layers in thermally shocked two-, three- and four-
ayered coatings.
ig. 9. SEM micrograph of a thermal shock crack in the two-layered coat-
ng on EXTRA55 substrate after four cycles. Black arrow marks the crack
arallel to the interface in the substrate. V and P axes indicate the vertical
irection and the direction parallel to the substrate, respectively.
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Fig. 10. SEM micrographs of thermally shocked three-layered coatings, cross-section: (A) alumina layer; (B) 30 vol.% mullite–70 vol.% alumina layer; (C)
65 vol.% mullite–35 vol.% alumina layer.

are often deflected upon reaching the lower layers, where
they propagate parallel to the substrate (see black arrows in
Fig. 13A). They seem to propagate across the 65 vol.% mul-
lite layer or across the interface with the 30 vol.% mullite
layer, and detailed micrographs indicate they mainly cross
alumina splats (see black arrows in Fig. 13B), confirming the
former observations concerning the higher alumina tendency
to thermal shock cracking. The fact that, even when microc-
racks are formed, they do not propagate down to the substrate
but are deflected is very promising for combined thermal and
chemical resistance, because, if a transverse crack directly
leading to the substrate was formed, a corrosive media could
easily reach the substrate itself.
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Four-layered coatings on EP substrates, unfortunately, do
not show the same thermal shock resistance improvement:
Fig. 5C, in fact, highlights that a significant amount of cracks
appear within the first three cycles, as it happened in two-
layered ones. SEM micrographs, however, still indicate that
cracks are often deflected parallel to the substrate; this hap-
pens upon reaching the interface between the 65 vol.% mul-
lite layer and pure mullite layer (Fig. 13C, see black arrow).

The thermal shock behaviour can now be interpreted on
the basis of the measured thermo-mechanical properties. First
of all, the different thermal shock behaviour of alumina and
mullite splats (with the latter looking more resistant) must
be explained. In literature, formulae like the following are
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ig. 11. Thermally shocked mullite layer in four-layered coating. The other
hermally shocked layers in four-layered coatings are analogous to the ones
n Fig. 14.
ig. 12. SEM micrograph of 65 vol.% mullite–30 vol.% alumina layer in
hree-layered coating on EXTRA55 substrate after two thermal shock cycles,
etail of cross-section.
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Fig. 13. SEM micrographs of thermal shock cracks in 3- and four-layered coatings. (A) Deflected crack in three-layered coating after three cycles (black arrows
highlight deflection). (B) Detail of deflected crack running parallel to the substrate across the 65 vol.% mullite layer in three-layered coating after three cycles
(The black arrow highlights the crack propagation mostly across alumina splats.) (C) Detail of deflected crack running parallel to the substrate near the interface
between mullite layer and 65 vol.% mullite layer in four-layered coating after three cycles (black arrow highlights the crack running in the mullite layer, close
to the layers interface).

reported for thermal shock resistance evaluation36:

R = σf(1 − ν)

Eα
κ (2)

where R = parameter predicting the thermal shock resis-
tance, expressing the conditions for failure by crack initia-
tion (W/m); σf = tensile strength (MPa); ν = Poisson’s ratio;
E = elastic modulus (MPa); α = thermal expansion coefficient
(◦C−1); κ = thermal conductivity (W/m ◦C).

Employing the measured values of E and α for thermally
sprayed alumina and mullite, as well as literature values for
κ and σf, it follows:

alumina: E = 264.39 × 103 MPa, σf (ref. 17) = 10 MPa,
ν = 0.23, α = 7.69 × 10−6 ◦C−1, κ (ref. 17) = 25.2 W/(m ◦C)
⇒ R = 95.44 W/m; mullite: E = 164.22 × 103 MPa, σf
(ref. 33) = 91 MPa, ν = 0.23, α = 4.93 × 10−6 ◦C−1, κ (ref.
37) = 1.32 W/(m ◦C) ⇒ R = 114.24 W/m.

Thus, mullite is predicted to possess a better thermal shock
resistance, explaining its lower tendency to thermal shock
cracking and the preferential thermal shock cracks propaga-
tion across plasma-sprayed alumina splats.

The crack propagation behaviour across layers must now
be interpreted in the light of thermal expansion coefficient
of the various layers. With Eq. (1), the thermal expansion
coefficient of all the layers are computed and collected in
Table 8, while the thermal expansion coefficients mismatches
b
l
l

layer (30 vol.% mullite) and the substrate. This causes high
interfacial shear stresses, accounting for the substrate cracks
parallel to the interface; in fact, the weakest part of this system
seems to be the substrate itself. In the three- and four-layered
coatings, the bottom layer-substrate CTE mismatch is very
small. In the three-layered the greater mismatch lies between

Table 8
Thermal expansion coefficients of all layers and of substrates

Layer α (×10−6 ◦C−1)

100% Alumina 7.69
30% Mullite–70% alumina 7.11
65% Mullite–35% alumina 6.21
100% Mullite 4.93
Substrate: EXTRA55 5.73
Substrate: EP 4.85

Note: CTEs of composite layers were calculated with Eq. (1).

Table 9
Thermal expansion coefficient mismatches between adjacent layers

Layers �α (×10−6 ◦C−1)

Alumina–30% mullite 0.58
30% Mullite–65% mullite 0.90
65% Mullite–100% mullite 1.28
1
3
3
6

etween adjacent layers and between layers and substrate are
isted in Table 9. It is immediately apparent that, in the two-
ayered coatings, the greater mismatch is between the bottom
00% Mullite–EP substrate 0.08
0% Mullite–EXTRA55 substrate 1.38
0% Mullite–EP substrate 2.26
5% Mullite–EXTRA55 substrate 0.48
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Fig. 14. Digital images of chemically tested samples (the glass has a dark
blue colour because of the high content of NiO, CoO, MnO2): (A) two-
layered coating on EXTRA55 substrate (1400 ◦C test temperature); (B)
three-layered coating on EXTRA55 substrate (1400 ◦C test temperature);
(C) four-layered coating on EP substrate (1300 ◦C test temperature).

the 30 vol.% mullite layer and the 65 vol.% mullite layer; in
the four-layered, it lies between the 65 vol.% mullite layer
and the pure mullite one; thus, the greater shear stresses
are located at these interfaces. This perfectly matches the
experimental observations showing cracks shifting from per-
pendicular to parallel to the substrate interface exactly along
these layer boundaries. Obviously, these results point out to
the fact that future developments must include an improved
layered structure design to decrease and equally part the CTE
mismatch among layers.

3.4. Chemical resistance

Fig. 14A–C shows the two-, three- and four-layered coated
samples after the chemical resistance test. Fig. 15A and B is
the cross-sectional SEM micrograph of the chemically tested
uncoated refractories: it is obvious that they underwent a deep
glass penetration, with depths of more than half millimetre
to 2 mm. The glass infiltrated the numerous open pores and
dissolved the phases with lower chemical resistance, like mul-
lite; consequently, the alumina grains float unsupported in the
glass (see black arrows), undergo increasing chemical attack,
and are dragged away by convection motions inside the glass
itself. Eventually, the refractory would disrupt. X-ray diffrac-
tometry confirmed that corundum is the only crystalline phase
on the surface of corroded refractories, confirming that the
mullite phase which bonded the alumina grains was easily
removed by the glass percolating into the pores.

In all the tested coatings, instead, SEM micrographs
(Fig. 16A–E for two-layered coatings on EP and EXTRA55,
Fig. 18 for three-layered coatings on EXTRA55 and four-
layered coatings on EP) indicate that the coatings have been
very little affected by the molten glass, and fundamentally
retained their original structure (Fig. 16A). Detailed SEM
micrographs indicate that significant alterations were caused
by glass penetration just down to a depth of about 50 �m
(Fig. 16B and C). In such very thin layer, alumina reacted
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Fig. 15. SEM micrographs of chemically tested uncoated refractories, cross-sections
Black arrows indicate unsupported alumina grains floating in the glass.
ith the glass: it was probably partially dissolved and then
e-crystallized due to glass saturation, so that large polyg-
nal alumina grains appear. On top of that re-crystallized
ayer, several small polygonal crystals are present, looking
ery bright in backscattered SEM micrographs. According
o EDS microanalysis, they contain large amounts of Al and
i and smaller amounts of Co, Mn, Fe, Zn. X-ray diffraction

eveals that these grains are Ni-based spinel (NiAl2O4), con-
aining other metal ions in solid solution: presumably, they are
he result of some chemical reaction between the glass and
he dissolved alumina. Superficial SEM micrographs con-
rm that the glass reacted with alumina on the very surface,
ausing re-crystallization; such re-crystallization sometimes
roduces peculiar microstructures, like extremely smooth,

: (A) EXTRA55, 1400 ◦C test temperature; (B) EP, 1300 ◦C test temperature.
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Fig. 16. SEM micrographs of chemically tested two-layered coating on EXTRA55, cross-section: (A) general view; (B) alumina layer; (C) alumina layer, detail
near the surface; (D) 30 vol.% mullite layer with substrate interface; (E) general view with thermal shock cracks.

lamellar grains (Fig. 17A) or larger, blocky grains where the
growing crystal planes are recognizable (Fig. 17B). Below
the thin surface re-crystallized area, most of the alumina
layer retained its unaltered microstructure (Fig. 16C). From
EDS analysis, a small amount of SiO2–CaO glass (depleted

in the transitional metal ions because of the surface reac-
tion) infiltrating the pores is detectable. This results in a
porosity reduction of the top alumina layer down to about
4–5%. Therefore, this limited amount of infiltrated glass
does not impair the coating performance; instead, it acts as a

Fig. 17. SEM surface view of chemically tested coatings: (A) extremely thin lamellar alumina crystals, with very small spinel grains among them; (B) polygonal
alumina grains, with crystal growth planes clearly visible.
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top layer sealant, hindering further glass percolation. On the
other hand, the presence of the glass is detrimental to ther-
mal shock resistance both in itself and because it nullifies
the advantage of the low modulus as-sprayed microstruc-
ture. In the two-layered coating, the lower composite layer
was partly affected by some of the percolating glass, which
reacted with mullite splats, altering their appearance: some
Ca, an element which is present in the glass but not in the
plasma-sprayed layers, is detectable by EDS in the altered
mullite splats (Fig. 16D). However, the composite layer was
not excessively attacked; in fact, it retained its fundamen-
tal microstructure, and completely prevented the glass from
reaching the substrate: unaltered mullite splats exist next to
the substrate interface (Fig. 16D). The mullite alteration by
the molten glass confirms its low chemical resistance, which
has already been highlighted by the heavy glass attack on

the substrate. As the thermal shock tests indicated, trans-
verse cracks appeared during cooling (Fig. 16E); these cracks
would be preferential paths for glass penetration to the sub-
strate if the refractory was to undergo a second operating
cycle.

The three-layered coating has a very similar appearance;
the glass altered the first 50 �m of the top alumina layer
(Fig. 18A) and partially infiltrated the small pores (Fig. 18B
and C), reducing its overall porosity. In both cases, the glass
never attacked the lower layers; in fact, only in the 30 vol.%
mullite layer displays some limited evidence of molten glass
alteration, while mullite seems absolutely unaltered both in
the 65 vol.% mullite layer and the pure mullite one. Micro-
craks are much less numerous and, as already observed in the
thermal shock tests, they do not reach down to the substrate,
but are deflected parallel to the substrate across the 65 vol.%
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ig. 18. SEM micrographs of chemically tested 3- and four-layered coatings, cross
urface; spectrum 1 and 2 label the two microanalysis spots made on it; (C) EDS spe
rom the surface; (D) deflected cracks in four-layered coating on EP substrate.
-sections: (A) alumina layer near the surface; (B) alumina layer under the
ctra, the presence of Si, Ca and Na in spectrum 2 indicates percolated glass
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Fig. 19. Cross-sectional SEM micrographs of thermo-chemically tested two-layered coatings: (A) alumina layer near the surface after four cycles; (B) 30 vol.%
mullite layer with substrate interface after four cycles, showing unaffected mullite splats for a >100 �m thickness; (C) general view after four cycles with glass
percolating down pre-existing cracks and reaching the substrate. Black arrows indicate the glass percolation path and the substrate area reached by the glass.

mullite layer (Fig. 18D). Therefore, in a second operating
cycle, the glass would not percolate to the substrate.

3.5. Thermo-chemical cycles

In the two-layered coating, an increasing number of trans-
verse cracks appear during the repeated cycles. The top layer
again shows excellent chemical resistance, with pores sealed
by molten CaO–SiO2 glass after three cycles (Fig. 19A), as
indicated both by the decreasing top layer porosity (Fig. 20)
and by the thickness of the unaltered alumina–mullite layer,
decreasing in the first three cycles down to a constant value
of at least 100 �m from the third to the fifth cycle in all
cases (Fig. 19B). However, after some cycles, the transverse
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thermal shock cracks allow the glass to percolate down to
the substrate, as expected, as very clearly noticeable in SEM
micrographs (Fig. 19C).

In the three-layered coating, almost no macrocracks were
formed after the first cycle, and few are present after the fol-
lowing ones; however, the coating starts undergoing bulging.
In the first cycles, some cracks appear in the coating, but,
similarly to the thermal shock tests, they are deflected and
propagate parallel to the substrate across the 30 vol.% mul-
lite layer. Thus, the molten glass cannot directly reach the
substrate in the subsequent cycles (as in two-layered coat-
ings), but large amounts can enter in contact with mullite
in some spots: mullite (whose poor chemical resistance, is
clearly confirmed also in this case by SEM micrographs) is
then dissolved by molten glass, compromising the compos-
ite layers cohesion and affecting their mechanical strength.
Eventually, in such areas, the alumina splats float unsupported
in the molten glass. Thus, bulges are formed by expansion of
air entrapped in the pores. After five cycles, the composite
layers have been so degraded that the glass has managed to
make its way down to the substrate (Fig. 21). Therefore, even
though the three-layered coating possesses an enhanced ther-
mal shock resistance, the deflected cracks act detrimentally,
rather than beneficially, to the thermo-chemical behaviour
after a significant number of cycles, because they constitute
easy paths for the molten glass to massively reach the mullite
l
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ig. 20. Porosity of alumina top layer after thermo-chemical cycling tests
n 2- and three-layered coatings on EXTRA55 substrate.
ayer, thus thwarting the protective action of the top alumina
ayer, which would still be effective, as the 65 vol.% mullite
ayer remains unaltered in those areas where the glass could
ot penetrate through the deflected cracks.
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Fig. 21. Cross-sectional SEM micrograph of three-layered coating after five thermo-chemical cycles showing that the glass percolated through the deflected
cracks has dissolved the mullite splats, disrupted the 65 vol.% mullite layer and made its way down to the substrate.

4. Conclusions

In the present work, thick corrosion resistant ceramic coat-
ings have been plasma-sprayed on sintered ceramic refracto-
ries, aiming at a substantial improvement of the wear and
corrosion resistance of the substrates, so that they can be
employed in very aggressive industrial environments, for
instance in molten glass processing plants.

The following conclusion can be drawn from Section 3:

• 1 mm thick protective layered coatings on sintered
alumina–mullite low cost refractories, with a thick
(≥400 �m), low porosity (≈6%) alumina top layer and
alumina–mullite composite lower layers were successfully
produced by plasma-spraying pure ceramic powders with
a double feeding equipment.

• The coating adhesion to the substrate was found to be
excellent; in fact, in no cases coating delamination at the
interface did occur after thermal or chemical tests.

• The coating improves by almost one order of magnitude the
abrasion resistance with respect to the uncoated refractory
substrate.

• The chemical resistance to continuous contact with molten
glass was also largely enhanced: the sintered refractory
uncoated surface is disrupted by the glass, which pene-
trates down to 1–2 mm into the material, easily dissolves

•

face, are formed due to tensile stresses; cracks in the
substrate, parallel to the interface, are formed by tan-
gential stresses around the interface. The CTE mismatch
between bottom layer and substrate was found to be too
high. Under combined thermal and chemical cycling, the
top layer offered a very effective barrier against the molten
glass, with the small pores being sealed by the glass and
eventually preventing any further glass penetration after
three cycles; however, the transverse cracks allowed some
glass to reach the substrate in certain locations after some
cycles.

• Three-layered coatings on EXTRA55 substrate possess
improved thermal shock resistance, as cracks are much
less numerous and deflected from perpendicular to paral-
lel to the interface, but layers design should be improved in
order to achieve an equal partitioning of the CTE mismatch
between layers. The excellent chemical resistance has not
been impaired. Unfortunately, four-layered coatings on EP
substrate still develop a great number of thermal shock
cracks, although the cracks are again deflected. Again, the
layered structure must be improved to avoid large CTE dif-
ferences between some adjacent layers. Under combined
thermal and chemical cycling, the three-layered coating
is bulged, because the deflected cracks allow the glass to
reach the composite layers and dissolve the mullite splats,
compromising their mechanical strength; eventually, the

•

•

mullite and other low chemical resistance phases, and
removes alumina blocks by convective motions; the coat-
ing, instead, undergoes no significant structural changes
(with an altered surface layer of barely ≈50 �m) and
completely prevents the molten glass from reaching the
substrate.
However, a two-layered coating has poor thermal shock
resistance, because thermal stresses accumulate during
cooling. Cracks in the coating, perpendicular to the inter-
glass can reach the substrate by dissolving more and more
mullite splats.
Therefore, future developments involve improving the lay-
ered structure of the coating in order to overcome the
thermal shock cracking troubles and also testing differ-
ent materials with good thermo-chemical stability and
improved chemical resistance.
A deeper understanding of the mechanisms leading to ther-
mal shock cracking is also required; therefore, numerical
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finite elements simulations are being performed on the
coatings with thermo-elastic models in order to reproduce
stress distribution and crack propagation paths during cool-
ing. The results of this study will be the subject of a further
paper.
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