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bstract

efractory paints based on silicon carbide (SiC) were developed using inorganic alkali aluminosilicates binders. In order to optimize the binders,
ifferent raw materials have been tested for their preparations (calcined kaolin, commercial metakaolin, �-alumina and fumed silica synthetic
owders). The alkali activator was an aqueous solution of KOH/K2SiO3. The SiO2:Al2O3 molar ratio was equal to 4 and the SiO2:K2O molar
atio was 2. Calcined kaolin and metakaolin in alkaline conditions dissolved and re-precipitated to form geopolymer resins acting as a glue for the

n-reacted Al–Si materials and SiC (90 wt.%). Binders based on �-alumina and fumed silica behaved as water glass. Binders and SiC paints were
ested and characterized in inert and oxidative atmospheres up to 1300 ◦C. The oxidation of the SiC paints was 50% lower than that of pure SiC,
videncing a key role of the alkali aluminosilicate binders during the thermal treatments.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

High-temperature resistant coatings represent an important
ssue due to their relevant potential applications (turbines,
ngines, aeronautic, etc.). Although many ceramic coat-
ngs applied with several technologies have been developed,
heir preparation is expensive, complex and needs specific
quipments.1–6 Ceramic coatings may also be formed by spray,
ip, or brush ceramic paint directly on the surface of the
omponents. This represents an effective, economic, and work-
ble way of protecting metal or ceramic components in severe
nvironments. However, the preparation of a high-temperature
esistant ceramic paint requires the application of inorganic
inders.7 Binders based on inorganic compounds exhibit signif-
cant advantages, since they are non-off gassing during setting
nd do not burn, ignite or release any smoke or gas when heated.
Alkali aluminosilicate binders may be regarded as inorganic
olymers, the so called geopolymers, and represent promising
norganic alternatives to organic matrices for the preparation of

∗ Corresponding author. Tel.: +39 0546699751; fax: +39 054646381.
E-mail addresses: valentina.medri@istec.cnr.it,

alentinamedri@hotmail.com (V. Medri).
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omposite materials.8,9 Geopolymers belong to alkali bonded
eramics (ABC),10 i.e. one class of the chemically bonded
eramics (CBCs). Chemically bonded ceramics can be pro-
uced at low temperatures by chemical reactions. The reaction
f an aluminosilicate powder with a highly concentrated alkali
ydroxide solution (KOH, NaOH) as an activator and/or with
ilicate (potassium or sodium) solution results in the forma-
ion of a synthetic alkali aluminosilicate. This material can
e either amorphous or semi-crystalline. Nevertheless, recent
esearches suggest that geopolymers may be regarded as an
morphous analogue of zeolites.11,12 During geopolymeriza-
ion a three-dimension (3-D) network consisting of SiO4

2−
nd AlO4− tetrahedra sharing oxygen corners and linked in
n alternating sequence is formed. The geopolymer resin con-
ists of nano-precipitates11,13 that act like a glue sticking
ogether the unreacted Al–Si starting materials and fillers (pow-
ers or fibres, glasses, ceramics, metals or organics) forming
he geopolymer composite materials. Different fillers can be
sed to tailor specific physical and thermo-mechanical prop-
rties of the geopolymer composites in the dependence on their

14–22
pplications.
Metakaolin and industrial wastes such as fly ashes are

redominantly used as starting raw aluminosilacate powders.
owever, also natural minerals, blast-furnace slags or any source

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.006
mailto:valentina.medri@istec.cnr.it
mailto:valentinamedri@hotmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2011.05.006
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Table 1
Characteristics of the natural aluminosilicatic raw powders. LOI: loss of ignition at 1000 ◦C; D50: mean grain size; ssa: specific surface area.

Sample Chemical composition, % LOI D50 ssa Crystalline phases

Al2O3 SiO2 Fe2O3 TiO2 K2O Na2O CaO MgO % �m m2/g

Kaolin source for
metakaolin A

37.60 43.73 1.23 1.65 0.51 0.21 0.15 0.20 14.7

Quartz
1.2 18 TiO2

3.5a 30a Gibsiteb

Illite 2M2
Metakaolin B 39.71 53.55 1.50 1.40 0.92 0.00 0.09 0.15 2.7 1.7 19 QuartzMuscovite 3T
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a After calcination at 750 ◦C for 15 h.
b Gibbsite transformed into �-Al2O3 during calcination.

f silica and alumina can be employed. Nevertheless, metakaolin
emains the most reactive under alkaline conditions.23

The treatment of geopolymers at elevated temperatures
esults in their transformation to glass-ceramics. Depending
n the stoichiometry and composition of starting material, the
ormation of nepheline (Na2O·Al2O3·2SiO2, Tmelt > 1526 ◦C),
eucite (K2O·Al2O3·4SiO2 Tmelt > 1698 ◦C), and pollucite
Cs2O·Al2O3·4SiO2, Tmelt > 1900 ◦C) has been previously
eported.10,19,24,25

In this study, the fabrication of an easy-to-prepare (by mix-
ng of two components) and easy-to-apply (by brushing) SiC
efractory coating based on geopolymer binder is reported. A
oarse re-crystallized �-SiC (R-SiC) was used as the main filler
omponent of the refractory paint. Ability to withstand high
orking temperatures, excellent corrosion resistance, good ther-
al shock resistance and high thermal conductivity are typical

roperties of R-SiC. The alkali aluminosilicate binders were
repared using either metakaolins or �-alumina and fumed
ilica as raw source materials and alkali aqueous solution of
OH/K2SiO3 as activator. Pure binders and prepared SiC paints
ere tested and characterized in inert and oxidative atmospheres
p to 1300 ◦C.

. Experimental procedure

.1. Binders and paints preparation

Three alkali aluminosilicate binders were prepared by using
wo different metakaolins and �-alumina and fumed silica as
aw materials. Metakaolin A was prepared from commercial
aolin (BS4, AGS Mineraux, Clèrac, France) by calcination at
50 ◦C for 15 h in an electric kiln. Metakaolin B was M1200S
lways from AGS Mineraux. The main characteristics of these
wo parent materials are reported in Table 1. BET analyses were
erformed using a SORPTY 1750 Carlo Erba Instrument. A
arian Liberty 200 inductively coupled plasma optical emission
pectrometer (ICP-OES) was used for the composition analysis,
ruker D8 Advance diffractometer with CuK� radiation was
sed to analyze the crystalline phases.

As synthetic aluminosilicate sources, �-Al2O3 (Baykalox

lumina High Purity CR30F, Baykowsky, France) with a spe-

ific surface area of 26 m2/g and fumed silica powder (99.8%,
igma–Aldrich, Germany) with 255 m2/g of specific surface
rea were used.

2

d

Potassium silicate solutions with a SiO2:K2O molar ratio
qual to 2.00 and a H2O:K2O molar ratio equal to 23.00 were
repared by dissolving KOH pellets (purity >99%, Merck,
ermany) into potassium silicate aqueous solution with a
iO2:K2O molar ratio equal to 3.57 (KSil 35Bè R3.5, Ingessil,
taly) under magnetic stirring. Geopolymer binder resins with
iO2:Al2O3 molar ratio equal to 4.00 were prepared by manually
ixing raw powders with the KOH/K2SiO3 aqueous solution.
he resulting slurries were then placed in sealed plastic moulds
nd cured in a heater at 80 ◦C for 24 h.

Re-crystallized silicon carbide powder (R-SiC) (�-SiC grade
00F, SIKA TECH, Saint-Gobain Ceramic Materials, Germany)
as used as a basic component of the paints. R-SiC powder

xhibits a bi-modal distribution centred at 150 �m (20%) and
5 �m (80%), with a specific surface area of 0.58 m2/g. Paints
ere prepared by eccentric mixing of the R-SiC (65 wt.%) with
etakaolins or �-Al2O3 and fumed silica (7 wt.%) followed by
ixing of the powder mixture with the KOH/K2SiO3 solution

14 wt.%) and additional water (14 wt.%) with spatula. After
etting and water removal, the weight fraction of R-SiC corre-
ponded to 90% of the paint.

Paints were placed in sealed plastic moulds to produce cylin-
ers of 25 mm length and 5 mm diameter or applied by brushing
n Si3N4-TiN ceramic substrates (CTE 5 × 10−6 ◦C−1) and
ured at 80 ◦C for 24 h.

.2. Microstructural characterization

Metakaolins were investigated by27 Al MAS-NMR spec-
roscopy using a Bruker Avance 500 MHz (11.7 T) Wide Bore
pectrometer, equipped with a 4 mm o.d. ZrO2 rotor with a rota-
ion speed of 12 kHz. High-power decoupling sequences with
/12 (0.7 �s) excitation pulse were applied to allow the quan-

itative analysis of the investigated samples. The27 Al NMR
bserved chemical shift was referred to an aqueous solution of
l(NO3)3. For detailed and quantitative analyses, spectra were

imulated using Dmfit software.26

Both binders and paints were examined after curing and ther-
al treatments by SEM-EDS (SEM, Cambridge S360, UK;
DS, INCA Energy 300, Oxford Instruments, UK) and XRD.
.3. Thermal characterization and oxidation behaviour

Dilatometric analyses were performed with a DIL402
ilatometer (NETSCH, Geraetebau, Germany) on cylinders of
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Fig. 1. Al single pulse MAS-NMR spectra of the m

5 mm length and 5 mm diameter up to 1300 ◦C in flowing
r (heating rate 10 ◦C/min). Thermal treatments were per-

ormed both on binders and paints at 1300 ◦C under an Ar flux
ith a permanence of 1 h (heating rate 10 ◦C/min). The linear

hrinkages were measured with a calliper (accuracy ±0.01 mm).
xidation tests were performed on paints and R-SiC powder
ith a non-isothermal simultaneous thermal analysis (Polymer
hermal Science STA 1500) in static air with a heating rate
f 10 ◦C/min. Long term oxidation tests were performed for
00 h at 1200 ◦C using a laboratory kiln and operating in static
ir.

.4. Scratch tests

Adhesion of coatings to the substrate was evaluated before
nd after long term oxidation by a CSM Revetest apparatus,
quipped with detectors for the acoustic emission (AE) and the
rictional force (F�). The scratch test was performed with a
oving diamond indenter pressed on the sample surface with

ncreasing load (maximum applicable load 200 N). A diamond
ockwell C-like conic scratching tip with a 200 �m radius was
sed and the applied normal load was continuously increased
p to 50 N, using a loading rate of 100 N/min and a speed of
0 mm/min. The normal load, friction force and acoustic emis-
ion signals were continuously recorded during scratching. The
ritical normal load for crack initiation, first cohesive failure and
rst exposure of the substrate material were determined by the
hanges in AE and/or F� reading, as well as by after-test optical
nd scanning electron microscopy examinations.

The mean surface roughness (Ra) of R-SiC coatings was
educed to a value lower than 10 �m by polishing the samples
ith diamond pastes. Further polishing was not possible to pre-
ent the coating removal from the surface. It is known that a
roper assessment of adhesion properties requires a lower sur-
ace roughness27; however, the experimental results obtained

n the aforementioned conditions can be used as a qualitative
omparison between the materials. Moreover, their repeata-
ility gave confidence on their reliability as it will be seen
elow.

y
h
Q

aolins A (a) and B (b) with spectra simulations.27

. Results and discussion

.1. Alkali aluminosilicate binders and SiC based paint

Metakaolin powders react in alkali medium giving geopoly-
er nano-precipitates that act as a binder of R-SiC powder.
owever, the metakaolin reactivity is not uniform and depends
n both its morphology and degree of dehydroxylation, and may
esult in the different degrees of its geopolymerization.28,29 The
esulting un-reacted metakaolin then plays the role of filler, often
mproving mechanical properties of geopolymer formed.

The higher surface area of the calcined metakaolin A with
espect to metakaolin B (Table 1) suggests a potentially higher
eactivity during the initial dissolution process of geopoly-
erization. Moreover, the two parent metakaolins exhibit also

ifferent compositions in the term of crystalline phases inert to
eopolymerization (Table 1). According to Zibouche et al.30,
he presence of inert secondary phases does not influence the
eopolymerization reaction.

In both metakaolins,27 Al MAS-NMR spectroscopy was
mployed to analyze the amount of aluminium atoms with
ifferent reactivity in the geopolymerization process. Single
ulse27 Al MAS-NMR spectra of both metakaolins together
ith their simulations are showed in Fig. 1. According to

he literature,29,31,32 the presence of octahedral (AlVI), penta-
oordinated (AlV), and tetrahedral (AlIV) Al atoms in oxidic
nvironment is evidenced by resonances around 0, 30 and
0 ppm for both samples. Nevertheless, the two metakaolins dif-
er in the intensity of the signal of AlIV and AlV atoms. Moreover,
n the spectrum of metakaolin A two signals in the octahedral
egion are present. The first, asymmetric and with a maximum
t 3 ppm, was also observed in metakaolin B. The resonance at
0 ppm can be instead attributed to illite or �-Al2O3 and reflects
he presence of impurities in the raw material. This suggestion
s in a good agreement with the results of X-ray diffraction
Table 1). Al and Al atoms are formed during the dehydrox-
V IV
lation of the kaolinite to form metakaolinite and the AlV atoms
ave been reported to be most reactive in alkaline conditions.29

uantitative analysis of the spectra evidences the presence of
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Fig. 2. SEM micrographs showing the microstructure of the alkali aluminosilicate binders after curing. The raw powders are metakaolins A (a) or B (b), and �-Al2O3

plus fumed silica (c).

Fig. 3. SEM micrographs showing the microstructure of the surface (a) and of the bulk (b)–(d) of the R-SiC-based paints after setting. The aluminosilicate raw
powders are metakaolin A (a) and (b), metakaolin B (c) and �-Al2O3 plus fumed silica (d).
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or synthetic raw materials, i.e. �-Al2O3 plus fumed SiO2.

0% of AlV in metakaolin A compared to 50% in metakaolin B;
n the other side, concentration of AlVI is higher in metakaolin
compared to metakaolin A (25 and 20%, respectively).
SEM micrographs of the fracture surfaces of the alkali alu-

inosilicate resins after setting are reported in Fig. 2. Binder
esin prepared using BS4 (Fig. 2a) exhibits both larger grain
ize and tighter bond between particles than the resin obtained
rom M1200S (Fig. 2b), where unreacted potassium silicate was
learly detected.28 The microstructure of the binder synthesised
sing �-alumina and fumed silica was continuous, due to the
olidification of the water glass (potassium silicate solution)
mbedding unreacted Al2O3 particles (Fig. 2c).

The microstructure of the surfaces appears almost the same
n all paints, because of a water glass enrichment on the top
ayer (Fig. 3a). However, according to the previously mentioned
eatures, R-SiC grains are covered by geopolymer precipitates of

bout 70 nm when metakaolin A is used (Fig. 3b) or by partially
eacted particles when metakaolin B is used (Fig. 3c). On the
ontrary, R-SiC is surrounded and embedded by a layer of water

p
t
c
f

lass in the case of binder prepared using �-alumina and fumed
ilica (Fig. 3d).

.2. Thermal behaviour in inert atmosphere

The thermal behaviour of the prepared paints was monitored
y dilatometric analysis up to 1300 ◦C in Ar (Fig. 4); the inert
tmosphere was chosen to avoid to increase the amount of silica
n the system due to R-SiC oxidation at high temperature.

The derivatives of the dilatometric plots (Fig. 4b) evidence
he changes in axial shrinkages. The first contraction occurring
n the temperature range 100–200 ◦C is related to the overall
esorption of water from the micro and macro pores as already
bserved in geopolymers by Bell et al.25 For all samples, the
aximum rate of contraction is observed at 125 ◦C. Then, the

◦
lots exhibit an almost linear trend up to about 700 C. In the
emperature range 300–500 ◦C, the thermal expansion coeffi-
ients (CTE) are 5.7 and 4.8 and 5.2 × 10−6 ◦C−1, respectively
or paints where metakaolin A, metakaolin B and �-alumina
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Table 2
Linear shrinkages of the binders and R-SiC paints after thermal treatment at
1300 ◦C for 1 h in Ar.

Aluminosilicatic raw powders Linear shrinkage (%)

Resins SiC paints

Metakaolin A 7.5 0.1
Metakaolin B 24.8 1.5
�-Al2O3; fumed SiO2 melt 0.2

504540353025201510
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hermal treatment at 1300 C for 1 h. SA stands for synthetic raw materials, i.e.
-Al2O3 plus fumed SiO2, while 1300 indicates the temperature of the thermal

reatment.

nd fumed silica are used. These CTE values are close to R-SiC
alue (5–5.5 × 10−6 ◦C−1)33 as a consequence of the rule of the
ixtures.
Table 2 reports the shrinkages of the resin and paints after

hermal treatment in Ar at 1300 ◦C for 1 h. The XRD spectra
Fig. 5) reveal the presence of leucite, as the main phase. Traces
f �-Al2O3 are observed in the resin from metakaolin A, as the
esult of the �- to �-Al2O3 phase transformation at high tem-

erature. The high temperature form of sanidine (KSi3AlO8)
s present in the resin from metakaolin B. Sanidine was also
bserved after multiple firings by Mackert and Evans.34 In

u
r
t

ig. 6. SEM micrographs showing the microstructure of the polished cross section
reatment at 1300 ◦C for 1 h. The aluminosilicate raw powders are metakaolin A ((a)
ramic Society 31 (2011) 2155–2165

articular, the presence of sanidine may be attributed to an incon-
ruent melting to leucite plus liquid above 1050 ◦C.35 Moreover,
he linear shrinkage after thermal treatment is about three times
reater in the resin from metakaolin B than in the resin from
etakaolin A (Table 2). The resin from �-alumina and fumed

ilica behaves as a glass in the system K2O–Al2O3–SiO2, giving
fully amorphous XRD pattern. However, the paint shrinkage is
lmost the same of the paint from metakaolin A. The alkali alu-
inosilicate binder from �-alumina and fumed silica exhibits

he behaviour of water glass, allowing a better R-SiC parti-
le packing, with a consequent low shrinkage due to particles
earrangement by heating.

Geopolymers with molar ratio SiO2:Al2O3 equal to 4.00
ave been shown to crystallize into leucite, K2O·Al2O3·4SiO2,
y heating.25 Moreover, compositional heterogeneities, together
ith the presence of free alkali ions in the geopolymer structure,

avour the formation of a glassy phase.25 Actually, the resins
eact only partially and metakaolin particles and potassium sil-
cate are still present. This induces glass formation and a linear
hrinkage that is proportional to the glass amount and viscosity
uring liquid phase sintering.25 From dilatometric analyses and
hrinkages after thermal treatments at 1300 ◦C, it may be con-
luded that the higher viscous flow is produced by the use of
etakaolin B that is poorly reactive during geopolymerization.
ctually, any deviation from leucite composition or inhomo-
eneities may facilitate the glass formation.25

The great linear shrinkage upon heating of the resin and paint
btained from metakaolin B precludes their uses, as the coating
imensional change does not insure a homogeneous and stable
rotection of the substrates during heat exposure.

The SEM micrographs of Fig. 6 report the cross section and
racture surfaces after thermal treatment at 1300 ◦C of the coat-
ngs realized by brushing SiC-based paints using binders from
-alumina and fumed silica (Fig. 6a and c) or metakaolin A

Fig. 6b). Upon heating, R-SiC grains are embedded into a con-
inuous glassy phase when synthetic raw powders are used, while
-SiC particles are stuck each others when metakaolin A are

sed as a precursor of the binder. These features are obviously
elated to the aluminosilicate binder morphology and distribu-
ion after setting at 80 ◦C (Fig. 3). In particular, the geopolymer

(a) and of the fracture ((b) and (c)) of the R-SiC-based paints after thermal
and (b)) and �-Al2O3 plus fumed SiO2 (c).
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Fig. 7. Non-isothermal simultaneous thermal analyses in air (a) and normalized thermo-gravimetric curves (b) of R-SiC powder and powdered R-SiC-bases paints
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repared from different alkali aluminosilicate binders. SA stands for synthetic r
previous thermal treatment in inert atmosphere.

ano-precipitates from metakaolin A melt and form a thin layer
hat stick the R-SiC particles.

.3. Oxidation behaviour

Non-isothermal simultaneous thermal analyses in air of R-
iC powder and powdered R-SiC-bases paints prepared from
ifferent alkali aluminosilicate binders are reported in Fig. 7. No
eight change has been registered for R-SiC up to 600 ◦C, where
weight loss of 1% may be related to residual carbon combus-

ion, as suggested by the exothermic peak in the DTA analysis.
he apparent weight gain due to R-SiC oxidation to form sil-

◦
ca and gaseous carbon oxides starts at 780 C, as reported in
able 3. The R-SiC-based paints cured at 80 ◦C show a weight

oss due to water removal (vaporization), as suggested by the
ndothermic peak around 130 ◦C, confirming the dilatometric

o
a
C

terials, i.e. �-Al2O3 plus fumed SiO2, while 1300 indicates the temperature of

nalyses (Fig. 4). The weight losses at about 600 ◦C are related
o the oxidation of carbon as in R-SiC powder.

Normalized thermo-gravimetric curves in the temperature
ange 700–1000 ◦C (Fig. 7b) show different staring oxidation
emperatures and oxidation rates (Table 3) as a function of the
lkali aluminosilicate binders and thermal treatments.

By using binder from metakaolin A, the stating oxidation
emperature is 760 ◦C, i.e. 20 ◦C lower than in pure R-SiC, and
he oxidation rate is 2.5 ◦C/min, i.e. 61% of the R-SiC value
or 68% if the 90 wt.% R-SiC composition is considered). The
xidation starts at lower temperature because the silica layer,
hat is usually present on the R-SiC surface, is leached by the
OH/K2SiO3 solution. Moreover, the oxidation rate is slower
ecause it is associated with the weight gain due to the surface

xidation of R-SiC, that is less accessible than pure R-SiC due to
n irregular coating of geopolymer nano-precipitates (Fig. 3b).
hanges in the oxidation behaviour are not registered when a
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Table 3
Oxidation parameters such calculated on simultaneous thermal analysis and long term oxidation at 1200 ◦C in static air. Paints are indicated by the aluminosilicate
raw powders that constitute the binder, while 1300 indicates the thermal treatment at 1300 ◦C in inert atmosphere before the oxidation tests.

Sample STA analyses Long term oxidation

Starting oxidation
temperature, ◦C

Oxidation rate (850–1000 ◦C)
10−3 ◦C/min

Linear shrinkage
(%)

SiC oxidation
weight gaina (%)

Pure SiC 780 4.1 – 13.3
Metakaolin A 760 2.5 0 7.0
Metakaolin A-1300 760 2.5 – –
�-Al2O3; fumed SiO2 740 6.7 – –
�
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-Al2O3; fumed SiO2-1300 850 1.7

a The values are calculated considering 90 wt.% R-SiC paints and weight loss

hermal treatment at 1300 ◦C in inert atmosphere is performed
efore the STA analysis.

When fumed SiO2 and �-Al2O3 are used to produce the
inder, a thermal treatment at 1300 ◦C in inert atmosphere results
n an improved oxidation resistance. The oxidation rate is low-
red from 6.7 to 1.7 × 10−3 ◦C/min, while the staring oxidation
emperature increases from 740 ◦C to 850 ◦C. This trend may be
elated to a protective effect of the glassy phase that homoge-
ously surrounds the R-SiC grains (Fig. 6b). It follows that,
efore the oxidation treatments, the paints prepared using the

inder from �-alumina and fumed silica should be “stabilized”
y a thermal treatment at 1300 ◦C in Ar.

After long term oxidation at 1200 ◦C, the weight gains related
o the oxidation of SiC in SiC-based paints are about 50% of the

n
t
f

ig. 8. SEM micrographs showing the surface microstructure of the R-SiC coatings
200 ◦C. (a) and (b) R-SiC paint with binder from metakaolin A and setting at 80 ◦C; (
reatment at 1300 ◦C in Ar before oxidation test.
0 6.5

e to water removal and carbon oxidation (Fig. 7a).

ure R-SiC powder (Table 3), while shrinkages do not occur.
efore oxidation, the paints prepared with binder from synthetic

aw powders are stabilized in inert atmosphere, as discussed
bove.

The microstructural features after long term oxidation at
200 ◦C of the R-SiC paints applied on Si3N4-TiN composite
ubstrate are reported in Figs. 8 and 9. Si3N4-TiN composite was
hosen because of the linear expansion coefficient similar to that
f R-SiC and the well know oxidation behaviour at 1200 ◦C, that
s a limit temperature for the application of this composite.36,37
The oxidized surface of the R-SiC paint from metakaolin A is
ot homogeneous (Fig. 8a and b), since glassy areas are present
ogether with oxidized R-SiC particles. The glassy areas embed
acetted rutile grains up to 50 �m in size. The R-SiC paint from

applied on Si3N4-TiN composite substrate after long term oxidation tests at
c) and (d) R-SiC paint with binder from �-Al2O3 plus fumed SiO2 and thermal
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Fig. 9. Back scattered electron micrographs (BSE-SEM) showing the multilayered cross section of the R-SiC coatings applied on the Si3N4-TiN substrate after long
term oxidation tests at 1200 ◦C: I – SiC coating; II – oxidized Si3N4-TiN layer; III – Si3N4-TiN porous sub-layer; IV – Si3N4-TiN bulk. (a) and (c) R-SiC paint with
b ◦ y pha
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inder from metakaolin A and setting at 80 C: EDS spectrum shows the glass
umed SiO2 and thermal treatment at 1300 ◦C in Ar before oxidation test.

ynthetic raw materials shows a glassy surface with escaping
ores of few microns, due to gases evolution through the con-
inuous glassy phase, such as COx due to the oxidation of R-SiC
nd N2 formed by oxidation of nitrides in the substrate.36,37

longated TiO2 grains (up to 10 �m) are also observed on the
urfaces; the presence of rutile grains suggests that Si3N4-TiN
omposite substrate is partially oxidized, since TiO2 has been
bserved in the oxidation of TiN.36,37

The microstructural analyses of the mirror polished cross sec-
ions (Fig. 9) confirms that although the R-SiC coatings are well
dherent to the substrates (they survived the cutting and polish-
ng operations of the cross sections), the Si3N4-TiN substrate is
xidized. It is noteworthy that R-SiC coatings are macroporous,
ue to the non optimal R-SiC particle distribution within the
aints. The macroporosity offers an easy access to O2 and the
xidation resistance should benefit of its reduction. Moreover, as
he coatings are manually applied by brushing, the thicknesses

ay vary between 200 and 300 �m. However, the trend estab-
ished by STA analyses (Table 3 and Fig. 7) is confirmed by long

erm oxidation tests at 1200 ◦C.

The cross sections appear multilayered, because of the forma-
ion of two layers between the R-SiC coating and the Si3N4-TiN

c
7
t

se elemental composition in II; (b) SiC paint with binder from �-Al2O3 plus

ulk material, as well evidenced in Fig. 9: the former may be
escribed as an oxidized Si3N4-TiN layer, i.e. it is mainly formed
y the oxidation products of the substrate, and it is placed just
elow the R-SiC coating; the latter is a porous sub-layer situ-
ted just above the unreacted Si3N4-TiN bulk substrate. This
orous sub-layer is the consequence of the migration of TiN
articles that undergo oxidation and migrate within the glassy
hase toward the surface.36,37

By using binder from metakaolin A and a simple setting at
0 ◦C, an oxidized Si3N4-TiN layer ranging between 60 and
0 �m appears below the R-SiC coating (Fig. 9a and c). EDS
nalysis evidences that this layer is mainly composed by rutile
rains and silicatic glassy phase with Y- and Al-traces from
he sintering aids used to promote the complete densification
f the substrate36 and K-traces from alkaline alluminosilicatic
inder. The diffusion and reprecipitation of rutile occur both
n the surface and within the R-SiC coating because of the
ormation of a glassy phase that allows cations and oxygen
ounter-diffusion. The real reaction interface of the Si N -TiN
3 4
omposite is not clearly identified because of the presence of a
0 �m thick porous sub-layer between the oxidized layer and
he bulk material.
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Fig. 10. SEM micrographs showing the delamination track after scratch tests
performed on R-SiC paint with binder from metakaolin A and setting at 80 ◦C.
(
e

p
m
l
c
o
t

3

c
a
o

f
a
n
s
s
f

d
d
c

4

s

s
b
d
r
p
s
a

t
s
b
n
p
b
a
H
f
u
G
b
d
d
f
c
a
m

A

a

R

2. Angelelis C, Ducarroir M, Felder E, Ignat M, Scordo S. Mechani-
b) Starting zone of the delamination track and EDS spectrum confirming the
xposition of the Si3N4-TiN substrate.

For comparison, by using �-alumina and fumed silica as raw
owders for the alkali aluminosilicate binder and a thermal treat-
ent at 1300 ◦C in inert atmosphere before oxidation, a oxidized

ayer ranging between 30 and 60 �m appears below the R-SiC
oating and the diffusion of Ti (to form rutile on the surface) and
ther cations was scarce, while the porous sub-layer is 50 �m
hick.

.4. Adhesion resistance

A first indication of the good adhesion resistance of the SiC

oatings is the absence of exfoliation or detaching upon cutting
nd polishing of the cross sections before and after long term
xidation.
ramic Society 31 (2011) 2155–2165

Scratch tests were performed on R-SiC paint using binder
rom metakaolin A. After setting at 80 ◦C, cracks due to scarce
dhesion do not appear on the substrate, while coating delami-
ation starts at about 30 N (Fig. 10a). The EDS analysis on the
tarting zone of the delamination track confirms the Si3N4-TiN
ubstrate material exposition, showing the presence of Ti peak
rom TiN phase (Fig. 10b).

After long term oxidation at 1200 ◦C, no clear coating
elamination is observed: the glassy phase formation and inter-
iffusion during oxidation allow a tight adhesion between the
oating and the substrate.

. Conclusions

In this feasibility study, R-SiC refractory coatings have been
howed to perform as easy-to-prepare and easy-to-apply paints.

Alkali aluminosilicates inorganic binders are used to with-
tand high working temperatures. The binders may be prepared
y using metakaolins or �-alumina and fumed silica as raw pow-
ers, and a KOH/K2SiO3 aqueous solution. On the base of their
eactivity in the alkaline solution, metakaolins form geopolymer
recipitates that act as a glue for R-SiC particle. Binder from
ynthetic raw materials (�-alumina and fumed silica) behaves
s water glass (potassium silicate solution).

A key role of the alkali aluminosilicate binders on paints
hermal stability is evidenced. R-SiC paints, having minimal
hrinkage upon heating, have been successfully prepared using
inder from highly reactive metakaolins. Moreover, the prelimi-
ary oxidation tests evidence the good oxidation resistance of the
aints already after curing at 80 ◦C. R-SiC coatings applied by
rushing on Si3N4-TiN substrate were not optimized as a barrier
gainst oxygen penetration due to the presence of large pores.
owever, this new type of refractory material exhibits potential

or further improvements by the optimization of the R-SiC gran-
lometric distribution which should reduce the residual porosity.
ood adhesion of the paints on the substrate has been evidenced
y preliminary scratch tests and the absence of exfoliation or
etaching upon cutting and polishing of the cross section. The
eveloped SiC paint may be suitable to protect the substrate
rom erosion and/or cavitation at operating high temperature
onditions. Moreover, if the R-SiC protective coating is dam-
ged during the activity, the repair by a simple paint brushing
ay be hypothesized.
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