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ABSTRACT

Previous works have well demonstrated that particle size of the filler used in layered oxide formulation is the
first important parameter and must be decreased below 5 pm (Agrafiotis, 1999-2000 [10]). But once the par-
ticle size is set what are the next formulation parameters to highlight as critical? How do we improve cohe-
sion and adhesion of the coatings?

To highlight the key parameters driving the quality of coating, a model layered oxide material was prepared in-
side a pan granulator. The model composite sol-gel formulation is based on boehmite nanoparticles (binder) and
a monomodal two micrometer grain size gamma alumina (filler) which is applied onto alpha alumina beads sub-
strate. The influences of the wetting method and relative amount of filler and binder were investigated. Extensive
characterization and imaging of the layered materials (SEM, Cryo-SEM, EPMA, Washburn test, mechanical tests,
Hg-porosimetry) were used in order to follow the microstructure evolution of coating during and at the end of
drying. Several crack propagation schemes were observed and explained qualitatively.

Overall quality of coating is mainly related to the sol-gel transition of the binder. It defines if prior to shaping,
the binder primer will be able to improve the coating adhesion and it defines also the nature and extent of
damages that the coating undergoes during drying. The mechanical properties of layered oxide materials
obtained using composite sol-gel formulation are definitely correlated with the binder gel shrinkage during

drying.

1. Introduction

Layered oxide materials have often a hierarchical pore structure cre-
ating interesting features. Among them, the possibility to elaborate
egg-shell catalysts with specific active sites restricted to the external
material layer or in each material layers. The former strategy enables
an overall enhancement of catalytic reactions subjected to diffusion lim-
itations caused either by a low heat or a low mass transfer while the lat-
ter strategy constitutes an easy access to multifunctional materials.
Thus, layered oxide materials have found an increased interest in very
different application fields like exhaust depollution (NOy reduction)
[1], photocatalytic degradation of pollutants [2,3], CO, adsorption [4]
and various refining reactions [5]. Industrial layered oxide materials
are available as monoliths [6], beads [5], microreactors [7], or simply
flat coated supports [6]. Several authors have composed comprehensive
reviews of the coating methods which often involve CVD, PVD, electro-
phoretic deposition, and sol-gel technology [6-10]. The latter method is
of a special interest as it exhibits the advantages of being simple and
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up-scalable, the ability to coat complex geometries all in using low tem-
perature process and less complex equipment.

Sol-gel methods involve colloidal dispersion of oxides in water,
which is then destabilized to produce a gel by subsequent drying, in-
crease in ionic force, or neutralization of surface charges [11]. Disper-
sions are usually applied to supports by spray, dip or spin coating [12].
Despite its advantages, sol-gel technology presents strong limitations
towards the maximum thickness (about 10 um) reachable for a film
[12]. This situation arises from large stresses induced during drying
and/or densification. To address this issue, Barrow and Petroff [13]
have developed sol-gel composite coating procedure to exceed this
limitation i.e. when micrometric to submicrometric ceramic powders
(filler) are dispersed in a ceramic matrix (binder) to produce a xerogel
composite, a dramatic decrease of stresses are observed. The processing
of larger size ceramic coatings then becomes possible. Furthermore, all
metal oxide particles have also numerous surface hydroxyls creating
oxo-bridge bonds between coating components during sintering, and
thus improving coating anchoring and microstructure strengthening.
Hence, this approach reveals to be flexible as it allows a wide variety
of metal oxides able to be fitted to the formulation of suspensions.

Most of the published report deals with the preparation of thick
coatings on different substrates by an extensive optimisation of the pro-
cess and formulation parameters. It is rather proposed to rationalize the



Table 1
Physical properties of the y-Al,05 powder (see Materials charac-
terization for property definition).

V-Al,03
dy1o (m) 1
dyso (pm) 2
dygo (Hm) 3
Skeletal density (g/mL) 3.28
Grain density (g/mL) 1.59
Bulk density (g/mL) 0.77
Vineso (ML/g) 035
dmeso (nm) 7
Sger (M*/g) 223

shaping of such coatings by a preliminary understanding of key param-
eters which determine its overall quality. We argue that - once the
chemical compatibility between formulation components is established
(at a molecular level) and the filler has a sufficient small particle size
(<5 um [10]) - phenomena setting the general coating adhesion and
cohesion are all related to binder gelification. A model layered material
made of alpha alumina millimetric spheres coated by a gamma alumina
layer is chosen to highlight this assertion. For this purpose, a coating
process is developed for a pan granulator where a dry y-Al,05 powder
(filler) is added under a spraying of a boehmite sol (mineral binder)
onto a-Al,03 beads support. The relative proportion of binder and filler
and the initial support wetting methods are investigated.

2. Materials and methods

The layered oxide materials are prepared by coating a y-Al,03
powder (filler) with a boehmite dispersion (binder) on the external
surface of a-Al;,03 beads. The resultant materials are analysed using
morphological, textural and mechanical characterization.

2.1. Raw materials

a-Al,03 beads (Spheralite 512-Axens) sieved between 2.5 and
2.8 mm are used as a support. The nitrogen adsorption-desorption iso-
therm of Spheralite 512 is a type Il according to the [UPAC classification.
Spheralite 512 has a specific surface area of 8 m?/g. The average pore di-
ameter is 190 nm and porous volume is 0.48 mL/g. The mineral binder
is made from a water dispersible boehmite (Pural SB3-Sasol). Primary
particles are platelet-like morphology with an average crystallite size
of 5 nm. A home-made mesoporous y-Al,O3 powder is selected as filler.
vY-Al,03 grains are all spherical with a monomodal particle size distribu-
tion centred on 2 pm (Supplementary data, Fig. S1). Particle sizes, den-
sities, and textural properties of y-Al,O5 are grouped in Table 1.

2.2. Boehmite sols characterization

The water content W of a boehmite sol is defined as:

W — My o
Majo0H

where my,q is the water mass (g), and maioon is the boehmite
mass (g).

Table 2
Process parameters for investigating the effect of filler/binder ratio ¢.
Shaping duration (min) Filler flow rate (mL/min) © (vol.%)
26 0.52 133
45 0.30 8.9
65 0.20 7.2
85 0.16 6.1
100 0.14 54

116 0.12 4.8

The mineral binder is obtained by boehmite peptization with a
water solution of nitric acid (HNOs/AIOOH=3.35 wt.% and W =15).
The boehmite dispersion is agitated during 2 h before enduring a cen-
trifugation at 3800 g during 20 min to separate the non-peptized
boehmite. Supernatant constitute the initial boehmite sol used as
mineral binder. The latter boehmite sol is also sprayed in a diluted
form with a higher water content (W =32) to study its effect.

A dynamic light scattering instrument (Nanosizer ZS-Malvern) is
used to determine the autocorrelation function of the backscattered
intensity at 173° of an incident beam passing through boehmite
sols. The effective diameter calculated from the cumulant analysis is
used as a measurement of the mean particle size Z,y,. Particle size dis-
tribution - using a nonnegatively constrained least squares procedure
(NNLS) - generally exhibits either a multimodal and/or a broad distri-
bution for concentrated and diluted boehmite sols.

With “physical gels” like boehmite gel, sol-gel transition appears
with an increase of medium ionic strength, surface charge neutraliza-
tion, or a decrease of water content. As a unique boehmite sol formu-
lation was used in this work either in its initial or diluted state,
dependency of the sol-gel transition is restricted to only one param-
eter: the sol water content W. Usually when a sol-gel transition is
triggered, a dramatic rise of the macroscopic viscosity is observed.
This property is used to establish a phase diagram with a rheological
method. Thus, 1 L of the diluted boehmite sol (W =232) was divided
into 100 mL volumes and placed into a ventilated oven at 50 °C. The
choice of evaporation duration allows one to set the water content
W of each sample. When a sample reaches the room temperature, it
is placed into the air gap of a Couette rheometer (VT550-Haake).
Samples are briefly sheared at 1200 s~' and left static during
2 min. This preliminary procedure assures that each boehmite sol
has received an identical stresses historical before characterization.
Then a shear rate of 1200 s~ ! is applied for 30 s while dynamic vis-
cosity is recorded.

2.3. a-Al,03 beads wetting

Monitoring capillary rise of the liquids (water and boehmite sols)
inside the support is done with a Washburn test. a-Al,05 beads
are first grinded with a ball grinder and sieved between 150 and
250 pm. The resultant powder is placed into a 13.5 mm internal di-
ameter and 100 mm length tube fitted with a permeable base. The
tube is suspended above the studied surface liquid and on the beam
of a precision balance (107> g) (Balance 3S-GBX) to record the
mass evolution.

Some boehmite sols peptized with hydrochloric acid are also used
to wet a-Al,03 beads. As the X-ray fluorescence yield of chlorine is
much higher than nitrogen, it allows one to use the chlorine counter
ion as an X-ray marker. EPMA characterization (SX100-Cameca) is
used to locate the chloride ions which have diffused within the poros-
ity of a-Al,03 beads. These samples are examined on polished cross
section of beads embedded in a Bakelite resin. Five intensity profiles
are recorded for aluminium and chlorine with an accelerating voltage
of 15 kV and a backscattered electron detector.

Table 3

Volumetric fractions of pore &,y filled by the liquid and coating attrition rates for coated
a-Al,03 beads obtained with a filler/binder ratio ¢ equal to 4.8 vol.% and a wetting
method based on: water, a diluted boehmite sol, a concentrated boehmite sol.

Wetting liquid w & (VOL%) € (Wt.%)
Water +o 92 100
Diluted sol 32 83 62
Concentrated sol 5 10 88




2.4. Coating procedure

Coating equipment is a laboratory pan granulator GRELBEX P30
equipped with a cylindrical conical bowl. Coating procedure starts
with placing 100 g of beads in cascade state of flow at rotary speed of
40 rpm and 30° angle. Then surface wetting of a-Al,Os; beads is
performed. The volumetric fraction of pore ¢,y filled by the liquid is de-
fined to help the analysis of the wetting period:
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Fig. 1. SEM micrographs in polished section of coated a-Al,03 beads obtained with a
filler/binder ratio ¢ equal to 4.8 vol.% and a wetting method using: a) water, b) a dilut-
ed boehmite sol, and c) a concentrated boehmite sol.
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Fig. 2. Chlorine diametric distributions of o-Al,05 beads wetted with a concentrated
and diluted chlorhydric acid peptized boehmite sol measured by EPMA.

where m'’ is the volumetric flow rate of liquid (mL/min), t,, is the wet-
ting time (min), and V}, is the bead porous volume (mL). The wetting
time t,, is set as the moment when the cascade state of flow is about
to vanish. At this moment, a-Al,03 beads have received on its surface
a liquid film large enough for the further collection of filler particles.
Coating thickness is chosen to be 80 um and corresponds to the use of
13.6 mL of dry y-Al,05 powder, when considering the external surface
of a-Al,03 beads. y-Al,O3 powder is continuously added under sol
pulverisation with a volumetric flow rate m’y of 1 mL/min. The volu-
metric filler/binder ratio ¢ is defined as:

¢ — Paoon My-AL0,
Py-a1,0, MajooH

where majoon is the total mass of sprayed binder (g), paioon is the bind-
er grain density (g/mL) (calculated from a nitrogen adsorption isotherm
on a boehmite xerogel), py_ay,o, is the filler bulk density (g/mL), and
Mm,_,0, is the mass of added filler (g).
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Fig. 3. Pore size distribution of a-Al,03 beads and «-Al,O3 beads wetted with a diluted
boehmite sol measured by mercury porosimetry.



Fig. 4. SEM micrographs of a) a fractured a-Al,05 bead wetted with a diluted boehmite
sol and b) an «-Al,03 bead surface wetted with a concentrated boehmite sol.

To highlight the effect of the wetting method, the filler/binder ratio is
kept constant and equal to 4.8 vol.% and the used binder during the
coating stage is based on a concentrated boehmite sol (W=5). The
wetting stage is then performed with three different liquids: water
(W= +w), a diluted sol (W=32), and a concentrated sol (W=5).
The influence of the relative proportion of filler and binder is evalu-
ated by setting the wetting and coating liquid to a diluted sol (W=232)
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Fig. 5. Particle size distribution of a diluted (W=32) and a concentrated (W=5)
boehmite sol measured by DLS.
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Fig. 6. Capillary ascent kinetics of water and a diluted boehmite sol into a grinded
a-Al,03 bed measured by Washburn test.

and adjusting the couple (procedure duration, filler flow rate) consis-
tently (Table 2).

After adding the precursors, the coated beads are dried in a venti-
lated drying oven at 30 °C during 3 days. The coating rate d after dry-
ing is defined as follow:

d — my—Mg_ap0, 4
ma—A1203

where mq is the mass of coated beads after drying, and my,_,y,o, is the
initial mass of a-Al,03 beads. Efficiency e of coating process is evalu-
ated and defined as follow:

d x m,
_ALO
e = — %A 5
M0k + My a0,

2.5. Materials characterization

Pore size distribution of powder, beads and coated materials is deter-
mined by mercury porosimetry (Autopore 4-Micromeretics). Incerti-
tude on porous volume is 0.01 mL/g. Specific surface areas are
obtained by B.E.T. mathematical treatment on nitrogen physisorption
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Fig. 8. SEM micrographs in polished section of coated a-Al,05 beads using a 2 pm y-Al,O5 particle size filler with a filler/binder ratio ¢ of 13.3 vol.% a) and b); 7.2 vol.% c) and

d); 4.8 vol.% e) and f).

isotherms (ASAP 2420-Micromeretics). Skeletal densities of powders
are measured by helium pycnometry (Accupyc-Micromeretics). Powder
bulk density and grain density are calculated from pore size distribution
and skeletal density. Particle size distribution of powders (dy10, dyso and
dygo such as 10 vol.%, 50 vol.% and 90 vol.% of particles are under that
size, respectively) is measured by laser diffraction (Mastersizer 2000-
Malvern). Morphology of boehmite nanoparticles is observed by TEM
(JEM2100F-JEOL). Direct observation of raw materials and dried coated
material are performed by SEM (Supra 40-Zeiss). Observations are done
with an accelerating voltage of 5 kV with a secondary electron detector.
Coated material microstructures are analysed on diameter polished
section of coated beads embedded inside an epoxy resin. Observations
are done with an accelerating voltage of 15 kV with a backscattered
electron detector.

Cryogenic-SEM observations are used to follow the microstructure
of coated materials during drying. Samples are maintained on a support
within a small vice, before being inserted into a slush of nitrogen (60 K).
Frozen coated materials are instantaneously mounted on an intermedi-
ate sample stage cooled by liquid nitrogen (CT1500-Oxford). Surface of
coated materials are metalized by chromium and transferred to the lig-
uid N, cooled SEM sample stage prior to surface observations. Thereaf-
ter, the samples are placed back in the cryogenic transfer system fitted
with a knife which can be handled from outside. The samples are frac-
tured and Cr-metalized prior to cross-sectional observations. All micro-
graphs are captured with an accelerating voltage of 3 kV and a
secondary electron detector. Characterized coating formulations by
Cryo-SEM are those comprising the largest amount of sprayed binder
in order to highlight mechanisms altering the coating. Coated o-Al,03
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Fig. 9. Coating attrition rate of coated a-Al,05 beads using a 2 pum y-Al,05 particle size
filler given as a function of filler/binder ratio ¢.

beads are observed immediately after shaping, 2 h drying at 30 °C and
3 days drying at 30 °C.

2.6. Mechanical characterization

Before characterization, dried coated materials are sintered in a
muffle furnace at 600 °C for 2 h in air using a heating rate of 3 °C/
min. During that stage, boehmite particles lose its structural water
and are converted by a topotactic transformation into y-Al,03 [14].
A final coating rate c is defined as the coating mass is decreased:

c — mc_moc—AIZO3 6
My _al0,

where m. is the mass of coated material after calcination.

The choice of a mechanical characterization procedure for coated
spherical material is described in details elsewhere [15]. Mechanical
characterization is performed inside a drum attrition test. The device
is composed of a cylinder with an internal diameter of 40 mm and a
height of 80 mm closed at its ends by two stoppers screwed over a Tef-
lon shirt. The drum is rotated during 136 min using 25 g of coated
beads. At the end of each test, samples are sieved on 2 mm sieve during
1 min on a sieving machine Retsch AS-200 with the weakest intensity.
The oversized and undersized particles are called respectively “mother
particles” and “cuttings”. Attrition rate of the coating § is defined as fol-
low:

me—Mpy
€ X My_pl,0,

where my, is the mass of mother particles.
3. Results and discussion
3.1. a-Al;03 beads wetting

At the end of the wetting stage, the pore volume of a-Al;05 beads is
almost filled by water (€,, =92 vol.%) (Table 3). With a diluted boehm-
ite sol, the fraction of the porosity filled by liquid is slightly reduced.
When using a larger concentration of boehmite, the filled pore volume
radically drops (from &,, =83 vol.% to &,, = 10 vol.%) (Table 3).

Coatings are segmented in several blocks for all wetting methods
(Fig. 1). The damages looks stronger for a water wetting method as
some pieces of coating are missing (Fig. 1a). Hence, coating adhesion
is very weak for a water wetting compared to a boehmite sol wetting

(Fig. 1b and c). Those observations are in accordance with measured at-
trition rate which shows that the whole coating is removed when a
water wetting method is used (Table 3). Mechanical strength of coat-
ings is enhanced when a boehmite sol is used to wet the o-Al,03
beads, especially with a diluted boehmite sol (Table 3).

To better understand how the deposition of a boehmite primer en-
hances the coating adhesion and why using a diluted sol give better re-
sults, a new wetting operation (without shaping) was performed with a
boehmite sol peptized with chlorhydric acid (instead of nitric acid).
EPMA chlorine profile indicates a uniform distribution of chlorine into
the beads for both boehmite sol concentrations (Fig. 2). Thus, water
from boehmite sol is able to diffuse through alpha alumina beads.

As the longest dimension of boehmite platelet is 20 nm and the pore
size distribution of «-Al,05 beads is centred on 190 nm, one should also
expect an extensive penetration of single boehmite particles into the
support and thereby a modification of the initial porosity of the beads.
But pore size distribution of initial and impregnated beads remains al-
most identical (Fig. 3). Despite the large amount of sprayed boehmite
sol, the pore opening of a-Al,03 beads remains available and boehmite
particles do not coat the internal porosity of a-Al,03 beads. Only a slight
decrease of the porous volume is observed. It might indicate that depos-
ited boehmite is generating a small pore size that mercury porosimetry
measurement cannot reach within the range of applied pressure.

The boehmite deposit was located by SEM. With the diluted sol,
boehmite platelets slightly penetrate into the support (500 nm to
3 um depth) (Fig. 4a). The building of a composite interface made of
boehmite/alpha alumina prior to shaping further enhances the coat-
ing anchoring. When sol concentration is increased, the boehmite
particles remain on surface beads and form a thin crackled xerogel
film with a low adhesion (Fig. 4b). This clarifies why a wetting meth-
od with a diluted sol improves mechanical strength compared to a
concentrated sol.

If single boehmite particles are small enough to fit into alpha alumi-
na pores, what about aggregate of particles? Particle size distribution of
boehmite sols shows a large aggregation of boehmite elementary parti-
cles increasing with boehmite concentration (Fig. 5). For the concentrat-
ed sol, the mean aggregate size is so large - Z,,s = 520 nm compared to
the 190 nm pore diameter of oi-Al,03 beads - that it explains by itself
why all the boehmite particles are deposited on the surface of a-Al,03
beads. For the diluted sol, aggregate is smaller (Z,,;=68 nm) and
thus it does not explain why only a small periphery of o-Al,05 beads
is penetrated by boehmite particles.

Capillary suction kinetics of water and diluted boehmite sol through
a grinded a-Al,O3 bed are presented on Fig. 6. Water rise up quickly
into the a-Al,03 bed, while the diluted boehmite sol ascends initially
with an identical rate, but a rate breakdown occurs shortly afterward.
When the capillary tube was later opened, a boehmite gel plug was ob-
served at the bottom setting up a diffusion barrier.

The wetting of a-Al,03 beads with a boehmite sol is a dynamic phe-
nomenon. Indeed, as water diffuses much faster than boehmite aggre-
gates into a-Al,0s pores (because of the Van der Waals attractive
interactions between solids), the boehmite sol is progressively concen-
trated on the surface of «-Al, 03 beads. The formulated boehmite sol has
a gel point characterized by a critical gelation point at W, equal to 4
(Fig. 7) [16]. The quantity that drives the sol-gel transition is given by
the “gelification distance” defined as AW = |W — W|. While gelification
distance progressively approaches zero upon water capillary suction,
aggregation of boehmite particles becomes stronger while macroscopic
viscosity rises up. The last stage of this process is the appearance of the
sol-gel transition which freezes locally the sol on the surface of a-Al,03
beads. This process explains why a smaller aggregate size is not a suffi-
cient condition to allow a complete diffusion of boehmite particles into
a-Al,03 beads and why such a small fraction of the beads porosity was
filled by wetting liquid when using a concentrated sol (&,, = 10 vol.%).
Capillary suction of water shifts the state of a sol deposited on a porous
substrate from a diluted to a concentrated state, and eventually to a gel.
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Fig. 10. SEM micrographs of particles generated during a drum attrition test of coated a-Al,05 beads. Cuttings and mother particles for a filler/binder ratio ¢ equal to 13.3 vol.% a) and b); 7.2 vol.% c) and d); 4.8 vol.% e) and f).
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Fig. 11. Pore size distributions of uncoated and coated o-Al,05 beads using on a 2 um
v-Al, O3 particle size filler and three filler/binder ratios.

3.2. Filler/binder ratio @

Efficiencies above 95% are obtained for all coating operations. SEM
observations show a granular microstructure for all coatings with a
homogeneous 80 um thickness (Fig. 8) while coating attrition rate
presents a minimum with ¢ equal to 7.2 vol.% (Fig. 9).

For the highest filler/binder ratios, coating is macroporous because
of insufficient boehmite content between gamma alumina grains. No
segmentation of the coating is observed for the highest filler/binder ra-
tios (Fig. 8a and b). Cuttings obtained after drum attrition test are mostly
made of single grain of filler (Fig. 10a). Observations of mother particles
surface indicate that almost all of the deposited coating is peeled off as
surface of a-Al,03 beads is clearly visible (Fig. 10b). Hence, the lack of
binder is responsible for the reduced mechanical strength. At filler/
binder ratio giving the best mechanical strength (¢ = 7.2 vol.%), a slight
segmentation phenomenon takes place and coatings still comprise
some large voids (Fig. 8c and d). Cuttings obtained after drum attrition
test are composed of elementary grains of filler and agglomerated filler
grains into blocks (Fig. 10c). Observations of mother particles surface
indicate that most of coating withstood the drum attrition test as only
small pieces of coating are missing (Fig. 10d). For the lowest filler/binder
ratios, coatings are increasingly compact but segmentation phenome-
non consequently deepens and ultimately lessens the mechanical
strength (Fig. 8e and f). Cuttings obtained after drum attrition test are
large blocks of coating (Fig. 10e), while remaining mother particles indi-
cate that about half of the deposited coating is missing (Fig. 10f). The
coating attrition rate minimum observed for ¢ =7.2 vol.% match up a
compromise between coating densification and segmentation.

Pore size distribution of coated materials exhibits a mesoporous
volume of 0.04 mL/g to 0.05 mL/g generated by the coating with an
average diameter of 6 nm and a macroporous volume generated by
«-Al,03 beads (Fig. 11 and Table 4). For the highest filler/binder

Table 4
Mesoporous volumes of coated a-Al,03 beads and macroporous volumes of coating as
a function of filler/binder ratio.

© (vol.%) Vineso (ML/g) Vcoating (mL/g)
133 0.04 03
8.9 0.04 0.3
7.2 0.04 0.1
6.1 0.05 0.1
54 0.04 0.1
4.8 0.05 0.1

ratio, pore size distribution presents also a significant porous volume
between 1000 nm and 300 nm similar to the size of voids generated
by a powder bed of filler. Assuming that porous volume of coated ma-
terials is a linear function of porous volume of beads and coating,
macroporous volume of coating Voating is calculated with Eq. (8):

v o Vcoated a-AlLO; X (1 + d)_vot—Ale3 3
coating — d

where Vo ap0, and  Vegyed o-al0, are the respective measured
macroporous volume (50-10° nm) of a-Al,O; beads and coated
a-Al,05 beads. As macroporous coating volume decreases with lower-
ing filler/binder ratio, it further supports the conclusion that coating
densification is improved for the highest boehmite contents in coating
(Table 4).

Fig. 12. SEM micrographs in polished section of cracks initiated on coating surface,
a) stopped at the interface, b) propagated inside the bead, and c¢) and propagated at
the interface with a filler/binder ratio ¢ equal to 4.8 vol.%.



Fig. 13. Cryo-SEM and SEM micrographs of coated a-Al,05 using a 2 um y-Al, 05 particle size filler and a filler/binder ratio ¢ equal to 4.8 vol.% after: a) and b) shaping; c) andd) 2 h

drying at 30 °C; e) and f) 3 days drying at 30 °C.

However, large sprayed amount of boehmite leads in addition to
the creation of new types of microstructural defects. These appear
on SEM micrographs mainly as macro-cracks which seem to be initi-
ated on coatings surface. They may propagate at the interface and
stop (Fig. 12a), penetrate into the support (Fig. 12b), or either propa-
gate at the coating/bead interface (Fig. 12c).

Cryo-SEM observations right after shaping of coated a-Al,03 beads
with the largest amount of sprayed boehmite did not present any sur-
face crack (Fig. 13a). Observations on fractured samples show that
boehmite is rather well distributed through the coating (Fig. 13b).
After a 2 h drying at 30 °C, the coating is separated in several rounded
contracting blocks (Fig. 13c). No significant change in coating micro-
structure is observed (Fig. 13d). At the end of the drying, coatings are
subjected to a strong segmentation. Some pieces of coating are even

missing (Fig. 13e). Segmentation and interfacial cracks are easily ob-
served (Fig. 13f).

At the end of the shaping procedure, a-Al,03 beads are coated by a
layer of spherical y-Al,05 grains bonded together by capillary pressure
and liquid surface tension forces. As drying progress, gelification dis-
tance AW reaches zero and boehmite sol makes its final sol-gel transi-
tion between vy-Al,05 grains. Boehmite gels obtained from Pural SB3
boehmite are known to undergo large isotrope shrinkage during drying
(up to 60 vol.%) [17]. In the present case, the wet coating is considered
as a boehmite gel matrix in which are embedded y-Al,05 grains. The
composite gel is a continuous field deposited on a-Al,03 beads surface
(Fig. 14a). Upon drying, gel shrinkage operates (Fig. 14b) and causes a
multiple segmentation of the coating (Fig. 14c). Pourcel has proved
that at the beginning of drying, water content into a boehmite gel
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Fig. 14. Scheme of damaging mechanisms of a-Al,03 beads coated by a composite gel during drying.

surface is lower than the boehmite gel core: surface contracts whereas
the core keeps appreciably its dimensions [17]. This deformation state
causes a setting in traction of the surface compensated by a compression
of the gel core. The second period of drying begins when the material
surface shrinkage does not evolve/move anymore. Surface dimensions
are then fixed whereas the gel core continues to contract. Doing so,
the gel core applies a compressive force to surface and surface a traction
effort to the core: it is the stress inversion. This phenomenon might ex-
plain the rounded shaped block of composite gel observed during drying
(Figs. 13c, 14d). The third period corresponds to the end of drying where
water gradients are negligible.

For the simple case of a pure boehmite gel which is non-supported,
stresses tend towards zero and the material regains its initial shape
but on a reduced scale. However, with a supported composite gel, trac-
tion forces that «-Al,05 beads apply in response to the general coating
shrinkage are expected to leave residual tension stresses in the coating.
Previous results support that intensity of stresses is greater when the
amount of boehmite introduced into the coating increases because of
larger gel shrinkage. The latter stresses may lead to crack propagation
as described in details by Hutchinson and Suo [18]. Crack propagation
schemes are determined by the relative tenacity and Young's modulus
of support, interface, and coating when two brittle materials are
contacted [18,19]. Schematically, a high interface and support toughness
cause crack propagation to stop at the interface (Fig. 14e), high interface
toughness and a brittle support cause crack to propagate into the

support (Fig. 14f), and a weak interface and high support toughness
cause crack to propagate along the interface (Fig. 14g). Occurrence of
all crack propagation schemes (Fig. 12) indicates these parameters
were of the same magnitude order.

4. Conclusion

A model layered oxide material based on a y-Al,0s filler, a boehm-
ite binder, and a a-Al;,05 spherical substrate was shaped in a pan
granulator to highlight the key parameters defining the overall qual-
ity of coatings when composite sol-gel formulations are used:

« The deposition of a binder primer is essential to provide adhesion to
the coating.

» Adhesion is further enhanced when a porous substrate allows the
binder to penetrate enough to create a strong composite interface.

« The latter penetration depth is controlled by the sol-gel transition
of the binder sol and the capillary suction into the porous substrate.

 Relative amount of filler and binder controls the type of damage
that coating meets during drying:

o Low amount of binder: coatings are highly porous and weak due
to the lack of binder.

o High amount of binder: coatings are compact but segmented in
several pieces due to the gel shrinkage of the binder.



» Propagation of cracks in coating with large amount of binder de-
pends on:
o The relative mechanical properties of coating, interface, and sub-
strate.
o The stresses occurring during drying of which intensity is related
to the shrinkage of the gel.

The gel point of a sol sets the total volume of water to evaporate
from the initial hydrogel and thus defines the total shrinkage at the
end of dying [17]. As the gel point is known to be strongly dependent
of size and morphology of binder particles, ionic strength, and presence
of additives, a wide field is opened to finely tune adapted mineral
binders. The latter outlook is expected to allow one reducing the gel
shrinkage during drying and thus succeeding in shaping perfect coating.

This study has constituted an outstanding base to design industrial
layered supports offering an exceptional cohesion and adhesion [20]
and an adapted porosity for the catalytic selective hydrogenation of
olefins as a first application [21,22].

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.powtec.2012.11.010.
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