Surface & Coatings Technology 326 (2017) 1-10

Contents lists available at ScienceDirect

Surface & Coatings Technology

journal homepage: www.elsevier.com/locate/surfcoat

Effects of suspension properties on the microstructure of Al,O3 coatings
deposited onto macroporous SiC substrate

@ CrossMark

Takamasa Mori *, Saori Yamada, Naoya Iwata

Department of Chemical Science and Technology, Faculty of Bioscience and Applied Chemistry, Hosei University, 3-7-2 Kajino-cho, Koganei, Tokyo 184-8584, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 3 May 2017

Revised 14 July 2017

Accepted in revised form 15 July 2017
Available online 16 July 2017

In this paper the effects of the suspension preparation conditions on suspension coating of porous substrates
were investigated. Alumina suspensions were prepared using varying types of additives, including non-ionic
polyethylene glycol (PEG), cationic polyethylene imine (PEI), and anionic sodium carboxymethyl! cellulose
(CMC). Prepared suspensions were coated on porous SiC substrates by spin coating. The flow curves of the sus-
pensions were measured, whereas their particle dispersion states were also observed directly using an optical
microscope. In addition, the surface and cross-section of each coating were observed by SEM and analysed by
EDX. Finally, the air permeability of each coating was measured.

For the suspension with PEG, alumina particles dispersed well in the suspension and the added PEG formed a net-
work structure, resulting in a homogeneous coating on the surface of the substrate with less particle penetration
into the substrate pores. For the suspension with CMC and the suspension with PEI, since particles flocculated in
the suspensions, particle penetration into the substrate pores hardly occurred, however, the formed coating was
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1. Introduction

Recently, porous ceramic materials have been widely used in various
industries such as hot gas separation [1], direct methanol fuel cell 2],
carbon dioxide capture and storage [3], particulate filters for diesel en-
gines [4], and waste water treatment [5] industries. As such, much re-
search related to porous ceramics has already been conducted. For
practical use, a fine catalyst or catalyst-supporting powder is coated
on the surface of porous ceramic substrates. The state of this coating
on the substrate affects its performance. For example, if the fine parti-
cles form aggregates, the catalysis reaction efficiency decreases; if the
fine particles penetrate into the pores of the substrate, the fluid perme-
ation resistance increases. Therefore, the coating state, including the
distribution of fine particles on and in porous substrates, needs to be
controlled.

One of the coating techniques is dip coating of porous substrates into
suspensions in which fine particles are dispersed in an appropriate me-
dium. Usually these fine particles are dispersed in a medium with a dis-
persant and a binder, and dipping of the porous substrate into the
prepared suspension is followed by drying and heating to immobilize
the particles. Compared to coatings on glass or metal substrates with
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relatively smooth surfaces, few papers exist on coatings of fine particles
on porous substrates. Paunovic et al. reported about silica coating on po-
rous substrates [6]. Zhang et al. achieved a silicon coating on porous
SisN4 [7]. Agrafiotis et al. have coated a ceria-doped alumina on ceramic
honeycombs [8]. Itoh et al. have coated Ca(Ti,Fe)Os on porous substrates
[9]. Zwinkels et al. have described ceramic coatings on metal substrates
[10]. However, the optimal properties of suspensions used for coating of
porous substrates have not been identified yet, because these substrates
often have relatively uneven surfaces and pore sizes that are larger than
the size of fine catalytic particles. In addition, the desirable structure of
fine particles coated on substrates varies by final product; thus, control
of the structure is needed to be able to freely fabricate coatings with dif-
ferent structures. In previous papers on dip coating of porous substrates,
mainly the apparent viscosity was investigated in order to optimize the
slurry conditions for alumina coatings [11,12], Cu/Mn/ZnO catalyst coat-
ings [13], 'y-alumina coatings [14], and yttria-stabilized-zirconia coat-
ings [15], while other suspension properties related to the particle
dispersion state were not discussed. It was also reported that, in some
cases, the apparent viscosity did not correspond well with the particle
packing ability of a suspension [16-20], an important observation
since the apparent viscosity is one of the most important parameters
for the coating process. Therefore, further investigation of suspension
properties is necessary to establish optimal suspension preparation
guidelines to control the coating state. In this paper, the relationship be-
tween the suspension properties and the microstructure of coatings on
porous substrates was examined by changing the type of suspension
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Nomenclatures

k Viscosity constant in Eq. (1)
[Pass”]

n viscosity index in Eq. (1)
(-1

0% shear rate for flow curve measurement
[s7']

T shear stress for flow curve measurement
[Pa]

Tc yield stress (intercept of flow curve)
[Pa]

& permittivity of free space
[Fem ]

[ relative permittivity
(-1

€ zeta potential of particle
(vl

Ugve average particle mobility for electrophoresis
[m2°V7 ]’57 2]

n medium viscosity
[Pass]

<) final volume fraction of formed sediment
(-]

H final height of formed sediment
[m]

0 initial volume fraction of slurry for settling test
(-1

h initial height of slurry for settling test

(m]
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Fig. 1. Experimental flow.
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Fig. 2. Particle size distribution of alumina powder used in this study.

additives. For suspension characterization, not only apparent viscosity
measurements, but also sedimentation tests were conducted. In addi-
tion, direct observations of particle dispersion and flocculation [21,22]
were made. All results were analysed with regards to the final coating
properties.

2. Experiment

Fig. 1 shows the experimental flow. In brief, experiments consisted
of four parts: suspension preparation, suspension characterization, sub-
strate coating, and coating characterization. Details of each aspect are
described below.

2.1. Suspension preparation

An alumina powder with an average particle size of 1.98 pm was
used as a model catalyst-supporting powder particle. The particle densi-
ty, measured by pycnometry, was 2480 kg-m™>. The alumina powder
was mixed with deionized water to prepare a suspension with a particle
concentration of 2.0 vol%. The prepared suspension was ball-milled for
4 h in a polyethylene pot with 1.5-mm-diameter zirconia beads. Fig. 2
shows the particle size distribution of the alumina powder after ball
milling, measured by a laser diffraction particle size analyser (SALD-
3100, Shimadzu Corporation). Subsequently, the suspension was
degassed and its pH value adjusted to approximately 5.0 with 1 M
HCl. An additive aqueous solution that was prepared in advance was
then added to the suspension while stirring. The added amount was
2.4 wt% of the mass of the alumina powder in the suspension. The addi-
tives used in this study were the non-ionic polymer polyethylene glycol
(PEG; M, = 2000,000, Wako Pure Chemical Industries), the cationic
polymer polyethylenimine (PEI; M,, = 70,000, Wako Pure Chemical
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Fig. 3. Schematic illustration of sample configuration for direct observation of suspensions.
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Fig. 4. Schematic illustration of air permeation test equipment.

Industries), and the anionic polymer sodium carboxymethyl cellulose
(CMC; M,, = 100,000, Tokyo Chemical Industry Co., Ltd.). Finally, an
alumina aqueous sol, in which alumina hydrate particles with a pseu-
do-boehmite structure were dispersed, was added to the suspension
as an inorganic binder. The solid concentration of the alumina sol in
the suspension was 0.48 wt%. Here, the pH of the prepared slurry
changed from an initial pH of 5.0 due to the added polymers. However,
another pH adjustment was not done.

2.2. Suspension characterization

2.2.1. Flow curve measurements

Each prepared suspension was poured into a cup of a coaxial double-
cylinder rotation viscometer (Rheolab QC, Anton Paar) and the shear
stress acting on the rotor was measured by changing the shear rate
from 0 to 2000 s~ ! Obtained flow curves, i.e., the shear stress 7 vs.
shear rate -y, were fitted with the following power-law model [23,24]
to determine the yield stress, 7

T =T +ky" )
500 ¥ T T T T
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non
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Shear rate [1/s]

where k and n are constants. The apparent viscosities at a shear rate of
1500 s~ ! were also determined from the flow curves.

2.2.2. Sedimentation test

Ten milliliter of each prepared suspension was poured in a test tube
and centrifuged at 4200 rpm (corresponding to a centrifugal accelera-
tion of 2370 G). We visually inspected the position of the interface be-
tween the supernatant and the suspension or sediment until it
remained constant after at least one additional day of centrifugation.
The final height H of each formed sediment was measured, calculating
the final packing fraction of the sediment & by the following mass bal-
ance equation.

(2)

where ¢ is the initial particle concentration and h is the initial height of
the suspension.

2.2.3. Direct observation of particle dispersion state
Some spacer particles with a particle size of 30 pm (Micropearl,
Sekisui Chemical Co. Ltd.) were placed on a commercial glass slide and
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Fig. 5. Flow curves of the prepared suspensions without (a) and with inorganic binder (b).
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Table 1
Apparent viscosity at 1500 s~ ' and yield stress.
Additive Apparent viscosity Yield stress
[Pass] [Pa]
CMC 0.269 15.0
PEG 0.139 37.0
PEI 0.007 0.0
non 0.001 0.0

fixed by water glass (Wako Pure Chemical Industries). Another glass
slide was placed on top and rubbed to ensure that the spacer particles
did not pile up before the water glass had dried. The glass slide with
the spacer particles fixed by water glass was dried for 5 h at 120 °C;
this is called the base glass.

Samples for direct observation of the particle dispersion state were
prepared by sandwiching prepared suspensions between the base
glass and another glass slide. The edge of each prepared sample was
sealed with a paraffin jelly to prevent a concentration change of the sus-
pension due to evaporation. Fig. 3 shows a schematic illustration of each
sample for direct observation of the particle dispersion state.

Prepared samples were observed through an optical microscope
(BX60, Olympus Corporation) in transmission mode. Five photos of
each suspension were taken, changing the visual field for each. Photos
were analysed by the free software package Image] to determine the av-
erage particle or flocculation size. Each photo was binarised, after which
the linear intercept lengths of particles were measured by drawing a
horizontal line in the binarised photo. By scanning from the top to the
bottom of the photo, we could thus obtain the linear intercept length
distribution and average particle or flocculation size.

2.2.4. Zeta potential measurements

The zeta potential of the alumina particles before and after the addi-
tion of the additives was measured by electrophoresis. A small amount
of raw alumina powder or sampled alumina powder from each suspen-
sion was dispersed in deionized water with the use of an ultrasonic ho-
mogenizer. Then, the prepared suspensions were divided in equal parts
and their pH values controlled to a certain value through the addition of

100 mm

non

CMC

Fig. 6. Direct observation of suspensions without inorganic binder.

HCl and NaOH. Subsequently, the zeta potential of the powder was mea-
sured using a Model 502 (Nihon Rufuto Co. Ltd.). The particle velocity
was measured under an applied DC current of 45 V. Considering the ef-
fect of polarization of the materials in the suspension, as well as the
change in pH, each measurement was repeated 10 times while changing
the positive and negative electrodes. From the average measured parti-
cle velocity, the zeta potential was calculated using Smoluchowski's
equation [25]:

o Hugqye
§="nt 3)

Where § is the zeta potential, € is the electrical permittivity of a vacuum,
& is the dielectric constant, ugy. is the average velocity, and p is the so-
lution viscosity.

2.3. Coating

Each prepared suspension was spin-coated on a porous substrate
using a spin coater. The porous substrate used in this study was a porous
SiC plate with a size of 20 mm x 20 mm x 1.0 mm (AZPS-40, pore size
~5-30 um, porosity 30%, Asuzac Inc.). The SiC substrates were washed
in an ultrasonic bath for 3 min and then heated at 900 °C for 4 h for ad-
vance surface hydrophilisation. Then, 0.5 g of each prepared suspension
was dropped on a porous substrate, and the substrate was rotated at
200 rpm for 20 s and 2000 rpm for 30 s. Finally, the coated substrates
were dried at room temperature.

2.4. Coating characterization

The coated and dried substrates were heated at 700 °C for 7 h. After
heating, the surfaces and cross-sections of samples were observed by
scanning electron microscopy (SEM) and analysed by energy-dispersive
x-ray spectroscopy (EDX), focusing on Si and Al. For EDX analysis of the
cross-sections, the area between the surface and 600 pm below the sur-

face was divided into four parts, and the mass ratio of Al/Si in each part
was determined.

100 mm

PEG

100 mm

PEI
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Fig. 7. Direct observation of suspensions with inorganic binder.

In addition, the air permeability for the pristine and coated porous
substrates was measured by the apparatus illustrated in Fig. 4. The pres-
sure difference between both sides of the substrate was measured by a
pressure gauge at a constant flow rate of 200 mL/min. Considering the
variation in permeability between the raw substrates, we will discuss
the increase in ratio of the permeation resistance before and after
coating.

3. Results and discussion
3.1. Suspension characterization

Fig. 5 shows the flow curves of suspensions with and without the in-
organic binder. The flow curves were compared since the inorganic
binder may influence the dispersion state of alumina particles in sus-
pensions, even though its role was only to immobilize the alumina par-
ticles after drying and heating. Nonetheless, the flow curve hardly
changed before and after addition of the inorganic binder. The yield
stress, determined by curve fitting of the flow curve by Eq. (1), and ap-
parent viscosity values at a shear rate of 1500 s~ ! are summarized in
Table 1. The suspensions with CMC and PEG exhibited yield stresses
and relatively high apparent viscosities, while the suspensions with
PEI and without any additives did not exhibit yield stresses and quite

100 pm

PEG

100 pm-

PEI

low apparent viscosities. Fig. 6 and 7 show the photos of suspensions di-
rectly observed as described above. The average particle sizes, deter-
mined from the photos by image analysis, are summarized in Table 2.
The particles in the suspension with CMC flocculated, resulting in a
yield stress and high apparent viscosity in Fig. 5. The particles in the sus-
pension with PEG, on the other hand, dispersed well, even though this
suspension also had a yield stress and high apparent viscosity. These
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Table 2

Average particle size obtained from direct observation and packing fraction of sediment _60

for centrifugal sedimentation test.

Additive Average particle size Packing fraction -80 PR TN BN (S TEOTE. AR LS
[pum] -]

CMC 15.2 0.056 2 4 6 8 10 12 14

PEG 8.04 - pH [-]

PEI 9.44 0.152

Non 9.08 0.178

Fig. 8. Zeta potential of alumina powder and inorganic binder sol.
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Fig. 9. Zeta potential of alumina powder after addition of each additive, and of SiC
substrate (arrows in the figure represent the pH of the suspension after the addition of
each additive).
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Table 3
Al/Si ratio on the surface.
Additive Al/Si ratio [—]
CMC 4.64
PEG 0.25
PEI 31.6
Non 2.08

results indicate that the cause of the yield stress and high apparent vis-
cosity should be a bulky network structure of PEG and alumina particles
that were still well-dispersed. For the suspension with PEI, which had
no yield stress and a quite low apparent viscosity, alumina particles floc-
culated a little, compared to the suspension without additives.

The final packing fractions of formed sediments are also summarized
in Table 2. Comparing the sediment packing fractions, it was found that
particles flocculated in the suspension with CMC and flocculated slightly
in the suspension with PEI, as mentioned above. The final packing frac-
tion of the formed sediment for the suspension with PEG could not be
determined, since the particles dispersed well and the solution viscosity
was quite high, resulting in slow settling of the particles. However, this
phenomenon did indicate that the particles dispersed well in the sus-
pension with PEG.

Fig. 8 shows the zeta potentials of raw alumina particles and parti-
cles in the alumina sol used in this study, showing almost the same
trend. Thus, the particle dispersion and flocculation state did not change
much after addition of the inorganic binder.

T
100°um |

100 pm

100 um

100 pm

100 pm

100 um

100 Ly 100 um

Si Al

Fig. 10. Scanning electron microscope (SEM) images of the surface of coated porous media and ion mapping of Si and Al.
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Fig. 11. SEM images of the cross-sections of coated porous media.

Fig. 9 shows the zeta potential of the particles and the suspension pH
values after the addition of additives. For the suspension with PEI, the
zeta potential of the particles became positive and relatively large
(above 40 mV) at pH values from 2.5 to 7.5. For the suspension with
CMC, on the other hand, the zeta potential of the particles became neg-
ative and relatively large at a pH of about 5.5. For the suspension with
PEG, similar as for raw alumina particles, the zeta potential of the parti-
cles changed from positive to negative as the pH of the suspension in-
creased, and was relatively large at pH values of 3.0-6.0. From these
results, we can see that the particles in the suspension without additives

substrate

0 pm

CMC

surface
0 pum

607 pm

0 pm

dispersed well because they had a relatively large positive charge. The
particles in the suspension with PEG were also well dispersed for the
same reason. For the suspension with CMC, on the other hand, particles
had a negative charge due to adsorption of the anionic polymer. Com-
bining the results of the flow curve, direct observation, and centrifugal
sedimentation of the suspension, the particles likely formed flocs due
to CMC bridging among alumina particles. For the suspension with PEI,
finally, the surface charge was positive due to adsorption of the cationic
polymer PEI. However, the magnitude of this positive charge decreased
by shifting the pH value to basic, resulting in flocculation of the particles.

607 um  Opm 607 pm

602pum  Opm 583 um

Fig. 12. Al ion mapping of the cross-sections of coated porous media.
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3.2. Relationship between coating characterization and suspension
characterization

Fig. 10 shows the SEM images and mapping of Si and Al on the sur-
face of the coated substrates. The values for the mass ratio Al/Si are sum-
marized in Table 3. The particles were homogeneously coated for both
the suspensions without additives and with PEG; however, when com-
paring them, more pores were clogged by particles for the suspension
without additives, resulting in a higher value for Al/Si. The suspension
with PEG yielded the most homogeneous coating among all suspensions
used in this study, resulting in the smallest value for Al/Si. The coating
fabricated from the suspension with CMC exhibited large aggregates
and became an inhomogeneous structure. It was interesting that both
the suspensions with PEG and CMC had a yield stress and high apparent
viscosities, yet resulted in different coating states. For the suspension
with PEI, the surface of the substrate became fully covered by a thick
layer of alumina particles, resulting in the highest Al/Si value among
all suspensions in Table 4. In addition, many large cracks were observed,
suggesting that the larger coating thickness caused crack formation dur-
ing drying. Fig. 11 and 12 show the SEM images and mapping of Al for
the cross-sections of the coated substrates. Fig. 13 also shows the
mass ratio distribution of Al at each position of the cross-sections of
the coated substrates. The coating thicknesses were quite small, and
the interfaces between the coating layers and substrates not clear, for
the suspensions without additives and with PEG. For the suspensions
with CMC and PEI, on the other hand, the coating thicknesses were rel-
atively large and the interfaces between the coating layers and sub-
strates were clear. In addition, particles penetrated into the pores of
the substrate for the suspensions without additives and with PEG,
while most particles stayed on and near the surface of the substrate
for the suspensions with CMC and PEL

Fig. 14 shows the changes in air permeation resistance for the sub-
strates before and after coating. An increase in the permeation resis-
tance ratio correlated well with the degree of particle penetration into
the pores of the substrates discussed in Fig. 13. In other words, the per-
meation resistance ratio for the suspension without additives was the
greatest, followed by those for suspensions with PEG, PEI, and finally
CMC. For the suspension without additives, the particles in the suspen-
sion dispersed well, based on direct observation of the particle disper-
sion state, as shown in Fig. 7 and Table 2. In addition, this suspension
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Fig. 13. Change in Al/Si ion ratio of the cross-sections at each distance from the surface.

was blown off the substrate by spinning less and penetrated the sub-
strate more compared to the suspension with PEG, based on the obser-
vations of the suspensions after dropping them onto the substrates.
Since the particles in the suspension without additives dispersed well,
similar to the suspension with PEG, more particles penetrated the sub-
strate, resulting in the highest permeation resistance. For the suspen-
sions with PEI and CMG, air permeated through large cracks, as shown
in Fig. 10. Thus, the permeation resistance did not increase much,
even though the coating thickness was large.

Here, the relationship between the coating and suspension charac-
terization results are discussed. Fig. 15 shows a schematic illustration
of coating structures obtained from the suspensions with varying addi-
tives. In this study, the suspension with PEG yielded the most homoge-
neous coating, and the amount of particles penetrating into the
substrate pores could be suppressed to some extent. The latter occurred
as the result of a PEG network structure that effectively prevented pen-
etration. Despite the PEG network structure, particles still dispersed
well, thereby forming a homogeneous coating layer. For the suspension
without additives, a relatively homogeneous coating could be obtained;
however, since a PEG-like network structure did not exist, the particles
could penetrate into the pores, resulting in a relatively large increase in
the air permeation resistance. Comparing the above results for suspen-
sions without additives and with PEG, it appears to be difficult for parti-
cles to stay on and near the surface of the SiC substrates only using
electrostatic interactions between the positively-charged alumina parti-
cles and negatively-charged substrates.

For the suspension with CMC, the obtained coating was inhomoge-
neous with large aggregates, even though particle penetration into the
substrate pores was suppressed due to particle flocculation in the sus-
pension. The flow curves for the suspensions with PEG and CMC showed
very similar trends with yield stresses and high apparent viscosities;
however, only the suspension with PEG yielded a homogeneous coat-
ing. Direct observation of the particle dispersion states confirmed that
particles dispersed well in the suspension with PEG, while particles floc-
culated in the suspension with CMC. These results indicate that the par-
ticle dispersion state needs to be characterized using an appropriate
method in order to control the coating microstructure on porous
substrates.

For the suspension with PEI, the coating was thick and contained
cracks, even though little particle penetration was observed. One of
the likely reasons for the large coating thickness is that the suspension

— 1.20 : [ .

[-¥] L

u =

E L

= [

0 I

$ 1.15H 1 g
= .

£ :

- I

¥ L .
E 10k §
& B A
= i [

g | 1 -
105 | ;|
g : I

% L

2 -

g 1.00 L : -

= non PEG PEI CMC

Fig. 14. Increase in ratio of permeation resistance for the coated porous media.
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non

PEG

polymer network structure

Fig. 15. Schematic illustration of the structure of each coating.

amount on the substrate after spinning was relatively large compared to
the suspensions with other additives. In addition, the substrate pores
were clogged by weakly flocculated particles caused by the pH shift of
the suspension after addition of PEI, resulting in the formation of a
thick coated layer. Although the amount of suspension on the substrate
is of course adjustable, the pH shift that decreases the magnitude of the
surface charge is considered to be difficult to avoid in the suspension
with PEI, since PEI is a relatively strong base. The latter suggests that
coatings that are more homogeneous than the one with the PEG suspen-
sion may be difficult to obtain.

4. Conclusions

Alumina suspensions with different additives were coated onto po-
rous SiC substrates. Comparing the results of both the coating and sus-
pension characterizations, the following conclusions were obtained:

(1) For the suspension with polyethylene glycol (PEG), alumina par-
ticles dispersed well in the suspension and the added PEG
formed a network structure, resulting in a homogeneous coating
on the surface of the substrate with less particle penetration into
the substrate pores.

(2) For the suspension with carboxymethyl cellulose (CMC) and the
suspension with polyethylenimine (PEI), since particles floccu-
lated in the suspensions, particle penetration into the substrate
pores hardly occurred; however, the formed coating was
inhomogeneous.

From the above, we can conclude that PEG was the most suitable
additive to obtain a homogeneous coating with a relatively low air per-
meation resistance. In addition, the results also demonstrate that char-
acterization of particle dispersion state in suspensions based on
appropriate methods is very important to control their properties for
optimally coating porous substrates, since suspensions with almost
the same apparent viscosities have completely different particle disper-
sion states, for example suspensions with PEI and CMC.
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