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Introduction

ABSTRACT

Al,O; films were coated on SUS304L stainless steel and fused silica substrates
using chemical solution deposition. Continuous pores with a diameter of
approximately 2 nm were observed through the measurement of the pore

diameter distribution in the ALO; films using N, gas adsorption. The zetalitql

potential of the Al,Oj; film was measured using the streaming potential method,
and the effect of the substrate material on the zeta potential was investigated.
Initially, the measured zeta potential of the Al,O3 films was + 40 to + 50 mV,
which was the same for both the SUS304L and fused silica substrates. However,
the zeta potential of the Al,O3 film on the fused silica substrate decreased sig-
nificantly with repeated measurements. Elemental analysis of the Al,Oj3 film in
the depth direction using dynamic secondary ion mass spectroscopy showed
that both K and Cl contents increased after zeta potential measurements were
taken. Moreover, the zeta potential of a specimen impregnated with KCI elec-
trolyte solution under vacuum exhibited no dependence on the number of
measurements taken. It was thereby considered that the decrease in the zeta
potential with repeated measurements was caused by the gradual penetration of
the electrolyte solution into the pores, which eventually reached the fused silica
substrate. This is a characteristic phenomenon observed when the zeta potential
of a film that contains continuous pores is measured using the streaming
potential method.

performance of the equipment or system may be
degraded, and damage to the equipment may result.

Solid particles in a fluid can deposit and accumulate ~ Therefore, there is a demand for technology to sup-
on the components of equipment and systems that  press the deposition of solid particles in fluids on the
employ fluids, such as nuclear power plants, and components [1-3].

obstruct the flow of the fluid. As a result, the
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Zeta potential control is a method to suppress the
deposition of solid particles onto the surfaces of
parts. In this method, a film with the same zeta
potential sign as that of the solid particles in the fluid
is coated on the components, thereby creating a
repulsive force between the solid particles in the fluid
and the component surface [1-6]. This is a unique
and excellent method that takes advantage of the
intrinsic characteristics of the material and does not
consume energy to suppress deposition.

The chemical solution deposition (CSD) method
considered in this study is a well-established practi-
cal process to coat large parts [7-11]. In the CSD
method, a ceramic film is formed on a substrate by
first depositing a ceramic precursor solution on the
substrate surface and then applying heat treatment to
decompose the precursor. This process is advanta-
geous in that it does not require special equipment
and is applicable to large parts with complex shapes.
However, films formed using CSD typically have a
characteristic microstructure with continuous pores
[22-24].

Many of the large parts that are considered in this
study are metallic. Therefore, accurate measurement
of the zeta potential of a film containing continuous
pores that is coated on a metal substrate is necessary.
Electrophoresis is also commonly used to evaluate
zeta potential, but this method involves the applica-
tion of a high voltage to the electrolyte solution and is
therefore difficult to use in electrically conductive
substrate [13]. The streaming potential method [12]
can be used to measure the zeta potential of a film
coated on a metal substrate. In the streaming poten-
tial method, an electrolyte solution is passed between
two specimens placed on either side of a narrow gap
and the resulting voltage or current is measured. A
voltage is not applied in this procedure, and thus,
evaluation of the zeta potential of a film on a metal
substrate should be possible. This method requires
the application of pressure to move the electrolyte
solution. As a result, the electrolyte solution may
penetrate the pores of the film, resulting in interac-
tions between the electrolyte solution and the sub-
strate that could affect the measured zeta potential.

Very few reports discuss the zeta potential of a film
containing continuous pores that is coated on a metal
substrate by the use of the streaming potential
method to measure. Lorenzetti et al. [14] coated a
TiO, film with a thickness of 30 um on a Ti metal
substrate via a hydrothermal method using a Ti
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alkoxide precursor, and then evaluated the zeta
potential using the streaming potential method.
Specifically, they measured the electrical conductivity
between the electrodes for different gap distances
between the specimens. They concluded that the
streaming current flows in the pores in the film,
according to data extrapolated to zero gap distance.
Moreover, they corrected these data to obtain accu-
rate zeta potential. However, the film investigated in
their study was relatively thick (approximately
30 pm), and they did not consider the interaction
between the electrolyte solution that penetrated the
film pores and the substrate. Daiguiji et al. published
a related report on the behavior of electrolyte solution
in a SiO, nanotube. They placed a KCl electrolyte
solution at both ends of a SiO, nanotube with a
diameter of 30 nm and a length of 5 pm, and then
analyzed the behavior of the K™ and Cl™ ions using a
two-dimensional continuum equation [15]. They
concluded that K* ions penetrated the nanotube, but
CI™ ions were unable to penetrate because the S5iO,
nanotube surface was negatively charged in the KCI
electrolyte solution. However, these results do not
consider any pressure difference and therefore are
not applicable in cases where pressure is applied,
such as the streaming potential method.

Determining whether the substrate has any effect
on the zeta potential of the film is important to
accurately measure the zeta potential of a film with
continuous pores on a metal substrate. To this end,
stainless steel and fused silica were chosen as sub-
strates. An Al,O; film was coated on these substrates
using CSD, and the differences in the zeta potentials
of these specimens were examined by the streaming
potential method.

This report investigates for the first time the effect
of substrate type on the zeta potential of films coated
on the substrate. Furthermore, the origin of the
decrease in zeta potential with repeated measure-
ments, a phenomenon discovered during the inves-
tigation, is discussed.

Materials and methods
Film formation

The substrates used in this study were SUS304L
[composition: C (0.021%), Cr (18.15%), Ni (9.06%), Mn
(0.98%), Si (0.64%), P (0.031%), and S (0.004%)] and
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fused silica (ES, Tosoh Quartz). The substrate was in
the form of a rectangular plate, and the arithmetic
average roughness, Ra, was approximately 0.4 pm.

An ALO; film was coated onto each substrate
using CSD. Figure 1 depicts the film preparation
process. Both substrates were ultrasonically cleaned
in acetone, immersed in an Al,O5 solution, diluted to
the specified concentration using pure water, and
then removed at a fixed rate of 2 mm s~'. Pseudo-
boehmite sol was used as the Al,O5 sol (10A, Kawa-
ken Fine Chemicals) and was obtained by the
hydrolysis of Al alkoxide. After dip-coating, the
specimens were dried at room temperature and heat-
treated in an electric furnace at 773 K for 30 min in air
at the rate of 10 K min~'. Subsequently, the speci-
mens were cooled in the furnace. The film thickness
was controlled by repeating the above procedure.
Heat treatment conditions of 773 K and 30 min were
determined to allow for the complete thermal
decomposition of the Al,O3 sol.

A self-supporting film was prepared using the
same Al,O; sol in order to investigate the properties
of this film. A silicone resin mold (inner dimensions:
diameter 60 mm x height 15 mm) was placed on a
plate of glass that had been coated with a 50-pm-thick
fluoropolymer layer. The Al,O3 sol described above
was poured into the mold and dried at 333 K for 5 h.
The obtained thin film was placed in a mullite cru-
cible, and heat treatment was carried out under the
same conditions used to prepare the coated films
described above. A self-supporting film with a
thickness of approximately 80 um was obtained.

Pseudo-boehmite sol H Pure water
[

30 min atR.T.
'

Dip coating

RT
10 °C min™!

—l Heat-treatment |500 °C, 30 min
(in air)

A

2mmst

Figure 1 Procedure for preparing films.

Evaluation

A specimen (dimensions 10 x 20 x 1 mm®) was
prepared with an Al,O; film coating on a fused silica
substrate using the process described above. The
specimen was embedded in resin, and the resulting
material was cut through the middle and polished
using waterproof abrasive paper. The cross-sectional
region of the coating was then machined using an ion
beam (SM09010CP, JEOL). The obtained cross section
of the coating was observed using a field emission
scanning electron microscope (FE-SEM; S5-4700,
Hitachi).

The zeta potentials of the Al,O; films coated on the
substrates were measured using the streaming
potential method (SurPASS™ 3, Anton Paar). Fig-
ure 2 shows a schematic of the zeta potential mea-
surement by the streaming potential method. A pH of
approximately 5.5 was maintained during the mea-
surements by bubbling N, gas through the electrolyte
solution, as needed. The measurement temperature
was approximately 300 K, the electrolyte was a 1 mM
solution of KCl, and the gap between the samples
was approximately 100 pm. The pressure was
increased to a maximum of approximately 50000 Pa,
but the zeta potentials were calculated based on the
streaming current in the stable range of 20000-
38000 Pa using the following Helmholtz-Smolu-
chowski equation [16],

(= dI/dP x n/eey x L/A (1)

where ( is the zeta potential, I is the current, P is the
pressure, 1 is the viscosity of electrolyte, ¢ is the rel-
ative permittivity, ¢ is the permittivity of vacuum, L
is the channel length, and A is the cross-sectional area
of channel. A polypropylene (PP) film with a thick-
ness of 50 pm was placed opposite to the coated

/A\Ammeter
Electrolyte N\
Electrode

(1 mM KCl)

Polypropylene
film (PP, 50 um)
Spacer
Z 4
X +~100 pm
Gt @ Coating film (Al,O,)
(16 X36 X1 mm)

Pressure gauge

Figure 2 Schematic illustration of the testing apparatus for zeta
potential by streaming potential method.
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specimen to be measured. Therefore, the apparent
zeta potential obtained in the measurements was the
average of the values for the coated specimen and PP.
The zeta potential of the coated specimen was
derived using Eq. (2) below. The zeta potential of PP
(23.5 mV) was obtained beforehand using the same
conditions and equipment, by placing two PP films
opposite to each other.

(n=1/2%(+1/2% 0,
C:2X€m_ép

where {;, is the measured zeta potential,  is the zeta
potential of specimen, and {j, is the zeta potential of
PP. Measurements were repeated six times to verify
the reproducibility of the data.

The pore distribution of the Al,O; film was ana-
lyzed using gas adsorption measurements (Autosorb-
1, Quantachrome). Plate-shaped fused silica and
SUS304L specimens (dimensions: 22 x 5 x 1 mm?)
were coated using the above process. Seven Al,Oj
films, total weighing 8-9 mg, were prepared for
testing. The N, adsorption isotherm at 77 K was
measured, and the pore distribution of the film was
evaluated using the Barrett-Joyner-Halenda (BJH)
method [17]. A similar measurement was taken for a
self-supporting AlL,O; film weighing 173 mg. In
addition, the true density of the self-supporting
Al,O5 film was determined by helium displacement
using Archimedes’ principle. The film pore ratio p is
defined as

p=7v/(v+ (1/d)) x 100 (3)

where d is the true density and v is the total pore
volume that can be determined by pore distribution
analysis.

(2)

Results and discussion
Film characterization

Figure 3 shows an example of a cross-sectional FE-
SEM image. In this case, the Al,O; film was coated by
single immersion in 6.7 wt.% Al,Oj sol. The film was
firmly attached to the substrate. The thickness of the
film was approximately 0.5 pm, and the weight of the
film per unit surface area was 1.04 g m2, as derived
from the change in weight after coating and the
specimen surface area. Subsequent film thicknesses
were calculated using the weight change after

@ Springer

Resin

Coating
Film

Fused quartz
substrate

Figure 3 FE-SEM image of the cross section of an Al,O; film
coated on a fused silica substrate.

coating, assuming that the weight of the film per unit
surface area was proportional to the film thickness.

Figure 4 shows the relationship between the
number of dipping cycles and the film thickness for
the SUS304L and fused silica substrates. The alumina
sol concentration was 6.7 wt.%, and the dimensions
of the specimens were 16 x 36 x 1 mm’. The film
thickness increased linearly with the number of dip-
ping cycles for both substrates. There was no signif-
icant difference in the manner in which the Al,O; sol
deposited on these substrates.

Figure 5a shows the pore diameter distribution of
Al,O5 films coated on SUS304L and fused silica
substrates, and that of a self-supporting Al,O; film.
Figure 5b plots the cumulative pore volume of the
Al,Os5 film coated on a fused silica substrate. The pore
diameter distribution showed a sharp peak at about
2 nm in all cases, demonstrating that the Al,O5 films
in this study had pores with a uniform diameter of
approximately 2 nm. The cumulative pore volume of
the AlL,O; film on a fused silica substrate was
0.33 cm® g7, and the true density of self-supporting

2.0

% 15 -

a

1} SUS304L

c 1.0

.~

©

5 |

S

g 0.5

iT Fused silica ‘
0.0 - T v . - ;

0 1 2 3 4 5

Dipping cycles

Figure 4 Relationship between number of dipping cycles and
thickness of Al,Oj films coated on SUS304L and fused silica
substrates (sol: pseudo-boehmite 6.7 wt.%, treatment: 500 °C,
30 min).
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Figure 5 a Pore diameter (a) (b)
distribution for Al,O; films 4.0 . . = 035
coated on substrates and self- o Self-supporting film by
supporting Al,O5 film. ' il E 0.301
b Cumulative pore volume for — 307 Film on iim on o 0.25-
o 4 Type 304L| £
Al O5 film coated on a fused 2.5 fused silica = .
silica substrate 5 g %% Film on
: = 20 > fused silica
2 Y 015
> 1.5+ o
b o ] o
1.0 - g 0.10
05 - & 005
3
0.0 - E 000"
0.1 1 10 100 © 0.1 1 10 100

Pore diameter (nm)

film, as determined by helium displacement using
Archimedes’ principle, was 3.01 g cm™~>. The porosity
of the AlL,O; film coated on a fused silica substrate
was 50%, assuming that the true density of the Al,O3
film was the same for the film on the substrate and
the self-supporting film. The microstructure of the
Al,O; film in this study was determined to consist of
small pores, with a high porosity.

Guo et al. [22] formed a Nb,Os film on electrically
conductive glass by CSD using NbCl5; as the raw
material; then, they measured the pore diameter
using N, adsorption. They found that the pore
diameter varied widely (from 3 to 23 nm) depending
on the heat treatment temperature and that the
porosity derived from the cumulative pore volume
and true density value was 16-25%. Stathatos et al.
formed a TiO, film on a glass substrate using CSD. Ti
alkoxide was used as a raw material, and the sur-
factant TritonX-100 was included in the sol. The pore
diameter measured using N, adsorption was 6-9 nm,
and the pore ratio derived from the cumulative pore
volume and true density value was 31-45% [23]. Choi
et al. also formed a TiO, film on a glass substrate
using CSD. Ti alkoxide was used as a raw material,
and the surfactant Tween 80 was included in the sol.
The pore diameter measured using N, adsorption
was 4 nm, and the pore ratio derived from the
cumulative pore volume and the true density value
was 46% [24]. These data suggest that the pore
diameters and porosity of films formed on substrates
by CSD depend significantly on the raw materials
and the coating process.

Pore diameter (nm)

Measurement of zeta potential

Figure 6 plots the relationship between the thickness
of the AlL,O; film deposited on SUS304L or fused
silica and the measured zeta potential. The zeta
potentials were nearly the same for both substrate
materials and increased slightly from + 40 to
+ 50 mV as the thickness was increased. This indi-
cated that the zeta potential of the coating was the
same, regardless of the electrical conductivity of the
substrate. Furthermore, these values were in agree-
ment with previously reported electrophoresis data
for Al,Oj5 particles [18, 19]. For comparison, the zeta
potentials of bare SUS304L and fused silica substrates
were plotted on the same graph as zero film thick-
ness. These substrates were heat-treated at 773 K for
30 min, as in the case of the coated substrates. The
zeta potentials of SUS304L and the fused silica sub-
strates were approximately — 13 and — 46 mV,
respectively. Fused silica had a negative potential
with a larger absolute value. The zeta potential of the

60 - Substrate: Fused silica (@)

50 o _—9

B Substrate: SUS304L (M)

Zeta potential (mV)

Film thickness (um)

Figure 6 Relationship between film thickness and zeta potential
for Al,O; films coated on SUS304L and fused silica substrates
(solution pH: 5.5).
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fused silica substrate agreed well with the results of
previously reported electrophoresis measurements
on S5iO, particles [20, 21].

Figure 7 shows the relationship between the
number of measurements taken and the measured
zeta potential for specimens with an AlLO; film
thickness of about 1.3 um. Results for uncoated
SUS304L and fused silica substrates are also plotted
on the same graph. The number of measurements did
not strongly affect the Al,Os-film-coated SUS304L
substrate, non-coated SUS304L substrate, and non-
coated fused silica substrate. On the other hand, the
zeta potential clearly decreased for the Al,Os-coated
fused silica substrate; the total decrease was about
10 mV after six measurements.

Figure 8 shows the relationship between the
number of measurements taken and the measured
zeta potential for specimens with the Al,O; films of
different thicknesses on a fused silica substrate. The
zeta potential decreased with increasing number of
measurements for all film thicknesses measured,
namely, 0.2 pum, 0.35 pm, and 1.3 um, and the slope of
the decrease was roughly the same in each case. We
proposed the following explanation for this phe-
nomenon: The ceramic film formed by CSD typically
contains continuous pores. The electrolyte solution
can penetrate these pores and reach the substrate
surface, producing the observed effect on the zeta
potential of the substrate.

Consideration for measured zeta potential

Figure 9 is a schematic depicting the aforementioned
idea. When the zeta potential is measured using the
streaming potential method, the electrolyte solution
is pushed into the pores of the film because of the

70 -—Al;,05 coated SUS304t (1:3 um)

50
40
30 - Al,0;coated fused silica (1.3 um

Non-coated SUS304L

0
IS S S B S W

-30 Non-coated fused silica

Zeta potential (mV)
=
o

Number of measurements

Figure 7 Relationship between number of measurements and
zeta potential for Al,Os-film-coated and non-coated substrates
(solution pH: 5.5).
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60
=
é 50
)
€ 40
g 1.3 um
2
= 30 0.2 pm
4 0.35 um
20

0 1 2 3 4 5 6 7
Number of measurements

Figure 8 Relationship between number of measurements and
zeta potential for Al,O; films coated on fused silica substrates
(solution pH: 5.5).

applied pressure. However, some of the air in the
pores of the film remains. This effect was more pro-
nounced in the ALL,Os film on fused silica because the
zeta potential of the substrate (— 46 mV) was nega-
tive and had a large absolute value. This effect was
also expected for the SUS304L substrate because in
this case, a film with similar continuous pores was
formed. However, the absolute value of the zeta
potential of the SUS304L substrate (— 13 mV) was
small, making the effect difficult to observe on this
substrate.

As shown in Fig. 5a, the pore diameter in the Al,O3
film obtained in this study was very small at 2 nm;
thus, its relationship with the hydration radius of the
ions in the electrolyte was considered. Figure 10
shows the relationship between the pore diameter in
the ALO; film and the hydration radius of the ions.
The hydration radius of both K™ and Cl~ is about
0.33 nm [25]. Therefore, a maximum of three ions can
be accommodated in the radial direction of the Al,O3
film pores. As a result, it is necessary to confirm
whether the ions actually enter the pores.

Elemental analysis of K and Cl along the depth
direction of AlL,O; film was carried out for some
samples using dynamic secondary ion mass spec-
trometry (D-SIMS; PH16600, Physical Electronics)
after zeta potential measurement. The samples were
based on specimens with an approximately 1.3-pm-
thick AL,Os5 film on a fused silica substrate. The zeta
potential was measured six times, after which the
sample was dried in air and then further dried at
180 °C for 1.5 h in air. For comparison, similar anal-
yses were conducted for specimens that were coated
under the same conditions but were not subjected to
zeta potential measurement. The primary ions used
in the measurement were O, for K analysis and Cs™
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Figure 9 Infiltration of the
KCl electrolyte into the pores
of the Al,O3 film.

Electrolyte (KCI) solution

Electrolyte (KCI) solution

CRVALE TR

Fused silica substrate

K+, CI- coating film

a‘\ o"'\ f"\

{®), O;O)

~_’ N—'

2nm

A

Figure 10 Relationship between pore diameter of Al,O3 film and
hydration diameters of K* and CI~ ions.

for Cl analysis. The analysis region was located at the
center of the specimen, with dimensions of approxi-
mately 500 pm x 500 pm, and measurements were
conducted twice to confirm reproducibility. The
measurement results are given as the number of
atoms per number of Al,O; atoms, based on the
predetermined standard curve.

Figure 11a, b shows the relationship between the
film depth and the K concentration of a specimen
before and after zeta potential measurement for
Al,O;5 films with a thickness of approximately 1.3 pm
on a fused silica substrate, respectively. In these fig-
ures, the blue circles indicate K concentration in the
coating film. Analysis of these graphs must take into
account the high surface roughness of the substrate

Fused silica substrate Air

Al, O, coating
fiIm

(Ra of 0.4 pm) and the bilayer structure of the sam-
ples (substrate and film). The film depth was mea-
sured using a step gauge, and the horizontal axis was
plotted assuming a constant sputtering rate. How-
ever, the actual sputtering rate differs between the
Al,Os film and fused silica substrate; thus, the hori-
zontal axis is only for reference. Moreover, the
amounts of Al and Si shown do not represent quan-
titative data and are only provided for reference.
Figure 11 shows that the concentration of K in the
AlLOs film was about 2 x 107> atom% prior to zeta
potential measurement but increased by approxi-
mately two orders of magnitude to reach 2 x 1072 -
atom% after the measurement. This result indicated
that the K* ions in the electrolyte solution penetrated
the pores in the Al,O; film during the zeta potential
measurement.

In this case, the coated specimen appeared to have
a higher K concentration as the depth increased. This
may have been caused by the presence of K in the
fused silica, which is partially sputtered. Different
matrices containing the same concentration of K do
not necessarily generate the same amount of sec-
ondary ions in D-SIMS (matrix effect) [26]. Therefore,
we cannot be sure that the K concentration in Fig. 11a
actually increases with depth. On the other hand,
after zeta potential measurement, the K concentration
was constant up to a certain depth and then
decreased. Again, these values might include the
presence of K in the fused silica; hence, the change in
K concentration along the depth direction cannot be
discussed.

Figure 12a, b shows the relationship between the
film depth and the Cl concentration for an Al,Oj; film
with a thickness of approximately 1.3 pum on a fused
silica substrate before and after zeta potential mea-
surement, respectively. In these figures, the blue

@ Springer

417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453



Author Proof

454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474

Figure 11 Relationship 102 ¢
between film depth and K
concentration for Al,O5 film
on fused silica, evaluated by 103 ¢
D-SIMS. a Before zeta
potential evaluation. b After

zeta potential evaluation. 104 ¢

K concentration (atom %)

10> }

(a) Before zeta potential |

T 10% 102 103
T oo K | B
.5 2.0 , S
110 > 5 10° Al 1100 =
e [ I a
. &8 2 Si , &
710t ¢ © 10 - 10t =
g £ Z
C 8 C
g 5 . 1., E
- 100 — -5 0 =
1 10 = S 10 : 1100
< - (b) After zeta potential <

evaluation i evaluation
106 ¢ ; : —_ 10 106 : . : : : 10t
0 05 1 15 2 25 3 0 05 1 16 2 25 3
Estimated depth (um) Estimated depth (um)

Figure 12 Relationship 10° 103 10° 103
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circles indicate Cl concentration in the coating film.
The concentration of Cl in the specimen was about
2 x 107% atom% prior to zeta potential measurement
but increased by approximately one order of magni-
tude to 2 x 10" atom% after the measurement. This
result indicated that as with K, the Cl™ ions in the
electrolyte solution penetrated the pores in the Al,O3
film during zeta potential measurement.

Comparing the specimens after zeta potential
measurement (Figs. 11b, 12b), the concentrations of
K" and Cl™ ions were about 2 x 107> atom% and
2 x 107! atom%, respectively; that is, the concentra-
tion of CI~ was approximately 100 times that of K. A
possible explanation for this difference is that the
positive zeta potential of the surfaces of the pores in
the ALL,O; film at pH 5.5 [18, 19] facilitates the pene-
tration of the oppositely charged Cl™ ions.

If the hypothesis in Fig. 9 is correct, a specimen
impregnated with the KCI electrolyte solution under
vacuum (to remove the remaining air in the pores)
should exhibit a constant zeta potential, even after
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Estimated depth (um)

repeated measurements. Therefore, zeta potential 475
measurements were conducted after vacuum 476
impregnation of KCl electrolyte solution into the 477
coating specimen by the streaming potential method. 478

The vacuum impregnation method is shown in 479
Fig. 13. An ALO; film with a thickness of 1.3 pm was 480
coated onto a fused silica substrate, which was held 481
in a PP container. The entire vacuum chamber 482
including PP container was evacuated for 30 min 483
using a rotary pump. Then, 1 mM KClI solution was 484
injected into the PP container. Evacuation was con- 485
tinued for another 10 min; then, the vacuum was 486
released so that the chamber reached atmospheric 487
pressure. The PP container holding the specimen was 488
removed from the vacuum chamber, and a lid was 489
placed on the container. After the specimen was 490
allowed to rest for 120 h, the zeta potential was 491
measured. Figure 14 shows the relationship between 492
the number of measurements and the measured zeta 493

potential. The zeta potential after vacuum impreg-JxE94
nation was constant at approximately 32 mV and did 495
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Figure 13 Conceptual Evacuation |mpregnati0n
scheme of the vacuum
impregnation process for the
Al,O3-coated fused silica
specimen.
< e
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Figure 14 Relationship between number of measurements and
zeta potential for untreated and vacuum-impregnated Al,O; films
coated on fused silica (film thickness: 1.3 pm).

not depend on the number of measurements per-
formed. Therefore, the decrease in the zeta potential
with repeated measurements in Fig. 8 was due to the
fact that the KCl solution gradually penetrated the
ALO; film.

Figure 15 depicts the mechanism of the decrease in
the zeta potential that is implied from the experi-
mental results above. The K* and Cl™ ions in the
electrolyte penetrate the pores in Al,Oz due to the
pressurization during the zeta potential measure-
ment. This penetration is gradual because some air
remains in the Al,O; pores. CI™ ions are attracted to
the pores at the surface of the Al,O; film, which has a
positive zeta potential, and form a fixed bed. In
contrast, K™ ions are attracted to the surface of the
fused silica substrate, which has a negative zeta
potential, and form an electrical double layer. As a
result, a region in which K* ions are depleted (de-
pletion layer) is formed on the surface side of the

SISIS
Fused silica ({=—-40 mV)

Figure 15 Mechanism of reduction in the zeta potential for Al,O3
film coated on fused silica substrate.

electrical double layer (upper side of Fig. 15). In
consequence, the K* ions diffuse from the electrolyte
solution existing outside of the pores in the Al,Oj;
film into this depletion layer, causing the region near
the ALL,O; film surface to become K*-rich, and the
anion concentration decreases. The zeta potential
measured using the streaming potential method
should correspond to the total charge of the ions near
the surface of the Al,O; film, and thus, the zeta
potential decreases when the electrolyte solution
penetrates the pores of the film.
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Conclusions

Al,O; films were coated on SUS304L stainless steel
and fused silica substrates using CSD, and the con-
tinuous pores with a diameter of approximately 2 nm
were observed in the films. The zeta potential of the
film was measured using the streaming potential
method. Initially, the measured zeta potential of the
Al,O; films was + 40 to + 50 mV, which was the
same for both substrates. However, the zeta potential
of the Al,O; film on the fused silica substrate
decreased significantly with repeated measurements.
It was considered that electrolyte solution penetrated
these pores and reached the fused silica substrate,
and thus, the zeta potential of the fused silica sub-
strate gradually affected the measured zeta potential.
This is a characteristic phenomenon that occurs when
the zeta potential of a film containing continuous
pores is measured using the streaming potential
method. The streaming potential method is a supe-
rior measurement method by which the zeta potential
of a film coated on a metal substrate can be mea-
sured. However, when measuring a film with con-
tinuous pores, it is necessary to pay attention to the
facts found in this study.
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