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Abstract: The influence of the deposition parameters on the porosity of thin alumina
films electrophoretically deposited on steel from aqueous suspensions was investi-
gated. The effects of the applied voltage, deposition time, suspension temperature
and the solid content of the aqueous suspension on the porosity of the obtained alu-
mina films have been determined using optical microscopy coupled with image
analysis. It was shown that the lowest film porosity was obtained from a suspension
containing 20 wt.% alumina powder at the lowest applied voltage (30 V), for a lon-
ger deposition time (10 min) using a suspension temperature of 30 °C. This behavior
can be explained by the smaller amount of hydrogen evolved on the cathode during
the electrophoretic deposition process.

Keywords: alumina, cataphoretic deposition, deposition parameters, image analysis,
porosity.

INTRODUCTION

The electrophoretic deposition process has been well known for many years as
a method of forming films with various performances and for different applica-
tions. Electrophoretic deposition allows control of the film thickness, uniformity
and deposition rate. Using this method for film production it was recognized that
decreasing the particle size decreases the temperature of sintering.! Additional ad-
vantages of using this method are its simplicity, the low cost of the required equip-
ment and the possibility of film formation on substrates of complicated shapes.2:3
Electrophoretic deposition is a process in which suspended solid particles are de-
posited directly from stable suspensions under the influence of an electric field.
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Two simultaneous processes lead to the formation of solid films: the movement of
the charged particles under the applied electric field and the deposition of those
particles onto the electrode. Electrophoretic deposition is a powerful method for
the production of both thin and thick films.#~7 Cataphoretic deposition has been
used for the formation of protective organic coatings on metal substrates,8 as well
as for deposition of ceramic micro-laminates,®° conductive fibers/epoxy compos-
ites,!0 organoceramics films!! and bioceramic materials.!2 This method is also
used for the processing of advanced microelectronic components.!! The electro-
phoretic phenomena have been investigated both in non-aqueous media2:10.13 as
well as in aqueous media.47-%14 The non-aqueous media have much better perfor-
mances compared to aqueous media (e.g., low viscosity), but environmental prob-
lems arise with the use of organic media. Accordingly, electrophoretic deposition
process should be performed from an aqueous solution whenever it is possible.

The aim of this work was to investigate the effect of deposition parameters,
e.g., applied voltage, deposition time, suspension temperature and solid content in
the aqueous suspension, on the porosity of alumina films electrophoretically de-
posited on steel.

EXPERIMENTAL

Preparation of alumina aqueous suspension

The starting powder was commercial reactive alumina A-16 SG (Alcoa Chemicals, Bauxite,
AR, USA) with equiaxed grains having an average particle size of 0.5 um, a specific surface area of
8.5 m2g’! (typical values declared by the manufacturer). The powder was dispersed in water with the
aid of the commercial deflocculant Dolapix ET 85 (Zschimmer&Schwarz, Lahnstein, Germany), an
alkali free ester of carbonic acid, supplied as a yellow aqueous solution, and a binder (2 % solution
of polyvinyl alcohol in distilled water). The concentration of the deflocculant was 1.4 wt.% and con-
centration of the binder was 1.0 wt.% with respect to the solid phase content of the suspension (the
concentrations are based on solutions not on active substances). The pH value was adjusted to 4.0 by
addition of 65 % nitric acid. Dispersion was realized in a ball mill for 2 h. The dispersion was al-
lowed to stabilized in the mill without balls for 1 h. The solid phase contents of alumina powder in
the aqueous suspensions were 10, 20 and 30 wt.%.

Electrodeposition of alumina films on steel from aqueous suspensions

A three-electrode cell arrangement was used for the cataphoretic electrodeposition process.
The working electrode was a steel plate (5 x 5 mm, steel T-57 by ISO standard). The counter elec-
trodes were platinum panels, which were placed parallel to the working electrode at a distance of 1.8
cm. The alumina films were electrophoretically deposited onto the steel from aqueous suspensions
of'alumina powder using the constant voltage method. The experiments were performed at different
values of constant voltage between 30 and 90 V, for different deposition times of 2, 5 and 10 min and
at different suspension temperatures between 20 °C and 40 °C.

The thickness of deposited alumina films, d, was determined by weighing the cathode before
and after deposition and applying the equation:

0=G/(pS) )

where S is the surface area of the working electrode, p = 3.96 g cm™ is the powder density and G =
wy—wy (where w, and wy are the weight of the cathode after and prior to deposition, respectively).
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Surface characterization of the alumina films electrodeposited on steel

Optical microscopy coupled with quantitative image analysis was used for surface character-
ization of the alumina films electrodeposited on steel. A stereo microscope (model LEICA M6,
LEITZ, Goslar, Germany) with excellent depth of the field sharpness and with variable magnitude
up to 200x was used as the source of visual information, being very suitable for non-destructive
measurements of the fragile alumina deposits. The picture was transferred to a computer by a CCD
(charge couple device) camera (Sony Hyper Had), where it was digitized using MIRO-DC10 Frame
Grabber. The statistical analysis of the results obtained from optical microscopy coupled with quan-
titative image analysis enables the determination of the pore number and the percentage of the film
surface covered by pores. The finer microstructure of the alumina films was investigated using scan-
ning electron microscopy (SEM) (PHILIPS XL 30), after vapor deposition of a conductive carbon
layer on the surface of the alumina deposits.

RESULTS AND DISCUSSION

Electrophoretic deposition of alumina films on steel from aqueous suspensions

The surfaces of colloidal particles may be positively or negatively charged,
depending on the pH:115

M-OH + Hf<M-0OH,* 2

or M-OH + OH~ ©&M-0~ + H,O 3)

At low pH values, Al,O3, particles are positively charged.

According to the proposed mechanisms, electrophoretic deposition of alumina
occurs in several steps: 4:15-18

— The charged particles attract oppositely charged ions (i.e., counterions) around
themselves; this “atmosphere” plus the particle is the “lyosphere” (e.g., [M~OH,]"X").
The positively charged oxide particles migrate toward the cathode;

— The rate of migration that the particles can achieve, v, is given by the equa-
tion:

v = zE/6mnyr “

where £ is the applied electric field, 7 is the suspension viscosity, 7 is the particle radius and
z is the particle charge, indicating a linear dependence of the migration rate on the applied
electric field;

— When an ion reaches the cathode, it discharges.!5 As the particle is close enough
to the cathode, attractive forces dominate and coagulation/deposition occurs;

— Simultaneously, hydrogen evolves on the cathode and oxygen on the anode:

cathode: 2H,0 + 2e~ — Hy + 20H™ (pH 7-14) 5)
or 2H" +2e~ — Hj (pH 1-7) (6)

anode: 2H,O — 4H" + Oy + 4e (7)
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— The evolved hydrogen leaves the cathode through the coating, resulting in
pores inside the deposited alumina film, thus causing its porous structure.

The alumina film thickness is a function of deposition time, alumina powder
content in the aqueous suspension and the suspension temperature, as was shown
in previous papers.1416-18 Increasing the applied voltage increases the rate of par-
ticle migration, according to Eq. (4), and consequently increases the film thick-
ness. The rate of hydrogen evolution reaction, as an undesirable process, increases
with applied voltage, also. Increasing the suspension temperature increases the
film thickness because increasing the suspension temperature increases the rate of
particle migration due to decreasing viscosity of the alumina powder suspension.
Increasing the deposition time also increases the film thickness due to more parti-
cles reaching the cathode surface and depositing on it.16

The effect of alumina powder content in aqueous suspension on the alumina film
porosity
The effect of applied deposition voltage and alumina powder content in the

aqueous suspension on the percentage of the alumina film surface covered by pores
is represented in Fig. 1.
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Fig. 1. The percentage of alumina film surface covered by pores vs. applied deposition voltage
for different contents of alumina powder in the suspension (deposition time 10 min).

It can be seen that films obtained from suspensions containing 20 wt.% alu-
mina powder have the lowest porosity for all deposition voltages. This can be ex-
plained by 20 wt.% alumina powder giving the optimal ratio of number of sus-
pended particles and number of water molecules, thus enabling the best packing of
particles on the cathode during the deposition process. The films obtained from 10
wt.% and 30 wt.% suspensions have greater porosity which may be due to the
larger amount of evolved hydrogen (in the case of the 10 wt.% suspension) and due
to some agglomerates detected in the alumina deposits (in the case of the 30 wt.%
suspension), which is probably the result of inadequate dispersion of the particles
in suspensions with high solid alumina powder content. Therefore, the effect of ap-
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plied voltage on the morphology of alumina films was investigated in further ex-
periments only for the films obtained from 20 wt.% suspensions.

The effect of applied voltage on the alumina film porosity

Bearing in mind that the hydrogen evolution reaction on the cathode is slower at
lower deposition voltages, experiments were conducted in the ragne of 30 — 90 V, with
the aim of determining the optimal deposition voltage for alumina film formation. In-
creasing the applied voltage increases the number of pores (Fig. 2a) and the percentage
of the alumina film surface covered by pores (Fig. 2b) for all deposition times.
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Fig. 2. Number of pores (a) and the percentage of alumina film surface covered by pores (b) vs.
the applied deposition voltage, for 20 wt.% alumina suspension and different deposition times.

These results can be explained by the fact that the amount of evolved hydro-
gen is higher at higher voltages. This evolved hydrogen deposits from the cathode
through the coating, leaving pores inside the deposited alumina film, thus causing
its porous structure. Thus. the number of pores and the percentage of the film sur-
face covered by pores have minimum values for the film obtained at an applied
voltage of 30 V.
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The effect of deposition time on the alumina film porosity

The effect of deposition time on the alumina film thickness and porosity was
investigated for films deposited from 20 wt.% suspensions at 30, 40 and 50 V
(Figs. 3 and 4, respectively).
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Fig. 3. The time dependence of the alumina film thickness for 20 wt.% alumina suspension at dif-
ferent applied voltages.

At lower applied voltages (30 and 40 V), increasing the deposition time in-
creases the film thickness (Fig. 3), due to the greater number of particles reaching
the cathode and depositing on it. For longer deposition times, at higher deposition
voltage (50 V), the film thickness achieves a maximum and then decreases due to
the larger amount of evolved hydrogen, which accumulates on the cathode and
causes more pores in the deposited film. This explains the greater number of pores
(Fig. 4a) and the larger percentage of the alumina film surface covered by pores
(Fig. 4b) for alumina films electrophoretically deposited at higher voltages and for
longer deposition times.

Since increasing the deposition time does not increase the film porosity signifi-
cantly at the lowest deposition voltage of 30 V, (Figs. 4a and 4b), but significantly in-
creases the film thickness, (Fig. 3), it can be concluded that the optimal deposition time
is 10 min, for an applied voltage of 30 V and a 20 wt.% suspension. The SEM micro-
graph of an alumina film obtained under these conditions is represented in Fig. 5.

As mentioned earlier, during electrophoretic deposition, two simultaneous
processes occur on the cathode, i.e., hydrogen evolution and alumina particle de-
position. The influence of these two processes on the alumina film porosity could
be seen more clearly during the initial deposition time. The effect of deposition
time on the percentage of alumina film surface covered by pores, for deposition
time of up to 1 min, was investigated for a film deposited from a 20 wt.% suspen-
sion at 30 V (Fig. 6).

In can be noticed that the alumina film porosity decreases at the beginning,
achieves a minimum value and then increases. This behavior can be explained as
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Fig. 4. Number of pores (a) and the percentage of alumina film surface covered by pores (b) vs.

deposition time, for 20 wt.% alumina suspension at different applied voltages.

Fig. 5. SEM micrograph of an alumina film surface electrophoretically deposited on steel (20
wt.% alumina suspension, 10 min, 30 V).

follows. At the very beginning of the deposition process, the alumina particles are
attracted to the cathode surface. However, a large percentage of film surface is cov-
ered by pores due to the large number of pores existing in the film as a result of the
hydrogen evolution reaction on the cathode. After a few seconds, the pores are
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Fig. 6. The percentage of alumina film surface covered by pores vs. deposition time for 20 wt.%
alumina suspension at an applied voltage of 30 V (deposition time of 1 min).

filled with alumina particles and, consequently, the film porosity decreases and
achieves a minimum value. This means that the process of alumina particles depo-
sition becomes dominant with respect to the hydrogen evolution reaction. During
further deposition, the film porosity increases, but not significantly, due to the
larger amount of evolved hydrogen, as was also evident from Fig. 4b.

The effect of suspension temperature on the alumina film porosity

The majority of the work in the field of electrophoretic deposition of ceramic
films has been done at room temperature,!9-22 although some experiments have
been performed at higher temperatures, up to 38 °C.4 In this work, the suspension
temperature was varied from 20 °C to 40 °C. At temperatures lower than 15 °C, the
rate of film formation is low. On the other hand, at temperatures higher than 40 °C,
water and organic compounds evaporate intensively, changing the pH value and ef-
fecting quality of the suspension.

The temperature dependence of the number of pores (Fig. 7a) and the percent-
age of the alumina film surface covered by pores (Fig. 7b) show a minimum at 30
°C for all deposition times.

This behavior can be explained by the proposed mechanism of the alumina de-
position process, which occurs in several steps, as mentioned earlier. Increasing
the suspension temperature decreases the viscosity of the aqueous suspension and,
consequently, increases the rate of particle migration, according to Eq. (4). On the
other hand, the rate of the hydrogen evolution reaction, as an undesirable process,
also increases with increasing temperature. At 30 °C these two processes, particle
migration/coagulation and hydrogen evolution, are in equilibrium, which results in
deposited films with the minimum porosity. It can also be noticed that the mini-
mum values of pore number and percentage of alumina film surface covered by
pores were obtained after a deposition time of 10 min. Namely, for longer deposi-
tion times (10 min) many more particles reach the cathode. In addition, the possi-
bility that they pack better on the cathode is greater, so the film porosity decreases.
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Fig. 7. Dependence of the number of pores (a) and percentage of alumina film surface covered by
pores (b) on the suspension temperature, for 20 wt.% alumina suspension and different deposition.
times.

At temperatures lower than 30 °C, the migration of the particles is too slow although
the rate of the hydrogen evolution reaction is low, which causes bad packing of alumina
particles and formation of higher porosity films. On the other hand, at temperatures
higher than 30 °C, the migration of the particles is fast but so too is the rate of hydrogen
evolution. As a consequence, a larger amount of evolved hydrogen diffuses through the
film, leaving more pores inside the films and causing more porous structures.

CONCLUSION

Statistical analysis of the results obtained from optical microscopy coupled
with quantitative image analysis gives information about the porosity of alumina
films (pore number and percentage of the film surface covered by pores) and en-
ables the optimal values of the applied voltage, alumina powder content in the sus-
pension, suspension temperature and deposition time to be determined for the elec-
trophoretic deposition of alumina films on steel.

The percentage of alumina film surface covered by pores has a minimum
value for films obtained from suspensions containing 20 wt.% of alumina powder
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due to the optimal ratio of the number of suspended particles to the number of wa-
ter molecules, which enables the best particle packing on the cathode during the
deposition process. Increasing the applied voltage and deposition time increases
the film thickness but also increases the film porosity. The minimum values of pore
number and percentage of alumina film surface covered by pores were obtained for
films deposited at 30 V. This can be explained by the fact that at this voltage the
lowest amount of hydrogen is evolved at the cathode, which departs from the cath-
ode by going through the film. Hence, the lower the amount of hydrogen, the less
pores are left inside the film, resulting in films with a less porous structures. On the
other hand, increasing the deposition time significantly increases the film thick-
ness due to many more particles reaching the cathode, but it does not increase sig-
nificantly the film porosity. This means that for longer deposition times (10 min) at
a lower deposition voltage (30 V), alumina films of the greatest thickness with low
porosity can be formed.

The minimum values of the pore number and percentage of alumina film sur-
face covered by pores were obtained at 30 °C. This can be explained by the equilib-
rium between the migration of particles and coagulation, on the one hand, and hy-
drogen evolution at the cathode, on the other. At lower temperatures, migration is
too slow, and at higher temperatures, hydrogen evolution is too fast, giving in both
cases films of higher porosity.
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YTHUUAJ ITAPAMETAPA EJIEKTPO®OPETCKOT TAJIOXKEBA TTPAXA
AJIIYMUHUIYM-OKCHUIA 13 BOOEHUX CYCIIEH3HUJA HA TTOPO3HOCT
JOBUIEHUX TAHKUX PMUJIIMOBA HA YEJ/IUKY

MAPUIJA C. J'IA3I/IT11, KOPHEIUJA CI/IMOBI/IT)2, BECHA b. MI/IHIKOBI/I"B—CTAHKOBI/I"BS,
ITPEOPAT JOBAHUR! u OYIIAH KWREBUR

II/IHCMumym 30 [WeXHOA0ZUJY HYKACAPHUX U OPYZUX MUHEPAAHUX cuposuna, Ppanute 0 Etiepea 86, 11000
Beozpao, “ Unciiuitiyiui 3a HykeapHe Hayke ,, Bunua”, . ip. 522, 11001 Beozpao u ~ Texnoaowko-mettiarypuku
akyaitein, Yuusepsuieii y beozpaoy, i. up. 3503, 11120 Beozpao

McnuTyBaH je yTulaj napaMeTapa TajloxKera, I TO HAIOHA TalloXKea, BpeMeHa Tajo-
SKerba, TEMIIEpaType CyClieH3rje U KOHIEHTpaluje YBpcTe (ha3e y CYCHeH3Hjd, Ha MOPO3HOCT
KaTaOpeTCKN TANIOKEHNX TAaHKHUX (PIIIMOBA M3 BOJICHE CYCIIeH3H]je TTpaxa allyMUHH]yM-OKCHIa
Ha yenuky. ITopo3HocT fo6ujenux punmosa ofpebubaHa je IpEMEHOM METO/IE ONTHIKE MUKPO-
ckomyje y3 aHanmu3y ciauke. Ha ocHOBy JjoOMjeHMX pesyiTaTa IIOKa3aHO je ja je HajMama
TIOPO3HOCT TPEBJIaKe aTyMUHUjyM-OKCHla Ha YeNNKy AOoOWjeHa NpH TallOKeHmhY W3 BOJICHE
cycriensnje KoureHTpanuje 20 Mac%, mpu HarmoHy Tajoxkema 30 V, 3a Bpeme Tanoxkema 10
MuHyTa U ipu TemriepaTtypu cycnensuje 30 °C. OBakBo noHamame Moryhe je 06jacCHUTH MamhOM
KOJIMYMHOM M3/IBOjEHOT BOJJOHMKA HAa KaTOAU TOKOM eJIeKTPO(DOPETCKOT TAIOXKEHha.

(IMpumbeno 29. jyna, pesuaupatno 11. HoBemGpa 2003)
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