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Electrophoretic deposition (EDP) is gaining increasing attention both in science and industry, due to 
novel applications in the processing of advanced ceramic materials and ceramic coatings. Electrophoretic 
deposition has become very interesting because this method has allowed the formation of thin films or 
multilayer films of controlled thickness and morphology, enabling the formation of films on substrates 
of complex geometry, aimed for different applications. This review paper represents the mechanism of 
electrodeposition of ceramic coatings (alumina and boehmite coatings) on metal surfaces, as well as the 
determination of the optimal deposition parameters (applied voltage, deposition time, electrodeposition 
bath temperature, suspension concentration) in order to control the thickness and morphology of deposited 
films. It was shown that coatings of maximum thickness, low porosity and good adhesion were obtained at 
lower deposition voltages and for longer deposition times. 
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ЕЛЕКТРОФОРЕТСКА ДЕПОЗИЦИЈА НА ТЕНКИ СЛОЕВИ ОД  
АЛУМИНИУМ ОКСИД И БЕМИТ НА МЕТАЛНИ ПОВРШИНИ

Елeктрофоретската депозиција (EDP) го привлекува вниманието и во науката и во индус
тријата заради нови апликации во развивањето нови керамички материјали и керамички тенки 
слоеви. Електрофоретскта депозиција е значајна бидејќи овој метод овозможува образување тенки 
филмови и повеќеслојни филмови со контролирана дебелина и морфологија, со што се овозможува 
добивање филмови на супстрати со комплексна геометрија и за различни цели. Во овој преглед е 
прикажан механизмот на електродепозицијата на керамички тенки слоеви (алумина и бемит) на ме-
тални површини, како и определувањето на оптималните параметри (применет електричен напон, 
време на депозиција, темепратура на бањата за депозиција, концентрација на суспензијата) со кои 
се контролира дебелината и морфологијата на нанесениот филм. Покажано е дека тенки слоеви со 
најголема дебелина, мала порозност и добра атхезија се добиваат при ниски електрични напони на 
депозиција и поголеми времиња на нанесување. 

Клучни зборви: електрофоретска депозиција; тенки слоеви; алумина; бемит
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1. INTRODUCTION

Electrophoretic deposition (EPD) is gain-
ing increasing attention as a powerful method 
for the formation of both uniform thin and 
thick films on substrates of complex geometry  
[1–12]. This method is used worldwide for 
the deposition of organic protective coatings  
[6–9, 13], ceramic coatings [10–12], bio
ceramic coatings [1–4, 14–17] and compos-
ite coatings [5, 18–20]. There are various 
methods to deposit ceramic coatings on metal 
surface, such as plasma spraying, sputtering, 
pulsed laser-deposition, sol-gel, electrophore-
sis and electrodeposition [21]. Among these, 
electrophoretic deposition (EPD) emerges as 
a method of choice due to its simple set-up 
and formation of uniform coatings, even on 
substrates of complex shape [22–26]. Other 
advantages are that EPD is an inexpensive 
electrochemical technique that can be carried 
out at room temperature with the possibility 
of reputable control of coating thickness and 
morphology by adjusting deposition parame-
ters. This method is used worldwide due to the 
relative simple process equipment and relative 
low production costs. The thickness and struc-
ture of deposited films can be easily controlled 
by changing the deposition parameters, i.e. 
applied voltage, deposition time and particles 
concentration in suspension, while mechanical 
characteristics are good [27].

Electrophoretic deposition is a phenom-
enon associated with the motion of charged 
particles dispersed in a liquid towards an 
electrode under an applied electric field (elec-
trophoresis) and deposit formation occurs by 
particle coagulation. The majority of the work 
on electrophoretic deposition has been done in 
non‑aqueous medium [28–32]. The reason was 
that non-aqueous medium had much better 
performances in respect to aqueous medium 
(e. g. low viscosity, good chemical stability). 
On the other hand, one of the major draw-
backs associated with use of organic medium 
is that it is “environmentally unfriendly”. That 
was the reason that electrophoretic deposition 
method is performed in aqueous solution when 

ever possible [24, 28, 33, 34]. The use of sol-
gel routes in ceramic processing has many ad-
vantages, such as greater purity, higher homo-
geneity and ultrafine grain size distribution, 
in comparison to conventional powder-based 
processing techniques. Moreover, as the sol 
contains very sinter-active ceramic particles 
on a nanometer scale, the sintering tempera-
tures can be lowered by several hundred de-
grees [35].

The aim of this work was to present the 
optimal process parameters (applied voltage, 
deposition time, electrodeposition bath tem-
perature and suspension concentration) for 
deposition of alumina and boehmite coatings 
from aqueous suspensions using sol-gel routes 
in order to obtain the greatest thickness and the 
lowest porosity on deposited ceramic films. 

2. ELECTROPHORETIC DEPOSITION  
OF ALUMINA AND BOEHMITE COATINGS

The necessary condition that provides 
successful electrophoretic deposition (EPD) is 
a stable suspension/sol, in which the particles 
have a high zeta potential, while the ionic con-
ductivity of the suspension is kept at a low val-
ue [36]. Factors influencing the EPD process 
are: electrical conditions (voltage and time) 
and parameters related to suspension (particle 
charging, solid loading, dispersants, suspen-
sion viscosity, particle size distribution).

According to proposed mechanism [37–
40], the alumina deposition process occurs in 
several steps. Positively charged oxide parti-
cles/lyosphere system (e. g. [M-OH2]

+X–) mi-
grate toward the cathode. The rate of migra-
tion that the particles can achieve, v, depends 
on applied electric field, E, suspension viscos-
ity, h, particle radius, r, and particle charge, z, 
and is given by the following equation [38]:

v = zE/6phr 	 (1)

indicating the linear dependence of migra-
tion rate upon applied electric field. When ion 
comes to the cathode, it discharges. Because 
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the particle is close enough to the cathode, 
attractive forces dominate and coagulation/
deposition occurs. At the same time, the hy-
drogen evolves on the cathode and oxygen on 
the anode:

cathode: 
2H2O + 2e– → H2 + 2OH– (pH 7–14)   (2)

or  2H+ + 2e-→ H2 (pH 1–7)          (3)

anode: 
	        2H2O → 4H+ + O2 + 4e–	          (4)

Evolved hydrogen goes out through the 
coating, leaving the vacancies inside the de-
posited alumina film and causing its porous 
structure.

Adsorption and desorption processes 
can be represented as follows in the case of 
boehmite particles [11, 25]:

>AlOH + H+ D >AlOH2
+       (pH < pHpzc)   (5)

	
>AlOH + OH– D >AlOH– + H2O         (pH > pHpzc) 

(6)

The electrophoretic deposition of boeh-
mite particles occurs in several steps and has 
been discussed in literature in detail [11, 25, 
27, 28]. The rate of migration that the parti-
cles can achieve is given by the eq. (1). When 
an ion reaches the cathode, it discharges. As 
the particle is sufficiently close to the cathode, 
attractive forces dominate and coagulation/
deposition occurs. During electrodeposition, 
the hydrogen evolved according to eq. (2) 
bubbles on the cathode and diffuses through 
out the deposited boehmite film. In addition, 
some hydrogen bubbles may remain trapped 
between the deposited sol particles, leading, 
in both cases, to film porosity [41]. Indeed, 
the dependence of the deposition current den-
sity on the deposition time at constant applied 
voltage in our previously published paper [11], 
corresponded to the deposition of porous films 
because current density did not achieve zero 

value during electrodeposition, suggesting 
that the coating is still porous and that particle 
deposition still occurs [42].

3. ALUMINA COATINGS

The solid phase content of alumina pow-
der in water suspension was 10, 20 and 30 wt. 
%. The alumina films were electrodeposited 
on steel from the water suspensions of alu-
mina powder using constant voltage method. 
The experiments were performed at different 
values of constant voltage between 30 and 90 
V, during different deposition time between 
1 and 10 min and over temperature range of 
20–40 °C [24].

The optical microscopy coupled with the 
quantitative image analysis is useful technique 
used for surface characterization of alumina 
films electrodeposited on steel. The stereo 
microscope with excellent depth of the field 
sharpness and with variable magnitude up to 
200× was used as a source of visual informa-
tion, being very suitable for nondestructive 
measurements on fragile alumina deposits. 
The advantage of using optical microscopy 
coupled with image analyzer is the statistical 
analysis of the obtained results which enables 
the determination of the pore number, percent-
age of the film surface covered by pores and 
mean pore diameter. The finer microstructure 
of alumina films was investigated using scan-
ning electron microscopy (SEM) [24].

It was shown [24] that increase in ap-
plied deposition voltage over 100 V decreases 
the alumina film thickness and increases the 
film porosity due to larger amount of evolved 
hydrogen on cathode (eq. 2) which goes out 
through the coating, leaving more vacancies 
in the film and causing more porous structure. 
For this reason, the experiments were per-
formed over lower range of deposition voltage 
between 30 and 90 V. The effect of applied de-
postion voltage and concentration of alumina 
powder in water suspension on the percentage 
of alumina film surface covered by pores, Ap, 
is shown in Figure 1 [40].
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Fig. 1. The percentage of alumina film surface covered 
by pores vs. applied deposition voltage for different 

concentration of alumina powder in suspension 
(deposition time 10 min)

It can be observed that the films obtained 
from 20 wt.% of alumina powder in suspension 
have the lowest porosity for all applied depo-
sition voltages. This can be explained by the 
optimal ratio of number of suspended particles 
and number of water molecules, which enables 
the best particle dispersion and consequently, 
the best particle packing on the cathode dur-
ing deposition process. The films obtained from 
10 wt.% and 30 wt.% suspension have greater 
porosity due to larger amount of evolved hy-
drogen (in the case of 10 wt.% suspension) or 
due to agglomerates detected (in the case of 30 
wt.% suspension). On the other hand, the in-
crease of applied voltage increases the percent-
age of film surface covered by pores (Figure 1) 
due to larger amount of evolved hydrogen on 
the cathode at higher voltages. The minimum 
values of the alumina film surface covered by 
pores, Ap (Figure 1), pore number, N, and mean 
pore diameter, Dp, were obtained for deposition 
voltage of 30 V and 20 wt.% of alumina powder 
in water suspension while the thickness of this 
alumina film is 40 µm [40].

The effect of deposition time on alumina 
film thickness and morphology was investi-
gated for films electrodeposited from 20 wt.% 
suspension at 30, 40 and 50 V. At lower applied 
voltages (30 and 40 V), the increase in deposi-
tion time increases the alumina film thickness 

(Figure 2) due to much more particles which 
reach the cathode and discharge on it. 

For longer deposition time, at higher ap-
plied voltages (50 V) the film thickness achieves 
a maximum and then decreases due to larger 
amount of evolved hydrogen, which accumu-
lates on the cathode and causes more vacancies 
in the deposited film. This explains the greater 
values of pore number, percentage of alumina 
film surface covered by pores and mean pore 
diameter (Figure 3) for alumina films electro-
deposited at higher voltages and for longer de-
position time [40].

Fig. 3. The mean pore diameter vs. deposition time 
for 20 wt.% alumina suspension at different applied 

voltages

Fig. 2. Dependence of alumina film thickness on 
deposition time for 20 wt.% alumina suspension at 

different applied voltages
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Since the increase in deposition time does 
not increase the film porosity significantly at the 
lowest deposition voltage of 30 V (Figure 3), 
and on the other hand significantly increases the 
film thickness (Figure 2), it can be concluded 
that optimal deposition time is 10 min, for ap-
plied voltage of 30 V and 20 wt.% suspension, 
while the coating exhibited good adhesion. 

The temperature dependence of pore 
number, N (Figure 4), pore area, Ap, and per-
centage of film surface covered by pores show 
the minimum at 30 °C for all deposition times, 
while the mean pore diameter, Dp, doesn’t de-
pend on bath temperature and deposition time 
significantly [39]. 

Fig. 4. Dependence of pore number on bath 
temperature for 20 wt.% alumina suspension and 

different deposition time

This behavior can be explained by the 
proposed mechanism of alumina deposition 
process, which occurs in several steps, as was 
mentioned earlier. The increase in bath tem-
perature decreases the viscosity of water sus-
pension, and consequently increases the rate of 
particles migration according to eq. (1). On the 
other hand, the rate of the hydrogen evolution 
reaction (eq. (2)) as an undesirable process, in-
creases with increasing bath temperature, also. 
At 30 °C these two processes, particle migration 
and coagulation and hydrogen evolution, are in 
equilibrium, which results in the minimum po-
rosity of deposited films, e. g. minimum values 
of pore number (Figure 4), pore area and per-

centage of film surface covered by pores. It 
can be noticed also that the minimum values 
of these parameters were obtained for deposi-
tion time of 10 min. This means that optimal 
deposition time is 10 min and during this time 
the alumina film of the lowest porosity and 
the highest thickness was formed. Namely, 
for longer deposition time (10 min) there are 
much more particles which reach the cathode, 
and consequently the film thickness increas-
es. On the other hand, the possibility of their 
better packing on the cathode is greater, so 
the film porosity is decreased.

At temperatures lower than 30  °C, the 
particles migration is too slow although the 
rate of hydrogen reaction is low, which caus-
es the bad packing of alumina particles and 
greater porosity of obtained films. On the oth-
er hand, at temperatures higher than 30 °C the 
particles migration is fast but, the hydrogen 
evolution is too fast also. As a consequence, 
the greater amount of evolved hydrogen goes 
out through the film, leaving more vacancies 
inside the films and causing the more porous 
structures (Figure 4).

The structure of alumina film surface 
obtained under optimal deposition condi-
tions, i. e. applied voltage 30 V, 20 wt.% alu-
mina powder in suspension, bath temperature 
30 °C and deposition time 10 min, is shown 
in Figure 5 [39]. 

Fig. 5. The microphotograph of alumina film 
surface obtained from 20 wt.% of alumina powder 

in suspension, at 30 V and 30 ºC  
(deposition time 10 min)
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4. BOEHMITE COATINGS

Boehmite sol was prepared by the peptiza-
tion of freshly precipitated Al(OH)3, obtained by 
the addition of NH4OH to AlCl3×6H2O aqueous 
solution at 80 °C up to pH 7–8. The precipitate 
was then washed with hot water until a negative 
reaction of Cl– ions with AgNO3 was observed. 
Al(OH)3 was suspended in distilled water and the 
appropriate amount of concentrated HNO3 acid 
was added at a molar n(HNO3)/n(Al(OH)3) ratio of  
0.1. The sol was prepared under reflux at 100 °C 
for 48 h. Boehmite powder was obtained by dry-
ing the sol at 90 °C for 48 h. The solid phase con-
tent, determined gravimetrically, was 1.76 wt.%  
[11, 25].

Boehmite coatings were deposited on titani-
um from aqueous boehmite sol using the constant 
voltage method. The experiments were performed 
at different values of constant voltage ranging be-
tween 1.0 and 10 V, for various deposition times 
of 10 – 30 min at room temperature. Boehmite 
coatings were characterized by thermogravimetric 
analysis (TGA) and scanning electron microscopy 
(SEM). The microstructure of the boehmite coat-
ings dried at room temperature in air and coatings 
sintered in air at 1000°C and 1300 °C for 1 h was 
examined by SEM [11, 25]. 

The mass of the boehmite deposit, m, as a 
function of the applied deposition voltage, U, for 
different deposition times is shown in Figure  6 
[25].

The increase in applied voltage and depo-
sition time increases the boehmite deposit mass. 
According to eq. (1), the increase in applied 
voltage increases the rate of particle migration 
and, consequently, the mass of boehmite depos-
it. The rate of hydrogen evolution, as an unde-
sirable process, also increases with increasing 
applied voltage. At lower applied voltages, up 
to 3.0 V, the mass of the boehmite deposit is 
too small and the deposition time, as well as the 
deposition voltage, does not influence the proc-
ess (inset in Figure 6). A possible explanation is 
that the applied electric field is not sufficiently 
strong and that the rate of colloidal particle mi-
gration is too slow. At the same time, the ap-
plied voltage is insufficient to cause a destabi-
lization of the boehmite sol near the electrode.

An increase in the applied voltage from 
3.0 to 6.0 V, for all deposition times, increases 
the mass of the boehmite deposit (inset in Fig-
ure 6). Also, the rate of hydrogen evolution in-
creases at higher applied voltages greater than 
3.0  V, so the amount of evolved hydrogen is 
larger, causing greater porosity and cracks in 
the boehmite deposit during subsequent drying 
at room temperature. Poor adhesion of the boe-
hmite deposit was observed at applied voltages 
higher than 4.0 V, although the mass of boeh-
mite deposit increased.

A decrease in the mass of the boehmite 
deposit was observed at voltages higher than 
6.0 V for a deposition time of 30 min. This be-
havior can be explained by a larger amount of 
hydrogen evolved at the cathode at higher volt-
ages and for longer deposition times, and addi-
tionally, by poor adhesion of boehmite coating.

The effect of deposition time on the mass 
of the boehmite deposit at different applied 
voltages is also shown in Figure 6. At lower ap-
plied voltages, up to 3.0 V, an increase in the 
deposition time does not influence the mass of 
the boehmite deposit. At applied voltages from 
3.0 V to 6.0 V, increasing deposition time in-
creases the mass of boehmite deposit due to 
more particles reaching the cathode. At volt-
ages higher than 6.0 V the mass of the boehmite 
deposit achieves a maximum and then decreas-
es with increasing deposition time due to the 

Fig. 6. Dependence of the boehmite deposit mass on the 
applied voltage for different deposition times.  
Inset: m vs. U curves at voltages up to 6.0 V
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larger amount of evolved hydrogen, which ac-
cumulates on the cathode and forms more pores 
in the deposited film.

Thus it may be concluded that the optimal 
deposition voltage for the boehmite coating is 
4.0 V, because it is the highest voltage at which 
a film of low porosity and good adhesion can be 
formed on titanium. On the other hand, the opti-
mal deposition time is 30 min, since an increase 
in the deposition time increases the mass of 
the boehmite deposit. Consequently, boehmite 
coatings of maximum thickness, low poros-
ity and good adhesion were formed for longer 
deposition times and at lower deposition volt-
ages. A coating electrodeposited at 4.0 V and 
for a deposition time of 30 min was chosen for 
further thermal treatment at 1000 and 1300 °C 
with a holding period of 1 h at the maximum 
temperature.

The weight loss and temperatures asso-
ciated with phase transformations were deter-
mined by thermogravimetric analysis. Figure 7 
represents the differential TG (DTG) curve of 
the boehmite coating (U = 4.0 V, t = 30 min, 
dried at room temperature) obtained in the tem-
perature range between 23 and 600 °C [25].

Fig. 7. Differential TG (DTG) curve 
of the boehmite coating 

(U = 4.0 V, t = 30 min, dried at room temperature in air)

The TG curve of boehmite coating exhib-
ited three characteristic weight loss stages. The 

first stage was observed from 23 °C to 160 °C, 
with a sharp peak at 50 °C in the DTG curve. 
This stage corresponds to the desorption of wa-
ter molecules adsorbed on the crystallites sur-
face. The weight loss in this stage in the initial 
pseudoboehmite was calculated to be 13 wt.%. 
This is in accordance with data from the litera-
ture [41], which showed that the weight loss in 
pseudoboehmite is higher than the weight loss 
in boehmite (about 1  wt.% in boehmite) due 
to the smaller crystallite size and thus a higher 
surface area avaliable for water adsorption. 

	 The second stage of weight loss of 
the TG curve was observed between 160 and 
450 °C, which corresponds to the transition of 
boehmite into g-Al2O3, while two peaks in the 
DTG curve were observed in this temperature 
interval: a sharp peak at 258 °C and a wide peak 
at 390 °C (Figure 7). The peak at 258 °C and a 
weight loss of 11 wt.% between 50 and 258 °C, 
calculated from the TG curve, indicate the trans-
formation of pseudoboehmite (Al2O3×nH2O, 
where 1<n<2.5) into boehmite (Al2O3×H2O) 
[43–49] and corresponds to 0.41 mol H2O per 
mol boehmite. Consequently, the formula of 
the starting pseudoboehmite was calculated to 
be AlOOH×0.41H2O or Al2O3×1.82H2O. The 
excess water in pseudoboehmite is not surface 
layer, but interlayer water. The weight loss of 
15  wt.% between 258 and 390  °C, calculated 
from the TG curve, is associated with further 
boehmite transformation to g-Al2O3 according 
to the equation:

					  
2AlOOH → g-Al2O3 + H2O 	 (8)

and corresponds to the theoretical weight loss of 
15 wt.% [49]. The second, wide peak at 390 °C 
(Figure 7) corresponds to the transition from boe-
hmite into g-Al2O3, which occurs through partial 
dehydroxylation as a consequence of broken hy-
drogen bonds between the double layers in the 
boehmite crystallites [41, 49]. The total weight 
loss of 26  wt.% in the second stage of the TG 
curve between 50 and 450 °C confirms the trans-
formation from pseudoboehmite to g-Al2O3.

The third stage of negligible weight loss 
at temperatures above 450  °C (Figure  7) cor-
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responds to the transformation of a-Al2O3 into 
the most stable g-Al2O3 via a sequence of tran-
sitional aluminas g→d→q→a-Al2O3. This tran-
sition is a consequence of the continuous and 
gradual loss of residual hydroxyl groups and 
involves a reorganization of the oxygen into a 
denser, hexagonal closely packed configuration 
by nucleation and growth [49].

The same results of phase transforma-
tions and calculated values of weight loss be-
tween three characteristric weight loss stages, 
as well as the calculated formula of the start-
ing pseudoboehmite, were obtained from TGA 
of boehmite powder [11], indicating the same 
structure of boehmite coatinig and boehmite 
powder, with no effect of the substrate on the 
boehmite coating structure. 

Figure 8 represents the SEM micrograph 
of the boehmite coating treated at 1000 °C for 
1 h [25]. According to analysis of XRD pattern 
of boehmite powder treated at the same way 
[11] it could be concluded that the boehmite 
coating is also g-alumina, having in mind the 
results obtained from TGA for both powder and 
coating.

Fig. 8. SEM micrograph of the boehmite coating 
(U = 4.0 V, t = 30 min) sintered at 1000 °C

The SEM micrograph of the boehmite 
coating treated at 1300  °C for 1  h (Figure 9) 
[25] shows the graininess of the coating of 
α-Al2O3, which is in accordance with the XRD 
data of boehmite powder treated at the same 
temperature [11], having in mind the results ob-

tained from TGA for both powder and coating. 
This indicates the lower sintering temperature 
of the boehmite coating obtained by the sol-gel 
procedure compared to sintering temperature 
(1600 oC) of the boehmite coatings obtained by 
classical forming methods [50].

Fig. 9. SEM micrograph of the boehmite coating 
(U = 4.0 V, t = 30 min) sintered at 1300 °C 

(magnification 10000×).

Based on the all presented results, it is 
important to emphasize that optical microscopy 
coupled with image analysis gave information 
about morphology of alumina and boehmite 
coatings, i.e. pore number, mean pore diameter 
and percentage of film surface covered by pores 
and consequently, enabled the determination of 
the optimal deposition parameters (aplied volt-
age, deposition time, concentration, bath tem-
perature) in order to obtaine the coatings of the 
the lowest porosity and good adhesion, which 
have been observed for all samples. The great-
est thickness and the lowest porosity of alumina 
coatings were obtained at the deposition volt-
age of 30 V, temperature of 30 °C, deposition 
time of 10 min, from the suspension of 20 wt. 
% of alumina powder. The boehmite coatings 
of maximum thickness and the lowest poros-
ity were electrodeposited at 4  V and deposi-
tion time of 30 min and treated at 1000 °C and 
1300 °C, forming g-Al2O3 and a-Al2O3 alumina 
coatings, respectively, at significantly lower 
sintering temperature.
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