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Abstract: Electrophoretic deposition (EPD) occurs as a cataphoretic deposition
— the coating is deposited on the cathode, and anaphoretic deposition — the
coating is deposited on the anode. The primary purpose of EPD is to obtain
compact and uniform organic/inorganic coatings of the desired thickness and
adhesion on metal surfaces by applying an electric field to the particles of coat-
ing precursor. EPD basic principles for coatings deposition concerning fund-
amental explanations and considerations of practical parameters of the process
are presented. Cataphoretic deposition has become popular because it can apply
organic coatings to complex structures that are otherwise very difficult to coat.
These coatings were found to improve the characteristics of the substrate, such
as biocompatibility, appearance and resistance to the corrosion processes. The
key EPD parameters are composition, pH value and viscosity of deposition
medium, as well as zeta potential of the particles, electric field strength, etc. A
special survey is given to the process of anaphoretic deposition, which is relat-
ively new, and its advantages over cataphoretic deposition are discussed.
Through the process of joint anaphoresis/substrate anodization process, the sur-
face of the substrate is simultaneously anodized and modified by incorporation
of the foreign particles into the anodic layer. The coatings of mixed compo-
sition of better adhesion and corrosion resistance with respect to cataphoretic-
ally-deposited coatings are obtained as result.
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1. INTRODUCTION

Various techniques are used to apply inorganic/organic composite coatings
to metal substrates: the sol-gel process,! dip coating,? aerosol deposition/plasma
spraying3# and layer-by-layer deposition.5 Electrophoretic deposition (EPD) has
attracted attention as a simple and economical process which offers the possibil-
ity of applying uniform coatings on substrates of complex shapes at room tem-
perature.® In EPD, the charged particles in suspension are attracted to and dep-
osited on an oppositely charged electrode (substrate).”

EPD is a flexible technique suitable for the application of polymers, cer-
amics and composites. EPD involves two processes, electrophoresis and deposit-
ion. A positive or negative charge spontancously generated on the surface of
suspended particles, induces the particle movement towards the oppositely
charged electrode as a pole of the applied electric field, in a process known as
electrophoresis. Some materials already have a charge on their surface due to the
presence of specific functional groups, or a species charge can be generated by
adding to the suspension the ions of high adsorption ability. The second process
is the coagulation of charged particles while they are depositing on the surface of
the oppositely charged electrode. Consequently, a relatively compact and homo-
geneous coating is formed. The most straightforward apparatus for performing
the EPD process consists of two parallel electrodes connected to a power source
and immersed in a suspension of depositing particles.8

The EPD process can be cathodic (cataphoretic deposition) or anodic (ana-
phoretic deposition), depending on the electrode on which the deposition occurs,
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ELECTROPHORETIC DEPOSITION OF THE COATINGS 687

according to the sign of the charge at particle surface. When the particles are
positively charged, the deposition occurs on the cathode (negative electrode), and
the process is called cathodic EPD. Anodic EPD is defined as the deposition of
negatively charged particles on the anode (positive electrode).” Two types of
electric fields can be applied for this process, alternating (AC) or direct (DC).8

2. FACTORS AFFECTING EPD

Two groups of parameters influence the EPD process: suspension-related
parameters and process-related parameters. One of the most critical parameters
for the deposition of uniform coatings is the formation of a stable suspension
with well-dispersed charged particles. Particles are suspended in a medium by the
interplay of three different forces: van der Waals attractive force, electrostatic
repulsive force and a steric force of coagulate formation (not always present). For
a suspension to be stable, electrostatic repulsive and/or steric forces must be
dominant over van der Waals attraction. The charged particles move towards the
appropriate electrode, where they are then electrostatically deposited upon charge
neutralization.”

The main electrophoretic characteristic of a particle under the influence of an
electric field is electrophoretic mobility.? Factors that affect the mobility of
charged particles are mostly related to the particle characteristics in the specific
suspending medium. Electrophoretic mobility (u) is defined by Henry equation:10

— 2 6‘Ogré/
u=3 =01 (xr) (1)
where ¢ is the electric permittivity of vacuum, &, is the relative electric permit-
tivity of the suspending medium, { is the zeta potential, # is the solvent viscosity,
flxr) is the Henry coefficient, which depends on the relation between the thick-
ness of the double layer (1/x) which is created between the electrode surface and
charged particles, and the core radius () of the particle.

According to Eq. (1), the electrophoretic mobility of a particle is directly
proportional to the electric permittivity of the suspending medium, the potential
gradient, i.e., the zeta potential at the particle surface, and it is inversely propor-
tional to the viscosity of the suspension.

2.1. Key parameters related to the suspension

2.1.1. Particle size

The size of the particles deposited by the EPD method is an important
parameter. The finely suspended particles are crucial for obtaining a uniform
coating. Particle size and morphology directly affect the particle electrophoretic
mobility, the coating thickness and the zeta potential.!! It has been found that for
many ceramic systems, a particle size of 1-20 um leads to good deposit pro-
perties.? The increase in the size of the particles leads to suspension inhomo-
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688 BOZIC ez al.

geneity and their precipitation due to the influence of gravity, causing an uneven
coating thickness. In these cases, the mobility of the particles due to electrophor-
esis must be greater than the mobility of the particles under the influence of the
gravitational field. Small particles have a large electrophoretic mobility. How-
ever, if there are larger particles in the suspension, it is necessary to apply a
strong electric field or to increase the zeta potential to achieve good electrophor-
etic mobility.8 The reduction in particle size also allows better control of cracks
that may occur due to coating shrinkage during the drying phase.!2

2.1.2. Dielectric constant of the liquid

The dielectric constant of the suspending medium should have an optimum
value. Liquids with a low dielectric constant value cause low mobility, and there-
fore no deposition can occur. At high values of the dielectric constant, the thick-
ness of the electric double layer decreases due to the high concentration of polar
solvent molecules within, which also reduces the electrophoretic mobility of the
particles, especially for smaller particle size.!3

2.1.3. Viscosity of solvent

Solvent viscosity is an important parameter in the EPD process. According
to Henry equation, the viscosity of a medium is inversely proportional to the
electrophoretic mobility of the particles. A low-viscosity media are required for
successful EPD process and high particle mobility.!4

2.1.4. Conductivity of suspension

The conductivity of the suspension should be in a specific range in order to
be favourable for deposition and should be adjusted to maintain the mobility of
the specific by tunning the excessive number of ions. Electrophoretic mobility
and suspension conductivity are inversely proportional.!> When the conductivity
is very large, the particles move slowly (reduced electrophoretic mobility). On
the other hand, when the conductivity is low, the suspension loses stability due to
the deficit of a particle surface charge.!6.17

2.1.5. Zeta potential

One of the key parameters of the EPD process is the zeta potential or elec-
trokinetic potential of charged particles in solution. Zeta potential is the differ-
ence in electrical potential that is established within the interphase between the
most outer part of the electric double layer formed at the surface of the particle
and a solid/liquid interface.18 It is closely related to the surface properties of sus-
pended particles and medium ionic composition. Direct measurement of the abs-
olute charge on the particles in a liquid media related to an electric double layer
established is not possible. Zeta potential can be calculated from experimental
data using the Helmholtz—Smoluchowski equations. Zeta potential is of great
practical importance for colloidal chemistry and the behaviour of solid particles
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suspended/dispersed in liquids. For example, higher zeta potential indicates that
particles are stable in dispersion, while lower values of zeta potential indicate
lower stability of charged particles in a suspension. When zeta potential reaches a
value of zero (isoelectric point) particles will agglomerate and coagulation will
occur. It is possible to measure the adsorption of other molecules and modific-
ation of the particle surface by measuring the change of their zeta potential in
different media. Additionally, in a few studies, the toxicological potential of
nanoparticles was correlated with their zeta potential values. It is clear that zeta
potential is of great practical importance for electrophoresis and colloidal chem-
istry.19

2.1.6. pH of the suspension

One of the parameters on which zeta potential depends is pH due to high
conductivities of hydrogen and hydroxide ions. If an alkali is added to a sus-
pension containing particles with moderate negative zeta potential, the particles
tend to acquire a more negative charge. If acid is added to this suspension,
neutralization will occur, and consequently coagulation, or even precipitation,
takes place. Similarly, adding more acid will generate a positive charge. There-
fore, the zeta potential is positive at low pH values and negative at high pH
values.20 At higher concentrations, the acid or base will generate more charged
particles in the double layer, which will increase the absolute zeta potential.

2.2. Parameters related to the process

2.2.1. Deposition time

One of the most important parameters of the EPD process is the deposition
time. At constant voltage, the deposition rate during the EPD process is constant
at the beginning and then decreases. This phenomenon is explained by the form-
ation of an insulating layer (coating) on the electrode, which reduces the strength
of the electric field.2! It is crucial to determine the optimal deposition time to
obtain a homogeneous coating without cracks at the defined deposition rate.22

2.2.2. Applied voltage

Although the amount of coating increases with increasing voltage, this inc-
rease deteriorates the coating uniformity. The application of high-strength elec-
tric field accelerates the deposition of particles, which does not allow them to
pack uniformly within the coating. Additionally, the application of high voltages
can increase the currents related to side electrochemical reactions such as hydro-
gen evolution reaction (cathodic), and oxygen evolution reaction (anodic), which
will lead to pronounced release of Hy and O, microbubbles and local change in
pH which will cause cracking of the coating and its mechanical instability.

To avoid these issues, it is suggested to use moderate voltages.23 It was also
determined that the increase in applied voltage increases the surface roughness.
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At low voltages, large particles cannot reach the substrate, and a uniform coating
consisting of small particles is formed. By increasing the applied voltage, the
particles move faster, which results in the formation of a less uniform coating
consisting of large and small particles. In anaphoretic processes at passivating
substrates, there is another issue of the increased rate of anodization of substrate
at high voltages that will lead to simultaneous roughing of substrate and depo-
sition of the rough coatings.24

2.2.3. Conductivity of substrate

The conductivity of the substrate can affect the quality of the coating
obtained by the EPD process. Low substrate conductivity results in non-uniform
coating and slow deposition. Longer deposition times are required to coat poor-
conductive substrates compared to conductive ones. This is explained by the dec-
rease in the electric field similar to the presence of a separator introduced in
modified EPD processes.25

2.2.4. Concentration of a solid phase in the suspension

In general, the mass/thickness of the coating increase with increasing
concentration. On the other hand, with an increase in thickness the cracks appear
frequently, and the morphology of the coating is not uniform at a constant
applied voltage.26 In the case of multi-component systems, the partial rate of
deposition depends on the volume fraction of particles in the suspension. When
the volume fractions of solids is high, the particles are deposited at similar velo-
cities. However, for small-volume fractions, the partial particle deposition rate
depends on the electrophoretic mobility of each particle.?

3. KINETICS OF EPD PROCESS

Various attempts have been made to describe the kinetics of the EPD pro-
cess. Hamaker?7 gave the first model of EPD kinetics for electrophoretic cells
with planar geometry (Eq. (2)).28 According to Hamaker, the deposited mass ()
is proportional to the solid phase concentration of the suspension (Cj), particle
electrophoretic mobility («), the electrode surface area (S), the strength of the
applied electric field (E£) and deposition time (¢):

m=C, ytSEt )

Avgustinik et al.2% checked Hamaker’s law of deposition on a cylindrical
electrode with a coaxial counter electrode and came up with modified equation
for m in which the electrophoretic mobility is represented in terms of the permit-
tivity of the suspending medium (¢ = &e¢p), the zeta potential ({), and the
viscosity of the solvent (#):30

_W|{|eCt

"= S| ®
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where V is the voltage, / and @ are the length and radius of the cylindrical elec-
trode, respectively and b is the radius of the counter electrode (b > a).

Hamaker’s equation is applicable only for short deposition times because the
linear variation of deposited mass with deposition time in Eq. (2) implies that all
other parameters are constant during deposition. In order to consider other exp-
erimental conditions, Sarkar and Nicholson3! proposed that for infinitesimal time
intervals, the modified Hamaker equation holds:

O _ rCuSE @)
ot
where < 1 is the efficiency factor suggesting that not all particles brought to the
electrode surface will precipitate, i.e., if all the particles reaching the electrode
surface are incorporated in the deposit: /= 1.17 Based on this assumption, the
authors modelled the variation of the deposited mass as a function of time for
four different conditions, which are shown in Fig. 1.

Fig. 1. Deposited mass as a fraction of
c Cs during EPD for four different dep-
osition conditions: A) constant EPD
current/constant concentration of sus-
pension; B) constant EPD current,
dCy/dt < 0; C) constant EPD voltage/
/constant concentration and D) cons-
Time tant EPD voltage, dCy/df < 0.3!

Relative deposited mass
1

A comparison of curves A and C leads to the conclusion that the rate of
deposition for curve C (constant voltage) decreases initially, whereas it remains
constant in curve A (when deposited under constant current regime), and the
coating yield in curve A case is significantly higher. This deviation of curve C
from curve A is a consequence of the formation of the insulating layer of the
coating which weakens the imposed electric field. This insulating layer causes
significant voltage drop per unit depth of the suspension, with the current dec-
reasing during deposition at constant voltage (curve C).

Biesheuvel and Verweij3? presented the following equation for deposit
growth, based on the Kynch theory of sedimentation32 which describes the bulk
effect of the particle motion in the transport phenomena near the deposition elec-
trode and it is based on the expression of the mass balance of the suspension—
—deposit boundary evolution:
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LS. - )
ot ¢d - ¢s
where 0 is the coating thickness, v is the electrophoretic velocity of particles
close to the electrode, ¢g is the volume fraction of the solid phase in the sus-
pension, and ¢4 is the volumetric parameter related to the deposit. For highly
concentrated suspensions (¢g > 0.2), a correction factor (X):

x=—P_ (6)
Dq — Ps
can be included in the kinetic expression, and original Hamaker equation, Eq. (2),
transforms into:

0
I _ reuse—2
ot ¢d - ¢s
The expression for the strength of the electric field as a function of sus-
pension conductivity (A1) is:33

(7

1
E=— 8
AS ®
where / is the particle migration current.
Finally:

om I ¢
= fHC ©)
dt A ¢d - ¢s

To calculate the yield, Eq. (9) must be solved numerically. The accuracy of
this equation was established using experimental data collected during the
deposition.

Besides the direct current-EPD (DC-EPD) method where the deposition of
charged particles occurs on the oppositely charged electrode in suspension under
the influence of constant electric field there is the alternating current-EPD (AC-
-EPD) method in which the applied voltage is supplied from an AC field. In AC-
-EPD technique, the direction of electric field is reversed periodically which
accounts for oscillation and migration of powder particles in the suspension
between electrodes. It was shown that AC-EPD method leads to denser and less
cracked coatings as compared to DC-EPD at similar thickness, having broader
particle size distribution due to controlled particle migration according to the
wave asymmetry and frequency. Fine tuning the asymmetry of AC wave as well
as the frequency can further improve the coating characteristics.3%35 Most
models that explain the kinetics of the EPD process are based on the DLVO
theory. This theory is named after the researchers Derjaguin, Landau, Verwey
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and Overbeek.30:37 According to this theory, the stability of suspended particles
is determined by the interaction between attractive van der Waals forces and
repulsive electrostatic forces between particles. At appropriate values of the ionic
strength, the electrostatic stabilization of the colloid occurs. On the other hand,
another important factor should be taken into account in the presence of hydro-
philic polymers. In this case, the adsorption of macromolecules on the particles
causes the repulsive forces between them and lead to steric stabilization.38

4. ANOVEL IN SITUMETHOD OF ANODIZATION/ANAPHORETIC DEPOSITION OF
CALCIUM PHOSPHATE COATINGS

Cataphoretic deposition of hydroxyapatite (HAp) coatings on titanium is a
well-known and widely used method.39 However, the disadvantage of this type
of deposition is the poor adhesion of the coating to the substrate. Cataphoretic
coatings are usually sintered to overcome this issue.#0 Sintering of the coating
increases the strength of the metal-ceramic bond. This involves generation of an
oxide interlayer by the oxidation of Ti substrate, which permeates into the dep-
osited coating. It should be noted that HAp is sensitive to high temperatures
because it decomposes into different calcium phosphate structures. Hence the
curing by sintering is not rational procedure to improve the coating adhesion.

Another issue in the production of HAp coatings on Ti substrate is the low
compatibility of physicochemical properties between these two materials. This
causes poor bonding at the HAp/Ti substrate interface, which will lead to the
depletion of the coating from the substrate, and consequently to an acceleration
of the corrosion and biodegradation, as well as deterioration of the mechanical
properties. Many different substrate surface modification techniques, such as
anodization, chemical substrate treatment, spraying, efc., have been investigated
to overcome poor coating adhesion.*! Anodization of the substrate surface is one
of the most commonly used methods due to its simplicity. In many studies, this
method has been used to obtain microporous films of titanium oxide on the sub-
strate surfaces for orthopedic applications.4? In order to improve the adhesion of
the HAp coating on the Ti substrate, Parcharoen et al.43 first treated the Ti sur-
face with alkali and then anodized it before applying the coating on the Ti by an
EPD process. However, in the literature, it is difficult to find any data related to
the simultaneous processes of modification of the surface of Ti substrate and
EPD application of the HAp coating.

Pantovi¢ Pavlovi¢ et al. 4449 have presented a new method of applying cal-
cium phosphate and hybrid coatings based on calcium phosphate ceramics on Ti
substrates. The method is based on the electrophoretic deposition of calcium
phosphate coatings. What is unique about this method is the synergy and simul-
taneous enactment of several processes. The first process is the anodization of the
substrate surface, during which a passive oxide layer is formed on the surface
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(TiOy), which changes the surface structure and increases the surface roughness.
Another process that takes place in parallel is the deposition of a calcium phos-
phate coating onto substrate. Another novelty of this coating synthesis approach
is the application of anaphoretic deposition, which means that the suspension
contained negatively charged particles that were deposited on the working anode,
i.e., substrate (Fig. 2). Joint anaphoresis/substrate anodization process was per-
formed by applying different voltages, namely 30, 60 and 90 V during the anod-
ization process while keeping the applied electric charge on the anode constant.
The polished sample surface appears smooth and homogenized. As the anodiz-
ation voltage increases, the surface roughness increases for 30 and 60 V, respect-
ively. Although the roughness appears higher for 90 V than for 60 V, some flat-
tening of the surface occurs. This flattening is confirmed by linear and surface
roughness analyses.#4

The pH value of the suspension was 10, which is another difference in com-
parison to cataphoretic deposition where, in order to stabilize the suspension, the
pH value is adjusted to very acidic pH values.

Power supply

Coating
oo O Tio,
Cathode o0 O Ti Anode
o o ©
Charged  Fluid Fig. 2. Schematic representation of
particles anaphoretic deposition.

For synthesized HAp/TiO, composite coating on a Ti substrate, using this
new in situ method of anodization/anaphoretic deposition of calcium phosphate
coatings to strengthen the biocompatible composite coating, there is no need for a
subsequent treatments to cure adhesion.

Fig. 3 displays SEM microphotographs of catHAp and anHAp/TiO, coatings
deposited via joint anaphoresis/substrate anodization process. As shown in Fig.
3a, the cataphoretically deposited HAp coating exhibits a large number of cracks.
The granular structure of the catHAp coating can be observed in greater detail in
Fig. 3b at higher magnification. These cracks are primarily caused by the mis-
match in Young’s modulus between the substrate and the coating. The titanium
substrate is more elastic than the hydroxyapatite film, and as ceramic suspensions
typically lose water content during drying, cracks in pure hydroxyapatite coatings
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are inevitable. This water release occurs near the interface between the ceramic
and the substrate, as well as within the bulk material, resulting in shrinkage of the
ceramic coating surface and the formation of cracks even at low temperatures. It
was found that catHAp coatings have very poor adhesion when deposited onto
untreated Ti surfaces. Fig. 3¢ shows the SEM image of anHAp/TiO, composite
coating on titanium deposited deposited via joint anaphoresis/substrate anodiz-
ation process, while Fig. 3d displays the detailed morphology of the composite
coating, with needle-like and granular HAp shapes at higher magnification. The
deposition of anHAp/TiO; is observed without any visible cracks, unlike
catHAp. This is attributed to in-situ deposition of the anHAp/TiO; coating.

[

Fig. 3. SEM microphotographs of: a) catHAp coating, magnification x200, b) catHAp coating,
magnification x1500, ¢) anHAp/TiO, coating, magnification x200 and d) anHAp/TiO,
coating, magnification x2000.4> Reprinted with permission from Elsevier.

Fig. 4 presents an FE-SEM microphotograph showing the morphology of the
anaphoretically obtained HAp/TiO; composite coating (anHAp/TiO3). On the
surface of the coating, there are no visible cracks, unlike the cataphoretically
obtained coating (catHAp). In Fig. 4, needle-like and granular forms of HAp can
be observed, while catHap has a granular structure.4>

It can be concluded that rational preparation of the suspension and the cor-
rect choice of electrolyte, which results in the creation of a stable negatively
charged micelle, leads to the formation of a compact and durable coating on the
substrate. The resulting coating shows good properties for potential use in bone
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implants. The results showed that the new in situ process gives much better
results than the cataphoretic deposition of HAp in terms of adhesion.4> Fig. 5
shows a photograph of anHAp/TiO, composite coating after adhesion testing
according to ASTM D3359-02 standard.

Fig. 4. FE-SEM microphotographs of composite
anHAp/TiO, coating: a) magnification X500 and
b) magnification x5000. Different HAp morpho-
logies can be observed, blue arrow points gran-
ular and red one points needle-like HAp.*> Rep-
rinted with permission from Elsevier.

It was concluded that the adhesion of the anHAp/TiO, coating is level 4
compared to catHAp coatings which have adhesion level 1 or 2 even after the
sintering process.4 According to the ASTM D3359-02 standard, level 5 repre-
sents the best adhesion, while level 0 represents the worst adhesion.

Amorphous calcium orthophosphates (ACPs) are considered to be biomedic-
ally-relevant and bioactive calcium phosphates. ACPs possess adjustable chem-
ical properties, but at the same time, they have glass-like physical properties with
no long-range order in the atomic positions, whether orientational or translat-
ional, as described in reference4’. Under certain conditions, ACPs can easily
transform into thermodynamically stable hydroxyapatite. However, the stability

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



ELECTROPHORETIC DEPOSITION OF THE COATINGS 697

of ACPs and their transformation to crystalline HAp phases can be influenced by
various additives and process parameters, as noted in reference.4’

Fig. 5. Optical image of composite anHAp/TiO, coating
after performing adhesion testing according to ASTM D
3359-02.44

The in vitro bioactivity of a substrate refers to its ability to form an apatite
layer when in contact with biological or biological-like fluids. It was shown that
the ACP/TiO, and ACP+ChOL/TiO, composites on Ti substrates can form a
bone-like apatite layer on their surfaces when immersed in SBF solution. To
assess the biocompatibility of these composite coatings, they were immersed in
SBF solution and examined at different time intervals. The surface area physical
appearance and particle size of the ACP/TiO; and ACP+ChOL/TiO; composite
coatings on titanium substrates were characterized using SEM, along with the
morphologies of the surfaces after immersion in SBF solution for various
periods. Fig. 6a and b show the morphology of the ACP/TiO, and ACP+ChOL/
/TiOy composites surfaces before immersion in SBF solution, while Fig. 6¢c—f
display the morphologies of the coatings immersed in SBF solution at different
time periods.

The SEM images indicate that the composite coatings synthesized cover the
substrate surface uniformly and consist of agglomerated nanosized particles with
a size smaller than 100 nm. The ACP/TiO, and ACP+ChOL/TiO; coatings
exhibit two different morphologies. The ACP/TiO; agglomerates appear larger,
resulting in a coarser surface than the ACP+ChOL/TiO; coating. Additionally,
small fractures are visible on the surface of the ACP+ChOL/TiO, composite
coating, but it was found that the adhesion of these coatings is high, with a level
of 5 according to ASTM D 3359-02: Standard Test Methods for Measuring
Adhesion by Tape; cross-cut tape test (B), without any delamination or flaking.
These findings suggest that pores are primarily formed during the one-step in situ
anodization/anaphoretic electrodeposition process.*’
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i

Fig. 6. FE-SEM micrographs presenting the morphology of: a) ACP/TiO, and
b) ACP+ChOL/TiO, on Ti; ACP/TiO, coating on Ti immersed in SBF for: ¢) 72 and ¢) 240 h;
ACP+ChOL/TiO, coating on Ti immersed in SBF for: d) 72 and f) 240 h.#7 Reprinted with
permission from American Chemical Society.

The bioactivity of composite coatings of nano amorphous calcium phos-
phate/chitosan oligosaccharide lactate (ACP+ChOL)/titanium oxide (TiO;) and
ACP/TiO, after immersion in simulated body fluid (SBF) for 72 and 240 h is shown
in Fig. 6¢c—f. XRD diffraction patterns of both coatings show broad amorphous
peaks that can be assigned to ACP, while the ACP+ChOL/TiO, coatings also
show peaks assigned to chitosan. After immersion in SBF, both coatings showed
XRD peaks assigned to hydroxyapatite (HAp), which is an evidence of the coat-
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ings’ bioactivity. The ACP+ChOL/TiO; coating shows greater bioactivity than
the ACP/Ti0O; coating, as it is completely covered with HAp after 72 h of immer-
sion, whereas the ACP/TiO, coating takes 72 h to begin forming a new HAp
layer, and it grows preferentially in a vertical rather than planar direction. The
FE-SEM images of the coatings after 240 h of immersion in SBF show that both
coatings are bioactive, with the newly formed HAp layer covering the entire
surface of the coating. The ACP/TiO; coating has an uneven distribution of HAp
particles, while the ACP+ChOL/TiO, coating has a smooth and even distrib-
ution, and also has the formation of rock-like structures of HAp, which indicates
greater bioactivity and osteoconductivity.*’

A cross-sectional SEM image and its corresponding EDS spectra in the case
of ACP+ChOL/TiO; coating is presented in Fig 7a. Based on the information
provided in Fig. 7a, it can be observed that the ACP+ChOL/TiO; coating has a
compact structure with two distinct morphologies. The first morphology, labeled
v, belongs to the TiO, layer which forms instantaneously when the voltage dif-
ference is applied. The thickness of this layer is 170+15 um, and the EDS spectra
(Fig. 7-a2) show the presence of only Ti and O from TiO,, along with some
traces of Ca and P.

Fig. 7. Analysis of sample surfaces: a) SEM of cross-section of ACP+ChOL/TiO,, a;) EDS
spectrum 1, a,) EDS spectrum 2, b) SEM of ACP+ChOL/TiO, sample after immersion in SBF
for 240 h, b;) EDS spectrum 1 and b,) EDS spectrum 2.47 Reprinted with permission from
American Chemical Society.
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The second morphology, labeled B, belongs to the ACP+ChOL/TiO, coating
and is 120£10 um thick. Its deposition is a diffusion-limited process. The pre-
sence of ACP+ChOL in this layer can be inferred from the labeling, and it is
confirmed by the EDS spectra. The top layer, labeled as a, belongs to the epoxy
resin used to protect the coating while it was cross-cut for the analysis.

The EDS measurements in Fig. 7-bl and b2 show the presence of both Ca
and P, indicating the formation of hydroxyapatite (Cajg(PO4)s(OH);) on the sur-
face of the ACP+ChOL/TiO, and ACP/Ti0, samples after immersion in SBF for
240 h. The Ca/P ratio of the ACP+ChOL/TiO, sample was 1.71 for spectrum 1
and 1.62 for spectrum 2, while the Ca/P ratio of the ACP/TiO2 sample was 1.63.
Although the ideal Ca/P ratio for stoichiometric HAP is known to be 1.67, stable
HAp phases have been found to exist over a range of Ca/P ratios between 1.3 and
1.8. The presence of C from ChOL can also be seen in both spectra in Fig. 7-bl
and b2. These quantitative EDS measurements are important for determining the
elemental composition and Ca/P ratio of the synthesized films and confirming the
formation of hydroxyapatite.

To summarize, the provided data describe the results of SEM and EDS
analyses performed on ACP+ChOL/TiO; and ACP/TiO; coatings, both before
and after immersion in SBF. The SEM images show a compact structure with
two distinguishable morphologies — a TiO, layer formed instantaneously and an
ACP+ChOL/TiO; coating formed via a diffusion-limited process.

Studies also showed that composite coatings of ACP/TiO, and ACP+ChOL/
/TiO7 on titanium exhibit lower corrosion current density values in SBF solution
compared to pure cp-Ti. The inclusion of ChOL in ACP solution improves the
corrosion resistance by creating a stable, consistent coating on the titanium sur-
face, resulting in a barrier layer that inhibits direct contact with the SBF solution.
The ACP+ChOL/TiO, composite coating showed the lowest jorr value
(15.38x1079 A cm™2), which was approximately three times lower compared to
the pure cp-Ti sample. The study suggests that the improved corrosion stability
of the composite coatings can be attributed to the formation of both inhomo-
geneous and homogeneous oxides, as well as ceramic and composite layers.47

Above the mentioned, coating was further developed. Multifunctional hybrid
coating on a titanium substrate that can promote controlled inflammation and
immunomodulation at the implant-tissue interface was developed. The coating
was composed of nano amorphous calcium phosphate and chitosan oligosacchar-
ide lactate, and was decorated with selenium. /n sifu anodization/anaphoretic
deposition was performed in order to create the coating, and then it was inves-
tigated for its immunomodulatory and anti-inflammatory effects in vivo. The
study has found that the ACP/ChOL/Se multifunctional hybrid composite coating
on a titanium substrate has an immunomodulatory and anti-inflammatory effect,
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compared to pure grade 2 titanium implants that are commonly used in medicine
and dentistry.50

5. CONCLUSION

A brief survey of the EPD process with a special attention on fundamental
and applied aspects of the EPD process was described. The fundamental aspects
were discussed with a focus on the basic principles of electrophoretic deposition
and the kinetics of this process. The applied aspects of the EPD process were
discussed with a focus on how practical process parameters influence the coating
formation and its properties. The particular emphasis was given to the production
of biocompatible HAp/Ti coatings produced by the EPD process on Ti substrate
for biomedical applications. In the final section a novel process of anaphoretic
deposition of HAp coatings on Ti was discussed. The advantage of novel HAp
anaphoretic deposition coatings on Ti is the simultaneous oxidation of Ti sub-
strates and the deposition of HAp coatings. As a result HAp coatings with better
adhesion, biocompatibility and corrosion resistance are obtained when compared
to cataphoretically produced HAp coating on Ti substrates. Novel anaphoretic
deposition process of HAp coatings on Ti has excellent potential for further
development through fundamental and applied aspects.
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M3BOJ

ACITEKTH ITPUMEHE IBOJHOT ITPOIJECA AHA®OPE3E/AHOOU3ALIUJE CYIICTPATA
3A ®OPMUPAKBE BUOKOMITATUBUITHUX KEPAMUYKHKX ITPEB/IAKA

KATAPUHA B. BOXWR'?, MUPOCJIAB M. [TABJIOBUR", TABPHJIO M. LIEKYJIAPALI', CTEDAH B. TAHUR'
¥ MAPAJAHA P. TAHTOBUR [1ABJIOBUR"

1I/Iucmuu7ym 3a xemujy, WexHonoTujy u metwanypiujy, Hucliutiiywi og HAUUOHATHOT 3Haudja 3a Peltydnuxy

Cpbujy, Llentuiap 3a enexiuipoxemujy, Ynugepsuiteiti y beoipagy, Beoipag u ZL[eumap U3y3eWHUX 6pegHOCTU

30 XeMUjy U unmerwepuni mueoine cpequne, HHCUTHy i 3a XeMujy, lexHonolujy u mewanypiujy, beoipag
Enextrpodopercko tanoxeme (EPD) mMoxe ce jaBUTH kao KaTadODPETCKO TalOXKEme —
IpeBjaKa Ce TaJI0KH Ha KaTOLH, U aHa(OPETCKO TaloKemhe — IMpeBIaKa Ce TAIOKH Ha aHOIH.
[TpumapHa cBpxa EPD je nmobujame KOMNAKTHUX M YjeIHaueHHUX OPraHCKUX/HEOPraHCKHX
npesiaka kebeHe fieb/buHe U ajixe3rje Ha MeTalHe IOBPLUIMHEe IPUMEHOM eeKTPUYHOT Nojba
Ha 4yecTHlle mpekypcopa mnpesiake. ITpukasanu cy ocHOBHM npuHUMNU EPD 3a HaHOlIeme
npeBlaka KOju Ceé OJHOCE Ha OCHOBHA O0jalllkberma W pasMaTpama [IPakTUYHMUX NapameTapa
npoueca. Karadopercko Tanoxeme MOCTaNO0 je MOMyJIapHO jep MOKe HaHETH OpraHCKe Ipe-
B/IaKke Ha CJI0XKEeHe CTPYKTYpe Ha Koje je HHaye BeoMa TeIIKO HAaHEeTH ITpeBiaKy. YTBpheHo je
Jla OBe IpeBJIaKke MoDOoJblIaBajy KapaKTepUCTHKE MOAJIOTe, Kao MTO Cy OMOKOMIATUOMIHOCT,
W3rJIe ¥ OTIIOPHOCT Ha mpoiece koposuje. Kisyuynu EPD napamerpu cy cactas, pH BpenHocT
W BUCKO3HOCT MeAHjyMa 3a TaJIOKEHE, KAa0 U 3€Ta NOTEHLHjal YeCTULA, jaulHa eJ1eKTPUYHOT
nosea, UTH. ITocebaH OCBPT je ycMepeH Ha mpouec aHadOpeTCKOr TaloXewa, KOju je pena-
THUBHO HOB, U HETOBUM IIpefHOCTUMA. Pacnpasmba ce u 0 katadopeTckom Tanoxemwy. [1po-
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IJlecoM 3IpY’KeHOT Ipolieca aHadopese/aHOAU3alHje CYIICTpaTa, MOBPLUIKHA TI0JJIOTe Ce UCTO-
BpeMEHO aHoau3yje U MonuduKyje yrpahuBameM YecTHIla IpeBIake y aHOOHU ci1oj. [Jodujajy
ce IpeBjake MEIIOBUTOT cacTaBa, Do/be afXesHje W OTIIOPHOCTH Ha KOPO3Hjy Y OFHOCY Ha
KatadopeTCKH HaHeCeHe MpeBake.

(ITpumsbeHo 18. janyapa, pesunupano 10. dedpyapa, mpuxsaheno 8. jyna 2023)
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