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A B S T R A C T

Titanium and its alloys are the biomaterials most frequently used in medical engineering, especially as parts of orthopedic and dental implants. The surfaces of 
titanium and its alloys are usually modified to improve their biocompatibility and bioactivity, for example, in connection with the deposition of hydroxyapatite coatings.

The objective of the present research was to elaborate the technology of electrophoretic deposition (EPD) of nanohydroxyapatite (nanoHAp) coatings decorated 
with silver nanoparticles (nanoAg) and to investigate the mechanical and chemical properties of these coatings as determined by EPD voltage and the presence of 
nanoAg. The deposition of nanoHAp was carried out at two voltage values, 15 and 30 V. The decoration of nanoHAp coatings with nanoAg was carried out using 
the EPD process at a voltage value of 60 V and a deposition time of 5 min. The thickness of the undecorated coatings was found to be 2.16 and 5.14 µm for applied 
EPD voltages of 15- and 30-V, respectively. The release rate of silver nanoparticles into an artificial saliva solution increased with exposure time and EPD voltage. 
The corrosion current, between 1 and 10 nA/cm2, was significantly higher for undecorated nanoHAp coatings and close to that of the substrate for decorated 
nanoHAp coatings. The hardness of the undecorated nanoHAp coatings obtained at 15 and 30 V of EPD voltage attained 0.2245 ± 0.036 and 0.0661 ± 0.008 GPa, 
respectively. Resistance to nanoscratching was higher for thicker coatings. The wettability angle was lower for coatings decorated with nanoAg.

1. Introduction

Titanium and its alloys have become the most popular materials for
long-term load-bearing implants. For such materials, titanium of
technical grades D and E (e.g. for dental implants or stents), made
from the Ti6Al4V or Ti6Al7Nb alloy, is usually used. Titanium, which is
characterized by weak mechanical properties, is suitable for small
implants. The Ti6Al4V alloy has some disadvantages: its elastic
modulus is much lower than that of bone, V may provoke adverse
tissue reactions, and Al may initiate Alzheimer's disease [1,2]. The
possible neuropathy and allergic reactions caused by Al, V, and Ni were
also suggested [3]. Another study proved the non-toxicity of elements
such as Ti, Zr, Ta and Nb [4]. In recent years, the Ti13Zr13Nb alloy,
among the more than forty alloys investigated to date, seems to be the
best candidate due to its non-toxicity and relatively low Young's
modulus [5]. Nb and Zr are stabilizers of β-phase and cause a decrease
of the Young's modulus so that the titanium Ti13Zr13Nb alloy is more
biocompatible than others [6,7]. Moreover, the stable oxide TiO2 film

1–4 nm thick is spontaneously formed on the surface the titanium
Ti13Zr13Nb alloy. Its ability to natural self-passivation and presence of
the titanium dioxide on the surface reduces the risk of migration of
metal ions to body fluids after implantation [8].

The weak bonding of titanium and its alloys to bone and its lack of
bioactivity have resulted in a great variety of different surface mod-
ification techniques, including acidic [9,10] and alkaline treatment,
nanooxidation [11], micro- and nanopatterning [12], ion implantation
[13], laser treatment [14], and deposition of phosphate coatings [15].
The deposition of phosphates, usually hydroxyapatite coatings, has
recently been performed using techniques such as electrophoretic
deposition (EPD) [16–22], electrochemically-assisted cathodic deposi-
tion (ECAD) [23–28], or both [29]; the sputtering technique [30–32];
hydrothermal deposition followed by electrochemical seeding [33];
chemical and thermal treatment [34]; the sol-gel method [35,36]; and
biomimetic (chemical) deposition [18,37].

Nowadays, attempts are being made to deposit thin nanohydrox-
yapatite coatings, which are stronger, immediately adjacent to the
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substrate, and more resistant to brittle cracking, so that they can be
recommended for covering, e.g., small screw dental implants. These
thin coatings are prepared using the electrophoretic (EPD), electro-
cathodically-assisted (ECAD), or hydrothermal methods [16,38–42].
Dudek and Goryczka [21] obtained 2.4-µm HAp coatings on NiTi alloys
using the EPD method. A extremely thin 300-nm bone-like apatite
layer was created by HAp sputtering onto a Ti6Al4V alloy [30]. Using
[43] the chemical method, HAp coatings 1.0–1.8 µm thick were
deposited in a solution of Ca(NO3)2·4H2O, KH2PO4, KOH, and EDTA
at 65–95 °C. According to [27], 10-μm-thick HAp layers were obtained
using ECAD on a previously formed ZrO2 layer in a mixed solution of
Ca(NO3)2, NH4H2PO4, and NaF. NanoHAp was also obtained using a
combination of friction stir processing and EPD on a TiCaP layer [19].
The wire-brushing treatment was used to modify the EPD method,
resulting in nanohydroxyapatite coatings.

Post-surgery treatment following implantation is carried out
through the administration of antibiotics. Similar effects can be
achieved via the addition of some nanometals, operating as biocidal
agents, to the coating. Silver is usually applied directly to the implant
surface as pure metal or nanosilver. The application of silver or
nanosilver in phosphate coatings deposited by different methods has
been exhaustively investigated [39,44–49]. Pang and Zhitomirsky [39]
obtained nanocomposite coatings such as HAp-Ag-chitosan multilayers
with thicknesses to 20 µm, as determined by deposition time. Mo et al.
[44] produced a composite of Ag+ ions and nanosized HAp with TiO2,
which was then deposited onto titanium using a dipping method. Chen
et al. [45] prepared silver-containing hydroxyapatite coatings by means
of co-precipitation or plasma spraying. Qu et al. [46] produced uniform
Ag/HA composite coatings on the surfaces of porous Ti substrates
using a sol-gel process. Grubova et al. [47], using radio frequency (RF)
magnetron sputter deposition, obtained silver-containing hydroxyapa-
tite coatings containing 0.13–0.36 wt% silver. Fu et al. [48] coated a
titanium substrate with hydroxyapatite via electrochemical crystal-
lization and then deposited silver nanoparticles via the electrochemical
reduction of aqueous Ag+ to Ag°. The quantity and size of silver
nanoparticles were determined by the relevant ECAD time. Geng et al.
[49] incorporated silver into calcium phosphate coatings on titanium
using the hydrothermal method. Antibacterial effects were observed
against Staphylococcus aureus, Staphylococcus albus and Escherichia
coli in [44,46,47]. The key problem, which is seldom analyzed [45], is
the content of silver in the coating and its distribution in such a way as
to assure that the silver content in the surrounding body fluid is
sufficiently high, at least during the primary fixation period, but does
not exceed a lethal dose. In [31] coatings with varying Ag contents were
deposited on Ti6Al4V alloy substrates via co-sputtering of hydroxya-
patite, SiC, and Ag targets. The antibacterial efficiency of hydroxyapa-
tite against Gram-positive bacteria was observed in the presence of
silver. Hydroxyapatite with Ag content less than 1% demonstrated
excellent resistance to bacterial attack. In [25] the electrodeposition
method was used to prepare silver- and strontium-modified antibac-
terial HAp layers applied to TiO2 nanotubes. Both Sr2+ and Ag+ ions
could be incorporated into the HA lattice to form SrAgHA coatings. The
composite coatings were bioactive and opposed the growth of
Staphylococcus aureus bacteria. In [50] a SrCuHAp coating was
obtained. Cu was incorporated into HAp to improve its antimicrobial
properties, in particular against Escherichia coli. A low contact angle
value revealed the coating's hydrophilic nature.

Despite the existence of research on HAp-Ag, only a few papers
have focused on nanoHAp-nanosilver coatings, not all of which used
the Ti13Zr13Nb alloy as a substrate. Moreover, data on the release of
silver from the coating during exposure to simulated body fluids are
seldom included. The present research is focused on determination of
the effects of both EPD voltage and the presence of nanosilver on the
microstructure and physical, chemical, and mechanical properties of
thin nanohydroxyapatite coatings characterized by particular suitabil-
ity for dental implants.

2. Material and methods

2.1. Preparation of specimens

The Ti13Zr13Nb [51] alloy of the composition shown in Table 1
was used as a substrate. Specimens 4 mm in thickness and 15 mm in
radius, cut from rods, were prepared. The surface roughness was
adjusted to Ra 0.13 µm using SiC abrasive paper up to 2000 grit. Then
the specimens were rinsed with isopropanol and ultrasonically cleaned
(Sonic-3, Polsonic, Poland) in distilled water for 60 min, pickled in 25%
HNO3 for 10 min to remove oxide layers from the substrate [52], and
finally rinsed thoroughly with distilled water prior to deposition.

2.2. Electrophoretic deposition of nanoHAp coatings

Electrophoretic deposition (EPD) was carried out in a suspension
prepared by dispersing 0.1 g of HAp nanopowder in 100 mL of ethanol
(anhydrous, 99.8% purity). The commercial HAp nanopowder
(MKnano Canada) was characterized by an average particle size of
about 20 nm. The suspensions were obtained via ultrasonic mixing for
60 min at room temperature. The Ti13Zr13Nb substrate was used as a
cathode and platinum as a counter electrode. The electrodes were
placed parallel to each other within a distance of 10 mm and connected
to a DC power source (MCP/SPN110-01C, Shanghai MCP Corp.,
China). Electrophoretic deposition was performed at 15 or 30 V for
1 min at room temperature. Finally, the as-deposited coatings were air-
dried at room temperature for 24 h.

2.3. Thermal treatment of nanoHAp coatings

The coated Ti13Zr13Nb specimens were thermally treated in a
tubular furnace (Protherm PC442, Ankara, Turkey) in a vacuum at
800 °C for 120 min, after being heated from room temperature to
800 °C at a rate of 200 °C/h; subsequently, they were cooled to room
temperature in the furnace.

2.4. Electrophoretic deposition of nanosilver

Nanohydroxyapatite coatings (later designated as nanoHAp-15V
and nanoHAp-30V) applied to the Ti13Zr13Nb substrate were deco-
rated with nanoAg using the EPD method. Commercial nanosilver
powder (Hongwu International Group Ltd, China), with particles about
30 nm in size, was used. The deposition was carried out in suspensions
prepared by dispersing 0.01 g of nanoAg powder in 100 mL of ethanol
(anhydrous, 99.8% purity) and ultrasonic mixing for 60 min. A
nanoHAp/Ti13Zr13Nb substrate and platinum foil were used as
electrodes; these were placed parallel to each other within a distance
of 10 mm and connected to a DC power source (MCP/SPN110-01C,
Shanghai MCP Corp., China). The EPD was performed at 60 V for
5 min at room temperature. Finally, the as-decorated coatings (desig-
nated later as nanoHAp-15V/nanoAg and nanoHAp-30V/nanoAg)
were air-dried at room temperature for 24 h.

2.5. Structure and morphology of nanoHAp and nanoHAp/nanoAg
coatings

Surfaces and cross sections of the coatings were observed using a
high-resolution scanning electron microscope (JEOL JSM-6480). The
chemical composition of the coatings was investigated using an X-ray

Table 1
Chemical composition of the Ti13Nb13Zr alloy, wt%.

Element Nb Zr Fe C N O Ti

wt% 13.0 13.0 0.05 0.04 0.019 0.11 remainder
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energy-dispersive spectrometer (EDS), Edax Inc., USA. Phase identi-
fication was performed using an X-ray diffraction pattern (XRD Philips
X′Pert Pro, Netherlands) with monochromatized CuKα radiation and a
scan rate of 0.02°/s within a 2Ө range of 10‒90°. An atomic force
microscope (AFM, NaniteAFM) was applied to study the surface
topography. The investigations were performed in the non-contact
mode at a force of 55 mN. The roughness indexes Ra and Sa were
estimated within an area of 80.4 × 80.4 µm.

2.6. Silver release in simulated body fluid (SBF) solution

The concentration of Ag ions was studied in solution following
immersion of specimens of nanoHAp-15V/nanoAg and nanoHAp-30V/
nanoAg in SBF for various periods (1, 3, and 7 days) at 38 °C. The
content of Ag+ ions was determined by a SensAA atomic absorption
spectrometer (GBC Scientific Equipment Pty Ltd, Australia) with a dual
beam optical system and air-acetylene flame atomization. A deuterium
lamp was used for background correction; a silver hollow cathode lamp
(0.4 mA) served as the radiation source. The wavelength used for Ag
analysis was 328.1 nm, slit width 0.5 nm. The Ag standard solution for
AAS, 1000 mg/L in 2% HNO3 (VWR Chemicals), was applied to
preparation of the calibration solution. The first standard solutions,
at an average concentration of 10 mg/L, were prepared by diluting
1000 mg/L stock solutions. Six standard solutions were made for the
calibration curve: 0.1, 0.3, 0.5, 1.0, 2.0, and 3.0 mg/L. The linear
regression method was applied to the calibration curve.

2.7. Corrosion behavior of nanoHAp and nanoHAp/nanoAg coatings
in SBF

The electrochemical measurements of corrosion parameters were
made for nanoHAp-15V, nanoHAp-30V, nanoHAp-15/nanoAg,
nanoHAp-30V/nanoAg, coated Ti13Zr13Nb alloy, and Ti13Zr13Nb
alloy as a reference specimen, in a potentiodynamic mode in simulated
body fluid (SBF) at room temperature. SBF was prepared according to
PN-EN ISO 10993-15 [53] by dissolving reagent grade chemicals:
(NH2)2CO (0.13 gL‒1), NaCl (0.7 gL‒1), NaHCO3 (1.5 gL‒1), Na2HPO4

(0.26 gL‒1), K2HPO4 (0.2 gL‒1), KSCN (0.33 gL‒1), KCl (1.2 gL‒1). A
three-electrode cell setup was used with a standard platinum electrode
as a counter and Ag/AgCl (saturated with potassium chloride KCl) as a
reference electrode. All experiments were performed using a potentio-
stat/galvanostat (Atlas 0531, Atlas Sollich, Poland). Prior to the
experiment, the samples were stabilized at their open circuit potential
(OCP) for 5 min. A potentiodynamic polarization test was carried out at
a potential change rate of 1 mV/s, within a scan range from ‒600–
2000 mV. The corrosion potential (Ecorr) and corrosion current density
(icorr) were determined from the polarization curves using the Tafel
extrapolation method.

2.8. Nanomechanical studies

Nanoindentation tests were performed with a NanoTest Vantage
(Micro Materials) using a Berkovich three-sided pyramidal diamond.
The nanoHAp-15V and nanoHAp-30V coatings were tested, with 10

Fig. 1. XRD patterns (left) and EDS spectrum (right) of nanoHAp-30V coating.
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independent measurement tests for each sample. The maximum
applied force was equal to 5 mN; the loading and unloading rates
were set at 20 s; the dwell period at full load was 10 s. The distances
between the subsequent indents were set at 50 µm. During the indent,
the load-displacement curve was determined using the Oliver-Pharr
method. From the load-penetration curves, surface hardness (H) and
Young's modulus (E) were calculated using integrated software. In
calculating Young's modulus (E), a Poisson's ratio of 0.3 was assumed
for the HAp coating. Nanoscratch tests were performed with the
NanoTestVantage (Micro Materials) using a Berkovich three-sided
pyramidal diamond. Scratch tests were carried out by increasing the
load from 0 to 200 mN, at a loading rate of 1.3 mN/s, at a distance of
500 µm. The adhesion of the coating was based on the change in
frictional force during the test.

2.9. Contact angle studies

Water contact angle measurements were carried out for the
Ti13Zr13Nb alloy, nanoHAp-15V, nanoHAp-30V, nanoHAp-15V/
nanoAg, and nanoHAp-30V/nanoAg coatings using a contact angle
goniometer (Zeiss, Germany) at room temperature. All measurements
were repeated three times for each specimen.

3. Results and discussion

3.1. Structure and morphology of nanoHAp coatings

Fig. 1 illustrates the X-ray diffraction patterns for the nanoHAp-
30V coating; the spectrum for the nanoHAp-15V coating was similar.
For both nanoHAp coatings, the XRD pattern indicates the presence of
peaks typical of hydroxyapatite [17], of crystalline HAp, and peaks of
the titanium alloy Ti13Zr13Nb substrate [8]. As amorphous HAp phase
may dissolve within days after implantation, in order to enhance the
bioactivity of the implant material it is necessary to obtain crystalline
HAp, which is similar to the biological apatite in natural human bone

[54]. The peaks of hydroxyapatite phase are more intense for
nanoHAp-30V than those of nanoHAp-15V, which can be attributed
to the different thickness of the coating. The XRD patterns for the
coated surface reveal peaks of the Ti13Zr13Nb substrate of very high
intensity, due to the low thickness and density of nanoHAp coatings,
which allows easy penetration of X-ray waves into the titanium alloy.

In the EDS spectra, the same elements (Ca and P for the coatings,
and Ti, Zr, and Nb for the substrate) were detected for both coatings.
The presence of the peaks originating from the titanium alloy substrate
is especially pronounced in the presence of a thin coating (Fig. 1).

Fig. 2 shows the SEM images of the microstructure of the nanoHAp
coatings following thermal treatment. Cracks appear on both types of
coatings, in particular on nanoHAp-30V, on which a greater number of
longer cracks are seen. Such cracks may occur due to water evaporation
and the passage from amorphous to crystalline phase associated with
shrinkage of the nanoHAp coating. NanoHAp coatings are composed of
grain agglomerates separated by numerous pores. According to
Boccaccini et al. [55], particles of HAp at relatively low electrochemical
potential during EPD cannot properly migrate or produce a homo-
genous coating. The higher number of agglomerates observed in
nanoHAp-30V is due to the more rapid kinetics of the migration
process and reduced time in which to find and occupy the most suitable
position for the formation of a uniform coating [56,57].

Fig. 3 shows the surface topography obtained by means of AFM for
both nanoHAp coatings. The roughness of the coatings increases with
increasing voltage due to the presence of a greater number of
agglomerates on the surface. The roughness of coatings (Table 2) is
typical of the EPD method. Surface roughness is responsible for cell
interaction in the human body. The high level of surface roughness
ensures better tissue adhesion and provides improved primary stabi-
lization between an implant and bone [58,59]. Rough and porous
coatings facilitate the adhesion of a greater number of osteoblasts and
can stimulate production of the extracellular matrix [13,60].

Fig. 4 shows the thickness of coatings, with means assessed at 2.16
± 0.49 µm for nanoHAp-15V coating and 5.14 ± 0.51 µm for nanoHAp-

Fig. 2. SEM images of nanoHAp-15V (a, a′) and nanoHAp-30 V (b, b′) coatings.
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30V. The coating thickness increases distinctly with EPD voltage in
accordance with Coulomb's law. Goryczka et al. [21] showed that either
deposition time or applied voltage could result in an increase in HAp
coating thickness. Abdeltawab et al. [57] showed that, in the initial
period of EPD at a constant voltage, thickness increased with time, but
that over a longer period this effect was not observed; presumably, the
EDP voltage might become more important. Here the thickness
increases, even after a very short EDP time, more than twofold with
doubled voltage. The cross sections also illustrate that both nanoHAp
coatings are immediately adjacent to the Ti13Zr13Nb substrate, with
no delamination.

3.2. Electrophoretic deposition of nanoAg on nanoHAp coatings

As shown in Fig. 5, nanosilver clusters decorate the surface of the
nanoHAp coatings. The EDS spectra confirmed the presence of nanoAg
on the surface of nanoHAp coatings. The effects of voltage used in the
previous deposition of nanoHAp coatings and, subsequently, of surface
topography on the deposition of nanosilver particles appear to be
negligible. The clusters of nanosilver observed on the surface measure
between 200 and 300 nm. The distribution of nanosilver particles over
the surface is uniform.

3.3. Silver release in simulated body fluid (SBF) solution

The release of nanoAg from decorated nanoHAp coatings to SBF
(Fig. 6) increases over time. The test temperature represents the
temperature of inflammation in the human body. The results show
that a significant number of Ag ions are released into the solution in
such conditions, even during the first day. This may be caused by the
oxidation of Ag as a reaction with water and the transition of Ag to ions
[45]. There is a significant difference between the release of silver from
nanoHAp-30V and nanoHAp-15V coatings. The roughness of the
nanoHAp coating is likely the reason.

The decrease in the size of silver powder grains (up to about 30 nm)
results in changes in physicochemical properties and above all in the
increase in particle activity. Small size also confers greater particle
mobility both in the environment and in the body [61,62]. Moreover,
greater surface roughness of the nanoHAp-30V coating increases the
possibility of proper location and attachment of the silver nanoparticles
during the electrophoretic process.

Glover et al. proposed 3-stage model, with explained the formation
of new nanoparticles. First nanosilver particles Ag° are attached to the
substrate, next they adsorb the water layer (with Ag° changed to Ag+)
and as the last, nanosilver can properly migrate to the environment
[63,64].

The release rate of nanoAg into SBF solution is closely correlated
with the bactericidal and antibacterial properties of the decorated
nanoHAp coating. The minimum required value of silver concentration
with bactericidal effects is 0.1 ppm; the value of cytotoxic concentration
of silver is 1.6 ppm [65]. Here, after one day of exposure, the free silver
concentration in solution exceeds 0.1 ppm for nanoAg decorating
nanoHAp-30V; in the case of a lower deposition voltage, this limit is
achieved after 3 days. On the other hand, after 7 days of exposure, the
concentration of silver is well below the cytotoxicity limit value.

Fig. 3. Surface topography of nanoHAp-15V (a) and nanoHAp-30V (b) coatings within an area of 80.4 × 80.4 µm.

Table 2
Roughness parameters of the nanoHAp-15V and nanoHAp-30V coatings within an area
of 80.4 × 80.4 µm.

Sample Ra parameter (µm) Sa parameter (µm)

nanoHAp-15V coating 0.51 ± 0.15 0.51
nanoHAp-30V coating 0.67 ± 0.15 0.73

Fig. 4. Cross sections of nanoHAp-15V (a) and nanoHAp-30V (b) coatings following thermal treatment.
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3.4. Corrosion properties

Fig. 7 and Table 3 illustrate the effect of the presence of nanoHAp
deposits, both undecorated and decorated with nanoAg, on electro-
chemical behavior.

According to the results, titanium substrates with deposited
nanoHAp coatings possess lower corrosion resistance as measured by
corrosion current density. The corrosion resistance of titanium alloys
with deposited nanoHAp was investigated and often proved greater
than that of an uncoated substrate [29,66,67]. This means that the
nanoHAp coatings obtained here promote corrosion, likely because of
their slight thickness and porous structure, and, consequently, the
presence of some corrosion channels and the appearance of localized
corrosion. On the other hand, the corrosion rate is still at a minimal
level.

The corrosion potentials, which were highest for the uncoated
Ti13Zr13Nb reference sample, increased significantly for undecorated
nanoHAp coatings. Mohan et al. reported a similar effect [52] for HAp/

TiO2 coatings on an Ti13Nb13Zr alloy, obtained by means of EPD. The
shift of potentials to the anodic side means that nanoHAp coatings
cause a shift of the anodic polarization curve to a positive direction.

Fig. 5. SEM images (top) and EDS spectra (bottom) of nanoHAp-15V/nanoAg (a) and nanoHAp-30V/nanoAg (b) coatings.

Fig. 6. Cumulative concentrations of Ag ions released from nanoHAp-15V/nanoAg and
nanoHAp-30V/nanoAg after 1, 7, and 14 days exposure in SBF at 38 °C.

Fig. 7. Potentiodynamic polarization curves of nanoHAp coatings and reference speci-
men Ti13Zr13Nb in SBF at room temperature.

Table 3
Corrosion current density and corrosion potential of the nanoHAp coatings and uncoated
Ti13Zr13Nb substrate.

Sample Ecorr [V] icorr [nA/cm
2]

nanoHAp-15V coating ‒0.046 72.54
nanoHAp-30V coating ‒0.036 95.08
nanoHAp-15V/nanoAg ‒0.462 7.21
nanoHAp-30V/nanoAg ‒0.406 13.20
reference specimen Ti13Zr13Nb ‒0.487 7.36
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The addition of nanosilver particles reduces the corrosion current
density. This effect is due to blocking of the pores by highly noble
clusters. Investigations of silver-doped hydroxyapatite have been
performed; however, either the investigated coatings were thick [68],
or the hydroxyapatite coatings were deposited on TiO2, which pos-

sesses excellent corrosion-resistant properties [65,68].

3.5. Nanoindentation and nanoscratch test

Table 4 shows the effect of deposition voltage on nanomechanical
properties. A definite increase in hardness is observed with decreasing
EPD voltage and decreasing thickness of nanoHAp coatings.

The nanoindentation values are in line with the plastic and elastic
work shown in Table 5. At a doubled deposition voltage, the plastic
work increases more than twofold. The value of elastic work appears
negligible for both nanoHAp coatings. Probably the use of hydroxya-
patite nanopowder and porous structure of nanoHAp coatings sig-
nificantly reduced the hardness value and Young's modulus. The value
of Young's modulus obtained here for nanoHAp-30V is similar to that
achieved by Drevet et al. [17] using the EPD technique; greatly reduced
hardness was observed in this study, presumably because of the more
porous structure. There are some nanoindentation studies of nanohy-
droxyapatite coatings, for example performed by Dey et al. [69,70],
Saber-Samandari et al. [71], Tang et al. [72]. However, the relatively
thick coatings with larger grains as 20 nm were investigated. Saber-
Samandari et al. showed the change of mechanical properties of
coatings as related to the distance from the substrate. In other report,
as the measurement depth increased, the investigated mechanical
properties (hardness and Young's modulus) of the hydroxyapatite
coating increased as well [73]. Polychronopoulou et al. [74] pointed
out that nanoindentation measurements should be performed as close
as possible to the surface top. The nanoindentation tests of nanohy-
droxyapatite coatings were presented by Drevet et al. [17], but
thickness of these coatings was not measured. The relative values of
Young's modulus obtained in the present study are similar to those
reported by Drevet et al. [17], Fomin et al. [75] and Saber-Samandari
et al.[73]. Young's modulus is a crucial parameter, as it ensures a

Table 4
Mechanical properties: hardness and Young's modulus of the nanoHAp-15V and
nanoHAp-30V coatings.

Sample Hardness (GPa) Young's Modulus (GPa)

nanoHAp-15V coating 0.2245 ± 0.036 41.10 ± 8.91
nanoHAp-30V coating 0.0661 ± 0.008 19.52 ± 1.29

Table 5
Nanoindentation properties: maximum depth and plastic work of the nanoHAp-15V and
nanoHAp-30V coatings.

Sample Maximum depth (nm) Plastic work
(nj)

Elastic work (nj)

nanoHAp-15V
coating

905.48 ± 74.04 1.17 ± 0.21 0.07 ± 0.01

nanoHAp-30V
coating

1658.23 ± 98.08 2.54 ± 0.15 0.00 ± 0.01

Table 6
Nanoscratch test of the deposited nanoHAp-15V and nanoHAp-30V coatings.

Sample Critical friction (mN) Critical load (mN)

nanoHAp-15V coating 11.53 ± 2.23 35.83 ± 12.75
nanoHAp-30V coating 16.03 ± 1.41 66.43 ± 14.09

Fig. 8. Contact angle for water droplet on: (a) nanoHAp-15V, (b) nanoHAp-30V, (c) nanoHAp-15V/nanoAg, (d) nanoHAp-30V/nanoAg coatings.
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strong connection between the implant and bone [17]. The Young's
modulus of natural human bone (~20 GPa) [76] is very similar to that
of nanoHAp-30V coatings. Moreover, poor mechanical properties
cause the rapid dissolution of the coatings in a physiological environ-
ment [77].

The nanoscratch test results of nanoHAp-15V and nanoHAp-30V
coatings are shown in Table 6. The initiation of coating delamination
can be determined based on a sudden change in friction and normal
forces. The increasing voltage results in critical friction higher by about
50% and a critical load higher by about 100%. Superior mechanical
properties (lower value of hardness and Young's modulus) indicated
the superior adhesion of the nanoHAp coating deposited on the
Ti13Zr13Nb substrate. According to Kumar et al. [76], an increase in
the adhesion strength of the coating to the substrate is due to higher
values of fracture toughness, hardness, and elastic modulus.

3.6. Contact angle studies

The effect of deposition voltage on contact angle (Fig. 8) is slight
because of the roughness values of both surfaces, which are not very
different. The decoration of nanoHAp coatings with silver leads to a
significant decrease in contact angle. It is well known that the
wettability of metals is lower than that of polymers and ceramics; this
is clearly shown in the presence of a relatively small amount of
nanosilver, confirming the strong capability of metallic clusters to
form van der Waals bonds.

The low contact angles for all specimens may be attributed to their
porous surface structure. Contact angles are measures of wettability;
their low values correspond to anticipated high biocompatibility. On
the other hand, in [78] the best values of contact angle for cell
attachment were assessed at 55° and for bone regeneration at 35° to
80° [78]; these values are higher than those recorded here.

The nanoHAp and nanoHAp/nanoAg coatings are regarded to be
hydrophilic due to a large number of hydroxyl groups present on the
surface [65]. An increasing thickness of the coating results also in an
increasing crystallinity of the nanoHAp coating with hydrophilic
hydroxyl groups as confirmed by the XRD studies [36]. With increasing
EPD voltage, the thickness of the nanoHAp coatings increases as well.
The thicker nanoHAp coating possesses more free space within its
porous structure and larger number of cracks, which both reduce the
value of contact angle. The presence of silver nanoparticles on the
surface may, on the other hand, prevent the water droplets from
penetrating the interior of the nanoHAp coating, resulting in an
increase in the contact angle.

4. Conclusions

The electrophoretic deposition method, based on nanohydroxyapa-
tite, performed within the short time of 1 min and followed by thermal
treatment, yields thin, uniform, and rough surfaces with high values of
mechanical properties, biocompatibility, and corrosion resistance.

The increase in deposition voltage, from 15 to 30 V, results in
doubled thickness, improved adhesion and hardness, and comparable
corrosion resistance and wettability.

The decoration of nanohydroxyapatite coatings with nanosilver
leads to the achievement of protective silver concentration in artificial
saliva after one or three days, depending on the nanoHAp deposition
voltage, and will always exceed the upper limit of Ag concentration.

The nanohydroxyapatite coatings obtained by electrophoretic de-
position at 30 V for 1 min, followed by thermal treatment at 800 °C for
120 min and decorated with nanosilver by means of reverse EPD at 60
V for 5 min, possess mechanical and chemical properties sufficient to
permit their use as biocompatible, bioactive, and antibacterial coatings,
in particular for dental screw implants.
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