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Composite coatings of Hydroxyapatite (HA) with ceramics, polymers and metals are used to modify the
surface structure of implants. In this research, HA/TiO2 composite coating was fabricated by elec-
trophoretic deposition (EPD) on 316 stainless steel substrate. HA/TiO2 composite coatings with 5, 10 and
20 wt.% of TiO2, deposited at 40 V and 90 s as an optimum condition. The samples coated at this condition
led to an adherent, continuous and crack-free coating. The influence of TiO2 content was studied by
performing different characterization methods such as scanning electron microscopy (SEM), energy dis-
persive x-ray spectroscopy (EDS), corrosion resistance in simulated body fluid (SBF), coating�s dissolution
rate in physiological solution and bond strength to the substrate. The results showed that the higher amount
of TiO2 in the composite coating led to increase in bond strength of coating to stainless steel substrate from
3 MPa for HA coating to 5.5 MPa for HA-20 wt.% TiO2 composite coating. In addition, it caused to
reduction of corrosion current density of samples in the SBF solution from 18.92 lA/cm2 for HA coating to
6.35 lA/cm2 for HA-20 wt.% TiO2 composite coating.

Keywords 316 stainless steel, composite, electrophoretic, hy-
droxyapatite, titanium dioxide

1. Introduction

Hydroxyapatite Ca10(PO4)6(OH)2 is a bioactive and bio-
compatible ceramic that have been extensively used in
biomedical applications. Due to the similar chemical compo-
sition of HA to that of bone tissue, HA implants in the form of
ceramic coatings on metallic substrate or ceramic bulks could
strongly bond to the bone and promote the formation of bone
tissue on their surface. However, the low toughness of the HA
makes it inappropriate to be used as load-bearing implants and
its application is more limited to low load-bearing porous
implants or coating of metallic implants (Ref 1, 2). Therefore,
in HA-coated implants, metallic substrate can carry the load,
while HA can bond to the surrounding tissue and support the
substrate from corrosion attack in contact to the body fluids.
HA coatings can provide more stable position of implants in
contact to bone and increase the uniform bone ingrowth at the
bone-implant interface. Delamination of the ceramic layer from
the metal surface, however, can lead to serious problems such
as failure of implant (Ref 2).

Various techniques, such as plasma spraying (Ref 3, 4),
pulsed laser deposition (Ref 5), sol-gel method (Ref 6, 7), radio
frequency magnetron sputtering (Ref 8) and EPD (Ref 9, 10),
have been used to produce HA coatings on implants surfaces.
Among them, EPD method has many upsides such as the short

formation time, simple equipment, no limits of the shape of the
substrate and low temperature of process. However, using high
calcination temperature as a post-treatment to increase the
adhesion of coating to the substrate may cause to decompo-
sition of HA or changing the properties of the substrate.
Recently, composite coatings of HA and other materials such as
polymers and ceramics [zirconia (Ref 11), silica (Ref 4),
bioglass (Ref 9) and TiO2 (Ref 12)] have been extensively
fabricated and evaluated to improve the low strength bonding
of pure HA coatings to the metallic substrates. In this study, the
composite of HA and TiO2 was coated by EPD on 316 stainless
steel substrate. The effects of introducing TiO2 nanoparticles to
HA coatings on mechanical properties and adhesion of coating
to the substrate have been evaluated in the number of
researches (Ref 13, 14), but the effect of TiO2 content on
corrosion and dissolution behavior of electrophoretically
deposited porous HA coating has been rarely reported. With
this in mind, in this study the effect of TiO2 content on HA
coating was investigated. Hydroxyapatite coatings with 0, 5, 10
and 20 wt.% TiO2 were electrophoretically deposited. The
fabricated coatings were characterized by employing SEM
equipped with EDS and x-ray diffraction (XRD). Then bonding
strength, corrosion behavior and dissolution of coatings in SBF
solution were studied.

2. Materials and Methods

Hydroxyapatite powders (0.2-30 lm, Merck, Germany) and
different amounts of TiO2 nanoparticles (0, 5, 10 and 20 wt.%)
(21 nm, Degussa P25, Germany) were dispersed in absolute
ethanol and in the presence of triethanolamine (TEA, Merck,
Germany) as a dispersant (Ref 15). The HA suspensions with
different amounts of TiO2 were dispersed by sonication for
60 min in order to break weak agglomerates. Stirring was
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continued for 24 h, and later stability of HA suspensions
containing different concentration of TEA has been optimized
by sedimentation test.

Electrophoretic deposition setup was consisted of a glass
cell containing the HA/TiO2 suspension, 316 stainless steel
substrate electrode, a stainless steel counter electrode and a DC
power supply. Commercially available 316 stainless steel plates
(5092092 mm3) were used as a cathode. In order to improve
the adhesion of the coating to the substrate by mechanical

bonding to rough surfaces, prior to EPD, sandblasting was done
with 60-micron alumina particles. Distance from the nozzle to
the test piece surface of 316 stainless steel substrate electrode
and angle between the direction of the abrasive jet and the test
piece flat surface were 10 cm and 90�, respectively. The
measured arithmetic mean deviation of the profile ‘‘Ra’’ was
measured by a surface roughness meter type MAHR (GMBH,
Germany) which was equal to 2.67± 0.1 lm.

The separation distance between electrodes in EPD set up
was 1.5 cm and constant voltage of 40 V for 90 s was used in
EPD process. After coating, samples were dried at room
temperature for 24 h and sintered at 500 �C for 2 h under
controlled argon atmosphere in order to improve the adhesion
of coating to the substrate. Heating and cooling rates were
10 �C/min. Thickness of the coatings was measured using
dualscope (MP40 Fischer, Germany) based on the eddy current
method.

In order to determine the optimal electrophoretic parameters,
deposition was performed at different voltages such as 20, 30,
40 and 60 V for 30, 60, 90, 120 and 150 s from suspension
containing 5 wt.% TiO2.

The surface coating morphologies and their elemental
compositions were studied also using scanning electron
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Fig. 1 Thickness of the coatings containing different amount of
TiO2

Fig. 2 SEM micrographs of HA-5 wt.% TiO2 coatings deposited on 316 stainless steel by electrophoretic deposition at (a) 40 V and 120 s (b)
40 V and 150 s (c) 60 V and 90 s (d) 40 V and 90 s after sintering at 500 �C for 2 h
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microscopy equipped with energy dispersive x-ray spec-
troscopy (EDX).

According to Lins et al. (Ref 16), porosity of coating has
been investigated by linear polarization method. The polariza-
tion resistance is a measure of coating porosity.

The effect of TiO2 particles on corrosion behavior of coated
specimens has been investigated by potentiodynamic polariza-
tion test. The electrochemical tests were carried out in SBF
solution at 37 �C. Simulated body fluid with an ionic concen-
tration nearly equal to that of human blood plasma was
prepared according to the procedure described by Kokubo et al.
(Ref 17). A three-electrode cell with a saturate calomel
electrode (SCE), a working electrode (the sample) and a
counter electrode (platinum plate) was used. The working
electrode with an exposed surface area of 1 cm2 was utilized for
all experiments. Polarization curves were obtained by Autolab
(EG&G 273A) with a scan rate potential set at 1 mV s�1.

The adhesion strength of the HA coatings containing
different amount of TiO2 was measured by pull off method
according to ASTM D4541 (Ref 18). A uniaxial tensile load
applied on 25-mm circular coated samples bonded to instru-
ment probe with adhesive bonding glue. The tensile strength

was calculated by dividing the load at failure to the cross-
sectional area. Five samples were tested for each coated
samples with different content of TiO2.

The crystalline phases of HA/TiO2 coatings were examined
with x-ray powder diffraction (Philips X�Pert-MPD System,
Netherlands) using Cu Ka radiation (k = 1.542 Å, 2h: 20-70�).

The degradation rate of the HA/TiO2 composite coatings
was studied by immersing 1 cm2 effective surface of the coated
samples in a physiological saline solution (0.9% NaCl,
pH = 7.42 at 37 �C). The effective coating surface was 1 cm2

and others covered by lacquer. Solution was replaced every
24 h and analyzed during period of 120 h. After each
incubation period, atomic absorption spectroscopy (AAS) was
used to measure the Ca2+ ions concentration in the solution.

3. Result and Discussion

3.1 Coatings Thickness

Figure 1 shows variation of the thickness of HA and HA/
TiO2 coatings fabricated by EPD method using same deposition

Fig. 3 SEM micrographs of HA and HA/TiO2 coatings deposited on 316 stainless steel by EPD method at 40 V and 90 s. (a) HA (b) HA-
5 wt.% TiO2 (c) HA-10 wt.% TiO2 (d) HA-20 wt.% TiO2
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parameters. The results showed reducing trend for the thickness
of the coatings by increasing the TiO2 content in the
composition. The main reason is the nanometer size of the
TiO2 particles compared to micrometer size of the HA particles.
At a constant voltage, TiO2 particles in the suspension reduce
both the applied electric force on microparticles of HA and their
movement into the substrate, resulting in formation of thinner
coatings. It should be noted that the optimized thickness of HA
coatings on metallic substrates is between 50 and 100 lm thick.

3.2 Coatings Surface Morphology and Chemical
Composition

Figure 2 shows the SEM micrographs of coated samples
from suspension containing HA and 5 wt.% TiO2 at various
EPD parameters. Results show that EPD at constant voltage of
40 V and 90 s led to uniform, adherent and crack-free coating.
Normally during the sintering process, coatings will shrink and
crack because of the densification and thermal stresses which
are originated from differences in thermal expansion coeffi-
cients between ceramic coating and metallic substrate. In this
study we arrived to optimize the coating and sintering process
to fabricate HA/TiO2 coatings based on two properties
(morphology and thickness). At first we aimed to choose a
crack-free and homogenous coating by evaluating their mor-

phology, and at second we measured the thickness of the
coatings. According to Yaszemski et al. (Ref 19) coatings with
thickness greater than 80 lm become brittle, while very thin
HA (less than 50 lm) coatings may resorb too fast and cannot
provide the corrosion protection of metallic substrate.

Figure 3 shows the SEM micrographs of HA and HA/TiO2

composite coatings after sintering at 500 �C for 2 h. The HA
coating (Fig. 3a) was not densely packed, and some agglom-
erated HA particles were present in the coating that made a
more porous structure. After increasing the amount of TiO2 in
the coating, the denser and less porous structure comparing to
pure HA was formed (Fig. 3b-d)

The elemental compositions of the coatings containing
different amount of TiO2 were studied by EDX analysis, as
shown in Fig. 4.

As can be seen in Fig. 4, the main elements in the coatings
are Ca and P as well as Ti and O. It proved that the elemental
components of the using suspension in EPD method were
incorporated into the films. Following the increase in the TiO2

content in the suspension, the amount of Ti also raised up. We
also quantitatively measured the amount of TiO2 present in the
coatings and compared them with the theoretic value in the
starting suspension in EPD method. According to Table 1, there

Fig. 4 Chemical compositions of HA and HA/TiO2 composite coatings containing different amount of TiO2 analyzed by EDX method

Table 1 The amount of TiO2 in the suspension and final
HA/TiO2 composite coatings after sintering

TiO2 in the suspension, wt.% TiO2 in the coating, wt.%

5 5.5
10 10.9
20 23.6

Table 2 Polarization resistance of samples

Sample
Polarization

resistance, kX cm2

316 SS (bare) 1.37
316 SS with HA coating 1.60
316 SS with HA-5 wt.% TiO2 coating 1.92
316 SS with HA-10 wt.% TiO2 coating 2.60
316 SS with HA-20 wt.% TiO2 coating 4.09
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is a significant agreement between the calculated amount of
TiO2 in the composite coatings and that of related suspension
used in EPD method.

3.3 Corrosion Behavior

Table 2 shows the polarization resistance of uncoated, HA-
coated and composite-coated 316 SS measured by linear
polarization method.

According to Table 2, uncoated stainless steel has the lowest
polarization resistance (Rp = 1.37 kX cm2). HA coating led to
increase in polarization resistance to Rp = 1.60 kX cm2. High-
er amount of TiO2 in the coatings results in the increase in the
polarization resistance of coatings, and it shows that the
presence of TiO2 in the coating led to less porous coatings. The
fact that addition of TiO2 decreased the porosity in the HA
coating was also supported by the SEM examinations (Fig. 3).

The potentiodynamic polarization curves of uncoated, HA-
coated and composite-coated 316 SS are shown in Fig. 5.
Electrochemical measurements indicated that the composite

coatings could protect the stainless steel substrate from
corrosion in SBF solution.

The corrosion current densities of different samples were
measured from the potentiodynamic polarization curves by
linear polarization method. These results align with corrosion
potentials are summarized in Table 3.

According to Table 3 and Fig. 5, the uncoated 316 SS
substrate possesses lower corrosion resistance and thus higher
corrosion current density (icorr = 18.92 lA/cm2). After coating
the substrate by HA the corrosion current density got decreased
(icorr = 16.25 lA/cm2), but this effect is not adequately com-
plete. This was due to the porous structure of HA coating and
presence of microcracks in the structure that could not protect
the stainless steel substrate in SBF solution. However, HA/TiO2

composite coatings exhibited a better electrochemical behavior
than the pure HA coatings possibly due to the less porosity and
the higher density of the coatings. Therefore, crack-free and
densely packed coatings formed after increasing the TiO2

amount in the coating showed higher corrosion resistant
comparing to HA coating.

3.4 Adhesion

The adhesion strength of coatings to the metallic substrate
was measured using the pull off test, and results are summa-
rized in Table 4. The small increase in adhesion strength was
seen after increasing the amount of TiO2 in the composition.

According to surface morphology of coatings, the HA
coating prepared by EPD method showed the porous structure
and adding TiO2 nanoparticles resulted in less porosity of the
composite coatings. The less porosity and higher density of
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Fig. 5 Potentiodynamic polarization curves of (a) uncoated, (b) HA, (c) HA-5 wt.% TiO2, (d) HA-10 wt.% TiO2 and (e) HA-20 wt.% TiO2

coated 316 stainless steel in SBF solution

Table 3 Values of corrosion current densities and corrosion potentials in SBF solution at 37 �C

Sample Ecorr, mV SCE Icorr, lA/cm
2

316 SS (bare) � 324 18.92
316 SS with HA coating � 313 16.25
316 SS with HA-5 wt.% TiO2 coating � 205 13.40
316 SS with HA-10 wt.% TiO2 coating � 146 9.98
316 SS with HA-20 wt.% TiO2 coating � 207 6.35

Table 4 The adhesion strength of coatings containing
different amount of TiO2

Coating Adhesion strength, MPa with standard deviation

HA 3 ± 0.25
HA—5 wt.% TiO2 3.5 ± 0.3
HA—10 wt.% TiO2 4.5 ± 0.25
HA—20 wt.% TiO2 5.5 ± 0.35
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coating lead to higher cohesive strength of the coatings. The
improved cohesive strength of the HA/TiO2 composite coatings
resulted in improved bonding between the coating and the
substrate. Homogenous distribution of TiO2 nanoparticles into
the porosities of HA structure resulted in increase in adhesion
strength. The second strengthening mechanism is uniform
distribution of titanium dioxide nanoparticles in the hydroxya-
patite coating, called dispersion strengthening phenomena (Ref
13).

3.5 Crystallinity

Figure 6 shows the XRD patterns of composite coatings of
HA/TiO2 after sintering at 500 �C for 2 h.

The patterns show the standard peaks of HA and TiO2

structure, and there is no sign of decomposition in the HA
structure confirming the stability of HA structure after sintering
at 500 �C. The crystallinity was calculated using XRD patterns

and Pang and Bao et al. equation (Ref 20). The fraction of
crystalline phase (Xc) in the HA powders was calculated by the
following equation:

Xc ¼ 1� V112=300=I300
� �

where I300 is the intensity of (300) diffraction peak and V112/

300 is the intensity of the valley between (112) and (300)
diffraction peaks of HA. Table 5 shows the calculated crys-
tallinity of HA in the various coatings.

Results indicated that the presence of TiO2 in the coatings
leads to reduction in HA crystallinity after sintering. It seems
that TiO2 protected the crystalline structure of HA to change to
amorphous phase over sintering.

3.6 Dissolution

Figure 7 presents the dissolution behavior of the coatings as
a function of immersion time in a physiological saline solution.

Fig. 6 XRD patterns of composite coatings after sintering at 500 �C for 2 h: (a) HA, (b) HA-5 wt.% TiO2 (c) HA-10 wt.% TiO2 (d) HA-
20 wt.% TiO2

Table 5 Calculated crystallinity of HA in the coatings with different amount of TiO2

Coating I300 V300/112 Crystallinity, %

HA 304.24 121.68 60
HA—5 wt.% TiO2 310.11 133.35 57
HA—10 wt.% TiO2 325.84 156.39 52
HA—20 wt.% TiO2 210.24 105.11 50
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Fig. 7 The concentration of released calcium ions over immersion time in the saline solution
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The increase in released calcium ions concentrations with
increasing amount of TiO2 up to 5 wt.% in each immersion
period is in agreement with decrease in coating crystallinity as a
result of TiO2 presence (see Table 5). It is important to note that
amorphous HA is more soluble than crystalline one (Ref 21). In
contrast, for each immersion period, the calcium concentration
in the solution was lower for HA-10 wt.% TiO2 and HA-
20 wt.% TiO2 coatings compared with HA and HA-5 wt.%
TiO2. This phenomenon was probably because of the porosity
effect on HA dissolution. The lower porosity can decrease the
exposed surface of HA particles to the saline solution and
decreased dissolution rate of HA respectively.

It can be seen, for all of the coatings, the dissolution
occurred quite rapidly. Even though there was rapid dissolution
after a short period of time, the dissolution rate decreased with
increasing time. The higher dissolution rate can be due to faster
solubility of amorphous HA while after decreasing the amount
of amorphous phase in the coating the dissolution rate got
reduced.

4. Conclusion

Composite coatings of HA/TiO2 containing different
amount of TiO2 were fabricated by electrophoretic deposition
method. The morphology of the composite coatings was
continuous and uniform, and the structure was crack-free after
sintering at 500 �C for 2 h. The higher amount of TiO2 in the
structure resulted in less porous structure. It could also help to
improve the bonding strength of coatings to the substrate from
3 MPa for HA coating to 5.5 MPa for HA-20 wt.% TiO2

composite coating, and increasing corrosion resistance of
coated implant is SBF solution so that corrosion current density
decreases from 18.92 lA/cm2 for HA coating to 6.35 lA/cm2

for HA-20 wt.% TiO2 composite coating.
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