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his study successfully demonstrated the electrophoretic deposition (EPD) of

a biocomposite coating comprised of hydroxylapatite (HA) and calcia

stabilized zirconia (CSZ) onto 316L stainless steel substrates. The research
investigated the influence of varying CSZ concentrations (1-3 %) while
maintaining a constant HA concentration of 3 g/L in the EPD solution, focusing on
how these variations affected the coating’s overall characteristics. A combination
of analytical techniques-including adhesion strength testing, cyclic polarization, X-
ray diffraction (XRD), and scanning electron microscopy (SEM)-was employed to
thoroughly characterize the as-deposited coatings. The results revealed that the
inclusion of CSZ significantly improved the coating’s properties. Coatings
exhibited low porosity and high crystallinity, which contributed to enhanced
electrochemical performance and robust adhesion to the substrate. Measured
coating thicknesses increased from 9.26 um at 1 % CSZ to 11.11 um at 2 % CSZ,
and further to 14.34 um at 3 % CSZ. Additionally, the corrosion resistance of the
coated samples was markedly improved with the incorporation of CSZ,
accompanied by a decrease in the wettability angle and an increase in adhesion
strength as the CSZ concentration was raised. These findings suggest that
optimizing CSZ content in HA-based biocomposite coatings could be a promising
strategy for enhancing the durability and performance of stainless steel implants.
Prog. Color Colorants Coat. 18 (2025), 397-408© Institute for Color Science and
Technology.

1. Introduction

implants [4, 5].

Corrosion is a critical factor affecting the longevity and
performance of metallic implants in biomedical
applications [1]. The interaction between the implant
material and the physiological environment often leads
to the degradation of the material, compromising its
structural integrity and potentially leading to implant
failure [2, 3]. To address these challenges, surface
modification techniques have been employed to enhance
the corrosion resistance and biocompatibility of metallic

One promising approach is the application of nano
biocomposite coatings, which combine the beneficial
properties of different materials at the nanoscale [6].
Among these, Hydroxyapatite (HA) is widely
recognized for its excellent biocompatibility and
osteoconductivity, making it a preferred choice for bone-
related applications. However, HA alone may not
provide sufficient corrosion protection, particularly in
aggressive physiological environments [7-10].
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The hydroxyapatite is a major component of calcium
orthophosphate family, also known as HA, with
chemical formula of Caio(PO4)s(OH).. It exhibits a
number of noteworthy properties such as neutral pH,
chemical stability, and osteoconductivity including
biocompatibility, and the ability to bind to bones [10-
13]. The HA coating on metallic implant surfaces, such
stainless steel, Titanium (Ti), and magnesium (Mg)
alloys, which, under physiological conditions, can
simultaneously boost the bioactivity and corrosion
resistance of implants, is significantly required in
orthopedic applications [14-16]. Plasma spray, micro-arc
oxidation, electrodeposition, sol gel and magnetron
sputtering deposition are used as some of HA coating
technologies [17]. On the other hand, electrophoretic
deposition (EPD) technology is increasingly being used
due to its great advantages. These advantages can be
represented by being a simple process, operating at
moderate temperature, being applicable to complex
substrates, and being highly productive [18-20].
Unfortunately, poor adhesion strength is the common
shortcoming of EPD [21]. The significant advantages of
EPD have attracted researchers to overcome the
shortcomings and enhance the characteristics of EPD
coatings. Adding oxide particles, such as zirconia
(Zr0y), into the HA coating is an option to overcome the
EPD coating challenges [22, 23]. Generally, zirconia has
outstanding characteristics such as high mechanical
properties, good biocompatibility, strong wear and
corrosion resistance. Incorporating zirconia particles into
hydroxyapatite (HA) coatings has been shown to
enhance mechanical properties, biocompatibility, and
corrosion resistance, making it beneficial for biomedical
applications through reducing degradation rate and ion
release [24-27]. Calcium-stabilized zirconia (CSZ) is an
advanced form of zirconia obtained by incorporating
calcium oxide (calcia) as a stabilizing agent [28]. It is
reported that CSZ contributes to enhance the corrosion
resistance of the coating by providing a more stable
barrier that protects the underlying substrate from
corrosive agents in bodily fluids. Furthermore, CSZ

enhances biocompatibility by promoting favorable
cellular responses, such as increased cell adhesion and
proliferation, which supports better integration with
bone tissue [29]. Therefore, CSZ applied through
electrophoretic  deposition (EPD) can significantly
enhance the characteristics of coatings, especially for
biomedical applications [30-32]. There is little
information known about the effect of CSZ concentra-
tion on the corrosion behavior of HA coatings using
EPD [33, 34]. Therefore, this work will shed some light
on the effect of CSZ concentration associated with
constant concentration of HA on the characteristics of
EPD coating especially corrosion resistance and
bioactivity in vitro. The microstructure, phases and
hardness were also investigated in this work.

2. Experimental

2.1. Samples preparation

The chemical composition of 316L stainless steel used
as a substrate was illustrated in Table 1. The samples
were cut with dimensions 10x20x2 mm. The surface
roughness of the substrate was reduced to Ra 2.63 nm
using sandblasting with TiO, abrasive grit. The
samples were cleaned using an ultrasonic processor
(Mixsonix Incorporated, New York, USA) for 10 min
after washing with ethanol. Before deposition, the
substrate was thoroughly washed with distilled water
after pickling in 20 % HNOs for 10 min to remove
oxide layer from the substrate.

2.2. EPD of HA/CSZ coating

Figure 1 shows a flow chart of the EPD suspension
formation. This is done by dispersing chitosan used as a
binder at a concentration (0.5 g/L) prepared by
dissolving 0.05 g of chitosan in 1 % acetic acid. The
yield was added to a solution of 94 % ethanol (purity
99.8 %) + 5 % deionized water, then 3 g/L of
hydroxyapatite (HA) with different percentages of 50
nm CSZ nanopowder (1, 2 and 3 %) was added.

Table 1: Chemical composition of 316L stainless steel.

I N A N N R R R T

Wt. % 0.015 0578 1.35 0.043 0.008 16.8
Element Ti Vv W Ta N Sn
Wt. % 0.011 0.039 0.037 0.01> 0.041 0.011
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Suspension Preparadon: Chitosan (0.5g/L)
+1% Acetic acid + 94% ethanol+ 5% deionized

\
Suspension + 3%HA+ (1, 2 ,3) % C5Z
¥

Magnetic stirring for & hrs.

v
ultrasonic for 40 min
v

pH values (4.5-5)

EPD

Figure 1: Flowchart of suspension formation for EPD.

The solution was stirred by magnetic stirrer for 6 h and
then mixed using ultrasonic for 40 min at room
temperature. The pH values of all solutions were fixed
between 4.5-5. A 316L stainless steel substrate was used
as the cathode and anode electrode. The electrodes were
connected to a DC power source and placed parallel to
each other within a space of 10 mm. The EPD was
performed at 40 V for 5 min at 30 °C. The coatings were
then allowed to dry in air for 24 h at room temperature.

2.3. Coating characterization

The microstructural analysis of the EPD coatings was
conducted using both optical microscopy (OM) and
scanning electron microscopy (SEM, TESCAN-
VEGAJ/USA) to examine cross-sectional morphology.
Phase composition was determined via X-ray diffraction
(XRD) using a Shimadzu XRD-6000 (Japan) with
monochromatic CuKo radiation, scanning at a rate of
0.02°/s over a 20 range of 10-90°. The zeta potential of
the suspensions was measured using the Brookhaven
Nano-Brook Zeta-Plus method, which employs phase
analysis light scattering (PALS) to assess particle
mobility and electrostatic interactions, providing insight
into coating adhesion to the substrate. Additionally, the
wettability of the coatings was evaluated by measuring
the contact angle of a sessile drop of distilled water on
the substrate surface.

2.4. Corrosion study in simulated body fluid
(SBF)
The electrochemical measurements of corrosion

parameters were made for HA+1 % CSZ, HA+2 % CSZ
and HA+3 % CSZ coatings on 316L stainless steel, in a

cyclic polarization mode in SBF at room temperature.
The SBF was prepared according to 1SO 10993.15 by
dissolving reagent grade chemicals: (NH2).CO (0.13gL),
NaCl (0.7gL), NaHCOs (1.5gL), Na,HPO, (0.26 gL),
K;HPO, (0.2gL), KSCN (0.33gL), and KCI (1.2gL). A
three-electrode cell setup was used including a platinum
electrode as a counter and Ag/AgCl as a reference
electrode. All tests were performed using a potentiostat/
galvanostat (PC14/750, GAMRY, Inc., Warminster, PA).
The samples were maintained in an open circuit
(OCP) for 30 minutes before the experiment. Using a
scan range of 700 to 1800 mV and a potential change
rate of 2 mV/s, a cyclic polarization test was
performed. Using the Tafel extrapolation method, the
corrosion potential (Ecor) and corrosion current density
(icorr) Were calculated from the polarization curves.

2.5. Contact angles test

A contact angle goniometer (Creating Nanotechnology
Tech., Model: CAM110P, Serial No. 113031201804W)
and a CCD camera were used at room temperature to
measure the water contact angles for the HA+1 % CSZ,
HA+2 % CSZ, and HA+3 % CSZ coatings. All
measurements were repeated twice.

2.6. Bonding strength test

The resistance of a coating to detachment from the
substrate and its adhesion properties can be analyzed
using three methods: the pull test, the cross-hatch test,
and the scrape adhesion test. In the cross-hatch test, a
specialized tape is firmly placed over the cross-hatch
pattern and then quickly removed by pulling it back.
This procedure reveals the amount of coating lifted by
the tape. The detachment area is then determined using
ImageJ v.154k software.

3. Results and Discussion

3.1. Solution stability (zeta potential)

Table 2 illustrates the zeta potential and mobility of the
solutions used to create the coatings for HA/CSZ
layers. Controlling the deposition of coatings requires
an understanding of electrophoretic mobility values.
The interaction between ceramic and polymer particles
during deposition is essential for controlling the EPD
process of organic-inorganic composite coatings that
are particularly pertinent for biomedical applications.
The fact that there are substantial absolute values of
zeta potential, which denote excellent stability, the
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presence of a well-dispersed suspension, and also
foreshadow a cathodic deposition, suggests that all
suspensions are suitable for EPD. Additionally, the
mobility increases with the increase of the absolute
value of zeta potential. Because the adsorption of
chitosan might result in a larger charge and higher zeta-
potential, the increased concentration of CSZ nano-
particles leads to better electrophoretic mobility.

3.2. Structure and morphology of coatings

The topographic microstructure of the HA+1%CSZ
coatings is depicted in Figure 2a and 3a obtained by
OM and SEM, respectively. Both types of coatings
show signs of cracking. Larger cracks are evident in
HA+2 % CSZ as in Figure 2 b and 3 b. These cracks
could develop as a result of wetness evaporation, the
growth from amorphous to the crystalline phase, and
the shrinking of coating and Grain agglomerates
separated by a lot of pores make up HA+ 3 % CSZ

coatings. At relatively low electrochemical potentials
during EPD, solution particles cannot adequately
migrate or form a homogeneous coating. The extra
time and movement required to locate and occupy the
ideal location to produce a uniform coating explains
the greater number of agglomerates shown in HA+3 %
CSZ Figures 2c and 3c.

Figure 4 shows the X-ray diffraction (XRD) patterns
of the HA-CSZ coatings. The XRD patterns show HA
and CSZ peaks for all coatings. The y-Fe appears in all
XRD patterns of the coatings due to the thin coating that
allows easy penetration of X-ray into the surface of
316L stainless steel. It is reported that HA enhances the
bioactivity of the implant material [35]. It is clear that
the main peak of y-Fe is observed at diffraction plane of
(111) that corresponding to diffraction angle (26) of
43.76°. On the other hand, a family of HA planes such as
(211), (300), (222), (200) and (213) produce diffraction
peaks at diffraction angles (26).

Table 2: Zeta potential values for different solutions.

Chitosan
1 g/L CSZ+3 g/L HA+0.5 g/L chitosan
2 g/L CSZ+3 g/L HA+0.5 g/L chitosan

3 g/L CSZ+3 g/L HA+0.5 g/L chitosan

SEMHV:200kV | WD:208tmm || | |, VEGA3 TESCANE sEM Hv: 200KV |
View field: 415 pm Det: SE 100 pm View fleld: 415 ym
SEM MAG: 500X | Date(m/dy): 08/05/18

Det: SE
Performance In nanospace
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Figure 3: SEM images of (a) HA+1 % CSZ (b) HA+2 % CSZ) and (c) HA+3 % CSZ coatings.
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Figure 4: XRD pattern spectrum for (a) HA+1%CSZ, (b) HA+2%CSZ) and (c) HA+3%CSZ coatings.

The EDS spectra of the coatings (Figure 5) indicate
the presence of several elements. Calcium (Ca) and
phosphorus (P) can be observed in all coatings.
Zirconium (Zr) can also be observed, which is due to the
CSZ additive. As for iron (Fe), it is due to the limited
coating thickness or the possibility of porosity, which
may allow substrate elements to appear in the spectra.
Comparison of SEM images and EDS spectra of the
different coatings (Figure 5 a-d) provides insight into
how increasing CSZ content affects the coating
morphology and elemental distribution of 316L stainless
steel. Uncoated substrate shows mainly Fe peaks
associated with the base alloy composition compared to
HA+1 % CSZ (Figure 5 a). Figure 5 b shows an even
distribution of Ca and P, with small Zr peaks, indicating
a low CSZ concentration in the matrix. SEM images
show a relatively smooth morphology with minimal
cracks or voids. Figure 5 ¢ shows more pronounced
zirconium peaks, indicating better integration of CSZ
within the HA matrix of HA+2 % CSZ coating. SEM
images reveal a denser surface, which may increase the

stability and corrosion resistance of the coating. Finally
HA+3 % CSZ coating (Figure 5 d) shows the highest
zirconium peak intensity, indicating the presence of
maximum CSZ. Elemental mapping confirms that the
addition of CSZ effectively incorporates zirconium into
the coating, although higher concentrations may
compromise surface uniformity.

3.3. Coating thickness

Figure 6 shows that the coating thickness increases
from 9.26 um, to 11.11 pm and then to 14.34 um with
increasing CSZ concentration froml, 2 and 3 % CSZ,
respectively. The increases which were clearly
correlated with the HA concentration showed that the
coating thickness could increase as a function of the
applied voltage or deposition time. The initial period of
EPD at constant voltage showed an increase in coating
thickness with increasing CSZ. In addition, the cross-
sections show that there is no delamination and all the
coatings are located directly next to the substrate as
shown in Figure 6.

Prog. Color Colorants Coat. 18 (2025), 397-408 401
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Figure 5: SEM images and EDS spectra of (a) 316 L stainless steel, and coatings of (b) HA+1 % CSZ,
(c) HA+2 % CSZ) and (d) HA+3 % CSZ.
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Figure 6: The EPD coatings using (a) HA+1 % CSZ, (b) HA+2 % CSZ and (c) HA+3 % CSZ.

3.4. Corrosion behavior in SBF

The electrochemical behavior of 316L stainless steel
and HA-CSZ coatings is shown in Figure 7. The
electrochemical behavior data are summarized in Table
3. It is clear from Figure 7 and Table 3 that the
presence of HA-CSZ coating significantly improves
the corrosion resistance compared to the uncoated
substrate. Due to the porous structure of the coatings
that can generally promote corrosion, the corrosion rate
remains significantly low. This indicates that despite
their structure, HA-CSZ coatings provide a degree of
corrosion protection in SBF.

It is evident from Figure 7 that the anodic
polarization curve shifts positively with HA-CSZ
coatings, moving the potential into a more negative
region. This positive shift indicates improved
passivation, which reduces the material’s susceptibility
to corrosion. Additionally, the presence of CSZ reduces
the corrosion current density, which means stronger
resistance to corrosive attack. In general, CSZ forms
very stable clusters within the coating, partially blocking
the pores and further mitigating corrosion [34]. Previous
studies on CSZ-doped hydroxyapatite coatings have
shown similar benefits, although they often used thicker
coatings of [35] or hydroxyapatite [36] on 316L stainless
steel, a material already known for its corrosion
resistance. Figure 8 highlights that even with a relatively
thin layer of HA-CSZ on 316L, effective corrosion
inhibition can be achieved. Thus, HA-CSZ coatings not
only enhance the corrosion resistance of 316L stainless
steel in SBF, but also offer a practical solution for
biomedical applications where minimal thickness and
improved toughness are desired.

3.5. Contact angle study

The effect of CSZ on the contact angle of different
coatings can be shown in Figure 9 and Table 4. A
significant decrease in the contact angle occurs with
increasing concentration of CSZ bound to HA within the
coating layer. Due to the known low wettability of
metals, the ability of metal clusters to form Vander-
Waals bonds is strongly emphasized. The sponge-like
surface structure of all samples may be responsible for
the low contact angles. It is clear that contact angles are
indicators of wettability; lower values indicate greater
potential for biocompatibility [36]. As the coating
thickness increases, the crystallinity of the HA-CSZ
coating with respect to the hydrophilic hydroxyl groups
also increases. The EPD potential grows along with the
thickness of the HA-CSZ coating. Since there are more
cracks and more free space inside its porous structure, a
thicker HA-CSZ coating has a lower contact angle value.

Table 3: Corrosion current density and corrosion potential

of 316L stainless steel and the HA-CSZ coatings.

icorr [mA/sz]

316L steel -0.944488 0.00237894
HA+1 % CSZ -1.6825 0.0141674
HA+2 % CSZ -0.913378 0.00781608
HA+3 % CSZ -1.45907 0.00530997

Table 4: The contact angle values for different coatings.

Type of sample Contact angle (°)

1 316L Steel

2 HA+1 % CSZ 3.789
3 HA+2 % CSZ 2.128
4 HA+3 % CSZ 0.535

Prog. Color Colorants Coat. 18 (2025), 397-408 403
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On the other hand, the presence of HA on the surface
may prevent water droplets from entering the HA-CSZ
coating, increasing the contact angle compared with
316L stainless steel. Therefore, the presence of 3 % HA
in the HA-CSZ coating effectively enhances the surface
wettability and biocompatibility.

3.6. Bonding strength

The adhesive tape test technique (single layer with
surface scoop) was used for the coated samples to
evaluate the qualitative bond between the coated layer
and the substrate. After the adhesive test, the optical

images of different coatings are shown in Figure 10. The
calculations were made on a 2 mm scale to determine
the percentage of coating layer loss by image J V.1.54K
software. The percentage of coating removal area of
three samples were determined to be 8.289, 5.435, and
3.765 %, respectively. The coating was strong when
CSZ was added at different concentrations, indicating
that the coating on the sandblasted surface had the best
adhesion. This is a result of the removed coating area
being less than 12 %. This shows that the coating layers
and the substrate are well bonded.

1.00E+02
1.00E+01 + ///
1.00E+00 + W / /—
g 1LE-1
&)
=
S0 1 00E-02 —
/ ——316L
1.O0E 03 + , —  HA+1%CSZ
F —HA+2%CSZ
—  HA3%CSZ
1.00E-04 + |
1.00E-05
-8 -6 -4 -2 o 2 4 6 8 10 12

E[mV]

vs.SCE

Figure 7: Cyclic polarization curves of 316 L stainless steel and HA-CSZ coatings in SBF.
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Figure 9: Sessile water contact angel measurement for different coatings (a) HA-1 % CSZ, (b) HA-2 % CSZ, and (c)
HA-3 % CSZ coating.
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Figurel0: Optical image of coating removal by tape test for (a) HA+1 % CSZ, (b) HA+2 % CSZ and (c) HA+3 % CSZ.

4. Conclusion

The EPD technique was successfully used to fabricate
HA-CSZ coatings with varying CSZ concentrations,

resulting

in significant improvements in density,

crystallinity, bond strength, and corrosion resistance.

The results demonstrate the critical
concentration in

role of CSZ

influencing the  microstructure,

wettability, and electrochemical behavior of the coatings

as follows:
e The zeta potential increased with CSZ
concentration, indicating enhanced suspension

stability and homogeneity. Values of 5.28 mV for
HA+1 % CSZ, 35 mV for HA+2 % CSZ, and 62
mV for HA+3 % CSZ highlight the potential for
uniform and stable coatings.

The coating thickness increased with CSZ
concentration, ranging from 9.26 pm for HA+1 %
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