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Metallic implants are functionalized with coatings due to the need to protect against biological corrosion in
the body. Hydroxyapatite (HAp) has desirable biocompatibility and structural properties, but poor
mechanical properties limit its use as a standalone coating. In this study, boron-doped hydroxyapatite (B-
HAp) biocomposites containing 5, 10, and 15% boron by weight were synthesized by the sol-gel method and
applied as a coating to NiTi using electrophoretic deposition (EPD). The deposition was carried out for 60,
90, and 120 s, and sintering at 750 �C for 75 minutes under vacuum. The coated substrates were then
characterized by XRD, SEM, and FT-IR, and their adhesion strengths and in-vitro corrosion behaviors in
simulated body fluid were compared with uncoated samples. The results showed that the microporous
powders formed well-bonded structures, which positively affect adhesion strength. The highest adhesion
strength (30 MPa) and corrosion resistance were achieved with 15 wt.% B-HAP coating at 120 s deposition
time and 76.5 lm coating thickness.

Keywords bioceramic coating, boron, electrophoretic deposition,
hydroxyapatite, NiTi

1. Introduction

A synthesized material�s lifetime in the body usually
depends on its biocompatibility and capacity for osseointegra-
tion with hard tissue (Ref 1). Disadvantages of the metals used
in biomaterials include being harder than tissues, having high
density, being bioinert, suffering from corrosion, and releasing
metal ions that may cause allergic tissue reactions (Ref 2, 3).
The effects of poor osseointegration and development of
undesired surface properties due to biologic corrosion can vary,
but may result in looseness, pain, and need for re-operation
(Ref 4, 5). Compared to some other commonly used implant
materials, Nitinol (NiTi) alloys have better biocompatibility,
superelasticity, and shape memory effect; accordingly, these
alloys have a wide range of applications in cardiovascular,
orthopedic, and dental, such as dental archwires, heart valves,
spinal rods, and vertebral spacers, knee prosthesis components,
plates for fractured bones, and stent applications (Ref 6).
However, while the mechanical aspects of NiTi alloys may be
reasonably predictable, long-term corrosion and surface degra-
dation remain critical challenges for the implant market.

Namely, contact between NiTi and hard tissues may lead to
possible Ni-ion release and allergic reactions, posing a risk to
cell development. Improving overall biocompatibility and
corrosion resistance, and also minimizing the potential for
allergic reactions, is therefore of great interest for biomedical
applications (Ref 7). Accordingly, performing several protec-
tive surface treatments and creating a passive layer on the
surface has become important for most clinical applications
using NiTi (Ref 8). Huang et al. (Ref 9) studied the surface
characteristics and corrosion response of several commercial
archwires and observed significant differences, with some
showing relatively poor pitting and crevice corrosion resis-
tance especially in lower-pH environments.

Bioceramic materials, especially HAp, are likewise limited
in use by factors such as the occurrence of cracks, low
mechanical strength, and difficulty in implantation. Developing
HAp coatings for NiTi material that incorporate additives and
reinforcing materials could minimize or even overcome the
poor mechanical properties of pure HAp (Ref 10, 11). In
particular, studies conducted on boron (B) doped HA-based
bio-composite powder have reported that boron and its
compounds have important roles in bone healing and osteoge-
nesis (Ref 12-14). This may be especially important in the
context of rheumatoid arthritis, where bone boron content is
less than in healthy bones (Ref 15). Several processes are used
in applying coatings to metallic surfaces such as sol-gel method
(Ref 16-19), plasma spraying (Ref 20), electrophoretic depo-
sition (Ref 21), anodic oxidation (Ref 22), spark plasma
sintering (Ref 23), hydrothermal (Ref 24) and plasma elec-
trolytic oxidation methods (Ref 25). Among such methods,
electrophoretic deposition (EPD) has the advantages of easy
installation, low hardware cost, applicability to complex
shapes, and allowing the checking of coating thickness (Ref
26, 27). Besides, the EDP method has a high deposition rate as
compared to the many coating methods and no binder required.
Another advantage of the EPD is that the coating thickness and
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morphology can be controlled by using electrochemical
parameters (Ref 28).

In the literature, although various studies have been carried
out to demonstrate the synthesis, structural and morphological
properties of boron-doped calcium phosphate based biocom-
posite powders (Ref 29). However, NiTi metallic implants have
not been studied in detail. Unlike the literature, in this work,
different proportions (5, 10 and 15% by weight) of boron ion-
doped hydroxyapatite-based biocomposite powders were pro-
duced, and then biocomposite coatings were applied on
biomedical Nitinol (NiTi) alloys for different durations (60,
90 and 120 seconds) with the EPD method. In addition to the
effect of boron additive on structural and morphological
properties, the effects of adhesion strength, in-vitro corrosion
resistance, coating thickness on adhesion strength have been
extensively studied.

2. Experimental Procedures

2.1 Substrate Material

NiTi alloys were commercially procured in 0.392509250
mm sizes in compliance with the ASTM F2063 standard
(Allotech Ind, China) and then machined into samples having
dimensions of 10915 mm. As the surface roughness of metallic
implants has a significant effect on adhesion and the degree of
osseointegration, providing biomechanical fixation (Ref 30,
31), the substrate surfaces were sandblasted with silicon
dioxide (SiO2) sand (300 lm) to impart a rough structure.
After sandblasting, the samples were cleaned in an ultrasonic
cleaning device (Bandelin Sonorex, RK31H).

2.2 Synthesis of Boron-Doped Bioceramic (B–HAp)

Boron-doped HAp powders (B–HAp) of differing propor-
tions (5, 10, and 15 wt.% B) were synthesized from HAp (<25
lm, Nanograph) with 99% purity and H3BO3 (<25 lm,
Merck) using a simple chemical ‘‘acid-base’’ method for
obtaining bioceramic coatings on NiTi implant materials.
Firstly, H3BO3 was added to pure water in a magnetic mixer
(Mtops HS12, 1500 rpm) together with dissolved HAp. As the
addition of H3BO3 caused aggregates to form, the mixture was
mechanically milled to an average particle size of 15 lm. Then,
to keep the pH at 7.40, sodium hydroxide (NaOH, Merck) was
added and the solution aged for 12 h, followed by homoge-
nization for 7 min in an ultrasonic homogenizer (Sonic-VC
505, 750 W). After the aging process, the synthesized
biocomposite powders (15 lm) were sintered under vacuum
(MSE Furnace, 1500�C), then dried overnight in an oven at
130�C (Binder ED23). The presence of H3BO3 in boron-doped
(B-HAp) powders was confirmed by X-ray diffraction (XRD,
Rigaku -MiniFlex 600) and Fourier transform IR (FT-IR)
spectroscopy (JASCO - 6700, KBr mode).

2.3 Preparation of Suspensions for EPD

Suspensions for the EPD coating of specimen groups (only-
HAp and 5, 10, 15 wt.% B-HAp) were prepared using N, N-
dimethylformamide (Isolab, 99%), and ethanol (Merck,
99.9%). Briefly, suspensions were mixed ultrasonically for 25
min in a magnetic mixer and then homogenized for 5 minutes at
20 kHz in a homogenizer. A previous study reported an

increase in electrical conductivity when iodine was added to the
suspension (Ref 31, 32); and here, after homogenization,
0.01M iodine was added to all suspensions.

2.4 EPD Process and Sintering

The assembly for performing EPD was set up with a DC
power supply. Samples were placed in the anode and counter-
ing cathode with a stainless-steel plate for the sample groups.
For all coating types (only-HAp and 5, 10, and 15 wt.% B-
HAp), biocomposite coatings were applied to the NiTi sub-
strates connected to the cathode. The EPD process was
optimized, with the optimal process parameters determined as
150 V and 60, 90, or 120 s deposition time with a 10 mm fixed
electrode distance. The EPD deposition times and film
thicknesses achieved for each coating type are tabulated in
Table 1.

Hereafter, as given in Table 1, the coatings are referred to as
Nn for easy expression of the coating time and B ratio. For
example, N4 describes the sample in which NiTi was coated
with 5 wt.% B-HAp biocomposite for 60 s deposition time. The
coated samples were left to dry for 24 h under room conditions,
then further dried for 2 h at 130�C in preparation for sintering.
Sintering was carried out in a vacuum atmosphere for 75 min at
750�C. After completion of sintering, all samples were stored in
a desiccator for characterization, analysis, and testing.

2.5 Adhesion Tests

The adhesion strength of the biocomposite coatings applied
to metallic sample surfaces was tested via the ISO 13779-2
standard, consisting of a pull-out test performed with a
specially designed die-apparatus mounted on the jaws of a
pulling device. NiTi rods (8915 mm) were used as the substrate
for all groups. DP420 epoxy (3M - Turkey) type adhesive was
applied to the butts of the rods, whose adhesion zones
corresponded to 50 mm2 cross sections, and then each coated
sample was placed in a die at a right angle to the surface axis to
prevent axial leakage. The adhesive was dried for 12 h at room
temperature (25�C) and then for an additional 4 h in an oven at
130�C. Afterward, adhesion tests were performed at a tensile
speed of 1 mmÆmin-1 (Shimadzu, 100 kN). Experiments were
repeated four times, and the results are presented as averages
with standard error values (OriginPro 2015 SR2, Northampton,
MA). Groups were compared in terms of adhesion strength-
elongation (%) with t tests used to determine significant
differences, taking a p value less than 0.05 as a statistically
significant value.

2.6 In-vitro Corrosion Tests

Corrosion tests were performed with a potentiostat/gal-
vanostat (Gamry, PCI14/750) in simulated body fluid (SBF) at
37 �C. During polarization tests, a silver/silver chloride
electrode (Ag/AgCl) was used as the KBr-reference electrode,
and platinum (Pt) wire and coated samples were used as the
counter and working electrodes, respectively. SBF, prepared
according to Kokubo�s protocol (Ref 33), was used in corrosion
testing due to its ion concentration values being similar to those
of blood plasma (Table 2). Samples were immersed in the SBF
until a steady-state open circuit potential (OCP) was obtained,
after which the potentiodynamic scanning (PDS) test was
started at the cathodic overpotential, proceeding at a rate of 1
mVÆs–1 until reaching the 0.2 V anodic overpotential. Electro-
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chemical properties were calculated from PDS curves using the
Tafel method. The corrosion current density (Icorr) and corro-
sion potential (Ecorr) were determined from the intersection of
linear portions of the anodic (ba) and cathodic (bc) Tafel slopes
(Ref 34). Tafel parameters, corrosion rates, and polarization
resistances were all determined using Gamry Echem Analyst
software.

2.7 SEM-EDS and XRD Analysis

Surface morphologies of the coated samples were charac-
terized with scanning electron microscopy (SEM, Hitachi
SU3500) at various scales. Energy-dispersive X-ray spec-
troscopy (EDS, Oxford INCA X-ray spectrometer) was per-
formed for the scanned regions. Additionally, XRD analyses
(Rigaku MiniFlex-600) were conducted at a wavelength of
1.5406 (k) between 10 and 90� with a step speed of 0.02�.

3. Results and Discussion

The results from and discussions regarding boron-hydrox-
yapatite biocomposite synthesis, the characterization and
staging, and the coating of NiTi substrates using EPD are
given below under separate headings.

3.1 Structural Characterization of Boron-Doped Bioceramic
Powders

The synthesized bioceramic powders containing 5, 10, and
15 wt.% boron-doped hydroxyapatite (B-HAp) were sintered at
1000�C for 2 h, then morphologically characterized by using

XRD and FT-IR. Figure 1 shows the combined XRD spectra of
both boron-doped (5, 10, and 15 wt.%) and HAp-only powders.
The analysis was performed to investigate possible phase
transformation of the coatings after the sintering process at
1000�C. The characteristics peaks of the HAp were observed in
a wider area between the 30-34� 2h values in the diffractogram
of the coatings. It was evident from the peaks that the addition
of boron led to a partial deterioration of the HAp structure and
transformation of HAp to tricalcium phosphate (TCP). In other
words, the structural integrity of HA was partly decomposed
with sintering, and Ca and P elements transform into different
compounds. This is consistent with previous reports that the
presence of boron during the synthesis phase causes some
degradation in HAp structure after sintering and increased
proportions of boron cause TCP formation (Ref 35, 36). The
XRD results of the present study indicate that the boron-doped
HAp composite structure formed differently from those char-
acterized by Ternane et al. (Ref 12), in which peak intensity
increased with increasing boron addition. However, the B2O3

structures identified in the 2h range at 29.9� coincide with those
identified by Kohoshima et al. (Ref 37) in a study that
synthesized B2O3-HAp biocomposites of various proportions.

The FT-IR analysis results of the coated samples are
presented in Fig. 2. The presence of boron in the obtained
biocomposite structures was confirmed in both BO3-3 and
BO2- peaks being detected through the analysis. In some
previous studies (Ref 12, 36, 38), BO3

-3 peaks were detected at
wavelengths of 744, 770, 783, and 1304, 1254, 1204 cm-1,
while BO2

– peaks were detected at 1993 and 2000 cm-1. The
peaks obtained in this study were consistent with the results
reported in the literature. Besides, the presence of hydroxya-
patite phases is verified with bands in the numbers of 1000-
1050 and 550-650 cm–1 wavenumber (Ref 24). With the
increase in B addition, peak intensity changes in the phosphate
group occurred in the coating layer applied on NiTi.

3.2 Morphological Characterization of Bioceramic Coatings

SEM surface images of the only-HAp, 5, 10, and 15 wt.%
B-doped HAp powders coated on NiTi substrates are depicted
in Fig. 3(a-d), respectively. It was observed that all coatings
have small voids. However, macro cracks or delamination were
not observed in coating layers after sintering. However, macro
cracks or delamination were not observed in coating layers after
sintering. The 5 and 15 wt.% B-HAp biocomposites both
achieved homogenous coatings; however, regional differences
were observed in the only-HAp and 10 wt.% B-HAp coatings.
These results reveal the importance of the proportion of boron
used in the biocomposite. EDS (Fig 3b-d) revealed added boron

Table 1 Coating groups and film thicknesses (lm) with sample ID

EPD-coating time, s Only-HA 5 wt% B–HA 10 wt% B–HA 15 wt% B–HA

60 N1

23 lm ±0.6
N4

28.1 lm ±1.4
N7

42.3 lm ±4.3
N10

48.3 lm ±2.8
90 N2

27 lm ±1.1
N5

31.8 lm ±4.4
N8

48.8 lm ±3.9
N11

51.1 lm ±2.0
120 N3

29.7 lm ±1.2
N6

38.7 lm ±2.6
N9

53.7 lm ±3.6
N12

76.5 lm ±2.8

Table 2 Comparison of blood plasma and simulated
body fluid (SBF) ion concentration for 1023 moles (Ref
21)

Ion Blood plasma Simulated body fluid (SBF)

Na+ 142 142
K+ 5 5
Mg2+ 1.5 1.5
Ca2+ 2.5 2.5
Cl- 103 147.8
HCO3

- 27 4.2
HPO4

2- 1 1
SO4

2- 0.5 0.5
pH 7.2–7.4 7.40

Journal of Materials Engineering and Performance Volume 30(10) October 2021—7367



to result in better interconnections being formed between grains
and pores; the best inter-grain bonds were observed in 15 wt.%
B-HAp biocomposite coatings (Fig 3d), while poor bonding
was observed with both only-HAp (Fig. 3a) and 5 wt.% B-HAp
(Fig 3b).

Table 1 presents the average coating film thicknesses (lm)
of some NiTi sample groups. The thinnest coating was obtained
for the N1 sample (only-HAp, 60 s), while the thickest coating
belonged to the N12 sample (15 wt.% B-HAp, 120 s). Film
thickness depended on coating time and the proportion of
boron. Notably, coatings constructed with the only-HAp, 5
wt.%, and 10 wt.% B–HAp powders exhibited a linear increase
in thickness with increased deposition duration. In contrast, the
15 wt.% B-HAp coating exhibited a significant increase above

the 90 s deposition time. The deposition was also improved by
the addition of boron and iodine due to each increasing
conductivity of the EPD suspension, which led to increased
particle charge and thus improved deposition. Figure 4 shows
the deposit weight per unit area (mg/cm2) of the various
coatings

There is no consensus in the literature on the optimum
thickness range for coatings applied to biomaterials. Herrera
et al. (Ref 39) state that HAp with a thickness of 10-15 lm can
dissolve quickly in tissues, but coatings of 100-150 lm can
break and come loose, especially when exposed to the forces
formed in hard tissues. The coating thicknesses obtained in this
study (23-76.5 lm) were intermediate between these reported
values.

Fig. 1 XRD spectra of HAp and B-doped HAp biocomposite coatings (5, 10, and 15% B)

Fig. 2 Fourier-transform infrared spectra of HAp and B-doped HAp biocomposite coatings (5, 10, and 15% B)

7368—Volume 30(10) October 2021 Journal of Materials Engineering and Performance



3.3 Adhesion Strength

Pull-out tests were performed to determine the adhesion
strength of the interfaces between NiTi substrates and deposited
coatings, which is the most important factor affecting the
adhesion strength of the coating. Initially, uncoated NiTi
substrates were tested to determine the adhesion strength of the
epoxy, which was 36 MPa. Figure 5 depicts the adhesion
strengths of the various coatings in the context of film
thickness.

Figure 5 compares sample groups in terms of coating
thickness, deposition time, and associated changes in adhesion
strength. The lowest adhesion strength (16 MPa) was obtained
for only-HAp with 120 s deposition time (N3), while the
highest adhesion strength (30 MPa) was obtained for 15 wt.%
B-HAp with 90 s deposition time (N11). Overall, among only-
HAp coatings (N1, N2, N3), coating thickness increased but
adhesion strength decreased with increasing deposition time.
Meanwhile, the 5, 10, and 15 wt.% B–HAp powders (N4-N12)

Fig. 3 SEM images and EDS spectra of biocomposite-coated NiTi before corrosion: (a) only-HAp (N1), (b) 5% B-HAp (N6), (c) 10% B-HAp
(N9), and (d) 15% B-HAp (N12)

Fig. 4 Change in deposit weight with deposition time for coating groups
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exhibited greater adhesion strength than did the only-HAp
coatings (N1, N2, N3). However, no standard trend was found
relating coating thickness to adhesion strength. Although up to
58.8% thicker films were obtained with B-HAp coatings (N4-
N12), boron addition caused only about a 30% to 50% increase
in adhesion strength. The factors influencing coating adhesion
can only be elucidated when adhesion strengths and SEM
images are considered together. In particular, the surface
morphology of N11 (Fig. 3d) allowed for better coating and
sintering than N1 (Fig. 3a), thus better bonds between B and
HAp powders and so higher adhesion values being attained by
N11.

Some researchers have applied HAp-TiO2 and HAp-ZrO2

composite coatings to NiTi substrates, obtaining respective
adhesion strengths of 23.7 and 24.2 MPa. The adhesion
strength results in the present study are higher than similar
studies in the literature that have used reinforced HAp (40-43).

3.4 In-vitro Corrosion Results

Figure 6 shows the open circuit potential (Eocp) curves
obtained for the coated NiTi samples in SBF. A waiting period
of 30 min was employed to allow samples to become stable in
the corrosion environment. Except for the N1, N2, and N12

sample groups, initial tests of samples showed more active
values (negative potentials), which caused superficial corrosion.
For the N1 and N7 samples, the steady-state OCP potential
differed significantly from the initial potential. In addition, as
seen from the figure, some irregular fluctuations were detected
while reaching a steady-state, reactions occurred on sample
surfaces, and pitting corrosion occurred when passivation was
eliminated.

Potentiodynamic scanning (PDS) was performed after open
circuit potentials (OCP) became stable (Fig. 7). Table 3 gives
the corrosion parameters extrapolated from PDS curves using
the Tafel method. Protecting a metallic implant from corrosion
requires a nobler corrosion potential (Ecorr) and a lower
corrosion current (Icorr). Notably, the only-HAp coatings (N1,
N2) exhibited decreased corrosion resistance relative to un-
coated NiTi samples. Improved corrosion values were likewise
not achieved for the 5 wt.% boron-doped HAp coatings (N5,
N6). In contrast, the 10 wt.% B-HAp coated N7 and N12

samples both exhibited decreased corrosion rate and high

corrosion resistance, indicating that such coatings increase
corrosion resistance. Overall, the N12 samples (15 wt.% B-
HAp, 120 s deposition) yielded the best corrosion resistance out
of all uncoated and coated formulations. The fluctuation is
observed in Eocp curve of N12 sample. As it is known that, the
coating was typically permeable to ions at the beginning of the
submerging of the sample in the electrolyte, and the Eocp was
decreased fast due to the different barrier properties of the
coating such as higher B content. However, this permeability
took a longer time than other samples due to the higher
thickness of the sample than the others as given in Table 1.
Probably, the Eocp has increased again due to the passivation of
the substrate after the electrolyte and reached to the underlayer
of the coated substrate. Zhang et al. (Ref 43) similarly coated
NiTi with GO (graphene oxide) using the EPD method and also
reported lower Icorr values and increased corrosion resistance
relative to uncoated NiTi.

3.5 Comparison of Coatings Before and After Corrosion
Tests

Biological corrosion is among the undesirable surface
problems encountered when NiTi alloys are used in extreme
load and biologically aggressive environments, e.g., body fluid.
As body fluid contains water, dissolved oxygen, protein, and
chloride and hydroxide ions, this biological environment is
highly corrosive for the metals and metal-based alloys used as
biomaterials (Ref 43, 44).

Figure 8(a-d) presents the SEM surface images and EDS
spectra of coated NiTi samples. Overall, surface pitting was
observed for samples coated with either only-HAp (Fig. 8a) or
5 wt.% B-HAp (Fig. 8b), whereas higher proportions of boron
resulted in less corrosion damage. The EDS spectra of all four
sample groups exhibit decreased Ca, P, and B content post-
exposure, which indicates corrosive damage to the coating, and
also exhibits a significant reduction in NiTi signal. It is likewise
evident from the XRD spectra that oxidation in the substrate
increased (Fig. 9), and the presence of rutile (TiO2) and Ni3Ti in
post-corrosion spectra (Fig. 10) indicates that corrosion reached
the substrate and caused damage.

It must be noted that the high carbon (C) percentages in the
EDS analyses are due to the polyester in the Bakelite on which
samples were placed for corrosion tests. Likewise, the presence

Fig. 5 1Coating thickness, deposition time, and adhesion strength changes for coating groups
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of Na is due to the NaOH used as a pH regulator in the
production of biocomposite powders, while the observed Al
signals represent contamination from the mortar (Al2O3) used
for grinding biocomposite powders that coagulated after
sintering. Finally, the detection of Si indicates that a slight
amount of the silica sand (SiO2) used in the sandblasting
process remained on the surface even after cleaning.

Regarding the specific performance of coatings, the only-
HAp and 5% B-HAp coated samples both exhibited homoge-
neous morphologies before corrosion (Fig. 3a-b) but were
severely damaged after exposure, with large-scale pitting
(Fig. 8a-b). Interestingly, the 5 wt.% B-HAp coatings were
subjected to more corrosion than the only-HAp coatings; the
pitting of that sample was so extensive that coating materials

(Ca, P, and B) were not even present in the post-corrosion EDS
analysis, with only substrate atoms (Ni and Ti) being identified
in the pitted area. Similarly, decreased XRD 2h peak intensities
of coating materials (25.8, 31.5, 33, 34 and 49.2�) and
increased signal from NiTi (2h=42.3-43), Ni3Ti (2h=46.3),
and TiO2 (2h=41.2) structures are evidence of severe corrosion
damage. The primary reason for the greater susceptibility of 5
wt.% B-HAp to corrosion may be the greater number of pores
and cracks and the poor inter-grain bonds obtained during
coating. Regional cracks or areas of weak bonding that formed
during the sintering process allowed corrosion to progress,
resulting in deeper pitting on the surface of the metallic
substrate. Kwok et al. (Ref 44) also reported that the presence
of cracks and pores in a coating film does not constitute an

Fig. 6 Open circuit potential (OCP) curves of biocomposite coating groups on NiTi

Fig. 7 Comparison of potentiodynamic scanning (PDS) curves with different B-doping proportions (wt.%) and deposition times
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obstacle to corrosion, and decreases the corrosion resistance of
metallic substrates.

The N10-12 sample groups likewise exhibited homogenous
coating surfaces before exposure (Fig. 3b-d), which surfaces
were not greatly affected by corrosion (Fig. 8c). The pre-
corrosion (Fig 3c) and post-corrosion (Fig 8c) EDS spectra
show that the 10 wt.% B-HAp biocomposite coating exhibited
only slight decreases in surface Ca, P, and B content and slight
increases in substrate content (Ni, Ti), findings also supported
by XRD analyses. These results indicate that corrosion did
reach the substrate under 10 wt.% B-HAp coatings, although
surface damage was minimal. Meanwhile, the N7 and N12

groups demonstrated Icorr and Ecorr values close to zero
(Table 3) and XRD analysis results (Fig. 10c-d) that indicate
high corrosion resistance.

As with other coated samples, the 15 wt.% boron-doped
HAp biocomposite coatings exhibited homogeneous surfaces
pre-corrosion, especially for N9 (Fig. 3c-d). Unlike other
coating types, post-corrosion SEM images (Fig 8c-d) did not
show any significant damage to the surfaces. However, the EDS
and XRD spectra revealed increased Ca and P proportions, a
50% decrease in boron content, and minimal increases in NiTi
peak intensities (Fig. 10d-f), which results indicate that
corrosion affected the substrate.

In light of the increased corrosion resistance and adhesion
strength identified from the present findings, it is predicted that
biocomposite-coated materials such as those obtained in this
study, particularly 15% wt.% B-HAp, may open up new
applications in the biomedical field and extend the life of
implants in the body.

Table 3 Corrosion parameters calculated from PDS curves of the coatings

ID Eocp, mV Ecorr, mV Icorr, nAÆcm
-2 Corr. rate, mpy Rp, 3103, ohms.cm2

Uncoated NiTi �163 �193 119 0.055 418
N1 2148 2167 145 0.067 487
N2 �91 �154 251 0.116 302
N3 �92 �183 256 0.119 151
N4 �266 �277 147 0.683 48
N5 �274 �381 293 0.136 189
N6 �142 �231 161 0.074 242
N7 �399 2438 110 0.051 600
N8 �220 �261 141 0.065 295
N9 2161 2195 100 0.046 326
N10 �95 �129 186 0.086 247
N11 �127 �136 149 0.069 372
N12 2112 2138 79 0.036 597

Fig. 8 SEM images and EDS spectra of biocomposite-coated NiTi after corrosion: (a) only-HAp (N1), (b) 5% B-HAp (N6), (c) 10% B-HAp
(N9), and (d) 15% B-HAp (N12)
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4. Conclusions

Hydroxyapatite (HAp) and boron-doped hydroxyapatite (B-
HAp) composite powders were synthesized using the sol-gel

method and used to coat NiTi metallic surfaces via EPD in the
interest of improving implant mechanical properties and
corrosion resistance. The key findings can be summarized as
follows:

Fig. 9 XRD spectra of uncoated NiTi (a) pre-corrosion and (b) post-corrosion, and of only-HAp coated NiTi (c) pre-corrosion and (d) post-
corrosion

Fig. 10 XRD spectra of NiTi samples with boron-doped coatings: 5 wt.% B-HAp (a) pre-corrosion and (b) post-corrosion, 10 wt% B-HAp (c)
pre-corrosion and (d) post-corrosion, and 15 wt.% B-HAp e pre-corrosion and (f) post-corrosion
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• The best surface morphology, adhesion strength, and cor-
rosion resistance were obtained when sintering with the
optimized parameters of 750 �C, 75 mins, and 3 �C�min-1

sintering rate.
• Iodine in EPD suspensions provided a better deposition

rate and a more homogeneous coating surface, helping to
enhance adhesion and so corrosion resistance.

• For only-HAp coating, adhesion strength decreased as
coating thickness increased; however, across all groups,
no distinct correlation was identified between film thick-
ness and adhesion.

• The addition of boron as a reinforcement to HAp provided
a more homogeneous coating, improved surface morphol-
ogy, and increased adhesion between grains, resulting in a
crack-free and porous surface.

• Among B-reinforced coatings, 10 wt.% B-HAp (N7) and
15 wt.% B-HAp (N9 and N12) biocomposite coatings pro-
vided better corrosion resistance. The greatest adhesion
strength (30 MPa) was achieved for 15 wt.% B-HAp with
120 s deposition time (N12).
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