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Abstract—In order to provide an effective prevention to 316 implants, a synthesized bioceramic was coated
by using electrophoretic deposition (EPD). The effect of boron addition into hydroxyapatite (HA) on surface mor-
phology, adhesion and corrosion resistance of the implant has been examined. Boron doped HA (B—HA) was
synthesized by a simple chemical acid-base method with 5, 10, and 15 wt % boron additions to coat on 316L
implants. The synthesized B-HA was coated on the substrates and the coated surfaces with and without B
additions. Sintering took place at different temperatures and sintering rates. The coatings were characterized
by X-ray diffractometer (XRD), Fourier transform infrared spectroscopy (FT—IR) and scanning electron
microscope (SEM). Furthermore, adhesion and in vitro corrosion tests were conducted. The influence of
boron additons on adhesion and corrosion resistance of 3161 have been revealed for the coated substrates at
different B additions. It was shown that boron addition increased the adhesion and corrosion resistance of the
bioceramic coatings. Furthermore, the sintering effect on adhesion was also evaluated and the highest adhe-
sion as 25.8 MPa has been reached at 750°C for 90 s and 5°C min~' sintering conditions. It was found that
using iodine as EPD dispersant has increased the charging ability of the B—HA powders in the suspension
and hence eased deposition rate. The study revealed that boron-containing hydroxyapatite coatings can pro-
vide crack-free surfaces that providing high adhesion and hence increase the corrosion resistance of metallic
implants. Through the results, it was also shown that the network between powders was improved and hence

adhesion was increased with increasing B addition.
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1. INTRODUCTION

Biomaterials implanted used as substitutes in hard
tissues are expected to have properties such as good
strength, biocompatibility, fixation, corrosion resis-
tance. Such substitute orthopaedic materials are sub-
jected to various dynamic loads, stresses and a corro-
sive environment during the daily activities of the
body. Therefore a good osteointegration between the
implant and bone is required also providing the
implant material should have high corrosion resis-
tance into the body fluid [1—3]. The corrosion resis-
tance and biocompatibility of 316L is weaker than Ti
and Co—Cr—Mo alloys in a live body environment.
These problems can be minimized by bioactive
ceramic coatings on metallic implants used in ortho-
pedics. The main purpose of surface coating in metal-
lic implants is to eliminate possible disadvantages that

cause allergic tissue reactions such as corrosion and
releasing metal ions [4—6]. Hydroxyapatite (HA) is a
bioactive and nontoxic biomaterial that is highly sim-
ilar to human bone and allows the bone to develop
and thanks to its porous structure, which supports
cell growth, cell proliferation, and tissue develop-
ment [7—10]. Although it is heavily used in biomedical
applications, HA has low mechanical strength when
used in load-bearing applications and causes adhesion
problems when used as coated implants. Therefore,
the HA materials were used with some reinforcing
materials especially in metallic surface coatings to
improve such properties [11—16]. It has been reported
that boron (B) and its compounds play an important
role in bone healing and osteogenesis processes in
boron-doped HA studies where the HA structure was
reinforced with boron [17, 18]. Also, other studies have
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Fig. 1. Flowchart of experimental procedures.

shown that healthy bones contain more boron than
rheumatoid arthritis bones [19, 20].

The electrophoretic deposition method (EPD) is a
multifunctional and advantageous coating method
that allows bioactive and homogeneous coating of
even complex implant parts, providing conditions
such as low cost, easy installation, and control of coat-
ing thickness [21—23]. For such purposes, Wennerberg
et al. [24] tried to reveal the adhesion, corrosion, and
bioactivity properties of chitosan/h-BN/titanium
oxide composite coatings on 316L substrates by using
the EPD method. The study showed that the compos-
ite coating improved the adhesion and corrosion prop-
erties compared to uncoated-316L, did not show bio-
active properties, but may be suitable as antibacterial
coatings. Tozar and Karahan [25] carried out a
hydroxyapatite/chitosan/collagen/h—BN bioceramic
coatings on Ti6Al4V substrates and it was reported that
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the corrosion resistance, mechanical and tribological
properties of the substrates improved as the hexagonal
boron nitride (h-BN) addition increased. Goncii et al.
[26] coated Ti substrates with nano h-BN and nano
HA using the EPD method and claimed that the h—
BN in the suspension did not have any significant
impact on the coating thickness and the HA morphol-
ogy of the porous coating. The literature also includes
the studies synthesizing calcium-phosphate compos-
ite powders doped with boron and boron derivatives
and revealing their morphological properties through
various methods. As can be understood from previous
literature that B—HA composite powder productions
have been studied in general, and mostly h-BN deriv-
atives have been used as a coating.

Unlike the literature, in this study, HA powders
doped at varying amounts (5, 10, and 15 wt %) of B
and B—HA bioceramics were synthesized using a sim-
ple acid-base technique, the powders were ground and
reduced to a suitable powder size after sintering pro-
cess, and finally the EPD coating was performed on
316L alloy at different charcing times. The effects of
the bioceramic coatings on those of structural proper-
ties, morphology, optimum sintering conditions,
coating thickness, adhesion, corrosion resistance, and
B—HA addition ratios were examined extensively and
comparatively.

2. EXPERIMENTAL
2. 1. Materials

316L SS sheet metallic substrates were used. The
316L SS alloys were procured as 1 X 250 X 250 mm
sheets (ASTM A240/A240M). The sheet plates were
cut off into 10 X 15 mm samples and their surfaces
were blasted by silicon dioxide (SiO,) sand (300 um)
beads. It has been reported in the literature that some
surface treatments, such as blasting, chemical and laser
treatment have positive effects on adhesion, [13, 14]. As
specimen pre-treatments, Ultrasonic cleaning (Ban-
delin Sonorex, RK31H) procedure was applied to the
samples after sandblasting performed on the metallic
substrate samples. Experiments were repeated three
times and the calculated data were presented statisti-
cally as averagely with the standard error values (Orig-
inPro 2015 SR2, Northampton, MA). The ¢-test was
used to determine the significant differences between
groups and a p-value less than 0.05 was accepted as
statistically significant.

2.2. Synthesizing of Boron-Doped Bioceramic (B—HA)

Boron doped HA (B—HA) powders were produced
using a simple chemical “acid—base” method for
obtaining bioceramic coatings on 316L implant mate-
rials. The HA (<25 um, Nanograph, Turkey) with
99% purity and H;BO; (<25 um, Merck) were used for
obtaining B—HA bioceramic coatings in this study.
Vol. 57
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Table 1. 316L Coating times and compositions of the coatings with sample 1D

Coating time (s) only-HA 5wt % B—HA 10 wt % B—HA 15wt % B—HA
60 L, L, L, Ly
90 L, Ls Lg L,
120 L, L L, L,

The HA-based B-doped bioceramic was synthesized
at three different ratios: 5, 10, and 15 wt %. Firstly,
H;BO; was added to the distilled water in the magnetic
mixer at a constant temperature of 40°C, and after dis-
solution, HA was added into the sol as given in exper-
imental flow chart (Fig. 1). Following, the aging pro-
cess was performed by adding sodium hydroxide
(NaOH, Merck) to keep the pH value at 7.40. The
aging process was performed by mixing for 12 h in the
magnetic mixer and 7 min in the homogenizer,
respectively. After aging, the samples were left in a
drying furnace for 24 h to dry at 130°C. Finally, it was
sintered for 2 h at 10°C min~' heating-cooling rate.
Boron powders were then manually ground in a
ceramic mortar to the average particle size of 25 um.

X-ray diffraction (Rigaku—MiniFlex 600) and FT-
IR analyses (Jasco 6700) were performed to characterize
the presence of boron in B—HA bioceramic powders.
Precision scales (Radwag PS600.R2), magnetic stirrer
(Mtops HS12, 1500 rpm), ultrasonic homogenizer
(Sonic VC 505, 750 W), drying furnace (Binder ED23,
300°C), and atmosphere-controlled/vacuum horizon-
tal tube furnace (MSE, 1500°C) were used through the
surface coating operations.

2.3. Suspension Preparation for EPD Process

N, N-Dimethylformamide (DMF), ethanol (Merck),
and suspension variables in the coating suspension
were prepared in four different groups as the only-HA,
5, 10, and 15 wt % boron-doped coating. The suspen-
sions were homogenized in a magnetic stirrer for
25 min and in an ultrasonic homogenizer for 5 min at
20 kHz. It was reported that there was an increase in
electrical conductivity when the iodine was added to
the EPD suspension [34]. During the EPD coating
procedures, lodine was added into all suspensions to
increase the electrical conductivity (charging ability)
of non-conducting particles (HA and B) after the
homogenizing process.

2.4. EPD Process and Sintering

Stainless steel plates at anode and cathode were
used coupled with a DC power source in the EPD pro-
cesses. The substrates fixed to the cathode electrode
and substrates were coated with the prepared only-
HA, 5, 10, and 15 wt % B-doped suspensions at 150 V
with a 10 mm fixed electrode distance for 60, 90, and
120 s deposition times, respectively. Table 1 shows the
percentage of weight ratios and coating times of the
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316L samples coated with the EPD process. Hereafter,
the coatings are referred to as L, for easy expression
according to coating time and B ratio in the coatings.
For example, considering the table, the code L,
means that the surface of the 316L sample was coated
with 15 wt % B—HA bioceramic powder for a deposi-
tion time of 60 s. After the coating process, the samples
were left to dry for 24 h under room conditions. All
samples were sintered at the optimal sintering param-
eters (750°C, 75 min) in a vacuum environment with a
heating and cooling rate of 10°C min~!, after predrying
for 240 min at 130°C. After sintering, all samples were
stored in a desiccator for characterization, analysis,
adhesion and corrosion tests.

2.5. Adhesion Tests

Adhesions of the bioceramic coatings on metallic
sample surfaces were tested by the ISO 13779-4 stan-
dard. To measure the adhesions of the EPD coatings
on the metallic implant surfaces, pull-out tests were
performed by mounting a specially designed and man-
ufactured die-apparatus on the jaws of the tensile test
machine (Shimadzu, 100kN). The DP420 (3M) was
used as an adhesive and uncoated/coated 316L rods
having 8§ mm in diameter whose forehead cross sec-
tions correspond to 50 mm? were bonded. The glued
adhesion sample couple (coated/uncoated rods) was
placed in the previously designed and placed on upper
and lower jaws at a 90° angle to the surface axis. The
reference rods’ weights were used and care was taken
to prevent overflow and axial leaks. After placing, the
final drying process was applied for 4 h at 130°C in a
drying furnace after keeping for 12 h under room con-
ditions (25°C) to dry the adhesive. Adhesion tests were
performed with a tensile rate of 1 mm min~'. The rup-
ture force obtained from the pull-out tests were con-
verted to adhesion by dividing the cross sectional area.
At least three samples were tested for each coating
group and mean results were determined.

2.6. In Vitro Corrosion Tests

Corrosion tests were performed with a potentio-
stat/galvanostat (Gamry, PCI14/750) in the simulated
body fluid (SBF) at 37°C and the three electrode tech-
nique was used during the polarization tests. A silver/sil-
ver chloride electrode (Ag/AgCl) and platinum (Pt) wire
and coated samples were used as reference, counter,
and working electrodes, respectively. The SBF was pre-
Vol. 57
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Table 2. Similarity of blood plasma to simulated body fluid (SBF) via ion concentration for 107> moles

Ion Blood plasma SBF
Na* 142 142
K* 5 5
Mg?* 1.5 1.5
Ca?t 2.5 2.5
ClI~ 103 147.8
HCO; 27 4.2
HPO;~ 1 1
SO;” 0.5 0.5
pH 7.2—-7.4 7.40

pared according to the Kokubo’s protocol [27]. The
reason for using SBF in corrosion testing is that it has
similar values to ion concentrations in blood plasma.
Table 2 shows the ion concentrations of blood plasma
and the SBF liquid as comparatively. Through the
tests, first, samples were immersed into the SBF until
obtaining a steady-state open circuit potential (OCP).
After reaching equilibrium, the potentiodynamic
scanning (PDS) test got started at the cathodic over-
potential at a rate of 1 mV s~! and the scan has been
stopped when the specimens reached the anodic over-
potential at 0.2 V. Electrochemical data were calcu-
lated by using the Tafel method from the PDS curves.
The corrosion current density (/) and corrosion
potential (E,,,,) values were calculated by the inter-
section of linear portions of the anodic (,) and
cathodic (B.) Tafel slopes [28, 32]. The corrosion rates
and polarization resistances of the samples were cal-
culated together with Tafel parameters by using
Gamry Echem Analyst software.

2.7. SEM-EDX and XRD Analysis

The surface morphologies of the coated samples
were characterized by a scanning electron microscopy
(SEM, Hitachi SU3500) and the spectra (EDX-Oxford
Inca) of the scanned zones were determined. The XRD
analyses (Rigaku, MiniFlex-600) were conducted at a
wavelength of 1.5406 (L) between 10 and 90° with a
step speed of 0.02°.

3. RESULTS

To show the impacts of the different boron addi-
tions (wt %) into hydroxyapatite, the comparative pre-
sentations of morphological, adhesion, corrosion and
of the EPD deposed surfaces were shown as micro-
scopic, spectrum and graphical views. The characteri-
zation of powder morphology of the synthesized B
reinforced HA bioceramic (B—HA) was presented in
related sections. Changes on the surfaces and adhe-
sion properties of the coated samples subjected to cor-
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rosion tests were presented in a comparison manner as
before and after corrosion.

FT-IR and XRD analyses were performed after the
hydroxyapatite powders doped with 5, 10, and 15wt % B
were sintered at sintering conditions at 750°C for 2 h.
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Figure 2 shows the XRD spectra of the boron-doped
(5, 10, and 15 wt %) bioceramics and the only-HA
powders. The resulting peaks in the spectra indicate
that the boron contribution [29] partially disrupted the
structure of HA and transformed to TCP (tricalcium
phosphate). The surfaces of substrates were coated by
the synthesized bioceramic for different B additions.
Boron characterization within the bioceramic struc-
tures is also shown by FT-1R analyses. Figure 3 shows
the comparison of FT-IR spectra of the only-HA and
5, 10, 15 wt % boron-doped HA powders. Figures 4a—4d
shows the SEM surface images of the 316, only-HA,
and 5, 10, and 15 wt % B—HA bioceramic coating
groups. Table 3 shows the coating thickness values; the
highest and lowest thickness values were measured in
the L,, samples (74.7 = 3.5 um) and the L, samples
(25.9 £ 1.5 um), respectively. As can be seen in Fig. 5,
the coating thickness of the L;, L,, and L; samples
coated with only-HA increased with increasing coat-
ing times.

The bioceramic powders coated on the unit areca
(cm?) for groups of the only-HA, and 5, 10, and 15 wt %
B—HA coatings applied to the 316L SS substrates for
60, 90, and 120 s. Pull-out tests were performed to
determine the adhesion on the 316L substrates and the

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

coating interfaces. The most important factor affect-
ing the adhesion of coatings is the coating-sample
merging interface. It was shown that sintering condi-
tions e.g both sintering temperature and speed have
also significant effect on adhesion. Figure 6 shows the
effects of sintering processes performed at 3, 5 and

Table 3. Coating thicknesses and their adhesion strengths
of the coatings

ID | Coating thickness, um Adhesion, MPa
L, 26.1+0.3 19.7 £ 1.2
L, 31.1 £4.2 172 £ 1.6
L, 33.6 £3.9 16.4+ 0.4
L, 259+ 1.5 20+ 2.0
Ls 28.8 £ 1.1 221+ 1.5
L¢ 34+5.8 21.3+0.6
L, 47 + 1.6 18.8 £ 0.5
Lg 53.8x1 20.5+ 1.6
Ly 61.8 £ 3.4 257+ 1.1
Lo 63.3+8.8 221 = 1.1
L, 68.2 £ 2.1 258+ 1.3
L 74.7 £ 3.5 229+t 1.2
Vol. 57 No. 5 2021
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10°C min~' heating and cooling speeds with 500, 750,
1000°C temperatures on adhesion of bioceramic
coated groups.

The main goal of the study was to achieve a bioce-
ramic powder synthesizing with various B additions
and provide a protective implant surfaces against cor-
rosion. To show such effect, in vitro corrosion tests
have been conducted to those uncoated and B—HA
coated substrates. The results are presented via the
steady-state open circuit potential-OCP and potentio-
dynamic scanning-PDS curves in Figs. 8 and 9,
respectively. Figures 10a—10d show the XRD analyses
of the uncoated before (a) and after corrosion (b); and
the only-HA coated 316L samples pre-corrosion (c)
and post corrosion (d). As observed from the spectra,
there are only 316L peaks before corrosion while the
316L peaks decreased and CrO; oxide structures were
formed in certain zones after corrosion. This oxide
structure supported the destruction that occurred on
the surface of the uncoated 316 L sample after corrosion.

SEM surface images of the Ls samples coated with
5 wt % boron-doped HA and the pre-corrosion mor-
phology of the EDX spectra are given in Fig. 4b while
the post-corrosion morphology is given in Fig. 11b.
The obtained surface was crack-free and low-porosity
before corrosion, whereas an increase was observed in
porosity and cracks on the surface after corrosion.

Pre-corrosion (Fig. 4c) and post-corrosion (Fig. 11c)
SEM surface images and EDX spectra of the coated
surface morphology of the L, are given. The pre-cor-
rosion (Fig. 4d) and post-corrosion (Fig. 11d) SEM
images and EDX spectra of the L,, samples in the
15 wt % B—HA bioceramic coatings are given. The sur-
face morphology of the coating revealed that the bonds
between the grains slightly weakened and the porosity
increased after corrosion.

4. DISCUSSION
4.1. Characterization of Bioceramic Synthesis

The presence of boron in the currently synthe-
sized bioceramic was shown in Fig. 2. From the spec-
tra, it was determined that there exist HA and partially
TCP peaks in the synthesized bioceramic besides B
additive. It was pointed out in a previous study that
increased boron additionin into HA caused some deg-
radation in the structure after sintering and increased
boron rate caused an increase TCP formation [26, 31].
It was observed that the phases formed as shown in
XRD spectra of the boron-doped HA composite were
different from those found in the study conducted by
Ternane et al. [18]. From the peaks, no unwanted
phases such as CaO was observed, peak intensity
increased with increasing boron addition and the crys-
tallization rate was very high. B,O; structures identi-
fied in 20 range at 29.9° in XRD analyses coincide
with the presence of B,0; structures identified in
XRD results (20 = 29.9°) in the study conducted by
Vol. 57
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Khoshima et al. [30] in which the B,0O;-HA bioceram-
ics were synthesized in different proportions.

As given in Fig. 3, FT-IR analysis also proved the
existence of such structures in the synthesized bioce-
ramic powder to be coated on 316L substrates. The

obtained peak values of BO? and BO; structures in
the FT-IR analyses of the bioceramic powders may
result from the inclusion of B in the aimed bioceramic
structure. B-doped HA synthesized studies have

determined that Bog_ structure peaks were observed at
744, 770, 783 and 1304, 1254, 1204 cm~! wavelengths,

and BO; structure peaks in 1993 and 2000 cm~! wave-

length [18, 21, 32]. The peaks of Boi‘ and BO, struc-
tures obtained in this study are consistent with the
findings reported in the literature.

4.2. EPD Coating

The main purpose of coating metallic implants
with materials such as bioceramic is to improve both
corrosive protection and implant-tissue interactions
and so fixation. The adequate adhesion between the
coating and the implant and the formation of the coat-
ing-tissue interaction provide a high level of implant
fixation. The porous structure is preferred for coating
as it increases the bonding ability between the implant
and the tissue in medical applications. For this reason,
the fact that the coatings have porous morphology in
the coating-tissue interaction provides an advantage
for the tissue growth.

By considering these points, SEM views of the
coated substrates are given in Figs. 4a—4d. Interac-
tions between the powder grains can be clearly seen in
the only-HA (a), 5 (b), 10 (¢), and 15 wt % B—HA (d)
bioceramic coatings. This indicates that good bonding
and increased bonding strength between the powders
achieved by sintering have a positive impact on adhe-
sions, and it helps to increase corrosion resistance.
The best inter-powder bonding among the bioceramic
coatings applied to 316L substrates was found to be
belongs to the 15 wt % B—HA coating group (Fig. 4d).

Figure 5 shows the variation of deposit weights
(mg) with deposition time and B (wt %) additions.
Through the groups of 5, 10, and 15 wt % B—HA, it
was determined that the increased B-additive ratio
affected the increase in coating thickness. However,
the coating thickness of the 5 wt % boron-doped HA
(L,, Ls, and L) decreased at same EPD time parame-
ters compared to the only-HA coatings (L, L,, and L;).
This decrease may be attributed to the low amount of
charged 5 wt % B—HA bioceramic coatings due to the
difference in charged particle size in the EPD deposi-
tion suspension and inability to transport large particle
powders to the cathode because they cannot be charged
and move easily. It was observed that the highest depo-
sition has been found in the 15 wt % B—HA bioceramic
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Fig. 11. SEM images and EDS spectrums after corrosion tests in SBF of (a) only HA and (b) 5wt % B, (c) 10 wt % B and (d) 15wt %

B of B—HA bioceramic coated samples.

coatings while the lowest deposition took place in the
only-HA coatings, and the weights per unit area
increased in all coatings as the EPD charging times
increased. This may be because the increased B ratio
increased the conductivity of the charged particles in
the EPD coating suspension and that causing more
deposition on the substrate surfaces. The amount of
coating accumulated per unit area on the substrate
surface decreases depending on the increasing
charging time in the EPD deposition and causes a hes-
itance in very long coating times [11, 14, 27]. The main
reason for this may be the fact that the thickness of the
coating, which increases depending on EPD time,
forms an isolated layer by weakening the conductivity
of the metallic substrate surface. The results in Fig. 5
indicate that the coating which accumulated per unit
area increased in parallel with the increasing coating
time and the coating time was not enough for the coat-
ing to become stable.

4.3. Adhesion

Adhesion tests have been executed to show the
effect of sintering temperature and heating/cooling rate
on corrosion and adhesion between the coating and
substrate-316L. The mean adhesion values obtained
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from the tests are tabulated in Table 3 and comparative
adhesion test results in Fig. 6. During the pull-out
tests, it was observed that the coating could be easily
peeled off the surface due to insufficient interface
strength at low sintering temperature (500°C) and
therefore the adhesions were found to be low. Simi-
larly, most probably the existence of different thermal
expansions of the biocomposite and metallic sample at
higher sintering temperatures higher than 750°C e.g. at
1000°C also caused a decrease in adhesions. The oxide
layer formed on the coating and metallic substrate
interface during the sintering operation performed at
1000°C and 3, 5, and 10°C min~! sintering rates
caused the adhesions to be as low as 9.03 + 0.9,
11.06 = 1.32, and 8.49 £ 1.7 MPa, respectively. As can
be seen from the Fig. 6, the highest adhesions (13.61 =
2.3,19.06 &+ 1.2, and 14.75 £ 1.02) were determined at
750°C sintering temperature.

Comparative histogram graphs of the adhesion of
only-HA, and 5, 10, and 15 wt % B—HA groups are
given in Fig. 7. The increased bioceramic coating thick-
ness on the metallic surface due to coating time in only-
HA coatings applied to the L,, L,, and L; samples
decreased the adhesion. In this case, the adhesion
reached the highest level in the 120 s coating time as
Vol. 57
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Table 4. Corrosion parameters calculated from PDS curves of the coatings

AKSOY et al.

1D Eyep, mV E o, mV L o, NA cm™2 Corr. rate, mpy | R,, X10° ohms cm?
uncoated 316 L —45 —167 249 0.106 113
L, —242 —247 291 0.125 100
L, —205 —210 252 0.108 121
| —187 —208 223 0.095 72
L, —261 —245 302 0.129 130
L —-306 —307 192 0.082 60
Le —286 =273 387 0.166 129
L, —284 —276 196 0.084 37
Lg —296 —278 724 0.311 10
Ly —308 —291 288 0.123 49
Ly —311 —341 86 0.037 228
Ly —328 —338 134 0.057 114
Ly, —337 —343 280 0.120 113

the thickness increased in the 10 wt % B—HA coat-
ings. The best strength among the samples with 5 and
15 wt % B—HA coating was obtained in the samples
that coated for 90 s. The highest adhesion was found to
be 25.8 MPa which belonged to the Ly sample group
that coated with 15 wt % B—HA with a coating thick-
ness of 68.2 um. Compared to our work, lower values
e.g., 15 MPa was found in a similar work executed by
Wei et al. [33].

4.4. Corrosion

Figure 8 shows the open circuit potential (£,,)
curves of the 316 samples applied in the SBF electro-
lytes in a comparative manner. Long enough immer-
sion times were given for all samples to reach a stable
state. The samples in L, and L,; groups became stable
in the shortest periods. The shift of the E, value to
more anodic potentials compared to the initial poten-
tials depending on time indicates the presence of local
corrosion on the surface [1, 10]. Figure 9 shows the
potentiodynamic scanning (PDS) curves of the bioce-
ramic coatings in the SBF electrolytes comparatively.
The correlation between the potential and the current
density logarithm reveals the corrosion potential
(E.or) and corrosion current (/) values in addition
to providing information about anodic and cathodic
reactions taking place during the corrosion experi-
ment through the Tafel method. Table 4 shows the
measured values of E,,, E.orloor Bas Be, corrosion rate,
and corrosion resistance (R,). From Table 4, as in L10
group, the fact that providing the I, value is low and
the E,,,, value is close to zero indicates to high corro-
sion resistance.

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

Based on PDS curves, it is observed that the
potential increases and the current decreases in the
bioceramic coatings applied to all 316L substrates. In
this case, it was revealed that activation-controlled
corrosion occurs in coatings, and therefore it may be
more appropriate to compare I, values to deter-
mine corrosion trends and resistances [9, 20]. Such
1., values for the uncoated 316 samples were calcu-
lated as 249 nA cm~2 and —167 mV, respectively
(Table 4). Since the fact that the I, values of coat-
ings made with only-HA (L,, L,) were higher than
the values of the uncoated samples indicates that the
corrosion resistance decreased. The corrosion resis-
tances of the Ls sample in the 5 wt % boron-doped
HA group, L, sample in the 10 wt % B—HA group,
L,y, and L,, samples in the 15 wt % B—HA groups
increased.

When the SEM surface images shown in Fig 4a,
and EDX spectra of the 316L substrate sample (L,)
coated with only-HA for 90s before and after corro-
sion given in Fig. 11a are considered, the post-corro-
sion images revealed that the corrosion environment
weakened the coating and reaching the substrate
material. According to the findings obtained from the
EDX spectra, an increase was detected in the Fe—Ni—
Mo peak intensities while the Ca—P peak intensities
decreased. The EDX and XRD analyses revealed the
corrosion formation on the surfaces and loss of effect
of the coating (Ca and P ratios). The pre-corrosion
and post-corrosion XRD analyses shown in Figs. 10c—
10d verify that the HA peak intensities significantly
decreased in the 20 range. Moreover, ferrite phases
(0-316L) were formed at 20 = 44.5, 65, and 82.3°
depending on the 750°C sintering temperature.
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Fig. 12. XRD analysis of before and after corrosion tests for
Swt % B (a—b), 10 wt % B (c—d) and 15 wt % B (e—f) of
B—HA bioceramic coated samples.

Failures occurred where the grains were weakly tied
to each other due to the impact of the corrosion envi-
ronment. As a result, the corrosion caused damages by
reaching to the surface of the metallic substrate. The Na
element identified in the EDX spectra of 5 wt % B—HA
coatings (Fig. 11b) penetrated the structure from the
NaOH addition used as a pH regulator while synthe-
sizing boron-doped powders. According to the EDX
analyses, the Ca—P—B ratios in the coating decreased
after the damage caused by corrosion. It was observed
that the coating was damaged locally by reaching the
metallic surface through the pores. The increased
Fe—Cr—O ratios in the post-corrosion EDX analyses,
the CrO; compound observed in the XRD analyses
given in Figs. 12a—12b, and the increase in the a-316L
and y-316L peak intensities of the 316L substrate con-
firm the damage caused by the corrosion on the sub-
strate.

When the surface images of the L, samples were
examined, no serious damage is observed on the coat-
ing surfaces after corrosion. According to the EDX
analyses obtained from the 10 wt % boron-doped HA
bioceramic coating of the L, sample (Fig. llc), a
decrease was detected in Ca—P ratios, but a decrease
was observed at lower rates compared to the only-HA
and 5 wt % B—HA coatings. Furthermore, the
increase in the boron ratio means that it was not
affected in the corrosion environment and remained
bonded with HA in the bioceramic structure. It is
understood that the boron usage as an additive in the
10 wt % B—HA bioceramic coatings increased the
corrosion resistance. This is confirmed by the little
decreases in the 10 wt % B—HA peak intensities after
corrosion as shown in the XRD analyses given in
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Figs. 12c—12d. However, the CrO; peak was
observed at 20 = 27° where the corrosion impact
reached the metallic substrate surface in the L, coat-
ings, and the increases in the y-316L (20 = 44.51, 75°)
peak intensities confirm that the corrosion impact
reached the metallic surface and caused corrosive
damage.

There was a decrease in the Ca—P—B ratios while
the Fe—Cr—Mn ratios also increased after corrosion.
A decrease in the ratio of the coating material (Ca—P—B)
after corrosion destruction indicates that the coating
on the metallic surface was weakened. Figures 12e—12f
show the pre-corrosion (e) and post-corrosion (f) XRD
analyses of the N,, sample where the 316L stainless
steel substrate was coated by bioceramic coating of
15wt % B—HA. According to XRD and EDX analy-
ses, a slight decrease was detected in the peak intensi-
ties for the 15 wt % B—HA bioceramic coating group.
While not like other groups, at 26: 11.50, 23.5, 30,
32.50, 34, and 47.40, the 316L peaks (o-316L and
v-316L) increased and this indicates that the coating is
slightly affected by the corrosive environment. In
other words, by examining the SEM, XRD and PDS
values given in Table 4 together, the highest corrosion
resistance was found in L10 group. The presence of Al
detected in the EDX analyses (Fig. 11d) is believed to
be contaminated from the alumina-based mortar used
for the grinding process during the syntesizing of bio-
ceramic powders. It is understood that the presence of
Si comes from the sandblasting process, and it may
remain in small amounts on the substrate material
despite the cleaning procedure applied before the
coatings. Also, the presence of Na is probably due to
sodium hydroxide, which is used as a pH regulator in
the production of bioceramic powders. However,
because these elements are too small in quantity and
partially biocompatible, they would not have a detri-
mental effect on living cells.

5. CONCLUSIONS

In order to enhance the corrosion resistance and
adhesion strength, Boron (B) powders have been doped
into HA with varying amounts (5, 10, and 15 wt %)
using the simple acid-base chemical process. The syn-
thesized B—HA bioceramic powders was coated on
316L implants and sintered by using electrophoretic
deposition (EPD) as alternative applications in ortho-
paedics. The significant findings can be summarized as
below:

— Compared to the only-HA coatings, the
increased Boron addition increased the bonding
between the B and HA powders and provided a crack-
free surface morphologies providing higher adhesion.
The highest adhesion was determined in the 15 wt %
B-HA coatings as 25.8 MPa was measured for the 90 s.

— The boron addition increased the deposited
weight and so coating thickness on the 316L substrates
Vol. 57
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coated by the EPD method by depending on the coating
time and applied voltage, e.g. the 5, 10, and 15 wt %
B—HA bioceramic coatings provided higher film thick-
nesses than the only-HA coatings.

— lodine used in the EPD coating suspension
revealed better charging of the bioceramic powder
particles in the suspension, thus facilitating the coat-
ing and providing homogeneous coating surfaces.

— Among different sintering applications, the opti-
mal sintering conditions were determined at 750°C
sintering temperature and 5°C min~! sintering rate,
and the optimum sintering was found to have positive
effect on adhesion.

— Throughout the in vitro corrosion tests, the coat-
ings of 15 wt % B—HA (Group L,,) provided the best
corrosion resistance compared to the uncoated and
other coating groups, only-HA, 5 and 10 wt % B—HA).
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