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Abstract Calcium phosphate coatings on titanium alloy
substrates are synthesized by pulsed electrodeposition and
characterized by scanning electron microscopy associated to
energy dispersive X-ray spectroscopy and by X-ray diffrac-
tion. The corrosion behavior of CaP/Ti6Al4V systems and
uncoated Ti6AI4V are investigated using electrochemical
methods in three physiological solutions and simulated with
an equivalent circuit. The results reveal that the calcium
phosphate coatings act as a protective layer especially when
electrodeposition is carried out in the presence of hydrogen
peroxide into the electrolyte which is used to control the
chemical composition of the coatings and which implies a
control of the corrosion behavior of the prosthetic material.

Keywords Calcium phosphate - Coating - Titanium -
Polarization - EIS - Electrodeposition

Introduction

Titanium and its alloys are widely used as implant materials
in orthopedic surgery because of their good mechanical
properties and their excellent biocompatibility with bone
[1-4]. However, it has been reported that under in vivo
conditions, the localized corrosion of the implant leads to
the release of metal ions into the tissues surrounding the
prosthetic material [5—7]. These metallic releases have toxic
effects on the patients by the alteration of the expression of
human lymphocyte-surface antigen and by the inhibition of
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the immune response assessed by lymphocyte proliferation [8,
9]. Calcium phosphate ceramics are usually used to coat pros-
thetic materials in order to make them bioactive, i.e., ability to
form a real bond with the surrounding bone tissue [10—12].
Moreover, calcium phosphate coatings also modify the corro-
sion behavior of the implant [13—16]. Many methods are
developed and used to synthesize calcium phosphate coatings
onto implant surfaces, for example, plasma spray [17-19],
plasma electrolytic oxidation [20], sol-gel synthesis [21-26],
pulsed laser-deposition [27, 28], electrophoretic method
[29-31], and electrochemical deposition [32—37]. This last
method has a variety of advantages: the coating process occurs
at low temperature and the chemical composition could be
controlled. Different chemical compositions of the coating lead
to different corrosion behaviors in physiological liquid [38].
In that framework, the present study aims in evaluating
the corrosion behavior improvement of the titanium alloy
Ti6Al4V when a calcium phosphate coating is electrodepos-
ited on its surface. The originality of the electrochemical
protocol developed in our lab allows synthesizing calcium
phosphate coatings with various chemical compositions
[39]. Two types of coatings are tested in three physiological
liquids: Kokubo’s simulated body fluid (SBF), Dulbecco’s
modified Eagle medium (DMEM), and Ringer’s solution.

Experimental
Pulsed electrodeposition current

The experimental setup used for electrodeposition consists of a
classical three-electrode cell: the working electrode is a
Ti6AI4V substrate, the counter electrode is a high surface Pt
grid, and the reference electrode is a saturated calomel
electrode.
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The electrolyte is prepared by mixing a solution of
0.042 M Ca(NO3),"4H,0 and 0.025 M NH4(H,PO,). The
temperature is maintained at 60 °C. In these conditions, the
pH value of the solution is 4.4.

The flat Ti6Al4V substrate has 10x10x0.6-mm size. Its
surface is blasted with alumina particles to give an average
roughness of 2-3 pm. Prior to coating, the substrate is

Table 1 Chemical composition of the physiological liquids used in
this study

Components SBF Ringer DMEM
eLhH  @LH (L)
Inorganic salts
NaCl 7.996 9.000 6.400
NaHCO; 0.350 0.200 3.700
KCl 0.224 0.420 0.400
K,HPO,43H,0 0.228 - -
MgCl, 6H,0 0.305 - -
CaCl, 0.278 0.480 0.264
Na,SO,4 0.071 - -
MgS0,4-7H,0 - - 0.200
NaH,PO4-H,0O - - 0.125
Other components
Glucose - - 4.500
Sodium pyruvate - - 0.110
Phenol red Na 0.0159
Amino acids
L-Arginine-HCI - - 0.084
L -Cystine - - 0.048
L-Alanyl-L-glutamine - - 0.868

Glycine - - 0.03

L-Histidine HCI-H,O - - 0.042
L-Isoleucine - - 0.105
L-Leucine - - 0.105
L-Lysine HC1 - - 0.146
L-Methionine - - 0.030
L-Phenylalanine - - 0.066
L-Serine - - 0.042
L-Threonine - - 0.095
L-Tryptophan - - 0.016
L-Tyrosine - - 0.072
L-Valine - - 0.094
Vitamins
D—calcium Pantothenate - - 0.004
Choline chloride - - 0.004
Folic acid - - 0.004
myo-Inositol - - 0.0072
Nicotinamide - - 0.004
Pyridoxine-HCl - - 0.004
Riboflavin - - 0.0004
Thiamine-HC1 - - 0.004
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etched in a mixture of nitric acid (6 % in volume) and
hydrofluoric acid (3 % in volume). Then, the sample is
ultrasonically cleaned in acetone and in deionized water.
Electrodeposition is performed following the procedure
described in our recent work [39]. A potentiostat/galvano-
stat instrument (Voltalab PGP 201 Radiometer Analytical—
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Fig. 1 Characterization of the obtained coating in pulsed electrodepo-
sition current: a SEM micrograph, b EDXS spectrum, ¢ XRD pattern
after heat treatment (1,000 °C, 15 h)
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VOLTAMASTER software) is used in the pulsed current
mode and the deposition conditions are chosen: a deposition
time #g=1 min with a current density jq=15 mA cm * fol-
lowed by a break time #,=2 min (j,=0 mA cm ). The break
time at zero current between two deposition times strongly
reduces the H, bubble emission at the working electrode and
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Fig. 2 Characterization of the obtained coating in pulsed electrodepo-
sition current with 9 % H,O, into electrolyte: a SEM micrograph, b
EDXS spectrum, ¢ XRD pattern after heat treatment (1,000 °C, 15 h)

allows ion concentrations to be homogenized in the solution.
This process is known to produce uniform and adherent
calcium phosphate coatings on titanium alloy substrate [35].
Five pulse cycles are used during deposition, which
correspond to a total deposition time of 15 min.
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Fig. 3 Polarization curves of uncoated Ti6Al4V substrate, electro-
deposited HAP coating, and electrodeposited Ca-def HAP coating.
Measurements are carried out a in SBF, b in DMEM (from [42], with
kind permission from Springer Science + Business Media), and ¢ in
Ringer’s solution
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In order to produce different calcium phosphate coatings,
hydrogen peroxide is added to the electrolyte. In this work,
the second investigated coating is synthesized by adding
9 % in volume of hydrogen peroxide (H,O,) into the elec-
trolyte. The pH of the solution slightly decreases with
hydrogen peroxide. Therefore the pH of the solution is
adjusted to 4.4 by adding NaOH solution.

Scanning electron microscopy

The morphology of the coatings is observed with a LaBg
electron microscope (JEOL JSM-5400LV) operating at 0—
30 kV. This microscope is associated to an ultra-thin win-
dow Si(Li) detector for X-ray measurements. To avoid the
charging effects, the specimens are coated with a conductive
layer (Au—Pd for scanning electron microscopy (SEM)
micrographs and carbon for X-ray microanalysis). The X-
ray spectra are acquired at 15 kV with an acquisition time of
100 s. For the quantitative analysis, commercial software
(GENESIS, Eloise SARL, France) is used. Moreover, sev-
eral measurements are carried out to calculate the mean
value of the Ca/P atomic ratio.

X-ray diffraction analysis

Calcium phosphate powders are scratched from electrode-
posited coatings and their phase composition is investigated
using X-ray diffractometer (Bruker D8 Advance). The X-ray
pattern data are collected from 260=10 ° to 45 ° using a
monochromatic Cuy, radiation with a step of 0.04 ° every
12 s. The X-ray diffraction analysis (XRD) analyses are
carried out after heat treatment in air atmosphere at
1,000 °C during 15 h to determine the phase composition
following the international standard (ISO 13779-3). The
procedure consists in calculating the summed intensity
ratios of several peaks for each phase. These ratios are
compared to those obtained from biphasic standard samples

Table 2 Corrosion parameters of uncoated Ti6Al4V substrate, electro-
deposited HAP coating and electrodeposited Ca-def HAP coating

Physiological Sample E o fcorr (MA cmfz)

solution (mV vs SCE)

SBF Ti6Al4V -308 32
Ca-def HAP  —99 25
HAP -33 7

DMEM Ti6Al4V —514 47
Ca-def HAP -394 21
HAP -321 10

Ringer’s solution  Ti6Al4V —940 89
Ca-def HAP  —612 74
HAP —423 38
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of known percentages. Then, the Ca/P atomic ratio is
deduced, considering the percentage of each phase.
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Fig. 4 Nyquist plot of uncoated Ti6Al4V substrate, electrodeposited

HAP coating, and electrodeposited Ca-def HAP coating. Measure-
ments are carried out a in SBF, b in DMEM, and ¢ in Ringer’s solution
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Fig. 5 Bode impedance plot of uncoated Ti6Al4V substrate, electro-
deposited HAP coating, and electrodeposited Ca-def HAP coating.
Measurements are carried out a in SBF, b in DMEM, and ¢ in Ringer’s
solution

Fig. 7 Equivalent circuit model used for the interpretation of the
measured impedance spectra
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Table 3 Electrical data extracted from Nyquist plots

Ry (Q) 10*0, a. Ry (kQ) 10%0, a R, kQ)  Cq(uF)  Cp (nuF)
Ti6Al4V 39.0+0.4 1.12+0.03 0.801+0.005 3.24+0.16 3.97+0.10 0.760+0.019 84+19 29.0 1,205
Ca-def HAP 28.3+0.2 1.31+£0.03 0.771+£0.004 3.39+0.14 3.74+0.08 0.794+0.021 99+25 40.0 958
HAP 42.1+0.4 1.63+0.03 0.799+0.005 4.14+0.34 3.52+0.07 0.814+0.020 115+£28 46.5 746

composition closer to the human blood plasma. Their chem-
ical compositions are given in Table 1. The temperature is
maintained at 37 °C during experiments [43].

Potentiodynamic polarization curves are carried out by
increasing the potential at a scan rate of 1.0 mV s~ ' using a
potentiostat/galvanostat instrument (Voltalab PGP 201
Radiometer Analytica—VOLTAMASTER software).

Electrochemical impedance spectra (EIS) measurements
are performed at open circuit potential by using a Frequency
Response Analyzer (Solartron 1250) monitoring by com-
mercial software (Z-Plot) and coupled to a home-made
potentiostat. For the Nyquist and Bode plots, the scan fre-
quency range is set at 10 kHz to 10 mHz with a perturbation
amplitude AE=10 mV. An equivalent circuit model and
impedance parameters are proposed by using the ZView
impedance analysis software.

Results and discussion
Physico-chemical characterization of CaP coatings

The SEM micrograph of Fig. 1a shows the morphology of
the electrodeposited coating. It reveals that it is composed of
small needles and crystallites with apparent porosity. Quanti-
tative analysis from X-ray spectrum of Fig. 1b gives a Ca/P
atomic ratio of 1.60 corresponding to a calcium-deficient
hydroxyapatite (Ca-def HAP). After heat treatment, the XRD
analysis (Fig. 1¢) clearly indicates that the coating is composed
of two well crystallized phases: the stoichiometric hydroxya-
patite (HAP—JCPDS #09-0432) and the (3-tricalcium phos-
phate (3-TCP—IJCPDS #09-0169). The calculated percentage

of each phase is 52 % for HAP and 48 % for 3-TCP. Thus, the
corresponding Ca/P atomic ratio is 1.59 in agreement with the
value obtained from X-ray microanalysis.

The SEM micrograph of Fig. 2a shows the morphology
of the coating synthesized with 9 % H,O, into electrolyte. It
clearly shows that this coating is less porous and composed
of spheroids formed by the agglomeration of needles. The
Ca/P atomic ratio deduced from X-ray microanalysis
(Fig. 2b) is 1.67 which corresponds to a stoichiometric
hydroxyapatite (HAP: Ca;o(PO4)s(OH),). The XRD pattern
after heat treatment (Fig. 2c) clearly shows only typical
diffraction peaks at 20=25.9 °-31.8 °-32.2 °-32.9 °-34 °—
39.8 © corresponding to a well crystallized stoichiometric
HAP with Ca/P=1.67.

As described in our previous work [44], the different
coating morphologies and compositions are linked to the
presence of hydrogen peroxide in the electrolyte. The reduc-
tion of hydrogen peroxide during electrolysis leads to higher
pH values at the vicinity of the cathode and consequently
reduces the calcium deficit of the coating. Moreover, both of
these coatings have shown bioactivity properties when they
are immersed in physiological solution as their partial dis-
solution is followed by the precipitation of a bone-like
apatite coating [43].

In vitro corrosion measurements
Polarization curves
The Tafel representations of the polarization curves obtained

for the uncoated Ti6AI4V substrate, the HAP coating, and
the Ca-def HAP coating are plotted in Fig. 3. The

Table 4 Resistance and capaci-

tance values of the equivalent Physiological solution Sample Rs (©) Rey (k) R, (kQ) Ca (UF) Cr (uF)
circuit model
SBF TicAl4V 304 1.92 69.8 11.1 1,706
Ca-def HAP 31.7 2.54 140.4 24.0 1,503
HAP 29.2 3.50 154.8 48.9 665
DMEM Ti6Al4V 39.0 3.24 84.5 29.0 1,205
Ca-def HAP 28.3 3.39 99.0 40.1 958
HAP 42.1 4.14 115.2 46.5 746
Ringer’s solution Ti6Al4V 30.4 2.21 355 20.0 1,288
Ca-def HAP 40.3 2.17 83.4 31.6 960
HAP 36.0 2.89 93.6 353 662
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measurements are conducted in SBF (Fig. 3a), DMEM
(Fig. 3b), and Ringer’s solution (Fig. 3c). One may notice
that whatever the physiological liquid used, a shift towards
nobler potential values is observed in the case of the coated
Ti6Al4V samples compared to the uncoated one. This sug-
gests the more passive nature of the calcium phosphate coat-
ings especially when H,O, is introduced into the electrolyte.
Moreover, the corrosion parameters deduced from these
curves are reported in Table 2. The corrosion potential (E.q)
is linked to the thermodynamic stability of the sample
immersed in the solution whereas the corrosion current den-
sity (icorr) 18 linked to the kinetics of the corrosion reactions.
One may observe that i, decreases for the coated samples
(especially for HAP coating) also indicating an improvement
of the corrosion behavior of the prosthetic material. Further-
more, the decrease of these parameters varies with the chem-
ical composition of the physiological liquids as shown by Hsu
et al. [45] which have reported the modifications of the corro-
sion behavior of Ti6Al4V alloy in three physiological body
fluid solutions. The differences observed between SBF and
Ringer’s solution are explained by the higher ionic concen-
trations of the Ringer’s solution, especially of the chloride
anion which is known to be a corrosive substance [46].
The DMEM, which contains organic elements, leads to
corrosion parameters with intermediate values but sig-
nificantly different from those obtained in the other
media. This indicates that physiological liquids without
organic elements are useful to a qualitative study of the
corrosion behavior but not for a quantitative study, as high-
lighted by Bohner et al. [47].

Nevertheless, regardless of the solution, the decreases of
icorr and E confirm that the calcium phosphate coatings
provide a corrosion protection of the Ti6Al4V substrate in
physiological solutions particularly with the less porous
HAP coating compared to Ca-def HAP coating.

Finally, the results point out that the modulation of the
hydrogen peroxide amount modifies the coating porosity
and allows choosing the calcium phosphate coating stoichi-
ometry which determines the corrosion behavior of the
prosthetic material into physiological medium.

Electrochemical impedance spectroscopy

Figure 4 presents the Nyquist plots of the impedance diagrams
measured for the three samples in SBF (Fig. 4a), DMEM
(Fig. 4b), and Ringer’s solution (Fig. 4c). All of them exhibit
a semicircle in the high-frequency region with higher diameters
for the coated samples compared to the uncoated one, espe-
cially in the case of the HAP coating compared to the Ca-def
HAP coating. The Bode plots of the impedance presented in
Fig. 5 indicate an increase of the impedance value in the high-
frequency domain for the coated substrates. The most important
increase is observed in the case of HAP coatings. The Bode

100 mHz
12¢ 10 mHz i

+ Ca-def HAP coating
+ Ca-def HAP coating after 7 days of immersion

o 2 4 6 8 10 12 14
Z' (kQ cm?)

Fig. 8 Nyquist plot of electrodeposited Ca-def HAP coating before
and after 7 days of immersion in DMEM

plots of the phase are presented in Fig. 6 where the maximum
phase angle observed at low frequencies is characteristic of a
capacitive behavior as shown by Advincula et al. [48].

In order to illustrate these results, the Nyquist plots are fitted
using the equivalent circuit presented on Fig. 7. It consists of
the following elements: a solution resistance R which is related
to the conductivity of the electrolytic solution; the charge trans-
fer resistance R linked to the reaction rate; the polarization
resistance R,, of the sample/electrolyte interface; O and o
which are elements linked to the electrical double-layer capaci-
tance Cy; O, and «, which are elements linked to the interfacial
capacitance Cr. highlighting the surface reactions.

Using solid electrodes, the high-frequency loop of the
impedance diagram corresponds rarely to the response of a
charge transfer resistance in parallel with a purely capaci-
tance but rather, a power-low frequency dependence of
capacitance is usually observed. In the equivalent circuit
represented in Fig. 7, the constant phase element represen-
tation of the double-layer capacitance Cy and the interfacial
capacitance Cr have been included. Therefore, the value of
C4 and Cf can be obtained respectively through the expres-
sion of the high-frequency time constant and the low-

Table 5 Resistance and capacitance values of the equivalent circuit
model after 7 days of immersion in DMEM

Sample R (@) R (kQ) R, (kQ)  Ca(uF)  Cr (uF)
Ti6Al4V 26.8 431 66.8 133 1,710
Ca-def HAP 289 6.31 323 160 1,026
HAP 26.1 9.79 26.7 176 764
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frequency time constant of the impedance according to the
relation established by Brug et al. [49]:

C = O x {(1/R-1) + (1/R;)} @ Ve

In the Brug relation Rg=Ry, R:=R;, R,=R, and o and
a, are the dispersion coefficients used to calculate the
capacitances of the equivalent circuit. If a;=1 then Q=
Clsz, and if 0[2:1 then Q2:C2:CF.

An example of detailed numeric results of the fittings is
presented in Table 3 for the three samples immersed in the
DMEM solution.

The resistance (R) and capacitance (C) values extracted
from the fitted parameters for the three solutions are
reported in Table 4. One may observe that for each physio-
logical liquid, the R, values are of the same order while the
charge transfer resistance (R.,) increases for the coated sub-
strates compared to the uncoated one, especially for the
HAP coatings. This indicates a decrease of the corrosion
rate since the two quantities are inversely proportional [50]
and highlights the protective character of the coatings. Sim-
ilarly, the interfacial capacitance (Cf), a parameter which
underlines the electrochemical reactions at the interface
[51], decreases when the titanium alloy is coated, especially
with HAP. It is noteworthy that these results are in good
agreement with the potential corrosion shift observed on the
polarization curves of Fig. 3. These results highlight a
typical electrochemical behavior of a metallic substrate cov-
ered with a porous coating which partially insulates the
metal surface [52, 53]. However, the electrolyte penetrates
through the pores of the calcium phosphate coating, expos-
ing the metal surface to the corrosive physiological environ-
ment. The original electrochemical protocol we developped
(pulsed current with or without hydrogen peroxide) allows
synthesizing calcium phosphate coatings with various
porosity, i.e., with various corrosion behaviors.

Furthermore, we have shown in a recent study [54] that
the immersion of Ca-def HAP coatings in DMEM for a long
period leads to their partial dissolution, followed by the
precipitation of a bone-like apatite layer which modifies
the coating thickness, morphology, and porosity. A stability
of the process was observed after 7 days of immersion [54].
Thus, in this work, EIS measurements were also conducted
after immersion of the samples in DMEM for 7 days.
Figure 8 displays the Nyquist plot of this sample compared
to the as-deposited coating. The resistance and capacitance
values are summarized in Table 5. The main information
extracted from these results is the significant increase of the
charge transfer resistances (R.) and the decrease of the
double-layer capacitance (Cy4), mainly for the coated sub-
strates compared to the uncoated one. These evolutions
highlight an improvement of the corrosion protection of
the substrate as a function of the dissolution/precipitation
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process during immersion time. Such behavior is explained
by the fact that the precipitated bone-like apatite layer pro-
gressively filled the pores in the coating [15, 19]. This sur-
face modification results in a higher resistance to the
diffusion of the electroactive species to reach and corrode
the metallic substrate. Therefore, the corrosion resistance of
the prosthetic material increases with the immersion time in
the physiological solution.

Conclusions

In this work, the corrosion behavior of calcium phosphate
(CaP)-coated titanium alloy (Ti6Al4V) and uncoated
Ti6Al4V has been evaluated by performing polarization
and electrochemical impedance spectroscopy (EIS) meas-
urements. An equivalent circuit model has been proposed as
an illustration of the electrochemical behavior of the sam-
ples. The results indicate that the coatings act as a protective
layer and improve the corrosion resistance of the substrate in
the three physiological solutions investigated here. Accord-
ing to the original electrochemical process developed, the
control of the porosity and the chemical composition of the
electrodeposited coating allow governing the corrosion
behavior of the prosthetic material in vitro.
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