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Abstract Nano-hydroxyapatite (HA) was grown on
functionalized multiwalled carbon nanotubes (MWCNTS)
deposited on TiO, nanofibers (NFs) that were hydrother-
mally grown on Ti metal sheets. The HA was electro-
chemically grown on the MWCNTSs/TiO, porous layer. It
was found that the HA grows on the MWCNTSs/TiO, NFs
in the form of dense coating with nanorice grain-shaped.
The incorporation of MWCNTSs between HA and TiO, NFs
has led to higher adhesion strength as measured by micro-
scratching test indicating the benefit of MWCNTs on the
improving the bonding strength of HA layer. The obtained
coatings exhibit excellent corrosion resistance in simulated
body fluid. It is expected that this simple route for
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preparing the new HA/MWCNTs/TiO,/Ti-layered struc-
ture might be used not only in the biomedical field, but also
in catalysis and biological sensing among others.

Introduction

Titanium and titanium alloys are widely used to fabricate
dental and orthopedic implants due to their high mechan-
ical strength and toughness, excellent corrosion resistance
in physiological environment, and good biocompatibility
[1-3]. However, the bioinertness of the metallic surfaces
inhibits the growth of bone tissue [4]. In order to overcome
this shortage, hydroxyapatite (HA, Ca;y(PO4)s(OH),) has
been applied as a coating on the metallic implants due to its
similarity in chemical compositions, high biocompatibility,
and osteoconductivity to bone tissue of human [5-8].
Carbon nanotubes (CNTs) are of particular interest in
various applications as they exhibit high chemical and
thermal stability, mechanical strength, flexibility, electrical
and thermal conductivity as well as low density [9-11].
Recently, the unique biological and medical properties of
CNTs have attracted considerable attention, and it is
expected that biomaterials using CNTs are very promising as
nanobiomaterials [12]. To optimize the use of CNTs, it is
often necessary to assemble nanostructures onto their sur-
face. The combination of CNTs and nanoparticles are
expected to deliver exceptional performances in biomateri-
als [13, 14]. In general, the most of these nanocomposites
used in biomaterials are TiO, nanoparticles linked to or
coated on CNTs [15, 16]. Nowadays, sol-gel coating fol-
lowed by a heat treatment at elevated temperatures is the
most commonly adopted method to introduce inorganic
phases onto the CNT substrate [17, 18]. For instance, the heat
treatment required in sol—gel processes often causes phase
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detachment between the TiO, surface and underneath CNTs,
agglomeration among neighboring TiO,/CNT cables and
nonuniform crystallite. In all cases, the essential problem to
be solved is the way to obtain a corrosion-resistant bioactive
implant with better mechanical and biological properties and
with good adhesion between HA coating and its substrate,
especially those to be positioned in contact with bone like
active prosthesis or functional matrices, etc. [4].

Recent reports indicated that modified Ti surface with
high surface area of 1D TiO, nanostructure films brought
about by the small particle size is beneficial to show better
mechanical interlocking between HA and Ti than conven-
tional micro-roughened Ti surface. It was also shown that
the addition of CNTs between Ti and HA layers increases
the hardness, elastic modulus, and interlaminar shear
strength of the HA/CNT/Ti layers [19]. In this context,
dense layer of HA-CNTs coatings were successfully
developed on Ti substrate coated with TiO, nanotubes [20],
using sol-gel method. Other studies have reported that
nanostructured HA coatings have high chemical homoge-
neity, reduced flaw size, microstructural uniformity [21].
Moreover, the nanoscale roughness and grains as well as the
high volume fraction of grain boundaries in nanostructured
HA coatings can increase osteoblasts adhesion, prolifera-
tion, and mineralization [19, 21]. The combination of
multiwalled carbon nanotubes (MWCNTSs) and HA might
be applicable not only in biomedical fields, but also in
catalysis, biological sensing, and others [22, 23]. As a
matter of fact, it would be interesting to combine mechan-
ical and biological properties of the individual materials (Ti,
TiO,, CNTs, and HA) layer by layer to obtain a single
material with higher mechanical and biological properties.

This work reports on the preparation and characterization
of a system consisting of HA layer with a novel nanorice
grain-shaped, grown on MWCNTSs/Ti0, nanofibers/bulk Ti-
layered structure, using low temperature simple methods. To
the best of our knowledge this is the first time that HA, in the
form of nanorice, is deposited on a highly porous nano-
structure consisting of TiO, nanofibers (NFs) that were
grown on Ti and coated with functionalized MWCNTs.

Experimental

Materials

Preparation of anatase TiO, NF films

Pure titanium specimens with sizes 15 x 20 x 3 mm® were
mechanically polished, then treated by sonicating in ethanol
and pickling in a 5 wt% oxalic acid solution at 100 °C for

2 h, followed by rinsing with distilled water and drying. A
cleaned and homogeneous coarse surface of Ti samples was
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obtained. The obtained specimens were soaked in a mixed
solution of 16 ml H,O, (30 wt%) and 16 ml NaOH (10 M)
in a Teflon autoclave. The autoclave was maintained at 80 °C
for 24 h. After the autoclave was cooled to room tempera-
ture, the Ti plate was gently rinsed with distilled water.
Thereafter, the as-prepared Ti sample was protonated
through two cycles of ion exchange in 50 ml 0.1 M HCl for
2 h, and subsequently taken out, rinsed to neutral with dis-
tilled water, dried at 80 °C for 1 h, and finally calcined at
400 °C for 1 h to obtain anatase NF films on the Ti surface.

Functionalization and dispersion of MWCNTs

The functionalization and dispersion experiments are car-
ried out on functionalized MWCNTs. The detailed prepa-
ration process was as follows: (i) MWCNTs were prepared
then functionalized by oxidation in a mixture solution of
HNO3;+HCI in order to obtain ammonium salt of carbox-
ylated carbon nanotubes (MWCNTs—-COONH,). (i) A
0.2 mg of functionalized MWCNTs was dispersed in a
mixture consisting 0,02 mg polyvinylpyrrolidone and
40 ml distilled water, under ultrasonic treatment during 4 h.

Impregnation of TiO, with MWCNTs

The Ti sheets coated with TiO, NF film were introduced in
a sealed container and kept under vacuum (10~ mbar) for
15 min, then the solution containing the dispersed
MWCNTs was injected on the Ti sheet surface by opening
a valve which separates the sealed container from the
solution. After that, the samples were gently rinsed with
distilled water and dried at 80 °C. During this process
many MWCNTs were entrapped in the TiO, NF network.

HA deposition

Electrodeposition of HA was conducted at room temperature
in an electrolyte containing 0.04 mol/l CaCl,, 0.027 mol/l
(NH4),HPO,, and 3 % H,0O,. Thus, this solution isin Cato P
molar ratio of 1.67 with a pH value adjusted to 6.5, which is
near to body condition. The deposition was carried out by
applying a constant potential of 3 V. The solution was stirred
during electrodeposition to obtain a uniform electrolyte
concentration. The obtained coating was further treated in
0.1 mol/l NaOH solution at 80 °C for 2 h. Then the coated
titanium cathodes were rinsed with distilled water and dried
at 80 °C for 1 h. The prepared layered structure (HA/
MWCNTSs/TiO, NFs/Ti) is sketched in Fig. 1.

Characterization methods

The surface morphology of TiO, NFs, MWCNTs/TiO,
NFs, and HA/MWCNTs/TiO, NFs were observed by



J Mater Sci (2014) 49:621-632

623

4

HA nanorice
r

A
I MWCNTs

b

TiO, nanofibers

y
b

Ti substrate

¥

Fig. 1 Schematic of the prepared layered structure

means of scanning electron microscopy (FE-SEM, Nova
nano SEM 630) and transmission electron microscope
(TEM, Titan). X-ray photoelectron spectra (XPS) studies
were carried out in a Kratos Axis Ultra DLD spectrometer
equipped with a monochromatic Al Ko X-ray source
(hv = 1486.6 eV) operating at 150 W, a multi-channel
plate and delay line detector under vacuum of
1.0 x 107" bar. The survey and high-resolution spectra
were collected at fixed analyzer pass energies of 160 and
20 eV, respectively. The instrument work function was
calibrated to give an Au 4f;,, metallic gold binding energy
(BE) of 83.95 eV and the spectrometer dispersion was
adjusted to give a BE of 932.63 eV for metallic Cu 2p;;.
To avoid differential charging the samples were mounted
in floating mode. The crystallinity and the structure of the
HA coating was examined using X-ray diffractometry
(Bruker D-8 Advance powder diffractometer). Data were
collected using Cu Ko X rays at 40 kV and 30 mA. The
coatings were also characterized by Raman spectroscopy
and Fourier transform infrared FT-IR. The Raman spectra
were recorded by a LAB RAM ARAMIS using cobalt laser
source, and the Fourier transform infrared traces were
obtained by using a Nicolet 6700 FT-IR system with
continuum IR microscope in the wave number range of
600—4000 cm™'. The scratch tests were performed by
using a Zwick testing machine of materials equipped with
microindentor. Cyclic polarization data were carried out
using an EG&G 273 potentiostat (263A), the obtained data
are in the form of potential versus logarithmic current
density curves. A conventional three-electrode set up was
used for electrochemical measurement, with graphite as
counter electrode and standard Ag/AgCl as reference
electrode). The potential was increased at a rate of 5 mV/s,
within a scan range of +3 V to —2 V. The corrosion

parameters (Ieorr, Ecor» and R;,) were calculated using
352SoftCorr III software.

Corrosion tests

Corrosion tests were carried out on uncoated and HA/
MWCNTs coated TiO, NFs films that are fixed in a cell
exposing an area 1 cm? in SBF solution at 37 °C. The SBF
solution has the following ions concentrations: NaCl:
7.934 g/l; NaHCO;5: 0.350 g/1; KCI: 0.222 g/1; K,HPOy:
0.174 g/1; MgCl,-6H,O: 0.303 g/l; CaCl,: 0.545 g/l;
Na,S0,4-10H,0: 0.161 g/l [24, 25].

Results and discussion

Scanning electron microscope images for TiO, NFs before
and after incorporation of the functionalized MWCNTs are
shown in Fig. 2. Figure 2a, b shows SEM micrographs of
TiO, NFs without incorporation of MWCNTs. It reveals
that the treated Ti surface is well covered with an obvious
network of TiO, NFs like bundles having an average
diameter of about 50 nm. Actually, these bundles are
constituted of NFs with very small diameter (about 10 nm)
as revealed by the TEM image of Fig. 3. The electron
diffraction pattern presented in Fig. 3b was taken from
fibers shown in Fig. 3a. It exhibits ring diameters equal to
those corresponding to the crystalline anatase TiO, phase.
Figure 2c, d shows SEM images of the MWCNTSs/TiO,
nanostructure, which show well dispersed many MWCNTSs
with an average diameter of about 20 nm and a length of
several micrometers. It is clearly seen that the MWCNTs
are homogenously attached onto the surface of the TiO,
NFs. Also, it can be observed from these micrographs that
the MWCNTs are bridged over the nanoporous structure,
formed by the TiO, NFs.

HRTEM of single TiO, NF (Fig. 3c) shows well-crys-
tallized anatase TiO, NFs, but one can observe that the
surface of the NFs is less crystallized than the inside due to
the defects induced by chemical treatments used in its
preparation. This irregular surface can increase the reaction
between TiO, NFs and MWCNTs.

The Raman spectra of TiO, NFs and MWCNTs/TiO,
NFs are shown in Fig. 4. The Raman spectrum of TiO, NFs
shows clear signatures at about 397.5, 416.6, and
641 cm™ 1, as expected [26]. While the Raman spectrum of
MWCNTSs/TiO, NFs shows both the features of TiO, and
the functionalized MWCNTs. For COONH, functionalized
MWCNTs, the Raman features observed at about 1363 and
1586 cm ™' represented the disorder-induced D band and
graphite carbon-related G band, respectively [27, 28]. The
peak that is observed around 1620 cm_l, as a shoulder to
the G band, can be caused by the oxidation of MWCNTs.
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Fig. 2 SEM surface
morphology of the treated Ti
surface in a mixed solution of
H>0, (30 wt%) and NaOH

(10 M) at 80 °C for 24 h,
calcined at 400 °C for 1 h to
obtain anatase NFs on the Ti
substrate (a, b) and MWCNTSs/
TiO, prepared by impregnation
at 80 °C (c, d)

TiO, NFs

300 nm

TiO;NFs

MWCNTSs /

300 nm

Fig. 3 TEM image (a), electron diffraction pattern (b), and HRTEM image (c) of the powders scraped off from the treated Ti surface covered

with TiO, NFs
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Fig. 5 FT-IR spectra of (a) TiO, NFs and (b) MWCNTSs/TiO,

In addition, the intensity of the all Raman peaks is con-
siderably enhanced in the case of MWCNTs/TiO, NFs.
This may be explained by the existence of a small Surface
Enhanced Raman Scattering effect which may appear as a
result of the MWCNT incorporation.

FT-IR spectra of MWCNTSs/TiO, NFs and pure TiO,
NFs are presented in Fig. 5. The two spectra showed a
similar shape. For MWCNTs/TiO, NFs, the band at
1550 cm ™! is attributed to the C=C bond which indicates
the presence of MWCNTs. The band at 1714 cm™' cor-
responds to C=O stretching of carboxylic groups [26],
which confirms that the MWCNTs, integrated with the
TiO, NFs, have been fully functionalized. This is in
accordance with the results of Raman spectra described
above. Both TiO, NFs and MWCNTs/TiO, NFs have the
same broad peak near the 3400 cm ™' corresponding to the
stretching vibrations of O-H linkage on the TiO, surface

[29, 30]. As one can observe, the bands located at 1132 and
1296 cm ™" which correspond to TiO, related vibrations,
shift to lower binding energies when MWCNTSs are
incorporated. This may be due to the interaction between
TiO, and CNTs.

XPS were acquired to confirm the MWCNTs integration
with TiO, NFs. The XPS data from Ti, O, C, and N core
levels of the MWCNTs/TiO, NF surface are shown in
Figs. 6 and 7. Figure 6 shows the core-level BE values of
bulk TiO, NFs; Ti 2ps3, at 458.3 eV and the Ti 2p;), at
464 eV with spin-orbital splitting of 5.7 eV). But both Ti
2ps; and Ti 2py), energies, measured from the MWCNTSs/
TiO, surface are shifted to higher binding energies by
0.5 eV. This shift may be due to the formation of CO-Ti
(OH); species that is explained by the chemical reactions
below. The hydroxide group (OH) is more electronegative
than CO group, so it interacts with the Ti atom by, either
capturing its electrons or causing its polarization, thus
leading to the rise of the BE. Since most metals are less
electronegative than OH group, the formation of a
hydroxide should be registered in XPS by an increase in
BE of the Ti peak. Moreover, the O/Ti atomic ratio is
calculated to be about 2.4 (Table 1), which is higher than
the corresponding ratio for pure TiO, (Table 2). This may
stem from the oxygen related to the oxidized MWCNTs
that was attached to the Ti ions of TiO,. Figure 7 shows the
corresponding high-resolution XPS and curve fittings of C
Is, O 1s and N 1s spectra where Fig. 7a, b present the high-
resolution XPS data from C 1s core levels of the TiO, NFs
before and after impregnation with MWCNTSs, respec-
tively. The C 1s peaks from the TiO, NFs before impreg-
nation (Fig. 7a) can be fitted to four peaks. The BE of the
contaminant carbon on the surface is assigned at 284.8 eV
(C-C/C=C bonds). The three peaks with binding energies
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Fig. 6 XPS spectra of Ti2p core level of MWCNTSs/TiO, in
comparison with pure anatase TiO, NFs
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Table 2 Atomic concentration deduced from the main XPS peaks of
the TiO, NF surface

Elements O C Ti N

Elements O C Ti

Atomic concentration (%) 44.2 39.2 18.1 1.1

Atomic concentration (%) 55.7 17.7 26.6

located at 284, 286.2, and 288.7 eV can be assigned to C—
H, C-0O, and C=0 species, respectively [31-33]. After
MWCNT integration, the C 1s band, considerably,
increased in intensity and can be fitted to six peaks
(Fig. 7b). The BE of MWCNTs and the contaminant car-
bon is assigned at 284.7 eV (C-C/C=C bonds). The four
peaks with binding energies located at 283.5, 286.4, 288,
and 289.8 eV can be assigned to C—-H, C-0O, C=0, and O-
C=0 species, respectively. The presence of the O—-C=0
species confirms that the MWCNTs, integrated into the
composite, have been functionalized with carboxyl groups.
The sixth peak appearing at about 285.6 eV may be
attributed to the presence of CO/Ti(OH); structure
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resulting from the interaction between the functionalized
MWCNTs and TiO, NFs [34]. This peak confirms the
linkage between the TiO, NFs and the MWCNTs.
Similarly, the O 1s spectrum of the TiO, NFs (Fig. 7c)
can be fitted to four peaks located at 529.6, 531, 532, and
532.5 eV and attributed to TiO, NFs, OH [35], C=0, and
C-0, respectively. After MWCNT integration, the O Is
peaks can be fitted to five peaks with four peaks located at
530.8, 532.3, 532.7, and 533.5 eV and attributed to TiO,
NFs, C-0, C=0, and O-C=0, respectively [31]. The fifth
peak located at 531.6 eV is assigned to the CO/Ti(OH);
structure [31]. These results provide further evidence that
oxygen-based functional groups were linked to the TiO,
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NFs network. As shown by the deconvoluted O 1s core
level spectrum before and after MWCNTs impregnation
(Fig. 7c, d), the fitted peak related to the TiO, NFs is
shifted with 1.3 eV in the same direction of Ti 2p shift
(mentioned above). The shift may be due to contribution
from two effects: (1) the chemical shift related to OH
attachment to Ti as explained above, (2) Eg (Fermi level)
shift which causes apparent rigid BE shift in the same
direction irrespective of the atomic species involved, since
the BE, by definition, is given as the energy difference
from the Eg [36, 37]. The high-resolution peak of N 1s
(400.5 eV) can be attributed to the presence of pyrrolic/
pyridine nitrogen [33] (Fig. 7d) resulting from MWCNT
functionalization.

The possible interaction between the functionalized
MWCNTs and TiO, NFs could be interpreted by means of
chemical interaction between the modified MWCNTSs and
TiO, NFs. In our experiment we used ammonium salt of
carboxylated carbon nanotubes (MWCNT-COONH,) to
create chemical compatibility with the TiO, NFs surface.
Such surface functional groups (O=C-O or COO™) provide
active sites for directed reaction between anatase nano-
crystals and MWCNTs [36]. For example, the —OH groups
on the Titanium possibly react with the —-OH and -COOH
groups on the MWCNTs surface through esterification to
form C—O-Ti or O=C—O-Ti bonds [38]. In this study, the
chemical reactions between TiO, and MWCNTs—-COONH,4
can be expressed as follows.

Initially, transition metal are, usually, highly reactive
toward hydrolysis reaction which must take place first and
form Ti hydroxide; Ti (OH) 4 [32]. The layer in contact
with air submits hydrolysis reaction (1).

TiO, + 2H,0 & Ti(OH), (1)

In water the resultant molecule decomposed to
[Ti(OH);] * with delocalized charge and a very small
amount of Ti* (OH); with localized charge on Ti atoms.

Ti(OH), < [Ti(OH),] "+OH" (2)

The used electrolyte R-COONH; (MWCNTs-
COONH,) dissociates strongly in water even more than
R-COOH (MWCNTs—COOH) by reaction 3:

16) O
Va H,0 .

R—C— 0O —NH, =——>=R—C + NHy (3)

N o

(0]
. .+ .
MWCNTs — C reacts with the Ti™ (OH); in the
\ O_

solution as shown in Scheme 1.

Scheme 1 Reaction of MWCNTs with TiO, NFs

There is an equilibrium reaction between [Ti(OH);]"
and Ti™ (OH); as shown in reaction (4).

[Ti(OH),] & Ti* (OH), (4)
n0 X

K is the constant of instability (K = ;=) and in order to
keep the equilibrium, the molecules Ti" (OH), react with
(6]
7
MWCNTs — C
N o-
[Ti(OH);3]" to Ti™ (OH)s.

A HA layer was deposited on the TiO, NFs/Ti and
MWCNTSs/TiO,/Ti substrates through an electrodeposition
process. The SEM images of the HA coating shown in
Fig. 7 reveal a continuous and uniform HA coating with
nanorice particle morphology for the two substrates; TiO,
NFs (Fig. 8a, b) and HA/MWCNTs/TiO, structure
(Fig. 8c, d). Compared to the HA layer deposited on the
TiO, NFs only, the HA layer deposited on the TiO,
impregnated with functionalized CNTs shows dense coat-
ing with nanorice particles, which may lead to higher
adhesion strength and good corrosion resistance. To study
the crystal structure of the nano-HA deposited on
MWCNTSs/TiO,/Ti substrate, we analyzed the XRD pattern
of electrodeposited coatings before and after alkaline
treatment. The XRD pattern (Fig. 9a) of the electrodepos-
ited coating mostly consisted of calcium hydrogen phos-
phate (CaHPO4-2H,0O, CHP) which transformed to HA in
alkaline solution. The intense diffraction peaks shown in
Fig. 9b at 25.84° and 32° belong to (002) and (211) crystal
planes of HA coating, and the peaks at 33.26°, 34.17°,
35.19° also came from HA. The diffraction peak located at
25. 3° is attributed to the anatase TiO, NFs.

In order to improve the crystallization and the interdif-
fusion between TiO, NFs and HA nanorice and relax the
electrodeposition stresses [39], the samples were annealed
in air at 900 °C for 1 h. The XRD pattern of the annealed
samples (Fig. 9c), obviously, shows better crystallization
of HA coating with sharp diffraction peaks, and anatase
transformation to rutile with disappearance of the Ti peaks.
This indicates that not only all the anatase transformed into

leading to a transformation of
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Fig. 8 SEM images of the crystalline HA coated on a, b TiO, NFs
and ¢, d MWCNTSs/TiO, NFs. The HA appears as nanorice grain-
shaped. They are fabricated by electrodeposition in an electrolyte

rutile, but part of the Ti substrate, also, has oxidized to the
rutile phase.

FT-IR spectrometry of the HA coating, after annealing,
is shown in Fig. 10. Phosphate (PO,>7) v vibration is
found in the band region of 1065-1160 cm™"' while phos-
phate v, band is present at 973 cm ™' [40]. The peaks in the
region of 1377 and 1458 cm™' are due to v; vibration
mode of carbonate CO5>~ ion, indicating that part of cal-
cium in HA transformed to CaCOs5 upon annealing. OH™
composing HA related band is observed at about
1631 cm™'. There are faint absorptions at about 870 and
1226 cm™', which belong to HPO,>~ bands [40]. Signifi-
cant bands are also discerned between 2700 and
3050 cm ™' that are due to adsorbed water. The character-
istics of the spectrum are similar to those of mineral phase
of bones [41].

Raman spectrum (Fig. 11a) from as-deposited HA/
TiO2/Ti film exhibits bands at 142, 435, 593, 966, and
1075 cm™". The first band corresponds to anatase NFs film
that may originate from the under layer TiO,. The strongest
band at 966 cm™' corresponds to the symmetric stretching
mode v; P-O of the tetrahedron PO,>~ [42]. The other
bands observed in the frequency regions of 400-490,
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300 nm

300 nm

containing CaCl, and (NH4),HPO, at constant potential of 3 V, then
treated in an alkaline solution

570-625, and 1020-1075 cm™ " are assigned to the v,, vy,
and v; type of internal PO,”~ mode [42], respectively.
Raman spectra of HA/TiO,/Ti and HA/MWCNTSs/TiO,/Ti
annealed at 900 °C (Fig. 11b, c) show all these bands along
with TiO, rutile bands (442 and 606 cm™ '), in addition to
the frequency band situated at 230 cm™' which corre-
sponds to the TiO, rutile structure. From these spectra, one
can observe that the rutile bands in the HA/TiO,/Ti heat
treated at 900 °C are strongest than the rutile bands
observed in the HA/MWCNTs/TiO,/Ti heat treated at the
same temperature (Fig. 11c). On the other hand, the
strongest peak which corresponds to the HA structure is
very weak in the case of the HA/TiO,/Ti film in compar-
ison with the observed one in the HA/MWCNTSs/TiO,/Ti
layer. This indicates, also, that the HA coating on the
MWCNTs/TiO, film is more dense and abundant than the
HA coating on the TiO, NFs alone.

In order to confirm the effect of the multiwalled CNTs on
the adhesion strength of the HA layer, we used scratching
method that consists in moving an indenter (with pyramidal
shape) on the surface of the specimens under an initial
constant force (20 N). The applied force produces a damage
of the film whose extent depends on the adherence. Clearly,
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= 100 A
s
> 80 Metallic implants may be susceptible to corrosive attack
D HA . . ..
2 by body fluids with subsequent release of metallic ions
*?:3 60 1 HA which might cause adverse effects to the surrounding tis-
TiO, HA sues. Therefore, it is crucial to investigate the corrosion
40 h AHA behavior of implant materials interacting with physiologi-
20 - cal environment. Figure 13 shows cyclic potentiodynamic
: A i i i polarization curves for TiO, NFs/Ti and HA/MWCNTs/
10 15 20 25 30 35 40 TiO, coated Ti substrate. The corrosion parameters
extracted from these curves (using special software: 352
1000 ) soft Corr III) are shown in Table 3. It can be seen that both
HA: Hydroxyapatite R (0 | h | di densi
Ti: Titanium samples have very low anodic current2 ensity (Ieor),
800 1 R: Rutile compared to pure Ti foil (34.66 pA/cm”) and nano-HA
— films (100 nA/cm?) prepared by using electrophoretic
=} . .
S 600 4 method [42]. Icorr values of the TiO, NFs/Ti and HA/
> MWCNTSs/TiO, coatings are 0.044 and 0.025 nA/cmz,
o respectively. Compared to other works [40, 42], these
% 400 7 anodic corrosion currents are almost negligible and present
the lowest corrosion rate. One can observe, also, that HA-
200 - coated sample has the lowest current density and the
HA HA highest corrosion resistance which is two times higher than
0 . that of TiO, NFs on Ti substrate. In addition, the anodic
10 20 and cathodic potentiodynamic curves of the HA-coated

Fig. 9 XRD patterns of the a as-prepared HA coating on TiO, NFs,
which mostly consisted of CHP as a precursor of HA, b HA coating
which originates from CHP transformation after treatment in NaOH
and ¢ the HA coated MWCNTSs/TiO,/Ti sample and annealed at
900 °C for 1 h

it appears that MWCNT impregnation can improve the HA
adhesion as can be seen in Fig. 12a, b. On the other hand,
heat treatment at 900 °C under air can further enhance the
adhesion strength as shown in Fig. 12c, d.

sample are superposed with a potential of almost 0 mV
(Fig. 13b) which is a further evidence of more stability.
However, the anodic and cathodic curves corresponding to
the TiO, NFs alone are not superposed, but the potential
shifted towards noble metallic potential direction and
reaches 260 mV (Fig. 13a). Moreover, no one of the tested
sample exhibits appreciable hysteresis indicating the
absence of passivity breakdown. Consequently, the coat-
ings, effectively, act as a well barrier to the transport of
electrons and ions between the substrate and the SBF
solution.
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Fig. 11 Raman spectra of

a non-annealed HA/TiO2/Ti,

b annealed HA/TiO,/Ti, and

¢ annealed HA/MWCNTSs/TiO,/
Ti at 900 °C
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Fig. 12 Optical micrographs of micro-scratching test of different sample surfaces: a HA/TiO,/Ti, b HA/MWCNTs/TiO2/Ti, ¢ HA/TiO,
annealed at 900 °C, and d HA/MWCNTSs/TiO,/Ti annealed at 900 °C
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Table 3 Results of electrochemical corrosion tests in SBF solution
for both uncoated and HA/MWCNTs coated TiO, NFs

Ti foil [42] TiO, NFs HA/MWCNTSs/TiO,
nanocomposite
Low 34.66 pA/cm? 0.044 nA/cm’® 0.025 nA/cm?
Eeore (mV)  —246.7 268 0
R, MQ) 495 873.5
Conclusions

HA/MWCNTSs/TiO, coatings were successfully fabricated
on pure Ti substrate. Before coating, the Ti surface was
chemically patterned with highly porous TiO, NFs net-
work. Functionalized MWCNTs were successfully inte-
grated between HA and TiO, NFs and showed a certain
role in anchoring the HA coating. The microstructure
analysis of HA/MWCNTs/TiO, surface showed homoge-
neous and dense nanorice particle morphology in com-
parison with the HA layer deposited on TiO, NFs only,
which led to higher adhesion strength of the coating. The

adherence can be further improved by annealing and the
obtained coatings show very good resistance corrosion in
SBF solution.
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