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Abstract: Nano-titania surfaces enhance rapid biointegration at bone/ implant interfaces. In this study,
nanotechnology was employed to prepare Ti-6Al-4V dental implant surface. Titanium alloy discs were anodized at
room temperature and heat treated (Groupl). Then, electrodeposition technique was used to coat the anodized
surfaces with hydroxy-apatite (Group2) followed by alkaline hydrothermal treatment (Group3). The different
surfaces were characterized by XRD, IFM, SEM and FTIR. The results showed that anodization of Ti-alloy disks
led to the formation of ordered nano-tubes arrays made of titanium oxide Anatase phase which acted as a template
for the precipitation of nano-hydroxy-apatite crystals. Conclusion: anodization is a simple method to prepare ordered
nano-titania that promoted the electrodeposition of highly nano- crystalline bioactive HA coating.
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1. Introduction: novel nano-engineered surfaces were developed to
Establishing and maintaining mature bone provide better biological outcomes, Brett, et al 2004.
tissue at the bone-implant interface is crucial for Titania nano-tube (TNT) arrays have attracted
osseointegration and long-term success of the much attention because of their large specific surface
implants. Many studies have focused on chemical area, favorable surface chemistry, and good
composition and characteristics of the surface to biocompatibility. Among different methods used to
control bone healing around dental implants. prepare TNT such as assisted-templet method , sol-
Therefore, various surface modifications have been gel process and hydrothermal treatment, an
applied to Ti-6Al-4V implants in an attempt to electrochemical anodic oxidation was advantageous,
enhance differentiation and promote direct contact Ge Ruixia et al, 2008. TiO, nanotubes produced by
between bone and implant material. None of these anodization are readily attached onto a titanium
modifications have established a rapidly healed and substrate in an ordered arrangement that is oriented
stable interface that is strong enough to support and aligned perpendicular to the substrate offering
functional loading for long periods, Brett, et al 2004. much improved electron transfer, Bayoumi et al,
A thin passivation layer formed on Ti- surface 2006.
is composed of smooth and dense TiO,. Such a layer The solubility of the calcium phosphates
lacks desirable bioactive properties that cannot impart coating into the of body fluids at the peri-implant
bone growth and strong chemical bonding. As well, region allow the saturation with the released ions to
there would be susceptibility for the formation of precipitate forming a biological apatite onto the
fibrous tissue that prohibits osteoblastic cells from surface of the implant, de Groot et al, 1998 and
firmly attaching onto the surface, and can cause Daculsi et al, 2003. This layer of biological apatite
inflammation and loosening of implant, Salata, 2004 contains endogenous proteins that serve as a matrix
Because of a nano-scaled structure of bone, it for osteogenic cell attachment and growth, Davis et
was expected that nano-structured TiO, would allow al, 2003 permitting the bone healing process around
for an increase in bioactivity, Alsberg et al, 2001. the implant and superior initial rate of
Furthermore, the bioactivity and adhesion of osseointegration Morris et al, 2000. Accordingly, the
osteoblasts on nano-grained titania and ordered nano- biological fixation and the clinical success rate would
porous surface improved by about 20-30% compared be expected to be increased, Geurs et al, 2002.

with large-grain size ,Garcia et al, 2002. Recently, a
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Several techniques have been developed to coat
metal implants surfaces with hydroxyapatite (HA);
for example, plasma spraying, sputter-deposition,
sol-gel coating, electrophoretic and electrochemical
deposition and biomimetic precipitation. Using
electrodeposition  technique for Hydroxyapatite
coating of Ti substrate avoid unwanted phase changes
because of operating at low temperature and deposit
complex architecture coating with controlled
thickness. Most importantly, deposition of nano-
structured HA crystals within the serrated TiO,
nanotubes imparted higher bond strength, Kar et al,
2006.

Hence, this study aimed at preparing titania
nano-tubes on the surface of Ti-6Al-4V alloy using
anodization process prior to precipitation of HA
coating via electrodeposition technique.

2. Materials and methods:
I-Preparation of the samples:
I-1-Acid etching of Ti-alloy samples:

A total number of 15 Ti-alloy disks
(Modern techniques and material engineering center-
America ELI [F130-84 alloy]) representing three
groups; five samples each, were utilized in this study.
The disks dimensions were 6 mm in diameter and 2
mm in thickness. The disks were embedded in Epoxy
resin block exposing an area of 28.3 mm? (mrd).
Stainless steel rod sheathed with Teflon for complete
isolation when immersed in electrolyte solution was
held to the block of each disk. The samples were fine
polished using Emery paper starting from grit 600 to
1200 and were cleaned ultrasonically in deionized
water for 5 minutes. The Ti-alloy disks were etched
in mixture of 80 ml/l HNOs, 60 ml/lI HF, and 150 ml/I
H,O, for 5 min at room temperature. Again, the
disks were ultrasonically cleaned in deionized water
for 5 min and then dried by air drier.

I-2-Anodization and heat treatment of the samples:
Titania nano-tubes arrays were prepared on the
disk surface by anodization. The anodization
processes was carried out potentiostatically in
designed electrochemical cell having two electrodes
using a direct current (DC) source that was kept at
constant voltage value of 20v. A platinum basket was
used as cathode and Ti-alloy sample was connected
as anode. The distance between cathode and anode
was about 4 cm. A mixture of IM.wt% HF and 1M
H3PO,4 aqueous solution having, pH 4.3 was used as
an electrolyte, which was magnetically stirred with
120 rpm by using magnetic stirrer. The anodization
process was performed for 45 min at room
temperature. The samples were cleaned ultrasonically
in deionized water for 5 min. Then, the samples were
heat treated at 500°C for 3 hours with heating/cooling

http://www.americanscience.org

575

rate of 30°C/min in Muffled electric oven with
automatically regulated thermocouple according to
Bayoumi et al 2005. Five samples were kept to
represent Groupl without going through the other
following steps.

I-3-Electro-deposition of calcium phosphate coating:

A single component cell was used to
electrochemically deposit a calcium phosphate
coating. The anodized heat-treated disks of Ti-alloy
were served as a cathode and platinum basket of high
purity was served as anode. The used electrolyte was
basically a modified simulating body fluid as referred
to Ban and Marino, 1998. The electrolyte was
prepared by dissolving 0.042 mol/l Ca (NOs),, 0.25
mol/l NH4;H,PO4 and 1.52 gm of MgCL.6H,0 in a
deionized water. The pH of the electrolyte was
adjusted to be 3.6-4 approximately by the addition of
Tris-buffer hydroxyl aminomethan- HCL. The
employed cathodic current density was 0.1mA/cm?
supplied by DC source. The electrodeposition process
was carried out for 30 min using 90 rpm magnetic
stirring in accordance to Shoeib, 2004. Five samples
subjected to this step were kept to represent Group 2.

I-4-Hydrothermal treatment:

For phase transformation of precursor of HA,;
Brushite, the anodized heat treated samples were
subjected to hydrothermal treatment according to
Nishio et al, 2000. The surfaces of five samples
represented Group 3 were positioned above boiled
1M NaOH solution for lhour in a properly sealed
beaker to be subjected to alkaline steam.

I1-Surface characterization:

Characterization of the prepared surfaces of
each group was performed including identification of
the composition of surface phases by X-ray
diffraction (XRD) and Fourier transform infrared
spectroscopic analysis (FTIR). As well, topographical
study of the nanotubes surface texture with optical
interference microscope (IFM) and examination of
the surface morphology by scanning electron
microscopy (SEM).

I1-1-X- Ray Diffraction (XRD) analysis:

Thin film X-Ray diffractometer with a copper
target (Cu « 4 = 1.54060) and Nickel filter (PAN
analytical,X’Pert Pro, Holand) was used in order to
identify the constituents' phases of the disk surfaces
and their average crystal size. The mathematical
procedures were facilitated by computer soft ware
(PSI-Plot, poly soft ware international, salt lake, UT).
The data of XRD were based on Bragg's equation.
The average crystal size of the constituents' phases of

editor@americanscience.org




Journal of American Science, 2011;7(4)

http://www.americanscience.org

the coating was calculated using Debye-Scherrer
formula, Kapczinski et al, 2003.

I1-2-Fourier Transform Infrared (FTIR) analysis:

Using (FT/6300 type A. Jasco, Japan), the
infra-red spectra of the surfaces treated samples were
obtained in reflection % to analyze the chemical
composition.

I1-3-Surface topographical study:

The length of Titania nano-tubes and their
diameters were calculated by using optical
interference microscope (IFM) (ZYGO Maxim-GP
200 profilometer). The evaluation of the surface
roughness was carried out using surface optical
profiler that traces the microstructure and topography
of surfaces in three dimensions.

The selected samples were carefully ground
and polished samples. Then, half of the sample
surface area of the disk was isolated by a covering
layer of nail polish to be electrically inconductive
during the anodization according to Vanzillotta, et al
2004. After anodization of the exposed other half;
two different regions could be clearly distinguished,;
an area of polished titanium-alloy surface and the
other was purple in color representing anodic oxide
film. Both regions were characterized by Scanning
Probe Microscope (SPM) to image the topography.
[1-4-Scanning  Electron  Microscopic ~ (SEM)
examination:

The prepared Ti-alloy disks were sputter coated
with gold- palladium using Hummer 5 sputter coater.
SEM was used to examine the surface morphology of
selected representative samples for each group at
different magnifications (JEOL JSM 5410, Japan
production).

3. Results
I-Surface characterization of anodized heat treated
titanium alloy (Group 1):

During the anodization process, it was observed
that there was an oscillation in current density. An
initial decrease in the current density occurred, and
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then followed by steady period and finally slight
increase took place that remained constant till the end
of the process. As well, there was a change in color
of the sample from metallic silver to be purple.
Phases were identified for anodized samples prior to
and after heat treatment using (XRD). Then, surface
characterization was performed using (FTIR), (IFM)
and (SEM).

I-1-X-Ray diffraction (XRD) analysis:

XRD pattern of anodized Ti- alloy disks is
shown in Figure (1-a). The peak values were
compared with ICDD cards number 00-001-1118, 01-
070-6826, and 01-071-1047 corresponding to TigO,
TiO,, and Ti,O5 respectively. The results of anodized
disks revealed that the surface was formed of these
oxides. The maximum peak intensity of 100% was
found at 26= 40.4673° and d =2.22982 for TisO phase.
The sharp peak of Ti,O; were captured at 2 8=
38.6050 °, d=2.33225 and I/l,= 4.56%. Very small
peak was detected for TiO, anatase phase at 26=
47.5810°, d=2.22911 with 1/1,= 0.41%.

XRD of the heat treated anodized Ti- alloy
disks at 500°C for 3 hours with heating / cooling rate
30°C/min is shown in Figure (1-b). ICDD 00-001-
1118, 01-070-6826, 01-071-1047, and 01-072-5005
corresponding to TigO, TiO,, TiOz and AlTis
respectively were compared with the obtained XRD
patterns that revealed that the surface was formed of
these oxides. The maximum peak intensity of 100%
was located at 26= 40.46°, d =2.22981 for TisO phase.
Sharp peaks of TiO, anatase were captured at 26=
25.5607 °, d=3.48503, with 1/1,=44.51%. Another two
peaks were also present at 26 =38.5764 °, and
d=2.3339 with I/l,= 37.79% and 26=82.84°, d=
1.16531 with 1/1,= 37.53%. Meanwhile only one peak
for Ti,O; was captured at 2 6= 71.08 °, d=1.32 with
I/l,= 3.25%. Al Ti; peaks were captured at 2 6=
63.62°, d=1.46403 with 1/1,= 52.33%, 26=63.5921°,
d= 1.46316 with 1/l,= 12.21% and 2 6= 63.62°, d=
1.46259 with I/1,= 51.55%.

. e
Figurel: XRD patters or anodized I 1-alloy prior neat treatment (a) ana arter neat treatment (b)

I-2-FTIR Spectroscopic analysis:
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The analysis of FTIR spectrum of anodized Ti-
alloy and heat treated disks is shown in Figure (2).
The spectra revealed the presence of well defined
bands of PO, and HPO,? groups. The bands at 964
cm™ and 1069 cm™ are characteristic for symmetric
vibration of PO, (y1) and asymmetric stretching

vibration of PO,?(ys) at 1016 cm™. A well defined
band detected at 1140 cm™ is characteristic for HPO,~
2. The (OH) stretching bending vibration frequency
of H,O bands was detected at 635 cm™, 1617 cm™
and 3564 cm™. The characteristic Ti-O bands were
present at 663 cm™, 836 cm™ and 1171 cm™.

GP 1 (Mano-titania)

Reflection®o

4000 3500 3 0e00 2500

2000 L5000 1000 S0

wavenumbercm-1

Figure 2: FTIR spectra of anodized and heat treated disks (Group 1)

I-3-Interference Microscopic examination (IFM):
Interference  scanning  micrograph  of
2500pum? scanned area of heat treated anodized group
is shown in Figure (3). The untreated surface; yellow
and orange colored area, had Ra = 0.159 pm and Rp-
v= 1.325 pm. Meanwhile the heat treated anodized
surface; blue area, had 0.306 pm and 1.969 um for

the same parameters. The average nano-tubes length
at that scanned area can be calculated from RP-v
(anodized surface) - Rp-v (untreated surface). It was
1.969-1.325= 0.644 um. The data analysis of surface
topography of heat treated anodized group referred to
untreated surface is tabulated in Table (3).

+1.70127

um

-1.87196
1.05

Figure -3: 3D IF micrograph of nano-titania (Group 1)

Table 3: 3D topographic parameters of 50 um x 50 um’ scanning area

Scanned area (Ra)

Rp-v

Untreated surface

158.9nm (0.159 pm)

1.325 um

Anodized surface

306.1nm (0.306 um)

1.969 pm
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I-4- Scanning Electron Microscopic examination
(SEM):

The surface morphology of both anodized
and heat treated anodized Ti-alloy disks are shown
in, Figure (4). The scanning electron micrograph of
Ti -alloy disks were obtained at magnification
X35000 that revealed the ultra microstructure of

nano-titania oxide layer. The scanned surface is
characterized by the presence of multiple, discrete
well defined nano-sized pores in an ordered
arrangement structure on the surface. There are pores
that range from 100-150 in number spread in the
scanned area; 1 um?, while the nano-tubes range from
45-60 nm in diameter.

Figure-4: SE Micrographs of the prepared heat treated anodized nano-titania at magnification X35.000

II- Surface characterization of electrodeposited
(Group 2) and hydrothermalalkaline treated (Group
3) HA coating:

I1- 1-X-Ray diffraction (XRD) analysis:

XRD pattern obtained for electrochemical
deposited layer on Ti-alloy surface (Group 2) is
shown in Figure (5-a). The data was compared with
ICDD card 01-080-0410 for brushite and ICDD card
01-076-0694 for hydroxyapatite. The obtained data
revealed that the coating composed of different
highly crystalline calcium phosphates from; mainly
brushite, and hydroxyapatite. The maximum peak
intensity of 100% was found at 26= 11.64° and d
=7.596 for brushite phase. Another sharp peaks were
captured at 2 6= 43.0872°, d=2.099 with 1/1,= 16.77%
and 26= 29.1092°, d= 3.067 with 1/1,= 13.5%. The
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maximum peak intensity for HA was captured at 2 8=
40.505° d=40.505 with 1/1,= 82.7%. Another peaks
characteristics for HA were also located at 2
$=31.9011° d=2.8 with 1/I,= 35.16% and 2 6=35.39
°, d=2.536 with 1/1,= 34.04%.

XRD pattern of hydrothermally treated
electrodeposited coating (Group 3) was shown in
Figure (5-b). The data was compared with ICDD card
01-076-0694 for hydroxyapatite. The obtained data
revealed that the coating was formed mainly from
highly pure crystalline hydroxyapatite coating
Cas(PO,)30H, hexagonal crystal lattice. The
maximum peak intensity of 100% HA was captured
at 2 6= 31.897, and d=2.8135.The other peaks were
located, at 2 6=32.632, and d=2.7668 with 1/1,= 62 %,
2 8=35.39, and d=2.536 with I/l,= 3.8%.
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Figure 5: XRD patterns of electrodeposited calcium phosphate (a) and alkaline hydrothermally treated HA (b
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I1-2-FTIR spectroscopic analysis of electrochemical
deposited and hydrothermally treated coating:

FTIR spectra of electrodeposited coating
before and after hydrothermal treatment and their
spectra analyses are shown in Figure (6).

The spectrum of Group 2 revealed the
presence of well defined wide bands from 568 to
1088 cmwhich are characteristic for PO, that
occurs in stoichiometric composition of HA.
Vibration band at 568 and 603 cm™ are characteristics
for symmetric stretching vibration of PO, (v,) while
bands at 869,957 and 987 cm™ are characteristic
bands for symmetric stretching vibration of PO,?
(u1). The spectral band at 1026 cm™ is characteristic
for asymmetric stretching vibration of PO, (v3). The
vibrational band at 1060, 1088 cm™ is characteristic

——— G 2 (Braeshite)

for symmetric stretching vibration of PO, (vs). The
symmetric stretching vibrational bands of HPO,?
group are observed at 1113, 1141 and 1226 cm™. The
symmetric stretching vibrational bands of CO5? are
detected at 871, 1421 and 1453 cm™. The absorbance
bands characteristic for H,O were observed at 624
and 3566 cm™ which denoting OH" group of HA.

The spectral analysis of hydrothermally
alkaline treated electrodeposited coating Group 3
revealed the presence of the same well defined bands
of PO,* HPO,2 OH and CO3? groups at same
wave length as Group 2 but with slight shift toward
the spectral inorganic region of the spectrum. The
analysis of vibrational bands of CO3? group revealed
the absence of band at 1453cm™.

——cip B (AL

CO?

PO,

100 aso
D e Y

GP 2 (Brushite)
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PO, 2

—aGp 3 (HA)
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Figure (6): FTIR spectra of anodized and heat treated disks (Group 2 and 3)

[1-3-SE microscopic examination:

The scanning electron micrograph of
calcium phosphate electrodeposited at pH 3.6- 4 is
shown in Figure (7). Thin needle like crystals
arranged nearly parallel to each other forming plates
having lengths ranged from 30 to 50 um. Elongated
micro-pores of 0.5-4um size are also present between
the plates.

ooaBzZ

The scanning electron micrograph of
hydrothermally treated electrodeposited calcium
phosphate coating is shown in Figure (8) that
revealed densely packed needle-like crystals. The
more refined structure formed of much smaller size
plates indicated typical hydroxyapatite structure of
nano-sized diameter. Tiny porous ultra-structure is
sited as background matrix on which the crystals

Figure (7): SE micrographs of electrodeposited calcium
phosphate coating X750
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Figure (8): SE micrographs of electrodeposited calcium
phosphate coating after hydrothermal treated X5000
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4. Discussion:

Anodization is a controllable, reproducible and
simple process to form nano-ordered tube TiO,, Yang
et al 2004. The fabrication of titania nano-tubes
arrays via anodic oxidation of titanium in a fluoride-
based solution consisted of HF and H;PO, were
reported by Habazaki et al, 2007.

1-Mechanism of nano-tubes formation:

The mechanism of nano-tubes arrays could be
explained on the light of two processes:
electrochemical anodization and  chemical
dissolution, Xiao, et al, 2007. During the anodization
process in the current study, it was noticed that an
initial current decay occurred probably due to the
formation of the compact titania film followed by
raising in the current due to the dissolution of that
compact film. Finally, a steady state of low current
was denoting due to the formation and growth of
pores where the rate of the titania film formation
equals the dissolution rate.

The process can be summarized as follow: (1)
oxide growth at the surface of metal occurs due to
interaction of the metal with O or OH ions. (2)
Metal ion (Ti™) migrates from the metal at the metal-
oxide interface and eject under application of an
electric field moving toward the oxide-electrolyte
interface. (3) Chemical dissolution of the metal and
oxide by the acidic electrolyte takes place during
anodization. However,  fluoride-containing
electrolyte plays a key role in the formation of nano-
tubes rather than nano-porous structure, Tsuchiya et
al, 2005.

The instantaneous anodic current application
led to the oxidation of Ti to Ti** ions according to the
reaction:

Ti = Ti¥ + 4e” (1)

Then, the anodic current rapidly decayed with
expected formation of an oxide layer that could be
related to the following hydrolysis reaction:

Ti*" + 2H,0 — TiO,+ 4H™ (2)

The released H" ions during hydrolysis should
have accumulated and F ions would migrate to the
site of H" for electro-neutrality while excess F ions
could compete for the sites of O% in the oxide. When
concentrations of these ions reach a critical level at
local regions, dissolution of TiO, would have
occurred by fluorotitanic acid by the following
reaction:

Ti + 2H™ + 6F~ — H,TiF; (ag)

Dissolution of Ti cations would create
negatively charged cation vacancies in the oxide and
would migrate to the metal/oxide interface because of
potential gradient across the oxide layer. The
presence of metal cation vacancies near the
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oxide/electrolyte interface would facilitate the
reaction (1) and Ti** could easily jump to the
available vacancy sites. This event was manifested by
the rise in anodic current. During this stage of
anodization nano-ordered pores were nucleated on
the oxide surface. A steady growth state of nano-
tubular oxide layer would occur as shown in
schematic illustration,

The voltage of anodization is an effective factor
on the formation of the titania nano-tube arrays.
Nano-tube samples prepared for 45min. at 20V
anodization voltage resulted in uniform ordered
nanotubes arrays grown on the top of Ti-metal
substrate of 200-400 nm lengths. At low anodizing
voltage, the morphology of porous film is sponge-
like, with a typical pore size of 15-30nm. On contrast,
an increased voltage would result in a surface of
particulate nature. Further increasing of voltage
would lead to the loss of that particulate appearance
with discrete, hollow and cylindrical tube-like
features ( Ghicov et al, 2005) .

On the other hand, Habazaki et al, 2006
specified that adding H;PO, to HF electrolyte
resulted in nano-granules, dot like structure. In this
study, the use of 1M H;PO, with 1wt% HF
electrolyte formed nano-tubes. The creation of nano-
tubes could be explained by delaying the accelerated
dissolution effect of F ions by competition with
PO,¥ ions resulting in localized dissolution of the
oxide layer (Mor et al, 2006).

The dissolved titanium cations can react with
phosphoric acid and form phosphates as given in
reactions (4) and (5). These products could
precipitate and form inner wall layers in the nano-
porous structure.

Ti*" + 2H,PO, = Ti(HPO,), + 4H"

Ti#* + Ti(HPO,),+ H,P0, - Ti,(P0.),(HPO,)+ 4H*

FTIR spectral analysis of the anodized samples
confirmed the presence of phosphorous species
(PO,* and HPO,%). The presence of phosphate ions
could facilitate the nucleation of calcium phosphate
nano-crystals within nano-tubes. Growth of HA
inside the nano-tubes would give anchoring effect to
electrodeposed HA nanocrystals that would enhance
the interfacial bond strength between TiO, and HA
coating, Kar, et al, 2006.

The X-ray diffraction pattern of anodized Ti-
alloy revealed the presence of many titanium oxides
phases including TisO, Ti,O3 and TiO, (anatase) with
areas of amorphous titanium oxide. The distribution
of the total % area of these crystalline titanium oxides
was 409.58, 28.07 and 1.3 respectively. Heat
treatment (500°C/ 3hrs) result in alteration in the
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distribution of crystals as revealed by great increase
in percent of TiO, (anatase) to about 52 on the
expense of other crystals, Nian et al, 2006. This can
be attributed to the probable presence of high defect
density (ion vacancies), which promotes metal ion
dissolution, allowing thermal diffusion of ions and
formation of more TiO, (anatase phase) and phase
transformation of the amorphous into crystalline
phase, Varghese, et al, 2003.

. XRD patterns in this study revealed crystal
size of anatase phase ranged from 20-40 nm. The
anatase phase is known to be much more beneficial
for bone growth than the other phases as rutile phase
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of TiO, presumably because of the better lattice
match with HA and smaller crystal size, Ma et al,
2005. Moreover, anatase phase has the highest
chemisorptions capacity due to its higher surface
energy, rough surface, and unsaturated oxygen bond,
Xie and Gao, 20009.

The calculated lengths of nanotubes were about
644 nm as revealed by the IFM in agreement with
Khan , et al, 2006. However, the SE Micrographs
exhibited a wide range of the length of nanotubes that
ranged from 800-1800 nm and their diameter ranged
from45-60 nm.

" T wibatnale

Electrolyie

Figure (9): A schematic illustration the mechanism of nanotubes formation (a) A stable oxide indicating Ti4+
and oxygen lattice positions. Oxygen vacancies are also present; (b) Cation vacancies are

transported to the metal/oxide interface

Inner wall
with anion
adsorption

Inner wall
with anion
adsorption

Figure (10): Cross-sectional view of the nanotubes of anodic titanium oxide layer. The outer wall of the tube
(hatched portion) does not contain anions and is more of barrier-type pure oxide material. The inner
wall contains adsorbed anions from the anodization solution, phosphate ions. The adsorbed
phosphate ions and Ti(OH)n-xXx phase help the nucleation of calcium phosphate crystals inside the

nanopores and subsequent vertical outgrowth.
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2-Electrochemical deposition of nano-hydroxyapatite
crystals:

When the nanotubes were cathodically
polarized in a modified simulating body fluid
solution containing calcium and phosphate ions,
hydroxyl ions were generated on the anodized
surface. Raja et al, 2005 suggested that hydroxyl ions
would be capable to transform monovalent acid
phosphates into (PO,)* ions. The calcium ions would
then electrostatically be attracted towards the
cathodically polarized nanotubes to complete the
hydroxyl apatite formation reaction. Thus, the HA
crystals nucleate preferentially inside the nanotubes.
The nucleation could be attributed to two reasons
which are (1) the presence of phosphate ions on the
inner walls of nanotubes and (2) relatively higher pH
inside the nanotubes because of hydrothermal
alkaline treatment of NaOH.

It was worthy to add MgCl, suggested by Wang
et al, 2003 and Yang et al, 2004 to act as nucleating
agent enhancing smaller size HA crystallization on
Ti-alloy surface. Moreover, modifying Ti-6Al%-
4V% implant surface either by Zn, Mg or carbonated
hydroxy-apatite is reported to modulate osteoblastic
cell responses, Krause et al, 2000.

Based on theoretical chemical bases, the
synthetic sequence used to produce bioceramic
coatings on metallic implant surfaces is a
combination of electrochemical reaction, acid-base
reaction and precipitation reaction. Water is firstly
reduced at the cathode surface i.e. at the surface of
the implant to produce hydrogen gas and hydroxide
ions, as shown in the following:
2H,0+26 «—>»  H; +20H -—-----
(2).

The hydroxide ions generated at the surface then may
react with di-hydrogen phosphate according to
equilibrium shown below:
OH +HPOe—»  HO0+HPO? -
- (2.

A probable stoichiometric precipitation of mono-

calcium phase (CaHPO,.2H,0); brushite, might occur:

Ca*?>+ HPO,? + 2H,@&—»

~(3)

n this study, the electric current density
0.1mA and pH 4.3 controlled the deposition rate and
the morphology of synthetic intermediary brushite
(CaHPQ4.2Hy).  Then, alkaline  hydrothermal
treatment raised pH up to 7 that would allow
transformation of brushite to highly pure HA crystals
according to the following equation; Shoeib, 2004.

Ca (HPO,) 2H,0
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5CaHPO,.2H,0 #6Na> Cas (PO4);0H
+10H,0 + 2NazPO, - (4).

XRD pattern confirmed the chemical
deposition of phosphate precursor;  brushite

(CaHPO,4.2H20), and the presence of HA crystals.
As well, the transformation of brushite to hydroxy-
apatite after alkaline hydrothermal treatment with
increased percentage of HA; Figure (5a and b).

FTIR analysis definited the presence of HA
crystals before and after alkaline hydrothermal
treatment as indicated by the presence of vibrational
bands 865, 872, 960, 980,1020, 1055, 1096,1116,
1145,1225, and 1415cm™. These bands assigned for
PO, and COg groups in stoichiometric composition of
mature HA Figure (6). While absence of some peaks
from FTIR spectrum of prior to hydrothermal
alkaline treatment proposed the nonstoichiometric
composition of HA Figure (6), Gadaleta et al, 1996.

Thin needle like crystals arranged nearly
parallel to each other forming plates having lengths
ranged from and 50 to 80 nm diameter. The elongated
micro-pores of size of 0.5-4 pm present between
needle like plates of microscale (30-50 pm) shown in
SE micrograph Figure (7) might have resulted from
the generation of hydrogen bubbles produced due to
cathodic reaction during electrochemical
precipitation, Nishio et al, 2000. Meanwhile, the
application of high pressure during alkaline
hydrothermal treatment refined the crystals giving
rise to thin needle like structure that identifying
typical HA crystals in nanoscale size; Figure(8), this
come in agreement with Shoeib 2004.

5. Conclusions:

1- A novel anodization technique was employed to
create ordered nano-titania arrays on the surface
of Ti-6Al1%-4V% alloy.

2- Immersion in solution containing HzPO, and HF
during anodization produced nuclei for HA
growth.

3- Heat treatment of anodized Ti-alloy surface
transformed the surface oxide to the beneficial
anatase phase of TiOy

4- Nano-titania tubes promoted the
electrodeposition of highly nano- crystalline
bioactive HA coating.
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