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Abstract—The biomimetic method is used to obtain hydroxyapatite (HAP) coatings on Ti6Al4V, Ti and
AISI 316L SS substrates. These substrates with different pretreatment surface operations (HNO;, anodic
polarization, base-acid) were immersed in concentrated simulated body fluids (SBF) for different days at
physiologic conditions of 37°C, initial pH of 7.4. Then the corrosion behaviours of substrates after immersion
in concentrated SBF were examined by electrochemical methods in Ringer’s and 0.9 wt% NaCl solutions at
a temperature of 37°C. Ions concentrations and pH analyses were carried out after incubation in concentrated
SBF. After immersion in SBF for different days, the surface morphology remains almost unchanged and no
apatite formation is observed. Corrosion currents of substrates increased after immersion. Ions concentra-
tions and pH values were shown variability according to soaking time and pretreatment surface operations.
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I. TINITRNUDUUITIUIN

The repair or replacement of damaged hard tissues
such as bone is a major clinical problem around the
world. Titanium, Ti6Al4V alloy and AISI 316L SS are
widely used as orthopedic and dental implant materials
due to their low elastic modulus, good biocompatibility
and corrosion durability. However, bone does not bond
directly to these materials as they get encapsulated by
fibrous tissue after implantation, which isolates them
from the surrounding bone [1—13]. In order to enhance
the bone-bonding ability, titanium, its alloys and AISI
316L SS are often coated with hydroxyapatite (HAP).
HAP is known for its biocompatible, bioactive (i.e.
ability of forming a direct chemical bond with sur-
rounding tissues), osteoconductive, non-toxic, non-
inflammatory, non-immunogenic properties [6, 7, 10,
11, 13—20]. Many different techniques have been used
application of HAP coatings onto metal substrates;
biomimetic, dip coating, thermal spraying and pulsed
laser deposition, electrolytic deposition, electrochemi-
cal deposition, a sol-gel method, sputter coating, using
wet chemical precipitation methods, hydrothermal
treatments, electrodeposition and (micro)emulsion
techniques. Most of them were conducted to obtain
HAP nanoparticles having ideal stoichiometry and
high crystallinity [5, 21—24].

Recent researchs have shown that the biomimetic
process is one of the most promising techniques for
producing a bioactive coating at ambient temperature

! The article is published in the original.
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active apatite layer is formed on a substrate after
immersion in an artificially prepared supersaturated
calcium and phosphate solution known as SBF [25].
The use more concentrated SBF solution allows the
deposition of an homogeneous Ca-P coating within 24
h and a few hours [1, 2, 4, 26—28].

This paper presents, the biomimetic method is
used to obtain hydroxyapatite (HAP) coatings on
Ti6Al4V, Ti and AISI 316L SS substrates. The solu-
tions are prepared concentrated simulated body fluid
(SBF) as 1.5xSBF and 3.0xSBF. Additionally, three
different pretreatment surface operations (HNO;,
anodic polarization, base-acid) are applied to the sub-
strates. Substrates soaked in 3.0xSBF and 1.5xSBF
solution different immersion periods of 1, 2, 3, 4, 5, 6,
7 days. Corrosion behavior of substrates after immer-
sion were examined in the Ringer’s and 0.9 wt. %
NaCl solutions at a temperature of 37°C. Ions concen-
trations and pH analyses were carried out after incuba-
tion in concentrated simulated body fluid

2. EXPERIMENTAL
2.1. The Preparation of the Substrates

Surface properties of the substrates play a major
role in the development of biomimetic HAP coatings
and their corrosion resistance. Commercially available
Ti6Al4V alloy, pure Tiand AISI 316L SS substrates are
used. They are polished with SiC paper at different
grades (240, 400,600, 800, 1000 and 1200), washed by
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Tablel. Fpecial constitutions of SBF, blood plasma, 1.5xSBF and 3.0xSBF

Tons Na® | K* Ca’* | Mg’ | CI° | HCO; | HPO; | SO}~
SBF concentration (mmol dm—3) 14200 | 500 | 250 | 150 | 147.80 | 420 | 1.00 | 0.50
Blood plasma concentration (mmol dm=3)| 142.00 | 5.00 | 2.50 | 150 | 103.80 | 27.00 | 1.00 | 0.50
1.5xSBF concentration (mmol dm~?) 21300 | 750 | 375 | 225 | 22170 | 630 | 150 | 0.75
3.0 xSBF concentration (mmol dm—3) 426.00 | 1500 | 7.50 | 4.50 | 443.40 | 12.60 | 3.00 | 150

using Bandelin ultrasonic bath for 15 minutes in order
acetone, alcohol and rinsed with bidistilled water at
30°C and finally dried in an oven at 40°C. Thus, they
are made ready for pretreatment surface operations
(PTSO).

2.2. Pretreatment Surface Operations
of Substrates (PTSO)

Overall the experiments, the chemicals used for the
study were reagents grade (Merck) precisely weighted.
Three pre-treatments are applied in order to accelerate
the coating process, including acid treatment
(HNO,;), acid treatment- alkali treatment (BA), and
anodic treatment (anodic).

These are summarized as follows:

a) Acid-base (BA) PTSO: The substrates are
immersed in 5 mol dm—3 NaOH solutions for 12 hours
at 60°C and they are kept for 12 hours at 25°C. Then,
they are washed in the ultrasonic bath for 15 minutes
by bidistilled water for two times and are dried oven at
40°C for one hour. After that substrates were kept in
1 mol dm=3 HCI at 60°C for 12 hours, and then
12 hours at 25°C. Following the acid treatment, the
substrates are rewashed in the ultrasonic bath for
15 minutes with bidistilled water for two times and are
dried in the drying oven at 40°C for one hour [1, 4, 5,
10, 19, 23, 24, 28—34].

b) Anodic polarization PTSO: Anodic polarization
isdone in 1 mol dm—3 HCI aqueous solution. It is con-
firmed that optimum treatment time was 300 seconds
in 1 mol dm—3 HCl aqueous solution and the potential
value is determined as 5 V.

¢) HNO; PTSO: Substrates were soaked for 20 min-
utes in technical HNOj; and after the acid treatment,
the substrates are washed with running bidistilled
water and dried at 40°C for one hour. The substrates
are cleaned in Bandelin ultrasonic bath for 15 minutes
in order acetone, alcohol, and bidistilled water 30°C.
Then, substrates are dried at 40°C for one hour in the
drying oven. Surface of substrates is made porous for
HAP coating. Substrates are kept in desiccator after
put in locked plastic bags [35—39].

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

2.3. Experimental studies of biomimetic HAP coating

HAP coating with biomimetic method is summa-
rized as follows:

a) The ion concentration in SBF closely resembles
the concentration of human blood plasma are pre-
pared using Kokubo’s formulation by dissolving
reagent-grade of CaCl,, K,HPO, - 3H,0, KClI, NaCl,
MgCl, - H,0, NaHCO; and Na,SO, in bidistilled
water. SBF solutions are prepared as 3.0xSBF and
1.5xSBEF. Special constitutions of SBF, blood plasma,
1.5xSBF and 3.0xSBF [1, 35—38, 40—42] are given on
Table 1. BA, HNO; and anodic PTSO are applied
seperately to substrates. To increase ion concentration
and to make easier the composition of the core apatite,
solutions are prepared as 1.5xSBF and 3.0xSBF and
buffering at physiological pH of 7.4 with 0.1 mol dm—3
tris (hydroxymethyl) aminomethane (TRIS) and
0.1 mol dm—3 hydrochloric acid (HCI) at 37°C [44].
TRIS was used to provide stability of solution [1, 33,
43—50]. Results described in the literature [43] where
SBF is shown to be easily contaminated by bacteria
even after short time exposure unless the experiments
are conducted under strict aseptic conditions its con-
centration in the solution. Furthermore, these bacte-
ria can be a health risk for the human [51]. In order to
prevent bacterial reproduction NaN; was added to the

solution as it will be 20 mg dm—3 [52, 53].

Prepared concentrated SBF solutions stored in
glass bottles and kept in a refrigerator. The SBF shall
be used within 30 days after preparation [34]. They
could be equilibrated at the testing temperature and
carefully mixed just before use [54].

b) 3 samples of substrates are put in each glass bot-
tle. Surface areas of Ti and Ti6Al4V substrates were
2.0096 cm? and totally 75 cm?® concentrated SBF solu-
tion is added [33, 35]. For that surface area of AISI
316L SS substrates were 0.785 cm?, totally 40 cm? con-
centrated SBF is added [35, 44, 55, 56].

¢) Glass bottles are put into the the shaking water
bath and shaking speed is arranged as 80 rpm, bath
temperature 37°C [57]. The substrates are soaked in
concentrated SBF for various periods of from 1 to
7 days before they are taken out for testing and analy-
sis. After the biomimetic HAP coating in concentrated
SBF solutions, substrates are washed kindly with
bidistilled water, kept in the drying oven at 40°C for
2016
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Fig. 1. Corrosion current densities of Ti6Al4V substrates
after immersed in 3.0xSBF for different soaking days.

3 hours and they are sintered in furnace at 850°C for
one hour [39].

d) The ion concentrations in the SBF are measured
directly after the samples were removed, using Perkin
Elmer Plasma 400 inductively coupled plasma atomic
emission spectrometer (ICP-AES). Three readings are
taken to obtain the average value [3, 4, 40, 41, 44—49,
57, 58]. At the same time pH values are measured by
using ORION pH meter.

e) Corrosion experiments are carried out in 0.9 wt %
NaCl and Ringer’s solutions. A conventional three-
electrode cell is used for all the electrochemical mea-
surements. A saturated calomel electrode (SCE) is used
as a reference electrode, platinum foil as a counter elec-
trode and Ti6Al4V, Ti and AISI 316L SS substrates as
the working electrodes. All potentials referred to the sat-
urated calomel electrode. Solutions are prepared with
bidistilled water using Merck grade reagents. Measure-
ments are obtained using a system consisting of a Refer-
ence 600 potentiostat/galvanostat/ZRA system. In
order to test the reproducibility of the results, the exper-
iments were repeated three times.

3. DISCUSSIONS

The concentrated SBF solution is not refreshed
during the soaking procedure. The results of the SBF
soaking test confirm that apatite cannot form on the
surface of substrates [24]. Uchida et al. [59] reported
that anatase and rutile may provide atomic arrange-
ments in their crystal structures suitable for the epitaxy
of apatite crystals. The apatite formation on rutile
TiO, takes longer immersion time [30]. After reaching
their critical size, seeds can start growing into crystals.
The nucleation and growth kinetics of the crystal
depend on the temperature, pH, composition, and
saturation of the solution. Calcium and phosphate
ions are responsible for the formation of the calcium
phosphate layer on the metal surface [5]. Figure 1
shows corrosion current densities of Ti6Al4V sub-
strates after immersed in 3xSBF for different soaking
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Fig. 2. pH values of substrates after immersed in 3.0xSBF
for different soaking days.

time periods E,_,, values of HNO; and anodic PTSO
Ti6Al4V substrates in Ringer’s solution (immersion in
3xSBF) shifted to more positive potentials. Hydroxy-
apatite coating with biomimetic method in 3xSBF
solution did not occur on the surface of Ti6Al4V sub-
strates. Corrosion current densities of Ti6Al4V sub-
strates are the level of uA although 3xSBF solution
(about 3 times concentrated than body fluid) is very
intensive. Corrosion resistance of Ti6Al4V are very
low, B, and 3, values can be changeable according to
solution type (0.9 wt % NaCl and Ringer’s solution)
and soaking times. Krupa et al. [46] study have shown
that after the oxidation of titanium, the corrosion
resistance increases. After long-term exposures, cal-
cium phosphates were found on the sample surface,
and their amount was bigger on the oxidised surfaces.
As a result of corrosion experiments of Ti6Al4V sub-
strates are carried out in Ringer’s solution (HNO;
PTSO and immersed in 3xSBF), corrosion current
density is increased with increasing duration time until
3 days. Ti6Al4V alloy in 0.9 wt % NaCl solution
shows same behavior despite being a few exceptions.
Corrosion currents in 0.9 wt % NaCl are less than
Ringer’s solution in 3", 4™ 5% days of soaking. pH
values of substrates after immersed in 3.0xSBF for dif-
ferent soaking days is given Fig. 2 Considering pH
change for HNO; PTSO Ti6Al4V substrates (Fig. 2),
pH is increased as the immersion time increases in
concentrated SBF solution. This shows that apatite
nucleation starts on surface consist of oxides and
hydroxides. Ca?* ions increased until 5™ holding days
(except 4" holding days) then they decreased (Fig. 3).

This indicates that Ca?* ions are solved in a SBF
solution [23]. CaO phase is formed Ca?" in hydroxy-

apatite structure more readily soluble and Ca?* con-
centrations were varied anodic and BA PTSO Ti6Al4V

substrates. When the concentration of PO}~ analyzed
is decreased till 5™ immersion days and then it is

increased. This can be interpreted POi_ contributed to
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Fig. 4. Corrosion current densities of Ti substrates after
immersed in 3.0xSBF for different soaking days.

the formation of apatite on the surface of Ti6Al4V sub-
strates and then 5" soaking days apatite rapidly dis-
solved in SBF solution. Consequently corrosion
experiments of Ti6Al4V substrates in Ringer’s solution
(immersed in 3xSBF and anodic PTSO), corrosion
current density is increased until 4™ days of exposure
to concentrated SBF solution (excepts 2"¢ days). This
shows that corrosion products occurred on the of the
Ti6Al4V substrate cover of surface, therefore the cor-
rosion current densities are decreased. Corrosion
experiments of the Ti6Al4V substrate in 0.9 wt % NaCl
solutions (anodic PTSO and soaked in 3xSBF), corro-
sion current densities are increased until 4™ day of
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immersion (except 2"¢ days) then corrosion current
densities increased. TiO, can be occurred on the sur-
face of Ti6Al4V substrates by using anodic PTSO with
potentiostat this product will help to passivation of
surface. pH is increased as the immersion time
increased (Fig. 2). Ca’' ions concentration shows
variability according to conditions. Increase of Ca?*
ions in solution according to ICP-OES analysis shows
that Ca?* ions soluble from the surface of substrat
(Fig. 3). It can be interpreted decrease of Ca®" ions in
solution supported apatite formation. The same thing
can be said of phosphate ions.

When we considering corrosion experiments of
Ti6Al4V in Ringer’s solution (soaked in 3xSBF and
BA PTSO substrates). Although corrosion current
density increases in the first days of immersion and
then decreases gradually again in the next 4™ days.
Corrosion current densities of Ti6Al4V after 5™ and
6" soaking in 3xSBF have not increased notably and
7t days significantly increased.

The formation and growing of apatite on Ti
implant surface support by alkali PTSO and then heat
treatment process [60]. A porous layer after alkaline
PTSO is occurred. During drying process come cracks
comprise. Cracks are caused by the thermal coeffi-
cients are due to the difference between the metal and
hydroxyapatite [60]. The cracks are sourced by the dif-
fusion reaction between the coated surface and SBF.
Some micro cracks is by virtue of diffusion of ions
from SBF to coating surface. The ions solubility in
hydroxyapatite coating are affected from phase crys-
tallinity porosity and thick of metal substrate [23]. pH
changes of substrates (BA PTSO and immersed in
3xSBF) increased until 5" soaking days (Fig. 2) then
decreased pH increase is supported the apatite forma-
tion [5].

The NaOH pre-treated titanium metal forms apa-
tite in a biological environment through the following
mechanism. The metal releases sodium ions from the
surface amorphous sodium titanate layer into the sur-
rounding fluid through an ion exchange process and
with the hydronium ions present in the surrounding
fluid leads to form Ti-OH groups on its surface. The
Ti-OH groups induce apatite nucleation, and the
released sodium ions accelerate the apatite formation
by increasing the pH of the fluid.

TiO, + OH~ — HTiOs, (1)
Ti + 30H™ — Ti(OH)¥* + 4e, )
Ti(OH)¥* + e — TiO,H,0 + 0.5H,. 3)

Corrosion current densities of Ti substrates after
immersed in 3.0xSBF for different soaking days is
given Fig. 4.

When Fig. 4 is noted that corrosion current density
of pure Tiin 0.9 wt % NaCl solution (soaked in 3xSBF
and HNO; PTSO) is very small. Percent inhibition
Vol. 52
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value is 99%. The corrosion experiments in Ringer’s
solution (soaked in 3.0xSBF and HNO; PTSO) corro-
sion current densities show variability depending on
immersion time. In this instance surface of Ti con-
sisted of oxides and hydroxides. Growed out of oxide
and hydroxides covered the surface of Ti caused
decrease of corrosion current density. Acid etching of
titanium generates a TiH, layer and subsequent NaOH
treatment induces the growth of a sodium titanate
layer. Immediately after exposure of pre-treated tita-
nium to SBF, calcium and hydronium ions substitute
sodium that is leached from the sodium titanate layer.
The formation of OH~ groups at the surface leads to
pH increase and thus to an increase of the ionic activ-
ity and of the super saturation of the SBF solution with
respect to carbonated apatite in the region near the
surface. As a result a calcium phosphate nucleates on
the calcium titanate layer [61].

In addition, after the soaking experiments, sintering
process is performed in a muffle furnace. Sintering pro-
cess is carried out 850°C for one hour by use normal air.
Titanium at high temperature is very sensitive to H,, O,
and N, gases and occur titanium oxide and titanium
nitride oxidized by these gases. Titanium hydride rap-
idly develops upper 250°C. Absorption of O,, N,and H,
leads to fragility at high temperatures [62]. When short
duration time experiments (1—7 days) are analyzed in
3xSBF solution, corrosion currents are seen higher
(excepts some exception). Likewise, pH values (Fig. 2)
are variable of corrosion current densities. Naturally or
anodically formed oxide on Ti, which essentially con-
sists of Ti dioxide (TiO,), effectively protects the metal
from rapid dissolution in the harsh body environment.
Furthermore, the oxide film enables Ti to exhibit bioac-
tivity in body fluid by providing a site for the deposition
of calcium and phosphate compounds and thus induce
ionic exchange with apatite from bone tissue [6]. It is
important that the anodized surfaces, where the oxide
layer was intentionally increased, interacted more
actively with modified SBF. Anodized surfaces have
more oxygen, a higher chemical potential (e.g., OH™),
and Ca?" and P?~ ions incorporated during anodic oxi-
dation [63].

In Figs. 5 and 6 summarized different biomimetic
conditions used to produce apatite coating, also from
the first day until 7™ days of immersion, corrosion
current densities of hydroxyapatite coated 316 L stain-
less steel are increased and polarization resistance of
them are decreased. i, values of 316 SS are consid-
erably higher than Ti6Al4V alloy and Ti substrates.
According to Nagayama and Kawamura [64]; the film
layer on the iron are as follows: They founded that
outer layer Fe,O; formed in the active zone consist of
Fe;0, on the iron surface.

Studies on retrieved implants showed that more
than 90% of the failure of 316 SS-implants is due to
localized electrochemical cells resulting in pitting
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Fig. 6. Corrosion current densities of AISI 316L SS sub-
strates after immersed in 1.5xSBF for different soaking days.

attack, or crevice corrosion at the interface between a
plate and a locking screw. The increased electrochem-
ical activity by increasing the deformation degree
might be related to the increased martensite content
due to deformation. The martensite phase could act as
an anode in an electrochemical cell and is thereby
prone to selective dissolution. Chloride ions are
adsorbed preferentially on martensite locations and
then react with the surface film. This leads to destruc-
tion of the surface film and delays its restoration. Gen-
erally, corrosion resistance of stainless steels is
achieved by dissolving a sufficient amount of chro-
mium in iron to produce a coherent, adherent, insu-
lating and regenerating chromium oxide protective
film (Cr,0;) on the surface. This passive film of chro-
mium oxide formed in air at room temperature is only
about 1—-2 nm. Pitting corrosion is the result of the
local destruction of the passive film and subsequent
corrosion of the steel underneath this layer. The pit
formation is influenced by many factors such as mar-
tensite content, dislocation density and internal
stresses [65]. A. Barbucci et al. [66] have related the pit
initiation to the passive film stability, which is influ-
enced by cold deformation. The increased number of
pits by increased cold work suggests a much higher
Vol. 52
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Fig. 7. Corrosion current densities of Ti6Al4V substrates after immersed in 1.5xSBF for different soaking days.

defective oxide film in deformed material. Practically
said that CI~ ions often cause pitting corrosion of met-
als. The mechanism of pitting corrosion by Cl~ ions is
not fully explained. The best explanation for pitting
corrosion has been to give the free acide, Cl~ formed
HCl to connection water.

Figure 7 presents, corrosion current densities of
Ti6Al4V substrates in Ringer’s solution (BA PTSO
and soaked in 1.5xSBF) are decreased and polariza-
tion resistance values are increased 2", 3t
4™ immersed days. Percent inhibition values are cal-
culated for the first day duration time is 66%, for 2"
and 4" days duration time are 90%, for 3™ days dura-
tion time is 91%. When metals treated in NaOH are
soaked in SBF, the alkali ion in the alkali titanate layer
exchanges with the hydronium ion in the fluid, to
increase the ionic activity product of the apatite in the
fluid by increasing pH. Simultaneously, hydrated tita-
nia is formed on their surfaces, and induces the apatite
[7]. There aren’t any linear change as a result of after
corrosion experiments in Ringer’s solution (immersed
in 1.5xSBF and HNO; PTSO). After corrosion exper-
iments in Ringer’s solution (soaked 1.5xSBF and
HNO; PTSO) corrosion current density decreased
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Fig. 8. pH values of substrates after immersed in 1.5xSBF
for different soaking days.
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increasing soaking time till 2™ days and increased 3"
and 5" duration time days. Lu et al. [67] proposed that
the increased surface roughness of the Ti specimen by
etching with mixed acids led to good adherence
between Ca-P coatings and substrates.

Hereby corrosion experiments in 0.9 wt % NaCl
solution (immersed in 1.5xSBF and HNO; PTSO),
corrosion current density of Ti6Al4V substrates
increased until 3™ days of immersion and then vari-
ability show increase and decrease. When we look at
pH changes (Fig. 8), HNO; PTSO Ti6Al4V sub-
strates), they are seen that the formation of oxide on
Ti6Al4V surface ions quantity of Ca?* ions (Fig. 9 and
HNO; PTSO) are decreased (except 5" days duration
time). Decreasing Ca?* ions in solutions show that
Ca?* jons deposited on the substrates for formed apa-
tite. In solution analysis phosphate quantity is
decreased. This show that formation of apatite less
than 3xSBF avoided and a uniform surface coverage of
apatite on the TibAl4V substrates was obtained
according to the following equation [5].

10Ca™ + 6PO; - 20H ¢ Ca, (PO,), (OH), (4)

Cationic species, i.e. CaZ" and Mg?" are favorably
attracted onto the TiO, passive layer covering
Ti6Al4V plates. Titanium substrate is believed to be
negatively charged at physiological pH, whereas
results show evidences for chemical affinities
between Ti and HPO,* but rarely Ti and Ca?" [2].
The negatively charged surfaces are always favorable
for the heterogeneous nucleation of HAP in a super-
saturated solution called “simulated body fluid”
(SBF) or Kokubo solution, whereas the nucleation is
inhibited on positive surfaces. The accepted interpre-
tation is that the accumulation of Ca?* ions due to the
electrostatic attraction increases the super saturation
near the negative surfaces, and as a result, the initial
nucleation is preferentially triggered [34].

The presence of Na*, HPO?{, HCOj, Ca**, Cl-in
the aqueous media of SBF maintained at 7.4 pH
Vol. 52
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Fig. 9. lons concentrations after immersed in 1.5xSBF for different soaking days and Ti6Al4V.

results in formation of NaCl; increased ionic strength
leads to an increase in pH of solution [69]. The as-
deposited thin films soaked in SBF for 4 weeks did not
show any notable amount of apatite particles on their
surfaces [70].

Corrosion current densities of Ti6Al4V substrates
in Ringer’s solution (soaked in 1.5xSBF and BA
PTSO) are very low 2", 3" and 4™ days of exposure to
1.5xSBF solution, Ti6Al4V alloy shows the passivity
properties. Then corrosion increased breakdown of
passive film. Corrosion current densities of Ti6Al4V
substrates in 0.9 wt % NaCl solution (soaked in
1.5xSBF and BA PTSO) is decreased until 3™ and
4 days of immersion as regional corrosion current is
increased by breaking the film. Corrosion current is
reduced again to repair film itself. Ca>" ions values
showed significantly variability. There aren’t Ca?* ions
in solution 6™ days of immersion. After NaOH-treat-
ment of the Ti6Al4V substrate, due to surface passiva-
tion TiO, is formed. The alkali treatment produces
negatively charged Ti-O-groups interacting with posi-
tively charged Ca®" ions, which in turn attract phos-
phate ions from the precursor solution to form an ini-
tial calcium-phosphate layer [5, 11, 24, 25, 29, 34, 71].

Figure 10 offers, the corrosion current densities are
increased, polarization resistance are decreased. Cor-
rosion current densities compared in 0.9 wt. % NaCl

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

and Ringer’s solution, corrosion current densities of
anodic PTSO Ti substrates are lower than corrosion
currents of BA PTSO and HNO; PTSO Ti substrates
(1%, 2nd, 31 and 5™ days of immersion). Corrosion
experiments of Ti substrates (HNO; PTSO and
immersed in 1.5xSBF) corrosion current densities
increase with increasing duration time till 6" days. The
chemical treatment with an acidic HNO; aqueous
solution (pH = 0.7) results in an anatase-type TiO,
film of very low crystallinity (TiO, gel) formed on the

40 _ ®m Anodic (Ringer)
¥ HNOS3 (Ringer)
= BA (Ringer)
30 L # Anodic (0.9 wt. % NaCl)
- 7 HNO3 (0.9 wt. % NaCl)
‘ % # BA (0.9 wt. % NaCl)
£ é
Q 7 %
<20+ 7 Y
= .
= 3 2
3] % a
~ ; % 2
- % Z
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7 7 2
. .
0 % / A/

0 1 2 3 4 5 6 7
Soaking days

Fig. 10. Corrosion current densities of Ti substrates after
immersed in 1.5xSBF for different soaking days.
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Ti surface. The Ti-OH groups reportedly act as nucle-
ation sites for HAP on TiO,. As pointed out in, the
Ti-OH groups react with hydroxyl ions in the SBF,
(pH = 7.4), leading to a negatively charged surface
with functional Ti—O-groups. The latter attract from
the SBF positively charged Ca?* ions which in turn

attract negatively charged PO?{ ions from the solution.
Subsequently, a calcium-phosphate layer is formed on
the TiO, surface. Thus, soaking in H,0, results in the
formation of Ti-OH groups owing to the interaction of
Ti cations from the oxide layer with OH™ groups in the
aqueous medium. The Ti—OH groups may be either
acidic or basic, depending on the pH of the solution,
hence, higher pH values provide better conditions for
the HA nucleation and growth.

Once apatite nuclei are formed, they grow sponta-
neously by calcium and phosphorous ions from the
surrounding solution and this can be further enhanced
if the sodium titanate on its surface is converted into
anatase Ti [5].

Corrosion current densities of Ti substrates (soaked
in 1.5xSBF and HNO; PTSO) are increasing with

increased duration time till 3" days of immersion. At
this stage oxides and hydroxides formed on Ti surface.
Formed these oxides and hydroxides covered the Ti
surface and corrosion is reduced.

Corrosion currents of Ti substrates in Ringer’s
solution (immersed in 1.5xSBF and anodic PTSO) are
increased with increasing soaking time until 4™ days.
At this stage oxides and hydroxides formed on Ti sur-
face. Corrosion current is decreased until 5" and
7t days of immersion, corrosion current increased
6" days of immersion. Similar behaviour is observed
in 0.9 wt % NaCl solution. Corrosion currents of Ti
substrates in 0.9 wt % NaCl solution (soaked in
1.5xSBF and BA PTSO) changeability demonstrated.
Etching in either alkaline or acid solution is often used
to obtain Ti-OH bonds and porous structures to
induce HAP deposition [6]. It is suggested that a
porous network of the titanium surface arising after
the NaOH pretreatment favors the nucleation of cal-
cium phosphates [11].

First of all corrosion current densities decreased
then resulting oxides and hydroxides surface closed.
Corrosion currents increased due to aggressive chlo-
ride ions in the Ringer’s and 0.9 wt % NaCl solution.
The measured pH values (Fig. 8, BA PTSO Ti) is typ-
ically considered to be 7.28 and above. The cathodic
reaction in neutral and alkaline solutions are in the
form of reduction of water and oxygen. For this reason
at these pH’s formed oxides and hydroxides on the
surface. Aforementioned explains increasing and then
decreasing the corrosion is due to oxides and hydrox-
ides formation.

It should also be emphasized that the modification
of SBF had reproducible and effective results on bio-
mimetic deposition. A limitation of biomimetic depo-

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES
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sition is the slow rate of CaP deposition, with a lack of
reproducibility of its effects due to the arbitrary SBF
composition [54].

4. CONCLUSIONS

+ Apatite cannot form on the surface of substrates
after concentrated SBF soaking tests.

* pH is increased as the immersion time increases
in concentrated SBF solutions

« Increase of Ca?* and POi_ ions in concentrated
SBF solution shows that ions soluble from the surface
of substrates

» Corrosion current densities increased with dura-
tion soaking times.
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