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Abstract:  The electrochemical behavior of Ti-6A1-7Nb alloy with and without plasma-
sprayed hydroxyapatite (HA) coating was investigated in Hank’s balanced salt solution at 37
“C. This behavior was evaluated by analyzing both corrosion potential variation with time
curves and potentiodynamic polarization curves. The polarization curves were determined
both in acrated and deacrated solutions. It was found that the corrosion potential of uncoated
sample is always more noble than that of coated one. In aerated solutions the polarization
curve of a coating-free alloy presents a typical passive/transpassive behavior, which is absent
in the HA-coated alloy and in deaerated solution for both coated and uncoated conditions. In
the latter polarization curves, the current density continuously increases with the increase of
the potential. The corrosion rate determined from polarization curves is higher for HA-coated
alloys, but it still can be considered negligible (less than 1 pAfem?). © 2002 Wiley Periodicals, Inc.

DO IPEN
DEVOLVER NO BALCAO DE

EMPRESTIMO

PRODUCAO TECNICO CIENTIiFICA

] Biomed Mater Res (Appl Biomater) 63: 664—-670, 2002

Keywords:  titanium alloy; hydroxyapatite; corrosion; biomaterial; dental implant

INTRODUCTION

[n order to fulfill their function. metallic implants must, first
be accepted by the body. This acceptance, or biocompatibil-
ity. is improved when the surface in contact with living
tissues is coated with a ceramic material capable of forming
a strong chemical bond with natural bone. Calcium-phos-
phate-bearing ceramics, especially hydroxyapatite (HA), are
the most suitable coatings for this purpose.'? Hydroxyapatite
is the inorganic component of bones and teeth. It has been
identified as a bioceramic with bioactive properties suitable
for bone substitution and interfacing layers in surgical im-
plants. Hydroxyapatite [Ca (PO,)o(OH),] has a similar min-
eral constitution to that of bone. and its high calcium and
phosphorous components favor tissue response by accelerat-
ing and enhancing fixation to hard bone without the interac-
tion of soft tissue.” It can. also enhance early bone tissue
formation in porous coatings such that full weight bearing can
be allowed much sooner after sureery.”
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Some implants are made of titanium or a titanium alloy
coated with a thin layer of hydroxyapatite, applied by the
plasma spray technique. It is believed that this coating can
reduce the metal-ion release-kinetics, simply by acting as a
physical barrier. On the other hand, this coating must be
porous in order to assure good osseointegration.>™’ However,
the coating porosity may affect the corrosion behavior of
metal implants. The corrosion of biomaterials is critical and
can adversely affect biocompatibility and/or mechanical in-
tegrity.-1?

Currently, titanium or titanium-aluminum-vanadium al-
loys are the metallic materials of choice for endosseous
implants. More recently, the Ti-6A1-7Nb alloy has been also
considered for this application. In two previous works the
histological responses,® and in vitro and in vivo biocompat-
ibility'" of the latter alloy with and without plasma-sprayed
hydroxyapatite were investigated. /n vivo tests carried out in
mongrel dogs showed a satisfactory osseointegration in both
coated and uncoated alloys.

The aim of the present work was to evaluate the éffect of
hydroxyapatite coating on the electrochemical behavior of
Ti-6Al-7Nb alloy in Hank's solution, which simulates the
body environment. This behavior was evaluated by analyzing
both corrosion potential variation with time curves and po-
tentiodynamic polarization curves, obtained for both comted
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TABLE I. Semiquantitative Chemical Composition of Ti-6Al-7Nb
Alloy Determined by EDS Analysis

Element
Ti Al Nb
w1 89.78 4.64 5.58

and uncoated titanium alloy samples. The obtained data can
be valuable for estimation of implant corrosion resistance and
for anticipation of their effect upon possible biochemical and
cellular events at the bone—implant interface.

EXPERIMENT

The semiquantitative chemical compositions of the Ti-6Al-
INb alloy and the hydroxyapatite coating deposited by
plasma spraying are given in Tables I and II, respectively.
These compositions were determined by energy-dispersive
spectroscopy (EDS) analysis.

The samples used in this investigation consisted of small
cylindrical-shaped screws 10 mm long and with a diameter of
about 4.0 mm. The shape of these samples is shown in Figure
I. The coating procedure (hydroxyapatite by plasma spray-
ing) is described elsewhere.® Figure 2 is a scanning electron
micrograph (SEM) of the hydroxyapatite-coated screw sur-
face. Note that the metallic surface is totally covered and that
the coating is porous,

The electrochemical tests were run in a single dark glass
electrochemical cell containing 600 ml of Hank’s balanced
salt solution (HBSS), the composition of which is given in
Table III. Instituto Adolpho Lutz, Siio Paulo. Brazil, prepared
this solution. A saturated calomel electrode (SCE) was used
as the reference electrode, and a graphite rod was used as the
counter electrode. Both aerated and deaerated tests were
carried out in a thermostatic bath at (37.0 = 0.1) °C. In
deaerated tests the sample was already inside the solution
during the deaeration process. Nitrogen was purged for at
least 2 h before the beginning of these tests, and purging was
continued during the tests. Prior to immersion in Hank’s
solution the upper part of the specimens was protected with
epoxy resin (epo-kwick resin, Buehler, Chicago, IL), as
shown in Figure 1.

Both the corrosion potential measurements and the poten-
tiodynamic polarization curves were obtained with a Prince-
ton Applied Research potentiostat (Model 273A). A micro-
computer was used for the data acquisition. The potentiody-
namic measurements were started after a 2-h immersion in
the physiological solution. The scanned potential range var-
ied from —800 mV below the corrosion potential up to 3000
mV (SCE). The scanning rate was | mV/s. The corrosion
potential measurements were performed over 0-8 h.

RESULTS

Figure 3 shows the corrosion potential £, variation with

time for a 0=8-h period, for both specimens, coated and

uncoated, in Hank’s solution at 37 °C. This figure shows that
for the uncoated sample the initial corrosion potential is
around =210 mV (SCE), and then it gradually increases over
about 1.5 h until an approximately steady value is reached.
For the coated sample the initial corrosion potential is about
=230 mV (SCE), and during the first 30 min its value tends
to decrease; then it starts to increase until a steady value 1s
reached after about 2 h. It can be noticed that the steady
potential of the uncoated specimen is more noble [approxi-
mately — 100 mV (SCE)] than that of coated specimen [near-
ly =140 mV (SCE)]. The potential of the coated specimen
also shows a large number of oscillations, mainly in the
beginning of the test, while that of the uncoated alloy shows
only two oscillations.

The recording of E_, . was interrupted after 8 h, but the
sample remained immersed inside the testing solution for
24 h. At this time the measured E_,, values were —60 mV
(SCE) and —170 mV (SCE) for the uncoated and coated
specimens, respectively, which indicates that there is not a
real stabilization of E_,, during this period of time, because
it continued to increase slowly.

In order to obtain reliable results, the determination of
potentiodynamic polarization curves was repeated nine times
in aerated Hank’s solution and three times in deaerated so-
lution.

The typical potentiodynamic polarization curves of the
Ti-6Al-7Nb sample, uncoated and HA coated, in Hank’s
aerated solution at 37 °C, are shown in Figure 4. Both curves
present approximately the same corrosion potential: —347
mV (SCE) for the uncoated sample and —323 mV (SCE) for
the HA-coated sample. However. their shapes are consider-
ably different.

From the corrosion potential to approximately 0 mV
(SCE), the uncoated Ti-6Al-7Nb polarization curve has the
typical behavior-of activation polarization with an approxi-
mately linear variation. which suggests a probable compli-
ance with the Tafel’s law. The anodic Tafel slope (b,) of this
straight line is approximately 300 mV/decade. From 0 mV
(SCE) to about 1200 mV (SCE) the curve displays an essen-
tially passive behavior with a passive current density (ipp) OF
about 107° A/em?®. At about 1200 mV (SCE) the current
density starts to increase, reaches a maximum of 8§x10~°
Al/cm? at about 1750 mV (SCE), and then decreases to about
5-6X107° A/em?, suggesting transpassive behavior.

The polarization curve of the HA-coated alloy is quite
anomalous. The potential range typical of activation polar-
ization is very small. At approximately —250 mV (SCE) the
curve already assumes passive behavior with a passive cur-
rent density (i,,) of about 2X1077 A/em*. This passivity.

TABLE Il. Semiquantitative Chemical Composition of
Hydroxyapatite (HA) Coating Determined by EDS Analysis

Element
Ca P Mg Cl Na 0 &
W% 33795

12397 ey 0.31 0.07  43.68 9.11
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Figure 1. Shape of the (a) uncoated and (b) HA-coated cylindrical implants.

however, holds only for about 450 mV. At about 200 mV
(SCE) the current density starts to increase, and this increase
is roughly linear, reaching a value close to 8X10™* A/em? at
approximately 1800 mV (SCE). For higher potentials the
current density decreases slightly, and at 2500 mV (SCE) its
value is about 6X10™* A/em?.

Under deaerated conditions, the typical polarization curves
obtained for both uncoated and HA coated alloys are shown
in Figure 5. These curves are significantly different from
those obtained in aerated solution. For better visualization
they were plotted in Figures 6 and 7,together with the corre-
sponding curves obtained in aerated solution. The first dif-
ference, which was expected, is the considerably lower cor-

b

rosion potential displayed by both curves. For the uncoated
alloy this potential dropped to =902 mV (SCE), while for the
HA coated alloy it dropped to —538 mV(SCE).

As observed in Figure 6, the polarization curve of un-
coated alloy obtained in the deaerated solution does not
display the passive behavior in the range of 0-1200
mV(SCE) that is present in aerated solution. Above 1200 mV
(SCE) the behavior is similar to that of aerated solution. but
the current densities are about four times larger. Between the
corrosion potential and 0 mV (SCE) the curve in deaerated
solution presents two regions of approximately constant cur-
rent density, the first at about 5x107® A/em?, and the second
at about 2X1077 A/cm?.
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Figure 2. —Hydroxyapatite-coated surface of the implant screw. Note that the metallic surface is
totally covered and that the coating is porous. SEM micrograph. 250,
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TABLE Ill. Chemical Composition of Hank's Solution

Component Concentration (mol/l)
NaCl 0.1369
KClI 0.0054
MgSO,.7H,0 0.0008
CaCl..2H,0 0.0013
Na,HPO,.2H,0 0.0003
KH,PO, 0.0004
CH,,0,H,0 0.0050
Red phenol 1% 0.0071

The polarization curve of HA-coated alloy obtained in
dearated solution has, as can be observed in Figure 7, a very
similar shape to that obtained in aerated solution. The pri-
mary difference, besides that of corrosion potential, is the
larger passive current density (ipp) of about 41077 A/cm?2

The approximate corrosion current density (or corrosion
rate) (ie,.) values were determined by extrapolating the ca-
thodic part of polarization curves to the corrosion potential
(Ecorr). The average extrapolated values are presented in
Table IV, together with the average values of E_ . The
obtained averages and the respective standard deviations (o)
refer (o nine tests undertaken in aerated solution and three
tests in deaerated solution. Note that the corrosion rates of
uncoated samples are lower than those of HA-coated sam-
ples. Moreover, the deaeration of the Hank's solution resulted
in a further decrease of these rates.

DISCUSSION

The corrosion potential variation with time curves, shown in
Figure 3, are typical of passive metals immersed in aerated
solutions. The corrosion potential of these metals is defined
by the intersection of the passive anodic curve (which can be
assumed as a straight line) with the cathodic curve of oxygen
reduction reaction (O, + 2H,0 + 4e —OH7) in the range

TiBAI7TND _
-100 _
-150 A
-200 .

-250

E... [MV(SCE)]

-300

-350

-400 L 1 1 L
0 2 4 6 8

Time (h)

Figure 3. Corrosion potential, £,,,,, variation with time of Ti-6Al-7Nb
alloy uncoated and HA coated in Hank's solution at 37 °C.
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Figure 4. Potentiodynamic polarization curves of Ti-6Al-7Nb alloy
uncoated and HA coated in Hank's aerated solution at'37 °C. Scan-
ning rate: 1 mV/s.

where it displays activation polarization behavior, Just after
the immersion, there is a transition stage during which the
air-formed passive film may eventually undergo a partial
dissolution that causes the potential to drop. However, as
soon this stage is over, the passive film usually becomes more
protective (possibly due to an increase in thickness), so that
the passive current density (ipp) tends to decrease. As a
consequence, the intersection of the passive straight line with
the cathodic curve is shifted to higher potentials. Thus, the
corrosion potential increases until the passive film reaches its
limiting protective capacity, resulting in stabilization of the
corrosion potential.

For the uncoated sample the corrosion potential increases
after its immersion, and it was found that this increase holds
a logarithmic relationship with time for up to about 1.6 h.
Similar behavior was observed by El-Basiouny and
Mazhar,'?> who found that pure titanium (99.9%) in 0.5-N
Na,SO, solutions for times of more than 200 min also dis-
plays this type of relationship, which they ascribed as being
due to the growth of passive oxide film.

TPy MU R A4 w0 ey

TIBAITNb_deaerated HA_deaerated

Potential, E [mV(SCE)]
s %

-1,000

10° 10°® 107 10° 10° 10
Current Density, i (A/em’)

Figure 5. Potentiodynamic polarization curves of Ti-BAI-7Nb alloy
uncoated and HA coated in Hank's deaerated solution at 37 °C.
Scanning rate: 1 mV/s.
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Figuré 6. Potentiodynamic polarization curves of uncoated Ti-6Al-
7Nb alloy in Hank's aerated and deaerated solutions at 37 *C. Scan-
ning rate: 1 mV/s.

The lower corrosion potential exhibited for samples coated
with hydroxyapatite appears to be associated with the porous
character of this coating. It seems that the areas of the
metallic alloy exposed to the pores determine this potential.
The corrosion potential should be defined in a similar way as
described above, but now the oxygen-reduction cathodic re-
action would be more polarized, so that the intersection of
both curves will take place at lower potentials. It is reason-
able to expect that the oxygen content inside the pores is
smaller than at the surface. Thus, the exchange current den-
sity of oxygen reduction reaction will also be smaller and,
consequently, its cathodic reaction will become more polar-
ized. It is also possible that the equilibrium potential of this
reaction also becomes lower, mainly if there is a pH increase.
This decrease will shift the cathodic curve as a whole to lower
potentials so that the intersection with the passive straight line
will also occur in lower potentials.

The oscillations observed on the corrosion potential vari-
ation with time curve for HA-coated samples suggests the
occurrence of passive film breakdown, in a similar way as for
pit nucleation and repassivation. The smaller oxygen avail-
ability inside the pores seems to favor this breakdown, and it
appears to be easier in the initial stages of passive film
formation. As can be observed in Figure 3, as this film
becomes more protective, the breakdown is more difficult and
the oscillations tend to disappear.

The corrosion potentials displayed by both samples in
potentiodynamic polarization tests in aerated solution (Figure
4) are significantly different from those shown in Figure 3. In
both cases these potentials are much lower. The reason for
this discrepancy is that the polarization tests were started at a
cathodic potential about 800 mV below the corrosion poten-
tial. The passive film, present at the surface of both samples.
was probably removed because the negative potential was
highly reducing. Because the two polarization curves are
typical of a direct transition from the immunity region to the
passive region. the corrosion potential in these curves would
be defined by the intersection of the activation polarization
anodic curve related to the formation of passive film (such as

for example Ti + 2H,0—-TiO, +4H"' + de) with the acti-
vation cathodic curve of oxygen reduction reaction. This
intersection takes place in lower potentials than when there is
already a well-formed passive film on the surface.

The further decrease in corrosion potential caused by the
deaeration of the testing solution (sce Figures 6 and 7) is
expected since the cathodic reaction changes from oxygen
reduction to hydrogen reduction (H" +e¢ — H,). whose
equilibrium potential is approximately 1.3 V lower.

The large difference observed in Figure 4 between the
polarization curves obtained for the two samples in acrated
solutions seems to be primarily associated with the availabil-
ity of oxygen at the metallic surface. As was already pointed
out, it is reasonable to expect that the oxygen content inside
the pores of HA coating is less than at the surface. For the
uncoated alloy, sufficient oxygen is available to maintain
and/or repair the surface oxide. whereas for the HA-coated
samples the available oxygen is insufficient. The tests carried
out in deaerated solution support this hypothesis. As can be
observed in Figure 5 under deacrated conditions the behavior
of the anodic polarization curve of uncoated samples is very
similar to that of the HA-coated samples up to approximately
1000 mV (SCE).

The transpassive behavior displayed by the uncoated alloy
above 1200 mV (SCE) in aerated solution can be related to
the oxidation'? of TiO, to Ti,05. However, as the solution
contains other species, there is always the possibility of
formation of other titanium compounds such as NaTiOPO,. '

The constant dissolution rate through the passive film that
is usually observed in the passive region is because any
increase in the potential is accompanied by progressive thick-
ening of the film, which maintains the electric field within it
constant.'® Thus, the presently observed continuous increase
in current density with the increase of potential when the
oxygen supply is limited or nonexistent seems to imply that
the oxygen is essential for the growth of the passive film. A
possible explanation is that the oxide film growth is accom-
panied by an acidification of the solution. This acidification is
casily attained because the TiO, formation is accompanied. as
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Figure 7. Potentiodynamic polarization curves of HA coated Ti-6Al-
7Nb alloy in Hank's aerated and deaerated solutions at 37 C Scan-
ning rate: 1 mV/s.
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TABLE IV. Corrosion Potentials (E,,,) and Corrosion Current Densities (i.,,,) of Uncoated and Coated with Hydroxyapatite (HA)
Ti-6AI-7Nb Alloy in Hank's Aerated and Dearated Solution at 37 °C. Values Determined from Polarization Curves

E it 0 AN (SCE) PO L T (o

corr

Sample Aerating conditions

Uncoated Ti-6Al-7Nb Aerated
Deacrated

HA-coated Ti-6Al1-7TNb Aerated
Deaerated

—347 = 10 (9)
-902 = 19 (3)
—323 = 15(9)
~538 & 21(3)

0.08 + 0.03 (9)
0.05 + 0.01 (3)
0.35 + 0.14 (9)
0.13 % 0.05 (3)

The number of tests is indicated in parcntheses.

shown above, by the formation of four hydrogen ions. The pH
decrease could then be responsible for a faster dissolution of
the oxide film. On the other hand, when the oxygen is present,
the oxygen reduction reaction would be responsible for the
release of OH™ ions, which would then neutralize the hydro-
gen ions produced during the TiO, film growth.

Cabrini et al." proposed that the increase in the passive
current density of HA-coated implant comparatively to un-
coated may be ascribable to the presence of occluded corro-
sion cell formation under the pores present in the HA depos-
its. According to these authors the corrosion cell is estab-
lished between the shiclded portion (anode) and the
unshielded surface (cathode). However. the polarization be-
havior of uncoated samples in deaerated solution indicates
that the low oxygen content inside the HA-coating pore
facilitates the acidification, making the electrolyte of this cell
much more aggressive.

This pH decrease inside the pores of the HA coating can
also explain the higher corrosion-rate values (i) of HA-
coated samples (see Table IV). As already pointed out, the
TiO, formation is accompanied by the formation of four
hydrogen ions. At the metal surface these ions are readily
dispersed into the bulk solution, but inside the pores they tend
to be retained, so that the pH decreases.

[t must be stressed here that the above results were ob-
tained for the initial conditions of immersion inside the
Hank’s solution. Long-term tests that are under way, how-
ever, indicate that after about 6 months of immersion in this
solution, the electrochemical behavior of both samples expe-
riences a significant change. The results of these tests will be
published in due time.

CONCLUSIONS

1. The hydroxyapatite coating promotes a significant
change in electrochemical behavior of Ti-6A1-7Nb alloy
inside the Hank's solution.

2. The corrosion potential of both the coated and uncoated
alloys tends to become stable with time, but for the
coated sample the time for stabilization is longer (about
2 hours) than for the uncoated (about 1.5 hours). More-
over, the corrosion potential of an uncoated sample is
always more noble than that of coated one.

'

. The shape of potentiodynamic polarization curves is
strongly affected by aerating conditions inside the testing

6.

solution. In aerated solutions the polarization curve of an
uncoated sample shows typical passive/transpassive be-
havior, whereas in deacrated solutions this curve is sim-
ilar to that of HA-coated sample, in which the current
density continuously increases with the increase of the
potential. Apparently this continuous increase in poten-
tial is controlled by acidification of the solution due to
the TiO, oxide film formation, which is neutralized when
there is a supply of elemental oxygen by the oxygen
reduction reaction.

. The corrosion rates of both coated and uncoated samples

in either aerated or deaerated conditions, determined
from polarization curves, are lower than 1 wA/cm?, and
are typical of passive behavior. However, the corrosion
rate of coated samples is more than two times larger than
that of uncoated ones. Even so, it is believed that at this
level this corrosion will have negligible effect upon bio-
chemical and cellular events at the bone-implant inter-
face.
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