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Abstract We investigate the influence of micro-sand-
blasting and electrochemical passivation on properties such
as corrosion rate and surface roughness, which are impor-
tant to the biocompatibility of titanium (Ti), using surface
analysis techniques and electrochemical measurements.
Results of microscopy and surface profilometry experi-
ments reveal roughened but uniform surface topography
with an average surface roughness in the 0.87-1.06 pm
range, depending on the alternating current passivation
voltage applied to the micro-sandblasted samples. Open
circuit potential versus time measurements in Hank’s
Balanced Salt Solution (HBSS, a simulated body fluid)
allow determination of the corrosion potential (E.,) and
reveal a shift of E,,, toward higher values upon passiv-
ation, thus pointing to increased corrosion stability.
Corrosion rates in HBSS range between 0.049 and
0.288 um year ' for micro-sandblasted and passivated Ti,
as compared to that for the micro-sandblasted and non-
passivated surface that is 0.785 pum year™'. Results from
this study demonstrate that micro-sandblasting coupled
with electrochemical passivation provides a roughened
surface with increased corrosion stability and a low cor-
rosion rate in HBSS. Application of this technique to Ti in
medical and dental applications may be expected to result
in an improvement of biocompatibility.
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Introduction

Metallic titanium (Ti) is held in high regard in industries
where strength, thermal stability, and low susceptibility to
corrosion are required. These properties make Ti and
Ti-containing alloys suitable materials for the fabrication
of components of engines, aircrafts, and marine vessels,
both surface and submarine [1]. Titanium and its alloys
are also excellent materials for the production of pros-
thetic, cardiovascular, and orthodontic implants. The
medical industry values Ti for its low density, high
mechanical strength, good resistance to biocorrosion, low
toxicity, and overall biocompatibility [2]. In 1996, the
American Dental Association renewed their stance on the
use of Ti in dental implants, stating that Ti and its alloys
are the preferred materials for subcutaneous implant
devices [3].

In the past, the concept of biocompatibility was asso-
ciated with the lack of undesirable interactions between an
implanted material and its host, the human body [4].
Today’s definition of biocompatibility encompasses a more
comprehensive and progressive view of how an implant
should perform and what properties it should possess. In
order to achieve desired biocompatibility, it is best to
design a material which compliments patient’s physiolog-
ical processes [4]; such a material should not only be
accepted by the human body but should also integrate fully
and function in a manner that resembles a human body
part, thus as mimicking it. Cooperation between the
implanted material and its host is ultimately governed by
interactions occurring at the interface where the material
comes into contact with tissue, bone, or physiological flu-
ids [4]. Therefore, an understanding of the material’s
interfacial and biocorrosion properties is crucial in the
design of a successful implant [5].
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When exposed to the ambient conditions, a stable pas-
sive layer forms on the surface of Ti which renders the
metal more resistant to chemical processes such as corro-
sion [6]. Certain applications require a stable, non-reactive
Ti surface and, therefore, the oxidation is favored and
performed in a controlled manner. Oxide layers on Ti can
be formed by thermal treatment in an O,(g)-containing
atmosphere and at high temperature (7 > 700 °C); the
process typically produces an oxide film that possesses the
rutile crystallographic structure [7]. Because the standard
Gibbs energy of formation of TiO,(s) with a rutile structure
has a large negative value (A;G° = —888.8 kJ molfl) [8],
the oxide layer achieves a significant decrease in reactivity
and corrosion of the Ti surface. However, to accomplish a
thick, compact oxide layer on Ti, thermal oxidation has to
be performed for a long time, up to several hours, which
translates into a costly and energy-inefficient process [9].

Stable oxide and passive layers on Ti can also be formed
under mild electrochemical conditions and typically
employ an aqueous electrolyte solution and a direct current
(DC) voltage; the process is commonly referred to as DC
anodization [7]. In 1996, Jerkiewicz et al. [10] described an
alternative process of forming passive layers on Ti that
employs an alternating current (AC) voltage (Vac) and an
aqueous NH4BF, solution; it yields passive layers that are
compact, stable and reveal bright, well-defined colors [6].
Because the coloration originates from constructive thin-
layer light interference, iridescence, it is directly related to
the passive layer’s thickness. The direct relation between
the coloration and the applied V¢ makes the coloration
tunable and even switchable [11]. As the colored passive
layer formation is achieved at room temperature and the
polarization time (#,0) is only 10 s, the process is easily
scalable and energy efficient.

Chemical etching, mechanical polishing, and micro-
sandblasting are different methods of pretreating metallic
materials and offer further control over the surface mor-
phology and appearance. In the context of biocompatibil-
ity, these methods can be used to alter surface roughness
and wettability, ultimately affecting the surface’s perfor-
mance in physiologically relevant environments [12]. In
the case of colored Ti, surface pretreatments also alter the
appearance of the colored passive layers, resulting in matte,
shiny, or reflective surfaces [13].

This study focuses on the influence of micro-sand-
blasting as a pretreatment for electrochemically passivated
titanium. Micro-sandblasting was chosen because it is
known that increased surface roughness improves the
overall biointegration of Ti-based implants through osteo-
integration and cell attachment [12, 14]. Biocompatibility
is assessed by analyzing interfacial properties such as
roughness and uniformity as well as biocorrosion suscep-
tibility and biocorrosion rates. The biocorrosion tests were
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carried out in a simulated body fluid (Hank’s Balanced Salt
Solution, HBSS) and at physiological temperature.

Experimental section
Preparation of disk-shaped and wire-shaped specimens

The experimental work was done using wire-shaped and
disk-shaped samples that were prepared from a commer-
cially pure Ti wire (99.7%; Aldrich Chemical) of 0.81 mm
in diameter and a commercially pure Ti foil (99.7% Ti;
Alfa Aesar) of 1.0 mm in thickness. The commercially
pure Ti has a density (p) of 4.51 g cm™> and an equivalent
weight (EW) of 16.00 g [15]. The disk-shaped samples
were of 13 mm in diameter and were spot-welded to a Ti
wire for electrical contact that was required for passivation
and electrochemical studies. Such prepared disk-shaped
electrodes were used in surface-chemical analysis and
morphology studies. The wire-shaped samples were of
0.81 mm in diameter and ca. 10 mm in length. The end of
the Ti wire was mechanically polished to obtain a flat tip
[5]. The exact length of each sample was determined with a
Vernier microscope. Each wire-shaped sample was con-
nected to a copper wire for electrical contact and the
connection was sealed with an epoxy resin and then pro-
tected with Teflon tape. Only the Ti wire was exposed to
the medium in which experiments were carried out. Initial
cleaning of all the Ti samples was done in hot acetone
under reflux for 2 h. Samples were then micro-sandblasted
with 90 um alumina (Al,O3) using a Macro Cab micro-
sandblaster (Danville Engineering Inc.), rinsed with
demineralized water (Millipore) and sonicated in demin-
eralized water for 5 min.

Electrochemical passivation

Electrochemical passivation of Ti samples was performed
in an one-compartment electrochemical cell containing
7.5% (wt) aqueous NH4BF, at T = 298 4+ 3 K. During
electrochemical passivation, the sample was placed at a
distance of ca. 10 cm from the counter electrode (Pt foil for
the wire-shaped samples and Ti foil for the disk-shaped
samples). An AC voltage (Vc) was applied for a passiv-
ation time of #,,¢c = 10 s using a variable AC power sup-
ply (3 KVA AC Power Source Model 3001iM, California
Instruments, San Diego, USA). The applied V¢ ranged
from 10 to 50 V, with an interval of AV c = 10 V, and its
frequency (f) was kept at f= 60 Hz for all samples.
Because the passivation proceeds with heat generation
(resistive heating of the electrolyte solution) and gas evo-
lution that can affect the quality of the passive layer, the
electrolyte was thoroughly stirred and cooled using an
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immersed cooling coil to ensure uniformity of the passive
layer; this procedure allowed us to maintain the tempera-
ture within 3 °C of the room temperature [6, 10]. Subse-
quently, samples were carefully rinsed with demineralized
water several times and sonicated for 5 min. This proce-
dure guaranteed removal of any traces of the electrolyte as
shown elsewhere [10]. In order to reduce exposure to the
ambient and possible contamination, passivated specimens
were prepared no more than 30 min before an analysis.

Surface analysis

Microscopic surface morphology was examined using a
metallographic light microscopy (SEIWA Optical, Tokyo,
Japan) at a magnification of 400x. The average surface
roughness (R,) before and after electrochemical passivation
was analyzed using a stylus surface profiler (Dektak 8,
Vecco, Tucson, USA) with a diamond stylus having a
radius of 12.5 um. A scanning electron microscope (SEM,
Amray, Model 1380) was employed to examine the surface
morphology in the sub-micron range.

Electrochemical characterization

Potentiodynamic polarization tests were carried out in a
standard three-compartment electrochemical cell using a
Princeton Applied Research (PAR) 263A potentiostat. The
working electrode was the Ti specimen of interest, the
counter electrode was Pt gauze, and the reference electrode
was a saturated calomel electrode (SCE, Aldrich Chemi-
cal). The electrolyte, HBSS, was de-aerated with ultra-high
purity Ny(g) for 1 h before electrochemical characteriza-
tion; the cell was kept at a constant temperature of
T =310 £ 0.5 K (or 37.0 °C) using a Haake W13 water
bath and a Haake D1 thermostat to simulate the human
body temperature. ASTM international standards [16-20]
were carefully followed when performing potentiodynamic
tests and their analysis yielded corrosion characteristics.
PAR PowerCorr software package was used for data
acquisition and analysis. Corrosion rates were calculated
using Tafel extrapolation in the 4+0.05 V range of the
corrosion potential (E.o) [6]. The reported corrosion rates
and corrosion potentials are the mean values of at least
three reproducible measurements.

Results and discussion
Appearance and surface morphology
Colored passive films were successfully formed on the Ti

disk- and wire-shaped samples. The colors obtained are
reproducible for all values of Vc; the coloration obtained

at a given V¢ is not shown because these results were
previously reported elsewhere [5, 6, 10, 11]. The hues
obtained by applying V¢ ranging from 10 to 50 V include
royal blue, turquoise, plum, yellow, and brass, all with a
matte finish that originates from the roughening effect of
the micro-sandblasting pretreatment. As determined in our
previous research, the thickness of the passive layers
formed at Vac = 10-50 V is in the sub-micrometer range
and the greater the value of V¢, the thicker the passive
layer [6, 10]. Precise determination of the thickness of
passive layers on surfaces roughened by micro-sandblasting
is experimentally very difficult. However, the coloration
obtained at a given Vac can be used to estimate their
thicknesses. Control of the material’s coloration is impor-
tant for medical and dental implants as a subcutaneous
device may be visible through the skin. Light microscopy
images were acquired for each sample at a 400x magni-
fication. The images shown in Fig. 1 reveal uniform and
defect-free surfaces. Some samples (e.g., Fig. 1h) showed
evidence of contamination in the form of a particle (the
feature is marked with a rectangle) embedded in the pas-
sive layer. The morphology of the samples and the distri-
bution of the particles were further investigated using
SEM.

Figure 2 presents a set of SEM micrographs of Ti disk-
shaped samples, which were micro-sandblasted (a), and
micro-sandblasted and passivated (b—f) at various Vac
values in the 10-50 V. These micrographs reveal rough
surfaces having similar textures regardless of the applied
Vac value. They also reveal the presence of alumina
(Al,O3) grains embedded in the surface as confirmed by
energy-dispersive X-ray spectroscopy (EDX) measure-
ments. They originate from the micro-sandblasting pre-
treatment and are larger in size than the grains of the Ti
substrate. It is important to add that particles such as those
visible in Fig. 2 were never observed when the samples
were pretreated either by mechanical polishing or by
chemical etching [5, 6].

Figure 3 shows an SEM image of the Ti sample pre-
treated using micro-sandblasting and passivated at
Vac =50V (main image) and an SEM image of
as-received Al,O5 grains (inset). The main image demon-
strates that the Al,O3 particles (emphasized using dashed-line
rectangles) are randomly distributed and cover a small
fraction of the entire surface. A comparison of the size of
the as-received Al,O5; particles (their average size is
specified by the manufacturer to be 90 pm) and the
embedded Al,Oj3 particles in the Ti substrate indicates that
the latter are significantly smaller due to mechanical
breakdown during the sandblasting process. It is reasonable
to conclude that the colored Ti remains the predominant
phase after the micro-sandblasting pretreatment. It is
interesting to observe that these Al,O5 particles survive
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Fig. 1 Surface micrographs of eight different samples examined by
light microscopy at a magnification of x400. a As-received sample;
b micro-sandblasted sample; ¢ micro-sandblasted and passivated at
Vac = 10 V sample; d micro-sandblasted and passivated at Vac =
20 V sample; e micro-sandblasted and passivated at Vac = 30 V

sample; f micro-sandblasted and passivated at Vac = 40 V sample;
g micro-sandblasted and passivated at Vac = 50 V sample; and
h micro-sandblasted and passivated at Vac = 30 V sample with an
embedded particle of Al,O3

Fig. 2 SEM micrographs of micro-sandblasted (a) and micro-sandblasted and passivated Ti sample (b—f) at different Vc values.
bVAC= IOV;CVAC=20V;dVAC=3OV;e VAC=4OV; andeAC=50V

extensive sample rinsing, sonication, and passivation.
Descaling with hot and concentrated sodium hydroxide
(NaOH) or with concentrated nitric acid (HNO) is a
common procedure for removing alumina [21], but it was
found ineffective in removing the Al,O5 particles. These
results indicate that the Al,O3 particles are strongly
embedded in the passive layers and remain mostly unaf-
fected even after the exposure to strongly alkaline or acidic
aqueous media. This observation is very important because
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it suggests that the alumina particles will remain in the
surface of a dental or medical implant that has been pre-
treated by micro-sandblasting. Consequently, these parti-
cles may affect biocompatibility and surface roughness,
and as such should be considered in further studies.
Stylus profilometry was employed to study the surface
morphology of the micro-sandblasted Ti specimens before
and after passivation, and to examine whether the rough-
ness brought about by the micro-sandblasting pretreatment
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Fig. 3 SEM image of the Ti sample pretreated using micro-
sandblasting and passivated at Vac = 50 V (main image), and an
SEM image of as-received Al,O3 particles (inset)

was uniform. Figure 4 shows three-dimensional (3D)
topography for four samples that are representative of the
overall trend (the detailed description of part figures are
explained in the figure caption). In all cases, the profiles
show random valleys and hills that create a rough surface,
and the sample topography is found to be uniform. The
average distance from the bottom of a valley to the top of a
hill depends on the sample’s pretreatment and is
11 £ 1 pm in the case of sample A, 15 & 1 um in the case
of sample B, 13 £ 1 pm in the case of sample C, and
10 £ 1 pm in the case of sample D.

(a) pm

(© um

In addition to provide information about 3D surface
topography, stylus profilometry can also be used to calcu-
late the average surface roughness (R,) which is simply the
arithmetic average deviation of the surface from the mean
level as expressed by Eq. 1:

x=L

Ra:% / |y| dx, (1)

x=0

where L is the scan length in the x direction (horizontal)
and y is the vertical deviation of the surface from the mean
height. Table 1 shows the values of R, for the micro-
sandblasted Ti samples before and after passivation. The
value of R, for the as-received and degreased Ti sample
was determined to be 0.55 = 0.09 um. The values of R, for
the micro-sandblasted samples are consistently in the
0.85-1.10 £ 0.35 pum range. Micro-sandblasting increases
the average roughness by 54-100%, as compared to the
unmodified Ti sample (R, = 0.55 £ 0.09 pm). The values
of R, for the micro-sandblasted and passivated samples are
in the 0.87-1.06 & 0.10 um range; they do not reveal any
trend that could be related to the magnitude of Vac. We
observe that within experimental uncertainty electro-
chemical passivation hardly modifies the average surface
roughness. Our results indicate that the average peak-
to-valley distance does not change very much for the
unmodified versus modified surfaces. However, the aver-
age surface roughness increases considerably for the
modified surfaces as compared to the as-received Ti. These

(b) KM
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Fig. 4 Three-dimensional surface profiles for four Ti samples: a degreased and unmodified Ti; b Ti degreased and micro-sandblasted; ¢ Ti
degreased, micro-sandblasted and passivated at Vac = 10 V; and d Ti degreased, micro-sandblasted and passivated at Vyc =30 V
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Table 1 Average surface
roughness (R,/pim) of micro-
sandblasted Ti before and after
electrochemical passivation at

Treatment method

R, (um) after micro-
sandblasting but before

R, (um) after micro-
sandblasting and

Vac values

The surface roughness of
as-received Ti that serves

passivation passivation

Micro-sandblasted and 0.97 £ 043 0.87 £ 0.19
passivated at Voc = 10 V

Micro-sandblasted and 1.10 £ 0.46 1.06 £ 0.41
passivated at Voc =20 V

Micro-sandblasted and 0.98 £+ 0.38 1.04 £ 0.26
passivated at Vac = 30 V

Micro-sandblasted and 1.01 £ 0.31 0.88 &+ 0.24
passivated at Voc =40 V

Micro-sandblasted and 0.85 £ 0.19 0.99 £+ 0.31

as a reference is

R, = 0.55 % 0.09 um passivated at Voc = 50 V

two finding might seem to be inconsistent. However, the
value of R, depends not only on the peak-to-valley distance
but also on the density of peaks and valleys per unit surface
area.

The pre-treatment method presented herein results in
surface topography and R, values which are in the range
required to encourage biocompatibility of medical and
dental implants. Research in the medical field demonstrates
that the surface morphology of materials used for implants
is an important factor that determines their successful
integration within the human body. For example, uniformly
roughened surfaces with R, of 0.87 um were shown to
promote maximum cell adhesion [22]. Optimal surface
roughness was also shown to promote osteointegration in
laboratory studies of Ti surfaces roughened by micro-
sandblasting. These roughened surfaces performed best at
promoting the growth of osteogenic cells when compared
with other surface pretreatment methods [23]. Currently,
dental implants are inserted in a two-stage process: in the
first stage, the foundation is put in place and are left to
osteointegrate or “heal”; in the second stage, the actual
implant is put in place. For most patients the first stage lasts
6 months before the procedure can be completed [12].
Micro-sandblasting, followed by electrochemical passiv-
ation may be a viable pre-treatment method for improving
the surface properties of medical and dental implant
materials to facilitate faster bioincorporation of the device.

Corrosion potential measurements

The measurements of E.., can be used to evaluate the
susceptibility of a material to undergo aqueous corrosion.
Materials with high positive E.., values are generally
stable, while materials with large negative E.,, values are
unstable and readily degrade through corrosion reactions
[5]. The value of E,,, can be determined experimentally by
measuring the open circuit potential (OCP) of the material
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as a function of time (¢) and by extrapolating the value of
OCPtot - o (OCP,_,,, = E.or). Figure 5 shows a set of
six OCP versus ¢ transients for a micro-sandblasted Ti
sample and for micro-sandblasted and passivated at a given
Vac Ti samples (Vac = 10, 20, 30, 40, and 50 V). In order
to simulate biocorrosion conditions, HBSS was used as the
electrolyte and the measurements were carried out at the
physiological temperature of 7 = 310 K (or 37 °C). The
results show that a majority of the decrease of OCP takes
place within the initial 600 s and reaches a steady-state
value within 1 h. The limiting OCP value for t = 3600 s is
accepted as E.., as there is very little further variation of
OCP when the time is further extended. Figure 6 presents
E..r as a function of the applied Vac; it also includes
E.oe = —0.67 & 0.010 V for the micro-sandblasted Ti
sample which serves as a reference. In general, the for-
mation of passive layers increases the value of E, by ca.
0.20-0.48 V, depending on the applied V¢, thus making
the micro-sandblasted and passivated Ti samples less sus-
ceptible to corrosion in HBSS than the micro-sandblasted
Ti. As Vac increases from 0-30 V, E_,, increases from the
initial value of —0.67 £ 0.010 to —0.22 £ 0.010 and then
varies only slightly between —0.28 and —0.18 V for the
passive layers formed at 40 and 50 V. In our previous
articles [5, 6], we reported that as the magnitude of Vc
increases, the thickness of the passive layers also increases.
The fact that E, increases most with V¢ < 30 V and
almost levels off with Ve > 30V indicates that at
Vac = 30 V the passive layer reaches a thickness that offers
the most effective protection against biocorrosion in HBSS.
Elsewhere [5], we reported E..,, values for passive layers
formed on etched Ti samples and also observed that an
increase of Vac increases E.,, although those E.,, values
were some 0.1-0.15 V greater than those reported in Fig. 6.
This small difference of E,,,, can be assigned to the micro-
sandblasting which roughens the Ti surface and makes it
more reactive as compared to chemically etched Ti.
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Fig. 5 OCP versus ¢ transients obtained in HBSS and at 7 = 310 K
for micro-sandblasted Ti and micro-sandblasted and passivated Ti at a
given Vac
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Fig. 6 Relation between E., in HBSS at 7= 310 K and the V¢
required to form passive layers for the micro-sandblasted Ti. The
value of E,,,, for micro-sandblasted and non-passivated Ti is shown at
Vac=0V

Polarization curves and corrosion rates

Polarization curves for micro-sandblasted, and micro-
sandblasted and passivated Ti samples were recorded in
HBSS at T=310K @37°C) and a scan rate of
s = 0.166 mV s~ to investigate the corrosion properties
of these materials (Fig. 7). The polarization curve a refers
to the micro-sandblasted Ti sample, while the polarization
curves b—f are for the micro-sandblasted and passivated Ti
samples. The inset in polarization curve b shows the
methodology of determining E.,,, and the corrosion current
density (j.orr) by extrapolation of the two linear regions
(within ca. 50 mV) of the lowest value of log j; the inter-
cept of these two linear regions yields E.,, and 10g jeor-
All the six polarization curves reveal the same common
features: (i) a hydrogen (cathodic) region and an active
(anodic) region (marked as “H region” in Fig. 7a); (ii) a
poorly defined transition from the active to the passive
region (marked in “A-P trans” in Fig. 7a); (iii) a flat quasi-
passive region (marked as “Q-P region” in Fig. 7a) that
resembles a passive region and has a passive current

density (fpass) value in the 107°-1077 A cm ™2 range; it is
referred to as quasi-passive region because its shape
resembles a passive region but the value of jp, does not
decrease significantly as compared to the active—passive
transition; and (iv) a sudden increase of j by one to two
orders of magnitude at ca. 1 V and another almost flat
region with a small hump (marked as “j-IN region” in
Fig. 7a). As compared to the polarization curve for micro-
sandblasted Ti (Fig. 7a), the polarization curves for micro-
sandblasted and passivated Ti (Fig. 7b—f) show less defined
features and an overall reduction in the current density and
its range of values. The consequence of the reduction of j in
the passive-like region is an overall lower corrosion rate.
The values of E,,, determined on the basis of polarization
curves are —0.70 for micro-sandblasted Ti, and 0.18,
—0.23, —0.32, —0.38, and —0.41 V for micro-sandblasted
and passivated Ti at Vyc = 10, 20, 30, 40, and 50 V,
respectively. These values differ from those reported in
Fig. 6 and the origin of this difference lie in the nature of
the experimental procedure. Specifically, in the case of the
OCP measurements, the sample is immersed in the elec-
trolyte solution and its OCP is monitored as a function of
time. Importantly, the sample has not undergone any prior
polarization and the OCP measured is characteristic of the
processes spontaneously occurring at the electrode. In the
case of polarization curves, the transients start at a negative
potential, typically located between —1.0 and —0.5 V, and
is scanned linearly to the upper limit of 3.0 V. The samples
are initially exposed to negative potentials at which the
following processes can take place: (i) electrolytic
H,(g) generation; (ii) partial reduction of the passive
layer on Ti; and (iii) possible hydrogen absorption into
Ti. The processes (ii) and (iii) have the ability to modify
the electrode material such that it is no longer just micro-
sandblasted and passivated Ti. Thus, following the catho-
dic polarization, the passive layer most likely has a
different composition (partially reduced Ti oxide), possibly
a Ti hydride forms in the near-surface region, and the
protective passive layer is no longer compact and may have
cracks. Consequently, the value of E,, determined on the
basis of polarization curves are expected to have different
values than those determined using OCP measurements.

Cyclic polarization curves can be interpreted qualita-
tively to explain a metal’s susceptibility to pitting or cre-
vice corrosion [5, 15]. When a metal is highly susceptible
to this type of corrosion, the polarization curve at the upper
potential limit will show a well-defined hysteresis loop in
the reverse scan [19]. An analysis of the results shown in
Fig. 7 reveals the absence of a closed hysteresis loop in the
polarization curves. Therefore, we can conclude that the
micro-sandblasted Ti and micro-sandblasted and passivated
Ti have low susceptibility to pitting or crevice corrosion in
HBSS.
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Fig. 7 Polarization curves for -2 =7
micro-sandblasted, and micro- (a) (b)
sandblasted and passivated Ti 8
samples recorded in HBSS at -4 1 Q-P
T =310 K at a scan rate of region 109 o5
s = 0.166 mV s~". a Micro-
sandblasted Ti sample, -6 1
b—f micro-sandblasted and
passivated Ti samples at
Vac = 10, 20, 30, 40, and 50 V, -8 1
respectively. The inset in the H AP
polarization curve B shows the region trans
methodology of determining the -10 ) ) '
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Corrosion rates (CR) can be obtained from polarization
curves by applying the Stern—Geary equation, Eqgs. 2 and 3:

3.27 jeorw EW
2o Jeom 21 2
7 (2)

o Babe
" 23 Ry(Ba + o)

where EW is the equivalent weight of the metal and d is its
density, j.or is the corrosion current density at E,,, (see the
inset of Fig. 7b), R, is the polarization resistance, f5 is
the anodic Tafel slope and f¢ is the cathodic Tafel slope.
The value of R, was determined on the basis of polarization
resistance curves in the potential range (Ecorr —0.20; Ecorr
+0.20). Figure 8 shows the average of three CR values for
each passive film as a function of the applied Vac; we also
show the CR value of micro-sandblasted Ti that serves as a
reference. The passive films formed at all the V,c values
reported were successful in reducing corrosion rates in
HBSS. The film formed at Vac = 10 V has the most sig-
nificant reduction of CR that is 0.049 um year™' in HBSS;
it contrasts favorably to CR for the micro-sandblasted Ti

CR =

(3)
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that is 0.735 pum year '. This represents approximately
15-fold reduction in the corrosion rate under the experi-
mental conditions reported above. There is a gradual
increase of CR with the magnitude of Vsc and the rela-
tionship is close to linear for Voc = 10, 20, and 30 V.
The E, values (Fig. 6) determined on the basis of OCP
versus ¢ measurements reveal that the thick passive layers
formed at Voc > 30 V offer the most protective surface
against corrosion in HBSS. On the other hand, the CR
values (Fig. 8) determined on the basis of polarization
curves show that the passive layer formed at Voc = 10 V
has the lowest value of j.o, thus CR. These two observa-
tions seem to contradict each other and need to be dis-
cussed. Above, we have discussed the nature of the two
experimental methods: (i) in the case of the OCP mea-
surements, the sample is immersed in the electrolyte
solution and its OCP is monitored as a function of time; the
sample has not undergone any prior polarization; (ii) in the
case of polarization curves, the transients start at a negative
potential and end at a positive potential; the initial expo-
sure to negative potentials might irreversibly modify the
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Fig. 8 CR for micro-sandblasted and passivated Ti as a function of
Vac required to form them. The value of CR for micro-sandblasted
and non-passivated Ti is shown at Voc =0V

sample. Therefore, the values of E.,, determined through
OCP measurements are more reliable and, consequently,
could be applied as a guideline in any potential practical
application of the AC voltage-formed protective layers on
micro-sandblasted Ti because any implant is very unlikely
to be exposed to any strong cathodic polarization before
implantation.

Conclusions

Electrochemically formed passive layers on micro-sand-
blasted Ti are uniform, crack free, and exhibit well-defined
and reproducible coloration that is related to the magnitude
of Vac required to form them. The morphology of the
micro-sandblasted surface before passivation is rough and
non-uniform. Electrochemical passivation does not have a
significant effect on the average surface roughness of
the sample. The unique surface morphology achieved by
the application of micro-sandblasting might facilitate the
incorporation of an implant through cell adhesion and
osteointegration. The measurements of E, show that the
stability of micro-sandblasted Ti increases after electro-
chemical passivation. All passive layers offer a significant
reduction of the corrosion rate as compared to micro-
sandblasted and non-passivated Ti. The electrochemical
passivation might offer a fast and easy way to decrease the
corrosion rate of Ti within the human body. Thus, the
combination of micro-sandblasting and electrochemical
passivation may be beneficial to the overall biocompati-
bility of Ti.
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