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Abstract The objective of this study was to evaluate the
corrosion kinetics and microstructural change of a Ti-6Al-
4V alloy with machined and treated surfaces (sandblasted
with aluminum oxide or double acid-etched) at three sali-
vary pH levels. For an electrochemical test (n = 5), open-
circuit potential and electrochemical impedance spec-
troscopy analyses were conducted in artificial saliva at pH
3, 6.5, and 9 in the three types of Ti—-6Al-4V surfaces. The
capacitance (CPE) and the polarization resistance (R,) of
the titanium oxide layer were determined. Disk surfaces
were characterized using scanning electron microscopy,
atomic force microscopy, and profilometry, which provided
the surface roughness (Ra) of the disks before (baseline)
and after the electrochemical test. The corrosion parame-
ters were compared by two-way ANOVA. One-way
ANOVA was applied for analyzing Ra values of the
specimens before and after the electrochemical process.
For results that were statistically significant, the Tukey
HSD test was used. The level of significance used for all
tests was 0.05. The highest value of R, was observed on
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disks with machined surfaces and treated with double acid-
etching (p = 0.264), which was independent of the salivary
pH level. Sandblasting decreased the R, of Ti-6Al-4V at
all pH levels (p < 0.05). The machined surface showed the
lowest CPE, followed by the surfaces treated with double
acid-etching, and the highest values were observed for the
sandblasting (p < 0.05), which were all independent of the
pH. It was concluded that a higher corrosion process was
observed in the Ti—-6Al-4V alloys surface sandblasted with
aluminum oxide. Acidic pH tended to reduce total impe-
dance values. Acid-etching may be a suitable treatment for
dental implants as it provides good corrosion resistance and
increased contact area for bone adhesion.

Keywords Titanium - Corrosion - pH - Saliva

1 Introduction

Titanium (Ti) has essential properties for osseointegration,
such as good biocompatibility and good mechanical
strength [1-4]. However, situations harmful to biomaterials
such as pH changes, the presence of fluoride, thermal,
chemical, or mechanical changes, the presence of saliva,
and plaque may degrade the oxide layer, releasing ions
both externally and internally, as in cases of corrosion of
the implant surface [5, 6].

In the oral cavity, various situations promote acidifica-
tion or alkalinization of the salivary pH [7]. Foods such as
milk, nuts, and those with higher concentrations of calcium
increase the pH of saliva, whereas sweetened foods,
sweets, fruit juices, and soft drinks can decrease salivary
pH [7, 8]. These situations increase the corrosion rate of
dental implants [5, 6, 9].
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Metals such as Ti are highly toxic to the human body
and can cause irreversible damage when they are released
into the bloodstream [10-12]. In this context, studies on
peri-implant mucosa and cadavers [13-18] showed parti-
cles of Ti in the peri-implant region and in organs such as
the liver, kidney, spleen, and lymph nodes next to the
implants or some distance away [12, 19].

Inrecent decades, dentistry has developed topographic and
physical-chemical surface modifications of dental implants
[20-23], mainly seeking increased mechanical strength and
increased bone-implant contact percentage, particularly in
areas of low bone density [20-23]. Several techniques for the
surface treatment of Ti implants are commercially available
and are described in the literature. The key processes are
techniques that promote implant surfaces through addition
[coating with titanium plasma spray and hydroxyapatite (HA),
HA and other calcium phosphate coatings, deposition of ions
[24-26] or subtraction [creating pores and pits on the surface
of the implant through electropolishing, mechanical polish-
ing, treatment with acid, associated with the sandblasting of
titanium oxide (TiO,) or aluminum oxide (Al,05) oxidation,
and laser irradiation [27, 28].

The electrochemical stability of Ti subjected to different
surface treatments is still being debated in the literature.
However, it is known that changes in salivary pH influence the
corrosion behavior of Ti with machined surfaces [9]. Barao
etal. [29] investigated the corrosion properties of machined Ti
in the presence of pathogenic components present in the walls
of gram-negative bacteria [lipopolysaccharide (LPS) in arti-
ficial saliva with three levels of pH: acidic pH 3, neutral pH 6.5,
and basic pH 9]. LPS and pH affected the corrosion behavior of
Ti. In general, low pH (pH 3) and the highest concentration of
LPS accelerated the corrosion process of Ti. Increasing pH
significantly decreased the corrosion rate and increased ion
exchange between the environment and Ti. Therefore, it is
necessary to investigate the effect of different surface modi-
fications on the electrochemical stability of Ti with different
levels of salivary pH, since in a previous study, the acidic pH
showed higher corrosion potential in machined surfaces [29].

The aim of this study was to evaluate the corrosion
kinetics and microstructural changes of a Ti-6Al-4V alloy
with machined and treated surfaces (sandblasted with alu-
minum oxide or double acid-etched) at three salivary pH
levels (3, 6.5, and 9). The null hypothesis is that neither
surface treatment nor salivary pH would have an effect on
the electrochemical behavior of the Ti-6A1-4V alloy.

2 Materials and Methods
Forty-five disks of a Ti-6A1-4V alloy were fabricated. The

disks were 15 mm in diameter and 2-mm thick. The
specimens were divided into 9 groups (n = 5) according to
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the surface type (three levels) and salivary pH (three
levels), as detailed in Table 1.

2.1 Preparation of the Ti Disks

The disks were polished and cleaned using standard met-
allographic methods [9, 29-31]. The polishing was per-
formed in an automatic polisher (ECOMET 250PRO/
AUTOMET 250, Buehler, Lake Bluff, IL, USA) with
sandpaper (#320, #400, #600, and #800) (Carbimet 2,
Buehler, Lake Bluff, IL, USA). The final polishing was
done with diamond paste (MetaDi 9-micron, Buehler, Lake
Bluff, IL, USA) in a polishing cloth (Polishing Cloth
TextMet, Buehler, Lake Bluff, IL, USA) and a colloidal
silica (MASTERMED, Buehler, Lake Bluff, IL, USA)
rubber cloth disk (Chemomet I Buheler, Lake Bluff, 1L,
USA) until the surfaces of the Ti—-6Al-4V disks were
reflective.

2.2 Surface Treatments

From a total of 45 polished Ti disks, 15 disks were ran-
domly selected for the machined surface group. The others
were subjected to surface modification according to market
availability. The disks were chemically treated using three
acids (nitric, sulfuric, and hydrochloric acids) (n = 15)
according to the Military Institute of Engineering — IME
(Rio de Janeiro, Brazil) protocol or sandblasted with alu-
minum oxide (Al,O3) (n = 15) according to Emfils
Implants (Itu, Sao Paulo, Brazil) standards.

2.3 Electrochemical Test

The electrochemical test was performed according to pre-
viously published protocols [9, 29, 31, 32]. A polysulfone
electrochemical cell with a three-electrode cell was used to
measure the corrosion parameters, following the guidelines
of the American Society for Testing Materials (ASTM)

Table 1 Experimental groups divided as a function of the pH level
and type of surface of the Ti-6A1-4V disks

pH levels Disks surfaces

3 (n=15) Machined (n = 5)
Treated (double acid-etching) (n = 5)
Treated (sandblasting) (n = 5)

6.5 (n=15) Machined (n = 5)
Treated (double acid-etching) (n = 5)
Treated (sandblasting) (n = 5)

9 (n=15) Machined (n = 5)

Treated (double acid-etching) (n = 5)
Treated (sandblasting) (n = 5)
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(G61 and G31-72). For each electrochemical test, 10 mL of
artificial saliva at three pH levels (3, 6.5, and 9) was used
as the electrolyte. The artificial saliva composition was
KCl (0.4 g/L), NaCl (0.4 g/L), CaCl,-2H,O (0.906 g/L),
NaH,PO,4-2H,O (0.690 g/L), (Na,S-9H,O g/L) (0.005 g/
L), and urea (1 g/L) according to Vieira et al. [4]. Ti—6Al-
4V alloy disks were subjected to a cathodic potential
(—0.9 V vs. SCE) to standardize the oxide layer formed on
the metal surface. The open-circuit potential was moni-
tored for 3600 s to analyze the potential of the material into
the solution and to stabilize the system.

Electrochemical impedance spectroscopy (EIS) was
used to evaluate the electrochemical formation of the oxide
layer on the surfaces of the Ti—6Al-4V disks and the
properties of this oxide layer (corrosion kinetics). EIS
measurements were performed at frequencies between
100 kHz and 5 MHz at an AC amplitude of 10 mV applied
to the electrode [9, 29, 31]. These values were used to
determine the real (Z') and imaginary (Z”) components of
impedance for the Nyquist plot or total impedance (IZl) and
phase angle. Echem Analyst software (Gamry Instruments
Warminster, PA, USA) was used to fit the EIS data using a
modified Randle’s circuit. In this circuit, the capacitance
was represented by a constant phase element (CPE) due to
the inhomogeneous passive layer at the material surface.
Capacitive behavior can be related with the existence of an
electrochemical double layer on the material/electrolyte
interface and the dielectric nature of TiO, [32]. A Chi-
square value less than 0.01 was obtained as it indicates
excellent agreement between experimental data and the
fitted values [33]. Oxide film properties such as CPE and
the polarization resistance (R,) were quantified.

2.4 Microstructural Assessment
2.4.1 Microstructural Characterization: SEM and AFM

To characterize the surfaces of the Ti—-6Al-4V alloy disks,
images of the disks were obtained using scanning electron
microscopy (SEM, JEOL JSM-7401F, Oregon, USA). The
images before and after corrosion were compared in order
to analyze the different surfaces of the disks and salivary
pH levels.

The three-dimensional analysis was performed using
atomic force microscopy (AFM, Veeco Metrology Inc.,
Santa Barbara, CA, USA). The images from the micro-
scope were transferred to a microcomputer and analyzed
using the Analysis Nanoscope software (2004 Veeco
Instruments Inc., Santa Barbara, CA, USA). Finally, three-
dimensional images were obtained to allow a comparative
analysis between the experimental groups.

2.4.2 Surface Roughness

Superficial changes of the Ti—-6A1-4V alloy promoted by
the corrosion process were measured by average roughness
values (Ra, arithmetic average surface roughness). A pro-
filer (Dektak d-150; Veeco, Plainview, New York, USA)
was used, and the measurements were carried out in two
stages, before (baseline) and after the electrochemical tests
[30, 31]. The Ra values were obtained using a 500 pm cut-
off and a time constant of 12 s. Three readings were taken
on each surface, and the average was calculated. Random
readings were taken from the center of the specimen, as
well as two parallel readings, to the right and left of center
[30, 31].

2.5 Statistical Analysis

The R, and corrosion CPE parameters were compared by
two-way ANOVA, factor 1: surface of the disks (machined,
double acid-etched, and aluminum oxide sandblasted) and
factor 2: pH of artificial saliva (3, 6.5, and 9). The Tukey
HSD test was applied as a post hoc technique. One-way
ANOVA was used for the analysis of the surface roughness
(Ra) of the specimens before and after the corrosion pro-
cess. The level of significance used for all tests was 0.05.

3 Results
3.1 Electrochemical Data

The Bode plot representing the corrosion kinetics of Ti—
6Al-4V showed a constant phase angle in all cases. Dif-
ferent phase angle values were noted for the machined
surface (approximately 90°), the acid-etched surface (ap-
proximately 80°), and the sandblasted surface (approxi-
mately 70°). At low frequency, the total impedance values,
IZI, were higher for the machined and etched groups as
compared to the sandblasted group, regardless of salivary
pH conditions (Fig. 1). Acidic pH tended to reduce total
impedance values. The Nyquist plot showed that the
sandblasted surface decreased the diameter of the semi-
circle of the total impedance plot of Ti—-6Al-4V (Fig. 2).
At pH 3, there was a slight reduction in the diameter of the
semicircle as compared to pH 6.5.

R, was influenced only by the surface condition of Ti-
6Al-V (p = 0.023, ANOVA) (Table 2). The specimens
with the machined surface and treated with double acid-
etching showed the highest values of Ry, regardless of
salivary pH (p = 0.264, Tukey HSD test). At pH 3, R, had
a tendency to increase for etched Ti-6Al-4V, whereas at
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Fig. 1 Electrochemical impedance spectroscopy (EIS) represented
by the Bode plot of the Ti-6Al-4V alloy for acid-etching, sandblasting
and machined surface in three pH levels (3, 6.5 and 9). Different
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Fig. 2 Electrochemical impedance spectroscopy (EIS) represented
by the Nyquist plot of the Ti-6Al-4V alloy for acid-etching,
sandblasting and machined surface in three pH levels (3, 6.5 and

Table 2 ANOVA test: 2 factors (pH vs. surface) for R,

Source of variation P*
pH (3, 6.5 and 9) 0.559
Surface (machined, sandblasting and acid-etching) 0.023
pH vs. surface 0.347
* Denotes significance at the 0.05 level
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Fig. 3 Means and standard deviations of polarization resistance (R,,)
of the Ti-6Al-4V alloy for acid etching, sandblasting and machined
surface in three pH levels (3, 6.5 and 9). Machined surface and treated
with double acid-etching showed the highest values of R, regardless
of salivary pH
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9). Sandblasted surface decreased the diameter of the semicircle of
the total impedance plot of Ti—-6Al-4V

Table 3 ANOVA test: 2 factors (pH vs. surface) for CPE

Source of variation pP*

pH (3, 6.5 and 9) 0.282
Surface (machined, sandblasting and acid-etching) <0.001
pH vs. surface 0.121

* Denotes significance at the 0.05 level

pH 6.5 and 9, the machined disks had a higher R,
(Fig. 3). The treatment with aluminum oxide decreased the
R, value of Ti-6Al-4YV at all pH levels (p < 0.05, Tukey
HSD).

In relation to the CPE, the surface treatment condition
exhibited a statistically significant effect (p < 0.001,
ANOVA) (Table 3). In all interactions (sandblasted vs.
machined, sandblasted vs. etched, and machined vs.
etched), there was a significant change in CPE (p < 0.05,
Tukey HSD test) (Table 3; Fig. 4). The machined surfaces
had the lowest CPE, which were independent of pH, fol-
lowed by the disks treated with double acid-etching; the
greatest CPE values were observed for the sandblasted
surfaces. These data corroborate the results of the Bode
plots and Nyquist plots (Figs. 1, 2).
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Fig. 4 Means and standard deviations of constant phase element
(CPE) of the Ti-6Al-4V alloy for acid etching, sandblasting and
machined surface in three pH levels (3, 6.5 and 9). Machined surfaces
had the lowest CPE, which were independent of pH, followed by the
disks treated with double acid-etching; the greatest CPE values were
observed for the sandblasted surfaces

3.2 Microstructure Data

The SEM images (Fig. 5) before and after electrochemical
assay showed smooth surfaces for the machined samples,
good adhesion of the oxide layer on the sandblasted sam-
ples, film integrity, and homogeneous morphology. The
machined surfaces after electrochemical tests in artificial
saliva at pH 3 and 6.5 showed some black spots as a result
of artifacts. The sandblasted samples exhibited visible
topographic alteration, with the attachment of Al,O5 par-
ticles of standard shape and size. The acid-etched samples
exhibited uniformly pitted surfaces.

Figure 6 exhibits the AFM images of Ti-6Al-4V before
and after corrosion. The machined surfaces were smooth
for all conditions. Sandblasting and acid-etching treatments
created peaks and valleys on the Ti surface.

3.3 Surface Roughness Data

Figure 7 shows the mean values of Ra. Although the sur-
face treatment had a significant influence (p < 0.0001,
ANOVA), the corrosion process had no effect on the Ra
values (p = 0.284, ANOVA). The machined surfaces
exhibited the lowest Ra values before and after corrosion.
Similar Ra values were noted for the sandblasted and acid-
etched samples.

4 Discussion

The electrochemical behavior of the Ti—-6Al1-4V alloy was
only affected by different surface treatments (p < 0.05).
Given these results, the null hypothesis that the electro-
chemical behavior was similar between the different vari-
ables (pH levels and surface treatment) was rejected.

Surprisingly, salivary pH had no effect on the corrosion
kinetics of the Ti—-6A1-4V alloy. The corrosion behavior
was very similar among the analyzed pH levels (3, 6.5, and
9), as seen from the observed values of R, and CPE
(Figs. 3, 4). It is clear that the surface of the Ti—6A14V
alloy promoted oscillations in the material corrosion rate.
Previously published studies have shown a higher rate of
corrosion in acidic saliva (pH 3) [9, 34, 35]. However,
these studies evaluated Ti—-6Al-4V disks with mirror-like
machined surfaces with no changes in microstructural
topography. Even if the results of our study did not show
statistically significant changes for the salivary pH, the
machined surfaces showed a trend toward higher capaci-
tance values and lower polarization resistance values in
acidic saliva. CPE refers to the ions exchange between the
material and the environment, whereas R, indicates the
protectiveness of the material’s surface against corrosion.
The higher the CPE value and the lower the R, value, the
greater the corrosion of the material.

With respect to the corrosion kinetics, the surfaces of
Ti-6A1-4V sandblasted with Al,O5 had the lowest values
of R, and higher CPE values. Additionally, the Nyquist
plot showed that this surface decreased the diameter of the
semi-circular “loop” capacitance for all situations tested,
indicating poor corrosion resistance. Surfaces with a larger
Nyquist plot diameter are fitted to circuits with a larger R,,.
Surfaces with a larger R, have better corrosion resistance
and decreased corrosion rates. Surfaces with a higher CPE
have an electrical double layer with higher capacitance,
promoting higher corrosion rates. Thus, the sandblasted Ti—
6Al-4V alloy exhibited poor corrosion behavior as com-
pared to the etched and machined samples. This may have
been due an increased surface area and the presence of
Al,O5 particles, which can decrease the corrosion resis-
tance through passive layer weakening, as observed by
Burnat et al. [36].

According to previous studies [37, 38], the sandblasting
procedure prepares the titanium surface more rigorously
than polishing (machined surface), creating surfaces with
increased activity. This rigorous surface preparation on the
titanium substrate generates a surface oxide layer with
reduced integrity and thickness [39]. Such a mechanism
may be the driving force for the poor corrosion resistance
of sandblasted samples in the present study. Energy dis-
persive spectroscopy analysis showed that the content of
titanium (in wt%) decreased from 96 to 33 as compared to
the machined versus sandblasted samples (data not shown).
Based on that, it could be estimated that approximately
60 % of the surface area of the sandblasted samples had
Al,O3 embedded particles.

The modification of the titanium surface is a major
factor in osseointegration owing to the higher adhesion
property of osteoblast cells to surfaces with a larger contact
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Fig. 5 Scanning electron microscope images (2,000x) of the Ti-6Al-4V alloy with acid etching, sandblasting and machined surface in three pH

levels (3, 6.5 and 9), before and after electrochemical assay

area [20-23]. However, other factors such as corrosion
resistance must be considered in order to achieve suc-
cessful treatment. Corrosion promotes the release of tita-
nium ions into the bloodstream [10-12], promoting damage
in metabolizing organs [12, 19]. Additionally, corrosion
causes greater adhesion of microorganisms in dental
implants, predisposing the patient to peri-implantitis [31,
43, 44]. Thus, acid-etching may be a suitable treatment for
dental implants as it provides increased contact area for
bone adhesion and good corrosion resistance in the oral
environment.

@ Springer

Given the various techniques for modifying the
microstructure of the Ti surface, some may fail during
technical processing, resulting smaller microstructural
homogeneity. Thus, the mechanical stress caused during
the installation of the implants, especially in bones of
higher density, can promote the shedding of Ti particles to
the peri-implant region, inducing a foreign-body reaction
as noted by Tavares et al. [23]. This detachment will
expose the surfaces of implants and increase the tendency
to corrosion. Another implication proposed is the surface
weakness caused by etching-acid technique that can
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Fig. 6 Tridimensional atomic force microscopy images of the Ti-6Al-4V alloy with acid etching, sandblasting and machined surface in three pH

levels (3, 6.5 and 9), before and after electrochemical assay

promote electrochemical reactions in oral environment,
increasing implant corrosion.

In this context, another important factor to be noted in
the results of this work is the clinical implication of the
exchange of Ti ions with the electrolyte environment. In
addition to the microstructural changes, the release of Ti
ions, Al, and V to the peri-implant region may cause
greater damage at the systemic level. These metals are
highly toxic to the body, with the potential to cause damage
in metabolizing organs and lead to neurological disorders
[12, 19]. Reviews of the peri-implant mucosa have shown
particles of Ti with foreign-body reaction, as evidenced by
macrophages, including some particles and other scattered
in the tissue [15-17, 40]. The question remains whether the

500

400

“~— 300 ——Baseline

g. ~#-pH 3

=

o 200 ~-pH 6.5
pH9

/

100 /

Machined
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Fig. 7 Means and standard deviations of surface roughness (Ra) for
the Ti-6Al-4V alloy with acid etching, sandblasting and machined
surface in three pH levels (3, 6.5 and 9), before and after
electrochemical assay
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foreign-body reaction is capable of engulfing the Ti parti-
cles in the peri-implant environment, or whether there will
be metabolic changes in vital organs such as the liver and
kidney and neurological disorders, depending on the degree
of metal poisoning.

The large R, for surfaces conditioned with the double
acid-etching, even in acidic pH, was an unexpected result.
It was expected that a higher R, would be observed in the
etched surface than in the machined surface. However,
these data were not consistent with the CPE values,
wherein the etched disks showed a higher CPE than the
machined disks. It was observed that at least initially, most
of the metals conditioned with double acid-etching were
resistant to attack from an electrolytic environment,
although the reason for this is unclear. Over time, the oxide
layer that forms on the surface of the Ti—-6A14V alloy,
which is porous and has irregularities, may be degraded,
thus, increasing the ability to exchange ions with the
electrolyte environment (greater CPE values) [33, 34, 41,
42].

The Ra data were not affected by the corrosion process,
and no changes were observed in the AFM and SEM
images. It is important to note that the release of Ti ions in
the corrosion process may not cause a significant increase
in Ra. Another factor to consider is the immersion time of
the Ti—-6Al-4V surface in acid pH and its clinical impli-
cations. It is thought that the immersion time (approxi-
mately 2.5 h) was too short to cause changes on the Ti
microstructure. Additionally, monitoring the open-circuit
potential and then performing EIS analysis are not gener-
ally expected to change the surface very much for passive
alloys. Future studies should investigate the corrosion
behavior of titanium material subjected to long-term
immersion, thus simulating acidic diets or systemic chan-
ges that would modify the salivary pH for a long period of
time.

From the results obtained in this study, it is evident that
there is a need for future studies investigating different
techniques to treat the surface of Ti dental implants in
order to improve not only their corrosion stability but also
their osseointegration potential. It will reduce the possi-
bility of particle detachment for the peri-implant region and
the Ti toxicity, thus reducing failures of dental implants.

5 Conclusions

Within the limitations of this in vitro study, it can be
concluded that

(1) Higher corrosion kinetics were observed in the Ti—
6Al-4V alloy treated with Al,O3 sandblasting.

@ Springer

(2)  Acid-etching may be a suitable treatment for dental
implants as it provides good corrosion resistance and
increased contact area for bone adhesion.

(3) The pH of saliva had no effect on the electrochem-
ical stability of the Ti—-6Al-4V alloy for all surface
conditions (machined, sandblasted, and etched).

Conflict of interest On behalf of all authors, the corresponding
author states that there is no conflict of interest.
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