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Modified surfaces have improved the biological performance and biomechanicalfixation of dental implants com-
pared to machined (polished) surfaces. However, there is a lack of knowledge about the surface properties of ti-
tanium (Ti) as a function of different surface treatment. This study investigated the role of surface treatments on
the electrochemical, structural, mechanical and chemical properties of commercial pure titanium (cp-Ti) under
different electrolytes. Cp-Ti discs were divided into 6 groups (n = 5): machined (M—control); etched with
HCl + H2O2 (Cl), H2SO4 + H2O2 (S); sandblasted with Al2O3 (Sb), Al2O3 followed by HCl + H2O2 (SbCl), and
Al2O3 followed by H2SO4 + H2O2 (SbS). Electrochemical tests were conducted in artificial saliva (pHs 3; 6.5
and 9) and simulated body fluid (SBF—pH 7.4). All surfaces were characterized before and after corrosion tests
using atomic force microscopy, scanning electron microscopy, energy dispersive microscopy, X-ray diffraction,
surface roughness, Vickers microhardness and surface free energy. The results indicated that Cl group exhibited
the highest polarization resistance (Rp) and the lowest capacitance (Q) and corrosion current density (Icorr)
values. Reduced corrosion stability was noted for the sandblasted groups. Acidic artificial saliva decreased the
Rp values of cp-Ti surfaces and produced the highest Icorr values. Also, the surface treatment and corrosion process
influenced the surface roughness, Vickersmicrohardness and surface free energy. Based on these results, it can be
concluded that acid-etching treatment improved the electrochemical stability of cp-Ti and all treated surfaces be-
haved negatively in acidic artificial saliva.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Dental implants have been widely used to rehabilitate partial and
complete edentulous patients [1–3]. Commercially pure titanium (cp-
Ti) is the most common material used to fabricate dental implants due
to its appropriatemechanical strength and biocompatibility [4–7]. How-
ever, it is scientifically known that titanium (Ti) can degrade/corrode
when exposed to chemicals such as acid, fluoride and saliva [8–10].
The oral fluidsmay induce the formation of corrosion cracks at the abut-
ment/implant interface [11]. Besides, thepHarounddental implants can
vary [8] where certain food such as nuts and milk can alkaline saliva
[12]. Sugary foods, some fruits, pickled foods, or even infections, chronic
diseases and smoking habits can acidify saliva [12–14] leading to the
, SP 13414-903, Brazil.
formation of corrosion products. Barao et al. [9] reported reduced corro-
sion resistance ofmachined cp-Ti and Ti\\6Al\\4V alloy in acidicmedia.

The process of corrosion can affect the mechanical properties, bio-
compatibility and function of dental implants, which may lead to their
failure [8,15,16]. The abnormal electrical currents produced during cor-
rosion, convert dental implants into an electrode, and the negative im-
pact on the surrounding tissue could be an additional cause of implant
failure [16].

Several methods of surface treatment have been suggested, includ-
ing additional techniques to create projections on implant surface
[17–19] aswell as subtraction techniques to create pores and pits on im-
plant surface [20–22]. Acid etching has been used for cleaning and de-
contamination of Ti surface besides changing its physical-chemical
properties [23,24]. Prolonged treatment with hydrogen peroxide
(H2O2) is an alternative for deposition of apatite on Ti surface to im-
prove its bioactivity [25]. A method combining sulfuric acid (H2SO4)
and H2O2 has been suggested to control the chemical deoxidation/
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reoxidation of Ti-basedmaterials and promote a clean surfacewith a re-
producible oxide layer for covalent immobilization of bioactive mole-
cules [26]. Furthermore, the chemical treatment of Ti with H2O2 and
hydrochloric acid (HCl) is a simple method to provide bone formation,
apatite deposition for better osteoconductivity and proliferative abilities
[27–29]. In addition, this treatment creates a gel layer of bioactive Ti on
complex surfaces [27].

Sandblasting is a commonmethod for treatment of Ti surface that in-
creases the adhesion of osteoblasts in biological environment [30] and
improves osseointegration of dental implants. The positive effect of
sandblasting was previously associated to an increased roughness on
implant surface [31]. However, it was recently suggested that Ti
osseointegration also results from negative polarized high electrical
charge on material surface [32]. Therefore, the method to combine
sandblasting with large particles and acid etching (SLA) has become
a common implant surface treatment [33]. Clinically, these implant
surfaces created an increased deposition of bone tissue in histo-
morphometric analysis and high removal torque values in biomechani-
cal studies [28]. In general, modified surface improves the biological
performance and biomechanical fixation of dental implants compared
to machined surfaces [34,35].

Zhang et al. [36] reported reduced corrosion resistance of
sandblasted, and sandblasted and large-grits acid etching (SLA) of
Ti\\10Cu alloy. Also, Faverani et al. [37] observed poor corrosion behav-
ior of Ti\\6Al\\4V alloy treated with Al2O3 sandblasting. On the other
hand, sandblasting associated with oxalic acid etching improves the
electrochemical properties of Ti [38].

The role of the different surface treatments on the corrosion behav-
ior of Ti is still under study. There is no study that comprehensively and
systematically evaluated the electrochemical stability of several clinical-
ly relevant implant surfaces, which mimic the real implants used in pa-
tients. Further, the corrosion kinetics of those surfaces investigated in
different electrolytes has been weakly explored as well. Therefore, the
objective of this study was to investigate the influence of different sur-
face treatment protocols on the electrochemical stability of cp-Ti in arti-
ficial saliva (pHs 3; 6.5 and 9) and simulated body fluid (SBF) (pH 7.4).
The structural (surface roughness, wettability, surface free energy,
crystalline composition of oxides, microstructure, and topography),me-
chanical (microhardness), and chemical (energy dispersive spectrosco-
py) properties of cp-Ti were also evaluated. Our research hypotheses
were (i) clinically used surface modifications would improve the elec-
trochemical stability and surface properties of cp-Ti, and (ii) the electro-
lyte types would drive the corrosion behavior of cp-Ti.

2. Materials and methods

2.1. Cp-Ti discs

Cp-Ti discs (grade II) with 15mm in diameter and 2mm in thickness
(MacMaster Carr, Elmhurst, IL, USA)were divided into 6 groups (n=5)
as a function of different surfaces treatment: machined (M group)
(control); etched with hydrochloric acid + hydrogen peroxide (Cl
group); etched with sulfuric acid + hydrogen peroxide (S group);
sandblasted with aluminum oxide (Sb group); sandblasted with alumi-
num oxide and etched with hydrochloric acid + hydrogen peroxide
(SbCl group); and sandblasted with aluminum oxide and etched with
sulfuric acid + hydrogen peroxide (SbS group).

2.2. Samples preparation

All discs were polished with sequential grid sandpapers (#320,
#400, #600) (Carbimet 2, Buehler, Lake Bluff, IL, USA) in an automatic
polisher (EcoMet 300 Pro with AutoMet 250; Buehler, Lake Bluff, IL,
USA). The samples were ultrasonically cleaned with deionized water
(10 min) and 70% propanol (10 min) (Sigma-Aldrich, St. Louis, MO,
USA) and dried with warm air at 250 °C [9].
2.3. Surface treatment protocols

The M group was obtained by mechanical polishing, as previously
described in Section 2.2. Samples from the Cl group were etched
with a solution containing 0.1 mol/L of HCl and 8.8 mol/L of H2O2

(Sigma-Aldrich, St. Louis, MO, USA) at 80 °C during 20 min. Then, the
samples were washed with distilled water, oven dried at 50 °C for
12 h, heated with air at 400 °C for 1 h, and cooled in an electrical oven
[27]. At the end, the discswerewashedwith distilledwater and vacuum
dried. In the S group, discs were washed with toluene (Sigma-Aldrich,
St. Louis, MO, USA) and chemically treated with a solution containing
equal volumes of H2SO4 concentrated (Sigma-Aldrich, St. Louis, MO,
USA) and an aqueous solution of 30% H2O2 (Sigma-Aldrich, St. Louis,
MO, USA) at 25 °C for 2 h. Then, the discs were washed with distilled
water and vacuumdried [23,39]. In the Sb group, discswere sandblasted
with 150 μmparticles of Al2O3 (Polidental Indústria Comércio Ltd, Cotia,
São Paulo, Brazil) deposited at 50mmof distancewith 90° of angulation
using 0.45 MPa pressure during 30 s [33]. Then, the discs were rinsed
in ultrasonic tank containing distilled water for 15 min and dried
at room temperature (23 °C). For the SbCl and SbS groups, the
discs were sandblasted and then acid etched with HCl + H2O2 and
H2SO4 + H2O2, respectively.

2.4. Electrochemical test

The electrochemical tests were performed using a potentiostat
(Interface 1000, Gamry Instruments, Warminster, PA, USA) for the cor-
rosionmeasurements in an electrochemical cellmade of polysulfone. All
measurements were performed on a standardized method of three-
electrode cell in accordance with the instructions of the American
Society for Testing of Materials (ASTM) (G61–86 and G31–72). A satu-
rated calomel electrode (SCE) was used as a reference electrode (RE),
a graphite rod as a counter electrode (auxiliary) (CE) and the exposed
surface of cp-Ti disc as a working electrode (WE). A total of 10 mL of
electrolyte (artificial saliva or simulated body fluid) was used for each
corrosion experiment. The electrolyte temperature was maintained at
37 ± 1 °C and different pH levels of artificial saliva (3; 6.5 and 9) were
used to mimic the oral environment and the simulated body fluid
(SBF) was used to simulate the blood plasma (pH = 7.4).

The chemical composition for the artificial saliva was KCl (0.4 g/L),
NaCl (0.4 g/L), CaCl2·2H2O (0.906 g/L), NaH2PO4·2H2O (0.690 g/L),
Na2S·9H2O (0.005 g/L), and urea (1.0 g/L) (8, 46). Different pH values
were achieved by adding lactic acid (acidic) or NaOH (basic) in an ap-
propriate amount and evaluated in a pH meter. The composition
of the SBF was NaCl (12.0045 g/L), NaHCO3 (0.5025 g/L), KCl
(0.3360 g/L), K2HPO4 (0.2610 g/L), Na2SO4 (0.1065 g/L), 1 M HCl
(60 mL), CaCl2·2H2O (0.5520 g/L), MgCl2·H2O (0.4575 g/L). Tris was
used to achieve a pH of 7.4 [40].

The exposed area of the disc was estimated by atomic force micros-
copy (AFM) analysis for all groups (M= 2.04 cm2, Cl = 2.31 cm2, S =
2.32 cm2, Sb = 2.44 cm2; SbCl = 2.47 cm2; SbS = 2.46 cm2). Initially,
the discs were subjected to a cathodic potential (−0.9 V vs. SCE) to
standardize the starting conditions. Over a period of 3600 s, the open
circuit potential (OCP)wasmonitored to evaluate the free corrosion po-
tential of the material surface in the electrolyte solution. The electro-
chemical impedance spectroscopy (EIS) was used to investigate the
oxide layer of cp-Ti surfaces and its properties (corrosion kinetics).
Measurements of the EIS were made at a frequency of 100 kHz to
5 mHz, with AC curve in a range of ±10 mV applied to the electrode
at its corrosion potential. The values were used to determine the real
(Z′) and imaginary (Z″) components of impedance, which were used
to construct Nyquist, Bode (|Z |) and phase angle plots. Through EIS
data, an equivalent electrical circuit was proposed to represent the elec-
trochemical process and oxide layer properties in order to quantify the
corrosion process (Rp—polarization resistance and CPE—constant phase
element). The EIS data were analyzed using Echem Analyst Software
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(Gamry Instruments, Warminster, PA, USA). Finally, the samples were
polarized from −0.8 V to 1.8 V (2 mV/s scan rate) [8,9,41]. Corrosion
parameters such as Ecorr (corrosion potential), Icorr (corrosion current
density), and Tafel slopes (bc, ba) were obtained from the polarization
curves by Tafel extrapolation method using electrochemical software
(Echem Analyst Software, Gamry Instruments, Warminster, PA, USA).

The electrochemical tests were conducted at least five times (n=5)
to ensure reliability and reproducibility.

2.5. Surface characterization

2.5.1. Surface roughness
The cp-Ti surface roughness Ra (arithmetical mean of surface

roughness) was measured using a perfilometer (Dektak 150-d;
Veeco, Plainview, NY, USA) at baseline and after corrosion experiments
(n = 5). The values of Ra were calculated with cut-off of 0.25 mm at
0.05 mm/s during 12 s. For each disc, threemeasurements were obtain-
ed including one at the center, one at the right side, and one at the left
side.

2.5.2. Vickers microhardness
The Vickers microhardness of the cp-Ti discs (n= 5) was evaluated

by an indenter (Shimadzu, HMV-2 Micro Hardness Tester, Shimadzu
Corporation, Kyoto, Japan). Data were collected in an environment
with controlled temperature (22 ± 2 °C) applying a load of 500 gf dur-
ing 15 s. The Vickers hardness units (VHN)were calculated according to
the following formula:

VHN 2P ¼ sin 136o==2
� �

=d2

where P = load and d = diagonal length of indentations.
Fig. 1.RepresentativeNyquist plots fromEIS recorded for different surfaces treatments of cp-Ti i
represent experimental data and solid lines fitted data.
The test was repeated in four randomly selected points on the disc
surface before (baseline) and after the corrosion process (n = 5). The
mean values represented the Vickers microhardness value.

2.5.3. Surface free energy
The surface free energy of the cp-Ti discs before and after corrosion

process (n = 5) was measured with a goniometer (Ramé-Hart 100–
00; Ramé-Hart Instrument Co, Succasunna, NJ, USA) according to the
sessile drop method. The water (polar component) and diiodomethane
(disperse component) contact angleswere calculated. The contact angle
was calculated according to the Young equation:

Ƴsv ¼ Ƴs1 þƳ1v cosƟc

*Ɵc= contact angle,Ƴ=surface energy of solid in equilibriumwith
vapor (sv), solid in equilibrium with liquid (sl), and liquid in equilibri-
um with vapor (lv).

The relation between contact angle and surface energy was evaluat-
ed through the Owens–Wendt method, based on the contact angle of
liquids with different polarities.

2.5.4. Atomic force microscopy
Atomic force microscopy (AFM; 5500 AFM/SPM, Agilent Technolo-

gies, Chandler, AZ, USA) was used to evaluate the 2D and 3D surface to-
pographies of the samples. Images with 5 × 5 μm2 were obtained in
tapping mode and two areas of the disc were selected for analysis. An
appropriate software (Gwyddion v 2.37; GNU General Public License;
Czech Republic) was used for image processing.

2.5.5. Scanning electron microscopy and energy dispersive spectroscopy
Scanning electron microscopy (SEM; JEOL JSM-6010LA, Peabody,

MA, USA)was used to observe themorphologies ofmachined and treat-
ed cp-Ti surfaces. The images were obtained at 950×magnification. The
chemical composition of the cp-Ti discs was evaluated through energy
n simulated bodyfluid (A) and artificial saliva at pH3 (B), pH6.5 (C) and pH9 (D). Symbols

Image of Fig. 1


Fig. 2. Representative Bode plots from EIS recorded for different surfaces treatments of cp-Ti in simulated body fluid (A) and artificial saliva at pH 3 (B), pH 6.5 (C) and pH 9 (D). Symbols
represent experimental data and solid lines fitted data.

Fig. 3. Equivalent electrical circuit used to EIS data.
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dispersive spectroscopy (EDS) attached to the scanning electron
microscope.

2.5.6. X-ray diffraction
The phase composition of the surfaces was determined by an X-ray

diffractometer (XRD; Panalytical, X' Pert3 Powder, Almelo, The
Netherlands) using Cu Kα (λ=1.540,598 Å), 45 kV, 40mA, and contin-
uous speed of 0.05 per second.

2.6. Statistical analysis

Two-wayANOVAwas used to explore the effects of the different sur-
faces (factor 1) and electrolytes (factor 2) on the corrosion behavior of
the cp-Ti (CPE (represented by Q), Rp, Icorr and Ecorr), roughness (Ra),
Vickers microhardness and surface free energy data. Tukey HSD test
was used as a post-hoc test. All analyses were performed at a signifi-
cance level of 5% (SPSS v.20.0, SPSS Inc., IBM Corp, Armonk, NY, USA).
The sample size of each test was statistically determined to achieve a
large effect according to Cohen's effect size (N 0.8) and Partial Eta
Squared (Ƞp

2 N 0.26) analyses.

3. Results

3.1. EIS measurements

The Nyquist plot in Fig. 1, presents the evolution of resultant imped-
ance as a function of real and imaginary components (Zreal vs Zimg).
Bode plots (Fig. 2) provide the variation of impedance as a function of
frequency of the electrochemical double layer formed at the interface
of Ti during corrosion process (corrosion kinetics). The Nyquist plots
demonstrate the electrochemical resistance of Ti surface. Part of the
graph was magnified in order to visualize the groups due to the differ-
ence of magnitude in the Zreal and Zimaginary. The Cl group presented
the highest semicircular diameter of capacitance loop for all electrolytes
tested, evidencing its increased corrosion stability. Regardless of cp-Ti
surface, samples immersed in acidic artificial saliva had a decrease of
the semicircular diameter of capacitance loop, which means inferior
corrosion resistance.

In thephase angle of bode plots, just one time constantwas observed
for groups in all electrolytes, which indicates the presence of compact,
homogeneous and protective passive film. At high frequency, both
phase angles and total impedance modulus |Z| were low. By decreasing
the frequency, the |Z| steadily increased with the increment in phase
angle. At low frequencies, the increase in |Z| values suggests the im-
provement of electrochemical stability. Sandblasted groups associated
or not with acid etching had the lowest |Z| valuewhile Cl andM groups
exhibited the greatest one. The phase angle for cp-Ti in acidicmedia ex-
hibited the lowest angle value, which characterizes poorest corrosion
resistance of cp-Ti in artificial saliva at low pH. It was mainly noted for
sandblasted groups (Sb, SbCl and SbS).

A simple equivalent circuit with a parallel resistance–capacitance
(Rp–CPE) in series with the resistance of solution (Rsol) (Fig. 3) was
used to simulate the electrical parameters of the surface. In this circuit,
Rsol represents the resistance of the electrolyte, Rp is the polarization re-
sistance and CPE (constant phase element) is the specific double-layer
capacitance at the working electrode/electrolyte interface. CPE works
as an imperfect capacitor due to the surface heterogeneities, such as
roughness [42]. The chi-square (χ2) values on the order of 10−3 were
obtained, which indicates the good quality of fitting with the data well
adjusted to the proposed equivalent circuit (Table 1).

Rp and CPE (represented as Q) data are shown in Table 1. Lower Q
values and higher Rp values indicate higher corrosion resistance. In

Image of &INS id=
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Table 1
Mean and standard deviation (n = 5) of electrical parameters obtained from the equiva-
lent circuit model for all groups.

Groups Electrolytes Rp (mΩ cm−2)
Q (W−1 Sn

cm−2) × 10−5 ɳ χ2 × 10−3

M

SBF 3.68 ± 0.87aA 3.03 ± 0.07aA 0.93 ± 0.00 1.11 ± 0.45
AS 3.0 2.56 ± 0.93aA 3.60 ± 0.24aA 0.94 ± 0.01 2.15 ± 0.11
AS 6.5 3.11 ± 1.13aA 3.49 ± 0.29aA 0.94 ± 0.00 0.75 ± 0.50
AS 9.0 2.34 ± 0.54aA 2.64 ± 0.17aA 0.93 ± 0.00 0.63 ± 0.00

Cl

SBF 3.68 ± 1.07aA 1.67 ± 0.44bA 0.96 ± 0.01 0.40 ± 0.19
AS 3.0 3.36 ± 0.60aA 2.85 ± 0.18aB 0.95 ± 0.01 0.13 ± 0.07
AS 6.5 6.84 ± 2.46bB 1.73 ± 0.15bA 0.95 ± 0.01 0.33 ± 0.18
AS 9.0 2.27 ± 0.58aA 1.55 ± 0.14aA 0.95 ± 0.01 3.12 ± 0.51

S

SBF 6.15 ± 0.49bA 6.18 ± 0.31cdA 0.95 ± 0.01 0.36 ± 0.10
AS 3.0 1.58 ± 0.23aB 7.37 ± 0.41bB 0.96 ± 0.01 0.62 ± 0.06
AS 6.5 3.78 ± 0.54acC 6.18 ± 0.15cA 0.95 ± 0.01 0.30 ± 0.02
AS 9.0 4.77 ± 1.13bcAC 5.60 ± 0.17bA 0.95 ± 0.01 0.36 ± 0.21

Sb

SBF 1.02 ± 0.18cA 7.26 ± 0.63cA 0.90 ± 0.01 1.36 ± 0.53
AS 3.0 1.80 ± 4.22aB 8.31 ± 0.89bB 0.91 ± 0.01 0.23 ± 0.07
AS 6.5 4.77 ± 1.09abC 6.81 ± 0.96cA 0.89 ± 0.03 0.35 ± 0.07
AS 9.0 1.92 ± 0.81aB 6.67 ± 0.78cA 0.91 ± 0.01 0.37 ± 0.17

SbCl

SBF 1.16 ± 0.23cA 4.97 ± 0.44dA 0.93 ± 0.01 0.39 ± 0.14
AS 3.0 1.95 ± 0.69aB 8.25 ± 1.70bB 0.92 ± 0.02 0.23 ± 0.00
AS 6.5 3.58 ± 0.88acB 3.72 ± 0.17aA 0.91 ± 0.01 0.87 ± 0.36
AS 9.0 6.04 ± 0.80bA 4.02 ± 0.68dA 0.93 ± 0.01 0.36 ± 0.08

SbS

SBF 6.37 ± 1.27bA 11.6 ± 1.33eAC 0.94 ± 0.01 0.25 ± 0.12
AS 3.0 1.20 ± 0.25aB 12.8 ± 2.69cB 0.96 ± 0.01 3.01 ± 0.63
AS 6.5 5.39 ± 1.72bcAC 9.87 ± 1.56dC 0.94 ± 0.01 1.16 ± 0.17
AS 9.0 3.50 ± 0.84acC 10.7 ± 5.91eC 0.95 ± 0.01 1.49 ± 0.29

Means followed by different lowercase letters show statistical difference among the cp-Ti
surfaces within each electrolyte type.
Means followed by different capital letters show statistical difference among the electro-
lytes within each surface type.
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general, Cl group presented the highest and SbS group the lowest Rp

values (p b 0.05). Acidic media tend to reduce the Rp values of all sur-
faces (p b 0.05). Following similar trend, Q valueswere oneof the lowest
for Cl group, and the highest for SbS group. Regarding electrolyte
Fig. 4. Representative potentiodynamic curves for different surfaces treatments of cp-Ti i
type, artificial saliva at pH 3 increased the Q values of cp-Ti surfaces
(Table 1).

3.2. Potentiodynamic curves

The potentiodynamic curves of cp-Ti as a function of surface treat-
ment and electrolyte solution are shown in Fig. 4. The shift of the curves
to the left-up area of the graph indicates amore passive character of the
samples treated with hydrochloric acid (Cl group) in comparison to the
other groups. In this group, the current density tends to stabilize be-
tween 10−3 and 10−2 A/cm2 in all electrolytes. The other groups exhib-
ited later current density stability (between 10 and 101 A/cm2). It is
interesting to note that sandblasted groups showed depassivation
zones at high electrode potential values.

Electrochemical parameters including Icorr, Ecorr, and cathodic Tafel
slopes (bc) obtained from Tafel curves are presented in Table 2. The
Tafel curves of all groups showed no Tafel linear region in the anodic
slope (ba); thus, the parameters were obtained through Tafel extrapola-
tion by using the cathodic slope. Higher Icorr values indicate less stable
oxide layer of the material. Cl group had the lowest Icorr values for all
electrolytes (p b 0.05), while sandblasted groups (Sb, SbCl and SbS)
showed the highest one. Within each cp-Ti surface, artificial saliva at
pH 3 tend to produce the greatest Icorr values while artificial saliva at
pH 9 the lowest one. Ecorr reflects the degree of difficulty of corrosion,
where more positive values indicate a better corrosion resistance. No-
bler Ecorr values were noted for Cl group whereas M and sandblasted
groups exhibited more negative values. The studied electrolytes seem
to have no influence on the Ecorr values of cp-Ti.

Based on the electrochemical parameters (i.e. Rp, Q, Icorr and Ecorr), a
corrosion map showing the interaction of cp-Ti surface and electrolyte
was developed to estimate the electrochemical stability of cp-Ti
(Fig. 5). It can be seem that Cl group in artificial saliva at pH 9.0 present-
ed the highest electrochemical stability (dark green zone) while the SbS
group in artificial saliva at pH 3.0 showed the worst scenario (dark red
n simulated body fluid (A) and artificial saliva at pH 3 (B); pH 6.5 (C) and pH 9 (D).

Image of Fig. 4


Table 2
Mean and standard deviation (n=5) values of electrochemical parameters obtained from
the potentiodynamic curves using the Tafel slopes.

Groups Electrolytes -bc (V/decade) Icorr (nA/cm2) -Ecorr (V vs SCE)

M SBF 0.16 ± 0.01 19.66 ± 1.41acA 0.44 ± 0.02aA

AS 3.0 0.13 ± 0.01 72.7 ± 22.43adB 0.43 ± 0.04aA

AS 6.5 0.15 ± 0.02 15.04 ± 6.71aA 0.47 ± 0.03aA

AS 9.0 0.18 ± 0.01 20.8 ± 2.82aA 0.38 ± 0.03acA

Cl SBF 0.15 ± 0.02 12.60 ± 3.72aA 0.24 ± 0.04bA

AS 3.0 0.20 ± 0.01 18.97 ± 5.81bA 0.16 ± 0.05bA

AS 6.5 0.22 ± 0.02 12.98 ± 3.77aA 0.12 ± 0.04bA

AS 9.0 0.17 ± 0.04 13.36 ± 3.87aA 0.19 ± 0.03bA

S SBF 0.18 ± 0.01 35.98 ± 5.82adcA 0.26 ± 0.06bA

AS 3.0 0.15 ± 0.01 39.68 ± 9.84bdA 0.20 ± 0.08bA

AS 6.5 0.19 ± 0.01 35.07 ± 5.53acA 0.25 ± 0.07cA

AS 9.0 0.13 ± 0.02 20.5 ± 4.46aA 0.26 ± 0.04bcA

Sb SBF 0.21 ± 0.01 96.18 ± 25.39bA 0.39 ± 0.01cA

AS 3.0 0.20 ± 0.01 144.8 ± 30.05cB 0.23 ± 0.04bB

AS 6.5 0.18 ± 0.01 100.76 ± 30.66bA 0.32 ± 0.03caB

AS 9.0 0.17 ± 0.02 67.58 ± 40.02bC 0.26 ± 0.04bcAB

SbCl SBF 0.20 ± 0.04 30.2 ± 17.66acdAB 0.24 ± 0.02bA

AS 3.0 0.20 ± 0.01 54.52 ± 25.16dA 0.43 ± 0.02cB

AS 6.5 0.19 ± 0.01 30.2 ± 7.81acAB 0.22 ± 0.02cA

AS 9.0 0.14 ± 0.01 19.74 ± 3.40aB 0.26 ± 0.01bcA

SbS SBF 0.17 ± 0.01 39.24 ± 9.08ceA 0.26 ± 0.01bA

AS 3.0 0.12 ± 0.01 60.4 ± 10.75dA 0.37 ± 0.02acA

AS 6.5 0.19 ± 0.01 42.16 ± 12.10cA 0.20 ± 0.04cB

AS 9.0 0.11 ± 0.01 61.76 ± 16.60bA 0.36 ± 0.03cA

Means followed by different lowercase letters show statistical difference among the cp-Ti
surfaces within each electrolyte type.
Means followed by different capital letters show statistical difference among the electro-
lytes within each surface type.

Fig. 6. Roughness data (Ra) of machined and treated cp-Ti discs before and after corrosion
in different electrolytes. (n=5)Different lowercase letters represent statistical difference
among cp-Ti surfaces within each electrolyte type. *denotes statistical difference of the
corroded samples from its corresponding baseline.
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zone). It is clearly noted that most of the cp-Ti surfaces had increased
electrochemical stability in SBF. On the other hand, all surface treat-
ments behaved negatively in artificial saliva at pH 3.0. Regarding the dif-
ferent surface treatments, machined and etched groups (M, Cl and S
groups) exhibited better electrochemical stability than sandblasted
groups (Sb, SbCl and SbS groups).

3.3. Surface characterization

The surface roughness, Vickersmicrohardness and surface free ener-
gy of cp-Ti were affected by the surface treatment and corrosion pro-
cess. Sandblasted groups (Sb, SbCl and SbS) presented the highest Ra
values (p b 0.05). In the Cl and Sb groups, samples showed increased
Ra values after exposure in artificial saliva at pH 3 when compared to
the baseline values (p b 0.05) (Fig. 6). Sandblasting procedure (Sb,
SbCl and SbS groups) increased the Vickers microhardness values of
Fig. 5. Corrosion map of cp-Ti as a function of surface treatment and electrolyte. SBF
(simulated body fluid) and AS (artificial saliva).
cp-Ti surface and a reduction of such values was noted after corrosion
process (Fig. 7). At baseline, SbS and Cl groups had the greatest and low-
est surface free energy values, respectively (p b 0.05). After corrosion
process, the surface free energy increased for all groups, except for SbS
where a reduction was noted (p b 0.05) (Fig. 8).

AFMwas used to provide two- and three-dimensional images of the
cp-Ti topography (Fig. 9). All surfaces were free of cracks, densely
packed, and composed of visible granules, which was confirmed by
the topographic image of discs profile. Few numbers of pits were
found in the two-dimensional images of the acid-etched discs although
the surface was more uniform and homogenous than the sandblasted
samples. The Al2O3 sandblasting generated deeper valleys and higher
peaks on disc surface. Corrosion did not promoted noticeable alteration
of the cp-Ti discs (data not showed).

The SEM images showed homogeneity of the samples with no
cracks, good adhesion between film and substrate, film continuity, and
homogeneous surface morphology (Fig. 10). Longitudinal grooves
were observed on the surface of machined samples subjected to acid
Fig. 7. Vickers microhardness data of machined and treated cp-Ti discs before and after
corrosion in different electrolytes. (n = 5) Different lowercase letters represent
statistical difference among cp-Ti surfaces within each electrolyte type. *denotes
statistical difference of the corroded samples from its corresponding baseline.
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Fig. 8. Surface free energy values of machined and treated cp-Ti discs before and after
corrosion in different electrolytes. (n = 5) Different lowercase letters represent
statistical difference among cp-Ti surfaces within each electrolyte type. *denotes
statistical difference of the corroded samples from its corresponding baseline.
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etching or not as a consequence of polishing procedure. The acid etching
did not generate visible pores/pits. The groups treated with Al2O3

sandblasting showed cp-Ti surface alteration with deposition of oxide
crystals with uniform shape and size. The chemical composition of the
cp-Ti surface was measured by EDS. The M, Cl and S groups expressed
carbon (C) and titanium (Ti), and the Sb, SbCl and SbS expressed C, Ti,
aluminum (Al) and oxygen (O) (Fig. 10). No alteration in the SEM and
EDS analyses was noted after corrosion process (data not shown).

The crystalline composition, types and phases of oxides formed on
cp-Ti surface were analyzed through XRD. Fig. 11 shows that all groups
presented titanium amorphous phase. Groups treated with Al2O3 (Sb,
SbCl and SbS) presented peaks of corundum (i.e. crystalline form of
Al2O3). After corrosion, the same crystalline structures were noted
(data not showed).

4. Discussion

The major novelty and importance of this study relies on the inves-
tigation of the influence of different surface treatments and electrolyte
composition on the electrochemical stability of dental implants. It is
considered an integrated approach to mimic the oral environment
combining surface features able to display enhanced electrochemical
resistance and improved osseointegration ability for dental implant
applications.

Based on the data of this study, our first research hypothesis was ac-
cepted. Sandblasting procedure impaired the corrosion behavior of cp-
Ti. SbS group presented the lowest values of Rp and the highest values
of Q in all evaluated electrolytes. On the other hand, acid etching im-
proved the electrochemical stability of cp-Ti.

The SbS group involves a sandblasting treatment with large grit par-
ticles and subsequently H2SO4 etching. The sandblasting procedure in-
creases the surface activity of Ti, promoting an oxide layer with
reduced integrity and thickness [43]. Additionally, the increased surface
area and surface free energy of sandblasted samples may be another
driven force toward reduced corrosion resistance. Similar results were
found by Zhang et al. [36] where sandblasting and SLA treatment with
SiO2 particles and a mixture of H2SO4/HCl reduced the corrosion resis-
tance of Ti\\10Cu sintered alloy. On the other hand, Richard et al. [44]
observed that corrosion resistance of cp-Ti increased when coated
with Al2O3/TiO2 nanoparticles.

Surface etching occurs when a strong acid like sulfuric acid dissolve
the titanium oxide layer and hydrogen ions are released, creating pits of
various dimensions [45]. These hydrogen ions can somehow interact
with aluminum decreasing the corrosion resistance. Besides, it is possi-
ble to visualize through AFM images that S group treatment creates
largely pores when compared to Cl group. According to Barranco et al.
[46] the roughness alters the capacitance values, and a larger effective
surface area gives a higher capacitance values leading to major suscep-
tibility to pitting corrosion.

Etching seems to be a simple and effective technique and has been
investigated [27], and it is commonly used to clean and decontaminate
Ti surface [23,24]. In our study, the acid etching treatment improved the
corrosion behavior of cp-Ti, mainly the one treated with HCl/H2O2 (Cl
group). The formation of an oxide layer of TiO2 onto the Ti surface is
directly related to biocompatibility [47] and corrosion resistance [48].
These oxide layers provide porosity to the Ti surface allowing
osseointegration and providing stability to the implant [49]. The TiO2

layer is inactive in the biological environment, however it can be
destroyed duringmovements between implant and bone tissue leading
to a leak of metallic particles or ions to the living tissues [50]. According
to Jonasova et al. [51] during the acid etching treatment, theHCl acid de-
grades the oxide film, and the Ti reacts with the acid forming the titani-
um hydride (TiH2) molecule. Top of this layer a new oxide layer can be
formed in contact with air, which creates a more stable oxide film. This
may explain the greater corrosion stability of cp-Ti etched with HCl in
the present study.

Several authors [27–29,52] have investigated the effect of HCl/H2O2

treatment on the peri-implant bone formation. The osteoblastic re-
sponse was improved for HCl/H2O2 etched surface when compared to
sandblasted one [52]. Contradicting our results, Faverani et al [53] ob-
served that double acid-etched reduced the corrosion stability of
Ti\\6Al\\4V alloy in SBF containingdifferent concentrations of dextrose
and lipopolysaccharide versus machined surface. The authors used a
combination of nitric, sulfuric and hydrochloric acid to treat the Ti sur-
face that differs fromour etching protocol. Additionally, the total surface
area of the etched sampleswas higher than those observed herein. Such
factors may explain the contradictory results.

Depassivation zones were noted for the sandblasted groups in the
potentiodynamic curves. According to Szesz et al. [54] sandblasting pro-
cedure formsnumerous defects onto the Ti surface. The higher the num-
ber of defects at the surface, the more the nucleation sites for the
formation of defective passive layer [55]. The non-uniform surface
caused by sandblasting method creates irregular surface roughening,
and some regions are more susceptible do oxidation. After the passive
layer is established, saliva ions can degrade the oxide layer, dominating
the corrosion process [54].

Regarding the electrolyte solution, artificial saliva at pH 3 impaired
the corrosion stability of cp-Ti. Therefore, our secondhypothesiswas ac-
cepted. High values of Icorr and lower values of Ecorr were noted for sam-
ples immersed in acidic medium. Vasilescu et al. [56] evaluated the
corrosion resistance of Ti\\10Zr\\5Ta\\5Nb alloy in Ringer's solution
with different pH levels (2.33, 7.1 and 9.1) and found improved corro-
sion resistance in neutral Ringer's solution. Barao et al. [9] observed
reduced corrosion resistance of machined cp-Ti (grade II) and
Ti\\6Al\\4V alloy in acidic artificial saliva medium. Nevertheless,
Abey et al. [57] reported that neutral pHs (6.5 and 7.5) of artificial saliva
mitigate the electrochemical stability of machined cp-Ti (grade I).

The presence of irregularities and porosities on the oxide layer of cp-
Ti after exposure in acidic medium explain the reduced corrosion resis-
tance [58]. According to previous studies [59,60] the protective oxide
film formed in acidic environment is degraded, which accelerates the
ions exchange betweenTi surface and electrolyte [9]. Therefore, thepro-
tectiveness of the oxide film is reduced at low pH [60,61] and may ex-
plain the high corrosion activity observed in artificial saliva at pH 3.

It has been shown that the corrosion process can induce the release
of metals ions into the body [62]. Olmedo et al. [63] reported two cases
of reactive lesions in the peri-implant mucosa due to the release of Ti
fragments and corrosive process on the surface of the implant prosthetic

Image of Fig. 8


Fig. 9. AFM 2D and 3D images of topographic and profiles of all studied surfaces: M—machined; Cl\\HCl + H2O2; S\\H2SO4 + H2O2; Sb\\Al2O3; SbCl\\Al2O3 + HCl + H2O2;
SbS\\Al2O3 + H2SO4 + H2O2.
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Fig. 10. SEMmicrographs and EDS percentual of all studies group. M—machined; Cl\\HCl + H2O2; S\\H2SO4 + H2O2; Sb\\Al2O3; SbCl\\Al2O3 + HCl + H2O2; SbS\\Al2O3 + H2SO4 + H2O2.
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platform. Hallam et al. [64] investigated patients with titanium hip re-
placements who complained about pain despite well-fixed and aseptic
prosthesis. The authors found that the pH in the region of the prosthesis
was highly acid with visible evidence of corrosion.

The release of Al2O3 particles from the cp-Ti surface is probably be-
come the substantial risk for human healthy. In fact, dental implants
with enhanced roughness are more likely to detach during the surgical
insertion into the bone [65]. In this study, sandblasted discs showed the
highest roughness in contrary to machined group. According to Senna
et al. [65] during the implant insertion some particles can be released
at the implant/bone interface, which is associated with the roughness
surface and some particles can be removed from the implant site after
phagocytosis by macrophages [66]. However, according to Schliephake
et al. [66], Ti surface modification such as sandblasted and etched sur-
faces may minimize the abrasion from fixture surfaces while providing
a biologically favorable surface structure. Several studies [67–69] evalu-
ated the beneficial effect of rough surface obtained by sandblasting pro-
cedure on osseointegration process. The sandblasting procedure is a
strong mechanism of Al2O3 particles incorporation on the surface.
Fig. 11. XRD pattern obtained from machined and treated cp-Ti discs.
Following the well-established protocol for surgical procedures of den-
tal implants insertion can minimize the release of Al2O3 particles to
human body.

The biocompatibility of dental implants is directly related to their
corrosion behavior. The high corrosion resistance of Ti results from the
formation of a dense and stable layer of TiO2 on its surface [48]. EIS
data showed that a protective layer was formed on the surface of the
discs in all evaluated electrolytes, but the stability of these films differs
among groups. In the sandblasted groups (Sb, SbCl and SbS), it was pos-
sible to observe depassivation zones at high electrode potential values.
According to Meakin et al. [70] depassivation zone could be explained
by the accumulation of corrosion products in the pits formed after cor-
rosion process, thereby increasing osmotic pressure inside of it.

The biocompatibility is also a critical factor for the osseointegration
process of dental implants, and depends on the physical and chemical
properties of the surface, such as roughness, hardness, surface free ener-
gy and chemical composition. In this paper, surface characterization of
cp-Ti was performed at two time points in order to understand the in-
fluence of corrosion process on the degradation mechanism of the sur-
face. Increased surface roughness was observed in all sandblasted
groups (Sb, SbCl and SbS). According to Buser et al. [67] the surface
roughness obtained after SLA treatment enhance the osteoconductive
process, bone to implant contact and increase removal torque. However,
Zhang et al. [36] observed that after sandblasting and SLA treatments, a
rough surfacewas formed, but the corrosion resistancewas reduced and
there was an increase in the Ti and Cu ion release. Corrosion can also
lead to a rougher surface, weakening mechanical stability of the im-
plant, release of metal ions to the surrounding tissues, leading to ad-
verse tissue reaction and increasing the toxicity to immune reactions
[61]. Rougher surfaces can also promote more microorganism adhesion
and facilitate the colony formation and leading to biofilm growth [71].

The sandblasting treatment increased the Vickers microhardness of
cp-Ti. A previous study also showed higher microhardness in treated
cp-Ti than in polished samples [47]. The lattice deformation caused by
sandblasting may explain these results. The transfer of hard particles
deformed plastically the ductile material surface, producing a non-
uniform strain in the lattice [54]. Clinically, the hardness of Ti surface
is a positive property for dental and orthopedic implants submitted to
excessive loading [47]. Herein, acid etching did not change the Vickers
microhardness of cp-Ti when compared to the machined surface.
On the other hand, Faverani et al. [53] found that double acid
etching (nitric, sulfuric and hydrochloric acids) increased the Vickers
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microhardness of Ti\\6Al\\4V alloy. Differences in the bulk material
and acid type may explain the contradicting results.

After the corrosion process, the Vickers microhardness values of
sandblasted groups decreased. The release of Al2O3 particles from the
cp-Ti surface to the electrolyte may reduce the thickness of the coating,
which explains the reduction of Vickers microhardness after corrosion
process. Such phenomenon can limit the fatigue life and ultimate
strength of thematerial, leading tomechanical failure of dental implants
[61].

Gentleman et al. [72] described the surface free energy as a funda-
mental property of the material surface that will govern the first inter-
actions with the biological environment. Increased cell proliferation
has been showed in materials with greater surface wettability [73]
and the polar component seems to bemore determinant for cellular ad-
hesion strength [74]. At baseline, the samples treated with Al2O3

sandblasting and further acid etching with H2SO4 + H2O2 presented
higher surface free energy, which improves the interaction between im-
plant and surrounding bone [75]. However, Carvalho et al. [76] revealed
that treatment with HCl/H2SO4 on cp-Ti surface did not exhibit
cytocompatibility and also inhibited cell proliferation and osteoblast ex-
pression. The higher surface energy for SbS group suggested a link be-
tween surface hydrocarbons and the hydrophilicity of titanium.
Oxygen species derived from O2 under air, which effectively increase
hydrophilicity, are covered by hydrocarbon adsorption [77]. On the
other hand, the Cl group, at baseline, presented the lowest surface free
energy values and surface roughness seems to bedeterminant of surface
wettability [78]. Taborelli et al. [79] also explain the initial hydrophobic-
ity of etched samples by the topography generated by the acid attack
treatment.

In our study, the corrosion process increased the surface free energy
of acid etching cp-Ti (Cl and S groups) while a reduction was noted for
sandblasted ones (Sb, SbCl and SbS groups). When the implant micro-
morphology is altered, in vitro tests showed that the surface energy is
alsomodified, thereby potentially affecting in vivo cell migration, prolif-
eration and cellular activity [80,81]. Ti and its alloys are subjected to
electrochemical reactions and leading to corrosion process, which
leads to gradual surface degradation of the surfacematerial by oxidation
process [61,82]. The corrosion process altered the morphology of
sandblasted groups possibly affecting the surface free energy values, es-
pecially the polar component, indicating more hydrophobic surface.
However, the relationship between surface alteration and surface free
energy needs further investigations.

Sandblasting associatedwith acid etching createsmacro- andmicro-
roughness on sample surface. This characteristic was confirmed by the
two- and three-dimensional images of SEM and AFM, revealing slighter
roughness on discs treated with acid etching compared to the
sandblasted samples. Also, the EDS analysis showed the presence of car-
bon in all surface treatments. The deposition of hydrocarbons into Ti
surfaces is inevitable [83]. Morra et al. [83] analyzed the chemical com-
position of several types of commercially available implants and found
17.9% to 76.5% carbon deposition on 34 different implants. It indicates
that such adsorption is regardless of topography, suggesting that hydro-
carbon deposition may occur on Ti-based materials with any modified
surface.

In terms of XRD peaks, there was no difference in XRD patterns be-
tween the surface treatments samples, indicating that these treatments
were amorphous or poorly nano crystallized. The formation of these
crystalline forms is found to be strictly associated with temperature
and concentration [84]. It was reported that either amorphous or nano
crystalline coatings contributed to further enhancing corrosion resis-
tance of metal substrates, compared to coatings with coarse crystalline
structure [85].

In the present study, only electrochemical parameters were evaluat-
ed and no masticatory loading was performed. In this way, future
studies linking the corrosion behavior mechanisms with wear in tribol-
ogy studies are necessary in order to simulate the complex oral
environment. Besides, in dentistry, the clinical implications of the corro-
sive nature of dental implants is still limited, thereby multidisciplinary
studies are necessary in order to understand the role of corrosion on im-
plants longevity and failure.

In summary, this study showed that the surface treatment of dental
implants and the condition of the oral environment has significant
influence on the electrochemical behavior and mechanical properties
of cp-Ti. Based on our results, etching with HCl and H2O2 seems to be
an effective technique to modify Ti surface, due to its improved corro-
sion behavior in all electrolytes evaluated as well as good surface
characteristics after the corrosion process. Our results also provided im-
portant inside about the higher in vivo success rate of dental implants
treatedwith acid etchingwhen compared tomachined and sandblasted
ones [86–88]. Therefore, in a nutshell, the lower corrosion stability of
sandblasted surfaces may be a driven force toward increased failure of
dental implants in a clinical scenario.

5. Conclusion

Based on the results of this study, the following conclusions can be
drawn:

• Acid etching with HCl improved the electrochemical stability of cp-Ti.
• Although sandblasted treatment improved the structural and me-
chanical properties of cp-Ti, reduced corrosion resistance was noted.

• Acidic medium impaired the corrosion behavior of cp-Ti.
• Sandblasting procedure increased the roughness, Vickers microhard-
ness and surface free energy values of cp-Ti.

• After the corrosion process, there was a decrease in Vickers micro-
hardness and surface free energy values of sandblasted cp-Ti.
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