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ARTICLE INFO ABSTRACT

Keywords: Materials and surfaces developed for dental implants need to withstand degradation processes that take place in
Alloys the oral cavity. Therefore, the aim of the study was to develop and evaluate the topographical, mechanical,

Titanigm chemical, electrochemical and biological properties of Ti-xZr alloys (x = 5, 10, and 15 wt%) with two surface
ercm;l“‘m . features (machined and double acid etched). Commercially pure titanium (cpTi) and Ti-6Al-4V alloy were used
Ic)zfrt;ig:p ant as controls. Surface characterization was performed using dispersive energy spectroscopy, X-ray diffraction,

scanning electron microscopy, atomic force microscopy, profilometry and surface energy. The mechanical
properties were assessed using Vickers microhardness, elastic modulus and stiffness. The electrochemical be-
havior analysis was conducted in a body fluid solution (pH 7.4). In addition, MC3T3-E1 cells were used to
determine the impact of material and surface treatment on cell morphology by SEM analysis. Data were analyzed
by two-way ANOVA and Bonferroni test (a = 0.05). Ti-Zr alloys showed lower surface roughness, elastic
modulus and stiffness, as well as higher hardness and surface energy when compared to cpTi. Ti-Zr system
increased the polarization resistance values and significantly decreased the capacitance, corrosion current
density (icorr), and passivation current density (ipass) values. The acid treatment increased the resistance and
corrosion potential of the oxide layer. SEM data analysis demonstrated that Ti-Zr alloys displayed normal cell
attachment/spreading and slightly changed cell morphology in the double etched surface. In conclusion, Zr
addition and surface treatment altered surface, mechanical, biological and electrochemical properties of Ti
material.

1. Introduction

Titanium (Ti) alloys have emerged in dentistry as viable options for
rehabilitation with dental implants [1], especially in situations where
the use of commercially pure titanium (cpTi) is not feasible. Applica-
tions involving extensive defect treatments, areas under high loads, or
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cases that require implants with reduced dimensions [2,3] are condi-
tions that demand materials with superior properties, generally
achieved by adding chemical elements to Ti. Besides that, implants are
exposed to complications of a mechanical or biological nature [4], such
as fracture [5], the stress shielding effect [6], overloading, osseointe-
gration failure, peri-implantitis [7], and corrosion and wear
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degradation processes that can lead to inflammation and allergenic or
toxic reactions [8].

For a long period, Ti-6Al-4V alloy was the first choice for clinically
challenging situations, mainly because of its enhanced mechanical
performance. However, this material has been considered to have a
highly stimulatory nature due to the release of ions and debris, which
may play a critical role in stimulating peri-implant inflammation and
osteolysis [9] due to its toxic potential [10]. Thus, an ideal material
must offer high levels of mechanical stability without releasing metal
ions into the human body. In this context, the binary Ti-Zr alloy has
gained much attention, since this system guarantees increased me-
chanical strength with extensive applications [2,11], showing a re-
markable decrease in ion release [12], which demonstrates its more
inert and biocompatible behavior in comparison with cpTi [13,14].
Additionally, its homogeneous a-phase microstructure ensures that
surface modification processes used for enhancing the osseointegration
of Ti can still be applied to Ti-Zr implants [2,15].

This fact is of great concern, since the optimization of implant
surface chemistry and topography has been crucial to promote cell
adhesion, differentiation, and proliferation, as well as to increase the
corrosion resistance [16]. Among the surface treatments developed in
recent years, the process involving sandblasting followed by acid
etching (SLA) of the implants is one of the most successfully applied in
clinics [17]. Treatments that produce surfaces similar to those obtained
by SLA but without the grit blasting process have been proposed. These
surfaces are achieved by means of double acid etching, which appears
to have the potential to greatly enhance osseointegration without
adding particulate matter or embedding surface contaminants [18]. The
biological [18,19] and corrosion behaviors [20] of this type of surface
have been evaluated when applied in cpTi and Ti-Al-V alloys. However,
the effect of such etching treatment on promising Ti-Zr alloys with
different Zr concentrations has not yet been studied.

Therefore, this study developed and accessed the surface, mechan-
ical, electrochemical, and biological properties of binary Ti-xZr (x = 5,
10, and 15 wt%) alloys considering two surface features: machined and
double acid etched. CpTi and Ti-6Al-4 V alloys, which are widely used
for the manufacture of dental implants, were used as controls.

2. Materials and methods
2.1. Experimental design

Fig. 1 shows the experimental design of this study. The machined
surface was obtained by a polishing process, while the double etched
group was chemically treated with acids (nitric, sulfuric, and hydro-
chloric acid) according to standard procedures (Military Institute of
Engineering — IME, Rio de Janeiro, Brazil). CpTi and Ti-6Al-4V alloys
were obtained in the shape of discs, 10 mm in diameter and 2 mm thick
(Implalife Biotecnologia, Jales, SP, Brazil). Ti-x%Zr (x = 5, 10, and 15)
alloys were fabricated from pure metals.

2.2. Fabrication of experimental alloys

The three experimental binary Ti-Zr alloys (Ti-5Zr, Ti-10Zr, and Ti-
15Zr) (wt%) were melted from pure metals (Ti and Zr presented degrees
of purity equal or superior to 99.0%) (Sigma-Aldrich, St. Louis, MO,
USA) in an arc-voltaic furnace with a water-cooled copper crucible
under an argon atmosphere. The ingots were remelted five times to
ensure homogeneity of the samples [11,21]. All ingots were heated to
1000 °C and hot-swaged to form bars = 11 mm in diameter. Then, in-
gots were fitted in quartz tubes, heat-treated at 1000 °C for 1 h, and air-
cooled to improve the alloys' mechanical behavior [21]. Ti-Zr bars were
machined into discs (10 mm in diameter and 2 mm thick).
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Fig. 1. Schematic diagram of the experimental design. EDS = energy-dispersive
spectroscopy; XRD = X-ray diffractometry; SEM = scanning electron micro-
scopy; LSCM = laser scanning confocal microscopy; OCP = open circuit po-
tential; and EIS = electrochemical impedance spectroscopy.

2.3. Surface preparation

All discs were polished with #320-, #400-, and #600-grit SiC
abrasive papers (Carbimet 2, Buehler, Lake Bluff, IL, USA) in an auto-
matic polisher (EcoMet 300 Pro with AutoMet 250; Buehler, Lake Bluff,
IL, USA). The surfaces that resulted from this process were considered
as the machined surfaces.

The double etched surfaces were obtained according to proprietary
standards (IME, Rio de Janeiro, Brazil). After being polished, the discs
were chemically treated with a double acid etching (sulfuric and hy-
drochloric acid) process for 1h and 50 min [20]. After surface pre-
paration, all samples were ultrasonically cleaned/degreased with
deionized water (10 min) and 70% propanol (10 min) (Sigma-Aldrich,
St. Louis, MO, USA) and dried with warm air.

2.4. Surface characterizations

The samples' chemical compositions (in the order of 1um®) were
checked by energy-dispersive spectroscopy (EDS) (n = 1). The micro-
structural analysis of the cpTi and Ti alloys were determined by X-ray
diffractometry (XRD; Panalytical, X Pert3 Powder, Almelo, The
Netherlands) using Cu—-Ka (A = 1.540598 1°\) radiation and operating at
45kV and 40 mA at a continuous speed of 0.02° per second and a scan
range from 20° to 80° (n = 1). Scanning electron microscopy (SEM;
JEOL JSM-6010LA, Peabody, MA, USA) was used to confirm the ma-
terial microstructural phases after a specific polishing protocol that is
followed by the surface etching with Kroll's reagent (5% nitric acid,
10% hydrofluoric acid, and 85% water) (Sigma-Aldrich, St. Louis, MO,
USA) [21]. SEM and 3D Laser Scanning Confocal Microscope (LSCM,
VK-X200 series, Keyence, Osaka, Japan) were used to observe the sur-
face morphology and topography (n = 1). The LSCM images were ob-
tained with lenses of 50x and 150 x magnifications. VK-Analyzer
software (Keyence v3.3.0.0) was used for image processing and surface
area acquirement, which was achieved by the extrapolation of its
measurements in images of 100 x 100 um (50 X magnification) [22].
The average roughness (Ra) (n = 5) and surface free energy (n = 5)
were evaluated by a profilometer (Dektak 150-d; Veeco, Plainview, NY,
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USA) and an automated goniometer (Ramé-Hart 100-00; Ramé-Hart
Instrument Co., Succasunna, NJ, USA), respectively [21].

2.5. Mechanical tests

The Vickers hardness (n = 5) was measured by means of an indenter
(Shimadzu, HMV-2 Micro Hardness Tester, Shimadzu Corporation,
Kyoto, Japan). The applied load was 0.5kgf for 15s. The test was
performed at four randomly distributed points in each sample. The
values of Vickers hardness were calculated according to the following
formula: Hv = 1.8544P / d?, where P = applied load and d = length of
the diagonals of indentations [20]. A nano-indenter (TI 950 Tri-
bolndente, Hysitron Inc., Eden Prairie, MN, USA) equipped with a
diamond Berkovich-type indenter (100 nm in diameter) was used to
measure the elastic modulus and stiffness. Indentations were performed
in at least five positions of each sample, with a trapezoidal load func-
tion with 2 mN of maximum force. The loading, unloading, and dwell
times were 5, 5, and 2s, respectively.

2.6. Corrosion assessment

A standardized method of three-electrode cells, as required by
ASTM International (formerly the American Society for Testing and
Materials — ASTM) (G61-86 and G31-72), associated with a potentio-
stat (Interface 1000, Gamry Instruments, Warminster, PA, USA) was
used to assess the samples' electrochemical behavior. The exposed
surface of the sample was kept in contact with simulated body fluid
(SBF) at 37 = 1°C (pH7.4), which was used to mimic the blood
plasma. In total, a 10-mL quantity of electrolyte was used for each
corrosion experiment [23]. The chemical composition of the SBF (in
grams per liter) was NaCl (12.0045), NaHCO3 (0.5025), KCI (0.3360),
K,HPO, (0.2610), Na,SO, (0.1065), 1M HCl (60mL), CaCly2H,0
(0.5520), and MgCly"H,0 (0.4575) [24]. Tris was used to achieve a pH
of 7.4. The estimated exposed area (in square centimeters) of materials
was determined by LSCM and can be seen in Table 1.

The corrosion assessment was carried out according to a specific
protocol [20,23]. Firstly, the sample oxide layer was standardized by
applying a cathodic potential (—0.9V vs. SCE - Saturate Calomel
Electrode) for 10 min. Then, the free corrosion potential of the material
in the electrolyte solution was measured by the open circuit potential
(OCP) (36005s). Afterwards, electrochemical impedance spectroscopy
(EIS) was performed at frequencies of 100 kHz to 5 mHz, with an AC
curve in the range of = 10 mV applied to the electrode at its corrosion
potential. The real (Z’) and imaginary (Z”) components of impedance
were determined and used to construct Nyquist, Bode (|Z|), and phase
angle plots. Echem Analyst software (Gamry Instruments, Warminster,
PA, USA) was used to analyze the EIS data. An equivalent electrical
circuit was fitted for quantification of the corrosion process in the
passive/oxide film formation (polarization resistance, R, and constant
phase element, CPE).

Finally, the samples were polarized from —0.8 to 1.8 V (scan rate of

Table 1
Estimated exposed area (cm?) obtained by LSCM of machined and double
etched cpTi and Ti alloy surfaces (n = 1).

Material Area (cm?)
Machined cpTi 0.90
Ti-6Al-4V 0.82
Ti-5Zr 0.86
Ti-10Zr 0.83
Ti-15Zr 0.83
Double etched cpTi 2.39
Ti-6A1-4V 1.50
Ti-5Zr 1.98
Ti-10Zr 1.25
Ti-15Zr 1.32
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2mV/s). Corrosion parameters such as E.,,, (corrosion potential), icorr
(corrosion current density), and Tafel slopes (bc, ba) were obtained
from the potentiodynamic polarization curves by the Tafel extrapola-
tion method (Echem Analyst Software, Gamry Instruments,
Warminster, PA, USA). The passivation current density (ipass) corre-
sponds to the current value of the passivation region of the polarization
plot. The electrochemical tests were conducted at least five times
(n = 5) to ensure reliability and reproducibility.

2.7. Cell culture

A pre-osteoblastic cell line (MC3T3-E1) was expanded in Minimum
Essential Medium Eagle — Alpha Modification (Alpha MEM: Gibco, Life
Technologies, Gaithersburg, MD, USA) supplemented with 10% fetal
bovine serum (FBS; Gibco, Life Technologies, Gaithersburg, MD, USA),
penicillin (100 U/mL), and streptomycin (100 mg/mL) in a humidified
incubator at 37 °C and 5% CO, atmosphere. After cell expansion, low
passage cells were counted and seeded on autoclaved discs in triplicate
at 1.5 x 10* cells/mL in a 24-well plate for 96h in culture medium
(Alpha MEM) supplemented with 2% FBS plus antibiotics. Cell mor-
phology and adhesion were determined by SEM (JEOL JSM-5600LV,
Peabody, MA, USA). Sample preparation followed a previously reported
protocol [25].

2.8. Statistical analyses

The normality of all response variables was tested by the
Shapiro-Wilk method. Two-way ANOVA was used to test the statisti-
cally significant differences among materials (factor 1, five levels) as a
function of the surface type (factor 2, two levels). The Bonferroni test
was used as a post hoc technique for multiple comparisons. A mean
difference significant at the 0.05 level was used for all tests (SPSS v.
20.0, SPSS Inc.).

3. Results
3.1. Surface and microstructure characterizations

The distribution maps of the elements that constitute the samples
and their concentrations (wt%) obtained by means of semi-quantitative
EDS analysis are shown in Fig. 2. It can be observed that alloying ele-
ments were well distributed, and no relevant contamination was de-
tected. In all cases, the concentrations of the alloying elements (V and
Zr) were increased in the double etched surface.

The XRD patterns (Fig. 3) of machined and double etched surfaces
showed that the addition of Zr to Ti has not changed its microstructure,
which remains as a hexagonal a phase. On the other hand, Ti-6Al-4V
alloy exhibit a two-phase (a + ) structure. These features can be
confirmed by the SEM images (2000 x ) (Fig. 4). After being etched with
Kroll's reagent, the grain boundary of the equiaxed a structure for cpTi
and Ti-5Zr can be observed. The Ti-10Zr and Ti-15Zr exhibited the
Widmanstétten pattern, which is characterized by a lamellar and fine
needle-like structure. For Ti-Al-V, B phase dispersed in an a matrix can
be noticed. Regarding to the double etched surfaces, Ti-Al-V alloy
presented the intermetallic compound AlsTizV, while Ti-5Zr and Ti-
10Zr showed residual Zr in the XRD assessment. Besides, Ti hydride
(TiH) was found in the cpTi and Ti-Zr alloys etched surfaces.

The surface morphologies of the cpTi and Ti alloys observed by SEM
and LSCM are shown in Figs. 4 and 5. The polishing process resulted in
longitudinal grooves in the machined surfaces of all materials. The
double acid etching process created an irregular and complex micro-
topography. The SEM micrographs reveal a porous surface (hole dia-
meter < 10pum) with pits. Especially for Ti-Al-V, it is possible to ob-
serve pores and pits of much smaller dimensions than are found in the
other groups. On the other hand, a distinct surface of the Ti-Zr alloys is
clearly visible. In these alloys, the pits followed the microstructural
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Fig. 2. Chemical mapping by EDS with element concentrations (wt%) for machined and double etched cpTi and Ti alloys surfaces.

characteristics of the material, such as the grain orientation, size, and showed less grooves and more surface projections. With regard to the
shape. Concerning to the three-dimensional images obtained by LSCM, double etched surfaces, Ti-Al-V and Ti-15Zr alloys presented more
the Ti-5Zr alloy presented the most distinct machined surface, which uniform and homogenous surfaces, while cpTi, Ti-5Zr and Ti-10Zr
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Fig. 3. X-ray diffraction patterns of machined and double etched cpTi and Ti
alloy surfaces.

alloys showed evident valleys and peaks. These differences are mainly
due to the microstructural features of each material.

Fig. 6a shows the average roughness of all surfaces. For machined
group, cpTi presented the highest roughness (p < 0.05), while the
other materials had similar roughness. Topographic changes caused by
the acid etching resulted in a significant increase in the average
roughness of all materials (p < 0.05), where the Ti-15Zr etched surface

Machined
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d0pm — ZQO(ZX

5 hﬁ
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Ti-15Zr
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presented the highest values (p < 0.05). Regarding to the surface en-
ergy (Fig. 6b), the addition of Zr in the Ti material promoted greater
surface energy for the machined condition (p < 0.05). Interestingly,
the acid etching process only increased the surface energy of cpTi and
Ti-Al-V (p < 0.05). However, all treated samples tend to present si-
milar values. Despite the differences, all materials showed pre-
dominantly hydrophilic behavior, having water contact angles lower
than 90° (data not shown).

3.2. Mechanical properties

Concerning to hardness property (Fig. 7), Ti-Zr alloys stand out due
to their higher hardness (p < 0.05) than control groups. A statistically
significant increase in hardness was observed for double etched surfaces
versus machined surfaces (p < 0.05), with the exception of Ti-10Zr
alloy. Table 2 presents the elastic modulus and stiffness of the cpTi and
Ti alloys. Both properties were assessed only for machined surfaces,
since the technique used cannot be practicable on the irregular double
etched topography. As can be observed, cpTi has the lowest elastic
modulus (p < 0.05) followed by Ti-5Zr and Ti-15Zr. These three ma-
terials also have lower values of stiffness (p < 0.05) compared to Ti-Al-
V and Ti-10Zr.

3.3. Electrochemical assessment

Fig. 8 shows the evolution in the OCP of machined and double

Double
50um = 300x

50pum - 300x

50pum — 300x

Fig. 4. SEM micrographs of machined and double etched cpTi and Ti alloys surfaces. Images of 2000 x from machined group were obtained after treatment with
Kroll's reagent. Pentagons shows the grain boundaries. Asterisks indicate the holes and pits on the surface. Arrows indicate the lamellae and fine needle-like structure.
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Table 2
Mean (and standard deviation) of elastic modulus and stiffness of machined
cpTi and Ti alloy (n = 1).

Material Elastic modulus (GPa) Stiffness (UN/nm)
cpTi 104.58 (4.03)d 82.51 (2.82)b
Ti-6Al-4V 143.60 (5.21)a 97.89 (5.81)a
Ti-5Zr 115.42 (8.47)c 77.97 (2.49)b
Ti-10Zr 134.90 (2.75)a 96.99 (1.59)a
Ti-15Zr 125.33 (5.73)b 81.79 (2.14)b

Means followed by different lowercase letters indicate statistically significant
differences among the materials.

etched surfaces for 1h. It can be seen that the free potential of all
materials remained stable after a few minutes. The values after 1 h are
summarized in Table 3. Ti-5Zr presented the noblest behavior among
untreated materials as its potential shifted to more electropositive va-
lues (p < 0.05). The acid etching statistically enhanced the

855

electrochemical potential of all materials, which may indicate a lower
tendency to lose electrons to the environment.

The corrosion properties of the materials and surfaces were eval-
uated by EIS. On analyzing the Nyquist (Fig. 9) and Bode plots (Fig. 10)
of machined surfaces, the superior capacitive behavior of the alloys is
remarkable. Ti-Zr alloys exhibited open arches with large diameters. In
addition, Ti-Zr alloys presented higher phase angles (—©) and greater
impedance (|Z|) values than cpTi and Ti-Al-V, indicating a more pro-
tective oxide layer. The double etched surfaces showed increased arches
diameters in the Nyquist plot, as well as slightly increase in the im-
pedance and phase angles values.

Only one time constant was observed for all materials in the phase
angle, suggesting the formation of a single compact film on the surface.
For this reason, EIS data were fitted using a simple electrical circuit
consisting of Ry, (resistance of the electrolyte), R, (polarization re-
sistance), and Q (constant phase element) to obtain the corrosion
parameters (Table 4). The good quality of fitting was confirmed by the
chi-square evaluation (x?), which had values of the order of 10>,

Based on the electrical parameters, Ti-Zr alloys exhibited the
highest polarization resistance and the lowest capacitance values
(p < 0.05), indicating that a more resistant and protective oxide film
was formed. The double etching proved to increase the materials' po-
larization resistance, especially for control groups, which means that
this treatment provides the formation of a surface with better protec-
tion. In general, the chemical treatment generated slight changes in
capacitance values. CpTi was the only material that presented a sta-
tistically significant improvement in this property after treatment
(p < 0.05).

The potentiodynamic polarization results are in accordance with EIS
measurements, since the Ti-Zr alloys presented a better passive beha-
vior for the machined condition. This is evidenced by the shift of the
polarization curves to more noble potentials (Fig. 11). All materials
exhibited typical passive behavior of the curves. It can be observed
from the curves that cpTi double etched surface reached a constant
value of current density (passivation) faster and more easily than the
other materials.

Based on the Tafel measurements, Ti-Zr alloys tend to exhibit more
favorable values of the electrochemical parameters for machined sur-
faces (Table 5), such as reduced i, values (p < 0.05). Regarding the
double etched surfaces, the chemical treatment was able to increase the
Ecorr to more electropositive values for all materials (p < 0.05); how-
ever, the etching process statistically improved only the i, parameter
of cpTi. Concerning the iy, cpTi and Ti-10Zr alloy showed the smallest
values.
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Fig. 8. OCPs of machined (a) and double etched (b) cpTi and Ti alloys surfaces as a function of time in SBF.

Table 3
Mean (and standard deviation) of open circuit potential of machined and
double etched cpTi and Ti alloy surfaces (n = 5) after 1h in SBF.

Material Open circuit potential
Machined cpTi —264.97 (13.68)®
Ti-6Al-4V —272.13 (17.88)"®
Ti-5Zr —230.80 (25.84)"®
Ti-10Zr —273.94 (18.04)"®
Ti-15Zr —300.20 (14.81)®
Acid etched cpTi —67.72 (13.30)**
Ti-6Al-4V —67.06 (26.06)™*
Ti-5Zr —61.87 (21.10)**
Ti-10Zr —131.40 (21.92)°*
Ti-15Zr —70.46 (20.22)**

Means followed by different lowercase letters indicate statistically significant
differences among the materials within each surface type. Means followed by
different capital letters indicate statistically significant differences between the
surfaces of each material (p < 0.05, Bonferroni test).

3.4. Cell morphology

Fig. 12 illustrates the most representative findings by SEM. After
96 h in culture, all the surfaces presented cells attached demonstrating
that the used alloys were not detrimental to cell adhesion and pro-
liferation, suggesting, therefore, that they are biocompatible. Qualita-
tive analysis further suggested that surface condition (machined or acid
etched) may affect cell morphology, with machined surface exhibiting
stretched filopodia extensions and double etched surface showing a
slightly more flattened and spread morphology. For Ti-10Zr and Ti-
15Zr, the cells were oriented in the direction of the acicular structures.
In addition, numerous filopodia extensions towards the holes of double
etched surface suggested a strong cell attachment.

4. Discussion

Ti-Zr alloys have been developed to be used as alternative to cpTi
and Ti-Al-V. In this study, we evaluated these materials with machined
and etched surfaces. The experimental alloys presented greater elec-
trochemical stability when compared to materials commercially used to
manufacture dental implants. Additionally, the surface characteristics
obtained by double acid etching, including complex topography, higher
roughness, higher surface energy, and slight changes in cell morphology
may indicate that intraosseous implants would have an enhanced in
vivo biological response when implanted.

4.1. Surface characteristics and cell adhesion

Herein, the developed alloys presented the elemental concentrations
very close to the stoichiometric values without presenting con-
taminants, which demonstrate their good quality [11,21,26]. Few dif-
ferences were observed for the double etched surface as the increase of
Zr content. This fact can be attributed to the higher resistance of this
element to the acids used. In addition, previous study [27] showed that
the etching process leads to selective enrichment of the (3 phase of Ti-Al-
V alloy, leading to a V-rich surface. Possibly, in a similar way it can be
occurred for Ti-Zr alloys and its o phase.

Regarding to the microstructure analyses, the Ti-Zr system exhibited
an a microstructure that occurred as an equiaxed structure (Ti-5Zr) and
as a typical Widmanstatten pattern (Ti-10Zr and Ti-15Zr) [11,21,28].
No indication of the existence of secondary phases was verified [21,28],
since Zr acted as a neutral stabilizer. One of the main alterations found
for the treated group is the identification of Ti hydride. This may have
happened due to the reaction between metallic Ti atoms and free hy-
drogen ions in the acid solution [29,30]. When this structure is detected
by XRD after acid etching, the hydrogen concentration in the surface
should be considered to be very high [31] and does not necessarily
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o Ti-AlV Py o TiFAlV
3x10° A Ti-5Zr 3x10°9 | A Ti5Zr
o v Ti-10Zr «— ¥ v Ti-10Zr
E Y * Ti-15Zr g e & Ti-15Zr
c " / Fit results c . [ Fit results
= 2x10°4 ~ e = 2x10°
g J g
£ £
N N
1x10°4
. ; ; 04 . . :
1x10° 2x10° 3x10° 4x10° 0 1x10° 2x10° 3x10° 4x10°

Zreal (©.cm?)

Zreal (Q.cm?)

Fig. 9. Nyquist diagrams of machined (a) and double etched (b) cpTi and Ti alloy surfaces in SBF.
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Fig. 10. Bode plots of machined (a) and double etched (b) cpTi and Ti alloy surfaces in SBF.

mean that the other materials did not present hydride formation. Be-
sides, hydride was not observed by EDS because H atoms are too light to
be detected by such a technique [29]. The presence of intermetallic
compound and residual Zr for the other materials can also be related to
the acid action on the surface.

In general, the microstructural features played a large role in how
the acid etching altered the surface. Particularly, the grains size, or-
ientation and shape were evidenced after double etching process for the
Ti-Zr alloys. Previous studies [30,32] with SLA surfaces have shown
that the substrate composition may influence the surface topography
after treatment. Our results corroborate such findings regarding the
behavior, as the nucleation of protrusions was more favorable on cpTi
than on Ti-Zr system. It was already hypothesized that the hardness and
grain size of the alloy can, in some way, influence the polishing process
[21] and perhaps influence how the acid reacts with the surface as well.
In addition to creating a complex microtopography, the chemical
treatment increased the surface roughness and enhanced the effective
interface areas of the materials [19,33,34]. This can provide long-term
stability of the implant under loading [33] and may enhance the re-
sistance to reverse torque removal due to the increased bone-implant
contact and higher strength of osseointegration [18,35]. Among the
groups, Ti-15Zr alloy double etched surface presented the highest
average roughness. It is known that the acicular structures became
coarser [28] and their amount increased as the Zr content increased
[11], which may have influenced the roughness values due to the ex-
position of these structures after etching.

Another property that can be influenced by the nature of the bulk
material is the surface energy. Ti-Zr alloys showed increased surface
energy, which may affect protein adsorption, cell interactions, and the
rate of osseointegration [36]. It has been reported previously [14] that
subtle differences in the surface properties such as roughness, surface
energy, and substrate composition were able to modulate the biological
profile of Ti-50Zr alloy, which showed better response to the initial

attachment of MC3T3-E1 osteoblast cells than cpTi. In our study, the
association of a hydrophilic surface and topography with features at the
micro- and submicron-scale, as seen for the double etched surface, was
able to support cell adhesion. Interestingly, this type of surface mod-
ification has also been associated with increased cell proliferation and
alkaline phosphatase expression [34], as well as with facilitated os-
teogenic cell retention and cell migration at the implant surface [35].
This is possibly because the first phase of cell-material interactions is
regulated by the physicochemical surface properties [37].

4.2. Mechanical behavior

The mechanical properties of alloys are also sensitive to the alloy
structure, depending fundamentally on the microstructure character-
istics. Ti-Zr alloys were found to have statistically greater hardness. As
previously reported [11,16,28,38], the increased hardness of Ti-Zr al-
loys is a consequence of solid-solution hardening generated by the a
phase and also due to grain size refinement achieved by the thermo-
mechanical process. A slight decrease in hardness with further increases
in Zr content has been stated before [11,21,28] and also observed in our
study. The etching process increased the hardness of almost all mate-
rials with exception of Ti-10Zr alloy. This result seems to be related to
the appearance of residual Zr, since this alloy was the only one that did
not present any new content on its microstructure.

Elastic modulus is an important property to implant materials and it
should be comparable to that of bone tissue to prevent bone atrophy
and to stimulate its remodeling by the effective load transfer and uni-
form stress distribution [39,40]. Most materials that have low elastic
modulus are B Ti alloys [16]. At the same time, the material must to
have adequate stiffness and resistance to support the forces to which
implants are subjected without deforming. Herein, the a Ti-Zr alloys
showed elastic modulus higher than that of cpTi, but similar values of
stiffness. Meanwhile, they presented significantly lower values when

Table 4
Mean (and standard deviation) of electrical parameters obtained from the equivalent circuit models of machined and double etched cpTi and Ti alloy surfaces
(n = 5).
Surface Material R, (MQ-cm?) Q (S=s™a em™2) x 107° n Xz x 1073
Machined cpTi 4.08 (1.10)"8 1.82 (0.18)** 0.93 (0.1) 1.37 (0.58)
Ti-6Al-4V 4.58 (1.20)*8 1.68 (0.27)** 0.92 (0.1) 2.29 (0.47)
Ti-5Zr 11.10 (0.92)*® 1.22 (0.10)** 0.94 (0.1) 1.43 (0.69)
Ti-10Zr 12.32 (6.11)** 1.29 (0.16)bA 0.94 (0.2) 0.95 (0.11)
Ti-15Zr 9.81 (2.67)*® 1.19 (0.15)°* 0.94 (0.1) 1.61 (0.74)
Acid etched cpTi 37.13 (8.30)** 0.93 (0.09)® 0.94 (0.1) 0.77 (0.46)
Ti-6Al-4V 26.23 (24.51)*** 1.62 (0.08)** 0.92 (0.1) 0.66 (0.13)
Ti-5Zr 29.08 (8.57)2"* 1.33 (0.07)°* 0.91 (0.1) 0.78 (0.60)
Ti-10Zr 12.69 (5.21)%* 1.17 (0.05)°* 0.93 (0.2) 0.60 (0.51)
Ti-15Zr 18.24 (4.90)°* 1.29 (0.24)"* 0.93 (0.1) 1.76 (0.92)

Means followed by different lowercase letters indicate statistically significant differences among the materials within each surface type. Means followed by different
capital letters indicate statistically significant differences between the surfaces of each material type (p < 0.05, Bonferroni test).
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Fig. 11. Potentiodynamic polarization curves of machined (a) and double etched (b) cpTi and Ti alloy surfaces in SBF.

compared to Ti-Al-V. The heat treatment performed after swaging and
consequently increase in hardness may be the main reason for the re-
sults found in the experimental alloys [21]. It is expected that materials
with enhanced mechanical performance show better resistance to the
degradation processes to which implants are subjected intra-orally,
such as stresses during the implantation procedure (friction) as well as
during their whole in vivo life (chewing load) [41]. Although hardness
and elastic modulus are important properties of implant materials,
other factors are also relevant for clinical application, such as wear
resistance, fretting corrosion resistance, and mechanical/tensile
strength [13], which should need to be further evaluated in future
studies.

4.3. Electrochemical behavior

The understating of the corrosion kinetics of implant materials is
extremely important as the intra-oral degradation processes can release
metal ions to the environment, and in excess, these metal ions may be
toxic or dangerous to the body [42]. The results obtained by the elec-
trochemical tests indicate a positive influence of Zr addition on the
material corrosion resistance, which may be related to a thicker and
denser passive film on Ti-Zr alloys surfaces that are reinforced by ZrO,
oxides [8,43]. Previous studies [21,28,44] have demonstrated the
electrochemical superiority of alloys containing Zr. Besides reducing
the anodic activity [45], Zr enhances the protection against oxidation
[28]. Despite that, the higher hardness of these materials may have
favored the maintenance of a thicker and more firmly adhered oxide
layer on the surface [46].

The Ti-15Zr alloy presented notably lower capacitance, icorr and ipass
values. This may be related to the fact that the presence of Zr oxides is
proportional to the Zr concentration in the alloy [21], contributing to
its improved electrochemical performance when compared to cpTi. This

Table 5

is in accordance with a previous study [28], where Ti-15Zr alloy had
the fastest passivation tendency among Ti-Zr alloys. In general, such
system has shown comparable or lower electrochemical activity and
higher corrosion resistance than cpTi in different electrolytic solutions
[8,12,28], as a consequence of improved protective properties of the
passive film that acts as a barrier against the diffusion of ions [44,47].
Additionally, the amount of metal ions released decreased as the Zr
proportion increased, indicating an oxide layer that is more stable and
resistant to dissolution [12]. Although the electrochemical tests provide
important parameters for the corrosive kinetics of materials, to estab-
lish the superiority of the experimental alloys it would be interesting to
evaluate the interplay between corrosion and wear (i.e. tribocorrosion)
of such system. The degradation process in the oral environment in-
volves successive micro-movements in the implant/bone, implant/
abutment and abutment/crown interfaces [48] that is better re-
presented by the tribological contact simultaneously to corrosion.
With respect to the influence of the acid etching process on the
materials electrochemical behavior, our previous study [49] has shown
that etching with HCl and H,0, seems to be an effective technique for
enhancing the cpTi electrochemical stability. The HCl degrades the
oxide film and reacts with the surface, forming a TiH intermediate
layer, where a new oxide layer can be formed when in contact with
moisture in the air [50]. It is believed that the combination of these two
layers may be responsible for the improved potential, polarization re-
sistance and E.,,, values, which suggests improvement of the corrosion
protection tendency and higher stability of the oxide layer in a corro-
sive environment when compared to the machined surface. Although
statistically significant differences were not observed between the ma-
chined and double etched surface for the binary alloys, in some cases
the capacitance and i, slightly increased. This behavior might be
related to the increased surface roughness and surface area that is
detrimental to the passive film formation, causing a higher

Mean (and standard deviation) values of electrochemical parameters obtained from the potentiodynamic polarization curves of machined and double etched cpTi and

Ti alloy surfaces (n = 5).

Surface Group Ecorr (mV) vs. SCE icorr (NA cm™2) b, (V/decade) —b, (V/decade) ipass (NAcm ™ 2)

Machined cpTi —446.80 (25.79)*® 16.11 (4.15)** 0.56 (0.03) 0.18 (0.01) 7.71 (0.71)*®
Ti-6Al-4V —539.40 (57.49)® 15.82 (5.10)** 0.71 (0.03) 0.16 (0.02) 6.96 (0.95)2""
Ti-5Zr —484.00 (23.37)*8 7.94 (0.57)*A 0.65 (0.05) 0.18 (0.02) 6.71 (0.28)**
Ti-10Zr —513.20 (26.86)"" 8.73 (2.47)" 0.68 (0.10) 0.16 (0.01) 7.15 (0.71)**®
Ti-15Zr —509.20 (55.95)°F 7.32 (0.80)*A 0.65 (0.13) 0.16 (0.02) 6.29 (0.73)**

Acid etched cpTi —172.33 (67.57)*°A 6.44 (2.07)8 0.45 (0.15) 0.22 (0.02) 4.48 (0.39)A
Ti-6Al-4V —170.50 (18.82)°* 14.95 (3.14)** 0.46 (0.01) 0.30 (0.04) 7.03 (0.24)**
Ti-5Zr —115.43 (49.69)*** 9.89 (1.58)"* 0.29 (0.03) 0.20 (0.01) 5.90 (0.33)*A
Ti-10Zr —212.60 (16.43)°A 9.46 (1.37)"* 0.36 (0.01) 0.18 (0.01) 5.72 (0.66)**
Ti-15Zr —110.13 (31.27)** 9.82 (1.07)* 0.38 (0.08) 0.21 (0.01) 6.31 (1.09)***

Means followed by different lowercase letters indicate statistically significant differences among the materials within each surface type. Means followed by different
capital letters indicate statistically significant differences between the surfaces of each material type (p < 0.05, Bonferroni test).
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Fig. 12. Micrographs of MC3T3 cultured on machined and double etched cpTi and Ti alloy surfaces for 96 h. Arrows indicate elongated cells, whereas asterisks show

spread-shaped ones.

susceptibility to pitting corrosion [51]. Also, it is known that an im-
proved wettability can result in lower contact resistance between the
electrode and electrolyte [52], which may have contributed towards the
current density increase of treated surfaces. Despite this, there was not
a clear correlation between the observed differences of corrosion
parameters with the contact angle values as all surfaces exhibited a
hydrophilic behavior. Controlling the surface wettability making it
more hydrophobic has proved to be an important strategy to inhibit
corrosion in metals [53]. It is an important area to be explored in the
biomedical implants with the aim to control the ionic exchanges be-
tween the metal-based implant and the environment. However, hy-
drophobic surface may mitigate cell adhesion and spreading. Therefore,
it is necessary to balance the wettability of dental implants to reduce its
chemical degradation but at the same time to not affect its bio-
compatibility.

5. Conclusions

Binary Ti-Zr alloys with different concentrations of Zr (5, 10, and
15 wt%) were studied as a function of two features of the surfaces
(machined and double etched). The addition of Zr to Ti improved the
mechanical and surface properties when compared to cpTi and Ti-Al-V
alloy. The experimental alloys showed better electrochemical behavior

due to decreases in the capacitance, icorr and ipass, and implemented
slight changes in cell morphology. The double acid etching treatment
was beneficial for the mechanical behavior, surface properties, cell
adhesion and proliferation, as well as for the corrosion potential and
polarization resistance parameters.
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