I coatings

Article

Electrochemical Corrosion of Titanium and Titanium Alloys
Anodized in H,SO4 and H3PO4 Solutions

Jesis Manuel Jaquez-Mufioz 1*©, Citlalli Gaona-Tiburcio 1@, José Chacén-Nava 2, Jose Cabral-Miramontes 10,
Demetrio Nieves-Mendoza 2, Erick Maldonado-Bandala 2, Anabel D. Delgado 2, Juan Pablo Flores-De los Rios 4,

Patrizia Bocchetta ®

Citation: Jaquez-Mufioz, J.M;
Gaona-Tiburcio, C.; Chacén-Nava, J.;
Cabral-Miramontes, J.;
Nieves-Mendoza, D.;
Maldonado-Bandala, E.; Delgado,
A.D.; Flores-De los Rios, J.P;
Bocchetta, P.;; Almeraya-Calderén, F.
Electrochemical Corrosion of
Titanium and Titanium Alloys
Anodized in H,SO,4 and H3PO,
Solutions. Coatings 2022, 12, 325.
https://doi.org/10.3390/
coatings12030325

Academic Editor: Yong X. Gan

Received: 7 February 2022
Accepted: 20 February 2022
Published: 1 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-
iations.

© 2022 by the authors.
Licensee MDPI, Basel, Switzerland.

Copyright:

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.07).

and Facundo Almeraya-Calderén 1:*

1 Universidad Autonoma de Nuevo Leon, FIME-Centro de Investigacion e Innovacién en Ingenieria
Aeronautica (CIlIA), Av. Universidad s/n, Ciudad Universitaria, San Nicolas de los Garza 66455, Mexico;
citlalli.gaonatbr@uanl.edu.mx (C.G.-T.); jose.cabralmr@uanl.edu.mx (J.C.-M.)

Department of Metallurgy and Structural Integrity, Centro de Investigacion en Materiales

Avanzados (CIMAV), Miguel de Cervantes 120, Complejo Industrial Chihuahua, Chihuahua 31136, Mexico;
jose.chacon@cimav.edu.mx (J.C.-N.); anabel.delacruz@cimav.edu.mx (A.D.D.)

3 Facultad de Ingenieria Civil, Universidad Veracruzana, Xalapa 91000, Mexico; dnieves@uv.mx (D.N.-M.);
erimaldonado@uv.mx (E.M.-B.)

Department Metal-Mechanical, Tecnol6gico Nacional de Mexico-Instituto Tecnolégico de Chihuahua,

Av. Tecnologico 2909, Chihuahua 31130, Mexico; juan.fd@chihuahua.tecnm.mx

Department of Innovation Engineering, University of Salento, via per Monteroni, 73100 Lecce, Italy;
patrizia.bocchetta@unisalento.it

*  Correspondence: jesus.jaquezmn@uanl.edu.mx (J.M.J.-M.); facundo.almerayacld@uanl.edu.mx (F.A.-C.)

Abstract: Titanium and its alloys have superior electrochemical properties compared to other alloy
systems due to the formation of a protective TiO, film on metal surfaces. The ability to generate
the protective oxide layer will depend upon the type of alloy to be used. The aim of this work was
to characterize the electrochemical corrosion behavior of titanium Ti-CP2 and alloys Ti-6Al-2Sn-
4Zr-2Mo, Ti-6Al-4V, and Ti Beta-C. Samples were anodized in 1 M H,SO, and H3PO, solutions
with a current density of 0.025 A/cm?2. Electrochemical tests on anodized alloys were carried
out using a three-electrode cell and exposed in two electrolytes, i.e., 3.5% wt. NaCl and 3.5% wit.
H,SO,4 solutions at room temperature. Scanning electron microscopy (SEM) was used to observe the
morphology of anodized surfaces. The electrochemical techniques used were cyclic potentiodynamic
polarization (CPP) and electrochemical noise (EN), based on the ASTM-G61 and G199 standards.
Regarding EN, two methods of data analysis were used: the frequency domain (power spectral
density, PSD) and time-frequency domain (discrete wavelet transform). For non-anodized alloys,
the results by CCP and EN indicate icorr values of 10 ® A/cm?2. However, under anodizing
conditions, the icorr values vary from 10 “to 10 ° A/cm?. The PSD YO values are higher for non-
anodized alloys, while in anodized conditions, the values range from 138/ 122 dBi (A2 Hz 1)1/2
to 131/ 180dBi (A% Hz Y)Y/2 Furthermore, the results indicated that the alloys anodized in the
H3;PO,4 bath showed an electrochemical behavior that can be associated with a more homogeneous
passive layer when exposed to the 3.5% wt. NaCl electrolyte. Alloys containing more beta-phase
stabilizers formed a less homogeneous anodized layer. These alloys are widely used in aeronautical
applications; thus, it is essential that these alloys have excellent corrosion performance in chloride
and acid rain environments.

Keywords: corrosion; titanium alloys; potentiodynamic polarization; electrochemical noise

1. Introduction

The study of oxide films on titanium alloys has recently increased due to its good
biological, electrical, and chemical properties [1]. Titanium alloys are widely used in
different industries due to their excellent anti-corrosion properties. Titanium alloys can be
divided into four categories ( ,near- , + ,and ). Forinstance, titanium and near-

Coatings 2022, 12, 325. https://doi.org/10.3390/coatings12030325

https://www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings12030325
https://doi.org/10.3390/coatings12030325
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0003-0930-8135
https://orcid.org/0000-0001-9072-3090
https://orcid.org/0000-0003-1483-3081
https://orcid.org/0000-0002-6845-1620
https://orcid.org/0000-0002-3014-2814
https://doi.org/10.3390/coatings12030325
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings12030325?type=check_update&version=1

Coatings 2022, 12, 325

20f23

titanium alloys, such as Ti CP2 and Ti-6Al-2Sn-4Zr-2Mo, respectively, are used in sections
of compressor disks, blades, floors, clips, brackets, and in structural zones, whereas +
alloys (Ti-6Al-4V) are used in landing gear, wings sections, floor support structure, and
nacelles. Moreover, the alloys (Ti Beta-C) are used in frames, ribs, nose landing gear, and
actuators [2-4].

However, titanium and titanium alloys may present some corrosion problems under
exposure to chloride solutions. When CI ions break the passive layer, the accumulation
of oxychloride at the metal-film interface provokes the rupture of the oxide film, and
a localized corrosion process occurs. In sulfuric acid, the reaction of OH and SO, 2
can create instability of the passive layer. For industries such as aeronautic or aerospace,
corrosion can affect the mechanical integrity and safety of affected components, and for the
biomedical sector could cause health problems, depending on the alloy used [4-8].

Different surface treatments are used to increase the corrosion resistance of Ti alloys.
Techniques such as sol-gel, thermal oxidation, radio frequency magnetron sputtering,
electrodeposition, passivation, and anodic oxidation or anodization have been used to
obtain a protective oxide layer on the titanium surface [9-11]. The problem with passivation
is the low thickness of the coating and the heterogeneity (depending directly on alloying
elements) of the oxide layer, i.e., a heterogeneous layer can be prone to localized corrosion.
The oxide film accomplished by the sol-gel technique is rich in Ti-OH and it has a thickness
lower than 10 m [12,13]. Plasma electrolytic oxidation (PEO) is another method that can
be very effective, but the requirement of special equipment and the difficulty to process
big pieces increase the manufacturing cost. An excellent option to generate oxide layers
is anodization. This process can generate a more uniform coating than that obtained by
passivation. Moreover, anodization reduces the cost of finished products in comparison
to PEO because it can be applied to big pieces [14-16]. The anodization technique is a fast
and low-cost technique that allows a more effortless and uniform growth of the passive
layer, giving good control of its thickness, composition, and morphology [17-20].

Titanium and its alloys in anodized conditions show better corrosion resistance in at-
mospheric environments compared to untreated titanium alloys. The surface modification
of the alloys through various methods allows new devices the be produced [21-24]. Tita-
nium is a metal reactive to oxygen. The oxidation kinetics occur rapidly and generate a thin
layer of TiO, protective against corrosion. The surface condition of Ti alloys will determine
the physical and chemical state of the oxide layer. Anodic oxidation or anodization is one
of the most used electrochemical methods to generate an oxide layer. This is because it is a
fast and inexpensive process. The anodizing process requires an anode (Ti alloys) and a
cathode (an inert material, for example, graphite or platinum) immersed in a conductive
electrolyte (acid bath). The oxide layer will be formed when an electric current is applied to
it, and then the ion diffusion will begin. In various research works, the anodizing process
directly depends on the electrolyte, voltage, current, pH, or temperature. These factors can
control the uniformity of the oxide layer [25-27].

The galvanostatic anodizing process in electrolytes such as H,SO,4 and H3PO,4 consists
of two phases. The anodizing process begins by generating one oxide layer (see phase | in
the first few seconds) (Figure 1). Phase Il consists of the breakdown of the oxide layer to
generate porosities that have an amorphous structure [28].

The passive layer mechanism relates to the ions’ diffusion on the surface, in titanium
and hydroxyl ions’ transfer. When the layer of TiO, is generated, the interface metal-
layer—electrolyte will be thermodynamically stable. These conditions increase with oxygen
content, and an agueous media environment facilitates dissociation. Moreover, temperature
and pH play an essential role, and if all these factors are correctly combined, a stable oxide
layer will be generated [29-34].

Past research [35,36] have demonstrated the titanium behavior in different media and
shown that the passive layer generated by the natural process can be weakened due to
the diffusion of different ions such as Cl . A non-uniform passive layer will allow CI
Br ,or OH ions’ diffusion through the oxide layer, increasing the corrosion rate [37,38].
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Some works attributed the ions’ diffusion through the oxide layer with discontinuities and
interstitial penetration [39,40].

Figure 1. Phases of the anodizing process.

Electrochemical techniques are helpful to study the corrosion behavior of this type of
material with surface treatments such as anodizing. These techniques allow the analysis
of the process and its variables as well as the materials’ behavior exposed in different
corrosive media. Electrochemical impedance spectroscopy (EIS), electrochemical noise
(EN), and potentiodynamic polarization (PP) have been employed by different researchers
to determine kinetics and corrosion mechanisms [41-43]. Potentiodynamic polarization
technique determines cathodic and anodic reactions, corrosion hysteresis, corrosion rates,
and passive layer stability. Attabi et al. [44] indicated the influence of composition and
the microstructure of a Ti-6Al-4V alloy on corrosion resistance, and potentiodynamic
analysis revealed that icorr decreases using Ti6Al4V-ELI alloys instead of pure titanium
in phosphate-buffered solution (PBS). On the other hand, electrochemical impedance
spectroscopy (EIS) is used to assess the reaction kinetics of different layers on the surface of
the alloys under study. Orazem and Tribollet [45] characterized a Ti-6Al-4V alloy, showing
a double-layer structure that increases the corrosion resistance with a surface treatment.

However, techniques such as PP and EIS somehow perturb the corrosion systems
through the imposition of an external signal. For this reason, the electrochemical noise (EN)
technique is proposed by some authors to analyze material surfaces without perturbation.
A particular advantage of EN measurements includes detecting and analyzing the early
stages of localized corrosion. Electrochemical noise describes the spontaneous low-level
potential and current fluctuations during an electrochemical process. During the corrosion
process, predominantly electrochemical cathodic and anodic reactions can cause small
transients in electrical charges at the electrode under study.

In addition, EN can be studied by various methods such as time-domain, where
analysis is made by visual analysis, skewness, localization index (L), and noise resistance
(Rn). Another method to study EN signals is by power spectral density (PSD); this method
evaluates frequency signals. Nevertheless, since the EN signal shows different signals (see
Equation (1)), it is necessary to separate components that do not apport information about
the corrosion process. The DC (m¢) component can be separated by different methods, such
as the polynomial filter or wavelets. The random (St) and stationary (Y{) components are
considered because the corrosion process occurs in those signals [46-50].

X(t) =mi+5St+ VY (1)

The separation of the DC signal is necessary because DC creates false frequencies and
interferes in visual, statistical, and PSD analysis. The polynomial method is governed by
Equation (2), where X, is the EN signal with all the components, a polynomial of “n” grade
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(po) at n-th term (ai) in “n” time to obtain a signal without trend (yn) [51,52]. In this work, a
9th-degree polynomial was applied.

Yn=Xn  an @

In order to perform PSD, analysis is necessary to transform the time-domain to a
frequency domain signal. Usually, fast Fourier transform (FFT) is used to process the EN
signal. Equations (3) and (4) show how to calculate the spectral density [53].

N m 1
Ryx(m) = % x(n) x(n+m), whenvaluesare from0<m<N 3)

n=0
g tm N

Yx(k) = N

©)
n=1

Another advantageous method to determine the type of corrosion is wavelets. The

wavelets method does not need the application of a polynomial filter because decomposi-

tion of the EN signal separates DC from the corrosion signal. The decomposition is by a

high-low filter, high frequencies are named detail (D), and low are called approximation (S).

Equation (5) gives the way to obtain the total energy for a system of N data number [5,54]

E= X} )

The energy fraction presented in detail and approximation is given by Equation (6).

N
d — 2 S —
EDJ- = dj,n EDJ- =

=1

1 2 6
E N ]1n ( )

The accumulation of energy will determine the process occurring on the surface. High
energy in crystals from D1 to D3 is related to metastable pitting. Crystals from D4 to D6
are related to localized corrosion, and crystals from D7 to D8 are related to long process
corrosion (diffusion or general corrosion) [36,37].

This work aimed to study the electrochemical behavior of anodizing on Ti CP2 and
alloys Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-4V, and Ti Beta-C immersed in 3.5% wt. NaCl and
H,S0O,4 solutions at room temperature. The electrochemical behavior was studied by
cyclic potentiodynamic polarization and electrochemical noise, and the characterization
of the titanium oxide layer was conducted using scanning electron microscopy (SEM).
Titanium alloys are used in various aircraft components and exposed to different marine
and industrial (acid rain) atmospheres. Exposure in marine environments implies the
presence of chlorides as the main corrosive agent. In an industrial environment, sulfuric
acid can simulate an acid rain environment, which is formed from the chemical reactions
of sulfur dioxide and nitrogen oxides found in the atmosphere with water and chemical
contaminants resulting in nitric sulfuric acids.

2. Materials and Methods
2.1. Material
The materials used in this work were Ti CP2 and alloys: Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-

4V, and Ti Beta-C, tested in the as-received state. The chemical composition of these alloys
was obtained by atomic absorption spectrometry, Table 1.
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Table 1. Chemical Composition of the Ti CP2 and its alloys (% wt.).

Alloys
Elements Ti CP2 - - -

Ti-6Al-2Sn-4Zr-2Mo Ti-6Al-4V Ti Beta-C
Fe 0.038 0.005 - 0.21 0.01 0.08 0.01
Al - 6.75 0.20 714 037 42 013
\Y - - 4,03 0.08 8.1 0.07
Zr - 418 0.01 - 43 0.01
Cr - - - 3.3 0.07
Mo - 1.99 0.008 - 39 0.01
Sn - 2.08 0.01 - -
Ti 99.94 0.005 84.65 0.19 87.71 0.36 75.2 0.14

2.2. Microstructural Characterization

Titanium samples were prepared by the metallography technique [54]. The various
alloys were ground using 400, 600, and 800 grade SiC sandpaper followed by ultrasonic
cleaning in ethanol (C,;HsOH) and deionized water for 10 min for each sample. The
chemical attack of the samples was carried out using Kroll solution composed of 3 mL of
HF, 5 mL of HNOg3, and 100 mL of water [55].

The surface morphology was investigated using a scanning electron microscope ((SEM)
JEOL-JSM-5610LV, Tokyo, Japan) operating at 20 kV and 12 and 8.5 mm working distance.
The surface micrographs by SEM were taken using backscattered electron (BSE) and sec-
ondary electron (SE) detectors. The porosity percentage analysis was carried out by optical
microscopy (OM, Carl Zeiss Microscopy GmbH, Jena, Germany).

2.3. Anodizing Process

Pretreatment consisted of ultrasonic cleaning in ethanol (C,HsOH) and deionized
water. The anodizing process was carried out in an electrochemical cell with a graphite rod
as cathode and a 1 M sulfuric (H,SO4) and phosphoric acid (H3PO,) electrolytes (analytical
grade reagents (J.T. Baker)) at25 1 C. The current density of the titanium samples was
0.025 A cm 2 for 600 s using a DC power supply (XLN300025-GL). The anodizing process
was carried out under the specification AMS2487 [56].

2.4. Electrochemical Measurements

Cyclic potentiodynamic polarization (CPP) and electrochemical noise (EN) measure-
ments were conducted at room temperature using a Gill-AC potentiostat/galvanostat/ZRA
(Zero Resistance Ammeter) from ACM Instruments (Manchester, UK) in 3.5% wt. NaCl
and H,SO, solutions, with the latter reagent used to simulate acid rain conditions. A
conventional three-electrode cell configuration was used for electrochemical corrosion
studies, which consisted of a working electrode, WE (Titanium and its alloys), a reference
electrode, RE (saturated calomel electrode (SCE), and a counter electrode, CE (platinum
mesh) [57,58]. Corrosion tests were realized in triplicate.

The CPP measurements were conducted over a potential scan range between 1.2
and 1.2 V vs. SCE from corrosion potential (E¢orr), Using a scan rate of 1 mV/sec [59-61].

A digital sampling performed electrochemical noise (EN) measurements of current
and potential values at one-second intervals on the specimens tested. The time records
consisted of 4096 data. The electrochemical cell for EN measurements consisted of anodized
titanium samples (working electrode WEL1), a platinum electrode (WE2), and a saturated
calomel electrode as reference electrode (RE). EN data was processed with a program made
in MATLAB 2018a software (Math Works, Natick, MA, USA). It removes the trends with a
polynomial grade 9 and fast Fourier transform (FFT) with a Hann windowing [36,37,62—66].
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3. Results and Discussion
3.1. SEM Microstructural Analysis

The superficial morphology of the anodized titanium and titanium alloy samples was
analyzed by SEM.

Figure 2a shows an SEM surface micrograph using a backscattered electron (BSE)
detector for Ti CP2, where an -phase microstructure matrix with large grain size is
observed. Figure 2b shows the Ti-6Al-4V microstructure is fine and equiaxed because
the cooling was slow in the recrystallization alloy. The and phases are marked with
blue arrows. This phase has spherical shapes and phases. The phase increases in
Ti-6Al-4V due to elements such as vanadium retained in , so if vanadium or molybdenum
increases its concentration in Ti alloys, the phase will increase. Figure 2c shows the
surface microstructure of Ti-6Al-2Sn-4Zr-2Mo; the alloy has grains of  phase, with an
appreciable deformation and angular shapes located at triple points and corresponding
tothe phase. Figure 2d shows a -phase microstructure matrix for the Ti Beta-C alloy.
For Ti CP2, Ti-6Al-2Sn-4Zr-2Mo, and Ti-6Al-4V alloys, porosity from the manufacturing
process (about 1to 2 m in diameter) was observed.

Figure 2. SEM-BSE surface micrographs of titanium and alloys (initial conditions): (a) CP2 (b) Ti-
6Al-4V (c) Ti-6Al-2Sn-4Zr-2Mo (d) Ti Beta-C.

3.2. SEM-OM Surface Analysis of Anodized Alloys

Figure 3 shows the surface micrographs by SEM using a secondary electron (SE)
detector for anodized samples anodized in an H,SO,4 bath. Anodized Ti CP2 and Ti-6Al-
2Sn-4Zr-2Mo presented a homogenous porosity distribution. However, anodized Ti-6Al-
2Sn-4Zr-2Mo has a smaller porosity than Ti CP2. For Ti-6Al-4V, porosity is homogenous
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but smaller. Ti Beta-C presents porosity and superficial cracking. All the samples anodized
in H,SO,4 presented a homogenous porosity distribution. In order to evaluate the porosity
percent in the samples, these were analyzed by optical microscopy (OM) using ZEN Image
analysis software—multiphase module. The obtained results were: Ti CP2 (12.5%), Ti-6Al-
2Sn-4Zr-2Mo (11.3%), Ti-6Al-4V (13.1%), and Ti Beta-C (8.6%). These values are for samples
anodized in HySOyq.

]
. o Ny
- -,

ENT = 2000 &V

Figure 3. SEM-SE surface micrographs of anodized titanium and alloy samples in H,SO,4 bath at
2000 . (a) Ti CP2 (b) Ti-6Al-4V (c) Ti-6Al-2Sn-4Zr-2Mo and (d) Ti Beta-C.

Figure 4 shows the SEM surface micrographs using secondary electrons (SE) of samples
anodized in H3PO,. Compared to samples anodized in H,SO,, these anodized samples
present less porosity, which is not distributed in a homogeneous way, and they also present
larger porosities. All the samples presented microporosity on the surface; the anodized
Ti Beta-C (Figure 4d) has smaller porosity, and this morphology may help to increase the
corrosion resistance. Anodized Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V samples presented a
similar morphology. Ti Beta-C (Figure 4d) anodized in H3PO4 show similar features to
that anodized in an H,SO4 bath (Figure 3d), with smaller porosity and surface cracking;
however, this does not necessarily indicate a low corrosion resistance as the cracks may
only be on the surface. The porosity percentages of the anodized samples in the H3PO4 bath
were as follows 13.2%, 19.77%, 14.6%, and 7.0% for Ti CP2, Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-4V,
and Ti Beta-C, respectively.
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Figure 4. SEM-SE surface micrographs of anodized titanium and alloy samples in H3PO,4 bath at
2000 . (a) Ti CP2, (b) Ti-6Al-4V, (c) Ti-6Al-2Sn-4Zr-2Mo, and (d) Ti Beta-C.

3.3. Cyclic Potentiodynamic Polarization (CPP)

The corrosion kinetic behavior of anodized titanium and alloys using cyclic potentio-
dynamic polarization can be studied through cathodic and anodic reactions under exposure
to 3.5% wt. NaCl and H,SO4 solutions (see Figures 5 and 6).

Figure 5. Cyclic potentiodynamic polarization of anodized titanium and alloy samples in (a) H,SO4
bath and (b) H3PO,4 bath immersed in 3.5% wt. NaCl solution.
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Figure 6. Cyclic potentiodynamic polarization of anodized titanium and alloy samples in (a) H,SO,4
bath and (b) H3PO,4 bath immersed in 3.5% wt. H,SO4 solution.

Figure 5 shows the results of CPP in NaCl 3.5% wt. for samples anodized in (a) H,SO4
and (b) H3POy4. In Figure 53, all samples presented uniform corrosion (negative hysteresis).
Ti-6Al-2Sn-4Zr-2Mo alloy showed the lower E¢orr ( 0.33 V), whereas Ti Beta-C showed a
higher Ecorr (0.15 V) value. These results can be related to a more active Ecorr behavior of
the anodized Ti-6Al-2Sn-4Zr-2Mo.

Further, icorr Values of all samples are related to Ecqrr, With Ti Beta-C presenting
the lowest icorr (9.12 10 9 A/cmz), which is associated with lower corrosion kinetics.
However, the anodized Ti Beta-C was the only one that did not present a passive behavior;
this could be attributed to the dissolution of the anodized solution in this media. Moreover,
titanium with alloying elements presented passive layer breakdown. Figure 5b presents a
similar behavior for Ti Beta-C; however, in the media presented, a passivation range can
be noted, where the passive layer prevents the material dissolution. Ti CP2 and Ti-6Al-4V
showed a decrease in current demand in the passive zone, and this is related to the addition
of ions to the surface, decreasing the electrons’ transfer.

Figure 6 shows the results of CPP in H,SO,4 3.5% wt. for samples anodized in (a) H,SO4
and (b) H3POy4. The E¢orr behavior presented in Figure 6a,b is very similar to that in
Figure 5a,b. Figure 6a shows that the anodized Ti-6Al-2Sn-4Zr-2Mo presented the lower
Ecorr ( 0.31V) and higher icorr (1.16 10 ® A/Zcm?) values. On the other hand, Ti Beta-C
presents the higher Ecorr (0.31 V) and the lower icorr (4.1 10 8 AZcm?). However, the
anodized Ti Beta-C showed a passive range (0.35 V), indicating that anodization prevents
ions’ penetration, with the activation process after passivation being more aggressive, and
transpassivation is unstable. Additionally, anodized Ti-6Al-2Sn-4Zr-2Mo presents multiple
reactions in the anodic branch. This behavior is related to OH ions’ reaction and a more
unstable passive layer. All samples presented negative hysteresis related to a general
corrosion process (see Table 2). It is important to mention that anodizing with more beta
stabilizers has a similar behavior, Ti-6Al-4V relates to Ti Beta-C and Ti-6Al-2Sn-4Zr-2Mo
with Ti CP2. Figure 6b shows the results of anodizing with H3PO4, where Ti Beta-C presents
the higher Ecorr With the lower icorr Values. Anodized Ti CP2 and Ti-6Al-2Sn-4Zr-2Mo
showed a decrease in current demand in the passive zone, related to the adsorption of ions
in the surface at these potentials.
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Table 2. Electrochemical parameters obtained from CPP.

. Active-Passive . Range Passive
2
Alloy Ecorr (V) loorr (A/em?®) Trans (V) Hysteresis Passive (V)  Breakdown (V)
Titanium and alloys anodized in H,SO4
3.5% wt. NaCl
Ti CP2 0.19 1.04 10 7 - Negative 0.85 0.83
Ti-6Al-2Sn-4Zr-2Mo 0.33 307 107 - Negative 1.29 1.19
Ti-6Al-4V 0.24 6.65 10 8 - Negative 0.48 0.77
Ti Beta-C 0.15 912 10 °? - Negative - -
3.5% wt. HySO,4
Ti CP2 0.07 798 10 7 - Negative 0.94 153
Ti-6Al-2Sn-4Zr-2Mo 0.31 116 10 5 - Negative 0.96 1.02
Ti-6Al-4V 0.14 169 10 6 - Negative 1.27 1.28
Ti Beta-C 0.31 41 10 8 - Negative 0.35 0.96
Titanium and alloys anodized in H3PO,4
3.5% wt. NacCl
Ti CP2 1.05 1.06 10 7 - Negative 1.26 0.59
Ti-6Al-2Sn-4Zr-2Mo 0.25 509 10 7 - Negative 1.24 1.42
Ti-6Al-4V 0.28 424 10 7 - Negative 1.17 1.44
Ti Beta-C 0.05 224 10 8 - Negative 0.20 0.48
3.5% wt. HySO4
Ti CP2 0.34 343 10 8 - Negative 1.42 1.28
Ti-6Al-2Sn-4Zr-2Mo 0.01 324 10 8 - Negative 1.6 1.75
Ti-6Al-4V 0.31 460 10 7 - Negative 1.25 1.78
Ti Beta-C 0.22 31 10 8 - Negative 0.37 0.94

3.4. Electrochemical Noise
3.4.1. PSD Analysis

The electrochemical noise technique was evaluated by the PSD and wavelets methods.
Using a polynomial grade 9th filter, PSD was made to remove the DC signal. For PSD
analysis, it is necessary to transform from the time-domain to the frequency domain
applying an FFT. The interpretation of PSD will depend on the slope or change in the slope
behavior. The frequency zero limits ( °) result in material dissolution [64-66]. Table 3
(adapted to decibels) associates slope values with the corrosion type, and Equation (7)
explains how to obtain the slope value. It is important to point out that some values are the
same for two types of corrosion; this could lead to another way of studying the slope and
frequencies [66-70].

logY, = bDbxlogf )

Table 3. intervals to indicate the type of corrosion [63].

dB(V) Decade 1 dB(A) Decade 1

Corrosion Type

Minimum Maximum Minimum Maximum
Uniform 0 7 0 7
Pitting 20 25 7 14
Passive 15 25 1 1

Figure 7 shows the PSD in voltage (a, c) and current (b, d) for samples anodized
in H,SO,4 and H3PO,, respectively, exposed in 3.5% wt. NaCl. Figure 7a presents the
behavior of anodized samples Ti-6Al-4V and Ti Beta-C showing a similar behavior without
significant potential variations in frequencies, meaning that the process did not change
and only occurs once (uniform process). Ti-6Al-2Sn-4Zr-2Mo presents a lower slope value
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( 8.8), see Table 3. This could mean a non-homogenous anodizing (porosities). The PSD in
current for anodized samples in 3.5% wt. H,SO4 solution presents changes in the slope.
This behavior is related to changes in the corrosion process or diverse reactions in the
anodized surface due to appreciable porosity. Moreover, Ti CP2 presented the higher value
of YO (' 131.48 dBi), associated with higher corrosion kinetics.

Figure 7. Power spectral density (PSD) in voltage for anodized titanium and alloy samples in (a) H,SO4
and (c) H3POy. In current for (b) H,SO4 and (d) H3PO,4 immersed in 3.5% wt. NaCl solution.

Figure 7c shows the behavior of samples anodized in an H3PO4 solution. All samples
showed slope values indicative of uniform corrosion, and this was associated with an ion
transference balance. In Figure 4d, YO is higher for Ti Beta-C. Here, a higher corrosion
kinetic can be related to the dissolution of a stable passive layer. Meanwhile, anodized Ti
CP2 showed a higher corrosion resistance. Anodized Ti-6Al-2Sn-4Zr-2Mo and Ti Beta-C
shows a slope associated with pitting corrosion (see Table 3); this behavior should be
associated with the presence of porosities in the anodized layer.

Figure 8 shows the PSD in voltage (a, c) and current (b, d) for H,SO4 and H3PO,,
respectively, immersed in 3.5% wt H,SO, solution. Figure 8a,c presents a similar behavior,
with slope values corresponding to uniform corrosion (see Table 3), meaning a stable ions
transfer in an anodized surface. Figure 8b shows the PSD in current. Here, anodized
Ti-6Al-4V presents a higher dissolution (135 dBi). On the other hand, Ti Beta-C showed
the lower dissolution (154 dBi). The slope values change in frequencies, indicating a
non-uniform current distribution in the material surface, and this could be related to a
non-uniform anodizing.
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Figure 8. Power spectral density (PSD) in voltage for anodized titanium and alloy anodized sam-
ples in (a) H,SO4 and (c) H3PO,. In current for (b) H,SO4 and (d) H3PO,4 immersed in 3.5% wit.
H,SO, solution.

The noise impedance (Zy), also called spectral noise resistance, is expressed by the

following equation [50,61,71] s

Zn =

yv(f)
yi(f)

Zy is calculated by the PSD of potential and current division square root. The electro-
chemical noise impedance zero (Z,0) is related to corrosion resistance [47,69].

Figure 9 shows the noise impedance (Z), which is homologous to noise resistance (Rp).
The Ti-6Al-2Sn-4Zr-2Mo anodized in H,SO,4 and H3PO4 immersed in NaCl and H,SO,4
solutions showed the higher resistance in both media (see Z,0 in Table 4). All the samples,
except the Ti-6Al-2Sn-4Zr-2Mo, anodized in H,SO,4 and exposed in 3.5% wt. NaCl, show
an increase in the slope, so Z, increases at high frequencies. This may indicate that a fast
process does not affect the corrosion resistance.

®)
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Table 4. Parameters obtained by PSD.

Figure 9. Noise impedance (Zy) for anodized titanium and alloys samples in (a) H2SO4 and (b) H3POy4
in NacCl at 3.5% wt. (c) H,SO4 and (d) H3PO,4 immersed in 3.5% wt. H,SO4 solution.

Titanium and Alloys Anodized in H,SOy4

3.5% wt. NaCl

Alloys Y9 (dBi) B (dB (V)) B (dB (A)) Zn0 (W cm?)
Ti CP2 131.48 213 16.34 19.46 103
Ti-6Al-2Sn-4Zr-2Mo 149.19 8.50 9.00 17.29 10°
Ti-6Al-4V 141.30 0.10 8.36 38.75 103
Ti Beta-C 134.42 0.20 8.88 57.80 10
3.5% wt. H,SO,
Ti CP2 159.42 1.15 10.02 34.94 10°
Ti-6Al-2Sn-4Zr-2Mo 155.25 0.08 6.38 3437 104
Ti-6Al-4V 148.33 0.44 5.12 64.72 103
Ti Beta-C 176.70 0.07 2.59 7297 10°
Titanium and Alloys Anodized in H3PO,4
3.5% wt. NaCl
Alloys Y0 (dBi) B (dB (V)) B (dB (A))
Ti CP2 180.98 0.47 6.84 13.63 106
Ti-6Al-2Sn-4Zr-2Mo 166.41 0.71 13.77 13.89 10%
Ti-6Al-4V 141.21 0.08 5.74 36.98 10°
Ti Beta-C 140.51 0.39 9.97 23.68 103
3.5% wt. H,SO,
Ti CP2 146.53 0.08 5.63 12.03 10%
Ti-6Al-2Sn-4Zr-2Mo 171.24 0.99 9.53 79.92 10%
Ti-6Al-4V 135.63 1.11 7.04 18.77 102
Ti Beta-C 154.68 0.15 12.00 17.24  10*
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3.4.2. Wavelets Analysis

Figure 10 shows the wavelets analysis for Ti CP2 anodized in H,SO, and H3PO4
and exposed to NaCl and H,SO4. Figure 10a presents the result for the H,SO,4 anodizing
exposed in 3.5% wt. NaCl, indicating that energy accumulates in low-frequency crystals.
The time from 1-512 and 512-1024 s in the last crystal are related to a uniform porosity
at the surface. First time-lapses of 1-512 and 513-1024 (black and red graphics) give the
material surface (porosity) information. After removing the time-lapse 513 to 1024 s to make
a windowing of wavelets analysis, Figure 10a’ shows the behavior of the long time-lapse.
Long-time crystals reflect the corrosion conduct after thermodynamic stabilization of the
material-electrolyte interface. For Figure 10a’, crystals D7 and D8 present higher energy
accumulation, related to the diffusion of ions of Cl on the surface. Figure 10b shows the
same anodized exposure on H,SO,. For this case, the energy is distributed in the middle
crystals; the behavior is associated with H and OH presence. Those ions are smaller
than ClI , so they are probably porous.

Figure 10. Wavelets analysis for Ti CP2 anodized immersed in 3.5% wt. NaCl and H,SOy4, solutions.
(a,c) H,SO,4 bath, (b,d) H3PO,4 bath, and (a’,d’) windowing of wavelets analysis.

Figure 10c shows a high accumulation of energy in crystal D6, this for non-uniform
distribution of porosities. On the other hand, Figure 10d shows high energy accumulation
for the last crystals of lapse 1-512 s. In Figure 10d’, the behavior presented is commonly
from a passivated system with energy distributed equitably in all crystals in time-lapses of
2049 to 4096 s.

Figure 11 presents the wavelets analysis for the anodized Ti-6Al-2Sn-4Zr-2Mo. In
Figure 11a,b and d, the energy distribution is in the middle crystal, so the current is not
distributed uniformly; this may be due to the difference in porosity in anodizing. Only
the sample anodized in H3PO, and exposed to NaCl presented high energy in the first
time-lapse, and, after that, the energy decreased to a passivate system. This behavior is
related to pore diameter, where Cl can penetrate.
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Figure 11. Wavelets analysis for Ti-6Al-2Sn-4Zr-2Mo anodized immersed in 3.5% wt. NaCl and
H,S0O, solutions. (a,c) H,SO,4 bath and (b,d) H3PO4 bath.

Figure 12 shows the behavior of anodized Ti-6Al-4V by wavelets analysis. Figure 12a—d
in the time-lapse of 1-512 and 513 to 1024 s presents a higher energy accumulation in the
middle and last crystals; this behavior is related to non-homogenous porosity (middle
crystals) and diffusion of the process. In the windowing of 12 (a’), the behavior is ad
hoc for diffusion. In the time-lapse of 3585-4096 s (purple), energy accumulates in the
middle crystal, and the corrosion process predominates localization due to the dissolution
of specific zones in anodization. In Figure 12b’-d’, energy is accumulated equitably, which
occurs in a passive system.

Figure 13 shows the wavelets analysis for anodized Ti Beta-C. In the first time-lapses
(black and blue graphics), Figure 13a—d presents the higher accumulation in crystals D7
and D8; this behavior is related to a uniform distribution and similar sizes of the pores.
After making a windowing, Figure 10a’ show low energy distribution on al crystal, related
to a passive system in that media. Only Figure 10d’ shows energy accumulation in the
middle crystals; this behavior is related to the non-uniform dissolution of material by OH ,
which is due to the probable formation of different types of oxides in the surface layer.
Hence, oxides of different elements degrade first and provoke the localization process.
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Figure 12. Wavelets analysis for Ti-6Al-4V anodized immersed in 3.5% wt. NaCl and H,SO, solution.
(a,c) H,SO, bath (b,d) H3PO,4 bath and (a’-d’) windowing of wavelets analysis.

Figure 13. Wavelets analysis for Ti Beta-C anodized immersed in 3.5% wt. NaCl and H,SO,4 solutions.
(a,c) H,SO,4 bath (b,d) H3PO,4 bath and (a’,c’,d’) windowing of wavelets analysis.
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4. Discussion

Alloying elements play an essential role in the corrosion resistance of titanium alloys,
and the porosity in these alloys tends to compromise the mechanical strength. The SEM
microstructures of titanium alloys in the initial condition all show porosity; this causes
a decrease in the mechanical properties since the pores can be stress concentrators and
generate cracks [8,36,67]. Porosity makes the material susceptible to localized corrosion,
although it can also repassivate [37,67]. The samples in this research have porosity, leading
to a lower corrosion potential value. The smaller pores help prevent diffusion of electrolytes
and then lower the oxygen content, which is essential for the stability and conservation of
the oxide layer on titanium [68].

This work is part of a project that has given results of alloys without coatings [36,52].
When alloys without anodizing were analyzed with PPC, the E¢qrr Values reported were
more negative, with an average difference of 0.200 V. ¢y, Values for alloys in non-
anodized condition had values of 10 ® A/cm?2. When anodized, icorr Values vary from

10 “to 10 ° AZ/cm?2. Additionally, PSD Y? values are higher for metals without an-
odizing, while in anodizing conditions values change from a range of 138/ 122 dBi
(A2 Hz 1H)2t0 131/ 180 dBi (A2 Hz 1)1/2, These results indicate an improvement in
the behavior of the anodized samples, reducing the corrosion Kkinetics.

The electrochemical behavior of the anodized samples analyzed with CCP showed the
absence of a positive hysteresis loop, which implies that localized corrosion does not occur
but could indicate an active surface and general corrosion. A positive hysteresis is related
to pitting and crevice corrosion.

The absorption of Cl will depend on the surface charge [69-73]. If the charge is
positive, it is easier for Cl diffusion or an adsorption process to occur. Anodized Ti-6Al-4V
and Ti Beta-C samples presented a long duration process in wavelet analysis because
the charge (and E¢orr) have positive values (see Table 2). The diffusion process is helped
by porosity. Since anodized Ti-6Al-4V and Ti Beta-C samples showed smaller porosity
diameter than other samples, a capillary phenomenon helps ClI diffusion.

It is important to consider that Cl acts as an interstitial element, so if the anodizing
pores are small, the Cl will have problems penetrating the surface [74,75]. The presence
of Cl induces localized corrosion, with ions migrating across the passive film. When
oxychloride accumulates at the interface metal-layer, the passive layer will break down and
generate a pitting [76-82]. In this research, the anodized layer did not break; nevertheless,
under electrolyte exposure (NaCl solution), the mechanism occurs in the anodized and
oxide layer interface.

Song et al. [83] reported the effects of spark anodizing treatment on Ti alloys exposed
to saline solution. Titanium with vanadium as an alloying element showed less corrosion
resistance due to the dissolution of a vanadium oxide layer. This case is reflected in Ti-6Al-
4V and Ti Beta-C anodized in H,SO4 solution, even in CPP and EN (wavelets). In CPP, the
passivation breakdown potential is lower than the other anodized samples. In wavelets,
the energy accumulation in middle crystals is related to a localized process (breakdown of
vanadium oxide layer).

On the other hand, ions such as H*, OH , or SO, are smaller and can generate passive
layers or cathodic reactions. For this reason, when samples are exposed to 3.5% wt. H,SO4
they show high activity in the middle crystals because the cathodic reaction has been
measured. However, H,SO,4 can create instability in the development of porosity [84,85].
Generating a good passivation is necessary to take care of the material surface. If porosity
increases, the anodization could be poorer [86]. The effect of the OH ion is presentin Ti
Beta-C anodized in sulfuric acid and immersed in 3.5% wt. H,SO,4 solution (Figure 6a): the
anodized passive layer formed is broken, and presents instability on the surface due to
OH evolution. Figure 14 shows a diagram with the corrosion mechanism of titanium and
its anodized alloys in acid baths.
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Figure 14. Schematic diagram of anodizing process for titanium and its alloys exposed to 3.5% wt.
NaCl and H,SOy, solutions: (a) H,SO4 bath; (b) H3PO4 bath.

Nevertheless, the alloys did not show high porosity. Current and pH affect the porosity
level; as the current increases, the porosity was more significant [82]. A high porosity level
is associated with high current and voltage values [85-87], so high current density is related
to high porosity. However, a high current allows a rapid formation of the oxide layer. The
anodizing time will be reduced in future research to reduce the porosity level.

Prando et al. [88] investigated the behavior of titanium anodized in halides (Cl , Br ,
F ,etc.) and proposed the reaction

Ti X4 +2H,0 ¥ TiO, +4X  +4H* or TIO* +4X +2H™

where X is a halide. When the solution is in steady-state, water is the only species trans-
ported into the pit, and TiO, and H* are transported out. The reaction generated in the
titanium oxide layer permeates the surface and breaks the oxide layer’s dielectric resistance.

Additionally, Prando et al. [89,90] reported that a high current reduces the anodizing
time, irrespective of the pH solution. Moreover, these authors conclude that alloying with
Nb, Pd, or elements of the Cr group increase the corrosion resistance, as is the case of Ti
Beta-C. Adding a beta stabilizer can help reduce the percentage of porosity in the anodized
samples of Ti-6Al-4V. In fact, in the present work, Ti Beta-C presented a lower percentage
of porosity.

Chien et al. [91] reported micropores in the Ti-anodized surface, and they attributed
this to the multiple micro-arc discharges that occur in the anodization. Chamanzadeh
et al. [92] obtained porous surfaces, but they concluded that an aggressive reaction of
oxygen may have burned off the anodizing. In addition, with regards to the change
related to the amount of energy to do the anodizing with a distance between pores, if the
energy required is high, then the distance between pores will be greater. It is notable in
images 2 and 3 that the distance between pores is greater when anodized in H3PO4 due to
the oxygen reaction.

Mizukoshi and Masahashi [93] related porosity and distribution to acid concentration;
the porosity diameter increases with increasing acid concentration. Our anodized sulfuric
acid has a higher pH, so the presence of pores increases (in images 2 and 3 it is interesting to
see that there are more pores with the anodizing in H,SO,4). However, the pore diameter for
samples anodized in H3POy, is greater due to oxygen reactions. The acid media accelerate
the process of pore generation. Thus, the number of pores is likely to decrease if the
anodizing time decreases.

Laurindo et al. [94] found that porosity and pore size increase with current density
and thickness when a high current is applied. Moreover, cracks can be generated, as in
Ti Beta-C in both anodizing systems. In this research, cracks are probably only on the
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anodizing surface due to the electrochemical behavior shown. However, if the anodizing
time increases, the cracks may propagate into the substrate, thus decreasing the anodizing
properties. Additionally, Zhang et al. [95] found that the sizes of pores or tubes is directly
dependent on ionic current.

Research by Mazzarolo et al. [96] concluded that an amorphous layer is created. When
the electrolyte penetrates the cavities, the localization process occurs, and the passive layer
growth will occur in preference zones (see Figure 14).

Authors such as Thompson et al. and Diamanti et al. [97,98] related the electrolyte
with the type of oxide generated. They associated being anodized in H,SO4 with anatase;
this is an important field of research for future works to relate the electrochemical behavior
with the type of passive layer and crystal structure.

5. Conclusions

The results indicated that the titanium alloys anodized in H,SO,4 showed a homoge-
nous surface morphology with fine pores. However, samples anodized in H3PO4
showed a heterogeneous distribution with larger pore sizes but with fewer pores. This
behavior is related to the reaction of oxygen in the H3PO,4 bath. Additionally, pore
nucleation is associated with a higher pH value in the H,SO,4 bath.

The percentage of porosity decreased in alloys with a higher amount of beta stabilizers.
CPP results revealed that the Ti Beta-C alloy had a higher corrosion resistance but a
lower passivity range than the other anodized alloys; this behavior may be related to
the formation of cracks in the anodized surface. Although the EN technique shows a
stable behavior in wavelets analysis, and since this is a non-perturbative technique,
the energy necessary to start the anodizing dissolution was not enough. However, the
anodizing in H3PO,4 showed higher activity in the middle crystal than in the H,SO4
bath because pores are larger, generating diverse reactions more easily.

The CPP technique indicated that for anodized titanium and anodized titanium alloys,
lower corrosion current densities (icorr), and negative hysteresis was observed for all
samples. Thus, the process provides excellent corrosion resistance.

Increasing porosity in titanium alloys increases the corrosion kinetics, particularly if
pores are tiny. This behavior is observed in a more significant way for the anodized
Ti-6Al-2Sn-4Zr-2Mo alloy in H,SO4, which presented higher porosity, fine pores, and
an increase in the corrosion kinetics.

Results show that the roughness of the anodize increase with the presence of beta-
phase forming alloying elements in titanium.

Electrochemical noise is a suitable technique to characterize the corrosion behavior,
as well as the uniformity of the anodizing surface. The technique can also determine
how homogenous the anodized layer is in the first seconds of the process. The
wavelet method (in the time-frequency domain) allows us to determine that the energy
accumulated in the middle crystal may be related to a heterogeneous pore distribution.
Noise impedance (Z,) shows similar behavior for Ti-6Al-2Sn-4Zr-2Mo (anodized on
H3PO,) and Ti Beta-C (anodized in both media) in relation to corrosion resistance
as determined by the CPP technique. Therefore, the application of both methods is
suitable to determine the corrosion kinetics of passive systems.

The results by PSD in current for the anodized Ti CP2 and Ti-6Al-4V alloys showed
the higher dissolution. These results correlate well with those obtained with the CPP
technique.

Anodization of Ti CP2 and Ti-6Al-4V alloys exposed in both media (NaCl and H,SO,)
showed homogenous porosity and the largest pore size. This characteristic may be
associated with the high dissolution of the anodizing shown by the PSD in current
and CPP methods.
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