Article
Corrosion Resistance of Titanium Alloys Anodized
in Alkaline Solutions

Facundo Almeraya-Calderén 10, Jesis M. Jaiquez-Muiioz '?>*({, Erick Maldonado-Bandala 3,

Jose Cabral-Miramontes !, Demetrio Nieves-Mendoza 3, Javier Olgui-Coca 4, Luis Daimir Lopez-Leon 4*({,
Francisco Estupifian-Lépez !, Alejandro Lira-Martinez ? and Citlalli Gaona Tiburcio !

Centro de Investigacion e Innovacién en Ingenieria Aeronautica (CIIIA), Universidad Auténoma de Nuevo
Leodn, FIME, San Nicolas de los Garza 66455, Mexico; facundo.almerayacld@uanl.edu.mx (F.A.-C.);
jose.cabralmr@uanl.edu.mx (J.C.-M.); francisco.estupinanlp@uanl.edu.mx (EE.-L.);
citlalli.gaonatbr@uanl.edu.mx (C.G.T.)

Facultad de Ingenieria, Universidad Auténoma de Ciudad Juarez, Ciudad Juarez Chihuahua 32320, Mexico;
manuel.lira@uacj.mx

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

Area Académica de Ingenieria y Arquitectura, Universidad Auténoma del Estado de Hidalgo,

Carretera Pachuca-Tulancingo, Km 4.5, Hidalgo 42082, Mexico; olguinc@uaeh.edu.mx

*  Correspondence: jesus.jaquezmn@uanl.edu.mx (J.M.].-M.); luis_lopez@uaeh.edu.mx (L.D.L.-L.)

Abstract: Titanium alloys present superior electrochemical properties due to the generation of the
TiO, passive layer. The ability to generate an oxide passive layer depends on the anodized alloy. This
work mainly studies the corrosion resistance of the alloys Ti-6Al-25n-4Zr-2Mo and Ti-6Al-4V anodized

check for in NaOH and KOH at 1 M and 0.025 A/cm? of current density. The electrochemical techniques were
updates performed in a conventional three-electrode cell exposed to electrolytes of NaCl and H»SO4. Based
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techniques were used. The results indicated that Ti-6Al-25n-4Zr-2Mo anodized on NaOH presented
a higher passivity range than anodized on KOH, relating to the high reactivity of Na* ions. The
former anodized alloy also demonstrated a higher passive layer rupture potential. In EN, the results
showed that Ti-6Al-4V anodized in KOH presented a trend toward a localized process due to the
heterogeneity of anodized porosity and the presence of V in the alloy.
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1. Introduction
Academic Editors: Fahe Cao and

Titanium and its alloys have been employed in many industries due to their corrosion
resistance, and the same industries boost the study of the oxide layer of Ti alloys. The
aerospace industry employs significant quantities of Ti-alloys due to the demanding perfor-
mance of components and the requirement for a high working life of the components [1-4].
The analysis of oxide layers on Ti-alloys has increased because of their excellent chemical
and biological properties [1]. The use of titanium over other alloys (steel and superalloys)
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® is due to its low density; factors such as fatigue resistance and the electrochemical com-
patibility of titanium and carbon fiber are essential parameters to use in the aerospace
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generate attacks by interstitial penetration in the oxide layer [11,12]. Therefore, the authors
suggest different methods to increase corrosion resistance, such as passivation, the addition
of alloy elements, or anodizing. The oxide layer generated by passivation is usually
amorphous [13-15]. The authors reported that the passive layer is homogenous when
passivate is generated in pure titanium (Ti CP2 or any CP). However, when the passivation
is created in titanium alloy, the passive layer can be heterogeneous due to the difference in
alloying elements; adding a small oxide layer can be a problem due to the penetration of
different ions (C1~, OH™ or SO,27) in the surface by interstitial mechanisms [16-20]. Other
options to protect titanium are plasma electrolytic oxidation (PEO) and sol-gel coatings;
those techniques require special equipment to generate the layer, and the cost and difficulty
of coating increase in some geometries [21,22].

Considering the disadvantages of the past methods, an excellent option to generate a
passive layer is the anodizing process; the influence of current or potential helps to develop
a uniform layer, increasing the thickness and creating a more homogenous morphology.
The anodization forms insoluble oxide layers on a metal surface using potential and/or
current to generate the oxide layer. Usually, the growth of oxide is related to the current.
After some time, the current can dissolve the oxide layer at specific points, beginning with
the pores [23]. Factors such as pH, temperature, and time can control the formation of
anodized aluminum [24].

Diverse works suggest the application of fluoride to generate better passive layers on
the Ti surface; however, using fluoride acid has several problems, such as the difficulty of
solution management, and modern authors keep looking for options to generate the oxide
layer [25]. When titanium is anodized in a basic or acidic solution, the TiO, passive layer
is created at a potential lower than the breakdown potential. Usually, anodized surfaces
present colors due to the high dielectric constant of the TiO; barrier [26]. Some options for
fluoride electrolytes are KNOj3, H3PO4, HySO4, NaOH, NaNOs, etc. [11].

Other factors, such as potential, are related to the crystalline structure; high potentials
have a crystalline structure, and low potentials present amorphous structures. If anodizing
time increases, the formation of a crystalline structure is more probable. The titanium
anodizing mechanism forms an oxide layer (continuous without porosity). After the oxide
layer’s formation, pitting is caused by ions (OH~, SO,%~, PO,37, e.g.). The increase
in potential anodization is related to an increased resistance to corrosion of the anodic
layer [27,28].

Nakajima et al. [29] mentioned that the anodized process is complex, involving film
growth, film breakdown, current, potential, temperature, and pH. Therefore, the process
is not completely understood, and it is necessary to investigate more about the theme.
The results showed that the anodized material obtained presented high porosity; however,
Ti-6Al-4V presented better properties than those obtained in the 3 alloy. They conclude
that the chemical composition of the alloy has a high importance in the formation of the
anodized coating; in that case, when (3 stabilizers increase, the properties of the coating
against corrosion decrease when anodized in basic media.

Authors such as Acevedo-Pefia [30] reported high corrosion resistance when TiO; is
higher in the coating. Suboxides such as TiO and Ti,O3 showed less protection against
corrosion. The oxide layer’s degradation was related to the hydroxyl transport in the
vacancies. The Ti-alloys exposed in alkaline media presented a passivation zone when
studied by potentiodynamic polarization, indicating that alloys tend to form a natural
passive layer [31].

Electrochemical techniques are a powerful option to characterize properties such as
corrosion resistance, porosity, and the type of reaction occurring on the material surface.
Different authors used potentiodynamic polarization to determine corrosion resistance, and
results showed a decrease in icorr, relating the result to the reduction in corrosion rate [32].

Prando et al. anodized titanium and found that in the presence of chloride ions,
localized corrosion is caused by the migration of ions across the passive film due to the
accumulation of oxychloride at the metal-oxide interface, provoking the rupture of the
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passive layer [33]. In past research on anodizing in acid media, Ti-6Al-25n-4Zr-2Mo pre-
sented better properties against corrosion. Meanwhile, Ti-6Al-4V showed lower corrosion
resistance. The electrochemical noise technique of wavelets analysis predicted porosity,
and Ti-6Al-4V presented the most heterogeneous porosity when high accumulation energy
appeared on the first wavelets crystals [34,35].

Considering an industrial environment, sulfuric acid can simulate an environment of
acid rain. It 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. This work aimed to study the corrosion resistance of the alloys Ti-6Al-25n-4Zr-2Mo
and Ti-6Al-4V anodized in NaOH and KOH at 1 M, employing the techniques of cyclic
potentiodynamic polarization (CPP) and electrochemical noise (EN). The electrolytes used
were NaCl and H;SO, solutions at 3.5 wt.% as a simulation of marine and industrial
atmospheres. Titanium alloys used in various components in aircraft are exposed to
different atmospheres, such as marine and industrial (acid rain). Exposure to marine
environments has the presence of chlorides as a corrosive agent.

2. Materials and Methods
2.1. Materials

The materials employed were commercial (Supra Alloys, Camarillo, CA, USA) tita-
nium alloys (AMS Aerospace Material Specifications): Ti-6Al-25n-4Zr-2Mo (AMS 4917)
and Ti-6Al-4V (AMS 4911), obtained in a cylindrical extruded bar with a diameter of 2 in
and a length of 12 in. The chemical composition of these Ti-alloys was obtained by X-ray
fluorescence. Table 1 shows the chemical composition of each alloy.

Table 1. Chemical composition of the Ti-6Al-2Sn-4Zr-2Mo (AMS 4917) and Ti-6Al-4V (AMS 4911)
alloys (wt.%).

Elements Ti-6A1-2Sn-4Zr-2Mo Ti-6Al-4V
AMS 4917 AMS 4911
Ti 84.65 £ 0.19 87.71 £0.36
Al 6.75 £ 0.20 714 £0.37
Sn 2.08 £ 0.01 -
A4 - 4.03 +£0.08
Zr 4.18 £0.01 -
Mo 1.99 + 0.008 -

2.2. Anodized Process

Pretreatment consisted of ultrasonic cleaning in ethanol and deionized water. The
anodizing process was carried out in the electrolytes of NaOH and KOH at 1 M concen-
tration at 25 °C =+ 1 [analytical grade reagents (JT Baker, Phillipsburg, NF, USA)], in an
electrochemical cell with a platinum mesh as the cathode. The current density of the
titanium samples was 0.025 A/cm? for 600 s using a DC power supply (XLN300025-GL).
The anodizing process was carried out under the specification AMS2487 [36].

2.3. Microstructural Characterization

Titanium alloys were prepared by metallography. The materials were polished using
various SiC sandpaper grades 400-800; each sample was ultrasonically cleaned for 10 min
in ethanol and deionized water. The samples were subjected to a chemical attack using a
Kroll solution.

The surface section of titanium alloys was investigated using secondary electron
(SE) detectors in a scanning electron microscope (SEM, JEOL-JSM-5610LV, Tokyo, Japan)
operating at 20 kV and 8.5 and 12 mm work distances.



Metals 2023, 13,1510

40f17

2.4. Electrochemical Measurements

The CPP and EN measurements were conducted at room temperature using a Gill-
AC potentiostat/galvanostat/ZRA (Zero Resistance Ammeter) from ACM Instruments
(Cumbria, UK) in 3.5 wt.% NaCl and H,SOy solutions. A conventional three-electrode cell
was used for electrochemical corrosion studies. The anodized samples were the working
electrode, WE (1 cmz), the reference electrode, RE (saturated calomel electrode, SCE), and
the counter electrode, CE (platinum mesh). Corrosion tests were realized in triplicate.

The CPP measurement parameters ranged from —1.2 to 1.2 V vs. the SCE of the
corrosion potential (Ecorr). A complete polarization cycle was used at 1 mV/s [37,38].

The EN technique was studied at 1 data point per second; the time records comprised
4096 data points. The EN signal was processed with MATLAB 2018a to obtain the fast
Fourier transform and wavelet analysis [39].

3. Results
3.1. SEM Superficial Analysis

Figure 1 shows the different superficial morphologies of the anodized samples. The
morphology of Ti-6Al-25n-4Zr-2Mo anodized in NaOH (Figure 1a) showed that the surface
presented different roughness due to the difference in the height of the anodized, indicating
that it is not homogenous; this anodized presented cracks in the surface. Figure 1b of
Ti-6Al-4V anodized in NaOH presented a similar morphology, which is attributed to the
difference in phase in Ti-alloys. The anodized process was performed selectively in the o
phase; meanwhile, the 3 phase presented more difficulty generating an oxide layer.
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Figure 1. SEM-SE Micrograph of (a) Ti-6Al-25n-4Zr-2Mo anodized in NaOH; (b) Ti-6Al-25n-4Zr-2Mo
anodized in KOH; (c) Ti-6Al-4V anodized in NaOH; and (d) Ti-6Al-4V anodized in KOH.

Figure 1c shows the morphology of Ti-6Al-25n-4Zr-Mo anodized in KOH, and this
anodized material presented a heterogeneous layer with different altitudes. The behavior
of that morphology is related to the difference in the phase of the alloy. The Ti-6Al-4V
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anodized in KOH shown in Figure 1d presented a similar morphology to the Ti-Al-25n-4Zr-
Mo anodized in KOH. The only difference is that the anodized Ti-6Al-4V presented more
cracks. Both anodized electrolytes developed a heterogeneous oxide layer with cracks in
the surface and porosities.

The anodized Ti-6Al-4V presented a more heterogeneous surface than Ti-6Al-25n-4Zr-
2Mo due to a higher presence of {3 stabilizer, V, and Mo, respectively. Authors have reported
that Ti-alloys with a V presence present more difficulty in generating a homogenous oxide
layer and facilitate the corrosion process.

3.2. Cyclic Potentiodynamic Polarization

The corrosion kinetic behavior using CPP can be observed through cathodic and
anodic reactions in polarization curves to obtain the electrochemical parameters (corrosion
current density, icorr; passivation current density, ipass; potential corrosion, Ecorr; and pitting
potential, Ep;t).

Figure 2 shows the CPP results for both media exposed to NaCl. The Ti-6Al-4V
anodized in KOH showed a current density of 1.06 x 107 A/cm?, being the lowest,
relating the result to a lower corrosion kinetic. On the other hand, the same alloy anodized
in NaOH presented a higher corrosion kinetic with an icorr of 3.20 x 107 A/cm?, meaning
a higher corrosion kinetic when exposed to NaCl. That behavior is related to easy ion
penetration in the anodized surface due to a non-homogenous surface; this occurs due to
an accumulation of C1~ in the form of oxychloride that penetrates the oxide layer [40].
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1«10 +— 7
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E (V) vs. SCE

Figure 2. CPP for Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V alloys anodized and exposed in a 3.5 wt.% NaCl
solution.

Analyzing the passivation range (see Table 1), the alloy Ti-6Al-25n-4Zr-2Mo presented
the most extended passivation range in both anodized electrolytes when exposed to NaCl
The anodized NaOH showed 1.27 V, and in KOH, 1.25 V. Thus, the species accumulation
domain was on the anodized surface. Different authors associated the high corrosion
resistance of Ti-alloys with the presence of Zr and Mo. Those elements’ presence helps
create an oxide layer with better properties against corrosion [41,42]. For that reason, the
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dissolution of anodized aluminum is reduced, and even the oxide layer can increase due to
the difficulty of ion penetration.

One crucial factor is the passivation current; in this case, Ti-6Al-4V anodized in KOH
presented the highest value of x10~° order; meanwhile, the rest of the alloys showed
values of x107% A/cm?, meaning that the anodized Ti-6Al-4V in KOH will present a higher
dissolution. Furthermore, that result is related to icorr, SO the corrosion kinetics of anodized
will be faster. The passive layer breakdown potential is lower for Ti-6Al-4V anodized in
NaOH (0.61 V vs. SCE). It is essential to mention that Ti-6Al-4V presented this potential in
the middle of the passivation process, presenting a higher slope to an increase in current
density. This behavior can be related to the instability of an anodized surface due to the
heterogeneity of anodized porous materials. The increase in corrosion kinetics of Ti-6Al-4V
anodized is associated with V presence, which reduces the corrosion resistance of the oxide
layer; the V makes the anodized prone to interstitial ion attacks [43,44].

All the samples presented negative hysteresis due to the uniform corrosion process.
Moreover, currents in the back curve are lower and potentials are higher; that result is
associated with protecting the uniform process relating to species diffusion [45]. The
unstable use of Na* reduces the effectiveness of TiO,. Furthermore, the authors showed
that titanium is susceptible to crevice corrosion in NaCl, and that behavior can be related to
localized processes [46].

The increase in Ecorr in the different anodized samples is related to an increase in
corrosion resistance due to the formation of a composite layer; however, the icorr increases
when E,r increases, so the meaning is related to the necessity of more energy to begin
with in the anodic process [47-49].

Figure 3 shows the CPP results when anodizing samples were exposed to HySO4
at 3.5 wt.%. The samples of Ti-6Al-4V anodized in both electrolytes presented a higher
corrosion density, with values of 4.66 x 106 and 9.65 x 10~% A/cm?; this value means
that this alloy presented the anodized with less corrosion resistance. The relationship with
V is shown in this environment, indicating that V facilitates the corrosion process in the
anodize.
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Figure 3. CPP for Ti-6Al-25n-4Zr-2Mo and Ti-6Al-4V alloys anodized and exposed in a 3.5 wt.%
H,S0Oy4 solution.
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On the other hand, the anodizes of the alloy Ti-6Al-Sn-4Zr-2Mo presented a better
behavior against anodized dissolution. The behavior of the passivation range shows that
Ti-6Al-4V also has lower values (0.63 and 0.44 V). It can be associated with a heterogeneous
surface, and its auspices govern the reactions in those zones. A critical relation was
shown in the potential of the breakdown of the passive layer, where anodized samples in
KOH presented the lower values, 0.72 and 0.63 V for Ti-6Al-25n-4Zr-2Mo and Ti-6Al-4V,
respectively. That result is related to a heterogeneous process in which the electrolyte
anodizes. Ti-6Al-4V showed a higher ipass, associated with a fast kinetic in the dissolution
of the layer created on an anodized surface.

Meanwhile, Ti-6Al-25n-4Zr-2Mo anodized in NaOH presented a lower value
(><10’7 A/ cmz). It is related to lower electrons’ transference and a more stable layer.
All results of the CPP indicate a higher corrosion resistance in his sample. All the samples
presented negative hysteresis relating to the uniform process. Some authors agree with
the theory that the heterogenous surface (pores and surface cracks) makes it easy for the
electrolyte to attack the metal surface, passing the coating [50,51]. Liu et al. [52] mentioned
that the corrosion mechanism of this electrolyte in titanium coatings acts in four stages.
Penetration causes a change in potential. The next stage is stabilization when the electrolyte
is added, and under the auspices of the three stages are coating dissolution and, finally, the
localized attack of the material surface. In this research, a localized attack was not found.
The results can be associated with stage 1 of the process, when ion penetration causes
the breaking of the passive layer created on the surface. This behavior is related to the
one presented by Fekry [53], who concluded that the SO4>~ and C1~, where the corrosion
products were soluble, dissolved the oxide layer created in the anodic breach.

Authors have reported that in the cathodic layer occurs a hydrogen evolution; that
behavior can sensitize the anodized and provoke a faster anodization dissolution, as is
shown for the anodization of Ti-6Al-4V in NaOH. The Ti-6Al-4V anodized in KOH showed
regeneration of the passive layer, but a dissolution process occurred, so the passive layer
generated is not protective enough [54].

The shape of the CPP curve Figures 2 and 3 of the titanium alloys have similar behavior;
the anodic reaction begins in activation, followed by passivation, with pitting potential and
negative hysteresis, which indicates uniform corrosion.

Table 2 shows the parameters obtained by CPP. Anodized Ti-6Al-4V presented proper-
ties with a higher trend toward dissolution. In addition, samples anodized in KOH showed
lower corrosion resistance as a heterogeneous surface.

Table 2. Parameters obtained by CPP for Ti-6Al-2S5n-4Zr-2Mo and Ti-6Al-4V alloys anodized.

Anodizing icorr Epit Rpass . 2 :
Alloys Electrolyte Ecorr (V) (Alem?) W) W) ipass (A/cm?) Hysteresis

Immersed in 3.5 wt.% NaCl Solution

Ti-6Al-2Sn-4Zr-2Mo NaOH —0.52 6.98 x 107 0.83 1.27 3.03 x 10 negative

Ti-6Al-2Sn-4Zr-2Mo KOH —0.64 5.55 x 10~7 0.73 1.25 258 x 107° negative

Ti-6Al-4V NaOH —-0.32 1.06 x 1077 0.61 0.55 433 x 107° negative

Ti-6Al-4V KOH —0.40 3.20 x 10~° 0.77 0.59 228 x 107° negative
Immersed in 3.5 wt.% H,SO4 Solution

Ti-6Al-2Sn-4Zr-2Mo NaOH —0.19 551 x 1077 1.01 0.82 1.67 x 1077 negative

Ti-6Al-2Sn-4Zr-2Mo KOH —0.05 753 x 1077 0.72 0.69 1.75 x 10~° negative

Ti-6Al-4V NaOH —0.05 1.05 x 107° 0.83 0.63 4.66 x 107° negative

Ti-6Al-4V KOH —0.05 2.26 x 107° 0.63 0.44 9.65 x 107° negative
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3.3. Electrochemical Noise
3.3.1. Power Spectral Density (PSD) and Noise Impedance (Zn)

The EN signal was filtered by a polynomial method employing a 9th-grade (Eden and
Rothwell, 1992; Cottis and Turgoose, 1999) [55,56] by Equation (1):

Po )
Yn =Xy — ) ajn’ @)
i=0

The PSD was calculated employing a fast Fourier transform (FFT) based on
Equation (2) [57].
Y-tm y —\  —2mke?
Y. (k) = TZ (xy —Xp)-e N ()
Figure 4 shows the PSD for the current signal of anodized exposure in NaCl (a) and
H,SO,. For Figure 4a, all samples presented slope values from —7 to —9 (see Table 3). It is
related to localized reactions or preferential zones due to a high and probably heterogeneous
porosity. In addition, all the anodize showed changes in the slope in the frequency range,
indicating that different processes occur on the surface due to the heterogeneity of this one.
The Ti-6Al-4V anodized in KOH presented the higher P value, with —118 dBi, indicating
that corrosion kinetics occur faster for this alloy in this environment.

-80 N
T TieAL2Sn4zr — Ti-6AF2Sn-4Zr-2Mo NaOH
Ti-6AF2Sn-4Zr-2Mo NaOH |- | Ti-6A+2Sn-4Zr-2Mo KOH
——— Ti-6Al-2Sn-4Zr-2Mo KOH i
-100 — Ti-6Al-4V NaOH Ti-6Al-4V KOH
— Ti-6Al-4V KOH
. -120 - \(’ A
¢ 1204
i ‘M,l i M‘W
X 140 140 4 / ‘ I
=
©
-160 -
-160
-180 -
T T T | -180 T T T
(a) 1x10% 1x107 1x102 1x10" (b) 1x10* 1x10° 1x10% 1x107
f (Hz) f(H2)

Figure 4. PSD in current of Ti-6Al-25n-4Zr-2Mo and Ti-6Al-4V, alloys anodized and immersed in
(a) NaCl and (b) H,SOy at 3.5 wt.%.

Table 3. Noise Impedance (Z,) and Y0 for Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V alloys anodized and
immersed in 3.5 wt.% NaCl and H,SOy.

Alloys Anodizing Electrolyte ¥0 (dBi) B (dB [A]D Z,0 (Q-cm?)
Immersed in 3.5 wt.% NaCl Solution

Ti-6Al-25n-4Zr-2Mo NaOH —134 -99 87.80 x 10*

Ti-6Al-25n-4Zr-2Mo KOH —136 —-7.3 12.46 x 10°

Ti-6Al-4V NaOH —135 —7.2 72.53 x 10°

Ti-6Al-4V KOH —118 -79 29.57 x 103
Immersed in 3.5 wt.% H,SO,4 Solution

Ti-6Al-25n-4Zr-2Mo NaOH —139 —6.3 16.75 x 103

Ti-6Al-25n-4Zr-2Mo KOH —129 —5.3 1.48 x 10°

Ti-6Al-4V NaOH —151 —45 18.66 x 10*

Ti-6Al-4V KOH —140 —-12.7 19.75 x 103
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For samples in HySOy4, only Ti-6Al-4V presented a slope related to the localized process;
the others presented a uniform process. Wei et al. [58] conclude that titanium tends to form
an excellent TiO; coating (adherence, strength, and inertness), but the oxide layer created
has low valence. In the presence of strong acid, it will dissolve the oxide layer. In this
medium, the anodized KOH presented higher 1" values, showing a high corrosion kinetic
for anodized in that electrolyte. That behavior is related to the role of Na* ions, making the

anodization process easy [59,60].

Figure 5 shows the noise impedance (Zn) of anodized aluminum exposed to NaCl (a)
and HySOy. The slope behavior is similar to PSD, where Ti-6Al-4V presented a change in
slope due to the different processes that occur on surfaces. In Figure 5a, sample Ti-6Al-
2Sn-4Zr-2Mo presented a higher Zn of 87.8 x 10* Q-cm?. Meanwhile, both anodized in
KOH presented 12.43 x 10% and 29.57 x 10* Q-cm? for Ti-6A1-2Sn-4Zr-2Mo and Ti-6A1-4V,
respectively, with less corrosion resistance in that solution. In Figure 5b, the behavior is very
similar, where lower values of Zn (see Table 3) are presented by alloys anodized in KOH
and a change in slope at middle frequencies relating to the dissolution process. The better
properties against corrosion of Ti-6Al-25n-4Zr-2Mo are for the different reducing phases.
In addition, the presence of Zr composes a better oxide layer [61]. Casanova et al. [62]
reported the excellent corrosion resistance of coatings with low porosity in acid solutions.
It is seen for Ti-6Al-25n-4Zr-2Mo. The presence of Zr helps to reduce the reaction of simple

TiO; in acid media, where the dissolution of pure titanium depends directly on Ti**

the reduction of H* to H.

Figure 5. Noise impedance (Zy) for Ti-6Al-25n-4Zr-2Mo and Ti-6Al-4V alloys anodized and immersed
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—— T-6AI4V NaOH
et | THAHV KOH
® =0 1x102 110"
f (Hz)

in (a) NaCl and (b) H,SOy at 3.5 wt.%.

3.3.2. Wavelets Analysis

Wavelets help to determine the corrosion process that qualitatively occurs on the
surface in a wavelet analysis, where the first three crystals are related to metastable pitting,
crystals 4 and 6 are related to the localized process, and the last crystal has a uniform
process [63,64]. The following equation calculates the energy fraction:

1

1N

j EZ” 1d]2, EDS = Ezn:1 sz,n

Figure 6 shows the energy dispersion plot in anodized exposed NaCl (a) and H,SO4
(b). Figure 6a shows that Ti-6Al-4V anodized in KOH presented energy accumulation in
the first and middle crystals due to the localized process occurring on the surface due to a
non-homogenous surface. The rest of the results predominated over a controlled process
with low energy accumulation. That controlled process is associated with the accumulation
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of corrosion products on the surface, mainly with the system in Figure 6b. In addition,
degradation by H* absorption can occur. The high energy at the last crystals of anodizing
is bigger for the anodized on KOH (except for Ti-6Al-4V anodized on KOH exposed in
NaCl), and it is related to a high number of porosities in the system that accumulate the
corrosion beginning at a long-time process.

30 —— Ti-6AI-25n-4Zr-2Mo NaOH 3.0 .
- —#— Ti-6AI-28n-4Zr-2Mo KOH —8—Ti-6AI-25n4Zr-2Mo NaOH .
A THeAR NeOH —a— Ti-BAI-2Sn4Zr-2Mo KOH f
*17 A T 259 _aTi-6AI-4V NaOH
\ —v—Ti-BAI4V KOH /4
20 204 /
> 15 4 I 154
o X >
2 @
! =
%0 ¥ 1.0 4
54 4 05
04 &—%—= L I L 3 004
T T T T T T T
DI D2 D3 D4 D5 D6 D7 D8 . . . . . . . .
(@ ®) ot p2 D3 D4 D5 D§ D7 D8
Crystal Crystal

Figure 6. Energy dispersion plot (EDP) for Ti-6Al-25n-4Zr-2Mo and Ti-6Al-4V alloys anodized and
immersed in 3.5 wt.% (a) NaCl and (b) H,SOy solutions.

The low energy is related to passive systems, as is presented in Figure 6a for all
samples except Ti-6Al-4V anodized in KOH and Figure 6b for all samples. Authors such as
Carmona-Hernandez et al. [65] suggest that the discontinuous process is like metastable
pitting, relating that with this project, the different process is caused by a non-homogenous
surface that induces the accumulation of energy in the first crystals of Ti-6Al-4V anodized
in KOH. The TiO, generated on the surface was stable enough for the rest of the samples,
and the nucleation of the localized process did not occur in this experiment’s parameters.
However, when metastable pitting occurs, it is vital to mention that this is part of the
passivation-passivation process; passivation cannot occur without the process of metastable
pitting [66]. Therefore, all samples with passivation behavior presented low energy in
the first crystals. It is normal to see an equal energy distribution in the first crystals of
passivation samples, but the energy is low.

The high energy accumulated in the middle crystals of Ti-6Al-4V anodized in KOH
can also be related to an increasing exposition area due to the number of porosities. If the
sample has more porosities, the number of reactions increases. However, the heterogeneity
of anodized aluminum causes the reactions to occur in specific zones, indicating that
localized processes govern the system.

3.4. SEM after Corrosion

Figure 7 shows the SEM figures after the corrosion test. Figure 7a shows the superficial
morphology after the corrosion test of Ti-6Al-25n-4Zr-2Mo exposed in NaCl; the morphol-
ogy presented a low dissolution of the first roughness layer as well as Figure 7b when
exposed to HySO,. However, it is worth mentioning that the dissolution is higher when it
is exposed to HySOy.



Metals 2023, 13,1510

11 of 17

15k

_r
P4
v 18 Ok X 240K ESE M

S BT ’b

>N

. IS N
Fy10 n’il'n XZ08k ngM" {_,_r‘\“l‘. )

Figure 7. SEM-BSE analysis at 2000 of Ti-6Al-25n-4Zr-2Mo anodized in NaOH exposed in (a) NaCl
and (b) H,SOy4. Ti-6Al-25n-4Zr-2Mo is anodized in KOH and exposed to (c) NaCl and (d) H,SOy4.

When Ti-6Al-25n-4Zr-2Mo is anodized in KOH, the surface changes, indicating that
the alloy anodized in this medium is more susceptible to corrosion. Figure 7c shows the
behavior when an anodized is exposed to NaCl, and the morphology is different in specific
zones; this behavior is related to the non-homogenous nature of the anodized, which
makes it susceptible to selective attacks. The same behavior is presented in Figure 7d
when exposed to HySOy4; however, the dissolution was higher, indicating low corrosion
resistance.

Figure 8 shows the SEM images of Ti-6Al-4V anodized in NaOH. When the anodized
layer was exposed to NaCl, the sample presented a localized corrosion process in the zones
with less anodized layers. Figure 8b shows the same morphology, but the localized attack
increases, indicating that the heterogeneous anodized metal generates localized corrosion
attacks and dissolution in specific areas.

Figure 8c shows the Ti-6Al-4V anodized in KOH when exposed to NaCl, and the
anodized material presented localized attack morphology. In Figure 8d, the anodized metal
presented a higher dissolution in some zones with pitting, indicating a localized corrosion
process in the zones where the anodized metal was weak. The heterogeneous surface of
anodized aluminum was an important factor in the localized corrosion processes on the
anodized surface of all the alloys.
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Figure 8. SEM-BSE analysis at 2000x of Ti-6Al-4V anodized in NaOH exposed in (a) NaCl and
(b) HpSO4. Ti-6Al-4V is anodized in KOH and exposed to (c) NaCl and (d) H,SOy4.

4. Discussion

The behavior of surface morphology is related to an amorphous layer created when
electrolytes penetrate cavities during a localized process, creating the growth of an oxide
layer in preferential zones [67]. This behavior is associated with the non-homogeneous
anodization realized due to Na*™ and K* ions deposited in some zones, making the oxide
layer grow in preferential zones.

Factors such as the current application are vital to anodized morphology; some au-
thors [68,69] reported that the porosity and the pore size increase with the anodized
thickness and the current density applied. In addition, it is important to consider that the
time it takes to anodize is related to the number of cracks in the coating. When anodizing
time increases, the cracks will propagate through all the interfaces and pores. For that
reason, the anodized aluminum presented more cracks. However, using basic media made
generating a homogenous oxide layer difficult.

Diverse authors have employed the use of basic electrolytes as anodized media, and
they reported a heterogeneous surface [69,70]. Hsu et al. [71] performed research where
the creation of porosities is attributed to the penetration of Na* and OH™ ions, provoking a
porous barrier of sodium titanate and hydrogen (NaxH,TizO3) after NaOH exposition. The
deposition of Nat, K*, and OH™ ions occurs due to surface heterogeneity. When porosity
increases, the penetration of those ions increases. It can be related to the localized processes
in zones of high energy, such as cracks, porosity, changes in areas, etc. [72,73]. With K,
some similarities occur because K and Na are from the same group, presenting the same
oxidation and valence numbers.
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The values obtained by CPP showed an increase in the current density (icorr) in the
Ti-6Al-4V anodized in KOH, which suggests that the process of oxygen and chloride
evolution occurs on the surface, affecting the resistance of the anodized. However, the
Ti-6Al-2Sn-4Zr-2Mo anodized in both media presented lower values of icorr, which occurs
due to the presence of Mo, which inhibits the adsorption of CI~ ions, decreasing the
dissolution process of the system [74]. On the other hand, when samples have the presence
of V, corrosion resistance decreases, as can be observed in the samples anodized with
Ti-6Al-4V when CPP presented higher values of icorr in comparison to the Ti-6Al-25n-4Zr-
2Mo. The titanium anodized has a specific behavior when it is exposed to Cl: the water
is transported to the pit generated, while the TiO, and H* ions are transported out of the
anodized, indicating a dissolution. Moreover, the H* ions penetrate the surface, making
it susceptible to breaks caused by the transport of the Cl1~ and localized attacks in some
zones of anodized [75].

TiCly + 2H,0 — TiO, 4+ 4Cl~ + 4H orTiO" + 4Cl1 +2H™ 4)

Song et al. [17] reported that Ti-alloys with V exposed in saline media presented lower
corrosion resistance values, being susceptible to Cl~ ions; in CPP curves, the value of
passivation range is lower for Ti-6Al-4V than for Ti-6Al-25n-4Zr-2Mo; the results of EN
presented the same behavior.

All the anodized aluminum exposed to H,SO4 presented higher corrosion values, even
in CPP and EN techniques. It occurred because the H* and OH™ are smaller than the Na*
and Cl~, creating hydrogen reactions. Therefore, the H,SOj4 electrolyte creates instability
on the surface, attacking the porosities and generating anodic reactions. Moreover, the
cracks help OH™, SO,, and SO, according to sulfur degradation [76,77]. For that reason,
the corrosion kinetics increase in the HySOj electrolyte.

Also, the Ti-alloys are susceptible to attacks of H* ions, known as hydrogen-induced
cracking (HIC). To cause HIC, the surface must absorb hydrogen at the interface of
metal/oxide, which causes embrittlement [78]. In this research, hydrogen in the H,SO4
electrolyte generates H* ions that can sensitize the anodizing, provoking a faster dissolu-
tion. For that reason, some parts of the anodized surface cracked and dissolved, facilitating
the attack on the surface [79-82]. That behavior is observed when an anodized surface is
exposed to NaCl; the C1~ helps to attack the surface after H* breaks the oxide layer.

In future research, complementing electrochemical impedance spectroscopy studies
with SEM-EDS of transversal zones, XPS, and XRD is necessary.

5. Conclusions

e Results indicated that the titanium alloys anodized on NaOH presented better electro-
chemical behavior against corrosion. In both techniques, the anodized alloys showed
the best behavior.

e  The anodized NaOH presented a high passivity range and a minor passivation cur-
rent, which means a more stable anodized in this medium. The Ti-6Al-2Sn-4Zr-2Mo
presented 1.27 V of passivation range.

e  The Ti-6Al-25n-4Zr-2Mo anodized in NaOH presented the lowest values of ipass even
in NaCl and H,SO,, with values of 3.03 x 107 and 1.67 x 10~7 A/cm?.

e  The decrease in ipass for Ti-6Al-25n-4Zr-2Mo anodized in KOH exposed to H,SOy is
related to the formation of an oxide layer at the surface that protects the anodized.

e  The alloy Ti-6Al-25n-4Zr-2Mo presented better properties when anodized; this behav-
ior is related to the predominance of the « phase.

e  The analysis by power spectral density showed that in a chloride system, the anodized
material presented more susceptibility to being attacked by localized processes due to
the interstitial role of C1™.

e  The alloy Ti-6Al-4V presented a more heterogeneous surface according to both tech-
niques in CPP, with a lower passivity range and a high current passivation demand
(2.28 x 107> A/cm?). In PSD and Zn, an abrupt slope change was presented.
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e Both techniques contribute to characterizing anodized surfaces and, therefore, to
both methods’ ability to corroborate information. In electrochemical noise, PSD
and wavelets are required to match results due to the complexity of signals (chaotic
systems).
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