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Abstract: Nowadays, different industries, such as the aerospace and biomedical industries, prefer
using Ti alloys due to their excellent anti-corrosion properties and ability to generate a TiO2 oxide
layer; this induces the use of anodization to increase the useful life of components. The aim of
this work is to characterize the electrochemical effect of anodizing treatment on titanium alloys (Ti
CP2, Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-4V, and Ti Beta-C) in NaOH and KOH at 1 M, applying a current
density of 0.0025 A/cm2. The electrochemical techniques employed were electrochemical noise (EN)
and electrochemical impedance spectroscopy (EIS), supported by ASTM G199 and ASTM G106 in
electrolytes of NaCl and H2SO4 at 3.5 wt. % as a simulation of marine and industrial atmospheres.
Also, the anodized transversal section and surface morphology were characterized by a scanning
electron microscope (SEM). The results of both electrochemical techniques indicated that Ti-6Al-2Sn-
4Zr-2Mo anodized in NaOH presented the best properties against corrosion, and the thickness of the
oxide was the biggest.

Keywords: titanium; anodized; alkaline; electrochemical noise; Hilbert–Huang recurrence plots;
electrochemical impedance spectroscopy

1. Introduction

The aerospace, biomedical, chemical, naval, and automotive industries need materials
with special anti-corrosion properties due to their high performance. Therefore, titanium
and its alloys have been considered an option for those industries [1–3].

Considering that titanium is a very reactive material, even when exposed to oxygen, it
generates an oxide layer, mostly of TiO2, depending on the alloying element. The generation
of the oxide layer increases the resistance against alloy corrosion. However, the quality
of the oxide layer will depend on the chemical composition of the alloy and factors such
as area, roughness, and material porosity. Other important factors are the oxygen in the
system, the humidity, and the environmental composition [4–9].

A good generation of a passive layer has many variables; for that reason, titanium
and its alloys are susceptible to attacks in different electrolytes because of irregular passive
layer formation. The predisposition of titanium to generate a natural oxide layer makes
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it perfect for being anodized. Authors have reported that anodized titanium generates a
bigger oxide layer than passivated titanium, making it more corrosion-resistant. Also, they
reported a homogeneous morphology, good thermodynamic stability, low conductivity,
and low ion formation [10–14].

The anodized process consists of two different stages. The first is generating a constant
oxide layer, which occurs quickly when applying a current. The next stages consist of the
porous layer generation, increasing the thickness of the coating. The anodization process
occurs due to a diffusion of oxygen and titanium on the surface; metal ions move to the
interface of anodization through oxygen adsorption, generating TiO2 on the surface [15,16].

However, the homogeneity of the oxide layer will depend on anodization factors such
as pH, current, oxygen in the system, electrolytes, and the chemical composition of the
Ti alloy. Usually, acid electrolytes are employed as anodizing bath solutions; however,
authors such as Hugot-Le Goff [17] report that anodizing in basic media generates good
oxide layers. Afshar and Veazi [18] reported an anodizing thickness from 0.4 to 1.5 µm
when a Ti CP1 was anodized in NaOH, varying the anodizing time. In both cases, the
corrosion resistance increased and was related to the high concentration of NaOH with
a compact and homogenous coating. Also, they reported differences between anodized
alloys obtained by acid media, mainly H2SO4 and H3PO4 [19].

It is important to mention that anodizing has several advantages compared to other
coating methods. Thermal oxidation, sputtering, passivation, electrodeposition, and sol-gel
generate an oxide layer in Ti and Ti alloys. Still, this method presents disadvantages such
as high costs, difficult application for complex geometries, and the lack of homogeneous
oxide generated.

The aim of this work is to characterize the electrochemical effect of anodizing treat-
ment on titanium alloys (Ti CP2, Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-4V, and Ti Beta-C) in NaOH
and KOH electrolytes. The electrochemical techniques employed were electrochemical
noise (EN) and electrochemical impedance spectroscopy (EIS), with the anodized alloys
exposed to NaCl and H2SO4 solutions at 3.5 wt. %, simulating marine and industrial
atmospheric conditions.

2. Materials and Methods
2.1. Materials

The materials employed were Ti CP2, Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-4V, and Ti Beta-C,
used in the received condition. Table 1 shows the chemical composition of these alloys
obtained by X-ray fluorescence (Olympus DELTA XRF, Houston, TX, USA).

Table 1. Chemical composition of Ti and its alloys (wt. %).

Elements Ti CP2
Alloys

Ti-6Al-2Sn-4Zr-2Mo Ti-6Al-4V Ti Beta-C

Fe 0.038 ± 0.005 – 0.21 ± 0.01 0.08 ± 01

Al – 6.75 ± 0.20 7.14 ± 0.37 4.2 ± 0.13

V – – 4.03 ± 0.08 8.1 ± 0.07

Zr – 4.18 ± 0.01 – 4.3 ± 0.01

Cr – – – 3.3 ± 0.07

Mo – 1.99 ± 0.008 – 3.9 ± 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. Anodized Treatment

The alloys were pretreated for 10 min in an ultrasonic cleaner with ethanol and
deionized water. The anodized treatment employed a platinum mesh as a cathode, and the
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NaOH and KOH electrolytes were used at 1 M concentration. The anodized temperature
was 25 ◦C ± 1 [analytical grade reagents (JT Baker)]. The power source was the XLN300025-
GL, applying a current density of 2.5 × 10−3 A/cm2. The anodizing time was 10 min, and
the standards employed were AMS2487B and AMS2488E [20,21].

2.3. Microstructural Characterization

The Ti and Ti alloys were prepared employing the metallographic technique. The
materials were brazed with SiC sandpaper grade 800. All the samples were cleaned for
10 min in ethanol and deionized water by ultrasonic cleaning [22].

The surface and cross-section of anodized alloys were studied using secondary electron
(SE) and backscattered electron (BSE) detectors in a scanning electron microscope (SEM,
Hitachi, Tokyo, Japan) operating at 20 kV, with an 8.5 and 12 mm work distance.

2.4. Corrosion Measurements

Electrochemical noise (EN) and electrochemical impedance spectroscopy (EIS) were
performed at room temperature, using VersaSTAT4 Princeton Applied Research software
(Ametek, Inc., Oak Ridge, TN, USA), in 3.5 wt. % NaCl and H2SO4 electrolytes at room
temperature and all the corrosion tests were performed in duplicate. The cell configura-
tion was of three electrodes: the working electrode (WE), the reference of the saturated
calomel electrode (SCE), and the counter electrode (CE) of platinum. The area exposed was
1 cm2 [23]. For the EN technique, we acquired 4096 data points, at 1 datum per second,
and the signal was processed with MATLAB 2018a [24]. EIS measurements were recorded
at the corrosion potential over a frequency range from 100 kHz to 10 mHz, obtaining
10 points per decade, and applying an AC potential signal at 10 mV (root mean square,
rms) amplitude according to the ASTM G106-15 standard. The results were interpreted
through the development of typical impedance models for the electrode surface, as well as
curve fitting based on an equivalent circuit using the Zview Impedance program. The time
to obtain the steady state was 50 min in an open circuit.

3. Results
3.1. Microscopic Characterization

Figure 1 shows the superficial morphology of anodized alloys in NaOH obtained by
SEM-SE. In this anodizing electrolyte, the oxide distribution is heterogeneous. Figure 1b
shows the preferential oxide deposition, where Ti-6Al-2Sn-4Zr-2Mo presented different
altitudes. Also, the anodized alloy presented cracking in that zone. A similar morphol-
ogy is observed in Figure 1c, presenting a preference for the accumulation of oxide in
specific areas. The anodizing shown in Figure 1d, corresponding to Ti Beta-C, shows low
coating generation.

Figure 2 shows the micrographics of anodized alloys in KOH. When alloys were
anodized in KOH, they presented a higher heterogeneity than in KOH; in Figure 2a, the
anodized Ti CP2 presents different altitudes of oxide. A similar behavior is observed in
Figure 2d for Ti Beta-C, but the polish lines are higher. Figure 2b,c presents similar behavior,
with a higher anodized generation, but it continues to be non-homogenous.

Figure 3 shows the transversal section of anodized alloys in NaOH. Figure 3a shows
the transversal section of Ti CP2, where the anodized alloy presented a thickness of 376
to 400 nm, and the mapping shows the presence of O and an increase in the oxide layer.
Ti-6Al-2Sn-4Zr-2Mo presented a higher thickness, with values from 1.92 to 2.63 µm; the
presence of O and Ti in the oxide layer is higher (see Figure 3b). On the other hand,
Figure 3c shows the anodized alloy of Ti-6Al-4V, which presented lower values, with
thicknesses from 23 to 25 nm. Finally, Figure 3d shows the anodization of Ti Beta-C,
where the thickness obtained was 660 and 756 nm; the mapping shows the presence of
oxygen in the coating zone. Only the anodized version of Ti-6Al-2Sn-4Zr-2Mo meets the
requirements of AMS2487B specifications.
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Figure 4 shows the transversal section of anodized alloys in KOH, where Ti CP2
presents a thickness from 2.1 to 2.7 µm, being the highest in both anodizing electrolytes.
Also, this layer presented acceptable adhesion characteristics to metal; however, the thick-
ness is heterogeneous. Figure 4b shows the anodization of Ti-6Al-2Sn-4Zr-2Mo, where the
thickness varies from 1.02 to 2.02 µm and is non-homogenous. The mapping presented a
greater presence of oxygen in the anodized layer. Figure 4c presents a thickness from 208 to
248 nm, and the thickness of Figure 4d ranges from 525 to 1.03 µm (see Table 2). All the
anodized alloys presented oxygen in the coating. In this case, only the anodized Ti CP2
and Ti-6Al-2Sn-4Zr-2Mo satisfied the AMS2487B specifications.
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Table 2. Thicknesses of anodized titanium alloys.

Alloy Electrolyte Average Thickness (µm)

Ti CP2
NaOH 0.45

KOH 2.4

Ti-6Al-2Sn-4Zr-2Mo
NaOH 2.45

KOH 1.5

Ti-6Al-4V
NaOH 0.024

KOH 0.2

Ti Beta-C
NaOH 0.67

KOH 0.75

3.2. Electrochemical Noise
3.2.1. Hilbert–Huang Transform (HHT)

The electrochemical noise (EN) technique describes the electrochemical phenomenon
that occurs during the corrosion process. One method to characterize the EN technique is
Hilbert–Huang analysis. This method helps the frequency and time in which an energy
interchange occurs; the energy is called instantaneous energy and is obtained by the
decomposition of the signal obtained by the intrinsic function of the signal [25–30]. The
empirical method of decomposition (EMD) can be explained by the Equation (1):

x(t) =
N

∑
i=1

h(i)(t) + d(t) (1)

where d(t) is the average of the trend at a low frequency of the time series x(t) and cannot
be decomposed and h(i)(t) is the i-th term of IMF that is generated. These numbers must
satisfy the conditions that the extreme and cross numbers are equal or differ by a maximum
of 1 and that each point using the local maximum and minimum must be 0. The HHT is
represented by Equation (2):

yj(t) =
1
π

p
∫ ∞

−∞

hj(τ)

t − τ
dτ (2)

where yj(t) is the Hilbert transform and IMF is represented with hj; p is related to the
Cauchy principle and is linked with an average of IMF.

Figure 5 shows the behavior of Ti alloys anodized in NaOH when analyzed using
the HHT method. All the alloys anodized shown in that figure demonstrate the same
pattern: the presence of energy in middle and low frequencies, with high energy at middle
frequencies. This behavior is related to non-homogenous anodization on the surface, but
a protective layer is present due to energy at a low frequency. The only anodized alloy
that presented energy at high frequencies is Ti Beta-C, anodized in H2SO4, in Figure 5h,
meaning that the anodized alloy is weak in the presence of the acid media. The high energy
at middle frequencies means that the ions first attack preference zones of the anodized
surface. However, after time passes, the energy decreases and is accumulated at low
frequencies due to the accumulation of those ions on the surface.

Figure 6 shows the Hilbert specters of Ti alloys anodized in KOH in both media. The
anodized Ti CP2 of Figure 6a,b presents energy at high and middle frequencies, even in
NaCl and H2SO4; irregular behavior is associated with a heterogeneous anodized alloy.
The energy at low frequencies in Figure 6b indicates the ions’ accumulation on the surface.
Figure 6c–f for Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V showed a more homogenous anodized
alloy than Ti CP2 and Ti Beta-C. The anodized Ti Beta-C presented high instability in
both media when exposed to NaCl (Figure 6g). The anodized alloy showed high energy
accumulation at high frequencies in all the time series, indicating that it is heterogeneous
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and that ions attack in preferential zones. Figure 6h shows a similar behavior, but the
presence of energy is not higher than in Figure 6g; this occurs due to the susceptibility of
anodized alloys to Cl− ions.
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3.2.2. Recurrence Plots Analysis (RP)

Recurrence plots are helpful tools for analyzing non-linear systems. As corrosion is a
chaotic and non-linear system, it is necessary to employ different techniques to evaluate
the corrosion type and process on the surface. RP is an excellent technique with which to
conduct that analysis.

Recurrence plots are two-dimensional diagrams that are realized in time function. The
trajectory of xi ∈ Rm, where a dimension (m) of space is prescribed at a time limit of ε to I
and j. The RP visualizes a two-dimensional square matrix from two dimensions with the
times ti and tj. Equation (3) shows the matrix [31–34]:

Rij(ε) = Θ
(

ε −
∥∥∥→x i −

→
x j

∥∥∥), i, j = 1, . . . , N (3)

where N is the number of data or points xi, ε is the distance umbral, Θ(x) is the Heaviside
function, and ||. || is the norm (Euclidean, maximum, or Manhattan).

The recurrence density is determined by the recurrence rate that Equation (4) shows:

RR(ε) =
1

N2

N

∑
i, j=1

Ri, j (4)

The recurrence rate (RR) gives the probability of reconstruction of one trajectory in an
umbral zone.

The diagonal lines of RP represent the evolution of the trajectory in the space of the
phase on different occasions and indicate the system’s determinism. The determinism
(DET) is calculated by the next equation:

DET =
∑N

l=lmin
l p(l)

∑N
l=1 l p(l)

(5)

The laminarity is defined as the relation between the recurrence points in the vertical
structures and the total number shown in Equation (6):

LAM =
∑N

v=vmin
v p(v)

∑N
v=1 p(v)

(6)

Figure 7 shows the anodized alloys’ recurrence plots in NaOH when exposed to NaCl
and H2SO4. When the anodized alloys are exposed to NaCl, as Figure 7a–d shows, they
present different behaviors. The anodized Ti CP2 and Ti-6Al-4V presented less deterministic
behavior (see Table 3), meaning that the exposed oxide layer is more susceptible to Cl
ions. On the other hand, anodized Ti-6Al-2Sn-4Zr-2Mo and Ti Beta-C presented more
deterministic behavior, with values between 0.8270 and 0.9697, indicating that the localized
process is reduced. The alloys anodized in H2SO4 are shown in Figure 8a–d; in this case,
the anodized Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V (Figure 8b,c) presents low deterministic
values, from 0.4723 to 0.5373, indicating that a localized process occurs at the surface; this
is because horizontal and vertical lines decrease the laminarity of the system. The OH−

ions attack the porous surface.
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Table 3. Parameters obtained of anodized titanium alloys in NaOH bath by Recurrence Plots analysis.

Anodized Alloy RR DET

NaOH

NaCl

Ti CP2 0.0671 0.6951

Ti-6Al-2Sn-4Zr-2Mo 0.0927 0.827

Ti-6Al-4V 0.0816 0.7368

Ti Beta-C 0.0988 0.9697

H2SO4

Ti CP2 0.0991 0.9155

Ti-6Al-2Sn-4Zr-2Mo 0.0868 0.5373

Ti-6Al-4V 0.1666 0.4723

Ti Beta-C 0.1088 0.9001

Metals 2024, 14, x FOR PEER REVIEW 11 of 25 
 

 

 
Figure 7. Recurrence plots of anodized titanium alloys in NaOH bath and exposed in NaCl for Ti 
CP2 (a), Ti-6Al-2Sn-4Zr-2Mo (b), Ti-6Al-4V (c) y Ti Beta-C (d). 

 
Figure 8. Recurrence plots of anodized titanium alloys in NaOH bath and exposed in and H2SO4 for 
Ti CP2 (a), Ti-6Al-2Sn-4Zr-2Mo (b), Ti-6Al-4V (c) y Ti Beta-C (d). 

Table 3. Parameters obtained of anodized titanium alloys in NaOH bath by Recurrence Plots analy-
sis. 

Anodized Alloy RR DET 

NaOH 

NaCl 
Ti CP2 0.0671 0.6951 

Ti-6Al-2Sn-4Zr-2Mo 0.0927 0.827 
Ti-6Al-4V 0.0816 0.7368 
Ti Beta-C 0.0988 0.9697 

H2SO4 
Ti CP2 0.0991 0.9155 

Ti-6Al-2Sn-4Zr-2Mo 0.0868 0.5373 
Ti-6Al-4V 0.1666 0.4723 
Ti Beta-C 0.1088 0.9001 

Figure 8. Recurrence plots of anodized titanium alloys in NaOH bath and exposed in and H2SO4 for
Ti CP2 (a), Ti-6Al-2Sn-4Zr-2Mo (b), Ti-6Al-4V (c) y Ti Beta-C (d).



Metals 2024, 14, 160 11 of 24

Figure 9 shows the recurrence plots when alloys were anodized on KOH. The anodized
exposure in NaCl (Figure 9a–d presents results of low determinism, especially for Ti CP2
and Ti Beta-C); this behavior is attributed to the great number of anodic and cathodic
reactions occurring on the surface. Due to the low anodized quality in that medium and the
susceptibility to Cl− ions, the values of determinism are 0.5542 and 0.6901, respectively. The
low determinism decreases the laminarity value to 0.7094 and 0.8070 for Ti CP2 and Ti Beta-
C. The anodized Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V present a better performance in this
media. When anodized surfaces are exposed to H2SO4 (Figure 10a–d), Ti-6Al-4V showed
the lowest deterministic value (0.4718) due to transients that reflect instability on anodized
surfaces by anodic reactions. The anodized Ti Beta-C presents low determinism in the first
seconds and at the end, with values of 0.8696 and 0.9285 of determinism and laminarity,
respectively. When transients increase, the lines create cross-sections and decrease the
laminarity and determinism (see Table 4).
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Table 4. Parameters obtained of anodized titanium alloys in a KOH bath by recurrence plots analysis.

Anodized Alloy RR DET

KOH

NaCl

Ti CP2 0.0824 0.5542

Ti-6Al-2Sn-4Zr-2Mo 0.0788 0.8378

Ti-6Al-4V 0.5779 0.9962

Ti Beta-C 0.3508 0.6901

H2SO4

Ti CP2 0.3045 0.888

Ti-6Al-2Sn-4Zr-2Mo 0.1421 0.9126

Ti-6Al-4V 0.1105 0.4718

Ti Beta-C 0.0829 0.8696

3.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) has been widely used to study the
electrochemical mechanisms at electrodes. The characteristics of the EIS spectra of the
samples investigated in the present study are presented in Figures 11–14; they show
Nyquist and Bode plots for anodized titanium alloys immersed in 3.5 wt. % NaCl and
H2SO4 solution.

Metals 2024, 14, x FOR PEER REVIEW 14 of 25 
 

 

 
Figure 11. EIS of anodized titanium alloys in NaOH exposed in NaCl. (a) Nyquist, (b) Bode of |Z| 
vs. frequency, and (c) phase angle Bode. 

 
Figure 12. EIS of anodized titanium alloys in NaOH exposed in H2SO4. (a) Nyquist, (b) Bode of |Z| 
vs. frequency, and (c) phase angle Bode. 

Figure 11. EIS of anodized titanium alloys in NaOH exposed in NaCl. (a) Nyquist, (b) Bode of |Z|
vs. frequency, and (c) phase angle Bode.



Metals 2024, 14, 160 13 of 24

Metals 2024, 14, x FOR PEER REVIEW 14 of 25 
 

 

 
Figure 11. EIS of anodized titanium alloys in NaOH exposed in NaCl. (a) Nyquist, (b) Bode of |Z| 
vs. frequency, and (c) phase angle Bode. 

 
Figure 12. EIS of anodized titanium alloys in NaOH exposed in H2SO4. (a) Nyquist, (b) Bode of |Z| 
vs. frequency, and (c) phase angle Bode. 

Figure 12. EIS of anodized titanium alloys in NaOH exposed in H2SO4. (a) Nyquist, (b) Bode of |Z|
vs. frequency, and (c) phase angle Bode.

Metals 2024, 14, x FOR PEER REVIEW 15 of 25 
 

 

Figure 13 shows the samples anodized on KOH exposed to NaCl. In this medium, all 
the anodized alloys showed a double-layer behavior, where Ti Beta-C presented better 
performance against corrosion. Ti CP2 also presented good behavior against corrosion. 
Ti-6Al-4V presented the lower impedance values, with 1238 Ω·cm2, with n values of 0.7 
and 0.4. This means that the surface is homogenous, and the process in the second layer 
is predominantly resistive. Also, this indicates a dissolution process that occurs on the 
anodized surface. 

Figure 14 shows the results of samples anodized in KOH exposed to H2SO4. Ti CP2 
and Ti Beta-C alloys presented a higher impedance; however, Ti CP2 only presented a 
one-time variable. This behavior is related to a compact oxide layer due to the impedance 
value of 2.65 × 107 Ω·cm2 with a capacitance of 8.92 × 10−6 F/cm2 and an n value of 0.9, 
indicating that the charges distribution is homogenous. On the other hand, Ti-6Al-4V and 
Ti-6Al-2Sn-4Zr-2Mo presented a diffusion process at low frequencies, indicating the dis-
solution of the oxide layer. The Warburg resistance of alloys is 1.39 × 109 and 3.15 × 104 
Ω·cm2. 

 
Figure 13. EIS of anodized titanium alloys in KOH exposed in NaCl. (a) Nyquist, (b) Bode of |Z| 
vs. frequency, and (c) phase angle Bode. 
Figure 13. EIS of anodized titanium alloys in KOH exposed in NaCl. (a) Nyquist, (b) Bode of |Z| vs.
frequency, and (c) phase angle Bode.



Metals 2024, 14, 160 14 of 24Metals 2024, 14, x FOR PEER REVIEW 16 of 25 
 

 

 
Figure 14. EIS of anodized titanium alloys in KOH exposed in H2SO4. (a) Nyquist, (b) Bode of |Z| 
vs. frequency, and (c) phase angle Bode. 

The table below shows the results of EIS parameters. The results were discussed in 
the diagram topic. The values of X2 are related to the error of fitting, meaning the values 
are lower and the fitting is better [36]. In this case, the value increases when, at high fre-
quencies, the impedance is dispersed (the first four or five values). 

Table 5. Parameters obtained by EIS for anodized titanium alloy samples. 

Alloy 
Rs 

(Ω·cm2) 
Rpor  

(Ω·cm2) 
CPE-T  
(F/cm2) n 

R  
(Ω·cm2) 

CPE-T2  
(F/cm2) n 

W  
(Ω·cm2) X2 

Ti CP2 
3.5% NaCl 

NaOH 19.1 2.4 × 104 3.37 × 10−5 0.7 1.72 × 105 4.75 × 10−5 0.8 - 0.01 
KOH 20.3 92.4 9.78 × 10−6 0.8 1.01 × 106 1.36 × 10−5 0.8 - 0.01 

3.5% H2SO4 
NaOH 9.8 1530 4.29 × 10−5 0.8 2.41 × 106 2.59 × 10−5 0.8 - 5 × 10−3 
KOH 9.1 2.65 × 107 8.92 × 10−6 0.9 - - - - 5 × 10−2 

Ti-6Al-2Sn-4Zr-2Mo 
3.5% NaCl 

NaOH 21.3 20.8 × 103 1.47 × 10−4 0.6 18 × 103 2.05 × 10−4 0.8 - 7 × 10−4 
KOH 21.8 8409 1.34 × 10−4 0.7 2.88 × 104 1.11 × 10−4 0.7 - 9 × 10−3 

3.5% H2SO4 
NaOH 4.5 2473 1.96 × 10−4 0.8 3.15 × 105 4.06 × 10−4 0.8 - 2 × 10−3 
KOH 4.6 83.5 5.64 × 10−6  - - - 1.39 × 105 6 × 10−3 

Ti-6Al-4V 
3.5% NaCl 

Figure 14. EIS of anodized titanium alloys in KOH exposed in H2SO4. (a) Nyquist, (b) Bode of |Z|
vs. frequency, and (c) phase angle Bode.

Figure 11 shows Ti alloys anodized in NaOH exposed to NaCl. The anodized Ti CP2
showed a high resistance with 2.4 × 104 Ω·cm2, and the lowest capacitance of 3.37 × 10−5

and 4.75 × 10−5 F/cm2 (see Table 5). This behavior indicates that the layer of this anodized
alloy presented acceptable properties against corrosion. The “n” values for the anodized
Ti CP2 are 0.7 and 0.8 in both high- and low-frequency interfaces, meaning there is a
capacitive system predominance. On the other hand, the anodized Ti-6Al-4V and TI
Beta-C presented in the first have interface values of 0.8 and 0.7, respectively, indicating
capacitive behavior in the first porous layer. However, in the second interface, the n
values were 0.3 and 0.4, respectively, indicating more resistive behavior; the alloys acted
as resistors rather than capacitators. This is associated with the high value of capacitance
(1.27 × 10−4 and 3.16 × 10−5 F/cm2), which suggests a faster ionic dissolution process due
to the heterogeneities on the surface.

Table 5. Parameters obtained by EIS for anodized titanium alloy samples.

Alloy Rs
(Ω·cm2)

Rpor
(Ω·cm2)

CPE-T
(F/cm2) n R

(Ω·cm2)
CPE-T2
(F/cm2) n W

(Ω·cm2) X2

Ti CP2

3.5% NaCl

NaOH 19.1 2.4 × 104 3.37 × 10−5 0.7 1.72 × 105 4.75 × 10−5 0.8 - 0.01

KOH 20.3 92.4 9.78 × 10−6 0.8 1.01 × 106 1.36 × 10−5 0.8 - 0.01
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Table 5. Cont.

Alloy Rs
(Ω·cm2)

Rpor
(Ω·cm2)

CPE-T
(F/cm2) n R

(Ω·cm2)
CPE-T2
(F/cm2) n W

(Ω·cm2) X2

3.5% H2SO4

NaOH 9.8 1530 4.29 × 10−5 0.8 2.41 × 106 2.59 × 10−5 0.8 - 5 × 10−3

KOH 9.1 2.65 × 107 8.92 × 10−6 0.9 - - - - 5 × 10−2

Ti-6Al-2Sn-4Zr-2Mo

3.5% NaCl

NaOH 21.3 20.8 × 103 1.47 × 10−4 0.6 18 × 103 2.05 × 10−4 0.8 - 7 × 10−4

KOH 21.8 8409 1.34 × 10−4 0.7 2.88 × 104 1.11 × 10−4 0.7 - 9 × 10−3

3.5% H2SO4

NaOH 4.5 2473 1.96 × 10−4 0.8 3.15 × 105 4.06 × 10−4 0.8 - 2 × 10−3

KOH 4.6 83.5 5.64 × 10−6 - - - 1.39 × 105 6 × 10−3

Ti-6Al-4V

3.5% NaCl

NaOH 20.1 1761 6.55 × 10−5 0.7 7.85 × 105 1.27 × 10−4 0.3 - 3 × 10−4

KOH 14.8 1238 9.34 × 10−5 0.7 1.12 × 105 5.01 × 10−4 0.4 - 1 × 10−2

3.5% H2SO4

NaOH 3.7 296 7.61 × 10−5 0.7 - - - 2.7 × 104 1 × 10−2

KOH 3.57 2158 4.70 × 10−4 0.6 - - - 3.15 × 104 7 × 10−3

Ti Beta-C

3.5% NaCl

NaOH 66.9 1589 2.11 × 10−6 0.8 2.1 × 105 3.16 × 10−5 0.4 - 1 × 10−3

KOH 20.7 5418 6.23 × 10−7 0.9 2.43 × 106 2.17 × 10−6 0.7 - 6 × 10−3

3.5% H2SO4

NaOH 4.1 284 6.93 × 10−6 0.9 4.4 × 104 8.94 × 10−5 0.7 - 1 × 10−3

KOH 3.7 1201 1.05 × 10−7 0.9 8.54 × 105 4.31 × 10−6 0.6 - 1 × 10−3

Figure 12 shows the results of samples anodized in NaOH exposed to H2SO4. The
samples showed a similar trend to the samples exposed on NaCl, where the Nyquist and
frequency vs. |Z| diagrams of Figure 12a,b show a high impedance module for anodized
Ti CP2, as well as higher values of impedance in the Nyquist diagram. Ti Beta-C presented
high values of resistance. On the other hand, Ti-6Al-4V presented a behavior associated
with a diffusion system. The Warburg process can be observed in the windowing performed
on the Nyquist diagram of Figure 12a and in the diagram of Figure 12c, where the phase
angle finished at 45◦ at low frequencies, indicating that the diffusion process occurs at low
frequencies. The Warburg resistance is 2.7 × 104 Ω·cm2. At the same time, the first process
presented a resistance of 289 Ω·cm2 and a capacitance of 7.61 × 10−5 F/cm2, with an n
value of 0.7. The first process is related to a capacitive system with a heterogeneous surface.
Ti CP presented n values of 0.8 and 0.9, meaning that the distribution of ionic charges is
more homogenous [35].

Figure 13 shows the samples anodized on KOH exposed to NaCl. In this medium,
all the anodized alloys showed a double-layer behavior, where Ti Beta-C presented better
performance against corrosion. Ti CP2 also presented good behavior against corrosion.
Ti-6Al-4V presented the lower impedance values, with 1238 Ω·cm2, with n values of 0.7
and 0.4. This means that the surface is homogenous, and the process in the second layer
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is predominantly resistive. Also, this indicates a dissolution process that occurs on the
anodized surface.

Figure 14 shows the results of samples anodized in KOH exposed to H2SO4. Ti CP2
and Ti Beta-C alloys presented a higher impedance; however, Ti CP2 only presented a
one-time variable. This behavior is related to a compact oxide layer due to the impedance
value of 2.65 × 107 Ω·cm2 with a capacitance of 8.92 × 10−6 F/cm2 and an n value of
0.9, indicating that the charges distribution is homogenous. On the other hand, Ti-6Al-
4V and Ti-6Al-2Sn-4Zr-2Mo presented a diffusion process at low frequencies, indicating
the dissolution of the oxide layer. The Warburg resistance of alloys is 1.39 × 109 and
3.15 × 104 Ω·cm2.

The table below shows the results of EIS parameters. The results were discussed in
the diagram topic. The values of X2 are related to the error of fitting, meaning the values
are lower and the fitting is better [36]. In this case, the value increases when, at high
frequencies, the impedance is dispersed (the first four or five values).

The physical and mathematical model of the metal/anodized layer film/solution
system is presented in Figure 15. The electrochemical impedance technique provides
parameters such as solution resistance (Rs), transference charge resistance (Rct), capac-
itance (Cdl), constant phase element (CPE), or diffusion (W), depending on the case
[referencia nueva].
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The impedance of the system is obtained using the following equation [37]:

Z =
E
I
= Z0exp(iΦ) = Z0(cosΦ + isinΦ) (7)

Z, E, I, ω, and Φ are the impedance, potential, current, frequency, and the phase angle
between E and I.

Hence, the following equation can interpret the capacitance obtained by EIS
measurements.

Zc(ω) =
1

iωC
(8)

where C is the capacitance value; nevertheless, if the value of the capacitance is not close,
it is possible that a CPE phenomenon is occurring in the system, and the equation that
governs this is:

ZCPE(ω) =
1

(iω)αdl Qdl (9)

where α is a constant related to the uniform charge distribution and Q is the system’s
capacitance.
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On the other hand, when a mass diffusion occurs in the system, a Warburg’s element
is possibly present on the equivalent circuits [38,39].

Zw(ω) = σω−1/2 − i
(

σω− 1
2

)
(10)

4. Discussion

The anodized NaOH noted in another paper was reported to have oxide-layer porosi-
ties of 0.1 to 1 µm. This supports the idea that the percentage of porosity depends directly
on the alloys’ chemical composition [40]. Also, Afshar et al. [18] obtained anodized alloys
with thicknesses from 0.4 to 1.5 µm. They related the anodized time to the thickness of the
oxide layer. In this research, the anodized thickness ranged from 23 nm to 2.63 µm, where
Ti-6Al-2Sn-4Zr-2Mo and Ti Beta-C presented higher thicknesses. Considering that the
anodized parameters were the same for all experiments, the anodized thickness depends on
the chemical composition of the alloy. Ti-6Al-4V generated an oxide layer of 23 nm related to
the presence of V. However, Mo, Cr, and Zr alloys presented better oxide-layer generation.

When the KOH was employed as the anodized electrolyte, Burleigh et al. [41] obtained
oxide layers of 300 nm; they concluded that NaOH and KOH are very similar in terms
of generating oxide layers in Ti alloys. Hsu et al. [42] conducted research in which they
anodized Ti-7.5 Mo in alkaline electrolytes and obtained a thin oxide layer with nanopores.
The generation of the porosities was attributed to the penetration of Na+ and OH− ions in
the anodized surface, provoking a porous layer of sodium and hydroxide titanate (NaxH2-
xTi3O7) after exposition to the alkaline media. Due to the valence number of K, the surface
reaction is very similar to the anodized NaOH.

Laurindo et al. [43] related the size porosity increase to the thickness when the current
density increases. However, this will create surface cracks. This occurs on anodized Ti
Beta-C. Additionally, Zhang et al. [44] found that pore size depends on the ionic current
anodized. Also, Mazzarolo et al. [45] conclude that an amorphous barrier is created on
the Ti surface, making the alloy susceptible to generating oxide in preferential zones when
small ions such as Na+ and K+ are deposited in specific zones and generate oxide in specific
zones. This behavior was presented in this research.

It is important to mention that Cl− acts as an interstitial element, so when the anodized
has tiny pores or cracks, the ion penetrates the surface to attack [46]. Cl−’s presence induces
localized corrosion because the ions attack the more susceptible zones. The accumulation
of oxychlorides is expected to occur on the metal–oxide interface; this is due to the breaking
of the oxide layer, and it provokes a localization process [47,48]. This occurs when the
“n” of CPE values differ by 0.5, which is associated with the accumulation of Cl− on the
surface until they break the interface; this is the double-layer mechanism. The capacitance
values obtained are related to the resistance or the opposition of ionic transference on
the surface [49].

Song et al. [50] reported the effects of different Ti alloys exposed to saline media. They
found that the alloys with V presented a lower corrosion resistance than the other alloys;
this occurred due to the V oxide layer created in the corrosion process being dissolved
faster than the other oxide layers. This behavior is presented in all Ti-6Al-4V alloys, with
lower corrosion resistance. The corrosion resistance increased for alloys that showed Cr,
Mo, or Zr. Also, the susceptibility to Cl− can be observed on HHT specters when high
energy is present at the middle and high frequencies.

A helpful technique is EIS for barrier systems. The values obtained on “n” are related
to capacitive behavior (near to 1), the diffusive system (0.5), or the resistive system (less
than 0.5) [51]. Gomes et al. [52] related the “n” value to the charge distribution on the oxide
layer determined by the thickness. Also, authors such as Gateman [53] conclude that the
CPE behavior is related to the interface system, and a correct analysis will depend on the
knowledge of the system. Therefore, if “n” is a value of 1, the surface is homogenous. Still,
a different value is associated with a heterogeneous surface.
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For the cases that presented diffusion, the processes that govern the Warburg element
are absorption, penetration, and diffusion. The absorption occurs in the porous zones, while
the diffusion occurs in the more compact oxide zones. This can create a higher corrosion
resistance when the diffuser elements generate another passive layer [54–57]. The basic
chemical reactions that occur in diffusion are:

Ti + H2O → TiO2 + 4H+ + 4e− (11)

However, when the diffusion process begins in a saline environment, the Cl− has an
important role and changes the chemical reactions:

Ti + 4Cl− → [TiCl4]
− → TiCl4 + 4e− (12)

TiCl4 + 2H2O → TiO2 + 4Cl− + 4H+ (13)

This behavior is very similar in all the aqueous solutions; independently of the compo-
sition, the hydrogen will react due to evolution, given by the next equation [58]:

2H+ + 2e− → H2 ↑ (14)

This phenomenon occurs in cathodic reactions where hydrogen reacts. On the other
hand, the growth of a passive layer in electrochemical conditions is represented by the next
equations [59–61]:

Ti → Ti3 + 3e− (15)

2Ti3 + 3H2O → Ti2O3 + 6H+ (16)

Ti3+ → Ti4+ + e− (17)

Ti4+ + H2O → TiO2 + 4H+ (18)

The results show that the diffusion process on titanium and anodized alloys occurs
in the solid state due to the ions’ diffusion in the porous zone. The micropores from the
first barrier act as diffusion zones [62–66]. That means the anodized alloys also have some
corrosion resistance, so the Cl− can break the protective barrier. Prando et al. [56] associated
this behavior with the susceptibility of Ti to halides and proposed the next reaction:

TiX4 + 2H2O → TiO2 + 4X− + 4H+ o TiO+ + 4X− + 2H+ (19)

X is a halide. When the solution does not have perturbation, water is the only transport
for pitting the TiO2 and H+ out of the system. This permits the electrolyte to permeate the
anodized breaking alloy and reduce the corrosion resistance. Additionally, elements such
as Nb, Pd, and Cr increase the corrosion resistance, as occurs on Ti Beta-C.

On the other hand, when the electrolyte is H2SO4, the ions generate cathodic reactions,
hydroxide diffusion, and passive layers. Therefore, the system with HHT and recurrence
plots must be studied. The common behavior of anodization in this medium is the gen-
eration of an oxide layer that is broken and re-generated. Also, OH− and SO4

− generate
unstable systems and generate cracks in anodized alloys [30,67].

Sadek et al. [59] mentioned that heterogeneities and susceptibility to localized attacks
are due to the formation of hydroxides (Ti (OH)xOy), as the hydroxides avoid the generation
of an oxide layer. The porous barrier of the hydroxides generates the anodized diffusion
process [68–73].

Also, when exposed to H2SO4, the reactions generate an oxide layer (diffusion). How-
ever, if the oxide is not solid, it will degrade. The diffusion process is blocked when the
“n” values are 0.4 or 0.6. Authors Gonzalez, Pardave, Rodriguez, et al. [74–77] mentioned
that when the “n” value is 0.4 and 0.6, the diffusion process is not perfect; it may signal
trapped diffusion or blocked diffusion due to differences in surface quality. For that reason,
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in this research, when the “n” value was not 0.5, we did not consider it diffusion. The next
equation shows the behavior of a diffusion government process.

H2O → 1
2

O2 + 2H+ + 2e− (20)

2H2SO4 + 2e− → SO2−
4 + 2H2O + SO2 (21)

Ti + 2H2SO4 +2e−+ → TiSO2−
4 + H2 (22)

Figure 16 shows the equivalent circuit for the two different systems. Figure 16a shows
the double-layer system, where the first resistance is related to the solution resistance, the
second is with Rct (Rpor), and the third is more linked with the double layer of oxide. The
anodized alloys with less presence of β elements presented a higher Rpor when anodized
on NaOH than those with a high presence of β alloying elements, which presented higher
Rpor values when anodized in the KOH electrolyte.
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Furthermore, the electrolyte of H2SO4 trends to generate a diffusion process in the
anodized Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V. In this last case, for anodized Ti-6Al-4V, the
ECC showed n values of 0.4 and 0.3. This is controversial because some authors related
it to a diffusion process and others to a resistive process. The physical value of “n” has
been discussed by many authors. CPE is related to the conductive behavior of the dielectric.
However, as the modeling is complex, it is difficult to determine the system. Moreover, the
authors related the “n” value to factors such as roughness; if “n” has values from 1 to 0.9, it
is governed by power law. However, if the value is from 0.5, it suggests a contorted surface,
indicating Warburg diffusion. Also, the value of “n” is linked with the homogeneity of the
surface and the variation in surface composition. For coatings, “n” values near 1 are related
to uniform surfaces that present good anti-corrosion properties [78–84].

The second corrosion process is linked to another porous layer, so the scheme of
Figure 16 is linked with two porous layers.

The use of recurrence plots in passive systems has been discussed because they
present similar values to uniform corrosion. However, when the porosities increase, the
determinism values decrease. This is due to the anodic–cathodic process that occurred
on the surface; this is characteristic of passivation systems. The low determinism values
occurred in anodized alloys with more corrosion resistance [85–89].

5. Conclusions

• The results indicated that the anodizing treatment on titanium alloys had a better
effect when NaOH baths were used due to increased impedance, meaning greater
corrosion resistance.
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• The chemical composition of alloys is vital to generate a good, anodized alloy. The
alloys with more β elements presented problems in generating a uniform oxide layer.

• Ti-6Al-4V presented more problems when generating a homogenous oxide layer
due to the presence of V in the alloy. The generation of vanadium oxide made the
anodized alloy susceptible to pitting attacks because the vanadium oxide has more
interstitial spaces.

• The anodized alloys with fewer β elements (Ti CP2 and Ti-6Al-2Sn-4Zr-2Mo) presented
higher Rpor (Rct) resistance when anodized on NaOH. On the other hand, alloys with
a high presence of β elements presented more anodized Rpor (Rct) on KOH.

• Ti-6Al-4V presented a lower thickness, at 25 nm, when it was anodized in an
NaOH bath.

• Ti Beta-C presented better activity against corrosion due to the presence of Cr in
the alloy.

• The EN technique analyzed by HHT and RP helps determine the type of corrosion
process that predominates in the electrochemical system. In this type of case, the
use of EN is helpful for observing the behavior of the localization process due to
the limitation of other techniques in evaluating systems that do not present uniform
corrosion processes.

• Recurrence plots analysis showed that anodized alloys are more susceptible to pitting
when exposed to NaCl media due to the vertical and horizontal reaction distribution.
On the other hand, when exposed to H2SO4, the anodized alloys presented behavior
related to passive and uniform systems.

• The EIS results indicated that Ti Beta-C presented better resistance against corrosion
for obtained values of 9.7 × 107 Ω·cm2. Also, the anodized KOH presented more
impedance.

• The values of CPE for the anodized alloy in KOH are in the order of 10−7 and
10−6 (F/cm2), indicating low capacitance and a better performance against ionic
transference.

• The H2SO4 made the anodized alloys susceptible to present diffusion. However,
NaCl can present more damage due to the generation of hydroxides and salts on the
metal–coating interface.
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