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Abstract: Titanium alloys are used in different industries like biomedical, aerospace, aeronautic,
chemical, and naval. Those industries have high requirements with few damage tolerances. There-
fore, they are necessary to use materials that present fatigue, mechanical, and corrosion resistance.
Although Ti-alloys are material with high performance, they are exposed to corrosion in marine
and industrial environments. This research shows the corrosion behavior of three titanium alloys,
specifically Ti CP2, Ti-6Al-2Sn-4Zr-2Mo, and Ti-6Al-4V. Alloys were exposed on two electrolytes to a
3.5 wt % H2SO4 and NaCl solutions at room temperature using cyclic potentiodynamic polarization
(CPP) and electrochemical noise (EN) according to ASTM G61 and ASTM G199 standards. CPP
technique was employed to obtain electrochemical parameters as the passivation range (PR), corro-
sion type, passive layer persistence, corrosion potential (Ecorr), and corrosion rate. EN was analyzed
by power spectral density (PSD) in voltage. Results obtained revealed pseudopassivation in CPP
and PSD exposed on NaCl for Ti-6Al-2Sn-4Zr-2Mo, indicating instability and corrosion rate lower.
However, Ti-6Al-4V presented the highest corrosion rate in both electrolytes. Ti-6Al-2Sn-4Zr-2Mo
revealed pseudopassivation in CPP and PSD in NaCl, indicating a passive layer unstable. However,
the corrosion rate was lower in both solutions.

Keywords: corrosion; potentiodynamic polarization; PSD; titanium

1. Introduction

The titanium alloys offer attractive properties: high strength to weight ratio, high
corrosion resistance, good formability, and biocompatibility, and thus are widely used
in many applications. These alloys are used in aerospace, biomedical, chemical, and
petrochemical industries [1–3]. The use of titanium alloys increased significantly in the
1980s, particularly in aircraft combat construction instead of civil aircraft. In the 1990s, for
combat aircraft, titanium and aluminum alloy were at the same fraction of the structural
weight in the 1990s. The aviation industry demands improvements in the characteristics
of aircraft structural and functional material components based on scientific research
conducted on new materials [2–4].

Titanium alloys can do identified into four types, Ti α, near to α, α + β, and metastable
β. The microstructure depends on the β stabilizer (Mo, V, Cr, Ni, Fe, and Ta). α-Ti alloys
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do denominate as commercially pure (CP) and highly pure titanium. The α Ti-alloys could
have interstitial elements such as oxygen and nitrogen, titanium mechanical resistance but
decreasing the ductility. For some cryogenic or high-temperature applications, α alloys add
Al, Zr, or Sn as α stabilizers. If near α alloys combine α and α + β alloys properties, high-
temperature resistance, and high mechanical resistance, they would have a 2% β stabilizer.
Some new Ti-alloys add Si (0.1–0.5%) to improve their properties at high temperatures [5–9].
α + β alloys have more than one stabilizer α-phase (such as interstitial) and β-phase until
6%. The α + β phase is the most common, Ti-6Al-4V is the most used Ti-alloy globally,
with almost 50% production. β-Ti alloys have a high percentage of β stabilizers and can
present a martensitic microstructure. For this reason, the microstructure could be more
complex [8–10].

The corrosion resistance of titanium alloys results from the formation of very stable,
continuous, highly adherent, and protective oxide films on metal surfaces. Since titanium
is highly reactive and has an extremely high affinity for oxygen, these beneficial surface
oxide films spontaneously and instantly when new metal surfaces are exposed to air
and moisture. Passivation of Ti alloy generates oxides coatings mainly composed of
TiO2 (rutile and anatase), Ti2O3, and TiO5. depending on the environmental conditions,
morphologically constituted by a two-layer structure [11,12].

Titanium alloys are subject to corrosion in specific environments. The primary forms
of corrosion observed on these alloys include general corrosion, crevice corrosion, anodic
pitting, hydrogen damage, and SCC. In any titanium application, its susceptibility to
corrosion must be considered. Furthermore, the corrosion resistance of Ti alloys depends
on their composition, microstructure, and surface treatment [5,13].

Sha et al. showed that when titanium does expose to sulfides, chlorides, and phos-
phate, titanium corrosion resistance decreases [8]. When Ti-alloys bring into contact with
sulfides, a uniform attack occurs. The oxide layer creates on the metal surface deteriorates
and dissolves, removing the corrosion protector. A Ti soluble ion goes to the electrolyte,
Ti→Ti3+ + 3e−. The sulfuric acid chemical reaction is next Ti + 2H2SO4 + 2e− → TiSO4

−2

+ H2. A hydrogen reaction does present; this changes acid concentration and intensifies
media aggressiveness [8–10,14–16]. For chloride, the mechanism is different, Cl− provokes
difficulties to TiO2 layer growth, breaking the layer [17]. In some cases, Cl− works as an
interstitial element, being bigger than oxygen, and generates a diffusion process of Cl− in
the surface, creating instability in the passive layer [14,18].

Ti-6Al-4V presented fluctuation in the anodic reaction when exposed to artificial
seawater, indicating instability [19]. Researchers adjudicate this behavior to impurities,
roughness, and surface impurities in general [20]. In acid media, titanium oxide film could
be broken, and metal surface exposed to the electrolyte directly, inducing an electrochemical
reaction that increases corrosion rate [21]. Additionally, hydrogen diffusion could present
when titanium is in H2SO4. The hydrogen diffusion can provoke embrittlement and make
titanium susceptible to intergranular surface fracture [22]. Surface embrittlement induces a
faster material dissolution and could increase the corrosion rate. The oxide layer is always
not composed of TiO2. Titanium dioxide does form by mitigation and adsorption of OH−

ions, localized in structural defects and the thinnest oxide layer zone [23]. The passive
layer mechanism is determined by metal ions diffusion to the surface, transferring titanium
and hydroxyl ions. If this oxide layer is creating, the layer will be stable [24–27].

However, Ti and its alloys’ corrosion resistance links to oxide layer film formation.
The oxygen reactive when Ti-alloys does expose to aqueous media [28,29]. Aggressiveness
increase does attribute to pH change generated by a redox reaction. The hydrogen does
dissociate and the pH electrolyte shifts. However, if temperature and pH are correctly
combinate, a stable oxide layer could be created on the titanium surface [30,31]. Ti-alloys
have been showing higher corrosion rates in alkaline and neutral media than in acidic
media. The presence of OH− and Cl− ions accelerate the corrosion rate because those ions
can destroy passive films.
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Meanwhile, acid films based on H2SO4 generate a better layer [32], sulfate ions
suppress chlorines activation, retarding the corrosion process [33,34]. As a passive film
does form, when titanium has been exposed in a media for a long time, chloride ions’ oxide
layer increase and diffusion occurs [34].

When Ti-alloys are exposed in NaCl it could provoke pitting and challenging to gener-
ate a stable oxide layer. Although some researchers have been demonstrated that corrosion
density and pitting potential decrease when Cl− concentration increases. Additionally,
Cl− heterogeneous distribution is deposited in localized surface zones, and the passive
film will break it [33–35]. Others factor that can promote localized process is microstruc-
ture, grain refinement, and surface roughness [28,36]. The oxide layer could be different
depending on the Ti phase. It is usually the case that the layer is denser in α than β, this
is because, in α, the oxide layer creates a significant part of the TiO2 and β for vanadium
oxide (Ti-6Al-4V) [28–33].

Studies about pitting and breakdown of the passive layer have been developed and
discussion is about Cl− behavior. Almost all researchers agree with an adsorption process,
but penetration is unclear [34–36]. Some researchers found a concentration of Cl- ions
in the metal-layer interface, indicating a penetration through the oxide layer, hindering
material passivation by oxide vacancy [37–39]. Additionally, phase discontinuity provokes
the heterogeneous passive layer and ions susceptibility [40,41].

Different conventional electrochemical techniques such as linear polarization resis-
tance (LPR), potentiodynamic polarization (PP), and electrochemical impedance spec-
troscopy (EIS) have been implemented to determine the corrosion and kinetic mechanisms
of the reactions. In CPP curves, analysis of the cathodic and anodic reactions and the
hysteresis curve can yield information about the corrosion mechanism in the system and
the corrosion rates. The use of the electrochemical noise (EN) technique for investigation
and monitoring of corrosion has allowed many advances that are interesting for corrosion
science interesting advances in advances in recent years. A special advantage of electro-
chemical noise measurements is the possibility to detect and analyze the early stages of
localized corrosion [42–46].

A cathodic reaction explains the process of hydrogen evolution and an anodic reaction
explains the corrosion process and passivation. When current demand stops, a passive layer
was developed, the potential range since current demand stopped until it is reactivated
will be known as the passive range. Potentiodynamic polarization curves are a helpful tool
to find the corrosion type present based on hysteresis, if it is positive (right) that can be
considered localized corrosion and if it is negative (left) it corresponds to uniform corrosion.
Additionally, hysteresis can provide more information about passive behavior. If hysteresis
is great, it means difficult to restore passivity [45–52].

EN analyzes reactions in a metal surface by different methods, recommends applying
a filter to separate random and stationery components from the DC signal, and obtained
the corrosion system signal [53,54].

x (t) = mt + st + Yt (1)

Being x (t) is the EN signal, mt is the DC component, st is random, and Yt for sta-
tionary components. To filter this signal it is necessary to apply a polynomial, defined by
Equation (2), where the noise signal (xn) is filtered by a grade “n” polynomial (po) at the
n-th term (ai) to obtain a signal without trend (Yn) [22,55].

Yn = xn-Σpo
i = 0 aini (2)

The power spectral density (PSD) analysis must transform from time-domain to
frequency-domain signal applying FFT, shown in Equations (3) and (4) [55].

Rxx (m) = (1/N) Σn = 0
N-m−1 (3)
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Ψx(k) =
γ·tm

N
·

N

∑
n=1

(xn − xn)·e
−2πkn2

N (4)

With PSD voltage it is possible to evaluate passive layer behavior, whether it is
homogenous or not, and in some cases could provide mechanistic information about the
corrosion process. The values of corrosion type are shown in Table 1 [56–58].

Table 1. Chemical composition of the used titanium alloys (wt %).

Alloys
Elements

Ti CP2 Ti-6Al-2Sn-4Zr-2Mo Ti-6Al-4V

Fe 0.038 ± 0.005 – 0.21 ± 0.01

Al – 6.75 ± 0.20 7.14 ± 0.37

V – – 4.03 ± 0.08

Zr – 4.18 ± 0.01 –

Mo – 1.99 ± 0.008 –

Sn – 2.08 ± 0.01 –

Ti 99.94 ± 0.005 84.65 ± 0.19 87.71 ± 0.36

The aim was studying the susceptibility of pitting corrosion on three Ti-alloys, Ti CP2,
Ti-6Al-2Sn-4Zr-2Mo, and Ti-6Al-4V, immersed at 3.5 wt % in H2SO4 and NaCl solutions at
room temperature by cyclic potentiodynamic polarization (CPP) and power spectral density
(PSD) obtained from EN voltage series. The Ti-alloys could find potential applications in
the aeronautical industry, like turbine blades and aircraft landing gear. Components made
of superalloys are exposed to various chemical agents. These Ti-alloys are susceptible to
low temperature pitting corrosion when aircraft are in marine and industrial environments.

2. Materials and Methods
2.1. Material

The alloys used for this research were Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-4V, and Ti CP2
used in the received condition. The chemical composition was obtained by X-ray fluores-
cence (XRF) (Olympus DELTA XRF, Richmond, Texas, USA). Table 1 shows the chemical
composition of each Ti-alloy.

Titanium alloys selected in this research have different metallurgical characteristics.
Titanium Grade 2 CP (α-type Ti alloys) is generally known as the commercially pure
titanium (unalloyed). Due to its varied usability and broader availability, it has been used
in many applications. The Ti6Al4V alloy (one of the α + β type of Ti alloys), designated
as ASTM B265 Grade 5, is the most commonly used because it has excellent mechanical
properties and is considered the military grade titanium. Ti-6Al-2Sn-4Zr-2Mo, also known
as Ti 6-2-4-2, is a near alpha titanium alloy known for its high strength and excellent
corrosion resistance. It is often used in the aerospace industry to create high-temperature
jet engines and the automotive industry to create high-performance automotive valves.

2.2. Microstructural Characterization

Specimens were polished using metallographic techniques according to ASTM E3 [59].
The material was sequentially polished using different SiC grit papers with 400, 600, and
800 grades, followed by cleaned ultrasonically in ethanol (C2H5OH) and rinsed with
distilled water for 10 min. The etching of polish samples does elaborate with a Kroll
solution composed of 3 mL HF, 5 mL HNO3, and 100 mL water, based on ASTM E 407 [60].

The microstructural analysis was carried by optical microscopy (OM, Olympus, Ham-
burg, Germany) and scanning electron microscopy (SEM, JEOL-JSM-5610LV, Tokyo, Japan)
for identifying the microstructure of samples a magnification of 500× and 1000× oper-
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ating at 20 kV, WD = 14 mm. The chemical composition of these alloys was obtained by
energy-dispersive X-ray spectroscopy (EDS, JEOL-JSM-5610LV, Tokyo, Japan).

2.3. Electrochemical Techniques

The electrochemical techniques of cyclic potentiodynamic polarization (CPP) and
electrochemical noise (EN) were used to determine the corrosion kinetics of titanium
alloys. The CPP was recorded at a sweep rate of 0.06 V/min, a potential scan range
was applied between −1.0 and 1.2 V vs. SCE from the corrosion potential (Ecorr), using a
complete polarization cycle, according to ASTM G5-14e1 [61] and ASTM G61 standards [59].
Corrosion experiments were performed by immersion of the titanium alloy specimens,
with an exposed surface area of 1.0 cm2, in 3.5 wt % NaCl and H2SO4 solutions, this latter
to simulate an acid rain environment at room temperature. A conventional three-electrode
cell configuration was used for electrochemical studies, which consisted of a working
electrode (titanium alloys). A saturated calomel electrode (SCE) and a platinum mesh were
used as reference and counter electrodes [23].

In CPP curves, analysis of the cathodic and anodic reactions and the hysteresis curve
can yield information about the mechanism of corrosion in the system and the corrosion
rates. Tafel extrapolation of potentiodynamic polarization curves is employed to determine
the corrosion current density, icorr (mA·cm−2), and corrosion rate [42–45,52,61,62].

The corrosion kinetic behavior using potentiodynamic polarization can be observed
through cathodic and anodic reactions in polarization curves. The corrosion rate in terms
of penetration (mm/s) is one of the main parameters obtained by potentiodynamic polar-
ization curves, according to Faraday’s law (Equation (5)) [46–49].

Corrosion rate =
K·icorr

ρ·E.W
(5)

where E.W = equivalent weight, icorr = current density in µA/cm2, K is a corrosion rate
constant and ρ = density in g/cm3.

According to the ASTM G199-09 standard [63], EN measurements were carried out,
allowing the noise resistance (Rn) and corrosion rate evaluation to determine in a corro-
sive medium. For each experiment, two nominally identical specimens were used as the
working electrodes (WE1 and WE2) and a saturated calomel electrode as the reference
electrode (RE). Measured electrochemical current noise (ECN) was with galvanic coupling
current between two identical working electrodes; simultaneously, electrochemical po-
tential noise (EPN) was measured linking one of the working electrodes and reference
electrodes. Monitored the current and potential electrochemical noise was concerning time
for each electrode–electrolyte combination. For each set of EN measurements, obtained
4096 data points were with a scanning rate of 1 data/s EN data was processed with a
program made in MATLAB 2018a software ((Math Works, Natick, MA, USA accessed on
15/05/2021). It removes the trends with a polynomial grade 9 and fast Fourier transformed
(FFT) with a Hann windowing [5,56]. The electrochemical measurements were recorded
simultaneously using a Gill-AC potentiostat/galvanostat/ZRA (zero resistance ammeter)
from ACM Instruments. All the electrochemical tests were performed in triplicate.

3. Results
3.1. OM—SEM Microstructural Analysis

An OM and SEM analyzed the microstructures of the samples in initial conditions.
Figure 1a shows a matrix of α phase microstructure for Ti CP2, with large grain size.
Figure 1b shows the Ti-6Al-2Sn-4Zr-2Mo microstructure. Ti-6Al-2Sn-4Zr-2Mo has α-phase
grains, with a light-appreciable deformation and angular shapes located at triple point
unions corresponding to the β phase. Figure 1c shows the Ti-6Al-4V microstructure; this
one is fine and equiaxial. α and β phases are marked with yellow arrows. This phase
presents spherical shapes and α phases. The vanadium presence in Ti-6Al-4V increases the
distribution of the β phase. The SEM analysis corroborates results and shows the porosity
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with diameters of 1–2 µm. Porosity is presented in 1.68%, 2.87%, and 1.75% for Ti CP2,
Ti-6Al-2Sn-4Zr-2Mo, and Ti-6Al-4V, respectively.
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Figure 1. OM and SEM micrograph of titanium alloys (initial conditions): (a,b) Ti-6Al-2Sn-4Zr-2Mo, (c,d) Ti-6Al-4V, and
(e,f) Ti CP2.

3.2. Electrochemical Test
3.2.1. Cyclic Potentiodynamic Polarization (CPP)

The cyclic potentiodynamic polarization curves are shown in Figures 2 and 3.
Figure 2 corresponds to titanium alloys in a 3.5 wt % NaCl solution. The anodic

and cathodic reactions present a mixed activation control. Ti-6Al-2Sn-4Zr-2Mo shows a
pseudopassivation behavior related to an unstable passive layer on the metal surface in
the anodic region. Meanwhile, Ti CP2 and Ti-6Al-4V show passivation in a range of 1.025
and 1.104 V (see Table 2). Ti CP2 had a more active potential of −0.490 V, while Ti-6Al-4V
had the noblest potential of −0.394 V. In the NaCl solution, Ti-6Al-4V shows the high Ecorr
and the higher passivation range, Ti-6Al-4V (1.104 V). Additionally, it presents a lower
Ea-c (−0.230 V) in comparison with 0.286 V of Ti CP2, indicating that the passive layer is
steadier Ti-6Al-4V than Ti CP2. Ti-6Al-2Sn-4Zr-2Mo showed pseudopassivation and not
passivation and presented 3.07 × 10−4 mA·cm−2 icorr. Low corrosion rate values were
obtained, which is presented in Table 3 with 2.67 × 10−4 mm/y. Ti-6Al-4V showed the
highest corrosion rate in NaCl with 5.9 × 10−4 mm/y, meaning that potential nobility and
passivation range were not strictly related to a low corrosion rate. The reverse loop of
Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V presents anodic reactions, so the passive layer became
unstable when the potential was in reverse. In all cases, the results show a negative
hysteresis, and this behavior indicates a uniform corrosion process. Additionally, the
current demand presented at Ea-c was lower in order than in Ecorr, suggesting that the
oxide layer on metal surfaces reduces current demand. The adjustments to use the Tafel
extrapolation in the potentiodynamic polarization curves (Figures 2 and 3) were made in
an interval of ± 50 mV/OCP, using the software from ACM instruments.
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Figure 2. Cyclic potentiodynamic polarization curves of titanium alloys exposed in a 3.5 wt % NaCl solution.

Table 2. Cyclic potentiodynamic polarization parameters in titanium alloys, in 3.5 wt % NaCl and H2SO4 solutions.

Alloys Ecorr (V) icorr
(mA/cm2) Ea-c (V)

Active-
Passive

Trans (V)
Hysteresis Range

Passive (V) C.R. (mm/y)

NaCl

Ti-6Al-2Sn-
4Zr-2Mo −0.484 3.07 × 10−4 N/A – Negative – 2.67 × 10−4

Ti-6Al-4V −0.394 13.1 × 10−3 0.230 – Negative 1.104 5.90 × 10−4

Ti CP2 −0.490 10.3 × 10−3 0.286 – Negative 1.025 5.26 × 10−4

H2SO4

Ti-6Al-2Sn-
4Zr-2Mo −0.589 10.0 × 10−3 −0.297 −0.477 Negative 1.739 1.06 × 10−2

Ti-6Al-4V −0.561 1.45 × 10−3 −0.269 – Negative 0.929 3.74 × 10−1

Ti CP2 −0.547 2.91 × 10−3 0.232 −0.479 Negative 1.156 1.20 × 10−1

Table 3. Intervals of β values of PSD to determine corrosion type.

Corrosion Type
dB(V)·Decade−1 dB(A)·Decade−1

Minimum Maximum Minimum Maximum

Uniform 0 −7 0 −7
Pitting −20 −25 −7 −14
Passive −15 −25 −1 1
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Figure 3 shows cyclic potentiodynamic polarization curves of Ti-alloys immersed in
3.5 wt % H2SO4 solution. Results showed that Ti-alloys have anodic and cathodic reactions
that present a mixed activation control. The corrosion potential is similar to those obtained
in NaCl, having the following values: Ti CP2 (−0.547 V), Ti-6Al-4V (−0.561 V), and Ti-6Al-
2Sn-4Zr-2Mo (−0.589 V). Ti-alloys in H2SO4 solution have the potentials more active, as
was Ti-6Al-2Sn-4Zr-2Mo with the highest passivation range (1.739 V). The passive range
of Ti CP2 is 1.156 V representing the noblest potential and a negative passivation slope
associated with an increase in passive layer efficiency that decreases current demand on
the titanium surface. Ti 6Al-2Sn-4Zr2Mo and Ti CP2 presented an active–passive transition
with nobler potential than Ecorr. The active–passive transition occurs when there are
susceptible to passivation and passivation film restoration, pitting, and localized corrosion
are not typical with this behavior. Ea-c confirms that Ti CP2 had a more stable passive layer
because the potential was nearest to Ecorr than in other alloys. Ti-6Al-4V exhibited three
Ecorr; this behavior is known as a cathodic loop, associated with a reduction of passive
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Figure 4a,b shows the corrosion rate behavior in NaCl and H2SO4 solutions. In both
solutions, Ti-6Al-2Sn-4Zr-2Mo presented a lower corrosion rate. Meanwhile, the higher
corrosion rate was for Ti-6Al-4V. Corrosion rate values were higher for H2SO4 solution
with values of 10−2 and 10−1 to 10−4 mm/y to NaCl solution.
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3.2.2. Power Spectral Density Analysis (PSD)

For PSD analysis is necessary to transform to frequency-domain from time-domain
applying an FFT (with a polynomial filter applied), spectral density do calculate with
Equations (6) and (7) [64].

Rxx(m) =
1
N

N−m−1

∑
n=0

x(n)·x(n + m), when values are from 0 < m < N (6)

Ψx(k) =
γ·tm

N
·

N

∑
n=1

(xn − xn)·e
−2πkn2

N (7)

The interpretation of PSD is based on the slope. The slope could be helpful to deter-
mine the type of corrosion [35]. It is defined by βx and is represented by Equation (8):

logΨx = −βx log f (8)

PSD voltage shows potential (dBe) vs. frequency (Hz). In the NaCl solution, Figure 5a
presents three alloys comparison. In Figure 4b, Ti-6Al-2Sn-4Zr-2Mo shows fluctuations in
power values at high frequencies, indicating an unstable passive layer developed. Besides,
a slope value of −20 dBe (see Table 3) marked with a green line was related to a passive
system. In Figure 5c,d, the behavior was more stable, but the slope for Ti-6Al-4V and Ti CP2
was −11 and −11; those values are not in the parameters. However, the stable behavior in
potential was associated with a passive or uniform corrosion process.

Figure 6a shows the Ti-alloys comparison PSD in the H2SO4 solution. For Ti-6Al-
2Sn-4Zr-2Mo, Figure 5b shows a stable slope, Table 3 indicates that the slope value was
−7, related to uniform corrosion. On the other hand, Ti-6Al-4V and Ti CP2 revealed that
values were not within type corrosion slope values, −13 and −8 dB (A), respectively, but
they could associate with a passive or uniform corrosion process like NaCl solution (see
Table 4).



Metals 2021, 11, 1002 10 of 18
Metals 2021, 11, x FOR PEER REVIEW 10 of 19 
 

 

 
Figure 5. PSD voltage in NaCl (a) all samples, (b) Ti-6Al-2Sn-4Zr-2Mo, (c) Ti-6Al-4V, and (d) Ti 
CP2. 

Figure 6a shows the Ti-alloys comparison PSD in the H2SO4 solution. For Ti-6Al-2Sn-
4Zr-2Mo, Figure 5b shows a stable slope, Table 3 indicates that the slope value was −7, 
related to uniform corrosion. On the other hand, Ti-6Al-4V and Ti CP2 revealed that val-
ues were not within type corrosion slope values, −13 and −8 dB (A), respectively, but they 
could associate with a passive or uniform corrosion process like NaCl solution (see Table 
4). 

Figure 5. PSD voltage in NaCl (a) all samples, (b) Ti-6Al-2Sn-4Zr-2Mo, (c) Ti-6Al-4V, and (d) Ti CP2.

Metals 2021, 11, x FOR PEER REVIEW 11 of 19 
 

 

 
Figure 6. PSD Voltage in H2SO4 (a) all samples, (b) Ti-6Al-2Sn-4Zr-2Mo, (c) Ti-6Al-4V, and (d) Ti 
CP2. 

Table 4. Parameters obtained by PSD. 

Ti-Alloys Β (dB (V)) 
NaCl 

Ti-6Al-2Sn-4Zr-2Mo −20 
Ti-6Al-4V −11 

Ti CP2 −8 
H2SO4 

Ti-6Al-2Sn-4Zr-2Mo −7 
Ti-6Al-4V −13 

Ti CP2 −8 
  

Figure 6. PSD Voltage in H2SO4 (a) all samples, (b) Ti-6Al-2Sn-4Zr-2Mo, (c) Ti-6Al-4V, and (d) Ti CP2.



Metals 2021, 11, 1002 11 of 18

Table 4. Parameters obtained by PSD.

Ti-Alloys B (dB (V))

NaCl

Ti-6Al-2Sn-4Zr-2Mo −20
Ti-6Al-4V −11

Ti CP2 −8

H2SO4

Ti-6Al-2Sn-4Zr-2Mo −7
Ti-6Al-4V −13

Ti CP2 −8

3.3. SEM Analysis

The corrosion product morphology micrographs of the titanium alloys and the ele-
ments present on the surface after SEM and EDS analyzed the electrochemical experiments;
see Figures 7 and 8.
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The presence of titanium, aluminum, zirconium, vanadium, molybdenum, and tin is
observed in the EDS energy spectrum, corresponding to the base elements of the alloys
under study.

In Figure 7a–c (EDS spectrum), Ti alloys in the NaCl solution did not have the presence
of oxygen, but all (orange box) of them shows average Na (2.57 wt %) and Cl (1.04 wt %)
on the surface, which indicates that the ions of Na+ and Cl− were diffused on the Ti-alloys
surface. However, in Figure 7b (EDS spectrum, green box), a sodium chloride particle was
observed on the surface of the Ti-6Al-4V alloy.

All samples present oxygen when Ti alloys are in H2SO4 solution (Figure 8a–c).
However, it is more prevalent in Ti CP2, where oxygen in the darker zone, marked with
an orange box (average 8.12 wt %), was higher than in the area marked with a green
box (average 36.98 wt %). In addition, the spectra EDS of Figure 8 indicates that sulfur
(average 9.59 wt %) was present. However, since the layer was not thick, surfaces did not
significantly change color in areas.

4. Discussion

Titanium and its alloys depend on the chemical composition and alloying elements
because they play a significant role in determining corrosion resistance [5,65]. In Froes
et al. [66], the porosity of alloys compromises the mechanical strength and adequate pore
size to obtain specific operating properties.
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In Ti CP2 and Ti-6Al-4V samples, the microstructural analysis revealed the porosity,
which causes loss of mechanical properties because pores are stress concentrators [65].

Seah et al. reported that although porosity makes material susceptible to localized
corrosion, it can also repassivate. Therefore, an increase in the porosity of metals leads to a
lower corrosion potential value, which results in increased susceptibility of porous materi-
als to localized corrosion. It does assume that the relatively small pores present in the cell
walls favor electrolyte placement and oxygen depletion, which is essential in the stability
and preservation of the oxide layer on titanium. With open and interconnected pores,
elements with higher porosity allow more effortless electrolyte flow, which complements
the oxygen supply during the passivation process [67].

The higher values of Ecorr are related to surface oxidation [68]. Dabrowski et al. [69]
related that the porosity of titanium ranged from 45 to 75% with corrosion resistance.
The material with higher porosity exhibited less corrosion susceptibility than those with
45% porosity. However, both elements exhibited lower corrosion resistance than the solid
Ti [69]. Chen et al. confirmed that the electrolyte flow could also decrease solid and porous
materials [70].

In this research, the porosity affected the generation of a homogenous passive layer.
As pores are high-energy zones, current will accumulate in those areas generating reactions
in anodic breach or pseudopassivation. Ti-6Al-2Sn-4Zr-2Mo was the alloy with higher
porosity (2.88%). The NaCl electrolyte presents difficulties creating a homogenous passive
layer; porosity is one factor that interferes with developing a continuous oxide layer. Even
though pores affect the passive layer generation, it is essential to mention that all materials
naturally present a porosity percentage linked with the manufacturing process. The pore
diameters are in the order of 1–2 µm, minimizing influence in corrosion behavior.

Recent reports have shown resistance high corrosion resistance and difficulty of Cl−

ions to penetrate the metal surface. However, Cl− can penetrate the oxide layer. Al-
Saadi [36] determined that Cl– ions penetrated surface film, creating adsorption of Cl−

in the oxide layer. According to values obtained in this research, Yang et al. [16] found
10−5 A·cm2 for icorr. Al-Saadi et al. also conclude that different types of localization do
attribute to microstructure. The difference of phases causes localization problems for
the passive layer. Yang mentioned that localization does accumulate on the β boundary.
Nabhani et al. [64] associate the difference in oxide layer composition as a facilitator to
Cl− penetration because the oxide layer changes in the α and β phase. The α oxide layer
is composed of a significant part of TiO2 and is lesser in Al2O3 and the β oxide could be
composed of vanadium or molybdenum. Both structures have higher pores because of
atom distances and chloride ions penetrate those preferent zones as interstitial components.
The difference in pores diameters avoids the generation of a stable passive layer notable
in Ti-6Al-Sn-4Zr-2Mo. Pores bring forward a diffusion process [71–73], which reinforces
Beck et al.’s research [74,75] on the susceptibility of Ti-alloys to halides. Perhaps Cl−

do not attack titanium surfaces at low potentials, but avoiding the homogenous passive
layer developed. It can bring problems in prolongate time being sensitive to localized
attacks, as De la Garza-Ramos et al. [76] conclude when Ti-6Al-4V do expose to the salt
environment. Montoya Rangel et al. [77] conclude that when the protective layer did not
present homogenous and continuous morphology, the corrosion protection will decrease,
making materials susceptible to localized corrosion.

In the H2SO4 solution, all samples presented a passivation range, being the highest
for Ti-6Al-2Sn-4Zr-2Mo, denoting a stable layer. Wang et al. [73] concluded that H2SO4
generates an oxide layer stable, but when halides are added in the solution layer developed
pores, those halide concentrations increase according to critical values. Takahashi et al. [78]
conclude that H2SO4 generates hydrolysis in the Ti4+ return in TiO2 and is deposited on
the surface. Cabral et al. [79,80] identify the generation of a stable passive layer with the
capacity to restore itself with active–passive transition potential; for that reason, Ti-6Al-2Sn-
4Zr-2Mo and Ti CP2 showed a stable behavior in H2SO4. Lara-Banda et al. [24,81] relate
active potential with better passive layer stabilization. This phenomenon occurred for
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Ti-6Al-2Sn-4Zr-2Mo that presented the Ecorr most active of alloys and the highest passive
range in H2SO4. According to Doll et al. [82], Ti-6Al-4V will form an oxide layer of TiO2
with nanopores uniformly distributed at a long-time lapse of exposure. Although Ti-alloys
developed a more stable passive layer in this research, corrosion rates are higher than in
NaCl. This behavior could be attributed to the dissolution of the oxide layer and titanium
surface covered by hydroxide or hydrated oxides [83,84]. In the return loop, an active
anodic beach is observed, indicating the oxide layer dissolution. The same wet system can
provoke surface humidity and facilitate layer dissolution.

For Ti-6Al-4V presented in an anodic breach, a phenomenon named by a diverse set
of authors as a cathodic loop, Wang et al. [73] accredit this phenomenon to a change in
electrolyte concentration, provoking oxide reduction and a change in pH solution. On the
other hand, Lee et al. [85] related a cathodic loop with more parameters as a microstructure
difference and scanning rates. However, they found that decreasing the scan rate Ecorr
trend to decrease. Besides, cathodic loops are present and related this phenomenon to a
high OH− concentration. Lee et al. [85] related a cathodic loop with oxygen discharge,
so Ti-alloy increases the cathodic current; after that, Ti-alloy provides an oxidizing power
to the system and generates a cathodic loop. In addition to Beavers [86] associated with
oxygen or any oxidant agent in the test, Ramgopal et al. [87] and Cabral-Miramontes [88,89]
obtained cathodic loops also and they associated it with protective layer reduction.

PSD results analyzed by the slope method showed results of uniform corrosion for
Ti-6Al-2Sn-4Zr-2Mo. However, the other two Ti-alloys slope values are not in the corrosion
type classified. This is in accordance with the conclusion of authors like Dawson, Uruchurtu,
Homborg, Legat, and Lentka [90–93], where recommend do not use slope to determine the
corrosion type. Uruchurtu, Dawson, and Legat recommend analyzing all the fluctuations
in PSD; meanwhile, Homborg and Lenka suggest using other methods to analyze EN. This
research corrosion type has collaborated with CPP, so slope values are associated with the
passive and uniform process.

5. Conclusions

• Titanium alloys did not show susceptibility to pitting corrosion as observed in cyclic
potentiodynamic polarization.

• The electrochemical results indicated that Ti-alloys developed passive layers in NaCl
and H2SO4 solutions, but the passive layer is more stable in H2SO4 than the NaCl
solution. Instability is related to Cl− ions that avoids the proper layer growth.

• The passive layer was unstable for Ti-6Al-2Sn-4Zr-2Mo in the NaCl solution because
Cl− ions penetrated the oxide surface, being an unstable layer. CPP and PSD re-
sults confirm this with pseudopassivation and fluctuations, respectively. Further,
molybdenum in the β phase facility the instability of the passive layer.

• Corrosion rates increase in the H2SO4 solution due to passive layer dissolution and
the metal surface was exposed to the electrolyte.

• Ti-6Al-4V had higher corrosion rates; this did attribute to phases differences. β phase
induced the development of vanadium oxide, which provoked an oxide layer with
bigger pores so Cl− and OH− ions could penetrate the alloy. The difference in the
oxide layer and OH− concentration induced cathodic loops in Ti-6Al-4V.

• SEM observations presented diffusion of Cl− and Na+ on the material surface. For the
H2SO4 solution, samples showed oxygen presence, but presence increase in Ti CP2,
because this alloy did not have a phase difference, was only in α.

• Given the enormous industrial importance of this type of titanium alloy and by
obtaining a better understanding of their corrosion behavior, we recognize that the
use of powerful electrochemical techniques would be of great benefit.
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