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Abstract: Ti and Ti6Al4V alloy are extensively utilized in structural parts in engineering applications
and the production of medical implants due to their excellent mechanical properties, lightweight,
and high corrosion resistance. This study comprehensively evaluates their corrosion behavior in
three challenging aquatic environments: brackish water, seawater, and seawater bittern. Utilizing
open circuit potential (Eoc) measurements with polarization techniques (linear and potentiodynamic)
and electrochemical impedance spectroscopy (EIS) measurements, the research highlights distinct
environmental influences on corrosion performance. Notably, Ti and Ti6Al4V alloy demonstrated
exceptional stability with the highest polarization resistance and lowest corrosion current in brackish
water, while seawater bittern presented the most demanding condition for Ti6Al4V. Additionally, the
analysis of the electrode surfaces after polarization measurements using optical microscopy, optical
profilometry, and SEM/EDS tests revealed minor damage, indicating the high corrosion resistance
of these materials. This study advances the understanding of Ti and Ti6Al4V alloy performance in
diverse environments and offers valuable insights for optimizing their use in harsh aquatic conditions,
particularly for applications requiring durability and longevity.
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1. Introduction

Titanium and its alloys have unique qualities of high strength, low density, excellent
corrosion resistance, and biocompatibility, making them a promising material for vari-
ous engineering applications, especially in the aerospace, automotive, shipbuilding, and
biomedical fields [1-5]. Titanium is known for its high corrosion resistance, thanks to the
formation of the protective film composed of titanium dioxide (up to 10 nm thickness) that
remains stable in a wide range of media. When the passive layer is damaged, the base metal
is exposed to oxygen-rich corrosive solutions, causing the dissolved Ti ions to react with
oxygen and rapidly form a new oxide film. This new film once again separates the base
metal from the corrosive agent, demonstrating the self-healing nature of the passive film.
This means titanium alloys can withstand exposure to natural waters and salt solutions,
including chlorides, sulfates, silicates, phosphates, nitrates, and carbonates, across a wide
pH range [5-8]. Titanium demonstrated lower susceptibility to stress corrosion in chloride
solutions compared to stainless steels, making it well suited for water, seawater, and brine
applications [9,10]. Moreover, reports confirmed its immunity to general corrosion up
to 260 °C, along with a high resistance to erosion and cavitation corrosion up to 36 m/s
in marine environments [11]. Ti6Al4V alloy is the most used titanium alloy that exhibits
superior mechanical properties compared to commercially pure titanium, featuring a high
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strength-to-weight ratio, high fracture toughness, increased corrosion resistance, excellent
biocompatibility, and minimal thermal expansion [12-15].

These properties make titanium and Ti6Al4V alloy desirable construction materials
for a variety of applications involving seawater, starting from thin-walled heat exchanger
tubing, which has good heat transfer properties, up to submarine hulls, ships, platforms,
desalination plants, salt production evaporators, and water jet propulsion systems.

The properties of the protective oxide film (nature, composition, and thickness) depend
on the environmental conditions. In some conditions, when the integrity of the oxide film
is broken, titanium could become vulnerable in a corrosion environment [16].

Mansfield et al. [17] investigated seawater movement’s effect on stainless steel and
titanium corrosion behavior using a rotating disk electrode. They found that both materials
have very low corrosion rates, and that mass transport had no effect on the corrosion
rates of these materials due to the presence of a tenacious passive oxide layer. The passive
current density was independent of the transport of solution constituents while the cathodic
reaction was under charge transport control. Palraj and Venkatachari [18] studied the effect
of macrofouling on the corrosion of titanium by impedance and polarization techniques.
The results showed negligible Ti corrosion in seawater exposure with an appreciable fouling
load. Rao found an increased susceptibility to pitting corrosion of titanium due to exposure
to a sulfate-reducing bacteria (SRB) culture [19]. The investigation of Nady [20] revealed
that the barrier layer resistance decreases in NaCl polluted with H,S, indicating that sulfides
affect the corrosion behavior of Ti and its alloys. Titanium grade 2 tubes, subjected to a
natural seawater environment within heat exchangers, failed, owing to hydrogen-assisted
corrosion (HAC) [21].

Su et al. conducted a comprehensive investigation into the corrosion behavior of the
wrought Ti-6Al-3Nb-2Zr-1Mo (Ti80) alloy in artificial seawater with varying fluoride ion
(F7) concentrations and pH values. Their findings underscore the significant influence of
solution pH on the cathodic and anodic processes, as well as the pronounced promoting
effect of fluoride ion concentration on the anodic reaction [22].

Ionic species present in seawater, such as C1=, Br—, F~, 17, HCO; ™, Ca?*, and dis-
solved O,, may be involved in the formation reactions of passive film or its dissolution
by its penetration into the film or deposition on its surface. Therefore, they can affect the
passivation performance of Ti alloys [10].

This paper combined classical electrochemistry techniques, along with surface analysis
testing to compare the corrosion behavior of titanium (Ti) and Ti6Al4V alloy in brackish
water, seawater, and seawater bittern, which represents the residue in the saltern during
NaCl salt production. The selection of three different media—brackish water, seawater,
and seawater bittern—was used to investigate the corrosion behavior of Ti and Ti-6Al-4V
alloy in a realistic environment. Assessing corrosion behavior in localized or site-specific
environmental conditions, such as seawater with unique salinity, pH, or organic content,
can provide novel insights. Research often needs more data on specific regional waters,
like brackish waters in estuaries or specific seawater compositions. Seawater bittern is far
less explored, but in some industries, like salt production by sun evaporation (e.g., Solana
Pag), the seawater bittern is commonly present in large quantities. Due to such water’s
generally more corrosive behavior, the industry is interested in utilizing more corrosive
resistance alloys such as titanium alloys. Furthermore, these alloys are already widely used
as a structural part in desalination plants, shipbuilding, the offshore oil and gas industry,
heat exchangers, salt production, diving equipment, etc. [9,23-27]. Titanium and its alloys
are known as “marine metals” as they represent ideal materials for producing structural
parts for seawater desalination facilities and power plants [9,28]. Although stainless steel
and copper—nickel alloys are less expensive alternatives, the long-lasting results analysis of
the operation of piping systems made of different materials for a significant number of civil
fleet ships and vessels has proved that systems made of conventional materials (copper
base alloys, stainless steels) have a restricted lifetime, which is significantly less compared
to one made of Ti and Ti6Al4V alloy. In some cases, the equipment made from Ti and Ti
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alloys (pipes, valve pumps, heat exchangers) had a service life of 40 years [23,29]. Extended
service life can result in significant life cycle cost savings. Moreover, the amount of Ti used
in production pipeline systems in tankers is several times less than that of copper alloys
and steels. Thus, the cost of titanium parts provided for the complete service life is lower
than stainless steel or copper—nickel alloys [23].

The other benefit and novelty of this research is comparing Ti with the most used tita-
nium alloy, Ti-6Al-4V, in different corrosive environments, which can reveal how alloying
elements can influence corrosion behavior.

2. Results and Discussion
2.1. Electrochemical Measurements

Figure 1 shows the open circuit potential evaluation for Ti (a) and Ti6Al4V alloy (b) in
different electrolytes.
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Figure 1. Open circuit potential measurements in brackish water, seawater, and seawater bittern for
Ti (a) and Ti6Al4V alloy (b).

Figure 1a shows that the most negative initial potential is measured for Ti in seawater
bittern, where its value has a positive inclination throughout the entire measurement period.
A positive change in the Eoc was also observed when measuring brackish water, while
seawater has a visible initial drop in potential, but then it stabilizes. The most positive
Eoc value was recorded for the brackish water measurement, while the final Eqc values
for seawater and brackish water were similar. After immersing the Ti6Al4V electrode
in the electrolyte, the potential becomes positive with time for brackish and seawater,
and the potential becomes negative for seawater bittern (Figure 1b). At the end of the
measurement (after 60 min), similar Eoc values were obtained for the Ti6Al4V electrode in
brackish and seawater, while a more negative value was observed for the measurement in
the seawater bittern.

Figure 2 shows the results of the linear polarization measurements in different elec-
trolytes for titanium (a) and Ti6Al4V alloy (b).

The values of polarization resistance (Rp) shown in Table 1 are determined from the
slope of the shown linear i-E dependencies. High values of R, were obtained for all three
media, which indicates a high corrosion resistance of Ti in the tested media. The highest
Rp value Ti is shown in brackish water, and the lowest is in seawater, which contains
the highest concentration of chloride ions. Higher R, values were obtained in linear
polarization investigations of Ti6Al4V in brackish water and seawater compared to pure
Ti. However, the Ti6Al4V alloy shows the lowest value of R}, in seawater bittern, which
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is most likely a consequence of the high concentration of various cations and anions that
negatively affect the corrosion resistance of the alloy.
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Figure 2. Linear parts of i-E curves for Ti (a) and Ti6Al4V alloy (b) in brackish water, seawater, and
seawater bittern.

Table 1. The corrosion parameters of Ti and Ti6Al4V alloy in different electrolytes.

. icorr Ecorr Rp
Medium (LA cm~2) V) (KO cm?)
Ti
brackish water 0.3 —0.405 413.00
seawater 1.6 —0.455 52.24
seawater bittern 1.2 —0.600 147.00
Ti6Al4V
brackish water 0.15 —0.413 511.56
seawater 0.9 —0.585 208.81
seawater bittern 2.2 —0.628 36.75

Potentiodynamic polarization curves in different electrolytes for titanium (a) and
Ti6Al4V alloy (b) are shown in Figure 3.
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Figure 3. Potentiodynamic potential measurements in brackish water, seawater, and seawater bittern
for Ti (a) and Ti6Al4V alloy (b).

A significant difference in the anodic branches of the curve is visible, which is a
consequence of the different intensities of anodic dissolution reactions depending on the
medium. The curve obtained by testing seawater bittern shows the lowest anodic current
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density. Although the concentration of cations and anions in this electrolyte is the highest,
the lower content of the chloride ions compared to the brackish water and seawater is the
most likely reason for this behavior. On the other hand, the highest values of anodic current
densities were obtained during testing in seawater, which is also related to the highest
concentration of chloride ions in the electrolyte. Also, the shape of the anodic curve is
different for investigations in the seawater bittern compared to investigations in the brackish
water and seawater. Namely, at potentials more positive than the corrosion potential, the
anodic part of the curve in seawater bittern is significantly steeper compared to the anodic
parts of the curve in brackish water and seawater, which indicates passivation of the
electrode surface with a passivation current density of 1 to 10 um cm 2. When measuring
in brackish water, after the corrosion potential, the current increases to a potential of
approximately —0.1 V, after which the current does not significantly increase with the
changes in potential in a positive direction, which indicates the formation and growth
of a protective oxide layer on the surface. A similar phenomenon is also recorded in the
polarization curve in the seawater, but with somewhat higher values of anodic current
densities. Despite this, it should be noted that at high anodic potentials, anodic current
densities did not exceed the value of 5mA, and there is no indication of reaching breakdown
potential. Regarding the potentiodynamic polarization curves for the Ti6Al4V alloy, similar
anodic and cathodic behavior is visible, characterized by low values of anodic and cathodic
current densities and thus low values of corrosion current densities. The phenomenon
of passivity is also characteristic of the Ti6Al4V alloy, which can be seen from the anodic
parts of the polarization curves. However, unlike Ti, significantly higher anodic current
densities were obtained in measurements in seawater bittern, which shows that high cation
and anion concentrations significantly negatively impact the alloy’s corrosion resistance.
Corrosion parameters were obtained from electrochemical measurements and shown in
Table 1.

It can be seen that Ti and Ti6Al4V alloy have the most positive corrosion potential
in brackish water, but the most negative in seawater bittern. Furthermore, for Ti, the
lowest value of the corrosion current density was recorded in brackish water, but the
highest in seawater. While for the Ti6Al4V alloy, the highest corrosion current density was
recorded in seawater bittern. Corrosion current density values are generally low in all three
media, along with high polarization resistance values, indicating high Ti and Ti6Al4V alloy
corrosion resistance.

According to Zhang et al. [30], the mechanism of electrochemical reactions of Ti
corrosion in seawater can be described as follows:

Ti — Ti%t 4 2¢~ (1)

The Ti?* ion is unstable in water and forms a Ti** ion, which transforms into Ti(OH)3
according to the following reactions:

2Ti%T +2H,0 — 2Ti*T +20H™ + H, )
Ti*T +30H" — Ti(OH), 3)

Ti(OH)3 turns into TiO, according to the following reaction (4):
2Ti(OH); — 2TiO,-2H,0 + H, 4)

According to various authors [26,31,32], the surface oxide layer on the Ti6Al4V alloy
dominantly contains TiO,, which is formed first, considering that Ti has a higher affinity for
bonding with oxygen compared to Al and V, which is formed according to the following
reaction (5):

Ti+ Oy — TiO; (5)
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The reaction of oxygen and aluminum leads to the formation of Al;O3, which is also
detected on the surface of the Ti6Al4V alloy in the form of Al-rich regions [5,12,33].

4A1+ 30, — 2A1,03 (6)

Vanadium is the last to react with oxygen, forming V,05 according to the following
reaction (7):
4V + 50, — 2,05 (7)

Vanadium cannot be detected at the outermost surface in natural oxides; it is located
below the top surface and may only be observed after some sputtering either by XPS or
AES [34].

The EIS results also confirm the extent of surface reactivity of the tested samples under
open circuit conditions. The results for cp-Ti and Ti6Al4V in different chloride media are
shown in Figure 4 in the Nyquist and Bode diagrams.
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Figure 4. Nyquist (a,b) and Bode (c,d) plots recorded on cp-Ti and Ti-6Al-4V alloy in different solutions.

In the Nyquist diagram, incomplete capacitive semicircles can be seen, indicating that
the investigated systems have extremely high resistance (impedance) due to the passive
nature of the surface films [16,30,35]. For both samples, the size and radius of the semicircles
significantly depend on the type of electrolyte.

The Bode plane represents the impedance and phase angle dependence on the fre-
quency (log | Z1—log f; phase shift—log f). In the high-frequency range, only the influence
of the electrolytic resistance, R}, was observed in the total impedance, with a phase shift of
~0°. In the medium and low-frequency range, a double capacitive behavior is observed for
both samples, reflecting the dielectric properties of the surface protection layer. The total
impedance of the system (as well as the phase shift) also depends on the type of electrolyte
used. For the Ti sample, |Z| increases in the following order: seawater < seawater bit-
tern < brackish water. For the Ti6Al4V alloy, | Z| increases in the following order: seawater
bittern < seawater < brackish water.
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The results obtained are consistent with the data found in the literature. It is widely
recognized that the oxide film on the surface of Ti and its alloys has a two-layer structure,
comprising an inner, thin, compact layer known as the barrier film and an outer, porous
layer [30-38]. The inner barrier film exhibits an exceptionally high impedance, whereas the
outer porous layer demonstrates significantly lower impedance.

Figure 5 presents the equivalent circuit (EC) used to analyze the impedance data.
It includes the electrolyte resistance, R, (3-8 Q2 cm?), connected in series with two-time
constants. The high-frequency time constant (Q;R;) represents the properties of the porous
(outer) part of the oxide film; R is the resistance of the porous layer (i.e., the resistance of
the electrolyte inside the pores) while Q; describes the capacitance of the porous layer. The
medium/low-frequency time constant (Q,R;) describes the inner, i.e., barrier part of the
oxide film, where R, represents the resistance, and Q is the capacitance of the inner layer.

Figure 5. The EC model used to fit the EIS data.

According to the size of the coefficients 111 and ny, the constant phase elements (CPEs;
Q1 and Q) in the EC represent the deviation of the capacitance (C) from the ideal behav-
ior [39]. The calculated EC parameters are listed in Table 2. The Q was transformed in C
using the following equation [22,40,41]:

C— [QRl_"} 1/n ®)

Table 2. Electrical parameters of equivalent circuit obtained by fitting EIS data for cp-Ti and Ti6Al4V
in different solutions.

. Q1 X 106 C1 R1 Qz X 106 Cz dz Rz
Medium @1s"em2 "M @Fm?) Q) (Qls"em2 " (uWFem2) (nm) (KO cm?)
Ti
brackish water 61.57 0.87 28.90 100.23 39.32 0.87 42.84 2.00 414.96
seawater 110.91 0.85 46.28 62.27 50.75 0.85 56.27 1.52 53.48
Si".‘water 78.45 0.85 31.81 74.76 44.99 0.86 48.54 1.77 148.30
ittern
Ti6AI4V
brackish water 56.78 0.87 26.79 112.65 34.32 0.89 36.53 235 508.54
seawater 73.83 0.86 32.36 86.32 4028 0.86 43.87 1.96 208.09
s]ej.‘water 121.16 0.85 48.57 45.41 61.39 0.83 65.36 1.31 37.48
ittern

And the obtained values for the porous and barrier layers (Cy, C;) are also provided
in Table 2.

After one h of immersion in chloride media, both samples show good protective
properties due to the inner part of the oxide layer (R; is three orders of magnitude higher
than R;). It is also important to note that the sum of the resistances (R; + Ry) represents
the polarization resistance (Rp) of the system [22], and these results agree with those of the
polarization measurements. The higher the polarization resistance, the higher the corrosion
resistance of the system. From the data in the table, R; and R; (and their sum) for the Ti
samples increase in the order of seawater < seawater bittern < brackish water, while for the
Ti6Al4V alloy, the order is as follows: seawater bittern < seawater < brackish water.
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(d)

In both samples, the increase in the resistance of the barrier and porous layers (Rj,
Ry) is accompanied by a corresponding decrease in their capacities (Cy, Cp). In addition,
the capacitance of the porous layer is lower than the capacitance of the barrier layer under
all test conditions (regardless of the type of sample and medium). Based on the plate
capacitor model, the capacitance of the oxide film is inversely proportional to its thickness,
d, as follows:
€0

c= ©)

where ¢, represents the permittivity of vacuum, and ¢ is the dielectric constant of the oxide
film. Considering that the oxide film on Ti and Ti6Al4V mainly consists of TiO,, whose
dielectric constant is 100 according to the literature [40,41], the thickness of the barrier layer
was roughly estimated, and the obtained results are given in Table 2.

As mentioned, the resistance of the porous layer on Ti and Ti alloy in all tested solutions
is relatively low (compared to the barrier layer), suggesting that the pores in the oxide film
are likely filled with the electrolyte solution. Due to its open structure, determining the
thickness of the outer porous layer is difficult. From these findings, it can be concluded
that the corrosion of both samples is primarily prevented by the thin inner barrier layer
(~2 nm) of high resistance (~from 40 to 500 k(2 cm?). Furthermore, according to the results
given in the table, the thickness, polarization resistance, and thus the corrosion resistance
of Ti and Ti6Al4V samples are highest in brackish water. In contrast, Ti in seawater and the
alloy Ti6Al4V in seawater bittern show the poorest corrosion resistance (lowest thickness
and polarization resistance), which is consistent with the polarization measurements.

2.2. Surface Analysis

Immediately after the potentiodynamic polarization measurements were completed,
the electrodes were taken out of the electrochemical cell and immersed in a beaker with
deionized water. After 1 min, they were removed and dried by a stream of warm air. The
dry surfaces of the electrodes were examined with a light microscope at a magnification of
100 times. The results are shown in Figure 6 for Ti electrodes and Ti6Al4V electrodes.

© )

Figure 6. Optical microscope images of surface of Ti after potentiodynamic polarization measure-
ments in (a) brackish water, (b) seawater, and (c) seawater bittern; and surfaces of Ti6Al4V after
measurements in (d) brackish water, (e) seawater, and (f) seawater bittern.
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Barely noticeable damages are visible on the electrode surfaces, with the most signifi-
cant changes observed on the surface of the Ti electrode after the polarization tests carried
out in seawater, where the highest values of anodic current densities were also achieved.
The images of the surface also show clear and slight markings that remained after the
manual mechanical preparation of the electrode by grinding and polishing. Similar surface
conditions can also be seen on the Ti6Al4V alloy, where minor damages are most noticeable
on the electrode exposed to seawater bittern.

SEM/EDS analysis can provide better insight into the Ti and Ti6Al4V surface condition
after potentiodynamic polarization tests were conducted. Figure 7 shows SEM images
of the Ti and Ti6Al4V surfaces after polarization measurements, which confirmed the
electrochemical measurements regarding the highest corrosion attack on Ti in seawater and
on Ti6Al4V in seawater bittern.

Figure 7. SEM images of surface of Ti after potentiodynamic polarization measurements in (a) brack-
ish water, (b) seawater, and (c) seawater bittern; and surfaces of Ti6Al4V after measurements in
(d) brackish water, (e) seawater, and (f) seawater bittern.

EDS analysis was performed on the Ti surface, which was exposed to seawater, and
on the Ti6Al4V alloy exposed to seawater bittern during polarization measurements, and
the results are shown in Figures 8 and 9 and Tables 3 and 4.

Electron Image 2
N X

M Spectrum 4
T |
o N

(a) (b)

Figure 8. (a) SEM image of surface of Ti after potentiodynamic polarization measurements in seawater
and (b) EDS point analysis in Spectrum 4.
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Figure 9. (a) SEM image of surface of Ti6Al4V after potentiodynamic polarization measurements in
seawater bittern and (b) EDS point analysis in Spectrum 1.

Table 3. EDS elemental analysis at different positions of Ti sample after polarization measurement in

seawater.
El(e‘::’rtl;:;ts Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4 Spectrum 5

O 11.05 8.63 10.78 13.45 9.17
Na - - - - -
Mg - - - 0.05 -
Al 0.44 0.28 0.28 - 0.38
Cl - - - - -
K - - - - -
Ca 0.05 0.38 0.10 0.22 -
Ti 87.94 90.25 88.83 86.28 90.00
Cu 0.53 0.46 - - 0.45
Si - - 0.11 - -

Table 4. EDS elemental analysis at different positions of Ti6Al4V sample after polarization measure-
ment in seawater bittern.

Elements Spectrum Spectrum Spectrum Spectrum Spectrum Spectrum Spectrum Spectrum  Spectrum

(wt%) 1 2 3 4 5 6 7 8 9
(@) 8.64 13.58 8.92 5.77 26.27 7.78 6.67 13.31 6.76
Na - - - - - 0.12 - 0.08 -
Mg 2.14 247 0.59 - 0.86 1.07 - 0.24 0.45
Al 4.24 4.86 5.63 6.23 8.15 524 5.59 521 5.76
Cl 211 1.07 0.28 - 0.64 0.84 - 0.27 0.22
K 0.74 0.26 - - 0.15 0.22 - - -
Ca - 0.04 0.15 0.07 - 0.06 - 0.43 -
Ti 77.30 7241 80.43 84.10 60.75 81.18 82.67 76.93 82.16
\Y% 4.04 4.30 3.14 3.02 2.52 3.32 4.07 343 3.76
Cu 0.78 0.86 0.67 0.81 0.66 - 1.0 - 0.90
S - 0.14 0.15 - - 0.17 - 0.12 -

Numerical data shown in Table 3 reveal a high percentage of Ti in all positions. The
second dominant element is oxygen, the percentage of which changes depending on the
position, ranging from about 9.17 to 11.05%. Other elements appear sporadically in certain
positions at a significantly smaller percentage. The appearance of copper is most likely
related to the use of a conductive copper strip that covered a small part of the metal surface
for gaining the electrical contact between the electrode and the support necessary for
SEM/EDS measurements, given that the polyacrylate insulating mixture is non-conductive.

Table 4 shows that the alloying elements of the Ti6Al4V alloy show the highest ele-
mental percentage. As expected, oxygen is present in a relatively high percentage at every
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point, followed by chlorine and other elements in smaller percentages, as seawater bittern
has the highest concentration of dissolved ions.

Figure 10 shows 3D optical profilometry measurements. Optical profilometry was
used as the non-contact and user-friendly method for maximizing surface investigation
and also offers the advantages of combined 2D and 3D capability. The Profilm3D optical
profiler (KLA Corporation, Milpitas, CA, USA) uses white light interferometry, which
enables measures of the surface profiles and roughness down to 0.05 pm, which makes
it a useful device for surface degradation and topography measurement after corrosion
measurement techniques. It also enables the measurement of the area surface roughness
according to the ISO 25178 height standard [42], which is a step forward from the usual
line surface roughness measurements.

26 ym 224um

222um
255 m

22 ym
25 um 218um
216 um
214 um
21.2um

21pm

20.8 pm

57.8 pm 282 m

57.6 ym R
27.84m
574 ym
276 pm

S22 274 m

57 ym 27.2pm

56.8 m 27

26.8 um
56.6 m

Figure 10. Three-dimensional optical profilometry images of surface of = Ti after potentiodynamic
polarization measurements in (a) brackish water, (b) seawater, and (c) seawater bittern; and surfaces
of TibAI4V after measurements in (d) brackish water, (e) seawater, and (f) seawater bittern.

In this case, 3D optical profilometry was used as a tool to evaluate area surface
roughness (Sa) since, due to the excellent corrosion resistance of Ti electrodes, there were
no significant corrosion pits at the used profilometry scanning resolution. According to
the 3D profilometry results and Figure 10a—c, the Ti electrode mean arithmetic surface
roughness values for brackish water, seawater, and seawater bittern were 0.1704 pm,
0.386 pm, and 0.1585 um, respectively. Therefore, the maximum value of surface roughness
of the Ti electrode was obtained by measurement in seawater, which also corresponds to the
highest values of corrosion current density and lowest corrosion potential values, Table 1.
The surface roughness increment indicates pronounced corrosion development, which
confirms potentiodynamic polarization measurements. According to Figure 10d-f and
the 3D profilometry results for Ti6Al4V, the electrode mean arithmetic surface roughness
values for brackish water, seawater, and seawater bittern were 0.1147 um, 0.08973 pm,
0.1354 um, respectively. In this case, the maximum surface roughness of the Ti6Al4V
electrode was obtained by measurement in seawater bittern, which also corresponds to
the highest corrosion current density and lowest corrosion potential values, as shown in
Table 1.

Overall, the surface roughness for the Ti6Al4V electrode is smaller than for the Ti elec-
trode, which indicated generally better corrosion resistance, which is also confirmed with
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the potentiodynamic polarization measurements. However, the highest corrosion current
density and lowest corrosion potential values were obtained at the Ti6Al4V electrode in
seawater bittern, as shown in Table 1. According to Figures 10f and 11, that is also the only
specimen where corrosion pits were developed, which indicated different corrosion mech-
anisms in these specimens in seawater bittern due to the different chemical composition
than in pure Ti electrodes. It is fair to say that despite increased corrosion resistance and
the preserved surface of the Ti6Al4V electrode compared with the Ti electrode in sea and
brackish water, there is a significant deterioration of both surface appearance and corrosion
resistance of the Ti6Al4V electrode in seawater bittern, as shown in Figure 11 and Table 1.
According to Figure 11, the visible corrosion pits have a width of 50-80 um, while the depth
is only 1.5 pm. Therefore, the obtained surface pits are relatively wide but very shallow.

) )
o e , 3
X—Distance (um) ;

Figure 11. Three-dimensional appearance of corrosion pits and line profile measurement for Ti6Al4V
electrode after potentiodynamic polarization measurements in seawater bittern.

3. Materials and Methods

A sample of 99.6% pure titanium and a titanium alloy with 6% aluminum and 4%
vanadium (Ti6Al4V) in the form of rods were purchased from GoodFellow Cambridge Ltd.
(Huntingdon, UK). Both rods were 20 cm long, with a diameter of 0.4 cm for Ti and 0.5 cm
for the Ti6Al4V alloy rod. From the original samples, three smaller pieces in the shape
of a cylinder with a length of 1.5 cm were cut with a metallographic cutter Buehler Delta
Abrasimet (Buehler, Lake Bluff, IL, USA). The connection between the base of the cylinder
and the insulated copper wire was achieved by pulse welding using the Lampert PUK U5
device (Lamper Werktechnik GmbH, Werneck, Germany). After joining, the electrodes
were protected from all sides, except for one (the opposite base of the cylinder in relation to
the connection point with the Cu wire), with epoxy resin (Presi, Eybens, France), whereby
the non-insulated bases of the Ti cylinder (surface area 0.125 cm?) and the cylinder Ti6Al4V
alloy (surface area 0.196 cm?) represented working surfaces that were in contact with the
electrolyte. The investigations were carried out in three different electrolytes: brackish
water, seawater, and seawater bittern. Brackish water was collected in Solin near the city of
Split, where the Jadro River flows into the Adriatic Sea, while the seawater was collected in
the village of Stobre¢ near Split. Seawater bittern was collected from a slattern in Ramova
(Krvavica-Makarska, Croatia). Seawater bittern is a highly concentrated and very bitter-
tasting solution that remains after the evaporation and crystallization of NaCl from brines
and seawater during sea salt production. The chemical composition of seawater bittern
was shown elsewhere [43].

The physical characteristics of the electrolyte are determined by a portable device with
a YSI PRO 1030 measuring probe (Xylem Inc., Yellow Springs, OH, USA) and shown in
Table 5.
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Table 5. Physical characteristics of electrolytes.

. Conductivity Density Salinity
Medium pH (mS cm-1) (g cm-3) (ppbH) TDS
brackish 7.90 21.3 1.025 6.1 ppt 7.01
water
seawater 7.89 43.6 1.030 29.9 ppt 29.99
seawater " "
bittern 6.21 133.3 1.305 69 ppt 62.3

* The values marked with (*) for seawater bittern were obtained after 5-time dilution with deionized water.

As seawater bittern is a highly concentrated ionic solution, salinity and TDS measure-
ments are impossible without dissolution because the values exceed the upper measuring
limit of the YSI PRO 1030 measuring probe. Therefore, a 5-time dissolution was performed
to determine salinity and TDS values. The corrosion investigation was conducted with
undiluted seawater bittern.

Mechanical preparation of the surface of the working electrodes prior to electrochemical
measurement was carried out using a Metkon Forcipol 1V metallographic grinder/polisher
(Metkon, Bursa, Turkey) by wet grinding with sandpapers of fineness 180, 400, 600, 800, 1200,
and 2500, after which the surfaces were polished with a polishing suspension (Presi alumina
suspension 0.3 um). This was followed by ultrasonic cleaning in ethanol for 4 min and in
deionized water for 4 min in an ASonic Pro ultrasonic bath (ASonic, Ljubljana, Slovenia) to
remove any remaining particles from the work surface.

The electrochemical measurements were performed in a 200 mL double-wall glass
electrochemical cell with a Pt-mesh counter-electrode and a saturated calomel electrode
(SCE) as the referent electrode. All potentials in this paper are referred to the SCE. The
temperature of the solution was maintained at a constant 24 °C, a crucial factor for accurate
measurements, using a Huber Kiss thermostatic bath (Huber, Offenbourg, Germany). The
measurements were carried out using a PAR 273A potentiostat/galvanostat coupled to the
PAR M5210 lock-in amplifier (Princeton Applied Research, Oak Ridge, TN, USA) in the
following set:

e  Monitoring of the open circuit potential (Eoc) for 60 min in which the value of the

potential is recorded every 15 s;

e  Electrochemical impedance spectroscopy measurement in a frequency range of

30 x 1073 Hz to 50 x 10° Hz with the AC amplitude of 10 mV;

e Linear polarization method, in the potential range of £20 mV according to Epc

(v=02mVsh);

e Potentiodynamic polarization method, in the potential area from —0.400 V to 2.0 V

(v=1mVsh).

Following the electrochemical tests, the electrode surfaces were subjected to a com-
prehensive analysis. The optical microscope MXFMS-BD, Ningbo Sunny Instruments Co.,
China (Ningbo, China), and the optical profilometer Filmetrics Profilm 3D, KLA Company
(Milpitas, CA, USA) were used to provide a detailed understanding of the surfaces. Ad-
ditionally, an SEM/EDS analysis of the surface was conducted using a scanning electron
microscope JEOL JSM 7610F Plus (Jeol Ltd., Tokyo, Japan).

4. Conclusions

Ti and Ti6Al4V alloys exhibit high corrosion resistance in the tested media, evidenced
by low values of corrosion currents and high values of polarization resistance. These
findings have the potential to significantly inform and empower material selection for
specific environments, enhancing the effectiveness and longevity of engineering projects.

The highest values of polarization resistance and the lowest values of corrosion current
of Ti and the Ti6Al4V alloy were found in tests in brackish water. The greatest difference in
behavior was observed in tests in seawater bittern, where Ti had the lowest anodic current
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densities. The highest values of corrosion current density, anodic current densities, and the
lowest values of polarization resistance were found for the Ti6Al4V alloy.

EIS measurements indicated that the oxide film on the surface has a two-layer structure,
and the barrier part of the oxide film successfully prevents corrosion processes.

Examination of the electrode surface by optical and SEM microscopy after the polar-
ization measurements revealed small surface damages, which, in the case of Ti, were most
pronounced on the surface of the electrode immersed in a sea line, but in the case of the
Ti6Al4V alloy, after the polarization measurements in seawater bittern.

After polarization measurements in seawater bittern, the optical profilometry showed
that surface roughness for the Ti6Al4V electrode is smaller than for the Ti electrode in
brackish water and seawater, which indicated generally better corrosion resistance, which
is also confirmed with the potentiodynamic polarization measurements. However, the
highest corrosion current density and lowest corrosion potential values of all samples were
obtained at the Ti6Al4V electrode in seawater bittern, where there were also relatively
wide but distinctly shallow pits on the surface of the Ti6Al4V alloy. No significant surface
damage was observed on the other surfaces. This indicates that possibly different corrosion
mechanisms occurred in Ti6Al4V electrode in seawater bittern water due to the different
chemical composition than in pure Ti electrodes.
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