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Abstract: The beneficial effects of V addition on the corrosion of a newly manufactured Ti6AlxV (x =

2 wt %, 4 wt %, 6 wt %, and 8 wt %) alloys after various exposure periods in 3.5% NaCl solutions were
reported. The Ti6AlxV were produced from their raw powders using mechanical alloying. Several
electrochemical techniques such as electrochemical impedance spectroscopy, cyclic potentiodynamic
polarization, and potentiodynamic current versus time at 300 mV experiments were conducted. The
surface morphology and the elemental analysis were performed using scanning electron microscopy
and energy dispersive X-ray analyses. All results were consistent with each other revealing that the
increase of V content increases the resistance of the alloys against corrosion. The increase of corrosion
resistance was achieved by the role of V in decreasing the rate of corrosion as a result of the formation
of oxide films on the surface of the alloys. This effect was found to increase with prolonging the
immersion time of the Ti6AlxV alloys in the test medium from 1 h to 24 h and further to 48 h.

Keywords: TiAlV alloys; corrosion resistance; cyclic polarization; electrochemical impedance
spectroscopy; mechanical alloying

1. Introduction

Ti-base alloys have outstanding properties that enable them to be used in numerous
applications [1–4]. These alloys have proven to be employed in the marine, military, offshore, medical,
and many other applications [5–9]. The use of Ti-base alloys in various fields comes from its super
biocompatibility, excellent mechanical properties, and great corrosion resistance in many aggressive
environments [10–14]. The use of titanium alloys in offshore structures and marine applications results
from it low density, superior strength, and extremely high resistance to corrosion [2,3,15–20]. Another
important usage of titanium alloys is as an outstanding and strong material in the field of biomedical
implantations [8–15,21].

Numerous titanium base alloys have been successfully employed in the area of biomedical
applications [9,11–17,22,23]. A great number of these Ti-base alloys are being used as artificial joints
of hips and knees, screws for fracture fixation, and bone plates to replace flawed parts in human
bodies. The selection of elements, which must be nontoxic metallic materials, to be alloyed with Ti
defines the application of the produced alloy. Amongst Ti alloys, Ti6Al4V alloy has proven to show
great strength via its excellent mechanical and physical properties accompanied with high corrosion
resistance. Therefore, this alloy has been selected to be the most employed alloy in many applications,
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particularly in implantation systems [24–26]. Other titanium alloys like Ti6Al7Nb and Ti13Cu4.5Ni,
in addition to the Ti6Al4V alloy, have been selected as the only choice for the use in orthopedic
implants [27]. It has also been reported [28–34] that resistance versus corrosion in-vitro to form a stable
oxide film in harsh media is the main reason for these alloys to be popular and applicable in the field
of biomedical applications.

In this work, we aimed to produce a series of Ti-base alloys, namely Ti6Al2V, Ti6Al4V, Ti6Al6V,
and Ti6Al8V alloys, from its pure powders, and reported their corrosion after immersion in 3.5% NaCl
solution for different periods of time, namely 1 h, 24 h, and 48 h. The effect of increasing V content within
the fabricated alloys on their corrosion in the test solution was reported using various electrochemical
techniques like polarization, electrochemical impedance spectroscopy, and potentiostatic current–time
at 300 mV (Ag/AgCl). Other surface analysis methods, including scanning electron microscopy (SEM)
images and energy dispersive X-ray (EDX) spectra, were performed to ensure the compositions, the
surface morphology, and expected corrosion products that might be formed after corrosion due to the
reaction between the surfaces of the alloys and the chloride test solution.

2. Experimental Details

2.1. The Fabrication of the Alloys

The pure powders of Ti, Al, and V (high purity ~99.9%) were obtained from Sigma-Aldrich,
Glasgow, UK. The alloys 92Ti6Al2V, 90Ti6Al4V, 88Ti6Al6V, and 86Ti6Al8V (all in wt %) were
manufactured by placing the required compositions of the powders of Ti, Al, and V in addition
to some steel balls (5:1 ball-to-powder ratio) in 80 mL capacity steel jars. The jars were placed inside
a desktop 220 V high energy vibratory ball mill, which was obtained from Across International Co.
A speed of 2000 rpm was employed for 30 min as a milling time to give the mixture of powders a
homogenous distribution. The powders were sintered in graphite dies that had a dimension of 2 cm
length and 1 cm diameter. The sintering process was performed via placing the die, which had the
mixed powders inside an induction heat sintering high frequency furnace. A temperature of 1200 ◦C
was applied for 5 min for sintering with a pressure of 40 MPa. The sintered alloys were finally cooled
down in the furnace to be safely used for the electrochemical and spectroscopic investigations. NaCl
salt with 99.95% purity was purchased from Sigma-Aldrich, Glasgow, UK.

2.2. Electrochemical and Surface Characterization Techniques

For electrochemical measurements, a three electrode electrochemical cell accommodating 0.25 L
solution was used. In this cell, the Ti6AlxV alloy, an Ag/AgCl, and a Pt sheet were used as the working
reference and the counter electrodes, respectively. The Ti6AlxV alloys had an area of 0.785 cm2 and
were prepared and employed in corrosion measurements as previously described [35,36]. An Autolab
potentiostat (PGSTAT302N, Metrohm, Amsterdam, The Netherlands) was employed for measuring
all electrochemical experiments. The cyclic potentiodynamic polarization (CPP) experiments were
collected by scanning the potential between −800 mV and +800 mV, and the scanning rate was
1.66 mV/s. The electrochemical impedance spectroscopy (EIS) data were obtained from the value of
the open-circuit potential (EOCP), and the range of frequency was between 100,000 Hz and 0.1 Hz.
The EIS experiments were carried out by applying a ±5 mV amplitude sinusoidal wave perturbation
at the corrosion potential (ECorr). The chronoamperometric current–time curves were recorded after
immersing the titanium alloys in the NaCl solutions for 48 h before applying an amount of 500 mV
for 40 min to measure the change of current with time. The SEM images along with the EDX profiles
were acquired by the use of a JEOL SEM/EDX (Tokyo, Japan), which was working at 15 kV [35,36]. For
ensuring the reproducibility of our measurements, each electrochemical experiment was performed in
triplicate and was carried out on a new portion of the chloride solution at room temperature (25 ± 2 ◦C)
and a new polished electrode surface.
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3. Results and Discussion

3.1. EIS Measurements

EIS measurements have been greatly used to explain the corrosion and corrosion protection
phenomena [36]. Figure 1 shows the Nyquist plots collected for Ti6Al2V, Ti6Al4V, Ti6Al6V, and Ti6Al8V
alloys after being immersed for 1 h in the 3.5% NaCl solutions. EIS spectra were performed also after
longer periods of exposure, i.e., 24 h and 48 h, in the same solutions for these alloys, and the plots can
be seen in Figures 2 and 3, respectively. All EIS data were fitted, and the equivalent circuit is depicted
in Figure 4. The impedance elements here were defined as the solution resistance (RS), the constant
phase elements Q (YQ, CPEs), a first polarization resistance (RP1), a double layer capacitor (Cdl), and
a second polarization resistance (RP2). The values of the elements of the circuit were collected and
tabulated, as seen in Table 1.
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Figure 1. Nyquist plots measured for the different TiAlV alloys after their immersion in NaCl solutions
for 1 h.

The Nyquist spectra of Figure 1, which were obtained after 1 h exposure in 3.5% NaCl solutions for
the different alloys, depicted the same behavior with which the values of Z′ and Z” increased linearly.
The only difference between these spectra was that the increase of V content led to the increase of both
Z′ and Z” values. In accordance with the impedance parameters recorded in Table 1, the increase of V
content was proven to increase the corrosion resistance of the alloys, where the values of RS, RP1, and
RP2 increased with the increase in the contents of V within the Ti alloys. According to the values of
polarization resistances listed in Table 2, the increase of resistance was directly proportional to the
values of RP1 and RP2 (total RP = RP1 + RP2). The presence of different time constants included in the
equivalent circuit indicated that the formed films on the surface of the alloys were associated with a
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complex structure that consists of two layers, one is inner and the other is outer [37,38]. These two
layers result from the dominant impedance at the high frequency region for the inner layer, while the
impedance at the low frequency region is dominated by the outer layer, which is porous [37,38].
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Figure 2. Nyquist plots measured for the different TiAlV alloys after 24 h exposure in the NaCl 
solution. 

Figure 2. Nyquist plots measured for the different TiAlV alloys after 24 h exposure in the NaCl solution.

Table 1. Impedance data collected for the tested Ti alloys at the different conditions.

Alloy
Impedance Data

RS/Ω cm2 Q
RP1/Ω cm2 Cdl/F cm−2 RP2/Ω cm2

YQ/S*sˆn n

Ti6Al2V (1 h) 17.83 0.000108 0.80 555 0.000181 2267
Ti6Al4V (1 h) 19.91 0.000112 0.73 609 0.000180 5497
Ti6Al6V (1 h) 23.19 0.000123 0.80 764 0.000221 8232
Ti6Al8V (1 h) 25.52 0.000141 0.72 846 0.000170 10,325

Ti6Al2V (24 h) 19.34 0.000837 0.75 803 0.000746 4361
Ti6Al4V (24 h) 21.07 0.000678 0.78 981 0.000190 6185
Ti6Al6V (24 h) 22.65 0.000884 0.74 1079 0.000121 7237
Ti6Al8V (24 h) 23.93 0.000124 0.77 1303 0.000889 8537
Ti6Al2V (48 h) 23.53 0.000111 0.71 3377 0.000477 7634
Ti6Al4V (48 h) 24.58 0.000126 0.77 4203 0.000114 8035
Ti6Al6V (48 h) 25.61 0.000142 0.74 4290 0.000135 9150
Ti6Al6V (48 h) 26.52 0.000133 0.75 4334 0.000152 9847
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Table 2. Summary for the polarization data for the Ti alloys in 3.5% NaCl solutions.

Alloy Parameter

βc/mV/dec−1 ECorr/mV βa/mV·dec−1 jCorr/µA·cm−2 Rp/Ω·cm2 RCorr/mpy

Ti6Al2V (1 h) 100 –400 90 0.25 8238 0.0218
Ti6Al4V (1 h) 90 –380 82 0.22 8480 0.0192
Ti6Al6V (1 h) 85 –400 78 0.19 9251 0.0165
Ti6Al8V (1 h) 80 –422 75 0.15 11221 0.0131

Ti6Al2V (24 h) 110 –447 120 0.19 13133 0.0165
Ti6Al4V (24 h) 105 –340 110 0.17 13739 0.0148
Ti6Al6V (24 h) 95 –395 90 0.15 13396 0.0131
Ti6Al8V (24 h) 90 –375 80 0.12 15345 0.0105
Ti6Al2V (48 h) 120 –430 125 0.17 15658 0.0148
Ti6Al4V (48 h) 115 –400 125 0.15 17361 0.0131
Ti6Al6V (48 h) 110 –470 127 0.13 19714 0.0113
Ti6Al6V (48 h) 110 –410 130 0.11 23551 0.0096
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The value of n that accompanied the constant phase element, Q, was between 0.7 and 0.8, which
means that Q represented a double layer capacitor with porosities. In addition to this, the presence of a
Cdl itself confirmed the ability of V and the increase of its percentage in increasing the passivity of
the different alloys in 3.5% NaCl aggressive media. Diamanti et al. investigated in their study that
reporting the values of Q and Cdl tells much about the possible deviations from ideality in the capacitive
response systems. According to Vera et al. [38], Zhang et al. [39], and Orazem and Tribollet [40], the
admittance, impedance of a CPE, as well as the value of Q may be expressed via the following relations:

YCPE = −Y0(jω)n (1)

ZCPE = −(1/Y0)(jω)n (2)

ZCPE = (Q(2πfi)n)−1 (3)

The symbols found in these equations can be defined as follows: the modulus is “Y0”; the angular
frequency is “ω”; the phase is “n”. Because the values of n cannot decrease further than zero and
cannot be higher than one, it can be expressed as follows: 0 ≤ n ≤ 1. When n = 1, Q behaves as an ideal
capacitor, and when n is 1 > n > 0.5, Q still behaves like a capacitor with some pores. If n value is
around 0.5, the system is behaving like a Warburg (W) and usually indicates the passivation of the
materials under investigation. If the value of n < 0.5, it is a conductance and is related to a current that
is non-uniform and caused by the inhomogeneities of the films or surface roughness distribution [38].

The EIS data obtained for the different Ti-base alloys after prolonging the exposure time to 24 h
in the NaCl medium are presented in Figure 2. It is seen from these Nyquist plots that the obtained
spectra had higher real and imaginary resistances, namely Z′ and Z” values for all alloys, compared to
the values that are shown in Figure 1 for the alloys after 1 h exposure to the same NaCl solutions. This
indicates that prolonging the time to 24 h increased the resistance to corrosion for all alloys, whether
the content of V was 2% or even 8%. The values of parameters of Table 1 proved also that all resistances
(RS, RP1, and RP2) gained higher values with increasing the immersion time to 24 h compared to their
values that were recorded after only 1 h immersion. Further expanding the exposure periods of time
to 48 h yielded higher Z′ and Z”, where the EIS spectra showed the highest values on the Nyquist
plots. This reflects on the obtained values of all resistances (RS, RP1, and RP2), where it showed the
highest values compared to their values that were obtained after shorter times, namely 24 h and 1 h.
Prolonging the time of exposure was also reflected in the values of Q (YQ, n) and Cdl, where their
values decreased with time, as seen in Table 1.

From the EIS data, it could be concluded that if V content increases in the Ti6AlV, alloys greatly
increase their corrosion resistances. Additionally, expanding the time of immersion from 1 h to 24
h and even longer to 48 h considerably enhances the corrosion resistance via decreasing its general
corrosion. The decrease of corrosion of the fabricated alloys with time came from the formation of
oxide layers, which thickened with time and decreased the contact of the surfaces of the alloys with
the surrounding environments, i.e., 3.5% NaCl solutions. The corrosion resistance decreased with the
concentration of V as per the following order: Ti6Al8V > Ti6Al6V > Ti6Al4V > Ti6Al2V. The same
trend was also confirmed for the alloys with prolonging of the time of immersion from 1 h to 48 h.

3.2. Cyclic Potentiodynamic Polarization (CPP) Data

The curves obtained from the CPP measurements for the TiAlV alloys after their immersions
for 1 h in the chloride (3.5% NaCl) solutions are presented in Figure 5. The CPP experiments were
also carried out after 24 h and 48 h, and the curves are depicted in Figures 6 and 7, respectively. The
values of the parameters as cathodic Tafel slope (βc), anodic Tafel slope (βa), corrosion potential (ECorr),
corrosion current density (jCorr), corrosion rate (RCorr), and polarization resistance (RP), which were
extracted from the plotted CPP curves, are recorded in Table 2. It is worth mentioning that the values of
these parameters were collected as mentioned in our earlier research papers [35,36,41,42]. It is shown



Metals 2020, 10, 264 7 of 16

in Figure 5 that the produced current in the cathodic branch decreased with scanning the potential in
the less negative direction as the result of oxygen reduction, as reported elsewhere [43].

1
2

O2 + H2O + 2e− = 2OH− (4)
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Figure 5. The cyclic potentiodynamic polarization (CPP) plots of the different TiAlV alloys after 1 h
immersion in the NaCl solution.

It was also reported [43–45] that the reaction at the cathode takes place by oxygen reduction; then
its adsorption as follows:

1
2

O2 + H2O + 2e− = 2OH− (5)

The anodic reaction is mostly a dissolution reaction that leads to corrosion in corrosive
environments. In this work, the surface reaction of these Ti6AlV alloys at the anodic branch was
probably a mixture of many reactions including the dissolution of Al (here, Al was the highest active
element) and the formation of titanium oxide (TiO2), aluminum oxide (Al2O3), and vanadium oxide
(V2O5). This expectation for the many reactions comes from the fact that Al and V, which are included
within the alloys of Ti6AlV, share and take part in the reactions that occur on the surface of these
alloys. The rise of current in the anodic branch resulted from the dissolution of Al, which may occur as
follows [43–46]:

Al = Al3+ + 3e− (6)

Applying the potential in the anodic branch towards the less negative values leads to a slowdown
in the increase of current because of the adsorption of the hydroxide ions on the active Al surface to
form Al(OH)3.

Al(S) + 3OH− = Al(OH)3,ads + 3e− (7)



Metals 2020, 10, 264 8 of 16
Metals 2020, 10, x FOR PEER REVIEW 9 of 18 

 

-0.9 -0.6 -0.3 0.0 0.3 0.6 0.910-2

10-1

100

101

102

103

-0.9 -0.6 -0.3 0.0 0.3 0.6 0.910-2

10-1

100

101

102

103

-0.9 -0.6 -0.3 0.0 0.3 0.6 0.910-2

10-1

100

101

102

103

-0.9 -0.6 -0.3 0.0 0.3 0.6 0.910-2

10-1

100

101

102

103

Ti6Al2V alloy

 

 

j C
or

r /
 μ

A
 c

m
2 Ti6Al4V alloy

 

 

 

Ti6Al6V alloy

 

 

j C
or

r /
 μ

A
 c

m
2

E / V (Ag/AgCl)

Ti6Al8V alloy

 

 

E / V (Ag/AgCl)  
Figure 6. The CPP plots recorded for the TiAlV alloys after their immersion for 24 h in 3.5% NaCl 
solution. 

The formation of TiO2 played a main role in the passivation of the surface of the alloys, causing 
the slowdown in the current values, causing a passive region on the curves of the polarization 
measurements. One more factor that could have helped in the passivation of the current alloys was 
the presence of V, where increasing its percentage was proved to enhance the corrosion resistance of 
the tested Ti6AlV alloys. The presence of V provides more passivation via the formation of a 
vanadium pentoxide (V2O5) film that adds another protective layer, which helps in decreasing the 
aggressive nature of the chloride solution via magnifying the corrosion resistance for the alloys, 
particularly when the content of V is increased. 

Figure 6. The CPP plots recorded for the TiAlV alloys after their immersion for 24 h in 3.5% NaCl solution.
Metals 2020, 10, x FOR PEER REVIEW 10 of 18 

 

-0.9 -0.6 -0.3 0.0 0.3 0.6 0.910-2

10-1

100

101

102

103

-0.9 -0.6 -0.3 0.0 0.3 0.6 0.910-2

10-1

100

101

102

103

-0.9 -0.6 -0.3 0.0 0.3 0.6 0.910-2

10-1

100

101

102

103

-0.9 -0.6 -0.3 0.0 0.3 0.6 0.910-2

10-1

100

101

102

103

 

 

j C
or

r /
 μ

A
 c

m
2

 

  

 

 

 

j C
or

r /
 μ

A
 c

m
2

E / V (Ag/AgCl)

 

 

E / V (Ag/AgCl)

Ti6Al4V alloyTi6Al2V alloy

Ti6Al6V alloy Ti6Al8V alloy

 

Figure 7. The CPP plots collected for TiAlV alloys after their immersion in 3.5% NaCl solution for 48 
h. 

Al within the alloys played an essential role in the occurrence of pitting corrosion for these alloys 
due to its dissolution at more negative potential values (see Equation (6)). Here, the continuous 
application of the potential led to a rapid increase in the current values due to the dissolution of the 
formed oxide layers causing a rapid dissolution, then pitting corrosion. This was further indicated 
by reversing the applied potential in the reverse way that led to the creation of a large area of a 
hysteresis loop, particularly for the Ti6Al2V alloy, as depicted in Figures 5–7. The appearance of this 
hysteresis loop was confirmed for all alloys but decreased with the V content. Therefore, the 
occurrence of pitting corrosion was also confirmed for all alloys, and its intensity increased with the 
time of exposure, namely 24 h and further to 48 h. 

The polarization curves presented in Figures 5–7 indicate that the Ti6Al2V alloy had the highest 
values of the corrosion parameters. These parameters were the value of cathodic current, anodic 
current, jCorr and RCorr, and the lowest value of RP, as also listed in Table 2. At the same conditions, the 
largest area of the hysteresis loop appeared for the Ti6Al2V alloy, indicating that this alloy suffered 
also the highest pitting corrosion. As for alloy Ti6Al4V, by increasing the content of V to 4% it was 
found to have a decreased value of jCorr and RCorr, as well as a smaller size of the hysteresis loop and 
an increased value of RP. Raising the content of V to 6% and 8% within the TiAlV alloy produced the 
lowest uniform and pitting corrosion. The polarization curves along with the data seen in Table 2 
showed that the increase of V content enhanced the resistance to corrosion for the tested alloys by 
minimizing the values of the cathodic and anodic currents, jCorr and RCorr, and the area of the hysteresis 
loop as well as raising the values of RP. The increase of the immersion time from 1 h to 24 h, and 48 h 
of the tested alloys in 3.5% NaCl solutions indicated also reduction of both the uniform corrosion and 

Figure 7. The CPP plots collected for TiAlV alloys after their immersion in 3.5% NaCl solution for 48 h.



Metals 2020, 10, 264 9 of 16

The Al(OH)3 rapidly transforms to Al2O3·3H2O, which is not stable and is formed as per the
following equation [10]:

2Al(OH)3,ads = Al2O3·3H2O (8)

The passivation of these alloys is also related to the tendency of the titanium alloys to form a
spontaneous titanium oxide passive film (TiO2) layer, particularly when their surfaces are in contact
with air or an aerated solution that contains water [47,48].

Ti = Ti2+ + 2e− (9)

2Ti(S) + 4OH− = 2Ti(OH)2 + 4e− (10)

2Ti(S) + 2O2− = 2TiO2(S) + 4e− (11)

The formation of TiO2 played a main role in the passivation of the surface of the alloys, causing
the slowdown in the current values, causing a passive region on the curves of the polarization
measurements. One more factor that could have helped in the passivation of the current alloys was the
presence of V, where increasing its percentage was proved to enhance the corrosion resistance of the
tested Ti6AlV alloys. The presence of V provides more passivation via the formation of a vanadium
pentoxide (V2O5) film that adds another protective layer, which helps in decreasing the aggressive
nature of the chloride solution via magnifying the corrosion resistance for the alloys, particularly when
the content of V is increased.

Al within the alloys played an essential role in the occurrence of pitting corrosion for these alloys
due to its dissolution at more negative potential values (see Equation (6)). Here, the continuous
application of the potential led to a rapid increase in the current values due to the dissolution of the
formed oxide layers causing a rapid dissolution, then pitting corrosion. This was further indicated by
reversing the applied potential in the reverse way that led to the creation of a large area of a hysteresis
loop, particularly for the Ti6Al2V alloy, as depicted in Figures 5–7. The appearance of this hysteresis
loop was confirmed for all alloys but decreased with the V content. Therefore, the occurrence of pitting
corrosion was also confirmed for all alloys, and its intensity increased with the time of exposure,
namely 24 h and further to 48 h.

The polarization curves presented in Figures 5–7 indicate that the Ti6Al2V alloy had the highest
values of the corrosion parameters. These parameters were the value of cathodic current, anodic
current, jCorr and RCorr, and the lowest value of RP, as also listed in Table 2. At the same conditions,
the largest area of the hysteresis loop appeared for the Ti6Al2V alloy, indicating that this alloy suffered
also the highest pitting corrosion. As for alloy Ti6Al4V, by increasing the content of V to 4% it was
found to have a decreased value of jCorr and RCorr, as well as a smaller size of the hysteresis loop and
an increased value of RP. Raising the content of V to 6% and 8% within the TiAlV alloy produced the
lowest uniform and pitting corrosion. The polarization curves along with the data seen in Table 2
showed that the increase of V content enhanced the resistance to corrosion for the tested alloys by
minimizing the values of the cathodic and anodic currents, jCorr and RCorr, and the area of the hysteresis
loop as well as raising the values of RP. The increase of the immersion time from 1 h to 24 h, and 48
h of the tested alloys in 3.5% NaCl solutions indicated also reduction of both the uniform corrosion
and the pitting attack. This was proven by the data collected from the CPP curves and Table 2, where
the values of jCorr, RCorr, and the size of the hysteresis loop decreased as well as the values of RP

increased. To conclude the results of the polarization measurements, it was found that the increase
of the concentration of vanadium in the Ti-base alloy remarkably decreased the corrosion of these
alloys and increased their corrosion resistance. This effect was found to extremely increase with the
prolonging of the time of exposure from 1 h to 24 h and further to 48 h.
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3.3. Potentiostatic Current–Time Measurements

In order to shed more light on the effect of V content as well as the immersion time on the uniform
and pitting corrosion of the Ti6AlV alloy in 3.5% NaCl solutions, the potentiostatic current–time
experiments were performed. The current–time curves obtained at 0.30 V (Ag/AgCl) for (a) Ti6Al2V,
(b) Ti6Al4V, (c) Ti6Al6V, and (d) Ti6Al8V alloys after 1 h immersion in 3.5% NaCl solutions are shown
in Figure 8. The same curves were also collected after prolonging the exposure periods of time to 24 h
and 48 h, as shown in Figures 9 and 10, respectively. The highest absolute currents were recorded for
Ti6Al2V alloy as can be seen from the curves of Figure 8. The currents recorded for all Ti6AlV alloys
were noticed to decrease in the first few minutes, which was due to the presence of an oxide layer
resulted from the preimmersion time in the chloride solution before applying the active potential at
0.3 V. For Ti6Al2V alloy, the current increased again after its initial decreases, and some fluctuations
appeared. This behavior indicates that the alloy suffered pitting corrosion as well as it corroded via
uniform attack. Increasing the content of V to 4%, the alloy Ti6Al4V lowered the obtained current,
which recorded a minimum compared to all other tested alloys. In addition, the current decreased with
time, and there did not appear any fluctuations. This indicated that Ti6Al4V did not corrode via pitting
attack. Further increasing the concentration of V to 6% and 8% slightly increased the current values as
compared to the current obtained from Ti6Al4V alloy but lower than that recorded for Ti6Al2V alloy.
The current–time experiments performed after 1 h thus confirmed that only Ti6Al2V alloy had pitting
corrosion besides the highest dissolution via uniform corrosion.Metals 2020, 10, x FOR PEER REVIEW 12 of 18 
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Figure 8. Current–time curves collected at 0.30 V (Ag/AgCl) for (1) Ti6Al2V, (2) Ti6Al4V, (3) Ti6Al6V,
and (4) Ti6Al8V alloys after 1 h immersion in 3.5% NaCl solution, respectively.

Prolonging the time of exposure to 24 h before fixing the potential to 0.3 V (Figure 9) was found to
decrease the absolute currents obtained for all Ti6AlV alloys as compared to the currents obtained
after only 1 h (Figure 8). All currents were increasing in the first few minutes of immersion due to the
dissolution of the film formed on the surface of the alloy before applying the anodic potential. It is
seen from this figure that the increase of current for Ti6Al2V was continuous and proved that this alloy
suffered sever pitting corrosion. This was also indicated by the appearance of fluctuations on the curve,
and its current values were the highest. Increasing the content of V showed that the currents were
almost similar without any indications of the occurrence of pitting corrosion. The currents recorded
for all alloys except Ti6Al2V alloy had almost similar values, which were steady almost the whole
time of the experiment. The current–time measurements after 24 h immersion in the chloride solutions
proved that only Ti6Al2V alloy had pitting corrosion, and other alloys did not show any, with a slight
possibility for a uniform corrosion to occur.



Metals 2020, 10, 264 11 of 16

Metals 2020, 10, x FOR PEER REVIEW 12 of 18 

 

0 5 10 15 20 25 30 35 40 45
0

5

10

15

20

25

30

4

 

2
3

j μ
A

/c
m

2

time / min

1

 

Figure 8. Current–time curves collected at 0.30 V (Ag/AgCl) for (1) Ti6Al2V, (2) Ti6Al4V, (3) Ti6Al6V, 
and (4) Ti6Al8V alloys after 1 h immersion in 3.5% NaCl solution, respectively. 

Prolonging the time of exposure to 24 h before fixing the potential to 0.3 V (Figure 9) was found 
to decrease the absolute currents obtained for all Ti6AlV alloys as compared to the currents obtained 
after only 1 h (Figure 8). All currents were increasing in the first few minutes of immersion due to the 
dissolution of the film formed on the surface of the alloy before applying the anodic potential. It is 
seen from this Figure that the increase of current for Ti6Al2V was continuous and proved that this 
alloy suffered sever pitting corrosion. This was also indicated by the appearance of fluctuations on 
the curve, and its current values were the highest. Increasing the content of V showed that the 
currents were almost similar without any indications of the occurrence of pitting corrosion. The 
currents recorded for all alloys except Ti6Al2V alloy had almost similar values, which were steady 
almost the whole time of the experiment. The current–time measurements after 24 h immersion in 
the chloride solutions proved that only Ti6Al2V alloy had pitting corrosion, and other alloys did not 
show any, with a slight possibility for a uniform corrosion to occur. 

0 5 10 15 20 25 30 35 40 45
0

5

10

15

20

25

30

4

 

2
3

j μ
A

/c
m

2

time / min

1

 

Figure 9. Current–time curves collected at 0.30 V (Ag/AgCl) for (1) Ti6Al2V, (2) Ti6Al4V, (3) Ti6Al6V, 
and (4) Ti6Al8V alloys after 24 h immersion in 3.5% NaCl solution, respectively. 

Figure 9. Current–time curves collected at 0.30 V (Ag/AgCl) for (1) Ti6Al2V, (2) Ti6Al4V, (3) Ti6Al6V,
and (4) Ti6Al8V alloys after 24 h immersion in 3.5% NaCl solution, respectively.

Metals 2020, 10, x FOR PEER REVIEW 13 of 18 

 

0 5 10 15 20 25 30 35 40 45
0

5

10

15

20

25

30

4

 

2
3

j μ
A

/c
m

2

time / min

1

 

Figure 10. Current–time curves collected at 0.30 V (Ag/AgCl) for (1) Ti6Al2V, (2) Ti6Al4V, (3) Ti6Al6V, 
and (4) Ti6Al8V alloys after 48 h immersion in 3.5% NaCl solution, respectively. 

Further increasing the exposure period of time to 48 h, as can be seen from Figure 10, showed 
that the currents recorded with time were the lowest as compared to the currents obtained for the 
same alloys after only 1 h and 24 h exposure to the chloride solutions. Here also, Ti6Al2V alloy 
showed the highest absolute current amongst all other alloys, and its intensity was increasing with 
time until the end of the run. Ti6Al2V alloy showed also that some fluctuations in the currents were 
accompanied by increases in the current values. As for the other Ti alloys, Ti6Al4V, Ti6Al6V, and 
Ti6Al8V, the currents recorded the lowest as compared to those currents obtained after 1 h and 24 h. 
The behavior of the change of current with time for these alloys indicated that these alloys suffered 
no pitting corrosion. It is thus worth reporting that the decrease of currents with prolonging the time 
of exposure was due to the accumulation of corrosion product layer(s) and/or oxide film(s) as a result 
of the long immersion periods for the alloys in the solution before applying the constant value of the 
potential. The results of the potentiostatic current–time at constant potential thus confirmed the data 
obtained by EIS and polarization methods that the increase of V content decreased the corrosion of 
the investigated alloys via increasing its corrosion resistance, and this effect greatly increased with 
prolonging the time of exposure in the chloride test solutions. 

3.4. SEM and EDX Analyses  

 

Figure 10. Current–time curves collected at 0.30 V (Ag/AgCl) for (1) Ti6Al2V, (2) Ti6Al4V, (3) Ti6Al6V,
and (4) Ti6Al8V alloys after 48 h immersion in 3.5% NaCl solution, respectively.

Further increasing the exposure period of time to 48 h, as can be seen from Figure 10, showed that
the currents recorded with time were the lowest as compared to the currents obtained for the same
alloys after only 1 h and 24 h exposure to the chloride solutions. Here also, Ti6Al2V alloy showed the
highest absolute current amongst all other alloys, and its intensity was increasing with time until the
end of the run. Ti6Al2V alloy showed also that some fluctuations in the currents were accompanied by
increases in the current values. As for the other Ti alloys, Ti6Al4V, Ti6Al6V, and Ti6Al8V, the currents
recorded the lowest as compared to those currents obtained after 1 h and 24 h. The behavior of the
change of current with time for these alloys indicated that these alloys suffered no pitting corrosion. It
is thus worth reporting that the decrease of currents with prolonging the time of exposure was due to
the accumulation of corrosion product layer(s) and/or oxide film(s) as a result of the long immersion
periods for the alloys in the solution before applying the constant value of the potential. The results
of the potentiostatic current–time at constant potential thus confirmed the data obtained by EIS and
polarization methods that the increase of V content decreased the corrosion of the investigated alloys
via increasing its corrosion resistance, and this effect greatly increased with prolonging the time of
exposure in the chloride test solutions.
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3.4. SEM and EDX Analyses

The morphology of the surfaces of the current alloys was taken using SEM, and the elemental
analysis for these surfaces was collected using EDX analysis. Figure 11 shows the SEM micrograph
and the EDX spectra obtained for the surface of Ti6Al2V after its immersion for 48 h before applying a
potential value of 300 mV (Ag/AgCl) for 40 min. The same tests were performed at the same conditions
for Ti6Al8V alloy, and the SEM image and the EDX profile are shown in Figure 12. It is clear from
Figure 11 that the surface of Ti6Al2V had few pits that were filled with corrosion products. This
confirms the data obtained by the cyclic polarization (CPP) and the change of current with time that
was recorded at the same applied potential of 300 mV. In order to report the expected compounds,
which may be formed on the surface at this condition, the EDX elemental analysis was performed. The
weight percentages (wt %) obtained from the surface shown in Figure 11 recorded via the EDX analysis
were as follows: Ti = 82.61%, Al = 11.96%, and V = 5.42%. The wt % for Ti was lower than expected,
while Al and V showed higher values than their initial percentages. The higher percentage recorded
for Al indicated that the surface was enriched with Al as a result of its dissolution and the formation
of Al compounds as a corrosion product layer. The formation of AlCl4− may occur according to the
following equation [43]:

Al3+ + 4Cl− = AlCl4− (12)
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The oxychloride complex, Al(OH)2Cl2−, may be formed as per the following equation [43,49,50]:

2Al3+ + 2Cl− + 2OH− = Al(OH)2Cl2− (13)

It is well known that the presence of Cl− ions causes a breakdown and dissolution of Al2O3, which
leads to the production of the compound of the oxychloride complex produced in Equation (13). Figure 12
presents the SEM/EDX taken after completing the current–time experiment shown in Figure 9 (curve
4) for Ti6Al8V alloy. It is seen that the surface was completely smooth and fully covered with a layer
of corrosion products. The SEM micrograph did not show any pits, which indicates that the alloy had
higher corrosion resistance against pitting attack. This is in a complete agreement with the current–time
behavior that the alloy does not suffer any pitting corrosion up to the applied anodic potential of 300 mV
(Ag/AgCl). Additionally, applying this value of potential for 40 min in the chloride test solution could not
cause any flawed regions in the formed layer on the surface. As compared to Ti-6Al-2V alloy, the surface
of Ti-6Al8V alloy was more passivated as a result of the increase of V content. The wt % for the elements
found on the surface depicted in the SEM via EDX analysis were Ti = 80.47%, Al = 8.71%, V = 9.54%, Na
= 0.69%, and Cl = 0.4%. The presence of a higher percentage of Al was due to the formation of a thick
corrosion product layer, most probably from Al compounds. These Al compounds could be AlCl3 (see
Equation (6)), Al2O3 (see Equation (8)), AlCl4− (see Equation (12)), Al(OH)2Cl2− (see Equation (13)), etc.
Moreover, the presence of Ti with a lower percentage compared to its original amount, which must be
86%, indicated that the chemical compositions of the surface of the alloy were definitely different from the
composition of the alloy itself. This was mostly due to the formation of a corrosion product layer that was



Metals 2020, 10, 264 14 of 16

mainly composed of oxides like Al2O3, TiO2, and V2O5, which are protective. The results of the SEM and
EDX analyses were thus in good agreement with the data collected by the EIS, CPP, and current–time
experiments. All data confirmed that the increase of the content of V increased the protection of the alloy
against corrosion in the chloride (3.5% NaCl) solutions.

4. Conclusions

Manufacturing of Ti6Al2V, Ti6Al4V, Ti6Al6V, and Ti6Al8V alloys were carried out using a
mechanical alloying technique. The raw powders were mixed in a high energy ball mill for 30 min
at a speed of 2000 rpm and under 40 MPa pressure, and finally the alloys were sintered at 1200 ◦C
for 5 min before being cooled down and prepared for electrochemical measurements. The effect of
increased V contents on the protection from corrosion after 1 h, 24 h, and 48 h immersion in 3.5%
NaCl solutions was reported. The work was done using various electrochemical techniques such as
CPP, EIS, and current–time at 300 mV (Ag/AgCl) along with characterization methods like SEM and
EDX analysis. The electrochemical measurements confirmed that the increase of V content remarkably
decreases the corrosion of the Ti-base alloys under investigations via reducing their measured values
of jCorr and RCorr. The addition of V also increases the values of RP, where it causes a large decrease
in the polarization and solution resistances as indicated by the CPP and EIS obtained results. The
increase of V content was also found to minimize the uniform corrosion and eliminate the occurrence
of pitting corrosion as was indicated with the current–time measurements. Prolonging the exposure
periods of time from 1 h to 24 h and further to 48 h was also found to greatly increase the corrosion
resistance against uniform attack. The morphological and elemental analysis experiments done by
the use of SEM and EDX techniques indicated that the increase of V concentration within the tested
alloys highly decreases the uniform corrosion, while preventing the occurrence of pitting attack; only
Ti6Al2V showed some pits on its surface. The results together were in good agreement with each other
and confirmed clearly that the increase of V additions as well as prolonging the exposure period of
time in the chloride solutions remarkably increase the corrosion resistance of the Ti6AlV alloys.
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