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Abstract: The corrosion of Ti-54M titanium alloy processed by hot rotary swaging and post-annealed
to yield different grain sizes, in 2 M HCl solutions is reported. Two annealing temperatures of
800 ◦C and 940 ◦C, followed by air cooling and furnace cooling were used to give homogeneous
grain structures of 1.5 and 5 µm, respectively. It has been found that annealing the alloy at 800 ◦C
decreased the corrosion of the alloy, with respect to the hot swaged condition, through increasing its
corrosion resistance and decreasing the corrosion current and corrosion rate. Increasing the annealing
temperature to 940 ◦C further decreased the corrosion of the alloy.
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1. Introduction

Titanium and its alloys have many applications in industry for their good properties.
These materials have excellent ballistic, fatigue, and corrosion resistances, low Young’s modulus,
high yield strength, ultimate tensile strength, and sufficient ductility [1]. These alloys have been
used in automobiles, aircrafts, armors, different implant systems, in motorcycles with higher power
engines, etc. [2–6]. It has been reported [7] that titanium armor provides a 15%–35% weight savings
when compared to steel or aluminum armor for the same ballistic protection at areal densities
of interest, which has resulted in substantial weight savings on military ground combat vehicles.
Titanium has a very tenacious nascent oxide that is formed instantly on its surface upon exposure to
air. The excellent corrosion resistance, low ferromagnetism, and compatibility with composites also
provide significant benefits.

Titanium alloys are known to be one of the most difficult materials to machine [1]. This is
due to their low thermal conductivity, which causes high cutting temperatures. Moreover, the low
elastic modulus of titanium alloys leads to tool vibrations during chip formation. Several researchers
have reported that the machining of titanium alloys is one of the principal challenges for their
application [8–12]. Developing new kinds of titanium alloys with increased machinability has been
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reported [13,14]. TIMET developed a new alloy named TIMETAL54M (Ti-54M), which is an α-β alloy.
Ti-54M alloy has been developed with superior machinability and strength to replace the widely-used
Ti-6Al-4V alloy [10,15,16].

The corrosion of Ti-54M alloy in most known corrosive media is not available. Divi and
Gruman [16] have reported the electrochemical corrosion behavior of Ti-54M in some corrosive
media, including reducing, oxidizing, and chloride ones, using linear polarization resistance and
potentiodynamic polarization techniques. It was claimed that the general corrosion behavior of Ti-54M
and Ti-6Al-4V alloys are mostly likely similar. The authors [16] also used hydrogen uptake efficiency
(HUE) technique in acidic chloride containing solutions and found that Ti-54M alloy has much lower
HUE than Ti-6Al-4V. Moreover, the repassivation potential for the Ti-54M alloy was much better than
Ti-6Al-4V alloy under chloride and reducing environments.

In the present study, the corrosion behavior of hot swaged Ti-54M alloy after 1.0 h and 24.0 h
immersion in 2 M HCl solutions has been investigated. The effect of post swaging annealing
temperatures of 800 ◦C and 940 ◦C on the protection of Ti-54M alloy against corrosion at the same
conditions was also reported. Electrochemical impedance spectroscopy, cyclic potentiodynamic
polarization, and chronoamperometric current-time were the corrosion test methods in this study.
The work was complemented using scanning electron microscope images and energy-dispersive X-ray
analysis. It is expected that the annealing of this alloy at the different temperatures, 800 ◦C and 940 ◦C,
would increase its corrosion resistance in the acidic test solutions.

2. Materials and Methods

Ti-54M alloy, having (α + β) phase, was investigated in this study. This alloy was received as
hot extruded bar, having a duplex microstructure and chemical composition (wt %) of 5.03% Al,
3.95% V, 0.57% Mo, 0.51% Fe, 0.11% Si, 0.10% C, 0.06% O, 0.05% N, 0.005% Zr, and the rest was Ti.
A rotary swaging (RS) technique at 850 ◦C and a deformation degree of 3.0 was used to process this
alloy. The cross-sectional area reduction, εt = ln A0

A , where A0 is the initial cross-section and A is the
final cross-section area, was used to calculate the true strain. Details of this processing technique are
illustrated elsewhere [17]. Specimens, from the swaged bar were taken in the transverse direction
and subjected to two heat treatment conditions. This was to obtain two differently-sized equiaxed
microstructures by annealing at 800 and 940 ◦C for 1.0 h. The annealed samples were subjected to air
cooling and furnace cooling, respectively, to yield an average grain size of 1.5 and 5 µm, respectively.
The hot swaged condition exhibited an average grain size of 1.6 µm. All materials were given a final
heat treatment at 500 ◦C for 24 h to age-harden the α phase by Ti3Al precipitates and the β phase by
fine secondary α precipitates.

Hydrochloric acid (HCl, 32%) was purchased from Glassworld (Johannesburg, South Africa)
and used as received. The test solution, 2 M HCl, was prepared from the stock HCl solution by
dilution. All corrosion tests were carried out in a conventional three-electrode electrochemical cell
accommodating for 350 mL of the test solution. An Ag/AgCl, a platinum foil, and the Ti-54M alloys
were employed as the reference, counter, and working electrodes, respectively. The working electrode
was prepared by welding a copper wire to one surface of the Ti-54M alloy. The sample was then
mounted in an epoxy resin and one only surface was ground and exposed to the chloride acid test
solution. The surface to be exposed to the solution was ground successively with metallographic
emery paper of increasing fineness of up to 1000 grit.

An Autolab potentiostat-galvanostat operated by the general purpose electrochemical software
(GPES, version 4.9, Amsterdam, The Netherlands) was used to perform the electrochemical
measurements. The electrochemical impedance spectroscopy (EIS) measurements were performed
at corrosion potentials over a change of frequency from 100 kHz to 100 mHz, with an AC wave of
±5 mV peak-to-peak overlaid on a DC bias potential, and the impedance data were collected using
Powersine software at a rate of 10 points per decade change in frequency. The cyclic potentiodynamic
polarization (CPP) measurements were carried out by scanning the potential from −1000 mV in the
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positive direction to 1800 mV at a scan rate of 3 mV/s. The potential was scanned in the backward
direction at the same scan rate just after the forward scan. The change of current versus time at
constant positive potential experiments were carried out by stabilizing the potential of the working
electrodes at 1400 mV. All measurements were conducted after immersing our working electrodes
in the hydrochloric acid solutions for 1.0 h and 24 h at room temperature. A new portion of the acid
solution and a fresh surface of the alloys were employed in each experiment. SEM micrographs were
obtained using a field emission scanning electron microscope (FE-SEM) Model JSM-7600F supplied
by JEOL (Tokyo, Japan) after performing chronoamperometric current time experiments after 24 h
immersion in 2 M HCl solutions. The applied voltage during SEM imaging was 15 kV.

3. Results and Discussion

3.1. Electrochemical Impedance Spectroscopy (EIS) Measurements

EIS method has been successfully employed to report the kinetic parameters for metals and alloys
exposed to harsh environments [18–21]. The Nyquist plots obtained for (1) hot swaged; (2) annealed at
800 ◦C; and (3) annealed at 940 ◦C Ti-45M electrodes after their immersion for 1.0 h in 2 M HCl solutions
are shown in Figure 1. Similar plots were also obtained for the same materials after 24 h immersion in
the acid solution and depicted in Figure 2. The EIS data shown in Figures 1 and 2 were fitted to the
best equivalent circuit that is shown in Figure 3. The values of the elements of the equivalent circuit
(Figure 3) were obtained and listed in Table 1. The elements of this circuit can be defined as follows;
RS is the solution resistance, Q (CPEs) is the constant phase elements, RP1 is the polarization resistance
between the surface of the alloy and a layer that may form on its surface, and RP2 is the polarization
resistance of the interface between the surface formed layer and the hydrochloride acid solution.

It is clearly seen from Figures 1 and 2, whether after 1.0 h or 24 h immersion in the acid solution,
that there is only one distorted semicircle. The diameter of the semicircle was noticed to increase with
heat treating the sample at 800 ◦C, and further to 940 ◦C. It is generally agreed that the wider the
diameter of the semicircle, the higher the corrosion resistance of the alloy. From this point of view,
the resistance of Ti-54M increases with the increase of the annealing temperature. Prolonging the
immersion time to 24 h (Figure 2) is noticed to decrease the diameter of the semicircle, which increases
with the increase of annealing temperature to 800 ◦C, and further to 940 ◦C. This was further confirmed
by the data listed in Table 1, where the lowest values of RS, RP1, and RP2 were recorded for the hot
swaged alloy and increased with increasing the annealing temperature. The CPEs exponent n values
vary from 0.69 to 0.77 revealing that CPEs represent a near capacitance. This is because the values of
n values are known to be between 0 and 1; i.e., 0 ≤ n ≤ 1, where n = 1 is a pure capacitance, n = 0 is
a pure resistance and n = 0.5 is a Warburg element. The values of n in our study, thus, indicate that the
surface of the alloys have some pores from which some dissolution occurs under the aggressiveness
action of the acid solution. Moreover, the values of the CPEs decreased with the increase of annealing
temperature due to the covering of the charged surfaces in order to reduce the capacitive loops.
This was also confirmed by the presence of Cdl; the value of the Cdl also decreased with the annealing
temperature. Increasing the exposure period of time to 24 h decreased the values of all resistances
(RS, RP1, and RP2) and slightly increased the values of CPEs and Cdl for the three alloys. This indicates
that the increase of the exposure period to 24 h before measurements increases the corrosion of the
alloys under investigation. However, the resistance against corrosion for these alloys whether it was
immersed for 1.0 h or 24 h in the HCl solutions was found to increase according to the annealing
temperature in the following order; Ti-45M annealed at 940 ◦C > Ti-45M annealed at 800 ◦C > hot
swaged Ti-45M alloy.
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Figure 1. Nyquist plots obtained for (1) hot swaged; (2) annealed at 800 °C; and (3) annealed at 940 °C 

Ti-45M electrodes after their immersion for 1.0 h in 2 M HCl solutions. 
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Table 1. Electrochemical impedance spectroscopy parameters obtained for the different Ti-54M alloys
in 2M HCl solutions.

Sample

EIS Parameter

RS (Ω)
Q

RP1 (Ω) Cdl (F) RP2 (Ω)
YQ1 (F·cm2) n

Ti-54M-HS (1 h) 1.038 0.0001378 0.73 2738 0.004712 1755
Ti-54M-800 ◦C (1 h) 1.739 0.0001305 0.75 3669 0.003907 4322
Ti-54M-940 ◦C (1 h) 1.999 0.0000385 0.77 4046 0.003146 5618

Ti-54M-HS (24 h) 1.012 0.0007654 0.70 1079 0.005547 1330
Ti-54M-800 ◦C (24 h) 1.357 0.0000882 0.69 2866 0.004748 3276
Ti-54M-940 ◦C (24 h) 1.550 0.0000791 0.72 3932 0.004316 4927
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Typical Bode (a) impedance of the interface, |Z|, and (b) phase angle plots obtained for Ti-45M
electrodes, (1) hot swaged; (2) annealed at 800 ◦C; and (3) annealed at 940 ◦C, after their immersion
for 1.0 h in 2 M HCl solutions are shown in Figure 4. Similar Bode plots were obtained after 24 h
immersion in the acid solutions and depicted in Figure 5. It is clearly seen from Figure 4 that the
highest impedance value and the maximum degree of phase angle were recorded for the Ti-54M alloy
that was annealed at 940 ◦C, followed by the alloy that was annealed at 800 ◦C, and the lowest was for
the hot swaged alloy. Increasing the immersion time to 24 h shows almost the same behavior, but with
slightly lower values for all treated alloys. This confirms that the corrosion decreases with the increase
of the annealing temperature, and also that the increase of the immersion time increases the corrosion
of Ti-54M alloys, whether it was hot swaged or annealed.
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immersion for 24 h in 2 M HCl solutions.



Metals 2017, 7, 29 6 of 13

The increase of the corrosion resistance with the increase of the annealing temperature and its
relation to the change of the grain size of the alloy can be explained here. The grain size exhibited by the
sample that was hot swaged was about 1.6 µm with a high percentage of low-angle grain boundaries
of 70%. This indicates the existence of high dislocation density positioned at cell boundaries or,
in other words, the microstructure is characterized by a cell structure with low-angle grain boundaries.
Annealing the hot swaged alloy for 800 ◦C, followed by air cooling, resulted in almost similar grain
size with a much lower percentage of low-angle grain boundaries of 26%. This point towards
reallocation of dislocations by means of the cell boundaries evolved into high-angle grain boundaries,
which consumes the high dislocation density. Annealing the hot swaged alloy for 900 ◦C, followed
by furnace cooling, resulted in a relatively higher grain size of 5 µm and an even lower percentage
of low-angle grain boundaries of 18%, which points towards further reduction of dislocation density.
Therefore, the increase of corrosion resistance of the hot swaged alloy after its annealing at 800 ◦C and
the further increases at 900 ◦C could be due to the homogeneous distribution of dislocations at grain
boundaries, which eliminates, to a great extent, the possibility of creating galvanic cells.

3.2. Cyclic Potentiodynamic Polarization

Cyclic potentiodynamic polarization (CPP) measurements have been widely used to explain the
mechanism of corrosion and corrosion protection for metals and alloys in corrosive environments [18–21].
Figure 6 shows the CPP curves obtained for (a) hot swaged, (b) annealed at 800 ◦C, and (c) annealed at
940 ◦C Ti-45M electrodes after their immersion for 1.0 h in 2 M HCl solutions. It is seen from Figure 6
that the cathodic currents decreased towards the corrosion current density (jCorr) with increasing the
applied potential towards the less negative values. The cathodic reaction at this condition has been
reported to the evolution of hydrogen as per the following equation [18,19,22],

2H+ + 2e− = H2 (1)

The hydrogen gas produced here evolves leaving the acid solution, which, in turn, consumes
more electrons and accelerates the dissolution reactions. The current rapidly increased in the anodic
branch with little increase in the applied potential due to the occurrence of the anodic reaction, which,
in most cases, is the dissolution of the surface and the release of electrons. The recorded current for
all treated Ti-54M samples stays almost unchanged with the increase of the applied potential from
−0.4 V and up to 1.8 V (Ag/AgCl). This is most probably due to the high corrosion resistance of the
alloy, which allows the surface to resist the corrosive action of the concentrated 2 M HCl solution.
Back scanning the applied potential produces less currents compared to the obtained currents in the
forward direction, which confirms that the pitting corrosion does not occur at this condition.

In order to report the effect of prolonging the immersion time on the corrosion of the different
Ti-54M electrodes in 2 M HCl solutions, CPP measurements were also performed after 24 h immersion
in 2 M HCl solution and the curves are shown in Figure 7. Although prolonging the immersion time to
24 h does not change the polarization behavior of the Ti-54M in HCl solutions, it increases the corrosion
of the tested alloys. The effect of 2 M HCl solutions on the corrosion of hot swaged, annealed at 800 ◦C,
and annealed at 940 ◦C Ti-54M was quantified via calculating the corrosion parameters obtained from
the polarization curves shown in Figures 6 and 7 as listed in Table 2. These parameters are the cathodic
Tafel (βc) slope, anodic Tafel (βa) slope, corrosion potential (ECorr), corrosion current density (jCorr),
polarization resistance (RP), and corrosion rate (RCorr). The values of ECorr and jCorr were obtained
from the extrapolation of anodic and cathodic Tafel lines located next to the linearized current regions.
Additionally, the values of RP were calculated using the Stern-Geary equation as following [23,24]:

RP =
1

jCorr

(
βc βa

2.3 (βc βa)

)
(2)
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Moreover, the values of RCorr (milli-inches per year, mpy) were obtained using the following
equation [25]:

RCorr = jCorr

(
k EW

d A

)
(3)

where k is a constant that defines the units for the corrosion rate (k = 3272), EW is the equivalent weight
in grams/equivalent of the alloy (EW = 11.46 calculated), d is the density in gcm−3 (d = 4.43), and A is
the area of electrode in cm2 (A = 1).

It is seen from Table 2 that the value of jCorr and consequently the value of RCorr was the highest
for the hot swaged sample and then decreased with an increase in the annealing temperature, while the
values of RP were oppositely increasing. Additionally, the increase of immersion time to 24 h led to
significantly increasing the values of jCorr and RCorr for all tested Ti-54M electrodes, and these values
decrease with the increase in the annealing temperature. This indicates that increasing the annealing
temperature decreases the corrosion of Ti-54M alloy, while the increase of the time of the immersion
periods increases its corrosion in 2 M HCl solutions, and that is in good agreement with the data
obtained by EIS experiments.
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Figure 6. Cyclic potentiodynamic polarization curves obtained for (a) hot swaged; (b) annealed at
800 ◦C; and (c) annealed at 940 ◦C Ti-45M electrodes after their immersion for 1.0 h in 2 M HCl solutions.
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Figure 7. Cyclic potentiodynamic polarization curves obtained for (a) hot swaged; (b) annealed at
800 ◦C; and (c) annealed at 940 ◦C Ti-45M electrodes after their immersion for 24 h in 2 M HCl solutions.

Table 2. Parameters obtained from the polarization curves for the different Ti-54M alloys in 2 M
HCl solutions.

Sample Corrosion Parameter

βc (V/dec−1) ECorr (V) βa (V/dec−1) jCorr (µA·cm−2) Rp (Ω) RCorr (mpy)

Ti-54M-HS (1 h) 0.150 –0.515 0.400 12.0 3953 0.1016
Ti-54M-800 ◦C (1 h) 0.145 –0.390 0.400 4.6 10,059 0.0389
Ti-54M-940 ◦C (1 h) 0.135 –0.367 0.395 2.2 19,884 0.0186

Ti-54M-HS (24 h) 0.145 –0.472 0.295 38.0 1112 0.3216
Ti-54M-800 ◦C (24 h) 0.155 –0.470 0.320 9.0 5044 0.0762
Ti-54M-940 ◦C (24 h) 0.155 –0.460 0.325 4.5 10,140 0.0381

3.3. Chronoamperometric Current-Time Measurements

We have been using chronoamperometric current-time at constant anodic potential experiments to
shed more light into whether pitting corrosion occurs for metals and alloys in aggressive media [18–22].
The applied potential value is usually chosen from the anodic polarization branch. Figure 8 shows the
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chronoamperometric curves obtained for Ti-45M electrodes, (1) hot swaged; (2) annealed at 800 ◦C;
and (3) annealed at 940 ◦C, after their immersions in 2 M HCl for 1 h, respectively, followed by stepping
the potential to +1.4 V vs. Ag/AgCl for 1.0 h. The same measurements were carried out for the Ti-54M
alloys after 24 h immersion in the acid solutions as shown in Figure 9. This current-time technique was
employed to confirm whether pitting corrosion takes place for the tested alloy in the acid solutions
and also to report the effect of increasing immersion time before measurements on the intensity of
both uniform and pitting corrosion. It is seen from Figure 8 that the current increased for Ti-54M hot
swaged alloy after its immersion for 1.0 h (curve 1), then the current rapidly decreased, as it did for all
heat-treated alloys, from the first moment of applying potential until the end of the run. It is also seen
that the increase of the annealing temperature led to a decrease in the absolute values of current with
time, where the lowest current values were obtained for the Ti-54M alloy that was annealed at 940 ◦C
(curve 3).Metals 2017, 7, 29 10 of 14 
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Figure 9. Chronoamperometric curves obtained for (1) hot swaged; (2) annealed at 800 ◦C;
and (3) annealed at 940 ◦C Ti-45M electrodes after their immersions in 2 M HCl for 24 h, respectively,
followed by stepping the potential to +1.4 V vs. Ag/AgCl for 1.0 h.

Prolonging the immersion time to 24 h showed almost the same current-time behavior with higher
absolute current values for all investigated alloys. This indicates that increasing the immersion time
from 1.0 h to 24 h increases the severity of the uniform corrosion via increasing the absolute current
values. Moreover, and although the applied potential was very high value (+1.4 V), this current-time
behavior does not give any indications on the occurrence of pitting corrosion of any of the heat-treated
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Ti-54M alloys. Where the current values did not increase with time, there are no fluctuations
that appear on the values of currents. The chronoamperometric current-time measurements, thus,
are in good agreement with the cyclic potentiodynamic polarization data for all Ti-54M alloys at the
same conditions.

3.4. Scanning Electron Microscope (SEM) and X-ray Energy Dispersive Spectroscopy (EDX)

In order to report the effect of 2 M HCl solutions on the morphology of the Ti-54M alloys,
SEM micrographs and EDX spectra were carried out after immersing Ti-54M alloy in the three
conditions mentioned earlier for five days in the acid solutions. Figure 10a,b shows SEM micrographs
at different magnifications for the surface of the hot swaged Ti-54M alloy, Figure 10c shows the EDX
spectra for the dark areas depicted on the SEM image shown in Figure 10b, and Figure 10d shows the
EDX spectra for the white areas of SEM image shown in Figure 10b. Figures 11 and 12 show the SEM
images and EDX spectra obtained for Ti-54M alloys annealed at 800 ◦C and 940 ◦C, respectively. It is
seen from the image shown in Figure 10a that the morphology of the hot swaged alloy is smooth and
homogeneous, while the image in Figure 10b declares that the surface developed layers of corrosion
products (white areas). The weight percentage of the elements obtained from the EDX spectra for the
dark areas (Figure 10c) recorded 93.12% Ti, 4.37% Al, and 2.52% V. On the other hand, the elements
obtained for the white areas (Figure 10d) were 78.44% Ti, 2.70% Al, 11.98% V, 3.88% Mo, 2.31% Fe,
0.29% Cl, 0.23% Ca, and 0.18% Pt. The obtained weight percentages thus indicate that the surface of the
dark areas contains the main elements of the alloy. At the same time, the low percentages of Ti and Al
and the high percent of V, in addition to the presence of Cl recorded for the white areas, indicate that
these areas represent thin films of corrosion products and confirm also that the hot swaged alloy does
not suffer severe corrosion in the high concentration of the 2M HCl solution.
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The SEM images obtained for the Ti-54M alloy that was heat treated at 800 ◦C (Figure 11) showed
that the surface has, unexpectedly, many pits, which were most probably due to a harsh localized
attack towards that surface of the alloy via the chloride ions present in the acid molecules. The EDX
spectra detected that the weight percentages of the elements found outside the pits (most of the surface)
has 92.93% Ti, 4.55% Al, and 2.51% V, which represents the main elements of the Ti-54M alloy. On the
other hand, the weight percentages for the elements found inside the pits (white areas) were 87.50% Ti,
3.69% Al, 5.97% V, 1.74% Mo, and 1.11% Fe. The elements found inside the pits indicate that the pits
were filled with corrosion products, which were deposited after the dissolution of the main elements
of the alloy.

The SEM micrographs obtained for Ti-54M alloy that was heat treated at 940 ◦C (Figure 12)
showed clearly that the surface has two distinguished areas; dark and bright ones. The dark regions
consist mainly of the original percentages of the elements of the alloy, where the weight percent of Ti
was 92.87, Al was 5.75, and V was 1.37. The bright regions were similar to a net on the surface of the
alloy and composed of 89.56% Ti, 3.07% Al, and 7.37% V in weight.

4. Conclusions

The corrosion behavior of hot swaged Ti-54M alloy in 2 M HCl solutions was reported. The effect
of annealing temperature, namely, at 800 ◦C and 940 ◦C on the corrosion of the alloy in the acid solution,
was also investigated. It has been found that the corrosion resistance of Ti-54M alloy is high against
the harsh effect of the concentrated acid solutions. Annealing the alloy at 800 ◦C further increases
the resistance against uniform corrosion, but allows the alloy to corrode via pitting attack. Increasing
the annealing temperature to 940 ◦C remarkably increases the corrosion resistance of the Ti-54M alloy
towards both uniform and pitting corrosion. Results together were in good agreement with each other
and indicated that increasing the annealing temperature decreases the corrosion current and corrosion
rate, and increases the polarization resistance. This effect was also found to decrease the absolute
values of currents recorded for the alloy at a more active potential, 1.4 V (Ag/AgCl).
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