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TC11 alloy is a potential alloy for use in high temperature aggressive water environments. The
electrochemistry and corrosion behavior of TC11 alloy is investigated in sodium sulfate solution at
high temperature and high pressure using various in situ electrochemical techniques, i.e., open circuit
potential (OCP), potentiodynamic polarization (PDP), and electrochemical impedance spectroscopy
(EIS) measurements. The effect of sodium sulfate concentration, temperature, and pressure on the
electrochemical corrosion behavior of the alloy has been explored. The results indicate that the
increase of either concentration or temperature and pressure shift the value of the corrosion potential
(Ecorr) Tor the alloy toward the negative direction, while increasing the values of corrosion current
density (icorr) and corrosion rate (Reorr). The values of oxide film resistance (Rf) and charge transfer
resistance (R¢;) confirm these results. The EIS and polarization results are in good agreement with each
other.
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1. INTRODUCTION

Titanium alloys belong to a category of comparatively new engineering materials primarily
utilized in many applications in the marine, chemical industries and aerospace due to their strong
mechanical properties and excellent corrosion resistance. The prominent corrosion resistance of
titanium alloys in a lot of industrial conditions results from a protective passive film that is formed on
the alloy surface [1]. TC11 alloy is a kind of high temperature resistant, high Al-equivalent, high-
strength (a+f) dual-phase corrosion resistance titanium alloy, the nominal composition of which, Ti-
6.5Al-3.5M0-1.5Zr-0.3Si, can provide long-term work under 500 °C. TC11 alloy is widely used in
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manufacturing complex parts of aeroengines, and more recently used in the industrial field. They are
the materials chosen employ in autoclave liners and interior components such as nozzles, valves,
agitator blades, during the high pressure acid leaching (HPAL) of ores [2]. Titanium alloys are
recommended for harsh environments of supercritical water oxidation (SCWO) [3] and are promising
materials for manufacturing tube supports in steam generator (SG) systems in nuclear reactor systems.

During service they are subjected to extreme conditions of acidity, high salt (sulfate, chloride),
high temperature, and high pressure. Even though extremely erosion-resistant and corrosion resistance,
titanium alloys also have the possibility of local corrosion and general corrosion, and their corrosion
resistance may be greatly reduce in a severe corrosion environment. Corrosion damage is expensive to
repair and may cause unwanted process downtime [2]. Thus, it is necessary to study the problems
concerning the safety of titanium alloy applications in high pressure hydrothermal environments.

However, there are only a few researches on electrochemical corrosion behavior of metals in
high pressure hydrothermal environments [4—8]. Many papers have been published regarding titanium
corrosion and electrochemistry at ambient temperature. Studies of titanium-based alloys at high
temperature are still relatively scarce. Although the effect of temperature [9-12], and sulfate
concentration [11-13] on the corrosion has been studied, these studies specifically focus on the
corrosion behavior in low pH conditions. Additionally, the influence of pressure [14-16] on the
corrosion of metals has been reported. To the author’s knowledge, there is no literature related to in
situ electrochemical corrosion of titanium alloys over the range of temperatures and pressures
considered in this study.

The present study therefore takes on great significance as it examines and evaluates the effect
of Na SO, concentration, temperature, and pressure on the corrosion and passivating characters of
TC11 alloy at 200 to 350 (1) °C under a pressure of 10 to 30 (x0.5) MPa. These temperatures and
pressures are often experienced in many industrial processes such as power plant systems, SCWO
systems, wet air oxidation systems, HPAL processes, and geothermal systems. During the research, we
examined the corrosion rate as well as corrosion mechanism by in situ electrochemical techniques.
This study aims to acquire quantitative data about promising materials for commercial high
temperature water systems. As a consequence, the research of electrochemical corrosion is meaningful
in the practical application as well as theoretical standpoint.

2. EXPERIMENTAL

2.1. Electrochemical methods

All the electrochemical tests were performed utilizing a Princeton Applied Research (PAR)
2263 electrochemical workstation. The OCP tests were carried out till to reach a stable value with a
change of less than 2 mV min™. The PDP experiments on TC11 alloy were performed from —250 mV
vs OCP up to 1600 mV vs Ag/AgCl with a scan rate of 1 mV s. The EIS measurements on TC11
alloy were conducted with a peak-to-peak amplitude of 10 mV at OCP in the frequency range of
102-10* (10°) Hz. ZSimpWin 3.10 (2002) was utilized to fit the EIS data.
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2.2. Apparatus configuration

The electrochemical tests were performed using a home-made multifunctional autoclave. The
autoclave was machined using stainless steel with a titanium alloy liner. Passivation treatment was
performed before the experiments to ensure the chemical inertness of the titanium alloy liner of the
autoclave at elevated temperatures. The heating of the whole autoclave is provided by a resistance
heated furnace and controlled by a temperature regulator/programmer (1 °C) connected with k-type
thermocouples. A pressure sensor was used to record the pressure in the autoclave. The working
electrode was a titanium alloy cone frustum, made from a TC11 bar. The auxiliary electrode was a
platinum electrode. Both the working and counter electrodes were leaving a working area of 0.43 cm?.
An Ag/AgCI electrode filled with saturated KCI solution was used as the reference electrode. The
reference electrode was kept at room temperature and connected to autoclave using a Luggin capillary.
All the potentials in present work are reported versus the standard hydrogen electrode (SHE) referred
to in the work of Yang [17], if not otherwise mentioned.

2.3. Materials and preparation methods

TC11 titanium alloy with a nominal composition (in wt.%) of Al 6.5%, Mo 3.5%, Zr 1.5%, Si
0.3%, and Ti as balance was used in this study. The sodium sulfate was analytical grade pure, and
solutions were prepared with deionized water. Surface preparation of TC11 alloy consists of grinding
the sample up to 3000-grit silicon carbide paper, degreased ultrasonically with ethyl alcohol, rinsed
with distilled water and then drying in air. The electrochemical experiments were carried out in
naturally aerated solutions, and the initial oxygen concentrations were approximately 3.0 to 3.5 mg L ™.

3. RESULTS AND DISCUSSION
3.1. OCP measurements

3.1.1. Effect of sodium sulfate concentration

The evolution of OCP as influenced by Na,SO,4 concentration was studied and referred relative
to standard hydrogen electrode (SHE). The changes of OCP with exposure time (Fig. 1) were
measured for 2 hours after immersing the samples in naturally aerated Na,SO, solution (0.005, 0.01,
0.02, 0.04, and 0.10 M) at 300 °C and 10 MPa and are typical of passive metals immersed in aerated
solutions.

It was observed that the OCP at various concentrations of Na,SO,4 solution improved markedly.
This abrupt positive potential change suggests the corrosion resistance of the titanium alloy electrode.
In the process of immersion, the OCP curves including two different parts. In the first part, the OCP
improved rapidly due to the formation of an oxide film and further thickening of passive layer arising
from the reaction between the solution and the electrode [18].
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Figure 1. Curves of the change of the open-circuit potential (Eoc) with time obtained for the TC11
alloy in Na,SO, solution of different concentrations at 300 °C, 15 MPa.

It was found that the increase keeps a logarithmic relationship with time at approximately one
hour. El-Basiouny and Mazhar [19] observed that pure titanium displays similar relationship in 0.5 M
Na,SO;, solutions for over 3 hours. They attributed it to the development of passive oxide film. In the
other part, the OCP values reached a stable value with a slight shift due to the passive film attained a
thickness that was steady in the solution [20].
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Figure 2. The relationship between the final potential (Ef) and the concentration of Na,SO, solution.
Additionally, as shown in Fig. 1, the final potential value (Ef) decreased steeply with the
increase of Na,SO,4 concentration. Fig. 2 illustrates the relationship between Ef and the concentration

of sodium sulfate solution, which can be given by the following equation:

Es=A—-B XlogC (@8]
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In Eg. (1), A and B are fitted constants. Fig. 2 shows that as the concentration of Na;SO,4
increased from 0.005 M to 0.10 M, Es accordingly decreased from —25 mV to —158 mV vs SHE. This
may be due to more SO,>~ ions adsorbed on the electrode surface of titanium alloy with the increase of
Na,SO, concentration [21], which would greatly reduce the OCP because of the deterioration of
protection capacity of passive film. It signifies that the passive film has aggravated as the increasing
Na,SO4 concentration. Moreover, improving the concentration of the solution, in other words,
increasing the conductivity of electrolyte, and accelerating corrosion, finally resulting in decrement of
the OCP.

3.1.2. Effect of temperature

Temperature can influence the kinetics and thermodynamics of a chemical reaction. It is
certainly a significant electrochemical factor. Considering a typical industrial high temperature water
environment, four different temperatures, 200, 250, 300, and 350 °C, were selected to study the
influence of temperature on the corrosion of TC11 alloy in 0.01 M Na,SQO, solution at a pressure of 15
MPa.
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Figure 3. The variation of the final potential (Ef) as a function of temperature for the TC11 alloy in
0.01 M NaySO, solution at 15 MPa.

The OCP of the TC11 alloy electrodes was tested in 0.01 M Na,SO, solution at different
temperatures (200 to 350 °C) and referred to the SHE. As shown in Fig. 3, the results reveal that E;
tends to decrease with the increase of temperature, suggesting that the development of the passive film
is impeded [9]. This indicates that increasing the solution temperature in favor of the deterioration of
the passive film [22].
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3.1.3. Effect of pressure
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Figure 4. The variation of the final potential (Es) as a function of pressure for the TC11 alloy in 0.01
M Na,SO;, solution at 300 °C.

The effect of pressure between 10 and 30 MPa on the corrosion behavior of the TC11 alloy in
0.01 M NaySO, solution at 300 °C was investigated. Fig. 4 shows the relationship between the
resulting Er values and pressure. As shown in Fig. 4, E; tends to decrease with increasing pressure, i.e.,
higher pressure deteriorates the passive film, and decreases the corrosion-resistant of the alloy.

3.2. EIS measurements

EIS is a significant technique utilized to study the corrosion behavior of metal materials in
harsh environment [23-27]. In present research, the EIS method was used to clarify the effect of
temperature, pressure, and sulfate ion on electrochemical corrosion behavior in the TC11 alloy at high
pressure hydrothermal environment.

3.2.1. Effect of Na,SO, concentration

To demonstrate the influence of concentration on the corrosion of titanium alloy, the EIS tests
were performed after 2 hours immersion in different concentrations of Na,SO, solution at 300 °C and
10 MPa. Fig. 5 shows (a) typical Nyquist, (b) Bode phase angle, and (c) Bode |Z| plots obtained for the
titanium alloy after 2 hours immersion at 300 °C in Na,SO, solutions of 0.005, 0.01, 0.02, 0.04, and
0.10 M. For the sake of comparison, a Nyquist plot of 0 M solution was presented in Fig. 5. As shown
in Fig. 5(a), the titanium alloy electrode presented one compressed semicircle whose diameter diminish
with increasing Na,SO,4 concentration from 0.005 to 0.10 M after 2 hours immersion. Additionally, the
solution exclusive of sulfate showed a bigger diameter than the sulfate solutions. The better corrosion
resistance is reflected by a bigger diameter of the circle [23—-26], which implies that increasing
concentration in favor of the corrosion of TC11 in Na,SO, solutions. It was also found that rising
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concentration will increase the maximum value of the phase angle, as shown in Figure 5 (b). With the
increase of concentration the phase angle curves shift toward high frequencies, but the impedance
values of |Z| decrease at high frequencies. Moreover, |Z| tends to remain constant at high frequency
region, whereas the values of phase angle fall to zero as the frequency increases.
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Figure 5. (a) Typical Nyquist, (b) Bode phase angle and (c) Bode |Z| plots obtained for the TC11 alloy
after 2 h immersion at 300 °C Na,SO, solution of different concentrations.

Impedance spectra involved passive films can usually be depicted by electrochemical
equivalent circuits, EECs [28]. The EEC model exhibited in Fig. 6 was selected to fit the spectra
shown in Fig. 5. Gonzalez [29], He [30], and Liu [31] used this model to illustrate the corrosion
behavior of titanium and its alloy; they explained this equivalent circuit model in theory. The proposed
model in Fig. 6 is a suitable fit with the minimum of circuit elements. In each case, theories are
consistent with experiments over the entire frequency range. The fitting quality was evaluated by the
lower chi-square (%), which were on the order of 107 to 10~ [32], suggesting that the data fitted
reasonably to the selected circuit. Therefore, this EEC model is reasonable to explain the corrosion
mechanism of TC11 alloy in this study. This model assumes that the passive layer was not quite
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compact and homogeneous [33]. The fitting results of EIS parameters are represented in Table 1. The
parameters of the EEC model are defined as below: Rs is the solution resistance, Qs represents the
oxide film capacitance, Rs represents the resistance of the oxide film formed on the titanium alloy
surface, Qg is the double layer capacitance, and R represents the charge transfer resistance. The
constant phase element (symbolized here by Q) is used to displace the ideal capacitance and to
represent the non-ideal behavior of the capacitive components because of the heterogeneous surface
that attributes to surface roughness, impurities, dislocations or grain boundaries [34].
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| |
[l
Qu —
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R
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Figure 6. The equivalent circuit model used to fit the experimental data obtained by EIS
measurements; the symbols of the equivalent circuit are defined in the text and their values are
listed in Table 1.

Table 1. Parameters obtained by fitting the EIS data presented in Fig. 5 with the equivalent circuit
shown in Fig. 6 for the titanium alloy in Na,SO4 solutions of different concentrations.

C (NaxSOs)  Rs Qf Rs Qui Ret 2 (%103

M Qem? Yo/Ss"em? n Qcm®  Yo/Ss"cm™ n Qcm? 4 (x10°)
0.005 38.28 0.001241 0.7925 156.90 0.0003527 0.9661 5780 1.76
0.01 18.31 0.001582 0.8234 46.89 0.0008950 0.8770 5605 0.485
0.02 13.19 0.001621 0.8177 3246  0.001596 0.8894 5107 1.02
0.04 5,54  0.001725 0.8492 9.98 0.001401 0.8866 3179 0.405
0.10 3.16  0.001577 0.8711 6.33 0.001312 0.8696 1783 0.449

Table 1 shows that the increase of solution concentration from 0.005 M to 0.10 M decreased
the values of resistances Rs, Ry, and R¢. The decrease of Rs was due to the increased conductivity of the
solution with the increase of solution concentration. There is no doubt that an increased concentration
of solution will increase the electrical conductivity of the solution. For materials in high temperature
water, the slower oxygen diffusion process across the oxide films leads to lower corrosion resistance
[35, 36]. The impedance modulus |Z| at low frequency is supposed to reflect how difficult oxygen
diffuses through the oxide layer into the substrate [37]. It was seen from Fig. 6(c) that as increasing
concentration the impedance modulus |Z| at low frequency tends to decrease due to the less protective
oxide films. This is consistent with the decreased R; shown in Table 1. Moreover, the increase of
concentration increases the degree of degradation of oxide film (that prevent or separate it from being
further deteriorated by the aggressive SO,*" ion) formed on the surface of the titanium alloy, therefore,
accelerates its dissolution in the aggressive Na,SO,4 solution. The parameters exhibited in Table 1
further confirmed that. The constant phase element, Qz, with its n value was 0.7925 for 0.005 M and
shifted to 0.8711 for 0.10 M, which means that the constant phase element here represents passive film
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capacitances with pores, these pores were to cover the charged titanium alloy surfaces in the
aggressive Na SO, solution [38]. For the passive film, increasing the concentration decreased Rs and
increased Qf, Yo. The high capacitance and low resistance of the films imply the comparatively low
integrity of the passive film. On the other hand, for the TC11 alloy electrode double layer, increasing
the concentration resulted in a decrease in the R values. The decreased R values indicate that
increased solution concentration leads to solution ions that can be more easily transferred in the
electric double layer, which enhance the electrochemical corrosion of TC11 alloy. In the solution
containing sulfate, it was found that R¢ decreases as increasing the sulfate ion concentration [11].
Therefore, sulfate ion in favor of promoting the general corrosion [13] of Ti and its alloy. This
confirms that the corrosion of titanium alloy in Na,SO, solution increases with increasing solution
concentration at high temperature.

3.2.2. Effect of temperature

2.4x10° . ; ; . . ; 80 TP
4 a | b |
2.0x10° - AmH i . ®x 200°C
z ® .
] 60 - e 250°C i
4 / ° 300 QC
1.6x10° o . B - .vv L :
s {4 v 5 v 350°C |
< 1 & ny o"v =
E T v g k
; 1 2%10° 4 4217 mHz o | N 404 v - '} 4
5 kS] v - .
o - [
o / : 9 5 (]
F 8.0x10° " —=—200°C | @ B
N B —e— ° o | []
17.78 mHz 10 mHz e— 250 °C T 20- ,'. L |
1 \/,u’ 13.34 mHz 300 °C
4.0x10° 4 ./i'»/- 10 mHz —v—350°C ] | |
oy ¥Y¥®———10 mHz
l ?}V \ i hlhq.,,.” |
0.0+ 23.71 mHz -
T T T T T T AR B L B B L B AL LA B EALL L IR AL
00  4.0x10° 80x10° 1.2x10° 1.6x10° 2.0x10° 2.4x10° 10* 10* 10" 10° 10" 10> 10* 10" 10°  1C°
Z_(Ohm em?) f(Hz)

Figure 7. (a) Typical Nyquist and (b) Bode phase angle plots obtained for the TC11 alloy after 2 h
immersion in 0.01 M Na,SQO, solution of different temperatures.

Temperature can appreciably affect the thermodynamics, interaction Kkinetics, and the
properties of the passive film. EIS tests were performed to investigate the influence of temperature on
the corrosion behavior of TC11 alloy. Nyquist and Bode plots for TC11 at different temperatures are
presented in Fig. 7. Under the effect of temperature, the general shape of the impedance plots keep
reserved. The same EEC exhibited in Fig. 6 was utilized to simulate the alloy/film/solution interface.
The fitting results of EIS parameters are presented in Table 2. The results indicate that the R of
double-layer decreased as the temperature increased, implying that charge transfer was facilitated at
the double layer. For the TC11 alloy oxide film, increasing the temperature resulted in a smaller R¢
value and a larger Qy, Yo value. The bigger capacitance and lower resistance of the films suggest the
decreased development of the passive film. The corrosion rate of titanium and its alloy increases as the
temperature increases, as observed by Bazeleva [39] and Fekry [11], and they attributed the reduced
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oxide film resistance to increasing solubility of passive film. Generally, the results suggest that
decreasing the solution temperature facilitates the development of a passive film, which offers
excellent protection for the TC11 alloy.

Table 2. Equivalent circuit parameters of the sample after 2 h immersion in 0.01 M Na,SQO, solutions
of different temperatures.

T Rs , Qr Ry , Qui Rt
°C Qem” yySs"em? n Qem”  yy/Ss"cm? n Qcm

200 10.44 0.0002574 0.7388 51.78 0.0002129 0.6535 42960 1.14
250 14.26  0.001431 0.7958 32.05 0.001266 0.8813 14610 0.861
300 19.07 0.001639 0.8184 27.62 0.001535 0.8996 4925 0.680
350 16.43 0.001180 0.8533 17.55 0.001043 0.7475 3702 0.113

2 2 (x10°)

3.2.3. Effect of pressure
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Figure 8. (a) Typical Nyquist and (b) Bode phase angle plots obtained for the TC11 alloy after 2 h
immersion in 0.01 M Na,SO, solution of different pressures.

To better highlight the influence mechanism of high pressure, the corrosion behavior of TC11
alloy under four pressures was studied during immersion. EIS measurements were performed on TC11
in 0.01 M Na,SO, solution at 300 °C and 10, 15, 20, and 30 MPa, respectively. The Nyquist and Bode
plots for TC11 at various pressures are presented in Fig. 8. Under the effect of pressure, the general
shape of the impedance plots keep reserved as with the effect of concentration and temperature. The
same EEC presented in Fig. 6 was utilized to simulate the alloy/film/solution interface. The fitting
impedance results are shown in Table 3.
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Table 3. Equivalent circuit parameters of the sample after 2 h immersion in 0.01 M Na,SQO, solutions
of different pressures.

P Rs Qs Ry Qui Rt 2 (x10°
MPa Qcm® Yo/Ss"ecm? n Qem? YySs"em? n Qem? £ (x10°)
10 18.31 0.001582 0.8234 46.89 0.000895 0.8770 5605 0.485
15 19.07 0.001631 0.8184 27.62 0.001535 0.8996 4925 0.680
20 5.06 0.001579 0.8358 9.82 0.002327 0.8332 3031 0.743
30 4.49 0.001958 0.8063 7.03 0.003015 0.7648 2455 1.91

In this experiment, EIS is measured under different pressure conditions, mainly to obtain the
transfer resistance R to study the dissolution behavior and corrosion mechanism of the TC11 alloy.
EIS spectra measured at different pressures consist of two parts: a non-faradaic process (corrosion
product film) and a faradaic process (electrochemical reactions). Therefore, the charge transfer
resistance (R¢) can be used to characterize electrochemical reactions, the resistance of the corrosion
products film R can be related to the extent of corrosion, while the inverse of the sum, 1/(R¢ + Ry), can
be used to express the corrosion rate to some extent. The variations of the above parameters versus to
pressure are depicted in Fig. 9. It is shown that, as pressure increases, the R value was reduced from
5603 Q cm? at 10 MPa to 2455 Q cm? at 30 MPa, which implies that the electrochemical reactions are
accelerated at higher pressure. R values directly reflect the corrosion-resistant of the passive film, so
with the increase of pressure, the corrosion-resistant of the titanium alloy degrades. The variations of
Rs reveal an apparent decrease in Ry with increasing pressure. This is consistent with the Ry results,
indicating that the alloy shows a lower corrosion resistance at higher pressure. The variations of R¢; of
the titanium alloy electrode and Ry of the passive film indicate that pressure has a significant effect on
the compactness and structure of passive film. Zhang [16] claimed high pressure resulted in the
inhomogeneity of the passive film as well as diminished the quantity of anti-corrosion oxides in the
film. Furthermore, pressure can decrease the intensity of the passivation layer, which further decreases
the corrosion-resistant.
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Figure 9. The variation of R, Ry, 1/(R¢t + Rf) as a function of pressure.
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3.3. Potentiodynamic polarization (PDP) measurements

3.3.1. Effect of Na,SO, concentration

The PDP technique is often used to investigate the corrosion behavior of metal materials in
aggressive conditions. With the purpose of understanding the influence of concentration on the
corrosion behavior of the TC11 alloy, PDP curves were obtained after 2 hours of immersion in 0.005,
0.01, 0.02, 0.04, and 0.10 M Na,SO4 solution at 300 °C as shown in Fig. 10.
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Figure 10. PDP curves obtained for titanium alloy electrode in 0.005, 0.01, 0.02, 0.04, and 0.10 M
Na,SO, solutions at 300 °C and 10 MPa, with a scan rate of 1 mV s™.

For all tested electrodes, the values of the corrosion parameters, corrosion potential (Ecor),
corrosion current density (icorr), Tafel slopes (B, and f), passive current density (ipp), and corrosion
rate (Rcorr) Were calculated and presented in Table 4 as a function of Na,SO,4 concentration. The values
of icor and Ecorr Were acquired from the extrapolation of anodic and cathodic Tafel lines lay near the
linear current regions. The Tafel constants were calculated as the slope of the points 50 mV after Ecor
to ensure the presence of linearity in the Tafel slope region of the obtained polarization curves.
Additionally, the values of Reo (millimeter per year, mm y™) were calculated using equation [40]:

Reorr = lcorr kK Ew/d (2)

where k accounts for a constant (k = 3.272 x 10> mm g pA™ cm™ a™), Ew represents the
equivalent weight of titanium alloy (Ew calculated = 12.01), d is the density in g cm™ (d = 4.5), and
icorr 1S the corrosion current density in uA cm™2,
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Table 4. Corrosion parameters obtained from the potentiodynamic polarization measurements for the
titanium alloy electrode that was immersed in Na,SOy solutions of different concentrations.

C (NaxSOs)  Econr Icorr Pa Be Ipp Ewp Reorr
M mV pAcm? mVdec! mVdec! pAcm? mV  mmy’
0.005  -3276 113 65.8 ~36.4 18 1192 9.87x10°°
0.01 -366.3 3.52 87.7 —65.2 27 1142 3.07x1072
0.02 4596  4.56 186.5 -110.2 34 1092 3.98x1072
0.04 -4855  6.87 394.6 ~115.2 40 1062 6.00x1072
0.10 -530.6 10.45 397.7 ~123.7 52 982 9.13x1072

The five polarization curves present a similar trend, which indicates the same corrosion
mechanism in different concentration Na,SO, solutions. In all cases, the anodic curves for the alloy
show an extremely steep active dissolution region following a small active-passive peak and ending in
a current independent platform. The active-passive peak attributes to metal oxidation, and a second
active-passive peak followed by a steady and large passivation region of potential is invariably
obtained for the alloy. The longer passive domain (from 0.13 V to 1.20 V for the 0.005 M curve) is a
consequence of forming a passive film that primarily contains TiO; [41] and blocks the current flow.
Moreover, the second passive region measured is higher than the first one, indicating good corrosion-
resistant of passive films formed in this region.

10° -

C (M)

Figure 11. The variation of the logarithm of the corrosion current density (icorr) With the logarithm of
the concentration of Na,SO, solution at 300 °C.

This passive region may be because of forming an oxide of low valence, Ti,O3 [42], but being
an unsteady species in solution, it is swiftly oxidized to TiO; [43]. Eventually, a transpassive region is
exhibited, as the applied potential increases the corrosion current density rises rapidly. The
transpassive performance shown by the titanium alloy over 1.20 V in aerated solution is attributed to
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the oxidation of TiO, to Ti,Os [44]. Nevertheless, there is always the possibility of formation of other
titanium compounds such as TiOSQ, if the solution contains other species [45].

However, at all concentrations, the cathodic polarization curves are similar in nature for the
TC11 alloy. This means that the same cathodic reaction takes place on the surface of the TC11 alloy.
The absolute value of cathodic Tafel slopes was between 36 and 124 mV dec™ in the present case. The
values are approximate to the value of the hydrogen evolution reaction occurs at Ti in acidic solution
[46].

The results listed in Table 4 mean that the increase of the solution concentration shifted the
Ecor and transpassive potential (Ey) toward negative values and both i and ip, increased. The
corrosion potentials obtained from the OCP tests are extremely higher than those determined from the
PDP measurements. The passive film on the surface was at least partially removed because the PDP
tests were began with a highly reducing initial cathodic potential relative to the OCP. It is observed
that increasing the concentration has a remarkably effected on the iy and as a consequence on the
corrosion rate. This performance is clarified in Fig. 11 for the alloy. As the result indicates, the
relationship between log icor and log C is linear for the tested alloy in accordance with the following
equation [11, 47]:

logicorr =a+nlogC (3)

where i indicates the corrosion rate, C represents the molar concentration of Na,SO,4, a and n
are two empirical constants (a accounts for the value of log iy at C =1 M and the slope of the fitting
line, n, is considered as the electrochemical reaction order [48]). From Fig. 11, the value of n for the
TC11 alloy is approximately 0.6. Additionally, the positive slope for the alloy means that there is a
positive correlation between the corrosion rate and Na,SO,4 concentration, where the i Value rises as
the aggressiveness of the solution increases.

Passive current density (ipp) is usually used to evaluate the quality of the passive film formed
on the surface. This is due to the normal proportional relationship between the corrosion rate of passive
film and the passivation current density [49]. In all concentrations, a similar trend for passivation
current density is shown. The values of passive current density slowly increase linearly with the
applied potential. It indicates that increasing the potential lead to increasing metallic cations, which
can facilitate the formation of the passive film or can dissolve into the solution. Because of the relative
large passive current region in the potentiodynamic polarization curve, the passive current density
cannot be determined at a potential below the transpassive potential. Correspondingly, the average of
the passive current density was acquired by calculating the arithmetic mean between the secondary
passive potential and the transpassive potential. The values of the passive current density changed from
18 pA cm™2 in 0.005 M Na,SO, solution to more positive values of 52 pA cm ™2 in 0.10 M Na,SO,
solution. This indicates that the SO,* ion reduced the protective property of the passivation film, that
is to say, promoted the dissolution of the passivation film. This is consistent with the increased icorr.

Therefore, the PDP results are consistent with the data acquired from the EIS tests. This
indicates that the corrosion of titanium alloy increases in a higher concentration of Na,SO, solution.
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3.3.2. Effect of temperature

The effect of temperature on the electrochemical corrosion behavior of the TC11 alloy was
investigated in 0.01 M NaySO, as illustrated in Fig. 12 and the corrosion parameters were evaluated
and listed in Table 5. Firstly, the dissolution of the passive film was enhanced by increasing
temperature in high temperature solution, which was proved by the increasing icrr Of the alloy. The
results distinctly show that these parameters are affected by the temperature of the solution. The values
of icor increase with temperature, indicating that the protective properties of the surface oxide film
decrease resulting from its dissolution. This phenomenon is possibly ascribed to the intrinsic
alterations of the film in its chemical composition and/or physical structure [50].

2.0 T T T T T T T
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Figure 12. Potentiodynamic polarization curves obtained for titanium alloy electrode in 0.01 M
Na,SO, solution at 10 MPa of different temperatures, with a scan rate of 1 mV s™.

Table 5. Electrochemical parameters of the TC11 electrodes after 2 h immersion in 0.01 M Na,SO,
solution at different temperatures and 15 MPa

T ECOIT iCOrr [Ba ﬂC
°C  mV pAcm? mVdec mVdec”
200 -291.6 1.03 386.9 -87.1

250 -349.3 146 174.6 -104.6
300 -400.6  3.89 221.6 -105.4
350 -4615 5.21 269.3 -117.1

Moreover, Ecq tends to more negative values, indicating the dissolution of the passive film.
The corrosion potential is a thermodynamic concept. It is a measure of the corrosion reaction trend. A
more negative corrosion potential indicates that the specimen is more prone to severe corrosion. The
higher temperature helps both anodic and cathodic reactions to overcome the activation energy by
providing additional energy, causing the corrosion potential to decrease and the corrosion reaction rate
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to increase. This behavior occurs because increasing temperature results in a conversion of internal
energy into electrochemical energy, decreasing both the anodic and cathodic polarization resistances.

10° T T T T T T T T T T

(A cm™)

!
corr
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UT (K

Figure 13. The variation of the logarithm of icor with 1/T in 0.01 M Na,SO, solution.

An Arrhenius diagram of the log icor Vversus the 1/T is illustrated in Fig. 13 for the TC11
electrodes. As the result indicates, the plot is linear, and the apparent activation energy (E,) of the
corrosion process was obtained from the slope of the plot following the Arrhenius equation:

10g icorr = A — E,/(2.303RT) (4)

where A is a constant, and the obtained E, value is 27.5 kJ mol™, which is related to the
susceptibility to the corrosion dissolution effect. Castle [51] proposed that the corrosion rate was
restricted by the liquid state diffusion of metallic ions through pores in the oxide film. However,
Robertson [52] recognized that the corrosion process was restricted by the solid phase transport of
metallic ions along grain boundaries of the oxide layer. The main difference of their approaches is in
the activation energy of corrosion due to different diffusion methods of metallic ions. Castle’s
activation energy (15-20 kJ mol™) is much lower than Robertson’s (approximately 120 kJ mol™). The
activation energy for solution phase diffusion is usually lower than 41.84 kJ mol™ [51, 53]. For
instance, Bazan [53] gave a value of 17.15 kJ mol™ for the transport of ferro- and ferricyanide ions in
aqueous solutions of sodium hydroxide. In this research, the relevant activation energy is 27.5 kJ mol ™
which is consistent with the activation energy (lower than 41.84 kJ mol™) for liquid phase diffusion.
The present activation energy is so low that the diffusion of metallic ions through pores in oxide film is
primarily supposed the limiting step of the corrosion process. Therefore, the corrosion process of TC11
in 0.01 M Na,SO, solution is controlled by ion diffusion in the liquid phase.
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3.3.3. Effect of pressure
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Figure 14. Potentiodynamic polarization curves obtained for titanium alloy electrode in 0.01 M
Na,SO, solution at 300 °C of different pressures, with a scan rate of 1 mV s .

Potentiodynamic scans were carried out on TC11 alloy in 0.01 M Na,SO, solution at a
temperature of 300 °C at different pressures (10-30 MPa), and the polarization curves are presented in
Fig. 14. The evaluated parameters were listed in Table 6. As the pressure increase, the corrosion
potential for the alloy shifts to lower values, suggesting accelerate the anodic dissolution of the passive
film. In higher pressure, SO,°~ may corrode the alloy surface and can improve the formation of soluble
corrosion products. This results in raising the corrosion rate (icr) for the alloy and reducing the
corrosion resistance against local corrosion [54]. The decrease in Egor and igorr indicates that the TC11
alloy is more active under higher pressure. The alloy gains more strain energy when the pressure is
increased, and the strain energy converts into electrochemical energy, making the electrochemical
reaction occur more easily [55].

Table 6. Electrochemical parameters of the TC11 electrodes after 2 h immersion in 0.01 M Na,SO,
solution at different pressures and 300 °C.

P ECOI’I’ iCOrr ,Ba ﬁC
°C mV pAcm? mVdec? mVdec?
10 -366.3 3.52 87.8 -65.2

15 4003  3.89 221.6 -105.4
20 -496.9 4.76 178.9 -115.7
30 6135 6.21 132.7 -180.4
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4. CONCLUSIONS

The influence of solution concentration, temperature, and pressure on the electrochemical
corrosion of TC11 alloy in high temperature Na,SO, solution was investigated. The study was
performed by using in situ electrochemical techniques, i.e., OCP, EIS, and PDP measurements. PDP
results revealed that the increase of either concentration or temperature and pressure shifted the values
of Econ for the alloy toward the negative direction, and increased the values of icor and Reorr. The oxide
film resistance (Ry) value and charge transfer resistance (R¢) confirmed these results.

The effect of the temperature gave rise to the determination of the activation energy of the
corrosion process. The corrosion process was limited by the liquid phase transport of metallic ions
through pores in the oxide film.

Higher temperatures and pressures make the electrochemical corrosion reaction occur more
easily, and accelerate the deterioration of passive film.
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