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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 al®investigated in sodium sulfate solution at

high temperature and high pressure using various in situ electrochemical techniques, i.e., open circui
potential (OCP), potentiodynamic polarization (PDP), and electrochemical impedance spectroscopy
(EIS) measumments. 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 teeof/éihe corrosion potential

(Ecor) for the alloy toward the negative direction, while increasing the values of corrosion current
density (com) and corrosion rateR{o). The values of oxide film resistancBs and charge transfer
resistanceR) 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 ithe marine, chemical industries and aerospace due to their strong
mechanical properties and excellent corrosion resistance. The ngrdncorrosion resistancef
titanium alloysin a lot of industrial conditions resalffrom a protective passive film that is formed on
the alloy surface [1]. TC11 alloy is a kind of high temperature resistant, higlguialent, high
strength &+b) dualphase corrosion resistance titanium alloy, the nominal composition of which, Ti
6.5Al-3.5M0-1.5Zr-0.3Si, can provide lonterm work under 500C. TC11 alloy is widely used in
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manufacturing complex parts of aeroengines, and more recently used in thaahtlaktr 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
recommendedor harsh environments of supetical 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 eresistant and corrosion resistance,
titanium alloysalso have the possibility of local corrosion and general corrosion, and their corrosion
resistance may be greatly reduce in a severe giorr@nvironment. Corrosion damage is expensive to
repair and may cause unwanted process downt#heThus, it is necessary to study the problems
concerning the safety of titanium alloy applications in high pressure hydrothermal environments.

However, thee are onlya fewresearches oalectrochemical corrosion behaviof metalsin
high pressure hydrothermal environmentsgy Many papers have been published regarding titanium
corrosion and electrochemistry at ambient temperature. Studies of tithaged alloys at high
temperature are still relatively scarce. Although the effect of temperatur2][9and sulfate
concentrdon [11- 13] on the corrosion has been studied, these studies specifically focus on the
corrosion behavior in low pH conditions. Additionally, the influence of pressurel@l4on the
corrosion of metals has been riemndteratwwedrelatedtoint h e
situ electrochemical corrosion of titanium alloys over the range of temperatures and pressures
considered in this study.

The presentstudy therefore takes on great significance as it examines and evaluates the effect
of NaSO, concentration, temperature, and pressure on the corrosion and passivating characters o
TC11 alloy at 200 to 350 (+I)C under a pressure of 10 to 30 (+0.5) MPa. These temperatures and
pressures are often experienced in many industrial processes spotvexsplant systems, SCWO
systems, wet air oxidation systems, HPAL processes, and geothermal systems. During the research, w
examined the corrosion rate as well as corrosion mechanism by in situ electrochemical techniques.
This study aims to acquire qudative data about promising materials for commercial high
temperature water systems. As a consequence, the research of electrochemical corrosion is meaningfi
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 carrietlldotreach a stable value with a
change of less than 2 mV minThe PDP experiments on TC11 alloy were performed 860 mV
vs OCP up to 1600 mV vs Ag/AgCl with a scan rate of 1 mV Bhe EIS measurements on TC11
alloy were conducted with a pe&dcpeak amplitude of 10 mV at OCP in the frequency range of
10 % 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 weaperformed using a homeiade multifunctional autoclave. The
autoclave was machined using stainless steel with a titanium alloy Rassivation 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 resistanc
heated furnace and contedl by a temperature regulator/programmer (€] connected with ype
thermocouples. A pressure sensor was used to record the pressure in the autoclave. The workin:
electrode was a titanium alloy cone frustum, made from a TC11 bar. The auxiliary eleca®de
platinum electrode. Both the working and counter electrodes were leaving a working area 0f?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 temperatuteamected to autoclave using a Luggin capillary.

All the potentials in present work are reported versus the standard hydrogen electrode (SHE) referrec
toin the work of Yang [17], if not otherwise mentioned.

2.3.Materials and preparation methods

TC11 itanium 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, an
solutions were prepared with deionized water. Surface preparation of dllog onsists of grinding
the sample up to 306gxit silicon carbide paperdegreased ultrasonically with ethyl alcohol, rinsed
with distilled water and then drying in air. The electrochemical experiments were carried out in
naturally aerated solutionspé the initial oxygen concentrations were approximately 3.0 to 3.5 g L

3. RESULTS AND DISCUSSION
3.1.0CP measurements

3.1.1. Effect of sodium sulfate concentration

The evolution of OCP as influenced byJ4S&, 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 aerai®@Nalution (0.005, 0.01,
0.02, 0.04, and.@0 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 &@yaolution improved markedly.
This abrupt positive potential change suggests the corrosion resistatine 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 reactio between the solution and the electrode [18].
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Figure 1. Curves of the change of the opencuit potential E,;) with time obtained for the TC11
alloy in NaSQ, solution of different concentrations at 30D, 15 MPa.

It was foundthat theincreasekeeps a logarithmic relationship with time at approximately one
hour. E}Basiouny and Mazhar [19] observed that pure titanium displays similar relationship in 0.5 M
NaSO, solutions for over 3 hours. They attributed it to the development of passivefiixidin the
other part, the OCP values reached a stable value with a slight shift due to the passive film attained ¢
thicknesghat was steady in the solutif20].
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Figure 2. The relationship between the final potenti&) @nd the concentration dfa,SO, solution.
Additionally, as shown in Fig. 1, the final potential valug) (decreased steeply with the
increase of Ng5O, concentration. Fig2 illustrates the relationship betwe&hand the concentration

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

0O o6& 6 11716C (1)
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In Eq. (1),A and B are fitted constants. Fi@ shows that as the concentration of,8&,
increased from 0.005 M to 0.10 M; accordinglydecreased from25 mV to- 158 mV vs SHE. This
may be due to more $® ions adsorbed on the electrode surface of titanium alloy with the increase of
NaSO, 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
NaSQO, concentration. Moreover, improving the concentrationtloé 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 rekcton.
certainly a significant electrochemical factor. Considering a typical industrial high temperature water
environment, four different temperatures, 200, 250, 300, and @50vere selected to study the
influence of temperature on the corrosion of T@llay in 0.01 M NaSO, solution at a pressure of 15
MPa.
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Figure 3. The variation of the final potentiak{() as a function of temperature for the TC11 alloy in
0.01 M NaSO, solution at 15 MPa.

The OCP of the TC11 alloy electrodes was tested in MONa,SO, solution at different
temperatures (200 to 35C) and referred to the SHE. As shown in Fgthe results reveal th&k
tends to decrease with the increase of temperature, suggesting that the development of the passive fili
is impeded [9]. This indicates that increasing the solution temperature in favor of the deterioration of
the passive film [22].
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Figure 4. The variation of the final potentiak{) as a function of pressure for the TC11 alloy in 0.01
M Na,SO, solution at 300C.

The effect of pressure between 10 and 30 MPa on the corrosion behavior of the TC11 alloy in
0.01 M NaSOQ, solution at 300 C was investigated. Figd shows the relationship between the
resultingE; values and pressure. As shown in Higk; tends to decrease with increasing pressure, i.e
higher pressure deterioratib® passive film, and decreases the correstastant of the alloy.

3.2. EIS measurements

EIS is a significant technique utilized to study the corrosion behavior of metal materials in
harsh environment [227]. In present research, the EIS method was used to clarify the effect of
temperature, pressure, and sulfate ion on electrochemical corrosion bémaveor C11 alloy at high
pressure hydrothermal environment.

3.2.1.Effect of NaSQ, 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 &QYaolution at 300C and
10 MPa. Fig5 shows (a) typical Nyquist, (b) Bode phase angtel (c) Bode| plots obtained for the
titanium alloy after 2 hours immersion at 30D in Na&SQ, 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 5n Asgshown
in Fig. 5(a), the titanium alloy electrode presented one compressed semicircle whose diameter diminish
with increasing Ng5O, concentration from 0.005 to 0.10 M after 2 hours immersion. Additionally, the
solution exclusive of sulfate showed a bigger diameter than tfaessolutions. The better corrosion
resistance is reflected by a bigger diameter of the circle2@3 which implies that increasing
concentration in favor of the corrosion of TC11 in,8l@, solutions. It was also found that rising
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concentration will icrease the maximum value of the phase angle, as shown in BiguréVith the
increase of concentration the phase angle curves shift toward high frequencies, but the impedance
values of Z| decrease at high frequencies. Moreo#rtgnds toremainconstant 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) Bappl$ts obtained for the TC11 alloy
after 2 h immersion at 30@ N&SQ, solution of different concentrations.

Impedance spectra involved passive films can usually be depicted by electrochemical
equivalent circuits, EECs [28]. The EEC model exhibited in Bigvas selected to fit the spectra
shown in Fig.5. Gonzalez [29], @ [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 ctmmries are
consistent with experiments/er the entirefrequency range. The fitting quality was evaluated by the
lower chisquare €), which were on the order of T0to 102 [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 homogeng® [33]. The fitting results of EIS parameters are represented in Table 1. The
parameters of the EEC model are defined as beRvis the solution resistanc€; represents the
oxide film capacitanceR; represents the resistance of the oxide film forroadthe titanium alloy
surface,Qq is the double layer capacitance, aRdrepresents the charge transfer resistance. The
constant phase element (symbolized here@)yis used to displace the ideal capacitance and to
represent the neideal behavior of tb capacitive components because of the heterogeneous surface
that attributes to surface roughness, impurities, dislocations or grain boundaries [34].

Q
| |
[l
Qu —
R] -
R
ct

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 presem Fig.5 with the equivalent circuit
shown in Fig6 for the titanium alloy in Ng5O, solutions of different concentrations.

C(NaSQy) Rs Qr Re Qui Ret 2
M q ¢ YyS¥em? n  q éivysdem? n q ¢é °© (*10)
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 32.46 0.001596 0.8894 5107 1.02
0.04 554 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 resistancBg R;, andR... The decrease & 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 modulig jt low frequency is supposed to reflect how difficult oxygen
diffuses through the oxide layer into the substrate [B&jas seen from Figs(c) that as increasing
concentration the impedance moduldisait low frequency tends to decrease due to the less protective
oxide films. This is consistent with the decreaggdhown in Table 1. Moreover, the increase of
concentrdbn increases the degree of degradation of oxide film (that prevent or separate it from being
further deteriorated by the aggressive;S@n) formed on the surface of the titanium alloy, therefore,
accelerates its dissolution in the aggressivgSa solution. The parameters exhibited in Table 1
further confirmed that. The constant phase elen@ntwith 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 represeatdmpassi
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capacitanes with poresthese pores were to cover the charged titanium alloy surfaces in the
aggressive N&O, solution [38]. For the passive film, increasing the concentration decrased
increased:, Yo. The high capacitance and low resistance of the filmy 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 inRRhevalues. The decreasdgl; values indicate that
increased solution conceation 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 thB decreases as increasing the sulfate iorceotnation [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 J$&, solution increases with increasing solution
concentration at high temperature.

3.2.2.Effect of temperature
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Figure 7. (a) Typical Nyquist and (b) Bode phase angle plots obtained for the TC11 alloy after 2 h
immersion in 0.01 M Ng&O, solution of different temperatures.

Temperature can appreciably affect the thermodynamim®raction kinetics, 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 Fig7. Under the effect of temperature, the general shape of the impedance plots keep
reserved. The same EEC exhibited in ligvas utilized to simulate the alloy/film/solution interface.

The fitting results of EIS parameters are presented in Table 2. The residete that theR; of
doublelayer decreased as the temperature increased, implying that charge transfer was facilitated a
the double layer. For the TC11 alloy oxide film, increasing the temperature resulted in a Bmaller
value and a large®, 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], amadtribajed 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 aepéissiy which offers
excellentprotection for the TC11 kly.

Table 2. Equivalent circuit parameters of the sample after 2 h immersion in 0.01,8Nsolutions
of different temperatures.

T Rs Qr Re Qul Rt 210
C d ¢ yyseem? n d ¢ yysdem? n a ¢ ¢10)
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

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 Ng&QO, solution of different pressures.

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

P Rs Qr Ry Qui Rt 2610
MPa q ¢ YyS<€em? n q € YyS¥ecm? n q ¢ ¢ (°10)
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
30 449 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 resistancB to study the dissolution behavior and corrosion mechanism of the TC11 alloy.
EIS spectra measured at different pressures consist of ti& panorfaradaic process (corrosion
product film) and a faradaic process (electrochemical reactions). Therefore, the charge transfer
resistanceR.) can be used to characterize electrochemical reactions, the resistance of the corrosion
products filmRs can be related to the extent of corrosion, while the inverse of the sin;+1&), can
be used to express the corrosion rate to some extent. The variations of the above parameters versus
pressure are depicted in FR.It is shown that, as pressure increasesRthealue was reduced from
5603 “atcm0 MPa fap30RMRaS Bhichgimpliemthat the electrochemical reactions are
accelerated at higher pressura.values directly reflect the corrosioasistaniof the passive film, so
with the increase of pressure, the corrogiesistant of the titanium alloy degrades. The variations of
R reveal an apparent decreaseRinwith increasing pressure. This is consistent with Rheesults,
indicating that the &y shows a lower corrosion resistance at higher pressure. The variatidp®iof
the titanium alloy electrode arij] of the passive film indicate that pressure has a significant effect on
the compactness and structure of passive film. Zhang [16] claimytd pressure resulted in the
inhomogeneity of the passive film as well as diminished the quantity et@amtsion oxides in the
film. Furthermore, pressure can decrease the intensity of the passivation layer, which further decrease
the corrosiorresigant.
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Figure 9. The variation oR, Ry, 1/(R; + Ry as a function of pressure.
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3.3.Potentiodynamic polarization (PDP) measurements

3.3.1.Effect of NaSQ, concentration

The PDP technique is often used to investigate the corrosion behavior ofrmaétaials 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 pBO, solution at3003 as shown in Fig.@
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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:SQ, solutions at 300C and 10 MPa, with a scan rate of 1 mV. s

For all tested electrodes, the values of the corropemameters, corrosion potentid.{),
corrosion current densitycg), Tafel slopes 4, and &), passive current density,d), and corrosion
rate R.orm) Were calculated and presented in Table 4 as a function,8aoncentration. The values
of icorr 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 By after
to ensure the presence of linearity in the Tafepesloegion of the obtained @wization curves.
Additionally, the values oRcr (millimeter per year, mm’y) were calculated using equation [40]:

Y 0 Q0710 2)
wherek accounts for a constark € 3.2723 10° mm g ! em® a?l), Ew represents the

equivalent weight of titanium alloyE(y calculated = 12.01) is the density in g ci (d = 4.5), and
iori s the corrosion Turrent density in €A c¢cm
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Table 4. Corrosion parameters obtained from the potentiodynamaripation measurements for the
titanium alloy electrode that was immersed in38{&, solutions of different concentrations.

C (NaSQy) Ecorr Icorr Da bc ipp Ewp Reorr

M mV eA é mVdec! mvVdec! e A é mV mmy'
0.005 -327.6 1.13 65.8 -36.4 18 1192 9.8710°
0.01 -366.3 3.52 87.7 -65.2 27 1142 3.0 1072

0.02 -459.6 4.56 186.5 -110.2 34 1092 3.9810°?
0.04 -485.5 6.87 394.6 -115.2 40 1062 6.00 107
0.10 -530.6 10.45 397.7 -123.7 52 982 9.1310°

The five polarization curves present a similar trend, which indicates the same corrosion
mechanism in different concentration J8&), solutions. In all cases, the anodic curves for the alloy
show an extremely steep active dissolution region followsirsgnall activepassive peak and ending in
a current independent platform. The acipassive peak attributes to metal oxidation, and a second
activepassive peak followed by a steady and large passivation region of potential is invariably
obtained for thalloy. 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 @@ and blocks the current flow.
Moreover, the second passive region measured is higher than tlmnérshdicating good corrosien
resistant of passive films formed in this region.

10° -

C (M)

Figure 11. The variation of the logarithm of the corrosion current dengity) (with the logarithm of
the concentration of N&Q, solution at 300C.

This passivaegion may be because of forming an oxide of low valeng&s;T#2], but being
an unsteady species in solution, it is swiftly oxidized to,T#3]. Eventually, a transpassivegion 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






