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The oxide films studied in this work were prepared by potentiostatic anodic oxidation of TC11 alloy in
0.01 M sodium sulfate solutions at different anodizing potentials at 300 ℃ and 10 MPa. This work aimed
to study the effect of film formation potential on the passivity of the TC11 alloy in high temperature
sodium sulfate. Electrochemical impedance spectroscopy (EIS) combined with Mott-Schottky (MS)
measurements were used to investigate the electrochemical properties of the as-grown anodic passive
films on theTC11 alloy. The experimental data were also interpreted using the point defect model
(PDM). An equivalent circuit was proposed to fit the EIS experimental data, leading to the determination
of oxide film resistance, with the increase of the film-forming potential film resistance increase.
According to the MS analysis, the anodic oxidation passivation film on the TC11 alloy was an n-type
semiconductor, and the main point defects were oxygen vacancies. The calculated donor density was
found to decrease exponentially with an increase in the film-forming potential, while the passive film
thickness increases linearly with the applied potential. These experimental conclusions were consistent
with the theoretical predictions of the PDM.
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1. INTRODUCTION
Titanium and its alloys have excellent corrosion resistance due to the passivation film formed on
their surfaces, which insulates the matrix from further contact with the corrosive medium [1]. However,
as promising structural materials, during service they are exposed to harsh conditions, such as high
temperature, high pressure, and corrosive ions [2, 3]. Aggressive corrosive media will cause a certain
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degree of damage to the passive film, thus affecting the protective effect of the passive film on the matrix;
as a result, the corrosion of titanium materials will still occur [4-6].
Anodic oxidation is the most commonly used method for improving the corrosion resistance of
metals and alloys. It can effectively generate a stable and compact oxide film to protect the substrate
against corrosion for a certain period of time. The properties of the anodic oxide film formed on the
surface of titanium materials depend on electrolyte composition, temperature, initial surface state, pH
value, applied potential, electrolysis time and other factors [7-11]. In industry, titanium and its alloys are
often anodized in acid, salt or other solutions at tens of volts. Anodic oxidation of titanium is usually
carried out at ambient temperature. The applied potential is a key factor affecting the properties and
thickness of the film.
The electrical properties of the passive film formed by anodic oxidation on the surface of titanium
materials are very important for understanding the corrosion resistance and corrosion mechanism of the
film. Recently, there have been many studies on the electronic properties of the passive films of titanium
and titanium alloys [12-20]. The passivation film is mainly composed of semiconductor titanium oxides,
and its blocking effect on ions is closely related to the semiconductor properties of this oxide film. The
n-type semiconductor behavior is observed, and the main electron donor species in the oxide layer on
the titanium surface have been confirmed to be oxygen vacancies and/or cation interstitial defects [13,
16-18, 20]. The point defect model (PDM) predicted the microscopic mechanism of the growth/rupture
in the passive film, which is based on the migration of point defects in the film under the influence of an
internal electric field [21, 22]. Based on PDM, the concentration and diffusion properties of defects in
passive films can be calculated. Therefore, PDM is often used for quantitative analysis of stabilized
passivation films.
The TC11 alloy may be be promising for use as a structural material, and it is widely used as a
lining material for autoclaves and as a valve material. During the service period, the TC11 alloy is
exposed to harsh corrosive, high-temperature and high-pressure environments [5]. Despite the relatively
extensive works published on titanium passive films, there seems to be a lack of study on the passive
film formed on TC11 alloys in high-temperature and high-pressure environments. The objective of the
present work is to characterize the passive film that forms on the TC11 alloy in 0.01 M Na2SO4 aqueous
phase at 300 ℃ and 10 MPa. In this study, the oxide films were produced by potentiostatic anodic
oxidation of the TC11 alloy in 0.01 M sodium sulfate solutions at 300 ℃ and 10 MPa at different
anodizing potentials. The electrochemical behavior of the as prepared films was studied with EIS and
MS measurements. Experimental data were also interpreted with the PDM.

2. EXPERIMENTAL
2.1. Material, solution and electrochemical cell
The material tested was a TC11 alloy (where the nominal composition (wt.%) is 6.5% Al, 3.5%
Mo, 1.5% Zr, 0.3% Si, Bal. Ti). Titanium alloy electrodes were fabricated from 1 cm diameter rods of
TC11. All samples were successively abraded to 1500 grit with SiC paper, cleaned with ethanol and
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deionized water and air-dried prior to tests. The solution (0.01 M Na2SO4) was prepared from analytical
grade sodium sulfate and deionized water. Argon was injected for 30 minutes to remove oxygen from
the system. The experiments were conducted at a high temperature of 300 ℃, and the balanced pressure
was approximately 10 MPa.
The electrochemical measurements were performed in a homemade multifunctional autoclave
with three electrodes. The counter electrode was a homemade platinum electrode. An external pressurebalanced Ag/AgCl electrode filled with 0.1 M KCl solution was applied as the reference electrode. The
reference electrode was maintained at room temperature (25 ℃) and system pressure via the Luggin
capillary. The thermal diffusion potential generated by the temperature gradient can be calibrated
according to the work of Macdonald [23], and the equation is as follows:
∆𝐸SHE = ∆𝐸obs + 0.2866 − 0.001∆𝑇 + 1.745 × 10−7 ∆𝑇 2 − 3.03 × 10−9 ∆𝑇 3
where ∆𝐸obs is the observed potential of the working electrode vs. the Ag/AgCl reference
electrode, and ∆𝐸SHE is the corresponding potential vs. the standard hydrogen electrode (SHE) at the
experimental temperature. ∆𝑇 = 𝑇 − 298.15 K, where T is the experimental temperature. All potential
values in the text are relative to the SHE if they are not specifically mentioned.

2.2. Electrochemical tests
All electrochemical measurements were performed using a Princeton applied research (PAR)
2263 electrochemical station. The potentiodynamic polarization experiments were performed from −0.3
V vs. OCP up to 1.6 V with a scan rate of 2 mV/s. Prior to the experiment, the samples were cathodically
polarized at −1 V vs. the reference electrode (Ag/AgCl, [Cl−]=0.1 M) for 30 minutes, which provided a
reproducible initial surface state. Four potentials within the passive region were chosen for potentiostatic
film growth. Films were grown at each selected potential for 1 h to ensure that the system was in steadystate. After each film growth period, electrochemical impedance spectroscopy (EIS) measurements were
performed. The EIS tests were performed using a sinusoidal signal of 10 mV amplitude in the frequency
range of 10 m-100 kHz with a sampling rate of 8 points per decade. The EIS plots were analyzed with
Zsimpwin software. Mott-Schottky experiments were performed at 1 kHz during a negative potential
scan from 1.0 V to 0 V.

3. RESULTS AND DISCUSSION
3.1. Polarization measurements
The potentiodynamic polarization curve of the TC11 alloy electrode in 0.01 M Na2SO4 at 300 ℃
and 10 MPa is shown in Fig. 1. It is observed that TC11 exhibits a stable passivation behavior from 0 V
to 1.0 V in 0.01 M Na2SO4.
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Figure 1. Polarization curve of TC11 alloy measured in 0.01 M Na2SO4 solution at 300 ℃ and 10 MPa.
Scan in positive direction at 2 mV/s.
To study the properties of the oxide film produced by anodic oxidation, four different potentials
(namely, 0.2, 0.4, 0.6, and 0.8 V) were selected in the passivation region to generate a passive layer on
the electrode surface. In the anodic oxidation process, the variation in the current density over time was
also recorded, as shown in Fig. 2. The current density decreases rapidly at the beginning and then
gradually stabilizes. The exponential decay of the current density with time is attributed to the formation
and growth of the passivation film on the alloy electrode surface.

Figure 2. Evolution of the current density measured during the application of different passive
potentials.
The relationship between the steady-state passivation current density (jss) values and the film
formation potentials is shown in Fig. 3. It seems that there is no obvious relationship between the steadystate current and the film formation potential. The average steady-state passive current density is
approximately 3.2 μA/cm2.
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Figure 3. Steady-state passive current density obtained during the potentiostatic growth of the passive
films at different film formation potentials.

3.2. EIS measurements
The impedance spectrum tests were conducted after the oxide films were formed. The results
from the EIS measurements performed on the anodic oxidation passive films, including the Nyquist plots
and Bode diagrams, are shown in Fig. 4. All impedance spectra exhibited similar shapes and identical
features over the frequency range tested. It shows that the oxide films formed at different potentials have
a similar growth mechanism.

Figure 4. Impedance spectra for TC11 alloy in 0.01 M Na2SO4 as a function of formation potential:
Nyquist plots and Bode plots.
The measured impedance spectra are fitted with the equivalent electronic circuit, Rs(R1Q1)(R2Q2).
In this equivalent circuit, Rs is the solution resistance, Q1 is the constant phase element (CPE) for the
double-layer, R1 is the charge transfer resistance, Q2 is the CPE for the passive film and R2 is the passive
film resistance. The fitting results are shown in Table 1. It can be found that with the increase in the
film-forming potential, the film resistance increases, while the film capacitance decreases. This means
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that as the film-forming potential increases, the passive film becomes more compact and uniform, and
the protective effect of the film on the matrix is enhanced. The results of the EIS analysis are consistent
with the MS analysis results here in after.
Table 1. Calculated film resistance and film capacitance from the impedance diagrams of TC11 alloy in
0.01 M Na2SO4 solution.
E (V)

Rfilm (kcm2)

Cfilm (F/cm2)

0.2

18.80

0.003257

0.4

22.60

0.002075

0.6

26.22

0.001568

0.8

28.29

0.001424

3.3. Mott-Schottky analysis
Mott-Schottky analysis is often used to determine the type of semiconductor conductivity of the
oxide film and to obtain the density of the dopant within the oxide film. The following formulas are used
to determine whether semiconductors are n-type or p-type, respectively [24]:
1
2
𝐶SC

1
2
𝐶SC

= 𝜀𝜀

2
0 𝑒𝑁D

= − 𝜀𝜀

(𝐸 − 𝐸FB −

2
0 𝑒𝑁A

𝑘B 𝑇
𝑞

(𝐸 − 𝐸FB −

) for n-type semiconductors

𝑘B 𝑇
𝑞

) for p-type semiconductors

(1)

(2)

where CSC is the space charge capacitance, e represents the elementary charge, N refers to the
carrier concentration for the acceptor and donor (cm−3), 𝜀 is the dielectric constant of the passive film
(=55 [25]), 𝜀0 is the vacuum dielectric constant (8.854×10−14 F/cm), kB is the Boltzmann constant
(1.38×10−23 J/K), T is the absolute temperature and EFB is the flat band potential. The interfacial
capacitance, C, is obtained from Sikora and Macdonald [26]:
1

𝐶 = − 𝜔𝑍

𝑖𝑚𝑔

(3)

where Zimg is the imaginary component of the impedance and ω is the angular frequency. The
measured capacitance can be regarded as the CSC, if the double layer capacitance is negligible [27, 28].
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Figure 5. Mott-Schottky plots of C-2 as a function of potential for the passive film on TC11 alloy formed
at the potentials of 0.2, 0.4, 0.6 and 0.8 V in 0.01 M Na2SO4 at 300 ℃ and 10 MPa.
Fig. 5 shows the Mott-Schottky plots of the passive film formed on the surface of the TC11 alloy
electrode at different film-forming potentials in sodium sulfate solution. It can be seen from the figure
that all four lines have a positive slope, indicating that the generated passivating film exhibits the
characteristics of an n-type semiconductor. According to formula (1), the donor density (ND) of the
passive film formed at different potentials can be calculated from the slope of the linear section of the
curve. As the film formation potential increases, the slope of the linear part increases gradually,
indicating that the donor density in the passivating film decreases with increasing film formation
potential, which coincides with the prediction of the PDM [29]. Note that the MS graph shows a
relatively small linear region (0.6 V-1.0 V). It is believed that the donor type and/or donor density vary
with the potential, resulting in the appearance of the nonlinear region [30]. Nevertheless, Sikora [29] and
Goossens [31] believed that this kind of nonlinear behavior was due to the passive film thickness
increasing linearly with the applied potential.

Figure 6. Donor densities of the passive film formed on the TC11 alloy in 0.01 M Na2SO4 as a function
of film formation potential. (The dots are experimental data and the solid line is the fitting curve)
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Generally, the main forms of defects in an n-type semiconductor film are oxygen vacancies
and/or cation interstitials. Thus, the two possible dopants in this case are titanium interstitials and oxygen
vacancies. By examining the atomic radius of oxygen and titanium, it can be found that the atomic radius
of titanium is significantly larger than that of oxygen. As a result, the energy required for the transition
of titanium interstitials in the film is greater than that of oxygen vacancies. Therefore, the main form of
defects present in the passivation film on the TC11 alloy should be oxygen vacancies. This excludes a
change in donor-type as being the reason for the nonlinearity mentioned above.
Fig. 6 shows the relationship curve between donor density and film-forming potential. The fitting
results in Fig. 6 show that the donor density decreases exponentially as the film-forming potential
increases. Sikora and Macdonald have reported donor density values similar to this work and have also
observed a decrease in donor density with increasing film formation potential [29, 32]. The internal
structure of the passivated film is more uniform at a higher potential, and fewer impurities are contained
in the film, thereby reducing the density of impurities in the film. On the other hand, according to
thermodynamic theory, as the passivation potential increases, the valence state of titanium ions will
increase, correspondingly. The increase of high-valence metal ions leads to a decrease in the
concentration of free electrons in the semiconductor film; that is, the donor concentration decreases, and
the formation of the film tends to be more complete. In addition, according to the work of Sikora [29],
the increase in the film-forming potential can inhibit an increase in the concentration of oxygen vacancies
in the passive film to some extent.
Based on the PDM theory [29], the relationship between donor density (ND) and the film
formation potential (E) is as follows:
𝑁𝐷 = 𝜔1 𝑒𝑥𝑝(𝑏𝐸) + 𝜔2

(4)

where ω1, ω2 and b are constants. It can be inferred from formula (4) that the donor density (ND)
decreases exponentially with an increase in the film formation potential; the experimental results are
consistent with the theoretical analysis of PDM [29]. The exponential relationship between ND and the
film formation potential can be obtained by nonlinear fitting the data with relevant software, as shown
in Fig. 6:
𝑁𝐷 = 1.164 × 1022 𝑒𝑥𝑝(−9.189𝐸) + 9.241 × 1020 (𝑐𝑚−3 )

(5)

The diffusion coefficient can be derived from formula (6) as follows [29, 33]:
𝐽

𝐽 𝑅𝑇

0
0
𝐷0 = − 2𝐾𝜔
= − 2𝐹𝜔
2

𝑗

ss
𝐽0 = − 2𝑒

2𝑘

(6)
(7)

𝑘𝐹

where 𝐾 = 𝑅𝑇, k represents the electric field strength in the passive film, and jss is obtained from
Fig. 3. According to previous work [34], the k value for the oxide film on the titanium surface is 2.6×106
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V/cm. Therefore, it can be assumed that the k value of the passive film formed on the TC11 alloy in 0.01
M sodium sulfate is approximately 106 V/cm. Substituting the relevant parameters jss (3.2×10-6 A/cm-2),
e (1.602×10-19 C), k (106 V/cm), ω2 (9.241×1020 cm-3), R (8.314 J/mol K), T (573 K) and F (96500
C/mol) into Eqs. (6) and (7) yields D0=2.667×10-16 cm2/s. Considering the error caused by the valuation
k, the point defect diffusion coefficient of the TC11 passivation film in 0.01 M sodium sulfate is
estimated to be in the range of 10-17-10-16 cm2/s.

Figure 7. Film thickness as a function of the formation potential. Thickness was measured after each 1
h film growth.
Fig. 7 shows the linear relationship between the thickness of the film under steady-state
conditions (Lss) and the film-forming potential. Macdonald also reported a similar linear relationship
between Lss and the film-forming potential [35-37]. The steady-state film thickness was calculated by
the following formula [29, 32]:
𝐿ss =

𝜀𝜀0
𝐶

(8)

where C is the capacitance measured after 1 h of constant potential polarization at a frequency
of 1000 Hz, which is a commonly used frequency for this type of analysis. It is assumed that the EIS is
essentially capacitive at this frequency, and which the measured capacitance is almost frequency
independent. The calculated thickness ranges from approximately 0.605 nm at 0.2 V to 1.865 nm at 0.8
V. The linear variation in the film thickness with the film-forming potential indicates that the spatial
electric field intensity within the film is independent of film formation potential. This indicates that the
film-forming potential is not sensitive to the electric field intensity of the barrier layer, which is the basis
of the PDM. In addition, the driving force of defect transmission on the barrier layer is independent of
the applied potential.
Furthermore, the uniform corrosion rate can be calculated by using the steady-state passivation
current density based on the PDM using the following formula [37]:
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̅ is the composition-averaged atomic weight, 𝑧̅ is the oxidation number, and ρ is the
where 𝑀
density of the titanium alloy (4.50 g/cm3). The corrosion rate calculated from Eq. (9) is 8.89×10−11 cm/s
or 28.035 μm/year. This corresponds to approximately 2.8 mm of corrosion penetration in one hundred
years of service.
Our previous studies showed that the TC11 alloy was subject to a certain degree of
electrochemical corrosion in a high-temperature and high-pressure sodium sulfate aqueous solution [5].
The passive current density is approximately 27 μA/cm2 under the same experimental conditions (0.01
M Na2SO4, 10 MPa 300 ℃). However, after anodic oxidation, the steady-state passive current density
decreases significantly, that is approximately 3.2 μA/cm2 as presented in this paper. The corrosion
resistance of the TC11 alloy was significantly improved by low potential anodic oxidation.

4. CONCLUSIONS
The results of potentiodynamic polarization show that TC11 displays an obvious stable
passivation range (0 to 1 V vs. SHE) in 0.01 M Na2SO4 solution at 300 ℃ and 10 MPa. Potentiostatic
polarization reveals that there is no obvious relationship between the passive current density of the TC11
alloy and the film-formation potential. According to the Mott-Schottky analysis, the anodic oxidation
passivation films on the TC11 alloy is an n-type semiconductor, and the main point defects are oxygen
vacancies. The calculated donor density is found to decrease exponentially with an increase in the film
forming-potential, while the passive film thickness increases linearly with the applied potential. These
experimental conclusions are consistent with the theoretical predictions of the point defect model. The
point defect diffusion coefficient of the TC11 passivation film in 0.01 M sodium sulfate is estimated to
be in the range of 10-17-10-16 cm2/s. The corrosion resistance of the TC11 alloy was significantly
improved by low potential anodic oxidation.
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