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Abstract: The corrosion behaviors of TA2 titanium were investigated by in situ electrochemical
measurements in a solution of 2.3 ppm Li* and 1500 ppm B?* at a temperature of up to 300 °C.
The morphology, phase structure, and composition of the oxide film, after 800 h exposure time in a
solution at 300 °C and 14 MPa, were characterized by scanning electron microscopy (SEM), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), etc. The growth mechanism of the oxide film
based on the activation energy was discussed. The potentiodynamic polarization and electrochemical
impedance spectroscopy analyses showed that the corrosion resistance of titanium significantly
weakened when increasing the solution temperature from 30 to 300 °C, but it increased in the initial
stage of holding time (0-66 h) at 300 °C, then gradually decreased (66-378 h), and reached a stable
state after 378 h. The oxide film, which was about 5 pm thick, consisted of anatase phase and a small
amount of ByO3. The growth mechanism is a combination of layer by layer and island growth.

Keywords: high-temperature electrochemistry; corrosion behaviors; titanium; oxide film

1. Introduction

The corrosion behaviors of materials under high-temperature and -pressure water
environments have attracted much attention in the nuclear power or petrochemical industry.
At present, stainless steel, nickel alloy, zirconium alloy, and others have been applied in
challenging environments for their excellent properties [1-4]. Furthermore, some localized
corrosions of these alloys, such as pitting corrosion, intergranular corrosion, and stress
corrosion cracking, have a significant influence on their service life and safety [5,6].

Titanium and its alloys have low density, high specific strength, and good crack resis-
tance, which have been widely applied [7-9]. They have excellent corrosion resistance at
ambient temperatures in sodium chloride or other mediums due to their good passivating
and repassivating ability. In recent years, some papers have been published about the
corrosion properties of titanium alloy in high-temperature and high-pressure aqueous solu-
tion environments, such as sulfuric acid solution with C1~, supercritical water, or alkaline
solution, by gravimetric or electrochemical tests [10-13]. Hu [14] and Gurrappa [15] found
that the oxide film on titanium alloy has good resistance against hydrogen permeation
and the pitting corrosion property. Titanium and its alloys show potential for the nuclear
power industry.

It is generally recognized that the properties of the oxide film on the metal surface
are strongly related to the corrosion resistance of the metal under high-temperature envi-
ronments [16-18]. Thus, it is important to explore the growth of oxide film and corrosion
mechanisms in high-temperature and -pressure water environments. In recent years, many
researchers have investigated the electrochemical characteristics of the alloys in high- tem-
perature water by in situ electrochemical measurement techniques, with the advantages of
a non-destructive approach and high sensitivity [19-22]. However, few of them concerned
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the effect of immersion time on the electrochemical character of titanium, especially in
the lithium borate solution. The in situ electrochemical process is an effective method to
evaluate the corrosion process of alloys and the effect of oxide film in real-time.

In this work, the in situ electrochemical properties of TA2 pure titanium at different
temperatures and at 800 h exposure time at 300 °C and 14 MPa in the 2.3 ppm Li* and
1500 ppm B3* solution were investigated. The morphology and structure of the oxide film
after 800 h exposure time were analyzed. Meanwhile, the growth mechanism of the oxide
film and its effect on corrosion properties were discussed.

2. Materials and Methods

The column sample dimension of TA2 pure titanium was ® 6.35 x 37 mm. It was
polished by emery paper and ultrasonically cleaned in acetone and deionized water succes-
sively. The corrosion tests were conducted in an autoclave (CORTEST AC200) (CORTEST,
Willoughby, OH, USA) with 2.3 ppm Li* as LiOH and 1500 ppm B3* as H3BOj3 solution. A
Wilhelm cell device was designed as an external reference electrode. The aqueous solution
was deaerated by continuously bubbling with nitrogen gas (99.99%) for 60 min before
heating and electrochemical testing. The solution temperature and pressure increased grad-
ually up to 300 °C and 14 MPa, and then this temperature and pressure were maintained
until 800 h. An additional TA2 plate was hung in the autoclave for analyzing the character
of the oxide film of TA2.

The potentiodynamic polarization and electrochemical impedance spectroscopy (EIS)
of titanium at different temperatures and exposure times in a 2.3 ppm Li* and 1500 ppm B3*
solution were evaluated using an electrochemical workstation (PARSTAT 2273) (Princeton
Applied Research, Princeton, NJ, USA) with a three-electrode cell autoclave. A TA2
titanium column was used as a working electrode, the Ag/AgCl Wilhelm cell was used as
a reference electrode (0.1 M KCl), and the platinum column of ® 6.35 x 37 mm was used as
a counter electrode. Three electrodes were inserted into a sealed Ni-based alloy autoclave
as the three-electrode cell. The potentiodynamic polarization was tested with a scan rate
of 1 mV /s, and electrochemical impedance spectroscopy was measured in the frequency
range of 1 MHz to 0.01 Hz.

The high temperature could affect the reference electrode, causing a thermal diffusion
potential [23]. However, this can be solved by converting to a standard hydrogen electrode
(SHE) based on the equation of the electrode potential as follows [23]:

ESHE =AEn + B (1)
B =0.2866 — 0.001AT + 1.745 x 10~7AT? — 3.03 x 10~2AT®

where Egyg is the electrode potential vs. SHE, AEy, is the measured potential of the working
electrode referred to the Ag/AgCl external reference electrode, and B is the corresponding
potential referred to the standard hydrogen electrode at the experimental temperature.
AT =T — 25 °C; T is the experimental temperature. All potentials in this work corresponded
to SHE.

The surface and cross-sectional morphologies of the Ti sample after 800 h exposure
time in a lithium borate solution at 300 °C and 14 MPa were observed by scanning electron
microscopy (SEM, Hitachi 5-4800) (Tokyo, Japan). The phase structure of oxide film was
analyzed by X-ray diffractometry (XRD, Philips PW-1830) (Almelo, Netherlands) using
Cu Ka irradiation and Raman spectroscopy (LabRAM Aramis) (HORIBA, Paris, France)
at a wavelength of 532 nm. The composition profiles of the oxide film were characterized
by glow discharge optical emission spectroscopy (GDOES) (GDA750, Spectruma Analytik
GmbH, Bayern, Germany). Its chemical state was evaluated by X-ray photoelectron spec-
troscopy (XPS, VG ESCALABMKII) (South Manchester, UK), where the binding energy
was referenced to the C 1s peak at 284.8 eV.
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3. Results
3.1. Potentiodynamic Polarization of TA2 Titanium at Different Temperatures

The potentiodynamic polarization curves of the TA2 sample at different temperatures
in the 2.3 ppm Li* and 1500 ppm B** solution are shown in Figure 1. Based on Tafel
fitting, the average corrosion current density (icorr), corrosion potential (Ecorr), polarization
resistance (Rp), and Tafel slopes of anodic and cathodic (Ba and Bc) are displayed in
Table 1. It was found that the corrosion current density (icorr) was 1.57 X 107 A/cm?
at 30 °C, rapidly decreased to 3.24 x 107% A/cm? at 200 °C, and then slightly increased
t0 3.66 x 107 A /cm? at 300 °C. Meanwhile, the polarization resistance (Rp,) decreased
when increasing the temperature. Furthermore, the calibrated corrosion potential (Ecorr)
increased when increasing the temperature from 30 to 150 °C, which is consistent with the
change in the icorr. However, Eqorr gradually decreased when the solution temperature was
above 150 °C.

20
—30C
15 —50C
—150C
1.0 —250C
—300C
2
2 o5}
72}
[8a)
0.0}
05} v
| P P P P P

10° 10 107 10° 10° 10™ 10°

i /Amps-cm'2

Figure 1. The potentiodynamic polarization curves of TA2 sample at different temperatures in 2.3
ppm Li* and 1500 ppm B3* solution.

Table 1. Fitting results of potentiodynamic polarization curves for TA2 sample at different temperatures.

T/°C Ecore/V icorr/ Alcm? Rp/Q-cm? Ba/mV Bc/mV
30 —0.32 1.57 x 1077 1.71 x 10° 183.61 159.02
50 —0.18 1.95 x 1077 1.32 x 10° 261.49 171.39
100 —0.17 5.40 x 107 4.19 x 10* 260.26 133.51
150 —0.12 7.62 x 1077 346 x 104 266.24 107.87
200 -0.17 3.24 x 107° 7.87 x 10° 266.85 122.09
250 —0.18 331 x 107° 7.74 x 10° 264.51 119.30
300 —0.24 3.66 x 1070 7.25 x 103 261.27 103.44

According to the Arrhenius equation of i, = Aexp(—Q/RT), the activation energy
(Q) of the oxide film growth can be calculated [24], where A is the pre-exponential factor,
ip is the passive current density, R is the molar gas constant (8.31 J/(mol-K)), and T is
the temperature. Figure 2 shows the relation of Ini, vs. 1/T on the basis of polarization
curves at different solution temperatures. By fitting the data in Figure 2, the activation
energy was 6.27 kJ /mol from 30 to 200 °C and 22.51 kJ/mol from 200 to 300 °C. The liquid
phase diffusion of the activation energy generally was below a value of 41.84 k] /mol [25].
Therefore, the oxidation of titanium is controlled by oxygen ion diffusion in the liquid
phases rather than chemical reactions during the heating process.
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Figure 2. Arrhenius plot of the passive current density vs. temperature.

3.2. Electrochemical Impedance Spectroscopy of TA2 Titanium at Different Temperatures

Figure 3 shows the Nyquist and Bode plots of TA2 titanium at different temperatures
in a 2.3 ppm Li* and 1500 ppm B?* solution. An enlarged Nyquist plot at 200-300 °C is
inserted into Figure 3a. The radius of the capacitive loop became smaller as the solution
temperature increased. As shown in Figure 3b, the impedance value in the low-frequency
region decreased with the increase in temperature. In addition, the maximum value of the
phase angle increased under high temperatures. Meanwhile, its frequency at the maximum
value shifted toward the high-frequency direction when increasing the temperature (see
Figure 3c). The larger diameter of the capacitive loop, higher impedance, and larger
maximum value of the phase angle imply a good corrosion resistance of TA2 titanium.
However, the corrosion resistance of the TA2 titanium obviously decreased when increasing
the solution temperature, especially in comparison to its corrosion behavior at 30 °C. The
corrosion resistance decreased significantly below 200 °C, but slightly changed when
the solution temperature was above 200 °C. This is consistent with the results of the
polarization curves in Figure 1.

The Nyquist plots of the TA2 sample at different temperatures in Figure 3a reveal two
capacitive loops. The smaller capacitive loop in the high-frequency region is related to
the electric double layer between the film and the solution, and the thin oxide film on the
TA2 surface corresponds to the larger capacitive loop in the low-frequency region. The
equivalent circuit of EIS for the TA2 titanium in the lithium borate solution at different
temperatures is shown in Figure 4, where R; is solution resistance, Cy) is electric double
layer capacitance, R; is charge transfer resistance, and CPE. and R, correspond to the oxide
film. CPE is defined as Z = 1/[Y(jw)"], where Z is the modulus of admittance, and n is
an exponent to characterize the deviation degree of real capacitance from its ideal value
O<n<.
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Figure 3. EIS of TA2 titanium at different temperatures in a 2.3 ppm Li* and 1500 ppm B3+ solution. (a) Nyquist plots,
(b) Bode plots, and (c) phase angle plots.
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Figure 4. Equivalent circuit of EIS for TA2 titanium at different temperatures in a 2.3 ppm Li* and
1500 ppm B3* solution.

Table 2 indicates that the solution resistance (Rs) at 30 °C was relatively high—up to
3225 ()-cm?—but decreased significantly with the increase in temperature until 200 °C;
then, it reduced slightly from 200 to 300 °C. This is ascribed to the increase in the diffusion
rate of the ions in the solution when increasing the temperature. On the other hand, the
elevated temperature led to an increase in electric density near the surface of the electrode,
which caused the R; to decrease. Moreover, the R. of the oxide film was also reduced with
the increase in temperature.
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Table 2. EIS fitting results for TA2 titanium at different high temperatures.
T/°C Rs/(Q2-cm?) R/(Q)-cm?) Cq1/(F-cm—2) CPE.,Yo/(Q1.cm—2.s7 1) i R/(Q-cm?)
30 3225 8679 6.88 x 1071 4.56 x 107° 0.49 8.44 x 10°
50 917 830 2.99 x 1075 3.18 x 1073 0.62 1.25 x 10°
100 541 430 2.58 x 107° 4.07 x 1072 0.69 8.07 x 10*
150 385 283 1.88 x 107° 4.46 x 1075 0.77 3.15 x 10*
200 307 143 2.85 x 107° 9.32 x 107° 0.75 7.28 x 10
250 266 106 6.97 x 107° 1.71 x 1074 0.80 4.20 x 10°
300 243 100 9.67 x 107> 2.65 x 1074 0.80 3.87 x 10°
3.3. Electrochemical Study of TA2 Titanium during 800 h Exposure at 300 °C and 14 MPa
The potentiodynamic polarization curves of the TA2 titanium sample at 300 °C and
14 MPa in a lithium borate solution with different exposure times are shown in Figure 5a.
Their corrosion current density (icorr) and polarization resistance (Rp) curves are given in
Figure 5b,c. The icorr decreased from 2.67 x 107 A/cm? t0 1.99 x 10°° A/cm?, and Rp
increased from 9994 to 13,172 Q-cm? with the increase in exposure time increasing until
66 h. Then, the i¢orr slightly increased to 2.60 x 10~ A/cm? at 800 h. In the meantime, the
Rp gradually decreased until 378 h and then remained relatively stable until 800 h.
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Figure 5. Potentiodynamic polarization curves of TA2 titanium at different exposure times at 300 °C and 14 MPa. (a) Poten-
tiodynamic polarization curves, (b) current density vs. time, and (c) polarization resistance vs. time.

The Nyquist plots of TA2 titanium at different exposure times under 300 °C and
14 MPa in a lithium borate solution are shown in Figure 6a,b. In terms of the equivalent
circuit in Figure 4, the above EIS plots were fitted. Figure 6c displays the variation of the
R of oxide film resistance, with exposure time. The diameter of the capacitive loops in m
increased with the increase in exposure time until 66 h, and then gradually decreases until
378 h. Then, the capacitive loops remained stable. The R. of the oxide film showed the
same changing trend with the radius of the semi-circle of Nyquist plots.
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Figure 6. Nyquist plots of TA2 titanium at different exposure times under 300 °C and 14 MPa. (a) Nyquist plots from 4 to
330 h, (b) Nyquist plots from 373 to 800 h, and (c) R. of oxide film in equivalent circuit of EIS.

The Bode plots of TA2 at different holding times under 300 °C are shown in Figure 7.
The value of impedance at 0.01 Hz rapidly increased to 20,554 Q/cm? until 66 h, but
slightly decreased to 15,603 Q/cm? at 378 h and then remained stable. This implies that
the corrosion resistance improved obviously at the beginning but then decreased, and it
remained stable in the range of 378 to 800 h. At the beginning, the film was extremely thin,
which caused poor corrosion resistance. However, the film constantly grew, and when the
oxide film was thick enough, it could resist corrosion.
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Figure 7. Bode plots and phase angle plots of TA2 at different holding times under 300 °C: (a) Bode plots from 4 to 330 h
and (b) Bode plots from 373 to 800 h.

3.4. Morphology and Structure of Oxide Film

Figure 8a shows the surface morphology of the oxide film formed on TA2 titanium
after 800 h exposure in a lithium borate solution at 300 °C and 14 MPa. An enlarged image
is also inserted into the top right corner. It was found that the film surface was coved by
a large amount of TiO, nanoplates, which were synthesized under a high-temperature,
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high-pressure solution environment. In addition, the cross-sectional microstructure of the
oxide film is shown in Figure 8b. The film was compact at about 5 ym thick; meanwhile,
it had good adhesion with titanium substrate. It is obvious that the interface between
the titanium metal and film has a protrusion into the titanium substrate, as shown by the
arrows. This means that a prior growth takes place in these regions of oxide film while in a
high-temperature solution.

Figure 8. The surface and cross-section morphologies of oxide film on TA2 titanium after 800 h exposure in a 2.3 ppm Li*
and 1500 ppm B%* solution at 300 °C and 14 MPa. (a) The surface morphology and (b) the cross-section morphology.

Figure 9 indicates that the Raman spectrum of the oxide film displayed five main
peaks at 142, 195, 395, 514, and 637 cm !, which correspond to the TiO, anatase phase.
The strongest peak at 142 cm ™! is ascribed to the § (O-Ti-O) vibrational mode with Eg
symmetry. The vibrational modes at 195, 395, 514, and 637 cm ™! were Eg, Blg, Alg + Blg,
and Eg, respectively [26].

12000 - 142

10000

8000

6000

4000

Intensify/ a.u.

2000 | 395 514 O3
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O " 1 " 1 " 1 " 1 " " 1 " 1 "
100 200 300 400 500 600 700 800 900
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Figure 9. Raman spectrum of oxide film on TA2 titanium after 800 h exposure in a 2.3 ppm Li* and
1500 ppm B3* solution at 300 °C and 14 MPa.

Figure 10 indicates the XRD patterns of oxide film on TA2 titanium after 800 h exposure
in a lithium borate solution at 300 °C and 14 MPa. The XRD spectrum showed that the
oxide film consists of anatase (TiO,), which is consistent with the Raman result in Figure 9.
The strongest peak of anatase was at 25.28° the with preferred orientation (101) plane.
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Figure 10. XRD spectrum of the oxide film on TA2 titanium after exposure for 800 h in a 2.3 ppm Li*

and 1500 ppm B3* solution at 300 °C and 14 MPa.

Figure 11 indicates the intensity-time profiles of the oxide layer for Ti, O, and B
emissions by GDOES measurement. This revealed the Ti, O, and B composition profiles
from the surface to the interior of the samples. The depth was proportional to the sputtering
time. The content of B and O on the surface of the oxide layer was high, but the content of
Ti was relatively low. With the increase in sputtering time, the content of Ti and O increased
gradually, while the content of B gradually decreased. Then, the content of B and O began
to stabilize. At the interface between the oxide layer and the matrix, the content of O and
B gradually decreased. This indicates that the boron ions in the autoclave solution were
adsorbed on the surface.

Intensify/ a.u.

0 10 20 30 40 50 60
t/s

+

Figure 11. GDOES spectrum of the oxide film on TA2 titanium after 800 h exposure in a 2.3 ppm Li
and 1500 ppm B** solution at 300 °C and 14 MPa.

The oxide film of 5 um thick after 800 h exposure in a lithium borate solution was
polished with empery paper, and a 2 um inner layer was left. Figure 12 shows the XPS
spectra for the unpolished and polished films. As depicted in Figure 12a,b, the binding
energy peaks at 458.8 and 464.19 eV belong to Ti 2p3/2 and 2p1/2, respectively, donated
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by TiO,. The peaks at 456.8 and 462.2 eV correspond to Ti;Os. In addition, another peak
at 454.4 eV identified the existence of TiB,. The binding energy of B®* was 192 eV. The O
1s spectra of the film surface in Figure 12¢,f can be divided into three peaks, which are
assigned to TiO,, B,O3, and the oxygen in O-H groups from adsorbed water, respectively.
However, the O 1s spectrum of the interior film is related to TiO,, Ti; O3, and B,O3 (see
Figure 12e). Hence, the top surface of film mainly consists of anatase TiO, and B,O3, but
the interior film also contains Ti,O3 and TiB, in addition to anatase TiO,. This indicates
a slight B®* diffusion to the interior of the film from the lithium borate solution after

800 h exposure.
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Figure 12. The XPS spectra of the top surface and inner layer of oxide film formed in a 2.3 ppm Li* and 1500 ppm B3*
solution at 300 °C and 14 MPa after 800 h exposure time. (a,b) are Ti spectra, (c,d) are B spectra, and (e,f) are O spectra.
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passive film

4. Discussion

According to the potentiodynamic polarization curves and Nyquist plots against
different temperatures and exposure times, the corrosion resistance of TA2 titanium in
a 2.3 ppm Li* and 1500 ppm B?* solution was weakened with the temperature increase,
but improved as the exposure time increased until 66 h at 300 °C. However, it decreased
obviously between 66 and 378 h. Then, the oxide film showed a stable corrosion resistance
until 800 h.

The corrosion resistance of TA2 titanium in a high-temperature lithium borate solution
is related to the growth of oxide film. The oxygen reacted with the titanium to form the
passive film at a low temperature in the solution. However, the thin passive film had a weak
corrosion resistance during the quick heating process. Furthermore, the oxygen, boron,
lithium, and other ions in the solution constantly diffused into titanium. The titanium
was quickly and easily oxidized for the oxygen diffusion between30 and 300 °C with low
activation energy. When the temperature was maintained at 300 °C, the corrosion resistance
gradually increased until 66 h, which indicates that the new oxide film can protect titanium
from reacting with oxygen or other ions. Then, the corrosion resistance gradually decreased
between 66 and 378 h due to the diffuse ions forming defects that damaged the resistance
to corrosion of the oxide film. The defects mainly manifested as the small B ion radius
doping into the TiO, lattice forming B,O3, TiB,, etc. However, the corrosion resistance
became stable after 378 h for the protection of the oxide film, and the damage of defects
reached an equilibrium state. The XPS and GDOES demonstrated that the content of B is
higher in the outside of the oxide film than on the inside.

Initially, the titanium placed into the solution formed a passive film immediately, of
which the growth mode is layer by layer. With the temperature increase, the oxide film
continued to grow. Meanwhile, based on XPS analysis, the inner oxide film consisted of
TipO3, TiO;, and a small amount of of TiB, and B3O;, and the outside of the film mainly
consisted of TiO; and B,O3. The layer growth resulted in the generation of mismatch stress
on the inside and outside of the film, which have different oxide structures. As the stress
accumulated, the surface underwent island growth, which acted to relax the stress [27].
As a result, the mismatch stress was the main nuclear driving force, and the nanoplate
nucleus formed to release the interstress [28]. The thermal interstress and the volume stress
promoted nanoplate growth. Figure 13 shows the TA2 titanium corrosion process in a
lithium borate solution at 300 °C and 14 MPa. The red balls are B ions and white spots
are defects.

(b) )

/ B defect

LG L
TA2 TA2

Figure 13. The corrosion process of TA2 titanium in a 2.3 ppm Li* and 1500 ppm B3* solution at 300 °C and 14 MPa. (a) The

titanium placed into the solution formed a passive film, (b) the nanoplate formed, and (c) the defects doping into oxide.

5. Conclusions

(1). After 800 h exposure in a lithium borate solution at 300 °C and 14 MPa, the oxide film
on TA2 titanium mainly consists of anatase TiO, phases and a small amount of B,Os.
The surface of the film is covered by many nanoplates, and its thickness is about 5 pm.

(2). The activation energy is 6.27 kJ /mol from 30 to 200 °C and 22.51 k] /mol from 200 to
300 °C. The oxidation of titanium is controlled by oxygen ion diffusion in the lig-
uid phases.
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(3). The oxide film shows rapid growth and good corrosion resistance until 66 h. The
increasing of defects weakens with the corrosion resistance, which is stabilizes af-
ter 378 h.

(4). The oxide film growth mode is a combination of layer by layer and island growth.
The mismatch stress is the main nuclear driving force, and the thermal interstress and
the volume stress promote nanoplate growth.
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