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Based on the corrosion rates under high-temperature and high-pressure, both the corrosion behaviors of
TC4 titanium alloy tubes in neutral and acidic (containing CO2 and H2S) environments and the
thermodynamic stability of their passivation films were investigated by in-situ electrochemical tests
combined with molecular dynamics simulations and first-principles calculations. The results show that
the corrosion of TC4 titanium alloy at 180 °C is mild. And the corrosion reaction of TC4 titanium alloy
in different environments is controlled by an anodic reaction process. Comparing with the neutral
environment, TC4 titanium alloy in CO2 and H2S environment present smaller electrochemical corrosion
Kinetic resistance. Among three environments, TC4 titanium alloy shows the worst corrosion resistance
in H2S environment. CI, HCO* and HS, all have strong charge interactions with the positive-charged
Ti atoms of TiO2(110) passivation surface. By altering CI concentration and temperature, the existence
of HxS and CO2 will reduce the binding energy between CI- and TiO2(110) surface, i.e., the
thermodynamic stability of the TiO passivation film became worse.

Keywords: TC4 titanium alloy; corrosion resistance mechanism; thermodynamic stability; molecular
dynamics (MD) simulation; first-principles calculation

1. INTRODUCTION

With the worldwide increasing demand for oil and gas resources, the exploitation of oil and gas
fields has gradually drilled much deeper. According to a survey, over 11 % offshore wells will have
higher than 175 °C bottom-hole temperatures in the next three or five years. Moreover, the bottom hole
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pressure is between 70~100MPa for nearly 26 % wells while the predicted bottom hole pressure is higher
than 100MPa and contains CO2, H.S and CI[1] for 5 % wells. Thus, oil pipes with both high-strength
and corrosion-resistant are urgently needed under the aforementioned harsh conditions. Titanium alloy
pipe has attracted extensive attention because of its excellent corrosion resistance and mechanical
properties[2,3]. Since the mid-1980s, titanium alloy has been utilized in the manufacturing of casing,
tubing and some downhole tools, which aims at oil and gas wells under high-pressure and high-
temperature, even ultra-high-pressure and ultra-high-temperature (such as the Gulf of Mexico)[4,5].
Unocal employed Ti-3Al-8V-6Cr-4Mo-4Zr alloy pipe for the hot brine geothermal well (temperature
over 300 °C) in the Salton Sea region of the United States; RMI Titanium Corporation harnessed Ti-
6Al-4V-Ru tubing in Mobile Bay Field hot-acid oil and gas well ( high concentrations of NaCl, H2S and
CO: at bottom hole temperature up to 235 °C ); Chevron is also actively developing Ti-6Al-2Sn-4Zr-
6Mo, Ti-6Al-4V and Ti-6Al-4V-Ru[6~8] alloy used for oil and gas well.

In fact, titanium is an active metal, and its corrosion resistance mainly stems from the passivation
film (stable, dense titanium oxide layer) on its surface[9~11]. Titanium and oxygen can form various
compounds with different Ti/O ratios and different structures, such as TiO2, TiO, TizO4, Ti20s, etc. In
general, a 5~10 nm thick TiO2 oxide film (passivating film)[12,13] can be rapidly formed on the surface
of fresh titanium, which may exist in three polymorphs: rutile, anatase, and brookite[14~16]. All these
phases are composed of octahedral structures, but their arrangement, bonding and lattice structures are
different[16]. The TiO. rutile phase belongs to the tetragonal crystal structure, and its molecular formula
is Ti2O4 per unit cell. The TiO, anatase phase has same crystal structure, while its molecular formula is
Ti4Os per unit cell. TheTiO2 brookite phase belongs to the rhombic crystal structure and its molecular
formula is TisO12 per unit cell. The rutile phase is thermodynamic stable under ambient conditions, and
is identified as the main component of titanium alloy's passivation film. Therefore, the excellent
corrosion resistance of titanium alloy pipe can be ascribed to the thermodynamic stability of its
passivation film[17,18]. However, the studies about titanium alloy's passivation film, such as its
formation process, film composition, structure, performance and thermodynamic stability, are still
insufficient up to now.

Therefore, based on the experimental data, we discussed the thermodynamic stability and
corrosion resistance mechanism of titanium alloy's passivation film in this paper by implementing in situ
electrochemical analysis and MD simulations.

2. EXPERIMENTAL
2.1 Corrosion tests

2.1.1 Materials and test specimen

All the specimen were cut from TC4 (110ksi (758MPa) grade) titanium alloy tubing with size of
®88.9mm x 6.45mm, chemical composition of which is (wt.%): Al: 6.0;V: 4.2 ;Fe : 0.04 ;C: 0.01 ; N:
0.01; O, 0.09 ; Ti :Balance. The high-temperature and high-pressure weight loss test sample size was



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221213 3

50mmx10mmx3mm. These samples were polished with abrasive paper up to 1,200#, leading to surface
roughness<1.6um; the electrochemical test sample was a circular sheet sample with working area of 1
cm? and 3 mm thickness.

2.1.2 Methodology and details

(1) High-temperature and high-pressure weight loss test

The aqueous medium, which is simulated oilfield solution composed of deionized water and main
ions shown in table 1. were neutral (no CO2 or H2S) and acidic (including CO2 or H,S) respectively.The
neutral corrosive environment is achieved by charging N22 hours in the solution. Partial pressure of CO»,
as well as H2S, was 2 MPa (total pressure is 10 MPa).The immersion tests were carried out under 180
°C set temperature in the simulated oilfield solution for 360 h using TFCZ5-35/250 magnetic reaction
auto-clave.

Table 1. Corrosion test conditions

qurosmn Neutral CO2 H2S
environment
Temperature/°C 180
CO:z partial
pressure/MPa 0 0 2
H>S partial
pressure//MPa 0 2 0
Total pressure/MPa 10 Cinlet N2)
Aqueous medium/ NaHCOs: 850; NaxS0O4: 170; CaClz: 11000; MgCl2: 2943,;
mg-L* NaCl:247371; KCI:3821

(2) Electrochemical test

the electrochemical test chose AMETEK 273A potentiostat and M5210 lock-in amplifier. A large
area of Pt sheet was used as the counter electrode (CE), and an Ag/AgCI electrode was used as the
reference electrode (RE). The solution was same as the corrosion test. The potentiodynamic polarization
curves were measured starting at -500mV with a scanning rate of 0.3333 mV/s. Cyclic potentiodynamic
polarization was performed from a negative potential at -500 mV up to sweepback potential at +1600mV
or the flyback current was 1mA with a sweep rate of 20 mV/s. Electrochemical Impedance Spectroscopy
(EIS) tests were conducted from 100 kHz to 5mHz with 10 mV peak-to-peak linear sinusoidal
perturbation. And 1000 Hz Mott-Schottky frequency, -1.0~-0.2 V scanning interval, 5 mV AC voltage
amplitude and 5mV step potential was adopted. In addition, it should be noted that all potentials in this
paper were referred to Ag/AgCl (vs OPE).
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2.2 Modeling and simulations

2.2.1 First-principles calculations

The rutile phase (Ti0.) crystal belongs to a tetragonal structure with space group P42/MNM[19].
First, the surface supercell of TiO2(110) (2x1) was constructed. Second, the vacuum layer is inserted to
avoid the imaginary interaction between top and bottom sides. Third, the interface models are established
by putting adsorbate (molecules and ions) over the surfaces. The interface models are shown as Fig. 1.

@ Cr (b) HCOs (c) HS
Figure 1. Interface models of corrosive ions' adsorption onto rutile TiO2(110)

The plane-wave ultrasoft pseudo-potential formalism based on the density functional theory
(DFT) was used for all calculations. Under the framework of generalized gradient approximation (GGA),
the exchange and correlation potentials were determined by the PBE functional form, and the Kohn-
Sham equation was self-consistently solved. The ultrasoft pseudopotential was adopted to describe the
interaction between valence electrons and ions. The maximum cutoff energy calculated by a plane wave
in reciprocal space was Ecut = 420 eV. Self-consistent calculation convergence accuracy reached 5 x 10
" eV/atom.

2.2.2 Molecular dynamics (MD) simulations

The Ti02(110) (10x5) surface models were constructed, then the vacuum layer was inserted, and
the adsorbate (molecules and ions) were put over the surfaces to establish interface models.

On the basis of actual operating conditions of oilfield, the CI- concentration of 50000mg-L* and
100000 mg-L"* were considered respectively. In the aqueous medium, 30 and 60 CI- ions were contained
for the both concentrations. All the partial pressures of CO> and H>S were 5MPa. For the numbers of
HCOs and HS ions, which are mainly formed by ionization of CO2 and H>S in aqueous solution, the
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gas solubility model established by Duan et al.[20] was adopted in the present work. Various
temperatures of 120, 180 and 230 °C were also considered.

Fig. 2 shows the optimized interface models. It can be seen that a very thin disordered atoms
layer were formed onto the surface after optimization due to a reaction between surface and aqueous
solution.

Based on the configurations of optimized interface models, the interfaical binding energy was
calculated according to the following equation:

E =(£,, —E. - ETJ.OZ)/ S (D

int erface

Where S is the interface area, Eotal IS the total energy after optimization of the whole system. Eion
and Erio2 are the energy of the aqueous solution and TiO; surface, respectively.

(a (b _

(@)CO2 environment (before optimization) (b) CO2 environment (after optimization) (c) H2S
environment (before optimization) (d) H2S environment (after optimization)

Figure 2. Interface model of TiO2 (110) crystal surface before and after geometric optimization (partial
pressure of CO2 and H.S: 10MPa;Cl : 100000 mg/L; Temperature: 230 °C)

In the molecular dynamics simulations, periodic boundary conditions were adopted, which can
avoid the boundary effect caused by the size limit of the established model[21].The molecular dynamics
simulation was performed using COMPASS forcefield, and the Ewald summation and the van der Waals
electrostatic interaction were utilized.

3. RESULTS AND DISCUSSION

3.1 Pitting and uniform corrosion

Fig.3 and Fig.4 present the surface and cross-section micro corrosion morphology of TC4
titanium alloy samples after the high-temperature and high-pressure corrosion test. It is cleared that
uniform corrosion on the surface of all samples was slight in three environments, with no obvious pitting.
Fig.5 shows the comparative analysis of the uniform corrosion rate of TC4 titanium alloy in CO> and
H2S environments. Corrosion rate of titanium alloy is only 0.0004 mm-a?, 0.0004 mm-a! and
0.0009mm-a’! respectively around the high-temperature environment of 180 °C. Although the corrosion-
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resistant properties of TC4 titanium alloy are relatively weak in an H>S environment, the uniform
corrosion degree was extremely mild according to the standard NACE SP 0755-2013[22]. It is can still
believed that titanium alloys have good corrosion resistance in harsh underground working conditions.

X500  50pm X500  50pm

Figure 3. Surface corrosion morphologies of TC4 alloys in neutral(@d) CO2(b) and H.S (c)
environments(180°C)

Figure 4. Cross-section corrosion morphologies of TC4 alloys in neutral(a), CO2(b) and H2S (c)
environments(180°C)
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Figure 5. The uniform corrosion rate of TC4 alloys in different environments(180°C)
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3.2 Electrochemical properties of passivation films

3.2.1 Polarization curves and cyclic polarization curves

Figure 6 shows the results of the polarization curves and cyclic polarization curves of TC4
titanium alloy in neutral, CO2 and H>S environments. In the three corrosion environments, the anodic
polarization curves of titanium alloys all showed obvious passivation areas, which indicate the corrosion
reaction was controlled by the anodic reaction process. At the same time, the reverse scan polarization
curve and forward scan polarization curve all intersect at the anode polarization region, it means that
TC4 titanium alloy has a high level of passivation and re-passivation in the simulated downhole
corrosion environment. Table 2 shows the fitting and analysis results of corrosion potential, corrosion
current density, breakdown potential (Ep) and protection potential (Epr) of titanium alloys in different
corrosion environments. E, of TC4 titanium alloy in CO2 and H2S environments decreased gradually
compared with a neutral environment. Moreover, Epr of TC4 titanium alloy is not much different in
neutral and CO2 environments while that is significantly reduced in the H>S environment. As the
protective potential (Epr) is the most important index to characterize the stability of the passivating film,
the stability of TC4 passivation film in the H2S environment is relatively poor, the corrosion current
density is relatively high, and the corrosion resistance is reduced[23].
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Figure 6. Polarization curves(a) and cyclic polarization curves(b) of TC4 alloys in different
environments(180°C)

Table 2. Electrochemical parameters of TC4 alloys in different environments (180°C)

. Corrosion . . Breakdown - .
Corrosion ial Corrosion current density ial Repassivation potential
environment potentia I/A-cm potentia E,/V
Ec/V Eu/V P
Neutral -0.745 4.1756x108 1.231 0.681
CO; -0.600 1.1909x10° 1.164 0.684

H2S -0.577 1.7588x10° 0.825 0.655
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3.2.2EIS

Fig.7 shows the EIS plots and their equivalent circuits of TC4 titanium alloy in neutral, CO2 and
H>S environments. The EIS plots of TC4 titanium alloy have three-time constants in the three corrosion
environments, among which the capacitive resistance in the high-frequency zone is associated with the
resistance capacitive relaxation process composed of reaction transfer resistance and electrode interface
capacitance. The capacitive reactance arc in the low-frequency region is the superposition of two
capacitive reactance arcs, and the corresponding state variables are the particle adsorption rate at the
electrode/solution interface and the potential difference of the passivating film, in which the passivating
film can be regarded as an independent variable in series with other variables.
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®  Neutral environment—fitted
o CO2 environment—measured n
& CO, environment—fitted
300 |- .
<& H,S environment—measured ®
&
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Figure 7. EIS plots (a) and equivalent circuit (b) of TC4 alloys in different environments (180°C)

Table 3 shows the fitting results of TC4 titanium alloy EIS plot in different corrosion
environments, where Rs is the solution resistance, R; is the charge transfer resistance, Cq is the double-
layer capacitance of passivation film/solution interface, Cc and Rc are the double-layer capacitance and
resistance of adsorption particles on the electrode surface, Cm and Rm are the double-layer capacitance
and resistance of passivation film. It can be seen in Table 3 that both membrane resistance Rn decreases
and the protective effect of passivation film decrease successively (in the H.S environment, Rm decreases
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significantly) in the neutral, CO. and HS environments. Taking the real part of ®—0 minus the real part
of w—0o0 on the EIS plots to calculate the polarization resistance of TC4 titanium alloy in neutral, CO>
and HzS environments, which are respectively 2691.18 Qecm?, 1632.10 Qecm?, 308.22 Qscm?. The
electrochemical corrosion resistance is gradually reduced[24]. Obviously, the corrosion resistance of
TC4 titanium alloy at high temperatures with HS is relatively poor[25,26].

Table 3. Fitted results for EIS measured in different environments (180°C)

Corrosion Rs Cal Rt Ce Rec Cm Rm
environment  Q-cm? F-cm™ Q-cm? F-cm™ Q-cm? F.cm™ Q-cm?
Neutral 1.073 0.001742 517 2.656E-5 0.1027 0.00514 2172
CO; 2.708 4.837E-6 66.79 0.001132 1.598 0.0116 2061
H.S 1.177 0.002999 272.4 0.02583 11.93 0.003547 22.71

3.2.3 Mott-Schottky (M-S) curves

Generally, the passivating film on a metal surface is semiconductor, which is divided into n-type
semiconductors and p-type semiconductors. A p-type semiconductor is characterized by anion selectivity
and an n-type semiconductor is characterized by cation selectivity. This characteristic of the passivating
film can effectively prevent erosion in solution[27]. Fig. 8 shows the M-S curve of TC4 titanium alloy
in neutral, CO2 and H.S environments. The M-S curve of titanium alloy under three corrosion conditions
only has a positive slope range, indicating the passivation film of titanium alloy is an n-type
semiconductor. Therefore, it has cation selectivity and can repel the erosion of metal matrix by CI-, thus
endowing TC4 titanium alloy with strong corrosion resistance. According to the Mott-Schottky relation
(where in the dielectric constant € of the semiconductor is taken as 114)[28~31], the donor concentration
and the flat band potential in the titanium alloy passivation film are shown in Table 4. Relevant data
show[32,33]that the higher the concentration of donor and acceptor in the passivating film, the faster the
diffusion rate of ions, the worse the stability of the passivating film, and the higher the corrosion rate.
Table 4 shows that the donor concentration of TC4 titanium alloy passivation membrane in aeutral, CO>
and H2S environment gradually increased under 180 °C high temperature condition. Therefore,
compared with the neutral and CO. environments, the corrosion resistance of TC4 titanium alloy
decreases in the H2S environment, which is also consistent with the above test and analysis results.
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Figure 8. M-S curve of TC4 alloys in different environments (90°C)

10

Table 4. The doping concentration and flat band potential of TC4 alloys passivation film in different

environments (90°C)

Corrosion environment Np (cm™) Em (V)
Neutral 1.983x10'8 -0.953

CO2 4.125%x10'8 -1.021

H»S 7.367x10%® -1.052

3.3 Passivation film thermodynamic stability

3.3.1 Electronic structure of the interface between different aggressive ions and TiO2(110)

Figure 9(a)~(c) shows the charge density distribution of a single CI- ion, a single HCO®* ion, and

a single HS™ ion adsorbed on the surface of TiO2(110), respectively. In Fig.9, electrons are biased

between the O atoms in CI ions, HCO® ions, S atoms of HS™ ions and Ti atoms on the TiO» surface

when the adsorption reaches the steady-state. It indicated that there is a strong charge interaction with

the positively charged Ti atoms on the TiO2(110) surface for the three negatively charged aggressive
ions of CI, HCO* and HST[34]. To verify the above conclusion, the steady-state adsorption
configurations of CI, HCO®*, and HS on the TiO2(110) surface were analyzed by differential charge

density analysis, as shown in Figure 10. As seen from the plots, there is charge bias around the O atom

in CI- ion, HCO® ion, and S atom in HS" ion as the adsorption reaches the steady-state, while there is
charge dissipation near the Ti atom on the TiO2 surface. Therefore, the interfacial bonding is mainly due

to the charge movement from around Ti atoms to around ClI, O, and S.
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(a) CI (b) HCOsz (c) HS

Figure 9. Charge density distribution at the interface between different corrosive ions and TiO>
(a) (b>
- R
) ~

(a) CI (b) HCOsz (c) HS

Figure 10. Differential charge density distribution at the interface between different corrosive ions and
TiO2

In order to further investigate the nature of electronic interactions for interfacial bonding after
adsorption occurs, the steady-state adsorption configurations of the above three anions on the TiO2(1 1
0) surface were analyzed by the density of partial wave states (PDOS), and the PDOS curves of single
Cl- ion, single HCO® ion, and single HS- ion adsorbed on the TiO2(1 1 0) surface are shown in Figs.
11(a)~(c), respectively.
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Figure 11. PDOS curves of different corrosive ions after adsorption on Ti(110) surface

The charge interactions between the Cl atom in the CI-ion, the O atom in the HCO® ion, and the
S atom in the HS- ion and the Ti atom on the TiO2 surface respectively occur in the -17eV and -5eV, -
3eV to -7.5eV, and -2eV to -3.5eV energy level intervals, and are mainly caused by the 3d2 electrons of
the Ti atom and the 3p5 of Cl, 2p4 of O, and S 3p4 electrons between the hybridization orbitals of the
Ti atom[35].

3.3.2 Interfacial binding energy between different aggressive ions and TiO2 (110) surfaces

The TiO: interfacial model after geometrical optimization is visualized in Fig. 12. It can be seen
that the model after chirality shows a disordered atomic structure in a very narrow region near the
interface, which can be regarded as an interfacial transition or reaction layer[34]. Table 5 shows the
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interfacial binding energy of a neutral environment and corrosive gases H»S and CO. with TiO; at
different temperatures with different CI concentrations. According to the more negative value of the end
state minus the beginning state means that the end state is more stable, the easier it is to change from the
beginning state to the end state, the thermodynamic stability of TiO. gradually decreases as the
temperature increases at a certain ClI™ concentration. When the CI™ concentration increases, the binding
energy value decreases, the easier the corrosive ions are combined with the TiO> surface, then stronger
its aggressiveness. It implied that as the temperature or the concentration of CI° increases, its
aggressiveness to the TiO> surface becomes stronger, and the thermodynamic stability of TiO:
passivation film is weakened. Once the concentration of CI- and temperature are fixed, the addition of
H>S and CO2 will make it easier for CI" to bind with the rutile TiO2 (110) surface, i.e. the potential barrier
needs to be surpassed for the adsorption of Cl” on the (110) crystal surface is smaller, and the
thermodynamic stability of TiO> passivation film is also less thermodynamically stable.

@) MFaarEod (b)

(a) 50000mg-LCI (b) 100000mg-L CI-

Figure 12. Geometrically optimized TiO2 interface model

Table 5. Interfacial binding energy with TiO2 under different corrosion conditions

Combined energy (Kcal/molsA2)

Cl-concentration

(mg-LY) Temperature (°C) Neutral CO2 environment  H»S environment
environment (pco2=5MPa) (pr2s=5MPa)
50000 180 -22.0961 -22.3119 -22.3483
230 -22.5116 -22.5639 -23.7228
100000 180 -24.2596 -24.2268 -24.4753
230 -24.5288 -24.75772 -24.8472

4. CONCLUSIONS

(1) The uniform corrosion of TC4 titanium alloy in the neutral environment, CO»-containing and
H>S environment is relatively mild, and no obvious pitting corrosion occurs. The uniform corrosion rates
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in the three environments are 0.0004 mm-at, 0.0004 mm-a* and 0.0009 mm-a, indicating that it has
good resistance to uniform corrosion and local corrosion.

(2) The anodic polarization curves of TC4 titanium alloy in neutral environment, CO2-containing
and H>S-containing environments have obvious passivation zones, the corrosion reaction is controlled
by anodic process. And the passivation films are all n-type semiconductors, which can repel the erosion
of the metal substrate such as CI". At a certain temperature, the self-corrosion potential of TC4 titanium
alloy decreases and the corrosion driving force increases after the addition of CO2 and H2S compared
with the neutral environment. As the breakdown potential and protection potential of the passivation
film reduced, the polarization resistance is significantly decreased, and the electrochemical corrosion
kinetic hindrance performance is weakened. the increase of donor concentration for the passivation film
results in the deterioration of its corrosion resistance. In particular, TC4 titanium alloy is most susceptible
to corrosion in the H.S environment.

(3) Three corrosive ions CI;, HCO®* and HS have strong charge interactions with Ti atoms on
the TiO, (110) surface. Interfacial bonding mainly exists between Cl, O, S of Cl-, HCO* and HS™ three
ions and Ti atoms, and the bonding is mainly due to charge movement from around Ti atoms to around
Cl, O, and S. Charge bias around the negatively charged ions while charge dissipation around the surface
Ti atoms. The interfacial bonding is mainly due to the electron orbital hybridization produced by ClI-
3p5, O-2p4, S-3p4, and Ti-3d2. When the CI™ concentration and temperature are fixed, the addition of
H>S and CO2 will make the CI- bond with the rutile TiO, (110) surface more easily, and the
thermodynamic stability of the TiO> passivation film became worse.
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