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Abstract: In order to investigate the influence of minor Ru on electrochemical 

behavior and structural characteristics of passive film on the surface of Ti-6Al-4V alloy 

in various oil & gas exploration conditions, electrochemical techniques, XPS, SEM 

and corrosion simulation tests were carried out, and the results revealed that the oil & 

gas exploration conditions had a serious impact on the electrochemical behavior and 

corrosion resistance of tested alloys, the passivation film resistance and corrosion 

potential of tested titanium alloys were significantly reduced with the increasing of 

acidity and temperature. With the addition of minor ruthenium, the potential of passive 

film on the Ti-6Al-4V-0.11Ru alloy surface was been risen because of the high surface 

potential of ruthenium element, the content of metallic ruthenium and tetravalent 

titanium oxides TiO2 in the surface film of Ti-6Al-4V-0.11Ru alloy all increased with 

the increasing of temperature, which led to that the thickness, stability, corrosion 

resistance and repair ability of passive film on the surface of Ti-6Al-4V-0.11Ru alloy 

was all better than that of Ti-6Al-4V, these results were also confirmed by corrosion 

simulation tests. 
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1. Introduction 

With the development of oil and gas exploration in deep water, high temperature, high pressure, 

high corrosion and other unconventional oil & gas resources, there is a huge demand for new 

materials of oil country tubular goods (OCTG) with high corrosion resistance and high 

performance[1,2,3,4]. Titanium alloy has become an attractive candidate material for OCTG 

and offshore components in harsh service condition, owing to its high specific strength, excellent  

corrosion resistance, long fatigue life and outstanding mechanical properties[5,6,7,8,9].However, most 

of common titanium alloys are developed for aerospace, biomedicine, shipping and marine 

engineering, whereas, there is huge difference in application environments of the above mentioned 

fields and oil & gas exploration[10,11,12], certain titanium alloy will occur corrosion problems in oil 

& gas exploration environment, which will lead to the failure of drilling and completion string and 

cause huge economic losses[13,14]. 

Many studies have been conducted to improve the corrosion resistance capacity of titanium alloy 

in oil &gas exploration condition. Kitayama[15] studied the corrosion behavior of titanium alloys in 

a sulfur-containing H2S-CO2-Cl−environment and clarified that the addition of Pd and/or the 

increase of Mo content in titanium alloys was very effective for improvement of the SCC 

resistance. Tomashov[16] et al. investigated that additions of Pd or Pt to titanium alloy expanded 

corrosion resistance into more concentrated HCl and H2SO4 solutions. Sedricks [17] found that the 

corrosion resistance binary titanium alloy Ti-Ru was comparable to Ti-Pd alloys in H2SO4 and was 

only slightly inferior in the HCl media. Schutz[18,19,20,21,22]proposed that additions of Platinum 

group metal(PGM) to existing commercial unalloyed titanium and alpha-beta alloys were shown 

to be crevice and stress corrosion resistant to sweet or sour hot, acidic NaCl-rich brines at high 

temperatures. E. van der Lingen [23] indicated that titanium-ruthenium alloys formed a secondary 

phase and compared well with palladium-containing titanium alloys. However, there exist quite 

harsh environment for oil and gas exploration in China. The underground pipe strings not only 

confronted with challenges of high temperature and high pressure, but also suffered from impacts 

by hydrogen sulfide, carbon dioxide, high concentration saline/completion fluid, elemental sulfur 

and strong acid. Consequently, the requirement of oil country tubular goods in China exceeds that 

of other countries, the difference of anti-corrosion properties and adaptability between the most 



widely used titanium alloy (Ti-6Al-4V) and the PGM-containing titanium alloys in these service 

conditions are unknown, the corrosion resistance properties and surface electrochemical behavior 

of Ruthenium-containing Ti-6Al-4V alloys in harsh oil & gas exploration environment are still 

unclear. 

Unfortunately, there has not been any literature reporting the effect of Ru on corrosion behavior 

and structural characteristics of passive film on Ti-6Al-4V alloy in such service conditions, the 

lack of research results will pose risk in selecting and using of titanium alloy OCTG for oil & gas 

exploration. Therefore, the purpose of this study is to investigate the difference of electrochemical 

behavior, including open-circuit potentials, potentiodynamic polarization, and electrochemical 

impedance spectroscopy, corrosion resistance properties of Ru-containing titanium alloy in 

comparison with Ti-6Al-4V alloy in harsh oil & gas exploration environment, with x-ray 

photoelectron spectroscopy (XPS) and scanning electron microscope(SEM) analyses, the 

influence of Ru on the characteristics and passivation mechanism of the passive film on the 

surface of titanium alloy are discussed finally. 

2. Materials and experimental procedures 

2.1 Materials preparation  

The experimental titanium alloys were cut from the tubular with 88.9mm in diameter and 10mm 

in thickness, which was supplied by CNPC Tubular Goods Research Institute of China, the 

composition and microstructure samples were taken from the longitudinal tube with 

15mm×15mm×10mm, after being wet grind and polished with diamond pastes of 6 µm and 1 µm, 

the chemical compositions of prepared samples was analyzed using Thermo iCAP 6300 plasma 

emission spectrometer, and the chemical compositions (in wt. %) of all tested samples were 

presented in Tab. 1, and the microstructures of the samples were analyzed using MEF3A and 

MEF4M metallographic microscopes, the metallographic structure of two alloys are both 

Widmanstatten structure, as shown in Fig.1. 

Tab. 1 Chemical composition of titanium alloy samples used in the tests（wt. %） 

Samples Al V Ru O C H N Ti 

Ti-6Al-4V-0.11Ru 

Ti-6Al-4V 

5.69 

5.89 

3.97 

4.00 

0.11 

- 

0.07 

0.074 

0.0082 

0.0092 

0.0035 

0.0055 

0.007 

0.008 

Bal. 

Bal. 



 

Fig.1 Microstructures of titanium alloy samples (a) Ti-6Al-4V-0.11Ru and (b) Ti-6Al-4V 

2.2 Working electrolytes conditions 

For electrochemical measurements and corrosion resistance evaluation, typical oil & gas 

exploration conditions of an oil field in western China was selected. Considering the change of 

working environment at different stages in the process of oil & gas exploration, the influence of 

different pH value and temperature conditions in the simulated medium environment was added, 

the tested working electrolytes conditions are listed in Tab.2.  

Tab.2 Test conditions of electrochemical measurements and corrosion resistance evaluation 

Test 

conditions 

pH 

Temperature 

/℃ 

Total 

pressure 

/MPa 

H2S partial 

pressure 

/MPa 

CO2 partial 

pressure 

/MPa 

Composition 

/mg·L-1 

Condition A 3 23 

12(inlet N2) ≦1.2 MPa 6MPa 

HCO3-/189, 

Cl-/128000, 

SO42-/430, Ca2+/8310, 

Mg2+/561, K+/6620, 

Na+/76500 

Condition B 1.5 23 

Condition C 1.5 60 

Condition D 1.5 100 

 

2.3 Electrochemical measurement 

Electrochemical test specimens were cut from the tubular in the form of discs with 15 mm 

diameter × 3 mm thickness and sealed with epoxy resin in a special ring, work covers an area of 

1.76 cm2, all samples were polished by silicon carbide papers from 240 to 1200 grit and 

ultrasonically cleaned with distilled water, acetone and ethanol.  

The electrolysis procedures were carried out in a conventional water-jacketed three-electrode 

electrochemical cell with a Pt plate counter electrode and an Ag/AgCl reference electrode, 

(a (b



electrochemical measurements were performed with AMETEK 273Aelectrochemical workstation 

and potentials in the text refer to the SCE scale. Before the OCP test, all samples were pre-treated 

by -1.2VSEC for 5min to remove the oxide from the sample surface and immersed in different test 

solutions in the high-temperature high-pressure autoclave for 72h to stabilize the 

electrode/solution interface, after immersion, the time-dependent open-circuit potentials (OCP) 

tests were carried out on all samples for 24 hour to reach the steady-state of passivation. The 

potentiodynamic polarization (PDP) was performed from -500mV vs. OCP to 1600mVSCE with a 

scan rate of 0.5mV/s. Electrochemical impedance spectroscopy (EIS) measurements were 

conducted after the OCP test, the scanning frequency range was 105Hz ~0.01Hz at 10 points per 

decade, the signal amplitude was ±10mV with sine wave form. All the data were interpreted on the 

basis of equivalent electrical circuits and analyzed by Zview software.  

 

2.4 Corrosion simulation test 

In the uniform corrosion experiment, the corrosion hanging samples with the size of 40 

mm×10mm×3 mm were prepared from the longitudinally pipe and polished by silicon carbide 

papers from 240 to 1200 grit, the surface roughness was less than 1.6μm. Crevice corrosion 

specimens were taken from the tube body in the size of square piece with 38 mm x 38 mm x 3 mm, 

after polishing by1000 grit sand paper, a Φ 10 mm round hole were drilled in the center of the 

each specimens. A 0.3mm×15mm×15mm PTFE gasket was used to form a gap between two 

square plates, all the crevice corrosion specimens were connected with titanium alloy bolts of the 

same material, and a torque wrench of 86cm•kg was applied uniformly to tighten the test piece 

string to form the crevice corrosion samples according to the same test [24], as shown in Fig. 2. 

 

Fig.2 Crevice corrosion specimens of titanium alloys used in tests 

The simulated solution of working condition prepared according to Tab. 2 and corrosion samples 

were loaded into the 34.4MPa high-temperature high-pressure autoclave manufactured by Cortest 



Company, before the corrosion test, the high purity nitrogen was injected into the autoclave for 

more than 10h for deoxygenating, then the samples were loaded and the autoclave was sealed. The 

high purity nitrogen was continuously injected for deoxygenating and the medium gas was 

injected. When the temperature in the autoclave was raised to the required temperature, the test 

timing was started.  

 

2.5 XPS analysis and microstructure observation 

The surface chemical composition of origin alloy samples and immersed samples were analyzed 

and compared with XPS using a K-alpha XPS spectrometer with a monochromatic Al Kα X-ray 

source and a take-off angle of 90°, the pass energy was 50eV with an energy step size of 0.1eV for 

high resolution scan, the area of beam spot was 400μm. Standard binding energy of titanium, 

oxygen, aluminum, vanadium and ruthenium were determined according to NIST XPS database. 

Surface morphology of samples after the corrosion and immersion tests were observed and 

analyzed by TESCAN VEGA - Ⅱ scanning electron microscopy (SEM) and the OXFORD - 

INCA350 energy dispersive spectrometer (EDS).  

3. Results and discussion 

3.1 Open-circuit potential 
The open-circuit potential can initially reflect the electrochemical behavior at the 

electrode/solution interface, while the near-steady corrosion potential is determined by the 

electrode kinetics and thermodynamics, and can reflect the passivation behavior of metal in 

solution. The variations OCP versus immerse time for Ti-6Al-4V and Ti-6Al-4V-0.11Ru are 

shown in Fig. 3(a) and (b), respectively.  

It is revealed that the OCPs of all two titanium alloy materials changed rapidly at the beginning of 

immersion tests, but with the increase of the immersion time, the OCPs of all materials gradually 

reached a plateau, indicating that the passive films were rapidly formed and stabilized on the 

surfaces of all titanium alloys under these conditions[25,26,27,28]. It can be obviously observed from 

the Fig. 3 that the final OCP values of Ti-6Al-4V-0.11Ru alloy were much more positive than that 

of Ti-6Al-4V alloy under all test conditions, this significant difference in OCPs indicates that the 

addition of Ru can dramatically increase the potential of Ti-6Al-4V alloy surface. The final OCP 

values of Ti-6Al-4V alloy and Ti-6Al-4V-0.11Ru alloy stabilized at approximately -632mVSCE 

and -152mVSCE at 23℃ with pH=3, respectively, and the steady state OCPs of Ti-6Al-4V alloy 

shifted positively while the OCPs of Ti-6Al-4V-0.11Ru alloy moved in the opposite direction with 



the increase of acidity at the same temperature 23℃. However, when the temperature increased 

under the same acidic conditions (pH=1.5), the potential changes of the two alloys showed the 

different passivation characteristics, the OCP of Ti-6Al-4V alloy dropped from -589mVSCE at 

23℃ to -685 mVSCE at 60℃, and decreased to -676mVSCE when the temperature further increased 

to 100℃, indicating that the stability of passive film have decreased with the increase of 

temperature. In contrast, the OCP decrease of Ti-6Al-4V-0.11Ru alloy shifted significantly from 

-271mVSCE to -27mVSCE when the test temperature increased from 60 ℃ to 100 ℃, it is 

revealed that the thermodynamic stability of Ti-6Al-4V-0.11Ru alloy was better than that of 

Ti-6Al-4V [29]. 

 

Fig.3 OCP evolution with immersion time for different titanium alloys sample under test 

conditions (a) Ti-6Al-4V and (b) Ti-6Al-4V-0.11Ru 

 

3.2 Potentiodynamic polarization 
The Fig.4 show the potentiodynamic polarization curves of Ti-6Al-4V and Ti-6Al-4V-0.11Ru 

alloy in different test conditions after immersed in solutions for 72 h. The electrochemical 

parameters were determined and summarized in Tab.3, the corrosion potential (Ecorr) was obtained 

at the potential of current change from cathodic to anodic, Figure 4 indicated that there were a 

clear passivity domain in the potentiodynamic polarization curves of Ti-6Al-4V and 

Ti-6Al-4V-0.11Ru alloy in different test conditions, and this domain continues at more cathodic 

potential than the corrosion potential. Thus the corrosion current, Icorr, is equal to the passive 

current, IPASS, which were obtained at 0.3 VSCE. 

It can be seen from the figure, when the potential of the anode polarization branch of two titanium 

alloys exceeded 0 VSCE in all test conditions, the corrosion current densities remained basically 

stable, indicating that there were obvious passivation zones formed on the surface of all tested 

alloys under different test conditions. In this passive region, the electrochemical corrosion 

reactions were all controlled by anode reaction, both titanium alloys generated passive film in all 

(a) (b) 



simulation solutions, and the passive film required higher passivation current density to stay stable 

with the increase of acidity and temperature, as shown in Fig.4.  

Comparing the potentiodynamic polarization curves of the two titanium alloys, it can be found 

that the corrosion potential of both titanium alloys both shifted negatively with the decreasing of 

pH value at the same test temperature, while the corrosion current density increased significantly, 

the Icorr of the Ti-6Al-4V alloy was an order of magnitude greater than Ti-6Al-4V-0.11Ru alloy 

when pH was equal to 1.5 and at the temperature of 23℃. However, two titanium alloys showed 

the different characteristic as the acidity stayed constant (pH=1.5) and test temperature increased, 

the corrosion potential of Ti-6Al-4V alloy decreased significantly, and the corrosion current 

showed a slight decrease and then a rapid increase, as shown in Fig.4(a), indicating that the 

temperature had a great influence on the corrosion resistance of Ti-6Al-4V alloy, and the 

Ti-6Al-4V alloy has a corrosion resistance threshold around 60℃ -80℃, which is well accord 

with the previous study results of R. W. Schuzt et al.[ 30 ] The corrosion potential of 

Ti-6Al-4V-0.11Ru alloy decreased and then stabilized at about -413 mVSCE with the increase of 

temperature, as shown in Fig.4(b).  

 

Fig.4 Potentiodynamic polarization curves for tested titanium alloy samples under variation test 

conditions (a)Ti-6Al-4V and (b)Ti-6Al-4V-0.11Ru 

Tab.3 Electrochemical parameters of different titanium alloys under variation test conditions 

Condition/ Materials Ecorr/mV Icorr/Acm-2 Bc/ mVdec-1 

Con. A 
Ti-6Al-4V -359 3.766×10-6 -61.06 

Ti-6Al-4V-0.11Ru 

Ti-6Al-4V 

-262 3.220×10-6 -137.67 

Con. B 
-397 4.997×10-6 -224.06 

Ti-6Al-4V-0.11Ru -335 4.677×10-6 -190.15 

Con. C Ti-6Al-4V -475 1.604×10-4 -75.58 

(b) (a) 



Ti-6Al-4V-0.11Ru -434 1.372×10-4 -66.69 

Con. D 
Ti-6Al-4V -425 1.692×10-4 -102.07 

Ti-6Al-4V-0.11Ru -413 1.401×10-4 -74.00 

 

Fig. 5 illustrate the cyclic potentiodynamic polarization test results of Ti-6Al-4V and 

Ti-6Al-4V-0.11Ru alloy in condition C, it is revealed that the reverse-going polarization curves of 

two titanium alloys all intersected with the  polarization curves in the anodic branch region, 

indicating that both tested titanium alloys had good passivation and repassivation ability under the 

test condition. Cao C.N.’s work [31] shows that the repair ability of the passive film depends on the 

thickness of the original passive film, the protection potential Ep, and the pitting potential Et of 

material. The higher the protection potential Ep, the stronger the repassivation tendency of the 

material surface, and the pitting potential E t is correlated with the repair ability of the surface 

pitting corrosion. It is can be derived from Fig.5, the protective potential Ep of Ti-6Al-4V-0.11Ru 

alloy was about 2320mVSCE in condition C, which is higher than the 1890 mVSCE of Ti-6Al-4V 

alloy, exhibiting better surface repassivation ability. The pitting potential Et of two titanium alloys 

showed insignificant difference under test condition, indicating the similar repair ability of the 

surface pitting corrosion. 

 

Fig.5 Cyclic polarization curves of different titanium alloys under test condition C  

3.3 Electrochemical impedance spectroscopy 

In order to further study the influence of ruthenium on the electrochemical characteristics and 

passive film thickness of Ti-6Al-4V alloy under different test conditions, EIS measurement were 

performed for Ti-6Al-4V alloy and Ti-6Al-4V-0.11Ru alloy after the OCP test. Fig. 6 shows the 

Bode diagrams of two titanium alloys under different conditions, it is revealed that the phase 

angles of both tested titanium alloys had only one wide obvious peak from low frequency to high 

frequency, indicating that the impedance has one time constant. The maximum phase angles of 

both titanium materials closed to 80 degrees, indicative of typical capacitive characteristics. With 

Positive-going 

Reverse -going 

Start point 



the addition of Ru element in Ti-6Al-4V alloy, the frequency range of obtaining high relatively 

constant phase angle and the phase angle maximum all increased in the same test conditions, 

indicating the difference in the solid/liquid interface between Ti-6Al-4V alloy and 

Ti-6Al-4V-0.11Ru alloy, particular in high temperature condition. The absolute impedance curves 

of two titanium alloys showed similar behavior under same test conditions. The absolute 

impedance was independent of frequency in the high frequency regime and increased with almost 

the same slope from high frequency (103Hz) to low frequency (10-2Hz).In the low frequency 

regime, the absolute impedance decreased with the increasing of acidity and temperature, 

illustrating that ambient temperature and acidity have a significant influence on the characteristics 

of passive films on the alloy surface. The drop of absolute impedance in the low frequency region 

was due to the predominance of solution resistance, as shown in Fig. 6. 

 

Fig.6 Bode diagrams for tested titanium alloy samples under variation test conditions (a) 

Ti-6Al-4V and (b) Ti-6Al-4V-0.11Ru 

Fig. 7 illustrates the Nyquist plots of two titanium alloys under different test conditions. From the 

diagrams, it can be seen that Nyquist plots showed the same characteristics of a large semicircle 

capacitive loop with a time constant in both two alloys, the diameter of the capacitive loop was 

reduced with the increase of acidity and temperature. When temperature reached to 100 ℃, the 

loops of both titanium alloys were drastically smaller. By comparing the Nyquist plots of two 

tested alloys, it can be observed that the capacitive loop of Ti-6Al-4V alloys without the element 

Ru was smaller, indicative of less corrosion resistance than that of Ti-6Al-4V-0.11Ru alloy, 

especially at high temperatures, as shown in Fig. 8.  

(a) (b) 



 

Fig.7 Nyquist diagrams for tested titanium alloy samples under variation test conditions 

(a)Ti-6Al-4V and (b)Ti-6Al-4V-0.11Ru 

 

Fig.8 Nyquist diagrams for tested titanium alloy samples under condition D  

 

Fig.9 Equivalent electrical circuit model used for impedance spectra analysis of titanium alloy 

The EIS results of two tested titanium alloys are in line with the most used equivalent circuit 

model of dense passive film, the simplified Randles equivalent circuits was selected fitted the data 

[32,33,34], as shown in Fig.9. Where Rs represent the solution resistance, Rp represent the resistance 

of the compact passivation film, the constant phase element (CPEp) was selected to instead of pure 

(a) (b) 

Rs: the solution resistance 

CPEp: the constant phase element 

Rp: the resistance of the passive film 



capacitance due to the non-uniform distribution of current on the surface. The CPEp can be 

expressed as [26]: Z𝐶𝑃𝐸𝑃 = 1𝑄(𝑗𝜔)𝑛                                  (1) 

Where Q is the capacitance of dense passive film, j is the imaginary unit, 𝜔is the angular 

frequency and n is the deviation parameter which is related to the constant phase angle [35], When 

the value of n approaches 1, the phase angle constant CPEp represents the dielectric layer formed 

on the surface of the solution and the alloy and behaves as the ideal capacitance Q. Based on the 

equivalent circuits model in Fig.9, the impedance of electrode and the resistance Rp can be 

calculated as following, 𝑍𝜔 = 11𝑅𝑠+𝑄(𝑗𝜔)𝑛                         （2） 

𝑅𝑃 = lim𝜔→0( 𝑍𝜔)                           (3)  

The EIS fitting results are summarized and listed in Tab.4, it can be seen that the deviation 

parameter n of two tested titanium alloys all close to the number 1, so the phase angle constant 

CPEp acts like an ideal parallel-plate capacitor Qp. The solution resistance Rs of two alloys are 

almost the same under the same test conditions. However the passivation film resistance Rp of all 

tested alloys were drastically reduced with the increase of acidity and temperature. Under the 

same experimental conditions, the Ru-containing Ti-6Al-4V alloys exhibited a significantly higher 

resistance Rp value than Ti-6Al-4V alloys, which means that Ti-6Al-4V-Ru has better corrosion 

resistance.  

Tab.4 Electrochemical parameters of different titanium alloys under variation test conditions 

Items Rs/Ωcm2 Rp/kΩcm2 Qp/ Fcm-2sn-1  n 

Con. A 
Ti-6Al-4V 6.11±0.24 816.04±35.81 7.44×10-5±0.00 0.913±0.00 

Ti-6Al-4V-0.11Ru 4.53±0.25 1011.30±64.00 7.12×10-5±0.00 0.919±0.00 

Con. B 
Ti-6Al-4V 2.80±0.19 257.05±9.15 1.17×10-4±0.00 0.929±0.00 

Ti-6Al-4V-0.11Ru 3.08±0.13 321.91±6.92 1.19×10-4±0.00 0.936±0.00 

Con. C 
Ti-6Al-4V 4.85±0.14 41.11±0.39 1.90×10-4±0.00 0.906±0.01 

Ti-6Al-4V-0.11Ru 5.84±0.11 40.47±2.22 1.35×10-4±0.00 0.941±0.01 

Con. D 
Ti-6Al-4V 13.78±0.20 17.95±0.67 2.39×10-4±0.00 0.886±0.00 

Ti-6Al-4V-0.11Ru 11.69±0.13 22.80±0.17 1.77×10-4±0.00 0.923±0.01 



 

In order to further study the passivation film behavior of experimental alloys under variation 

tested conditions, with an assumption that the capacitance acted like a parallel-plate capacitor, the 

thickness of passive film can be calculated according to the research of Xi and Wang et al [26,32,36], C = 𝜀𝜀𝑂𝐴𝑑                                  (4) 

Where 𝑑 is the thickness of passive film, 𝜀 represents the relative permittivity and is set to 48 

for titanium [37], 𝜀𝑂  is the permittivity of vacuum and is about 8.85×10-14F•cm-1, A is the effective 

surface area, usually 3 times the geometric surface, in cm2, and C represents the capacitance of the 

passive film. According to the work of Mark Orazem[38,39,40], when a normal time-constant 

distributed through a surface layer, the relationship between CPEp parameters and effective 

capacitance requires an assessment of the characteristic time constant corresponding to the 

impedance of the layer. So the effective capacitance value C can be calculated from the CPE value 

form the following expression: C = 𝑄𝑝1 𝑛⁄ 𝑅𝑝（1−n） 𝑛⁄                               （5） 

Thus the film thickness of two tested alloys under variation experimental conditions can be 

calculated and shown in Fig. 10, it is indicated that the average thickness of passivation film on 

the Ti-6Al-4V-0.11Ru alloy surface was thicker than that of Ti-6Al-4V alloy under different test 

conditions, the passivation film of Ti-6Al-4V-0.11Ru alloy appeared more thinner when 

temperature increased, which mean that the Ti-6Al-4V-0.11Ru alloy has better corrosion 

resistance in harsher environment. 

 

Fig.10 Thickness of the passive films for two alloys under different conditions 

 

3.4 Corrosion test and surface XPS analysis 

In order to compare the surface morphology of passivation films on the Ru-containing Ti–6Al–4V 



alloy and Ti–6Al–4V alloy in the high temperature service conditions, the corrosion and crevice 

tests were conducted in the high-temperature high-pressure autoclave under test condition D, after 

72h immersion, the surface morphology of two titanium alloys were observed by SEM and shown 

in Fig. 11, it is revealed that there were no significant difference between two alloys before the test, 

however, remarkable local corrosion can be observed on the surface of Ti–6Al–4V alloy with 

several deep pitting corrosion cavities nearby, the pitting corrosion cavities were about 10-100μm 

in diameter, obvious micro-cracks can be found around and at the bottom of pitting pits, as 

zoomed-in images shown in Fig.11(c). It seems evident that the failure of the passive film on the 

surface of Ti–6Al–4V alloy underwent two main processes: the dissolution of the passive film and 

the initiation of cracks, which is well accord with the research of Y. Li. et al.[26] By contrast, polish 

marks can still be seen on the surface of Ti-6Al-4V-0.11Ru alloy without obvious corrosion trace, 

indicating that the Ru-containing titanium alloy material have better corrosion resistance under 

this test condition. 

 

 

Fig.11 SEM images of surface morphology for Ti–6Al–4V alloy (a) before the test, (c) after the 

test, and Ti–6Al–4V-0.11Ru alloy (b) before the test, (d) after the test 

(a) (b) 

(c) (d) 
Cracking 



Fig. 12 illustrated the surface morphology of two tested alloys after crevice corrosion test, it can 

be seen that the surface morphology of the two titanium alloy were distinguishable different after 

crevice corrosion test. No obvious corrosion traces can be found on the surface of 

Ti-6Al-4V-0.11Ru alloy, while plenty of corrosion products were produced on the surface of the 

Ti-6Al-4V alloy, and there are multiple cracks and spalling around the edges of sample. EDS 

results showed that the main corrosion products were alumina and titanium oxide. 

 

Fig.12 Surface morphologies of different titanium alloys after crevice corrosion test：(a) Ti-6Al-4V, 

(b) Ti-6Al-4V-0.11Ru  

The samples of Ti-6Al-4V and Ti-6Al-4V-0.11Ru alloys after immersion in condition C, D and in 

air were selected to detected the surface chemical composition by XPS analysis, Fig.13 and Fig.14 

showed deconvoluted high-resolution Ti2p and O1s XPS spectra for two tested titanium alloys 

under different conditions. The concentration of Ti and O species are summarized in Tab. 5. It is 

revealed that the tetravalent titanium oxides were prominent on the surface film of all two tested 

alloys with doublets at approximately 458.4eV and 464.2 eV under all conditions, which 

represented that the passive films of two alloys were mainly composed of TiO2[41]. At the same 

time, there were a moderate amount of trivalent titanium and bivalent titanium existed in the 

surface films of two tested alloys after polishing and under condition C, which represented the 

metastable oxides of Ti2O3 and TiO22− [42,43] according to the XPS spectra results of O1s in Fig. 14, 

it is also noted that there was little difference in the content of suboxide on the surface film of the 

two alloys after polishing and under condition C. However, after 72 hours immersion under 

service conditions D, the chemical composition on the surface film of the two titanium alloys were 

significantly different, no obvious peak of suboxide were detected on the surface fi lm of 

Ti-6Al-4V-0.11Ru alloy, the oxide film of Ti-6Al-4V-0.11Ru alloy consisted solely of tetravalent 

titanium oxides TiO2. In contrast, the content of unstable oxides such as Ti2O3 in the surface film 

of Ti-6Al-4V alloy increased significantly and the tetravalent titanium oxides was much lower 

(a) (b) 



than that of Ti-6Al-4V-0.11Ru alloy, which make dramatically difference between the passive film 

structures of two titanium alloys. 

 

Fig.13 Deconvoluted Ti2p XPS spectra for (a) Ti-6Al-4V and (b) Ti-6Al-4V-0.11Ru under 

different conditions 

 

Fig.14 Deconvoluted O1s XPS spectra for (a) Ti-6Al-4V and (b) Ti-6Al-4V-0.11Ru under different 

conditions 

Tab. 5 Element concentration (at. %) of Ti and O species on the surface of Ti-6Al-4V and 

Ti-6Al-4V-0.11Ru alloys under three conditions 

Materials conditions 
Concentration/ at. % 

Ti4+ Ti3+ Ti2+ Ti0 O2- OH- H2O 

Ti-6Al-4V 

polished 72.70 8.02 9.75 9.53 25.04 74.96 - 

C 76.78 10.04 7.16 6.02 32.91 67.09 - 

D 80.38 19.62 - - 73.99 26.01 - 

Ti-6Al-4V-0.11Ru 

polished 73.12 11.22 6.54 9.12 50.01 17.87 32.13 

C 77.43 10.87 7.76 3.94 49.18 12.64 38.81 

D 95.92 1.77 2.32 - 56.65 19.30 24.05 

 

(a) (b) 

(a) (b) 



Fig.15 illustrate deconvoluted high-resolution XPS spectra of Ru3d on the surface film for 

Ti-6Al-4V-0.11Ru alloy under different test conditions, it can be seen that there was no obvious 

peak of ruthenium element detected after polishing condition, but the XPS spectrum of Ru3d had 

changed dramatically with the increasing temperature under immersion condition C and D, 

interestingly the binding energy of the Ru3d peak were mainly close to 280.0 eV, which means the 

metallic ruthenium was existed in the surface film of Ti-6Al-4V-0.11Ru alloy[44]. Comparing the 

elemental concentration of ruthenium on the surface films of Ti-6Al-4V-0.11Ru alloy under the 

two immersion conditions, it can be seen that the content of metallic ruthenium increased from 

82.99% to 90.24% with the increasing of temperature, accompanied by the decrease of the content 

of tetravalent ruthenium oxide RuO2. 

 

Fig.15 Deconvoluted Ru3d2/5 XPS spectra for Ti-6Al-4V-0.11Ru alloys under different test 

conditions  

4 Discussion  

Many studies have been conducted and shown that the excellent corrosion resistance of titanium 

and titanium alloys in a wide range of environments was duo to the formation of a dense and 

protective oxide film on the surface of the metal [45,46,47,48], according to the Pourbaix E-pH 

diagram for titanium in water[49,50], as shown in Fig.16, when pH value of the solution is greater 

than 6 at the ambient temperature, the passivation state of the oxide film on the surface can be 

maintained, the reduction reaction line of water or H+ is in the zone of passive TiO2, which mean 

the formation of passive films on the surface of titanium is sustainable in the water. If pH value of 

the solution is less than 5, whether titanium and titanium alloy can keep the passivation film 

insoluble depends on the surface potential of different alloys. From previous electrochemical 

performance analysis results, the final OCP values of Ti-6Al-4V alloy and Ti-6Al-4V-0.11Ru 



alloy stabilized at approximately -632mVSCE and -152mVSCE at 23℃ with pH=3, respectively, 

which were all in the zone of passive TiO2, it can be seen from Tab. 3 that the corrosion current on 

the surface of two tested titanium alloys were relatively low, and all of alloys have good corrosion 

resistance.  

 

Fig.16 Pourbaix E-pH diagram for titanium in water: (a)23℃ and (b) 250℃ 

Under the influence of high temperature, high pressure, high corrosion and other factors in the 

harsh oil & gas exploration conditions [51], titanium alloy material was gradually oxidized by 

dissolved oxygen into blunt oxide in the narrow crevices, such as the large number of tiny joint 

crevices between the threaded connections of tubular goods, and further formed higher energy 

complexes with the high content of chlorine ion in the solution. When the oxygen in the gap space 

was gradually exhausted and the dissolution rate of passive film increased, the number of 

dissolved titanium ions will increase. When the number of corrosion products (such as titanium 

ions, etc.) in the gap reaches a certain concentration, the following self-dissolution and oxidation 

reaction will occur on the surface film of titanium alloy as the cathode:  Ti → Ti3+ + 3e−                           (6) 

And  Ti3+ + 2H2O → TiO2 + 4H+ + e−                     (7) 

The pH value in the tubular gap space decreased rapidly [52]. According to the Fig.16, with the 

increase of temperature, the corrosion region of titanium in the Pourbaix E-pH diagram gradually 

expanded, and the passive films of titanium alloy dissolved in different degrees according to the 

surface potential. When pH value of test solution decreased to 1.5 and the temperature increased, 

the steady OCPs and the corrosion potential (Ecorr) of Ti-6Al-4V alloys shifted negatively, 

(b) (a) 



resulting in the significantly increase of corrosion current and the decrease of passivation film 

resistance.  

The corrosion current and corrosion resistance of the titanium alloy under service conditions are a 

comprehensive reflection of the local fine structure, composition, electron structure, thickness and 

chemical properties of the surface passive film, various oxides of titanium coexist in the passive 

film of titanium surface, such as TiO, Ti2O3 and TiO2, according to Hanawa et al. studies [53], the 

surface film of titanium alloy is oxidized in to TiO initially and quickly changes into Ti2O3 due to 

the thermodynamical stability, further, Ti2O3 is oxidized into hydroxide and dehydrated to stable 

tetravalent titanium oxides TiO2, as following: Ti2O3 + 3H2O → 2TiO(OH)2 + 2H+ + 2e−              (8) 2TiO(OH)2 → 2TiO2 + 2H2O                   (9) 

L. Wang et al. investigated the local fine structure of titanium passive film and revealed that the 

passivation of the thin film greatly depended on the surface potential and the O2- component, the 

ratio of TiO, Ti2O3 and TiO2 changed significantly with the surface potential [54,55]. Ohtuska et al. 

found that the passive film of titanium alloy was consist of tetravalent titanium oxides TiO2 with 

amorphous or low crystallinity structure at the film formation potential about 7 VSCE [56], because 

the tetravalent titanium in TiO2 is the maximum valence state, which cannot be further oxidized, 

so it is more stable than the metastable oxides of titanium. It is can be seen from Fig.16 that the 

titanium surface would been landed in the corrosion region of titanium Pourbaix E-pH diagram 

under harsh oil & gas exploration environment, the stability of surface film is related to the 

competition of dissolution propensity and passivation ability, the chemical dissolution of 

tetravalent titanium oxide is the thermodynamically spontaneous [26,57], and the electronic structure 

and chemical structure of the passive film will been changed through the oxidation reaction by the 

change of the surface potentials[58,59], the reduction reaction of TiO2 will occur on the surface film 

of titanium alloy as following: 2TiO2 + 2H+ + 2e−  → Ti2O3 + H2O              (10) 

The trivalent titanium and bivalent titanium are metastable oxides of titanium which are less stable 

than the tetravalent titanium, these metastable oxides act as defects in the passive film, resulting in 

the dissolution of the passive film and the obvious increase of current density of the alloy surface 

under test conditions.  

It can be seen from the results of XPS analysis that the content of metastable titanium oxides in 

the passivation film on the surface of Ti-6Al-4V alloy has increased significantly due to the 

temperature rise and pH value drop under the service environment, resulting in a remarkable 



decrease in the thickness and stability of the passivation film. Due to the decrease in the protective 

ability of the surface passivation film, severe local corrosion and crevice corrosion occurred on the 

surface of Ti–6Al–4V alloy, as shown in Fig. 11 and 12. So the dissolution of unstable passive 

film leads to the increase of the corrosion current density. 

When adding trace amount of ruthenium to Ti–6Al–4V alloy, the corrosion potential of passive 

film on the Ti-6Al-4V-0.11Ru alloy surface was been shifted significantly in the noble direction 

because of the high surface potential of ruthenium element, A. Biesiekierski found that minimal 

Ru additions significantly altered the corrosion potential, yielding a 0.3 V shift in the noble 

direction over the Ru-free controls [60,61], F. King investigated ruthenium’s role of titanium alloy in 

Hank’s balanced salt solution, the results revealed that Ru could catalyzed the reduction of H+ on 

the surface of alloy and prevented the acidification of crevice environments [62]. As is apparent 

from the XPS results in Fig.16, no ruthenium element was found on the surface of the passivation 

film before the test, however, metallic ruthenium and tetravalent ruthenium oxide RuO2 are 

obviously present in the passivation film on the surface of Ti-6Al-4V-0.11Ru alloy under the test 

conditions, the increase of the content of metallic ruthenium is due to the reaction as follow:  32 RuO2 → RuO3 + 12 Ru0                          (11) 

And RuO3 vaporized at low temperature so that the ruthenium element in the surface film would 

be mainly composed of metallic ruthenium and RuO2 [63].  

The influence of Ru on the characteristics and passivation mechanism of the passive film on the 

surface of Ti-6Al-4V alloy can be summarized by the model in the Fig.18, when the titanium alloy 

OCTG was served in the harsh oil & gas exploration conditions, the passivation film on the 

surface of Ti-6Al-4V alloy was damaged and dissolved due to the existence of many metastable 

titanium oxides and the lower surface potential, causing local corrosion and crevice corrosion on 

the alloy, as shown in Fig.17 (a). However, when adding trace amount of ruthenium elements in 

the alloy, the electronic and chemical structure of the passive film changed dramatically, as the top 

lay of the passivation film on the surface of Ti-6Al-4V-0.11Ru alloy is dissolved in the harsh oil & 

gas exploration conditions, the metallic ruthenium and RuO2 existed in the passive film will 

increase the surface potential of the top layer, resulting an increase in passivation ability and a 

decrease in the content of metastable oxides in the passivation film, improving the thickness and 

the passivation ability of the passivation film, the stability, repair ability and corrosion resistance 

of the Ti-6Al-4V-0.11Ru alloy[64], as shown in Fig.17 (b). 



 

Fig.17 Schematic diagram of influence model of Ru on passive film thickness and structure of 

Ti-6Al-4V alloy (a) without Ru and (b) Ru-containing  

The relationship between the corrosion resistant capability and temperature were examined by the 

Arrhenius equation [65]: 𝑑𝑙𝑜𝑔𝐼𝑐𝑜𝑟𝑟𝑑(1 𝑇⁄ ) = − 𝐸𝑎2.303𝑅                     （12） 

Where 𝐸𝑎the apparent activation energy of the corrosion process, T is is the absolute temperature 

and R is the gas constant. The Arrhenius plots of Ti-6Al-4V and Ti-6Al-4V-0.11Ru alloys were 

represented in Fig. 18, and the apparent activation energies are 8.52 kJmol-1 and 20.09 kJmol-1 for 

Ti-6Al-4V and Ti-6Al-4V-0.11Ru, respectively. It is provided the further evidence for the better 

corrosion resistance of Ti-6Al-4V-0.11Ru alloy than Ti-6Al-4V alloy. 

 

Fig.18 The Arrhenius plots of Ti-6Al-4V and Ti-6Al-4V-0.11Ru alloys with different temperature 

5 Conclusions 

In the present study the influence of Ru on corrosion behavior and structural characteristics of 

passive film on Ti-6Al-4V alloy in harsh oil & gas exploration conditions was investigated by 



electrochemical techniques, XPS, SEM and corrosion simulation test, the following conclusions 

could be drawn in this work: 

(1) The passive films were rapidly formed and stabilized on the surfaces of all titanium alloys in 

oil & gas exploration conditions, the stability of passive film on Ti-6Al-4V alloys’ surface 

decreased with the increase of temperature, the thermodynamic stability of Ti-6Al-4V-0.11Ru 

alloy was better than that of Ti-6Al-4V. 

(2) Ti-6Al-4V alloy with addition of ruthenium element has higher corrosion potential and lower 

the corrosion current density under all test conditions, as well as better surface repassivation 

ability.  

(3) The EIS results indicated that the dense passive film formed on the surface of all tested alloys 

and became thinner when temperature increased. From the analysis results of EIS and passivation 

film thickness, the Ru-containing Ti-6Al-4V alloy exhibited a significantly higher corrosion 

resistance than Ti-6Al-4V alloy under the all experimental conditions. 

(4) The passive films of two alloys were mainly composed of TiO2, and the content of metastable 

oxides such as Ti2O3 and TiO22− in the passive film of Ti-6Al-4V alloy increased significantly 

with the increase of temperature, while the passive film of Ti-6Al-4V-0.11Ru alloy consisted 

solely of tetravalent titanium oxides TiO2, and the metallic ruthenium and tetravalent ruthenium 

oxide RuO2 can be detected in the passive film of Ti-6Al-4V-0.11Ru alloy, as demonstrated by 

XPS.  

(5) With the addition of ruthenium, the electronic and chemical structure of the passive film 

changed significantly, the surface potential of the top passive film on the surface of 

Ti-6Al-4V-0.11Ru alloy was been raised because the existence of metallic ruthenium and RuO2 in 

the passive film, resulting an increase in passivation ability and a decrease in the content of 

metastable oxides in the passivation film, which led to that the stability, corrosion resistance, 

repair ability and thickness of passive film on the surface of Ti-6Al-4V-0.11Ru alloy was all better 

than that of Ti-6Al-4V, these results were also proved by corrosion simulation tests. 
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