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Abstract

:

In the present study, the stress corrosion cracking (SCC) of ultrafine-grained (UFG) Ti-2Fe-0.1B prepared by equal channel angular pressing (ECAP) was investigated by a slow strain rate test (SSRT) with in-site electrochemical equipment. In comparison with the atmosphere, results indicated that the mechanical properties of Ti-2Fe-0.1B alloy degraded in the simulated sea water, and the SCC sensitivity of UFG Ti-2Fe-0.1B alloy is much lower than the initial coarse-grained (CG) state. The enhanced SCC resistance of UFG Ti-2Fe-0.1B alloy could be attributed to the mechanical and corrosive aspects simultaneously. First of all, the strength of UFG Ti-2Fe-0.1B alloy is much higher than the CG state, but the elongation to failure of UFG Ti-2Fe-0.1B alloy decreased more than 1.8 times. The UFG sample suffered crack initiation until failure with a relative short time and low plastic deformation, which weakened the effect of corrosion during SSRT. In addition, X-ray photoelectron spectroscopy (XPS) revealed that the thickness of the passivation film of the UFG Ti-2Fe-0.1B alloy is thicker and that the component of the passivation film possesses a higher proportion of TiO2 in the same etched depth, which is beneficial to the corrosion resistance. Furthermore, according to the in-site electrochemical experiment curves, it is believed that the passivation film has a higher repair ability after cracking during SSRT for the UFG Ti-2Fe-0.1B alloy due to the decrease in grain size and the increase in dislocation density.
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1. Introduction


Severe plastic deformation (SPD) can effectively refine the microstructure to submicron or nanoscale by introducing large strains during the deformation process and then dramatically enhance the physical and chemical behaviors of materials, such as strength, fatigue resistance, bio-compatibility, and electrical conductivity [1,2,3,4]. Among them, equal channel angular pressing (ECAP) is one of the most promising methods, which is available to achieve bulk materials with uniform microstructure and can be processed continuously [5].



Titanium and its alloys have been widely used in fields such as petrochemical, aerospace, and marine engineering due to their unique specific strength, excellent corrosion resistance, high temperature resistance, and good compatibility [6,7,8]. In recent decades, the effect of grain size on corrosion resistance has been extensively studied and the conclusions are inconsistent. For instance, Maleki-Ghaleh [9] and Kim [10] found that ultrafine-grained (UFG) pure titanium processed by ECAP shows stronger corrosion resistance than coarse-grained (CG) state in simulated body fluid, HCl, and H2SO4 solutions. As a contrast, Nie [11] found that the corrosion resistance of UFG-Ti prepared by high pressure torsion (HPT) in a 3.5 wt% NaCl solution was lower than that of CG Ti. Garbacz [12] studied the corrosion performance of UFG-Ti prepared by hydrostatic extrusion (HE) in 0.15 mol/L NaCl solution by auger electron spectroscopy (AES) and Ar+ sputtering technology and found that the corrosion resistance of UFG-Ti decreased compared with CG-Ti. It is acceptable that the corrosion behavior of materials is affected by various internal and external factors, such as oxygen content, ion concentration, and pH value of the corrosive medium [13], as well as grain boundary, texture, and secondary phase of the microstructure [14,15,16].



It is well known that the excellent corrosion resistance of titanium alloy benefits from the dense oxide film formed spontaneously on its surface, which isolates the corrosion medium from the substrate [17]. However, the passivation film of titanium alloy is prone to cracking when it is subjected to stress in actual application. When the substrate is exposed to corrosive medium, corrosion occurs, making the titanium alloy lose its efficacy easier. The damage to specific materials under the combined action of stress and a specific corrosion medium is called stress corrosion cracking (SCC). Compared with numerous research on the corrosion behavior of titanium alloy, studies on the SCC behavior and fracture mechanism of titanium alloy are very limited. The SCC behavior is also affected intensively by corrosion medium and microstructure. Our group [18] found that the lamellar microstructure of TC4 ELI alloy exhibited significantly higher stress corrosion sensitivity than the equiaxed, which could be attributed to the higher α phase content and presence of triangular grain boundaries, which promoted an active anodic reaction and facilitated the formation of hydrides. Chi [19] proposed that lamellar α microstructure with different orientations and a large α colony can improve crack propagation resistance and reduce SCC in simulated oilfield brine. Liu [20] found that hydrostatic pressure also affects the adsorption and penetration of hydrogen, thus promoting the stress corrosion of titanium alloy. Joseph [21] investigated hot salt stress corrosion cracking in Ti6246 alloy, transgranular fracture, and the existence of hydride, which supported the suggestion that hydrogen charging leads to cracking in stress corrosion scenarios.



A novel low-cost Ti-2Fe-0.1B alloy was designed by our group that possesses good strength, ductility, hot deformation, and corrosion behavior [22,23,24]. Considering studies on the effect of grain size on stress corrosion of titanium alloys are still rare. In the present work, the stress corrosion behavior of UFG and CG Ti-2Fe-0.1B alloy in air and 3.5 wt% NaCl solution was investigated by a slow strain rate test (SSRT) at a strain rate of 1 × 10−6 s−1, the open circuit potential (OCP) development of the sample was tested by in-situ electrochemical equipment, and the passive film of UFG and CG Ti-2Fe-0.1B alloy was analyzed by X-ray photoelectron spectroscopy (XPS).




2. Materials and Methods


The actual chemical composition of the Ti-2Fe-0.1B alloy is composed of 1.89% Fe, 0.08% B, 0.014% C, 0.0012% H, 0.062% O, 0.004% N, and the balance of Ti. The initial state of materials is melted into ingots with a diameter of about 420 mm by a consumable electrode melting furnace twice; the diameter of the ingot casting is 420 mm. The first forging process (cogging, upsetting, and drawing-out) made the diameter decrease to 300 mm at a temperature range of 1020–1050 °C. Then, the precision forging was performed at 900–950 °C to make the diameter of the sample decrease to 125 mm. The sample was finally machined to a diameter of 120 mm as a result of peeling. The subsequent rolling process was performed at 836 °C (the initial temperature) and adopted a 20-stand continuous rolling process. The rolling deformation goes through the alternating multi-pass rolling of horizontal and vertical mills. The sample was rolled into a bar with a diameter ranging from 120 mm to 20 mm gradually (hereafter in CG Ti-2Fe-0.1B). Then, the four ECAP passes were carried out by route Bc (the Bc method means that the sample is always rotated 90° in one direction for extrusion processing) at 400 °C (hereafter in UFG Ti-2Fe-0.1B).



The microstructural characteristics of CG Ti-2Fe-0.1B and UFG Ti-2Fe-0.1B were characterized by TEM. The sample was ground to a thickness of approximately 60 μm, then polished using an RL-I electrolytic twin-jet. The accelerating voltage was 20 KV, and the temperature range was −15 °C to 0 °C. Tian G2 60–300 (FEI., Hillsboro, OR, USA) was used for TEM characterization at an accelerated voltage of 300 KV.



A K-Alpha+ X-ray photoelectron spectrometer (THERMO SCIENTIFIC., Waltham, MA, USA) was used to analyze the element composition and content of the surface and depth directions of the passivation films of CG and UFG Ti-2Fe-0.1B and the binding energy of Ti2p were compared and calibrated by using the binding energy of C1s (284.8 eV).



The SSRT test was conducted in accordance with GB/T 15970.7-2000, “Corrosion Stress Corrosion Test of Metals and Alloys, Part 7: Slow Strain Rate Test”. The SSRT sample was prepared using Wire Electrical Discharge Machining (WEDM), and the surface and side of the sample were polished to a finish of 2000 mesh using SiC sandpaper. Following this, the sample was ultrasonically cleaned with anhydrous ethanol for 5 min and then dried. A YYF-50 slow strain tensile testing machine(BAIROE., Shanghai, China) was used to carry out the SSRT at a strain rate of 1 × 10−6 s−1. At least three samples were tested under identical experimental conditions. After failure, the broken sample was cleaned with de-ionized water and dried, then fractured, and its lateral surface was observed by a JSM-6510 scanning electron microscope (JEL., Tokyo, Japan) with an accelerated voltage of 15 KV.



SSRT was carried out in a 3.5 wt% NaCl solution (Lingfeng Chemical Reagent CO, Shanghai, China), and the OCP of the sample was monitored in real time with a CHI 660E electrochemical workstation (CH Instruments, Austin, TX, USA). A three-electrode system is adopted, in which the reference electrode (RE) is an Ag/AgCl electrode, the counter electrode (CE) is a platinum sheet, and the working electrode (WE) is a standard SSRT sample segment. Prior to experimentation, the samples were immersed in a 3.5 wt% NaCl solution for 24 h under a static tension of 350 N to ensure stable surface conditions.




3. Results


3.1. TEM Microstructural Characterization


Figure 1 shows TEM images of CG and UFG Ti-2Fe-0.1B, respectively. Obviously, the microstructure of CG Ti-2Fe-0.1B is mainly composed of dynamic recrystallization grains with equiaxed and dislocation-free grains; the grain boundaries are clear and less distorted. The microstructure of CG Ti-2Fe-0.1B comprises a large number of ultra-fine grains with grain sizes less than 1 μm and micro-grains with grain sizes around 10 μm; the average grain size is 1.72 μm. In contrast, the microstructure of UFG Ti-2Fe-0.1B alloy is mainly composed of dislocation cells and several subgrains; the microstructure is totally blurry due to a large number of dislocation tangles and dislocation piles; all the grains have high internal stress after suffering severe deformation; and the undistorted grains with clear grain boundaries and regular shapes are rarely seen. The microstructure of UFG Ti-2Fe-0.1B is more uniform, and the average grain size is 0.24 μm [22].




3.2. Mechanical Testing


Figure 2 presents the engineering stress-strain curves of CG and UFG Ti-2Fe-0.1B in air and a 3.5 wt% NaCl solution. In air, it can be seen that the CG Ti-2Fe-0.1B alloy has a good combination of strength and ductility, the yield strength and tensile strength reach 381 MPa and 625 MPa, respectively, while the elongation to failure remains at 28%, as indicated in Table 1. In particular, the CG Ti-2Fe-0.1B alloy shows a unique yield ratio, which can reach 0.6. Compared to the CG Ti-2Fe-0.1B alloy, after ECAP, the strength of the UFG Ti-2Fe-0.1B alloy increased dramatically; the yield strength and tensile strength reached 670 MPa and 834 MPa, respectively; the yield ratio increased to 0.8 and the elongation to failure decreased to 10%. However, when a tensile test was performed in a 3.5 wt% NaCl solution, the yield strength and tensile strength of the CG Ti-2Fe-0.1B alloy decreased to 360 MPa and 608 MPa, respectively, and at the same time, the elongation to failure also decreased to 25%. As a contrast, the strength and ductility of UFG Ti-2Fe-0.1B alloy changed a little in a 3.5 wt% NaCl solution. Therein, the yield strength and tensile strength decreased to 657 MPa and 806 MPa, respectively, and the elongation to failure remained at 10%.



The decrease in strength and elongation shows that Ti-2Fe-0.1B has certain stress corrosion sensitivity in 3.5 wt% NaCl solution, and the stress corrosion sensitivity of materials can be measured by ISSRT [25]:


    I   S S R T   = 1 −   [   R   s o l   × (  1 +   A   s o l    ) ]   [   R   a i r   × (  1 +   A   a i r    ) ]    



(1)







Rsol and Asol represent tensile strength and elongation to failure in solution, respectively. Rair and Aair represent tensile strength and elongation to failure in air, respectively. This formula considers the variation of elongation to failure and tensile strength comprehensively. The higher the ISSRT value, the greater the stress corrosion sensitivity. As indicated in Table 1, both the CG and UFG Ti-2Fe-0.1B alloys have stress corrosion sensitivity, but the ISSRT of UFG Ti-2Fe-0.1B decreased to 0.0337, which is much lower than that of the CG state. It can be concluded that the SCC behavior of UFG Ti-2Fe-0.1B is obviously optimized in comparison with the CG state.




3.3. Morphology of SCC


Figure 3 displays the fracture morphology of UFG and CG Ti-2Fe-0.1B in air and a 3.5 wt% NaCl solution, respectively. In air, the fracture morphology of CG Ti-2Fe-0.1B shows typical dimple rupture without any cleavage-like fracture characteristic. As can be seen in Figure 3a, the morphology features of dimples are deep and comparable homogeneous, which indicates a good ductility of CG Ti-2Fe-0.1B alloy [26]. However, the fracture morphology of CG Ti-2Fe-0.1B performed in a 3.5 wt% NaCl solution is relatively smooth (Figure 3b), and the morphology features of dimples are shallow and non-uniform. On the other hand, the UFG Ti-2Fe-0.1B alloy shows similar fracture morphology features both in air and in 3.5 wt% NaCl solution, although the dimples are much smaller than the CG state in the same corrosive medium.



Figure 4 displays the fracture morphology of the lateral surfaces of CG and UFG Ti-2Fe-0.1B. Obviously, microcracks can be observed in the microstructure of all samples, but the morphology features are quite different. The microcracks of CG Ti-2Fe-0.1B show the form of holes with a diameter of 4 mm to 9 mm in air, while the microcracks spread laterally and become very long and narrow in a 3.5 wt% NaCl solution. On the other hand, the size of microcracks in UFG Ti-2Fe-0.1B is obviously smaller than that of CG state; microcracks mostly exist in the form of long strips in the air conditioning, and the distribution is relatively uniform, but they tend to expand longitudinally in the 3.5 wt% NaCl solution.




3.4. In-Situ Open Circuit Potential Result


As is well known, when titanium alloys are immersed in solution without external stress, their OCP value fluctuates with the development of the surface state of the alloy and eventually approaches a stable state with a certain potential, which means the self-corrosion potential of the alloy in this environment [27]. It is interesting to observe the development of the OCP value of samples during SSRT. Hence, the transient changes in OCP of CG and UFG Ti-2Fe-0.1B alloys during SSRT in 3.5 wt% NaCl solution were obtained by in−situ electrochemical equipment, as indicated in Figure 5. During the initial stage of tensile stress, the OCP value of CG Ti-2Fe-0.1B first decreased from −1.11 V to −0.15 V, then slowly increased, and finally stabilized. In contrast, the OCP value of UFG Ti-2Fe-0.1B first experienced a brief fluctuation and increased from −0.09 V to −0.06 V, then decreased and frequently fluctuated in the range of −0.08 V to −0.11 V. On the whole period, the OCP curve of CG Ti-2Fe-0.1B is relatively smooth, while the OCP value of UFG Ti-2Fe-0.1B is zigzag. More than that, the OCP values of Ti-2Fe-0.1B alloy are always higher than the CG state.




3.5. Passivation Film Characterization


The elemental composition and content of passive films of CG and UFG Ti-2Fe-0.1B alloys were analyzed by XPS, and the Ti2p spectra were obtained after etching with different depths of 0 nm (surface), 2 nm, 4 nm, and 8 nm (Figure 6). On the surface, results indicated that the passive film of CG and UFG Ti-2Fe-0.1B alloys mainly consists of Ti4+, Ti2+, and Ti, which correspond to the ideal oxide TiO2, suboxide TiO, and Ti, respectively. But the TiO2 peak value of UFG Ti-2Fe-0.1B is much higher than that of the CG state. As the etching depth increased, the peak value of CG and UFG Ti-2Fe-0.1B alloy corresponding to Ti4+ decreased, while the peak value corresponding to low-valence titanium ions and Ti increased.



Table 2 shows the relative atomic concentration of titanium oxide as fitted by XPS. The relative concentration of TiO2 in the passivation film of the CG Ti-2Fe-0.1B alloy is 54.3% on the surface, but for the UFG state, this value increased to 63.3%. With the increase in etching depth, the content of TiO2 continuously decreased until it disappeared in 8 nm depth for both states; however, it is worthy to notice that the content of TiO2 for UFG Ti-2Fe-0.1B alloy is higher than that of the CG state in the same etching depth. In particular, in the 4 nm depth, the content of TiO2 for the UFG Ti-2Fe-0.1B alloy is more than 2 times that of the CG state.





4. Discussion


It is well known that the SCC of material is a result of the mutual effects of corrosion and mechanical factors. When the passivation film is cracked due to tensile stress, the fresh substrate is exposed to the solution medium, and the damaged metal surface becomes the anode, while the undamaged surface becomes the cathode. One of the SCC mechanisms is generally considered to be related to anodic dissolution [28]. The anode metal atoms are constantly dissolved, and because the anode area is small, the current density of the anode will be large, which will lead to further corrosion of the fresh substrate. In this process, the following reactions occurred [29,30]:


Ti → Ti3+ + 3e−



(2)






Ti + 2H2O → TiO2 + 4H+ + 4e−



(3)






H+ + e− → H



(4)






Ti3+ + H2O→TiO2+ + 2H+ + e−



(5)







In the oxygen-enriched environment, the damaged passive film of the sample could sometimes be repaired by re-passivation, although the position where metastable point corrosion occurred is weaker than the normal position of the passive film [31]. In addition, the re-passivation film will rupture again under the action of tensile stress. Finally, under the combined effect of corrosion and tensile stress, cracks gradually formed at the corrosion damage site and continued to expand until the material failed.



Meanwhile, the process of anodic dissolution is always accompanied by the generation of hydrogen ions. When hydrogen is enriched, it could promote the formation and movement of dislocations, and the energy threshold required for fracture at stress concentrations in titanium alloys is reduced [32,33].



As mentioned above, after ECAP, the UFG Ti-2Fe-0.1B alloy possesses lower stress corrosion sensitivity than that of the CG state, which means better SCC resistance. It can be explained from two angles. From the corrosion aspect, it is well known that Fe is a β-stabilizing element, which has a low solubility in alpha-Ti and mainly dissolves in beta-Ti. On the other side, the B element does not dissolve in titanium alloy and always presents in the microstructure as TiB particles. Both Fe and B element additions can benefit the refinement of ingot structure; meanwhile, the reduction in grain size of Ti-2Fe-0.1B alloy by ECAP can effectively improve the segregation of elements and weaken the galvanic effect [34,35]. Our group [22] characterized the surface morphology of CG and UFG Ti-2Fe-0.1B after potentiodynamic scanning by SEM, and it was found that the corrosion pit volume produced by selective dissolution due to the galvanic effect in CG Ti-2Fe-0.1B was significantly higher than that in UFG Ti-2Fe-0.1B. This result proves that in UFG Ti-2Fe-0.1B, the distribution of alloying elements in the α and β phases is more uniform and the microstructure is more homogeneous, which could reduce the risk of pitting corrosion when the fresh substrate is exposed to corrosive medium because the passivation film ruptures under the influence of external tensile stress. Otherwise, stress concentration will easily occur at the position where pitting corrosion occurs under the action of tensile stress, which will promote the occurrence of cracking. On the other hand, the self-repairing capability of passivation film could be improved due to the refinement of grain size. As shown in Figure 5, the OCP curve of CG Ti-2Fe-0.1B decreases at the beginning of imposed tensile stress because the passivation films formed on titanium and titanium alloys have a double-layer structure [36]. According to the corrosion principle of passivation metals, the loose outer layer of the film is transformed into a dense inner layer in aqueous solution [37]. When high Cl-irons are adsorbed by titanium alloys in NaCl solution, autocatalysis occurs and leads to the generation of new vacancies [38]. Meanwhile, due to local electrical neutrality, the newly generated oxygen vacancies significantly inhibit the transformation of stable Ti4+ from Ti3+ and Ti2+, thus preventing the repair of the passive film. For the UFG Ti-2Fe-0.1B alloy, it also suffers the above process when it is subjected to tensile stress in a 3.5 wt% NaCl solution. At the beginning of deformation during SSRT, the OCP value also showed a downward trend. However, accompanied by the grain refinement of Ti-2Fe-0.1B during ECAP, a large number of grain boundaries and dislocations were introduced, which can provide more positions for the nucleation of passivation film, enhance passivation kinetics, and promote the faster formation of oxide film [39,40], so the OCP values recovered quickly. That is why the OCP curves of UFG Ti-2Fe-0.1B alloy show a zigzag wave. As shown in Table 2, at the same etching depth, the relative concentration of TiO2 in UFG Ti-2Fe-0.1B is always higher than that in the CG state. This result also proves that Ti3+ and Ti2+ in UFG Ti-2Fe-0.1B after grain refinement can be easily transformed into stable Ti4+.



From the mechanical aspect, Wang et al. [41] found that the diffusivity of point defects (D0) increased with increasing plastic deformation during SSRT. A higher D0 value can increase the risk of pitting corrosion, as a higher vacancy density has a higher affinity for chloride ions, which can produce more pitting nucleation sites [42]. This means that in CG Ti-2Fe-0.1B, which has low strength but high plastic deformation ability due to dynamic recrystallized grain, metal vacancies are easier generated at the passivation film/solution interface and constantly migrate to the metal/passivation film interface, consuming metal atoms in the matrix. Oxygen vacancies and metal ions are generated at the interface of metal/passivation film, which migrate to the interface of passivation film/solution, and the oxides on the surface are constantly dissolved. As a result, the passive film is ruptured, which leads to corrosion pits and microcracks, which further become the origin of fracture, as shown in Figure 4b. However, Grain refinement increases the yield strength and tensile strength of UFG Ti-2Fe-0.1B dramatically, as shown in Figure 2. This greatly increases its ability to resist plastic deformation, which means fewer point vacancies could be generated for the UFG state during plastic deformation in a 3.5 wt% NaCl solution, which then inhibits the origination and propagation of pitting corrosion. It is worth noting that the above-mentioned point defects caused by SSRT in corrosive media are different from those introduced in the ECAP process. The defects introduced in the ECAP process, such as grain refinement and grain boundary slip, led to more grain boundaries; oxide protrusions can be embedded in high-density grain boundaries, increasing the interfacial adhesion between the Ti matrix and passivation film [43]. This not only improves the strength of the material but also makes the rupture of the passivation film more difficult under the action of tensile stress.



Finally, Compared to the UFG Ti-2Fe-0.1B alloy, the sample of CG Ti-2Fe-0.1B alloy took a relative long time to immerse in NaCl solution until it fractured because of its good ductility. As indicated in Figure 5, which implies that the effect of corrosion could play an important role in the whole process of failure. As a contrast, the UFG sample suffered crack initiation until failure in a relatively short time, which weakened the effect of corrosion during SSRT.




5. Conclusions


The SCC behavior of UFG Ti-2Fe-0.1B alloy processed by ECAP was studied by SSRT experiment with in situ electrochemical equipment; the passive film was analyzed by the XPS method; and the fracture morphology after fracture was observed by SEM. It can be concluded that:




	(1)

	
Both UFG and CG Ti-2Fe-0.1B alloys show certain stress-corrosion sensitivity. However, the stress corrosion sensitivity of UFG Ti-2Fe-0.1B processed by ECAP is much lower than that of CG Ti-2Fe-0.1B; the ISSRT value decreased from 0.0555 to 0.0337;




	(2)

	
Refinement of grain size and increase in dislocation density in UFG Ti-2Fe-0.1B can provide more sites for the nucleation of the passivation film, which enhances the passivation kinetics and increases the TiO2 content and re-passivation ability of the passivation film;




	(3)

	
The UFG sample possesses high strength but low ductility; it took a relative short time and low plastic deformation from crack initiation until failure, which weakened the effect of corrosion during SSRT.
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Figure 1. TEM micrographs of (a) CG Ti-2Fe-0.1B and (b) UFG Ti-2Fe-0.1B. 
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Figure 2. Engineering stress-strain curves of UFG Ti-2Fe-0.1B and CG Ti-2Fe-0.1B. 
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Figure 3. Fracture morphologies of CG (a,b) and UFG (c,d) Ti-Fe-B in air (a,c) and 3.5 wt% NaCl solution (b,d) after SSRT. 
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Figure 4. Lateral fracture morphologies of CG (a,b) and UFG (c,d) Ti-Fe-B in air (a,c) and 3.5 wt% NaCl solution (b,d) after SSRT. 
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Figure 5. OCP transient changes of CG and UFG Ti-2Fe-0.1B in a 3.5 wt% NaCl solution. 
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Figure 6. Ti2p XPS spectra of the passive film formed on (a,c,e,g) CG Ti-2Fe-0.1B and (b,d,f,h) UFG Ti-2Fe-0.1B in different depths. 
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Table 1. Results of SCC testing in air and a 3.5 wt % NaCl solution.
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Sample

	
σ0.2/MPa

	
σb/MPa

	
A/%

	
σ0.2/σb

	
ISSRT






	
CG Ti-2Fe-0.1B in air

	
381 ± 5

	
629 ± 7

	
28 ± 1.2

	
0.6

	
0.0555




	
CG Ti-2Fe-0.1B in NaCl

	
360 ± 9

	
608 ± 10

	
25 ± 1.4

	
0.6




	
UFG Ti-2Fe-0.1B in air

	
670 ± 4

	
834 ± 4

	
10 ± 0.7

	
0.8

	
0.0337




	
UFG Ti-2Fe-0.1B in NaCl

	
657 ± 6

	
807 ± 6

	
10 ± 0.9

	
0.8
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Table 2. The concentration of titanium oxide at different depths.
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Composition

(%)

	
CG Ti-2Fe-0.1B

	
UFG Ti-2Fe-0.1B




	
Surface

	
2 nm

	
4 nm

	
8 nm

	
Surface

	
2 nm

	
4 nm

	
8 nm






	
TiO2

	
54.3

	
36.5

	
13.4

	
0

	
63.3

	
46.8

	
28.3

	
0




	
Ti2O3

	
0

	
25.7

	
36.8

	
30.5

	
0

	
21.4

	
26.6

	
36.2




	
TiO

	
30.5

	
17.3

	
19.5

	
36.1

	
24.2

	
13.2

	
18.6

	
34.5




	
Ti

	
15.2

	
20.5

	
30.3

	
33.4

	
12.5

	
18.6

	
26.5

	
29.3
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