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Abstract

:

The environmental resistance of pure iron was evaluated by an oxygen and hydrogen sensor installed after an oxidation furnace. The amount of introduced oxygen was precisely controlled by the oxygen pump sensor at the front stage of the oxidation furnace, and the reaction with hydrogen was analyzed. Thus, when oxygen was supplied, a reaction between hydrogen and oxygen occurred; however, when the supplied oxygen was not sufficient, a hydrogen-vapor environment was created, and oxidation was not accelerated. Conversely, when the amount of supplied oxygen was excessive, the environment became an oxygen–steam environment, and oxidation was accelerated. Therefore, this explained how the oxidation caused by oxygen was dominant under the oxygen–water vapor environment, and the oxidation weight gain increased. In addition, the border of the region dominated by oxygen oxidation and steam oxygen was clarified by precisely controlling the amount of oxygen supplied by the oxygen pump sensor.
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1. Introduction


Concern over the increasing seriousness of climate change is growing as the greenhouse gas concentration increases. A high volume of greenhouse gases is emitted from the energy conversion sector that uses fossil fuels, such as thermal power plants and the burning of aircraft jet engines. Therefore, we must move away from fossil fuels to halt the emission of greenhouse gases. Thus, using hydrogen from renewable energy instead of fossil fuels as an energy source could reduce greenhouse gas emissions and help resolve climate change [1,2,3]. However, when hydrogen fuel is being used, the high-temperature atmosphere to which components are exposed differs from that of fossil fuels; hence, the deterioration behavior of components in the case of hydrogen fuel due to high-temperature oxidation remains mostly unknown. It is assumed that combustion gas contains hydrogen, oxygen, water vapor, and so on. In addition, experiments on combustion environments where hydrogen and oxygen react together are difficult to conduct. As a result, the reaction behavior of gas species in an environment where the partial pressure of hydrogen and oxygen gases is precisely controlled is still unknown. Thus, the present authors developed equipment that electrochemically supplies oxygen with high precision (oxygen pump-sensor) and regulates the reaction amounts of hydrogen and oxygen on electrode surfaces [4,5,6,7]. Furthermore, the authors examined the reaction behavior of hydrogen and oxygen, and the oxidation behavior of Ni-based alloys in cases of hydrogen fuel use [8]. However, in an environment with hydrogen, oxygen, and water vapor, hydrogen behavior must be measured accurately.



Although there have been many reports on the oxidation behavior of metals in mixed atmospheres of hydrogen, oxygen, and water vapor [9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27], there are no reports on the measurement of hydrogen behavior in situ. Water vapor and oxygen are both involved in oxidation and generate similar oxides. Therefore, it is not possible to decipher whether oxidation is caused by oxygen or water vapor, and the oxidizing species that causes oxidation is unknown [23].



In oxygen atmospheres, oxidation progresses due to the reaction expressed in Equation (1)


Fe + 1/2O2 → FeO



(1)







In this case, oxygen in the atmosphere is consumed in the reaction with Fe (iron), lowering the partial pressure of oxygen. However, in environments that contain water vapor, the reaction shown in Equation (2) occurs in addition to Equation (1).


Fe + H2O → FeO + H2



(2)







Thus, hydrogen is generated in a reaction with water vapor, increasing the partial pressure of hydrogen in the atmosphere. Therefore, it is important to measure the partial pressures of oxygen and hydrogen in oxidizing atmospheres, making it possible to distinguish between oxidation by oxygen and water vapor.



In this study, we used an oxygen pump-sensor, which is oxygen supply equipment, in Ar–H2 to precisely control the amount of oxygen supplied to Ar–H2. We then observed behaviors of hydrogen and oxygen in situ using the hydrogen and oxygen sensors and performed a separate analysis of oxygen and water vapor involved in the oxidation of Fe by water vapor.




2. Experimental Procedure


As the base material, we used Fe (99.99%). The sample was a square with an area of 2 cm2. The sample surface was polished with emery paper with a grit of 800 and ultrasonically cleaned.



Figure 1 shows a schematic diagram of the equipment used in this experiment. For the step before the electric furnace, we installed oxygen supply equipment, i.e., the oxygen pump sensor. Using this oxygen pump sensor, we supplied oxygen and induced a reaction between hydrogen and oxygen. The introduction gas was Ar–10% H2, and the flow rate was 30 mL min−1. We used the oxygen pump sensor to regulate the reaction of oxygen and hydrogen. In this study, we performed an experiment with a constant current with the objective of clarifying the amount of oxygen supply. We placed samples in a vertical electric furnace from Siliconit (SILICONIT CO. LTD, Tokyo, Japan) and heated them to 900 °C over one hour. This temperature was maintained for four hours, and then the furnace was cooled. We also installed a tubular hydrogen sensor and an oxygen sensor in the next step after the electric furnace to measure the partial pressures of hydrogen and oxygen in the emitted gas atmosphere.



Figure 2 shows a schematic diagram of the oxygen pump sensor from Figure 1. Platinum (Pt) was applied to the inside and outside of a yttria-stabilized zirconia tube, which was the electrolyte for the oxygen pump sensor. Subsequently, Pt was used for the electrodes of the oxygen pump and oxygen sensor. The sensor temperature was 850 °C.



For the oxygen sensor, we substituted the measured electromotive force to calculate the partial pressure of oxygen (    P     O   2 ( m e a )      ) according to Nernst Equation (3).


  E =   R T   4 F     ln  ⁡      P     O   2   m e a           P     O   2   r e f            



(3)







Here, R = gas constant (J K−1 mol−1), T = temperature (K), F = the Faraday constant (A s mol−1), E = measured electromotive force (E), and     P     O   2   ( r e f )     = reference gas (atmosphere: 0.21 atm). By applying current to the area between the two electrodes attached to the electrolyte tube, oxide ions could be moved within the oxygen pump. As Equation (4) shows, oxygen was generated on the anode side. Oxygen was supplied to the electrolyte tube using this mechanism.


Outside of the tube: O2 + 4e− → 2O2−, inside of the tube: 2O2 → O2 + 4e−



(4)







When this oxygen and hydrogen in the atmosphere go through an electrochemical reaction on the surface of the Pt electrodes, water vapor is generated. By precisely controlling the oxygen supply, the reaction of hydrogen in the atmosphere with oxygen can be regulated.



We then measured the current applied during supplying of oxygen, I, and calculated the amount of oxygen supplied, J, by substituting it into Faraday’s law shown in Equation (5).


  J =   I   4 F    



(5)







Here, F = the Faraday constant (A s mol−1), I = applied current (A), and J = the amount of oxygen (mol s−1) supplied to the tube by the oxygen pump. Therefore, the amount of the supplied oxygen can be accurately controlled with this current value.



Figure 3 shows a schematic diagram of (a) the hydrogen sensor and (b) the oxygen sensor. The hydrogen and oxygen sensors are both annular. The hydrogen sensor has a length of 200 mm, an outer diameter of 10 mm, and an inner diameter of 7.0 mm. The oxygen sensor has a length of 250 mm, an outer diameter of 10 mm, and an inner diameter of 8.5 mm. We applied 10 mm-wide bands of Pt on the inside and outside of the sensor and used these as electrodes. Pt was applied with a width of approximately 3 mm from the inner and outer electrodes to the outer terminals to conduct electricity. As the hydrogen sensor, we used a CaZr0.9In0.1O3−α tube, which is a proton conductor. As the oxygen sensor, we used a yttria-stabilized zirconia tube (8 mol% Y2O3–ZrO2), which is an oxide ion conductor.



Electromotive force measured by the hydrogen and oxygen sensors was substituted into the Nernst Equations (6) and (7) to calculate the partial pressures of oxygen and hydrogen.


  H y d r o g e n   s e n s o r : E =   R T   2 F   l n     P     H   2     r e f         P     H   2     m e a        



(6)






  O x y g e n   s e n s o r : E =   R T   4 F   l n     P     O   2   ( m e a )       P     O   2   ( r e f )      



(7)







Here, R = gas constant (J K−1 mol−1), T = temperature (K), F = the Faraday constant (A s mol−1), E = measured electromotive force (V),     P     O   2   ( r e f )     = reference gas (atmosphere, 21% O2, 0.21 atm), and     P     H   2   ( r e f )     = reference gas (Ar–1.09% H2, 0.01 atm). Due to the properties of the sensors, the electrode with a higher partial pressure of hydrogen became the negative electrode for the hydrogen sensor, while the electrode with a higher partial pressure of oxygen became the positive electrode for the oxygen sensor. The hydrogen and oxygen sensors were operated at 500 °C and 700 °C, respectively.



First, we confirmed that proton conductors can accurately detect hydrogen concentrations at 500 °C. Figure 4 shows the relationship between the hydrogen partial pressure set using Ar–H2 gas with a known concentration and hydrogen pressure, which was obtained by measuring the electromotive force with sensors and substituting it into Equation (6). The result showed that hydrogen partial pressures calculated from known Ar–H2 gas and from the electromotive force measured with the hydrogen sensor were consistent. Thus, we confirmed that it was operating accurately.



Subsequently, we calculated the amount of generated gas from the measured gas partial pressure. If we treat the measured gas as an ideal gas and assume that Charles’s law holds, the following also holds:


P(dVr/dt) = (dn/dt)RTr,



(8)




where P = gas pressure, Vr = gas flow volume measured at temperature Tr, n = amount of gas generated, and Tr = temperature at which flow rate was measured, which was 25 °C for this study.



First, the oxidation reaction of Equation (1) progresses with Fe and oxygen. Under a low-oxygen partial pressure, H2O dissociates with the reaction (9).


H2O = H2 + 1/2O2



(9)







Thus, in water vapor under low-oxygen partial pressure, the oxidation reaction of Equation (2) progresses due to the reactions of Equations (1) and (9). The amount of oxygen consumed in the reaction of Equation (1) is obtained from changes in oxygen partial pressure,   ∆   P     O   2      :


  ∆   P     O   2     =   P     O   2     −   P     O   2     °    



(10)




where     P     O   2     °     and     P     O   2       are oxygen partial pressures of gas before and after the reaction. The amount of hydrogen generated in the reaction of Equation (2) is obtained from changes in hydrogen partial pressure,   ∆   P     H   2      


  ∆   P     H   2     =   P     H   2     −   P     H   2     °    



(11)




where     P     H   2     °     and     P     H   2       are hydrogen partial pressures of gas before and after the reaction.



To calculate the oxidation rate, we first calculated the mol of generated gas per unit time, dn/dt, by substituting   ∆   P     O   2       and   ∆   P     H   2       to the pressure term of Equation (8) and converted this to mass. This value was divided by the sample surface area to obtain the oxidation rate. The oxidation rate calculated from changes in oxygen partial pressure   ∆   P     O   2       represents oxidation by oxygen, while the oxidation rate calculated from changes in hydrogen partial pressure   ∆   P     H   2       represents oxidation by water vapor.



For samples used for evaluation of environmental resistance, the generated oxide phase was identified with X-ray diffraction (RIGAKU RINT2200V, Tokyo, Japan). Furthermore, we used a field emission scanning electron microscope and electron probe microanalyzer (JEOL, JSM-7800F, Tokyo, Japan) to observe and analyze sample cross-sections.




3. Results


3.1. Amount of Oxygen Supply with Changes in Oxygen and Hydrogen Partial Pressure


Figure 5 shows the time dependence of oxygen partial pressure measured with the oxygen sensor. It shows that in atmospheres without an oxygen supply, the oxygen partial pressure was 10−20 atm. This can be considered as a reducing atmosphere where pure iron was not oxidized.



Figure 6 shows the relationship between time and oxygen supply, which was calculated by applying a current with the pump of the oxygen pump-sensor to supply oxygen and then using the current value for Faraday’s law. One can observe that a constant amount of oxygen was supplied from the oxygen pump sensor during the oxidation experiment. As this supplied oxygen and hydrogen in the atmosphere react, the atmosphere can be regulated. With a current of 350 mA, oxygen was supplied at 2.05 × 10−2 mL s−1 to the pipe. The amount of supply increased with the applied current, and at 450 mA, oxygen was supplied at 2.63 × 10−2 mL s−1. Thus, the amount of oxygen supplied can be precisely regulated by the oxygen pump sensor.



Figure 7 shows the result of oxygen partial pressures measured with the oxygen sensor and hydrogen partial pressures measured with the hydrogen sensor when a current was applied after the step using the oxidation furnace. The experiment was conducted without the Fe sample. Conditions for the applied current were as follows: 0 mA with no oxygen supply, and 350 mA, 380 mA, 400 mA, and 450 mA with oxygen supply. The current was applied and maintained at the same level for 30 min and subsequently changed. Under an atmosphere with no current (0 mA) and no oxygen supply, oxygen and hydrogen partial pressures were 10−19.5 atm and 10−1 atm, respectively. Since Ar–10% H2 was used for gas, one can see that the hydrogen sensor operated accurately. Since oxygen partial pressure was 10−19.5 atm, this reduced the atmosphere. Since iron oxide, FeO, is generated at 900 °C and 10−15.7 atm, we assumed that iron oxide would not be generated in this environment [28]. We applied current to this environment to supply oxygen. At 350 mA, the oxygen and hydrogen partial pressures were 10−16 atm and 10−3 atm, respectively. In other words, with an oxygen supply, hydrogen in the atmosphere reacted, and hydrogen partial pressure decreased. However, when a current of 380 mA was applied, oxygen partial pressure rapidly increased while hydrogen partial pressure rapidly decreased. This behavior means that with oxygen supply from the current of 380 mA, all hydrogen in the atmosphere reacted with oxygen. When the current was further increased, oxygen partial pressure increased, and hydrogen partial pressure decreased, indicating that oxygen exceeding the hydrogen–oxygen reaction was supplied. By precisely regulating the oxygen supply by controlling the current, oxygen and hydrogen partial pressures can be changed.



Figure 8 shows changes in oxygen and hydrogen partial pressures when the current was continuously changed from 0 mA to 450 mA. The sweep speed of the current was 1.875 mA min−1. Without current, oxygen and hydrogen partial pressures were the same as that shown in Figure 5. By applying current to supply oxygen, the oxygen partial pressure gradually increased. However, up to close to 350 mA, the increase in oxygen partial pressure was limited, and oxygen partial pressure at 350 mA was 10−18 atm. Since oxygen partial pressure was low, it is likely that hydrogen remained in the atmosphere. When the current exceeded 350 mA, oxygen partial pressure rapidly increased, indicating that all hydrogen in the atmosphere began reacting with oxygen at a current of around 350 mA. When the current exceeded 350 mA, all hydrogen reacted, resulting in excess oxygen in the atmosphere. At 450 mA, oxygen partial pressure increased to 10−1 atm. Meanwhile, the initial hydrogen partial pressure was 10−1 atm; however, with the application of the current, hydrogen partial pressure gradually decreased. Similar to the oxygen partial pressure, there was no notable drop in hydrogen partial pressure until 350 mA, decreasing to approximately 10−3 atm. However, when the current exceeded 350 mA, hydrogen partial pressure rapidly dropped. Thus, by measuring hydrogen partial pressure, the amount of hydrogen in the atmosphere can be accurately measured, and the reaction behavior of hydrogen and oxygen can be analyzed.




3.2. Oxygen Partial Pressure and Hydrogen Partial Pressure in Oxidation Experiments


Figure 9 shows temporal changes in oxygen and hydrogen partial pressures when Fe was oxidized under each atmosphere. Oxygen partial pressure (a) was constant at 0 mA, indicating that there was virtually no oxidation by oxygen. At 350 mA, oxygen partial pressure before holding the high temperature increased more than that at 0 mA. While holding 900 °C, oxygen partial pressure dropped to 10−18 atm though no major change was observed. Meanwhile, at 380 mA, 400 mA, and 450 mA, oxygen partial pressure was high before holding the high temperature. While it barely changed as temperature increased, it rapidly dropped to 900 °C. This indicates that oxygen in the atmosphere and pure iron were reacting. Subsequently, at 380 mA, oxygen partial pressure maintained a value of 10−17 atm while the temperature was held at 900 °C. At 400 mA, oxygen partial pressure gradually increased. At 450 mA with a high oxygen supply, oxygen partial pressure rapidly increased after 20 min. In contrast, hydrogen partial pressure (b) was high at 0 mA and 350 mA before the high temperature and hardly changed while the temperature was held at 900 °C. However, at 380 mA, 400 mA, and 450 mA, where the oxygen supply was high, hydrogen partial pressure rapidly increased when the oxidation temperature reached 900 °C. This indicates that hydrogen was generated due to oxidation. At 380 mA, hydrogen partial pressure remained high while the temperature was held at 900 °C. After the oxidation test, hydrogen partial pressure returned to the value observed before applying the high temperature. At 400 mA and 450 mA, hydrogen partial pressure rapidly dropped after 30 min and 10 min, respectively. Thus, at 400 mA and 450 mA, oxidation by water vapor was suppressed during oxidation.




3.3. Oxidation Rate under Each Atmosphere


Figure 10 shows the time dependence of oxidation rates at 380 mA, 400 mA, and 450 mA. Black parts indicate oxidation by water vapor, while gray parts indicate oxidation by oxygen. The calculation method is shown under experimental methods. The oxidation rate at the boundary between oxidation by oxygen and by water vapor was 0.04 mg cm−2 min−1, 0.15 mg cm−2 min−1, and 0.75 mg cm−2 min−1 at 380 mA, 400 mA, and 450 mA, respectively. This difference was caused by the difference in initial oxygen partial pressure, indicating that when oxygen partial pressure was high,   ∆   P     O   2       was high, which led to a high rate of oxidation by oxygen at the boundary. Though the oxidation rate was low at 380 mA, oxidation by water vapor occurred at a higher proportion than oxidation by oxygen. However, at 400 mA, oxidation by oxygen occurred as the temperature increased, and when the temperature reached 900 °C, both oxidation by oxygen and water vapor occurred. Subsequently, oxidation by water vapor disappeared, leaving only oxidation by oxygen. Thus, by using the oxygen and hydrogen sensors, it is possible to analyze oxidation by differentiating oxidation by oxygen and oxidation by water vapor. At 450 mA with a large amount of oxygen supply, oxidation by oxygen occurred during temperature increase, and oxidation by water vapor also progressed once the temperature reached 900 °C. However, the proportion of oxidation by water vapor was limited, where much of the oxidation was dominated by oxygen. In addition, the oxidation rate was higher at 450 mA with an oxygen supply. Thus, it was demonstrated that the oxidation rate increases with an increasing amount of oxygen supply.




3.4. Cross-Sectional Structure after Environmental Resistance Evaluation


Figure 11 shows the cross-sectional structure of samples oxidized at 0 mA (a), 350 mA (b), and 400 mA (c) for 5 h. At 0 mA, no oxidation occurs. At 350 mA with a limited oxygen supply, the generated oxide was a single layer of FeO. As the results of oxygen partial pressure in Figure 7 suggest, oxygen partial pressure during oxidation was 10−17 atm, which is why a single layer of FeO formed. Meanwhile, the oxide became a multi-layered structure at 400 mA with a high oxygen supply. From the base, FeO and Fe3O4 formed, with a thin film of Fe2O3 toward the surface. In addition, the FeO was thick, indicating the occurrence of accelerated oxidation. The result of oxygen partial pressure in Figure 7 shows that it gradually increased during oxidation, generating Fe3O4 and Fe2O3. Therefore, a difference in oxygen supply led to different forms of oxides.





4. Discussion


4.1. Relationship between Supplied Oxygen and Atmosphere


Figure 12 shows changes in oxygen partial pressure (Figure 8) and an enlargement of the section from 2.5 h to 3.5 h. At 350 mA, oxygen partial pressure was low; however, when the current exceeded 350 mA, oxygen partial pressure rapidly increased. The amount of current applied to the oxygen pump sensor was 350 mA. The amount of oxygen supply calculated from this value using Faraday’s law was 2.0 × 10−2 mL s−1. The flow rate of Ar–10% H2 in this experiment was 30 mL min−1. Therefore, when converted to hydrogen flow, the value obtained was 5.0 × 10−2 mL s−1. Since the value of hydrogen was twice that of oxygen, all supplied oxygen reacted with hydrogen to generate water vapor under the oxygen supply condition of 350 mA. This indicates that an environment with a current lower than 350 mA is a hydrogen–water vapor environment, and an environment with a current higher than 350 mA is an oxygen–water vapor environment. When the oxygen supply is low, oxidation by water vapor is dominant, and when the oxygen supply is high, oxidation by oxygen is dominant. Therefore, environmental resistance dramatically changes according to the oxygen supply.



Figure 13 shows the hydrogen partial pressure calculated from the applied current by using Equation (12). The equation of the gas state can be expressed as Equation (12) using Faraday’s law.


  P =   n R T   V   =   I R T   2 F V    



(12)




where P = hydrogen partial pressure (atm), I = current (A), R = gas constant (0.082 atm L K−1 mol−1), T = flow rate measurement temperature (K), n = mass of gas (mol), F = the Faraday constant (A s mol−1), and V = flow rate (L s−1).



The hydrogen partial pressure on the vertical axis completely reacts with oxygen due to the application of current on the horizontal axis. The calculation shows that at 390 mA, hydrogen partial pressure was 0.1 atm. This indicates that all hydrogen–oxygen reactions occurred at 390 mA. In this experiment, the oxygen partial pressure rapidly increased at 380 mA, while hydrogen partial pressure decreased. Thus, the present result was consistent with the calculation. The error was likely from changes in the flow rate of Ar–10% H2 gas during the experiment.




4.2. Relationship between the Amount of Oxygen Supply and Increase in Oxidation


Figure 14 shows changes in mass gain at each current. The horizontal axis shows the applied current, and the vertical axis shows the mass gain. At 0 mA, there was no mass gain, indicating that there was no oxidation of pure iron. At 350 mA, the mass gain was approximately 3.5 mg cm−2 and is assumed to be oxidation by water vapor only. At 380 mA, oxidation by oxygen joined oxidation by water vapor, which led to a rapid increase in mass gain. The reason for further mass gain at 400 mA and 450 mA was likely to be the atmosphere becoming an oxygen–water vapor environment, leading to oxidation by oxygen being the dominant oxidation (Figure 8), which, in turn, increased mass gain. In other words, oxidation by water vapor does not have a notable impact on environmental resistance. However, when oxygen is added to the environment, materials exhibit accelerated oxidation. In this experiment, oxygen supply at 400 mA and 450 mA was 2.34 × 10−2 mL s−1 and 2.63 × 10−2 mL s−1, respectively. The present experiment showed that this difference of 2.9 × 10−3 mL s−1 dramatically changed oxidation behavior.



Figure 15 shows the schematic diagram of oxidation mechanisms at each current. At 350 mA, hydrogen and oxygen partial pressures were 10−3 atm and 10−17 atm. Since this was a reducing environment, only oxidation by water vapor occurred. At 380 mA and 400 mA, oxygen partial pressure increased, and hydrogen partial pressure decreased; thus, oxidation by oxygen and water vapor were both occurring. With a further increase in current, oxidation by oxygen became dominant. At 450 mA, only oxidation by oxygen occurred.



Therefore, by controlling the hydrogen–oxygen reaction and analyzing the gas after oxidation, it was possible to differentiate and analyze oxidation by oxygen as opposed to oxidation by hydrogen.





5. Conclusions


	(1)

	
Using the oxygen pump sensor, we accurately regulated the amount of oxygen supply. The result showed that at 350 mA, oxygen was supplied at 2.05 × 10−2 mL s−1. By increasing the current to 450 mA, oxygen was supplied at 2.63 × 10−2 mL s−1;




	(2)

	
We examined the reaction mechanism of hydrogen and oxygen with oxygen supply using the hydrogen and oxygen sensors. The result showed that at 350 mA, oxygen and hydrogen partial pressures were 10−17 atm and 10−3 atm. At this point, all hydrogen in the atmosphere reacted with oxygen;




	(3)

	
We conducted an oxidation experiment by changing the amount of oxygen supply to the atmosphere and found that oxygen and hydrogen partial pressures did not change notably when the oxygen supply was low. However, as the amount of oxygen supply increased, oxygen and hydrogen partial pressures dramatically changed with oxidation;




	(4)

	
We differentiated and analyzed oxidation by water vapor and oxygen by using hydrogen and oxygen sensors and found that oxidation by oxygen was dominant in an environment with a high oxygen supply;




	(5)

	
With results for current and oxygen partial pressure obtained from the oxygen pump sensor, we clarified the oxygen supply necessary for hydrogen–oxygen reactions.
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Figure 1. Experimental setup of the oxidation experiment using the hydrogen and oxygen sensors. 
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Figure 2. Schematic depicting the principle of the oxygen pump-sensor. 
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Figure 3. Schematic of the hydrogen (a) and oxygen (b) sensors. 
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Figure 4. Relationship between the standard gas and the measured hydrogen partial pressures. 
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Figure 5. Time dependence of oxygen partial pressure without oxygen supply. 
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Figure 6. Time dependence on the amount of oxygen supply. 
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Figure 7. Relationship between oxygen partial pressure, hydrogen partial pressure, and applied current. 
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Figure 8. Changes in oxygen partial pressure and hydrogen partial pressure when the current is changed continuously. 






Figure 8. Changes in oxygen partial pressure and hydrogen partial pressure when the current is changed continuously.



[image: Metals 13 01246 g008]







[image: Metals 13 01246 g009 550] 





Figure 9. Changes in oxygen partial pressure (a) and hydrogen partial pressure (b) when pure iron is oxidized. 
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Figure 10. Time dependence of oxidation rate at 380 mA (a), 400 mA (b), and 450 mA (c). 
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Figure 11. Cross-sectional microstructure after oxidation at 0 mA (a), 350 mA (b), and 400 mA (c). (Magnification 4000 (a), 350 (b), and (c), Accelerating Voltage 20 kV). 
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Figure 12. Relationship between oxygen partial pressure, water vapor generation, and applied current. 
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Figure 13. Relationship between the applied current and the hydrogen partial pressure. 
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Figure 14. Relationship between the mass gain and the applied current. 
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Figure 15. Oxidation behavior at each current: 350 mA (a), 380 mA, 400 mA (b), and 450 mA (c). 
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