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Abstract 

The alternating magnetic field (MF) environment of coastal substations and magnetic levitation systems generates strong 

electromagnetic interference, which may affect the corrosion behavior of rebars in concrete structures. To clarify the 

influence law of rebar corrosion when exposed to an alternating MF, an alternating MF simulation test device was designed 

and manufactured according to the principle of alternating electromagnetic induction. The macroscopic corrosion 

morphology and electrochemical corrosion characteristics of rebars under alternating MF of different intensities were 

investigated by accelerated corrosion tests, electrochemical tests and natural corrosion electrochemical tests. The corrosion 

behavior mechanism of rebars under alternating MF was revealed. The results show that: 1) The diffusion rate and 

concentration of corrosion products in the solution are proportional to the magnetic induction strength. The alternating MF 

accelerates rebar corrosion. 2) The Ecorr of rebar shifts negatively with the magnetic induction strength increases, with a 

more pronounced shift in the early stage of corrosion than in the later stage. 3) Under the natural corrosion state, the 5 mT 

MF makes the open circuit potential (OCP) shift 12 mV negatively compared with that without MF. When the potential 

reaches 8mV, the passivation film begins to be destroyed. 4) The R1 of rebar is inversely proportional to the magnetic 

induction strength. 
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1. Introduction 

The ultra-large-scale maglev rail transit and substation have become an important engine to support the efficient 

operation of the city. Its low-carbon and high-speed development model is the core driving force for national energy 

transformation and urban construction [1-4]. During the operation of infrastructure such as magnetically suspended rail 

transit and substations, high-intensity alternating MF will continue to be generated [5, 6]. However, their impact on the 

electrochemical corrosion behavior of rebars in concrete is still inconclusive. Although some studies have investigated 

the effect of MF on metal corrosion [7, 8], the research on the effect of alternating MF on the corrosion behavior of 

rebars in concrete structures remains scarce. It is difficult to accurately evaluate the effect of alternating MF on the long-

term performance of reinforced concrete structures in engineering practice. Therefore, it is very important to study the 

rebar corrosion caused by alternating MF. 

Corrosion of rebars is the main cause of concrete durability degradation, leading to decreased mechanical properties 

of rebars and ultimately structural fatigue failure [9-11]. The existing research pays more attention to the corrosion rate 

and corrosion amount of rebars, but there are few studies on the mechanism of rebar corrosion behavior. Yang [12] 
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proposed a formula for calculating the corrosion rate per unit area of rebar corrosion caused by stray current and 

established a modified model of rebar corrosion based on the Nernst equation, Faraday's first law of electrolysis, and 

the law of conservation of mass and energy. On this basis, Li et al. [13] & Liu et al. [14] carried out research on the 

influence of corrosion behavior of rebars in different environments. Among them, Li's [13] research shows that the MF 

gradient force generated under the action of MF will protect the passivation film on the surface of rebars and inhibit the 

corrosion of rebars. Ye [15] further established the model of rebar corrosion under the action of MF. The experimental 

results showed that the model is closer to the observed value. The influence of the MF environment on the 

electrochemical reaction process has been an increasingly in-depth research field, but the relationship between MF and 

steel corrosion behavior remains poorly understood. Some studies have concluded that the constant MF has an inhibitory 

effect on the corrosion of rebars [16-18]. Other studies suggest that MF accelerates corrosion [19-22]. It is obvious that 

the MF has an impact on the corrosion behavior of rebars. However, the current research is almost considering a simpler 

constant MF, and there are few studies on the alternating MF under complex working conditions. 

The influence of alternating MF on the rebars' corrosion behavior is still in the exploratory stage. Studies have shown 

that the greater the intensity and frequency of the alternating MF, the lower the concrete resistivity and the higher the 

rebar corrosion rate [23]. The rebar corrosion in concrete is susceptible to the influence of alternating MF [24–26]. The 

alternating strong magnetic force generated by the running maglev train causes the rebars in the track beam to generate 

magnetic flux and induced eddy current. The induced eddy current generates Joule heat, which increases the internal 

temperature of the main beam and leads to electrochemical corrosion [27]. It can be seen that the alternating MF is likely 

to be one of the influencing factors of steel corrosion. 

Based on the principle of electromagnetic induction, this study will design an alternating MF generator and 

systematically study the effect of alternating MF on the corrosion behavior of rebars through the control variable method. 

The research content is divided into three parts: 1) Accelerated corrosion test of rebars under different MF strength and 

immersion time conditions; 2) Comparative test of electrochemical test under natural corrosion conditions; 3) By 

comparing and analyzing the electrochemical parameters such as corrosion potential, current density, and impedance 

spectrum, the electrochemical mechanism of alternating MF affecting the rebars' corrosion will be revealed. The process 

flowchart of methodology is shown in Figure 1. 

 

Figure 1. The process flowchart of methodology 

2. Experimental 

The alternating MF generator was composed of two identical and coaxial circular conductor coils. The coil diameter 

was 30 cm. The center distance of the two circles was controlled to be the radius of the coil. By applying alternating 

current in the same direction, a more uniform alternating MF was superimposed. The wire of the winding coil was 

copper enameled wire. The cross-sectional area was 2.5 mm2. The number of turns was 300. The series sliding rheostat 

was 200 Ω. After the coil is energized by alternating current for 5 min, the magnetic induction strength of the radial 

center of the MF was measured by the milli-teslameter. A single variable method was adopted to control the magnitude 

of the magnetic induction by adjusting the alternating current, and the bars were subjected to alternating magnetic 

induction of 1 mT, 2 mT, 3 mT, 4 mT and 5 mT [28], respectively. At the same time, a set of control experiments without 

MF treatment was set up. 

The HRB400 steel bar with a diameter of 10 mm and a length of 120 mm was taken as the experimental object. A 

3.5 wt. % sodium chloride solution concrete simulation solution is used as the test medium, and the composition is 

Theoretical basis: the principle of electromagnetic induction

Core equipment: design of alternating magnetic field generating device

Test system: control variable method

Experimental group: accelerated corrosion test of steel bar Control group: natural corrosion accelerated test

Variables: MF strength, immersing time Test method: synchronous electrochemical test

Parameter detection: corrosion potential, current density, impedance spectrum

Core Analysis: Comparing Data, Revealing
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shown in reference [29]. The rebar was cleaned by pickling, dried and weighed to record the initial mass m0 of the rebar. 

The connection between the rebar and the wire was sealed using insulating tape and epoxy resin. The sample rebar was 

used as the electrode anode, the stainless steel was used as the electrode cathode, and the constant current power supply 

was connected in series. The current was accelerated for 7 days, and the constant current control is adopted. The current 

size was 50 mA. The corrosion test device of rebar under alternating MF was shown in Figure 2. At the beginning of 

energization, the current will fluctuate slightly due to the concentration polarization. The voltage of the potentiostat was 

adjusted in time to ensure that the current output value was constant. After energization, the current of the corrosion 

circuit was tested every day to ensure the accuracy of the test. After the end of the test, the rebar sample was taken out, 

the corrosion products on the surface of the rebar were removed, the corrosion morphology was observed, and the weight 

was weighed. The quality of the rebar after corrosion was m1. 

 

Figure 2. Steel corrosion test device under alternating MF 

The HRB400 rebar with a size of Φ6mm and a length of 3 mm was used in the electrochemical test. The standard 

three-electrode system was used, in which the working electrode was rebar, the reference electrode was HgO, and the 

auxiliary electrode was Pt. The OCP, polarization curve (PC), and electrochemical impedance spectroscopy (EIS) were 

tested to analyze and evaluate the corrosion resistance of the sample. The operating temperature was 20±1°C. The 

accelerated electrochemical system under the action of alternating MF was shown in Figure 3. 

 

Figure 3. Accelerated electrochemical system under alternating MF 

3. Results and Discussion 

3.1. Accelerated Corrosion Test Results 

Figure 4 shows the corrosion morphology of the rebar under different alternating MF. Figure 4 shows that in the 

absence of an external MF, the light yellow floc covered the entire rebar surface slowly and evenly over time. The 

amount of floc increased significantly in the presence of an external alternating MF, and the floc was mainly formed 

on the central axis of the coils on both sides of the rebar at the initial stage of corrosion. The corrosion products on 

both sides of the rebar at the central axis of the coil gradually spread in the direction perpendicular to the central axis 

over time and finally covered the entire rebar surface. The volume and formation rate of corrosion products increase 

with the intensity of the alternating magnetic induction, implying that the alternating MF accelerates the corrosion 

of the rebars. 
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(a) 0 mT (b) 1 mT (c) 2 mT (d) 3 mT (e) 4 mT (f) 5 mT 

Figure 4. The corrosion morphology of the rebar under different alternating MF 

Figure 5 shows the color of the solution under different alternating MF. It can be seen that the color of the solution 

was light green without MF. As the intensity of the alternating magnetic induction increased, the color of the solution 

gradually changed to reddish brown. In the absence of the MF, the mass transfer between OH- generated by the cathode 

and Fe2+ generated by the anode is combined into a precipitate, and the main components in the solution are Fe(OH)₂ 

and Fe(OH)₃. The content of red rust (Fe₂O₃), black rust (Fe₃O₄), and Fe(OH)₃ in the solution increases. Under the MF 

of 5 mT, Fe is fully oxidized, and more oxides of high-valence Fe are produced, in which the proportion of reddish-

brown Fe₂O₃ becomes higher. The magnetic ions and corrosion products are affected by the Lorentz force under the 

action of alternating MF, which changes the direction of mass transfer. The Fe₂O₃ and Fe₃O₄ initially adsorbed on the 

rebar surface move toward detachment, resulting in the corrosion products in the diffusion layer interface. The increased 

diffusion rate elevates the concentration of corrosion products in the solution, resulting in darker coloration. 

      
(a) 0 mT (b) 1 mT (c) 2 mT (d) 3 mT (e) 4 mT (f) 5 mT 

Figure 5. Colour of solutions in different alternating MF 

The theoretical corrosion amount of rebar is: 

∆𝑚0 =
𝑀𝐼∆𝑡

𝐹𝑛
= 1.749𝑔  (1) 

In the formula, M is the mass of Fe atom; I is the current, 10mA; t is the corrosion time, 7d; F is the Faraday constant; 

n is the number of electricity price.  

The difference between the mass m1 of the rebar after corrosion and its initial mass m0 is Δm, as shown in Equation 

2. Calculate the corrosion efficiency α, as shown in Equation 3: 

∆𝑚 = 𝑚1 − 𝑚0  (2) 

𝛼 =
∆𝑚

∆𝑚0
  (3) 

The data are shown in Table 1. 

Table 1. The amount of rebar corrosion 

B (mT) Δm0 (g) Δm (g) Relative Corrosion (g) α (%) 

0 1.749 1.57 0.179 89.77% 

1 1.749 1.66 0.089 94.91% 

2 1.749 1.66 0.089 94.91% 

3 1.749 1.7 0.049 97.20% 

4 1.749 1.72 0.029 98.34% 

5 1.749 1.73 0.019 98.91% 

Average 1.749 1.673 0.076 95.67% 
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According to Table 1, the actual corrosion value of the rebar is obtained and compared with the Faraday law-based 

theoretical value, as shown in Figure 6. The measured corrosion amount of rebars under the action of alternating MF is 

significantly lower than the Faraday law-based theoretical value. This is because a part of the current converts electrical 

energy into other forms of energy through charge transfer during the energized corrosion process, in which the anode 

and cathode generate gas, resulting in energy loss. The greater the magnetic induction strength, the higher the rebar 

corrosion amount and efficiency. The corrosion amount of rebar without MF is 1.57 g. The corrosion amount at 5 mT 

is 0.16 g higher, and the corrosion efficiency at 5 mT is 9.14% higher. This is consistent with previous research results 

[23]. From the analysis of the effect of MF force, the alternating MF mainly produces Lorentz force on Fe²⁺, which leads 

to the non-uniform distribution of iron oxide, maintains the exposed area of the rebar surface, and promotes the 

dissolution of the anode Fe on the rebar surface. From a diffusion perspective, the Lorentz force deflects the Fe²⁺ 

perpendicular to the rebar surface, which accelerates the stirring and diffusion of Fe₃O₄ into the solution, resulting in a 

gradual deepening of the color of the solution. From the analysis of corrosion products, the deposition rate is slow. In 

the anodic reaction, Fe has enough space to release Fe²⁺ and transfer electrons outward, which improves the solubility 

and reactivity of Fe and reduces the corrosion resistance of the rebar. 

 

Figure 6. Corrosion amount and corrosion efficiency of rebars 

3.2. Electrochemical Test under Energized Accelerated Corrosion State 

The OCP of corroded rebars under different magnetic induction strengths for 7 consecutive days was shown in Figure 

7. The OCP of the rebars shows a negative shift as the magnetic induction strength increases over the same number of 

days. This indicates that an alternating MF promotes corrosion of the rebars. This phenomenon may be closely related 

to the magneto-induced ion migration effect caused by the alternating MF. The alternating MF disturbs the Fe²⁺/Cl⁻ 

plasma transmission path through the periodic Lorentz force, which leads to the enhancement of electrochemical 

polarization on the surface of the rebar, thereby reducing the activation energy barrier of the rebar corrosion and 

accelerating the local breakdown of the passivation film. 

  

(a) 1d (b) 2d 
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(c) 3d (d) 4d 

  
(e) 5d (f) 6d 

 

(g) 7d 

Figure 7. The OCP of corroded rebars for 7 days under alternating MF 

The OCP shifted by 937 mV in the absence of an MF and by 527 mV in the presence of a 5 mT MF over 7 days. It 

shows that the effect of MF on the OCP is smaller than that without MF. The reason may be that the anodic dissolution 

process dominated by current acceleration without MF continues to accelerate the dissolution of Fe²⁺, resulting in the 

dissolution of passivation film and the increase of ion diffusion rate. Under the 5 mT alternating MF, Fe²⁺ is subjected 

to the Lorentz force to change the motion path, and a layer of corrosion products begins to form, whose physical barrier 

effect partially counteracts the enhancement effect of the MF on ion transport. In the late stage of rebar corrosion, the 

thickness and densification of the corrosion product layer increased significantly, which inhibited the efficiency of the 

MF in regulating the Fe²⁺ dissolution process. While the synergistic effect of the applied circuit-driven high-density 

current and the MF tended to saturate, the anodic dissolution rate is dominated by the diffusion limitation of the product 



Civil Engineering Journal         Vol. 11, No. 12, December, 2025 

4916 
 

layer. The alternating MF accelerates the rupture of the passivation film by enhancing the local electrochemical 

polarization in the early stage of corrosion, while the product layer hinders the ion migration path in the later stage, 

resulting in a weakening of the MF effect. 

When the alternating MF increased from 0 mT to 5 mT on the first day, the OCP shifted negatively by 534 mV, and 

the negative shift was 124 mV on the seventh day. It shows that the dynamic mechanism of rebar corrosion will be 
changed by an alternating MF. According to the magneto-hydrodynamic effect, the alternating MF disturbs the ion 

migration path through the periodic Lorentz force, which significantly enhances the transmission efficiency of Fe²⁺ at 
the initial stage of corrosion. However, with the thickening of the corrosion product layer, the regulation efficiency of 
MF on ion migration decreases due to the accumulation of corrosion products, which weakens the strengthening effect 

of MF on ion transport. 

Figure 8 shows the electrochemical PC of the rebar corrosion process under an alternating MF of 0 mT to 5 mT. As 
can be seen from the PC of the rebars in Figure 8 under the action of an alternating MF for different lengths of time, the 

overall trend of the anodic PC on the first day of corrosion is very different from the PC in the middle and late stages of 
corrosion. On the first day without MF, there are two troughs in the anodic branch of the PC at -464 mV and -100 mV, 
respectively, which can be explained as the incomplete dissolution of the passive film on the surface of the rebar 

corresponding to the trough in the low potential area. At low potential, Cl⁻ invades the weak area of the passive film, 
causing local active dissolution, resulting in a temporary increase in current density and a decrease due to the repair of 
the passive film. The trough in the high-potential region is caused by the breakdown of the passivation film. When the 

polarization potential exceeds the critical value, the Fe³⁺ oxide (such as Fe₂O₃) in the passivation film is further oxidized 
to soluble FeO₄²⁻, resulting in the current density rising again and forming the second peak. In the middle stage of steel 

corrosion on the second day, the effect of the alternating MF becomes apparent once the anodic polarization curve has 
reached the passivation potential. This is demonstrated by an increase in magnetic induction strength and a shift in the 
passivation potential (Epp) towards negative values, and the alternating MF reduces the energy threshold required for the 

rupture of the passivation film. With the extension of corrosion time from 3 d to 7 d, the difference of anodic PC under 
different magnetic induction intensities gradually decreases, which may be related to the formation of a dense covering 

layer of corrosion products (such as FeOOH and Fe₃O₄) on the surface of rebars, which weakens the regulation of MF 
on ion migration. In the later stage of rebar corrosion, the anodic PC under different alternating magnetic induction 
intensities tends to be consistent, indicating that the alternating MF has little effect on the over-passivation stage of the 

anodic reaction. 

  
(a) 1d (b) 2d 

  

(c) 3d (d) 4d 
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(e) 5d (f) 6d 

 
(g) 7d 

Figure 8. Polarization curves of 7d energized accelerated corroded rebars under alternating MF 

The corrosion potential (Ecorr) and corrosion current density (icorr) of the corroded rebar under the action of alternating 
MF were analyzed through the PC test on each day, as shown in Figure 9. Under the influence of an alternating MF, an 

increase in the intensity of magnetic induction causes the Ecorr of the rebar to shift gradually towards negative values 
and the icorr to increase, implying that the alternating MF accelerates corrosion. In the initial stage of rebar corrosion, the 

corrosion potential drop or slow drop is accompanied by the phenomenon that the icorr increases sharply or slowly. When 
the rebar is in the repassivation stage, the icorr decreases slowly and then increases. The Ecorr drops sharply, indicating 
that the passive film begins to dissolve. At this time, the localized corrosion micro-cell formed by Cl⁻ invasion is 

activated, which may be related to the electrochemical reaction rate in the Cl⁻ aggregation area. The corrosion potential 
slowdown process corresponds to the dynamic competition between the corrosion expansion of the active point and the 

repair of the passive film. At this time, the icorr increases slowly in a stepwise manner. When the Cl- concentration is 
lower than the critical value, the repassivation shows a rapid decrease after a sudden increase in icorr, corresponding to 
the formation process of a new passivation film under cathodic protection. In the process of film formation in the 

depassivation-repassivation cycle, icorr increases suddenly only when depassivation occurs again. The change of potential 
only reflects the state of passive film, while the increase of icorr directly characterizes the irreversible process of 

continuous dissolution of the steel matrix. In general, the icorr value increases with the intensity of the alternating 
magnetic induction. When magnetic induction strength increases from 0 mT to 5 mT, the average increase in icorr is 
4.9%, which may be related to the acceleration of the electron transfer rate of the Fe²⁺/Fe³⁺ oxidation-reduction reaction 

by MF. 

   

(a) 0 mT (b) 1 mT (c) 2 mT 
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(d) 3 mT (e) 4 mT (f) 5 mT 

Figure 9. The variation trend of Ecorr and icorr with time under alternating MF 

3.3. Electrochemical Test in Natural Corrosion State 

The corrosion current density of rebars under energized conditions is significantly increased by the external electric 

field, and its synergistic effect with the alternating MF may further regulate the corrosion kinetics. Therefore, in this 

section, the OCP, dynamic PC, and EIS of rebars under the natural corrosion state of alternating MF are analyzed by 

electrochemical tests. Figure 10 shows the electrochemical system schematic diagram in a natural corrosion state under 

the influence of an alternating MF. In addition to the rebar without an external circuit series of stainless steel, the test 

process is consistent with the energized accelerated test. 

 

Figure 10. Electrochemical system of natural corrosion 

The corrosion potential is shown in Figure 11, and the OCP of the rebar is significantly affected by the alternating 

MF. With the increase of the magnetic induction strength, the OCP of the rebar shows a negative shift trend. Without 

an MF, the OCP of the rebar fluctuates greatly in the early stage of immersion and tends to be stable until the 400s. This 

may be due to the instability of the passivation film on the rebar surface during the initial stages. Under the alternating 

MF of 1 mT, the OCP is slightly positively shifted, which is not much different from that of 0 mT. The negative shift in 

OCP increases as magnetic induction strength increases. The OCP of 5 mT is negatively shifted by 12 mV compared 

with that without MF. The effect of alternating MF on rebar corrosion is more obvious. 

 

Figure 11. OCP of rebar 
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The PC test shows that the PC of the rebar in the simulated pore solution of concrete under an alternating MF can 

be obtained, as shown in Figure 12. The diagram makes it clear that the effect of the alternating MF on the cathodic PC 

is not obvious. The trend and range of the cathodic PC are essentially unchanged by the application of an MF, indicating 

that the alternating MF has no significant effect on the cathodic reaction mechanism. The characteristics of the anodic 

PC at the initial stage of polarization under the action of an alternating MF are essentially the same as those in the 

absence of an MF. The activation zone, passivation zone, and over-passivation zone appear consistently. The anode's 

Tafel slope is small, and there is no significant difference between the passivation zones of the rebar. The range of the 

passivation zones is essentially identical. When the potential reaches 8 mV, the rebar basically reaches the passivation 

zone, the passivation film begins to be destroyed, and the corrosion phenomenon intensifies again. This may be because 

the layer that forms on the rebar during the passivation stage makes the rebar more stable, and the current does not 

change with the potential. In the overpassivation stage, the passivation film is destroyed, the anodic reaction process on 

the surface of the rebar changes, and the corrosion is aggravated again. In addition to continuing to generate Fe²⁺, the 

rebar also undergoes oxygen evolution and chlorine evolution reactions. At the same time, under certain conditions, the 

iron series ions of Fe³⁺ and Fe⁶⁺ are generated. In the anode pre-passivation stage, the dissolution range of anode Fe is 

roughly -854 mV to -25 mV without an MF, and the passivation potential is -708 mV. Exposure to a 5 mT alternating 

MF results in a lower passivation current density at the passivation potential, indicating that the passivation film on the 

rebars is more easily destroyed. Under different alternating MF, the dissolution range and passivation potential range of 

anode Fe are roughly consistent with those without MF, and then the rebar enters the passivation stage, and the 

passivation potential range is -8 mV~567 mV. The anodic PC in the passivation stage are basically the same, whether 

there is an MF or not. The current density increases sharply, and the rebar begins to depassivate. 

 

Figure 12. PC of rebar under alternating MF 

The Ecorr and icorr of rebar in 3.5 wt. % NaCl concrete simulated pore solution under alternating MF were obtained 

by Tafel linear extrapolation method based on the PC obtained by electrochemical corrosion test. The corrosion rate of 

rebar is obtained. The known PC equation of rebar is [30]: 

𝑖 = 𝑖𝑐𝑜𝑟𝑟 [𝑒𝑥𝑝
2.3∆𝐸

𝛽𝑎
] − 𝑒𝑥𝑝 (−

2.3∆𝐸

𝛽𝑐
)  (4) 

In the formula, 𝛽𝑎  is the anodic Tafel slope; 𝛽𝑐  is the Tafel slope of cathode; ΔE is the polarization value. 

The PC of the rebar has a strong anodic polarization zone and a cathodic polarization zone. The anodic current 

density (ia) and the cathodic current density (ic) can be expressed as: 

𝑖𝑎 = 𝑖𝑐𝑜𝑟𝑟𝑒𝑥𝑝 (
2.3∆𝐸

𝑏𝑎
)  (5) 

𝑖𝑐 = 𝑖𝑐𝑜𝑟𝑟𝑒𝑥𝑝 (−
2.3∆𝐸

𝑏𝑐
)  (6) 

The corrosion rate vcorr is expressed by Equation 7: 

𝑣𝑐𝑜𝑟𝑟 =
𝑀𝑖𝑐𝑜𝑟𝑟

𝑛𝐹
  (7) 

In the formula, M is the atomic mass of Fe, 56 g/mol; n is the number of anode transfer charge, take 2. 

The corrosion rate is calculated according to Equation 7, as shown in Table 2. 
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Table 2. Dynamic parameters of PC of rebar 

B 

(mT) 

Ecorr 

(V) 
𝜷𝒂 

(V/dec) 
𝜷𝒄 

(V/dec) 
𝜷𝒂/𝜷𝒄 

vcorr 

(g/m2·h) 

icorr 

(A/cm2) 

0 -0.898 0.098 0.058 1.69 4.51918 0.472849714 

1 -0.903 0.094 0.059 1.59 4.51918 0.475291448 

2 -0.904 0.094 0.058 1.62 5.996263 0.478762361 

3 -0.905 0.094 0.059 1.59 6.410606 0.481116222 

4 -0.906 0.094 0.059 1.59 6.749733 0.481171615 

5 -0.914 0.093 0.059 1.58 6.957371 0.48279643 

The Ecorr and icorr can be obtained from Table 2, as shown in Figure 13. According to the experimental data in Table 

2 and Figure 13, a negative shift trend in the corrosion potential of rebars is shown when an alternating MF is present, 

compared to when there is no MF. The negative shift amplitude increases with the magnetic induction strength (0-5 

mT). This phenomenon is related to the acceleration of Fe2+ dissolution by MF and the enhancement of ion concentration 

gradient in local micro-area, which is consistent with the magnetohydrodynamic effect. From the perspective of Tafel 

slope, the regulation effect of alternating MF have a stronger effect on anode Tafel slope than cathode Tafel slope. The 

cathodic polarization process of rebar is basically influenced by an alternating MF in the same way as it is by a cathodic 

polarization process without a MF. The anode Tafel slope will change slightly in the presence of an alternating MF, 

while the cathode Tafel slope will remain essentially unchanged. This indicates that the process of mass transfer 

associated with the cathodic hydrogen evolution reaction is not significantly affected by the presence of an alternating 

MF. The ratio of the Tafel slope of the anode to the Tafel slope of the cathode is significantly deviated from 1. This 

indicates that the dissolution process of the anode metal is mainly controlled by activation energy, and the cathodic 

hydrogen evolution reaction is mainly mass transfer control. From the perspective of corrosion current density, increased 

magnetic induction strength leads to increased anode PC rebar corrosion current density, indicating poor passivation 

film stability and susceptibility to destruction. 

  
(a) Ecorr  (b) icorr 

Figure 13. Ecorr and icorr under different alternating MF 

The Nyquist diagram of the rebar under the action of alternating MF is measured by electrochemical test, as shown 

in Figure 14. The diagram shows that the rebar's Nyquist diagram under the action of an alternating MF is approximately 

composed of a single arc. Let the solution resistance be Rs, the solution charge transfer resistance be Rt, and the actual 

part and the imaginary part satisfy Equation 8: 

(𝑍𝑅𝑒 − 𝑅𝑠 −
1

2
𝑅𝑡)

2

+ 𝑍𝑖𝑚
2 = (

1

2
𝑅𝑡)

2

  (8) 

It can be seen from the Equation 8 that the Nyquist diagram is a circle with (𝑅𝑠 +
1

2
𝑅𝑡, 0) as the center and 

1

2
𝑅𝑡 as 

the radius. The Rt can be determined in advance using the radius of the capacitive arc in the impedance spectrum. Figure 

14 shows that the arc radius of the electrochemical impedance curve without MF is the largest. An increase in magnetic 

induction strength results in a slight decrease in the radius of the capacitive arc. The alternating MF influences the charge 

transfer resistance of the electric double layer. The radius of the capacitive reactance arc is smallest at 5 mT. At this 

strength, the charge transfer resistance is reduced, the MF's effect on the passivation film is enhanced and the rebar's 

corrosion resistance is reduced. The actual and virtual components of the Nyquist diagram also decline with the rise of 

the magnetic induction strength, suggesting that the electrochemical reaction rate of the rebar speeds up. 
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Figure 14. Nyquist diagram under alternating MF 

Figure 15 shows the Bode relationship curve of the rebar under the influence of an alternating MF. When the 

frequency is approximately 102 to 103 Hz, it reflects the solution resistance. When the frequency is 10⁻¹ to 10² Hz, it 

reflects the double-layer capacitance. When the frequency is in the range of 10⁻² to 10⁻¹ Hz, it reflects the charge transfer 

resistance and charge transfer capacitance. The alternating MF mainly affects the impedance film values in the range of 

10⁻² to 10⁻¹ Hz, indicating that the alternating MF affects the charge transfer resistance and charge transfer capacitance. 

The impedance modulus under an alternating MF with a frequency ranging from 10 Hz to 10 kHz is lower than that of 

0 mT. The frequency-modulus curve gradually decreases as the magnetic induction strength of the alternating MF 

increases, indicating that the rebar's impedance and corrosion resistance decrease with increasing magnetic induction 

strength. These results are in line with the findings of the potentiodynamic PC test. 

 

Figure 15. Bode-|𝒛| 𝒅𝒊𝒂gram 

Figure 16 shows the Bode phase-angle relationship curve for the rebars under an alternating MF. It is clear that the 

Bode-phase diagram has only one characteristic peak, indicating that the impedance characteristic Nyquist diagram 

contains only a single capacitive arc. However, the phase angles corresponding to the characteristic peaks under different 

alternating MF are not significantly different. The phase angle of the alternating MF decreases within the 10 to 103 Hz 

frequency range, indicating that the surface roughness of the rebar becomes higher after the field is applied. This is 

because the magnetic impurities in the solution are attracted to the surface of the rebar by an external alternating MF, 

causing the rebar to produce an adsorption force. An increase in magnetic induction strength enhances the adsorption 

force, making the impurity layer thicker and the rebar surface more uneven. 
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Figure 16. Bode-phase diagram 

The Nyquist curve of EIS was fitted by Zview software, and the fitting equivalent circuit R(QR(QR)) of EIS was 

obtained, as shown in Figure 17. The equivalent components are the Rs, the resistance of the rebar surface oxidation 

product R1, the Rt, and the capacitance of the oxidation product binding layer Q1 and Q2. The equivalent circuit consists 

of three units: solution resistance Rs, constant phase angle element Q1 in parallel with oxidation product resistance R1 

on steel surface, and constant phase angle element Q2 in parallel with electrochemical charge transfer resistance Rt. The 

constant phase angle element Q1 is mainly the oxidation product capacitance, and the constant phase angle element Q2 

is mainly the charge transfer capacitance. 

 

Figure 17. Equivalent circuit 

According to the equivalent circuit in Figure 17, the electrochemical impedance spectrum of rebar is obtained. This 

is for different magnetic induction strength levels of an alternating MF. The results are shown in Table 3. 

Table 3. The fitting results of EIS under alternating MF 

B 

(mT) 

Rs 

(Ω∙cm2) 

Q1 
R1 

(Ω∙cm2) 

Q2 
Rt 

(104Ω∙cm2) Y0 

(10-5Ω-1∙cm-2∙sn) 
n1 

Y0 

(10-5Ω-1∙cm-2∙sn) 
n2 

0 5.653 0.0013102 0.824 3669 0.0039612 1.082 1730 

1 6.11 0.0010339 0.876 690.3 0.00041641 0.888 3650 

2 5.713 0.0010537 0.872 309 0.00045348 0.639 5431 

3 5.947 0.0009234 0.897 286.3 0.00053004 0.719 6112 

4 5.503 0.00096018 0.886 241.8 0.00049503 0.706 4542 

5 4.924 0.0005482 0.969 62.03 0.00085706 0.708 6145 

Table 3 shows that the R1 on the surface of rebar decreases. This is due to an increase in alternating magnetic 

induction strength. The corrosion degree of rebar increases. This is due to an accelerated in the corrosion rate. Therefore, 

the effect of alternating MF is not conducive to the rust prevention of rebar. The above results are due to the increased 

Lorentz force caused by the alternating MF accelerating the diffusion rate of the magnetic ions and reducing the 

thickness of the electric double layer in the rebar corrosion electrochemical system, thereby promoting the corrosion 

process. In particular, the chloride ion concentration affects the stability of the passive film on the rebar surface, 

accelerating corrosion and increasing the fluctuation of oxidation product resistance. 
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4. Conclusions 

This paper presents the design of an alternating MF test device. The corrosion morphology, corrosion rate, and 

corrosion product distribution of rebars under alternating MF were studied by using the accelerated corrosion method. 

The OCP, PC, and EIS were analyzed by electrochemical method to reveal the corrosion behavior mechanism and 

electrochemical corrosion characteristics of rebars under alternating MF. The results show that: 

• The test of alternating MF on corrosion found that a higher magnetic intensity accelerated the diffusion of products 

in the solution. Measuring the corrosion of rebar showed that the 5 mT MF increased corrosion by 0.16 g and 

efficiency by 9.14%. The MF promoted rebar corrosion. 

• The OCP of rebars under an alternating MF was analyzed. It was observed that, under the influence of an 

alternating MF, the Ecorr of the rebar shifted negatively and the icorr increased as the magnetic induction strength 

increased. The initial stage of corrosion exhibited a greater negative shift than the later stage. The PC analysis 

shows that, under an alternating MF, the Ecorr and icorr of rebars gradually shift negatively and increase with 

intensity. In the middle stage of rebar corrosion, the passivation potential Epp also shifts negatively. The difference 

in anodic PC under different magnetic induction strengths decreases gradually. 

• Through analyzing the OCP of rebar in a natural corrosion state under an alternating MF, it was found that the 

effect of an alternating MF on corrosion was more obvious. The OCP of a 5 mT field was shifted negatively by 12 

mV compared to a field without an MF. Polarization curve analysis showed that, at the same passivation potential, 

the passivation current density of the 5 mT alternating MF was lower than that of the field with no magnetic 

induction, and the rebar's passivation film was more easily destroyed. As the magnetic induction strength of the 

alternating MF increased, the Ecorr of the rebar shifted negatively and the icorr increased significantly, while the 

cathodic hydrogen evolution reaction's mass transfer mechanism remained largely undisturbed. EIS analysis shows 

that, as the magnetic induction strength of the alternating MF increases, the radius of the capacitive reactance arc 

decreases gradually. The phase angle moves downwards within the frequency range of 10~103 Hz under the action 

of the alternating MF. Equivalent circuit fitting analysis revealed that the resistance of the oxidation products 

decreases with increasing alternating magnetic induction strength.  

In summary, this study mainly discussed the effect of alternating magnetic induction strength on the corrosion 

behavior of rebars and clarified its mechanism. It should be pointed out that in practical engineering, rebars are affected 

by a variety of environmental factors, such as chloride ion diffusion behavior in concrete [31, 32]. In the future, a multi-

field coupling model of the MF-chloride ion environment can be considered to be close to the actual working conditions. 
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