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Carrier density (CD) was adopted to investigate the corrosion process of acrylic polyurethane-coated 

galvanized steel in 3.5% NaCl solution by using the Mott–Schottky (M-S) analysis technique. The 

impedance at 0.01 Hz was used to evaluate the corrosion performance of the coating system as well. 

Corrosion products formed during the degradation process were detected by X-ray diffraction (XRD) 

and scanning electron microscopy (SEM). Results showed that the CD of the coating system was 

approximately 1014 cm-3, which was the same as the order of a semiconductor, during the early 

immersion stage. Subsequently, the CD of the coating system increased with the decrease in |Z|0.01Hz. 

However, the CD decreased and the low-frequency impedance increased at day 4. This condition 

differed from the overall tendency and indicated that the corrosion process of the coating system was 

hindered. The reason could be attributed to the blocking effect of corrosion products Zn5(CO3)2(OH)6 

and Zn5(OH)8Cl2·H2O, which were generated at the interface of galvanized steel. 
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1. INTRODUCTION 

In recent decades, many kinds of techniques, such as EIS, LEIS, and SKP, have been applied to 

organic coating systems for investigating the involved electrochemical procedure [1-5]. Consequently, 

several parameters (Rc, Cd, |Z|0.01Hz, and VK) are used to characterize the corrosion progress of the 

coating system [6]. Among them, the conductivity of coating system has been used to characterize the 

shielding property of the coating system, because it manifests the migration of chargers or ions during 

electrochemical processes. Hamada measured the resistivity of degraded organic films by using DC 

method; and found that the increase in conductivity was attributed to the trapped ions in the coating 
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during soaking process [7]. In fact, the conductivity of the whole coating system was not only 

determined by coating resistance, but also involved in the electrochemical reactions occurred at the 

interface between the coating and the substrate. That is to say, the charge carriers include not only the 

charged ions but the electrons, generating from the anodic dissolution of metal substrate. In most 

literatures, these procedures were characterized with the resistances at different interfaces respectively, 

such as the coating resistance and the charge transfer resistance, which were extracted by the 

equivalent circuit fitting of EIS data [8,9]. However, the fitting results are highly dependent on the 

choice of the circuits, which sometimes are ambiguous and misleading [10-12]. In addition, |Z|0.01Hz 

was used to present the shielding effect of coatings, which was hard to reflect the charge transfer 

process occurred at the double capacitance layer [13]. Therefore, it is necessary to put forward a 

uniform parameter to depict the migration process of charges involved in all stages of coating failure. 

Zhong [14-17] applied the potential-capacitance measurement method in the anti-rust oil film/stainless 

steel electrode system to observe the conductive behavior during the degradation of the film. It was 

proposed that the anti-rust oil film had a transition from insulator to semiconductor during the 

degradation process, which was due to the formation of space charge layer resulting from ion 

corroding. The same method was also applied in the carbon steel/epoxy resin system. It was found that, 

at the initial stage of immersion, the conductive behavior of the organic coating was similar to that of 

semiconductors, and the metal/epoxy formed a Metal-Insulator-Semiconductor structure (MIS). 

However, the above researches were only involved in the initial stage of degradation, and it was 

seldom to investigate the applicability of the method to characterize the interface reactions during the 

final stages of coating failure, especially after corrosion products were formed at the interface.  

In light of this, carrier density (CD), a parameter presenting the conductive behavior of 

semiconductor has been introduced to this paper to monitor all degradation procedures of the coating 

system in NaCl solution with the aid of Mott-Schottky (M-S) analysis technique. As a complementary, 

|Z|0.01Hz was also adopted to describe the corrosion process of the system at the same time. Based on 

these, the applicability of CD to coating system and the relationship between the changing tendency of 

CD and corrosion progress are clarified.  

 

 

 

2. EXPERIMENTAL 

2.1 Preparation of sample 

Samples were composed of a sheet of hot-dip galvanized steel sheet (Bao Steel, China) and a 

layer of acrylic polyurethane varnish coating. The paint was prepared with resin, curing agent and 

diluents with a weight ratio of 4:1:1. The paint used in this experiment was supplied by the commercial 

producer (Beijing hongshi paint Co. Ltd, China). The substrate was degreased with acetone and the 

coating was applied using a drawn down bar with a thickness of 25±5 μm. In order to exclude 

experimental error, three parallel samples were prepared and tested for each measurement. 
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2.2 Experimental methods 

2.2.1 Electrochemical impedance spectroscopy 

EIS measurements were conducted with PARSTAT 2273 (Prinston, USA) instrument in 3.5% 

NaCl solution. Platinum plate was served as the counter electrode, a saturated calomel electrode as the 

reference electrode, and coated galvanized sheet as the working electrode with the working area of 1 

cm2. The applied frequency was ranged from 100kHz to 10mHz, with the amplitude of the voltage 

single of 10mV. 

 

2.2.2 M-S analysis technique 

Along with EIS measurement, C-U curves were measured with the applied potential from -

0.9V to -0.1V vs. SCE. The test frequency was 1k Hz. Theoretically, the capacitance-potential 

relationship can be expressed as M-S Equation [18].  

For an N-type semiconductor, the relationship can be expressed in equation 1. 
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 For a P-type semiconductor, the expression can be shown as equation 2. 
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Where Csc is the capacitance of the space charge layer, ε is the dielectric constant of the 

semiconductor, ε0 is the vacuum permittivity (8.854×10-14F/cm), e is the electron charge, ND and NA 

are the donor and acceptor densities (cm-3), k is the Boltzmann constant (1.38×10-23J/K), T is the 

absolute temperature, U is the applied potential and Ufb is the flat band potential. 

In Mott-Schottky analysis, assuming that the capacitance of the double layer can be neglected, 

the measured capacitance C is equal to the space charge Csc [19,20]. Therefore, NA and ND can be 

obtained according to the slope, and flat band Ufb can be obtained according to the interception. With 

the decrease of the slope, the carrier density increases.  

 

2.2.3 X-ray diffraction 

An X-ray diffractometer (Smartlab, USA) was carried out to detect the composition of 

corrosion products at the coating/metal interface. The diffractometer was operated at a voltage of 40 

kV and current of 30 mA using CuKɑ radiation.  

 

2.2.4 Microscopy 

Scanning electron microscope (FEI Quanta 250, USA) and three dimensional microscope 

(VHX2000, USA) were used to observe the surface morphology of samples and its corrosion products. 
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3. RESULTS AND DISCUSSION 

3.1 Changes in CD during the degradation procedure of coating 

Fig. 1 shows the M-S curves of the coating immersed in 5% NaCl solution for different times. 

The curve of the original sample (0 h) was a straight line parallel to the horizontal axis. This result 

indicated that the coating layer was insulated and few carriers could be migrated at this moment. After 

immersion for 6 h, some changes were observed in the capacitance of the coating system, which 

indicated that some charges were introduced into the coating with the penetration of the solution [21]. 

Correspondingly, the conductivity of the system was enhanced and a MIC structure was formed. Based 

on the M-S curves for different immersion times, the capacitance showed a gradually increasing with 

the immersion time prolonged. Besides, the slope of M-S curve transited from positive to negative at 

around −0.6 VSCE when the applied potential was scanned from −0.9 VSCE to −0.1 VSCE, indicating the 

predominant charger type was changed from the electron donor to the acceptor. The reason will be 

detailed in the discussion section. Meanwhile, the slope of the M-S curves gradually decreased during 

16 day immersion, except the distinct increase observed at day 4, as shown in Fig. 1(b). This finding 

indicated that the CD generally increased as the immersion time prolonged, except at day 4. This 

condition was unfavorable for the barrier properties of the coating. Finally, the M-S curve had a 

positive slope at day 16, which implied that electron conduction played a dominant role at this 

moment.  

 

 
 

Figure 1. M-S plots of acrylic polyurethane coated-galvanized steel immersed in 3.5% NaCl solution: 

(a) immersion for 0–12 h and (b) immersion for 1–16 days. 

 

Because the change of donor (electron) density presents the corrosion development process 

more directly, ND of the coating system was used as the CD of corrosion degradation of the coating. 

Based on formula (1), ND was calculated for different immersion times, in which ε of acrylic 

polyurethane coating was taken as 6.5, as shown in Table 1. It can be seen that CD increases sharply 

after immersion for 2 days, and CD of the coating reaches 1018 cm-3 after immersion for 16 days, 

which is still much lower than that of metal (1022 cm-3). 
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Table 1. CD of galvanized substrate/polyurethane coating system in 3.5% NaCl solution. 

 

Immersion time (h, day) ND(cm-3) 

6 h 3.700E14 

12 h 6.686E14 

1 day 3.122E15 

2 days 8.670E16 

4 days 2.102E16 

8 days 1.554E17 

16 days 1.33E18 

 

3.2 Changes in low frequency impedance during the degradation procedure of coating 

According to Bierwagan, the low-frequency (LF) impedance (i.e. |Z|0.01mHz) can characterize the 

water penetration in a coating system, which was used to characterize the degradation of the coating 

system in this paper [22]. Fig. 2 shows the bode diagrams of the coated specimens. For the first two-

day immersion, |Z|0.01mHz decreased as the immersion time prolonged. After immersion for 4 days, 

|Z|0.01mHz fluctuated up and down slightly.  
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Figure 2. Bode diagrams of acrylic polyurethane coated galvanized steel immersed in 3.5% NaCl 

solution at different immersion times. 

 

Based on the literature, |Z|0.01mHz presented the protection behaviors of coating system. That is 

to say, the soaking process of the coating and the products generation at the interface between coating 

and metal substrate could be manifested with |Z|0.01mHz. In this paper, the electrolyte solution kept on 

penetrating into the coating system through the defects of coating, resulting in the decreasing of 
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|Z|0.01mHz. The penetrating process could be divided into two stages according to the change observed in 

Fig. 2. The electrolyte diffused in the coating only at the first 2 days, which was manifested as one 

time constant. After immersion for 2 days, two time constants appeared, which indicated that the 

electrolyte penetrated into the interface. At this stage, electrochemical corrosion started and corrosion 

products were generated. Therefore, the sudden increase in the LF impedance at day 4 might be 

attributed to the generation of corrosion products and the blocking effect on the corrosion process, 

which will be discussed later. 

 

3.3 Analysis of corrosion products 

X-ray diffraction (XRD) measurement was performed to detect the possible corrosion product 

generated at the coating–substrate interface after immersion for 4 days. In this case, the varnish coating 

of the sample was peeled off. Thus, the corrosion products could be exposed to the detector. Fig. 3 

shows the obtained spectrum.  
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Figure 3. XRD spectrum of a galvanized substrate after immersion for 4 days in 3.5% NaCl solution. 

 

  
 

Figure 4. SEM micrographs of a galvanized substrate after immersion for 4 days in 3.5% NaCl 

solution: (a) 2500× and (b) 5000×. 

 

A 

B 
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The main products were Zn5(OH)8Cl2·H2O, ZnO, and Zn5(CO3)2(OH)6. The corresponding 

corrosion morphology was observed by scanning electron microscopy, as shown in Fig. 4, in which the 

compact product in A area was assigned to Zn5(CO3)2(OH)6, and the needle crystals in B area could be 

attributed to the basic zinc chloride (Zn5(OH)8Cl2·H2O), showing a good agreement with the results of 

other authors [23-25].  

 

 

3.4 Discussion 

 As illustrated in literatures [15-17], the organic coating could be seen as a dielectric, which 

would be polarized when an electric field (EF) was applied, especially after the penetration of 

electrolytes into the coating. Under the present condition, the electrolyte and the metal substrate could 

be served as a parallel plate capacitor Therefore, when the corrosion proceeds, the capacitance of the 

capacitor will be changed and subsequently affect the inner EF induced by the dipole polarization 

behaviors of the coating, as illustrated in Fig. 5. Due to the dependence of capacitance on the applied 

potential of a capacitor, the M-S method can be introduced to this work for evaluating the corrosion 

process of the coating. Besides, |Z|0.01Hz was successfully used by Shi to monitor coating aging process 

[26]. Murry suggested that this parameter can characterize the entire process of coating degradation 

[27]. Therefore, |Z|0.01Hz and CD (ND) were both used in this paper to assess the degradation of the 

coating system, as the complementary to each other. 

 

   
 

Figure 5. Capacitance change diagrammatic sketch of parallel plate capacitor before and after 

dielectric (coating) applied [16]: (a) empty; (b) dielectric applied. 

 

3.4.1 Relationship between CD and |Z|0.01Hz during corrosion process 

As the above mentioned, the change principles of both parameters depicted the corrosion 

development of the coating system. Based on Fig. 6, the change of CD was negatively correlated to 

that of |Z|0.01Hz. That is to say, the CD increased when the corrosion resistance of the coating system 

was deteriorated. It indicated that the diffusion or soaking process of the coating system enhanced the 

migration of ions and further induced the electrochemical reactions at the interface of coating and 

substrate, which increased the amount of donor in the dielectric (i.e. the polyurethane organic coating). 

With the immersion time prolonged, more and more donors were activated and started moving. 

Therefore, the increase in CD implied an increase in conductivity and rapid degradation of the coating 

[21].  

(a) (b) 
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It should be noted that the changing tendency of |Z|0.01Hz and ND shifted at day 4 in the current 

study. That is, after immersion for 4 days, ND decreased, whereas |Z|0.01Hz increased. This condition 

indicated that the corrosion rate slowed down. This finding might be attributed to that the corrosion 

products generated at the metal–substrate interface could easily fill the coating defects when the 

defects were small. As a result, the corrosion process was hindered. However, as the corrosion 

proceeded and the defects was aggravated, the protection of the coating continued to deteriorate. 
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Figure 6. Changing curve of the CD and the LF impedance. 

 

 

As a proof, corrosion products, including Zn5(CO3)2(OH)6 and Zn5(OH)8Cl2·H2O, were found 

at the metal–substrate interface. Zn5(CO3)2(OH)6 is dense and has low solubility [28]. Studies have 

shown that the improvement in the corrosion resistance of the Zn-Al-Mg alloy coating is due to the 

formation of Zn5(OH)8Cl2·H2O [29,30]. Therefore, Zn5(CO3)2(OH)6 and Zn5(OH)8Cl2·H2O prevented 

the coating from penetration in the current study.  

The morphology of the sample after immersion for 8 days (Fig.7) showed bubbling, rust spots, 

and holes on the coating surface. The shielding and insulating effects were weakened in the local area 

of the coating because of the generation of holes. This condition led to the decrease in corrosion 

resistance and the increase in electrical conductivity. As a proof, the corresponding shift could be 

observed in Fig. 6. As the corrosion process accelerated, the corrosion products were accumulated, 

which had an inhibiting effect on the penetration of the electrolyte solution. This condition prevented 

the diffusion of reactive ions and protected the matrix. As a result, |Z|0.01Hz continuously increased at 

day 16. However, the coating system would present a conductive behavior and the transport of 

chargers would no longer be hindered once the pathway of electrolyte penetration formed in the 

coating system. Consequently, the conductivity was greatly enhanced, which was proven by the rapid 

increase in ND after immersion for 8 days. 
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(a)                                                        (b) 

Figure 7. Microscopy images of acrylic polyurethane-coated galvanized steel after immersion for 8 

days in 3.5% NaCl solution: (a) 2D and (b) 3D. 

 

3.4.2 Effects of polarizations on the coating system 

 There was a transition at −0.6 VSCE in the M-S curve, the slope of which changed from positive 

to negative, indicating that with the applied potential lifted positively, the tendency of decreasing in 

capacitance shifted to the increasing tendency. For this study, the open circuit potential of the system is 

around −1.0 VSCE ~ −0.9 VSCE. Therefore, when the coating system was polarized slightly from the 

open circuit potential, two types of polarizations exerted in the system. On one hand, when the applied 

external potential (absolute value) decreased, the capacitance of the parallel capacitor and that of 

coating induced by dipole polarization must decline consequently. But the declining rate of the 

capacitance for the coating should be slower than that of the capacitor due to the dipolar relaxation. On 

the other hand, the substrate was electrochemically polarized, which generated more and more positive 

chargers with the overpotential increased, i.e. zinc ions. When these two effects combined together, the 

changing tendency would be dependent on the predominant effect. That is to say, when the 

overpotential was not big enough, the polarization of capacitor was dominant, resulting in the decrease 

of the total capacitance. On the contrary, the electrochemical polarization became the controlling effect 

when the overpotential was higher than −0.6 VSCE. However, the effect of electrochemical polarization 

would be weakened, because the formation of corrosion product, such as ZnO, made the substrate 

more stable after immersion for 16 days. Therefore, the capacitance presented a continuous drop for 

the 8-day curve in Fig. 1, with the decrease of applied external potential (absolute value). 

 In addition, the penetration of electrolyte into the coating intensified the dipole polarization of 

the coating because more dipoles were activated. To keep EF intensity unchanged, more chargers must 

migrate to the plate of the capacitor, resulting in an increase of capacitance. This could be used to 

explain why the capacitance (C) rose with the prolonged immersion time for one specific applied 

potential (E) in Fig.1.  

 

4. CONCLUSIONS 

 Based on the above results, the following conclusions can be drawn: 

(1) In general, the process of the corrosion development could be manifested as the increase in 
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the CD and the decrease in |Z|0.01Hz until the coating system was destroyed.  

(2) The generation of corrosion products Zn5(OH)8Cl2·H2O and Zn5(CO3)2(OH)6, which could 

improve the corrosion resistance of substrate, led to the decrease of CD. But after a penetrating hole 

was established between the coating and the substrate in the coating, it was hard to evaluate the 

following corrosion process with CD.  

(3) Two types of polarizations, dipole polarization and electrochemical polarization, exerted 

their efforts in the coating system during corrosion degradation process. The one playing the dominant 

role was dependent on the corrosion process.  
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