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Abstract  

Magnesium alloys have a wide range of applications but suffer low corrosion resistance. 

One of the most accessible ways to protect metals from corrosion, which can also be 

combined with other methods, is the use of corrosion inhibitors. The effect of 1,2,3-

benzotriazole, 5-chloro-1,2,3-benzotriazole and sodium dioctyl phosphate on the corrosion 

of Elektron WE43 magnesium alloy in 0.05 M NaCl solution was studied using 

polarization and EIS measurements. Azoles do not exhibit the inhibitive action towards the 

WE43 alloy, but they slightly reduce the barrier effect of the film of corrosion products. 

Sodium dioctyl phosphate (DOP) is an effective inhibitor due to its anionic nature. It 

mainly inhibits the anodic dissolution of the alloy and has a slight effect on the cathodic 

process. DOP enhances the protective effect in time due to improvement of protective 

films. An increase in DOP concentration depresses the anodic dissolution of the alloy as 

well as the local depassivation, which is characterized by a displacement of the pitting 

potential in the positive direction. Scanning vibrating electrode technique (SVET) 

measurements confirmed the effectiveness of DOP as a corrosion inhibitor for Electron 

WE43 alloy. 
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Introduction 

Magnesium alloys have an important combination of properties: low density, high strength 

and good machinability, which makes them attractive for application in the automotive and 

aircraft industries, as well as in the space industry. The disadvantage of magnesium alloys 

is high reactivity and, as a result, susceptibility to corrosion. The low corrosion resistance 

of magnesium and its alloys determines the need for protection from environmental 

influences. The conventional method of surface treatment of magnesium and its alloys with 

chromates is currently unacceptable due to environmental and toxicological restrictions, 

and therefore it becomes urgent to look for other methods of protection, in particular, the 
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use of corrosion inhibitors. Inhibitors can also be used as a supplement to other corrosion 

protection methods, for example, conversion coatings and paints, acting as the agents for 

healing the defects of the coating. 

Various classes of chemical compounds are known as corrosion inhibitors for 

magnesium and light alloys: carboxylic acid salts [1–3], sulfonates, 8-hydroxyquinoline [2, 

4], azoles [5, 6], cerium compounds [7, 8], Schiff bases [9], and polyamino acids [10]. The 

compounds capable of forming insoluble complexes or salts with magnesium cations are of 

particular interest. In the first place, heterocyclic compounds like azoles and anionic 

surfactants can be noted. For example, 8-hydroxyquinoline enhanced the protective ability 

of sol-gel coatings on the AZ31 alloy due to the formation of sparingly soluble complexes 

with magnesium cations [11]; 1,2,4-triazole also showed high inhibition activity [12, 13]. 

Triazoles containing various substituents may be of interest as the corrosion inhibitors 

for magnesium and its alloys. Substituents can significantly affect the acid-base properties, 

hydrophobicity, and hence the adsorption and inhibition activity of heterocyclic molecules. 

For example, the efficiency of inhibition of copper corrosion in 0.1 M NaCl by substituted 

benzotriazoles (BTA) gave the following sequence: 5-methyl-BTA < 5-chloro-BTA < 5-n-

hexyl-BTA [14]. 5-Pentyl-BTA and 5-chloro-BTA exceed BTA in adsorption and 

protective properties for copper in a neutral borate buffer solution [15]. Inhibition of 

anodic dissolution of copper and zinc by substituted benzimidazoles has shown the 

dependence of protective effect on σ-constants (Hammett constants) of substituents [16]. 

Various anionic surfactants are known as effective and versatile corrosion inhibitors 

capable of slowing down the active dissolution and local depassivation of metals. Anions 

of carboxylic acids show a protective effect on various metals and alloys [16] and inhibit 

the corrosion of magnesium due to the formation of sparingly soluble hydrophobic 

compounds with its cations. Esters of phosphoric acid, in particular, dialkylphosphates, are 

noteworthy. Similarly to carboxylates, they contain an anionic functional group and a 

hydrophobic part of the molecule and are able to act as corrosion inhibitors for zinc, 

aluminum alloys and steel [17, 18]. It can be expected that dialkyl phosphates would have 

protective properties toward magnesium alloys. 

The present paper discusses the influence of BTA, 5-chloroBTA and sodium dioctyl 

phosphate on the corrosion and electrochemical behavior of Elektron WE43 magnesium 

alloy. 

Experimental 

Elektron WE43 alloy plates were used in the experiments. The composition of the alloy is 

as follows: yttrium 3.7–4.3%; rare earth metals 2.3–3.5%; zirconium 0.2%; magnesium – 

the rest. For electrochemical measurements electrodes were armored in epoxy resin, with a 

working surface of 1 cm
2
. 0.05 M NaCl solution was used as the corrosive medium. 1,2,3-

Benzotriazole (BTA), 5-chloro-1,2,3-benzotriazole (Cl-BTA) and sodium dioctyl 

phosphate (DOP) were studied as inhibitors. BTA and Cl-BTA do not change the pH of the 

solution (5.6). Addition of 5 mM DOP increased the solution pH to 6.3. 
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The experiments were carried out at a temperature of 20°C with natural aeration. 

Polarization potentiodynamic measurements were performed at a potential scanning rate of 

0.2 mV/s after the free corrosion potential stabilized (1 hour). Electrochemical impedance 

spectra (EIS) were obtained at the free corrosion potential in the frequency range of 10
5
–

10
–2

 Hz and with a potential amplitude of 10 mV. Potentials were measured against a 

saturated calomel electrode. The EIS simulation was carried out using ZView software. 

Measurements using the scanning vibrating electrode technique (SVET) were 

performed on Applicable Electronics equipment with ASET software. 

Results and Discussion 

The data on the measurement of the free corrosion potential Ecor show (Figure 1) that a 

constant value is set in approximately 1 h. It shifts to more negative values in solutions 

containing the tested compounds in comparison with the blank solution (–1.72 V). The 

most negative Ecor values were obtained in the presence of BTA and Cl-BTA.  

 

Figure 1. The dependence of Ecor of WE43 on the time of immersion in 0.05 M NaCl.  

The results of polarization potentiodynamic measurements after exposure of WE43 

electrodes in solutions of the tested compounds demonstrate a slight effect of BTA or Cl-

BTA and significant inhibition of the alloy anodic dissolution by DOP (Figure 2). When 

the potential is shifted to the anodic region, active dissolution is observed in the presence 

of  azoles, but with DOP a small region of independence of the current density on the 

potential followed by a sharp increase in current caused by localized dissolution of the 

alloy occurs. The effect of the additives on the cathodic process is weak. 
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Figure 2. Anodic and cathodic polarization curves of WE43 magnesium alloy after 1 h of 

immersion in 0.05 M NaCl with 5 mM of additives. 

DOP is the most effective inhibitor among the compounds studied, which is quite 

expected taking into account the anionic nature and the presence of hydrophobic alkyls in 

the molecule. Probably, DOP is able to form hardly soluble salts with magnesium cations 

that create a protective film on the alloy surface, similarly to carboxylates. Increasing the 

DOP concentration depresses the anodic dissolution of the alloy as well as its local 

depassivation characterized by a displacement of pitting potential Ept in the positive 

direction (Figure 3). The inhibition effect of DOP increases with the time of immersion of 

the electrode in the solution for up to 24 h: the film breakdown potential at CDOP = 5 mM 

shifts to –0.8 V, i.e., by more than 0.4 V in comparison to the value obtained after 

immersion for 1 h (Figure 4). The anodic polarizability of the alloy in the blank solution 

also increases. This indicates the effectiveness of the inhibitor and the formation of denser 

protective layers with time. 

The electrochemical impedance spectra (EIS) of WE43 obtained after 1 hour of 

exposure in NaCl solutions without additives or in the presence of 5 mM of the tested 

compounds are shown in Figure 5.  

The results of EIS measurements were simulated using the equivalent electric circuits 

(EEC) shown in Figure 6. Figure 6a shows the EEC for the blank and BTA or Cl-BTA 

solutions, and Figure 6b shows the one for the DOP solution.  
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Figure 3. Anodic polarization curves of WE43 magnesium alloy after 1 h of immersion in 

0.05 M NaCl in the presence of DOP (mM). 

 

Figure 4. Anodic polarization curves of WE43 magnesium alloy after 24 h of immersion in 

0.05 M NaCl in the presence of 5 mM DOP. 
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Figure 5. EIS spectra obtained for WE43 magnesium alloy after 1 h of immersion in 0.05 M 

NaCl without or with 5 mM of tested compounds. 
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a 

 
b 

Figure 6. EEC used to simulate EIS of WE43 magnesium alloy obtained in 0.05 М NaCl 

containing BTA or Cl-BTA (a) and DOPh (b). 

Rs corresponds to the electrical resistance of the solution, Rox and Cox – to the 

resistance and capacitance of the oxide film, Rinh and Cinh – to the resistance and 

capacitance of the inhibitor layer, Cdl – to the double layer capacitance, and Rpolar is the 

polarization resistance. 

In the case of electrolyte with or without addition of BTA and Cl-BTA, the spectra are 

characterized by the presence of two capacitive semicircles (Figure 5a). The low-frequency 

impedance can be used as a measure of corrosive activity. It follows from Figure 5b that 

the minimum values of the low-frequency impedance observed for WE43 immersed in 

NaCl solutions containing 5 mM BTA or Cl-BTA are even smaller than those in the blank 

electrolyte. The presence of BTA and Cl-BTA in the corrosive medium leads to a decrease 

in the resistance of corrosion products (Rox) in comparison with the blank electrolyte 

(Table 1). At the same time, Rox significantly increases in the presence of DOP, which 

indicates the stabilization of the oxide–hydroxide layer by the inhibitor. In addition, a 

region corresponding to the contribution of the adsorbed inhibitor film appears in the EIS 

diagrams at low frequencies. 

According to the polarization and EIS measurements, BTA and Cl-BTA do not show 

an inhibitive activity toward the WE43 alloy. At the same time, the surface activity of DOP 

provides a significant inhibitive effect. 

The results obtained with increasing the time of immersion of a WE43 electrode in 

solution are shown in Figure 7 and in Table 2. During the first day the corrosion activity of 

the alloy in the blank electrolyte decreases due to the formation of a dense film of 

corrosion products, however, on increasing the time to 14 days the film resistance 

decreases. The presence of DOP in the solution leads to an increase in the resistances Rinh 

and Rox with time, which indicates the gradual formation of more perfect protective films. 
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Table 1. The calculated parameters of EEC for WE43 after 1 h of immersion in 0.05 М NaCl without or 

with 5 mM of the tested compounds.  

Parameter Blank  BTA Cl-BTA DOP 

Rs 20.51 48.43 33.44 17.08 

Cinh–T – – – 9.6114E–7 

Cinh–P – – – 0.9249 

Rinh – – – 544.3 

Cox–T 1.291E–5 1.8137E–5 1.8133E–5 1.897E–5 

Cox–P 0.94922 0.89495 0.88188 0.7185 

Rox 2351 1016 1229 9865 

Cdl–T 0.00042785 0.0015016 0.00090878 0.0014114 

Cdl–P 0.82146 0.71122 0.81109 1.11 

Rpolar 2833 650 871 1354 

Table 2. The calculated parameters of EEC for WE43 after 1 h, 1 day or 14 days of immersion in 0.05 М 

NaCl. 

Parameter 
Blank 5 mM DOP 

1 h 1 d 14 d 1 h 1 d 14 d 

Rs 20.51 16.6 45.87 17.08 27.18 20.12 

Cinh–T – – – 9.6114E–7 2.3649E–6 7.7522E–6 

Cinh–P – – – 0.9249 0.81773 0.58733 

Rinh – – – 544.3 839 1150 

Cox–T 1.291E–5 1.4955E–5 4.2926E–5 1.897E–5 1.5278E–5 2.1932E–5 

Cox–P 0.94922 0.9217 0.83296 0.7185 0.76784 0.80416 

Rox 2351 5705 2975 9865 14869 31504 

Cdl–T 0.00042785 0.00044135 0.001738 0.0014114 0.0011668 0.049734 

Cdl–P 0.82146 0.84295 0.93042 1.11 1.047 1.546 

Rpolar 2833 3813 1032 1354 4398 1369 
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Figure 7. EIS spectra obtained for WE43 magnesium alloy after 1 h, 1 day or 14 days of 

immersion in 0.05 M NaCl without (a, b, c) or with 5 mM of DOP (d, e, f). 
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The appearance of alloy WE43 samples after immersion in the solutions also indicates 

the tested compounds manifest different effects on the corrosion process (Figure 8). 
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Figure 8. Photos of WE43 specimens after exposure in blank and inhibited solutions. 
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After 1 day, the localized areas of corrosion appeared on the surface of the alloy 

immersed in the uninhibited solution, while corrosion was even more expressed in the 

presence of 5 mM BTA or Cl-BTA. Bubbles of evolved hydrogen were observed on the 

surface of the samples. Under the same conditions, DOP proved to be an effective 

inhibitor. During the first 24 h there was a gradual decrease in the amount of evolved 

hydrogen, up to complete disappearance of the bubbles from the surface, and corrosion was 

not observed, either. After 2 weeks of testing in the solution without any inhibitor, the 

surface of the samples was completely covered with a film of corrosion products, on which 

local dissolution of the alloy was observed. In the presence of 5 mM DOP, only tarnishing 

of the surface and minor traces of corrosion were found.  

The results obtained by the SVET method (Figure 9) also confirm the effectiveness of 

DOP as an inhibitor of magnesium alloy corrosion. Over time, in the presence of DOP, the 

amount of hydrogen bubbles released decreases, until their complete disappearance, the 

surface of the sample tarnishes slightly, but there are no visible corrosion lesions on it. The 

values of the corrosion current in the presence of the inhibitor are much smaller than in the 

blank electrolyte, although in both cases they decrease with time. In a solution without an 

inhibitor, the localization of corrosion processes on the alloy surface is more expressed, 

while in a solution containing 5 mM DOP, the local dissolution is suppressed almost 

completely. As a result, DOP is an effective inhibitor that promotes the formation of 

protective films on the surface of the magnesium alloy and reduces the rate of its local 

dissolution. 

Conclusions 

1,2,3-Benzotriazole and 5-chloro-1,2,3-benzotriazole do not have a protective effect on the 

WE43 alloy in 0.05 M NaCl solution and adversely affect the barrier properties of films of 

corrosion products. Under the same conditions, sodium dioctyl phosphate exhibits a high 

inhibition ability, mainly suppressing the anodic partial electrode process. Its protective 

effect is enhanced with time, apparently due to the formation of sparingly soluble 

compounds with magnesium cations and stabilization of the oxide–hydroxide layer. 
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Figure 9. SVET measurements on the surface of WE43 magnesium alloy in 0,05 M NaCl 

after: a – 1 h; b – 3 h; c – 24 h. 
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