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Abstract:  

 The effects of anions in saline solutions on the corrosion behaviour of magnesium alloy AZ31 

were investigated using hydrogen evolution, pH and potentiodynamic measurements. The results 

demonstrated that adding bicarbonate and sulphate ions to saline solution accelerated the corrosion, 

whereas hydrogen phosphate and dihydrogen phosphate retarded the corrosion and decreased the 

open-circuit potentials. A model involving the magnesium hydroxide and magnesium carbonate 

film formation mechanism was proposed. The change in the solution pH over time did not reflect 

the corrosion rates of the magnesium alloys due to the influence of anions. 

Keywords: A: Magnesium; A: Alloy; B: Polarisation; B: SEM 

1. Introduction 

In the last decade, magnesium and its alloys have been identified as potential biodegradable 
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biomaterials because they are highly biocompatible and have mechanical properties similar to 

human bones [1-3]. Attempts have been made to manipulate commercial magnesium alloys, such 

as AZ91D, LAE442, AE21, AZ31 and WE43, as bio-absorbable stents and orthopaedic devices 

[4-6]. In vivo tests reveal that the magnesium alloys degrade so quickly that they cannot support 

blood vessel walls or fractured bones during the healing process in blood plasma or human body 

fluids [4]. Therefore, tailoring the degradation rate of magnesium alloys used as degradable 

biomaterials is critical. 

Usually, the in vitro lifetime of implanted devices must be predicted. The corrosion behaviours 

of magnesium alloys are predominately affected by their environments [7-16], chemical 

compositions (i.e., alloying elements [6, 8, 16-17] and impurities [18-21]), microstructure (grain 

size [22-24] and intermetallics [25]) and post-processing (i.e., extrusion processes [24, 26] and 

surface modification [27-31]) as well as corrosion products [22]. To date, numerous in vitro and in 

vivo corrosion studies have assessed magnesium alloys in simulated body fluids (SBFs) [11, 32], 

various animals [4, 6, 13, 33] and even patients [5]. Inorganic salts, amino acids and proteins 

significantly impact the in vitro degradation behaviour of pure magnesium alloys, such as AZ31, 

AZ91 and Mg-Ca alloys [8, 9, 12, 34-35]. For example, the mutual influences of Cl-, HCO3
-, 

HPO4
2- and SO4

2- on the corrosion behaviour of commercial die-cast AZ91 alloys in the 

physiological environment have been investigated [11, 36]. However, the influences of each 

individual anion on the corrosion rates and changes in the solution pH values have been ignored. 

The pH variation in implanted microenvironments is a major concern. Plasma pH is normally 

7.2-7.4. When the pH value rises or falls beyond normal levels, however, a number of adverse 
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effects may occur. 

In physiological biomaterial evaluation, in vivo corrosion tests are considerably 

time-consuming, with in vitro corrosion tests being more convenient and economical during 

early-stage studies. First, the number of animals used and the duration of animal experiments can 

be reduced significantly [37]. Second, the physiological environment of each patient and the 

location of his or her implants are unique and vary over time. However, in vitro corrosion studies 

performed in physiological solutions with changing components and concentrations have 

remained inconclusive [7, 8, 11]. Therefore, the corrosion resistance of magnesium alloys in 

physiological environments must be evaluated more extensively to gain further insight into the 

degradation mechanisms inside the human body.  

To the best of our knowledge, the effects of bicarbonate, hydrogen phosphate, dihydrogen 

phosphate and sulphate anions in saline solutions on the bio-corrosion behaviour of magnesium 

alloys are unknown. Although magnesium alloys are promising for dental implants, the pH value 

of the food or diet does not change significantly in the mouth. Bicarbonate ions are present in the 

carbonated water typically found in soft drinks and carbonated beverages, which are consumed 

heavily during the summer. However, the impact of bicarbonate ions on the bio-corrosion of 

magnesium alloys is still far from being understood. 

This study aims to determine the influence of bicarbonate, sulphate, hydrogen phosphate and 

dihydrogen phosphate ions at three concentrations in saline solution on the corrosion of 

magnesium alloy AZ31 and better understand the influence of solution pH on the corrosion of 
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magnesium alloys. The investigation will focus on the influence of HCO3
- ions. 

2. Experimental 

2.1 Materials 

A 230 mm × 1.2 mm commercial rolled magnesium alloy AZ31 (nominal composition: 2.5-3.0 

wt% Al, 0.7-1.3 wt% Zn, >0.2 wt% Mn, Bal. Mg) sheet supplied by Beijing Guangling Jinghua 

Science and Technology Co., Ltd., was used in this study. The immersion samples were cut into 

pieces (10 mm × 10 mm × 1.2 mm). For the microstructural observation, the samples were ground 

with abrasive papers up to 2000 grit, polished with 1-µm diamond paste to a mirror finish and 

etched in a solution containing 5 ml of HNO3, 3 ml of ethanol and 100 ml of water and examined 

via optical microscopy. The grain size was evaluated using the linear intercept method according 

to ASTM E122-88. The average grain size was acquired by counting the number of grains 

intercepted by five straight lines sufficiently long to yield at least 50 intercepts [24, 38]. The 

sample surface was also ground to 2000 grit for the electrochemical, immersion and evolution 

tests before being ultrasonically cleaned in an acetone solution and dried in warm air.  

2.2 Hydrogen evolution and pH measurements 

The volume of hydrogen gas released during the immersion depended on the dissolution of 

magnesium. The anodic reaction proceeded as follows: 

Mg → Mg2+ + 2e-              (1) 

The cathodic reaction proceeded as follows: 

2H2O + 2e- → 2OH- + H2 ↑        (2) 
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Thus, the total reaction combined the above two reactions: 

Mg + 2H2O → Mg(OH)2
 + H2 ↑    (3) 

Therefore, the corrosion rate of magnesium may be monitored by the volume of hydrogen 

evolved per unit time and area. The hydrogen evolution rate (HER) is expressed as [38] 

V
HER

St
=

                    (4) 

where S is the exposed area, t is the immersion time and V is the volume of hydrogen evolution. 

The HER plotted against the immersion time reflects the kinetic change in the hydrogen evolution, 

which is affected by the corrosion products formed on the magnesium alloys. 

A graduated cylinder was inverted in a beaker inside a digitally controlled water bath 

maintained at 37 ± 0.5 ºC. The ratio of solution volume (ml) to sample area (cm2) was 25:1. The 

samples (25 mm × 25 mm × 1 mm) were immersed in 310 ml of solution for 10 h, and the evolved 

hydrogen volumes were recorded hourly.  

Saline solution was chosen, and the solution pH was not controlled for simplicity and to avoid 

disturbing the anions of interest [11]. As listed in Table 1, 13 solutions were prepared using NaCl, 

NaHCO3, MgSO4·7H2O, Na2HPO4·12H2O and KH2PO4, and their concentrations (Table 1) were 

set according to their levels in Hank’s solution. 

Monitoring the pH values in chemical and biological environments is critical. The pH values 

steadily increased during the dissolution of magnesium according to reaction (3). The pH was 

measured in 56-ml solutions for the smaller samples (10 mm × 10 mm × 1 mm) with a exposed 

area of 1.4 cm2 according to a ratio of solution volume (ml) to sample area (cm2) of 40:1 in 
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hydrogen evolution at 37 ± 0.5 ºC with a digital glass electrode pH meter (PHS–25). This pH 

meter was calibrated before each measurement. Three samples were measured for each test. 

2.3 Electrochemical tests 

A potentiostat (EG & G, 273) was utilised to study the electrochemical corrosion behaviour. A 

three-electrode system was used: the working electrode had an exposed surface area of 2.84 cm2, 

and a saturated calomel electrode (SCE) and platinum plate were used as the reference and 

auxiliary electrodes, respectively. The polarisation measurements began after the samples had 

soaked in the solutions for 5 min. The potential was scanned from -300 mV to +300 mV relative 

to the SCE versus the open-circuit potentials (OCPs) at a scan rate of 0.5 mV/s. The tests were 

performed in a water bath at 37 ± 0.5 ºC. The samples were measured in triplicate to ensure 

reproducibility. 

2.4 Surface analysis 

The samples were removed after 10 h of immersion in various solutions and ultrasonically 

cleaned in acetone solution. The corrosion morphologies and structures of the samples were 

examined using scanning electron microscopy (SEM, KYKY-2800B) and X-ray diffraction (XRD, 

D/Max2500PC) with a Cu Kα1 (λ = 0.15406 nm) source operated at 30 kV and 100 mA. 

3. Results  

3.1 Microstructural observation 

Fig. 1 shows the three-dimensional optical microstructure of the rolled AZ31 alloy. The 

microstructure is characterised by a fine-grained α-Mg matrix and Al-Mn intermetallics, which 

appear as black dots in the image [22, 27]. The average grain size is 6.4 µm in the sectional view, 
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which is perpendicular to the rolling direction. The extremely refined microstructure with 

equiaxed grains indicates that dynamic recrystallisation occurred during the rolling process. There 

is no Mg17Al12 phase present in the alloy, but some AlMn particles, such as Al6Mn or Al8Mn5, may 

be present at the grain boundaries or inside the grains (Fig. 1) [22]. 

3.2 Influence of various anions on the hydrogen evolution rate 

The hydrogen evolution rates (HERs) for the AZ31 alloys are plotted against immersion time in 

the various solutions in Fig. 2. The influence of these anions on the HER varied by the species 

present and its concentration. The HER decreased as the immersion time increased before 

stabilising. This behaviour may be attributed to the layer of corrosion products that precipitated on 

the surface of the alloy.  

Generally, the HERs decreased as the bicarbonate, hydrogen phosphate and dihydrogen 

phosphate concentrations decreased and the sulphate concentration increased (Fig. 2). Compared 

to the saline solution (solution 1), the HER was lower for a bicarbonate concentration of 4.2 

mmol/L but higher for concentrations of 8.3 mmol/L and above (Fig. 2a). Fig. 2b shows the 

influence of sulphate ions on the HER. At a concentration of 4.8 × 10-4 mol/L, the sulphate ions 

had no influence on the HER. However, the HER was faster than that in the saline solution when 

the sulphate content was below this level and slower when the sulphate content was above this 

level. This result may be related to pH changes and the formation of the corrosion product film. 

Interestingly, the HERs were always lower in the presence of phosphate and chloride ions than 

in saline solution (Fig. 2c-d). Furthermore, the HER decreased with increasing HPO4
2- and H2PO4

- 
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concentrations. However, after 10 h of immersion, there was no significant distinction between the 

HERs measured in the presence of HPO4
2- ions. Thus, the HPO4

2- concentration had no obvious 

impact on the corrosion rate due to the formation of a compact and protective corrosion product 

film. 

3.3 Influence of various anions on the solution pH 

Fig. 3 lists the pH changes of the solutions as a function of immersion time. The pH of the 

saline solution increased abruptly from 8.5 to 9.4 (solution 1) after 2 h of immersion, followed by 

a drop (Fig. 3a). This result was attributed to the dissolution of magnesium and the subsequent 

formation of magnesium hydroxide. Upon the addition of bicarbonate ions to the saline solution, 

the pH initially increased abruptly and then slowly increased with further immersion time (Fig. 3a). 

Meanwhile, the pH of the solutions in the presence of bicarbonate and chloride ions decreased as 

the bicarbonate concentration increased.  

Adding sulphate ions to the saline solutions rapidly increased the pH values (Fig. 3b), with the 

values far exceeding those of saline solutions with and without bicarbonate ions. After 2 h of 

immersion, the pH values gradually declined. The pH values also decreased as the sulphate 

concentration increased. 

As indicated by Fig. 3c-d, the hydrogen phosphate and dihydrogen phosphate ions also 

increased the pH values. However, the pH values of the saline solution exceeded those of every 

phosphate-containing solution (solutions 8-13) after 2 h of immersion. Interestingly, the pH values 

decreased considerably as the concentrations of both hydrogen phosphate and dihydrogen 
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phosphate ions increased.  

Thus, the influence exerted by the pH when the above anions were present declined as follows: 

sulphate > hydrogen phosphate > dihydrogen phosphate > bicarbonate. 

3.4 Influence of various anions on electrochemical behaviour 

During the early stages of immersion, the open-circuit potential (OCP) first increased rapidly 

and then tended to stabilise (Fig. 4a). The OCP was clearly higher in the presence of chloride ions 

than in the presence of both chloride and bicarbonate ions. Therefore, the bicarbonate ions 

significantly reduced the OCPs of the alloys as the bicarbonate concentration increased. The 

sudden drop in the OCP after 14.1 min with chloride ions corresponded to the breakdown of the 

oxide film of the alloy. Additionally, the fluctuations in the OCP curves measured in the presence 

of bicarbonate and chloride ions (Fig. 4a) implied the breakdown of the oxide film and the 

formation of corrosion pits and Mg(OH)2 precipitate. 

The polarisation curves for the AZ31 alloys in the presence of bicarbonate and chloride ions are 

depicted in Fig. 4b. The bicarbonate ions shifted the anodic polarisation behaviour but slightly 

decreased the corrosion resistance of the alloy. A passivity region and a breakdown potential (Eb) 

were observed in the anodic branches due to the formation of carbonate-containing films. 

Fig. 5a displays the OCP versus time curves obtained when both sulphate and chloride ions 

were present. The curves were similar to one another, implying that the oxide film had dissolved 

and the protective corrosion product layer had formed. The reduction in OCPs was smaller in the 

presence of sulphate ions than in the presence of hydrogen carbonate (Fig. 4a), hydrogen 
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phosphate (Fig. 6a) or dihydrogen phosphate (Fig. 7a) ions. Sulphate ions impacted the corrosion 

rates less strongly as the concentration increased because the cathodic branches remained 

unchanged, except for the case of solution 5 (Fig. 5b). The presence of sulphate and chloride ions 

changed the anodic polarisation behaviour of the alloy. For example, for the solution containing 

0.48 mmol/L sulphate ions, the breakdown potential (Eb) was -1362 mV/SCE, or 151 mV /SCE 

higher than its OCP.  

Similar to the case of bicarbonate and sulphate ions, the hydrogen phosphate and dihydrogen 

phosphate ions also lowered the OCPs of the alloy, as depicted in Fig. 6a and Fig. 7a. However, 

the presence of hydrogen phosphate and dihydrogen phosphate ions shifted the cathodic 

polarisation curves toward the left and the anodic polarisation curves toward the right (Fig. 6b and 

7b). Accordingly, the corrosion current density of the alloy when chloride was present along with 

hydrogen phosphate and dihydrogen phosphate ions was lower than that in the presence of only 

chloride ions. This behaviour was attributed to the prevention of cathodic hydrogen evolution due 

to the formation of phosphate precipitates. 

3.5 Influence of anions on corrosion morphologies 

Conspicuous, localised corrosion occurred on the surface, featuring traces consistent with 

filiform corrosion. A corrosion product layer of Mg(OH)2 precipitate formed after 1 h of 

immersion in saline solution (Fig. 8a). After 2 h of immersion, the precipitated Mg(OH)2 layer 

became more uniform and thicker (Fig. 8b). After 3 h of immersion, the corroded area expanded 

(Fig. 8c). Finally, after 10 h of immersion, the specimen was subjected to a serious attack along 

the scratch markings, and the surface became rough (Fig. 8d). Corrosion pits appeared due to the 
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galvanic corrosion between the anodic α-Mg matrix and the cathodic Al-Mn particles [39]. The 

scratch markings produced during grinding were the active sites for the initial corrosion. The 

corrosion morphology was similar to that of ultra-high-purity Mg in 3.5% NaCl solution saturated 

with Mg(OH)2 [21] and field-exposed AZ31 alloy in a tropical marine environment [15].  

Fig. 9 presents the corrosion morphologies after immersion in the presence of the various 

anions for 10 h. The inset shows the corresponding high-magnification SEM image. Clearly, more 

severe attacks occurred in solutions 3 (Fig. 9b) and 4 (Fig. 9c) than in solution 2 (Fig. 9a) in the 

presence of bicarbonate ions. Filiform corrosion initiated on the alloy as it soaked in solution 2. 

However, overall corrosion occurred in solutions 3 and 4 (Fig. 9b-c).  

Additionally, filiform corrosion (Fig. 9d, 9e) and general corrosion (Fig. 9f-l) occurred in the 

presence of sulphate (Fig. 9d-f), hydrogen phosphate (Fig. 9g-i)
 
and

 
dihydrogen phosphate (Fig. 

9j-l) ions. In particular, the presence of higher concentrations of phosphate ions (Fig. 9i, 9l) 

caused
 
the formation of a bamboo-like compact layer of corrosion products, leading to a lower 

corrosion rate. This layer may have been formed by the dehydration of the corrosion product layer 

after drying in air [7]. 

3.6 XRD results 

Fig. 10 displays the XRD patterns of the samples after immersion in various solutions for 10 h. 

When the magnesium alloy was soaked in saline solution, reaction (3) occurred. This reaction 

gave rise to an increase in pH and the formation of magnesium hydroxide and aluminium 

hydroxide [11]. In the presence of bicarbonate, insoluble magnesium carbonate, MgCO3, may 

precipitate on the sample surface as the local pH near the surface increases, reaching 9.3 [13]. 
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MgCO3 is more stable at higher [HCO3
-] relative to Mg(OH)2 [7]. Thus, the corrosion products 

included magnesium hydroxide and magnesium carbonate. Similarly, in the presence of hydrogen 

phosphate and dihydrogen phosphate, insoluble magnesium phosphate formed [7]. However, 

magnesium phosphate was not observed in Fig. 10, possibly because the corrosion product layer 

was too thin to detect. In contrast, in the presence of sulphate, magnesium sulphate, MgSO4 and its 

hydrates (MgSO4·xH2O (x = 3, 6, 7)) was discerned.  

4. Discussion 

Fig. 11 depicts the HERs after 10 h of exposure to the solutions. The HER increased with 

increasing concentration of bicarbonate ions. In contrast, the HER decreased with increasing 

concentration of sulphate ions. Moreover, the HERs in saline solution with 0.48 mmol/L and 0.81 

mmol/L MgSO4·7H2O were lower than that in saline solution without additives. Relative to saline 

solution, the HER decreased in the presence of hydrogen phosphate and dihydrogen phosphate. 

However, the HER in presence of hydrogen phosphate was much lower than that in presence of 

dihydrogen phosphate. The effect of the hydrogen phosphate concentration on HER was 

insignificant, whereas the HER increased significantly as the dihydrogen phosphate concentration 

increased. 

Furthermore, the HER was slightly different from the corresponding current density, as shown 

in Fig. 12. The current density obtained from the Tafel plots for the potentiodynamic polarisation 

curves was not in agreement with the HERs of the corresponding samples because of the 

limitations of the polarisation curves applied to characterise the corrosion rate of the magnesium 

alloys [40-41]. The anodic polarisation curve of magnesium and its alloys did not obey the Tafel 
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law [40-41]. It has been reported that the electrochemical measurements of the corrosion rate, 

which are based on the corrosion current density, did not agree with the direct measurements 

evaluated from the evolved hydrogen [42]. Thus, the current density was usually inconsistent with 

the HER.  

4.1 Relationship between the solution pH and HER 

The pH increase in the presence of chloride revealed that magnesium hydroxide films formed on 

the AZ31 alloy (Fig. 8a). After an immersion time of 14.1 min, a decrease in the OCP values (Fig. 

4a) indicated that the Mg(OH)2 film dissolved by reacting with the chloride ions.  

Mg(OH)2 + 2Cl- → MgCl2 + 2OH-    (5) 

As a result, corrosion pits and filiform corrosion were observed on the samples, as illustrated in 

Fig. 8. The relationship between the concentration of Mg2+ ions, [Mg2+], and pH was constructed 

using reference [43]. 

Log[Mg2+] = 16.95 – 2pH            (6) 

For the solution saturated with Mg2+ ions, the concentration of Mg2+ ions [43] is  

[Mg2+] = 10−3.90                      (7) 

Inserting Eq. (7) into Eq. (6) yields 

pH = 10.43.                         (8) 

Thus, 10.43 was designated as the pH of the solution saturated with Mg2+ ions [21, 44]. 

Based on reactions (1)-(3), the change in [Mg2+] with immersion time also reflects the corrosion 

rate for magnesium and its alloy. Fig. 13 presents the variations in [Mg2+] and pH relative to the 

immersion time for the AZ31 alloy in solution 1. It is known that the [Mg2+] at saturation is 1.26 × 
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10-4 mol/L [44]. It is evident from Fig. 13 that the pH value peaked (at approximately 10.4) as the 

Mg2+ ions in the solution reached saturation after 1 h of immersion [44]. Compared to the HER 

results (Fig. 2), there was a significant distinction between the changes in [Mg2+] and the HER. 

Specifically, the HER decreased continuously with increasing immersion time. However, [Mg2+] 

did not always decrease; it increased steadily after 4 h of immersion. This novel finding revealed 

the dissolution processes of the Mg(OH)2 precipitates, which occurred via reaction (5) with 

chloride ions.  

Interestingly, the change in the solution pH (Fig. 14) is not in complete accordance with its 

corresponding HER (Fig. 2). For example, in the presence of hydrogen phosphate and dihydrogen 

phosphate ions, the solution pH was low, but the alloy also had a low HER. The solution pH 

decreased significantly with the concentrations of bicarbonate, sulphate, hydrogen phosphate and 

dihydrogen phosphate ions after 10 h of immersion. Only the pH values of the solution with 0.24 

mmol/L and 0.48 mmol/L sulphate ions were higher than that of the saline solution, which was 

due to the lack of dissociation of hydrogen ions from sulphate ions into the solution. Therefore, 

when chloride and the other anion species were present, the change in the solution pH was not 

related to its corresponding corrosion rate due to the differences between the initial solution pH 

values generated by the anions.  

4.2 Influence of bicarbonate ions on the formation mechanism of the corrosion product layer 

 The stability of the corrosion product film depended on the solution pH. Higher solution pH 

values made the magnesium surface film more passive [44]. Moreover, the stability of MgCO3 

also depended on the bicarbonate ion concentration. Although the solubility product constant (Ksp) 
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(Table 2) [45] of MgCO3 was six orders of magnitude greater than that of Mg(OH)2 [46], the 

MgCO3 layer was more stable at higher [HCO3
−] than the Mg(OH)2 layer was [7]. The stable zone 

for MgCO3 in the log [Mg2+]-pH plot widened as [HCO3
−] increased [7].  

Because the presence of bicarbonate ions in saline solution increased the solution pH values, as 

demonstrated in Fig. 3, bicarbonate ion hydrolysis was possible [15]: 

HCO3
- + H2O ↔ H2CO3+ OH-   (9) 

According to reaction (4), hydroxide ions were produced as magnesium alloys were exposed 

to the chloride-bearing aqueous solution. The continuous increase in the concentration of 

hydroxide ions, [OH-], generated variations in the corrosion products. This process occurred in 

three stages:  

 (I) During the initial period, [Mg2+] and [OH-] were relatively low. Fig. 14 reveals that the 

[Mg2+] in the saline solution always exceeded the saturation value (1.02 × 10-4 mol/L), indicating 

the formation of Mg(OH)2 precipitates. However, when bicarbonate ions were present, magnesium 

carbonate species, such as MgCO3 · xH2O (x = 3, 5) [15, 22] and (Mg5(CO3)4(OH)2.5H2O [45-47], 

were more stable than magnesium hydroxide; therefore, the magnesium carbonate hydrates 

formed preferentially [15, 22]:  

Mg2+ + HCO3
- + OH- + (x-1)H2O ↔ MgCO3 · xH2O (x = 3, 5)   (10) 

The relationship between [Mg2+] ions and [HCO3
−] ions is subsequently established [7]:  

Log [Mg2+] + log[HCO3
−] = 5.3 - pH                     (11) 

Based on Eq. (11), the variations in [Mg2+] + [HCO3
−] relative to the immersion time are plotted 

in Fig. 15.  
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 Interestingly, Fig. 15 features a turning point (A). During the first hour of immersion, [Mg2+] + 

[HCO3
−] decreased in the following order: solution 2 > solution 3 > solution 4. The films 

thickened as the bicarbonate ion concentration increased [36]. Additionally, micro cracks formed 

on the surface during the dry processing. However, after 1 h of immersion, the [Mg2+] + [HCO3
−] 

decreased in the opposite sequence: solution 4 > solution 3 > solution 2. This scenario was 

attributed to the rapid increase in solution pH caused by the chloride ions, which generated the 

highest pH value (9.4) after 2 h in the presence of chloride ions (Fig. 3a). 

The total concentration of magnesium and bicarbonate ions ([Mg2+] + [HCO3
−]) declined 

markedly with increasing immersion time because of the formation of a protective magnesium 

carbonate and/or magnesium hydroxide film, as indicated by Fig. 16a-c. During the initial 

immersion, magnesium carbonate precipitated on the surface, and fewer pits were observed (Fig. 

16a-c). During subsequent immersions, more corrosion pits were observed in solutions 3 (Fig. 16e, 

h) and 4 (Fig. 16f, i). The solution pH decreased as the bicarbonate concentration increased. 

Specifically, the pH of solution 2 was higher than those of solutions 3 and 4 (Fig. 3), creating a 

dense layer of corrosion product film over time (Fig. 16a, d, g). Thus, the HER of solution 2 was 

lower than that of solution 1 based on the corrosion morphologies observed in Fig. 8a-c. 

 (II) During the second period, [Mg2+] and [OH-] increased continuously, but the concentration 

of bicarbonate ions decreased. Therefore, magnesium hydroxide and magnesium carbonate were 

produced simultaneously due to their similar solubilities. 

2Mg2+ + CO3
2- + 2OH- ↔ Mg(OH)2 ↓+ MgCO3 ↓    (12) 

These precipitates were verified by their XRD patterns (Fig. 10), and analogous results have 
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been reported by Jang [36]. Jang demonstrated that the corrosion products of the AZ31 alloy were 

mainly Mg(OH)2 and Mg0.833Al0.167(OH)2](CO3)0.083·0.75H2O after immersion tests in 103 mmol/L 

NaCl and 27 mmol/L Na2CO3 over 10 days.  

(III) During the final period, [Mg2+] and [OH-] increased continuously, while [HCO3
-] 

decreased and was completely consumed. Consequently, only magnesium hydroxide formed. 

The corrosion pits observed in Fig. 16e-f and Fig. 16h-i indicated
 
that the precipitated Mg(OH)2 

had dissolved through reaction with the chloride ions.  

Further investigations are necessary to describe the transition from MgCO3 to MgCO3 + 

Mg(OH)2, eventually leading to Mg(OH)2. 

The corrosion morphology of magnesium alloys is affected by the [HCO3
−] [46]. Gulbrandsen 

[48] noted that the corrosion rate of magnesium was related to the HCO3
- concentration, 

contributing to the quality of the film covered by the corrosion products. The microphotographs 

displayed in Fig. 9a revealed that either pitting or filiform corrosion may occur depending on 

[HCO3
−] in the saline solutions. Xin [11] suggested that the HCO3

- ions could induce rapid surface 

passivity when magnesium carbonate precipitated and completely suppressed the pitting corrosion. 

For [HCO3
−] > 12 mmol/L, the MgCO3 film inhibited the pitting corrosion [11]. For [HCO3

−] < 12 

mmol/L, the pitting corrosion was not prevented. 

Jang [36] reported that bicarbonate accelerated the overall corrosion rate as its concentration 

increased. However, this result does not agree with our finding. In this study, when [HCO3
−] < 

8.33 mmol/L, HER decreased; however, when [HCO3
−] ≥ 8.33 mmol/L, the bicarbonate 

accelerated HER as its concentration increased. 
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Based on the above discussion, the formation of MgCO3 precipitates in the bicarbonate-bearing 

saline solutions is schematically illustrated in Fig. 17.  

The complicated formation process may be a cyclic system with six steps:  

(1) The electrochemical dissolution of magnesium and the donation of electrons (Eq. 1). 

(2) Water-induced decomposition by electron capture and hydrogen evolution (Eq. 2).  

(3) The hydrolysis of bicarbonate (Eq. 9). 

(4) The formation of magnesium carbonate (Eq. 10 and 12). 

(5) The formation of magnesium hydroxide (Eq. 3). 

(6) The dissolution of magnesium hydroxide through a reaction with chloride (Eq. 5). 

This process may explain the bicarbonate-dependent acceleration of the dissolution of the 

magnesium alloys. 

4.3 Influence of sulphate ions 

For the SO4
2- ions, the passivation observed in the anodic polarisation curves can be explained 

by the literature data [49, 50]. Previous reports revealed that the surface films contained mostly 

Mg(OH)2 and grow rapidly after immersion in the test solutions; the thickness of the films 

exceeded 70 nm and 12 μm within 60 s [51] and 21 h [52] of immersion in 0.1 M Na2SO4, 

respectively. Other studies [42, 47, 51-52] disclosed that protective and compact films, including 

Mg(OH)2 and MgAl2(SO4)4 • 22H2O, form on die-cast AZ91D surfaces in both NaCl and Na2SO4 

solutions. Światowska [47] demonstrated that corrosion pits occur on pure magnesium surfaces in 

sulphate solutions. Ardelean [16] confirmed a low-intensity signal (SO4
-) corresponding to 

sulphates detected by ToF-SIMS but not by XPS for Mg-Y-Nd-Zr alloys immersed in Na2SO4. 
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During this study, the intensity of the XRD signal probed on the corroded surface was weak, 

indicating that the major corrosion product was Mg(OH)2. Severe pitting corrosion was observed 

on the samples (Fig. 9g-f). Sulphate ions accelerated the HERs. 

4.4 Influence of hydrogen phosphate and dihydrogen phosphate ions 

For the phosphate-containing solution, the polarisation plots in Fig. 6b and Fig. 7b demonstrate 

the activation-controlled corrosion of the alloy. The reduction in the corrosion current density was 

ascribed to the precipitation of magnesium phosphate.  

H2PO4
- →HPO4

2- + H-                               (13) 

HPO4
2- →PO4

3- + H-                                (14) 

3Mg2+ + 4OH- + 2H2PO4
- + (n-4) H2O→ Mg3 (PO4)2 ·n H2O   (15) 

3Mg2+ + 4OH- + 2HPO4
2- + (n-2) H2O→ Mg3 (PO4)2 ·n H2O   (16) 

Fig. 9g-l confirms that a protective and compact corrosion product layer formed after 10 h of 

immersion in the phosphate solutions. These results agree with Jang’s report [36]; phosphate 

induced the formation of a densely packed, amorphous magnesium phosphate corrosion product 

layer when HPO4
2- and Cl− were present. This layer slowed the corrosion rate of AZ31 and 

prohibited pitting corrosion. In addition, Xin [11] demonstrated that HPO4
2- ions significantly 

delayed the pitting corrosion.  

5. Conclusions  

 (1) The hydrogen evolution rate decreased with decreasing bicarbonate, hydrogen phosphate 

and dihydrogen phosphate concentrations and increasing sulphate concentration. The corrosion 

rate decreased in saline solution with a lower [HCO3
-] and higher [SO4

2-] but improved when 
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[HCO3
-] and [SO4

2-] were higher and lower, respectively. The presence of hydrogen phosphate 

and dihydrogen phosphate ions significantly reduced the corrosion rate of the alloy. The presence 

of bicarbonate, sulphate, and hydrogen phosphate as well as dihydrogen phosphate ions 

significantly decreased the open-circuit potential of AZ31. 

(2) The anions significantly impacted the formation and stability of the corrosion product film. 

The process and formation mechanism of the magnesium carbonate film were elucidated, and a 

corresponding model was proposed. 

(3) The change in the solution pH was not related to the corresponding corrosion resistance due 

to the differences between the initial solution pH values generated by the anions.  
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Figure captions 

Fig. 1 Three-dimensional optical microstructure of the rolled AZ31 alloy. The black dots indicate 

AlMn particles. 

Fig. 2 HERs for AZ31 in solutions (a) 2-4, (b) 5-7, (c) 8-10 and (d) 11-13.  

Fig. 3 Change in pH vs. time for AZ31 in solutions (a) 2-4, (b) 5-7, (c) 8-10 and (d) 11-13. 

Fig. 4 (a) OCP vs. immersion time and (b) polarisation curves for AZ31 in solutions 1-4. 

Fig. 5 (a) Potential versus time and (b) polarisation curves for AZ31 in solutions 1 and 5-7. 

Fig. 6 (a) Potential versus time and (b) polarisation curves for AZ31 in solutions 1 and 8-10. 

Fig. 7 (a) Potential versus time and (b) polarisation curves for AZ31 in solutions 1 and 11-13. 

Fig. 8 SEM images of the corrosion morphology of the alloys after (a) 1 h, (b) 2 h, (3) 3 h and (d) 

10 h of immersion in solution 1. The lines are scratches due to the grinding treatment. 

Fig. 9 SEM images of the corrosion morphologies of AZ31 after immersion for 10 h in solutions 

(a) 2, (b) 3, (c) 4, (d) 5, (e) 6, (f) 7, (g) 8, (h) 9, (i) 10, (j) 11, (k) 12 and (l) 13. The insets represent 

their magnitudes.  

Fig. 10 XRD patterns of the AZ31 alloys after immersion for 10 h in various solutions. 

Fig. 11 HERs after immersion for 10 h in various solutions. 

Fig. 12 Current densities of the samples in various solutions. 

Fig. 13 pH and magnesium ion concentration vs. time for the AZ31 alloy in solution 1. 

Fig. 14 pH after immersion for 10 h in various solutions. 

Fig. 15 Variation in [Mg2+] + [HCO3
−] versus immersion time for solutions 2, 3 and 4. 
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Fig. 16 Corrosion morphologies for the samples after immersion for 1 h in solutions (a) 2, (b) 3 

and (c) 4; 2 h in solutions (d) 2, (e) 3 and (f) 4; and 3 h in solutions (g) 2, (i) 3 and (j) 4. 

Fig. 17 Schematic illustration of the MgCO3 precipitates forming in the presence of bicarbonate 

and chloride ions. 

 

 

 

Table captions 

Table 1 Chemical composition of the solutions used, mmol/L  

Table 2 Solubility product constant (Ksp) values at 25 °C [45] 
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Tables 

Table 1  

Solutions NaCl NaHCO3 MgSO4·7H2O Na2HPO4·12H2O KH2PO4 

1# 153.0     

2# 153.0 4.17    

3# 153.0 8.33    

4# 153.0 11.91    

5# 153.0  0.24   

6# 153.0  0.48   

7# 153.0  0.81   

8# 153.0   0.17  

9# 153.0   0.34  

10# 153.0   0.56  

11# 153.0    0.44 

12# 153.0    0.89 

13# 153.0    1.48 
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Table 2  

Compounds  Formula Ksp
0 Solubility, mol/L 

Magnesium hydroxide Mg(OH)2 5.61×10−12 1.1×10−4 

Magnesium carbonate MgCO3 6.82×10–8 2.6×10−4 

Magnesium carbonate trihydrate MgCO3·3H2O 2.38×10–8  

Magnesium carbonate pentahydrate MgCO3·5H2O 3.78×10–8  

Magnesium phosphate Mg3(PO4)2 1.0×10–25 5.4×10−7 
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Graphical abstract 
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Highlights 

 

► The presence of anions led to the formation of a corrosion product film. ► The presence of 

anions decreased open circuit potentials and changed corrosion rates. ► A model for the 

formation mechanism of magnesium carbonate film is proposed. ►The pH change with time 

cannot reflect the corrosion rates of Mg alloys. 


