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Abstract 

The influence of the microstructure on the corrosion behavior and was investigated 
using the Mg-Al-Ca-Mn-Cu-Ni soluble magnesium alloy bars in the following ways: as-
extruded and the further annealed at 500°C for 12h, 24h and 48h. The corrosion rate of 
the alloy was measured in a 3wt.% KCl solution at 93°C using mass loss and hydrogen 
evolution. As the annealing time increased, the average grain size and mechanical 
properties decreased, the corrosion rate first decreased and then increased. The 
corrosion rate change was attributed to grain growth and possible residual stress 
reduction. 
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1. Introduction 

Metal corrosion refers to the process of metal loss and destruction under the action of the surrounding 

medium. In essence, the metal element is oxidized to form a compound. We know that the 

microstructure of the material (such as grain size, grain orientation, size and distribution of the second 

phase) has an important influence on its corrosion behavior [1-3]. However, so far we have not been 

able to obtain an accurate ‘microstructure-corrosion performance’ relationship to guide the reverse 

design and preparation of new alloys, such as the similar Hall-Petch relationship of ‘grain size-

mechanical properties’ [4]. This is because in most cases, changes in the microstructure of the 

material are accompanied by changes in texture, residual stress, or composition segregation and other 

factors. It is difficult to analyze the influence of the microstructure alone, especially for alloys [5]. 

Magnesium alloy is the lightest metal structural material. It has the characteristics of low density, 

high specific strength and specific rigidity, good electromagnetic shielding and shock absorption 

performance, and easy recycling. It is called ‘the green engineering material of the 21st century’ [6-

9]. In addition, magnesium alloy electrodes have low potential, strong discharge activity, and good 

biocompatibility [10-13]. They are widely used in fields such as shale oil and gas exploration, marine 

equipment, batteries, sacrificial anodes, and implantable medical devices [14-21]. Therefore, the 

corrosion behavior of magnesium alloys as structural parts or functional parts has gradually become 

a research hotspot, especially the influence of grain size on corrosion performance. 

Ambat, Jang, Jiang and Aung et al. [22-25] studied the corrosion behavior of magnesium alloy 

castings, welded parts and rolled plates, respectively. It is found that the grain refinement is beneficial 
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to the rapid formation of the passivation film on the surface of the material, thereby improving its 

corrosion resistance.However, Hoog et al. [26-27] found that the finer the grains of the sample, the 

faster the corrosion rate, for pure magnesium with surface mechanical grinding treatment (SMAT). 

Xiong et al. [28] also found that the corrosion products of fine-grained specimens have a faster self-

exfoliation speed, thereby improving the discharge performance of the material, for the 

electrochemical discharge behavior of Mg-Al-Sn magnesium-air batteries. The above results are 

similar to those of steel and aluminum alloy. That is, some researchers believed that grain refinement 

improves corrosion resistance, some believed that grain refinement has no effect on corrosion 

resistance, and some believed that grain refinement reduces corrosion resistance [29-30]. This is 

because the corrosion behavior is affected by the specific electrolyte environment, one material is 

passivated, and the other material may be activated. 

From the application requirements of magnesium alloys, structural materials need to enhance the 

corrosion resistance; some functional materials need to enhance the dissolution rate, i.e. battery 

materials [31]; another part of the materials need to control the dissolution rate, i.e. implantable 

medical materials and soluble materials [9]. 

In the past ten years, shale oil and gas have changed the global energy structure. Soluble alloy 

materials can greatly improve mining efficiency and reduce costs. The low corrosion resistance and 

good mechanical properties of magnesium alloys just meet the structural and functional requirements 

of soluble alloy materials. However, the corrosion behavior of soluble magnesium alloys is not 

systematically studied, especially the influence of the microstructure (such as grain size, second phase) 

of the extruded and heat-treated materials on the corrosion rate of the alloy, which cannot guide the 

preparation of various alloy materials with different requirements. 

This article intended to carry out a study on the effect of grain size on the corrosion behavior of 

soluble magnesium alloys. In order to reduce the influence of segregation and second phase on the 

corrosion behavior of materials, we used low-alloyed Mg-Al-Ca-Mn-Cu-Ni magnesium alloy. 

Magnesium alloy samples with different grain sizes were obtained by hot extrusion and high 

temperature heat treatment. The changes of grain size and texture of the samples were observed by 

optical microscope and scanning electron microscope. the test was studied by weight loss test, 

hydrogen evolution test and electrochemical test The dissolution and electrochemical corrosion 

process of the sample; finally, the corrosion mechanism of the soluble magnesium alloy is discussed 

in combination with the morphology of the sample after corrosion. The dissolution and 

electrochemical corrosion process of the sample were studied through weight loss test, hydrogen 

evolution test and electrochemical test. Finally, the corrosion mechanism of soluble magnesium alloy 

was discussed based on the corrosion morphology of the sample.2.Material preparation and 

experimental process. 

2. Material preparation and experimental process 

2.1 Material preparation 

The chemical composition of the test material is Mg-0.34wt.%Al-0.24wt.%Ca- 0.30wt.%Mn-

0.2wt.%Cu-0.2wt.%Ni soluble magnesium alloy. The alloy was prepared by smelting pure 

magnesium, pure aluminum, pure copper, Mg-25%Ca, Mg-10%Mn and Mg-25%Ni master alloys 

through a resistance furnace at 750°C under the protection of CO2+SF6 atmosphere. The ingots were 

prepared into a rod of Φ100 mm×200 mm by a direct cold casting method. An 800-ton extruder (XJ-

800SM) was used to extrude the ingot into a Φ23mm bar with a temperature of 400 degrees.Then the 

extruded bars were annealed at 500°C for 12h, 24h, 48h, respectively, to prepare samples with 

different grain sizes. In the following, we will refer to the above samples as 0# (as-extruded), 12#, 

24#, 48# samples. 

2.2 Mechanical properties test 

The samples were processed into a dog bone shape, and the mechanical properties of the material 

were measured with an electronic universal testing machine (WDW-200E) at a tensile rate of 2 
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mm/min. Each sample were performed three times to ensure the repeatability of the experimental 

results. 

2.3 Microstructural characterisation 

The samples were cut along the axis of the extruded bar, and were performed mechanical grinding 

and polishing. They were etched with picric acid solution (a mixture of 70ml alcohol, 10ml water, 

10ml acetic acid and 4.2mg picric acid) for about 10s-30s,then washed with alcohol and blowed dry. 

The optical microscope (OM, ZEISS Axio observer Alm) and scanning electron microscope (SEM, 

ZEISS EVOMA10) were used to observe the microstructure and morphology of the sample after 

corrosion, and the linear intercept method was used to calculate the grain size. 

The mechanically polished sample were electrolytically polished in a 10% perchloric acid alcohol 

solution with a temperature of 20°C, a voltage of 6V. Then the sample were washed with alcohol and 

blown dry. The electron backscatter diffractometer (EBSD) and Channel5 software were used to 

observe and test the microstructure and texture. 

2.4 Weight loss experiment 

The corrosion weight loss of magnesium alloy is evaluated by weighing, with the sample size of 

Φ20mm×20mm. The weight, height and diameter of the sample are measured with analytical balance 

and vernier calipers. Each sample was immersed in 93℃, 3 wt% KCl solution for 11 hours,and 

measured once every hour. Then they were used CrO3+AgNO3 mixed solution (20:1) to remove 

corrosion products, then rinsed with alcohol and dried. The average corrosion rate of ΔW (mg/d/cm2) 

was expressed as follows [7,9,32-33]: 

∆W =
𝑊𝑏−𝑊𝑎

𝐴∙𝑡
                                (1) 

Where,Wb was the weight of the sample before the immersion test, Wa was the weight of the sample 

after the immersion test, A was the surface area of the sample after the immersion test,(cm2), and t 

was the immersion time. We convert the average dissolution rate into the average corrosion rate 

PW(mm d−1) [7,9,32-33] through formula (2): 

P𝑊 =
2.1 ΔW

365
                                (2) 

The corrosion product composition was tested by XRD (Shimadzu XRD-6100), using a Cu target, 

with a scanning speed of 14°/s. 

2.5 Electrochemical experiment 

The open circuit potential (OCP) and potential polarization curves of four samples were measured 

through an electrochemical workstation (CHI660D). The sample size was Φ 15mm×3mm. Before the 

experiment, the samples were ground with 1200# and 2000# sandpaper, mechanically polished with 

1 μm diamond paste, then cleaned with water and alcohol, and dried with hot air. In the 

electrochemical experiment, the sample was fixed in epoxy resin with an exposed area of 1cm2. Ag-

AgCl was used as the reference electrode; the platinum electrode was used as the counter electrode; 

the sample to be tested was used as the working electrode to form a three-electrode electrochemical 

test cell. The OCP of the sample was first measured, and the polarization curve was measured at a 

scan rate of 1 mV s-1, and then stopped (about 4000s) after reaching a steady state. Then The Tafel 

curve was measured, and the average corrosion current density (Icorr), corrosion potential (Ecorr), 

cathodic polarization slope (bc), and anode polarization slope (ba) were obtained by extrapolation. 

The corrosion current density was converted into the corrosion rate through formula (3), expressed 

as Pi (mm d-1). [7,9,32-33]: 

Pi =
22.85Icorr

365
                                (3) 
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2.6 Hydrogen evolution experiment 

By collecting the rate of hydrogen released by magnesium in the corrosion process, the corrosion rate 

of magnesium alloy can also be better reflected. In order to facilitate the hydrogen evolution test, the 

four samples were first processed into cylindrical samples of Φ15mm×15mm, and the surface of the 

samples was polished with 2000# silicon carbide sandpaper. Place the sample in a solution of 93°C, 

3wt% KCl, collect hydrogen through a graduated cylinder, and measure it every hour. The 

relationship between the hydrogen evolution rate VH (ml cm-2 d-1) and the average corrosion rate 

PH (mm d-1) using the following equation [7,9,32-33]: 

PH =
2.279VH

365
                                (4) 

3. Results 

3.1 Microstructure 

Figure 1 and Table 1 shows the microstructure and grain size of Mg-Al-Ca-Mn-Cu-Ni magnesium 

alloy in the extruded state and at different annealing times, respectively. Figure 2 shows the EBSD 

orientation map of magnesium alloy bars parallel to the extrusion direction. The extruded samples 

shows a typical thermally deformed grain structure consisting of ‘fine dynamic recrystallized grains 

+ larger elongated grains’. The annealed samples shows an equiaxed crystal structure. It can be seen 

from the table that at 500℃, with the increase of annealing time, the grain size of Mg alloy gradually 

increased. The grain size gradually increased from 3.05μm (0#) in the extruded state to 15.50μm 

(12#), 1.21μm (24#) and 42.87μm (48#). In addition, according to Mg alloy phase diagram, the Al 

and Ca elements in the alloy in this article can be completely dissolved into the magnesium alloy. 

While the Mn, Cu and Ni elements have almost no solid solubility in the Mg alloy, so the volume 

fraction of the second phase does not change much during the annealing process, as shown in Figure 

1. 

 

Figure 1. Microstructures of different samples:(a)0#; (b)12#; (c)24#; (d)48# 

 

Table 1. Grain size and mechanical properties of different samples 

Sample Grain size (μm) YS (MPa) UTS (MPa) YS/UTS EL (%) 

0# 3.05±1.26 259.0±3.0 287.0±3.6 0.9 18.7±4.0 

12# 15.50±0.97 157.9±1.1 228.7±2.9 0.69 21.7±1.5 

24# 31.21±2.19 107.6±6.7 193.3±3.8 0.56 20.7±0.6 

48# 42.87±2.53 89.2±2.9 186.3±4.0 0.48 18.7±0.6 
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Figure 3 shows the pole diagrams of the four samples. It can be seen from Figure 3a that the 0# sample 

contains a strong {0002}//ED base surface fiber texture with a peak strength of 5.81. After annealing, 

the material has obvious grain growth. At the same time, the basal surface texture is reduced but not 

the basal surface texture is increased, and the peak intensity of the non-basal surface texture is 9.0, as 

shown in Figure 3. This may be attributed to the preferential growth mechanism of non-basal texture 

grains during annealing. With the further extension of annealing time, the peak intensity of non-basal 

surface texture fluctuates between 10.81-8.83, and the overall change is not significant. 

 

 

Figure 2. EBSD diagrams of different samples parallel to the extrusion direction: (a)0#; (b)12#; 

(c)24#; (d)48# 

 

 

Figure 3. Polar diagrams of different samples:(a)0#; (b)12#; (c)24#; (d)48# 

 

3.2 Mechanical Properties 

Table 1 also shows the mechanical properties of the Mg-Al-Ca-Mn-Cu-Ni magnesium alloy in the 

extruded state and different annealing times. It can be seen from Table 1 that the 0# sample has the 

largest yield strength and tensile strength, which are 259.0MPa and 287.0MPa, respectively, and the 

yield ratio reaches 0.90. After high temperature and longtime annealing treatment, the yield strength, 

tensile strength and yield ratio of the specimens all decreased significantly. When annealing for 48h, 

the yield strength and tensile strength are only 89.2MPa and 186.3MPa, which are 65% and 35% 

lower than the 0# sample, and the yield strength ratio is only 0.48. Figure 4 shows the relationship 
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between the yield strength of the sample and the average grain size, which basically conforms to the 

Hall-Petch relationship . In particular, the yield strength of the 12#, 24# and 48# samples has a very 

good linear relationship with the square root of the average grain size. This result is consistent with 

the Mg-Al-Zn coarse and fine grain performance mentioned in the literature [34] The different 

deformation behaviors are similar, that is, in the fine grain range, the k value is relatively small. 

In addition, from the 12#, 24# and 48# samples in Table 1, it can be seen that as the grain size 

increases, the elongation gradually decreases, which is consistent with the existing theory. The grain 

size of the extruded sample is small, and its elongation is only 18.7%, which is probably due to the 

strong basal surface texture and residual stress inside the material after deformation [35-36]. 

 

 

Figure 4. The relationship between the yield strength of different samples and the average grain size 

 

3.3 Electrochemical test 

Figure 5a shows the OCP curves of samples 0#, 12#, 24#, and 48# immersed in 3.5wt.% NaCl solution 

at room temperature for 4000s. It can be seen from the figure that the OCP curve first drops and then 

rises and gradually stabilizes. This shows that the local oxide film rupture at the beginning stage 

activates the surface of the sample, and the open circuit potential shifts to the electrode potential of 

the magnesium alloy. Then, with the formation of Mg(OH)2, the sample surface begins to passivate. 

As the reaction progresses, activation and passivation gradually reach equilibrium. The order of the 

final open circuit potential of the four samples is 0#>12#>24#>48#. 

Figure 5b shows the measured potential dynamic polarization curves of the four samples after the 

OCP is stable. It can be seen from Fig. 5b that the four polarization curves have similar shapes and 

there is no obvious passivation phenomenon, indicating that the corrosion products have not formed 

a dense oxide film. The corrosion potential (Ecorr), average corrosion current density (Icorr), cathode 

slope (bc), and anode slope (ba) of the four samples were obtained by Tafel extrapolation, as shown 

in Table 2. It can be seen from Table 2 that, like the open circuit potential, the self-corrosion potential 

of sample 0# to sample 48# gradually decreases, but Ecorr only represents the thermodynamic 

characteristics of a given metal and electrolyte system, and cannot reflect the material’s corrosion 

resistance [26]. From the Icorr, which reflects the corrosion resistance of the material, it can be seen 

that the 0# sample is the highest, 2.980E-04 A·cm-2; the 12# sample has the lowest Icorr, 2.107E-04 

A·cm-2. The Icorr of 24# and 48# begin to rise again, and the Icorr of 48# is 2.411E-04 A·cm-2, 

which is slightly lower than that of the 0# sample. Therefore, the corrosion rate obtained by the 

electrochemical test is 0#, 48#, 24#, 12# from fast to slow. 

In addition, compared with the electrochemical parameters of AZ31, the anode polarizability of the 

soluble magnesium alloy studied in this paper is smaller, about one-tenth of that of AZ31, or even 

lower, so the electrode reaction is easy to proceed. In turn, the corrosion rate is faster. 
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Figure 5. (a)Open circuit potential (OCP) and (b)dynamic polarization curves of different samples 

in 25℃, 3.5% NaCl solution 

 

Table 2. Corrosion potential, average corrosion current density, cathode slope, anode slope of 

different samples 

Sample Ecorr (V vs Ag-AgCl) Icorr (mA·cm-2) bc (mV·dec-1) ba (mV·dec-1) 

0# -1.49 0.2980 -4.38 9.80 

12# -1.51 0.2107 -4.84 18.79 

24# -1.52 0.2227 -4.73 17.08 

48# -1.55 0.2411 -5.17 12.87 

AZ31[24] -1.41~-1.50(vs SCE) 0.133~0.541 -179~-168 162~544 

 

3.4 Weight loss experiments with hydrogen evolution experiments 

Figure 6 shows the results of the weight loss experiment and hydrogen evolution experiment of 

different samples at 93°C and 3wt.% KCl. The corrosion rate obtained from the weight loss 

experiment is the most direct response to the corrosion resistance of the material. It can be seen from 

Figure 6 (a) and (b) that the corrosion rate and hydrogen evolution rate of the sample increase rapidly 

within 3-4 hours at the beginning, and then gradually stabilize. It can be seen from Figure 6(a) that 

the corrosion rate of the 0# sample is the fastest, 27.28 mg/hr/cm2; the corrosion rate of the sample 

decreases significantly after annealing, and the corrosion rate of the 12# sample is the slowest, only 

19.11 mg/hr/cm2, 29.9% lower than the 0h sample; With the extension of the annealing time, the 

corrosion rate gradually increases. The corrosion rate of 48# sample is 21.64 mg/hr/cm2, which is 

13.2% higher than that of 12# sample, but 20.7% lower than that of 0# sample. 

The results of the weight loss test and the electrochemical test are consistent. It should be noted that 

the two tests were carried out under different temperature conditions, but the same trend of change 

indicates that the relative relationship of the corrosion resistance of the alloy is not affected by 

temperature. 

Figure 6(c) shows the corrosion rate of the extrusion direction and radial direction when the four 

specimens are immersed for 11 hours. It can be seen from the figure that the dimensional corrosion 

rate of different specimens is consistent with the change of the weight corrosion rate. It should be 

noted that the corrosion rate of the same sample in the extrusion direction and radial direction is not 

much different, less than 7%. 

Figure 6 (b) shows the hydrogen evolution rate of the four samples. It can be seen that the hydrogen 

evolution rate first decreases and then increases, and the change trend is similar to that of the weight 

loss test. In particular, after annealing, the hydrogen evolution rate of sample 12# is the lowest. With 
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the extension of annealing time, the hydrogen evolution rate gradually increases. It should be pointed 

out that the hydrogen evolution rate of samples 24# and 48# exceeds that of sample 0#. 

 

 

Figure 6. (a) Corrosion rate of different samples in 3wt.% KCl solution at 93℃; (b) Hydrogen 

evolution rate; (c) Different samples in the extrusion direction (ED) and radial direction (RD) 

corrosion rate 

 

Put ΔW, Icorr, and VH into formulas (2), (3), (4), respectively, and get the average corrosion rate 

under weight loss test, electrochemical test, and hydrogen evolution test, namely Pw, Pi, PH, as shown 

in Table 3. It can be seen from the table that the Pw of each sample is slightly larger than the PH, 

which is basically in the same order of magnitude. In addition, the order of the corrosion rate of the 

four samples obtained through weight loss experiment and electrochemical experiment are the same, 

namely: 0#>48#>24#>12#. It should be pointed out that Pi is two orders of magnitude smaller than 

PH and PW, because both PW and PH are the corrosion steady-state values measured at 93 ℃ and 

3wt.% KCl solution, while Pi is the corrosion result within the first 1h at 25 ℃ and 3.5wt% NaCl 

solution. We know that the corrosion rate under high temperature conditions is faster than that under 

low temperature conditions, and it can also be seen from Figure 6 that the corrosion rate at the same 

temperature also gradually accelerates, and it is relatively slow within 1 hour. 

 

Table 3. Average corrosion rate Pw, PH, Pi of different samples 

Sample Pw (mm d-1) PH (mm d-1) Pi* (mm d-1) Pw-PH 

0# 4.50 1.85 0.0186 2.65 

12# 3.02 1.53 0.0132 1.49 

24# 3.04 2.53 0.0140 0.51 

48# 3.57 3.10 0.0151 0.47 

AZ31[24]* 0.0795 0.0603 0.0329 - 

*The corrosive environment is room temperature, 3.5wt.% NaCl solution 
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3.5 Corrosion products and corrosion morphology 

Figure 7 shows the XRD diffraction pattern of the corrosion products on the sample surface. As shown 

in the figure, the sample surface is mainly composed of Mg matrix and Mg(OH)2. This is also the 

same as the corrosion product of pure magnesium in NaCl solution studied by Song et al. [37]. 

 

 

Figure 7. XRD pattern of the surface layer of the sample after corrosion 

 

 

Figure 8. Corrosion morphology after immersing in 93℃, 3wt.%KCl solution for 11h (a)(b) 0#, 

(c)(d) 12#, (e)(f) 24#, (g)(h) 48#; (b)(d)(f)(h) removing corrosion products 
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Figure 9. Corrosion morphology with corrosion products (a)0#; (b)12#; (c)24#; (d)48# and 

corrosion process schematic diagram (e) 

 

In Figure 8 (b) 0#, (d) 12#, (f) 24#, (h) 48# are the micro-corrosion after the sample is immersed in 

93℃, 3wt.% KCl solution for 11h after the corrosion products are removed morphology. It can be 

seen from the figure that the surface of the alloy exhibits a porous network structure. Among them, 

the surface pores of the 0# sample are small and uniform; the surface pores of the 12#, 24# and 48# 

samples gradually become larger, especially the 48# sample has deeper and larger pits, showing signs 

of accelerated local dissolution rate, which is consistent with the dissolution rate trend in Figure 6. 

4. Discussion 

4.1 The affect of the second phase 

The solid solubility of Cu element and Ni element in magnesium is very small, and it is easy to form 

dispersed high potential Mg2Cu and Mg2Ni cathode phases at the grain boundary. However, the 

potential of the magnesium matrix is very low, and the large potential difference causes the corrosion 

mechanism of Mg-Al-Ca-Mn-Cu-Ni alloy in 3wt.% KCl solution to be mainly galvanic corrosion. 

Therefore, its corrosion rate at 93°C is 3-4.5mm·d-1, which is much higher than the 3-12mm·y-1 of 

AZ31 magnesium alloy at room temperature. The corrosion morphology and mechanism diagram of 

soluble magnesium alloy in Cl- containing solution is shown in Figure 9. The anode loses 2 electrons 

and becomes Mg2+ (Equation 5), the surface of the cathode undergoes oxygen absorption reaction 

(Equation 6) to produce OH-, and then Mg2+ and OH- combine to produce Mg(OH)2. Since the 

formed loose Mg(OH)2 film has more voids, as shown in Figure 8(b), the passivation effect cannot 

be produced and the further corrosion of magnesium is prevented. However, the corrosion product 
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Mg(OH)2 prevents O2 molecules from entering the corrosion pit, as shown in Figure 9(e). The size 

of Cl- is relatively small and can easily penetrate into the corrosion pit, forming acid chlorides locally 

solution. The corrosion rate of Mg in acid solution is significantly accelerated, and the cathodic 

reaction is dominated by hydrogen evolution reaction (Equation 7). 

Anode reaction: 

Mg → Mg2+ + 2𝑒−                             (5) 

Cathodic reaction: 

𝑂2 + 2𝐻2𝑂 + 4e− → 4OH−                          (6) 

2H2𝑂 + 2𝑒− → 𝐻2 ↑ +2OH−                         (7) 

4.2 The affect of grain orientation 

A large number of researcher believed that the close-packed surface of the material had the best 

corrosion resistance [38-42]. Research by Liu et al. showed that the atomic densities of (0001), (11-

20) and (10-10) crystal planes of Mg alloys are 1.13×1019 atoms/m2, 6.94×1018 atoms/m2, 

5.99×1018 atoms/m2, respectively [38]. The higher the density of atoms on the crystal plane indicates 

that the plane has higher binding energy and lower surface energy. Song et al. found that the surface 

energies of Mg (0001), (11-20) and (10-10) basal planes are 15.4 kJ/mol, 29.9 kJ/mol and 30.4 kJ/mol, 

respectively [39]. The lower surface energy makes the dissolution rate of atoms on the crystal surface 

relatively slow. Therefore, the (0001) close-packed surface of Mg alloy has better corrosion resistance 

due to lower surface energy. However, it can be seen from Figure 6(c) that the corrosion rate of the 

same sample is not much different in the extrusion direction and the radial direction. This shows that 

the corrosion mechanism of soluble Mg alloy at 93℃ has little relationship with the orientation of 

grains. This is probably due to the polycrystalline intercrystalline corrosion mechanism. Although the 

exposed surface ∥c-axis grains will corrode preferentially, after the addition of Cu and Ni elements, 

the alloy produces faster intergranular galvanic corrosion. In this way, each crystal grain will form at 

least one exposed surface ∥c axis, as shown in Figure 10, so that the rate of the grains corroded by 

the polycrystalline material is generally close. As the crystal grains are gradually corroded, the 

corrosion on the surface will also peel off. Combined with the macroscopic corrosion morphology of 

the sample, it can also be seen that the corrosion of the sample is relatively uniform, and there is no 

obvious concave and convex. This shows that the corrosion process is lamellar exfoliation corrosion, 

so the corrosion rate is very fast. Comparing literature [24], it can be found that the average corrosion 

rate of Mg-Al-Ca-Mn-Cu-Ni alloy at 93°C is about 40 times that of AZ31 at room temperature. Based 

on the above analysis, we believe that the difference in corrosion rate of the four samples in this paper 

is not caused by the grain orientation. 

 

Figure 10. Schematic diagram of corrosion behavior with different grain orientations 
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4.3 The affect of residual stress 

Lian et al. [35] conducted short-wavelength X-ray diffraction (SWXRD) studies and concluded that 

Mg alloy sheet after hot extrusion produced significant residual tensile stress. When Song and Jafari 

et al. [43-44] studied the corrosion behavior of Mg alloys after thermal deformation, they all believed 

that the inability to corrosion resistance of fine grains was caused by residual stress. In this paper, 

there is a certain residual stress in the extruded sample. Under its action, the corrosion products will 

produce more micro-cracks and quickly peel off. This leads to the fastest corrosion rate of 0# sample. 

In addition, studies have shown that high-temperature annealing will significantly reduce the residual 

stress of the material [35]. Therefore, the 12#, 24#, 48# samples after homogenization annealing at 

500℃ basically eliminated the influence of residual stress on corrosion behavior. Therefore, although 

the 0# sample has the smallest grain size, its corrosion resistance is the worst. 

4.4 The affect of grain size 

We assume that the corrosion reaction of the soluble alloy at 93°C is entirely a galvanic reaction, 

because the corrosion products are all layered peeling off, and no large pieces of multiple crystal 

grains are observed to fall off at the same time, and the surface of the corroded sample is relatively 

flat. According to the principle of conservation of mass, the weight of the alloy weight loss reaction 

should be consistent with the weight of the galvanic reaction. The galvanic reaction includes hydrogen 

evolution reaction and oxygen absorption reaction. In Table 3, we calculated the difference between 

Pw and Pi, and regarded this value as an oxygen absorption reaction, from which we could see an 

interesting result. The value of the oxygen absorption reaction decreases approximately linearly with 

the increase of the grain size. However, if the 0# sample is excluded, the value of the hydrogen 

evolution reaction of the alloy gradually accelerates as the grain size becomes larger (12#-48#). 

This is because the coarser the crystal grains, the lower the density of the grain boundaries, and the 

amount of oxygen in contact with the grain boundaries per unit area will decrease, so the oxygen 

absorption reaction will decrease. At the same time, the less oxygen permeates into the corrosion pit 

per unit area and the greater the corrosion depth along the grain boundary, the more intense the 

hydrogen evolution reaction will be. 

Another result that needs to be noted is that the instantaneous corrosion rate of weight loss and 

hydrogen evolutiongradually increases in Figure 6 . Except for the 0# sample, we could see that the 

weight loss reaction and hydrogen evolution reaction values of the three samples at the initial stage 

of corrosion are initially consistent, and then tend to stabilize successively, which is exactly in line 

with the effect of grain size in the order. That is, when the average corrosion depth of the sample is 

proportional to its grain size, the corrosion behavior tends to be stable. 

We know that hydrogen evolution reaction and oxygen absorption reaction mostly exist 

simultaneously, especially in soluble Mg alloys, Mg alloy batteries and biological Mg alloys. But not 

both reactions are desired. The research results in this article may help in the design and development 

of these materials. 

5. Conclusion 

The effect of annealing at 500℃ on the microstructure and corrosion behavior of the extruded Mg-

Al-Ca-Mn-Cu-Ni soluble Mg alloy was studied. Draw the following conclusions: 

Mg-Al-Ca-Mn-Cu-Ni soluble Mg alloy forms obvious electrochemical  corrosion in 93℃, 3wt.% 

KCl solution. The corrosion rate is about 40 times that of AZ31 at room temperature. From the results 

of electrochemical experiments at room temperature, it can be seen that although the corrosion 

potential of Mg-Al-Ca-Mn-Cu-Ni alloy is slightly lower than that of AZ31 and the corrosion current 

is similar, the anode slope is only one-tenth, so it can reach faster Steady state of corrosion. 

Although the basal surface texture of the annealed sample is weakened, the extrusion direction and 

radial corrosion rate are not much different before and after annealing. This shows that although the 
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grain orientation affects the local corrosion rate of the material, the texture is not the main factor 

affecting the corrosion rate of polycrystalline materials. 

With the extension of the annealing time, the grain size grows, the weight loss and hydrogen evolution 

corrosion rate of the annealed samples increase. However, the corrosion rate of the sample annealed 

at 500℃ for 48 hours is lower than that of the extruded sample, which may be the cause of the residual 

stress in the extruded state. 
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