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Abstract

:

The effect of Ca on the microstructure and corrosion behavior of a single-phase Mg–Sc alloy was investigated. The microstructure was characterized by optical microscopy and scanning electron microscopy. Corrosion behavior was measured by hydrogen evolution tests and electrochemical measurements. With the addition of microalloyed Ca, the grain size of Mg-0.3Sc alloy is refined and the Mg2Ca phase particle is precipitated. The corrosion test results reveal that the addition of microalloyed Ca is beneficial to the corrosion resistance of Mg-0.3Sc single-phase alloy, which is related to the grain refinement and the protective performance of the corrosion product film. As the content of Ca increases, the corrosion resistance of the alloy first increases and then decreases, which is mainly related to the microstructure of the alloy.
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1. Introduction


The presence of the second phase has a great influence on the corrosion behavior of magnesium (Mg) alloys [1,2,3,4]. The potential difference between the second phase and the matrix phase can easily lead to the generation of galvanic corrosion, which accelerates the corrosion of the Mg alloys [5,6,7]. Song et al. [8] considered that Mg is more negative than many typical second-phase particles, which makes the Mg matrix as the anode preferentially corrode. Li et al. [9] found that the corrosion rate of an Mg–Li alloy containing a α + β dual-phase structure was significantly higher than that of a Mg–Li alloy containing a single-phase α-Mg and single-phase β-Li structure. Therefore, compared with multi-phase Mg alloys, single-phase Mg alloys can greatly avoid galvanic corrosion caused by the second phase, which is beneficial for the improvement of its corrosion resistance. Scandium (Sc) has a large solid solubility in Mg. Moreover, Sc possesses a relatively high hydrogen evolution overpotential, and its lattice parameter is very close to that of Mg, which may result in the high corrosion resistance of Mg–Sc alloys [10,11].



In previous research [12], we prepared the Mg–Sc binary alloy and studied its corrosion behavior. The addition of Sc can refine the grain structure of an Mg alloy and, thus, improve its corrosion resistance. The corrosion resistance of the alloy increases with the increase in Sc content when the Sc content is low. However, when the Sc content is too high, the second phase will gradually appear in the alloy, and galvanic corrosion will occur, which has an adverse effect on the corrosion resistance of the alloy. Therefore, the Mg–Sc single-phase alloy has superior corrosion resistance. However, the Mg–Sc binary single-phase alloy has a relatively large grain size compared with the commercially used Mg alloys. The addition of microalloyed alloying elements to the Mg–Sc single-phase alloy is expected to refine its grain structure and might further increase the density of the corrosion product film without introducing or introducing a very small amount of the second phase, thereby improving the corrosion resistance of the alloy performance. However, related research is still relatively limited. Ca is a common alloying element in Mg alloys, which can effectively improve the corrosion resistance of Mg alloys [13]. The main reasons are as follows: on the one hand, Ca can be used as a grain nucleating agent in the smelting and preparation process of Mg alloys [14]; on the other hand, the addition of Ca can control the morphology and structure of the second phase of the alloy to hinder the diffusion of corrosion in the alloy. Wu et al. [15] studied the effect of the addition of Ca on the corrosion performance of an AZ91D alloy and found that the network of an Al2Ca phase was formed with the addition of 1 wt.% Ca, which acts as a physical barrier to hinder the progress of corrosion, thus reducing the corrosion rate of the alloy. In addition, the addition of Ca is conducive to improving the compactness of the product film, thereby improving its protective effect on the alloy matrix. Yang et al. [16] investigated the effect of the addition of different Ca amounts on the microstructure and corrosion performance of Mg–Al–Mn alloys and found that the presence of CaCO3 in the corrosion product film is beneficial to the improvement of the corrosion performance of the alloy.



Thus, Mg–Sc–Ca alloys containing different Ca content were prepared in this study, and the influence mechanism of the addition of microalloyed Ca on the microstructure and corrosion behavior of Mg–Sc single-phase alloys was studied.




2. Materials and Methods


The as-cast Mg-0.3Sc-xCa (x = 0, 0.1, 0.2 and 0.4 wt.%) ternary alloys were prepared from pure Mg (>99.999 wt.%), Mg-10Sc and Mg-25Ca master alloys in a resistance furnace system under the protection of CO2 + SF6 mixed gas. The as-cast alloys were subjected to solution treatment at 400 °C for 24 h, and then extruded at 280 °C to form a plate with a thickness of 5 mm and a width of 60 mm. The extrusion ratio is 18.9, and the extrusion speed is 1 m min−1. Subsequently, the extruded alloy was heated at 400 °C for 20 min and then rolled in four passes to obtain a rolled alloy sheet with a final thickness of 2 mm. The rolling reduction per pass was about 20%. In the middle of two adjacent passes, the alloy is annealed at 400 °C for 10 min. Finally, the plate was annealed at 400 °C for 1 h. The actual chemical composition of the alloy was determined by a plasma-atomic emission spectrometer (ICP-AES), and the results are shown in Table 1. The Mg-0.3Sc-xCa ternary alloy (x = 0, 0.1, 0.2 and 0.4 wt.%) was named MS, MS1Ca, MS2Ca and MS4Ca, respectively.



The rolled alloys were polished with 2000 grid SiC papers to a state where there were no obvious scratches on the surface and then polished with a diamond polishing agent with a particle size of 0.25 μm. Subsequently, the metallographic structure of the alloys was observed by an optical microscope. The microstructure and corrosion product morphologies of the alloys were observed by a scanning electron microscope (Tescan vega 3 LMH, Czech).



The rolled alloy was cut into disc-shaped specimens with a diameter of 20 mm and then polished with 2000 grid SiC papers to a smooth surface without obvious scratches. The sample was wrapped with phenolic resin, leaving only a circular test surface with a diameter of 20 mm, which was used for the hydrogen evolution experiment. The hydrogen evolution experiment device consists of a beaker, an inverted funnel and an inverted basic burette, and the volume of the solution used in the test is 250 mL. The electrochemical experiment was carried out in a standard three-electrode system. The working electrode (WE) used was a Mg alloy sample, the reference electrode (RE) was a saturated calomel electrode, and the auxiliary electrode (CE) was a platinum electrode sheet (1 mm × 15 × 15). The test area of the test specimen is 1 cm2. After immersing the sample in NaCl solution for 0.5 h, the polarization curve and impedance spectroscopy were tested using a PARSTAT 4000 electrochemical system. The scanning speed of the potentiodynamic polarization curve is 1 mV/s, and the scanning interval is −2.0~−1.3 V (vs. SCE); the frequency range of the electrochemical impedance spectroscopy (EIS) test is 100 kHz~0.01 Hz, the amplitude is 5 mV, and the number of points per decade is 10. Although 1 mV/s was adopted for the experimentations, it is remarkable that this selection has not provided substantial distortions in the polarization curves obtained. In this sense, it is worth noting that the potential scan rate has an important role in order to minimize the effects of distortion in Tafel slopes and corrosion current density analyses, as previously reported [17,18,19,20]



The 3.5 wt.% NaCl solution was saturated with Mg(OH)2 to ensure that the solution had the same pH value during the experiment, thereby avoiding the influence of the change of the solution’s pH value on the corrosion rate of the alloy during the test [21]. The reagents used in this study are all analytical grades, and the water used is deionized water. Both the hydrogen evolution and the electrochemical tests were carried out at 25 ± 2 °C.




3. Results and Discussion


3.1. Microstructure Analysis


Figure 1 shows the metallographic structure of the four alloys. The grain size of the alloy gradually decreased with the increase in the Ca content. The grain size of MS alloy was about 22.3 μm, and that of MS1Ca, MS2Ca and MS4Ca alloys was refined to 20.6 ± 1.5, 19.4 ± 1.6 and 18.3 ± 2.3 μm, respectively. Figure 2 shows the microstructure of the four alloys. The Mg-0.3Sc alloy shows a single-phase structure. However, with the addition of 0.1 wt.% Ca, a small amount of Mg2Ca phase particles appeared, and the number of Mg2Ca phase particles in the alloy continued to increase with Ca content.




3.2. Hydrogen Evolution Test


Figure 3 shows the hydrogen evolution volume–time curves of the four alloys in the NaCl solution. The hydrogen evolution volume of the three Ca-containing alloys is lower than that of MS alloy. That is, the addition of Ca decreased the hydrogen evolution rate of MS alloy. With the increase in Ca content, the hydrogen evolution volume of MS alloy firstly decreased and then increased, and the hydrogen evolution volume of MS2Ca alloy was the lowest. The corrosion rate PH (mm y−1) can be calculated from the hydrogen evolution volume VH (mL cm−2) and the immersion time t (day) by the following formula [22]:


   P H  = 2.088  V H  / t  



(1)







It can be calculated that the PH values of MS, MS1Ca, MS2Ca and MS4Ca alloys are 1.83, 1.46, 1.01 and 1.17 mm y−1, respectively. Therefore, the MS2Ca alloy has the lowest corrosion rate among the four alloys.




3.3. Potentiodynamic Polarization Curves


Figure 4 shows the potentiodynamic polarization curves of four alloys in the NaCl solution. The results of the icorr and Ecorr values obtained by fitting the polarization curves of the four alloys are shown in Table 2. The icorr values of MS, MS1Ca, MS2Ca and MS4Ca alloys are 3.55 × 10−6, 2.51 × 10−6, 1.05 × 10−6 and 1.58 × 10−6 A cm−2, respectively. The lower the icorr value, the lower the corrosion rate of the alloy [23,24]. The icorr value of the alloy containing Ca was lower than that of the MS alloy, which shows that the addition of Ca decreased the corrosion rate of the MS alloy. The icorr value of the alloy decreased first and then increased with the increase in Ca content. That is, MS2Ca alloy had the lowest corrosion rate.




3.4. EIS Curves


Figure 5 shows the EIS curves and the corresponding equivalent circuit diagrams of four alloys in the NaCl solution. Rs, Rf, and Rt correspond to solution resistance, corrosion product resistance, and charge transfer resistance, respectively. RL and L represent inductive resistance and inductance, respectively. Q represents a constant phase angle element [25,26,27]. The Nyquist plots of the four alloys all exhibited two capacitive reactance arcs, while the capacitive reactance arc in the high-frequency region and the low-frequency region is related to the charge transfer process and the surface corrosion product film, respectively [28]. The Nyquist diagram showed that the capacitive arc diameter of Ca-containing alloys was larger than that of the MS alloy, and the capacitive arc diameter of the alloys first increased and then decreased with the increase in Ca content. Among them, the capacitive reactance arc diameter of the MS2Ca alloy was the largest. The Bode plots of |Z|-frequency showed that the four alloys exhibited a trend that the impedance first increased and then gradually stabilized within the test frequency range. The impedance of the Ca-containing alloys was greater than that of MS alloys, and the impedance of the alloys first increased and then decreased with the increase in Ca content. Among them, the impedance of MS2Ca alloy was the largest. The Bode plots of phase angle–frequency showed that there were two peaks in the four alloys, that is, two time constants; one is the high-frequency time constant and the other is the low-frequency time constant. The high-frequency time constant is determined by the double-layer capacitor and the corresponding charge transfer resistance. The low-frequency time constant is related to the resistance of the corrosion product film [29]. Table 3 shows the fitting results of the four alloys. The (Rt + Rf) value reflects the corrosion resistance of the alloy [26]. The larger (Rt + Rf) value reflects the stronger corrosion resistance of the alloy. The (Rt + Rf) values of MS, MS1Ca, MS2Ca and MS4Ca alloys are 1434.2, 1791.3, 2756.2 and 2083.9 Ω cm2, respectively. This showed that the addition of Ca is beneficial for improving the corrosion resistance of MS alloy, and the corrosion resistance of MS2Ca is the best. The experimental results of EIS are consistent with the results of the above-mentioned hydrogen evolution and polarization curve experiments.




3.5. Surface Morphologies after Corrosion


Figure 6 shows the macroscopic corrosion morphologies of the four alloys after immersion in the NaCl solution for 60 h, which indicates that the local corrosion of the MS4Ca alloy is relatively more serious compared with the other three alloys. In order to better observe the corrosion morphologies of the four alloys, the microscopic corrosion morphologies of the four alloys after immersion in the NaCl solution for 60 h was observed by SEM (as shown in Figure 7). There were many cracks in the corrosion products’ film on the surface of the MS alloy. However, the corrosion products’ film became obviously dense and the cracks were obviously reduced after the addition of Ca. Among them, MS2Ca alloy has the densest corrosion products’ film.




3.6. Corrosion Mechanism


The above results indicate that the addition of Ca is beneficial for the improvement of the corrosion resistance of an MS alloy. On the one hand, the addition of Ca refines the grain size of an MS alloy. This is because Ca can act as a nucleating agent and can hinder the movement of grain boundaries at the same time [30], and the small grain size is beneficial to improve the corrosion resistance of the Mg alloy [31]. Moreover, the addition of Ca can make the corrosion products’ film compact and improve its protective effect on the alloy matrix [16]. However, the corrosion resistance of the alloy first increases and then decreases with the increase in Ca content. This is related to the influence of Ca on the structure of the MS alloy. No precipitation of the second phase was detected in the MS alloy, which shows a single-phase structure. When adding 0.1 wt.% Ca element, a small amount of Mg2Ca precipitated phase appeared, and the amount of Mg2Ca precipitated phase in the alloy gradually increased with Ca content. The potential of the Mg2Ca phase is more negative than that of the Mg matrix [32,33]. It forms galvanic corrosion with the Mg matrix. The anode acting as the galvanic corrosion is preferentially corroded, which can slow down the corrosion of the Mg matrix to a certain extent and improve the corrosion resistance of the alloy. Corrosion performance might have a beneficial effect. However, although the Mg matrix acts as a cathode for galvanic corrosion to be protected, when galvanic corrosion occurs, the balanced system of the alloy surface will be destroyed, which can easily cause further damage to the Mg matrix by Cl−. Thus, the corrosion rate of the alloy becomes larger when the content of Ca is increased to 0.4 wt.%.



In general, the addition of Ca improves the corrosion resistance of MS alloys, and the corrosion resistance of the alloy first increases and then decreases with the increase in Ca content. This is because the addition of Ca is conducive to the refinement of the structure and the formation of a dense corrosion products’ film. As the content of Ca increases, the number of second phases in the alloy increases, which accelerates galvanic corrosion, destroys the balanced system of the alloy surface, and thus reduces the corrosion resistance of the alloy.





4. Conclusions


In this study, the influence law and mechanism of the microalloyed Ca on the microstructure and corrosion resistance of a Mg–Sc single-phase alloy were investigated. The results indicate that the addition of Ca with appropriate content can refine the grain structure of the Mg–Sc single-phase alloy and at the same time can improve the compactness of the product film, thereby improving its corrosion resistance. Moreover, the addition of excessive Ca will introduce a large amount of Mg2Ca phase in the alloy, which can easily be corroded. Therefore, the corrosion resistance of the alloy first increases and then decreases with the increase in Ca content. The MS2Ca alloy has the best corrosion resistance.
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Figure 1. Metallographic microstructure of the alloys: (a) MS, (b) MS1Ca, (c) MS2Ca and (d) MS4Ca. 
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Figure 2. SEM micrographs of the alloys: (a) MS, (b) MS1Ca, (c) MS2Ca and (d) MS4Ca. 
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Figure 3. Hydrogen evolution volume–time curves of the alloys after immersion in the NaCl solution for 60 h. 
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Figure 4. Potentiodynamic polarization curves of the four alloys after immersion in the NaCl for 0.5 h. 
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Figure 5. EIS curves of the four alloys after immersion in the NaCl solution for 0.5 h: (a) Nyquist plots, (b) |Z|-frequency curves, (c) phase–frequency curves and (d) equivalent circuit. 
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Figure 6. Optical images of the surface corrosion morphologies of the four alloys after immersion in the NaCl for 60 h: (a) MS, (b) MS1Ca, (c) MS2Ca and (d) MS4Ca. 
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Figure 7. Corrosion morphologies of the four alloys after immersion in the NaCl for 60 h: (a) MS, (b) MS1Ca, (c) MS2Ca and (d) MS4Ca. 
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Table 1. Actual chemical composition of the Mg-0.3Sc-xCa alloys (wt.%).
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	Alloys
	Mg
	Sc
	Ca
	Fe
	Si





	MS
	Bal.
	0.23
	0
	0.0024
	0.0032



	MS1Ca
	Bal.
	0.25
	0.09
	0.0021
	0.0046



	MS2Ca
	Bal.
	0.24
	0.22
	0.0032
	0.0078



	MS4Ca
	Bal.
	0.23
	0.38
	0.0028
	0.0065
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Table 2. Corrosion parameters of the four alloys obtained by fitting the polarization curves in the NaCl solutions.
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	Alloys
	Ecorr (V vs. SCE)
	icorr (A cm−2)





	MS
	−1.588
	3.55 × 10−6



	MS1Ca
	−1.622
	2.51 × 10−6



	MS2Ca
	−1.729
	1.05 × 10−6



	MS4Ca
	−1.691
	1.58 × 10−6
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Table 3. The fitting results of EIS curves of the four alloys.






Table 3. The fitting results of EIS curves of the four alloys.





	Alloys
	Rs

(Ω cm2)
	Ydl

(Ω−1 cm−2 sn)
	ndl
	Rt

(Ω cm2)
	Yf

(Ω−1 cm−2 sn)
	nf
	Rf

(Ω cm2)
	χ2





	MS
	32.2
	1.50 × 10−3
	0.74
	575.8
	1.2 × 10−5
	0.92
	858.4
	1.32 × 10−3



	MS1Ca
	32.0
	1.13 × 10−3
	0.72
	811.0
	1.5 × 10−5
	0.93
	980.3
	1.46 × 10−3



	MS2Ca
	31.4
	1.16 × 10−5
	0.92
	1388.1
	1.2 × 10−3
	0.76
	1368.2
	1.73 × 10−3



	MS4Ca
	32.4
	1.28 × 10−3
	0.73
	810.8
	1.2 × 10−5
	0.92
	1273.1
	1.22 × 10−3
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