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Abstract:



The microstructure and corrosion behavior of the extruded ZK60 Mg alloys with different Cu content were comparatively investigated. The ZK60 alloy had a microstructure consisting of α-Mg grains with intermetallic MgZn2 and Zn2Zr3 particles. The addition of 1 wt % Cu resulted in the additional presence of CuMgZn particles. In a 0.6 M NaCl solution at 25 °C, the corrosion rate of the alloy with the added Cu appeared to be about 16% faster than that of the alloy without the addition of Cu. The factors affecting the degraded corrosion resistance of the Cu-added ZK60 alloy are discussed.
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1. Introduction


The development of high performance and cost-effective Mg alloy extrusions is of necessity in order to cope with the growing need for lightweight components in automobiles [1]. However, few Mg alloy extrusions satisfy the property and cost requirements of the automobile industry at present [2]. In most cases, this is due to an incompatible situation as high strength Mg alloys, which usually contain a large amount of alloying elements, show low extrusion speed since such alloys are susceptible to hot-cracking at high extrusion speeds where excessive frictional heat is generated [3]. Generally, the hot-cracking results from the incipient melting of second-phase particles in the microstructure [4]. Thus, it is believed that high strength Mg alloy extrusions with a sound surface condition can be obtained at faster speeds via the modification of their alloy compositions in order to retain more thermally stable second-phase particles, thereby realizing better resistance against hot-cracking.



One of the promising alloying elements for this purpose is Cu, which has been used to raise the incipient melting temperature of second-phase particles, especially in the Mg–Zn-based alloy system. This has permitted the use of higher solution treatment temperatures and hence, enabled an enhanced age hardening response [5]. Recently, it has been shown that the tensile strength level of the extruded Mg–Zn-based alloys is significantly elevated by addition of Cu [6]. This reveals the potential of Cu as an alloying element that is also capable of improving the mechanical properties of Mg alloy extrusions. However, most previous studies on Cu-containing Mg–Zn-based alloys have been conducted with a particular emphasis on their mechanical properties and few reports on their corrosion behavior have been made available thus far [6,7,8,9,10]. Since Cu is known to be one of the most harmful elements in terms of the corrosion resistance of Mg [11,12,13,14], investigating the corrosion behavior of the Cu-added Mg–Zn-based alloys and their mechanical properties is necessary. In the present study, the commercial Mg–6Zn–0.5Zr alloys without and with 1 wt % Cu were subjected to indirect extrusion processing in order to investigate the influence of addition of Cu on the microstructure and corrosion behavior in the extruded condition.




2. Experimental Procedure


The alloys with the nominal compositions of Mg–6 wt % Zn–0.5 wt % Zr (ZK60) and Mg–6 wt % Zn–0.5 wt % Zr–1 wt % Cu (ZKC601) were created by induction melting using the graphite crucibles under an inert atmosphere with a mixture of CO2 and SF6. The analyzed compositions of the alloys are given in Table 1. To cast a billet, each alloy was stabilized for 10 min in a molten state at 700 °C, before being poured into a steel mold that was pre-heated to 200 °C. After casting, the alloys were homogenized at 440 °C for 4 h, before being water-quenched. Each cylindrical billet has a diameter of 80 mm and a length of 150 mm. Indirect extrusion experiments were executed at a ram speed of 1.3 mm s−1, an extrusion ratio of 25 and an initial billet temperature of 250 °C.


Table 1. Chemical compositions (wt %) of the ZK60 and ZKC601 alloys investigated in this study.





	Alloy
	Zn
	Zr
	Cu
	Fe
	Si
	Mg





	ZK60
	5.50
	0.58
	<0.001
	0.0026
	0.0019
	bal.



	ZKC601
	5.52
	0.57
	0.88
	0.0029
	0.0018
	bal.









The microstructural examinations were carried out on the midsections that were parallel to the extrusion direction (ED) by a Quanta 200 field-emission scanning electron microscope (FEI, Hillsboro, OR, USA); a JEOL JXA-8530F energy probe microanalyzer (JEOL, Tokyo, Japan); and a JEM-2100F Cs-corrected transmission electron microscope (JEOL, Tokyo, Japan).



The samples prepared for microstructural analysis were ground with SiC papers (up to 1200 grit) under a fresh water atmosphere. The samples were subsequently polished using a diamond paste (1 μm) and a colloidal silica (0.04 μm) solution under a 95% ethanol atmosphere. A focused ion beam technique was used to fabricate the transmission electron microscopy (TEM) samples.



To investigate the corrosion properties of the extruded alloys, immersion tests, H2 volume measurement and potentiodynamic polarization tests were conducted in a 0.6 M NaCl solution (1.0 L) at 25 °C. The cleaning of the sample after the immersion test was carried out with CrO3 solution (200 g L−1), before the weight loss was measured. The H2 volume measurements were executed following the method proposed by Song and Atrens [15]. The data values obtained from these tests were averaged with the ones obtained from three repeated experiments. A potentiostat (Reference 600, GAMRY, Warminster, PA, USA) was used to conduct potentiodynamic polarization tests at a potential sweep rate of 2 mV s−1 in a 0.6 M NaCl solution after deaeration. A conventional three-electrode cell consisting of a saturated calomel reference electrode (SCE), a Pt plate counter electrode and a working electrode (sample) was used.



A scanning Kelvin probe force microscopy (SKPFM) (NT-MDT, Moscow, Russia) was used to see the Volta potential differences between the phases present in the extruded alloys. The Pt-coated conducting tip was modulated by the AC modulation of 0.3 V at 70 kHz, which was generated by a lock-in amplifier. All SKPFM measurements were conducted at the ambient temperature. The details of the corrosion-related tests and SKPFM measurement are available in previous studies [16,17].




3. Results and Discussion


3.1. Microstructure


Figure 1a,b show the scanning electron microscopy (SEM) micrographs of the extruded ZK60 and ZKC601 alloys, respectively. As reported previously, the ZK60 alloy contains Zn-containing particles, such as MgZn2 and Zn2Zr3 in the α-Mg matrix [18,19,20,21]. On the other hand, three different types of Zn-containing particles can be distinguished in the Cu-added ZKC601 alloy, which is indicated by A, B and C in Figure 1b. The energy probe microanalysis results shown in Figure 1c–e reveal that particle A is highly rich in Cu, while particles B and C contain relatively small amounts of Cu. In addition, particle B is considered different from particle C as the Zr content in the former is negligible, while the Zr content in the latter is relatively high.


Figure 1. Scanning electron microscopy (SEM) micrographs of the extruded (a) ZK60 and (b) ZKC601 alloys; the energy probe microanalysis maps obtained from the ZKC601 alloy for (c) Zn, (d) Zr and (e) Cu; and electron beam diffraction patterns from (f) CuMgZn, (g) MgZn2 and (h) Zn2Zr3 in the ZKC601 alloy.
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Further TEM analysis with the electron beam diffraction patterns was conducted for the second-phase particles existing in the ZKC601 alloy, which is shown in Figure 1f–h. The highly Cu-rich phase (particle A) is well matched with CuMgZn, which has a face-centered cubic structure. The Zn-rich phase (particle B) is consistent with MgZn2, which has a hexagonal close-packed structure. In addition, the Zr-rich phase (particle C) can be identified as Zn2Zr3, which has a tetragonal structure. Since the MgZn2 and Zn2Zr3 particles are also visible in the ZK60 alloy, the addition of Cu to the ZK60 alloy results in the additional presence of CuMgZn particles in the extruded condition. It should be also noted that all of the intermetallic particles in the Cu-added ZKC601 alloy contain a certain amount of Cu, which does not occur in the ZK60 alloy without added Cu.




3.2. Corrosion Properties


The macroscopic corrosion development of the extruded alloys during the immersion in the 0.6 M NaCl solution at 25 °C is shown in Figure 2. Overall, the extruded alloys showed similar corrosion behavior as their corrosion initiates in the typical local corrosion mode, before propagating in the filiform corrosion mode. During the early stage of immersion for 10 min, both the alloys appeared to be free of local corrosion. However, after immersion for 30 min, severe corrosion started forming on the ZKC601 alloy, while localized corrosion appeared to initiate in the ZK60 alloy, which is indicative of faster corrosion development in the former than in the latter during the immersion tests.


Figure 2. Optical micrographs showing the macroscopic surfaces of the extruded (a) ZK60 and (b) ZKC601 alloys after immersion for various times in 0.6 M NaCl solution at 25 °C.
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Figure 3a provides the values of weight loss and collected the H2 volume for the extruded alloys after immersion for 72 h in the 0.6 M NaCl solution. As indicated, the weight loss and the H2 volume quantities of the ZKC601 alloy are larger than those of the ZK60 alloy, which indicated that the addition of Cu to the latter has a detrimental effect on the corrosion resistance under the current corrosive conditions. The values of weight loss for 72 h were 10.92 ± 0.13 and 12.64 ± 0.21 mg cm−2, while the amounts of collected H2 volume for 72 h were 5.70 ± 0.18 and 7.07 ± 0.56 mL cm−2 for the ZK60 and ZKC601 alloys, respectively. The corrosion rates, which correspond to the weight loss values, are 7.21 ± 0.08 and 8.33 ± 0.14 mm year−1 for the ZK60 and ZKC601 alloys, respectively.


Figure 3. (a) Values of weight loss and collected H2 volume after immersion for 72 h in 0.6 M NaCl solution and (b) potentiodynamic polarization curves of the ZK60 and ZKC601 alloys.
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The potentiodynamic polarization curves of the ZK60 and ZKC601 alloys are shown in Figure 3b. First, the ZK60 alloy was found to have lower corrosion potential (Ecorr) than the ZKC601 alloy as the ZK60 and ZKC601 alloys show the Ecorr values of −1.66 and −1.64 VSCE, respectively. The cathodic side of the curves indicates that the cathodic current density (icathodic) of the ZKC601 alloy is higher than that of the ZK60 alloy. For example, the icathodic values at −1.75 VSCE were −0.21 and −0.37 mA cm−2 for the ZK60 and ZKC601 alloys, respectively. However, it is clearly recognizable that the addition of Cu to the alloy has little influence on the anodic polarization behavior of the ZK60 alloy, indicating that the increased Ecorr after Cu alloying results solely from an increase in icathodic.




3.3. Influence of Intermetallic Particles


Since the electrochemical potential differences between the α-Mg matrix and the intermetallic particles are considered to be an important factor affecting icathodic and microgalvanic corrosion [22,23,24], Volta potential maps were obtained using SKPFM for the extruded ZK60 and ZKC601 alloys, which is shown in Figure 4. It was found that the intermetallic particles in the alloys have greater Volta potentials than the α-Mg matrix, indicating that the former is nobler than the latter. However, the Volta potential appears to differ depending on the type of intermetallic particles, which is typically observed. The MgZn2 and Zn2Zr3 particles in the ZK60 alloy appeared to have Volta potentials that are about 320 and 230 mV higher than the α-Mg matrix, respectively. On the other hand, the CuMgZn, MgZn2 and Zn2Zr3 particles in the ZKC601 alloy showed Volta potentials that were about 680, 510 and 370 mV higher than the α-Mg matrix, respectively. This demonstrates that the intermetallic particles existing in the ZKC601 alloy can be electrochemically nobler than those present in the ZK60 alloy, which is ascribed to the incorporation of Cu in the intermetallic particles of the ZKC601 alloy. The SKPFM results suggest that the ZKC601 alloy can be more susceptible to microgalvanic corrosion between the α-Mg matrix and the intermetallic particles compared to the ZK60 alloy in a corrosive environment.


Figure 4. Scanning Kelvin probe force microscopy (SKPFM) images of the extruded (a,b) ZK60 and (c,d) ZKC601 alloys; and corresponding Volta potential profiles along the lines (e) A–B and lines (f) C–E in the SKPFM images.
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A SEM micrograph showing the corroded surface of the ZKC601 alloy after immersion for 1 h in the 0.6 M NaCl solution is provided in Figure 5 to reveal the dependence of the corrosion development on the presence of intermetallic particles. As expected, severe corrosion preferentially occurred around CuMgZn particles, whereas such localized corrosion was not observed around the less noble Zn2Zr3 and MgZn2 particles. This indicates that the presence of noble CuMgZn particles in the ZKC601 alloy can degrade its corrosion resistance by activating microgalvanic corrosion between the α-Mg matrix and the intermetallic particles.


Figure 5. SEM micrographs showing the corroded surface of the ZKC601 alloy after immersion for 1 h in 0.6 M NaCl solution at 25 °C at relatively (a) low and (b) high magnifications.
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3.4. Corrosion-Controlling Factor


In general, the deterioration of corrosion resistance can be understood by an increased H2 evolution rate and/or degraded passivity [25,26,27]. Recently, it has been reported that the H2 evolution rate is closely related with weight loss in the corrosion of Mg alloys [28,29,30,31,32]. As mentioned above, the ZKC601 alloy showed a corrosion rate that was 16% higher than that of the ZK60 alloy in the 0.6 M NaCl solution at 25 °C. Furthermore, the former alloy exhibited a generation of H2 that was 24% greater than the latter alloy after 72 h in the NaCl solution. Furthermore, the polarization curves directly revealed that the addition of 1.0 wt % Cu to the ZK60 alloy results in an increase in icathodic. Therefore, it can be conceived that the increased corrosion rate after addition of Cu is closely associated with an increase in the H2 evolution rate. However, the increased corrosion rate by addition of Cu is not likely to result from the degradation of passivity since the passive current density in the polarization curves does not show a clear dependence on the Cu content of the extruded alloys.



With respect to a microstructural factor influencing the change in corrosion resistance, the H2 evolution activated by addition of Cu can be attributed to the formation of electrochemically noble intermetallic particles, leading to the activation of microgalvanic corrosion. The SKPFM measurements indicated that the electrochemical nobility of intermetallic particles is enhanced by addition of Cu. This change in nobility occurred by the formation of highly noble CuMgZn particles and the incorporation of Cu into the MgZn2 and Zn2Zr3 particles existing in the ZK60 alloy. As shown above, the presence of noble Cu-containing intermetallic particles enhances the microgalvanic corrosion, thereby leading to the relatively active H2 evolution and corresponding fast corrosion rate in the ZKC601 alloy. On the other hand, the contribution of the alloyed Cu to enhancing the nobility of the α-Mg matrix and hence, lowering its susceptibility to microgalvanic corrosion, is not expected due to the highly limited solid solubility of Cu in Mg [5,33].





4. Conclusions


The effect of 1 wt % addition of Cu on the microstructure and corrosion behavior of the ZK60 alloy subjected to indirect extrusion was investigated. The CuMgZn, MgZn2 and Zn2Zr3 particles were found to exist in the Cu-added ZKC601 alloy, while only MgZn2 and Zn2Zr3 particles were observable in the ZK60 alloy. The corrosion rates measured in a 0.6 M NaCl solution at 25 °C were found to be 7.21 and 8.33 mm year−1 for the ZK60 and ZKC601 alloys, respectively. The degraded corrosion resistance due to the addition of Cu is mainly attributed to the presence of noble CuMgZn particles, which contribute to the enhancement of microgalvanic corrosion.
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