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Abstract:



Corrosion fatigue data for magnesium alloys are still scarce. The present communication reports the results of microstructural investigations and fatigue testing of the fine grain Mg-Zn-Zr (ZK60) alloy after multiaxial isothermal forging and of the hot extruded Mg-Y-Zn (WZ21) alloy in air and in the 0.9% NaCl water solution. Both of the alloys demonstrate a very good high-cycle fatigue performance in air. However, the significant drop of fatigue resistance is observed in the corrosive environment. Results are discussed from perspectives of potential applications and future studies.
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1. Introduction


Magnesium is the lightest structural metal. The exceptionally high specific strength renders magnesium alloys of much value for transportation engineering. Besides, in combination with natural biodegradability and low elastic moduli, the small weight and high strength make Mg-based alloys promising in bio-medical applications as orthopedic implants and cardiovascular stents. Many mechanical parts are often subjected to variable loading in an aggressive environment. When considering the high reactivity of magnesium and its alloys, it is of significant importance to assess their corrosion fatigue characteristics and to get a deeper insight into underlying corrosion fatigue mechanisms.



Experimental data on corrosion fatigue of magnesium alloys are still scarce. Furthermore, the vast majority of available to date data has been obtained on Al-containing alloys, which are admittedly the most widely used structural alloys due to their superior corrosion properties when compared with many other Mg-based alloys [1,2,3,4,5,6]. Regardless of different details in experimental conditions, the ubiquitous conclusion is that the high cycle fatigue performance reduces dramatically in chlorine-containing solutions. For example, Unigovski et al. [7] performed corrosion fatigue tests of extruded AZ31 and AZ91D and die-cast AM50 magnesium alloys in NaCl solutions, and found that the finer grain extruded alloys had significantly better fatigue properties both in air and in an aggressive environment in comparison to the coarse grain die-cast counterparts.



Hilpert and Wagner [8] characterized the corrosion fatigue behavior of the relatively high-strength alloy AZ80, with a focus on the effect of surface conditions on fatigue life. They noticed that while mechanical polishing and/or shot peening improved fatigue performance in air, no improvement was observed in NaCl solutions.



The problem is particularly acute for alloys aimed at bio-medical applications [9]. When a bio-resorbable implant is placed in the body, its load-bearing capacity must remain until osteosynthesis is completed. Hence, besides static strength, corrosion, and stress corrosion cracking, corrosion fatigue should be thoroughly evaluated both in vitro and in vivo to ensure functionality and safety of Mg-based orthopedic devices. While the corrosion behavior of biomedical magnesium-based alloys has received considerable attention resulting in a large number of reports [10,11], corrosion fatigue studies are still very limited [12]. Available studies, which are related to structural materials, are largely irrelevant for bio-medical applications, because, as has been mentioned above, the most popular engineering alloys included in many reports generally contain Al that is believed to be toxic to human. The detrimental effect of chlorine-containing solutions of fatigue performance of Mg alloys can be illustrated from the results by Gu et al. [13] who carried out corrosion fatigue studies on AZ91 and WE43 alloys in a simulated body fluid (SBF). These authors demonstrated that the conventional fatigue limit at 107 cycles in the die-cast AZ91D reduced from of 50 MPa in air to 20 MPa at 106 cycles tested in SBF at 37 °C. The higher strength alloy WE43 demonstrated the fatigue limit of 110 MPa at 107 cycles in the air, which dropped to 40 MPa in SBF at the same number of cycles.



Over the recent years, a variety of severe plastic deformation (SPD) techniques has been developed for microstructure refinement and strengthening of metallic materials [14]. What is important is that not only the monotonic or fatigue strength can increase remarkably with grain refinement down to the sub-micrometer scale, but the resistance to general corrosion [15], and stress corrosion cracking [16] can also increase due to better homogeneity of the microstructure after SPD. In application to magnesium alloys, Aung et al. [17] have demonstrated quite convincingly that the corrosion rate reduced significantly with decreasing grain size. Vinogradov et al. [18] have shown that grain refinement through integrated SPD processing involving direct extrusion combined with two equal channel angular pressing passes is effective for improving the high cycle fatigue performance of the ZK60 alloy in parallel with enhanced tensile properties and galvanic corrosion resistance [19,20]. The potential of SPD techniques to synthesize novel materials with enhanced properties profile is particularly high for Mg alloys whose performance—both fatigue and corrosion—suffers from substantial inhomogeneity of the as-cast structure, which is difficult to get rid of in the course of conventional thermo-mechanical treatments.



Thus, the objective of the present work is to update the existing limited database of corrosion fatigue properties of Mg alloys through characterization of the fatigue behavior in ambient air and in the standard saline solution of two widespread alloys—Mg-Zn-Zr (ZK60) and Mg-Y-Zn (WZ21)—both considered as candidates for biomedical applications. The alloy ZK60 was processed by SPD via multiaxial isothermal forging for microstructure refinement.




2. Materials and Methods


All of the alloys were prepared by the conventional ingot casting process. The billets of the alloy ZK60 (nominal composition Mg-6Zn-0.5Zr, in wt.%) with dimensions 70 × 70 × 170 mm3 were subjected to multi-axial isothermal forging (MIF) at 400 °C from a hot-pressed rod in the peak aged (T6) condition. On the second step, MIF was performed at 300 °C. During processing, the billet experienced six deformation cycles on each step involving a sequence of settings and drawings with axis changing, as described in [21,22]. The total true strain imparted on a working billet at the first step was of 4.2 and 3.0 at the second. The last deformation cycle at each step was ended by oil cooling. The hot extruded alloy WZ21 (Mg-2Y-1Zn-0.25Ca-0.15Mn nominal composition, in wt.%) was considered as a representative of a class of rare earth element containing advanced Mg alloys, which is among other popular candidates for application as bio-resorbable implants and used for comparison.



The alloy microstructure was analyzed in the longitudinal plane of the billets in the field emission gun scanning electron microscope (SEM) Zeiss Sigma (Jena, Germany), equipped with the electron backscattering diffraction (EBSD) detector (EDAX/TSL) and orientation image microscopy (OIM) software package (OIM-6.2, EDAX/TSL, Mahwah, NJ, USA). Prior to microstructural analysis, the samples were mechanically polished to a mirror-like finish and then electrolytically polished in 90% ethanol + 10% nitric acid solution. The transmission electron microscope (TEM), JEOL JEM-2100-KY (Tokyo, Japan), operating at 200 kV was used to examine the fine grain structure in some alloys. The thin foils for TEM observations were prepared by ion milling.



The specimens for mechanical testing were cut by spark erosion in the longitudinal direction of the worked billets. The uniaxial tensile tests were performed on the screw-driven testing machine under constant nominal strain rate of 1 × 10−4 s−1.



Corrosion rate was measured by the gravimetric method, whereby metal coupons were exposed to the test medium (saline solution, which is commonly used in a wide variety of molecular and cellular biology applications) and measure the loss of weight of the material, as described in detail in [23]. The plate specimens with the surface area of 650–800 mm2 were ground by a sandpaper down to #2500 grade, washed in the ultrasonic bath with acetone, dried, and weighted on the analytical balance with the accuracy of 0.0001 g. They were then immersed in 0.9% sodium chloride (NaCl) distilled water solution (pH = 7.4) for 24 h at 25 °C and following removal, the specimens were dried by hot air. The corrosion products were removed from the surface by the solution containing 200 g of CrO3, 10 g of AgNO3 and 1000 cm3 of distilled water at 20–25 °С. The specimens were then immediately weighted again.



The miniature specimens with the cross-section area of 2 × 2 mm2 and a gauge length of 5 mm were prepared for mechanical testing were prepared as described in [22]. The specimen surface was mechanically finished by a fine sandpaper with #2000-grit. An Electropuls 1000 electro-mechanical testing machine (Instron, Norwood, MA, USA) operating in a symmetric push-pull cycling (R = −1) mode at 100 Hz frequency was used for the tests at an ambient temperature in dry air and in the saline solution. Corrosion fatigue tests were carried out in a homemade thermostatic plastic bath filled with a freshly made 0.9% NaCl/distilled water solution (pH = 7.4) at temperature 37 ± 1 °C. The fatigue tests started immediately after submerging the specimen into the solution running at 0.1–0.7 L/min, and were performed in the stress-controlled mode at constant stress amplitudes ∆σ/2.




3. Results and Discussion


Typical EBSD OIM maps representing the grain structure of the alloys under investigation are shown in Figure 1. Corresponding SEM images in back-scattered electron (BSE) contrast are displayed in Figure 2. The alloy ZK60 after MIF exhibits partially recrystallized fine-grained microstructure. Since MIF has been performed at high (for magnesium) homologous temperature, the main mechanism of grain refinement is associated with dynamic recrystallization (DRX), giving rise to very fine equiaxed grains from 1 to 10 μm size. However, since DRX has not been completed during the first step MIF processing at 400 °C, it results in the very heterogeneous bi-modal grain structure consisting of fine recrystallized grains and coarse (several tens or even hundred micrometers size) initial grains embedded in the matrix of finer grains, Figure 1a and Figure 2a. The microstructure after two-step MIF (at 400 °C + 300 °C), Figure 1b and Figure 2b, is much more homogeneous. The grain structure of this alloy is relatively uniform. It comprises of fine, equiaxed grains with a volume fraction of 75%–80%. The same can be said about the microstructure of the alloy WZ21. However, the grains are appreciably coarser than in the two-step MIF-processed ZK60 alloy. Grain size mean values that were obtained by the standard intercept method are shown in Table 1. Thus, considerable grain refinement occurred in the course of SPD as is reasonably expected. Besides, it has been found that the distribution of Mg-Zn excess phases existing in the as-cast structure retains in the MIF-processed ZK60 billets, though the size of second phases is much smaller than in the as-cast state [23]. The microstructure of the alloy WZ21 is featured by the presence of the so-called long-period stacking ordered (LPSO) structure, which is typical of some Mg-Zn-RE alloys (e.g., Mg-Zn-Y) of specific chemical compositions [24,25]. Figure 2c reveals a relatively large fraction of second phases (primarily LPSO), aligned with extrusion direction in this multi-component alloy. The bright filed TEM image and the corresponding secondary electron diffraction pattern shown in Figure 3 illustrate the typical appearance of the LPSO phase in the alloy WZ21.


Figure 1. Electron backscattering diffraction (EBSD) maps of the longitudinal sections of the alloy ZK60 MIF-processed through one step at 400 °C (a) and two-steps at 400 °C and 300 °C (b), and (c) shows the grain structure of the hot extruded alloy WZ21.
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Figure 2. Scanning electron microscope (SEM) images showing the microstructure of the alloy ZK60 (a) and (b) and WZ21 (c) corresponding to the same specimens, as shown in Figure 1a,b—ZK60 MIF-processed through one step at 400 °C and two-steps at 400 °C and 300 °C, respectively, and Figure 1c—the hot extruded alloy WZ21. Arrows indicate the working direction: X on (a) and (b) denotes the longitudinal direction of multi-axial isothermal forging (MIF) (see [27] for details) and ED on (c) corresponds to the extrusion direction.
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Figure 3. Typical bright filed TEM image and the selected area diffraction pattern illustrating the grain with the long-period stacking ordered (LPSO) phase in the α-Mg matrix of the alloy WZ21.
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Table 1. Properties of Mg alloys tested.







	
Alloy

	
Grain Size, d (μm)

	
Corrosion Rate, (mm/year)

	
Tensile Data

	
Fatigue Data, σ−1, MPa




	
σYS, MPa

	
σUTS, MPa

	
δ, %

	
Air

	
NaCl




	
Nf = 107

	
Nf = 106

	
Nf = 106






	
ZK60 hot pressed

	
12.3 ± 12

	
4.6 ± 0.9

	
150

	
244

	
11

	
55 ± 2

	
65 ± 3

	
28 ± 5




	
ZK60 MIF 400 °C

	
7.1 ± 3.4

	
3.3 ± 1.4

	
180

	
300

	
32

	
82 ± 2

	
92 ± 2

	
25 ± 3




	
ZK60 MIF 400 °C + 300 °C

	
5.0 ± 0.3

	
2.6 ± 0.5

	
230

	
328

	
29

	
105 ± 3

	
105 ± 3

	
26 ± 3




	
WZ21

	
13.0 ± 2.0

	
1.6 ± 0.2

	
157

	
260

	
26

	
90 ± 2

	
95 ± 3

	
28 ± 5










Magnesium alloys with the LPSO phase have attracted a great deal of attention in the last years, owing to their outstanding properties profile, including high mechanical strength, fatigue, and corrosion resistance [26]. A large hope has been fostered that these materials can boost bio-medical performance and applications by taking advantage of their high strength and low corrosion rate. Indeed, the results of the static corrosion tests show that the alloy WZ21 outperforms the alloy ZK60 in terms of general corrosion rate, Table 1. Figure 4 shows the typical appearance of the corroded surface after holding the alloys in 0.9% NaCl solution at 37 °C for 24 h. The figure highlights the difference between the ZK60 and WZ21 alloys, which is most clearly visible on SEM images. Figure 4b reveals that the alloy ZK60 is prone to localized corrosion, which tends to form deep cracks on the surface, while uniform corrosion occurs predominantly in the alloy WZ21.


Figure 4. Microscopy images showing the surface morphology of the Mg alloy specimens after corrosion testing in the 0.9% NaCl solution for 24 h: (a,b) ZK60, (c), and (d) WZ21; (a) and (c) optical view, (b) and (d) SEM images. Corrosion products were removed before observation.
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Figure 5 summarizes the results of fatigue tests in air and NaCl solution for differently processed high strength ZK60 alloy and high-performance alloy WZ21. One can see that all of the alloys demonstrate reasonably good fatigue properties in the high cyclic region in ambient air (c.f. fatigue limit under symmetrical push-pull loading, [image: ]), Table 1, comparable or higher than those typical of their conventionally manufactured counterparts [28]. However, the fatigue endurance drops sharply when the same materials were tested in the NaCl solution. Data for the hot extruded reference ZK60 alloy are shown for comparison. One can notice that MIF improves the fatigue life significantly. Furthermore, the alloy with the finer and more homogeneous microstructure after two-step processing at 400 °C and 300 °C has notably longer fatigue life than the same alloy after one-step MIF or the alloy WZ21. Regardless of the differences in their microstructural states, chemical composition, distribution of second phases, and even regardless of the notably different static corrosion behavior, all of the materials broke at 106 cycles at the stress amplitude about 25–30 MPa, which is a quite low value for the fatigue limit.


Figure 5. Fatigue life (S-N) diagram for the ZK60 alloys after different processing and alloy WZ21 in air and 0.9% NaCl solution (filed symbols refer to the tests in dry air while open symbols of the same shape and color represent the results of the tests in 0.9% NaCl solution).
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The corrosion rate is known to be larger for alloys with a larger volume fraction of the LPSO phase because the α-Mg phase around the LPSO phase experiences pitting corrosion, thus favoring galvanic corrosion [11]. Among many other alloys in the class of the LPSO alloys, the alloys of the Mg-2Y-1Zn composition (including WZ21) exhibit the lowest corrosion rate due to the relatively low fraction of the relatively homogeneously distributed Mg12YZn phase [29]. In comparison with other Mg alloys, such as ZK60, the alloys with the LPSO structure exhibit usually a smaller biodegradation rate [30]. This is confirmed in the present work by measuring the general corrosion rate, which appeared to be appreciably smaller than that for other materials tested in NaCl solution, Table 1 (see also Figure 5). However, as opposes to our expectations, the alloy WZ21 does not show a better fatigue performance in the physiological solution.



Figure 6 shows typical fracture surface morphology after corrosion fatigue of the two-step MIF-processed ZK60 alloy tested at Δσ/2 = 50 MPa. The surface appearance of other alloys tested, despite the differences in their microstructure, does not differ considerably from the example illustrated in Figure 6. Hence, the most important observation is that the collective effect of the aggressive environment and the cyclic stress causes the accelerated material’s loss rate and the significant roughening of the surface exposed to the corrosive agent. As an immediate consequence of this effect, the local stress risers form on the surface of the fatigued specimen. During corrosion fatigue, the local damage (corrosive groves, pits, and cracks) propagates quickly inside the specimen, resulting in the increasing influence of mechanical factors, such as notch sensitivity, stress concentration, and intensity in fatigue development, while the significance of the microstructural factors reduces. It seems evident that the thin native oxide hydroxide film on the surface does not provide resistance to corrosive agents to the desired extent under cyclic stresses. The pre-existing or newly formed passive layer is not stable in aqueous solution containing chloride. It breaks easily under the alternating stress; the surface is exposed to the aggressive environment and local corrosion occurs.


Figure 6. Laser confocal image microscopy image showing typical fracture surface morphology appearance after corrosion fatigue of the two-step MIF-processed ZK60 alloy tested at Δσ/2 = 50 MPa.
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4. Conclusions


The negative message being delivered in the present brief communication is that the corrosion fatigue resistance of magnesium alloys, even of fine-grained high strength alloys and the alloy with the LPSO phase, is still far from being satisfactory for prospective applications. Accelerated environmentally assisted degradation under cyclic loading is associated with poor protective capacity of the passive layer on the magnesium surface. Despite the discouraging nature of this result, we would like to underline that the capability of modern methods for magnesium alloy design against corrosion fatigue has been explored to a very little extent as yet.



As noticed by Ghali et al. [31], with regard to the general corrosion in Mg alloys, lower than desired corrosion resistance is most of the time due to poor design, contamination, galvanic couples, and/or inadequate surface protection schemes for specific applications. The same conclusion seems to be applicable to the corrosion fatigue, which requires additional thoughtful consideration of several influencing factors such as cyclic frequency (it is usually irrelevant in fatigue studies in air but it becomes very significant in corrosive media; the effect is of particular importance for bio-medical applications where the loading spectrum in vivo may differ substantially from that used in vitro), stress corrosion cracking, loading conditions (the design for low- and high-cycle fatigue may be significantly dissimilar), control of the surface microstructure, etc.
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