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Abstract

:

The tensile strength, fatigue, and corrosion fatigue performance of the magnesium alloy ZX40 benefit strongly from hybrid deformation processing involving warm equal-channel angular pressing (ECAP) at the first step and room temperature rotary swaging at the second. The general corrosion resistance improved as well, though to a lesser extent. The observed strengthening is associated with a combined effect of substantial microstructure refinement down to the nanoscale, reducing deformation twinning activity, dislocation accumulation, and texture transformation. The ultimate tensile strength and the endurance limit in the ultrafine-grained material reached or exceeded 380 and 120 MPa, respectively, which are remarkable values for this nominally low strength alloy.
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1. Introduction


In recent years, there has been a surge of interest in magnesium and its alloys as revolutionary materials for biomedical applications. Many modern magnesium alloys are considered as the new generation of temporal implant materials for bone fixtures, total joint arthroplasties, cardiovascular stents, wire, etc., due to their excellent functional efficiency manifested in the outstanding specific strength and very good biocompatibility and biodegradability [1,2,3,4]. In the search for efficient biodegradable materials, much attention has been paid to binary Mg-Zn, Mg-Ca, and ternary Mg-Zn-Ca and Mg-Zn-Y (or Mg-Y-Zn) biocompatible systems [5,6,7,8,9,10]. One of the key issues associated with Mg-alloys is their poor chemical stability and too high corrosion rates. Using the guiding principles based on a combination of very high purity with a thermodynamic design of the alloy microstructure, Hofstetter et al. [11,12,13] have demonstrated a remarkably good combination of mechanical and corrosion properties in Mg-Zn-Ca alloys ZX10 and ZX50, containing a specific noble intermetallic Mg6Zn3Ca2 phase.



Among other issues, including biocompatibility, non-toxicity, controlled bio-degradability, etc., the use of materials as temporary implants stipulates stringent requirements on long-term mechanical properties, which are necessary to hold the integrity of implanted constructions over the whole period of healing. Apparently, fatigue and corrosion fatigue properties are of principal concern to this end. In the present paper, we endeavour to demonstrate that employing a hybrid two-step processing scheme involving warm equal-channel angular pressing (ECAP) followed by cold rotary swaging of ZX40 Mg-Zn-Ca alloy yields an outstanding combination of a very high strength (in excess of 380 MPa) and excellent fatigue resistance (over 110 MPa in symmetrical cyclic loading) at room temperature.



For structural materials, a traditional high cycle fatigue improvement strategy relies on the empiric correlation between the monotonic strength and fatigue life, which is implicit in the well-known Basquin law, and which explains that the higher the strength under monotonic loading, the higher is the endurance limit [14]. This relation generally holds true for commercial Mg-based alloys [15]. Even though this is not a “firm” law, the increasing monotonic strength is often considered as a necessary prerequisite for improving the high cyclic fatigue performance. Severe plastic deformation (SPD) resulting in remarkable microstructure refinement and effective texture modification concomitantly with strength enhancement appears as an ideal tool for the successful implementation of this strategy for Mg alloys. A broad variety of SPD techniques have been proposed for materials processing, microstructure refinement, and strengthening [16,17,18,19]. None of those can be considered universal. Rather, they have been developed for different purposes, and therefore their joint applications can yield a synergistic effect for achieving a beneficial combination of properties. By integrating warm ECAP and cold working, the residual ductility after ECAP can be ‘converted’ into strength via further grain refinement and/or dislocation hardening, as has been successfully demonstrated for Ti [20]. Particularly, for deformation processing of rods, rotary swaging (RS) is a well-established and promising deformation technique, which belongs to a family of radial hammer forging processes for axisymmetric rods [21,22,23]. The mechanics of the materials plastic flow during RS has been well understood and described [21]. In multiple-step swaging processing of metallic rods, the reduction of the cross-section can be significant. Therefore, similarly to the vast majority of deformation processes, rotary swaging is accompanied by grain refinement, which in turn results in the corresponding enhancement of mechanical properties, depending on processing parameters such as temperature and extrusion ratio. While Wang et al. [23] and ALkhazraji et al. [24] have successfully applied RS to fabricate high strength Ti rods, Müller et al. [25], Gan et al. [26,27], and Minarik et al. [28] have convincingly demonstrated the viability of warm RS for deformation processing of commercial as-cast pure Mg, AZ31, and AE42 magnesium alloys.




2. Materials and Methods


Ingots of commercial purity ZX40 series Mg-Zn-Ca gravity cast alloys with the nominal composition Mg-4Zn-0.1Ca and Mg-4Zn-0.56Ca were homogenized at 350 °C for 24 h. Then the pre-heated billets were subjected to two isothermal ECAP passes through the 90° rectangular die with sharp corners. ECAP was performed at 350 °C with the ram velocity of 0.4 mm/s and the equivalent strain imposed per pass 1.15. The working billet was rotated by 90° between passes (Route BC). Part of the ECAP processed billets of the alloy with 0.1 wt% Ca of 14×14 mm2 cross-section was machined to cylindrical rods of 14.3 mm diameter which were then two-pass rotary swaged with the extrusion ratio 1.55 at room temperature. The total equivalent accumulated strain was of 2.74. Mg-alloys are hard to deform even under high hydrostatic pressure [29]. Not only the insufficient number of slip systems contribute to this difficulty, but so does the excess fraction of intermetallic phases. Therefore, the RS processing was limited to the alloy with the low Ca content (0.1 wt.%), while the alloy ZX40-0.56Ca was left in the ECAP state for comparison.



The specimens for metallographic observations were ground and mechanically polished down to 0.25 μm and then etched in a solution containing 50 ml distilled water, 150 ml ethanol, and 1 ml acetic acid. Microstructural observations were carried out using an inverted optical microscope Zeiss Axiovert (Ulm, Germany) with the image analyzing metallographic software Thixomet™ (Thixomet, St. Petersburg, Russia) and a field emission gun scanning electron microscope (SEM) Zeiss SIGMA (Jena, Germany) equipped with the Hikari electron backscattering diffraction (EBSD), (EDAX/TSL, Mahwah, NJ, USA) camera and orientation image microscopy (OIM-6.2, EDAX/TSL, Mahwah, NJ, USA) software package. Prior to EBSD microstructural investigations and mechanical testing, the samples were gently mechanically polished to a mirror-like finish and then electrolytically polished in 90% ethanol + 10% nitric acid solution. The further detailed microscopic observations were conducted using the Philips CM12 transmission electron microscope (TEM) at an accelerating voltage of 200 kV. Specimens for TEM observation of the SPD-produced microstructure were taken from the middle part of the billet perpendicular to the extrusion direction (ED) and parallel to it (in the TD direction). Thin foils were prepared using ion milling. Observations were carried out in both a bright and dark field. Phase identification was carried out by X-ray diffraction (XRD), using an XRD-7000 (Shimadzu, Kyoto, Japan) θ−2θ diffractometer (Cu Kα radiation) in the 10–90° 2θ range with 0.015° scan steps.



The specimens for mechanical testing were cut using spark erosion from the central part of the ECAP-ed or RS-processed billets in the longitudinal direction, i.e., along the extrusion direction. Uniaxial tensile tests were conducted on conventional I-shaped specimens with the 10 × 4 × 3 mm2 using the screw-driven testing machine (Kammrath & Weiss, Germany) under constant crosshead velocity corresponding to a nominal strain rate of 1 × 10−4 s−1 (per ASTM E8 recommendations). An axial extensometer was used to measure the strain during tension, and each test was repeated for at least three samples. For fatigue testing, the sub-size hourglass specimens with the minimum cross-section of 2 × 2 mm2 were used. The shapes and dimension of the specimens used for mechanical testing are shown in the corresponding figures in the following sections. The small size of the specimens is dictated by the final diameter of the rod and is typical for the SPD-manufactured materials. As has been shown [30], the rescaling of the ECAP-ed ZX60 specimen size does not affect the results of fatigue tests appreciably. An Instron Electropuls E1000 (Instron, High Wycombe, UK) electro-mechanical testing machine operating in the symmetric push-pull cycling (R = −1) mode was used for cyclic testing (per ASTM E466 recommendations) at ambient temperature in dry air and in corrosive media at constant stress amplitude ∆σ/2 at 100 Hz frequency.



Various methods, which have been devised to characterize corrosion properties and to elucidate the underlying corrosion mechanism, include a family of potentiostatic and dynamic electrochemical methods, impedance spectroscopy, hydrogen evolution, etc. [31,32]. Among those, the simplest weight-loss method [33] is still used as a “golden standard” direct corrosion test even though it does not render any information about the corrosion mechanism. Ideally, the measurement of the hydrogen evolved is equivalent to the measurement of the weight loss of the metal [34], provided the uncertainties associated with both methods are alleviated. The plate specimens with the surface area of 650–800 mm2 were ground by sandpaper down to #2500 grade, washed in the ultrasonic bath with acetone, dried and weighed on the analytical balance with the accuracy of 0.0001 g. They were then immersed into 0.9% NaCl distilled water solution (pH = 7.4 ± 0.2) for 24 h at 25 °C. The corrosion products were carefully 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 °C. The specimens were then immediately dried and weighed again. All test repeated at least three times.



For corrosion fatigue testing aiming at the approximate assessment of the corrosion fatigue performance of the alloys studied, a home-designed thermally-stabilized acrylic chamber was assembled on the testing machine so that the gage length of the sample was permanently immersed in the circulating 0.9% NaCl solution at 37 ± 1 °C. The testing cell was connected with the bath containing 10 l of the corrosive solution which was pumped through the cell at a rate of 0.5 l/min. The large volume of the testing solution, small specimen size, and relatively short testing time, which did not exceed 24 h, ensured the relatively stable pH value throughout the test as it is recommended in the ASTM NACE/ASTM G31-12a standard.



Ending this section, we have to briefly explain the choice of the corrosive media for this study. Currently, many different pseudo-physiological solutions are used for in vitro testing of materials aimed at biomedical applications. Besides the NaCl saline solution, these include, although not limited to, Hank’s solution, a family of modified SBFs, Ringer’s solution, Tas-SBF, etc., differed by main ion concentrations to mimic the compositions of human blood plasma [35,36,37]. The crucial question is which one to be chosen to assess the corrosion/corrosion fatigue properties in vitro, on one hand, and to get the results which can be translated to the in-vivo tests, on the other? The only existing consensus in the abundant literature is that none of the existing solutions can really replicate the conditions in the human body to the desired extent, even though the judicious choice of the testing SBF can significantly reduce the number of specimens needed for testing in vivo [35,36]. Furthermore, they all cause different electrochemical responses from the materials tested, and, more importantly for the present preliminary study, they result in the significantly more complicated surface layer containing, besides magnesium hydroxide, complex oxides including P, Ca, O, and Mg [38]. Since the surface conditions strongly affect the fatigue/corrosion fatigue behavior, which has been poorly understood so far, the additional complication in the form of the extra surface layer can be alleviated by using a simple NaCl solution, which is also most widely sued for characterization of corrosion fatigue in structural Mg alloys.




3. Results and Discussion


3.1. Microstructure


The typical microstructure of the as-cast Mg-Zn-0.1Ca alloy after homogenization annealing is shown in Figure 1a. The similar grain structure is frequently observed in Mg-Zn-Ca alloys [39,40,41]. Precipitates form in Mg-Ca alloy even at low Ca addition or rapid solidification because of the very low solubility of Ca in Mg at room temperature [42]. Similarly to the results reported in the abundant literature (see, e.g., References [41,43]), the homogenized ZX40 Mg- 4Zn-0.1Ca alloy consists of almost equiaxed grains with the average grain size of 220 μm, while intermetallic particles preferably in the round shape are distributed around grain boundaries or in grain interior. These particles are commonly identified as the Ca2Mg6Zn3 phase [6,7,8,44] in good agreement with thermodynamic predictions [45,46]. The Mg2Ca phase, which is often observed in Mg-Ca and some Mg-Zn-Ca alloys [47,48], is not found in the present as-cast alloy. It has been reported that the formation of Mg2Ca in Mg-Zn-Ca alloys depends on the Zn/Ca atomic ratio: when this ratio is greater than 1.23, the Mg2Ca phase does not form [49]. The results of the SRD scans shown in Figure 2 fully corroborate these findings. Distinct peaks associated with α-Mg and the ternary Ca2Mg6Zn3 compound are observed, whereas there is no information regarding the binary Mg2Ca phase available. The increasing concentration of Ca to 0.56 wt.% results reasonably in the increased volume fraction of the second phase but does not change the phase composition, as seen in Figure 2.



Figure 3 shows the grain orientation maps of the alloy ZX40-0.1Ca cross-section normal to the extrusion direction (ED) after ECAP and ECAP+RS processes. The observed grain microstructure across the processed billets was nearly uniform, except the region close to the edge of the ECAPed and RS-processed samples. It is worth noticing that the recent investigation by Charni et al. [50] has demonstrated that the RS strongly influences the properties and the fluctuation of the residual stresses near the surface, while a few hundred micrometers below the surface, the workpiece properties are driven only by the total deformation. Thus, due to the proper shaping of the specimens, the possible effects of residual stresses are alleviated in the present work. The corresponding grain size distributions (with edge grains excluded) and the distribution of the angles of misorientation between neighboring grains are shown in Figure 4 for both ECAPed and post-ECAP rotary swaged samples. As can be seen from both figures, ECAP resulted in considerable refinement of the as-cast grains reduced from 220 μm to about 20–30 μm. Concurrently, some modest refinement and redistribution of the second phase are observed in Figure 1b. The microstructure after ECAP consisted predominantly of nearly uniform, fine, equiaxed, and recrystallized grains. Although these grains represent the main units in the microstructure, some initial, coarse, un-recrystallized grains are also seen here and there on the EBSD maps obtained within the working billet. Overall, the grain size distribution after ECAP is admittedly wide, being indicative of a microstructure, containing a mixture of large and small grains with the weighted mean of 27.5 μm, and the standard deviation of 12.6 μm. Thus, the microstructure of the ECAPed to 2 passes of the ZX40 alloy can be regarded as heterogeneous, as it is commonly observed in this class of alloys. The benefits of the strongly heterogeneous (e.g., bi-modal) microstructure are also commonly associated with the outstanding combination of good strength provided by the fine grain structural component and ductility due to the greater deformation capacity of coarse grains [51,52,53].



Further significant grain refinements were observed after rotary swaging. The grain size distribution becomes narrower than that in the ECAPed specimen, and the sample weighted mean and the standard deviation are reduced to 10 μm and 5.5 μm, respectively. However, the heterogeneity of the microstructure remained or even increased due to the very fine sub-microcrystalline grains coexisting with the original coarse grains. Importantly, as can be seen from Figure 4, not only the grain size was refined substantially during post-ECAP rotary swaging, but also the preferred crystallographic grain orientation changed remarkably, as will be discussed in further details below.



A large number of mechanically twinned regions is evident from the IPF map of the ECAPed specimen, Figure 3a, showing that large plastic strains imposed during ECAP cannot be completely accommodated by basal and pyramidal slip events at such a high deformation temperature as 350 °C. The same is seen on the misorientation angle distribution of boundaries (including low angle boundaries, high angle boundaries, and twin boundaries), Figure 4b. The distribution of the misorientation angles exhibits two pronounced maxima in the high angle domains, one between 30 and 40°, and the other one at around 85–90°. A misorientation angle of 86.4° corresponds to the lattice rotations due to {101¯2}⟨101¯1⟩ extension twins. The double-twinning, which often occurs in magnesium alloys and which results in characteristic angular misorientations of 38° in the respective histograms [54], is not very pronounced, as seen in Figure 4b.



The relative fraction of extension twins was reduced after rotary swaging. However, this might be observed due to a significant increase in the presence of small angle misorientations, as can be seen in Figure 4b. The large fraction of low angle boundaries in both (ECAP and ECAP+RS) specimens is indicative of significant strain hardening due to dislocation accumulation in sub-grain boundaries during deformation, which is particularly noteworthy at low deformation temperatures.




3.2. Mechanical Properties


Figure 5 shows the tensile stress-strain diagrams for the ECAP and ECAP+RS processed samples. A trade-off between tensile strength and uniform elongation is seen as it is commonly reported for the vast majority of SPD manufactured metals and alloys [16,55,56]. Cold deformation reduces the average grain size, and the tensile strength increases spectacularly to the very high value of 380 MPa (unprecedented for this class of low strength alloys). Concurrently, the elongation to failure reduces, albeit not to a prohibitively low level, depending on application needs.



The fatigue S-N curves for the alloys ZX40 are displayed in Figure 6 together with reference data for the hot extruded alloys WE43 (RE-alloyed) [57] and ZX20 (same Mg-Zn-Ca system as in the present study) [58], and the popular fine-grain ZK60 Mg-6.0Zn-0.5Zr alloy manufactured by multiaxial isothermal forging (MIF) [30]—all tested in air—(see References [59,60] for processing details).



While the ECAPed material demonstrates only modest fatigue properties typical of many wrought Mg-based alloys [61], the fatigue endurance of the rotary swaged samples is remarkably improved to up to 125 MPa at 107 cycles, which is more than doubled compared to its ECAPed counterpart having σ−1=55 MPa. It is also notably higher than σ−1 values reported for the fine-grained high strength MIF-processed ZK60 alloy, and conventionally extruded advanced WE43 and ZX20 biodegradable alloys, which are considered for biomedical applications. The favorable comparison with the alloys ZK60 and WE43 is particularly noteworthy since both these alloys have been recognized for their excellent mechanical properties. Furthermore, WE43 has already been deployed in biomedical (stent) applications and is therefore often used a reference for chemical and mechanical performance [62,63]. Relatively strongly alloyed by Rear Earth elements, (3.7–4.3Y, 2.4–4.4 RE (Nd and Yb, Er, Dy, Gd) this alloy is nominally positioned as a high strength alloy. Thus, we believe that the obtained combination of excellent tensile and fatigue strengths in the alloy ZX40 is promising for a wide range of applications of these lightweight biocompatible and biodegradable alloys.



Considering the sub-size geometries of the specimens (shown in the inset in Figure 6) used to evaluate the high cycle fatigue performance, estimating the theoretical elastic stress concentration factor kt for a given curvature of the hourglass shaped specimen as 1.31, and having the notch sensitivity q of typical Mg alloys of the order of 0.25–0.5 [61], one can reasonably expect the actual fatigue limit of the materials tested to be 5–10% larger than that reported in Figure 6. Mechanical properties in tensile and cyclic deformation are summarized in Table 1.



However, before any conclusion can be made with confidence on the possible benefits of biomedical and other applications of materials, the assessment of their degradation in the biological environment has to be done both in vitro and in vivo. In general, when metals are exposed to the simultaneous actions of cyclic stress and a corrosive environment, the fatigue behavior changes dramatically compared to that in the air [64], and the properties inevitably degrade. The same applies to Mg-based alloys where the problem is particularly acute since these materials are very susceptible to environmental conditions and their corrosion fatigue properties are often below expectations [65,66,67]. Apparently, the well-controlled bio-corrosion fatigue degradation is crucial for temporary implants and cardiovascular stents. Therefore, a brief excursion into the corrosion performance of Mg-based alloys is in place. In corrosion fatigue, the knee in the Wöhler curve usually disappears, and materials do not exhibit a fatigue limit. The fatigue limit reported by Gu et al. [57] for the conventionally extruded WE43 alloy in the air was of 110 MPa at 107 number of cycles. This value, however, dropped to 40 MPa at the same number of cycles in the simulated body fluid (SBF) at 37 °C. Magnesium undergoes pitting corrosion when exposed to chloride ions in non-oxidizing solutions [68,69]. The corrosion fatigue crack initiates most naturally from a corrosion pit. Therefore, the rule of thumb is that the longer the induction time for pit formation, the greater the corrosion fatigue life. General corrosion and corrosion fatigue properties of the studied alloys ZX40 are represented in Table 1 in terms of the corrosion rate CR determined by the immersion test in the Saline solution (c.f. Reference [33] for the methodological details) and the corrosion fatigue life measured at the stress amplitude Δσ/2 = 35 MPa in the same solution. Obviously, fatigue life is reduced dramatically. Among the others, the fine-grained ECAP+RS specimen demonstrates the slightly smaller corrosion rate (that agrees with the frequently observed effect of the grain size on corrosion properties [70]), and somewhat better corrosion fatigue life for which the effect of grain size has not been well understood yet. The corrosion rate estimated after the 24 h immersion test is apparently higher than expected from a long-term test, e.g., 7 days longer, (per the ASTM NACE/ASTM G31-12a standard), c.f. Reference [33], and it appears to be within the reasonably estimated range for this class of alloys. We should notice that only preliminary results of corrosion fatigue testing are presented here to illustrate the trends in the environmentally assisted fatigue behavior of Mg alloys. More detailed results including corrosion fatigue testing in both NaCl solution and SBF with the corresponding analysis of the S-N curves will be reported elsewhere in a dedicated publication.




3.3. Texture Analysis


The mechanical behavior of magnesium alloys depends strongly on texture due to the inherent anisotropy of their hexagonal crystal lattice [71,72]. The texture development in Mg alloys has been extensively studied and well understood for different processing routes including forging, extrusion, different variants of ECAP [73,74,75], and swaging [25,26,27]. During rolling and/or extrusion, a strong texture develops with the basal plane perpendicular to the deformation direction [76,77,78]. This texture tends to retain after recovery and recrystallization annealing [79]. A great deal of work has been dedicated to developing a technological procedure capable of weakening the basal texture and/or reducing the critical resolved shear stresses (CRSS) of the non-basal slip systems. Among those, specific alloying, primarily with Rare Earth elements [80] (with regard to the present work, it should be noticed that the addition of calcium into the Mg-Zn system also weakens the strong basal textures and promotes grain refinement during hot-extrusion of Mg-Zn-Ca and Mg-Zn-Al-Ca alloys due to the particle stimulated nucleation of dynamic recrystallization [81,82]), and imposing shear deformation, e.g., via asymmetrical rolling [83] or ECAP [75,84,85,86] have gained the greatest popularity. Agnew et al. [87,88] have shown that the texture becomes stronger with the increasing number of ECAP-Bc passes. It is commonly observed that, for the route Bc, ECAP deformation involving 90° rotation of the working billet around the longitudinal axis gives rise to the basal fiber, which develops at about 45° to ED, i.e., along the simple shear direction [74,85,89]. It is therefore reasonable that the pole figures observed in the present work for ECAPed specimens, Figure 7a, demonstrate the same features in the distribution of crystallographic poles as those in the cited papers since they are deformed in the same deformation mode.



After rotary swaging, the characteristic ECAP texture changed remarkably. This can be evidently seen from the pole figures shown in Figure 7a (also compare the IPF maps in Figure 3). A strong {0001} basal fiber is observed, as is commonly reported for magnesium after swaging [27]. The {0001} basal plane intensity decreased slightly compared to that after ECAP. As has been noticed by Gan et al. [27], the materials flow during swaging deformation resembles that during multiple axial forging and extrusion of a working billet, whereas the simple shear is the main deformation mode in ECAP [90]. As a result, the predominant basal slip accommodated by twinning deformation gives rise to the strong basal fiber texture, which is very similar to that reported in early publications dealing with the swaging of magnesium alloys [25,26,27]. The dynamic recrystallization is not expected during swaging due to a low processing temperature, while the observed increasing low angle misorientations in the distributions shown in Figure 4b strongly suggest that the strengthening observed after the hybrid ECAP+RS processing is the result of the combined effect of grain refinement and strain hardening due to the dislocation accumulation in the grains. Low swaging temperature hinders both dislocation recovery and recrystallization, promoting dislocation storage in the grains. This is also corroborated by TEM observations discussed below.




3.4. Tem Observations of the Microstructure of the Rotary Swaged Specimens


To get a better understanding of the microstructural factors promoting the greatly enhanced strength of the rotary swaged ZX40 alloy, TEM observations have been performed. The images of the grain microstructure in both longitudinal and transverse directions in Figure 8 clearly show that along with the relatively large grains (still only several micrometers in diameter and which are nicely revealed by the EBSD analysis in Figure 3), there have been many very fine nano-size dislocation-free recrystallized grains with high-angle boundaries distinguishable within larger original grains. The selected area microdiffraction patterns demonstrate the presence of large azimuthal misorientations corresponding to a large number of very small, sub-microcrystalline grains. However, the sub-grains with low angles of misorientation are also clearly visible in the micrographs, as is also suggested from the EBSD analysis of local misorientations. The sizes of many individual grains appear to be in the range of 40–60 nm, which is admittedly very small for magnesium. The increasing fraction of grains of this size in the microstructure obviously contributes to the significant increase in the monotonic and cyclic strength shown in Figure 5 and Figure 6.



Dislocations are distributed non-uniformly. The density of dislocations is noticeably higher in large grains. The dislocations tend to arrange themselves into walls with low-angle misorientations, which are also identified in the EBSD measurements and which give rise to the pronounced peak in the distributions of misorientation angles, Figure 4b. Although twin lamellae of a characteristic lenticular shape are observed sporadically in relatively coarse grains, it should be noticed that the number and volume fraction of the twins is relatively small.



Thus, TEM helps to reveal the fine changes that occurred in the microstructure after hybrid deformation processing through ECAP followed by cold rotary swaging. These factors include the heterogeneous dislocation density with excess dislocation populations in large grains and very low populations in small grains, suppression of mechanical twinning in fine grains, and the formation of a nano-grained structure. It is quite obvious that the key to the further control of the mechanical properties will be a change in the combination of the above factors towards the formation of an even more uniform microstructure and an even more uniform distribution of particles of hardening phases.





5. Conclusions


	(1)

	
Hybrid SPD processing comprised of hot ECAP and cold (room temperature) rotary swaging of magnesium alloys paves a new avenue for the fabrication of nanostructured high strength alloys that benefits from a combined effect of grain refinement down to the nano-scale with dislocation strengthening and texture transformation.




	(2)

	
The nominally low strength Mg Zn-Ca alloys with the fine grain microstructure obtained by hybrid processing demonstrated an excellent combination of tensile and fatigue strength (σ0.2 = 380 and σ−1 = 120 MPa, respectively), exceeding those known for most conventionally processed alloys aimed at biomedical applications, though the ductility has been compromised to some extent. This combination makes these alloys appealing for a wide range of applications where weight saving and/or biocompatibility and biodegradability are of concern.







As a final note, even though biodegradability is a pivotal property for temporary implants, there is still a lot to desire for a slower biodegradability rate. Reducing the materials susceptibility to general corrosion in-vitro through chemical purity and phase composition control is step one to achieving this goal [11,12,67]. Next is the improvement of the overall fatigue performance in air through microstructure optimization by control over grain size, texture, and the distribution of primary and secondary phases. This step is an essential prerequisite for enhancing the corrosion fatigue resistance, which is usually controlled by crack initiation (i.e., by high cycle fatigue properties), and not by crack propagation (i.e., by low-cycle fatigue properties).



Several important issues have not been addressed in the present work, leaving room for further research. The topics which need to be considered include the effect of hybrid processing on the distribution second phases, the mechanism of formation of nano-grains at low homologous temperatures during processing and types of dislocations involved, the effect of post-processing annealing on the deformation behavior and ductility, optimization of the processing route, and, of course, the more detailed and systematic characterization of the corrosion/corrosion fatigue properties, morphology of the corroded surface, and degradation mechanisms in simulated body fluids.
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Figure 1. The microstructure of the ZX40 alloy (0.1 Ca) specimens showing the distribution of second phases. (a) Optical microscopy image of the as-homogenized specimen; (b) SEM image in the back-scattered electron contrast of the specimen after equal-channel angular pressing (ECAP). 
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Figure 2. The X-ray diffraction pattern of the as-cast ZX40 Mg-Zn-Ca alloys with different content of Ca (a) Mg-4Zn-0.16Ca, (b) Mg-4Zn-0.56Ca. 
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Figure 3. Inverse pole figure colored electron backscattering diffraction (EBSD) orientation maps of the alloy ZX40 cross-section normal to the extrusion direction; after (a) ECAP and (b) ECAP+RW processes. The color code is shown in the inset as a standard stereographic triangle for both maps. 
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Figure 4. Distributions of grain sizes (a) and misorientation angles (correlated) between neighboring grains (b) in the ZX40 Mg alloy after hot ECAP and ECAP followed by cold rotary swaging processing (marked on corresponding sub-figures). 
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Figure 5. The tensile stress-curves of ECAPed and ECAP+RS processed ZX40 alloys. The specimen shape and dimensions are shown in the inset. 
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Figure 6. Wöhler S-N diagrams for ECAPed and ECAP+RS processed ZX40 alloys tested in dry air. The specimen shapes and dimensions are shown in the inset. Literature data for the reference ZX20, WE43, and ZK60 alloys (also tested in air) are shown for comparison. 
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Figure 7. Pole figures obtained from EBSD data for the ZX40 Mg alloy after hot ECAP (a) and ECAP followed by cold rotary swaging processing (b). 
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Figure 8. Bright field TEM images and corresponding selected area electron diffraction patterns representing the typical fragments of the microstructure of the ECAP+RS processed specimen; thin foils are obtained from the cross-section perpendicular to the extrusion direction (ED) (a,b); thin foils from the cross-section parallel to ED (c,d); and the arrow in (d) indicates the extrusion direction. 
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Table 1. Mechanical and corrosion properties of bio-degradable Mg-based alloys.
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	Alloy/Composition
	Processing
	d,

μm
	σ0.2,

MPa
	σUTS,

MPa
	εf,

(%)
	σ−1,

MPa
	Nfc
	CR,

mm/year





	ZX40 A/Mg–4.0Zn–0.1Ca
	ECAP, 325 °C
	28 ± 13
	71 ± 4
	265 ± 3
	20 ± 2
	55 ± 3
	1.0 × 105
	4.4 ± 0.2



	ZX40 A/Mg–4.0Zn–0.1Ca
	ECAP+RS
	10 ± 6
	348 ± 5
	381 ± 5
	5.0 ± 0.5
	118 ± 3
	1.7 × 105
	3.0 ±