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Abstract:



The mechanical properties and degradation behavior of both as-cast and extruded Mg(100−7x)Zn6xYx alloys (x = 0.2, 0.4, 0.6, 0.8 at %) were systematically studied in this paper. The results indicated that with the increase in x value, the mechanical properties and corrosion resistance of the Mg(100−7x)Zn6xYx alloys were improved. The extruded Mg95.8Zn3.6Y0.6 alloy exhibited excellent mechanical properties, showing a tensile strength of 320 MPa, yield strength of 240 MPa, and elongation of 16%, which is much higher than that of commercially extruded AZ31 alloy. The weight loss experiment presented a higher degradation rate for the extruded Mg95.8Zn3.6Y0.6 alloy compared with the wrought AZ31 alloy, indicating a good bioactivity and biocompatibility. More detailed and long-term studies for evaluating and further controlling the degradation behavior of Mg–Zn–Y-based alloys remain to be performed.
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1. Introduction


Compared with traditional biomedical titanium alloys and stainless steels, biodegradable magnesium (Mg) alloys are considered as revolutionary bio-metallic materials [1] due to their inherent properties. Firstly, Mg alloys are the lightest metallic structural material in practical application. Secondly, Mg alloys possess similar elastic modulus to human bones which may remit the stress-shielding effect [2]. Thirdly, Mg, with excellent biocompatibility, is an essential element of the human body, in other words, the existence of Mg does not produce any toxic effects. The degradation products of Mg also can be eliminated from the body through urine and sweat. Fourthly, the most attractive advantage of Mg alloys is that it can be completely degraded in the human body, avoiding any requirement for secondary surgery to remove the implant. Their prospective utilizations in medical fields include vascular stent [3], orthopedic implants [4], and tissue engineering scaffold [5]. However, the biggest drawback of Mg alloys is their fast degradation rate [6]. Thus, many attempts have been performed to restrain the degradation rate [7,8]. Alloying method is the most simple and effective method, in which the selection of alloying elements must be non-toxic to organisms. Unfortunately, many widely used commercial Mg alloys such as AZ91 and AZ31 contain the element of aluminum, which is good for strengthening in Mg alloys but acts as a toxic element to that elevates the risk of Alzheimer’s disease [9]. In addition, another problem of Mg is its relatively low mechanical strength and elongation, which retards the applications of Mg alloys as load-carrying implant metals. Hence, one of the primary missions for biomedical Mg exploitation is to assemble Mg alloys with high strength, acceptable elongation, and low degradation rate. Among all the chemical elements, Zn is a potential option as it is non-toxic to organisms. It presents a remarkable strengthening effect on Mg alloys. Mg–Zn alloys containing suitable atom ratios have been proven to have potential for application in biodegradable metals [10]. Furthermore, a small amount of yttrium plays a significant role in modifying the microstructure, mechanical properties, and degradation rate of Mg alloys [11]. In this way, Mg–Zn–Y alloys with proper strength, ductility, and relatively low degradation rate, draw much attention for biomedical applications [12,13].



Tens of literatures related to all kinds of performances of Mg–Zn–Y-based alloys have been published recently [14,15,16,17]. Specifically, a Mg–Zn–Y alloy with Zn/Y atom ratio equal to 6 was developed [18], which presented excellent mechanical properties because of the existence of the thermally stable icosahedral quasi-crystal phase (I-phase) as the only second phase. And, the I-phases decreased the corrosion rate of the alloys in a certain volume fraction range due to its higher corrosion potential than α-Mg [19]. More and more papers [19,20] have verified that a better corrosion resistance of Mg–Zn–Y alloys could be obtained when a single secondary phase existed. In this circumstance, Mg–Zn–Y alloys with various atom ratios and containing an I-phase as the single secondary phase are hoped to be constantly developed. Thus, more studies related to performance evaluation should be carried out. In this work, Mg(100−7x)Zn6xYx alloys (in as-cast and extruded state) with Zn/Y = 6 were prepared. The microstructure, mechanical properties and degradation behavior of the alloys were studied and discussed. This work will not only enrich the research data onto Mg–Zn–Y-based alloys, but also provide the basic evaluation for their potential applications.




2. Materials and Methods


2.1. Materials and Processing


Table 1 represents the nominal composition of the experimental alloys. High purity Mg ingot (99.95 wt %), Zn ingot (99.95 wt %), and Mg-20 wt % Y master alloys were melted in a crucible electric resistance furnace (SG2-5-10A) under protection of SF6/CO2 gas mixture. The melt, stabilized at 720 °C for 30 min, was then poured into a steel mold. The as-cast Mg(100−7x)Zn6xYx ingots were subsequently homogenized at 350 °C for 12 h and cooling in air. After preheating at 310 °C for 10 min, the machined billets with diameter of 60 mm and length of 120 mm were extruded at 310 °C with an extrusion ratio of 16:1 at a ram speed of 1.0 mm·s−1. Commercial as-cast AZ91D and extruded AZ31 with the same extrusion ratio were also prepared for comparison.


Table 1. The nominal compositions of Mg(100−7x)Zn6xYx alloys (at %).





	Sample No.
	X
	Mg
	Zn
	Y





	Alloy 1
	0.2
	98.6
	1.2
	0.2



	Alloy 2
	0.4
	97.2
	2.4
	0.4



	Alloy 3
	0.6
	95.8
	3.6
	0.6



	Alloy 4
	0.8
	94.4
	4.8
	0.8










2.2. Microstructure and Mechanical Properties


The phases were identified by X-ray diffraction (XRD, D8, Bruker, Karlsruhe, Germany) using Cu Kα radiation. The superficial morphologies of the samples were observed using an optical microscope (OM, BX41M, OLYMPUS, Tokyo, Japan) and a scanning electron microscope (SEM, S4800, Hitachi, Tokyo, Japan) equipped with energy-dispersive spectroscopy (EDS). The micro-hardness of samples was tested by a hardness-meter (HB-3000, Caikon, Shanghai, China). Dog-bone-shaped specimens with a gauge length of 80 mm and a diameter of 10 mm were machined for tensile tests. The tensile properties were tested using universal tensile testing machine (WE-10, Sinter, Changchun, China) at ambient temperature starting with a strain rate of 0.5 × 10−3 s−1. In order to exactly present the properties of materials, five samples were examined in every condition. Standard deviation was used for data representation.




2.3. Electrochemical Measurements


Open circuit potential (OCP) curves of the specimens were measured in simulated body fluid (SBF) at 37 ± 1 °C using electrochemical workstation (LK2005A, LANLIKE, Tianjin, China). The chemical composition of the adopted SBF (g/L) [21] is 0.40 KCl, 8.00 NaCl, 0.20 MgSO4·7H2O, 0.09 Na2HPO4·7H2O, 0.19 CaCl2·2H2O, 0.35 NaHCO3, 1.00 glucose, and 0.06 KH2PO4. For all measurements, a three-electrode electrochemical cell was used, in which the sample as the working electrode, a platinum electrode as the counter, and a saturated calomel electrode (SCE) as the reference electrode. OCP curves were collected immediately after the specimens were immersed into the SBF. The testing time lasted for 3000 s.




2.4. Immersion Test


Samples for immersion tests were machined into ϕ15 mm × 4 mm. Before testing, the specimen surfaces were polished to 2000 grit. Degradation tests lasted for 24 h in SBF at 37 ± 1 °C. Photos of the specimens were taken after immersion by digital camera and SEM, respectively. The surface characteristics of the sample after immersion were identified by EDS and Fourier Transform Infrared spectroscopy (FTIR, Vertex 80V, Bruker, Karlsruhe, Germany).





3. Results and Discussion


3.1. Microstructure and Mechanical Properties


XRD analysis (Figure 1) shows that the solidification phases of the as-cast Mg(100−7x)Zn6xYx alloys are mainly α-Mg and I-phase. The relative intensity of the α-Mg diffraction peaks weakens and the I-phase diffraction peaks were gradually enhance with the increase in x value, indicating that the I-phase content gradually increases with greater addition of Y element.


Figure 1. X-ray diffraction (XRD) patterns of experimental alloys.



[image: Metals 08 00261 g001]






Figure 2 reveals SEM images of the as-cast Mg(100−7x)Zn6xYx alloys. The microstructures of the alloys mainly comprise α-Mg matrix and precipitated I-phases. Only α-Mg matrix and grainy I-phase can be obtained when x is 0.2 (Figure 2a). With the enhancement in x value, the volume fraction of the precipitated phases gradually improves. For Alloy 2, a grainy and bacilliform I-phase was dispersed in α-Mg matrix (Figure 2b). When the value of x was greater than 0.6, an increasing lamellar eutectic was formed. This lamellar eutectic can be clearly observed by magnified SEM images (Figure 3a,b). EDS analysis (Figure 3c) on the lamellar phase presents that the Zn:Y atom ratio is close to 5.4, which implies that the lamellar eutectic phase maybe a composite of I-phase and α-Mg phase. When x reached 0.8 (Figure 2d), the primary α-Mg grains were almost completely surrounded by the continuous networks of the lamellar eutectic phase and grainy I-phase. W-phase (Mg3Y2Zn3) and long period stacking order (LPSO, Mg12YZn) phase [22,23,24,25] were not formed in this solidification process based on current testing analysis.


Figure 2. Scanning electron microscopy (SEM) images of as-cast Mg(100−7x)Zn6xYx alloys: (a) Alloy 1, x = 0.2; (b) Alloy 2, x = 0.4; (c) Alloy 3, x = 0.6; (d) Alloy 4, x = 0.8.
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Figure 3. (a) SEM images of as-cast Alloy 3; (b) SEM morphology of lamellar eutectic marked by rectangle A in (a); (c) EDS analysis of lamellar eutectic marked by rectangle B in (b).
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Figure 4 shows the optical microstructures of Alloy 3 and Alloy 4 (transverse sections) before and after hot extrusion. The microstructures of the extruded alloys show much finer grains compared to that of their as-cast counterparts. Lot of particle phases are observed in Figure 4b,d, whereas different eutectic phases was generated in Figure 4a,c, which means that bacilliform phases were crushed into small particle phases during hot deformation. Due to the higher Y content and finer initial grain size of the as-cast Alloy 4 compared with Alloy 3, the corresponding grain of extruded Alloy 4 is much finer.


Figure 4. Optical microstructure of Mg(100−7x)Zn6xYx alloys: (a) as-cast Alloy 3; (b) extruded Alloy 3; (c) as-cast Alloy 4; (d) extruded Alloy 4.
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Figure 5a shows the micro-hardness test results of the studied alloys. With the increase in x value, the micro-hardness of the as-cast alloys increases, implying that the micro-hardness of the alloys gradually increases with more I-phase content. In addition, the micro-hardness value grows quickly when the value range of x changes from 0.2 to 0.6, but this increase becomes slow when the x value increases from 0.6 (HV76) to 0.8 (HV80). This tendency can be ascribed to the effect of grain refinement and ever-increasing strengthening phase (I-phase). After extrusion, the micro-hardness of the extruded alloys is lower than that of the corresponding as-cast alloys. A weakened strengthening effect from the broken I-phases may be the possible reason for this phenomenon. Figure 5b compares the micro-hardness value of I-phase-bearing Alloy 3 with other Mg alloys. It shows that the Alloy 3 with I-phase built-in represents higher micro-hardness than that of AZ31 alloy both in the as-cast state and extruded state, indicating the superiority of Mg95.8Zn3.6Y0.6 compared to commercial Mg alloys.


Figure 5. Micro-hardness of the experimental alloys: (a) Alloy 1–4; (b) Alloy 3 and commercial AZ31 and AZ91D alloys in various states.
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Figure 6 summarizes the mechanical properties of all the experimental alloys. It is shown that the mechanical properties (including elongation, yield strength, and tensile strength) of the extruded alloys are superior to their corresponding as-cast alloys. With the increase in x value, the extruded alloys present dramatically enhanced mechanical properties, demonstrating that the mechanical properties of the extruded alloys are strongly affected by the content of I-phase. In particular, the mechanical properties of extruded Alloy 3 and Alloy 4 are superior to that of extruded AZ31 alloy, showing the advantage of the as-obtained alloys in terms of mechanical properties. In consideration of cost, the lower the content of rare earth element Y, the better cost-efficiency can be obtained. When the balance of cost and performance is taken into mind, the extruded Alloy 3 (320 MPa, 240 MPa, and 16% for tensile strength, yield strength, and elongation rate, respectively) is highly recommended for the following corrosion tests.


Figure 6. Mechanical properties of the experimental alloys.



[image: Metals 08 00261 g006]







3.2. Electrochemical and Degradation Behavior


OCP curves of the four as-cast alloys in SBF are recorded for 3000 s, and their evolution with time is displayed in Figure 7a. During the primary immersion (2 min), the OCP of as-cast Mg(100−7x)Zn6xYx alloys increase clearly with time. After 2 min, with fluctuations in certain extent, the OCPs of the four alloys finally become stable. The stabilization potentials of Alloy 1–Alloy 4, namely the active state dissolution potentials, are −1.63425, −1.56276, −1.53023, and −1.51783, respectively. It reveals that the OCP of the as-cast alloys rise greatly with the increase in x value. Generally, the corrosion resistant property of Mg alloys is mainly dependent on their chemical composition. However, Y has a standard electrochemical potential (−2.37 V) equal to that of Mg (−2.37 V). Zn has a standard electrochemical potential (−0.76 V) above that of Mg. So, the OCP of Mg(100−7x)Zn6xYx alloys are mainly dependent on the content of Zn. Additionally, Zn, Y, and Mg elements make up a new second phase (I-phase) in Mg(100−7x)Zn6xYx alloys. Actually, the variation on the volume fraction of I-phase also determines the OCP of the Mg(100−7x)Zn6xYx alloys. As seen in Figure 2a–d, the volume fraction of I-phase changed only a little between Alloy 3 and Alloy 4. Therefore, the OCP of Alloy 3 and Alloy 4 are very closely. Figure 7b compares OCP of Alloy 3 to contrast materials. It can be seen that the OCP is similar between extruded and as-cast Alloy 3, which implies the hot extrusion process did not affect the stabilization potentials for Alloy 3 and the stable I-phase was not transformed in this process. That is because the reaction to L → α-Mg + I-phase occurs at about 400 °C [26] and the extrusion temperature was only at 310 °C, which cannot trigger the reaction. Moreover, it can be seen that the OCP of the extruded AZ31 alloy is the highest in the tested materials, indicating that good corrosion resistance and lower degradation rate has been achieved in our material.


Figure 7. Open circuit potential (OCP) curves of different alloys in SBF (simulated body fluid) solution: (a) as-cast Mg(100−7x)Zn6xYx alloys; (b) Alloy 3 and contrast alloys.
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Figure 8a shows the macroscopic images of Mg(100−7x)Zn6xYx alloys after immersing in SBF for 24 h. As shown from the images, the as-cast alloys present relatively uniform corrosion, while the extruded alloys show clearly localized corrosion. With more addition of Y, the corrosion resistance of the as-cast alloys improves gradually. Two zones, including a deep corrosion zone and a shallow corrosion zone, constitute the surfaces of corroded alloys. Figure 8b,c represent deep corrosion zone of as-cast and extruded Alloy 3, respectively. Though the corrosion seems to occur at limited areas for extruded Alloy 3, it shows deeper eroding pits (300–500 μm in depth) than the as-cast alloy (200–300 μm in depth). The shallow corrosion zones of as-cast and extruded Alloy 3 are displayed in Figure 8d,e, respectively. Lots of corrosion products and superficial cracks can be seen in the shallow corrosion zone of as-cast Alloy 3, while very few products and cracks can be found in the shallow corrosion zone of extruded Alloy 3. As a result, compared with as-cast alloys, the extruded alloys present more shining surfaces after corrosion.


Figure 8. Macroscopic and SEM images of Mg(100−7x)Zn6xYx alloys after immersing in SBF for 24 h: (a) macroscopic photos; (b–e) magnified images of areas marked in (a), (b–e) represents areas A–D, respectively.
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The weight loss of different alloys after corrosion is shown in Figure 9. It is shown in Figure 9a that with the increase in x, the weight loss for both as-cast alloys and extruded alloys reduces sharply. In addition, the extruded alloy shows a little higher weight loss compared to the as-cast alloy with the same composition. The weight loss of commercial as-cast AZ91D and extruded AZ31 can be acquired in Figure 9b. The as-obtained Alloy 3 shows higher weight loss than these commercial alloys, indicating a higher degradation rate of the material in the testing time. This tendency different from the OCP results, suggesting further testing with longer time is needed.


Figure 9. Weight loss of different alloys in SBF solution for 24 h: (a) experimental alloys; (b) Alloy 3 and contrast alloys.
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Figure 10 shows SEM micrographs of extruded Alloy 3 after immersing in SBF for 24 h. As seen in Figure 10a–c, only the local region was eroded after immersion. Plentiful corrosion products were generated on these limited local regions. EDS results (Figure 10d) show that area E in Figure 10c was rich in calcium, oxygen, magnesium, and phosphorus, accompanied by little chloride. The Ca/P atom ratio is close to 1:1, indicating calcium phosphates were possibly created. In general, when Mg is exposed to aqueous solution, the following reaction will take place [27]:


Mg + 2H2O → Mg2+ + 2OH− + H2



(1)






Figure 10. (a–c) SEM micrographs of extruded Alloy 3 after immersing in SBF solution for 24 h; (d) EDS analysis of area E in (c).
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As a result, bubbles come out in the corrosion process and parts of Mg will dissolve in solution, resulting in pits on the surfaces. Moreover, some insoluble phosphates will be generated through the following reaction, which has been reported by many studies [28]:


Mg2+ (or Ca2+) + OH−+ HPO42− + (n − 1) H2O → Mg(or Ca)x·(PO4)y·nH2O



(2)







For biomedical orthopedic applications, hydroxyapatite or calcium-phosphate coatings with various types are generally significant, and such coatings have been proven to have excellent bioactivity and biocompatibility [29,30]. Therefore, extruded Alloy 3 exhibits a high biocompatibility and bioactivity. In addition to being beneficial to biocompatibility, Ca–P coatings influence the corrosion rate of Mg [29,30]. With an increasing volume fraction of Ca–P coatings, the corrosion rate of extruded Alloy 3 may slightly slower, resulting in a low degradation rate of the alloy. More detailed and longer-term studies are now under way.



Figure 11 shows the superficial FTIR spectrum of the extruded Alloy 3 after immersing in SBF solution at 310 K for 1, 3, and 7 days, respectively. The absorption peaks of the spectra located at green areas are allocated to the phosphate group, which is related to one type of apatite [31]. The minor carbonate group is affirmed by the peaks at the yellow area [32]. In addition, the broad absorption peaks at the blue areas are representative of bound water or a hydration layer associated with apatite [33]. As a result, the above tests reveal that the degradation products at the alloy surface are carbonate apatite mixed with Mg(OH)2 [34]. It is observed that the peak intensity of phosphate groups increases greatly with extension of the immersion time, meaning that the amount of the apatite increases with the increase in immersion time. All the tests present good biocompatibility and bioactivity of the extruded Alloy 3.


Figure 11. Superficial FTIR (Fourier Transform Infrared spectroscopy) of the extruded Alloy 3 immersed in SBF at 310 K for 1, 3, and 7 days, respectively.
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4. Conclusions


In summary, a series of Mg(100−7x)Zn6xYx alloys with Zn:Y ratio of 6 were prepared. With the increase in x value, the mechanical properties (including micro-hardness, tensile strength, yield strength, and elongation rate) of Mg(100−7x)Zn6xYx alloys (in both as-cast and extruded state) improved, while the degradation rates reduced gradually. Compared with extruded AZ31 alloy, the extruded Mg95.8Zn3.6Y0.6 alloy (Alloy 3) exhibited better mechanical properties and higher degradation rate (in 24 h), showing potential for biomedical application. However, the long-term degradation behavior and comprehensive evaluation of related alloys still require investigation.
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