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Abstract

:

The use of zinc (Zn) alloys as a biodegradable metal for medical purposes has been a popular research topic. This study investigated the strengthening mechanism of Zn alloys to enhance their mechanical properties. Three Zn-0.45Li (wt.%) alloys with different deformation amounts were prepared by rotary forging deformation. Their mechanical properties and microstructures were tested. A simultaneous increase in strength and ductility was observed in the Zn-0.45Li alloys. Grain refinement occurred when the rotary forging deformation reached 75.7%. The surface average grain size reached 1.19 ± 0.31 μm, and the grain size was uniformly distributed. Meanwhile, the maximum elongation of the deformed Zn-0.45Li was 139.2 ± 18.6%, and the ultimate tensile strength reached 426.1 ± 4.7 MPa. In situ tensile tests showed that the reinforced alloys still broke from the grain boundary. Continuous and discontinuous dynamic recrystallization during severe plastic deformation produced many recrystallized grains. During deformation, the dislocation density of the alloy first increased and then decreased, and the texture strength of the (0001) direction increased with deformation. Analysis of the mechanism of alloy strengthening showed that the strength and plasticity enhancement of Zn-Li alloys after macro deformation was a combination of dislocation strengthening, weave strengthening, and grain refinement rather than only fine-grain strengthening as observed in conventional macro-deformed Zn alloys.
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1. Introduction


Zinc (Zn) is a nutrient for developing the immune organ thymus. Only adequate Zn intake can effectively ensure thymus development, normal differentiation of T lymphocytes, and promote cellular immune function [1]. Zn meets the safe range of metal ions that can be absorbed by the human body and gradually corrodes medical materials. As a medical degradable metal, Zn and its alloys have a more suitable degradation rate than magnesium- and Ferume-based alloys. Zn also has good biocompatibility [2,3,4,5]. Therefore, Zn alloys are currently used in biodegradable implants, such as vascular stents [6,7], gastrointestinal anastomosis staples [8], and bone plates [9]. However, Zn’s mechanical properties and machinability are relatively poor due to its crystalline structure (hexagonal close-packed) [4,10]. Current research is dedicated to improving the mechanical properties of Zn alloys, which is usually realized by adding different elements to Zn alloy via casting to create binary and multiple alloys such as Zn-Mn [2], Zn-Cu [11], and Zn-Mg [12]. Among all the elements, lithium (Li) is particularly effective in increasing the strength of Zn alloys; the strength of Zn-Li alloys is comparable with that of pure titanium and stainless steel [13,14]. Zhao et al. [15] found that the yield strength of Zn alloy can be increased by 2–2.5 times by adding 0.1 wt.% Li to the medium pure Zn. Sun et al. [16] confirmed in the experiment that the mechanical properties of Zn-0.5Li alloy rib plate are comparable with those of pure titanium. Li is also one of the elements required for human health. It regulates the central nervous system and strengthens the body’s resistance. However, the cast plasticity of cast Zn-Li alloys is poor at room temperature [14]. Alloys with low plasticity and poor processability cannot be modified for processing as medical implant devices.



The most common method to improve the plasticity of alloys is grain refinement. Huang et al. [17] fabricated fine-grained Zn-Al alloys by Zn-Al master alloy and hot rolling. Fine-grained Zn-Al alloys have good mechanical strength and corrosion rate. Wiktor et al. [18] prepared Zn alloys with micron-sized grains through equal channel angular pressing (ECAP) of Zn alloys with the addition of Ag, Cu, and Mn (0.5 at.%) to the Zn matrix. They investigated the changes in the microstructure and mechanical properties of the deformed Zn alloys were investigated. The results showed that ECAP significantly increases the elongation of the alloy but does not increase its ultimate tensile strength. Ultrafine-grain alloys have high strength, good plasticity matching, high wear resistance, and good biocompatibility [19,20]. Guo et al. [3] prepared an ultrafine crystalline Zn-Mn alloy with an average grain size of 0.35 ± 0.29 μm via multi-pass drawing. Its elongation can reach 236.2%. The Zn-0.5Mn alloy relies mainly on the second phase for grain refinement. It can achieve ultra-high plasticity after grain refinement, but its strength decreases with increasing elongation. Yang et al. [21] proved that Zn-Al and Zn-Cu alloys with ultrafine grains exhibit processing softening behavior. Although grain refinement effectively improves plastic forming properties, it can cause problems, such as process softening. During the plastic deformation of Zn alloys, the increase in deformation increases crystal defects and instability of the alloy and lowers the minimum recrystallization temperature. Process softening occurs during alloy recrystallization [22,23]. In addition, Zn-Mg alloys are less regular and show a decrease in elongation with decreasing grain size. Still, the regularity of this behavior is weak and sometimes even contrary to what is expected. Strength retention and plasticity enhancement for Zn alloys have become important research directions in biodegradable metals.



In this study, high-strength Zn-Li alloy was processed by rotary forging. A grain-refined Zn-Li alloy was then obtained, and the plasticity improvement and suppression of the processing softening of the Zn alloy were realized. This work can guide the application of Zn-Li alloys as medical biodegradable metals.




2. Materials and Methods


2.1. Materials and Processing


The Zn-0.45Li alloy used in this study was melted in an induction furnace using pure Zn (99.99 wt.%) and Li (99.99 wt.%) under Ar gas protection through the following steps. First, 85% pure Zn and Li were placed in the induction furnace and heated to 650–700 °C. After melting, the remaining Zn and Li were added and stirred continuously to mix well and remove the slag. Second, the molten alloy was held for 40 min with constant stirring, and the impurities were removed during the holding period. Third, the molten alloy was poured into a mold with a diameter of 60 mm. The ingots were shaped into blocks with 50 mm diameter and formed into bars with 11 mm diameter via hot extrusion. The hot extrusion temperature was 220 °C, and the extrusion ratio was 20:1. Lastly, the Zn-0.45Li bars were rotary-forged several times at a speed of 1 mm/s at room temperature. The deformation in each step was <18%. Coolant was used to cool the sample and increase surface lubrication during rotary forging. The solid bars obtained by rotary forging using a rotary forging machine exhibited total deformation rates of 6.2% (10.85 mm diameter), 58.1% (7.25 mm diameter), and 75.7% (5.52 mm diameter) under the extruded condition. For convenience, the 6.2%, 58.1%, and 75.7% deformation bars were labeled as R1, R2 and R3 alloys, respectively. Total deformation (Rp):


Rp = (ST − Sa)/ST × 100%



(1)




where ST is the cross-sectional area of the extruded bar, and Sa is the cross-sectional area after rotary forging.



The alloy chemical composition was analyzed by inductively coupled plasma emission spectrometry (PE Optima 2100DV), an important method of qualitatively and quantitatively analyzing trace elements. A powder of 0.2 g ± 0.001 g was removed from the center of a Zn-0.45Li alloy bar and dissolved in 6 mL of hydrochloric acid and 2 mL of nitric acid. After the complete reaction, the powder was fixed in a 100 mL steel volumetric flask and tested to obtain the specific composition of the prepared alloy. The content of Li element in Zn-Li alloy is 0.4388 (wt.%), and the balance is Zn element.




2.2. Microstructural Characterization and Composition Analysis


The phases of the alloys were determined by scanning electron microscopy (SEM, FIE Sirion 200) and X-ray diffraction (XRD, BRUKER AXS). XRD was performed using CuKα radiation (λ = 1.540562 Å). The scanning speed was 0.025°/s, and the scanning range was 20–90° with a step size of 0.02°. An in-situ stretching experiment was conducted under SEM observation, and a scanning electron microscope was used to observe the change in the microstructure of the sample under stretching conditions. In addition, electron backscatter diffraction (EBSD, Nordly max3) and transmission electron microscopy (TEM, Talos F200x) were performed to examine the microstructure and morphology of the alloys. The samples used for the EBSD measurements were carefully ground on silicon carbide paper with more than 2000 mesh. EBSD samples were prepared by electrolytic polishing under Fischione 1061 ion plane polishing treatment. In particular, 6 KV was used for 1 h, followed by 4 KV for 30 min. In situ tensile samples of 14 mm length and 1 mm thickness were cut out of the alloy bars.



In situ tensile samples of 14 mm length and 1 mm thickness were cut out of the alloy bars. The in situ stretched samples were fixed on the insitu stretching table and observed continuously by SEM.



A TEM specimen disk with a diameter of 3 mm and a thickness of 150 μm was cut from the sample surface. Grinding was performed using 2000 mesh silicon carbide sandpaper. The sample was ground to a thickness of 30–50 μm and then ion-milled and polished with Gatan 691 at a low angle to prepare electron transparent areas on the sample. The sample was bombarded at two angles, 15° and 8°, with the voltage set to 4 and 3.5 KV, and then perforated to form the thin zone required for observation. TEM was performed at an accelerating voltage of 200 KV.




2.3. Measurement of Tensile Properties


The sample used to measure tensile properties was processed into a dog bone shape with a standard distance of 28.0 ± 0.1 mm and a diameter of 5 mm. Mechanical tests were performed with a desktop electronic universal testing machine (MTS 100 KN). In accordance with ISO6892-1, three experiments were conducted for each group of samples under room temperature conditions. The crosshead speed of the universal material testing machine was 1 mm/min [24]. Due to the large elongation of the alloy, an extensometer was not used in the test. Instead, SEM was used to examine the fracture morphology of the tensile specimens.



Ultimate tensile strength (UTS) is the maximum stress the material can withstand before fracturing under external force. Elongation is the percentage of the total deformation ΔL of the standard distance section after the tensile fracture of the sample to the original standard distance length L.





3. Results


Figure 1a shows the engineering stress–strain curves of the Zn-0.45Li alloy after several rotary forging deformations at room temperature. The mechanical properties of the Zn-0.45Li alloy were remarkably enhanced after rotary forging deformation. The maximum elongation at break of the R1 alloy was 40.6 ± 0.4%, and the ultimate tensile strength (UTS) was 380.2 ± 7.5 MPa. The elongation and tensile strength of the Zn-0.45Li alloy increased with the deformation amount. The maximum elongation of the R3 alloy was 139.2 ± 18.6%, and its UTS reached 426.1 ± 4.7 MPa. Its elongation at break increased considerably by 98.6%, and its UTS increased by 45.9 MPa.



Figure 1b shows the tensile fracture morphology of the alloy. The fracture exhibited necking, and the fracture morphology showed a typical ductile fracture. The number of ductile nests increased gradually with the increase of rotary forging deformation. The R3 alloy had the smallest size of reduced neck and dimples.



Figure 2a shows the XRD patterns of alloys R1, R2 and R3. The Zn-Li alloy had an HCP structure with a phase composition of Zn (a = 2.665 Å, c = 4.947 Å, c/a = 1.86) and LiZn4 (a = 2.771 Å, c = 4.379 Å, c/a = 1.58). This finding agrees with the Zn-Li phase diagram and other findings [25,26]. The diffraction intensity of (100) and (102) crystal planes of Zn grains decreased when the deformation increased. The diffraction intensity of the (101) plane increased first because of the growth of grains with this plane. Then, the diffraction intensity of the (101) plane decreased due to grain refinement. The increase in the amount of deformation did not change the content of the second phase. However, the height of the diffraction peak slightly changed, possibly due to grain refinement, grain rotation, or recrystallization during deformation. Figure 2b shows the SEM microstructure of the R1 alloy. The microstructure comprised elliptical Zn grains and needle-like α-LiZn4 [27,28]. This observation is consistent with the XRD results.



Figure 3 shows the grain sizes obtained by EBSD for R1, R2 and R3 alloys at the center and surfaces of the cross-section. The average grain size at the center of R1 alloy was 2.02 ± 1.13 μm, and that at the center of R3 alloy was 1.18 ± 0.45 μm. The grain size at the surfaces of these alloys decreased and then increased the deformation. As a result, the surface grain size of R3 was slightly larger than R2. The average grain size at the surface of R2 alloy was 1.16 ± 0.37 μm, and that at the surface of R3 alloy was 1.19 ± 0.31 μm. The surface grain size of R3 was slightly larger than R2, probably due to recrystallization. In general, the grain size distribution of R3 shifted to the left and tended to be narrower than those of R1 and R2, indicating that the grain size of R3 is relatively uniform. However, grain size comparison between the center and surface showed that the grain size increased first at the surface of R3 during grain refinement.



Since recrystallization consumes the stored energy, recrystallization occurs first, where the stored energy is sufficient. During deformation, deformation energy storage occurs inside the grain, placing the grain system in an unstable state. The greater the degree of deformation, the more defects form inside the metal and the more unstable the overall organization. As a result, recrystallization temperature decrease. Recrystallization occurs when the deformation amount reaches a certain level. During extrusion, the surface of the workpiece is subjected to a large external force, and its surface energy storage is large. Therefore, recrystallization occurs first at the part where the energy storage is large [29]. After recrystallization, new grains with low energy storage in the microstructure are formed, and the grains are uniform and continuous equiaxial crystallization. Hence, the grain size increases first at the surface of R3, and the grain size distribution narrows.



Figure 4 shows the microstructure and texture evolution of R1, R2, and R3 alloys. The microstructure of the Zn-Li alloy can be visualized from the diagram, and the grain size showed a decreasing trend with increasing deformation. The grains of hot-extruded R1 alloy were not uniform, with large and small grains and elongated, deformed grains. The R2 alloy was mainly composed of small grains formed after the fracture of large grains. The R3 alloy had a uniform structure and equiaxial recrystallization of grains. As a metal with an HCP structure, the texture of Zn alloy plays a key role in its mechanical properties. According to the pole plot, the (0001) texture was dominant in all Zn-0.45Li alloy samples. The texture strength of the R1 alloy was 16.43. The texture strength of R3 increased from 16.43 to 45.63. Metal material usually forms a strong texture during plastic deformation. Texture strengthening can improve the strength of magnesium, titanium alloys and copper alloy [30,31,32,33]. Therefore, increasing texture strength after forging may enhance the strength of the Zn-0.45Li alloy.



Figure 5a shows the in situ stretching observation site. According to the in situ tensile diagram (Figure 5), R1, R2 and R3 alloys, all produced cracks along the grain boundaries when stretched in situ. The final fracture was at the grain boundary.



As shown in Figure 6, recrystallized grains, substructured grains and deformed grains coexisted in the R1 alloy. With the increase in deformation, the large and sub-structured grains were broken. Hence most of the sub-structured grains in the R2 alloy disappeared, and the proportion of deformed grains increased dramatically. At this time, the proportion of recrystallized grains in the R3 alloy increased substantially, and the grains were uniform and exhibited continuous isometric crystallization (Figure 4). Recrystallization consumed the stored energy [29], so the deformed grain grew to a regular shape. The size of the recrystallized grains was highly related to the deformation degree and the size of the original grains. The greater the deformation degree, the smaller the size of the new grains after recrystallization and the more uniform their distribution [34,35]. No notable decrease in grain size was observed from R2 to R3 during rotary forging deformation, possibly due to the recrystallization that occurred during the continuous plastic deformation.




4. Discussion


The second phase has a key influence on grain refinement. During the grain refinement of Zn alloys, the second phase exerts a pinning effect at grain boundaries, stabilizing them and inhibiting the growth of newly refined grains [2,3]. As a result, during the plastic deformation of Zn alloys, the grain size decreases and the strength of the alloy changes. The relationship between the strength of the alloy and the grain size can be calculated from the Hall–Petch equation as follows [36]:


   σ s   =     σ 0     + kd      − 1  2    ,  



(2)




where σs is the alloy yield strength, σ0 is roughly equivalent to the yield strength of a single crystal, d is the grain diameter, and k is a constant associated with the grain boundary. According to the Hall–Petch equation, the finer the grain diameter d during plastic deformation of the alloy, the higher the yield strength σ. In addition, the plastic toughness of the material will not decrease. For most metallic materials, grain refinement can improve strength. For example, magnesium alloys, copper alloys and CoCrFeNi high entropy alloys [37,38,39]. However, the relationship between grain size and strength of Zn alloys does not exactly follow the rule. The strength of the Zn alloy increases when the manganese content in the Zn-Mn alloy is increased to refine the grain [2]. It has been found that for Zn alloys refining the extruded Zn-Mn, Zn-Cu, and Zn-Ag alloys by stretching and ECAP did not increase their strength [3,18]. When grain refinement occurs in the same area, the smaller the grains, the more grain boundaries and the higher the resistance. When the area of grain boundaries increases, they impede the movement of dislocations. Grain boundaries can limit plastic deformation to a certain extent; deformation occurs in multiple grain boundaries, so plastic deformation is homogeneous [38,40]. The grain size tends to be uniformly distributed in the surface areas of the R3 alloy, although a slight increase in the grain size is observed. As a result, the elongation of the R3 alloy is significantly increased. The main contribution of grain refinement to the Zn-Li alloy is the increase in plasticity.



The correlation between the dislocation density and the integrated mechanical properties is consistent with the increase in alloy strength. The dislocation density is proportional to the strength and hardness of the sample [41,42]. The dislocation population generated near the grain boundaries generates a reaction force in the grain, which increases with the number of dislocations. When a certain value is reached, the dislocation source stops initiating, and the crystal strengthens significantly. The dislocation density in the material increases with plastic deformation, so we calculate the dislocations by kernel average misorientation (KAM). KAM indicates the local strain distribution in a crystalline material. KAM is a core of 24 nearest neighboring points, which assigns a scalar value to each point, indicating its local orientation difference. The KAM map obtained in EBSD can be used to calculate the geometric dislocation density and thus determine the state of the material stress distribution during the deformation process. The density of dislocations in a material can be quantified by KAM using the following equation [43,44]:


   ρ  GND   =   2 Δ δ    μ b    ,  



(3)




where    ρ  GND     is the geometrically necessary dislocation (GND) density of the measured point,  Δ δ indicates the local orientation error, μ is the unit length of the point, and b indicates the Burgers vector whose magnitude is a constant of Zn [2]. The local orientation error is calculated as:


  Δ  δ =   1 n   ∑   j = 1   n     δ j  −  δ i    ,  



(4)




where    δ j    is the local KAM value at point j,    δ i    is the local KAM value at point i, and n represents the number of points in the test area. When the threshold angle is set to 5°, the dislocation density of R1 is calculated as 3.32 × 1014 m−2, that of R2 is 4.63 × 1014 m−2, and that of R3 is 3.64 × 1014 m−2.



The trend of dislocation density is increasing and then decreasing, and the rate of dislocation density of R3 alloy is greater than that of R1. The significant grain refinement, accompanied by a significant increase in KAM values during the early stages of spin-forging deformation, is responsible for the increase in deformed grains and the decrease in grain size. This phenomenon indicates a significant accumulation of dislocations in the material after the spin-forging deformation of R1 to R2 alloy. The low KAM values of the spin-forged deformed samples are mainly concentrated inside the grains, and the high KAM values are mainly located at the boundaries around the grains. Thus, dislocation evolution plays a crucial role in the nucleation and growth of DRX grains by stimulating nucleation, consuming dislocations and mitigating deformation. The sub-boundaries formed by these dislocations stimulate the refinement of the original grains into deformed grains. With increasing deformation, the KAM of R3 alloy decreases compared with that of R2 because the proportion of R3 recrystallization increases. Recrystallization consumes some of the dislocations [45]. In addition, the grain size increases slightly due to the synergistic depletion effect of continuous DRXed and dynamic recovery. The dislocations are observed by TEM, as shown in Figure 7. Due to the interaction between dislocations in the alloy (stacking, entanglement), the dislocations cannot continue moving, and the deformation resistance increases [46]. As a result, the strength of the R3 alloy increases. In terms of plasticity, the effect of dislocations on the plasticity of R3 alloys is weaker than the influence of grain refinement. Therefore, the elongation of the R3 alloy maintains an increasing trend. Existing studies confirmed that the strengthening of Zn-Li alloys is a combination of fine lamellar organization consisting of Zn and LiZn4 and precipitation strengthening [14]. However, the present work found that the texture strength and dislocations are also enhanced. Therefore, the strength and plasticity enhancement of Zn-Li alloys after macro deformation combines dislocation strengthening, texture strengthening, grain refinement, and precipitation strengthening, rather than only fine grain strengthening, as observed in conventional macro-deformed Zn alloys.




5. Conclusions


This study investigated Zn-0.45Li alloys with different amounts of rotary forging deformation. As a result, the following conclusions were obtained.



	(1)

	
Grain refinement becomes highly pronounced with increasing deformation. However, the slightly larger grain size on the surface of R3 than that on the surface of R2 is due to recrystallization.




	(2)

	
The strength and ductility of the Zn-0.45Li alloy were improved simultaneously after rotary forging deformation.




	(3)

	
In all the Zn-0.45Li alloy samples, the (0001) texture is dominant. The texture strength in the (0001) direction increases deformation. Therefore, the increase in texture strength after rotary forging improves the strength of Zn-0.45Li alloy.




	(4)

	
The strength and plasticity enhancement of Zn-Li alloys after macro deformation was a combination of dislocation strengthening, weave strengthening, and grain refinement rather than only fine grain strengthening as observed in conventional macro deformed Zn alloys.











Author Contributions


Conceptualization, Y.Z.; Methodology, F.D. and Z.S.; Software, C.X.; Validation, F.D.; Formal analysis, Q.Z.; Investigation, X.Z.; Resources, W.S.; Data curation, F.D.; Writing—original draft, F.D.; Writing—review & editing, P.G. and L.Y.; Visualization, F.D.; Supervision, Z.S.; Project administration, L.Y.; Funding acquisition, L.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the National Key R&D Program (2019YFE0118600).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Plum, L.M.; Rink, L.; Haase, H. The essential toxin: Impact of zinc on human health. Int. J. Environ. Res. Public Health 2010, 7, 1342–1365. [Google Scholar] [CrossRef]

	



Zhu, X.; Ren, T.; Guo, P.; Yang, L.; Shi, Y.; Sun, W.; Song, Z. Strengthening mechanism and biocompatibility of degradable Zn-Mn alloy with different Mn content. Mater. Commun. 2022, 31, 103639. [Google Scholar] [CrossRef]

	



Guo, P.; Li, F.; Yang, L.; Bagheri, R.; Zhang, Q.; Li, B.Q.; Cho, K.; Song, Z.; Sun, W.; Liu, H. Ultra-fine-grained Zn-0.5Mn alloy processed by multi-pass hot extrusion: Grain refinement mechanism and room-temperature superplasticity. Mater. Sci. Eng. A 2019, 748, 262–266. [Google Scholar] [CrossRef]

	



Mostaed, E.; Sikora-Jasinska, M.; Drelich, J.W.; Vedani, M. Zinc-based alloys for degradable vascular stent applications. Acta Biomater. 2018, 71, 1–23. [Google Scholar] [CrossRef] [PubMed]

	



Shao, X.; Wang, X.; Xu, F.; Dai, T.; Zhou, J.G.; Liu, J.; Song, K.; Tian, L.; Liu, B.; Liu, Y. In vivo biocompatibility and degradability of a Zn–Mg–Fe alloy osteosynthesis system. Bioact. Mater. 2022, 7, 154–166. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, J.; Huang, H.; Niu, J.; Zhu, D.; Yuan, G. Fabrication and characterization of biodegradable Zn-Cu-Mn alloy micro-tubes and vascular stents: Microstructure, texture, mechanical properties and corrosion behavior. Acta Biomater. 2022, 151, 647–660. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, C.; Li, H.-F.; Yin, Y.-X.; Shi, Z.-Z.; Li, T.; Feng, X.-Y.; Zhang, J.-W.; Song, C.-X.; Cui, X.-S.; Xu, K.-L. Long-term in vivo study of biodegradable Zn-Cu stent: A 2-year implantation evaluation in porcine coronary artery. Acta Biomater. 2019, 97, 657–670. [Google Scholar] [CrossRef] [PubMed]

	



Guo, H.; Hu, J.; Shen, Z.; Du, D.; Zheng, Y.; Peng, J. In vitro and in vivo studies of biodegradable Zn-Li-Mn alloy staples designed for gastrointestinal anastomosis. Acta Biomater. 2021, 121, 713–723. [Google Scholar] [CrossRef]

	



Jia, B.; Yang, H.; Zhang, Z.; Qu, X.; Jia, X.; Wu, Q.; Han, Y.; Zheng, Y.; Dai, K. Biodegradable Zn–Sr alloy for bone regeneration in rat femoral condyle defect model: In vitro and in vivo studies. Bioact. Mater. 2021, 6, 1588–1604. [Google Scholar] [CrossRef]

	



Yue, R.; Zhang, J.; Ke, G.; Jia, G.; Huang, H.; Pei, J.; Kang, B.; Zeng, H.; Yuan, G. Effects of extrusion temperature on microstructure, mechanical properties and in vitro degradation behavior of biodegradable Zn-3Cu-0.5 Fe alloy. Mater. Sci. Eng. C 2019, 105, 110106. [Google Scholar] [CrossRef]

	



Ren, H.; Pan, C.; Liu, Y.; Liu, D.; He, X.; Li, X.; Sun, X. Fabrication, in vitro and in vivo properties of porous Zn–Cu alloy scaffolds for bone tissue engineering. Mater. Chem. Phys. 2022, 289, 126458. [Google Scholar] [CrossRef]

	



Liu, S.; Zhan, H.; Kent, D.; Tan, Q.; Yin, Y.; Doan, N.; Wang, C.; Dargusch, M.; Wang, G. Effect of Mg on dynamic recrystallization of Zn–Mg alloys during room-temperature compression. Mater. Sci. Eng. A 2022, 830, 142243. [Google Scholar] [CrossRef]

	



Dai, Y.; Zhang, Y.; Liu, H.; Fang, H.; Li, D.; Xu, X.; Yan, Y.; Chen, L.; Lu, Y.; Yu, K. Mechanical strengthening mechanism of Zn-Li alloy and its mini tube as potential absorbable stent material. Mater. Lett. 2019, 235, 220–223. [Google Scholar] [CrossRef]

	



Li, Z.; Shi, Z.-Z.; Hao, Y.; Li, H.-F.; Liu, X.-F.; Volinsky, A.A.; Zhang, H.-J.; Wang, L.-N. High-performance hot-warm rolled Zn-0.8 Li alloy with nano-sized metastable precipitates and sub-micron grains for biodegradable stents. J. Mater. Sci. Technol. 2019, 35, 2618–2624. [Google Scholar] [CrossRef]

	



Zhao, S.; Seitz, J.-M.; Eifler, R.; Maier, H.J.; Guillory II, R.J.; Earley, E.J.; Drelich, A.; Goldman, J.; Drelich, J.W. Zn-Li alloy after extrusion and drawing: Structural, mechanical characterization, and biodegradation in abdominal aorta of rat. Mater. Sci. Eng. C 2017, 76, 301–312. [Google Scholar] [CrossRef]

	



Sun, J.-L.; Feng, Y.; Shi, Z.-Z.; Xue, Z.; Cao, M.; Yao, S.-L.; Li, Z.; Wang, L.-N. Biodegradable Zn-0.5 Li alloy rib plate: Processing procedure development and in vitro performance evaluation. J. Mater. Sci. Technol. 2023, 141, 245–256. [Google Scholar] [CrossRef]

	



Huang, T.; Liu, Z.; Wu, D.; Yu, H. Microstructure, mechanical properties, and biodegradation response of the grain-refined Zn alloys for potential medical materials. J. Mater. Res. Technol. 2021, 15, 226–240. [Google Scholar] [CrossRef]

	



Bednarczyk, W.; Wątroba, M.; Kawałko, J.; Bała, P. Can zinc alloys be strengthened by grain refinement? A critical evaluation of the processing of low-alloyed binary zinc alloys using ECAP. Mater. Sci. Eng. A 2019, 748, 357–366. [Google Scholar] [CrossRef]

	



Guo, P.; Zhu, X.; Yang, L.; Deng, L.; Song, Z. Ultrafine- and uniform-grained biodegradable Zn-0.5Mn alloy: Grain refinement mechanism, corrosion behavior, and biocompatibility in vivo. Mater. Sci. Eng. C 2020, 118, 111391. [Google Scholar] [CrossRef]

	



Toth, L.S.; Gu, C. Ultrafine-grain metals by severe plastic deformation. Mater. Charact. 2014, 92, 1–14. [Google Scholar] [CrossRef]

	



Yang, C.-F.; Pan, J.-H.; Lee, T.-H. Work-softening and anneal-hardening behaviors in fine-grained Zn–Al alloys. J. Alloys Compd. 2009, 468, 230–236. [Google Scholar] [CrossRef]

	



Shimada, M.; Kokawa, H.; Wang, Z.; Sato, Y.; Karibe, I. Optimization of grain boundary character distribution for intergranular corrosion resistant 304 stainless steel by twin-induced grain boundary engineering. Acta Mater. 2002, 50, 2331–2341. [Google Scholar] [CrossRef]

	



Zecevic, M.; Lebensohn, R.A.; McCabe, R.J.; Knezevic, M. Modelling recrystallization textures driven by intragranular fluctuations implemented in the viscoplastic self-consistent formulation. Acta Mater. 2019, 164, 530–546. [Google Scholar] [CrossRef]

	



Aegerter, J.; Kühn, H.; Frenz, H.; Weißmüller, C. EN ISO 6892-1:2009 Tensile Testing: Initial Experience from the Practical Implementation of the New Standard. Materialprufung 2011, 53, 595–603. [Google Scholar] [CrossRef]

	



Li, L.; Jiao, H.; Liu, C.; Yang, L.; Suo, Y.; Zhang, R.; Liu, T.; Cui, J. Microstructures, mechanical properties and in vitro corrosion behavior of biodegradable Zn alloys microalloyed with Al, Mn, Cu, Ag and Li elements. J. Mater. Sci. Technol. 2022, 103, 244–260. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yan, Y.; Xu, X.; Lu, Y.; Chen, L.; Li, D.; Dai, Y.; Kang, Y.; Yu, K. Investigation on the microstructure, mechanical properties, in vitro degradation behavior and biocompatibility of newly developed Zn-0.8% Li-(Mg, Ag) alloys for guided bone regeneration. Mater. Sci. Eng. C 2019, 99, 1021–1034. [Google Scholar] [CrossRef]

	



Li, Z.; Shi, Z.-Z.; Zhang, H.-J.; Li, H.-F.; Feng, Y.; Wang, L.-N. Hierarchical microstructure and two-stage corrosion behavior of a high-performance near-eutectic Zn-Li alloy. J. Mater. Sci. Technol. 2021, 80, 50–65. [Google Scholar] [CrossRef]

	



Li, G.-N.; Zhu, S.-M.; Nie, J.-F.; Zheng, Y.; Sun, Z. Investigating the stress corrosion cracking of a biodegradable Zn-0.8 wt.% Li alloy in simulated body fluid. Bioact. Mater. 2021, 6, 1468–1478. [Google Scholar] [CrossRef]

	



Feng, D.; Zhu, X.; Guo, P.; Yang, L.; Zhang, Q.; Xu, C.; Zhang, Y.; Sun, W.; Song, Z. Softening and Structural Instability Mechanism of Biodegradable Zn-0.45 Mn Alloy at Different Heat Treatment Temperatures. Mater. Today Commun. 2022, 33, 104768. [Google Scholar] [CrossRef]

	



Hattal, A.; Mukhtarova, K.; Djemai, M.; Chauveau, T.; Hocini, A.; Fouchet, J.J.; Bacroix, B.; Gubicza, J.; Dirras, G. Effect of hot isostatic pressing on microstructure and mechanical properties of Ti6Al4V-zirconia nanocomposites processed by laser-powder bed fusion. Mater. Des. 2022, 214, 110392. [Google Scholar] [CrossRef]

	



Li, R.; Li, H.; Pan, H.; Xie, D.; Zhang, J.; Fang, D.; Dai, Y.; Zhao, D.; Zhang, H. Achieving exceptionally high strength in binary Mg-13Gd alloy by strong texture and substantial precipitates. Scr. Mater. 2021, 193, 142–146. [Google Scholar] [CrossRef]

	



Jin, X.; Xu, W.; Yang, Z.; Yuan, C.; Shan, D.; Teng, B.; Jin, B.C. Analysis of abnormal texture formation and strengthening mechanism in an extruded Mg-Gd-Y-Zn-Zr alloy. J. Mater. Sci. Technol. 2020, 45, 133–145. [Google Scholar] [CrossRef]

	



Guo, T.; Wei, S.; Wang, C.; Li, Q.; Jia, Z. Texture evolution and strengthening mechanism of single crystal copper during ECAP. Mater. Sci. Eng. A 2019, 759, 97–104. [Google Scholar] [CrossRef]

	



Hradilova, M.; Montheillet, F.; Fraczkiewicz, A.; Desrayaud, C.; Lejček, P. Effect of Ca-addition on dynamic recrystallization of Mg–Zn alloy during hot deformation. Mater. Sci. Eng. A 2013, 580, 217–226. [Google Scholar] [CrossRef]

	



Du, Y.; Zheng, M.; Ge, Y.; Jiang, B.; Shen, M. Microstructure and texture evolution of deformed Mg-Zn alloy during recrystallization. Mater. Charact. 2018, 145, 501–506. [Google Scholar] [CrossRef]

	



Hansen, N. Hall–Petch relation and boundary strengthening. Scr. Mater. 2004, 51, 801–806. [Google Scholar] [CrossRef]

	



Karakulak, E. A review: Past, present and future of grain refining of magnesium castings. J. Magnes. Alloys 2019, 7, 355–369. [Google Scholar] [CrossRef]

	



Zhao, W.; Han, J.-K.; Kuzminova, Y.O.; Evlashin, S.A.; Zhilyaev, A.P.; Pesin, A.M.; Jang, J.-i.; Liss, K.-D.; Kawasaki, M. Significance of grain refinement on micro-mechanical properties and structures of additively-manufactured CoCrFeNi high-entropy alloy. Mater. Sci. Eng. A 2021, 807, 140898. [Google Scholar] [CrossRef]

	



Chen, J.; Wang, J.; Xiao, X.; Wang, H.; Chen, H.; Yang, B. Contribution of Zr to strength and grain refinement in CuCrZr alloy. Mater. Sci. Eng. A 2019, 756, 464–473. [Google Scholar] [CrossRef]

	



Dyakonov, G.; Mironov, S.; Semenova, I.; Valiev, R.; Semiatin, S. EBSD analysis of grain-refinement mechanisms operating during equal-channel angular pressing of commercial-purity titanium. Acta Mater. 2019, 173, 174–183. [Google Scholar] [CrossRef]

	



Liu, H.; Zhang, T.; Sun, S.; Zhang, G.; Tian, X.; Chen, P. Microstructure and dislocation density of AlCoCrFeNiSix high entropy alloy coatings by laser cladding. Mater. Lett. 2021, 283, 128746. [Google Scholar] [CrossRef]

	



Thirathipviwat, P.; Song, G.; Bednarcik, J.; Kühn, U.; Gemming, T.; Nielsch, K.; Han, J. Compositional complexity dependence of dislocation density and mechanical properties in high entropy alloy systems. Prog. Nat. Sci. Mater. Int. 2020, 30, 545–551. [Google Scholar] [CrossRef]

	



Yan, Z.; Wang, D.; He, X.; Wang, W.; Zhang, H.; Dong, P.; Li, C.; Li, Y.; Zhou, J.; Liu, Z. Deformation behaviors and cyclic strength assessment of AZ31B magnesium alloy based on steady ratcheting effect. Mater. Sci. Eng. A 2018, 723, 212–220. [Google Scholar] [CrossRef]

	



Calcagnotto, M.; Ponge, D.; Demir, E.; Raabe, D. Orientation gradients and geometrically necessary dislocations in ultrafine grained dual-phase steels studied by 2D and 3D EBSD. Mater. Sci. Eng. A 2010, 527, 2738–2746. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yu, T.; Xu, R.; Thorborg, J.; Liu, W.; Tischler, J.; Godfrey, A.; Jensen, D.J. Local residual stresses and microstructure within recrystallizing grains in iron. Mater. Charact. 2022, 191, 112113. [Google Scholar] [CrossRef]

	



Ma, K.; Hu, T.; Yang, H.; Topping, T.; Yousefiani, A.; Lavernia, E.J.; Schoenung, J.M. Coupling of dislocations and precipitates: Impact on the mechanical behavior of ultrafine grained Al–Zn–Mg alloys. Acta Mater. 2016, 103, 153–164. [Google Scholar] [CrossRef]








[image: Materials 16 03003 g001 550] 





Figure 1. (a) Tensile stress-strain curves of different deformation samples and (b) fracture morphologies of samples. 
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Figure 2. (a) XRD spectra of Zn-0.45Li alloys and (b) SEM image of the R1 alloy. 
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Figure 3. Average grain size and size distribution of R1, R2 and R3 alloy at the (a) center and (b) surface on the longitudinal section. 
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Figure 4. Microstructure, the (0001) pole figures (PFs), and IPF evolution at the cross-section of alloys. 
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Figure 5. In situ tension: (a) observation place, (b) R1 alloy, (c) R2 alloy, and (d) R3 alloy. 
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Figure 6. Grain boundary distribution and grain distribution composition of R1, R2, and R3 alloys. 
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Figure 7. Dislocations in the TEM micrographs of (a) R1 alloy, (b) R2 alloys and (c) R3 alloys and A–C are local enlarged images of (a–c) respectively. 
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