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Abstract

:

A magnesium-based multi-component alloy (MCA), Mg70Al18Zn6Ca4Y2, was successfully synthesized using the Turning-Induced Deformation (TID) method, with promising improvements in multiple properties such as damping capabilities, hardness (11% to 34% increase), and strength (5% to 15% increase) over its conventional cast and extruded equivalent which has already been established as a high-performance MCA exhibiting superior mechanical properties over other Mg-based materials while retaining acceptable ductility. This new TID-based MCA comes only at a slight compromise in the aspects of ductility, ignition resistance, and corrosion resistance, which was previously observed in other TID-based materials. In addition, the general microstructure and secondary phases of this MCA were retained even when using the TID method, with only minimal porosity (<1%) incurred during the process. Furthermore, the ignition temperature of the TID Mg70Al18Zn6Ca4Y2 remained very high at 915 °C, positioning it as a potential Mg-based material suitable for aerospace applications with a high ignition resistance. This is tantamount to a successful application of TID to yet another class of Mg-based materials and opening the door to future explorations of such materials.
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1. Introduction


Magnesium (Mg)-based materials are attractive relative to other structural materials such as those based on iron, aluminum, and titanium due to potential weight savings, ranging from 22% to 70% on a per component basis [1]. The weight savings directly translate into lower energy costs, especially in the transportation sector. In the automotive sector, a 10% reduction in an automobile’s weight has translated into a 6–8% reduction in energy consumption [2], which in turn poses a significant prospect in the reduction of carbon emissions.



The alloying of magnesium is also widely explored, with potential benefits conferred by specific alloying elements as observed in steel [3]. For example, the addition of calcium to magnesium can be performed to reduce grain size and, at the same time, decrease corrosion rates [4], though the control of the alloying element’s quantity is important as it will affect the final properties, as seen with non-Mg-based materials as well [5].



In recent times, a more extensive alloying of Mg has been studied, while high-performance multicomponent alloys (MCAs) containing multiple alloying elements in large quantity have been developed and synthesized, ranging from those possessing excellent dynamic compression behavior [6] to those which undergo phase transformations when subject to high-dose nitrogen-ion implantation resulting in new high-entropy ceramics [7], as well as high-entropy thin-film bulk metallic glass with very high ductility (60% strain without fracture) and low electrical conductivity [8]. These new materials all offer much potential in specific properties and characteristics and showcase the potential of MCAs as materials for future development and use.



As far as Mg-based materials are concerned, an MCA of particular interest is the lightweight Mg70Al18Zn6Ca4Y2 (atomic weight%) low-entropy alloy [9,10], exhibiting reasonable ductility and overcoming previous trends of brittleness associated with Al- and Mg-based lightweight MCAs due to presence of secondary phases. This alloy is also notable for having exhibited mechanical properties (hardness, strength) far in excess of any available commercial alloy in its extruded form, which positions it as a prospect for further exploration in a class of next-generation materials suitable for use in structural applications.



The mechanical response potential within the material can be further enhanced with the Turning-Induced Deformation (TID) technique, a recent processing method inspired by severe plastic deformation (SPD). This is achieved by way of the controlled generation of machine turnings from a turning process using a lathe machine, in the process exerting deformation on the resulting chips and making them ready for further processing by compaction into billets suitable for further processing such as extrusion. Thus far, exploration with Mg-based materials synthesized in this manner has resulted in consistently enhanced material properties such as hardness and strength [11,12,13,14]. The SPD of metals developed in other contexts with varying methods has also resulted in materials with superior properties such as strength and hardness owing to a reduction in grain size [15]. This has also been demonstrated with magnesium-based materials, with the resulting materials exhibiting superplastic properties [16,17,18]. Another advantage of the TID method is the capability to directly utilize machine turnings as materials for further processing, which is an improvement over other methods of recycling magnesium compared to conventional methods such as re-melting [19] and rheo-diecasting [19] which are less energy-efficient.



Previous TID studies have found a specific combination of machining parameters [12] resulting in an optimal combination of properties. However, TID has not yet been studied or applied on MCAs, posing a conspicuous research gap considering the past explorations of pure Mg as well as conventional Mg alloys and nanocomposites. Thus, this serves as the impetus for exploration in this area not only to further enhance the properties of such alloys already under development, but also to validate the application of TID on multicomponent alloys as a whole.




2. Materials and Methods


2.1. Materials


Table 1 outlines raw materials used in this work along with their suppliers and purity levels.




2.2. Synthesis


The materials were processed into ingots using the Disintegrated Melt Deposition (DMD) [11] method with a superheating temperature of 750 °C, followed by stirring at 450 rpm for 5 min, after which turnings were generated using the TID method [13] with a 1.5 mm depth of cut and a 55 mm/min average cutting speed. The turnings were generated without the use of a cutting fluid (dry cutting), after which they were collected in such a manner as to minimize contamination from foreign debris and stored to minimize oxidation. The resulting turnings were then compacted into billets using a hydraulic press with a holding time of 60 s in a compaction die of a 35 mm diameter at a pressure of 1000 psi (6.89 MPa). As a benchmark, a billet of a 35 mm diameter and 45 mm height was also machined. Figure 1 shows the setup used for the compaction of the billet from TID-generated turnings.



The compacts were then soaked at 400 °C for 90 min before being hot-extruded at 400 °C to rods of 10 mm diameter (extrusion ratio of 12.25). Table 2 outlines the material designations of synthesized materials in this project, and Figure 2 outlines the processing pathways of DMD and TID materials in more detail.




2.3. Materials Characterization


The study involves several types of characterization; Figure 3 shows the categorization of the experimental methodology and testing conducted to characterize the resulting Mg-MCA material.



2.3.1. Density and Porosity


An AD-1653 Density Determination Kit (A&D Company, Limited, Tokyo, Japan) was used in conjunction with a GH-252 electronic scale (AND Limited, Tokyo, Japan) to determine experimental density using Archimede’s principle. The experimental porosity values were then calculated by comparing the experimental density to the theoretical material density. A minimum of 5 samples each from the DMD and TID method were sampled for their measured experimental densities.



To further ascertain the experimental density of the materials, a Perkin Elmer Avio 500 Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) was used for the elemental analysis. The samples were digested in HNO3 and HCl, with a ratio of 1:3, on a hot plate for 2 h and topped up to 10 mL with distilled water. The resultant solution was then analyzed for the weight fraction of the alloying elements.



In addition, a JEOL JSM-6010PLUS/LV Scanning Electron Microscope (SEM) was utilized to observe the presence of pores on the surface. A MATLAB program (Version R2013b) was then used to measure the area fraction of the pores to find the approximate porosity of the materials.




2.3.2. Damping Analysis


Samples of approximately 50 mm in length and 7.9 mm in diameter were subjected to impulse excitation tests by use of a Response Frequency Damping Analyzer (RFDA) software (version 8.1.2, IMCE, Genk, Belgium). The resulting vibrations from the excited rod were recorded by the small microphone. Representative vibration signals were obtained from each material to ensure the accuracy of the test results. The vibration signals were then analyzed to obtain the attenuation coefficient, damping capacity, and elastic modulus of the material.




2.3.3. Microstructure Analysis


Samples were ground flat and fine-finished using a 4000 grit sandpaper, followed by polishing using alumina suspension to 0.05-micron size with DI water or ethanol. A Leica DM2500 optical microscope was used to obtain optical micrographs, and a JEOL JSM-6010 scanning electron microscope equipped with energy dispersive X-ray (EDX) analysis capabilities was used to obtain scanning electron micrographs as well as material composition and secondary phase analysis results. Average secondary phase sizes and phase size distribution were obtained by using MATLAB software (version R2013b). The MATLAB software was used to conduct image analysis of SEM micrographs containing the secondary phases. The resulting image analysis output average diameter as well as the surface area of the selected secondary phases.




2.3.4. X-ray Diffraction


X-ray analysis was conducted using a Shimadzu XRD-6000 X-ray diffractometer. The samples were exposed to Cu-Kα radiation (λ = 1.54056 Å) with a scanning speed of 2° per minute. The samples were scanned at angle 2θ of 10° to 70°. A graph of intensity (I) against 2θ (θ represents the Bragg angle) was obtained, and observed peaks were compared against standard values from other works and the literature.




2.3.5. Mechanical Properties


A Shimadzu HMV-2 hardness tester with a diamond indenter (phase angle = 136º) was used to perform microhardness characterization, with a test load of a 100 g force at a dwell time of 15 s in accordance with procedures outlined in ASTM E-384.



A Future-Tech FR-3 Rockwell Type Hardness Tester was used to measure the macrohardness of the materials. A load of 100 kg was applied on the surface through a 1/16 inch ball indenter with a dwell time of two seconds.



A total of 10 hardness measurements were taken across 1 surface or region of interest for each material.



Flat and parallel samples with an aspect ratio of 1 (diameter and height of approx. 8 mm) were subjected to compressive load testing using an MTS 810 compressive tester according to procedures advised in standard ASTM E9-09, with a strain rate of 8.3 × 10−5s−1 until failure. A minimum of 3 representative samples for each material and processing method combination were tested to obtain compressive properties.



Fractography was also conducted to gain insight into the fracture response of samples under compressive loading through investigation of fractured surface features.




2.3.6. Thermal Properties


Samples of approximately 2 mm × 2 mm × 2 mm were heated from 30 °C to 1400 °C at a rate of 10 °C per minute in purified air of a 50 mL per minute flow rate. The Shimadzu DTG-60H Thermogravimetric Analyzer was used to determine the ignition temperature of the materials. The ignition temperature of the materials was taken as the temperature the sample achieves prior to an immediate change in temperature recorded due to ignition of the material.



Samples of approximately 2 mm × 2 mm × 2 mm were heated from 30 °C to 600 °C at a rate of 5 °C per minute in argon gas of a 25 mL per minute flow rate to investigate microstructural variations as a function of temperature. The Shimadzu DSC-60 machine was used to measure the amount of heat absorbed or released by the sample as a function of temperature of the sample.



Lastly, a sample with a length of approximately 5 mm and diameter of 8 mm from each material was investigated for the coefficient of thermal expansion (CTE) using a TMA PT1000 Thermo-mechanical analyzer; the samples were heated to a range of 50 °C to 400 °C at a rate of 5 °C per minute in argon gas of a 0.1 L per minute flow rate.




2.3.7. Corrosion Response


Samples of an approximately 1.5 mm thickness were cut and ground for immersion in 3.5% NaCl solution for a duration of 28 days or until sample disintegration. Weight loss data were obtained in 24 h intervals by immersing the corroded samples in a solution consisting of 1.9 g AgNO3 and 20 g of CrO3 in 100 mL of distilled water to remove corrosion products, after which cleaning with distilled water was performed, and the samples were weighed. The corrosion rate was then calculated using the following formula [20] to obtain a representative average, and this characterization was conducted on 2 samples for each material:


  C o r r o s i o n   r a t e     m m   y e a r     =   87.6 × W e i g h t   l o s s   ( m g )   E x p e r i m e n t a l   D e n s i t y   ( g / c   m   2   ) × S u r f a c e   A r e a   ( c   m   2   ) × I m m e r s i o n   T i m e   ( h )    














3. Results


3.1. Synthesis


The material was cast and machined successfully, with Figure 4 showing a SEM micrograph of a Mg70Al18Zn6Ca4Y2 turning from the TID process, showing the high and low plastic deformation zones and corresponding shear bands. Following extrusion, 10 mm diameter rods were obtained. Part of the rods showed surficial cracks, and these parts were not used for characterization purposes.




3.2. Density and Porosity


Table 3 shows the measured composition of the DMD and TID samples, indicating that the measured compositions were not equal between the DMD and TID materials, with the latter having less Ca and more Y content.



With this in mind, the corrected theoretical density was calculated. Both theoretical densities remained very close to each other. Table 4 shows that the average experimental densities of the materials are higher than the theoretical densities. The area fraction of the pores in the TID material was calculated using image analysis and was found to be approximately 0.87%, corresponding to the material’s porosity.




3.3. Damping Analysis


The damping response from the damping analysis in Figure 5 can be approximated with a best-fit curve in the form of Ae−bt, where b is the attenuation coefficient. This indicates that the TID material exhibited superior attenuation as well as damping capacity as outlined in Table 5, though with a slight trade-off in its Young’s modulus.




3.4. Microstructure


Figure 6 shows the microstructure of both DMD and TID Mg70Al18Zn6Ca4Y2, showing the presence of multiple phases across both materials. Pores were also observed in the TID material as mentioned earlier.



Figure 7 and Table 6 show the morphology of the phases as well as the EDS results showing the quantities of detected elements corresponding to those individual phases, with assigned spectrum numbers to the symbols used in identifying secondary phases.



Table 7 and Table 8 show the average size and area fraction of secondary phases found in Mg70Al18Zn6Ca4Y2 materials, while Figure 8 shows the phase size distribution, indicating that TID results in smaller secondary phase sizes, but with them occupying larger area fractions of the material.




3.5. X-ray Diffraction


Figure 9 shows the X-ray diffractograms of the Mg70Al18Zn6Ca4Y2 materials studied in this work. The diffractograms were strikingly similar, showing the same phases in both DMD and TID samples.




3.6. Mechanical Properties


3.6.1. Hardness


Both microhardness and microhardness values of the materials studied in this work are shown in Table 9, showing the positive (enhancing) effect on values of TID samples when compared to DMD-processed samples, indicating the capability of TID processing to enhance resistance to localized deformation at both micro- and macroscales.




3.6.2. Compressive Properties


The resulting compressive properties of materials in this study are compiled in Table 10, and the compressive responses are shown in Figure 10. TID resulted in a superior yield and ultimate compressive strength at a slight cost of fracture strain and energy absorbed.



Figure 11 shows the resulting microstructure of the fractured samples, showing the 45-degree fracture angle (insets) and the resulting shear band morphology.





3.7. Thermal Properties


Figure 12 and Table 11 show the results of the TGA testing, showing that the auto-ignition temperature of the DMD-processed Mg70Al18Zn6Ca4Y2 was beyond 1300 °C while the TID-processed counterpart ignited at 915 °C. The results are compared with selected FAA approved commercial Mg alloys.



Figure 13 displays the DSC response curve of Mg70Al18Zn6Ca4Y2 materials, showing negative peaks at approximately 420 °C and 490 °C but, otherwise, similar behavior with temperature across both Mg70Al18Zn6Ca4Y2 materials.



Table 12 shows the resulting coefficient of thermal expansion of materials studied in this work, indicating similar coefficients of thermal expansion considering the standard deviation values.




3.8. Corrosion Response


Figure 14 shows the average corrosion rates of the DMD and TID Mg70Al18Zn6Ca4Y2 materials, showing the distinct differences in corrosion rates and the latter disintegrating within 16 days as opposed to the DMD material staying intact for the entirety of the 28 days.





4. Discussion


4.1. Synthesis


While the material was synthesized using both DMD and TID methods successfully, considering the resulting challenge faced with regards to extrusion of this Mg-based MCA, it can thus be inferred that optimization of processing parameters in hot-working of MCAs is needed due to the resulting high hardness and unexceptional ductility and plasticity of the resulting material (especially TID-processed). This highlights the importance of judicious selection of parameters in synthesis of this class of material.




4.2. Density and Porosity


The experimental density was higher than the theoretical density for both the DMD and TID samples, implying the formation and presence of ordered phases [9]. The porosity results revealed the capability of the TID processing methodology adopted in this study to develop near-net-shape products (porosity < 1%).




4.3. Damping Analysis


The damping results showed that the attenuation coefficient and damping capacity increased by 23% and 19.5%, respectively, for the TID material. The positive effect of TID on the damping behavior of this multicomponent alloy is consistent with previous work on other Mg-based materials [11,14]. This effect is mainly due to the presence of pores within the TID material, which has been correlated with superior damping capabilities as demonstrated by other works on Mg and Al materials utilizing various processing methods [24,25,26]. Porous materials have superior damping capabilities because pores within the material allow for deformation and displacement to occur when an external force is exerted. The pores are able to compress and expand, allowing for kinetic energy to be converted into thermal energy which is then dissipated into the surroundings. The TID process, thus, resulted in superior damping capabilities.




4.4. Microstructure


Following the TID process, it was observed that the blocky phases of the material were smaller on average and also occupied a higher area/volume fraction of the material (more widely dispersed), as shown in Figure 9, with regard to the phase size distribution, and Table 7. This may be due to the partial dissolution of the secondary phases during the turning process and subsequent precipitation afterward while cooling down, resulting in the formation of smaller, well-distributed bulk phase sizes.



Through the investigation of the general microstructure of both materials, SEM and EDS results indicated the presence of secondary phases with largely similar compositions. Hence, it can be implied that the phases were of similar compositions for both materials.



The first feature investigated was the dark matrix of the materials (indicated as spectrum 1) which consisted mainly of magnesium with the presence of some other elements, except Yttrium as solute elements.



Bright white and large blocky phases were noticed (indicated as spectrum 2). These phases were mainly made up of aluminum and yttrium, forming Al2Y phases, with lower amounts of magnesium and zinc detected.



Darker grey blocks were also observed (indicated as spectrum 3). They can also be found within the boundaries of Al2Y blocks in the DMD material. These phases were mainly made up of aluminum and calcium, forming Al2Ca phases, based on their composition with lower amounts of magnesium and zinc. In previous studies with magnesium-based multicomponent alloys, it was observed that, in most areas where Al2Y phases were found, Al4Ca phases coexisted within that area as well [9].



Lastly, lighter grey phases were seen within the matrix of the material (indicated as spectrum 4). These phases were identified as AlxMgyZnz since they are made up of magnesium, aluminum, and zinc, with some calcium detected as well, but with compositions that deviate between the two materials.



These findings indicate that the resulting Mg matrix and phase structure/morphology of the extruded Mg70Al18Zn6Ca4Y2 materials in this work replicate those previously studied by Khin et al. [9], showing that the TID process does not result in any phase transformations.




4.5. X-ray Diffraction


These results indicate that the detected peaks of the studied materials align with those in past works involving cast and extruded (DMD) Mg70Al18Zn6Ca4Y2 [9,10], indicating that the crystalline structure and phases formed within these materials are similar to those in previous efforts. This can be corroborated by the AlMg2Zn (previously identified as AlxMgyZny), Al2Ca, and Al2Y previously detected by SEM and EDS characterization, with similar observations of Al4Ca phases coexisting with the Al2Y phases identified [9]. In addition, the results also confirm that TID does not result in the formation of new phase compositions, having the same peaks and similar diffraction pattern as the DMD counterpart. It should also be noted that due to the relatively lower area fractions of the individual secondary phases (22% at most for AlMg2Zn in the case of TID, 13% or less for others), the peak intensities of individual phases, thus, remained similar between DMD and TID.




4.6. Mechanical Properties


4.6.1. Hardness


The increase in hardness for the TID Mg70Al18Zn6Ca4Y2 can be attributed to the decrease in size and increase in the amount of the secondary phases (Table 7 and Table 8) which were also dispersed more evenly within the material, similar to other works on secondary phases [27] where dislocations were hindered to a greater extent, thus conferring a higher resistance to localized deformation under load.




4.6.2. Compressive Properties


TID resulted in a higher yield strength (~14%) as well as a higher ultimate compressive strength (~4.7%), which was also attributed to the dislocation-hindering effect of finer, higher amounts and evenly distributed secondary phases resulting in higher loading required to fracture the material [27]. However, the failure strain was lowered, indicating lower ductility. This has parallels with porous aluminum alloys where porous materials exhibited reduced ductility [28] and can also be caused by stress concentrations which occur within the pores and secondary phases [29]. It is noteworthy that ductility remained >10%, suggesting a ductile nature and good deformability of the TID samples despite showing a comparatively lower value than DMD samples.



The resulting fractographs of both the DMD and TID Mg70Al18Zn6Ca4Y2 showed similar fracture modes; a shear angle of 45° as well as the presence of shear bands are noted both visually and microscopically. This is supported by similar ductility values reported in Table 10.





4.7. Thermal Properties


The ignition temperature of Mg70Al18Zn6Ca4Y2 was observed to be beyond 1300 ºC for the DMD material and 913 °C for the TID-processed counterpart. This represents a significant leap over Mg-based materials due to the presence of multiple alloying elements within this multicomponent alloy [12,21,30]. The reduction in the ignition temperature (and, thus, resistance) of the TID material is caused by pores which allow for more oxidation to occur, consistent with previous works in this field.



Despite the lower ignition resistance of the TID Mg70Al18Zn6Ca4Y2 compared to its DMD counterpart, its ignition temperature is still significantly higher than both Elektron 21 and WE43 Mg alloys, which is significant since these latter two materials are FAA-approved for use in the aerospace industry, underscoring a potential use of Mg70Al18Zn6Ca4Y2 in a previously restricted application for Mg-based materials.



Mg70Al18Zn6Ca4Y2 exhibited a lower coefficient of thermal expansion compared to that of pure Mg. This was due to the presence of alloying elements that have lower coefficients of thermal expansion which then lowered the overall property for the material as a whole [31]. While the TID material exhibited a marginally higher coefficient of thermal expansion relative to the conventional DMD-processed counterpart, the difference can be neglected considering the standard deviation values in each case.



The DSC results confirmed that there were no significant differences in the material phase behavior/changes with temperature between the DMD- and TID-processed Mg70Al18Zn6Ca4Y2, and they also showed a negative peak (being endothermic) at 420 °C (corresponding to the melting point of zinc) [32]. Furthermore, a second, more endothermic peak was observed at 490 °C for both materials, implying a phase transformation of some type. This is significant as it serves as an indication that heat treatment or further processing of this material should take place below it to avoid further changes in material properties.




4.8. Corrosion Response


The TID process resulted in a lower corrosion resistance caused by (a) the presence of pores in the material, (b) the small size of secondary phases, and (c) larger amounts of secondary phases as seen in Table 7 and Table 8. The role of pores has been reported in other works related to Mg-based materials, including those manufactured using TID [11] as well as powder metallurgy [33]. Further, the reduced size and an increase in the amount of secondary phases such as in TID samples increase the number of micro-galvanic couples, leading to enhanced corrosion. This highlights a potential compromise of the TID method in producing components with applications in corrosion-intensive environments and further calls for a surface protection approach such as coating for a longer service life akin to zinc coating used on structural steels.





5. Conclusions


In this study, the fabrication of a Mg70Al18Zn6Ca4Y2 multicomponent alloy using the TID method was successful, and the effects of TID on this MCA were investigated. The following conclusions can be drawn from the study:




	
The TID material continued to follow previous trends in morphology, being more porous compared to the DMD counterparts, although the porosity remained at <1%.



	
The TID method imparts superior hardness (34% increase in micro-scale and 11% increase in macro-scale) and strength (14% increase in yield strength and nearly 5% increase in ultimate compressive strength) but compromises ductility and energy absorbed until fracture, with the ductility of the TID samples remaining greater than 10%.



	
The TID material has, overall, better damping capabilities than the DMD material, with a nearly 20% increase in attenuation coefficient and 24% increase in damping capacity.



	
From thermal analyses, the TID method caused the ignition temperature to decrease significantly relative to conventional DMD processing whilst the coefficient of thermal expansion increased slightly. More significantly, the ignition temperature of the TID samples, at over 900 °C, remained significantly higher than the FAA-approved WE43 and E21 alloys.



	
The average corrosion rate of the TID material was significantly higher than its DMD counterpart, with nearly double the average corrosion rate.



	
An important consideration when performing hot working of this multicomponent alloy as phase transformation was observed from the DSC results when the Mg70Al18Zn6Ca4Y2 multicomponent alloy reached 490 °C.








The TID method did not result in changes to the microstructure or phases found but reduced the size and increased the volume fraction of the secondary phases. Based on this evidence, TID has, thus, been shown to be suitable for application on Mg multicomponent alloys, especially in strength-based applications, forming a basis for further work in this field as well as potential combinations of TID with further processing such as heat or cryogenic treatments.
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Figure 1. Schematic of billet compaction as part of the TID process. 






Figure 1. Schematic of billet compaction as part of the TID process.



[image: Technologies 11 00181 g001]







[image: Technologies 11 00181 g002] 





Figure 2. Processing pathways of Mg70Al18Zn6Ca4Y2 materials in this study, with the DMD method (top pathway) and TID method (bottom pathway) detailed. 
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Figure 3. Flowchart of characterization conducted for Mg70Al18Zn6Ca4Y2 materials in this study. 
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Figure 4. Scanning electron micrograph of (a) Mg70Al18Zn6Ca4Y2 TID turning, showing (b) high plastic deformation zone and (c) low plastic deformation zone. 
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Figure 5. Damping response of DMD and TID Mg70Al18Zn6Ca4Y2 with best-fit curve. 
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Figure 6. Scanning electron micrographs of Mg70Al18Zn6Ca4Y2 processed with (a) DMD and (b) TID, with pores circled in yellow on the latter. 
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Figure 7. Scanning electron micrographs of Mg70Al18Zn6Ca4Y2 processed with (a) DMD and (b) TID with different phases indicated with symbols. 
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Figure 8. Normal distribution of secondary-phase size distribution in Mg70Al18Zn6Ca4Y2 materials studied in this work. 
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Figure 9. X-ray diffractogram of Mg70Al18Zn6Ca4Y2 materials synthesized in this study. 
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Figure 10. Compressive stress–strain curves for Mg70Al18Zn6Ca4Y2 materials studied in this work. 
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Figure 11. Scanning electron fractographs and photographs (bottom right) of Mg70Al18Zn6Ca4Y2 materials studied in this work processed with: (a) DMD and (b) TID. 
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Figure 12. Plot of temperature vs. time for TGA testing of Mg70Al18Zn6Ca4Y2 materials. 
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Figure 13. Plot of heat flow vs. temperature from DSC testing of Mg70Al18Zn6Ca4Y2 materials. 
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Figure 14. Corrosion rates of Mg70Al18Zn6Ca4Y2 materials in this work. 






Figure 14. Corrosion rates of Mg70Al18Zn6Ca4Y2 materials in this work.



[image: Technologies 11 00181 g014]







 





Table 1. Raw materials used in this work.






Table 1. Raw materials used in this work.





	Raw Material
	Supplier
	Purity





	Magnesium Turnings
	Acros Organics, NJ, USA
	>99.9%



	Aluminium Lumps
	Phoenix Scientific Industries
	>99.9%



	Zinc Shots
	Alfa Aesar
	>99.9%



	Calcium Granules
	Alfa Aesar
	99.5%



	Mg-30Y Master Alloy Ingots
	Sunrelier Metal Company, China
	99.9%










 





Table 2. Designations of materials synthesized in this work.
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	Material Designation
	Processing Method Elaboration





	Mg70Al18Zn6Ca4Y2-DMD
	DMD + Extrusion



	Mg70Al18Zn6Ca4Y2-TID
	TID + Extrusion










 





Table 3. Elemental compositions of materials in this work.
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Processing Method

	
Element (wt.%)




	
Mg

	
Al

	
Zn

	
Ca

	
Y






	
DMD

	
58 ± 0.4

	
17 ± 0.7

	
15 ± 0.2

	
7 ± 0.5

	
3 ± 0.1




	
TID

	
58 ± 0.4

	
17 ± 0.5

	
14 ± 0.2

	
5 ± 0.8

	
6 ± 0.3











 





Table 4. Theoretical and measured experimental density of materials in this work.
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	Processing Method
	Corrected Theoretical Density (g/cm3)
	Experimental Density (g/cm3)
	Porosity (%)





	DMD
	2.133 ± 0.011
	2.206 ± 0.018
	0 *



	TID
	2.162 ± 0.010
	2.248 ± 0.011
	0.87 *







* Porosity calculated using image analysis; DMD samples did not have pores detected.













 





Table 5. Damping properties and Young’s modulus of DMD and TID Mg70Al18Zn6Ca4Y2.






Table 5. Damping properties and Young’s modulus of DMD and TID Mg70Al18Zn6Ca4Y2.





	Processing Method
	Attenuation Coefficient
	Regression (R2)
	Damping Capacity
	Excitation Frequency (Hz)
	Young’s Modulus (GPa)





	DMD
	13.86
	0.996
	0.000344
	13,474.9
	56.9



	TID
	16.57

(↑19.5%)
	0.9952
	0.000423

(↑23.0%)
	12,929.6
	54.4

(↓4.4%)










 





Table 6. Tabulated EDS results of Mg70Al18Zn6Ca4Y2 and the corresponding phases.
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Processing Method

	
Spectrum

	
Symbol

	
Detected Element (at.%)

	
Phase




	
Mg

	
Al

	
Zn

	
Ca

	
Y






	
DMD

	
1

	
◯

	
91.81

	
4.56

	
3.26

	
0.36

	
-

	
αMg




	
2

	
☐

	
2.28

	
62.19

	
3.59

	
-

	
31.93

	
Al2Y




	
3

	
☆

	
7.67

	
59.64

	
2.16

	
28.58

	
1.95

	
Al2Ca




	
4

	
△

	
44.04

	
25.49

	
24.80

	
5.67

	
-

	
AlxMgyZnz




	
TID

	
1

	
◯

	
97.09

	
-

	
2.91

	
-

	
-

	
αMg




	
2

	
☐

	
5.45

	
62.68

	
2.81

	
-

	
29.06

	
Al2Y




	
3

	
☆

	
8.76

	
58.09

	
2.73

	
30.41

	
-

	
Al2Ca




	
4

	
△

	
39.06

	
33.81

	
18.07

	
9.06

	
-

	
AlxMgyZnz











 





Table 7. Average size of secondary phases in Mg70Al18Zn6Ca4Y2 materials studied in this work.






Table 7. Average size of secondary phases in Mg70Al18Zn6Ca4Y2 materials studied in this work.





	
Processing Method

	
Average Size of Secondary Phase (μm)




	
Al2Y

	
Al2Ca

	
AlxMgyZnz






	
DMD

	
8.3 ± 2.7

	
6.72 ± 1.4

	
3.4 ± 0.8




	
TID

	
4.5 ± 2.6

(↓45.8%)

	
4.96 ± 1.9

(↓26.2%)

	
2.6 ± 0.7

(↓23.5%)











 





Table 8. Area fraction of secondary phases in Mg70Al18Zn6Ca4Y2 materials studied in this work.






Table 8. Area fraction of secondary phases in Mg70Al18Zn6Ca4Y2 materials studied in this work.





	
Processing Method

	
Area Fraction of Secondary Phase




	
Al2Y

	
Al2Ca

	
AlxMgyZnz






	
DMD

	
0.05 ± 0.009

	
0.11 ± 0.038

	
0.20 ± 0.07




	
TID

	
0.08 ± 0.024

(↑60%)

	
0.13 ± 0.07

(↑18%)

	
0.22 ± 0.06

(↑10%)











 





Table 9. Average hardness values of DMD and TID Mg70Al18Zn6Ca4Y2.






Table 9. Average hardness values of DMD and TID Mg70Al18Zn6Ca4Y2.





	Processing Method
	Average Microhardness (HV)
	Average Macrohardness (HRB)





	DMD
	151 ± 8.5
	71 ± 1.6



	TID
	203 ± 8.9

(↑34.4%)
	79 ± 1.6

(↑11.2%)










 





Table 10. Compressive properties of materials studied in this work.






Table 10. Compressive properties of materials studied in this work.





	Process
	0.2% Compressive Yield Strength (MPa)
	Ultimate Compressive Strength (MPa)
	Fracture Strain (%)
	Energy Absorbed (MJ/m3)





	DMD
	485 ± 17
	653 ± 25
	15 ± 1.4
	63 ± 8



	TID
	554 ± 17

(↑14.2%)
	684 ± 6

(↑4.8%)
	12 ± 0.2

(↓20%)
	53 ± 2

(↓15.9%)










 





Table 11. Ignition temperatures of Mg70Al18Zn6Ca4Y2 by processing method as well as other commercial Mg alloys.






Table 11. Ignition temperatures of Mg70Al18Zn6Ca4Y2 by processing method as well as other commercial Mg alloys.





	Process
	Ignition Temperature (°C)





	DMD
	>1300



	TID
	915



	WE43 (DMD) [21]
	750



	Elektron 21 (E21) (DMD) [22]
	741










 





Table 12. Coefficient of thermal expansion of Mg70Al18Zn6Ca4Y2 materials.






Table 12. Coefficient of thermal expansion of Mg70Al18Zn6Ca4Y2 materials.





	Process
	Average Coefficient of Thermal Expansion (×10−6/K)





	DMD
	21 ± 5



	TID
	22 ± 3 (↑4.8%)



	Pure Mg (DMD) [23]
	30
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