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Abstract

:

The present study focuses on investigating the effects of Nickel-Titanium (NiTi) nanoparticles on the microstructure and properties of pure Mg. Mg composites containing varying weight percentages (0.5, 1, 1.5, 3) of NiTi nanoparticles were fabricated using Disintegrated Melt Deposition (DMD), followed by hot extrusion. The synthesized materials were characterized in order to investigate their physical, microstructural and mechanical properties. Synthesized materials were characterized for their density and porosity levels, microstructural characteristics, and mechanical response. Superior grain refinement was realized by the presence of NiTi nanoparticles in the magnesium matrix. The addition of NiTi nanoparticles resulted in strength property enhancements of pure Mg with minimal adverse effect on the ductility. Structure-property evaluations are detailed in the current study.
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1. Introduction


Magnesium (Mg) is a non-ferrous, alkaline earth metal found in Group II of the periodic table and it is one of the lightest engineering metals (33% lighter than aluminum) with a density of approximately 1.74 g/cc [1]. It is gaining interest in engineering applications where weight saving is a critical design consideration. Lighter materials save energy, which would translate into cost savings for both the company and the end user. Mg also exhibits other desirable characteristics such as high specific strength, good thermal conductivity, high damping capacity, and castability. However, due to low ductility, limited absolute strength, modulus of elasticity and corrosion resistance, Mg cannot be extensively used in many structural applications in its pure form [2]. The most commonly used methods to address these limitations are: (a) alloying; (b) composite technology; and (c) surface protection by means of coating. Alloying is commonly used to improve the room temperature properties of Mg and commonly used alloying materials are aluminum, zinc, manganese, zirconium, and rare earth elements [3,4,5,6]. However, there are some drawbacks associated with alloying as the alloying elements can lead to an appreciable increase in the density of the material. Further, some alloying elements (such as Al) are neurotoxic which restricts the widespread applications of these alloys, especially in the biomedical sector. Addition of inexpensive secondary reinforcements into the Mg matrix greatly enhances the mechanical properties such as strength and stiffness. Thus, magnesium matrix composites (MMCs) are widely being used due to their better mechanical properties as compared to pure metals [1,7,8,9,10]. In addition, many novel and advanced materials have been developed based on the various types of matrix and reinforcements. Limited content (<3%) of nano-length scale reinforcements into magnesium has been shown to improve the mechanical properties without significantly altering the density of the developed material [11]. Critically optimized techniques are required to add the nano-scale reinforcements to the Mg matrix for making Mg-base nano-composites. The Disintegrated Melt Deposition (DMD) technique was first developed by Gupta et al. [12], which is a modification of spray atomization and deposition technique. The DMD method brings together the cost-effectiveness of conventional casting and the scientific innovativeness and technological potential of the spray process. Moreover, unlike the spray process, the DMD technique uses lower impinging gas jet velocity which results in a high yield with a uniform distribution of reinforcement. The composite material ideally should exhibit a uniform distribution of ceramic reinforcement and good metal-reinforcement interfacial bonding. The DMD technique has been successfully used to synthesize a wide range of magnesium-based composites [13,14,15,16]. This method is also capable of producing composites of finer grain size. Further, material wastage associated with the DMD method is also 20 to 30% less than those associated with conventional casting [17]. Recent studies on DMD fabricated Mg nanocomposites with different reinforcements (SiC, B4C, SiO2, TiO2, Al2O3 and so on) have reported superior enhancement in the mechanical and ignition properties of magnesium in the presence of nanoparticles [1,9,18,19,20,21,22,23]. However, no attempt has been yet made to investigate NiTi as a reinforcement for fabricating Mg metal matrix nanocomposites. Superelasticity and one-way shape-memory effect displayed by the NiTi [24,25,26,27,28,29] makes it an often-used metallic material for shape memory applications. Nitinol, as it is commonly referred to commercially, has a moderate solubility range, when alloyed with light metals like Mg, Al can effectively enhance the shape memory and mechanical properties. Key properties like high fatigue strength, excellent corrosion resistance, high damping capacities below transition temperatures and moderate-to-high impact resistance makes it a viable option to explore for materials targeting aerospace and biomedical sectors [25,26,30,31]. Superior functional capability and biocompatibility coupled with lower elastic modulus matching the bone make NiTi an attractive option for surgical tools, orthodontic wires and cardiovascular stents [32,33].



The present study was conducted with the prime objective to investigate the mechanical properties of magnesium composites containing NiTi nanoparticles in different amounts (0.5, 1, 1.5, 3 wt. %). The composites were synthesized using the DMD method followed by hot extrusion. Subsequently, physical, mechanical, and microstructural characterization tests were conducted, which include density and porosity measurements, optical and scanning electron microscopy examinations, tensile tests, compression tests and fracture studies of tensile and compressive failed samples.




2. Materials and Methods


2.1. Materials and Processing


Mg turnings with 99.9% purity supplied by ARCOS Organics, Morris Plains, NJ, USA were used as a base metal and 99.9% pure Ni-Ti powder of size 30–120 nm from US Research Nanomaterials, Houston, TX, USA was used as a reinforcement.



Five castings were made using the DMD technique. Pure Mg and (0.5, 1, 1.5 and 3 wt. %) NiTi were placed in a multilayered arrangement in a graphite crucible and superheated to 750 °C in the presence of argon gas using a resistance heating furnace. For uniform distribution of reinforcement within the magnesium matrix, the superheated slurry was stirred at 450 rpm for 5 min. After adequate stirring, molten metal was then allowed to pour down into the steel mold. Before entering into the mold, molten metal was disintegrated by two jets of argon gas (flow rate of 25 lpm) and finally, an ingot of 40 mm diameter was obtained. An experimental setup of DMD is shown in Figure 1.



The hot extrusion parameters selected in the present work were based on past research. Extrusion was carried at 350 °C at an extrusion ratio of 20.25:1 yielding 8 mm rod. During hot extrusion, there was no severe increase in pressure, which validates that appropriative parameters were selected.




2.2. Material Characterization


2.2.1. Density Measurements


The density of pure Mg and Mg-nanocomposite reinforced with a different composition of NiTi was calculated by using the Archimedes principle. Four polished samples (using alumina suspension as polishing agent) were randomly selected from 8mm extruded rods of pure Mg and Mg-NiTi nanocomposite. Distilled water was used as the immersion fluid. Samples were weighed in both air and water using an A&D GR-200 electronic balance with an accuracy of ±0.0001 g.




2.2.2. Microstructural Characterization


Microstructural characterization was performed to calculate the average grain size and the distribution of NiTi nanoparticles in the magnesium matrix was examined as per ASTM standard ASTM E112–13. Samples with different amounts of NiTi were polished with alumina suspension (5, 1, 0.3, 0.05 µm) and examined under the digital optical microscope with Scion image 4.0.3.2 analysis software (Scion Corporation, Sacramento, CA, USA) to investigate the grain distribution. JEOL JSM-5800 LV Scanning Electron Microscope (SEM, Kyoto, Japan) was used for investigating the distribution of NiTi particles.



Pure Mg and Mg-NiTi nanocomposite (0.5, 1, 1.5 and 3 wt. %) were exposed to Cu Kα radiation wavelength of 1.5418 Å with a scan speed of 2°/min by using an automated Shimadzu Lab-X XRD-6000 Diffractometer (Kyoto, Japan). Further, the basal plane orientation of Mg nanocomposite was analyzed with the help of an X-ray diffraction peak both in parallel and perpendicular to the extrusion axis and compared with the JCPDS data to identify the possible secondary phases formed.




2.2.3. Coefficient of Thermal Expansion


The coefficient of thermal expansion (CTE) of the extruded monolithic and Mg-NiTi nanocomposites was determined using LINSEIS TMA PT 1000LT thermomechanical analyzer (Tokyo, Japan) with a gas flow rate of 0.1 lpm at a rate of heating of 5 °C/min and the displacements of the samples with respect to the temperature (50–350 °C) were recorded.




2.2.4. Mechanical Properties


Microhardness of the samples was measured as per ASTM E384-08 using a Shimadzu HMV automatic digital hardness tester (Tokyo, Japan) at 25 gf load and 15 s dwell time. Five samples were tested per composition and the measurements were done in a concentrated area to ensure conformance.



To investigate the compressive properties, quasi-static compression tests were conducted as per ASTM E9-89a. At room temperature, cylindrical samples with Φ8 mm × 8 mm were tested using 810 MTS (Material testing System) under the strain rate of 8.3 × 10−5 s−1. A minimum of five samples were tested to ensure consistent and reproducible results.



The tensile properties were determined in accordance with the ASTM test standard E8M-08 at ambient temperature by employing the 810 Material Test System (MTS). Samples were prepared with 25 mm gauge length and 5 mm diameter. The strain rate was set at 0.01 min−1 and an Instron 2630-100 series extensometer (Singapore) to measure the failure strain. A minimum of five tensile tests was conducted for each material in order to ensure the consistency of results.



JEOL JSM-5800 LV Scanning Electron Microscope (SEM, Kyoto, Japan) was used to analyze fractured samples for investigating the mode of failure under compression and tensile loading.






3. Results and Discussion


3.1. Density and Porosity


The results of density and porosity are shown in Table 1. With the addition of NiTi in Mg matrix, an increase in the experimental density is observed when compared to that of Pure Mg. Theoretical density is calculated as per the rule of mixtures. Mg3NiTi displayed the highest theoretical density of 1.78 g/cc, which is ~2.4% increase in density as compared to that of pure Mg. The increase in experimental and theoretical density can be attributed to the density difference between pure Mg (1.74 g/cc) and NiTi (6.45 g/cc). Further, reduced porosity in the case of nanocomposites when compared to pure Mg may be attributed to good wettability between NiTi nanoparticles and pure Mg in liquid and solid states. There was no visible evidence of any macrostructural defects after extrusion. Extruded rods were shiny and smooth without any visible circumferential cracks. In addition, low porosity values (<1%) displayed by monolithic and nanocomposite samples indicates that the DMD process coupled with hot extrusion is a suitable methodology for the synthesis of Mg-based composites.




3.2. Microstructural Characterisation


The grain size of pure Mg and Mg nanocomposites is presented in Table 2 and the representative grain morphologies are presented in Figure 2a–c. The grain size of pure Mg was significantly refined with the presence of NiTi nanoparticles. Mg0.5NiTi, Mg1NiTi, Mg1.5NiTi and Mg3NiTi nanocomposite showed a grain size of 17, 13, 10 and 9 µm, respectively compared to pure Mg (40 µm). Presence of ~0.5 wt. % NiTi was effective to refine the grain size of Mg by ~60%. The grain refinement with the progressive addition of nanoparticles is also significant as the average grain size of Mg3NiTi is approximately half the size of Mg0.5NiTi nanocomposite. Refining of grain size is crucial as the strength and corrosion properties of Mg-based materials greatly depends on the grain size of the material. The decrease in grain size can be mainly attributed to the ability of fine NiTi nanoparticles to pin the grain boundaries in the Mg matrix [34,35].



Figure 2d shows a representative image of reasonably uniform distribution and minimum clustering of the reinforcement particles in the Mg1.5NiTi nanocomposite. The phases formed cannot be particularly identified in the SEM but can be confirmed by the X-ray diffraction (XRD) analysis. The reasonably uniform distribution of the NiTi nanoparticles and secondary phases can be attributed to (a) optimal processing parameters (b) effect of Ar disintegration on the melt stream and (c) high extrusion ratio to breakdown hard phases and clusters.



X-ray diffractograms of Pure Mg and Mg-NiTi nanocomposites obtained from the longitudinal sections of the extruded samples are shown in Figure 3. The high-intensity peaks of Mg are clearly visible in the diffractograms. Also, there are peaks other than Mg that correspond to the presence of other phases in the sample. Few peaks of NiTi reinforcement is observed in the XRD analysis. Pure Mg is known to have a predominantly basal texture. Due to this basal texture, the deformation behavior of magnesium-based materials is very complicated to understand. However, clear peaks of NiTi are not observed due to the limitation of the filtered X-ray [11] to detect smaller weight fraction nanoparticle additions. Pure Mg, Mg0.5Ti, Mg1.5NiTi and Mg3NiTi exhibited a strong basal texture as the intensity corresponding to the basal plane (Theta-2Theta = 34 deg.) is maximum in the aforementioned compositions. Randomized texture was only observed in the case of Mg1NiTi composite owing to the maximum intensity corresponding to the pyramidal plane (Theta-2Theta = 36 deg.). Randomization in texture of Mg1NiTi nanocomposite leads to the basal plane remaining tilted and not parallel to the extrusion axis. This phenomenon improves the plastic deformation of the material which is representative of Mg1NiTi nanocomposite having higher fracture strain values than other nanocomposites under compression mode. Formation of other phases which includes Mg2Ni and Ti2Ni (Figure 3) at various angles was also observed [27,36].




3.3. Coefficient of Thermal Expansion


The results of the coefficient of thermal expansion (CTE), represented in Table 2, show that with progressive addition of NiTi in pure Mg matrix, CTE decreases. The CTE of pure Mg was observed to be 27.1 × 10−6/K. Mg0.5NiTi, Mg1NiTi, Mg1.5NiTi and Mg3NiTi nanocomposites exhibited the CTE value of 26.4 × 10−6/K, 25.9 × 10−6/K, 25.6 × 10 −6/K, and 24.3 × 10−6/K, respectively. The experimental CTE values were in close agreement with the theoretical CTE values as calculated by the turner model [37]. The relatively lower CTE values might be attributed to the lower CTE of the NiTi reinforcement (~10 × 10−6/K) [38].




3.4. Mechanical Properties


Microhardness values of the samples are presented in Table 2. Addition of NiTi in the Mg matrix enhanced the microhardness value and maximum microhardness was observed in Mg3NiTi (75 Hv), which is ~31% greater than that of pure Mg (57 Hv). The increase in hardness of Mg-NiTi nanocomposites can be attributed to their lower grain size (Table 2) and higher hardness of NiTi particles (~600 Hv), which lead to more resistance to the localized deformation of the matrix during indentation [39].



Tensile properties of the Mg-NiTi nanocomposites are shown in Table 3. The addition of NiTi improves the tensile yield strength (0.2% TYS) and ultimate tensile strength (UTS) of the Mg nanocomposite. Further, Mg3NiTi exhibited the maximum 0.2% TYS and UTS of 193 MPa and 217 MPa, which is ~129% and ~46% greater than that of pure Mg (84 MPa & 148 MPa), respectively. Tensile stress-strain response of pure Mg and Mg-NiTi nanocomposites are shown in Figure 4a.



The superior and progressive enhancement in the strength properties of the nanocomposites may be attributed to: (a) the decreasing grain size of the Mg-NiTi nanocomposites, (b) Orowan strengthening mechanism [40,41], and (c) increase in dislocation density in the matrix during primary/secondary processing due to variation in CTE of matrix and reinforcement [42]. The load transfer capabilities and strengthening owing to the difference in elastic modulus are found to be limited mainly in lower weight fraction additions as compared to Hall–Petch, Orowan and Forest strengthening [43,44].



Tensile testing results also revealed that ductility of Mg-NiTi composites remained in 9–11% marginally lower than 13% exhibited by pure Mg. The energy absorbed until fracture under tensile mode enhanced with the addition of 0.5 wt. % NiTi nanocomposite. A slight decrease was observed with the addition of 1 and 1.5 wt. % NiTi nanoparticles owing to their reduced fracture strain values. Further addition of 3 wt. % NiTi addition exhibited an increased energy absorption value of 23 MJ/m3 which is ~35% greater than pure Mg (17 MJ/m3). This can be primarily attributed to the inability of NiTi to randomize the texture in most cases and the increasing presence of harder phases (NiTi, Mg2Ni and NiTi2) in the matrix (see Figure 2 and Figure 3) leading to a relatively early crack nucleation and faster crack growth due to higher hardness of the matrix (Table 2). Tensile fractography results are shown in Figure 5. The fracture surface of pure Mg (Figure 5a), Mg0.5NiTi (Figure 5b), and Mg1NiTi (Figure 5c) samples indicates a cleavage mode of fracture highlighting that the fracture behavior of the synthesized nanocomposites is greatly controlled by the Mg matrix material. The cleavage steps as seen in these tensile fractographs are the indications of the inability of uniform deformation Mg based materials due to basal slip [45,46]. However, increasing amount of NiTi nanoparticles progressively refined the fracture features and a mixed mode of fracture with both cleavage and signs of plastic deformation were observed along with the cracks in the magnesium metal matrix for Mg1.5NiTi (Figure 5d) and Mg3NiTi (Figure 5e) nanocomposites.



Compressive test results are shown in Table 4 and representative curves are shown in Figure 4b. It can be observed that the presence of NiTi nanoparticles resulted in superior strength properties in compression mode. Increased 0.2% compressive yield strength (0.2% CYS) and ultimate compressive strength (UCS) properties are observed. 0.2%CYS of pure Mg (46 MPa) was improved by the addition of 1, 1.5, and 3 wt. % NiTi resulting in strength values of 52, 78, and 94 MPa, respectively. Similarly, UCS of Mg1NiTi (290 MPa), Mg1.5NiTi (337 MPa) and Mg3NiTi (345 MPa) nanocomposites are a 6%, 23%, and 24% enhancement, respectively compared to base pure Mg (274 MPa). A slight anomaly is observed for Mg0.5NiTi nanocomposites with respect to the strength properties. This can be attributed to the fact that the amount is very small and acted as an impurity resulting in stress concentration sites resulting in slightly lower properties under compression mode [47].



The fracture strain values of the nanocomposites were similar to the base pure Mg matrix for the NiTi content up to 1%. Beyond that ductility reduced from 23% to 18%, which is still significant from a deformation perspective and the decline can be attributed to a progressive increase in the presence of harder secondary phases (Ni2Ti, Ni3Ti) due to increased amounts of NiTi nanoparticles in the matrix [45]. The energy absorbed until fracture under the compression mode for pure Mg was observed to be 39 MJ/m3. EA for the developed nanocomposites were similar to the pure Mg matrix. This is due to the fact that the lower concentrations of Mg-NiTi nanocomposites have higher strength and similar ductility values when compared to pure Mg. However, enhanced additions of NiTi have higher strength but lower ductility values when compared to pure Mg. Hence, EA under compression mode does not seem any superior increment or decrement for the nanocomposites and are in each other’s deviation ranges.



Fractured specimens of pure Mg and Mg-NiTi nanocomposites are shown in Figure 6. Typical shear band formations are observed, which are commonly found in other studies on Mg-based nanocomposites. All the developed nanocomposites fractured at 45° w.r.t to the test plane.





4. Conclusions


The current work studied the fabrication by disintegrated melt deposition (DMD) and effect of NiTi nanoparticles on magnesium nanocomposite. Mechanical, physical, and thermal properties of Mg nanocomposites have been significantly influenced by the addition NiTi. Based on the work done the following conclusions have been made:

	
By the progressive addition of NiTi, highly dense material is obtained with limited porosity (<1%).



	
The strong basal texture is retained in most of the Mg-NiTi nanocomposites with a high intensity corresponding to the pyramidal plane. High strength secondary phases like Mg2Ni and NiTi2 were formed.



	
A near uniform distribution of NiTi nanoparticles in the magnesium matrix was observed. The NiTi nanoparticles were observed to pin the grain boundaries to restrict the grain growth and aids in the dispersion strengthening of the nanocomposite.



	
Mg3NiTi nanocomposite displays a near 31% enhancement in microhardness values when compared to that of pure Mg, indicating a superior response to localized plastic deformation.



	
Improved tensile strength (both yield and ultimate) properties and improved compressive strength (both yield and ultimate) were observed with Mg3NiTi nanocomposite displaying the maximum strength values in comparison with other developed nanocomposites.



	
The fracture strain values for the nanocomposites in both tensile and compression mode were similar to that of pure Mg and significant enhancement or decrement was not observed.
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Figure 1. Experimental setup of the DMD method. 
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Figure 2. Grain size of (a) pure Mg, (b) Mg1.5NiTi, (c) Mg3NiTi; (d) NiTi distribution in the Mg matrix. 
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Figure 3. Longitudinal section of pure Mg and Mg-NiTi nanocomposites. 
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Figure 4. (a) Tensile and (b) compressive stress vs. strain curve obtained for different Mg-NiTi nanocomposites. 
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Figure 5. Tensile fractography of (a) Pure Mg, (b) Mg0.5NiTi, (c) Mg1NiTi, (d) Mg1.5NiTi and (e) Mg3NiTi nanocomposites. 
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Figure 6. Compression fractography of (a) Pure Mg, (b) Mg0.5NiTi, (c) Mg1NiTi, (d) Mg1.5NiTi and (e) Mg3NiTi nanocomposites. 
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Table 1. Density and porosity of pure Mg and Mg-NiTi nanocomposites.
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	Material
	Theoretical Density (g/cc)
	Experimental Density (g/cc)
	Porosity (%)





	Pure Mg
	1.73
	1.72 ± 0.025
	0.85



	Mg0.5NiTi
	1.74
	1.73 ± 0.008
	0.48



	Mg1NiTi
	1.75
	1.74 ± 0.002
	0.51



	Mg1.5NiTi
	1.75
	1.75 ± 0.003
	0.50



	Mg3NiTi
	1.78
	1.76 ± 0.008
	0.67
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Table 2. Grain size, CTE and microhardness of Mg-NiTi nanocomposite samples.






Table 2. Grain size, CTE and microhardness of Mg-NiTi nanocomposite samples.





	Material
	Grain Size (µm)
	CTE

(×10−6/K)
	Microhardness (Hv)





	Pure Mg
	40 ± 9.4
	27.1
	57 ± 4.6



	Mg0.5NiTi
	17 ± 2.2

(60%↓)
	26.4

(3%↓)
	59 ± 3.3

(4%↑)



	Mg1NiTi
	13 ± 1

(67%↓)
	25.9

(4%↓)
	72 ± 2.5

(26%↑)



	Mg1.5NiTi
	10 ± 3.3

(75%↓)
	25.6

(5%↓)
	73 ± 3.9

(28%↑)



	Mg3NiTi
	9 ± 1.8

(76%↓)
	24.3

(10%↓)
	75 ± 2.6

(31%↑)










[image: Table]





Table 3. Room temperature tensile testing results.
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	Material
	0.2% TYS (MPa)
	UTS (MPa)
	Fracture Strain (%)
	Energy Absorbed (MJ/m3)





	Pure Mg
	84 ± 6
	148 ± 6
	13 ± 0.9
	17 ± 1.5



	Mg0.5NiTi
	106 ± 12

(26%↑)
	167 ± 14

(13%↑)
	9 ± 0.8
	24 ± 1.8

(41%↑)



	Mg1NiTi
	123 ± 2

(47%↑)
	176 ± 9

(19%↑)
	9 ± 4.2
	14 ± 1.6



	Mg1.5NiTi
	163 ± 9

(94%↑)
	187 ± 8

(26%↑)
	9 ± 0.4
	14 ± 2.1



	Mg3NiTi
	193 ± 17

(129%↑)
	217 ± 16

(46%↑)
	11 ± 0.2
	23 ± 2.4

(35%↑)










[image: Table]





Table 4. Room temperature compressive testing results.






Table 4. Room temperature compressive testing results.





	Material
	0.2% CYS (MPa)
	UCS (MPa)
	Fracture Strain (%)
	Energy Absorbed (MJ/m3)





	Pure Mg
	46 ± 2
	274 ± 4
	23 ± 0.9
	39 ± 2.7



	Mg0.5NiTi
	42 ± 4

(9%↓)
	265 ± 15

(3%↓)
	23 ± 0.3
	36 ± 2.4



	Mg1NiTi
	52 ± 6

(13%↑)
	290 ± 4

(6%↑)
	23 ± 0.7
	40 ± 1.5



	Mg1.5NiTi
	78 ± 5

(70%↑)
	337 ± 4

(23%↑)
	18 ± 0.4
	35 ± 2.1



	Mg3NiTi
	94 ± 3

(104%↑)
	345 ± 5

(26%↑)
	18 ± 0.9
	35 ± 2.1
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