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Abstract

:

This research focuses on the fabrication and characterization of TAZ532-xNb composites, employing high-purity, micron-sized powders of Mg, Sn, Al, Zn, Mn, and Nb as the raw materials. These powders were subjected to a paraffin coating process aimed at mitigating oxidation. The formation of composites was achieved via hot pressing and was followed by surface preparation and analysis using scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS). An X-ray diffraction (XRD) study was conducted to identify the microstructural phases. Quantitative assessments including the theoretical density, actual density, and relative density were computed, and their fluctuations in relation to the increasing Nb reinforcement ratio were scrutinized. Furthermore, the mechanical attributes of the composites, such as hardness and tensile strength, were assessed via experimental procedures. The absence of oxygen-related peaks in the XRD patterns endorsed the successful execution of the paraffin coating technique and protective gas atmosphere during sintering. The detection of α-Mg, Mg2Sn, MgZn, Mg17Al12, and Nb phases within the Nb-reinforced composite patterns authenticated the formation of the intended phases. Notably, the relative density values of the composites surpassed 95%, indicating efficient sintering. SEM results disclosed a densely packed microstructure, with Nb reinforcement particles evenly distributed along the grain boundaries, devoid of particle clustering or significant grain growth. These composites manifested exceptional wetting characteristics, which can be attributed to the employment of Mg alloy as the matrix material. EDS data confirmed the proportions of Nb within the composites, aligning with the quantities incorporated during fabrication. The composites showcased an increase in microhardness values with the escalating Nb reinforcement ratio, credited to the harder constitution of Nb particles in comparison to the matrix alloy. Concurrently, tensile strength showed a significant improvement with the increment in Nb reinforcement, while elongation values peaked at a specific Nb reinforcement level. The positive evolution of tensile strength properties was ascribed to the escalated Nb reinforcement ratio, grain size, and consequent higher sample densities.
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1. Introduction


One of the most significant challenges of the modern world is the increasing number of vehicles and the environmental impact they have [1]. Therefore, numerous solutions have been proposed to reduce fuel consumption and minimize the damage to the environment [2,3]. These solutions include reducing the weight of vehicles and promoting the use of lightweight alloys [4]. Magnesium (Mg), which is a lightweight metal, has drawn attention due to its property of being the lightest structural metal [5,6].



Pure Mg has a density of 1.74 g/cm3, which is much lower than aluminum, titanium, zinc, and steel [5]. Despite being abundant in nature, the insufficient mechanical properties of pure Mg have led to the use of alloying elements for improved performance and engineering applications [7,8]. Common alloying elements include Al, Zn, Mn, and Sn, which can significantly affect the strength, hardness, elastic modulus, thermal conductivity, and corrosion resistance of Mg alloys [7,9].



The addition of Al to Mg forms the β- Mg17Al12 phase, which increases mechanical properties [10], but too much of it reduces the mechanical strength at high temperatures due to its high melting point [11,12]. Adding zinc improves mechanical properties and ductility while refining the microstructure [13,14]. The ductility of Mg-based materials increases with Zn content up to 2 wt.% but then decreases [15,16]. Sn forms the Mg2Sn phase, which refines and pins grain boundaries [17,18]. As the melting temperature of Mg2Sn is 770.5 °C, the mechanical strength of Mg alloy is expected to improve with increased amounts of this phase [19,20].



The addition of various alloy elements to Mg has resulted in improvements in its hardness, strength, and ductility properties [21,22]. Although these improvements have made Mg alloys suitable for some applications, their strength and ductility properties are still insufficient for many other applications [23,24]. Hence, there is a growing need for the development of novel composite materials with superior properties that incorporate Mg alloy matrices [25].



Magnesium matrix composites (MgMCs) have high strength-to-weight ratio and are lighter in weight, which makes them an attractive alternative to traditional materials in many applications [26,27]. By adjusting the type, content, and size of the reinforcing phases and the processing methods used to manufacture them, the mechanical, thermal, and physical properties of magnesium composites can be customized [28,29]. These composites have been studied for their potential use in aerospace, automotive, biomedical, and sporting goods industries, among others [5,30].



MgMCs are materials composed of magnesium matrix reinforced with one or more secondary phases, typically ceramics or metals [31,32,33]. The addition of ceramic particles such as SiC, Al2O3, and TiC has been found to significantly improve the mechanical properties of magnesium matrix composites, such as strength, stiffness, and wear resistance [34,35,36]. However, there are important disadvantages of ceramic reinforcements [37]. One disadvantage of using ceramic reinforcement on magnesium matrix composites is the tendency for the ceramic particles to agglomerate during the fabrication process, which can result in nonuniform distribution and reduced mechanical properties [38,39]. Additionally, the difference in thermal expansion coefficients between the ceramic particles and the magnesium matrix can lead to thermal stress and cracking [33,40]. Finally, the high stiffness and brittleness of some ceramic materials can limit the ductility and toughness of the composite material [41,42].



Metal reinforcement, particularly with materials such as titanium, niobium, and nickel, offers several advantages in magnesium matrix composites [43,44]. Metal reinforcements can improve the overall processability of the composites [45,46], particularly during the fabrication stage, by providing better wettability, leading to more homogeneous microstructures and improved mechanical properties [33,47]. Nb is a promising reinforcement material for magnesium matrix composites due to its unique properties and zero-solubility in Mg [48,49]. Nb has a high melting point and thermal stability [50,51]. When added to magnesium, Nb can significantly improve the mechanical properties of the resulting composite [52,53], such as increasing its strength and ductility. Additionally, Nb has a low density, which helps maintain the lightweight nature of magnesium composites [27,54]. Nb reinforcement can also improve the wear resistance, corrosion resistance, and high-temperature stability [55,56,57]. Furthermore, Nb has a good biocompatibility, which makes it an attractive reinforcement material for biomedical applications [58]. Overall, Nb reinforcement has several advantages for composites, making it a promising material for various engineering and biomedical applications [59,60].



One particular study by Vahid et al. [61] focused on producing magnesium-based composites with niobium particulates ranging from 5–15 wt.%. They utilized the disintegrated melt deposition technique, resulting in a uniform distribution of niobium particulates within the matrix without intermetallic compound formation. Microstructural analysis indicated refined grains and minimal porosity. Tensile testing demonstrated concurrent enhancements in hardness, 0.2% yield strength, and ultimate tensile strength with the addition of up to 10 wt.% Nb. However, exceeding 5 wt.% niobium in pure magnesium led to decreased ductility. Among the composites studied, the Mg/5 wt.% Nb composite exhibited the most favorable combination of strength and ductility, while the Mg/10 wt.% Nb composite displayed significant improvements in both strength and hardness compared to other composites.



Another study [62] investigated the effects of Nb addition to the Cu–Ni–Si–Mg alloy, focusing on mechanical properties, electrical conductivity, and microstructure. The results revealed that the alloy with 0.2 wt.% Nb exhibited superior overall characteristics after secondary aging, including increased hardness, tensile strength, breaking elongation, and electrical conductivity. Nb addition promoted the formation of smaller precipitates, specifically the Ni2Si phase, and facilitated its transition from a coherent to an incoherent relationship with the matrix. Additionally, Nb increased the proportion of grain boundaries, facilitated the development of recrystallized texture and grains, and reduced the presence of cold-rolled texture and defects in the alloy.



The Powder Metallurgy (PM) technique is commonly used to produce composite materials as it allows for homogenous distribution of reinforcing elements, resulting in superior properties [25,63]. This involves mixing the matrix and reinforcement elements, compressing them in a metal mold, and sintering at a certain temperature in a protective gas atmosphere [64,65]. The relative density measurements of produced samples or pore ratio in the microstructure determine the success of the sintering process [66]. The hot-pressing method has been shown to yield higher relative density values compared to traditional PM methods [67,68]. However, when producing Mg matrix composites, it is crucial to prevent oxidation of Mg powders by coating them with paraffin and debinding them before the Hot Pressing (HP) process.



A novel method for producing high-performance composite samples has been developed by utilizing a hot-pressing technique and incorporating Nb particles into TAZ532 alloy matrix using high-purity and micron-sized metal powders, including Mg, Sn, Al, Zn, Mn, and Nb. The resulting composite samples exhibited high relative density values and were characterized by their microstructure and mechanical properties, demonstrating the potential of this approach for the development of advanced composite materials.




2. Materials and Methods


In this study, high-purity and micron-sized Mg, Sn, Al, Zn, Mn, Zn, Mn, and Nb powders were used to produce composites with TAZ532 alloy matrix containing Nb reinforcement at different ratios. Chemical compositions of TAZ532 matrix alloy are given in Table 1 and chemical compositions of Nb-reinforced composites are given in Table 2.



During the weighing and mixing of the powders, oxidation of Mg powders occurs as a result of contact with air. In order to prevent this situation, the paraffin coating technique was applied to Mg powders. Mg powders were obtained from Alfa Aesar company (Thermo Fisher (Kandel) GmbH, Deutschland, Germany) in 500 g vacuum packs. After weighing the gross weight of the package, it was opened in the glove box and Mg powders were poured into the beaker containing hexane. The net weight of Mg powders was calculated by taking the difference between the (gross) weight of the package + Mg powder and the empty weight (tare) of the package. Precisia brand precision balance with a sensitivity of 10−4 was used for weighing. Before opening the package in the glove box, the chamber was filled with high-purity argon gas and then vacuumed. The volume of Mg powders was calculated by the ratio of net weight to density and 20 vol. % paraffin was added to hexane+Mg powders in the beaker. In order to completely dissolve the paraffin in hexane, the beaker containing the mixture was placed in a sensitive heater and heated to 70 °C. While the beaker was on the heater, a propeller mixer was immersed into the mixture from the top. Stirring was continued at 180 rpm for 1 h until all the hexane was evaporated (Figure 1). The same stirring procedures were repeated for the preparation of the mixtures shown in Table 1 and Table 2. Significant studies have been carried out on the effect of stirring speed, time, and sintering temperature on microstructural, mechanical, and corrosion properties [69,70,71,72]. Therefore, in this study, mixing speed, duration, and sintering parameters were obtained from experience in previous studies and optimum production parameters were applied [70,73].



Samples of each mixture were produced on a hot press machine using a graphite molding system with dimensions of 30 mm length, 10 mm width, and 3.5 mm thickness (30 × 10 × 3.5 mm). After debonding at 300 °C for 30 min, sintering processes were carried out at 620 °C under 50 MPa pressure for 60 min using high-purity argon gas. The produced samples were sanded with 240, 400, 600, 800, 800, 1000, 1200, and 1500 grit sandpaper, followed by polishing and etching processes. The solution (5% nitric acid and 95% pure ethyl alcohol by volume), which is frequently used in the etching process of Mg-based materials, was used as a reference in the present study [74,75]. The etched samples were cleaned with distilled water and ethyl alcohol and then dried and made ready for SEM-EDS examinations.



The phases formed in the microstructure were determined by X-ray diffraction (XRD, Rigaku Ultima IV brand, Rigaku Corporation, Tokyo, Japan) analysis. Scanning electron microscopy (SEM, JEOL JSM 6510 brand, JEOL Ltd., Tokyo, Japan) and energy-dispersive spectroscopy (EDS, JEOL IXRF 550 brand, JEOL Ltd., Tokyo, Japan) analyses were applied for surface microstructure investigations. Theoretical density values were calculated according to Equation (1), measured density values were calculated according to Equation (2), and % relative density values were calculated according to Equation (3), which are used in accordance with ASTM B962-14 standard [76]. According to this standard, also known as the Archimedes principle, the specimens were first weighed in air and then weighed in distilled water [73,76].


   Theoretical   density   ( g /  cm 3  ) =   T o t a l   M a s s   T o t a l   V o l u m e     =   ( M g   m a s s ) + ( S n   m a s s ) + ( Z n   m a s s )       M g   m a s s   M g   d e n s i t y     +     S n   m a s s   S n   d e n s i t y     +     Z n   m a s s   Z n   d e n s i t y         



(1)






  Measured   Density   ( g /  cm 3  ) =   W e i g h t   i n   a i r   ( W e i g h t   i n   a i r ) − ( W e i g h t   i n   w a t e r )   ( Archimedes   principle )  



(2)






  Relative   Density   ( % ) =   A c t u a l   D e n s i t y   T h e o r e t i c a l   d e n s i t y     ×   100  



(3)







Hardness and then tensile tests were applied to determine the mechanical properties of the samples. Prior to hardness measurement, each sample surface was subjected to precise sanding and polishing. Hardness tests were carried out using a Vickers hardness tester (Figure 1). Depending on the hardness of the sample, 200 g loads were applied for 10 s per sample. The average of the hardness values taken from 5 different areas of each sample was accepted as the average hardness value of the sample. MPIF-10 standard was used as the tensile specimen standard in the tensile tests of the specimens. Tensile tests were carried out in 3 repetitions for the specimens of each composition.




3. Results and Discussion


Figure 2 displays the X-ray diffraction (XRD) patterns of composite specimens that were fabricated by incorporating Nb reinforcements into a matrix alloy at various ratios. The XRD patterns reveal important information about the composition and structure of the samples. Notably, the absence of oxygen-related peaks in any of the specimens’ patterns signifies the successful implementation of a paraffin coating and protective gas atmosphere during the sintering process. This protective environment prevents oxidation and ensures the integrity of the composite materials.



Analyzing the XRD patterns further, several peaks corresponding to different phases are observed consistently across all samples. These phases include α-Mg, Mg2Sn, MgZn, and Mg17Al12. Interestingly, the intensities of these peaks remain similar across the various samples, indicating that there are no abnormal variations in the composition of the specimens. This uniformity in intensities suggests a consistent distribution of these phases within the composites. However, it is worth noting that peaks associated with the Nb phase are only present in the XRD patterns of specimens that contain Nb particle reinforcements. As the ratio of Nb reinforcements increases, so does the intensity of the peaks related to the Nb phase. This trend implies a direct correlation between the amount of Nb added and the presence of the Nb phase in the composite materials. Indeed, it is often the case that the X-ray diffraction (XRD) peak intensities increase with higher concentrations of a given element. This is fundamentally because XRD peak intensity is directly related to the weight ratio of the phase within the material. Therefore, in the context of your observation, the XRD analysis shows the highest Nb peak intensities in the sample with a 6 wt.% Nb addition. This result suggests that there is a larger volume fraction of the Nb phase or Nb-related phases within this sample compared to those with lower Nb concentrations. These results align with expectations, given that a higher proportion of Nb is more likely to generate a higher volume fraction of Nb-based structures in the composite, thereby leading to more substantial XRD peak intensities.



Figure 3 illustrates the variations in theoretical density, measured density, and relative density data as the reinforcement ratio increases. The theoretical and measured real density values exhibit a consistent increase with the rising reinforcement ratio. This trend suggests that the incorporation of reinforcements contributes to a higher overall density of the composite specimens. However, the relative density values of samples containing a high level of reinforcement are lower compared to the other samples. Relative density refers to the ratio of the measured density to the theoretical density and serves as an indicator of how closely packed the particles are within the material. The lower relative density values in highly reinforced samples suggest that achieving a denser packing of particles becomes more challenging as the reinforcement content increases. Literature studies frequently indicate that a relative density value exceeding 95% for materials produced through powder metallurgy signifies the successful implementation of the sintering process [77,78]. Interestingly, in the present study, the relative density value of the TAZ532 matrix alloy surpasses 99%. Even the lowest relative density value among the Nb-reinforced samples, which amounts to 98.05%, exceeds the aforementioned 95% threshold mentioned in the literature. This outcome indicates the successful production of TAZ532–xNb composite samples using the hot-pressing method. Therefore, it is expected that the microstructure of these composites will exhibit a significantly low pore fraction, emphasizing the dense and compact nature of the materials.



The SEM images of TAZ532–xNb composites are presented in Figure 4, showcasing the surface morphology of the samples. Upon careful examination of these images, it becomes evident that the samples exhibit a highly dense microstructure. Grains and grain boundaries can be clearly observed, indicating the crystalline structure of the material. Notably, the microstructure appears devoid of any visible pore structures, indicating a lack of voids within the material. The microstructure images presented in Figure 4 further corroborate the information provided by the relative density graphs in Figure 3. The SEM images reveal that the Nb reinforcement particles are uniformly distributed along the grain boundaries of the material. Significantly, there is no evidence of particle clustering in any specific region. This uniform distribution of the reinforcement particles suggests an effective dispersion process during the fabrication of the composites. Both the present study and previous literature research [75,79,80] have demonstrated that the production method, specifically the P/M method employed, plays a crucial role in achieving a homogeneous microstructure. The amount of Nb particles at the grain boundaries increases with higher reinforcement ratios, indicating a proportional relationship between the reinforcement level and particle density.



Interestingly, even with an elevated density of Nb particles at the grain boundaries, our observations reveal an absence of grain growth within the microstructure. This phenomenon can be correlated with the role of reinforcing particles which act as effective barriers, effectively inhibiting the expansion of individual grains. The presence of hard reinforcement structures homogeneously distributed along the grain boundaries prevents grain growth, as supported by similar results in the literature [75,76,81]. The uniform distribution of these hard structures effectively impedes the movement and coalescence of adjacent grains, resulting in a constrained microstructure with limited grain growth. The average grain sizes of the composite samples containing 0%, 1%, 2%, 4%, and 6% by weight of Nb, respectively, were obtained as 17.10 µm, 12.21 µm, 10.26 µm, 9.89 µm, and 8.08 µm, respectively.



Another notable observation derived from the SEM images is the achievement of complete wetting at a high level in all samples. The phenomenon of wetting refers to the ability of a liquid or molten phase to uniformly spread and adhere to the solid surface of another material. In the case of the TAZ532–xNb composites, the SEM images reveal that the reinforcing particles and the matrix material exhibit excellent wetting behavior, indicating strong interfacial bonding. The use of a magnesium (Mg) alloy as the matrix material contributes significantly to the high wetting properties observed in the samples. Magnesium alloys are known for their favorable wetting characteristics when combined with other materials. In a separate study conducted by Suresh et al. [82], it was specifically found that Mg enhances the wetting behavior of composite materials. This suggests that the presence of the Mg alloy in the TAZ532–xNb composites contributes to the establishment of a favorable interfacial interaction between the matrix and the reinforcement. Complete wetting in the TAZ532–xNb composites indicates that the molten magnesium alloy has effectively spread and covered the surface of the reinforcing particles during the manufacturing process. This complete coverage facilitates intimate contact between the matrix and the reinforcement, resulting in a strong interfacial bond and improved load transfer between the phases. The enhanced wetting properties contribute to the overall mechanical performance of the composites, including improved strength, stiffness, and durability.



The SEM image, taken at ×1000 magnification, of the TAZ532 matrix composite containing 2 wt.% Nb by weight is provided in Figure 5. Concentrated at the grain boundaries, intermetallic phases and reinforcement particles such as niobium (Nb) serve to bolster the material’s structure, playing a pivotal role in improving its mechanical properties. In our previous knowledge [6,15,73,75], the α-Mg structure is conspicuously situated within the intergranular regions, often discerned via its distinctive black to dark gray pigmentation, an identifier designated as (mark 1) for clarity and communication efficiency. Transitioning to the structural elements labeled as (mark 2), these are present directly on the grain boundary. These formations exhibit a striking, white coloration and are laden with a high concentration of both Mg and Sn. Upon rigorous evaluation using X-ray diffraction (XRD) analytical methods, these particular structures have been definitively categorized as belonging to the Mg2Sn phase, a compound of particular interest. Advancing to the (mark 3) designation, this involves a structure that distinctly resides on the grain boundary and is conspicuous by its uninterrupted, linear form. It bears a dark gray color, indicative of its composition. This structure is found to be rich in Mg and Al, hence aligning it with the Mg17Al12 phase. This phase is a critical component of Mg–Al-based alloys, which are lauded for their superior mechanical properties and broad utility in numerous structural applications. The structures of mark 4 significantly contrasted on the grain boundaries are distinguished by both large and small geometric formations that bear a stark, white coloration. Composed primarily of niobium (Nb) particles, they reflect the inherent characteristics of this transition metal, notable for its high melting point and superior mechanical properties.



Figure 6 showcases the results of energy-dispersive X-ray spectroscopy (EDS) analysis conducted on the surface of TAZ532–xNb composite samples. The EDS analysis was performed using the same SEM images presented in Figure 4, allowing for a comprehensive investigation of the elemental composition and distribution within the samples. In Figure 6A, the EDS results for the TAZ532 matrix alloy are presented. These results demonstrate a close correspondence between the obtained ratios of elements and the ratios of elements added during the sample production process. The elemental composition determined by the EDS analysis aligns well with the expected composition, indicating the accuracy and reliability of the analysis technique. Furthermore, as the content of Nb particle reinforcement increases in the TAZ532–xNb composites, there is a corresponding increase in the Nb ratios obtained from the EDS analysis (Figure 6B–E). This trend is illustrated in Figure 6B, where the Nb ratios are observed to progressively rise with higher levels of reinforcement. Importantly, the EDS results closely match the added ratios of Nb during the production of the composite samples. The consistency between the added ratios and the EDS results suggests that the fabrication process effectively incorporates the desired proportions of reinforcement particles into the composite material. The EDS analysis confirms that the Nb particles are present in the expected quantities, which is crucial for achieving the desired mechanical properties and performance of the composites. By utilizing the SEM images for EDS analysis, it becomes possible to obtain spatially resolved elemental information. This enables researchers to assess the distribution of different elements within the composite samples, gaining insights into the homogeneity and uniformity of the material.



The microhardness values of the TAZ532–xNb composite samples are presented in Figure 7, providing insights into the mechanical properties of the composites. The average microhardness values for the composite samples, which contain different weight ratios of Nb reinforcement (0 wt.%, 1 wt.%, 2 wt.%, 4 wt.%, and 6 wt.%) within the TAZ532 matrix alloy, were determined as 73.3, 76.5, 79.2, 83.0, and 88.1 HV, respectively.



A noticeable trend is observed in the results, where the microhardness values consistently increase with the addition of Nb at different weight ratios. This suggests that the Nb reinforcement particles play a significant role in enhancing the hardness of the composites. The observed increase in microhardness values can be attributed to the inherent hardness of the Nb particles, which possess a harder structure compared to the alloy matrix.



When Nb particles are incorporated into the TAZ532 matrix alloy, they act as reinforcing agents that strengthen the material. The presence of these harder particles creates additional barriers to dislocation motion and deformation within the material. As a result, the resistance to plastic deformation and the overall hardness of the composites are enhanced.



The continuous increase in microhardness values with increasing Nb weight ratios indicates that the strengthening effect becomes more prominent as the reinforcement content rises. The higher the Nb content in the composites, the greater the number of reinforcing particles present, leading to a higher density of hard barriers within the matrix. This increased density of Nb particles effectively hinders dislocation movement and provides more resistance to plastic deformation, resulting in higher microhardness values.



The observed relationship between the Nb content and microhardness values confirms the reinforcing role of the Nb particles in improving the mechanical properties of the TAZ532–xNb composites. The incorporation of Nb reinforcement contributes to the increased hardness, which is an essential characteristic for applications where enhanced strength is desired.



The strength and elongation values obtained from the tensile testing of the TAZ532–xNb composite samples are presented in Figure 8, providing important insights into their mechanical behavior. The tensile strength values corresponding to different weight ratios of Nb reinforcement (0 wt.%, 1 wt.%, 2 wt.%, 4 wt.%, and 6 wt.%) within the TAZ532 matrix alloy were determined as 101.01, 120.18, 138.48, 183.29, and 211.75 MPa, respectively.



A clear trend is observed in the results, indicating that the tensile strength properties are significantly improved with increasing Nb addition. As the Nb weight ratio increases, there is a corresponding enhancement in both the yield strength and tensile strength of the composites. This suggests that the Nb reinforcement plays a crucial role in reinforcing the material and enhancing its mechanical strength.



Furthermore, the elongation values of the composites also exhibit an interesting behavior. Initially, as the Nb reinforcement level increases, the elongation values tend to increase, indicating improved ductility. However, beyond a certain Nb reinforcement level, the elongation values may begin to plateau or even decrease. This observation suggests that, while the Nb reinforcement enhances strength, there may be a trade-off with the material’s ductility beyond a certain threshold.



The increased Nb reinforcement ratio in the composites contributes to the positive development of the tensile strength properties. The reinforcing particles, which possess a higher strength compared to the matrix alloy, effectively hinder dislocation movement and promote load transfer within the material during tensile loading [78].



Moreover, the increase in Nb reinforcement ratio also leads to increased sample densities. The higher density of the composites, achieved through the incorporation of Nb particles, plays a significant role in enhancing the tensile strength properties. The increased density contributes to improved interfacial bonding between the matrix and reinforcement, resulting in effective load transfer and resistance to deformation [83].




4. Conclusions


This manuscript presents a study on the fabrication and characterization of TAZ532–xNb composites, where high-purity and micron-sized powders of Mg, Sn, Al, Zn, Mn, and Nb were used to produce composites with a TAZ532 alloy matrix containing Nb reinforcement at different ratios. The paraffin coating technique was successfully employed to prevent the oxidation of Mg powders during weighing and mixing. The mixing speed, duration, and sintering parameters were determined based on previous studies to achieve optimum production parameters.



	⮚

	
The X-ray diffraction (XRD) analysis confirmed the presence of α-Mg, Mg2Sn, and Mg17Al12 phases in all composite samples, while the Nb phase was observed only in specimens with Nb reinforcement. The intensity of Nb-related peaks increased with higher Nb reinforcement ratios, reaching the highest values in samples with a weight ratio of 6 wt.% Nb addition.




	⮚

	
Theoretical and measured density values showed an increasing trend with an increasing reinforcement ratio. The relative density values of the composite samples exceeded the 95% threshold, indicating successful sintering. Scanning electron microscopy (SEM) images revealed a highly dense microstructure without any pore structures. The Nb reinforcement particles were uniformly distributed along the grain boundaries, effectively preventing grain growth. Complete wetting between the matrix alloy and Nb particles was achieved, attributed to the use of Mg alloy as the matrix.




	⮚

	
Energy-dispersive spectroscopy (EDS) analysis confirmed the presence of Nb in the composite samples, with the obtained ratios closely matching the added ratios during production. The microhardness values increased with the addition of Nb reinforcement, as the harder Nb particles contributed to the overall hardness of the composites.




	⮚

	
Tensile testing showed that the tensile strength values improved significantly with increasing Nb addition, while the elongation values increased up to a certain Nb reinforcement level. The increased Nb reinforcement ratio and sample densities played a crucial role in enhancing the tensile strength properties.







The results indicate successful production of TAZ532–xNb composite samples with a homogeneous microstructure, high wetting properties, and improved mechanical properties. These conclusions contribute to the understanding of the fabrication and performance of Nb-reinforced composites, highlighting their potential for various engineering applications. It is believed that an important contribution has been made to the scientific community. Additionally, Mg-based composites can offer lighter device usage options for cell phone and computer users. Furthermore, it has been demonstrated in this study that the P/M method is applicable to the manufacturing of Mg-based new composite materials, thus contributing to scientific research in this aspect.
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Figure 1. Schematic presentation of production, microstructural, and mechanical test of Nb-reinforced Mg matrix composites. 






Figure 1. Schematic presentation of production, microstructural, and mechanical test of Nb-reinforced Mg matrix composites.



[image: Metals 13 01097 g001]







[image: Metals 13 01097 g002 550] 





Figure 2. XRD patterns of Nb-particle-reinforced TAZ532 matrix composites. 
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Figure 3. Theoretical, measured, and % relative density values of TAZ532–xNb composite samples. 
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Figure 4. SEM images of TAZ532–xNb composite samples: (a) TAZ532 matrix, (b) 1 wt.% Nb-reinforced, (c) 2 wt.% Nb-reinforced, (d) 4 wt.% Nb-reinforced, (e) 6 wt.% Nb-reinforced. 
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Figure 5. SEM image (1000× magnification) of 2 wt.% Nb-reinforced TAZ532 matrix composite. 
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Figure 6. Areal EDS results of TAZ532–xNb composite samples: (A) TAZ532 matrix, (B) 1 wt.% Nb-reinforced, (C) 2 wt.% Nb-reinforced, (D) 4 wt.% Nb-reinforced, (E) 6 wt.% Nb-reinforced. 
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Figure 7. Microhardness values of TAZ532–xNb composite samples. 
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Figure 8. Yield strength, tensile strength, and % elongation values of TAZ532–xNb composite specimens. 
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Table 1. Chemical composition of TAZ532 alloy used as matrix.
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Matrix Name

	
<45 µm

%99.8 Purity

	
<10 µm

%99.9 Purity

	
<10 µm

%99.9 Purity

	
<10 µm

%99.9 Purity

	
<10 µm

%99.9 Purity




	
Mg

(wt.%)

	
Sn

(wt.%)

	
Al

(wt.%)

	
Zn

(wt.%)

	
Mn

(wt.%)






	
TAZ532

	
89.85

	
5

	
3

	
2

	
0.15











[image: Table] 





Table 2. Chemical composition of TAZ532–xNb composite samples.
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Sample Name

	
Composite Composition

	

	
<5 µm

%99.8 Purity




	
TAZ532

(wt.%)

	
Nb

(wt.%)






	
Nb0

	
TAZ532 + %0 Nb

	
100

	
0




	
Nb1

	
TAZ532 + %1 Nb

	
99

	
1




	
Nb2

	
TAZ532 + %2 Nb

	
98

	
2




	
Nb4

	
TAZ532 + %4 Nb

	
96

	
4




	
Nb6

	
TAZ532 + %6 Nb

	
94

	
6
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