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Abstract

:

TiB2/Mg-4Al-1.5Si magnesium matrix composites were prepared by semi-solid stirring assisted ultrasonic treatment, the primary Mg2Si phases in the composites exhibit polygon with sharp corners, and the eutectic Mg2Si phases appear thin Chinese-script or short-strip shape. To reduce stress concentration around the sharp corners (tips) of the Mg2Si phases, the morphology of the Mg2Si phases was further modified by solution treatment at 420 °C for 24 h, and the effects of the morphology modification of the Mg2Si phases on the mechanical properties of the composites were investigated. The results showed that after the solution treatment, the sharp corners of the primary Mg2Si phases were blunted, and the partial branches of the eutectic Mg2Si phases were dissolved into particles. The Vickers-hardness, ultimate tensile strength, yield strength, and elongation of the composites were increased by 11.50%, 33.28%, 28.57%, and 27.17% compared with those of unmodified composites, respectively. The solution treatment exhibits a more significant strengthening effect for the composites in hardness, ultimate tensile strength, and yield strength compared with the matrix alloys.
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1. Introduction


As the lightest structural metal material, magnesium alloy has great prospects for application in the fields of automobile, aerospace, and weapon industry owing to its high specific strength and stiffness, low coefficient of thermal expansion, and good damping performance [1,2,3]. Mg-Al series alloys are the most commercially used magnesium alloys due to their good castability, high strength, and low price. However, the β-Mg17Al12 phase with a low melting point is easy to be softened and coarsened above 120 °C, thereby deteriorating the mechanical properties of the magnesium alloys and severely restricting their large-scale applications in medium-high temperature components [4,5]. To improve the strength of Mg-Al series alloys at room and elevated temperatures, several elements with low solid solubility in Mg-Al alloys (such as Ca, Si, Mn, rare earth elements, etc.) were added to form secondary phases with high thermal stability [6,7,8]. The intermetallic Mg2Si phase has a high melting point (1085 °C), high hardness (4.5 × 109 N/m2), high elastic modulus (120 GPa), low coefficient of thermal expansion (7.5 × 10−6 K−1), and similar density to magnesium (1.99 g/cm3), thus low-cost Mg-A1-Si series magnesium alloys are developed by adding Si to Mg-Al alloys [9,10]. The fine Mg2Si phases dispersed at grain boundaries can hinder grain boundary sliding and improve strength. However, the eutectic Mg2Si phases in as-cast Mg-Al-Si alloys generally exhibit undesirable coarse Chinese scripts, when the Si content is high, the coarse dendritic primary Mg2Si phases will appear, split the matrix of Mg-Al-Si alloys, and break or debond under loading, thereby deteriorating the strength and ductility of the alloys [11,12,13]. Therefore, it is critical to refine and modify the Mg2Si phases for improving the comprehensive mechanical properties of Mg-Al-Si series magnesium alloys.



To refine the coarse Mg2Si phases, various techniques have been developed and utilized, such as rapid solidification [14], ultrasonic treatment [15], and plastic deformation [16]. Among these methods, modification treatment by adding trace elements, modifiers of nucleation agents (Ce, Sr, Ca, Na, Li, P, Sb, Bi, and their combination, AlP, TiB2, etc.) is a simple and cost-effective technique to refine and modify the coarse Mg2Si during solidification process [17,18,19,20,21]. TiB2 particles are not only one of the ideal reinforcements for Mg and Mg alloys, but also have been used as heterogeneous nuclei to refine the coarse Mg2Si phases due to the good lattice matching coherence relationship between TiB2 and Mg2Si (the disregistry between the (0001) crystal plane of the TiB2 and the (200) crystal plane of the Mg2Si is 4.64%) [22,23,24]. In our previous study, TiB2 particles were added to an Mg-4Al-1.5Si alloy melt by semi-solid stirring assisted ultrasonic vibration, and it was found that not only the coarse dendritic Mg2Si phases and Chinese script-like eutectic Mg2Si phases were significantly refined, but also the refined primary Mg2Si particles were uniformly dispersed during solidification. However, the refined primary Mg2Si particles in the composites exhibit polygonal shapes with sharp corners, and the eutectic Mg2Si phases exhibit thin Chinese script or short rod shapes [25]. It is well known that fine and spherical particles have higher fracture stress and stronger particle/matrix interfacial bonding strength [26]. Hence, it is necessary to further refine the eutectic Mg2Si phases and to passivate the primary Mg2Si phases for improving their strengthening effect.



Research shows that the modification treatment followed by heat treatment can further enhance the strength of the alloy due to the spheroidizing and passivation phenomenon of the Mg2Si phase during the heat treatment process [27,28,29]. Heat treatment is a low-cost and convenient method to modify the morphology of the Mg2Si phase by the local dissolution of Mg2Si via solid-diffusion of Si atoms at high temperatures [30,31,32]. Xu et al. [33] carried out solution treatment (at 545 °C for 4–8 h) and aging treatment (at 170 °C for 8 h) to an in-situ Mg2Si reinforced Al-18%Si matrix composites, and found that the longer the solution time, the more dendrites were dissolved and passivated when treated for 8 h, the Mg2Si phases were smaller, mostly granular and distributed uniformly, which improved the strength, hardness and wear resistance of the composites. Wang et al. [34] investigated the effect of solution treatment (at 420 °C for 10 h) and aging treatment (at 180 °C for 0–100 h) on the microstructure and mechanical properties of Mg-3Al-1Si-0.3Mn-xSr (x = 0, 0.2, 0.4) alloy, it was found that the dendrite of the eutectic Mg2Si phases becomes narrower and thinner than the as-cast microstructure. After the aging treatment, the microstructure of the alloy had no obvious change, and the mechanical properties had a slight increase. Liu et al. [35] utilized solution treatment (at 420 °C for 4, 8, and 12 h) to modify the in-situ Mg2Si in an Mg-5Si-0.5Y-0.5Sb foam, and found that the eutectic Mg2Si phases were spheroidized, the corners of the primary Mg2Si were passivated gradually with the increasing holding time of the solution heat treatment, and the compressive strength and energy absorption of the foams were improved consequently. However, there is little research on the effect of solution treatment on the morphology of Mg2Si phases in hybrid reinforced Mg-Al-Si magnesium matrix composites.



In the present work, the effect of solution treatment on the morphology of Mg2Si phases in TiB2/Mg-4Al-1.5Si composites were investigated, and the modification effect of the composites was evaluated in terms of mechanical properties and compared with the Mg-4Al-1.5Si alloys treated under the same conditions.




2. Materials and Methods


The 3 vol.% TiB2/Mg-4Al-1.5Si composites were fabricated by semi-solid stirring assisted ultrasonic treatment, and the semi-solid temperature was selected based on results from differential thermal analysis (DTA) on a thermal analyzer (STA 499 F3, NETZSCH). Figure 1 depicts the DTA profile of the as-cast Mg-4Al-1.5Si alloys, and it can be seen that there are three exothermic peaks, corresponding to the melting of ternary eutectic α-Mg + Mg17Al12 + Mg2Si (at 435.9 °C), binary eutectic α-Mg + Mg2Si (at 585.5 °C), and primary Mg2Si (at 640.4 °C) [17]. Hence, the stirring temperature was selected between 585.5 and 640.4 °C. Figure 2 illustrates the main two steps in fabricating the composites. After Mg-4Al-1.5Si magnesium alloy was melt completely at 720 °C, the melt was cooled to 635 °C in the semi-solid state, and 3 vol.% TiB2 particles (with an average diameter of 50 nm, obtained from Shanghai Xiangtian Nanomaterials Co., Ltd. Shanghai, China.) preheated to 635 °C were added to the melt, while the melt was mechanically stirred at 600 rpm, thereby incorporating and dispersing the TiB2 particles into the melt under its high viscous force in the semi-solid state. After the mechanical stirring for 5 min, the melt was reheated to 720 °C, and processed by supersonic treatment with a power of 1.8 kW and a frequency of 20 kHz. Under the acoustic cavitation and acoustic streaming induce by ultrasonic waves, the TiB2 particles were further dispersed throughout the melt. After the supersonic treatment for 20 min, the mixed melt was poured into a cylindrical steel permanent mold. The melting, mechanical stirring, and ultrasonic treatment were carried out in an Argon atmosphere to prevent the burning of the alloy melt. The specimens for solution treatment were cut from the center of the obtained cast ingot 75 mm from the bottom. Solution treatment was carried out in a chambered resistance furnace (SX2-5-12A). Generally, the upper limit temperature of solution treatment is the incipient melting temperature of the low melting point phase, to prevent the partial remelting of the Mg-4Al-1.5Si alloy during the solution treatment, the solution temperature should be lower than the incipient melting temperature of the Mg-4Al-1.5Si alloy. According to the differential thermal analysis (DTA) profiles of the as-cast Mg-4Al-1.5Si alloys (see Figure 1), the incipient melting temperature of the alloys is 435.9 °C. By referring to other similar research [34,35], the solution conditions were selected as 420 °C for 24 h, followed by quenching in cold water. To prevent the oxidation of the composites during the heat treatment process, the specimens were covered by graphite powder.



The as-cast and solution-treated specimens were ground, polished, and etched with acetic-picral reagent (5 mL acetic acid, 5 mL picric acid, 10 mL H2O, and 100 mL ethanol) for 10−15 s, and the grain distribution was statistically measured by mean linear intercept method. The phase constituents of the as-cast composites were analyzed by XRD-7000 X-ray diffractometer (XRD) using Cu Kα radiation in step mode 20° to 90° with a scanning speed of 10°/min. The microstructures of the specimens were observed by using OLYMPUS GX71 optical microscope (OM), and the morphology of Mg2Si in the composites was analyzed through a JSM-6700 F scanning electron microscope (SEM). The tensile test was conducted in the HT-2402 material testing machine without extensometer at a constant tensile speed of 0.8 mm/min at room temperature. Three specimens with dimensions of 15 mm length, 5 mm width, and 2 mm thickness in the gauge section were tested for each material to reduce the effect of random noise according to the ASTM-E8 standard. The Vickers hardness was determined on a Vickers hardness tester (HV-120) with a loading force of 5 kg for a dwell time of 15 s, and an average value was obtained through five tests at different positions on each specimen.




3. Results


3.1. Microstructure of the Composites


Figure 3 shows the optical microstructure of the as-cast and solution-treated TiB2/Mg-4Al-1.5Si composites. Figure 4 shows the X-ray diffraction (XRD) pattern of the as-cast composites, it can be seen that α-Mg (2θ: 32.19–72.49°), β-Mg17Al12 (2θ: 24.78–69.35°), Mg2Si (2θ: 33.93–70.18°), and TiB2 (2θ: 68.13–78.64°) were detected, and the peaks corresponding to TiB2 were not visible due to its relatively low content (3 vol.%). Hence, the microstructure of the as-cast TiB2/Mg-4Al-1.5Si composites consist of α-Mg, a small amount of island-like β-Mg17Al12 phases at grain boundaries, polygonal primary Mg2Si phases, thin Chinese script and short strip-shaped eutectic Mg2Si phases (as shown in Figure 3a). After the solution treatment, the β-Mg17Al12 along the grain boundaries of the composites was dissolved almost completely, and the morphology and size of the primary Mg2Si phases remained unchanged, but the corner became obtuse, partial branches of the eutectic Mg2Si phases were decomposed into disconnected particles, as shown in Figure 3b).



Figure 5 shows the magnified SEM micrographs of the eutectic Mg2Si phases in the TiB2/Mg-4Al-1.5Si composites before and after the solution treatment. The eutectic Mg2Si phases in the as-cast TiB2/Mg-4Al-1.5Si exhibit Chinese script and short strip shape, and there exist concaves and convexities on their surface (as shown in Figure 5a). After solution treatment, partial branches of the eutectic Mg2Si phases were transformed into fine dot-like particles (as shown in Figure 5b).



Figure 6 shows the magnified SEM micrographs of the primary Mg2Si phases in the TiB2/Mg-4Al-1.5Si composites before and after solution treatment. As shown in Figure 6a, the primary Mg2Si phases in the as-cast composites exhibit irregular polygons with sharp corners, and some eutectic Mg2Si phases are connected with them or distributed around them. After solution treatment, the primary Mg2Si is still irregular and polygon-like, but the sharp corners became obtuse, and the eutectic Mg2Si phases connected with the primary Mg2Si phases were dissolved, as shown in Figure 6b. It is concluded that solution treatment can contribute to the breakage of the eutectic Mg2Si phases and can promote the passivation of the sharp corners of the primary Mg2Si phases.



The solubility of Si in Mg is very limited, only about 0.003 at%, which indicates that it is difficult for Si to diffuse in Mg-Al-Si alloys [12]. However, in the process of solution treatment, the vibrational energy and diffusion coefficient of the atoms is improved at high temperatures, and it makes the Si short-circuit diffusion along the Mg2Si/Mg interface easier [34]. The Mg2Si/Mg interface plays an important role in the morphology changes of the Mg2Si phases, and a rugged interface between the Mg2Si phases and α-Mg matrix will cause microscopic stress, and the Si atoms will diffuse randomly along the Mg2Si/Mg interface under the action of the microscopic stress [36]. Furthermore, the Mg2Si/Mg interface generally contains lots of defects such as vacancies, dislocations, and sub-boundary, which can accelerate the diffusion of Si atoms along the Mg2Si/Mg interface [34]. According to the Gibbs-Thomson formula [33], the concentration of Si in the Mg2Si phases with large curvature can be expressed as:


  ln    C α  ( r )    C α  ( ∞ )   =   2 σ  V B     k B  T r    



(1)




where r is the curvature radius, Cα(r) is the concentration of Si at r, Cα(∞) is the concentration of Si at the flat interface, σ is the surface tension, VB is the volume of Si atom, T is the temperature, and kB is the coefficient related to the shape. According to Equation (1), the Si concentration is higher at the Mg2Si/Mg interface with a smaller curvature radius (i.e., greater curvature or convexity).



There are lots of concaves and convexities on the surfaces of the eutectic Mg2Si phases along the Mg2Si/Mg interface, as shown in Figure 5a. Due to the difference in curvature radius at these concaves and convexities, there exists a concentration gradient of Si along the Mg2Si/Mg interface. During the solution treatment, the Si atom diffused from the Si enrich region (concave pit, sharp corner, or tip) to the Si poor region (flat interface) under the action of surface tension, hence the sharp corner of the Mg2Si phases was partially melted, and some eutectic Mg2Si phases were melted at pits or roots and transformed into particles. With the accumulation of Si at the flat interface, new fine Mg2Si particles were precipitated and spheroidized [33]. Part of the eutectic Mg2Si phases was not broken into particles and kept stable, as shown in Figure 5b, it may be ascribed to their relatively smooth surfaces, and the Si diffusion along the flat interface is homogeneous.




3.2. Mechanical Properties


Figure 7 shows the Vickers-hardness of the alloy and the composites in the as-cast state and after solution treatment. It is seen that the hardness of the alloy and composites after solution treatment is HV 60.3 and HV 126, respectively, which is 7.7% and 11.5% higher than that in the as-cast state. Figure 8 plots the typical engineering stress-strain curves of the alloy and composites before and after solution treatment at room temperature, and the corresponding ultimate tensile strength (UTS), yield strength (YS), and elongation (EL) are listed in Figure 9 and Table 1. It can be seen that the UTS, YS, and EL of the solution-treated alloy were increased by 21.5%, 5.4%, and 37.5%, respectively compared with the as-cast alloy, while the UTS, YS, and EL of the composites were increased by 33.3%, 28.5%, and 27.2%, respectively compared with the as-cast composites. Hence, it is concluded that solution treatment was capable of improving the strength and ductility of the Mg-4Al-1.5Si alloy and TiB2/Mg-4Al-1.5Si composites, and the strengthening effect of the solution treatment is more significant for the composites in terms of hardness, UTS, and YS.



Both the as-cast and solution-treated composites exhibit superior strength and ductility over the monolithic alloys, and it is mainly due to the refinement of the Mg2Si phase and α-Mg grains by the addition of dispersed TiB2 particles, which was confirmed by the EDS mapping of Ti and B in our previous studies [25]. Figure 10 and Figure 11 illustrate the grain structure of the as-cast alloys and the composites, and it can be seen from Figure 10a,c that the α-Mg grains in the composites was obviously refined, and the average grain size was decreased by 32.1% compared with the as-cast alloys, thereby contributing to the increase in hardness and strength based on grain refinement strengthening mechanism [37]. During the solution treatment, the α-Mg grain of both the alloys the composites grew slightly, and the size rise was 8.2% and 4.3%, respectively, indicating that the Mg2Si phases and the TiB2 particles inhibited grain growth to a certain extent during the solution treatment [38], but the refined Mg2Si phases (green particles as shown in Figure 10d) together with the TiB2 particles have more significant inhibition effect on the α-Mg grain growth compared with the coarse Mg2Si phases (as shown in Figure 10b). Hence, the composites still owned super mechanical properties than the alloys even after the solution treatment.



The increase of hardness and strength of the composites and the alloys after the solution treatment is mainly due to the refined eutectic Mg2Si particles, and the primary Mg2Si particles with passivated corners effectively pined grain boundaries and hindered dislocation motion and improved the hardness and strength of the composites based on the load transfer mechanism [35]. In addition, the β-Mg17Al12 phases were dissolved into the α-Mg matrix (as shown in Figure 3b) to form the supersaturated solid solution, playing the role of solid solution strengthening [39]. The more significant strengthening effect of solution treatment for the composites in terms of hardness, UTS, and YS was mainly due to the branches of the eutectic Mg2Si phases in the Mg-4Al-1.5Si alloys were partially dissolved into fragments, while the trunks remained long rod-like after the solution treatment, and the primary Mg2Si phases were still coarse and irregular, as shown in Figure 12. On the other hand, the Mg2Si phases in the composites were significantly refined by the addition of TiB2 particles compared with that in the monolithic alloys, and the fine and discrete Mg2Si blocks have more edges and corners, where Si concentration is higher and more prone to be preferentially dissolved [26,27], hence most of the Mg2Si phases in the solution-treated composites exhibited passivated particles or short rods. The addition of the TiB2 particles may promote the Si diffusion during the solution treatment, hence contributing to a better modification effect on the Mg2Si phases in the composites as shown in Figure 5b, but more investigations are needed in the future.



Figure 13 illustrates the longitudinal section adjacent to the fracture surface of the composite and the monolithic alloy specimens in the as-cast state and after solution treatment. It is seen that the sharp corners of the primary Mg2Si, and coarse eutectic Mg2Si are preferential sites for initiation of cracks, and there are secondary cracks beneath the main cracks in the as-cast composite specimen (as shown in Figure 13a). However, no primary Mg2Si and coarse eutectic Mg2Si were found near the fracture surface of the solution-treated composites, and there are no secondary cracks beneath the main crack (as shown in Figure 13b). For the as-cast alloys, the coarse primary Mg2Si and Chinese script eutectic Mg2Si phases are preferential sites for initiation of cracks (as shown in Figure 13c), and there still exist coarse primary Mg2Si and Chinese-script eutectic Mg2Si near the fracture surface of the solution-treated alloys (as shown in Figure 13d), further confirming that the solution treatment has a better modification effect on the TiB2/Mg-4Al-1.5Si composites compared with the monolithic Mg-4Al-1.5Si alloys.



It is reported that the local stress at the Mg2Si/Mg interface is 2–4 times higher than that of the matrix due to the incompatibility between the Mg alloy matrix and Mg2Si phases during the deformation process [9]. Hence, the Mg2Si/Mg interface is usually the priority region of microcracks initiation and propagation. Thus, for the as-cast composites, during the tensile deformation, microcracks are preferentially initiated at the tips of eutectic Mg2Si phases and the sharp corners of the primary Mg2Si phases, where stress concentration was generated, and propagated along the Mg2Si/Mg interface, hence causing a poor ductility of the as-cast composites. After the solution treatment, the brittle β-Mg17Al12 phase is completely dissolved into the matrix, the Chinese-script and short strip-like eutectic Mg2Si phases were partially dissolved and spheroidized, and the sharp corners of the primary Mg2Si phases were passivated, which is beneficial to relieving stress concentration and inhibiting crack initiation (as shown in Figure 13b) [26,28,40], hence the EL of the composites was improved significantly after the solution treatment. For the monolithic Mg-4Al-1.5Si alloys, there is no significant morphology change in both the eutectic Mg2Si and primary Mg2Si phases after the solution treatment, as shown in Figure 12. Considering that coarse Mg2Si phases have poorer fracture strength and interfacial bonding compared with fine and regular-shaped Mg2Si particles [41], hence the improvement in hardness, strength, and elongation is slight after the solution treatment, as shown in Table 1.





4. Conclusions


	(1)

	
After the solution treatment at 420 °C × 24 h, partial branches of the eutectic Mg2Si phases were decomposed into disconnected particles, and the sharp corners of the polygonal primary Mg2Si phases were passivated due to Si diffusion at high temperature;




	(2)

	
After the solution treatment, the Vickers hardness, UTS, YS, and EL of the TiB2/Mg-4Al-1.5Si composites were increased by 11.5%, 33.3%, 28.5%, and 27.2%, respectively compared with those of the as-cast composites;




	(3)

	
The solution treatment can be used to improve the strength and ductility of the TiB2/Mg-4Al-1.5Si composites and the monolithic alloys, but the strengthening effect of the solution treatment is more significant for the composites in the hardness, UTS, and YS.
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Figure 1. Differential thermal analysis (DTA) profiles of as-cast Mg-4Al-1.5Si alloy. 
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Figure 2. Schematic of the fabrication process of TiB2/ Mg-4Al-1.5Si alloy composites, (a) mechanical stirring in semi-solid state, (b) ultrasonic treatment in the liquid state. 
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Figure 3. Optical microstructure of the as-cast composites (a); and solution-treated composites (b). 
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Figure 4. XRD patterns of the as-cast TiB2/Mg-4Al-1.5Si composites. 
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Figure 5. SEM micrographs of the eutectic Mg2Si phases in the (a) as-cast composites; and (b) solution-treated composites. 
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Figure 6. SEM micrographs of the primary Mg2Si phases in the (a) as-cast composites and (b) solution-treated composites. 
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Figure 7. Vickers-hardness of the alloys and the composites in as-cast state and after solution treatment. 
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Figure 8. Typical tensile stress-strain curves of the alloys and the composites in as-cast state and after solution treatment. 
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Figure 9. Mechanical properties of the alloys and the composites in as-cast state and after solution treatment. 
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Figure 10. Optical micrographs showing the grain structure of the as-cast alloys (a); solution-treated alloys (b); as-cast composites (c); and solution-treated composites (d). 
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Figure 11. Average grain size of the alloys and the composites before and after solution treatment. 
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Figure 12. Optical micrographs of the as-cast alloys (a), and the solution-treated alloys (b). 
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Figure 13. Side-views of fracture surfaces of the as-cast composites (a); the solution-treated composites (b); the as-cast alloys (c); and the solution-treated alloys (d). 
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Table 1. Mechanical properties of the alloys and the composites before and the after the solution treatment.
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	Materials
	Hardness/HV
	UTS/MPa
	YS/MPa
	EL/%





	As-cast alloys
	56.0 ± 5.9
	83.8 ± 14.1
	69.1 ± 5.8
	3.2 ± 0.8



	Solution-treated alloys
	60.3 ± 5.7
	101.8 ± 5.2
	72.8 ± 3.7
	4.4 ± 0.2



	As-cast composites
	113.0 ± 10.0
	142.4 ± 11.4
	76.4 ± 10.2
	9.2 ± 1.1



	Solution-treated composites
	126.0 ± 9.0
	189.8 ± 12.5
	98.2 ± 9.5
	11.7 ± 1.7
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