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Abstract

:

A novel A356 Al-based composite reinforced with Ti@(Al-Si-Ti) core-shell-structured particles (Ti@(Al-Si-Ti)p) was prepared utilizing powder thixoforming method. The effects of mold temperature on the microstructures and tensile properties of the composites, as well as the toughening mechanisms, were investigated. The results indicated that the primary α-Al particles gradually coarsened and evolved into large-sized interconnected particles with the rise of mold temperature. Simultaneously, the core-shell structured reinforcements tended to agglomerate and the eutectic Si phases gradually coarsened and became spheroidal. The tensile properties of the synthesized composites firstly increased as the mold temperature rose from 150 °C to 200 °C due mainly to the improvement of the microstructure compactness and the spheroidization of the eutectic Si phases, and then decreased resulting from the coarsening of both the primary particles and eutectic Si phases, the agglomeration of the reinforcing particles and the deteriorated microstructure compactness. The composite thixoformed at 200 °C had an excellent elongation of 8.3% besides high tensile strengths. The excellent ductility can be attributed to decreased crack size in the shell and delayed crack propagation by plastic deformation, and multiplication of secondary cracks in the Ti core that originated from the core-shell structure of the reinforcements.






Keywords:


core-shell-structured particle; Al metal matrix composite; powder thixoforming; mold temperature; toughening mechanism












1. Introduction


Particle reinforced aluminum metal matrix composites (PRAMCs) is one of the most attractive materials, and have been widely applied in electricity, aerospace and automobile industries, due to their high specific strength and wear resistance, and low coefficient of thermal expansion [1]. Generally, there are two methods to incorporate reinforcing particles into aluminum matrix, one is direct addition and the other is in-situ formation. For the former, the particles are always ceramic particulates, such as Al2O3 [2] and SiC [3], and for the latter, the reinforcements are usually some Al containing compounds, such as Al3Ti [4], Al3Ni [5] or Al3Fe [6], and so on. Comparatively, the PRAMCs prepared by the latter method usually have higher mechanical properties, due to uniform distribution of the in situ formed reinforcements and high interface bonding strength [7]. But no matter what the method is, the improvements of strength and hardness are always at the cost of ductility deterioration. That is, the inverse relationship between strength and ductility is still existed. Considerable efforts have been devoted to address this problem, and one of the most effective ways is to use graphene nanoplatelets as reinforcements. The resulting composites not only have high strength, but also have excellent ductility that is similar to that of the corresponding matrix alloy [8,9,10]. But it is quite difficult to uniformly disperse graphene nanoplatelets into the matrix although some complicated techniques are utilized, which seriously limits the development of this kind composite [9,10]. Another simple way is to substitute the commonly-used monolithic reinforcements by core-shell structured ones, in which a metallic core is surrounded by an intermetallic shell. For this case, the firstly formed cracks are constrained within the thin intermetallic shells, and thus, their sizes are obviously decreased compared with the ones generated in the monolithic particles with the same size to the core-shell structured particles. In addition, the subsequent propagation of the cracks is also delayed by the soft metallic cores and Al matrix through blunting the crack tips. The ductility of the resulting composite is thereby expected to be improved. Wang and Xue et al. prepared a kind of core-shell structured Fe-AlxFey particles (a Fe core is surround by a AlxFey shell for each reinforcing particle) reinforced pure Al matrix composite by powder metallurgy [11,12]. The Fe-AlxFey particle generated through the reaction between Fe and Al powders during sintering. Subsequently, Guo et al. substituted Fe powders by Ti powders to fabricate Ti-Al3Ti core-shell structured particle reinforced Al matrix [13]. All of the results show that both the resulting composites have high compressive strength and ductility. But unfortunately, the tensile mechanical properties, especially the tensile elongation, are still quite poor due to low microstructure compactness and irregular morphology of the reinforcements. The authors proposed a new technology, named powder thixoforming, based on the powder metallurgy and thixoforming [14,15,16]. For this technology, a Ti-Al green compact is first obtained using the blending and pressing steps of powder metallurgy, then it is heated at a semisolid temperature of the Al matrix alloy for a proper duration and is finally thixoformed. It can be expected that the desired Ti-Al3Ti core-shell structured reinforcing particles will be generated during the heating besides achieving a semisolid ingot available for thixoforming. As known, the most important advantage of thixoforming is to decrease, even eliminate pores, and get a component with compact microstructure [17]. In addition, the core-shell structured particles with a spheroidal morphology can also be obtained if spheroidal Ti powders are used [14]. Therefore, the proposed powder thixoforming should be a promising way to overcome the problem about the reverse relationship between strength and ductility of PRAMCs, and thus, to fabricate PRAMCs with both high strength and excellent ductility.



In the authors’ previous work, the microstructural evolutions of Ti-A356 and Ti-2024 compacts during partial remelting were investigated [14,15]. The results indicated that spheroidal core-shell structured reinforcing particles could be achieved for both systems besides the semisolid ingots available for thixoforming. However, the formation rates and phase constituents of the intermetallic shells were different for these two systems. In addition, the shells would fracture and peel off from the Ti cores when they grew to a given thickness, because of volume expansion resulted from the reaction between Ti powders and Al melts, and the thickness values corresponding to fracture were also different for the two systems. That is, the alloying elements have large effect on the formation of core-shell structured particles. Therefore, the authors investigated the effects of alloying elements, such as Si, Cu, Mg and Zn on the formation of reinforcing particles [16]. The results revealed that only Si element participated in the reaction and accelerated the formation of thick and compact intermetallic shells. So it is expected that the ideal core-shell structured reinforcing particles can be easily achieved in Si-containing Al alloys (i.e., A356 alloy) and the resulting composites should have high tensile properties. However, the existing investigations, as discussed above, have only studied the fabrication of semisolid ingots prior to thixoforming and have not involved the mechanical properties of the thixoformed composites.



In addition, for the toughening mechanisms of the core-shell structured particle reinforced metal matrix composites, as described above, the existing investigations only proposed that the cracks first formed in the reinforcements are constrained with the thin shells, and thus their sizes are smaller than those formed in the same-sized monolithic particles based on metallographic observation, and the relatively soft metallic (Fe, Ti) cores can delay crack propagation by blunting cracks tips [11,12,13]. The detailed mechanisms related to the reinforcement behaviors, i.e., the fracture process of the reinforcement during tensile testing, are still unclear.



Therefore, in this work, the composite from the Ti-A356 system was fabricated by powder thixoforming, and the effects of one main processing parameter, mold temperature, on the microstructures and the tensile properties of the resulting composites were investigated. More importantly, the toughening mechanisms were discussed through careful observations of the fracture surfaces and in situ tensile testing.




2. Materials and Methods


A356 alloy powder (average size of 16.23 µm), Ti powder (99.99% purity, average size of 18.65 µm) and Al powder (99.98% purity, average size of 11.82 µm) were employed in this work as the raw materials. The A356 alloy powder was mixed by Al-15Si-Mg alloy powder and pure Al powder and its composition was accorded to that of A356 alloy.



Firstly, certain amounts of A356 powder (40 g), pure Ti powder (2.05 g) and pure Al powder (3.48 g) were blended in a ND7-21 planetary ball-milling machine (Nanjing Levinstep Technology Co., Ltd., Nanjing, China) for 40 min with a rotation speed of 100 rpm. The ball to powder weight ratio was 5:1. The amount of Ti powder added was determined by the reaction to form a volume fraction of 10% Al3Ti particles and the added extra pure Al powder was to compensate the Al element consumed by the reaction with Ti and to keep the composition of the A356 matrix. During ball-milling, any dispersing agents were not used and no protection ways from oxidation were conducted. Secondly, 80 g mixed powder was pressed into green compact (Φ45 mm × 16 mm) under a pressure of 190 MPa at room temperature. Thirdly, the green compacts were heated in a SK-G08123K-HD tubular vacuum furnace (Tianjin Zhonghuan Furnace Co., Ltd., Tianjin, China) for 50 min at 600 °C under a vacuum less than 10−2 Torr. Finally, the heated compacts were quickly handled into a preheated steel mold (with a cavity of Φ55 mm × 60 mm) and thixoformed under a pressure of 150 MPa respectively. The used preheating temperatures of the mold were 150 °C, 200 °C, 300 °C, and 400 °C. To compare with the microstructure of the matrix alloy, only 80 g A356 powder was cold-pressed, heated and thixoformed at the same parameters. The employed mold temperature was 200 °C.



Specimens for tensile testing and in situ tensile testing were machined from the center region of the thixoformed products and their dimensions are shown in Figure 1. Tensile testing was performed on a WDW-100D universal material testing machine (Jinan HengXu Testing Machine Technology Co., Ltd., Jinan, Shandong, China) at room temperature at a crosshead speed of 0.5 mm min−1. The average of at least five tests was taken as the tensile properties of a product. In-suit tensile testing was carried out in a QUANTA FEG 450 scanning electron microscope (SEM) with a loading velocity of 3.0 × 10−4 mm s−1.



Metallographic specimens with dimensions of 10 mm × 10 mm × 10 mm were also machined from the center of each thixoformed product. After being ground, finished, polished, and etched using 4 wt% NaOH aqueous solution, the specimens were observed using a Mef-3 optical microscope (OM, Nikon Instruments, Shanghai, China) and a QUANTA FEG 450 SEM ( FEI, Hillsboro, OR, USA). Phase identification was performed on a D/MAX-2400 X-ray diffraction (XRD, Rigaku, Tokyo, Japan) and an energy dispersive spectroscope (EDS) installed in the SEM. The related OM (with magnification of 200×) and SEM micrographs (with magnification of 16,000×) were analyzed by Image-Pro Plus 5.0 software (Media Cybernetics Company, Silver Spring, MD, USA) to examine the sizes of primary particles and eutectic Si phases respectively. Each value was averaged from at least five typical images for each specimen. For the examination of the primary particle size, if the welding length between two contact particles was larger than the half of the total neighboring length, these two contact particles were considered as one particle. Otherwise they were considered as two individual particles. The definitions of both the welding length and the total neighboring length could be found in reference [18]. In addition, the present OM images showed that the primary particles were in a white color and the secondarily solidified structures (SSS) were in black color, and thus, they could be easily distinguished from each other during analyzing by Image-Pro Plus 5.0 software. Some typical fracture surfaces from the tensile testing were carefully observed and analyzed by the SEM. The Archimedes method was employed to evaluate the porosities of the synthesized composites.




3. Results and Discussion


3.1. Effect on Microstructure


Figure 2 shows the microstructures of the resulting composites thixoformed at different mold temperatures. It is clear that all of the microstructures are composed of primary α-Al particles (the white particles), secondarily solidified structures (SSSs, the black structures) and spheroidal reinforcements (the grey spheroidal particles). All of the reinforcements distributed in the SSSs between the primary particles. The nearly spherical primary particles at 150 °C were relatively small and were basically separated by the SSSs from each other (Figure 2a). The distribution of the reinforcements was also quite uniform. But as the mold temperature rose, the primary particles gradually coarsened and connected each other to form large-sized interconnected particles, accompanied by the decrease of SSSs amount (comparing Figure 2a–d). The variation of the primary particle size with the temperature could be more clearly seen in Figure 3. In addition, the reinforcements have an obvious tendency to agglomerate. That is, the mold temperature had significant effect on the microstructure of the composite, including the primary particle size, SSSs amount and reinforcement distribution.



Figure 4 shows the microstructure of the A356 alloy thixoformed at the mold temperature of 200 °C. It is found that its microstructure was quite different from the matrix microstructure of the composites thixoformed at the same mold temperature (comparing Figure 4 with Figure 2b). The primary particles of the alloy were separated from each other by SSSs while those of the composite were connected with each other, and their sizes (55 μm) were slightly larger than those (53 μm) of the composite. In addition, the SSSs amount of the alloy was obviously larger than that of the composite. It can be expected that the liquid amount of the alloy during partial remelting should be higher than that of the composite, due to the existence of the not melted solid reinforcements for the composite. Therefore, the coarsening of the alloy’s primary particles from Ostwald ripening, especially from mergence of the neighboring particles, was weak than that of the composite [14,15], resulting in the smaller size and individual distribution of the primary particles for the alloy. In addition, the amount of SSSs solidified from liquid phase was larger for the alloy, due to the larger liquid amount.



During thixoforming, the secondarily primary α-Al phase should preferentially directly grew on the surface of the primary α-Al particles without nucleation, due to their same crystal structure. Similarly, the precipitation of eutectic α-Al also preferentially grew up attached on the surface of the secondarily primary α-Al phase surrounding the primary α-Al particles [19]. These two phenomena must result in the coarsening of the primary particles. It is known that mold temperature mainly affect the solidification rate of liquid metal. The higher the temperature is, the slower the solidification rate is. Expectedly, the slower solidification rate should lead to more secondarily primary α-Al phase and eutectic α-Al phase to attach on the primary particles, because there was longer time for Al atoms in the melt to diffuse towards the primary particles, resulting in the coarsening of the primary particles and interconnection of the neighboring primary particles. Based on this discussion, the changes of the primary particle size and morphology with the temperature could be well interpreted. It was also due to this attachment growth that the SSSs amount reflected by the metallographic images was decreased with rising the mold temperature. In fact, the SSSs amount was determined by the liquid amount in the semisolid ingot prior to thixoforming (about 45% in volume at semisolid temperature of 600 °C [20]), so it should not change with the mold temperature and this variation was a false phenomenon reflected by the metallographic images. Furthermore, it can be expected that the advancing interfaces of α-Al/liquid could impel the reinforcements that suspended in the liquid phase, due to the attachment growth, leading them to agglomerate in the final solidified liquid-phase zones [21]. The more the attached α-Al phase was, the more severe the agglomeration was. Thus, the reinforcements had a tendency to agglomerate as the mold temperature rose.



The attachment growth of the eutectic α-Al phase can be verified by Figure 5. It shows that the total area occupied by the eutectic structures and the eutectic α-Al phases among them all gradually decreased as the temperature rose (comparing Figure 5a–d), i.e., the eutectic amount decreased. This is consistent to the widely accepted rule, the eutectic amount of a hypoeutectic alloy always decreases as the solidification rate is slowed [22]. In addition, as mentioned above, the eutectic α-Al phase preferentially grew on the surface of the secondarily primary α-Al phase surrounding the primary particles, and the attached growth amount increased as the temperature rose. It is just due to the increased attachment growth that only eutectic Si phases were left between the coarsened primary α-Al particles to form the devoiced eutectic in most cases as the temperature rose to 400 °C (insert in Figure 5d), while the alternatively-distributed α-Al + Si eutectics only formed in some large-sized liquid pools among the primary particles (Figure 5d). This also significantly decreased the area occupied by eutectic structures. Furthermore, Figure 5 also shows that the eutectic α-Al and Si phases are basically in an alternative distribution mode (like laminar eutectics) in the composite thixoformed under the mold temperature of 150 °C and 200 °C, and most of the Si phases are in a lathy form (Figure 5a,b). But as the temperature rose, the lathy Si phases gradually became short and thick (Figure 5b,c), and evolved into the large-sized irregular particles when the temperature reached 400 °C (Figure 5d). The quantitative variations of the eutectic Si-phase length and width are shown in Figure 6. In other words, the Si phases spheroidized at the same time of coarsening. Simultaneously, the number of the eutectic Si phases decreased as the temperature rose (comparing Figure 5a–d). The coarsening and spheroidizing were attributed to the Ostwald ripening [23,24] that was essentially resulted from the slowing solidification rate. The decrease in their number was ascribed to the decreased nucleation rate of the eutectics, also due to the slowed solidification rate. Therefore, the mold temperature also had large effects on the size, number, and morphology of eutectic Si phases besides the primary particles.



Figure 7 presents the morphologies of reinforcements in the composites thixoformed at the mold temperatures of 150 °C and 400 °C. As expected, the mold temperature had no obvious effect on the reinforcing particles (comparing Figure 7a,b). They all had a spheroidal core-shell structure and the shells were quite uniform and thick (about 6 μm). In addition, there was a round of jagged structures surrounding the shells. Predictably, both the shells and the jagged structures were reaction products between the Al melt and Ti powders and the white cores were residual Ti phase. In appearance, the shell consisted of two layers, the inner light gray layer and the out gray layer. According to the EDS results, the composition of the inner white gray layers (points A in Figure 7) confirmed to that of τ1: 8–20 at.% Al, 50–62.6 at.% Si and 29.3 at.% Ti [14], while that of the out gray layers (points B) matched with the composition of (Al,Si)3Ti phase (the atomic ratio of (Al + Si)/Ti is about 3). The XRD results shown by Figure 8 also indicated that there were two phases of τ1 and (Al,Si)3Ti besides the phases of Al and Si in the matrix and the residual Ti phase. According to the authors’ previous investigation, the out jagged structures are Al2O3-containing (Al,Si)3Ti phase, which originates from the reaction between TiO2 film on the Ti powder surface and Al melt [25].



In addition, it was found that the distribution of the jagged structures for some reinforcements in the composites was different from that in the semisolid ingots prior to thixoforming, the jagged structures in the composites partially broke away from the core-shell structured particles and individually embedded in the matrix as shown by Figure 9, while they all compactly surrounded the core-shell particles similar to those shown by Figure 7. This implied that the bonding between the jagged structures and the shells was relatively weak, which was consistent to the result that there is always a gap between them and the gap is filled by Al matrix for the reinforcements in the semisolid ingots [14]. During thixoforming, the jagged structures peeled off from the inner core-shell structured particles and then moved away incorporating the liquid phase adjacent to them, resulting in the microstructure shown by Figure 9.



In conclusion, powder thixoforming could prepare A356 matrix composite reinforced by spheroidal core-shell structured particles having a Ti core and a uniform compact Al-Si-Ti intermetallic shell. The shells had a two-layer structure, inner τ1-phase layer and outer (Al,Si)3Ti layer. The employed mold temperature during thixoforming had a great effect on the microstructure of the resulting composite. With the rise of mold temperature, the primary α-Al particles coarsened and gradually connected together, due to the increased attachment growth of the secondarily primary α-Al phase and eutectic α-Al phase on the primary particle surface. Simultaneously, the core-shell structured reinforcements tended to agglomerate and the eutectic Si phases coarsened and spheroidized. That is, the three constituents of the composite all tended to segregate with rising the mold temperature. The reason behind these phenomena was the slowed solidification rate resulting from the rise of mold temperature.




3.2. Effect on Tensile Properties


As can be seen from Figure 10, the mold temperature significantly affected the tensile properties of the composite. The ultimate tensile strength (UTS), yield strength (YS) and elongation all first increased and reached peak values when the mold temperature rose to 200 °C, and then all decreased. The peak values with UTS of 373 MPa, YS of 268 MPa and elongation of 8.3% were achieved at 200 °C. To the best of the authors’ knowledge, the present composite has the highest comprehensive tensile properties, especially the highest tensile elongation, among the existing as-fabricated Al3Tip/A356 matrix composites (about 4.7%) [7], and even among the heat-treated Al3Tip/A356 matrix composite (8%) [26]. This implied that the replacement of the commonly used monolithic reinforcing particles by such core-shell structured particles can overcome the trade-off dilemma between strength and elongation that PRAMCs are encountering. In addition, the powder thixoforming was an effective method to fabricate the composites reinforced by such structured reinforcing particles.



As mentioned above, the size of the primary α-Al particles increased and the reinforcing particles tended to agglomerate as the mold temperature rose. Both these two phenomena should deteriorate the tensile properties. Simultaneously, the eutectic structures gradually evolved into divorced eutectics with coarsening and spheroidizing Si particles. It can be expected that the coarsening was detrimental to the tensile properties while the spheroidizing was beneficial. In addition, the feeding ability to solidification shrinkage should be relatively poor at low mold temperature, due to rapid solidification rate, and thus, the microstructure of the resulting composite was relatively loose. As the temperature rose, the microstructure would become compact, because of the improved feeding ability. But when the temperature rose to a given value, the feeding ability, and thus, the microstructure compactness would become poor again, due to the coarsening of the primary particles, similar to the traditional casting status at low solidification rate. Table 1 shows the variation of porosity with the mold temperature, i.e., the porosity first decreased as the temperature rose from 150 °C to 200 °C, and then increased, which demonstrates such variation of the microstructure compactness. It’s well known that poor feeding ability causes pores and the pores in the metal matrix would thereby decrease the efficiency of load transfer from soft metal matrix to hard reinforcements. Therefore, the pore is an important factor to decrease the strength of the composites [21,27,28]. As for such variation of the microstructure compactness with the mold temperature, the corresponding proofs could also be found in the following discussion on the fracture surfaces. From the present results, it could be suggested that the positive effects to the tensile properties from the improvement of microstructure compactness and the spheroidization of eutectic Si phases were larger than the negative effects from the coarsening of both primary particles and eutectic Si phases and the agglomeration of reinforcements as the temperature rose from 150 °C to 200 °C, but then the positive influences became weaker than the negative affects when the temperature exceeded 200 °C.



Figure 11 shows the fracture surface morphologies of the composites thixoformed at different mold temperatures. It is seen that small pores could be obviously found on the fracture surface of the composite formed at 150 °C (marked by arrows A in Figure 11a). This demonstrated that porosities generated in this composite. Considering the solidification process during thixoforming, porosities could only generate in the SSSs between the primary particles, and thus the SSSs were the weak points of this composite. So cracks preferentially developed along these structures during tensile testing, resulting in the intergranular fracture (Figure 12a). As the temperature rose to 200 °C, no visible pores could be found and the surfaces were occupied by failed reinforcements (marked by the red circle in Figure 11b) and tearing matrix. This indicated that the microstructure actually became compact, due to the improved feeding ability from the temperature rise. Thus, the propagation path of cracks had no obvious selectivity and carried out either along the SSSs (marked by arrows A in Figure 12b) or across the primary particles (marked by arrows B in Figure 12b). But when the temperature was further elevated, pores appeared again (marked by arrows B and C in Figure 11c,d), demonstrating that the feeding ability became poor again. Correspondingly, the general fracture mode evolved into the intergranular fracture again (Figure 12c). It should be noted that the propagation could occasionally across the primary particles (marked by arrows C in Figure 12d), due to stress concentration caused by the coarsening of primary particles and the agglomeration of reinforcements when the mold temperature rose to 400 °C. In summary, as the mold temperature rose, the fracture mode of the composites changed from intergranular fracture to a mixture of intergranular and transgranular fracture, due to the improved microstructure compactness. When the temperature exceeded 200 °C, the pores appeared again in the SSSs, and the fracture regime changed into the intergranular fracture again.



As described above, the strengthening role of the reinforcing particles is realized by transferring the external load from matrix to the reinforcements [29]. A more compact-microstructure matrix can transfer higher load and the resulting composite should have a higher tensile strength. When the external load exceeded a certain degree, i.e., the load that the reinforcements bear exceeded a given degree, the reinforcements would either fracture or debond from the matrix at the interface. So it can be expected that the number of the visible reinforcements on the fracture surface can indirectly reflect the microstructure compactness, and thus, the tensile properties of the composite to some extent. As shown by Figure 13, the number of the visible reinforcements first increased as the mold temperature rose to 200 °C, and then decreased when it exceeded 200 °C. This change can be clearly seen from the quantitative statistics shown by Figure 14, and the change trend is just same to that of the tensile properties (Figure 10), and also consistent with the variation of microstructure compactness as a function of mold temperature, as discussed above.




3.3. Fracture Process of the Reinforcements and Toughening Mechanism


For a composite, the reinforcements are the most important constituent. In addition, the most obvious advantage of the present composite is its excellent ductility. Thus, the reinforcements’ behaviors during tensile testing are quite crucial to clarify the toughening mechanisms. By analyzing the fracture surfaces and in-situ tensile testing, two types of failed reinforcements, interface debonding and cracking, were found. According to the debonding positions, the interface debonding can be divided into two kinds, debonding at the interface between the shell and the Ti core (Figure 15a), and debonding at the interface between the shell and the jagged structures (Figure 15b). When the load borne by the reinforcements exceeded a given degree, the shells first cracked (as shown by arrow A in Figure 15a). A high stress concentration then generated at the interface between the shell and Ti core, due to the large difference in their stiffness, leading to crack along the interface. On the fracture surface, this failed mode always exhibited a bulge or pit morphology and there was a circle fracture shell around it (Figure 15c). However, this failed mode was quite scarce, which implied that the bonding between the shell and Ti core was quite strong. As discussed above, there was always a gap between the compact shell and jagged structures of the reinforcements and the gap was filled by Al matrix. More importantly, due to the Kirkendal effect, voids formed adjacent to Al/Al3Ti interface [30]. That is, the bonding strength between these two structures was relatively weak. So debonding from their interfaces was relatively easy when the advancing cracks encountered the reinforcements. The debonding shown by Figure 12a, c and d (marked by the red circles) just belongs to this case. In most cases, the reinforcements always fractured across their Ti cores (Figure 15d) and the failed reinforcements marked by circles in Figure 11b and Figure 12b belong to this mode. As discussed above, the debonding between the shell and Ti core was quite scarce. And the debonding along the interface between the jagged structures and shell had no benefit, and even was harmful to the ductility of the composite, because this debonding was easy to occur. So it can be suggested that the improvement of the ductility of the present composite compared with the traditional monolithic particle reinforced metal matrix composites (PRMMCs) should be related to the fracture behaviors across Ti core.



In what follows, the fracture process of the reinforcements across the Ti core was studied by in situ tensile testing on a SEM. Typical morphologies of the reinforcements during the in situ tensile testing were shown in Figure 16. Cracks were found to initiate first in the shell (Figure 16a). This suggested that both the relatively soft outside Al matrix and inner Ti core constrained the first-formed crack within the hard shell, and the cracks were distinctly smaller than those formed in the monolithic counterparts with identical size, highlighting the effectiveness of the core-shell structure of the reinforcements. When the external load reached a certain level, severe plastic deformation occurred in the Ti core. This should be followed by work hardening, which subsequently resulted in many small secondary cracks in the Ti core (marked by arrows in Figure 16b). At the same time, the two tips of the primary cracks (to differentiate from the secondary cracks in the Ti core) in the shell were obviously blunted by plastic deformation of the Ti core and Al matrix. It could be suggested that the Ti core should absorb large amount of energy through its plastic deformation and subsequent multiplying of secondary cracks in it, thus noticeably inhibiting the propagation of the primary cracks. Further increasing the external load, the primary cracks propagated across the Ti core by connecting the small secondary cracks, resulting in the fracture of the reinforcement across Ti core (Figure 16c). Overall, the excellent ductility of the core-shell particulate reinforced composites could be ascribed to the decreased crack size in the shell and the delayed crack propagation by plastic deformation and multiplication of secondary cracks in the Ti core.





4. Conclusions


	
As the mold temperature rose, the primary α-Al particles coarsened and evolved into large-sized interconnected particles, due to the increased attachment growth of the secondarily primary α-Al phase and eutectic α-Al phase on the original primary particles. The core-shell structured Ti@(Al-Si-Ti)p tended to agglomerate, due to the impelling effect of the advancing interfaces of α-Al/liquid. Simultaneously, the eutectic Si phases coarsened and spheroidized. All of these changes were contributed to the decreased solidification rate.



	
The tensile properties of the composite firstly increased as the mold temperature rose from 150 °C to 200 °C due mainly to the improvement of microstructure compactness and the spheroidization of eutectic Si phases, and then decreased resulting from the coarsening of both the primary particles and the eutectic Si phases, as well as the agglomeration of reinforcing particles and the deteriorated microstructure compactness. The composite thixoformed 200 °C has high tensile properties, especially an excellent elongation of 8.3%, which is higher than those of the existing as-fabricated Al3Tip/A356 matrix composites, and even the heat treated Al3Tip/A356 matrix composites.



	
There were two failure modes for the core-shell structured reinforcements. One was the interface debonding either between the shell and the Ti core, or between the shell and the outside jagged structures. The other was the particle cracking across Ti core. In view of the fracture process of the reinforcements across Ti core, the excellent ductility of the composite was contributed to the decreased crack size in the shell and the delayed crack propagation by plastic deformation, and multiplication of secondary cracks in the Ti cores, which originated from the core-shell structure of the reinforcements.
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Figure 1. Dimensions of (a) tensile and (b) in situ tensile test specimens (in mm). 






Figure 1. Dimensions of (a) tensile and (b) in situ tensile test specimens (in mm).



[image: Metals 08 00829 g001]







[image: Metals 08 00829 g002 550]





Figure 2. Optical microscope (OM) images of the composites thixoformed under mold temperatures of (a) 150 °C, (b) 200 °C, (c) 300 °C, and (d) 400 °C. Insert in (a) showing the secondarily solidified structures among the primary particles. 
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Figure 3. Variation of primary particle size with mold temperature. 
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Figure 4. OM image of the A356 matrix alloy. 
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Figure 5. Scanning electron microscope (SEM) images of eutectic Si phases in the composites thixoformed under mold temperatures of (a) 150 °C, (b) 200 °C, (c) 300 °C, and (d) 400 °C. Insert in (d) showing another kind of morphology of the eutectic Si phases. 
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Figure 6. Variations of the length and width of eutectic Si phases with mold temperature. 
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Figure 7. SEM images and energy dispersive spectroscope (EDS) results of reinforcing particles in the composites thixoformed under mold temperatures of (a) 150 °C, (b) 400 °C. 
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Figure 8. X-ray diffraction (XRD) patterns of the composites thixoformed under mold temperatures of 150 °C and 400 °C. 
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Figure 9. Morphology of a reinforcement in the composite formed at mold temperature of 400 °C. 
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Figure 10. Variations of tensile properties of the composite with mold temperature. 
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Figure 11. Fractographs of the composites thixoformed at mold temperatures of (a) 150 °C, (b) 200 °C, (c) 300 °C, and (d) 400 °C. 
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Figure 12. Side views of fracture surfaces of the composites thixoformed at mold temperatures of (a) 150 °C, (b) 200 °C, (c) 300 °C, and (d) 400 °C. 
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Figure 13. BSE images of fracture surfaces of the composites thixoformed under mold temperatures of (a) 150 °C, (b) 200 °C, (c) 300 °C, and (d) 400 °C. 
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Figure 14. Visible reinforcement number on the fracture surfaces of the composites thixoformed at different mold temperatures. 
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Figure 15. SEM micrographs of the failed reinforcements. 
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Figure 16. SEM micrographs of core-shell-structured reinforcements in the composite thixoformed at 200 °C showing the fracture process during in situ tensile testing. 
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Table 1. Porosities of the composites thixoformed under different mold temperatures.
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	Mold Temperature, °C
	150
	200
	300
	400





	Porosity, %
	2.037 ± 0.276
	0.988 ± 0.008
	1.230 ± 0.215
	2.434 ± 0.100
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