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Abstract

:

In this paper, the effects of Ni content on the room and elevated temperature (250 °C) tensile strength of Al-7Si-1.5Cu-0.4Mg-0.3Mn-0.1RE-xNi (x = 0, 0.3, 0.6, 0.9 wt.%) alloys were investigated, along with microstructure characterization and tensile testing. In the as-cast state, the dominant Ni-rich phases were primarily the γ-Al7Cu4Ni and δ-Al3CuNi phases. Following the solution heat treatment, a significant reduction in the γ-Al7Cu4Ni phase was noted, accompanied by the emergence of numerous small ε-Al3Ni phases. Both room temperature strength and high temperature strength at 250 °C exhibited a consistent increase with rising Ni content, reaching 405 MPa and 261 MPa, respectively, at 0.9 Ni content, which were increased by 6.4% and 16.8%, respectively, compared with 0 Ni content. The elongation exhibited an oscillating increase within the Ni content range of 0 to 0.6, reaching peak values of 2.6% in room temperature and 4.3% in high temperature at 0.6 Ni, followed by a rapid decline. At 0.6 Ni content, the alloy demonstrated a well-balanced combination of mechanical properties, featuring commendable strength and plasticity.
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1. Introduction


On the premise of ensuring the strength and safety performance of the vehicle, the application of lighter materials to replace traditional steel and other automobile structural components can reduce the overall vehicle weight, which can effectively improve the vehicle’s power performance, reduce fuel consumption and exhaust pollution. The Al-Si multi-components alloy, characterized by high strength, low density and good castability, emerges as an ideal lightweight material for transportation [1,2]. With the development of the modern automobile industry, there is a growing trend toward higher power density in engines. Components such as engine pistons and cylinder blocks operate under prolonged exposure to high temperatures and pressures, placing elevated demands on the comprehensive properties of materials at elevated temperature to achieve the objectives of higher power density [3].



Alloying proves to be an effective approach for enhancing the properties of Al-Si alloys. Al-Si-Cu-Mg alloys formed by incorporating elements like Cu and Mg exhibit good heat resistance [4,5,6] and find widespread application in the manufacturing of engine components, exemplified by A380, 319 alloys [7,8,9]. In these alloys, the Al2Cu phase is the primary heat-resistant strengthening phase. Nevertheless, the Al2Cu phase will rapidly coarsen when the working temperature surpasses 250 °C [10], due to its lower thermal stability, which will lead to a significant deterioration in its high-temperature performance. At elevated temperatures, the strength of alloy grain boundaries significantly decreases, and so their resistance to dislocation motion reduces, and the plastic deformation mode shifts towards high-temperature diffusion deformation [2]. The fracture mechanism transitions from a transgranular fracture to an intergranular fracture. Consequently, the presence of high-temperature-stable second-phase particles distributed along grain boundaries increases the resistance to plastic deformation, playing a role in enhancing the high-temperature strength of the alloy. Several studies suggest that the incorporation of Ni elements into Al-Si-Cu-Mg alloys can form various heat-resistant intermetallic phases, such as the ε-Al3Ni phase, the δ-Al3CuNi phase and the γ-Al7Cu4Ni phase. Researchers have conducted studies on the characteristics of these phases and their effects on the alloy. Z. Asghar et al. proposed that the mechanical performance of the alloy at high temperatures is significantly influenced by the three-dimensional mesh structure of these phases, and the impacts of these three phases vary [11,12,13,14]. The Cu/Ni ratio exhibits a strong correlation with both the type and quantity of the Ni-rich phase [15,16,17,18]. In instances of Cu content levels that are comparatively low, the predominant Ni-rich phase is typically a strip-like ε-Al3Ni. With increasing Cu content, the network-shaped δ-Al3CuNi becomes the primary Ni-rich phase, followed by γ-Al7Cu4Ni. Suwanpreecha et al.’s research indicated that the Al3Ni phase has good heat resistance at 300 °C [19]. The high-temperature fatigue test by Feng et al. showed that the stability of the ε-Al3Ni phase persists even at 350 °C and is beneficial to the alloy’s elevated temperature performance [20]. Li et al. investigated quantitatively the contributions of δ-Al3CuNi, ε-Al3Ni and γ-Al7Cu4Ni phases to high-temperature performance [15]. They determined that the network-shaped δ-Al3CuNi phase contributes the most, followed by the γ-Al7Cu4Ni phase in a closed or semi-closed loop-shaped configuration, and lastly, the strip-like ε-Al3Ni phase. Other literature also reported that the δ-Al3CuNi phase has the most noteworthy influence on high-temperature performance [16]. However, the Ni content in the above studies was relatively high.



There have been several relevant research reports on the impact of adding Ni to the Al-Si-Cu-Mg alloy. In these studies, the quantity of added Ni exceeded 1%, and the research results indicated that incorporating Ni elements to create Ni-rich phases could enhance the elevated temperature mechanical performance of the alloy. However, due to the high hardness and brittleness of Ni-rich phases, they may split the matrix structure, weakening the alloy’s room temperature mechanical properties [21]. Studies with Ni content below 1% are relatively scarce. A lower Ni content results in relatively fewer Ni-rich phases, reducing the adverse impact on room temperature mechanical properties. Simultaneously, it may enhance the alloy’s high-temperature performance to a certain extent and may achieve a favorable combination of room-temperature and high-temperature properties. This study explores the influence of different Ni addition amounts (wt.% = 0, 0.3, 0.6, 0.9) on the microstructure and mechanical properties of the Al-7Si-1.5Cu-0.4Mg alloy at both room temperature and 250 °C elevated temperature when the Ni addition amount is less than 1%.



In our previous research on Al-Si alloys, it was found that the addition of an appropriate amount of rare earth (RE) can effectively refine eutectic silicon [22]. Simultaneously, RE can form thermally stable compounds with elements such as Si, Cu, Mg, and Mn in the alloy, enhancing the high-temperature mechanical properties of the alloy. However, an excessive amount of RE (>0.3%) can lead to the formation of numerous needle-like RE compounds, thereby reducing the mechanical performance of the alloy. Therefore, in this study, we consider the addition of 0.1% RE to the alloy to enhance its high-temperature mechanical properties. Furthermore, in the melting of aluminum alloys, Fe is often an unavoidable impurity element. The needle-like Fe-rich phases formed can cleave the alloy matrix, thereby reducing the mechanical performance of the alloy. The addition of Mn elements can improve the morphology of the needle-like Fe-rich phases and mitigate their impact on the mechanical properties of the alloy [23,24,25,26]. Therefore, this study also considers adding an appropriate amount of Mn element to improve the morphology of the Fe-rich phase.




2. Materials and Methods


Aluminum alloys with designated compositions of Al-7Si-1.5Cu-0.4Mg-0.3Mn-0.1RE-xNi, with x values of 0, 0.3, 0.6, 0.9 (wt.%), were formulated, with 0.15% Ti as the grain refiner. The alloy’s chemical composition is outlined in Table 1. The raw materials were Al-25Si, Al-10Mn, Al-5Ti and Al-10RE (RE is composed of 68% Ce and 32% La) master alloys, as well as commercial pure Al, pure Ni, pure Cu and pure Mg. The raw materials were melted using a resistance furnaces and graphite crucible of 3 kg capacity. After the alloy was melted, high-purity Ar gas (99.99%) was used for rotational degassing and refining for 15 min. Subsequently, the molten alloy was cast into a metal mold which was preheated to 200 °C, with temperatures in the range of 720 °C to 740 °C to form ingots with a size of Φ30 × 90 mm2.



Samples for microstructure observations were taken from the identical position at the center of each ingot. After these samples underwent grinding, polished and etching with 0.5 vol% HF for 10 s, the alloy’s microstructure was analyzed utilizing a Gemini SEM300 equipped with EDS. The alloy’s phase composition was determined using a SHIMADZU XRD-7000S diffractometer (Shimadzu, Kyoto, Japan), covering a scanning angle range of 20 to 90 degrees at a scanning speed of 4°/min, and the samples were in powder form.



The mechanical performances of the alloys were tested following T6 heat treatment. The alloy underwent initial solution treatment at 530 °C for 7 h, followed by quenching in water at 70~80 °C, and finally aging at 190 °C for 10 h. Upon completion of the heat treatment, the samples were machined into standard rod-shaped tensile specimens, as illustrated in Figure 1, and underwent tensile tests at both 25 °C room temperature and 250 °C elevated temperature. Tensile testing was conducted using an MTS C45.105EY mechanical property testing machine (MTS Systems, Shanghai, China) equipped with a Haitham optical extensometer (Haitham, Shenzhen, China), operating at a testing speed of 2 mm/min. To ensure the precision of experimental data, the ultimate tensile strength and elongation after fracture were averaged from three repeated tests. The room temperature and high-temperature tensile methods, as well as specimen dimensions, complied with the GB/T228.1-2021 [27] and GB/T228.2-2015 [28] Chinese standards, respectively.




3. Results and Discussion


3.1. Microstructure of Al-Si-Cu-Mg Alloys with Low Ni Content


Figure 2 illustrates the alloy’s SEM-BSE images with different Ni content. The alloy’s microstructure predominantly consists of a dark α-Al matrix, eutectic Si phases, and bright complex second phases. When the Ni content is 0, the compound structures of the alloy are mainly the AlSiMnFe phase and the Al2Cu phase. By incorporating the Ni element, Ni-rich phases appear in the alloy. Combining the element distribution of Cu and Ni with the analysis results of the EDS point, as shown in Figure 3, the dominant Ni-rich phases are identified as the γ-Al7Cu4Ni phase and the δ-Al3CuNi phase. The BSE image of the skeletal Ni-rich phase and its analysis results of the EDS point are presented in Figure 3a. The atomic ratio of Cu significantly exceeds that of Ni, indicating the presence of the skeletal γ-Al7Cu4Ni phase. Figure 3b displays the BSE image of the blocky Ni-rich phase along with its EDS point analysis result, where the atomic ratio of Ni and Cu is close to 1, indicating it is the blocky δ-Al3CuNi phase. In the alloy containing 0.3% Ni (Figure 2b), the blocky γ-Al7Cu4Ni phase could be observed. In the alloy containing 0.6% Ni (Figure 2c), a strip-like γ- Al7Cu4Ni phase was observed. And, in the alloy with 0.9 Ni content (Figure 2d), both skeletal γ-Al7Cu4Ni and strip-like δ-Al3CuNi phases are observed. These imply that the types of Ni-rich phases are associated with either the content of Ni or the Cu/Ni ratio.



It is generally considered that in the Al-Si-Cu-Ni alloy, there are three main Ni-rich phases, namely the δ-Al3CuNi, γ-Al7Cu4Ni and ε-Al3Ni phases. The type and quantity of Ni-rich phases are highly correlated with the Cu/Ni ratio [15,16]. Different researchers have reported varied results regarding the morphology of Ni-rich phases. In the study by Liao et al. on Al-12%Si-4%Cu-1.2%Mn-x%Ni alloys, they observed that the δ-Al3CuNi phase typically displays a skeletal or network-like structure, the γ-Al7Cu4Ni phase appears predominantly blocky, and the majority of ε-Al3Ni phases are rod-like or needle-like [29]. In contrast, Li’s research suggests that the δ-Al3CuNi phase consistently displays a striped morphology, the γ-Al7Cu4Ni phase typically forms a skeletal structure, and the ε-Al3Ni phase commonly exhibits a blocky morphology [30].



The δ-Al3CuNi, γ-Al7Cu4Ni and ε-Al3Ni phases still exhibit high stability at around 300 °C. These thermally stable intermetallic compounds are distributed at the grain boundaries, effectively enhancing the resistance to dislocation motion, thereby augmenting the alloy’s high-temperature strength. Li et al.’s quantitative research shows that different types of Ni-rich phases have varying impacts on the alloy’s elevated temperature properties [15]. The δ-Al3CuNi phase contributes most to the high-temperature performance, followed by γ-Al7Cu4Ni, and lastly ε-Al3Ni. This hierarchy is attributed to the superior volume utilization efficiency of the δ-Al3CuNi phase in terms of its morphology. Yang et al.’s research considers that the high-temperature fracture of the alloy involves the intergranular ductile fracture [31]. At elevated temperatures, the α-Al matrix softens and can only play a role in transmitting the load. The features, morphology and fraction of the second phase with high strength at elevated temperatures are identified as the most crucial factors influencing the alloy’s elevated temperature performance. The Ni-rich phases can impede the expansion of cracks and the sliding of grain boundaries, thereby improving the alloy’s high-temperature strength. Z. Asghar et al. considered that the strength of the eutectic Al-Si alloy conforms to the reinforcement mechanism of fiber-reinforced composite materials [8]. The load is transferred from the pliable α-Al matrix to the sturdier eutectic Si phase, contributing to strengthening. The existence of robust and brittle Ni-rich phases, which exhibit high-temperature stability, aids in preserving the stability of the eutectic silicon network at elevated temperatures, thus enhancing the alloy’s high-temperature performance.



The alloy’s SEM-BSE images after T6 heat treatment are depicted in Figure 4. Due to the solution treatment, the Al2Cu phase in the matrix structure decomposes and disappears. Figure 5 shows the EDS point analysis results of the Ni-rich phase. The Ni/Cu atomic ratio is indicated, in Figure 5a, as a blocky-like ε-Al3Ni phase and in Figure 5b as a striped-like δ-Al3CuNi phase. After T6 heat treatment, the type and morphology of Ni-rich phase have some changes. In alloys with 0.3, 0.6, and 0.9 Ni content, a considerable amount of the ε-Al3Ni phase is observed, along with some δ-Al3CuNi phases. The ε-Al3Ni phase is in the form of granules or blocks, with a few in the form of rods, and is dispersed throughout the alloy microstructure, with dimensions of only a few micrometers. The dimensions of the Ni-rich phase in the 0.9Ni alloy has increased, as depicted in Figure 4d. In contrast to the as-cast alloy’s microstructure, more γ-Al7Cu4Ni phases and fewer ε-Al3Ni phases are observed. It is speculated that in the T6-treated alloy, the increased presence the ε-Al3Ni phase is likely due to the decomposition of the γ-Al7Cu4Ni phase during the solution treatment (530 °C × 7 h). While undergoing the solution process, Cu atoms dissolve into the Al matrix, the Cu/Ni ratio decreases, and the Ni element forms the ε-Al3Ni phase. Then, the alloy undergoes swift cooling through quenching to attain room temperature, and the Cu atoms lack sufficient time for precipitation, preserving the ε-Al3Ni phase. Zuo et al. used JMat-Pro software to calculate the thermodynamics of the solidification process on the Al-Si-Cu-Ni alloy, indicating that the ε-Al3Ni phase formed at approximately 500 °C, and when the temperature dropped below 400 °C, the ε-Al3Ni phase disappeared but the γ-Al7Cu4Ni phase and the δ-Al3CuNi phase increased. That is, temperature will affect the type of Ni-rich phase in the alloy microstructure [32].



Figure 6 displays the XRD diffraction outcomes of alloys in both the as-cast and post-solution treatment states with varying Ni additions. The microstructure of the as-cast alloy with Ni addition comprises the γ-Al7Cu4Ni, δ-Al3CuNi, and ε-Al3Ni phases. Following solution treatment, the diffraction peaks related to the γ-Al7Cu4Ni phase vanish in the alloy containing 0.9% Ni. Cu element distribution in the as-cast and solution-treated state of the alloy with 0.9% Ni is depicted in Figure 7. Notably, numerous Cu-rich phases, including γ-Al7Cu4Ni and δ-Al3CuNi phases, decompose during the solution process, with Cu elements dissolving into the matrix. The SEM images of the solution-treated state reveal an abundant dispersion of small-sized ε-Al3Ni phases, the reduced presence of the δ-Al3CuNi phase, and the absence of the γ-Al7Cu4Ni phase, further confirming the substantial decomposition of γ-Al7Cu4Ni and δ-Al3CuNi phases during the solution treatment. Cu elements dissolve into the α-Al matrix, while Ni elements combine with Al to form the ε-Al3Ni phase. For alloys with 0.6Ni and 0.3Ni additions, there are still weak diffraction peaks of the γ-Al7Cu4Ni phase in the XRD diffraction results of the alloys after solution treatment, and a multitude of small-sized and dispersed ε-Al3Ni phases are also observed in their SEM images. This may be affected by the relatively high Cu/Ni ratio in low-Ni-content alloys, leading to a higher relative quantity of the γ-Al7Cu4Ni phase within the Ni-rich phases, which does not fully decompose during the solution treatment process.




3.2. Mechanical Properties


Figure 8a,b illustrate, respectively, the variation curves of tensile properties at room temperature and 250 °C elevated temperature with different Ni contents for the investigated alloy. Figure 8c illustrates the engineering stress–strain curve at room temperature. The investigated alloy, subjected to T6 treatment, exhibits excellent strength characteristics at room temperature, with tensile strength exceeding 380 MPa. Within the studied range of Ni addition, at room temperature, the tensile strength rises with an increase in Ni addition, and the rate of increase becomes more pronounced. At 0.9% Ni addition, the tensile strength achieves 405 MPa, indicating a 6.4% enhancement compared to the alloy with 0% Ni. The elongation at fracture initially increases, reaching its maximum at 0.6% Ni content, and then rapidly decreases. It is generally believed that at room temperature, the brittle Ni-rich phases will split the alloy matrix and weaken both its strength and plasticity. However, in this study, the formation of numerous ε-Al3Ni phases after T6 treatment is characterized by small dimensions, typically only a few micrometers in size. The majority of these phases appear as well-rounded particles or blocky structures, dispersed throughout the alloy microstructure. Due to their favorable shape and distribution, these ε-Al3Ni phases do not weaken the alloy’s room-temperature properties. Instead, they interact with dislocations, hindering their movement and contributing to dispersion strengthening, resulting in a slight improvement in both strength and ductility. However, when the Ni addition is relatively high (>0.6%), the size of the Ni-rich phases within the alloy microstructure increases. The brittle and hard nature of these larger Ni-rich phases will restrict the deformation of the matrix structure, resulting in a rapid decline in the alloy’s ductility.



At 250 °C, the investigated alloy continues to exhibit excellent strength characteristics, with tensile strength exceeding 220 MPa. Within the studied range of Ni addition, the tensile strength keeps rising with the increase in Ni content, reaching 261 MPa at 0.9Ni, which is 16.8% higher than that of the 0Ni alloy. With the increase in Ni content, the elongation at fracture exhibits an oscillating increase first, reaching its peak value at 0.6Ni, and then sharply decreases. At a high temperature of 250 °C, the high melting point means that Ni-rich phases can still maintain stability. These thermally stable Ni-rich phases are dispersed along the grain boundaries, augmenting the resistance to dislocation movement and consequently fortifying the alloy’s elevated temperature strength. However, in the case of a high Ni addition (>0.6%), the brittle and hard nature of the Ni-rich phases will also limit the deformation of the matrix structure at high temperatures drastically, resulting in a sharp decrease in the alloy’s ductility.



Zuo et al. investigated the impact of the ε-Al3Ni phase on the mechanical properties of the Al-12Si-0.9Cu-0.8Mg alloy at room temperature and at 250 °C [33]. The findings indicate that at both room temperature and 250 °C, the tensile strength of the investigated alloy rises with the increase in the ε-Al3Ni phase’s content, while the ductility decreases. In their study, the Ni content ranged from 1% to 4%, which was higher than that in our study. This suggests that a higher Ni content (Ni > 1%) can further enhance the alloy’s strength but severely compromise its ductility (the elongation dropped to less than 1%). They consider that the ε-Al3Ni’s elastic modulus is significantly higher than that of α-Al. During the alloy deformation process, the ε-Al3Ni phase will bear more stress until it breaks. Therefore, alloys with a high ε-Al3Ni phase content will have higher strength. In addition, they also found that the average size of the ε-Al3Ni phase enlarges with the rise in Ni content, indicating that the brittle Ni-rich phases will further weaken the ductility of the alloy. In a study by Stadler et al. on the effect of Ni addition on the elevated temperature performance of Al-Si alloys, they observed that as the Ni content increases, the alloy’s strength enhances [34]. They attribute the strengthening mechanism to the transfer of loads to the harder ε-Al3Ni phase in the coarse two-phase system structure. Simultaneously, the presence of the ε-Al3Ni phase contributes to stabilizing the continuity of the eutectic silicon network, thereby enhancing the alloy’s overall strength.



If the Ni addition in the alloy is further increased, more Ni-rich phases will form, and the size of these phases will increase. The Ni-rich phase with high temperature stability will further enhance the alloy’s elevated temperature strength until it approaches a limit value. And, the strength at room temperature may begin to decline [21]. However, concurrently, the coarse, brittle and hard Ni-rich phases will fracture the alloy matrix and drastically reduce the alloy’s plasticity. This phenomenon has been observed in studies on variations in Ni content in A-Si-Mg-Cu alloys [20,33,35]. Insufficient plasticity can affect the forming, processing and reliability of the alloy in service. Therefore, it is generally desirable for alloy materials to possess higher strength while preserving a specific degree of ductility. In this study, a sharp decline in ductility is observed when the Ni content surpasses 0.6%. At the Ni content of 0.6%, the alloy exhibits peak ductility at both room temperature and 250 °C, reaching 2.6% and 4.3%, respectively. At the same time, the alloy demonstrates high strength at both room temperature (391 MPa) and 250 °C (247 MPa), outperforming many heat-resistant alloys within the Al-Si-Cu-Mg system, as illustrated in Table 2. This means that the addition of 0.6Ni to the investigated alloy could attain a favorable combination of ductility and strength.



During the alloy melting and filling process, surface oxide films could get entrained into the interior of the melt as bifilms. These entrainment defects have an adverse impact on the mechanical properties of the alloy [36]. For this study, the alloy melt was refined using high-purity Ar (99.99%) for rotational degassing before pouring, which could reduce the content of oxides [37]. All samples were prepared using exactly the same process. The impact of possible oxidation on each sample should be the same, not a variable, and we conducted repeated experiments to mitigate the impact of random fluctuations. Therefore, it does not affect the final conclusion mentioned above.



 





Table 2. Room temperature and high temperature strength of Al-Si-Cu system heat-resistant alloy.






Table 2. Room temperature and high temperature strength of Al-Si-Cu system heat-resistant alloy.





	Alloy
	State
	UTS at 25 °C

/MPa
	UTS at 250 °C

/MPa
	References





	Al-7Si-1Cu-0.5Mg-0.28V-0.18Ti-0.15Zr
	T6
	311
	205
	Adapted from Ref. [38]



	Al-8Si-2Cu-0.15Zr
	T6
	435
	177
	Adapted from Ref. [39]



	Al-9Si-1.65Cu-0.45Mg-0.3Mo-0.1Ti
	T6
	350
	87
	Adapted from Ref. [40]



	Al-11.1Si-3.14Cu-0.9Mg-2.15Ni-0.46Mn-0.19Ti-0.25Ce
	T6
	280
	210
	Adapted from Ref. [41]



	Al-8.59Si-0.79Cu-0.37Mg-0.12Ti-0.14Zr
	T6
	374
	177
	Adapted from Ref. [42]



	Al-6.15Si-2.12Cu-0.44Mg-0.72Fe-0.4Zn-0.13Mn-0.05Cr
	T6
	252
	154
	Adapted from Ref. [43]



	Al-11Si-3Cu-0.2Sm
	As cast
	-
	201.5
	Adapted from Ref. [44]



	Al-12Si-0.9Cu-0.8Mg-0.5Mn-0.4Fe-0.3Zn-0.2Ti-4Ni
	As cast
	208
	187
	Adapted from Ref. [31]



	Al-12.8Si-2Cu-1.6Mg
	As cast
	278.7
	199
	Adapted from Ref. [45]



	Al-12Si-4Cu-1.2Mn
	T6
	-
	191.9
	Adapted from Ref. [46]



	Al-7Si-1.5Cu-0.4Mg-0.3Mn-0.1RE-0.6Ni
	T6
	391
	247
	This work












4. Conclusions


This paper studies the effect of different Ni content on the microstructure and mechanical performance at room temperature and 250 °C of the Al-7Si-1.5Cu-0.4Mg-0.3Mn-0.1RE alloy at low Ni content (<1 wt.% Ni). The primary conclusions can be summarized as follows:




	(1)

	
As the Ni content increases, the types of Ni-rich phases undergo some change, and the types of Ni-rich phases are correlated with the Ni/Cu ratio. At low Ni content, the predominant Ni-rich phase is primarily γ-Al7Cu4Ni, while at a higher Ni content, δ-Al3CuNi phases start to appear. In addition, the Ni-rich phases’ size also increases with the rise in Ni content.




	(2)

	
After T6 treatment, the γ-Al7Cu4Ni phase decreases significantly and the ε-Al3Ni phase increases significantly. Combining the analysis of Ni-rich phase morphology, XRD diffraction results and the distribution pattern of Cu element, it is suggested that the γ-Al7Cu4Ni phase undergoes decomposition and a transformation into the ε-Al3Ni phase during the solution process of the alloy. These ε-Al3Ni phases are characterized by their small size, typically only a few micrometers, and exhibit a granular or blocky morphology.




	(3)

	
Within the investigated range of Ni content, the room temperature mechanical performance of the alloy increases with the rise in Ni content, reaching 405.9 MPa at 0.9% Ni addition, representing a 6.4% improvement compared to the 0% Ni alloy. This enhancement is attributed to the dispersion strengthening effect of the small-sized and well-distributed ε-Al3Ni phases formed during T6 treatment. The high-temperature strength continues to increase with the Ni content, reaching 261.6 MPa at 0.9% Ni addition, a 16.8% improvement compared to the 0% Ni alloy. The improvement in high-temperature strength is ascribed to the distribution of high-melting-point and stable Ni-rich phases at the grain boundaries, effectively increasing the resistance to dislocation motion at elevated temperatures. At 0.6% Ni content, the alloy achieves a favorable combination of ductility and strength, displaying superior comprehensive mechanical properties compared to many heat-resistant alloys within the Al-Si-Cu-Mg system.
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Figure 1. Schematic diagram of tensile specimen. 
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Figure 2. BSE images of alloy with different Ni content: (a) 0Ni, (b) 0.3Ni, (c) 0.6Ni, (d) 0.9Ni. 






Figure 2. BSE images of alloy with different Ni content: (a) 0Ni, (b) 0.3Ni, (c) 0.6Ni, (d) 0.9Ni.



[image: Metals 14 00223 g002]







[image: Metals 14 00223 g003] 





Figure 3. EDS result of Ni-rich phase: (a,b) skeleton-like Ni-rich phase in 0.9Ni alloy, (c,d) blocky Ni-rich phase in 0.9Ni alloy. (red dot means the EDS point position). 
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Figure 4. BSE images of alloy with different Ni content after solution: (a) 0Ni, (b) 0.3Ni, (c) 0.6Ni, (d) 0.9Ni. 
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Figure 5. EDS result of Ni-rich phase in Figure 4: (a,b) blocky Ni-rich phase, (c,d) rod-like Ni-rich phase. (red dot means the EDS point position). 
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Figure 6. XRD diagram patterns of alloy with different Ni content: (a) as cast; (b) as solution. 






Figure 6. XRD diagram patterns of alloy with different Ni content: (a) as cast; (b) as solution.



[image: Metals 14 00223 g006]







[image: Metals 14 00223 g007] 





Figure 7. Elemental mapping distribution of Cu and BSE images in 0.9Ni alloy: (a,c) as cast, (b,d) as solution. 
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Figure 8. Tensile properties of the studied alloys with different Ni content after T6 treatment at different temperatures: (a) UTS, (b) EL. (c) Engineering stress–strain curve at room temperature. 
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Table 1. Chemical compositions (wt.%) of the alloys.
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	Alloy
	Si
	Cu
	Mg
	Mn
	Ti
	RE
	Ni
	Al





	Ni0
	7
	1.5
	0.4
	0.3
	0.15
	0.1
	0
	Bal.



	Ni0.3
	7
	1.5
	0.4
	0.3
	0.15
	0.1
	0.3
	Bal.



	Ni0.6
	7
	1.5
	0.4
	0.3
	0.15
	0.1
	0.6
	Bal.



	Ni0.9
	7
	1.5
	0.4
	0.3
	0.15
	0.1
	0.9
	Bal.
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