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Abstract

:

The effects of rare earth yttrium (Y) additions and the heat treatment process on the microstructure and mechanical properties of as-cast ADC12 aluminum alloy have been investigated. The results showed that the primary Si crystals were significantly refined from long axis to fibrous or granular when the Y content was 0.2 wt%. Compared to the matrix, the mean area and aspect ratio were decreased by 92% and 75%, respectively. Moreover, the Si and Fe-rich phases were spheroidized and refined with a small average size during the solid solution. It was also noted that the copper-rich phases were dissolved into the matrix. Correspondingly, it was found that after metamorphic and heat treatment the ultimate tensile strength (UTS), elongation, and, hardness increased by 81.9%, 69.7%, and 74.8%, respectively, compared to the matrix. The improved mechanical properties can primarily be attributed to the optimization of the microstructure and the refinement of various phases.
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1. Introduction


Due to its excellent castability and mechanical properties, ADC12 alloy has attracted the attention of the automotive and aviation industry [1]. However, the coarse or lamellar shape of eutectic Si and long needle-like iron-rich phases exists in the alloy and reduces the mechanical properties and elongation [2]. Thus, ADC12 aluminum alloy applications are also severely limited.



The microstructure of the alloy has been improved by the addition of some special elements. Currently, some reports indicate that the distribution of eutectic silicon, or other phases in the matrix, were improved effectively by adding rare earth [3] or alkali metal [4] to the melt. The coarse or lamellar shape eutectic Si was changed into fine or short rod-like particles and the acicular β-Al5FeSi was modified into short rods. Among them, rare earth Y has attracted much attention from scholars due to its low price and remarkable effect. Li. et al. [5] studied the effect of rare earth Y on the hot-tearing behavior of Al-Cu alloy. They revealed that Y has a distinct grain refining effect on the alloy, which decreased the liquidus temperature and shortened the crystallization range. Zhang et al. [6] found that the grains of an Al-Zn-Mg-Cu-Zr alloy were significantly refined by adding a mix of rare earth elements (Gd and Y). Several researchers [7,8] demonstrated that the rare earth Y has an excellent refining effect on Si and iron-rich phases while also reducing alloy defects.



However, the microstructure of the alloy can still be further optimized, even if an appropriate amount of rare earth has been added. Recently, some researchers found that a heat treatment process could further improve the microstructure of aluminum alloy containing rare earths. Yan et al. [9] demonstrated that an excellent microstructure could be obtained by heat treatment on an AlSi10Cu3 alloy with the rare earths La and Yb. The heat treatment process promotes solid solution and precipitation strengthening. Furthermore, the La3Al11 and Si phases acted as strengthening phases in the alloy and were spheroidized and dispersed.



In this study, the effect of Y addition and solid solution, and Y addition on the microstructure of ADC12 alloy was investigated. The purpose was to find the optimum Y content, study the modification mechanism of rare earth, and study the effects of heat treatment on the various phases of the ADC12 alloy.




2. Materials and Methods


Commercial ADC12 alloy was selected as the matrix. An electrical resistance furnace and a graphite crucible were chosen for preparation of the alloys. The ADC12 alloy was melted at 750 °C and held for 10 min. Then, the Al-10Y master alloy was added into the melt at 720 °C to prepare the composites with various contents of Y (0 wt%, 0.1 wt%, 0.2 wt%, and 0.3 wt%). The fabricated alloy was then deslagged and poured into a preheated mold (400 °C). An illustration of the mold used is shown in Figure 1. To evaluate the tensile properties, the test samples were machined into tensile test bars with a diameter of 6 mm and a gauge length of 30 mm, as seen in Figure 1, in accordance with China Standard GB/T228-2002. In order to ensure the uniformity of the various phases in the alloys, the amount of ADC12 alloy per casting was controlled at approximately 300 g. The tests were carried out at room temperature using a SUNC UM5105 electro-servo testing machine. A controlled tensile speed of 1 mm/min and a 100 KN load cell were used. In addition, the compositions of the fabricated alloys in this study were analyzed by inductively coupled plasma-atomic emission spectrometry (ICP-AES, as shown in Table 1.



The microstructure and mechanical properties of the composites were then investigated, and the optimum amount of added Y was selected. The composite samples with the optimal Y addition amounts were placed into an SX24-13 type resistance furnace. The holding time was 8 h and the solution temperature was set to 500, 520 and 540 °C. Immediately, the samples were taken out and placed in water to cool.



The microstructures of all samples selected were observed with an optical microscope (OM, OLYMPUS BX51 microscope, Olympus Metrology, Inc., Tokyo, Japan) and a scanning electron microscope (SEM, Quanta 200 FEI Metrology, Inc., Hillsboro, OR, US) equipped with energy disperse spectroscopy (EDS, FEI Metrology, Inc., Hillsboro, OR, USA) after being etched by 0.5 vol pct hydrofluoric acid in water. The software IPP6.0 image (Media Cybernetics Co., Rockville, MD, USA) and OriginPro 8.5 (OriginLab Co., Northampton, MA, USA) were used for quantitative and data analysis, respectively. The calculation methods [10] of these parameters were as follows:


Average Length=1m∑j=1m(1n∑i=1nL)



(1)






Mean area=1m∑j=1m(1n∑i=1nAi)



(2)






Aspect ratio=1m∑j=1m(1n∑i=1n(L1Ls))



(3)




where Ai is the area of a single silicon particle, L1/LS is the ratio of the longest to shortest dimensions of a single silicon particle of a single field, L is the length of a single β-Fe phase or α-Al phase secondary dendrite arm spacing (SDAS), n is the number of a single field and m is the number of the fields.




3. Results


3.1. Effects of Y Addition on the α-Al Phases


Figure 2 is the SEM image of the matrix without Y addition. Figure 3 represents the optical micrographs of as-cast ADC12 alloys with various Y additions, and demonstrates a substantial difference in the microstructure in terms of the size and morphology of the α-Al phases. As shown in Figure 2 and Figure 3, the outline of the α-Al phases of the alloy without Y addition was not clear. The eutectic silicon exhibited either a coarse needle or plate shape. The Al2Cu and iron-rich γ phase show the plate-like and skeleton-like attributes, respectively. In comparison, the α-Al phases of the alloy containing 0.1 wt% Y had a very clear outline and the SDAS value decreased from 48.5 to 33.5 μm. In accordance with Figure 3b,c, the α-Al primary phase exhibited an ellipsoidal shape and the SDAS value further reduced to 20.3 μm when Y addition was 0.2 wt%. This phenomenon means that the α-Al phases were further refined due to the addition of Y. However, as shown in Figure 3d, the refined α-Al primary phase increased when the amount of Y was further increased up to 0.3 wt%.



According to the Hume-Rothery rules, almost no solid solubility can be formed in the alloy unless the atomic radius difference between the solvent and the solute is <15%. As we know, the atomic radius of Y and Al are 0.182 and 0.143 nm, respectively. The atomic radius difference is 27%. Hence, the Y element has difficulty entering the crystal lattice of primary phase α-Al. Instead, the rare earth element concentrates in the front of the solid–liquid interface. This phenomenon restricts the growth of α-Al grains and leads to a strong constitutional undercooling that promotes the nucleation of grains [11,12]. On the other hand, rare earth Y may react with O and Al2O3 to produce Y2O3 according to Yu et al. [8]. The lattice structure of Y2O3 was similar to the lattice of the α-Al phases. Y2O3 could act as the nucleus of α-Al and increase the number of α-Al dendrites, resulting in a decrease in α-Al dendrite size.




3.2. Effects of Y Addition on the Si and Fe-Rich Phases


Figure 4 exhibits the morphology of the eutectic Si and Fe-rich phases in ADC12 alloy with different amounts of Y addition. The aspect ratio and mean area of the eutectic Si phases are illustrated in Figure 4e,f. In Figure 4a we can see that the eutectic Si phases of unmodified alloy presented a coarse acicular or long axis morphology. The mean area and aspect ratio were 44 μm2 and 15.2 μm, respectively. In contrast, the microstructures of the alloy were significantly optimized after the addition of Y. As shown in Figure 4b, the eutectic Si particles exhibited a short rod structure when Y addition was 0.1 wt%. Correspondingly, the mean area and aspect ratio decreased to 11.9 μm2 and 3.8 μm, respectively. As seen in Figure 4c, the eutectic Si particles were clearly spheroidized with a small fibrous or granular morphology. The mean area and aspect ratio further declined to 3.2 μm2 and 2.2 μm, respectively, which was 92% and 75% lower than the matrix, respectively. However, as the Y addition amount increased to 0.3 wt%, the mean area and length–width ratio of the eutectic Si phase exhibited a slight increase.



According to the impurity-induced twinning mechanism (IIT) [13,14,15,16] and the restricted twin plane reentrant edge growth mechanism (TPRE) [17], the modified Y atoms easily concentrate near the Si solid–liquid interface or Si grooves. This phenomenon may change the growth mode and eventually lead to the isotropic growth of grain. Thereby, the Y atoms of the modification agents will refine the eutectic Si and change its morphology from the coarse acicular or long axis shape to a small fibrous or granular shape. Moreover, the previous works conducted by Kang et al [18] and Nogit et al. [19] revealed that the large degree of negative mixing between Y and Si led to a decrease in the eutectic temperature and an improvement of the microstructure.



Additionally, Figure 5 reveals typical SEM images of ADC12 alloys with different amounts of Y addition. The results indicate that the Y-rich phases mainly contain three elements (Al, Si and Y). This phase is Al2Si2Y, according to Wan et al. [7]. As can be seen from Figure 5a,b, the Al2Si2Y phase displayed a coarser microstructure when the rear earth Y addition reached 0.8 wt.%. This phenomenon indicates that an excessive amount of rare earth Y may cause the phase to grow sharply. When the amount of Y reached 0.8 wt%, a large amount of Y and Si atoms were consumed and coarse Y-rich phases were formed, as shown in Figure 5b. This greatly reduced the modification effect. Therefore, the metamorphic effect would get worse when too much rare earth Y was added to the alloy. Similar results after adding Zr to A356 casting alloy have been reported by Liu et al. [20].



Figure 6 represents the average length of the Fe-rich phases with different Y additions. The average length of the Fe-rich phases gradually decreased while the Y content increased from 0 to 0.2 wt%. The average length of the Fe-rich phases in the unmodified alloy was approximately 22.3 μm and the phases were characterized by a coarse needle-like morphology, as shown in Figure 4a. When the amount of Y was 0.1%, the average length decreased to 7.9 μm and the morphology of the Fe-rich phases changed from needle-like to small flake, as shown in Figure 4b. The microstructures were significantly modified when the amount of rare earth Y was 0.2 wt%. The Fe-rich phases displayed a finer structure with an average length of 2.8 μm. However, the Fe-rich phase structure became coarser and the length had also increased—rather than decreased—when the Y addition further increased to 0.3 wt%



During solidification, the introduction of the Y element caused the formation of Al2Si2Y phases, which led to the increase of the heterogeneous nucleation sites for the Fe-rich phases [21] and the depletion of Si in the alloy. The increase of the nucleation sites promoted the formation of the phases, and the reduction of the Si phase near the solidifying front where those phases precipitate can hinder the growth [22]. Moreover, the Y element was easily absorbed onto the Fe-rich phases and had an inhibitory effect on the independent growth of the Fe-rich phases [7]. Thus, Fe-rich phases were effectively refined due to the addition of the Y element.




3.3. Effects of Solid Solution on Microstructures


Figure 7 represents optical microstructures of 0.2 wt% Y/ADC12 at different solid solution temperatures. As shown in Figure 7a, the Si phases were partially spheroidized and Fe-rich phases were present in the form of short rod-like structures when the solution treated condition was 500 °C. According to Figure 7b, when the solution temperature reaches 520 °C, the rod-like Fe-rich phases were refined to the smaller size. The Si phases also displayed the globular and rounded structure. Meanwhile, the degree of difference in particle size decreased. Nevertheless, the eutectic Si phase appeared to increase. However, it was worth noticing that the eutectic Si became coarser when the solution temperature reached 540 °C and even some cavities appeared, as shown in Figure 7c. These cavities were primarily caused by the melted Cu-rich compounds. Al-Cu nucleation and growth temperatures were below 510 °C [3]. When the temperature increased to 540 °C the Al-Cu eutectic phases melted directly, rather than forming a solid solution during the heat treatment. As a result, the cavities were created. Therefore, from the comparison of the results, the optimum solution temperature was 520 °C.



Figure 8 exhibits SEM-EDS elemental maps of the distribution of Si and Cu elements after heat treatment. The Si and Fe-rich phases in 0.2 wt% Y/ADC12 alloy show a uniform distribution with a smaller size than that of the alloy without Y. This again confirms the validity of rare earth Y metamorphism. Moreover, according to Figure 8a, the scanning results display some agglomerated Cu atoms in alloy without Y addition which indicates that many undissolved copper-rich phases may still exist after solution treatment. In comparison, the Cu atoms in alloy with 0.2 wt% Y addition were more uniform, as shown in Figure 8b. This indicates that more copper-rich phases were dissolved in the matrix during the solid solution. This difference was caused by the different dissolution rates of the Al2Cu phases in the alloy. Cu atoms diffuse from the outer layer of the Al2Cu phases into the matrix [23]. The Al2Cu particles in 0.2 wt% Y/ADC12 alloy were smaller than those in the non-added alloy due to the metamorphism. This led to the Al2Cu phases in alloy having a larger total surface area. Therefore, the dissolution rate of these phases increased due to the addition of Y.




3.4. Mechanical Properties


Figure 9 represents mechanical properties of ADC12 alloys with different Y contents. It can be observed from the figure that the UTS of the unmodified alloy was 172.4 MPa, the elongation was 1.9%, and the hardness was 75.9 HV. When the amount of Y addition was <0.2 wt%, the UTS, elongation, and hardness of the alloys were significantly improved with the increase of Y addition. The 0.2 wt% Y/ADC12 alloy showed the best UTS (255.6 MPa), elongation (3.3%), and hardness (94.6 HV), which were 48.3%, 72.9%, and 24.6% higher than those of the matrix, respectively. An appropriate increase in the hardness of the alloy is beneficial to the subsequent secondary processing due to the softness of the aluminum alloy [24,25]. However, further increasing the Y content caused a decline in the UTS, elongation, and hardness. Moreover, the UTS and hardness of the alloys with different Y contents were all significantly improved after heat treatment. The UTS and microhardness of the alloy with 0.2 wt% Y were enhanced by 57.9 MPa and 38.1 HV, respectively. A further increase in temperature of the solid solution to 540 °C resulted in a decrease in both UTS and elongation. After the rare earth modification and solid solution process, the 0.2 wt% Y/ADC12 alloy revealed the best UTS (313.5 MPa), elongation (3.2%), and hardness (132.7 HV), which were 81.9%, 69.7%, and 74.8% higher than those of the as-cast ADC12 alloys without any treatment, respectively.



The mechanical behavior of the alloy primarily depends on a sound microstructure. The refinement of the β-phases reduces the probability of these particles tearing the matrix under applied stress. On the other hand, the internal defects of the fine-grained eutectic Si phases were less than the coarse-grained Si phases, which leads to the maintenance of intrinsic fracture stress. As mentioned before, the Si, Fe, and α-Al phases were refined due to the addition of Y. When the amount of added Y was 0.2 wt%, the eutectic Si phases completely transformed into fibrous or granular structures. The flaky Fe-rich phases exhibited the smallest size compared to the others. Thus, the mechanical properties were greatly improved. Meanwhile, the mechanical properties of the alloy also been improved due to the refinement of α-Al phases. According to the Hall–Petch equation, grain boundaries are obstacles to dislocation movement. Therefore, the finer the grain, the higher the mechanical properties of the alloy. Thus, the mechanical properties of the alloy after heat treatment were further improved. However, the excessively high temperature led to a decrease in mechanical properties due to the rapid growth of Si phases, grains, and even the appearance of cavities. This phenomenon weakens the effect of the particle’s morphology and the distribution of the mechanical properties.




3.5. Fracture Characteristics


Figure 10 illustrates the fractographs of the ADC12 alloys with various Y contents. The phases marked Point 1 are the coarse primary Si phases, according to Li et al. [26]. In Figure 10a, aside from a few stretching holes, the fracture surfaces of the ADC12 alloys without Y addition are mainly covered by cleavage plane. Furthermore, a clear crack in the coarse primary Si phases, as shown in Figure 10a, was observed. These phenomena indicated a typical characteristic of brittle fracture. It was generally accepted that this was due to the rupture of primary Si cracks that originated in the rupture and propagated along the primary Si/matrix interfaces immediately. Subsequently, the neighboring cracks linked and ultimately caused the fracture of the material [26,27,28].



Figure 10c reveals that the fracture surface of ADC12 alloys with 0.2 wt% Y addition also has some cleavage planes and stretching holes. Meanwhile, aggregated dimples appeared on the fracture face and the proportion of the cleavage plane decreased. Hence, the type of this fracture was a ductile failure. Therefore, an appropriate amount of Y addition has an active effect on the fracture properties of the alloy.





4. Conclusions


(1) The addition of the rare earth Y causes significant refinement of the microstructure, not only reducing the average size of the α-Al phase and SDAS, but also refining the coarse Si and Fe-rich phases.



(2) The suitable solution temperature for the alloy with 0.2 wt% Y was approximately 520 °C. During the solid solution, the eutectic silicon particles were spheroidized and the copper-rich phases were dissolved in the matrix.



(3) The addition of Y and heat treatment significantly improved the mechanical properties of the alloy. Compared with the matrix without any treatment, the UTS, elongation ratio, and hardness of ADC12 with 0.2 wt% Y addition were increased by 81.9%, 69.7%, and 74.8%, respectively.
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Figure 1. Illustration of the mold and tensile test sample. 
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Figure 2. SEM images and EDS of ADC12 alloys. (a) SEM image; (b) Corresponding EDS results. 
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Figure 3. Optical micrographs of as-cast ADC12 alloys with different contents of Y addition: (a) unmodified; (b) 0.1 wt% Y; (c) 0.2 wt% Y; (d) 0.3 wt% Y; and, (e) SDAS of α-Al phases with different additions Y. 
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Figure 4. High magnification morphology of primary Si crystals and Fe-rich phases in ADC12 alloy: (a) 0 wt%; (b) 0.1 wt%; (c) 0.2 wt%; (d) 0.3 wt%; and, (e, f) the mean area and aspect ratio of the eutectic Si phases. 
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Figure 5. SEM images of ADC12 alloys with different Y additions: (a) 0.2 wt%; (b) 0.8 wt%; and, (c) EDS results of point 1, 2. 
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Figure 6. The average length of the Fe-rich phases. 
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Figure 7. Optical microstructures of 0.2 wt% Y/ADC12 alloy at different solid solution temperatures: (a) 500 °C; (b) 520 °C; and, (c) 540 °C. 
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Figure 8. The distribution of Si, Cu and Fe elements of alloys with Y addition on SEM-EDS elemental maps: (a) 0 wt%; and, (b) 0.2 wt%. 
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Figure 9. Mechanical properties of alloys with different concentrations of Y. 
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Figure 10. Fractographs of the tensile samples of ADC12 alloys with different Y contents: (a) 0 wt%; (b) 0.2 wt%; and, (c) magnified image of the local area in (b). 
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Table 1. Chemical composition of the alloys (wt.%).
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	Alloy
	Si
	Cu
	Mg
	Fe
	Zn
	Y
	Al





	ADC12
	10.86
	2.95
	0.23
	0.57
	0.68
	-
	Bal



	ADC12+0.1 wt% Y
	10.53
	3.36
	0.29
	0.66
	0.54
	0.12
	Bal



	ADC12+0.2 wt% Y
	10.28
	3.03
	0.35
	0.54
	0.56
	0.23
	Bal



	ADC12+0.3 wt% Y
	10.59
	3.29
	0.30
	0.66
	0.63
	0.34
	Bal
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