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Abstract

:

An Al-Cu alloy ingot was produced with the application of ultrasonic melt treatment. The effects of ultrasonication on the grain structure, eutectic phase, solution, and tensile properties of the alloy were analyzed. The volume and distribution of the eutectic phase were quantitatively evaluated based on stereological theory. The results are as follows: The grain-refinement efficiency at the center, 1/2 radius and edge of the ingot is 33.99%, 45.2% and 41.68%, respectively, under the action of an ultrasonic field. Ultrasonics improves the solid solubility of the Al-Cu alloy element, in which the solid solubility of Cu increases from 0.85% to 1.42%. The ultrasonic field improves the dispersion degree of the eutectic phase and reduces the volume fraction and eutectic phase number per unit volume. The mechanical properties of the Al-Cu alloy were improved by an ultrasonic field.
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1. Introduction


Aluminum alloys have been widely used in the aerospace, automotive and other fields due to their light weight, high strength, and other features [1,2]. Among them, aerospace ring/cylindrical structural parts are generally obtained by deformation processing of aluminum-copper alloy ingots. Therefore, the quality of the ingots is critical to the formation of ring/cylindrical parts. However, the quality of aluminum alloy structural parts is seriously restricted by defects, such as coarse microstructure, severe segregation, porosity inclusion, and even cracking in large aluminum alloy ingots [3,4]. In particular, the most important reason for the unstable mechanical properties of the final ring/cylindrical member is the enrichment of residual eutectic phases in the component. When the residual eutectic phase is formed in large quantities at the grain boundary, the stress concentration is caused by the difference in the material properties between the residual eutectic phase and the matrix, which leads to the initiation of microcracks at the grain boundary [5]. The agglomerated eutectic phases are most likely to become crack nucleation sites during the service of the components in the later stage and lead to crack propagation [6]. At the same time, the ductility of the aluminum alloy is greatly reduced by the coarse and hard eutectic phases [7]. Therefore, it is very important to quantitatively detect and evaluate the eutectic phase of an ingot. However, at present, the quality-inspection system of aluminum alloy is not excellent because it only includes grain size, alloy composition, porosity, pores, coarse inclusions, and other indicators, and no eutectic phases are mentioned.



The solidification process of aluminum alloys includes a series of behaviors, such as heat and mass transfer, melt nucleation, and crystal growth [8]. Ultrasonic vibration treatment of alloy melts is a physical treatment technique that has gained widespread support from the scientific community in recent years [9,10]. When an ultrasonic field is applied to the aluminum alloy melt, the environment, as well as the physical and chemical conditions, of the solidification process of the aluminum alloy melt will be changed, and the structure and properties of the ingot will be altered accordingly [11]. Some research on the ultrasonic treatment of metal melts has been published, mainly by Eskin [12] and Eskin et al. [13]. They found that ultrasound can significantly improve the morphology of the structure, refine the grains, and degas aluminum alloy ingots due to its special effects, such as cavitation and acoustic streaming.



In casting studies, ultrasonically stirred samples have finer microstructures [14]. Ultrasonic treatment can effectively control the morphology and size of aluminum grains [15]. Ultrasonic vibration has been proven to be effective in controlling the columnar dendritic structure, reducing the size of equiaxed grains, and, under certain conditions, producing spherical, nondendritic grains [16]. Li et al. [17,18,19] investigated the mechanisms of the ultrasonic field on Al alloy during the direct-chill (DC) casting process and proposed the mechanism of ultrasonic heterogeneous activation and the crystal resonance effect. In previous studies of large industrial ingots, an ultrasonic generator was employed with frequencies, powers, and peak-to-peak amplitudes of 20 ± 1 kHz, 0.5–1 kW, and 20 ± 1.0 µm, respectively. [20,21] Due to the small ingot size in this study, the power of ultrasound was 200 W.



In addition, high-quality 7XXX and 2XXX aluminum round/flat ingots with different sizes were manufactured, and successful application promoted the development of the manufacturing field of high-performance, light-alloy, large, and complex structural components for aerospace applications. Previous studies found that the coarse crystalline phase seriously reduced the plasticity of the material [22,23].



The characterization of the crystalline phase in the ingot is therefore very important. However, no accurate quantitative analysis study of the eutectic phase has been reported thus far.



In the present study, ultrasound-assisted solidification tests of small Al-Cu alloy ingots were carried out under laboratory conditions, and the effects of an ultrasonic field on the grain structure, eutectic phase, and intragranular solid solution of alloy elements were studied systematically. To quantitatively measure the content of the eutectic phase, this paper proposes a quantitative measurement method of the eutectic phase based on the image-processing function of MATLAB 9.0 software, the backscattering diagram of the crystal phase, and the stereology formula. Meanwhile, the volume of the eutectic phase in the Al-Cu conventional ingot and ultrasonic ingot were compared to illustrate the effect mechanisms of ultrasound on the microstructure transformation during solidification.




2. Materials and Methods


2.1. Experimental Equipment


The experimental equipment used in this study is as follows: (1) ultrasonic system, which is used to output vibration, including ultrasonic power supply (200 W for output power and 20 kHz for output frequency), PZT piezoelectric ceramic transducer, #45 steel horn, and titanium alloy radiation rod; (2) temperature control and detection system, including resistance furnace, which is used to heat raw material, and thermocouple temperature sensor, which is used to detect temperature; (3) auxiliary equipment, including a graphite clay crucible (external dimension: diameter is 206 mm × 220 mm, and thickness is 19 mm), displacement control platform, timer, tray balance, and online hydrogen detector, which is used during casting. The whole experimental casting device of the crucible is shown in Figure 1.




2.2. Melting and Ultrasonic Treatment Process


The prepared Al-Cu alloys taken from industrial ingots were put into a graphite crucible for smelting at 750 °C, followed by slagging off. The radiation rod was preheated before the experiment to avoid shock chilling. Ultrasonic treatment was carried out when the melt temperature reached 700 °C. The ultrasonic rod was located in the center of the ingot, with an insertion depth of 35 mm, and the displacement system was used to fix the ultrasonic position. After application of ultrasound for 15 min, the ultrasonic rod was pulled out slowly and stably, and the aluminum melt was poured into a crucible to be cooled in water. Meanwhile, a conventional ingot cast under the same conditions without ultrasonic treatment was used for comparison. The main chemical compositions of the Al-Cu alloy ingot are shown in Table 1.




2.3. Sample Preparation and Testing


Samples were cut from the two ingots with the method shown in Figure 2. Testing samples were sectioned 30 mm away from the end surface of the radiation rod. Three cube samples with a size of 15 mm were cut from the center, 1/2 radius, and edge along the radius of the ingot. Subsequently, the metallographic samples were mechanically ground and polished, followed by etching with Keller’s solution (1% HF, 1.5% HCl, and 2.5 vol.% HNO3). The eutectic phase of the samples was observed by scanning electron microscopy (TESCAN® MIRA3, Brno, Czech Republic). The relative solid solubility of elements in a grain was measured by an energy-dispersive spectrometer (Inca® Energy X-Max20, London, UK). The grain-structure characteristics were observed by a Leica® metallographic microscope (56XC, Vizsla, Germany) after standard metallographic sample preparation. Tensile tests were conducted on an Instron® 3369 mechanical testing machine with a tensile speed of 2 mm/min.




2.4. The Method of Quantitative Detection for Eutectic Phase


Quantitative analysis of the eutectic phase is important for detecting the quality of ingots. Eutectic-morphology detection results are essential for performing quantitative analysis. The morphology and distribution of the eutectic phase can be observed by scanning electron microscopy (SEM), and the quantitative relationship between the eutectic phase and ingot quality can be established. However, quantitative analysis of the eutectic phase usually requires mathematical methods and analysis by measuring various characteristic parameters of the eutectic phase in the backscatter diagram.



In this work, the volume and distribution of the eutectic phase in two ingots are quantitatively characterized by three parameters, including VV, which is the symbol of an integral number of eutectic phases; PV, which is the symbol of the number of eutectic phases per unit volume; and λ, which is the mean distance between eutectic-phase particles. λ is used to quantitatively evaluate the dispersion degree of the eutectic phase in the ingot. The mean free path is defined as the average distance of a particle in an object traveling when it collides with other particles. That is, the more eutectic phases there are per unit volume, the more crowded and frequent the collisions and the smaller the free path will be. In contrast, the larger the free path, the greater the dispersion degree of the eutectic phase. In this work, the backscattering images of alloy ingots were processed and counted by the image-processing tool of MATLAB software based on stereology principles [24,25].



First, the backscattering SEM image was read by MATLAB software and then preprocessed by an image-processing tool kit (image gray processing, enhancement processing, and filtering processing). The image was morphologically processed, including expansion operation, corrosion operation, open operation, and closed operation. Then, the eutectic phase characteristics of the image were extracted after edge detection and area statistics. The eutectic phase can be conveniently and efficiently quantitatively analyzed by the stereological formula [26,27].



It can be seen from the backscatter image of the sample that the distribution of the eutectic phase in the ingot was dispersed on the whole sample surface. Therefore, the statistics of eutectic phases that relied only on a single measuring line had a large error. As shown in Figure 3, multiple horizontal lines and vertical lines were selected as measuring lines to measure the backscatter image at a magnification of 500 times. That is, eight measuring lines were prepared in five areas of the sample (600 × 600 μm2), including four horizontal lines and four vertical lines. The number of points where the unit-length test line intersects the eutectic phase in the backscatter diagram was recorded as PL. Similarly, the backscatter image was taken in five random areas of each sample, as shown in Figure 3a, and each backscatter image was divided by the linear intercept method, as shown in Figure 3b.      P L   ¯   , which is the average value of PL of the five backscatter sketches, was taken to represent the number of intersections of the unit length of measuring lines and the eutectic phase. After the      P L   ¯    of the sample was determined, it was necessary to count PA, which represents the number of eutectic phases per unit area tested in the whole backscatter image. In the same way, the average value,      P A   ¯   , of PA of the five backscatter sketches was taken, and then the stereological equation,    P V  = 2    P A   ¯     P L   ¯   , was used to obtain PV, which is the number of intersections of eutectic phases in the unit test volume of the sample.





3. Results


3.1. Grain Structure


Figure 4 shows the grain structures. The grains of conventional ingots are mostly coarse dendrites, with developed dendrites and many defects appearing in the center, as shown in the red circle area in Figure 4a. However, the grains of the ultrasonic ingot are fine, and many grains are equiaxed, as shown in Figure 4d,e. The grain structure of the ingot is obviously refined by ultrasonication, and defects, such as pores and porosity in the ingot structure, are reduced by ultrasonication. The cavitation and acoustic-streaming effect of ultrasonication can improve the compactness of the ingot structure by refining the grain structure of the ingot and reducing the defects [11,28,29].



The grain size at different positions of the ingot was measured. The average grain size at the center, 1/2 radius, and edge of the conventional ingot was 253 μm, 300 μm, and 280 μm, respectively. However, the average grain sizes of the three locations of the ultrasonic ingot were 167 μm, 164 μm, and 163 μm. The grain size of the whole cross section of the ultrasonic ingot was refined and more uniform.



To more intuitively describe the effect of ultrasonication on grain refinement, the refinement efficiency of the grains was calculated by the following formula:


   η i  =    D i  −  d i     D i     



(1)




where    η i    is the grain refinement rate;    D i    is the average grain size at a certain position of the conventional ingot; and    d i    is the average grain size of the ultrasonic ingot.



According to Formula (1), the refinement ratios of ultrasonication at the center, 1/2 radius, and edge of the crucible ingot were 33.99%, 45.2%, and 41.68%, respectively. The grains across the whole ingot were refined by ultrasound to different degrees.




3.2. Eutectic Morphology and Quantitative Analysis


Figure 5 shows the eutectic structure of the two ingots. White with grid-like eutectic structures can be seen on the grain boundaries. The same variation tendency in eutectic distribution can be found along the radical direction of the two ingots. At the edge of the ingot, the eutectic structure is intermittent and strips. At the 1/2 radius of the ingot, the eutectic phase was connected into a grid and became continuous, while at the center of the ingot, the eutectic phase turned into agglomerated chunks with high continuity. However, at the three representative positions, the cluster degree of the eutectic phase was obviously reduced under ultrasound.



As shown in Figure 6, MATLAB was used to address the contrast of the backscattering of SEM. The volume fraction of the eutectic phase, the number of eutectic phases per unit volume, and the average distance between eutectic phases can be calculated by image processing and stereology theory. Table 2 shows the comparison results of the conventional ingot and ultrasonic ingot, where a and b indicate the conventional ingot and ultrasonic ingot, respectively, and samples 1, 2, and 3 represent the center, 1/2 radius, and edge of the ingot, respectively. Compared with conventional ingots, the volume fraction of the eutectic phase and the number of eutectic phases per unit volume of ultrasonic ingots at the three locations were significantly lower, and the average spacing between eutectic phases increased in ultrasonic ingots.



It can be seen from the results that the coarsening and agglomeration of the eutectic phase were more substantial at the center and 1/2 radius. The average distance between eutectic-phase particles in the center and 1/2 radius of the conventional ingot was 75 μm and 62 μm, respectively, but it was increased to 91 μm and 93 μm, respectively, after ultrasonic addition, an increase of 32% and 40%, respectively. However, due to the direct effect of cooling water at the edge of the ingot, solidification was faster. Thus, the eutectic phase was relatively dispersed, and the improvement effect of ultrasonication was smaller, only increasing by 14%.




3.3. Relative Intragranular Cu Content


Differences were also found in the intragranular solid solubility of solute elements in Al-Cu alloy after ultrasonic treatment. More alloying elements, which dissolve in the aluminium alloy matrix, play a role in solution strengthening for ingot materials. The mechanical properties of the ingot structure can be improved with increasing intragranular solid solubility of alloying elements in the aluminum matrix. The mass fraction of solute elements in the Al-Cu alloy was detected in the two groups of ingots. The contents of solute elements in the grains of the conventional ingot and ultrasonic ingot were scanned by an EDS spectrum analyser.



The mass fraction of the main solute elements, Cu, Mn, Mg, and Si, in the Al-Cu alloy was obtained by scanning the selected region. The average mass fraction of solute elements in this region was taken as the solid solubility of the elements in grain. The test results are shown in Table 3.



Table 3 shows that the solid solubility of each solute element in the ultrasonic ingot was improved compared with that of the conventional ingot. The solid solubility of Cu increased from 0.85% to 1.42%, which increased by 67.05% with ultrasonic treatment; the solid solubility of Mn increased from 0.36% to 0.78%, with an increase rate of 116.67%; the solid solubility of Mg increased from 1.03% to 1.18%, which was increased by 14.56%; and the solid solubility of Si increased from 0.07% to 0.28%, with an increase rate of 300%. The contents of the four alloying elements, Cu, Mg, Mn, and Si, in the Al matrix generally increased after ultrasonic treatment.




3.4. Mechanical Properties of Ultrasonic Ingots and Conventional Ingots


When the Al-Cu alloy material is stretched, fracture opening occurs in the weakest part of the sample, and in these parts, the grain structure is often inhomogeneous, and there will be porosity defects in the crack-forming channel, so the tensile property of the sample with fine and uniform grains and fewer porosity defects is better; otherwise, it is worse. Therefore, the mechanical tensile properties of the ultrasonic ingot and conventional ingot were tested to explore the influence of the ultrasonic field on the grain structure and porosity defects of the ingot, and the fracture of tensile samples was analyzed by SEM. The tensile test results are shown in Table 4.



The tensile strength of all three samples was improved. The average ultimate tensile strength of the ultrasonic ingot was 176.20 MPa, an increase of 8.61% after the ultrasonic field was added.



The tensile fracture surfaces of the two kinds of ingots are shown in Figure 7. Dimples can be observed on the surface of the two kinds of fracture surfaces, and defects, such as impurities, pores, casting shrinkage, and oxide film, were also distributed [24]. However, the difference between the ultrasonic and conventional tensile samples was that there was more casting shrinkage on the fracture surface of the conventional tensile samples, and the size of the shrinkage was also different. The shrinkage cavity of the conventional sample is shown in the yellow circle area in Figure 7a; the size of the shrinkage cavity was large, with a maximum of 150~200 μm. Compared with conventional samples, the size of the shrinkage cavity of the ultrasonic sample was smaller, and the size of the shrinkage cavity was only approximately 40 μm, as shown by the yellow circle in Figure 7b. The deterioration of the mechanical properties of the tensile samples was caused by the greater casting shrinkage cavity because the effective area of the external load was reduced by the increase in the shrinkage cavity, thereby increasing the possibility of sample fracture.



The dimple morphology of the ingot is shown in Figure 7c,d. Compared with that of the conventional ingot, as shown in Figure 7c, the number of dimples was larger, the size of dimples was smaller, and the depth was deeper, indicating that the plasticity of the ultrasonic ingot sample was better. Compared with the elongation rate in Table 3, the elongation rate of the ultrasonic ingot sample was generally higher, with an average value of 2.3%, compared with 1.84% of the conventional sample. When ultrasonication was added to the casting, the two-phase particles of the material could be dispersed uniformly by acoustic streaming and cavitation. Therefore, the dimple strips of ultrasonic samples were more uniform, and the plasticity of the material could be improved effectively [4,24].



Figure 8 shows the relationship between the Cu content, volume fraction, and elongation of the common ingot and ultrasonic ingot. The higher Cu content and lower volume fraction of the intergranular eutectic structure in the ultrasonic ingot indicate that a more solid solution of Cu elements into the matrix reduces the formation of a coarse eutectic structure between grains and enhances the strengthening of the solid solution. Therefore, the mechanical properties show that the strength and elongation of the ultrasonic ingot are improved.





4. Discussion


Effect of Ultrasound on Microstructural Evolution and Solute Distribution


To intuitively illustrate the effect of ultrasound on the evolution of microstructure and solute distribution, a simulation of ultrasonic solidification was also carried out [30]. According to the steady-state analysis of ultrasonic casting, the treatment of the temperature boundary has the following conditions:



(1) Entrance: the entrance is set at 973 K.



(2) Free surface: the temperature is 298 K, which contacts air, and the heat transfer coefficient is set as 50 W/m2·K.



(3) Wall: the inner surface of the crucible in contact with the Al melt is set as the contact surface, the outer surface of the crucible is in contact with air, the heat transfer coefficient is set to 50 W/m2·K, the velocity component perpendicular to the wall is 0, and the regional wall-boundary conditions are set to no-slip wall-boundary conditions.



Figure 9 shows a simulation diagram of the ultrasonic sound-pressure distribution in the aluminum melt. It can be seen from the diagram that the sound-pressure intensity is the largest below the end face of the ultrasonic radiation rod, up to 5.78 MPa, then decreasing down the axis of the radiation rod first, finally increasing alternately.



The distribution of the flow field in the melt state is shown in Figure 10. Comparing the results of the flow-field distribution, it can be seen that the ingot, which was not ultrasonically applied, had almost no flow. However, after applying ultrasonication, the flow velocity in the molten pool is obviously increased. Figure 10 shows that the liquid flow impacts the solidification front, and the dendrites can be broken by the huge acoustic flow, which makes the broken dendrite flow [31]. In this way, the effective nucleate sites are greatly increased, and the grains are therefore refined. In addition, the solidification front was continuously scoured by ultrasonic flow, which led to the redistribution of the solute. As a result, the enrichment of solute between dendrites is reduced, and more solute is dissolved into the Al matrix.



Figure 11 compares the temperature distribution in the crucible between no ultrasonication and ultrasonication for a period of time. It can be seen from the figure that under the same cooling conditions in the casting secondary cooling zone, when ultrasonication was not applied, the ingot center still maintained a high temperature, and the high-temperature area was large, which indicates a low cooling rate in the molten pool [32]. After introducing ultrasound, the high-temperature area in the ingot center is mainly concentrated in the first cooling zone and the upper end of the secondary cooling zone, which indicates that a large amount of heat in the Al melt is taken away from the ingot surface through the first cooling zone, and cooling water sprays on the ingot surface. The movement of the solute in the liquid and slurry regions is accelerated by the ultrasonic flow, which promotes the heat transfer of the solution at the front of solidification, makes the heat in the core transfer more quickly, and increases the cooling rate. It can be seen from the figure that the area of the high-temperature liquid phase (red part) is obviously reduced by ultrasonication, which greatly increases the nucleation area and promotes the nucleation rate. The temperature gradient in the liquid cavity is reduced by the turbulent effect of ultrasonication, which improves the temperature distribution in the center of the ingot and promotes the simultaneous nucleation of the crystal grains. Moreover, the growth rate of crystal grains is almost the same in all directions because of the uniform temperature, thus reducing the generation of dendritic crystals.



Figure 12 shows ultrasonic vibration in water and mechanism diagram of ultrasonic acting on the solidification process. High temperature and high pressure generated by ultrasonic cavitation can clean the second-phase particles, reduce the wetting angle of the solid–liquid interface of the second-phase particles, promote heterogeneous nucleation, increase the nucleation rate, and refine the ingot grains. At the same time, the acoustic-streaming effect interrupted the dendrite arm, broke the dendrites, made the ingot change from dendrite to fine equiaxed crystal, and reduced the gap between grains and the chain-like second phase between grains. The eutectic phase was divided into branches and distributed intermittently. Therefore, the agglomeration of the eutectic phase was inhibited by the acoustic-streaming effect.



Based on the Hall–Petch theory, the relationship between grain size and yield strength can be expressed as follows [33,34]:


   σ  YS      = σ   0     + Kd    −  1 / 2     



(2)




where    σ  YS     is the yield strength,    σ 0    and K are constants, and d is the average grain size [35].



It can be found from the above formula that there is an opposite relationship between the average particle size and yield strength. However, the mechanical properties are not only controlled by the size of grain but also the characteristics of eutectic phases and precipitates, as well as solid solubility of the Cu element. With increasing solid solubility, more Cu atoms were dissolved into Al matrix, definitely obstructing the movement of dislocations [36]. Coarse eutectic particles are easily subjected to stress concentration and act as preferred nucleation sites for cracks [37]. The reduction in the brittle, coarsening eutectic phase can improve the ductility of the large-scale ingot, reducing the chance for the formation of cracks during the deformation process [21].





5. Conclusions


In this paper, the influence of an ultrasonic field on the solidification process of Al-Cu alloys was systematically studied. Through experiments, the grain structure, eutectic morphology, and mechanical properties of the ingot were compared in the casting process with ultrasonic fields and conventional fields, and the eutectic phase was quantitatively analyzed. The following conclusions are drawn:



(1). An ultrasonic field is beneficial to refine the ingot grain. The grain-refinement efficiencies at the center, 1/2 radius, and edge of the ingot are 33.99%, 45.2%, and 41.68%, respectively, under the action of an ultrasonic field.



(2) Ultrasonics can refine the eutectic phase, especially the eutectic phase in the center of the ingot. The eutectic phase is a discontinuous dendrite without agglomeration.



(3) Ultrasonics can improve the solid solubility of alloying elements in ingots. Compared with conventional ingots, the solid solubility of Cu, Mn, Mg, and Si in ultrasonic ingots is improved, especially the solid solubility of Cu, which is increased by 67.05%.



(4) Ultrasonics can improve the dispersion degree of the eutectic phase in the ingot and then improve the mechanical properties of the material.







Author Contributions


Conceptualization, R.L. and F.D.; methodology, R.L.; software, F.D.; validation, P.C., Y.Z. and X.L.; formal analysis, F.D.; investigation, Y.Z. and P.C.; resources, P.C.; data curation, Y.Z. and R.L.; writing—original draft preparation, R.L. and F.D.; writing—review and editing, R.L. and Y.Z.; visualization, F.D.; supervision, X.L.; project administration, X.L.; funding acquisition, F.D., Y.Z. and R.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (Grant No. 52005517, 51805549), Hunan Provincial Natural Science Foundation of China (Grant No. 2020JJ4703, 2021JJ40774), the Project of State Key Laboratory of High-Performance Complex Manufacturing, Central South University (Grant No. ZZYJKT2021-01), and Postdoctoral Innovative Talent Support Program of Hunan Province (Grant No. 2020RC2002).




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Liu, L.; Wu, Y.; Gong, H.; Li, S.; Ahmad, A.S. A Physically Based Constitutive Model and Continuous Dynamic Recrystallization Behavior Analysis of 2219 Aluminum Alloy during Hot Deformation Process. Materials 2018, 11, 1443. [Google Scholar] [CrossRef] [PubMed]

	



Inoue, A.; Shen, B.L.; Koshiba, H.; Kato, H.; Yavari, A.R. Ultra-high strength above 5000 MPa and soft magnetic properties of Co–Fe–Ta–B bulk glassy alloys. Acta Mater. 2004, 52, 1631–1637. [Google Scholar] [CrossRef]

	



Liu, J.; Shan, C.; Hou, Y. Main Defects and Quality Control Technology of Aluminum Alloy Materials; Metallurgical Industry Press: Beijing, China, 2012; p. 28. [Google Scholar]

	



He, H.; Yi, Y.; Huang, S.; Zhang, Y. An improved process for grain refinement of large 2219 Al alloy rings and its influence on mechanical properties. J. Mater. Sci. Technol. 2019, 35, 55–63. [Google Scholar] [CrossRef]

	



Zhang, Y.; Li, R.; Li, X.; Zhang, Y. Possible Effects and Mechanisms of Ultrasonic Cavitation on Oxide Inclusions during Direct-Chill Casting of an Al Alloy. Metals 2018, 8, 814. [Google Scholar] [CrossRef]

	



Katgerman, L.; Eskin, D.G.; Venneker, B.C.H.; Zuidema, J., Jr. Experimental Description and Process Simulation of Direct Chill (DC) Casting of Aluminum Alloys. In Aluminium Cast House Technology VIII; Whiteley, P.R., Ed.; Wiley: Hoboken, NJ, USA, 2010. [Google Scholar]

	



Wolf, M. Henry Bessemer and continuous casting. Revue Métallurgie 2002, 98, 63–73. [Google Scholar] [CrossRef]

	



Sigworth, G.K. Fundamentals of Solidification in Aluminum Castings; Springer: Cham, Switzerland, 2014; pp. 7–20. [Google Scholar]

	



Barbosa, J.; Puga, H. Ultrasonic Melt Treatment of Light Alloys. Inter. J. Metalcast. 2019, 13, 180–189. [Google Scholar] [CrossRef]

	



Puga, H.; Tohidi, S.D.; Carneiro, V.H.; Meireles, J.; Prokic, M. Ceramic Sonotrodes for Light Alloy Melt Treatment. Inter. J. Metalcast. 2021, 15, 459–469. [Google Scholar] [CrossRef]

	



Eskin, G.I.; Eskin, D.G. Ultrasonic Treatment Light Alloy Melts, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2014; pp. 194–216. [Google Scholar]

	



Eskin, G.I. Effect of ultrasonic (cavitation) treatment of the melt on the microstructure evolution during solidification of aluminum alloy ingots. Ztschrift Fur Metallkunde 2013, 93, 502–507. [Google Scholar] [CrossRef]

	



Eskin, G.I.; Eskin, D.G. Production of natural and synthesized aluminum-based composite materials with the aid of ultrasonic (cavitation) treatment of the melt. Ultrason. Sonochem. 2003, 10, 297–301. [Google Scholar] [CrossRef]

	



Aybarc, U.; Yavuz, H.; Dispinar, D.; Seydibeyoglu, M.O. The Use of Stirring Methods for the Production of SiC-Reinforced Aluminum Matrix Composite and Validation via Simulation Studies. Inter. J. Metalcast. 2019, 13, 190–200. [Google Scholar] [CrossRef]

	



Khalifa, W.; Tsunekawa, Y.; Okumiya, M. Ultrasonic Grain Refining Effects in A356 Al-Si Cast Alloy. In Symposium on the Sustainable Mechanical System; AFS Library File: 20100159A; American Foundry Society: Schaumburg, IL USA, 2010; Volume 118, pp. 91–98. [Google Scholar]

	



Jian, X.; Xu, H.; Meek, T.T. Effect of power ultrasound on solidification of aluminum A356 alloy. Mater. Lett. 2005, 59, 190–193. [Google Scholar] [CrossRef]

	



Dong, F.; Li, X.; Zhang, L.; Ma, L.; Li, R. Cavitation erosion mechanism of titanium alloy radiation rods in aluminum melt. Ultrason. Sonochem. 2016, 31, 150–156. [Google Scholar] [CrossRef] [PubMed]

	



Tian, Y.; Liu, Z.; Li, X.; Zhang, L.; Li, R.; Jiang, R.; Dong, F. The cavitation erosion of ultrasonic sonotrode during large-scale metallic casting: Experiment and simulation. Ultrason. Sonochem. 2018, 43, 29–37. [Google Scholar] [CrossRef] [PubMed]

	



Jian, R.; Li, X.; Chen, P.; Li, R.; Zhang, X. Effect and kinetic mechanism of ultrasonic vibration on solidification of 7050 aluminum alloy. AIP Adv. 2014, 4, 077125. [Google Scholar] [CrossRef]

	



Peng, H.; Li, R.; Li, X.; Ding, S.; Chang, M.; Liao, L.; Zhang, Y.; Chen, P. Effect of Multi-Source Ultrasonic on Segregation of Cu Elements in Large Al–Cu Alloy Cast Ingot. Materials 2019, 12, 2828. [Google Scholar] [CrossRef]

	



Zhang, L.; Li, X.; Li, R.; Jiang, R.; Zhang, L. Effects of high-intensity ultrasound on the microstructures and mechanical properties of ultra-large 2219 Al alloy ingot. Mater. Sci. Eng. A 2019, 763, 138154. [Google Scholar] [CrossRef]

	



Zhang, Y.; Li, R.; Chen, P.; Yang, Y.; Li, X.; Jiang, R. Tuning the microstructure morphology and genetic mechanical properties of 2219 Al alloy with ultrasonic treatment. J. Alloys Compd. 2020, 846, 156251. [Google Scholar] [CrossRef]

	



Zhang, Y.; Li, R.; Chen, P.; Li, X.; Liu, Z. Microstructural evolution of Al2Cu phase and mechanical properties of the large-scale Al alloy components under different consecutive manufacturing processes. J. Alloys Compd. 2019, 808, 151634. [Google Scholar] [CrossRef]

	



Zhu, X.; Ai, S.; Fang, D.; Liu, B.; Lu, X. A novel modeling approach of aluminum foam based on MATLAB image processing. Comput. Mater. Sci. 2014, 82, 451–456. [Google Scholar] [CrossRef]

	



Gonzalez, R.C.; Woods, R.E.; Eddins, S.L. (Eds.) Digital Image Processing Using MATLAB; Pearson Education: London, UK, 2004; Volume 21, pp. 197–199. [Google Scholar]

	



Guo-Quan, L. Stereology: An interdiscplinary science of spatial structures and imges. Comp. Tomo. Theo. Appl. 2000, 9, 6–9. [Google Scholar]

	



Sandau, K. Unbiased Stereology: Three-Dimensional Measurement in Microscopy. J. Microsc. 1999, 193, 153–157. [Google Scholar] [CrossRef]

	



Su, S.; Li, X.; Li, R.; Zhang, W. Determination of the Cavitation Range of Power Ultrasound in an Aluminum Alloy Melt. J. Test. Eval. 2018, 46, 20170138. [Google Scholar] [CrossRef]

	



Li, R.; Liu, Z.; Dong, F.; Li, X.; Chen, P. Grain Refinement of a Large-Scale Al Alloy Casting by Introducing the Multiple Ultrasonic Generators During Solidification. Metall. Mater. Trans. A 2016, 47, 3790–3796. [Google Scholar] [CrossRef]

	



Bao, G.; Wei, G.; Zhao, S. Numerical solution of the Helmholtz equation with high wavenumbers. Int. J. Numer. Meth. Eng. 2004, 59, 389–408. [Google Scholar] [CrossRef]

	



Tzanakis, I.; Lebon, G.; Eskin, D.G.; Pericleous, K.A. Characterizing the cavitation development and acoustic spectrum in various liquids. Ultrason. Sonochem. 2017, 34, 651–662. [Google Scholar] [CrossRef] [PubMed]

	



Lebon, G.; Tzanakis, I.; Djambazov, G.; Pericleous, K.; Eskin, D.G. Numerical modelling of ultrasonic waves in a bubbly Newtonian liquid using a high-order acoustic cavitation model. Ultrason. Sonochem. 2017, 37, 660–668. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, W.; Fan, Z.; Dai, Y.; Li, C. Effects of rare earth elements addition on microstructures, tensile properties and fractography of A357 alloy. Mater. Sci. Eng. A 2014, 597, 237–244. [Google Scholar] [CrossRef]

	



Zhu, J.; Jiang, W.; Li, G.; Guan, F.; Yu, Y.; Fan, Z. Microstructure and mechanical properties of SiCnp/Al 6082 aluminum matrix composites prepared by squeeze casting combined with stir casting. J. Mater. Process. Technol. 2020, 283, 116699. [Google Scholar] [CrossRef]

	



Hansen, N. Hall-petch relation and boundary strengthening. Scripta Mater. 2004, 51, 801–806. [Google Scholar] [CrossRef]

	



Huang, M.; Li, Z. Size effects on stress concentration induced by a prolate ellipsoidal particle and void nucleation mechanism. Int. J. Plast. 2005, 21, 1568–1590. [Google Scholar] [CrossRef]

	



Al-Helal, K.; Chang, I.; Patel, J.B.; Fan, Z. Thermomechanical treatment of high-shear melt-conditioned twin-roll cast strip of recycled AA5754 alloy. JOM 2019, 71, 2018–2024. [Google Scholar] [CrossRef]








[image: Materials 15 01067 g001 550] 





Figure 1. Schematic diagram of the Al-Cu alloy experimental device for ultrasonic-assisted casting. 1: ultrasonic transducer; 2: positioning support flange; 3: displacement control device; 4: ultrasonic horn; 5: thermocouple; 6: resistance-wire heating furnace. 
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Figure 2. Schematic diagram of test-sample preparation. 
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Figure 3. Measurement of the eutectic phase by the cross-section method and the linear intercept method. (a) Schematic diagram of selected areas; (b) schematic diagram of division of the linear intercept method of backscatter image. 
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Figure 4. Grain structure of conventional and ultrasonic ingots: (a) edge of conventional ingot; (b) 1/2 radius of conventional ingot; (c) center of conventional ingot; (d) edge of ultrasonic ingot; (e) 1/2 radius of ultrasonic ingot; (f) center of ultrasonic ingot. 
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Figure 5. The eutectic phase distribution of the ultrasonic ingot and conventional ingot. (a) Edge of conventional ingot; (b) 1/2 radius of conventional ingot; (c) center of conventional ingot; (d) edge of ultrasonic ingot; (e) 1/2 radius of ultrasonic ingot; (f) center of ultrasonic ingot. 
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Figure 6. Diagram of inspection. (a) Original backscattering SEM image; (b) Image after image-marginalization processing; (c) image segmentation. 
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Figure 7. Fracture morphology of (a,c) conventional ingot and (b,d) ultrasonic ingot. 
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Figure 8. Relationship of intragranular Cu content, volume fraction of eutectic phase, and elongation rate of conventional ingot and ultrasonic ingot. 
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Figure 9. Ultrasonic sound-pressure field distribution. 
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Figure 10. Flow patterns and velocity of the melts under (a) no ultrasonication and (b) ultrasonication. 
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Figure 11. Comparison of temperature distribution between (a) no ultrasonication and (b) ultrasonication. 
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Figure 12. (a) Diagram of ultrasonic vibration in water, (b) mechanism diagram of ultrasonic acting on the solidification process. 
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Table 1. The chemical composition percentage of the Al-Cu alloy for the experiment (wt.%).
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	Composition
	Si
	Fe
	Cu
	Mn
	Mg
	Zn
	Ti
	Ni
	Al





	Content
	0.93
	0.10
	4.37
	0.78
	0.63
	<0.001
	0.026
	<0.001
	Bal.
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Table 2. Parameters of the eutectic phase calculated by the MATLAB program.
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	Sample
	a-1
	a-2
	a-3
	b-1
	b-2
	b-3





	    V V    
	8.62%
	8.92%
	5.89%
	4.34%
	4.64%
	4.76%



	   P V   (×104/mm3)
	3.57
	3.27
	2.72
	1.57
	1.83
	1.64



	λ(μm)
	75
	62
	108
	91
	93
	118
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Table 3. Mass fraction of solute elements in crystal.
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	Element
	Conventional Ingot (wt%)
	Ultrasonic Ingot (wt%)
	Increase Rate





	Cu
	0.85
	1.42
	67.05%



	Mn
	0.36
	0.78
	116.67%



	Mg
	0.52
	0.60
	14.56%



	Si
	0.07
	0.28
	300%
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Table 4. Test results of tensile strength of tensile samples.
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	Number
	Ultimate Tensile Strength of Ultrasonic Ingot (MPa)
	Elongation of Ultrasonic Ingot (%)
	Ultimate Tensile Strength of Conventional Ingot (MPa)
	Elongation of Conventional Ingot (%)





	Sample 1
	165.26
	1.72%
	153.35
	1.53%



	Sample 2
	170.94
	2.09%
	165.63
	1.76%



	Sample 3
	192.39
	3.80%
	167.74
	2.24%



	Average value
	176.20
	2.54%
	162.24
	1.84%
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