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High-intensity ultrasound was introduced for the casting of 2195 aluminum–lithium alloy ingots. The shape of the ingots was a cylinder with a length of 650 mm and a radius of 30 mm. In this study, the effects of different ultrasonic powers were applied in the melt. The grain shape, α-Al grain size, the size of the precipitated phase, and the mechanical properties of the ingots were compared. The results showed that when the power of the ultrasonic system was maintained at 1,600 W, an ingot with a more uniformly dispersed precipitation phase and grain refinement structure was formed. It can be concluded that the coarse eutectic structure in the ingot is effectively reduced when the power is around 1,600 W, and the mechanical properties of the ingot reach the best value.
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INTRODUCTION
By the 1990s, due to the increased demand for low cost, high efficiency, and lightweight alloys, many researchers have paid more attention to the study of aluminum–lithium alloy (Al–Li) materials (Blankenship and Kaisand, 1996). The 2195 Al–Li alloy has excellent performance and strength. It was used in the United States to replace the 2219 alloy in the storage tank of the space shuttle, which increased its aerospace carrying capacity to 3.4t (Jata et al., 1996). The ingot was processed into qualified aerospace parts. The ingot was first prepared into a suitable shape, and the corresponding parts could be obtained after forging and rolling processes. The basis of these studies was that excellent performance ingots were required. As a result, the casting process was one of the most important processes, which could influence the final structure and performance of the 2195 Al–Li alloy ingot. Recently, to improve the quality of ingots, researchers have applied many related technologies in the casting process, including physical methods (such as mechanical stirring and electromagnetic stirring) and chemical methods (such as adding nucleating agents). Among these methods, Eskin and Eskin (2014) and Abramov (1999) believed that ultrasonic treatment had higher efficiency and better effects in refining the solidification structure and changing the mechanical properties in the aluminum alloy melting process, so there was great potential for this engineering application.
Investigating the impact of high-intensity ultrasonic treatment on the structure, erosion, and mechanical behavior of the AC7A aluminum combination, El-Aziz et al. (2016) showed that the solidification process under the activity of ultrasound could give fine round particles and metal compounds. Huang et al. (2014) showed that ultrasound has the effect of inhibiting nucleation and refining the grain structure and the structure refining effect decreases with the increase of the ultrasonic distance. Li et al. (2021) showed that simulation of the casting ultrasonic vibration system is carried out. It is found that the range and intensity of cavitation are inversely proportional to the distance of the radiation end face; at the same time, smaller cavitation domains will be discontinuously distributed in the radiation direction. In the process of preparing 2xxx series and 7xxx series large-diameter aluminum alloy ingots, the ultrasonic vibration system is effectively arranged, and the influence of ultrasonic system control, ultrasonic depth, and other parameters on the quality of large-diameter ingots is studied, and the leading ultrasonic preparation process parameters are proposed to achieve ultrasonic industrialization of casting.
Due to the active chemical characteristics of the Li element, Al–Li alloy ingots are prone to be lost during smelting and casting (Eswara Prasad et al., 2014). As a result, the traditional melt treatment method became more complex, and the ultrasonic melt treatment technique was introduced into the Al–Li alloy ingot casting process. However, most past studies have concentrated on using an ultrasonic technique to cast typical aluminum alloys. Al–Li alloy ingots, particularly 2195 Al–Li alloy ingots, have received little attention. This work investigated the influence of high-intensity ultrasonic radiation on the microstructure and mechanical characteristics of Al–Li alloy ingots. To determine the optimum ultrasonic power parameters, the 7-set ultrasonic power was employed in the casting process of 2195 Al–Li alloy ingots. The microstructure of α-Al grains and eutectic structures in ingots of various powers were compared using optical microscopes and SEM analytical techniques. In addition, the mechanical properties of the seven ingots were also examined and compared.
EXPERIMENTAL
As shown in Figure 1, it included the configuration of the ultrasonic system, the ultrasonic power setting, the deployment of ultrasonic probes, a typical industrial-grade vacuum casting platform, and an ultrasonic casting platform. The ultrasonic system incorporated an ultrasonic generator with a maximum output power of 2 kW, a 20 kHz piezoelectric transducer with an air cooler, an ultrasonic converter, and an ultrasonic vibrator composed of a titanium sonotrode with a diameter of 50 mm. The maximum vibration amplitude measured on the face of the ultrasonic generator was 20 μm. The chemical composition of the ultrasonic probe can be obtained from the reference (Rioja et al., 2012). Although there was only one sounder, the high-frequency vibration area was enough to affect all the melts in the crucible. Before adding the ultrasonic sonotrode to the aluminum melt, it was preheated at 300°C for 20 min, to make the output power supply quickly reach a stable state.
[image: Figure 1]FIGURE 1 | Schematic diagram of the ultrasonic system.
Before the ingot was prepared, the air in the melting furnace cavity was extracted, a vacuum pump unit was used, and the air pressure in the furnace cavity was measured with a resistance vacuum gauge to be 10 Pa (standard atmospheric pressure = 10.1 × 104 Pa). Then, the argon gas was introduced into the cavity at the standard atmospheric pressure. This solution allowed for a better reduction of the oxygen content in the furnace chamber. The raw materials used to prepare alloys in advance, such as Al–Cu alloy, Al–Zn alloy, high-purity aluminum, high-purity magnesium, high-purity silver, and high-purity lithium, were softened in a underneath resistance heater with argon environment, followed with mechanical stirring and expulsion of slag. At that point, the ultrasonic-aided casting framework was connected to the treated aluminum melt. In a previous research work by Li et al. (2014), the ultrasonic probe used was immersed 20 mm below the surface of the melt during the casting process. After 30 min of ultrasonic treatment, the aluminum melt was introduced into the mold for casting. The 2195 Al–Li alloy ingot was successfully manufactured, and its nominal composition is shown in Table 1.
TABLE 1 | Contents of major elements in the as-received AA2195 Al alloy (wt%).
[image: Table 1]CHARACTERIZATION
After the natural aging treatment, a circular plate with a thickness of 20 mm was cut transversely from two parts of the seven ingots. As shown in Figure 2, a sample for microstructure analysis was obtained at a specific position in the axial and radial directions. To test the mechanical properties, samples were taken at the radial and axial positions of the ingot at the same time.
[image: Figure 2]FIGURE 2 | Schematic graph showing agent positions of microstructure tests and ductile tests taken from the ingot.
Determination of Mechanical Properties
From the top and bottom of the 2195 Al–Li alloy ingot, a dog bone-shaped tensile sample was processed. To explore the anisotropy of the material, samples were taken in the axial and radial directions, respectively. As shown in Figure 2, to reduce the influence of surface roughness on tensile properties, the diamond suspension was used to perform good mechanical polishing on all tensile samples. The standard size of the dog bone tensile sample is shown in Figure 2. The tensile test was carried out in the Instron test 3369 machine at a displacement rate of 2.0 mm/min at room temperature. In addition, the extensometer was used to measure the strain of the tensile sample.
Microstructural Characterization at Multiscale
A metallographic sample was taken from the as-cast AA2195 ingot. The samples were mechanically ground, polished, and etched according to the method proposed by Zhang et al. (2019). The microstructure was characterized by a scanning electron microscope (SEM; TESCAN, MIRA3 ΜMH/ΜMU) equipped with an energy dispersive spectroscopy (EDS). Metallographic phase observation was performed in polarization light with a ZEISS optical microscope equipped with an automatic Zeiss AxioVision image analyzer. The grain measure was based on the linear intercept method [ASTM E112-13(2021)]. ICP (inductive coupled plasma emission spectrometer) was utilized to analyze the composition of a particular position of the ingot. The area fraction of the coarse eutectic phase and the density of the precipitated particles were counted using image quantitative analysis software (Image-Pro Plus, IPP).
RESULTS AND DISCUSSION
Microstructure of α-Al Phase
In Figure 3, the metallographic photos of the representative positions of the seven ingots were shown. They were the top of the ingot and the bottom of the ingot, respectively. Without UT in Figure 3 shows that the ultrasonic vibrator does not work when the ultrasonic vibrator is inserted into the melt, and with UT in Figure 3 shows the grain structure under different vibration power conditions. Obviously, under the ultrasonic treatment, the grain size at the two positions in the ingot was smaller than that of the ingot without UT.
[image: Figure 3]FIGURE 3 | Ultrasonic processing of optical micrographs of the top and bottom parts of 2195.
Figure 4 measured the average size of α-Al grains in the two regions (top and bottom) of seven ingots under different ultrasonic powers. In the same test area of the ingot, the size of the α-Al grains first decreased and then increased, and the grain change trend showed a “V” shape with the increase of the ultrasonic power. When the ingot was cast under the condition of a total ultrasonic power of 800 W, the average size of the α-Al crystal grain at the bottom of the ingot was 330.25 μm. As the ultrasonic power increased to 1,600 W, the average size of the ingot was reduced to 215.45 μm. When the ultrasonic power was further increased to 1,800 W, the average size of α-Al grains increased to 245.72 μm. And the grain size of the ingot without UT was larger than that of the ingot with UT. The preliminary conclusion was drawn that when the ultrasonic power is maintained at 1,600 W, the α-Al grain refinement effect is the most significant. As shown in Figure 3, compared to the ingots with 1,600 W, it could be observed that the morphology of the α-Al particles in the ingots with 1,000 and 1,400 W was irregular even at the top position; a large number of dendrites were distributed. In fact, in the structure of the bottom of the ingot, the formation of equiaxed grains was mainly because the melt was poured into the mold, and the temperature of the mold was relatively low, resulting in a certain degree of supercooling. However, in the top, since the melt finally entered the melt during the casting process, the temperature of the mold raised, resulting in a decrease in the degree of supercooling and a much lower cooling rate. By measuring the changes of α-Al grain size under different ultrasonic powers, it is shown that the changes of ultrasonic power affect the microstructure of the ingot.
[image: Figure 4]FIGURE 4 | Average grain measure of α-Al grains at agent positions of ingots treated with diverse ultrasonic powers.
Because the ultrasonic vibrator material was titanium, trace quantity of titanium would enter the melt throughout the treatment procedure (Wang et al. (2014)). During the melting process, the study discovered that ultrasound caused a huge number of cavitation bubbles to be formed. During the bursting phase, the cavitation bubble releases a lot of energy and creates forceful impact micro-jets. The continuous micro-jet may decrease pollution on the surface of molten particles, enhancing the particles’ weaving resistance as a heterogeneous core portion. These nucleated particles might originate from in situ living particles or arise in the liquefied product. Numerous studies have demonstrated that TiAl3, ZrAl3, NbAl3, and/or BTi2 can be suitable nucleation sites. The grain fineness of α-Al grains improves when more potential nucleation particles are generated.
The test results reveal that ultrasonic power has a huge impact on the ingot’s α-Al grain size. However, the refining effect does not always improve when the power of ultrasonic equipment grows. The refining impact is not as excellent as 1,600 W when the ultrasonic power is increased to 1,800 W. However, it is far superior to the 1,200 and 800 W cases. As a result, the power should be kept close to 1,600 W. The cavitation capacity may be efficiently increased by increasing the ultrasonic vibration power. The bursting of cavitation bubbles releases a tremendous amount of energy and expands the melt’s range of action.
The cavitation and convection effects of ultrasonic vibrator power below 1,600 W were not as strong as those at ultrasonic vibrator power of 1,600 W. However, as the total power increased to 1,800 W, the size of the cavitation bubbles would increase to a very large extent during the expansion stage of ultrasound, causing the cavitation bubbles to not be in the compression stage immediately. This would produce a large number of useless cavitation bubbles, thereby increasing the attenuation of scattering and reducing the intensity of cavitation (Noltingk and Neppiras, 1950). On the other hand, the power of each ultrasonic vibrator was increased to 1,800 W. Li et al. (2016) related research on the influence of the multielement ultrasonic treatment on the melt. If the vibration power is too high, the reflected wave generated by the crucible wall will be too strong to cause irregular superposition or deviation of the acoustic oscillation wave, and change the effective vibration frequency in the melt. Nucleation has a great impact. At the same time, as shown in the related experiments by Sharma et al. (2009), this would weaken the liquid metal convection between the crystals, reduce the stirring effect on the solidification front, and is not conducive to the heat transfer and homogenization of the nucleated particles. Further research is ongoing to verify this speculation.
Distribution Characteristic of Eutectic Phase
The atomic number of the Li element was only 3. Due to the small atomic number, EDS energy spectrum analysis cannot measure its content and distribution in the alloy. Therefore, it was impossible to directly determine whether there was a eutectic phase of Li with the same content as T1 in the alloy structure. Using XRD phase analysis, the X-ray diffraction spectra of the main Li-containing phase of the Ф60 mm-2195 Al–Li alloy ingot in Figure 5 under different power states were obtained. It can be seen that the Li-containing alloy phases in the 2195 casting structure were mainly the T1 (Al2CuLi) phase and δ (AlLi) phase, and the phase did not change with the different ultrasonic power.
[image: Figure 5]FIGURE 5 | X-ray diffraction spectrum of 2195 aluminum–lithium alloy ingot mainly containing Li phase.
From the microstructure of the Ф60 mm-2195 Al–Li alloy ingot in Figure 6A, it can be observed that the coarse continuous eutectic structure was precipitated at the grain boundary, and also a large number of needle-like precipitates and needle-like phases were precipitated. The coarse eutectic phases grown on the grain boundaries were regularly precipitated according to a certain arrangement angle. The acicular phases precipitated on both sides of the same eutectic structure had different arrangement angles, and the eutectic structure and the needle-like precipitated phases directly existed in an approximately precipitate-free zone (PFZ) of about 1 μm. At the same time, similar needles precipitated in large quantities in the crystal grains according to a certain angle rule, which is shown in Figure 6B. The acicular phase with eutectic phase particles in the crystal grain had a larger distribution area in the crystal grain, and when there was no internal crystal grain or the distribution of fine eutectic phase is less. This kind of acicular phase was only distributed around the coarse eutectic structure near the grain boundary.
[image: Figure 6]FIGURE 6 | X-ray diffraction spectrum of 2195 aluminum–lithium alloy ingot mainly containing Li phase. (A–C) Microstructure of ingot, (D) TEM bright-field image of needle-like phase, (E,F) EDS composition detection of needle-like phase, (G) high-resolution photo of T1 phase and Al matrix and diffraction spots, (H) four groups of T1 phase diagrams located on the (111) Al plane.
According to the XRD phase analysis and detection results (Figure 5), the main types of Li phases in the ingot structure were obtained, which were the T1 (Al2CuLi) phase and δ phase. The delta phase was an equilibrium phase with a cubic crystal structure and generally precipitates on the grain boundaries, so the needle-like phase was excluded as the delta phase. According to the literature (Dorin et al., 2014), it can be observed that the T1 (Al2CuLi) phase was in the Al-based (111) Al crystal plane family. Observing the T1 phase from a direction that was not perpendicular to the customary plane, the cross section of the T1 phase shows a needle-like shape, as shown in Figures 6A,B.
Figure 7 shows the SEM results of different positions of the ingot under different ultrasonic powers. The precipitated particles from the small spherical eutectic structure shown in Figure 7 are scattered in the α-Al crystal grains of the ingot. The eutectic phase at the top of the ingot is broader than the eutectic phase at the bottom, and the grain boundary has a flaky and continuous coarse eutectic structure. In the SEM picture of 1,200–1,600 W, it can be observed that the coarse eutectic structure in the solidified structure was reduced, and with the increase of the vibration power, the morphology of the eutectic structure and the continuous grain boundary have changed significantly. The eutectic network structure shrinks, the aggregation phenomenon is diminished, the eutectic structure’s length and width are reduced, and the eutectic phase appears in the structure as a spherical form. However, when the vibration power was increased to 1,800 W, the amount of the eutectic structure accumulated on the grain boundary increased, and the continuity was enhanced.
[image: Figure 7]FIGURE 7 | SEM images of precipitated phases in representative positions of 2195 ingots under different ultrasonic power treatments.
The morphology of the eutectic structure on the grain boundary and the morphology of the eutectic precipitates inside the grains are different on the top and bottom of the ingot. The structure of the precipitated particle at the same position is exceptionally diverse, with ultrasonic treatment, particularly in 800 and 1,200 W ingots. The size of the eutectic phase at the ingot’s upper and lower grain boundaries is greatly reduced at 1,600 W, and a high number of spherical eutectic phases develop in the α-Al grains. However, when the power is increased to 1,800 W, a coarse eutectic structure forms at the grain boundary.
The area fraction of the coarse eutectic structure on the grain boundary and the density of the point-like precipitation particles in the grain (the number of particles per unit area, the unit was μm2) were measured, and the Image-Pro Plus software was used for evaluation. Figure 7 shows the area fraction of the coarse eutectic phase with an area >20 μm2 and the number density of spot-like precipitated phase particles with area <20 μm2 in seven ingots.
As shown in Figure 8A, as the ultrasonic power increases, the number of coarse eutectic phases decreases, and the minimum number appears at the power condition of 1,600 W. The value is 3.45%. The area ratio of the coarse eutectic phase of the ingot at 1,600 W is reduced by 30.45% (from 28.93% to 20.12%) from the top to the bottom of the ingot, and the value is higher than 1,600 W in other power states of the ingot. Regarding the density of the dot-like precipitated particles, the ingots cast at 1,600 W increased by 147.5% (from 0.631 to 1.153) compared to those at 800 W. However, with the increase of ultrasonic power, the value of the top and the bottom part of the ingot cast at 1,800 W is higher than that of the ingot at 1,600 W. Therefore, by setting the ultrasonic power reasonably during the solidification process, both the primary α-Al grains and the precipitated phases are refined.
[image: Figure 8]FIGURE 8 | (A) Area fraction of the precipitated phases with areas more than 20 μm2 and (B) number density of the precipitated particles with areas less than 20 μm2 at representative positions of 2195 ingots treated under different ultrasonic power.
As seen in Figure 8B, the density of precipitated particles within the ultrasonicated ingots changes marginally; the least value at the best is 1.153%, and it steadily increases to 0.751% at the bottom. For the comparing value within the ingot without UT, the least of the bottom position is 0.401%.
The Cu and Mg contents in the grains of the typical region of Ф60–650 mm 2195 Al–Li alloy ultrasonic ingots under different power conditions were tested. The test results are shown in Table 2. According to the test results, the average Cu content distribution in the crystal grains can be found that with the increase of the vibration power the average Cu content in the crystal grains also increased. Similarly, the Mg element also had a similar distribution law with the increase of solute elements in the crystal grains. This made it easier for the fine eutectic particles in the grains to precipitate in grains. At the same time, the test results indicated that the solute elements were significantly increased in the aluminum matrix, which indicated that there were more solute atoms in the matrix. According to the relevant research of Zhang et al. (2016), it was proven that as the solute atoms increase, the lattice distortion energy in the system will follow. There was pin dislocation movement, thereby increasing the strength of the material.
TABLE 2 | Distribution of Cu and Mg content in grains of 2195 Al–Li alloy ingots at typical positions under different power conditions (wt%).
[image: Table 2]Second, where the area distribution of the eutectic structure is relatively large, the intragranular copper content and the number density of the granular eutectic phase are relatively small, resulting in the reduction of intragranular Cu content and the granular eutectic phase. In addition, the microscopic Cu content of the ingot should be the Cu content in the eutectic structure, the intercrystalline Cu content, and the Cu content in the grain eutectic phase, the sum of the three. This study can only show that in areas where the coarse eutectic structure is widely distributed, the intragranular Cu content and the number of eutectic particles are low, which will damage the subsequent deformation treatment process. Therefore, the formation of the coarse eutectic structure should be reduced during the casting process. The amount of eutectic structure was of great significance to the preparation of qualified materials.
Mechanical Properties
The test sample is taken according to the position in Figure 2 to test the mechanical properties of the ingot. The test results in Figures 9A–C show the tensile strength (UTS), yield strength (YS), and elongation of the ingot, respectively.
[image: Figure 9]FIGURE 9 | (A) Ultimate tensile strength processed under different ultrasonic (B) yield strength and (C) elongation determined from different positions of the ingot.
Tensile strength, yield strength, and elongation are three indicators used to compare ingots with different ultrasonic powers in the axial direction. At the bottom of the ingot, the ingot is slightly higher than the top area of the ingot, but the overall value difference is small. The tensile strength of the bottom area of the ingot is generally higher than that of the middle area of the ingot, except for the tensile strength near 1,800 W. Under other vibration power conditions, the tensile strength increases as the power increases. The maximum value appears near the vibration power of 1,600 W, which is 206.15 MPa. The main reason for the decrease of the mechanical properties of the ingot with a vibration power of 1,800 W is the appearance of a coarse eutectic structure in the solidification structure. The yield strength gradually increased from 93.54 MPa at 800 W to 115.47 MPa at 1,600 W, and the maximum value appeared at the bottom area of the 1,600 W ingot at 206.15 MPa. The elongation change trend was similar to the tensile strength change trend. Both have the lowest value near 800 W, which was 4.73%. With the increase of vibration power, the elongation of the ingot also increased, and the maximum value was 8.20% near 1,600 W.
To further analyze the relationship between the eutectic structure and mechanical properties, the fracture behavior of the ingot was studied. Figure 10 shows the fracture morphology of the tensile specimen in the middle region of the ingot under different vibration power states. From Figure 10, it can be seen that there were rough tearing edges on all the fractures, and the surface of the fractures was covered with a large number of white granular eutectic fragments. In addition to tearing edges on the fracture surface of the 800 W sample, there were also traces of fracture along the grain boundary. The fracture surface contains deep dimples to varying degrees. However, the fracture surfaces of 1,200 and 1,600 W were covered with latent dimples of similar size, and the rough fracture surface of the fracture was greatly reduced. Most of them were smoother fracture surfaces along the grain boundary, and the dimples were uniform. The eutectic structure had a higher elastic modulus than the Al matrix. When the structure was deformed by an external force, the eutectic phase tended to produce elastic deformation (Lys et al., 2020). Due to the different elastic modulus, microcracks will appear in the particles first around. When the size and quantity of the eutectic structure in the matrix were large, it will cause rapid growth of cracks. As a result, the sample quickly fractures and fails during the tensile deformation process, resulting in a decrease in mechanical properties.
[image: Figure 10]FIGURE 10 | SEM images of the tensile fracture surfaces in ingots cast under a total ultrasonic power of (A) 800 W, (B) 1,200 W, (C) 1,600 W, and (D) 1,800 W.
The Hall–Petch formula is adopted as presented in Eq. 1:
[image: image]
where σs is the surrender quality, σ0 is the fabric consistent, K is the Hall–Petch incline, and d is the normal grain estimate (Hansen. 2004). The strength of the material is inversely proportional to the grain size (Nadella et al., 2008). Therefore, He et al. (2018)stated that the finer the grains of the ingot, the better the mechanical properties. Nevertheless, the changes in the mechanical properties of the 2195 ingot cannot be mainly attributed to the refinement of the basic α-Al grains. According to Thacker, (1973), when the material undergoes tensile deformation, the coarsening of the eutectic structure is the initial location for cracks. As shown in Figure 9, there were a large number of coarse precipitated phase networks in a and b, Therefore, reducing the coarsening precipitates played an important role in improving the mechanical properties. Al-Helal et al. (2018) have been demonstrated that an increase in quality comes at the expense of ductility under conventional conditions, but fine α-Al grains that were consistently disseminated and accelerated can increase both quality and ductility at the same time. Round particles can reduce the stress concentration generated during deformation, subsequently increasing the ductility of the aluminum combination. Therefore, under UT, as the coarsening precipitates decrease and the fine precipitates increase, the elongation of the sample was increased accordingly.
CONCLUSION
This study compared the effects of different power ultrasonic systems on the morphology, α-Al grain size, eutectic phase, and mechanical properties of 2195 Al–Li ingots. The main conclusions can be summarized as follows:
(1) The shape of α-Al crystal grains and eutectic precipitates is greatly influenced by ultrasonic vibration power. The ultrasonic system with 1,600 W power has the most noticeable influence on the refining of α-Al grains and precipitates when compared to other powers. The area of the coarse eutectic structure is decreased by 47.46%, and the density of precipitated particles in the crystal grains is enhanced by 91.84% when the power is increased to 1,600 W. The α-Al grain size in the bottom portion of the ingot is much smaller than that in the top region, as is the coarse eutectic phase size and precipitation phase density.
(2) As the vibration power increases from 800 W to 1,600 W, the area fraction gradually decreases. The eutectic structure in the crystal grains is more obvious in the form of small-size precipitation than the continuous coarser morphology distributed along the grain boundary. When the matrix is deformed by an external force, the dispersed and precipitated eutectic phases will play a role in pin dislocations, hinder the deformation of the entire system, improve the tensile properties of the material, and thereby increase the tensile strength and yield strength of the material. In summary, the ultrasonic vibration power in the molten pool should be set near 1,600 W. In this power range, the cavitation and acoustic flow effects generated by the ultrasonic waves applied to the molten pool will affect the temperature field and flow field in the entire molten pool so that the uniformity of the solidification structure of the ingot can be controlled most effectively.
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