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Abstract

:

Vacuum arc remelting is the main production method of titanium alloy ingots at present. In order to obtain good quality ingots, it is of great significance to study the formation of the solidification structure of ingots via vacuum arc remelting. In order to select and optimize the nucleation parameters for the solidification microstructure simulation of an ingot, a 3D CAFE model for microstructure evolution during vacuum arc remelting was established, taking into account heat transfer, flow, and solute diffusion. The Gaussian distribution continuous nucleation model and extended KGT model were used to describe the grain nucleation and dendrite tip growth rates, respectively. The multi-point mass source and moving boundary method were used to simulate the ingot growth. The results show that there are three typical crystal regions in the solidification structure of vacuum arc remelting titanium alloy ingots, namely the surface fine crystal region, columnar crystal region, and central equiaxed crystal region. The proportion of the columnar crystal region in the solidification structure of an ingot increases gradually with the increase in the undercooling of the maximum bulk nucleation. With an increase in the maximum bulk nucleation density, the equiaxed grain zone gradually increases, and the grain size gradually decreases. The proportion of the columnar crystal region in the solidification structure of an ingot increases gradually with an increase in the undercooling of the maximum bulk nucleation. The maximum volume nucleation variance has no obvious effect on the change in the solidification structure. When the maximum volume nucleation undercooling is 5.5 K, the maximum volume nucleation standard deviation is 4 K, and the maximum volume nucleation density is 5 × 108. The solidification structure simulation results are in good agreement with the experimental results.
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1. Introduction


Titanium and titanium alloys have a series of outstanding advantages, such as high specific strength, good corrosion resistance, and high-temperature resistance. They can be used for parts forming, welding, and machining in various ways. They are key supporting materials and important strategic metal national defense materials in engineering technology and high-technology fields. They are widely used in many fields, such as aerospace, marine engineering, energy, and the chemical industry [1]. The TC4 titanium alloy is a typical α + β two-phase titanium alloy, and its nominal composition is Ti-6Al-4V. It was first successfully developed by the United States in 1954 and has now developed into an international titanium alloy. It is the most comprehensive and in-depth titanium alloy studied by people. It has been widely used in aviation, aerospace, civil, and other industries and currently accounts for more than half of the production of titanium alloys [1,2,3,4]. With the in-depth study of the TC4 titanium alloy and the development of new application fields, it is not only required to have good composition consistency, good microstructure uniformity, and high purity but also to have high reliability, a long life, and high-quality stability.



The titanium ingot is the billet of titanium-rolled products and remelted titanium castings, and it is key to obtaining high-quality rolled products. Due to the high chemical activity of titanium, molten titanium reacts strongly with other elements, reacts quickly with oxygen, nitrogen, hydrogen, and carbon, and generates brittle impurities. Therefore, it must be melted and solidified under a strong vacuum or under the protection of inert gases such as argon. Vacuum consumable arc melting is the most traditional and commonly used process in the titanium industry. With the development of vacuum technology and computer applications, vacuum consumable arc melting has become a mature industrial production technology for titanium melting and casting [5,6,7]. It exhibits the advantages of low equipment investment and operating costs and simple operation technology. As shown in Figure 1, the basic feature of VAR is that the consumable electrode is continuously melted under vacuum conditions, and simultaneously, the ingot is continuously solidified and increased in the mold from the bottom to the top [6,7]. In addition to composition segregation, the ingot produced by vacuum arc remelting also has some defects, such as an uneven solidification structure and shrinkage holes, which are the main factors determining the quality of the ingot [8,9,10,11]. Therefore, in order to obtain ingots with good quality, it is of great significance to study the formation of the solidification structure of ingots by vacuum arc remelting. Because the physical and chemical phenomena and ingot morphology of the vacuum consumable smelting process are difficult to observe, and the cost of industrial testing of titanium alloy production is high, the numerical calculation method has gradually replaced the traditional trial and error method as the main method to study the solidification structure. Numerical calculation can not only directly observe the formation of the solidification structure but also help to understand the formation mechanism of the solidification structure [12,13,14,15,16,17].



Domestic and foreign scholars have carried out a large number of numerical simulation studies on the solidification structure of vacuum consumable melting, including the realization of the vacuum arc remelting simulation process, the treatment of boundary conditions, the selection of a microstructure model, and so on [18,19,20,21,22,23,24]. Zhang Y et al. [25] established a three-dimensional axisymmetric finite element model for the solidification process of a TC4 alloy ingot in vacuum arc remelting, simulated the temperature field distribution using the moving boundary method, and calculated the solidification structure, shrinkage, and porosity formation of the TC4 ingot in the VAR process based on the cellular automaton and finite element coupling method (CAFE method); the simulation results are in good agreement with the experimental observations in the grain structure, columnar crystal growth direction, columnar to equiaxed crystal transition, shrinkage, and porosity. Bai L et al. [26] obtained the temperature field during the solidification process of 22CrMoH continuous casting billet using the moving boundary method. On this basis, the microstructure of the 22CrMoH gear steel continuous casting billet was simulated by the cellular automata-finite element (CAFE) method. The simulation results are basically consistent with the microstructure of the actual sample. The influence of alloy element content on the microstructure of the slab was discussed further. Using ProCAST finite element software, Huang Y et al. [27] simulated the temperature field, molten pool morphology, and microstructure of high-performance bearing steel during the vacuum consumable melting process, studied the microstructure evolution law of the ingot, and explored the influence of the temperature field and molten pool morphology on the microstructure growth. The simulation results were consistent with the experimental results, and the ingot microstructure morphology was a thin cylindrical crystal running through the center of the ingot and the vacuum consumable. There were small areas of equiaxed crystals at the bottom, edge, and solidified end of the ingot. Lan P et al. [28] established a 3D CAFE model to predict the solidification structure of a ferrite stainless steel multicomponent alloy on the basis of simultaneously considering heat transfer, flow, and solute diffusion. In the model, a Gaussian distribution was used to describe the relationship between the nucleation density and undercooling degree, and the KGT model was applied to describe the dendrite growth process. The changes in the temperature, solid phase ratio, and grain morphology of 430 stainless steel during solidification were revealed.



In this study, the ingot model was first established by using 3D drawing software, and then the solidification structure during the solidification process of vacuum arc remelting TC4 alloy ingot was simulated by using moving a multi-point mass source, moving boundary method, and CAFE model based on ProCAST2021.5 finite element software [29,30,31,32].




2. Solidification Structure Model


2.1. Mathematical Model


2.1.1. Heat Transfer Model




  ρ c   ∂ T   ∂ t   = ∇ ⋅ ( k ∇ T )  



(1)




where:  ρ  is the density,  c  is the specific heat capacity,  T  is the temperature,  t  is time, and  k  is the thermal conductivity.




2.1.2. Flow Model




  ρ   d v   d t   = μ  ∇ 2  v − ∇ p + ρ F  



(2)




where:  v  is the velocity vector,  μ  is the viscosity,  p  is the pressure, and  F  is the volume force.




2.1.3. Solute Diffusion Model


In the liquid phase:


   f l   ρ l    ∂  c l m    ∂ t   +  f l   ρ l   v l  ∇  c l m  = ∇    f l   ρ l   D l m  ∇  c l m    +    c l m  −  c  s l  m     ∂  ∂ t      f l   ρ s    +    S v   ρ s   D s m   l     c s m  −  c  s l  m     



(3)







In the solid phase:


   f s   ρ s    ∂  c s m    ∂ t   =    c  s l  m  −  c s m       ∂  ∂ t      f s   ρ s    +    S v   ρ s   D s m   l     



(4)




where:    ρ s    and    ρ l    are, respectively, the density of the solid and liquid phase;    f s    and    f l    are, respectively, the fraction of the solid and liquid phase;    c l m   ,    c s m    and    c  s l  m    are, respectively, the mass fraction of the solid phase, liquid phase, and component  m  at the interface;    D s m    and    D l m    are, respectively, the diffusion coefficients of the solid and liquid phase of component  m ;    S v    is the specific surface area of the interface; and  l  is the diffusion distance.




2.1.4. Nucleation Model


According to the relationship between grain density and undercooling in the continuous nucleation model proposed by Rappaz and Gandin, the core formed by dendrite breakage and liquid phase surface oxidation is ignored, and the effect of liquid phase flow on nucleation is ignored:


    d n   d   Δ T     =    n  max       2 π   ⋅ Δ  T σ    exp   −  1 2        Δ T − Δ  T  max     Δ  T σ       2     



(5)




where:  n  is the grain density,   Δ T   is the degree of undercooling,   Δ  T  max     is the maximum degree of undercooling,    n  max     is the maximum nucleation density, and   Δ  T σ    is the standard deviation of nucleation.



Figure 2 shows the grain nucleation density distribution curve on the ingot surface and inside. It can be seen from the figure that two sets of different nucleation parameters are used, denoted by subscript and subscript, respectively, due to the large difference between the ingot surface and the inside nucleation parameters.   d n / d   Δ T     shows a normal distribution with the change in undercooling, and the grain density increases with the increase in undercooling, but the increase rate increases first and then decreases, and the increase rate in the grain density reaches the maximum at   Δ  T  max    .




2.1.5. Grain Growth Model


In the actual solidification process of the alloy, crystal growth is affected by kinetics and composition undercooling. The total undercooling of the dendrite tip is as follows:


  Δ T = Δ  T c  + Δ  T t  + Δ  T r  + Δ  T k   



(6)




where:   Δ T   is the total undercooling degree,   Δ  T c    is the component undercooling degree,   Δ  T t    is the thermodynamic undercooling degree,   Δ  T r    is the solid-liquid interface curvature undercooling degree, and   Δ  T k    is the growth dynamic undercooling degree.



The   Δ  T t   ,   Δ  T r   , and   Δ  T k    of most alloys are small and negligible, so the growth rate of columnar crystals and equiaxed crystals is described by the KGT model. In the simulation process, the KGT model is fitted to obtain the growth rate polynomial of the dendrite tip as follows:


  v =  a 2  Δ  T 2  +  a 3  Δ  T 3   



(7)




where,    a 2    and    a 3    are growth kinetic coefficients. The growth kinetic coefficients    a 2    and    a 3    of the titanium alloy TC4 are 5.85 × 10−6 and 0, respectively.





2.2. Composition and Physical Properties of the TC4 Titanium Alloy


The main chemical composition of the TC4 titanium alloy used in the simulation is shown in Table 1.



The physical parameters were calculated using the Scheil model in the Procast thermodynamic database. The relationship between the thermal conductivity, density, solidification enthalpy, viscosity, and solid fraction with temperature is shown in Figure 3. As can be seen from the picture, in the simulated temperature range, the thermal conductivity and solidification enthalpy increase with the increase in temperature, and the density, viscosity, and solid fraction decrease with the increase in temperature. At the same time, the liquidus and solidus temperatures of TC4 were calculated to be 1667 °C and 1631 °C, respectively.




2.3. Model Parameters and Boundary Conditions


Because the thermal conductivity of the copper crucible is much higher than that of the titanium alloy ingot, the copper crucible is not the limiting part of the heat dissipation of the ingot, so it can be ignored and only the ingot is simulated. Considering the symmetry of the cylindrical ingot and the calculation speed, this model only establishes a three-dimensional finite element axisymmetric model of 1/12 of the cylindrical ingot. The geometric model and mesh division are shown in Figure 4. In the simulation process, the 3D drawing software was first used to establish the model, and then the model was imported into Procast2021.5 software for grid division and calculation. The grid is a hexahedral mesh and the calculated mesh size was 5mm.-



The boundary conditions in the calculation process are shown in Figure 5:



(1) In the process of vacuum arc remelting, the bottom surface of the consumable electrode will melt under the high temperature of the arc to form many metal droplets, which will continuously drop into the crucible to form a melting pool under the action of gravity. As the electrode continues to melt, the metal liquid level in the crucible continues to rise and solidify. According to the melting mode of the multi-point metal droplet melting in the melting process of the consumable electrode, the “multi-point mass source” is taken as the source of the mass source and heat source in the simulation process, where the sum of the mass source flow is the melting speed, and the temperature of the mass source is set according to the following empirical formula [28,29]:


  T =  T L  + 400  e  −   12  D c   J     



(8)




where:    T L    is the liquidus temperature, K;  J  is the melting current, kA; and    D c    is the ingot diameter, m.



(2) As the smelting goes on, the ingot gradually grows, and the side cooling part also becomes higher with the increase in the ingot. Therefore, the side wall boundary condition should move from the bottom to the top at the smelting speed, and the boundary movement is realized by the user’s function. The side wall and bottom of the ingot are the boundary of the convective heat transfer, and the formula [28,29] of convective heat transfer is:


  Q = h ( T −  T e  )  



(9)







It is assumed that the bottom of the ingot is in good contact with the crucible,    h b  = c o n s t .   and the upper part of the ingot side wall is in good contact with the crucible,    h s  = c o n s t .  . Due to the solidification shrinkage of the lower part of the ingot side wall, an air gap is generated between the ingot and the crucible, and the heat transfer mode changes from heat conduction to heat radiation. When the surface temperature of the side wall is lower than a critical temperature, the heat transfer coefficient is equivalently treated:


   h  e q   =   ε σ (  T 4  −  T e 4  )  /  ( T −  T e  )    



(10)




where,  T  and    T e    are, respectively, the ingot surface temperature and ambient temperature, K;    h b   ,    h s   , and    h  e q     are the heat transfer coefficient of the ingot bottom, the heat transfer coefficient of the ingot side wall, and the equivalent heat transfer coefficient of ingot side wall, respectively. W/(m2∙K);  ε  is the material emissivity and  σ  is the Stefan-Boltzman constant.



(3) After the electrode melting is completed, the ingot enters the capping stage. The top surface of the ingot is set as the wall boundary, the heat transfer condition is radiation heat transfer, and the other boundaries remain unchanged.



The detailed model and process parameters are shown in Table 2:





3. Result Analysis and Discussion


3.1. Changes in the Temperature Field and Solid Fraction during the Melting Process


Figure 6 shows the distribution of the temperature field and the solid fraction at different moments in the longitudinal section of the model during the smelting process. As can be seen from the picture, at the beginning of melting, the molten pool can be effectively cooled at the bottom of the crucible so that the molten metal can rapidly solidify after entering the crucible, forming a flat and shallow molten pool (400 s). As the ingot increases gradually, the heat transfer to the bottom of the crucible is slowed down, and the heat released through the crucible is less than the heat released by the solidification of the liquid metal, and the accumulation of heat makes the molten pool gradually deepen. The shape of the molten pool gradually evolved from a flat shape to a funnel shape (800, 1200 s). With the increase in the depth of the molten pool, the contact area between the molten pool and the crucible wall increases, and the heat generation and dissipation in the crucible gradually reach a balance, forming a stable molten pool (1200, 1600 s), that is, reaching a stable melting stage. After that, the shape and depth of the molten pool do not change greatly until the electrode is melted (2000 s). After the electrode melting is completed, the ingot enters the capping stage. Affected by the radiation heat transfer on the top surface of the ingot, the top surface of the ingot begins to solidify, and the liquid core gradually shrinks until it is completely solidified (2150, 2300 s).



Figure 7 shows the variation of the molten pool depth over time by extracting the molten pool depth at different times in the melting process. It can be seen from the figure that after the beginning of smelting, the depth of the molten pool gradually increases, and it basically distributes linearly with time. At 1100 s, the depth of the molten pool reaches the maximum value of 171.4 mm, and then the depth of the molten pool remains unchanged. This is consistent with the results in Figure 6.




3.2. Changes in the Solidification Structure of the Ingot during Melting


The solidification structure of the longitudinal section of the model at different times in the vacuum arc remelting process is shown in Figure 8. As can be seen from the figure, at the early stage of melting, when the high-temperature melt enters the water-cooled copper crucible, a layer of melt in contact with the crucible is strongly chilled. The bottom and wall of the crucible can be used as the heterogeneous nucleation base, so a large amount of nucleation near the crucible forms a thin layer of a fine grain zone on the surface of the ingot. As the melting proceeds, the latent heat of solidification continues to be released, which increases the melt temperature at the solidification front. At this time, the temperature gradient at the front of the solidification interface is large, and some fine grains grow in the form of dendrites. These preferentially grown dendrites form a columnar crystal zone with a certain preferred orientation. When the smelting enters the final stage, the melt temperature in the molten pool of the ingot continues to decrease, and there is enough heterogeneous nucleation substrate in the remaining melt at the center of the ingot, so the nucleation is almost simultaneous in the remaining melt, and the grains grow freely in the melt. The formed equiaxed crystal hinders the growth of columnar crystals, and the transformation of the columnar crystal to an equiaxed crystal occurs. Therefore, there are typically three crystal regions in the solidification structure of the vacuum arc remelting titanium alloy ingot: the surface fine crystal region, columnar crystal region, and central equiaxed crystal region.




3.3. Effects of Different Bulk Nucleation Parameters on the Solidification Structure of Ingots


As can be seen from Figure 2, two different sets of nucleation parameters are used on the surface and inside of the ingot. In the case that the simulated boundary conditions and physical property parameters are determined, the nucleation parameters need to be determined according to experience. In order to obtain accurate nucleation parameters, the influence of different nucleation parameters on the solidification structure was studied. At the same time, in order to simplify the calculation, this paper only studied the bulk nucleation parameters, which have a great influence on the solidification structure of the ingot. The surface nucleation parameters are fixed as follows: the maximum surface nucleation undercooling    Δ T   s , max    = 5 K, surface nucleation standard deviation     Δ T   s , σ     = 0.1 K, maximum surface nucleation density    n  s , max     = 5 × 107.



In order to study the influence of the three bulk nucleation parameters of the maximum bulk nucleation undercooling,     Δ T   v , max    , the standard deviation of the bulk nucleation,     Δ T   v , σ    , and the maximum bulk nucleation density,    n  v , max    , on the solidification structure, seven schemes were set in the simulation calculation for comparative analysis, as shown in Table 3. Among them, schemes a, b, and c are examples under different maximum bulk nucleation undercoolings, schemes d, b, and e are examples under different maximum bulk nucleation standard deviations, and schemes f, b, and g are examples under different maximum bulk nucleation densities.



3.3.1. Effect of Maximum Bulk Nucleation Undercooling on the Solidification Structure of Ingots


In order to study the effect of maximum bulk nucleation undercooling on the solidification structure of an ingot, the maximum bulk nucleation undercooling was set to 3, 5.5, and 8 K, respectively, in schemes a, b, and c, while other nucleation parameters and process parameters remained unchanged. Figure 9 shows the comparison of solidification structures at different maximum bulk nucleation undercooling levels in the longitudinal section of the model after solidification. As can be seen from the figure, when the maximum bulk nucleation undercooling is 3 K, the solidification structure is divided into an obvious columnar crystal zone and a central equiaxed crystal zone. With the increase in the maximum bulk nucleation undercooling, the proportion of columnar crystals in the solidification structure gradually increases, and the proportion of central equiaxed crystals gradually decreases. When the maximum bulk nucleation undercooling is greater than 8 K, the solidification structure becomes a columnar crystal. This shows that the maximum body nucleation undercooling has a significant effect on the different crystal regions of the solidification structure of the ingot. The larger the maximum body nucleation undercooling, the greater the proportion of columnar crystal regions in the solidification structure of the ingot. This is because the growth rate of the grain is proportional to the square of the undercooling. If the nucleation undercooling increases, the amount of nucleation in the melt decreases at the same time, and the front end of the columnar crystal solidification lacks sufficient grain blocking, rapid growth is obtained, and the proportion of the obtained columnar crystal zone increases.



Figure 10 shows the comparison of the statistical results of the grain number and average grain area at different maximum bulk nucleation undercooling levels in the longitudinal section of the model at the end of solidification. As can be seen from the figure, when the maximum bulk nucleation undercooling increases from 3 K to 8 K, the solidification grain number decreases sharply from 21418 to 3818, with a decrease of 82.2%. The average grain area increases from 0.0265 cm2 to 0.149 cm2, with an increase of 82.2%. This echoes the simulation results in Figure 9.




3.3.2. Effect of the Maximum Nucleation Density on the Solidification Structure of an Ingot


In order to study the effect of the maximum bulk nucleation density on the solidification structure of an ingot, the maximum bulk nucleation density was set to 5 × 107, 5 × 108, and 5 × 109, respectively, in schemes f, b, and g under the condition that other nucleation parameters and process parameters remained unchanged. Figure 11 shows the comparison of solidified structures at different maximum bulk nucleation densities in the longitudinal section of the model after melting. As can be seen from the figure, when the maximum bulk nucleation density is 5 × 107, the solidification structure only has a columnar crystal zone. When the maximum bulk nucleation density increases to 5 × 108, the solidification structure produces an obvious central equiaxed crystal zone. When the maximum bulk nucleation density is further increased to 5 × 109, the equiaxed grain zone in the center of the solidification structure becomes larger, the equiaxed grain zone becomes smaller, and the columnar grain zone becomes smaller. This shows that as the bulk nucleation density of the grains in the melt increases, the grain size becomes smaller in a certain cross-section, the equiaxed grain zone gradually increases, and the columnar grain zone is suppressed.



Figure 12 shows the comparison of the statistical results of the grain number and average grain area at different maximum bulk nucleation densities in the longitudinal section of the model at the end of solidification. As can be seen from the figure, when the maximum bulk nucleation density increased from 5 × 107 to 5 × 109, the number of crystallized grains increased sharply from 4076 to 49,637, with an increase of 91.8%. The average grain area reduced from 0.114 cm2 to 0.0114 cm2 by 90%. This echoes the simulation results in Figure 11.




3.3.3. The Influence of the Maximum Bulk Nucleation Standard Deviation on the Solidification Structure


In order to study the influence of the standard deviation of the maximum body nucleation on the solidification structure of the ingot, under the condition that other nucleation parameters and process parameters remain unchanged, the schemes d, b, and e set the maximum body nucleation standard deviation to 2 K, 4 K, and 6 K, respectively, for the solidification structure calculation. Figure 13 is the solidification structure comparison of different maximum body nucleation standard deviations at the longitudinal section of the model after melting. It can be seen from the figure that the standard deviation of the maximum body nucleation increased from 2 K to 6 K, and the solidification structure did not change significantly.



Figure 14 shows the comparison of the statistical results of the grain number and average grain area at different standard deviations of the maximum body nucleation in the longitudinal section of the model after solidification. As can be seen from the figure, when the maximum body nucleation standard deviations are 2 K, 4 K, and 6 K, the solidification microstructure grain numbers are 11,759, 11,583, and 10,612, which decrease slightly by 1.5% and 8.4%, respectively. The average grain areas are 0.0482 cm2, 0.0490 cm2, and 0.0535 cm2, respectively, and slightly increased by 1.5% and 9.1%, respectively.





3.4. Comparison between the Simulated and Experimental Results


It is necessary to verify the simulation results with the experimental results in order to determine the core parameters of the solidification structure simulation of the ingot. The experimental furnace uses the same process parameters as the numerical simulation to melt the ingot, as shown in Table 2. The solidification structure of the ingot is obtained via the longitudinal section analysis after melting. Figure 15 shows the comparison of the experimental results and simulated results of the solidification structure of the ingot. The bulk nucleation parameters used in the simulation are: the maximum bulk nucleation undercooling     Δ T   v , max     = 5.5 K, bulk nucleation standard deviation     Δ T   v , σ     = 4 K, and maximum bulk nucleation density    n  v , max     = 5 × 108. The simulation results of the solidification structure using this bulk nucleation parameter are in good agreement with the experimental results, which can accurately reflect the distribution position, proportion, and size of the equiaxed grains and columnar grains.





4. Conclusions


	(1)

	
After the start of smelting, the depth of the molten pool gradually increases, and the shape of the molten pool gradually evolves from a flat shape to a funnel shape until a stable molten pool is formed. The depth of the molten pool reaches a maximum of 171.4 mm, and then the depth of the molten pool remains unchanged.




	(2)

	
The solidification structure of the vacuum arc remelting process at different times is obtained via a simulation. There are typically three crystal zones in the solidification structure of the ingot: the surface fine crystal zone, columnar crystal zone, and central equiaxed crystal zone.




	(3)

	
The maximum body nucleation undercooling has a significant effect on the different crystal regions of the solidification structure of the ingot. The larger the maximum body nucleation undercooling, the larger the proportion of the columnar crystal region; when the maximum nucleation undercooling increases from 3 K to 8 K, the number of grains in the solidified structure decreases by 82.2%.




	(4)

	
With the increase in the maximum bulk nucleation density, the equiaxed grain zone gradually increases, the grain size becomes smaller, and the columnar grain zone is suppressed. When the maximum bulk nucleation density increases from 5 × 107 to 5 × 109, the number of grains in the solidified structure increases by 91.8%. The maximum volume nucleation variance has no obvious effect on the change in the solidification structure.




	(5)

	
When the maximum bulk nucleation undercooling     Δ T   v , max     is 5.5 K, the standard deviation of nucleation      Δ T   v , σ     is 4 K, and the maximum bulk nucleation density     n   v , max     is 5 × 108. The solidification structure simulation results are in good agreement with the experimental results.
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Figure 1. Schematic diagram of VAR. 
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Figure 2. Grain nucleation density distribution curves on the ingot surface and inside. 
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Figure 3. Physical parameters of the titanium alloy TC4: (a) thermal conductivity, (b) density, (c) enthalpy, (d) viscosity, (e) solid fraction. 
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Figure 4. Geometric model and grid division of the ingot: (a) geometric model, (b) grid division. 
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Figure 5. Schematic diagram of the boundary conditions. 
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Figure 6. Distribution of the temperature field and solid fraction at different moments in the longitudinal section of the model during the smelting process. 
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Figure 7. Variation of molten pool depth with time in the melting process. 
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Figure 8. Changes in the solidification structure of the ingot at different times in the longitudinal section of the model during melting. 
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Figure 9. Comparison of solidification structures at different maximum bulk nucleation undercoolings: (a) 3 K, (b) 5.5 K, (c) 8 K. 
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Figure 10. Changes in the grain number and average grain area under different maximum bulk nucleation undercooling levels. 
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Figure 11. Comparison of the solidification structures at different maximum bulk nucleation densities: (f) 5 × 107, (b) 5 × 108, (g) 5 × 109. 
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Figure 12. The change in the grain number and average grain area with different maximum nucleation densities. 
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Figure 13. Comparison of the solidification structures at different maximum bulk standard deviations of body nucleation: (d) 2 K, (b) 4 K, (e) 6 K. 
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Figure 14. The change in the grain number and average grain area with different standard deviations of maximum bulk nucleation. 
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Figure 15. Comparison of the simulated results and experimental results of the solidification structure. 
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Table 1. Main chemical composition of the TC4 titanium alloy.
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Brand

	
Chemical Composition (Mass Fraction) %




	
Ti

	
Al

	
V

	
Fe

	
O






	
TC4

	
Rest

	
6.2

	
4.2

	
0.18

	
0.15











 





Table 2. Model calculation parameter table.
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	Parameter
	Value





	Ingot diameter/mm
	190



	Ingot height/mm
	600



	Melting current/kA
	4.5



	Melting voltage/V
	30



	Melting speed/m∙s−1
	0.00028



	Mass source flow/kg∙s−1
	0.00095










 





Table 3. Calculation schemes of different body nucleation parameters.






Table 3. Calculation schemes of different body nucleation parameters.





	
Schemes

	
Body Nucleation Parameters




	
     Δ T   v , max     /K

	
     Δ T   v , σ     /K

	
     n  v , max     






	
a

	
3

	
4

	
5 × 108




	
b

	
5.5

	
4

	
5 × 108




	
c

	
8

	
4

	
5 × 108




	
d

	
5.5

	
2

	
5 × 108




	
e

	
5.5

	
6

	
5 × 108




	
f

	
5.5

	
4

	
5 × 107




	
g

	
5.5

	
4

	
5 × 109
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