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A five-phase model consisting of a liquid phase, columnar dendrites, equiaxed grains, air, and inclusion (discrete phase) is developed to predict the shrinkage cavity, inclusion distribution and macrosegregation simultaneously during solidification of a 36-ton steel ingot. The air phase is introduced to feed the shrinkage cavity and no mass or species exchange with other phases occurs. The transport and entrapment of inclusions are simulated using a Lagrangian approach. The predicted results agree well with the experimental results. The characteristics of inclusion distribution are better understood. A thin layer of inclusions tends to form close to the mold wall, and more inclusions reside in the last solidified segregation channels. The inclusion is easy to aggregate near the riser neck, and it is dragged by the solidification shrinkage. The influence of the inclusion on macrosegregation is comparatively small, while the solidification shrinkage affects the formation of macrosegregation significantly and makes the simulation result more accurate.
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INTRODUCTION
Large steel ingots have been widely used in a variety of industries, such as new-generation nuclear power plants, ship building, aerospace equipment and industrial machinery. Macrosegregation and shrinkage cavity are two concomitant casting defects mainly resulting from density difference between liquid and solid phases during solidification. The inclusion is also a defect in steel products. These defects have been the subject of extensive studies for decades. Controlling of shrinkage cavity, inclusion and macrosegregation is essential to ensure the quality of large steel ingots, and numerical simulation is one effective research method.
Macrosegregation is generally believed to be a compositional heterogeneity widely found in large-scale or complex ingots/castings. In 1970s, Hultgren (1973) proposed that macrosegregation results from the relative flow between the liquid and solid phases during solidification, which is caused by many factors, i.e., thermal-solutal buoyancy, floatation or sedimentation of free moving grains or inclusions, fluid flow induced by solidification contraction, stirring, and deformation.
Since Fujii et al. (1979) introduced the first mushy zone model in the 1970s, numerical models to predict macrosegregation have been developed. In the 1990s, Wang and Beckermann (1996) took the grain sedimentation and melt convection into account. After that, Combeau et al. (2009) studied the influence of the morphology and motion of equiaxed grains on macrosegregation with a two-phase model. Wu and Ludwig (2005) presented a three-phase model containing liquid, equiaxed and columnar phases. The negative segregation cone at lower part of the ingot induced by grain sedimentation, was well predicted. Later, Wu et al. (2010a) and Wu et al. (2010b) extended this three-phase model to a five-phase model, treating the interdendritic melt of both columnar dendrites and equiaxed grains as independent phases. Using this model, Wu et al. (2017) analyzed the formation of macrosegregation and columnar-to-equiaxed (CET) transition during solidification of an Al-4wt%Cu ingot. It was verified that thermal-solutal convection and sedimentation of equiaxed grains are key mechanisms governing the formation of macrosegregation. The CET is predominated by the competitive equiaxed/columnar growth and the soft and hard blocking mechanisms. Ge and Li et al. (2016) used a three-phase model to predict the macrosegregation of ingots with different scales, and investigated the effects of ingot size on the formation of macrosegregation. Duan et al. (2016) casted a 36-ton steel ingot and provided sufficient data of macrosegregation by chemical analysis. Typical macrosegregation features such as negative segregation at the bottom and positive segregation at the top were observed. Besides, the negative segregation near the riser-neck was found. Chen and Shen (2020) proposed a three-phase model of liquid phase, columnar dendrites, and equiaxed grains, to simulate the evolution of macrostructure and macrosegregation in a 36-ton steel ingot.
The solidification shrinkage is an important driving force causing mass movement which leads to macrosegregation. (Fujii et al., 1979) Hence, it is important to consider the shrinkage cavity in macrosegregation models by introducing an additional air phase. Wu et al. (2015) presented a four-phase volume-averaged model for the prediction of macrosegregation and shrinkage cavity of a 2.45-ton steel ingot. Xia et al. (2017) developed a four-phase dendritic model to predict the macrosegregation, shrinkage cavity, and porosity during solidification in a 55-ton ingot in both 2D and 3D cases. Wu et al. (2017) elucidated a four-phase 3D model to calculate the macrosegregation and shrinkage cavity during solidification of a 10.5-ton steel ingot. Ren et al. (2018) employed a four-phase model to simulate the formation of macrosegregation, as-cast structure and shrinkage cavity of an Al-4.5wt%Cu ingot. The shrinkage cavity significantly affects the formation of positive segregation at the hot top during the last stage of solidification.
Nevertheless, few of the models considered the influence of inclusion. According to investigations of Li et al. (2014), the inclusion phase is essential in the formation of channel segregation. The transport of moving inclusions is also an important driving force disturbing the local fluid flow. Thus, the inclusion should be included in multiphase models of macrosegregation. A multiphase dendritic solidification model under the Euler–Lagrange framework was established by Cai et al. (2019) to characterize the effect of inclusions on macrosegregation in steel ingots. Inclusions were treated as a discrete phase to simulate their motion and interaction with fluid flow. However, up to now, there are few investigations on the combination of inclusions, shrinkage cavity and macrosegregation during the solidification of an ingot.
In this study, air and inclusion are considered in a new multiphase model based on the three-phase model by Chen and Shen (2020), to comprehensively simulate the shrinkage cavity, inclusion and macrosegregation distribution in a 36-ton steel ingot. Additionally, the influence of shrinkage cavity and inclusion on macrosegregation is investigated. The simulation results are compared with the experimental results for verification of the model.
MODEL DESCRIPTION
The model consists of five phases: liquid phase, columnar dendrites, equiaxed grains, air and inclusion. The conservation equations of mass, momentum, species, and enthalpy for each phase are solved simultaneously with a volume-averaged approach. The air phase is only employed to feed the shrinkage cavity, and there is no mass or species exchange with other phases. At the same time, a set of equations describing the nucleation and growth of equiaxed grains are supplemented into the five-phase model. A Lagrange approach is adopted to describe the transport and capture of the inclusion particles. The equations of the model are listed below with the variables declared in the nomenclature. It should be noted that this five-phase model can be simplified as four-phase or three-phase if the solidification shrinkage or inclusion is not considered.
Conservation Equations for Macrosegregation
Mass:
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Momentum:
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Species:
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Enthalpy:
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Kinetics of Grain Growth
Equiaxed Nucleation Density:
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Equiaxed Nucleation Rate:
[image: image]
Growth rate for columnar dendrites and equiaxed grains:
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LAGRANGE FORMULATION FOR INCLUSION
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Mixture Concentration of Species
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Physical Properties
Density:
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Drag coefficient for each couple of phases linked in momentum equations:
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Viscosity for Equiaxed Grains:
[image: image]
The main assumptions and explanations of the model are summarized as follows.
(1) This model accounts for the macrostructure, including the columnar to equiaxed transition. Cylindrical columnar dendrites extend from the mold wall to ingot center. Once the calculation volume of a cell is packed by the equiaxed grains at a critical fraction 0.49, the growth of columnar dendrites is stopped.
(2) Carbon is a sensitive segregated element during solidification, and the cast steel is simplified as a binary alloy for simulation.
(3) The volume of the discrete phase of inclusion is ignored, and the volume fractions of liquid phase (l), columnar dendrites (c), equiaxed grains (e) and air (a) sum up to 1.
(4) There is no mass transfer between air and the other three phases. The air phase is to compensate the volume contraction of metal from solidification shrinkage, and is immiscible with other phases.
(5) The columnar phase is stationary ([image: image]). The corresponding momentum equations of three moving phases, i.e., liquid phase, equiaxed grains and air, are solved.
(6) The thermodynamic equilibrium condition is always applied at the liquid-solid interface. Volume-averaged concentrations of the three metal phases ([image: image]) are solved by species conservations. The mixture concentration ([image: image]) calculated by Eq. 22 is used to characterize the macrosegregation.
(7) To balance the temperature difference among the liquid phase, columnar dendrites, and equiaxed grains, a large volumetric heat-transfer coefficient H* is applied.
(8) During solidification, the growth rate of the columnar tip is integrated in each time step to obtain the forward displacement of the tip. The free-floating equiaxed grains nucleate anywhere the undercooling is achieved. Furthermore, remelting is also considered in this model.
(9) The kinetics of grain-growth for columnar dendrites and equiaxed grains is governed by species diffusion. In Eq. 16, the concentration difference ([image: image]) at the liquid-solid interface acts as the driving force, and δ denotes the factor of diffusion length.
(10) The drag coefficient Kpq for each couple of phases is defined by Eq. 25. The subscript p denotes the primary phase and q denotes the secondary phase. Mpq is a large empirical value.
(11) The solidification shrinkage only leads to the formation of shrinkage cavity.
(12) Transport and entrapment of the inclusions is simulated using a Lagrange approach. The motion of each particle is tracked by solving the force balance equation (Eq. 17). The forces imposed on a single particle include gravity, buoyancy force, drag force, virtual mass force Fvm, and pressure gradient force FP.
(13) All the particles are independent of each other, and no collision or condensation is considered.
(14) It is assumed that no mass or solute transfer occurs between the discrete phase and other continuous phases.
(15) At the beginning of the simulation, 14,000 particles are injected and located randomly in the calculation domain with [image: image].
(16) The inclusions are set as inert spheres of alumina, since alumina is the most common inclusion in steel ingot. Particle size distribution of inclusions conforms to Rosin-Rammler distribution, and the distribution range is 1–120 μm.
INGOT MOLD CONFIGURATION AND EXPERIMENT
The five-phase model was applied to a 36-ton steel ingot using a 2D axisymmetric grid. The initial carbon concentration is 0.51 wt%. This ingot was cast and chemically analyzed at China International Trust and Investment Corporation (CITIC) Heavy Industries Co., Ltd. The characteristics of the ingot and mold, and the boundary and initial conditions are shown in Figure 1. The filling process was neglected, i.e., the initial distribution of temperature and concentration was uniform. The thermodynamic and physical properties for the simulation are listed in Table 1.
[image: Figure 1]FIGURE 1 | Schematic of the 36-ton steel ingot: (A) ingot and mold dimensions, (B) boundary and initial conditions for simulation.
TABLE 1 | Thermodynamic and Physical Properties used in the simulation.
[image: Table 1]The 36-ton ingot was cut along the axial plane, and details were reported by Duan et al. (2016). A plate of 500 mm thickness was sliced and cut along the centerline into two halves. 1800 sample points covering the half plate completely were drilled for chemical analysis using an infrared carbon-sulfur analyzer.
The carbon concentration of the ingot was extracted along the centerline and three horizontal lines at different heights of 0.6 m, 1.8 m, and 2.8 m, respectively. Macrosegregation was represented by segregation index calculated with the formulation [image: image]. The measurement results are treated the same for analysis later. Limited measurement of inclusion is carried out in the plants. Therefore, the simulated inclusion distribution is theoretically analyzed.
RESULTS AND DISCUSSION
In order to investigate the influence of solidification shrinkage and inclusion on macrosegregation, four numerical cases are carried out by using the five-phase model or its simplified form with identical thermodynamic and physical properties. Here, it is termed that the “five-phase model” means with the consideration of both solidification shrinkage and inclusion; “four-phase shrinkage model” means with the consideration of solidification shrinkage but no inclusion; “four-phase inclusion model” means with the consideration of inclusion but no shrinkage; “three-phase model” means without the consideration of both solidification shrinkage and inclusion.
Influence of Shrinkage on Macrosegregation
Figure 2 shows the predicted solidification sequence by using the four-phase shrinkage model, including the growth of the two solid phases, the melt velocity, the sedimentation velocity of equiaxed grains, and the formation of shrinkage cavity. The melt flow is driven by three forces: 1) the thermal buoyancy force, leading to the downward flow; 2) the solutal buoyancy force, leading to the upward flow; 3) the sedimentation of equiaxed grains, dragging the surrounding melt downwards. The predicted macrosegregation according to the solidification sequence is shown in Figure 3, represented by contours of segregation index (SI).
[image: Figure 2]FIGURE 2 | Predicted solidification sequence of the four-phase shrinkage case in the 36-ton ingot at different times: (A) 0.5 h, (B) 2 h, (C) 5 h, (D) end of solidification. The left half shows the columnar volume fraction (gc), and the melt velocity (ul, arrows). The right half shows the equiaxed volume fraction (ge), and the sedimentation velocity (ue, arrows).
[image: Figure 3]FIGURE 3 | Predicted segregation index (SI) in the left half of the 36-ton ingot at different times: (A) 0.5 h, (B) 2 h, (C) 5 h, (D) end of solidification.
At 0.5 h (Figure 2A), the melt close to the mold wall has a lower temperature and higher density. The density difference between liquid and solid causes the melt to flow from the upper to lower region of the ingot along the columnar tip with a maximum velocity of 0.0495 m/s. Then, this melt flow diverts to an upward direction at the bottom and rises at the center of the ingot, forming a symmetrical anticlockwise circulation in the left half. The solidification at this stage is rapid owing to the chilling effect of the mold wall. The columnar dendrites grow against the mold wall to the center of the ingot. Meanwhile, equiaxed grains nucleate and grow in the front columnar tips. Competitive growth between the two solid phases appears. Due to the large temperature gradient, the growth of columnar dendrites dominates in this period, and the nucleation and settlement of equiaxed grains are not strong. There is no obvious outflow of the solute-enriched interdendritic melt from the mushy zone, since the columnar dendrites grow fast. Therefore, the solidified shell formed at this stage has a concentration identical to the initial value (Figure 3A).
At 2 h (Figure 2B), the nucleation and growth of equiaxed grains becomes dominant. More equiaxed grains settle and accumulate in the lower part of the ingot, with a maximum velocity of 1.674 m/s, while the velocity of melt reduces to 0.0375 m/s. A broad mushy zone consisting of settled equiaxed grains and melt forms at the bottom of the ingot. A negative segregation is observed in the lower part of the ingot (Figure 3B) as well.
At 5 h (Figure 2C), the solidified shell is thick. The further reduction of the temperature gradient leads to a further reduction in the cooling rate and the weakening of natural convection. The maximum velocity of the convective liquid phase is reduced to 0.134 m/s. At this stage, more equiaxed grains nucleate and grow adhering to the solidification front without settling. A conic negative segregation forms in the lower part, and streak-like A-type segregations form in the middle part of the ingot (Figure 3C). In addition, a negative segregation is observed close to the riser neck, while a positive segregation zone is located at the hot top. Further details of the segregation index (SI) will be discussed later.
In the final stage of solidification (Figures 2D,3D), the solute concentration in the remaining liquid at the top of the ingot is high, and the temperature becomes more uniform. Hence, such solidification is sustained for a long time, and equiaxed grains in the remaining liquid can sufficiently develop. Consequently, the volume fraction of equiaxed grains at the hot top is higher than in other regions. Due to the compensation of air for the volume contraction of solidifying metal, the shrinkage cavity forms at the hot top, and this process starts from the beginning of solidification.
It can be found from Figure 2 that the structure adjacent to the mold wall is dominated by columnar dendrites, while equiaxed grains occupies the inner part of the ingot. Moreover, the distribution of equiaxed crystals in the middle part of the ingot shown in the right panel of Figure 2 exhibits a similar morphology with the A-type channel segregation shown in Figure 3. A possible reason is that the settling equiaxed grains tends to stay and grow in the channels to hinder the growth of columnar crystals. The CET can also be observed in Figure 2D, which is triggered in the lower and upper regions for different reasons. In the lower part of the ingot, the growth of columnar dendrites is suppressed by the settled equiaxed grains due to the hard block effect (Li et al., 2014), while in the upper part, it is owing to the lack of undercooling.
Typical features of macrosegregation distribution can be found in Figure 3D, including the positive segregation at the hot top, the negative segregation cone in lower part of the ingot, the A-type channel segregation in the middle part and the negative segregation near the riser neck. The negative segregation cone is mainly caused by the sedimentation of equiaxed grains with lower composition, and the solute loss owing to the outflow of solute-rich melt from the mushy zone at the bottom. The A-type channel segregation results from the solidification fluctuation of the solid phase due to fluctuations of constitutional undercooling, and the flow of the solute-rich liquid phase. The positive segregation at the hot top forms because the remaining liquid contains a high concentration of solute. The negative segregation near the riser neck is a result of the specific relationship between liquid flow and temperature gradient in this region. The configuration of the mold and the insulation ability of the hot top also play an important role.
To illustrate the influence of solidification shrinkage on the formation of macrosegregation, simulation without consideration of shrinkage (three-phase model) is also carried out, and both numerical results are compared together with the concentration measurements at definite positions in the ingot.
Figure 4 shows the comparison of simulated segregation index (SI) along the ingot centerline with the practice. It can be observed that: 1) along the whole centerline of the ingot, the result with four-phase shrinkage model is much closer to the measurements compared to that without shrinkage; 2) in the lower part of the ingot, the negative segregation without shrinkage is a bit more severe; 3) in the hot top region, the formation of the shrinkage cavity reduces the range and severity of the positive segregation significantly; 4) in the negative segregation zone near the riser neck, the range and severity of segregation are both reduced.
[image: Figure 4]FIGURE 4 | Comparison of segregation index along the centerline of the ingot between experimental results and simulated results of the three-phase model and the four-phase shrinkage model.
Influence of Inclusion on Macrosegregation
In order to elucidate the influence of inclusion on macrosegregation, a four-phase inclusion model was implemented to illustrate the evolution of inclusion during the solidification and the final macrosegregation. Figure 5 shows the predicted inclusion distribution and the growing process of columnar and equiaxed crystals in the 36-ton ingot.
[image: Figure 5]FIGURE 5 | Predicted inclusion distribution and growing process of columnar and equiaxed crystals in the 36-ton ingot with the four-phase inclusion model at different times: (A) 0.5 h, (B) 2 h, (C) 5 h, (D) end of solidification. Inclusion particles are represented by colored dots with different diameters. The left half shows the columnar volume fraction, and the right half shows the equiaxed volume fraction.
In the early stage of solidification (Figure 5A), due to the large temperature gradient, the solidification is fast, and a thin layer of inclusions close to the mold wall and bottom is captured. The motion of most inclusions is affected by the fluid flow in the liquid. Inclusions near the solidification front are carried down by the downward liquid flow, and are carried upward by the liquid flow in the center of the ingot. Meanwhile, inclusions eligible for capture are entrapped in the solid shell.
At 2 h (Figure 5B), it can be observed that the distribution of inclusions in the middle part of the ingot is accordant with the location of equiaxed crystals (the right panel of figure). It is obvious that inclusions aggregate near the riser neck.
At 5 h (Figure 5C), the consistency between the distribution of inclusions and equiaxed crystals is more obvious. The size of inclusions is close to equiaxed grains. The channels solidify in the final stage where the temperature gradient is small, and the solidification time is long. More inclusions are easy to gather here. The melt in the channels solidifies and forms equiaxial crystals finally. As a result, the channels contain equiaxed crystals and more inclusions. In other words, the distribution orientation of inclusions is consistent with the morphology of the channels.
After solidification, the characteristics of inclusion distribution are summarized as follows: 1) inclusions with a smaller size are mainly in lower part of the ingot, while inclusions with a larger size tend to locate in upper part; 2) a thin layer of inclusions forms near the mold wall; 3) more inclusions reside in the last solidified segregation channels; 4) there is an aggregate of inclusions near the riser neck. For further research on inclusion in steel ingots, detailed experimental supports are still required.
For the comparison of coupling effect of inclusion on macrosegregation, the results of the three-phase model without inclusion and the four-phase model with inclusion are indicated. Figure 6 shows segregation index in the longitudinal section of the ingot, while Figure 7 shows comparison of segregation index along the centerline of the ingot. It can be concluded that the inclusion affects the formation of macrosegregation slightly.
[image: Figure 6]FIGURE 6 | Segregation index (SI) in the longitudinal section of ingot: 1) simulation result of the three-phase model, 2) simulation result of the four-phase inclusion model.
[image: Figure 7]FIGURE 7 | Comparison of segregation index along the centerline of the ingot between the simulation results of the three-phase model and the four-phase inclusion model.
Due to the limitations of the discrete phase model, the inclusion particles are set as inert and spherical. Besides, the nucleation, aggregation, and growth of inclusion particles during solidification are not considered in this model. Thus, there are no chemical reactions, species transfer or mass transfer occurring between the inclusion and other phases such as solid and liquid. Owing to the interaction forces between inclusion particles and the liquid around, the inclusion particles can change the surrounding flow field when moving in the liquid, and further change the surrounding concentration, in turn affecting the formation of macrosegregation during solidification. As a result, the influence of the inclusion on macrosegregation is underestimated in the current model. Whereas, solidification shrinkage can significantly change the liquid flow, and influence mass and species transfer further. The change is comparatively macroscopic, and affect the whole domain. Therefore, the influence of inclusion on macrosegregation is smaller than that of solidification shrinkage in this research.
Influence of Shrinkage and Inclusion on Macrosegregation
With the consideration of shrinkage and inclusion, the five-phase model were performed to predict the shrinkage cavity, inclusion distribution and macrosegregation contemporaneously. Figure 8 shows the evolution of solidification structure and inclusion distribution. The general distribution in Figure 8 is similar to that in Figure 5 except the shrinkage effect.
[image: Figure 8]FIGURE 8 | Predicted inclusion distribution and growing process of columnar and equiaxed crystals in the 36-ton ingot with the five-phase model at different times: (A) 0.5 h, (B) 2 h, (C) 5 h, (D) end of solidification. Inclusion particles are represented by colored dots with different diameters. The left half shows the columnar volume fraction, and the right half shows the equiaxed volume fraction.
In order to compare with the effect of solidification shrinkage on macrosegregation, the inclusion distribution and macrosegregation without shrinkage are shown in Figure 9A, while those with shrinkage shown in Figure 9B.
[image: Figure 9]FIGURE 9 | Predicted inclusion and macrosegregation distribution after solidification: (A) simulation result of the four-phase inclusion model, (B) simulation result of the five-phase model. Inclusion particles are represented by colored dots with different diameters.
Apart from the features of inclusion distribution mentioned above, inclusions are dragged by the solidification shrinkage when moving with the liquid phase, forming a layer of inclusions near the surface of shrinkage cavity. In addition, there are more inclusions located near the center of the ingot in Figure 9A than that in Figure 9B. Due to the influence of solidification shrinkage, the volume contraction of the solidifying metal affects the flow field, and the solidification time is shorter. Thus, the convection of the remaining melt is more sufficient at the later stage of solidification, and the tendency of inclusions to reside in the channels is reduced.
For the overview of the coupling effects of solidification shrinkage and inclusion on macrosegregation, the four models are compared and summarized with identical thermodynamic and physical properties, i.e., a three-phase model without shrinkage or inclusion, a four-phase shrinkage model without inclusion, a four-phase inclusion model without shrinkage, and the five-phase model with shrinkage and inclusion. The macrosegregation maps of the four cases are presented in Figures 10A–D in sequence. The effects of solidification shrinkage and inclusion on macrosegregation are as follows: 1) the range and severity of the negative segregation in lower part of the ingot and near the riser are reduced; 2) the range and severity of the top-located positive segregation are also reduced; 3) the number of channels in the middle part of the ingot is smaller. In addition, these effects in the five-phase case are the most obvious among the four cases.
[image: Figure 10]FIGURE 10 | Segregation index (SI) in the longitudinal section of ingot of different cases: (A) the three-phase case without shrinkage or inclusion, (B) the four-phase shrinkage case, (C) the four-phase inclusion case, (D) the five-phase case.
For the sake of the reliability of the model, comparison of measured and calculated segregation index (SI) along the four lines with different model considerations is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Comparison of segregation index (SI) between measurements and simulation results in a cross section of the ingot: (A) along the centerline; (B–D) along the horizontal lines at the heights of 0.6 m, 1.8 m, and 2.8 m respectively.
Figure 11A shows that the model result with solidification shrinkage is very consistent with the measurement whether the inclusion is considered or not. The negative segregation cone occupies about 1/3 of the ingot height. The maximum value of the segregation index is approximately −0.15, compared to measurement value −0.10. This may be attributed to the fact that the model adopted in this study does not consider the solute transport across the liquid-grain interface of solute-rich interdendritic melt during the growth of equiaxed grains, leading to an underestimation of solute concentration.
The predicted concentration in the bottom side of the centerline is close to the initial value before solidification, which agreed well with the measurements. The hot-top positive segregation occupies about 1/3 of the ingot height. The maximum segregation index is ∼1.7 with the three-phase model and four-phase inclusion model, ∼1.3 with the four-phase shrinkage model, and ∼1.2 with the five-phase model respectively, but the measurement value is less than 1. The reason may be that the solute and mass transfer is easier in simulation than in the practical solidification process, so the remaining liquid in the final stage of solidification is richer in solute, which means the positive segregation is more severe. Additionally, the tendency of the segregation index to rise along with the ingot height is similar for different model considerations, but model results without shrinkage have a platform or flat valley in the riser region. The solidification shrinkage makes the concentration change of remained liquid more uniform.
Figures 11B–D show the segregation index comparison along three horizontal lines of the ingot. In Figure 11B, the predicted concentration is lower at this height (0.6 m), but its trend is identical with that of measurement. The mismatch in the middle section of the curves is related to the shape and width of the negative segregation cone. In Figure 11C, the radial solute concentration fluctuates, proving that there is channel segregation in this part. In Figure 11D, there is transition from positive segregation to negative segregation at the height of 2.8 m.
Moreover, since the effect of the inclusion on macrosegregation is underestimated as aforementioned, the five-phase model does not have distinct advantages compared with the four-phase shrinkage model in this work. Further research needs to be done on the interactions between inclusions and other phases.
CONCLUSION
A five-phase model was proposed to predict the shrinkage cavity, inclusion distribution and macrosegregation simultaneously in a 36-ton steel ingot. The numerical and experimental results were compared to verify the model, and the influence of shrinkage and inclusion on macrosegregation was investigated. The main conclusions are as follows:
(1) The predicted results of the shrinkage cavity and macrosegregation in a 36-ton Fe-0.51 wt%C ingot are in a good agreement with experimental results.
(2) Inclusions with a smaller size are mainly in lower part of the ingot, while inclusions with a larger size tend to be located in upper part. A thin layer of inclusions tends to form close to the mold wall, and more inclusions reside in the last solidified segregation channels. The inclusion is easy to aggregate near the riser neck, and it is dragged by the solidification shrinkage. In addition, shrinkage will reduce the distribution density of inclusion in the middle part of the ingot.
(3) Bottom-located negative segregation is the result of the solute loss due to the sedimentation of equiaxed crystals and the outflow of solute-rich liquid in the mushy zone at the lower part of the ingot. A-type segregation results from the solidification undulation due to fluctuations of constitutional undercooling, and flow instability of solute-rich interdendritic liquid. The formation of negative segregation near the riser-neck is related to the insulation effect of riser insulating material.
(4) The solidification shrinkage affects the macrosegregation formation significantly in a steel ingot. It changes the location and shape of the positive segregation zone at the hot top, and reduces its range and severity. The range and severity of the negative segregation near the riser neck is also reduced. The number of the channels is slightly different as well. The simulation result of the five-phase model considering shrinkage is more accurate.
(5) The influence of inclusion on macrosegregation is small compared to that of solidification shrinkage. Inclusion changes the flow field during transportation in melt, and further affects the formation of macrosegregation.
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GLOSSARY
C: species concentration, wt%
c: specific heat
C0: initial concentration, wt%
dp: the diameter of inclusion particles, μm
g: volume fraction
K: drag coefficient, kg·m−3 s−1
k: thermal conductivity, W·m−1·k−1
L: latent heat, J·kg−1
N˙: nucleation rate, m−3 s−1
n: number density of equiaxed grains, m−3
nmax: maximum grain number density, m−3
p: pressure, N·m−2
R: grain radius, m
u: velocity, m·s−1
βC: concentration expansion coefficient, wt%−1
βT: thermal expansion coefficient, K−1
Γ: phase transfer rate, kg·m−3 s−1
δ: factor of diffusion length
ΔTN: undercooling for maximum nucleation rate, K
ΔTσ: Gaussian distribution width of nucleation, K
Δρ: solid-liquid density difference, kg·m−3
μ: viscosity, kg·m−1 s−1
ρ: density, kg·m−3
Subscripts
a: air phase
c: columnar dendrite
e: equiaxed grain
l: liquid phase
p: inclusion
ref: reference value
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