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1 Introduction
The connecting shaft between the support arm and the base 
is the main bearing part of hydraulic support equipment for 
mining. As the equipment size increases, manufacturers 
raise their expectations for the mechanical properties 
of connecting shafts. During the casting of connecting 
shafts, macrosegregation hinders the improvement of 
mechanical properties [1]. The primary mechanism for 
macrosegregation is the relative movement between 
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solute-enriched melt and solidified dendrites during 
solidification [2]. Several factors contribute to this 
relative movement, including thermal solute convection 
in the melt during solidification [3-5], sedimentation 
of equiaxed crystals [6,7], thermal shrinkage and 
solidification shrinkage [8-12], forced convection under 
a magnetic field [13-16], and shell deformation caused by 
mechanical reduction [17-19]. However, equiaxed crystal 
sedimentation is obviously an important factor affecting 
macrosegregation for ingot casting. 

Solute transport with equiaxed crystal sedimentation 
has been extensively studied. In 1994, Charbon et al. [20]

introduced a mathematical model to elucidate the 
convective flow induced by settlement of equiaxed 
crystals in small ingots. The effects of equiaxed 
crystal movement on microstructure, solid/liquid 
interfacial behavior for eutectic alloys with varying 
casting parameters were evaluated simultaneously. 
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Subsequently, they developed a two-phase solidification 
model that incorporated convective flow and equiaxed crystal 
settlement to predict microstructure and macrosegregation in 
ingots. Their findings indicated that equiaxed crystal settlement 
could result in negative macrosegregation at the bottom of the 
ingot, while it influenced positive macrosegregation in the upper 
part of the ingot. Based on the Eulerian approach, Zhang et al. [7]

used a two-phase model to simulate the solidification of an 
ingot. In this model, equiaxed crystal nucleation, microstructure 
evolution, grain/crystal dissociation, precipitation, melt 
convection, and solute transport were fully considered. They 
found that the movement of equiaxed crystals significantly 
affected melt flow and solidification, and the settlement of 
spherical equiaxed crystals was the main reason for negative 
segregation. In 2009, Combeau et al. [23] developed a multiphase 
model to describe the microstructure evolution and movement 
of equiaxed crystals. This model fully considered melt flow 
between dendrites, blocked crystal migration, and equiaxed 
crystal movement in the ingot and analyzed the corresponding 
microstructure and macrosegregation. Recently, Zhang et al. [24] 
used a two-phase solidification model to study the nucleation 
and remelting of equiaxed crystals. The mechanism of solute 
and energy transport plays a crucial role in determining the 
heterogeneity of microstructure and element distribution during 
solidification. Studying this mechanism can further enhance 
our understanding of equiaxed crystal nucleation, dendrite 
remelting, and fragmentation. However, it is important to 
note that considering only equiaxed crystal migration during 
solidification is not sufficient for a comprehensive understanding. 
The influences of columnar dendrites and columnar-to-equiaxed 
(CET) on macrosegregation have not been extensively studied 
in the context of equiaxed crystal sedimentation theory. This 
emphasizes the need for systematic research to comprehensively 
understand how these factors influence macrosegregation during 
solidification.

In this study, an Eulerian-Eulerian multiphase solidification 
model that couples melt flow, heat transfer, microstructure 
evolution, and solute transport was developed based on 
the finite volume method. In this model, the effects of the 
liquid phase, equiaxed crystal, columnar dendrite, and CET 
during solidification on the evolution of microstructure were 
considered simultaneously. Finally, to validate this multiphase 
solidification model, macrosegregation was verified by using 
infrared carbon-sulfur analysis.

2 Model description
An Eulerian-Eulerian multiphase solidification model was 
developed based on the finite volume method. One of the 
major advantages of this model is its ability to separately solve 
the transport equations for different phases. By considering 
equiaxed crystal sedimentation, the model allows for 
simultaneous calculation of conservation equations involving 
mass, momentum, energy, and species transfers during the 
solidification process.

2.1 General assumption
To better use mathematical equations to characterize the 
complex solidification phenomenon described above, certain 
assumptions about the physical phenomena were presented as 
follows:

(1) The characters of fl, fe, and fc represented the volume 
fractions of different phases: the liquid phase (fl), equiaxed 
crystals (fe), and columnar dendrites (fc). The sum of the 
volume fractions for all phases was 1 [24].

(2) To achieve local thermal equilibrium at lower melt 
velocities and ensure sufficient heat exchange between each 
phase, a larger diffusional heat exchange coefficient (H*=108) 
was employed to facilitate temperature balancing among the 
phases [25].

(3) Elements such as Si, Mn, P, and S exhibit segregation 
behavior similar to that of carbon (C) on a macroscopic scale [26, 27].
Because the equilibrium distribution coefficients of these 
elements are less than 1, solute enrichment occurs in the liquid 
phase, leading to the formation of positive macrosegregation [28].
Consequently, in the multiphase solidification model, only 
carbon was considered.

(4) To give some physical properties to columnar dendrites 
and equiaxed crystals in solidified microstructures, the primary 
columnar dendrites were assumed to be cylindrical, and the 
equiaxed crystals were assumed to be spherical [29].

2.2 Mass conservation
The Eulerian-Eulerian volume-averaged mass conservation 
equations for each phase are as follows [30]:

(1)

(2)

(3)

(4)

(5)

where ρ l, ρe, and ρc are the densities of the liquid phase, 
equiaxed crystal, and columnar dendrite, respectively; , , and

 are the velocity vectors of the liquid phase, equiaxed crystal, 
and columnar dendrite, respectively; Sce represents the columnar-
equiaxed net mass transfer rate Sle represents the liquid-equiaxed 
net mass transfer rate; and Slc represents the liquid-columnar net 
mass transfer rate, which can be calculated by Eqs. (4) and (5) [31]:

In Eq. (4), the interfacial growth rate of the equiaxed crystal 
envelop (ve') and the growth rate of the dendritic tip (ve)
of anequiaxed crystal can be calculated using the Lipton-
Glicksman-Kurz (LGK) model [32]. Ae' represents the area 
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concentration of the equiaxed crystal. Is
e is the influencing 

factor of the crystal outline, equal to 0.683. ne is the nucleation 
density, and Re is the radius of the equiaxed crystal. In Eq. (5), 
vc

pri and vc
sec represent the growth velocities of the dendritic tip 

of the primary dendrite and secondary dendrite, which can be 
calculated by the Kurz-Giovanola-Trivedi (KGT) [33] and LGK 
models, respectively. Ac' denotes the area concentration of the 
columnar dendrite. Shape factor Is

c is equal to 0.7979. Rc and 
Rc' are the radii of the columnar dendrite arm and columnar 
dendrite tip, respectively. λ1 represents the primary dendrite 
arm spacing. i is state index, which can be used to mark 
different phases. ne and nc are the densities of equiaxed crystal 
and columnar dendrite.  is the mass transfer rate at the front 
of columnar dendrite tip.

2.3 Momentum conservation
To describe the melt flow in the calculation domain, the 
Navier-Stokes equations were used [33]:

(6)

(7)

(8)

(9)

(10)

where P is the pressure, μl and μe are the viscosities of the 
liquid phase and equiaxed crystal, and μt,k is the turbulent 
viscosity. As the source terms of the Navier-Stokes equations, 

, ,  and  are driving forces related to the thermal
buoyancy and solutal buoyancy of the liquid phase and 
equiaxed crystals;  is a discriminatory function; and , 

 and  are the momentum transfer source terms between 
different phases.

2.4 Energy conservation
The heat transfer model was used to ensure energy conservation 
and investigate the energy transfer between the liquid phase, 
equiaxed crystals, and columnar dendrites, as follows:

are the enthalpies of the liquid phase, equiaxed crystals, and 
columnar dendrites, k* is the effective thermal conductivity [34], 
and H is the phase transition enthalpy.

2.5 Species conservation equations
The species conservation equations are as follows [35]:

(11)

(12)

(13)

(14)

where cl, ce, and cc are the solute concentrations of the liquid 
phase, equiaxed crystals, and columnar dendrites, respectively. 
C le

P, C lc
P, and Cce

P are the source terms of solute transfer 
equation related to phase transfer, and Cle

D, Clc
D, and Cce

D are 
the source terms of solute transfer equation in connection with 
diffusion.

Degree of carbon macrosegregation (cmix/c0) is an important 
index to evaluate the macrosegregation during solidification of 
an ingot. The equation for this calculation is as follows [24]:

where cmix is the mass fraction of carbon according to the 
mixture theory, and c0 is the initial carbon mass fraction.

2.6 Dendrite growth kinetics
Based on the cellular automata (CA) principle [36], a dynamic 
growth model of columnar dendrites was established, and the 
equiaxed crystal distribution was defined using the Kernel 
density estimation (KDE) model [37]. When the columnar 
dendrites grow from the surface to the center of the calculation 
domain, the growth rate of the whole dendrite depends on 
the growth rate of the columnar dendrite tip. However, the 
preferred direction of the crystal was not considered when 
calculating the growth rate of the columnar dendrite tip. To 
achieve dynamic tracking of the columnar dendrite tip, the 
following assumptions were established:

(1) The calculation domain was divided into several volume 
elements, and each volume element was marked with different 
indexes (i) during solidification. The index (i) showed whether 
the volume element contained a columnar dendrite trunk (i=0), 
columnar dendrite tip (i=1), or liquid phase and equiaxed 
crystal (i=2). All volume elements were initialized with 
an index equal to 2 (i=2), and the index (i) of each volume 
element was updated with the microstructure evolution, as 
shown in Fig. 1.

(2) The size of each volume element was fixed, and 
the reference length (lref) was used to control the volume 
element size. When the columnar dendrite tip entered a 
volume element, it was necessary for its growth length to 
be greater than the reference length (lref) to pass through the 

where Tl, Te, and Tc are the temperatures of liquid phase, 
equiaxed crystal, and columnar dendrites, and Hl, He, and Hc 
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Fig. 1: Schematic diagram of microstructural evolution in 
multiphase solidification model

corresponding volume element. Therefore, the equivalent 
spherical surface (∆S) was used to calculate the reference 
length of each volume element [lref=2(∆S/π)0.5].

(3) When the index i=0, the corresponding volume element 
represented the columnar dendrite trunk, and the mass transfer 
between the high-temperature melt outside the solidified 
columnar dendrite and the columnar dendrite was artificially 
terminated. 

(4) In this work, the CET at the front of the columnar 
dendrite tip was considered by referencing "mechanical 
blocking" from the theory of Hunt [38]. When the local volume 
fraction (fe) of the equiaxed crystal exceeded a critical value 
(fe

CET=0.49), the growth rate of the columnar dendrite tip (vc
pri) 

was set to 0, and then the index of the volume element where 
the columnar dendrite tip was located was changed to 2.

In the description of microstructure evolution, the dynamic 
growth models of the columnar dendrite, equiaxed crystal 
nucleation, and Gaussian distribution model were mainly 
introduced in this study as follows:

2.6.1 Dynamic growth model of columnar dendrites

The columnar dendrite morphology was simplified as a 
multilayered cylinder. To precisely simulate columnar dendrite 
growth, it was necessary to consider the growth velocities of 
columnar dendrite trunk and columnar dendrite tip. Based on 
the Kurz-Giovanola-Trivedi (KGT) model [32], the growth rate 
of the dendrite tip in the dynamic growth model of columnar 
dendrites can be expressed as follows:

(15)

where a1 and a2 are fitting coefficients of columnar dendrite 
growth [16]. ∆T is the undercooling degree of columnar dendrite 
tip nucleation, which can be calculated by considering the 
influence of thermal undercooling degree (∆Tt), component 
undercooling degree (∆Tc), and curvature undercooling degree 
(∆Tr) simultaneously, as shown in Eq. (16):

dendrite trunk. Therefore, by the differential method, the growth 
rate of columnar dendrite tip was used to obtain the growth 
length (l) of the columnar dendrite, and the dynamic tracking of 
the position of the columnar dendritic tip was also realized. In 
the dynamic growth model of columnar dendrites, the different 
forms of columnar dendrite growth length can be expressed by 
Eq. (17):

(16)

(17)

(18)

2.6.2 Equiaxed crystal nucleation and Gaussian distribution 
model

In the multiphase solidification model, the conservation 
equation for calculating equiaxed crystals is as follows:

where ne and Ne are the nucleation density and nucleation rate 
of the equiaxed crystal, respectively. The morphology of the 
equiaxed crystal was simplified as a sphere in this study, and 
solute redistribution occurred at the boundary of the spherical 
crystal. By considering the undercooling (∆T) of the liquid phase 
at the front of the solidification interface, the kernel density 
estimation (KDE) model was used to predict the nucleation rate 
of equiaxed crystals [37], as shown in Eq. (19):

where, ∆Tσ and ∆TN are the standard deviation and average 
nucleation undercooling, respectively, which can be found 
in Table 1. nmax is the maximum nucleation density of the 
equiaxed crystal, which is set to 2.224×106 in this study.

2.7 Model geometry, experimental parameters, 
and solution strategy

To reduce the difficulty of the cutting process, the connecting 
shaft of the mine hydraulic support equipment is made from a 
cylindrical ingot. The solidification of a cylindrical ingot with a 
diameter of 130 mm and a height of 460 mm was investigated 
using Fluent software (ANSYS, Inc., Canonsburg, PA). To 
reduce computing resources, half of the vertical section of 
the cylindrical ingot was selected as the calculation domain, 
as shown in Fig. 2(a). As shown in Fig. 2(b), the boundary 
conditions of the calculation domain were divided into four 
regions: the top surface, bottom surface, cooling wall, and 
axis of symmetry. Because only the static solidification of the 
ingot was simulated, the velocity boundary condition for the 
calculation domain was not involved. The detailed boundary 
conditions for each phase in the multiphase solidification 
model of heat transfer are given in Table 1.

Based on the Eulerian-Eulerian approach, the conservation 
equations that couple heat transfer, melt flow, solute transfer, 
and microstructure evolution in the multiphase solidification 
model can be solved by using the phase-coupled SIMPLE 

When the growth length of the columnar dendrite tip was 
greater than the reference length (lref), the element index was 
immediately switched to that represented by the columnar 

(19)
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Fig. 3: Flow chart of calculation of the multiphase 
solidification model

Table 1: Detailed boundary conditions of heat transfer used 
in the simulation

Region Boundary condition Heat transfer 
coefficient

Top surface Convective 300 W·m-2·K-1

Bottom surface Convective 800 W·m-2·K-1

Cooling wall Convective 1,800 W·m-2·K-1

Symmetry axis Symmetry Zero-gradient

(PC-SIMPLE) algorithm. To reduce the standardized residuals 
of cl, ce, cc, fe, fc, , , p, and ne to less than the convergence 
limit (10-4) and reduce the standardized residuals of hl, he, and 
hc to less than 10-7, the number of iterations in each time step 
should not exceed 40 at most. When solving the conservation 
equations, the dynamic growth model of columnar dendrites 
in the microstructure was executed before each iteration, 
the position of the columnar dendrite tip was calibrated, and 
the columnar dendrite growth morphology at the current 
calculation time was determined. Then, based on the results 
of the last iteration, the source terms of each conservation 
equation and the equiaxed crystal nucleation model were 
solved iteratively. Finally, the conservation equations of mass, 
momentum, enthalpy, solute transport, and microstructure 
evolution were solved while the material properties were 
updated. A detailed flow chart of the calculation of the 
multiphase solidification model is shown in Fig. 3. The 
thermophysical properties and process parameters used in the 
simulation are shown in Table 2.

Fig. 2: Schematic representation of the whole calculation 
domain of geometric model (a) and corresponding 
mesh (b)

(a) (b)

3 Results and discussion
3.1 Distribution of temperature and velocity
In this work, different phases were assigned the same initial 
and boundary conditions, so, nearly identical temperature 
and velocity distributions were obtained by the multiphase 
solidification model. Therefore, only the temperature and 
velocity distributions of columnar dendrites are shown in Fig. 4.
In addition, since the insulating riser was not built in this 
simulation to feed the shrinkage near the ingot center, the top 
of the ingot is solidified at first, and the region above the ingot 
center is solidified at last during the solidification process.

The velocity distribution on the vertical section of the steel 
ingot for columnar dendrites is also shown in Fig. 4. As the 
solidification of the steel ingot was simulated in a static state, the 
forced convection flow with the effect of the external field was 
not imposed, the liquid phase only had a certain flow velocity 
under the influence of thermal buoyancy and solute buoyancy. 
Therefore, it can be seen from the velocity distribution of 
columnar dendrites that the upper middle part of the ingot has a 
certain flow velocity, indicating this was the final solidification 
region of the ingot.

3.2 Microstructure evolution
Figure 5 shows the volume fractions on the vertical section of 
the steel ingot for different phases, including the liquid phase, 
columnar dendrites, and equiaxed crystals. Figure 6(a) shows 
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Table 2: Thermophysical properties and process parameters used in the simulation

Item Symbol/Unit Value

Calculation domain size mm 130×460

Density (liquid/equiaxed/columnar) ρl, ρe, ρc (kg·m-3) 7,109/7,109/7,384

Conductivity (liquid/equiaxed/columnar) kl, ke, kc (W·m-1·K-1) 39/33/33

Specific heat (liquid/solid) cp(l), cp(s) (J·kg-1·K-1) 824.62/660.87

Liquidus slope m (K·wt·pct-1) -78

Latent heat of fusion ∆Hm (J·kg-1) 272,000

Initial carbon concentration c0 0.006

Liquid diffusion coefficient Dl (m
2·s-1) 2×10-8

Partition coefficient k 0.45

Adjustment factor β 0.8

Maximum nucleation density nmax (m
-3) 2.224×106

Standard deviation ∆Tσ (K) 1.5

Average nucleation undercooling ∆TN (K) 20

that the liquid phase is only present in the upper middle part of 
the ingot, which is also the final solidification area of the ingot. 
The distribution of liquid phase is consistent with that of the 
flow velocity. In Figs. 5(b) and (c), the columnar dendrites are 
mainly distributed in the upper middle part and corners of the 
steel ingot, and the equiaxed crystals are mainly distributed in 
the lower middle part at the center of the ingot. Figures 5(b) 
and (c) show that the CET occurs in the regions between the 
columnar dendrites and equiaxed crystals. In addition, Fig. 5(c) 
shows that the equiaxed crystals undergo obvious sedimentation 
during the solidification process, and a central zone of grain 
sediment forms in the lower-middle part of the ingot.

Figure 6 shows the volume fractions of different phases along 
the centerline of the vertical section of the steel ingot. The 
phase fractions of columnar dendrites and equiaxed crystals are 
interdependent and alternate along the centerline of the steel 
ingot. Especially for the lower middle part of the ingot, the 
larger volume fraction of equiaxed crystals hinders the further 
increase in the volume fraction of columnar dendrites.

If the degree of superheating of molten steel could be 
decreased, it could obviously inhibit the growth of columnar 
dendrites and expand the areas of equiaxed crystals. When the 
degree of superheating is high, the melt flow caused by thermal 
convection will be strengthened. The solute precipitated at the 
columnar dendrite tips in the early solidification stage will be 
transferred to the late solidification stage, which will intensify 
macrosegregation in the center of the steel ingot. Therefore, to 
reduce macrosegregation in steel ingots, a simple method is to 
reduce the degree of superheating during the casting process 
without applying an external field and changing the design of 
the ingot mold.

Fig. 4: Distributions of temperature (a) and velocity (b) 
on vertical section of the steel ingot for columnar 
dendrites

3.3 Mechanism of macrosegregation
Figure 7 shows the solute distributions of C on the vertical 
section of the steel ingot for different phases. The multiphase 
solidification model accurately calculated the solute 
concentrations for different phases, as shown in Fig. 8. However, 
the distribution of solute concentration in the whole ingot 
could not be calculated according to the solute concentration of 
one single phase. Combined with the volume fraction for each 
phase shown in Fig. 6, the distribution of solute concentration 
in the whole ingot should be obtained by the mixture theory. 
As shown in Fig. 8, it is obvious that for the liquid phase, the 

(a) (b)
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Fig. 5: Volume fractions of different phases on vertical section of steel ingot: (a) liquid; (b) columnar 
dendrite; and (c) equiaxed crystal

(a) (b) (c)

concentration of the whole ingot.
Figure 9 shows a comparison between the calculated and 

measured degree of macrosegregation (cmix/c0) on a vertical 
section of the steel ingot. In Fig. 9(a), the sedimentation of 
equiaxed crystals causes negative macrosegregation in the 
lower-middle part of the ingot, while significant A-type positive 
macrosegregation appears between the distribution regions of 
columnar dendrites and equiaxed crystals due to the CET. At the 
front of the solidification interface near the columnar dendrite tip, 
factors including the occurrence of CET behavior, the changes 
of solidification conditions, and the enrichment of solute element 
result in the flow of the liquid phase between equiaxed crystals in 
the microchannels generated by the local solidification shrinkage, 
thus A-type macrosegregation occurs. In the upper-middle part 
of the ingot, that is, the final solidification area of the ingot, 
obvious positive macrosegregation is formed. Most of the solute 
enriched liquid phase at the front of the solidification interface 
eventually converges in the final solidification area and produces 
severe positive macrosegregation. Compared with the etched 
macrostructure on the vertical section of the steel ingot shown 

Fig. 6: Volume fractions of phases along the centerline of 
vertical section of the steel ingot: (a) liquid; 

 (b) columnar dendrite; and (c) equiaxed crystal

Fig. 7: Solute distributions of C on vertical section of steel ingot for different phases: (a) liquid; (b) columnar 
dendrite; and (c) equiaxed crystal

(a) (b) (c)

solute concentration of the equiaxed crystal region is higher 
in the lower middle part of the ingot. However, because the 
fraction of the liquid phase is too low, the solute concentration 
of C in the liquid phase could not represent the solute 



CHINA  FOUNDRY Research & Development

Fig. 10: Schematic diagram of sedimentation of equiaxed 
crystals in a vertical section of steel ingot

Fig. 8: Solute concentrations of C along centerline of 
vertical section of steel ingot for different phases: 
(a) liquid; (b) columnar dendrite; and (c) equiaxed 
crystal

in Fig. 9(b), the calculated results for positive macrosegregation 
in the final solidification area are consistent with the measured 
results. For the area of equiaxed crystal sedimentation in the 
lower-middle part of the ingot, the calculated results are also in 
better agreement with the measured results.

During the solidification of the steel ingot, columnar 
dendrites grow perpendicular to the ingot surface toward the 
central liquid phase zone. As the temperature in the mushy 
zone continuously decreases, undercooling occurs at the 
columnar dendrite tip, and equiaxed crystals nucleate and grow 
at the front of the columnar dendrite tip. Due to the difference 
in the densities of the solid and liquid phases of steel and 
the free movement of equiaxed crystals formed in the liquid 
phase, equiaxed crystals gradually precipitate under the effect 
of gravity. At this point, the sedimentation of equiaxed crystals 
changes the time when the CET occurs, causing a shift in the 
position of final solidification. A schematic diagram of the 
sedimentation of equiaxed crystals in the vertical section of the 
steel ingot due to the effect of gravity is shown in Fig. 10.

Fig. 9: Comparison between calculated (a) and 
  measured (b) degree of macrosegregation (cmix/c0) 

on vertical section of steel ingot

In Fig. 10, under the effect of equiaxed crystal sedimentation, 
equiaxed crystals aggregate in the middle and lower parts of the 
steel ingot. This results in a significantly larger volume fraction 
of equiaxed crystals, while the volume fraction of equiaxed 
crystals in the upper part of the steel ingot decreases. When 
the volume fraction of equiaxed crystals near the columnar 
dendrite tip reaches the critical condition for CET, the growth of 
columnar dendrites stops, and only equiaxed crystals continue to 
nucleate and grow. However, if the volume fraction of equiaxed 
crystals near the tip of the columnar dendrite is low and the 
critical condition for CET has not been reached, the growth of 
columnar dendrites persists throughout the solidification process. 
This mechanism illustrates how the microstructure during 
solidification is influenced by the sedimentation of equiaxed 
crystals.

When solute poor equiaxed crystals deposit in the lower part 
of the steel ingot, the solute enriched liquid phase at the tip of the 
columnar dendrites around this area will accordingly flow with 
the equiaxed crystals. Therefore, due to the thermal buoyancy 
and solute buoyancy, negative macrosegregation occurs in the 
area of equiaxed crystal sedimentation at the middle and lower 
parts of the steel ingot, and positive macrosegregation appears at 
the upper part of the steel ingot.

3.4 Measurement results and model validation
Figure 11(a) shows the various positions and sizes of samples 
collected for measuring the degree of macrosegregation. To 
perform infrared carbon-sulfur analysis, 13 spots along the 
centerline of the vertical section of the steel ingot were drilled 

(a) (b)
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Fig. 11: A schematic diagram of samples (a) and the 
measured and calculated degrees of carbon 
macrosegregation along centerline of a vertical 
section of the steel ingot (b)

using a drill bit with a diameter of 4 mm. Figure 11(b) shows the 
measured and calculated degrees of carbon macrosegregation. 
The overall trends of the measured and calculated degrees of 
macrosegregation are similar, which prove that the results of the 
calculation using the multiphase solidification model are accurate.

4 Conclusions
In this study, a multiphase solidification model based on the 
Eulerian-Eulerian approach was used to investigate solidification 
and equiaxed crystal sedimentation in a steel ingot. The main 
conclusions are summarized as follows:

(1) The temperature distributions of the liquid phase, columnar 
dendrites, and equiaxed crystals are almost identical because 
the boundary conditions of different phases are the same in the 
multiphase solidification model. In addition, under the effects of 
thermal buoyancy and solute buoyancy, the liquid phase only has 
a certain flow velocity in the upper middle part of the ingot, which 
represents the final solidification region of the ingot.

(2) The columnar-to-equiaxed transition mainly occurs in the 
regions between the columnar dendrites and equiaxed crystals. 
Equiaxed crystals undergo obvious sedimentation during the 
solidification process, and a central fine-grained sediment zone 
forms in the lower middle part of the ingot. 

(3) The sedimentation of equiaxed crystals causes negative 
macrosegregation. Significant A-type positive macrosegregation 
appears between the columnar dendrites and equiaxed crystals 
regions due to the columnar-to-equiaxed transition. Obvious positive 
macrosegregation occurs in the area of final solidification in the ingot.

(4) The calculated results for macrosegregation on the vertical 
section of the steel ingot are consistent with the measured ones. 
This agreement proves that the multiphase solidification model used 
in this study is accurate.
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