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Abstract: The electron beam cold hearth melting (EBCHM) process is one of the key processes
for titanium alloy production. However, EBCHM is prone to cause elemental volatilization and
segregation during the melting of aluminum-containing titanium alloys such as Ti-6wt%Al-4wt%V.
To gain deeper insights into the physical and chemical phenomena occurring during the EBCHM
process, this paper establishes melting process models for the Ti-6wt%Al-4wt%V titanium alloy in
a crystallizer with multiple overflow inlets. It examines the evolution of melt pool morphology,
flow dynamics, heat transfer, and mass transfer during the casting process. The results indicate
that the design of multi-overflow inlets can effectively suppress the longitudinal development of
impact pits within the melt pool, thereby preventing the formation of solidification defects such as
leaks in the melt. Concurrently, the diversion effect of multi-overflow inlets significantly enhances
the elemental homogeneity within the melt pool. At a casting speed of 20 mm/min and a casting
temperature of 2273 K, compared to a single overflow inlet, the design with three overflow inlets can
reduce the depth of thermal impact pits within the crystallizer by 132 mm and decrease the maximum
concentration difference in the Al element within the crystallizer by 0.933 wt.%. The aforementioned
simulation results provide a theoretical basis for the control of metallurgical and solidification defects
in large-scale titanium alloy ingots.

Keywords: electron beam cold hearth melting; numerical simulation; homogenization; Ti-6wt%Al-4wt%V

1. Introduction

Titanium and its alloys, such as Ti-6wt%Al-4wt%V, have low density, high tensile
strength, and good toughness, which make them highly valuable and show their potential
in aerospace, chemical, biomedical, and automotive lightweighting fields [1–5].

The traditional method for preparing the Ti-6wt%Al-4wt%V alloy is the VAR process,
which has been challenged by the EBCHM process in the last decade [6–9]. The schematic
diagram of the EBCHM is shown in Figure 1a, where the high-energy intensity electron
beam is used as the heat source for melting feedstocks and maintaining the fluidity of
molten alloy. Compared with VAR, the characteristic of EBCHM is that it introduces a
cold hearth, which physically separates the melting, refining, and casting processes, and
can more effectively remove the low-density inclusions (LDIs) formed by titanium and
elements such as N, O, C, and the high-density inclusions (HDIs) formed by elements
such as W. Thus, the EBCHM process has a unique advantage in digesting titanium
scraps [10], and effectively turns them into low-cost ultra-long titanium ingots (>10 m) [5].
In addition, EBCHM can flexibly change crystallizers with different sizes to produce slab
ingots with different standards, thereby avoiding the forging and rolling processes required
for VAR round ingots in the subsequent processing. This characteristic allows the iron and
steel industries to participate in the rolling parts in the titanium production chain, using
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the surplus steel rolling equipment to roll titanium ingots produced via EBCHM, thus
promoting competitiveness in the metal production field [11–15].

However, high-quality titanium or titanium alloy ingots require delicate control during
the EBCHM process under the high-temperature vacuum environment (above 1873 K,
0.001–0.1 Pa). It is necessary to control the physical environment around the melt and the
corresponding solidification process, avoiding defects, including excessive inclusions (both
LDIs and HDIs), surface checks, the heterogeneous distribution of elements, and so on, thus
ensuring the composition and morphology of the final solidified microstructure [16–18].
The detailed ingot quality control techniques of EBCHM include controlling the residence
time of titanium alloy in the cold hearth to eliminate and capture the inclusions; controlling
the melt pool in the crystallizer to maintain a reasonable shape and depth to reduce the
solidification defects during the casting process; and controlling the balance between the
element loss and element replenishment during the melting process to ensure that no macro-
segregation occurs in the ingot [19]. The above techniques are based on the rationality of
the selection of raw materials, and melting process parameters (melting power, melting
voltage, vacuum degree, cooling rate, etc.), which highly affect the interaction between
heat transfer, flow, mass transfer, solidification, and other physical phenomena during
the melting process. However, the melting environment inside the electron beam cold
hearth furnace (high temperature, vacuum, metal mist, electron beam interference, etc.) is
complex [20]. It is difficult to directly observe the physical phenomena during the melting
process [21,22]. Therefore, the multi-physics coupling numerical model has become a key
means to clarify the evolution law of physical phenomena during the electron beam cold
hearth melting process [23,24].

Zhuk et al. established a steady-state numerical model of electron beam cold hearth
melting of titanium alloy based on heat transfer and solidification theory, clarified the
formation process of melt pool, and analyzed the correlation between the melting process
window and melt pool depth [25]. In 2014, Zhao et al. used the finite volume method
to establish a numerical model; studied the heat transfer, flow, and solidification process
in Ti-6wt%Al-4wt%V titanium alloy melt pool under electron beam heating conditions;
and simulated the formation process and influencing factors of melt pool morphology [26].
Klassen et al. established a numerical model for a small-scale electron beam additive manu-
facturing equipment, simulated the melting and volatilization process of Ti-6wt%Al-4wt%V
titanium alloy under electron beam heating conditions, and studied the influence law of
energy and mass transfer phenomena caused by volatilization on melt pool morphology
evolution [27]. In 2017, this model further coupled with the mass transfer equation clarified
the composition distribution and evolution law of Ti-48Al-2Cr-2Nb titanium alloy melt
pool during the electron beam additive manufacturing process and provided a theoretical
basis for the quality control of titanium alloy components during the additive manufac-
turing process [23]. Shuster et al. conducted a numerical simulation study on shrinkage
porosity control during the electron beam cold hearth melting of a titanium alloy, proposed
control conditions to reduce porosity volume, and provided an optimization scheme for the
practical production process [28]. It can be seen that establishing a multi-physics coupling
numerical model is a key process to reveal the physical phenomena and their evolution
law in the melt pool during electron beam cold hearth melting of the Ti-6wt%Al-4wt%V
titanium alloy. The simulation results are important for analyzing momentum transfer,
heat transfer, and mass transfer phenomena during casting. They can provide a theoretical
basis for clarifying the correlation between process parameters and defect formation and
propose a quality control scheme for ingot.

In our previous work, we established a three-dimensional transient multi-physics
coupling numerical simulation model to understand the evolution process of melt pool
morphology in large-scale Ti-6wt%Al-4wt%V ingots (slab/round) during the melting pro-
cess, flow state in the melt pool, and its influence law on the composition homogenization
process [29–31].
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For ingots with a small cross-sectional area, increasing the pulling speed during the
melting process can form a melt pool stirring vortex zone along the longitudinal direction
in the melt pool, effectively improving the homogenization efficiency of the melt body, and
obtaining ingots with uniform chemical composition. However, there are still many unclear
aspects in the existing research. It was found that increasing the casting and pulling speed
did not significantly improve the chemical composition homogenization of large-scale slab
ingots [32]. The main reason is that increasing the pulling speed will significantly increase
the depth of the melt pit at the overflow inlet, limit the diffusion of the melt body outward,
and easily cause leakage, affecting the solidification microstructure quality of the ingot.

In summary, to further understand the electron beam cold hearth process, this paper
uses the verified three-dimensional transient multi-physics coupling numerical simulation
model [29–31]. A numerical model is used to explore the casting process under a multi-
overflow inlet design condition to reduce the possibility of leakage under a high flow rate
in the crystallizer. The melting body is dispersed and poured into different positions of
crystallizer, aiming to provide suggestions for the precise control of macro-segregation in a
large-scale Ti-6wt%Al-4wt%V slab ingot EBCHM process.
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Figure 1. The schematic diagram of EBCHM (a); (b) single overflow inlet (Reproduced with per-
mission from [31], published by Elsevier 2020); (c) three overflow inlets; (d) descriptions of physical
properties of Ti-6wt%Al-4wt%V utilized in the present numerical model (adapted from [33]).
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2. Model Description

The melting and casting process of EBCHM consists of three main phases: initial
startup, steady-state operation, and make-up shrinkage phase. During the initial startup
phase, a hydraulic arm pushes the feedstock from the feed system into the furnace chamber
at a specific speed, where the feedstock is melted under the scanning heat of the electron
beam. The molten titanium and titanium alloys flow through the refining cold hearth
and into the water-cooled crystallizer area, which is equipped with ingot heads. Once
the crystallizer is filled with melt, the ingot head begins to withdraw downwards, and
after a certain period, the casting process transitions to a steady-state operation. During
steady-state operation, the casting rate is controlled by the melting rate of the raw material.
By maintaining a balance between the ingot pulling speed and the melting rate, a stable
liquid bath is formed, the shape of which is determined by a combination of process param-
eters [34]. To further understand the physical and chemical phenomena that occur during
the electron beam cold hearth melting process, this paper established the melting process
models of the Ti-6wt%Al-4wt%V titanium alloy for the crystallizer (220 mm × 1050 mm)
and studied the element loss control and homogenization behavior of the Ti-6wt%Al-
4wt%V titanium alloy melt under high-temperature and high-vacuum conditions. In our
previous research [29], we discovered that as long as the scanning frequency of the electron
beam heat source is sufficiently high and the scanning gaps are sufficiently short, it can be
considered a uniform surface heat source. Therefore, we assume the electron beam heat
source to be a uniform surface heat source. The mathematical equations, design parameters,
and boundary conditions based on the model are shown as follows.

2.1. Physical Phenomenon Model Equation

The physical phenomena in EBCHM mainly include metal melting and solidification,
mass and heat transfer under flow influence, and continuous element volatilization on
the melt pool surface. The numerical model established in this paper uses the solidifica-
tion/melting model and the species transport model to calculate the solidification and
mass transfer phenomena during the continuous casting process, respectively. The surface
reaction is activated on the melt surface to study the influence of volatilization on the
composition distribution of the melt pool and solidified part. A user-defined function
programming model implements some specific parameter changes.

The equations involved are as follows:
Mass conservation

∂ρ

∂t
+∇ · (ρ→ν ) = 0 (1)

Since the volatilization of Ti and Al causes material loss, the conservation of total mass
and surface mass does not exist, and the conservation of mass only exists in the interior of
the melt.

Momentum conservation

∂

∂t
(ρ

→
v ) +∇ · ρ

→
v
→
v ) = −∇p +∇ · (=τ) + ρ

→
g +

→
S i,P +

→
S i,m (2)

where Si,P is the thermosolutal buoyancy.

∂

∂t
(ρ

→
v ) +∇ · (ρ→v →

v ) = −∇p +∇ · (=τ) + ρ
→
g +

→
S i,P +

→
S i,m (3)

The momentum sink Si,m in the mushy zone has the following form:

Si,m =

(
1 − β)2

(β3 + 0.01)
Amushy(

→
ν −→

ν p) (4)
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where β is the liquid fraction, Amushy is the mushy zone constant, and
→
ν p is the solid

velocity owing to the casting speed. The name for solidification modeling is the enthalpy–
porosity technique.

Energy equations

H = h + ∆H = hre f +
∫ T

Tre f

cpdT + β∆H f (5)

∂

∂t
(ρH) +∇ · (ρ→v H) = ∇ · (k∇T) + Qr (6)

where Qr is reaction heat source term.
Species equations
To simulate the evaporation, mixing, and transport of aluminum during EBCHM, a

convection-diffusion equation was added to predict the local mass fraction of each species,
Yi,liq, namely Al and Ti in the present case. This conservation equation has the following
general form:

∂
∂t (ρYi,liq) +∇ · (ρ[β→

v liqYi,liq + (1 − β)
→
v pYi,sol ])

= Ri +∇ · (ρβDi,m,liq∇Yi,liq)− KiYi,liq
∂
∂t (ρ(1 − β)) + ∂

∂t (ρ(1 − β)Yi,liq)
(7)

where Ri is the net rate of the evaporation of species i via chemical reaction. An equation
of this form will be solved for N = 1 species, where N is the total number of fluid phase
chemical species in the system. In the present study, N = 2 because Al and Ti are mainly
considered, and the evaporation of aluminum is assumed to be irreversible. The molar rate
of the evaporation of Al (Ri) can be calculated via the forward rate constant for the reaction
k f ,r with data provided in Refs. [35,36] using the following equation:

Ri = k f ,r(∏Ng
i=1[Ci]

n
′
i,g,r

su f )(∏Ns
j=1[Si]

η
′
j,s,r

su f ) (8)

k f ,r = ArTβr e−Er/RT (9)

The liquid (Yi,liq) and solid (Yi,sol) mass fractions are related to each other by the
partition coefficient Ki:

Yi,sol = KiYi,liq (10)

Supporting relations
The liquid fraction b, which is the fraction of the cell volume that is in the liquid form,

is associated with each cell in the calculation domain based on the following equation:

βn+1 = βn − λ
ap
(
Tc − T*)∆t

ρVcLc − ap∆tLc
∂T*

∂β

(11)

where the superscript n indicates the iteration number, λ is the relaxation factor with a
default value of 0.9, ap is the cell–matrix coefficient, ∆t is the time step, ρ is the current
density, Vc is the cell volume, Lc is the latent heat, Tc is the current cell temperature, and
T* is the interface temperature. In the current study, the Scheil rule model was used for
species segregation at the micro-scale, and the corresponding T* [35,36] was calculated by

T* = Tmelt + ∑Nt−1
i=0 miYiβ

Ki−1 (12)

where Tmelt is the melting temperature, Nt is the number of species, Ki is the partition
coefficient of solute Al, and mi is the slope of the liquidus surface.
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2.2. Computational Domain and Boundary Conditions

The numerical simulation model involved in this paper is established using ANSYS
Fluent 17.0 software. A half-symmetric geometric structure is selected as the computational
domain to save computation time. The crystallizer design is for the casting demand
of 220 mm × 1050 mm slab ingot, divided into two types in the present work: single-
overflow-inlet-casting crystallizers and three-overflow-inlet-casting crystallizers, as shown
in Figure 1b,c, along with the corresponding boundary conditions. The single-overflow-
inlet-casting crystallizer is based on the actual equipment, and its corresponding geometric
dimensions have been described in detail in our previous work (Figure 1b) [29–31]. The
three-overflow-inlet crystallizer is a new design proposed for the first time in this article
to divert the cold hearth melt (Figure 1c). According to the grid independence test, the
computational domains described by a single overflow inlet and three overflow inlets
consist of hexahedral grids for the overflow inlet and crystallizer.

The calculated parameter values used in the model computations are shown in Table 1.
In the EBCHM process, the crystallizer has a water-cooling environment, and the corre-
sponding heat transfer coefficient is taken as 2000 W/(m2·K) according to the literature
suggestion [33]. The solute redistribution coefficient of elemental Al within Ti-6 wt%Al-4
wt%V during solidification is 1.167 [34]. We used FLUENT’s Scheil rule model within
the solid phase (assuming no diffusion within the solid phase). The liquid and solidus
temperatures of Ti-6wt%Al-4wt%V are taken from the literature [33], which are 1928 K and
1878 K, respectively. The thermal conductivity k, specific heat Cp, liquid fraction β, and
density ρ of Ti-6wt%Al-4wt%V are taken from the literature [33], and the results are shown
in Figure 1d. The diffusivity of aluminum in molten Ti-6wt%Al-4wt%V was provided in
reference [31]. Pressure–velocity coupling is used as the coupling algorithm; discrete model
selection is PRESTO, based on Green–Gauss cell and third-order MUSCL.

Table 1. Calculated parameter values.

Name of Parameter Value References

Solute redistribution coefficient 1.167 [34]
Heat transfer coefficient 2000 W/(m2·K) [33]

Solid temperature 1928 K [33]
Liquid temperature 1878 K

[33]
Conductivity k Figure 1d
Specific heat Cp Figure 1d

Liquid fraction β Figure 1d
Density ρ Figure 1d

2.3. Model Validation

The actual EBCHM of the Ti-6wt%Al-4wt%V titanium alloy takes a long time, and it is
difficult to precisely control the pulling speed, temperature, and vacuum degree. However,
due to the objective qualitative relationship between various parameters in the casting
process, the collected data can be used to indirectly infer the accuracy of the model. Our
previous work verified the accuracy of the numerical model established for predicting
the physical and chemical processes in the crystallizer [29–31], in which the accuracy
of the model for solidification process is verified according to the electron beam button
experiments [33], as shown in Figure 2a, and the accuracy of the model for evaporation
and mass transfer of the aluminum is verified as shown in Figure 2b, using the experiment
data supported by the literature [37].
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3. Results and Discussion
3.1. Comparative Analysis of Al Element Homogenization between Single- and Three-Inlet
Crystallizers in EBCHM

Our previous research has revealed the process of aluminum element segregation
in the crystallizer by applying a single overflow inlet when casting 1050 mm × 220 mm
Ti-6wt%Al-4wt%V slab ingot [30] (melting temperature of 2073–2273 K, pulling speed of
8–15 mm/min). Under the influence of a high melting temperature (2273 K) and relatively
slow solute replenishment speed (8 mm/min), severe element segregation occurred at the
boundary position of the ingot, which was challenging to meet the alloy configuration
standard, as shown in Figure 3a. In our previous research, we tried to increase the solute re-
plenishment speed by increasing the casting pulling speed from 8 mm/min to 15 mm/min,
but the homogenization effect of the melt pool obtained was not ideal [30]. The main reason
was that the thermal shock pit near the overflow inlet developed longitudinally, reducing
mass transfer efficiency. The thermal shock pit is caused by the continuous replenishment
of fluid energy at the overflow inlet during the solidification process of the ingot, and its
depth is proportional to the casting speed. The melting body will form a vortex in the
thermal shock pit, continuously consuming the overflow inlet’s kinetic energy. Therefore,
increasing casting speed has limited help in improving mass transfer efficiency, and it is
challenging to suppress element segregation in the ingot effectively.

This paper further studies the improvement of homogenization conditions in crystal-
lizer melt pool under a high pulling speed of 20 mm/min via the numerical simulation
method, as shown in Figure 3b. This research results show that under this extremely high
casting speed condition, the homogenization of cast ingot in crystallizer is significantly
improved but at the cost of the rapid development of thermal shock deep pit at the overflow
inlet, which increases from 0.049 m at 8 mm/min to 0.198 m at 20 mm/min, making it
difficult for a large area near the overflow inlet to form a stable billet shell, which is prone
to leakage, forming cold shuts, scabs, and other solidification defects. To explore possible
methods to solve this problem, we tried to use a crystallizer applying three overflow inlets
to divert the melt body, increase melt pool element replenishment while reducing thermal
shock pit depth, reduce kinetic energy loss, and, thus, increase element homogenization
efficiency in the melt pool. The melt pool cross-section, flow streamline mode, and alu-
minum content distribution obtained under a casting speed of 20 mm/min and casting
temperature of 2273 K are shown in Figure 3c, and the thermal shock pit depth is 0.066 m.
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As shown in Figure 3c, three evenly distributed overflow inlets can make element
replenishment in the melt pool more uniform and faster, fully solving the problem of
uneven mass transfer and slow speed caused by one overflow inlet. At high pulling
speeds, the thermal shock deep pit noticed in the pool was also restricted when overflow
inlets increased.

We further analyzed the element segregation results to more quantitatively describe
the difference between the two homogenization strategies. We took cross-sections at
y = 110 mm and x = 0, 105, 210, 315, and 420 mm in Figure 3b,c, respectively, and the corre-
sponding changes in Al element concentration at their intersection are shown in Figure 4a,b.
Due to less element evaporation, the Al element concentration increases continuously along
the casting direction. In the solidification area, the maximum concentration difference in
Al at the intersection of cross-sections is around 1 wt.%, as shown in Figure 4a, which is
higher than the 0.643 wt.% obtained in the crystallizer melt pool using the design of three
overflow inlets as shown in Figure 4b.
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To evaluate the segregation degree on the melt pool and solidified cross-sections,
we took point data of Al element concentration in the melt pool and on cross-sections in
Figure 3b,c, respectively, and plotted the corresponding data of Al element concentration
in descending order as shown in Figure 5a,b, respectively. In Figure 5a,b, the horizontal
axis is the percentage of selected data in the dataset. For an ideal mixing pool, the slope
of the plotting area should be close to zero. Conversely, a steep slope of the plotting
area represents an insufficient mixing pool. Quantitatively, the segregation degree Φ of
extracted data is defined as the ratio of the sum of mixture concentration to the sum of
initial concentration using Equation (13):

Φ =
sum of mixture Alconcentrations
sum of initial Alconcentrations

(13)
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Our findings indicate that the degree of segregation, determined by data extraction,
results in Φl and Φc values of 0.8376 and 0.8404 within the melt pool and the solidification
section, respectively. Compared to the melt pool in the single-overflow crystallizer, the
slope change is more gradual, suggesting a more evenly balanced Al content within the
melt pool, resulting in superior homogenization. A greater Φl in the melt pool of the single
overflow, the crystallizer can be attributed to the deeper overall depth of the melt, with less
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renewal at the flanks. This reduces volatilization efficiency at the flank, causing a greater
overall elemental loss than in the three overflow inlet crystallizers.

3.2. Influence of Pouring Temperature on Crystallizer in Three Overflow Inlets in EBCHM

To evaluate the influence of pouring temperature on the morphology of the melt pool
and the degree of Al segregation, the EBCHM condition with a pulling speed of 20 mm/min
was studied at respective temperatures of 2073 K, 2123 K, 2173 K, 2223 K, and 2273 K. The
corresponding cross-sections of the melt pool are depicted in Figure 6a–e. Under the
casting speed studied (20 mm/min), the pouring temperature has minor effects on the
melt pool shape, with the maximum depth of the melt pool near the overflow position
varying between 48 mm and 80 mm. More stable configured melt pools favor the grain
refinement of the ingot, as they permit the formation of dendritic structures parallel to
the chunk axis [38]. The corresponding average velocity (u) within the pool ranged from
4.64 mm/s to 6.58 mm/s. Using the Reynolds number to distinguish between laminar
and turbulent flows, the evolution of the flow state in the x-direction, Re, is presented in
Figure 6f, calculated using the following equation [39]:

Re = ρuL/ (14)
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Figure 6. Under the conditions of pouring temperatures of (a) 2073 K, (b) 2123 K, (c) 2173 K,
(d) 2223 K, and (e) 2273 K, and a casting speed of 20 mm/min, EBCHM obtained the normalized
velocity distributions in the y-z plane for a series of equally spaced slices at x = 0, 105, 210, 315, and
420 mm; (f) the average Reynolds number on the slices in the pool.
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Among them, ρ is the density (kg/m3), u is the velocity (m/s), L is the characteristic
length (m), and is the dynamic viscosity (Pa·s). The flow state in the pool is laminar
flow; because the Re decreases along the x direction, the maximum Re value is below
900. Therefore, the effect of turbulent diffusion on the results of the aluminum transport
equation can be ignored.

Figure 7a illustrates the positions of the cross-sections in the mold at x = 0 mm,
x = 250 mm, and x = 500 mm. Figure 7b presents the melt pool depths at these positions
under various temperatures. The cross-section at x = 0 mm corresponds to the red melt pool,
the cross-section at x = 250 mm corresponds to the green melt pool, and the cross-section
at x = 500 mm corresponds to the blue melt pool. The overflow ports at x = 0 mm and
x = 250 mm are located on the same side, resulting in nearly overlapping melt pool profiles
for these positions. At a casting temperature of 2073 K, the maximum melt pool depth is
77.5 mm; when the casting temperature increases to 2223 K, the melt pool depth significantly
decreases, with a minimum depth of 47.9 mm. In contrast, the melt pool at x = 500 mm,
situated on the opposite side of the overflow port, shows minimal depth variation with
different casting temperatures, maintaining relatively stable depths across temperatures.
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Figure 7. (a) Schematic of melt pool cross-sections at x = 0, 250, and 500 mm within the mold. (b) Bar
chart of melt pool depths at a casting speed of 20 mm/min and casting temperatures of 2073 K, 2123 K,
2173 K, and 2223 K. Melt pool profiles at a casting speed of 20 mm/min and casting temperatures of
(c) 2073 K, (d) 2123 K, (e) 2173 K, (f) 2223 K, and (g) 2173 K for the three cross-section positions.

In summary, the melt pool depths at x = 0 mm and x = 250 mm, on the same side as the
overflow port, vary significantly with casting temperature. However, at x = 500 mm on the
opposite side, the depths remain relatively constant. This indicates that the position of the
overflow port and the casting temperature are critical factors affecting the melt pool depth.

The distribution of Al within the melt pool under different casting temperatures is
shown in Figure 8a–e. The average concentration in the melt pool decreases as the casting
temperature increases. Specifically, when the ingot temperatures are 2073 K, 2123 K, 2173 K,
2223 K, and 2273 K, the average Al concentrations within the melt pool are 6.88%, 6.77%,
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6.52%, 6.32%, and 5.88%, respectively. The corresponding standard deviations of the Al
concentrations are 0.13, 0.28, 0.62, 0.77, and 1.13. The data distribution of Al in the melt
pool at different temperatures, based on nodal data within the melt pool region, is depicted
in Figure 8f. The results show that the corresponding segregation degree Φl at casting
temperatures of 2073 K, 2123 K, 2173 K, 2223 K, and 2273 K are 0.98, 0.97, 0.93, 0.90, and
0.84, respectively.
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Figure 8. Distribution of aluminum concentration in the molten pool of ingot at temperatures of
(a) 2073 K, (b) 2123 K, (c) 2173 K, (d) 2223 K, and (e) 2273K; casting speed of 20 mm/min; (f) change
in Al segregation degree Φl in molten pool with pouring temperature.

Figure 9a–e present the distribution of Al in the solidification section when the ingot
temperatures are 2073 K, 2123 K, 2173 K, 2223 K, and 2273 K with a pulling speed of
20 mm/min. The corresponding average Al concentrations are 6.80%, 6.68%, 6.47%, 6.22%,
and 5.86%, with standard deviations of 0.28, 0.43, 0.70, 0.96, and 1.33, respectively. Based
on the data from this section, the data distribution of Al concentration in the solidification
section is shown in Figure 9f. The corresponding segregation degrees of Φc are 0.97, 0.95,
0.92, 0.89, and 0.83, respectively.
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Figure 9. Distribution of aluminum on solidification cross-section (Z = 220 mm) of ingot at (a) 2073 K,
(b) 2123 K, (c) 2173 K, (d) 2223 K, and (e) 2273 K, with a casting speed of 20 mm/min; (f) change in Al
segregation degree Φc on the solidification section with pouring temperature.

The discussions above show that macro-segregation within EBCHM ingots can be
effectively managed through appropriate casting conditions. As shown in Table 2, within
the temperature range of 2073–2273 K, the elemental segregation in the melt pool and
the final ingot is kept above 0.8. The primary segregation locations of the elements are
confined to the peripheries of the ingot. Subsequent surface peeling operations should
further enhance the quality of the ingot.

Table 2. The segregation degrees in the EBCHM ingots with different casting conditions.

Pouring Temperature (K) Φl Φc

2073 0.9826 0.9717
2123 0.9667 0.9539
2173 0.9312 0.9238
2223 0.9029 0.8888
2273 0.8404 0.8376
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4. Conclusions

The electron beam cold hearth melting (EBCHM) process is vital in titanium alloy
production, improving ingot quality and casting efficiency. To better understand the
physical and chemical phenomena in the EBCHM process, we modeled the Ti-6wt%Al-
4wt%V titanium alloy melting process for a 220 mm × 1050 mm crystallizer. The study
examines the casting process with a multi-overflow-inlet design to reduce leakage risk at
high flow rates compared to a single-overflow-inlet crystallizer. These models investigate
solidification, flow, heat transfer, and mass transfer in the melt pool during casting. The
key conclusions include the following:

(1) The crystallizer with three overflow inlets, at a casting speed of 20 mm/min and
ingot temperatures from 2073 K to 2273 K, resulted in a thermal impact pit depth of
48–80 mm. Average Reynolds numbers at five cross-sections were 310, 317, 219, 210,
and 288, respectively. Compared to a single inlet, this design reduced pit depth by
132 mm, improving solidification quality under high temperatures and speeds.

(2) As the temperature decreased from 2273 K to 2073 K, Al segregation in the three-
overflow-inlet crystallizer increased from 0.84 to 0.98 in the melt pool and from 0.84
to 0.97 in the solidification cross-section. Compared to a single inlet, the maximum
Al concentration difference decreased by 0.933 wt.%, showing that multiple overflow
inlets improve homogenization and reduce segregation.
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Nomenclature

β liquid fraction
βc,i concentration expansion coefficient of component i, 1/wt.%
βT thermal expansion coefficient, 1/K
λ relaxation factor with a default value
Tc cell temperature, K
T∗ interface temperature, K
ρ density, kg/m3

Vc cell volume, m3

Lc latent heat of the material, J/kg
ap cell–matrix coefficient
∆t time-step, s
Tmelt melting temperature, K
Ns number of species
mi the slope of the liquidus surface with respect to Yi
Yi the mass fraction of solute i
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Ki the partition coefficient of solute i
S1 the momentum sink
εc a small number (0.001) to prevent division by zero
Amush mushy zone constant
→
v cell velocity, m/s
→
v p pull velocity, m/s
Tliq liquidus temperature of the material, K
T temperature, K
Qr reaction heat source term, W/m3

R universal gas constant, J/mol K
Ri reaction rate, kg/m2 s
→
v liq velocity of the liquid, m/s
Di,m,liq mass diffusion coefficient for species in the mixture, m2/s
k f ,r forward rate constant for reaction r
Ng number of gaseous species
[Ci]su f molar concentrations of gaseous species
[Si]su f molar concentrations of site species
η
′

i.g,r and η
′

i.s,r the rate exponents for the ith gaseous species as reactant and product, respectively
η
′

j.g,r and η
′

j.s,r the rate exponents for the jth gaseous species as reactant and product, respectively
Ar pre-exponential factor (consistent units)
βr temperature exponent (dimensionless)
Er activation energy for the reaction, J/mol
µ dynamic viscosity, Pa·s
u velocity of the fluid with respect to the object, m/s
L characteristic length, m
Re Reynolds number
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