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Abstract: In the production of titanium alloy, the electron beam cold hearth melting (EBCHM) process
is commonly used due to its effectiveness and the high quality of the end product. However, its main
drawback is the significant loss of elements such as aluminum (Al) due to evaporation under the
vacuum environment. Numerical coupled thermal-flow models were here developed to investigate
the effects of scanning strategies on Al loss in a titanium alloy during EBCHM. The validation model
was successful in comparison with previously published experimental data. The Al mass fraction
results at the outlet of the water-cooled hearth were strongly influenced by changes in the applied
scanning strategies. The results indicated that the Al mass fraction loss could be reduced by using
the full-hearth scanning strategies.

Keywords: EBCHM process; aluminum evaporation; scanning strategies

1. Introduction

Titanium and its alloys are widely used in high-performance products in a variety
of industries, including the aerospace, automotive, biomedical, and energy industries,
due to their outstanding properties such as light weight, excellent strength, high melting
temperature, and exceptional corrosion resistance [1,2]. Hence, requirements for precise
quality control are critical in the manufacturing processes of titanium alloys. There are
currently two consolidation processes used to produce commercial titanium alloy ingots:
vacuum arc remelting (VAR) and cold hearth melting (CHM) [2,3]. CHM is a recently
developed method that has several advantages over VAR, such as the automatic separation
of high-density inclusions, better control of the heat flux, flexibility in the choice of the feed
material, and the fact that it allows the direct casting of non-axisymmetric shapes [1,2,4].
There are two types of CHM furnace with different heat sources: plasma arc melting
(PAM) and electron beam cold hearth melting (EBCHM). An EBCHM furnace operates
in a vacuum, whereas a PAM furnace operates under the partial pressure of argon [2],
giving it the ability to eliminate volatile elements such as chloride and hydrogen in the
hearth [4]. Given these advantages, EBCHM is currently dominant in the production of
premium-quality titanium alloys.

A schematic of the EBCHM process is given in Figure 1, showing its two stages: (1)
melting and refining and (2) ingot casting or solidification. First, the feed material (such as
sponge or scrab obtained from the conversion of ore with abundant titanium into metallic
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titanium) is fed into the hearth. The feed materials are melted by electron beam guns and
then the molten metal flows along the water-cooled copper melting hearth. Its temperature
is continuously maintained by another computationally controlled electron beam gun on
the top of the liquid surface to compensate for the heat from radiation and conduction.
In this refining stage, any high-density inclusions sink and are trapped at the bottom of
the crucible, and the low-density inclusions evaporate or are dissolved in the liquid metal.
Finally, the molten metal flows over the outlet lip into a water-cooled copper mold to
solidify and is withdrawn in a solid form such as a round or slab-shaped ingot.
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Figure 1. Schematic of the EBCHM process.

The main challenge of this process is control over the ingot chemistry due to the
significant losses of elements in the titanium alloy under high vapor pressure, such as
aluminum (Al) lost by evaporation under the vacuum environment in the hearth. Several
studies have sought to improve the technology in the last two decades [4–11]. Isawa et al. [7]
investigated Al evaporation behavior in the EBCHM process using a 250 kW electron beam
(EB) furnace. Their results showed that Al evaporation occurred mainly in the hearth and
the Al yield (which is the ratio of the final Al concentration to the initial concentration)
increased with the casting rate. Based on their experimental results, the rate equation of
Al evaporation was determined by taking account of both reactions at the interface and
mass transfer in the melt. A recent study by Zhang et al. [11] experimentally examined the
relationships between the melting rate and the chemical composition of a Ti-6Al-4V alloy.
Their results showed that at the melting rates of 70, 100, and 140 kg/h, the Al volatilization
losses of the melted ingots were 22%, 16%, and 12%, respectively. Siwiec et al. [10] used
a pilot-scale experiment to analyze the Al loss due to evaporation in a vacuum induction
furnace at 5 to 1000 Pa and at 1973 K, 1998 K, and 2023 K. Their results confirmed a ~14%
to ~28% Al loss from the alloy compared to the initial composition (5.5% of the initial
mass). Powell et al. [8,9] estimated the activity coefficient of Al in a titanium alloy to be
0.063 at temperatures between 1943 K and 2432 K based on the melt and condensed vapor
composition and the hearth temperature profile. Additionally, Choi et al. [6] estimated
the activity coefficient at 2133 K to be in the range from 0.044 to 0.0495 in two different
experiment approaches using a laboratory electron beam furnace.

These studies provided influence trends for several related parameters, such as the
initial concentration, melting rate, and heat source power; however, there are obvious
limitations with regard to direct measurement and high costs, making it difficult to pro-
duce a comprehensive analysis with those methods. Thanks to the rapid development
of computation, however, more recent studies tend to use mathematical models to sim-
ulate and investigate this process. Powell et al. [8,9] constructed a mathematical model
to investigate the evaporation rate with multiple components. Their mathematical model
showed that the evaporation rate increased very quickly as the power increased, making it
easier to dampen out changes in the composition without generating transient flow near
the beam. Bellot et al. [4] constructed a simulation to investigate the influence of the casting
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rate and the beam scanning frequency on the evaporation of Al in both a pilot-scale and
an industrial-type furnace. They showed that the casting rate had a weak effect on the
volatilization flux, but a high casting rate reduced the Al losses of the remelted charge. In
terms of bath scanning frequency, there was a 10% decrease in the Al loss when it increased
from 0.5 to 10 Hz; moreover, a quasi-stationary state was reached when the frequency was
higher than 10 Hz.

Akhonin et al. [5] presented a mathematical model to describe the kinetics of Al evap-
oration in the EBCHM process. Their model could couple the mass and energy balance
to predict the influence of the process parameters (melting rate and power input) and
the compositions of the charge on the final ingot chemistry. Gao’s studies [12,13] focused
only on the solidification stages, using a three-dimensional, transient, multiphasic, numer-
ical model to investigate evaporation, pool evolution, and solidification. These studies
demonstrated the effect of the casting rate and suggested that the correct inlet-flow velocity
and temperature might enhance composition homogenization. Many of the mentioned
studies paid attention to specific stages of the EBCHM process—either the refining hearth
or the solidification stage—in order to enhance the ingot quality by minimizing losses of
elements in the vacuum. However, to date there has been no investigation of the scanning
strategy used by the electron beam on the free liquid surface of the hearth, where most of
the element losses actually occur.

In this study, a coupled thermal-flow model was constructed to investigate the effects
of scanning strategies on the Al evaporation rate of Ti-6Al-4V in the EBCHM process.
Various scanning strategy configurations with constant casting rates, power levels, and
input concentrations were also applied to obtain a comprehensive view of the related factors
that can affect Al losses in the EBCHM process. The simple coupled thermal-flow model
was validated using the reference experimental data in [14] to demonstrate its potential in
industrial practices. Some recommendations related to scanning strategies that may help
optimize and enhance ingot quality are also given.

2. Materials and Methods

The numerical model was designed to investigate the effects of scanning strategies on
Al loss and to develop recommendations for optimizing the Al loss in the EBCHM process.
The entire model was constructed and simulated using the commercial CFD software Ansys
Fluent v20.1. It assumed that the electron beam heat source was applied on a free, flat,
liquid surface, and the evaporation rate was computed using Langmuir’s theory.

2.1. Governing Equations for the EBCHM Process

The EBCHM process is complex due to various physical phenomena related to heat
transfer and fluid flow. When the heat flux is absorbed to maintain the liquid phase, the
heat loss due to heat radiation on the refining pool surface and the heat conduction through
the water-cooled hearth wall are the main mechanisms. The surface tension represents the
gradient of the temperature effect on the melting pool. The heat convection into the ambient
atmosphere and the heat loss due to the titanium alloy element evaporation were ignored
here. Due to the low velocity of the fluid flow during this process, a Newtonian, laminar,
and incompressible flow was assumed for simplicity in this model. Therefore, a set of well-
known transport equations were used to fully describe the coupled thermal-fluid model in
the EBCHM process, including the mass, momentum, heat, and solute conservation. The
mathematic details of these equations are described in the Fluent Theory Guide [15], and
only the final equations in the three-dimensional Cartesian coordinate system are presented
in this section.

The continuity equations describing the mass conservation in the hearth can be written
as:

∇·
(

ρ
→
v
)
= 0 (1)

where ρ is the density of the material, t is time, and
→
v is the vector of the fluid velocity.
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The momentum conservation equation describing the incompressible melting flow
under gravity is given as:

∂

∂t

(
ρ
→
v
)
+∇·

(
ρ
→
v
→
v
)
= −∇p +∇·

(
=
τ
)
+ ρ
→
g (2)

in which the stress tensor in vector form is:

=
τ = µ

[(
∇→v +∇→v

T
)
− 2

3
∇→v I

]
(3)

where p is the static pressure, µ is the dynamic viscosity, and g is the gravitational accelera-
tion. As mentioned before, since a low Reynolds number could be estimated, the turbulence
model was assumed to be a laminar model.

The energy conservation equation representing the heat transfer model can be written
as:

∂

∂t
(ρH) +∇·

(
ρ
→
v H
)
= ∇·(k∇T) + S (4)

where T is the temperature, H is the specific heat, k is the thermal conductivity, and S is the
heat source term.

During the EBCHM process, the liquid fraction is tracked from 0 (for a solid) to 1 (for
a liquid) due to the solidification process. The enthalpy of the material can be written as:

H = h + ∆H (5)

in which ∆H is the latent heat; h is the sensible enthalpy, with h = hre f +
∫ R

Tre f
CpdT; and

Cp, hre f , and Tre f are the specific heat at constant pressure, the reference enthalpy, and the
reference temperature, respectively.

The liquid fraction in the molten pool can be defined as:

β = 0 i f T < Tsolidus
β = 1 i f T > Tliquidus

β = T−Tsolidus
Tliquidus−Tsolidus

i f Tsolidus < T < Tliquidus

(6)

An additional transport equation used to define the concentration of the Al mass
fraction can be expressed as:

∂ρφ

∂t
+

∂

∂xi

(
ρuiφ− Γk

∂φ

∂xi

)
= 0 (7)

where φ represents the composition of the Al.

2.2. Computational Domain and Boundary Conditions

As the free fluid surface on the hearth has the largest area under the exposure of the
electron beam’s power, it was assumed to be a main evaporation site where the relatively
large evaporation reaction area and the long residence time of the fluid flow are primary.
Hence, considering only the refining stage, the geometry of the numerical domain is shown
in Figure 2, in which a three-dimensional rectangular hearth with a length of 1000 mm and
a width of 500 mm illustrates an industrial-scale application [4]. Due to the high calculation
cost for a full numerical model with a fine grid, only a half-symmetry computational
domain was chosen to improve the efficiency. In this study, the structural hexahedral grid
was generated using a multi-zone method. An element size of 5 mm and total number
of elements of 104,900 were used to obtain grid-independent converged solutions. The
SIMPLE algorithm was applied for pressure–velocity coupling and the least squares cell-
based method was used to calculate gradient. The discretization model for pressure was
second order and the second order upwind was used for momentum, energy, and user-
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defined scalars. A constant of 10,000 was used for the mushy zone parameter to capture the
solid–liquid interface evolution. The time-step size for quasi-stationary state calculation
was 0.01 s after using the time-averaged heat-flux approach.
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In terms of boundary conditions, four regions were used to describe the fluid flow—
thermal and solute—and they were divided across the surface of the computational domain.
These regions comprised the inlet area, the top surface of the hearth, the hearth walls, and
the outlet area.

The inlet and outlet geometries were assumed to be trapezoid regions with widths of
100 mm and 20 mm, respectively, a height of 20 mm, and a slope of 1. The titanium alloy
was initially assumed to be melted into a liquid at a temperature of 1700 ◦C, and it flowed
into the inlet at a constant flow rate of 400 kg/h.

On the top of the melting pool, several boundary conditions were applied to describe
the heat transfer, evaporation, and surface tension. The combined power, PEB, applied in
this study was 800 kW, assuming an effective heat of 70% (refer to the scanning strategy
details presented in Section 2.3). The roof and the wall of the vacuum chamber and the
copper mold were assumed to behave as gray bodies. Therefore, only the loss of heat
flux due to radiation was considered in the following equation, and the heat loss from the
hearth due to evaporation was assumed to be negligible.

qrad = εσsb

(
T4 − T4

∞

)
(8)

For the Al concentration, the evaporation flux of the Al can be calculated based on
Langmuir’s law:

.
mAl = γAlXAl P0

Al

√
MAl

2πRT
(9)

where the activity coefficient γAl applied in this study was 0.044 [6]. The vapor pressure of
the Al can be estimated using the Clausius–Clapeyron equation [16]:

P0
Al = 133.322× 10−

16450
T +12.3+log T (10)

The mole fraction of the Al can be calculated as follows:

XAl =
wAl/MAl

wAl/MAl + wTi/MTi + wV/MV
(11)
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The Marangoni force is caused by variations in the temperature and composition
of the liquid surface. Therefore, the net force acts from a low-surface-tension area to a
high-surface-tension area. The surface tension equation can be written as:

FM(T, C) =
∂σ

∂T
∂T
∂n

+
∂σ

∂C
∂C
∂n

(12)

where ∂σ/∂T and ∂σ/∂C indicate the surface tension due to the temperature and the
composition, respectively.

At the wall of the crucible, only the thermal condition was applied to express the
heat transfer between the solidified metal and the water-cooled walls. The Fourier con-
dition is given in this equation, and the heat transfer coefficient was considered to be
375 W/m2/K [4]:

qcon = h(T − Tmold) (13)

The material properties of the Ti-6Al-4V alloy with which the effects of electron beam
scanning strategies were investigated are shown in Table 1 [4].

Table 1. Ti-6Al-4V properties.

Parameter Unit Value

Density kg/m3 4110
Thermal conductivity W/mK 37

Specific heat J/(kgK) 794.2
Liquidus temperature K 1946.5
Solidus temperature K 1926.5

Emissivity - 0.23
Viscosity kg/ms 0.00052

2.3. The Electron Beam Scanning Strategies

The evaporation rate of the alloy elements, which are extremely sensitive to tempera-
ture fluctuation, is strong and is a highly nonlinear function of temperature [8]. Therefore,
two approaches that utilized various case studies were developed here to investigate the
scanning strategies’ effects. First, the constant electron beam power, which was assumed to
be a uniform heat flux, was applied on the surface in three specific areas (cases 1, 2, and 3
in Figure 3). The heat flux can be written as:

qEB(x, y) =
ηEBPEB

A
(14)

where ηEB is the absorption coefficient, PEB is the electron beam power, and A is the total
heat flux area.

Second, the electron beam heat flux was considered as a Gaussian distribution. In this
context, the elliptical pattern used in most industrial practices [4] was applied (case 4 in
Figure 3). Due to the high frequency, a time-averaged heat-flux approach was applied by
summing the heat flux from each of N points in the profile. The heat flux absorbed at an
arbitrary point (x, y) at a certain time (t) can be expressed as:

qEB(x, y) = ηEBPEB
1

2πσ2

N

∑
i=1

ti
tN

e−
(x−xEB(t))2+(y−yEB(t))2

2σ2 (15)

where xEB and yEB indicate the center position of the electron beam, σ is the electron
beam radius, and ti and tN are the dwell time at each point and the total time required
to complete the whole pattern, respectively. The electron beam scanning parameters are
shown in Table 2.
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Table 2. Summary of electron beam scanning parameters.

Parameter Unit Value

Power, PEB kW 800
Absorption coefficient, ηEB - 0.7

Electron beam radius, σ mm 20
Ellipse profile, a, b

Width, a mm 7.5
Height, b mm 17.5

Number of points in each ellipse profile, N - 100

3. Validation of the Numerical Model
3.1. Validation of Coupled Thermal-Flow Model

To quantify the accuracy of the correspondence between reality and the simulation at
an industrial scale, the influence of the flow and pool conditions on the Al evaporation had
to be validated. However, due to the very high cost of conducting such experiments at the
industrial scale, the experiments were implemented at the pilot scale. Since evaporation
is usually associated with the thin liquid layer on the top surface in the hearth, a simple
coupled thermal-flow button model (an electron beam button melting (EBBM) model) was
built and verified with the experimental data from Zhang’s publication [14]. The geometry
and boundary conditions of the two-dimensional axisymmetric model of the button are
shown in Figures 4 and 5.
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Figure 5. Summary of validation model boundary conditions.

The Ti-6Al-4V material properties shown in Table 1 were applied to this domain.
The left-side boundary was the axis where there was no mass or heat transfer. The right
side touched the water-cooled mold, so the heat loss due to conduction was considered.
The bottom side had no physical contact with the water-cooled mold, so radiation was
assumed to be the primary heat transfer mechanism. On the top surface, the heat flux
distribution was applied, and the surface tension was related to the temperature and the Al
concentration gradient. The evaporation of the Al element was also included to validate the
Al mass fraction with the experimental results. Some main parameters are shown in Table 3
and detailed information on the experimental setup and results can be found in [14].

Table 3. Summary of main parameters in EEBM experiments [14].

Parameter Unit Value

Electron beam power kW 13.4
Temperature of the water-cooled furnace chamber, T∞

◦C 15
Temperature of the water-cooled mold at the bottom surface ◦C 50
Temperature of the mold wall ◦C 200
Surface tension coefficient of temperature ∂γ/∂T - −4.5
Surface tension coefficient of concentration ∂γ/∂C - −0.16
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3.2. Validation Model Results

As mentioned before, during the cooling process the thermal field was cooled under
conduction and radiation. Figure 6 shows the temperature variation at three locations
in the EBBM sample, demonstrating that the temperature trends of the proposed model
and the experiment data were similar. The temperature at the three locations gradually
decreased and reached almost 600 ◦C after 300 s of cooling. Figure 7 compares the Al
concentration profiles at both the top surface (Figure 7a) and the centerline (Figure 7b)
of the proposed model, as well as the measured data from experiments described in [14].
The results match very well and demonstrate that the proposed model could illustrate
the experiment process. Apparently, the significant reductions in the Al concentration at
the radius, from 0 to 30 mm (Figure 7a), and at the centerline depth, from 0 to 15 mm
(Figure 7b), were due to evaporation during the melting process.
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4. Results and Discussion
4.1. Temperature Distribution and Melt Pool Profile under Different Scanning Strategies

In order to understand the interaction between the electron beam and liquid flow
on the free surface and the resulting melt flow behavior during EBCHM, four strategies
for scanning over the top surface of the refining pool were deployed and simulated. In
industrial practice, because the EB frequency is very high (1 kHz) [4], it is very time
consuming to capture the moving heat source in a macro-scale simulation. The mentioned
time-averaged heat-flux approach demonstrated its potential when integrated into the
model. Instead of calculating the heat flux at every, very small, time-step size based on the
location of the EB center, the total heat flux absorbed at an arbitrary point at a particular
time was pre-computed with four different scanning strategies. Therefore, the fixed EB heat
flux over the top surface of each case illustrated in Figure 3 was utilized to save calculation
time. Furthermore, the deviation in the temperature distribution depends not only on the
input heat flux but also on the radiation and the influence of fluid flow.

Figure 8a shows the temperature distribution for the top surface of the refining pool
after 550 s with the four different scanning strategies presented in Section 2.3. In all four
cases, temperatures over 2000 K were reached. The temperature distribution was almost
uniform in case 1 and there was less fluctuation in case 4, while the higher temperatures
occurred in particular areas in cases 2 and 3. This was because the given heat flux was
applied across almost the entire free surface. Table 4 shows that the highest output temper-
ature was reached at the outlet lip for case 3 at 2175 K, while similar temperatures were
obtained for case 1 at 1966 K and case 2 at 1940 K. The temperature tended to be higher
and there were larger temperature gradients on the free liquid surface when the scanning
strategies were concentrated on certain locations.
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Table 4. Temperatures and Al mass fractions at the outlet lip after 550 s.

Case 1 2 3 4

Outlet temperature (K) 1966.94 1940.85 2175.33 2081.31
Outlet Al mass fraction (%) 5.95 3.69 4.03 5.86

The results in Figure 8b indicate that the liquid profile of the titanium alloy in the
crucible mainly depended on the temperature field. In cases 1 and 4, the ratio of the liquid
height to the hearth height remained at 14% across almost the entire hearth, while some of
the alloy that was unaffected by the heat source solidified in cases 2 and 3.

4.2. The Effect of Scanning Strategy on the Al Evaporation Rate and Al Mass Fraction at the
Outlet Lip

According to Langmuir’s equation, the evaporation rate of aluminum mainly depends
on temperature and surface concentration. In order to predict the evaporation and Al mass
fraction at the outlet, the mass transport through the top surface, the heat transfer, and the
fluid flow were coupled together. The behavior of the Al mass fraction was examined from
the inlet in order to keep track of it under the effect of diffusion in the molten flow. When
there is no evaporation, the aluminum remains until it flows into the outlet. Under high
temperatures, continuously irritated by the electron beam, the Al evaporates due to its high
vapor pressure. As EBCHM operates under a vacuum environment, the activity coefficient,
which can be determined through experimentation, plays a vital role in identifying the
evaporation rate.

In the EBCHM process, the Al mass fraction can be investigated by controlling the
scanning strategies. Figure 9 reveals that the scanning strategies in cases 1 and 4 caused
similar trends in the Al distribution on the free surface. However, some areas in case 3
remained at their initial values due to the solidification problem. Regarding the effects of
the scanning strategies, Figure 10 shows the temperature and Al mass fraction information
extracted at the top centerline. It is apparent that both the temperature and Al distribution
were similar: the temperature was fairly uniformly distributed at 2300 K across almost the
entire top area. The elliptical scanning pattern had little effect on the temperature field
(case 4 in Figure 8a) because the heat flux was mostly concentrated in the main scanning
profile. Therefore, it had a weak effect on the Al mass fraction field. Furthermore, the
proportion of Al gradually decreased from the initial value of 7.8% to 5.95% at the inlet and
5.86% at the outlet (Table 4). In case 2, the highest temperature (~2600 K) was obtained near
the inlet and caused the largest evaporation at this area. Therefore, the Al mass fraction
significantly decreased, by 0.4 m in terms of the hearth length, whereas a part of the surface
temperature near the inlet in case 3 was low (~1800 K) due to the fact that no heat flux was
applied in this area. This resulted in the solidification problem; the Al mass fraction could
not evaporate with the constant value shown in Figure 10b. This solidification can cause
severe problems, such as turbulent flow, the Marangoni effect, and unsteady temperatures
and Al mass fractions at the outlet. Therefore, the scanning strategies with a uniform heat
flux distribution across the full hearth could enhance the quality of the liquid alloy before
it began to solidify.
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5. Conclusions

In this study, four different electron beam scanning strategies were applied to investi-
gate their effects on the Al mass fraction field related to evaporation under low pressure
in a water-cooled hearth. A coupled thermal-flow model was developed based on the
physical phenomena that occur in the EBCHM process. A 2D numerical model based on the
electron beam button melting (EBBM) problem was validated with the experimental data
from Zhongkui Zhang’s work [14], and it was confirmed that the model was acceptable for
the prediction of the effects of scanning strategies on the Al evaporation of a titanium alloy
in the EBCHM process. The conclusions are as follows:

• The heat flux of each of the scanning strategies could be calculated using the time-
averaged heat-flux approach;

• The temperature distribution was successfully predicted with the different scanning
strategies. At an inlet flow rate of 400 kg/h, the full-hearth heat flux (case 1) and the
elliptical-pattern heat flux (case 4) provided the most uniform temperatures on the
free surface and resulted in no significant changes in the Al mass fraction. Therefore,
the temperature and the proportion of the Al remained nearly steady;

• The melting pool profile was determined using the temperature distribution. The
scanning strategies that were only applied to particular areas (cases 2 and 3) caused
large deviations in the temperature distribution on the free surface, as well as a
solidification problem due to the lack of heat flux to maintain the liquid phase;

• During the EBCHM process, the refining stage caused significant losses of Al mass
through its evaporation. The numerical simulation showed potential for the prediction
of Al loss in practice.

Overall, the present model successfully illustrated the effects of scanning strategies on
Al evaporation in the EBHCM process. The obtained results demonstrated that the signifi-
cant losses of Al in the refining stage can be controlled with appropriate scanning strategies.
As recommendations for future work, the melting stage where there is a significant loss
of Al in the initial phase change should also be considered. Secondly, an experimental
investigation of several scanning strategies with different process parameters needs to be
performed in order to clearly validate the results predicted in this study.

Author Contributions: Conceptualization, Y.-T.H.; software, V.-D.T.; formal analysis, W.L.; data
curation, J.W.W.; writing—original draft preparation, V.-D.T., Y.-T.H., J.W.W., W.L. and J.Y.; writing—
review and editing, V.-D.T., Y.-T.H., J.W.W., W.L. and J.Y.; supervision, J.Y. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the Ministry of Trade, Industry and Energy (MOTIE) Korea,
under the “Development of electron beam and plasma melting technology for on grade Ti scrap
recycling and manufacturing technology for giga Ti wrought” program (20011372). This research was
also financially supported by the Ministry of Trade, Industry, and Energy (MOTIE), Korea, under the
“Digital Manufacturing Platform (DigiMaP)” (reference number N0002598) supervised by the Korea
Institute for Advancement of Technology (KIAT). Finally, this result was supported by "Regional
Innovation Strategy (RIS)" through the National Research Foundation of Korea (NRF) funded by the
Ministry of Education (MOE) (2021RIS-001(1345341783)).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available within the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Leyens, D.C.; Peters, D.M. Titanium and Titanium Alloys; Wiley: Weinheim, Germany, 2003.
2. Lütjering, G.; Williams, J.C. Titanium; Springer: Berlin/Heidelberg, Germany, 2007.
3. Fox, S.; Patel, A.; Tripp, D.; Barratt, J.; McQuay, P. Recent developments in melting and casting technologies for titanium alloys. In

Proceedings of the 13th World Conference on Titanium, San Diego, CA, USA, 16–20 August 2015; 2016; pp. 347–358.



Materials 2022, 15, 820 14 of 14

4. Bellot, J.P.; Ablitzer, D.; Hess, E. Aluminum volatilization and inclusion removal in the electron beam cold hearth melting of Ti
alloys. Metall. Mater. Trans. B 2000, 31, 845–854. [CrossRef]

5. Akhonin, S.V.; Trigub, N.P.; Zamkov, V.N.; Semiatin, S.L. Mathematical modeling of aluminum evaporation during electron-beam
cold-hearth melting of Ti-6Al-4V ingots. Metall. Mater. Trans. B 2003, 34, 447–454. [CrossRef]

6. Choi, W.; Jourdan, J.; Matveichev, A.; Jardy, A.; Bellot, J.P. Kinetics of evaporation of alloying elements under vacuum: Application
to Ti alloys in electron beam melting. High Temp. Mater. Processes 2017, 36, 815–823. [CrossRef]

7. Isawa, T.; Nakamura, H.; Murakami, K. Aluminum evaporation from titanium alloys in EB hearth melting process. ISIJ Int. 1992,
32, 607–615. [CrossRef]

8. Powell, A.; Szekely, J.; Avyle, J.V.D.; Damkroger, B. Simulation of multicomponent losses in electron beam melting and refining at
varying scan frequencies. In Proceedings of the 12 Annual Conference on Electron Beam Melting and Refining: State of the Art
1995, Reno, NV, USA, 11–13 November 1995.

9. Powell, A.; Pal, U.; van den Avyle, J.; Damkroger, B.; Szekely, J. Analysis of multicomponent evaporation in electron beam melting
and refining of titanium alloys. Metall. Mater. Trans. B 1997, 28, 1227–1239. [CrossRef]

10. Siwiec, G. The kinetics of aluminium evaporation from the Ti-6Al-4V alloy. Arch. Metall. Mater. 2014, 58, 1155–1160. [CrossRef]
11. Zhang, Y.; Zhou, L.; Sun, J.; Han, M.; Georg, R.; Jochen, F.; Yang, J.; Zhao, Y. An investigation on electron beam cold hearth

melting of Ti64 alloy. Rare Met. Mater. Eng. 2008, 37, 1973–1977. [CrossRef]
12. Gao, L.; Huang, H.; Zhang, Y.; Zhang, H.; Shi, Z.; Jiang, Y.; Zhou, R. Numerical Modeling of EBCHM for Large-Scale TC4 Alloy

Round Ingots. JOM 2018, 70, 2934–2942. [CrossRef]
13. Gao, L.; Huang, H.g.; Kratzsch, C.; Zhang, H.-M.; Chattopadhyay, K.; Jiang, Y.-H.; Zhou, R. Numerical study of aluminum

segregation during electron beam cold hearth melting for large-scale Ti-6 wt%Al-4 wt%V alloy slab ingots. Int. J. Heat Mass Transf.
2020, 147, 118976. [CrossRef]

14. Zhang, Z. Modeling of Al Evaporation and Marangoni Flow in Electron Beam Button Melting of Ti-6Al-4V. Master’s Thesis, The
University of British Columbia, Vancouver, BC, Canada, 2013.

15. ANSYS, Inc. ANSYS Fluent Theory Guide; ANSYS: Canonsburg, PA, USA, 2021.
16. Smithells, C.J. Metals Reference Book; Elsevier: Amsterdam, The Netherlands, 2013.

http://doi.org/10.1007/s11663-000-0121-0
http://doi.org/10.1007/s11663-003-0071-4
http://doi.org/10.1515/htmp-2015-0220
http://doi.org/10.2355/isijinternational.32.607
http://doi.org/10.1007/s11663-997-0078-3
http://doi.org/10.2478/amm-2013-0141
http://doi.org/10.1016/S1875-5372(10)60004-5
http://doi.org/10.1007/s11837-018-3048-0
http://doi.org/10.1016/j.ijheatmasstransfer.2019.118976

	Introduction 
	Materials and Methods 
	Governing Equations for the EBCHM Process 
	Computational Domain and Boundary Conditions 
	The Electron Beam Scanning Strategies 

	Validation of the Numerical Model 
	Validation of Coupled Thermal-Flow Model 
	Validation Model Results 

	Results and Discussion 
	Temperature Distribution and Melt Pool Profile under Different Scanning Strategies 
	The Effect of Scanning Strategy on the Al Evaporation Rate and Al Mass Fraction at the Outlet Lip 

	Conclusions 
	References

