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Abstract: A mathematical model was developed to investigate the electron beam melting (EBM) process of vanadium alloys.
The temperature distribution of molten V-4Cr-4Ti alloy was obtained using the model. The effects of different parameters of
electron beam melting process on the temperature field and the shape of molten pool were studied. The results show that the
temperature field and the shape of the molten pool are influenced by the melting power and scanning radius. With increasing
the melting power, the maximum melt temperature increases linearly and the width and depth of molten pool gradually
increase. With increasing the scanning radius, the maximum melt temperature increases first and then decreases. The
optimized parameters of refining vanadium were obtained, and the accuracy of the model was validated by the experimental
data.
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Vanadium alloys have been investigated as potential constructive materials for the first wall blanket of the fusion
reactors because of their low induced activation characteristics, high temperature strength and high thermal stress
factors [1,2]. Vanadium alloys are commonly processed by a
vacuum consumable arc-melting (VAR) method[3-5]. However, the contents of the impurity elements such as oxygen,
nitrogen and carbon in vanadium alloys are hard to control
by VAR. The electron beam melting (EBM) is a widely
used method of special electric metallurgy, and an effective
way for removing the volatile impurities from vanadium
alloys.
In comparison with other metallurgic methods, the EBM
provides a better refining effect for the casting metal from
solvable gases and non-metal inclusions, as well as metal
components that are easily evaporated [6,7]. The results of
EBM of the metals and alloys are in close connection with
the temperature distribution of the treated ingot, the melting
pool shape and the volume and convection of the liquid

metal [8]. With the advancements of computer technology,
numerical modeling and simulation have been widely used
as powerful tools to better understand the melting process
[9]
. Some numerical simulation researches [6,8,10-13] have been
done to investigate the temperature distribution during
EBM.
In this paper, numerical simulations of temperature field
during electron beam melting of vanadium alloys were carried by ANSYS software. The effects of the melting power
and scanning radius on the temperature and the shape of the
molten pool were investigated. The optimized parameters of
refining vanadium were obtained, and the accuracy of the
model was validated by the experimental data.

1 Model Description
Fig.1 schematically illustrates the electron beam melting
process. In the EBM process of vanadium alloys, the raw
material is produced by a vacuum self-consuming arc melting furnace. The process is held in vacuum chamber with one
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or several electron-optical systems, in which intense electron
beams are generated and directed onto the raw material bar
and the molten pool on the top surface of cast ingot. The raw
material in form of bars is fed horizontally in vacuum environment and is melted directly to the withdrawal bottom of a
copper water cooled crucible. The surface of the molten metal in the crucible is also heated by the electrons. The electron
beam and the high vacuum provide degassing and high level
of refining, as well as homogeneity of the chemical
composition and optimal structure of the cast ingots[6].
A finite element based heat transfer model was developed
to describe the heat transfer occurring in the ingot, bottom
block and copper crucible. It has been assumed that the heat
flow in the process is steady-state symmetric in the circumferential direction. The heat flow in the ingot, starter block
and copper support in the radial direction r and axial direction z can be described as follows[10]:
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A set of appropriate boundary conditions for the four regions of the boundary ingot surfaces are chosen to account
for the radiation losses and heating beam energy distribution
with a correction of the electron energy losses. The geometry
configuration of the mathematical model with boundary conditions is shown schematically in Fig.2. The geometry dimensions of the mathematical model refer to the actual dimensions of the experiment.

2

Results and Discussion

In this work, numerical simulations of electron beam
melting process of V-4Cr-4Ti alloy were carried out by
ANSYS software. The 2D axisymmetric mesh used in the
analysis, shown in Fig.3, contains 2518 nodes and 2712 elements. The ingot diameter is 50 mm and ingot length is 200
mm. The material properties of V-4Cr-4Ti alloy and copper
crucible used in the model are summarized in Table 1.
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where T is the temperature, k is the thermal conductivity, ρ is
the density, Cp is the specific heat, and Q is the volumetric
latent heat that is associated with the solidification phase
transformation.
The input heat flux, qEB (W/m2), from the electron beam
gun was described using a Gauss function[10]:
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where µEB is the EB power transfer efficiency, ηpower is the
normalized EB power, C is a pre-exponential constant, r is
the location radius, R is the scanning radius, and σ is the
standard deviation of the distribution. The constant C is chosen to ensure the correct total beam power for a given value
of σ.
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Fig. 2

Geometry configuration of the model with boundary conditions
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Fig. 1

Schematic illustration of electron beam melting process

Fig.3

Finite element mesh model used in the analysis

Su Bin et al. / Rare Metal Materials and Engineering, 2019, 48(3): 0711-0715

Table 1

Main physical parameters of V-4Cr-4Ti alloy and
copper crucible

[4,10,13]

Definition and symbols

Materials

Values

V-4Cr-4Ti

6100

Cu

8960

V-4Cr-4Ti

535

Cu

390

Thermal conductivity, k/

V-4Cr-4Ti

34.5

W·(m·K)-1

Cu

401

Liquidus temperature, TL/K

V-4Cr-4Ti

1940

Density, ρ/kg·m-1
Specific heat, Cp/J·(kg·K)-1

Fig.4 shows temperature distributions in a cross-section of
the cast ingot during electron beam melting at different scanning radii and melting power of 60 kW. Fig.5 shows heat
flux distribution at different scanning radii. It can be seen
that the distance from the center of heat flux distribution to
the center of ingot increases with increasing the scanning radius, and the distance from the molten pool to the center of
ingot also increases. The results also show that there might
be a non-melting zone on the surface of ingot, when scanning
radius enlarges to a certain value. Fig.6 shows the relation of
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melting power and scanning radius with maximum melt
temperature. It can be seen that as the scanning radius increases, the max melt temperature increases first and then
decreases.
Fig.7 shows temperature distributions in a cross-section
of the cast ingot during electron beam melting with different melting powers. Fig.8 shows the maximum melt temperature and minimum melt temperature at different melting
powers. It can be seen that the max melt temperature increases linearly with increasing the melting power, and the
variation of the minimum melt temperature is not obvious.
With increasing the melting power, the width and depth of
molten pool gradually increase.
As is known, the volatile impurities can be easily removed with a high melt temperature and a large area of the
molten pool. However, with increasing the melting temperature, the loss rate of the base metal also increases and
the life of copper crucible decreases. The removal of the
volatile impurities increases with the increment of the width
and depth of molten pool. However, refining effectiveness
will be affected when the depth of molten pool reaches a
certain value.
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Temperature distribution at the beam power of 60 kW and different scanning radii: (a) r=10 mm, (b) r=15 mm and (c) r=20 mm
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Temperature distribution at the scanning radius of 12.5 mm and different beam powers: (a) PEB=40 kW, (b) PEB =50 kW, and
(c) PEB =60 kW
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Maximum melt temperature and minimum melt temperature vs the beam power at the scanning radius of 12.5 mm

As discussed above, the optimum parameters of electron beam melting process of V-4Cr-4Ti alloy can be obtained according to the simulation results with a scanning
radius of 12.5 mm and beam power of 60 kW. To validate
the model, experiments were carried out to observe the
removal of the volatile impurities using the optimum
melting parameters. Fig.9 shows the as-cast microstructure of V-4Cr-4Ti alloy using different parameters. The
removal of main impurities is listed in Table 2. It can be
seen that the removal of the volatile impurities increases
under the optimum parameters, and the simulation results
are proved by the measurements.

a

b

500 µm

Fig.9

As-cast microstructure of V-4Cr-4Ti alloy using different melting parameters: (a) original and (b) optimum
Table 2

Element
C
N
O
Al
Fe

ωraw
100~150
50~80
450~500
40~60
130~180

Removal of main impurities of V-4Cr-4Ti alloy (µg/g)
ωoriginal (average)
60
40
420
30
160

ωoptimum (average)
35
20
360
17
130

Note : ωraw-impurity content of raw material, ωoriginal-impurity content of molten ingot using original parameters, ωoptimum-impurity content
of molten ingot using optimum parameters.
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Materials and Engineering[J], 2008, 37(12): 2152 (in Chi-

3 Conclusions

nese)

1) The temperature and shape of the molten pool are influenced by the melting power and scanning radius. As the
melting power increases, the maximum melt temperature
increases linearly and the width and depth of molten pool
gradually increase. As the scanning radius increases, the
maximum melt temperature increases first and then decreases.
2) The optimum values of electron beam melting process
for V-4Cr-4Ti alloy can be obtained according to the simulation results, which are scanning radius of 12.5 mm and
beam power of 60 kW. The accuracy of the model is validated by the experimental data.
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