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Abstract: In order to get a better understanding of the vacuum consumable arc remelting (VAR) processes and thus to optimize them,
a 3D finite element model was developed for the temperature fields and heat transfer of titanium alloy ingots during VAR process.
The results show that the temperature fields obtained by the simulation are well validated through the experiment results. The
temperature distribution is different during the whole VAR process and the steady-state molten pool forms at 329 s for 100 mm x
180 mm ingots. At the initial stage of remelting, the heat dissipation of crucible bottom plays an important role in the whole heat
dissipation system. At the middle of remelting, the crucible wall becomes a major heat dissipation way. The effect of cooling velocity
on the solidification structure of ingots was investigated based on the temperature fields and the results can well explain the

macrostructure of titanium alloy ingots.
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1 Introduction

Due to its high specific strength, low density,
excellent corrosion resistance, biocompatibility and so
on, titanium alloy becomes a key structural material in
the aviation and space fields. Vacuum arc remelting
(VAR) technology is the common method for remelting
titanium ingots[1]. Despite many years of research and
development of VAR process, there are still many
challenges in making defect-free and high-quality
ingots[2], including high density inclusions, low density
inclusions defects and macrosegregation[3], which badly
affect the quality of ingots. Therefore, to study the VAR
process has an important significance in theory and
practice. Recently, XU et al[4] did some simulations on
understanding the formation of casting microstructure
and estimating the casting defects, such as segregation
and shrinkage. The effects of VAR processing parameters
on the solidification behavior of titanium alloy were
investigated through simulation and the optimum VAR
processing was predicted by HYUN et al[5] using the
PROCAST software.

In VAR process, the grain size and mechanical
properties of cast ingots are defined by the metallurgical

structure that depends critically on the temperature
distribution during VAR process[6]. As known to all,
experimental method is almost impossible to investigate
the temperature distribution and heat transfer during
VAR process, so, mathematical modeling of remelting
processes is very effective for understanding of the VAR
processes and optimizing the operating conditions of the
VAR process so as to manufacture ingots of high quality.
In the present work, a finite element model was
developed for simulating the temperature distribution
and heat transfer of Ti-6Al-4V ingots during VAR
process which were systematically investigated by using
ANSYS software. The cooling curves and local
solidification velocity at different positions of Ti-6Al-4V
ingots were calculated, and the microstructure of VAR
ingots was analyzed by the temperature distribution, heat
flux and cooling rate.

2 Mathematical modeling for temperature
field simulation

2.1 Control equation of temperature field calculation
Solidification and melting are accompanied with the

release and absorption of latent heat at the solid/liquid

and solid/solid interfaces. Consequently, solidification
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process involves phase changes. In this case, the
enthalpy method is more appropriate to describe this
process, because in this method the latent heat is inserted,
which represents the phase transformation[7]. Then, the
general differential equation of heat conduction for the
transient nonlinear state that describes this phenomenon
is introduced as[8—10]
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where the enthalpy, = J' pcdT. The heat transfer

mechanism by convection is established on the boundary
condition:
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where ¢ is the heat, K is the thermal conductivity, c is the
specific heat, and p is the density of the material. These
properties may be temperature-dependent. Eq.(1) is
transformed into a nonlinear transient equation. /; is the
coefficient of convective heat transfer on the external
surface of the crucible, T is the temperature, and
Tambiente 18 the temperature of the environment. Through
Egs.(1) and (2), one can determine the distribution of
temperature or transfer of heat during the process of
solidification for the remelting of Ti-6Al-4V in copper
crucible.

2.2 Establishment of FE model

Fig.1 shows the geometry model of VAR, in which
Material 1 is defined as the Cu crucible and Material 2 as
the ingot. The boundary surface of ingots can be divided
into the pool surface and the Cu crucible wall. This
division is based on the physical processes taking place
on the ingot surface during VAR process. The boundary
temperature on pool surface located under the tip of a
consumable electrode is locomotive and it is determined
by the overheat value above the liquidus temperature of
alloy[11]:
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Fig.1 Finite element model used in simulation

T=T, +AT(J,D)) (3)

where T} is the liquidus temperature of alloy, K; AT is
the overheat of the metal above the liquidus temperature,
K; the melt overheat AT(J, D;) is described by
Belyanchikov’s formula[12]:

D.
AT(J, D;) = 400exp(~12=1) (4)

where J is the current intensity, kA; and D; is the
diameter of the ingot being built up, m. According to the
empirical formula and previous numerical simulations,
some simplifications and assumptions have been made in
this work:

1) The cooling water contacting Cu crucible keeps
constant temperature;

2) The remelting rate of VAR is assumed to be
constant;

3) Heat radiation is neglected on the surface of the
VAR molten pool.

The heat transfer coefficient between Cu crucible
and ingot is 5 000 W/(m*>K) in this simulation. The heat
transfer between the ingot and the copper mould is
modelled as follows. There is a contact boundary
condition at the top, where the ingot touches the mould.
In the case of contact, the crucible and the ingot are ideal
heat conductions. After gap formation, the heat transfer
coefficient is set to be 280 W/(m*K). The initial
temperature of VAR chamber is set to be 300 K. Density
of Ti-6Al-4V and Cu are 4.44x10° kg/m’ and
8 889x10 *kg/m’, respectively. The settings of VAR and
geometry parameters used in the model are listed in
Table 1. The thermophysical parameters are listed in
Tables 2 and 3[13—15].

Table 1 Technology of VAR and geometry parameters
Steady state

Arc current/kA  Melting rate/(mm-s ")

voltage/V
2.8 2.6 0.5
Ingot diameter/ Ingot height/ Crucible outer
mm mm diameter/mm
100 180 128

Table 2 Thermo-physical properties of Cu
Thermal conduction/ Specific heat capacity/

Temperature/K (W-m 'K (- ke 'K
113 450 -
196 400 -
273 391 -
293 390 -
373 380 383
597 352 -
700 347 -
850 344 -
940 339 _
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Table 3 Thermal physical properties of Ti-6Al-4V alloy
Temperature/

Thermal conduction/ Specific heat capacity /

K (Wm K™ J-kg'K™"
293 6.8 661
473 8.7 653
673 10.3 691
873 12.4 880

1073 14.6 920
1273 16.3 1 080
1473 18.1 1295
1673 20.2 1995
1873 22.5 2405

3 Results and discussion

3.1 Temperature distribution and melt pool profile

during VAR process

In Fig.2(a), the temperature distribution of the
Ti-6Al-4V ingots can be observed in whole system in
both crucibles, as well as in the ingots, and it is different
during the whole VAR process. In the VAR process, the
boundary between the isotherm of 1 868 and 1 898 K is
looked upon as the bottom of the molten pool, and the
pool depth increases as the remelting is carried on.
Initially, the molten metal that enters into crucible is very
little and is efficiently cooled down because it contacts
the bottom of crucible at much lower temperature, which
leads to the large solidification rate, so there is not
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Fig.2 Temperature distribution of Ti-6A1-4V ingots during VAR
process: (a) 9 s, 3 mm; (b) 93 s, 38 mm; (c) 329 s, 121 mm; (d)
491 s, 180 mm; (e) 533 s, 180 mm
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obvious molten pool (Fig.2(a)). As the remelting
progresses, the height of ingot increases with the
solidification of molten metal, which slows down the
heat output of crucible bottom while the heat output of
crucible wall is weak where the contact area between
fused mass and crucible wall is small, so there is an
obvious molten pool, as shown in Fig.2(b). Under
constant melting rate condition, when the heat quantity
of ingoing molten pool and the output of heat quantity
reach balance at 329 s, the steady-state remelting takes
place and the change of pool profile is very small during
the steady-state stage (from 329 s to 491 s), as shown in
Figs.2(c) and (d), i.e., the steady-state molten pool forms.
At 491 s, the consumable electrode remelting completes,
and the molten pool becomes gradually small from 491 s
to end (Fig.2(e)).

In order to validate mathematical model, a tungsten
block was dropped into the molten pool and the
macrostructure of d 100 mm x 180 mm ingots was
observed after melting. The calculated molten pool
profile is in good agreement with its measured value in
the same process, as shown in Figs.3(a) and 3(b).
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Fig.3 Molten pool profile of Ti-6Al1-4V ingots: (a) Simulation
results; (b) Experimental results

3.2 Analysis of heat transfer process during VAR
process

Heat transfer is very important in the solidification
processing of cast ingots, and it is a key factor deciding
whether the solidification process ultimately goes
forward[16]. In order to further understand the
temperature distribution of VAR molten pool, heat
transfer was investigated by analysis of the heat output of
crucibles and the way of heat flow[17].

Thermal flux distributions at different time are
shown in Fig.4. From Fig.4, it can be seen that the
maximum value of thermal flux is always observed at the
contact points between the surface of molten pool and
the crucible wall, but the characteristic of thermal flux
distribution is varied at the different stages of VAR.
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Fig.4 Thermal flux distributions at different time: (a) 9 s, 3 mm;
(b) 93 s, 38 mm; (c) 329 s, 121 mm; (d) 491 s, 180 mm

Fig.5(a) illustrates the variations of thermal flux
with the remelting time at the bottom of ingots. The
thermal flux of crucible bottom is very large (close to
3.5x10° W/m?) at the primary remelting period and drops
sharply with the remelting going on. This is because the
temperature gradient between the molten metal and the
crucible is very large at the primary remelting stage, and
the thermal flux is proportional to temperature gradient
by Fourier’s theorem, so, the thermal flux is very large at
this moment, and the heat dissipation is the best. As the
molten metal solidifies at the bottom of crucibles, the
temperature of crucible bottom increases and the
temperature gradient becomes smaller, causing the
thermal flux drops fast. The thermal flux through the
crucible wall is larger two orders of magnitude than that
through the crucible bottom, which causes the crucible
wall to become main way of heat output. Fig.5(b) shows
the distribution of thermal flux on the crucible wall at
329 s. It can be seen that the thermal flux is the largest in
the contact area between the surface of molten pool and
the crucible wall. This is because the metal liquid near
the crucible wall rapidly solidified prevents the heat
transfer of metal liquid in the center of molten pool,
which makes the thermal flux become gradually small
aloof from the contact area.
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Fig.5 Change of thermal flux during VAR process: (a)
Variations of thermal flux with remelting time at bottom of
ingots; (b) Distribution of thermal flux on crucible wall at 329 s

3.3 Effect of cooling velocity on solidification
structure of ingots

In the VAR process, the temperature difference and
cooling velocity in ingots cause the difference of
solidified structure which have great effect on the quality
of ingots. Fig.6 shows the sampling points and
temperature variation curves at the different points of
ingots. The function of temperature is different at the
different points of ingots. Further calculation shows the
average cooling velocity at the different sampling points
from 2 100 K tol 800 K, as listed in Table 4.

Fig.7 shows the typical macrostructure of
longitudinal section of cast ingots. The cooling velocity
of the ragged edge of ingots is the largest (Point 10),
which formed thin equiaxed grain. The cooling velocity
of ingots bottom is much large (Point 3) whilst the
solidification temperature gradients are relatively steep,
and the crystal grains parallel to the direction of heat flux
grow fast under control of temperature field, so the
crystalline grains of the ingot bottom grow upwards
along the axial direction of ingots and forms columnar
grain zone[18]. The heat exchange between the molten
metal and the crucible bottom is prevented by the
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Fig.6 Sampling points (a) and temperature variation curves (b) at various points of ingots

Table 4 Cooling velocity at various points of ingots

Location Cooling velocity/(K-s ")
1 155
2 154
3 14.6
4 109.3
5 32
6 2.1
7 109.2
8 24
9 1.3

10 480.8
11 0.9

Fig.7 Macrostructure of Ti-6A1-4V ingots

solidified ingots with the remelting progressing because
the heat conductivity of titanium is far lower than that of
copper. The axial cooling velocity gradually decreases
(Point 6) and the horizontal cooling velocity increases at
the edge of the ingot, such as the points 1, 4 and 7, which

results in the crystallization direction pointing to the
center of the ingot. The cooling velocity is very small in
the center of the ingot, such as points 9 and 11, resulting
in forming equiaxed grain zone in the molten pool.

4 Conclusions

1) The temperature distribution is different during
the whole VAR process for 4100 mmx180 mm
Ti-6Al-4V ingot, the steady-state remelting takes place at
329 s, and the pool profile of VAR obtained by the
simulation is well validated through the experiment.

2) At the initial stage of remelting, the thermal flux
of crucible bottom is close to 3.5x10° W/m? and the heat
dissipation of crucible bottom plays an important role in
the whole heat dissipation system. In the middle of
remelting, the thermal flux through the crucible wall is
larger by two orders of magnitude than that through the
crucible bottom and the crucible wall becomes the major
heat dissipation way.

3) The solidification macrostructure differences of
ingots could be explained from the function of
temperature and the cooling velocity at different
locations of ingots.
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