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Abstract: Fluent software was used to simulate the interaction among the temperature field, flow field, and solute field in the vacuum
arc remelting process of TC4 titanium alloy. The effects of three process parameters (smelting rate, upper surface temperature of the
ingot, and cooling intensity), which are directly related to the ingot, on the ingot macrosegregation were studied. Results show that
under different smelting conditions, the radial macrosegregation of Fe element shows a bell-shaped distribution at the ingot height of
1000 mm, i. e., the core of ingot presents the positive macrosegregation whereas the surface area presents the negative
macrosegregation, and the degree of negative macrosegregation is greater than that of the positive macrosegregation. The effect of
smelting rates on the temperature field and macrosegregation of the ingot is the most obvious: with increasing the smelting rate from
0.15 mm/s to 0.18 mm/s, the ingot height to reach the stable melting stage is increased from 1200 mm to 1600 mm, and the depth
of the molten pool is increased from 494 mm to 738 mm. In the area within the distance of 130 mm from the ingot center,
the macrosegregation is decreased with increasing the smelting rate, and the maximum value is 3.36% when the smelting rate is 0.15
mm/s. In the area beyond the distance of 295 mm from the ingot center, the macrosegregation is increased with increasing the
smelting rate, and the maximum value is 6.23% when the smelting rate is 0.21 mm/s. The effect of upper surface temperature and
cooling intensity on macrosegregation and molten pool depth is not obvious. Through the orthogonal analysis, the influence degree of
three main process parameters on macrosegregation is as follows: smelting rate>cooling intensity>ingot upper surface temperature.
The optimal conditions are smelting rate of 0.15 mm/s, ingot upper surface temperature of 2179 K, and cooling intensity of
500 (bottom)/1000 (side) W-m™=-K™".
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Because of their remarkable advantages, such as high The basic feature of VAR is that the consumable electrode

specific strength, good corrosion resistance, and high melting
point, titanium alloys are widely used in aerospace, equipment
manufacturing, medical equipment, and sporting goods'’.
Among them, the typical a+p two-phase titanium alloy (TC4)
has good process plasticity and excellent comprehensive
performance, which is suitable for various pressure forming.
Therefore, TC4 alloy has various complete varieties and
specifications in industrial production’ .

Currently, vacuum arc remelting (VAR) is the main
production method for titanium alloy ingots, because of its
simple equipment requirement, low cost, and easy operation.
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continuously melts while the ingot continuously solidifies and

increases in the mold®™

. During the smelting process, the
cooling conditions and the shape/depth of the molten pool are
not stable, and the distribution coefficients of alloying
elements during solidification are different, which inevitably
enriches the alloying elements and forms macrosegregation.
According to the crystal macrosegregation theory, the
equilibrium partition coefficient & of the solute element
determines the macrosegregation degree. When k<I, the
positive macrosegregation occurs; when k>1, the negative
macrosegregation occurs. The further the & value deviates
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from 1, the greater the macrosegregation degree. The coeffi-
cient k of Fe element in titanium alloy is 0.3, presenting a
great tendency of macrosegregation” . During VAR, the
melting process parameters are the key factors to control the
ingot quality. A reasonable smelting process can reduce the
defects caused by the smelting process and improve the
qualified rate of product. In VAR process, the relevant process
parameters are smelting rate, smelting current, smelting vol-
tage, furnace vacuum, cooling water flow, and temperature”.

Due to the high cost of industrial testing of titanium alloy
production and the difficulty in observation of ingot variation
during VAR process, the numerical calculation gradually
replaces the traditional trial-and-error method to study the
solidification structure. Numerical calculation not only direct-
ly simulates the formation of solidified structure, but also
clarifies the formation mechanism of solidified structure® ',

In this research, Fluent software, as the fluid dynamics
calculation software based on the finite volume method, was
used to simulate the interactions among temperature field,
flow field, and solute field in VAR process. Meanwhile, due to
the restrictions of numerical simulation, the influence of three
process parameters which are directly related to ingots
(smelting rate, ingot upper surface temperature, and cooling
intensity) was investigated.

1 Experiment

The raw materials of ingots in this study were composed of
small-sized sponge titanium (0A grade), AIVSS5 alloy,
aluminum particles, TiO, powder, and titanium-iron alloy. An
automatic weighing system was used to weigh the titanium
sponge, Al particles, and AIV55 alloy, and an electronic scale
was used to weigh the TiO, powder and titanium-iron alloy.
These raw materials were mixed by a mixer and then poured
into the press with load of 80 MN to produce the electrode
block with diameter of 470 mm and height of 190 mm.
Electrode welding was conducted in a vacuum plasma
welding box. In order to avoid the material waste, the melting
was conducted three times after the sampling of the secondary
ingot. The diameters of the primary, secondary, and tertiary
smelting crucibles were 570, 660, and 750 mm, respectively.
The ingot should be turned around before the next smelting.
The main production process was as follows: sponge titanium
raw materials—pressed electrode block—electrode stacking—
vacuum plasma welding—first smelting—ingot cleaning—
second smelting—ingot cleaning—third smelting.

The secondary ingot was cut along the red lines in Fig. la.
The ingot specimen was cut at the middle part, and a disk
specimen with thickness of 20—25 mm was obtained at the
middle section. After the specimen was corroded, the
specimen composition was analyzed through the measurement
points, as shown in Fig.1b.

2 Numerical Simulation

2.1 Mathematical model

Due to the symmetry of cylindrical ingot, it is simplified to

-
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Fig.1 Schematic diagrams of secondary ingot sampling: (a) disk
specimen from secondary ingot and (b) composition analysis
points

a two-dimensional rectangle. Because the thermal

conductivity of the copper crucible is much higher than that of

the titanium alloy ingot, the influence of copper crucible can
be neglected for the heat dissipation of ingot during the
simulation. The main models used in numerical simulation
calculation were energy model, flow model, component
transport model, and the solidification-melting model. The
continuous growth of ingot is realized through the dynamic
grid method"* ',

(1) Governing equation

The main equations used in the model are continuity
equation, momentum equation, energy equation, and solute

transport equation, as expressed by Eq.(1-4), respectively:

% v (pu)=0 .
i o £ )

where ¢ is time; x is spatial coordinate; u is velocity
component along x direction (m-s™); the subscripts i and j
represent different directions; p is density (kg:m™); P is
pressure (Pa); g, is gravitational acceleration (m-s7?); F,
denotes the thermal buoyancy; S, accounts for the phase
interaction force within the mushy zone; u, is effective
viscosity coefficient; k, is thermal conductivity of melt laminar
flow (W-m™-K™); Pr, is turbulent Prandtl number (0.85); g,
denotes turbulent viscosity; 7 denotes temperature (K); H is
total enthalpy of the system; Y, is the m solute content (Wt%);
D, ,, is diffusion coefficient of the component m in liquid
phase (m’-s™); Sc, is turbulent Schmidt number (1.0); S, and
S, .. are the diffusion source term and the convection source
term, respectively.

(2) Boundary conditions

The main boundary conditions in the calculation process
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are as follows. The upper surface of the ingot is the velocity
inlet, other boundaries are non-slip boundaries, and there is no
solute exchange between the walls and the outside. The
bottom and side walls of the ingot are convective heat transfer
boundaries. The temperature of the ingot upper surface (7) is
as follows:

12,

T=T,+400e 5)
where 7, is liquidus temperature (K); J is melting current
(kA); D, is the ingot diameter (m).

The schematic diagrams of ingot model and meshing in this
study are shown in Fig.2. The ingot diameter is 660 mm, the
initial height of ingot is 50 mm, and the final height is 2000
mm. A square grid with a side length of 2 mm is used.

(3) Simulation parameters

The relevant physical parameters used in this model are
shown in Table 1",

2.2 Model validation

To ensure the accuracy of the mathematical model, the

calculation results of the numerical simulation were compared

Inlet

Side
2000

Fig.2 Schematic diagrams of ingot model and meshing at initial
state (a) and final state (b)

Table 1 Relevant physical parameters of TC4 alloy for
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Fig.3 Comparison between numerical simulation results and experi-
ment results

with the experiment results, as shown in Fig.3. It can be seen
that the numerical simulation results are in good agreement
with the experiment results, indicating that the numerical
simulation model is reliable.

2.3 Calculation scheme

In this research, the effects of melting process parameters
on macrosegregation of ingots were studied from three
aspects: smelting rate, upper surface temperature, and cooling
intensity. In order to quantitatively analyze the role of these
three parameters, seven calculation schemes were used for
comparison in the simulation calculation, as shown in Table 2.

3 Results and Discussion

3.1 Variations of temperature field and solute field at
different heights of ingots during smelting

According to Scheme 2, the changes of temperature field
and solute field of ingots with different heights during
smelting are obtained, as shown in Fig. 4 and Fig. 5,
respectively.

As shown in Fig. 4a, since the crucible bottom can
effectively cool the molten pool at the beginning of smelting,
the molten metal rapidly solidifies and forms a flat shallow
molten pool. With the ingot gradually forming, the heat
dissipated through the crucible is less than the heat released
by the solidification of molten metal. Therefore, the heat
accumulation results in the deepening of molten pool, as
shown in Fig.4b and 4c. Since the middle area of the molten

simulation model""”
Parameter Value Table 2 Calculation schemes for different smelting processes
Density/kg-m™ 3925 ) ] Cooling intensity/
o o Calculation Smelting Upper surface B
Thermal conductivity/W-(m-K) 29.7 ! W-m™K
. . scheme rate/mm-'s.  temperature/’ K ——

Pure solvent melting heat/J-kg 330 000 Bottom Side
Specific heat/J-(kg-K)™ 727 1 0.15 2179.1 600 1100
Viscosity/kg-m-s™' 0.0026 2 0.18 2179.1 600 1100
Slope of liquidus line/K-wt%™"' 18 3 0.21 2179.1 600 1100
Thermal expansion coefficient/K™' 6.5x107° 4 0.18 2151.0 600 1100
Solute expansion coefficient -0.75 5 0.18 2198.3 600 1100
Mass diffusivity/m’-s™ 3x107° 6 0.18 2179.1 500 1000
Partition coefficient 0.3 7 0.18 2179.1 700 1200
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pool is far away from the crucible, the heat accumulation
phenomenon is the most obvious. The shape of the molten
pool gradually evolves from flat shape to funnel shape. When
the generation and dissipation of heat in the crucible gradually
reaches a balance state, a stable molten pool forms, and the
stable smelting stage is achieved, as shown in Fig.4b and 4c.
After that, the shape and depth of the melt pool hardly
changes, as shown in Fig.4e.

At the beginning of smelting process, the molten pool is
rapidly cooled through the bottom and side walls. The cooling
rate is fast, and thus the solute has no time to segregate,
resulting in the formation of ingot with a more uniform
structure, as shown in Fig.5a. With increasing the ingot height,
the solute content in the core is gradually increased, forming a
positive macrosegregation. Therefore, a fishtail
macrosegregation occurs in the lower part of the ingot, as
shown in Fig.5a and 5b. With the formation of stable molten
pool, the composition distribution from the edge to the core is
gradually stabilized, and the solute component at the
solidification front is gradually accumulated, forming a
necklace-like center macrosegregation, as shown in Fig.5¢ and
5d. At the capping stage of ingot formation, the molten pool is
cooled by the top and side walls at the same time. Thus, the
solute has no time to diffuse, forming an inverted fishtail
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Fig.4 Variation of temperature field of ingots with different heights
during smelting: (a) 400 mm, (b) 800 mm, (c¢) 1200 mm,
(d) 1600 mm, and (e) 2000 mm
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Fig.5 Variation of solute field of ingots with different heights during
smelting: (a) 400 mm, (b) 800 mm, (c) 1200 mm, (d) 1600

mm, and (¢) 2000 mm

macrosegregation with a higher concentration of solute, as
shown in Fig.5e.

Fig.6 shows the variation of Fe macrosegregation in ingots
at different heights after smelting. It can be seen that the Fe
macrosegregation in ingots at different heights all presents a
bell shape. With increasing the height from 200 mm to 1000
mm, the core macrosegregation is gradually increased. The
core composition of the bottom (200 mm) and top (1800 mm)
sides of the ingots is relatively uniform, whereas that of the
middle part (heights at 600, 1000, and 1400 mm) of the ingots
fluctuates greatly. In addition, the most depleted part of the
solute is not at the outer surface of the ingot, but at the area
with a certain distance from the outer surface. Because the
outer surface of the ingot solidifies rapidly under the chilling
of the crucible wall, there is no time for the solute transport.
Thus, the macrosegregation composition is relatively uniform.
The cooling rate is decreased with increasing the distance
from the outer surface, and thereby the melt flow in the
molten pool is increased, resulting in the depleted solutes.

3.2 Effects of smelting rate, upper surface temperature,

and cooling intensity on temperature field and solute
field
3.2.1 Effect of smelting rate on temperature field and
macrosegregation

The smelting rate can significantly influence the physical
properties of product during the smelting process. Therefore,
it is of great significance to analyze the influence of the
smelting rate on macrosegregation. In Scheme 1, 2, and 3, the
upper surface temperature and cooling intensity are fixed, and
the smelting rate is 0.15, 0.18, and 0.21 mm/s, respectively.
Fig.7 shows the temperature field distributions in the ingots
with height of 2000 mm at different smelting rates. It can be
seen that with increasing the smelting rate, the isotherm at the
ingot center moves significantly downward, and the depth of
the liquid phase cavity is increased.

Fig. 8 shows the change of liquid core depths at the ingot
center under different smelting rates. It can be seen that with
increasing the ingot height, the depth of the liquid core at the
ingot center is firstly increased and then remains unchanged,

I} o o

Fe Segregation/%
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Fig.6  Variation of Fe macrosegregation in ingots at different heights

after smelting
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Fig.7 Temperature field distributions in ingots with height of 2000
mm at different smelting rates: (a) 0.15 mm/s, (b) 0.18 mm/s,
and (c) 0.21 mm/s
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Fig.8 Variation of liquid core depths at ingot center under different

smelting rates

indicating that the ingot finally reaches a stable smelting
stage. When the smelting rate is 0.15, 0.18, and 0.21 mm/s,
the ingot reaches the stable melting stage at height of 1200,
1600, and over 1600 mm, respectively. This result suggests
that with increasing the smelting rate, the height for stable
smelting stage is gradually increased. At the stable smelting
stage, the depth of the liquid core at the ingot center under the
smelting rate of 0.15, 0.18, and 0.21 mm/s is 494, 626, and
738 mm, respectively. Therefore, the increment in liquid core
depth becomes smaller with increasing the smelting rate.
Briefly, with increasing the smelting rate, the height for stable
smelting stage is increased, and the depth of the liquid core is
increased significantly with a decreased increment.

In order to compare the influence of different smelting rates
on the macrosegregation in ingots, the macrosegregation of Fe
element in ingot at height of 1000 mm was compared, as
shown in Fig.9. It can be seen that the Fe macrosegregation in
ingots under different smelting rates all shows a bell-shape
distribution. Positive macrosegregation occurs in the area
within the distance of 175 mm from the ingot center, and
when the smelting rate is 0.15 mm/s, the maximum value of
positive macrosegregation is 3.36%. The negative macrosegre-
gation occurs in the area beyond the distance of 195 mm from
the ingot center, and the maximum value of negative
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Fig.9 Variation of Fe macrosegregation in ingots at height of 1000

mm under different smelting rates

macrosegregation is 6.23% when the smelting rate is 0.21
mmn/s. Although the smelting rates are different, the degree of
negative macrosegregation is all greater than that of positive
macrosegregation. In the outer surface area of ingot (distance
>295 mm from the ingot center), the macrosegregation is
increased with increasing the smelting rate. When the
smelting rate increases from 0.15 mm/s to 0.18 mm/s, the
macrosegregation is increased from 4.69% to 6.23%. In the
central region of the ingot (distance<130 mm from the ingot
center), the macrosegregation is decreased with increasing
the smelting rate. When the smelting rate increases from 0.15
mm/s to 0.18 mm/s, the macrosegregation is decreased from
3.36% to 3.05%.

3.2.2 Influence of upper surface temperature on temperature

field and macrosegregation

According to Eq.(5), the relationship between the current
and the upper surface temperature of the ingot, when the ingot
diameter is 660 mm and the melting current is 17, 22, and 27
kA, the upper surface temperature of the ingot is 2151, 2179,
and 2198 K, respectively.

In Scheme 4, 2, and 5, the smelting rate and cooling
intensity are fixed, and the upper surface temperature of the
ingot is 2151, 2179, and 2198 K, respectively. As shown in
Fig. 10, with increasing the upper surface temperature of the
ingot, there is no obvious change in the temperature field of
the molten pool.

Fig.11 shows the variation of liquid core depths in ingots at
different heights under different upper surface temperatures. It
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Fig.10 Temperature field distributions at different upper surface
temperatures: (a) 2151 K, (b) 2179 K, and (c) 2198 K
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Fig.11 Variation of liquid core depth in ingots at different upper

surface temperatures

can be seen that with increasing the height of ingot, the liquid
core depth at the ingot center is firstly increased and then
reaches a stable stage. When the ingot reaches the stable
melting stage with the ingot upper surface temperature of
2151, 2179, and 2198 K, the liquid core depth at the ingot
center is 626, 626, and 632 mm, respectively, but their
difference is slight. The average depth is 626 mm.

Fig.12 shows the variation of Fe macrosegregation in ingots
at height of 1000 mm under different upper surface temper-
atures. It can be seen that the macrosegregation distributions
are basically the same under different upper surface
temperatures. In the area within the distance of 185 mm from
the ingot center, the positive macrosegregation occurs, and the
maximum value of positive macrosegregation is 3.20%.
Beyond that area, the negative macrosegregation can be
observed, and the
macrosegregation is 5.70%. In the area beyond the distance of

maximum value of negative
300 mm from the ingot center, with increasing the upper
surface temperature of the ingot from 2151 K to 2198 K, the
maximum value of negative macrosegregation is decreased
from 5.70% to 5.30%.

3.2.3 Effect of cooling intensity on temperature field and
macrosegregation

Under the same conditions of smelting rate and upper
surface temperature of ingot, the effects of cooling intensities
on the macrosegregation of ingot were analyzed through

4
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Fig.12  Variation of Fe macrosegregation in ingots at height of 1000

mm under different upper surface temperatures

Scheme 2, 6, and 7. It can be seen from Fig. 13 that the
temperature field of the ingot does not change significantly
under different cooling intensities.

Fig. 14 also infers that the effect of cooling intensity on the
liquid core depth at the ingot center is not obvious. After the
ingot reaches the stable melting stage, with increasing the
cooling intensity from 500 (bottom)/1000 (side) W-m™>K™" to
700 (bottom)/1200 (side) W-m™>-K™', the liquid core depth at
the ingot center is slightly increased from 626 mm to 630 mm.
The average depth is 628 mm.

According to Fig. 15, the macrosegregation is basically the
same under different cooling intensities. The positive macro-
segregation occurs in the area within the distance of 185 mm
from the ingot center, and the maximum value of positive
macrosegregation is 3.18%. Beyond that area, the negative
macrosegregation occurs, and its maximum value is 5.72%.
Thus, the degree of negative macrosegregation is greater than
that of the positive macrosegregation. With increasing the
cooling intensity from 500/1000 W-m>K™ to 700/1200
W-m™-K"', the maximum value of negative macrosegregation
is increased from 4.88% to 5.72% in the area beyond the
distance of 305 mm from ingot center.

3.3 Determination of optimal parameters
According to the abovementioned results, it can be
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Fig.13 Temperature field distributions under different cooling inten-
sities: (a) 500/1000 W-m>-K™', (b) 600/1100 W-m>-K™,
and (c) 700/1200 W-m™>K™'
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Table 3 Orthogonal experiment conditions

Cooling intensity/

Smelting Upper surface b
Level . W-m™K
rate/mm-s” temperature/K -

Bottom Side
1 0.15 2151 500 1000
2 0.18 2179 600 1100
3 0.21 2198 700 1200

Table 4 Orthogonal experiment results and numerical

simulation results of the influence of smelting rate,
upper surface temperature of ingot, and cooling

intensity on macrosegregation

Smelting Upper surface Cooling intensity/ ~ Maximum
Case  rate/ temperature/ W-m ™K macrosegre-
mm-s”’ K m gation/%
1 0.15 2151 500 1000 -4.72
2 0.15 2179 600 1100 -4.75
3 0.15 2198 700 1200 -5.00
4 0.18 2151 600 1100 -5.70
5 0.18 2179 700 1200 =5.72
6 0.18 2198 500 1000 -5.37
7 0.21 2151 700 1200 -6.12
8 0.21 2179 500 1000 -5.39
9 0.21 2198 600 1100 -5.62
K, —-14.47 -16.54 —-15.48 -
K, -16.79 -15.86 -16.07 -
K, -17.13 -15.99 -16.84 -
k, -4.82 -5.51 -5.16 -
k, -5.60 -5.29 -5.36 -
ko~ =571 -5.33 -5.61 -
R 0.887 0.227 0.453 -

Note: K|, K, and K, represent the sum of segregation degrees of each
factor at Level 1, Level 2, and Level 3, respectively; k,, k,, and k,
represent the average macrosegregation degree of each factor at Level 1,
Level 2, and Level 3, respectively; R represents the range of the average

level of each influence factor.

concluded that the negative macrosegregation in the outer
surface is more serious than the positive macrosegregation in
the central surface of the ingots.

In order to compare the influence degree of smelting rate,
upper surface temperature of ingot, and cooling intensity on
the macrosegregation, the orthogonal experiments were
conducted with the maximum macrosegregation as the
evaluation index of the melting effect, as listed in Table 3. In
addition, the optimal operating conditions under the existing
process can also be obtained.

The orthogonal experiment was designed by the L9(34)
type table, as shown in Table 4, and the numerical simulation
results are also shown in Table 4 for comparison.

According to Table 4, the optimal process parameters can
be obtained. The range value R can reflect the influence on the
experiment results when the factor range fluctuates. According
to the magnitude of the range, it can be deduced that the
influence degree on macrosegregation is as follows: smelting
rate>cooling intensity>upper surface temperature of the ingot,
which is consistent with the calculation results. Besides,
according to the &, k,, and £, values, it can be concluded that
the optimal process parameters under the current working
conditions are smelting rate of 0.15 mm/s, ingot upper surface
temperature of 2179 K, and cooling intensity of 500 (bottom)/
1000 (side) W-m K™

4 Conclusions

1) The influence of smelting rate on the temperature field
and macrosegregation of the TC4 alloy ingot is the most
obvious. With increasing the smelting rate from 0.15 mm/s to
0.18 mm/s, the ingot height to reach the stable melting stage is
increased from 1200 mm to 1600 mm, and the molten pool
depth is increased from 494 mm to 738 mm. Under different
smelting rates, the Fe macrosegregation in ingot at height of
1000 mm shows a bell-shape distribution. In the area within
the distance of 130 mm from the ingot center, the
macrosegregation is decreased with increasing the smelting
rate, and the maximum macrosegregation value is 3.36% at
smelting rate of 0.15 mm/s. In the area beyond the distance of
295 mm from ingot center, the macrosegregation is increased
with increasing the smelting rate, and the maximum
macrosegregation value is 6.23% at smelting rate of 0.21
mm/s.

2) The upper surface temperature of ingot has slight effect
on the temperature field and macrosegregation. When the
upper surface temperature of ingot increases from 2151 K to
2198 K, the molten pool depth barely changes at the stable
melting stage, and the average depth is about 626 mm. In the
area within the distance of 185 mm from the ingot center,
positive macrosegregation occurs, and its maximum value is
3.20%. In the area beyond the distance of 185 mm from ingot
center, the maximum value of negative macrosegregation is
decreased from 5.70% to 5.30% with increasing the upper
surface temperature of ingot from 2151 K to 2198 K.

3) The influence of cooling intensity on temperature field
and macrosegregation is not obvious. With increasing the
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ZF: KA Fluent FUFBIL T80 4 TCA BA° AIFEMS B R iR . WA M EAER, TR T 5%EEEMEXIN3AN TS
B OFE . B55E LR THNRZEAA JIBREDD 84 Z MR AT R U . 25 SRR NIRRT, TEE55E 1000 mm = 2 AL 8ot 2=
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