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The effects of melting current and magnetic field in vacuum consumable arc remelting (VAR) process on the
macrosegregation of Ti-10V-2Fe-3Al ingot are investigated in this paper. The results show that Fe content
increases gradually from the bottom to the top of ingots along axial direction and the degree of macro-
segregation is greater in the radial direction in the middle of the ingot versus the top and bottom. The
macrosegregation rate of Fe element is higher with melting current of 2.6 kA than that of 1.7 kA in Ti-10V-
2Al-3Fe ingot. There are two forces, buoyancy and Lorentz forces which arise from the flow of current
through the pool of VAR when without magnetic stirring, but a new Lorentz force arising from the presence
of external inductors occurs with adding magnetic stirring which decreases the macrosegregation rate of Fe
element in Ti-10V-2Fe-3Al.
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1. Introduction

The Ti-10V-2Fe-3Al ingots from vacuum consumable arc
remelting (VAR) process are used typically as a material for
critical parts of jet engines and industrial gas turbines as well as
in military application (Ref 1-3). The specification of applica-
tion often demands outstanding material properties (Ref 4, 5).
Despite many years of research and development of VAR
process of Ti-10V-2Fe-3Al alloy, there are still many challenges
in making defect-free and high-quality ingots (Ref 6, 7), such
as, LDI and HDI defects, beta flecks and macrosegregation
(Ref 8-11). In which, macrosegregation is an inhomogeneous
distribution of alloying elements that is result from two
physical phenomena, solute partitioning and fluid flow during
the remelting process (Ref 12, 13). The fundamental reason for
segregation is the partitioning of solute elements between liquid
and solid phases during solidification process. Partitioning by
itself results in a microscale redistribution of solute between
solid and liquid phase at the solid-liquid interface during alloy
solidification. In the case of Ti-10V-2Fe-3Al alloy, the liquid
phase is enriched and the solid phase is depleted of solute
elements, such as Fe, C, Si etc. The so-called partition
coefficient (K = CS/CL) of these elements is less than unity,
meaning that the concentration of the element in the solid phase
is less than in the liquid. In the case of elements with K> 1,
e.g. Al, N, O, the solid phase becomes enriched during
solidification. Meanwhile, the other main reason of segregation

is the relative movement of liquid and solid phases in the
two-phase zone of the melting.

The major segregating element for Ti-10V-2Fe-3Al alloy is
Fe, which leads to form beta flecks which have a significant
effect on mechanical properties of Ti-10V-2Fe-3Al alloy. In
order to obtain a sound ingot, it is necessary to understand the
rule of solute partitioning and control the processing parameters
which affect the pool profile and as-cast structure during VAR
process. Accordingly, the macrosegregation behaviors of
Ti-10V-2Fe-3Al ingots are investigated in this paper, which
including the effect of VAR parameters, such as melting current
and magnetic field, on fluid motion in the molten pool and
macrostructure of ingots. At last, the formation mechanism of
macrosegregation is discussed and some effective methods for
reducing segregation of this alloy are produced.

2. Experimental Procedures

The test materials were produced through twice melting
vacuum consumable arc remelting. Firstly, U 609 100 mm
ingots of Ti-10V-2Fe-3Al which were used as consumable
electrode for twice remelting were made by VAR from
compacted sponge titanium. Then a lot of ingots (U
1009 140 mm, 6.5 kg) of Ti-10V-2Fe-3Al were produced by
twice VAR. The ingot and electrode diameters and process
parameters for the individual stages are given in Table 1, in
which, ingot A and ingot B was carried out with relatively weak
melting current (1.7 kA) and operated without and with
magnetic field respectively. Ingot C and D were carried out with
relatively strong melting current (2.6 kA) and operated without
and with magnetic field respectively too. Three ingots for each
scenario (A, B, C and D) were produced in this study and the
results were found to be consistent.

The ingots were split along the center of axis for the
chemical composition analysis. As shown in Fig. 1, the test
samples were cut from the ingots along the central column of
the longitudinal section (Fig. 1a) and the radial lines of the
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cross section (Fig. 1b). Then the samples of the hatched areas
were analyzed by chemical composition analysis technique and
the macrosegregation results were found to be consistent by
repeatable chemical composition analysis. Finally the typical
macrostructure morphology of longitudinal section of ingots
was observed by camera.

3. Results and Discussion

3.1 Macrosegregation of Ti-10V-2Fe-3Al During Different
Solidification Process of VAR

The axial and radial distribution of Fe element at different
sections of the alloy ingot A is shown in Fig. 2. It can be seen
from Fig. 2a that the Fe content gradually increases along the
central axis from the bottom to the top of the ingot.
Figure 2(b) shows the radial direction distribution of Fe
element at sections of the bottom, middle and top of ingot A
respectively. It can be seen that Fe content gradually increases
from the edge to the center of the ingot. The degree of
macrosegregation is smaller in the radial direction at the top
and bottom of ingot A versus the middle. This phenomenon is
also observed in other ingot.

Under VAR conditions, the classical theory of partition
coefficient show as (Ref 14):

C ¼ C0 1� nð ÞK�1 ðEq 1Þ

where C is the concentration of solute element dissolved at
every moment, C0 is the initial concentration of solute ele-
ment, n is the volume fraction of solidified part, and K is the
partition coefficient of solute element.

The partition coefficient K is defined as the ratio between
concentrations of solid and liquid phases in equilibrium
condition. Binary phase diagram reveals approximate partition
coefficients for the three binary systems KTi-V� 1.0,
KTi-Fe� 0.28, KTi-Al� 1.23 for Ti-V, Ti-Fe and Ti-Al binary
dilute systems respectively, in which KTi-V is close to 1,
indicating that V is not expected to appreciably segregation
during VAR of Ti-10V-2Al-3Fe alloy. But the KTi-Fe and KTi-Al

deviate from 1, portending microscale segregation of Al and Fe.
It is noticeable that the partition coefficient of Fe is far less than
1, signifying its preference into residual liquid, therefore, Fe
content gradually increases along the axis direction from the
bottom to the top of ingots which is coincident with the
solidification sequence of Ti-10V-2Fe-3Al ingots.

In the practical VAR solidifying process,K is not a constant, it
depends much on solidifying velocity. The partition coefficient

Table 1 Process parameter and diameters for two VAR stage

VAR Stage Number Voltage, V Iarc, kA
Magnetic
intensity, T

Vacuum
pressure, Pa

Average
melt rate, g/s Delectrode, m Dingot, m

1 … 23 1.1 0.003 1.09 10�3 9.4 0.03 0.06
2 Ingot A 26 1.7 0 1.29 10�3 14.1 0.06 0.1
2 Ingot B 26 1.7 0.004 1.29 10�3 16.1 0.06 0.1
2 Ingot C 26 2.6 0 1.29 10�3 18.8 0.06 0.1
2 Ingot D 26 2.6 0.004 1.29 10�3 21.5 0.06 0.1

Fig. 1 Position of ingot sampling: (a) longitudinal section of ingot and (b) cross section of ingot
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in practical process can be expressed as Ka, the relationship
between Ka and K0 is shown in the equation (Ref 14):

Ka ¼ K0 þ 1� K0ð Þ exp �Di=Rdð Þ ðEq 2Þ

where Di is the diffusion coefficient of interface; R is the
solidifying velocity, d is the thickness of atom layer along the
solidifying direction. According to the equation, the higher
the R is, the Ka is more nearly to 1. The lower the R is, the
Ka is more nearly to K0.

Figure 3 shows the typical macrostructure of longitudinal
section of the ingot A. The crystalline grains at the bottom of
the ingot grow upwards along the whole bottom cross section,
as shown in Fig. 3(a zone). The heat dissipation along axial
direction is much larger than that of radial direction, so the
cooling intensity and solidifying velocity are higher and the K
is close to 1, i.e., the radial solidifying segregation at the bottom
of the ingot is very small. Along with the remelting evolution,
the depth of molten pool also increases gradually with the
height of solidified ingot increasing. Therefore, the axial heat
dissipation gradually become more difficult and the radial heat
dissipation becomes dominant, which results in the crystalliza-
tion growth direction at the edge of ingots pointing to the
center, as seen in Fig. 3(b zone). At the same time, the
solidifying velocity R and K decrease. So the enrichment of Fe
element in the center of ingots results in the increase of the
macrosegregation degree. At the end of VAR, the melting

current suddenly dropped, which leads to the solidifying
velocity increases greatly (Ref 15-17) and, therefore, the
macrosegregation degree of Fe element decreases at the end of
the whole solidification process.

3.2 Influence of Remelting Current on the Macrosegregation
of Ti-10V-2Fe-3Al

Different macrosegregation rates have been frequently
reported as an indication of segregation severity. Macrosegre-
gation rate (rm) is adequate to be employed with a large
number of microanalyses at random points, as shown by:

rm ¼
1

nc0

Xn

i¼1
cij � c0j � 100% ðEq 3Þ

where n is the total number of microanalyses in the section,
ci is the element content for each microanalysis and c0 is the
average element content of all microanalyses in the section.
The effect of melting current on macrosegregation rate of Fe
element in Ti-10V-2Fe-3Al alloy is shown in Fig. 4. It can be
seen that the macrosegregation rate increases firstly and then
decreases along axial direction from the bottom to the top of
the ingots. In addition, the macrosegregation rate of Fe ele-
ment is higher with melting current of 2.6 kA than that of
1.7 kA. It can be concluded that the macrosegregation rates
of alloy elements are significantly affected by the melting cur-
rent in Ti-10V-2Fe-3Al alloy.

Without regard to magnetic stirring in VAR process, there
are at least two competing sources of motion in the molten
pool. One is buoyancy, the cases with weak clockwise flow cell,
which develops in the vicinity of the side of the forming ingot
(Ref 18). The buoyancy in the pool is expected as:

Ff ¼ �qgbðT � TMÞ ðEq 4Þ

where b is the expansion coefficient, T is the surface tempera-
ture of pool and TM is the melting point of ingot. The surface

Fig. 2 The distribution of Fe element in the different section:
(a) axial direction and (b) radial direction

Fig. 3 Macrostructure of ingot A along longitudinal section
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of the pool is contacted with the plasma arc and may be
200-300 K above the melting point of the alloy. Liquid metal
at the surface will be hotter and less dense and so a buoyancy
force would cause mixing because the molten pool is oval, i.e.,
the temperature difference will drive a buoyancy flow which
points to the solidification front and leads the edge of liquid to
the core of molten pool, as illustrated in Fig. 5(a). The case
will facilitate the accord of temperature in the whole molten
pool and mitigates the macrosegregation degree of ingots.

The second source of motion is the Lorentz force. The type
of current path of the furnace is coaxial. The current flow I
through the pool is related to the field B by Ampere�s law,
according to which

r� B ¼ lJ ðEq 5Þ

r � B ¼ 1

r
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� @Bh
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� �
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The magnetic field comes mainly from z direction melting
current, and using Eq 6, we may rewrite as

r� B ¼ �@Bh

@z
êr þ

1

r

@ðrBhÞ
@r

êz ðEq 7Þ

lJz ¼
1

r

@ðrBhÞ
@r

êz ðEq 8Þ

So the Lorentz force which arises from the current flow and
self-induced magnetic field can be expressed as

F1 ¼ JZBh ðEq 9Þ

From Eq 8 and 9, Lorentz force can be written as

F1 ¼ Bh
1

r

@ðrBhÞ
l@r

êz ðEq 10Þ

The Lorentz force F1 comes into being a counter-clockwise
flow cell, as shown in Fig. 5(b), which result in liquid trans-
ferring from the top to the core and brings lots of heat from
the surface to the bottom of the pool. Finally, the molten pool
becomes much deeper and the zone of liquid-solid two-phase
becomes broader with the melting current increasing, which
enhances the degree of convection and aggravates the macro-
segregation degree of ingots.

In VAR, the fluid flow pattern is the resultant of the
interaction between the thermal buoyancy forces and the
electromagnetic Lorentz force. In general, buoyancy forces
dominate at a low current operation. As the current is gradually
increased, the influence of the electromagnetic Lorentz forces
begins increasing (Ref 19). The value of buoyancy forces and
the electromagnetic Lorentz force is close and the transition
from buoyancy driven flow to current induced flow is very
rapid in VAR process (Ref 20). Zanner (Ref 21) finds that when
the melting current changes from 6.6 kA to 7.6 kA for
remelting 508 mm diameter INCOEL718 alloy, the flow pattern
between the thermal buoyancy forces and the electromagnetic
Lorentz force has transformed in VAR. Davidson (Ref 15)
studies that the flow pattern has transformed for remelting
250 mm diameter nickel alloy by numerical experiments. At
melting current is 3.6 kA, the buoyancy dominates flow pattern,
but melting current reaches 10 kA, the buoyancy driven motion
has completely disappeared and the electromagnetic Lorentz
force dominates flow pattern.

The researchers have divarication for critical value
melting current which leads to transform the flow pattern
in molten pool, but it is out of question that the electro-
magnetic Lorentz force increases with the increase of melting
current and the effect of buoyancy forces and electromag-
netic Lorentz force is opposite. At one time, macrosegrega-
tion formation tendency becomes significant with the increase
of the electromagnetic Lorentz force. Therefore, in Ti-10V-
2Fe-3Al alloy VAR process, the melting current of 1.7 kA
generates relative small Lorentz force and the liquid flow of
pool is dominated by the buoyancy force, which leads to the
macrosegregation rate of alloying element decreases. But the
higher melting current (2.6 kA) will result in a strong
electromagnetically driven flow, therefore, the molten pool
becomes very deep due to the drop of metal liquid increasing
in unit time, and the dendrite at the front of S/L interface is
washed and consequently, the enriched Fe element between
interdendrite can be transferred to the center of the pool,
which ultimately aggravates macrosegregation degree of ingots.

Fig. 4 Effect of melting current on macrosegregation rate of Fe in
the ingots A and B

Fig. 5 Buoyancy and Lorentz of molten pool: (a) Buoyancy and
(b) Lorentz J9Bh where Bh is the self-field with current J
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So the macrosegregation of Fe element is bigger with
2.6 kA melting current than that with 1.7 kA, as shown in
Fig. 4.

3.3 Influence of Magnetic Field on the Macrosegregation
of Ti-10V-2Fe-3Al

Stirring magnetic field plays the important role in VAR
process, and the effect of magnetic field on macrosegregation
rate of Fe element in Ti-10V-2Fe-3Al ingots is shown in Fig. 6.
It is found that when the melting current is the same such as 1.7
and 2.6 kA, the macrosegregation rate of Fe element decreases
when the alloy is remelted with magnetic stirring compared
with without magnetic stirring.

With magnetic stirring in VAR process, as shown in
Fig. 7(a) and (b), there is a vertical magnetic field B0 and it
is introduced to stabilize the arc. The interaction of B0 with the
radial current in the pool gives rise to an azimuthal force which
induces swirl, namely motion in a horizontal plane. It is the
third source of force in the pool of VAR, as shown in Fig. 7(c).
Expression of the force can be expressed as:

Fb ¼ �B0
@Bh

l@z
er ðEq 11Þ

Magnetic stirring force intensify the convection of molten
metal, which results in the crystal metal remelting at the
brim of ingots. Thereby, the temperature difference of mol-
ten metal becomes small in VAR pool and becomes unifor-
mity. So the zone of liquid-solid two-phase becomes
narrow and the temperature gradient becomes higher at the
front of S/L interface, which induces partition coefficient
K0 becomes larger. Ban et al. (Ref 22) discovers homoplas-
tic phenomenon that direct magnetic field makes partition
coefficient K0 become larger in Al-Cu alloy. That is to say,
magnetic field can meliorate the macrosegregation of alloy-
ing element, namely the macrosegregation rate of Fe ele-
ment decreases in Ti-10V-2Fe-3Al ingots. Therefore, to
prevent segregation during VAR, it is efficiently to adopt
small melting current and bring to bear magnetic stirring
(such as ingot B).

4. Conclusion

1. In VAR process, the Fe content gradually increases along
the axial direction from the bottom to the top of ingots
and decreases along the radial direction from the center
to the edge of ingot. The degree of macrosegregation is
greater in the radial direction in the middle of the
Ti-10V-2Al-3Fe ingot versus the top and bottom.

2. The macrosegregation rate increases firstly and then
decreases along radial direction from the bottom to the
top of the ingots with different melting currents. The
macrosegregation rate of Fe element is higher with melt-
ing current of 2.6 kA than that of 1.7 kA in Ti-10V-2Al-
3Fe ingot.

3. Without magnetic stirring, there are two forces, buoyancy
and Lorentz forces which arise from the passage of cur-
rent through the pool of VAR. There are three forces in
the pool, a new Lorentz force arose with magnetic stir-
ring because the presence of external inductors. The mac-
rosegregation rate of Fe element decreases when the
alloy remelts with magnetic stirring compared with with-
out magnetic stirring. In order to reduce segregation of
Fe element in Ti-10V-2Al-3Fe alloy, it is efficient to
adopt small melting current and bring to bear suitable
magnetic stirring.

Fig. 6 Effect of magnetic field on macrosegregation rate of Fe ele-
ment in ingots

Fig. 7 Buoyancy and Lorentz of molten pool: (a) Lorentz J9B0

where B0 is an externally field, (b) the movement of electron in
magnetic field, and (c) azimuthal force in horizontal direction
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