J Mater Sci (2023) 58:397-410

Metals & corrosion

l‘)

Check for
updates

Effect of pull-down rate and power on electromagnetic
separation of hypereutectic Ti—Si alloy under vacuum

Ruifeng Zhang'?, Junpeng Wang'?, Kuisong Zhu®, Yun Lei"?, Wenhui Ma'?, and
Guogiang Lv"2*

"Faculty of Metallurgical and Energy Engineering, Kunming University of Science and Technology, Kunming 650093, China
2State Key Laboratory of Complex Nonferrous Metal Resources Cleaning Utilization in Yunnan Province, Kunming 650093, China
3School of Vanadium and Titanium, Panzhihua University, Panzhihua 617000, China

Received: 8 September 2022 ABSTRACT

Accepted: 18 November 2022 [, the present study, numerical and experimental methods were used to

Published online: investigate the effects of the process parameters on the enrichment of primary Si
14 December 2022 by separation of hypereutectic Ti-89 wt.% Si alloy melts during directional
solidification. The results indicated that the separation of the primary Si from Ti-
© The Author(s), under 89 wt% Si alloy melts significantly depends on the pull-down rate of the melts,
exclusive licence to Springer ~ and the flow velocity of the melts decreases as the pull-down rate increases,
Science+Business Media, LLC, which reduces the separation and enrichment effects of the primary Si during
part of Springer Nature 2022 the electromagnetic directional solidification process. Conversely, with the
increase in power, the convection and heat transfer of the melt are enhanced,
which promotes the separation and enrichment of primary Si. Furthermore, the
enrichment of silicon was analyzed by ICP (Inductive coupled plasma emission
spectrometer), and it was found that with the power increasing from 3.8 to
5.4 kW, the content of Ti in the silicon enrichment layer decreased from 4.16 to

2.08%.

Introduction blast furnace slags have accumulated [2, 3]. Due to
the lack of application, a large amount of slag would
occupy space and pollute the environment, which

V-Ti magnetite of Panzhihua is complex iron ore  also wastes Ti resources. Therefore, the healthy

with coexisting elements of vanadium and titanium. development and comprehensive utilization of tita-

It accounts for more than 90% of China’s titanium  njum resources are very significant. In recent years,
reserves [1]. With the continuous utilization of  efficiency, low-cost, and eco-friendly methods for
vanadium-titanium  magnetite  concentrate in  recovering titanium from high-titanium blast furnace
Panzhihua area, a large number of high-titanium  slag have been widely studied, such as blast furnace
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slag modification-selective enrichment of titanium-
containing minerals [4, 5], high-temperature car-
bonization-low-temperature chlorination process [6],
hydrometallurgy [7, 8], preparation of alloys from
high-titanium slag [9]. However, the titanium recov-
ery rate of blast furnace slag modification-selective
enrichment of titanium-containing minerals process
is low and the cost is high. The high-temperature
carbonization-low-temperature chlorination process
has the problems of difficult treatment of chlorination
residue and high power consumption. Hydrometal-
lurgy needs to solve the potential secondary pollu-
tion problems such as waste acid and waste alkali in
the production process. High-titanium blast furnace
slag can successfully prepare Ti-Si alloy through
metal thermal reduction, which is often used as a
deoxidizer or alloying agent for converter steelmak-
ing. And these methods only stay at the laboratory
level or are difficult to consume a large number of
high-titanium blast furnace slag and unable to
industrialize, so it is necessary to find a new way to
efficiently utilize high silicon Ti-Si alloy. Zhu et al.
successfully separated primary Si and Ti-Si alloys
from high silicon titanium-silicon alloy melt by elec-
tromagnetic directional solidification [10]. Primary Si
after further refining and purification may be used as
raw material for the production of solar-grade multi-
crystalline silicon. Ti-Si eutectic alloy has been
widely studied due to its excellent casting properties
such as low melting point and good fluidity.
During the process of electromagnetic directional
solidification, the melt is driven to flow by the effect
of electromagnetic stirring (EMS), which strongly
influences grain growth and temperature distribu-
tion. EMS force inside the melt can influence the
characteristics of the flow and the shape of the alloy
melt. Meantime, the flow would enhance the process
of the heat transfer and the mass transfer of the melt,
which would disturb the continuity of the crystal
growth. It is significant to study the flow and heat
transfer inside the melt. However, electromagnetic
directional solidification is an invisible process of
high temperature and high vacuum. It is difficult to
measure the flow pattern and heat transfer of the melt
in practice. Therefore, numerical simulation has great
potential for exploring the heat transfer characteris-
tics and melt fluidity in the directional solidification
process. The results lay a foundation for further
exploring the mechanism of separating primary Si
and Ti-Si Alloys by electromagnetic directional
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solidification. At present, many scholars have carried
out numerical simulation analysis of the directional
solidification process. Yu et al. studied the melt
convection pattern in the process of directional
solidification of crystalline silicon. It was found that
under the action of a traveling magnetic field, the
current parameters have a great influence on the
Lorentz force, melt convection, and thermal field. By
adjusting the electromagnetic parameters, the melt
homogeneity can be improved and the quality of
silicon ingot can be improved [11]. Chen et al
established a three-dimensional (3D), finite element
model to study the flow field in the molten pool
during electromagnetic directional solidification
based on the experimental study. The numerical
results show that the flow pattern of melt changes
with the frequency from 10 to 100 kHz, and the
electromagnetic stirring in the melt is more intense at
low frequencies [12]. Yang et al. established a 3D
finite element model using the commercial software
ANSYS to study the effect of the horizontal flow of
Ti—Al alloy melt on microstructure during directional
solidification. As the power increases, the flow rate of
the melt near the solid-liquid interface increases.
And the experimental results also prove that the flow
field in the melt can be regulated to obtain a situation
conducive to the continuous growth of crystals by
adjusting the heating power and current frequency
[13]. Yang et al. enhanced the heat transfer of the
traditional directional solidification process, which
resulted in an improvement in crystal quality [14]. Yu
et al. observed that the primary silicon would move
up or down when a magnetic field is applied to the
directional solidification separation process of an Al-
Si alloy [15]. Lv et al. experimentally studied the flow
and heat transfer behaviors during electromagnetic
directional solidification and its influence on grain
migration [16].

The main aim of this paper is to study the relations
between the flow in the melt and the separation of the
silicon phase. A physical model of flow and heat
transfer in the electromagnetic directional solidifica-
tion process was established. Based on that, the
influence of the change in the pulling rate and the coil
power on the flow field is studied. Further, the
macro/microstructures of Ti-Si ingots by electro-
magnetic directional solidification were investigated.
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Experimental procedure and numerical
model

Experimental procedure

A hypereutectic Ti-89 wt% Si alloy was prepared
from 62.3 g of pure Si and 7.7 g of Ti and then
charged in a graphite crucible with an inner diameter
of 30 mm and a length of 150 mm. The apparatus of
an electromagnetically-induced furnace is shown in
Fig. 1a. The experiment was carried out under the
conditions of a vacuum of 10 Pa. The directional
solidification distance was set to 5 cm. As shown in
Fig. 1a, the raw composed of Ti sponges (99.5%) and
pure Si (99.999 wt%) in the crucible was melted and
kept at 1733 K for 20 min to homogenize its compo-
sition. The base and graphite crucible simultaneously
moves down at set velocities. Due to intensive chil-
ling from the cooling water in the base, the heat was
removed from the bottom, a longitudinal tempera-
ture gradient was formed in the charge accordingly.
In the directional solidification process, the temper-
ature was measured at the melt surface of the center
of the crucible at intervals of 5 min via a non-contact
infrared thermometer, which was calibrated at the
melting point of silicon with fluctuations of about
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+15 °C. The directional solidification ingots were cut
with a diamond wire cutter along its longitudinal
cross-sectional center, and microstructure analysis
was performed using an electron probe micro-ana-
lyzer (EPMA, JXA8230, JEOL, Japan). To study the
relationship between the separation efficiency of Si
and the electromagnetic stirring and vacuum direc-
tional solidification coupling external field strength-
ening, three samples were collected at the bottom of
Si-rich layers and the silicon content was detected
using ICP-AES.

Geometry definition

The commercial software COMSOL multiphysics was
employed to calculate the flow fields inside Ti-89
wt% Si melt. Figure 1b gives the FE model and its
grid generation. In the computational domain, the
maximum size of the triangular mesh is set to
18.5 mm. Additionally, the quality of the mesh will
significantly affect the accuracy of the calculation
results, so it is necessary to refine the mesh in the
melt area affected by the skin effect. Table 1 shows
the physical parameters of the materials used in the
calculation. Table 2 shows the thermo-physical and
electromagnetic properties of the Ti-89 wt% Si (solid)
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Figure 1 a Schematic diagram of vacuum directional solidification furnace; b 2D-axisymmetric FE model of the crucible with a charge

and grid generation.

@ Springer



400

Table 1 Properties of materials used in the simulation
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Properties Coils Crucible Ti-89 wt% Si(Melt) Insulator Cool water
Electric conductivity (S m™") 5.998 x 107 3 x 10° 1.25 x 10° 1 55 % 107
Relative permeability 1 1 1 1 1

Density (kg m™) 8940 1950 2577 520 1000
Dynamic viscosity (Pa s) - - 0.0012 - -

Thermal conductivity (W (m K)™") 400 150-300/T 57.3 0.045 60
Specific heat capacity (J (kg K)™") 385 710 966.6 816 4182

and (melt) in the calculation. The physical parameters
of the Ti-89 wt% Si alloy are calculated by JMAT Pro,
and the rest of the parameters are from the material
library that comes with the commercial software
COMSOL multiphysics. It is assumed that the phys-
ical parameters of the Ti-89wt% Si after melting are
independent of temperature.

Mathematical models

In this study, the directional solidification process
involves a series of complex phenomena such as heat
transfer, flow, and movement, which interact with
each other. To save computing resources, some
rationalization assumptions were made on the model
as follows [17-20]:

1. A two-dimensional axisymmetric model was
established for calculation, because the main
component of the configuration is a cylindrical
structure.

2. The influence of air convection in the furnace was
ignored due to the lower pressure.

3. The melt is incompressible and treated as a
homogeneous medium.

4. The radiating surfaces involved in the model are
set as diffuse gray surface.

5. The latent heat of transformation of the Ti-89 wt%
Si alloy phase system is regarded as the latent
heat of transformation of single phase.

Table 2 Properties of the Ti-

The magnetic field can be obtained by solving
Maxwell’s equations:

VxH=] (1)
B=VxA (2)
E = —joA (3)
J = oE + joD (4)

where H represents the magnetic field intensity (A
m™"), J represents the current density (A m™?), B is
the magnetic flux density (T), E is the electric field
intensity (V m™'), and A is the vector magnetic
potential (AT), D is the electric displacement vector
(Cm™).

As a heat source in the heat transfers part of the
model. It is given by

Qe =Qu+Qu (5)
The resistive losses and the magnetic losses are
Qu =0.5real(J - E) (6)
Qi = 0.5real(ioB - H) (7)

During the directional solidification process, the
thermal conduction between the charge and the cru-
cible wall is described by the heat transfer equation
as:

pC, VT =V - (kVT) +Q, (8)

89 wt% Si(solid) and Ti-89 Properties

Ti-89 wt% Si(solid) Ti-89 wt% Si(Melt)

Wt% Si(Melt) in the

caleulation Electric conductivity (S m™")

Relative permeability

Thermal conductivity (W (m K)™")
Specific heat capacity (J (kg K)™")

Melting temperature (K)
Phase change enthalpy (J kg™")

500 1.25 x 10°
1 1

45 57.3

995 966.6

1651

1.64 x 10°
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where C,, k and Q, denote specific heat, thermal
conductivity, and heating power per unit volume
(heat source term), respectively.

For the radiation of the crucible in the furnace, the
radiation equation is solved:

—n - (=kVT) = &(G — oT*) 9)
G = Gu(],) + Faunp0Tamp’ (10)
(1-¢)G =] —eoT* (11)

The furnace shell has circulating cooling water
flowing through the whole process of the experiment,
so the temperature of the furnace wall is set to a
constant temperature. For the water-cooled heat
exchange in the copper induction coil and the lifting
platform, the convection heat exchange boundary is
used, and the convection heat transfer coefficient is h
determined by the following formula

uCp
Pr = z (12)
N, = 0.023Re*8pr4 (13)
kl
—n-(—kK'VT)=h- (Tex, — T) (15)

where Pr is the Prandtl number, p is the dynamic
viscosity of the cooling water, Cp is the specific heat
capacity of the cooling water, k' is the thermal con-
ductivity (W/(m-K)), Re is the Reynolds number, N,
is the Nusselt number, ¢ is the correction coefficient, d
is the pipe diameter, and Tey is the cooling water
temperature (K).

The melt flow by describing the fluid velocity and
the pressure according to equations

V- -u=0 (16)

prlu-Vyu =V [—pl+ pu(Vut (V) )| + Fe (17)

where p, is the density (kg m ), and u is the vis-
cosity (Pa-S). The source term Fe, is composed of
gravity and electromagnetic force Fene (N m™).
Feme = J x B, whereJ,B represent the current density
in the melt and the magnetic field generated by the
induction coil, respectively.

Liquid fraction B is introduced to describe the
solid-liquid interface visually, and the equation is
expressed [21]:

! 401
1 T>T,+AT
B— % (Tw — AT) <T < (T, + AT)
5 T<T, + AT
(18)

where T}, is the solid-liquid phase transition tem-
perature of the silicon material (K), and AT is the size
of the 1/2 temperature range of the phase transition
“mushy zone” when the phase transition occurs.

Results and discussion
Verification of the model

The mushy zone and solid zone are regarded as a
whole without flow to simplify the model. To verify
the accuracy of the model, the transient temperature
field at the surface of melt during the downward
process was calculated. During the experiment, a
non-contact infrared thermometer was used to record
the temperature of the center of the melt surface
every 10 min. For comparison, the temperature
measurement experiment was conducted under the
same condition. Figure 2 shows the measured and
calculated temperature value, which indicates that
the computed temperature agrees well with the
experimental measurements. The error between the
measured value and the calculated value is within
10%.

Effects of pulling-down rate
on the separation of Si from Ti-89 wt% Si
melt

In controlling the melt flow and optimizing the
crystal growth process, the electromagnetic field has
proven to be a promising way [22, 23]. In our case, the
flow field distribution induced by the intermediate
frequency electromagnetic field in the melt is pre-
sented in Fig. 3 by the velocity streamline and plot
when the power is 4.6 kW, the pull-down rate is
10 um s*l, and the solidification fraction is 0.25, 0.5,
and 0.75, respectively. It can be seen from the flow
pattern on the left side of Fig. 3(a-1) that when the
solidification fraction is 0.25, some of the melt near
the crucible flows forwards up intensively along the
sidewall, and shifts to clockwise gradually when it
approaches the melt surface, then turns to the hori-
zontal direction and flows toward the center. The

@ Springer
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Figure 3 Flow field (Left) and heat field (Right) in the
hypereutectic Ti-89 wt% Si melts during the electromagnetic
directional solidification process with different pulling-down rate
(v) and solidification fraction (f): a-1 v = 10 pm s~ ', f = 0.25; a-2

flow field converges at the center near the crucible
wall and the (solid-liquid) S/L interface. The flow
velocity near the melt center is higher than that in
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v=10 pm s, f=0.5;

a-3 v=10 pum s~

1

s

f=075 b-1

v=30ums™!, f=025 b-2 v=30ums™!, f=0.5; b-3
v=30ums™!, f=075 c1 v=50pums~', f=025 c-2
v=50ums ", f=05 c-3v=50pums ', f=0.75.

other regions. The flow pattern remains unchanged
with the increase in solidification fraction, but the
vortices shift slightly to the periphery of the melt, as
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shown in Fig. 3(a-2, 3). According to the skin effect, it
can be found that the closer to the edge of the cru-
cible, the greater the electromagnetic force exerted on
the melt, so that the melt edge has a larger flow
velocity. Increasing the speed of the crucible away
from the heating zone has an effect on the flow field
of the melt, as shown in Fig. 3(b-1) and (c-1) under
the condition of constant power. Obviously, the flow
rate of melt near the crucible wall is decreasing.

Due to the skin effect, the heat source is not uni-
form in the melt. They are higher at the periphery
(skin layer) of the melt and decrease in the center.
Under this situation, the high-temperature melt will
be brought from the periphery to the center of the
melt and the solidification front by the eddies. As a
result, the temperature distribution of the melt is
more uniform, with the higher temperature concen-
trated in the center of the melt, which makes the
isotherm concave. In the middle stage of solidifica-
tion, the eddies which tend to the periphery are
weakened, which leads to the decrease in tempera-
ture in the melt center and the isotherm is slightly
concave. In the final stage, the temperature of the
melt center is lower than that of the periphery due to
the heat source gathering at the periphery and the
further weakening of the eddy strength. Then, the
isotherm changed from concave to convex.

For understanding the variation trend of velocity in
the melt more intuitively, the velocity near the solid—
liquid interface in the melt center is calculated, and
the results are shown in Fig. 4a. The results show that
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the higher the solidification fraction, the lower the
flow rate of the melt, when the drop-down speeds are
constant. The higher pulling-down rate of the cru-
cible of the same power and solidification fraction
will result in a lower flow rate of the melt. Previous
studies have found that the growth of silicon crystals
is caused by the continuous migration of silicon
atoms or clusters from the melt to the solidification
front [24-26]. So, the migration mode in this study is
mainly convection diffusion caused by melt flow,
1272

here, k, is the convection diffusion coefficient, u is the
fluid velocity, r is the characteristic length, and here is
the crucible’s inner diameter (mm). D is the molec-
ular diffusion coefficient. According to the formula,
the higher flow velocity is beneficial to the growth of
silicon crystals.

Further, the relationship between the temperature
gradient of melt near the S/L interface and the
increase in the thickness of the solidified layer was
investigated, and the results are shown in Fig. 4b.
The temperature gradient curves indicate that under
a certain condition of pulling rates and power, the
temperature gradient in the melt is negatively related
to the thickness of the ingot. Besides, with the
increase in pulling speed, the temperature gradient at
the front of the solid-liquid interface increases
slightly, and the difference is in the range of
5Kmm ' Based on constant heat supply, the
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Figure 4 Numerical thermal parameters of the Ti-89 wt% Si alloy at different pulling-down rates under coil power of 4.6 kW: a velocity

and b temperature gradient.
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relationship between the cooling rate, pull-down rate,
and temperature gradient is as follows,

aT
Ve =0z 05 (20)

here, v, is the cooling rate (K s7Y); v, is the pull-down
rate (um s~ ). Evidently, the increase in pulling-down
rate will make the cooling rate increase. When the
cooling rate is high, the silicon atoms do not have
enough time to migrate to the solidification front,
resulting in a decrease in the number of atoms the
melt provides for the solidification front. Therefore,
the lower pull speed can promote the separation of
silicon crystals.

The macrostructure of the longitudinal section at
different pulling rates is shown in Fig. 5. When the
directional solidification is completed, the two dif-
ferent materials are observed and the dash in the
middle is the separation interface. The silicon
enrichment layer is found at the bottom of the cru-
cible, and the remaining part is Ti-Si eutectic alloy
region.

After the process of sanding and polishing, the
microstructures of samples were analyzed. The
microstructure in the middle of the silicon-rich region
of Ti-89 wt% Si alloy at different pulling-down rates
is shown in Fig. 6. According to the previous
research, we can know that the gray area of
microstructure represents the Si phase, the materials
mixed in the Si phase are TiSi, eutectic alloys [27].

In the middle of the silicon-rich region, as shown in
Fig. 6, the amount of titanium-silicon phase embed-
ded between solidified silicon crystals decreases,
under a pull-down rate of 10 um s~'. During the
process of directional solidification, the vortex always
promotes the migration of atoms to the solidification

Figure 5 Longitudinal
macrostructures of Ti-89 wt%
Si alloy samples solidified at
different pulling-down rates
under coil power of 4.6 kW:

al0pms ;b 30 pms

and ¢ 50 pm s~ .

Si enrichment
— layer

Smm
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front. When the flow rate of melt changes from high
to low, it means that the driving force of atoms or
clusters in the melt becomes weak, and the migration
of solidified crystals cannot be realized quickly.
Yoshikawa et al. [28] studied that silicon starts
solidifying at a low position in the sample and the
solidified silicon crystals are carried to the bottom by
a downward flow while subsequently adhering to
each other. In our case, the flow rate of melt decreases
from the increase in pulling rate, as shown in Fig. 4a.
Then, with the increase in the downward speed, the
TiSi, crystals do not have enough time migration
under the weak driving force. Moreover, due to the
higher cooling rate, the advancing speed of the
solidification front increases, increasing TiSi, inclu-
sions in the silicon-rich layer.

When the pulling rate is 10 um s~', the average
flow velocity of the melt is the largest during the
entire electromagnetic directional solidification pro-
cess, and the cooling rate of the melt is the smallest
under the same solid fraction (s), which is conducive
to the absorption of silicon atoms at the solidification
front. When the pulling-down rate is pm s™', the
Si+TiSi, phase inclusions in the silicon-rich layer
gradually increase, and the TiSi, phase crystals in the
Ti-Si alloy-rich layer are refined. Through (X-ray
fluorescence) XRF detection of silicon content in the
silicon enrichment layer, it is found that the enrich-
ment effect of silicon is weakened, and the content is
reduced to 88.04%.

As shown in Fig. 7, it is a sample of Ti-89 wt% Si
which is fused under the conditions of 4.6 kW cur-
rent and directional solidification rate of 10 um s~ .
In the (energy-dispersive spectroscopy) EDS analysis
of the sample boundary and a, b, it can be clearly seen
that the sample is in two phases gray and white, the
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Figure 6 Silicon enrichment region of Ti-89 wt% Si alloy at different pulling-down rates (marked in Fig. 6): a position 1; b position 2;

¢ position 3.

gray is the Si phase, the white is the TiSi, phase, and
the upper end uses the Si phase as the matrix TiSi, as
the matrix. Among the secondary phases, the lower Si
phase and TiSi, phase are evenly distributed and
dense. As can be seen from Fig. 7(a-1) to (a-3), it can
be seen that the Si phase and the TiSi, phase are both
elongated and dendritic intertwined, with uniform
distribution and dense texture. As can be seen from
Fig. 7(b-1) to (b-3), it can be seen that the TiSi, phase
is wrapped in the Si matrix and presents a messy
dendritic shape, with different sizes and poor distri-
bution uniformity, without obvious impurity phases.
In the process of directional solidification of titanium-
silicon alloy, the segregation coefficient of Ti between
the primary crystal silicon and the alloy melt is much
less than 1. When the driving force of directional
solidification is greater than the driving force of
atoms or clusters, this will result in a large part of Ti
migrating upwards, and after TiSi, nucleates and
grows, it will be wrapped by silicon melt to maintain
the bottom Ti at a certain concentration. The Ti con-
tent of the silicon-enriched layer is related to the
speed of directional solidification. The higher the
speed, the Ti content higher [29].

Effects of coil power on the separation of Si
from Ti-89 wt% Si melt

Figure 8a—c shows that the melt flow field and heat
field is affected by the parameter change of power
when the pull-down rate is 10 pm/s, and the power
is 3.8 kW, 4.6 kW, and 5.4 kW, respectively.

The melt flow pattern at different power is similar
to those in Fig. 3. However, under the same pull-
down rate, the increase in power has a positive effect
on the enhancement of melt flow rate. Compared
with Fig. 8(a-1), (b-1), and (c-1), the increase in power

leads to a larger range of fierce melt flow. When the
downward speed is constant, compared with the
temperature field under a certain solidification frac-
tion, it can be found that the upper limit of temper-
ature in the melt increase from the increase in power,
as shown in Fig. 8.

Similarly, the velocity and temperature gradient
near the S/L interface in the melt center is calculated,
as shown in Fig. 9. Under the condition of constant
power, the velocity in the melt decreases from the
increase in solidification fraction. When the solidifi-
cation fraction is the same, the flow rate of the melt
increases with the increase in power, which means
that the driving force for the migration of silicon
atoms in the melt is enhanced.

Due to the cooling conditions remain unchanged,
the temperature gradient at 5.4 kW is higher than
3.8 kW, as shown in Fig. 9b. When the pull-down
rate is 10 um/s, as the power increases, the temper-
ature gradient at the same position of different Si-rich
layers increases. In the electromagnetic directional
solidification process, as the temperature gradient
increases, the natural convection formed by the melt
under the action of gravity also increases, which is
beneficial to the migration of silicon atoms.

The identical height region of the longitudinal
section of various ingots was taken in the alloy
enrichment layer for detection and analysis (marked
positions 4, 5 and 6 in Fig. 10). The results are dis-
played in Fig. 11. As can be seen from the figure, as
the power increases, the length of the strip-shaped
TiSi, crystal becomes shorter. According to the
numerical simulation results, as the power gradually
increases, the current density in the melt increases,
and the electromagnetic stirring effect is enhanced.
When the power is large, the growth of grains in the
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Figure 7 SEM analysis of
sample Ti-89wt% Si; al-a3
SEM/EDS analysis of point a;
b1-b3 SEM/EDS analysis of
point b.
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Figure 8 Flow field (Right) and heat field (Left) in the
hypereutectic Ti-89 wt% Si melts during the electromagnetic

directional solidification process with different coil power (i) and
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Figure 10 Longitudinal
macrostructures of Ti-89 wt%
Si alloy samples solidified at
different coil power under the
pulling-down rate of

10 um s™': a 3.8 kW;

b 4.6 kW; and ¢ 5.4 kW.

40um

Z Si enrichment {iz Si enrichment
Smm Smm s

—— layer — layer

40

40pum

Figure 11 Microstructures at the same height at different power in Fig. 10: a position 4; b position 5; ¢ position 6.

IiSi+Si_

20(|an 5

N
200prm

Figure 12 Silicon enrichment region of Ti-89 wt% Si alloy at different coil power (marked in Fig. 10): a position 1; b position 2;

¢ position 3.

melt will be inhibited due to strong convection, and
the crystal tip will be easily broken.

Therefore, as shown in Fig. 12, the number of
inclusions that were engulfed during the movement
of the solidification front decreased. In addition, the
experimentally obtained Ti content in the enrich layer
by ICP decreased from 4.16 to 2.08% with the increase
in the power from 3.8 to 5.4 kW, as shown in Fig. 13.

@ Springer

Conclusions

For Ti-89% wt. Si alloy in electromagnetic directional
solidification, the flow field and heat field were
numerically investigated, and the macro/mi-
crostructure under magnetic field was studied. The
results and conclusions can be summarized as
follows:
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Figure 13 The Ti content of Si-rich area of samples dealt with
different coil power.

With the directional solidification rate increases
from 10 to 50 pm s~ ', the melt flow rate gradually
decreases. Combined with the experiment, it can
be seen that when the directional solidification
rate is 50 pym s*l, the content of Ti in the silicon
enrichment layer increases.

When the electromagnetic directional solidifica-
tion rate is constant, the increase in power
increases the electromagnetic stirring effect and
temperature gradient of the melt, which is ben-
eficial to the migration of silicon atoms and has a
positive effect on the separation of silicon
crystals.

When the power is 5.4 kW, the melt flow rate is
the largest, and the silicon in the melt is enriched
in the lower part of the crucible. By ICP analysis
shows that the content of Ti in Si-rich layer is only
2.08%.
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