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Introduction

Inclusion is one of the main defects in metal casting
billets that is generated during melting, pouring and
solidification and is unavoidable during the melting
and casting process [1]. Inclusions in the melt exist in
the form of particles, films and clusters and are dif-
ficult to remove during subsequent hot and cold
processing, with a series of subsequent evolutions [2].
Inclusions cause stress concentration between the
surrounding substrates, and at the same time, there
are microcracks around the inclusions, which
adversely affect the strength, toughness, plasticity
and fatigue resistance of the metal [3-6]. In addition,
the size of inclusions also has a great influence on the
performance of the metal billet. The larger the
inclusion size is, the greater the local stress concen-
tration caused, and the performance is also reduced.
In particular, the inclusions larger than 100 um have
the greatest damage to the quality of the casting bil-
let, which can greatly reduce the performance [7-9].
Hence, it is very important to control the content and
size of inclusions in the continuous casting process to
improve the quality and performance of the casting
billet.

In the process of continuous casting, the separation
of inclusions and metal melt is mainly realized by the
inclusions motion in the melt, and collision and

aggregation also occur between inclusions during the
motion. Different continuous casting techniques have
different effects on the inclusions motion, and dif-
ferent casting directions lead to different removal
effects of inclusions. During the upward continuous
casting process, inclusions are easy to move into the
mold in the same direction as the melt, resulting in
more inclusions in the metal casting billet [10]. Dur-
ing the horizontal continuous casting process, it is
difficult for the inclusions entering the mold to float
up and escape [11]. During the vertical downward
continuous casting process, the removal effect of
inclusions by floating is relatively good, but for the
greater density of inclusions is difficult to remove
[12]. The traditional continuous casting techniques
still suffer from limited removal effect of inclusions
and high inclusions content in the casting billet.
Therefore, various methods have been developed to
assist in the removal of inclusions in metal melt
during continuous casting process, such as bubble
flotation [13-17], electromagnetic separation [18-22]
and other methods. The removal mechanism of
inclusions by bubble flotation is that the floating
bubbles in the melt continuously collide and adsorb
inclusion particles, and the bubbles can also produce
turbulent effect and wake during the floating process,
increasing the collision probability of inclusions, the
inclusions close to the wake area will be involved in
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it, so as to achieve the purpose of inclusion removal
[17, 23]. Electromagnetic separation mainly uses
electromagnetic field to generate pressure difference
and forced convection in the melt to control the flow
of metal melt, which is conducive to the separation of
inclusions and melt [24]. These methods can increase
the local flow and turbulent kinetic energy of melt
and have different effects on the removal of inclu-
sions in the melt, while they also have certain limi-
tations. The bubble size of the bubble flotation
method is difficult to control, and the floating bubbles
can only increase the turbulent kinetic energy within
the path, and the removal effect of inclusions outside
the bubble path is not obvious. A single electromag-
netic separation method has a low inclusion removal
rate and often needs to be combined with other
inclusion removal methods. Therefore, it is of great
significance to develop a method to greatly reduce
the content and size of inclusions in the casting billet.
To sum up, comprehensive consideration of the
motion velocity of inclusions, as well as the flow
direction and velocity of melt, could be contributed to
the separation of inclusions and melt.

Based on the effect of the melt flow direction and
velocity on the removal of inclusions, Liu et al. [25]
proposed the NPCC technique, by controlling the
pressure difference inside and outside the melt, the
flow direction and velocity of melt are regulated,
which facilitates the separation of inclusions and melt
and the reduction of inclusions size in the casting
billet.

In this study, the NPCC technique was used to
prepare the aluminum alloy rod billet, and the forced
flow of melt was induced by regulating the PDIOM,
and the turbulent kinetic energy of melt increased.
The force of inclusions in the draft tube and the
negative pressure chamber was analyzed, the effect
of the melt flow direction on the inclusions motion
trajectory was studied, and the effect of the turbulent
flow on the collision and aggregation of inclusion
particles during the NPCC process was explored, and
the separation mechanism of inclusions and melt was
revealed. This work provides a theoretical basis for
the preparation of high-quality metal billets with low
inclusions content and size.
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Experiment and mathematical model
description

Experimental materials and methods

The composition of aluminum alloy used for contin-
uous casting was detected by spectrofluorometry and
is shown in Table 1. Aluminum alloy rod billets with
a diameter of 10 mm were prepared by VDCC and
NPCC techniques, respectively. The melt tempera-
ture was 923 K and kept for 20 min, the cooling water
temperature of the primary cooling device was set to
300 K, the flow rate was 400 L-h~!, and the continu-
ous casting velocity was 30 mm-min~'. The sche-
matic diagram of NPCC technique is shown in Fig. 1.
The aluminum alloy in the crucible was heated and
melted by the induction heating coil, and the draft
tube and negative pressure chamber were pumped
after heat preservation, and the negative pressure
value was set to -10 kPa. At this time, the aluminum
melt flowed upward into the negative pressure
chamber along the draft tube under the action of
negative pressure and then flowed into the right
casting mold and contacted the dummy bar. The
pressure drop velocity was 862 Pa-s™'. The mid-sec-
tion and the tail section of aluminum alloy continu-
ous casting rod billets were selected for experimental
analysis. The mid-section specimen was taken from
the rod billet after stable continuous casting, and the
tail section specimen was taken from the end of the
continuous casting billet, as shown in Fig. 2. The
morphology of inclusions was observed, and the
composition of inclusions was analyzed by scanning
electron microscope (SEM, GeminiSEM500, Carl
Zeiss, Germany) with the energy dispersive spec-
troscopy (EDS). The high-precision X-ray computed
microtomography (XCT, FF35CT, YXLON, Germany)
was used to observe the inclusion defects in the rod
billet, and count the volume fraction and size of the
inclusions. A total of 1800 images were acquired
every 0.2° with an exposure time of 400 ms. Then,
image correction and processing were carried out by
YXLON Reconstruction Workspace.

Table 1 Chemical composition of experimental materials (wt%)

Cu Mn Fe Si Ti Zn Mg Al

027 011 038 054 0016 0018 0.08 Bal
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Figure 1 The schematic
diagram of NPCC technique.
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Figure 2 The experimental
specimens location.

Bleeding pipe

Negative pressure chamber

Draft tube

Copper melt
M elting crucible

uld
Induction heating coils

Primary cooling devic

Second cooling device

Traction devige

Mid specimen Tail specimen

<

Finite element numerical simulation
and calculation

Figure 3A and c shows the 3D finite element models
of aluminum alloy rod billets prepared by NPCC and
VDCC, respectively. In order to simplify the calcu-
lation, only the crucible was retained in the VDCC,
and the draft tube and the negative pressure chamber
were retained in the NPCC. Figure 3b and d presents

Continuous casting direction

the meshing of the NPCC and VDCC models,
respectively. The physical parameters of the materials
in the NPCC and VDCC finite element simulation
models are listed in Table 2 [26-28]. The following
assumptions were made: (1) the melt was Newtonian
viscous fluid and incompressible; (2) the temperature
of aluminum alloy melt in the crucible, the draft tube
and the negative pressure chamber was uniform; (3)
the graphite walls of the crucible, the draft tube and
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Figure 3 The finite element model of NPCC and VDCC. a, ¢ 3D finite element model; b, d Mesh; e NPCC model validation; f VDCC

model validation.

Table 2 Physical properties of materials for numerical analysis

Material Density (kg Specific heat (J Thermal conductivity Viscosity Diameter (pm)
m™> kg™ K™ (W-m™2K™") (kgm™"s7h
Mold 2250 710 24 - -
Melt 2700 871 95 0.0013 -
Al O, 3600 771 30 - 1(min)/
100(max)

the negative pressure chamber were not heat
exchange with external environment, which was an
adiabatic condition; (4) the influence of electromag-
netic force on the melt in actual electromagnetic
induction heating was neglected; (5) the inclusion
particles were continuous and spherical.

During the continuous casting process, the flow of
aluminum alloy melt and inclusions follows the laws
of fluid mechanics, and inclusion particles move in
the melt as discrete phases, which can be described
by the basic governing equations of mass conserva-
tion and momentum conservation, involving
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turbulent flow, transmission processes such as heat
and mass transfer.

In the process of continuous casting, melt and
inclusions should satisfy the continuity equation
[29, 301

V7 =0 (1)

— . . _
where 7' is the velocity vector, m s~

The fluid flow was considered to be turbulent,
using the standard k—¢ model that introduced the
turbulent energy dissipation rate & [31]:
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where ¢ is the time, s, p; is the melt density, kg~m*3,

k is the turbulent energy of the fluid, J, u is the tur-
bulent viscosity coefficient, Pa's, Gy is the growth rate
of turbulent energy, u is the molecular viscosity
coefficient, Pa-s, o, and oy are turbulent Prandtl
numbers for k and ¢, C;. and C,. are the equation
constant, C,, is empirical coefficient, and y is turbu-
lent eddy viscosity, Pa:s.

The NPCC and VDCC processes included heating
and heat transfer processes, which should be calcu-
lated by the thermal energy equation for energy
conservation [27, 32]:

Py (aa—lj + 7 VH) = V(AVH) (5)
where Z is the thermal conductivity of pure copper,
W m 2 K™'; H is the enthalpy, J.

The motion of inclusion particles during continu-
ous casting was described by the discrete phase
model (DPM), and the basic equation could be
expressed as [33, 34]:

% — 3MtCDI;e (u _ up) _|_gx(pp — p) +1£d(u — uP)
dt 4p,d; Pp 2p, dt

(6)

where u, and u are the velocity of the inclusion
particles and melt, respectively, ms—', Cp is the drag
coefficient, Re is the relative Reynold number, p,, is
the inclusion particle density, kg-m >, ¢ is the gravi-
tational acceleration, m-s~2, and dp is the inclusion
particle diameter, m.

For the setting of the NPCC boundary conditions,
the inlet and outlet were the velocity inlet and the
pressure outlet, respectively, corresponding to the
decompression velocity and negative pressure in the
actual experiment. The melt temperature and con-
tinuous casting velocity were consistent with the
experimental parameters. Finally, the governing
equations were solved by Fluent software.
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The NPCC and VDCC models were validated, as
shown in Fig. 3e-f. For the NPCC process, the
reduction in pressure was used to pump the melt into
the draft tube and negative pressure chamber, so the
pressure field and decompressure rate at points A
and B were verified, respectively. For the VDCC
process, the melt flow rate at point C was verified.
The results of the simulations were found to be in
good agreement with the experimental results, and
both 3D models could be used to simulate both the
NPCC and VDCC processes.

Results

Effect of NPCC on inclusions content
in aluminum alloy rod billet

Figure 4 shows the 2D distribution and types of
inclusions in the aluminum alloy rod billets prepared
by NPCC and VDCC. It indicates that the inclusions
in the NPCC mid-specimen are very few and almost
no inclusions can be observed. However, a higher
amount of inclusions can be observed in the NPCC
tail specimen, as displayed in Fig. 4a and c. A small
amount of inclusions can be found in the VDCC mid-
specimen, which has a higher amount of inclusions
than that of NPCC, as displayed in Fig. 4b. The
amount of inclusions in the VDCC tail specimen
increases more than that in the VDCC mid-specimen,
as shown in Fig. 4d. In addition, the inclusions con-
tent in the NPCC tail specimen is higher than that in
the VDCC tail specimen. The types of inclusions are
mainly Al,O3 and a small amount of SiO, and Fe-rich
impurity phase, which have higher melting points, as
presented in Fig. 4e.

In order to further observe the morphology and
content of inclusions in the aluminum alloy rod bil-
lets prepared by NPCC and VDCC, the 3D mor-
phology of inclusions was observed by X-ray
microtomography and the volume fraction was cal-
culated, as shown in Fig. 5. It can be seen that the
inclusions in the NPCC mid-specimen are less and
smaller in size, with an inclusions volume fraction of
0.03%, as shown in Fig. 5a. In the mid-specimen of
VDCC, the content of inclusions increases, and a
small amount of inclusions occurs segregation, with
the volume fraction of 0.16% for inclusions, as dis-
played in Fig. 5b. In contrast, larger size and more
numerous inclusions are observed in the NPCC tail
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Figure 4 SEM images of inclusion defects in aluminum alloy rob billets under different processes. a NPCC mid-specimen; b VDCC mid-
specimen; ¢ NPCC tail specimen; d VDCC tail specimen; e typical inclusions.

specimen, with an inclusion volume fraction of 0.8%,
as shown in Fig. 5c. Larger size and more numerous
inclusions are also found in the VDCC tail specimen,
with a volume fraction of 0.4%, as shown in Fig. 5d.
Compared with the mid-specimen of the aluminum
alloy rob billet, the inclusions size in the tail specimen
is larger as well as more numerous. Moreover, the

@ Springer

inclusions content in the NPCC mid-specimen is less
compared to the VDCC mid-specimen, while the
inclusions content in the NPCC tail specimen is more,
as presented in Fig. 5e. In conclusion, the NPCC
technique is contributed to remove the inclusions in
the mid-specimen of the aluminum alloy rod billet, so
that the inclusions are separated from the melt, and
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Figure 5 XCT images of inclusion defects in aluminum alloy rob billets under different continuous casting processes. a NPCC mid-
specimen; b VDCC mid-specimen; ¢ NPCC tail specimen; d VDCC tail specimen; e schematic diagram of the inclusions distribution.

the inclusions are mainly concentrated in the tail of
the rod billet.

Effect of NPCC on inclusions size
in aluminum alloy rod billet

The relationship between the equivalent diameter
and sphericity of inclusions in the mid and tail
specimens of NPCC and VDCC is shown in Fig. 6,
and the data were extracted from Fig. 5. It can be
found that the equivalent diameter of inclusions is
approximately inversely proportional to the spheric-
ity. The larger the equivalent diameter, the more
irregular the inclusions, and the smaller the spheric-
ity. The equivalent diameter of inclusions in the
NPCC mid-specimen is mainly distributed between 0
and 10 pm, and the sphericity is mainly concentrated
between 0.42 and 0.58. There are also a small amount
of inclusions that equivalent diameter is distributed
between 10 and 13 pm, sphericity is mainly concen-
trated between 0.40 and 0.45, and the probability is
5.2%, as shown in Figs. 6a and 7a. Nevertheless, the

equivalent diameter of inclusions in the NPCC tail
specimen is mainly distributed between 0 and
100 pm, and the sphericity is mainly between 0.13
and 0.48. A small amount of inclusions that equiva-
lent diameter is distributed between 100 and 300 pm,
sphericity is mainly between 0.09 and 0.25, and the
probability is 10.4%, as displayed in Figs. 6¢c and 7c.
Compared with the NPCC mid-specimen, the
equivalent diameter of inclusions in the VDCC mid-
specimen increases, mainly distributed between 0
and 15 um, and the sphericity is mainly between 0.34
and 0.62. A small amount of inclusions that equiva-
lent diameter is distributed between 15 and 25 pm
and sphericity is between 0.31 and 0.45, and the
probability of equivalent diameter larger than 10 pm
increases to 20.2%, as shown in Figs. 6b and 7b. The
inclusions size is larger than that in the NPCC mid-
specimen. The inclusions content in the VDCC tail
specimen decreases compared to the NPCC tail
specimen. The equivalent diameter of inclusions is
mainly distributed between 0 and 100 pm, and the

@ Springer



21510

(a) 065
0.03%

0.60 -

o
n.sn—?,%? Y
AR

% o0 e
048 - @ a% o o

e 99 °
0.40 |- L

Sphericity

0.005 0.007 0.009 0.011 0.013

Equivalent diameter/mm

(©) 050

T

0.8%

Sphericity

Equivalent diameter/mm

1
0.0 0.05 0.10 0.15 0.20 0.25 0.30

J Mater Sci (2022) 57:21502-21518

(b) 05
0.16%
0.60 -
0.55
2.0.50 -
g
=
2o4st
(=5
w
0.40 -
L
03s | o °
L
030 °
A A A ' '
0.005 0.010 0.015 0.020 0.025
Equivalent diameter/mm
(@)
0.6 % 0.4%
st @
Z 04
= o
-
: 2 e
= o
S0l o o @
R oe ? ) ° o
02 - g ;S o ° o
Y 2 9
0.1 - ]
0.0 0.08 0.10 0.15 0.20 0.25

Equivalent diameter/mm

Figure 6 The relationship between the equivalent diameter and sphericity of inclusions under different continuous casting processes.
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sphericity is between 0.17 and 0.60. A small amount
of inclusions is distributed between 100 and 250 pm,
the sphericity is between 0.10 and 0.30, and the
probability is 8.0%, as presented in Figs. 6d and 7d.
The content and size of inclusions in the NPCC mid-
specimen are lower than that in the VDCC mid-
specimen, and the sphericity distribution range of
inclusions in the VDCC mid-specimen is larger. In
contrast, the content and size of inclusions in the
VDCC tail specimen are lower than that in the NPCC
tail specimen, and the inclusions have relatively
higher sphericity and more regular shapes. The
NPCC technique is conducive to the floating removal
of inclusions, reducing the inclusions content and
equivalent diameter in the mid-section of the alu-
minum alloy rob billet. As a consequence, more and
larger inclusions are concentrated in the tail of the
aluminum alloy rob billet.

@ Springer

Discussion

Effect of the resting process
on the inclusions motion

During the NPCC holding process, the inclusion
particles undergo floating and settling motions dur-
ing the resting time (20 min), as shown in Fig. 8c. The
floating or settling rate of inclusions of different
radius sizes in a static melt can be calculated using
the Stokes velocity equation [35]:
2(p - py)gr

= 20 @)
where r is the radius of the inclusion particle, m.

According to Eq.7, the floating and settling
velocities of the inclusion particles with different
radii and the motion distance after 20 min can be
derived, as shown in Fig. 8a and b. It can be found
that the larger the radius of the inclusion particles,
the greater the floating or settling rate. After 20 min
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of resting, Al,O; particles with a radius greater than
152 pm and SiO, particles with a radius greater than
279 pm settle and float over a distance greater than
the melt depth (100 mm), and this part of inclusion
particles float to the melt surface or settle to the
bottom of melt. However, the radii of inclusion par-
ticles in different melt depths vary, as do the velocity
and distance of movement. For Al,O; particles, the
smaller the melt depth, the larger the radius of par-
ticles required to settle to the bottom of the melt. For
5i0; particles, the greater the melt depth, the greater
the radius of particles required to float to the melt
surface, as shown in Fig. 8d. Anyway, during the
resting process of NPCC and VDCC, Al,O; and SiO,
particles of different sizes in different melt depths
will undergo floating and settling processes, and the
particles larger than the critical radius will settle to
the bottom of melt and float to the melt surface, thus
achieving the separation of the inclusion particles
from the melt. Nevertheless, during the VDCC

process, the Al,O; particles that settle toward the
bottom of melt tend to enter the mold and are trap-
ped in the solid phase to form inclusions defects,
which can lead to an increase in inclusions in the rod
billets. The NPCC process avoids this part of inclu-
sion particles from entering the mold directly due to
the presence of the draft tube and negative pressure
chamber. This is one reason why the inclusions in
VDCC mid-specimen are higher than those in NPCC
mid-specimen (Fig. 5a-b).

Effect of the melt flow direction
on the inclusions motion

As we know, inclusions with larger size move faster
during the resting process and easily float to the melt
surface or settle to the melt bottom to achieve sepa-
ration from the melt. However, inclusions with small
size (diameter < 100 pm) move very slowly, as
shown in Figs.8a and b. Hence, the removal of
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inclusions with the diameter of less than 100 pm in
the melt is particularly important for improving the
quality of the casting billet. Based on the above
experimental results, it indicates that the NPCC
technique has a better effect on the removal of
inclusions. Regarding the inclusion removal mecha-
nism of NPCC technique, it is first necessary to reveal
the effect of the melt flow direction caused by the
PDIOM on the inclusions motion during the NPCC
process. Numerical simulations of the motion trajec-
tories of inclusion particles during NPCC and VDCC
processes were performed, as shown in Fig. 9. Since
the main inclusion in the aluminum alloy rob billet is
Al,O3, the AlLO5 particles were used in the numerical
simulation, and the particles diameter was 1-100 um.
The melt flow in VDCC is the turbulent motion, the
flow is relatively uniform, and the overall velocity
vector direction is downward, as displayed in Fig. 9b.
The Al,O; particles are mainly concentrated in the
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of the floating and settling process of inclusion particles;
d schematic diagram of the floating and settling processes of
different inclusion particles sizes in different depths.

bottom of the crucible, and some Al,O; particles
move toward the mold under the influence of the
gravity and the melt flow and gradually flow into the
mold with the melt, as presented in Fig. 9a. The
velocity vector of the melt flow in the draft tube is
mainly upward. Compared with VDCC, the flow
velocity increases, and the Al,O; particles are greatly
affected by the melt flow direction, and flow upward
into the negative pressure chamber with the melt.
The inclusions entering the negative pressure cham-
ber have the jet effect, resulting in a large upward
velocity vector, which is less affected by the hori-
zontal flow velocity. Therefore, the inclusion particles
hardly enter the horizontal flow channel and are
mainly concentrated in the upper part of the negative
pressure chamber, as shown in Fig. 9¢ and d. In
summary, VDCC has limited effect on the separation
of melt and inclusion particles, resulting in a higher
inclusions content in the mid-section of the rod billet
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Figure 9 Motion trajectories
of inclusion particles in
different continuous casting
processes. a Motion
trajectories of inclusion
particles in VDCC; b velocity
vector distribution in VDCC;
¢ motion trajectories of
inclusion particles in NPCC;
d velocity vector distribution
in NPCC.

than that of NPCC (Figs. 4a-b and 5a-b). In the
NPCC process, the dynamic separation of inclusion
particles and melt is realized in the negative pressure
chamber, which greatly reduces the content of
inclusions entering the mold, resulting in a reduction
in the content of inclusions in the mid-section of the
rod billet and making it mainly distribute in the tail
section, the inclusions content of the tail section
increases, as shown in Fig. 5c—d.

Inclusion particles in the melt are mainly affected
by gravity Fg, buoyancy Fw and drag force Fp, during
the resting process, and the virtual mass force and
pressure gradient force are ignored. During the
VDCC process, the melt flow direction is consistent
with the continuous casting direction, as displayed in
Fig. 10a. The force on the inclusion particles is shown
in Fig. 10b. For inclusions with a density greater than
melt (Al,O;), Fg plays a dominant role, and the
motion direction of inclusions is consistent with the
melt flow direction and the continuous casting
direction. At this point, the Fp direction received by
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smaller size Al,O; particle with settlement velocity
less than melt flow velocity changes from opposite to
Fg to same as Fg. The larger size Al,O; particle with a
settlement velocity greater than the melt flow velocity
receives a smaller F, and a faster settlement velocity,
which is easier to flow into the mold and form
inclusion defects in the rob billet. During the NPCC
process, the melt flow direction in the draft tube and
the negative pressure chamber is opposite to the
continuous casting direction, as shown in Fig. 10c.
The PDIOM causes the forced flow of melt, changes
the melt flow direction and the force of the inclusion
particles in the draft tube and the negative pressure
chamber, as shown in Fig. 10d. The PDIOM causes
the melt flow velocity to be larger, which leads to the
change of Fp, received by the Al,O; particles, making
the Al,O; particles flow in the same direction to the
melt surface in the negative pressure chamber. In
addition, the melt flow direction also has an effect on
the motion of inclusions (SiO,) with a density less
than melt. During the VDCC process, the motion of
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Figure 10 Schematic diagram of the force on the inclusion particles. a Melt flow in VDCC process; b the force on the inclusion particles
in VDCC process; ¢ melt flow in NPCC process; d the force on the inclusion particles in NPCC process.

5i0, particles is dominated by Fy, and the motion
direction is opposite to the melt flow direction, which
leads to an increase in the Fy of inclusions, which is
not conducive to the floating of SiO,. In the NPCC
process, the direction and magnitude of Fp subjected
by SiO, particles change, and the motion direction is
the same as the melt flow direction, and the floating
process is accelerated. Therefore, the NPCC tech-
nique has obvious effect on the removal of inclusions
in the melt.

Effect of melt turbulence on the collisional
aggregation of inclusion particles

In the continuous casting process, the melt flows in a
turbulent manner, and turbulent collision occurs
between inclusion particles in the melt [36, 37]. When
the inclusion particles move in the turbulent melt,
under the effect of the turbulent eddies, the

@ Springer

inclusions collide and aggregate, then larger inclu-
sions are formed, as displayed in Fig. 11d. Inclusions
with larger sizes float or settle faster, making it easier
to achieve separation from the melt. The collision
between inclusions is related to the turbulent kinetic
energy dissipation rate ¢ of the melt, and the collision
constant f; can be calculated as [38, 39]:

B =13(ri + Tj)s\/% (8)

where r; and r; are the radius of the inclusion particle
in group 7 and j, respectively.

According to Eq. 8, the larger the turbulent kinetic
energy dissipation rate, the larger the collision con-
stant of the inclusion particles. Figure 11a and b
presents the velocity field distributions of the melt
longitudinal section in VDCC and NPCC, respec-
tively. It can be found that during the VDCC process,
the melt flow is relatively slow and stable, and the



J Mater Sci (2022) 57:21502-21518

Figure 11 Turbulent collision
of inclusions in the melt under (a)
different continuous casting
processes. a The velocity field
distribution of melt
longitudinal section in VDCC;
b the velocity field distribution
of melt longitudinal section in
NPCC; c statistics of turbulent
kinetic energy dissipation rate
in different positions;

d schematic diagram of
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fluctuation of the local turbulent flow is small, and
the melt flow velocity increases significantly only in
the mold; during the NPCC process, the turbulent
kinetic energy increases due to the greater melt flow
velocity. Statistics of the turbulent kinetic energy
dissipation rate of the melt from top to bottom under
the two processes (indicated by the pink arrows in
Fig. 11a-b) are shown in Fig. 11c. It indicates that the
turbulent kinetic energy dissipation rate of NPCC is
3.16-44.3 times higher than that of VDCC, and the
collision constant is 1.8-6.7 times higher than that of
VDCC. In particular, the rate of turbulent energy
dissipation is greatest in the draft tube. This is due to
the PDIOM, and the melt in the draft tube and the
negative pressure chamber follows the Bernoulli
equation [40, 41].

prv?

TN +p8z+P=C 9)

where P is the pressure of the selected point, Pa, z is
the height of the point on the reference plane, m, and
C is a constant.

When the external pressure of melt decreases, the
melt accelerates into the draft tube under the action
of the negative pressure difference, and then flows
into the negative pressure chamber. The increase of
the melt flow velocity leads to an increase of the local

turbulent kinetic energy, which in turn increases the
turbulent kinetic energy dissipation rate, as the Ref-
erence [42] reported. Therefore, the collision constant
of the inclusion particles in NPCC is larger, and the
collision and aggregation between inclusion particles
are more likely to occur, and the larger sized inclu-
sions float to the melt surface in the negative pressure
chamber, thus achieving the separation from the
melt. When the initial content and size of inclusions
in the melt in VDCC and NPCC are the same, more
inclusions in the melt in NPCC have turbulent colli-
sions to form larger sized inclusions. The size of
inclusions floating up to the negative pressure
chamber is larger than the size of inclusions on the
melt surface in VDCC. Therefore, the size of inclu-
sions in the NPCC mid-specimen is smaller than that
in the VDCC mid-specimen, while the size of inclu-
sions in the NPCC tail specimen is larger than that in
the VDCC tail specimen, as displayed in Figs. 6 and 7.

In summary, NPCC establishes the pressure dif-
ference inside and outside the melt in the crucible,
and uses the pressure difference to cause the melt to
flow, changing the melt flow direction, so that the
melt and inclusions flow into the draft tube in the
same direction, and dynamic solid-liquid separation
is realized in the negative pressure chamber.
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Simultaneously, the existence of the PDIOM can
increase the local turbulent kinetic energy dissipation
rate of the melt in the draft tube and the negative
pressure chamber, which in turn increases the prob-
ability of collision and aggregation of inclusions,
which is conducive to the growth and removal of
inclusions, and the content and size of inclusions in
the rob billet could be reduced, as shown in Fig. 12.

Conclusions

(1) The volume fraction of inclusions in the alu-
minum alloy rod billet prepared by NPCC
technique is 0.03%. Compared with the tradi-
tional VDCC technique, the inclusions are
reduced by 81.3%, and the size of inclusions is
significantly reduced, the maximum equivalent
diameter is reduced from 24 to 13 um, the
inclusions with an equivalent radius greater
than 10 pm are reduced by 15%, and the NPCC
technique effectively reduces the inclusions in
the aluminum alloy rod billet.

(2) The NPCC technique avoids the inclusion
particles from entering the mold directly in
the resting process. NPCC causes the PDIOM,
which forces the melt to flow, changes the melt
flow direction, and makes the melt and

Negative pressure chamber

Separation of inclusion and melt

e Far e

»

)

Increase in inclusion size

Figure 12 Schematic diagram of the inclusion removal
mechanism of NPCC technique.
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inclusions flow in the same direction in the
draft tube. The resistance to the floating of
inclusions is reduced, so that the inclusions
accelerate to the melt surface in the negative
pressure chamber, to achieve the dynamic
solid-liquid separation of the inclusion parti-
cles and the melt in the negative pressure
chamber.

(3 During the NPCC process, the PDIOM
increases the turbulent kinetic energy dissipa-
tion rate of the melt by a maximum of 44.3
times and increases the collision constant of
inclusion particles by a maximum of 6.7 times.
It is easier to collide and aggregate between the
inclusion particles, and the formed inclusions
with larger sizes are more likely to float up to
the melt surface in the negative pressure
chamber, thereby achieving separation from
the melt.

(4) The NPCC technique regulates the direction
and velocity of melt flow by controlling the
PDIOM, which is the fundamental reason for
reducing the content and size of inclusions in
the continuous casting rod billet.
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