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Abstract: This study proposed a new method for homogenizing continuous casting blooms based
on solidification simulation calculations and industrial tests. The text describes a theoretical analysis
of the solidification route of a cast billet of high‑carbon alloy steel (B300A) under different process
conditions. It summarizes the changing law of different under‑pressure process parameters and
under‑pressure efficiency. The text also presents a solution to the seriousness of center shrinkage de‑
fects in the continuous casting of a large square billet of high‑carbon alloy steel with the synergistic
control technology of mixed light and heavy mixing under pressure. The study indicates that the
center carbon segregation index of a high carbon steel continuous casting billet is 1.05, with a car‑
bon extreme difference of not more than 0.08% and a proportion of 98.4%. Additionally, the center
shrinkage is not more than a 0.5 level with a proportion of 99.5%. Meanwhile, the internal quality
of cast billets has been improved, allowing for the rolling of large‑size bars with a low consolidation
ratio. The pass rate for internal ultrasonic flaw detection using the GB/T4162A grade is now higher
than 99.95%, significantly reducing process costs and improving production efficiency for continu‑
ous casting and rolling.

Keywords: bloom; soft reduction; heavy reduction; segregation; shrinkage

1. Introduction
High‑carbon alloy steel usually contains 0.6–1.3% carbon, which refines the domains

of martensite (packet) and bar bundles (block), resulting in improved strength and excel‑
lent mechanical properties. This has attracted the attention of scholars worldwide and has
been widely applied [1]. However, steel with a high carbon content can lead to a wider
solidification range, resulting in a larger paste zone. These large billet sections are more
prone to macro segregation, which can cause center segregation, sparsity, and shrinkage
during the continuous casting process. Billets with a side length greater than 220 mm
are commonly referred to as ‘big billets’. This results in an uneven chemical composition,
which is difficult to eliminate or improve to a greater extent in subsequent rolling and
heat treatments. As a result, this is the main problem affecting the internal quality of the
billet [2,3].

Macro segregation is the phenomenon in which the concentration of solute elements
in the solid‑liquid two‑phase solubility differs, leading to a redistribution of elements dur‑
ing the solidification process and resulting in a concentration difference between the solid‑
liquid two phases [4–6]. The formation of billet segregation is typically attributed to the
solidification process. If the columnar crystal growth rate of the billet is too fast, it can
result in the formation of a lap bridge at the center of the billet during solidification due to
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non‑uniform heat transfer during the casting process of high carbon steel. This can prevent
the upper part of the steel from replenishing the lower part of the steel in a timely manner,
leading to segregation at the center of the lower part of the steel [7,8].

The term ‘soft reduction’ refers to the reduction that occurs at the end of solidification.
This technique can improve the effect of central segregation by compensating for solidifica‑
tion shrinkage and preventing solute enrichment [9–11]. The process of implementing soft
reduction involves applying pressure through the pinch roller and straightening roller at
the solidification end of continuous casting billet. The residual liquid phase between den‑
drites is caused by pressure, which gathers and moves upstream. This process compen‑
sates for solidification shrinkage and alters the solidification process in the central region,
inhibiting segregation and internal defects such as looseness. As a result, the billet casting’s
internal quality improves [12]. The effect of soft reduction technology is impacted by vari‑
ous process parameters. The reduction interval, generally between 0.2 and 0.8, is related to
the solid phase rate of the cast billet [13–16]. Researchers have identified two intervals in
the solidification front of the cast billet: the liquid‑phase complementary shrinkage zone
and the crack‑generating zone. When the solid phase rate in the center of the billet is be‑
tween 0.4 and 0.8, it is the liquid‑phase complementary shrinkage zone. In this zone, the
solute can more effectively fill the cracks, preventing their formation. Zones with solid
phase ratios ranging from 0.8 to 0.99 are known to generate cracks due to dendritic arms
impeding the filling of the steel, which can result in reduction cracks.

When selecting the reduction interval, it is important to avoid the crack‑sensitive zone.
The study has shown that to achieve better results with the light compression technique, it
is necessary to consider the amount of compression.

Reasonable undercutting of the big billet at the end of the solidification can compen‑
sate for the solidification shrinkage in the paste zone, effectively reducing center loosening
and center segregation within the cast billet. It should be noted that the two‑phase region
of medium and high carbon steel is wider, making it more susceptible to defects such as
center segregation, shrinkage, and porosity [17,18]. However, when dealing with large
cross‑section blooms, center mass defects are more likely to occur, requiring a larger re‑
duction to compensate for solidification shrinkage. To address this issue, researchers have
proposed a continuous forging technique for the continuous casting of blooms [19,20]. This
technique involves squeezing the solute‑rich steel upstream through continuous forging
at the solidification end. For light pressing, the reduction volume includes solidification
shrinkage and the plastic deformation of the billet shell in the thickness direction during
pressing. In contrast, continuous forging requires squeezing out the high concentration of
liquid phase by crushing the solid phase in the two‑phase region. The reduction volume
of this process is much larger than that of light pressing. Therefore, heavy pressing tech‑
nology, which applies greater pressure, is gradually being implemented to enhance the
quality of the billet’s center [21–23].

This paper proposes the end light and heavy mixed reduction technology for the pro‑
duction of a 250 mm × 280 mm rectangular bloom continuous casting machine based on
the production line of short‑flow high‑carbon alloy steel. The study shows that industrial
test verification has effectively solved the problem of segregation and center quality of
continuous casting bloom. This text describes a new homogenization path or reference for
continuous casting lines of various steel grades and sizes.

2. Background
2.1. Continuous Casting Equipment

Figure 1 illustrates the arrangement of straightening machines with dense rows of
racks spaced at 1250 mm, enabling precise alignment with the liquid core. Each stream is
equipped with seven straightening machines. The cylinder diameter must be greater than
or equal to 250 mm, and the roll diameter must be greater than or equal to 420 mm. The
maximum output power should be 5.5 kW, with a maximum output pressure of 15 MPa
and a maximum reduction of 5.0 mm. The theoretical total reduction should be between
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20–35 mm, meeting the technical requirements for light and heavy mixed reduction. The
seven drawing and straightening machines used in light pressing are controlled by a pro‑
portional servo system. This system forms a closed‑loop control with the position sensor
on the hydraulic cylinder when a light pressing position control is required, and with the
pressure sensor when pressure control is necessary. The first to fourth drawing machines
are also used for clamping ingot rods, and their motors are equipped with brakes. The re‑
maining three frames are also equipped with brakes to facilitate the interchangeability of
spare parts and to increase the clamping force when the middle pack is changed quickly.
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Figure 1. The layout of the straightening machine.

2.2. Solidification Characteristics of High‑Carbon Alloy Steel for Continuous Casting
High carbon alloy steel is a type of steel with a carbon content ranging from 0.6% to

1.0%, manganese content ranging from 0.7% to 1.0%, and chromium content ranging from
0.5% to 1.5%. Some types may also contain varying amounts of silicon and molybdenum.
The composition of the steel directly affects the characteristics of continuous casting solid‑
ification. This paper presents an example of a high‑carbon alloy steel, B300A, and its main
components are listed in Table 1. This paper focuses on B300A, whose physical parameters
vary depending on the physical phase during solidification. Table 2 displays the thermal
conductivity, specific heat capacity, and density values of B300A in the solid phase region,
liquid phase region, and solid‑liquid two‑phase region at different temperatures.

Table 1. Chemical composition of steel grade studied in weight%.

Composition C Si Mn P S Cr Mo Fe

Mass fraction (wt%) 0.95–1.05 0.15–0.40 0.95–1.05 ≤0.025 ≤0.035 0.45–0.55 ≤0.10 The rest

The thermal conductivity of the liquid‑phase zone is m times that of the liquid steel
at rest, λl = mλ, taking into account the effect of liquid steel flow. Table 3 shows the values
of m in different cooling zones and the thermal conductivity of each zone.
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Table 2. Physical parameters of B300A steel.

Solid Phase Liquid Phase Solid‑Liquid Two‑Phase
Region

Thermal
conductivity
W/(m·K)

Temp
K

Thermal
conductivity
W/(m·K)

Temp
K

Thermal
conductivity
W/(m·K)

λsl = (1 − fs)λl + fsλs773 33.63 1718 31.13
1273 39.38 1733 31.89
1573 42.13 1748 32.39

Specific heat
capacity
J/(kg·K)

660 778 Ce =
Cs fs + Cl(1 − fs) +

qv
Tl−Ts

Densities
kg/m3

Temp
K

Densities
kg/m3

6.9 ρsl = ρs fs + ρl(1 − fs)773 7.850
1723 7.560
1573 7.240

Table 3. Values of m taken in each cooling zone and liquid phase thermal conductivity, W/(m·K).

Temperature/◦C
Liquid Steel
Stationary Crystallizer Zone 1 Zone 2 Zone 3 Zone 4

m = 1 m = 7 m = 5 m = 3 m = 1 m = 1

1718 31.13 209.19 147.65 88.39 31.13 31.13
1733 31.89 213.39 151.95 92.97 31.99 31.99
1748 32.39 218.51 159.63 96.79 32.39 32.39

Figure 2 and Table 4 displays the solidification path, temperature of the solidified two‑
phase region, and volume shrinkage rate when the solid phase ratio is 80%. It is worth not‑
ing that volume shrinkage grows with an increasing solid phase ratio. The initial phase
solidification is austenitewith an FCC lattice due to the steel’s higher carbon content, which
has a dense row structure. This leads to a more significant redistribution of solutes and
poorer diffusion capacity of alloying elements during the solidification process. Further‑
more, solute micro‑partitioning is more severe than in the ferrite mode. Some steel grades
with a higher alloy content also have a wide two‑phase zone up to 140 ◦C, resulting in a
solidification shrinkage that is 1.3 times that of plain carbon steels. The formation of a large
negative pressure while pumping thickened steel causes significant contraction, leading to
serious center shrinkage. This is the fundamental reason for the difficulty in controlling
the quality of the center of high‑carbon steel during continuous casting. In the continuous
casting process, the width of the two‑phase zone solidification increases with the distance
from the centerline of the paste zone (TL to TS). The paste area is where solid and liquid
phases coexist, and elective crystallization and solute redistribution occurs. It is impor‑
tant to note that the length of the paste area affects the solidification end and the negative
pressure pumping of liquid steel alloy content. The longer the paste area, the higher the
content of the alloy in the liquid steel, and the more significant the segregation in the cen‑
ter. If the liquid steel is not pumped correctly, shrinkage holes may form in the center.
The wider the range of the two‑phase zone, the more units of the drawing and straight‑
ening machine can be implemented under light pressure, and the regulation window is
wider. To improve matrix homogeneity, it is necessary to fully consider the solidification
and continuous casting characteristics of high‑carbon steel from the source.
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Figure 2. Solidification path of typical high carbon alloy steel (a) B300A and (b) plain carbon steel.

Table 4. Solidification characteristics of typical high carbon alloy steel and ordinary carbon steel.

Steel Plain Carbon
Steel HM‑2 HM‑4 B250A B300A B350A S550A S550B AK‑B2 AK‑B3

Solid tempreture (◦C) 1521 1467 1452 1451 1450 1451 1467 1458 1467 1456
Liquid tempreture (◦C) 1485 1354 1344 1320 1317 1313 1352 1339 1357 1352
Two‑phase zone (◦C) 36 113 108 131 133 138 115 119 110 104
Volume shrinkage,%
(Solid fraction = 80%) 3.59 2.57 3.23 3.30 3.55 3.66 3.27 3.34 3.36 3.32

3. Methods
3.1. Simulation Methodology

This paper analyses the use of high‑carbon wear‑resistant steel B300A in the continu‑
ous casting press‑down process using numerical simulation technology. The temperature
field and thickness of the solidified billet shell are calculated, followed by the billet stress
field. The causes of billet quality defects are analyzed based on the stress and tempera‑
ture fields.

A Basic assumptions

Because the solidification heat transfer process of continuous casting billet is described
by a three‑dimensional unsteady differential equation with an internal heat source, the cal‑
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culation is complicated. In order to simplify the calculation, this paper makes reasonable
assumptions about the continuous casting process, and the basic assumptions of themodel
are as follows: Firstly, as the heat dissipation in the direction of billeting is much smaller
than that in the circumferential direction of the cross‑section, accounting for about 3% to
6% of the total heat, the heat transfer in the direction of billeting can be ignored, and the
heat transfer of solidification can be simplified to a two‑dimensional heat transfer problem;
Secondly, steel is an incompressible fluid; Thirdly, we ignore the bending effect of the bil‑
let and mechanical equipment caused by relevant transmission phenomena; Fourthly, we
assume uniform release of solidification latent heat in the two‑phase region.

B Solidification heat transfer model

According to the law of conservation of energy, the solidification heat transfer of
large square billets for continuous casting is analyzed, and combined with the above as‑
sumptions, the two‑dimensional unsteady state heat transfer model equation is obtained
as shown in Equation (1)

ρC
∂T
∂t

=
∂

∂x
(λ

∂T
∂x

) +
∂

∂y
(λ

∂T
∂y

) (1)

In the above equation:
λ—Thermal conductivity of cast billets, W/(m·◦C);
ρ—Billet density, kg/m3;
C—Equivalent specific heat, J/(kg·◦C);
T—Casting temperature,·◦C;
x, y—Coordinate axis, m.

C Cooling Shrinkage Model

The replenishment of solidification shrinkage by steel in the continuous casting pro‑
cess is related to the ratio of solid phase. Research findings suggest that when the solid
phase rate exceeds the flow critical value of 0.3, dendrites connect to the veins, causing
an increase in steel viscosity, resulting in poor fluidity and more difficult complementary
shrinkage. When the solid phase rate exceeds the viscous critical value of 0.9, the steel
almost completely stops flowing, and any shrinkage holes formed will be retained. There‑
fore, the calculation of theoretical shrinkage requires a statistical analysis of the solidifica‑
tion heat state of the continuous casting billet. This paper presents a theoretical derivation
of the solidification process of a large square billet of high‑carbon steel with center shrink‑
age. Sugimaru et al. [24] proposed a formula (Formula (2)) that considers the efficiency of
engineering calculations and precision to simplify the theoretical shrinkage formula.

R0
i =

2
37

∫ W
0

∫ Th
0 ( fs,i − fs,i−1)dxdy

W
(2)

where R0
i is the shrinkage at the ith draw‑straightener,W and Th are the width and thick‑

ness, respectively, and fs,i is the central solid phase rate at the ith draw‑straightener.

3.2. Main Parameters
A Structural parameters

The schematic diagramof themathematicalmodel for the continuous castingmachine
under pressure for big square billets is presented in Figure 3. Figure 3a,b represent the
pressure and temperature field distributions of the cast billet, respectively. Table 5 displays
the basic geometric parameters of the continuous castingmachine, while Table 6 illustrates
the distribution of cooling water in its five sections.
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Table 5. Basic parameters of the bloom continuous caster.

Notation Parameters Numeric

Lm Effective length of mold 750 mm
M × N Casting section 280 mm × 250 mm

Casting type full arc (10.25 m)
Lh Nozzle immersion depth 120 ± 10 mm
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Table 6. Water distribution parameters for each subzone of the second cooling, L/min.

Cooling Water
Volume in Zone 1

Cooling Water
Volume in Zone 2

Cooling Water
Volume in Zone 3

Cooling Water
Volume in Zone 4

Cooling Water
Volume in Zone 5

Breadth Narrow
Side Breadth Narrow

Side Breadth Narrow
Side Breadth Narrow

Side Breadth Narrow
Side

23.9 23.9 17.57 15.16 10.79 8.89 6.28 4.13 4.13 3.06

B Process parameters for the B300A casting process

Table 7 displays the selected thermodynamic parameters for the continuous casting
simulation process.

Table 7. Process parameters for B300A casting process.

Notation Parameters Numeric

∆Ts Overheating temperature 25 ◦C
T0 Casting temperature 1475 ◦C
Ts Solid phase line temperature 1317 ◦C
Tl Liquid phase line temperature 1450 ◦C
T∞ Environmental temperature 25 ◦C

3.3. Verification of Continuous Casting Heat Transfer Mold Accuracy
Mathematicalmodelling is a dependable technique for revealing the solidification pro‑

cess of bloom continuous casting [25–27]. The model, which has been validated by field
data, can accurately predict the thermal state of continuous casting under different work‑
ing conditions. This prediction serves as the basis for determining the process parameters
under reasonable light pressure. Figure 4 displays the phase rate curves for three differ‑
ent frequencies: fs = 0, fs = 0.3, and fs = 1.0. The surface temperatures (hollow squares)
and billet shell thicknesses (hollow triangles) of HM2 high‑carbon steel were measured
under various working conditions to verify the model’s predictions. The difference be‑
tween the model‑calculated billet surface temperature and the measured value is less than
20 ◦C, and the difference in billet thickness is less than 2 mm. The model validation results
demonstrate that the simulation study can produce more accurate experimental results.
This provides a guiding basis for subsequent industrial tests.
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Figure 5. To evaluate solute segregation, 5–10 transverse specimens were continuously cut
along the direction of billet pulling. Furthermore, a longitudinal specimen with a length
of 500 mm was cut for low‑fold detection. The billet surface was acid‑washed to check for
cracks and depressions. Aφ4 mmdrill was used to extract a ‘米’‑shaped chip sample from
the transverse specimen. The carbon content was determined using a carbon and sulfur
analyzer. It is important to note the volatility of billet center segregation and shrinkage.
The carbon content of 63 chip samples taken from the transverse specimen using aφ4 mm
drill bit was determined using a carbon and sulfur analyzer.
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4. Simulation Results and Discussion
4.1. Influence of Key Process Parameters on the End of Solidification

A simulation study was conducted on the solidification characteristics of the
250 mm × 280 mm big square solidification process and the shrinkage change rule of law
under different process conditions, based on the big square billet continuous casting solidi‑
fication heat transfer model and cooling contraction model. Figure 6 illustrates the solidifi‑
cation characteristics under different pulling speed conditions. When the pulling speed is
less than or equal to 0.47m/min, the solidification endpoint occurs before the pressable unit
of the drawing and straightening machine. As a result, the liquid core length is too small
to compensate for the solidification shrinkage by soft pressing down, and the theoretical
shrinkage is 6.55 mm2. When the pulling speed is 0.52 m/min, the solidification endpoint
occurs between the number two and number three drawing and straightening machines.
At this point, two to three rolls of soft pressing down can be carried out, and the theoret‑
ical shrinkage is six. At a pulling speed of 0.57 m/min, the solidification end point falls
between the number three and number four drawing and straightening machines. At this
point, it is possible to carry out three to four rolls of soft pressing down, resulting in a the‑
oretical shrinkage of 6.86 mm2. If the pulling speed exceeds 0.62 m/min, the solidification
end point approaches the number five drawing and straightening machine. At this point,
it is possible to carry out four to five rolls of sot pressing down, resulting in a theoretical
shrinkage of 6.98 mm2. For optimal billet center quality, the drawing speed should be no
less than 0.47 m/min.

Reduction efficiency is a crucial factor for determining the effectiveness of pressing
implementation [28]. If the efficiency is too low, it may lead to an increase in central de‑
formation and the potential occurrence of reduction cracks. Conversely, if it is excessively
high, it may result in insufficient central deformation, thereby failing to effectively address
defects such as segregation and shrinkage. The study investigated the effects of liquid core
area ratio, mill contact ratio, width‑to‑thickness ratio, and rolling diameter on the under‑
cutting efficiency in the continuous casting process of 250 mm × 280 mm large‑size billet
high‑carbon steel, based on the formula proposed by Ito [28]. Figure 7 shows that as the liq‑
uid core area ratio, roll surface contact ratio, and width‑thickness ratio increase, the reduc‑
tion efficiency also increases. Additionally, increasing the rolling diameter significantly
increases the reduction efficiency. Generally, the soft pressing efficiency of the continuous
casting billet under conventional conditions ranges from 35% to 45%. However, in actual
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production, different steel grades, sections, and process conditions can result in varying
theoretical shrinkage amounts, reduction efficiencies, and apparent reduction amounts.
Therefore, it is crucial to establish accurate reduction process parameters based on the so‑
lidification characteristics of continuous casting.
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4.2. Evaluation of Soft‑Pressure Process Parameters Considering Factors Affecting
Depression Efficiency

A process model for the soft reduction of a 250 mm × 280 mm large‑sized billet has
been established, taking into account the calculation of solidification shrinkage between
neighboring drawing machines and the influence of liquid core area ratio, roll surface con‑
tact ratio, width‑to‑thickness ratio, and roll diameter on reduction efficiency. The process
parameters for B300A high‑carbon steel under different drawing speeds have been de‑
signed, including basic process parameters, total reduction, and reduction distribution, as
shown in Table 8. The pulling speed of 0.52m/min resulted in a large reduction amount for
rolls number one and number two, which cannot be compensated for solidification shrink‑
age. Additionally, the equipment cannot meet this speed. At a speed of 57 m/min, the
distribution of solidification shrinkage is more reasonable, and the reduction amount for
rolls one to three can be set to 3.1mm, 4.2 mm, and 5.0mm, respectively. At a pulling speed
of 0.62 m/min, the reduction amount for rolls one to four can be set to 1.1 mm, 4.2 mm, and
5.0 mm, respectively. Due to the high‑carbon alloy composition of wear‑resistant steel,
it has a tendency towards solidification shrinkage. To compensate for this, a larger rate
of reduction is used to improve deformation permeability. In this case, a pulling rate of
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0.57 m/min and its corresponding reduction parameters were selected for the industrial
test program.

Table 8. Process parameters for B300A under soft reduction.

1# 2# 3# 4# 5#

Casting Speed 0.52 0.57 0.62 0.52 0.57 0.62 0.52 0.57 0.62 0.52 0.57 0.62 0.52 0.57 0.62
Solid Fraction 0.76 0.60 0.48 0.94 0.75 0.59 1 0.90 0.73 1 1 0.88 1 1 1
Shrinkage 266 171 84 79 87 82 20 79 88 0 34 77 0 0 46

Compensation 2.4 1.1 0.5 1.5 0.6 0.6 0 1.0 1.0 0 0 0.9 0 0 0
Reduction 6.9 3.3 1.1 13.2 4.1 1.9 0 5.0 3.5 0 0 6.7 0 0 0
Execution 5.0 3.1 1.5 5.0 4.2 2.0 0 5.0 3.5 0 0 5.0 0 0 0
Reduction
Efficiency 1.6 1.0 0.6 1.6 1.4 0.7 0 1.7 1.3 0 0 1.9 0 0 0

Note: Pulling speed—m/min, shrinkage—mm2, compensation—mm, depressions—mm, execution—mm; 1#, 2#,
3#, 4#, 5# indicates the serial number of the roll.

4.3. Influence of Continuous Casting Heavy Reduction Process on Casting Billet Quality
The issues of center segregation and shrinkage in high‑carbon steel continuous casting

are primarily linked to solidification shrinkage. Although the application of soft pressure
has significantly enhanced the quality of the center in high‑carbon steel 250 mm× 280 mm
large square billets, there still remains a level 1.0 sparsity and shrinkage in the center, and
a level 1.5 V‑type segregation. In order to meet the GB/T4162A [29] level of flaw detection
requirements for bars with a diameter of ≥φ70 mm, it is necessary to cooperate with the
long high temperature diffusion time and high compression ratio rolling of the casting bil‑
let. This process can affect production efficiency and the casting of billets when expanding
the specifications of material production [30]. Based on the continuous casting solidifica‑
tion cooling contraction model established previously, a large square billet process model
under heavy pressure was developed. The model takes into account the austenite volume
contraction after cumulative solidification and the size of the shrinkage holes left behind
under the soft pressure of 0.5–1.0 mm, as shown in Figure 8. The purpose of this model is
to predict the theoretical cumulative reduction and single‑roll reduction required to com‑
pletely weld together shrinkage holes under heavy pressing. At heavy reduction, the billet
is fully solidified, so it is necessary to evaluate the difference between the reduction effi‑
ciency and the solid phase rate to clarify the characteristics of heavy and soft reduction.
Figure 9 shows that when the billet is fully solidified, with a central solid phase rate of
1, the reduction efficiency is between 10% and 15%. This is approximately one‑quarter to
one‑third of the efficiency of soft reduction when the solid phase rate is 0.3.
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The implementation process of heavy reduction can directly impact the distribution
of alloying elements at the center of the casting billet [31]. As shown in Figure 10, when
applied under heavy pressure after solidification, the main deformation is concentrated
in the high temperature area of the core of the continuous casting billet because of the
characteristics of being hot before and cold after solidification, and hot outside and cold
inside the continuous casting billet. After solidification, the temperature at the center of
the region decreases rapidly, causing a rapid increase in strength and resistance to de‑
formation. Plastic rheology is affected by a heavy reduction in the opposite direction of
pulling speed. This means that the high‑temperature ‘fluid’ at the center is forced to the
direction of the meniscus. Due to the large deformation, the solid liquid phase zone of
casting billet’s center will be squeezed, resulting in a concentration of dendritic crystals.
The steel between the dendritic crystals flows into the liquid phase cavity at the front end,
resulting in forced solidification there. Selective crystallization can cause negative segre‑
gation during solidification. This happens because the solid phase dendrites have a low
solute content, while the liquid phase between the dendrites has a high solute content. As
a result, heavy pressure pushes the liquid steel into the liquid‑phase cavity, leaving the
solid phase with insufficient solute content on average. In particular, the electromagnetic
stirring at the end homogenizes the concentrated steel, weakening the solute enrichment
between the dendrites and resulting in more significant negative segregation under heavy‑
pressure conditions. To improve the quality of cast billets, it may be important to use both
soft and heavy reduction processes together.
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5. Industrial Tests under Soft and Heavy Mixed Pressure in Continuous Casting
5.1. Experimental Methods

Table 9 presents an analysis of the solidification process, theoretical shrinkage, and
unit apparent reduction of the drawing and straightening machine of high carbon steel at
different drawing speeds, based on the previously established soft and heavy reduction
models. Increasing the pulling speed from 0.48 m/min to 0.63 m/min leads to an increase
in liquid core length from 11.5 m to 16.2 m. To ensure that both soft and heavy pressure
can be applied simultaneously, the end of the solidification must fall within the range of
the tension leveler unit. Therefore, a pulling speed of less than 0.48 m/min is unsuitable.
At a pulling speed of 0.53m/min, the executive racks for soft reduction are number one and
number two. The theoretical reduction for both racks exceeds the rated value. The com‑
pensation for reduction can be optimized for the subsequent tension leveler. The three to
seven tension leveler can perform heavy reduction, with a reduction of 5.0 mm, 5.0 mm,
5.0 mm, and 3.0 mm. The one to three tension leveler can perform soft reduction to ex‑
ecute the desired amount of press down at pulling speeds of 0.58 m/min, but the preset
value of the number three machine exceeds the rated value. The numbers four the seven
tension levelers can perform heavy reductions, with reduction amounts of 4.0mm, 4.0mm,
3.0 mm, and 3.0 mm respectively. When the tension speed is 0.63 m/min, the tension lev‑
elers from one to four can perform light reductions, with reduction amounts close to the
set value of 2.0 mm, 3.0 mm, 5.0 mm, and 5.0 mm, respectively. The tension levelers from
5 to 7 also perform heavy reductions, with reduction amounts of 5.0 mm, 3.0 mm, and
3.0 mm respectively. The drawing and straightening machine applies significant pressure
during different operations, with 5.0 mm, 3.0 mm, and 3.0 mm of force. The comparison
indicates that as the pulling speed increases, the reduction distribution gradually matches
the equipment capacity. We have developed a 250mm× 280 mm high carbon bloom billet
for soft and heavy mixed reduction testing with a pulling speed of 0.63 m/min, based on
the previous results of the soft under pressure test and considering the matching problem
between the furnace and the machine.

5.2. Results
Figure 11 shows that the center segregation and shrinkage ratings of the cast billet

reached 0~0.5, and the center sparsity improved to 0.5~1.0 when mixed soft and heavy re‑
duction was used, which is 0.5~1.0 higher than when only soft reduction was used. The
density inspection results of the center region of the continuous casting billet were com‑
pared between soft and mixed soft and heavy reduction. Figure 12 shows that after apply‑
ing hybrid reduction, in situ analysis was used to examine the matrix core densities. The
average density increased from 92.82% to 93.52%, an increase of 0.7%. This increase is due
to the high efficiency of compensating for center shrinkage under heavy reduction [32].
Figure 13 displays the results of carbon segregation under different reduction conditions.
There is an obvious positive effect on the enrichment of carbon solutes in the central region
by applying soft and heavy reduction. This results in a reduction of the center segregation
ratio from 1.27 to 1.08, center deviation control in the range of 0.95~1.08, meeting all overall
product control requirements.
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Table 9. Process parameters of heavy and soft mixed reduction for high carbon steel.

Pulling
Speed 0.53 m/min 0.58 m/min 0.63 m/min

No. Solid
Fraction Contract Compensate Press

Down
Execution
Volume

Solid
Fraction Contract Compensate Press

Down
Execution
Volume

Solid
Fraction Contract Compensate Press

Down
Execution
Volume

1# 0.76 231 2.2 11.0 5.0 0.58 134 0.9 2.7 3.0 0.46 53 0.3 1.2 2.0
2# 0.94 73 0.8 5.6 5.0 0.73 86 0.8 4.0 4.0 0.58 85 0.6 3.0 3.0
3# 1 55 0.7 5.6 5.0 0.90 76 0.8 5.6 5.0 0.76 81 0.8 4.0 5.0
4# 1 42 0.5 4.0 5.0 1 58 0.7 4.2 4.0 0.88 72 0.8 4.8 5.0
5# 1 32 0.4 3.6 5.0 1 38 0.4 4.0 4.0 1 52 0.6 4.8 5.0
6# 1 27 0.3 3.0 3.0 1 33 0.3 3.0 3.0 1 40 0.4 3.2 3.0
7# 1 25 0.3 3.0 3.0 1 27 0.3 3.0 3.0 1 30 0.3 3.0 3.0
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Figure 12. The density of the matrix in the central region of the continuous casting billet varies with
the casting process.
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(2) Based on the numerical simulation, the effect of different pulling speeds on the so‑
lidification process is revealed, and the pulling speed should not be less than 0.47 m/min;
this can effectively improve the center quality of bloom. Furthermore, the difference of
reduction efficiency under heavy reduction and soft pressure was evaluated. At heavy re‑
duction, when the billet is fully solidified, with a central solid phase rate of 1, the reduction
efficiency is between 10% and 15%. This is approximately one‑quarter to one‑third of the
efficiency of soft reduction when the solid phase rate is 0.3.

(3) The center segregation and shrinkage of the casting bloom were improved to a
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duction alone. Also, the matrix core density was improved by 0.7%. After the mixed soft
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regation was reduced from 1.27 to 1.08, resulting in the overall achievement of product
control requirements.
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