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Abstract: The bulge deformation of the continuous casting slab must be controlled in order to improve
the slab quality. In this study, a coupled three-dimensional thermomechanical model is suggested
based on dynamic contact between the slab and the rollers, so as to investigate the influence of the
rollers in reducing slab bulge deformation. Moreover, the rigid casting rollers in this model are
replaced by elastic casting rollers in order to improve the calculation accuracy. Further, the influence
of two-segment and three-segment rollers on the slab bulge deformation is systematically studied.
The results indicate that the bulge deformation of the slab increased by 74.3% when elastic casting
rollers were adopted instead of rigid casting rollers. This deformation was reduced by 29.7% when
three-segment rollers were used instead of two-segment rollers. Moreover, the influence of the roller
spacing and the roller diameter of the segmented roller on the deformation was studied in detail.
In order to achieve the purpose of controlling the bulge deformation, improved segmented roller
spacing and diameter were proposed, leading to a 75.4% reduction in the bulge deformation.

Keywords: continuous casting; bulge deformation; thermomechanical coupling; segmented roller;
finite element analysis

1. Introduction

It is important to effectively control bulge deformation to improve the quality of continuous
casting slabs. Thermal creep is one of the main factors that can cause bulge deformation in slabs, as
the temperature distribution of the slab on both the wide and narrow sides affects bulge deformation.
It is necessary to obtain the temperature field of a continuous casting slab during the solidification
process. Some scholars have developed a two-dimensional solidification model to obtain the
temperature field distribution of the slab during continuous casting [1,2]. However, they neglected
the temperature field distribution of the wide sides. The two-dimensional solidification model was
replaced by a three-dimensional solidification model to analyze the slab temperature field because the
temperature distribution of the slab on both the wide and narrow sides could be considered in the
three-dimensional model [3,4], which could better match the actual solidification process in continuous
casting. This deformation calculation is very complicated. Some scholars used the theoretical
analysis method [5–8] and two-dimensional thermomechanical coupling models to calculate bulge
deformation [9,10]. However, the calculation accuracy of the theoretical analysis method could not
be guaranteed because the bulge deformation and temperature fluctuations on the wide side of the
slab in the two-dimensional model were neglected. Therefore, three-dimensional models of slab bulge
deformation were developed to improve the calculation accuracy. A three-dimensional elastic–plastic
and creep model was developed to calculate the slab bulge deformation on the wide side [11–13].
This model considered static contact between the continuous casting slab and the rollers. However,
this model neglected the movement of the slab under the casting rollers.
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In order to consider the dynamic contact between the slab and the rollers, Qin et al. suggested
a 3D thermomechanical coupling model based on this dynamic contact between the slab and the
rollers to compare with the 2D bulge deformation model to calculate bulge deformation [14]. Thus,
Liu et al. proposed a 3D finite element viscoelastic creep model to study slab bulge deformation and
the influence of temperature field distribution on this deformation [15]. However, this model neglected
the slab bulge deformation on the narrow side. The slab bulge deformation on the wide side and that
on the narrow side are actually mutually influential, and bulge deformation on the wide and narrow
sides has been observed by some scholars [16–18]. Thus, 3D thermomechanical coupling models
that included the dynamic contacts between the slab and the rollers were established to study the
slab bulge deformation of the narrow side [19,20]. The 3D finite element models mentioned above
mainly focused on the deformation mechanism of bulge deformation and the influence of process and
structural parameters on this deformation. However, control measures of bulge deformation were
hardly used in these models.

Qin et al. built a three-dimensional thermomechanical coupling model to study the temperature
and bulge deformation distributions of a slab during the casting process, and the bulge deformation
of this model was compared with that of the 2D bulging model [13,18]. The simulation results
in the 3D bulging models were further compared with measured data from the actual production
process to explore the accuracy of the simulation results in the three-dimensional bulge deformation
models [17,20]. This comparison made it possible to use the finite element method to explore a
method for controlling slab bulge deformation, and the fixed-gap and variable-diameter methods were
suggested to reduce bulge deformation [21–24].

In the above-mentioned models, all casting rollers were assumed to be rigid, in order to save
computing time, and the influence of casting roller deformation on slab bulge deformation was
neglected. In fact, these casting rollers also deform during continuous casting. Therefore, this
simplification would lead to an inaccurate reduction of bulge deformation values for a continuous
casting slab. Moreover, segmented rollers have been widely adopted in the actual production process to
control for slab bulge deformation [25–27]. The reason for this is that the stiffness of segmented rollers
is much greater than that of solid rollers [28,29]. However, the structural parameters of segmented
rollers have not been systematically studied for controlling slab bulge deformation.

This paper aims to discover the influence of segmented rollers on reducing slab bulge deformation
and investigate the relationship between the stiffness of the segmented rollers and slab bulge
deformation. A 3D thermomechanical coupling model based on the dynamic contact between the slab
and the elastic casting rollers was suggested, and the structural parameters of the segmented rollers
are investigated for controlling bulge deformation.

2. 3D Solidification Model Description

The temperature distribution is the foundation of this bulging analysis because the thickness of
the solidified slab and the material property parameters depend on the temperature field in the slab.
Therefore, the first step was to obtain the temperature field by using a solidification model.

2.1. 3D Solidification Finite Element Model

The cooling process of the continuous casting slab was a three-dimensional transient heat transfer
process with heat conduction, thermal convection, and thermal radiation accompanied by phase
transition. The heat transfer differential equation can be expressed as [30]:
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The axial position z along the liquid level of crystallizer is related to casting speed u and time t.
The relation function is z = ut. The relation function is substituted into Equation (1) and Equation (2)
is shown as follows:
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where

ρ is the density (kg · m−3),

cp is the specific heat capacity under constant pressure (J · (kg · K)−1),
T is the temperature (K),
t is time (s),
q is the internal heat source (W · m−3),

λ is the thermal conductivity (W · (m · K)−1), and
u is the casting speed, (m · min−1).

There is a solid phase zone, a liquid phase zone, and a two-phase zone in the continuous casting
process, and Equation (1) can be treated as follows:

(1) The solid phase and liquid phase can be calculated as:
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The heat transfer differential equation of the slab in the solid phase zone and the liquid phase
zone is exactly the same Equation (3). The corresponding thermal conductivity can be obtained in the
solid phase zone and the liquid phase zone separately.

For the thermal conductivity λL of the liquid phase zone, the forced convection heat transfer
was caused due to the flow of the molten steel, which accelerated the elimination of the degree of
superheat. In 1967, Mizikar [31] introduced the effective thermal conductivity for the first time to take
the effects of convective heat transfer into account. The method was to treat the liquid phase zone
of the slab into a "quasi-solid" and convert the convective thermal conductivity of the molten steel
into an effective thermal conductivity, which was equivalent to n times compared with the thermal
conductivity of the static molten steel. The value of n was generally from 2 to 7. Therefore, this method
was used to calculate the thermal conductivity of the liquid phase zone in the paper and the value of n
was 5. The relationship between the thermal conductivity of the solid phase zone and the thermal
conductivity of the liquid phase zone was as follows:

λL = 5λS (4)

where

λL is the thermal conductivity of the solid phase zone (W · (m · K)−1), and

λS is the thermal conductivity of the liquid phase zone (W · (m · K)−1).

(2) Since the two-phase zone has the latent heat of solidification, the internal heat source q in
Equation (1) must be taken into consideration. In this study, the equivalent specific heat method was
used to solve the latent heat of solidification and q is calculated as:

q = −ρls
∆H f

TL − TS

∂T
∂t

(5)

where

∆H f is latent heat of solidification under the action of various metals (kJ · kg−1),
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TL is the liquidus temperature (K), and
TS is the solidus temperature (K).

Equation (5) was introduced in the solidification heat transfer differential equation of the
two-phase zone and Equation (1) was rearranged as:
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where ce f f is the equivalent heat capacity (J · (kg · K)−1) and is calculated as:

ce f f = cp +
∆H f

TL − TS
(7)

λls is the thermal conductivity of the two-phase zone (W · (m · K)−1), and is calculated as:

λls = λs +
λL − λS
TL − TS

(T − TS) (8)

ρls is the density of the two-phase zone (kg · m−3).
A half three-dimensional solidification finite element model was established due to the symmetry

of the slab, and had dimensions of 1200 mm × 2000 mm × 250 mm. DC3D8 is an eight-node linear
heat transfer hexahedral element in the ABAQUS software (6.14, Dassault Systèmes Simulia Corp.,
Providence, RI, USA) and was used to mesh the solidification model to perform thermal simulation
analysis. The size of the element was 25 mm (length) × 25 mm (width) × 10 mm (height), and 46,080
heat transfer elements and 51,597 nodes were included in the model. The bulge deformation at the end
of the foot roller section was investigated because the bulge deformation of the slab is serious when the
slab leaves the foot roller section. Therefore, segmented rollers have been widely adopted to control
this deformation. Then, the temperature field at the end of the foot roller section was studied for the
analysis. The location of the segmented rollers and the final solidification point are listed in Figure 1.

Figure 1. Slab caster roller map.
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2.2. Physical Property Parameters

The material of the slab analyzed in this paper was Q235, and the material that was measured in
Xiangtan Iron & Steel Co., Ltd. of Hunan Valin was AH36. The compositions of Q235 and AH36 are
shown in Tables 1 and 2, respectively.

Table 1. Chemical composition and content of Q235.

Chemical Element C Si Mn P S

Content (%) 0.18 0.20 0.40 ≤0.025 ≤0.022

Table 2. Chemical composition and content of AH36.

Chemical Element C Si Mn P S Al Cr Cu Ni

Content
(%) 0.157 0.2489 1.4143 0.0162 0.0044 0.0289 0.0375 0.0284 0.0177

According to the actual production process of an arc continuous casting machine, the slab
geometry of the model and physical property parameters were quoted from the references [31–34] and
they are listed in Table 3 and shown in Figure 2. For this study, the cooling water heat transfer, the slab
surface radiation, and the heat transfer between the rollers and the slab were defined as the equivalent
convection coefficient; the convection heat transfer of molten steel was expressed by effective thermal
conductivity; and the latent heat of solidification was calculated by using the equivalent specific
heat method.

Table 3. Simulation constants for solidification analysis.

Parameters Values

Mold width 1200 mm
Half slab thickness 125 mm

Mold length 2000 mm
Casting speed 1.5 m·min−1

Water temperature 303 K
Inlet temperature 1808 K

Liquidus temperature 1793 K
Solidus temperature 1732 K

Specific heat capacity of the solid phase zone (cS) 706 J · (kg · K)−1

Specific heat capacity of the liquid phase zone (cL) 825 J · (kg · K)−1

Thermal conductivity of the solid phase zone (λS) 34.83 W · (m · K)−1

Thermal conductivity of the liquid phase zone (λL) 165 W · (m · K)−1

Latent heat of solidification under various metals (∆H f ) 284 kJ · kg−1

Density 7400 kg·m−3
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Figure 2. (a) Thermal conductivity of Q235 steel; (b) the specific heat of Q235 steel.

2.3. Boundary Conditions

(1) The comprehensive heat transfer coefficient was utilized to express the heat transfer process of
the model, and the calculation expressions are as follows:

(a) The heat flux in the crystallizer was defined as follows:

q = 2680000 − b

√
L
v

(9)

where

b is determined by the actual heat balance calculation,
L is the crystallizer length (m), and
v is the casting speed (m · min−1).

(b) The heat flux in the secondary cooling zone was determined as follows, and the secondary
cooling zone was from the end of the crystallizer to the final solidification point:

Φ = h(Tb − Tw) (10)

where

Φ is the heat flux (W · cm−2),

h is the heat transfer coefficient (W ·
(
m2 · K

)−1),
Tb is the slab surface temperature (K), and
Tw is the cooling water temperature (K).

(2) The initial temperature of the slab was uniformed as the inlet temperature of 1808 K.

2.4. Results and Discussion

The temperature and thickness distributions of the slab on the wide and narrow sides are shown
in Figure 3. In this study, the simulation results were validated based on the actual slab temperature
measurement results of the AH36 steel continuous casting process. The comparison of the measured
and simulated temperatures in the center of the narrow face are exhibited in Figure 3b. As can be
seen from this figure, the simulation temperature was close to the test temperature, and the maximum
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relative error was less than 5%. Thus, the simulation result that agreed well with the measured data
could be used as the basis temperature field for bulge deformation analysis.

Figure 3. (a) Temperature field of the model. (b) The comparison of the measured and simulated
temperature in the center of the narrow face. (c) Temperature on the wide side. (d) Temperature on the
narrow side.

The temperature distributions on the wide and narrow sides are shown in Figure 3c,d. At the end
of the foot roller section of the continuous slab caster, the highest temperature of the slab was 1276 K
and the lowest temperature was 940 K on the wide side. The difference in temperature was 336 K, thus
dropping by 26.3%. The highest temperature of the slab was 1400 K and the lowest temperature was
940 K on the narrow side. The difference in temperature was 460 K, a decrease of 32.9%. The thickness
of the solidified slab at this segment was about 42.5 mm on the wide side, and the thickness of the
narrow side was about 41 mm. Due to the uneven heat transfer, the temperature field of the slab was
unevenly distributed overall. The lowest temperature of the slab appeared in the corner area owing to
the bidirectional heat transfer characteristic.

3. The Establishment of the Bulge Deformation Model

The three-dimensional thermoelastic–plastic and creep coupling models were proposed to
investigate slab bulge deformation after temperature distribution and the thickness of the solidified
shell had been acquired. The relationship between the solidification heat transfer model and the slab
bulge deformation model is illustrated in Figure 4. Q235 steel served as the analytical material of the
casting slab. The casting roller material was 40CrMo.
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Figure 4. The relationship between the solidification model and the slab deformation model.

3.1. Physical Property Parameters

In the high-temperature continuous casting process, the bulge deformation of the slab is not only
determined by the thermal process, as the high-temperature mechanical properties of the material also
have an important influence on the deformation behavior of the slab. In order to accurately analyze the
deformation of the casting slab, it was necessary to clarify the high-temperature mechanical properties
of Q235 steel. Physical property parameters of the slab were quoted from the references [35,36] and
are shown in Figure 5. According to the investigation, the material parameters of 40CrMo at the
temperature of 523 K were suitable for the bulge deformation model analysis. The elastic modulus
was 189.46 MPa, the Poisson ratio was 0.28, and the density was 7850 kg·m−3.

Figure 5. (a) Elastic modulus of Q235 steel; (b) Poisson ratio of Q235 steel.

3.2. Geometric Model with Various Segmented Casting Rollers

The geometric parameters of the slab and casting rollers used in the model are listed in Table 4.
The three-dimensional geometric models of the interaction between the slab and the various casting
rollers are shown in Figure 6, including rigid solid rollers, elastic solid rollers, elastic two-segment
rollers, and elastic three-segment rollers. C3D8R was the eight-node linear three-dimensional stress
hexahedron reduction integral element which was used to build the models. The casting slab was
composed of 20,400 elements (C3D8R) and 40,581 nodes. In the continuous casting process, it was
assumed that the casting rollers were linearly distributed, ignoring the casting blank curvature.
The liquid core of the slab was removed and simplified as a cavity, and the static pressure of the
molten steel in the slab was transformed into a uniform pressure on the inner surface of the slab.
During the analysis, the thickness of the casting slab and the distribution of the temperature field did
not change with the operation of the slab.
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Table 4. Simulation constants for bulge deformations.

Parameters Values

Thickness of the solidified slab on the wide side 42.5 mm
Thickness of the solidified slab on the narrow side 41 mm

Number of rollers 15
Roller spacing 300 mm

Radius of roller 115 mm
Length of roller 1240 mm
Casting speed 1.5 m·min−1

Figure 6. (a) Bulging model with rigid solid rollers. (b) Bulging model with elastic solid rollers. (c)
Bulging model with two-segment rollers. (d) Bulging model with three-segment rollers.

3.3. Boundary Conditions and Contact Definition

(1) The uniform pressure was 369,634 Pa, which was to be the static pressure of the molten steel in
the slab.

(2) The symmetrical displacement constraint was loaded on the slab because of the symmetry of
the structure.

(3) When the longitudinal length of the slab was chosen as 2000 mm, the influence of the slab
boundary on the internal structure could be neglected according to Saint-Venant’s principle, and the
calculation accuracy and efficiency could be guaranteed.

3.4. Creep Model

It was found that the time-hardening model could describe the creep behavior of the metal with
a carbon content of 0.18% and a secondary cooling temperature range of 1173 K~Ts [37]. This could
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satisfy the requirements of this paper. Therefore, the time-hardening model was used as the creep
model of the casting slab material. The constitutive equation of the time-hardening model is shown as
Equation (7):

.
εp = C exp

(
−Q

T

)
σNtm (11)

where

C = 0.3091 + 0.2090(pctC) + 0.1773(pctC)2,
Q = 17160,
N = 6.365 − 4.521 × 10−3T + 1.439 × 10−6T2,
m = −1.362 + 5.761 × 10−4T + 1.982 × 10−8T2,
.
εp is the creep strain rate (s−1),
C is the influence parameter of carbon content (MPa−ns−m−1),
σ is the stress (MPa),
Q is the deformation energy constant (K),
T is the temperature (K),
t is the time (s),
m is the temperature-dependent time influence index, and
N is the temperature-dependent comprehensive stress influence index.

3.5. Predefined Temperature Field

The slab temperature distribution at the end of the foot roller section was introduced into
the bulging analysis as a predefined field and kept invariable in the calculation process of
bulge deformation.

4. Comparisons of Slab Bulge Deformations with Different Segment Rollers

The bulge deformation of the slab was obtained by establishing the three-dimensional finite
element model of the coupling interaction between the various segmented rollers and the slab.
The results calculated by ABAQUS were used to analyze the influence of the segmented rollers
on slab bulge deformation.

4.1. Bulge Deformation on the Wide Side

The simulation results of slab bulge deformation along the wide side are shown in Figure 7.
The influence of the segmented rollers was numerically analyzed by a comparison between the
average values of the bulge deformation. As can be seen in Figure 7, the following conclusions can
be drawn:

(1) In the bulge deformation model with the three-segment rollers, the deformation rapidly
increased to 0.90 mm from the edge to the distance of 270 mm in the direction of the wide surface.
The deformation of the slab formed into a bulging platform from the distance of 270 mm to the slab
center (600 mm) in the wide direction. The value of the bulging platform was 0.90 mm. The reason
for this was that the edge of the solidified slab had formed a thick shell of great stiffness, and the
deformation was small. The thickness of the shell decreased with the increasing distance, resulting in
the decrease of slab stiffness. The bulge deformation of the slab rapidly increased under the hydrostatic
pressure. Then, the platform appeared with the uniform thickness and uniform static pressure of the
slab. The deformation of the slab at the contact position with the roller sectional area was greater than
the average value of the platform. This was because the fixed area of the slab intermittently passed
through the sectional area of the segmented rollers, and the positive creep was more effective than
the reverse creep in the fixed area. In the continuous casting process, the positive creep makes the
solidified shell convex outwards, and the reverse creep makes the solidified shell recess.
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(2) The minimum bulge deformation was 0.82 mm in the model with rigid solid rollers.
The maximum bulge deformation of 1.43 mm appeared in the model with elastic solid rollers. The
difference between the deformation of the two models was about 0.61 mm, and the increase remained
around 74.3%. The results showed that the stiffness of the casting rollers had a great influence on
slab bulge deformation. However, the casting rollers cannot be absolutely rigid rollers in the actual
production process. Thus, the elastic rollers were more suitable than the rigid rollers to simulate the
bulge deformation of the casting slab in the actual production process, as a more accurate result could
be obtained.

(3) The two-segment and three-segment rollers were defined by using elasticity. The bulge
deformation of the casting slab in the two-segment roller model was reduced to 1.28 mm in comparison
with the elastic solid rollers model. The difference in bulge deformation was 0.15 mm, meaning there
was a decrease of 10.5% between the two models, while the bulge deformation of the slab with the
three-segment rollers reached 0.90 mm. The bulge deformation difference was 0.53 mm, dropping
by 37.1%. The result indicated that the bulge deformation with the three-segment rollers was closer
to that of the rigid solid rollers. This means that the bulge deformation of the casting slab could be
effectively controlled by using segmented rollers, and the influence of the three-segment rollers was
more effective than that of the two-segment rollers.

Figure 7. Bulge deformation of the slab on the wide side with different casting rollers.

4.2. Bulge Deformation on the Narrow Side

The simulation result of the slab bulge deformation along the narrow side is displayed in Figure 8.
The horizontal bulge deformation of the slab’s narrow side was uneven, and the bulge deformation

of the narrow side with the three-segment rollers was relatively close to that of the rigid rollers.
The bulge deformation on the narrow side with the three-segment rollers reduced from 0.38 to
0.23 mm, a decrease of 39.5%. The bulge deformation on the narrow side with the two-segment rollers
reduced from 0.39 to −0.008 mm, which was down by 102%. The bulge deformation on the narrow side
with the rigid solid rollers reduced from 0.39 to 0.25 mm, dropping by 35.9%. The bulge deformation
on the narrow side with the elastic solid rollers reduced from 0.37 to −0.08 mm, a decrease of 121.6%.
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Figure 8. Bulge deformation of the slab on the narrow side with different casting rollers.

4.3. Analysis of Segmented Roller’s Stiffness

The stiffness of the casting roller was an important factor affecting slab bulge deformation.
In the bulging models, the vertical displacement of the elastic casting roller had occurred, which was
selected to measure the stiffness of the casting roller. The results are shown in Figure 9. The vertical
displacement of the elastic solid roller was a reverse parabola distribution. The maximum value of
0.14 mm appeared in the center of the solid roller. The rigid roller was not deformed, so the vertical
displacement was 0 mm. The vertical displacement of the two-segment roller was evenly distributed
around 0.004 mm. The displacement of the three-segment roller in the vertical direction was generally
distributed around 0.0015 mm. The average vertical displacement of the roller was selected for
comparison to intuitively analyze the stiffness of the casting rollers. The average vertical displacement
of the elastic solid roller was 0.07 mm, the average vertical displacement of the two-segment roller was
0.004 mm, and that of the three-segment roller was 0.0015 mm. The stiffness of the two-segment roller
was 17.5 times greater than that of the solid roller, and the stiffness of the three-segment roller was
46.7 times greater than that of the solid roller. As the number of sections increased, the deflection of
the segment roller during the continuous casting process was smaller. This indicated that the stiffness
of the segmented roller was effectively improved. Combined with the previous analysis of casting
slab deformation, the conclusion could be drawn that the stiffness of the segmented roller could be
better improved than that of the solid casting roller, and the bulge deformation of the slab could also
be excellently reduced.
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Figure 9. The vertical displacement of different casting rollers.

5. Influences of Roller Spacing and Roller Diameter on Slab Bulge Deformation

5.1. Establishment of Deformation Model with Different Roller Spacings and Diameters

In the continuous casting process, bulge deformation must be controlled to ensure the quality of
the slab. There are many factors involved in slab bulge deformation in continuous casting production,
among which the main parameters include casting speed, static pressure of molten steel, shell thickness,
roller spacing, roller diameter, and surface temperature of the slab. The main purpose of this section is
to explore and analyze the influence of the segmented roller structure parameters on bulge deformation.
Under a constant casting speed condition (1.5 m·min−1), the bulge deformation was calculated and
analyzed for the casting slab. The specific simulation structural parameters are shown in Table 5.
The influence of the casting process parameters was numerically analyzed by a comparison between
the average values of the bulge deformation.

Table 5. Simulation parameters of bulging models.

Roller Spacing
Rigid
Roller

Elastic
Roller

Two-Segment
Roller

Three-Segment
Roller

Roller Diameter

300 mm
230 mm 230 mm 230 mm 230 mm
250 mm 250 mm 250 mm 250 mm
270 mm 270 mm 270 mm 270 mm

350 mm 230 mm 230 mm 230 mm 230 mm
400 mm 230 mm 230 mm 230 mm 230 mm

5.2. Results and Conclusions

5.2.1. Influences of Roller Spacing on Bulge Deformation

Roller spacing was adjusted by changing the gap between the rollers. Under the condition of
constant casting speed (1.5 m·min−1), the bulge deformation was calculated with 350 and 400 mm
as the roller spacings. The average values of the bulge deformation were compared with that of a
300-mm roller spacing. The diameter of the roller was 230 mm. The results of slab bulge deformation
on the wide side, shown in Figure 10 and Table 6, were established by the simulation model with
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different roller spacings. It could be concluded that the approximate distribution of the slab bulge
deformation on the wide side would not change with a 50 mm increase of the roller spacing, and the
improvement of the three-segment roller for bulge deformation was most obvious. However, the bulge
deformation of the slab under the same continuous casting segmented roller increased greatly with the
increase of the roller spacing. The maximum increment of bulging deformation was 67.1% under the
rigid roller with the roller spacing changing from 300 to 350 mm. The maximum increment of bulge
deformation under the elastic roller was 47.4%, with the roller spacing changing from 350 to 400 mm.
The maximum increment of bulge deformation under the two-segment roller was 37.5%, with the
roller spacing changing from 300 to 350 mm. The maximum increment of bulge deformation under the
three-segment roller was 60.0%, with the roller spacing changing from 300 to 350 mm. The bulging
increase was about the same for the rigid roller and the three-segment roller. This also proved that
the effect of the three-segment roller was closest to that of the rigid roller on slab bulge deformation.
The minimum increment was 32.9% under the elastic solid roller with the roller spacing changing
from 300 to 350 mm.

Figure 10. The bulge deformation on the wide side with different roller spacings.

Table 6. Bulge deformation on the wide side with different roller spacings.

Roller Spacing Rigid
Roller

Elastic
Roller

Two-Segment
Roller

Three-Segment
Roller

300 mm 0.82 mm 1.43 mm 1.28 mm 0.90 mm
350 mm 1.37 mm 1.90 mm 1.76 mm 1.44 mm
400 mm 1.93 mm 2.80 mm 2.38 mm 1.96 mm

An analysis of variance (Table 6) showed that the value of variance ratio was 158.45 under different
roller spacings, which was larger than the critical value of variance ratio (the critical value was 5.14).
The value of variance ratio was 35.38 under different segmented rollers, which was larger than the
critical value of variance ratio (the critical value was 4.76). This indicated that different roller spacings
and segmented rollers all have a significant effect on slab bulge deformation. Generally, the slab bulge
deformation on the wide and narrow sides increased with the increasing roller spacing. This was
because the area of the slab between the two rollers increased with the increasing roller spacing.
The effect of static pressure increased in the solidified shell, which indirectly reduced its stiffness. As a
result, the value of slab bulge deformation became larger as the roller spacing increased. This indicated
that roller spacing also played an important role in bulge deformation of the casting slab.
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5.2.2. Influences of Roller Diameter on Bulge Deformation

The influence of roller diameter was observed by using the deformation models under various
roller diameters and a constant roller spacing. The roller spacing was defined as 300 mm. The roller
diameters of the bulging model are shown in Table 5. The results of bulge deformation on the wide side
under different roller diameters are listed in Table 7. It was found that the slab bulge deformation under
the rigid rollers was almost unchanged with different roller diameters. This was because the rigid roller
was established by a rigid body that did not reform in the continuous casting process, and the changing
roller diameters had no influence on slab bulge deformation. The average deformation of the slab on
the wide side decreased by about 0.08 mm when the elastic solid roller diameter increased by 20 mm.
The influence of changing roller diameters on bulging deformation was relatively small due to the
low stiffness of the elastic solid roller. However, the slab bulge deformation was effectively influenced
by changing the segmented roller diameter by 20 mm, including the two-segment and three-segment
rollers. The maximum reduction of bulging deformation was 0.24 mm, with the two-segment roller
diameter changing from 250 to 270 mm, and the decrease remained around 21.8%. The minimum
reduction was 0.1 mm with the three-segment roller diameter changing from 230 to 250 mm, and
the decrease remained around 11.1%. This was because the elastic roller was deformed in the model,
which resulted in a larger contact area between the slab and the roller as the roller diameter increased.
In other words, the rigidity of the solidified shell was indirectly increased. The bulge deformation of
the continuous casting slab was effectively controlled with the improved stiffness of the solidified shell
and the casting roller. An analysis of variance (Table 7) showed that the value of variance ratio was
6.30 under different roller diameters, which was larger than the critical value of variance ratio (the
critical value was 5.14). The roller diameter had a significant effect on slab bulging deformation.

Table 7. Bulge deformation on the wide side with different roller diameters.

Roller Diameter Rigid
Solid Roller

Elastic
Solid Roller

Elastic Two-Segment
Roller

Elastic
Three-Segment Roller

230 mm 0.82 mm 1.43 mm 1.28 mm 0.90 mm
250 mm 0.80 mm 1.37 mm 1.10 mm 0.80 mm
270 mm 0.80 mm 1.25 mm 0.86 mm 0.69 mm

In general, the slab bulge deformation increased with the increased roller spacing and decreased
with the increased roller diameter. The comparisons of average values of bulge deformation along
the wide side are shown in Figure 11. When the roller spacing was 400 mm and the roller diameter
was 230 mm, the maximum average value of bulge deformation along the wide side was 2.80 mm
with the elastic solid rollers. When the roller spacing was 300 mm and the roller diameter was
270 mm, the minimum average value of bulge deformation along the wide side was 0.69 mm with the
three-segment rollers; the difference was of 2.11 mm in comparison with the previous one. The bulge
deformation was reduced by 75.4%. The optimized structural parameters could effectively control slab
bulge deformation.
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Figure 11. Comparisons of slab bulge deformation with different segment roller structure parameters.

6. Discussion

Slab bulge deformation is an important factor that affects the quality of the slab. Most researchers
have focused on the deformation mechanism of the slab and rarely explored an effective way to control
slab bulge deformation. Also, rigid casting rollers were most commonly used in the slab bulging models
in order to simplify the calculations of slab bulge deformation. Although this simplification could
greatly reduce the model’s calculation time, the influence of roller deformation on slab deformation
was neglected. In this paper, the influence of segmented rollers on slab bulge deformation was
explored, and the structural parameters of segmented rollers were optimized to effectively control
the bulge deformation of the casting slab. Also, elastic casting rollers were introduced to replace the
traditional rigid casting rollers in the bulging model for simulation analysis to obtain more ideal results.
The results showed that elastic casting rollers were more suitable for analyzing slab bulge deformation
than rigid casting rollers. Then, by comparing the slab bulge deformation under the segmented and
solid rollers separately, it was found that the stiffness of the segmented rollers was greater than that of
the solid rollers, so that the bulge deformation of the slab could be effectively controlled. Finally, the
roller spacing and diameter of the segmented rollers were further studied. It was found that reducing
the segmented roller spacing and increasing the roller diameter could effectively control the bulge
deformation of the slab. The research results in this paper could provide an effective theoretical basis
for controlling slab bulge deformation in actual production.

7. Conclusions

A 3D finite element thermomechanical coupling model between segmented rollers and a casting
slab was established to investigate the influence of the segmented rollers on slab bulge deformation.
The traditional rigid continuous casting rollers were replaced by elastic continuous casting rollers in
these models, which is an advantage that this model has over traditional models. The main conclusions
are as follows:

(1) The slab bulge deformation under the elastic rollers increased by around 74.3% compared
with that of traditional rigid rollers. The results indicated that the stiffness of the casting rollers would
have a great influence on slab bulge deformation and the elastic rollers were more suitable for the slab
bulge deformation analysis.
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(2) The slab bulge deformation was 1.43 mm under the elastic solid rollers and was reduced
by 10.5% under the two-segment rollers compared with elastic solid rollers, while the slab bulge
deformation dropped by 37.1% under the three-segment rollers.

(3) The results showed that the bulge deformation could be controlled by reducing the roller
spacing or increasing the roller diameter. The slab bulge deformation on the wide side increased when
the roller spacing increased by 50 mm, with the maximum increase of 67.1% and the minimum increase
of 32.9%. The average value of the slab bulge deformation was reduced by about 15% when the roller
diameter was increased by 20 mm.

(4) The bulge deformation on the wide side was reduced by 75.4% when the roller diameter and
spacing of the segmented rollers were optimized. This result indicates that the optimized structural
parameters of casting segmented rollers could effectively control slab bulge deformation.
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