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Corner transverse cracks are frequently observed on microalloyed steel slabs during continuous
casting. As a solution to this problem, double phase-transformation technology could improve
the ductility of the shell surface and avoid corner cracks. However, this technology requires a
high cooling rate, which is difficult to reach in traditional flat plate molds (TFMs). Therefore, a
novel convex structure mold (NCM) was designed to intensify corner cooling. To investigate the
effects of mold design on interfacial heat transfer between the solidifying shell and mold, a
thermomechanical model was developed considering the dynamic distributions of the mold slag
layers and air gaps. Afterward, the interfacial heat fluxes between mold and solidifying shell
obtained from the thermomechanical model were loaded on the flow, heat transfer, and
solidification model to study the comprehensive influence of mold cavity design and steel flow
on the shell temperature. Based on the models, the contact conditions, distributions of
interfacial heat transfer media, interfacial heat fluxes, and temperatures and thicknesses of the
solidifying shells were thoroughly compared between the TFM and NCM. The results show that
the NCM provides a more appropriate compensation for the shell shrinkage; as a result, the
thick slag layers concentrating in the corners of the TFM are flattened and homogenized in the
NCM. Thicker slag layers in the TFM weaken the corner heat transfer and lead to uneven shell
growth in the off-corner areca. Meanwhile, the NCM could homogenize the off-corner heat
transfer and increase the cooling rate of the shell corner to help implement double

phase-transformation technology in the high-temperature zone of casters.

https://doi.org/10.1007/s11663-021-02123-8

© The Minerals, Metals & Materials Society and ASM International 2021

I. INTRODUCTION

THERMAL shrinkage is an inherent characteristic of
shells solidified in molds during continuous casting,
which tends to pull the shells back from the hot mold
faces. Effected by multiple factors, such as thermal
shrinkage, haul force, ferrostatic pressure, and metal
creep, the initial solidifying shell undergoes a compli-
cated distortion in the primary cooling stage.l'* If the
distortion leads to undesirable contact conditions
between the shell and copper plates of the mold, the
temperature and solidification of the shell would be
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uneven, which may cause defects on the slab/billet. To
keep the mold in close contact with the solidifying shell,
most molds have a tapered cavity designed to compen-
sate for shell shrinkage.>

During slab continuous casting, considerable shell
shrinkage occurs along the width direction. Whether the
taper of the narrow face could properly compensate for
the shrinkage has a significant influence on the surface
and subsurface quality of the slab. Won ez al!”! found
that excessive taper inevitably increases the friction
between the strand and mold copper plates, which
would expedite the wear of narrow face copper plates.
Mahapatra er al® indicated that excessive compensa-
tion is a critical cause of longitudinal depressions and
associated subsurface cracks. Brimacombe er al.’! indi-
cated that an inadequate taper would enhance the tensile
strain at the wide face of the slab, which subsequently
leads to longitudinal mid-face cracks. Therefore, appro-
priate taper compensation is quite important for
high-quality and high-efficiency slab production.
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Currently, there are two mainstream taper compen-
sation methods: the single linear taper and discrete
multitaper methods. The single linear taper method is
the most widely used in slab continuous casting because
of its concise design and convenient machining. How-
ever, Li and Thomas® indicated that the thermal
shrinkage of a solidifying shell is nonlinear: the upper
part of the mold needs a large taper to compensate for
the considerable shrinkage of the solidifying shell,
whereas the lower part needs a smooth taper to decrease
the friction between the copper plates and slow-shrink-
ing shell. Therefore, the single linear taper method can
hardly maintain the close contact between the shell
surfaces and mold hot faces in all parts of the mold.
Although the multitaper method can compensate for the
nonlinear shrinkage of the solidifying shell more appro-
priately, and extend the mold life to a certain extent by
retarding the wear of the narrow face copper plates,!'” a
study by Berdnikov e al.'!! showed that the multitaper
method can hardly result in a seamless contact because
the shrinkages of the slab corner and mid-face are out of
sync. To compensate for the considerable corner shrink-
age, Cai and Zhu!'? suggested additional compensation
for the narrow face corner. Since the compensation for
shell shrinkage along the thickness direction is not
changed, this method can hardly control the interfacial
gap at the wide face side of the corner. A superior
quality steel product demands a more appropriate taper
compensation method.

Aiming at improving the quality of continuous
casting steel, Brimacombe and Sorimachil'* investigated
the influences of continuous casting operating condi-
tions on the formation of different types of cracks. They
concluded that the large corner gap resulting from the
inadequate taper is the primary factor leading to
longitudinal corner cracks, and the temperature gradient
of the shell corner in the spray zone accounts for the
frequent occurrence of transverse corner cracks. To
homogenize the heat transfer of shell corners, Hu
et al"™ suggested the chamfered mold as a solution to
control the formation of transverse corner cracks. Based
on their numerical study, the chamfered mold could
increase the slab corner temperature. As a result, the
corner stress at the straightening point is reduced. To
further optimize the corner structure of chamfered
molds, Yu er al!'™ developed a numerical model with
which the frictions between strands and molds with
different corner structures were studied. The friction
stress becomes more uniform in the fillet mold than it
does in the chamfered and right-angle molds. In the
study by Lyu ez al.,""® a mold simulator system was used
to compare the oscillation marks, interfacial heat fluxes,
growth of shell thicknesses, and other solidification
behaviors of initial solidifying shells between right-angle
and chamfered molds. They found that the temperature
distribution of the slab corner became higher and more
uniform in the chamfered mold. Furthermore, a study
by Filatov er all'” showed that the application of a
chamfered mold could homogenize the shell thickness
and reduce crack formation in the rolled slab.
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Undoubtedly, chamfered molds have many advan-
tages over traditional right-angle molds. However, the
high temperature of the slab corner tends to induce
ferrite films to form along the austenite boundaries,
which are believed to be the most significant cause of
corner transverse cracks during microalloyed steel slab
continuous casting."® To inhibit the formation of
corner transverse cracks, Kato er all" suggested a
novel cooling method named surface structure control
cooling (SSC) in which cooling on the shell surface is
intensified before the slab corner reaches the A3
transformation temperature and then the shell corner
is reheated to 1250 K. This method had been verified
experimentally, and it was found that SSC could
improve steel ductility by eliminating film-like ferrite.*"!
Furthermore, Liu es al?" studied the refinement of
prior austenite grains under double phase-transforma-
tion technology by the high-temperature confocal laser
scanning microscope (CLSM). They concluded that the
higher cooling rate during the first phase transformation
leads to a finer austenite microstructure, which has a
strong inhibition effect on cracks. Through the CLSM
inspection, Ma er al®? confirmed that the optimum
cooling rate to eliminate film-like ferrite is 3 to 6 °C/s,
which is not feasible with chamfered and right-angle
molds. To enhance the cooling rate of the slab corner,
the cavity structure of the mold should be precisely
designed to guarantee close contact between the shell
surfaces and mold inner walls.

Previous studies have shown that the design of slab
mold tapers is rather complex because of the nonlinear
shrinkage of shells. Moreover, the nonsynchronized
shrinkage between the mid-face and corner of the slab
intensifies this complexity. Although the chamfered
mold can homogenize the corner heat transfer, the high
temperature of the slab corner would aggravate the
ductility of microalloyed steel by expediting the eutec-
toid of film-like ferrite along austenite boundaries. To
control the corner microstructure of microalloyed steel
during slab continuous casting, double phase-transfor-
mation technology has been suggested in many previous
works, which demands a higher cooling rate at the slab
corners during the first phase transformation. Aiming at
precise taper compensation and a high cooling rate at
the shell corner, a novel convex structure mold is
designed, which could compensate for the shell shrink-
age in the width direction by the gradient convex
structure and that in the thickness direction by the
nonlinear structure. The detailed design process will be
presented in future work. In the present work, the
comparison between the novel convex structure mold
and traditional flat plate mold was conducted primarily
to confirm the potency of novel design in improving the
corner heat transfer of thick slabs. Through developing
numerical models, the contact conditions and dynamic
distributions of interfacial heat transfer media in the
novel convex structure mold and traditional flat plate
mold are compared. Subsequently, the effects of lubri-
cant distributions on the corner and off-corner heat
transfer are thoroughly discussed. It is expected that the
novel convex structure mold will improve the ductility of
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slab corners by helping to realize double phase-trans-
formation technology during microalloyed steel contin-
uous casting.

II. MODEL DESCRIPTION

A. Mold Geometry

Considering that the traditional flat plate mold
(TFM) with a single linear taper is the most widely
used in slab continuous casting, it is selected as the
referenced mold, in which the thermomechanical behav-
iors of the slab shell are compared with those in the
novel convex structure mold (NCM). Figure 1 shows
half of the wide face copper plate that could be
commonly used in both the TFM and NCM. At the
back of the copper plate, there is a periodic layout of the
channels, among which the depths of those near the bolt
columns are 15 mm, and the others are 11 mm. The left
view shows that the height of the channels is 850 mm.
Additionally, the Ni layer thickness linearly ranges from
0.5 mm at the mold top to 1.5 mm at the mold bottom.
Detailed locations of the channels and bolts can be
found in Figure 1.

Figure 2 shows the narrow face copper plate of the
referenced TFM. The thickness of the copper plate is 40
mm, and there are 8 shallow channels and 4 deep
channels at its back. The deep channels on the margin
have an outward inclination of 15 deg, which is designed
to enhance corner cooling. The Ni layer gradient and
detailed channel structure are identical to those of the
wide face.

Based on the deformation of the slab shell in a
continuous casting mold,” a mold with a convex
structure of narrow face copper plates is designed to
reduce the corner gap between the mold and strand, as
shown in Figure 3. At the top, the hot face bulges
outward by 20 mm. Along the casting direction, the
bulge gradually flattens, which presses the narrow face
of the solidifying shell during continuous casting and
extends the shell corner toward the wide face copper
plate. As a result, the interfacial gap at the wide face
corner may be reduced by the extension of the solidi-
fying shell along the narrow face. Considering that the
increased contact pressure at the narrow face center
would also drive the shell corner to move toward the
mold center, additional compensation is attached to the
margin of the NCM. The projection of bulges at the top
and bottom of the NCM as well as the additional
compensation at the margin are quantified in Table 1.
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Fig. 1—Geometry of the wide face copper plate.
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Fig. 2—Geometry of the narrow face copper plate of the TFM.

B. Mathematical Model

1. Thermomechanical model of continuous casting
mold

A thermomechanical model based on the nonlinear
finite element commercial software MSC Marc?* was
developed to evaluate the effects of mold design on the
thermal evolution and deformation behavior of solidi-
fying shells, as shown in Figure 4. Considering the
symmetry along the width and thickness directions, only
one-fourth of the domain is simulated, and the section
dimensions of the mold exit are 1600 mm x 263.5 mm.
According to practical conditions, the narrow face taper
of the TFM is 1.1 pct for microalloyed steel continuous
casting. Consistent with the TFM, the NCM also has a
taper of 1.1 pct to compensate for the corner shrinkage.
Meanwhile, the bottom width of the NCM is identical to
that of the TFM, and the top width of the NCM is 40
mm wider than that of the TFM because of the bulge at
the narrow face top. By applying surface refinement, a
Ni layer with a changing thickness is separated from the
copper-based material. According to Meng and Tho-
mas,!!! the temperature gradient in molten steel (below
20 mm from the shell surface) is rather inconspicuous.
Therefore, the liquid core is removed from the simulated
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domain to reduce the computational cost. The thickness
of the remaining section, which represents the solidify-
ing shell and mushy zone, is 30 mm in the present work.

The thermomechanical model based on finite element
technology describes the force—displacement relation
with Eq. [1].

Ku,=F, 1]

where ug denotes the nodal displacement of the slab, K
denotes the stiffness matrix, and F denotes the force
vector.

The strain—displacement and stress—strain relations in
terms of element nodal displacement are shown in
Eqgs. [2] and [3].

&l = ﬁ Uel, [2]

0. = Lgg, [3]

where &, and o, denote the strains and stresses in the
elements, respectively, and f and L denote the
strain—displacement and stress—strain relations, respec-
tively. u. denotes the displacement vector associated
with the element nodes.
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Fig. 3—Narrow face copper plate of the NCM.

The strand heat transfer is governed by Eq. [4]. The
mold heat transfer is governed by Eq. [5].

ps(Ts)%:v' (ks(Ts)VTs)7 [4]
0T
pmcmw =V (kaTm)a [5]

where T and T, are the temperatures of steel and
copper plates, ¢ is the current time, and H(Ty), py(T%)
and ky(T) denote the temperature-dependent enthalpy,
density and conductivity of the steel, respectively,
which are obtained according to the microsegregation
model.”™ k.., pm and ¢, denote the conductivity, den-
sity and specific heat of the mold copper plates, whose
values are assigned separately according to whether a
Ni layer or copper-based material is considered. All of
the thermal properties of the mold copper plates are
listed in the existing literature.*!

Since the distortion of mold copper plates caused by
thermal expansion is mainly concentrated at the menis-
cus and the deviation of taper compensation caused by
this distortion is rather small,*® the mold copper plates
are meshed as rigid bodies, and the strand deformable
body. The temperature of the steel at the meniscus is
initialized by the pouring temperature. The ferrostatic
pressures loaded on the solidification front are calcu-
lated with Eq. [6].

P = pggh, [6]
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Table I. Geometric Parameters of the NCM

D. (mm) p (mm) D, (mm) o (mm) 7 (mm)
-100 0.00 0 0 0.00
0 0.00 10 0.44 0.10
100 1.28 20 1.44 0.33
200 2.16 30 2.92 0.68
300 2.78 40 4.79 1.11
400 3.24 50 6.95 1.61
500 3.62 60 9.28 2.15
600 3.96 70 11.66 2.71
700 4.30 80 13.94 3.23
800 4.64 90 16 3.71
100 17.71 4.11
110 18.95 4.40
120 19.61 4.55
132.75 20 4.64

where g denotes the gravity acceleration, & denotes the
metallic bath depth, and p; denotes the molten steel
density. Different from the common boundary condi-
tions, the ferrostatic pressure should be loaded on the
inner mesh. The detailed methods of tracking the
solidification front and applying this boundary condi-
tion have been described in a study by Liu et al.*”

The nodal displacements of the slab symmetric planes
can be expressed with Eq. [7]. In addition, those of the
mold exit are expressed with Eq. [8].

ug-n=0, [7]
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Fig. 4—Mesh details of the thermomechanical coupled model.

w = VAL, 8]

where n denotes the normal vector, w denotes the dis-
placement along the casting direction, and V. is the
casting speed.

Considering that many factors influence the heat
transfer between the solidifying shell and mold copper
plates, such as the properties and distributions of the
mold slag layers, air gap expansion, and contact
condition, an interface heat transfer model developed
by Niu et al.”¥ is used in the present work to calculate
the interfacial heat flux between the strand and mold
copper plates. According to the model, there are three
media at the shell-mold interface: liquid slag, solid slag
and air. When the shell surface temperature is higher
than the solidification temperature of the slag in the
mold, the interface gap is filled with the liquid slag and
solid slag; otherwise, it is filled with the solid slag and
air. Based on the conservation of energy, the interfacial
heat flux and distributions of the different media could
be obtained by coupling with the thermomechanical
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model. The thermal behavior in the water channels is
calculated by the water flow and heat transfer model.
Details of this model have been described previously by
Niu et al.?®)

The temperature-dependent elastic modulus and Pois-
son’s ratio are obtained with Egs. [9] and [10].2°"

E =968 —233T,+ 1.9 x 107°7T2 —5.18 x 10772, [9]

y=0.278 +8.23 x 107°T,. [10]

According to the evolution of steel density during
solidification, the thermal linear expansion coefficient
(TLE) can be expressed by Eq. [11].

3/ Pref
TLE = /-l _q, 11
p(Ts) ]

where p.r and p(7T;) are the steel densities at room
temperature and T (in K).
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2. 3D transient flow heat transfer and solidification
model

Since the flow of molten steel has significant influences
on the shell growth and temperature distribution, a 3D
transient flow, heat transfer and solidification model is
developed based on the TFM and NCM cavity struc-
ture. Figure 5 shows the mesh details and SEN geometry
of the model. The mesh refinement technique is applied
at the strand surface where solidification causes a
considerable velocity sink. To avoid backflow, the
length of the simulated domain is set to 3000 mm.

In this model, molten steel is assumed to be an
incompressible Newtonian fluid. The flow and heat
transfer of molten steel are governed by Eqgs. [12], [13]
and [16].B1

Continuity equation:

9ps
ot

where v is the velocity vector of molten steel.
Momentum equation:

+V(psv) =0, [12]

0
E (psv) +V- (psvv) =-Vp+V: [:ueff(vv + va)]
+ Ps8i + Smona
(13]
where p is the pressure, Sy, describes the momentum
sink due to solidification, and g is the effective vis-

cosity. Smon and per can be obtained with Egs. [14]
and [15].

1—f)*x108
Smon = ((ﬁfz)(?()l) (V - vp)a [14]

132.6\<(

Narrow face

(a)

|

Symmetry plane

Mefr = My + My, [15]

where v, is the casting velocity vector, f; is the liquid
fraction, py is the apparent viscosity obtained from the
solid fraction, and g, is the turbulent viscosity calcu-
lated by the low-Reynolds-number k—¢ model.

Energy equation:

O (pH) 4V (prH) =V - (GarVT),  [16]

where

Ts
H = hyer + / Cped T+ fiL. 7]
T,

ref

H and h,r denote the total and reference enthalpies.
/i denotes the effective thermal conductivity. Cp,s and L
denote the specific heat and latent heat of the steel.

The inlet of the submerged entry nozzle is set as a
velocity inlet, and the bottom of the computational
domain is set as a pressure outlet. The meniscus is set as
an adiabatic plane, and the shear stresses are specified as
0. The moving speeds of the shell surfaces along the
casting direction are defined according to the casting
speed. The heat fluxes of the shell surfaces in the mold
region are assigned based on the thermomechanical
simulation. The properties of molten steel in this flow,
heat transfer and solidification model are listed in
Table II.
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Fig. 5—Structure of the simulated domain: (¢) mesh details and (b) SEN geometry.
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C. Modeling Flow and Element Control

To investigate the effects of the mold design on the
interfacial contact and heat transfer behaviors in the
TFM and NCM, the nonlinear finite element software
MSC Marc is applied to solve the thermomechanical
model. By calling the subroutine, which could deacti-
vate/activate the elements, steel is continuously gener-
ated at the meniscus. Similarly, the strand elements were
deactivated when they moved out of the mold region.
Furthermore, the subroutine, which is used to define the
heat transfer between contact areas, was called to couple
the thermomechanical model with the interface heat
transfer model. The interface heat transfer model has
been described in previous work.**! In the calculation,
the temperatures of the shell surface and mold hot face
and their contact distance are delivered from the
thermomechanical model to the interface heat transfer
model. After that, the interfacial heat fluxes and
dynamic distributions of the mold slag layers and air
gaps are calculated by the interface heat transfer model
and returned to the thermomechanical model. After
completion of the thermomechanical analysis, the inter-
facial heat fluxes between the mold and solidifying shell
are exported and loaded into the flow heat transfer and
solidification model as boundary conditions. Solving the
model by the CFD software Fluent, the temperature and
growth of the solidifying shell are thoroughly compared
between the TFM and NCM.

III. RESULTS AND DISCUSSION
A. Model Validation

Since the thermomechanical model couples the anal-
ysis of dynamic mold slag distributions, the slag layers
attached at the TFM hot faces are collected to validate
the model. Figure 6 shows the comparison of wide face
slag layers calculated and measured at the mold exit
under the simulated operation conditions shown in
Table III. The measured thickness of the solid slag layer
reaches 1.5 mm at 5 mm off the corner, which is 0.2 mm
thinner than the calculated thickness. In the area 10 mm
off the corner, the measured thickness is close to the
calculated thickness and reaches approximately 1.9 mm.
Another piece of slag layer shows that the thickness
decreases to 1 mm at 80 mm off the corner. Meanwhile,
the calculated thickness of the solid slag layer has an

Table II. Thermophysical Properties of Steel

Thermophysical Properties Value
Density (kg/m?) 7200
Liquidus Temperature (K) 1789
Solidus Temperature (K) 1737
Thermal Conductivity (W/(m K)) 34
Latent Heat (J/kg) 270,000
Viscosity (kg/(m s)) 0.0062
Specific Heat (J/(kg K)) 680
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identical downtrend. Influenced by the surface tension,
the measured corner thickness is greater than 2 mm,
which is inconsistent with the calculated corner thick-
ness. However, the consistency between the calculated
and measured thicknesses of the solid slag layers in the
off-corner and center areas demonstrates the validity of
the thermomechanical model.

Considering that the slag layers could lubricate the
interface between the mold and strand, the wear of the
TFEM copper plates is used to validate the predicted
distributions of the mold slag layers, as shown in
Figure 7. Since the liquid slag layer could lubricate the
contact interface adequately, there is no significant wear
at the upper part of the mold. The W-shaped stain left
by the liquid slag layer coincides well with the calculated
distribution of the liquid slag layer. At the lower part of
the mold, the solid slag layer is evenly distributed at the
narrow face center, which could efficiently protect the
area from wear. Meanwhile, the shell corner, which is
covered by a thicker solid slag layer, has a lower
temperature and higher stiffness. Under mold oscilla-
tion, heavy wear forms at the narrow face corner. In
summary, the stain and wear of the narrow face copper
plate show good consistency with the calculated distri-
butions of mold slag layers.

Signals recorded by the thermocouples in the mold
copper plates are compared with the calculated temper-
atures of the mold, as shown in Figure 8. Comparing the
signals of the different rows of thermocouples, the mold
temperature decreases along the casting direction. The
average temperatures of TC1, TC2, and TC3 are 395 K,
382 K, and 369 K, respectively, which are close to the
temperatures calculated at the wide face centerline, as
shown in Figure 8(a). For the narrow face, a similar
consistency between the measured and calculated tem-
peratures appears at the centerline.
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Fig. 6—Distribution of solid slag layer at the wide face.
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B. Contact Behavior

The contact condition between the shell and mold
copper plates has a significant influence on the interfa-
cial heat transfer, which deteriorates the surface quality
of the slab in the condition of a nonuniform distribu-
tion. Based on the thermomechanical coupled model,
the interfacial contact behaviors in the TFM and NCM
are compared and shown in Figure 9. To highlight the
distortion of the solidifying shells, the contact gaps
between the strands and molds are magnified up to 3
times. As shown in Figure 9(a), the slab corner in the
TFM begins to shrink away from the mold walls at 100
mm below the meniscus and leaves very small interfacial
gaps at both the wide and narrow faces. In the corner of
the NCM, a similar gap appears at the wide face corner,
while the narrow face copper plate is in close contact
with the shell. With the shell moving down to 300 mm

Table III. Typical Casting Conditions
Items Value
Effective Mold Height (mm) 800
Slab Section Dimensions (mm) 1600 x 263.5
Pouring Temperature (K) 1814
Narrow Face Taper (%) 1.10
Casting Speed (m/min) 1.05
Wide Face Water Flow (L/min) 4760
Narrow Face Water Flow (L/min) 530
Import Water Temperature (K) 305
Main Compositions of Steel (%) Niu et al.?
Properties of the Mold Slag Niu et al?

Merﬁs}:us\'

W-shaped stain
liquid slag

<1Casting direction

(b)

below the meniscus, the ranges of the expansion areas in
the TFM reach 79 mm at the wide face and 52 mm at the
narrow face. By contrast, the corner gaps in the NCM
have no significant expansion. With the shrinkage of the
slab corner getting moderated at the lower middle part
of the TFM, the gap at the narrow face begins to narrow
under the compensation of the narrow face taper. Since
the wide face can hardly obtain adequate compensation,
the corner gap at the wide face of the TFM continues to
expand at the lower part of the mold. For the NCM,
neither the wide face nor narrow face significantly
expands the corner gap. The range of the wide face
expansion area is maintained below 15 mm.

C. Distributions of Interfacial Heat Transfer Media

Figure 10 shows the distributions of the liquid slag
layers in different types of molds under the same
operating conditions. Despite the different cavity struc-
tures, the longitudinal distributions of the liquid slag
layers show similar trends along the casting direction in
both the TFM and NCM. At the meniscus, the liquid
slag layers become thicker as the initial solidifying shells
move downward. The maximum thicknesses are
observed at 47 mm below the meniscuses, and then the
liquid slag layers begin to thin in the center, corner and
off-corner areas. Since the expansion of corner gaps
leads to the filling of liquid slag in those areas, the liquid
slag layers in the off-corner areas remain thicker than
those in the center areas. Compared with the TFM, the
NCM reduces the maximum thickness at the narrow
face from 0.24 to 0.21 mm. Moreover, Figures 10(a) and
(b) show an obvious hysteretic solidification of the

z Z
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Fig. 7—Comparison between the (¢) mold wear and thickness distributions of the () liquid slag and (c¢) solid slag.
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liquid slag in the off-corner areas, which would deteri-
orate the homogeneity of the heat transfer there. In the
NCM, the endpoint of the wide face off-corner liquid
slag is elevated from 612 mm below the meniscus to 310
mm, and that of the narrow face is elevated from 540 to
360 mm.

The distributions of interfacial solid mold slag layers
in different types of molds are shown in Figure 11.
Along the casting direction, the solid slag layers become
thicker as the surface temperatures of the solidifying
shells decrease. In the center areas of the wide and
narrow faces, where the shells maintain close contact
with the mold hot faces, the evolutions of the solid slag
layers in the NCM have trends similar to those in the
TFM. However, the corner and off-corner areas show
significant differences between the NCM and TFM. In
the TFM, a thick solid slag layer covers up to 82 mm of

METALLURGICAL AND MATERIALS TRANSACTIONS B

the wide face corner, and that of the narrow face ranges
up to approximately 52 mm. The corner liquid slag
completely solidifies 83 mm below the meniscus, where
the wide face solid slag layer reaches a thickness of 1.64
mm and the narrow face reaches a thickness of 1.68 mm.
At the TFM off-corner areas approximately 295 mm
below the wide face meniscus and 340 mm below the
narrow face, the solid slag layers reach their maximum
thicknesses of 1.88 and 2.06 mm, respectively. Com-
pared with the TFM, the distributions of solid slag
layers in the NCM are more homogeneous, especially
for the narrow face. The maximum thicknesses of the
solid slag layers at the wide and narrow faces of the
NCM decrease to approximately 1.61 and 1.28 mm,
respectively. The coverage of the thick slag layer in the
wide face off-corner area decreases to 24 mm, and that
at the narrow face becomes inconspicuous.
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narrow face of the NCM.

The air gap has a significant influence on the thermal
profile of the solidifying shell because of its excellent
adiabaticity. This wusually leads to a considerable
nonuniform distribution of shell temperature, which
should be avoided during continuous casting. The
distributions of the air gaps in the different types of
molds are shown in Figure 12. The air gaps are
concentrated in the corner and off-corner areas. At the
wide face of the TFM, the air gap initially forms 83 mm
below the meniscus. As the shell moves downward, the
interfacial air gap begins to expand. At 325 mm below
the meniscus, the liquid slag layer 84 mm off the shell
corner completely solidifies. Afterward, the continuous

METALLURGICAL AND MATERIALS TRANSACTIONS B

corner shrinkage causes the air gap to expand to the
off-corner area. At the mold exit, the corner air gap
reaches a thickness of 0.63 mm, and that of the
off-corner reaches a thickness of 0.13 mm. The TFM
narrow face shows a quite different distribution of air
gap, as illustrated in Figure 12(b). The maximum
thickness (approximately 0.5 mm) appears 400 mm
below the meniscus. With the shell shrinkage moderated
at the lower part of the mold, the corner air gap is
pinched by the taper compensation of the narrow face.
Finally, it decreases to 0.12 mm at the mold exit. In the
NCM, the shrinkage of the shell corner is controlled by
reasonable compensation at both the wide and narrow
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faces. As a result, the air gaps in the corner and
off-corner areas are significantly reduced. At the wide
face of the NCM, the air gap concentrates within 15 mm
off the corner, and the maximum thickness is reduced to
0.31 mm at the mold exit. Furthermore, the air gap in
the off-corner area is eliminated completely. Figure 12(d)
shows that no significant air gap appears at the narrow
face. The thickest air gap (approximately 0.16 mm)
appears 345 mm below the meniscus and 8 mm off the

corner. Near the mold exit, the air gap at the narrow
face completely disappears.
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D. Shell Growth and Temperature Distribution

The distributions of the mold slag layers have definite
influences on the interfacial heat flux between the mold
and strand, as shown in Figure 13. In both the TFM and
NCM, the heat fluxes of the different spots increase
rapidly above the meniscus and reach their maximums
at 7.5 mm below the meniscus. After that, the heat fluxes
decrease down the mold and fluctuate beneath the bolt
holes. The decreases in heat fluxes are moderate 100 mm
below the meniscus. Limited by the structure of the
water channels, the cooling water cannot reach the mold
bottom. Therefore, the heat fluxes show significant
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decreases near the mold exit. Considering that the
coverage of the wide face contact gap in the TFM is
wider than that of the narrow face, the wide face heat
fluxes at 40 mm off the corners are compared between
the TFM and NCM, as well as the narrow faces at 30
mm off the corners. To reduce the impact of channel
depth on the transverse comparison, the wide face
interfacial heat fluxes are compared at 40 and 640 mm
off the corner, where the channels have similar depths
and layouts. Apparently, the NCM has a more homo-
geneous distribution of interfacial heat fluxes in the
off-corner areas. From 100 mm below the meniscus to

METALLURGICAL AND MATERIALS TRANSACTIONS B

the mold exit, the average heat flux differences between
the off-corner (40 mm off the corner at the wide face and
30 mm off the corner at the narrow face) and center
areas reach 0.24 and 0.28 MW/m? at the wide and
narrow faces of the TFM, respectively. For the NCM,
the average differences reach 0.01 and 0.16 MW/m? at
the wide and narrow faces.

Loading the interfacial heat fluxes on the flow heat
transfer and solidification model, the convective and
conductive heat transfer in the strand could be simu-
lated. Figure 14 shows the temperatures of the shell
surfaces in the TFM and NCM. The shells in different
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molds have similar temperature distributions at the
mid-face areas. Near the meniscus, the shell surface
temperatures are distributed homogeneously. Along the
casting direction, the temperatures of the shell surfaces
decrease at different rates, which leads to nonuniform
distributions. At 250 mm below the meniscus, the areas
beneath the deep channels are significantly colder than
those beneath the shallow channels, by approximately
28 K. At the mold exit, the temperatures of the wide and
narrow midfaces reach 1308 K and 1323 K, respectively.
What should be noted is that the TFM has higher
temperatures in the off-corner areas, which is mainly
caused by the thick slag layers and air gap expansions.
Meanwhile, the NCM homogenizes the temperatures of
off-corner areas and enhances the cooling of the shell
corner. At the mold exit, the corner temperatures of the
TFM and NCM reach 1088 K and 931 K, respectively.

Figure 15 shows the cooling rates of the shell corners
in the TFM and NCM. Within 200 mm of the meniscus,
the cooling rates of the shell corners in the different
types of molds show a similar decrease. With the
expansion of the corner air gap, the cooling rate of the
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TFM decreases to 3.3 K/s at 300 mm below meniscus.
After that, the cooling rate remains at a low level, and
the average cooling rate from 300 mm below the
meniscus to the mold exit is 4.73 K/s. Compared with
the TFM, the NCM can more efficiently improve the
corner cooling rate in the primary cooling stage. The
minimum cooling rate of the shell corner is 5.98 K/s, and
the average cooling rate of the lower part of the mold is
increased to 8.18 K/s.

The effect of mold design on the homogeneity of shell
growth is shown in Figure 16. The model is validated by
predicting a shell thickness close to that of the measured
breakout shell. At the wide faces, the TFM has a large
difference in shell thicknesses between the wide face
center and off-corner. This difference is inconspicuous at
the upper part of the mold. As the shell moves into the
lower part, the thick slag layers and air gaps in the
corner and off-corner areas impede the heat transfer
between the mold and strand. Accordingly, the growth
of the shell in the off-corner area begins to slow. At the
mold exit, the thickness difference between the wide face
center and off-corner reaches 2.1 mm. For the narrow
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face, the shell thickness difference increases first, reaches
a maximum at 450 mm below the meniscus and then
begins to decrease. Impinged by the high-temperature
molten metal stream, shell growth of the narrow face
center slows at the lower part of the mold, while the
multidimensional cooling of the shell corner accelerates
the off-corner shell growth. Therefore, the narrow face
off the corner becomes thicker than the narrow face
center at the mold exit. Compared with the TFM, the
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shell growth in the NCM is more homogencous. The
differences between the wide face center and off-corner
areas are inconspicuous at the mold exit. For the narrow
face, the off-corner shell is approximately 1 mm thicker
than the center at the mold exit.

IV. CONCLUSIONS

A convex structure mold was designed to intensify
cooling on the shell corner and help implement double
phase-transformation technology in the high-tempera-
ture cooling zone of casters during microalloyed steel
continuous casting. To fully utilize the advantages of the
NCM, a thermomechanical model coupled with a flow
heat transfer and solidification model was developed in
the present work; with this model, the effects of mold
design on the thermal, deformation, and solidification
behaviors of slab strands were evaluated and compared
between the TFM and NCM. Based on the simulation,
the following conclusions could be drawn:

1. The TFM exhibits large interfacial gaps between the
mold and strand at the corner and off-corner areas,
which contribute to the nonuniform distributions of
the mold slag layers and insufficient cooling of the
shell corner. In the NCM, the shell corner shrinkage
along the width direction obtains a suitable nonlinear
compensation, while the expansion of the narrow
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face reduces the interfacial gap at the wide face cor-
ner.

2. Thick slag layers appear at the corner and off-corner
areas in the TFM. The maximum thicknesses reach
1.88 mm at the wide face and 2.06 mm at the narrow
face. Meanwhile, those in the center areas are only 1
mm thick. The NCM could homogenize the distri-
butions of mold slag layers and limit the maximum
thicknesses to 1.61 mm at the wide face and 1.28 mm
at the narrow face.

3. The air gap at the wide face corner of the TFM
continuously expands after it initially forms 83 mm
below the meniscus. That at the narrow face first
increases at the upper part of the mold and then
decreases at the lower part. The maximum thick-
nesses of the air gap at the wide and narrow faces
reach 0.63 and 0.5 mm, which could be reduced to
0.31 and 0.16 mm in the NCM.

4. The thick slag layers and air gap in the corner and
off-corner areas lead to nonuniform distributions of
shell corner temperature and shell growth in the
TFM. Hot spots appear at the wide and narrow face
off-corner areas. At the mold exit, the shell thickness
of the wide face off-corner area is 2.1 mm thinner
than that of the wide face center. The NCM can
eliminate hot spots by enhancing cooling in corner
and off-corner areas. As a result, the temperature of
the shell corner decreases from 1088 K to 931 K in
the NCM.
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