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Abstract

The evolution of mold flux performance in the mold induced by tundish flux drainage is
important for understanding mold flux failure, yet few studies address this issue. This study
systematically investigates and elucidates the relationship between tundish flux drainage
and mold flux performance in the mold. As the drainage ratio increases from 0 to 1.25,
the mold flux viscosity at 1300 °C rises from 0.4 to above 1.0 Pa-s, impairing lubrication.
Meanwhile, the average heat flux density decreases from 0.973 to 0.682 MW /m?, resulting
in a thinner initial solidified shell. The crystallization temperature increases from 994 to
1340 °C, reducing the liquid slag film thickness. The primary crystalline phase changes from
Ca,Si,F, 0, to Ca,Al,SiO; and Na,CaAl,Og, both of which have high melting temperatures.
These changes in lubrication, heat transfer, and crystallization behavior significantly increase
the frictional force acting on the initial solidified shell and reduce its resistance to tearing,
thereby promoting breakouts.
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1. Introduction

Mold flux is closely linked to the smooth operation of continuous casting processes and
enhancing the quality of cast slabs through providing lubrication, controlling heat transfer,
etc. The lubrication and heat transfer performance in the mold are strongly associated with
the viscosity and crystallization properties of the mold flux [1,2]. Although different steel
grades, casting speeds, and cross-sections of slabs have different requirements for viscosity,
crystallization and heat transfer, the excessive change in these properties inevitably cause
the mold flux to deviate from its designed optimal performance, resulting cracking and
breakout, thereby degrading the surface quality of cast products and casting process.

Many factors affect the in-mold performance of mold flux. These factors can be divided
into two categories, one involves the influence of chemical composition, including the
composition control in the mold flux’s design itself [3-6], as well as changes in composition
resulting from slag-steel reactions and inclusion absorption during the continuous casting
of steel grades with high aluminum [7,8], high manganese [9,10], high titanium [11] and
high rare earth content, etc. [12]. The second category involves external field effects, such
as the thermal history (temperature field) experienced by the mold flux in the gap between
the mold and the solidified shell [8,13], as well as the effects of electric fields [14,15],
magnetic fields [15], and electrical pulses [16,17] used to control molten steel flow and
solidification. Extensive research has been conducted to elucidate the effects of these factors
on mold flux performance.
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In addition to these studies, drainage of tundish flux into the mold will also cause
significant compositional change in mold flux. The instability of tundish bath level control
during continuous casting is a primary factor causing the drainage of tundish flux into mold
flux. Tundish always act as a reservoir and distributor during continuous casting. Under
normal conditions, tundish flux uniformly spreads on the molten steel surface, stabilizing
the continuous casting process through functions like inclusion absorption, oxidation
prevention, and temperature maintenance. In actual continuous casting, sometimes the
tundish bath level continuously drops below a critical threshold, molten steel can generate
a vortex effect during tundish change for long sequence casting or late stage of tundish
pouring [18]. It is especially frequently accompanied by the operation of reducing residual
steel in tundish as much as possible. This phenomenon disrupts the interfacial stability
between tundish flux and steel, forcing tundish flux to breach equilibrium and become
entrained into the mold. Much attention has been paid to the effect of tundish flux drainage
on cleanliness of liquid steel. Occurrence of breakouts is usually attributed to great level
fluctuation during the process. The effect of tundish flux drainage on mold flux is ignored.

Typically, tundish flux has a different chemical composition from mold flux, especially
high-basicity tundish flux. The quantity of mold flux on molten steel surface is about
10~20 kg. Once tundish flux drainage occurs, the quantity is often greater than that of
mold flux in the mold. Mixture of tundish flux and mold flux will introduce a holistic
compositional perturbation into the mold flux, inevitably alters the mold flux composition
and performance simultaneously. Although previous studies have mainly examined the
effects of single or dual components on the physicochemical properties of mold flux [3-12],
such a compositional footprint differs substantially from the isolated component variations
considered in most previous studies, and its effects on in-mold performance of mold flux
have not yet been fully quantified.

Against this backdrop, the present work pays attention to the tundish flux drainage-
induced in-mold performance evolution of mold flux, investigating the effects of tundish
flux drainage on the viscosity, heat transfer and crystallization performance of mold flux.
Rotating spindle viscometer, heat transfer experiments, DSC, micro-XRD and SEM-EDS
were combined to clarify the relationship between tundish flux drainage ratio, compositional
variation, and in-mold performance of mold flux. Combined with the property evolution
of mold flux, the breakouts mechanism was clarified through introducing the established
relationship. The results provide deep insights into understanding mold flux deterioration
caused by tundish flux drainage, and update the traditional understanding of how tundish
flux drainage cause breakouts.

2. Experiment
2.1. Sample Preparation

The experimental samples are designed as mixtures of mold flux and tundish flux.
According to industrial practice, the samples considering varying drainage of tundish flux
was designed through mixing mold flux of 36%Ca0-40%Si0,-5%Al,03;—-10%Na,0-9%F
and strongly basic tundish flux of 50%Ca0-42%Al,0;-5%5i0,-3%MgO. The designed
compositions of mold flux with increasing drainage of tundish flux are shown in Table 1.
A drainage ratio (shortened to be TF/MF) was defined to be the mass ratio of drainage
amount of tundish flux to mold flux in the mold. It should be understood that the quantity
of tundish flux in the tundish is greater than mold flux in the mold. The tundish flux
drainage amount is not fixed but depends on the critical level control. Three drainage
ratios of 0, 0.75 and 1.25 representing the increasing contamination levels were designed
to clarify the effect of tundish flux entrainment on the in-mold performance of mold flux.
These laboratory mixtures evaluate compositional effects without completely reproducing
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transient industrial entrainment and mixing or implying typical industrial drainage ratios.
All samples were synthesized using reagent-grade chemicals CaO, SiO,, Al,O;, Na,CO;,
MgO and CaF, according to designed compositions through pre-melting and quenching
them onto a copper plate.

Table 1. Compositions of experimental mold fluxes (in mass pct).

No TF/MF CaO Sio, Al,O, Na,O MgO F
S1 0 36.00 40.00 5.00 10.00 0 9.00
S2 0.75 42.00 25.00 20.86 5.72 1.28 5.14
S3 1.25 42.78 20.56 25.55 4.44 1.67 4.00

2.2. Viscosity Measurement

Viscosity of mold flux was measured using a rotating spindle viscometer (DV2T,
AMETEK Brookfield, Middleboro, MA, USA). The equipment apparatus used in this mea-
surement is shown in Figure 1, which is consisted of three parts including the measurement
system, the rotation system and the heating system. Before viscosity measurement, the
viscometer was calibrated with standard silicone oils with a known viscosity of 4.95 dPa-s
at room temperature 298 K. Additionally, the control software requires a spindle multiplier
constant (SMC) to calculate and collected viscosity data. The parameter was determined
using standard silicone oil by Equation (1).

100
7 = TK x SMC x RPM Torque (1)

where 7 is viscosity in dPa-s, TK is a torque constant, which is 0.09373 for the present
viscometer, SMC is spindle multiplier constant and the value is 41.75, RPM refers to rota-
tion speed per minute of spindle, Torque represents the torque-% reading at the selected
rotation speed.

=
D Viscometer

Gas outlet—>
Mo shaft
<« |—— Alumina tube
<+ Graphite crucible
—— Mo crucible
—— Mo spindle
< Mo rod
Steel rod
— .
<« QGas intlet
=1

<+—— Thermocouple

Figure 1. Experimental apparatus for viscosity measurement.
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About 140 g samples were pressed into the Mo crucible embedded in a graphite crucible,
and then the crucible was put into the constant temperature zone of a vertical resistance
furnace. Mold fluxes were heated in a vertical resistance furnace that can be controlled to
move up and down and performed using Mo spindles and crucibles. A mixed gas of H,
and Ar (20 vol % H, + 80 vol % Ar) with a flow rate of 0.1 L/min was injected into the
experimental apparatus, the vertical resistance furnace, to prevent oxidation. The sample
was heated to 1425 °C and held for 30 min to achieve a homogeneity. After that, the furnace
was lifted slowly to immerse the spindle into the molten slag, then the furnace temperature
was decreased from 1425 °C to the different target temperatures by an interval of 25 °C
with a cooling rate of 5 °C /min. When the temperature reached the target value, the slag
melt was held for 20 min to reach thermal equilibrium to measure the viscosity; 60 viscosity
values were yielded within 5 min. The average value was calculated as the viscosity at the
temperature. Then the temperature was decreased for next measurement cycle until the
viscosity is close to or exceeds 1.0 Pa-s. The time duration is 30 min from one to another
temperature. The temperature was controlled using a proportional integral derivative (PID)
controller with an accuracy of +1 °C. The viscosity measurement error range is £1% for the
employed Brookfield DV2T viscometer (AMETEK Brookfield, Middleboro, MA, USA).

2.3. Heat Transfer Experiments

The vertical resistance furnace was employed to carry out heat transfer experiments.
The schematic diagram of the apparatus is shown in Figure 2. The apparatus is mainly
made up of the heating unit, crucible, water-cooling copper column, and the temperature
measurement system. The casting slab shell and water-cooling copper wall were modeled
using the crucible and the water-cooling copper column, respectively. The distance between
the crucible and the water-cooling copper column was controlled through a laser rangefinder.
K-type thermocouple A and B were employed to measure the water temperature at the
inlet and outlet; the measurement error is £0.4%. B-type thermocouple C was adopted to
measure the temperature of the crucible; the measurement error is £0.25%. To eliminate the
effect of radiation heat transfer as much as possible, the crucible was placed in the upper
region of the constant temperature zone, and the cooling water tube for the copper column
was wrapped by heat insulating material.

Flowmeter Thermocouple
. . él a 8 .
Cooling water inlet— 00 —= — — Cooling water outlet

Heat insulator

Water-cooling
copper column —

Crucible — | |
Mold flux —

Base

Thermocouple C Ar inlet

Figure 2. Schematic diagram of heat transfer experiment apparatus.
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At the beginning of the experiment, high-purity argon gas (99.99% purity) was injected
as protecting gas with a flow rate of 0.3 L/min, mold fluxes were fed into the crucible when
the temperature of thermocouple C held at 1400 °C. After approximately 30 min, when the
mold fluxes were fully molten and the temperature at position C stabilized at 1400 °C again,
the water-cooled copper column was inserted into the molten flux for 45 s. The cooling
water flow rate was maintained at 3.8 L/min throughout all experiments. Thermocouples
A and B continuously recorded the cooling water temperature T, and Ty at inlet and
outlet, respectively. The instantaneous heat flux density across the flux film was calculated
according to Equation (2).

q:qw'cw'(TB —Tu)/S (2)
where g, is mass flow rate of cooling water, kg/s; C,, is heat capacity of cooling water,
J/(kg-°C); T4 and Ty are cooling water temperature of inlet and outlet, °C; S is effective

contact area of water-cooling copper column and mold flux, m?.

2.4. Crystallization Analysis

Differential scanning calorimetry (DSC, STA 449 F5, NETZSCH-Geratebau GmbH,
Selb, Germany) was used to measure the non-isothermal crystallization characteristics of
the mixtures. The DSC instrument error is within £0.25% for temperature measurement.
About 15 mg of quenched mold fluxes were placed into a platinum crucible and heated
to 1450 °C at a rate of 20 °C/min, and then held for 3 min to eliminate the bubbles and
homogenize the compositions. Finally, the samples were cooled at a rate of 10 °C/min to
room temperature. The samples after DSC measurement were separated out, mounted
and polished, then characterized by micromorphology and phase composition using a
scanning electron microscope (Gemini 300 SEM, Carl Zeiss Microscopy GmbH, Jena, Ger-
many) equipped with energy dispersive X-ray spectroscopy (EDS). In the meantime, the
crystalline phases in samples after DSC measurement was identified by micro-area X-ray
diffraction (D8 Discover, Bruker AXS GmbH, Karlsruhe, Germany) using Cu-Ku radiation.
The measurements were performed in the 26 scanning range between 10° and 90°.

3. Results and Discussion
3.1. Viscosity Evolution Induced by Tundish Flux Drainage

Figure 3 exhibits the viscosity of mold fluxes with increasing tundish flux drainage
ratio. The viscosity was measured with an interval of 25 °C from 1425 °C. The measurement
was stopped once the viscosity exceeds 1.0 Pa-s, which indicates reaching a very high
viscosity for mold flux. It can be observed that the measurement number of original mold
flux is more in the wide temperature range of 1175-1425 °C, the viscosity increases up to
0.99 Pa-s at 1175 °C. However, the number reduces with the increased drainage ratio, only
one viscosity at 1425 °C was obtained for flux with drainage ratio of 1.25. This is because the
viscosity at 1400 °C exceeds 1.0 Pa-s, the measurement was stopped. This change suggests
the drainage of tundish flux significantly increases mold flux viscosity. When the drainage
ratio is not high (0.75), the viscosity begins to increase rapidly at 1350 °C; however, as the
drainage ratio increases to 1.25, the viscosity starts to rise sharply at 1400 °C, exceeding
1.0 Pa-s. The error of viscosity at each temperature was also presented in Figure 3. It can be
seen that the standard deviations are small in all cases except for the viscosity of sample
with TF/MF = 0.75 at 1350 °C. The value of +0.55 Pa-s does not reflect the actual standard
deviation of this case. This is because the sample with TF/MF = 0.75 at 1350 °C has become
a non-Newtonian fluid; the precipitation of crystals over time contributes to an increase
in viscosity even though the temperature remains constant. Nevertheless, the measured
viscosity of the Newtonian fluid at other temperatures indicates that the standard deviation
is small. The high viscosity induced by tundish flux drainage indicates the flowability and
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lubricating ability of mold flux deteriorate; continuous casting is exposed to a significant
risk of sticking.
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Figure 3. Viscosity of mold fluxes with TF/MF = 0, 0.75, and 1.25 at different measurement
temperatures.

Evolution of mold flux viscosity with tundish flux drainage is related to complex
composition and subsequent structure change. Tundish flux contains high CaO and Al,O;
contents, drainage of tundish flux into mold flux will seriously change the initial mold
flux compositions as a result of an increase in CaO and Al,O; contents and dilution of
5i0,, Na,O and F contents. To further elucidate the effect of compositional variations
on mold flux viscosity, the non-bridging oxygen to tetrahedrally coordinated cation ratio
(NBO/Ten) was calculated from the bulk chemical composition, where NBO denotes non-
bridging oxygen and Tcn denotes tetrahedrally coordinated network-forming cations. A
higher NBO/Tcn value corresponds to abundant non-bridging oxygen (NBO) and a highly
depolymerized network framework, while a lower NBO/Tcn signifies a more polymerized
network structure [19]. For the present mold flux system, the NBO/Tcn was computed via
Equation (3) [20].

Z(XCaO + Xigo + Xnn,0 + Xcar, — XA1203)

NBO/Tcn =
Xsio, + 2X a0, + Xpg0

(3)

where X; denotes the molar amount of each oxide constituent. Within this formula, CaO,
Na,O and CaF, are classified as network-modifying oxides, whereas SiO, and Al,O; serve
as network formers. MgO is included in the numerator if its content is less than 7% and
in the denominator when it exceeds the value. It is obvious that MgO should be included
in the numerator for the present system because of its small content. The negative term
associated with Xy o, accounts for the consumption of charge-compensating cations upon
the incorporation of AI** into tetrahedral aluminosilicate networks. As reported by Mills
et al. [21], AI** that integrates into silicate lattices requires charge-balancing modifier
cations, which are consequently no longer available to break Si-O-Si linkages.

As shown in Figure 4, NBO/Tcn decreases with increasing drainage ratio of tundish
flux, indicating that the oxide network becomes progressively more polymerized, which is
consistent with the increase in viscosity. This tendency is mainly attributed to the increase
in Al,O5/SiO, ratio and decrease in Na,O, which reduces the amount of effective network
modifiers that deploy the network structures, thus promoting the formation of complex
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aluminosilicate structural units. It should be noted that the NBO/Tcn calculated from
bulk composition only semi-quantitatively describe the actual oxygen speciation in the
melt. Previous studies based on Raman spectra have shown that calculated NBO/Tcn may
deviate from measured NBO/Tcn to some extent in Al,O;3-containing slags because the
calculation assumes that Al,O; mainly acts as a network former under sufficient charge
compensation, whereas a part of Al,O; may behave as a network modifier or exist in cation-
deficient local environments [22]. Therefore, in this work, the theoretical NBO/Tcn is used
as a semi-quantitative indicator to evaluate the compositional tendency of melt network
polymerization. However, it cannot be denied that compositional changes in mold flux
induced by drainage of tundish flux trigger structural changes, which in turn lead to great
changes in the mold flux viscosity.

24

2.1

= 1.8}
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£ 1.56
15} 1.45
12+
0.9 . .
0 0.75 1.25

Mass ratio of tundish flux to mold flux

Figure 4. Variation in NBO/Tcn among different drainage mass ratios of tundish flux to mold
flux. The columns represent the NBO/Tcn values, while the dots and connecting line indicate the
variation trend.

3.2. Heat Transfer Evolution Induced by Tundish Flux Drainage

Figure 5 displays the measured T, and Ty profiles for TE/MF = 0, 0.75, and 1.25
during heat transfer. It can be seen the cooling water inlet temperature T, is relatively
flat, whereas cooling water outlet temperature T} first rises rapidly then drops, and finally
levels off, indicating the change in heat absorption of the colling water with testing time.
All these profiles of the cooling water outlet temperature Ty agree well with the simulated
and measured temperature profiles of the continuous casting mold [23], which suggests
the cooling water outlet temperature Ty could reflect the mold temperature. It can also
be found that the magnitude of the changes in T has decreased with increasing TF/MF,
indicating the effect of tundish flux drainage ratio on heat transfer.

According to the cooling water temperature profiles and Equation (2) above, the heat
flux density profiles of mold fluxes with a drainage ratio of 0, 0.75, and 1.25, as a function of
experimental time, were obtained and presented in Figure 6. It can be observed that all three
samples exhibit a consistent temporal behavior, which could be divided into three stages,
(I) the ascent stage of heat flux density from 0 to ¢; (peak time), (II) the rapid descent stage
from t; to f, (turning time from fast decrease to slow decrease), and (III) the slow descent
stage toward stable stage (f, to t;). Mahapatra et al. [24] have reported many heat flux
profiles obtained at the center plane of the mold narrow and broad faces during continuous
casting with varying steel grades, casting speeds and SEN depths. Although the heat
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flux magnitude varies with time under different continuous-casting conditions, the overall
profile of the heat flux curve remains essentially the same. The heat flux increases rapidly at
first, then decreases, and subsequently approaches a relatively steady state. The shape of the
heat flux curve obtained in the present study is consistent with that of industrially measured
heat flux curves reported in the literature above, indicating that the present method can
reasonably reproduce the temporal variation in heat flux in the continuous casting mold.

56| TF/MF=1.25
48 B TB
40 - / T,
~ 32
8 56 - TF/MF=0.75
e
S 48+ /\ Ty
«
g 40r T,
an 32
= 56l TF/MF=0
TB
48 -
40 - Ta
32 C 1 1 1 1 1
0 10 20 30 40

Time (s)

Figure 5. Evolution of the measured cooling water temperatures during the heat transfer experiments
for mold fluxes with TE/MF = 0, 0.75, and 1.25.
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Figure 6. Relationship between time and heat flux of different mold fluxes.

The ascent stage I reflects the heat flux density change between the copper column
and molten fluxes referring to actual in-mold performance; therefore, the heat flux density
reaches the maximum. The rapid descent stage Il reflects the formation process of solid slag
film and air gap; therefore, the heat flux density rapidly decreases with the formation and
crystallization of solid slag film. Eventually, the solid slag film formed and the heat flux
density decreases slowly toward stable heat transfer (stage III). In the division of stages, the
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turning time f, from fast decrease to slow decrease could be calculated through fitting the
heat flux density—time curve in stage II and III then making its first derivative equal to —1.
According to the heat transfer characteristics, three parameters including the maximum
heat flux density, the average heat flux density from the peak time ¢, to the measurement
end f3, and the heat flux density at measurement end ¢; are adopted to characterize the heat
transfer characteristics.

With increasing drainage ratio TF/MF from 0 to 1.25, the heat flux density decreases sys-
tematically across the entire measurement period. The quantitative parameters presented in
Figure 7 confirm this trend. The maximum heat flux, which reflects the instantaneous heat
transfer capability of the liquid slag layer [12], decreases from 1.295 MW /m? (TF/MF = 0) to
1.175 MW/m? (TF/MF = 0.75) and 0.885 MW/m? (TF/MF = 1.25), corresponding to reduc-
tions of approximately 9.3% and 31.7% relative to mold flux without tundish flux drainage,
respectively. The average heat flux, regarded as a key indicator of the overall heat transfer
performance of the mold flux in the mold, decreases from 0.973 MW /m? (TF/MF = 0) to
0.837 MW/m? (TF/MF = 0.75) and 0.682 MW/m? (TF/MF = 1.25), representing reductions
of approximately 14.0% and 29.9%, respectively. The progressive decrease in all three heat
flux parameters indicates a continuous increase in the bulk thermal resistance of the slag
film with increasing drainage of tundish flux, significantly suppressing interfacial heat
transfer. Although the cooling water temperatures were not repeatedly measured to calcu-
late the heat flux, the results of repeated measurements conducted with the same apparatus
in previous study have shown that all the errors in the heat flux are less than 1.5%, which is
relatively small [25]. Therefore, it can be concluded that the error of 1.5% obtained based
on the same equipment and method also applies to the present results.

1.5
I:] Maximum heat flux density
:] Average heat flux density
1.295 |:| Heat flux density at 45s
1.2 1.175
(:'\
£
E 0.973
209} 0.885
g 0.845 0.837
&
E
5 0.692 0.682
=
e L
g 0.6 0.563
=
N
<
O
s
03
0‘0 1 1 1
0 0.75 1.25

Mass ratio of tundish flux to mold flux
Figure 7. Specific heat flux parameters of different mold fluxes.

Few studies have reported the effect of mold flux compositional change on heat transfer
under conditions comparable to those considered in the present work. This is mainly
because the investigated slag systems were produced by mixing mold flux and tundish flux
in different ratios, resulting in simultaneous and substantial changes in all compositional
parameters, including basicity and the contents of Al,0O;, Na,O, MgO, and F. Consequently,
the observed change in heat transfer behavior should be regarded as the combined response
to multiple compositional changes rather than the effect of any single component. Most
previous studies have focused on the influence of an individual constituent on mold flux
heat transfer while keeping the other compositional variables relatively unchanged [26-30].
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Although such studies provide useful insights into the roles of specific components, the
mechanisms proposed on the basis of single component variable experiments cannot be
directly applied to the present multicomponent system. In particular, possible interactions
among changes in basicity, network-forming species, fluxing agents, and crystallization
related components may alter both the structure and phase evolution of the slag film,
thereby affecting the overall heat transfer behavior. Therefore, the present results cannot
be interpreted solely in terms of previously reported single component effects. Further
systematic investigation is required to clarify the coupled compositional effects and the
underlying heat-transfer mechanisms.

In the heat flux-time relationship curves, the time for rapid descent stage from ¢; to ¢,
was characterized as characteristic time (t, — ¢;), which reflects the formation time of air
gap. Since the formation time is closely related to crystallization of mold flux, it can be used
to represent its crystallization capability. According to the heat flux density-time curve in
stage II and III, the characteristic time of mold flux with TF/MF = 0, TF/MF = 0.75 and
TF/MF = 1.25 could be obtained as 17.5 s, 16.7 s and 12.1 s. The decreased characteristic time
indicates the mold flux with more tundish flux drainage needs a shorter time to achieve rapid
decrease in heat transfer density, suggesting a stronger formation ability of air gap and solid
flux film. Crystallization of mold flux is known to be the primary mechanism controlling
interfacial heat transfer in continuous casting [27]. The compositional changes caused by
tundish flux drainage may alter the crystallization behavior, including the crystallization
temperature and the crystalline phase constitution, thereby modifying the overall heat
transfer characteristics of the flux film. The influence of tundish flux drainage ratio on
the crystallization behavior of mold flux will be examined and discussed in detail in the
subsequent section.

3.3. Crystallization Evolution Induced by Tundish Flux Drainage

Differential scanning calorimetry (DSC) was carried out to evaluate the effect of tundish
flux drainage on the crystallization temperature of mold flux. The measured DSC curves
are shown in Figure 8, and the corresponding crystallization parameters T . (onset
temperature), T ... (peak temperature), and T .4 (end temperature) are summarized
in Table 2. Following the DSC analysis framework adopted in previous studies of mold
flux [5,31], these parameters denote the onset, peak exothermic heat flow, and termination
of the corresponding crystallization event. The temperatures reported herein were extracted
from individual DSC cooling curve acquired at a cooling rate of 10 °C/min. The temperature
measurement error of the DSC instrument is £0.25% of the temperature reading in °C. The
corresponding error ranges are included in Table 2 for the crystallization onset, peak, and
end temperatures.

For mold flux without tundish flux drainage (TF/MF = 0), the single exothermic peak
P1 appears in the low-temperature region with onset temperatures of 994 °C indicates that
the mold flux without tundish flux drainage undergoes a relatively simple crystallization
process. After drainage of tundish flux, the DSC curve of mold flux with a drainage ratio
of 0.75 changes markedly. Two exothermic peaks are observed at 1315 °C and 1079 °C,
indicating a multi-stage crystallization process. The high temperature peak starting at
1315 °C corresponds to the earlier precipitation of crystalline phases during cooling, while
the sharp peak starting at 1079 °C indicates a subsequent crystallization event. For mold
flux with a drainage ratio of 1.25, only one distinct exothermic peak is observed in the
high-temperature region. The crystallization onset temperature of this mold flux increases
to 1340 °C, which is higher than the crystallization onset temperatures of 994 °C and 1315 °C
for mold fluxes with drainage ratio of 0 and 0.75.
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Figure 8. DSC curves of mold fluxes with different TF/MF.

Table 2. Crystallization temperature parameters of mold fluxes.

Sample

TF/MF Peak Teonset (°C) Tepeax (°C) T.ena CC)  Liquidus Temperature (°C)  Undercooling Degree (°C)
0 P1 994 £ 2.5 956 + 2.4 936 £ 2.3 1149 155
P1 1315+ 3.3 1278 £ 3.2 1177 £ 2.9
0.75 1336 21
P2 1079 + 2.7 1071 £2.7 1063 + 2.7
1.25 P1 1340 + 3.4 1314 + 3.3 1218 + 3.0 1367 27

Moreover, the liquidus temperature was calculated with FactSage 8.3 software to
generate the undercooling degree through the difference in liquidus temperature and onset
crystallization of first peak. Seo et al. [31,32] demonstrated that undercooling is closely
associated with nucleation-controlled crystallization in CaO-5i0,—CaF,-based fluxes. Lower
undercooling generates smaller thermodynamic driving force for nucleation; formation of
a large number of crystals is not expected. As shown in Table 2, the undercooling degree
decreases sharply with an increase in drainage ratio from 0 to 0.75 and 1.25. The mold flux
with a drainage ratio of 0.75 and 1.25 receives a similar undercooling degree, indicating the
mold flux with tundish flux drainage needs a small drive force to achieve crystallization.
These comprehensive characteristics indicate that crystallization is triggered more readily
at higher temperature when the tundish flux drainage ratio is further increased. Overall,
increasing the tundish flux drainage ratio shifts the mold flux crystallization toward a higher
temperature and modifies the crystallization pathway.

Figures 9 and 10 display the XRD patterns and SEM-EDS results for the mold fluxes
with an increasing tundish flux drainage ratio after DSC measurements, respectively. The
images in the lower part of Figure 10 are the high-magnification images of the upper
images. The XRD pattern confirms that the only detectable crystalline phase in mold flux
with TF/MF = 0 is cuspidine (Ca,Si,F,0;), a primary phase in conventional mold flux.
The SEM-EDS result in Figure 10 is consistent with this identification. As shown in the
figure, spear-shaped and dendritic crystals are observed in the matrix, and the selected
regions are enriched in Ca, 5i, F and O. These characteristics correspond well to cuspidine
phase [5,31]. Therefore, the exothermic peak of mold flux with TF/MF = 0 can be assigned
to the precipitation of cuspidine (Ca,Si,F,O;). The agreement between DSC, XRD and
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SEM-EDS indicates that mold flux without tundish flux drainage (TF/MF = 0) follows a
single-phase-dominated crystallization route.

TF/MF=125 4 3: Ca,ALSIO, (No.73-2041)
4: Na,CaAl Oq4
| TF/IMF=0.75 1: Ca,Si,F,0, (No. 41-1474)
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Figure 9. XRD results of mold fluxes with different TF/MF.

The DSC curve of mold flux with TF/MF = 0.75 in the aforementioned Figure 8 is
more complex than that of mold flux without tundish flux drainage (TF/MF = 0). The first
exothermic signal becomes broader and asymmetric, and then a sharp thermal response is
observed within the crystallization interval. This behavior suggests that crystallization in
mold flux with TF/MF = 0.75 may not be controlled by an isolated phase transformation.
Instead, several crystalline phases precipitate over close or partially overlapping temperature
ranges. Therefore, the DSC signal of mold flux with TF/MF = 0.75 should be considered
as a combined thermal response of multiphase crystallization, rather than as a single
crystallization peak assigned to one phase. This interpretation is supported by the XRD
result, which shows that mold flux with TF/MF = 0.75 after DSC measurement contains
Ca,Si,F,0,, NaAlSiO, and Ca,Al,SiO,. The SEM-EDS observations further confirm the
coexistence of these phases. The elongated yellow regions are assigned to cuspidine. The
red regions correspond to gehlenite (Ca,Al,5i0O;). The blue regions are associated with
nepheline (NaAlSiO,). Thus, the crystallization of mold flux with TF/MF = 0.75 represents
a transition from the cuspidine-dominated precipitation in mold flux with TF/MF = 0
to a multiphase competitive crystallization process. The formation of these phases is
closely related to the entire composition change in mold flux. The formation of these
phases is closely related to the entire composition change in mold flux. The coexistence
of cuspidine and gehlenite observed in the present study is consistent with the results
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reported by Wang et al. [33], who identified only cuspidine in one flux but both phases in
another flux with higher basicity and Al,O; content. Similarly, Zhou et al. [27] reported
that the crystalline products changed with increasing Al,O; content, involving cuspidine,
NaAlSiOy, and gehlenite. In this study, with increasing Al,0;/SiO, ratio, more AI** enters
the silicate network and forms Al-O tetrahedral units. Ca?* can then participate in Ca-
Al-5i-O structural units, promoting the precipitation of Ca,Al,5i0,. At the same time,
Na* acts as a charge-compensating cation for the aluminosilicate framework and favors the
formation of NaAlSiO,. A portion of Ca, Si, F and O remains available to form Ca,Si,F,O;.
Consequently, the thermal signal recorded by DSC results from the coupled precipitation of
cuspidine, gehlenite and nepheline. The overlap of these crystallization events explains why
the DSC curve does not show completely separated exothermic peaks for the three phases.

(a)TF/MF=0

200 pm

i (b)TF/MF=0.75 ! (¢)TF/MF=1.25

€Ca-Si—-O-E phase
CaySi, O F,

Figure 10. Crystalline phase structures of mold fluxes with different TF/MF. (a) Ca,Si,F,0O,
phase (marked in yellow) in mold flux with TF/MF = 0; (b) Ca,5i,F,O, phase (marked in yel-
low), Ca,Al,SiO; phase (marked in red) and NaAlSiO, phase (marked in blue) in mold flux with
TEF/MEF = 0.75; (c) Ca,Al,SiO, phase (marked in red) and Na,CaAl,O; phase (marked in cyan) in
mold flux with TF/MF = 1.25.

When the TE/MF is further increased to 1.25, the DSC curve exhibits a broader high-
temperature crystallization peak, indicating that further enrichment of CaO and Al,O;
promotes the earlier precipitation. The XRD pattern reveals the disappearance of diffrac-
tion peaks for Ca,Si,F,O; and NaAlSiO, phase, while Ca, Al,SiO; and Na,CaAl,Og phase
become the dominant crystalline phases. It should be noted that although the Na,CaAl,Og
phase has been reported and confirmed in several previous studies [34-37], it has not yet
been assigned a reference number in commonly used crystallographic diffraction databases.
Cantaluppi et al. have successfully synthesized Na,CaAl,Ogz and characterized the phase
by X-ray diffraction, providing a reference XRD pattern for phase identification [34]. In
the present study, Na,CaAl,Og was identified through a combined analysis of SEM-EDS
results and comparison of the measured XRD pattern with the diffraction data reported by
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Cantaluppi et al. However, because no corresponding PDF reference number is currently
available for this phase, no PDF number is provided for it in Figure 9. This phase tran-
sition reflects a shift in the crystallization path from Ca-S5i-F-O and Na-Al-5i-O phases
to Ca—Al-S5i-O and Na—Ca—Al-O phases. A similar compositional dependence was re-
ported by Wang et al. [38], who found that increasing the Al,O;/SiO, ratio shifted the
crystalline assemblage from cuspidine-containing phases to gehlenite, with other Al-bearing
phases forming at still higher ratios. The SEM—-EDS characterizations for mold flux with
TF/MF = 1.25 are consistent with the XRD phase identification. The plate-shaped crystals
rich in Ca, Al, 5i, and O are identified as gehlenite (Ca,Al,SiO;), while the fine and dark
regions rich in Na, Ca, Al, and O correspond to Na,CaAl,Og. The absence of cuspidine
suggests that the formation of Ca-5i—F-O crystalline units is suppressed at a higher CaO and
Al,04/Si0, ratio, and lower F. Under these conditions, Ca** is preferentially incorporated
into Ca—Al-5i-O crystals and then Na-Al-O, and Na,O is consumed through the formation
of the complex aluminate Na,CaAl,Og. Compared with NaAlSiO,, Na,CaAl,Og is richer in
Al, indicating that the crystallization pathway further evolves from aluminosilicate precipi-
tation to complex aluminate precipitation. These high-melting temperature phases increase
the crystallization temperature.

The above discussion has provided a qualitative analysis of the evolution of phase
composition. Quantitative phase fractions would be helpful for a deeper understanding of
the structural constituents; however, for the multicomponent mixture samples of tundish
flux and mold flux investigated in this work, the cooled samples contain several crystalline
phases together with a certain amount of amorphous material. Although it is possible to
distinguish between different phases to some extent using grayscale, the area of a phase
observed on the surface does not represent its accurate content in the entire sample. In
addition, some phases like NaAlISiO, may occur only in relatively small amounts. Under
such circumstances, determining the absolute fraction of each phase solely from the present
BSE and XRD results may involve considerable uncertainty arising from the contribution of
amorphous phases, and the specific analysis and fitting procedures. Therefore, the present
SEM and XRD results are insufficient to provide sufficiently accurate and reproducible
phase fractions. To avoid introducing potentially misleading quantitative results, the BSE
and XRD analyses in this study were primarily used to identify the phase types in the
samples and to discuss their crystallization behavior and formation mechanism under
different drainage ratios of tundish fluxes.

3.4. Breakout Mechanism Induced by Tundish Flux Drainage

The aforementioned study clearly demonstrates that tundish flux drainage simultane-
ously increases viscosity, enhances crystallization, and inhibits heat transfer. These changes
will directly affect the in-mold performance of mold flux. As depicted in Figure 11, the
mold flux film structure between the mold and initial steel shell before and after tundish
flux drainage is presented schematically. As can be seen in Figure 11a, the mold flux main-
tains its original viscosity, crystallization, and heat transfer properties prior to tundish flux
drainage. The mold flux film structure formed under the initially designed properties meets
the continuous casting requirements for the steel grade, providing effective lubrication
and heat transfer performance to ensure smooth continuous casting. As can be seen in
Figure 11b, the crystallization temperature of mold flux increases significantly after tundish
flux drainage. Under this condition, the liquid flux film partially solidifies to form a slag flux
film, resulting in a thickness reduction in the liquid flux film and a thickness increase in the
solid flux film, particularly in the upper and middle regions of the mold near the meniscus.
At the same time, the gas gap widens and the surface of slag film close to the mold becomes
rougher due to enhanced crystallization, which increases the interfacial thermal resistance.
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The fraction of crystalline phases in solid flux film also increases with higher crystallization
temperature, which will suppress the radiative heat transfer across the film. Combination
of all these behaviors strongly inhibits horizontal heat transfer, causing the initial solidified
shell to become thinner.

= =
Mold flux Mold flux
Sintered layer Sintered layer
Liquid flux y Liquid flux y
o SEN SEN
Mold
Solid flux film || ) Solid flux film || ,J
Liquid flux film Liquid flux film
Steel shell Steel shell
— ) Molten|steel — Molten [steel
Air gap Air gap

(a) Before drainage of tundish flux (b) After drainage of tundish flux

Figure 11. Schematic of mold flux film structure before and after the drainage of tundish flux.

The newly formed solidified shell is lubricated as it progresses down the mold by
liquid mold flux film infiltrated from the liquid slag pool in Figure 11. This flow of liquid
mold flux film helps to reduce the frictional force acting on the solidified shell. The liquid
frictional force F; can be calculated by Equation (4) [2].

Fy=A-(Vyy = Vo) /d) (4)

where A is active surface area of the mold, # is mold flux viscosity, V,, is oscillation velocity
of the mold, V, is casting speed, and 4 is the liquid flux film thickness.

As studied above, the mold flux viscosity increases and the liquid flux film thickness
decreases significantly due to the drainage of tundish flux, the liquid frictional force ex-
pressed by Equation (4) correspondingly increases. For example, the viscosity at 1400 °C
for mold flux with drainage ratio of 1.25 is already five times the initial viscosity of mold
flux without tundish flux drainage. This suggests that the increase in viscosity alone has
increased the frictional force to five times its original value. When combined with the
action of reduced liquid flux film thickness, the frictional force will increase further. In
addition, the ability of the initial solidified shell to resist frictional tearing is also signifi-
cantly reduced due to the thinner initial shell in the condition of decreased heat flux density.
Under the combined effect of these factors, the relationship between tundish flux drainage
and in-mold performance of mold flux can be clarified. Drainage of tundish flux induces
higher viscosity, weak heat transfer and stronger crystallization of mold flux, which make
the liquid mold flux film and the initial solidified shell become thinner, causing higher
frictional force acting on initial shell and smaller tearing resistance of the shell. Ultimately,
sticking breakouts occurs.

4. Conclusions

To summarize, the tundish flux drainage-induced in-mold performance evolution of
mold flux including viscosity, heat transfer and crystallization characteristics have been
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investigated. The drainage of tundish flux significantly modifies the mold flux compositions,
consequently altering the viscosity. As drainage of tundish flux increases, the viscosity at
1300 °C of mold flux with drainage ratio 0.75 and 1.25 increases to more than 1.0 Pa-s. The
structural change representing by decrease in non-bridging oxygen and crystal precipitation
are responsible for this. With increased drainage ratio of tundish flux from 0 to 1.25, the
average heat transfer density of mold flux decreases from 0.973 MW/ m? to 0.682 MW /m?,
and crystallization temperature rises sharply from 994 °C to 1340 °C. The primary crystalline
phase transitions from conventional Ca,Si,F,O; to Ca,Al,SiO; and Na,CaAl,Og as the
drainage ratio of tundish flux increases to 1.25. Insights into the breakout mechanism
of tundish flux with drainage was derived, drainage of tundish flux induced a higher
frictional force acting on the shell and a smaller tearing resistance of the initial shell due to
deterioration of lubrication, crystallization, and heat transfer.
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