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Investigation on Carbonizing From Mold Flux
into Ultra-low-Carbon Steel During Continuous
Casting

QIAN LONG, WANLIN WANG, and KUN DOU

Carbonizing phenomena from carbon-containing mold flux into ultra-low-carbon liquid steel
have always been one of the important factors affecting the surface quality of continuous casting
billets. An experimental method has been adopted in this investigation to study the carbonizing
behavior of mold flux into liquid steel during continuous casting of ultra-low-carbon liquid
steel, and the locations where carbonizing occurs during the continuous casting process were
predicted by ANSYS Fluent numerical simulations. The results indicate that the low-carbon
mold flux with carbon concentration 2.19 pct would form the thickness of steel carbonizing
about 1500 lm, and the high-carbon mold flux with carbon concentration 3.64 pct would form
the thickness of steel carbonizing over 4000 lm when liquid steel–mold flux contact for
20 seconds at high temperature. And the metallographic structure of primitive ferrite firstly
precipitates the chain pearlite ferritic at the ferrite grain boundary and then grows up to form
flake pearlite. Furthermore, the numerical simulation results show that the carbonizing
phenomenon is likely to occur at a quarter of the width in the thin slab where there are the
violent steel liquid free surface fluctuations during the continuous casting process, which is
consistent with the locations of carbonizing found in actual production sampling.
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I. INTRODUCTION

MOLD flux is an indispensable additive in the
continuous casting process of liquid steel. It can (1)
provide thermal insulation and isolate the air to prevent
the initial solidification shell and liquid steel from being
oxidized,[1] (2) absorb the inclusions in the liquid steel to
improve its purity,[2,3] (3) forming a molten mold flux
film between the liquid steel and mold provides lubri-
cation to ensure continuous casting, and (4) improve
heat transfer between the molten steel and the mold[4,5];
thus ensuring normal billet drawing progress and
obtaining high-quality cast billets.[6,7] Carbon is an
absolutely necessary additive in mold flux during con-
tinuous casting. Adding a certain amount of carbon can
effectively adjust the melting characteristics of mold
flux, improve the sinter tendency of mold flux, improve

the thermal insulation performance of the powder mold
flux, and control the oxidizing properties of molten
mold flux, which can reduce the operational problems
and improve the quality of the casting slab.[8,9]

However, it is very possible that the steel undergoes a
carbonizing phenomenon due to the carbon diffuse into
liquid steel during continuous casting, especially the
high-carbon concentration gradient between the
ultra-low-carbon steel and the carbon-containing mold
flux. Hence, for ultra-low-carbon steel casting billets,
understanding the mechanism of carbonizing from mold
flux into liquid steel in the process of mold flux
continuous casting is the premise to solving the car-
bonizing phenomenon. However, the liquid steel–mold
flux interface in the continuous casting mold has always
been high temperature, the sealing is unobservable, and
complex physical and chemical behaviors occur, which
is regarded as a ‘‘black box.’’ Therefore, it is necessary
to find a suitable experimental method to simulate the
liquid–liquid interface behavior of the liquid steel–mold
flux interface during continuous casting. Recently, an
experimental method for simulating the behavior of
mold flux during continuous casting was adopted to
investigate the melting and consumption of mold
flux.[10,11] This method can obtain the most typical
three-layer structure of mold flux, including a granular
mold flux layer, a sinter mold flux layer, and a molten
mold flux. In particular, the contacting liquid–liquid
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two-phase interface for steel liquid–molten mold flux at
high temperature is reproduced in the laboratory, which
can reflect the characteristics of the liquid steel–mold
flux interface in the mold during continuous casting. In
addition, the liquid level fluctuation generally acceler-
ates the diffusion of carbon in the mold flux to the
carbon in the molten steel,[12] and the violent fluctuation
of the liquid surface will cause the carbon-rich layer to
be involved in the liquid steel and cause the carbonizing
of the liquid steel during continuous casting.[13,14] The
surface of liquid steel in the mold is directly contacting
by the mold flux, and the numerical simulation of the
transient characteristics of the liquid surface fluctuation
can be used as a more accurate auxiliary method to
predict the fluctuation of liquid steel during continuous
casting.[15–17]

Therefore, we adopted this simple and reliable exper-
imental method to investigate the three-layer distribu-
tion of carbon-containing mold flux in the continuous
casting mold after melting and the carbonizing behavior
of ultra-low-carbon liquid steel. Here, the melted
three-layer structure of mold flux, including molten
mold flux, sinter mold flux, and granular mold flux, is
investigated. Next, the metallographic structure and
carbon distribution characteristics were analyzed, and
the carbon concentration distribution from the mold
flux–steel interface to the interior of the steel after
carbonizing with time and distance was also investigated
by EPMA (JXA-8230 Electron Probe Micro analysis),
which is discussed by the double-film model within
phases and unsteady diffusion in semi-infinite medium.
Eventually, the carbonizing location on continuous
casting thin slabs is predicated using the software
ANSYS Fluent based on actual continuous casting
process parameters and mold morphology
characteristics.

II. EXPERIMENTAL PROCEDURE

A. Sample Preparation

The main composition of steel sample for commercial
ultra-low-carbon steel used in experiment is presented in
Table I. The main composition for containing carbon
mold flux including both A slag (carbon percentage 2.19
pct) and B slag (carbon percentage 3.64 pct) used with
ultra-low-carbon steel during continuous casting is
presented in Table II.

B. High-Temperature Melting Test

Prepared the steel sample for an 8.5 * 12 mm
cylindrical was put it into a quartz tube with an inner
diameter of 9 mm, and then added mold flux with a
height of 12 mm on the upper part of the steel sample.
The schematic diagram of the melting process of
steel–slag is shown in Figure 1. Here, the steel was
heated by the induction coil, and the coil power was
continuously increased until the observed steel began to
melt from the window, and then held power (60 kW) for
a certain period of time (10, 20, and 40 seconds)

accompanying steel liquid free surface fluctuation to a
certain extent. Obviously, the molten, sinter, and gran-
ular layer for mold flux can be obtained. Subsequently,
the heating equipment is turned off, and the steel and
mold flux are taken out of the furnace body after cooling
for further analysis.

C. Carbon Structure and Content Analysis

It was investigated that the amount of molten mold
flux layer, sinter mold flux layer, and granular mold flux
layer and its carbon weight percentage were determined
by the CS-600 carbon and sulfur determinator (LECO
Corporation, USA). The steel sample was mounted with
resin, and the micro-metallographic structure by optical
microscope and carbon concentration distribution with
distance and holding time from the mold flux–steel
interface to the interior of the steel were investigated by
EPMA.

III. RESULTS

A. Melting Behavior of Mold Flux with Steel Liquid
Holding Temperature Time

Figure 2 shows the macroscopic interface character-
istics between liquid steel and molten mold flux after
cooling with different liquid steel holding temperature
times for 10, 20, and 40 seconds from left to right. The
solid line is the height of mold powder reaching after
adding mold flux without heating, and the dotted line is
the upper end scale line of the steel sample after heating.
Obviously, with the liquid steel holding temperature for
a certain period of time, the mold flux will form the
three-layer structure, including granular, sinter, and
molten layer. From Figure 2(a), with the increase of
holding temperature time, the mold flux was continu-
ously melted, and the A slag was almost completely
melted at 40 seconds. Similarly, with the increase in
holding temperature time, the mold flux was continu-
ously melted from Figure 2(b). However, the melting
amount of B slag is obviously less than that of A slag
with the same liquid steel holding temperature time, and
the change in the amount of continuous melting for B
slag after a holding temperature time of 20 seconds is
not particularly large, which is due to the carbon
effectively reducing the melting rate of the mold flux and
isolating the heat transfer between the granular mold
flux.[3,4]

Figure 3 shows the variation of amounts for molten
mold flux, sinter mold flux, and granular mold flux
layers with liquid steel holding temperature at different
times. Obviously, the amount of molten mold flux layer
of A slag is higher than that of B slag, which is
consistent with the results reported in the literature.[11]

Correspondingly, the amount of the granular mold flux
layer of B slag is higher than that of A slag. At the 10
and 20 seconds for liquid steel holding temperature
time, the amount of the sinter mold flux layer of A slag
is higher than that of B slag, which may be due to the
higher melting rate of A slag that causes easier sintering.
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However, the amount of the sinter mold flux layer of A
slag becomes thinner at 40 seconds, which may be that
the continuous high temperature makes low-carbon
mold flux mostly melted completely.

In addition, the carbon concentration of each mold
flux layer with the liquid steel holding temperature
different time is shown in Table III. Obviously, the
carbon concentration of the molten mold flux layer for
the A slag is higher than that of the B slag. This may be
because the iron oxide content of the B slag is higher
than that of the A slag, which causes the higher
oxidation of the B slag.[18] In addition, the carbon
concentration in the sinter layer of B slag is higher than
that of A slag. The variation of carbon content in the
granular layer between A slag and B slag is only 1.49
pct, but the carbon concentration in the sinter layer for
B slag is 3.06 to 3.13 pct, and the carbon concentration
in sinter layer of A slag is 0.422 to 0.463 pct. This may
be that the B slag forming a more rich layer results in a
very high-carbon concentration in the sinter layer in
high-carbon mold flux.

B. Metallographic Structure of Steel After Carbonizing

Figure 4 shows the typical metallographic structure
from the A slag–steel interface to the interior of steel with
liquid steel holding temperature time for (a) 10 seconds
and (b) 20 seconds. It can be seen that from the slag steel

interface to the interior of steel all are original existing
ferrite structure with liquid steel holding temperature
time for 10 seconds as shown in Figure 4(a). It can be
also seen that the slag–steel interface precipitates the
darker chain pearlites structure; however, the interior of
steel still is original existing ferrite structure with liquid
steel holding temperature time for 20 seconds as shown
in Figure 4(b). This indicates that the A slag has
generated a carbonizing phenomenon for high-carbon
chain pearlite structure with the liquid steel holding
temperature time of 20 seconds.
Figure 5 shows the typical metallographic structure

from the B slag–steel interface to the interior of steel
with liquid steel holding temperature time for (a)
10 seconds and (b) 20 seconds. It can be seen that the
slag–steel interface precipitates the darker chain pearlite
structure; however, the interior of steel still is original
existing ferrite structure with liquid steel holding tem-
perature time for 10 seconds as shown in Figure 5(a). It
can be also seen that there are a large number of flake
pearlite accounted the most of the whole surface from
the slag steel interface to the interior of steel with liquid
steel holding temperature time for 20 seconds as shown
in Figure 5(b). This indicates that the B slag has
generated a carbonizing phenomenon for high-carbon
chain pearlite structure with the liquid steel holding
temperature time of 10 seconds. Further, the carbon of
the chain pearlite regarding the grain boundary could
have been diffused to form the flake pearlite with the
liquid steel holding temperature for 20 seconds.

C. Distribution Characteristics of Carbon in the Steel
After Carbonizing

Figure 6 shows the distribution characteristics of
carbon in the steel after carbonizing for (a) A slag–steel
interface with liquid steel holding temperature time for
10 seconds, (b) B slag–steel interface with liquid steel
holding temperature time for 10 seconds, and (c) B
slag–steel interface with liquid steel holding temperature
time for 20 seconds. It can be seen that the carbon
elements distribute evenly on the entire surface to form
ultra-low-carbon ferrite structure with liquid steel hold-
ing temperature time for 10 seconds as shown in
Figure 6(a). It can also be seen that the carbon elements
distribute in the grain boundaries of the ferrite structure

Fig. 1—Schematic diagram of the simulated mold flux carbonizing
into liquid steel equipment.

Table II. The Main Composition of Mold Flux Used in Ultra-low-Carbon Steel During Continuous Casting (Wt Pct)

R SiO2 CaO Al2O3 MgO Na2O K2O MnO2 Fe2O3 F C Other

A 0.96 35.95 34.64 4.64 4.88 4.08 0.67 2.71 1.35 7.50 2.19 1.39
B 0.96 35.59 34.30 4.59 4.83 4.04 0.66 2.68 2.13 7.43 3.64 0.11

Table I. The Main Composition of Steel Sample for Ultra-low-Carbon Steel (Wt Pct)

C Si Mn Al P S O Fe

0.002 1.100 0.300 0.038 < 0.003 0.018 < 0.003 balance
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when ultra-low-carbon steel early takes place carboniz-
ing phenomenon as shown in Figure 6(b); however, the
carbon elements evenly distribute on lamellar pearlite
structure when ultra-low-carbon steel takes place more
serious carbonizing as shown in Figure 6(c). It indicates
that the high-carbon structure of steel firstly precipitates
from the ultra-low-carbon ferrite grain boundary, and
then diffuses and grows to form a flake structure.[19,20]

In addition, the carbon concentration distribution
with distance from the A slag–steel interface to the
interior of the steel after carbonizing with liquid steel
holding temperature for 10 and 20 seconds was charac-
terized by EPMA as shown in Figure 7. It can be seen
that the carbon concentration reduces with increasing
the distance from low-carbon mold flux–steel interface
to interior of the steel after carbonizing with liquid steel
holding temperature time for 10 seconds as shown in
Figure 7(a). It can be also seen that the carbon diffusion
thickness is about 800 lm, and the maximum carbon
concentration is approximately 0.8 pct with liquid steel
holding temperature time of 10 seconds. It is known
that the carbon weight percentage for ultra-low-carbon
steel is only 0.002 pct, and the steel that produces
pearlite structure is generally medium and high-carbon
steel. Although a part of the molten steel has undergone

carbonizing, the amount of carbonizing is not enough to
cause the steel to appear pearlite. Additionally, it can be
seen that the carbon concentration also reduces with
increasing the distance from A slag–steel interface to
interior of the steel after carbonizing with liquid steel
holding temperature time for 20 seconds as shown in
Figure 7(b). It can also be seen that the carbon diffusion
thickness is about 1500 lm, and the maximum carbon
concentration is approximately 1.2 pct with a liquid steel
holding temperature time of 20 seconds.
Furthermore, the carbon concentration distribution

with distance from the B slag–steel interface to the
interior of the steel after carbonizing with liquid steel
holding temperature for 10 and 20 seconds was charac-
terized by EPMA as shown in Figure 8. It can be seen
that the carbon concentration reduces with increasing
the distance, which is similar with the results from A
slag, from B slag–steel interface to interior of the steel
after carbonizing with liquid steel holding temperature
time for 10 seconds as shown in Figure 8(a). It can also
be seen that the carbon diffusion thickness is greater
than 2100 lm, and the maximum carbon concentration
is approximately 1.2 pct with liquid steel holding
temperature time of 10 seconds. Additionally, it can be
seen that the carbon concentration evenly distributes
with increasing the distance from B slag–steel interface
to interior of the steel after carbonizing with liquid steel
holding temperature time for 20 seconds as shown in
Figure 8(b). It can also be seen that the maximum
carbon concentration is approximately 1.0 pct with a
liquid steel holding temperature time of 20 seconds. It

Fig. 2—Macroscopic interface characteristics after cooling between steel and (a) A slag, and (b) B slag with different liquid steel holding
temperature times.

Fig. 3—Variation of amounts for molten mold flux, sinter mold flux,
and granular mold flux layers with liquid steel holding temperature
at different times.

Table III. The Carbon Concentration of Each Mold Flux
Layer (Wt Pct)

Granular Mold
Flux

Sinter Mold
Flux

Molten Mold
Flux

A Slag
10

2.19 0.422 0.0239

A Slag
20

2.19 0.463 0.0390

B Slag
10

3.68 3.06 0.0150

B Slag
20

3.68 3.13 0.0100
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Fig. 4—Typical metallographic structure from the A slag–steel interface to the interior of steel with liquid steel holding temperature time for (a)
10 seconds and (b) 20 seconds.

Fig. 5—Typical metallographic structure from the B slag–steel interface to the interior of steel with liquid steel holding temperature time for (a)
10 seconds and (b) 20 seconds.
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was known that the thickness of carbon diffusion has
exceeded 4000 lm for whole sample from the metallo-
graphic structure of the interior of steel as shown in
Figure 5(b). Comparing Figures 7(b) and 8(a), it can be
known that the maximum carbon concentration value is
almost the same from the A and B slag–steel interface to
the interior of steel.

D. Simulation of Liquid Steel Flow Field Distribution
and Free Surface Fluctuations

Based on the above analysis, a mathematical model is
built to study the fluid flow and surface wave evolution
behavior of the liquid steel during the continuous
casting process of the steel in the CSP mold region.
Three-dimensional Navier–Stokes Equations are solved
using the finite volume method in ANSYS Fluent

Fig. 6—Distribution characteristics of carbon in the steel after carbonizing for (a) A slag–steel interface with liquid steel holding temperature
time for 10 seconds, (b) B slag–steel interface with liquid steel holding temperature time for 10 seconds, and (c) B slag–steel interface with liquid
steel holding temperature time for 20 seconds.
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platform, and the evolution of the steel free surface on
the top of the mold is described using the volume of fluid
(VOF) method. To model the turbulence in the mold
filling process, a low Reynolds number k–e model is
applied. And the roughness of the wall area is described
using wall functions, which is compiled using user-de-
fined functions (UDFs) based on C++. Details about
the set-up and relevant models used in this work can be
found elsewhere.[21–23] Figure 9 shows the schematic
diagram of the computational domain meshed. Here, it
has specifically described the coordinates, dimensions,
and critical boundary surface. Next, the fluid velocity
distribution is displayed by the plane with the X–Y axis
as shown in Figure 10, and the fluctuation of the liquid
steel free surface is displayed in the Z axis direction as
shown in Figure 11.

Figure 10 shows the fluid velocity distribution dia-
gram of liquid steel in the mold with an X-axis
dimension of 1200 mm. The liquid steel flows out from
the immersion nozzle, and the high-speed streams

impact the four return areas formed after the narrow
surface of the mold as shown in Figure 10(b). The liquid
steel in the jet area expands continuously during the
traveling process and the fluid velocity gradually
decreases, and still maintains a certain fluid velocity
after reaching a certain depth; the upper recirculation
zone is in the area from the edge to 1/4, where the fluid
velocity of liquid steel is larger, and the area with the
largest fluid velocity of liquid steel at 1/4 is closer to the
free surface. Furthermore, Figure 11 shows the simu-
lated fluctuation of the liquid steel free surface in the
mold at different times. It can be seen that during the
continuous casting process, the liquid steel fluctuates
most violently at 1/4 of the width direction of the slab,
and the free surface is in a trough position, which easily
causes liquid steel to carbonizing as the result of the
containing carbon mold flux drawn into liquid steel.
Additionally, the fluctuation of the liquid level shows
periodic changes. The maximum distance between peak
and trough over time is about 10 mm at 1/4 of the width
direction of the slab, and the fluctuation period of the
free surface is about 6 to 7 seconds.

Fig. 7—Carbon concentration distribution from the A slag–steel
interface to the interior of the steel after carbonizing with liquid steel
holding temperature for (a) 10 seconds and (b) 20 seconds.

Fig. 8—Carbon concentration distribution from the B slag–steel
interface to the interior of the steel after carbonizing with liquid steel
holding temperature for (a) 10 seconds and (b) 20 seconds.
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Figure 12 shows the analysis process of the carboniz-
ing micro structure of a thin slab. The sampling position
is at 1/2, 1/4, 1/8 of the distance from the edge to the
width direction for thin slab as shown in Figure 12(a);
microscopic observation section is the consisting part of
thickness and width as shown in Figure 12(b) and the
typical carbonizing metallographic structure as shown in
Figure 12(c). All samples were corroded by 4 pct nitric
acid alcohol, and the carbonizing metallographic struc-
ture of pearlite was mainly distributed from the distance
of 1/4 to 1/8 from the edge to the width direction for a
thin slab. Obviously, the carbonizing position is mainly
in the position where the liquid surface fluctuates more
violently, considering the above simulation results as
shown in Figures 10 and 11.

IV. DISCUSSION

A. Factors of Influencing the Carbonizing fromMold flux
to Liquid Steel

Generally, the mold flux will form the typical
three-layer structure, including a granular mold flux
layer, a sinter mold flux layer, and a molten mold flux,
when the mold flux contacts the high-temperature liquid
steel. Obviously, it is inevitable that the mold flux was
not melted completely in time at the initial stage, and a
small part of the carbon in the granular mold flux
diffused into the liquid steel. Besides, a part of the
carbon is oxidized and a very small part of the carbon is
dissolved in the molten mold flux layer, and most of the
remaining carbon will float to the vicinity of the sinter
mold flux layer to form a carbon-rich layer.
On the one hand, when the mold flux forms a molten

mold flux layer directly contacting liquid steel, the
tendency of carbonizing is caused by the gradient of
carbon concentration between liquid steel and molten
mold flux. Hence, excessively high-carbon concentration
in the molten mold flux layer will lead to the carbonizing
phenomenon of ultra-low-carbon liquid steel, and the
carbon concentration of the molten mold flux layer
determines the upper limit of carbon concentration for
carbonizing steel. On the other hand, when the liquid level
of liquid steel fluctuates, the thickness of the molten mold
flux layer of high-carbon slag is thinner, which may cause
the carbon in carbon-rich layers, even sinter and granular
layers, to easily be drawn into the liquid steel.
Obviously, the fluctuations in the liquid level make it

possible for carbonizing the liquid steel, and the carbon
concentration of the carbon-rich layer, the sinter mold
flux layer, and the granularmold flux layer determines the
carbonizing extent of the liquid steel. On the one hand, the
trough position of the violently fluctuating may form
grooves, which cause the carbon-rich layer or even sinter
and granular layer to be drawn into the steel liquid. On
the one hand, the peak position of the violently fluctu-
ating may break through the molten mold flux layer,
which causes the carbon-rich layer or even sinter and
granular layer to directly contact the steel liquid.

Fig. 10—Fluid velocity distribution in the mold for (a) cloud distribution and (b) flow direction.

Fig. 9—The schematic diagram of the computational domain
meshed.
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Fig. 11—Fluctuation of liquid steel free surface at different times.

Fig. 12—Analysis of the carbonizing microstructure of a thin slab for (a) sampling position for thin slab, (b) microscopic observation section,
and (c) typical carbonizing metallographic structure.
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Obviously, both would significantly increase the carbon
concentration gradient between the mold flux and liquid
steel. The carbonizing phenomenon in ultra-low-carbon
steel is unavoidable according to the two-phase carbon
concentration difference at high temperatures.

B. Carbonizing Mechanism from Mold Flux to Liquid
Steel

From the above-mentioned factors that influence the
carbonizing from mold flux to liquid steel, there are only
two possibilities. The dissolved carbon in the molten
mold flux diffuses into the ultra-low-carbon liquid steel
as shown in Figure 13(a), and the carbon of carbon-rich
layer, sinter mold flux, and granular mold flux are
drawn into the liquid steel accompanying liquid steel
free surface fluctuations as shown in Figure 13(b),
leading to the carbonizing of liquid steel.

Figure 13(a) shows thewhole process regarding carbon
in the molten mold flux diffusing into the ultra-low-car-
bon liquid steel (double-film theory).[24,25] It is assumed
that there is a stable phase interface between the molten
mold flux and the liquid steel, and there are two thin
stagnant films, which of thickness are d1 (nearing molten
mold flux) and d2 (nearing liquid steel) on both sides of the
interface. Additionally, the diffusion coefficients in
molten mold flux and liquid steel are b1 and b2, respec-
tively; the carbon concentrations in molten mold flux and
liquid steel are C1 and C2, respectively; and the equilib-
rium carbon concentrations at the phase interface areC1�

and C2� ; respectively. Therefore, the diffusion rate of
carbon in mold flux and liquid steel can be expressed as
Eqs. [1] and [2], respectively.[25]

J1 ¼
dn

dt
¼ b1 C1 � C1�ð ÞA; ½1�

J2 ¼
dn

dt
¼ b2 C2� � C2ð ÞA; ½2�

where J1 and J2 are the diffusion rates of carbon in
molten mold flux and liquid steel, respectively, the A is
the contact area between liquid steel and molten mold
flux. Additionally, the carbon dissolving process at the
phase interface can be expressed as the following
Eq. [3].

r ¼ dn

dt
¼ k C1� � C2�ð Þ; ½3�

where r and k are, respectively, the diffusion rate and
diffusion coefficient of the phase interface. At high
temperature, k>> b (b1, b2), it only needs to consider
the diffusion rate in molten mold flux and liquid steel.
From the double-film theory, 1/k = 0, the total diffu-
sion rate from molten mold flux to liquid can be
expressed as Eq. [4].

rT ¼ 1

A

dn

dt
¼ C1 � C2=L

1=b1 � 1=Lb2
: ½4�

Generally, the diffusion coefficient of carbon in
molten mold flux is much smaller than that in liquid
steel, that is Lb2 � b1. Hence, the limiting step is the
diffusion of carbon in the molten mold flux, and the
amount of diffusion of carbon can be expressed as
Eq. [5]. Obviously, the diffusion amount of carbon is
proportional to the carbon concentration in the molten
mold flux and the diffusion coefficient. Therefore, the
carbon in molten mold flux is inevitable diffusing to
liquid steel owing to the carbon concentration gradient
as shown in Table III.[24]

Q ¼ ArT ¼ abb1 qsðC1Þ � qm½C2�=Lf g
100MC

: ½5�

Generally, the diffusion of carbon from the molten
mold flux–steel interface to the interior of liquid steel
can be regarded as unsteady diffusion in a semi-infinite
medium. It is assumed that the carbon concentration in
molten mold flux is Ci and the carbon concentration in
liquid steel is C0. Hence, the carbon concentration C(x,
t) with the diffusion time (t) and distance (x) from the
molten mold flux–steel interface to the interior of liquid
steel can be obtained as Eq. [6].

Cðx; tÞ ¼ C0 þ ðCi � C0Þ½1� erfð x

2
ffiffiffiffiffiffiffiffiffiffi

b2 � t
p Þ�: ½6�

Fig. 13—Mechanism of carbonizing for (a) diffusion under steel
liquid steady state and (b) mold flux drawn into steel liquid
unstable state.
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Generally, the diffusion coefficient of carbon in liquid
steel (b2) is 6.8 9 10�9 m2/s.[26] According to the carbon
concentration of molten mold flux and steel measured
by EPMA, the carbon concentration in molten mold
flux Ci is approximately 0.68 pct and the carbon
concentration in liquid steel C0 is approximately 0.20
pct. Hence, the carbon concentration distribution can be
calculated by referencing the error function table.[27]

Figure 14 shows the measured carbon concentration
distribution and calculated carbon concentration distri-
bution from the A slag–steel interface to the interior of
liquid steel after carbonizing with liquid steel holding
temperature for 10 and 20 seconds. Obviously, the
measured carbon concentration from Figure 14(a) is
similar to the theoretical calculated results from
Figure 14(b).

Additionally, it can be seen that the carbon concen-
tration in the molten mold flux layer of low-carbon
mold flux is higher as shown in Table III. However,
high-carbon mold flux appears more carbonizing. Obvi-
ously, as shown in Figure 13(b), the carbon of car-
bon-rich layer, sinter mold flux, and granular mold flux
are easily drawn into the liquid steel accompanied the
liquid level fluctuations, which lead to the carbonizing of
liquid steel. Especially, it leads to a more serious
carbonizing phenomenon due to the thinner molten
mold flux layer as well as the high-carbon concentration
granular mold flux, sinter mold flux, and carbon-rich
layer for the high-carbon mold flux.[13,14] During the
continuous casting process, the free surface fluctuation
of liquid steel is also inevitable. It well reproduces the
carbonizing phenomenon of mold flux during the
continuous casting process.

V. CONCLUSIONS

(1) When the ultra-low-carbon liquid steel contacts the
carbon-containing mold flux, the micro-metallo-
graphic structure changes in the steel are from fer-
ritic to chain pearlite and then flake pearlite with the
increase of the liquid steel holding temperature time,
and the chain pearlite originates from the grain
boundaries of ferritic and grows up to form flake
pearlite.

(2) With the increase of the liquid steel holding tem-
perature time, the amount of liquid steel carbonizing
is more higher, and the high-carbon mold flux car-
bonizing is more faster than the low-carbon mold
flux in the liquid steel. When the liquid steel of
contacting low-carbon mold flux for holding tem-
perature time is 10 to 20 seconds, respectively, the
thickness of steel carbonizing is about 800 and
1500 lm, respectively. However, the steel samples
with a thickness of 4000 lm have been completely
carbonized when the liquid steel contacts the
high-carbon mold flux for a holding temperature
time of 20 seconds, which is containing high-car-
bon-rich layer. Even sinter and granular layers are
easily entered into the unsteady fluctuation of liquid
steel owing to the thinner molten mold flux.

(3) For simulation, the carbonizing of mold flux during
the continuous casting process is accidental, and
high probability carbonizing is likely to occur at a
quarter of the width in the thin slab continuous
casting process due to the liquid surface fluctuations,
which is consistent with the locations of carbonizing
found in actual production sampling.

Therefore, it is suggested that reducing the carbon
concentration of the molten mold flux layer, reducing
the carbon concentration of the carbon-rich layer,
appropriately increasing the thickness of the molten

Fig. 14—Carbon concentration distribution from A slag–steel
interface to the interior of steel after carbonizing with liquid steel
holding temperature time for 10 and 20 seconds for (a) measured by
EPMA and (b) calculated by regarded carbon diffusion in
semi-infinite medium.
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layer, and reducing the fluctuation of the liquid steel
level during the continuous casting process are effective
ways to reduce the carbonizing of the liquid steel.
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