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Optimization of Mold Flux for the Continuous Casting

of Cr-Contained Steels
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To compensate the negative effect caused by the absorption of chromium oxide inclusions during
the casting process of Cr-contained steels, a new mold flux system has been designed and
investigated. The melting temperature range of the newly designed mold flux system is from [1124
K to 1395 K (851 °C to 1122 °C)]. The viscosity at 1573 K (1300 °C) and the break temperature
increase with the addition of MnO and Cr,O3 but decrease with the addition of B,O5. The
crystalline fraction of mold flux decreases from 81 to 42.1 pct with the addition of MnO and Cr,0s3,
and then further decreases to 25.3 pct with the addition of B,O3; however, it improves from 54.4 to
81.5 pct when the basicity increases. Besides, the heat-transfer ability of mold flux is inverse to the
crystallization ratio of the slag. The comprehensive study of the properties for the four designed
mold fluxes suggests that the mold flux with 1.15 basicity-3.01 pct B,O3-1.10 pct MnO-2.10 pct
Cr,05 shows the best properties for the continuous casting of Cr-contained steels.
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I. INTRODUCTION

MOLD flux has been widely used in the continuous
casting process, which can absorb inclusions and insu-
late molten steel from oxidation when it floats on the top
of the molten steel. It also tends to lubricate the strand
and moderate the horizontal heat transfer in the mold
when it infiltrates into the gap between the mold wall
and solidified shell.

During the metallurgical process of Cr-contained
steels, such as Cr12MoV, the alloy element Cr in molten
steel is easy to be oxidized during the smelting, refining,
and continuous casting processes, as it has a closer
affinity with oxygen than Fe'! Those Cr oxide
inclusions would float up into the liquid mold flux
under the overall forces exerted by buoyancy, fluid flow,
bubbles, ezc.*"® Then, the performance of the mold flux
will be deteriorated with the pickup of chromium oxides
in the liquid slag, which, in turn, leads to the defects
occurring on both the surface and interior of the final
strand. Khater and Idris!” investigated the effect of
Cr,05 on the melting temperature and crystallization of
aluminosilicate glass and found that Cr,O; tends to
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increase the melting temperature and enhance the
crystallization of the glass. Marghussian and Arjomand-
nia® studied the crystallization behavior of glassy
ceramics in the presence of Cr,O; nucleates and sug-
gested that the crystallization ability of glassy ceramics
was improved. Similar results were also obtained by Bin
Hussian et al® and Barbieri er al'” Besides, Xu
et al" conducted research regarding the effect of Cr,0;
on the melting, viscosity, heat-transfer, and crystalliza-
tion behaviors of mold flux used for the casting of
Cr-bearing alloy steels and concluded that the melting
temperature and viscosity of the mold flux were
increased significantly, whereas the heat-transfer rate
and crystallization ability were lowered, with the
increase of Cr,O3 content.

Therefore, from the previous research, the property of
mold flux is really varied with the absorption of
chromium oxides inclusions. In order to compensate
this negative effect during the continuous casting pro-
cess, the composition of the mold flux was specially
designed in this study, through adding effective fluxing
agents, such as B,O3; and MnO, into the flux as well as
adjusting its basicity (R). Then, the melting, viscosity,
crystallization, and heat-transfer behaviors of those
designed mold fluxes were investigated in this article.

II. EXPERIMENTAL METHOD

A. Experimental Materials Preparation

The compositions of designed mold fluxes in this
study were adjusted based on a commercial benchmark
mold flux sample 1 for casting Cr-contained steel,
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through changing the content of B,O3;, MnO, Cr,0s;,
and basicity, as shown in Table I. All samples were
prepared first by melting reagent grade chemicals of
CaCOl SiOZ, A1203, N32CO3, Can, MHCO3, Cr203,
and B,Oj; in an induction furnace at 1773 K (1500 °C)
for 5 minutes to homogenize their chemical composi-
tions. Then, the samples for the heat-transfer tests were
obtained by pouring the melts onto a steel plate;
meanwhile, a new cylindrical tubelike copper mold with
a diameter of 20 mm was used to cast the liquid mold
flux before it solidified. After that, the cooled mold flux
disks were polished by using SiC sandpapers with a grit
size down to 1200 to control their surface roughness and
thickness. The polished glassy samples were then placed
on the top of the copper mold individually for
heat-transfer experiments through the infrared emitter
technique (IET).

The samples for the melting and crystallization tests
were obtained through sampling a small amount of
homogeneous molten mold flux and quenching it into
glass. After that, the solidified glassy mold flux was crushed
and ground into powder samples for the melting and
crystallization tests through single hot thermocouple
technique/double hot thermocouple technique (SHTT/
DHTT) experiments. Besides, the samples for the viscosity
measurement tests were prepared through stirring those
reagent grade chemicals in a blender for 120 minutes. The
premelted mold fluxes were also analyzed by X-ray
fluoroscopy (S4 Pioneer, Bruker AXS, GmbH Karlsruhe,
Germany), and the results are shown in Table 1.

B. SHTT/DHTT Test

The melting temperature range of mold flux was
measured by the SHTT test, whereas the crystallization
behavior was characterized by the DHTT test. The
schematic ﬁ%ures of SHTT/DHTT are shown in
Figure 1.['%!-

During the melting test, the mold flux sample powders
were first mounted on a B-type thermocouple, as shown
in Figure 1(b). Then, the thermocouple, together with
the powders, was heated at a rate of 15 K (°C)/s. The
variation of mold flux sample was observed and
recorded through a CCD microscope connected to a
DVD recorder. Meanwhile, the corresponding temper-
ature history was obtained by the temperature acquisi-
tion system. Combining the in-situ video and variation
of temperature history, the melting behavior of mold
fluxes could be well investigated.

For the crystallization test, the slag sample powders
were mounted between two B-type thermocouples
(CH-1 and CH-2), as shown in Figure 1(c). A desired

temperature gradient between the two thermocouples
could be achieved through controlling the temperature
of each thermocouple separately. During the crystal-
lization test, the distance between the two thermocou-
ples was set as 2 mm and the hot thermocouple (CH-1)
was set as 1673 K (1400 °C) to simulate the shell surface
temperature, whereas the cold thermocouple (CH-2) was
used to simulate the solid mold flux interface temper-
ature 1073 K (800 °C) according to the previous
article.!!*!1!

C. Viscometer Test

The viscosity measurements were carried out using a
Brookfield DV-II+ viscometer (Brookfield Inc.)
through the rotating cylinder method, and the equip-
ment is schematically shown in Figure 2. A calibration
measurement was carried out at room temperature using
the stand oil with known viscosity.["®

When measuring the viscosity of the mold fluxes, first,
about 250 g of the sample powders were placed in a
graphite crucible with diameter and internal height of 50
and 80 mm, respectively. Second, the crucible was heated
to 1773 K (1500 °C) and held for 10 minutes to obtain a
homogeneous melt in an electric resistance furnace with
MoSi; as the heating element. Then, the melt was cooled
to the target temperature. After that, a bob, which was
made of molybdenum with 18-mm height and 15-mm
diameter, was immersed into liquid slag bath and rotated
to obtain the value of viscosity at the target temperature.

D. IET Test

The heat-transfer behaviors of mold flux were inves-
tigated by using the IET, which is schematically shown
in Figure 3. The details of the IET have been described
elsewhere.'”'8 The copper mold system was first heated
under the incident thermal energy, increased linearly to
500 kW/m? and maintained for 300 seconds to preheat
the slag disk. Then, the incident thermal energy was
increased continuously to 800 kW/m? and maintained
for another 300 seconds. After that, the incident heat
flux was further increased to 1400 kW/m?, which is in
the magnitude of the real caster, and maintained for 400
seconds. The heat flux across the mold flux disk was
calculated through the one-dimensional inverse heat
conduction model developed by Beck,!'”! based on the
measured temperature from the embedded thermocou-
ples. As the thermal properties are functions of temper-
ature and time, the one-dimensional inverse heat
conduction is sufficient to use with only one internal
body temperature and one boundary condition to

Table I. Chemical Composition of Mold Fluxes after Premelting (Weight Percent)

Flux 8102 CaO A1203 N320 F MnO Cr203 BzO'; R

1 33.88 32.71 3.72 14.25 12.74 0 0 0 0.96
2 32.35 31.13 3.68 14.24 12.72 1.11 2.12 0 0.96
3 30.79 29.66 3.71 14.22 12.71 1.12 2.12 3.00 0.96
4 29.37 30.92 3.62 14.29 12.81 1.11 2.11 3.01 1.05
5 27.99 32.19 3.61 14.35 12.84 1.10 2.10 3.01 1.15
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determine the unknown boundary condition and to
estimate the heat flux by using the measured transient
interior temperature through Eq. [1]:

0 (,0T; oT;

7 (k55) = 0
where x is the distance below the top surface, k is the
thermal conductivity, 7 is the temperature, p is the
mass density of copper, ¢ is the time, and ¢, is the cop-
per heat capacity.

The slag disks after the IET tests were crushed and
ground into powder samples for X-ray diffraction
(XRD) analysis. The crystalline phase composition
was then detected by an X-ray diffractometer (RIGA-
KU-TTR III, Rigaku Corporation) with Cu K, (0.154
184 nm). The XRD data were collected in a range of 20
= 10 to 80 deg with a step size of 10 deg/min.

III. RESULTS AND DISCUSSION
A. Melting Behaviors

The responding temperature history and the snap-
shots for typical stages during the melting test process of
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the benchmark flux 1 are shown in Figure 4. At the very
beginning, flux 1 is kept in a solid state due to the low
heating temperature. Then, the powders start to sinter
when the temperature reaches 993 K (720 °C). When the
temperature approaches 1148 K (875 °C), flux I starts to
melt, and it is completely melted at the temperature of
1340 K (1067 °C). It can be seen in Figure 4 that there is
a temperature deviation appearing in the curves during
the melting process. Before the initial melting of the
powder mold fluxes, the temperature increases linearly
with a heat rate of 15 K (°C)/s. Then, the temperature
gradually deviates from the preset heating rate line when
the melting process initiates due to the endothermic
reaction of the melting process. The temperature would
then increase linearly again when the melting process
completes. These temperature deviations would last for
a period called the “melting temperature range.”

In order to compare the melting behavior of the
benchmark flux 1 with the other four designed fluxes 2
through 5, the initial and complete melting temperature
are shown in Figure 5. It can be found that the melting
temperature ranges of both the benchmark and designed
mold fluxes are close, ranging from [1124 K to 1395 K
(851 °C to 1122 °C)]. More specifically, the initial/com-
plete melting temperature increases from flux 1 [1148 K/
1340 K (875 °C/1067 °C)] to flux 2 [1154 K/1384 K
(881 °C/1111 °C)] with the addition of 1.1 pct MnO and
2.1 pct CryO5. Although MnO can work as a fluxing
agent in the mold flux system, the melting temperature
range still increases as Cr,Oj; is a high melting oxide with
melting temperature of 2538 K (2265 °C).*" The
initial/complete melting temperature then decreases for
flux 3 [1124 K/1352 K (851 °C/1079 °C)] when 3.0 pct
B,O; is added, whereas it increases for flux 4 [1135 K/
1392 K (862 °C/1119 °C)] and flux 5 [1143 K/1395 K
(870 °C/1122 °C)] when the basicity is improved to 1.05
and 1.15. It is because B,O3 is a typical fluxing
agent,”>?) which can lower the melting temperature
range of mold flux effectively. When the basicity
increases in fluxes 4 and 5, it means the amount of
CaO is added and then the melting temperature range is
getting higher.

A comprehensive comparison of the initial and
complete melting temperatures, as well as the melting
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temperature range of fluxes 1 through 5, suggests that
the designed fluxes 3 and 5 have the closest melting
behavior to the benchmark flux 1.

B. Viscosity

The log n vs 1/T values of fluxes 1 through 5 are
shown in Figure 6. First, it can be seen from Figure 6
that the viscosity of mold flux increases slowly with the
decrease of temperature at the high-temperature zone,
whereas it starts to increase sharply when the temper-
ature reaches a certain value, which is called the “break
temperature” according to Mills.*®) The break temper-
ature is usually considered a key benchmark to indicate
that the mold flux begins to lose flow ability. The break
temperatures of fluxes 1 through 5 are listed in Table II.
They are 1302 K (1029 °C), 1330 K (1057 °C), 1224 K
(951 °C), 1246 K (973 °C), and 1268 K (995 °C) for
fluxes 1, 2, 3, 4, and 5, respectively. Besides, the
viscosities at the temperature of 1573 K (1300 °C) for
the preceding fluxes are also listed in Table II, as the
1573 K (1300 °C) is considered to be the average
temperature of the liquid slag layer in the casting mold,
where the viscosity for each sample is 0.07, 0.15, 0.06,
0.06, and 0.04 Pa s, individually.

Through comparing the viscosity at the temperature
of 1573 K (1300 °C) and the break temperature of fluxes
1 and 2, it can be found that both increase from 0.07 to
0.15 Pa s and from [1302 K (1029 °C) to 1330 K
(1057 °C)] with the addition of 1.1 pct MnO and 2.1 pct
Cr,05. This mainly results from the fact that Cr,O5 is
expected to behave like Al,O5 to increase the viscosity of
the mold flux as a network former according to a
previous study.''! However, the viscosity and break
temperature of flux 3 decrease to 0.06 Pa s and 1224 K
(951 °C) with the addition of 3 pct B,Os, as B,O3 can
lower the melting temperature of mold flux and enhance
the driving force to overcome the transportation energy
barrier. The break temperature increases continuously
from 1224 K (951 °C) for flux 3, to 1246 K (973 °C) for
flux 4, then to 1268 K (995 °C) for flux 5, whereas the
viscosity decreases from 0.06 to 0.04 Pa s with the
increase of basicity, which may be due to the fact that
the increase of basicity can offer more CaO working as a
network breaker in the molten silicate structure system
and breaks the bonds of Si-O-Si into Si-O; consequently,
the silicate structure is simplified and the viscosity of
molten mold flux at 1573 K (1300 °C) is also lowered.**
However, the increase of basicity can also improve the
crystallization ability of mold flux, which made the
crystals precipitate at higher temperature, and then the
break temperature increased. Therefore, based on the
break temperature and the wviscosity at 1573 K
(1300 °C), it can be found that flux 5 shows the most
similar rheological behavior to benchmark flux 1.

C. Crystallization

Figure 7 shows the temperature history and crystal-
lization evaluation process of flux 1 during the DHTT
test, in which it can be divided into four typical stages.
During stage I, the mold flux sample is liquid, as the
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temperature of both thermocouples is 1673 K (1400 °C).
When the CH-2 cools to 1073 K (800 °C) in stage II, the
glassy phase is formed in the vicinity of CH-2 due to the
high cooling rate of 30 K/s. When the time reaches 317
seconds in stage III, the crystals are precipitated in the
middle of the sample. The crystalline layer keeps
growing toward both the high-temperature CH-1 and
low-temperature CH-2, and then the final three layers
(liquid, crystalline, and glassy) reach steady state in
stage IV. The final distribution of the three layers
reflects the general crystallization ability of mold flux.

The SEM of the mold flux samples after DHTT tests
is shown in Figure 8. There are glassy and crystalline
phases formed in the samples, among which glass 1 in
the left side of the samples is formed through the direct
cooling of the residual liquid mold flux in the vicinity of
high-temperature CH-1, as its shape is circular due to
the solidification shrinkage after the DHTT test. Glass 2
in the right is the original one that precipitated during
stage 2, as the fracture is uneven. Between them, crystals
are precipitated. In order to evaluate the crystallization
ability of the benchmark and newly designed mold
fluxes, the fractions of each phase in fluxes 1 through 5
after the DHTT tests are listed in Figure 9.

It can be seen from Figure 9 that the crystalline
fraction decreases from 81.0 pct (flux 1) to 42.1 pct (flux
2), then to 25.3 pct (flux 3), with the addition of MnO,
Cr,0;, and B>Oj3 in the designed mold flux system.
However, the crystalline fraction increases from 54.4 pct
(flux 4) to 81.5 pct (flux 5) with the increase of basicity.
The preceding phenomena can be explained as both
Cr,05 and B,O5; working as network formers, whereas
CaO works as a network breaker in the molten silicate,
as discussed in Section III-B. These network formers
make the silicate structure more complex and introduce
a higher polymerization degree, which can inhibit the
crystallization process. Conversely, the increase of
network breaker CaO simplifies the molecular/ions
clusters and enhances the crystallization ability of the
mold flux. Therefore, from the results of DHTT and
SEM analyses, it can be obtained that flux 5 has the
closest crystallization ability with the benchmark flux 1.

D. Heat-Transfer Behaviors

The measured heat flux and snapshots of typical
stages during the IET test for flux 1 are shown in
Figure 10. From stage i to stage iv, the slag disk remains
glass, as the incident radiant heat from the IET is small
and the responding temperature of the slag disk is low.
However, the crystalline layer is observed to initiate on
the top of the slag disk (the snapshot at 1200 seconds);
meanwhile, the slope of the measured heat flux decreases
compared with the slopes in stages 1 and iii at the time
before 1423 seconds in stage v. The decrease of slope on
the measured heat flux is caused by the formation of
opaque crystals on the top of the disk, as the crystalline
layer could reduce the heat flux across the disk due to
the more reflected and scattered incident radiation by
the crystal surface, grain boundary, and defects, which
leads to less energy being absorbed and conducted to the
mold.*>*) However, the slope increases again later than
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1423 seconds in stage v; meanwhile, the top part of the
slag disk gets melted as it becomes arc shaped (the
snapshot at 1500 seconds). The melted top part of the
disk is beneficial for the enhancement of incident
radiation heat, so the slope of the measured heat flux
increases. Finally, the heat flux steps into a steady state
when the evolution of flux film structure (liquid,
crystalline, and glass layers) becomes stable and the
heat flux remains relatively constant, as shown in stage
vi in Figure 10.

The measured heat fluxes for fluxes 1 through 5 in the
final stage are combined in Figure 11, and it can be
found that the final measured heat flux increases from
695.9 MW/m? (flux 1), to 756.7 MW/m? (flux 2), then to
784.5 MW/m? (flux 3) with the addition of MnO, Cr,Os,
and B,0;, whereas it decreases from 712.2 MW/m? (flux
4) to 672.8 MW/m? (flux 5) with the improvement of
basicity. Comparing the tendency of the measured heat
flux and crystallization ability of mold fluxes suggests
that the influences of these oxides are different. In fact,
the tendency is mainly due to the heat-transfer ability of
the mold flux being directly determined by its crystal-
lization capability, which is determined by the compo-
sition of the mold flux itself.

The XRD patterns of benchmark flux 1 and designed
fluxes 2 through 5 after the IET tests are shown in
Figure 12, in which the main characteristic peaks of all
mold fluxes are similar to each other, suggesting that the
main crystals precipitated in mold fluxes are cuspidine
(CaySi,O5F,). Besides, the intensity of these character-
istic peaks also indicates that the crystallization ratio of
mold flux decreases from flux 1 to flux 2, then to flux 3,
whereas it increases from flux 4 to flux 5, which is
consistent with the results of DHTT and IET tests.
Therefore, the results of IET tests imply that flux 5 has
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Table II. Viscosity at 1573 K (1300 °C) and Break Temperature of Fluxes 1 through 5

Flux 1 2 3 4 5

Tor (°C) 1029 1057 951 973 995

Viscosity (Pa s) 0.07 0.15 0.06 0.06 0.04
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the most similar heat-transfer behavior to the bench-
mark mold flux.

IV. CONCLUSIONS

The melting, viscosity, heat-transfer, and crystalliza-
tion behaviors of benchmark and newly designed mold
fluxes for casting Cr-contained steel have been investi-
gated by SHTT/DHTT, viscometer, and IET systemat-
ically, and the specific conclusions are summarized as
follows.

1. The melting temperature range for the newly de-
signed mold fluxes is from [1124 K to 1395 K (851 °C
to 1122 °C)], and it is close to the benchmark mold
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(b)

Fig. —SEM photos for the samples after DHTT experiment: (a)
flux 1, (b) flux 2, (¢) flux 3, (d) flux 4, and (e) flux 5.

flux that is from [1148 K to 1340 K (875 °C to
1067 °C)].

2. The viscosity at the temperature of 1573 K (1300 °C)
and the break temperature increase from 0.07 to 0.15
Pa s and from [1302 K to 1330 K (1029 °C to
1057 °C)], respectively, with the addition of 1.1 pct
MnO and 2.1 pct Cr,O;. However, they decrease to
0.06 Pa s and 1224 K (951 °C) with the addition of 3
pct B,Os3. Then, the break temperature increases
continuously from [1224 K to 1246 K (951 °C to
973 °C)], and then to 1268 K (995 °C), whereas the
viscosity reduces from 0.06 to 0.04 Pa s with the in-
crease of basicity.

3. The crystalline fraction decreases from 81 to 42.1 pct,
and then to 25.3 pct, with the addition of MnO,
Cr,03, and B,O3. However, it increases from 54.4 to
81.5 pct with the addition of basicity.

4. The influence of oxides on the heat-transfer behavior
of mold fluxes is opposite to the role they have played
for the mold flux crystallization, as the heat-transfer
ability of mold flux is directly determined by its
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crystallization capability, which depends on the ma-
jor composition of the mold flux itself.

. Comprehensive comparison of the melting, viscosity,

heat-transfer, and crystallization behaviors of the
four designed mold fluxes suggests that flux 5 shows
the most similar properties as the benchmark com-
mercial flux 1.
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