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Abstract

The influences of Al,0O3/Na,O ratio and MnO content on high-temperature properties, such as melting, crystallization, heat
transfer, and viscosity of mold flux for casting peritectic steel, have been investigated. The results show that the melting
temperatures of mold flux decrease, whereas the ratio of crystalline layers increases with the decrease in Al,05/Na,O ratio
and increase in MnO content. The average response temperatures of the three mold fluxes decrease from 566, 525, to
512 °C, respectively, which indicates that the heat transfer controlling ability of mold flux is promoted due to the increase
in crystallization ability and addition of transition metal oxide MnO. Furthermore, the viscosity—temperature curves
suggest that the viscosity at 1300 °C decreases, but the break temperature increases with the reduction in Al,05/Na,O and

addition of MnO.
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1 Introduction

Peritectic steels are crack-sensitive in the continuous
casting process, since it undergoes a peritectic phase
transition from &-Fe to y-Fe (L + 8-Fe — vy-Fe) during the
solidification process [1, 2]. The mismatch on the thermal
shrinkage coefficients of §-Fe and y-Fe in peritectic steel
causes additional stress on the initial solidified shell, and
this stress may lead to the longitudinal cracks on the initial
solidified shell [3, 4].

The usual strategy used to minimize longitudinal
cracking is to uniformize the heat transfer and realize the
moderate cooling at the initial solidification of the peri-
tectic steel in casting mold. Mold flux with high crystal-
lization ability is recognized as an effective way to reduce
the heat flux from the molten steel to the mold wall [5-7].
The research from Cho and Shibata [8] suggested that the
heat transfer ability of mold flux reduced with the increase
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in basicity, since higher basicity enhanced the crystalliza-
tion of mold flux. Similar results were also obtained by
Wang et al. [9], Park and Sohn [10], and Susa et al. [11]
who investigated the influences of Na,O, Li,O, and CaF,
on the crystallization and heat transfer abilities of mold
flux. In addition, mold flux containing transition metal
oxides, such as MnO, FeO, and TiO,, has additional impact
on the heat flux across the mold flux film. The work from
Diao et al. [12] showed that the heat flux was reduced with
the addition of transition metal oxides, since the absorption
coefficients and extinction coefficients of mold flux film
increase rapidly with the addition of transition oxides.
Although lots of works related to the mold flux for
peritectic steel have been carried out, most of them are
focused on the crystallization behaviors. Very few of them
considered comprehensively various properties of mold
flux. Therefore, in this study, the effect of Al,O3/Na,O
ratio and MnO on some key high-temperature properties,
such as melting, crystallization, heat transfer, and viscosity
of peritectic steel mold flux, has been investigated. Al,Os,
Na,O, and MnO were focused here since they are main
components in mold flux, and the increase in Na,O and
MnO meanwhile decrease in Al,0O3 can enhance crystal-
lization and reduce viscosity at the same time. These
changes of properties of mold flux can improve its
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performance in the peritectic steel continuous casting
process and consequently result in higher quality of casting
product.

2 Experimental
2.1 Sample preparation

Mold flux samples, used in this study, were made from
industrial raw materials, such as manganese carbonate,
limestone, magnesia, wollastonite, bauxite, cement clinker,
sodium carbonate, and fluorite. The major chemical com-
positions of these industrial raw materials were detected by
induction coupled plasma-optical emission spectroscopy
(ICP-OES; Spectro Blue Sop, Spectro, Germany), ion-se-
lective electrode method (PF-2-01, Shanghai LEICI Cor-
poration, China) and by X-ray fluorescence (XRF; S4
Pioneer, Bruker AXS, Karlsruhe, Germany). The analysis
results are listed in Table 1.

The designed mold fluxes samples are based on a
commercial mold flux for casting peritectic steel, and their
chemical composition are listed in Table 2. These mold
fluxes samples were prepared by mixing the industrial raw
materials, firstly. Then, they were melted in an induction
furnace at 1500 °C for 5 min to make sure that their
compositions were homogeneous. After quenched in water,
the glassy mold flux was dried and ground into powders for
single/double hot thermocouple technique (SHTT/DHTT)
and viscosity tests.

2.2 SHTT/DHTT tests

The melting, crystallization and heat transfer behaviors of
mold fluxes were tested by SHTT and DHTT. The sche-
matic of SHTT/DHTT apparatus is shown in Fig. 1
[13, 14]. There are two operation modes for the hot

Table 1 Composition of industrial raw materials (wt.%)

thermocouple techniques. When one thermocouple is used,
it is called SHTT; when the sample is loaded in-between
the two B-type thermocouples, it is called DHTT.

The SHTT was adopted here for testing the melting
behaviors of mold flux. The mold flux sample was firstly
loaded on the B-type thermocouple (T.C.), and then it was
continuously heated to 1500 °C at a heating rate of 10 °C/s
as the stage I in Fig. 2. The change of the state of sample
was observed and recorded by a charge-coupled device
(CCD) camera which is connected to the optical micro-
scope. Meanwhile, the temperature history of the sample
was also recorded by the thermocouple simultaneously.
The melting behavior of the mold flux could be studied
based on the combination of in situ observation and real-
time temperature.

The DHTT was used to study the crystallization ability
of mold flux under the simulated temperature gradient,
which is similar to that at the vicinity of meniscus in the
casting mold. The temperature control profile of DHTT
experiment is the stage II in Fig. 2. The mold flux sample,
loaded in-between the two B-type thermocouples, was also
heated to 1500 °C and maintained at that temperature for
3 min to eliminate bubbles and homogenize its chemical
composition. The distance between the two thermocouples
was 2 mm [15]. Then, one thermocouple named CH-1 was
rapidly cooled from 1500 to 800 °C at a cooling rate of
30 °C/s; meanwhile, the other thermocouple named CH-2
was kept at 1500 °C. The temperatures of 1500 and 800 °C
were chosen here since the former is close to that of
solidified shell, while the latter is close to that of hot face of
the solid slag film in the gap between mold wall and shell
[16, 17].

The heat transfer of mold flux was tested immediately
after the crystallization ability test. As illustrated in stage
IIT in Fig. 2, the CH-1 was still maintained at 1500 °C, but
the power of CH-2 was turned off. Under this situation, the
thermocouple (CH-2) only worked as a temperature

Raw material CaO SiO, Al,O3 Na,O MgO CaF, MnO
Manganese carbonate 0.96 - 0.04 0.21 0.10 - 60.33
Limestone 58.82 0.52 0.23 - 0.39 - 0.02
Magnesia 2.58 3.93 0.40 - 91.98 - 0.04
Wollastonite 47.49 51.06 0.08 - 0.95 - 0.05
Bauxite 0.54 22.33 61.41 0.13 0.37 - 0.01
Cement clinker 61.83 18.30 4.53 0.42 2.98 - 0.04
Sodium carbonate 0.01 - - 58.38 0.00 - -

Fluorite - 3.64 0.24 0.00 0.25 94.56 0.02
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Table 2 Chemical composition of mold fluxes
Mold flux R AIN CaO/wt. % Si0,/wt. % Al,O3/wt. % Na,O/wt.% MgO/wt.% Fiwt.% MnO/wt.%
Flux A 1.29 2.07 333 259 8.9 4.3 35 3.8 0.0
Flux B 1.29 1.44 333 25.9 7.2 5.0 35 3.8 1.0
Flux C 1.29 0.83 34.0 26.5 5.0 6.0 35 3.8 1.0
Basicity R = wcao/Wsjo,5 A/N = WaL0; /Wna,05 Wi content of component i in mold flux
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Fig. 1 Schematic diagram of SHTT/DHTT system [13, 14]
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Fig. 2 Temperature control profiles of SHTT and DHTT test

detector. The temperature measured by CH-2 could be an
important parameter to reflect the heat transfer ability of
the mold flux in the mold.

After DHTT experiment, the samples were cooled down
to room temperature, and then stripped from the thermo-
couples. The phase distribution in the mold flux after the
DHTT experiment was analyzed by scanning electron

Fig. 3 Schematic diagram of viscometer

microscopy (JSM-6360LV, Japanese Electronics Com-
pany, Japan).

2.3 Viscosity test

The viscosity test was carried out using the high-temper-
ature rotary viscometer with a Brookfield viscometer (DV-
114+, Brookfield Inc., USA). The schematic of the vis-
cometer is shown in Fig. 3. A calibration measurement was
carried out at room temperature around 25 °C through
using castor oil with known viscosity of 0.28 Pa s [18-20].
When measuring the viscosity of those mold fluxes, first,
about 150 g of sample powders were placed in a molyb-
denum crucible with the internal diameter, external diam-
eter and height of 39, 49, and 80 mm, respectively. Then,
the crucible was heated to 1310 °C and held for 10 min to
obtain a homogeneous melt in an electric resistance furnace
with MoSi, as heating element, under the protection from
the pure argon gas. Then, the bob, which is also made of
molybdenum with the height of 18 mm and the diameter of
15 mm, was immersed into the molten slag. Each mea-
surement was performed during the cooling process, and
the data of viscosity and temperature were collected every
Ss.
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3 Results and discussion
3.1 Melting behavior

The temperature history and snapshots of initial/complete
melting of the three mold fluxes are shown in Fig. 4. A
deviation was observed between the preset heating lines
with the heat rate of 10 °C/s and the measured temperature
history curves. This deviation was caused by the
endothermic reaction of mold flux during the melting
process. The temperature corresponding to the start point of
the deviation is called the initial melting temperature
(Tinitia), Whereas the temperature corresponding to the end
point of the deviation is called the complete melting tem-
perature (Tcomplete)- At the initial melting temperature, most
of the samples remained in powder state, and they turned
into totally liquid at the complete melting temperature, as
exhibited by these snapshots in Fig. 4.

Table 3 shows the initial and complete melting tem-
peratures of the three mold fluxes. It can be seen that the
initial temperatures of mold fluxes A, B, and C are 1218,
1186, and 1156 °C, whereas their complete melting tem-
peratures are 1360, 1329, and 1314 °C. These suggest that
the whole melting temperature range of mold flux decrea-
ses with the reduction in Al,05/Na,O ratio and increase in
MnO content. The main reason is that Na,O is a highly
efficient fluxing agent, while Al,O; is a high-melting-point
component. Thus, the addition of Na,O and reduction of
Al,O3 can reduce the melting temperature of the mold
fluxes greatly. In addition, MnO also has a possibility to
work as fluxing agent in mold flux as previous studies
[21, 22]; thus, the addition of MnO in the mold flux also
helps to lower its melting temperature.

1500

1400
1300 FluxA1360°C
Q
e 1200
e
=
g U0Mpuya2igc/
[=9
£ 1000 |-
(5}
=
900
/ ..-' ,.
ot / &/
700 1 s Heating rate 10 °C/s
/ & Flux B,1186 °C ¢
60() 1 ¥ 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200

Time/s

Fig. 4 Melting behaviors of mold fluxes
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Table 3 Melting temperature range of mold fluxes (°C)

Mold flux Flux A Flux B Flux C
Tinitial 1218 1186 1156
Tcomplete 1360 1329 1314

3.2 Crystallization behavior

Crystallization behavior of mold flux was investigated
under the simulated temperature field. Figure 5 displays the
two typical stages of mold flux A. Among them, Fig. 5a
shows the state in which the flux is melted uniformly but
has not yet begin to crystallize, and the temperatures of
both CH-1 and CH-2 were 1500 °C at this time. Figure 5b
shows the state of mold flux sample at the temperature
gradient of 800 °C (CH-1)-1500 °C (CH-2). Generally, the
slag film in-between the two thermocouples is composed of
glassy layer, crystalline layer and liquid layer. However,
those layers cannot be distinguished clearly since the
glassy and liquid layers are not transparent. This opaque-
ness results from the industrial raw materials, which con-
tain some colorant impurities.

In order to investigate the morphologies and distribu-
tions of the precipitated phases in mold fluxes, the mold
fluxes after the DHTT test were analyzed by scanning
electron microscopy and are shown in Figs. 6-8. Among
them, Figs. 6a, 7a and 8a are the overall view of the
samples after the DHTT tests; Figs. 6b—d, 7b—d and 8b—d
are the magnified zones at the interface of liquid/crystalline
layers, crystalline/glassy layers and crystalline layer;
Figs. 6e—g, 7e—g and 8e—g are the further magnified images
at those zones for observing the morphologies of precipi-
tated crystalline phases.

From Figs. 6a, 7a and 8a, it can be seen that the obvious
three-layer structure appears on the mold fluxes. They are
the liquid layer close to the high-temperature CH-2, glassy
layer close to the low-temperature CH-1, and the crys-
talline layer in the middle. Generally, the morphologies of
crystals close to the glassy layer and liquid layer are dif-
ferent. The crystals close to the lower temperature glassy
layer are more likely to be dendritic, while those close to
the higher temperature liquid layer are more bulk. In
addition, the size of crystals close to the glassy layer are
smaller than those close to the liquid layer. The main
reason for that is the different kinetic conditions for the
crystallization at the lower and higher temperatures
regions. The structure of silicates at higher temperature
regions close to liquid layer should be more relaxed, and
there are more spaces for the migration of ionic clusters.
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Fig. 6 Scanning electron microscopy (SEM) images of mold flux A

Those are beneficial for the crystallization, which resulted
in the larger bulk crystals at the higher temperatures
regions.

The ratios of the liquid, crystalline, and glassy layers of
mold fluxes at the final steady state after the DHTT tests
were obtained using the Image J software, and the results
are listed in Table 4. The ratio of liquid layer in the three
mold fluxes A, B and C increases from 3.9% to 5.3%, and
to 9.3%. This variation trend is consistent with the change
of the melting temperature range as shown in Table 3. In
addition, the ratio of crystalline layer increases from 60.3%
to 75.8% with the decrease in Al,O3/Na,O ratio and
increase in MnO content in mold fluxes A—C. The reduc-
tion of Al,O3 in mold flux can enhance the crystallization
since it works as network former in basic melt system [23].
In addition, the increase in Na,O and MnO contents in
mold flux (Table 1) can also promote the crystallization of

(b) Crystallization ]ayeLrlquld lays

Glassy layi

¥~ 800°C 1500°C

mold flux, since the free oxygen O®~ provided by them can
depolymerize the melt structure, which is beneficial for the
transfer of clusters [24, 25].

3.3 Heat transfer

The heat transfer ability of mold flux in this study was
characterized by the measured temperatures from the free
low-temperature CH-1 of DHTT as shown in stage III in
Fig. 2. Figure 9 shows the temperature history of CH-1
after it was power off. The average response temperatures
of the free CH-1 in the three mold fluxes A, B, and C are
566, 525, and 512 °C, respectively. The mold flux C shows
the best heat transfer controlling ability which is needed for
the moderate cooling of peritectic steel since its measured
temperature is the lowest, and that ability of flux B and flux
C is relatively weaker.
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Fig. 7 SEM images of mold flux B

Fig. 8 SEM images of mold flux C

Table 4 Ratio of different layers in mold fluxes (%)

Mold flux Glassy layer Crystalline layer Liquid layer
Flux A 35.9 60.3 39
Flux B 28.6 66.2 5.3
Flux C 14.9 75.8 9.3

In fact, the heat transfer ability of mold flux is mainly
determined by two factors. One is the ratios of the liquid,
crystalline and glassy layers, since liquid layer has the
highest heat transfer coefficient, glassy layer ranks second,
and the crystalline layer owns the lowest [26, 27]. The
other is the containing of transition metal oxides which
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have a significant effect on absorption coefficients and
extinction coefficients of mold fluxes [12, 28, 29]. The
addition of transition metal oxides, such as MnO, FeO, and
TiO,, will block the heat transfer, especially the radiation
heat flux, which will weaken the heat transfer ability of
mold flux. Therefore, the ratio of crystalline layer in flux C
is the highest as listed in Table 4, and the addition of 1 wt.
% MnO can also help to block the heat transfer from the
high-temperature CH-2 to the free low-temperature CH-1,
resulting in the lowest response temperature.

3.4 Viscosity

The viscosity—temperature curves of the three mold fluxes
are shown in Fig. 10. There are two typical parameters, the
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Fig. 10 Viscosity—temperature curves of mold fluxes

viscosity at 1300 °C and break temperature, which can
represent the rheological performance of mold flux.
1300 °C is the average temperature of liquid mold flux on
the top of molten steel in the casting mold, while break
temperature is the temperature at which the mold flux starts
to lose its flowability [30-32]. The viscosity at 1300 °C
and break temperature of these mold fluxes obtained from
Fig. 10 are shown in Table 5.

Table 5 Viscosity at 1300 °C and break temperature of mold fluxes

Mold flux A B C
Viscosity/(Pa s) 0.560 0.525 0.351
Break temperature/°C 1182 1198 1222

From Fig. 10, it can be known that the viscosity
increases with the decrease in temperature, especially at the
low-temperature region. The viscosity increases rapidly,
when the temperature drops below the break temperature. It
is attributed to that the distance between ionic clusters in
molten slag gets shorter, especially when temperature
drops lower than break temperature. Thus, the resistance
for the migration of ionic clusters increases, leading to the
increase in viscosity.

Furthermore, it can be found from Fig. 10 and Table 5
that the viscosity at 1300 °C decreases from 0.560 Pa s
(mold flux A) to 0.525Pas (mold flux B) and to
0.351 Pa s (mold flux C) with the decrease in Al,03/Na,O
and addition of MnO. It is reasonable since the increase in
Na,O and MnO can provide more O~ to break the Si—O—
Si into Si—-O~, which depolymerizes the melt structure.
Moreover, the reduction of Al,O3 content can also simplify
the melt structure and reduce the viscosity since the net-
work former from Al,O5 decreases. Contrary to the vari-
ation of viscosity at 1300 °C, the break temperature of the
mold flux increases from 1182 (mold flux A), 1198 (mold
flux B) and 1222 °C (mold flux C), which is consistent with
crystallization ability of mold flux. In fact, for high basicity
slag, the break temperature is mostly determined by the
precipitation of crystals in melt. The mold flux C owns the
highest crystallization ability; thus, its break temperature is
also the highest.

4 Conclusions

1. The initial temperatures of mold fluxes A, B, and C are
1218, 1186, and 1156 °C, whereas their complete
melting temperatures are 1360, 1329, and 1314 °C.
These suggest that the whole melting temperature
range of mold flux decreases with the reduction in
Al,03/Na,0O ratio and increase in MnO content.

2. There is an obvious three-layer structure on the mold
fluxes samples, and the ratio of crystalline layer
increases from 60.3% to 75.8% with the decrease in
Al,03/Na,O ratio and increase in MnO content in mold
fluxes A—C.

3. The average response temperatures of the free CH-1 in
the three mold fluxes A, B and C decrease from 566 to
525 and to 512 °C, respectively, which indicates that
the heat transfer controlling ability of mold flux is
promoted due to the increase in crystallization ability
and addition of transition metal oxide MnO.

4. The viscosity at 1300 °C decreases from 0.560 (mold
flux A) to 0.525 (mold flux B) and to 0.351 Pa s (mold
flux C) with the decrease in Al,03/Na,O and addition
of MnO. However, the break temperature of the mold
flux increases from 1182 (mold flux A), 1198 (mold
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flux B) and 1222 °C (mold flux C), which is consistent
with crystallization ability of mold flux.
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