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Abstract: In this study, the industrial, experimental effect of a plasma heating system in the form
of graphite electrode in the tundish of double-strand slab caster was evaluated for the first time.
The system uses three graphite electrodes, two of which are cathodes and one of which is an anode,
to form a conductive loop through molten steel in the tundish. The system is built on an old two-
strand slab caster and is installed on the premise that the original ladle tundish equipment remains
unchanged. The normal working power of the system is up to 1500 kW, and the heating rate of
molten steel in the tundish can reach 1.0 °C/min under conditions of 5 t/min total steel throughput
and a tundish capacity of 50 t. After the system was put into operation, the purity of molten steel
undergoing heating was investigated. The sample analysis of low carbon steel and ultra-low carbon
steel before and after heating showed that the contents of N and O in the steel did not increase, while
the size of the oxide inclusions near the heating point increased but showed little change in terms of
the overall quantity. This process benefited from the addition of inert gas during the heating process
to control the atmosphere in the heating area, which prevents reoxidation. The sample analysis also
showed that there is no obvious carbon absorption phenomenon after heating, and the fluctuation
in C content is within 0.0001%, which is consistent with the general production results. By using
this system, the temperature of molten steel in the steelmaking process can be reduced by 10~15 °C,
allowing continuous low superheat casting to be supported, which is helpful for reducing production
costs and improving the solidified structure inside the slab. The results of the study show that the
plasma heating technology can be applied to the continuous casting of low carbon—nitrogen steel
slabs, which shows the benefits of reducing emissions and improving production efficiency.

Keywords: plasma heating; continuous casting; graphite electrode; quality

1. Introduction

Molten steel temperature in tundish is the most important technical parameter in the
continuous casting process. With the development of high-speed casting technology, it
has been gradually realized that the influence of molten steel temperature in the tundish
cannot be ignored. Reasonable temperature control cannot only improve productivity [1]
and reduce the production cost but also improve the internal quality of continuous casting
slabs [2-6]. Low temperature and constant temperature can stabilize the parameters such
as superheat and casting speed, simplify the operation of the pouring process, and prevent
steel leakage during continuous casting. Furthermore, the low superheat can refine grains,
increase the proportion of equiaxed grains [7,8], and reduce the central segregation of the
continuous casting slab [9-13].
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Controlling the molten steel temperature in a tundish is one of the most important
factors for improving productivity and solidification quality. The actual production shows
that the large temperature drop of molten steel is caused by thermal radiation and heat
absorption of refractory materials. In order to ensure smooth pouring, the high-temperature
route is generally adopted [14-16]. From the tapping of the previous process to the comple-
tion of pouring, the temperature drop of molten steel is up to 55 °C, and the temperature
change range of tundish during pouring is 20-30 °C. Tundish heating technology can
flexibly compensate for the energy loss in the transfer and pouring process [17], reduce
the tapping temperature in the previous process, and, more importantly, it can accurately
control the superheat of tundish molten steel in the range of 10 °C.

Due to the characteristics of plasma, such as energy concentration, high temperature,
easy control, fast heating response, and not introducing pollution to molten steel, plasma
tundish heating (PTH) has attracted extensive attention in the 1980s and 1990s, and single
or twin water-cooled metallic torch plasma heating equipment was developed. However,
due to the short service life of electrodes, low heating efficiency, high operation cost, and
heavy bottom electrode installed on tundish, plasma heating tundish technology has not
been widely used [10,18-24]. In addition, the tundish induction heating equipment has a
large volume, and the tundish capacity is 20%. It is also limited by the geometric shape of
the tundish and refractory materials, and the maintenance cost is high. More importantly,
at present, the heating effect of induction heating on large capacity tundish is limited [25].
In view of this, Beijing University of science and technology and Beijing Aobang Advanced
Materials Co., Ltd., Beijing, China jointly designed and developed multi graphite electrode
plasma heating equipment.

For the first time in China, the three-electrode DC plasma heating system was installed
and applied in the 50 tons tundish of the two strands slab continuous casting machine.
Based on its role in safeguarding the tundish plasma heating system, it can significantly
reduce the outgoing steel refining temperature, which could reduce energy consumption
and decrease carbon emissions. The application of this technology can also allow less
low-temperature molten steel to be used and avoid broken pouring accidents. In addition,
the stability of the casting speed and production rhythm is ensured, which facilitates the
continuous and stable production of the whole process. In terms of product quality, the
low-temperature casting method can reduce composition segregation in slabs and improve
the uniformity of their solidification structure, thus improving the quality of the finished
material. Therefore, tundish plasma heating technology has good application prospects for
energy saving and improving production efficiency.

2. Plasma Heating Equipment and Layout

Water-cooling metallic torches have been used as tundish plasma heating equipment
for a long time but have not been widely used due to various disadvantages. In recent
years, new devices with graphite electrodes have been researched and applied [24,25].
The main equipment and heating procedures of the plasma heating system are shown
in Figures 1 and 2. Two 10 KV high-voltage power supplies are connected to the high-
voltage distribution room to supply power to the tundish plasma transformer. A high-
voltage contactor is used to remotely open and close the transformer. In order to facilitate
maintenance, a high-voltage disconnector is set at the high-voltage side of the transformer,
which is isolated and depressurized by the transformer and rectified by a rectifier; the
smoothing is carried out through the smoothing reactor, and the DC power is transmitted
to the graphite electrode of the plasma heating linear robot using a copper bar and water-
cooled cable. Three plasma heating linear robots are arranged on the operation platform,
and the operation room is equipped with an operation console and a lifting cabinet. The low-
voltage cabinet provides low-voltage power for the PLC main control cabinet, operation
console, lifting cabinet, and water—gas control box system. The position path of the electrode
entering the tundish is taught through a teaching device. When the temperature of molten
steel in the tundish is low, the plasma heating system is started using a key on the console.
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The plasma heating linear robot automatically enters the tundish according to the teaching
position, starts the rectifier system, heats and starts the arc, and automatically maintains the
set arc length according to the set parameters. When the molten steel in the tundish reaches
the target temperature, one key stops, and the plasma heating linear robot automatically
returns to the standby position.
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1-High voltage inlet line; 2-High voltage circuit breaker; 3-High voltage circuit
breaker; 4-High voltage disconnect switches; 5-Transformer; 6-Current
transformer; 7-Rectifier; 8-Reactors; 9-DC Current sensor; 10-Complete control
cabinet; 11-Low voltage cabinet; 12-Main control cabinet; 13-Lifting cabinet; 14-
Mechanical arm; 15-Demonstrator; 16-Operating console; 17-Water and gas tank;
18-Electrode 1; 19-Electrode 2; 20-Electrode 3; 21-Intermediate package.

Figure 1. Schematic diagram of the tundish plasma heating equipment.
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Figure 2. Program block diagram of tundish plasma heating system.

In this project, this new DC plasma heating system with graphite electrodes was
installed for the first time on a two strands slab casting tundish. The installation layout
of tundish plasma equipment is shown in Figure 3; the device adopts three electrodes to
form a current circuit through the liquid steel. The anode is in the middle, and the cathode
is on both sides. Within the cathode are blowholes for argon, which is ionized at high
temperatures to form a plasma arc. No special modifications of the caster or tundish are
needed for this system.
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Figure 3. Layout diagram of equipment and test points: (a) front view; (b) vertical view.

3. Plasma Heating and Sampling Scheme

As shown in Figure 4, the slab size is 1320 mm x 230 mm, the tundish working weight
is 50 tons, and the caster throughput is 5 t/min. In the single ladle pouring cycle, due to the
high temperature of the molten steel injected from the ladle, the molten steel temperature
in the tundish initially increases in the early stage (ladle steel water quality 2/3 G), and
the molten steel temperature then gradually decreases with pouring. Therefore, in order
to ensure the stability of pouring temperature, 2/3-1/3 G of ladle steel water quality is
designed for plasma heating. In order to detect the influence of plasma heating equipment
on the pouring process temperature and liquid steel quality, continuous temperature
measurement and sampling are carried out near the anode and cathode before and after
heating to analyze the changes in nitrogen and carbon content and inclusion characteristics
in the steel. The time and location of temperature measurement and sampling are shown in
Figures 3 and 4.
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Figure 4. Schematic diagram of the plasma heating and sampling scheme.

4. Application Results

The new device was applied in an actual casting process. The results are discussed below.

4.1. Effect on Tundish Temperature Increasing

To evaluate the temperature change based on power, the temperature of liquid steel in
the tundish was continuously measured. When compared with traditional tundish heating
equipment, the hollow graphite electrode is not easily damaged, has a long service life,
and has a low maintenance cost. The three-electrode self-contained loop does not require
adding a bottom electrode and additional tundish modification at the bottom of the tundish.
The heating efficiency is high, the reaction speed is fast, and the heat loss of the molten
steel in the tundish can be compensated in time and effectively [18-25]. The results show
that there is a positive linear correlation between the heating rate and the heating power, as
shown in Figure 5. Generally, the plasma heating condition is 50 t tundish with 5 t/min
of steel passing through, and the heating power is 1500 kW. According to the relationship
between the heating rate and the heating power, the heating rate of the molten steel at the
outlet of the tundish is close to 1.0 °C/min.
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Figure 5. Temperature increase rate (°C/min) of liquid steel vs. heating power (kW).

The temperature data comes from the continuous temperature measuring instrument
installed in the tundish. The following results are obtained from mass production data
statistics: (1) the mean heating time is 9.2 min, and the maximum heating time is 25 min;
(2) the mean temperature increase is 6.3 °C, and the maximum temperature increase is
24 °C; (3) the mean temperature increase rate is 0.8 °C/min, and the maximum temperature
increase rate is 5.3 °C/min. The distribution of statistical data is shown in Figure 6.
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Figure 6. Temperature increase rate distribution at maximum heating power: (a) temperature rate
histogram; (b) temperature rate boxplot.
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There are large fluctuations in the temperature increase rate, and even zero or negative
values. Through the in-depth analysis of the original date, it can be found that the tempera-
ture increase rate is low in the latter half of ladle pouring. The temperature of the molten
steel itself decreased during this period, and the temperature drop was very significant.
When heating and cooling balance out, the overall temperature performance is unchanged
or slightly lower. In addition, the temperature increase rate in the first half of ladle pouring
is faster, which is due to the temperature increase in the pouring process itself, which
makes the temperature rise rapidly. In general, the average temperature rise rate reflects the
heating capacity of the equipment. Overall, the average value of the temperature increase
rate reflects the heating capacity of the device.

4.2. Effect on Tundish Temperature Distribution

A large number of tundish temperature data under different process conditions are
counted, and the influence of tundish plasma heating technology on tundish temperature
distribution is analyzed. Here, temperature refers to the statistics of all casting ladles, and
temperature fluctuation refers to the difference between different casting ladles.

Under conditions where there is no tundish heating, the tundish superheat distribution
of all ladles abides by the normal law Equation (1).

ATtp ~N (i, o), 1)

The superheat distribution is shown in Figure 7a. In general, the standard deviation
0 is 5 °C according to the actual situation. For curve 1, the average value uis 25 °C, and
—30is 10 °C. For curve 2, the average value nis 15 °C, and —30is 0 °C. The two curves
represent different working conditions. Be aware that curve 2 represents the low limit
superheat control procedure.
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Figure 7. Analysis of tundish superheat distribution: (a) without heating; (b) with heating.
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In the working condition, with tundish heating, the device can be set to start when the
superheat of liquid steel falls below a certain standard value. As a result, the temperature
fluctuation range in the tundish of different ladles can be reduced. For instance, the
superheat distribution curve of ATtp ~ N (15, 52) is shown as solid lines in Figure 7b. If
heating starts when the superheat is below 10 °C, the lower limit of the range is increased to
10 °C, and the fluctuation range is reduced from 30 °C to 20 °C, which is shown as dotted
lines in Figure 7b. The percentage of heating for the ladle is 15.87%. The new temperature
distribution curve (dotted lines) abides by the gamma law, or positive skewness distribution
Equations (2) and (3).

_ 1 a—1,—%
f(x\a,b)fbur(a)x e b, x>0 )
+o0
I'(a) = / x"le¥dx,a >0 ©)]
0

For the actual tundish temperature statistics, Figure 8 shows the superheat distribution
of the tundish for different procedures.
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Figure 8. Distribution of tundish superheat for procedures (a) without heating; (b,c) with heating.
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Figure 8a, without heating, shows a normal distribution. Figure 8b is with heating, and
heating starts when the superheat is lower than 10 °C. Figure 8c is also with heating, and
heating starts when the superheat is lower than 15 °C. With the increase in the initial heating
temperature, the temperature distribution range decreases as expected. The fluctuation
range of superheat in the tundish can be greatly reduced by heating liquid steel, which is
beneficial in terms of the stability of the production process and quality stabilization.

4.3. Effect on Temperature of Preceding Process

As the molten steel heat loss can now be compensated for in the tundish, both the
temperature of the preceding process and superheat temperature can be reduced to save
energy and reduce emissions. For this reason, a comparative test to decrease the tapping
temperature of the preprocessing was carried out. Statistical test data are shown in Table 1.
The average superheat of the refined station outlet during the test was 7 °C lower than
usual. Still, the coefficient of variation (CV) was basically the same, and the dispersion
degree of superheat was similar.

Table 1. Statistics of outlet superheat of refined molten steel.

Condition N Total Mean SD cv
With superheat decrease 322 61.44 7.62 124
Without superheat decrease 1243 67.69 7.60 11.23

4.4. Effect on Carbon and Nitrogen Content of Steel

There is concern regarding the carbon element of the graphite electrode used for
heating, specifically whether it results in carbon increases when entering the liquid steel,
and nitrogen increase is also a potential issue. Therefore, the changes in carbon and nitrogen
elements in ultra-low carbon steel slabs before and after heating were investigated. The
results are shown in Table 2. It can be seen that the maximum difference in the carbon
content of the slab before and after heating was 15.6%, which is consistent with the level
of change for this kind of steel under a non-heating process. At the same time, due to the
use of argon protection, the nitrogen content of the slab after heating was reduced by 6.2%.
The results show that, compared with induction heating, although the graphite electrode
plasma heating will introduce a certain amount of carbon and nitrogen, the protective
atmosphere provided by the hollow argon blowing and the electrode control system can
make the increase in carbon and nitrogen in the molten steel control extremely. The low
range has no significant effect on the overall composition of the molten steel [18].

Table 2. Key element analysis (mass fraction).

Carbon Analysis (Mass%) Nitrogen Analysis (Mass %)
Sample No. Before After Difference Before After Difference
Heating Heating Heating Heating
1 0.00570 0.00580 1.8 0.0024 0.0023 —4.2
2 0.00600 0.00670 11.7 0.0024 0.0023 —4.2
3 0.00385 0.00445 15.6 0.00241 0.00239 —0.8
4 0.00370 0.00421 13.8 0.0023 0.00215 —6.2
5 0.00423 0.00383 —9.5 0.0023 0.00219 —4.8

4.5. Effect on Inclusions in Steel

The low-carbon steel slabs were sampled before and after heating. The processed
metallographic samples were observed by scanning electron microscopy (SEM); the in-
clusions were photographed, and the elemental composition was analyzed by an energy
dispersive spectrometer. As illustrated in Figure 9, before heating, the typical inclusions
in the steel were mainly the micro inclusions of deoxidation products MnS, Al,O3, and
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composite Al,03-MnS. No large inclusions formed by slag entrapment were found. In
addition, the inclusions in the tundish were evenly distributed, and the size of MnS and
Al,Og3 inclusions in the edge (Figure 9c—e) and middle (Figure 9a,b) were mainly 1-3 um.
The size of the Al,O3-MnS composite was 2-3 pm. The typical inclusion types in the steel
after heating were basically the same as those before heating, as shown in Figure 10. They
were mainly the micro inclusions of MnS, Al,O3 and composite Al,O3-MnS formed by
deoxidation products, and no large inclusions were found. Different from that before heat-
ing, the inclusion size near the edge (Figure 10d—f) heating hot spot increased significantly,
and the size of Al,O3 was 1-4 um. The size of Al,O3-MnS composites was increased to
1-8 um. The size of inclusions in the middle (Figure 10a—c) was basically the same as that
before heating. The result shows that compared with induction heating, in the hot spot
of plasma heating, the impact of plasma flow would lead to a certain level fluctuation.
Still, the fluctuation degree was small, which would not lead to a large amount of slag in
liquid steel. In addition, the molten steel at the impact point was exposed. Although there
was an argon protective atmosphere, there was still slight local secondary oxidation. The
high temperature destroyed the physical and chemical properties of the covering agent,
reduced the adsorption capacity of inclusions, resulting in the increase of inclusion size at
the heating point. Still, its influence range was small and had little impact on the overall
quality of molten steel.

= = S

@) (b)

Figure 9. Comparison of inclusions in slabs before heating: (a,b) middle specimen; (c—e) edge specimen.
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Sum

Figure 10. Comparison of inclusions in slabs after heating: (a-c) middle specimen; (d—f) edge specimen.

5. Conclusions

(1) Tundish heating technology has achieved a new milestone. Here, the first set of multi-
graphite electrode DC plasma heating systems based on a two-strand slab caster was
developed for the first time and realized in industrial applications. When compared
with the traditional tundish heating system, the three-electrode self-contained loop
does not require additional modifications to the tundish.

(2) The multi-graphite plasma heating system has a fast response speed and can timely
supplement the temperature loss of the molten steel in the tundish in the later stage of
pouring. When the outlet temperature of liquid steel at the refined stage is reduced by
7 °C on average, the tundish heating rate only needs to be 15%; the average heating
time is 9 min/heat, the average temperature increase is 6.3 °C, and the average
temperature rise increase is 0.8 °C/min.

(3) The analysis of the nitrogen and carbon content of steel before and after heating can
determine the harmful effects of plasma heating technology on steel composition.
When compared with induction heating, although in the hot spot of plasma heating,
the inclusion removal ability of mold flux decreases, and the size of oxide inclusions
increases. However, its influence area was small and had little impact on the overall
quality of liquid steel.

(4) With the capability for tundish energy compensation, the temperature of liquid steel in
the preceding process can be reduced as a whole, so the overall benefits are significant.
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